
1 

 

 

 

 

 

Probing the Role(s) of Bbs1 with CRISPR/Cas9 

Gene Editing 

 

 

 

 

Grace Mercedes Freke 

 

 

 

University College London 

Genetics and Genomic Medicine Research & Teaching Department 

UCL Great Ormond Street Institute of Child Health 

 

 

 

 

 

 

Submitted for the Degree of Doctor of Philosophy 

 



2 

 

 



3 

Declaration of originality 

I, Grace Freke, hereby declare that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been indicated. 

 

September 2019 

 



4 

Abstract 

BBS1 is the most commonly mutated of 21 genes which cause Bardet-Biedl syndrome, a rare, 

autosomal recessive “ciliopathy”. It results from dysfunction of an antenna-like organelle called 

the primary cilium, which participates in signalling events during development and homeostasis. 

Bardet-Biedl syndrome is considered a model ciliopathy in that it exhibits cardinal, multi-

systemic features of ciliopathies, including kidney disease, retinal degeneration, polydactyly and 

obesity. There is, however, a disconnect in our comprehension of how these phenotypes 

manifest from mutations in ciliopathy genes. The ways in which BBS1 functions within the cell 

remain unclear and may extend beyond the cilium. 

One obstacle to understanding how mutations in BBS genes lead to disease is the great 

phenotypic variability that exists between patients, even siblings with the same causative 

variants. This project probed the cellular roles of Bbs1 in mouse kidney epithelial cells using the 

ground-breaking gene editing technique, CRISPR/Cas9. Clonal cell lines carrying biallelic indel 

mutations in Bbs1 were developed and their genomic DNA, transcripts and protein 

characterised. Although clones revealed an inconsistent ability to form cilia, an entirely 

unexpected, novel cell-cell adhesion phenotype was identified in Bbs1-/-. Consistent with recent 

discoveries of genetic compensation following gene knockout, the severity of this phenotype 

correlated inversely with Bbs1 transcript instability. Transcriptomics suggested Bbs1 knockout 

caused a loss of epithelial identity associated with an upregulation of mesenchymal biomarkers 

and, in the absence of genetic compensation, the downregulation of epithelial markers, 

culminating in disrupted apical-basal polarity, defective cell-cell adhesion and loss of epithelial 

barrier integrity. 

Whether genetic compensation contributes to the phenotypic variability seen in Bardet-Biedl 

syndrome patients remains to be seen and might provide valuable opportunities for novel 

therapeutics. This work suggests Bbs1 may have roles beyond the cilium and the Bbs1-/- cell 

models generated herein will provide a useful tool for future investigations. 
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Impact Statement 

The major challenge in deciphering how gene loss-of-function can cause disease is 

understanding how the encoded protein functions within the cell. This is true of ciliopathies like 

Bardet-Biedl syndrome (BBS). Mutations in BBS1 are the leading cause of Bardet-Biedl 

syndrome, yet how BBS1 participates in cellular processes remains unclear. To approach this 

question from a new angle, a revolutionary gene editing technique, CRISPR/Cas9, was used to 

generate Bbs1-/- cell models which were studied for the effects of Bbs1 loss-of-function on the 

cell. 

At the start of this project, CRISPR/Cas9 was in its infancy. Optimisation of the CRISPR 

procedure was required for the generation of Bbs1-/- clones, from which much experience was 

gained. This has been shared with, and implemented by, several other research groups, 

extending to international collaborators and those outside of the ciliopathies research field. 

Some noteworthy lessons are also documented in this thesis, as a resource to be built upon as 

CRISPR technologies develop. 

Study of Bbs1-/- cells led to the two key proposals of this thesis: that (1) knockout of Bbs1 may 

cause loss of epithelial identity and (2) genetic compensation could ameliorate this phenotype in 

a mechanism that might be triggered by the clearance of faulty Bbs1 transcripts. In the future, 

further mechanistic details can be elicited using these cell models. Loss of epithelial identity is a 

novel BBS1-associated phenotype and represents a contribution to our basic understanding of 

the workings of the cell. Its finding may inform the work of researchers studying other BBS 

genes, given that there is likely to be some functional redundancy between these. This work 

also opens a variety of avenues of future research towards the development of therapies for 

BBS, as well as for common diseases with which BBS symptoms overlap, for example obesity 

and type 2 diabetes. Bbs1-/- cell lines are a platform for the testing of therapeutics. In the long 

term, finding a molecular disease mechanism will provide potential therapeutic targets. Genetic 

compensation might also be harnessed to ameliorate disease phenotypes, providing a novel 

class of personalised medicines. To this end, this project may be of interest to the 

pharmaceutical industry.  

Parts of this work have been presented at conferences, both nationally and internationally, and 

used as teaching resources for undergraduate and secondary school students. This project was 

a collaboration between academia and an industrial partner, GSK, and this collaboration 

facilitated bidirectional knowledge exchange. It is hoped that, in raising awareness of the 

ciliopathies as a class of rare diseases and the potential for the development of therapeutics 

which they bring, interest will be generated in the field. This may drive the funding and 

recruitment of a new generation of researchers into the field, to further progress cilia research.  

Ultimately, this thesis provides a piece of the puzzle as to how Bardet-Biedl syndrome might 

manifest from mutations in BBS1. Its dissemination and continuation will add to a bigger picture 

to inform research into BBS and related diseases, to improve the lives of patients and their 

loved ones. 
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1 Introduction 

1.1 Ciliopathies 

1.1.1 A Brief Introduction to Cilia 

Cilia are hair-like appendages that have been observed on many different cell types at various 

points throughout history (Bloodgood, 2009). They are membrane-covered, cytoskeletal 

organelles, which protrude from the apical cell surface. We now know that cilia generally exist in 

motile and non-motile forms, which, despite sharing common features, have a structure and 

functions distinct from one another (see Figure 1. 1). For example, primary cilia do not possess 

machinery required for motility. For a long time, the primary cilium was believed to be non-

functional (Sorokin, 1962; Bloodgood, 2009). Now, the dysfunction of cilia is known to underlie a 

group of diseases called ciliopathies. 

1.1.2 The Discovery of Ciliopathies 

“Ciliopathy”, meaning disease of the cilia, was a term first used in 1984 to describe the 

dysfunction of motile cilia in bronchial epithelium (Cornillie, Lauweryns and Corbeel, 1984). 

Ultrastructural abnormalities were detected in the bronchial cilia of several patients with chronic 

respiratory infections, leading to the postulation that defects in the machinery required for cilia 

movement – dynein arms – impaired clearance of mucus in the airways. This was not the first 

case of cilium dysfunction to have been identified. In 1976, Kartagener syndrome had also been 

linked to a lack of dynein arms in the mucosal cilia, sperm flagellum (a specialised cilium) and, 

inexplicably, in embryonic epithelial tissues, causing the recurrent airway infections, male 

infertility and situs inversus (left-right organ asymmetry) characteristic of the disease (Afzelius, 

1976). These cases, however, only describe pathologies of the motile cilia, which beat to fulfil 

specific functions. Examples in humans include cilia of the respiratory epithelium, which beat to 

clear mucus; those of cells lining the fallopian tubes, which facilitate movement of ova from the 

ovary to the uterus; and the sperm flagellum, a specialised cilium used to propel the sperm. 

Whilst motile cilia had first been observed by Antoni van Leeuwenhoek in 1675 (van 

Leeuwenhoek, 1676), non-motile cilia – or primary cilia – were not identified until the late 1800s. 

Zimmerman is often credited with the first studies of the primary cilium, which he observed in 

the epithelia of rabbit kidneys and human ureters and described as a “central flagellum” 

(Zimmermann, 1898). Zimmerman did observe the first mammalian primary cilia and 

distinguished these single cell appendages from the structures on multi-ciliated cells. Others 

before him had described primary cilia in other organisms, including Langerhans, who noted of 

the “flagellum cells” lining the oral cavity of lancelets that, “one never detects any movement on 

their part” (Langerhans, 1876; Bloodgood, 2009). Primary cilia are now known to exist on nearly 

all cell types within the human body. The diversity of tissues on which primary cilia are found 

contributes to the varied and overlapping spectrum of phenotypes characterising ciliopathies – 

phenotypes which include retinal degeneration, skeletal malformations, polydactyly (extra 

fingers or toes), cognitive impairment, laterality defects, obesity, cystic kidney and/or liver 
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disease (see Figure 1. 2). The link between cilia and disease, for a long time, remained 

unapparent. 

Primary cilia were historically believed to be “vestigial organelles”, a redundant feature inherited 

from a motile-ciliated ancestor (Sorokin, 1962; Bloodgood, 2009). Evidence to the contrary had 

been building throughout the latter half of the twentieth century. The presence of cilia in sensory 

tissues had been noted, including the specialised connecting cilium of rod cells in the eye (De 

Robertis and Franchi, 1956), stereocilia of cochlear hair cells in the ear (Smith and Dempsey, 

1957) and cilia of olfactory epithelium in the nasal cavity (de Lorenzo, 1957). A sensory role was 

then also postulated for cilia in several other tissues or organs where their function remained 

unknown, such as the mouse pituitary gland (Barnes, 1961), mouse pancreatic beta cells 

(Munger, 1958), mammalian kidney epithelia (Andrews and Porter, 1974; Roth, Rieder and 

Bowser, 1988) and the neurons of Caenorhabditis elegans (Perkins et al., 1986; Wheatley, 

1995). The culmination of this changing opinion came in 2000, when Pazour et al. discovered 

dysfunction of renal primary cilia in polycystic kidney disease (PKD) (Pazour et al., 2000). In 

their study, the Chlamydomonas reinhardtii ift88 gene was shown to be essential for flagella 

formation. Meanwhile, mutations in the mouse orthologue, Tg737, caused severe polycystic 

kidney disease. Examination of Tg737 -/- mouse kidneys revealed primary cilia that were 

significantly shorter than those of wild type counterparts, providing a link between primary cilia 

and disease. Soon after, the localisation of signalling receptors and mechano-responsive ion 

channels to kidney primary cilia, as well as their response to fluid flow, finally confirmed the 

primary cilium to be a sensory organelle (Praetorius and Spring, 2001; Pazour, San Agustin, et 

al., 2002; Pazour and Witman, 2003). Perhaps the most notorious ciliary signalling pathway is 

the Hedgehog pathway. The Hedgehog mediator, Smoothened (SMO), is now known to localise 

to the primary cilium (Corbit et al., 2005) and a requirement for cilia in Hedgehog-dependent 

specification of cell types in the mouse neural tube went a long way to highlight the importance 

of cilia in vertebrate development (Huangfu et al., 2003; Huangfu and Anderson, 2005). Since 

then, a plethora of signalling receptors have been shown to localise to the primary cilium, 

implicating it in the regulation of platelet-derived growth factor (PDGF) (Schneider et al., 2005), 

Notch (Ezratty et al., 2011) and Hippo signalling (Kim et al., 2014), to name a few. With 

evidence of a central function for primary cilia in the signalling pathways governing development 

and homeostasis, there came a surge of research into precisely how these antenna-like 

structures might be linked to other diseases (Badano et al., 2006a; Fliegauf, Benzing and 

Omran, 2007; Sharma, Berbari and Yoder, 2008; Baker and Beales, 2009; Tobin and Beales, 

2009; Waters and Beales, 2011).  

1.1.3 A Spectrum of Primary Ciliopathies 

Pathologies which we now describe as ciliopathies were not always classified as such. The 

identification of primary cilia dysfunction as a cause of polycystic kidney disease initiated an 

investigation of genes implicated in cystic kidney diseases. Retinitis pigmentosa (RP; a form of 

retinal degeneration) had been identified in a small number of PKD cases (Mavromatidis et al., 

1992; Perng and Segasothy, 1998) and was later recognised as a ciliopathy in its own right, due 

to defects in the modified cilium of the photoreceptor. This was supported by the localisation of 
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RP gene products, RP1 (Liu et al., 2002) and retinitis pigmentosa GTPase regulator (RPGR) 

(Hong et al., 2003), to photoreceptor cilia. Both retinitis pigmentosa and nephronophthisis 

(NPHP; another hereditary renal cystic disease) are clinical features of Senior-Løken syndrome 

(SLSN), which was first described in 1961 (Løken et al., 1961; Senior, Friedmann and Braudo, 

1961). The ciliary localisation of several of the genes underlying SLSN, including NPHP1-5 

(Olbrich et al., 2003; Otto et al., 2003, 2005; Mollet et al., 2005; Fliegauf et al., 2006; Jose L 

Badano et al., 2006), and the recognition of retinitis pigmentosa as a ciliopathy, led to 

classification of SLSN, too, as a ciliopathy. Evidently, one organelle could be responsible for the 

manifestation of phenotypes in completely different organs – indeed, the pleiotropy of 

ciliopathies reflects this. 

Several more ciliopathies emerged. Joubert syndrome (JBTS) can involve retinal degeneration 

and nephronophthisis (Parisi et al., 2004; Castori et al., 2005), as well as, in all cases, the 

“molar tooth sign” (MTS). The MTS describes the morphology of a brain malformation, which 

looks like a molar tooth on magnetic resonance imaging (MRI) scans. Bardet-Biedl syndrome 

(BBS) also presents with retinal degeneration and cystic kidneys, in addition to obesity, 

polydactyly, cognitive impairment and hypogonadism (diminished function of the testes or 

ovaries). Products of all ten of the BBS genes that had been identified by 2006 (BBS1-10) 

localise to cilia (Ansley et al., 2003; Avidor-Reiss et al., 2004; Blacque et al., 2004; Li et al., 

2004; Mykytyn et al., 2004; Yanli Fan et al., 2004; Nishimura et al., 2005; Jose L Badano et al., 

2006). BBS is now considered a “model ciliopathy”, due to the manifestation of phenotypes 

which typify ciliopathies (see section 1.4.1) (Zaghloul and Katsanis, 2009). Phenotypic 

similarities between BBS and Almström syndrome (ALMS) – for example, RP, obesity, diabetes 

and deafness, but not polydactyly – led to its categorisation as a ciliopathy; likewise, for oral-

facial-digital syndrome (OFD), which causes malformations of the face, mouth, fingers and/or 

toes, and in some cases disorders of the central nervous system (CNS) and kidneys, pancreas 

and/or ovaries. Genes implicated in these diseases, such as ALMS1 and OFD1, were shown to 

localise to the basal body (Romio et al., 2004; Hearn et al., 2005), through which the primary 

cilium is connected to the cell body. Overlap of genetic mutations between diseases also 

expanded the disease class. BBS gene (BBS2, BBS4 or BBS6) mutations were found in 

foetuses with symptoms of Meckel syndrome (MKS; also known as Meckel-Grüber syndrome) 

(Karmous-Benailly et al., 2005). Clinical features of MKS are cystic kidneys, polydactyly and 

brain malformations, which are sometimes accompanied by cleft palate, liver fibrosis and 

defects of the CNS, genitals and/or heart. MKS genes, MKS1 and MKS3, were subsequently 

found in the ciliary proteome (Li et al., 2004). Mutations in the CEP290 gene (also known as 

NPHP6), implicated in Joubert syndrome, were detected in cases of Leber congenital 

amaurosis (LCA), which causes blindness (den Hollander et al., 2006). Usher syndrome, which 

presents with deaf-blindness and has been linked to LCA, has likewise transpired to be a 

ciliopathy (van Wijk et al., 2009). 

The obvious phenotypic overlap that exists between ciliopathies (see Figure 1. 2) was exploited 

to identify yet more ciliopathies. Badano et al. (2006) used the London Dysmorphology 

Database (LDDB) to identify diseases which shared phenotypes with five known ciliopathies 
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(BBS, JBTS, OFD, MKS, SLSN). Weighted predictions, made based on the number of 

phenotypes shared between a candidate disease and a confirmed ciliopathy, suggested Jeune 

syndrome (also known as Jeune’s asphyxiating thoracic dystrophy, JATD) and Ellis-van Creveld 

syndrome (EVC) to be ciliopathies (Badano et al., 2006a). The authors repeated the approach 

more comprehensively against the Online Mendelian Inheritance in Man (OMIM) database, 

resulting in a further 16 “likely” and 72 “possible” ciliopathies (Baker and Beales, 2009). 

Amongst these were Sensenbrenner syndrome (also known as cranioectodermal dysplasia, 

CED), McKusick-Kaufman syndrome (MKKS) and Carpenter syndrome (CRPT), all of which are 

now considered ciliopathies (Walczak-Sztulpa et al., 2010). 

And so it was the case that, after PKD, further ciliopathies emerged due to identification of 

primary cilia in disease-implicated tissues, localisation of ciliopathy genes to cilia and 

observation of phenotypic overlap between ciliopathies and unclassified diseases. Ciliopathies 

include both single-organ (RP, NPHP, LCA) and syndromic (JBTS, BBS, ALMS, MKS, OFD, 

JATD) diseases and to this day the spectrum continues to expand. Currently, therapeutic 

options are limited, and ciliopathies are largely managed by treatment of individual symptoms. 

Research to understand the underlying mechanisms is aimed towards delivery of therapeutic 

interventions in the future. Despite being rare, commonalities between ciliopathies and common 

diseases (obesity, blindness, diabetes, mental health problems) are bringing cilia research to 

the fore, for the future benefit of all. 

1.1.4 Ciliopathy Genetics 

Ciliopathies are genetic diseases. The phenotypic variability of ciliopathies does not arise solely 

from the diversity of cell types on which primary cilia occur. The underlying genetics are 

complicated. Cilia disorders are hereditary and nearly all are autosomal recessive (Braun and 

Hildebrandt, 2017; Wheway and Mitchison, 2019). Exceptions to this include the X-linked OFD1, 

which can cause oral-facial-digital syndrome, or the autosomal dominant form of PKD (ADPKD). 

A single gene can be implicated in multiple ciliopathies. A prime example is that of the CEP290 

gene, mutations in which can cause lethality in the form of MKS, severe Joubert syndrome, 

milder BBS, or non-syndromic LCA (den Hollander et al., 2006; Sayer et al., 2006; Valente et 

al., 2006; Baala et al., 2007; Perrault et al., 2007; Leitch et al., 2008; Wheway and Mitchison, 

2019). It is not yet known how different mutations in CEP290 give rise to conditions of varying 

severity, but it is postulated that that they might affect different functions of the protein. The type 

of mutation may affect disease severity. In JBTS, missense mutations in CC2D2A cause JBTS, 

whereas the CC2D2A mutations which cause embryonic-lethal MKS are believed to be 

nonsense (Mougou-Zerelli et al., 2009). Moreover, frameshift, missense, nonsense, splice-site 

changes and in-frame deletions in IFT172 have been described in cases of severe Jeune 

syndrome (Halbritter et al., 2013), whereas, patients with milder BBS or isolated RP have been 

found to bear at least one hypomorphic allele (Bujakowska et al., 2015), implying that disease 

severity is reduced by retention of some protein function. Thus, allelic diversity contributes to 

the pleiotropy of cilia disorders. 

Genetic modifiers have been reported in ciliopathies and can also contribute to the phenotypic 

variability of a disease. Polycystic kidney disease progression can be highly variable within a 
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single family. In mouse models of PKD, the Mop1 (mouse orthologue of the human NPHP2 

gene) and Mop2 genes were found to modulate PKD progression (Woo et al., 1997). Other 

examples of modifiers include AHI1, which alone does not cause blindness, but increases the 

risk of retinal degeneration in patients with NPHP1 mutations (Louie et al., 2010), and 

RPGRIP1L, which can influence retinal degeneration in patients of ciliopathies caused by other 

genes (Khanna et al., 2009; Novarino, Akizu and Gleeson, 2011). RPGRIP1L also exemplifies 

how the identification of modifiers can help to untangle the overlapping functions of cilia 

proteins, many of which function in a modular fashion (Reiter and Leroux, 2017). RPGRIP1L 

mutations have been identified in MKS and JBTS (Delous et al., 2007), whilst mutations in a 

paralogue, RPGRIP1, can cause non-syndromic retinal ciliopathies, such as LCA (Dryja et al., 

2001). It has been suggested that the RPGRIP1L and RPGRIP1 proteins have overlapping 

functions as scaffolds for a cilia-specific signalling network (Coene et al., 2011), meaning non-

pathogenic mutations may modify phenotypes caused by pathogenic variants (Reiter and 

Leroux, 2017). Triallelic inheritance has been proposed in a minority of cases of some 

ciliopathies, foremost BBS (Katsanis et al., 2001, 2002; Beales et al., 2003; Badano et al., 

2003a) (see section 1.4.2). Patients possess two mutant alleles in one gene and a third 

mutation, in another gene, exerts a modifying effect. The genetic background of ciliopathy 

patients may therefore add variation to the phenotypes which penetrate.  

1.1.5 Insights into the pathogenesis of ciliopathies from the study of cilia 

The study of primary cilia has furthered our understanding of the molecular mechanisms 

underlying ciliopathies (Brown and Witman, 2014). Since before the recognition of ciliopathies 

as a group of diseases, technological advances in imaging, proteomics, genomics, disease 

models and functional studies were advancing our understanding of cilium biology, contributing 

to the identification of the primary cilium as more than an obsolete cell appendage. 

1.1.5.1 Microscopy 

Details about ciliary structure have been gleaned using microscopy, beginning with the first 

sighting of cilia in 1675. With a homemade light microscope, Antoni van Leeuwenhoek observed 

“animalcules” in rain water collected from a flowerpot, and described them to be “furnished with 

diverse incredibly thin feet, which moved nimbly” (van Leeuwenhoek, 1676). It is now known 

that van Leeuwenhoek was describing single-celled protists which use cilia (also called flagella) 

for propulsion. From the mid-1800s, further descriptive studies of cilia, and their presence on a 

range of cell types, emerged. The commercial availability and distribution of the electron 

microscope after the Second World War, accompanied by advancements in fixation, embedding 

and sectioning of biological tissues, led to an ability to study the ciliary ultrastructure 

(Bloodgood, 2009). Within the axoneme – the cytoskeleton which supports the cilium – nine 

outer doublets of microtubules were seen for the first time (Manton and Clarke, 1952). It 

became clear that motile and primary cilia share structural similarities, although primary cilia 

were distinguished from motile cilia by their lack of a central pair of axonemal microtubule 

doublets. Further references to the ultrastructural differences between primary and motile cilia 

were made in the 1950s and 1960s (Sotelo and Trujillo-Cenóz, 1958; Barnes, 1961). 
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While advancements in microscopy may not have established the function of primary cilia, they 

did provide connections to disease. With the use of transmission electron microscopy (TEM) it 

was recognised that the connecting cilium of photoreceptors is in fact a modified primary cilium 

(Sjöstrand, 1953; De Robertis, 1956). This, and the identification of primary cilia on nearly all 

mammalian cell types, supported the idea of the primary cilium as a sensory organelle (as 

described above). A new TEM fixative allowed for the discovery that “arms” extend from the 

microtubule doublets of the axoneme (Afzelius, 1959). Further TEM studies, coupled with 

biochemical analyses, led to the naming of “dynein arms” and the proposal that hydrolysis of 

adenosine triphosphate (ATP) generates the force for cilia motility (Gibbons and Rowe, 1965), 

in what is known as the “sliding filament” model: dynein arms force the microtubules to slide 

against one another, causing a concerted bending of the cilium (Satir, 1965, 1968). These 

studies laid foundations for Afzelius to link a lack of dynein arms to Kartagener syndrome, which 

he renamed “immotile cilia syndrome” (Afzelius, 1976) – a name which was later changed again 

to “primary ciliary dyskinesia” (PCD) owing to the retention of (abnormal) motility in some cilia 

(Rossman et al., 1980). Later, hydrocephalus (accumulation of fluid in the brain), which 

presents in a minority of PCD cases, was associated with a lack of cerebrospinal fluid flow 

(“ependymal flow”) due to dysfunctional motile ependymal cilia. Absence of ependymal flow in 

the aqueduct between brain ventricles was shown to cause closure of the aqueduct and the 

onset of hydrocephalus (Ibañez-Tallon et al., 2004).  

Improvements in video and light microscopy using differential interference contrast (DIC) 

brought revelations of a different type of ciliary motion: intraflagellar transport (IFT). This is the 

bi-directional movement of “IFT particles” from the cilium base to tip (anterograde) and tip to 

base (retrograde), which was correctly hypothesised to be implemented by two different 

molecular motors, in order to traffic macromolecules (such as proteins or ATP) from the cell 

body for cilia assembly or function (Kozminski et al., 1993). Kinesin-2 (Walther, Vashishtha and 

Hall, 1994; Kozminski, Beech and Rosenbaum, 1995) and cytoplasmic dynein-2 (Pazour, 

Wilkerson and Witman, 1998; Pazour, Dickert and Witman, 1999; Porter et al., 1999) were 

found to be the molecular motors responsible for anterograde and retrograde IFT, respectively. 

Also aided by video microscopy, was the discovery of the need for cilia motility in the embryonic 

node for correct left-right patterning of the body. It was shown that these exceptional cilia – 

which are motile primary cilia – generate a leftward flow of extraembryonic fluid, disruption of 

which leads to randomisation of left-right organ asymmetry (Nonaka et al., 1998). Since this 

discovery was made in kinesin family member 3b (Kif3b) mutant mice, which lacked nodal cilia, 

and kinesins had been implicated in IFT (Cole et al., 1998), it was suggested that the kinesin 

KIF3 complex (of which KIF3B is a subunit) is involved in IFT, without which nodal cilia cannot 

assemble. Thus, a molecular mechanism emerged for the situs inversus seen in patients with 

Kartagener syndrome (or PCD) (Afzelius, 1976), which had been inexplicable to Afzelius in 

1976. 

It became appreciated that defects in IFT proteins in both motile and primary cilia could cause 

disease. The second disease to be identified as a ciliopathy was retinitis pigmentosa 

(Bloodgood, 2009). Defective IFT in the modified cilium that connects inner and outer 
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photoreceptor segments was found to prevent transport of proteins from the inner segment 

(where synthesis occurs) to the outer segment (where phototransduction occurs), leading to an 

accumulation of proteins and subsequent photoreceptor death (Well et al., 1995; Wolfrum and 

Schmitt, 2000; Pazour, Baker, et al., 2002; Wolfrum, 2003). This finding was aided by the 

development of immuno-labelling, integrated with TEM or with light microscopy, for 

immunofluorescence microscopy (Wolfrum and Schmitt, 2000; Pazour, Baker, et al., 2002; 

Rosenbaum and Witman, 2002).  

1.1.5.2 Omics: Proteomics, Genomics, Interactomics 

Omics technologies have led to an explosion in the identification of ciliopathy-associated genes, 

broadening the focus of studies from the axoneme to other sub-ciliary components, including 

the ciliary membrane, which has been shown to have a composition distinct from that of the rest 

of the cell; the basal body, through which the cilium is anchored to the cell; and the transition 

zone, which acts as a gate, partitioning the cilium from the cytoplasm. In 2004, Pazour 

proposed the “ciliary hypothesis”. Pazour hypothesised that the primary cilium serves as an 

organising centre for signalling pathways implicated in PKD, because the proteins of PKD 

genes are present in cilia (Pazour, 2004). The search for proteins which localise to the primary 

cilium gained ground. 

Proteomic analyses have benefitted from the relative ease with which cilia can be isolated from 

cells. Early proteomics studies of the Chlamydomonas flagellum by two-dimensional 

polyacrylamide gel electrophoresis (2D-PAGE) revealed the presence of more than 130 

proteins (Piperno, Huang and Luck, 1977) and it was predicted that the axoneme alone might 

contain 250 to 300 proteins (Luck, 1984). Characterisation of the human cilium proteome by 

mass spectrometry (MS) identified 214 axoneme proteins (Ostrowski et al., 2002). Soon, 

several proteomic profiles had emerged, including those of the Chlamydomonas cilium (Pazour 

et al., 2005), its centrioles (from which basal bodies form) (Keller et al., 2005), and of cilia of the 

unicellular, multi-ciliated Tetrahymena thermophila (Smith et al., 2005). These studies confirmed 

the presence of a number of signalling receptors and other proteins implicated in disease. A 

notable example was the discovery of Hydin, whose disruption in mutant Hy3 murine models 

caused hydrocephalus (Davy and Robinson, 2003). Hydin was shown to localise to the cilium 

axoneme (Dawe, Shaw, et al., 2007) and is required for the beating of motile cilia to generate 

ependymal flow in the developing brain (Ibañez-Tallon et al., 2004; Lechtreck et al., 2008). The 

complexity of the protein composition within the cilium was greater than previously imagined. 

Proteomics have extended to mapping the cilium “interactome” – the physical interactions 

between proteins of the cilium. Initially, single interactions between pairs of proteins were 

confirmed by yeast two-hybrid assay. The interaction between Jouberin, in which mutations give 

rise to Joubert syndrome, and nephrocystin-1, a cause of nephronophthisis which presents in 

some cases of Joubert syndrome, was demonstrated using this technique (Eley et al., 2008). 

Larger numbers of interactors were isolated by tandem affinity purification (TAP) and identified 

by MS (together called TAP-MS), fostering the emergence of several protein modules. The 

revelation of the “BBSome” complex of eight proteins – so-called because its subunits are 

mutated in Bardet-Biedl syndrome – began to give insight into how previously-unconnected 
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genes implicated in the same ciliopathy might be functionally related (Nachury et al., 2007; 

Loktev et al., 2008). Interactions between proteins implicated in different ciliopathies also 

emerged, giving insight into the manifestation of their overlapping phenotypes. One example is 

the mapping of the nephronophthisis, Joubert syndrome and Meckel-Gruber syndrome 

interactomes, which identified 850 interactors of proteins contributing to these diseases (Sang 

et al., 2011). The vast numbers of proteins involved in cilia regulation has led to interactomes of 

ever-increasing scale, recently reaching a staggering 4,905 interactions between 1,319 proteins 

and 52 complexes, in a TAP-MS study to identify the human cilia “protein landscape” (Boldt et 

al., 2016). The cilia protein landscape showed an overlap with genes of 35 genetic diseases, 

only 13 of which were known ciliopathies. Others included amyotrophic lateral sclerosis (ALS), 

also known as motor neurone disease, in which neurons degenerate leading to muscle wasting; 

Miller-McKusick-Malvaux (3M) syndrome, a growth disorder which causes skeletal 

abnormalities; Parkinson’s disease, a neurodegenerative disease; and leukaemia, a group of 

blood cancers which often begin in the bone marrow. By implicating new genes in the function 

of primary cilia, this landmark study has broadened the list of potential new ciliopathies to 

encompass common and rare diseases alike. The benefits of cilia research are likely to be 

widespread. 

Since the sequencing and annotation of several genomes, including those of model organisms 

and the human genome (International Human Genome Sequencing Consortium, 2001; Venter 

et al., 2001), comparative genomics have been used to probe the genetic basis of cilia 

diseases. Searching for novel genes involved in cilia and basal body biogenesis, Li et al. (2004) 

identified 688 genes which were common to the ciliated Chlamydomonas and human genomes 

but absent from the genome of non-ciliated Arabidopsis. Amongst the ~50 % of genes with no 

known function (at the time) was BBS5, a Bardet-Biedl syndrome gene. In the same year, the 

BBS3 gene, known also as ADP ribosylation factor-like GTPase 6 (ARL6), was also found by 

comparative genomic analysis (Chiang et al., 2004). Ciliopathy genes continue to be identified 

by the diagnosis of causal mutations in human diseases. Prior to next generation sequencing 

(NGS) technologies, finding the genetic basis of a ciliopathy was a laborious process, reliant 

upon linkage analysis and positional cloning to map the mutation locus and sequence individual 

candidate genes within it, until a genetic mutation was found (Novarino, Akizu and Gleeson, 

2011; Oud, Lamers and Arts, 2017). Now, whole exome sequencing (WES) and whole genome 

sequencing (WGS), allow for the rapid identification of ciliopathy genes and pathogenic variants. 

There are at least 190 different genes underlying diseases of primary cilia and the 100,000 

Genomes Project hopes to give a genetic diagnosis to more ciliopathy patients, by sequencing 

the genomes of rare disease patients and their unaffected relatives (Wheway and Mitchison, 

2019). A genetic diagnosis enables clinicians to anticipate the course of a disease and provide 

suitable treatment. This is particularly relevant considering the spectral nature of ciliopathies, 

which might initially manifest in a similar manner but can progress very differently. 

1.1.5.3 Disease Models and Functional Studies 

Functional studies have been required to keep up with the ever-growing number of candidate 

ciliopathy genes. These aim to probe the subcellular localisation and molecular mode of action 
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of the implicated protein and have relied upon the refinement of model organisms and cell 

systems for cilia study. There is marked evolutionary conservation of cilia genes amongst 

eukaryotes, providing a plethora of organisms suitable for dissecting their roles (Vincensini, 

Blisnick and Bastin, 2011). Of note is the unicellular Chlamydomonas which has proven useful 

in the identification of genes required for cilia motility, such as Hydin (Lechtreck and Witman, 

2007), and the identification of those necessary for the assembly of primary cilia. It was a 

Chlamydomonas insertional mutant with a defective ift88 gene that demonstrated the necessity 

for IFT88 in ciliogenesis; extrapolation of this work to the Tg737-/- murine model after a 

comparative genomics study, led to the seminal link between primary cilia and disease (Pazour 

et al., 2000). Most cell-based functional assays rely on loss-of-function techniques, including 

RNA interference (RNAi), in which gene knockdown is mediated by short hairpin RNA (shRNA) 

or small interfering RNA (siRNA). In the past decade, several genome-wide siRNA screens 

have expanded upon the list of core cilia-associated proteins and have begun to unveil genes 

which link cilia to other cellular processes, such as vesicle trafficking, cell migration, cell cycle 

control and cytoskeletal organisation (J. Kim et al., 2010; Schwanhäusser et al., 2011; 

Kühbacher et al., 2015; Roosing et al., 2015; Szymanska et al., 2015; Wheway et al., 2015). 

The advent of genome editing technologies to knock out genes – namely zinc fingers nucleases 

(ZFNs), transcription activator-like effector nucleases (TALENs) and, most notably, clustered 

regularly interspaced short palindromic repeats with Cas9 endonuclease (CRISPR/Cas9; see 

section 1.6) – has brought with it a further arsenal of tools. A recent genome-wide CRISPR-

based screen for modulators of Sonic Hedgehog (SHH) signalling suggested that many 

congenital heart problems are caused by loss of ciliary signalling (Breslow et al., 2018). 

1.1.5.4 Ciliopathy Gene Databases 

Today’s techniques (TAP-MS, WGS, CRISPR) continue to reveal novel cilia genes at an 

explosive rate. Efforts to curate genes have seen the publication of a number of cilia databases, 

such as the Cilia Proteome (Gherman, Davis and Katsanis, 2006), the Ciliome (Inglis, Boroevich 

and Leroux, 2006) and Cildb (Arnaiz et al., 2009, 2014). The SysCilia consortium took the 

output from a number of high-throughput experiments and validated a set of 303 core ciliary 

genes, known as the SysCilia Gold Standard (SCGS) (van Dam et al., 2013). In addition, the 

consortium identified a further 418 potential ciliary genes. In silico analyses of databases (Inglis, 

Boroevich and Leroux, 2006) and other omics datasets have been implemented to predict 

further proteins which may have ciliary involvement. Most recently a compendium of 956 genes, 

named CiliaCarta, was generated (van Dam et al., 2019). This includes 285 genes which were 

predicted to be cilia-associated by Bayesian statistics. As these databases grow, and more 

diseases emerge as ciliopathies, there becomes an increasing need to characterise the roles of 

cilia genes and their contributions to pathogenesis. 

1.1.6 The Future of Ciliopathy Research 

We now recognise ciliopathies as disorders of cilia. They have a complex genetic basis and 

show marked phenotypic variability in their clinical features, which include laterality defects, 

skeletal malformations, kidney and/or liver disease, retinal degeneration, infertility, obesity and 

cognitive impairment. With further elucidation of the roles of ciliopathy genes, the genetics 
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underlying ciliopathies can realistically be unravelled. An understanding of the roles of each 

cilia-associated protein will be required. This will enable researchers to gauge how different 

mutations impair protein function at the molecular level, how this affects various tissues and 

organs and, ultimately, how phenotypic variation manifests in ciliopathies. Clarification of 

interactions between cilia proteins and knowledge of how they perform within complexes is also 

necessary to elucidate how antagonistic interactions and functional redundancy can modify 

ciliopathy phenotypes. 

Despite being rare diseases, ciliopathy symptoms exhibit overlaps with common diseases, such 

as obesity and diabetes. Cilia biology research led to the initial recognition of ciliopathies as a 

group of diseases and is beginning to uncover the mechanisms underlying their pathogenesis. It 

has led to the classification of (old) diseases as (new) ciliopathies and continues to do so. 

Recent work suggests that some dementias and cancers may be cilia-related. Thus, the study 

of cilia disorders can inform research into common diseases and benefit many people. 

Technological advances will continue to push forward our understanding of primary cilia. The 

recent emergence of CRISPR gene editing is expected to play a large part in elucidating the 

roles of individual cilia proteins and their participation with other molecules. This is key to 

understanding how ciliopathy phenotypes arise and why they exhibit pleiotropy and will inform 

the development and implementation of therapeutic strategies. 
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Figure 1. 1: The structure of the cilium. 

Cilia are membrane-covered organelles supported by a cytoskeletal axoneme. The axoneme of 

primary cilia comprises nine outer microtubular doublets. Each doublet is formed of a complete 

A-tubule singlet and an incomplete B-tubule singlet. As well as the nine outer doublets, motile 

cilia possess a central doublet not seen in primary cilia.  Radial spoke proteins connect outer 

doublets to an inner sheath surrounding the central doublet. For motility, adjacent outer 

doublets are connected by ATP-hydrolysing inner and outer dynein arms. The ciliary axoneme 

is anchored to the cell by a basal body. The region between the basal body and the axoneme is 

referred to as the transition 

 

zone, which regulates 

entry and exit of 

molecules into/ out of the 

cilium. Transition fibres 

link the transition zone to 

the ciliary pocket, a 

membrane invagination 

which surrounds the 

cilium base. Figure 

adapted with permission 

from Springer Nature, 

Nature Reviews Molecular 

Cell Biology (Ciliogenesis: 

building the cell's antenna, 

Ishikawa & Marshall), 

copyright 2011. 
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Figure 1. 2: Phenotypic overlap between ciliopathies. 

Ciliopathies share a cardinal set of features. OFD, oral-facial-digital 

syndrome; JATD, Jeune’s asphyxiating thoracic dystrophy; JBTS, Joubert 

syndrome; BBS, Bardet-Biedl syndrome; MKS, Meckel syndrome; PKD, 

polycystic kidney disease; PCD, primary ciliary dyskinesia; NPHP, nephron- 

ophthisis; ALMS, Almström syndrome; LCA, Leber congenital amaurosis; RP, retinitis pigmentosa; 

USH, Usher syndrome. Figure reproduced from Wheway & Mitchison (2019) under a Creative 

Commons Attribution Licence. 
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1.2 Cilia 

1.2.1 Primary Cilia and Motile Cilia 

Cilia are membrane-covered, cytoskeletal organelles, which protrude from the apical cell 

surface. They can broadly be categorised as motile cilia and (non-motile) primary cilia (see 

Figure 1. 1). An exception to this is a mono-ciliated population of cells in the embryonic node, 

with cilia which twirl to generate a leftward flow of extraembryonic fluid required for left-right 

asymmetry (Nonaka et al., 1998). Motile cilia beat to facilitate movement – this could be 

movement of the ciliated cell itself, as in the case of the sperm flagellum; movement of another 

cell, as by multi-ciliated fallopian epithelia to move a fertilised egg towards the uterus for 

implantation; or movement of a fluid, such as mucus in the respiratory tract or cerebrospinal 

fluid in the brain ventricles. By contrast, primary cilia are generally considered to be sensory 

organelles, which act as a hub for the integration of numerous signalling pathways during tissue 

development and homeostasis.  

Motile cilia could also have sensory roles. This is based on mechano- and chemo-receptive 

activities of motile cilia in a range of multi-ciliated epithelia (Bloodgood, 2010). Increased cilia 

beat frequency is associated with a rise in cytosolic calcium ions (Ca2+) (Salathe, 2007) and has 

been shown to occur downstream of the activation of receptors and channels in motile cilia of 

airway epithelia, including the TRPV4 cation channel (Lorenzo et al., 2008) and bitter taste 

receptors (Shah et al., 2009). A response is also initiated by mechanical stimuli, such as 

disturbance of fluid or dragging of mucus across cilia of cultured airway cells (Sanderson and 

Dirksen, 1986). Similar findings have been found in studies of mammalian oviduct epithelia 

(Bloodgood, 2010). The term “primary cilia” is therefore used hereafter to distinguish those with 

a purely sensory role from motile cilia which may have additional sensory roles. Most cell types 

will form a single primary cilium during their existence. In the case of ciliopathies, tissues in 

which phenotypes arise are ciliated, including neurons, photoreceptors and kidney epithelia. 

1.2.2 The Cilium Ultrastructure 

Primary cilia are sometimes referred to as “9+0” cilia. Their cytoskeletal axoneme consists of 

nine outer microtubular doublets but does not feature the central doublet seen in motile “9+2” 

cilia (see Figure 1. 1) (Manton and Clarke, 1952; Sotelo and Trujillo-Cenóz, 1958; Barnes, 

1961). In 9+2 cilia, nexin links exist between doublets (Warner, 1976) and “radial spokes” – 

each a complex of at least 23 proteins – connect the outer doublets to a sheath surrounding the 

inner doublet (see Figure 1. 1) (Afzelius, 1959; Goodenough and Heuser, 1985; Pigino et al., 

2011). In order to generate the force for movement, adjacent outer doublets of motile cilia are 

interconnected by ATP-hydrolysing inner and outer dynein arms (Afzelius, 1959; Gibbons and 

Rowe, 1965; Satir, 1965, 1968). There are exceptions: the motile primary cilia of the node have 

a 9+0 ultrastructure (Bellomo et al., 1996) and the immotile cilia of olfactory neurons possess a 

9+2 axoneme (Moran et al., 1982). Each microtubule doublet consists of a complete A-tubule 

singlet of 13 protofilaments, and an incomplete B-tubule microtubule of 10 protofilaments (see 

Figure 1. 1) (Sui and Downing, 2006). The protofilaments are formed of α- and β-tubulin dimers, 

which bear a range of posttranslational modifications, including acetylation, glutamylation, 
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glycylation and detyrosination (Konno, Setou and Ikegami, 2012). The precise functions of 

posttranslational modifications are not well understood, but it is thought they could contribute to 

axonemal assembly, stability and motility, since these qualities are impaired in cilia by 

abrogation of enzymes which perform modifications (Wloga et al., 2009; Pathak, Austin and 

Drummond, 2011). The distal tip of the axoneme is often reduced to a microtubule singlet, as 

the B-tubules finish before the A-tubules (Prevo, Scholey and Peterman, 2017). While the 

axoneme is very stable, the tips of the A- and B-tubules are dynamic, undergoing continuous 

turnover (Stephens, 1997, 2000; Song and Dentler, 2001). 

The ciliary axoneme is rooted to the cell by the basal body (see Figure 1. 1), a barrel-shaped 

structure made up of nine triplets of microtubules (A-, B- and C-tubules), the core of which 

contains γ-tubulin (Tilney et al., 1973; Fuller et al., 1995). The doublets of the axoneme extend 

directly from the inner two microtubules (A- and B-tubules) of the basal body triplets. The 

transition from microtubule triplets to doublets lends its name to the “transition zone” (see 

Figure 1. 1), which distinguishes the cilium from other subcellular compartments (Gibbons, 

1961). The transition zone is demarcated by Y-shaped distal appendages – also known as 

transition fibres – that project from the basal body, connecting each of the nine microtubule 

doublets of the axoneme to the ciliary membrane and resembling a ciliary “necklace” when 

viewed by scanning electron microscopy (Gilula and Satir, 1972). Surrounding the base of the 

cilium is a membrane invagination called the ciliary pocket (see Figure 1. 1) (Molla-Herman et 

al., 2010). The ciliary membrane is contiguous with that of the rest of the cell, but it has a 

distinct membrane composition (Rohatgi and Snell, 2010). The transition zone is thought to act 

as a selectivity filter by establishing a diffusion barrier to concentrate the proteins required for 

cilia function, although the precise mechanisms involved are not well understood (Garcia-

Gonzalo et al., 2011; Williams et al., 2011; Chih et al., 2012; Breslow et al., 2013; Awata et al., 

2014; Basiri et al., 2014). 

1.2.3 Primary Ciliogenesis and the Cell Cycle 

The basal body is formed from the mother of a mother and daughter pair of centrioles – small, 

cylindrical structures found near the nucleus (Sorokin, 1968; Dawe, Farr, et al., 2007). The 

centrioles, together with surrounding pericentriolar material (PCM), constitute the centrosome, 

which serves as the major microtubule organising centre (MTOC) of the cell. Surrounding the 

PCM are cytoplasmic, electron-dense granules known as centriolar satellites, of which the major 

component is pericentriolar matrix protein 1 (PCM1) (Hori and Toda, 2017). The PCM is a 

dense matrix of proteins involved in microtubule organisation and nucleation, signalling and cell 

cycle regulation (Andersen et al., 2003; Alves-Cruzeiro, Nogales-Cadenas and Pascual-

Montano, 2014). The cell cycle is a highly regulated process to which cilium formation is 

intimately linked (see Figure 1. 3). During the first growth (G1) phase, cells duplicate their 

organelles. In order to move into the synthesis (S) phase to replicate their chromosomes, cells 

must pass a G1 checkpoint to confirm conditions are favourable for cell division and that DNA is 

not damaged prior to its replication. In the second growth (G2) phase, the cell prepares for 

mitosis, and must pass the G2 checkpoint, ensuring that DNA has been faithfully replicated. 

During mitosis (M) phase, duplicated chromosomes are pulled apart into two daughter cells by a 
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mitotic spindle, requiring passing of the M checkpoint, which confirms all chromosomes are 

correctly attached to the spindle. The centrosome duplicates only once per cell cycle, during S 

phase (see Figure 1. 3), such that when the cell enters mitosis, there are two centrosomes 

which form the poles of the mitotic spindle. Accordingly, cilia formation can only occur in non-

dividing cells (see Figure 1. 3). If a cell is ciliated, cilia resorption occurs prior to M phase. 

Depending on cell type, this may be during G1/S transition or at the G2/M boundary (Fonte, 

Searls and Hilfer, 1971; Rieder, Jensen and Jensen, 1979; Pan, Seeger-Nukpezah and 

Golemis, 2013; Ford et al., 2018). After exiting the cell cycle, cilium assembly can occur. Serum 

starvation can induce ciliogenesis in cultured cells, as cells do not pass the G1 checkpoint. 

Instead they enter a quiescent state (G0), during which the centrioles can migrate to the apical 

cell surface and dock onto the cell cortex, an actin-rich network of cytoplasmic protein filaments 

found at the interface with the plasma membrane (Ishikawa and Marshall, 2011). The 

transformation of the centriole into the basal body is marked by the association of multiple 

Golgi-derived vesicles with the distal appendages (transition fibres) of the mother centriole, 

which also establishes the transition zone (Schmidt et al., 2012; Lu et al., 2015). The vesicles 

fuse to form the primary ciliary vesicle (the primitive ciliary membrane), beneath which the ciliary 

axoneme is nucleated from the basal body (Sorokin, 1962). 
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Figure 1. 3: Cilium formation is linked to the cell cycle. 

Ciliogenesis only occurs in non-dividing (G0) cells that have exited the cell cycle. A mother and 

daughter pair of centrioles migrate to the cell surface to form the basal body from which the 

cilium extends. Cilium resorption occurs when cells re-enter the cell cycle in G1/S transition (or 

in G2/M, depending on the cell type). This ensures centrioles are free to duplicate in S phase 

and can segregate and organise the mitotic spindle in G2 and M phases. Upon exit from the cell 

cycle, cells are once again able to form cilia. Figure adapted with permission from Springer 

Nature, Nature Reviews Molecular Cell Biology (Centrosome function and assembly in animal 

cells, Conduit, Wainman & Raff), copyright 2015. 
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1.2.4 Trafficking To and Within Primary Cilia 

Cilia do not contain the cellular machinery for biosynthesis and must import the proteins they 

require and traffic them to the necessary location within the cilium. This includes the subunits 

required to build the axoneme, as well as proteins which contribute to the cilium’s signalling 

function.  

1.2.4.1 Ciliary Targeting of Proteins 

Movement of proteins into and out of the cilium is selective and tightly controlled, in part by the 

transition zone. To create a specialised ciliary membrane, membrane proteins from the Golgi 

apparatus are targeted to the ciliary pocket in vesicles (Molla-Herman et al., 2010), a process 

shown to involve several vesicle trafficking proteins, including small Ras-associated (RAB) 

GTPases (Yoshimura et al., 2007; Lim, Chua and Tang, 2011). The ciliary pocket is rich in 

clathrin-coated pits, implying this to be a site of vesicle trafficking (Molla-Herman et al., 2010). 

Vesicles likely fuse with the ciliary pocket membrane and allow incorporation of their cargo by 

lateral diffusion. The ciliary pocket may therefore contribute to the transition zone’s role as a 

selectivity filter, by controlling the arrival or departure of selected vesicles (Ishikawa and 

Marshall, 2011). 

How cargoes are targeted to the cilium is an area of interest. Searches for ciliary targeting 

signals (CTSs) – peptide motifs which might specifically target proteins to cilia – have produced 

a number of results. Work has focussed primarily on signalling receptors, to understand how 

their concentration in primary cilia is regulated. For example, several CTSs in the third 

intracellular loop (i3) of G protein-coupled receptors (GPCRs) have been identified, including 

the AX(S/Q)XQ motif in somatostatin receptor 3 (SSTR3), 5-hydroxytryptamine receptor 6 

(HTR6) and the melanin concentrating hormone receptor 1 (MCHR1) (Berbari, Johnson, et al., 

2008; Nagata et al., 2013); the (I/V)KARK motif in orphan GPCR 161 (GPR161) 

(Mukhopadhyay et al., 2013); and the (R/K)(I/L)W motif in neuropeptide Y receptor Y2 (NPY2R) 

and orphan GPCR 83 (GPR83) (Loktev et al., 2013). A little light has also been shed on the 

ciliary targeting of soluble proteins (which include tubulin, dynein arms and motor proteins), with 

the discovery of a KRKK CTS in the kinesin family member 17 (KIF17), a molecular motor of the 

homodimeric kinesin-2 family that localises to cilia (Dishinger et al., 2010; Bhogaraju, Engel and 

Lorentzen, 2013). More CTSs continue to emerge and, as they do, it is apparent is that there is 

no single consensus CTS, which might suggest different mechanisms of trafficking to, and 

import into, the primary cilium. 

1.2.4.2 Intraflagellar Transport 

Once nucleated, cilium axoneme elongation depends upon the delivery of proteins to its distal 

tip (Rosenbaum and Child, 1967; Johnson and Rosenbaum, 1992). Cargoes which enter the 

cilium are transported across the transition zone and along the axoneme by a bi-directional, 

motor-driven process known as intraflagellar transport (Kozminski et al., 1993) (see Figure 1. 

4). Unlike most other intracellular transport mechanisms, cargoes are not contained within 

vesicles, but attached directly to IFT particles or via adaptor proteins (Prevo, Scholey and 

Peterman, 2017). IFT particles (also known as IFT trains) are assembled at the cilium base and 

loaded with cargoes, before being transported to the tip by anterograde IFT, driven by the 
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molecular motor, kinesin-2 (Cole et al., 1993, 1998; Kozminski, Beech and Rosenbaum, 1995). 

Here, cargoes are unloaded, kinesin-2 inactivated, and IFT trains remodelled for retrograde, tip-

to-base, transport, facilitated by cytoplasmic dynein-2 (Pazour, Wilkerson and Witman, 1998; 

Porter et al., 1999; Krock, Mills-Henry and Perkins, 2009; Asante, Stevenson and Stephens, 

2014). In this way, IFT particles, anterograde motors and other spent cargoes can be recycled 

back to the cell body. 

Kinesin-2 exists in homodimeric and heterotrimeric forms, roles for which are not yet well-

defined. Loss of a heterotrimeric kinesin-2 subunit, flagella assembly 10 (FLA10), in 

Chlamydomonas prevents IFT and ciliogenesis (Kozminski, Beech and Rosenbaum, 1995). 

However, its loss in C. elegans does not impair cilia assembly, due to the function of 

homodimeric kinesin-2 (called osmotic avoidance abnormal protein 3 (OSM3) in C. elegans) as 

a second IFT anterograde motor (Signor et al., 1999; Snow et al., 2004). Chlamydomonas 

species lack homodimeric kinesin-2. A newer model suggests that both forms of kinesin-2 in C. 

elegans function together: heterotrimeric kinesin-2 facilitates the import of IFT trains through the 

transition zone, where they are passed over to homodimeric kinesin-2 (OSM3) which traffics 

them to the distal tip of the cilium. This was speculated from observations of both kinesins in the 

proximal region, but only homodimeric kinesin-2 in the distal region, of the cilium (Prevo et al., 

2015). Vertebrates also possess homodimeric kinesin-2, in the form of KIF17. While KIF17 is 

required for ciliogenesis in cell types such as the photoreceptor (Insinna et al., 2008), the main 

IFT motor seems to be heterotrimeric kinesin-2, called kinesin family member 3 (KIF3) (Nonaka 

et al., 1998; Marszalek et al., 1999; Zhao et al., 2012; Engelke et al., 2019). Generally, 

heterotrimeric kinesin-2 and dynein-2 are seen as the core IFT motors, whereas homodimeric 

kinesin-2 acts as an accessory with varied roles (Prevo, Scholey and Peterman, 2017). 

Molecular motors drive the procession of IFT trains along the axoneme. IFT trains are formed 

from two complexes, IFT-A and IFT-B, and the addition of other ciliary cargoes. IFT-A consists 

of six proteins, of which IFT144, IFT140 and IFT122 are core proteins and IFT139, IFT121 and 

IFT43 are non-core (Mukhopadhyay et al., 2010; Behal et al., 2012). The core proteins are likely 

to stabilise the non-core proteins, which seem to be required for the return of the IFT-A complex 

to the cilium base (Taschner and Lorentzen, 2016). IFT-B can be further subdivided into a core 

subcomplex, IFT-B1, and a peripheral subcomplex, IFT-B2. 10 subunits constitute IFT-B1 

(IFT22, IFT25, IFT27, IFT46, IFT52, IFT56, IFT70, IFT74, IFT81, IFT88), and six comprise IFT-

B2 (IFT20, IFT57, IFT80, IFT172), with IFT88 at the interface between the two (Lucker et al., 

2005; Lechtreck, Luro, et al., 2009; Wang et al., 2009; Fan et al., 2010; Ishikawa et al., 2014; 

Taschner and Lorentzen, 2016). Interactions between the IFT-A and IFT-B complexes appear to 

be weak (Cole et al., 1998), and no direct interactions between the two have been found by 

TAP-MS (Boldt et al., 2016), although there is some evidence for an interaction between IFT-B1 

and IFT-A through the N-terminus of IFT74 (also known as BBS20), truncation of which was 

shown to prevent ciliary entry of IFT-A, but not IFT-B, in Chlamydomonas (Brown et al., 2015). 

Other cilia proteins have been implicated in the association of the IFT-A and -B complexes. 

Lebercilin (LCA5) has been shown to interact with proteins of the IFT-A complex (IFT140 and 

IFT144) and nearly all of those of the IFT-B complex, providing a potential link (Boldt et al., 
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2011). Nuclear distribution C (NUDC) has also been shown to interact with both complexes 

(Boldt et al., 2016). The octameric BBSome complex might hold the two IFT complexes together 

(Ou et al., 2005), or function as an IFT adaptor. In fact, the documented roles of the BBSome 

are varied and are not yet well understood (see section 1.4.4.1). 

Defects in anterograde IFT components, like kinesin-2, lead to defects in ciliogenesis 

(Kozminski, Beech and Rosenbaum, 1995), whereas those in retrograde components, such as 

dynein-2, cause cilia that have bulbous tips due to protein accumulation (Porter et al., 1999). 

Extension of these rules to IFT-A and IFT-B proteins has implicated the IFT-B complex in 

anterograde IFT (Pazour et al., 2000; Brazelton et al., 2001) and the IFT-A complexes in 

retrograde IFT (Piperno et al., 1998; Iomini, Till and Dutcher, 2009). This looks to be the case in 

Chlamydomonas, in which IFT-B is transported along B-tubules and IFT-A along A-tubules, 

avoiding collisions between anterograde and retrograde transport (Stepanek and Pigino, 2016). 

The current model for IFT in Chlamydomonas (see Figure 1. 4a), maintains that active 

heterotrimeric kinesin-2, bound to the IFT-B complex, moves IFT trains to the cilium tip (Liang et 

al., 2014). Inactive dynein-2 is transported as a cargo of anterograde IFT (Pedersen, Geimer 

and Rosenbaum, 2006). At the cilium tip, kinesin-2 is inactivated by phosphorylation, causing it 

to dissociate from the IFT complex and subsequently exit the cilium by diffusion (Pedersen, 

Geimer and Rosenbaum, 2006; Liang et al., 2014; Taschner and Lorentzen, 2016). Retrograde 

IFT and ciliary exit of dynein-2 require its docking to the IFT-A complex (Williamson et al., 

2012).  

In C. elegans, the picture is not so straightforward (see Figure 1. 4b). Heterotrimeric kinesin-2 

is associated with the IFT-A complex, whilst homodimeric kinesin-2 is associated with the IFT-B 

complex (Ou et al., 2005). Heterotrimeric kinesin-2 is active in the proximal region of the cilium 

but gradually starts to dissociate as it moves towards the cilium tip. Homodimeric kinesin-2 

(OSM3) takes over from heterotrimeric kinesin-2 in the distal portion (Prevo et al., 2015). In 

another departure from IFT in Chlamydomonas, the recycling of anterograde kinesin-2 motors 

to the cilium base requires retrograde IFT in C. elegans (Prevo et al., 2015). Vertebrates are 

suspected to possess an IFT mechanism similar to that in C. elegans (Taschner and Lorentzen, 

2016); however, the precise details of IFT in vertebrates remain to be seen. 

IFT subunits display a range of structural features required for protein-protein interactions, 

including coiled-coil, tetratricopeptide repeat (TTC) and WD40 repeat (WDR) domains 

(Taschner and Lorentzen, 2016). Some of these motifs are required for IFT proteins to bind one 

another and stabilise the IFT complexes. For instance, knockout of Ift80, which is mutated in 

JATD, was shown to prevent cilia formation in cultured cells. Ciliogenesis could not be rescued 

with a gene for a truncated form of IFT80 lacking a C-terminal dimerization domain, suggesting 

that IFT80 may be essential to IFT complex stabilisation or interaction with other IFT particles 

(Taschner et al., 2018). However, the IFT protein binding motifs are likely to serve further 

functions. In the Ift80 knockout model, ciliogenesis could be rescued with either wild type Ift80 

or mutant forms encoding patient missense mutations (Taschner et al., 2018). Likewise, in a 

second study, knockout of Ift122 abolished ciliogenesis, which could be rescued by 

overexpression of wild type Ift122 or mutant forms of the gene containing missense mutations 



45 

that are seen in patients with CED (Takahara et al., 2018). The fact that missense mutations are 

pathogenic in patients, but not essential for ciliogenesis, indicates that IFT80 and IFT122 have 

roles beyond IFT complex formation or stabilisation. This was shown to be true of the Ift122 

model, in which missense-bearing Ift122 could not restore defective ciliary trafficking of SMO in 

response to SHH (Takahara et al., 2018). 

To further this point, cargo binding roles for several IFT protein have been evidenced: IFT46 

and IFT56 bind to outer and inner dynein arms, respectively (Hou et al., 2007; Ahmed et al., 

2008; Ishikawa et al., 2014); IFT70 binds homodimeric kinesin-2 and is involved in the 

polyglutamylation of tubulin in the axoneme (Pathak et al., 2007); IFT81 and IFT74 are involved 

in tubulin binding (Bhogaraju et al., 2013). Variation in severity of ciliopathy phenotypes is 

hence partly attributable to the varying effects of mutations in protein domains that serve 

different functions (Taschner and Lorentzen, 2016; Prevo, Scholey and Peterman, 2017). Given 

that IFT proteins have multiple roles which can be independent of the IFT complexes, it is 

possible that the same is true of other ciliary proteins. 
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Figure 1. 4: Intraflagellar transport (IFT). 

a. IFT in Chlamydomonas. (1) IFT trains, formed of IFT-A and IFT-B 

complexes, are assembled at the cilium base and bind to the BBSome, 

heterotrimeric kinesin-2, (inactive) dynein and cargoes. (2) IFT trains 

enter the cilium and (3) are transported by anterograde IFT towards 

the cilium tip, powered by kinesin-2. (4) At the tip, IFT particles are 

remodelled and cargoes are unloaded. (5) Kinesin-2 is inactivated and 

exits the cilium by diffusion. (6) Dynein is activated and (7) drives 

retrograde transport of IFT particles to the cilium base, where (8) they 

exit the cilium and are disassembled. 

b. IFT in C. elegans (and possibly vertebrates). (1) IFT trains form 

at the cilium base, comprising heterotrimeric and homodimeric forms 

of kinesin-2, as well as (inactive) dynein, cargoes and the BBSome. 

Assembled IFT trains are imported into the cilium. (2) Heterotrimeric 

kinesin-2 drives transport of IFT trains through the Y-shaped linkers of 

the transition zone and continues into the proximal region of the cilium. 

(3) In the proximal region, homodimeric kinesin-2 begins to take over 

from heterotrimeric kinesin-2 and (4) exclusively powers IFT in the 

distal portion of the cilium. (5) At the tip, cargoes are unloaded, 

homodimeric kinesin-2 is inactivated and IFT trains are remodelled. (6) 

Retrograde trains assemble and (7) facilitate retrograde IFT back to 

the cilium base. In the proximal segment, (8) homodimeric kinesin-2 is 

unloaded and (9) heterotrimeric kinesin-2 is collected for return to the 

cilium base. (10) At the base, IFT trains exit the cilium and are 

disassembled. Figure reproduced with permission from Cold Spring 

Harbor Laboratory Press, Perspectives in Biology (The Intraflagellar 

Transport Machinery, Taschner & Lorentzen), copyright 2016.
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1.2.5 Cilia, Signalling and the Wnt Pathways 

The discovery that the primary cilium is enriched with signalling receptors finally gave way to the 

idea that the primary cilium is more than just an evolutionary relic of redundant function 

(Praetorius and Spring, 2001; Pazour, San Agustin, et al., 2002; Pazour and Witman, 2003). A 

plethora of signalling pathways are now associated with the primary cilium. It is known to be 

essential for Hedgehog signalling (Huangfu et al., 2003). In the context of other pathways, such 

as Notch (Ezratty et al., 2011; Wheway, Nazlamova and Hancock, 2018) and Hippo (Kim et al., 

2014), or signalling of several growth factors through receptor tyrosine kinases (RTKs) (Ma et 

al., 2005; Schneider et al., 2005; Teilmann and Christensen, 2005; Neugebauer et al., 2009; 

Zhu et al., 2009; Leitch and Zaghloul, 2014; Starks et al., 2015), the primary cilium is thought to 

act as a modulator in a time- and cell type-specific manner (Ocbina, Tuson and Anderson, 

2009). Ciliary signalling pathways are required throughout life, from embryo to the adult, and 

their disruption contributes to the multi-systemic phenotypes of the ciliopathy spectrum. 

One set of pathways whose relationships with the primary cilium remain unclear are the Wnt 

pathways (named after the wingless-related integration site in Drosophila). Wnt signalling is 

generally classified into the canonical (Wnt/β-catenin) (see Figure 1. 5) and non-canonical (β-

catenin-independent) pathways. A balance of Wnt pathways is required to correctly control cell 

differentiation and proliferation (Gascue, Katsanis and Badano, 2011; Anvarian et al., 2019). 

There are 19 Wnt ligands encoded in the human genome, and 10 of the Frizzled (FZD) family of 

GPCRs to which Wnt ligands bind (Miller, 2001; Nusse, 2001; Steinhart and Angers, 2018). The 

different canonical and non-canonical pathways can be activated by various combinations of 

these (and other receptors, in the case of non-canonical pathways). 

In the canonical Wnt pathway (see Figure 1. 5), in the absence of signal, a “destruction 

complex” of Axin, adenomatous polyposis coli (APC), casein kinase 1 (CK1) and Glycogen 

synthase kinase 3 beta (GSK3β) phosphorylates cytoplasmic β-catenin, targeting the latter for 

proteasomal degradation (Munemitsu et al., 1995; Korinek et al., 1997; Hart et al., 1998; 

Winston et al., 1999; Amit et al., 2002; C. Liu et al., 2002). This prevents β-catenin from entering 

the nucleus and activating expression of Wnt target genes, which are repressed by transducin-

like enhancer (TLE) co-repressors (sometimes called Groucho proteins) (Roose et al., 1998). 

The Wnt pathway is activated in the presence of extracellular Wnt ligands, which are secreted 

lipoproteins. Wnt binds to a FZD receptor and its co-receptor, low density lipoprotein receptor 

related protein 5/6 (LRP5/6) (Bhanot et al., 1996; Yang-Snyder et al., 1996; Pinson et al., 2000; 

Wehrli et al., 2000). Cytoplasmic dishevelled (DVL) is recruited to FZD (Klingensmith, Nusse 

and Perrimon, 1994; Tauriello et al., 2012) and LRP5/6 provides a high-affinity binding site for 

Axin (Mao et al., 2001). The sequestration of DVL and Axin at the cell surface disrupts the 

destruction complex and GSK3β-mediated phosphorylation of β-catenin is inhibited (Steinhart 

and Angers, 2018). Cytoplasmic β-catenin accumulates and translocates to the nucleus, where 

it displaces TLE repressors and stimulates activation of downstream genes via transcription 

factors, T-cell factor (TCF) and lymphoid enhancer binding factor 1 (LEF1) (Behrens et al., 

1996; Molenaar et al., 1996; van de Wetering et al., 1997). 
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By contrast, the non-canonical Wnt pathways do not involve β-catenin activity or the co-receptor 

LRP5/6. Wnt ligands can bind to a range of FZD receptors or RTKs (Hikasa et al., 2002; 

Yoshikawa et al., 2003; van Amerongen, Mikels and Nusse, 2008; Anvarian et al., 2019). This 

recruits membrane-bound DVL to activate downstream signalling events, which can be diverse 

and are dependent on the nature of the Wnt ligand and its receptor (Axelrod et al., 1998). Non-

canonical pathways include the Wnt/ planar cell polarity (PCP) and Wnt/calcium pathways. In 

Wnt/PCP signalling, Rho GTPases (RhoA, RAC, CDC42) are activated, which control 

differentiation through cytoskeletal changes that affect cell morphology, migration and oriented 

cell division (Anvarian et al., 2019). In the Wnt/calcium pathway, a signalling cascade causes 

Ca2+ release from the endoplasmic reticulum (ER) (Sheldahl et al., 1999; Kühl et al., 2000; Kohn 

and Moon, 2005; De, 2011). Calcium is a second messenger which mediates numerous 

downstream effects. Activation of the Wnt/calcium pathway can also antagonise β-catenin/TCF-

mediated transcription, although it is unclear how (Miller, 2001). 

Several canonical Wnt pathway components localise to the primary cilium or the basal body, 

including DVL, β-catenin and GSK3β (Veland et al., 2013; Zhang et al., 2015). Primary cilia 

have been implicated in the regulation of both canonical and non-canonical pathways, however 

controversy remains as to the extent to which cilia are necessary for Wnt signalling. Cilia were 

first implicated in regulation of the Wnt pathway when Inversin (also called NPHP2), which 

localises to cilia (Otto et al., 2003), was shown to be an inhibitor of canonical Wnt signalling 

(Simons et al., 2005). The authors showed that overexpression of Inversin both inhibited DVL1-

mediated activation of canonical Wnt reporters and rescued non-canonical Wnt defects caused 

by overexpression of DVL in Xenopus laevis. They suggested that Inversin acts as a switch 

between canonical and non-canonical pathways, regulated by the primary cilium. A simplified 

view might be that canonical Wnt signalling largely controls proliferation whilst Wnt/PCP 

signalling controls differentiation, and that the ciliary involvement of Inversin balances the two.  

Jouberin (also called AHI1), in which mutations cause JBTS, localises to the basal body 

(Lancaster et al., 2009). Jouberin has been shown to be a positive modulator of canonical Wnt 

signalling, by facilitating the translocation of β-catenin to the nucleus (Lancaster et al., 2009). 

Sequestration of Jouberin in the cilium was proposed to limit Wnt signalling by reducing β-

catenin-mediated transcription (Lancaster, Schroth and Gleeson, 2011). This suggested that the 

primary cilium is necessary to regulate signalling through the canonical Wnt pathway. Another 

study also suggested cilia limit canonical Wnt signalling, because mouse embryos with 

defective KIF3A (a subunit of kinesin-2, required for IFT) showed constitutive DVL 

phosphorylation (Corbit et al., 2008). 

Conversely, other work has suggested the primary cilium is not essential for Wnt signalling. 

KIF3A was shown to limit canonical Wnt signalling independently of the primary cilium in cell 

lines, as KIF3A knockdown resulted in hyperactivation of the Wnt/β-catenin pathway but 

pharmacological inhibition of ciliogenesis did not (Kim et al., 2016). To further confuse the 

matter, mouse embryonic fibroblasts (MEFs) with mutations in Kif3a, Ift88, Ift72 or the 

cytoplasmic dynein-2 heavy chain 1 (Dync2h1), exhibited normal canonical Wnt activity (Ocbina, 

Tuson and Anderson, 2009), contradicting the previous two studies. It is possible that ciliary 
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Wnt regulation occurs in a context-specific manner. The full extent of the Wnt signalling 

pathways, their roles within the primary cilium and their contributions to pathogenesis in 

ciliopathies remain unclear. 
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Figure 1. 5: Canonical Wnt signalling. 

Canonical Wnt signaling. In the absence of a signal (“Wnt off”), a destruction complex, including 

Axin, DVL and APC, phosphorylates cytoplasmic β-catenin, targeting it for proteasomal 

degradation. This prevents translocation of β-catenin to the nucleus, and Wnt target genes are 

not transcribed. Wnt signaling is activated (“Wnt on”) by the binding of a Wnt ligand to a FZD 

receptor and a co-reception, LRP5/6. DVL and Axin are recruited to FZD and LRP5/6, 

respectively, causing disruption of the destruction complex. Phosphorylation of β-catenin is 

inhibited. β-catenin accumulates in the cytoplasm and translocates to the nucleus, to activated 

transcription of downstream target genes by activation of the TCF/LEF transcription factors. 

Figure reproduced from McCord et al. (2017) under a Creative Commons Attribution Licence. 
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1.3 Epithelial Cell Polarity 

1.3.1 Apical-Basal Polarity and Cell-Cell Junctions 

Many of the tissues that are affected in ciliopathies are epithelial, including those of the kidney 

and sensory neuronal epithelia. Epithelia are sheets of cells that line organ cavities and provide 

a protective barrier. Key to this function, is the maintenance of apical-basal polarity in each cell 

of the monolayer. Apical-basal polarity arises from the asymmetric distribution of cellular 

proteins (Campanale, Sun and Montell, 2017). The apical cell surface is oriented toward the 

lumen and the primary cilium extends into the lumen from the apical cell surface. Apical 

junctional complexes exist between adjacent cells. These comprise three main types of cell-cell 

junction: tight junctions (TJs), adherens junctions (AJs) and desmosomes (see Figure 1. 6). 

Epithelial cadherin (E-cadherin) expression defines a cell’s epithelial identity and is key in 

initiating epithelial junction complex formation (Zihni et al., 2016). The primordial E-cadherin-

containing junction then matures into a junctional complex containing separate tight junctions, 

adherens junctions and desmosomes, following recruitment of further junctional complex 

proteins. 

Tight junctions are the apical-most type of junction in vertebrates and are key in sealing the 

epithelial membrane to prevent the passage of molecules by paracellular diffusion (González-

Mariscal et al., 2003; Shin, Fogg and Margolis, 2006; Chiba et al., 2008; Zihni et al., 2016). 

They are composed of claudins, occludins and junctional adhesion molecules (JAMs) – all 

transmembrane proteins which bind counterparts on adjacent cells to bring their plasma 

membranes into close contact with one another. Meanwhile, a junctional plaque exists beneath 

the apical membrane to connect the intracellular domains of tight junction transmembrane 

proteins to the filamentous actin (F-actin) and microtubular cytoskeleton. Numerous adaptor 

proteins participate in the junctional plaque, most notably zonula occludens 1 (ZO-1), also 

known as tight junction protein 1 (Tjp1). 

Beneath tight junctions are adherens junctions, in which cohesion is facilitated by 

transmembrane cadherins, including E-cadherin (Hartsock and Nelson, 2008; Meng and 

Takeichi, 2009; Baum and Georgiou, 2011). The extracellular domain of cadherins undergoes 

Ca2+-dependent binding of cadherins on apposed cells, whilst the cytoplasmic portion is 

connected to the cortical F-actin cytoskeleton via catenins, for example α-, β- and γ-catenins, 

and other adaptor proteins within the junctional plaque (Meng and Takeichi, 2009). As such, 

adherens junctions connect together the actin belts of cells in the epithelial layer. They play 

important roles in dynamic tissue remodelling events throughout development and homeostasis, 

including in wound healing (Nishimura and Takeichi, 2009). 

Similarly, desmosomes mechanically couple cells together via intermediate filaments 

(Kowalczyk and Green, 2013). As in the other types of cell-cell interactions within epithelial 

junctional complexes, desmosome binding is mediated by transmembrane proteins, called 

desmosomal cadherins, which link to bundles of intermediate filaments via adaptor proteins in 
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the desmosomal plaque. Desmosome adaptors include plakoglobin, desmoplakin and 

plakophilins. 

Different groups of cell junction proteins exist in the basolateral membrane (see Figure 1. 6), 

including a fourth type of intercellular junction, the gap junction. Gap junctions are channels 

which connect the cytoplasms of adjacent cells and are composed primarily of connexins. They 

allow communication between cells by permitting the passage of ions and small molecules. In 

the basal membrane of epithelial cells, cell-matrix junctions anchor cells to the basal lamina – a 

layer of extracellular matrix (ECM) secreted by cells (see Figure 1. 6). They are broadly 

classified into those which link intermediate filaments to the ECM, known as hemidesmosomes, 

and those which link actin to the ECM, called focal adhesions (FAs). Integrins are core 

components of focal adhesions. They are basal transmembrane proteins which bind 

extracellular ECM components, including fibronectin, collagen or laminin, whilst their 

intracellular domains are connected to the F-actin cytoskeleton through cytoplasmic focal 

adhesion proteins like talin, vinculin, paxillin and α-actinin. Focal adhesions are not only 

important for regulation of cell detachment or adhesion to the basal lamina, but also for force 

transmission and generation of traction for cell migration. 

1.3.2 The Epithelial Polarity Programme (EPP) 

Components of the epithelial polarity programme (EPP) are fundamental to both the initiation 

and maturation of cell-cell junctions, and more generally the establishment and maintenance of 

apical-basal polarity. The EPP is regulated by three polarity complexes: Scribble, Crumbs and 

partitioning-defective (PAR) (see Figure 1. 7) (Roignot, Peng and Mostov, 2013; Rodriguez-

Boulan and Macara, 2014; Campanale, Sun and Montell, 2017). The Scribble complex is 

restricted to basolateral part of the cell and comprises Scribble (SCRIB), discs-large homologue 

(DLG) and lethal giant larvae (LGL). The Crumbs complex localises to the apical membrane or 

junctions and consists of Crumbs 3 (CRB3), protein associated with Lin-7 1 (PALS1) and the 

PALS1-associated tight junction protein (PATJ). CRB3 is a transmembrane protein found in the 

apical membrane and at tight junctions. The PAR complex is also restricted to the apical 

domains and is formed of PAR3, PAR6 and atypical protein kinase C (aPKC). Other PAR 

proteins, such as PAR1, PAR4 and PAR5 also participate in the EPP. 

The spatial distribution of the polarity complexes is regulated by mutual antagonism and their 

segregation to the appropriate subcellular domains establishes and maintains apical-basal 

polarity. Tight junctions also play a role in providing a physical diffusion barrier to maintain 

correct localisation of the polarity complexes (Zihni et al., 2016). Rho GTPases (RhoA, RAC1, 

CDC42) are activated downstream of the polarity complexes to regulate epithelial cytoskeletal 

dynamics (Ngok, Lin and Anastasiadis, 2014), which contribute to tissue morphogenesis and 

development. CDC42 is also an important player in polarised vesicle sorting and trafficking 

machinery, processes which further contribute to apical-basal polarity by targeting proteins to 

the appropriate plasma membrane domain. 



53 

1.3.3 Epithelial-Mesenchymal Transition (EMT) 

Epithelial cells are able to lose and regain their epithelial identity through epithelial-

mesenchymal transition (EMT; see Figure 1. 8) and mesenchymal-epithelial transition (MET), 

respectively (Kalluri and Weinberg, 2009; Lamouille, Xu and Derynck, 2014; Dongre and 

Weinberg, 2019). EMT is characterised by a loss of epithelial markers, including cell-cell 

junction and EPP proteins, and a gain of mesenchymal markers, which include ECM 

components, such as fibronectin and matrix metalloproteases (MMPs). Most notably, there is a 

“cadherin switch”, from expression of E-cadherin to that of neural cadherin (N-cadherin) 

(Lamouille, Xu and Derynck, 2014). Cell-cell junctions disassemble, and apical-basal polarity is 

lost. As EMT progresses, cells gain front-rear polarity and become migratory. The ability of cells 

to change their epithelial or mesenchymal properties enables a tissue to develop or change. 
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Figure 1. 6: Epithelial cell junctions. 

The segregation of cell junction proteins to the apical or basolateral membranes contributes to 

apical-basal polarity. Tight junctions are the apical-most type of cell-cell junction, which seal 

together neighbouring cells to provide epithelial barrier integrity. Adherens junctions connect the 

to the actin cytoskeleton and are required for dynamic tissue remodelling events. Desmosomes 

are connected to intermediate filaments. Gap junctions are channels that connect the 

cytoplasms of neighbouring cell and are found in the basolateral membrane. Hemidesmosomes 

are cell-matrix junctions that attach the cell’s network of intermediate filaments to the 

extracellular matrix. Focal adhesions (not shown) play a similar role, by connecting the cell’s 

actin cytoskeleton to the extracellular matrix. Figure adapted with permission from Springer 

Nature, Nature Reviews Molecular Cell Biology (Signalling to and from tight junctions, Matter & 

Balda), copyright 2003. 
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Figure 1. 7: Protein complexes of the epithelial polarity programme (EPP). 

A distinct spatial distribution of three epithelial polarity complexes is required for establishment 

and maintenance of apical-basal polarity. The Crumbs (red) and PAR (blue) complexes are 

segregated in the apical subdomain, whereas the Scribble (pink) complex localizes to the 

basolateral part of the cell. Other PAR proteins, such as PAR1, also participate in the EPP. 

Mutual antagonism between complexes maintains the distinct distribution of the polarity 

complexes. Figure adapted with permission from Springer Nature, Nature Reviews Cancer 

(Epithelial cell polarity, stem cells and cancer, Martin-Belmonte and Perez-Moreno), copyright 

2012. 
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Figure 1. 8: Epithelial-mesenchymal transition (EMT). 

Epithelial cells (left-hand side) display apical-basal polarity and possess cell-cell junctions (e.g. 

tight junctions, adherens junctions and desmosomes) and cell-matrix junctions (e.g. 

hemidesmosomes). They express a variety of epithelial biomarkers, most notably E-cadherin. 

During EMT, cell junctions disassemble, and apical-basal polarity is lost. When cells become 

mesenchymal (right-hand side), they exhibit front-rear polarity and changes in cytoskeletal 

organisation. Mesenchymal cells express biomarkers, such as N-cadherin. Figure adapted with 

permission from Springer Nature, Nature Reviews Molecular Cell Biology (New insights into the 

mechanisms of epithelia-mesenchymal transition and implications for cancer, Dongre and 

Weinberg), copyright 2019. 
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1.4 Bardet-Biedl Syndrome 

1.4.1 Symptoms 

Bardet-Biedl syndrome is often described as a “model ciliopathy”, due its presentation with 

classical ciliopathy phenotypes. This makes it an interesting disease to study and doing so 

could inform our understanding of the mechanisms which underlie other ciliopathies, too. The 

classification of Bardet-Biedl syndrome as a disease has evolved over the years. In 1866, 

Laurence and Moon described four siblings with retinitis pigmentosa, obesity, impaired cognition 

and progressive weakness and stiffness of the leg muscles (now clinically described as spastic 

paraplegia) (Laurence and Moon, 1995). When, in the early 1920s, Bardet (Bardet, 1920) and 

Biedl (Biedl, 1922) later separately reported further similar cases, the disease was named 

“Laurence-Moon-Bardet-Biedl syndrome” (or sometimes (LMBBS). Although some maintain that 

these are the same disease due to a great deal of phenotypic overlap, they are currently 

classed as two different syndromes: Laurence-Moon syndrome (LNMS) and Bardet-Biedl 

syndrome (BBS) (Beales et al., 1999; Forsythe and Beales, 2015). BBS is distinguished from 

LNMS by the presentation of polydactyly and obesity and the absence of paraplegia. 

BBS phenotypes are categorised as major (or primary) and minor (or secondary) clinical 

features. The six major clinical features of BBS are retinal degeneration, polydactyly, obesity, 

learning difficulties, renal anomalies and, in males, hypogonadism, or, in females, complex 

genitourinary malformations (Beales et al., 1999; Forsythe and Beales, 2015). Minor clinical 

features are many and varied and can aid a diagnosis of BBS (Forsythe and Beales, 2013), 

which is given if four major, or three major and two minor, clinical features are present (Beales 

et al., 1999). These criteria were suggested by Beales et al. in 1999 as a revision to the use of 

four out of five major phenotypes – kidney disease was not formerly considered a cardinal BBS 

feature – which had previously been used (Schachat and Maumenee, 1982). This change was 

designed to improve BBS diagnosis, which was often delayed due to the progressive nature of 

the disease and its phenotypic variability. Symptoms tend to emerge during the first decade of 

life and disease progression differs between patients, even within a single family. 

Often, the only indication of Bardet-Biedl syndrome at birth is polydactyly (Forsythe and Beales, 

2013). This may be accompanied by brachydactyly (shortening of digits) and/or partial 

syndactyly (fusion of adjacent digits) – secondary features of BBS. Babies with BBS have a 

normal birth weight, but obesity often manifests within the first year of life (Forsythe and Beales, 

2013). Obesity in children with BBS tends to be widespread, whereas BBS adults have truncal 

obesity. Diabetes mellitus is another secondary clinical feature (Green et al., 1989), which might 

be caused by obesity. Learning difficulties also manifest in childhood. In one cohort of 109 BBS 

patients in the United Kingdom, 62 % had learning difficulties (Beales et al., 1999). These can 

be accompanied by developmental delay, indicated by failure to meet major milestones 

(walking, talking, social and interactive skills), and other CNS defects (behavioural issues, 

obsessive compulsive disorder, anxiety, depression) (Moore et al., 2005; Forsythe and Beales, 

2015). Hearing loss may contribute to speech delay, both of which are minor BBS symptoms. 
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Bardet-Biedl syndrome is difficult to diagnose in children presenting with obesity, learning 

difficulties and developmental delay, especially if polydactyly is not present. 

Bardet-Biedl syndrome is often first investigated in children upon the onset of retinal 

degeneration. It is the most prevalent of the BBS clinical features and occurs in 90 % of cases 

(Beales et al., 1999; Adams, Awadein and Toma, 2007). Usually, there is loss of the rod 

photoreceptors that are needed for low-light vision, followed by loss of cone cells, which 

function at higher light levels and provide visual acuity and colour vision. This is known as “rod-

cone dystrophy” or typical retinitis pigmentosa (Hamel, 2007). Thus, BBS patients often show 

night blindness followed by loss of central and colour vision. However, deterioration of cones 

followed by rods (“cone-rod dystrophy”) has also been documented (Beales et al., 1999). Vision 

loss usually occurs within the first decade of life, with BBS patients becoming legally blind by 

their second or third decade (Campo and Aaberg, 1982; Beales et al., 1999; Adams, Awadein 

and Toma, 2007). In one UK cohort, the mean age that BBS children were registered as blind 

was 15.5 years (Beales et al., 1999). Other anomalies of the eye, for example, cataracts, are 

also prevalent (Forsythe and Beales, 2013). 

Delayed puberty is a later indicator of BBS and manifests due to hypogonadism – diminished 

function of the gonads (testes or ovaries) often causing reduced secretion of sex hormones. 

Males often have incomplete development of the genitals and are almost always infertile (Green 

et al., 1989; Deveault et al., 2011). Genital malformations can present in females and contribute 

to low fertility levels (Forsythe and Beales, 2013). 

Renal problems were previously overlooked as a primary clinical feature of BBS, as they often 

remain undetected until chronic or end-stage renal failure manifest (Putoux et al., 2012). It is 

now acknowledged that kidney disease greatly contributes to mortality in BBS (O’Dea et al., 

1996). There is a variable renal phenotype in those with Bardet-Biedl syndrome. An early 

indication of renal involvement is defective urine concentration, characterised by the production 

of large volumes of watery urine (O’Dea et al., 1996; Forsythe and Beales, 2013). Renal 

imaging has shown that structural defects are almost always present, even if asymptomatic 

(Putoux et al., 2012). These can include foetal lobulation (incomplete fusion of the kidney 

lobules during development), dysplasia (presence of abnormal cell growth), cystic kidney 

disease, and/or scarring (O’Dea et al., 1996; Beales et al., 1999; Putoux et al., 2012; Forsythe 

and Beales, 2015). Other organs can be affected as secondary features of Bardet-Biedl 

syndrome. Hypertension and congenital heart defects have been documented, as has hepatic 

involvement, including fibrosis and/or cysts of the biliary system (Croft and Swift, 1990; Beales 

et al., 1999; Forsythe and Beales, 2013, 2015). 

Numerous other secondary symptoms can present in BBS. Dysmorphic facial features may be 

present. These can be subtle and do not provide an easy diagnosis, since they are variable 

(Beales et al., 1999; Forsythe and Beales, 2013, 2015). Dental anomalies such as a high-

arched palate, absence of teeth and malocclusion (incorrect positioning of the teeth) have been 

reported, as has anosmia (lack of a sense of smell) (Beales et al., 1999; Forsythe and Beales, 
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2013). Motor functions can also be affected; clumsiness, ataxia (loss of control of voluntary 

movement) and poor coordination have been seen in BBS patients (Beales et al., 1999). 

1.4.2 Genetics 

So far, 21 causative genes have been identified for Bardet-Biedl syndrome, some of which are 

also described in other ciliopathies (see Table 1. 1). Sequencing of these can provide a 

molecular diagnosis in approximately 80 % of cases (Forsythe and Beales, 2013; Forsythe et 

al., 2018). Bardet-Biedl syndrome is generally considered to be autosomal recessive, meaning 

two pathogenic copies of a gene are required to cause disease. However, oligogenic 

inheritance (the influence of a trait by more than one gene) has been implicated in some BBS 

families. The first such reports, in the early 2000s, suggested that a triallelic mode of inheritance 

may underly some cases of the disorder (Katsanis et al., 2001, 2002; Beales et al., 2003; 

Badano et al., 2003a), meaning three pathogenic variants in BBS genes are required for the 

disease to occur. There were three arguments for triallelism: (1) identification of BBS patients 

with three mutations at two loci (i.e. in possession of a third allele); (2) identification of 

unaffected individuals that were homozygous or compound heterozygous for a BBS gene 

(suggesting that two pathogenic variants are not enough to cause disease); (3) existence of a 

higher than expected frequency of heterozygous BBS carriers in the general population given 

the rarity of the disease (Katsanis et al., 2001). 

Since its proposal, there has been division on the subject of triallelism in Bardet-Biedl 

syndrome. Much of the evidence in its support came at a time when relatively few BBS genes 

had been found. For this reason, BBS2, BBS4 and BBS6, the earliest BBS genes to be 

mapped, were the genes most frequently implicated (Katsanis et al., 2001, 2002). BBS1 and 

BBS7 were also later associated with triallelism, after their identification as BBS genes (Beales 

et al., 2003; Badano et al., 2003b). A number of ensuing studies failed to find (unequivocal) 

evidence for triallelism in BBS (Mykytyn et al., 2002, 2003; Fauser, Munz and Besch, 2003; 

Hichri et al., 2005; Laurier et al., 2006; Smaoui et al., 2006; Abu-Safieh et al., 2012). It now 

seems likely that there are alternative explanations for the identification of mutations at three 

loci in some Bardet-Biedl syndrome patients. The true causative mutations in some BBS 

patients may not have been correctly identified. Only exons and flanking splice donor/acceptor 

sites were sequenced in a number of studies (Katsanis et al., 2001, 2002; Beales et al., 2003; 

Fauser, Munz and Besch, 2003; Badano et al., 2003a; Hichri et al., 2005), thus pathogenic non-

coding variants, such as promoter mutations or cryptic splice sites, may have been missed. 

Otherwise, the true disease-causing mutations could have been at loci not then known to cause 

BBS. At the time of most studies into triallelism, fewer than half of BBS genes had been 

identified and, in each study, the entire set of known genes was not sequenced (Katsanis et al., 

2001, 2002; Beales et al., 2003; Fauser, Munz and Besch, 2003; Badano et al., 2003a; Hichri et 

al., 2005). In either case, identified heterozygous single mutations (“third alleles”) might have 

been non-pathogenic. In one study of 43 affected individuals that were homozygous for BBS1 

mutations, variants in BBS2, BBS4 or BBS6 were identified, none of which were predicted to be 

pathogenic (Mykytyn et al., 2003). 
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In some families, that some homozygous individuals were unaffected may have been due to 

their possession of non-pathogenic alleles. This did not apply to two families with unaffected 

individuals homozygous for the pathogenic BBS1 p.M390R mutation (Beales et al., 2003; 

Badano et al., 2003a). An explanation for at least one of these individuals was uncovered in 

subsequent years, upon the finding of a variant in CCDC28B (NM_024296.4: c.330C>T; 

described in the literature as “C430T”) as a BBS modifier (Badano et al., 2006b). Whereas as 

the unaffected individual did not have the CCDC28B variant, their affected offspring carried one 

copy of it (which they inherited from their other parent). It is not known if the same is true for 

another unaffected p.M390R homozygote (Beales et al., 2003), since they were not included in 

the study of CCDC28B. One puzzling case for which an explanation cannot be found, is that of 

an unaffected homozygote carrying biallelic null mutations, p.Y24X and p.Q59X, in BBS2 

(Katsanis et al., 2001).  

Though the necessity of triallelic inheritance for disease penetrance now looks unlikely, 

additional alleles, like the variant in CCDC28B (mentioned above), might act as modifiers of 

disease severity. These may go some way to explaining the inter- and intra-familial variation in 

BBS manifestation. While it is important to bear in mind the possible epistatic effects in Bardet-

Biedl syndrome, oligogenic inheritance has been reported in fewer than 10 % of BBS families 

and clinical advice remains to consider BBS an autosomal recessive disease with few instances 

of non-Mendelian inheritance (Forsythe and Beales, 2015). While further elucidation of complex 

inheritance warrants investigation, there is also an urgency to untangle the contribution of each 

of the 21 BBS genes to the disease phenotypes. This requires research into the role(s) of each 

gene within the cell, to uncover the molecular mechanisms of the disease. 

1.4.3 Prevalence 

The prevalence of BBS and its causative genes vary between populations (Forsythe and 

Beales, 2013). Increased prevalence is seen in isolated communities, where there is a founder 

effect, or those with higher rates of consanguinity. For example, BBS occurs in 1:13,500 births 

in the Bedouin population of Kuwait (Farag and Teebi, 1989) and in 1:18,000 births in 

Newfoundland (Moore et al., 2005). It must be noted, that these figures are changeable, and 

some describe cases which have not been confirmed at the genetic level (Suspitsin and 

Imyanitov, 2016). BBS occurs in approximately 1:125,000 to 1:160,000 births in European and 

Caucasian populations (Klein and Ammann, 1969; Beales et al., 1997), in which the most 

frequently mutated gene is BBS1, followed by BBS10. Between them, these two genes account 

for 20-30 % of cases, with the most common mutations in each being p.M390R and 

p.C91LfsX5, respectively (Mykytyn et al., 2002; Beales et al., 2003; Stoetzel et al., 2006; 

M’hamdi, Ouertani and Chaabouni-Bouhamed, 2014). In Tunisia, where BBS occurs in 

1:156,000 births (M’hamdi et al., 2011), BBS1, BBS2, and BBS8 account for the majority of 

cases (Smaoui et al., 2006; M’hamdi et al., 2014; M’hamdi, Ouertani and Chaabouni-

Bouhamed, 2014). Mutations in BBS1, BBS3 and BBS4 are responsible for approximately 70 % 

of cases in Saudi Arabia (Abu-Safieh et al., 2010, 2012). Over all, BBS1 is the most commonly 

mutated gene amongst Bardet-Biedl syndrome patients (Forsythe and Beales, 2013), and for 

this reason represents an important candidate to study. 
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1.4.4 Molecular Mechanisms of Disease 

1.4.4.1 Overview of the BBS proteins 

The fact that mutations in the 21 different genes (see Table 1. 1) can result in the same disease 

suggests that they share a common function. Eight BBS proteins form an octameric complex 

called the BBSome: BBS1, BBS2, BBS4, BBS5, BBS7, TTC8 (BBS8), BBS9 and BBIP1 

(BBS18) (Nachury et al., 2007; Loktev et al., 2008). Some detail is known about the roles of the 

BBSome. It coats membranes of cytosolic vesicles to facilitate selective transport of cell-specific 

cargo to the cilium (Nachury et al., 2007; Jin et al., 2010). Its cargoes include membrane 

proteins, such as GPCRs (Berbari, Lewis, et al., 2008; Seo et al., 2009; Jin et al., 2010; Zhang, 

Seo, et al., 2012; Su et al., 2014). Trafficking of these proteins to the cilium is important for 

maintaining the specialised ciliary membrane composition. The BBSome complex also 

associates with the ciliary membrane (Nachury et al., 2007) and links membrane proteins to 

cytoplasmic dynein-2, via IFT particles (Taschner and Lorentzen, 2016). Additionally, the 

BBSome may be necessary for remodelling of IFT particles at the cilium tip (Wei et al., 2012), 

and for ciliary export of proteins (Lechtreck et al., 2013). Studies of the BBSome are discussed 

in more detail in the context of Bbs1 in section 1.5. Its full range of functions are not yet well 

characterised. 

Three proteins, MKKS (BBS6), BBS10 and BBS12, form a chaperonin-like complex which 

assists BBSome assembly (Seo et al., 2010), a process which occurs sequentially. Initially, 

BBS7 is stabilised by the chaperonin complex. The chaperonin complex is then removed during 

formation of the core BBSome subcomplex (BBS7, BBS2, BBS9), an intermediary to which 

remaining BBSome subunits (BBS1, BBS5, TTC8) associate by intrinsic protein-protein 

interactions. BBS4 is the final subunit to join the complex, its addition requiring BBS1 (Zhang, 

Yu, et al., 2012). The addition of the final four subunits to a stable complex has raised the idea 

that the BBSome may exist in diverse forms to perform different roles. 

ARL6 (BBS3) is a GTPase which facilitates recruitment of the BBSome to the primary cilium (Jin 

et al., 2010; Mourão et al., 2014). IFT27 (BBS19) and IFT74 (BBS20) are members of the IFT-B 

complex (Lucker et al., 2005; Wang et al., 2009). IFT27, an atypical GTPase, can also exist 

independently of the IFT-B complex (Qin et al., 2007; Novas et al., 2015). It has been implicated 

in the ciliary exit of the BBSome, Hedgehog pathway components and other BBS proteins, such 

as ARL6 and LTZFL1 (BBS17) (Eguether et al., 2014). When free, IFT27 appears to function as 

a guanine nucleotide exchange factor (GEF) for ARL6, to initiate remodelling of IFT particles at 

the cilium tip (Liew et al., 2014), indicating that individual BBS proteins can have multiple roles 

outside of protein complexes. LZTFL1 might tether the BBSome to IFT particles for ciliary exit 

(Eguether et al., 2014).  

The roles of other BBS proteins are less clear, or, in the case of C8ORF37 (BBS21), unknown. 

Some proteins, including MKS1 (BBS13), CEP290 (BBS14) and SDCCAG8 (BBS16), localise to 

the transition zone or pericentriolar region, where they may participate with other proteins to 

regulate ciliary composition (Valente et al., 2006; Otto et al., 2010; Garcia-Gonzalo et al., 2011). 

WDPCP (BBS15) is a member of the ciliogenesis and planar cell polarity effectors (CPLANE) 
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module, that also includes mediators of ciliogenesis and PCP, such as INTU and FUZ 

(Toriyama et al., 2016). The CPLANE complex recruits peripheral IFT-A proteins to the cilium. It 

is unclear if it interacts with the BBSome. Work is required to elucidate the roles of individual 

BBS proteins within the cell in order to understand how BBS phenotypes can arise in different 

tissues. 

1.4.4.2 Links between BBS proteins and phenotypes 

Many symptoms of Bardet-Biedl syndrome can be explained by dysfunction of the sensory roles 

of primary cilia. Bardet-Biedl syndrome was first linked to cilia when it was found that the protein 

encoded by the Ttc8 (Bbs8) gene localises to the basal body, and that all bbs orthologues are 

exclusively expressed in the sensory neurons of C. elegans – the worm’s only ciliated cell type 

(Ansley et al., 2003). Comparative proteomics studies showed an enrichment of BBS genes in 

ciliated organisms (Chlamydomonas, Drosophila, humans) compared to non-ciliated eukaryotes 

(Avidor-Reiss et al., 2004; Li et al., 2004) and loss of bbs7 or bbs8 in C. elegans led to defects 

in cilia structure and impaired IFT (Blacque et al., 2004). 

1.4.4.2.1 Polydactyly, Hypogonadism and CNS Defects 

Hedgehog signalling is known to be essential for limb bud patterning and its disruption can 

therefore result in polydactyly (Riddle et al., 1993). In bbs1 and bbs7 zebrafish morphants SHH 

signalling was altered in the developing fin bud, causing a phenotype similar to polydactyly 

(Tayeh et al., 2008). PTCH1 and SMO, both key players in the Hedgehog signalling pathway, 

interact with BBSome components and most strongly with BBS1 (Zhang, Seo, et al., 2012). 

Defective Hedgehog signalling also underlies other skeletal malformations seen in ciliopathies, 

such as brachydactyly and dwarfism (Nieuwenhuis and Hui, 2004). 

Ciliary defects in oviducts and sperm contribute to infertility in BBS patients (Forsythe and 

Beales, 2015). Spermatozoa flagella are completely absent in BBS1M390R/M390R knock-in mice 

(Davis et al., 2007). Defective Hedgehog signalling is also implicated in male sterility, since 

Desert Hedgehog (DHH) is expressed in Sertoli cells – precursors of testes – and regulates 

spermatogenesis (Bitgood and McMahon, 1995; Bitgood, Shen and McMahon, 1996). 

Moreover, Hedgehog signalling is necessary to the development of the hypothalamus, which 

houses the pituitary – an endocrine gland in the base of the brain that regulates development 

and hormone secretion of glands elsewhere in the body (Blaess et al., 2015). Its dysfunction 

could underlie the hypogonadism seen in BBS patients. 

Cilia have been identified on a number of neuronal cell types (Barnes, 1961; Perkins et al., 

1986; Wheatley, 1995; Händel et al., 1999; Ibañez-Tallon et al., 2004; Louvi and Grove, 2011; 

Kumamoto et al., 2012; Loktev et al., 2013), offering a possible explanation for the CNS defects 

which present in those with BBS (learning difficulties, behavioural difficulties, mental health 

problems). Neuronal cilia function in neurogenesis, neuronal migration and the maintenance of 

pools of progenitors (Novas et al., 2015). Many neuronal progenitor cells are ciliated and 

proliferate or differentiate in response to SHH (Louvi and Grove, 2011). In mice, primary cilia 

were shown to form on hippocampal neurons at the point when neurons extend dendritic spines 

to form synapses. Their deletion induced severe defects in synapse formation and was 
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concomitant with increased Wnt/β-catenin signalling (Kumamoto et al., 2012). Indeed, 

formation, maintenance and pruning of dendritic spines is necessary for synaptic function and 

plasticity and implicates a number of signalling receptors that are known to localise to primary 

cilia, for example the insulin-like growth factor 1 receptor (IGF1R) (Cheng et al., 2003; Maher et 

al., 2006). Recently, it was suggested that dendritic spines may be specialised cilia, due to 

similarities in protein composition, structure and assembly/disassembly dynamics (Haq et al., 

2019). Bbs4-/- and Bbs2-/- mice have defects in social function (Nishimura et al., 2004). Reduced 

dendritic spine density has been shown in Bbs4-/- and Bbs5-/- mice and this is accompanied by 

dysregulated Igf1r signalling. Moreover, several BBS proteins (BBS1, BBS2, BBS4, BBS5, 

BBS9) were identified in dendrites (Haq et al., 2019). Alterations in dendritic spines are 

associated with a range of cognitive impairments (Takashima et al., 1989; Armstrong et al., 

1995; Tang et al., 2014) and may provide a connection between cilia disorders and ciliopathy-

associated CNS defects. 

1.4.4.2.2 Retinitis Pigmentosa 

A number of cellular structures possess a specialised cilium. Amongst these is the modified 

primary cilium of the photoreceptor (see Figure 1. 9). Photoreceptors – rod or cone cells – are 

found in the retina. Each comprises an inner and outer segment, connected by a modified (or 

connecting) cilium. The outer segment contains many membrane stacks filled with light-

sensitive opsins that are required for vision. The inner segment is contiguous with the cell body 

and contains the cellular machinery for biosynthesis. All proteins required for phototransduction, 

including opsins, like rhodopsin, must be transported to the outer segment. To achieve this, they 

are first targeted in vesicles from the Golgi apparatus to the basal body at the base of the 

connecting cilium (Deretic et al., 1995) and are then shuttled along the cilium to the outer 

segment by IFT (Marszalek et al., 2000; Pazour, Baker, et al., 2002; Krock and Perkins, 2008). 

The high protein turnover in the outer segment then relies on IFT to remove spent 

photosensitive proteins and replace them with fresh ones. 

TTC8 (BBS8) localises to the connecting cilium, suggesting a role for the BBSome in IFT in 

photoreceptors (Mockel et al., 2011). Retinal degeneration manifests in numerous murine 

models of Bardet-Biedl syndrome, including Bbs2-/-, Bbs4-/- and Bbs6-/- mice and a 

BBS1M390R/M390R knock-in model (Davis et al., 2007; Zaghloul and Katsanis, 2009; Mockel et al., 

2011). All exhibit outer segment loss followed by photoreceptor death. In mice lacking Bbs2 or 

Bbs4, rhodopsin accumulation in the inner segment precedes photoreceptor apoptosis, 

suggesting defective anterograde IFT (Nishimura et al., 2004; Abd-El-Barr et al., 2007). In 

BBS1M390R/M390R mice, accumulation of vesicles in the outer segments BBS1M390R/M390R 

photoreceptors suggests defects in either turnaround of IFT trains at the cilium tip or retrograde 

IFT (Datta et al., 2015). 

Vesicle trafficking of outer segment proteins to the base of the cilium may also be impaired by 

loss of BBS protein function. The BBSome interacts with RAB8, a small GTPase and key 

mediator of vesicle trafficking from the Golgi apparatus to the basal body (Nachury et al., 2007). 

Photoreceptor death follows failed docking and fusion of rhodopsin-containing vesicles in 

Xenopus rab8 mutants (Moritz et al., 2001). Impaired BBSome function may also produce the 
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same result, as bbs1 zebrafish morphants display a similar phenotype to rabin8- and rab11-

depleted zebrafish (Westlake et al., 2011). 

Some studies have suggested extra-ciliary roles for BBS proteins in the photoreceptor. One 

reason for this is that proteins, such as rhodopsin, can translocate to the outer segment via 

cilium-independent pathways, indicating that dysfunctional targeting to, and intraflagellar 

transport within, the connecting cilium of the photoreceptor is not the sole cause of disease 

(Insinna and Besharse, 2008; Zaghloul and Katsanis, 2009). An alternative explanation for the 

accumulation of rhodopsin in the inner segment of photoreceptors Bbs2-/- and Bbs4-/- mice, is 

that BBS2 and BBS4 have roles in regulating the proteolytic degradation of phototransduction 

proteins. Protein accumulation can also occur due to protein misfolding, as well as defective 

degradation pathways. A build-up of unfolded or misfolded proteins in the ER causes ER stress, 

leading to activation of the unfolded protein response (UPR). The UPR first aims to re-establish 

protein folding homeostasis by halting translation, upregulating expression of chaperone 

proteins and degrading misfolded proteins (Chakrabarti, Chen and Varner, 2011). If these 

actions fail, the UPR promotes apoptosis. In a study of Bbs12-/- mice, there was also an 

accumulation of proteins in the photoreceptor inner segment, as well as swelling of ER 

cisternae, an upregulation of UPR markers and increased photoreceptor death (Mockel et al., 

2012). Knockdown of Bbs12 in retinal explants also led to upregulation of markers of the UPR, 

including the ER chaperone, BiP, and of Caspase12, an apoptotic effector that is activated by 

ER stress. Pharmacological modulation of these markers was protective against photoreceptor 

apoptosis in Bbs12-deficient explants and, in retinas of Bbs12-/- mice, preserved light detection 

and reduced photoreceptor apoptosis. BBS12, in its role as a chaperonin-like protein (Seo et al., 

2010), may therefore function in an extra-ciliary manner to regulate folding of proteins, such as 

those destined for photoreceptor outer segments. 

1.4.4.2.3 Obesity 

Evidence for the role of cilia dysfunction in obesity initially came from the finding that loss of 

murine neuronal cilia by ablation of IFT causes obesity, hyperphagia (increased appetite) and 

increased levels of insulin, glucose and leptin in the blood (Davenport et al., 2007). Bbs2-/-, 

Bbs4-/-, Bbs6-/- and BBS1M390R/M390R mice display many of these features (Mykytyn et al., 2004; 

Nishimura et al., 2004; Fath et al., 2005). Several GPCRs involved in the hormonal regulation of 

appetite and satiety localise to neuronal cilia (Omori et al., 2015). The trafficking of at least 

some is BBS-protein-dependent. For instance, in Bbs2-/- and Bbs4-/- mice, SSTR3 and MCHR1 

fail to localise to cilia (Berbari, Lewis, et al., 2008) and Bbs4-/- mice have also been shown to 

lack ciliary tropomyosin receptor kinase B (TRKB) (Leitch and Zaghloul, 2014). Likewise, loss of 

Bbip1 (Bbs18) in murine models results in absence of NPY2R in neuronal cilia and is likely to 

affect weight control (Loktev et al., 2013; Omori et al., 2015). 

Some BBS murine models also display leptin resistance (Rahmouni et al., 2008; Seo et al., 

2009). Leptin is a hormone which activates leptin receptors to suppress appetite and increase 

energy expenditure. BBS1 has been shown to bind the long-acting isoform of the leptin receptor 

(LRb) (Seo et al., 2009). In a conditional model in which Bbs1 was deleted in cells expressing 

LRb, mice became obese, had increased fat mass, higher plasma leptin levels and larger 
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adipocytes (Guo et al., 2016). Interestingly, Bbs1 deletion did not appear to affect cilia in LRb-

expressing neurons, suggesting that BBS1 has a role that is independent of cilia. This was 

further supported by the fact that conditional deletion of the Ift88 gene, essential for ciliogenesis, 

in LRb-expressing neurons caused only marginal weight gain and adiposity in mice (Guo et al., 

2016). Studies showed that the BBSome is necessary for trafficking of LRb to the plasma 

membrane, as knockdown of BBS1 or BBS2 in two different cultured cell lines (human 

embryonic kidney, HEK, and retinal pigmented epithelium, RPE) reduced cell surface 

expression of LRb, although the relevance of these cell types to study neuronal signalling might 

be questioned (Seo et al., 2009; Guo et al., 2016). Trafficking of LRb to the plasma membrane 

represents another possible extra-ciliary role of the BBS proteins and suggests that BBSome 

dysfunction may underlie leptin resistance. 

This said, whether leptin resistance is a cause or a consequence of obesity in BBS has not 

been unequivocally established. In the one study, Bbs2-/-, Bbs4-/- and Bbs6-/- mice showed leptin 

resistance prior to the onset of obesity (Seo et al., 2009); however, in a more recent study, pre-

obese Bbs4-/- mice were not leptin-resistant (Berbari et al., 2013). The latter experiment 

indicates that leptin resistance is a consequence of obesity, implying that mislocalisation of 

hormone receptors is not the major cause of obesity. 

Another school of thought is that dysregulation of adipose tissue homeostasis underlies obesity 

in ciliopathies. Cilia are transiently present on differentiating preadipocytes and contain 

signalling components of the Wnt and Hedgehog pathways (Marion et al., 2009), both known to 

negatively regulate adipogenesis (Suh et al., 2006; Christodoulides et al., 2009). The 

expression of many BBS genes increases during adipogenesis (Forti, Aksanov and Birk, 2007), 

therefore their dysfunction could affect the rate of adipogenesis. Knockdown of Bbs10 or Bbs12 

in adipocytes inhibited ciliogenesis and increased pro-adipogenic signalling, by activation of 

GSK3β and repression of nuclear β-catenin (Marion et al., 2009). Silencing of Bbs4 in 

preadipocytes enhanced their proliferation and dysregulated their differentiation (Aksanov, 

Green and Birk, 2014). Interestingly, in models of other cilia genes, opposite effects were seen. 

For instance, Alms1-depleted preadipocyte cultures and Kif3a heterozygous mice displayed 

impaired adipogenesis (Huang-Doran and Semple, 2010; Qiu et al., 2010), suggesting that 

ciliary proteins have different roles in the pathogenesis of obesity.  

1.4.4.2.4 Renal disease 

Cilia malfunction has been believed to underlie renal cystogenesis since the first links between 

primary cilia dysfunction and disease were made in 2000. The ift88 gene was shown to be 

essential for Chlamydomonas flagella assembly, and mutations in the mouse Ift88 orthologue 

(also known as Tg737) caused severe polycystic kidney disease presenting with shortened 

renal cilia (Pazour et al., 2000). Studies of PKD have highlighted possible mechanisms for 

kidney cyst formation in BBS. 

Classic cystogenesis in PKD is characterised by an imbalance between cell proliferation and 

differentiation (Gascue, Katsanis and Badano, 2011). In normal development, the tubules of the 

kidney elongate in a coordinated manner, such that they maintain a constant diameter. This 
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relies, in part, upon oriented cell division and convergent extension movements, features of 

planar cell polarity. Loss of oriented cell division caused by defective PCP has been implicated 

in renal cystic disease, although it may not be sufficient to initiate cystogenesis alone (Fischer et 

al., 2006; Nishio et al., 2010). Exactly how defective PCP may lead to cystogenesis is not 

known. Convergent extension defects were seen in zebrafish depleted of bbs1, bbs4 or mkks 

(bbs6) (Gerdes et al., 2007). The fish also exhibited stabilisation of β-catenin protein, leading to 

upregulation of TCF-mediated transcription. These results suggested that upregulation of 

canonical Wnt/β-catenin signalling may have been at the expense of non-canonical Wnt/PCP 

signalling. To describe kidney cystogenesis as a result of upregulated canonical Wnt signalling, 

however, is too simplistic a description. Both upregulation and downregulation of canonical Wnt 

signalling can cause cystogenesis. For example, kidney cysts have been reported in transgenic 

mice that overexpressed a constitutively active form of β-catenin (Saadi-Kheddouci et al., 2001), 

as well as in mouse embryos lacking the Wnt co-receptor, LRP6 (loss of which was embryonic 

lethal) (Pinson et al., 2000) and conditional mouse mutants in which β-catenin was deleted in 

cells of the kidney collecting duct epithelia (Marose et al., 2008). Loss of canonical Wnt 

signalling has been proposed to underlie cystogenesis in some ciliopathies, such as Joubert 

syndrome (Lancaster et al., 2009). The correct balance of both canonical and non-canonical 

Wnt pathways is therefore necessary for normal kidney development and homeostasis. 

Renal pathogenesis in ciliopathies is also caused by disruption of the polycystins 1 and 2 (PC-1 

and PC-2), which are encoded respectively by the PKD1 and PKD2 genes. Mutations in either 

gene cause ADPKD. The polycystins are required for normal kidney function. Renal primary cilia 

have been shown to be mechanosensitive and their bending by fluid flow induces an influx of 

cytosolic Ca2+ (Praetorius and Spring, 2001, 2003; Nauli et al., 2003; Gascue, Katsanis and 

Badano, 2011). The polycystins localise to the ciliary membrane where they form a complex 

implicated in this mechanism (Qian et al., 1997; Tsiokas et al., 1997; Pazour, San Agustin, et 

al., 2002; Yoder, Hou and Guay-Woodford, 2002; Nauli et al., 2003; Nauli and Zhou, 2004). 

Fluid sheer stress is believed to provoke a conformational change in PC-1, a GPCR, through its 

large extracellular domain, causing a small Ca2+ influx into the cell through the cation channel, 

PC-2 (Gonzalez-Perrett et al., 2001; Delmas et al., 2002; Nauli et al., 2003; Nauli and Zhou, 

2004). The sensing of fluid flow can affect cell growth and differentiation. For example, fluid flow 

upregulates Inversin, which inhibits the canonical Wnt pathway in favour of the non-canonical 

Wnt/ planar cell polarity (PCP) pathway, promoting a switch from proliferation to differentiation 

(Simons et al., 2005). BBS1, BBS4, BBS5 and BBS8 have been shown to interact with PC-1 

and loss of BBS1 or BBS3 abolishes ciliary localisation of PC-1 (Su et al., 2014). Likewise, 

ciliary localisation of Pkd2, the Paramecium orthologue of PC-2, was lost by mutation of bbs7 

and bbs9 orthologues (Valentine et al., 2012). Moreover, a role for BBS4 and BBS5 in the ciliary 

exit and lysosomal degradation of PC-2 has been proposed from studies in C. elegans (Xu et 

al., 2015), again implicating BBS proteins in the regulation of protein homeostasis. Disruption of 

the polycystins may be one mechanism by which BBSome dysfunction leads to kidney 

malformations in Bardet-Biedl syndrome. 
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Mammalian target of rapamycin (mTOR) signalling has been implicated in renal cyst formation, 

as hyperactivation of the mTOR pathway has been observed in the kidneys of PKD patients 

with mutations in PKD1 (Shillingford et al., 2006) and in the kidneys of Ofd1 mutant mice (Zullo 

et al., 2010). In both cases, treatment with the mTOR inhibitor, rapamycin, reduced renal 

cystogenesis (Wheway, Nazlamova and Hancock, 2018). mTOR can exist in two functionally 

distinct complexes, mTORC1 and mTORC2 (Laplante and Sabatini, 2009), of which only 

mTORC1 is rapamycin sensitive (Jacinto et al., 2004), suggesting that dysfunctional mTORC1 

signalling is implicated in renal cystogenesis in ciliopathies. The same may be true of Bardet-

Biedl syndrome, as rapamycin treatment was also shown to ameliorate kidney phenotypes in 

zebrafish models of bbs4, bbs6, bbs8 and bbs13 (Tobin and Beales, 2008). 
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Figure 1. 9: The specialised cilium of the photoreceptor. 

A photoreceptor possesses an inner segment, which is contiguous with the cell body, and an 

outer segment, which contains membrane discs filled with opsins. The inner and outer 

segments are joined by a connecting cilium. Trafficking along the connecting cilium is essential 

to deliver photosensitive proteins to the outer segment and to remove spent proteins to the 

inner segment. Figure adapted with permission from Springer Nature, Nature Reviews 

Molecular Cell Biology (Establishing and regulating the composition of cilia for signal 

transduction, Nachury & Mick), copyright 2019. 
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1.5 Roles of BBS1 Within the Cell 

1.5.1 Insights from Mouse Models 

Not only is Bbs1 the gene responsible for the majority of BBS cases (see section 1.4.3), it also 

encodes a component of the BBSome protein complex. Investigating the cellular role(s) of 

BBS1 may shed more light upon the role of this octameric protein complex, in which ~40 % 

(8/21) of known BBS genes function. The human BBS1 and mouse Bbs1 genes are both 17 

exons in length. In humans, BBS1 is located on chromosome 11, whilst in mice, Bbs1 is on 

chromosome 19. The BBS1/Bbs1 genes encode a 65 kDa protein composed of 593 amino 

acids. BBS1/Bbs1 is ubiquitously expressed in human and mouse tissues and, in both 

organisms, its expression appears to be highest in the kidneys (Mykytyn et al., 2002; Uhlen et 

al., 2005, 2010, 2015; Guo et al., 2016). Mouse models have therefore provided an appropriate 

and useful tool with which to investigate the effects of Bbs1 mutation on the body’s organ and 

tissue systems. 

Bbs1 mouse models include: a Bbs1-/- gene trap mouse, in which ablation of Bbs1 transcript 

was shown by reverse transcription quantitative PCR (RT-qPCR) (Kulaga et al., 2004); 

conditional mouse models, exhibiting loss of Bbs1 in specific tissues (Guo et al., 2016); and a 

well-studied BBS1M390R/M390R knock-in model, possessing biallelic mutations encoding the 

common p.M390R patient mutation (Davis et al., 2007). Bbs1-/- gene trap and BBS1M390R/M390R 

mice did not present with polydactyly or renal defects; however, they recapitulated some of the 

other major clinical symptoms of Bardet-Biedl syndrome in humans. Several mouse models 

exhibited obesity, including the BBS1M390R/M390R mice, models in which Bbs1 is missing from the 

nervous system or LRb-expressing neurons, and 10 % of Bbs1-/- gene trap mice (Kulaga et al., 

2004; Mak et al., 2006; Davis et al., 2007; Guo et al., 2016). Retinal degeneration persisted in 

BBS1M390R/M390R mice and in 30 % of Bbs1-/- gene trap mice. BBS1M390R/M390R mice also 

displayed male infertility. Some minor clinical symptoms of BBS were observed, such as 

anosmia and hearing defects in Bbs1-/- mice (Kulaga et al., 2004; Ross et al., 2005), and 

osteoarthritis-like changes in BBS1M390R/M390R mice (Davis et al., 2007). The latter may underlie 

ciliopathy-related skeletal malformations. Furthermore, phenotypic variation existed both 

between models and within individuals of the same genotype. For instance, male infertility was 

not reported for Bbs1-/- gene trap mice but affected BBS1M390R/M390R mice, whilst obesity and 

retinal degeneration affected only small proportions of Bbs1-/- littermates (Kulaga et al., 2004). 

As was the case for other BBS proteins (see section 1.4.4.2), these findings implicate BBS1 in 

cilia function, but could also imply that BBS1 has extra-ciliary roles. 

1.5.2 A Role in Ciliogenesis? 

BBS1 localises to cilia in a cell-cycle-dependent manner (Zhang et al., 2017). For instance, 

BBS1 is found along the length of the cilium in human RPE and in mouse olfactory sensory 

neurons (OSNs) (Jin et al., 2010; Williams et al., 2014). The bulk of evidence from studies of 

Chlamydomonas and mouse mutants suggests that BBS1 is not essential for ciliogenesis. 

Chlamydomonas bbs1 insertional mutants had flagella of normal length and flagellar 

regeneration was not impaired, suggesting functional IFT (Lechtreck, Johnson, et al., 2009). 
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Cilia were observed on tissues of Bbs1-/- gene trap mice and a BBS1M390R/M390R knock-in mouse 

model (Kulaga et al., 2004; Davis et al., 2007). Ependymal cilia of BBS1M390R/M390R mice had a 

normal 9+2 ultrastructure (Davis et al., 2007). Additionally, neuronal cilia were unaffected in a 

conditional mouse model, in which Bbs1 was deleted in the nervous system. One exception was 

seen in BBS1M390R/M390R mice, in which sperm lacked flagella (Davis et al., 2007). 

Conflicting evidence has also arisen from Bbs1 cell models. BBS1 siRNA-mediated knockdown 

in human RPE cells led to a significant reduction in ciliogenesis, from 53.2 % in control cells to 

12.8 % in BBS1-depleted cells (Nachury et al., 2007). This was corroborated by a second study, 

also in RPE cells, which saw ciliogenesis decrease from ~70 % in control cells to ~13 % in 

BBS1 siRNA-treated cells (Loktev et al., 2008). On the other hand, BBS1 knockout in the same 

RPE cell line did not affect the frequency of ciliogenesis or cilia lengths, nor were any 

substantial differences seen in the immuno-staining of acetylated tubulin or ADP ribosylation 

factor-like GTPase 13b (ARL13B) in the axoneme, suggesting cilia morphology was also 

unaffected (Nozaki et al., 2018). The knockout of BBS1 was performed using CRISPR/Cas9 

gene editing and recent work has shown that genetic compensation mechanisms can 

ameliorate effects of total gene knockout (but not partial loss by knockdown; see section 1.7) 

(Rossi et al., 2015; El-Brolosy et al., 2019; Ma et al., 2019). Hence, it is possible that 

ciliogenesis appeared normal in BBS1-/- RPE cells due to a compensation mechanism. 

Meanwhile, this could not be the case in a study of Bbs1 depletion by shRNA in the mouse 

kidney inner medullary collecting duct (IMCD3) cell line. In IMCD3 cells, Bbs1 knockdown did 

not alter ciliogenesis or cilia lengths (Su et al., 2014). Discrepancies in ciliogenesis between 

different knockdown models may reflect problems of gene knockdown methods. Alternatively, it 

might indicate that the requirement for BBS1 in ciliogenesis is cell type- or organism-specific. 

This might reconcile the differential need for BBS1 in formation of ependymal and sperm cilia in 

the BBS1M390R/M390R mouse (Davis et al., 2007). 

If BBS1 is necessary for ciliogenesis in some cell types, such as RPE, the question remains – 

how? According to studies which were largely performed in immortalised RPE cells, BBS1 may 

be involved in vesicle trafficking in the early stages of primary ciliogenesis. Formation of the 

primary ciliary vesicle is coordinated by small GTPases, RAB8 and RAB11, and RABIN8, a GEF 

for RAB8, in a cell-cycle dependent manner. BBS1, but not any other BBSome subunit, binds 

the C-terminus of RABIN8 (Nachury et al., 2007). This interaction is promoted by RAB11GTP, 

since RAB11GTP increased the amount of BBS1 which co-immunoprecipitated with RABIN8, but 

RAB11GDP did not (Knödler et al., 2010). RABIN8 is bound and selectively activated by RAB11, 

leading to vesicular recruitment of RABIN8 to the centrosome (Chen et al., 1998). Here, 

RABIN8 directs its GEF activity towards RAB8. RAB8ATP is required for ciliary assembly. It 

enters the cilium, into which it traffics vesicles from the trans-Golgi network, to form the primary 

ciliary vesicle (Knödler et al., 2010; Westlake et al., 2011). Both RABIN8 and BBS1 co-localise 

to the basal body, and rabin8- and rab11-depleted zebrafish phenocopy bbs1 morphants 

(Westlake et al., 2011). Precisely how BBS1 is involved with RAB11, RABIN8 and RAB8 

requires further elucidation. 
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1.5.3 Direct Interactions Between BBS1 and other BBS Proteins 

Prediction of the C-terminal structure of the BBS1 protein suggests it has a conformation 

distantly-related to the immunoglobulin-like β-sandwich fold of the gamma-adaptin ear (GAE)-

like motif, implicated in vesicle coat assembly (see Figure 1. 10a) (Jin et al., 2010). The crystal 

structure of the Chlamydomonas BBS1 N-terminus has confirmed it forms a β-propeller fold 

(see Figure 1. 10b), made up of seven blades, that are each a WD40 repeat (Mourão et al., 

2014). Other BBSome proteins possess similar motifs (Jin et al., 2010). The fact that BBS1 has 

these domains, implies it is involved in protein binding and/or trafficking functions. In support of 

this, BBS1 has been shown to interact with various signalling receptors (see section 1.5.5). The 

protein binding domains of BBS1 also participate in interactions with other BBS proteins. The 

BBS1 N-terminal β-propeller interacts with the C-terminus of BBS7, and the C-terminus of BBS1 

binds to that of BBS9 (Klink et al., 2017; Woodsmith et al., 2017; Nozaki et al., 2018). The final 

18 amino acids of the BBS1 GAE-like motif, are required for the BBS1-BBS9 interaction (Nozaki 

et al., 2018). Interactions with BBS7 and BBS9 facilitate association of BBS1 with the core 

BBS7-BBS2-BBS9 subcomplex of the BBSome (Zhang, Yu, et al., 2012). 

The BBS1 β-propeller also interacts with ARL6 (BBS3) (Mourão et al., 2014). Structural studies 

have demonstrated that ARL6GTP binds blades 1 and 7 of the BBS1 β-propeller (Mourão et al., 

2014). Of the seven Chlamydomonas N-terminal BBS1 residues needed to interact with 

ARL6GTP (see Figure 1. 10c) (Mourão et al., 2014), five are completely conserved between 

Chlamydomonas and humans (Leu41, Arg399, Glu400, Ile415, Arg420), and one is partially 

conserved (Chlamydomonas Met417 and human Ile401, both of which are hydrophobic). The 

seventh of the Chlamydomonas residues required for the BBS1-ARL6 interaction, Thr86, is not 

conserved in human BBS1, which instead possesses the Pro74 residue. ARL6 and BBS7 are 

likely to interact with different interfaces of the BBS1 β-propeller, since point mutations in the 

first blade of the BBS1 β-propeller abolished its interaction with ARL6 (Mourão et al., 2014), but 

not with BBS7 (Nozaki et al., 2018). This also highlights a source of phenotypic variability 

between BBS1 patients with different missense mutations: various roles of BBS1 may be 

differentially affected by mutation of residues at different interfaces or domains. The BBS1-

ARL6 interaction was shown to be enhanced in the presence of BBS9 in HEK cells (Nozaki et 

al., 2018). Although BBS9 does not directly interact with ARL6, its C-terminus does interact with 

that of BBS1 (Klink et al., 2017; Woodsmith et al., 2017; Nozaki et al., 2018). It is possible that 

BBS9 binding triggers a conformational change in BBS1 to promote the BBS1-ARL6 interaction. 

Regardless of the precise mechanism, the BBS1-ARL6 interaction is strongest when BBS1 is in 

complex with the entire BBSome (Nozaki et al., 2018).  

1.5.4 Ciliary Entry, Turnaround and Exit of the BBSome 

Interaction of ARL6GTP with the N-terminus of BBS1 is necessary and sufficient to traffic the 

BBSome into the cilium (Jin et al., 2010). ARL6GTP binds lipid bilayers and recruits the BBSome 

to coat membranes. Disruption of the BBS1-ARL6GTP interface prevents recruitment of the 

BBSome to cilia; this is the likely mechanism of pathogenesis in patients with the common 

BBS1 p.M390R mutation; however, it does not account for disease in patients with the p.E234K 

mutation, as this residue is located within part of the β-propeller which does not participate in 
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the BBS1-ARL6 interaction (see Figure 1. 10d) (Mourão et al., 2014). Again, this suggests 

BBS1 may have more than one role.  

Further evidence for the importance of the BBS1-ARL6 interface comes from knockout studies 

of BBS1 in human RPE cells, which resulted in altered localisation of ARL6 and BBSome 

subunits, BBS5 and BBS9 (Nozaki et al., 2018). Uniform distribution of the three proteins 

(ARL6, BBS5, BBS9), normally seen in 10 to 20 % of WT RPE cells, was lost in BBS1-/- RPE 

cells. ARL6 and BBS9 could no longer enter the cilium, but were seen at the cilium base, 

whereas localisation of BBS5 to the cilium and basal body was abolished. Thus, BBS1 is 

required for ciliary entry of the BBSome and ARL6. This is in accord with results from C. 

elegans bbs1 mutants with a p.G207D missense mutation, in which the BBSome was also 

unable to enter the cilium (Wei et al., 2012). In C. elegans a direct interaction between BBS1 

and DYF2 (orthologue of human IFT144, of the IFT-A complex) was also required for ciliary 

import of the BBSome (Wei et al., 2012). Studies in IMCD3 cells showed that the BBS1-IFT144 

interaction also exists in mice and is abolished by the p.G222D mutation, which mimics the C. 

elegans p.G207D variant. It was suggested that the interaction between BBS1 and IFT144 is 

necessary for docking of the BBSome onto IFT particles at the cilium base, prior to its transport 

to the cilium tip. During its entry into the cilium, the BBSome may also bring with it cargoes, 

such as signalling molecules (see section 1.5.5). 

Once imported into the cilium, it is believed that the BBSome and ARL6 are trafficked together 

to the cilium tip, evidenced by ARL6 and BBS1 co-localisation at puncta along its length (Jin et 

al., 2010). BBS1 and the BBSome are not thought to actively participate in IFT. In C. elegans, 

mutation of bbs1 did not affect anterograde IFT (Wei et al., 2012). In Chlamydomonas, the 

stoichiometry of BBS1 to IFT81 (IFT-B) was ~1:6 (Lechtreck, Johnson, et al., 2009) and this 

substoichiometry implies that the Chlamydomonas BBSome is not an integral component of the 

IFT machinery. Flagellar regeneration was also unaltered in Chlamydomonas bbs1 mutants 

(Lechtreck, Johnson, et al., 2009). In human RPE cells, localisation of IFT140 (IFT-A) and IFT88 

(IFT-B) was unaffected by BBS1 knockout (Nozaki et al., 2018), suggesting movement of IFT 

complexes is independent of BBS1. However, observations that the BBSome moves along the 

axoneme at similar rates to IFT particles in C. elegans (Blacque et al., 2004) and mouse 

olfactory neurons (Williams et al., 2014) implies a connection between the two. The BBSome 

may act as an adaptor which links cargoes to IFT trains, since loss of bbs1 in Chlamydomonas 

abolished intraflagellar transport of an IFT cargo, phospholipase D (PLD) (Liu and Lechtreck, 

2018). Liu and Lechtreck (2018) suggested that the BBSome expands the range of cargoes 

which can be coupled to IFT particles. 

As ARL6 and the BBSome move towards the distal tip, ARL6 GTP hydrolysis is thought to 

occur. IFT27 (BBS19) dissociates from the IFT-B complex to stabilise the transient nucleotide-

free form of ARL6, before it is reloaded with ATP (Liew et al., 2014). This allows for remodelling 

of the BBSome and IFT complexes for retrograde transport and ciliary exit. BBS1 is likely 

necessary for the turnaround of IFT particles at the cilium tip. The same p.G207D mutation 

which prevented BBSome entry into cilia of C. elegans also caused an accumulation of IFT-B at 

the cilium tip and dissociation of IFT-A from IFT-B (Wei et al., 2012). Dysfunction of IFT particle 
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turnaround is thought to impede retrograde trafficking and ciliary exit. In IMCD3 cells, 

stimulation of Hedgehog signalling led to an accumulation of the BBSome and ARL6 at the 

cilium tip and drove the growth of BBSome-positive retrograde IFT trains to facilitate SMO 

GPCR removal (Ye, Nager and Nachury, 2018). 

Although models have not directly implicated BBS1 in the exit of proteins from the cilium, 

studies of other BBS proteins imply that it participates as part of the BBSome. IFT27 (BBS19) 

appears to be essential for exit of the BBSome and its cargoes, since its depletion leads to the 

accumulation of membrane proteins (such as Gpr161) and the BBSome within the cilium (Liew 

et al., 2014). One model suggests the BBSome is coupled to IFT27 by LZTFL1 (BBS17) via 

BBS9 (Seo et al., 2011), and together these facilitate removal of the BBSome and cargo 

proteins, such as Patched 1 (PTCH1) and SMO, both components of the Hedgehog pathway 

(Eguether et al., 2014). 

1.5.5 Trafficking of Ciliary Cargoes 

The abundance of protein binding domains (α-solenoids, β-propellers and GAE-like motifs) 

possessed by BBSome proteins, including BBS1, suggest that it has a role in the vesicle 

trafficking of cargoes (Jin et al., 2010). Further evidence for this has come from observations 

that the ciliary localisation of several signalling receptors is perturbed upon loss of Bbs1. 

Mislocalisation of GPCRs (PLD, PC-1, SSTR3, SMO, GPR161, PTCH1) has been reported in 

BBS1-/- Chlamydomonas (Lechtreck, Johnson, et al., 2009; Lechtreck et al., 2013), mouse 

(Kulaga et al., 2004; Li et al., 2013) and loss-of-function cell models (Jin et al., 2010; Zhang, 

Seo, et al., 2012; Su et al., 2014). The mislocalisation of SMO, GPR161 and PTCH1, three 

Hedgehog signalling mediators, demonstrates involvement of BBS1 in the control of this 

pathway. Gγ13, a G protein, and adenylyl cyclase 3 were absent in olfactory cilia of Bbs1-/- mice 

(Kulaga et al., 2004), suggesting BBS1 may also be involved in the ciliary trafficking of 

components downstream of GPCR signalling. Likewise, disrupted Ca2+ transduction was 

proposed to cause defective phototaxis in BBS1 Chlamydomonas mutants, which displayed 

phototaxis, since phototaxis requires flagella-mediated Ca2+ signalling (Lechtreck, Johnson, et 

al., 2009). BBS1 has also been implicated in the trafficking of RTKs, including the insulin 

receptor (IR) (Starks et al., 2015) and LRb (Seo et al., 2009). A mechanism of pathogenesis in 

Bardet-Biedl Syndrome is disruption of the signalling pathways in which these receptors are 

involved. To further this point, upregulation of canonical Wnt signalling and downregulation of 

non-canonical Wnt/PCP signalling was seen in bbs1 zebrafish morphants which also displayed 

convergent extension defects suggestive of dysregulated PCP (Gerdes et al., 2007; Liu et al., 

2014). 

How the BBSome binds its cargoes is not well understood, but BBS1 appears to play an 

important role. The BBSome interacts with Hedgehog pathway components, SMO and PTCH1, 

through BBS1 (Zhang, Seo, et al., 2012). BBS1 binds the C-terminal tail of both proteins, which, 

in SMO contains, the domain critical for its activity (Zhang, Seo, et al., 2012). BBS1 also binds 

the C-terminus of LRb and depletion of BBS1 by shRNA in RPE cells resulted in the 

accumulation of the leptin receptor in swollen vesicles proximal to the nucleus (Seo et al., 

2009). It was suggested that BBS1 is involved in trafficking of the leptin receptor between the 
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Golgi and the cilium and/or plasma membrane. Because depletion of BBS2 produced a similar 

result in RPE cells, BBS1 is believed to participate in trafficking of LRb from within the BBSome 

complex. Likewise, interactions have been observed between multiple BBSome subunits and 

SMO and PTCH1 (Jin et al., 2010; Zhang, Seo, et al., 2012). Each BBSome subunit also 

interacts with the third intracellular loop of SSTR3, which is thought to contain a ciliary targeting 

sequence (Jin et al., 2010). Despite it also interacting with BBS4, BBS5 and BBS8, the ciliary 

localisation of PC-1 was affected only by depletion of BBS1 (Su et al., 2014). In IMCD3 cells, 

PC-1-positive cilia were reduced from ~83 % in control cells to 40-50 % in Bbs1 shRNA-treated 

cells. Again, BBS1 was shown to bind the C-terminal tail of PC-1, an interaction which was 

abolished by the BBS1 p.R146X patient mutation. 

The precise direction of receptor trafficking by the BBSome is debateable. Delayed 

melanosome retraction in bbs1 zebrafish mutants might indicate dysfunctional retrograde IFT 

(Westlake et al., 2011). Accumulation of signalling proteins in cilia of Bbs1 mutants also implies 

failure of retrograde IFT and/or ciliary exit. BBS1-/- human RPE cells had greatly increased 

levels of GPR161 and SMO in their cilia compared to wild type controls (Nozaki et al., 2018). 

Whereas activation of Hedgehog signalling initiated ciliary exit of GPR161 in controls, GPR161 

was retained within BBS1-/- cilia. The effects of BBS1 knockout could be rescued by expression 

of wild type BBS1, but not by expression of BBS1 lacking the final 18 amino acids of its GAE-

like motif, which are required for an interaction with BBS9. It is also noteworthy that BBS1 

carrying a p.I399E or p.R404A point mutation (within the β-propeller), each known to abolish 

BBS1-ARL6 interaction (Mourão et al., 2014), could still rescue SMO and GPR161 localisation 

in BBS1-/- RPE cells; these point mutations are thus at least partially functional in GPCR 

trafficking (Nozaki et al., 2018).  

Retrograde trafficking defects were also seen in Chlamydomonas bbs1 mutants, which 

accumulated signalling proteins (such as PLD) in their ciliary membranes (Lechtreck, Johnson, 

et al., 2009; Lechtreck et al., 2013). Cilia of several cell types in the BBS1M390R/M390R mouse 

showed aggregation of proteins and vesicles at their tips, including ependymal cilia (Davis et al., 

2007), the motile cilia of the airway epithelium (Shah et al., 2008) and photoreceptor outer 

segments (Datta et al., 2015). It is possible that these vesicles were ectosomes – specialised 

vesicles which have been found to bud off from the tips of cilia in order to remove GPCRs after 

signalling (Nager et al., 2017). Ectocytosis has been documented in wild type cells to facilitate 

removal of receptors, such as NPY2R, that do not contain a signal for retrieval by retrograde 

IFT. In the context of BBSome dysfunction it can also act to alleviate the accumulation of 

GPCRs which would otherwise be retrieved by retrograde IFT, such as Gpr161.  

Contrarily, some BBSome mutants have decreased ciliary levels of GPCRs, such as SSTR3, 

MCHR1, NPY2R and PC-1 (Berbari, Lewis, et al., 2008; Loktev et al., 2013; Su et al., 2014). 

These examples might indicate that they are unable to enter the primary cilium; however, 

ectocytosis now provides an alternative explanation in some cases. Ectocytosis removes more 

ciliary material (including “bystander” proteins) than exit via retrograde IFT and can lead to 

progressive cilium shortening (Nager et al., 2017). However, ectocytosis cannot readily explain 

the redistribution of Gγ13 that was seen in olfactory cilia of the Bbs1-/- gene trap mouse. Gγ13 
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was absent in the cilia, but abundant in the cell body (Kulaga et al., 2004). A role for BBS1 in 

ciliary import of signalling molecules is therefore still possible. The direction of trafficking may 

receptor- or signal-specific. This remains to be found. 

1.5.6 Extra-ciliary Functions 

Research to date has primarily focussed on participation of BBS proteins in cilium biology; 

however, there are emerging roles for cilia proteins outside of the cilium. For examples, several 

BBS proteins have been implicated in protein homeostasis and/or the trafficking of receptors to 

the cell surface membrane (see section 1.4.4.2). There is a growing body of evidence that 

BBS1 has functions that extend beyond the cilium. 

1.5.6.1 Protein homeostasis  

Proteasomal dysfunction leads to abnormal protein accumulation, as the proteasome performs 

the majority of proteolysis necessary to maintain appropriate protein levels within the cell. 

Centrosomes are known to contain active proteasomal and regulatory subunits, as well as 

multiple proteasome substrates, suggesting it is an active location of proteasome function 

(Fabunmi et al., 2000). BBS1 interacts with a 26S proteasome regulatory subunit, RPN10, in 

mouse testis (Liu et al., 2014). Many cilia-associated signalling pathways are regulated by 

proteasome-mediated degradation, including Hedgehog, Notch and canonical Wnt (Kopan, 

1999; Gerdes et al., 2007; Liu et al., 2014; Novas et al., 2015). Although not cilia-associated, 

the implications of BBS proteins in proteolysis led to the investigations into the functions of BBS 

proteins in nuclear factor κ B (NFκB) signalling, a pathway which is also dependent on 

proteolysis. Under basal conditions, NFκB is sequestered by inhibitors of NFκB (IκBs) in the 

cytosol. In response to a stimulus, such as the pro-inflammatory cytokine, tumour necrosis 

factor α (TNFα), IκBs undergo proteolysis by the proteasome, releasing NFκB. NFκB can then 

translocate to the nucleus to activate target gene transcription (Napetschnig and Wu, 2013). 

Depletion of BBS1 in HEK cells caused an accumulation of IκBs and attenuated NFκB signalling 

(Liu et al., 2014). The effects could be (partly) ameliorated by treatment with sulforaphane, a 

proteasome activator (Liu et al., 2014). Similar results were obtained from BBS4-depleted HEK 

cells, suggesting that this is a function of the BBSome complex rather than individual BBS 

proteins. Sulforaphane injection also rescued convergent extension malformations in bbs1 

zebrafish morphants (Liu et al., 2014). Not only does this suggest involvement of BBS1 in 

proteolysis; it proposes that loss of proteasome activity is a cause of defective PCP. In bbs1-, 

bbs4- and mkks-depleted zebrafish, PCP and convergent extension defects were attributed to a 

misbalance between canonical and non-canonical Wnt pathways, due to stabilisation of β-

catenin (Gerdes et al., 2007). One possibility is that BBS1 participates in the regulation of β-

catenin degradation by the proteasome. Liu et al. (2014) proposed that control of the proteolytic 

degradation of signalling molecules may be a role of the BBSome which implicates it in several 

ciliopathy-associated pathways. An extra-ciliary role for BBS1 in the proteolytic regulation of 

canonical Wnt signalling might also provide one reason for the lack of clarity as to whether the 

Wnt/β-catenin pathway is controlled by the cilium. 
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1.5.6.2 Vesicle trafficking to the plasma membrane 

BBS1 seems necessary for the plasma membrane localisation of LRb (see section 1.4.4.2.3) 

and the IR, both expressed in neurons. Depletion of either BBS1 or BBS2 in HEK cells reduced 

IR localisation to the plasma membrane but did not affect total IR protein levels (Starks et al., 

2015). The same result was observed in fibroblasts from human BBS1 patients homozygous for 

the p.M390R mutation and in BBS1M390R/M390R MEFs, in which insulin failed to activate 

downstream signalling through Akt, a serine/threonine kinase. Supplying BBS1M390R/M390R MEFs 

with functional BBS1 protein restored IR cell surface expression. The IR β subunit 

cofractionated with BBSome components and associated with LZTFL1 (BBS17), an interaction 

which was disrupted by Bbs1 depletion. Together, these data suggest that Lztfl1 couples the IR 

to the BBSome for vesicular transport to the plasma membrane. 

BBS1, alongside BBS4, has also been implicated in recycling of the Notch receptor to the 

plasma membrane (Leitch et al., 2014). Usually, after activation, Notch is endocytosed into early 

endosomes. These can either be recycled back to the plasma membrane or can become 

multivesicular bodies which fuse with lysosomes to mediate degradation of the receptor (Le 

Borgne, 2006). NOTCH1 accumulated in endosomes in BBS1-depleted HEK cells. In both HEK 

and RPE cells, BBS1 knockdown caused a reduction of NOTCH1 plasma membrane 

expression, which was as great as 74 % in RPE cells, as well as upregulation of Notch target 

genes, HES1 and HES5. Knockdown of TSG101, a gene of the endosomal sorting complex 

required for transport (ESCRT) machinery, also caused upregulation of HES1 and HES5 

indicating that Notch target gene upregulation upon loss of BBS1 may have been due to 

dysregulated endosomal sorting. Overall, data may suggest that the BBSome is involved in 

recycling of endosomes to the plasma membrane. More evidence for the involvement of BBS1 

and/or the BBSome in vesicle trafficking to the cell membrane is needed. 

1.5.6.3 Control of gene expression 

A study by Gascue et al. (2007) proposed a role for BBS7 in the regulation of gene 

transcription. The authors showed that BBS7 possesses a functional nuclear export signal and 

suggested that BBS7 can localise to the nucleus, as pharmacological inhibition of nuclear 

export increased nuclear levels of BBS7. The BBS7 protein was also shown to interact with a 

chromatin remodeller, RNF2, and depletion of BBS7 caused expression changes in RNF2 

target genes. Other BBS proteins, including BBS1, were also implicated in the regulation of 

gene expression, as they too were predicted to possess a nuclear export signal and to interact 

with Rnf2. The role of Bbs1 in the control of gene expression remains to be seen. 

1.5.6.4 Regulation of actin dynamics 

Actin dynamics affect several cellular activities, like cytokinesis and cell migration, which are 

dependent upon cytoskeletal rearrangements, in addition to ciliogenesis. Microtubular 

disorganisation was seen in the dendrites of neurons of Bbs1-/- gene trap mice (Kulaga et al., 

2004), whilst BBS1M390R/M390R MEFs and BBS1M390R/M390R human patient fibroblasts had defects 

in migration and wound healing (Guo and Rahmouni, 2019). In BBS1M390R/M390R MEFs, this was 

accompanied by augmented levels of RhoA protein and increased RhoA activity. The study by 

Guo and Rahmouni (2019) replicated results from Bbs4-/- and Bbs6-/- MEFs, which displayed 
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poor migration, cytokinesis and adhesion (Hernandez-Hernandez et al., 2013). Bbs4-/- or Bbs6-/- 

cells also exhibited cytoskeletal defects, including insufficient formation of lamellipodia and 

filopodia – actin-rich cell protrusions used for adhesion to, and migration over, surfaces. As in 

the study by Guo and Rahmouni (2019), Hernandez-Hernandez et al. (2013) found that three 

cell models of BBSome genes (Bbs4, Bbs6, Bbs8) had significantly increased RhoA activity. 

Defective actin polymerisation was believed to cause a reduction in ciliogenesis in Bbs4-/- and 

Bbs6-/- MEFs, as ciliogenesis was restored by RhoA inhibitors. Together, results implicate the 

BBSome in the regulation of actin dynamics. Although an effect on cilia was seen in the study 

by Hernandez-Hernandez et al. (2013), the consequences of BBS-related cytoskeletal 

dysfunction would extend to locations in the cell beyond the cilium, as demonstrated by defects 

in wound healing and cell migration. 

Work by Guo and Rahmouni (2019) also provided another link between BBS1 and proteasomal 

degradation, as actin microtubule defects arose from impaired proteolysis. Cullin-3 (CUL3), a 

core subunit of an E3 ubiquitin-ligase complex, regulates RhoA activity. When neddylated, 

CUL3 is in its active form and can ubiquitinylate RhoA to target it for proteolysis, whereas CUL3 

inactivation (by deneddylation) leads to RhoA accumulation (Ibeawuchi et al., 2015). Treatment 

of wild type MEFs with a neddylation inhibitor reduced cell migration, highlighting a need for 

active CUL3 for cell migration. BBS1M390R/M390R MEFs had reduced total CUL3 protein (Guo and 

Rahmouni, 2019). Whether BBS1 controls CUL3 expression or stability, or how it participates in 

CUL3 and/or RhoA activity, is unknown. The link between BBS1, RhoA and CUL3 could 

underlie hypertension in Bardet-Biedl syndrome patients, which can manifest as a secondary 

clinical symptom (Forsythe and Beales, 2015), as CUL3 inactivation and RhoA over-activity are 

thought to underlie hypertension (Ibeawuchi et al., 2015). 
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Figure 1. 10: Structural studies of the 

BBS1 protein. 

a. Overview of BBS1 protein domains. 

Structural Predictions suggested that 

BBS1 possesses an N-terminal β-

propeller (yellow) connected to a gamma-

adaptin ear (GAE)-like motif (blue) by an 

α-solenoid (green). Figure based on 

illustration by Jin et al. (2010). 

b. The crystal structure of the N-

terminus of C. reinhardtti BBS1 showed 

that it forms a β-propeller consisting of 7 

blades, each a WD40 repeat. Red= α-

helices; yellow= β-sheets; green= loops. 

Structure solved by Mourão et al. (2014); 

PDB accession 4V0M. 

c. Structures of the N-terminal portions of 

the C. reinhardtti ARL6GTP and BBS1 

proteins in complex. Seven highly 

conserved residues of the BBS1 β-

propeller are necessary for the ARL6-

BBS1 interaction. 

d. The p.M390 residue is at the human 

ARL6-BBS1 interface. Disruption of 

ARL6-BBS1 binding may be a mechanism 

of pathogenesis in BBS patients with the 

p.M390R missense mutation; however, is 

does not account for disease in patients 

with the p.E234K mutation, as p.E234 is not at the ARL6-BBS1 interface. Panels (c.) and (d.) were reprinted with permission from Springer Nature, Nature Structural 

& Molecular Biology (Structural basis for membrane targeting of the BBSome by ARL6, Mourão et al.), copyright 2014. 
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1.6 CRISPR/Cas9 Gene Editing 

1.6.1 The CRISPR/Cas9 Gene Editing System 

Clustered regularly interspaced short palindromic repeats with Cas9 endonuclease 

(CRISPR/Cas9) technology can be used to create disease models by mutation or knockout of 

gene function (see Figure 1. 11). It is a bacterial immune system appropriated for genome 

engineering (Cong et al., 2013). An adaptation of the type II system, from Streptococcus 

pyogenes, is frequently used. It comprises a single guide RNA (sgRNA) and a non-specific 

Cas9 endonuclease. Cas9/sgRNA complex formation allows the sgRNA to guide the Cas9 to a 

pre-designed genomic DNA (gDNA) target, where the Cas9 induces a double-strand break 

(DSB). DSBs are created by simultaneous function of two Cas9 catalytic domains: RuvC and 

the HNH motif. HNH cleaves the strand complementary to the sgRNA, whereas RuvC cleaves 

the non-complementary strand (Jinek et al., 2012). Cells possess two DSB repair mechanisms: 

non-homologous end joining (NHEJ), or homology-directed repair (HDR). NHEJ is error-prone, 

often introducing base insertions or deletions (indels) which can introduce a premature 

termination codon (PTC) within the gene, targeting its transcripts for nonsense-mediated decay 

(NMD). HDR, on the other hand, employs a repair template with homology to the target site. A 

repair template containing a specific sequence can be supplied to cells, such that genome 

editing is precise. In this way, the HDR pathway can be used to knock in mutations of interest 

(e.g. patient mutations). While NHEJ generates random mutations, it has higher efficiency than 

HDR, which only occurs in dividing cells (Ran, Hsu, Wright, et al., 2013). 

The sgRNA itself has two main features: a scaffold, to which Cas9 binds, and a 20 nucleotide 

protospacer, complimentary to the target DNA sequence to be edited (see Figure 1. 11). Any 

unique 20 bp region of the genome can be modified, providing it is immediately upstream of a 

protospacer adjacent motif (PAM). For systems of S. pyogenes, the PAM sequence is “NGG”. 

The PAM is recognised directly by Cas9, which allows it to destabilise base-pairing within the 

DNA double helix and promote hybridisation of the sgRNA to DNA. Cas9 typically creates a 

DSB ~3 bp upstream of the PAM (Jinek et al., 2012; Ran, Hsu, Lin, et al., 2013; Liu et al., 

2015). CRISPR/Cas9 mode of delivery depends on the target organism, and can involve 

mammalian expression vector(s), lentiviral transduction, in vitro transcription, or delivery of 

Cas9/sgRNA ribonucleoprotein complexes (Sander and Joung, 2014). 

1.6.2 Comparison to Other Gene Loss-of-Function Tools 

To date, the majority of Bbs1 loss-of-function cell models have been gene knockdown models 

generated using RNAi technologies (shRNA or siRNA) (Nachury et al., 2007; Su et al., 2014; 

Starks et al., 2015; Guo et al., 2016), or else studies of patient-derived primary cell cultures 

(Starks et al., 2015; Guo and Rahmouni, 2019). This will soon change, as in 2013, the 

CRISPR/Cas9 system was used for gene editing in eukaryotic cells for the first time (Cong et 

al., 2013). Gene editing technologies can generate total gene knockout, providing superiority 

over the knockdown produced by RNAi. Primary cell models are confounded by heterogeneity 

of samples. Generation of clonal Bbs1-/- cell lines with CRISPR could be used to overcome this, 

as a cell line could provide a uniform genetic background. 
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Earlier genome-engineering technologies, zinc finger nucleases (ZFNs) and transcription 

activator-like effector nucleases (TALENs), are similar to CRISPR/Cas9 in that they are able to 

generate target-specific DSBs to mutate or knockout genes. CRISPR/Cas9 has significant 

advantages over ZFNs and TALENs (Gaj et al., 2013; Gupta et al., 2014): it is cheaper, quicker 

and more user-friendly, thanks to its dependence on RNA/DNA complementarity and the ease 

of reprogramming the sgRNA, which targets the gene editing machinery to the gene of focus. 

Moreover, CRISPR/Cas9 can be straightforwardly multiplexed, by using several guide RNAs in 

parallel. By contrast, ZFNs and TALENs rely on DNA-binding protein domains which are built in 

a modular manner. Finding and creating functional ZFNs or TALENs is a time-consuming and 

often expensive process and, once created for a specific gene, a ZFN or TALEN cannot readily 

be adapted to a different target. 

1.6.3 sgRNA Off-target Activity 

The CRISPR system is revolutionising what is possible in terms of the study and manipulation of 

the genome. It is not, however, without its limitations. A major concern has been the off-target 

activity of CRISPR/Cas9, due to sgRNA complementarity at locations other than the target site. 

This has the potential to introduce unwanted mutations and so has been the subject of 

extensive investigation. 

1.6.3.1 Factors affecting sgRNA off-target activity 

Likelihood of off-target activity is influenced by several factors and is not thought to arise simply 

due to excessive sgRNA activity (Anderson et al., 2018). Generally, off-target mutagenesis is 

reduced as the number of sgRNA-DNA mismatches increases. Some of the early work into 

sgRNA off-target cleavage was performed in human cell lines and indicated that the presence of 

four or more mismatches abolishes Cas9 cleavage (Hsu et al., 2013; Cho et al., 2014), although 

in rats and mice, as many as eight mismatches have been seen between an sgRNA and an off-

target locus (Anderson et al., 2018). Mismatches are not usually tolerated in the PAM-proximal 

region of the sgRNA, which is necessary to seed sgRNA-DNA binding, but can be tolerated in 

the PAM-distal portion. The exact boundary between PAM-distal and -proximal sequences 

varies depending on the gene and cell type used. Generally, cleavage is impaired by 

mismatches in the six to 14 base pairs immediately upstream of the PAM (Hsu et al., 2013; Cho 

et al., 2014). The identity of a mismatch at each position also affected ability of an sgRNA to 

induce Cas9 cleavage (Doench et al., 2016).  

The necessity of the sgRNA or genomic DNA to bulge in order to accommodate gaps 

(sometimes referred to as insertions or deletions within the sgRNA sequence) might influence 

off-target mutagenesis, although reports have been varied. One study concluded that a single 

sgRNA or DNA bulge rarely resulted in sgRNA infidelity (Doench et al., 2016). Contrary to this, 

Lin and colleagues detected mutagenesis in the presence of a single sgRNA or DNA bulge (Lin 

et al., 2014). Lin and colleagues investigated the effect of DNA or RNA bulges of one to five 

base pairs on cleavage activity and also found that DNA bulges of between two and five base 

pairs did not produce detectable mutagenic activity; however, RNA bulges of two, three or four 

base pairs did generate cleavage. 
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Doench et al. (2016) demonstrated that sgRNAs can induce mutagenesis at a genomic locus 

that has an unconventional PAM. In the authors’ experiments, whilst an NGG PAM resulted in 

cleavage 91 % of the time, NAG, NCG and NGA motifs also led to sgRNA activity in 26 %, 11 % 

and 7 % of cases, respectively. Likewise, Hsu et al. (2013) saw sgRNA activity with an NAG 

PAM, at about one fifth of the rate seen with an NGG motif. Internal properties of the sgRNA 

also affect its function. A GC content of between 45 % and 80 % was reported to maximise 

sgRNA effectivity (Montague et al., 2014; T. Wang et al., 2014), whilst self-complementarity 

between the sgRNA protospacer and scaffold interfered with its function (Thyme et al., 2016). At 

the genomic locus, the chromatin environment may also affect CRISPR/Cas9 activity (Wu, Kriz 

and Sharp, 2014; Wilson, O’Brien and Bauer, 2018). 

1.6.3.2 Prediction of sgRNA off-target activity 

Off-target activity can be controlled for by careful sgRNA design to minimise infidelity, and by 

screening for unintended mutagenesis. Several in silico sgRNA design tools have emerged over 

the years, including Benchling (Benchling Inc., 2016), CHOPCHOP (Montague et al., 2014; 

Labun et al., 2016), E-CRISP (Heigwer, Kerr and Boutros, 2014), CRISPOR (Haeussler et al., 

2016; Concordet and Haeussler, 2018), CCTop (Stemmer et al., 2015) and the “MIT” tool from 

the Zhang group at the Massachusetts Institute of Technology (MIT) (Hsu et al., 2013; which 

was discontinued early in 2019). These identify sequences adjacent to PAMs as potential 

sgRNAs. They also often provide off-target loci prediction.  

As a rule, off-target prediction uses an alignment algorithm to find genomic regions of 

complementarity to the sgRNA (i.e. potential off-target sites) and ranks them based on 

likelihood of cleavage. Experimentally-determined scoring systems are used to predict likelihood 

of cleavage, based on several variables, such as number of mismatches, mismatch identity and 

position (see section 1.6.3.1). These aid sgRNA selection based on predicted off-target activity. 

The MIT CRISPR design tool uses the “MIT” scoring system (also referred to as the “Hsu” or 

“Hsu-Zhang” score in the literature; Hsu et al., 2013). This considers sites with an NGG or non-

canonical NAG PAM, at which there are a maximum of three mismatches between the locus 

and the sgRNA sequence. It also considers the positions of the mismatches. For a given 

sgRNA, it outputs an overall specificity score of between zero and 100, which is an aggregate of 

the scores of each off-target. A higher score is better, with 100 representing an sgRNA for 

which no off-target activity is predicted. 

The more recent cutting frequency determination (CFD) score has out-performed the MIT (and 

other) off-target scoring systems in its ability to predict bona fide off-target loci in CRISPR 

experiments (Doench et al., 2016; Haeussler et al., 2016). It is calculated for each predicted off-

target locus that has been identified by the alignment algorithm. The CFD score is the 

probability (between zero and one) that an sgRNA will generate a cut at an off-target site, based 

on mismatch positions and identities. It also considers single nucleotide DNA or RNA bulges 

and non-canonical PAMs of the sequence NNG. The authors of the CFD score also devised a 

scoring system to predict sgRNA on-target activity (efficiency) at the intended genomic site, 

called “Rule Set 2” (Doench et al., 2016). Some sgRNA design tools combine multiple scores to 

inform choice of sgRNA. For example, CRISPOR (Haeussler et al., 2016; Concordet and 
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Haeussler, 2018), provides an sgRNA efficiency score (between zero and 100, where 100 is 

certain on-target activity) using Rule Set 2, in addition to an overall specificity score (out of 100) 

for each sgRNA, which aggregates CFD scores of off-target sites (much like the MIT specificity 

score). 

Because the alignment algorithm used to identify potential off-target loci differs between tools, 

the CFD specificity score that is output by each can vary. A limitation of some widely used 

alignment algorithms is that they can miss potential off-targets which are more divergent, 

because they are designed to identify very similar sequences (Bae, Park and Kim, 2014; 

Dhanjal, Radhakrishnan and Sundar, 2018; Wilson, O’Brien and Bauer, 2018). In some cases, 

they can even miss off-targets with a single mismatch (Tsai et al., 2015; Doench et al., 2016). 

They also constrain the maximum number of mismatches that can be tolerated (Wilson, O’Brien 

and Bauer, 2018). However, more rigorous algorithms are computationally demanding and have 

longer run times. As technology improves and more powerful algorithms emerge, the ability of in 

silico tools to precisely predict all off-targets is expected to improve. For now, they provide 

researchers with the means to identify a majority of off-target sites in a relatively quick and easy 

manner. 

1.6.3.3 Detection of sgRNA off-target activity 

After use of the CRISPR/Cas9 system, unintended genome editing events can be checked for 

by sequencing. Computationally predicted off-target sites can be inspected for mutagenesis in 

next generation sequence assemblies, or each can be selectively Sanger sequenced. 

Alternatively, bona fide cutting sites can be identified by unbiased genome-wide methods after 

exposure of gDNA to the sgRNA and Cas9. A number of assays are based on the incorporation 

of tags at double-strand breaks, next generation sequencing of the DNA and bioinformatic 

analyses to identify (tagged) locations at which DSBs occurred. These include: genome-wide 

unbiased identification of double-strand breaks enabled by sequencing (GUIDE-seq) (Tsai et 

al., 2015); selective enrichment and identification of tagged genomic DNA ends by sequencing 

(SITE-seq) (Cameron et al., 2017); and circularisation for in vitro reporting of cleavage effects 

by sequencing (CIRCLE-seq) (Tsai et al., 2017). Both SITE-seq and CIRCLE-seq employ in 

vitro cleavage of purified gDNA by the sgRNA/Cas9 complex. GUIDE-seq, on the other hand, is 

a cell-based assay and therefore integrates cell-context-specific information, which is 

advantageous due of accounts of differing CRISPR/Cas9 efficiency between cell types (Fu et 

al., 2013; Smith et al., 2014; Veres et al., 2014). Another in vitro method to assay off-target 

mutagenesis is Cas9-digested whole-genome sequencing (Digenome-seq), which can be 

performed on either cells or cell-free DNA; however, it requires high read depth and more 

advanced bioinformatic analysis to identify off-target mutagenesis, as loci are not tagged (D. 

Kim et al., 2015).  

1.7 Genetic Compensation 

Genetic robustness allows organisms to persist in the possession of harmful mutations. Many 

variants exist within genomes that do not cause disease. Some may be non-functional, due to 



83 

redundancy within the genetic code; others may be tolerated due to redundancy between an 

inactivated gene and a gene with a similar function. The inactivated gene may be part of a gene 

network, in which expression of other genes may fluctuate to compensate for loss of the 

mutated gene. Since the advent of CRISPR, a novel mechanism of genetic robustness has 

been emerging. In two recent, major studies, it has been referred to as “transcriptional 

adaptation” (El-Brolosy et al., 2019) or the “genetic compensation response” (Ma et al., 2019). 

Both terms will be used interchangeably in this thesis. Research into this genetic compensation 

response stemmed from observations of phenotypic discrepancies between knockdown and 

knockout models (El-Brolosy and Stainier, 2017). Somewhat counterintuitively, many knockout 

models have exhibited an absent, or less severe phenotype, compared to their knockdown 

counterparts. Some examples are summarised in Table 1. 2. These occur in various organisms, 

from yeast (Arabidopsis), to zebrafish, and human cell lines. 

In knockout models, the gene of interest is defective due to possession of a frameshift or 

nonsense mutation. Transcripts arising from the faulty gene contain a PTC which targets them 

for degradation by NMD. In the hypothetical mechanism of transcriptional adaptation suggested 

by El-Brolosy et al. (2019; see Figure 1. 12), the NMD products of faulty transcript degradation 

are proposed to bind, through complementary base pairing, to regions of the genome that share 

sequence identity and to stimulate upregulation of the encoded gene(s). Upregulated genes 

compensate for the loss of the faulty gene. The examples of this phenomenon presented by El-

Brolosy et al. (2019), regularly implicate paralogues as compensating genes, although a 

mechanism of sequence similarity suggests it is possible that non-paralogous genes with similar 

functions (and thus similar protein domains and gene sequences) could compensate. For 

instance in knockout zebrafish lacking the egfl7 gene, involved in vascular development, the 

suggested compensating gene was emilin3a (Rossi et al., 2015). Whilst not a paralogue of the 

Eglf7 protein, Emilin3a is involved in vasculogenesis and both proteins contain the EMI domain 

(named after the EMILIN family) key to Egfl7 function. 

The details of this form of genetic compensation are only just beginning to emerge. Exactly how 

degradation of faulty transcripts upregulates compensating genes has not been established. Ma 

et al. (2019) have suggested that chromatin remodelling plays a part, as increased histone 

methylation and RNA polymerase II have been detected at the transcription start sites of some 

compensating genes. Specifically, the authors found that trimethylation of lysine 4 on histone 

H3 (H3K4me3) and the presence of RNA polymerase II were increased at the transcription start 

sites of compensating genes in knockout zebrafish but not in wild types. Similarly, knockdown of 

subunits of the complex of proteins associated with Set1 (COMPASS), which is responsible for 

H3K4 methylation at genome-wide promoters (Qu et al., 2018), reduced compensating gene 

expression and produced a disease phenotype (Ma et al., 2019).  

The NMD machinery is thought to play a part in the transcriptional adaptation response, as 

PTCs are thought to trigger transcriptional adaptation (Ma et al., 2019). The canonical NMD 

pathway (see Figure 1. 13) serves as one of several mRNA surveillance mechanisms to 

prevent the synthesis of proteins which could have a deleterious effect on cells. After RNA 

splicing in the nucleus, exon junction complexes (EJCs) are positioned 20 to 24 nucleotides 
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upstream of each exon-exon junction (Le Hir et al., 2000). These remain bound to RNA (in a so-

called mRNA-protein complex, or mRNP) when the mRNP translocates to the cytoplasm (Le Hir 

et al., 2001). In the first round of translation, the ribosome proceeds along a normal transcript, 

displacing each EJC until it arrives at the translation termination codon, which occurs after the 

final EJC (Nguyen, Wilkinson and Gecz, 2014). In a faulty transcript, the ribosome encounters a 

PTC before the final EJC, initiating recruitment of the NMD machinery. The presence of EJCs 

after the PTC is thought to be the signal recognised by the ribosome to distinguish a premature 

termination codon from a normal termination codon. It follows that PTCs within 50 to 55 

nucleotides of the final exon-exon junction avoid NMD (Nagy and Maquat, 1998). 

Central to the NMD machinery are the up-frameshift proteins (UPF1-3) (Chang, Imam and 

Wilkinson, 2007; Hug, Longman and Cáceres, 2016). UPF3 associates with the EJC in the 

nucleus and is bound by UPF2 when the mRNP arrives in the cytoplasm. During normal 

translation, these are displaced from the mRNP alongside the EJC. However, when a PTC is 

encountered, a surveillance complex, containing UPF1, is recruited to the downstream EJC 

(Kashima et al., 2006). Altogether, this complex (including UPF1), the EJC, UPF2 and UPF3 

form the decay-inducing (DECID) complex, within which UPF1 can be phosphorylated. In its 

active state, UPF1 recruits mRNA degradation factors to which it exposes the mRNA through its 

helicase activity (Hug, Longman and Cáceres, 2016). As such, mRNAs bearing PTCs are 

rapidly degraded. 

Two forms of UPF3 exist in mammals: UPF3A and UPF3B (Lykke-Andersen, Shu and Steitz, 

2000). UPF3B strongly induces rapid NMD (Kunz et al., 2006) and is the form of UPF3 that 

participates in the NMD pathway (Chang, Imam and Wilkinson, 2007). By contrast, UPF3A is 

thought to have a weak ability to instigate NMD (Kunz et al., 2006) or may even be an inhibitor 

of NMD (Shum et al., 2016). A recent study of genetic compensation in knockout zebrafish has 

suggested the involvement of UPF3A (Ma et al., 2019). Both UPF3A and UPF3B can bind the 

EJC. If UPF3B associates with the EJC, it recruits UPF2 and UPF1 to assemble the DECID 

complex for mRNA degradation. The model put forward by Ma and colleagues (2019) proposes 

that if UPF3A binds the EJC, the DECID complex does not form at the PTC and instead UPF3A 

recruits the COMPASS complex. The complex of UPF3A, COMPASS and the PTC-containing 

mRNA then translocate to a compensating gene (guided by complementary base pairing 

between the faulty mRNA and the compensating gene) where COMPASS proteins stimulate 

transcription by chromatin remodelling. This does not reconcile completely with the model put 

forward by El-Brolosy et al., since the latter suggest that it is the degradation products of 

transcript NMD which trigger genetic compensation (El-Brolosy et al., 2019); however, both 

agree that PTC-bearing transcripts can upregulate compensating genes, which may (partially) 

ameliorate a disease phenotype. Either way, in light of these recent studies, prudent design of 

CRISPR experiments will in future be necessary, or studies of the knockout phenotype may be 

limited. 
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Figure 1. 11: Overview of CRISPR/Cas gene editing mechanism. 

The CRISPR/Cas9 system uses a single guide RNA (sgRNA, sometimes simply called a guide 

RNA, or gRNA) and the Cas9 endonuclease. The sgRNA comprises a scaffold and a 20 nt 

programmable protospacer (“spacer”). A protospacer that is homologous to the target genomic 

DNA locus to be edited is used. Selection of an sgRNA protospacer is constrained by the need 

for it to be immediately upstream of a “protospacer adjacent motif” (PAM). In the cell, the sgRNA 

and Cas9 form a complex, which allows the sgRNA to guide the Cas9 to the target genomic 

site. Here, the Cas9 creates a double-strand break (DSB). The cell can repair the DSB by one 

of two pathways: non-homologous end joining (NHEJ) or homology directed repair (HDR). 

NHEJ is error-prone and can cause random insertions or deletions (indels) at the target site, 

which might result in a frameshift and gene knockout. HDR requires a repair template with 

homology to the genomic sequence flanking the DSB. If cells are supplied with a repair template 

containing a specific sequence (e.g. a point mutation), a precise gene edit can be achieved. 

Figure from Addgene, copyright 2019. 
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Figure 1. 12: Postulated mechanism of genetic compensation by transcriptional 

adaptation. 

A simplified model proposed by El-Brolosy et al. (2019). An mRNA encoding a premature 

termination codon (PTC) is transcribed from a mutant gene. Presence of the PTC upstream of 

the normal termination codon (TC) targets the mRNA for degradation. mRNA degradation 

fragments stimulate the upregulation of an “adapting gene”, with which it shares sequence 

identity. This process may involve decay factors (DFs) or other RNA-binding proteins (RBPs). 

Figure adapted with permission from Springer Nature, Nature (Genetic compensation triggered 

by mutant mRNA degradation, El-Brolosy et al.), copyright 2010. 
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Figure 1. 13: Nonsense-mediated decay.  

Exon junction complexes (EJCs) remain positioned upstream of each exon-exon junction of the 

mRNA after splicing. Together, the mRNA and the EJCs make an mRNA-protein complex 

(mRNP). UPF3 associates with EJCs in the nucleus and is joined by UPF2 after translocation of 

the mRNP to the cytoplasm. During the first round of translation, the ribosome moves along the 

transcript, displacing each EJC as it goes. When the ribosome encounters a premature 

termination codon (PTC), it stalls. If the PTC is more than 50-55 nt upstream of the final exon-

exon junction, a complex containing UPF1 is recruited. Together, this complex (including UPF1) 

and UPF2, UPF3 and the EJC form the decay-inducing (DECID) complex. In this context, UPF1 

can be activated, leading to the recruitment of mRNA decay factors and subsequent nonsense-

mediated decay (NMD) of the faulty mRNA.  
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1.8 Project Aims and Hypotheses 

Mutations in Bbs1 cause a ciliopathy, Bardet-Biedl syndrome, which can present with marked 

phenotypic variability. It is possible that some phenotypic variability results from the different 

effects of mutations on the functions of the BBS1 protein. The precise roles of Bbs1 within in the 

cell remain unclear and must be elucidated in order to understand how disease manifests from 

its loss of function. Several ciliary proteins, including IFT and BBS proteins, have been 

proposed to have extra-ciliary functions. On this basis, the overarching hypothesis of this thesis 

was that Bbs1 may participate in processes whose effects extend to subcellular locations 

beyond the primary cilium. The project’s main aim was to study the cellular roles of Bbs1 in the 

IMCD3 cell line, with CRISPR/Cas9 gene editing. CRISPR provides a novel approach to study 

Bbs1 function. Unlike RNAi, it can generate complete gene knockout and can generate biallelic 

mutations which more precisely model recessive ciliopathies, like BBS. It also has advantages 

over patient-derived cells. Samples from human BBS1 patients carry a huge number of variants, 

in addition to mutations in the BBS1 gene. This makes it difficult to ascertain whether any 

phenotypic changes detected are solely down to the targeted gene. Isolation of Bbs1-/- clones 

from a cell line, such as IMCD3, can provide a uniform genetic background. The IMCD3 cell line 

is also easily manipulated in culture and readily forms cilia upon serum deprivation. 

The project was subdivided into specific aims and hypotheses and work towards these is 

presented over the course of four chapters: 

Chapter 3: Generation of clonal Bbs1-/- IMCD3 cell lines using CRISPR/Cas9 

Hypothesis 

1: Biallelic indel mutations1 in Bbs1 will result in gene loss-of-function (“knockout”) 

through transcript instability and/or absence of protein expression. 

Aims 

1a: To use CRISPR/Cas9 gene editing to generate clonal IMCD3 cell lines with biallelic 

indel mutations in Bbs1; 

1b: To characterise the effect of biallelic indel mutations on Bbs1 transcript expression 

and BBS1 protein levels. 

Chapter 4: Phenotypic analysis of Bbs1 mutant clones 

Hypothesis 

2: Knockout cell lines will exhibit consistent and specific phenotypes that may underlie 

ciliopathies in Bbs1. 

 
1 For concision, the term “biallelic indel mutations” is used within this thesis, although it is acknowledged 
that indels must be of a size that is not a multiple of 3 bp (i.e. of a size that will not cause in-frame insertion 
or deletion of amino acids in the BBS1 protein) in order to cause gene knockout. 
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Aim 

2: To identify a phenotype associated with knockout of Bbs1. 

Two hypotheses were formed based on results that are presented in Chapter 4. Both of these 

hypotheses (3a and 3b) were investigated in Chapter 5 and Chapter 6, towards the aims set 

out below:  

Chapter 5: Investigating the causes of phenotypic variation in Bbs1-/- clones 

Hypotheses 

3a: Bbs1 has a role in the maintenance of cell-cell adhesion; 

3b: Reduced Bbs1 mRNA levels correlate with a less severe cellular phenotype. 

Aim 

3: To identify the cause(s) of phenotypic variation in IMCD3 clones. 

Chapter 6: Transcriptomic analysis of Bbs1-/- clones 

Hypotheses 

3a: Bbs1 has role(s) in the maintenance of cell-cell adhesion; 

3b: Reduced Bbs1 mRNA levels correlate with a less severe cellular phenotype. 

Aims 

4: To confirm whether disruption of cell-cell adhesion is a phenotype caused by loss of 

Bbs1; 

5: To uncover gene expression changes associated with loss of Bbs1. 
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1.9 Tables for Chapter 1 

Table 1. 1: The 21 BBS genes 

Many genes have multiple aliases – the gene name given in bold is the HUGO Nomenclature 

Commitee (HGNC) approved name. Abbreviations: CRD, cone-rod dystrophy; JBTS, Joubert 

syndrome; LCA, Leber congenital amaurosis; MKKS, McKusick-Kaufman syndrome; MKS, 

Meckel syndrome; RP, retinitis pigmentosa; SLSN, Senior-Løken syndrome; CPLANE, 

ciliogenesis and planar polarity effector. Details from Online Mendelian Inheritance in Man 

(OMIM). 

BBS 
Gene 

Other 
name(s) 

Function 

Other 
ciliopathies in 
which gene is 

implicated 

Reference(s) 

BBS1  
Member of the 
BBSome complex 

 
(Mykytyn et al., 2002; 
Nachury et al., 2007) 

BBS2  
Member of the 
BBSome complex 

RP 
(Nishimura et al., 2001; 
Nachury et al., 2007; 
Shevach et al., 2015) 

BBS3 ARL6 
Small GTPase; 
Recruitment of 
BBSome to the cilium 

RP 
(Yanli Fan et al., 2004; 
Aldahmesh et al., 2009; 
Jin et al., 2010) 

BBS4  
Member of the 
BBSome complex 

 
(Mykytyn et al., 2001; 
Nachury et al., 2007) 

BBS5  
Member of the 
BBSome complex 

 
(Li et al., 2004; Nachury et 
al., 2007) 

BBS6 MKKS 

Member of the 
chaperonin-like 
complex which aids 
BBSome assembly 

MKKS 

(Katsanis et al., 2000; 
Slavotinek et al., 2000; 
Stone et al., 2000; Seo et 
al., 2010) 

BBS7  
Member of the 
BBSome complex 

 
(Badano et al., 2003b; 
Nachury et al., 2007) 

BBS8 TTC8 
Member of the 
BBSome complex 

RP 
(Ansley et al., 2003; 
Nachury et al., 2007; 
Goyal et al., 2016) 

BBS9 PTHB1 
Member of the 
BBSome complex 

 
(Nishimura et al., 2005; 
Nachury et al., 2007) 

BBS10  

Member of the 
chaperonin-like 
complex which aids 
BBSome assembly 

 
(Stoetzel et al., 2006; Seo 
et al., 2010) 

BBS11 TRIM32 E3 ubiquitin ligase  
(Frosk et al., 2002; Chiang 
et al., 2006; Locke et al., 
2009) 

BBS12  

Member of the 
chaperonin-like 
complex which aids 
BBSome assembly 

 
(Stoetzel et al., 2007; Seo 
et al., 2010) 

BBS13 MKS1 
Transition zone 
protein  

MKS; JBTS 
(Kyttälä et al., 2006; Leitch 
et al., 2008; Garcia-
Gonzalo et al., 2011; 
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BBS 
Gene 

Other 
name(s) 

Function 

Other 
ciliopathies in 
which gene is 

implicated 

Reference(s) 

Romani et al., 2014; Xing 
et al., 2014) 

BBS14 
CEP290 
NPHP6 

Centrosomal protein 
JBTS; LCA; 
MKS; SLSN 

(den Hollander et al., 
2006; Sayer et al., 2006; 
Valente et al., 2006; Baala 
et al., 2007; Perrault et al., 
2007; Frank et al., 2008; 
Leitch et al., 2008) 

BBS15 
WDPCP 
FRITZ 

Member of the 
CPLANE complex 

MKS 
(S. K. Kim et al., 2010; 
Toriyama et al., 2016) 

BBS16 
SDCCAG8 
NPHP10 
SLSN7 

Centrosomal protein SLSN 
(Otto et al., 2010; 
Schaefer et al., 2010) 

BBS17 LZTFL1 
Ciliary exit of the 
BBSome 

 
(Marion et al., 2012; 
Eguether et al., 2014) 

BBS18 
BBIP1 
BBIP10 

Member of the 
BBSome complex 

 
(Loktev et al., 2008; 
Scheidecker et al., 2014) 

BBS19 
IFT27 
RABL4 

Small GTPase; 
Member of the IFT-B 
complex; Participates 
in ciliary exit of the 
BBSome  

 

(Lucker et al., 2005; 
Aldahmesh et al., 2014; 
Eguether et al., 2014; Liew 
et al., 2014) 

BBS20 
IFT74 

CCDC2 
Member of the IFT-B 
complex 

 
(Lucker et al., 2005; 
Lindstrand et al., 2016) 

BBS21 C8ORF37 Unknown RP; CRD 

(Estrada-Cuzcano, 
Neveling, et al., 2012; 
Heon et al., 2016; Khan et 
al., 2016) 
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Table 1. 2: Discrepancies between gene knockdown and knockout models as potential examples of genetic compensation 

This table has been adapted from a review by El-Brolosy and Stainier (2017) and supplemented with further examples of genetic compensation from the literature.  

Model organism Gene Knockdown phenotype Knockout phenotype 
Proposed 

compensating gene 
in knockout model 

Reference(s) 

Arabidopsis ABP1 
Decreased cell expansion and 
division causing retardation of 
leaf growth 

No obvious phenotype Unknown 
(Braun et al., 2008; Chen et 
al., 2014; Gao et al., 2015) 

Yeast Bem1 
Cell polarity defects and 
decreased cell viability 

No obvious defects Unknown (Jost and Weiner, 2015) 

Zebrafish egfl7 Severe vascular defects Minor or absent vascular defects emilin3a (Rossi et al., 2015) 

Mouse/xenopus Fam183b 
Impaired cilia movement in 
tadpoles 

No obvious cilia-related 
phenotypes in mice 

Unknown (Beckers et al., 2018) 

Mouse Parkin 

Reduced mitophagy in mouse 
liver following treatment with 
acetaminophen (a liver-
damaging drug) 

No reduction in mitophagy 
following acetaminophen 
treatment 

Unknown (Williams et al., 2015) 

Mouse Aqp4 
Rearrangement of F-actin 
cytoskeleton and downregulation 
of Cx43 in astrocytes 

No obvious phenotype in 
astrocytes 

Unknown 
(Ma et al., 1997; Manley et al., 
2000; Papadopoulos et al., 
2004; Nicchia et al., 2005) 

Mouse Tet1 
Mouse embryonic stem cells 
(mESCs) lose their 
undifferentiated morphology 

mESCs retain their 
undifferentiated morphology 

Tet2 
(Dawlaty et al., 2011; 
Freudenberg et al., 2012) 

Mouse Sprn 
Embryonic lethality when 
knocked down in Prnp mutant 
mice 

Mice are viable when knocked 
out in Prnp mutants 

Unknown 
(Young et al., 2009; Daude et 
al., 2012) 

Mouse Ppara 
Development of hypoglycaemia 
and hypertriglyceridemia under 
normal feeding conditions 

Absence of hypoglycaemia and 
hypertriglyceridemia under 
normal feeding conditions 

Unknown (De Souza et al., 2006) 
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Model organism Gene Knockdown phenotype Knockout phenotype 
Proposed 

compensating gene 
in knockout model 

Reference(s) 

Mouse Azi1 Decreased ciliogenesis in MEFs 
No obvious phenotype in MEFs; 
ciliogenesis unaffected 

Unknown (Hall et al., 2013) 

Human MELK 
Decreased proliferation in 
several breast cancer cell lines 

No proliferation defects in 
several breast cancer cell lines 

Unknown 

(Lin et al., 2007, 2017; 
Hebbard et al., 2010; Y. Wang 
et al., 2014; Speers et al., 
2016) 

Human 
GOLGB1 
(Giantin) 

Defects in ciliogenesis and cilia 
length control in RPE cells 

No cilia defects in RPE cells RCAN2 (Stevenson et al., 2017, 2018) 
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2 Materials and Methods 

A list of the equations referred to in this chapter can be found on page 127. All tables can be 

found at the end of the chapter (see page 128). Details and citations of all computational tools 

are given in Table 2. 1. 

 

2.1 Bioinformatic study of human and mouse BBS1/Bbs1 gene and BBS1 

protein structures 

Genomic, cDNA, coding (CDS) and protein sequences in FASTA format were all sourced from 

the online Ensembl genome browser and downloaded as text files. Their accession numbers 

are detailed in Table 2. 2.  

2.1.1 Global pairwise alignments 

Global pairwise alignments were performed between human BBS1/BBS1 and mouse 

Bbs1/BBS1 genomic, cDNA, coding and proteins sequences using EMBOSS Needle (online). 

Individual text files containing sequences in FASTA format were uploaded to EMBOSS Needle 

via the online interface and results output in the “pair” format and saved as text files. 

2.1.2 Scale depiction of human BBS1 and mouse Bbs1 gene structures 

Text files containing human BBS1 and mouse Bbs1 genomic and coding sequences in FASTA 

format were uploaded to the online Gene Structure Display Server (GSDS) and the results 

output as a PNG image file.  

2.1.3 Mapping of BBS1 protein domains onto human BBS1 and mouse Bbs1 gene 

structures 

Secondary structures of human and mouse BBS1 proteins were predicted using PSIPRED 

(online). Queries were run independently by pasting protein FASTA sequences into the query 

box of the PSIPRED online interface. Diagrams of aligned coding and protein structures were 

generated manually in Microsoft Powerpoint.  

2.1.4 Location of Bbs1 promoter and transcription factor binding sites 

The mouse Bbs1 gene entry (ENSMUSG00000006464) was viewed within the in-application 

Ensembl genome browser. The settings were configured to show the Bbs1 coding sequence 

(CCDS29442.1) and the Ensembl Regulatory Build (Zerbino et al., 2014, 2015, 2016). 

Transcription factor binding sites were located within the online Gene Transcription Regulation 

Database (GTRD). An advanced search was performed for gene symbol “Bbs1” within the 

organism “Mus musculus” with maximum gene distance “1000”, to find all transcription factor 

binding sites within 1 kb of the mouse Bbs1 gene. The following search parameters were also 

used: transcription factor “any”; data set “meta clusters”; output type “open in genome browser”. 

The results opened within a genome browser, in which the zoom settings were manually 

adjusted to view the translation start site of the Bbs1 gene and surrounding transcription factor 

binding sites. 



96 

2.1.5 Identification of potential alternative translation initiation codons 

The mouse Bbs1 coding sequence (CCDS29442) was imported into Benchling biology 

software. All in-frame codons encoding a methionine residue (ATG) were identified. The 

position of the A of each codon within the 1792 bp CDS and the position of the Met residue 

within the 593 aa protein sequence were manually extracted by manipulation of the sequences 

in Benchling. Translations of the proteins arising from each alternative start codon (without the 

termination codon, “ * ”) were copied and pasted into the online Protein Molecular Weight 

calculator, which output protein length and molecular weight (in kDa). 

2.2 Routine cell culture procedures 

The following methodologies were used for multiple purposes and are referred to throughout 

this chapter. Variations and further details are noted in experiment-specific methods. Cell 

culture work was carried out in a class II biological safety cabinet using aseptic technique. All 

cell lines were confirmed to be mycoplasma-free before experimental use. 

2.2.1 Subculture of IMCD3 cells 

Mouse IMCD3 cells (mIMCD-3, ATCC CRL-2123) were cultured in DMEM/F12 medium 

(Thermo Fisher Scientific) + 10 % foetal bovine serum (FBS) (“complete media”), at 37 °C in 

95 % air and 5 % CO2. 

All reagents were warmed to 37 °C prior to use. For routine subculture of cells in T75 flasks, 

monolayers were washed in 5 ml phosphate-buffered saline (PBS). Cells were detached by 

incubation with 3 ml 0.25 % (w/v) trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA) at 

37 °C for up to 20 min. Cells were dispersed in 6 ml medium and pelleted by centrifugation at 

200 x g for 5 min. Trypsin-containing medium was aspirated and cells resuspended in complete 

medium. Cells were split in a 1:10 ratio by placing 10 % of the cell suspension into a new T75 

flask containing 12 ml complete media. Unless otherwise stated, reagent volumes were scaled 

for subculture in vessels of varying sizes, as per Table 2. 3. 

2.2.2 Cell counting 

If using trypan blue to mark dead cells, 10 µl cell suspension was mixed with 10 µl trypan blue in 

a microcentrifuge tube. 10 µl cell suspension (with or without trypan blue) was placed into the 

well of a disposable C-chip Neubauer improved haemocytometer (NanoEnTek). The mean 

number of cells in the four corner 1 x 1 mm squares was determined. Cell concentration 

(cells/ml) was calculated as this number multiplies by a dilution factor (if any) multiplied by 104, 

as shown in Equation 2. 1. If trypan blue was used, the dilution factor was 2. 

2.2.3 Freezing of IMCD3 cells 

Cells of a ~70 % confluent T75 flask were detached and pelleted by centrifugation at 200 x g for 

5 min, as described above. Trypsin-containing media were aspirated, and cells resuspended in 

6 ml complete medium + 5 % dimethyl sulphoxide (DMSO). 1 ml cell suspension was placed 

into 2 ml cryovial(s) and cryovial(s) placed within a room-temperature Mr Frosty freezing 

container (Thermo Scientific) containing 100 % isopropanol. The Mr Frosty freezing container 
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was stored at -80 °C for 4-24 h, after which cryovials were transferred to vapour phase of liquid 

nitrogen for long term storage. 

2.2.4 Thawing of IMCD3 cells 

5 ml complete medium was placed in a T25 flask and placed in an incubator at 37°C/ 5% CO2. 

One flask was prepared for each cryovial of cells to be thawed. Cryovials were removed from 

liquid nitrogen and transferred to the tissue culture laboratory on dry ice. Cryovials were placed 

in a floating tube holder in a 37°C water bath until thawed. 1 ml thawed cell suspension was 

immediately transferred to a prepared T25 flask and returned to the incubator. ~16 h later, once 

cells had adhered to the flask, medium (containing DMSO) was removed and replaced with 5 ml 

complete media. 

2.3 Routine molecular biology procedures 

The following methodologies were used for multiple purposes and are referred to throughout 

this chapter. Variations and further details are noted in experiment-specific methods. 

2.3.1 Transformation of competent cells 

50 µl competent cells were thawed on ice. 1-5 µl plasmid DNA was added to competent cells. 

The tube was mixed by gentle flicking and incubated on ice for 30 min. Cells were heat-shocked 

at exactly 42 °C for 45 s and immediately returned to ice for 2 min. 450 µl room temperature 

super optimal broth with catabolite repression (SOC) medium was added and the cells were 

incubated for 1 h at 37 °C with shaking. 100-500 µl transformation mixture was plated onto Luria 

broth (LB)-agar containing 100 µg/ml ampicillin (“LB-agar/Amp”) or 50 µg/ml kanamycin (“LB-

agar/Kan”). For blue/white colony screening, LB-agar also contained 1 mM isopropyl-β-D-

thiogalactoside (IPTG) + 20 mg/ml X-gal (“LB-agar/IPTG/X-gal”). Plates were incubated at 37 °C 

for 16 h, after which plates were examined for bacterial growth. Volume of plasmid DNA used, 

volume of transformation mixture plated, and antibiotic used for selection varied between 

experiments and are specified for each application. 

2.3.2 Purification of plasmid DNA 

Colonies grown on LB-agar plates were picked for culture. If blue/white colony screening had 

been used, white colonies were picked. 5 ml LB broth containing 100 µg/ml ampicillin (“LB-

Amp”) or 50 µg/ml kanamycin (“LB-Kan”) was inoculated with a single colony and cultured for 

16 h at 37 °C with 225 RPM shaking. The antibiotic used varied according to the antibiotic 

resistance gene encoded on the plasmid to be purified and is specified for each experiment. 

Plasmid DNA was isolated from cultures and purified by QIAprep Spin Miniprep Kit (QIAGEN). 

The kit contained QIAprep 2.0 spin columns, LyseBlue reagent, RNase A solution, buffers P1, 

P2, N3, PB and PE. LyseBlue reagent was added to buffer P1 at a ratio of 1:1000. RNase A 

was added to buffer P1 to a final concentration of 100 µg/ml. A volume of 100 % ethanol – 

specified on the label of the buffer bottle – was added to buffer PE. All centrifugation steps were 

carried out at 13,000 rpm in a table-top microcentrifuge. 5 ml bacterial cultures were pelleted by 

centrifugation and the supernatant discarded. Pellets were resuspended in 250 µl buffer P1 and 
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transferred to 1.5 ml microcentrifuge tubes. 250 µl buffer P2 was added to lyse cells and mixed 

thoroughly by inverting the tube multiple times. The reaction turned blue to indicate successful 

lysis. Care was taken not to allow the lysis reaction to proceed for longer than 5 min. The 

reaction was neutralised by addition of 350 µl buffer N3. Tubes were inverted several times to 

facilitate thorough mixing and then centrifuged for 10 min. 800 µl supernatant was applied to 

QIAprep 2.0 spin columns and centrifuged for 30 s. Flow-through was discarded. Columns were 

washed with 500 µl buffer PB and spun for 30 s. Flow-through was discarded. Columns were 

washed with 750 µl buffer PE and spun for 30 s. Flow-through was discarded. Columns were 

centrifuged for a further 1 min and then transferred to a clean 1.5 ml microcentrifuge tube. DNA 

was eluted by incubating the columns with 50-100 µl ddH2O for 1 min at room temperature and 

then centrifuging for 1 min. A 260/280 ratio of 1.8 and a 260/230 ratio of 1.8-2.2 were accepted 

as pure for DNA. 

2.3.3 Extraction of genomic DNA from IMCD3 cells 

Up to 5 x 106 cells were pelleted by centrifugation at 300 x g for 5 min and the supernatant 

discarded. Genomic DNA (gDNA) was extracted from cells with the DNeasy Blood and Tissue 

kit (QIAGEN). The kit contained proteinase K, DNeasy Mini spin columns, collection tubes, 

buffers AL, AW1 and AW2. A volume of 100 % ethanol – specified on the label of each buffer 

bottle – was added to buffers AW1 and AW2. Cell pellets were resuspended in 200 µl PBS. 

20 µl proteinase K was added. 200 µl buffer AL was added, samples vortexed and incubated at 

56 °C for 10 min. 200 µl 100 % ethanol was added and samples vortexed. Samples were 

applied to DNeasy Mini spin columns attached to collection tubes and centrifuged at 6,000 x g 

for 1 min. Flow-through was discarded and collection tubes replaced. 500 µl buffer AW1 was 

added and columns centrifuged at 6,000 x g for 1 min. Flow-through was discarded and 

collection tubes replaced. 500 µl buffer AW2 was added and columns centrifuged at 20,000 x g 

for 3 min. Flow-through and collection tubes were discarded. Columns were transferred to clean 

1.5 ml microcentrifuge tubes. DNA was eluted by incubating columns with 50-100 µl ddH2O and 

centrifuging at 6,000 x g for 1 min. DNA concentration and purity were assayed by NanoDrop 

1000 (Thermo Fisher Scientific). A 260/280 ratio of 1.8 and a 260/230 ratio of 1.8-2.2 were 

accepted as pure for DNA. 

2.3.4 Primer design 

All primers were designed using Benchling software. gDNA or cDNA template sequences from 

the mouse mm10 genome assembly were imported into Benchling from the Ensembl genome 

browser, using the “import DNA sequences” feature. Plasmid sequences were imported into 

Benchling by pasting the plasmid sequence into a new DNA sequence file and using the “Auto 

annotate” feature to add annotations. Primers were designed using the “primer wizard” feature, 

which is powered by Primer3plus (Untergasser et al., 2007, 2012). 

Primers sequences as well as the expected product size, annealing temperature and extension 

time used for each pair of primers are detailed in the methods of relevant applications. 
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2.3.5 Polymerase chain reaction (PCR) 

PCR primers were designed as described above. PCR was performed using Pwo polymerase or 

Taq polymerase. Each primer was diluted to 10 µM in ddH2O before use. The mass of starting 

template DNA varied depending on the application, and details of this are specified for each 

experiment. Annealing temperatures and extension times varied depending on the primers in 

use. Details of both are noted in the methods of the relevant applications. Generally, an 

extension time of 1 min per kb of expected product was used. 

Pwo PCR was performed in a 20 µl reaction containing template DNA, 10 µl 2X Pwo Master 

(Sigma-Aldrich), 1 µl each 10 µM primer and ddH2O to a total volume of 20 µl. Thermocycling 

was performed in a PTC-225 DNA Engine Tetrad thermal cycler (MJ Research). An initial 

denaturation for 2 min at 94 °C was performed, followed by 35 cycles of denaturation for 30 s at 

94 °C, annealing for 30 s at a temperature specified for the primer pair in use and extension at 

72 °C for a duration specified for the primer pair in use. A final elongation for 5 min at 72 °C was 

used. 

Taq PCR was performed in 25 µl volumes containing DNA template, 12.5 µl Taq 2X Master mix 

(NEB), 0.5 µl each 10 µM primer and ddH2O to a volume of 25 µl. An initial denaturation for 5 

min at 95 °C was performed, followed by 35 cycles of denaturation for 30 s at 95 °C, annealing 

for 30 s at a temperature specified for the primer pair in use and extension at 68 °C for a 

duration specified for the primer pair in use. A final elongation for 5 min at 68 °C was used. 

2.3.5.1 Agarose gel electrophoresis 

PCR reactions were mixed with 6X gel loading dye (NEB), to give a final gel loading dye 

concentration of 1X. PCR products were resolved by electrophoresis in an agarose gel 

containing 0.5 µg/ml ethidium bromide. Gels were run in 1X UltraPure Tris-acetate-EDTA (TAE) 

buffer (Invitrogen). Samples were run alongside a 50 bp, 100 bp, 1 kb or 2-log DNA ladder (all 

from NEB). Amplicons were viewed and imaged with a MultiDoc-It benchtop UV transilluminator 

imaging system (UVP). 

2.3.5.2 Gel purification of PCR products 

Gel bands were excised on a UV transilluminator and placed in 1.5 ml microcentrifuge tubes. 

Care was taken to minimise exposure of DNA to UV irradiation. Each gel slice was weighed. 

DNA was extracted using the Monarch DNA Gel Extraction kit (NEB). The kit contained gel 

dissolving buffer, purification columns, collection tubes and DNA wash buffer. 100 ml of 100 % 

ethanol was added to the bottle of 25 ml DNA wash buffer before use. All centrifugation steps 

were performed at 16,000 x g. 400 µl gel dissolving buffer was added for every 100 mg agarose 

gel. Gel slices were incubated at 50 °C for 10 min, until the gel was completely dissolved. 

Samples were loaded into purification columns attached to collection tubes and spun for 1 min. 

Flow-through was discarded. Columns were washed twice by addition of 200 µl DNA wash 

buffer and centrifugation for 1 min. Flow-through was discarded after the second wash. 

Columns were transferred to clean 1.5 ml microcentrifuge tubes, ensuring the bottoms of 

columns did not come into contact with flow-through. DNA was eluted by incubating columns 

with 6-20 µl ddH2O for 1 min and then spinning for 1 min. 
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DNA concentration and purity were assayed by NanoDrop 1000 (Thermo Fisher Scientific). A 

260/280 ratio of 1.8 and a 260/230 ratio of 1.8-2.2 were accepted as pure for DNA. 

2.3.5.3 Column purification of PCR products 

PCR products were purified by Monarch PCR and DNA Cleanup kit (NEB). The kit contained 

DNA cleanup binding buffer, purification columns, collection tubes and DNA wash buffer. 100 ml 

of 100 % ethanol was added to the bottle of 25 ml DNA wash buffer before use. All 

centrifugation steps were performed at 16,000 x g. Each PCR reaction was diluted 1:5 in DNA 

cleanup binding buffer and mixed well by pipetting up and down. Samples were transferred to a 

purification column and spun for 1 min. The flow-through was discarded. Columns were washed 

twice by addition of 200 µl DNA wash buffer and centrifugation for 1 min. Flow-through was 

discarded after the second wash. Columns were transferred to clean 1.5 ml microcentrifuge 

tubes, ensuring the bottoms of columns did not come into contact with flow-through. DNA was 

eluted by incubating columns with 6-20 µl ddH2O for 1 min and then spinning for 1 min. 

DNA concentration and purity were assayed by NanoDrop 1000 (Thermo Fisher Scientific). A 

260/280 ratio of 1.8 and a 260/230 ratio of 1.8-2.2 were accepted as pure for DNA. 

2.3.5.4 Cloning amplicons in the pGEM-T Easy vector for sequencing 

PCR reactions were performed with Taq polymerase to generate amplicons with poly-A 

overhangs. PCR products were gel purified or column purified, as described above. Purified 

amplicons were ligated with 50 ng pGEM-T Easy (Promega) in a 10 µl reaction containing 1 µl 

T4 DNA ligase (3 U/µl) in 1X Rapid Ligation Buffer (Promega) and ddH2O to a final volume of 

10 µl. Ligations were performed at 4 °C for 16 h. JM109 competent cells (Promega) were 

transformed with 1-3 µl ligation mixture and 100 µl transformation mixture plated onto LB-

agar/Amp/IPTG/X-gal plates. Routinely, 10 white transformants were picked and cultured in LB-

Amp. pGEM-T Easy plasmid DNA was purified by MiniPrep and sequenced with primers 

T7F_seq and/or SP6_seq. Details of sequencing primers can be found in Table 2. 4. A plasmid 

map of pGEM-T Easy is presented in Appendix 9.1.1. 

2.3.6 Sanger sequencing 

Sanger sequencing was performed by Eurofins Genomics (Ebersberg, Germany) or Source 

BioScience (Nottingham, United Kingdom). Sequences of primers used exclusively for 

sequencing are listed in Table 2. 4. In some cases, PCR primers were used for sequencing and 

this is indicated in the methods of the relevant procedure. Chromatogram AB1 files were aligned 

to a reference sequence in Benchling online biology software, using the “Sequence alignments” 

feature. Chromatograms were inspected visually. 

2.3.7 Quantitative PCR (qPCR) 

All RNA work was performed using sterile, RNase-free tubes and pipette tips. Gloves, surfaces 

and equipment were wiped with RNAse ZAP decontamination solution (Thermo Fisher 

Scientific) prior to handling RNA. 



101 

2.3.7.1 RNA extraction from IMCD3 cells 

Cells were seeded in a 6-well plate to achieve confluence after 24 h. 24 h post-seeding, cells 

were washed three times in PBS. Cells were lysed at room temperature with 1 ml/well QIAzol 

lysis reagent (QIAGEN) and homogenised by pipetting up and down. Lysates were incubated at 

room temperature for 5 min and transferred to 1.5 ml microcentrifuge tubes. 0.2 ml chloroform 

was added. Tubes were securely capped and incubated at room temperature for 3 min. 

Samples were centrifuged at 12,000 x g at 4 °C for 15 min. The aqueous phase of each sample 

(containing RNA) was transferred to a new tube; careful pipetting ensured the interphase and 

organic phase were not transferred. 0.5 ml isopropanol was added to each aqueous phase and 

incubated for 10 min at room temperature. Samples were centrifuged at 12,000 x g at 4 °C for 

10 min. Supernatants were discarded, ensuring RNA precipitates was not disturbed. RNA 

pellets were resuspended in 1 ml 75 % ethanol and vortexed briefly. Samples were centrifuged 

at 7,500 x g at 4 °C for 5 min. Supernatants were discarded and RNA pellets air-dried for 5-10 

min. RNA pellets were resuspended in 20-50 µl RNase-free H2O and the RNA solubilised by 

heating tubes to 55 °C in a heat block for 10-15 min. RNA concentration and purity were 

assayed by NanoDrop 1000 (Thermo Fisher Scientific). A 260/280 ratio of 2.0 and a 260/230 

ratio of 1.8-2.2 were accepted as pure for RNA. 

2.3.7.2 gDNA elimination and cDNA synthesis 

First-strand cDNA synthesis was performed with 800 ng total RNA using the RT2 First Strand kit 

(QIAGEN). The kit contained buffer GE, 5X buffer BC3, RE3 reverse transcriptase mix and 

RNase-free H2O. A gDNA elimination mix was prepared for each sample, containing 800 ng 

RNA, 2 µl buffer GE and RNase-free H2O to a volume of 10 µl. The mixture was incubated at 

42 °C for 5 min and then placed immediately on ice for 1 min. To each reaction, a mixture 

containing 4 µl 5X buffer BC3, 2 µl RE3 reverse transcriptase mix and 4 µl RNase-free H2O was 

added. Samples were incubated at 42 °C for 15 min and the reactions stopped by heating at 

95 °C for 5 min. 91 µl RNase-free H2O was then added to each reaction. Samples were kept on 

ice for immediate downstream use or stored at -20 °C. 

2.3.7.3 qPCR and RT-qPCR primer validation 

Primers were designed to amplify products of 85-150 bp. For RT-qPCR, primers were designed 

to span at least one exon-exon junction where possible. For qPCR quantification of Bbs1 copy 

number, reference genes were selected on the basis that they were not present on the same 

chromosome as the mouse Bbs1 gene (chromosome 19). Primers against Bbs1 DNA or cDNA 

were designed to anneal away from CRISPR mutation sites. Primers were validated before use. 

RT-qPCR and genomic qPCR primers which passed validation and were used experimentally 

are shown in Table 2. 5. Primers which failed validation are displayed in Appendix 9.2.1. 

Primers were validated using WT cDNA or gDNA template, for RT-qPCR and qPCR, 

respectively. Primer annealing temperatures (Ta) were optimised using a temperature gradient. 

A range of annealing temperatures, above and below the calculated primer melting temperature 

(Tm), was tested. The optimal Ta for a primer pair was identified as that which produced the 

lowest quantification cycle (Cq) value. A standard curve was produced for each primer pair, 

using two- or ten-fold serial dilutions of gDNA or cDNA template. Standard curves are shown in 
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Appendix 9.2.2, Appendix 9.2.3 and Appendix 9.2.4. Amplification efficiency (E) was 

calculated from the slope of each standard curve, using Equation 2. 2 for curves made with ten-

fold dilutions of template, or Equation 2. 3 for curves made with two-fold dilutions of template. 

Percentage efficiency was calculated using Equation 2. 4. The coefficient of determination (R2) 

was also calculated for each standard curve using Prism (GraphPad Software). These values 

are given in Appendix 9.2.5. An efficiency of 90-105 % and R2<0.980 were deemed 

acceptable. Melt curves were checked to ensure a single product was generated from each 

primer pair (indicated by a single melt peak), and to exclude the event of primer-dimers 

artificially inflating Cq values. In instances when multiple pairs of reference gene primers had 

acceptable efficiency and R2 values, the geNorm v3 algorithm for Microsoft Excel 

(Vandesompele et al., 2002; Mestdagh et al., 2009) was used to identify the most stably 

expressed reference gene across all experimental samples. geNorm output the average 

expression stability value (M) for reference gene primers.  A gene was considered to be stably 

expressed across samples if M < 1.5. The reference gene primer pair with the lowest M-value 

was selected for normalisation of target gene expression. geNorm M-values can be found in 

Appendix 9.2.5. 

2.3.7.4 RT-qPCR and qPCR reactions 

gDNA or cDNA template was amplified in triplicate 10 µl iQ SYBR Green Supermix (Bio-Rad) 

reactions with 10 µM primers (see Table 2. 5). 10 ng gDNA template (Fernandez-Jimenez et al., 

2011) or 0.5 µl cDNA template was used per 10 µl (RT-)qPCR reaction. (RT-)qPCR was 

performed using a Bio-Rad CFX Connect Real-Time PCR Detection System or a Bio-Rad 

C1000 Touch Thermal Cycler running CFX Manager software (Bio-Rad). The following 

thermocycling program was used: initial denaturation at 95 °C for 5 min; 40 cycles of 95 °C for 

10 s, 60 °C for 30 s, plate read SYBR fluorophore; melt curve analysis using 95 °C for 10 s, 

65 °C for 5 s, increasing to 95 °C at +0.1 °C/s, plate read SYBR fluorophore. 

Melt curve analysis was checked to ensure only a single amplicon was amplified. Cq values 

were exported into Microsoft Excel. The mean Cq of triplicate reactions was calculated and used 

to determine relative gene expression. 

Target gene expression in each test sample was calculated relative to that of a WT calibrator 

sample after normalisation to an endogenous reference gene (Gapdh for genomic qPCR or Hprt 

for RT-qPCR). This was achieved using the “Pfaffl method” (Pfaffl, 2001), shown in Equation 2. 

5, to account for differences in target and reference gene primer amplification efficiencies. 

Amplification efficiencies (E) are given in Appendix 9.2.5. Calculations were performed in 

Microsoft Excel. Relative gene expression ratios derived by genomic qPCR were multiplied by 2 

to give relative Bbs1 gene copy number. The mean relative gene expression ratio (fold-change) 

± SEM of three independent biological replicates was determined. 

2.3.8 RT-PCR and sequencing of Bbs1 transcripts 

2.3.8.1 Preparation of cDNA template 

cDNA was synthesised using the Omniscript RT kit (QIAGEN), as use of the RT2 First Strand kit 

(QIAGEN) was found to inhibit subsequent Taq PCR reactions. Unlike the RT2 First Strand kit, 
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the Omniscript RT kit did not contain a gDNA elimination step. RNA samples, isolated as 

described for RT-qPCR, were therefore DNase I-treated using the Monarch RNA Miniprep kit 

(NEB). The kit contained RNA lysis buffer, RNA purification columns, collection tubes, RNA 

wash buffer, DNase I, DNase I reaction buffer and RNA priming buffer. All centrifugation steps 

were performed at 16,000 x g. 100 µl RNA lysis buffer was added to each 50 µl RNA sample 

and mixed thoroughly. 150 µl 100 % ethanol was added to each sample and mixed thoroughly. 

Samples were transferred to RNA purification columns fitted with collection tubes and spun for 

30 s. 500 µl RNA wash buffer was added and columns spun for 30 s. Flow-through was 

discarded. On-column DNase I treatment was performed to eliminate gDNA, as follows. 

Columns were washed with 500 µl RNA wash buffer and spun for 30 s. Flow-through was 

discarded. In a separate 1.5 ml microcentrifuge tube, 5 µl DNase I was mixed with 75 µl 

DNase I reaction buffer and added directly to the RNA purification column. Samples were 

incubated for 15 min at room temperature. 500 µl RNA priming buffer was added to columns 

and columns were spun for 30 s. Flow-through was discarded. 500 µl RNA wash buffer was 

added, columns spun for 30 s and flow-through discarded. 500 µl RNA wash buffer was added 

again and columns spun for 2 min. The column was transferred to a clean 1.5 ml 

microcentrifuge tube, avoiding contact with the flow-through in the collection tube. RNA was 

eluted in 50 µl RNase-free H2O. RNA concentration and purity were assayed by NanoDrop 1000 

(Thermo Fisher Scientific). A 260/280 ratio of 2.0 and a 260/230 ratio of 1.8-2.2 were accepted 

as pure for RNA. 

First-strand cDNA synthesis was performed with using the Omniscript RT kit (QIAGEN). The kit 

contained 10X buffer RT, dNTP mix (5 mM each dNTP) and Omniscript reverse transcriptase 

enzyme. For each sample, a reaction was set up containing 600 ng RNA, 2 µl buffer RT, 2 µl 

dNTP mix, 10 U RNasin ribonuclease inhibitors (Promega), 0.5 µg random primers (Promega), 

1 µl Omniscript reverse transcriptase and RNase-free H2O to a total volume of 20 µl. Reactions 

were incubated at 37 °C for 1 h. 

2.3.8.2 RT-PCR amplification and Sanger sequencing of Bbs1 transcripts 

Primers were designed to amplify exons 1-11 or exons 11-15 of the mouse Bbs1 cDNA 

sequence. Details of primers used to amplify exons 1-11 (Bbs1_ex1-11_RT_F and 

Bbs1_ex1-11_RT_R) and exons 11-15 (Bbs1_ex11-15_RT_F and Bbs1_ex11-15_RT_R) are 

shown in Table 2. 6. RT-PCR was performed as described above for PCR with Taq polymerase 

(see above). 1.0 µl cDNA template was used in each reaction. A template-free negative control 

was performed in parallel, which contained 1.0 µl ddH2O instead of cDNA. RT-PCR products 

were cloned in pGEM-T Easy (Promega) prior to Sanger sequencing.  

2.3.8.3 RT-PCR validation of identified splice variants 

Primers were designed to amplify portions of three splice variants: a Bbs1 X1-like variant 

(Bbs1_X1_F and Bbs1_X1_R), an exon 8-skipping variant (Bbs1_ex8-skip_F and 

Bbs1_ex8-skip_R) and an exon 13-skipping variant (Bbs1_ex13-skip_F and 

Bbs1_ex13-skip_R). Primers were designed against the cDNA template of each splice variant 

and were designed to span at least one exon-exon junction where possible. Details of primers 

can be found in Table 2. 6. RT-PCR was performed with Taq polymerase. 1.0 µl cDNA template 
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was used in each reaction. A template-free negative control was performed in parallel, which 

contained 1.0 µl ddH2O instead of cDNA. RT-PCR product sizes were inspected after 

separation by agarose gel electrophoresis. 

2.3.9 (Traditional) Western blotting for BBS1 protein 

2.3.9.1 Total protein extraction 

Chilled 1X radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) + 1X Halt protease 

and phosphatase inhibitor cocktail (Thermo Fisher Scientific) was prepared as a lysis buffer. On 

ice, cells were washed twice with ice-cold PBS. Cells were incubated with ice-cold lysis buffer 

for 5 min. Cells were agitated with a cell scraper, homogenised by gentle pipetting and 

transferred to chilled 1.5 ml microcentrifuge tubes on ice. Samples were incubated on ice for 

30 min, during which they were periodically vortexed. Tubes were centrifuged for at 14,000 x g 

at 4 °C for 15 min or 20,000 x g for 5 min. Supernatants were transferred to clean 1.5 ml 

microcentrifuge tubes on ice, using care not to disturb the DNA pellet. Total protein was 

quantified by bicinchoninic acid (BCA) protein assay (see below). Samples were diluted in lysis 

buffer, aliquoted and snap-frozen on dry ice for storage at -80 °C. 

2.3.9.2 Quantification of total protein by BCA protein assay 

Total protein was quantified in a 96-well plate using the Pierce BCA protein assay kit (Thermo 

Fisher Scientific). The kit contained albumin standard ampules, BCA reagent A and BCA 

reagent B. The contents of one albumin standard ampule was diluted in lysis buffer to nine 

concentrations (0, 25, 125, 250, 500, 750, 1000, 1500 and 2000 µg/ml). The 0 µg/ml standard 

constituted the “blank” standard. Reagents were prepared for triplicate wells of each albumin 

standard and duplicate wells of each total protein sample of unknown concentration (“unknown” 

samples). 200 µl/well BCA working reagent was prepared by mixing volumes of BCA reagent A 

and BCA reagent B in a 50:1 ratio. 25 µl/well standard or unknown was added to a 96-well 

plate. 200 µl/well BCA working reagent was added and mixed thoroughly. The plate was sealed, 

incubated at 37 °C for 30 min, then cooled to room temperature. The absorbance of each well at 

562 nm was measured on a plate reader. The mean absorbance of replicate wells was 

calculated. Blank correction was performed by subtraction of the mean blank absorbance from 

the mean of each standard or unknown. A standard curve was constructed by plotting the blank-

corrected absorbance of each standard against its known concentration. Concentrations of 

unknown samples were interpolated from the standard curve. 

2.3.9.3 Buffer preparation 

Western blot running and transfer buffers were prepared as follows. 10 % (w/v) sodium dodecyl 

sulphate (SDS) solution was prepared by dissolving 10 g SDS in dH2O to a final volume of 

100 ml. 1 L running buffer was prepared by mixing 100 ml 10X Tris-glycine, 890 ml dH2O and 

10 ml 10 % SDS solution. 1 L transfer buffer was prepared by mixing 100 ml 10X Tris-glycine, 

200 ml methanol and 700 ml dH2O. Transfer buffer was chilled to 4 °C before use. 

2.3.9.4 Western blotting 

Total protein was mixed in a 1:1 ratio with 2X Laemmli buffer (Bio-Rad) + 5 % 

β-mercaptoethanol, vortexed, heated at 100 °C for 5 min and vortexed again. 400 µg/well total 
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protein or 10 µl/well Precision Plus Protein Kaleidoscope Prestained Protein Standard (Bio-Rad) 

was loaded into 2X Mini-PROTEAN TGX 12-well 4-20 % pre-cast gels (Bio-Rad) and resolved 

at 120 V for 2 h in running buffer. Protein was transferred to nitrocellulose membranes by wet 

transfer in pre-chilled running buffer. Wet transfer was performed on ice for 1 h at 300 mA. 

Membranes were blocked in a filtered blocking buffer of TBS + 5 % skim milk (Sigma-Aldrich) + 

3 % BSA (Sigma-Aldrich) + 0.1 % Tween 20 (Sigma-Aldrich) for 3 h at room temperature with 

gentle agitation. Membranes were incubated with primary antibodies diluted in blocking buffer 

for 16 h at 4 °C: Rabbit monoclonal anti-BBS1, 1:400 (ab166613, Abcam); Mouse monoclonal 

anti-GAPDH, 1:1000 (G8796, Sigma-Aldrich). Membranes were washed three times for 10 min 

in TBS + 0.1 % Tween 20 (TBST), with gentle agitation. Membranes were incubated with 

secondary antibodies diluted in blocking buffer for 1 h at room temperature: Goat anti-rabbit 

IgG-HRP conjugate, 1:5000 (5196-2504, Bio-Rad); Goat anti-mouse IgG-HRP conjugate, 

1:5000 (170-6516, Bio-Rad). Membranes were washed three times for 10 min in TBST, with 

gentle agitation. Membranes were probed with Pierce ECL Western blotting substrate (Thermo 

Fisher Scientific) and exposed to X-ray film in a dark room. Developed films were placed on top 

of membranes and annotated with molecular weight markers of the protein standard by hand. 

2.4 CRISPR/Cas9 gene editing 

2.4.1 sgRNA design 

sgRNAs were designed using the MIT CRISPR design tool (online). The DNA sequence of the 

chosen exon (and if necessary, flanking introns) of the mouse Bbs1 gene 

(ENSMUSG00000006464) was pasted into the search box of the online interface. An sgRNA 

with an MIT specificity score of as close to 100 as possible and without predicted off-target sites 

in genes was selected. sgRNA sequences are presented in Table 2. 7. 

The 20 nt sgRNA sequence (without the PAM) was taken. If its first nucleotide was not a “G”, 

then a “G” was added at the 5’ end; this sequence formed the foundation of “Oligo 1”. Its 

reverse complement was found (including the extra 5’ “G”, if added); this sequenced formed the 

foundation of “Oligo 2”. To the 5’ end of Oligo 1, nucleotides “CACC” were inserted to complete 

its design. To the 5’ end of Oligo 2, nucleotides “AAAC” were inserted to complete its design. 

Oligo 1 and Oligo 2 were ordered as 5’-phosphorylated oligonucleotides. Table 2. 7 details the 

sequences of oligonucleotide pairs that were ordered for each sgRNA. 

2.4.2 Generation of MIT and CFD scores using CRISPOR 

After the MIT CRISPR design tool was retired, the CRISPOR sgRNA design tool was instead 

used to generate MIT specificity, CFD specificity and CFD on-target efficiency scores for the 

sgRNAs that were designed. For each sgRNA, a new search job was submitted via the online 

interface, by inputting the sgRNA and PAM sequence and selecting the mouse reference 

genome (GrCm38/mm10) and “-NGG” PAM option. Within the table of results, the sgRNA 

sequence was checked and the three scores (“MIT specificity”, “CFD specificity” and “predicted 

efficiency, Doench ‘16”, respectively) were noted. 
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2.4.3 Design of HDR template for p.M390R knock-in 

A repair template was designed in Benchling (online software) using the “CRISPR” feature. The 

repair template incorporated two point mutations: c.1169T>G, for p.M390R, and c.1161C>A, a 

silent PAM site mutation. It had 59 nt homology arms centred on the c.1169T>G mutation. The 

HDR template was ordered as a single-stranded oligodeoxynucleotide (ssODN) with sequence 

5’-GGATGCAGTAACCAGCCTGTGCTTTGGCCGATACGGGCGAGAAGACAACACACTCATC 

AGGACTACTAGAGGTGAGGACTCAGATCTGGGGAGCACAGTGGAACTGGAGTGAGGGAG

AT-3’. 

2.4.4 Cloning of sgRNA in CRISPR vector 

sgRNAs were ordered as pairs of 5’-phosphorylated oligonucleotides (see Table 2. 7). Each 

oligo was diluted to 100 µM in ddH2O. 1 µl Oligo 1 (100 µM), 1 µl Oligo 2 (100 µM) and 8 µl 

ddH2O were mixed and annealed in a thermocycler using the following program: 37 °C, 30 min; 

95 °C, 5 min; ramp down to 25 °C at -5 °C/min. Afterwards, annealed oligonucleotides were 

diluted 1:200 in ddH2O. 

100 ng circular plasmid pX330-U6-Chimeric_BB-CBh-hSpCas9 (“pX330”; #42230, Addgene) 

was digested with 4.0 µl BbsI restriction enzyme (5000 U/ml; NEB) in a 50 µl reaction with 1X 

NEBuffer 2.1 (NEB), for 1 h at 37 °C. 

Annealed sgRNA oligonucleotides were ligated in linearised pX330, to make a CRISPR vector 

(“pX330-sgRNA”). Ligations were carried out in 10 µl reactions in 1X T4 DNA ligase buffer 

(NEB), using 50 ng linear pX330, 1 µl annealed oligonucleotides (diluted 1:200) and 1 µl T4 

DNA ligase (NEB), and were incubated at 4 °C for 16 h. A map of plasmid pX330-sgRNA is 

given in Appendix 9.1.2. 

Competent JM109 Escherichia coli (Promega) were transformed with 5 µl ligation reaction and 

100 µl transformation mixture plated onto LB-agar/Amp plates. CRISPR plasmids were isolated 

from bacteria cultured in LB-Amp by QIAprep Spin Miniprep Kit (QIAGEN). Correct sgRNA 

insertion was confirmed by Sanger sequencing with primer pX330_seq (see Table 2. 4). 

2.4.5 Transfection of IMCD3 cells with CRISPR vector to generate Bbs1-/- clones 

Bbs1-/- clones were generated with sgRNAs -1, -8 and -12, using plasmids pX330-sgRNA-1, 

pX330-sgRNA-8 and pX330-sgRNA-12, respectively. In one well of a 6-well plate, 40-60 % 

confluent IMCD3 cells were co-transfected with pX330-sgRNA and pAcGFP1-C1 (632470, 

Clontech), a green fluorescent protein (GFP) expression vector, as follows. In a sterile 

microcentrifuge tube, 8.5 µl Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific) 

was mixed with 150 µl Opti-MEM reduced serum media (Thermo Fisher Scientific) and 

incubated for 5 min at room temperature. In a separate sterile microcentrifuge tube plasmid 

DNA was prepared by mixing 1.2 µg pX330-sgRNA, 1.2 µg pAcGFP1-C1 and 150 µl Opti-MEM 

media. The entire volume of plasmid mixture was transferred to the tube of Lipofectamine, 

mixed well by pipetting and incubated at room temperature for 30 min. 300 µl/well transfection 

mixture was added to plated cells in a dropwise manner. Cells were returned to the incubator. 

16-24 h post-transfection, cells were checked for GFP expression under a widefield 

fluorescence microscope. A map of plasmid pAcGFP1-C1 is presented in Appendix 9.1.3. 
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2.4.6 Transfection of IMCD3 cells to knock-in p.M390R mutation 

Plasmid pX330-sgRNA-M390R and an HDR template were used to knock-in the p.M390R 

mutation. The HDR template was ordered as an ssODN (see above). The ssODN was 

resuspended in ddH2O to a concentration of 10 µM. The transfection methods described for 

generation of Bbs1-/- clones were modified to incorporate 1 µl ssODN (10 µM) with 1.2 µg 

pX330-sgRNA, 1.2 µg pAcGFP1-C1 and 150 µl Opti-MEM media (Thermo Fisher Scientific). 

2.4.7 Group sorting by fluorescence activated cell sorting (FACS) 

24-48 h post-transfection, cells were prepared for group sorting by FACS. Cells were washed 

twice with PBS. Cells were detached by incubation with 0.25 % (w/v) trypsin-EDTA at 37 °C for 

up to 20 min. Cells were dispersed in 3 ml medium and pelleted by centrifugation at 200 x g for 

5 min. Trypsin-containing medium was aspirated and cells resuspended in 300 µl Opti-MEM 

media (Thermo Fisher Scientific). The cell suspension was passed through a 70 µm cell strainer 

into a 15 ml centrifuge tube and the tube placed on ice until cell sorting. A sample of IMCD3 

cells which had not been transfected (“non-transfected”) was also prepared, following the same 

procedure. 

The FACS apparatus and gating used are described below. Non-transfected cells were used to 

discern single cells from clumps when setting up the cell sorter. GFP-positive cells were isolated 

from the sample of transfected cells and collected in a 15 ml centrifuge tube containing 500 µl 

complete medium. At least 5 x 105 cells were collected per sample; ideally the entire sample 

was run. Collected cells were placed on ice. 

After FACS, each sample of collected cells was divided into two parts. From one part, DNA was 

extracted, with which a T7 endonuclease I (T7E1) assay (see below) was performed. 

Remaining cells were seeded in a T25 flask containing 5 ml complete medium and returned to 

the incubator. Cells were cultured for two weeks, passaging as and when necessary. 

2.4.8 FACS apparatus and gating 

FACS was performed by Dr Ayad Eddaouadi and Ms Stephanie Canning at the University 

College London Great Ormond Street Institute of Child Health Flow Cytometry Core Facility 

(London, United Kingdom). The following methods have kindly been provided by Dr Eddaoudi: 

FACS was performed with a Moflo XDP (Beckman Coulter) equipped with 3 air-cooled lasers: a 

150 mW 488 nm argon laser, a 100 mW 643 nm red laser, and a 100 mW 355 nm UV laser. A 

100 nm nozzle tip was used with 30 PSI sheath pressure. eGFP signal was collected in FL1 

channel through a 530/40 band pass filter and FL3 channel with a 613/20 band pass filter was 

used to separate true GFP-positive cells from auto-fluorescence background. A light scatter 

gate drawn in the FSC versus SSC plot was used to exclude debris and clumps and include 

viable cells. Cells in this gate were displayed in an SSC versus SSC-W to further target single 

cells. Single and viable cells were then analysed in an FL3 versus FL1 plot and a final gate was 

drawn on green cells for cell sorting. 
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2.4.9 Genotyping PCRs 

A pair of PCR primers flanking the sgRNA genomic target site was designed. The desired PCR 

product length was 200-500 bp. Primers were designed such that the expected Cas9 cut site 

(~3 bp upstream of the PAM) did not lie centrally within the amplicon, to ensure products of 

T7E1 digestion could be resolved by agarose gel electrophoresis (note: a central Cas9 cut site 

would result in T7E1 digestion products of equal size, which cannot be resolved by 

electrophoresis). Details of primers can be found in Table 2. 8. Genotyping PCRs were 

performed using genotyping primers, 50 ng gDNA template and Pwo polymerase. 

2.4.10 T7 endonuclease I (T7E1) assay of mutagenesis efficiency 

A T7E1 assay was performed using gDNA from cells collected by the group sort. First, a 

genotyping PCR was performed. 10 µl genotyping PCR reaction was melted and reannealed in 

a thermocycler in 9 µl NEBuffer2 (NEB), using the following program: 95 °C, 5 min; ramp down 

to 85 °C at -2 °C/s; ramp down to 25 °C at -0.1 °C/s. Reannealed DNA was incubated with 1 µl 

T7 endonuclease I (NEB) at 37 °C for 15 min. 10 µl PCR and 20 µl T7E1 assay were run in 

adjacent wells of an agarose gel. Amplicons were observed. PCR and T7E1 assay results were 

interpreted to determine CRISPR sgRNA mutagenesis efficiency. sgRNA efficiency was gauged 

by comparison of the intensity of the intact PCR product with those of the T7E1 cleavage 

products. Lack of T7E1 activity indicated an inefficient rate of mutagenesis; in some cases, 

design of a new sgRNA was necessary. Negative controls for the T7E1 assay were performed 

using gDNA from non-transfected WT IMCD3 cells; no difference was expected between 

amplicons in the PCR and T7E1 lanes. 

2.4.11 Single-cell sorting by FACS 

To isolate CRISPR clones, group-sorted cells were single-cell sorted into up to three 96-well 

plates. In the days preceding the single-cell sort, “conditioned” media were collected from flasks 

of cells in logarithmic growth phase and stored at 4 °C in sterile 50 ml centrifuge tubes. On the 

day of single-cell sorting, conditioned and complete media were mixed in a 1:1 ratio. 16 ml 1:1 

medium was prepared per 96-well plate. 1:1 medium was sterile-filtered through a 0.2 µm filter 

and 150 µl/well added to 96-well plates. Plates were incubated at 37 °C/ 5 % CO2 until FACS.  

Group-sorted cells were prepared for single-cell sorting by FACS. Cells in a T25 flask were 

washed twice with PBS. Cells were detached by incubation with 0.25 % trypsin-EDTA at 37 °C 

for up to 20 min. Cells were dispersed in 4 ml medium and pelleted by centrifugation at 200 x g 

for 5 min. Trypsin-containing medium was aspirated and cells resuspended in 300 µl Opti-MEM 

media. The cell suspension was passed through a 70 µm cell strainer into a 15 ml centrifuge 

tube and the tube placed on ice until cell sorting. A sample of IMCD3 cells which had not been 

transfected (“non-transfected”) was also prepared, following the same procedure. FACS was 

performed using the apparatus and gating described above. The FACS machine seeded a 

single cell into each well of a 96-well plate. The plate was centrifuged for 2 min at 200 x g and 

returned to the incubator for 1-2 weeks to allow colonies to establish. 
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2.4.12 Expansion of cell colonies 

1-2 weeks after the single-cell sort, individual wells were checked to identify those containing 

colonies. Cell confluence was monitored over ensuing days. Upon reaching confluence, cells in 

a 96-well plate were washed twice with PBS. Cells were dissociated in 0.25% trypsin-EDTA and 

transferred directly into a well of a 12-well plate containing complete medium. 24 hour later, 

medium was changed. When ~70 % confluent, cells in a 12-well plate were washed twice with 

PBS, dissociated in 150 µl/well 0.25% trypsin-EDTA and transferred directly to a T25 flask 

containing 5 ml complete medium. 24 hour later, medium was changed. When ~70 % confluent, 

cells in the T25 flask were dissociated and divided into two parts: half were frozen for storage 

and half were lysed for gDNA extraction for genotyping by PCR. 

2.4.13 Genotyping of clones 

Clones were genotyped by performing a genotyping PCR with gDNA. 5 µl each genotyping PCR 

was visualised after separation in an agarose gel. Clones for which genotyping PCR produced 

no more than two amplicons were selected for further use. PCR reactions were column purified 

and amplicons Sanger sequenced using genotyping primers to determine nature of mutation(s) 

possessed by clones. In cases of heterozygous of compound heterozygous clones, PCR 

products were cloned in pGEM-T Easy to enable Sanger sequencing of individual alleles. Table 

2. 8 gives details of primers used to genotype clones. Note that primers labelled “PCR1” were 

used for initial genotyping of clones; however, WGS data revealed that a primer binding site of 

the “Bbs1_ex12_PCR1” primer pair was compromised by a single nucleotide polymorphism 

(SNP) for which IMCD3 cells are heterozygous. This primer pair was re-designed (and labelled 

“PCR2”) to avoid regions of variation, guided by WGS alignments. 

Mutations were described using Human Genome Variation Society (HGVS) nomenclature. 

Coding gene variant nomenclature was assigned relative to transcript NM_001033128.3 

(Bbs1_v001). Protein variant nomenclature was given relative to protein sequence 

NM_001033128.3 (Bbs1_i001). Nomenclature was checked with Mutalyzer software (online) 

using the “Name Checker” feature. 

2.4.14 Generation of IMCD3 groups carrying mutations in Bbs1 

IMCD3 cells were subjected to CRISPR/Cas9 editing of the Bbs1 gene, using an sgRNA 

targeting exon 1, 8 or 12 (sgRNAs -1, -8 or -12, respectively, see Table 2. 7). To this end, WT 

IMCD3 cells were transfected with CRISPR vectors and group sorted, as described above. After 

group sorting, cells were used directly for experimentation.  

2.5 Peggy Sue high-throughput Western blotting 

2.5.1 Preparation of IMCD3 lysates 

IMCD3 cells were grown to ~70 % confluence in T25 flasks. Cells were lysed in 200 μl RIPA 

lysis buffer and quantified by BCA protein assay, as described above for traditional Western 

blotting. Lysates were diluted to 1 mg/ml in lysis buffer, aliquoted, snap-frozen on dry ice and 

stored at -80 °C. 
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2.5.2 Peggy Sue Western blotting reagents 

Peggy Sue Western blotting was carried out using a 12-230 kDa Peggy Sue separation module 

(SM-S001, Protein Simple), containing boxes of 96 glass capillaries, 384-well plates with lids, 

wash buffer, upper and lower running buffers, manifold cleaning sponges, 12-230 kDa 

separation matrix, 10X sample buffer, dithiothreitol (DTT), biotinylated 12-230 kDa molecular 

weight (MW) ladder and a fluorescent 5X standard master mix containing 29 kDa system control 

protein. Anti-rabbit (DM-001) and anti-mouse (DM-002) detection modules for Peggy Sue were 

also used, which contained Luminol-S, peroxide, antibody diluent, anti-rabbit or anti-mouse 

secondary antibody and streptavidin-HRP. 

2.5.3 Preparation of reagents and ladders 

DTT was reconstituted in 40 μl ddH2O. The fluorescent 5X master mix was reconstituted in 20 μl 

10X sample buffer and 20 μl reconstituted DTT. The biotinylated MW ladder was reconstituted 

in 16 μl ddH2O, 2 μl 10X sample buffer and 2 μl reconstituted DTT. The entirety of the 

reconstituted MW ladder was transferred to a 0.6 ml tube (included in the reagent pack). 

2.5.4 Sample preparation 

0.1X sample buffer was prepared by mixing 1.5 μl 10X sample buffer and 148.5 μl ddH2O. In 

separate 0.5 ml microcentrifuge tubes, 4 μl each 1 mg/ml stock lysate was mixed with 1 μl 

reconstituted 5X master mix to give a working concentration of 0.8 mg/ml. If lysates were to be 

used at a working concentration of less than 0.8 mg/ml, 1 mg/ml stock lysate was first diluted in 

0.1X sample buffer, and 4 μl diluted lysate then mixed with 1 μl reconstituted 5X master mix. 

Table 2. 9 gives details of lysate concentrations used. A “no sample control” (NSC) was 

prepared by mixing 4 μl 0.1X sample buffer with 1 μl reconstituted fluorescent 5X master mix. 

Tubes containing samples, NSC and reconstituted ladder were vortexed for 5 s, heated to 95 °C 

in a heat block for exactly 6 min, vortexed again for 5 s, spun down briefly and placed on ice. 

0.03 µg recombinant human BBS1 protein (ab157954, Abcam) was prepared as for lysates.  

2.5.5 Antibody preparation 

Primary antibodies were diluted to the appropriate concentration in antibody diluent and stored 

on ice until loading. Anti-rabbit and anti-mouse secondary antibodies were used as provided; 

they required no further dilution. All were stored on ice until plate loading. Table 2. 9 gives 

details of antibody dilutions used. Epitopes against which antibodies were raised are given in 

Appendix 9.3. 

2.5.6 Luminol-peroxide preparation 

Immediately before plate loading, 100 μl Luminol-S and 100 μl peroxide were combined, 

vortexed and briefly spun down. 

2.5.7 Assay plate loading 

The following volumes of prepared reagents were loaded per well of a 384-well assay plate: 5 μl 

sample; 5 μl ladder; 5 μl NSC; 15 μl antibody diluent; 15 μl primary antibody; 15 μl secondary 

antibody; 15 μl streptavidin-HRP; 15 μl luminol-peroxide mix; 15 μl stacking matrix; 15 μl 

separation matrix; 20 μl ddH2O. The plate was centrifuged at 300 x g for 30 s. A lid was kept on 

the assay plate to prevent evaporation of reagents. 
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2.5.8 Running the Peggy Sue 

The Peggy Sue was operated by computer through the Compass for Simple Western software 

(Protein Simple). For each run, a new size assay file was created using Compass with the size 

range (12-230 kDa). Each run was performed using the parameters detailed in Table 2. 10, 

which were programmed in Compass. Prior to run commencement, the Peggy Sue instrument 

was prepared by emptying the auxiliary waste bottle, refilling the auxiliary water bottle and 

adding a new manifold sponge to the sponge drawer. Wash buffer and upper and lower running 

buffers were added to respective buffer cups and placed within the resource tray of the Peggy 

Sue instrument. A box of glass capillaries was also inserted into the resource tray. Finally, the 

lidded 384-well assay plate was loaded into the sample tray.  

2.5.9 Results analysis in Compass software 

Results were analysed in the Compass software, using a “high dynamic range” exposure time. 

First, checks were done to establish that the system functioned correctly at time of assay. The 

Peggy Sue system operates an internal control in the form of 1, 29 and 230 kDa registration 

markers within the fluorescent standard master mix that is mixed with every sample or ladder. 

Confirmation that three marker peaks (positions 1, 29 and 230) were present in each sample 

was performed by eye. Confirmation that the registration marker was on the largest, left-hand-

most peak in each sample was also performed by eye. Compass software used the three 

marker peaks to align samples and MW ladders against one another, to account for capillary-to-

capillary running differences. Peak fitting and calculation of area under the curve (AUC) were 

performed within the Compass software, to calculate relative intensity of each antibody signal. 

Peak areas were exported into Microsoft Excel and BBS1 peak intensities normalised to those 

of β-actin. For presentation of results, spectra were overlaid and exported from Compass as an 

image file from the <Graph> tab, or data were organised in the <Lane> tab and exported as an 

image file to give a traditional Western blot image. 

2.6 Cell-based assays 

2.6.1 Cell seeding and growth conditions 

To seed cells for experimental purposes, cells were detached, pelleted and resuspended as 

described for routine cell culture. Cells in suspension were counted and seeded at a density 

appropriate to the experimental condition and size of culture vessel. Details of the specific 

seeding and growth conditions are given in the methods of the relevant procedure. For 

experiments that are described as having been performed under “subconfluent” or “ciliogenic” 

conditions, cultures were prepared as follows. For cells grown under subconfluent conditions, 

1.0 x 105 cells/well were seeded in 12-well plates in complete media and assays were 

performed 24 h after seeding, once cells had reached ~40 % confluence. For experiments 

carried out under ciliogenic conditions, seeding densities of 2.0 x 105 and 1.6 x 104 cells/well 

were used for 12-well plates and 96-well plates, respectively. Cells were seeded in complete 

media and cultured for 24 h to reach ~90 % confluence. They were then washed three times in 

PBS and serum-starved for 48 h in DMEM/F12 + 0.5 % FBS (“low serum media”).  
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2.6.2 Immunofluorescence 

2.6.2.1 Immunofluorescence with widefield microscopy 

Cell growth conditions, fixation and permeabilisation conditions and the antibodies used for 

each assay are detailed in Table 2. 11. Cells were grown on round glass coverslips (13 mm 

diameter, no. 0; VWR) in 12-well plates. Sterile coverslips were placed in 12-well plates, one per 

well. Cells were seeded onto coverslips in the 12-well plate and grown under “subconfluent” 

and/or “ciliogenic” conditions, as described above. Three independent biological replicates were 

performed for each assay, using 1-3 coverslips as technical replicates for each. 

Samples were fixed and immuno-stained within the 12-well plate and then mounted onto glass 

microscope slides, as follows. Cells were washed three times in 1 ml/well PBS prior to fixation in 

500 µl/well fixative. Samples fixed in paraformaldehyde (PFA) were then permeabilised in 

500 µl/well permeabilisation solution. Coverslips were washed three times in 1 ml/well PBS and 

blocked in 500 µl/well PBS + 10 % goat serum for 2 h at room temperature. Primary antibodies 

were diluted in PBS. Coverslips were incubated with 70 µl/coverslip primary antibody solution 

for 16 h at 4 °C. Coverslips were washed three times for 10 min in 1 ml/well PBS with gentle 

shaking. Secondary antibodies were diluted in PBS + 10 % goat serum. Samples were 

incubated with 70 µl/coverslip secondary antibody solution for 1 h at room temperature. 

Coverslips were washed three times for 10 min in 1 ml/well PBS with gentle shaking. Coverslips 

were mounted on glass slides in Fluoroshield with 4′,6-diamidino-2-phenylindole (DAPI; 

GeneTex), and edges sealed with clear varnish. Slides were protected from light and stored at 

4 °C until they were imaged. 3-6 images per coverslip were taken on a Zeiss Axio Imager Z1 

widefield fluorescence microscope running AxioVision (Zeiss) software, using 20X, 40X or 63X 

oil immersion objectives. Images were saved as TIFF files.  

2.6.2.2 Immunofluorescence with confocal microscopy 

Cells were grown in black-walled, glass-bottomed 96-well SensoPlates (Greiner). In all cases, 

1.0 x 104 cells/well were seeded and cultured under ciliogenic conditions, as described above. 

Three independent biological replicates were performed for each assay, using 1-3 wells as 

technical replicates for each. 

Samples were fixed and imaged within the plate in which they were cultured, as follows. All 

buffers (described below) were sterile-filtered prior to use. Cells were washed three times with 

100 µl/well PBS and fixed in 100 µl/well 4 % Parafix (Pioneer Research Chemicals) for 15 min 

at room temperature. Cells were washed three times for 10 min with 100 µl/well PBS. They 

were simultaneously blocked and permeabilised with 100 µl/well PBS + 5 % bovine serum 

albumin (BSA) + 0.5 % Triton X-100 for 1 h at room temperature. Primary antibodies were 

diluted in PBS + 2 % BSA. Cells were incubated with 50 µl/well primary antibody solution at 

4 °C for 16 h. Wells were washed five times each for 5 min at room temperature with 100 µl/well 

PBS. Secondary antibodies were diluted in a solution of 1 µg/ml Hoescht 33342 trihydrochloride 

(H21492, Invitrogen) in PBS + 2 % BSA. Cells were incubated with 50 µl/well secondary 

antibody solution for 1 h at room temperature. Table 2. 12 details antibody combinations used 

for each assay. Wells were washed five times each for 5 min at room temperature with 
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100 µl/well PBS. Plates were protected from light and stored at 4 °C until they were imaged. 

Confocal images were taken with an IN Cell Analyzer 6000 high-content imager (GE 

Healthcare) using a 60X objective, 3D (z-stack) format, 1x1 binning, laser autofocus and with 

software autofocus deactivated. Further image acquisition parameters are given in Table 2. 13. 

Samples stained for observation of cilia or adherens junctions were imaged as z-stacks of 17 

slices of 1.5 µm depth. Samples stained for observation of midbodies or tight junctions were 

imaged as z-stacks of 13 slices of 1.0 µm depth. Six fields were imaged per well. 

Images were opened in Fiji Is Just ImageJ (FIJI) software using the Image5D plugin.  

2.6.2.3 Quantification of ciliogenesis and cilia lengths 

Three independent immunofluorescence experiments were performed on cells grown under 

ciliogenic conditions and were imaged by widefield or confocal microscopy. Reagents for 

observation of cilia are given in Table 2. 11 and Table 2. 12. Cilia were identified as structures 

co-stained with antibodies against acetylated-α-tubulin (ac-tub) and ARL13B. 

Numbers of cilia and of nuclei (stained with DAPI) in each image (field) were counted manually. 

The proportion of cells with a cilium was calculated by dividing the number of cilia by the 

number of nuclei. The proportion of ciliogenesis was calculated for each field. The mean 

proportion of ciliogenesis was determined for each biological replicate. For data presentation, 

the proportions of ciliogenesis were converted to percentages by multiplying by 100. For three 

independent biological replicates, the mean percentage ciliogenesis ± the standard error of the 

mean (SEM) was determined. For statistical significance testing, paired t-tests and/or one-way 

ANOVA were performed ANOVA in Prism (GraphPad Software), after arcsine square root 

transformation of proportions (to bring them to normality). Post-hoc Bonferroni’s multiple 

comparisons tests were then performed between each clone and the parental WT, and between 

each Bbs1 mutant and its WTcr clone, also in Prism (GraphPad Software). Calculation of 

Pearson correlation coefficient (r) between between Bbs1ex1.4, Bbs1ex8 and Bbs1ex12.4 

percentage ciliogenesis and Bbs1 mRNA expression ratio (determined experimentally by RT-

qPCR), and associated p-values was also performed using Prism (GraphPad Software). 

Cilia lengths were measured in FIJI software using an ImageJ macro (IJM) written by Dr Dale 

Moulding (University College London Great Ormond Street Institute of Child Health Imaging 

Facility, London, United Kingdom). Briefly, the macro detected particles (cilia) in the ARL13B 

channel after removal of background and thresholding to yield a binary (black and white) image. 

As cilia could be curved, their lengths were approximated by dividing the perimeter of each 

particle by 2. To exclude background signal, the shortest continuous length for signal to be 

classed as a cilium was 0.8 µm. Since lengths below 0.8 µm were not measured, data were 

positively skewed (i.e. not normally distributed). Individual data points were plotted, and data 

summarised as median ± interquartile range (IQR). Non-parametric statistical testing was 

employed. Mann-Whitney tests were used to test statistical significance. Total numbers of cilia 

measured for WT, Bbs1ex8 and WTcrex8 cell lines were 1190, 114 and 3012, respectively. 
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2.6.2.4 Quantification of midbodies 

Three independent immunofluorescence experiments were performed on cells grown under 

subconfluent and ciliogenic conditions and were imaged by widefield or confocal microscopy. 

Reagents for observation of midbodies are given in Table 2. 11 and Table 2. 12. Midbodies 

were identified as structures co-stained with ac-tub and aurora B kinase (AurB). The numbers of 

midbodies and nuclei in each field were counted manually. For each field, the number of 

midbodies per 1000 cells was calculated by dividing the number of midbodies by the number of 

nuclei and multiplying by 1000. The mean number of midbodies per 1000 cells was determined 

for each biological replicate. For three independent biological replicates, the mean number of 

midbodies per 1000 cells ± SEM was calculated. Testing of statistical significance of differences 

between means was performed using paired t-tests and/or one-way ANOVA in Prism 

(GraphPad Software). Post-hoc Bonferroni’s multiple comparisons tests were then performed 

between each clone and the parental WT, and between each Bbs1 mutant and its WTcr clone, 

also in Prism (GraphPad Software). 

2.6.3 Cell viability assay 

1,000 cells/well were seeded in a 96-well plate in 150 µl/well complete medium. “Blank” wells 

were filled with 150 µl/well complete media. Measurements were taken from triplicate wells at 

24 h intervals over the following 7 days. Media were removed from triplicate wells and replaced 

with 150 µl/well complete media + 10 % resazurin (R&D Systems), and plates incubated for 4 h. 

Fluorescence intensity of wells was measured in a plate reader, using an excitation wavelength 

of 570 nm and emission wavelength of 585 nm. 

For each cell line or blank, the mean fluorescence intensity was calculated from triplicate 

readings. After blank subtraction, fluorescence intensity was normalised to the “day 1” reading, 

to be able to fairly compare replicate experiments. Mean normalised fluorescence intensity ± 

SEM of three independent experiments was plotted against time. 

For each independent experiment, the AUC was calculated in Prism (GraphPad Software), 

using a baseline of y=1. The mean AUC ± SEM of three independent experiments was plotted. 

Paired t-tests were used to test statistical significance. 

2.6.4 Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay 

A TUNEL assay was performed with DeadEnd Fluorometric TUNEL System (Promega) 

containing equilibration buffer, nucleotide mix, recombinant terminal deoxynucleotidyl 

transferase (rTdT) enzyme, 2X saline sodium citrate (SSC) buffer and DNase I buffer. Cells 

were grown on coverslips in 12-well plates under both subconfluent and ciliogenic conditions, as 

described for immunofluorescence. Cells on coverslips were washed three times in 1 ml/well 

PBS prior to fixation in 500 µl/well 4 % PFA for 25 min at 4 °C. Cells were washed for 5 min in 1 

ml/well PBS. Cells were permeabilised with 500 µl/well PBS + 0.2 % Triton X-100 5 min at room 

temperature and washed for 5 min in 1 ml/well PBS. Excess PBS was blotted from edges of 

coverslips with tissue.  

A DNase I-treated positive control was prepared from WT cells grown under ciliogenic 

conditions. 100 µl/coverslip DNase I buffer was added to the fixed cells and incubated for 5 min 
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at room temperature. Buffer was removed from coverslips by blotting. 100 µl/coverslip DNase I 

buffer containing 10 U/ml DNase I enzyme was incubated with samples for 10 min at room 

temperature. DNase I-containing buffer was removed from coverslips by blotting. Coverslips 

were washed four times in 1 ml/well ddH2O. Positive control coverslips were processed in 

separate vessels to experimental coverslips for the remainder of the protocol, to prevent cross-

contamination of any residual DNase I enzyme. 

All samples (experimental and positive controls) were covered with 100 µl/coverslip equilibration 

buffer for 10 min at room temperature. For each coverslip, 51 µl rTdT incubation buffer was 

prepared, comprising 45 µl equilibration buffer, 5 µl nucleotide mix and 1 µl rTdT enzyme. 

Edges of coverslips were blotted with tissue to remove excess equilibration buffer. Each 

coverslip was covered with 51 µl rTdT incubation buffer. Empty wells were filled with wet paper 

towels to humidify the plate. The plate was sealed and wrapped in foil (to protect from light) and 

incubated for 1 h at 37 °C. 2X SSC buffer was diluted to 1X in ddH2O. 1X SSC buffer was 

added to coverslips in excess and incubated for 15 min at room temperature to terminate the 

reactions. Coverslips were washed three times for 5 min in 1 ml/well PBS. Coverslips were 

mounted on glass slides in Fluoroshield with DAPI (GeneTex), and edges sealed with clear 

varnish. 3 images per coverslip were taken on a Zeiss Axio Imager Z1 widefield fluorescence 

microscope, using AxioVision (Zeiss) software. 

Nuclei of apoptotic cells were identified as those which gave signal in both the blue (DAPI) and 

green (fluorescein) channels. The total number of apoptotic nuclei was counted manually in 

each field. For each condition, the proportion of apoptotic cells was calculated by dividing the 

number of apoptotic cells by the total number of nuclei. Three independent experiments were 

performed in this way. For graphical display of data, proportions were converted to percentages 

by multiplying by 100. The mean percentage of apoptotic cells ± SEM was calculated for three 

independent experiments. For statistical significance testing, paired t-tests were performed after 

arcsine square root transformation of proportions (to bring them to normality). Paired t-tests 

were used to test statistical significance. 

2.6.5 Growth curve analysis 

Growth curves were produced following a protocol adapted from Freshney (Freshney, 2005). 

Cells were diluted to 3 x 104 cells/ml in complete medium. 1 ml/well cell suspension was seeded 

into 10 wells of a 12-well plate. Media on cultures were changed every 1-3 days, when pH 

began to fall, as indicated by phenol red colour change. One well of cells was used at 24 h 

intervals over the subsequent 10 days. The number of cells in the well was counted, as follows. 

Media were removed from the well and the cells washed once, gently, in 1 ml PBS. Cells were 

detached in 500 µl/well 0.25% trypsin-EDTA at 37 °C for up to 20 min. Complete detachment of 

all cells was checked for by eye, using a light microscope. Each 500 µl cell suspension was 

mixed with 500 µl complete medium in a 1.5 ml microcentrifuge tube. Suspensions were mixed 

well, to achieve a homogenous cell suspension. Cells were counted and the total number of 

cells per well was determined. Cell density was calculated by dividing the number of cells per 

well by 3.8 cm2 (the surface area of the well). 
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Three independent experiments were performed. Mean cell density ± SEM was plotted on a 

logarithmic scale against time on a linear scale. Data were also plotted separately for each of 

the three experiments, for purposes of identifying data points within the logarithmic growth and 

plateau phases (see Appendix 9.4). The linear portion of each growth curve corresponded to 

the logarithmic growth phase, whereas the stationary portion of the growth curve represented 

the plateau phase. The time (t) and cell density (c) of two data points, (t1, c1) and (t2, c2), within 

the logarithmic growth phase were used to calculate population doubling time (PDT), using 

Equation 2. 6. The mean cell density of data points within the plateau phase was calculated, to 

give an estimate of saturation density. The mean PDT ± SEM, and the mean saturation 

density ± SEM, of the three experiments were found. Paired t-tests were used to test statistical. 

2.6.6 Scratch wound assay 

Scratch wound assays were performed in 96-well IncuCyte ImageLock plates (Essen 

Bioscience) and imaging was performed with the IncuCyte ZOOM live-cell imaging and analysis 

platform and accompanying software (Essen Bioscience). Seeding density was optimised by 

testing 11 different densities, ranging from 2,000 cells/well to 20,000 cells/well, and estimating 

cell confluence visually over the ensuing 48 h period, as described in Appendix 9.5. 

16,000 cells/well were seeded by placing 100 µl/well of a 1.6 x 105 cells/ml stock suspension 

into a 96-well ImageLock plate. Triplicate wells of each cell line were seeded in complete media. 

Cells were not seeded into wells around the outside of the plate, as these were most likely to 

dry up due to evaporation of media. A border of wells containing 100 µl medium surrounded 

wells containing cells, to maintain consistent growth conditions across wells containing cells. 

Plates were incubated for 48 h to allow them to reach confluence. 

Scratch wounds were made with the IncuCyte 96-well WoundMaker tool (Essen Bioscience). 

The WoundMaker generated a single, uniform scratch wound per well of a 96-well plate, using a 

96-pinhead mechanism. 100 µl/well PBS was added to empty wells to avoid damaging its 

pinheads. The WoundMaker comprised a base, into which the 96-well plate was placed, and a 

top containing the pin block. The pin block was placed into an empty wash boat. The 96-well 

plate was placed into the base of the WoundMaker and the plate lid removed. The pin block 

was replaced into the 96-well plate by guiding dowels on the pin block rear into holes in the rear 

of the WoundMaker base. Care was taken not to push down, to avoid damage to the pins. A 

black lever on the Wound Maker base was depressed. While keeping the lever depressed, the 

pin block was lifted directly upwards off the 96-well plate. The plate lid was replaced and the 

plate removed from the WoundMaker base. After generating scratch wounds, cell monolayers 

were gently washed twice with 100 µl/well complete medium. 100 µl/well complete medium was 

added to each well. Ethanol vapour was gently passed over well surfaces using a wash bottle, 

partially-filled with 100 % ethanol, with the inner tube removed. This removed bubbles from the 

wells, which would otherwise have obstructed image analysis. 96-well ImageLock plates (with 

their lids on) were placed into plate holders within the IncuCyte ZOOM apparatus. The IncuCyte 

ZOOM was housed inside a 37 °C / 5 % CO2 incubator. Imaging commenced 30 min after 

placing plates within the IncuCyte, to minimise risk of condensation obscuring images. Phase 
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images were taken with a 20X objective every 2 h for at least 54 h. Within each well, three fields 

of view were imaged. 

Image analysis was performed within IncuCyte ZOOM software (Essen Bioscience) to quantify 

wound healing over time. From phase contrast images, the software identified the scratch 

wound and areas of cells (“cell confluence”). The scratch wound in the first image of each field 

was defined as the initial scratch wound. The scratch wound in subsequent images was defined 

as the remaining scratch wound. Examples of masking are given in Appendix 9.5.5. IncuCyte 

software calculated wound confluence: the percentage of the initial wound area that was 

occupied by cells. Before the entire image dataset was analysed, an IncuCyte “processing 

definition” was trained to correctly recognise cell confluence and scratch wounds within a small 

image collection. Training images covered the entire range of stages of wound healing. Once 

the processing definition satisfactorily analysed images, it was applied to the entire set of 

images from each experimental replicate. Table 2. 14 shows the processing definition settings 

used to analyse scratch wound assay images. All image processing results were checked 

manually. If an image was incorrectly processed, the image replicate dataset was excluded from 

further analysis. Details of replicate image datasets excluded from further analysis are given in 

Appendix 9.5.6. Wound confluence data were exported from IncuCyte software as tab-

delimited Text files.  

Data were manipulated and analysed in Microsoft Excel. For each replicate experiment, the 

mean of (up to) nine technical replicates2 was calculated for each time point. For data 

presentation, the mean wound confluence ± SEM of three independent experiments was plotted 

for each time point. For each independent experiment, the rate of wound healing was 

determined from the gradient of the linear portion of the graph, using the Excel “=slope” 

function. This corresponded to points between time = 2 h and wound confluence = 80 %, to 

comfortably exclude any lag phase (prior to the 2 h time point) and the plateau phase (which 

always began after 80% wound confluence). The gradient of the line was calculated using the 

Excel “=slope” function. The mean rate of wound healing (in change in percentage wound 

confluence per hour, %/h) ± SEM of three independent experiments was plotted. Testing of 

statistical significance of differences between means was performed using one-way ANOVA in 

Prism (GraphPad Software). Post-hoc Bonferroni’s multiple comparisons tests were then 

performed between each clone and the parental WT, and between each Bbs1 mutant and its 

WTcr clone, also in Prism (GraphPad Software). Calculation of Pearson correlation coefficient 

(r) between Bbs1ex1.4, Bbs1ex8 and Bbs1ex12.4 rate of wound healing and Bbs1 mRNA expression 

values (determined experimentally by RT-qPCR), and the associated p-value was performed 

using Prism (GraphPad Software). 

2.6.7 Transepithelial electrical resistance (TEER) 

TEER methodology was optimised using variations of the below methodology, as described in 

Appendix 9.6. 

 
2 Within each independent experiment, time-series data for up to nine technical replicates were produced 

for each cell line. These arose from three imaging fields of view within each of three replicate wells. 
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Cells were grown on 6.5 mm Transwell supports with 0.4 µm-pore polyester membranes 

(Corning) in 24-well plates. Cells were dissociated, counted and a stock cell suspension was 

diluted to 8.0 x 104 cells/ml in complete medium. 200 µl/Transwell stock cell suspension was 

seeded, to give a seeding density of 16,000 cells/Transwell. 600 µl/well complete medium was 

placed basally in a 24-well plate. One Transwell culture was established per cell line for each 

independent experiment. A “blank” Transwell, containing media but no cells, was also prepared. 

Plates were incubated for 11 days post-seeding. Media on cultures were changed every 1-3 

days, when pH began to fall, as indicated by phenol red colour change. 

Resistance readings were taken 11 days post-seeding using an EVOM2 epithelial volt/ohm 

meter (World Precision Instruments) and STX2 electrode (World Precision Instruments) within a 

biological safety cabinet. The STX2 electrode was placed in 4 ml 70 % ethanol in a 15 ml 

centrifuge tube and disinfected for 30 min at room temperature. The meter was switched to 

“ohms”. It was calibrated by attaching a 1000 Ω test resistor to the input port and ensuring the 

meter read “1000”. The test resistor was then detached and the disinfected STX2 electrode 

attached to the input port. Media were fully removed from wells and replaced with 

200 µl/Transwell and 600 µl/well pre-warmed fresh media, to account for loss of media through 

evaporation. This was necessary, as readings are sensitive to culture volume. Care was taken 

not to puncture cell layers when changing media, to avoid a drop in the observed resistance. 

After the media change, cultures were incubated for 20 min at 37 °C / 5 % CO2. While 

measurements were taken, culture plates were placed on a 37 °C pre-warmed microplate heat 

transfer block (Sigma-Aldrich) to maintain a stable temperature, as readings are sensitive to 

temperature change. The STX2 electrode was placed with its shorter probe above cells in the 

Transwell, and its longer probe touching the bottom of the well of the plate. Care was taken to 

hold the electrode perpendicular to the base of the plate, as variance of the electrode angle and 

depth of immersion affect observed resistance measurements. Triplicate resistance readings 

were taken from each Transwell culture and the mean of these calculated. For Transwells 

containing cells, this value was the total resistance (Rtotal) of the culture. For “blank” Transwells, 

this value was the blank resistance (Rblank), equal to the resistance of the porous polyester 

membrane. 

Data manipulation and analysis were performed in Microsoft Excel. For each cell line, the tissue 

resistance (Rtissue) in ohms (Ω) was calculated by subtracting Rblank from Rtotal, as shown in 

Equation 2. 7. TEER (Ω.cm2) was calculated by multiplying Rtissue by the culture surface area 

(0.33 cm2 for a 6.5 mm Transwell support), as shown in Equation 2. 8. The mean TEER ± SEM 

of three replicate experiments was plotted. Note that experimental replicates 2 and 3 were 

correlated, as these experiments were run in parallel. Due to large variances in higher TEER 

values and small variances in low TEER values, TEER data were positively skewed. A log10 

transformation was required to bring data back towards normality so that parametric statistical 

hypothesis testing could be applied. After log10 transformation, statistical hypothesis testing was 

performed by one-way ANOVA was performed in Prism (GraphPad Software). Post-hoc 

Bonferroni’s multiple comparisons tests were then performed between each clone and the 
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parental WT, and between each Bbs1 mutant and its WTcr clone, also in Prism (GraphPad 

Software). 

Correlation of TEER and mRNA was performed for eight Bbs1-/- clones. To normalise TEER 

experiments that were not performed in parallel, change in TEER of each clone relative to the 

parental WT control (ΔTEER) was calculated by subtracting the clone TEER value from that of 

the WT. ΔTEER of independent experimental replicates was calculated and the mean ΔTEER 

determined. For each knockout clone, mean ΔTEER was plotted against Bbs1 mRNA 

expression ratio (determined experimentally by RT-qPCR). The relationship between the two 

variables was modelled by linear regression in Prism (GraphPad Software). The model was 

described by an equation and its goodness of fit was described by a coefficient of determination 

(R2) value. Calculation of Pearson correlation coefficient (r) and the associated p-value were 

also performed using Prism (GraphPad Software). 

2.6.8 Study of phenotypic variation in WT IMCD3 clones 

Six tissue culture-treated, black-walled, clear-bottomed ViewPlate 96-well plates (PerkinElmer) 

were collagen-coated under sterile conditions, as follows: reconstituted PureCol collagen 

(Advanced BioMatrix) was diluted in sterile-filtered ddH2O to a concentration of 3 µg/ml. 96-well 

plates were filled with 50 µl/well collagen and plates tapped to facilitate spreading. Excess 

collagen was removed. Plates were air-dried for 2 h at room temperature. Wells were washed 

three times with 100 µl/well PBS and once with 100 µl/well complete medium. 

Clones were isolated by single-cell sorting WT IMCD3 cells (by FACS) into the collagen-coated 

96-well plates, as described for clonal isolation of CRISPR gene-edited cells. Clones were 

cultured for 4 weeks, to achieve a maximal number of confluent wells. Media were changed as 

necessary during this time, based on colour change of phenol red indicator in culture media. 

Cells were washed three times with 100 µl/well PBS and serum-starved in 150 µl/well low serum 

media for 3 days, to give ample opportunity for ciliogenesis to occur.  

For immunofluorescence, cells were washed three times with 100 µl/well PBS and fixed in 4 % 

PFA for 15 min at room temperature. Cells were washed three times with 100 µl/well PBS. 

Permeabilisation was performed for 15 min at room temperature with 100 µl/well 0.2 % PBS + 

Triton X-100. Cells were blocked for 2 h at room temperature with 100 µl/well PBS + 10 % goat 

serum. Wells were washed once with 100 µl/well PBS. Three plates each were used for 

immunofluorescence visualisation of acetylated α-tubulin and ARL13B (in cilia) or ZO-1 and 

occludin (in tight junctions). Samples were incubated for 16 h at 4 °C with 50 µl/well primary 

antibodies diluted in PBS: Mouse monoclonal anti-acetylated-α-tubulin (Lys 40) IgG2b, 1:1000 

(T6793, Sigma-Aldrich); Rabbit polyclonal anti-ARL13B IgG, 1:200 (17711-1-AP, Proteintech); 

Rat monoclonal anti-ZO-1 (R40.76) IgG2a, 1:500 (sc-33725, Santa Cruz). Cells were washed 

with 100 µl/well PBS, three times for 10 min at room temperature with gentle rocking. Cells were 

incubated for 1 h at room temperature with 50 µl/well secondary antibodies in PBS + 10 % goat 

serum: Goat anti-mouse IgG2b Alexa Fluor 594, 1:500 (A-21145, Invitrogen); Goat anti-rabbit 

IgG (H+L) Alexa Fluor 488, 1:500 (A-11008, Invitrogen); Goat anti-rat IgG (H+L) Alexa Fluor 

488, 1:500 (A-11006, Invitrogen). Cells were washed with 100 µl/well PBS, three times for 10 



120 

min at room temperature with gentle rocking. Nuclei were counterstained by incubation with 

50 µl/well 1 µg/ml DAPI in PBS for 15 min at room temperature. Cells were washed with 100 

µl/well PBS, three times for 10 min at room temperature with gentle rocking. Plates were 

protected from light and stored at 4 °C. 

An Olympus IX70 fluorescence microscope was used to visualise and image cilia and tight 

junctions. Each well that contained cells was viewed beneath the microscope. Clones were 

grouped into those that were confluent across the whole well (“confluent”) and those that were 

not (“subconfluent”). For those stained for cilia proteins, the number of clones within each group 

(confluent or subconfluent) that had cilia present or absent was counted. For those stained for 

tight junction proteins, the numbers of clones within each group had tight junctions present (on 

most/all cells) or absent were counted. For both cilia and tight junction datasets, a contingency 

table was constructed in Microsoft Excel and the frequency of clones within each category was 

calculated as a percentage of total clones within the group. For statistical hypothesis testing, 

contingency tables were constructed in Prism (GraphPad Software) using absolute numbers of 

confluent WT and WTcr clones, or WT and Bbs1 knockout clones. A Fisher’s exact test was 

used to test whether the frequency of WTcr or Bbs1 knockout clones that did not form cilia or 

did not have tight junctions differed significantly from that of the WT clones. 

2.6.9 Overexpression of BBS1 in IMCD3 cells 

2.6.9.1 Construction of plasmid pcDNA-DEST53-hBBS1 

Gateway Recombination Cloning Technology (Invitrogen) was used to construct GFP::hBBS1 

expression vector, pcDNA-DEST53-hBBS1. The human BBS1 (hBBS1) coding sequence was 

amplified from 10 ng plasmid pD10-hBBS1 using primers with flanking “attB” sequences (attB1-

hBBS1_F and attB2-hBBS1_R) and Pwo polymerase. Primer details are given in Table 2. 15. 

Plasmid pD10-hBBS1 was a gift from Dr Victor Hernandez-Hernandez (Cilia Disorders Section, 

University College London Great Ormond Street Institute of Child Health, London, United 

Kingdom). The size of the attB-hBBS1 PCR product was confirmed by agarose gel 

electrophoresis and gel purified. A “BP” recombination reaction was set up using 100 fmol 

(122 ng) attB-hBBS1, 300 ng Gateway pDONR221 vector (12536017, Invitrogen), 2 µl BP 

Clonase enzyme (Invitrogen) and ddH2O to a total volume of 10 µl. The reaction was incubated 

at room temperature for 16 h. 1 µl proteinase K (Invitrogen) was added and the reaction 

incubated for 10 min at 37 °C to terminate the reaction. 50 µl subcloning efficiency DH5α 

competent E. coli (Thermo Fisher Scientific) were transformed with 2 µl BP reaction and 100 µl 

transformation mixture was plated onto LB-agar/Kan plates. Transformants were picked for 

culture and subsequent Miniprep purification of plasmid DNA. Correct recombination of the 

hBBS1 coding sequence into pDONR221 was confirmed by Sanger sequencing using 

M13F_seq, M13R_seq and hBBS1_seq primers (see Table 2. 4). The resulting plasmid was 

called pDONR221-hBBS1. An “LR” recombination reaction was performed to recombine the 

hBBS1 coding sequence from pDONR221-hBBS1 into the Gateway pcDNA-DEST53 vector 

(12288015, Invitrogen), to confer an in-frame N-terminal GFP tag on the hBBS1 protein. 90 ng 

pDONR221-hBBS1, 150 ng pcDNA-DEST53, 2 µl LR Clonase II Plus enzyme (Invitrogen) were 

mixed with ddH2O to a volume of 10 µl. The reaction was incubated at room temperature for 1 h. 
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1 µl proteinase K (Invitrogen) was added and the reaction incubated for 10 min at 37 °C to 

terminate the reaction. 50 µl subcloning efficiency DH5α competent E. coli (Thermo Fisher 

Scientific) were transformed with 2 µl BP reaction and 100 µl plated onto LB-agar/Amp plates. 

Transformants were picked for culture and Miniprep purification of plasmid DNA. Correct 

recombination of the hBBS1 coding sequence into pcDNA-DEST53 was confirmed by Sanger 

sequencing using T7F_seq and hBBS1_Seq1_F sequencing primers (see Table 2. 4) and 

attB1-hBBS1_F and attB2-hBBS1_R cloning primers (see Table 2. 15). The resulting plasmid 

was called pcDNA-DEST53-hBBS1. Maps of plasmids pD10-hBBS1, pDONR221, pDONR221-

hBBS1, pcDNA-DEST53 and pcDNA-DEST53-hBBS1 can be found in Appendix 9.1. 

2.6.9.2 Transfection of IMCD3 cells with pcDNA-DEST53-hBBS1 

IMCD3 cells were transfected in 12-well plates (on coverslips) for immunofluorescence and in 6-

well plates for protein extraction. These experiments were seeded and performed in parallel. 

150,000 cells/12-well plate or 400,000 cells/6-well plate were seeded in complete media. 

18 h post-seeding, cells were transfected with pcDNA-DEST53 (“empty vector”), pcDNA-

DEST53-hBBS1 (GFP::hBBS1 expression vector) or no plasmid (“non-transfected”). 

Transfection of cells in 12-well and 6-well plates was performed using a single preparation of 

Lipofectamine-DNA complexes for each transfection condition. The following volumes are for 

single wells; volumes were upscaled in line with the number of wells being transfected. For each 

transfection condition, two tubes were prepared. In the first tube, 100 µl (for a 12-well plate) or 

250 µl (for a 6-well plate) Opti-MEM medium (Thermo Fisher Scientific) was mixed with 4 µl (12-

well plate) or 10 µl (6-well plate) Lipofectamine 2000 transfection reagent (Thermo Fisher 

Scientific). In the second tube, 100 µl (12-well plate) or 250 µl (6-well plate) Opti-MEM medium 

was thoroughly mixed with 1.6 µg (12-well plate) or 4 µg (6-well plate) plasmid DNA. For the 

non-transfected condition, no plasmid DNA was added to the second tube. Opti-MEM-DNA 

solutions were added to Opti-MEM-Lipofectamine solutions and thoroughly mixed. 

Lipofectamine-DNA mixtures were incubated at room temperature for 30 min to allow 

Lipofectamine-DNA complexes to form. 200 µl/well (12-well plate) or 500 µl/well (6-well plate) 

Lipofectamine-DNA mixtures were added to cells in a dropwise manner. Cells were returned to 

the incubator for 24 h. They were washed three times in PBS and serum-starved in low serum 

media for 24 h. 

Cells in 12-well plates were then fixed in 4 % PFA and used for immunofluorescence 

observation of tight junction protein ZO-1 and occludin, as described in for immunofluorescence 

with widefield microscopy, using reagents and conditions detailed in Table 2. 11. To test for 

successful GFP::hBBS1 expression, a (traditional) Western blot for BBS1 protein was 

performed on total protein extracted from cells in 6-well plates, following methods described 

above. Cells were lysed in 400 µl/well lysis buffer, and this was quantified, diluted to 800 µg/ml 

in lysis buffer and stored at -80 °C until Western blotting was performed. 
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2.7 Whole genome sequencing (WGS) 

2.7.1 Whole genome sequencing and alignment 

gDNA was isolated from clones and its concentration and purity checked. Further DNA quality 

control, library preparation and whole genome sequencing were performed by Macrogen 

(Seoul, South Korea). Library preparation was performed using the TruSeq DNA PCR-Free 

(350 bp insert) kit (Illumina) and sequencing was performed using the HiSeq X Ten platform 

(Illumina). Appendix 9.7.1 shows the sequencing coverage of each genome. Sequencing reads 

were aligned by Dr Andrey Gagunashvili (GOSgene, University College London Great Ormond 

Street Institute of Child Health, London, United Kingdom) with Burrows-Wheeler Aligner (BWA) 

v0.7.17 (Li and Durbin, 2010) to mouse genome build 38 (GRCm38/mm10) and read duplicates 

were marked with Sambamba (Tarasov et al., 2015). 

2.7.2 Variant calling and annotation 

Variant calling and annotation were also performed by Dr Andrey Gagunashvili, as follows: 

Variant calling was performed simultaneously on all the samples using Freebayes (Garrison and 

Marth, 2012). The resulting variants in a multi-sample VCF file were normalised and 

decomposed using Bcftools v1.8 (Li, 2011) and annotated with the Ensembl Variant Effect 

Predictor (VEP) through the VEP online interface. The variants were further prioritised using 

BEDtools (Quinlan and Hall, 2010) through the Galaxy tools online interface, based on 

intersection with the mouse exome (+7 bp either side of exons) and, to identify cilia gene 

variants, based on intersection with a mouse cilia gene panel (see below). Further filtering of 

variants was performed using VEP-predicted impact (“impact is high”) or Sorting Intolerant From 

Tolerant (SIFT) score (Sim et al., 2012) (“SIFT is deleterious”) through the VEP interface. 

Results were downloaded from VEP as a multi-sample VCF file and viewed in the Integrative 

Genomics Viewer (IGV) genome browser (Robinson et al., 2011; Thorvaldsdottir, Robinson and 

Mesirov, 2013). For each variant, clones’ genotypes were manually verified in IGV. The entire 

Bbs1 gene locus was also visually inspected within IGV to verify the genotype of each clone. 

2.7.3 Construction of mouse cilia gene panel 

A panel of human cilia genes and potential cilia genes was compiled from the SysCilia Gold 

Standard v1 (SCGS v1; van Dam et al., 2013), SysCilia “potential ciliary genes” (van Dam et al., 

2013), CiliaCarta Bayesian predictions (van Dam et al., 2019) and Gene Ontology (GO) 

annotated genes (sourced 03/12/2015; Consortium et al., 2000; Consortium, 2019). A total of 

1,511 human genes were collated from the four sources. The University of California Santa 

Cruz (UCSC) table browser (online) was used to compile a list of National Center for 

Biotechnology Information (NCBI) RefSeq mouse gene identifiers for each human gene 

orthologue and the output saved as a BED file. 1,493 mouse orthologues were identified. 

Duplicates were then removed, leaving 1,132 mouse cilia genes and predicted cilia genes. The 

full mouse cilia gene panel is given in Appendix 9.7.2. 

2.7.4 Validation of WGS variants by Sanger sequencing 

Primers flanking each locus were designed to amplify a product of 150-600 bp. WGS data was 

checked in IGV to ensure primer annealing sites did not contain SNPs. If this was the case, 
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primers were re-designed. Regions of variation were avoided. Primer details are presented in 

Table 2. 16. An annealing temperature of 60 °C and an extension time of 30 s was used for all 

primer pairs. Primers were validated by PCR using Taq polymerase and 50 ng WT gDNA 

template. PCR products were run on an agarose gel to ensure only a single product was 

produced. Off-target loci were PCR-amplified using Taq polymerase and 50 ng gDNA from the 

relevant clone. PCR products were column purified and eluted in 12 µl ddH2O. 5 µl each purified 

amplicon was mixed with 10 µl ddH2O and Sanger sequenced using PCR primers. 

2.7.5 Prediction and screening of sgRNA off-target loci 

CRISPOR was used to predict potential off-target sites of each sgRNA. For each sgRNA, a new 

search job was submitted by inputting the sgRNA and PAM sequence and selecting the mouse 

reference genome (GrCm38/mm10) and “-NGG” PAM option. Results were downloaded as a 

text file and opened in Microsoft Excel, where they were sorted by highest to lowest CFD score. 

Full ranked lists of predicted off-target sites of sgRNAs are presented in Appendix 9.8.  

In the WGS assembly of the relevant clone, every predicted off-target locus was checked for 

indel(s) proximal to the PAM site using the IGV genome browser. The genomic coordinates of 

off-target sites were input into the IGV search bar and loci inspected visually. Those bearing 

indels were validated by PCR amplification and Sanger sequencing of the locus (see below). 

For each sgRNA, the five predicted off-target sites with the highest CFD score were designated 

the five likeliest sites of sgRNA off-target activity. Primers flanking each locus were designed to 

amplify a product of 150-600 bp. IMCD3 WGS assemblies were checked in IGV to ensure 

primer annealing sites did not contain SNPs. If this was the case, primers were re-designed. 

Regions of variation were avoided. Primer details are presented in Table 2. 17. An annealing 

temperature of 60 °C and an extension time of 30 s was used for all primer pairs. Primers were 

validated by PCR using Taq polymerase and 50 ng WT gDNA template. PCR products were run 

on an agarose gel to ensure only a single product was produced. Off-target loci were PCR-

amplified using Taq polymerase and 50 ng gDNA from the relevant cell line. PCR products were 

column purified and eluted in 12 µl ddH2O. 5 µl each purified amplicon was mixed with 10 µl 

ddH2O and Sanger sequenced using PCR primers. Chromatograms were checked for 

mutagenesis against sequences from the parental WT cell line. 

2.7.6 Bioinformatic prediction of variant impact on protein function 

Functions of proteins were established by searching the UniProt database of protein sequence 

and function (online) and by checking associated GO terms within the Gene Ontology resource 

(also online). The expression of each gene within the IMCD3 cell line was searched for within 

the Genevestigator software package, which includes a gene expression database. 

To predict the conservation of peptide positions affected by single amino acid changes, the 

sequence of the longest isoform of a protein was sourced from UniProt in FASTA format. Each 

was input (separately) into the ConSurf server (online), to be analysed under the assumption 

that there was no known protein structure and without provision of a multiple sequence 

alignment (MSA). The query was run using default parameters. From the results, the 

conservation score at each position was identified. In some cases, the MSA was also examined. 
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2.8 RNA sequencing (RNAseq) 

2.8.1 RNA extraction for RNAseq 

450,000 cells/well were seeded in a 6-well plate in complete media. 24 h post-seeding, cells 

were washed three times with PBS and serum-starved for 48 h in low serum media. Cells were 

washed three times with ice-cold PBS and lysed at room temperature with 1 ml/well QIAzol lysis 

reagent (QIAGEN). Lysates were incubated at room temperature for 5 min and homogenised by 

pipetting up and down. They were then transferred to 1.5 ml microcentrifuge tubes and stored at 

-80 °C until RNA isolation. 

To isolate RNA, 0.2 ml chloroform was added. Tubes were securely capped and incubated at 

room temperature for 3 min. Samples were centrifuged at 12,000 x g at 4 °C for 15 min. The 

aqueous phase of each sample (containing RNA) was transferred to a 1.5 ml microcentrifuge 

tube and an equal volume of 100 % ethanol added. Samples were mixed well. The Monarch 

Total RNA Miniprep kit (NEB) was then used for gDNA elimination and final purification of RNA. 

The kit contained RNA purification columns, collection tubes, RNA wash buffer, DNase I, DNase 

I reaction buffer and RNA priming buffer. 100 ml 100 % ethanol was added to the 25 ml RNA 

wash buffer concentrate supplied in the kit. All subsequent centrifugation steps were performed 

at 16,000 x g. Samples were transferred to RNA purification columns fitted with collection tubes. 

Tubes were spun for 30 s and flow-through discarded. On-column DNase I treatment was 

performed to eliminate gDNA, as follows. Columns were washed with 500 µl RNA wash buffer 

and spun for 30 s. Flow-through was discarded. In a separate 1.5 ml microcentrifuge tube, 5 µl 

DNase I was mixed with 75 µl DNase I reaction buffer and added directly to the RNA purification 

column. Samples were incubated for 15 min at room temperature. 500 µl RNA priming buffer 

was added to columns and columns were spun for 30 s. Flow-through was discarded. 500 µl 

RNA wash buffer was added, columns spun for 30 s and flow-through discarded. 500 µl RNA 

wash buffer was added again and columns spun for 2 min. The column was transferred to a 

clean 1.5 ml microcentrifuge tube, avoiding contact with the flow-through in the collection tube. 

RNA was eluted in 50 µl RNase-free H2O. 

RNA concentration and purity were assayed by NanoDrop 1000 (Thermo Fisher Scientific). A 

260/280 ratio of 2.0 and a 260/230 ratio of 1.8-2.2 were accepted as pure for RNA. 

Concentration and purity of RNA samples used for RNAseq are given in Appendix 9.9.1. 

2.8.2 RNA sequencing and alignment 

Samples were anonymised using alphanumeric nomenclature (replicates “1”, “2” or “3” from cell 

lines “A”, “B” or “C”) to avoid biasing of RNAseq data analysis. 10 µl each total RNA sample was 

allocated for RNAseq. Library preparation and sequencing were performed by GENEWIZ LLC. 

(South Plainfield, New Jersey, United States of America). GENEWIZ described its 

methodologies as follows: 

RNA samples were quantified with a Qubit 2.0 Fluorometer (Life Technologies) and RNA 

integrity was checked with 4200 TapeStation (Agilent Technologies). 
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RNA sequencing library preparation used the NEBNext Ultra RNA Library Prep Kit for Illumina 

(NEB), following manufacturer’s instructions. Briefly, mRNAs were first enriched with Oligo-d(T) 

beads.  Enriched mRNAs were fragmented for 15 minutes at 94 °C. First strand and second 

strand cDNA were subsequently synthesized. cDNA fragments were end-repaired and 

adenylated at 3’ends, and universal adapters were ligated to cDNA fragments, followed by 

index addition and library enrichment by PCR with limited cycles. The sequencing library was 

validated on the Agilent TapeStation (Agilent Technologies) and quantified by using Qubit 2.0 

Fluorometer (Invitrogen) as well as by quantitative PCR (KAPA Biosystems). 

The sequencing libraries were clustered on a single lane of a flowcell. After clustering, the 

flowcell was loaded on the Illumina HiSeq instrument according to manufacturer’s instructions.  

The samples were sequenced using a 2x150 paired-end configuration. Image analysis and 

base calling were conducted by the HiSeq Control Software. Raw sequence data (BCL files) 

generated from Illumina HiSeq was converted into Fastq files and demultiplexed using Illumina's 

bcl2fastq 2.17 software. One mis-match was allowed for index sequence identification. 

Sequence quality was evaluated. Sequence reads were trimmed to remove possible adapter 

sequences and nucleotides with poor quality using Trimmomatic v0.36 (Bolger, Lohse and 

Usadel, 2014). The trimmed reads were mapped to the mouse GRCm38/mm10 reference 

genome using the STAR aligner v2.5.2b (Dobin et al., 2013). The STAR aligner is a splice 

aligner that detects splice junctions and incorporates them to help align the entire read 

sequences. BAM files were generated as a result of this step. Unique gene hit counts were 

calculated by using featureCounts from the Subread package v1.5.2 (Liao, Smyth and Shi, 

2014). Only unique reads that fell within exon regions were counted. Since a strand-specific 

library preparation was performed, the reads were strand-specifically counted. 

2.8.3 Differential gene expression analysis 

Differential gene expression analysis was conducted by GENEWIZ LLC. (South Plainfield, New 

Jersey, United States of America). GENEWIZ provided the following explanation of their 

methods: 

Gene hit counts were used for downstream differential gene expression analysis. Using 

DESeq2 (Love, Huber and Anders, 2014), a comparison of gene expression between the pairs 

of cell lines (WT vs Bbs1ex1.4, WT vs Bbs1ex8, Bbs1ex1.4 vs Bbs1ex8) was performed. P-values and 

log2 fold-changes were generated using the Wald test. For each comparison, genes with an 

adjusted p-value < 0.05 and absolute log2 fold-change > 1 were called as differentially 

expressed genes (DEGs). 

2.8.4 Gene Set Enrichment Analysis (GSEA) 

Gene set enrichment analysis (Subramanian et al., 2005) was performed using the desktop 

GSEA software application, with Hallmark (Liberzon et al., 2015) and GO cellular component 

(GO CC) (Consortium et al., 2000; Consortium, 2019) gene sets. Gene sets were downloaded 

from the online Molecular Signatures Database (MSigDB) (Subramanian et al., 2005; Liberzon 

et al., 2015) as GMT files containing gene symbols. 
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For each comparison (WT vs Bbs1ex1.4, WT vs Bbs1ex8, Bbs1ex1.4 vs Bbs1ex8), a RNK file was 

generated, as follows. In Microsoft Excel a table was created, containing the complete list of 

sequenced gene symbols in the first column and the respective log2 fold-change of its 

expression in the second column. Gene symbols were in fully capitalised, to match the 

nomenclature used in the gene set GMT files. The table was ranked from largest to smallest 

log2 fold-change. The worksheet was saved as a tab delimited file with the extension, .rnk. 

RNK and GMT files were loaded to the GSEA application. A GSEA Preranked analysis was 

performed for each combination of RNK file (i.e. comparison) and GMT file (i.e. gene set), using 

default settings. A gene set was considered significantly enriched if its normalised enrichment 

score (NES) was associated with a nominal p-value <0.05 and a false discovery rate (FDR) 

<0.25 (Subramanian et al., 2005). Hallmark GSEA results were viewed in Microsoft Excel and 

data uploaded to the Morpheus online interface for heat map generation. GO cellular 

component GSEA results were opened in Cytoscape software and displayed as an enrichment 

map using the Enrichment Map plugin (based on methods described by Reimand et al., 2019). 

The ClusterViz plugin provided clustering annotation, after which manual manipulation was 

used to ensure labels were legible. 

2.8.5 BLASTn search for genes with homology to the Bbs1 transcript 

The mouse Bbs1 cDNA (transcript) sequence (ENSMUST00000053506.6) was sourced from 

Ensembl and was entered as a query sequence within the basic local alignment search tool 

(BLAST) nucleotide (BLASTn) search online interface. A BLASTn search was run to identify 

Mus musculus sequences within the RefSeq RNA database. Although searching for genes, the 

search for RNA sequences was used, to minimise results in non-coding loci. The default 

algorithm parameters were adjusted to use the smallest possible “word size” of 7, as it was not 

known how short sequences might have to be to initiate a genetic compensation response. A 

limit of 100 results was used and the full list of results is presented in Appendix 9.9.10. After 

removal of non-coding RNAs and duplicate RNAs (i.e. transcript variants), RNAs of 33 genes 

remained which had homology to the Bbs1 transcript. For each gene, the expression (log2 fold-

change) and associated padj value were inspected. 
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2.9 List of equations 

Equation 2. 1: To calculate cell concentration  

 

 

Equation 2. 2: To calculate primer amplification efficiency from standard curves made 
with ten-fold dilutions of template 

 

Equation 2. 3: To calculate primer amplification efficiency from standard curves made 
with two-fold dilutions of template 

 

Equation 2. 4: To calculate percentage primer amplification efficiency 

 

Equation 2. 5: To calculate normalised gene expression ratio by the Pfaffl method  

 

Equation 2. 6: To calculate population doubling time (PDT) 

 

Equation 2. 7: To calculate tissue resistance (Rtissue) 

 

Equation 2. 8: To calculate transepithelial electrical resistance (TEER) 
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2.10 Tables for Chapter 2 

Table 2. 1: Computational tools and software packages 

Computational tools are grouped into those which are accessed (openly) through an online interface, open access software which is run locally, and licensed 

software packages that are not open access. Tools within each group are listed alphabetically. Note, this table does not contain tools for work completed by 

collaborators or third parties. In-line citations are given for these within the relevant methods. 

Tool 
Version  

(if available) 
Website address Citation or product owner 

Computational tools accessed through online interface 

Benchling biology software N/A http://www.benchling.com/editor N/A 

BLAST N/A http://blast.ncbi.nlm.nih.gov/Blast.cgi 
(Altschul et al., 1990; Johnson et 
al., 2008) 

ConSurf Various http://consurf.tau.ac.il/ 
(Ashkenazy et al., 2010, 2016; 
Celniker et al., 2013) 

CRISPOR 4.7 http://crispor.tefor.net/ 
(Haeussler et al., 2016; 
Concordet and Haeussler, 2018 

EMBOSS Needle N/A http://www.ebi.ac.uk/Tools/psa/emboss_needle/ 
(Needleman and Wunsch, 1970; 
Madeira et al., 2019) 

Ensembl genome browser Various http://www.ensembl.org/ (Zerbino et al., 2018) 

Ensembl Variant Effect Predictor 
(VEP) 

Various http://www.ensembl.org/Tools/VEP (McLaren et al., 2016) 

Galaxy Various http://usegalaxy.org/ (Afgan et al., 2016) 

Gene Ontology resource Various http://geneontology.org/ 
(Consortium et al., 2000; 
Consortium, 2019) 

Gene Structure Display Server 
(GSDS) 

2.0 http://gsds.cbi.pku.edu.cn/ (B. Hu et al., 2015) 

Gene Transcription Regulation 
Database (GTRD) 

19.04 http://gtrd.biouml.org/ (Yevshin et al., 2019) 

http://www.benchling.com/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://consurf.tau.ac.il/
http://crispor.tefor.net/
http://www.ebi.ac.uk/Tools/psa/emboss_needle/
http://www.ensembl.org/
http://www.ensembl.org/Tools/VEP
http://usegalaxy.org/
http://geneontology.org/
http://gsds.cbi.pku.edu.cn/
http://gtrd.biouml.org/
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Tool 
Version  

(if available) 
Website address Citation or product owner 

MIT CRISPR design tool3 N/A http://crispr.mit.edu 
(Cong et al., 2013; Ran, Hsu, 
Wright, et al., 2013). 

Morpheus N/A http://software.broadinstitute.org/morpheus/ 
Made available by the Broad 
Institute (2019) 

MSigDB 6.2 http://software.broadinstitute.org/gsea/msigdb/index.jsp 
(Subramanian et al., 2005; 
Liberzon et al., 2015) 

Mutalyzer 2.0.29 http://mutalyzer.nl/name-checker (Wildeman et al., 2008) 

Protein Molecular Weight calculator N/A http://www.bioinformatics.org/sms/prot_mw.html 
Copyright owned by Paul 
Stothard (2000) 

PSIPRED 3.3 http://bioinf.cs.ucl.ac.uk/psipred/ 
(Jones, 1999; Buchan and 
Jones, 2019) 

UCSC table browser Various http://genome.ucsc.edu/cgi-bin/hgTables (Karolchik et al., 2004) 

UniProt Various http://www.uniprot.org/ (The UniProt Consortium, 2019) 

Open access software packages run locally 

ClusterViz plugin for Cytoscape 1.0.3 http://apps.cytoscape.org/apps/clusterviz (Wang et al., 2015) 

Compass for Simple Western Various http://www.proteinsimple.com/compass/downloads/ ProteinSimple 

Cytoscape 3.7.1 http://cytoscape.org/index.html (Shannon et al., 2003) 

Enrichment Map plugin for 
Cytoscape 

3.2.0 http://www.baderlab.org/Software/EnrichmentMap (Merico et al., 2010) 

Fiji is just ImageJ (FIJI) Various http://imagej.net/Fiji/Downloads 
(Schindelin et al., 2012; 
Schneider, Rasband and Eliceiri, 
2012) 

GSEA 3.0 http://software.broadinstitute.org/gsea/index.jsp (Subramanian et al., 2005) 

Genevestigator 3 http://genevestigator.com/gv/ (Hruz et al., 2008) 

 
3 The MIT CRISPR design tool was retired early in 2019 and was no longer available at time of thesis completion. 

http://crispr.mit.edu/
http://software.broadinstitute.org/morpheus/
http://software.broadinstitute.org/gsea/msigdb/index.jsp
http://mutalyzer.nl/name-checker
http://www.bioinformatics.org/sms/prot_mw.html
http://bioinf.cs.ucl.ac.uk/psipred/
http://genome.ucsc.edu/cgi-bin/hgTables
http://www.uniprot.org/
http://apps.cytoscape.org/apps/clusterviz
http://www.proteinsimple.com/compass/downloads/
http://cytoscape.org/index.html
http://www.baderlab.org/Software/EnrichmentMap
http://imagej.net/Fiji/Downloads
http://software.broadinstitute.org/gsea/index.jsp
http://genevestigator.com/gv/
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Tool 
Version  

(if available) 
Website address Citation or product owner 

Image5D plugin for ImageJ 2.0.2 http://imagej.nih.gov/ij/plugins/image5d.html 
Created by Joachim Walter 
(2005) 

Licensed software packages 

AxioVision 4.8.2.0 N/A Zeiss 

CFX Manager 3.1 N/A Bio-Rad 

IncuCyte ZOOM 2016A N/A Essen Bioscience 

Prism 8.0.2 N/A GraphPad Software 

 

 

 

http://imagej.nih.gov/ij/plugins/image5d.html
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Table 2. 2: Accession numbers of human BBS1/BBS1 and mouse Bbs1/BBS1 sequences 

Sequence Human BBS1/BBS1 Mouse Bbs1/BBS1 

Genomic ENSG00000174483 ENSMUSG00000006464 

cDNA ENST00000318312.11 ENSMUST00000053506.6 

Coding (CDS) CCDS8142.1 CCDS29442.1 

Protein ENSP00000317469 ENSMUSP00000055321 
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Table 2. 3: Cell culture reagent volumes 

Culture vessel 
Volume culture 

media 
(per well or flask) 

Volume PBS 
(per well or flask) 

Volume of trypsin-
EDTA 

(per well or flask) 

96-well plate 100-150 µl 100 µl 30 µl 

12-well plate 1 ml 1 ml 500 µl 

6-well plate 2.5 ml 2.5 ml 1 ml 

T25 flask 5 ml 5 ml 1 ml 

T75 flask 12 ml 12 ml 3 ml 
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Table 2. 4: Sequencing primers 

Sequencing primer name Sequence (5’-3’) 

T7F_seq TAATACGACTCACTATAGGG 

SP6_seq ATTTAGGTGACACTATAG 

pX330_seq CGTAACTTGAAAGTATTTCGATTTCTTGGC 

M13F_seq GTAAAACGACGGCCAG 

M13R_seq CAGGAAACAGCTATGAC 

hBBS1_seq AGAAGCTGTGGACAGTGCAGAT 
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Table 2. 5: RT-qPCR and qPCR primers 

Primer name Primer sequence (5’-3’) Expected product size (bp) Ta (°C ) Application 

Bbs1_1_qPCR_F AATGAACACACAGAGCGGGT 
109 60.0 

Genomic qPCR to confirm 
Bbs1 copy number 

Bbs1_1_qPCR_R CAGCTTTTGTTCACGCTGCT 

Gapdh_qPCR_F AATACGGCTACAGCAACAGGGT  
146 60.0 

Gapdh_qPCR_R TGAGGGAGATGCTCAGTGTTGG  

Bbs1_1_RTqPCR_F CTCACACTTCACCTGCAGAATA 
121 60.0 

RT-qPCR to determine 
Bbs1 transcript levels 

Bbs1_1_RTqPCR_R CCAGCAAGGGAACCTTAAAGA 

Hprt_RTqPCR_F GCAGTACAGCCCCAAAATGG 
85 60.0 

Hprt_RTqPCR_R AACAAAGTCTGGCCTGTATCCAA 
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Table 2. 6: RT-PCR primers for amplification and validation Bbs1 splice variants 

Primer name Primer sequence (5’-3’) 
Expected amplicon 

size (bp) 
Annealing 

temperature, Ta (°C) 
Extension time (s) 

Bbs1_ex1-11_RT_F CTTCATCGGATTCTGACAGCGG 
992 62 60 

Bbs1_ex1-11_RT_R GAGGTTCATGGTCAGGATGGCT 

Bbs1_ex11-15_RT_F CTGCTCAATGTCATCCATGCCC 
492 60 30 

Bbs1_ex11-15_RT_R CGCCTTGTTGTACAGGAAGCAG 

Bbs1_X1_F GTTCTGGGCTCTTGCTTTCGAG 
222 69 10 

Bbs1_X1_R CAGTGACAGGCAGGAGGAGAAG 

Bbs1_ex8-skip_F CCCTTTGGAACAGGACGTTTGG 
202 63 30 

Bbs1_ex8-skip_R GCTCATCTGGCGCTTGATAACC 

Bbs1_ex13-skip_F TGACTACTAGAGCCATGCACCG 
192 63 30 

Bbs1_ex13-skip_R TCTGCAGGTGAAGTGTGAGCTT 
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Table 2. 7: Single guide RNAs (sgRNAs) 

Genomic coordinates refer to the mouse GRCm38/mm10 genome assembly. Protospacer adjacent motif (PAM) sequences are given in blue, underlined type. All 

sequences are stated in the 5’-3’ direction. 

sgRNA name 
Target exon in 

Bbs1 gene 
Genomic coordinates of 
target site (and strand) 

sgRNA sequence + 
PAM 

Oligo 1 Oligo 2 

sgRNA-1 Exon 1 
Chr19:4906593-4906615 
(- strand) 

GACGCCTGGGAAAAT
GGCTGCGG 

CACCGACGCCTGGGA
AAATGGCTG 

CAGCCATTTTCCCAGGCGTC
AAAC 

sgRNA-x Exon 8 
Chr19:4891793-4891758 
(+ strand) 

CCCTGAGGCCTTCACC
ATTTTGG 

CACCGCCCTGAGGCC
TTCACCATTT 

AAACAAATGGTGAAGGCCTC
AGGGC 

sgRNA-8 Exon 8 
Chr19:4900583-4900605 
(- strand) 

GACCACCCTGAAGAAG
AACCTGG 

CACCGACCACCCTGAA
GAAGAACC 

AAACGGTTCTTCTTCAGGGT
GGTC 

sgRNA-12 Exon 12 
Chr19:4894964-4894983 
(- strand) 

ACCCTCATCATGACTA
CTAGAGG 

CACCGACCCTCATCAT
GACTACTAG 

AAACCTAGTAGTCATGATGA
GGGTC 

sgRNA-M390R Exon 12 
Chr19:4894959-4894981 
(+ strand) 

CACCTCTAGTAGTCAT
GATGAGG 

CACCGCACCTCTAGTA
GTCATGATG 

AAACCATCATGACTACTAGAG
GTGC 
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Table 2. 8: Genotyping primers 

For genotyping of mutations in exon 12, two sets of primers were used. Primers labelled “PCR1” were used for initial genotyping of clones. Primers were later 

redesigned and a new pair, labelled “PCR2”, used instead (as described in section 5.3.4 of Chapter 5). 

Primer name Primer sequence (5’-3’) sgRNA(s) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C ) 

Extension 
time (s) 

Bbs1_ex1_PCR_F GAACCTTTGTTCCTGTGCTTTC 
sgRNA-1 283 57 30 

Bbs1_ex1_PCR_R GATACTTCTTGGCCATCAGCTT 

Bbs1_ex8_PCR_F GCTTGCTCCTCTTTTGCCCTTT 
sgRNA-8 275 60 30 

Bbs1_ex8_PCR_R ACACTGGGAGAGCAGGAGGA 

Bbs1_ex12_PCR1_F AGCAGTATTTCCAAGGCAACAT sgRNA-12; 

sgRNA-M390R 
272 57 30 

Bbs1_ex12_PCR1_R CTTCCCCACAGAATCTCATCTC 

Bbs1_ex12_PCR2_F CAGCACAGCCAGGGAGATTAGA sgRNA-12; 

sgRNA-M390R 
371 60 30 

Bbs1_ex12_PCR2_R AATCGTACACAGGGCATGTCCA 
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Table 2. 9: Protein and antibody combinations tested on the Peggy Sue 

Loading control immunoblotting was performed for each protein sample on every run, using 

mouse monoclonal anti-β-actin primary antibody (1:1000; A2228, Sigma) and anti-rabbit 

secondary antibody (undiluted; DM-001, Protein Simple). 

Purpose 
Protein sample and working 

concentration 
Primary antibody 

details 
Secondary antibody 

details 

To identify 
anti-BBS1 
antibodies 
which give 
signal 

WT lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 
(HPA058283, Atlas), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.8 mg/ml 
Rabbit polyclonal 
anti-BBS1 (bs-
11507R, Bioss), 1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.8 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

To test for 
dose-
response to 
Proteintech 
antibody 
dilution 

WT lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:75 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:100 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

To test for 
Proteintech 
pAb dose-
response to 
protein 
dilution 

WT lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.4 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.2 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

To test 
Proteintech 
pAb 
specificity for 
recombinant 
BBS1 protein 

WT lysate, 0.2 mg/ml spiked 
with 0.03 µg recombinant 
human BBS1 protein (Abcam, 
ab157954) 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

0.03 µg recombinant human 
BBS1 protein (Abcam, 
ab157954) 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

NSC 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 
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Purpose 
Protein sample and working 

concentration 
Primary antibody 

details 
Secondary antibody 

details 

To test for 
Bbs1 in all 
IMCD3 clone 
lysates using 
Proteintech 
pAb 

WT lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.1 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.2 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.3 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.4 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex8 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.1 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.2 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.3 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.4 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.5 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1M390R lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrex1 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrex8 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrex12.1 lysate, 0.8 mg/ml 
Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 
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Purpose 
Protein sample and working 

concentration 
Primary antibody 

details 
Secondary antibody 

details 

1:50 

WTcrex12.2 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrM390R.1 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrM390R.2 lysate, 0.8 mg/ml 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.2 mg/ml spiked 
with 0.03 µg recombinant 
human BBS1 protein (Abcam, 
ab157954) 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

0.03 µg recombinant human 
BBS1 protein (Abcam, 
ab157954) 

Rabbit polyclonal 
anti-BBS1 (21118-1-
AP, Proteintech), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

To optimise 
protein 
concentration 
for use with 
Abcam mAb 

WT lysate, 0.8 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.6 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.4 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

To test 
Abcam mAb 
specificity for 
Bbs1 using 
suspected 
Bbs1-/- lysate 

WT lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.4 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

To test for 
Bbs1 in all 
IMCD3 clone 
lysates using 
Abcam mAb 

WT lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.1 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.2 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 
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Purpose 
Protein sample and working 

concentration 
Primary antibody 

details 
Secondary antibody 

details 

Bbs1ex1.3 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex1.4 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex8 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.1 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.2 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.3 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.4 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1ex12.5 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

Bbs1M390R lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrex1 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrex8 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrex12.1 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrex12.2 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrM390R.1 lysate, 0.2 mg/ml 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WTcrM390R.2 lysate, 0.2 mg/ml 
Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 
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Purpose 
Protein sample and working 

concentration 
Primary antibody 

details 
Secondary antibody 

details 

1:50 

Controls to 
test for non-
specific 
primary/ 
secondary 
antibody 
activity 
 
Note: controls 
were run in 
parallel to 
testing for 
BBS1 in all 
cell line 
lysates with 
Abcam mAb 

NSC 

Rabbit monoclonal 
anti-BBS1 
(ab166613, Abcam), 
1:50 

Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

NSC 
Mouse monoclonal 
anti-β-actin (A2228, 
Sigma), 1:1000 

Anti-mouse (DM-002, 
Protein Simple), 
undiluted 

WT lysate, 0.2 mg/ml Antibody diluent 
Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

WT lysate, 0.2 mg/ml Antibody diluent 
Anti-mouse (DM-002, 
Protein Simple), 
undiluted 

NSC Antibody diluent 
Anti-rabbit (DM-001, 
Protein Simple), 
undiluted 

NSC Antibody diluent 
Anti-mouse (DM-002, 
Protein Simple), 
undiluted 
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Table 2. 10: Peggy Sue running parameters 

Parameter Value 

Separation matrix load time (s) 150 

Stacking matrix load time (s) 15 

Sample load time (s) 9 

Separation time (min) 40 

Separation voltage (v) 250 

Standards exposure (s) 5 

EE immobilisation time (s) 250 

Matrix removal time (s) 230 

Matrix washes (no.) 3 

Matrix wash soak time (s) 150 

Wash soak time (s) 150 

Antibody diluent time (min) 30 

Antibody diluent washes (no.) 2 

Antibody diluent wash soak time (s) 150 

Primary antibody time (min) 30 

Primary antibody washes (no.) 2 

Primary antibody wash soak time (s) 150 

Secondary antibody time (min) 30 

Secondary antibody washes (no.) 2 

Secondary antibody wash soak time (s) 150 

Detection profile High dynamic range (HDR) 
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Table 2. 11: Immunofluorescence with widefield microscopy 

All samples were mounted in Fluoroshield containing DAPI (GeneTex). 

Purpose 
Cell growth 
conditions 

Fixation 
Permeabilisation 

conditions 
Primary antibody or antibodies 

Secondary antibody or 
antibodies 

Observation of cilia Ciliogenic 
100 % ice-cold 
methanol for 10 
min at -20 °C 

N/A 

Mouse monoclonal anti-acetylated-α-tubulin 
(Lys 40) IgG2b, 1:1000 (T6793, Sigma-
Aldrich) 

Goat anti-mouse IgG2b Alexa 
Fluor 594, 1:500 (A-21145, 
Invitrogen) 

Rabbit polyclonal anti-ARL13B IgG, 1:200 
(17711-1-AP, Proteintech) 

Goat anti-rabbit IgG (H+L) 
Alexa Fluor 488, 1:500 (A-
11008, Invitrogen) 

Observation of 
midbodies 

Subconfluent 
and ciliogenic 

100 % ice-cold 
methanol for 10 
min at -20 °C 

N/A 

Mouse monoclonal anti-acetylated-α-tubulin 
(Lys 40) IgG2b, 1:1000 (T6793, Sigma-
Aldrich) 

Goat anti-mouse IgG2b Alexa 
Fluor 594, 1:500 (A-21145, 
Invitrogen) 

Rabbit polyclonal anti-Aurora B kinase IgG, 
1:500 (ab2254, Abcam) 

Goat anti-rabbit IgG (H+L) 
Alexa Fluor 488, 1:500 (A-
11008, Invitrogen) 

Observation of 
F-actin cytoskeleton 

Ciliogenic 
4 % PFA for 25 
min at 4 °C 

PBS + 0.2 % Triton 
X-100 for 3 min at 
room temperature 

 Mouse monoclonal anti-acetylated-α-
tubulin (Lys 40) IgG2b, 1:1000 (T6793, 
Sigma-Aldrich) 

Goat anti-mouse IgG2b Alexa 
Fluor 594, 1:500 (A-21145, 
Invitrogen) 

N/A 
CytoPainter phalloidin-iFluor 
488, 1X (ab176753, Abcam) 

Observation of (E-
cadherin in) 
adherens junctions 

Ciliogenic 
100 % ice-cold 
methanol for 10 
min at -20 °C 

N/A 

Mouse monoclonal anti-acetylated-α-tubulin 
(Lys 40) IgG2b, 1:1000 (T6793, Sigma-
Aldrich) 

Goat anti-mouse IgG2b Alexa 
Fluor 594, 1:500 (A-21145, 
Invitrogen) 

Rabbit monoclonal anti-E-cadherin (24E10) 
IgG, 1:200 (3195, CST) 

Goat anti-rabbit IgG (H+L) 
Alexa Fluor 488, 1:500 (A-
11008, Invitrogen) 

Observation of (β-
catenin in) 
adherens junctions 

Ciliogenic 
100 % ice-cold 
methanol for 10 
min at -20 °C 

N/A 

Mouse monoclonal anti-acetylated-α-tubulin 
(Lys 40) IgG2b, 1:1000 (T6793, Sigma-
Aldrich) 

Goat anti-mouse IgG2b Alexa 
Fluor 594, 1:500 (A-21145, 
Invitrogen) 

Rabbit polyclonal anti-β-catenin IgG, 1:400 Goat anti-rabbit IgG (H+L) 
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Purpose 
Cell growth 
conditions 

Fixation 
Permeabilisation 

conditions 
Primary antibody or antibodies 

Secondary antibody or 
antibodies 

(9562, CST) Alexa Fluor 488, 1:500 (A-
11008, Invitrogen) 

Observation of tight 
junctions 

Ciliogenic 
100 % ice-cold 
methanol for 10 
min at -20 °C 

N/A 

Rat monoclonal anti-ZO-1 (R40.76) IgG2a, 
1:500 (sc-33725, Santa Cruz) 

Goat anti-rat IgG (H+L) Alexa 
Fluor 488, 1:500 (A-11006, 
Invitrogen) 

Rabbit polyclonal anti-occludin IgG, 1:500 
(ab31721, Abcam) 

Goat anti-rabbit IgG (H+L) 
Alexa Fluor 568, 1:500 (A-
11011, Invitrogen) 

Observation of tight 
junctions in WT, 
Bbs1ex1.1 and 
Bbs1ex8 after 
overexpression of 
GFP::hBBS1 

Ciliogenic 
4 % PFA for 15 
min at room 
temperature 

PBS + 0.2 % Triton 
X-100 for 15 min at 
room temperature 

Rat monoclonal anti-ZO-1 (R40.76) IgG2a, 
1:500 (sc-33725, Santa Cruz) 

Goat anti-rat IgG (H+L) Alexa 
Fluor 594, 1:500 (A-11007, 
Invitrogen) 

Rabbit polyclonal anti-GFP IgG, 1:1000 
(ab290, Abcam) 

Goat anti-rabbit IgG (H+L) 
Alexa Fluor 488, 1:500 (A-
11008, Invitrogen) 
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Table 2. 12: Antibodies for immunofluorescence with confocal microscopy 

All secondary antibody mixtures contained 1 µg/ml Hoescht 33342 trihydrochloride (H21492, Invitrogen). 

Purpose Primary antibody or antibodies Secondary antibody or antibodies 

Observation of cilia 
 

Mouse monoclonal anti-acetylated-α-tubulin (Lys 40) IgG2b, 
1:1000 (T6793, Sigma-Aldrich) 

Goat anti-mouse IgG2b Alexa Fluor 546, 1:500 (A-
21143, Molecular Probes) 

Rabbit polyclonal anti-ARL13B IgG, 1:200 (17711-1-AP, 
Proteintech) 

Goat anti-rabbit IgG Alexa Fluor 647, 1:500 (A-21245, 
Molecular Probes) 

Mouse monoclonal anti-γ-tubulin IgG1, 1:500 (T6557, 
Sigma) 

Goat anti-mouse IgG1 Alexa Fluor 488, 1:500 (A-
21121, Molecular Probes) 

Observation of midbodies 

Rabbit polyclonal anti-Aurora B kinase IgG, 1:500 (ab2254, 
Abcam) 

Goat anti-rabbit IgG Alexa Fluor 647, 1:500 (A-21245, 
Molecular Probes) 

Mouse monoclonal anti-acetylated-α-tubulin (Lys 40) IgG2b, 
1:1000 (T6793, Sigma-Aldrich) 

Goat anti-mouse IgG2b Alexa Fluor 546, 1:500 (A-
21143, Molecular Probes) 

Mouse monoclonal anti-γ-tubulin IgG1, 1:500 (T6557, 
Sigma) 

Goat anti-mouse IgG1 Alexa Fluor 488, 1:500 (A-
21121, Molecular Probes) 

Observation of adherens junctions 

Mouse monoclonal anti-E-cadherin IgG2a, 1:50 (610181, BD 
Transduction Laboratories) 

Donkey anti-mouse IgG Alexa Fluor 488, 1:500 (A-
21202, Molecular Probes) 

Rabbit monoclonal anti-β-catenin IgG, 1:250 (ab32572, 
Abcam) 

Donkey anti-rabbit IgG Alexa Fluor 647, 1:500 (A-
31573, Molecular Probes) 

N/A 
Phalloidin-Alexa Fluor 546, 1:100 (A-22283, Molecular 
Probes) 

Observation of tight junctions 

Mouse monoclonal anti-occludin IgG, 1:100 (33-1500, 
Thermo Fisher) 

Donkey anti-mouse IgG Alexa Fluor 488, 1:500 (A-
21202, Molecular Probes) 

Rabbit polyclonal anti-ZO-1 IgG, 1:100 (61-7300, Thermo 
Fisher) 

Donkey anti-rabbit IgG Alexa Fluor 647, 1:500 (A-
31573, Molecular Probes) 

N/A 
Phalloidin-Alexa Fluor 546, 1:100 (A-22283, Molecular 
Probes) 
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Table 2. 13: Confocal image acquisition parameters 

These settings were used with 60X magnification, 1 x 1 binning, laser autofocus and no 

software autofocus. 

 

Channel Exposure time (s) Aperture Off-set 

DAPI (Hoechst) 0.1 2.92 0.0 

FITC (AF488) 0.35 2.94 0.0 

dsRed (AF546) 0.1 3.01 0.0 

Cy5 (AF647) 0.15 3.02 0.0 
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Table 2. 14: IncuCyte scratch wound image analysis settings 

Phase contrast (Analyze) 

Parameters 

Segmentation Adjustment: +1.2 

Cleanup 

Hole Fill (μm2): 1E+04 

Adjust Size (pixels): -2 

Filters 

Area (μm2): None 

Eccentricity: None 

Green channel (Unused) 

Red channel (Unused) 
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Table 2. 15: Gateway cloning primers 

Primer 
name 

Primer sequence (5’-3’) 
Expected 
amplicon 
size (bp) 

Annealing 
temperature, 

Ta (°C) 

Extension 
time (min) 

attB1-
hBBS1_F 

GGGGACAAGTTTGTACAAAA 
AAGCAGGCTTCATGGCCGC 
TGCGTCCTCATCGGATT 

1843 62 2.5 

attB2-
hBBS1_R 

GGGGACCACTTTGTACAAGA 
AAGCTGGGTCTCAGGCGGC 
CGCCAGCCCCTCGCTC 
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Table 2. 16: PCR primers to screen top 5 predicted off-target loci 

Purpose Primer name Primer sequence (5’-3’) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C) 

Extension 
time (s) 

Detection of off-target 
mutagenesis in clones 
transfected with sgRNA-
1 

Ex1_OT1_PCR_F TGGCTGCTGGTGGCTTGTTATA 
349 60 30 s 

Ex1_OT1_PCR_R AAGTGGGCTTCTCTTTCCCTGG 

Ex1_OT2_PCR_F CCTCATCACTAGCCAGCCCTAC 
288 60 30 s 

Ex1_OT2_PCR_R AGCATCTCTTAGGCTGGGGAAC 

Ex1_OT3_PCR_F AGTACTTGCTGGGTGTGTGTGT 
294 60 30 s 

Ex1_OT3_PCR_R ACGGCAGCCATTTCTCAAAGTC 

Ex1_OT4_PCR_F CAGATGTGGACTCTTGCCCTCA 
257 60 30 s 

Ex1_OT4_PCR_R TAAATGGGAGCCATCCTGGGAC 

Ex1_OT5_PCR_F TCCCACTCAGAAAGCAGTTGGT 
327 60 30 s 

Ex1_OT5_PCR_R TTTACCTTCCGTGGCCTGTAGG 

Detection of off-target 
mutagenesis in clones 
transfected with sgRNA-
8 

Ex8_OT1_PCR_F TAGAGAGAGCCCCTTCTCCTCC 
190 60 30 s 

Ex8_OT1_PCR_R TCAGGCCAAGTTCTGCATAGCT 

Ex8_OT2_PCR_F CCTCAGATTCCAGTCGATCCCC 
209 60 30 s 

Ex8_OT2_PCR_R TTAGCACAGAACATGCCGGTTG 

Ex8_OT3_PCR_F CAGGAGGAAGATGGATAGGGCG 
336 60 30 s 

Ex8_OT3_PCR_R TCCAAGCAGGACCCTTTGCTTA 

Ex8_OT4_PCR_F ACCCAACAACTCGTAGAAGCCA 
302 60 30 s 

Ex8_OT4_PCR_R GATACCAGCAACAATGGGCAGG 

Ex8_OT5_PCR_F CCCAATGTTGACTGCTGCCAAT 
370 60 30 s 

Ex8_OT5_PCR_R GCTGTCCTGGAACTCACTCTGT 

Detection of off-target 
mutagenesis in clones 
transfected with sgRNA-
12 

Ex12_OT1_PCR_F ACTTAAAACCCCACCTTTGACA 
332 60 30 s 

Ex12_OT1_PCR_R TTCCTGTAAAAGGCTTCCTGGA 

Ex12_OT2_PCR_F TTTCAGGTCCTAGGTGGGCAAG 
327 60 30 s 

Ex12_OT2_PCR_R CACCCTTGCTGCAGAAACAGAG 
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Purpose Primer name Primer sequence (5’-3’) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C) 

Extension 
time (s) 

Ex12_OT3_PCR_F ATCTCACCAGCCTCGGGTTTTT 
219 60 30 s 

Ex12_OT3_PCR_R GCCTCCTTGAACACCTGCATTC 

Ex12_OT4_PCR_F TGCAATGGTCCTTCTTGCATGA 
364 60 30 s 

Ex12_OT4_PCR_R TGCCATAGGAAAAGACTCTCCTCA 

Ex12_OT5_PCR_F TGGGCTTTAACTGATCTGCCCA 
330 60 30 s 

Ex12_OT5_PCR_R AACATAGGGCCCAGCTTAGCAA 

Detection of off-target 
mutagenesis in clones 
transfected with sgRNA-
M390R 

M390R_OT1_PCR_F TCAGAAGAAACCTGAGCCTTTT 
286 60 30 s 

M390R_OT1_PCR_R ACACGGTGAGCTGGCTAGATAC 

M390R_OT2_PCR_F GTCACCATGAGCCAGGAAGTCA 
174 60 30 s 

M390R_OT2_PCR_R AGCATTCTTGGGAGACATGGTCA 

M390R_OT3_PCR_F CTGCAGAAGCCAGAGGAGAACT 
278 60 30 s 

M390R_OT3_PCR_R TGGCTTTCTCCCAGTTTTAGCT 

M390R_OT4_PCR_F ACCTTCTCCCATCCTCTCTCTGT 
267 60 30 s 

M390R_OT4_PCR_R TCCCAGAAACTTGGTAGAAACCCA 

M390R_OT5_PCR_F TCAGCTCTACCAATCTGGCTCA 
299 60 30 s 

M390R_OT5_PCR_R GGGCTAAGGTTAGGGTTTGGGT 
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Table 2. 17: PCR primers for validation of WGS 

Nature of variants to be 
validated 

Primer name Primer sequence (5’-3’) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C) 

Extension time 
(s) 

CRISPR off-target activity 

Ccdc167_PCR_F CAAGGCCTTCCCCCACATCTAA 
280 60 30 

Ccdc167_PCR_R GGTGATTGTGAGCCACCATGTG 

Hbs1l_PCR_F CTGGGGATCGGCTGTACTACTG 
399 60 30 

Hbs1l_PCR_R ACTCCCAGTCCAAAGTCCTGTG 

High impact cilia gene 
variants 

Syne2v1_PCR_F GCAAGTCGCCAAACTGAGAGAC 
244 60 30 

Syne2v1_PCR_R GGAAGGGGCTGCTGAGTTCTAA 

Ttll9_PCR_F ATGCTATCTCCCCGTCTGCATC 
280 60 30 

Ttll9_PCR_R CCAAGTCACACAGCTGGTATGC 

Tctn2_PCR_F CTTGCCAGAGAGTTGTGCCTTG 
232 60 30 

Tctn2_PCR_R CCAGCTTCAGCAGTGAGAATGC 

Gapdhs_PCR_F AAGCAAGAGCCCTGAGGGTAAG 
368 60 30 

Gapdhs_PCR_R TGGAGGCCAGCAAAGATCATGA 

Pnkp_PCR_F TTCCCCTGCCAGAGGACTATCT 
264 60 30 

Pnkp_PCR_R CCACTCACCCTGTTCACATGGA 

Pde4c_PCR_F CTTGCGATATTTCCGCTTGGCT 
354 60 30 

Pde4c_PCR_R CATTTCCTCAAATAGGCCCCGC 

Cilia gene variants with a 
deleterious SIFT score 

Pkhd1v1_PCR_F AAATTCTTGCCTCCCTGCAGGA 
213 60 30 

Pkhd1v1_PCR_R GCAAGAACTGTAGAGTGGTCGC 

Pkhd1v2_PCR_F CACCCTCAGGCTGTTATGGCTA 
247 60 30 

Pkhd1v2_PCR_R ACTCGCAGGCTATGTTTCCCTT 

Map6_PCR_F ATAAACCCCCAAGGAAGGCCAA 
258 60 30 

Map6_PCR_R ACCAAGGCAGATGGGAAGTCTC 

BC017158_PCR_F AGCAAGGCTAGGGTTTGCAGTA 
216 60 30 

BC017158_PCR_R TTCTCTCCAGGCCTTTGCTTCC 



153 

Nature of variants to be 
validated 

Primer name Primer sequence (5’-3’) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C) 

Extension time 
(s) 

Poc1a_PCR_F GGGTGCTCAAGGTTCCTGAGAT 
219 60 30 

Poc1a_PCR_R GGTACCCAGATGCGAACAGTCT 

Dydc2_PCR_F GTCGCAGTGTCCGGCATAAAAA 
279 60 30 

Dydc2_PCR_R TGCTCCTCTTACGGGCCTTTTT 

Nupl2_PCR_F TCTTCCTCCACTCCAGCCTTTG 
324 60 30 

Nupl2_PCR_R CTGATCCCTGGGTGTGAACAGT 

Nup62_PCR_F AGCCTCTTCTCACTCACCACAC 
272 60 30 

Nup62_PCR_R GCAGAGGTGGTAGAAGAGCCAA 

Kif7_PCR_F ACATTCTGCTCGTGCTCCTTCT 
313 60 30 

Kif7_PCR_R TGGGACCTCACTGTCTAGAGCT 

Abca13v1_PCR_F ACACCACTGTGCAACTTCCTCA 
311 60 30 

Abca13v1_PCR_R AACTGGGAGATCAGTGAGGTGC 

Abca13v2_PCR_F CTCCAGTGTCCTTACCATCGCT 
267 60 30 

Abca13v2_PCR_R ACACCAGTGCCAGTGTGTAGTT 

Abca13v3_PCR_F CACCACCTGGATGAAGCTGAGA 
290 60 30 

Abca13v3_PCR_R GTGCTCAGACCTGGAAGGAGTT 

Dnah9_PCR_F GCACTTGACAAGCACCGCTAAT 
256 60 30 

Dnah9_PCR_R TCCCTTCTCAATCCTCTCCCCA 

Dnah17_PCR_F ACAGCATCCTCCATCAAAGCCT 
393 60 30 

Dnah17_PCR_R AGGCACCATGATGCTCAAGTCT 

Syne2v2_PCR_F TTCGCACCTTCAGGACGTTAGT 
208 60 30 

Syne2v2_PCR_R TAGAGCTTGTCACAGGCCTTCC 

Syne2v3_PCR_F GTACCCCTCACTGTTTCAGGCT 
345 60 30 

Syne2v3_PCR_R CAGAGGCTGTAACAGTCCTGCT 

Syne2v4_PCR_F TGCCTTCTGTGTGGCTTATCCA 
330 60 30 

Syne2v4_PCR_R GAGGCAGGCAAGCATTTGAAGT 
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Nature of variants to be 
validated 

Primer name Primer sequence (5’-3’) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C) 

Extension time 
(s) 

High impact variants 
unique to Bbs1ex8 

Cryba2_PCR_F CTTCGAGTACCCCGACTTCCAG 
337 60 30 

Cryba2_PCR_R CACAAATGCCACTACCACCCAC 

Dpp10_PCR_F TGGCACATCATACACCCTTCAA 
488 60 30 

Dpp10_PCR_R CAGCTGAACACACTGAAAGAGCA 

Slc39a11_PCR_F CTTCCTCTTGCTGCTGCTTGTC 
390 60 30 

Slc39a11_PCR_R CCCATAGCATAGAGTGGCCTCC 

Tmem63c_PCR_F AAGGCCAAGAATGAGGGACACA 
356 60 30 

Tmem63c_PCR_R TCCTGAGTGTCACTGATGCAGG 

Ear2_PCR_F CAGGACAACCAGCCCTAAGT 
398 60 30 

Ear2_PCR_R TAAGGTGTTCTCCTCCGACT 

Plekhg5_PCR_F GGAATGGTCCAGGGATGTGTGA 
377 60 30 

Plekhg5_PCR_R TAGAGTGGGTCGAAAGCTCTGC 

Olfr671_PCR_F ATGACTGAGAGAATGTCCCTGT 
240 60 30 

Olfr671_PCR_R GGTCAGTCCCAGGTCAATGGAA 

Ltf_PCR_F AGAGCCCCGGACTCACTACTAT 
278 60 30 

Ltf_PCR_R CCATCCCAAAGTGGCTTGTGTC 

Variants with a deleterious 
SIFT score and unique to 
Bbs1ex8 

Mettl21c_PCR_F AGGTAGCAATTCTCACCCCTGG 
376 60 30 

Mettl21c_PCR_R GGGTGTCACCTCTTCTGTCCTC 

Cr2_PCR_F ACAAGTTGGTACACCTGGTAACCA 
170 60 30 

Cr2_PCR_R ATTGCCCCGATCCAGAAGTCAA 

Cntrl_PCR_F GGAAGGTCAGCCAGTAACCACT 
228 60 30 

Cntrl_PCR_R GTGGTCCTGGGAACTGAACTCA 

Rabgap1_PCR_F ATTGCCAGGACTGCACAGAGAA 
519 60 30 

Rabgap1_PCR_R ATCCTGAAGAGCTCTGCGTTGT 

Grb14_PCR_F CCAGCTGGATGAGGTCTGTGAA 
275 60 30 

Grb14_PCR_R AGGGAGAGTAGGCACGATGCTA 
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Nature of variants to be 
validated 

Primer name Primer sequence (5’-3’) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C) 

Extension time 
(s) 

Tti1_PCR_F TGCCACATCCTTCTCTTGGAGG 
245 60 30 

Tti1_PCR_R CCATGCCAGTCTTGCCAAAGAG 

Ssx2ip_PCR_F GTGTCGTCCTCACCACTCAACT 
393 60 30 

Ssx2ip_PCR_R ACAACATACGAGCCCCTTCACT 

Musk_PCR_F GTCACAGAAAGACAGCCAAGGC 
251 60 30 

Musk_PCR_R GCATGGGAGTAGGTACCACTCC 

Plxna1_PCR_F CTGCAGGGTGAGTAGTGAGCTT 
273 60 30 

Plxna1_PCR_R TACGCTCACGAACACCCATGAT 

Cntn3_PCR_F AATGGACAGGCAGCATACCCAT 
201 60 30 

Cntn3_PCR_R CAGCTGAACTGTTGCTGCCTAT 

Zfp14_PCR_F AAGGCCTTCCCACAGTCCTTAC 
370 60 30 

Zfp14_PCR_R GCCCTCAGGGTTCTGGTCTTAG 

Ube3a_PCR_F TATACAGCCCACTCTCTCCCCC 
529 60 30 

Ube3a_PCR_R CCAGACCCAGGACTATGCCAAT 

Mcmbp_PCR_F CTCCCTCCACTTAACCCTCAGC 
259 60 30 

Mcmbp_PCR_R AGATTGCTGGCTCCTGTGTCTT 

Cdt1_PCR_F CCTACCCTGCAGATGGAGAAGG 
386 60 30 

Cdt1_PCR_R TCCGCTCAGACACGAAGACATT 

Grik4_PCR_F ACTCCAGCAGGAAGGCGTAATT 
260 60 30 

Grik4_PCR_R AAGAGATGCCAGGCTGTGATGT 

Tnip1_PCR_F GACACACGACTCACCAGATGGA 
307 60 30 

Tnip1_PCR_R CCTTCCTTGCCTTCTGAGAGCT 

Zfp287_PCR_F CTTCTCCCCAGTGTGTGTCCTT 
410 60 30 

Zfp287_PCR_R ATGAAAGCAAGCCACCGTTCAG 

Akr1c21v1_PCR_F TGCCAAACACAAAAGAAGCTCTCA 
315 60 30 

Akr1c21v1_PCR_R TCTTGCTTCTGATGGCCTCTCC 
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Nature of variants to be 
validated 

Primer name Primer sequence (5’-3’) 
Expected 

amplicon size 
(bp) 

Annealing 
temperature, Ta 

(°C) 

Extension time 
(s) 

Akr1c21v2_PCR_F TGCAGGTTTGGTGTACTAGCCT 
242 60 30 

Akr1c21v2_PCR_R ATCTGAGCCTCAGCAGGATGTG 

Stmnd1_PCR_F CCAGTCCCCATTTGGCATTGAA 
400 60 30 

Stmnd1_PCR_R GAGAATCACAGTGTGCAGAGCA 

Pinx1_PCR_F TTCCTGACGCTGCGATCCTTTA 
369 60 30 

Pinx1_PCR_R GCTCCAAGTCCCAGGTGGTTAT 

P2rx6_PCR_F GCTCAGGCCAAGAACTTCACAC 
370 60 30 

P2rx6_PCR_R CACAACACAGCCTGTTCCACTG 

Tmem30c_PCR_F CCCGATCCATGTCAGAGTGGAA 
339 60 30 

Tmem30c_PCR_R GCCAGCTATTGACAAGTCACCC 

Hunk_PCR_F CTACCTCATCGGCAGCAGGAAG 
222 60 30 

Hunk_PCR_R ATCATCCATCAGTAGGTGCCCG 

Cbr3_PCR_F GGACCTGGTCGACCTCATGAAA 
346 60 30 

Cbr3_PCR_R AGCAGACGTTCACCAAGTTTGC 

Pdgfrb_PCR_F AGGGGTTCCTGCAGTTCTGATC 
316 60 30 

Pdgfrb_PCR_R GGAACATGCCAGATCAACCGTC 
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3 Generation of clonal Bbs1-/- IMCD3 cell lines using CRISPR/Cas9 

3.1 Hypothesis, Aims and Objectives 

Hypothesis 

1: Biallelic indel mutations in Bbs1 will result in gene loss-of-function (“knockout”) through 

transcript instability and/or absence of protein expression. 

Aims 

1a: To use CRISPR/Cas9 gene editing to generate clonal IMCD3 cell lines with biallelic indel 

mutations in Bbs1; 

1b: To characterise the effect of indel mutations on Bbs1 transcript expression and BBS1 

protein levels. 

Objectives 

1.1: To compare the mouse Bbs1/BBS1 gene and protein to those of human, as an aid to 

studies in mouse IMCD3 cells (addressed in section 3.3.1); 

1.2: To use CRISPR/Cas9 gene editing to generate IMCD3 clones carrying biallelic indel 

mutations in Bbs1 and to characterise the effect of indel mutations on Bbs1 transcript 

expression (addressed in section 3.3.2); 

1.3: To validate an anti-BBS1 antibody as a tool to screen IMCD3 clones for Bbs1 knockout 

and to characterise the effect of indel mutations on BBS1 protein levels (addressed in 

section 3.3.3). 

3.2 Overview 

The project aimed to study the function of Bbs1 in the mouse inner medullary collecting duct 3 

(IMCD3) cell line. As an aid to studies in gene-edited IMCD3 cells, a comparison of the mouse 

Bbs1/BBS1 gene and protein structures to those of human (BBS1/BBS1) was performed. This 

demonstrated the relevance of using a mouse model to study the role of Bbs1 and provided an 

indicator of how mutations in different exons of the gene might affect BBS1 protein domains or 

mimic human BBS patient mutations. CRISPR/Cas9 gene editing and clonal isolation were 

implemented to generate IMCD3 clones bearing biallelic indel mutations in Bbs1, to knockout 

Bbs1 gene function. Clones were characterised at the DNA, RNA and protein levels. Availability 

of an authentic anti-BBS1 antibody was limited; published antibodies were most commonly 

raised in-house by publication authors (Nachury et al., 2007; Jin et al., 2010; Seo et al., 2011; 

Zhang, Yu, et al., 2012). An anti-BBS1 antibody was obtained commercially and validated for 

the use of screening mutant Bbs1 clonal cell lines for presence of BBS1 protein. Antibody 

validation benefitted from automation, using the Peggy Sue, a capillary-based, high-throughput 

Western blotting system. 



159 

3.3 Results 

3.3.1 Comparison of the mouse Bbs1/BBS1 gene and protein to those of human, as an 

aid to studies in mouse IMCD3 cells (Objective 1.1) 

Global pairwise alignments were performed between human BBS1/BBS1 and mouse 

Bbs1/BBS1 genomic, cDNA, coding (CDS) and protein sequences. Figure 3. 1 shows the 

alignment of human and mouse BBS1 proteins and Table 3. 1 summarises all alignment 

scores. The 23.019 kb human BBS1 and the 19.720 kb mouse Bbs1 genes have 42.4 % 

identity. Since coding sequences, 1782 bp in length in both species, have 87.6 % identity, non-

coding regions account for most of the genomic variation. Scaled depiction of human and 

mouse genes (see Figure 3. 2) showed that mouse Bbs1 has a longer 3’ untranslated region 

(UTR), but that human BBS1 generally has larger intronic regions. The protein sequences of 

both human and mouse BBS1 showed a strong degree of similarity (96.3 %), with 92.2 % of 

amino acids being identical (see Figure 3. 1). The increase in percentage identity between CDS 

and protein sequences indicates variation in human and mouse codon usage. 

Jin and colleagues (2010) suggested BBS1 protein structure comprises an N-terminal β-

propeller fold joined by an amphipathic helix linker to a gamma-adaptin ear (GAE) motif (Jin et 

al., 2010). They defined the helix linker and GAE domain as the C-terminus (amino acids 431-

593). The crystal structure of the N-terminus of the Chlamydomonas BBS1 protein has shown 

that the β-propeller is formed of seven blades (β1-β7), each made of four beta strands (a-d; 

Mourão et al., 2014). Mapping of these domains onto human BBS1/BBS1 and mouse 

Bbs1/BBS1 gene and protein structures was guided by PSIPRED prediction of secondary fold 

(see Figure 3. 3 and Figure 3. 4). The beta strands forming each of the seven β-propeller 

blades could be distinguished. Four alpha helices were predicted to lie between the second and 

third blades (β2 and β3) of the β-propeller in both species (shown in Figure 3. 4), in consensus 

with work by Jin et al. (2010). These mapped to amino acids 133-189. PSIPRED suggested 

amino acids 432-472 in human, or 433-472 in mouse, formed the helix linker between the β-

propeller and GAE domains. The beta strands of the GAE motif were predicted to be formed of 

amino acids 486-583 in human, or 487-583 in mouse. 

Human pathogenic BBS1 mutations were mapped onto the alignment of human and mouse 

BBS1 proteins (see Figure 3. 4). Orthologous mouse mutations were identified and are 

summarised in Table 3. 2. Of 20 BBS1 amino acids subject to missense mutation in humans, 

only one was not conserved in mice. This was p.L518 (p.H518 in mice), in which missense 

mutations p.L518P and p.L518Q have been documented in humans (Beales et al., 2003; 

Fauser, Munz and Besch, 2003; Mykytyn et al., 2003; Azari et al., 2006). The amino acid at 

position 518 might therefore serve different purposes between the species. Overall, there was a 

high degree of conservation at positions known to cause disease in humans. 

Finally, to aid analysis of the implications of CRISPR mutations, the Bbs1 promoter was located 

(see Figure 3. 5). The Ensembl Regulatory Build suggests that the core promoter is found -399 

to +1003 either side of the translation initiation codon (Zerbino et al., 2014, 2015, 2016). This is 

a binding site for many transcription factors (Yevshin et al., 2019), some examples of which are 



160 

displayed in Figure 3. 5. The Bbs1 sequence was also examined for alternative AUG codons, 

as leaky translation initiation from up- (Wang and Rothnagel, 2004; Girard, Gultyaev and 

Olsthoorn, 2011; van der Velden et al., 2012; von Bohlen et al., 2017) or down-stream (Liu et 

al., 2000; Kochetov, 2005; Felin et al., 2010) start codons has been documented for other 

genes. Table 3. 3 lists the locations of all AUG codons within or just upstream of the mouse 

Bbs1 CDS and the lengths and molecular weights of proteins that could arise if they were to 

initiate translation, although there is currently no evidence of translation initiation from an 

alternative AUG in Bbs1. 

3.3.2 Generation of IMCD3 clones carrying biallelic indel mutations in Bbs1 (Objective 

1.2) 

In September 2015, when this project started, uptake of the CRISPR technology was in its 

infancy and the range of CRISPR tools had yet to bloom into the extensive variety that is 

available to researchers today. Concerns over mutagenesis efficiency, potential sgRNA off-

target activity and the accessibility of CRISPR tools shaped the gene editing strategy used to 

generate clonal Bbs1-/- cell lines. The mammalian expression vector, pX330 (Cong et al., 2013), 

was a popular tool available for gene editing in mammalian cell lines, such as the IMCD3 cells 

in which the Bbs1 gene was to be edited. IMCD3 cells are amenable to transient transfection 

with cationic-lipid transfection reagents, allowing easy delivery of plasmid-encoded CRISPR 

components. The pX330 vector encodes two expression cassettes: the unaltered Cas9 

endonuclease from S. pyogenes (SpCas9) and a sgRNA (see Figure 3. 6). The architecture of 

pX330 is such that a pair of annealed oligonucleotides, complementary to the 20-nucleotide 

target site and its 3’ PAM, can be seamlessly cloned in to create a complete CRISPR 

expression vector containing the sgRNA of choice (“pX330-sgRNA”; see Figure 3. 6). An 

individual CRISPR expression vector can be created for each sgRNA, as required. 

To generate biallelic indel mutations in Bbs1, a CRISPR strategy which utilised the NHEJ 

pathway (see Figure 1. 11 in Chapter 1) was sufficient. This pathway can introduce random 

indels into the target gene, requiring only SpCas9 and the sgRNA (both encoded on the pX330-

sgRNA plasmid). Multiple sgRNAs were used independently to generate Bbs1-/- clones, to 

control for off-target mutagenesis. The reasoning was that if Bbs1-/- clones arising from 

independent sgRNAs displayed a common phenotype, there could be confidence that the 

phenotype did not arise from sgRNA off-target activity. The MIT CRISPR design tool was used 

to design sgRNAs. Within the constraint of being adjacent to an “NGG” PAM site, each sgRNA 

was selected on the basis of having a high MIT specificity score4 (as close to 100 as possible; 

see description in section 1.6.3.2 of Chapter 1), indicating predicted high on- and low off-target 

activity (Hsu et al., 2013). If a sgRNA did not have guanine as the first base, an extra G 

nucleotide was added to the 5’ end of its sequence, as transcription from the U6 promoter (on 

 
4 The listed MIT specificity scores were output by the CRISPOR design tool (Concordet and Haeussler, 

2018), since the tool from MIT was retired early in 2019. The MIT and CRISPOR tools each use a different 

alignment algorithm to identify off-target loci, therefore the score output by CRISPOR is not identical to that 

which would have been given by the MIT tool (Haeussler et al., 2016). An MIT specificity score of above 

50 is recommended when calculated by CRISPOR (Haeussler et al., 2016), a guideline to which all 

sgRNAs designed to target Bbs1 adhered. 
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pX330) requires G as the first nucleotide (Hsu et al., 2013). An sgRNA against exon 1 (“sgRNA-

1”) was used, as targeting early exons maximises likelihood of gene knockout (T. Wang et al., 

2014). sgRNAs against exons 8 and 12 were also designed (“sgRNA-8” and “sgRNA-12”, 

respectively). This ensured a spread of target sites along the length of the 17-exon mouse Bbs1 

gene, avoiding the later exons (see Figure 3. 7). The sgRNAs are displayed in Table 3. 4, 

alongside their MIT specificity, CFD specificity and Rule Set 2 on-target efficiency scores5 

(descriptions of which are given in section 1.6.3.2 of Chapter 1). PCR primers flanking the 

target Cas9 cleavage site were designed for genotyping (see Figure 3. 7). Care was taken to 

ensure that the Cas9 cut site was offset from the centre of the genotyping amplicon, to enable 

resolution of T7E1 cleavage products by agarose gel electrophoresis. 

To knock-in the common human BBS1 p.M390R patient mutation, alteration of the strategy was 

necessary to exploit the HDR pathway within cells (see Figure 1. 11 in Chapter 1). As such, 

cells were provided with an HDR template comprising the c.1169T>G mutation (for p.M390R) 

flanked by 59 bp homology arms (see Figure 3. 7). Homology arm length was a balance 

between HDR efficiency (which favours longer arms) and transfection efficiency (which favours 

a shorter repair template) (Mianné et al., 2017). Mutagenesis by the HDR pathway occurs at a 

much lower frequency than with the NHEJ pathway. Knock-in efficiency was maximised by two 

simultaneous approaches: (i) the “cut-to-mutation” distance was minimised by use of an sgRNA 

(“sgRNA-M390R”) which induced cutting as close as possible to c.1169T (in exon 12 of Bbs1); 

and (ii) re-editing of the target site was prevented by silent mutation of the PAM site (situated 

within the homology arms of the HDR template; see Figure 3. 7) (Paquet et al., 2016; Kwart et 

al., 2017; Mianné et al., 2017). The cut-to-mutation distance was 2 bp (assuming Cas9 

cleavage ~3 bp upstream of the PAM (Jinek et al., 2012; Ran, Hsu, Lin, et al., 2013; Liu et al., 

2015)). As sgRNA-12 and sgRNA-M390R targeted exon 12 of Bbs1, the same pair of 

genotyping primers was used for both (see Figure 3. 7). 

CRISPR/Cas9 gene editing was performed by co-transfection of IMCD3 cells with pX330-

sgRNA and a GFP expression vector (see Figure 3. 8a). GFP acted as a positive marker of 

transfection, and GFP-positive cells were presumed to have also been successfully transfected 

with the CRISPR expression vector. Table 3. 5 shows the percentages of GFP-positive cells 

collected by FACS. There was a mean transfection efficiency of 39.2 % across four rounds of 

CRISPR. A population of GFP-positive cells were isolated by a FACS “group sort”. Group-sorted 

cells had one of two destinations: approximately half were kept for clonal isolation, whilst 

genomic DNA was extracted from the other half for a T7E1 assay. In brief, a T7E1 assay gives 

an idea of mutagenesis efficiency. The procedure is outlined in Figure 3. 8b. 

Performance of the T7E1 assay on group-sorted cells was intended to verify on-target sgRNA 

efficiency, before commitment to clonal isolation and expansion of clones. For instance, two 

candidate sgRNAs for exon 8 (sgRNA-8 and “sgRNA-x”) displayed differing editing efficiencies 

(see Figure 3. 9a), despite having been selected for their high MIT scores (see Table 3. 4). The 

 
5 The CFD specificity and Rule Set 2 on-target efficiency scores were not used when selecting sgRNAs. 

sgRNAs were selected using the MIT specificity score through the MIT CRISPR design tool (which did not 

offer CFD scoring). The CFD scores are simply given for comparison and later discussion. 
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more efficient sgRNA-8 was chosen over the inefficient sgRNA-x, as the T7E1 assay confirmed 

mutagenesis had successfully occurred in group-sorted cells transfected with sgRNA 8. 

However, the T7E1 assay was ineffectual for checking mutagenesis efficiency in group-sorted 

cells transfected with any of the other three sgRNAs (sgRNA-1, sgRNA-12, sgRNA-M390R), 

due to presence of naturally-occurring heterozygous polymorphisms within genotyping 

amplicons. Within the exon 12 genotyping amplicon there existed a polymorphism which yielded 

a false-positive T7E1 result on WT (negative control) DNA (see Figure 3. 9b). Sequencing of 

the exon 1 genotyping amplicon in WT IMCD3 cells also revealed two heterozygous SNPs 

flanking the target site of sgRNA-1 (see Figure 3. 9c); therefore, the T7E1 assay was not used 

for the sgRNA-1 group sort. Primer redesign would not have overcome this problem, due to the 

proximity of the polymorphisms to the sgRNA target sites. 

Provided favourable T7E1 assay results (if possible), clones were isolated by a FACS “single-

cell sort”, during which one cell was seeded into each well of a 96-well plate. Colony viability 

was observed to be improved by directly sorting cells into culture medium comprising a 1:1 

mixture of complete and conditioned media which had been filtered to remove contaminating 

cells (T. Collins, personal communication, October 2015). Isolated cells were cultured to 

establish colonies. These were expanded to increasingly larger culture vessels to yield clonal 

cell lines carrying mutations in Bbs1. The numbers of wells seeded for each single-cell sort, the 

numbers of colonies that subsequently established, and the total numbers of colonies expanded 

for each sgRNA, are given in Table 3. 5. A mean of 28 % of single-cell-sorted cells established 

colonies. These were genotyped by PCR-amplification and Sanger sequencing of the target 

genomic locus. Initially, clonal isolation was performed 48 hours post-transfection; however, this 

frequently yielded heterogeneous colonies (rather than clones), evidenced by presence of more 

than two different alleles within a single colony (see Figure 3. 10a). Persistent sgRNA/Cas9 

activity in isolated colonies was perceived to be the cause. To overcome this, GFP-positive cells 

were passaged for two weeks between the group sort and single-cell sort, to ensure attenuation 

of pX330-sgRNA expression. Clonal cell lines bearing biallelic mutations in Bbs1 were 

successfully obtained after this change (see Figure 3. 10b). 

Isolated colonies were genotyped by PCR-amplification and Sanger sequencing of the sgRNA 

target site in Bbs1. The T7E1 assay was not used in the genotyping process, as it does not 

discern between wild type homozygotes and mutant homozygotes. Table 3. 5 summarises the 

numbers of clones genotyped for each sgRNA, as well as the numbers of clones with biallelic 

indels (i.e. homozygotes or compound heterozygotes), monoallelic indels (i.e. heterozygotes), 

no indels (i.e. wild types) and, for sgRNA-M390R, the number of clones with the p.M390R 

knock-in mutation. Over the four different CRISPR treatments, a mean of 39.7 % of genotyped 

clones possessed biallelic indel mutations and 55.3 % remained wild type for Bbs1. Due to 

limitations on the numbers of clones that could be maintained in parallel, not all were used. 

Table 3. 6 details the 17 clones for which data is presented in this thesis and Figure 3. 11 

shows the allelic sequences possessed by each. These were the first clones to have their 

genotypes confirmed. Of the 17, nine had biallelic indel mutations (Bbs1ex1.1-Bbs1ex1.4, Bbs1ex8, 
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Bbs1ex12.1-Bbs1ex12.4); one, a by-product of the HDR CRISPR strategy, was a heterozygote6 

(Bbs1ex12.5); one was a compound heterozygote with the p.M390R mutation on one allele 

(Bbs1M390R), representing 7 % of clones retrieved from the CRISPR knock-in strategy (see 

Table 3. 5). Six “CRISPR wild type” (WTcr) clones were also retrieved, which had been through 

the CRISPR process but had retained a wild type genotype. These were kept for use as extra 

controls. Table 3. 7 summarises the genotype of each mutant clone. With exception of the wild 

type allele of Bbs1ex12.5 and the p.M390R-encoding allele of Bbs1M390R, all mutations were 

predicted to result in gene knockout, through deletion of the ATG start codon, or through 

nonsense-mediated decay due to a premature termination codon more than 50 to 55 

nucleotides upstream of the final exon-exon junction (Nagy and Maquat, 1998) (see Figure 3. 

12). 

Clones were characterised by two methods of qPCR. RT-qPCR was used to assess Bbs1 

transcript stability (see Figure 3. 13). A reduction in Bbs1 transcript levels was observed to 

varying degrees in all mutant clones, except Bbs1ex1.1 and Bbs1ex8, which had 1.004 and 0.967 

times as much transcript as WT, respectively. Bbs1M390R had 0.399 times the level of Bbs1 

mRNA as WT; its levels were also approximately half those of its respective WTcr clones, 

WTcrM390R.1 and WTcrM390R.2, which had 0.762 and 0.660 as much mRNA as the parental WT 

cell line. WTcr clones showed varying transcript stability; all had at least 65 % of the level seen 

in the parental WT cell line. 

Genomic qPCR was employed to confirm Bbs1 copy number (see Figure 3. 14), since CRISPR 

can cause large chromosomal rearrangements (Kosicki, Tomberg and Bradley, 2018; Cullot et 

al., 2019). Bbs1 copy number varied between 0.948 and 2.384. Clones with an copy number 

which approximated to 2 (i.e. between 1.5 and 2.5) were considered to possess two copies of 

the Bbs1 gene, as the experimentally-determined copy number of cells with a bona fide copy 

number of two has been shown to vary between 1 and 3 when assessed by qPCR (Fernandez-

Jimenez et al., 2011). Three clones – Bbs1ex1.2, Bbs1ex12.2 and Bbs1ex12.3 – had an apparent 

copy number of less than 1.5. Two of these, Bbs1ex1.2 and Bbs1ex12.3, were compound 

heterozygous (see Table 3. 7 or Figure 3. 11a and Figure 3. 11e), and sequencing of two 

different alleles was evidence that they were carried two copies of Bbs1. Genotyping had shown 

a single allelic sequence for Bbs1ex12.2 (see Table 3. 7 and Figure 3. 11e), therefore it may have 

been hemizygous. Bbs1ex12.2 was excluded from phenotypic assays on this basis. 

3.3.3 Validation of an anti-BBS1 antibody as a tool to screen IMCD3 clones for Bbs1 

knockout (Objective 1.3) 

Four anti-BBS1 antibodies were sourced for validation with the Peggy Sue automated Western 

blot system, by size-based assay. Details of the four antibodies are given in Table 3. 8. The 

epitope sequences against which antibodies were raised are depicted in Figure 3. 15 and given 

in Appendix 9.3. The screen was constrained to using primary antibodies raised in rabbit or 

 
6 When initially genotyped, Bbs1ex12.5 was believed to be homozygous for a deletion, c.1165_1166del. For 

this reason, the clone was kept for characterization. It later manifested that genotyping primers had failed 

to anneal to a wild type allele, due to presence of a polymorphism in the primer binding site, for which wild 

type IMCD3 cells are heterozygous. This result is presented in Chapter 5.  
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mouse, as the Peggy Sue was only compatible with anti-rabbit or anti-mouse secondary 

antibody (at the time of experimentation). The four antibodies were initially used at a 1:50 

dilution against 0.8 mg/ml WT IMCD3 whole cell lysate, to test their ability to detect the 65 kDa 

mouse BBS1 protein (see Figure 3. 16a). A Proteintech polyclonal antibody (pAb) detected 

protein at 64-69 kDa. Using an Abcam monoclonal antibody (mAb), no peaks corresponding to 

the predicted molecular weight of BBS1 protein were detected; a peak was observed at a 

molecular weight of approximately 230 kDa – a signature which can indicate that total protein 

concentration is too high (T. Pell, personal communication, November 2017). Dilutions of WT 

lysate revealed a 61 kDa peak with the Abcam mAb (see Figure 3. 16b), confirming that the 

lysate concentration was initially too high. Of the tested lysate concentrations, 0.2 mg/ml was 

determined to be the optimal lysate concentration for immunoblotting with the Abcam mAb, 

giving the best signal-to-noise ratio.  

The Proteintech pAb showed a proportional decrease in signal upon antibody dilution (see 

Figure 3. 17a) or protein dilution (see Figure 3. 17b) and detected recombinant human BBS1 

protein (see Figure 3. 17b). Together, these data seemed to suggest  the Proteintech pAb 

specifically detected BBS1; however Western blots produced using this antibody had some 

“background” staining and detected BBS1 protein in the lysates of all clones, regardless of 

genotype (see Figure 3. 17c). The Proteintech pAb additionally bound an unexplained 98 kDa 

protein in the recombinant BBS1 sample (see Figure 3. 17b) and was unreliable in its ability to 

detect recombinant BBS1 between assays (see Figure 3. 17b and Figure 3. 17c). 

The Abcam mAb could not be validated with recombinant BBS1, since the epitope against 

which the antibody was raised was not contained within the sequence of the recombinant 

protein (see Figure 3. 15; see Appendix 9.3.5 for recombinant human BBS1 protein 

sequence). Bbs1-/- cells or lysate were not commercially available to provide a negative control.  

Instead, protein from the knockout clone with the lowest Bbs1 mRNA (Bbs1ex1.4) was used as a 

negative control. Unlike the Proteintech pAb (see Figure 3. 17c), the Abcam mAb failed to give 

a detectable signal with Bbs1ex1.4 lysate, (see Figure 3. 18a), suggesting specificity of the 

Abcam mAb for BBS1 protein. Controls confirmed that this signal did not come from binding of 

secondary antibodies to WT protein or the capillary in which the blot was performed, nor from 

non-specific binding of the Abcam mAb to the capillary (see Figure 3. 18b). From these results, 

Abcam mAb was deemed the most suitable antibody for screening CRISPR clones for Bbs1 

knockout. 

Using the validated anti-BBS1 Abcam mAb, clones were screened for presence of BBS1 protein 

on the Peggy Sue system (see Figure 3. 19). This determined that a total of eight clones were 

true knockouts: Bbs1ex1.1, Bbs1ex1.2, Bbs1ex1.3, Bbs1ex1.4, Bbs1ex8, Bbs1ex12.1, Bbs1ex12.3 and 

Bbs1ex12.4 (see Figure 3. 19a). Despite possessing biallelic indel mutations, BBS1 protein of 

abnormal size (48 kDa) was detected in Bbs1ex12.2. BBS1 proteins of wild type (65 kDa) and 

abnormal (25 kDa and 30 kDa) sizes were detected in the heterozygote, Bbs1ex12.5. Likewise, 

Bbs1M390R showed protein of abnormal size (48 kDa), as well as that of the expected p.M390R 

size (65 kDa). Immunoblotting for β-actin (42 kDa) was used as a loading control (see Figure 3. 

19b). Relative levels of 65 kDa BBS1 protein were normalised to β-actin levels (see Figure 3. 
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19c), indicating that Bbs1M390R expressed approximately half the BBS1 protein of wild types. 

WTcr clones had varying levels of BBS1, but these were always greater than in mutants. 
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Figure 3. 1: Pairwise alignment of human BBS1 (hBBS1) and mouse Bbs1 (mBbs1) 

protein sequences. 

Between the two 593 aa sequences, 96.3 % of amino acids shared some conservation (i.e. 

were similar), including 92.2 % were identical. As shown in the key, symbols indicate amino 

acids that are conserved (|), partially conserved (:) or not conserved (.). 
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Figure 3. 2: Scaled schematic representation of human BBS1 and mouse Bbs1 gene structures.  

The 23.019 kb human BBS1 gene generally has larger intronic sequences, whilst the 19.720 kb mouse Bbs1 gene has a longer 3’ UTR. Introns are depicted as grey 

lines, UTRs are shown in blue and coding sequences (CDS) are shown in yellow, as shown in the legend. Produced using Gene Structure Display Server (GSDS; B. 

Hu et al., 2015a).  
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Figure 3. 3: BBS1 protein secondary fold 

prediction.  

a. Human BBS1 secondary structure 

prediction. 

b. (Next page) Mouse BBS1 secondary 

structure prediction. 

Predictions produced with PSIPRED (Jones, 

1999; Buchan and Jones, 2019). Blue bars above 

indicate the confidence of the prediction; alpha 

helices are represented by magenta cylinders; 

beta strands are shown by yellow arrows; coiled 

domains are represented by a black line; amino 

acid (AA) sequence is shown below; a one letter 

symbol indicates the secondary structure in which 

each residue is… (Continued on next page) 
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Figure 3.3 (cont.): BBS1 protein secondary 

fold prediction. 

…predicted to reside (H, alpha helix; E, beta 

strand; C, coil). The N-terminal-most strand is 

incorporated into the seventh blade of the beta-

propeller and the next eight strands comprise its 

first two blades. Four helices are predicted 

between the second and third blades. A helical 

link connects the beta propeller the C-terminal 

GAE-like motif, which is also made of beta 

strands. 
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Figure 3. 4: Map of the human BBS1/BBS1 and mouse Bbs1/BBS1 coding and protein sequences. 

(Next page) The human (orange) and mouse (green) BBS1/Bbs1 coding sequences (CDS) are depicted at the centre of the image. Each is formed of 17 exons and 

is 1,782 bp in length. Base pairs (bp) are indexed in grey. Each CDS is aligned against the 593 aa protein sequence of the respective species, to indicate the exons 

which encode each protein domain. Amino acid (aa) positions are given above (human) or below (mouse) protein structures. There is 87.6 % identity between CDS 

and 92.2 % identity between protein sequences, shown on the right-hand side of the figure (curly brackets). The alpha (α) helices and beta (β) strands predicted (by 

PSIPRED) to form domains of each protein are mapped against the CDS of the respective species. The protein domains of BBS1 are labelled at the bottom of the 

figure (solid black lines). The interactions they are known to participate in with other BBS proteins are also labelled (dotted black lines). The N-terminus of BBS1 

forms a β-propeller domain. The seven blades (β1- β7) and four α helices which form it are shown. This is followed by an α helix linker and a C-terminal gamma-

adaptin ear (GAE)-like motif. BBS1 participates in a protein-protein interaction with BBS7 through its β-propeller domain, while its GAE-like motif is necessary for an 

interaction with BBS9 (Klink et al., 2017; Woodsmith et al., 2017; Nozaki et al., 2018). The β-propeller domain is also necessary for an interaction with ARL6 (BBS3). 

Of the seven residues shown to be essential for this interaction in Chlamydomonas (Mourão et al., 2014), five are conserved in human and mouse and one is 

partially conserved. These are labelled in blue, with the partially conserved residue (p.I401) shown in brackets. Patient mutations have been mapped to the human 

BBS1/BBS1 structures. Splice junctions known to be affected by splice donor/acceptor mutations are indicated by an "S" enclosed within a circle. Mutations affecting 

the protein are labelled at the top of the figure (“p.”) using HGVS nomenclature. Amino acids in black are conserved between human and mouse, whereas those in 

red are not conserved. Citations for all patient mutations are laid out in Table 3. 2. 
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Figure 3. 4 (cont.): Map of the human BBS1/BBS1 and mouse Bbs1/BBS1 coding and protein sequences. 
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Figure 3. 5: The regulatory regions of the mouse Bbs1 gene. 

a. The Bbs1 core promoter spans the bases -399 to +1003 either side of the Bbs1 

translation start site. The core promoter is shown by a bright red, double-headed arrow The 

Bbs1 coding sequence is labelled with a green arrow, which shows the 5’ to 3’ direction of the 

gene on the antisense strand of chromosome 19. Either side of the core promoter, and along 

the CDS, are promoter-flanking sequences, shown in pale red. Figure adapted from the 

Ensembl Regulatory Build (Zerbino et al., 2014, 2015, 2016). 

b. Many transcription factor binding sites are found within the core promoter of Bbs1. 

The Bbs1 coding sequence is shown by a blue arrow pointing in the 5’ to 3’ direction on the 

antisense strand. Transcription factors binding sites are shown below the coding sequence. A 

close-up panel (enlarged red box) shows examples of many transcription factor binding sites 

(horizontal coloured bars) either side of the Bbs1 translation initiation codon (vertical purple, 

dashed line). The 5’ UTR in shown in green. Figure adapted from the Gene Transcription 

Regulation Database (Yevshin et al., 2019). 
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Figure 3. 6:  The pX330 CRISPR expression construct. 

The pX330 vector contains two expression cassettes (top). The sgRNA sequence is under control of the U6 promoter (green arrow) and the Cas9 endonuclease 

from S. pyogenes (SpCas9; yellow ellipse), flanked by nuclear localization sequences (NLS; grey boxes), is under control of the CBh promoter (blue arrow). Upon 

digestion of pX330 with the BbsI restriction endonuclease (middle), overhangs are created which allow an sgRNA sequence (“guide sequence”; bottom) to be 

scarlessly cloned into the plasmid. The sgRNA sequence is ordered as two oligonucleotides which are annealed prior to their insertion into pX330. A different 

CRISPR expression vector (pX330-sgRNA) can be created for each sgRNA. Plasmid kindly made available by Cong et al. (2013). Figure from Addgene, copyright 

2019. 

 (Addgene, 2019) (Cong et al., 2013)
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Figure 3. 7: Map of sgRNAs, HDR template and genotyping PCR primers used to generate mutant Bbs1 IMCD3 clones. 

Three sgRNAs, targeting exon 1, 8 or 12 (sgRNA -1, -8 or -12, respectively; bottom) were designed for a strategy to knockout the mouse Bbs1 gene. sgRNA-1 

targeted the very start of the gene, proximal to the ATG translation start codon. For a strategy to knock-in the p.M390R patient mutation, a homology directed repair 

(HDR) template was used, comprising 59 bp homology arms flanking the c.1169T>G base change (which encodes p.M390R). The HDR template also contained a 

silent PAM mutation, to prevent further mutagenesis after successful knock-in. sgRNA PAM sequences are shown for context but are not part of the sgRNA. PCR 

primers for genotyping were designed, flanking each sgRNA target site. The same pair of primers (shown in orange) was used to genotype clones transfected with 

sgRNA-12 and sgRNA-M390R. Note that Bbs1 intronic regions are not shown to scale. 
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Figure 3. 8: Overview of CRISPR/Cas9 gene editing procedures in IMCD3 cells. 

a. Generation of IMCD3 clones carrying mutations in Bbs1. IMCD3 cells were co-transfected with CRISPR and GFP expression vectors. FACS was used to 

collect GFP+ cells by “group sort”. Cells were cultured for another ~2 weeks to minimize problems of continued Cas9 activity (described in main text). Clones were 

then isolated by “single-cell sorting” one cell per well of a 96-well plate. Clones were expanded and then genotyped by PCR and Sanger sequencing of the mutation 

site. b. The T7E1 assay was sometimes used to assay sgRNA mutagenesis efficiency amongst group-sorted cells. The target site was first amplified by PCR and 

the products denatured and reannealed. If a mutation was present, possible reannealing products included WT homoduplex DNA, mutant homoduplex DNA, or 

WT/mutant heteroduplex DNA. The T7E1 enzyme cleaves mismatched (heteroduplex) DNA but leaves homoduplex DNA intact. T7E1 cleavage products could be 

detected on an agarose gel. Figure adapted from Guschin et al., 2010. 
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Figure 3. 9: Use of the T7E1 assay to detect sgRNA/Cas9 activity. 

In all panels, the full-length genotyping PCR product is shown. T7E1 cleavage at 

mutation sites (arrowheads) might produce the cleavage products depicted beneath. 

In some cases, T7E1 cleavage might also have been caused by polymorphisms. If a 

T7E1 assay was performed, the resulting agarose gel image is inset (grey boxes). 

a. Two candidate sgRNAs targeting exon 8 had differing mutagenesis 

efficiencies, indicated by differing intensities of the large T7E1 cleavage products in 

an agarose gel. sgRNA-8 was superior to sgRNA-x in its efficiency and was selected 

to mutagenize exon 8 of Bbs1. 

b. T7E1 assay in exon 12 gave false-positive results in WT DNA, prompting 

identification of a WT polymorphism for which IMCD3 cells are heterozygous 

(chromatogram in enlarged circle). 

c. The T7E1 assay was not performed for cells transfected with sgRNA-1 due to 

presence of two SNPs for which WT cells were heterozygous (see chromatograms in 

enlarged circles). These would have produced a false-positive result. 
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b. A 2-week interval between transfection and the single cell sort yielded clonal colonies, 

indicated by the presence of only two allelic sequences. It was thought that the increased 

interval time allowed for attenuation of pX330-sgRNA expression, preventing mutagenesis 

occurring after the clonal isolation step. 

Figure 3. 10: Persistent sgRNA/Cas9 

activity following single-cell isolation led to 

heterogeneous colonies. 

For illustration, colonies grown after 

transfection with pX330-sgRNA-8 are 

presented. Colonies carried allelic sequences 

bearing indels (below), which are shown in 

alignment with the WT mouse (mm10) 

reference sequence (above). Allelic reads 

were separated by cloning the genotyping 

PCR amplicons of each colony in pGEM-T. 

a. A 48 h interval between transfection with 

sgRNA/Cas9 and the single-cell sort led to 

heterogeneous colonies. These were not 

clonal, due to the presence of more than two 

allelic sequences. 
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Figure 3. 11: Allelic sequences of clones 

retrieved after CRISPR/Cas9 genome 

editing. 

a. Chromatograms of alleles exposed to 

sgRNA-1. The target site of sgRNA-1 is 

shown by the red box (above 

chromatograms) and the associated  

dark red arrow indicates the approximate Cas9 cleavage site. The PAM is underlined. The ATG start codon 

is highlighted in grey on all chromatogram sequences, unless where deleted. Bright red arrows indicate 

locations at which indels have occurred.  

b. Alignment summary of the alleles retrieved from clones transfected with sgRNA-1. The sgRNA 

sequence is shown at the top of each alignment and the PAM is underlined. The ATG start codon is 

highlighted in red. Deleted nucleotides are shown in grey. (Continued on next page) 
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Figure 3. 11 (cont.): Allelic sequences 

of clones retrieved after CRISPR/Cas9 

genome editing. 

c. (Previous page) Chromatograms of 

alleles exposed to sgRNA-8. The target 

site of sgRNA-8 is shown by the green 

box (above chromatograms) and the 

associated dark green arrow indicates the 

approximate Cas9 cleavage site. The 

PAM is underlined. Bright green arrows 

indicate locations at which indels have 

occurred. 

d. (Previous page) Alignment summary 

of the alleles retrieved from clones 

transfected with sgRNA-8. The sgRNA 

sequence is shown at the top of each 

alignment and the PAM is underlined. 

Deleted nucleotides are shown in grey. 

Inserted nucleotides are shown in green. 

e. Chromatograms of alleles 

exposed to sgRNA-12. The target site of 

sgRNA-12 is shown by the orange box 

(above chromatograms) and the 

associated dark orange arrow indicates 

the approximate Cas9 cleavage site. The 

PAM is underlined. Bright orange arrows 

indicate locations at which indels have 

occurred. 

f. Alignment summary of the alleles 

retrieved from clones transfected with 

sgRNA-12. The sgRNA sequence is 

shown at the top of each alignment and 

the PAM is underlined. Deleted 

nucleotides are shown in grey and 

inserted nucleotides are shown in orange. 

g. (Next page) Chromatograms of 

alleles exposed to sgRNA-M390R and  

 

 

 

 

HDR template. The target 

site of sgRNA-M390R is 

shown by the purple box 

(above chromatograms) 

and the associated dark 

purple arrow indicates the 

approximate Cas9 cleavage 

site. The PAM is 

underlined. Highlighted in 

grey is a polymorphism (a 

single CAGA repeat) for 

which WT IMCD3 cells are 

heterozygous. Bright purple 

arrows indicate locations at 

which indels have occurred. 

(Continued on next page) 
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Figure 3. 11 (cont.): Allelic sequences of clones retrieved after 

CRISPR/Cas9 genome editing. 

h. Alignment summary of the alleles retrieved from clones transfected 

sgRNA-M390R and HDR template. The sgRNA sequence is shown at the top 

of each alignment and the PAM is underlined. Deleted nucleotides are shown 

in grey and knocked-in point mutations are shown in purple. 
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Figure 3. 12: Alignment of 

(hypothetical) protein sequences 

encoded on alleles of Bbs1 mutant 

clones. 

The mouse Bbs1 CDS encodes the 

65.11 kDa BBS1 protein (top). The 

proteins encoded on alleles of Bbs1 

mutant clones are aligned (below). 

The molecular weight of each is 

shown (right). A wild type allele 

(Bbs1ex12.5) and a p.M390R-encoding 

allele (Bbs1M390R) were expected to be 

translated into ~65 kDa protein. No 

prediction could be made for alleles 

encoding a start codon deletion 

(“p.?”), which were not expected to 

give rise to BBS1 protein. In all other 

cases, proteins were not expected to 

be translated due to premature 

termination before the final exon-exon 

junction, expected to cause 

nonsense-mediate decay of the 

transcript. Proteins that were to arise 

from these would have large 

truncations, causing functional 

knockout. 
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Figure 3. 13: RT-qPCR quantification of 

Bbs1 mRNA expression in Bbs1 mutant 

cell lines. 

a. Map of RT-qPCR primer annealing 

sites relative to sgRNA target loci. 

Primers were designed to span an exon-

exon junction at a site distal to the target 

sites of sgRNAs. 

b. Normalised Bbs1 mRNA expression 

relative to WT IMCD3 cells. Bars show 

mean fold-change and error bars show 

SEM of three independent experiments. 
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dotted lines indicate the range of experimentally-determined copy number values that approximated to 2 (i.e. between 1.5 and 2.5). If a clone had an experimentally-

determined Bbs1 copy number outside of this range, its genotype was considered. If a clone was a compound heterozygote (like Bbs1ex1.2 and Bbs1ex12.3), the two 

different allelic sequences were evidence of two copies of the Bbs1 gene. If this was not the case (as for Bbs1ex12.2), the clone was excluded from further phenotypic 

analyses.

Figure 3. 14: Genomic qPCR quantification of Bbs1 gene copy number in Bbs1 

mutant cell lines. 

a. Map of genomic qPCR primer annealing sites relative to sgRNA target loci. 

Primers were designed to anneal away from sgRNA target sites, early in intron 11 (592 bp 

downstream of exon 11 and 1547 bp upstream on exon 12). Note, introns are not shown to 

scale. 

b. Normalised Bbs1 gene copy number relative to that of WT IMCD3 cells. Bars show 

mean fold-change and error bars show SEM of three independent experiments. Horizontal 
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Figure 3. 15: Alignment of epitopes of antibodies screened on the Peggy Sue high-throughput Western blot system. 

Four anti-BBS1 antibodies were assayed for validation on the Peggy Sue Western blotting system. Their epitopes are shown (horizontal purple bars) aligned to the 

above human BBS1/BBS1 and mouse Bbs1/BBS1 sequences. Recombinant human BBS1 is also depicted (horizontal blue bar), where the dotted line indicates N- 

or C-terminal sequences that do not share identity with human BBS1 protein. 
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Figure 3. 16: Testing anti-BBS1 antibodies for their ability to detect Bbs1 protein on the 

Peggy Sue high-throughput Western blot system. 

a. Four antibodies were tested for their ability to detect protein of the appropriate size 

(65 kDa) in WT lysate. A Proteintech pAb (green), gave signal at the expected molecular 

weight (MW). An Abcam mAb (blue), showed an increase in signal towards the highest MW 

(~230 kDa), suggestive of the lysate concentration having been too high. 

b. Dilution of WT lysate revealed a peak with the Abcam mAb. Four lysate concentrations 

(0.2 – 0.8 mg/ml) were tested. The lowest, 0.2 mg/ml (pink), gave the best signal-to-noise ratio 

and was optimal for blotting with Abcam mAb. 
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Figure 3. 17: Testing the specificity of the Proteintech pAb. 

a. The Proteintech pAb showed a proportional decrease in signal upon antibody dilution 

across the three antibody dilutions that were tested: 1:50; 1:75; 1:100. 

b. The Proteintech pAb showed proportional decrease in signal upon dilution of WT 

lysate and detected recombinant human BBS1 protein. An unknown 98 kDa protein was 

also detected by Proteintech pAb in the recombinant BBS1 sample (turquoise). 

c. (Next page) A Western blot with the Proteintech pAb detected protein in the lysates of 

all IMCD3 clones, regardless of genotype. The Proteintech pAb failed to detect recombinant 

human BBS1 protein in this experiment, showing unreliability between assays, and there was 

some background staining on the blot. 
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Figure 3. 17 (cont.): Testing the specificity of the Proteintech pAb. 
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Figure 3. 18: Testing the specificity of the Abcam mAb antibody. 

a. The Abcam mAb did not give signal against lysate of the Bbs1-/- clone with the lowest 

Bbs1 mRNA expression (Bbs1ex1.4) but detected a protein of ~65 kDa in WT IMCD3 lysate, 

suggesting it specifically bound BBS1 protein. 

b. Control immunoblotting indicated that the signal given by the Abcam mAb in WT lysate 

was not caused by non-specific binding of the secondary antibodies to the WT lysate (blue and 

dark green) or the capillary (grey and pink), nor from non-specific binding of the Abcam mAb to 

the capillary (turquoise). There was also no non-specific binding of the β-actin antibody (used as 

a loading control), to the capillary. NSC; no sample control. 
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Figure 3. 19: Western blot for Bbs1 protein in Bbs1 mutant, WTcr and WT IMCD3 cell 

lines. 

a. A Bbs1 protein blot using the Abcam mAb indicated that eight clones were true knockouts. 

The Abcam mAb failed to detect BBS1 protein in Bbs1ex1.1, Bbs1ex1.2, Bbs1ex1.3, Bbs1ex1.4, 

Bbs1ex8, Bbs1ex12.1, Bbs1ex12.3 and Bbs1ex12.4. BBS1 protein of the expected molecular weight (65 

kDa) was detected in the lysates of the parental WT, WTcr, Bbs1ex12.5 and Bbs1M390R cell lines. 

Protein of abnormal size was detected in Bbs1ex12.2 (48 kDa), Bbs1ex12.5 (25 kDa and 30 kDa), 

Bbs1M390R (48 kDa; all indicated by blue arrowheads). (Continued on next page) 
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Figure 3. 19 (cont.): Western blot for Bbs1 protein in Bbs1 mutant, WTcr and WT IMCD3 

cell lines. 

b. (Previous page) A control protein blot using an anti-β-actin antibody showed equal 

loading of lysates. This was used for normalisation of BBS1 protein levels. 

c. Relative levels of the 65 kDa Bbs1 protein. For each cell line, the BBS1 signal intensity 

was normalised to that of β-actin. All protein levels (in arbitrary units) are shown relative to the 

parental WT cell line. Data are for a single experiment. 
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3.4 Interpretation and Interim Discussion 

The generation, characterisation and mutational analysis of Bbs1 IMCD3 clones relied on 

multiple tools. The CRISPR/Cas9 system was used to perform gene editing, guided by in silico 

sgRNA design; Bbs1 gene copy number and relative Bbs1 transcript expression were assayed 

by qPCR and RT-qPCR, respectively; and bioinformatic comparisons of the human BBS1 gene 

and BBS1 protein to those of mouse were necessary to predict the impact of the mutations 

carried by Bbs1 mutant IMCD3 clones. A high degree of similarity exists between human and 

mouse BBS1 proteins (see Figure 3. 3), suggesting that the mouse IMCD3 cell line is a good 

cell model in which to study BBS1 function.  

A CRISPR/Cas9 strategy (see Figure 3. 8) was devised and implemented to generate IMCD3 

cells with mutations in Bbs1. Although the use of CRISPR in IMCD3 cells will be discussed in 

detail elsewhere (see Chapter 7), a few salient points shall be mentioned here. Firstly, it is 

acknowledged that not all GFP-positive cells would have successfully taken up pX330-sgRNA 

after co-transfection. However, the approach was successful in retrieving IMCD3 cells with 

indels in Bbs1 (see Figure 3. 11 and Table 3. 7). In fact, the rate of mutagenesis was not low, 

with biallelic indel mutations observed in 39.7 % (23 out of 58) of genotyped clones collected 

from the four rounds of CRISPR (see Table 3. 5). 

Secondly, the T7E1 assay was not always an appropriate means to assess mutagenesis 

efficiency. In cells transfected with sgRNA-8, the assay confirmed successful transfection and 

gene editing within a proportion of cells (see Figure 3. 9a). However, the assay was not able to 

accurately assess mutations in exon 12, due to a heterozygous polymorphism (see Figure 3. 

9b) and for the same reason was not used on cells transfected with sgRNA-1 (see Figure 3. 

9c). Sequencing of the genomic target prior to gene editing was a beneficial improvement in the 

case of mutating exon 1 and should be adopted in future gene editing strategies. In some 

cases, primer redesign may provide a solution. If the target locus does not contain 

polymorphisms, the T7E1 assay can be useful for testing sgRNA on-target activity prior to the 

commitment of resources to clonal isolation. For example, sgRNA-x was abandoned in favour of 

sgRNA-8, as only sgRNA-8 gave a positive T7E1 result (see Figure 3. 9a). The indels produced 

by sgRNA-x were mostly undetectable by the T7E1 assay. 

On this topic, a third general point is made that, despite sgRNA-x having a higher MIT specificity 

score than sgRNA-8 (see Table 3. 4), it was less efficient at inducing Cas9 cleavage. This 

perhaps highlights a shortcoming of the MIT CRISPR design tool, which did not predict on-

target activity. By contrast, on-target efficiency scoring is offered by tools which use Rule Set 2, 

such as CRISPOR (Haeussler et al., 2016; Concordet and Haeussler, 2018). Upon review, the 

inefficiency of sgRNA-x is reflected in its low on-target score of 13 out of 100 (see Table 3. 4). 

sgRNA-8 had a higher on-target score of 55. The Rule Set 2 score was not introduced until after 

the design and use of sgRNA-x and sgRNA-8; in this instance, Rule Set 2 would have been 

informative for sgRNA selection. Transcription from the U6 promoter, which controls sgRNA 

expression on pX330, is performed by RNA polymerase III (Pol III) and is terminated by poly-T 
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stretches. It is now accepted that poly-T motifs, such as those present in sgRNA-x but not in 

other sgRNAs targeting Bbs1 (see Table 3. 4), impact an sgRNA’s efficiency by preventing its 

transcription (Doench et al., 2014; Graf et al., 2019). 

A final comment on the CRISPR methodology regards the p.M390R knock-in approach. The 

heterozygous polymorphism (a CAGA repeat) seen downstream of exon 12 (see Figure 3. 9b) 

likely prevented knock-in one one allele, as the repair template provided to cells did not include 

the polymorphism. In support of this, the c.1169T>G point mutation and c.1161C>A PAM 

mutation occurred on the allele which did not carry the polymorphism (see Figure 3. 11g). A 

future approach would be to sequence the target locus within the genome of the model being 

used and to adjust the repair template accordingly. Use of two different repair templates, one for 

each allele, might also be considered. 

Ultimately, the CRISPR gene editing strategy met the aim of generating clonal IMCD3 cell lines 

with biallelic indel mutations in Bbs1. 17 of the genotyped clones were taken forward for 

characterisation, after CRISPR editing (see Table 3. 6). These included nine clones carrying 

biallelic indels7, one heterozygote, one p.M390R compound heterozygous knock-in and six 

WTcr clones. A variety of indels were seen, and in agreement with trends in the literature, 

deletions were more common than insertions (Shin et al., 2017; see Table 3. 7). As 

chromosomal rearrangements can arise from gene editing (Kosicki, Tomberg and Bradley, 

2018; Cullot et al., 2019), Bbs1 gene copy number was verified by qPCR (see Figure 3. 14). 

Bbs1ex12.2 had an experimentally-determined copy number of 1 and its genotyping revealed a 

single allelic sequence (see Figure 3. 11e), indicating possible hemizygosity. Bbs1ex12.2 was 

excluded from further phenotypic analysis. To meet the aim of characterising the effect(s) of 

indel mutations on Bbs1 mRNA and BBS1 protein, relative Bbs1 transcript expression (see 

Figure 3. 13b) and BBS1 protein levels (see Figure 3. 19a and Figure 3. 19c) were assayed 

by RT-qPCR and Western blot, respectively. 

Western blotting enabled the screening of clones for Bbs1 knockout, but first required the 

validation of a commercial anti-BBS1 antibody. Two antibodies (out of four; see Table 3. 8) 

gave signal against WT IMCD3 lysate: a Proteintech pAb and an Abcam mAb (see Figure 3. 

16). There were concerns over the specificity of the Proteintech pAb, which could not 

reproducibly detect recombinant BBS1 protein (compare Figure 3. 17b and Figure 3. 17c) and 

which, in one case, bound an unknown 98 kDa protein in samples containing recombinant 

BBS1 (see Figure 3. 17b). Western blotting was carried out under denaturing and reducing 

conditions, to prevent the 65 kDa protein complexing with other proteins (e.g. BBSome 

subunits), so, assuming sufficient denaturation, the 98 kDa artefact was not thought to be BBS1 

bound to another protein. Posttranslational modifications can give the appearance of a higher 

molecular weight protein; however, none are documented for human BBS1 that would explain 

such a high molecular weight (The UniProt Consortium, 2019). It is possible that the 98 kDa 

signal arose from non-specific binding to something within the recombinant BBS1 sample, 

 
7 Here, Bbs1ex12.1 and Bbs1ex12.4 are described as clones with biallelic indel mutations. These cell lines 

were later found to each possess three alleles, which are listed in Table 3. 7. Discovery of the extra alleles 

is presented and discussed in Chapter 5. 
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because when recombinant BBS1 was spiked into WT IMCD3 lysate, the Proteintech pAb 

displayed preference for 65 kDa protein, evidenced by stronger signal at the 65 kDa molecular 

weight in the presence of WT IMCD3 lysate (see Figure 3. 17b). There was background 

staining on the blot produced with the Proteintech pAb (see Figure 3. 17c), which was unlikely 

to have been mutant forms of BBS1, since it occurred at a molecular weight of greater than 65 

kDa. A more probable explanation is cross-reactivity with a non-specific antigen, likelihood of 

which is increased by the polyclonal nature of the Proteintech pAb. The Proteintech pAb also 

gave signal against lysates of all clones regardless of genotype (see Figure 3. 17c).  

By contrast, the Abcam mAb did not give a signal against Bbs1ex1.4 lysate (Figure 3. 18a), which 

was expected to be a knockout due to start codon deletion and lack of Bbs1 mRNA. Additional 

negative controls for antibody validation, such as a Bbs1-/- cell line or lysate, were not 

commercially available. Verification of the Abcam mAb specificity was also limited by 

unavailability of recombinant BBS1 protein possessing the epitope to which the Abcam mAb 

was raised (see Figure 3. 15). WT IMCD3 lysate was used as a positive control. The Abcam 

mAb did not detect BBS1 protein in eight out of nine predicted knockouts and produced a signal 

against all WTcr clones and the parental WT (see Figure 3. 19a), providing increased 

confidence for its specificity. 

All four clones with mutations in exon 1 had at least one allele bearing loss of the ATG 

translation start site (see Figure 3. 11b). These are clinically relevant to humans as a BBS1 

patient homozygous for the p.M1V mutation has been documented (Deveault et al., 2011). Two 

instances of the p.M1L missense mutation in human BBS1, caused by mutation of the start 

codon (c.1A>C and c.1A>T), are also listed as likely pathogenic in the ClinVar database of 

human variations and phenotypes (ClinVar accessions RCV000671318.1 and 

RCV000669884.1, respectively) (Landrum et al., 2014, 2018). In the IMCD3 clones, the 

c.1_4del allele of Bbs1ex1.1 and Bbs1ex1.2 caused start codon deletion, and deletion of the 

ensuing guanine prevented persistence of an (alternative) start codon. Deletion of the G of the 

ATG codon and the subsequent guanine also arose on both alleles (c.3_4del and c.3_7del) of 

Bbs1ex1.3. The homozygous c.-16_3del mutation of Bbs1ex1.4 deleted the entire start codon, as 

well as the 16 bases preceding it. A logical mechanism leading to loss of BBS1 protein in these 

clones would be failure of translation initiation by the ribosome. For this reason, mutations at the 

protein level are denoted “p.?”. Accordingly, BBS1 protein was absent from these clones (see 

Figure 3. 19a and Figure 3. 19c). Translation initiation from a downstream start codon has 

been documented (Liu et al., 2000; Kochetov, 2005; Felin et al., 2010). It is possible that the 

Abcam mAb failed to detect BBS1 protein translated from an alternative ATG, since the 

antibody is monoclonal and has only a short epitope of 14 amino acids (the sequence of which 

is given in Appendix 9.3.2). As shown in Figure 3. 15, the Abcam mAb epitope spans amino 

acids 114 to 127 of the mouse BBS1 protein, which are encoded by bases 340 to 381 of the 

Bbs1 CDS on exon 4. Protein translation from a start codon downstream of this site would have 

been necessary to avoid detection by Abcam mAb, of which there are 12 (listed in Table 3. 3). 

As shown in Table 3. 3, these give rise to proteins of between 0.95 and 48.43 kDa. These 

proteins would have lacked more than two blades of the N-terminal β-propeller, necessary for 
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association with BBS7 within the BBSome (Nozaki et al., 2018) and interaction with ARL6 for 

ciliary import of the BBSome (Mourão et al., 2014; Nozaki et al., 2018), likely causing loss-of-

function. This argument also extends translation initiation downstream of mutations in exons 8 

or 12. 

The ways in which ATG-spanning deletions might affect Bbs1 mRNA expression are uncertain. 

Excepting of Bbs1ex1.1, clones with at least one allele that lacked the start codon were amongst 

those with the lowest transcript levels (see Figure 3. 13b), suggesting impaired transcription 

and/or active transcript degradation. For mRNAs to be degraded by NMD, the ribosome must 

detect a PTC after translation initiation. Alternative AUG start codons are present in Bbs1 (see 

Table 3. 3), including one 36 nucleotides upstream of the canonical start codon. Non-AUG 

translation initiation codons may also exist in Bbs1, although these can take various forms and 

are difficult to identify (Kearse and Wilusz, 2017). To speculate, in clones lacking the canonical 

Bbs1 start codon, translation initiation may have proceeded from an alternative or non-AUG 

start codon following which ribosomes may have detected PTCs, leading to NMD. Otherwise, 

deletions in the 5’ UTR and beginning of exon 1 might have affected promoter binding. The core 

promoter of mouse Bbs1 spans approximately -400 to +1000 either side of the translation 

initiation codon (see Figure 3. 5a) (Zerbino et al., 2014, 2015, 2016). It is rich in transcription 

factor binding sites (see Figure 3. 5b) to which transcription factors bind to facilitate association 

of the RNA polymerase II (Pol II) complex. Transcription factor binding sites are short (6-12 bp) 

(Maston, Evans and Green, 2006) and a third of SNPs found in human promoters are estimated 

to affect gene transcription (Hoogendoorn et al., 2003), therefore small deletions of one to 16 bp 

in the 5’ UTR and at the translation start site could prevent all but basal transcription. 

With exception of the p.M390R knock-in allele and the wild type allele of Bbs1ex12.5, all other 

alleles of Bbs1 mutants carried indels which caused a frameshift and/or premature termination 

codon. Since all PTCs occurred more than 50 to 55 bases upstream of the final exon-exon 

junction (see Figure 3. 12), mRNAs transcribed from these alleles were expected to be 

degraded by NMD (Nagy and Maquat, 1998). Clones carrying different indel mutations 

displayed varying levels of Bbs1 transcript (see Figure 3. 13b). Three knockouts generated with 

sgRNA-12, Bbs1ex12.1, Bbs1ex12.3 and Bbs1ex12.4, had reduced Bbs1 mRNA concomitant with loss 

of BBS1 protein (see Figure 3. 19c). A fourth clone with mutations in exon 12, Bbs1ex12.2, 

showed very low levels of abnormal (48 kDa) BBS1. This may have been truncated protein 

expressed from its p.(Thr392Ilefs*6) allele, which has a predicted molecular weight of 43.62 kDa 

(see Figure 3. 12). Given this protein would lack several residues (p.I399, p.I401, p.R404) 

essential for forming the BBS1-ARL6 interaction interface and the C-terminal GAE-like motif 

(see Figure 3. 4), it would not be expected to be functional. In Bbs1ex12.5, generated with 

sgRNA-M390R as a by-product of the knock-in strategy, the origins of BBS1 of abnormal sizes 

(25 kDa and 30 kDa) are less clear. BBS1 of expected size (65 kDa) was also detected, which 

would have arisen from the wild type allele of Bbs1ex12.5. That the level of 65 kDa BBS1 protein 

in Bbs1ex12.5 was approximately half those of wild types is consistent with it being a 

heterozygote. Both Bbs1ex12.2 and Bbs1ex12.5 were excluded from phenotypic analysis due to 

failure to achieve knockout. 
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There was noticeable discord between mRNA and protein levels of Bbs1ex1.1 and Bbs1ex8, which 

had transcript levels similar to those in the parental WT cell line, despite lacking BBS1 protein. 

This prompted concern that these clones expressed truncated protein that was not detected by 

the Abcam mAb. Protein arising from the p.(Ala2Leufs*67) allele of Bbs1ex1.1 would have 

terminated before the  Abcam mAb epitope (see Figure 3. 12); however, this protein would not 

have been functional, as all amino acids except the first one were subjected to a frameshift. 

Truncated proteins arising from the p.(Asn209Thrfs*13) and p.(Asn209Lysfs*5) alleles of 

Bbs1ex8 would have possessed the antibody epitope. If present at such low levels as to not have 

been detected by Abcam mAb, these proteins would not have been functional, not only for loss 

of half of the N-terminal β-propeller but also lack of the C-terminal GAE-like motif (see Figure 3. 

12), thought to be necessary for BBSome membrane coat complex formation (Jin et al., 2010) 

and through which BBS1 binds BBS9 within the BBSome (Nozaki et al., 2018). In addition, 

nonsense mutations as late as position 549 are pathogenic in human patients (see Figure 3. 4 

and Table 3. 2). Presence of splice variants in Bbs1ex1.1 and Bbs1ex8 provides an alternative 

reason for discord between transcript and protein levels. Briefly, alternative splice forms might 

retain the RT-qPCR primer binding sites in exons 15 and 16 but lack those encoding the Abcam 

mAb epitope encoded on exon 4. Alternative splicing is addressed in Chapter 5.  

It is perhaps not surprising that mRNAs persisted in Bbs1ex1.1 and Bbs1ex8 given that, in several 

organisms, including mouse (Tian et al., 2004), mRNA levels are not always indicative of protein 

abundance (Li et al., 1995; Gygi et al., 1999; Kalb et al., 2019) due to factors affecting the 

dynamics of mRNA stability, translation, protein degradation and experimental noise (Nie, Wu 

and Zhang, 2006; Maier, Güell and Serrano, 2009; Liu, Beyer and Aebersold, 2016). By 

contrast, there was a robust correlation between Bbs1 mRNA and protein levels in WTcr clones 

and the parental WT cell line, suggesting that translation of Bbs1 mRNAs into protein occurs at 

the same rate in steady-state, healthy systems. A limitation of the design of this study is that 

RNA and protein did not originate from the same sample, which may also explain some 

differences in mRNA-protein correlation; however, this did not seem to affect the mRNA-protein 

correlation in wild types. Intriguingly, Bbs1ex1.2 had greatly reduced Bbs1 transcript levels, 

despite carrying the same mutations (a start codon deletion and a frameshift) as Bbs1ex1.1. This 

alludes to clone-to-clone differences in the rates of mRNA synthesis and/or decay.  

The p.M390R knock-in clone, Bbs1M390R, expressed approximately half the Bbs1 mRNA levels 

of its WTcr clones (WTcrM390R.1 and WTcrM390R.2) and the parental WT (see Figure 3. 13b), 

mirroring the reduction of protein seen by Western blot (see Figure 3. 19c). Although its 

transcript was expected to undergo NMD, if translated, a protein of 42.44 kDa would be 

produced from the p.(Asn386*) allele of Bbs1M390R (see Figure 3. 12), which might account for a 

48 kDa mutant BBS1 protein which appeared at very low levels in Bbs1M390R. The p.(Asn386*) 

mutation is expected to be pathogenic, since truncation of BBS1 close to (p.E384*) or 

downstream of p.N386 (see Figure 3. 4 and Table 3. 2) causes Bardet-Biedl syndrome in 

humans (Mykytyn et al., 2002, 2003; Beales et al., 2003; Hichri et al., 2005; Deveault et al., 

2011; Janssen et al., 2011).  
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3.4.1 Selection of clones for phenotypic analyses 

After thorough characterisation of Bbs1 mutants at the DNA, RNA and protein levels, clones 

were selected for phenotypic analysis. Clones exhibiting copy number variations or expression 

of (mutant) BBS1 protein were eliminated from further study, leaving eight bona fide Bbs1-/- and 

six WTcr clones that had two copies of the Bbs1 gene. sgRNA off-target activity is a concern 

associated with the use of CRISPR. When selecting clones for phenotypic analysis, one mutant 

clone was chosen for each sgRNA used. This aimed to provide confidence that any phenotype 

shared by knockout clones could be attributed to loss of Bbs1, rather than off-target effects. 

Multiple knockouts were generated with sgRNAs against exons 1 or 12; thus, the clone with the 

lowest Bbs1 mRNA levels was selected for further analysis, as these were expected to give the 

most severe disease state. These were clones Bbs1ex1.4 and Bbs1ex12.4, respectively. A single 

knockout, Bbs1ex8, was generated with the exon 8 sgRNA. Likewise, the p.M390R knock-in 

strategy yielded a single clone, Bbs1M390R. Bbs1M390R was not a perfect clone for study of the 

p.M390R mutation, as the knock-in was not biallelic and it expressed protein of abnormal (48 

kDa) size, but was taken forward for phenotypic study because it was the only clone carrying a 

patient mutation of interest. For each sgRNA, the WTcr clone with a BBS1 protein level closest 

to that of the parental WT was also selected as an extra control in phenotypic studies. Table 3. 

9 summarises the mutant and WTcr clones taken forward for phenotypic studies and Figure 3. 

20 summarises the process which led to their selection. 

3.4.2 Summary 

The first hypothesis of this project was that biallelic indel mutations would result in gene loss-of-

function (knockout), through transcript instability and/or absence of protein expression. In many 

clones, this was true on both counts. Frameshift or nonsense mutations in three clones 

generated with sgRNA-12 (Bbs1ex12.1, Bbs112.3, Bbs1ex12.4) had decreased mRNA levels and 

absence of BBS1 protein. Three more clones bearing deletion of the translation initiation codon 

in at least one allele (Bbs1ex1.2, Bbs1ex1.3, Bbs1ex1.4) also displayed a reduction in mRNA 

expression and absence of BBS1 protein. In these clones, absence of protein was expected 

due to failure of translation initiation; the cause of low mRNA was less clear. Transcription may 

have been impaired by mutation of transcription factor binding sites. Alternatively, translation 

may have been initiated by an upstream or non-AUG start codon only for the transcript to 

undergo NMD due to presence of a PTC. In Bbs1ex1.1 and Bbs1ex8, gene knockout arose from 

absence of BBS1 protein, but not from transcript instability, as both clones had near-wild-type 

levels of Bbs1 mRNA when compared to the parental WT cell line. Differences in rates of mRNA 

transcription and degradation are likely responsible for the persistence of Bbs1 transcripts in 

these clones. On the other hand, splice variants might be present in Bbs1ex1.1 and Bbs1ex8 which 

retain the RT-qPCR primer binding sites but which, when translated, lack the Abcam mAb 

epitope. The possibility of alternative splicing is addressed in Chapter 5. Finally, frameshift 

mutations in Bbs1ex12.2 did cause mRNA instability and absence of wild-type-sized (65 kDa) 

protein; however low levels of BBS1 protein of abnormal size (48 kDa) were also detected, 

which was expected to be non-functional. To conclude, biallelic indel mutations in Bbs1 always 

resulted in gene loss-of-function, largely through absence of protein, although occasionally 
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instead through protein loss-of-function. This demonstrates the importance of characterising 

mutations prior to phenotyping. 
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Figure 3. 20: Selection of Bbs1 mutant clones for phenotypic analyses. 

One clone was selected for each sgRNA used, to mitigate off-target effects associated with 

CRISPR sgRNAs. Clones which did not have a Bbs1 copy number of two were excluded from 

phenotypic analyses, as were those in which BBS1 protein (of abnormal size or otherwise) had 

been present. If more than one clone remained available for a given sgRNA, the clone with the 

lowest Bbs1 mRNA expression was selected. *Bbs1M390R was taken forward for further study, 

despite presence of BBS1 protein of abnormal size, as it was the only clone to carry a patient 

mutation of interest. 

 

 

 

 



199 

3.5 Tables for Chapter 3 

Table 3. 1: Results of global pairwise alignment of human BBS1/BBS1 and mouse 
Bbs1/BBS1 genomic, cDNA, CDS and protein sequences  

Sequence 
Length in 

human 
Length in 

mouse 
Alignment 

length 
Identity 

(%) 
Similarity 

(%) 
Gaps 
(%) 

Score 

Genomic 23019 bp 19720 bp 27970 bp 42.4 42.4 47.2 26470.5 

cDNA 3423 bp 5581 bp 5773 bp 46.8 46.8 44.0 9049.0 

CDS 1782 bp 1782 bp 1787 bp 87.6 87.6 0.6 6886.5 

Protein 593 aa 593 aa 593 aa 92.2 96.3 0.0 2804.0 
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Table 3. 2: Human BBS1/BBS1 patient mutations and their mouse orthologues 

HGVS nomenclature has been used, so mutation nomenclature may differ to that used in the 

literature. Human CDS variant nomenclature is relative to transcript NM_024649.5 and protein 

variant is relative to NP_078925.3. Mouse CDS variant nomenclature is relative to transcript 

NM_001033128.3 and protein variant nomenclature is relative to protein sequence 

NP_001028300.1. Orthologous mouse nucleotides or amino acids which are not conserved 

between human and mouse are given in red. 

Human BBS1/BBS1 
mutation 

Orthologous mouse 
Bbs1/Bbs1 mutation 

Citation(s) 

c.(-3)_37del 
p.? 
Start codon deletion 

c.(-3)_37del 
p.? 
Start codon deletion 

(Mykytyn et al., 2003) 

p.M1V p.M1V (Gerth et al., 2008; Deveault et al., 2011) 

p.A14Lfs*28 p.A14Lfs*28 (Redin et al., 2012; M’hamdi et al., 2014) 

c.47+1G>T 
Splice donor 
(intron 1) 

c.47+1G>T 
Splice donor  
intron 1) 

(Ajmal et al., 2013) 

c.48-3C>G 
Splice acceptor 
(intron 1) 

c.48-3C>G 
Splice acceptor 
(intron 1) 

(Ece Solmaz et al., 2015) 

p.W23* p.W23* (Álvarez-Satta et al., 2014) 

p.H35R p.H35R (Beales et al., 2003; Pereiro et al., 2011) 

p.C40Afs*2 p.C40Afs*2 (Sanchez-Navarro et al., 2018) 

p.K53E p.K53E (Beales et al., 2003) 

pG73* pG73* (Muller et al., 2010) 

p.L75Gfs*23 p.L75Gfs*23 (Beales et al., 2003; Janssen et al., 2011) 

p.V112Ffs*9 p.V112Ffs*9 (Muller et al., 2010) 

p.Y113* p.Y113* (Beales et al., 2003; Mykytyn et al., 2003) 

p.Y115Ifs*36 p.Y115Ifs*36 (Mykytyn et al., 2003) 

p.Q128* p.Q128* (Beales et al., 2003) 

c.432+1G>A 
Splice donor 
(intron 4) 

c.432+1G>A 
Splice donor 
(intron 4) 

(Mykytyn et al., 2002) 

p.D145Gfs*21 p.D145Gfs*21 (Hichri et al., 2005; Hjortshøj et al., 2010) 

p.R146* p.Q146* 
(Beales et al., 2003; Fauser, Munz and 
Besch, 2003; Pereiro et al., 2011; Redin et al., 
2012; M’hamdi et al., 2014) 

p.D148N p.D148N (Beales et al., 2003; Ajmal et al., 2013) 

p.R160Q p.R160Q 
(Beales et al., 2003; Deveault et al., 2011; 
Redin et al., 2012) 

c.480-1G>C 
Splice acceptor 
(intron 5) 

c.480-1G>C 
Splice acceptor 
(intron 5) 

(Janssen et al., 2011) 

p.Q170* p.Q170* (Muller et al., 2010) 

c.518+2insA 
Splice donor 
(intron 6) 

c.518+2insA 
Splice donor 
(intron 6) 

(Daniels et al., 2012) 

c.519-1G>T 
Splice acceptor 

c.519-1G>T 
Splice acceptor 

(M. K. Kim et al., 2015) 
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Human BBS1/BBS1 
mutation 

Orthologous mouse 
Bbs1/Bbs1 mutation 

Citation(s) 

(intron 6) (intron 6) 

c.591-59G>A 
Splice acceptor 
(intron 7) 

c.591-59C>A 
Splice acceptor 
(intron 7) 

(Esposito et al., 2017) 

p.I200_T201del p.I200_T201del (Mykytyn et al., 2003) 

p.L206V p.L206V (Janssen et al., 2011) 

p.G222R p.G222R (Esposito et al., 2017) 

p.E234K p.E234K (Beales et al., 2003; Redin et al., 2012) 

p.M242Rfs*83 p.M242Rfs*83 (Deveault et al., 2011) 

p.P245L p.P245L (Janssen et al., 2011) 

p.R268P p.R268P (Estrada-Cuzcano, Koenekoop, et al., 2012) 

c.830+1G>A 
Splice donor 
(intron 9) 

c.830+1G>A 
Splice donor 
(intron 9) 

(Fauser, Munz and Besch, 2003) 

c.831-3C>G 
Splice acceptor 
(intron 9) 

c.831-3C>G 
Splice acceptor 
(intron 9) 

(Beales et al., 2003) 

p.K280Sfs*9 p.K280Sfs*9 (Álvarez-Satta et al., 2014) 

p.Y284Sfs*5 p.Y284Sfs*5 
(Beales et al., 2003; Mykytyn et al., 2003; Ece 
Solmaz et al., 2015) 

p.L288R p.L288R (Muller et al., 2010; Álvarez-Satta et al., 2014) 

p.Q291* p.Q291* 
(Beales et al., 2003; Janssen et al., 2011; 
Pereiro et al., 2011) 

p.I296Tfs*7 p.V296Tfs*7 (Deveault et al., 2011) 

p.G305S p.G305S (Beales et al., 2003) 

c.951+1G>A 
Splice donor 
(intron 10) 

c.951+1G>A 
Splice donor 
(intron 10) 

(Fauser, Munz and Besch, 2003) 

c.951+2T>C 
Splice donor 
(intron 10) 

c.951+2T>C 
Splice donor 
(intron 10) 

(Deveault et al., 2011; Redin et al., 2012) 

p.I330T p.I330T (Deveault et al., 2011) 

p.Q338* p.Q338* (Ece Solmaz et al., 2015) 

p.M347Rfs*26 p.M347Rfs*26 (Mykytyn et al., 2003) 

p.E354G p.E354G (M. K. Kim et al., 2015) 

p.V366D p.V366D (Álvarez-Satta et al., 2014) 

c.1110G>A  
Splice donor 
(exon 11) 

c.1110G>A  
Splice donor 
(exon 11) 

(Redin et al., 2012; M’hamdi et al., 2014) 

p.C377Wfs*36 p.C377Wfs*36 (Mykytyn et al., 2003) 

p.E384* p.E384* (Hichri et al., 2005) 

p.I389del p.I389del (Beales et al., 2003) 

p.M390R p.M390R 

(Mykytyn et al., 2002, 2003; Badano et al., 
2003a; Beales et al., 2003; Fauser, Munz and 
Besch, 2003; Y Fan et al., 2004; Moore et al., 
2005; Hichri et al., 2005; Azari et al., 2006; 
Cannon et al., 2008; Gerth et al., 2008; Webb 
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Human BBS1/BBS1 
mutation 

Orthologous mouse 
Bbs1/Bbs1 mutation 

Citation(s) 

et al., 2009; Hjortshøj et al., 2010; Muller et 
al., 2010; Pereiro et al., 2011; Redin et al., 
2012; Daniels et al., 2012; Estrada-Cuzcano, 
Koenekoop, et al., 2012; Álvarez-Satta et al., 
2014; Méndez-Vidal et al., 2014; Sánchez-
Alcudia et al., 2014; Lindstrand et al., 2016; 
Esposito et al., 2017; Tavares et al., 2019) 

c.1181-9C>G 
Splice acceptor (intron 
12) 

c.1181-9A>G 
Splice acceptor (intron 
12) 

(Ashkinadze et al., 2013) 

p.R429* p.R429* (Beales et al., 2003; Hichri et al., 2005) 

p.Y434S p.Y434S (Beales et al., 2003) 

p.R440* p.R440* (Beales et al., 2003; Mykytyn et al., 2003) 

c.1340-2A>G 
Splice acceptor 
(intron 13) 

c.1340-2A>G 
Splice acceptor (intron 
13) 

(Beales et al., 2003) 

p.R483* p.R483* (Beales et al., 2003; Gerth et al., 2008) 

c.1473+4A>G 
Splice donor 
(exon 14) 

c.1473+4C>G 
Splice donor 
(exon 14) 

(Redin et al., 2012) 

p.L503H p.L503H (Beales et al., 2003) 

p.L505Pfs*52 p.L505Pfs*52 (Mykytyn et al., 2003; Deveault et al., 2011) 

p.Q506Nfs*48 p.Q506Nfs*48 (Álvarez-Satta et al., 2014) 

p.L518P p.H518P 
(Fauser, Munz and Besch, 2003; Mykytyn et 
al., 2003; Azari et al., 2006) 

p.L518Q p.H518Q (Beales et al., 2003) 

p.N524del p.N524del (Gerth et al., 2008; Deveault et al., 2011) 

c.1608+2T>C 
Splice donor 
(intron 15) 

c.1608+2T>C 
Splice donor 
(intron 15) 

(Badano et al., 2003a) 

p.L548Wfs*31 p.L548Wfs*31 
(Beales et al., 2003; Badano et al., 2003a; 
Esposito et al., 2017) 

p.E549* p.E549* 

(Mykytyn et al., 2002, 2003; Beales et al., 
2003; Hichri et al., 2005; Azari et al., 2006; 
Daniels et al., 2012; Lindstrand et al., 2016; 
Sanchez-Navarro et al., 2018)  

p.V568M p.V568M (Esposito et al., 2017) 
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Table 3. 3: AUG Translation Initiation Codons within the mouse Bbs1 transcript 

The canonical start codon is shaded green with bold text; positions are with respect to the A of 

the AUG codon within the full-length 1782 bp CDS and 593 aa protein. Non-AUG start codons 

can initiate translation, but these can take different forms and so could not be identified (Kearse 

and Wilusz, 2017). 

Exon Position in CDS 
Position in 

protein 

Resulting 
protein length 

(aa) 

Predicted 
protein MW 

(kDa) 

Upstream -36 -12 605 66.3 

1 1 1 593 65.11 

2 91 31 563 61.95 

4 280 94 500 55.47 

5 463 155 439 48.43 

7 544 182 412 45.29 

8 607 203 391 42.85 

9 724 242 352 38.67 

11 976 326 268 29.27 

11 997 333 261 28.57 

11 1039 345 247 26.97 

12 1168 390 204 22.24 

14 1342 448 146 15.98 

14 1432 478 116 12.48 

16 1687 563 31 3.22 

17 1750 584 10 0.95 
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Table 3. 4: sgRNAs Used for CRISPR/Cas9 Gene Editing 

PAM is underlined; sgRNA-x was not used as it was shown to have inefficient mutagenesis 

activity; MIT and CFD specificity scores are calculated by different methods to predict likelihood 

of Cas9 cleavage at off-target loci; Rule Set 2 on-target specificity score indicates likelihood of 

Cas9 cleavage at the target locus. 

 

 

 

sgRNA 
name 

Target 
exon 

Purpose 
(NHEJ/ 
HDR) 

sgRNA 
sequence + 

PAM 

MIT 
specificity 

score 

CFD 
specificity 

score 

Rule Set 2 
on-target 
efficiency 

score 

sgRNA-1 1 
Knockout 
(NHEJ) 

GACGCCTGG
GAAAATGGC

TGCGG 
62 82 55 

sgRNA-x 8 N/A 
CCCTGAGGC
CTTCACCAT

TTTGG 
82 92 13 

sgRNA-8 8 
Knockout 
(NHEJ) 

GACCACCCT
GAAGAAGAA

CCTGG 
67 81 55 

sgRNA-12 12 
Knockout 
(NHEJ) 

ACCCTCATC
ATGACTACT

AGAGG 
90 93 63 

sgRNA-
M390R 

12 
p.M390R 
knock-in 
(HDR) 

CACCTCTAG
TAGTCATGA

TGAGG 
92 95 57 
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Table 3. 5: Summary of CRISPR gene editing outcomes 

Total numbers of clones are summarised in the bottom row and, where relevant, calculated mean percentages are given in brackets. *The mean percentage of 

clones with the p.M390R knock-in mutation is given as a percentage of clones that were transfected with the p.M390R-containing HDR template and sgRNA-M390R, 

as other rounds of CRISPR did not utilise a repair template. 

sgRNA 

Transfection 
efficiency 
(% GFP-

positive cells, 
determined 
by FACS) 

No. wells 
seeded by 
single-cell 

sort 

No. colonies 
established 
after single-

cell sort 
(as a % of 
total wells 

seeded with 
single cells) 

No. clones 
expanded 

No. clones 
genotyped 

No. clones 
with biallelic 

indels 
(as a % of 

clones 
genotyped) 

No. 
heterozygous 

clones 
(as a % of 

clones 
genotyped) 

No. clones 
with p.M390R 

knock-in 
mutation 
(as a % of 

clones 
genotyped) 

No. WTcr 
clones 

(as a % of 
clones 

genotyped) 

sgRNA-1 43.4 % 288 67 (23.3 %) 14 6 4 (66.7 %) 0 (0 %) N/A 2 (33 %) 

sgRNA-8 44.4 % 288 90 (31.2 %) 16 6 3 (50.0 %) 0 (0 %) N/A 3 (50 %) 

sgRNA-12 46.3 % 96 34 (35.4 %) 34 32 14 (43.8 %) 0 (0 %) N/A 18 (56 %) 

sgRNA-M390R 22.7 % 96 21 (21.9 %) 15 14 2 (14.3 %) 1 (7 %) 1 (7 %) 9 (64 %) 

Total (Mean) (39.2 %) 768 212 (28.0 %) 79 58 23 (39.7 %) 1 (1.7 %) 1 (7 %)* 32 (55.3 %) 
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Table 3. 6: Genotypes of clones presented in this thesis 

sgRNA 
Total no. 
clones 

No. clones 
with biallelic 

indels 

No. 
heterozygous 

clones 

No. clones 
with 

p.M390R 
knock-in 
mutation 

No. WTcr 
clones 

sgRNA-1 5 4 0 N/A 1 

sgRNA-8 2 1 0 N/A 1 

sgRNA-12 6 4 0 N/A 2 

sgRNA-
M390R 

4 0 1 1 2 
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Table 3. 7: Genotypes of Bbs1 mutant clones 

Coding gene variant nomenclature is relative to transcript NM_001033128.3 and protein variant 

nomenclature is relative to protein sequence NP_001028300.1. 

Clone 
sgRNA 
used 

Allele 1 Allele 2 Allele 38 

Bbs1ex1.1 sgRNA-1 
c.1_4del 
p.? 

c.4del 
p.(Ala2Leufs*67) 

 

Bbs1ex1.2 sgRNA-1 
c.1_4del 
p.? 

c.4del 
p.(Ala2Leufs*67) 

 

Bbs1ex1.3 sgRNA-1 
c.3_4del 
p.? 

c.3_7del 
p.? 

 

Bbs1ex1.4 sgRNA-1 
c.-16_3del 
p.? 

c.-16_3del 
p.? 

 

Bbs1ex8 sgRNA-8 
c.626del 
p.(Asn209Thrfs*13) 

c.626_627insA 
p.(Asn209Lysfs*5) 

 

Bbs1ex12.1 sgRNA-12 
c.1175_1176insC 
p.(Arg393*) 

c.1175_1179del 
p.(Thr392Argfs*21) 

c.1175_1176insG 
p.(Arg393*) 

Bbs1ex12.2 sgRNA-12 
c.1175del 
p.(Thr392Ilefs*6) 

c.1175del 
p.(Thr392Ilefs*6) 

 

Bbs1ex12.3 sgRNA-12 
c.1175_1176insC 
p.(Arg393*) 

c.1166_1173del 
p.(Ile389Asnfs*2) 

 

Bbs1ex12.4  sgRNA-12 
c.1174_1180+4del 
p.(Thr392Valfs*4) 

c.1175_1179del 
p.(Thr392Argfs*21) 

c.1175_1176insC 
p.(Arg393*) 

Bbs1ex12.5 
sgRNA-
M390R 

c.1165_1166del 
p.(Ile389Hisfs*4) 

Wild type8  

Bbs1M390R 
sgRNA-
M390R 

c.[1161C>A;1169T>G] 
p.(Met390Arg) 

c.1154_1173del 
p.(Asn386*) 

 

 

 

 
8 At a later time, whole genome sequencing of clones’ genomes was performed (see Chapter 5). 

Bbs1ex12.4, initially believed to be homozygous for a c.1174_1180+4del mutation, was found to have two 

more alleles, c.1175_1179del and c.1175_1176insC. These had not been detected by Sanger sequencing 

during initial genotyping, apparently due to a polymorphism in the annealing site of one genotyping primer. 

Primers were re-designed and cell lines generated with sgRNA-12 or sgRNA-M390R were genotyped 

again. New allelic sequences were also subsequently confirmed in Bbs1ex12.1 (c.1175_1176insG) and 

Bbs1ex12.5 (a wild type allele). This work is presented in Chapter 5. 
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Table 3. 8: Antibodies screened by Peggy Sue automated Western blot 

Manufacturer Host Clonality Catalogue Number 

Atlas Rabbit Polyclonal HPA058283 

Proteintech Rabbit Polyclonal 21118-1-AP 

Bioss Rabbit Polyclonal bs-11507R 

Abcam Rabbit Monoclonal ab166613 
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Table 3. 9: Mutant and WTcr clones selected for phenotypic studies 

Clone Genotype 
Exon 

targeted by 
sgRNA 

Bbs1 protein 
level (as 

proportion of 
parental WT) 

Bbs1 mRNA 
level (as 

proportion 
of parental 

WT) 

Bbs1 gene 
copy 

number 

Bbs1ex1.4 Knockout 1 0.023 0.096 1.505 

WTcrex1 WTcr 1 0.604 0.713 2.005 

Bbs1ex8 Knockout 8 0.001 0.967 1.686 

WTcrex8 WTcr 8 0.810 0.908 1.991 

Bbs1ex12.4 Knockout 12 0.006 0.263 2.013 

WTcrex12.1 WTcr 12 0.716 0.703 1.477 

Bbs1M390R Knock-in 12 (HDR) 0.332 0.399 1.936 

WTcrM390R.1 WTcr 12 (HDR) 0.722 0.762 1.885 
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4 Phenotypic analysis of Bbs1 mutant clones 

4.1 Hypothesis, Aim and Objectives 

Hypothesis 

2: Knockout cell lines will exhibit consistent and specific phenotypes that may underlie 

ciliopathies in Bbs1. 

Aim 

2: To identify a phenotype associated with knockout of Bbs1. 

Objectives 

2.1: To screen one knockout clone (Bbs1ex8) for deviation from the wild type IMCD3 

phenotype (addressed in section 4.3.1); 

2.2: To investigate whether phenotypes identified in objective 2.1 are exhibited consistently 

amongst knockout clones (addressed in section 4.3.2). 

4.2 Overview 

Eight bona fide Bbs1 knockout, one p.M390R knock-in (Bbs1M390R) and six WTcr clones were 

retrieved after CRISPR/Cas9 gene editing (presented Chapter 3). While gene editing was in 

progress, phenotypic analyses were performed on the first Bbs1-/- clone to be generated, 

Bbs1ex8, and its WTcr clone, WTcrex8, beginning with a study of ciliogenesis. This screen 

uncovered several phenotypic changes in Bbs1ex8 that were not seen in wild types, including 

reduced ciliogenesis, an increase in midbodies, a higher saturation density and, most 

unexpectedly, disrupted cell-cell junctions. These phenotypes were then probed in additional 

Bbs1 mutant clones and their respective WTcr clones, with the aim of identifying the 

phenotype(s) common to all Bbs1 mutants. 

4.3 Results 

4.3.1 Screening of one knockout clone (Bbs1ex8) for deviation from the wild type IMCD3 

phenotype (Objective 2.1) 

In parallel to the generation of the Bbs1-/- IMCD3 clones presented in Chapter 3, phenotypic 

characterisation of a single clone was performed with the aim of identifying a Bbs1-associated 

phenotype. The first knockout clone generated using CRISPR gene editing, Bbs1ex8, was 

selected for this initial round of phenotypic analyses, whilst the other Bbs1-/- clones were in 

generation. The CRISPR WT clone collected from the same round of gene editing, WTcrex8, was 

employed as an extra control to which Bbs1ex8 was compared. It was unknown how the WTcrex8 

clone would perform in phenotypic assays, therefore both Bbs1ex8 and WTcrex8 were compared 

to the parental WT IMCD3 cell line using statistical hypothesis testing. 
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Since Bardet-Biedl syndrome is a ciliopathy, the cilia of Bbs1ex8, WTcrex8 and the parental WT 

IMCD3 cell line were studied. Cells were grown to confluence and serum starved (“ciliogenic” 

conditions) to stimulate ciliogenesis. Cilia were observed by immunofluorescence using 

antibodies against acetylated-α-tubulin (ac-tub) and a cilia-specific marker, ARL13B (see Figure 

4. 1). Bbs1ex8 could form cilia (see Figure 4. 1a); however, a significant reduction in ciliogenesis 

was observed in Bbs1ex8 compared to WT (p=0.0189) and WTcrex8 (p=0.0038; see Figure 4. 

1b). While 63.6 % of WT and 79.1 % of WTcrex8 cells formed cilia, ciliogenesis was detected on 

only 3.8 % of Bbs1ex8 cells. The difference in ciliogenesis between WT and WTcrex8 was not 

statistically significant (p=0.0671). Quantification of nuclei per field showed that the reduction in 

Bbs1ex8 ciliogenesis was not due to decreased cell density (see Figure 4. 1c); in fact, the mean 

number of nuclei per field was greater for Bbs1ex8 than WT or WTcrex8, though this increase was 

not statistically significant against either wild type (p=0.0840 and p=0.0718, respectively, 

against WT and WTcrex8). The mean number of WTcrex8 per field also did not differ significantly 

from that of WT (p=0.3133). Mutant cilia which did form were significantly shorter in length than 

WT and WTcrex8 (p<0.0001 for both; see Figure 4. 1d). WT cilia of up to 19.8 µm were 

detected, with a median length of 2.6 µm, whereas the longest Bbs1ex8 cilium detected was 6.4 

µm, with a median length of 1.8 µm. WTcrex8 cilia ranged up to 17.2 µm, with a median length of 

2.9 µm. The difference in lengths of WT and WTcrex8 cilia was significant (p<0.0001). 

Staining of acetylated-α-tubulin for the study of cilia revealed structures in Bbs1ex8 cells which 

did not co-stain for ARL13B (see Figure 4. 1a). As a cytoskeletal protein, acetylated-α-tubulin is 

present in a range of cellular structures beyond the cilia. One is the midbody, which is a 

transient cell-cell bridge that forms between daughter cells during the final stages of cytokinesis. 

Immunofluorescence of acetylated-α-tubulin and a midbody-specific marker, aurora B kinase 

(AurB; see Figure 4. 2), confirmed that the structures present amongst Bbs1ex8 cells were 

midbodies (see Figure 4. 2a and Figure 4. 2b). Under ciliogenic conditions, an increased 

number of midbodies was detected amongst Bbs1ex8 cells compared to WT (p=0.0222) and 

WTcrex8 (p=0.0075) cells: there were 86 midbodies per 1000 mutant nuclei, relative to only 54 

per 1000 WT nuclei or 46 per 1000 WTcrex8 nuclei (see Figure 4. 2c). When cells were in 

exponential growth phase in complete media (“subconfluent” conditions), no significant 

difference was found between the number of midbodies in Bbs1ex8 and WT (p=0.4253) or 

WTcrex8 (p=0.3103), which had means of 107, 115 and 99 midbodies per 1000 nuclei, 

respectively (see Figure 4. 2c). Interestingly, nuclei of subconfluent Bbs1ex8 cells were clustered 

and sometimes grew on top of one another (see Figure 4. 2a), rather than exclusively in the 

characteristic epithelial monolayer, perhaps hinting at defects in epithelial polarity or cell 

migration. The difference between WT and WTcrex8 midbody numbers was not significant, 

whether under subconfluent (p=0.1849) or ciliogenic (p=0.1304) conditions. The mean number 

of nuclei per field showed that the increase in Bbs1ex8 midbodies under ciliogenic conditions was 

not due to decreased cell density (see Figure 4. 2d), as there was a non-significant increase in 

the mean number of Bbs1ex8 nuclei per field compared to wild types under ciliogenic conditions 

(p=0.4771 and p=0.2716 against WT and WTcrex8, respectively). Likewise, there was no 

statistical significance in Bbs1ex8 cell density under subconfluent conditions compared to WT 
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(p=0.1588) or WTcrex8 (p=0.0817), nor did WTcrex8 cell density differ to WT under subconfluent 

(p=0.7623) or ciliogenic (p=0.0739) conditions. 

A greater number of mutant midbodies suggested an increase in Bbs1ex8 proliferation. This was 

first investigated using a fluorescence-based viability assay, in which metabolically-active cells 

irreversibly reduce a weakly-fluorescent dye, resazurin, to a highly-fluorescent dye, resorufin 

(see Figure 4. 3). The viability assay was used to indicate relative numbers of live Bbs1ex8, 

WTcrex8 and WT IMCD3 cells over a seven-day period (see Figure 4. 3a). Fluorescence 

intensity was higher in Bbs1ex8 cultures after 48 hours, than in WT or WTcrex8, suggesting a 

greater number of live Bbs1ex8 cells or cells with a higher metabolic rate. To perform statistical 

significance testing, the area under the curve (AUC) of each time series was calculated (see 

Figure 4. 3b). While the Bbs1ex8 AUC was greater than WT and WTcrex8, in neither case was 

this increase statistically significant (p=0.0537 and p=0.3249, respectively). AUC did not differ 

significantly between WT and WTcrex8 (p=0.9200). A terminal deoxynucleotidyl transferase 

dUTP nick end labelling (TUNEL) assay excluded the possibility that a decrease in apoptosis 

was responsible for the apparent increase in viable Bbs1ex8 cells (see Figure 4. 3c). When 

subconfluent, a mean of 0.52 % of WT, 0.73 % of Bbs1ex8 and 0.43 % of WTcrex8 cells were 

apoptotic. There was not difference in apoptosis between Bbs1ex8 and WT (p=0.8675) or 

WTcrex8 (p=0.5357). Under ciliogenic conditions, a mean of 0.71 % of WT, 1.17 % of Bbs1ex8 

and 0.85 % of WTcrex8 cells were apoptotic. Again, there was no significant difference in 

apoptosis between Bbs1ex8 and WT (p=0.4436) or WTcrex8 (p=0.4651). Apoptosis did not differ 

between WT and WTcrex8 cells, whether under subconfluent (p=0.5795) or ciliogenic (p=0.8824) 

conditions. 

To further investigate the possibility of increased Bbs1ex8 proliferation, growth curve analysis 

was performed (see Figure 4. 4a). The population doubling time of each cell line was extracted 

from the linear portion of the graph, which corresponded to the logarithmic growth phase (see 

Figure 4. 4b; see Appendix 9.4 for individual growth curves from which metrics were 

extracted). WT, Bbs1ex8 and WTcrex8 had mean population doubling times of 14.9, 16.3 and 15.5 

hours, respectively. The saturation density of each cell line was determined from the plateau 

phase of the growth curve (see Figure 4. 4c). WT, Bbs1ex8 and WTcrex8 had mean saturation 

densities of 752,924 cells/cm2, 1,013,158 cells/cm2, and 708,333 cells/cm2, respectively. There 

was no significant difference between the doubling times of Bbs1ex8 and WT (p=0.1766) or 

WTcrex8 (p=0.4922), nor between those of WT and WTcrex8 (p=0.4904). However, Bbs1ex8 had 

an increased saturation density compared to both WT (p=0.0194) and WTcrex8 (p=0.0119). The 

saturation densities of WT and WTcrex8 did not differ significantly (p=0.1716). 

Increased saturation density suggested Bbs1ex8 had diminished contact inhibition of 

proliferation. Cell-cell junctions such as tight junctions and adherens junctions play a role in 

signalling to limit proliferation once adjacent cells come into contact with one another (Szaszi 

and Amoozadeh, 2014; Mendonsa, Na and Gumbiner, 2018). Cell-cell junctions were studied by 

immunofluorescence (see Figure 4. 5). Filamentous actin (F-actin) is a cytoskeletal protein with 

numerous structural and mechanical roles, including within cell-cell junctions. Phalloidin staining 

of F-actin in Bbs1ex8 suggested mutant cells did not form cell-cell junctions, indicated by less 
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clearly defined cell boundaries, which in wild types are well defined, staining positively for F-

actin (see Figure 4. 5a). Gaps were seen between Bbs1ex8 cells, despite cells being confluent. 

E-cadherin or β-catenin, two proteins found in adherens junctions, localised to the cell-cell 

junctions of WT and WTcrex8; however, there was reduced localisation of E-cadherin and β-

catenin to Bbs1ex8 cell-cell junctions (see Figure 4. 5b and Figure 4. 5c). There was also 

abnormal cytoplasmic staining of acetylated-α-tubulin in Bbs1ex8, which was absent in WT and 

WTcrex8. Like adherens junction proteins, the tight junction-associated proteins zonula 

occludens 1 (ZO-1) and occludin were largely disrupted in Bbs1ex8, whereas WT and WTcrex8 

exhibited the expected cell-cell junction localisation in WT and WTcrex8 (see Figure 4. 5d). 

Immunofluorescence images suggested that less ZO-1 protein was present in Bbs1ex8 than in 

WT or WTcrex8; however, this was thought to be an artefact of widefield microscopy, due to 

signal being out of the focal plane in some areas. Confocal microscopy was later used to 

overcome this (see section 4.3.2). 

4.3.2 Investigation into whether identified phenotypes are exhibited consistently 

amongst knockout clones (Objective 2.2) 

Several of the cellular phenotypes (ciliogenesis, midbodies, cell-cell adhesion) that were found 

to be altered in Bbs1ex8 were followed up in the remaining Bbs1 mutant and WTcr clones that 

were generated in Chapter 3. As in the initial round of phenotypic analyses, a WTcr clone was 

also employed as an additional control for the respective Bbs1 mutant. In each case, the WTcr 

clone had been exposed to the same sgRNA that had been used to make its corresponding 

Bbs1-/- (or Bbs1M390R) clone. To build upon the immunofluorescence performed with widefield 

microscopy for initial phenotypic analyses (in section 4.3.1), confocal microscopy was utilised 

to image immunofluorescence. Acetylated-α-tubulin and ARL13B in cilia were stained (see 

Figure 4. 6a) and ciliogenesis was quantified (see Figure 4. 6b, which includes p-values of all 

statistical tests). 34.3 % of WT IMCD3 cells formed cilia. Percentage ciliogenesis varied across 

Bbs1 mutants: 77.3 % of Bbs1ex1.4, 2.5 % of Bbs1ex8, 57.9 % of Bbs1ex12.4 and 1.5 % of 

Bbs1M390R cells formed a cilium. All differed significantly from the parental WT (padj<0.0001 for all 

comparisons). Unexpectedly, there was also great variation in ciliogenesis of WTcr clones, all of 

which also differed significantly from the parental WT (padj<0.0001 for all comparisons). While 

ciliogenesis was increased to 80.6 % and 78.5 % in WTcrex1 and WTcrex8, respectively, 

WTcrex12.1 and WTcrM390R.1 had the lowest percentages of cilia-forming cells of all cell lines, at 

0.6 % and 0.9 %, each. Bbs1 mutant clones were also compared to their corresponding WTcr 

clones. Ciliogenesis was significantly decreased in Bbs1ex8 compared to WTcrex8 (padj<0.0001) 

and significantly increased in Bbs1ex12.4 compared to WTcrex12.1 (padj<0.0001). There was no 

statistically significant difference in ciliogenesis of Bbs1ex1.4 or Bbs1M390R versus respective 

WTcr clones (padj>0.9999 for both comparisons). Since there was no clear genotype-phenotype 

correlation in terms of percentage ciliogenesis, cilia lengths were not measured. Reduced cell 

density was not a cause of loss of ciliogenesis in the four aforementioned clones. Three 

(Bbs1ex8, WTcrex12.1, WTcrM390R.1) had increased cell density compared to WT (padj=0.0038, 

padj<0.0001 and padj=0.0081, respectively), whilst that of Bbs1M390R did not differ significantly to 

WT (padj>0.9999; see Figure 4. 6c). Cell density was also increased in Bbs1ex8 relative to 

WTcrex8 (padj<0.0001), although Bbs1M390R had lower cell density than WTcrM390R.1 (padj<0.0001). 
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Midbodies were visualised by immunofluorescence, using antibodies against acetylated-α-

tubulin and aurora B kinase (see Figure 4. 7b). Quantification of the numbers of midbodies per 

1000 cells determined that there was no significant difference between the means of WT, 

mutant and WTcr cell lines (p=0.4371; see Figure 4. 7b). However, quantification of nuclei per 

field pointed to a significant disparity in cell densities (p<0.0001; see Figure 4. 7c). Compared 

to the parental WT, two WTcr clones had significantly augmented cell densityWTcrex12.1 (p-

adj<0.0001) and WTcrM390R.1 (padj=0.0009). This may have contributed to the apparent significant 

reduction in cell density of Bbs1ex12.1 and Bbs1M390R compared to their WTcr clones (padj=0.0003 

and padj=0.0117, respectively). The same cannot be said of Bbs1ex8, which had an increased 

cell density compared to both WT (padj=0.0350) and WTcrex8 (padj=0.0084).  

It had been noted (in section 4.3.1) that Bbs1ex8 cells sometimes grew on top of one another 

when subconfluent, despite availability of space. A scratch wound assay was employed to 

investigate the possibility of loss of directional cell migration (see Appendix 9.5 for details on 

assay optimisation). Percentage cell confluence within the initial scratch wound area (“wound 

confluence”) was calculated (see Figure 4. 8a). The rate of wound healing (in percentage cell 

confluence per hour, %/h) was calculated from the linear portion of the graph (see Figure 4. 

8b). Of the four Bbs1 mutant clones, Bbs1ex8 and Bbs1ex12.4 had a statistically significant 

reduction in the rate of wound healing compared to the parental WT (padj=0.0002 and 

padj=0.0278, respectively). Bbs1ex12.4 also had a significantly reduced rate of wound healing 

compared to its WTcr clone (padj=0.0001), although Bbs1ex8 did not vary significantly versus 

WTcrex8 (padj=0.6077). Bbs1ex1.4 and Bbs1M390R did not vary compared to WT (p=0.431 and 

p=0.4392, respectively) or their respective WTcr clones (p=0.0728 and p=0.1657, respectively). 

Additionally, there was some variation in the rate of wound healing in WTcr clones. That of 

WTcrex8 was significantly lower compared to the parental WT (padj=0.0207), whilst the that of 

WTcrM390R.1 was significantly greater (padj=0.0072). 

Cell-cell junctions of cell lines were studied by immunofluorescence. The immunofluorescence 

studies with widefield microscopy (presented in section 4.3.1) were improved upon using 

confocal imaging. Adherens junctions were observed by staining E-cadherin and β-catenin (see 

Figure 4. 9) and tight junctions were studied with antibodies against ZO-1 and occludin (see 

Figure 4. 10). As expected, staining of either class of cell-cell junction in WT cells resulted in 

co-localisation of the two markers at cell-cell boundaries to produce a “honeycomb” structure. 

Being a highly complex variable to measure, quantification of cell-cell junction disruption from 

immunofluorescence images was not feasible. Qualitative examination of cell-cell junctions was 

performed by eye, the results of which are summarised in Table 4. 1 and are also noted in 

Figure 4. 9 and Figure 4. 10. Most or all cells of WT and WTcr cell lines formed both adherens 

and tight junctions. Of these, WTcrex8 was the least reliable in forming cell-cell junctions. There 

was a spectrum of variation in the ability of Bbs1-/- clones to form cell-cell junctions: Bbs1ex1.4 

consistently formed adherens and tight junctions; some distinct patches, but never all, of 

Bbs1ex12.4 cells formed adherens or tight junctions; few or no Bbs1ex8 cells formed adherens or 

tight junctions. Of note, some Bbs1ex8 cells possessed ZO-1 in their peripheries, however, close 

inspection of the images showed that gaps existed between the peripheries of adjacent cells 
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(see Figure 4. 10), indicating that tight junctions were not sealing them together. Additionally, 

most Bbs1M390R cells formed cell-cell junctions. 

The ability of cells to form tight and adherens junctions varied between Bbs1-/- clones but was 

generally consistent amongst WTcr clones. However, this assessment was drawn from 

observations made by eye, which may have been subject to bias or misjudgement. To 

overcome these limitations, a transepithelial electrical resistance (TEER) assay was employed 

to quantify the epithelial barrier integrity of IMCD3 cultures (see Appendix 9.6 for optimisation 

of TEER assay). High TEER indicates integrity of an epithelial monolayer, in which cell-cell 

junctions, especially tight junctions, provide a barrier function to prevent paracellular 

permeability. Conversely, loss of epithelial barrier integrity, indicated by low TEER, reflects 

increased epithelium permeability which may indicate cell-cell junction disruption. As in 

ciliogenesis, wound healing and cell-cell junction immunofluorescence assays, Bbs1 mutants 

varied in terms of TEER (see Figure 4. 11). Bbs1ex1.4 did not differ significantly from WT or 

WTcrex1 (padj>0.9999 for both comparisons). Bbs1ex8 had significantly lower TEER than the 

parental WT and WTcrex8 (padj<0.0001 for both comparisons). The TEER of Bbs1ex12.4 was non-

significantly reduced when compared to WT (padj=0.0918) and WTcrex12.1 (padj>0.9999). On the 

other hand, TEER was significantly increased in Bbs1M390R compared to WT (padj=0.0253) and 

WTcrM390R.1 (padj=0.0398). The TEER of WTcr clones did not differ significantly from that of the 

parental WT (padj>0.9999, padj=0.0997, padj=0.0918 and padj>0.9999 for WTcrex1, WTcrex8, 

WTcrex12.1 and WTcrM390R.1, respectively). Although not statistically significant, mean WTcrex8 

TEER was higher than that of WT and displayed large variation between replicate experiments. 
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Figure 4. 1: Study of ciliogenesis and cilia lengths in Bbs1ex8, WTcrex8 

and WT IMCD3 cell lines. 

a. Representative staining of cilia. Antibodies against acetylated-α-tubulin 

(ac-tub), found in the cilium axoneme, and ARL13B, a cilia-specific protein, 

were used to identify cilia. Nuclei were stained with DAPI. WT and WTcrex8 

formed cilia. Bbs1ex8 could form some cilia, but these were fewer and shorter 

than those of wild types. Scale bars represent 20 µm. 

b. Quantification of ciliogenesis, calculated as the percentage of cells which 

formed a cilium. Bbs1ex8 had significantly reduced ciliogenesis relative to WT 

(p=0.0189) and WTcrex8 (p=0.0038). Ciliogenesis did not differ significantly 

between WTcrex8 and WT (p=0.0671). Coloured bars show the mean % 

ciliogenesis and error bars show SEM of three independent experiments. 

Paired t-tests were performed after arcsine square root transformation of 

proportions of cells with cilia. P-values of paired t-tests are indicated: * p=0.01 

to 0.05; ** p=0.001 to 0.01; *** p< 0.001. 

c. Mean number of nuclei per ciliogenesis assay image. Reduced 

ciliogenesis in Bbs1ex8 was not due to decreased cell density. Coloured bars 

show mean numbers of nuclei per field and error bars show SEM of three 

independent experiments. Paired t-tests showed no statistically significant 

difference in the numbers of nuclei per field of Bbs1ex8 versus WT (p=0.0840) 

or WTcrex8 (p=0.0718), nor between WTcrex8 and WT (p=0.3133). 

d. Quantification of cilia lengths. Each point represents an ARL13B-positive 

structure ≥0.8 µm in length. Horizontal bars 

indicate median cilia lengths and error bars 

show the IQR. Due to the positive skew, non-

parametric statistical testing was applied. P-

values of Mann-Whitney tests are indicated: * 

p=0.01 to 0.05; ** p=0.001 to 0.01; 

*** p< 0.001. Cilia lengths varied significantly 

between all three pairs of cell lines (p<0.0001 

for all three comparisons). 
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Figure 4. 2: Study of midbodies in Bbs1ex8, WTcrex8 and WT IMCD3 

cell lines. 

a. Representative staining of midbodies in subconfluent cells; 

b. Representative staining of midbodies in cells grown under 

ciliogenic conditions. The midbody-specific marker aurora B kinase 

(AurB) was used to distinguish midbodies from cilia, as both structures 

contain acetylated-α-tubulin (ac-tub). Nuclei, stained with DAPI, were 

clustered in subconfluent Bbs1ex8. Scale bars represent 20 µm. 

(Continued on next page) 
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Figure 4. 2 (cont.): Study of midbodies in Bbs1ex8, WTcrex8 and WT IMCD2 cell lines. 

c. (Previous page) Quantification of midbodies, calculated as the number of midbodies (structures co-stained for ac-tub and AurB) per 1000 cells (nuclei). Paired 

t-tests showed that under subconfluent conditions there was no significant difference in numbers of midbodies between Bbs1ex8 and WT (p=0.4253) or WTcrex8 

(p=0.3103), or between WTcrex8 and WT (p=0.1849). Under ciliogenic conditions, Bbs1ex8 had significantly more midbodies relative to WT (p=0.0222) and WTcrex8 

(p=0.0075). Numbers of midbodies did not differ significantly between WTcrex8 and WT (p=0.1304). Coloured bars show the mean number of midbodies per 1000 

cells and error bars show SEM of three independent experiments. P-values of paired t-tests are indicated: * p=0.01 to 0.05; ** p=0.001 to 0.01; *** p< 0.001. 

d. (Previous page) Mean number of nuclei per midbody assay image. An Increased number of midbodies in ciliogenic Bbs1ex8 was not due to decreased cell 

density. Coloured bars show mean numbers of nuclei per field and error bars show SEM of three independent experiments. Paired t-tests showed no statistically 

significant difference in the numbers of nuclei per field between pairs of cell lines, whether under subconfluent conditions (p=0.1588, p=0.0817 and p=0.7623, for 

Bbs1ex8 versus WT, Bbs1ex8 versus WTcrex8 and WTcrex8 versus WT, respectively), or under ciliogenic conditions (p=0.4771, p=0.2716 and p=0.0739, for Bbs1ex8 

versus WT, Bbs1ex8 versus WTcrex8 and WTcrex8 versus WT, respectively). 
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c. Quantification of percentage of apoptotic cells by TUNEL assay. DNase treatment of WT IMCD3 cells was used as a positive control. Coloured bars show the 

mean percentage of apoptotic (TUNEL-positive) cells and error bars show the SEM of three independent experiments, performed under subconfluent or ciliogenic 

conditions. Paired t-tests were performed after arcsine square root transformation of proportions of apoptotic cells. There was no statistically significant difference 

between the numbers of nuclei per field of pairs of cell lines, whether under subconfluent conditions (p=0.8675, p=0.5357 and p=0.5795, for Bbs1ex8 versus WT, 

Bbs1ex8 versus WTcrex8 and WTcrex8 versus WT, respectively), or under ciliogenic conditions (p=0.4436, p=0.4651and p=0.8824, for Bbs1ex8 versus WT, Bbs1ex8 

versus WTcrex8 and WTcrex8 versus WT, respectively). 

Figure 4. 3: Assays of Bbs1ex8, WTcrex8 and WT IMCD3 cell viability. 

a. Fluorescence-based assay of cell viability. Resazurin (a weakly-fluorescent dye) is reduced to resorufin (a 

highly-fluorescent dye) by metabolically-active cells. Points show mean fluorescence intensity of resorufin normalised 

to the fluorescence intensity reading on day 1 (24 h). Error bars show SEM of three independent experiments. In 

Bbs1ex8 cultures, fluorescence intensity began to increase above wild type levels after 48 h. 

b. Mean area under the curves (AUC) of cell viability time series. For each cell line, the AUC was calculated from 

each replicate time series. Coloured bars show the mean AUC and error bars show the SEM of three independent 

experiments. Although the AUC indicated increased fluorescence intensity in Bbs1ex8 cultures over the time series, 

paired t-tests showed it was not significantly different compared to WT (p=0.0537) or WTcrex8 (p=0.3249) cultures. 

There was also no statistically significant difference between WTcrex8 and WT (p=0.9200). 
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Figure 4. 4: Growth curve analysis of Bbs1ex8, WTcrex8 and WT IMCD3 cells. 

a. Growth curves of Bbs1ex8, WTcrex8 and WT IMCD3 cell lines. Points represent the mean cell density and error bars show the SEM of three independent 

experiments. Note in most cases the error bars are too small to be seen on a logarithmic scale. 

b. Population doubling times (PDT) were extracted from the exponential growth phase of growth curves. Coloured bars show the mean PDT and error bars show 

the SEM of three independent growth curves. Paired t-tests indicated there was no statistically significant difference between the PDT of Bbs1ex8 and WT (p=0.1766) 

or WTcrex8 (p=0.4922), nor between WTcrex8 and WT (p=0.4904). 

c. Saturation densities were extracted from the plateau phase of growth curves. Coloured bars show the mean saturation density and error bars show the SEM of 

three independent growth curves. Paired t-tests indicated that Bbs1ex8 had a significantly increased saturation density compared to WT (p=0.0194) and WTcrex8 

(p=0.0119). There was no significant difference in the saturation densities of WTcrex8 and WT (p=0.1716). P-values from t-tests are indicated: * p=0.01 to 0.05; ** 

p=0.001 to 0.01; *** p< 0.001. Appendix 9.4 shows the individual growth curve replicates from which PDT and saturation density metrics were extracted. 
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Figure 4. 5: Study of epithelial cell-

cell junctions in Bbs1ex8, WTcrex8 

and WT IMCD3 cell lines. 

a. Representative staining of F-

actin. A phalloidin stain was used to 

visualise the F-actin cytoskeleton. 

Nuclei were stained with DAPI and 

acetylated-α-tubulin (ac-tub) was 

immuno-stained. In WT and WTcrex8, 

cell-cell boundaries were clearly 

defined and stained positively for F-

actin, whereas cell boundaries were 

less clearly defined in Bbs1ex8, 

suggesting it did not form cell-cell 

junctions. Gaps were seen between 

Bbs1ex8 cells (white arrowheads), 

despite cells being confluent. There 

was also abnormal cytoplasmic 

staining of acetylated-α-tubulin (ac-

tub) in Bbs1ex8. Scale bars represent 

20 µm. 

b. Representative staining of E-

cadherin in adherens junctions. E-

cadherin, an adherens junction 

protein, and acetylated-α-tubulin (ac-

tub) were immuno-stained. Nuclei 

were stained with DAPI. E-cadherin 

localised to the cell-cell junctions of 

WT and WTcrex8 cells. In Bbs1ex8, its 

localisation to cell-cell boundaries was 

reduced. (Continued on next page) 
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Figure 4. 5 (cont.): Study of epithelial cell-cell junctions in Bbs1ex8, WTcrex8 and WT IMCD3 cell lines.  

…There was also also abnormal cytoplasmic staining of acetylated-α-tubulin (ac-tub) in Bbs1ex8. Scale bars represent 40 µm. 

c. (Previous page) Representative staining of β-catenin in adherens junctions. β-catenin, an adherens junction protein, and acetylated-α-tubulin (ac-tub) were 

immuno-stained. Nuclei were stained with DAPI. β-catenin localised to the cell-cell junctions of WT and WTcrex8 cells. In Bbs1ex8, its localisation to cell-cell 

boundaries was reduced. There was also abnormal cytoplasmic staining of acetylated-α-tubulin (ac-tub) in Bbs1ex8. Scale bars represent 40 µm. 

d. (Previous page) Representative staining of tight junctions. Immuno-staining of ZO-1 and occludin was used to visualise tight junctions. Nuclei were stained 

with DAPI. In WT and WTcrex8, ZO-1 and occludin localised to cell-cell junctions. In Bbs1ex8, the localisation of both proteins was largely disrupted. Scale bars 

represent 40 µm. 
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Figure 4. 6: Study of cilia in Bbs1 mutant and WTcr clones. 

a. Representative cilia staining. Cilia were identified as structures which stained for 

acetylated-α-tubulin (ac-tub) and ARL13B, and with a basal body that stained positively for γ-

tubulin (γ-tub). Nuclei were stained with DAPI. Z-projections of planes containing cilia are 

displayed. Scale bars represent 20 µm. (Continued on next page) 
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Figure 4.6 (cont.): Study of cilia in Bbs1 mutant and WTcr clones. 

b. Quantification of ciliogenesis, calculated as the percentage of cells which formed a cilium 

(co-stained for ac-tub and ARL13B with a γ-tub-positive basal body). Coloured bars show the 

mean percentage ciliogenesis and error bars show SEM of three independent experiments. 

One-way ANOVA was performed after arcsine square root transformation of proportions of cells 

with cilia. This indicated a statistically significant difference between the mean proportion of 

ciliogenesis of cell lines (p<0.0001). Post-hoc Bonferroni multiple comparisons tests indicated 

that all Bbs1 mutant and WTcr clones differed significantly compared to parental WT (p-

adj<0.0001 for all comparisons). Compared to their respective WTcr clones, Bbs1ex8 and 

Bbs1ex12.4 differed significantly (padj<0.0001 for both comparisons), whereas Bbs1ex1.4 and 

Bbs1M390R did not (padj>0.9999 for both comparisons). On the graph, adjusted p-values are 

indicated: * p=0.01 to 0.05; ** p=0.001 to 0.01; *** p< 0.001; those in black are relative to WT 

and those in colour are relative to the respective WTcr clone. 

c. Mean number of nuclei per ciliogenesis assay image. Reduced ciliogenesis in Bbs1ex8, 

WTcrex12.1, Bbs1M390R and WTcrM390R.1 was not due to decreased cell density. Coloured bars 

show mean numbers of nuclei per field and error bars show SEM of three independent 

experiments. One-way ANOVA indicated a significant difference among means of different cell 

lines (p<0.0001). Post-hoc Bonferroni multiple comparisons tests indicated that, compared to 

WT, Bbs1ex8 (padj=0.0038), WTcrex12.1 (padj<0.0001) and WTcrM390R.1 (padj=0.0081) differed 

significantly, whereas Bbs1ex1.4 (padj>0.9999), WTcrex1 (padj>0.9999), WTcrex8 (padj=0.5386), 

Bbs1ex12.4 (padj>0.9999) and Bbs1M390R (padj>0.9999) did not. Compared to their respective WTcr 

clones, Bbs1ex8 (padj<0.0001), Bbs1ex12.4 (padj>0.0001) and Bbs1M390R (padj=0.0133) differed 

significantly, whereas Bbs1ex1.4 did not (padj>0.9999). On the graph, adjusted p-values are 

indicated: * padj=0.01 to 0.05; ** padj=0.001 to 0.01; *** padj<0.001; those in black are relative to 

WT and those in colour are relative to the respective WTcr clone.  
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was no statistically significant difference between the means of different cell lines (p=0.4371).  

c. Mean number of nuclei per midbody assay image. Coloured bars show mean numbers of 

nuclei per field and error bars show SEM of three independent experiments. One-way ANOVA 

indicated a significant difference among means of different cell lines (p<0.0001). Post-hoc 

Bonferroni multiple comparisons tests indicated that, compared to WT, Bbs1ex8 (padj=0.0350), 

WTcrex12.1 (padj<0.0001) and WTcrM390R.1 (padj=0.0009) differed significantly, whereas Bbs1ex1.4 

(padj>0.9999), WTcrex1 (padj=0.4636), WTcrex8 (padj>0.9999), Bbs1ex12.4 (padj>0.9999) and 

Bbs1M390R (padj>0.9999) did not. Compared to their respective WTcr clones, Bbs1ex8 (p-

adj=0.0084), Bbs1ex12.4 (padj=0.0003) and Bbs1M390R (padj=0.0117) differed significantly, whereas 

Bbs1ex1.4 did not (padj>0.9999). On the graph, adjusted p-values are indicated: * padj=0.01 to 

0.05; ** padj=0.001 to 0.01; *** padj<0.001; those in black are relative to WT and those in colour 

are relative to the respective WTcr clone. 

Figure 4. 7: Study of midbodies in 

Bbs1 mutant and WTcr clones. 

a. Representative staining of mid-

bodies. A midbody-specific marker, 

Aurora B kinase (AurB), disting-

uished midbodies from cilia, as both 

structures contain acetylated-α-

tubulin (ac-tub). Nuclei were stained 

with DAPI. Z-projections of planes 

containing midbodies are displayed. 

Scale bars represent 20 µm. 

b. Quantification of midbodies, 

given as the number of midbodies 

per 1000 cells. Coloured bars show 

the mean number of midbodies per 

1000 cells and error bars show SEM 

of three independent experiments. 

One-way ANOVA showed that there 
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Figure 4. 8: Scratch wound assay in Bbs1 mutant and WTcr clones. 

a. Wound healing over time, measured as the percentage cell confluence within the initial scratch wound area (“wound confluence”). Points show the mean wound 

confluence at 2-hour intervals over a 54-hour healing period. Error bars show the SEM of three independent experiments. 

b. Rate of wound healing, measured as change in percentage confluence per hour (%/h), was extracted from the linear portions of wound healing graphs. 

Coloured bars show the mean rate of wound healing and error bars show the SEM of three independent experiments. One-way ANOVA indicated a significant 

difference among means of different cell lines (p<0.0001). Post-hoc Bonferroni multiple comparisons tests indicated that, compared to WT, Bbs1ex8 (padj=0.0002), 

WTcrex8 (padj<0.0207) Bbs1ex12.4 (padj=0.0278) and WTcrM390R.1 (padj=0.0072) differed significantly, whereas Bbs1ex1.4 (padj>0.9999), WTcrex1 (padj=0.0565), WTcrex12.1 

(padj=0.3158) and Bbs1M390R (padj>0.9999) did not. Compared to their respective WTcr clones, Bbs1ex12.4 (padj=0.0001) differed significantly, whereas Bbs1ex1.4 (p-

adj>0.4629), Bbs1ex8 (padj=0.6077) and Bbs1M390R (padj=0.1611) did not. On the graph, adjusted p-values are indicated: * padj=0.01 to 0.05; ** padj=0.001 to 0.01; *** p-

adj<0.001; those in black are relative to WT and those in colour are relative to the respective WTcr clone.     
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Figure 4. 9: Study of adherens junctions in Bbs1 mutant and WTcr clones. 

Representative immuno-staining of E-cadherin and β-catenin in adherens junctions. The F-actin 

cytoskeleton and nuclei were stained with phalloidin and DAPI, respectively. Z-projections of 

planes containing tight junctions are displayed. Scale bars represent 20 µm. Qualitative 

assessment of tight junction formation is summarised on the β-catenin channel.     
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Figure 4. 10: Study of tight junctions in Bbs1 mutant and WTcr clones. 

Representative immuno-staining of ZO-1 and Occludin in tight junctions. The F-actin 

cytoskeleton and nuclei were stained with phalloidin and DAPI, respectively. Z-projections of 

planes containing tight junctions are displayed. Scale bars represent 20 µm. Qualitative 

assessment of tight junction formation is summarised on the ZO-1 channel. In Bbs1ex8, 

localisation of ZO-1 to the peripheries of some cells was seen, but there was a failure of cell 

peripheries to seal together (white arrowhead).  
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Figure 4. 11: Transepithelial electrical resistance (TEER) in Bbs1 mutant and WTcr 

clones. 

High TEER indicates epithelial barrier integrity and is influenced by tight junctions. Coloured 

bars show mean TEER and error bars show SEM of three independent experiments. One-way 

ANOVA of log10-transformed data indicated a significant difference among means of different 

cell lines (p<0.0001). Post-hoc Bonferroni multiple comparisons tests indicated that, compared 

to WT, Bbs1ex8 (padj<0.0001) and Bbs1M390R (padj=0.0253) differed significantly, whereas 

Bbs1ex1.4 (padj>0.9999), WTcrex1 (padj>0.9999), WTcrex8 (padj=0.0997), Bbs1ex12.4 (padj=0.0918), 

WTcrex12.1 (padj=0.1790) and WTcrM390R.1 (padj>0.9999) did not. Bbs1ex8 (padj<0.0001) and 

Bbs1M390R (padj=0.0398) also differed significantly compared to their respective WTcr clones, 

whereas Bbs1ex1.4 (padj>0.9999) and Bbs1ex12.4 did not (padj>0.9999 for both comparisons). On 

the graph, adjusted p-values are indicated: * padj=0.01 to 0.05; ** padj=0.001 to 0.01; *** p-

adj<0.001; those in black are relative to WT and those in colour are relative to the respective 

WTcr clone. 
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4.4 Interpretation and Interim Discussion 

Experiments in this chapter aimed to identify a phenotype associated with the knockout of Bbs1, 

to test the hypothesis that knockout cell lines will exhibit consistent and specific phenotypes that 

may underlie ciliopathies in Bbs1. A phenotypic screen of Bbs1ex8 was first performed (objective 

2.1 in section 4.3.1), and those assays which gave a positive result were repeated in Bbs1ex1.4, 

Bbs1ex12.4 and Bbs1M390R and their corresponding WTcr clones (objective 2.2 in section 4.3.2).  

Characterisation of Bbs1ex8 in section 4.3.1 revealed that it could form cilia, but ciliogenesis 

was reduced (see Figure 4. 1b) and the cilia it did form were significantly shorter than in wild 

types (see Figure 4. 1d). When this assay was repeated with the full set of Bbs1 mutant and 

WTcr clones, every clone varied from the parental WT, with each clone having either a 

significant increase or a significant decrease in ciliogenesis (see Figure 4. 6b). Clones with a 

significant decrease in ciliogenesis generally did not have any cilia. The distribution of clones 

between the cilia-forming and cilia-lacking groups was not straightforward – there was no 

genotype-phenotype correlation. Unexpectedly, two WTcr clones, WTcrex12.1 and WTcrM390R.1, 

did not form cilia. All three had a significantly higher cell density than the parental WT cell line in 

this assay. The impairment of ciliogenesis was therefore not due to cells being subconfluent. At 

the time, it was speculated that WTcr phenotypic differences may have arisen from CRISPR 

sgRNA off-target mutagenesis in genes other than Bbs1, or due to sporadic mutations which 

pre-dated gene editing. Since only the sgRNA target site in Bbs1 was sequenced when 

genotyping clones, it could also not be discounted that WTcr clones had mutations in Bbs1 that 

had not been detected. These possibilities were explored later and are presented in Chapter 5. 

In this interim discussion, discourse will relate to the data as they are presented in the current 

chapter.  

Though in many cases WTcr clones did not differ significantly from the parental WT, there were 

other examples of CRISPR wild types exhibiting unexpected phenotypes which were not 

characteristic of the parental WT IMCD3 cell line. Table 4. 2 summarises the WTcr phenotypes 

and their comparison to the parental WT cell line. WTcrex8 provided several examples of 

variation. This clone had, on average, significantly longer cilia than WT (see Figure 4. 1d), 

although WT cells had the single longest cilium. Additionally, WTcrex8 rate of wound healing was 

reduced (see Figure 4. 8b). On the other hand, WTcrex8 did not differ significantly from WT in 

terms of numbers of midbodies, whether under subconfluent or ciliogenic conditions (see 

Figure 4. 2c), nor in its population doubling time (see Figure 4. 4b) or saturation density (see 

Figure 4. 4c). Whether a WTcr phenotype was significantly different to that of the parental WT 

was based on statistical hypothesis testing. Absence of a statistically significant difference did 

not mean that a WTcr had the same phenotype as the parental WT. Such a conclusion would 

require equivalence testing, which relies on the definition of the limits that constitute a deviation 

from “normal”. Ideally, these limits would be determined experimentally. A degree of variation 

was expected within the WT IMCD3 population. The difference in the mean percentage 

ciliogenesis of WT cells between assays in section 4.3.1 and section 4.3.2 illustrated this point 
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(see Figure 4. 1b and Figure 4. 6b). In future, improvements to phenotypic analyses could be 

achieved through characterisation of the variation that exists within the WT IMCD3 cell line prior 

to commencing analysis of clones. This data would guide what constitutes “normal” so that 

equivalence testing could be employed. Efforts towards this were undertaken in hindsight (see 

Chapter 5), to explore the probability of a retrieving a WT IMCD3 clone deficient in ciliogenesis. 

A further example of a WTcr clone’s phenotype differing from that of WT was the significantly 

increased cell density of WTcrex12.1 in the ciliogenesis and midbody assays (see Figure 4. 6c 

and Figure 4. 7c). As a result, statistical testing showed that Bbs1ex12.4 differed significantly 

from WTcrex12.1, despite the mutant not differing significantly from WT. In this case, it may have 

been inappropriate to use the WTcr as a further control to which the mutant was compared. 

Phenotypic differences between WTcr clones and WT, such as was seen in terms of 

ciliogenesis (see Figure 4. 6b), rendered WTcr clones unreliable controls. It was unclear 

whether the extreme differences in ciliogenesis, which ranged from 0.6 % in WTcrex12.1 to 80.6 

% in WTcrex1, were normal. The rate of ciliogenesis seen in WT cells (34.3 %) might have been 

an average of individual WT IMCD3 cells’ varying abilities to form a cilium. In this case, clonal 

isolation will have exaggerated the ciliogenesis phenotype. Again, characterisation of the level 

of variation expected within the WT cell line prior to phenotypic analysis of clones would have 

improved this study. At this stage in the project it was concluded the parental WT IMCD3 cell 

line was the most appropriate and reliable control for determining which mutants exhibited a 

significantly different phenotype. The remainder of this interim discussion will focus on 

phenotypes of Bbs1 mutant clones which differed significantly to the parental WT. 

Several Bbs1 mutants displayed a phenotype which differed significantly to that of the parental 

WT cell line. Table 4. 3 summarises the phenotypes of Bbs1 mutants and their comparison to 

the WT IMCD3 phenotype. Staining of the acetylated-α-tubulin-rich axoneme of cilia revealed a 

possible increase in the number of Bbs1ex8 midbodies, which are tubulin-containing structures. 

In the initial phenotypic screen of Bbs1ex8, midbodies were quantified under subconfluent and 

ciliogenic conditions with use of a midbody-specific marker, Aurora B kinase (see Figure 4. 2c). 

In this assay, there was an increase in the number of Bbs1ex8 midbodies that existed per 1000 

cells; however, this was not the case when the assay was repeated for all Bbs1 mutant and 

WTcr clones (see Figure 4. 7b). It is likely that the number of Bbs1ex8 nuclei was undercounted 

in the first instance, as nuclei were growing on top of one another and could not be easily 

distinguished with widefield microscopy. Use of confocal microscopy (in section 4.3.2) 

overcame this issue. Results in the latter assay thus have increased accuracy. There was no 

significant difference amongst the mean numbers of midbodies of WT, mutant and WTcr cell 

lines (see Figure 4. 7b). 

There was abnormal cytoplasmic immuno-staining of acetylated-α-tubulin in Bbs1ex8, perhaps 

suggestive of cytoskeletal defects. These have been seen in models of other Bardet-Biedl 

syndrome genes. Bbs4-/- and Bbs6-/- mouse embryonic fibroblasts displayed defects of the actin 

cytoskeleton, including increased RhoA activity and focal adhesions and reduced formation of 

lamellipodia and filopodia (Hernandez-Hernandez et al., 2013). Like the MEFs, the rate of 

Bbs1ex8 wound healing was significantly reduced (see Figure 4. 8), suggesting that the Bbs1ex8 
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monolayer was unable to coordinate collective cell migration. Bbs1ex12.4 also had a significantly 

reduced rate of wound healing (see Figure 4. 8). Scratch wound assays can be confounded by 

cell-cell adhesion, cell-matrix adhesion and cell density (Cory, 2011). Because there was cell-

line-to-cell-line variation in at least two of these (cell-cell adhesion and cell density), despite 

efforts to control for them, it is prudent to be cautious when interpreting data from the scratch 

wound assay. Results are likely to reflect underlying clonal differences in these characteristics. 

Further work would be necessary to unpick the contribution of these factors to differences in 

rates of wound healing. 

Efforts were instead focussed on investigating one of these variables: cell-cell adhesion. The 

tight and adherens junctions of Bbs1ex8 were shown to be largely disrupted during an initial 

phase of phenotypic analyses (see Figure 4. 5). The tight and adherens junctions of other 

Bbs1-/- clones were inspected by immunofluorescence (see Figure 4. 9 and Figure 4. 10). 

There was again variation in clones’ abilities to form cell-cell junctions, with some junctions 

forming in Bbs1ex12.4 and most or all cells of the Bbs1ex1.4 line forming them (see Table 4. 1). 

Cell-cell junction disruption was not quantified from immunofluorescence images. Although 

attempts have been made at devising methods for quantifying cell-cell junction order or 

disorder, generally in the literature loss of the characteristic “honeycomb” morphology produced 

by immuno-staining of epithelial adherens or tight junctions is assessed qualitatively (Terryn et 

al., 2013). This is a limitation of using immunofluorescence. It was overcome by using TEER 

(see Figure 4. 11). TEER is largely influenced by tight junctions, but also by other cell-cell and 

cell-substrate interactions (Lo, Keese and Giaever, 1999; Chen, Einspanier and Schoen, 2015; 

Srinivasan et al., 2015). The low TEER of Bbs1ex8 showed it to have significantly reduced barrier 

integrity. Although non-significant, TEER was also reduced in Bbs1ex12.4. This phenotype was 

not shared by the third knockout, Bbs1ex1.4, for which TEER did not differ significantly. The 

TEER of each clone matched levels of cell-cell junction disruption seen by immunofluorescence 

(see Table 4. 1), showing that the cell-cell junction phenotype of each clone was robust across 

assays. Overall, there was no consistent genotype-phenotype correlation amongst Bbs1-/- 

clones in terms of TEER or cell-cell adhesion. It was concluded that Bbs1-/- cell lines do not 

exhibit consistent phenotypes. At the time, the causes of phenotypic variation between Bbs1-/- 

clones were unknown. Like in WTcr clones, it was possible that Bbs1-/- clones carried different 

genetic variants due to CRISPR off-target effects or carried pre-existing or sporadic mutations. 

Although only a single mouse Bbs1 transcript variant is listed in Ensembl (Yates et al., 2016; 

Zerbino et al., 2018), mutations in Bbs1 (generated with CRISPR) may have resulted in 

alternative splicing in some or all clones. These causes of variation were explored later, and the 

results form the basis of Chapter 5.  

Interestingly, in the knock-in clone, Bbs1M390R, TEER varied in the opposite direction to that 

which was seen in the knockouts: it was significantly increased (see Figure 4. 11). This 

conflicted with immunofluorescence investigations of Bbs1M390R cell-cell junctions, which formed 

between most, but not all, cells. The reason for the discord is unclear. Bbs1M390R rate of wound 

healing was also non-significantly increased, which contrasts with results from Bbs1-/- clones, 

which always had a reduced rate of wound healing. This might suggest that the p.M390 residue 
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is functional in some roles of the BBS1 protein (e.g. ciliogenesis), but not others (e.g. epithelial 

barrier function). Perhaps the p.M390R mutation causes gain of function which affects TEER 

but not ciliogenesis. Even disregarding the caveat of clonal phenotypic variation, it is difficult to 

draw conclusions from Bbs1M390R phenotypic data, as they arise from a single clone. Moreover, 

Western blot for BBS1 protein showed that Bbs1M390R expressed very low levels of a ~48 kDa 

protein. It is unknown how this protein might affect the Bbs1M390R phenotype. Data from multiple 

p.M390R homozygous knock-in clones would be necessary to clarify the phenotype caused by 

the p.M390R missense mutation in IMCD3 cells. 

Excepting ciliogenesis, which, as previously discussed, differed from WT in every clone, 

phenotypes of Bbs1ex1.4 were never significantly different to those of WT cells. This was 

surprising, since Bbs1ex1.4 possessed biallelic deletion of the Bbs1 ATG start codon (see Figure 

3. 11b in Chapter 3) and expressed very little Bbs1 transcript (see Figure 3. 13b in Chapter 3). 

On the contrary, Bbs1ex8, in which Bbs1 transcript levels were not depleted, frequently differed 

significantly to WT. The phenotypic severity of Bbs1ex12.4 was often between those of Bbs1ex1.4 

and Bbs1ex8, as was its expression of Bbs1 transcript. A trend in knockout phenotype severity 

thus emerged, which was correlated with Bbs1 mRNA levels (see Figure 4. 12).  

A trend between Bbs1 mRNA levels and phenotypic severity might at first seem counterintuitive; 

however, documented examples exist of gene knockout models lacking a disease phenotype 

even when knockdown of the same gene produced a disease phenotype (El-Brolosy and 

Stainier, 2017). This phenomenon is a type of genetic compensation and has been speculated 

to compensate for loss of at least three cilia genes (see Table 1. 2), namely 5-azacytidine 

induced protein 1 (Azi1; also known as centrosomal protein 131, Cep131; Hall et al., 2013), 

family with sequence similarity 183 member B (Fam183b; Beckers et al., 2018) and giantin (also 

known as golgin B1, Golgb1; Bergen et al., 2017; Stevenson et al., 2017, 2018). Work to probe 

the mechanism underlying these and related cases has suggested that gene loss is 

counteracted by transcriptional upregulation of paralogous or compensating genes. One study 

proposed a system of transcriptional adaptation in which the products of mRNA nonsense-

mediated decay bind to and upregulate expression of genomic regions, possibly based on 

sequence complementarity (El-Brolosy et al., 2019). If this is the case, a knockout with a greater 

rate of NMD (and thus a low level of Bbs1 transcript) would have a high level of genetic 

compensation and would appear no different from WT. On the other hand, a knockout with a 

low rate of NMD (and therefore little or no reduction in Bbs1 mRNA level) would have little or no 

genetic compensation and would exhibit a disease phenotype. The Bbs1 knockout clones 

presented here fit this trend. With this revelation it was possible that Bbs1 knockouts exhibited 

specific phenotypes, despite these not being consistent. This would be dependent upon genetic 

compensation being active within Bbs1-/- clones. Evidence for this could be gained by 

investigating whether the trend between Bbs1 mRNA levels and phenotypic severity was upheld 

across all Bbs1 knockout clones. This work was later undertaken and is presented in Chapter 

5. Interestingly, the trend between Bbs1 transcript levels and phenotypic severity was also seen 

in the ciliogenesis of knockouts, increasing ambiguity as to whether defective ciliogenesis is 

caused by Bbs1 knockout. 
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So which phenotypes, if any, were specific to Bbs1? Reduced rate of wound healing, 

ciliogenesis and TEER may all have been caused by loss of Bbs1. All three fit the pattern of 

reduced phenotypic severity with increased Bbs1 mRNA level, attributed to transcriptional 

adaptation (El-Brolosy et al., 2019). Ciliogenesis was the most variable phenotype across 

mutant and WTcr clones. To be confident of it being a Bbs1-associated phenotype, other 

causes of reduced ciliogenesis had first to be ruled out (see Chapter 5). Unlike ciliogenesis and 

wound healing, TEER of WTcr clones never differed significantly from the parental WT. This 

provides increased confidence that the differences seen in Bbs1-/- clones were due to knockout 

of Bbs1. TEER in Bbs1ex1.4, Bbs1ex8 and Bbs1ex12.4 was matched by a corresponding degree of 

cell-cell junction disruption (see Figure 4. 11 and Table 4. 1), which for Bbs1ex8 was robust 

between multiple assays (between section 4.3.1 and section 4.3.2; see Figure 4. 5, Figure 4. 

9 and Figure 4. 10). TEER was chosen as the most appropriate quantitative assay with which 

to further investigate the severity of cell-cell junction disruption in other Bbs1-/- clones 

(presented in Chapter 5). It seemed possible that Bbs1 may have a novel role in the 

maintenance of cell-cell junctions. Given tight junction defects have been seen in models of 

other cilia genes, namely NPHP1, NPHP4 and, more recently, BBS8 (Delous et al., 2009; Sang 

et al., 2011; May-Simera et al., 2018), it was a feasible role for Bbs1. As this hypothesis forms 

the basis of later chapters (see Chapter 5 and Chapter 6), the possible ways in which Bbs1 

might be involved in cell-cell junction maintenance are not discussed here. 

4.4.1 Summary 

The phenotypes identified in Bbs1ex8 (in section 4.3.1) – including reduced ciliogenesis and 

disrupted cell-cell junctions – were not consistently seen in other Bbs1-/- clones (in section 

4.3.2). At first glance, it seemed that there was no consistent genotype-phenotype correlation 

amongst knockouts. However, a trend between phenotypic severity and expression of Bbs1 

mRNA was shared by Bbs1-/- clones, fitting a proposed mechanism of genetic compensation by 

transcriptional adaptation. This model applied only to knockouts and excluded Bbs1M390R. Thus, 

while knockouts did not exhibit consistent phenotypes (possibly due to genetic compensation), it 

was possible that they did exhibit Bbs1-specific phenotypes, the most likely of these being 

reduced TEER accompanied by cell-cell junction disruption. The investigation of potential 

sources of phenotypic variation, including genetic compensation, CRISPR off-target effects, 

alternative splicing and clonal genetic variation, is presented in Chapter 5. 
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Figure 4. 12: Trend between Bbs1 mRNA level and phenotypic severity in Bbs1-/- clones. 

Where phenotypes included: 

a. Reduced ciliogenesis. 

b. A reduced rate of wound healing. 

c. Loss of TEER. 

Horizontal dashed lines indicate the phenotype of the parental WT IMCD3 cell line. Bbs1ex1.4 had little Bbs1 mRNA and no change in phenotype; Bbs1ex8 had near-

wild type Bbs1 mRNA and a severe phenotype; the Bbs1 mRNA of Bbs1ex12.4 was between the two, as was its phenotypic severity. Normalised Bbs1 mRNA 

expression (relative to WT) was determined experimentally by RT-qPCR (see Chapter 3). Pearson correlation coefficients (r), indicated a strong, negative 

correlation between reduced Bbs1 mRNA levels and a less severe phenotype in Bbs1-/- clones.  
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4.5 Tables for Chapter 4 

Table 4. 1: Qualitative summary of cell-cell junction formation by IMCD3 cell lines 

Cell line 
Approximate proportion of cells 

forming adherens junctions 
Approximate proportion of cells 

forming tight junctions 

WT Most/all Most/all 

Bbs1ex1.4 Most/all Most/all 

WTcrex1 Most/all Most/all 

Bbs1ex8 Few None 

WTcrex8 Some Most 

Bbs1ex12.4 Some Some 

WTcrex12.1 Most/all Most/all 

Bbs1M390R Most Most 

WTcrM390R.1 Most/all Most 
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Table 4. 2: Summary of WTcr phenotypes and their comparison to the WT IMCD3 cell line 

Phenotypes shaded in green showed a statistically significant increase compared to the 

parental WT; those in red showed a statistically significant decrease compared to the parental 

WT. Phenotypes for which there was no statistically significant difference to the parental WT 

remain unshaded. Phenotypes of the parental WT are shaded grey, as this was the control to 

which all clones were compared. 

*Statistical hypothesis testing was not employed for adherens junction and tight junction 

phenotypes, as these were not quantified; the shading of these phenotypes indicates the 

general trend observed visually.  

 

Parental 
WT 

WTcrex1 WTcrex8 WTcrex12.1 WTcrM390R.1 

Ciliogenesis (%) 34.3 80.6 78.5 0.6 0.9 

Cell density in 
ciliogenesis assay 
(nuclei per field) 

333 374 281 528 433 

Midbodies (number 
per 1000 cells) 

59 45 46 44 47 

Cell density in 
midbody assay 
(nuclei per field) 

293 365 272 509 458 

Rate of wound 
healing (%/h) 

6.8 4.8 4.5 8.4 9.5 

Approximate 
proportion of cells 
forming adherens 
junctions* 

Most/all Most/all Some Most/all Most/all 

Approximate 
proportion of cells 
forming tight 
junctions* 

Most/all Most/all Most Most/all Most 

TEER (Ω.cm2) 218 164 449 141 227 

 



239 

 

Table 4. 3: Summary of Bbs1 mutant phenotypes and their comparison to the WT IMCD3 
cell line 

Phenotypes shaded in green showed a statistically significant increase compared to the 

parental WT; those in red showed a statistically significant decrease compared to the parental 

WT. Phenotypes for which there was no statistically significant difference to the parental WT 

remain unshaded. Phenotypes of the parental WT are shaded grey, as this was the control to 

which all clones were compared. 

*Statistical hypothesis testing was not employed for adherens junction and tight junction 

phenotypes, as these were not quantified; the shading of these phenotypes indicates the 

general trend observed visually.  

 
Parental 

WT 
Bbs1ex1.4 Bbs1ex8 Bbs1ex12.4 Bbs1M390R 

Ciliogenesis (%) 34.3 77.3 2.5 57.9 1.5 

Cell density in 
ciliogenesis assay 
(nuclei per field) 

333 355 441 372 338 

Midbodies (number 
per 1000 cells) 

59 49 50 43 64 

Cell density in 
midbody assay 
(nuclei per field) 

293 344 404 325 331 

Rate of wound 
healing (%/h) 

6.82 6.2 3.1 4.6 7.7 

Approximate 
proportion of cells 
forming adherens 
junctions* 

Most/all Most/all Few Some Most/all 

Approximate 
proportion of cells 
forming tight 
junctions* 

Most/all Most/all None Some Most 

TEER (Ω.cm2) 218 221 41 121 439 
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5 Investigating the causes of phenotypic variation 

5.1 Hypotheses, Aim and Objectives 

Hypotheses 

3a: Bbs1 has role(s) in the maintenance of cell-cell adhesion; 

3b: Reduced Bbs1 mRNA levels correlate with a less severe cellular phenotype. 

Aim 

3: To identify the cause(s) of phenotypic variation in IMCD3 clones. 

Objectives 

3.1: To study Bbs1 knockout clones for evidence of genetic compensation (addressed in 

section 5.3.1); 

3.2: To identify Bbs1 transcript variants in IMCD3 clones (addressed in section 5.3.2); 

3.3: To use whole genome sequencing to identify genetic differences between clones which 

may be: 

 i: sgRNA off-target mutations (addressed in section 5.3.3); 

 ii: pre-existing or sporadic mutations unrelated to CRISPR (addressed in section 5.3.4). 

5.2 Overview 

In Chapter 4, stunted ciliogenesis and reduced TEER were identified as potential phenotypes 

associated with Bbs1 in Bbs1ex8, which suggested a novel role for Bbs1 in the maintenance of 

cell-cell adhesion. However, variation in these phenotypes was observed across a larger set of 

IMCD3 clones. Ciliogenesis also varied in WTcr clones designated as controls. The WTcr 

clones had been subjected to the gene editing process, but DNA sequencing had shown them 

to have maintained two wild type copies of the Bbs1 gene. 

A correlation between Bbs1 mRNA and phenotypic severity was seen in knockout clones, which 

could be indicative of genetic compensation by transcriptional adaptation (Rossi et al., 2015; El-

Brolosy et al., 2019; Ma et al., 2019). This suggested that impaired ciliogenesis and reduced 

TEER could be bona fide phenotypes caused by loss of Bbs1 and warranted further 

investigation. The observation of phenotypic variation in WTcr (as well as Bbs1-/-) clones 

suggested other mechanisms may have contributed to phenotypic variation, such as alternative 

splicing, CRISPR off-target activity and/or genetic or epigenetic clone-to-clone differences which 

are unrelated to CRISPR (e.g. pre-existing or sporadic mutations). In the present chapter, 

potential sources of phenotypic variation (genetic compensation, alternative splicing, sgRNA off-

target mutagenesis and pre-existing or sporadic mutations) were explored in all phenotyped 

WTcr and Bbs1 mutant clones. The hypothesis that reduced Bbs1 mRNA levels correlate with a 

less severe cellular phenotype was tested towards evidence of genetic compensation. Work in 

each of the sections in this chapter was carried out in parallel, and in some instances influenced 
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the ongoing work presented in other sections within the chapter. When this was the case, 

indication is given within the text.  

5.3 Results 

5.3.1 Search for evidence of genetic compensation in Bbs1 knockout clones (Objective 

3.1) 

Examples have emerged of knockout models which have an absent or less severe phenotype 

than knockdown models for the same gene (El-Brolosy and Stainier, 2017). It has been 

proposed that a genetic compensation response (sometimes also called transcriptional 

adaptation) can (partially) ameliorate a disease phenotype, through a mechanism linked to NMD 

of mutant transcripts (El-Brolosy et al., 2019; Ma et al., 2019). One study suggests that, after 

their nonsense-mediated decay, remnants of faulty transcripts may upregulate compensating 

gene(s) – perhaps paralogues or genes with a region of homology – through complementary 

base-pairing (see section 1.7 and Figure 1. 12 of Chapter 1). Greater levels of transcript decay 

products, resulting from increased rates of NMD, would stimulate increased upregulation of 

compensating genes to give greater protection against a disease phenotype. Therefore, 

mutants with lower transcript levels would be expected to have a less severe disease 

phenotype. 

The trend between Bbs1 transcript levels and phenotypic severity in the three Bbs1-/- clones that 

were phenotyped, Bbs1ex1.4, Bbs1ex8 and Bbs1ex12.4, was suggestive of genetic compensation by 

transcriptional adaptation. Reduced Bbs1 transcript levels were associated with a less severe 

phenotype, in terms of ciliogenesis, rate of wound healing and TEER (see Figure 4. 12 in 

Chapter 4). Bbs1M390R was not included in these analyses, as it was not expected to exhibit 

genetic compensation owing to it not being a knockout clone. If transcriptional adaptation was at 

play, clones with near-WT Bbs1 mRNA levels would be expected to have the most severe 

phenotypes. Two clones, Bbs1ex1.1 and Bbs1ex8, had Bbs1 transcript levels of approximately 1.0 

(see Figure 3. 13b in Chapter 3). Bbs1ex8 had already been shown to have a “severe” 

phenotype in terms of percentage ciliogenesis, rate of wound healing and TEER (see Figure 4. 

6b, Figure 4. 8b and Figure 4. 11, respectively, in Chapter 4). The phenotype of Bbs1ex1.1 was 

studied (see Figure 5. 1 and Figure 5. 2). 77.7 % of Bbs1ex1.1 cells formed a cilium, which was 

not significantly greater than the 65.3 % of WT IMCD3 cells which formed a cilium in the same 

experiment (p=0.0603; see Figure 5. 1b). There was a mean of 161 Bbs1ex1.1, and 192 WT, 

nuclei per field in ciliogenesis experiments (see Figure 5. 1c).  There was no statistically 

significant difference between Bbs1ex1.1 and WT nuclei per field (p=0.1950), therefore increased 

cell density was not a cause of the non-significant increase in Bbs1ex1.1 ciliogenesis. 

Immunofluorescence showed Bbs1ex1.1 had disrupted tight junctions (see Figure 5. 2a). 

Bbs1ex1.1 had a mean TEER of 47 Ω.cm2, which was significantly less than the 325 Ω.cm2 mean 

TEER of parental WT cells in the same experiment (p=0.0045; see Figure 5. 2b). Therefore, the 

correlation between mRNA and phenotypic severity was upheld for TEER but not for 

ciliogenesis. 
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While clones with near-WT levels of Bbs1 mRNA were expected to have a more severe disease 

phenotype, it was hypothesised that clones with sub-wild-type Bbs1 transcript levels would 

exhibit a proportional reduction in phenotypic severity. TEER was measured for all eight Bbs1-/- 

cell lines that carried two copies of the Bbs1 gene and for which BBS1 protein was not detected 

by Western blot (see Figure 3. 20 in Chapter 3). To normalise TEER readings between 

experiments that were not performed in parallel, the change in TEER of each mutant relative to 

the parental WT control (ΔTEER) was plotted against Bbs1 transcript levels (see Figure 5. 3a). 

The relationship between ΔTEER and Bbs1 mRNA fold-change was modelled using linear 

regression and points fit the model well (R2=0.7151). There was a strong, negative correlation 

between ΔTEER and Bbs1 transcript levels (Pearson correlation coefficient, r=-0.8456), which 

was statistically significant (p=0.0082) and supportive of transcriptional adaptation. 

Later, as presented in the results of objective 3.3ii (see section 5.3.4), it was found that some 

clones with mutations in exon 12 had previously unidentified alleles (due to problems with 

genotyping primers). In particular, Bbs1ex12.1 and Bbs1ex12.4, which had been used to 

characterise the relationship between ΔTEER and Bbs1 transcript levels (see Figure 5. 3a), 

were each found to have three alleles and were therefore not clonal. Data points from Bbs1ex12.1 

and Bbs1ex12.4 were subsequently removed from the correlation and statistical analysis of the 

dataset reviewed for the remaining six Bbs1-/- clones (see Figure 5. 3b). The strong, negative 

correlation (r=-0.8668) and the goodness of fit (R2=0.7513) were maintained and the correlation 

was statistically significant (p=0.0254). Thus, when TEER was used as a readout for phenotypic 

severity, the hypothesis that reduced Bbs1 mRNA levels correlate with a less severe cellular 

phenotype was true for the clones investigated. 

5.3.2 Investigation of expression of Bbs1 transcript variants in IMCD3 clones 

(Objective 3.2) 

At the time of research, only a single mouse Bbs1 transcript variant was listed in the Ensembl 

genome browser; however, unreported wild type splice variants provided a possible means by 

which clones may have (partially) overcome the mutations induced by CRISPR. Indels 

generated by CRISPR could also have introduced splice sites. Alternative splicing was therefore 

investigated as a potential source of phenotypic variation. Bbs1ex1.1, a Bbs1-/- clone that was 

introduced for investigations into genetic compensation (see section 5.3.1), was included in this 

work. After synthesis of cDNA from the DNase-treated RNA of each clone, Bbs1 transcripts 

were amplified by RT-PCR using primers flanking the exon targeted for mutagenesis by 

CRISPR (see Figure 5. 4). In clones transfected with sgRNA-1 or sgRNA-8, primers amplifying 

exons 1 to 11 were used (“exons 1-11” primers; see Figure 5. 4a); however, it was not possible 

to design a primer upstream of the mutation sites in clones transfected with sgRNA-1, due to 

these mutations being very early in the transcript and often within the short 5’ UTR. In clones 

transfected with sgRNA-12 or sgRNA-M390R, primers annealing to exons 11 and 15 were used 

(“exons 11-15” primers; see Figure 5. 4a). RT-PCR products were resolved by agarose gel 

electrophoresis, which gave rise to the “full-length” 992 bp and 492 bp products expected from 

the primer pairs in exons 1-11 and exons 11-15, respectively (see Figure 5. 4b and Figure 5. 

4c). Unexpected amplicons were also observed. An 850 bp product was produced with primers 
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in exons 1-11, which was seen in WT, WTcrex8 and Bbs1ex8 (see Figure 5. 4b). Its presence in 

WTcrex1, Bbs1ex1.1 and Bbs1ex1.4 was ambiguous due to low abundance. Two other RT-PCR 

products were produced with primers in exons 11-15: a 400 bp amplicon unique to Bbs1M390R 

and a 350 bp amplicon in WT, WTcrex12.1, Bbs1ex12.4 and WTcrM390R.1 (see Figure 5. 4c). 

To facilitate sequencing of Bbs1 transcripts, which were all expressed at low levels, gel-purified 

RT-PCR products were cloned in the pGEM-T Easy vector system. Plasmid DNA was purified 

from transformants and Sanger sequenced (see Figure 5. 5). Chromatograms in the regions of 

respective sgRNA target sites were examined in the full-length 992 bp and 492 bp products. 

The full-length wild type transcript sequences were retrieved for all WT and WTcr clones. 

Chromatograms of the sgRNA target site within exon 1, 8 or 12 of each cell line are shown, 

respectively in Figure 5. 5a, Figure 5. 5b and Figure 5. 5c. The transcript from Bbs1ex1.1 

appeared to be wild type, due to the primer binding downstream of the mutation start site in 

exon 1, at a location corresponding to bases 14 to 35 of the Bbs1 coding sequence. No 

transcript sequences were retrieved for Bbs1ex1.4, full-length or otherwise, due to low abundance 

of Bbs1 transcripts. Transcripts from both alleles of Bbs1ex8, each carrying a mutation in exon 8 

(c.626del and c.626_627insA), could be distinguished. From Bbs1ex12.4, transcripts from two 

mutant alleles (c.1175_1176insC and c.1175_1179del) were retrieved and from Bbs1M390R the 

allele bearing p.M390R and PAM site mutations, c.[1161C>A;1169T>G], was identified. 

Next, chromatograms of RT-PCR products less than the expected sizes were inspected. A 

transcript found in WTcrex1 had a sequence which partially aligned with a predicted Bbs1 

transcript listed in NCBI as “predicted transcript variant X1” (NCBI accession: XM_006531788.3; 

see Figure 5. 5d). As depicted in Figure 5. 5d, the predicted transcript variant X1 includes a 

portion of intron 1, followed by exons 2, 3, and onwards until exon 17 whereas the X1-like 

sequence retrieved from IMCD3 cell lines included exon 1, part of intron 1 and the entirety of 

exons 2, 3 and 4. From the 850 bp RT-PCR products amplified from WT, WTcrex8 and Bbs1ex8 

cDNA with primers in exons 1-11, an exon 8-skipping variant was retrieved (see Figure 5. 5e). 

A second exon-skipping variant, in which exon 13 was skipped, was also identified from the 350 

bp amplicon generated from WT cDNA with primers against exons 11-15 (see Figure 5. 5f). A 

400 bp amplicon unique to Bbs1M390R was found to be an exon 14-skipping variant in which 

exon 11 was spliced to the first 16 bp of exon 12, followed by 88 bp from within intron 12 and 

the full sequences of exons 13 and 15 (see Figure 5. 5g). The splice variants found in wild type 

IMCD3 cells are summarised in Figure 5. 6. RT-PCR using primers specific to each variant 

confirmed that three transcripts, the X1-like, exon 8-skipping and exon 13-skipping variants, 

were expressed in every cell line (see Figure 5. 6d, Figure 5. 6e and Figure 5. 6f, 

respectively). 

Although the low abundance of the splice variants might suggest that they were degraded, the 

nature of the proteins that might be translated from each transcript was explored. These are 

summarised in Table 5. 1. In addition, the consequences of two protein-coding splice variants 

that were later listed in Ensembl were investigated. In the first of these, “Bbs1-205” 

(ENSMUST00000237085.1), exons 5 to 8 were skipped, whilst in the second, “Bbs1-208” 

(ENSMUST00000238170.1), exons 9 to 11 were skipped. Bbs1-205 was not detected in IMCD3 
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cell lines. Since primers used to amplify exons 1-11 and exons 11-15 annealed within exon 11, 

the presence of a variant lacking exons 9-11 could not be detected; however, skipping of exons 

9-11 was not predicted to alter the effects of mutations in Bbs1 knockout cells. Table 5. 1 

summarises the consequences of translation of these and each of the novel transcripts 

confirmed to be in IMCD3 cell lines. Excepting Bbs1M390R, in which a unique exon 14-skipping 

transcript was identified, clones did not express different transcript variants that might explain 

phenotypic variation. 

5.3.3 Screening of predicted sgRNA off-target loci for mutagenesis (Objective 3.3i) 

For each sgRNA, potential off-target loci were predicted using CRISPOR and the cutting 

frequency determination scoring system (Doench et al., 2016; Haeussler et al., 2016; Concordet 

and Haeussler, 2018). CRISPOR uses an alignment algorithm different to that of the MIT 

CRISPR design tool, which confers it superior ability to identify potential off-target loci. By 

contrast, the algorithm employed by the MIT tool (and various other tools) can miss some off-

target loci, even those bearing only a single mismatch (Tsai et al., 2015; Doench et al., 2016). In 

addition, the CFD score has been shown to out-perform other scoring systems, such as the MIT 

score (Doench et al., 2016; Haeussler et al., 2016). CRISPOR therefore offered an improved 

off-target prediction service. For sgRNAs-1, -8, -12 and -M390R, 199, 195, 83 and 60 off-target 

loci were predicted, respectively (see Appendix 9.8 for complete lists of predicted off-target 

loci). The generated lists of off-targets that were output by CRISPOR were ranked by their CFD 

scores, which ranged between 0 and 1, where 1 represented near-certain Cas9 cleavage at the 

locus. With the lists of ranked potential off-target sites, a two-pronged approach was taken to 

screen clones for unintended CRISPR mutations. First, every predicted off-target locus was 

examined for mutagenesis using next generation sequencing (NGS) and hits were validated by 

Sanger sequencing. Second, the five predicted off-target loci with the highest CFD scores were 

examined by Sanger sequencing. The second approach safeguarded against NGS misdetection 

of off-target mutations at the likeliest sites of mutagenesis. 

Whole genome sequencing (WGS) with ten-fold coverage was performed for the eight Bbs1 

mutant and WTcr clones that were phenotyped in Chapter 4 (Bbs1ex1.4, WTcrex1, Bbs1ex8, 

WTcrex8, Bbs1ex12.4, WTcrex12.1, Bbs1M390R, WTcrM390R.1) and genomes were assembled in 

alignment with the mouse mm10 genome. Appendix 9.7.1 shows the sequencing coverage of 

each genome. Across the genomes of the eight clones retrieved from CRISPR/Cas9 gene 

editing, a total of 1,074 potential off-target loci were predicted. Figure 5. 7 summarises the 

number of off-target sites predicted for each sgRNA, the number of potential off-target 

mutations identified by WGS and the number of off-target mutations validated by Sanger 

sequencing. Predicted off-target loci were inspected for indels proximal to the PAM site, 

characteristic of the mutations generated by the CRISPR/Cas9 system. Of the 1,039 loci that 

had coverage, six had indels (see Figure 5. 7). Some variation between the wild type IMCD3 

and the mouse mm10 genomes was expected; however, since all clones were derived from 

IMCD3 cells, they were expected to share any differences from the mouse mm10 genome. As 

such, only indels unique to loci in clones generated with the same sgRNA were followed up. 
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Indels were unique to two of the six identified loci. These were a 3 bp deletion within 

chr10:21304556-21304578 in Bbs1ex8 (see Figure 5. 8a) and 1 bp insertions within 

chr17:29734754-29734776 in Bbs1M390R (see Figure 5. 9a). They mapped to an exon of the 

Hbs1l gene and a non-coding region 17.8 kb downstream of the Ccdc167 gene, respectively. 

Sanger sequencing of the chr10:21304556-21304578 locus within all eight clones and the 

parental WT cell line confirmed the 3 bp deletion within Hbs1l, 

NM_001042593.1(Hbs1l_v001):c.145_147del, to be a genuine mutation unique to Bbs1ex8 (see 

Figure 5. 8b). Hbs1l encodes a translation elongation factor and the identified off-target variant 

encoded the deletion of a single amino acid, p.Glu51del. The indel seen downstream of 

Ccdc167 in the whole genome assembly of Bbs1M390R was not a bona fide mutation as the 

chromatogram produced by Sanger sequencing was devoid of this indel (see Figure 5. 9b). 

To allow for insufficient coverage of some genomic loci, and to mitigate sgRNA off-target activity 

at the likeliest predicted sites, the five predicted off-target sites with the highest CFD scores 

were checked for mutagenesis by Sanger sequencing. Table 5. 2 lists the five off-target (“OT”) 

loci with the highest CFD scores for sgRNAs-1, -8, -12 and -M390R. Bbs1ex1.1, a Bbs1-/- clone 

that was introduced for investigations into genetic compensation (see section 5.3.1), was also 

included in this analysis. Of 65 genomic loci sequenced across 10 cell lines, only one contained 

a mutation. The top ranked off-target locus for sgRNA-1, OT 1.1, bore biallelic indels in Bbs1ex1.1 

(see Figure 5. 10). Deletions of 14 bp (NC_000070.6: g.11798287_11798300del) and 29 bp 

(NC_000070.6: g.11798278_11798306del) were identified within intron 11 of the Cdh17 gene. 

Cdh17 encodes cadherin 17, also known as liver-intestine cadherin. These were positioned 515 

bp and 506 bp downstream of exon 11, respectively, and 1260 bp and 1254 bp upstream of 

exon 12. As such, they were not within canonical splice donor or acceptor sites and deemed 

unlikely to affect Cdh17 expression. No other instances of mutagenesis were seen in the 

remaining 64 sites that were sequenced (see Appendix 9.8 for chromatograms). 

The two validated off-target mutations are given in Table 5. 3, which also summarises results of 

further investigations performed to predict the impact of each mutation. The function of each 

gene was explored using UniProt (The UniProt Consortium, 2019), a database of information 

regarding protein sequence and function, and by examining its associated Gene Ontology (GO) 

terms (Consortium et al., 2000; Consortium, 2019). Expression of each gene within the IMCD3 

cell line, quantified by gene expression array, was extracted from the Genevestigator 

expression database (Hruz et al., 2008). The Ensembl Variant Effect Predictor (VEP) (McLaren 

et al., 2016) indicated the relative impact of each variant, described using the Sequence 

Ontology (SO) standardised set of annotations (Eilbeck and Lewis, 2004; Eilbeck et al., 2005; 

Cunningham et al., 2015). For instance, an intergenic variant is categorised as a modifier, a 

missense or in-frame deletion has a moderate impact, whereas high impact variants cause a 

frameshift, loss of a start codon, loss or gain of a stop codon, or alter the splice donor or 

acceptor sites. For the single amino acid change in HBS1L, p.E51del, the ConSurf server 

(Ashkenazy et al., 2010, 2016; Celniker et al., 2013) was used to predict whether the affected 

amino acid is functional, to add further insight to the impact predicted by VEP (see Figure 5. 

11). ConSurf generates a multiple sequence alignment (MSA) of protein homologues and 
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scores each amino acid with a score from 1 (variable) to 9 (conserved), with 5 representing the 

average conservation score of all positions within the sequence. A score of 1 indicates a highly 

variable, rapidly evolving site, whereas a score of 9 shows a highly conserved, slowly evolving 

site in which a substitution would not be tolerated. ConSurf also predicts whether a residue is 

likely to be buried (b) or exposed (e). Highly conserved, buried residues are predicted to be 

necessary for protein structure (s), whereas highly conserved, exposed residues likely 

participate in protein function (f). ConSurf provided a score of “5e” for p.E51 in HBS1L, 

suggesting that the residue is exposed, of average conservation and not essential for structure 

or function (see Figure 5. 11). Finally, associations between the affected gene and human 

disease were sought in the literature (also presented in Table 5. 3). 

5.3.4 Investigation of sporadic genetic variation amongst IMCD3 clones (Objective 

3.3ii) 

The whole genome of each clone was further employed to investigate genetic variation amongst 

both mutant and WTcr IMCD3 clones. First, the entire Bbs1 gene sequence of each clone was 

examined. No mutations had occurred outside of the range of genotyping primers. The 

expected mutations were observed in Bbs1 mutants and all WTcr clones were confirmed to be 

wild type for Bbs1. However, two previously unidentified alleles, c.1175_1179del and 

c.1175_1176insC, were discovered at the sgRNA-12 target site in Bbs1ex12.4 that had not been 

identified by initial genotyping methods (presented in Chapter 3; see Figure 5. 12). Closer 

inspection of the newfound alleles revealed a SNP, NC_000085.6:g.4984905C>G, at the 

annealing site of a primer used to genotype Bbs1ex12.4, for which all clones (including WTcrex12.1, 

shown in Figure 5. 12) were heterozygous. The SNP was believed to have impaired primer 

annealing in some clones, resulting in selective amplification of alleles which did not possess 

the SNP. To ensure cell lines with mutations in exon 12 had been correctly genotyped, new 

genotyping primers were designed and the clones genotyped again. WGS data guided primer 

design, to avoid polymorphisms. Chromatograms of all alleles of clones transfected with 

sgRNAs targeting exon 12 are displayed in Figure 3. 11e and Figure 3. 11g in Chapter 3. The 

two newly found alleles in Bbs1ex12.4, c.1175_1179del and c.1175_1176insC, were confirmed by 

Sanger sequencing with the newly-designed primers. Bbs1ex12.1 also had a third, previously 

unidentified, allele (c.1175_1176insG). A wild type allele was discovered in Bbs1ex12.5. The 

genotypes of Bbs1ex12.2, Bbs1ex12.3, WTcrex12.1, Bbs1M390R and WTcrM390R.1 were as initially 

identified. 

Efforts next focused on using WGS data to identify variants which may have contributed to the 

phenotypic variation between clones. Four clones, Bbs1ex8, WTcrex12.1, Bbs1M390R and 

WTcrM390R.1, had severely reduced ciliogenesis. In addition, Bbs1ex8 exhibited a decreased rate 

of wound healing, disrupted adherens and tight junctions and low TEER, when compared to the 

parental WT cell line. Genomic variants were therefore filtered with two aims: to identify cilia 

gene variants in clones which had stunted ciliogenesis; and to identify variants unique to 

Bbs1ex8 which may have caused its phenotype. Variants identified by WGS were validated by 

Sanger sequencing and Bbs1ex1.1, the Bbs1-/- clone that was introduced for investigations into 

genetic compensation (see section 5.3.1), was included in the Sanger validation step. 
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A comprehensive panel of cilia genes and potential cilia genes was compiled from the SysCilia 

Gold Standard and “potential ciliary genes” (van Dam et al., 2013), CiliaCarta Bayesian 

predictions (van Dam et al., 2019) and Gene Ontology annotated genes (Consortium et al., 

2000; Consortium, 2019; see Figure 5. 13). A total of 1,511 human genes were collated from 

the four sources, for which 1,493 mouse orthologues existed. After removal of duplicates, the 

final panel contained 1,132 mouse cilia genes and predicted cilia genes (see Figure 5. 13). 

Appendix 9.7.2 lists the complete cilia gene panel against which IMCD3 genomes were filtered. 

Figure 5. 14 summarises the filtering applied to whole genome assemblies to identify cilia gene 

variants.  A total of 157,791 variants in 15,219 genes were found within coding and splice 

regions (7 bp either side of coding regions) of the eight clones, when aligned to the mouse 

mm10 genome. 5,204 variants in 654 genes intersected with the cilia gene panel. 24 variants in 

22 cilia genes were predicted to have a high impact by VEP. Table 5. 4 details the 24 high 

impact variants and the genotype of clones with respect to each, based on WGS data. Five of 

these variants, in five genes, were found only in clone(s) which had reduced ciliogenesis. It was 

not essential that a variant was shared by all four clones with reduced ciliogenesis, as it was 

feasible that clones could carry different cilia gene variants. Since ciliopathies classically have 

an autosomal recessive mode of inheritance (Braun and Hildebrandt, 2017; Wheway and 

Mitchison, 2019), heterozygous variants were removed. There were no high impact 

homozygous or compound heterozygous cilia gene variants that were unique to clones with 

impaired ciliogenesis. 

High impact variants, by definition, did not include missense variants. Since numerous 

pathogenic missense mutations have been documented in BBS1 (see Table 3. 2 in Chapter 3), 

the 5,204 variants in 654 cilia genes were also filtered to leave those that were predicted to be 

deleterious by the Sorting Intolerant From Tolerant (SIFT) server (Sim et al., 2012). SIFT 

assigns missense variants a score of between 0 (not tolerated) and 1 (tolerated) to indicate 

whether an amino acid substitution at a given position would be deleterious to the protein’s 

function. It does this by aligning sequences of homologous proteins and ascertaining the 

frequency of an amino acid change at the given position. A SIFT score of 0.05 or less, predicts 

a missense mutation to be deleterious to protein function. 66 deleterious variants in 51 cilia 

genes remained. Table 5. 5 details the 66 deleterious variants and the genotype of each clone 

with respective to each variant, based on WGS data. Of these, 17 variants in 16 genes were 

unique to clones with reduced ciliogenesis. Again, heterozygous variants were removed, leaving 

six homozygous variants within five genes (Pkhd1, Map6, BC017158, Poc1a and Dydc2). 

Sanger validation confirmed two of these to be real and unique to Bbs1ex8. These were 

c.1651G>A in Map6 and c.395C>T in BC017158, which cause the missense mutations 

p.D551N and p.T132I, respectively (see Figure 5. 15a and Figure 5. 15b). 

While whole genome sequences designated clones homozygous for some variants, it was 

acknowledged that this may have been an artefact of low read depth. To exclude the possibility 

that clones apparently homozygous for variants were in fact heterozygous, the genotype of the 

parental WT cell line was validated by Sanger sequencing. This was performed for five high 

impact variants (in Ttll9, Tctn2, Pnkp, Pde4c, and Syne2; see Table 5. 4) and 10 deleterious 
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variants (one each in Nup62, Kif7, Dnah9, and Dnah17 and three each in Abca13 and Syne2; 

see Table 5. 5). The parental WT IMCD3 cell lines was homozygous for all 15 mutations, which 

were subsequently excluded as causes of phenotypic variation (see Appendix 9.7.3). Bbs1ex1.4, 

Bbs1ex8 and WTcrex12.1 appeared homozygous for a deleterious variant in Nupl2. Sanger 

validation showed that Bbs1ex8 was heterozygous for this variant, which causes a p.A343V 

missense mutation, whilst Bbs1ex1.4 and WTcrex12.1 were homozygous (see Figure 5. 15c). 

Nupl2 was therefore not believed to be responsible for loss of ciliogenesis in WTcrex12.1, as the 

same variant was also present in Bbs1ex1.4 which formed cilia. Finally, clones which readily 

formed cilia appeared homozygous for a high impact frameshift variant in Gapdhs, whilst 

Bbs1ex8, WTcrex12.1 and WTcrM390R.1 appeared heterozygous for the same variant (see Table 5. 

4). To mitigate the unlikely possibility that this variant provided gain-of-function to ciliogenic 

clones, genotypes of all clones were verified by Sanger sequencing. This showed that all clones 

and the parental WT were homozygous for the Gapdhs variant, a 2 bp deletion (see Figure 5. 

15d). Gapdhs was therefore also excluded as a cause of phenotypic variation. 

Alongside analysis of cilia gene variants, the Bbs1ex8 whole genome was filtered for variants 

which might contribute to the phenotype(s) seen in this clone. Figure 5. 16 shows how variants 

were filtered. Bbs1ex8 possessed 22,698 unique variants in 5,298 genes when aligned to the 

mouse mm10 genome and compared to the seven other clones. Of these, 11 variants in 11 

genes were predicted to have a high impact by VEP (see Table 5. 6), while 26 variants in 25 

genes had a deleterious SIFT score (see Table 5. 7). Two high impact and six deleterious 

variants were verified to be real and unique to Bbs1ex8 by Sanger sequencing (see Figure 5. 

17). A single variant was found each in Slc39a11 and Ear2 (see Table 5. 6) and Cr2, Tti1, 

Cntn3, Zfp14 (Table 5. 7) and two variants were found in Akr1c21 (see Table 5. 7). 

All validated variants identified through screening of cilia genes or those unique to Bbs1ex8 are 

summarised in Table 5. 3, alongside those from the screening of sgRNA off-target loci (see 

section 5.3.3). As for off-target variants, investigations into the suspected impact of variants on 

the ability of IMCD3 cells to form cilia or intercellular junctions were performed and are also 

summarised in Table 5. 3. Bbs1ex8 mutations in Map6, encoding a microtubule-associated 

protein, and BC017158, encoding a transmembrane protein of unknown function, were deemed 

likely to impact ciliogenesis; however, there was no evidence that might implicate other variants 

unique to Bbs1ex8 in loss of IMCD3 intercellular adhesion or ciliogenesis. 

To complement the whole genome study of genetic variation between IMCD3 clones, 

phenotypic variation amongst WT IMCD3 clones was investigated. This aimed to capture 

phenotypic variation which may have arisen in IMCD3 cells due to a combination of differences 

in cellular characteristics. To this end, WT clones were isolated by single-cell sorting the 

parental WT IMCD3 cell line. Here, these clones are referred to simply as “WT” clones and are 

distinguished from WTcr clones as they have not been through the CRISPR/Cas9 procedure. 

Clones were cultured in parallel in 96-well plates and grown to confluence. They were then fixed 

and their cilia (see Figure 5. 18a) or tight junctions (see Figure 5. 19a) immuno-stained. Upon 

inspection, not all clones were confluent. As ciliogenesis requires cells to be quiescent and tight 

junction formation requires cells to be in physical contact of one another, clones were grouped 
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into those which were confluent across the entire well (“confluent”) and those that were not 

(“subconfluent”). The percentage of clones in each category that could form cilia (see Figure 5. 

18b) or tight junctions (see Figure 5. 19b) was quantified. 

63 confluent clones were studied for their ability to form cilia. They were categorised into those 

which had cilia present, regardless of percentage ciliogenesis, and those on which cilia were 

absent. Percentage ciliogenesis was not quantified, because cell seeding densities were not 

normalised; however, it was observed that the level of ciliogenesis varied between clones (see 

Figure 5. 18a). 92 % (58 clones) of 63 confluent clones formed cilia (see Figure 5. 18b). 

Interestingly, 8 % (5 out of 63) confluent clones did not form cilia, revealing that absence of 

ciliogenesis exists amongst cells of the parental WT IMCD3 line. Ciliogenesis was seen in 21 % 

(3 out of 14) subconfluent clones, showing that being confluent is not essential for cilia 

formation on some IMCD3 cells. Using data collected from confluent WT clones, a Fisher’s 

exact test showed that the frequency of clones without cilia did not differ significantly between 

the investigated WTcr and WT IMCD3 clones (p= 0.0513), despite 2 out of 4 WTcr clones 

lacking cilia. Similarly, the proportion of Bbs1 knockout cell lines with impaired ciliogenesis (1 

clone out of 5) did not differ significantly from that of WT IMCD3 clones (p=0.3792), suggesting 

that lack of cilia is not associated with loss of Bbs1. The 2x2 contingency tables on which these 

tests were performed are given in Figure 5. 18c and Figure 5. 18d. 

Clones were categorised into those that possessed tight junctions amongst most or all cells (“TJ 

present”) and those with largely disrupted tight junctions (“TJ absent”; see Figure 5. 19a). Tight 

junctions were present amongst 98 % (61 clones) of the 62 clones that were confluent (see 

Figure 5. 19b). Only one confluent clone was absent of tight junctions, representing 1.6 % of 

confluent clones. This implied that the likelihood of discovering a clone which did not form tight 

junctions was very low (less than 2%). Moreover, of the 11 subconfluent clones that were 

inspected, 81.2 % (6 clones) uniformly formed tight junctions, demonstrating that tight junctions 

can form between subconfluent IMCD3 cells. As with the cilia dataset, Fisher’s exact tests were 

used to compare frequency of tight junction disruption between confluent WT clones and WTcr 

or Bbs1 mutant cell lines. The contingency tables for these tests can be found in Figure 5. 19c 

and Figure 5. 19d. The proportion of WTcr clones that had disrupted tight junctions (i.e. 0 

clones out of 4) did not differ significantly from the WT IMCD3 clones (p>0.9999), whereas the 

proportion of Bbs1 knockout cell lines with disrupted tight junctions (2 out of 5) was significantly 

greater than that of the WT IMCD3 clones (p= 0.0132). This is supportive of the hypothesis that 

disruption of tight junctions is associated with loss of Bbs1. 
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Figure 5. 1: Study of cilia in Bbs1ex1.1. 

a. Representative cilia staining. Cilia were identified as structures which stained for 

acetylated-α-tubulin (ac-tub) and ARL13B. Nuclei were stained with DAPI. Bbs1ex1.1 was able to 

form cilia. Scale bars represent 20 µm. 

b. Quantification of ciliogenesis, calculated as the percentage of cells which formed a cilium 

(co-stained for ac-tub and ARL13B). Coloured bars show the mean percentage ciliogenesis and 

error bars show SEM of three independent experiments. A paired t-test was performed after 

arcsine square root transformation of proportions of cells with cilia. Ciliogenesis in Bbs1ex1.1 did 

not differ significantly from that in WT (p=0.0603). 

c. Mean number of nuclei per ciliogenesis assay image. Coloured bars show mean numbers 

of nuclei per field and error bars show SEM of three independent experiments. A paired t-test 

showed no statistically significant difference between numbers of nuclei per field of Bbs1ex1.1 

and WT (p=0.1950). 
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Figure 5. 2: Study of tight junctions and TEER in Bbs1ex1.1 and WT IMCD3 cells. 

a. Representative staining of tight junctions. Staining of ZO-1 and occludin was used to visualise tight junctions. Nuclei were stained with DAPI. In WT ZO-1 and 

occludin localised to cell-cell junctions. In Bbs1ex1.1, the localisation of both proteins was largely disrupted. Scale bars represent 40 µm. 

b. TEER in Bbs1ex1.1 and WT IMCD3 cells. Bbs1ex1.1 cultures had significantly reduced TEER compared with WT IMCD3 cells (p=0.0045), indicating a loss of 

epithelial barrier integrity. Coloured bars show mean TEER and error bars show SEM of three independent experiments. Statistical hypothesis testing was 

performed by paired t-test. 



253 

 

Figure 5. 3: Correlation between Bbs1 mRNA level and change in TEER in Bbs1-/- IMCD3 clones. 

The mean change in TEER (ΔTEER) of each Bbs1-/- clone is plotted against its Bbs1 mRNA expression (determined experimentally by RT-qPCR, see Chapter 3). 

ΔTEER represents the difference in TEER between a knockout clone and the WT IMCD3 cell line and was used to normalise TEER readings between experiments 

that were not performed in parallel. Each coloured point represents a single Bbs1-/- clone, which are labelled and coloured based on the sgRNA with which they were 

generated (red= sgRNA-1; green= sgRNA-8; orange= sgRNA-12). The relationship between the two variables was modelled by linear regression (dashed line), for 

which the equation and goodness of fit (R2) are displayed (bottom, left-hand corner). The Pearson correlation coefficient (r) and its associated p-value are also 

shown (also in the bottom, left-hand corner). 

a. Correlation between Bbs1 mRNA level and ΔTEER in eight Bbs1-/- clones including Bbs1ex12.1 and Bbs1ex12.4. There was a strong, negative correlation (r = -

0.8456) that was statistically significant (p=0.0082). Points fit the model of linear regression well (R2= 0.7151). 

b. Correlation between Bbs1 mRNA level and ΔTEER in six Bbs1-/- clones after exclusion of Bbs1ex12.1 and Bbs1ex12.4, which were later shown not to be clones. 

The correlation and goodness of fit were maintained (r= -0.8668; R2= 0.7513) and the correlation was statistically significant (p=0.0254). 
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c. Exons 11-15 RT-PCR products. The same agarose gel is shown at normal and high exposures. The expected 492 bp product was seen in all tested cell lines. 

There was a 400 bp amplicon unique to Bbs1M390R. At high exposure, a 350 bp amplicon was seen in WT, WTcrex12.1, Bbs1ex12.4 and WTcrM390R.1. 

Figure 5. 4: RT-PCR amplification of Bbs1 transcripts in Bbs1 mutant, WTcr and WT 

IMCD3 cell lines. 

a. Map of RT-PCR primers used to amplify exons 1-11 (blue) and exons 11-15 (orange) of 

Bbs1 transcripts. The expected product size of each is given in brackets. 

b. Exons 1-11 RT-PCR products. The expected 992 bp product was seen in all tested cell 

lines. An 850 bp product was also seen in WT, WTcrex8 and Bbs1ex8.  
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sgRNA target site in each. Chromatograms show the sgRNA mutation site within retrieved transcripts, except in exon 1, in which a primer could not be designed 

upstream of the mutation site. Arrows indicate mutations in Bbs1 mutant clones. The fraction of reads containing a given sequence out of the total number of reads 

retrieved for the cell line are indicated in brackets (e.g. in Bbs1ex12.4 a total of 14 reads were retrieved; 10/14 of these were from allele 1 and 4/14 were from allele 2). 

Transcripts could not be retrieved for Bbs1ex1.4. (Continued on page 258). 

Figure 5. 5: Sequencing of Bbs1 RT-PCR products in Bbs1 mutant, WTcr and WT 
IMCD3 cell lines. 

a. – c. Bbs1 RT-PCR products of the expected size retrieved from clones transfected 

with sgRNAs targeting (a.) exon 1, (b.) exon 8 or (c.) exon 12. Asterisks (*) indicate the  
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Figure 5. 5 (cont.): Sequencing of Bbs1 RT-PCR products in Bbs1 mutant, WTcr and WT 

IMCD3 cell lines. 

Invs 1 5.5 d and e 
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Figure 5. 5 (cont.): Sequencing of Bbs1 RT-PCR products in Bbs1 mutant, WTcr and WT 

IMCD3 cell lines. 
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Figure 5. 5 (cont.): Sequencing of Bbs1 RT-PCR products in Bbs1 mutant, WTcr and WT 

IMCD3 cell lines. 

d. – g. Bbs1 RT-PCR products of less than the expected size. On a representative 

chromatogram of each transcript variant, the exonic (or, where relevant, intronic) sequences 

that align to Bbs1 are labelled. Grey panels below chromatograms summarise how each 

unexpected transcript compares with the expected Bbs1 mRNA (“Bbs1 mRNA”) and the Bbs1 

DNA sequence. Where relevant, the annealing sites of primers to amplify the exons 1-11 or 

exons 11-15 RT-PCR products are indicated. The four Bbs1 RT-PCR products that were less 

than the expected size were: 

d. (Page 256) X1-like transcript variant retrieved from WTcrex1. The sequence partially aligned 

with a predicted Bbs1 transcript listed in NCBI as “predicted transcript variant X1”, which is also 

shown aligned to the chromatogram (purple) and within the grey summary panel below the 

chromatogram. 

e. (Page 256) Exon 8-skipping variant retrieved from WT, WTcrex8 and Bbs1ex8. 

f. (Previous page) Exon 13-skipping variant retrieved from WT. 

g. (Previous page) Exon 14-skipping variant unique to Bbs1M390R. Exon 11 was spliced to the 

first 16 bp of exon 12, followed by 88 bp from within intron 12 and the (full) sequences of exons 

13 and 15. 

 

Invs 2- continuation of Fig 5.5 caption 
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with primers unique to each variant. Primer annealing sites are indicated in the schematics to the right-hand side of each gel image. 

Figure 5. 6: Bbs1 splice variants found in wild 

type IMCD3 cells. 

a. – c. Expected splicing of three parts of the 

mouse Bbs1 gene (dotted boxes) and resulting 

expected splice products. d. – f. Alternative 

splicing of the same three regions of the Bbs1 

gene produced (d.) an X1-like variant, (e.) an exon 

8-skipping variant and (f.) an exon 13-skipping 

variant. g. – i. RT-PCR detection of alternative 

splice products in all IMCD3 cell lines. Panels 

(g.), (h.) and (i.) show presence of alternative splice 

products (d.), (e.) and (f.), respectively, detected 
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Figure 5. 7: Screen of predicted potential sgRNA off-target loci in whole genome 

assemblies of Bbs1 mutant and WTcr clones. 

For each sgRNA, off-target loci were predicted using CRISPOR (Haeussler et al., 2016; 

Concordet and Haeussler, 2018). For sgRNAs-1, -8, -12 and -M390R, 199, 195, 83 and 60 off-

target loci were predicted, respectively. The whole genome assemblies of the two clones (one 

Bbs1 mutant and one WTcr clone) transfected with each sgRNA were inspected at each 

predicted off-target locus. As two clones were screened for each sgRNA, the total number of 

off-target loci that was screened for a given sgRNA was twice the number that had been 

predicted for it. Across the genomes of the eight clones, 1,074 loci were inspected. Of these, 

1,039 had coverage of at least one read in depth. Six loci carried indels proximal to the PAM 

site. Two of these were unique to clones transfected with the sgRNA to which the off-target was 

attributed. The two indels were validated by Sanger sequencing, showing one indel, caused by 

sgRNA-8, to be a genuine mutation. 
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heterozygous for this variant (boxed panel; deleted nucleotides are those highlighted in grey). 

No other cell lines carried the mutation (chromatograms below boxed panel). In all 

chromatogram sequences, the PAM of the off-target sequence is underlined. 

 

Figure 5. 8: Off-target mutation 

in Hbs1l gene of Bbs1ex8. 

a. Identification of the variant in 

a WGS screen of predicted off-

target loci. A 3 bp deletion in the 

Hbs1l gene was present in 5/13 

reads in Bbs1ex8, but not in other 

IMCD3 cell lines, including 

WTcrex8. The mouse mm10 

reference genome sequence is 

displayed below. 

b. Validation of the variant by 

Sanger sequencing indicated 

that it was a genuine mutation, the 

consequence being the in-frame 

deletion of one amino acid, 

p.E51del, in the HBS1L protein 

(see translation, top). Bbs1ex8 was 
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although a polymorphism was seen near the locus in other IMCD3 cell lines. 

b. Validation of the variants by Sanger sequencing showed that they were not genuine 

insertions, as they were absent in the chromatogram produced by Sanger sequencing (boxed 

panel). All other IMCD3 cell lines were also devoid of the variant (chromatograms below boxed 

panel). In all chromatogram sequences, the PAM of the off-target sequence is underlined. 

 

 

Figure 5. 9: Possible off-target upstream 

of Ccdc167 gene in Bbs1M390R. 

a. Identification of variants in a WGS 

screen of predicted off-target loci. 1 bp 

insertions were seen in 4/7 reads in 

Bbs1M390R at a locus upstream of the 

Ccdc167 gene were seen in Bbs1M390R. 

These were not seen in other cell lines, 
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Figure 5. 10: Off-target mutation in Cdh17 gene of Bbs1ex1.1. 

The top-ranked off-target locus for sgRNA-1, OT1.1, bore biallelic deletions of 14 bp and 29 bp in Bbs1ex1.1, identified by Sanger sequencing. These variants were 

not present in the other clones transfected with sgRNA-1, Bbs1ex1.4 and WTcrex1, or in the WT IMCD3 cell line. The red box (above chromatograms) indicates the off-

target sequence of OT1.1. Where present, the PAM site of the off-target sequence is underlined. The grey panel shows the alignment of the two mutant alleles of 

Bbs1ex1.1 to the wild type reference sequence.  
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Figure 5. 11: ConSurf analysis of amino acid conservation in HBS1L
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mouse HBS1L, which is absent in several homologues. Figures adapted from those output by the ConSurf server (Ashkenazy et al., 2010, 2016; Celniker et al., 

2013).  

Figure 5. 11 (cont.): ConSurf 

analysis of amino acid 

conservation in HBS1L. 

a. (Previous page) Key to 

ConSurf results. Residues 

are coloured to indicate their 

relative conservation. A 

prediction is also made as to 

whether each residue is 

exposed (e), buried (b), 

functional (f) or structural (s). 

b. (Previous page) 

Summary of conservation 

scores for each amino acid 

in HBS1L. The red arrow 

indicates p.E51, which has an 

“average” conservation score 

of 5 and is predicted to be an 

exposed residue. 

c. Snapshot of the multiple 

sequence alignment (MSA) 

of the mouse HBS1L protein 

and its homologues. The 

MSA was built by ConSurf to 

identify the relative 

conservation of amino acids 

at each position. The red 

arrow indicates p.E51 in 
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Figure 5. 12: Identification of previously unidentified alleles in Bbs1ex12.4 by WGS. 

Whole genome assemblies of Bbs1ex12.4 and WTcrex12.1 are shown aligned to the mouse mm10 reference genome (“ref.”, bottom) in the region of the sgRNA-12 

target site (top, right arrow). Three allelic sequences were seen at the sgRNA-12 mutation site in the genome assembly of Bbs1ex12.4 (arrows, right-hand side). One 

of these, c.1174_1180+4del, had been identified by initial genotyping methods. Two more alleles, c.1175_1179del and c.1175_1176insC, had not. All cell lines 

(including WTcrex12.1, shown) were heterozygous for a SNP (top, left arrow) within the annealing site of a genotyping primer. The SNP was thought to have impaired 

primer annealing, causing biased amplification of the allele which did not possess the SNP. 
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Figure 5. 13: Origins of the mouse cilia gene panel to screen WGS data for cilia gene 

variants. 

The four sources of cilia genes are displayed in a Venn diagram. These were: the SysCilia Gold 

Standard (SCGS) and SCGS potential ciliary genes, CiliaCarta Bayesian predictions and Gene 

Ontology cellular component (GO CC) terms associated with the cilium. The Venn diagram 

indicates the numbers of orthologous mouse genes obtained from each source, and the overlap 

between them. After removal of duplicates, 1,132 orthologous mouse cilia genes and predicted 

cilia genes remained. 
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Figure 5. 14: Filtering applied to whole genome assemblies to identify cilia gene variants. 

 

Variants within coding or splice regions (i.e. exons 

+ 7 bp either side) were called simultaneously for 

all clones. Those which intersected with the cilia 

gene panel were further filtered to identify possible 

causes of stunted ciliogenesis in IMCD3 clones. 

Two variants in two genes, Map6 and BC017158, 

were identified in Bbs1ex8 and confirmed by 

Sanger sequencing (orange box). Variants for 

which the WT cell line appeared to be 

homozygous were also validated by Sanger 

sequencing (purple boxes) to exclude the 

possibility that it was in fact heterozygous for 

these. 



269 

 

Figure 5. 15: Sanger validation of cilia gene variants in Bbs1 mutant and WTcr cell lines. 
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suggested Bbs1ex1.4, Bbs1ex8 and WTcrex12.1 were homozygous for the variant. Sanger validation 

showed that Bbs1ex1.4 and WTcrex12.1 were homozygous for it, whereas Bbs1ex8 was 

heterozygous. The genotypes of other cell lines were not confirmed by Sanger sequencing, as 

presence of the variant in Bbs1ex1.4 (which readily formed cilia) implied it did not cause loss of 

ciliogenesis. 

d. A biallelic variant in Gapdhs was present in all cell lines and was therefore not a cause of 

variation in ciliogenesis amongst IMCD3 clones.  

 

 

Figure 5. 15 (cont.): Sanger validation of cilia 

gene variants in Bbs1 mutant and WTcr cell 

lines. 

a. (Previous page) A variant in Map6, which 

causes a p.D551N missense mutation in the MAP6 

protein. Bbs1ex8 was confirmed to be homozygous 

for the variant (boxed panel). All other cell lines were 

heterozygous. 

b. (Previous page) A variant in BC017158, which 

causes a p.T132I missense mutation in the 

BC017158 protein. Bbs1ex8 was confirmed to be 

homozygous for the variant (boxed panel). All other 

cell lines were heterozygous. 

c. A variant in Nupl2, which causes a p.A343V 

missense mutation in the NUPL2 protein. WGS 
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Figure 5. 16: Filtering applied to whole genome assemblies to identify variants unique to 

Bbs1ex8 which may have contributed to its phenotype. 

Variants unique to Bbs1ex8 were filtered to identify those predicted to have a high impact or to be 

deleterious to protein function. Two variants predicted to have a high impact (green box) and six 

variants with a deleterious Sifting Intolerant From Tolerant (SIFT) score (orange box) were 

confirmed by Sanger sequencing. 
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Figure 5. 17: Sanger validation of variants unique to Bbs1ex8. 

At the top of each set of chromatograms, the variant (highlighted in grey) is shown aligned to 

the mouse mm10 reference sequence and the protein translation resulting from the variant is 

beneath it. The boxed panel shows the genotype of Bbs1ex8 and the arrow indicates the location 

of the variant in the chromatogram. The chromatograms below the boxed panel show that the 

variant is absent in other cell lines. (Continued on next page). 
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Figure 5. 17 (cont.): Sanger validation of variants unique to Bbs1ex8. 

a. (Previous page) Variant in Slc9a11. 

b. (Previous page) Variant in Ear2.  

c. Variant in Cr2. 

d. Variant in Tti1. 

e. (Next page) Variant in Cntn3. 

f. (Next page) Variant in Zfp14. 

g. (Page 275) Variant (1) in Akr1c21. 

h. (Page 275) Variant (2) in Akr1c21. 
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Figure 5. 17 (cont.): Sanger validation of variants unique to Bbs1ex8. 
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Figure 5. 17 (cont.): Sanger validation of variants unique to Bbs1ex8. 

Invs 3- fig 5.17gh 
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acetylated-α-tubulin (ac-tub) and ARL13B. Nuclei were stained with DAPI. Scale bars 

respresent 20 µm. 

b. Quantification of clones with cilia present or absent. Because some clones were not 

confluent, they were grouped into those which were confluent across the entire well (“confluent”) 

and those which were not (“subconfluent”). The percentage of clones that had cilia present or 

absent was calculated as a percentage of the total number of clones in the group (n=63 clones 

in the confluent group and n=14 clones in the subconfluent group). 

c. 2x2 contingency table showing numbers of WT and WTcr clones with or without cilia. 

A Fisher’s exact text showed that the proportion of clones without cilia did not differ significantly 

between groups of WTcr and WT clones (p=0.0513). 

d. 2x2 contingency table showing numbers of confluent WT and Bbs1 mutant clones with 

or without cilia. A Fisher’s exact text showed that the proportion of clones without cilia did not 

differ significantly between groups of Bbs1 mutant and WT clones (p=0.3791). 

Figure 5. 18: Variation of ciliogenesis 

amongst WT IMCD3 clones. 

a. Examples of confluent clones with 

cilia present or absent. Clones were 

observed for their ability to form cilia, 

regardless of the rate of ciliogenesis. Cilia 

were marked with antibodies against 
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some clones were not confluent, they were grouped into those which were confluent across the 

entire well (“confluent”) and those which were not (“subconfluent”). The percentage of clones 

that had tight junctions present or absent was calculated as a percentage of the total number of 

clones in the group (n=62 clones in the confluent group and n=11 clones in the subconfluent 

group). 

c. 2x2 contingency table showing numbers of confluent WT and WTcr clones with or 

without tight junctions. A Fisher’s exact text showed that the proportion of clones without tight 

junctions did not differ significantly between groups of WTcr and WT clones (p>0.9999). 

d. 2x2 contingency table showing numbers of confluent WT and Bbs1 mutant clones with 

or without tight junctions. A Fisher’s exact text showed that the proportion of clones without 

tight junctions did differed significantly between groups of Bbs1 mutant and WT clones 

(p=0.0132). 

Figure 5. 19: Variation of tight junction 

formation amongst WT IMCD3 clones. 

a. Examples of confluent clones with 

tight junctions (TJ) present or absent. 

Clones were observed for their ability to 

form tight junctions. Tight junctions were 

marked with an antibody against ZO-1. 

Nuclei were stained with DAPI. One clone 

(right) was absent of tight junctions. Scale 

bars represent 20 µm. 

b. Quantification of clones with tight 

junctions present or absent. Because  
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5.4 Interpretation and Interim Discussion 

The work presented in this chapter aimed to identify cause(s) of the phenotypic variation 

observed between clones (presented in Chapter 4), as evidence to support or refute the 

hypotheses that disruption of intercellular junctions and loss of TEER are genuine phenotypes 

arising from the loss of Bbs1 and that their severity manifests in knockout clones in a manner 

that correlates with Bbs1 transcript levels.  

While investigating these hypotheses, it was unexpectedly found that some clones with 

mutations in exon 12 had alleles that had not been detected by initial PCR-based genotyping 

methods. Attention is paid to this in Chapter 7 and so it will be discussed here only in relation to 

potential effects on clone-to-clone phenotypic variation. IMCD3 cells were heterozygous for a 

SNP within the annealing site of a genotyping primer (see Figure 5. 12). This SNP is not found 

in the mouse mm10 genome, against which genotyping primers were initially designed. It is 

believed that, when genotyping some clones, the SNP impaired primer binding, biasing PCR 

amplification of the other allele. Re-design of genotyping primers confirmed that two cell lines, 

Bbs1ex12.1 and Bbs1ex12.4, had three allelic sequences (see Figure 3. 11e and Table 3. 7 in 

Chapter 3). These were therefore not clonal cell lines. Since each was shown to have a copy 

number of two (see Figure 3. 14b in Chapter 3), the likeliest explanation for the three alleles 

was that Bbs1ex12.1 and Bbs1ex12.4 were a mixture of two founder cells which each had one allelic 

sequence in common. Going forwards, single-cell-sorting of Bbs1ex12.1 and Bbs1ex12.4 should be 

used to isolate clones for re-characterisation of Bbs1 mRNA expression, BBS1 protein levels 

and associated phenotypes. It will be important to ascertain whether the phenotype seen in 

Bbs1ex12.4 is shared by both founder cells, or whether they each differ in their phenotypic 

severity and Bbs1 transcript levels average to those seen in Bbs1ex12.4. The latter seems 

possible given that distinct patches of cells which formed or did not form tight junctions and 

adherens junctions were observed by immunofluorescence in Bbs1ex12.4 (see Figure 4. 9 and 

Figure 4. 10 in Chapter 4). Re-genotyping did not identify new allelic sequences in WTcrex12.1 

and WTcrM390R.1, therefore mutations in Bbs1 could not explain their stunted ciliogenesis. 

Similarly, aside from those at the intended sgRNA target site in mutants, inspection of the entire 

Bbs1 locus did not identify mutations in any cell line to explain phenotypic variation. 

The variation in ciliogenesis amongst WTcr, as well as Bbs1 mutant, clones suggested that this 

particular phenotype was not related to the loss of Bbs1. In support of this, variants in two cilia 

genes, Map6 and BC017158, were identified for which Bbs1ex8 was homozygous. They encoded 

missense variants, p.D551N and p.T132I, in respective Map6 and BC017158 proteins, and 

could underlie reduced ciliogenesis in Bbs1ex8. BC017158 is found in the SysCilia list of 

potential ciliary genes (van Dam et al., 2013). It is orthologous to the human C16ORF58 gene 

and encodes a transmembrane protein of unknown function (The UniProt Consortium, 2019). 

The p.T132I mutation was not tolerated by SIFT (i.e. it had a score of 0) and ConSurf showed 

that residues at position 132 in its homologues are highly conserved and predicted to be 

functional (see Table 5. 3). Thus, the BC017158 variant is likely to be detrimental in some 
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capacity, although since there is little evidence of its function or association with disease, the 

phenotypic consequences of BC017158 mutations in Bbs1ex8 are uncertain. 

There is more information known about Map6, which encodes microtubule-associated protein 6. 

SIFT predicted the p.D551N mutation in Map6 to be deleterious, although the 551st residue was 

mildly variable across its homologues and therefore not predicted by ConSurf to be functional 

(see Table 5. 3). Map6 functions to stabilise microtubules, particularly in cold conditions. Map6 

is one of 285 predicted human cilia genes in CiliaCarta (van Dam et al., 2019) and like 

BC017158 it is not a confirmed ciliary gene. Other Map6-related proteins are present only in 

ciliated or flagellated organisms and bind axonemal microtubules (specifically in cilia) to 

stabilise them (Dacheux et al., 2012, 2015). The human Map6-related protein, SAXO1, is 

involved in the regulation of cilia length, whilst in the protozoan Trypanosoma brucei, its 

orthologue, SAXO is necessary for flagellar motility. It is possible that Map6 also has a role in 

stabilisation of the cilium axoneme and its mutation in Bbs1ex8 could be responsible for 

shortening and/or absence of cilia. In fact, although it has not been implicated in a classical 

ciliopathy, MAP6 mutations in humans are associated with schizophrenia (Shimizu et al., 2006; 

Choi et al., 2009), which is exhibited by some ciliopathy patients. Mental illnesses are 

increasingly associated with the primary cilium (Pruski and Lang, 2019). Neuronal dendritic 

spines have been proposed to be specialised cilia (Haq et al., 2019) and Map6-deficient mice 

display reduced dendritic spine density and deficits in cognition (Peris et al., 2018). There is 

therefore a body of evidence to suggest that Map6 mutations in Bbs1ex8 contribute to its 

impaired ciliogenesis. Importantly, Map6 and BC017158 mutations were not identified in any 

other cell line, including Bbs1ex1.1, therefore they are unlikely to underlie the cell-cell adhesion 

phenotype.  

No genetic basis for lack of ciliogenesis in WTcrex12.1 or WTcrM390R.1 was found, whether due to 

CRISPR off-target effects or sporadic genetic mutations; however, cilia gene variants in these 

(and other) clones may have been missed due to limitations of the study. As a compromise 

between cost and maximising the number of genomes which could be sequenced, WGS with 

10X paired-end reads was used. As a result, genome assemblies had a low read depth and, in 

places, insufficient coverage (see Appendix 9.7.1). Genuine variants may well have been 

missed. Heterozygous variants in cilia genes which have a dominant mode of inheritance were 

also filtered out, as a recessive mode of inheritance was assumed in order to simplify the 

variant filtering pipeline (see Figure 5. 14). Despite best efforts to compose a comprehensive 

panel of confirmed and predicted cilia genes from three different sources (SysCilia Gold 

Standard, CiliaCarta and GO terms; see Figure 5. 13), cell lines may have had variant(s) in 

novel ciliary genes which were not present within the panel of 1,132 mouse genes, or within 

non-coding regions of those genes that were in the panel. 

To capture global clone-to-clone variation arising from differences in any combination of cellular 

processes, WT clones were isolated from the parental WT IMCD3 cell lines. 8 % of WT IMCD3 

cells did not form cilia after being grown to confluence and deprived of serum (see Figure 5. 

18). The difference in frequency of clones lacking cilia was not statistically significant between 

the WT and WTcr groups. The result suggested that loss of ciliogenesis in WTcr clones was not 
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a result of their subjection to the gene editing process. WTcr clones did not serve their purpose 

in controlling for the gene editing process and if this approach is used in future, a larger number 

of WTcr clones may be necessary to inform as to whether it is responsible for phenotypic 

differences. The use of WTcr clones as controls is discussed further in Chapter 7. Overall, a 

cause for loss of ciliogenesis in WTcrex12.1 and WTcrM390R.1 was not identified. 

Aside from absence of cilia on some WTcr clones and the finding of two cilia gene variants 

(Map6 and BC017158) to explain loss of ciliogenesis in Bbs1ex8, there was further evidence that 

impaired cilia formation was not due to Bbs1 knockout. Bbs1ex1.1, which was predicted to have a 

severe phenotype given its near-wild-type expression of Bbs1 transcript, had a rate of 

ciliogenesis that did not differ significantly from that of the parental WT cell line (see Figure 5. 

1). In addition, characterisation of WT clones suggested that loss of ciliogenesis in one mutant 

cell line (Bbs1ex8) out of five was not Bbs1-specific but was instead an artefact of variation within 

cells of the IMCD3 line. There was no statistically significant difference in the ciliogenic potential 

of WT and Bbs1 knockout cell lines (see Figure 5. 18d), even with inclusion of Bbs1ex8 as a 

clone that lacked cilia, which was not strictly in keeping with the classification criteria used for 

WT clones (i.e. that cilia had to be entirely lacking for the clone to be categorised as “cilia 

absent”). 

In contrast, there were several pieces of evidence supportive of Bbs1 having role(s) in cell-cell 

adhesion. In addition to Bbs1ex8, a second clone to have loss of TEER and disrupted tight 

junctions, Bbs1ex1.1, was identified (see Figure 5. 2) after it was postulated that this clone should 

exhibit a severe phenotype given its near-wild-type expression of Bbs1 transcript (see Figure 3. 

13b). There was also a strikingly low frequency of WT clones exhibiting absence of tight 

junctions: only one clone out of 62, representing an incidence of 1.6 % (see Figure 5. 19b). 

This WT clone mimicked the phenotype of Bbs1ex1.1 and Bbs1ex8 (see Figure 5. 19a) and was 

suggestive of tight junction disruption being an unusual phenotype in confluent WT IMCD3 cells. 

Indeed, whilst there was no statistically significant difference in the frequency of tight junction 

absence between WT and WTcr clones (see Figure 5. 19c), the difference between WT and 

Bbs1 clones was significant (see Figure 5. 19d). As sample sizes of WTcr and Bbs1 mutant cell 

lines were low, the power of the result could have been improved with the use of more WTcr 

and Bbs1 knockout clones; however, there was a practical limit to the number of cell lines that 

could be handled and seeded in parallel. In addition, several subconfluent clones were able to 

form tight junctions (see Figure 5. 19b), further indicating the unlikeliness of finding a clone that 

does not form junctions when confluent. These data suggest that disruption of tight junctions in 

Bbs1ex1.1 and Bbs1ex8 was not likely due to pre-existing clonal variation and could be Bbs1-

specific. 

When all Bbs1-/- cell lines were investigated, there was a strong inverse correlation between 

ΔTEER and Bbs1 transcript levels (see Figure 5. 3a), which is supportive of genetic 

compensation. Importantly, all eight knockout cells lines followed the trend, providing robust, 

though indirect, evidence. Consideration must be given to the fact that two of the clones with 

mutations in exon 12, Bbs1ex12.1 and Bbs1ex12.4, were found not to be clonal. The data from 

either cell line may be misleading, since the proportions of the two genotypes within each may 
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not be equal and may vary between passages and experiments. When data points from 

Bbs1ex12.1 and Bbs112.4 were excluded, the statistical significance of the negative correlation 

between ΔTEER and Bbs1 transcript levels was maintained, though with a higher p-value (see 

Figure 5. 3b). The conclusion of the experiment therefore remained unchanged, albeit its power 

was reduced. As already stated, clonal isolation from Bbs1ex12.1 and Bbs1ex12.5 should be 

implemented and Bbs1 mRNA and TEER of clones quantified. It is important to discover 

whether the correlation is upheld across these genotypes, which, if true, would increase the 

statistical power of the investigation. 

To gain confidence that loss of cell-cell adhesion is a phenotype specific to the knockout of 

Bbs1, other sources of variation that might affect the TEER and intercellular junction phenotype 

were considered. Differential expression of splice forms that could (partially) mitigate mutations 

in Bbs1 might oppose the genetic compensation hypothesis by providing an alternative cause of 

phenotypic variation. In turn, if existence of functional splice variants did not inversely correlate 

with phenotypic severity, the cell-cell adhesion phenotype would unlikely be Bbs1-specific. It 

was therefore important to determine whether alternative splicing of Bbs1 transcripts had 

occurred differently between cell lines. 

The yields of full-length Bbs1 RT-PCR products (see Figure 5. 4) reflected the levels of Bbs1 

mRNA quantified by RT-qPCR (see Figure 3. 13 in Chapter 3), suggesting Bbs1 quantification 

had been robust and that transcripts that had been detected by RT-qPCR were of full length. 

The sequences of the full-length exons 1-11 and exons 11-15 RT-PCR products were retrieved 

for alleles in most clones (see Figure 5. 5a). Exceptions to this were the c.1154_1173del allele 

of Bbs1M390R and the c.1174_1180+4del allele of Bbs112.4, which were not retrieved despite the 

sequencing of 14 transformants for each (more than for any other cell line). This highlights a 

limitation of the methodologies used: that in picking pGEM-T clones, there was no guarantee of 

identifying every different RT-PCR product that had been amplified. Only a single read 

sequence could be retrieved for Bbs1ex1.1 and, likely due to its low expression of Bbs1 mRNA, 

transcripts from Bbs1ex1.4 could not be sequenced. Had it been possible, however, mutation 

sites of clones made with sgRNA-1 could not have been identified by sequencing. Primers could 

not have been designed upstream of the exon 1 mutation sites, because the sgRNA-1 target 

site, being within the 5’ UTR and beginning of exon 1, was too early within the mRNA sequence. 

This presents a second shortcoming of the methods used. 

In total, four novel splice variants were identified. Three of these, referred to as the X1-like (see 

Figure 5. 5d), exon 8-skipping (see Figure 5. 5e) and exon 13-skipping (see Figure 5. 5f) 

variants, were present in all cell lines (see Figure 5. 6), whilst a fourth, referred to as the exon 

14-skipping variant (see Figure 5. 5g), was unique to Bbs1M390R. In addition, Ensembl listed two 

protein-coding splice forms, Bbs1-205 and Bbs1-208, and NCBI listed one predicted variant, 

“predicted Bbs1 mRNA X1”. None of these three variants were detected in the IMCD3 cell lines. 

All variants and respective consequences in each cell line are summarised in Table 5. 1. Of 

significance, all four novel splice forms retained exon 4, which encodes the epitope of the 

Abcam mAb used for Western blot detection of BBS1 (see Figure 3. 15 in Chapter 3). Thus, in 

theory, all should have been detected by Western blot if translated into protein; however, in 
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practice, given the low abundance of the splice forms (see Figure 3. 4b and Figure 5. 4c), it is 

conceivable that the Western blot failed to detect resulting protein. Their low abundance relative 

to full-length RT-PCR products indicates that they may be degraded by NMD. 

In-frame skipping of exons 8 or 13 would not alter the effects of start codon deletion, frameshift 

or nonsense mutations in Bbs1 knockout cell lines, with exception of the skipping of exon 8 in 

Bbs1ex8, which would remove its mutation site. However; a BBS1 protein missing the amino 

acids encoded on exon 8 would lack 44 amino acids within the β-propeller domain (see Figure 

3. 4 in Chapter 3). Several patient mutations have been identified within exon 8, suggesting it is 

important for the function or structural integrity of BBS1. Since even a single missense mutation 

within the β-propeller can alter its conformation enough to prevent the BBS1-ARL6 interaction 

(Mourão et al., 2014), a protein lacking 44 amino acids would be expected to be non-functional. 

Similarly protein translated from the exon 13-skipping variant in WT or Bbs1M390R cells would 

lack 53 amino acids within the β-propeller domain, including key residues (p.I399, p.I401, 

p.R404) required for BBS1-ARL6 binding (Mourão et al., 2014).  

In the X1-like variant, the beginning of intron 1 was retained between exons 1 and 2 (see 

Figure 5. 5d). Note that its sequence was not identical to the “predicted transcript variant X1” 

listed in NCBI, given that it possessed (at least) the last 34 nucleotides exon 1 and the first 19 

nucleotides of intron 1. It was assumed that the beginning of exon 1 was present in its entirety, 

however, due to inability to design a primer upstream of exon 1, this could not be verified. The 

X1-like variant was not thought to be contaminating genomic DNA, as, aside from RNA samples 

having been DNase treated, introns 2 and onwards had been removed. In any case, including in 

WT cells, a protein was not expected to be translated from the start codon in exon 1, due to 

introduction of a frameshift and PTC. Translation of the X1-like or predicted X1 (NCBI) variants 

from a downstream start codon could not be discounted. If, in wild type cells, translation 

initiation had proceeded from a downstream start codon in exon 2 (see Table 3. 3 in Chapter 

3), a 61.95 kDa protein, p.M1_P30del, lacking the first 30 N-terminal amino acids would have 

been produced in wild type cells, which would likely not have been resolved from the full-length 

65 kDa BBS1 protein by Western blot. Loss of the first 30 amino acids of BBS1 may be 

detrimental. Amino acids 24 to 30 are predicted to form part of the β-propeller in both humans 

and mice (see Figure 3. 4 in Chapter 3) and the amino acid homologous to Chlamydomonas 

p.L24 (p.L41 in mouse) is one of seven residues that are key in mediating the interface between 

BBS1 and ARL6 (Mourão et al., 2014). Loss of the start codon through missense mutation 

(p.M1V; Gerth et al., 2008; Deveault et al., 2011) or its deletion (p.M1del; Mykytyn et al., 2003) 

has been identified in Bardet-Biedl syndrome patients, suggesting that, at least in humans, 

translation initiation from the ATG in exon 1 is necessary to avoid disease. Synthesis of 

p.M1_P30del could have occurred in clones bearing mutations in exon 1. Given no BBS1 

protein of any size was found in these clones, however, there was no evidence that the X1-like 

transcript variant gave rise to protein and certainly not in the amounts required for correct 

cellular function (i.e. similar to wild type levels of 65 kDa BBS1). In addition, if the variant had 

ameliorated cell-cell junction disruption Bbs1ex1.4, it would also have been expected to do the 

same in Bbs1ex1.1, which had disrupted tight junctions. The effects of mutations in exons 8 or 12 
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of Bbs1 (i.e. frameshift and PTC) would have been unchanged by translation initiation from 

exon 2, so the X1-like variant is not suspected to have affected the phenotypes of Bbs1ex8, 

Bbs1ex12.1, Bbs1ex12.3 or Bbs1ex12.4. 

The exon 14-skipping variant, unique to Bbs1M390R, resulted not only in the skipping of exon 14 

but also in the removal of the CRISPR mutation site of this clone. Assuming no splicing to the 

sequence upstream of the primer binding site in exon 11, its transcript would contain a 

frameshift and a PTC. Thus, it would be expected to undergo NMD, which may explain to the 

transcript’s low abundance. Interestingly, if translated, the resulting protein, p.L376Pfs*50, 

would be 46.95 kDa, which might explain the ~48 kDa BBS1 protein that was detected by 

Western blot (see Figure 3. 19a in Chapter 3). This protein could have contributed to the 

phenotype of Bbs1M390R, such as its increased TEER (see Figure 4. 11). To reiterate points 

made in Chapter 4, the presence of a ~48 kDa protein in Bbs1M390R, that its p.M390R mutation 

is not biallelic and that it is just a single clone, make it difficult to draw conclusions as to the 

effects of the p.M390R mutation on its phenotype. The origins of the exon 14-skipping transcript 

are uncertain. The mutations generated by CRISPR/Cas9 may have caused novel splice sites 

on one or both alleles. There is no evidence in the literature of the p.M390R mutation causing 

alternative splicing in human Bardet-Biedl syndrome patients, suggesting the c.1161C>A PAM 

site mutation or the c.1154_1173del mutation are likelier causes. Given the c.1154_1173del 

allelic sequence could not be retrieved from the full-length RT-PCR product generated from 

Bbs1M390R cDNA, it could be speculated that the spliced mRNA arises from this allele. 

Sequencing of transcripts which occurred at such low abundance was a challenge, particularly 

since the expected splice forms were not known. Some splice forms may have been missed, 

due to design of primers flanking sgRNA target sites. For example, one primer for amplification 

of each of the “exons 1-11” and “exons 11-15” RT-PCR products annealed within exon 11, 

preventing detection of splice forms in which exon 11 was removed, such as Bbs1-208 (listed in 

Ensembl). In addition, the entire Bbs1 transcript, from exons 1 to 17, was not sequenced, 

therefore whether the identified splicing incidents occurred within the same transcript is 

uncertain. For example, exons 8 and 13 might have been skipped within the same transcript. 

For simplicity when predicting the effects of splicing on the encoded protein, it was assumed 

that the sequences up- and down-stream of the identified splice sites encoded all expected 

exons. In future, use of mass spectrometry could detect and confirm whether (mutant) BBS1 

proteins arise from splice variants. Within the constraints of the methods used, there was little 

evidence for alternative splicing being responsible for phenotypic variation. 

Clonal genetic variation, whether caused by sgRNA off-target mutagenesis or (pre-existing) 

sporadic “background” mutations, could provide an alternative explanation for disruption of cell-

cell adhesion and loss of epithelial barrier integrity in Bbs1 knockout clones. Aside from one 

sgRNA off-target and two cilia gene variants in Bbs1ex8, this clone had eight more variants which 

were unique to it (see Figure 5. 17; all summarised in Table 5. 3). It was heterozygous for all 

eight, and no links could be found between these and diseases with a dominant mode of 

inheritance. This might indicate that the mutations are lethal at a very early embryonic stage 

(and therefore have not been linked to disease), which could be the case for variants in three 
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genes of Bbs1ex8: Tti1, Zfp14 and Akv1c21. On the other hand, in humans, the SLC39A11, 

EAR2, CR2 and CNTN genes are associated with increased susceptibility to various diseases 

and so are not lethal. In addition, ConSurf did not predict positions at which missense mutations 

existed to be functional (see Table 5. 3). Only one variant, in the contactin 3 gene (Cntn3), is 

involved in cell-cell adhesion; however, contactin proteins are expressed exclusively in the 

nervous system (Shimoda and Watanabe, 2009). Concomitant with this, its expression in 

IMCD3 (kidney) cells was low, therefore it is unlikely to be necessary for intercellular adhesion 

in this cell line. 

As with cilia gene variants, it is possible that some variants were not identified due to genomic 

regions lacking coverage. Up to 35 predicted off-target sites may have carried unidentified 

mutations, given that 35 out of a total of 1,074 predicted loci across the eight cell lines did not 

have coverage (see Figure 5. 7). Low read depth also contributed to high noise, resulting in 

false-positive flagging of an indel upstream of the Ccdc167 gene in Bbs1M390R as an off-target 

mutation (see Figure 5. 9). To maximise the likelihood of identifying off-target indels and to 

mitigate low read depth, a tandem approach was employed. Every predicted off-target locus 

was inspected in the whole genome assemblies of clones and the five likeliest loci were also 

amplified by PCR and Sanger sequenced. Each approach identified a genuine off-target locus. 

Intronic deletions, g.[11798287_11798300del; 11798278_11798306del] in the Cdh17 gene of 

Bbs1ex1.1 (see Figure 5. 10) and an in-frame deletion, p.E51del, in the HBS1L protein of Bbs1ex8 

(see Figure 5. 8) were identified at predicted off-target sites. These variants were unique to 

each clone. Given sgRNAs -1 and -8 had more than twice as many predicted off-target loci than 

sgRNAs -12 and -M390R (see Figure 5. 7), it is perhaps not surprising that these sgRNAs were 

responsible for the two incidents of off-target mutagenesis that were found.  

In HBS1L, ConSurf did not predict p.E51 to be highly conserved or functional, and in many 

homologues, it was absent (see Figure 5. 11). In addition, Bbs1ex8 was heterozygous for the 

variant, and although SNPs in the human HBS1L-MYB intergenic region are modifiers of sickle 

cell disease and beta-thalassemia (see Table 5. 3), no diseases with a dominant mode of 

inheritance are associated with the human HBS1L gene. There is no evidence, therefore, to 

connect this variant to the phenotype of Bbs1ex8. Biallelic off-target mutations in Cdh17 (see 

Figure 5. 10), which encodes cadherin 17, could be of concern, however VEP did not predict 

them to affect splicing, due to their positions deep within the intron. To be confident of this, the 

effects of the Cdh17 variants on mRNA and protein should, in future, be verified by RT-qPCR 

and Western blot. As its name suggests, cadherin 17 is involved in cell-cell adhesion, though it 

functions primarily in the liver and intestine. In accordance with this, the Genevestigator 

database shows the expression of Cdh17 is low in IMCD3 cells (see Table 5. 3), indicating that 

cadherin 17 is not a key mediator of cell-cell adhesion in this cell line. Although many factors, 

including a great many cell adhesion proteins, can influence intercellular adhesion, that 

Bbs1ex1.1 and Bbs1ex8 share disruption of tight junctions and loss of TEER suggests that the 

Cdh17 variant is not responsible. Bbs1ex8 and Bbs1ex1.1 were clonally distinct – they did not 

share the same genetic background. That the same phenotype arose in both supports the 
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hypothesis that loss of Bbs1 affects cell-cell adhesion, if a genetic compensation mechanism is 

at play. 

5.4.1 Summary 

To summarise, several pieces of evidence supported a role for Bbs1 in cell-cell adhesion. A 

second clone exhibiting reduced TEER and disrupted tight junctions, Bbs1ex1.1, was identified. 

The frequency of tight junction disruption amongst WT IMCD3 clones was low and differed 

significantly to that amongst Bbs1 knockout cell lines. As a potential explanation as to why 

some Bbs1 knockout clones did not display disrupted intercellular junctions, a correlation 

between Bbs1 transcript levels and loss of TEER was found to be maintained across eight 

Bbs1-/- cell lines, including Bbs1ex1.1, which had near-wild-type levels of Bbs1 mRNA. Although 

not direct evidence, this is supportive of transcriptional adaptation in response to knockout of 

Bbs1. More work is required to increase confidence in these findings and to probe the precise 

mechanisms underlying the role of Bbs1 cell adhesion and the genetic compensation response 

in Bbs1 knockout clones. Some efforts towards this are presented in Chapter 6. In addition, 

since two cell lines, Bbs1ex12.1 and Bbs1ex12.4, were found not to be clonal, future work should 

see that clones are isolated from these cell lines and are characterised to see whether the 

correlation between Bbs1 transcript levels and TEER is upheld. 

Some other potential sources of phenotypic variation were identified. Two sites of CRISPR off-

target mutagenesis were discovered, one in Bbs1ex8 (Hbs1l) and one in Bbs1ex1.1 (Cdh17). 

These were not anticipated to have a severe impact, as the former causes the deletion of a non-

functional, non-highly conserved amino acid and the latter is deep within an intron of a gene that 

is not expressed in kidney cells. Bbs1ex8 was also heterozygous for another eight unique 

variants that were found by WGS; however, none were implicated in cell-cell adhesion of 

IMCD3 kidney cells. Moreover, Bbs1ex1.1 did not carry these mutations but exhibited the cell-cell 

junction phenotype as Bbs1ex8. Bbs1M390R was found to possess a unique splice variant which 

may be functional and affect its phenotype. Alternative splicing was not believed to be a cause 

of phenotypic variation in other cell lines. Three novel splice variants were found in the parental 

WT cell line and all WTcr and Bbs1 mutant clones. These were an exon 8-skipping variant, an 

exon 13-skipping variant and an “X1-like” variant that was similar (but not identical) to the Bbs1 

predicted transcript variant X1 that is listed in NCBI. In some cases, these were not predicted to 

be functional, due to retention of CRISPR-induced mutations in Bbs1. Otherwise, expression of 

variant proteins was deemed unlikely as they had not been detected by Western blot. Within 

limits of the methodologies used (discussed above), no clear evidence could be found for 

alternative splicing, CRISPR sgRNA off-target activity or differences in the genetic background 

of each cell line being responsible for variation in the cell-cell adhesion of Bbs1 knockout cell 

lines.  

Finally, it was concluded that loss of ciliogenesis is unlikely to be Bbs1-specific. At the end of 

Chapter 4 it was proposed that knockout of Bbs1 might have impaired ciliogenesis in Bbs1ex8 if 

genetic compensation was at play. Bbs1ex1.1, a second Bbs1-/- clone in which genetic 

compensation was proposed, had no significant change in ciliogenesis. A clear cause of loss of 

ciliogenesis on WTcrex12.1 and WTcrM390R.1 was not found. The high frequency of impaired cilia 
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formation amongst WTcr clones indicated that it was not likely to be Bbs1-specific. Mutations 

were identified in two predicted cilia genes (Map6 and BC017158) in Bbs1ex8, providing a 

potential source for its impaired formation of cilia. In addition, the incidence of clones lacking 

cilia did not differ significantly between the group of Bbs1 knockout clones and a set of newly 

isolated WT IMCD3 clones. Cilia were absent on 8 % of the WT clones, indicating that this is a 

phenomenon which exists within the population of wild type IMCD3 cells. Thus, Chapter 6 will 

not focus on the role of Bbs1 in ciliogenesis in IMCD3 cells.  
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5.5 Tables for Chapter 5 

Table 5. 1: Consequences of Bbs1 splice variants in IMCD3 cell lines 

Red shading indicates that a transcript contains a premature termination codon (PTC) or that its translation will fail to initiate (due to start codon deletion); Orange 

shading indicates that, although the transcript does not contain a PTC, the protein is expected to be non-functional due to truncation. These predictions assume that 

the remainder of the transcript contains no other alternative splicing. 

Transcript 
variant 

Description 
of transcript 

sequence 

Clones 
expressing 

variant 

Consequence(s) in 
wild type cell lines 

Consequences in 
Bbs1ex1.1 and Bbs1ex1.4 

Consequences in 
Bbs1ex8 

Consequences in 
Bbs1ex12.4 

Consequences in 
Bbs1M390R 

Transcripts retrieved from IMCD3 cell lines 

X1-like 
(if translated 
from 
canonical 
ATG in 
exon 1) 

Exon 1 – 
beginning of 
intron 1 – 
exon 2 –  
exon 3 –  
exon 4… 

All p.(S16Rfs*39) (53 aa; 
5.27 kDa), causing 
truncation of majority of 
protein. 

No protein from alleles 
lacking ATG start codon. 
p.A2Lfs*16 (17 aa; 1.98 
kDa) from c.4del allele, 
causing truncation of 
majority of protein. 

p.(S16Rfs*39) (53 aa; 
5.27 kDa), causing 
truncation of majority of 
protein. 

p.(S16Rfs*39) (53 aa; 
5.27 kDa), causing 
truncation of majority of 
protein. 

p.(S16Rfs*39) (53 aa; 
5.27 kDa), causing 
truncation of majority of 
protein. 

X1-like 
(if translated 
from 
downstream 
start codon 
in exon 2) 

Exon 1 – 
beginning of 
intron 1 – 
exon 2 –  
exon 3 –  
exon 4… 

All p.(M1_P30del) (563 aa; 
61.95 kDa), causing 
deletion of N-terminal 
part of β-propeller, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014). 

p.(M1_P30del) (563 aa; 
61.95 kDa), causing 
deletion of N-terminal 
part of β-propeller, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014). 

Frameshift mutations 
persist in protein that 
lacks first 30 aa, causing 
deletion of majority of 
protein.  

Frameshift/nonsense 
mutations persist in 
protein that lacks first 30 
aa, causing deletion of 
N-terminal part of β-
propeller, including 
p.L24 required for 
BBS1-ARL6 interaction 
(Mourão et al., 2014), 
and truncation of C-
terminal GAE-like motif. 

c.1154_1173del allele: 
Nonsense mutation 
persists in protein that 
lacks first 30 aa, causing 
deletion of N-terminal 
part of β-propeller, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014), and 
truncation of C-terminal 
GAE-like motif. 
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Transcript 
variant 

Description 
of transcript 

sequence 

Clones 
expressing 

variant 

Consequence(s) in 
wild type cell lines 

Consequences in 
Bbs1ex1.1 and Bbs1ex1.4 

Consequences in 
Bbs1ex8 

Consequences in 
Bbs1ex12.4 

Consequences in 
Bbs1M390R 

c.[1161C>A; 1169T>G] 
allele: 
Silent PAM and 
p.M390R mutations 
persist in protein that 
lacks first 30 aa, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014). 

Exon 8-
skipping 

In-frame 
skipping of 
exon 8 

All p.(T198_K241del) (549 
aa; 60.41 kDa), causing 
loss of 44 aa portion of 
BBS1 β-propeller 
domain. 

Same as full-length 
transcripts, as exon 8 is 
downstream of start 
codon deletion/ 
frameshift mutations in 
exon 1. 

Removal of Bbs1ex8 
mutation site. 
p.(T198_K241del) (549 
aa; 60.41 kDa), causing 
loss of 44 aa portion of 
BBS1 β-propeller 
domain. 
 

Frameshift/nonsense 
mutations persist in 
protein that lacks 44 aa 
encoded by exon 8, 
causing loss of portion 
of BBS1 β-propeller 
domain and truncation of 
C-terminal GAE-like 
motif. 

c.1154_1173del allele: 
nonsense mutation 
persists in protein that 
lacks 44 aa encoded by 
exon 8, causing loss of 
portion of BBS1 β-
propeller domain and 
truncation of C-terminal 
GAE-like motif. 

c.[1161C>A; 1169T>G] 
allele: p.(T198_K241del) 
(549 aa; 60.41 kDa), 
causing loss of 44 aa 
portion of BBS1 β-
propeller domain. 
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Transcript 
variant 

Description 
of transcript 

sequence 

Clones 
expressing 

variant 

Consequence(s) in 
wild type cell lines 

Consequences in 
Bbs1ex1.1 and Bbs1ex1.4 

Consequences in 
Bbs1ex8 

Consequences in 
Bbs1ex12.4 

Consequences in 
Bbs1M390R 

Exon 13-
skipping 

In-frame 
skipping of 
exon 13 

All p.(G394_T446del) (540 
aa; 59.40 kDa), causing 
loss of 53 aa portion of 
BBS1 β-propeller 
domain, including key 
residues (p.I399, p.I401, 
p.R404) required for 
BBS1-ARL6 interaction 
(Mourão et al., 2014). 

Same as full-length 
transcripts, as exon 13 
is downstream of start 
codon deletion/ 
frameshift mutations in 
exon 1. 
 
 
 

Same protein as from 
full-length transcript, as 
exon 13 is downstream 
of frameshift mutations 
in exon 8. 

Same protein as from 
full-length transcript, as 
exon 13 is downstream 
of frameshift/ nonsense 
mutations in exon 12. 

c.1154_1173del allele: 
no change to protein 
translated from full-
length transcript, as 
exon 13 is downstream 
of nonsense mutation in 
exon 12.  

c.[1161C>A; 1169T>G] 
allele: silent PAM and 
p.M390R mutations 
persist in protein that 
lacks 53 aa encoded by 
exon 13, causing loss of 
portion of BBS1 β-
propeller domain, 
including key residues 
(p.I399, p.I401, p.R404) 
required for BBS1-ARL6 
interaction (Mourão et 
al., 2014). 

Exon 14-
skipping 

…Beginning 
of exon 12 – 
part of intron 
12 – exon 13 
– exon 15… 

Bbs1M390R 
only 

N/A N/A N/A N/A Removal of Bbs1M390R 
mutation site. 
p.(L376Pfs*50) (424 aa; 
46.95 kDa), causing loss 
of end of BBS1 β-
propeller domain, 
including key residues 
(p.R383, p.R384, p.I399, 
p.I401, p.R404) required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014) and loss of 
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Transcript 
variant 

Description 
of transcript 

sequence 

Clones 
expressing 

variant 

Consequence(s) in 
wild type cell lines 

Consequences in 
Bbs1ex1.1 and Bbs1ex1.4 

Consequences in 
Bbs1ex8 

Consequences in 
Bbs1ex12.4 

Consequences in 
Bbs1M390R 

entire C-terminal GAE-
like motif. 

Transcripts listed in NCBI or Ensembl but not detected in IMCD3 cell lines 

NCBI 
predicted 
transcript 
variant X1 
(XM_00653
1788.3; 
if translated 
from 
downstream 
start codon 
in exon 2) 

Middle of 
intron 1 – 
exon 2 – 
exon 3 – 
exon 4… 

None p.(M1_P30del) (563 aa; 
61.95 kDa), causing 30 
aa deletion of N-terminal 
part of β-propeller, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014). 

p.(M1_P30del) (563 aa; 
61.95 kDa), causing 30 
aa deletion of N-terminal 
part of β-propeller, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014). 

Frameshift mutations 
persist in protein that 
lacks first 30 aa, causing 
deletion of majority of 
protein.  

Frameshift/nonsense 
mutations persist in 
protein that lacks first 30 
aa, causing deletion of 
N-terminal part of β-
propeller, including 
p.L24 required for 
BBS1-ARL6 interaction 
(Mourão et al., 2014) 
and truncation of C-
terminal GAE-like motif. 

c.1154_1173del allele:  
nonsense mutation 
persists in protein that 
lacks first 30 aa, causing 
deletion of N-terminal 
part of β-propeller, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014), and 
truncation of C-terminal 
GAE-like motif. 

c.[1161C>A; 1169T>G] 
allele: silent PAM and 
p.M390R mutations 
persist in protein that 
lacks first 30 aa, 
including p.L24 required 
for BBS1-ARL6 
interaction (Mourão et 
al., 2014). 
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Transcript 
variant 

Description 
of transcript 

sequence 

Clones 
expressing 

variant 

Consequence(s) in 
wild type cell lines 

Consequences in 
Bbs1ex1.1 and Bbs1ex1.4 

Consequences in 
Bbs1ex8 

Consequences in 
Bbs1ex12.4 

Consequences in 
Bbs1M390R 

Ensembl 
transcript 
Bbs1-205 
(ENSMUST
000002370
85.1) 

In-frame 
skipping of 
exons 5-8 

None p.(D143_K241del) (443 
aa; 48.49 kDa), causing 
loss of 97 aa portion of 
BBS1 β-propeller 
domain. 

Same as full-length 
transcripts, as exons 5-8 
are downstream of start 
codon deletion/ 
frameshift mutations in 
exon 1. 

Removal of Bbs1ex8 
mutation site. 
p.(D143_K241del) (443 
aa; 48.49 kDa), causing 
loss of 97 aa portion of 
BBS1 β-propeller 
domain. 

Same protein as from 
full-length transcript, as 
exons 5-8 are 
downstream of 
frameshift mutations in 
exon 8. 

c.1154_1173del allele: 
nonsense mutation 
persists in protein that 
lacks 97 aa encoded by 
exons 5-8, causing loss 
portion of BBS1 β-
propeller domain and 
truncation of C-terminal 
GAE-like motif. 

c.[1161C>A; 1169T>G] 
allele: silent PAM and 
p.M390R mutations 
persist in protein that 
lacks 97 aa encoded by 
exons 5-8, causing loss 
of portion of BBS1 β-
propeller domain. 

Ensembl 
transcript 
Bbs1-208 
(ENSMUST
000002381
70.1) 

In-frame 
skipping of 
exons 9-11 

Unknown; 
primer 
design 
restricted 
ability to 
detect this 
variant 

p.(M242_P370del) (411 
aa; 45.08 kDa), causing 
loss of 129 aa portion of 
BBS1 β-propeller 
domain. 

Same as full-length 
transcripts, as exon 13 
is downstream of start 
codon deletion/ 
frameshift mutations in 
exon 1. 

Same protein as from 
full-length transcript, as 
exons 9-11 are 
downstream of 
frameshift mutations in 
exon 8. 

Frameshift/nonsense 
mutations persist in 
protein that lacks 129 aa 
encoded by exons 9-11, 
causing loss of portion 
of BBS1 β-propeller 
domain and truncation of 
C-terminal GAE-like 
motif. 

From c.1154_1173del 
allele, nonsense 
mutation persists in 
protein that lacks 129 aa 
encoded by exons 9-11, 
causing loss of portion 
of BBS1 β-propeller 
domain and truncation of 
C-terminal GAE-like 
motif. 
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Transcript 
variant 

Description 
of transcript 

sequence 

Clones 
expressing 

variant 

Consequence(s) in 
wild type cell lines 

Consequences in 
Bbs1ex1.1 and Bbs1ex1.4 

Consequences in 
Bbs1ex8 

Consequences in 
Bbs1ex12.4 

Consequences in 
Bbs1M390R 

From c.[1161C>A; 
1169T>G] allele, silent 
PAM and p.M390R 
mutations persist in 
protein that lacks 129 aa 
encoded by exons 9-11, 
causing loss of portion 
of BBS1 β-propeller 
domain. 
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Table 5. 2: Top five predicted off-target loci for each sgRNA 

PAM is underlined; mismatches between the sgRNA on-target and off-target sequences are shown in red; locus description output by CRISPOR gives the gene in 

which the off-target site is found, or the nearest genes in the case that the locus is intergenic. 

sgRNA + PAM 
Off-target 

ID 
Off-target DNA sequence + PAM 

No. 
mismatches 

CFD score 
Genomic 
location 

Locus 
description 

sgRNA-1: 
GACGCCTGGGAAAAT
GGCTGCGG 

OT 1.1 GACGTCAGGGAAAATGGCTGTGG 2 0.556818182 
Chr4: 
11798278-
11798300 

Intron: Cdh17 

OT 1.2 GAAGCCTGGGGAAATAACTGGGG 4 0.525777778 
Chr19: 
15749839-
15749861 

Intergenic: 
Gm24319-Psat1 

OT 1.3 GAAGGCTGGGAAAATAGCTAAGG 4 0.4875 
Chr14: 
101461095-
101461117 

Intron: Tbc1d4 

OT 1.4 CACACCTGGTAAAATGACTGAGG 4 0.4875 
Chr11: 
5940477-
5940499 

Intergenic: 
Gm11967-Gck 

OT 1.5 TAAGGCTGGTAAAATGGCTGAGG 4 0.4225 
Chr11: 
121462396-
121462418 

Intron: Tbcd 

sgRNA-8: 
GACCACCCTGAAGAA
GAACCTGG 

OT 8.1 AAACACCCAGAAGAAAAACCAGG 4 0.724285715 
Chr3: 
135136267-
135136289 

Intergenic: 
Tacr3-Gm24048 

OT 8.2 TACCAAACTGAAAAAGAACCTGG 4 0.642857143 
Chr16: 
46802112-
46802134 

Intergenic: 
Pvrl3-Gm6912 

OT 8.3 TACCACCTTGGAGAAGAACCTGG 3 0.56875 
Chr2: 
101871769-
101871791 

Intergenic: Prr5l-
Gm13905 

OT 8.4 TTCAACCCAGAAGAAGAACCTGG 4 0.568694463 
Chr11: 
107324268-
107324290 

Intergenic: 
Pitpnc1-
Gm11719 

OT 8.5 AAACACCATGAAGAAAAACCAGG 4 0.507 Chr6: Intergenic: Npy-
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sgRNA + PAM 
Off-target 

ID 
Off-target DNA sequence + PAM 

No. 
mismatches 

CFD score 
Genomic 
location 

Locus 
description 

49906029-
49906051 

Gm21786 

sgRNA-12: 
ACCCTCATCATGACT
ACTAGAGG 

OT 12.1 AATATCATCATGACTACTAATGG 4 0.394736842 
Chr1: 6774353-
6774375 

Intron: St18 

OT 12.2 GCACTCATCATGACTACCAGTGG 3 0.371428572 
Chr12: 
8590132-
8590154 

Intron: Slc7a15 

OT 12.3 ACCTGCATCAAAACTACTAGAGG 4 0.3584 
Chr2: 
148739286-
148739308 

Intergenic: 
Napb-Cstl1 

OT 12.4 ACCCTTAAAATGACTATTAGCGG 4 0.297142857 
Chr1: 8051947-
8051969 

Intergenic: 
Gm26901-Sntg1 

OT 12.5 ACACTCATCATGACTAAAAGTGG 3 0.26962963 
Chr8: 
70401262-
70401284 

Intron: Crtc1 

sgRNA-M390R: 
CACCTCTAGTAGTCA
TGATGAGG 

OT 
M390R.1 

CACCTTTAGAAGTCATGTTGTGG 3 0.397959184 
Chr11:1052677
21-105267743 

Intron: Tlk2 

OT 
M390R.2 

CAACTCCAGAAGACATGATGAGG 4 0.353571428 
Chr5:45186031
-45186053 

Intergenic: 
4930435H24Rik-
Qdpr 

OT 
M390R.3 

CAACACTGGTAGTCATAATGGGG 4 0.296592592 
Chr2:51771800
-51771822 

Intergenic: 
Gm13490-
Gm13492 

OT 
M390R.4 

CACCAATGGTAGACATGATGGGG 4 0.235714286 
Chr1:3428766-
3428788 

Intergenic: Xkr4-
Gm1992 

OT 
M390R.5 

TATCTCTAGTTGTCAAGATGTGG 4 0.192307692 
Chr9:77877873
-77877895 

Intergenic: Gclc-
Elovl5 
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Table 5. 3: Summary of validated genomic variants identified in IMCD3 cell lines 

Genotypes are denoted as follows: 0/0 = wild type with respect to the mouse mm10 genome; 0/1 = heterozygous; 1/1 = homozygous, ½ = compound heterozygous. 

NC (“no coverage”) indicates coverage and/or read depth were not sufficient enough to give a genotype. SIFT scores are given for missense variants only and 

ConSurf amino acid conservations scores are given for single amino acid changes only (i.e. in-frame deletions or missense variants). 

Clone Gene 

Summary of 
gene function 
(from UniProt 

and/or GO 
terms) 

Mean 
absolute 

gene 
expression 
in IMCD3 

cells (from 
Gene-

vestigator) 

Genotype 
of clone 

Variant 
genomic 

locus 

Variant 
nomenclature 

Consequence 
Impact 
(VEP) 

SIFT 
score  

ConSurf 
amino acid 

conservation 
score 

Association(s) with 
human disease 

Predicted CRISPR sgRNA off-target loci 

Bbs1ex1.1 Intron: 
Cdh17 

Liver-intestine 
cadherin 
involved in cell-
cell adhesion 

409.65 
(low) 

1/2 
Chr4: 
11798278-
11798300 

g.[11798287_ 
11798300del;  
11798278_ 
11798306del] 

Intron variant Modifier N/A N/A 

SNPs in CDH17 
coding sequence are 
associated with 
increased 
susceptibility to 
colorectal cancer 
(Chen et al., 2012) 

Bbs1ex8 Hbs1l 
Translation 
elongation factor 

14407.62 
(high) 

0/1 
Chr10: 
21304556-
21304578 

c.145_147del 
p.E51del 

In-frame 
deletion 

Moderate N/A 5 e 

SNPs in the HBS1L-
MYB intergenic 
region are modifiers 
of beta-thalassemia 
and sickle cell 
disease (Lettre et al., 
2008; Nuinoon et al., 
2010; Makani et al., 
2011; Roy et al., 
2012; Danjou et al., 
2015) 
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Clone Gene 

Summary of 
gene function 
(from UniProt 

and/or GO 
terms) 

Mean 
absolute 

gene 
expression 
in IMCD3 

cells (from 
Gene-

vestigator) 

Genotype 
of clone 

Variant 
genomic 

locus 

Variant 
nomenclature 

Consequence 
Impact 
(VEP) 

SIFT 
score  

ConSurf 
amino acid 

conservation 
score 

Association(s) with 
human disease 

Cilia gene variants 

Bbs1ex8 Map6 

Cold-stable 
microtubule-
associated 
protein 

1022.77 
(medium) 

1/1 
Chr7: 
99317616 

c.1651G>A 
p.D551N 

Missense 
variant 

Moderate 0.02 4 e 

Schizophrenia 
susceptibility gene 
(Shimizu et al., 2006; 
Choi et al., 2009; 
Peris et al., 2018) 

Bbs1ex8 BC017158 

Transmembrane 
protein of 
unknown 
function 

2196.93 
(medium) 

1/1 
Chr7: 
128297476 

c.395C>T 
p.T132I 

Missense 
variant 

Moderate 0 9 e f None found 

Bbs1ex8 unique variants 

Bbs1ex8 Slc39a11 
Transmembrane 
zinc ion 
transporter 

4799.48 
(high) 

0/1 
Chr11: 
113369881 

c.469C>T 
p.E157* 

Stop gained High N/A N/A 

Susceptibility gene 
for chromic gastritis 
(Ha and Bae, 2018) 
and various cancers, 
including glioma 
(Kang et al., 2015), 
renal and bladder 
cancers (Wu et al., 
2015) 

Bbs1ex8 Ear2 

Transcription 
factor involved in 
transcriptional 
repression 

451.02 
(low) 

0/1 
Chr14: 
44103083 

c.197_198insT 
p.L68Sfs*7 

Frameshift 
variant 

High N/A N/A 

SNP ~3.4 kbp 
upstream of EAR2 is 
associated with 
susceptibility to 
schizophrenia (Hass 
et al., 2013) 
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Clone Gene 

Summary of 
gene function 
(from UniProt 

and/or GO 
terms) 

Mean 
absolute 

gene 
expression 
in IMCD3 

cells (from 
Gene-

vestigator) 

Genotype 
of clone 

Variant 
genomic 

locus 

Variant 
nomenclature 

Consequence 
Impact 
(VEP) 

SIFT 
score  

ConSurf 
amino acid 

conservation 
score 

Association(s) with 
human disease 

Bbs1ex8 Cr2 
Complement 
receptor 

317.48 
(low) 

0/1 
Chr1: 
195155221 

c.2440G>T 
p.V1190F 

Missense 
variant 

Moderate 0.02 6 b 

Susceptibility gene 
for systemic lupus 
erythematosus  (Wu 
et al., 2007; Douglas 
et al., 2009) and 
possibly for 
nasopharyngeal 
cancer (evidence is 
conflicting) 
(Hirunsatit et al., 
2003; Fan et al., 
2013; Sousa et al., 
2016) 

Bbs1ex8 Tti1 

Regulator of 
DNA damage 
response and 
mTOR signalling 

4588.46 
(high) 

0/1 
Chr2: 
158000679 

c.2429G>A 
p.S810I 

Missense 
variant 

Moderate 0 3 e None found 

Bbs1ex8 Cntn3 

Cell-cell 
adhesion protein 
expressed 
exclusively in the 
nervous system 

186.46 
(low) 

0/1 
Chr6: 
102168893 

c.2986A>T 
p.S996C 

Missense 
variant 

Moderate 0 4 e 

Many CNTN genes 
are associated with  
susceptibility for 
neurodevelopmental 
disorders (Nava et 
al., 2014; Poot, 2014; 
J. Hu et al., 2015), 
but there is no direct 
evidence of such for 
CNTN3  
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Clone Gene 

Summary of 
gene function 
(from UniProt 

and/or GO 
terms) 

Mean 
absolute 

gene 
expression 
in IMCD3 

cells (from 
Gene-

vestigator) 

Genotype 
of clone 

Variant 
genomic 

locus 

Variant 
nomenclature 

Consequence 
Impact 
(VEP) 

SIFT 
score  

ConSurf 
amino acid 

conservation 
score 

Association(s) with 
human disease 

Bbs1ex8 Zfp14 
May be involved 
in transcriptional 
regulation 

314.47 
(low) 

0/1 
Chr7: 
30039012 

c.547C>A 
p.L183I 

Missense 
variant 

Moderate 0 6 e None found 

Bbs1ex8 Akr1c21 
Enzyme of the 
aldo-keto 
reductase family 
involved in 
steroid 
biosynthesis 

427.40 
(medium) 

0/1 
Chr13: 
4575250 

c.179A>G 
p.H60R 

Missense 
variant 

Moderate 0 6 e 

None found 

Bbs1ex8 Akr1c21 0/1 
Chr13: 
4576277 

c.299A>T 
p.E100V 

Missense 
variant 

Moderate 0 3 e 
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Table 5. 4: High impact variants found by WGS in cilia genes 

Genotypes are denoted as follows: 0/0 = wild type with respect to the mouse mm10 genome; 0/1 = heterozygous; 1/1 = homozygous, ½ = compound heterozygous. 

NC (“no coverage”) indicates coverage was not sufficient to give a genotype. Whether a clone has a ciliogenesis phenotype (i.e. impaired ciliogenesis) is indicated: 

Y = yes; N = no. 

Gene Locus 
Genomic 
variant 

Consequence WTcrex1 Bbs1ex1.4 WTcrex8 Bbs1ex8 WTcrex12.1 Bbs1ex12.4 WTcrM390R.1 Bbs1M390R 

Ciliogenesis phenotype in clone? N N N Y Y N Y Y 

Pam Chr1:97826041 C>A 
Splice acceptor 
variant 

0/0 0/0 0/0 0/0 0/1 0/0 0/0 0/0 

Usp21 (1) Chr1:171285327 G>A Stop gained 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Usp21 (2) Chr1:171286742 G>TT 
Frameshift 
variant 

0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Bbs5 Chr2:69659647 G>GTA 
Frameshift 
variant 

0/0 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Myef2 Chr2:125109152 A>G 
Splice donor 
variant 

0/0 0/0 0/0 0/0 0/1 0/0 0/0 0/0 

Ttll9 Chr2:153003106 T>A Stop lost 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Bbs12 Chr3:37312510 G>T Stop gained 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Cfap74 Chr4:155429161 G>T Stop gained 0/1 0/1 0/0 0/0 0/0 0/0 0/0 0/0 

Pde6b Chr5:108421265 C>A Stop gained 0/1 0/1 0/1 0/1 0/0 0/1 0/0 0/1 

Tctn2 Chr5:124624334 T>TAC 

Splice acceptor 
variant; 
Frameshift 
variant 

1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Ppp1r9a 
Chr6:5134070-
5134071 

AC>A 
Frameshift 
variant 

0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Gapdhs 
Chr7:30738605-
30738607 

CAG>C 
Frameshift 
variant 

1/1 1/1 1/1 0/1 0/1 1/1 0/1 1/1 

Pnkp Chr7:44861490- GC>G Frameshift 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 
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Gene Locus 
Genomic 
variant 

Consequence WTcrex1 Bbs1ex1.4 WTcrex8 Bbs1ex8 WTcrex12.1 Bbs1ex12.4 WTcrM390R.1 Bbs1M390R 

Ciliogenesis phenotype in clone? N N N Y Y N Y Y 

44861491 variant 

Pde4c 
Chr8:70730130-
70730131 

GC>G 
Frameshift 
variant 

1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Eef1a1 
Chr9:78478772-
78478774 

CTT>C 
Frameshift 
variant 

0/1 0/0 0/1 0/1 0/1 0/1 0/1 0/1 

Tbc1d32 Chr10:56177585 C>A 
Splice acceptor 
variant 

0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/1 

Hk1 Chr10:62353057 C>T 
Splice donor 
variant 

0/0 0/0 0/0 0/0 0/0 0/1 0/0 0/0 

Phb Chr11:95668091 G>T Stop gained 0/1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

Syne2 (1) 
Chr12:76031396-
76031398 

GTA>G 
Splice donor 
variant; Intron 
variant 

1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Tuba1a Chr15:98950874 G>T Stop gained 0/0 0/1 0/0 0/1 0/1 0/1 0/1 0/0 

Hsp90ab1 
(1) 

Chr17:45568364 C>CCT 
Frameshift 
variant 

0/1 0/1 0/1 0/1 0/1 0/0 0/0 0/1 

Hsp90ab1 
(2) 

Chr17:45568456-
45568460 

TCTCG>CCTCA Stop gained 0/1 0/1 0/1 0/1 0/1 0/1 0/0 0/1 

Fam179a Chr17:71690739 T>C 
Splice donor 
variant 

0/0 0/0 0/0 0/1 0/0 0/0 0/0 0/0 

Morn2 Chr17:80295650 G>T 
Splice donor 
variant 

0/0 0/0 0/0 0/0 0/0 0/0 0/1 0/0 
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Table 5. 5: Deleterious variants found by WGS in cilia genes 

Genotypes are denoted as follows: 0/0 = wild type with respect to the mouse mm10 genome; 0/1 = heterozygous; 1/1 = homozygous, ½ = compound heterozygous. 

NC (“no coverage”) indicates coverage was not sufficient to give a genotype. Whether a clone has a ciliogenesis phenotype (i.e. impaired ciliogenesis) is indicated: 

Y = yes; N = no. 

Gene Locus 
Genomic 
variant 

Missense 
consequence 

SIFT 
score 

WTcrex1 Bbs1ex1.4 WTcrex8 Bbs1ex8 WTcrex12.1 Bbs1ex12.4 WTcrM390R.1 Bbs1M390R 

Ciliogenesis phenotype in clone? N N N Y Y N Y Y 

Pkhd1 (1) Chr1:20523125 G>A T1588M 0 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Pkhd1 (2) Chr1:20537401 T>A D1077V 0.02 0/1 0/1 0/1 0/1 0/1 0/1 1/1 0/1 

Pkhd1 (3) Chr1:20553472 G>T P800T 0.04 0/1 0/1 0/1 0/1 0/1 0/1 0/1 1/1 

Pkhd1 (4) Chr1:20562376 A>G L605P 0.01 0/1 0/1 0/1 0/1 0/1 0/0 0/1 0/1 

Bard1 Chr1:71075459 C>A R121M 0.05 0/1 0/1 0/1 0/1 0/1 1/1 0/1 0/1 

Ttc30b Chr2:75937033 A>G E549R 0 0/1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

Crnkl1 Chr2:145932922 T>C Q32R 0 0/0 0/0 0/0 0/0 0/0 0/0 0/1 0/0 

Cep250 (1) Chr2:155969338 C>T S369L 0.04 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 

Cep250 (2) Chr2:155970053 A>G H424R 0 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Cep250 (3) Chr2:155974320 A>G Q666R 0 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Adh5 Chr3:138451436 G>A V253I 0.02 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Ssx2ip Chr3:146426390 A>G E202G 0 0/0 0/0 0/0 0/1 0/0 0/0 0/0 0/0 

Ccdc180  Chr4:45923200 A>C E1051D 0 0/0 0/0 0/1 0/0 0/0 0/0 0/0 0/0 

Whrn Chr4:63415563 C>T R893Q 0.04 0/1 0/1 0/1 0/1 0/1 1/1 0/1 0/1 

Focad Chr4:88230459 T>C V557A 0 0/0 0/0 0/0 0/0 0/1 0/0 0/0 0/0 

Pgd Chr4:149156711 C>G G247A 0 0/1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

Nupl2 Chr5:24182241 C>T A343V 0.01 0/1 1/1 0/1 1/1 1/1 0/1 0/1 0/1 

Cc2d2a Chr5:43684085 A>G T197A 0 0/0 0/1 0/0 0/0 0/0 0/0 0/0 0/0 

Prkar1b Chr5:139062570 T>C D178G 0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/1 

Dctn1 Chr6:83190509 C>T R406W 0.01 0/1 0/1 1/1 0/1 0/1 0/1 0/1 0/1 
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Gene Locus 
Genomic 
variant 

Missense 
consequence 

SIFT 
score 

WTcrex1 Bbs1ex1.4 WTcrex8 Bbs1ex8 WTcrex12.1 Bbs1ex12.4 WTcrM390R.1 Bbs1M390R 

Ciliogenesis phenotype in clone? N N N Y Y N Y Y 

Rps9 Chr7:3704361 G>A A4T 0.02 0/1 0/1 0/1 0/0 0/1 0/1 0/1 0/0 

Nup62 Chr7:44828900 G>T G113V 0.01 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Kif7 Chr7:79699507 G>A R1138W 0 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Map6 Chr7:99317616 G>A D551N 0.02 0/1 0/1 0/1 1/1 0/1 0/1 NC NC 

Cdcd3 Chr7:100372495 A>T R18S 0.01 0/0 0/0 0/1 0/0 0/0 0/0 0/0 0/0 

Nup98 Chr7:102132742 A>G V1227A 0.02 0/0 0/0 0/0 0/0 0/0 0/0 0/1 0/0 

BC017158 Chr7:128297476 G>A T132I 0 0/1 0/1 0/1 1/1 0/1 0/1 0/1 0/1 

Ift46 Chr9:44786897 T>C L219P 0 0/0 0/0 0/0 0/0 0/0 0/0 0/1 0/0 

U2surp Chr9:95490152 T>C N319S 0 0/1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

Poc1a Chr9:106284925 C>T P50S 0.05 0/1 0/1 0/1 1/1 0/1 0/0 0/1 0/1 

Celsr3 Chr9:108827928 A>G S537G 0.04 0/1 0/0 0/1 0/1 0/1 0/0 0/1 0/1 

Mdm1 Chr10:118146780 G>A A107T 0.05 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 

Abca13 (1) Chr11:9294545 G>A S2136N 0.02 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Abca13 (2) Chr11:9328117 C>T T3099M 0.04 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Abca13 (3) Chr11:9465004 G>A A4014T 0 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Dnah9 Chr11:65918824 G>A A3316V 0.03 1/1 NC 1/1 1/1 1/1 1/1 1/1 1/1 

Dnah17 Chr11:118094710 C>T D1518N 0.04 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Fscb Chr12:64472965 C>A V576F 0.01 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Syne2 (2) Chr12:76052105 C>A Q5253K 0.01 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Syne2 (3) Chr12:76061673 A>G S5683G 0.04 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Syne2 (4) Chr12:76061683 T>C V5686A 0.01 0/0 0/0 0/1 0/0 0/0 0/0 0/0 0/0 

Syne2 (5) Chr12:76066627 GA>TT E5836L 0.02 1/1 1/1 1/1 1/1 1/1 1/1 1/1 1/1 

Spata7 Chr12:98669562 T>A L547Q 0.04 1/1 1/1 1/1 0/1 0/1 0/1 0/1 0/1 

Catsperb Chr12:101415365 C>T T102I 0.05 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Trip11 Chr12:101845144 G>A R1827W 0.01 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 
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Gene Locus 
Genomic 
variant 

Missense 
consequence 

SIFT 
score 

WTcrex1 Bbs1ex1.4 WTcrex8 Bbs1ex8 WTcrex12.1 Bbs1ex12.4 WTcrM390R.1 Bbs1M390R 

Ciliogenesis phenotype in clone? N N N Y Y N Y Y 

Ak7 Chr12:105768694 C>T L640F 0.04 0/1 1/1 0/0 0/1 0/1 0/1 0/1 0/1 

Dnah11 Chr12:117954720 C>T G3492D 0.02 0/1 1/1 0/1 0/1 0/1 0/1 0/1 0/1 

Map1b Chr13:99433708 T>G K835T 0 0/1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

Dnah12 Chr14:26856632 C>T T3116M 0.03 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Dnah1 Chr14:31264422 G>A R3703C 0.02 NC 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Dydc2 Chr14:41049318 T>C R135G 0.04 0/1 0/1 0/1 0/1 0/1 0/1 1/1 0/1 

Parp2 Chr14:50819425 C>G D335E 0 0/0 0/0 0/0 0/0 0/1 0/0 0/0 0/0 

Lcp1 Chr14:75224148 C>T T527M 0.04 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Dnah5 Chr15:28345815 C>T R2434W 0.04 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Mchr1 Chr15:81237699 T>G F217V 0 0/0 0/0 0/1 0/0 0/0 0/0 0/0 0/0 

Atxn10 Chr15:85391711 T>C L323P 0 0/0 0/0 0/0 0/0 0/0 0/1 0/0 0/0 

1110004E09Rik Chr16:90931125 G>T P59H 0 0/1 0/1 0/1 NC 0/1 0/1 0/1 0/1 

Dnah8 Chr17:30803191 T>G F3922V 0 0/0 0/0 0/0 0/0 0/0 0/0 0/1 0/0 

Hsp90ab1 (1) Chr17:45568250 G>A R682C 0.05 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Hsp90ab1 (2) Chr17:45568259 G>T R679S 0.04 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

Hsp90ab1 (3) Chr17:45568434 CA>TG M620T 0 0/1 0/1 0/1 0/1 0/1 0/1 0/0 0/1 

Hsp90ab1 (4) Chr17:45568465 G>A A610V 0.05 0/1 0/1 0/1 0/1 0/1 0/1 0/0 0/1 

Hsp90ab1 (5) Chr17:45568474 T>G K607T 0 0/1 0/1 0/1 0/1 0/1 0/1 0/0 0/1 

Hsp90ab1 (6) Chr17:45568482 CCG>GCA R604C 0.02 0/1 0/1 0/1 0/1 0/1 0/1 0/0 0/1 

Slc12a2 Chr18:57900062 G>A R404Q 0 0/1 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

Rttn Chr18:88983872 C>A P303T 0.02 0/0 0/0 0/0 0/0 0/1 0/0 0/0 0/0 
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Table 5. 6: High impact variants unique to Bbs1ex8 found by WGS 

Genotypes are denoted as follows: 0/0 = wild type with respect to the mouse mm10 genome; 0/1 = heterozygous; 1/1 = homozygous, ½ = compound heterozygous. 

NC (“no coverage”) indicates coverage and/or read depth were not sufficient enough to give a genotype. 

Gene Locus Genomic variant Consequence 
Bbs1ex8 genotype in 

whole genome 
assembly 

Bbs1ex8 genotype 
validated by Sanger 

sequencing 

Col5a2 Chr1:45406320-45406321 CA>C Frameshift variant 0/1 0/0 

Cryba2 Chr1:74891944 A>G Splice donor variant 0/1 0/0 

Dpp10 Chr1:123367657-123367658 TA>T Frameshift variant 0/1 0/0 

Plekhg5 Chr4:152114570 T>C 

Stop lost; 
Splice donor variant; 
Non-coding transcript 
variant 

0/1 0/0 

Olfr671 Chr7:104975972 A>C Stop gained 0/1 0/0 

Arhgap17 Chr7:123292034 A>C 

Splice donor variant; 
Non-coding transcript 
variant; 
NMD transcript variant 

0/1 0/0 

Ltf Chr9:111022434 G>A 
Stop gained; 
NMD transcript variant 

0/1 0/0 

Slc39a11 Chr11:113369881 C>A Stop gained 0/1 0/1 

Tmem63c Chr12:87077917-87077918 CT>T Frameshift variant 0/1 0/0 

Ear2 Chr14:44103083 C>CT Frameshift variant 0/1 0/1 

Fam179a 
(Togaram2) 

Chr17:71690739 T>C Splice donor variant 0/1 0/0 
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Table 5. 7: Deleterious variants unique to Bbs1ex8 found by WGS 

Genotypes are denoted as follows: 0/0 = wild type with respect to the mouse mm10 genome; 0/1 = heterozygous; 1/1 = homozygous, ½ = compound heterozygous. 

NC (“no coverage”) indicates coverage and/or read depth were not sufficient enough to give a genotype. NC (“no coverage”) indicates coverage and/or read depth 

were not sufficient enough to give a genotype. 

Gene Locus 
Genomic 

variant (on + 
strand) 

Missense consequence SIFT score 
Bbs1ex8 genotype 
in whole genome 

assembly 

Bbs1ex8 genotype 
validated by 

Sanger 
sequencing 

Mettl21c Chr1:44013684 C>T A58T 0.04 0/1 0/0 

Cr2 Chr1:195155221 C>A V1190F 0.02 0/1 0/1 

Cntrl Chr2:35120100 A>G E262G 0 0/1 0/0 

Rabgap1 Chr2:37475321 T>C I202T 0 0/1 0/0 

Grb14 Chr2:64912816 T>C D503G 0.04 0/1 0/0 

Tti1 Chr2:158000679 C>A S810I 0 0/1 0/1 

Ssx2ip Chr3:146426390 A>G E202G 0 0/1 0/0 

Musk Chr4:58353991 A>G E348G 0.02 0/1 0/0 

Plxna1 Chr6:89322731 C>A K1685N 0 0/1 0/0 

Cntn3 Chr6:102168893 T>A S996C 0 0/1 0/1 

Zfp14 Chr7:30039012 G>T L183I 0 0/1 0/1 

Ube3a Chr7:59286090 G>T W595L 0 0/1 0/0 

Mcmbp Chr7:128703584 T>C K487E 0 0/1 0/0 

Cdt1 Chr8:122571846 C>G R437G 0.02 0/1 0/0 

Grik4 Chr9:42541994 C>A Q698H 0.01 0/1 0/0 

Tnip1 Chr11:54916816 T>G N600H 0.04 0/1 0/0 

Zfp287 Chr11:62714704 A>C F459C 0 0/1 0/0 
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Gene Locus 
Genomic 

variant (on + 
strand) 

Missense consequence SIFT score 
Bbs1ex8 genotype 
in whole genome 

assembly 

Bbs1ex8 genotype 
validated by 

Sanger 
sequencing 

Akr1c21 (1) Chr13:4575250 A>G H60R 0 0/1 0/1 

Akr1c21 (2) Chr13:4576277 A>T E100V 0 0/1 0/1 

Stmnd1 Chr13:46289775 A>G S128G 0 0/1 0/0 

Pinx1 Chr14:63866138 T>G H55Q 0 0/1 0/0 

P2rx6 Chr16:17568086 A>C D233A 0 0/1 0/0 

Tmem30c Chr16:57266576 A>G F288S 0 0/1 0/0 

Hunk Chr16:90386694 T>C L80P 0.01 0/1 0/0 

Cbr3 Chr16:93690712 C>G A261G 0.03 1/1 0/0 

Pdgfrb Chr18:61066554 C>T T394I 0 0/1 0/0 
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6 Transcriptomic analysis of Bbs1-/- clones 

6.1 Hypotheses, Aims and Objectives 

Hypotheses 

3a: Bbs1 has a role in the maintenance of cell-cell adhesion; 

3b: Reduced Bbs1 mRNA levels correlate with a less severe cellular phenotype. 

Aims 

4: To confirm whether disruption of cell-cell adhesion is a phenotype caused by loss of Bbs1; 

5: To uncover gene expression changes associated with loss of Bbs1. 

Objectives 

4.1: To test whether group-sorted IMCD3 cell populations carrying indels in Bbs1 have 

reduced TEER (addressed in section 6.3.1); 

4.2: To attempt to restore cell-cell junctions in Bbs1ex1.1 and Bbs1ex8 by overexpression of 

BBS1 (addressed in section 6.3.2); 

4.3: To use RNA sequencing to identify transcriptional changes… 

…caused by the loss of Bbs1 in Bbs1ex1.4 and Bbs1ex8; 

…underlying the disruption of cell-cell adhesion in Bbs1ex8; 

…which may compensate for the loss of Bbs1 in Bbs1ex1.4 (all addressed 

section 6.3.3). 

6.2 Overview 

Disruption of cell-cell adhesion and loss of epithelial barrier integrity were correlated with Bbs1 

transcript levels, suggesting that: 1) these phenotypes were caused by the loss of Bbs1; and 2) 

they may have been compensated for by transcriptional adaptation. Evidence presented in 

Chapter 4 and Chapter 5 indicated that, if true, these two statements must be mutually 

inclusive. In the present chapter, further cell-based experiments were employed to gather 

evidence of a role for Bbs1 in the maintenance of cell-cell adhesion. To circumvent the caveat 

of clonal variation associated with IMCD3 clones, group-sorted cell populations carrying various 

indels in Bbs1 were generated, and their tight junctions studied. Meanwhile, overexpression of 

BBS1 was used in attempt to restore tight junctions in two clones with disrupted tight junctions, 

Bbs1ex1.1 and Bbs1ex8. Finally, RNA sequencing (RNAseq) was used to investigate the 

transcriptional changes common to Bbs1ex1.4 and Bbs1ex8, which may have been caused by the 

loss of Bbs1, as well as those which may have contributed to disruption of cell-cell adhesion in 

Bbs1ex8. RNAseq datasets were also studied for evidence of transcriptional changes in Bbs1ex1.4 

which may have provided genetic compensation to buffer against the loss of Bbs1 and prevent 

disruption of its cell-cell junctions.  
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6.3 Results 

6.3.1 Testing for reduced TEER in group-sorted IMCD3 cell populations carrying indels 

in Bbs1 (Objective 4.1) 

Use of clones to study the phenotypic effects of loss of Bbs1 was confounded by clonal 

variation due to differences in genetic background and, possibly, genetic compensation. To 

overcome this, CRISPR gene editing was performed in WT IMCD3 cells without the use of 

clonal isolation. Each of the sgRNAs used to generate Bbs1 knockout clones – in exons 1, 8 

and 12 – was employed independently in IMCD3 cells, which were then group-sorted to enrich 

for cells bearing indels in Bbs1 (see Figure 3. 8 in Chapter 3). A single-cell sort was not used 

(as clones were not isolated). For each population of cells, carrying various indel mutation in 

exons 1, 8 or 12 of Bbs1, epithelial barrier integrity was quantified by TEER (see Figure 6. 1). 

All three gene-edited populations had a lower mean TEER than WT IMCD3 cells, although this 

difference was only significant in the population with mutations in exon 12 (p=0.0165). There 

was no statistically significant reduction in the TEER of groups bearing mutations in exon 1 

(p=0.0958) or exon 8 (p=0.0634). Overall, data suggested that groups of cells carrying various 

mutations in Bbs1 have impaired barrier function. 

6.3.2 Attempt to restore cell-cell junctions in Bbs1ex1.1 and Bbs1ex8 by overexpression 

of BBS1 (Objective 4.2) 

Disruption of tight junctions may be a Bbs1-associated phenotype which manifests in Bbs1ex1.1 

and Bbs1ex8 in absence of genetic compensation. It was hypothesised that if tight junction 

disruption arises from Bbs1 knockout, overexpression of Bbs1 would (partially) rescue tight 

junction disruption. The parental WT, Bbs1ex1.1 and Bbs1ex8 cell lines were transfected with an 

expression vector, pcDNA-DEST53-hBBS1, encoding the human BBS1 protein with an N-

terminal GFP tag (GFP::hBBS1). BBS1 with an N-terminal tag has successfully been used to 

isolate interactors of BBS1 by TAP (Price et al., 2012; Boldt et al., 2016), suggesting a tag at 

this location does not affect the function of BBS1. Negative controls were provided by non-

transfected cells or cells transfected with an empty vector (pcDNA-DEST53). Western blot 

showed successful transfection and expression of GFP::hBBS1 in all three cell lines (see 

Figure 6. 2a). As expected, WT cells expressed endogenous BBS1, whilst Bbs1ex1.1 and 

Bbs1ex8 did not. Tight junctions were observed by immunofluorescence (see Figure 6. 2b, 

Figure 6. 2e, Figure 6. 2f). Bbs1ex1.1 and Bbs1ex8 cells in which GFP::hBBS1 was 

overexpressed did not appear to have any more tight junctions that non-transfected or “empty” 

pcDNA-DEST53-transfected cells. However, small changes in tight junction disruption could not 

be detected using this methodology. 

6.3.3 Use of RNAseq to identify transcriptional changes in Bbs1ex1.4 and Bbs1ex8 

(Objective 4.3) 

RNAseq was used to investigate gene expression in Bbs1ex1.4 and Bbs1ex8. These two Bbs1-/- 

clones were selected on the basis that they represented the two extremes of phenotypic 

severity, with regard to cell-cell junction disruption. Three replicate RNA samples from 

successive passages of Bbs1ex1.4, Bbs1ex8 and WT cell lines were isolated and sequenced (see 

Figure 6. 3). Log2 fold-change of gene-coding RNA expression and associated adjusted p-
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values (padj) were calculated by comparison of gene hit counts between two cell lines. Three 

comparisons were made. Bbs1ex1.4 and Bbs1ex8 were each compared to WT, and Bbs1ex1.4 was 

compared to Bbs1ex8. For analysis of RNAseq data, three assumptions (A1 – A3) were made 

(see Figure 6. 4): 

A1: Transcriptional changes common to Bbs1ex1.4 and Bbs1ex8 (compared to WT) 

were caused by the loss of Bbs1; 

A2: Transcriptional changes unique to Bbs1ex8 (compared to WT) contributed to its 

phenotype (including the disruption of its intercellular adhesion) in the absence 

of genetic compensation; 

A3: Genes upregulated in Bbs1ex1.4 compared to Bbs1ex8 were candidate 

compensating genes that ameliorated cell-cell adhesion defects caused by the 

loss of Bbs1. 

Table 6. 1 shows numbers of sequenced RNAs retrieved for each comparison. Log2 fold-

change data were subjected to two analysis pipelines: (i) gene set enrichment analysis (GSEA), 

to identify over-represented sets of genes, such as those involved in a particular signalling 

pathway; and (ii) differential gene expression analysis, to investigate individual genes of interest 

(see Figure 6. 3). 

Genes with an absolute log2 fold-change >1.00 and a padj <0.05 were called as differentially 

expressed genes (DEGs; see Table 6. 1 for a summary of total DEGs in each comparison). 

Bbs1ex1.4 possessed 2,148 DEGs compared to WT IMCD3 cells, whilst Bbs1ex8 had 3,624. 

Augmented differential gene expression in Bbs1ex8 was not surprising given it exhibited a 

phenotype. In the Bbs1ex1.4 versus Bbs1ex8 comparison there were 2,538 DEGs. Compared to 

WT, Bbs1ex1.4 and Bbs1ex8 shared 857 upregulated and 439 downregulated DEGs, representing 

changes assumed to be caused by the loss of Bbs1 (A1; see Figure 6. 5). There were 1,214 

upregulated DEGs and 1,113 downregulated DEGs unique to Bbs1ex8 compared to WT, 

representing changes assumed to have contributed to the disruption of its cell-cell adhesion (A2; 

see Figure 6. 5). Bbs1ex1.4 had 1,325 DEGs that were upregulated compared to Bbs1ex8, and 

these represented candidate compensating genes that ameliorated cell-cell adhesion defects in 

Bbs1ex1.4 (A3). Lists of up- and down-regulated genes relevant to each assumption can be found 

in Appendix 9.9. 

As a first avenue of investigation, expression of the 21 BBS genes was examined in Bbs1ex1.4 

and Bbs1ex8 compared to WT (see Figure 6. 6). Bbs1 mRNA levels derived from RNAseq 

followed the same trend as those determined by RT-qPCR (see Figure 3. 13b in Chapter 3): 

Bbs1ex1.4 showed a significant log2 fold-change of -4.00 in Bbs1 (padj= 2.52 x 10-159), whereas 

that in Bbs1ex8 was only -0.47 (padj= 8.72 x 10-5). Bbs1 was therefore a differentially expressed 

gene in Bbs1ex1.4 but not in Bbs1ex8. There were three more differentially expressed BBS genes 

in both Bbs1ex1.4 and Bbs1ex8: Bbs2, Mks1 (Bbs13) and Wdpcp (Bbs15). Mks1 was the most 

significantly upregulated of all of the BBS genes, with a log2 fold-change of 5.89 in Bbs1ex1.4 

(padj= 1.603 x 10-30) and of 6.31 in Bbs1ex8 (padj= 1.224 x 10-35). Importantly, because there was 



311 

no significant difference in expression of Bbs2, Mks1 and Wdpcp between Bbs1ex1.4 and Bbs1ex8 

(padj= 0.0762, padj= 0.4357, padj= 0.7544 for Bbs2, Mks1 and Wdpcp, respectively), their 

upregulation was unlikely to have directly impacted cell-cell adhesion.  

Given variants in 10 genes were found by WGS to be unique to Bbs1ex8 (see Table 5. 3 in 

Chapter 5), the expression of these was checked in Bbs1ex1.4 and Bbs1ex8 compared to WT. 

Three (Cr2, Cntn3, Akr1c21) did not have coverage in either comparison, reflecting their low 

expression in IMCD3 cells. Of the remaining seven, only one, Zfp14, was differentially 

expressed (see Figure 6. 7). Zfp14 was significantly downregulated in both Bbs1ex1.4 and 

Bbs1ex8 compared to WT, with log2 fold-changes each of -1.07 and -1.04 (padj= 7.610 x 10-4 and 

padj= 4.969 x 10-4, respectively). There was therefore no statistically significant difference in the 

expression of Zfp14 between Bbs1ex1.4 and Bbs1ex8 (padj= 0.9205). Although the effects of the 

missense variants on the phenotype of Bbs1ex8 are not known, there is little evidence that 

respective nonsense and frameshift mutations in Slc39a11 and Ear2 caused phenotypic 

variation, at least from transcriptomics. 

Next, GSEA was used to identify gene sets enriched in each of the three comparisons (Bbs1ex1.4 

versus WT, Bbs1ex8 versus WT, Bbs1ex1.4 versus Bbs1ex8). GSEA uses ranked gene lists to 

generate an enrichment score (ES) for gene sets, based on the extent to which the genes within 

gene sets are over-represented in the extremes of the ranked list (Subramanian et al., 2005). It 

then estimates the significance level of the enrichment score for each individual gene set (giving 

a nominal p-value) and adjusts for multiple hypothesis testing by calculating normalised 

enrichment scores (NES) and the false discovery rate (FDR) for each. GSEA reduces large, 

complex omics datasets to a (more) manageable size and format to aid data interpretation, and 

can identify effects on pathways which may be missed by single-gene analysis. It also benefits 

from the use of the entire transcriptomics dataset to negate the need for a p-value cut-off, which 

can limit biologically-relevant findings. An FDR threshold of <0.25 was used to control for false-

positive results, as recommended by the authors of the GSEA tool (Subramanian et al., 2005).  

Gene sets from two sources were used for GSEA. The enrichment of a range of well-defined 

biological processes was explored using the Molecular Signature Database (MSigDB) of 50 

“Hallmark” gene sets (Liberzon et al., 2015). The Hallmark gene sets were defined to reduce 

noise and redundancy across gene sets, to provide robust enrichment analysis results. They 

therefore served as a solid foundation for GSEA in this study. For at least one of the three 

comparisons, 20 Hallmark gene sets were significantly enriched with a nominal p-value of <0.05 

and an FDR of <0.25. The enrichment scores, nominal p-values and FDR values associated 

with the 50 Hallmark gene sets for each of the three comparisons are given in Appendix 9.9.7, 

Appendix 9.9.8 and Appendix 9.9.9. A heatmap was used visualise results and to identify 

gene sets of interest (see Figure 6. 8). Common to both knockout clones (compared to WT) 

was the positive enrichment of four gene sets: Coagulation, Pancreas Beta Cells, Epithelial 

Mesenchymal Transition and Wnt Beta Catenin Signaling. A further four gene sets were 

negatively enriched in both clones: Myc Targets V1, Myc Targets V2, TNFα Signaling via NFκB 

and mTORC1 Signaling. These indicated transcriptional changes assumed to be caused by loss 

of Bbs1 (A1). There were six gene sets whose significant enrichment was unique to Bbs1ex8: 
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Apoptosis, Inflammatory Response, Kras Signaling Up, Bile Acid Metabolism, P53 Pathway and 

Unfolded Protein Response. Although these gene sets might have indicated other 

transcriptional changes associated with loss of Bbs1 in the absence of genetic compensation, 

MSigDB did not indicate overlap between any of these and gene sets relating to cell-cell 

adhesion (including those that were not Hallmark gene sets). Meanwhile, five gene sets that 

were significantly positively enriched in Bbs1ex1.4 compared to Bbs1ex8 suggested candidate 

compensating genes or pathways (A3). These were the Apical Junction, Notch Signaling, Myc 

Targets V1, TNFα Signaling via NFκB and Kras Signaling gene sets. 

The second gene sets employed were the Gene Ontology cellular component (GO CC) gene 

sets (Consortium et al., 2000; Consortium, 2019). These 580 gene sets describe subcellular 

locations of gene product activity. The reasons for their use were twofold. First, cilia function 

relies upon the transport of proteins to, into and within cilia – processes in which BBS1 and the 

BBSome are implicated. Second, loss of epithelial cell-cell junctions, such as was seen in 

Bbs1ex8, can follow a loss of apical-basal polarity, the latter which is established by the 

distribution of specific proteins between the apical and basolateral membranes. Expression of 

genes localised to specific cellular component(s) may therefore feasibly be altered by loss of 

Bbs1 and disruption of epithelial cell-cell adhesion. The GO CC gene sets were used to identify 

cellular locations of positively- or negatively enriched gene product activity. 63 GO cellular 

components were significantly enriched with a nominal p-value of <0.05 and an FDR of <0.25 in 

at least one comparison. As GO terms are hierarchical and there is overlap between parent 

terms, enriched GO CC gene sets were displayed on an enrichment map (see Figure 6. 9). 

Terms related to the spliceosomal complex, preribosome and cytosolic ribosomal subunit were 

negatively enriched in both knockout clones, while those related to the cilium, vesicle, synapse, 

axon, ionotropic glutamate receptor or extracellular matrix components were positively enriched 

(see Figure 6. 9). These may indicate subcellular locations affected by knockout of Bbs1 (A1). 

Four GO terms showed discordant enrichment between Bbs1ex1.4 and Bbs1ex8: apical plasma 

membrane, apical part of cell, apical junction complex and basolateral plasma membrane were 

terms positively enriched in Bbs1ex1.4 but negatively enriched in Bbs1ex8, reflecting the 

intercellular junction phenotype of each Bbs1-/- clone (presented in Chapter 3). Those 

negatively enriched in Bbs1ex8 were assumed to represent transcriptional changes caused by 

knockout of Bbs1 in the absence of genetic compensation (A2), whereas candidate 

compensating genes (A3) were assumed to be amongst those positively enriched in Bbs1ex1.4. 

Hallmark gene sets of interest were examined in more detail by inspection of the differentially 

expressed genes within each. The mTORC1 Signaling gene set was negatively-enriched in both 

Bbs1ex1.4 and Bbs1ex8 (see Figure 6. 8). mTORC1 promotes cell growth in response to nutrient 

availability. Of the 43 mTORC1 Signaling genes that were differentially expressed in at least 

one comparison, there was generally greater (though non-significant) downregulation in Bbs1ex8 

than in Bbs1ex1.4 (see Figure 6. 10). Two gene sets of Myc Targets (Myc Targets V1 and Myc 

Targets V2) also showed significant negative enrichment (see Figure 6. 8). Myc (also known as 

c-Myc) is a transcription factor which acts downstream of a multitude signalling pathways, 

including Notch (Palomero et al., 2006), canonical Wnt (He et al., 1998) and Hedgehog (Yoon et 
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al., 2013). The log2 fold-changes of genes in each set were plotted for genes which were 

differentially expressed in at least one comparison (see Figure 6. 11 and Figure 6. 12). All 39 

such genes of the Myc Targets V1 set, and 23 out of 25 of those of the Myc Targets V2 set, 

were downregulated in both Bbs1ex1.4 and Bbs1ex8 compared to WT. The Myc gene appeared in 

both Hallmark Myc Targets gene sets and was significantly downregulated in both Bbs1ex1.4 

(log2 fold-change= -1.42, padj= 1.417 x 10-38) and Bbs1ex8 (log2 fold-change= -4.21, padj= 8.422 x 

10-263) compared to WT. In addition, genes of both sets were downregulated to a greater extent 

in Bbs1ex8. This emerged as a significant positive enrichment of the Myc Targets V1 gene set in 

Bbs1ex1.4 compared to Bbs1ex8 and represented a candidate mechanism of genetic 

compensation (A3). The final gene set for which Bbs1ex1.4 and Bbs1ex8 were both negatively 

enriched was the TNFα Signaling via NFκB gene set (see Figure 6. 8). TNFα is a pro-

inflammatory cytokine. Of the 200 genes in the Hallmark TNFα Signaling via NFκB gene set, 41 

and 73 were significantly downregulated in Bbs1ex1.4 and Bbs1ex8, respectively (see Figure 6. 

13). Significant downregulation of 39 of these genes was shared by Bbs1ex1.4 and Bbs1ex8. 

Approximately half (37 out of 73) of the genes significantly downregulated in Bbs1ex8 appeared 

upregulated in Bbs1ex1.4 compared to Bbs1ex8. Their upregulation in Bbs1ex1.4 versus Bbs1ex8 

could be the result of genetic compensation (A3). 

The Hallmark Wnt Beta Catenin Signaling gene set was significantly positively enriched in both 

Bbs1ex1.4 and Bbs1ex8 (see Figure 6. 8). 15 of the 42 members of this gene set were 

differentially expressed in at least one comparison (see Figure 6. 14). Various gene sets 

relating to specific cell types, including the Hallmark Coagulation and Pancreas Beta Cells sets 

and GO CC terms associated with neurons (axon, synapse, ionotropic glutamate receptor) were 

also significantly positively enriched in both Bbs1ex1.4 and Bbs1ex8 (see Figure 6. 8 and Figure 

6. 9). The Coagulation gene set was perhaps the most obscure of these in context of Bardet-

Biedl syndrome. Inspection of the DEGs within this gene set showed that expression of various 

proteolytic enzymes was upregulated in Bbs1ex1.4 and Bbs1ex8 compared to WT, including matrix 

metalloproteases (Mmp2, Mmp11, Mmp14, Mmp15) (see Figure 6. 15). 

Positive enrichment of the Epithelial Mesenchymal Transition gene set, which contains 200 

mesenchymal markers that are upregulated during epithelial-mesenchymal transition (EMT), 

was also common to both Bbs1ex1.4 and Bbs1ex8 compared to WT (see Figure 6. 8). This was 

both notable and surprising. Disassembly of apical junctions is a hallmark of EMT. While 

disruption of its intercellular junctions suggested the process of EMT might have been occurring 

in Bbs1ex8, the maintenance of intercellular junctions in Bbs1ex1.4 had not indicated that the same 

process was occurring in both knockout clones. The Epithelial Mesenchymal Transition DEGs 

were examined totalling 95 of the 200 genes in the set. Due to the large number of genes 

differentially expressed, the genes were divided into two groups: those upregulated in Bbs1ex8 

compared to WT (see Figure 6. 16a) and those not upregulated (i.e. downregulated or not 

differentially expressed) in Bbs1ex8 versus WT (see Figure 6. 16b). A general trend became 

evident: mesenchymal genes that were upregulated in Bbs1ex8 were not upregulated to the 

same extent in Bbs1ex1.4, when compared to WT (see Figure 6. 16a). Taken alone, this might 

have explained the maintenance of epithelial cell-cell junctions in Bbs1ex1.4. However, inspection 
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of mesenchymal genes that were not upregulated in Bbs1ex8 cast confusion upon the situation 

(see Figure 6. 16b). Unlike in Bbs1ex8, many were upregulated in Bbs1ex1.4 (or not 

downregulated to the extent seen in Bbs1ex8). In fact, while both clones had very similar 

numbers of upregulated Epithelial Mesenchymal Transition DEGs (47 in Bbs1ex1.4 and 48 in 

Bbs1ex8), Bbs1ex8 had twice the number of downregulated DEGs than Bbs1ex1.4 (30 in Bbs1ex8 

and 15 in Bbs1ex1.4). This seemed to suggest that loss of epithelial cell-cell junctions in Bbs1ex8 

was not driven by overexpression of mesenchymal markers, or that if it was, upregulation of 

mesenchymal markers was compensated for in Bbs1ex1.4 by some other means. 

To provide further insight, epithelial markers were studied. No Hallmark gene set exists for 

epithelial markers or mesenchymal-epithelial transition (MET). Instead, a list of 131 core EMT 

genes from the literature was utilised. This gene list originates from the meta-analysis of 18 

independent, published EMT gene expression studies and incorporates the common up- and 

down-regulated EMT genes from these studies (Gröger et al., 2012). The list was therefore 

divided into two categories: 68 genes that are upregulated in EMT (i.e. mesenchymal markers) 

and 63 that are downregulated in EMT (i.e. epithelial markers). Out of a total of 49 “Gröger” 

mesenchymal genes for which transcripts were sequenced in each clone, 40 were significantly 

differentially expressed in at least one of the three comparisons (see Figure 6. 17a). Similar 

numbers of these were upregulated in Bbs1ex1.4 and Bbs1ex8 versus WT (25 in Bbs1ex1.4 and 24 

in Bbs1ex8). This represented a significant overrepresentation of upregulated mesenchymal 

genes in both clones (p<0.0001 for both comparisons; see Figure 6. 17b and Figure 6. 17c) 

and matched the relative ratio of Bbs1ex8 and Bbs1ex1.4 DEGs found to be upregulated in the 

Hallmark Epithelial Mesenchymal Transition gene set. Therefore, the upregulation of 

mesenchymal genes was common to the knockout of Bbs1 (A1). Meanwhile, mRNAs were 

detected for 47 and 46 of the 63 Gröger epithelial genes in Bbs1ex1.4 and Bbs1ex8, respectively. 

34 were differentially expressed in at least one comparison (see Figure 6. 18a). Of these, 5 

were significantly downregulated in Bbs1ex1.4 compared to WT, while as many as 19 were 

downregulated in Bbs1ex8. This represented a statistically significant downregulation of epithelial 

markers in Bbs1ex8 (p<0.0001; see Figure 6. 18c) but not in Bbs1ex1.4 (p=0.0651; see Figure 6. 

18b). Loss of epithelial identity in Bbs1ex8, characterised by a gross downregulation of epithelial 

biomarkers, therefore accounted for the disruption of its tight and adherens junctions and may 

be a Bbs1-specific phenotype in the absence of genetic compensation (A2).  

Epithelial cells are typified by apical-basal polarity. Tight junctions are apical intracellular 

junctions which not only control paracellular permeability across the epithelium, but also act as 

a physical barrier to maintain distinct apical and basolateral membrane compositions (Shin, 

Fogg and Margolis, 2006). Given this, and the finding that Bbs1ex8, but not Bbs1ex1.4, had 

reduced epithelial markers, the positive enrichment of the Apical Junction gene set (see Figure 

6. 8) was the most relevant and interesting of the transcriptional changes which were potentially 

compensating for loss of Bbs1 in Bbs1ex1.4 (A3). Amongst DEGs of the Apical Junction gene set 

(Figure 6. 19) was Cdh1, the gene encoding E-cadherin, which was significantly downregulated 

in Bbs1ex8 compared to WT (log2 fold-change= -4.29, padj= 9.687 x 10-17). By contrast, the same 

gene was not differentially expressed in Bbs1ex1.4 (log2 fold-change= -0.35, padj= 0.5522; see 
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Figure 6. 19). Immunofluorescence had shown that tight junction proteins, ZO-1 (Tjp1) and 

occludin (Ocln), and adherens junction proteins, β-catenin (Ctnnb1) and E-cadherin (Cdh1), 

were disrupted in Bbs1ex8 but not Bbs1ex1.4 (see Figure 4. 5, Figure 4. 9 and Figure 4. 10 in 

Chapter 4). Expression of the genes encoding these proteins was inspected (see Figure 6. 20). 

In addition to Cdh1, the Ocln gene was also significantly downregulated in Bbs1ex8 (log2 fold-

change= -1.73, padj= 5.307 x 10-51). None were differentially expressed in the Bbs1ex1.4 versus 

WT comparison, constituting a significant upregulation of Cdh1 and Ocln in Bbs1ex1.4 compared 

to Bbs1ex8 (log2 fold-change= 3.93 and padj= 9.419 x 10-104 for Cdh1 and log2 fold-change= 1.53, 

padj= 8.900 x 10-19 for Ocln). If downregulation of Cdh1 and Ocln was caused by loss of Bbs1 in 

Bbs1ex8 (A2), transcriptional changes leading to the upregulation of Cdh1 and Ocln to wild type 

levels might be considered a mechanism of genetic compensation in Bbs1ex1.4 (A3). 

Finally, a different approach was used in an attempt to identify individual genes which might 

compensate for loss of Bbs1 in Bbs1ex1.4, based on evidence from the literature. In published 

examples of genetic compensation, compensating genes share sequence homology with 

mRNAs transcribed from the faulty gene and often they are paralogous (Rossi et al., 2015; El-

Brolosy et al., 2019; Ma et al., 2019). There is no mouse paralogue of Bbs1. In order to identify 

genes which might compensate for loss of Bbs1 in Bbs1ex1.4, a BLASTn search was undertaken 

to find the 100 mouse RefSeq RNA sequences with the highest sequence similarity to the Bbs1 

transcript. The RefSeq RNA database was used to exclude non-coding genomic loci. A table of 

the full results of the BLASTn search can be found in Appendix 9.9.10. After removal of 

duplicates (which represented transcript variants and non-coding RNAs), 32 mRNAs remained. 

These are shown in Table 6. 2. The log2 fold-change expression values of the 29 transcripts 

that had coverage were inspected (see Figure 6. 21). None were significantly differentially 

expressed in Bbs1ex1.4 compared to Bbs1ex8. Thus, compensating genes remained elusive, and 

global transcriptional changes (i.e. those identified by GSEA) were deemed to have given more 

informative detail of compensating transcriptional mechanisms. 

In summary of results that emerged from GSEA, several transcriptional changes were found to 

be caused by the knockout of Bbs1, including the downregulation of genes involved in 

mTORC1, Myc and TNFα/NFκB signalling and an upregulation of those involved in Wnt/β-

catenin signalling and EMT. Most notably, Bbs1 ablation caused an upregulation of 

mesenchymal markers, which was concordant with the enrichment of genes associated with 

EMT. In Bbs1ex8, disruption of tight junctions and adherens junctions could be explained by a 

significant downregulation of epithelial markers. This change was not shared with Bbs1ex1.4, 

which in fact was positively enriched for transcripts of proteins that localise to apical and 

basolateral subcellular domains, including apical junction proteins. Taken together, these results 

suggest that loss of Bbs1 caused EMT-like changes that, in the absence of genetic 

compensation, lead to disruption of cell-cell junctions in Bbs1ex8 and that upregulation of apical 

junction proteins compensated for loss of Bbs1 in Bbs1ex1.4. 
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Figure 6. 1: TEER of group-sorted IMCD3 cell populations carrying indels in exon 1, 8 or 

12 of the Bbs1 gene. 

Coloured bars show mean TEER and error bars show SEM of three independent experiments. 

Paired t-tests were performed between each Bbs1 mutant population and the parental WT, after 

log10-transformation to bring the data back to a normal distribution. P-values are indicated: * 

p=0.01 to 0.05; ** p=0.001 to 0.01; *** p< 0.001. The mean TEER of the three populations (with 

mutations in exon 1, 8 or 12) was lower than the mean TEER of the WT cell line. This reduction 

was statistically significant in the population with mutations in exon 12 (p=0.0165). There was 

no statistically significant reduction in the TEER of groups bearing mutations in exon 1 

(p=0.0958) or exon 8 (p=0.0634). 
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conjugated to an N-terminal GFP tag 

(GFP::hBBS1) in all cell samples transfected 

with the pcDNA-DEST53-hBBS1 construct, but 

not in samples transfected with the empty 

pcDNA-DEST53 vector. It also detected the 65 

kDa endogenous mouse BBS1 protein in WT 

IMCD3 cells, but not in Bbs1-/- clones, Bbs1ex1.1 

and Bbs1ex8. A Gapdh blot showed equal 

loading of total protein. 

b. – d. Representative staining of tight 

junctions in (b.) non-transfected cells; (c.) 

cells transfected with empty pcDNA-

DEST53 vector; (d.) cells transfected with 

the pcDNA-DEST53-hBBS1 GFP::hBBS1 

expression vector. ZO-1 in tight junctions is 

immuno-stained and nuclei are stained with 

DAPI. Cells overexpressing the pcDNA-

DEST53 constructs are GFP-positive. Scale 

bars represent 20 µm. 

Figure 6. 2: Attempt to 

restore cell-cell 

junctions in Bbs1ex1.1 

and Bbs1ex8 by 

overexpression of 

BBS1. 

a. Western blot 
confirmation of 
successful hBBS1 
protein expression. 
An anti-BBS1 antibody 

detected the 93 kDa 

human BBS1 protein  
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Figure 6. 3: Overview of RNA sequencing pipeline. 

RNA samples were isolated from successive passages of WT, Bbs1ex1.4 and Bbs1ex8 cells. Pairwise comparisons were performed on RNAseq results, producing a 

log2 fold-change and an adjusted p-value (padj) for each gene. Differentially expressed genes (DEGs) were those with an absolute log2 fold-change >1.00 and a padj 

<0.05. Gene set enrichment analysis (GSEA) was performed on the complete list of genes (ranked by log2 fold-change) from each comparison, to identify genes of 

the Hallmark and GO cellular components gene sets that were significantly enriched. In some cases, DEGs within significantly enriched gene sets of interest were 

inspected.  
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Figure 6. 4: Assumptions made for analysis of RNAseq data. 

Three assumptions (A1 – A3) were made when analysing RNAseq data (black box, right). The 

simplified Venn diagrams illustrate the genes from each comparison (Bbs1ex1.4 vs WT, Bbs1ex8 

vs WT, Bbs1ex1.4 vs Bbs1ex8) that were relevant to each assumption. 
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Figure 6. 5: Venn diagram of concordant and discordant differential gene expression in 

Bbs1ex1.4 and Bbs1ex8 compared to WT cells. 

Differentially expressed genes (DEGs) in Bbs1ex1.4 compared to the WT IMCD3 cell line were 

separated into those which were upregulated (yellow) or downregulated (blue). DEGs in Bbs1ex8 

compared to WT were also divided into upregulated (green) and downregulated (red) groups. 

Commonly dysregulated genes (within dotted circles) were assumed to be caused by the loss of 

Bbs1 (assumption 1; A1). DEGs unique to Bbs1ex8 (within dashed circles) were assumed to 

contribute to its phenotype (assumption 2; A2). 
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Figure 6. 6: Expression of the 21 BBS genes. 

Official HGNC gene symbols are shown, corresponding to Bbs1 – Bbs21, from left to right. 

Coloured bars show the log2 fold-change of gene expression in the comparisons of Bbs1ex1.4 

and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from 

comparison of Bbs1ex1.4 to Bbs1ex8. Horizontal dashed lines indicate the minimum and maximum 

log2 fold-change thresholds required for a gene to be considered differentially expressed. 
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Figure 6. 7: Expression of genes in which WGS identified variants in Bbs1ex8. 

The consequence of each variant is given in brackets beside the gene name. Three (Cr2, 

Cntn3, Akr1c21) of the 10 genes in which Bbs1ex8 carried variants did not have coverage in one 

or more of the cell lines. Coloured bars show the log2 fold-change of gene expression in the 

comparisons of Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-

change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Horizontal dashed lines 

indicate the minimum and maximum log2 fold-change thresholds required for a gene to be 

considered differentially expressed. There was no significant difference in the expression of the 

genes which might suggest that they contributed to the phenotypic differences seen in Bbs1ex8. 
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Figure 6. 8: Hallmark gene set enrichment analysis. 

Gene set enrichment analysis (GSEA) was performed using gene expression log2 fold-changes 

output from each of three comparisons (Bbs1ex1.4 vs WT, Bbs1ex8 vs WT, Bbs1ex1.4 vs Bbs1ex8). 

Each column on the heatmap represents one of the comparisons. The heatmap shows the 

normalised expression score (NES) of gene sets which were significantly enriched with a 

nominal p-value <0.05 and an FDR <0.25 in at least one comparison. Within the heatmap, “+” 

indicates a gene set that was significantly positively enriched with p<0.05 and FDR<0.25 and “-“ 

indicates a gene set that was significantly negatively enriched with p<0.05 and FDR<0.25. 

Highlighted are gene sets that are positively enriched (red) or negatively enriched (blue) in both 

Bbs1ex1.4 and Bbs1ex8 compared to WT (A1). Highlighted in green are gene sets whose 

enrichment is unique to Bbs1ex8 (A2). Yellow boxes indicate gene sets that are upregulated in 

Bbs1ex1.4 compared to Bbs1ex8 (A3). 
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Figure 6. 9: Gene Ontology cellular component 

gene set enrichment analysis. 

Gene set enrichment analysis (GSEA) was 

performed using gene expression log2 fold- 

changes output from comparisons of Bbs1ex1.4  

and Bbs1ex8 to WT. Circular nodes represent  

GO CC gene sets which were significantly enriched 

with p<0.05 and FDR<0.25 in at least one 

comparison. The left- and right-hand halves of each 

node face represent the NES from the Bbs1ex8 vs 

WT and Bbs1ex1.4 vs WT comparisons, respectively. 

Nodes of a single colour indicate gene sets for 

which enrichment was the same in both 

knockouts. Two-tone nodes 

represent gene sets for 

which enrichment was 

discordant. Edges 

represent relationships 

between nodes; some redundancy exists 

between gene sets as Gene Ontology 

(GO) terms are hierarchical. Groups 

of GO terms with similar themes 

are shown in yellow clusters. 
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Figure 6. 10: Differentially expressed genes of the Hallmark mTORC1 Signaling gene set. 

The displayed genes were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons of 

Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Missing bars or points 

indicate genes lacking RNA sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and maximum log2 fold-change thresholds 

required for a gene to be considered differentially expressed. 
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Figure 6. 11: Differentially expressed genes of the Hallmark Myc Targets V1 gene set. 

The displayed genes were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons of 

Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Horizontal dashed lines 

indicate the minimum and maximum log2 fold-change thresholds required for a gene to be considered differentially expressed. 
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Figure 6. 12: Differentially expressed genes of the Hallmark Myc Targets V2 gene set. 

The displayed genes were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons of 

Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Horizontal dashed lines 

indicate the minimum and maximum log2 fold-change thresholds required for a gene to be considered differentially expressed. 
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Figure 6. 13: Significantly downregulated genes of the Hallmark TNFα Signaling via NFκB gene set. 

The displayed genes were significantly downregulated in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons 

of Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Horizontal dashed lines 

indicate the minimum and maximum log2 fold-change thresholds required for a gene to be considered differentially expressed. 
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Figure 6. 14: Differentially expressed genes of the Hallmark Wnt Beta Catenin Signaling gene set. 

The displayed genes were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons of 

Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Missing bars or points 

indicate genes lacking RNA sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and maximum log2 fold-change thresholds 

required for a gene to be considered differentially expressed. 
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Figure 6. 15: Differentially expressed genes of the Hallmark Coagulation gene set. 

The displayed genes were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons of 

Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Missing bars or points 

indicate genes lacking RNA sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and maximum log2 fold-change thresholds 

required for a gene to be considered differentially expressed. 
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Figure 6. 16: Differentially expressed genes of the Hallmark Epithelial Mesenchymal Transition gene set. 

a. Epithelial Mesenchymal Transition DEGs that were upregulated in Bbs1ex8 compared to WT. 

b. (Next page) Epithelial Mesenchymal Transition DEGs that were not upregulated in Bbs1ex8 compared to WT. 

(Continued on next page). 
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Figure 6. 16 (cont.): Differentially expressed genes of the Hallmark Epithelial Mesenchymal Transition gene set. 

The displayed genes were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons of 

Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Missing bars or points 

indicate genes lacking RNA sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and maximum log2 fold-change thresholds 

required for a gene to be considered differentially expressed. 
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Figure 6. 17: Differentially expressed Gröger mesenchymal genes. 

a. Expression of Gröger mesenchymal genes that were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene 

expression in the comparisons of Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to 

Bbs1ex8. Missing bars or points indicate genes lacking RNA sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and 

maximum log2 fold-change thresholds required for a gene to be considered differentially expressed.             

b. Contingency table used to test enrichment of Gröger mesenchymal gene upregulation in Bbs1ex1.4 vs WT. A Fisher’s exact test showed significant 

enrichment of mesenchymal gene upregulation (p<0.0001). 

c. Contingency table used to test enrichment of Gröger mesenchymal gene upregulation in Bbs1ex8 vs to WT. A Fisher’s exact test showed significant 

enrichment of mesenchymal gene upregulation (p<0.0001). 
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Figure 6. 18: Differentially expressed Gröger epithelial genes. 

a. Expression of Gröger epithelial genes that were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene 

expression in the comparisons of Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to 

Bbs1ex8. Missing bars or points indicate genes lacking RNA sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and 

maximum log2 fold-change thresholds required for a gene to be considered differentially expressed.             

b. Contingency table used to test enrichment of Gröger epithelial gene downregulation in Bbs1ex1.4 vs WT. A Fisher’s exact test showed that there was no 

significant enrichment of epithelial gene downregulation (p=0.0651). 

c. Contingency table used to test enrichment of Gröger epithelial gene downregulation in Bbs1ex8 vs to WT. A Fisher’s exact test showed significant 

enrichment of epithelial gene downregulation (p<0.0001). 
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Figure 6. 19: Differentially expressed genes of the Hallmark Apical Junction gene set. 

The displayed genes were differentially expressed in at least one comparison. Coloured bars show the log2 fold-change of gene expression in the comparisons of 

Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Missing bars or points 

indicate genes lacking RNA sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and maximum log2 fold-change thresholds 

required for a gene to be considered differentially expressed. 
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Figure 6. 20: Expression of tight junction and adherens junction genes. 

Localisation of the encoded proteins to cell-cell junctions had been shown to be disrupted in Bbs1ex8 (see Chapter 4). Coloured bars show the log2 fold-change of 

gene expression in the comparisons of Bbs1ex1.4 and Bbs1ex8 to WT. Superimposed blue points indicate log2 fold-change values resulting from comparison of 

Bbs1ex1.4 to Bbs1ex8. Horizontal dashed lines indicate the minimum and maximum log2 fold-change thresholds required for a gene to be considered differentially 

expressed. Tjp1= ZO-1; Ocln= Occludin; Cdh1= E-cadherin; Ctnnb1= β-catenin. 
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Figure 6. 21: Expression of genes with sequence similarity to the Bbs1 transcript. 

Genes were identified by a BLASTn search. Coloured bars show the log2 fold-change of gene expression in the comparisons of Bbs1ex1.4 and Bbs1ex8 to WT. 

Superimposed blue points indicate log2 fold-change values resulting from comparison of Bbs1ex1.4 to Bbs1ex8. Missing bars or points indicate genes lacking RNA 

sequencing coverage in one or more cell lines. Horizontal dashed lines indicate the minimum and maximum log2 fold-change thresholds required for a gene to be 

considered differentially expressed. 
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6.4 Interpretation and Interim Discussion 

6.4.1 Transcriptional changes following the knockout of Bbs1 

RNAseq was used to probe transcriptional changes in Bbs1ex1.4 and Bbs1ex8 compared to the 

parental WT IMCD3 cell line. GSEA was used to identify Hallmark gene sets (see Figure 6. 8) 

and GO cellular components (see Figure 6. 9) that were significantly negatively or positively 

enriched in each knockout relative to WT IMCD3 cells. In some cases, individual DEGs were 

also scrutinized. It was assumed that transcriptional changes common to Bbs1ex1.4 and Bbs1ex8 

were caused by the loss of Bbs1. Wnt Beta Catenin Signaling was one of four Hallmark gene 

sets that were significantly positively enriched in Bbs1ex1.4 and Bbs1ex8 compared to WT (see 

Figure 6. 8 and Figure 6. 14). The hyperactivation of canonical Wnt signalling has been 

observed upon loss of several Bbs genes, including in bbs1-depleted zebrafish, which exhibited 

stabilisation of β-catenin and the upregulation of TCF-mediated transcription (Gerdes et al., 

2007). Whether β-catenin protein levels are increased in Bbs1-/- should be confirmed in future. 

The finding that Hallway mTORC1 Signaling genes were negatively enriched in Bbs1-/- IMCD3 

cells (see Figure 6. 10) was unexpected, since renal mTORC1 hyperactivation is observed in 

ciliopathies such as PKD and OFD (Shillingford et al., 2006; Zullo et al., 2010). However, 

differential effects on mTOR signalling may be protein-specific, in a similar manner to the 

opposite effects on adipogenesis that have been seen between models of BBS (which had 

increased adipogenesis) and ALMS (which had impaired adipogenesis; Marion et al., 2009; 

Huang-Doran and Semple, 2010; Aksanov, Green and Birk, 2014). mTORC1 signalling 

promotes cell growth in response to growth factors, amino acids, energy and oxygen (Laplante 

and Sabatini, 2009) and so its downregulation likely contributed to the negative enrichment of 

GO CC terms associated with biosynthesis subunits (see Figure 6. 9). Although it might seem 

that reduction of mTORC1 signalling in Bbs1ex1.4 and Bbs1ex8 was an artefact of serum 

deprivation, this is unlikely given that the WT cells to which they were compared were also 

serum starved. The same can be said of the Myc Targets V1 and Myc Targets V2 gene sets, 

which were also negatively enriched in both knockout clones compared to WT (see Figure 6. 11 

and Figure 6. 12). Myc is a transcription factor which promotes cell proliferation. Many of its 

target genes also localise to the cellular components required for biosynthesis, contributing to 

the negative enrichment of GO CC terms associated with the spliceosomal complex and the 

ribosome (see Figure 6. 9). Myc gene activation is downstream of numerous signalling 

pathways, and the contributions of these to its downregulation would not be possible to unravel 

from the present dataset. Some attention is dedicated to this in Chapter 7. 

Coagulation and Pancreas Beta Cells gene sets were positively enriched in both knockouts (see 

Figure 6. 8), as were those with GO CC terms related to the axon, synapse and ionotropic 

glutamate receptors (see Figure 6. 9). As IMCD3 cells were derived from mouse kidney, the 

upregulation of markers specific to platelets (coagulation), pancreatic beta cells or neurons 

(axon/ synapse/ ionotropic glutamate receptors) was unexpected. Though links exists between 

Bardet-Biedl syndrome and pancreatic beta cells or neurons – diabetes mellitus and CNS 

defects are clinical features of BBS, primary ciliary dysfunction in pancreatic beta cells has been 
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implicated in the onset of diabetes in Bbs4-/- mice (Gerdes et al., 2014) and a reduction of 

dendritic spines (which may be specialised cilia) has been observed in Bbs4-/- and Bbs5-/- mice 

(Haq et al., 2019) – the most likely explanation for enrichment of the genes related to 

Coagulation, Pancreas Beta Cells, the axon and synapse is that some are involved in non-cell-

type-specific functions, which were perturbed upon knockout of Bbs1. For instance, GO CC 

terms associated with genes of the Coagulation set include intracellular vesicle, vesicle lumen, 

secretory vesicle, extracellular space and extracellular matrix, according to MSigDB (Liberzon et 

al., 2015). Furthermore, platelets are known to release proteolytic enzymes, including some 

matrix metalloproteases (MMPs) that were upregulated in Bbs1-/- clones (Gresele et al., 2017), 

but it is possible that these participate in functions besides coagulation in IMCD3 cells. Their 

upregulation may be related to speculation that BBS1 plays a role in the regulation of 

proteolysis. Gerdes et al. (2007) suggested that stabilisation of β-catenin protein in bbs1 

zebrafish morphants could have been due to impaired regulation of its proteasomal degradation 

by BBS1. That Bbs1-/- clones also exhibited reduced TNFα/NFκB signalling signalling (see 

Figure 6. 8 and Figure 6. 13) might indicate reduced proteolysis of IκBs, which must be 

destroyed by the proteasome in order to activate NFκB signalling (Napetschnig and Wu, 2013), 

as was suggested by Liu and colleagues (2014) following BBS1 knockdown studies in HEK 

cells. The authors also showed that IκBβ was increased upon loss of BBS1. Whether the 

upregulation of Coagulation proteases bears a connection to the postulated role(s) of BBS1 in 

protein homeostasis will require further investigation. 

Both knockout clones had significantly increased expression of Bbs2, Mks1 (Bbs13) and Wdpcp 

(Bbs15). This may have contributed to the positive enrichment of cilia-associated GO CC terms 

in Bbs1ex1.4 and Bbs1ex8. The similar levels of upregulation of Bbs2, Mks1 and Wdpcp in both 

Bbs1-/- clones indicated that Bbs1 could be involved in the regulation of their expression through 

transcriptional repression. A role for BBS proteins in the regulation of gene transcription has 

been postulated (Gascue et al., 2012), although direct evidence relating to BBS1 has not 

surfaced. This said, like several BBS proteins, BBS1 possesses a nuclear export signal, 

indicating a role in the nucleus (Gascue et al., 2012). Whether the upregulation of BBS2, MKS1 

and WDPCP proteins results from increased mRNA expression will need to be established in 

the future, as a first step to exploring a possible role for Bbs1 in control of their expression. 

6.4.2 Epithelial cell-cell adhesion and genetic compensation in Bbs1-/- clones 

Remarkably, there was positive enrichment of the Hallmark Epithelial Mesenchymal Transition 

gene set in both Bbs1-/- clones, despite only Bbs1ex8 exhibiting loss of epithelial cell-cell 

adhesion (see Figure 6. 8). Closer inspection of DEGs revealed that both knockout clones had 

a significant upregulation of mesenchymal markers (see Figure 6. 17). Upregulated 

mesenchymal biomarker expression substantiated the enrichment of GO CC terms relating to 

the extracellular matrix (see Figure 6. 9), since ECM components are upregulated during EMT, 

including type I and type II collagens, fibronectin and laminins (Zeisberg and Neilson, 2009). 

ECM remodelling is also a feature of EMT, facilitated by proteolytic enzymes.  It is therefore 

likely not a coincidence that some Hallmark Coagulation genes upregulated in Bbs1ex1.4 and 
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Bbs1ex8 were associated with GO cellular components, like extracellular matrix and extracellular 

space, and encoded various MMPs (see Figure 6. 15). 

Underlying the loss of tight and adherens junctions in Bbs1ex8 was the downregulation of several 

epithelial markers (see Figure 6. 18 and Figure 6. 20), including Cdh1 and Ocln, whose 

localisation to apical junctions was disrupted in Bbs1ex8. In contrast, there was no significant 

downregulation of epithelial markers in Bbs1ex1.4. The same changes were reflected in the 

differential enrichment of genes whose products localise to apical or basolateral membranes 

(see Figure 6. 9) and the positive enrichment of the Hallmark Apical Junctions gene set in 

Bbs1ex1.4 compared to Bbs1ex8 (see Figure 6. 8 and Figure 6. 19). The respective intercellular 

junction phenotypes of Bbs1ex1.4 and Bbs1ex8 were therefore robust, in terms of both 

transcriptional regulation and spatial regulation of cell-cell adhesion proteins. Altogether, 

transcriptomics implied that EMT was more progressed in Bbs1ex8 than in Bbs1ex1.4. Taking into 

account its impaired collective cell migration (i.e. reduced rate of wound healing), epithelial 

barrier function and associated cell-cell adhesion, Bbs1ex8 exhibited a loss of epithelial identity 

and associated cell polarity. 

If loss of cell-cell adhesion in Bbs1ex8 was Bbs1-specific, upregulation of Apical Junction genes 

(and other epithelial markers) was likely to be a mechanism by which Bbs1ex1.4 compensated for 

loss of Bbs1. The similarity in the relative Bbs1 mRNA levels of Bbs1ex1.4 and Bbs1ex8 across 

RT-qPCR and RNAseq assays (see Figure 3. 13b in Chapter 3 and Figure 6. 6) provided 

confidence that these transcript levels were consistent between RNA samples, and therefore 

likely represented the steady-state Bbs1 mRNA level of each clone. Thus, the foundations upon 

which genetic compensation was hypothesised were robust. That the Apical Junctions gene set 

was upregulated in Bbs1ex1.4 compared to WT (as well as versus Bbs1ex8) might also indicate 

that it was a manifestation of genetic compensation in Bbs1ex1.4, given that, in published 

evidence for genetic compensation, expression of compensating genes tended to be higher in 

models of compensation that in wild type controls (Rossi et al., 2015; El-Brolosy et al., 2019; Ma 

et al., 2019). Of course, the majority of compensating genes in the literature are paralogues of 

the ablated gene and might therefore be expected to evoke a strong transcriptional response, 

due high sequence similarity. Considering there is no paralogue of mouse Bbs1, it is possible 

that compensating genes in Bbs1ex1.4 may be upregulated to a lesser extent, because of 

reduced sequence similarity with Bbs1 NMD products. In support of this, genes with the 

greatest similarity to the Bbs1 transcript sequence bore similarity to only a very small 

percentage of the Bbs1 sequence (see Table 6. 2), suggesting a reason for none being 

significantly upregulated in Bbs1ex1.4 (see Figure 6. 21).  

Like Apical Junction genes, Notch Signaling pathway components were also significantly 

positively enriched in Bbs1ex1.4 compared to both WT and Bbs1ex8 (see Figure 6. 8). Notch 

pathway components have been shown to interact with proteins of the epithelial polarity 

programme, such as Par proteins, implicating them in regulation of cell polarity (Fiuza and Arias, 

2007; Krahn and Wodarz, 2009; Capilla et al., 2012). Enrichment of Notch Signaling genes 

could therefore be another mechanism by which Bbs1ex1.4 compensates for knockout of Bbs1, 

although caution must be used in this instance, since Notch signalling is a cilia-associated 



341 

pathway and its upregulation might be linked to other roles of Bbs1. For example, upregulation 

of Notch target genes was seen following knockdown of BBS1 in cultured cells, concomitant 

with reduced localisation of Notch to the plasma membrane (Leitch et al., 2014). The authors of 

the study suggested that BBS1 is involved in the recycling of Notch receptors to the cell surface 

membrane, following their endocytosis into early endosome after receptor activation. 

Significant proportions of genes involved of the Hallmark TNFα signalling via NFκB and Myc 

Targets V1 gene sets were not as downregulated in Bbs1ex1.4 as they were in Bbs1ex8 (see 

Figure 6. 11 and Figure 6. 13). This amounted to significantly increased expression of these 

pathways in Bbs1ex1.4 versus Bbs1ex8 and was important, not only as it suggested a mechanism 

of transcriptional adaptation, but also because it (partially) ameliorated transcriptional changes 

which were thought to be specific to the loss of Bbs1 (i.e. downregulation of TNFα/NFκB 

signalling and Myc activity). That TNFα signalling via NFκB and Myc Targets V1 gene sets were 

not upregulated above WT levels might imply that their upregulation in Bbs1ex1.4 compared to 

Bbs1ex8 was a knock-on effect downstream of compensating gene activity. Whether these 

pathways vary inversely with Bbs1 mRNA levels in other Bbs1-/- cell lines, and whether 

expression of Bbs1 in Bbs1ex1.4 and Bbs1ex8 can restore activity of these pathways, remains to 

be seen. 

6.4.3 Loss of cell-cell adhesion as a potential Bbs1-specific phenotype 

While its occurrence was plain, whether the disruption of cell-cell adhesion is a Bbs1-specific 

phenotype continues to require further investigation. Group-sorted IMCD3 cells carrying 

CRISPR-engineered indels in exons 1, 8 or 12 of Bbs1 consistently had reduced TEER, 

although this was statistically significant in only one of three cases (see Figure 6. 1). That 

TEER was reduced was certainly encouraging, since all gene-edited groups were likely to have 

contained wild type alleles which would have augmented TEER. The experimental setup would 

benefit from the normalisation of TEER readings to the proportion of Bbs1-/- alleles within each 

group of cells, which could be ascertained using targeted NGS. This improvement will be 

implemented in future. 

Attempts to rescue the disruption of tight junctions in Bbs1ex1.1 and Bbs1ex8 did not refute the 

hypothesis that loss of cell-cell adhesion is Bbs1-specific; however, flaws in the experimental 

setup prevented conclusions in its support. Specifically, use of a qualitative method such as 

immunofluorescence to capture changes in the presence of tight junctions in response to 

GFP::hBBS1 overexpression (see Figure 6. 2) prohibited detection of small increases in tight 

junction formation. This is pertinent, as the relatively low abundance of GFP-positive cells 

suggested that transient transfection of was inefficient. Any resulting increase in intercellular 

adhesin would therefore likely have been marginal. As future work, the rescue experiment 

should be repeated using TEER to quantify effects on cell-cell adhesion. The resulting TEER 

measurements could be normalised to the level of Bbs1 mRNA or BBS1 protein, after 

quantification by RT-qPCR or Western blot and densitometry. To avoid further caveats, the 

method could also be optimised by using the mouse Bbs1 gene, by avoiding use of a GFP tag 

and by varying the promoter under which Bbs1 is expressed. Although there is very high 

sequence similarity between mouse and human BBS1 proteins, the small difference between 
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them may present a reason for failure of rescue. In addition, overexpression of GFP::hBBS1 

appears to have been a burden upon WT IMCD3 cells, evidenced by the large, multi-nucleate 

nature of GFP-positive WT IMCD3 cells that were successfully transfected with GFP::hBBS1 

(see Figure 6. 2c and Figure 6. 2d). Given this occurred following transfection with either 

pcDNA-DEST53-hBBS1 or the empty pcDNA-DEST53 vector, this was likely due to presence of 

GFP and/or gene overexpression. Use of a weaker promoter may mitigate this. In addition, a 

GFP tag is dispensable with this experimental setup. Conjugation of a relatively large GFP tag 

to BBS1 might affect the latter’s import to cilia, despite indications that small N-terminal tags, 

like Strep-FLAG and Myc, do not (Price et al., 2012; Boldt et al., 2016). As a notable aside, it 

was again shown, this time by traditional Western blot, that both Bbs1ex1.1 and Bbs1ex8 lacked 

BBS1 protein. 

In further support of cell-cell adhesion disruption being a Bbs1-specific phenotype, there was 

little indication, at least for null mutations (in Slc39a11 and Ear2), that gene variants unique to 

Bbs1ex8 that were discovered by WGS (see Chapter 5) contributed to its phenotype. Expression 

of these genes was not significantly different between Bbs1ex1.4 and Bbs1ex8 (see Figure 6. 7), 

although transcriptomics did not give insight into the effects of missense mutations. There was 

no coverage of mRNAs of three genes in which variants unique to Bbs1ex8 were found (Cr2, 

Cntn3, Akr1c21) implying that they were not expressed in IMCD3 cells. Their contributions to 

the phenotypic variation of Bbs1ex8 were therefore likely to have been negligible.  

6.4.4 Summary 

In this chapter, RNAseq was used to probe the transcriptional changes that were caused by 

knockout of Bbs1, those which underlay the loss of cell-cell adhesion in Bbs1ex8 and those 

which may have compensated for loss of Bbs1 in Bbs1ex1.4. Figure 6. 22 summarises these. In 

their most simplistic interpretation, knockout of Bbs1 caused a negative enrichment of genes of 

the mTORC1, TNFα/NFκB and Myc signalling pathways, in combination with upregulation of 

Wnt/β-catenin signalling and, most notably, EMT-like changes constituting an increased 

mesenchymal biomarker expression. However, the significant downregulation of epithelial 

markers in Bbs1ex8 but not Bbs1ex1.4 suggested that EMT was more progressed in Bbs1ex8. Loss 

of its epithelial identity was likely the cause of disruption of Bbs1ex8 cell-cell adhesion and 

epithelial barrier integrity. In Bbs1ex1.4, the upregulation of apical junction proteins was likely to 

have compensated for EMT-like changes associated with the knockout of Bbs1. Upregulation of 

other pathways, including Notch, TNFα/NFκB and Myc, may also have contributed to the 

compensation mechanism in Bbs1ex1.4. Work to test whether loss of cell-cell adhesion is a 

genuine Bbs1-specific phenotype showed that reduced TEER can manifest amongst groups of 

cells carrying various mutations in Bbs1; however, the approaches presented in this chapter 

(including attempt to rescue loss of cell-cell adhesion by overexpression of BBS1) will require 

optimisation in future, before this question can be answered. 

Quite how ablation of Bbs1 might cause loss of epithelial identity, whether this is achieved by 

ciliary or extra-ciliary role(s), remain to be seen. The identification of commonly upregulated Bbs 

genes (Bbs2, Mks1, Wdpcp) and downregulation of NFκB signalling, suggested extra-ciliary 

roles for Bbs1 in the regulation of gene expression and proteolysis. These questions are 
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discussed further in Chapter 7. Although, from RNAseq data alone, it is not possible to unravel 

the contribution of each dysfunctional signalling pathway, some possible causative mechanisms 

are also ventured in Chapter 7, alongside experimental methods by which to test them. 
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Figure 6. 22: Summary of key 

transcriptional changes in 

Bbs1ex1.4 and Bbs1ex8. 

WT IMCD3 cells are epithelial and 

exhibit characteristic intercellular 

tight junctions (TJs) and adherens 

junctions (AJs) which contribute to 

epithelial barrier integrity. Knockout 

of Bbs1 did not affect the epithelial 

characteristics of Bbs1ex1.4, whereas 

Bbs1ex8 exhibited disrupted TJs and 

AJs and a loss of epithelial barrier 

integrity, indicative of reduced 

epithelial characteristics. RNAseq 

analysis suggested knockout of 

Bbs1 caused various transcriptional 

changes in both Bbs1-/- clones, 

including progression of epithelial 

mesenchymal transition (EMT). 

Bbs1ex8, in the absence of genetic 

compensation, was more severely 

affected, resulting in a reduction of 

its epithelial characteristics. Genetic 

compensation in Bbs1ex1.4 may have 

caused transcriptional changes, 

including the upregulation of apical 

junction proteins, thought to have 

contributed to the maintenance of 

its epithelial characteristics.  
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6.5 Tables for Chapter 6 

Table 6. 1: RNAseq gene coverage 

 Bbs1ex1.4 vs WT Bbs1ex8 vs WT Bbs1ex1.4 vs Bbs1ex8 

Total number of genes 
with coverage 

15,031 15,251 15,412 

Total number of DEGs 2,148 3,624 2,538 
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Table 6. 2: BLASTn search results of 29 genes with homology to Bbs1  

Results are ranked by smallest E-value. Query cover refers to the percentage of the Bbs1 

transcript sequence with which the transcript in question has identity; E-value refers to the 

number of expected hits of a similar score that might be found by chance; Identity is the 

percentage of identical nucleotides within the region of homology. RNAs of genes highlighted in 

red did not have coverage in RNAseq. 

RefSeq Accession Gene Symbol Query Cover E-value Identity 

XM_006499778.2 1810024B03Rik 4% 2E-67 84% 

NM_183283.3 Smco1 3% 4E-63 95% 

NM_177093.3 Lrrc58 2% 1E-61 93% 

NM_001357184.1 Adat1 3% 2E-60 94% 

NM_173033.3 Tstd2 2% 2E-60 94% 

XM_017319155.1 Pxmp4 2% 2E-60 93% 

NM_021883.2 Tmod1 2% 2E-60 94% 

XM_017315374.1 Cast 3% 6E-60 94% 

NM_001355185.1 Ctcfl 2% 2E-59 94% 

NM_001311147.1 4930402H24Rik 3% 8E-59 91% 

NM_010774.2 Mbd4 5% 8E-59 90% 

XM_011244518.2 Rasa1 2% 8E-59 93% 

XM_011248257.2 Zdhhc7 4% 3E-58 80% 

NM_001163741.2 Ccdc167 3% 3E-58 93% 

NM_018804.3  Syt11 2% 3E-58 93% 

NR_156430.1  Gtdc1 2% 9E-58 92% 

XM_017314840.1 Tepsin (Enthd2) 3% 9E-58 95% 

NM_026282.6 Spc24 3% 3E-57 94% 

NM_203319.1 Dhx37 3% 3E-57 94% 

NM_001161413.1 Slc3a2 3% 3E-57 94% 

NM_178610.4 Krr1 3% 3E-57 92% 

NM_025370.3 Aaed1 (Prxl2) 2% 3E-57 92% 

NM_008044.3 Fxn 2% 3E-57 92% 

NM_001355508.1 Ubap1 4% 3E-57 91% 

XM_017322047.1 Ube2w 3% 3E-57 89% 

NM_212445.2 Kdelc2 (Poglut3) 2% 3E-57 93% 

NM_025681.2 Lix1 3% 3E-57 90% 

NM_001368638.1 Nras 3% 1E-56 94% 

NM_028876.3 Tmed5 2% 1E-56 91% 

XM_006510232.3 Msantd2 4% 1E-56 94% 

XM_006534202.3 Pwwp2a 2% 1E-56 94% 

NM_015822.3 Fbxl3 3% 1E-56 89% 
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7 Discussion and Future Work 

7.1 Overview of key results 

The overarching hypothesis of this thesis was that Bbs1 may participate in processes whose 

effects extend to subcellular locations beyond the primary cilium. This was postulated on the 

basis that other ciliopathy genes have multiple, and sometimes extra-ciliary, functions. The 

project’s main aim was to probe the role(s) of Bbs1 within the cell. CRISPR/Cas9 gene editing 

was employed to ablate Bbs1 gene function in the IMCD3 cell line, a mouse kidney cell line 

frequently used to study cilia on the basis that ciliogenesis readily occurs after serum 

deprivation. A cell line was used to provide a uniform genetic background, which is not possible 

with patient samples. Amongst tools to provoke gene loss-of-function, CRISPR provides 

superior power over RNAi, for its ability to cause gene knockout rather than knockdown. In 

addition, CRISPR can be used to generate biallelic mutations, to precisely model the recessive 

mode of inheritance of ciliopathies. The technology was in its infancy at the outset of this project 

and CRISPR-based knockout studies of Bbs1 had yet to emerge. It provided a novel direction 

from which to study the function(s) of this ciliopathy gene. 

The project was subdivided into four hypotheses, the latter two (3a and 3b) being mutually 

inclusive and emerging after an initial body of work had been undertaken. These were as 

follows: 

1: Biallelic indel mutations in Bbs1 will result in gene loss-of-function (“knockout”) through 

transcript instability and/or absence of protein expression 

2: Knockout cell lines will exhibit consistent and specific phenotypes that may underlie 

ciliopathies in Bbs1 

3a: Bbs1 has role(s) in the organisation of cell-cell adhesion 

3b: Reduced Bbs1 mRNA levels correlate with a less severe cellular phenotype 

The first two hypotheses were explored in Chapter 3 and Chapter 4, respectively. Hypotheses 

(3a) and (3b) were investigated together across Chapter 5 and Chapter 6. Discussions will not 

be repeated, but the content and main conclusions of these chapters will be summarised with 

regards to their respective hypotheses. To test hypothesis (1), IMCD3 clones carrying biallelic 

indels in Bbs1 were generated using CRISPR/Cas9 gene editing. These bore a range of 

mutations, including start codon deletion, frameshift and nonsense mutations (see Figure 3. 11; 

see Table 3. 7). Bbs1 copy number was verified (see Figure 3. 14), to avoid clones that did not 

have two copies of the gene, as CRISPR can induce detrimental chromosomal rearrangements 

(Kosicki, Tomberg and Bradley, 2018; Cullot et al., 2019). The effects of the mutations were 

characterised by quantification of Bbs1 mRNA expression (see Figure 3. 13) and BBS1 protein 

levels (see Figure 3. 19). Biallelic indel mutations in Bbs1 nearly always resulted in knockout at 
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the protein level, due to absence of BBS1 protein, but did not always result in transcript 

instability. Diploid cell lines which did not express BBS1 protein were chosen for phenotypic 

studies. They were also selected on the basis that each had been mutagenized using a different 

sgRNA, to control for sgRNA off-target effects and, where more than one cell line fulfilled these 

criteria, that with the lowest Bbs1 mRNA expression was picked (Figure 3. 20 summarises how 

the clones were selected for this). The first key contribution of this project was a set of clonal 

Bbs1-/- IMCD3 cell lines for the study of Bbs1 function. The experience gained from the 

generation of these cell models might also be considered an outcome of the project, which 

could be useful in the design of future CRISPR/Cas9 gene editing experiments in cell lines. 

Some of the chief lessons that were learnt are summarised in section 7.4.2. 

Chapter 4 documented the phenotypic analyses of the selected Bbs1 mutant and WTcr clones. 

The latter were wild type clones which had been through the CRISPR process but remained 

wild type for Bbs1 and served as extra controls during phenotyping. Phenotypic analyses 

commenced with one knockout, Bbs1ex8, and its respective WTcr clone, WTcrex8. Two 

phenotypes of interest were identified, namely reduced ciliogenesis (see Figure 4. 1) and 

disorganised cell-cell junctions (see Figure 4. 5). However, these were not recapitulated across 

all knockout cell lines and in some cases Bbs1 mutant lines appeared no different from wild 

types (see Figure 4. 6, Figure 4. 9 and Figure 4. 10). The conclusion drawn with respect to 

hypothesis (2) was that knockout cell lines did not exhibit consistent phenotypes. As a result, 

there was difficulty in identifying which phenotypes, if any, were Bbs1-specific. This was further 

complicated by absence of cilia on cells of two WTcr clones (see Figure 4. 6b). A number of 

phenotypes relating to the epithelial characteristics of cells appeared to vary in a manner 

reciprocal to the level of Bbs1 transcript expressed by the cell line (see Figure 4. 12), notably 

the disruption of tight and adherens junctions and loss of TEER (see Figure 4. 11), a 

quantitative readout of epithelial barrier integrity which is largely mediated by apical intercellular 

tight junctions. The pattern was evocative of that underlying a proposed mechanism of genetic 

compensation that has been documented in zebrafish and cell lines, which ameliorates 

phenotypic severity in knockout (but not knockdown) models by upregulation of compensating 

genes (Rossi et al., 2015; El-Brolosy et al., 2019; Ma et al., 2019). Compensating genes 

described thus far have been paralogues or have otherwise shared sequence homology with 

the faulty gene. According to one suggested mechanism, the response is elicited by the 

remnants of mRNAs that have undergone nonsense-mediated decay, which are proposed bind 

to homologous genes and instigate their upregulation (El-Brolosy et al., 2019). Thus, the final 

two hypotheses were formulated: that, (3a) Bbs1 could play a role in the organisation of cell-cell 

adhesion, if (3b) reduced Bbs1 mRNA levels correlate with a less severe phenotype. Both 

hypotheses are interdependent, as one must be true for the other to be true, according to the 

phenotypic data. 

Hypotheses (3a) and (3b) were investigated together across Chapter 5 and Chapter 6. Besides 

genetic compensation, multiple factors can influence phenotypic variation. Examples include 

presence of alternatively spliced transcripts, sgRNA off-target effects and clone-to-clone genetic 

or epigenetic variation. Chapter 5 was dedicated to investigation of these in the contexts of 
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ciliogenesis and cell-cell adhesion. Novel Bbs1 splice forms were identified which were common 

to all cell lines (see Figure 5. 6). All identified variants retained exon 4, encoding the epitope of 

the anti-BBS1 antibody used to screen Bbs1-/- clones for BBS1 protein (see Figure 3. 15). 

There was no evidence of resulting protein in Bbs1-/- cell lines (see Figure 3. 19a), suggesting 

variant transcripts were not translated. sgRNA off-target mutagenesis was identified in two 

clones (see Figure 5. 8 and Figure 5. 10) and genetic variants unique to Bbs1ex8 (in which the 

phenotype was identified) were found by WGS (see Table 5. 3). No significant transcriptional 

changes manifested from the variants that were unique to Bbs1ex8 (see Figure 6. 7). The weight 

of the evidence did not suggest that these would be detrimental to the intercellular adhesion of 

IMCD3 cells. On the other hand, variants in two cilia genes of Bbs1ex8 suggested that its loss of 

ciliogenesis was not Bbs1-specific (see Figure 5. 15a, Figure 5. 15b and Table 5. 3). In further 

support of this, the frequency of clones with ablated ciliogenesis did not vary significantly 

between the group of Bbs1 knockout clones and a set of newly-isolated WT IMCD3 clones (see 

Figure 5. 18d). Ciliogenesis was unaffected in Bbs1ex1.1 (see Figure 5. 1), a second clone that 

exhibited the disrupted cell-cell junction and loss of TEER phenotypes (see Figure 5. 2) 

postulated to be Bbs1-specific. It was concluded that loss of ciliogenesis was unlikely a Bbs1-

specific phenotype, although its cause in WTcr clones was not identified. This implies that Bbs1 

is not essential for ciliogenesis in IMCD3 cells. 

Between Chapter 5 and Chapter 6, work was presented, in support of hypotheses (3a) and 

(3b), suggestive of a genetic compensation response that ameliorated Bbs1-associated cell-cell 

adhesion defects. A strong correlation was found between Bbs1 mRNA levels and loss of 

TEER, which was upheld across all eight Bbs1-/- cell lines that were tested (see Figure 5. 3). 

The frequency of tight junction disruption was very low amongst WT IMCD3 clones (see Figure 

5. 19b) and differed significantly to its frequency in Bbs1 knockout cell lines (see Figure 5. 

19d), suggesting that it is not a phenotype that often occurs by chance. This was in contrast to 

observations of significant clonal variation in ciliogenesis (see Figure 4. 6b). To circumvent 

problems of clonal variation, CRISPR/Cas9 gene editing was used to knock out Bbs1 within 

groups of IMCD3 cells (i.e. without the clonal isolation step). This generally caused a reduction 

in TEER, which was statistically significant in one of three groups (see Figure 6. 1). As 

discussed in Chapter 6, the design of the experimental setup would benefit from improvement 

in future. Likewise, attempts to rescue the loss of cell-cell adhesion by overexpression of BBS1 

will require some optimisation prior to re-testing. 

The major focus of Chapter 6 was the use of RNAseq to probe transcriptional changes in the 

two Bbs1-/- clones thought to represent extremes of phenotypic severity (and therefore of Bbs1 

mRNA levels): Bbs1ex1.4 (which had loss of Bbs1 mRNA but no reduction in TEER) and Bbs1ex8  

(which exhibited no reduction in Bbs1 mRNA levels but had loss of TEER; see Figure 6. 8 and 

Figure 6. 9). The major transcriptional changes that were seen in WT, Bbs1ex1.4 and Bbs1ex8 are 

summarised in Figure 6. 22. Transcriptional changes believed to be caused by loss of Bbs1 

were identified in Bbs1ex1.4 and Bbs1ex8. Of these, the downregulation of TNFα/NFκB (see 

Figure 6. 13) was in accord with a postulated role for Bbs1 in the regulation of proteolysis (Liu 

et al., 2014) and the upregulation of BBS genes (Bbs2, Mks1, Wdpcp; see Figure 6. 6) 
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suggested a role for Bbs1 in the regulation of gene expression. These provided evidence for 

Bbs1 having extra-ciliary roles. Other transcriptional changes of note were the downregulation 

of mTORC1 and Myc signalling and the upregulation of Wnt/β-catenin signalling and EMT 

genes (see Figure 6. 10, Figure 6. 11, Figure 6. 12, Figure 6. 14 and Figure 6. 16). Most 

significantly, both Bbs1-/- clones were positively enriched for mesenchymal biomarkers (see 

Figure 6. 17) such as MMPs (see Figure 6. 15) and ECM components (see Figure 6. 9); 

however, only Bbs1ex8 had downregulated epithelial markers (see Figure 6. 18), indicating that 

its EMT was more progressed. In addition, there was a significant downregulation of genes 

whose products localise to apical or basolateral subcellular domains in Bbs1ex8 (see Figure 6. 

9). By contrast, Bbs1ex1.4 exhibited a significant upregulation of genes associated with apical 

and basolateral cell components, including those encoding apical junction proteins (see Figure 

6. 19). It was concluded that, in the absence of a genetic compensation response, knockout of 

Bbs1 likely caused a loss of epithelial identity in IMCD3 cells which led to disruption of its cell-

cell junctions and loss of epithelial barrier integrity. Transcriptional changes in Bbs1ex1.4, 

particularly the upregulation of apical junction genes, may have compensated for the loss of 

Bbs1 thereby ameliorating cell-cell junction disruption. 

Thus, the two principal propositions arising from this thesis are: 

(i) Loss of epithelial identity is a novel Bbs1-associated phenotype 

(ii) Degradation of faulty Bbs1 transcripts can trigger a genetic compensation response 

to ameliorate this phenotype in some contexts.  

Identification of this novel phenotype, in addition to evidence for its participation in the regulation 

of proteolysis and BBS gene expression, suggests that Bbs1 has cellular effects that extend to 

locations other than the primary cilium. Future work is required to test these two new 

hypotheses, as outlined in the relevant sections below. The mechanisms underlying the novel 

epithelial identity phenotype and whether it is associated with ciliary or extra-ciliary functions of 

Bbs1 remain to be seen and thought is given to these below (see section 7.2.1). The 

implications of genetic compensation in Bardet-Biedl syndrome are also alluded to (see section 

7.3.2). 

7.2 The role(s) of Bbs1 in regulation of epithelial identity 

7.2.1 Mechanisms by which Bbs1 may regulate epithelial polarity 

The first key proposal of this thesis is that loss of epithelial polarity is a novel cellular phenotype 

associated with the ablation of Bbs1 in the kidney epithelium. In IMCD3 cells, this was 

characterised by the upregulation of mesenchymal biomarker expression and (in the absence of 

genetic compensation) the loss of epithelial biomarker expression, leading to disruption of apical 

cell-cell junctions and loss of epithelial barrier integrity. From data presented in the thesis, it is 

not possible to deduce how knockout of Bbs1 might cause loss of epithelial identity. With 

insights from the literature, the following suggestions are put forward as avenues for future 

exploration. A summary of these is depicted in Figure 7. 1.  
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7.2.1.1 Trafficking of E-cadherin or EPP proteins to the apical and/or basolateral plasma 

membrane 

E-cadherin is the major biomarker of epithelial identity. In Bbs1-/- IMCD3 cells lacking a genetic 

compensation response, the E-cadherin gene, Cdh1, was significantly downregulated, and its 

localisation to apical intercellular junctions was largely disrupted. BBS1 is known to coat 

vesicles (Jin et al., 2010) and to associate with other polarised vesicle trafficking machinery, 

such as RAB GTPases (Nachury et al., 2007; Westlake et al., 2011). In cilia, it likely acts as an 

adaptor to link membrane proteins to molecular motors like dynein and kinesins (Liu and 

Lechtreck, 2018). Given these points, and evidence for its role in trafficking of membrane 

proteins (IR and LRb) to the plasma membrane (Starks et al., 2015; Guo et al., 2016), BBS1 

may have a role in the polarised trafficking of E-cadherin to the apical cell surface. In this 

context, failure of intercellular junctions to form might be a direct result of Bbs1 ablation. E-

cadherin is required for formation of a nascent intercellular “zipper” junction that precedes 

maturation into discrete tight junctions and adherens junctions (Zihni et al., 2016), thus its failure 

to localise to the apical membrane would have resulted in the disrupted cell-cell junction 

phenotype seen in Bbs1ex1.1 and Bbs1ex8. Failure of E-cadherin to sequester β-catenin at 

adherens junctions may have resulted in increased levels of free β-catenin in the cytosol. If not 

targeted for degradation by the Wnt destruction complex (see section 1.2.5 of Chapter 1), it 

could have activated TCF/LEF1-mediated transcription of Wnt target genes. This might explain 

the positive enrichment of Wnt/β-catenin signalling pathway in Bbs1-/- clones, which itself may 

have exacerbated EMT-like changes, since canonical Wnt signalling can drive EMT (Lamouille, 

Xu and Derynck, 2014; Kim et al., 2017). Although Cnntb1 mRNA expression was not 

differentially expressed (see Figure 6. 20), it is possible that β-catenin protein was stabilised in 

Bbs1ex1.4 and Bbs1ex8, as has been observed in bbs1-depleted zebrafish (Gerdes et al., 2007). 

As evidence for this, there was upregulation of Lef1, Jag1 and Axin2 in Bbs1-/- clones (see 

Figure 6. 14), which are known targets of β-catenin (Filali et al., 2002; Jho et al., 2002; Rodilla 

et al., 2009). It will be important to ascertain whether levels of β-catenin protein, or its 

phosphorylation, are altered in Bbs1-/- cells and whether downregulation of the Cdh1 gene 

translated to a reduction of E-cadherin protein levels in Bbs1ex1.1 and Bbs1ex8. Whether there is 

nuclear localisation of β-catenin, which cannot be ascertained from maximum projections of 

confocal immunofluorescence images of Bbs1-/- cells (see Figure 4. 9), should also be checked. 

This said, if BBS1 was essential for the localisation of E-cadherin to the plasma membrane in 

Bbs1-/- IMCD3 cells, its knockout would be expected to have caused total absence of E-

cadherin at cell boundaries, which was not the case (see Figure 4. 5b). Alternatively, BBS1 

may traffic proteins of the EPP to either apical or basolateral membranes and in this way 

participate in the maintenance of apical-basal polarity. The fact that E-cadherin and other 

epithelial biomarkers were transcriptionally downregulated (see Figure 6. 18), concomitant with 

the upregulation of mesenchymal biomarkers (see Figure 6. 17), suggests that loss of E-

cadherin and apical-basal polarity were consequences of global changes to cell identity, not 

driven (solely) by incorrect protein localisation.  
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7.2.1.2 Spatiotemporal control of Wnt signalling during epithelium maturation 

Signalling through the primary cilium is thought to be necessary for the full maturation of RPE, 

to attain complete apical-basal polarity, indicated by uniform expression of apical markers 

across the monolayer and the formation of apical processes which, in the retina, extend 

between and support the photoreceptors (May-Simera et al., 2018). In human induced 

pluripotent stem cell (iPSC)-RPE cells, knockdown of IFT88 caused tight junction defects and 

reduced apical processes, suggestive of incomplete RPE maturation. A similar phenotype was 

seen in iPSCs derived from a JBTS patient with biallelic nonsense mutations in CEP290 

(BBS14), and in the RPE of Bbs8-/- mice. Like in Bbs1-/- IMCD3 clones (see Figure 4. 5d, 

Figure 4. 10 and Figure 6. 8), disruption of tight junctions was accompanied by upregulation of 

canonical Wnt/β-catenin signalling in Bbs8-/- RPE. The authors demonstrated that BBS8 

participates with two regulators of Wnt signalling, Jouberin (AHI1) and Inversin (NPHP2), to 

attenuate canonical Wnt signalling prior to RPE maturation. In the case of Inversin, this is 

through a direct protein-protein interaction with BBS8. Though necessary, inhibition of Wnt/β-

catenin signalling alone was insufficient for complete polarisation of the RPE and it was shown 

that downstream activation of protein kinase Cδ (PKCδ) signalling was required. BBS8 was 

directly implicated due to identification of a BBS8-PKCδ protein-protein interaction. 

BBS1 and BBS8 function together within the BBSome (Nachury et al., 2007) and deletion of 

Bbs1 can disrupt the complex (Guo et al., 2016). Since expression of BBS1 is upregulated 

during the maturation of both primary and immortalised human renal tubule epithelium 

(Aschauer et al., 2013), BBS1 may participate with BBS8 within the BBSome to enable proper 

apical-basal polarisation of the IMCD3 epithelium. To investigate this further, follow up studies 

could look for the presence of Inversin and/or PKCδ in BBS1 immunoprecipitations. Another 

question of interest is whether inhibition of canonical Wnt signalling and/or activation of PKCδ 

signalling can restore TEER in Bbs1-/- cells. May-Simera and colleagues (2018) used a 

combination of pharmacological inhibitors to suppress canonical Wnt signalling and, in separate 

experiments, restored PKCδ pathway activation with a chemical enhancer of ciliogenesis 

(aphidicolin). These approaches could be tested in Bbs1ex1.1 and Bbs1ex8. 

7.2.1.3 Trafficking of signalling receptors to the primary cilium 

Downregulation of Myc (see Figure 6. 11 and Figure 6. 12) was a plausible exacerbating factor 

of the EMT-like changes seen in Bbs1-/- IMCD3 cells. In Madin-Darby canine kidney (MDCK) 

epithelial cells, the MYC protein specifically activates the expression of E-cadherin and its 

downregulation is associated with a gain of mesenchymal characteristics (Batsché et al., 1998). 

It is therefore tempting to speculate that downregulation of Myc contributed to the gain of 

mesenchymal markers in Bbs1ex1.4 and Bbs1ex8 (see Figure 6. 17). Inactivation of Myc and its 

targets was not in line with the positive enrichment of canonical Wnt signalling genes (see 

Figure 6. 14). Myc is a target of the TCF/LEF1 transcription factors that are activated by β-

catenin (He et al., 1998) and Myc upregulation in models or patients with renal cystic 

ciliopathies, including PKD, has often been attributed to increased canonical Wnt signalling (Lin 

et al., 2003; Jonassen et al., 2008; Krock and Perkins, 2008; Frank et al., 2013). It is likely that 

cross-talk between several signalling pathways affected expression of Myc target genes, which 
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might have had a knock-on effect on epithelial cell polarity. Downregulation of Myc target genes 

may be a result of MYC protein degradation, rather than solely due to reduced Myc gene 

expression. Phosphorylation of MYC by GSK3β targets it for proteolysis by the proteasome 

(Farrell and Sears, 2014) and inhibition of mTORC1 in RPE cells causes a GSK3β-dependent 

reduction in MYC protein levels (Bautista et al., 2018). Therefore, it is possible that negative 

enrichment of Myc target genes was caused, at least in part, by downregulation of mTORC1 

signalling (see Figure 6. 10). Whether MYC protein levels are reduced in Bbs1-/- cell lines 

should be determined.  

mTORC1 inactivation might also have contributed to increased Wnt/β-catenin pathway activity. 

This is based on the recent finding that mTORC1 activity can suppress Wnt/β-catenin signalling 

by decreasing the availability of Frizzled receptors at the cell surface (Zeng et al., 2018). It is 

possible that restricted mTORC1 activity arose from Bbs1-/- cells’ impaired ability to sense 

external nutrient availability, for instance due to failure of hormone and growth factor receptors 

to localise to cilia and/or the apical cell surface. Indeed, many RTKs, including the epidermal 

growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR) and the IR localise to 

cilia (Ma et al., 2005; Schneider et al., 2005; Teilmann and Christensen, 2005; Neugebauer et 

al., 2009; Wu et al., 2009; Zhu et al., 2009; Leitch and Zaghloul, 2014; Starks et al., 2015), and 

depletion of BBS1 was shown to reduce plasma membrane localisation of the IR (Starks et al., 

2015). Whether this is the case in Bbs1ex1.4 and Bbs1ex8 could be explored further, using 

immunofluorescence to probe receptor localisation. 

Alternatively, mislocalisation of PC-1, as a result of Bbs1 knockout, may have impeded 

mTORC1 signalling. PC-1 is known to downregulate mTORC1 signalling and control cell size 

(Shillingford et al., 2006; Distefano et al., 2009). PC-1 loss-of-function in ADPKD is believed to 

underlie the hyperactivation of mTOR signalling and cause increased renal cell size, thus 

contributing to renal cystogenesis. As proof of concept, rapamycin-mediated inhibition of 

mTORC1 reduced renal cystogenesis in PKD models (Wheway, Nazlamova and Hancock, 

2018). Given Bbs1 is necessary for trafficking of PC-1 to cilia (but not the basal body or plasma 

membrane) in IMCD3 cells (Su et al., 2014), it is feasible that in Bbs1-/- cells, mTORC1 was 

inactivated by accumulation of PC-1 leading to MYC inactivation. In line with this, 

overexpression of PC-1 leads to reduced expression of mTOR and its downstream mediators 

(Distefano et al., 2009). This theory could be further explored in Bbs1-/- clones, by investigating 

whether PC-1 accumulates in cell bodies. If this is the case, knockdown of PC-1 might restore 

mTORC1 signalling. 

Although it is entirely possible that the dysregulation of mTORC1 and Myc signalling were 

unrelated to the loss of epithelial polarity in Bbs1-/- clones, two possible mechanisms by which 

Bbs1 knockout might contribute to EMT in IMCD3 cells can be summarised as follows: ablation 

of Bbs1 prevents Bbs1-mediated trafficking of (a) RTKs to the cilium or plasma membrane or (b) 

PC-1 to the cilium; this inhibits mTORC1 signalling through (a) failure of RTKs to sense 

extracellular growth factors or (b) direct inactivation of mTORC1 by a high concentration of 

delocalised PC-1 in the cell body; suppression of mTORC1 results in de-repression of canonical 

Wnt signalling (Zeng et al., 2018) and GSK3β-mediated degradation of MYC protein (and its 
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downstream targets) (Bautista et al., 2018); loss of MYC prevents the transcriptional activation 

of E-cadherin (Cdh1) and causes an increase in cellular mesenchymal properties (Batsché et 

al., 1998). 

7.2.1.4 Control of gene expression 

Knockout of Bbs1 caused a significant upregulation of three BBS genes, Bbs2, Mks1 and 

Wdpcp (see Figure 6. 6), implicating Bbs1 in the regulation of their expression. This may 

contribute to the phenotypic overlap between ciliopathies, as mutations in Mks1 cause JBTS 

and MKS as well as BBS (Kyttälä et al., 2006; Leitch et al., 2008; Romani et al., 2014). A role in 

gene transcription has been proposed for the BBS7 protein and, given it contains a nuclear 

export signal (Gascue et al., 2012), the same is possible of BBS1. Whether or how upregulation 

of this might affect cells’ epithelial identity is unclear and it is equally possible that this role of 

Bbs1 is unrelated to its regulation of epithelial identity. To speculate upon how Bbs1 might 

influence epithelial cell polarity, WDPCP participates with FUZ and INTU (two PCP proteins) 

within the CPLANE complex and is therefore implicated in the regulation of planar cell polarity 

(Toriyama et al., 2016). It is feasible that Wdpcp upregulation affects CPLANE activity, resulting 

in defective planar cell polarity. This might explain characteristic convergent extension defects 

that have been observed in bbs1 zebrafish morphants (Gerdes et al., 2007; Liu et al., 2014). 

Given the close association between planar cell polarity and apical-basal polarity, defective 

PCP could have contributed to a loss of epithelial identity in Bbs1-/- cells. Prior to exploring this 

line of enquiry, the upregulation of Bbs2, Mks1 and Wdpcp at the protein level should be 

established. 

7.2.1.5 Regulation of proteolysis 

There are various potential causes of the canonical Wnt upregulation that manifested in Bbs1-/- 

clones, including impaired functioning of Bbs1 in the homeostasis of protein levels. A number of 

pieces of evidence exist for this postulated role, including the interaction of BBS1 with a 

proteasome regulatory subunit, RPN10, in mouse testis (Liu et al., 2014). Gerdes et al. (2007) 

suggested that BBS1 might regulate proteasomal activity, and that its depletion therefore 

resulted in the increased β-catenin levels exhibited by bbs1-depleted zebrafish. Although 

speculative and lacking in direct evidence, it is feasible that proteolysis of β-catenin was 

impaired in the absence of Bbs1 and that this led to EMT in Bbs1-/- IMCD3 clones, since 

canonical Wnt signalling can promote EMT (Lamouille, Xu and Derynck, 2014; Kim et al., 2017). 

To further support a role for Bbs1 in protein homeostasis, TNFα/NFκB signalling was 

downregulated (see Figure 6. 13), mimicking results seen in a BBS1 HEK cell model. 

Compared to their wild type controls, BBS1-depleted HEK cells had increased levels of IκBs 

and suppressed NFκB signalling following TNFα stimulation (Liu et al., 2014). Treatment with a 

proteasome activator, sulforaphane, partially ameliorated the effects. A similar experimental 

setup could in future be replicated in Bbs1-/- IMCD3 cells, to determine whether sulforaphane 

treatment restores NFκB signalling and attenuates canonical Wnt signalling. It must also be 

considered that if Bbs1 is involved in the regulation of proteolysis, this role is unconnected to its 

role in the regulation of epithelial identity. 
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7.2.2 Ciliary or extra-ciliary? One role or many? 

The study of ciliopathy genes has historically focussed on their functions in the subcellular 

compartment of the cilium, for example in ciliogenesis, IFT and the signal transduction that is 

dependent upon both. As the field of cilia research evolves, evidence is emerging that ciliary 

genes, including BBS genes, might have additional roles outside of the primary cilium (Follit et 

al., 2006; Gerdes et al., 2007; Finetti et al., 2009; Gascue et al., 2012; Hernandez-Hernandez et 

al., 2013; Leitch et al., 2014; Liu et al., 2014; Starks et al., 2015). This stoked the overarching 

hypothesis of this thesis, which was that Bbs1 may have role(s) that extend beyond the primary 

cilium.  

From data presented in this study, it is theorised that, in epithelial cells, Bbs1 functions in the 

maintenance of cell-cell adhesion, likely through the regulation of apical-basal polarity. This is a 

novel role associated with Bbs1, which has previously been implicated in ciliary trafficking of 

signalling receptors (Kulaga et al., 2004; Lechtreck, Johnson, et al., 2009; Seo et al., 2009; Jin 

et al., 2010; Zhang, Seo, et al., 2012; Lechtreck et al., 2013; Li et al., 2013; Su et al., 2014), as 

an adaptor that links cargoes to IFT particles (Blacque et al., 2004; Williams et al., 2014; Liu 

and Lechtreck, 2018), and in the turnaround and ciliary exit of IFT particles (Lechtreck, 

Johnson, et al., 2009; Seo et al., 2011; Wei et al., 2012; Lechtreck et al., 2013; Eguether et al., 

2014; Liew et al., 2014; Nager et al., 2017; Nakayama and Katoh, 2018; Nozaki et al., 2018; Ye, 

Nager and Nachury, 2018). All of these roles are linked to the cilium. Although Bbs1 was not 

essential for ciliogenesis in Bbs1-/- IMCD3 cells in the present work (see Figure 4. 6 and Figure 

5. 1) or in IMCD3 cells depleted of Bbs1 by shRNA (Su et al., 2014), an important question to 

be addressed in future, is whether the role of Bbs1 in epithelial identity is a ciliary or an extra-

ciliary one. 

EMT-like changes have been identified in models of other ciliopathy genes. Like in Bbs1ex8, 

kidney organoids grown from IFT140 patient-derived iPSCs displayed a downregulation of 

genes involved in apical-basal polarity and cell-cell junctions (Forbes et al., 2018). May-Simera 

et al. (2018) found incomplete formation of tight junctions in Bbs8 models. Activation of RhoA is 

associated with EMT (Lamouille, Xu and Derynck, 2014), which might suggest that increased 

RhoA activity in Bbs4-/- and Bbs6-/- MEFs was due to EMT-like transcriptional changes, although 

the increased filopodia formation that accompanies cytoskeletal changes in EMT were not seen 

in these cells; in fact Bbs4-/- and Bbs6-/- MEFs exhibited decreased formation of lamellipodia and 

filopodia (Hernandez-Hernandez et al., 2013). The relevance of these observations in 

fibroblasts (of mesenchymal lineage) must also be considered, as it is unclear how a loss of 

epithelial identity in Bbs epithelial cells might be paralleled in their fibroblast counterparts. Like 

Bbs1, Nphp1 and Nphp4 are also upregulated during epithelial cell polarisation and their 

depletion has been shown to disrupt tight junction formation (Delous et al., 2009; Aschauer et 

al., 2013). NPHP1 and NPHP4 localise to cell-cell junctions and interact with proteins of the 

EPP, namely PALS1, PAR3 and PATJ (Delous et al., 2009; Sang et al., 2011). The observation 

that several ciliopathy genes have been linked to epithelial polarity implicates the primary cilium 

in its regulation. 
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In a number of the above theorised mechanisms of Bbs1 involvement in the regulation of 

epithelial polarity, participation of Bbs1 might be deemed ciliary. For instance, if failure of BBS1 

to traffic RTKs and/or PC-1 to the ciliary membrane contributed to loss of epithelial identity, this 

would be considered a ciliary role. A role for the BBSome in the attenuation of Wnt signalling 

upstream of complete epithelial polarisation might also be considered a ciliary function, due to 

the proposed participation of Jouberin in this mechanism, which must be sequestered in the 

cilium to minimise translocation of β-catenin to the nucleus (Lancaster, Schroth and Gleeson, 

2011). Given loss of ciliogenesis was not thought to be a Bbs1-specific phenotype in Bbs1-/- 

IMCD3 clones and that Bbs1ex1.4 displayed upregulation of canonical Wnt signalling in the 

presence of cilia (see Figure 6. 8), this role of Bbs1 might be mediated through other ciliary 

interactions, such as ciliary import of proteins. Whether the ciliary localisation of Jouberin is 

impaired could in future be investigated in Bbs1-/- IMCD3 cells. 

On the contrary, given that by the very nature of ciliogenesis (which creates the distinct 

redistribution of proteins at the cilium-forming cell surface) all cell types require some form of 

polarity to produce cilia, the participation of Bbs1 in establishment or maintenance of epithelial 

polarity may be upstream of ciliogenesis. Wheatley (2018) described unpublished data that 

showed that a (usually ciliogenic and adherent) baby hamster kidney (BHK) epithelial cell line 

that had been coaxed into growing in suspension failed to form cilia (Wheatley, 2018). This 

suggests adhesion, which itself results from polarisation, is necessary for ciliogenesis. Perhaps 

a counter argument to the necessity of epithelial polarity for ciliogenesis is that fibroblasts, 

which are of mesenchymal lineage, also form cilia (Wheatley, 1969). Moreover, inactivated T 

cells (of lymphoid lineage), historically considered to be cells that do not form cilia (Michaud and 

Yoder, 2006), are relatively spherical and exist in suspension in the peripheral blood. In recent 

years, similarities have been drawn between the primary cilium and the immune synapse that is 

formed by T-lymphocytes (Griffiths, Tsun and Stinchcombe, 2010; Finetti, Onnis and Baldari, 

2015; Dieckmann et al., 2016; Martín-Cófreces and Sánchez-Madrid, 2018; Stephen et al., 

2018). Immune synapse formation requires morphological changes in T cells upon activation; 

they become adhesive and their spherical morphology changes to become elongated and 

flattened (Donnadieu, Bismuth and Trautmann, 1994; Delon et al., 1998). A more general 

explanation might be that correct polarisation in context of the cell type is required. Thus, gain of 

mesenchymal characteristics in a kidney epithelial cell line like IMCD3 would be out of context 

and not conducive to proper cilia function. Given Bbs1 knockout did not affect ciliogenesis in 

Bbs1ex1.4 or Bbs1ex1.1, despite increased mesenchymal biomarker expression or tight junction 

disruption (respectively), it might be that the contribution of Bbs1 to epithelial polarity is not 

strictly required for ciliogenesis but is necessary for cilia function. Participation of Bbs1 in 

trafficking of E-cadherin and EPP proteins to the apical plasma membrane, in the control of BBS 

gene expression or in protein homeostasis would not be considered ciliary roles and provide 

potential mechanisms by which altered epithelial polarity might arise in a cilium-independent 

manner. 

How the involvement of Bbs1 in epithelial polarity might fit with its known involvement within the 

primary cilium is a question of interest. Could it be that a single molecular function of the BBS1 
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protein contributes to its participation in ciliary receptor trafficking and the regulation of epithelial 

polarity? Maintenance of the cilium and apical-basal polarity both rely upon the segregation of 

proteins to distinct subcellular domains and rely upon diffusion barriers to achieve this (Trimble 

and Grinstein, 2015). BBS1 may be involved in polarised trafficking mechanisms that are 

necessary to sustain their distinct membrane protein compositions, by the targeting of vesicles 

to the ciliary pocket or to apical or basolateral membranes. This is feasible, given the ability of 

BBS1 to bind a range of cargoes (Seo et al., 2009; Jin et al., 2010; Zhang, Seo, et al., 2012; Su 

et al., 2014) and might, in part, explain BBS patient phenotypic variability, as different missense 

mutations in the BBS1 protein might differentially affect its binding to various cargoes. Such a 

role might also extend to the trafficking of proteins to the proteasome (or lysosome) in the 

context of Bbs1-regulated protein homeostasis. By entering the cilium, BBS1 is able to cross a 

diffusion barrier (i.e. the transition zone). It is possible that BBS1 has an ability to cross diffusion 

barriers elsewhere in the cell, including those created by tight junctions. How this might 

reconcile with potential functions of Bbs1 in the regulation of Bbs gene expression is unclear 

and it is equally possible that Bbs1 has distinct roles within the nucleus, cytoplasm and/or 

cilium. 

7.2.3 Relevance to disease 

Understanding how disease, in this case Bardet-Biedl syndrome, can occur from the absence or 

dysfunction of BBS1 protein is the core long term reason for studying Bbs1 gene function. As 

Bardet-Biedl syndrome is a pleiotropic disorder, another question raised by this research is how 

the dysregulation of epithelial polarity might contribute to disease in the various tissues that are 

affected in BBS patients. One possibility is that EMT or EMT-like changes lead to the fibrosis 

that affects various organs. For example, fibrosis is seen in the kidneys and hepato-biliary 

systems of some BBS patients (Croft and Swift, 1990; O’Dea et al., 1996; Beales et al., 1999; 

Putoux et al., 2012; Forsythe and Beales, 2013, 2015). Partial EMT is also thought to underpin 

renal fibrosis in response to injury (Grande et al., 2015). The result is increased differentiation of 

myofibroblasts (cells of mesenchymal origin which deposit fibrous ECM components like 

collagens), and inflammation, leading to chronic kidney disease. Fibrosis, in part caused by the 

upregulation of type I collagens, also underlies hypertension (Díez, 2007), a minor clinical 

symptom of BBS (Beales et al., 1999; Forsythe and Beales, 2015). Another EMT-like change in 

Bbs1-/- IMCD3 cells was the upregulation of MMPs. This might promote the osteoarthritis-like 

changes that occur in BBS1M390R/M903R mice (Sheffield et al., 2018), because destruction of the 

ECM by increased MMPs is also seen in the joints of primary osteoarthritis patients (Meszaros 

and Malemud, 2012). In the retina, May-Simera et al. (2018) suggested that insufficient apical-

basal polarisation prevents formation of the apical process that support photoreceptors, leading 

to photoreceptor death and visual decline. 

During embryogenesis, EMT and MET are fundamental processes that give rise to the various 

cell types and organ structures that occur in complex organisms (Kalluri and Weinberg, 2009; 

Kim et al., 2017). Cell fate decisions are dependent on a variety of interactions with extracellular 

components, including the ECM and other cells. Pathogenic disruption of epithelial identity 

would likely impact the development of multiple systems. For instance, during neurogenesis the 
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distribution of Notch ligand, Delta, is determined by an epithelial polarity programme protein, 

PAR1 (Bayraktar, Zygmunt and Carthew, 2006) and Notch signalling relies on adherens 

junctions to correctly determine cell fate (Hatakeyama et al., 2014; Bray, 2016). Disruption of 

epithelial polarity might lead to the CNS defects with which BBS patients present. It is feasible 

that structural abnormalities of various tissues could occur, contributing to genital and renal 

malformations in BBS patients (Putoux et al., 2012; Forsythe and Beales, 2013). Additionally, 

inappropriate upregulation of canonical Wnt signalling would likely exacerbate renal 

malformations (Perantoni, 2003), since its persistent upregulation in mice expressing a 

constitutively active form of β-catenin or in those expressing an inactive form of APC, develop 

kidney cysts (Saadi-Kheddouci et al., 2001; Qian et al., 2005). Cystic kidneys have also been 

seen in mice lacking proteins required for apical-basal polarity, such as MALS3 (Olsen et al., 

2007), which interacts with the Crumbs and Scribble complexes of the EPP. Disruption of 

BBS1-mediated epithelial polarity in kidneys of BBS patients could contribute to cyst formation. 

Together, these factors would result in end stage renal failure, the greatest cause of morbidity in 

Bardet-Biedl syndrome patients (O’Dea et al., 1996). 

7.2.4 Future Work 

A first aim in the continuation of this project will be to confirm that loss of epithelial polarity is a 

Bbs1-associated phenotype. Evidence for this might be gathered by investigating whether the 

EMT-like transcriptional changes are also observed in other Bbs1-/- cell lines, using gene 

expression arrays. This will increase the power of the RNAseq study presented in this thesis, 

which in its current form is limited by a low sample size (two Bbs1-/- clones). The most important 

test of whether disrupted cell polarity is a Bbs1-specific phenotype, will be a reconstitution 

experiment. If it is genuinely caused by knockout of Bbs1, epithelial polarity should be restored 

by expression of wild type Bbs1 in Bbs1ex1.1 and Bbs1ex8. Attempts to rescue disruption of tight 

junctions were unsuccessful (see Figure 6. 2), likely due to suboptimal methodology. 

Modifications to the experimental setup (described in section 6.4.3 of Chapter 6) should be 

implemented and the hypothesis re-tested. As an additional method to rescue the phenotype, 

Bbs1ex1.1 and/or Bbs1ex8 might be reverted to a wild type genotype, using a CRISPR HDR 

strategy to repair mutations in Bbs1-/-. 

Once confirmed to be a genuine Bbs1-associated phenotype, establishing the mechanism by 

which Bbs1 regulates epithelial polarity will be important. The transcriptomics data presented in 

Chapter 6 have provided a useful starting point, and some hypothetical mechanisms to test are 

proposed above. In all cases, it will be fundamental to test whether transcriptional changes also 

emerge at the protein level, using Western blotting. The relevance and contributions of various 

signalling pathways to WT and Bbs1-/- IMCD3 polarity can also be tested, for instance by use of 

pathway agonists and/or antagonists and an appropriate biochemical readout of pathway 

activation. Understanding the underlying mechanism will shed light on whether regulation of 

epithelial polarity by Bbs1 is related to its ciliary role and/or whether it is part of a wider 

molecular function of the BBS1 protein. Importantly, it will help to establish the ways in which 

loss of epithelial identity might contribute to the pathogenesis of Bardet-Biedl syndrome. 
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In the long term, more complex models might be used to complement findings from studies in 

Bbs1-/- IMCD3 cell lines. One focus could be whether there is loss of epithelial identity in 

affected tissues of the BBS1M390R/M390R mouse, such as the retina or CNS. The BBS1M390R/M390R 

mouse model does not display a BBS kidney phenotype (Davis et al., 2007) and so could not be 

used to further investigate the above mechanisms in a renal context. Patient fibroblasts would 

not be suitable for such studies either, given they are not epithelial cells, however patient-

derived iPSCs that have been differentiated into kidney organoids (Forbes et al., 2018) could be 

used. In vivo studies could be extended to other BBS mouse models which exhibit renal 

defects, such as Bbs2-/- and Bbs4-/- mice (Nishimura et al., 2004; Guo et al., 2011), given that 

BBS1 might regulate epithelial polarity from within the BBSome complex. BBS mouse models 

could also be used to study effects of epithelial polarity dysfunction throughout stages of 

embryonic and post-embryonic development. 
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Figure 7. 1: Hypothetical mechanisms by 

which Bbs1 may regulate epithelial cell 

identity. 

This figure supports discussion of five 

hypothetical roles of Bbs1 that are discussed in 

section 7.2.1. Hypothetical roles of Bbs1 are 

shown in the coloured boxes along the top of 

the figure. Phenotypic changes identified in 

Bbs1-/- IMCD3 cell lines are displayed within 

black-edged boxes at the bottom figure. The 

possible mechanistic steps leading from Bbs1 

knockout to loss of epithelial identity are shown 

by text that is not within boxes; coloured text 

represents mechanisms specific to the 

hypothetical mechanism inside a box of the 

same colour; dark grey text represents 

mechanistic interplay based on evidence from 

the literature. Citations for these can be found 

within section 7.2.1. 
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7.3 Genetic Compensation 

The second key proposal of this thesis is that nonsense-mediated decay of faulty Bbs1 

transcripts can trigger a genetic compensation response to ameliorate loss of epithelial identity 

in some contexts. Evidence for genetic compensation upon loss of Bbs1 was an unexpected 

finding of this project. Genetic compensation (also called transcriptional adaptation) in response 

to gene knockout has recently been reported, thought to be triggered by upregulation of 

homologous (compensating) genes by the NMD of a faulty transcript (Rossi et al., 2015; El-

Brolosy et al., 2019; Ma et al., 2019). The precise mechanism by which premature termination 

codon detection by the mRNA surveillance machinery leads to transcriptional changes is 

unclear (see section 1.7 of Chapter 1). One study by El-Brolosy et al. (2019) suggested that 

the products of mRNA NMD might elicit the effects, whereas another, by Ma et al. (2019), 

proposed that presence of PTCs within transcripts were required, but that decay of the 

transcripts was not necessarily upstream of compensating gene upregulation. In Bbs1-/- cell 

lines, there was a strong correlation between Bbs1 mRNA levels and loss of TEER (see Figure 

5. 3), which reconciles with the mechanism put forward by El-Brolosy and colleagues. It is 

possible that degraded Bbs1 transcripts were upregulating genes with some sequence 

homology to Bbs1 and that these genes were compensating for disruption of cell-cell adhesion 

caused by Bbs1 ablation. Transcriptional upregulation of apical junction genes was likely key to 

a compensation mechanism in Bbs1ex1.4, a clone with near-absent Bbs1 mRNA and no loss of 

TEER (i.e. in which genetic compensation may have been at play), but not in Bbs1ex8, which had 

near-WT levels of Bbs1 mRNA and significant loss of TEER (i.e. no genetic compensation; see 

Figure 6. 22). Genetic compensation has been reported in knockout models of three cilia 

genes: Azi1, Fam183b and Golgb1 (Hall et al., 2013; Bergen et al., 2017; Stevenson et al., 

2017, 2018; Beckers et al., 2018). It is credible that Bbs1 represents a fourth. 

7.3.1 Future work 

Whether start codon deletion can trigger transcriptional adaptation is a question which requires 

further clarification. In one study of zebrafish, a mutant in which the ATG start codon was 

deleted did not display upregulation of compensating genes and had a disease-associated 

phenotype (Ma et al., 2019). Due to the involvement of NMD, a functional PTC is thought to be 

necessary to trigger the response. As discussed in Chapter 3, mRNAs transcribed from genes 

lacking the Bbs1 start codon would have been susceptible to NMD if translation from an 

alternative upstream or non-AUG codon had occurred. However, it was also possible that start 

codon deletion impaired gene transcription, due to deletion of transcription factor binding sites. 

To determine whether decreased Bbs1 transcript levels were due to NMD of mRNA or 

decreased gene transcription, RT-qPCR with primers against intron-exon boundaries should be 

used to test levels of Bbs1 pre-mRNA. It is also possible that a mechanism of genetic 

robustness different from that of transcriptional adaptation was occurring. 

The evidence for genetic compensation in Bbs1-/- cell lines is circumstantial and direct evidence 

for its occurrence is needed. One study by El-Brolosy et al. (2019) suggested that the products 

of mRNA NMD might elicit the effects. The authors used several experimental approaches to 
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demonstrate genetic compensation, which might be replicated in Bbs1-/- IMCD3 cell lines. If 

transcriptional adaptation is active in Bbs1ex1.3 and Bbs1ex1.4, inhibition of NMD should produce a 

disease-associated phenotype (reduced TEER and disrupted cell-cell junctions). NMD could be 

repressed pharmacologically with the small molecular inhibitor NMDi14, or by inactivation of 

Upf1 (using CRISPR or RNAi). NMDi14 is thought to prevent the phosphorylation of UPF1, 

required for recruitment of mRNA degradation factors after the detection of a PTC upstream of 

an EJC (Martin et al., 2014). Meanwhile, a genetic compensation response might be induced in 

Bbs1ex8 and Bbs1ex1.1 by mimicking NMD of Bbs1 transcripts. This could be tested by 

transfection of cells with Bbs1 uncapped RNAs, whose rapid degradation would yield products 

similar to those of Bbs1 mRNA NMD (Mukherjee et al., 2012), and quantification of any 

subsequent increases in TEER. Work by Ma et al. (2019) implicated the COMPASS complex, 

which mediates H3K4 methylation at gene promoters, in the genetic compensation response. If 

genetic compensation is happening, depletion of proteins of the COMPASS complex in Bbs1ex1.3 

and Bbs1ex1.4 should produce a more severe phenotype. In addition, the genetic compensation 

hypothesis is reliant upon the hypothesis that loss of TEER and cell-cell adhesion are Bbs1-

specific phenotypes. Future work to confirm the latter hypothesis (see above) is also critical to 

the testing of the genetic compensation hypothesis. Further to this, El-Brolosy and colleagues 

(2019) used deletion of the gene promoter or the entire gene locus to generate “RNA-less” 

alleles, an approach which may prove useful in testing both hypotheses. 

Identification of a compensating gene or genes will provide strong support for this hypothesis. 

Since compensating gene(s) are expected to have similar cellular functions to Bbs1, their 

identification may shed light on the role(s) of Bbs1. Given there is no paralogue of mouse Bbs1 

and its functions are not well understood, it was difficult to identify compensating genes in this 

study. It is possible that several genes with low sequence homology to Bbs1 were marginally 

upregulated, to generate a global compensation effect. Indeed, upregulation of compensating 

genes was not always to a statistically significant level (Ma et al., 2019). To increase chances of 

compensating gene identification, transcriptomics analysis of other Bbs1-/- clones could be 

performed, either by RNAseq, or using RT-qPCR- or chip-based gene expression arrays. A 

priority will be to test apical junction gene panels, given Bbs1ex1.4 exhibited significant 

upregulation of such genes (see Figure 6. 19). Whether downregulation of Myc target genes 

and signalling via NFκB is ameliorated will also be of interest, as these appeared to be global 

transcriptional changes that might have been downstream of compensating gene activity in 

Bbs1ex1.4 (see Figure 6. 8). The expression of candidate compensating genes should be tested 

across all Bbs1 knockout cell lines, to detect a general trend in upregulation. However, there 

may not be a strong correlation between reduction in Bbs1 transcripts and upregulation of 

compensating gene(s), given Ma et al. (2019) observed that the extent of the genetic 

compensation response varied between different mutants. For example, across five capn3a-/- 

zebrafish, the upregulation of 19 capn3a family members varied and was not always inversely 

proportional to the level of capn3a mRNA. If chromatin remodelling plays a part in the activation 

of compensating genes (Ma et al., 2019), ChIP-seq or ChIP-qPCR could be used to identify or 

confirm potential compensating genes in Bbs1-/- IMCD3 cell lines. Further down the line, 
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evidence of genetic compensation in patient samples or a whole animal model might be sought, 

to confirm that this is not an artefact unique to Bbs1 knockout in the IMCD3 cell line. 

In the long term, a key question that will need to be addressed is why some PTC-causing 

mutations cause compensation while others do not. Interestingly, two compound heterozygous 

Bbs1-/- clones, Bbs1ex1.1 and Bbs1ex1.2, possessed the same two allelic sequences (see Table 3. 

7) but expressed different levels of Bbs1 mRNA (see Figure 3. 13b). Loss of TEER occurred to 

a differing degree in each (see Figure 5. 3). El-Brolosy and colleagues (2019) also reported 

mutants with PTC-containing alleles that did not exhibit transcriptional adaptation due to near-

wild-type levels of mRNAs transcribed from the mutant gene. The answer to this question is 

likely to lie, at least in part, in the balance of mRNA synthesis and degradation, as well as the 

longevity of NMD decay products. In principle, a higher transcription rate would produce more 

starting material from which mRNA decay products could be yielded, regardless of the rate of 

mRNA decay. A high rate of mRNA decay, particularly in combination with a high rate of 

transcription would ensure a sustained pool of mRNA decay products. Increased half-life of 

mRNA decay products would contribute to the maintenance of the genetic compensation 

response. A correct balance is likely necessary to ensure sustained transcriptional adaptation.  

7.3.2 Implications for human disease 

Various mechanisms of genetic robustness exist to allow organisms to persist in the possession 

of deleterious mutations. The discovery of a novel such mechanism has huge implications for 

genetic diseases such as ciliopathies. The high evolutionary conservation of Bardet-Biedl 

syndrome genes (Jin et al., 2010) indicates their necessity for normal development and 

homeostasis, so it is perhaps no surprise that cells may compensate for their loss. Its recessive 

nature (i.e. that two mutations in Bbs1 are required to cause disease) and the overlapping 

functions of some BBS genes, for example those which act in the BBSome or BBS chaperonin-

like complexes, might also be considered methods of genetic buffering against Bardet-Biedl 

syndrome. As yet, a mechanism of genetic compensation in Bbs1-/- IMCD3 cell lines has yet to 

be proven but, given its occurrence in whole organisms like zebrafish, it is tempting to believe 

that transcriptional adaptation might also occur in humans. Cases of unaffected individuals 

carrying biallelic null mutations in BBS genes would be largely unreported as there would be 

little need for them to seek medical assistance. This said, the search for evidence of triallelic 

inheritance (see section 1.4.2 of Chapter 1) identified one case of an unaffected individual with 

biallelic null mutations in BBS2 (p.Y24X and p.Q59X), who was the relative of a Bardet-Biedl 

syndrome patient (Katsanis et al., 2001). Genetic compensation provides an alternative reason 

for this individual having been asymptomatic (which, if true, would also refute the triallelic 

inheritance hypothesis in this family). Since it occurred to differing degrees in Bbs1-/- clones, it is 

possible that genetic compensation contributes to the phenotypic variability of Bardet-Biedl 

syndrome. This is applicable to homozygous or compound heterozygous patients with 

frameshift or nonsense mutations, given that the response can also be present in heterozygotes 

(El-Brolosy et al., 2019; Ma et al., 2019). 

The discovery of the genetic compensation response brings with it the potential for a new class 

of genetic therapies. The question will be, can we induce transcriptional adaptation to 
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ameliorate gene loss-of-function mutations? This might be achieved by injection of uncapped 

mRNAs to mimic mRNA degradation, or by using CRISPR to make an NMD-susceptible PTC-

bearing mutation. These will rely upon a better understanding of the genetic compensation 

mechanism and the dynamics which make some mutations more likely to trigger a response 

than others. The phenotype-exhibiting Bbs1-/- IMCD3 clones (Bbs1ex1.1 and Bbs1ex8) generated 

as part of this project will provide a useful tool for proof of concept tests. Currently, treatments 

for ciliopathies like Bardet-Biedl syndrome are centred upon the management of individual 

symptoms. The potential for a novel form of therapeutics for ciliopathy patients could be life-

changing. 

7.4 Use of CRISPR/Cas9 in IMCD3 cells to study cilia gene function 

7.4.1 Future Work 

Various obstacles materialised during the implementation of CRISPR/Cas9 gene editing in 

IMCD3 cells and use of the resulting Bbs1-/- cell lines to study the role(s) of Bbs1. Most were 

overcome within the space of the project and have been discussed elsewhere, however one will 

require future action. WGS identified three allelic sequences in some Bbs1-/- cell lines (see 

Figure 3. 11 and Figure 5. 12), not all of which had previously been detected. This was due to 

IMCD3 cells being heterozygous for a polymorphism which impeded primer annealing on one 

allele, resulting in the selective amplification of the other allele during genotyping. As a result, 

two Bbs-/- cell lines, Bbs1ex12.1 and Bbs1ex12.4, must be single cell-sorted again to isolate clones. 

The retrieved clones need to be fully characterised, particularly in terms of their Bbs1 mRNA 

expression and TEER. Whether these clones adhere to the correlation between Bbs1 mRNA 

levels and reduced TEER will be important in supporting or refuting the hypothesis that 

transcriptional adaptation compensates for the loss of cell-cell adhesion in the absence of Bbs1. 

7.4.2 Lessons from CRISPR/Cas9 gene editing in the IMCD3 cell line 

In addition to generating Bbs1-/- models as a tool to further our understanding of the cellular 

roles of Bbs1, there were various lessons gained from the development of gene-edited cell 

lines. Dissemination of these has contributed to the work of other research groups (Bryant et al., 

2018; Taschner et al., 2018; Perretta Tejedor et al., 2019). While not an exhaustive summary, 

some key points will follow which might guide the design of future CRISPR experiments to study 

gene function in cell lines. 

First, prior to gene editing it is advisable to characterise the parental WT cell line well. Ideally, its 

whole genome should be sequenced, if it is not already available through a public database. 

This is important, as the cell line’s genome may differ from the reference genome of the 

organism from which it was derived. Sequencing of the genomes of several Bbs1-/- clones 

demonstrated a plethora of polymorphisms that were carried by the mouse IMCD3 cell line, 

which were not present in the mouse mm10 reference assembly (see Figure 3. 9b, Figure 3. 

9c and Figure 5. 12 for examples). The cell line’s genome can be used to design genotyping 

primers, HDR templates for the knock-in of specific mutations and to distinguish whether a T7E1 

is an appropriate means by which to test for indels within the target genomic locus. IMCD3 cells 
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are typically used for cilia studies (Ross et al., 2005; Ishikawa et al., 2012; Wei et al., 2012; Su 

et al., 2014; Taschner et al., 2018; Ye, Nager and Nachury, 2018) because they readily form 

cilia following serum deprivation and because they are easy to culture and manipulate. In 

addition, kidney defects are a common manifestation of ciliopathies, so the cell type is 

appropriate. Since WGS identified a high number of cilia gene variants in the WT IMCD3 cell 

line (see Table 5. 4 and Table 5. 5), its suitability as a model to investigate cilia genes might in 

future be questioned. This said, a number of these were likely to be false-positives, due to low 

coverage, or to be non-functional. 

The cell line should also be characterised at the transcriptional level, by checking for splice 

variants transcribed from the gene of interest. Whilst databases of known splice forms are 

useful, they are not exhaustive, and it is best to be aware of variants specific to the cell line in 

use. Unreported Bbs1 transcript variants were identified in WT IMCD3 cells (see Figure 5. 6). 

Knowledge of alternative splicing can inform sgRNA design and, where possible, only exons 

present in all splice variants should be targeted, to maximise chances of knockout. Attention 

should be paid to alternative translation start codons and sgRNAs should target sites 

downstream of these.  

From the present study, it became clear that the WT IMCD3 cell line could be considered a pool 

of individual cells, which were not all genetically identical. This was contrary to the reasons for 

using a cell line (i.e. to ensure the same genetic background). The accumulation of sporadic 

mutations within some cells of the WT pool is a limitation of using an immortalised cell line with 

a short population doubling time. It also proved to be a drawback when studying Bbs1-/- IMCD3 

clones, as it was difficult to ascertain whether a phenotype was caused by knockout of Bbs1 or 

some other variable. The phenotype(s) to be examined in knockout clones should first be 

characterised in the WT cell line. Isolation of WT clones might be useful for this purpose, and 

these could be used to do a pilot study to ascertain the level of expected phenotypic variation 

and, if appropriate to the research question, the limits of “normal” can be defined for 

equivalence testing. It could also inform statistical power analysis and sample size estimation 

calculations, to ensure the experimental setup will provide results that are accurate and reliable. 

WT clones can be used as controls when phenotyping knockout clones. In this study, the use of 

WTcr clones was confounded by their phenotypic variation, to which numerous variables might 

have contributed. These included sgRNA off-target mutagenesis (which was not identified at 

predicted off-target loci; see section 5.3.3 of Chapter 5), changes caused by the CRISPR 

procedure (which may have stressed the cells) and inherent clonal differences. WT clones can 

provide a negative control for sgRNA off-target effects and a positive control for inherent clonal 

variation within the pool of WT cells, provided a large enough sample size is used (see 

comment above). Rather than the use of WTcr clones which had been exposed to an sgRNA, 

an improved method might use WT cells that have been transfected with the pX330 plasmid 

that does not contain an sgRNA protospacer sequence. Thus, phenotypic changes caused by 

plasmid overexpression and/or the CRISPR procedure (i.e. transfection, two rounds of FACS 

and clonal isolation) might be captured. Of course, there is a limit to the number of clones that 

can feasibly be maintained and experimented on in parallel. This is a drawback of using clones. 
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Moreover, given the relatively low frequency at which some phenotypic variations occurred, for 

instance only 8 % of 63 WT clones did not form cilia (see Figure 5. 18), whether they were 

caused by gene knockout may be difficult to ascertain, as was the case for the cell-cell 

adhesion phenotype presented in this project. With the correct experimental design, use of 

CRISPR in groups of cells (without the clonal isolation step) might be used to overcome 

problems of clonal variation. 

7.5 Summary of Project Contributions 

The main contributions of this doctoral project are: 

• Setup of CRISPR/Cas9 gene editing protocol in kidney epithelial cell lines, which has been 

shared with and implemented by other researchers as a result of work in this project; 

• Generation of a set of Bbs1-/- IMCD3 clones which can be used for continued investigation 

of the pathogenesis of Bardet-Biedl syndrome 1 and as a tool for the testing of novel 

therapies; 

• Identification of loss of epithelial cell polarity as a possible novel Bbs1-associated 

phenotype in kidney epithelial cells; 

• Evidence in support of a genetic compensation mechanism which can occur upon knockout 

of Bbs1 to ameliorate loss of epithelial cell-cell adhesion; 

• New avenues to be explored towards understanding the mechanism of BBS pathogenesis 

and the development of novel therapies for Bardet-Biedl syndrome. 
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9 Appendices 

9.1 Plasmid maps 

9.1.1 pGEM-T Easy (Promega) 

Figure generated with Benchling (biology software). 

 

 

9.1.2 pX330-sgRNA 

Adaptation of pX330-U6-Chimeric_BB-CBh-hSpCas9 (“pX330”; Addgene plasmid ID 42230; 

Cong et al., 2013). Figure generated with Benchling (biology software). 
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9.1.3 pAcGFP1-C1 (Clontech 632470) 

Figure generated with Benchling (biology software). 
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9.1.4 pD10-hBBS1 

The plasmid and map were a kind gift from Dr Victor Hernandez-Hernandez (Cilia Disorders 

Section, University College London Great Ormond Street Institute of Child Health, London, 

United Kingdom). Some details have been removed, as the plasmid sequence is proprietary. 
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9.1.5 pDONR221 (12536017, Invitrogen) 

Figure generated with Benchling (biology software). 

 

 

9.1.6 pDONR221-hBBS1 

Based on plasmid pDONR221 (12536017, Invitrogen). Figure generated with Benchling (biology 

software). 
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9.1.7 pcDNA-DEST53 (Invitrogen 12288015) 

Figure generated with Benchling (biology software). 

 

 

9.1.8 pcDNA-DEST53-hBBS1 

Based on plasmid pcDNA-DEST53 (Invitrogen 12288015). Figure generated with Benchling 

(biology software). 



416 

9.2 (RT-)qPCR primer validation 

9.2.1 Table of RT-qPCR and qPCR primers that failed validation 

Primer name Primer sequence (5’ to 3’) 
Amplicon 
size (bp) 

Intended 
application 

Bbs1_2_qPCR_F TGCTCTGTTTCAGGCGTCAT 
149 

Genomic 
qPCR to 
confirm Bbs1 
copy number 

Bbs1_2_qPCR_R AGTGTGCGTCCAGCCATTTA 

Ldha_qPCR_F CCTGCAGATTATAGGGCGCTCT  
138 

Ldha_qPCR_R TCTAGGGTGCAGAGGAAGGACT 

β-actin_qPCR_F TGTTACCAACTGGGACGACA 
141 

β-actin_qPCR_R ACCTGGGTCATCTTTTCACG 

Bbs1_2_RTqPCR_F TTCTCCTCCTGCCTGTCACT 
113 RT-qPCR to 

determine 
Bbs1 transcript 
levels 

Bbs1_2_RTqPCR_R GGTCCTTTGAGCACCTTCAG 

β-actin_RTqPCR_F GGCTGTATTCCCCTCCATCG 
154 

β-actin_RTqPCR_R CCAGTTGGTAACAATGCCATGT 

 

 

9.2.2 Standard curves of genomic qPCR primers 
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9.2.3 Standard curves of RT-qPCR primers generated with ten-fold serial dilutions of 

cDNA template 

 

 

9.2.4 Standard curves of RT-qPCR primers generated with two-fold serial dilutions of 

cDNA template 
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9.2.5 Summary of (RT-)qPCR primer validation 

Use Primer pair Ta (°C) 
Efficiency, 

E 
Efficiency 

(%) 
R2 

geNorm 
Expression 

stability value (M) 
Comment 

Genomic 
qPCR to 
confirm 
Bbs1 copy 
number 

Bbs1_1_qPCR 60.0 1.914 91.36 0.9977 N/A Efficiency and R2 within acceptable range 

Bbs1_2_qPCR 60.0 1.844 84.43 0.9991 N/A Poor efficiency 

Gapdh_qPCR 60.0 1.959 95.91 0.9978 N/A Efficiency and R2 within acceptable range 

Ldha_qPCR 60.0 1.808 80.83 0.9924 N/A Poor efficiency 

β-actin_qPCR 60.0 1.834 83.36 0.9934 N/A Poor efficiency 

RT-qPCR to 
determine 
Bbs1 
transcript 
levels 

Bbs1_1_RTqPCR 60.0 1.970 96.99 0.9783 N/A Efficiency and R2 within acceptable range 

Bbs1_2_RTqPCR 60.0 1.959 95.92 0.9203 N/A Poor R2 

Hprt_RTqPCR 60.0 1.947 94.74 0.9994 0.385 
Efficiency and R2 within acceptable range; most 
favourable M-value of three reference gene 
primer pairs 

Gapdh_RTqPCR 60.0 1.936 93.58 0.9981 0.425 
Efficiency and R2 within acceptable range; M-
value not the most favourable of three reference 
gene primer pairs 

β-actin_RTqPCR 60.0 1.945 94.54 0.9982 0.519 
Efficiency and R2 within acceptable range; M-
value not the most favourable of three reference 
gene primer pairs 
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9.3 Anti-Bbs1 antibody epitope and recombinant protein sequences 

9.3.1 Proteintech pAb (21118-1-AP) epitope: 

SCLVLGTENKELLVLDPEAFTILAKMSLPSVPVFLEVSGQFDVEFRLAAACRNGNIYILRRDSKH

PKYCIELSAQPVGLIRVHKVLVVGSTQDSLHGFTHKGKKLWTVQMPAAILTMNLLEQHSRGLQA

VMAGLANGEVRIYRDKALLNVIHTPDAVTSLCFGRYGREDNTLIMTTRGGGLIIKILKRTAVFVEG

GSEVGPPPAQAMKLNVPRKTRLYVDQTLREREAGTAMHRAFQTDLYLLRLRAARAYLQALESS

LSPLSTTAREPLKLHAVVQGLGPTFKLTLHLQNTSTTRPVLGLLVCFLYNEALYSLPRAFFKVPL

LVPGLNYPLETFVESLSNKGISDIIKV 

 

9.3.2 Abcam mAb (ab166613) epitope: 

VYKNLRPYFKFSLP 

 

9.3.3 Atlas pAb (HPA058283) epitope: 

IQSLRFLQLELSEMEAFVNQHKSNSIKRQTVITTMTTLKKNLADEDAVSCLVLGTENKELLVLDP

EAFTILAKMSLPSVAPVFLEVSGQFDVEFRLA 

 

9.3.4 Bioss pAb (bs-11507R) epitope: 

SEMEAFVNQHKSNSIKRQTVITTMTTLKKNLADEDAVSCLVLGTENKELLV 

 

9.3.5 Human BBS1 recombinant protein (ab157954) sequence: 

MSPGPQLWHLLQALVSMCIRISDPTSSSAYPNCLQILWNKTFGTRPKRETAEEPLSIQSLRFLQ

LELSEMEAFVNQHKSNSIKRQTVITTMTTLKKNLADEDAVSCLVLGTENKELLVLDPEAFTILAK

MSLPSVPVFLEVSGQFDVEFRLAAACRNGNIYILRRDSKHPKYCIELSAQPVGLIRVHKVLVVGS

TQDSLHGFTHKGKKLWTVQMPAAILTMNLLEQHSRGLQAVMAGLANGEVRIYRDKALLNVIHT

PDAVTSLCFGRYGREDNTLIMTTRGGGLIIKILKRTAMFVEGGSEVGPPPAQAMKLNVPRKTRL

YVDQTLREREAGTAMHRAFQTDLYLLRLRAARAYLQALESSLSPLSTTAREPLKLHAVVQGLG

PTFKLTLHLQNTSTTRPVLGLLVCFLYNEALYSLPRAFFKVPLLVPGLNYPLETFVESLSNKGISD

IIKVGPALVPRGR 
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9.4 Growth curve analysis 

For purposes of identifying data points within the logarithmic growth and plateau phases of 

growth, replicate curves were plotted separately. The linear and stationary portions of each 

growth curve corresponded to the logarithmic growth and plateau phases, respectively. Data 

points within the logarithmic growth phase of each curve are indicated by a dotted line. The 

mean of data points within each plateau phase approximated saturation density, indicated by a 

dashed line. 

 

9.4.1 Determination of logarithmic growth and plateau phases from growth curves, 

replicate 1 

 

 

9.4.2 Determination of logarithmic growth and plateau phases from growth curves, 

replicate 2 
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9.4.3 Determination of logarithmic growth and plateau phases from growth curves, 

replicate 3 
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9.5 Scratch wound assay 

9.5.1 Optimisation of seeding density for scratch wound assays 

It was necessary that cells had just reached 100 % confluence prior to monolayers being 

scratched. Cell seeding density was optimised by testing 11 different seeding densities, ranging 

from 2,000 cells/well to 20,000 cells/well. Each seeding density was tested in triplicate using the 

WT IMCD3 cell line. Cells were dissociated, counted and diluted in complete medium. 100 

µl/well cell suspension was seeded into a 96-well plate. Cell confluence was estimated by eye 

after 20 h and 48 h. Appendix 9.5.2 and Appendix 0, below, show estimated cell confluence 

after 20 h and 48 h, respectively. 20 h post-seeding, cells seeded at the lowest densities (2000 

and 2500 cells/well) had a spindly morphology, indicating that conditions were unfavourable. 

Notably, regardless of seeding density, cells were not evenly dispersed within wells. They 

tended to be sparse in the well centre and clustered at the edges. This hampered formation of 

the uniform monolayer across the well centre, which is where the scratch wound would be 

created. Cells were therefore incubated for a further day and observed again 48 h post-seeding. 

48 h after seeding, cells were more uniformly distributed across the well centre than 20 h post-

seeding. A 16,000 cells/well seeding density followed by a 48 h incubation period best achieved 

an evenly distributed cell monolayer which had just reached confluence. 

 

9.5.2 Table of observed cell confluent, 20 h post-seeding 

Cells represent wells in a 96-well plate. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 
16000 cells/ well 
60% confluent 

8000 cells/ well 
40% confluent 

4000 cells/ well 
25% confluent 

2000 cells/ well 
5% confluent 

Spindly morphology 

B 
20000 cells/ well 
90% confluent 

10000 cells/ well 
55% confluent 

5000 cells/ well 
30% confluent 

2500 cells/ well 
5% confluent 

Spindly morphology 

C 
12000 cells/ well 
50% confluent 

14000 cells/ well 
60% confluent 

18000 cells/ well 
80% confluent 

 
 
 

  

D             

E             

F             

G             

H             
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9.5.3 Table of observed cell confluence, 48 h post-seeding 

Cells represent wells in a 96-well plate. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 
16000 cells/ well 
100% confluent 

8000 cells/ well 
60% confluent 

4000 cells/ well 
40% confluent 

2000 cells/ well 
10% confluent 

B 
20000 cells/ well 
100% confluent 

Very tightly packed 

10000 cells/ well 
80% confluent 

5000 cells/ well 
55% confluent 

2500 cells/ well 
15% confluent 

C 
12000 cells/ well 
85% confluent 

14000 cells/ well 
90% confluent 

18000 cells/ well 
100% confluent 
Tightly packed 

   

D             

E             

F             

G             

H             
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9.5.4 Scratch wound image analysis 

IncuCyte processing of scratch wound images generated masks for the initial scratch wound (in 

blue), remaining scratch wound (in yellow) and areas of cell growth (“cell confluence”; in 

orange), as shown in the example below. An example of this masking is given in Appendix 

9.5.5, below. Masking was checked on all images to ensure they correctly overlaid the area of 

interest. If an image was incorrectly masked by the IncuCyte software, the entire image replicate 

dataset was excluded from further analysis. Appendix 9.5.6, below, lists the datapoints for 

which this occurred. 

 

9.5.5 Example of scratch wound masking by IncuCyte image analysis software 

Column headings refer to the region of the image that is shaded beneath. 

Phase contrast 
image 

Remaining 
scratch wound 

mask 

Cell confluence 
mask 

Initial scratch 
wound mask 

Merge 
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9.5.6 Table of image replicate datasets excluded from analysis due to incorrect 

processing by IncuCyte software 

Cell line 
Biological 
replicate 
no. 

Replicate 
well no. 

Replicate 
image no. 

Description of error 
Example of 
erroneous 
analysis 

Bbs1ex12.4 1 1 1 
Incorrect identification of 
initial scratch wound 

 

Bbs1ex8 2 1 1 

Lack of identification of 
confluent cells, leading 
to incorrect identification 
of remaining scratch 
wound 

       

Bbs1ex8 2 1 2 
Incorrect identification of 
all three masks 
 

 

Bbs1ex8 2 1 3 

Incorrect identification of 
remaining scratch 
wound and lack of 
identification of confluent 
cells, leading to incorrect 
identification of initial 
scratch wound 
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Cell line 
Biological 
replicate 
no. 

Replicate 
well no. 

Replicate 
image no. 

Description of error 
Example of 
erroneous 
analysis 

Bbs1ex8 2 2 1 
Incorrect identification of 
initial scratch wound 

 

Bbs1ex8 3 2 1 

Lack of identification of 
confluent cells, leading 
to incorrect identification 
of remaining scratch 
wound 

    

Bbs1ex8 3 2 2 

Lack of identification of 
confluent cells, leading 
to incorrect identification 
of remaining scratch 
wound 
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9.6 TEER 

9.6.1 Optimisation of cell seeding density for TEER assays 

In an initial attempt at a TEER assay, 16,000 cells/Transwell were seeded and resistance 

measured 48 h post-seeding. The mean Rtotal ± SD of nine technical replicates was calculated 

for each of five cell lines. Rtissue and TEER were calculated from the mean Rtotal. All data are 

displayed in Appendix 9.6.2, below. Resistance readings (Rtotal) of cell cultures were similar to 

those of the blank Transwell, suggesting that epithelial barrier formation was incomplete. 

Seeding density and time until resistance measurements were taken were therefore both 

optimised with WT IMCD3 cells. 

Five seeding densities, from 16,000 cells/Transwell to 30,000 cells/Transwell were tested. Two 

replicate Transwell cultures were seeded at each density and cultured in parallel. TEER 

measurements were recorded over the ensuing 17-day period, as shown in Appendix 9.6.3, 

below. The general trend was that TEER plateaued after day 11, regardless of seeding density. 

An exception to this was seen in the 16,000 cells/Transwell sample, which showed an apparent 

increase in TEER between days 11 and 17; however, because no measurements were taken in 

the intervening days, it is not possible to know whether TEER was still increasing at day 17 or 

whether it had peaked between days 11 and 17. The TEER trends shown by higher seeding 

densities suggest that the latter was the case. Since only one experimental replicate was 

performed, its purpose to guide experimental design, it is possible that larger variability 

occurred, in this instance, at the 16,000 cells/Transwell density than at other seeding densities. 

Regardless, the low resistance readings seen in the initial TEER assay attempt are not likely to 

have been caused by inappropriate seeding density, but rather the duration between seeding 

and resistance measurement. As such, a seeding density of 16,000 cells/Transwell was 

maintained and the resistance measurement were taken at 11 days post-seeding. 

 

9.6.2 Table of data from an initial TEER assay attempt in which readings were taken 

48 h after seeding 16,000 cells/Transwell 

All values shown to the nearest integer. *Mean Rtotal ± SD of nine technical replicates. 

Cell line Mean Rtotal ± SD (Ω)* Rtissue (Ω) TEER (Ω.cm2) 

WT 265 ± 30 116 38 

Bbs1ex1.4 207 ± 13 59 19 

WTcrex1 224 ± 25 76 25 

Bbs1ex8 176 ± 16 27 9 

WTcrex8 194 ± 19 45 15 

Blank 148 ± 21 0 0 
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9.6.3 Testing of different seeding density for TEER assays 
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9.7 Whole genome sequencing 

9.7.1 Sequencing coverage of each genome  

Sample 
Mappable mean 

depth (X) 
% ≥ 1X 

coverage 
% ≥ 5X 

coverage 
% ≥ 10X 

coverage 
% ≥ 15X 

coverage 
% ≥ 20 X 
coverage 

% ≥ 30X 
coverage 

Bbs1ex1.4 7.0 94.6 74.7 30.0 6.5 1.1 0.2 

WTcrex1 8.1 94.8 80.1 40.9 11.5 2.2 0.2 

Bbs1ex8 6.3 94.0 68.3 22.4 3.7 0.6 0.2 

WTcrex8 5.9 93.8 67.9 22.4 3.8 0.5 0.1 

Bbs1ex12.4 7.6 94.5 77.2 36.3 10.2 2.1 0.2 

WTcrex12.1 7.2 94.4 76.0 35.5 10.7 2.6 0.2 

Bbs1M390R 5.7 93.9 64.7 19.5 3.5 0.6 0.1 

WTcrM390R 5.9 93.8 65.6 21.1 4.0 0.7 0.1 
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9.7.2 Mouse cilia gene panel 

1110004e09Rik 
1110017d15Rik 
1110051m20Rik 
1700001l19Rik 
1700007g11Rik 
1700007k13Rik 
1700010i14Rik 
1700013f07Rik 
1700021f07Rik 
1700028p14Rik 
1700029j07Rik 
1700040l02Rik 
1810043g02Rik 
2310009b15Rik 
2410089e03Rik 
2610028h24Rik 
2610301b20Rik 
2700049a03Rik 
4833427g06Rik 
4930451g09Rik 
4930505a04Rik 
4931406c07Rik 
4933427d14Rik 
5330417c22Rik 
9230110c19Rik 
Abca13 
Abca4 
Abcg2 
Abhd6 
Ablim1 
Ablim3 
Acadm 
Acadsb 
Acat1 
Acot9 
Actl7a 
Actr1a 
Actr2 
Adcy3 
Adcy5 
Adcy6 
Adgb 
Adgrv1 
Adh5 
Adrbk1 
Afg3l2 
Agbl2 
Agbl4 
Agr3 
Ahi1 
Ai314180 
Ak1 
Ak2 
Ak5 
Ak7 
Ak8 
Akap14 
Akap3 
Akap4 
Akap9 

Akt1 
Alcam 
Aldh1a1 
Alms1 
Als2cr12 
Ambra1 
Amt 
Ank3 
Ankmy2 
Ankrd42 
Anks6 
Anln 
Ano2 
Anpep 
Anxa1 
Anxa11 
Ap3m2 
Apmap 
Apoa1bp 
Apobec4 
Apoo 
Aqp5 
Arf4 
Arfgef2 
Arih2 
Arl13b 
Arl2bp 
Arl3 
Arl6 
Armc3 
Armc4 
Arr3 
Asap1 
Asns 
Asph 
Aspm 
Asrgl1 
Atg12 
Atg14 
Atg16l1 
Atg5 
Atg7 
Atp2a2 
Atp2a3 
Atp2b2 
Atp2b4 
Atp5a1 
Atp5s 
Atp6v0d1 
Atp6v1b1 
Atp6v1c1 
Atp6v1d 
Atp8a2 
Atr 
Atxn10 
B230118h07rik 
B9d1 
B9d2 
Bard1 
Bbip1 

Bbof1 
Bbs1 
Bbs10 
Bbs12 
Bbs2 
Bbs4 
Bbs5 
Bbs7 
Bbs9 
Bc017158 
Bc022687 
Bc027072 
Bc100451 
Best2 
Birc5 
Bloc1s2 
Bpifa1 
C2cd3 
Cabs1 
Cabyr 
Cad 
Cadps 
Calcr 
Calml4 
Capsl 
Capzb 
Cars 
Casc1 
Cask 
Catsper1 
Catsper2 
Catsper3 
Catsper4 
Catsperb 
Catsperd 
Catsperg1 
Cav1 
Cbs 
Cby1 
Cc2d2a 
Ccdc103 
Ccdc108 
Ccdc113 
Ccdc114 
Ccdc13 
Ccdc146 
Ccdc151 
Ccdc153 
Ccdc17 
Ccdc170 
Ccdc173 
Ccdc18 
Ccdc180 
Ccdc181 
Ccdc189 
Ccdc191 
Ccdc28b 
Ccdc33 
Ccdc39 
Ccdc40 

Ccdc61 
Ccdc63 
Ccdc65 
Ccdc68 
Ccdc74a 
Ccdc78 
Ccdc81 
Ccno 
Ccp110 
Ccsap 
Cct2 
Cct3 
Cct5 
Cd24a 
Cd36 
Cd55 
Cdc5l 
Cdh23 
Cdhr1 
Cdhr3 
Cdk1 
Cdk11b 
Cdk20 
Celsr2 
Celsr3 
Cenpj 
Cep104 
Cep126 
Cep131 
Cep135 
Cep162 
Cep164 
Cep19 
Cep250 
Cep290 
Cep41 
Cep63 
Cep72 
Cep78 
Cep83 
Cep89 
Cep97 
Ces1g 
Cetn1 
Cetn2 
Cetn3 
Cfap100 
Cfap126 
Cfap157 
Cfap161 
Cfap20 
Cfap206 
Cfap221 
Cfap36 
Cfap43 
Cfap44 
Cfap45 
Cfap46 
Cfap52 
Cfap53 
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Cfap54 
Cfap57 
Cfap58 
Cfap61 
Cfap69 
Cfap70 
Cfap74 
Cfap77 
Chd4 
Chd5 
Chd7 
Cisd3 
Ckap5 
Clasp1 
Cldn2 
Clgn 
Clic6 
Clpx 
Clrn1 
Cltc 
Cluap1 
Cnga1 
Cnga2 
Cnga3 
Cnga4 
Cngb1 
Cngb3 
Cnot1 
Cnot10 
Cnot3 
Cnrip1 
Comtd1 
Cops8 
Coq10a 
Cp 
Cpd 
Crb3 
Crnkl1 
Crocc 
Cryab 
Cryl1 
Cse1l 
Csnk1a1 
Csnk1d 
Csnk1g1 
Csnk2a1 
Ctnnb1 
Ctnnd1 
Ctsz 
Cul1 
Cul2 
Cyb5d1 
Cyfip2 
Cyld 
Cyp2f2 
Cyp4b1 
Cys1 
D1ertd622e 
Dars 
Daw1 
Dbt 
Dcdc2a 
Dctn1 

Dcxr 
Ddah1 
Dhrs3 
Disc1 
Dld 
Dlec1 
Dmd 
Dnaaf1 
Dnaaf2 
Dnaaf3 
Dnaaf5 
Dnah1 
Dnah10 
Dnah11 
Dnah12 
Dnah14 
Dnah17 
Dnah2 
Dnah3 
Dnah5 
Dnah6 
Dnah7a 
Dnah8 
Dnah9 
Dnaic1 
Dnaic2 
Dnaja1 
Dnaja4 
Dnajc12 
Dnal1 
Dnal4 
Dnali1 
Dpcd 
Dph2 
Dpy30 
Dpysl2 
Drc1 
Drc7 
Drd1 
Drd2 
Drd5 
Dstn 
Dvl1 
Dydc1 
Dydc2 
Dync1h1 
Dync2h1 
Dync2li1 
Dynll1 
Dynll2 
Dynlrb1 
Dynlrb2 
Dynlt1b 
Dyx1c1 
Dzank1 
Dzip1 
Dzip1l 
E2f4 
Ebna1bp2 
Echs1 
Eef1a1 
Eef1b2 
Eef2 

Efcab1 
Efcab10 
Efcab12 
Efcab2 
Efcab7 
Efhb 
Efhc1 
Efhc2 
Eftud2 
Ehd1 
Ehd3 
Eif2s1 
Elmod2 
Elmod3 
Emc3 
Eml1 
Enah 
Endou 
Enkd1 
Enkur 
Eno4 
Enpp5 
Ephx1 
Eps15 
Ergic1 
Erich3 
Erich5 
Erp44 
Etfa 
Evc 
Evc2 
Exoc3 
Exoc4 
Exoc5 
Exoc6 
Exoc6b 
Ezr 
Faah 
Fahd1 
Faim 
Fam161a 
Fam179a 
Fam179b 
Fam216b 
Fam229b 
Fam49b 
Fam65b 
Fam81b 
Fank1 
Fbf1 
Fbxo15 
Fez1 
Flcn 
Flna 
Fmo5 
Fnbp1l 
Focad 
Fopnl 
Foxj1 
Foxp1 
Fscb 
Ftsj3 
Fuz 

G6pdx 
Gabarap 
Gapdhs 
Gars 
Gas8 
Gcdh 
Ggt7 
Glg1 
Gli1 
Gli2 
Gli3 
Glipr1l1 
Glis2 
Glul 
Gm11992 
Gmppb 
Gna11 
Gnal 
Gnaq 
Gnas 
Gnat1 
Gnat2 
Gnat3 
Gnb1 
Gnb1l 
Gnb5 
Gngt1 
Golga2 
Golga5 
Gosr2 
Gpd2 
Gpr161 
Gpr83 
Gpx4 
Grk1 
Grxcr1 
Gsk3b 
Gsn 
Gsta1 
Gsta2 
Gstm3 
Gstp1 
Guca1a 
Guca1b 
Guca2b 
Gucy1b2 
Gucy2d 
Gucy2f 
Guk1 
H2afy 
Hacd3 
Hadh 
Hadha 
Hap1 
Havcr1 
Hhip 
Hif1a 
Hipk1 
Hk1 
Hmgb2 
Hnf1a 
Hnf1b 
Hpd 
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Hsd17b12 
Hsd17b4 
Hsp90aa1 
Hsp90ab1 
Hsp90b1 
Hspa1l 
Hspa4l 
Hspa5 
Hspa8 
Hspa9 
Hspb11 
Hspbp1 
Hspd1 
Htr6 
Htt 
Huwe1 
Hydin 
Hyls1 
Ick 
Ift122 
Ift140 
Ift172 
Ift20 
Ift22 
Ift27 
Ift43 
Ift46 
Ift52 
Ift57 
Ift74 
Ift80 
Ift81 
Ift88 
Igbp1 
Immt 
Inha 
Inpp5e 
Intu 
Invs 
Ipo5 
Iqca 
Iqcb1 
Iqcd 
Iqce 
Iqcg 
Iqch 
Iqck 
Iqub 
Irs1 
Jade1 
Jhy 
Kars 
Katnal1 
Katnal2 
Kcnj16 
Kcnrg 
Kctd10 
Kif11 
Kif17 
Kif19a 
Kif23 
Kif24 
Kif27 

Kif2a 
Kif3a 
Kif3b 
Kif3c 
Kif5b 
Kif7 
Kif9 
Kifap3 
Klc1 
Klc2 
Klc3 
Kncn 
Kpnb1 
Kri1 
Lama5 
Lap3 
Lca5 
Lclat1 
Lcp1 
Ldha 
Ldhc 
Lin54 
Lman1 
Lpp 
Lrba 
Lrguk 
Lrp2 
Lrp2bp 
Lrrc20 
Lrrc23 
Lrrc34 
Lrrc43 
Lrrc46 
Lrrc48 
Lrrc49 
Lrrc59 
Lrrc6 
Lrrc72 
Lrrc73 
Lrrk1 
Lzic 
Lztfl1 
Maats1 
Mad2l1 
Magi2 
Mak 
Mal 
Map1a 
Map1b 
Map1lc3b 
Map6 
Map9 
Mapk15 
Mapkapk5 
Mapre1 
Mapre3 
Mapt 
Mark4 
Mchr1 
Mcidas 
Mcrs1 
Mdh1b 
Mdm1 

Mecr 
Med29 
Med31 
Mertk 
Mettl7a1 
Mfsd10 
Mitd1 
Mkks 
Mks1 
Mlec 
Mlf1 
Mmab 
Mns1 
Mogs 
Mok 
Morn2 
Morn3 
Morn5 
Mpc2 
Mrpl4 
Myb 
Mycbp 
Myef2 
Myh10 
Myo15 
Myo3b 
Myo5a 
Myo5b 
Myo6 
Myo7a 
Myoc 
Myrip 
Napepld 
Napg 
Nasp 
Nbea 
Ndc80 
Ndufa10 
Ndufs1 
Nedd1 
Nek1 
Nek11 
Nek2 
Nek4 
Nek8 
Neurl1a 
Ngfr 
Nin 
Ninl 
Nme5 
Nme7 
Nme8 
Notch4 
Noto 
Nphp1 
Nphp3 
Nphp4 
Npy2r 
Nrxn1 
Nt5c2 
Nt5c3 
Ntpcr 
Nudc 

Nuf2 
Nup107 
Nup214 
Nup35 
Nup37 
Nup62 
Nup85 
Nup93 
Nup98 
Nupl2 
Nutf2 
Ocrl 
Odf1 
Odf2 
Odf3 
Odf4 
Ofd1 
Onecut1 
Onecut2 
Opn1mw 
Opn1sw 
Orc1 
Orc2 
Osbpl6 
Oscp1 
Oxct2a 
P4hb 
Pabpc1l 
Pacrg 
Pafah1b1 
Pam 
Pard3 
Pard6a 
Parg 
Park2 
Parp2 
Paxip1 
Pcdh15 
Pcdhb13 
Pcdhb15 
Pcm1 
Pcnt 
Pdc 
Pde1c 
Pde4b 
Pde4c 
Pde6a 
Pde6b 
Pde6d 
Pde6g 
Pdhb 
Pdia3 
Pdzd7 
Pfkm 
Pfn2 
Pgam1 
Pgd 
Pgk2 
Phb 
Phc1 
Phlpp2 
Phtf1 
Phyhd1 



433 

Pibf1 
Pifo 
Pigk 
Pigs 
Pih1d2 
Pih1d3 
Pik3c3 
Pik3r4 
Pin1 
Pkd1 
Pkd1l1 
Pkd2 
Pkd2l1 
Pkhd1 
Pkhd1l1 
Pkig 
Pkm 
Pla2g3 
Plcb4 
Plce1 
Plekhb1 
Plk1 
Pnkp 
Poc1a 
Poc1b 
Poc5 
Polr3b 
Pomk 
Por 
Ppef2 
Ppid 
Ppil6 
Ppm1l 
Ppp1ca 
Ppp1cc 
Ppp1r7 
Ppp1r9a 
Ppp2cb 
Ppp4c 
Ppp4r4 
Ppp5c 
Pqbp1 
Prdx3 
Prim2 
Prkaca 
Prkacb 
Prkar1a 
Prkar1b 
Prkar2a 
Prkar2b 
Prkca 
Prom1 
Prom2 
Prph 
Prph2 
Prss16 
Psen1 
Psen2 
Pskh1 
Psma6 
Psmc2 
Psmc5 
Psmd1 

Psmd2 
Ptch1 
Ptchd3 
Ptges3 
Ptgs1 
Ptpdc1 
Ptpn23 
Ptprk 
Ptprq 
Pycrl 
Qrsl1 
Rab10 
Rab11a 
Rab11fip3 
Rab15 
Rab17 
Rab18 
Rab1b 
Rab21 
Rab23 
Rab27a 
Rab28 
Rab36 
Rab3ip 
Rab8a 
Rabl2 
Racgap1 
Rack1 
Ralgapa1 
Ran 
Ranbp1 
Rangap1 
Rapgef2 
Rars 
Rbks 
Rer1 
Rfc4 
Rfx2 
Rfx3 
Rfx4 
Rgs22 
Rgs9 
Rgs9bp 
Rho 
Ribc1 
Ribc2 
Riiad1 
Rilpl1 
Rilpl2 
Rom1 
Ropn1l 
Rp1 
Rp1l1 
Rp2 
Rpgr 
Rpgrip1 
Rpgrip1l 
Rpl10a 
Rpl12 
Rpl27 
Rpl35 
Rps13 
Rps14 

Rps19 
Rps7 
Rps9 
Rrad 
Rras 
Rrp12 
Rsg1 
Rsph1 
Rsph14 
Rsph3b 
Rsph4a 
Rsph9 
Rtn4 
Rttn 
Ruvbl1 
Ruvbl2 
Sag 
Sars 
Sass6 
Saxo1 
Saxo2 
Sccpdh 
Sclt1 
Scnn1a 
Scyl1 
Sdccag8 
Sec22b 
Sec61a2 
Sec63 
Selenbp1 
Sept12 
Sept2 
Sept4 
Sept7 
Sf3a1 
Sf3b2 
Sgpl1 
Shank2 
Shh 
Shroom3 
Skp1a 
Slc12a2 
Slc12a8 
Slc22a4 
Slc25a10 
Slc25a3 
Slc25a31 
Slc26a3 
Slc26a6 
Slc27a2 
Slc2a13 
Slc47a2 
Slc9a3r1 
Slc9c1 
Slco4c1 
Slirp 
Smc3 
Smo 
Smpd2 
Snap25 
Snap29 
Snrnp200 
Sntn 

Snx10 
Sord 
Spa17 
Spag1 
Spag16 
Spag17 
Spag4 
Spag6 
Spata17 
Spata18 
Spata4 
Spata6 
Spata7 
Spatc1 
Spef1 
Spef2 
Sptan1 
Sptbn5 
Sptlc1 
Srgap3 
Srsf7 
Ssna1 
Sstr3 
Ssx2ip 
Stil 
Stip1 
Stk33 
Stk36 
Stk38l 
Stoml3 
Stpg2 
Strc 
Stx3 
Suclg1 
Sufu 
Susd2 
Syne1 
Syne2 
Tacc2 
Tas2r104 
Tas2r120 
Tas2r143 
Tbc1d30 
Tbc1d31 
Tbc1d32 
Tbc1d7 
Tbcc 
Tbce 
Tbx1 
Tcea2 
Tcf4 
Tcte1 
Tctex1d2 
Tctex1d4 
Tctn1 
Tctn2 
Tctn3 
Tekt1 
Tekt2 
Tekt3 
Tekt4 
Tekt5 
Tex26 
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Tex9 
Tm9sf3 
Tmed7 
Tmem107 
Tmem138 
Tmem17 
Tmem177 
Tmem216 
Tmem231 
Tmem232 
Tmem237 
Tmem43 
Tmem67 
Tmx2 
Tnpo1 
Topors 
Tpgs1 
Tppp2 
Tppp3 
Traf3ip1 
Trank1 
Trappc10 
Trappc3 
Trappc9 
Trf 
Trim32 
Trip11 
Trit1 
Trp53bp1 
Trpv4 
Tsc1 
Tsfm 
Tsga10 
Tsnaxip1 
Tspan8 

Tssc1 
Tssk1 
Ttbk2 
Ttc12 
Ttc21a 
Ttc21b 
Ttc26 
Ttc29 
Ttc30a1 
Ttc30b 
Ttc8 
Ttf2 
Ttk 
Ttll1 
Ttll11 
Ttll3 
Ttll4 
Ttll5 
Ttll6 
Ttll7 
Ttll8 
Ttll9 
Tub 
Tuba1a 
Tuba1b 
Tuba1c 
Tuba4a 
Tubb2a 
Tubb2b 
Tubb3 
Tubb4a 
Tubb4b 
Tube1 
Tubg1 
Tubgcp2 

Tubgcp3 
Tubgcp4 
Tubgcp5 
Tubgcp6 
Tulp1 
Tulp2 
Tulp3 
Tulp4 
Txndc2 
Txndc8 
Txndc9 
Txnl1 
U2surp 
Uba1 
Uba52 
Ubc 
Ube2b 
Ubxn10 
Ugdh 
Ugp2 
Ulk3 
Ulk4 
Umod 
Unc119b 
Uqcrc2 
Uqcrfs1 
Ush1c 
Ush1g 
Ush2a 
Usp14 
Usp19 
Usp21 
Vangl2 
Vapb 
Vcl 

Vdac3 
Vhl 
Vmo1 
Vps35 
Vwa3b 
Wdpcp 
Wdr1 
Wdr11 
Wdr19 
Wdr3 
Wdr34 
Wdr35 
Wdr47 
Wdr48 
Wdr60 
Wdr63 
Wdr66 
Wdr78 
Whrn 
Wrap53 
Xpnpep3 
Xpo1 
Ywhae 
Ywhaq 
Zbbx 
Zfp36l1 
Zfp423 
Zfp474 
Zmynd10 
Zmynd12 
Zscan18 
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9.7.3 Cilia gene variants for which WT IMCD3 cells are homozygous 
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9.8 CRISPR sgRNA Off-target analysis 

9.8.1 Table of predicted sgRNA-1 off-target loci 

Off-target loci are ranked by CFD score, from highest to lowest. The five highest-scoring off-targets sites are shaded in green. 

Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD 
score 

Locus description 

GACGTCAGGGAAAATGGCTGTGG chr4:11798278-11798300  2 ....*.*............. 0.556818 intron:Cdh17 

GAAGCCTGGGGAAATAACTGGGG chr19:15749839-15749861  4 ..*.......*....**... 0.525778 intergenic:Gm24319-Psat1 

GAAGGCTGGGAAAATAGCTAAGG chr14:101461095-101461117  4 ..*.*..........*...* 0.4875 intron:Tbc1d4 

CACACCTGGTAAAATGACTGAGG chr11:5940477-5940499  4 *..*.....*......*... 0.4875 intergenic:Gm11967-Gck 

TAAGGCTGGTAAAATGGCTGAGG chr11:121462396-121462418  4 *.*.*....*.......... 0.4225 intron:Tbcd 

GAAGCCTGGGGAAATGACTTTGG chr12:25122330-25122352  4 ..*.......*.....*..* 0.368044 intergenic:Id2-Gm22527 

GTCCCCTGGAAAAATAGCTGGGG chr11:12064733-12064755  4 .*.*.....*.....*.... 0.359358 intergenic:Gm24036-Gm12001 

GCCGCAAGGGAAAATGGATGAGG chr15:25230660-25230682  4 .*...**..........*.. 0.34375 intergenic:9230109A22Rik-Basp1 

GACACAAGGGAAAGTGGCTGTGG chr7:45758419-45758441  4 ...*.**......*...... 0.34125 intron:Sult2b1 

TAGACCTGGGAGAATGGCTGTGG chr3:150515777-150515799  4 *.**.......*........ 0.325 intergenic:Rpsa-ps10-Mir3963 

GACCCTTAGGGAAATGGCTGAGG chr11:12574368-12574390  4 ...*.*.*..*......... 0.319538 intergenic:Cobl-Gm22156 

CAGGCTTGGGAAAATGACTGTGG chr3:30160132-30160154  4 *.*..*..........*... 0.309524 intron:Mecom 

GAAACCTGGGAAGAAGGCTGTGG chr19:47413425-47413447  4 ..**........*.*..... 0.294508 intron:Sh3pxd2a 

TGTGCCTGTGAAAATGGCTGTGG chr13:11963001-11963023  4 ***.....*........... 0.293333 intron:Ryr2 

GATACCTGGGAAAGTGGCTGTGG chr14:122758474-122758496  3 ..**.........*...... 0.28875 intron:Pcca 

GAAGTGTAGGAAAATGGCTGGGG chr17:27832720-27832742  4 ..*.**.*............ 0.275758 intergenic:D17Wsu92e-Snrpc 

GGCACCTGGTAAAGTGGCTGGGG chr19:3914239-3914261  4 .*.*.....*...*...... 0.273 intron:Aldh3b1 

AACCCTGGGGAAAATGGCTGAGG chr1:113331563-113331585  4 *..*.**............. 0.260257 intergenic:Gm22331-Gm24937 

GAAGCCTAAGAAAGTGGCTGGGG chr9:57418448-57418470  4 ..*....**....*...... 0.26 intron:Ppcdc 

GCAGCCTGGGGAAAAGGCTGTGG chr16:76958657-76958679  4 .**.......*...*..... 0.256253 intergenic:Gm9843-Usp25 



437 

Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD 
score 

Locus description 

GTCAGCTGGGAAGATGGCTGAGG chr9:116112597-116112619  4 .*.**.......*....... 0.256126 intron:Tgfbr2 

GACAGCTGGGAAGATGGCTTAGG chr5:134555294-134555316  4 ...**.......*......* 0.246522 intergenic:Clip2-Syna 

GTCTCATGGGAAAATGGCTGAGG chr16:97390680-97390702  3 .*.*.*.............. 0.245573 intron:Bace2 

GGGGCATGGGAAGATGGCTGGGG chr2:145186098-145186120  4 .**..*......*....... 0.242236 intron:Slc24a3 

GTGGCCTAGGAAGATGGCTGGGG chr6:22179462-22179484  4 .**....*....*....... 0.237154 intron:Cped1 

GAAGGCTGGGGAAATGGCTTAGG chr1:21757787-21757809  4 ..*.*.....*........* 0.2366 intron:Kcnq5 

GACGCCTGGGATAATGGCTTGGG chr18:65637216-65637238  2 ...........*.......* 0.233333 intron:Zfp532 

GATTCATGGGAAAATGGCTGAGG chr12:104121969-104121991  3 ..**.*.............. 0.232143 intergenic:Serpina3a-Serpina3b 

GGTGGCTGGGAAAATGGCTTAGG chr10:106713281-106713303  4 .**.*..............* 0.231 intron:Ppfia2 

CATGCCTGGGAAAGTGGCTGAGG chr9:13852707-13852729  3 *.*..........*...... 0.229167 intergenic:Fam76b-Sesn3 

GCTGCCTGAGAAGATGGCTGGGG chr2:50284480-50284502  4 .**.....*...*....... 0.226472 intron:Mmadhc 

ATCCCCTGAGAAAATGGCTGGGG chr17:25885395-25885417  4 **.*....*........... 0.222765 intergenic:Rab40c-0610011F06Rik 

GATGGCTGGGAAAATGGATGGGG chr2:71625828-71625850  3 ..*.*............*.. 0.222115 intergenic:Dlx2-Gm1631 

GTCGCCTAGGAAAGTGGTTGGGG chrX:11631986-11632008  4 .*.....*.....*...*.. 0.218182 intergenic:Gm14515-Gm14513 

GGAGACTGGGAAATTGGCTGAGG chr7:125334979-125335001  4 .**.*........*...... 0.211302 intron:4933440M02Rik 

GATGGCTGGGAGAATGGCTTCGG chr15:18880526-18880548  4 ..*.*......*.......* 0.208542 intron:Cdh10 

TCCGCCTGGGCAGATGGCTGTGG chr14:30096711-30096733  4 **........*.*....... 0.204969 intron:Cacna1d 

GAGGCTTGGAAAAGTGGCTGCGG chr3:83788295-83788317  4 ..*..*...*...*...... 0.202222 intergenic:Sfrp2/Gm26771-Gm26771 

GGAGCCTGGGAAATTGGATGAGG chr16:29761987-29762009  4 .**..........*...*.. 0.199111 intergenic:Opa1-Gm26834 

CAGGGTTGGGAAAATGGCTGGGG chr10:63283066-63283088  4 *.*.**.............. 0.19898 intron:Herc4 

GACACTTAGGAAAATGCCTGTGG chr9:11274854-11274876  4 ...*.*.*........*... 0.196639 intergenic:Cntn5-Gm25365 

GAAGGCTGGGGAAAAGGCTGGGG chr12:56546043-56546065  4 ..*.*.....*...*..... 0.195684 intergenic:Gm26973-Gm25760 

GAAACCTCGGCAAATGGCTGAGG chrX:168152442-168152464  4 ..**...*..*......... 0.192 intergenic:Frmpd4-Gm8832 

GGCCCCTGGGGAGATGGCTGTGG chr5:66919026-66919048  4 .*.*......*.*....... 0.17954 intron:Limch1 

GCCGCGTGGGAAGATGGCTTCGG chr16:56917468-56917490  4 .*...*......*......* 0.179348 intergenic:Gm15840-2310005G13Rik 

CAGGCCTGGGAGGATGGCTGGGG chr4:68561033-68561055  4 *.*........**....... 0.168219 intergenic:Gm12911-Brinp1 

CACTCCTGAGAAAATGGCTGGGG chr13:51762251-51762273  3 *..*....*........... 0.166976 intron:Sema4d 
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Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD 
score 

Locus description 

GATGGCTGGAAAAATGGCTCAGG chr14:54587167-54587189  4 ..*.*....*.........* 0.165 intron:4931414P19Rik 

GAGGCCTGGGGAGATGGCTTAGG chr9:61041571-61041593  4 ..*.......*.*......* 0.14837 intergenic:Uaca-Gm10655 

GAGGCCTTGGAGGATGGCTGAGG chr15:77442669-77442691  4 ..*....*...**....... 0.147192 intergenic:4930571N24Rik-Gm6506 

GACGCGTGGGGAAGTGACTGCGG chr1:30595637-30595659  4 .....*....*..*..*... 0.141556 intergenic:AC132241.1-Gm9898 

GAAGCCTGGTAAACTGACTGTGG chr12:113023183-113023205  4 ..*......*...*..*... 0.140833 intron:Pacs2 

TAGGCCTGGGAAGATGGCTCAGG chr6:113731757-113731779  4 *.*.........*......* 0.139752 intron:Sec13 

GAGGCCTGGGAAGATGGCTCAGG chr13:49315846-49315868  3 ..*.........*......* 0.139752 intron:Fgd3 

GATGCCTGGGAAAGTGGCTCTGG chr18:41750315-41750337  3 ..*..........*.....* 0.1375 intergenic:Gm22483-Prelid2 

ATAGCCTGGGAAAATGCCTGAGG chr18:73146264-73146286  4 ***.............*... 0.133476 intergenic:Gm25509-n-R5-8s1 

TAGGGCTGGGAAAATGGCTCAGG chr4:149521729-149521751  4 *.*.*..............* 0.128571 intergenic:Ctnnbip1-Gm25191 

ATCGCCTGGGATAAAGGCTGGGG chr4:63463866-63463888  4 **.........*..*..... 0.126316 intron:Whrn 

AAGGCCTGGGAAGATGGCTCAGG chr5:130249993-130250015  4 *.*.........*......* 0.125776 intron:Sbds 

GAAGCCAGGGGAAATGTCTGGGG chr9:74195788-74195810  4 ..*...*...*.....*... 0.123229 intron:Wdr72 

GAAAGCTAGGAAAATGGCTGCAG chr15:46535646-46535668  4 ..***..*............ 0.121333 intergenic:Gm23562-4930548G14Rik 

GAAACCTGAGAAAATGCCTGAGG chr5:21379140-21379162  4 ..**....*.......*... 0.117983 intergenic:Fgl2-Ccdc146 

TAGTCCTGGGAAAATGGTTGGGG chr4:141828180-141828202  4 *.**.............*.. 0.116883 intergenic:Cela2a-Ctrc 

GCCCCCTGAGAAAATGGCTCAGG chr9:82020669-82020691  4 .*.*....*..........* 0.114603 intron:Mei4 

CAGGGCTGGGAAATTGGCTGAGG chr2:165882193-165882215  4 *.*.*........*...... 0.114286 exon:Zmynd8 

AAATCCTGGGCAAATGGCTGAGG chr19:40427256-40427278  4 *.**......*......... 0.113455 intergenic:Sorbs1-Aldh18a1 

GCCGCCTGGGACAATGGATGTGG chr10:44482952-44482974  3 .*.........*.....*.. 0.111336 intron:Prdm1 

GACTCCTAGGGAAGTGGCTGAGG chr9:34962489-34962511  4 ...*...*..*..*...... 0.110303 intergenic:Gm23702-Kirrel3 

CGCACCTGGGAAACTGGCTGGGG chr9:67031331-67031353  4 **.*.........*...... 0.110204 intron:Tpm1 

AAACCCTGGGACAATGGCTGAGG chr1:124963465-124963487  4 *.**.......*........ 0.108669 intergenic:Gm25578-Actr3 

GAAGCCTAGGAAAATGGGTAGGG chr6:129230728-129230750  4 ..*....*.........*.* 0.108333 intron:2310001H17Rik 

GAACCCTGGGAAAATGCCTGTGG chr10:61923222-61923244  3 ..**............*... 0.107958 intron:Col13a1 

GAAGCCTGAGATAAAGGCTGTGG chr17:16042580-16042602  4 ..*.....*..*..*..... 0.107519 intergenic:Gm25598-BC002059 

GACGCCAGGGAAAGTGGCCAAGG chr2:26585889-26585911  4 ......*......*....** 0.105603 intergenic:Egfl7-Egfl7/Gm20532 
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Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD 
score 

Locus description 

GACTCATGGAATAATGGCTGAGG chr19:20631544-20631566  4 ...*.*...*.*........ 0.105051 intron:Aldh1a1 

TACGCCTAGCAAAATGGCTGTAG chr14:110514032-110514054  3 *......*.*.......... 0.103704 intergenic:Gm23242-Gm25670 

GACTCCTAGGAAGATGGCTCAGG chr18:6173650-6173672  4 ...*...*....*......* 0.101637 intergenic:Arhgap12-Kif5b 

GAAGCCTGGGACAGTGACTGCGG chr13:29558180-29558202  4 ..*........*.*..*... 0.099337 intron:Cdkal1 

GACACCTTGGAAAATGTCTTGGG chr15:66085953-66085975  4 ...*...*........*..* 0.098438 intron:RP23-389M1.2 

GACACCTGGGTAGATGGATGGGG chr2:30688638-30688660  4 ...*......*.*....*.. 0.097247 intron:9330198N18Rik 

GAGGCCCGGGAAGATGGCTCAGG chr15:97238974-97238996  4 ..*...*.....*......* 0.096079 intergenic:Slc38a4-Amigo2 

GAGACCTGTGCAAATGGCTGAGG chr19:10094776-10094798  4 ..**....*.*......... 0.096 intron:Fads2 

GACACCTGAGAAAATGCCTTAGG chr5:23955710-23955732  4 ...*....*.......*..* 0.095294 intron:Fam126a 

GGAGCCTTGGAAACTGGCTGAGG chr3:33397472-33397494  4 .**....*.....*...... 0.092857 intergenic:Gm24780-Ttc14 

GACGCCGAGGACAAAGGCTGAGG chr12:109710146-109710168  4 ......**...*..*..... 0.08962 intergenic:Mir379-Mir411 

GATTCCTGCGAAGATGGCTGTGG chr2:156487563-156487585  4 ..**....*...*....... 0.087793 intron:Epb4.1l1 

GATGCCTGGTAGACTGGCTGTGG chr1:105804269-105804291  4 ..*......*.*.*...... 0.086449 intron:Tnfrsf11a 

AACTCCAGGGAATATGGCTGTGG chr1:174066506-174066528  4 *..*..*.....*....... 0.085909 intergenic:Olfr432-Olfr430 

CAGACCTGGGACAATGGCTGTGG chr11:78453330-78453352  4 *.**.......*........ 0.084586 intergenic:Gm11195-Slc46a1 

GAGGGCTGGGAAGATGGCTCAGG chr12:97454794-97454816  4 ..*.*.......*......* 0.083851 intergenic:Gm23558-Galc 

GACGCCTGGGGATATAGCTCAGG chr7:34917964-34917986  4 ..........*.*..*...* 0.083571 intron:Pepd 

GATGCCAGGGGACATGGCTGGGG chr5:90964509-90964531  4 ..*...*...*.*....... 0.082319 intron:Mthfd2l 

GACGACTCTGAAAATGGCTCAGG chr2:35745358-35745380  4 ....*..**..........* 0.080377 intergenic:Dab2ip-Ttll11 

GACGGCTTTCAAAATGGCTGTGG chr11:77949434-77949456  4 ....*..***.......... 0.08 intron:Sez6 

GAGGACTGGGAAGATGGCTCAGG chr7:112496622-112496644  4 ..*.*.......*......* 0.079858 intron:Parva 

GAAGCCTGGGAAACTGGCTCTGG chr3:158288697-158288719  3 ..*..........*.....* 0.079592 intron:Lrrc7 

AACTCCTGGGAAAATGGCTATAG chr2:53044135-53044157  3 *..*...............* 0.079545 intron:Fmnl2 

GACCACTAGGAAAATGGCTGGAG chr10:50077856-50077878  3 ...**..*............ 0.078431 intergenic:Grik2-Ascc3 

GAGGGCTGGCAAGATGGCTGAGG chr7:126115498-126115520  4 ..*.*....*..*....... 0.078261 intron:Xpo6 

GGCTCCTGGAAAAATGGCAGAGG chr16:59069060-59069082  4 .*.*.....*........*. 0.077576 intergenic:Olfr187-Olfr190 

GATGACTGGAAACATGGCTGAGG chr10:44009580-44009602  4 ..*.*....*..*....... 0.077193 intergenic:Aim1/Gm10812-Speer5-ps1 
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Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD 
score 

Locus description 

GACCCCTGGAAAGATGCCTGGGG chr14:44981696-44981718  4 ...*.....*..*...*... 0.075824 intergenic:Gm17173-Ptger2 

GAAGCCTTTGAAAATGTCTGTGG chrX:57095636-57095658  4 ..*....**.......*... 0.072222 intron:Vgll1 

CACTCCTGGGAAAATGGTTCTGG chr4:15397759-15397781  4 *..*.............*.* 0.071561 intergenic:Gm24317-Gm11856 

GAAGCCTGGGAATGAGGCTGTGG chr3:30138359-30138381  4 ..*.........***..... 0.070246 intergenic:Gm16722-Mecom 

GATGCCTGAGAAACTGGCTTGGG chr9:60314084-60314106  4 ..*.....*....*.....* 0.066295 intron:Thsd4 

CAGGGCTGGGAATATGGCTGTGG chr10:79539435-79539457  4 *.*.*.......*....... 0.064286 intergenic:Ppap2c-Mier2 

AACGCCTGTGCTAATGGCTGCGG chr11:102276677-102276699  4 *.......*.**........ 0.064 exon:Asb16 

GATTTCTGGGCAAATGGCTGGGG chrX:140344080-140344102  4 ..***.....*......... 0.063636 intergenic:Mir3475-Frmpd3 

GGCTCTTGGGAAAATGCCTGGGG chr2:156341549-156341571  4 .*.*.*..........*... 0.06356 intergenic:Gm14252/Cnbd2-Cnbd2 

GACAGCAGGGAAAATGGGTGGGG chrX:161282159-161282181  4 ...**.*..........*.. 0.063 intergenic:Gm5419-Gm15262 

GGCGCCTGGGGACTTGGCTGTGG chr2:28722607-28722629  4 .*........*.**...... 0.058386 intergenic:Ak8-Mir3088 

GACTCACGGGAAAATGTCTGGGG chr1:55269398-55269420  4 ...*.**.........*... 0.058036 exon:Boll 

GACACGTGTGAAAATGCCTGCGG chr6:137125565-137125587  4 ...*.*..*.......*... 0.056471 intron:Rerg 

GAATGCTGGGAAAATGGCCGGGG chr15:73905751-73905773  4 ..***.............*. 0.052163 intergenic:Gm6569/Mroh5-Gm7935 

GAAGTCTGGGTATATGGCTGTGG chrX:7966532-7966554  4 ..*.*.....*.*....... 0.050909 intron:Gata1 

GATGCCTGAGACAATGGCTCAGG chr6:114920823-114920845  4 ..*.....*..*.......* 0.049846 intron:Vgll4 

GATGACTGGGAAACAGGCTGCGG chr13:117706974-117706996  4 ..*.*........**..... 0.048738 exon:4933413L06Rik 

CAGGCCTGGGAAAATGGAGGTGG chr5:150849537-150849559  4 *.*..............**. 0.048077 intergenic:Pds5b-Kl 

GACGCCTGGGAAAATGCCATTGG chr19:25077822-25077844  3 ................*.** 0.047059 intron:Dock8 

GACCCCTGGGAAACAGGCTTTGG chr17:14720964-14720986  4 ...*.........**....* 0.045975 intergenic:Gm3222-Gm23352 

GACCCCTTGGCTAATGGCTGAGG chr5:148809138-148809160  4 ...*...*..**........ 0.044118 intergenic:4930505K14Rik-Gm15407 

GAGGGCCGGGAACATGGCTGAGG chr12:11658573-11658595  4 ..*.*.*.....*....... 0.043421 intergenic:Rad51ap2-Gm23781 

GAGGCCTGGGTAGATGGCTCAGG chr13:47845301-47845323  4 ..*.......*.*......* 0.043 intergenic:Rnf144b-4931429P17Rik 

TACTCCTGGGAAAATGGCCCCGG chr13:94077528-94077550  4 *..*..............** 0.042991 intron:Lhfpl2 

CATGCCTGGGAAGATGGGTGAGG chr4:20455372-20455394  4 *.*.........*....*.. 0.042702 intergenic:Gm11873-Nkain3 

GAAGGCTGGGAATACGGCTGAGG chr10:128007021-128007043  4 ..*.*.......*.*..... 0.042545 intergenic:Hsd17b6-Prim1 

GATTCCTGGGAAGATGGCTGCAG chr5:94987593-94987615  3 ..**........*....... 0.042271 intergenic:Gm7647-Gm6367 



441 

Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD 
score 

Locus description 

GATTCCTGGGAAGATGGCTGCAG chr5:586592-586614  3 ..**........*....... 0.042271 intergenic:AC163611.1-C87414 

GATTCCTGGGAAGATGGCTGCAG chr5:93961158-93961180  3 ..**........*....... 0.042271 intergenic:Gm16429-BC061212 

GATTCCTGGGAAGATGGCTGCAG chr5:95626983-95627005  3 ..**........*....... 0.042271 intergenic:Gm3286-Gm7978 

GATTCCTGGGAAGATGGCTGCAG chr5:93672438-93672460  3 ..**........*....... 0.042271 intergenic:C87414-Gm16429 

GATTCCTGGGAAGATGGCTGCAG chr5:95304915-95304937  3 ..**........*....... 0.042271 intergenic:Gm6468-Gm3259 

GATTCCTGGGAAGATGGCTGCAG chr5:281045-281067  3 ..**........*....... 0.042271 intergenic:Gm7792-AC126035.1 

GATTCCTGGGAAGATGGCTGCAG chr5:94338700-94338722  3 ..**........*....... 0.042271 intergenic:Gm6502-AA792892 

GATTCCTGGGAAGATGGCTGCAG chr5:946392-946414  3 ..**........*....... 0.042271 intergenic:AC133095.1-Gap 

GATTCCTGGGAAGATGGCTGCAG chr5:94647352-94647374  3 ..**........*....... 0.042271 intergenic:Gm6509-Gm6205 

GCCACCTGGGAACATGGCGGTGG chr7:141385984-141386006  4 .*.*........*.....*. 0.037218 intergenic:B230206H07Rik-Gm25725 

AACGCCTTGGAAAATGTCTGCAG chr3:50903097-50903119  3 *......*........*... 0.036458 intergenic:Gm24503-Ccrn4l 

GACGTCTGGGAAAGTGGCACTGG chr2:171609951-171609973  4 ....*........*....** 0.036364 intergenic:Gm26489-1700028P15Rik 

GGCTCCTGGGAAACAGGCTGTGG chr12:80815723-80815745  4 .*.*.........**..... 0.03609 intron:4933426M11Rik 

GATGCTTGGTAAAATGGCTGTGA chr11:22110173-22110195  3 ..*..*...*.......... 0.03602 intron:Ehbp1 

GAGGCCTGGCAAAAAGGCAGCGG chr7:133468508-133468530  4 ..*......*....*...*. 0.033083 intergenic:Ctbp2-Tex36 

GAGCCCTGGGAAAATGAGTGTGG chr9:54579904-54579926  4 ..**............**.. 0.032941 intergenic:Cib2-Idh3a 

CACACCTAGGAAAAGGGCTGAGG chr15:58192230-58192252  4 *..*...*......*..... 0.032143 intron:Fbxo32 

GACACGTGTGAAAATGGGTGTGG chr6:145858493-145858515  4 ...*.*..*........*.. 0.032 exon:Bhlhe41 

CACTCCTGGGAAAATGGCCCTGG chr15:54835325-54835347  4 *..*..............** 0.030708 intergenic:Gm7577-Enpp2 

GAGGCCTGGGACAATGACGGGGG chrX:144482928-144482950  4 ..*........*....*.*. 0.030702 intergenic:Trpc5-Gm15071 

GAACCCTGGGAATCTGGCTGAGG chr16:8355353-8355375  4 ..**........**...... 0.029496 intergenic:Gm26159-Gm24579 

GAGGGCTGGGAGAATGGGTGGGG chr16:94786714-94786736  4 ..*.*......*.....*.. 0.028889 intron:Kcnj6 

GAGCCCTGGGCAAATGTCTGAGG chr7:19588247-19588269  4 ..**......*.....*... 0.026471 intron:Clasrp 

GATGCCTGGGAAACTGGTCGTGG chr2:31716117-31716139  4 ..*..........*...**. 0.026126 intron:Abl1 

TTCAACTGGGAAAATGGCTGGGA chr2:114809870-114809892  4 **.**............... 0.025974 intergenic:Gm13975-Gm13974 

GAGGCCTTGGAATATGGCCGAGG chr3:146422278-146422300  4 ..*....*....*.....*. 0.025862 intron:Ssx2ip 

TACGCCTGGGAGAAGGGCTTGGG chr5:15934290-15934312  4 *..........*..*....* 0.025278 intergenic:Gm3510-Cacna2d1 
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GATGTCTGGGACCATGGCTGAGG chr8:45735004-45735026  4 ..*.*......**....... 0.024238 
intergenic:D330022K07Rik/Gm16352-
Sorbs2/D330022K07Rik/Gm16352 

GACGCCTGGGACACTGACTCTGG chr18:6308473-6308495  4 ...........*.*..*..* 0.022556 intergenic:Kif5b-Rpl27-ps3 

GAGGCCTGGGAAAATGGTTGAGA chr12:34826783-34826805  2 ..*..............*.. 0.022321 intergenic:Hdac9-4921508M14Rik 

GATGCCTGAGAAAAGAGCTGGGG chr11:82701578-82701600  4 ..*.....*.....**.... 0.022098 intergenic:Gm11426-Cct6b 

GATGTCTGGGAAACTGCCTGAGG chr2:91086748-91086770  4 ..*.*........*..*... 0.022059 intron:Spi1 

GAGGCCTTGGAAAATGTCTGGAG chr9:68721842-68721864  3 ..*....*........*... 0.020255 intergenic:Rora-F830001A07Rik 

GATGCCTGTGCAAATGGGTGAGG chr6:91482408-91482430  4 ..*.....*.*......*.. 0.019556 intron:Tmem43 

TAGGGCTGGAAAAATGGCTGTGA chr14:9578226-9578248  4 *.*.*....*.......... 0.019444 intron:Fhit 

GAAGCCTGGCCAAATGGGTGTGG chr12:32500463-32500485  4 ..*......**......*.. 0.018489 intergenic:Ccdc71l-Nampt 

GACACCTGGCAGAATGGCTGAGA chr13:85108225-85108247  3 ...*.....*.*........ 0.018056 intergenic:Gm26913-Gm4076 

CAGGCCTGGGAAAAGGGCTGCGG chr15:81693112-81693134  3 *.*...........*..... 0.017857 exon:Chadl 

GACATCTGGGAACATGGGTGTGG chr1:53864090-53864112  4 ...**.......*....*.. 0.016077 intron:Hecw2 

GGCGCCTGGTAAAGGGGCTGTGG chr14:34821553-34821575  4 .*.......*...**..... 0.015167 intron:Grid1 

ACGGGCTGGGAAAATGGCTGAGA chr1:135088217-135088239  4 ***.*............... 0.014732 intron:Lgr6 

GACGGCAGTGAAAAGGGCTGTGG chr7:131410413-131410435  4 ....*.*.*.....*..... 0.014 exon:Ikzf5 

GACCACTGGGAAGATGGCTGAGA chr10:36700916-36700938  3 ...**.......*....... 0.013701 intron:Hs3st5 

GAGGGCTGGGAAGATGGCTGGGA chr7:113821928-113821950  3 ..*.*.......*....... 0.013587 intron:Spon1 

GACGGCTGAGAAAAGGGTTGAGG chr2:129885151-129885173  4 ....*...*.....*..*.. 0.012398 intergenic:Stk35-Tgm3 

GACTCTTGGGAAGAGGGCTGTGG chr2:92651651-92651673  4 ...*.*......*.*..... 0.011011 intergenic:Chst1-Gm13816 

GCCGCCTGAGAAAAGGGCTCTGG chr2:57522723-57522745  4 .*......*.....*....* 0.010824 intergenic:Gm13531-Gm13532 

AACGGCTGGCAAAAGGGCTGAGG chr8:84721882-84721904  4 *...*....*....*..... 0.0108 intergenic:Nfix-G430095P16Rik 

GACGCCTGGGAAAACAGGAGAGG chrX:135088341-135088363  4 ..............**.**. 0.01039 intergenic:3632454L22Rik-Gm6207 

GAAGGCTGGGAATAGGGCTGAGG chr2:117195178-117195200  4 ..*.*.......*.*..... 0.0078 intergenic:Mir674-Rap1a-ps2 

GAAGCCTGGGAAAAGGCCTTGGG chr9:46778065-46778087  4 ..*...........*.*..* 0.007137 intergenic:Gm22805-Gm4791 

GAGGGCTGGGAAAAGGGCTCCGG chr7:66877106-66877128  4 ..*.*.........*....* 0.006429 intron:Adamts17 

GACTCCTGGGAAGAGGGATGAGG chr18:35000451-35000473  4 ...*........*.*..*.. 0.006385 intergenic:Hspa9-Ctnna1 
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GAGGCCTGGGGCAAGGGCTGAGG chr6:86324846-86324868  4 ..*.......**..*..... 0.004276 intergenic:Gm7545-Gm10443 

GACGCCTGGGAACCTGGGTTGGG chr1:74140180-74140202  4 ............**...*.* 0.004211 intron:Rufy4 

GACTCCTGGGAAGAGGCCTGAGG chr3:85357313-85357335  4 ...*........*.*.*... 0.00279 intergenic:Fbxw7-Mir466k 

GAGTCCTGGGACAAGGGCTGTGG chr14:16364859-16364881  4 ..**.......*..*..... 0.002392 intergenic:Ngly1-Top2b 

GACACCTGGGAACCGGGCTGGGG chr16:91233742-91233764  4 ...*........***..... 0.00203 intergenic:Olig2-Olig1 

AATGCCTGGGAAAATTGCTCAGG chr18:37675335-37675357  4 *.*............*...* 0 exon:Pcdhga9 

GACGACTGGGACAATTGATGCGG chr2:84514391-84514413  4 ....*......*...*.*.. 0 intron:Gm13710 

GAAGCCTGGGGAAGTTGCTGAGG chr16:11571748-11571770  4 ..*.......*..*.*.... 0 exon:Snx29 

GATGCCAGGGAACATTGCTGTGG chr17:42713134-42713156  4 ..*...*.....*..*.... 0 exon:Gpr111 

GACACCTGGCAAAATCCCTGTGG chr4:151987876-151987898  4 ...*.....*.....**... 0 intron:Thap3 

GATGCCGGGGAAAATCGTTGGGG chr2:128420624-128420646  4 ..*...*........*.*.. 0 intergenic:Gm14005-Gm14010 

GATGCCTGGCAAAAGTGCTGAGG chr19:60393332-60393354  4 ..*......*....**.... 0 
intergenic:D19Ertd737e/4933412A08Rik-
Prlhr 

GACACCTGGGACAATTGCAGGGG chr15:47379527-47379549  4 ...*.......*...*..*. 0 intergenic:Gm23665-Csmd3 

GACAACTGGGAAACTTGCTGTGG chr2:162764231-162764253  4 ...**........*.*.... 0 intergenic:Gm22936-Gm11450 

GACGTCTGGGAAAATCCCAGGGG chr5:17704686-17704708  4 ....*..........**.*. 0 intron:Sema3c 

GACCCCTGGGAAAATCACTAAGG chr15:85003470-85003492  4 ...*...........**..* 0 intergenic:5031439G07Rik-Upk3a 

GACCCCTGAGAAAGTTGCTGTGG chr5:110318004-110318026  4 ...*....*....*.*.... 0 exon:Pole 

GATGCCTGGGAAAATTGCAGTGG chr18:89970283-89970305  3 ..*............*..*. 0 intergenic:Gm27037-Gm23859 
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Off-target loci are ranked by CFD score, from highest to lowest. The five highest-scoring off-targets sites are shaded in green. 

Off-target sequence Genome coordinates 
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AAACACCCAGAAGAAAAACCAGG chr3:135136267-135136289  4 *.*.....*......*.... 0.724285715 intergenic:Tacr3-Gm24048 

TACCAAACTGAAAAAGAACCTGG chr16:46802112-46802134  4 *....**.....*....... 0.642857143 intergenic:Pvrl3-Gm6912 

TACCACCTTGGAGAAGAACCTGG chr2:101871769-101871791  3 *......*..*......... 0.56875 intergenic:Prr5l-Gm13905 

TTCAACCCAGAAGAAGAACCTGG chr11:107324268-107324290  4 **.*....*........... 0.568694463 intergenic:Pitpnc1-Gm11719 

AAACACCATGAAGAAAAACCAGG chr6:49906029-49906051  4 *.*....*.......*.... 0.507 intergenic:Npy-Gm21786 

GACCACCCTGAAGAAAAACAAGG chr3:145549107-145549129  2 ...............*...* 0.5 intron:Col24a1 

GACCACACTGAAGAGAAACCGGG chr6:90835491-90835513  3 ......*.......**.... 0.4875 intergenic:Iqsec1-Rpl21-ps12 

TTTCACCCTAAAGAAGAACCTGG chr16:63733951-63733973  4 ***......*.......... 0.466666666 intergenic:Epha3-Gm22769 

GACAGACCTTAAGAAGAACCAGG chr9:42357081-42357103  4 ...***...*.......... 0.457443609 intron:Tecta 

GACCACACAGGAGAAGAACCAGG chr11:54118376-54118398  3 ......*.*.*......... 0.452678572 intron:P4ha2 

AGCCAACATGAAGAAGAACCGGG chr2:130544123-130544145  4 **...*.*............ 0.434571429 exon:4930473A02Rik/Ptpra 

GCCCATCTGGAAGAAGAACCAGG chr5:77241754-77241776  4 .*...*.**........... 0.395195579 intergenic:Spink2-Rest 

GAACACAATGAAAAAGAACCAGG chr10:54104511-54104533  4 ..*...**....*....... 0.39 intergenic:Gm16998-Gm26177 

GAACACAGTAAAGAAGAACCTGG chr19:44720972-44720994  4 ..*...**.*.......... 0.39 intergenic:Gm26644-Pax2 

CACCGCCCTGAGGAAGAACCTGG chr4:140956069-140956091  3 *...*......*........ 0.371428571 intergenic:Padi2/Gm13031-Gm13031 

GACCATCCTTAAGGAAAACCTGG chr17:74538172-74538194  4 .....*...*...*.*.... 0.352083334 intron:Birc6 

TAACAACCTGAAGAAGAAACTGG chr9:19843397-19843419  4 *.*..*............*. 0.34489796 intergenic:Olfr859-Olfr860 

GGCCGCCGCGAAGAAGAACCCGG chr9:16502220-16502242  4 .*..*..**........... 0.341802198 intergenic:Fat3-Gm5611 

GCCCACCCTGAAAGAGAACCCGG chr1:12744696-12744718  3 .*..........**...... 0.338461539 intron:Sulf1 

GTCCAACCTAAAGAAGAACAGGG chr12:44468863-44468885  4 .*...*...*.........* 0.315151515 intron:Nrcam 

GACCATCCTGGAGAAGAACATGG chr2:39172243-39172265  3 .....*....*........* 0.301785714 intergenic:Gm16523-Scai 

GACAACTCTGAAGAAGAAACTGG chr2:158014175-158014197  3 ...*..*...........*. 0.293233083 intron:Tti1 

GGTCACTGTGAAGAAGAACCTGG chr1:121526288-121526310  4 .**...**............ 0.287276786 intergenic:Gm8217-Htr5b 
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AACCAGCCTGAAAAGGAACCAGG chr18:35044557-35044579  4 *....*......*.*..... 0.27 intergenic:Hspa9-Ctnna1 

GGCCAGCCAGAGGAAGAACCTGG chr5:32043934-32043956  4 .*...*..*..*........ 0.268253968 intergenic:Gm17130-Bre 

AAAGACCATGAAGAAGAACCAGG chr14:106780460-106780482  4 *.**...*............ 0.2535 intergenic:Gm23437-Gm24818 

GCCGACCCGGAAGAAGAACCTGG chr19:47273436-47273458  3 .*.*....*........... 0.243197279 exon:Sh3pxd2a 

GACCACAGGTAAGAAGAACCGGG chr17:34637913-34637935  4 ......****.......... 0.242506378 intergenic:Prrt1-Gm20461 

GGCCACGGTGAAGAAAAACCTGG chr17:82773837-82773859  4 .*....**.......*.... 0.242016807 intergenic:Gm6594-Pkdcc 

GGCCCTCCTGAAGAGGAACCAGG chr18:47180152-47180174  4 .*..**........*..... 0.241428572 intergenic:Gm25036-Sema6a 

GGCCACATTGAAGAAGAAACAGG chr5:22989541-22989563  4 .*....**..........*. 0.225 intergenic:Gm6564-AC158942.1 

GGCCACCCAGAGGAAGAGCCTGG chr8:84263408-84263430  4 .*......*..*.....*.. 0.214603175 intron:Ccdc130 

GACAACCATCAAAAAGAACCAGG chr9:13642096-13642118  4 ...*...*.*..*....... 0.202105263 intergenic:Maml2/Gm22643-Maml2 

GACCACCCAGAAAGAGAACATGG chr1:63882887-63882909  4 ........*...**.....* 0.2 intergenic:Gm13751-Gm13754 

TACCACTCTTAAGAAGAACTGGG chr6:125547010-125547032  4 *.....*..*.........* 0.198046875 exon:Vwf 

GACAACCCTGAAGAAGAATATGG chr10:72309456-72309478  3 ...*..............** 0.194331984 exon:Gm9923 

GACAACCCTGAAGAAGAATATGG chr10:21304556-21304578  3 ...*..............** 0.194331984 exon:Hbs1l 

GACAACCCTGAAGAAGAATATGG chr17:53304250-53304272  3 ...*..............** 0.194331984 intergenic:Kcnh8-Efhb 

GAACTTCCTGGAGAAGAACCAGG chr7:89735590-89735612  4 ..*.**....*......... 0.190216451 intron:Me3 

GAGGATTCTGAAGAAGAACCTGG chr6:126553852-126553874  4 ..**.**............. 0.188616072 intergenic:Kcna5-Kcna1 

GACCAACCTGAGGAGGAAACAGG chr11:85306595-85306617  4 .....*.....*..*...*. 0.186819728 intergenic:Gm22587-Ppm1d 

TAACACCCTGAAGAAGATACTGG chr11:35442478-35442500  4 *.*..............**. 0.185714286 intergenic:Gm12122-Slit3 

GACCAACATGAGCAAGAACCTGG chr14:30937807-30937829  4 .....*.*...**....... 0.183542189 exon:Itih1 

GAACAGCATGAAGAGGAACCTGG chr15:25374752-25374774  4 ..*..*.*......*..... 0.183083333 intron:Basp1 

GACAATCCTGAAGAAGAATATGG chr7:23801000-23801022  4 ...*.*............** 0.180451128 intergenic:Vmn1r-ps85-Vmn1r175 

GACCACCATGAAGACAAACCCGG chr16:21219096-21219118  3 .......*......**.... 0.177272727 exon:Ephb3 

TACCAACCTGAAGAAGACCCTGG chr3:21672409-21672431  3 *....*...........*.. 0.176870748 intergenic:Gm7488-Tbl1xr1 

GAAAAACCTGAAGAAGAACCCAG chr10:103423568-103423590  3 ..**.*.............. 0.175698505 intergenic:Slc6a15-Gm26923 

TACCACCTTGCAGAAGAACAGGG chr8:92761075-92761097  4 *......*..*........* 0.175 intergenic:Gm3272-Mmp2 

CACCACCCTACAGAGGAACCTGG chr7:102473069-102473091  4 *........**...*..... 0.173333333 intergenic:Rrm1-Olfr543 
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GACCATCCTCAAAAAGAACATGG chr1:84643189-84643211  4 .....*...*..*......* 0.171428571 intergenic:Dner-Dner/Mir5126 

GATCACCTTGGAGAAGAAACTGG chr7:136311556-136311578  4 ..*....*..*.......*. 0.167578125 intergenic:Gm9341-Gm24444 

AACCACCCTAGAGAAGAACTTGG chr4:39008790-39008812  4 *........**........* 0.1638 intergenic:Gm12381-Gm25581 

GACCACTGAGATGAAGAACCCGG chr17:3697043-3697065  4 ......***..*........ 0.161670918 intergenic:Nox3-Gm23186 

GCCCACCATGGAGAAGAAACAGG chr1:33313951-33313973  4 .*.....*..*.......*. 0.142270408 intergenic:Gm25792-Gm23453 

GACCATCTTGATGAAGAACATGG chr10:119074038-119074060  4 .....*.*...*.......* 0.135416667 intergenic:Gm26976-Cand1 

AAACACCCTGAAGAAGAGACAGG chr12:109890641-109890663  4 *.*..............**. 0.133714286 intergenic:Mir3072/Mirg-Dio3os 

GACCACCCAGATGAAAAAACAGG chr10:77647913-77647935  4 ........*..*...*..*. 0.132653061 intergenic:Ube2g2-Gm19402 

GACCACATTGAAGGAGAAACTGG chr11:62548734-62548756  4 ......**.....*....*. 0.13125 intergenic:Cenpv-Gm12279 

CACCACCCTAGAGAAGAACTTGG chr12:48650311-48650333  4 *........**........* 0.13 intergenic:Gm1818-Gm26454 

TACCACCGTGAAACAGAACCAGG chr11:51435025-51435047  4 *......*....**...... 0.127158556 intron:Col23a1 

GTACCCCCTGCAGAAGAACCAGG chr5:129934325-129934347  4 .**.*.....*......... 0.126060606 intergenic:Nupr1l-Vkorc1l1 

GAGCACTCTGGAGGAGAACCAGG chr3:116434848-116434870  4 ..*...*...*..*...... 0.123229167 intergenic:Cdc14a-Gm22361 

GAGGACACTGGAGAAGAACCGGG chr10:56338097-56338119  4 ..**..*...*......... 0.121875 intergenic:Tbc1d32-Rps8-ps1 

AACCAACCTGTAGGAGAACCAGG chr6:62279820-62279842  4 *....*....*..*...... 0.12 intron:Ccser1 

GACCTCAATGGAGAAGAACCTGG chr9:99883731-99883753  4 ....*.**..*......... 0.115227273 intergenic:Sox14-Gm23594 

GTCCACCCTTGAGAAGAACTCGG chr6:115559477-115559499  4 .*.......**........* 0.115227273 intron:Tsen2 

GAACACAATGAAGAAGAACCAAG chr6:115180202-115180224  3 ..*...**............ 0.109537037 intergenic:Syn2-Gm17482 

TACCTCCCTGGAGAAGAATCAGG chr4:130905317-130905339  4 *...*.....*.......*. 0.109090909 intergenic:Gm22660-Laptm5 

GGTCACCCTGGAGAAGAACTGGG chr6:55131866-55131888  4 .**.......*........* 0.10725 intron:Crhr2 

GACCAACCTGAACACAAACCTGG chr12:108805906-108805928  4 .....*......*.**.... 0.106630212 intron:Yy1 

CACCACCCAGATGGAGAACCAGG chr3:11116232-11116254  4 *.......*..*.*...... 0.103174603 intergenic:Gm8910-Gm22547 

GTCCACATTGAAGCAGAACCAGG chr6:149494691-149494713  4 .*....**.....*...... 0.102272727 exon:Bicd1 

GAGCACAGTGAACAAGAACCAGG chrX:103877652-103877674  4 ..*...**....*....... 0.10150376 intergenic:Slc16a2-Gm9164 

GGCCTCTCTGAAGAAGAAACAGG chr11:46682326-46682348  4 .*..*.*...........*. 0.101298702 intron:Timd2 

CCCCACCCTGAAGAAGCACCAGG chr1:181453502-181453524  3 **..............*... 0.099039616 intron:Cnih3 

GACCACCCTGAATAGGAACAGGG chr4:156069319-156069341  3 ............*.*....* 0.0975 intergenic:Gm13648- 
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9430015G10Rik 

GACCATTCTGAGGAAGGACCTGG chr6:18632546-18632568  4 .....**....*....*... 0.096157213 intergenic:Cttnbp2-Gm23648 

GACCACCCTGAGGAGGAGCAGGG chr3:37986570-37986592  4 ...........*..*..*.* 0.093888889 intergenic:Gm7799-Gm22899 

CACCACGCTGAACAGGAACCAGG chr18:80708668-80708690  4 *.....*.....*.*..... 0.091994693 intron:Nfatc1 

CCCAACCCTGAAGAAGACCCAGG chr2:27131450-27131472  4 **.*.............*.. 0.090020971 intron:Fam163b 

GACCTTCCTGGAGAAGAGCCCGG chr8:71634607-71634629  4 ....**....*......*.. 0.087792208 exon:Unc13a 

GAACCCCCTGAAGAAGAGCATGG chr1:120226551-120226573  4 ..*.*............*.* 0.086666667 exon:Steap3 

TCCCTCCCTGAAGAAGAACTAGG chr8:107458153-107458175  4 **..*..............* 0.085714286 intron:Wwp2 

GAGCACCCTGGAGAGGAGCCTGG chr17:31103218-31103240  4 ..*.......*...*..*.. 0.0845 intron:Abcg1 

GACAACCCTGAAGGAGAAAAAGG chr1:26091139-26091161  4 ...*.........*....** 0.084210526 intergenic:Gm9884-Gm24064 

GAGAACCCTCAAGAAGATCCAGG chr10:14284596-14284618  4 ..**.....*.......*.. 0.084210526 intergenic:Gm24343-Gpr126 

GACCACACTGCAGAGGAAACAGG chr14:16479152-16479174  4 ......*...*...*...*. 0.083571429 intron:Rarb 

GGCCATCCTGACCAAGAACCTGG chr17:32391992-32392014  4 .*...*.....**....... 0.082311041 intron:Rasal3 

CACCACTCTGGAGCAGAACCTGG chr4:145321696-145321718  4 *.....*...*..*...... 0.080835459 intergenic:Tnfrsf8-Gm13024 

GGCCACTCTGGAGAAGACCCAGG chr11:4391064-4391086  4 .*....*...*......*.. 0.08047619 intron:Hormad2 

GACCACCCTGAAGGAGAGACTGG chr19:55153976-55153998  3 .............*...**. 0.08 intergenic:Gpam-Tectb 

GACCAGCCTCAAGAAGAGCCAGG chr4:135806370-135806392  3 .....*...*.......*.. 0.08 intron:Myom3 

TCCCAGCCTGAAGATGAACCAGG chr5:128597666-128597688  4 **...*........*..... 0.078571429 intron:5930412G12Rik 

GTCCAACATGAAGAAGCACCAGG chr18:57913268-57913290  4 .*...*.*........*... 0.077463713 intron:Slc12a2 

GTCCACCCTGCAGAGGAGCCAGG chr7:28994919-28994941  4 .*........*...*..*.. 0.075636364 intron:Map4k1 

GACCAGTCAGAAGATGAACCTGG chr4:138660964-138660986  4 .....**.*.....*..... 0.075446429 intergenic:Vwa5b1-Ubxn10 

GACCAATCTGAAGCAGAATCTGG chr12:17700166-17700188  4 .....**......*....*. 0.074617347 intron:Hpcal1 

GCCCATTCTGAAGAAGAAGCTGG chr7:120504676-120504698  4 .*...**...........*. 0.074099171 intron:Abca16 

GCCCATTCTGAAGAAGAAGCTGG chr2:77245029-77245051  4 .*...**...........*. 0.074099171 exon:Sestd1 

GAGCTGTCTGAAGAAGAACCTGG chr11:102647021-102647043  4 ..*.***............. 0.073863636 
intergenic:2810433D01Rik- 
Psmb5-ps/Gm22920 

GACCACCATGACCAAAAACCTGG chr11:44956292-44956314  4 .......*...**..*.... 0.072022161 intron:Ebf1 
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GACCACCTTGAAGGAGAGACTGG chr6:22391644-22391666  4 .......*.....*...**. 0.07 intergenic:Fam3c-Gm8927 

GACCACCCAGCAGGAGAGCCCGG chr4:123031686-123031708  4 ........*.*..*...*.. 0.069333333 intron:Trit1 

CTCCACCCGGAAGCAGAACCTGG chr16:50148475-50148497  4 **......*....*...... 0.068910681 intergenic:Gm8824-Bbx 

GAGCAAACTGAAGAAGACCCAGG chr13:114956073-114956095  4 ..*..**..........*.. 0.06632653 intergenic:Itga2-Itga1 

GAACAACCTCAAGATGAACCGGG chr7:103301629-103301651  4 ..*..*...*....*..... 0.064380952 intergenic:Gm23973-Olfr596 

GTCCAGCCTGCAGAAGAAACAGG chr5:63627765-63627787  4 .*...*....*.......*. 0.062337662 
intergenic:Gm17384-
3110047P20Rik/Gm9954 

GGCCTCCCTGAACAAGAACAAGG chr11:17377185-17377207  4 .*..*.......*......* 0.061244019 intergenic:Gm12015-Gm23959 

GACCACACTGAAAAAGGACATGG chr14:102229270-102229292  4 ......*.....*...*..* 0.061085973 intergenic:Lmo7-Gm22347 

GAAAACCCTGAAGAGGAAGCAGG chr1:190728394-190728416  4 ..**..........*...*. 0.059298246 intron:Rps6kc1 

GACCAGCCTGACAGAGAACCCGG chr12:33043951-33043973  4 .....*.....***...... 0.056680162 intron:Cdhr3 

GAGCTGCCGGAAGAAGAACCTGG chr8:119615336-119615358  4 ..*.**..*........... 0.056277056 exon:Adad2 

GACCACGTTGAAGACGATCCAGG chr10:79724483-79724505  4 ......**......*..*.. 0.056149733 exon:Hcn2 

GACCACACTGCAGGAGAGCCTGG chr12:78658342-78658364  4 ......*...*..*...*.. 0.056 intron:Gphn 

GTCCTCCTTAAAGAAGAACCAAG chr11:33145369-33145391  4 .*..*..*.*.......... 0.055994286 intron:Fgf18 

GAGGACCCTGATGAGGAACCTGG chr4:46477658-46477680  4 ..**.......*..*..... 0.054166667 intergenic:Anp32b-Nans 

AACAACCCTCAAGAAGCACCAGG chr18:56256413-56256435  4 *..*.....*......*... 0.053498452 intergenic:Gm25476-Gramd3 

GACATCCCTGAAGAAGAGACTGG chr8:115361764-115361786  4 ...**............**. 0.052494874 intergenic:Wwox-Gm23677 

GATCTTCCTGAAGCAGAACCAGG chr13:42312289-42312311  4 ..*.**.......*...... 0.049744898 intergenic:Edn1-Phactr1 

GACCACCCTGAAGCAAAATAGGG chr15:36080277-36080299  4 .............*.*..** 0.049450549 intron:Rgs22 

GTTGGCCCTGAAGAAGAACCTAG chr11:98983305-98983327  4 .****............... 0.046666667 intergenic:Gjd3-Top2a 

TGCCACCTTAAAGAAGAACCTGA chr1:39418406-39418428  4 **.....*.*.......... 0.04537037 intron:Tbc1d8 

GATCACGCTGAGGAAGACCCTGG chr12:33112097-33112119  4 ..*...*....*.....*.. 0.044506691 exon:F730043M19Rik/Gm16267 

GAGCACACTGGAGAAGGACCGGG chr19:24673423-24673445  4 ..*...*...*.....*... 0.043014706 intergenic:Pip5k1b-Tmem252 

GCCCACCCTGAGCAAGCACCAGG chr8:121041147-121041169  4 .*.........**...*... 0.042164234 intergenic:Gm26878-Fendrr 

AACCTCCCTGAGGAAGGACCTGG chr2:29293467-29293489  4 *...*......*....*... 0.04171123 intergenic:6530402F18Rik/Ntng2-Med27 

GAGCATCCTGAAGAAGACTCTGG chr15:77771226-77771248  4 ..*..*...........**. 0.040816326 exon:Myh9 
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GTTCACCCTGAAGAAGACACTGG chr19:40735081-40735103  4 .**..............**. 0.040816326 intron:Entpd1 

GATCACTCTCAAGAAGGACCAGG chr10:127508197-127508219  4 ..*...*..*......*... 0.039430147 exon:Stac3 

GTCCACCCTGAACAAGAGCTGGG chr11:3849605-3849627  4 .*..........*....*.* 0.036746412 intron:Osbp2 

GACCAACATGAAGGAGAAGCTGG chr4:138711603-138711625  4 .....*.*.....*....*. 0.035208333 intron:Ubxn10 

GACAACCCTGAAGGAGGACAAGG chr17:29153840-29153862  4 ...*.........*..*..* 0.034674923 intergenic:Rab44-Cpne5 

GATCACCATGCAGAAGACCCAGG chr2:173887048-173887070  4 ..*....*..*......*.. 0.034047619 intergenic:Gm14371-Gm14336 

GCCCTCCCTGAAGAAGAAACAAG chr18:64007809-64007831  3 .*..*.............*. 0.031746032 intergenic:Wdr7-1700091E21Rik 

GGCCTCCCTCAAGAAGAACCGAG chr18:68182513-68182535  3 .*..*....*.......... 0.03016835 intron:Ldlrad4 

GTCCACCCTGAAGAGGAAGATGG chr1:136216434-136216456  4 .*............*...** 0.029545455 exon:5730559C18Rik/Gm26568 

GACTACCCGGATGAAGCACCTGG chr17:62853724-62853746  4 ...*....*..*....*... 0.029131653 intron:Efna5 

GACTACCATGAACAAGAAGCTGG chr14:77294880-77294902  4 ...*...*....*.....*. 0.027368421 intron:Enox1 

GCCCACCCTGAAGACGAAGCAGG chr2:167162911-167162933  3 .*............*...*. 0.026785714 intergenic:Kcnb1-Kcnb1/1110018N20Rik 

GAGAACCCTGAAGAAGAAGAAGG chr6:21041831-21041853  4 ..**..............** 0.026315789 intergenic:Gm23960-Gm26373 

GACAACCGTGAAGAAGGACCTAG chr6:136235011-136235033  3 ...*...*........*... 0.024767802 intergenic:Gm26653-Gm26105 

GAACACACTGAATAAGAAGCTGG chr11:85637939-85637961  4 ..*...*.....*.....*. 0.024375 intron:Bcas3 

GAGCACGCTGAAGATGATCCAGG chrX:57676762-57676784  4 ..*...*.......*..*.. 0.023529412 intergenic:Gm14629-Gm8107 

CACCACCCTCAAGAGGAAGCAGG chr11:106320029-106320051  4 *........*....*...*. 0.023214286 exon:Scn4a 

GATGAACCTGAAGAAGAACCAGA chr7:135234533-135234555  3 ..**.*.............. 0.022166419 intergenic:Dock1-Nps 

AAGCACTCTGAAGAAGAACGGGG chr15:95490239-95490261  4 *.*...*............* 0.021507353 intron:Nell2 

GACCACACTGAATAAGACCAAGG chr3:28538833-28538855  4 ......*.....*....*.* 0.021428571 intron:Tnik 

GACTACCCTGTAGAGGTACCAGG chr5:77291697-77291719  4 ...*......*...*.*... 0.021333333 intergenic:Rest-Noa1 

GGCCACCCTGAAGAAGACTTAGG chr13:72910251-72910273  4 .*...............*** 0.021098901 intergenic:Irx2-Irx4 

AACCTCCCTGAATCAGAACCCGG chr6:99597127-99597149  4 *...*.......**...... 0.021038961 intergenic:Gm24936-Eif4e3 

GACGTCCCTGGAGAAGGACCAGG chr11:108101799-108101821  4 ...**.....*.....*... 0.020855615 intergenic:Prkca-Gm11655 

GGCCACCCTGTAGGAGGACCAGG chr1:156979467-156979489  4 .*........*..*..*... 0.020271493 intergenic:Ralgps2-Tex35 

GACCATCCTTAAGAAGAAAGGGG chr18:81642094-81642116  4 .....*...*........** 0.019020108 intergenic:4930594M17Rik-Gm26012 

GACCATTCTGAAGAAGAAAGTGG chr11:94981736-94981758  4 .....**...........** 0.019020108 intergenic:Sgca-Ppp1r9b 



450 

Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD score Locus description 

CAGCACCCTGAAGAAGGACTTGG chr8:95218614-95218636  4 *.*.............*..* 0.018907563 intergenic:Kifc3-Cngb1 

GACTACCCTGACGAGGTACCTGG chr8:75261535-75261557  4 ...*.......*..*.*... 0.018245614 intergenic:Rasd2-Gm7984 

GACCACCCTGAATAAATGCCAGG chr12:5465855-5465877  4 ............*..***.. 0.016 intergenic:2810032G03Rik-Gm24758 

GACCACCGTGAACAAGTGCCTGG chr2:110186878-110186900  4 .......*....*...**.. 0.01443609 intergenic:Ccdc34-Gm13936 

AACCACTCTGATGAAGAACGTGG chr14:25281370-25281392  4 *.....*....*.......* 0.014338235 intergenic:Gm10398-Gm26660 

GACCATCCTGAACAAGGCCCAGG chr7:141611373-141611395  4 .....*......*...**.. 0.013142099 exon:Gm16982/Ap2a2 

GAGCACCCTGAAGATGAAGCAGG chr11:84976495-84976517  3 ..*...........*...*. 0.0125 intergenic:Car4-Usp32 

AACCACCCTGAAGTAGAAAGAGG chr7:145254029-145254051  4 *............*....** 0.01210084 exon:Tpcn2 

GACCACCATGAATAAGACCTTGG chr4:58571332-58571354  4 .......*....*....*.* 0.011142857 intergenic:Lpar1-Gm12578 

GACCACCCTGCTCAAGCACCCGG chr4:137843452-137843474  4 ..........***...*... 0.009907121 intergenic:Alpl-Ece1 

GTCCAGCCTGAAGCAGAAGCAGG chr7:133131833-133131855  4 .*...*.......*....*. 0.00974026 intergenic:Ctbp2-Tex36 

GACCACACTGAAGAAGTCCATGG chr11:35253670-35253692  4 ......*.........**.* 0.009523809 intergenic:Slit3-Gm12123 

GACCACCATGAAGAAGCCACAGG chr4:46684590-46684612  4 .......*........***. 0.009363745 intron:Gabbr2 

GACCACCCTGAAGACACCCCTGG chr14:72801206-72801228  4 ..............****.. 0.009167303 intergenic:Fndc3a-Cysltr2 

GACATCCCTGAAGATGTACCTGG chr7:31081221-31081243  4 ...**.........*.*... 0.008165869 intergenic:Fxyd3-Hpn 

GACCACCCTGGAGGAGAAAGAGG chrX:74648424-74648446  4 ..........*..*....** 0.007647059 intergenic:Gm5640-Xlr5d-ps 

GACCACCCTGGAGGAGAAAGAGG chrX:73119974-73119996  4 ..........*..*....** 0.007647059 intergenic:Xlr5a-Gm14685 

GACCACCCTGGAGGAGAAAGAGG chrX:73294753-73294775  4 ..........*..*....** 0.007647059 intergenic:Xlr5c/Xlr5a-Gm5639 

GACCACCCTGGAGGAGAAAGAGG chrX:74834382-74834404  4 ..........*..*....** 0.007647059 intergenic:Xlr5e-ps-Gm5936 

GACCACCCTGGAGGAGAAAGAGG chrX:73146470-73146492  4 ..........*..*....** 0.007647059 intergenic:DXBay18-Xlr5b 

GACCTCCGTGAAGAAGAATGTGG chr14:24753356-24753378  4 ....*..*..........** 0.006346595 intergenic:4930428N03Rik-Gm10398 

GACACCCCTGAAGAAGCACCAGA chr2:27293240-27293262  3 ...**...........*... 0.005159959 intron:Vav2 

TACCACCGTGAAGAAGAAGGTGG chr1:36412684-36412706  4 *......*..........** 0.004726891 exon:Fer1l5 

GATGACCCTGAAGAAGGACCTGA chr12:39787380-39787402  3 ..**............*... 0.004212623 intergenic:Gm24434-Arl4a 

CACCACACTGAAGAAGAAGGGGG chrX:156120353-156120375  4 *.....*...........** 0.003939076 intron:Gm15155 

GACCAGCCTAAAGAAGAAGGAGG chr1:172218424-172218446  4 .....*...*........** 0.003431373 intron:Casq1 

CACCACCCAGAAGAACACCCCGG chr18:77246109-77246131  4 *.......*......*.*.. 0 exon:St8sia5 
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GACAACCCTGAAAAATAACTAGG chr2:136838716-136838738  4 ...*........*..*...* 0 intergenic:Snap25-Mkks 

GAACACCCTGAAGAATATCAGGG chr18:22017339-22017361  4 ..*............*.*.* 0 exon:Ccdc178 

GACCTGCCTGCAGAACAACCTGG chr1:36550239-36550261  4 ....**....*....*.... 0 exon:Sema4c 

GACCACCCTGAATGATGACCTGG chr5:121005618-121005640  4 ............**.**... 0 intron:Rph3a 

GACCACCCAGAAGAATGAGCCGG chr11:119757538-119757560  4 ........*......**.*. 0 intron:Rptor 

AACCACCCTGAAAATCAACCTGG chr13:75986034-75986056  4 *...........*.**.... 0 intron:Spata9 

GACCACTCTGAAAATCAACCTGG chrX:158588596-158588618  4 ......*.....*.**.... 0 intergenic:Gm15168-Gm5764 

GAGCACCAGGAAGAACAACCAGG chr7:35734562-35734584  4 ..*....**......*.... 0 intron:Dpy19l3 

GACCCCCCTCCAGAACAACCTGG chr4:152370781-152370803  4 ....*....**....*.... 0 exon:Chd5 

GACCACACTGGAGAATGACCTGG chr16:46005276-46005298  4 ......*...*....**... 0 intron:Plcxd2 

GACCCCGCTGCAGAACAACCTGG chr11:69356582-69356604  4 ....*.*...*....*.... 0 exon:Chd3 

GACCACCATGAAGTATACCCAGG chr2:4698720-4698742  4 .......*.....*.*.*.. 0 intergenic:Prpf18-Gm13196 

GACCTCCCAGAAGAACAACCAGG chr9:74588255-74588277  3 ....*...*......*.... 0 
intergenic:RP24-376I11.1-RP23-
402M18.1 
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AATATCATCATGACTACTAATGG chr1:6774353-6774375  4 .***...............* 0.394737 intron:St18 

GCACTCATCATGACTACCAGTGG chr12:8590132-8590154  3 *.*..............*.. 0.371429 intron:Slc7a15 

ACCTGCATCAAAACTACTAGAGG chr2:148739286-148739308  4 ...**.....**........ 0.3584 intergenic:Napb-Cstl1 

ACCCTTAAAATGACTATTAGCGG chr1:8051947-8051969  4 .....*.**.......*... 0.297143 intergenic:Gm26901-Sntg1 

ACACTCATCATGACTAAAAGTGG chr8:70401262-70401284  3 ..*.............**.. 0.26963 intron:Crtc1 

ACCTTCACCATGATTACCAGGGG chr1:87549793-87549815  4 ...*...*.....*...*.. 0.251429 intron:Ngef 

ACCCACATCATAATTACTATGGG chrX:165219740-165219762  4 ....*......*.*.....* 0.239556 intron:Glra2 

ACCCCCATCTTGACAATTAGGGG chr1:106729110-106729132  4 ....*....*....*.*... 0.23839 intron:Kdsr 

ACCCATATCATGATTACTATTGG chr13:33259039-33259061  4 ....**.......*.....* 0.238333 intron:Serpinb9e 

ACCCTTATCATGACTATTTGTGG chr14:23370055-23370077  3 .....*..........*.*. 0.233333 intron:Kcnma1 

ACCCTGACCATGACTAATAATGG chr2:143961144-143961166  4 .....*.*........*..* 0.21875 exon:Rrbp1 

ATCCTCACCATCACTACCAGAGG chr5:126303037-126303059  4 .*.....*...*.....*.. 0.206264 intergenic:Gm4868-Gm23151 

ACCCTCAGCATGACAATTAATGG chr6:5922096-5922118  4 .......*......*.*..* 0.185746 intron:Dync1i1 

ACATTCATAATGTCTACTAGAGG chr5:137285176-137285198  4 ..**....*...*....... 0.178286 intergenic:A630081J09Rik-Ache 

AACCCCATCATGAATACTATGGG chr18:86186818-86186840  4 .*..*........*.....* 0.178182 intergenic:Fbxo15-Gm25453 

ACTTTCAGCATGACTACTACAGG chr14:62171884-62171906  4 ..**...*...........* 0.172857 intergenic:Dleu2-Gm26969 

ACCATCTCCATGACTATTAGTGG chr11:36373774-36373796  4 ...*..**........*... 0.17193 intron:Tenm2 

ACCATTAACATGACCACTAGAGG chr6:145748123-145748145  4 ...*.*.*......*..... 0.170608 intron:Rassf8 

ACCCTTAGCCAGACTACTAGAGG chr1:81528905-81528927  4 .....*.*.**......... 0.170238 intergenic:Nyap2-Gm5530 

ACCCTTAGCCAGACTACTAGAGG chr1:142784474-142784496  4 .....*.*.**......... 0.170238 intergenic:Gm22016-Cdc73 

ACCCTTAGCCAGACTACTAGAGG chr13:4535252-4535274  4 .....*.*.**......... 0.170238 intergenic:Akr1c20-Akr1c21 

ACCCTTAGCCAGACTACTAGAGG chr16:23538884-23538906  4 .....*.*.**......... 0.170238 intergenic:Masp1-Rtp4 

AACATCATCATGATTACTGGTGG chrX:46247536-46247558  4 .*.*.........*....*. 0.168421 intergenic:Gm14653-4930515L19Rik 
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ACCCTAAGCATGAATACAAGAGG chr6:148478628-148478650  4 .....*.*.....*...*.. 0.158889 intergenic:Tmtc1-Gm6313 

GCCCTCATCATCACTACCATAGG chr7:98810154-98810176  4 *..........*.....*.* 0.158824 intergenic:Prkrir-Wnt11 

ACCCTCCTCATGACTACCTGTGG chr3:41841210-41841232  3 ......*..........**. 0.100962 intergenic:D3Ertd751e-Gm25714 

AACCTAGTCATGCCTACTAGTGG chr8:31120628-31120650  4 .*...**.....*....... 0.100358 exon:Rnf122 

ACACTCATCATCACCACAAGAGG chrY:23552350-23552372  4 ..*........*..*..*.. 0.083422 intergenic:Gm20926-Gm21768 

ACACTCATCATCACCACAAGAGG chrY:35774948-35774970  4 ..*........*..*..*.. 0.083422 intergenic:Gm20798-Gm20896 

ACACTCATCATCACCACAAGAGG chrY:87700047-87700069  4 ..*........*..*..*.. 0.083422 intergenic:Gm21813-Gm21777 

ACACTCATCATCACCACAAGAGG chrY:12526736-12526758  4 ..*........*..*..*.. 0.083422 intergenic:Gm20812-Gm21736 

ACACTCATCATCACCACAAGAGG chrY:17238609-17238631  4 ..*........*..*..*.. 0.083422 intergenic:Gm20877-Gm20781 

GCCCTGAACATGACTGCTAGTGG chr15:37575741-37575763  4 *....*.*.......*.... 0.076923 intron:Ncald 

ACTCTCCTCATGACTACCTGTGG chr2:133766569-133766591  4 ..*...*..........**. 0.069411 intergenic:Gm25258-Hao1 

ACCCTCATCATGGCCACTTTAGG chr17:31416968-31416990  4 ............*.*...** 0.067042 intron:Pde9a 

ACCATCATCCTGACTACCTGCGG chr7:7254530-7254552  4 ...*.....*.......**. 0.064777 intergenic:Vmn2r29-RP23-344G11.3 

ACCCTCATCTGGACCACAAGAGG chr3:146181393-146181415  4 .........**...*..*.. 0.064171 intron:Mcoln2 

AGCATCCTCATGACTGCTAGAGG chr13:98381191-98381213  4 .*.*..*........*.... 0.049287 intergenic:Foxd1-Gm2445 

ACCTTCATCATCTCTACTGGTGG chr9:114279297-114279319  4 ...*.......**.....*. 0.047647 exon:4921528I07Rik 

ACTCTCATGATGACAGCTAGTGG chr3:14573064-14573086  4 ..*.....*.....**.... 0.047384 intergenic:Lrrcc1-E2f5 

ACCCTCATCATGGCCACTGTGGG chr15:36739589-36739611  4 ............*.*...** 0.04669 intergenic:Pabpc1-Ywhaz 

ACCATCATCATCACCACTGGTGG chr6:54367700-54367722  4 ...*.......*..*...*. 0.045595 intron:9130019P16Rik 

ACTTTCATCATGTCTACTAGCAG chr3:108981441-108981463  3 ..**........*....... 0.042778 intron:Fam102b 

ACCATCATCAGGACCACCAGAGG chr10:4581193-4581215  4 ...*......*...*..*.. 0.039371 intergenic:Ccdc170-Esr1 

ACCCTCACCCTGACCACTACAGG chr18:15020211-15020233  4 .......*.*....*....* 0.038961 intergenic:Gm6304-Kctd1 

ACCCTCCTCCTGACTACCTGTGG chr13:118366076-118366098  4 ......*..*.......**. 0.033654 intergenic:Gm26349-Mrps30 

ACCCTCCTCATGAATATCAGTGG chr3:105327645-105327667  4 ......*......*..**.. 0.030625 
intergenic:4930564D02Rik-
1700095B22Rik 

GAGCTCATCATGACTACTAGAGA chr14:119300280-119300302  3 ***................. 0.025253 intron:Hs6st3 

ACCCACATCCTGAATACCAGAGG chr9:121390303-121390325  4 ....*....*...*...*.. 0.025 intron:Trak1 
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ACTGTCATCATAACTAGTAGTGG chr15:95929161-95929183  4 ..**.......*....*... 0.018873 intron:Ano6 

GTCATCATCCTGACTACTAGGGA chr14:76768578-76768600  4 **.*.....*.......... 0.017721 intergenic:Serp2-Lacc1 

ACCCACAGCATGACTAGCAGTGG chr18:20820507-20820529  4 ....*..*........**.. 0.009244 intron:Trappc8 

ACCATCATCATGACTGGAAGGGG chr7:30454585-30454607  4 ...*...........***.. 0.006351 exon:Kirrel2 

ACCCTCATCCTATCTCCTAGAGG chr3:104715260-104715282  4 .........*.**..*.... 0 intergenic:Gm24223-Gm6485 

ACACTCATCATCACCCCTAGAGG chrY:57115109-57115131  4 ..*........*..**.... 0 intergenic:Gm20913-Gm21868 

ACCCACATCCTGACCCCTAGAGG chr2:180158950-180158972  4 ....*....*....**.... 0 intron:Osbpl2 

ATCCTCATCATCAGTACTATAGG chr3:63719232-63719254  4 .*.........*.*.....* 0 exon:Plch1 

ACCCTCTTCTGGACTCCTAGCGG chr6:124921552-124921574  4 ......*..**....*.... 0 intergenic:Ptms-A230083G16Rik 

ACCCTCATCAAGAATTCCAGAGG chr19:21859680-21859702  4 ..........*..*.*.*.. 0 intergenic:Tmem2-Gm5514 

ACCCACAGCATGGCTCCTAGAGG chr13:94579284-94579306  4 ....*..*....*..*.... 0 intergenic:Ap3b1-Tbca 

ACCCTCATCTTGAGTACTTAGGG chr6:66994297-66994319  4 .........*...*....** 0 intergenic:Gng12-Gm15644 

ACCATCATCGTGAGTACTGGTGG chr10:120422312-120422334  4 ...*.....*...*....*. 0 intergenic:9230105E05Rik-Mir763 

ACCCTCATCCCAAGTACTAGTGG chr14:108416811-108416833  4 .........***.*...... 0 intergenic:Gm24818-Gm24229 

ATCCTAATCATGTCTTCTAGAGG chr3:21378103-21378125  4 .*...*......*..*.... 0 intergenic:Gm7488-Tbl1xr1 

ACCCTCATCCTGTCTTCTTGTGG chr2:130671646-130671668  4 .........*..*..*..*. 0 intron:Itpa 

ACCCTCATCAGGACTCCTCTTGG chr17:71017357-71017379  4 ..........*....*..** 0 intergenic:Myl12a-Myom1 

ACCCTCATCATGATGCCTAAGGG chr11:109966645-109966667  4 .............***...* 0 intron:Abca8b 

AATCTCATAATGACTTCTAGAGG chr4:65116241-65116263  4 .**.....*......*.... 0 intergenic:Gm11219-Pappa 

ACTCTCATCATGATTTCTACAGG chr1:29125698-29125720  4 ..*..........*.*...* 0 intergenic:Gm6462-Gm25586 

ACCCTTATCATGGCTTGTAGAGG chr2:54508872-54508894  4 .....*......*..**... 0 intron:Galnt13 

ACCATCATCATGTCTTCTAAAGG chr15:83137017-83137039  4 ...*........*..*...* 0 exon:Poldip3 

AACCTCAGCATGACTTTTAGGGG chr6:8506080-8506102  4 .*.....*.......**... 0 intergenic:Gm26075-A430035B10Rik 

ACCCTCAGCAACACTTCTAGCGG chr11:58936065-58936087  4 .......*..**...*.... 0 intron:Rnf187 

ACCCTCATCATCACGCCAAGAGG chrY:4372456-4372478  4 ...........*..**.*.. 0 intergenic:Gm8521-Gm20918 

ACCCTCATCAAGACTCCTGCTGG chr11:121703816-121703838  4 ..........*....*..** 0 intron:Metrnl 

ACACTCATCATCACCCCTAGAGG chrY:55141626-55141648  4 ..*........*..**.... 0 intergenic:Gm20930-Gm20931 
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Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
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CFD 
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Locus description 

ACCCTCATCATGGGCACAAGAGG chr4:149751435-149751457  4 ............***..*.. 0 intergenic:Gm13068/Slc25a33-Slc25a33 

ATCCTCATCATGACTCTTACTGG chr11:72705327-72705349  4 .*.............**..* 0 intron:Ankfy1 

ACACTCATCATCACCCCTAGAGG chrY:84025283-84025305  4 ..*........*..**.... 0 intergenic:Gm21717-Gm21095 

ACCCTCAGCATGGCTTCTGGCGG chr3:49643913-49643935  4 .......*....*..*..*. 0 intergenic:Gm22480-Gm23096 

ACCCTGAACATGAATCCTAGAGG chr3:157666013-157666035  4 .....*.*.....*.*.... 0 intergenic:Ptger3-Cth 

ACCCTCATCATGAGTATTTGTGG chr4:57992234-57992256  3 .............*..*.*. 0 intron:Txndc8 

ACCCTCTTCATGTCTTCTAGGGG chr5:69441647-69441669  3 ......*.....*..*.... 0 intergenic:Gm23932-Gm5867 
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9.8.4 Table of predicted sgRNA-M390R off-target loci 

Off-target loci are ranked by CFD score, from highest to lowest. The five highest-scoring off-targets sites are shaded in green. 

Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD score Locus description 

CACCTTTAGAAGTCATGTTGTGG chr11:105267721-105267743  3 .....*...*.......*.. 0.397959184 intron:Tlk2 

CAACTCCAGAAGACATGATGAGG chr5:45186031-45186053  4 ..*...*..*..*....... 0.353571428 intergenic:4930435H24Rik-Qdpr 

CAACACTGGTAGTCATAATGGGG chr2:51771800-51771822  4 ..*.*..*........*... 0.296592592 intergenic:Gm13490-Gm13492 

CACCAATGGTAGACATGATGGGG chr1:3428766-3428788  4 ....**.*....*....... 0.235714286 intergenic:Xkr4-Gm1992 

TATCTCTAGTTGTCAAGATGTGG chr9:77877873-77877895  4 *.*.......*....*.... 0.192307692 intergenic:Gclc-Elovl5 

GACCTCTGCCAGTCATGATGTGG chr1:72092285-72092307  4 *......***.......... 0.192285395 intergenic:Gm5528-Mreg 

TAGCCCTAGTAGTCAGGATGAGG chrX:84053064-84053086  4 *.*.*..........*.... 0.173076923 intergenic:Dmd-Gm14769 

CACTTTTACTAGTCATGATCTGG chr13:68859710-68859732  4 ...*.*..*..........* 0.171428572 intergenic:Gm26929-Adcy2 

CACCACAAATACTCATGATGAGG chr4:57992232-57992254  4 ....*.*.*..*........ 0.148897059 intron:Txndc8 

ATCCTGTAGTAGTCAGGATGTGG chr6:98758116-98758138  4 **...*.........*.... 0.125874126 intergenic:Gm24387-Foxp1 

TACCAATAGTAGGCATGATGGGG chrX:117844873-117844895  4 *...**......*....... 0.121118012 intergenic:Gm14914-Gm14917 

AAACTCTAGTAGACTTGATGAGG chr11:83615643-83615665  4 *.*.........*.*..... 0.12 intron:E230016K23Rik 

CACATTTAGTAGTTATGCTGTGG chr10:93616527-93616549  4 ...*.*.......*...*.. 0.109225444 intergenic:4933408J17Rik-Ntn4 

CCCCTCTAGCGGTCATGGTGTGG chr6:22968321-22968343  4 .*.......**......*.. 0.108952381 intron:Ptprz1 

CACCTCTAGAAATCATGCTTAGG chr7:52767181-52767203  4 .........*.*.....*.* 0.106666666 intergenic:Gm6181-Gm22444 

CACCTCTAATGGTTAGGATGGGG chr2:170798905-170798927  4 ........*.*..*.*.... 0.106071429 intron:Dok5 

CATCTCTATTGGTCATGATCTGG chr4:147411456-147411478  4 ..*.....*.*........* 0.102142857 intergenic:Gm13145-Gm13161 

CACATCTATAAGGCATGATGTGG chr7:69379921-69379943  4 ...*....**..*....... 0.100424975 intergenic:Gm5342-Gm23815 

CACCACTAGAAATCATTATGAGG chr10:3645871-3645893  4 ....*....*.*....*... 0.1 intergenic:Iyd-Plekhg1 

CACCTCTAAAAGTAATGTTGTGG chr18:71941159-71941181  4 ........**...*...*.. 0.096428571 intron:Dcc 

CACCTGCTGTGGTCATGATGGGG chr17:29734754-29734776  4 .....***..*......... 0.095758929 intergenic:Ccdc167-Mdga1 

CACATCAATTAGTCATCATGGGG chr4:106031586-106031608  4 ...*..*.*.......*... 0.09246646 intergenic:Gm24363-Gm12729 

CACCTCTAAGGGTCATGGTGAGG chrX:98705914-98705936  4 ........***......*.. 0.083571429 intron:Ophn1 
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Off-target sequence Genome coordinates 
No. 

mismatches 
Mismatch 
positions 

CFD score Locus description 

CGCCTCTAGGTGTCACGATGGGG chr8:105636757-105636779  4 .*.......**....*.... 0.082051282 intron:Ctcf 

CATCTCTAGTACTCATGCTGTGG chr6:113314324-113314346  3 ..*........*.....*.. 0.069327731 intron:Brpf1 

CACCTCTAGTAGCTATGACCTGG chr7:133789934-133789956  4 ............**....** 0.06844698 intergenic:Dhx32-Fank1 

CACCTCTAATACTCACGAAGAGG chr10:81762720-81762742  4 ........*..*...*..*. 0.064825931 intergenic:Gm3055-Gm4767 

CACCTCTAATACTCACGAAGAGG chr10:81921819-81921841  4 ........*..*...*..*. 0.064825931 intergenic:Zfp781-Zfp873 

CACCCCCAGTAGGAATGATGAGG chr10:67673310-67673332  4 ....*.*.....**...... 0.062771739 intergenic:Gm10797-Zfp365 

TACCTCTTGTAGTCATGTAGTGG chr5:17003633-17003655  4 *......*.........**. 0.06122449 intergenic:Gm8991-Gm6673 

CACCTCTGATAGTCATGTGGAGG chr1:178425666-178425688  4 .......**........**. 0.058928571 intron:Efcab2 

CACCTGTAGTCCTCATGTTGTGG chr7:120645629-120645651  4 .....*....**.....*.. 0.052941177 intron:Uqcrc2 

CACCTCTATTGGTCAGGATCTGG chr4:21450221-21450243  4 ........*.*....*...* 0.051428571 intergenic:Gm25977-Gm11875 

CACCTCTAGCAGTCAGTATATGG chr10:17005672-17005694  4 .........*.....**..* 0.043269231 intergenic:Gm23892-Gm25382 

CACAACTGGCAGTCATGATGTAG chr18:41605294-41605316  4 ...**..*.*.......... 0.04269439 intergenic:Gm22483-Prelid2 

CACCTCTAGTAGTCTAAAGGGGG chr2:180662777-180662799  4 ..............***.*. 0.042424242 intron:Dido1 

CACCTATAGCAGTCAGCATGGGG chr4:44321064-44321086  4 .....*...*.....**... 0.040336134 intron:Melk 

CACCCCCAGTTGTCATGCTGGGG chr2:75693531-75693553  4 ....*.*...*......*.. 0.04029304 intron:Nfe2l2 

CTTCTCTAGTATTCTTGATGAGG chrX:130267193-130267215  4 .**........*..*..... 0.038461538 intron:Diap2 

CAGCTCTAGTAATCATGCTCTGG chr10:57554336-57554358  4 ..*........*.....*.* 0.038095238 intergenic:Serinc1-Rpl48-ps1 

CACCTGTAGCTGTCATGGTGGGG chr17:67446764-67446786  4 .....*...**......*.. 0.032820513 intergenic:Ptprm-Gm22277 

CACCTGTAGGAGTCCTGGTGGGG chr4:79061132-79061154  4 .....*...*....*..*.. 0.027272727 intergenic:Gm12913-Gm25836 

CACCTCCAGTAGACTTGAAGGGG chr2:113699832-113699854  4 ......*.....*.*...*. 0.027197802 intron:4930533B01Rik 

CACCTCAAGTTGTCTTGTTGGGG chr15:36194422-36194444  4 ......*...*...*..*.. 0.026923077 intron:Spag1 

CACCTCTTGTAGTAATGCTATGG chr11:111081129-111081151  4 .......*.....*...*.* 0.026785714 intergenic:Kcnj2-Gm11675 

CACCTCTATTTGTCAGGATCTGG chrX:146828320-146828342  4 ........*.*....*...* 0.024344886 intergenic:Gm15074-Gm4996 

CACCACTGGTAGTCATCATGTAG chr4:4283016-4283038  3 ....*..*........*... 0.022367466 intergenic:A830012C17Rik-Gm11780 

CACCTGTGGTAGTCATCAGGAGG chr8:7941666-7941688  4 .....*.*........*.*. 0.021568627 intergenic:Gm25169-Efnb2 

CACCTCTCCTAGGCAGGATGTGG chr15:8073307-8073329  4 .......**...*..*.... 0.020838693 intron:Wdr70 

GACATCTGGGAGTCATGATGCGA chr3:107096344-107096366  4 *..*...*.*.......... 0.01957793 intergenic:Gm27008-A930002I21Rik 
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CATCTCTAGTTTTCATCATGAGG chr9:106004074-106004096  4 ..*.......**....*... 0.019143752 intron:Col6a4 

CATCTCTTGTAGTCATAATGGGA chr3:141772757-141772779  3 ..*....*........*... 0.019097222 intron:Unc5c 

CACCTCTAGTAGCCAGGCAGGGG chrX:169702557-169702579  4 ............*..*.**. 0.014872346 intergenic:Gm25651-4933400A11Rik 

CACCTCCAGTAGGCATCAAGTGG chr6:40955452-40955474  4 ......*.....*...*.*. 0.012056997 intergenic:Gm4744-1810009J06Rik 

CACATCTAGTAATGATGCTGGGG chr4:94858732-94858754  4 ...*.......*.*...*.. 0 intron:Tek 

TACCTCTAGTAGTGATTCTGTGG chr9:20801310-20801332  4 *............*..**.. 0 intron:Col5a3 

GGCCTCTTGTAGTGATGATGGGG chr2:127242838-127242860  4 **.....*.....*...... 0 exon:Ciao1 

CACCTGTACTAGTGATAATGAGG chr9:118935316-118935338  4 .....*..*....*..*... 0 intron:Ctdspl 

CTCCTCTAGTAGTGAAAATGTGG chr1:84018894-84018916  4 .*...........*.**... 0 intergenic:Gm24555-Pid1 

CGCCTCTGGTAGTGATGGTGAGG chr5:126303039-126303061  4 .*.....*.....*...*.. 0 intergenic:Gm4868-Gm23151 
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9.8.5 Sequencing of five highest-scoring off-target loci in cell lines transfected with sgRNA-1 

Sequences are of the predicted sgRNA off-target locus + PAM site. The PAM is underlined. Arrows indicate approximate location of the Cas9 cleavage site. 
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9.8.6 Sequencing of five highest-scoring off-target loci in cell lines transfected with sgRNA-8 

Sequences are of the predicted sgRNA off-target locus + PAM site. The PAM is underlined. Arrows indicate approximate location of the Cas9 cleavage site. 
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9.8.7 Sequencing of five highest-scoring off-target loci in cell lines transfected with sgRNA-12 

Sequences are of the predicted sgRNA off-target locus + PAM site. The PAM is underlined. Arrows indicate approximate location of the Cas9 cleavage site. 
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9.8.8 Sequencing of five highest-scoring off-target loci in cell lines transfected with sgRNA-M390R 

Sequences are of the predicted sgRNA off-target locus + PAM site. The PAM is underlined. Arrows indicate approximate location of the Cas9 cleavage site. 
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9.9 RNA sequencing (RNAseq) 

9.9.1 RNA concentration and purity 

Concentration and purity were assayed by NanoDrop 1000 (Thermo Fisher Scientific). 

Sample 
Alphanumeric 

identifier 
Concentration 

(ng/µl) 
260/280 ratio 260/230 ratio 

WT, rep 1 A1 477 2.13 2.27 

WT, rep 2 A2 423 2.08 2.26 

WT, rep 3 A3 442 2.09 2.22 

Bbs1ex1.4, rep 1 B1 391 2.09 2.24 

Bbs1ex1.4, rep 2 B2 404 2.10 2.17 

Bbs1ex1.4, rep 3 B3 376 2.12 2.27 

Bbs1ex8, rep 1 C1 336 2.09 2.31 

Bbs1ex8, rep 2 C2 263 2.09 2.27 

Bbs1ex8, rep 3 C3 326 2.11 2.28 
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9.9.2 857 upregulated DEGs common to Bbs1ex1.4 and Bbs1ex8 versus to WT (A1) 

1190002N15Rik 
1700003E16Rik 
1700011H14Rik 
1700027A07Rik 
1700028E10Rik 
1700030J22Rik 
1700088E04Rik 
1810059H22Rik 
2010300C02Rik 
2210011C24Rik 
2310001H17Rik 
2610307P16Rik 
3830408C21Rik 
4732490B19Rik 
4833418N02Rik 
4930404N11Rik 
4930426D05Rik 
4930458D05Rik 
4930506C21Rik 
4930556M19Rik 
4931428F04Rik 
4933405D12Rik 
4933431G14Rik 
5930430L01Rik 
6030419C18Rik 
6430548M08Rik 
6430571L13Rik 
9130017K11Rik 
9130019P16Rik 
9530053A07Rik 
9530077C05Rik 
A230060F14Rik 
A330009N23Rik 
A330040F15Rik 
A330074K22Rik 
A430105I19Rik 
AA986860 
Abca8b 
Abcc3 
Abcd1 
Abi3bp 
Ablim2 
Abr 
Acot2 
Acsf2 
Acvr1b 
Ada 
Adamts14 
Adamts16 
Adamts17 
Adamts4 
Adamts6 
Adamts7 
Add2 
Adgra2 
Adgrb2 
Adgre5 
Adgrg3 
Adgrg6 
Afap1 

Afm 
Ahnak2 
Aipl1 
Ak5 
Ak9 
Akr1c12 
Akr1c13 
Akr1c14 
Akr1c19 
Aldh1a3 
Aldh3b1 
Aldh3b2 
Ambp 
Amdhd1 
Amigo2 
Angptl2 
Angptl8 
Ank3 
Ankrd33b 
Ankrd34a 
Ankrd35 
Ankrd45 
Anpep 
Antxr1 
Anxa6 
Apela 
Apobec2 
Apobec3 
Apold1 
Aqp1 
Arhgap18 
Arhgap24 
Arhgap28 
Arhgap33 
Arhgap45 
Arhgdib 
Arhgef10l 
Arhgef19 
Arid3b 
Armc2 
Arnt2 
Arrb1 
Arsa 
Asap3 
Asph 
Atoh8 
Atp1b2 
Atp2b4 
Atp6v0a4 
Axin2 
Azin2 
B3glct 
Batf3 
Bbs2 
BC037032 
BC046401 
Bdh2 
Bdkrb2 
Bik 
Blnk 

Bmp4 
Bmp6 
Brca2 
Btbd11 
C030037D09Rik 
C130074G19Rik 
C1qtnf1 
C1qtnf6 
C1ra 
C1rl 
C1s1 
C230037L18Rik 
C4a 
C4bp 
C730034F03Rik 
Cacna1a 
Cacnb1 
Calml4 
Camk1 
Camk2a 
Camk2b 
Camkk1 
Caps2 
Car13 
Carmil3 
Casz1 
Cbarp 
Cbfa2t3 
Cbr2 
Cbs 
Ccdc109b 
Ccdc148 
Ccdc151 
Ccdc162 
Ccdc30 
Ccdc40 
Ccdc65 
Ccdc74a 
Ccdc92 
Ccl2 
Ccnjl 
Cd109 
Cd40 
Cda 
Cdh16 
Cdh2 
Cdk14 
Cdon 
Cebpa 
Cela1 
Cemip 
Cenpv 
Cep112 
Cercam 
Cfap52 
Cfap54 
Cfap69 
Cfap77 
Cfi 
Chad 

Chd3os 
Chd5 
Chn1 
Chn2 
Chrna1os 
Chst1 
Chst12 
Chst15 
Chst9 
Cib2 
Cirbp 
Cish 
Ckap4 
Clcn1 
Cldn2 
Clec2d 
Clmn 
Cmtm3 
Cnih2 
Col16a1 
Col18a1 
Col1a1 
Col4a1 
Col4a2 
Col6a1 
Col6a2 
Corin 
Coro2b 
Cotl1 
Cpe 
Cpeb2 
Cpm 
Crb2 
Crocc2 
Csf1r 
Ctnnd2 
Ctso 
Cuedc1 
Cul9 
Cyp1b1 
Cyp2s1 
Cyp46a1 
Cys1 
Cytip 
D130043K22Rik 
D630011A20Rik 
Daam2 
Dab2 
Dact2 
Dagla 
Dap 
Dcdc2a 
Dcn 
Dennd2a 
Dgat2 
Dhrs7 
Dixdc1 
Dlx1 
Dmpk 
Dmtn 
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Dnaaf1 
Dnaaf3 
Dnah2 
Dnah6 
Dnah7b 
Dnm3 
Dock4 
Dock8 
Drc3 
Dysf 
E230016K23Rik 
E2f2 
Ebf4 
Eepd1 
Efr3b 
Egln3 
Ehd2 
Elfn1 
Eml1 
Emp1 
Enkur 
Enpep 
Enpp1 
ENSMUSG00000
097058 
Epb41l1 
Epb41l3 
Ephb3 
Eps8 
Erich2 
Erich2os 
Esr1 
Esrrg 
Exoc3l 
Fam111a 
Fam131c 
Fam13a 
Fam167a 
Fam187b 
Fam219a 
Fam222a 
Fam227a 
Fam241b 
Fam71e1 
Fam81a 
Fank1 
Fat2 
Fbp2 
Fbxl21 
Fbxo24 
Fbxo44 
Fcgrt 
Fcho1 
Fgfr1 
Fhad1 
Fhl1 
Fhl4 
Fignl2 
Fkbp14 
Flrt2 
Fmo5 
Fn3k 
Fndc10 

Foxc1 
Foxd2 
Fras1 
Fry 
Fstl3 
Fzd1 
Fzd2 
Fzd4 
Gad1os 
Gadd45g 
Galnt10 
Galnt18 
Gata6 
Gatsl2 
Gbp9 
Gcnt4 
Gdpd5 
Gfra1 
Ggt1 
Gkap1 
Glipr2 
Glul 
Gm10297 
Gm10418 
Gm10941 
Gm11131 
Gm11266 
Gm11940 
Gm11992 
Gm13375 
Gm13420 
Gm13431 
Gm13571 
Gm13966 
Gm14027 
Gm15411 
Gm15475 
Gm15527 
Gm15728 
Gm15910 
Gm16401 
Gm16537 
Gm16576 
Gm1673 
Gm17546 
Gm20163 
Gm20605 
Gm26559 
Gm26651 
Gm26908 
Gm27209 
Gm2830 
Gm28875 
Gm32200 
Gm33023 
Gm37090 
Gm3716 
Gm38399 
Gm42141 
Gm42716 
Gm43128 
Gm43401 
Gm43545 

Gm43593 
Gm43703 
Gm44417 
Gm45441 
Gm45716 
Gm7420 
Gm7628 
Gm7694 
Gm8292 
Gm9922 
Gmpr 
Gnaz 
Gnb4 
Gpr137c 
Gpr146 
Gprc5b 
Gpsm3 
Gramd1b 
Grin2d 
Gsta3 
Guca1a 
Gxylt2 
H2-M3 
H2-Q4 
H2-Q6 
Hapln4 
Hcn3 
Hdac9 
Hey1 
Hk1os 
Hlx 
Hmcn1 
Hnf1a 
Hoxc9 
Hpx 
Hs3st6 
Hsd11b2 
Hsd17b14 
Hspa12a 
Htra1 
Hunk 
Id3 
Igfbp7 
Iglon5 
Igsf11 
Ikzf2 
Ikzf4 
Il17rd 
Il34 
Il5ra 
Inhbb 
Ipmk 
Iqcd 
Iqcg 
Irak3 
Irf8 
Ism2 
Isoc2a 
Itga1 
Itga2b 
Itga9 
Itm2b 
Jag1 

Jag2 
Jcad 
Kbtbd11 
Kcnab2 
Kcnab3 
Kcnh3 
Kcnj10 
Kcnj4 
Kcnk10 
Kctd12b 
Keg1 
Kif12 
Kif17 
Kif21b 
Kif27 
Kif9 
Kifc3 
Kitl 
Klhdc7a 
Klhl30 
Ksr1 
Ksr2 
L3hypdh 
Lama1 
Lat2 
Lax1 
Lbh 
Lbp 
Lca5l 
Ldhb 
Ldlrad3 
Lgals1 
Lgals3bp 
Lgals9 
Lhpp 
Lhx1os 
Lifr 
Lix1l 
Lmcd1 
Loxl3 
Loxl4 
Lrfn3 
Lrp1 
Lrrc46 
Lrrc56 
Lrrc75a 
Lrrc75b 
Lrrc8c 
Lrrc9 
Lurap1l 
Lynx1 
Mab21l3 
Magi2 
Magohb 
Mak 
Malrd1 
Man1c1 
Manba 
Map1a 
Map3k21 
Mapk15 
Mapk4 
Marcksl1-ps4 
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Masp1 
Mcam 
Mcmdc2 
Me3 
Med9os 
Megf6 
Megf9 
Mep1a 
Mettl7a1 
Mex3b 
Mfap2 
Mgat3 
Mgll 
Mgst2 
Mitf 
Mks1 
Mmd 
Mmp11 
Mmp17 
Mmp19 
Morn2 
Mpp2 
Mpp3 
Mpped2 
Mr1 
Mras 
Ms4a2 
Msh5 
Mtcl1 
Mtrf1 
Mtus1 
Mxd3 
Mycn 
Mylk 
Myo1a 
Nbl1 
Ncald 
Ncam1 
Ncoa7 
Nek8 
Neu2 
Nfe2l3 
Nfia 
Nid2 
Nkain1 
Nlrc5 
Nme5 
Nod1 
Nol3 
Nol4l 
Nos1ap 
Notch1 
Nox4 
Nptx1 
Nptxr 
Npy2r 
Nr1h4 
Nrbp2 
Nrg2 
Nrm 
Nt5e 
Ntn4 
Nudt16 

Nyap1 
Oacyl 
Obsl1 
Olfml2b 
Olfr1372-ps1 
Onecut2 
P3h1 
Padi1 
Padi2 
Palld 
Palm 
Palm3 
Pamr1 
Papln 
Paqr5 
Paqr9 
Pard3b 
Pard6g 
Parvb 
Pcdh1 
Pcdhga10 
Pcdhgb2 
Pced1b 
Pcolce 
Pde4c 
Pde5a 
Pdgfc 
Pdlim1 
Pdlim4 
Pdzk1ip1 
Pdzrn3 
Phf21b 
Phldb1 
Pik3cd 
Pip5k1b 
Pkdcc 
Pklr 
Pla2g7 
Platr22 
Plcd1 
Plce1 
Plcl1 
Pld2 
Plekha4 
Plekha6 
Plekhg4 
Plekho2 
Plin4 
Plpp3 
Pltp 
Plxdc1 
Plxna2 
Plxnb1 
Plxnd1 
Pmp22 
Pou6f1 
Ppil6 
Ppm1h 
Ppp1r18os 
Ppp1r1b 
Ppp2r3a 
Ppp4r4 
Prdm11 

Prdm5 
Prelid2 
Prickle1 
Prokr1 
Prom1 
Pros1 
Prr15 
Prr15l 
Prr5l 
Prss23 
Prtg 
Prune2 
Psmb8 
Psmb9 
Ptgds 
Ptpdc1 
Ptpn13 
Ptprm 
Pyroxd2 
Rab3b 
Rap1gap 
Rap1gapos 
Rapgef3 
Rasa3 
Rasal1 
Rasgrp2 
Rasl11a 
Rasl11b 
Rassf10 
Rassf6 
Rbm20 
Rcan2 
Rfx2 
Rgl1 
Rhou 
Rhpn1 
Rhpn2 
Ripk3 
Rnasel 
Rnf144a 
Rnf144b 
Rnf157 
Rnf180 
Rnf32 
Rnft2 
Rnls 
Ropn1l 
Rora 
Rrad 
Rsph1 
Rsph3b 
Rsph9 
Rtkn2 
Rtl8b 
Runx2 
Sacs 
Sap25 
Scarb2 
Scn8a 
Scube3 
Sdc3 
Sec31b 
Selenbp1 

Selenbp2 
Selenop 
Sema3b 
Sema3f 
Sema4a 
Sema5a 
Sema6a 
Sept4 
Sept5 
Serpinf1 
Sgk2 
Sgpp2 
Sh3tc1 
Sipa1l2 
Slc12a5 
Slc12a8 
Slc16a10 
Slc17a1 
Slc22a17 
Slc29a3 
Slc2a2 
Slc2a4 
Slc2a9 
Slc38a3 
Slc40a1 
Slc41a3 
Slc46a3 
Slc47a1 
Slc4a3 
Slc4a4 
Slc4a8 
Slc6a17 
Slc6a18 
Slc9a2 
Slc9a5 
Slco1a5 
Slco5a1 
Smad9 
Smarcd3 
Smim1 
Smtnl2 
Snca 
Sned1 
Socs3 
Sox5 
Spa17 
Spaca7 
Sparc 
Spata17 
Speg 
Spi1 
Spns3 
Spon2 
Spsb4 
Srd5a1 
Srpk3 
Srrm4 
St3gal1 
St3gal4 
St5 
St6gal1 
St6galnac3 
Stbd1 
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Stox1 
Stra6 
Strip2 
Stx2 
Stxbp6 
Sult1c2 
Susd2 
Svep1 
Syn3 
Syne1 
Syngap1 
Synm 
Syt2 
Tacc1 
Tap1 
Tbc1d10c 
Tbc1d16 
Tbx18 
Tcea3 
Tcf7l1 
Tchh 
Tcte2 
Tctn1 
Tert 
Tex15 
Tex26 
Tg 
Tgfb1i1 
Tgm2 

Them6 
Thra 
Tle2 
Tle6 
Tmcc2 
Tmed6 
Tmem136 
Tmem169 
Tmem229b 
Tmem231 
Tmem25 
Tmem37 
Tmem44 
Tmem86a 
Tmprss6 
Tnfrsf25 
Tnni3 
Tns2 
Tppp3 
Trabd2b 
Trerf1 
Trib2 
Trim36 
Trim47 
Trp53cor1 
Trpm3 
Tsnaxip1 
Tspan13 
Tspan15 

Tspan18 
Tspan2 
Tspan8 
Tst 
Ttbk1 
Ttc12 
Ttc21a 
Ttc22 
Ttc25 
Ttc28 
Tuba1a 
Tubb3 
Twist2 
Txndc16 
Ubash3b 
Ubxn11 
Ulbp1 
Ulk2 
Umod 
Unc5b 
Upk3b 
Upp1 
Upp2 
Usp18 
Ust 
Vash1 
Vash2 
Vcan 
Vdr 

Vegfd 
Vim 
Vnn1 
Vsig10l 
Vwa2 
Wdpcp 
Wdr78 
Wipf1 
Wipf3 
Wnt4 
Wnt5a 
Wnt6 
Xrra1 
Zan 
Zcchc24 
Zdhhc1 
Zdhhc15 
Zeb1 
Zfp385b 
Zfp467 
Zfp521 
Zfp536 
Zfp57 
Zfr2 
Zmat1 
Zmynd10 
Zscan21 
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9.9.3 439 downregulated DEGs common to Bbs1ex1.4 and Bbs1ex8 versus to WT (A1) 

1110008P14Rik 
2200002D01Rik 
2410006H16Rik 
2610318N02Rik 
4632411P08Rik 
4930512B01Rik 
4931440P22Rik 
4933421A08Rik 
8430408G22Rik 
9430085M18Rik 
A630095E13Rik 
Abtb2 
Adgrl3 
Afap1l1 
Aff2 
Ak4 
Akr1b3 
Alcam 
Angpt1 
Ap1m2 
Areg 
Arhgap31 
Arhgef38 
Arhgef4 
Armcx1 
Artn 
Arxes2 
Ass1 
Atf3 
Atf7ip2 
B4galt4 
Bbx 
Bcar3 
Bcl6 
Bdnf 
Bex4 
Bhlha15 
Bmpr1b 
Bspry 
Btg2 
C230062I16Rik 
C920009B18Rik 
Cables1 
Cavin4 
Ccdc116 
Ccl20 
Ccnd1 
Cdcp1 
Cdh10 
Cdk18 
Cdkl1 
Cecr2 
Celf4 
Cep126 
Cers4 
Cfap70 
Cgref1 
Chst7 
Ciart 
Col11a1 

Col27a1 
Crabp2 
Creb3l4 
Crip1 
Cryzl2 
Cst6 
Ctgf 
Ctsf 
Cxcl1 
Cxcl2 
Cxcl5 
Ddit4 
Dgkh 
Dhtkd1 
Dlx5 
Dlx6 
Dlx6os1 
Dmrta2 
Dnajc22 
Dqx1 
Dusp10 
Dusp4 
E130102H24Rik 
Eda 
Edil3 
Eef1b2 
Eef1g 
Eef2k 
Efna3 
Ehf 
Eif5a 
Epb41l4aos 
Espnl 
Exoc3l4 
F3 
Fam110c 
Fam20a 
Fam213a 
Fam46a 
Fam69b 
Fam83b 
Fam83c 
Fam84a 
Fbxo16 
Fermt1 
Fetub 
Ffar4 
Fgf13 
Fgl1 
Fmnl1 
Fndc3c1 
Fosb 
Fosl1 
Foxl2 
Frat2 
Fut9 
Gabre 
Gadd45a 
Galm 
Gas5 

Gata3 
Gatm 
Gch1 
Gdnf 
Gem 
Ggct 
Gja1 
Gjb2 
Gli2 
Glis1 
Glt1d1 
Gm10073 
Gm10086 
Gm10269 
Gm10275 
Gm10425 
Gm10451 
Gm11942 
Gm12138 
Gm12164 
Gm12191 
Gm12602 
Gm12918 
Gm13680 
Gm13684 
Gm14403 
Gm14418 
Gm15427 
Gm15501 
Gm15536 
Gm15662 
Gm15998 
Gm16093 
Gm16310 
Gm2000 
Gm20628 
Gm20633 
Gm23639 
Gm26457 
Gm27002 
Gm28285 
Gm3336 
Gm37120 
Gm37785 
Gm38393 
Gm43011 
Gm43484 
Gm4366 
Gm43712 
Gm45053 
Gm4675 
Gm5425 
Gm5805 
Gm5879 
Gm6472 
Gm6477 
Gm6611 
Gm7327 
Gm7332 
Gm7536 

Gm7600 
Gm8129 
Gm8206 
Gm8430 
Gm8451 
Gm9385 
Gm9493 
Grk5 
Gsto1 
Gstp1 
Has2 
Hbegf 
Hk2 
Hmox1 
Hnmt 
Hoxa11 
Hoxc4 
Hpdl 
Hs6st2 
Hspa1a 
Hspe1 
Htatip2 
Hykk 
Ier3 
Ier5l 
Ifi44 
Il11 
Il1rn 
Ildr1 
Inmt 
Itga7 
Kcnab1 
Kcnd1 
Kcnh7 
Kcnj2 
Kcnk6 
Krt7 
Krt87 
Lcn2 
Ldha 
Ldhd 
Lif 
Lncenc1 
Lncpint 
Lpxn 
Ltb 
Lypd6b 
Lysmd2 
Maff 
Mamld1 
Matn3 
Mei4 
Mfsd2a 
Mgarp 
Mgmt 
Mif 
Miga1 
Mir3091 
Mir681 
Mpeg1 
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Mt2 
Mtmr7 
Muc20 
Muc4 
Myc 
Nfkb2 
Nipal2 
Nolc1 
Nop56 
Nphs1 
Npm3 
Npm3-ps1 
Nqo1 
Nr4a1 
Nr4a2 
Nr4a3 
Nrk 
Oas1g 
Osr1 
Pabpc4l 
Pcdh11x 
Pcdhb14 
Pcdhb16 
Pcdhb17 
Pcdhb18 
Pcdhb20 
Pcdhb21 
Pcdhga2 
Pde4b 
Pde4d 
Pde7a 
Pdk4 
Peak1 
Pfkfb3 
Pgam1 
Pgk1 
Phlda1 
Phyhipl 
Pigr 
Pik3cg 
Plcb1 
Plk3 
Polr1b 
Ppp1r14b 
Ppp1r14c 
Prelid3a 
Proc 
Prss12 
Ptges2 
Ptgs1 

Ptgs2 
Ptgs2os 
Ptprn 
Ptrh1 
Rab25 
Ramp1 
Rasef 
Rbp4 
Rcan1 
Rcl1 
Rhof 
Rims2 
Rmrp 
Rnf125 
Rnf223 
Rpl10-ps3 
Rpl12 
Rpl13a 
Rpl13-ps6 
Rpl17 
Rpl17-ps10 
Rpl17-ps5 
Rpl18-ps1 
Rpl27 
Rpl31-ps8 
Rpl34 
Rpl34-ps1 
Rpl35 
Rpl35a 
Rpl35a-ps2 
Rpl39 
Rpl39-ps 
Rpl3-ps1 
Rpl7a-ps7 
Rplp1 
Rps12 
Rps12-ps3 
Rps12-ps4 
Rps13-ps2 
Rps14 
Rps15a-ps4 
Rps15a-ps6 
Rps21 
Rps25 
Rps25-ps1 
Rps27 
Rps27a 
Rps27rt 
Rps2-ps6 
Rps3a1 

Rps3a2 
Rps3a3 
Rps4x 
Rps6ka6 
Rps7 
Rps8 
Rpsa-ps2 
Rundc3b 
Samd12 
Sat1 
Scg5 
Sdcbp2 
Sdhaf1 
Sdr42e1 
Serinc2 
Sgk1 
Sgms2 
Sh2d4b 
Sh2d5 
Sh3gl2 
Shroom1 
Sigirr 
Slc16a1 
Slc16a6 
Slc1a1 
Slc25a33 
Slc37a2 
Slc5a3 
Slc7a11 
Slc7a7 
Slc9a7 
Slco4a1 
Slit2 
Slpi 
Smox 
Snhg1 
Snhg12 
Snhg14 
Snhg15 
Snhg4 
Snhg7 
Snhg8 
Snora16a 
Snora17 
Snora28 
Snora33 
Snora57 
Snord43 
Snord55 
Snord73a 

Snrpn 
Sox21 
Sp6 
Spire1 
Spry2 
Spry3 
Stk39 
Sybu 
Syt14 
Tdrd5 
Tekt5 
Terb1 
Tfrc 
Thbd 
Tiparp 
Tmc4 
Tmcc3 
Tmeff1 
Tmem30b 
Tmem95 
Tnf 
Tnfaip2 
Tnfaip8l2 
Tnk1 
Tprg 
Tram1l1 
Trib1 
Trim30a 
Trmt10a 
Trp63 
Trpm6 
Tspan1 
Ttc9 
Unc93b1 
Vgll3 
Vmn2r-ps3 
Wincr1 
Zbtb10 
Zfas1 
Zfhx4 
Zfp14 
Zfp296 
Zfp36 
Zfp518b 
Zfp52 
Zfp54 
Zfp9 
Zfp990 
Zmat3 
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9.9.4 1,214 upregulated DEGs unique to Bbs1ex8 (A2) 

0610009E02Rik 
0610031O16Rik 
1110025M09Rik 
1110046J04Rik 
1190005I06Rik 
1500009L16Rik 
1700001C19Rik 
1700007J10Rik 
1700008O03Rik 
1700020D05Rik 
1700020G17Rik 
1700020L24Rik 
1700025G04Rik 
1700039E22Rik 
1700086P04Rik 
1700096K18Rik 
1700126G02Rik 
1810021B22Rik 
1810043G02Rik 
2210411M09Rik 
2310005E17Rik 
2310030G06Rik 
2310068J16Rik 
2510009E07Rik 
2510016D11Rik 
2510046G10Rik 
2610008E11Rik 
2610507I01Rik 
2810006K23Rik 
2810433D01Rik 
2810442N19Rik 
2900078I11Rik 
4632428C04Rik 
4732471J01Rik 
4921531C22Rik 
4930405A21Rik 
4930426L09Rik 
4930451E10Rik 
4930451G09Rik 
4930455G09Rik 
4930579K19Rik 
4932702P03Rik 
4933406I18Rik 
4933408B17Rik 
4933411K16Rik 
4933427E11Rik 
5031439G07Rik 
5330439K02Rik 
6330403L08Rik 
6720483E21Rik 
8030453O22Rik 
9130213A22Rik 
9130604C24Rik 
9230111E07Rik 
9330102E08Rik 
9330111N05Rik 
9330171B17Rik 
A230052G05Rik 
A230065N10Rik 
A430018G15Rik 

A430033K04Rik 
A430035B10Rik 
A430078I02Rik 
A830082K12Rik 
AB124611 
Abca2 
Abcb9 
Abcc10 
Abcg4 
Abhd1 
Abhd15 
Acacb 
Acot1 
Acot13 
Acsl6 
Actl10 
Adam22 
Adamts9 
Adamtsl4 
Adamtsl5 
Adgrf5 
Adssl1 
Afap1l2 
Afmid 
Agap2 
Agbl3 
Ago4 
Agpat3 
Agrp 
Agtpbp1 
Agtrap 
Ahi1 
Aif1l 
Aifm2 
Ak8 
Akap17b 
Aldh1a1 
Aldh1l1 
Aldh3b3 
Aldh4a1 
Aldh5a1 
Alg12 
Aloxe3 
Amh 
Amigo1 
Ampd3 
Amy1 
Angpt4 
Angptl4 
Ank1 
Ank2 
Ankdd1b 
Ankmy1 
Ankra2 
Ankrd13d 
Ankrd24 
Ankrd54 
Ankrd6 
Anks6 
Anxa2 

Anxa8 
Ap1m1 
Ap3m2 
Apba1 
Apcdd1 
Apln 
Aplp1 
Apobec1 
Apobr 
Apol9a 
Apol9b 
Apon 
Aqp11 
Arhgap22 
Arhgef28 
Arhgef3 
Arid3a 
Arid5a 
Arl4d 
Armcx3 
Armcx4 
Arsb 
Arsk 
Asb16 
Asic3 
Asrgl1 
Atat1 
Atg10 
Atp10d 
Atp2a3 
Atp8a1 
Atp8b3 
Atraid 
Axl 
B230219D22Rik 
B330016D10Rik 
B3galt1 
B3gat2 
B3gnt9 
B430319F04Rik 
B4gat1 
B9d2 
Baiap2l2 
Bche 
Bcl3 
Bend4 
Bicd2 
Bloc1s5 
Bmp7 
Bmyc 
Boc 
Borcs5 
Bphl 
Brd9 
Brdt 
Bsn 
Btd 
C130071C03Rik 
C130083M11Rik 
C1ql1 

C1ql4 
C2cd4c 
C2cd5 
C430049B03Rik 
C530008M17Rik 
Cabp4 
Cabyr 
Cacnb4 
Camk1d 
Caml 
Car9 
Card19 
Casc1 
Caskin1 
Cat 
Catsper4 
Catsperz 
Cavin1 
Cbx7 
Ccdc114 
Ccdc157 
Ccdc160 
Ccdc173 
Ccdc178 
Ccdc183 
Ccdc189 
Ccdc62 
Ccno 
Cd1d1 
Cd300a 
Cd37 
Cd55 
Cd59a 
Cdc7 
Cdh13 
Cdhr2 
Cdkl5 
Cdkn1c 
Cdkn2d 
Cdr2l 
Ceacam2 
Celf3 
Celf5 
Cenph 
Cenpk 
Cenpm 
Cenpp 
Cep72 
Cep83os 
Cep85l 
Cerk 
Cers1 
Cetn4 
Cfap100 
Cfb 
Cfh 
Cftr 
Chchd10 
Chpt1 
Chrd 
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Chrdl1 
Chst11 
Chst3 
Chst8 
Cideb 
Cited1 
Cldn15 
Clec11a 
Clec2l 
Clic3 
Clic5 
Clip2 
Cln3 
Cln6 
Cltb 
Cntln 
Cntn4 
Cntnap1 
Col23a1 
Col5a1 
Col5a3 
Col7a1 
Col8a2 
Commd7 
Comp 
Copz2 
Coq10a 
Coro6 
Cort 
Cpeb1 
Cplx2 
Cpn1 
Cpxm1 
Creg1 
Crlf2 
Csad 
Csrp2 
Ctbs 
Cux2 
Cxcl10 
Cxcl11 
Cxcr4 
Cxxc4 
Cyp4b1 
D030040B21Rik 
D030062O11Rik 
D130058E05Rik 
D16Ertd472e 
D630024D03Rik 
D6Ertd527e 
D830050J10Rik 
Dach1 
Dact1 
Dact3 
Dbndd1 
Dchs2 
Dclk2 
Dclk3 
Dcp1b 
Ddx43 
Ddx60 
Dennd5b 
Depdc1b 

Deptor 
Dera 
Des 
Dgka 
Dhrs13os 
Dhx58 
Dio1 
Dlg4 
Dlx4 
Dmbx1 
Dnal4 
Dnhd1 
Dock10 
Dok3 
Dok4 
Dpf1 
Dpp4 
Dpyd 
Drp2 
Dse 
Dsel 
Dsp 
Dtna 
Dtnbp1 
Dusp14 
Dusp22 
Dusp23 
Dusp28 
Dusp3 
E030030I06Rik 
E130307A14Rik 
E230014E18Rik 
E2f7 
Eci2 
Ecscr 
Efcc1 
Efna2 
Efnb3 
Egfl7 
Eif4e3 
Eldr 
Elf4 
Elmod1 
Eloc 
Elovl4 
Elovl7 
Emc9 
Emp3 
Emx2os 
Eno3 
ENSMUSG00000
044060 
Epas1 
Epm2a 
Erbin 
Erfe 
Esx1 
Esyt1 
Etnk1 
Etnk2 
Etv1 
Evl 
Exoc2 

Extl1 
F8a 
Fads6 
Fam109b 
Fam120aos 
Fam120c 
Fam126a 
Fam149a 
Fam161a 
Fam161b 
Fam172a 
Fam189a2 
Fam193b 
Fam212a 
Fam213b 
Fam214b 
Fam92b 
Fancc 
Fas 
Fblim1 
Fbln1 
Fbn1 
Fbxl16 
Fbxo10 
Fbxo7 
Fcer1g 
Fgf11 
Fgf18 
Fgfbp3 
Fgfr3 
Fgfr4 
Fhod1 
Fhod3 
Fign 
Fkbp11 
Fkbp7 
Flnc 
Flrt1 
Flt3l 
Flt4 
Flvcr2 
Fmn1 
Fmod 
Foxg1 
Foxo6 
Frmd5 
Frmpd1 
Frs3 
Fsd1l 
Fsip1 
Fxyd5 
Gaa 
Gab3 
Gal3st1 
Galns 
Galnt11 
Galr2 
Ganc 
Gata2 
Gata4 
Gbp2 
Gbp7 
Gbx2 

Gchfr 
Gcnt2 
Gdf11 
Gdpd1 
Ggn 
Ggta1 
Glb1l 
Glcci1 
Glrb 
Glrx 
Glt8d1 
Gm10129 
Gm10687 
Gm10800 
Gm10801 
Gm10814 
Gm11335 
Gm11491 
Gm11520 
Gm11525 
Gm11574 
Gm11613 
Gm11615 
Gm11636 
Gm12059 
Gm12279 
Gm12454 
Gm12522 
Gm12609 
Gm13056 
Gm13807 
Gm14005 
Gm15327 
Gm15440 
Gm15567 
Gm15638 
Gm15708 
Gm15889 
Gm15892 
Gm15983 
Gm16008 
Gm16010 
Gm16045 
Gm16050 
Gm16156 
Gm16166 
Gm16174 
Gm16244 
Gm16253 
Gm16299 
Gm16316 
Gm16596 
Gm16675 
Gm16845 
Gm16984 
Gm17080 
Gm17146 
Gm17249 
Gm17259 
Gm17767 
Gm19705 
Gm19791 
Gm20300 
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Gm20492 
Gm21738 
Gm25047 
Gm25632 
Gm26514 
Gm26615 
Gm26660 
Gm26698 
Gm26711 
Gm26740 
Gm26798 
Gm26870 
Gm26888 
Gm2693 
Gm27605 
Gm27898 
Gm2885 
Gm28988 
Gm29100 
Gm29585 
Gm2a 
Gm31224 
Gm31410 
Gm36210 
Gm36266 
Gm37019 
Gm37226 
Gm37292 
Gm37315 
Gm37694 
Gm37800 
Gm38037 
Gm38250 
Gm38342 
Gm38973 
Gm40466 
Gm4117 
Gm4211 
Gm42531 
Gm42829 
Gm42878 
Gm43268 
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Gpr4 
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Gsdmd 
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Hcn2 
Hdac10 
Hdac5 
Hdgfl3 
Hebp1 
Hectd2 
Heg1 
Hexb 
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Hhipl1 
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Hipk4 
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Hoxa13 
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Hoxc10 
Hoxc13 
Hoxc6 
Hr 
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Il3ra 
Il6st 
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Ints6l 
Iqgap2 
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Isca1 
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Izumo4 
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Kank1 
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Kif13a 
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Kif5a 
Kif7 
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Klf8 
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L3mbtl1 
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Lhx2 
Lhx6 
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Lman2 
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Lrch2 
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Lrrc20 
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Lrriq1 
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Map3k6 
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Marveld1 
Matk 
Matn2 
Mblac2 
Mcm3 
Mcur1 
Mdga1 
Med12l 
Med16 
Mef2c 
Meis3 
Mfng 
Mfsd12 
Mfsd7a 
Mgat4a 
Mical1 
Mid1-ps1 
Mir6993 
Mir99ahg 
Mlxipl 
Mlycd 
Mmp14 
Mmp25 
Mmp28 
Morn5 
Mospd3 
Mpc1-ps 
Mphosph9 
Mrgpre 
Mrnip 
Mrs2 
Msrb3 
Msx1 
Mtfp1 
Mthfr 
Mthfs 
Mtr 
mt-Ta 
mt-Tl1 
mt-Tm 
mt-Tq 
mt-Tw 
Mturn 
Mum1l1 
Mxd4 
Mycbpap 
Myrf 
Mzb1 
N4bp2os 
Naaa 
Nagk 
Naip2 
Napsa 
Nat14 
Natd1 
Nav1 
Nckap5 
Nckap5los 
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Nedd9 
Neil3 
Nemp1 
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Neurl3 
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Ngfr 
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Nin 
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Nkd2 
Nnt 
Nol4 
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Nova1 
Noxred1 
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Nqo2 
Nr1d1 
Nr2f1 
Nr3c2 
Nrip3 
Nrxn2 
Nt5dc2 
Nudt13 
Nudt18 
Nudt19 
Nudt7 
Nupr1l 
Nxph4 
Oaf 
Oasl1 
Oasl2 
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Ogfrl1 
Ogn 
Olfm2 
Olfml2a 
Oplah 
Osbpl1a 
Osbpl8 
Oscp1 
Ostm1 
P2rx5 
P2ry1 
P3h3 
P4ha3 
Papss2 
Paqr8 
Pax3 
Paxx 
Pcbd2 
Pcdh17 
Pcdh7 
Pcdhgc4 
Pcdhgc5 
Pcsk5 
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Phyhd1 
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Pla2g3 
Plbd2 
Pld1 
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Plpp1 
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Plvap 
Plxnb2 
Pm20d2 
Pnmal2 
Poc5 
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Ppp1r3b 
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Prex1 
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Rab40b 
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Rapgef3os2 
Rapgefl1 
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Rbpms2 
Rcn1 
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Rd3 
Reck 
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Rfesd 
Rft1 
Rgs10 
Rgs12 
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Rgs3 
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Rhobtb3 
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Rimbp3 
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Ripk1 
Ripor2 
Rmi1 
Rnf135 
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Rsph10b 
Rtl5 
Rtl8a 
Rtn1 
Rtn4rl1 
Rufy4 
Rwdd2a 
S100a10 
Sall1 
Samd14 
Sarm1 
Scly 
Scn2a 
Scn4a 
Sdsl 
Selenoo 
Sema3g 
Serhl 
Serinc5 
Serpinb8 
Serpinh1 
Serpini1 
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Sesn1 
Setbp1 
Sfi1 
Sfmbt1 
Sfmbt2 
Sgcb 
Sgce 
Sh2d3c 
Sh3bp1 
Sh3kbp1 
Shf 
Shisa4 
Shisa7 
Shisa9 
Shox2 
Shpk 
Siglec1 
Sipa1 
Sirpa 
Sirt4 
Sirt5 
Slc12a4 
Slc12a7 
Slc16a2 
Slc17a7 
Slc22a14 
Slc22a15 
Slc22a18 
Slc26a1 
Slc26a8 
Slc35g2 
Slc36a2 
Slc37a4 
Slc39a13 
Slc3a1 
Slc48a1 
Slc6a19 
Slc7a4 
Smarca1 
Smim14 
Smim4 
Smkr-ps 
Smok4a 
Smpd2 
Smpd3 
Smpd5 
Smyd1 
Snap91 
Snta1 
Snx32 
Snx8 
Soga1 
Soga3 
Sord 
Sort1 
Sostdc1 
Sox6 
Sp5 
Sp8 
Spaca9 
Spag8 
Spata2l 
Spata33 

Spats2l 
Spdya 
Specc1l 
Spo11 
Sprr1a 
Spsb2 
Sptb 
Sptssb 
Srgap1 
Srr 
Ssbp2 
Ssc5d 
Sspn 
Sstr2 
St3gal2 
St6galnac2 
St6galnac6 
St8sia2 
Stab1 
Stac3 
Stamos 
Stard8 
Stard9 
Stat2 
Stau2 
Steap3 
Stom 
Stoml1 
Stx19 
Stx7 
Stxbp1 
Sugct 
Sult1d1 
Suox 
Sv2a 
Sycp3 
Syk 
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Syt3 
Syt7 
Tanc2 
Tango2 
Tarsl2 
Tax1bp3 
Tbkbp1 
Tbx2 
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Tchp 
Tcn2 
Tcta 
Tctn2 
Tdrd1 
Tdrd7 
Tef 
Tekt2 
Tgfbi 
Tgfbr3 
Thnsl2 
Tigd3 
Tinagl1 
Tlcd1 
Tlcd2 
Tm7sf3 

Tmbim4 
Tmem106c 
Tmem107 
Tmem129 
Tmem14a 
Tmem151a 
Tmem175 
Tmem191c 
Tmem198b 
Tmem221 
Tmem240 
Tmem35b 
Tmem53 
Tmem56 
Tmem70 
Tmem74 
Tmem88b 
Tmem8b 
Tmtc2 
Tnnc1 
Tor3a 
Tpcn1 
Tpmt 
Tppp 
Traf1 
Traf3ip2 
Trafd1 
Tram2 
Tril 
Trim23 
Trim5 
Trim62 
Triobp 
Trnp1 
Tro 
Trp53inp2 
Tslp 
Tspan17 
Tspyl4 
Tspyl5 
Ttc21b 
Ttc39aos1 
Ttc41 
Ttc7b 
Ttll11 
Ttll13 
Ttll6 
Ttyh2 
Twist1 
Tysnd1 
Ube2l6 
Ube2w 
Umad1 
Unc13d 
Unc5c 
Usp12 
Usp13 
Usp2 
Vamp5 
Vegfc 
Vwa1 
Wfdc3 
Wisp3 

Wnk2 
Wwox 
Ybx2 
Zbed3 
Zbed4 
Zbp1 
Zbtb4 
Zbtb46 
Zbtb7c 
Zc3h12b 
Zc3h6 
Zfp185 
Zfp3 
Zfp354b 
Zfp385a 
Zfp469 
Zfp503 
Zfp580 
Zfp641 
Zfp712 
Zfp759 
Zfp951 
Zfyve16 
Zhx1 
Zhx3 
Zmiz1os1 
Zmynd8 
Zscan30 
Zswim5 
Zswim7 
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9.9.5 1,113 downregulated DEGs unique to Bbs1ex8 (A2) 
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Cldn7 
Cldn8 
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9.9.6 1,325 DEGs upregulated in Bbs1ex1.4 versus Bbs1ex8 (A3) 
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Ppbp 
Ppic 
Ppl 
Prag1 
Prdm5 
Prelid3a 
Prex2 
Prkch 
Prkg2 
Proc 
Prom2 
Prr15 
Prss22 
Psd4 
Psmd2 
Pstpip1 
Ptchd4 
Ptger4 
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Ptgs2 
Ptk2b 
Ptpn18 
Ptpn7 
Ptprf 
Ptprm 
Ptpru 
Ptprv 
Pusl1 
Pvt1 
Pwwp2b 
Pygl 
Qtrt2 
Rab11fip1 
Rab17 
Rab19 
Rab25 
Rab27b 
Rab5a 
Rabl3 
Rac3 
Ramp3 
Rasal1 
Rasgef1b 
Rasl12 
Rassf4 
Rassf9 
Rbbp8nl 
Rbms3 
Rcn3 
Renbp 
Rflnb 
Rgcc 
Rgl2 
Rgn 
Rgs11 
Rgs9 
Rimklb 
Ripk4 
Ripor3 
Rmdn2 
Rnf150 
Rnf186 
Rnf43 
Ror1 
Rora 
Rpgr 
Rps6ka2 
Runx1 
Rwdd2b 
S100a14 
Samd4 
Sbsn 
Scarf2 
Scn5a 
Scnn1g 
Scx 
Sdr42e1 
Sec22a 
Sel1l3 
Selenop 
Sema3a 
Sema3d 

Sema4f 
Sema4g 
Sema5a 
Sema5b 
Sema7a 
Sep-03 
Serpina3g 
Serpina3h 
Serpina3i 
Serpinb6b 
Serpinb9b 
Serpine1 
Setd4 
Sfn 
Sh2d4b 
Sh2d5 
Sh3bgrl2 
Sh3d21 
Sh3gl2 
Sh3rf2 
Sh3tc2 
Shank2 
Shtn1 
Sigirr 
Sim2 
Skap1 
Slain1 
Slain1os 
Slamf9 
Slc12a2 
Slc13a2 
Slc13a2os 
Slc15a2 
Slc16a12 
Slc16a13 
Slc16a6 
Slc23a3 
Slc25a27 
Slc26a10 
Slc2a1 
Slc39a4 
Slc39a8 
Slc44a3 
Slc44a4 
Slc45a4 
Slc4a11 
Slc4a4 
Slc52a3 
Slc5a3 
Slc7a11 
Slc7a3 
Slco4a1 
Slfn10-ps 
Slit2 
Smim10l2a 
Smim22 
Smim5 
Smpdl3b 
Snhg15 
Snhg18 
Snord58b 
Snord93 
Snx30 

Socs2 
Son 
Sorbs2 
Sowahb 
Sox11 
Sox8 
Sox9 
Sp140 
Sp6 
Spata17 
Spata20 
Spcs3 
Sphk1 
Spink2 
Spire1 
Spn 
Spns2 
Spp1 
Spry1 
Spry3 
Spry4 
Sptbn2 
Sqor 
Srcin1 
Srgap3 
Srm 
Srrm4 
St14 
St3gal1 
St6gal1 
St6galnac3 
Stard10 
Stbd1 
Stc2 
Stx3 
Sult1c2 
Sult2b1 
Susd1 
Susd4 
Svep1 
Svil 
Svip 
Syne4 
Syngr3 
Synj2 
Syt8 
Sytl4 
Tacstd2 
Tbc1d2 
Tbc1d2b 
Tbc1d4 
Tbx6 
Tcaf2 
Tceal9 
Tchh 
Tcim 
Tdrp 
Tekt5 
Tenm4 
Terc 
Tfcp2l1 
Tg 
Tgfa 

Tgfb2 
Tgfb3 
Tgif1 
Tgm1 
Thbd 
Thbs1 
Thsd1 
Tiam1 
Timmdc1 
Timp3 
Tinag 
Tlr3 
Tlr4 
Tm4sf1 
Tmc4 
Tmco4 
Tmem102 
Tmem125 
Tmem139 
Tmem151b 
Tmem158 
Tmem159 
Tmem169 
Tmem178 
Tmem181a 
Tmem184a 
Tmem185b 
Tmem238 
Tmem252 
Tmem30b 
Tmem39a 
Tmem40 
Tmem54 
Tmem71 
Tmprss11e 
Tmprss2 
Tmprss4 
Tmsb15b1 
Tmsb15l 
Tmsb4x 
Tnc 
Tnfrsf12a 
Tnfrsf21 
Tnfrsf23 
Tnfsf12 
Tnfsf13 
Tnfsf15 
Tnfsfm13 
Tnk1 
Tnnt2 
Togaram2 
Tox 
Tpd52l1 
Trim12a 
Trim2 
Trim61 
Trim68 
Trim7 
Trim71 
Trpa1 
Tsc22d1 
Tspan1 
Tspan14 
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Tspan8 
Tspyl2 
Ttc9 
Tubb4a 
Txnip 
Txnrd3 
Ubash3b 
Uchl1 
Uggt2 
Umod 
Unc5b 
Unc93b1 
Upk1a 
Upk3bl 
Urb1 
Usp29 
Utp14b 
Vapa 
Vars 
Vav3 
Vegfd 
Vgf 

Vgll3 
Vit 
Vsnl1 
Vtcn1 
Vwa7 
Wdr43 
Wdr46 
Wfdc15b 
Wfdc2 
Wnt10a 
Wnt16 
Wnt4 
Wnt5a 
Wnt5b 
Wnt6 
Wnt7a 
Wnt7b 
Xkr6 
Zbed5 
Zbtb12 
Zbtb21 
Zbtb32 

Zbtb9 
Zdhhc13 
Zdhhc23 
Zfp101 
Zfp108 
Zfp111 
Zfp125 
Zfp13 
Zfp141 
Zfp182 
Zfp287 
Zfp30 
Zfp300 
Zfp385b 
Zfp449 
Zfp459 
Zfp493 
Zfp516 
Zfp52 
Zfp521 
Zfp53 
Zfp532 

Zfp563 
Zfp605 
Zfp612 
Zfp677 
Zfp709 
Zfp72 
Zfp773 
Zfp827 
Zfp882 
Zfp937 
Zfp947 
Zfp97 
Zfp975 
Zfp976 
Zfp981 
Zfp992 
Zic2 
Zic5 
Zscan18 
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9.9.7 Hallmark GSEA Results for the Bbs1ex1.4 vs WT comparison 

ES= enrichment score; NES= normalised enrichment score; Nom. P-value= nominal p-value; FDR= false discovery rate 

Gene Set Name No. Genes ES NES Nom. p-value FDR q-value 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 128 0.593171 1.738355 0 0.004213 

HALLMARK_MYOGENESIS 122 0.558677 1.64815 0 0.01934 

HALLMARK_PANCREAS_BETA_CELLS 17 0.737815 1.642897 0.009105 0.015315 

HALLMARK_ANGIOGENESIS 21 0.686201 1.569237 0.023392 0.034139 

HALLMARK_WNT_BETA_CATENIN_SIGNALING 34 0.611128 1.511868 0.030086 0.057306 

HALLMARK_NOTCH_SIGNALING 28 0.62748 1.485926 0.024638 0.065773 

HALLMARK_COAGULATION 77 0.523655 1.468415 0.025424 0.070354 

HALLMARK_APICAL_JUNCTION 134 0.482823 1.413109 0.020833 0.113678 

HALLMARK_KRAS_SIGNALING_DN 86 0.496684 1.410011 0.038788 0.103947 

HALLMARK_KRAS_SIGNALING_UP 118 0.43536 1.265447 0.107618 0.329173 

HALLMARK_ESTROGEN_RESPONSE_LATE 144 0.416805 1.232584 0.132488 0.378817 

HALLMARK_ESTROGEN_RESPONSE_EARLY 160 0.394478 1.194278 0.147392 0.451154 

HALLMARK_IL2_STAT5_SIGNALING 145 0.387087 1.161853 0.197022 0.508652 

HALLMARK_CHOLESTEROL_HOMEOSTASIS 64 0.41101 1.108585 0.326829 0.633614 

HALLMARK_BILE_ACID_METABOLISM 72 0.401373 1.104026 0.316646 0.606263 

HALLMARK_ALLOGRAFT_REJECTION 98 0.376979 1.080263 0.334524 0.640044 

HALLMARK_XENOBIOTIC_METABOLISM 135 0.363196 1.07229 0.353349 0.626441 

HALLMARK_HEDGEHOG_SIGNALING 23 0.43776 1.018379 0.467836 0.743074 

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 41 0.399448 1.008928 0.462264 0.730988 

HALLMARK_COMPLEMENT 117 0.341656 0.990502 0.50654 0.744128 

HALLMARK_UV_RESPONSE_DN 122 0.335103 0.989145 0.491208 0.712518 

HALLMARK_INFLAMMATORY_RESPONSE 105 0.325879 0.956574 0.549451 0.763228 

HALLMARK_INTERFERON_ALPHA_RESPONSE 77 0.335722 0.9299 0.588164 0.793271 

HALLMARK_INTERFERON_GAMMA_RESPONSE 142 0.296875 0.888014 0.696655 0.85117 
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Gene Set Name No. Genes ES NES Nom. p-value FDR q-value 

HALLMARK_ADIPOGENESIS 168 0.273002 0.839318 0.781635 0.914819 

HALLMARK_APOPTOSIS 126 0.282693 0.831368 0.790941 0.895103 

HALLMARK_GLYCOLYSIS 170 0.2655 0.804717 0.845894 0.907529 

HALLMARK_HEME_METABOLISM 154 0.249346 0.749683 0.924794 0.952402 

HALLMARK_PEROXISOME 79 0.203367 0.568924 0.987531 1 

HALLMARK_MITOTIC_SPINDLE 192 0.141028 0.429022 1 0.999397 

HALLMARK_E2F_TARGETS 194 -0.15397 -0.58381 1 0.987242 

HALLMARK_PROTEIN_SECRETION 92 -0.18867 -0.64423 0.994186 1 

HALLMARK_FATTY_ACID_METABOLISM 127 -0.1981 -0.71257 0.985612 1 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 92 -0.20598 -0.7202 0.963351 1 

HALLMARK_SPERMATOGENESIS 72 -0.24327 -0.79167 0.841837 1 

HALLMARK_TGF_BETA_SIGNALING 51 -0.25004 -0.79716 0.840517 1 

HALLMARK_APICAL_SURFACE 31 -0.3013 -0.84656 0.697595 1 

HALLMARK_DNA_REPAIR 133 -0.24835 -0.91441 0.696 1 

HALLMARK_IL6_JAK_STAT3_SIGNALING 57 -0.2875 -0.93118 0.556962 1 

HALLMARK_G2M_CHECKPOINT 190 -0.26598 -1.00934 0.41 0.784049 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 112 -0.29439 -1.05613 0.314286 0.677187 

HALLMARK_HYPOXIA 157 -0.28283 -1.05765 0.304348 0.747207 

HALLMARK_ANDROGEN_RESPONSE 86 -0.31275 -1.07537 0.329843 0.762119 

HALLMARK_P53_PATHWAY 177 -0.28739 -1.09217 0.23 0.797053 

HALLMARK_UV_RESPONSE_UP 121 -0.31935 -1.16438 0.15873 0.616516 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 191 -0.37028 -1.40873 0 0.144152 

HALLMARK_MTORC1_SIGNALING 184 -0.48914 -1.88605 0 0.003826 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 163 -0.57583 -2.12993 0 0 

HALLMARK_MYC_TARGETS_V1 197 -0.56663 -2.23549 0 0 

HALLMARK_MYC_TARGETS_V2 58 -0.70356 -2.29796 0 0 
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9.9.8 Hallmark GSEA Results for the Bbs1ex8 vs WT comparison 

ES= enrichment score; NES= normalised enrichment score; Nom. P-value= nominal p-value; FDR= false discovery rate 

Gene Set Name No. Genes ES NES Nom. p-value FDR q-value 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 135 0.555204 1.731856 0 0.010833 

HALLMARK_PANCREAS_BETA_CELLS 18 0.730985 1.671721 0.006645 0.014985 

HALLMARK_BILE_ACID_METABOLISM 76 0.516836 1.523483 0.008584 0.066667 

HALLMARK_WNT_BETA_CATENIN_SIGNALING 35 0.566044 1.480264 0.033123 0.085166 

HALLMARK_COAGULATION 82 0.470064 1.40448 0.044755 0.149566 

HALLMARK_MYOGENESIS 125 0.441381 1.359831 0.052767 0.190796 

HALLMARK_INTERFERON_GAMMA_RESPONSE 147 0.401773 1.279047 0.067708 0.312739 

HALLMARK_COMPLEMENT 125 0.408938 1.270897 0.07762 0.2901 

HALLMARK_INTERFERON_ALPHA_RESPONSE 78 0.41584 1.209198 0.190409 0.404342 

HALLMARK_HEDGEHOG_SIGNALING 24 0.496743 1.195281 0.246512 0.399584 

HALLMARK_ADIPOGENESIS 169 0.343846 1.108755 0.272393 0.608429 

HALLMARK_UV_RESPONSE_UP 126 0.352717 1.104428 0.260026 0.570944 

HALLMARK_ANGIOGENESIS 21 0.467092 1.096163 0.352181 0.551213 

HALLMARK_APICAL_JUNCTION 140 0.336011 1.062572 0.338939 0.606225 

HALLMARK_SPERMATOGENESIS 72 0.361215 1.050256 0.396552 0.602084 

HALLMARK_XENOBIOTIC_METABOLISM 135 0.327647 1.030102 0.392031 0.618765 

HALLMARK_PEROXISOME 81 0.341249 1.000134 0.476323 0.661831 

HALLMARK_APICAL_SURFACE 32 0.366408 0.92388 0.573872 0.821127 

HALLMARK_GLYCOLYSIS 173 0.286543 0.913652 0.6525 0.804066 

HALLMARK_FATTY_ACID_METABOLISM 125 0.280551 0.86594 0.755784 0.874941 

HALLMARK_HEME_METABOLISM 159 0.264636 0.854877 0.770305 0.856923 

HALLMARK_NOTCH_SIGNALING 28 0.340299 0.847373 0.686916 0.833516 

HALLMARK_MITOTIC_SPINDLE 194 0.219405 0.711219 0.979116 0.988751 

HALLMARK_DNA_REPAIR 134 0.161948 0.504772 1 0.997891 
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Gene Set Name No. Genes ES NES Nom. p-value FDR q-value 

HALLMARK_E2F_TARGETS 194 -0.13262 -0.5032 1 0.998134 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 94 -0.20931 -0.71519 0.970696 0.998042 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 191 -0.21091 -0.7904 0.966667 0.972808 

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 39 -0.28361 -0.83067 0.731118 0.948476 

HALLMARK_G2M_CHECKPOINT 191 -0.23604 -0.88709 0.824176 0.861532 

HALLMARK_ALLOGRAFT_REJECTION 98 -0.29363 -1.01125 0.415771 0.52753 

HALLMARK_ESTROGEN_RESPONSE_LATE 142 -0.29679 -1.08593 0.252427 0.363452 

HALLMARK_ANDROGEN_RESPONSE 87 -0.3253 -1.11823 0.251799 0.315148 

HALLMARK_PROTEIN_SECRETION 93 -0.34152 -1.15938 0.206278 0.254555 

HALLMARK_HYPOXIA 159 -0.31834 -1.17164 0.123077 0.245972 

HALLMARK_CHOLESTEROL_HOMEOSTASIS 63 -0.36644 -1.18318 0.179487 0.244612 

HALLMARK_IL2_STAT5_SIGNALING 147 -0.33026 -1.19139 0.114286 0.246654 

HALLMARK_KRAS_SIGNALING_DN 86 -0.3513 -1.19355 0.132813 0.260747 

HALLMARK_ESTROGEN_RESPONSE_EARLY 158 -0.32632 -1.21247 0.07732 0.249218 

HALLMARK_UV_RESPONSE_DN 124 -0.34041 -1.2168 0.06639 0.26327 

HALLMARK_TGF_BETA_SIGNALING 50 -0.40943 -1.25545 0.126667 0.216352 

HALLMARK_APOPTOSIS 129 -0.35757 -1.28918 0.036866 0.186393 

HALLMARK_P53_PATHWAY 179 -0.35659 -1.34686 0.009524 0.139295 

HALLMARK_KRAS_SIGNALING_UP 123 -0.37845 -1.36129 0.031373 0.139609 

HALLMARK_IL6_JAK_STAT3_SIGNALING 58 -0.42923 -1.3631 0.061889 0.157373 

HALLMARK_INFLAMMATORY_RESPONSE 108 -0.40432 -1.43076 0.012245 0.099863 

HALLMARK_MTORC1_SIGNALING 186 -0.39039 -1.48799 0.005747 0.077217 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 111 -0.48294 -1.74814 0 0.009301 

HALLMARK_MYC_TARGETS_V2 58 -0.65877 -2.12906 0 0 

HALLMARK_MYC_TARGETS_V1 197 -0.6003 -2.25619 0 0 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 166 -0.63218 -2.38044 0 0 
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9.9.9 Hallmark GSEA Results for the Bbs1ex1.4 vs Bbs1ex8 comparison 

ES= enrichment score; NES= normalised enrichment score; Nom. P-value= nominal p-value; FDR= false discovery rate 

Gene Set Name No. Genes ES NES Nom. p-value FDR q-value 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 167 0.544275 1.802425 0 0.005549 

HALLMARK_NOTCH_SIGNALING 29 0.663801 1.655955 0.015209 0.037836 

HALLMARK_KRAS_SIGNALING_DN 89 0.467983 1.421298 0.026616 0.282064 

HALLMARK_ESTROGEN_RESPONSE_LATE 145 0.427015 1.386929 0.018587 0.283772 

HALLMARK_CHOLESTEROL_HOMEOSTASIS 64 0.485602 1.374311 0.080524 0.256367 

HALLMARK_KRAS_SIGNALING_UP 123 0.426813 1.362252 0.046185 0.234601 

HALLMARK_APICAL_JUNCTION 143 0.414417 1.350066 0.026217 0.219355 

HALLMARK_IL2_STAT5_SIGNALING 147 0.40609 1.321845 0.051896 0.242022 

HALLMARK_PROTEIN_SECRETION 94 0.42247 1.299271 0.076636 0.253553 

HALLMARK_MYC_TARGETS_V1 197 0.379898 1.288427 0.033597 0.247103 

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 112 0.41043 1.280682 0.077821 0.238458 

HALLMARK_ESTROGEN_RESPONSE_EARLY 158 0.390446 1.280554 0.063098 0.218771 

HALLMARK_ANGIOGENESIS 22 0.552027 1.277509 0.199605 0.207397 

HALLMARK_UV_RESPONSE_DN 123 0.397726 1.267566 0.075901 0.207868 

HALLMARK_ANDROGEN_RESPONSE 87 0.416653 1.256954 0.112676 0.20799 

HALLMARK_INFLAMMATORY_RESPONSE 111 0.397626 1.252866 0.09311 0.201821 

HALLMARK_P53_PATHWAY 179 0.373305 1.239477 0.077535 0.209271 

HALLMARK_TGF_BETA_SIGNALING 51 0.450814 1.239282 0.164122 0.198031 

HALLMARK_MYOGENESIS 128 0.370855 1.187396 0.149105 0.265388 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 136 0.362557 1.164845 0.153704 0.288456 

HALLMARK_MYC_TARGETS_V2 58 0.415588 1.158853 0.233463 0.285342 

HALLMARK_APOPTOSIS 128 0.3539 1.14545 0.206439 0.295006 

HALLMARK_HYPOXIA 164 0.346696 1.143666 0.191756 0.284887 

HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 41 0.421589 1.12153 0.271654 0.309127 
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Gene Set Name No. Genes ES NES Nom. p-value FDR q-value 

HALLMARK_IL6_JAK_STAT3_SIGNALING 58 0.373353 1.068763 0.352941 0.392972 

HALLMARK_ALLOGRAFT_REJECTION 101 0.324901 1.02518 0.413592 0.467401 

HALLMARK_GLYCOLYSIS 174 0.269706 0.903115 0.730845 0.735782 

HALLMARK_WNT_BETA_CATENIN_SIGNALING 36 0.326669 0.852854 0.686275 0.823199 

HALLMARK_MTORC1_SIGNALING 186 0.212604 0.71452 0.990775 0.985113 

HALLMARK_PI3K_AKT_MTOR_SIGNALING 94 0.204216 0.632252 0.994264 0.984742 

HALLMARK_E2F_TARGETS 194 -0.13361 -0.45457 1 0.999138 

HALLMARK_G2M_CHECKPOINT 191 -0.17588 -0.59998 1 1 

HALLMARK_MITOTIC_SPINDLE 194 -0.25456 -0.86956 0.827586 0.821561 

HALLMARK_OXIDATIVE_PHOSPHORYLATION 190 -0.27718 -0.93574 0.599174 0.695748 

HALLMARK_HEME_METABOLISM 157 -0.28665 -0.9488 0.56621 0.701528 

HALLMARK_HEDGEHOG_SIGNALING 26 -0.38848 -0.95755 0.499051 0.723667 

HALLMARK_DNA_REPAIR 134 -0.29797 -0.96491 0.517454 0.751436 

HALLMARK_FATTY_ACID_METABOLISM 126 -0.30615 -0.9855 0.495413 0.738344 

HALLMARK_ADIPOGENESIS 170 -0.29884 -1.01432 0.392544 0.706411 

HALLMARK_PANCREAS_BETA_CELLS 18 -0.46846 -1.04058 0.426439 0.676458 

HALLMARK_COAGULATION 83 -0.34813 -1.04128 0.379798 0.741947 

HALLMARK_SPERMATOGENESIS 74 -0.36292 -1.06318 0.347193 0.74049 

HALLMARK_INTERFERON_ALPHA_RESPONSE 78 -0.37602 -1.12391 0.242363 0.597741 

HALLMARK_PEROXISOME 80 -0.39165 -1.1699 0.189189 0.529379 

HALLMARK_APICAL_SURFACE 31 -0.45937 -1.17688 0.223108 0.592741 

HALLMARK_XENOBIOTIC_METABOLISM 134 -0.36421 -1.18552 0.166307 0.673763 

HALLMARK_UV_RESPONSE_UP 127 -0.38828 -1.26349 0.07033 0.495604 

HALLMARK_INTERFERON_GAMMA_RESPONSE 149 -0.41471 -1.34989 0.036717 0.348209 

HALLMARK_COMPLEMENT 124 -0.42439 -1.37581 0.02714 0.428953 

HALLMARK_BILE_ACID_METABOLISM 77 -0.46799 -1.39084 0.040169 0.757384 
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9.9.10 BLASTn search results of Mus musculus transcripts with homology to the Bbs1 gene 

RefSeq Accession Description 
Max. 

Score 
Total 
Score 

Query 
Cover 

E-value Identity 

NM_001033128.3  Mus musculus Bardet-Biedl syndrome 1 (human) (Bbs1), mRNA 10065 10190 100% 0 100% 

XM_006531788.3  
PREDICTED: Mus musculus Bardet-Biedl syndrome 1 (human) (Bbs1), transcript variant X1, 
mRNA 

9937 10062 98% 0 100% 

XR_872115.1  PREDICTED: Mus musculus predicted gene, 40781 (Gm40781), transcript variant X2, ncRNA 325 615 9% 2E-86 77% 

XR_001783978.1  PREDICTED: Mus musculus uncharacterized LOC108168895 (LOC108168895), ncRNA 290 290 5% 1E-75 82% 

XR_872114.1  PREDICTED: Mus musculus predicted gene, 40781 (Gm40781), transcript variant X1, ncRNA 275 565 8% 3E-71 78% 

XR_001781617.1  PREDICTED: Mus musculus uncharacterized LOC108168234 (LOC108168234), ncRNA 265 312 6% 5E-68 79% 

XM_006499778.2  
PREDICTED: Mus musculus RIKEN cDNA 1810024B03 gene (1810024B03Rik), transcript 
variant X2, mRNA 

262 262 4% 2E-67 84% 

XM_006499777.2  
PREDICTED: Mus musculus RIKEN cDNA 1810024B03 gene (1810024B03Rik), transcript 
variant X1, mRNA 

262 262 4% 2E-67 84% 

XR_873942.1  PREDICTED: Mus musculus predicted gene, 41055 (Gm41055), transcript variant X3, ncRNA 258 391 8% 7E-66 80% 

XR_873941.1  PREDICTED: Mus musculus predicted gene, 41055 (Gm41055), transcript variant X2, ncRNA 258 462 8% 7E-66 80% 

XR_873940.1  PREDICTED: Mus musculus predicted gene, 41055 (Gm41055), transcript variant X1, ncRNA 258 462 8% 7E-66 80% 

NM_183283.3  Mus musculus single-pass membrane protein with coiled-coil domains 1 (Smco1), mRNA 248 444 3% 4E-63 95% 

NM_177093.3  Mus musculus leucine rich repeat containing 58 (Lrrc58), mRNA 243 243 2% 1E-61 93% 

XR_871036.2  PREDICTED: Mus musculus predicted gene, 16794 (Gm16794), transcript variant X3, ncRNA 242 242 3% 1E-61 85% 

XR_871035.2  PREDICTED: Mus musculus predicted gene, 16794 (Gm16794), transcript variant X2, ncRNA 242 242 3% 1E-61 85% 

XR_105305.4  PREDICTED: Mus musculus predicted gene, 16794 (Gm16794), transcript variant X1, ncRNA 242 242 3% 1E-61 85% 

XR_001779206.1  PREDICTED: Mus musculus predicted gene, 35658 (Gm35658), transcript variant X5, ncRNA 242 242 3% 5E-61 88% 

NM_001357184.1  Mus musculus adenosine deaminase, tRNA-specific 1 (Adat1), transcript variant 2, mRNA 239 279 3% 2E-60 94% 

NM_001357185.1  Mus musculus adenosine deaminase, tRNA-specific 1 (Adat1), transcript variant 3, mRNA 239 279 3% 2E-60 94% 

NM_001355375.1  
Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 2 (Tstd2), 
transcript variant 2, mRNA 

239 239 2% 2E-60 94% 

NM_001355376.1  
Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 2 (Tstd2), 
transcript variant 3, mRNA 

239 239 2% 2E-60 94% 

XR_001784151.1  PREDICTED: Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 239 239 2% 2E-60 94% 
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2 (Tstd2), transcript variant X7, misc_RNA 

XM_006537963.3  
PREDICTED: Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 
2 (Tstd2), transcript variant X5, mRNA 

239 239 2% 2E-60 94% 

XM_006537962.3  
PREDICTED: Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 
2 (Tstd2), transcript variant X3, mRNA 

239 239 2% 2E-60 94% 

XM_006537961.3  
PREDICTED: Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 
2 (Tstd2), transcript variant X2, mRNA 

239 239 2% 2E-60 94% 

XM_006537773.2  PREDICTED: Mus musculus tropomodulin 1 (Tmod1), transcript variant X2, mRNA 239 239 2% 2E-60 94% 

XM_017319155.1  
PREDICTED: Mus musculus peroxisomal membrane protein 4 (Pxmp4), transcript variant X1, 
mRNA 

239 383 2% 2E-60 93% 

XM_006537967.2  
PREDICTED: Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 
2 (Tstd2), transcript variant X8, mRNA 

239 239 2% 2E-60 94% 

XM_006537960.2  
PREDICTED: Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 
2 (Tstd2), transcript variant X1, mRNA 

239 239 2% 2E-60 94% 

NM_173033.3  
Mus musculus thiosulfate sulfurtransferase (rhodanese)-like domain containing 2 (Tstd2), 
transcript variant 1, mRNA 

239 239 2% 2E-60 94% 

NM_021883.2  Mus musculus tropomodulin 1 (Tmod1), mRNA 239 239 2% 2E-60 94% 

NR_160674.1  
Mus musculus RIKEN cDNA 2310015D24 gene (2310015D24Rik), transcript variant 1, long 
non-coding RNA 

237 292 6% 6E-60 78% 

NR_037997.2  
Mus musculus RIKEN cDNA 2310015D24 gene (2310015D24Rik), transcript variant 2, long 
non-coding RNA 

237 292 6% 6E-60 78% 

XM_011244469.2  PREDICTED: Mus musculus calpastatin (Cast), transcript variant X6, mRNA 237 281 3% 6E-60 94% 

XM_017315374.1  PREDICTED: Mus musculus calpastatin (Cast), transcript variant X5, mRNA 237 281 3% 6E-60 94% 

XM_011244467.2  PREDICTED: Mus musculus calpastatin (Cast), transcript variant X4, mRNA 237 281 3% 6E-60 94% 

XM_011244466.2  PREDICTED: Mus musculus calpastatin (Cast), transcript variant X2, mRNA 237 281 3% 6E-60 94% 

XM_006517056.2  PREDICTED: Mus musculus calpastatin (Cast), transcript variant X1, mRNA 237 281 3% 6E-60 94% 

XM_006517059.1  PREDICTED: Mus musculus calpastatin (Cast), transcript variant X3, mRNA 237 281 3% 6E-60 94% 

NM_001355185.1  
Mus musculus CCCTC-binding factor (zinc finger protein)-like (Ctcfl), transcript variant 1, 
mRNA 

235 235 2% 2E-59 94% 

XM_017319168.1  
PREDICTED: Mus musculus CCCTC-binding factor (zinc finger protein)-like (Ctcfl), transcript 
variant X2, mRNA 

235 235 2% 2E-59 94% 
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NM_001081387.2  
Mus musculus CCCTC-binding factor (zinc finger protein)-like (Ctcfl), transcript variant 2, 
mRNA 

235 235 2% 2E-59 94% 

XM_017317759.1  
PREDICTED: Mus musculus RIKEN cDNA 4930402H24 gene (4930402H24Rik), transcript 
variant X4, mRNA 

234 234 3% 8E-59 91% 

XR_001782167.1  
PREDICTED: Mus musculus RIKEN cDNA 4930402H24 gene (4930402H24Rik), transcript 
variant X3, misc_RNA 

234 234 3% 8E-59 91% 

XM_011239474.2  
PREDICTED: Mus musculus RIKEN cDNA 4930402H24 gene (4930402H24Rik), transcript 
variant X2, mRNA 

234 234 3% 8E-59 91% 

XM_011239473.2  
PREDICTED: Mus musculus RIKEN cDNA 4930402H24 gene (4930402H24Rik), transcript 
variant X1, mRNA 

234 234 3% 8E-59 91% 

NM_001311147.1  Mus musculus RIKEN cDNA 4930402H24 gene (4930402H24Rik), transcript variant 2, mRNA 234 234 3% 8E-59 91% 

NM_029432.2  Mus musculus RIKEN cDNA 4930402H24 gene (4930402H24Rik), transcript variant 1, mRNA 234 234 3% 8E-59 91% 

XM_006505683.3  
PREDICTED: Mus musculus methyl-CpG binding domain protein 4 (Mbd4), transcript variant 
X7, mRNA 

233 374 5% 8E-59 90% 

XR_001785103.1  
PREDICTED: Mus musculus methyl-CpG binding domain protein 4 (Mbd4), transcript variant 
X4, misc_RNA 

233 374 5% 8E-59 90% 

XM_006505680.3  
PREDICTED: Mus musculus methyl-CpG binding domain protein 4 (Mbd4), transcript variant 
X2, mRNA 

233 374 5% 8E-59 90% 

XM_006505679.3  
PREDICTED: Mus musculus methyl-CpG binding domain protein 4 (Mbd4), transcript variant 
X1, mRNA 

233 374 5% 8E-59 90% 

XM_011244518.2  
PREDICTED: Mus musculus RAS p21 protein activator 1 (Rasa1), transcript variant X1, 
mRNA 

233 233 2% 8E-59 93% 

NM_010774.2  Mus musculus methyl-CpG binding domain protein 4 (Mbd4), mRNA 233 374 5% 8E-59 90% 

XM_011248257.2  
PREDICTED: Mus musculus zinc finger, DHHC domain containing 7 (Zdhhc7), transcript 
variant X1, mRNA 

233 233 4% 3E-58 80% 

NR_132314.1  Mus musculus predicted gene, 28043 (Gm28043), long non-coding RNA 233 272 3% 3E-58 93% 

NM_001163741.2  Mus musculus coiled-coil domain containing 167 (Ccdc167), transcript variant 1, mRNA 233 272 3% 3E-58 93% 

XM_006501348.1  PREDICTED: Mus musculus synaptotagmin XI (Syt11), transcript variant X1, mRNA 232 232 2% 3E-58 93% 

NM_018804.3  Mus musculus synaptotagmin XI (Syt11), mRNA 232 232 2% 3E-58 93% 

XR_001782668.1  PREDICTED: Mus musculus predicted gene, 41883 (Gm41883), transcript variant X2, ncRNA 231 451 3% 9E-58 93% 

NR_156430.1  Mus musculus glycosyltransferase-like domain containing 1 (Gtdc1), transcript variant 5, non- 230 230 2% 9E-58 92% 



495 

RefSeq Accession Description 
Max. 

Score 
Total 
Score 

Query 
Cover 

E-value Identity 

coding RNA 

XM_017314840.1  
PREDICTED: Mus musculus ENTH domain containing 2 (Enthd2), transcript variant X3, 
mRNA 

230 269 3% 9E-58 95% 

NR_151673.1  
Mus musculus SPC24, NDC80 kinetochore complex component, homolog (S. cerevisiae) 
(Spc24), transcript variant 4, non-coding RNA 

229 313 3% 3E-57 94% 

NR_151672.1  
Mus musculus SPC24, NDC80 kinetochore complex component, homolog (S. cerevisiae) 
(Spc24), transcript variant 3, non-coding RNA 

229 313 3% 3E-57 94% 

NM_026282.6  
Mus musculus SPC24, NDC80 kinetochore complex component, homolog (S. cerevisiae) 
(Spc24), transcript variant 1, mRNA 

229 313 3% 3E-57 94% 

NM_001357331.1  
Mus musculus SPC24, NDC80 kinetochore complex component, homolog (S. cerevisiae) 
(Spc24), transcript variant 2, mRNA 

229 313 3% 3E-57 94% 

XM_017320766.1  
PREDICTED: Mus musculus DEAH (Asp-Glu-Ala-His) box polypeptide 37 (Dhx37), transcript 
variant X2, mRNA 

229 431 3% 3E-57 94% 

XM_017320765.1  
PREDICTED: Mus musculus DEAH (Asp-Glu-Ala-His) box polypeptide 37 (Dhx37), transcript 
variant X1, mRNA 

229 431 3% 3E-57 94% 

NM_008577.4  
Mus musculus solute carrier family 3 (activators of dibasic and neutral amino acid transport), 
member 2 (Slc3a2), transcript variant 2, mRNA 

229 272 3% 3E-57 94% 

NM_001161413.1  
Mus musculus solute carrier family 3 (activators of dibasic and neutral amino acid transport), 
member 2 (Slc3a2), transcript variant 1, mRNA 

229 272 3% 3E-57 94% 

NM_178610.4  
Mus musculus KRR1, small subunit (SSU) processome component, homolog (yeast) (Krr1), 
mRNA 

229 274 3% 3E-57 92% 

NM_203319.1  Mus musculus DEAH (Asp-Glu-Ala-His) box polypeptide 37 (Dhx37), mRNA 229 270 3% 3E-57 94% 

NM_025370.3  Mus musculus peroxiredoxin like 2C (Prxl2c), mRNA 228 333 2% 3E-57 92% 

NR_157400.1  Mus musculus frataxin (Fxn), transcript variant 2, non-coding RNA 228 337 2% 3E-57 92% 

NM_008044.3  Mus musculus frataxin (Fxn), transcript variant 1, mRNA 228 337 2% 3E-57 92% 

NM_001355508.1  Mus musculus ubiquitin-associated protein 1 (Ubap1), transcript variant 3, mRNA 228 486 4% 3E-57 91% 

XM_006524797.3  PREDICTED: Mus musculus limb and CNS expressed 1 (Lix1), transcript variant X1, mRNA 228 372 3% 3E-57 90% 

XM_017322048.1  
PREDICTED: Mus musculus ubiquitin-conjugating enzyme E2W (putative) (Ube2w), transcript 
variant X4, mRNA 

228 347 3% 3E-57 89% 

XM_017322047.1  
PREDICTED: Mus musculus ubiquitin-conjugating enzyme E2W (putative) (Ube2w), transcript 
variant X2, mRNA 

228 347 3% 3E-57 89% 



496 

RefSeq Accession Description 
Max. 

Score 
Total 
Score 

Query 
Cover 

E-value Identity 

NM_025681.2  Mus musculus limb and CNS expressed 1 (Lix1), mRNA 228 372 3% 3E-57 90% 

NM_212445.2  Mus musculus protein O-glucosyltransferase 3 (Poglut3), mRNA 228 228 2% 3E-57 93% 

NM_001368638.1  Mus musculus neuroblastoma ras oncogene (Nras), transcript variant 1, mRNA 227 329 3% 1E-56 94% 

NM_001361466.1  Mus musculus transmembrane p24 trafficking protein 5 (Tmed5), transcript variant 3, mRNA 227 227 2% 1E-56 91% 

NM_028876.3  Mus musculus transmembrane p24 trafficking protein 5 (Tmed5), transcript variant 1, mRNA 227 227 2% 1E-56 91% 

NM_001361467.1  Mus musculus transmembrane p24 trafficking protein 5 (Tmed5), transcript variant 4, mRNA 227 227 2% 1E-56 91% 

XM_006510233.3  
PREDICTED: Mus musculus Myb/SANT-like DNA-binding domain containing 2 (Msantd2), 
transcript variant X4, mRNA 

227 802 4% 1E-56 94% 

XM_006510232.3  
PREDICTED: Mus musculus Myb/SANT-like DNA-binding domain containing 2 (Msantd2), 
transcript variant X3, mRNA 

227 802 4% 1E-56 94% 

XM_006501120.3  
PREDICTED: Mus musculus neuroblastoma ras oncogene (Nras), transcript variant X4, 
mRNA 

227 329 3% 1E-56 94% 

XM_006501121.3  
PREDICTED: Mus musculus neuroblastoma ras oncogene (Nras), transcript variant X3, 
mRNA 

227 329 3% 1E-56 94% 

XM_006534205.3  
PREDICTED: Mus musculus PWWP domain containing 2A (Pwwp2a), transcript variant X7, 
mRNA 

227 333 2% 1E-56 94% 

XM_006534204.3  
PREDICTED: Mus musculus PWWP domain containing 2A (Pwwp2a), transcript variant X6, 
mRNA 

227 227 2% 1E-56 94% 

XM_006534203.3  
PREDICTED: Mus musculus PWWP domain containing 2A (Pwwp2a), transcript variant X5, 
mRNA 

227 227 2% 1E-56 94% 

XM_006534202.3  
PREDICTED: Mus musculus PWWP domain containing 2A (Pwwp2a), transcript variant X4, 
mRNA 

227 227 2% 1E-56 94% 

XM_006501122.1  
PREDICTED: Mus musculus neuroblastoma ras oncogene (Nras), transcript variant X5, 
mRNA 

227 329 3% 1E-56 94% 

XM_006501119.1  
PREDICTED: Mus musculus neuroblastoma ras oncogene (Nras), transcript variant X2, 
mRNA 

227 329 3% 1E-56 94% 

XM_006501118.1  
PREDICTED: Mus musculus neuroblastoma ras oncogene (Nras), transcript variant X1, 
mRNA 

227 329 3% 1E-56 94% 

NM_010937.2  Mus musculus neuroblastoma ras oncogene (Nras), transcript variant 2, mRNA 227 329 3% 1E-56 94% 

NM_001360342.1  Mus musculus F-box and leucine-rich repeat protein 3 (Fbxl3), transcript variant 5, mRNA 226 226 3% 1E-56 89% 

NM_015822.3  Mus musculus F-box and leucine-rich repeat protein 3 (Fbxl3), transcript variant 1, mRNA 226 226 3% 1E-56 89% 
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NM_001360341.1  Mus musculus F-box and leucine-rich repeat protein 3 (Fbxl3), transcript variant 4, mRNA 226 226 3% 1E-56 89% 
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