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Abstract 

 

Nephronophthisis (NPHP) is a frequent ciliopathy leading to renal failure before the 

onset of adulthood with no effective preventative treatment available to date. My 

first aim was to model NPHP on zebrafish by morpholino knockdown of several 

NPHP genes. I chose ift172/nphp17 morphant in two drug-repurposing screens. 

First, in the screen of 640 FDA drugs I identified 19 compounds that exacerbated 

cystic phenotype, but none which could rescue it. Second, a screen of fifteen 

Polycystic Kidney Disorder drugs identified three that do rescue cystic phenotype of 

both ift172 morphant and ift144 mutant zebrafish. In the second study I used 

alternative approach for disease modeling and characterised renal epithelial cells 

derived from BBS patients’ urine with or without renal involvement with an aim to 

identify phenotypic read-outs for potential therapeutic intervention. Urine-derived 

Renal Epithelial Cells (URECs) were cultured as 3D organoids and data on 13 

Bardet-Biedl Syndrome patients showed striking differences in proliferative index, 

3D growth profiles and cilia length of BBS URECs, potentially offer ex vivo strategy 

to personalise medicine for patients with ciliopathies. In the third study I sequenced 

117 BBS multi-ethnic cohort of patients without molecular diagnosis by using 

Fluidigm targeted sequencing approach. Most of the patients originated from 

Turkey (71/117), representing the largest BBS Turkish cohort studied to date. 

Definite molecular diagnosis was established for just under 50% of cases, with a 

different genotype distribution to Caucasian BBS patients. Forty-eight pathogenic 

variants are reported for the first time, confirming heterogeneity of the molecular 

genetics of BBS.  
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1 Chapter 1. Introduction 

1.1 Cilia structure and function 

1.1.1 Cilium structure 

 

Organisms in all three domains of life rely on the hair-like cellular protrusions that 

have diverse functions: bacteria and archae can be motile thanks to this organelle, 

called flagellum and archaellum, respectively; while eukaryotes’ cilium is much 

larger, more complex and in addition to movement can take on plethora of 

additional biological roles.  Flagella, archaella and cilia are fascinating examples of 

convergent evolution: although morphologically similar they seem to have 

developed independently from different precursors [1].  

 

Cilium is found on most cell types in the human body as a solitary protrusion, but 

can also be motile and/or present in multiples in specialised cells, such as airway 

epithelial cells. This organelle regulates a variety of fundamental biological 

processes in vertebrate development, such as cell differentiation, proliferation and 

polarisation. Non-motile or primary cilia sense extracellular signals and transduce 

them to the cell’s interior, where these signals act on downstream signalling 

pathways and effect appropriate cellular responses. The system relies on the 

complex interplay of hundreds of proteins, which localise to the cilary axoneme, 

transition zone or a basal body (Figure 1), discussed in detail below.  

 

Ciliary axoneme and intraflagellar transport 

 

Over 60 years ago it was discovered that the internal structure of the cilium is 

universal in all eukaryotes and consists of 11 pairs of microfilaments, 2 in the 

centre and 9 around them, in all organisms examined, from mollusc to man 

[2].  The core structure of the cilium is called axoneme and the building blocks of 

the filaments are - and -tubulin, which have evolved from the intracellular 

transport machinery of eukaryotic cells that employs dynamic microtubules. 

Axoneme’s biogenesis occurs at the ciliary tip by addition of new tubulin subunits, 

which are actively transported there. 
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In fact, all ciliary proteins (axonemal precursor proteins and ciliary membrane-

associated proteins) are synthesized in the cytoplasm and rely on active transport 

to be delivered into the cilium by anterograde transport, while retrograde transport 

system moves cargo proteins from the ciliary tip inside the cell. Bidirectional 

intraflagellar transport (IFT) was first observed by Kozminski and colleagues (1993) 

in green algae Chlamydomonas, and described as the movement of non-vesicle 

particles between the axoneme and ciliary membrane [3]. “Granule”-like particles 

identified by Kozminski et al (1993) consist of three parts: cargo, adaptor and motor 

proteins. Anterograde movement towards the ciliary tip is mediated by the motor 

proteins that belong to the kinesin family (e.g. KIF3A), while dyneins transport 

cargo in the opposite direction, from the tip to the base of the cilium. Like the motor 

proteins, IFT particles are also direction-specific: IFT complex A is retrograde and 

consists of 6 subunits (IFT43, IFT121/WDR35. IFT122, IFT139/TTC21B, IFT140, 

IFT144/WDR19), while IFT complex B is anterograde and consists of 11 subunits 

(e.g. IFT27/BBS19, IFT57, IFT52, IFT80, IFT172, IFT54, IFT81) [4]. Generally, 

mutations in anterograde transport complex (kinesin-II/IFT B) lead to defective 

ciliogenesis, while mutations leading to obliteration or retrograde transport 

(dynein/IFT A) lead to a “mushroom” resembling ciliary tip due to a accumulation of 

the proteins in that region. In summary, ciliary axoneme is a platform for active 

transport system, mediated by the network of IFT proteins, while ciliary shape and 

length is often used as a phenotypical read out for alterations in this system.  
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Figure 1. Schematic representation of the cilium and its components.  

Cilium can be motile (9+2 arrangement of microtubules, connected by radial spikes and 
dynein arms) or immotile (9+0 arrangement). Axoneme, consisting of microtubules, is 
at the core of the cilium and is a platform for bidirectional intraflagellar transport of 
cargo proteins. Transition zone and basal body are found at the base of the cilium and 
mediate cilium biogenesis and maintenance. Adapted from Oud et al 2017 [5] 

 

Transition zone and basal body 

 

Cilia morphogenesis is coupled with the cell cycle - it is reabsorbed prior to mitosis 

and assembled during G1/G0 phases of the cell cycle. Microtubule-organising 

centre, or a centrosome, consisting of a pair of centrioles, orchestrates cell division.  

Centrioles are the barrel-shaped structures that can be seen at the base of the 

cilium, they duplicate during cell division and original centriole, or mother centriole, 

is referred to as the basal body, which is a primer used to build a cilium.  

 

In recent years the importance of the transition zone came into view. Transition 

zone is a region between the distal end of the basal body and the axoneme, at the 

base of the cilium. High-resolution images reveal Y-shaped connectors, anchoring 

axoneme to the cell membrane, which are collectively known as ciliary “necklace”. 
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Rosenbaum and Witman (2002) have suggested that the transition zone may act 

as a gatekeeper; similar to the way nuclear pores allow the entry of certain proteins 

inside the nucleus [6]. First study to provide evidence for this was the 

Chlamydomonas study, investigating role of the CEP290/NPHP6 protein, 

commonly implicated in several diseases. Absence of the CEP290 protein, leads to 

defects in the linkage between the axoneme and cell membrane at the transition 

zone, as well as altered protein composition of the cilium, suggesting CEP290 is 

involved in the “quality control” of the proteins that enter the organelle [7]. Further 

studies identified more protein complexes that localise to the transition zone and 

help to define ciliary membrane composition [8,9] supporting the hypothesis that 

the transition zone proteins act as the ciliary gatekeepers, making the entry into  

cilium tightly regulated. 

 

1.1.2 Biological role of the cilium 

 

The complexity of cilium structure, its evolutionary conservation and ubiquitous 

presence of this organelle across various cell types fuelled intensive research into 

biological role of this organelle, that led to a paradigm shift. A cilium, which was 

once regarded as a vestigial structure, was viewed as an antennae [10] that cells 

use to monitor environment to ensure appropriate, context-dependent 

cellular behaviours. Ciiary membrane is different to that of the cell membrane 

[11,12] and is composed of receptors that mediate an array of biochemical 

processes, as well as ion channels that allow preferential diffusion of chemicals. 

This enables cilium to “sense” and respond to environment.  

 

Cilia-mediated control of Hh and PDGF pathways 

 

Hedgehog (Hh) signalling regulates fundamental biological processes during 

development and is one of the best-studied cilia-mediated signalling pathways. 

First evidence that linked Hh pathway to the cilium came from the analysis of ENU 

mutants and the discovery that the Hh pathway relies on IFT transport [13].  The 

Patch receptor for Hh is expressed in the cilium, which upon binding to the ligand 

loses its ability to suppress Smoothened, which in turn activates transcription 
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factors Gli, enabling transcription of genes, that regulate cell fate determination. 

Central role of IFT pathway in Hh signal transduction comes from the studies where 

mutants lacking cilium have abnormal neural tube patterning, which is a Hh-

mediated developmental process [14]. Platelet-derived growth factor (Pdgf) 

signalling is involved in regulation of two major signalling cascades - P13K and 

Mek/Erk, which governs proliferation, survival and migration of several cell types. 

Several studies support the role of cilium for appropriate Pdgf pathway signal 

activation: the expression of the Pdgf receptor is blocked in ift88- and ift172-

deficient mouse embryonic fibroblasts [15] or is mislocalised in ift20 mutant cell 

line.  

 

Cilium’s role in canonical and non-canonical Wnt-signalling 

 

Assymetric intracellular distribution of proteins and macromolecules underly the 

cells’ ability to polarise along the apico-basal axis, which is necessary for tissue 

spatial organisation and organ morphogenesis. This fundamental feature of cells is 

referred to as planar cell polarity (PCP) and involves complex interactions of large 

protein networks, some of which involve cilia.  PCP term is interchangeable with 

non-canonical Wnt signalling, and the related pathway, canonical Wnt pathway, 

discussed below, with a particular emphasis on the cilia role in both.  

 

Non-canonical Wnt signalling or PCP signalling is -catenin independent and leads 

to activation of genes involved in cellular functions such as cytoskeletal 

organisation, nuclear signalling and orientation of mitotic spindle. Non-canonical 

Wnt/PCP cascade was first elucidated in Drosophila studies, which, unlike 

vertebrates, lack cilium. Subsequent work on vertebrate animal models showed 

that these networks are highly conserved and their perturbations, caused by the 

mutations in the core genes such as Frizzled (Fz), Vangl2, Celsr and 

Dishevelled, lead to developmental abnormalities such as defects in convergent 

extension and a failure of the neural tube to close. In recent years some evidence 

for a potential link between the cilium and PCP has emerged - Ross and 

colleagues study (2005) showed that the knock out mouse models of Bbs1, Bbs4 

or Mkks showed classical PCP phenotype, such as disorganised stereocilia in 

cochlea [16]. Moreover, genetic interaction between BBS and PCP proteins was 
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shown: Mkks, Bbs1 and Vangl2 null heterozygotes were normal, while Vangl2/Bbs1 

and Vangl2/Mkks double heterozygotes resembled null homozygote phenotype 

with defects in the inner ear [16]. Attempts to determine precise biological role of 

the cilium and cilia-associated proteins in PCP pathway have produced conflicting 

results and there is a lack of consensus in the field, precisely whether or not PCP is 

upstream or downstream of cilia-mediated signalling, and whether the organelle 

itself is necessary (reviewed in [17–19]). 

 

Canonical Wnt signalling regulates developmental programme and is -catenin-

dependent. Secreted Wnt ligand binds to Fz class of receptors, which in turn leads 

to stabilisation of -catenin and its translocation into nucleus where gene 

transcription is activated. Experimental work on cellular and animal models showed 

that cilia-associated proteins seem to constrain Wnt signalling, as inactivation of 

Inversin, BBS1 and BBS4 amplify Wnt-associated response [20–23]. The role of 

the cilium itself in Wnt signalling was also investigated, however the findings were 

conflicting: absence of the cilium in both ift88 zebrafish [24] and Ift188 mouse 

embryo did not affect Wnt signalling [25], while mammary ducts of Ift188 mutant 

mice had upregulated Wnt response [26]. Wallingford and Mitchell (2011) suggest 

that these and other, often contradictory studies, may highlight the fact that the 

consequences of the primary cilium absence are cell- and organism- specific [19].  

 

1.2 Ciliopathies 

Ciliopathies is an emerging group of phenotypically diverse rare diseases caused 

by mutations in genes that primarily support function and maintenance of a cilium. 

The first study that linked dysfunctional cilium to human disease was Afzelius’ work 

(1976) where it was shown that dynein arms, which ensure ciliary motility and 

beating, were missing in sperm flagellum of infertile men affected by Kartagener’s 

syndrome [27]. In addition to male infertility, some Kartagener’s syndrome patients 

had reversed placement of internal organs, a situs invertus, – a phenotype that 

remained unexplained for another 20 years.  Loss of motility in the beating cilium 

had obvious detrimental consequence on the cell function; meantime immotile or 

primary cilia’s role was obscure, despite being present in almost every type of 
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mammalian cells. Only in 2000 defective primary cilia in renal cells were shown to 

be responsible for kidney cysts in polycystic kidney disorder [28]. The landmark 

study proposed that cilium acts as a sensory antennae that mediates biochemical 

signalling [10,28], followed with many more publications that linked human clinical 

phenotypes to molecular alterations in the cilium (e.g. Bardet-Biedl Syndrome and 

Nephronophthisis). Clinical spectrum of ciliopathies is very wide and affects a 

range of systems such as nervous, skeletal, ocular and renal. Fundamental biology 

studies that unravelled a multitude of cilia-mediated biochemical signalling 

pathways took place in parallel with genetic analyses of pedigrees with rare 

conditions, advancing our knowledge of ciliopathies.  

 

To date, 133 genes were identified to cause 24 distinct ciliopathies [5]
,
[4]  which 

range from extremely rare cases, such as Mainzer-Saldino syndrome with only a 

handful of cases reported to date [29], to the fairly common ones, such as 

Polycystic Kidney Disease (PKD) [30]. There is substantial overlap in clinical 

phenotypes and genetics of ciliopathies: for example, the same gene can cause 

multiple syndromes when mutated, while numerous genes can cause similar 

phenotypes seen in different ciliopathies (Figure 2). Clinically ciliopathies are 

complex diseases, often affecting several organs simultaneously. Common 

ciliopathy-associated phenotypes include renal cysts, retinal degeneration, laterality 

defects and skeletal abnormalities, which highlights the essential role of the cilium 

in diverse cell types, such as photoreceptors and renal epithelial cells, as well as 

embryonic development and left-right symmetry patterning. 

 

First mass spectrometry analysis identified over 200 proteins residing in the human 

cilia, isolated from the cultured airway epithelial cells [31]. One of the more recent 

efforts to characterise “generic” primary cilia proteome by using mIMCD3 cell line, 

identified 195 proteins, with approximately 25% being reported for the first time 

suggesting their unique involvement in primary cilium [32]. It is estimated that 30% 

cilia-associated polypeptides have cytoplasmic roles and nuclear presence, in 

addition to cilia- or ciliogenesis-associated roles [33]. Non-cilia-related roles of 

these proteins are less known, but a few studies found them to regulate to some 

extent DNA damage response, gene expression and nuclear transport [33]. Thus, 

the modern view of ciliopathies is broader and more complex than ever before, 
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encompassing alterations in cell behaviours that are not necessarily caused by the 

abnormal function of the cilium itself.   

 

1.2.1 Renal ciliopathies (PKD and NPHP-RC) 

 

Eight ciliopathies (Nephronophthisis (NPHP), Senior–Løken (SLS), Joubert (JBTS), 

Meckel-Gruber (MKS), Bardet–Biedl (BBS), oral-facial-digital (OFD), 

cranioectodermal dysplasia (CED), short rib thoracic dysplasia (SRTD)) are often 

grouped together as Nephronophthisis-Related Ciliopathies (NPHP-RC), based on 

the renal phenotype which includes, but is not limited to, kidney cysts. Mutations in 

92 genes have been shown to cause NPHP-RC [4] (Figure 2), which is 69% of all 

ciliopathies-related genes. To date, there is no good hypothesis, which would 

explain why kidney is the organ most likely to be affected by the mutations in ciliary 

genes. Nephronophthisis literally means “disappearance of nephrons” and patients 

present with cysts in corticomedullary junction of kidneys and thickened, fibrotic 

membranes (Figure 3). Some NPHP-RCs are perinatally lethal (MKS and SRTD) or 

have high childhood mortality due to severe skeletal phenotypes. Thus, detailed 

investigation into progression of renal phenotypes is not possible for these 

ciliopathies.  
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Figure 2. Genetic and phenotypic overlap in nephronophthisis-related 
ciliopathies.  
Mutations in 92 genes are known to cause 4 major ciliopathy classes: Skeletal, Joubert 
syndrome, Nephronophthisis/Senior Loken Syndrome and Bardet-Biedl Syndrome. 
Some ciliopathies genes are implicated only in one condition (e.g. BBS1 causes BBS), 
while others can cause multiple disorders (e.g. mutations in CEP290 can lead to JBTS, 
NPHP, BBS and skeletal ciliopathies). Adapted from Braun and Hildebrandt (2017)[4] 

 

Skeletal and neurodevelopmental ciliopathies 
  
OFD ciliopathies are characterised by the developmental abnormalities leading to 

distinct facial features, oral cavity defects and extra digits. C2 Calcium Dependent 

Domain Containing 3 (C2CD3) gene product localises to the basal body where it 

mediates ciliary vesicle docking. Loss of function in this gene causes OFD14, 

characterised by defects in ciliogenesis due to the shortened centrioles, while 

OFD1 mutations lead to the opposite phenotype, elongated centrioles [34], 
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highlighting a critical role of centrioles length in the development. SRTD patients 

have severe skeletal phenotype, including malformations of ribs, shortening of the 

long bones and poly-/brachydactyly. Bone morphogenesis is primarily executed via 

Hh pathway, which in turn requires intact IFT signalling - this was demonstrated in 

the ift172 mouse model [13] and later mutations in IFT machinery genes (IFT172, 

IFT140 and WDR34) were linked to human ciliopathies Jeune and Mainzer-Saldino 

syndromes [35–37].  

 

JBTS is neurodevelopmental disease characterised by brain malformations leading 

to developmental delay and ataxia, in addition to retinal and renal phenotypes [38]. 

Diagnosis is often made based on the presence of a distinct feature on the 

magnetic resonance brain scan, which resembles a molar tooth. As can be seen 

from the Figure 2, JBTS is extremely genetically heterogeneous ciliopathy, with 

over 35 genes reported to cause the condition to date [39], yet around 50% of the 

JBTS patients don’t have mutations in the known genes. First gene linked to JBTS 

was inositol polyphosphate-5-phosphatase E (INPP5E), which is involved in cilia 

stability [40]. Most of the JBTS genes can also cause other ciliopathies (Figure 2), 

which highlights allelic heterogeneity of ciliopathy genes. JBTS also illustrates 

critical role of the cilium in the development of central nervous system.  

 

 

Nephronophthisis 

 

Nephronophthisis (NPHP) has fewer extra renal manifestations compared to other 

NPHP-RC and is the most common genetic cause of end stage renal disease 

(ESRD) in children and young adults (30 years old or younger). There are no 

treatment options available to date, and therapy is limited to haemodialysis and 

organ transplantation. BBS patients, on the other hand, exhibit a greater degree of 

variability in renal phenotype and are on the milder side of NPHP-RC spectrum, 

with only 6% of children and 8% of adults being diagnosed with ESRD in the UK 

[41].  
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Figure 3. Ultrasound scan and renal biopsy of an NPHP patient. 

Ultrasound scan reveals that kidneys are of normal size, lack corticomedullary 
differentiation and have tubular dilations. B. H&E staining of renal biopsy: cysts, tubular 
atrophy and interstitial infiltrates. Adapted from Srivastava and Sayer (2014) [42] 

 

Polycystic Kidney Disorder 

 

PKD is the most common inherited kidney disease. Patients have normal kidney 

function in childhood, whereas diagnosis is based on the presence of kidney cysts 

by ultrasound later in life, causing ESRD in 50% of the affected people [30]. In 

addition to polycystic kidneys, patients present with enlarged and fibrotic liver [43]. 

There are two inheritance patterns for PKD, Autosomal dominant (ADPKD), caused 

by mutations in PKD1 (~85% of the cases) and PKD2 (~15% of the cases) genes, 

and Autosomal Recessive (ARPKD), caused by mutations in gene PKHD1. ADPKD 

is the most common type of PKD, with estimated prevalence of 3.29 cases in 

10,000 [44]. PKD1 encoded polycystin 1 (PC1), which is a receptor-like protein, 

while PKD2 encodes polycystin 2 (PC2), which is a calcium-responsive 

transmembrane protein. Polycystins heterodimerise and localise to the ciliary 

membrane, and although their function is not fully resolved, mutations in these 

genes cause alterations in multiple signalling pathways leading to increased 

cellular proliferation and fluid secretion, which triggers cyst formation in the 

kidneys.  PC1 and PC2 are thought to mediate some inhibitory function and 

prevent cyst formation, as their expression and function is critical in normal kidneys. 

Patients with ADPKD develop cysts as adults (20-40 years old), while cystic 
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phenotype of nephronophthisis and related diseases is predominantly diagnosed in 

children and young adults. 

1.2.2 Bardet-Biedl syndrome as a model renal ciliopathy 

 

BBS owes its name to two researchers, Georges Bardet and Arthur Biedl, who 

described the syndrome in the 1920s independently. The condition was 

characterised by a combination of various symptoms, such as obesity, blindness 

and mental retardation. As more pedigrees were analysed around the world, it 

became apparent that BBS clinical spectrum included diverse set of symptoms in 

multiple organs.  Beales and colleagues (1999) proposed to use two classes of 

BBS symptoms (or features), primary and secondary [45]. Rod-cone dystrophy, 

obesity, learning disability, hypogonadism in males, polydactyly, and renal 

anomalies are classified as primary features, while secondary features include but 

are not limited to diabetes mellitus, congenital heart disease, hepatic fibrosis and 

neurological defects. BBS is diagnosed if a clinical phenotype of the patient 

includes either 4 primary BBS features, or 3 primary and 2 secondary features [45]. 

BBS is a recessive condition, and first gene mapping studies in the 1990s revealed 

involvement of 6 different loci [46–51] which made it genetically heterogeneous 

disease. With improved molecular diagnosis methods, it became possible to assign 

the disease to a precise alteration at the DNA level and mutations in MKKS, 

followed by BBS1 were identified. In 2007 it was shown that seven BBS proteins 

(BBS1, BBS2, BBS4, BBS5, BBS7, TTC9/BBS8 and BBS9) form a stable complex 

BBSome in the tandem affinity purification study [52]. BBSome functions as a 

specialised cargo adapter [52,53], and its assembly is a multi-step process 

mediated by the chaperonin-like proteins BBS10, BBS6, BBS12 [54,55]. 

 

Incidence of BBS in the UK is around 1 in 125,000 people and approximately 500 

BBS patients attend regular specialised clinics in Birmingham and London, making 

it one of the best-studied cohorts of BBS patients worldwide. It is estimated that 

37% of BBS patients in the UK have Chronic Kidney Disease Stages 2-5 (CKD2-5), 

based on a study of over 300 patients [41]. Analysis of the renal phenotype in 177 

BBS patients with available ultrasounds revealed high variability of structural kidney 

abnormalities which were present in 51% of these patients (90/177): 30% present 
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with cystic or dysplastic kidney, 28% of patients have echogenic kidneys or 

demonstrate loss of corticomedullary differentiation, 20% have developmental 

abnormality while the remaining 22% have other structural defects 

(scarred/atrophic kidneys, hydronephrosis). In addition, some BBS patients have 

nephrogenic diabetes insipidus. To summarise, BBS-related renal dysplasia is 

observed in roughly half of the UK-based patients and encompasses the full 

spectrum of renal anomalies associated with the ciliopathies.  

 

Several efforts were made to find genotype-phenotype correlations in BBS patients, 

to improve clinical management of the disease. M390R mutation in BBS1 is 

considered to be hypomorphic [56,57], while analysis of large cohort of BBS 

patients in the UK showed that BBS10 genotype, especially characterised by 

truncating mutations, is associated with more severe renal phenotype, while 

abnormal kidney ultrasound scans are associated with higher likelihood of patients 

progressing to CKD3b-5 [41]. However, it is still remains unclear how dysfunctional 

BBS proteins alter cellular behaviours, and why such variation in renal phenotypes 

is observed even within the same family.  

 

Kidney cysts are seen in three major ciliopathies, ADPKD, BBS and NPHP  - 

however, they are caused by the mutations in different classes of ciliopathy genes, 

and have various, often non-overlapping extra-renal manifestations and overall 

kidney phenotype as well as different age of onset of the disease. There are more 

similarities between NPHP and BBS, than between NPHP/BBS with ADPKD. In 

Table 1, differences and similarities in clinical phenotypes of the three diseases are 

highlighted. 
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Syndrome Renal 
Manifestations 

Extrarenal 
manifestations 

Genetic 
basis 

ADPKD  Urine concentration 
defects 

 Bilateral cysts 

 Haematuria 

 Hypertension 

 CKD 

 Liver and pancreatic 
cysts 

 Intracranial aneurysm 

 Arachnoid cysts 

 Abdominal hernias 

 Cardiac complications 

 Male infertility 

 Intestinal diverticulosis 

 Bronchiectasis 

PKD1-2 
account for 
91% of the 
cases 

NPHP  Urine concentration 
defects 

 Corticomedullary cysts 

 Tubular basement 
membrane thickening 
and disruption 

 Polydipsia 

 Polyuria 

 Tubulointerstitial 
nephropathy 

 Numerous extrarenal 
complications, some 
described as separate 
syndromes 

NPHP1-18 

account for 
40% of the 
cases 

BBS  Similar to NPHP  Polydactyly 

 Juvenile obesity 

 Mental retardation 

 Retinal defects 

 Anosmia 

 Hypogonadism 

BBS1-19 
account for 
80% of the 
cases 

 
Table 1. Clinical manifestations and genetic causes of BBS, PKD and NPHP [58]. 
Three diseases differ in genetic causes and extra-renal manifestation. BBS and NPHP 
patients have similar kidney phenotype, which is distinct to that that characterises PKD 
patients. 
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1.2.3 Molecular diagnostic tools for rare recessive disorders like Bardet-

Biedl Syndrome 

 

Genes implicated in BBS 

 

As highlighted in Figure 2, Bardet-Biedl is a genetically heterogeneous disorder, 

with mutations in 17 genes identified to date, in addition to phenotypic overlap with 

ALS, caused by a mutation in Alms1, as well as genotypic overlap to MKKS and 

MKS. Mutations in CCDC28B, C2ORF86, CEP290, MKS1 and MKS3 (TMEM67) 

have been reported to modify BBS phenotype in individuals with pathogenic 

variants in other genes [59–61]. Modifier gene hypotheses are generated based on 

the evidence for the genetic interaction between the gene candidates, and/or based 

on the clinical and genetic data analysis, where particular SNP(s) in a third locus is 

associated with more severe phenotypes. Tri-allelic inheritance in BBS was first 

suggested by Katsanis et al in 2001 [62], but was challenged by other researchers 

[63,64]. 

 

Leitch et al study (2008) 5 out of 6 BBS patients with additional heterozygous 

change in MKS1 presented with episodic seizures, an atypical ciliopathy 

phenotype, pointing to a possible clinically relevant epistatic relationship between 

the BBS and MKS genes [61]. Badano et al study (2006) demonstrated that 

centrosomal protein CCDC28B interacts with 7 BBS proteins (BBS1, BBS2, BBS4, 

BBS5, BBS6, BBS7, BBS8) and a particular SNP in heterozygous form was over-

represented in BBS patients compared to controls (6.2% vs. 1.4%, respectively), 

implying linkage disequilibrium [59]. More interestingly, patients with the CCDC28B 

polymorphism had more severe phenotype, suggesting a modifier effect [59].  

 

However, not all studies report evidence for tri-allelism in BBS and related 

ciliopathies. Abu-Safieh et al study (2012) failed to find any evidence of CCDC28B 

being a modifier gene - although the patient cohort was much smaller and 

consisted of only 29 BBS patients [64], as opposed to Badano et al study (2006), 

where 226 patients were included. Redin et al study (2012) identified only one case 

of tri-alleleism in a cohort of 52 ciliopathy patients, who had 30 ciliopathy genes 
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sequenced [63]. Frequency this low (1/52) is expected to occur by chance. Much 

larger study by Shaheen et al (2016) involved 371 ciliopathy patients and similarly 

found no evidence for modifier alleles: mutational load of rare SNPs and rare 

pathogenic SNPs was not statistically different when compared to a control group 

(around 7% and 1%, respectively) [65]. This study seems to be the first, where 

much talked about heterogeneity of the ciliopathies was quantified: only modest 

intra- and inter-familial variation in clinical phenotypes is reported (8% and 3%, 

respectively), which perhaps can be explained by stochastic and environmental 

events.  

 

Studies discussed above highlight conflicting findings among reports on potential 

tri-alleleism in BBS. Earlier studies are hard to interpret as they tested only a 

fraction of genes known to cause the disease at that time. However, despite 

multiple efforts by various groups and the fact that generating genetic data is easier 

than ever, no patterns of tri-allelic inheritance have emerged and the issue remains 

controversial.  

 

Genetic testing in BBS 

 

Key clinical features of BBS, such as nephronophthisis-like phenotype and retinal 

degeneration, can be indistinguishable from other forms of ciliopathies, for which 

14 and over 100 genes are reported, respectively [66,67]. Recent advances in Next 

Generation Sequencing (NGS) techniques resulted in unprecedented increase in 

the new causative genetic variants identified for various diseases [68–70], and 

ciliopathies are no exception. For example, a single study reported 99 novel 

mutations in a large cohort of NPHP patients [71]. NGS makes large scale, 

population-based sequencing feasible, and can be divided into 3 approaches – 

whole genome sequencing (WGS), whole exome sequencing (WES) or targeted 

sequencing. The main criteria for choosing one method over another is the 

diagnostic yield of a given set-up, which is the most critical outcome parameter[72] 

in genetic testing. Overall, WES is preferred in the diagnostic laboratories, mainly 

because it is equally successful as WGS but is three times cheaper [73]. An 

alternative approach - targeted sequencing - is also widely used when genes 

implicated in a particular disorder are known. For BBS, targeted high-throughput 
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sequencing has been reported to result in molecular diagnosis in up to 81% of BBS 

patients with classical clinical signs of the condition [63].  Thus it seems logical to 

screen known BBS genes first, and to implement more expensive approaches such 

as WES or WGS for only undiagnosed cases. Targeted sequencing relies on either 

PCR-based or capture enrichment of the desired subset of genes.  

 

1.3 Drug discovery for rare genetic diseases 

It is estimated that around 7,000 of rare genetic diseases affect 350 million people 

globally [74]. Although individually rare, collectively they represent a significant 

burden, with half of the patients being children. Drug discovery is hindered by the 

heterogeneity of disease pathophysiology, lack of reliable biomarkers and a small 

number of patients recruited for clinical trials; currently there are no FDA-approved 

therapies for 95% of rare diseases (web source: http://phrma-

docs.phrma.org/sites/default/files/pdf/PhRMA-Decade-of-Innovation-Rare-

Diseases.pdf)  

 

There are two main approaches in the development of the therapies for genetic 

diseases. The first relies on biologics, where deficient or absent protein can be 

delivered systemically, usually by intravenous injection. For example, enzyme 

replacement therapy is approved for several rare lysosomal storage diseases. 

Recent advances in gene editing techniques might make it possible one day to 

treat monogenic diseases at the level of DNA, but currently there is very limited 

success due to safety, efficacy, and off-target effects of gene delivery. Second 

class of therapies are small molecules, designed to either inhibit or activate key 

targets of the biochemical pathways, found to be deregulated due to mutation(s). 

However, pathophysiology of the disease is rarely fully understood even at the 

cellular level, let alone organismal, and most of the therapies fail in the early stages 

of clinical trials due to lack of efficacy and/or unexpected side effects (e.g. cardio- 

and hepatotoxicity and neurological side effects) that often become apparent only 

when a therapy is tested on the human subjects.  

 

 

http://phrma-docs.phrma.org/sites/default/files/pdf/PhRMA-Decade-of-Innovation-Rare-Diseases.pdf
http://phrma-docs.phrma.org/sites/default/files/pdf/PhRMA-Decade-of-Innovation-Rare-Diseases.pdf
http://phrma-docs.phrma.org/sites/default/files/pdf/PhRMA-Decade-of-Innovation-Rare-Diseases.pdf
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1.3.1 Phenotypic drug discovery 

 

A molecular target-based drug discovery approach is hypothesis driven and 

involves a design of the molecule with a desired biological activity, which in turn 

requires full understanding of the molecular mechanisms underlying the pathology. 

This method is immensely expensive, takes years and has a low probability of 

success. Phenotypic drug discovery approach is an alternative method, which does 

not require a priori knowledge about the disease mechanism. Large libraries of 

small molecules are screened for the desired modification of a particular phenotype, 

associated with the disease. It is now possible to model virtually any disease by 

modifying genetic makeup of generic cell lines or laboratory organisms creating 

robust platforms for drug screens. Influential paper by Swinney and Anthony (2011) 

argue that the phenotype-based approach is more efficient and leads to a 

discovery of more drugs with unique mechanism of action than target based 

approach, despite the fact that the efforts of the pharmaceutical industry are 

concentrated on the later[75].  

 

Phenotypic screening can be performed by using small molecule libraries, which 

can consist of up to several thousand compounds or by screening the drugs that 

were already approved by the Food and Drug Administration (FDA) agency for 

novel indications. When successful, the latter is particularly attractive, as the drugs 

are already proven to be safe in clinical trials on humans, which is a major hurdle in 

the drug development pipeline for when most drugs fail. Screening existing drugs 

for novel applications is referred to as drug repurposing. It is estimated that on 

average drugs interact with at least 6 known molecular targets, based on the data 

for over 800 drugs [76]. Repurposing method relies on the fact that 

pharmacological profile of drugs is often incomplete. Unexpected additional targets 

in pharmacology may represent a challenge, when they lead to drug-induced, often 

toxicity-related side effects - however, this challenge could be turned into 

opportunity, when, often serendipitously, it is discovered that drugs developed for 

one indication are more fitting to treat completely unrelated condition.  Examples of 

repurposed drugs include Alzheimer’s medication galantamine, which was found to 

be effective in preventing withdrawal symptoms related to nicotine cessation in 

smokers [77] and antimalarial compound chloroquine, which can be used to treat 
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metastatic breast cancer, in combination with other chemotherapeutic agent [78]. 

Although to repurpose a drug is much cheaper than to develop a new one from 

scratch, paradoxically it is more challenging to bring repurposed one to market, as 

there is not enough financial incentive for the pharmaceutical industry to do so, due 

to the “old” drugs often being off patent. 

 

Successful identification of the drugs that modulate a read-out in a classic 

phenotypic screen requires rigorous hit validation.  This process referred to as 

target deconvolution, aimed to understand drug’s mechanism of action and 

decipher precise molecular targets involved, which is often challenging due to 

incomplete knowledge of the disease pathobiology. Identifying molecular 

interactions is technically complex and involves assays such as affinity binding 

chromatography and, recently, activity-based protein profiling (ABPP) (reviewed in 

Harrison et al 2014 [79]).  

 

1.3.2 PKD treatments as potential candidates for NPHP-RC  

 

NPHP belongs to a group of rare genetic diseases, which means that research into 

therapies is limited, due to the high costs associated with drug discovery field. PKD 

is a far more common genetic cystic disorder of the kidneys and over a dozen of 

potential drug candidates have been identified and proved to be effective in in vivo 

and/or in vitro studies (Table 2). Alhtough both NPHP and PKD belong to 

ciliopathies group of disorders and are characterised by the renal cysts, 

phenotypically they are quite distinct. NPHP kidneys are fibrotic and of normal or 

small size, while grossly enlarged kidneys is a hallmark of PKD. Despite genetic, 

clinical and phenotypic differences between the two conditions, it has been 

proposed that general ciliary dysfunction, caused by the aberrations in its structure, 

composition or signalling, underlies cyst formation across the spectrum of 

polycystic kidneys spectrum diseases [80].  

 

Polycystins are thought to be among cargo proteins subject to the sorting 

mechanism in the transition zone, a process which is modulated by BBS and NPHP 

proteins, suggesting interaction between protein products of PKD and BBS/NPHP 
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genes [8,81]. It has been suggested that the polycystins’ function may be 

compromised in the kidneys of nephronophthisis-related conditions, but not fully 

missing, leading to a milder phenotype compared to ADPKD [82,83].  

 

The problem of multiple etiology of PKD and NPHP, dissimilar phenotypes and the 

modes of inheritance, raise the question as to whether or not it is worth searching 

for potential NPHP drug candidates among compounds that were shown to work on 

PKD animal models. In addition to cysts, kidneys of nephronophthisis patients are 

characterised by fibrosis - mouse models jck and pcy, harbouring mutations in 

Nphp9 and Nphp3, respectively, show increased apoptosis in renal tissues [84,85], 

while it is not observed in ADPKD models. The initial cyst formation mechanism 

may be shared between NPHP and PKD, while DNA damage response could be 

an additional mechanism underlying fibrosis in NPHP [86] (Figure 4).  
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Figure 4. Schematic overview of signaling cascades underlying kidney phenotype in PKD 

and NPHP.  

In addition to the shared deregulated cellular signaling leading to proliferation defects and loss 

of planar cell polarity, it is proposed that replicative stress and DNA damage response are 

implicated in NPHP, leading to phenotypically distinct kidneys with fibrosis (adapted from [87]) 

 

 

There are numerous PKD animal models, and some of the mouse models used in 

the studies summarised in the Table 2 were actually NPHP and not PKD. For 

example, MEK inhibitor PD98059 was shown to improve the cystic burden of the 

pcy mice, which carries a mutation in Nphp3 gene [84], roscovitine showed positive 

results when jck mice (Nphp9) was treated with it [88], and Genz-123346 inhibited 

cystogenesis in pkd1 mice, as well as jck and pcy mice [89]. Natoli et al (2010) data 

does not imply commonality in cyst formation processes, since the target of the 

Genz-123346 is kidney glucosylceramide, which accumulates in human and mouse 

PKD tissue as compared to normal tissue, regardless of the causative mutation [89].  
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Currently Tolvaptan is the only approved therapy for ADPKD in Japan, Europe, 

Canada and USA. 2018 saw completion of clinical trials in the US and long-awaited 

approval by the FDA in this country [90]. ADPKD patients receiving the drug 

showed slower decline in kidney function, gaining 1.2-4 years before they 

progressed to CKD 5, if the drug is administered while eGFR=41 [91]. Tolvaptan 

belongs to a group of compounds targeted to lower cyclic AMP (cAMP) 

accumulation in cysts, which was shown to play critical role in PKD pathogenesis. 

Other compounds that modulate cAMP pathway include somatostatin analogue 

octreotide and related compounds (pasireotide and lanreotide). ALADIN clinical trial 

tested octreotide on PKD patients – the beneficial results were short lived: patients 

showed improvement following 1 year of treatment, but not after 2 or 3 years of 

continuing treatment [92]. 

 

Another major pathway implicated in cystic kidneys is mammalian target of 

Rapamycin (mTOR) cascade. First evidence came from the discovery that PC1 

interacts with tuburin, which in turn regulates activity of mTOR. This pathway was 

shown to be upregulated in the cysts-lining cells in PKD - mTOR inhibitor 

rapamycin is effective in ameliorating cystic phenotype in rodent models of ADPKD 

[93].  Preclinical work on mTOR inhibitors was extremely promising - they 

prevented expansion of cysts and preserved renal function (in some cases) in 

mouse and rat models of PKD (reviewed in Huber et al 2011 [94]), making 

rapamycin and related compounds (e.g. everolimus) promising PKD drug 

candidates. However, clinical trials results did not live up to the expectations: a 

meta-analysis of five clinical trials did not see improvement in cystic burden in 

patients, while various adverse effects were reported [95]. 

 

In the US, 7 clinical trials are underway to assess efficacy and safety of 7 

compounds for PKD patients. It is of note, that only one compound (RGLS4326, 

micro-RNA 17 inhibitor) is novel and is at first-in-human Phase I study as of 

December 2017, while the rest of the compounds have been originally developed 

for other indications - metformin and pioglitazone are approved to treat diabetes, 

tesavatinib is an anti-cancer agent, while remaining 3 compounds are vitamin B3, 

statins and curcumin (https://pkdcure.org/what-is-pkd/latest-research/pipeline/). 

https://pkdcure.org/what-is-pkd/latest-research/pipeline/
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Vitamin B3 is an interesting candidate - it could act as a potential epigenetic 

regulator in ADPKD, as it is involved in control of proliferation and apoptosis via 

deacetylation processes [96]. Curcumin is the active ingredient of Indian spice 

turmeric and was shown to interfere with multiple signalling pathways [97].  



 

 

2
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 Pathway  Drug Mechanism of action Animal studies Cellular models 

mTOR Everolimus Derivative of sirolimus (rapamycin), mTOR 

inhibitor 

Effective in rat model of PKD (Hans:SPRD) 

affecting proximal tubules but not in a model of 

ARPKD affecting the distal nephron and 

collecting duct[98]. 

  

cAMP 

inhibitor 

Tolvaptan Tolvaptan is vasopressin receptor 2 (V2R) 

antagonist.  Causes decreased kidney cyst 

proliferation and fluid secretion.  

DBA/2FG-pcy mice Tolvaptan significantly 

attenuated the increase in kidney volume by up 

to 50%, reduced mortality rate by 40%[99]. 

  

Octreotide Somatostatin analogue, inhibits cAMP 

accumulation 

PCK rats and Pkd2WS25/− mice: reduction of 

kidney weight, renal cystic and fibrotic 

areas[100]. 

Nphp1 depleted spheroids can be 

rescued with octreotide[101]. 

ERK 

pathway 

Cl-IB-MECA Agonist of adenosine type 3 receptors (A3AR).  

PC1-depleted HEK293 cells and PKD1-mutated 

cystic cells express increased levels of A3AR 

 Reduction in both cytosolic cAMP and 

cell proliferation in both PC1-deficient 

HEK293 cells and cystic cells derived 

from ADPKD patients[102]. 

Berberine Chinese medicine, inhibition of ERK signalling   Reduction of proliferation in human 

polycystic kidney cells and pkd-/- 

mice cells[103]. 

EFGR 

signalling 

Curcumin  AP1 inhibitor, reduces activities of ERK and fos iKsp-Pkd1
del

 mice model - displayed improved 

renal histology, proliferation index, cystic index, 

and kidney/body weight ratios.  Renal failure 

was significantly postponed in mice with severe 

PKD[104]. 

62% inhibition of the forskolin-induced 

cyst formation in MDCK cells[97]. 

Curcumin+ 

Ginkgolide B 

Curcumin blocks both MAPK and m-TOR 

signalling pathways and up-regulates Ca2+ level 

in MDCK cells. Ginkgolide B may execute its 

anti-cyst activity partly by blocking MAPK 

signalling pathway 

  In vitro MDCK cyst model, better 

results with the combination of 2 

drugs[105]. 

MEK 

inhibitor 

Bosutinib, SKI-

606 

Inhibitor of c-Src. SKI-606 has dual effects on 

cystic epithelial cell proliferation and ECM 

adhesion  

Amelioration of renal cyst formation and biliary 

ductal abnormalities in BPK murine model and 

PCK rat model of ARPKD[106]. 

Inhibited epithelial cell proliferation of 

mIMCD3 cells and in murine (Pkd1
+/−

) 

and human ADPKD cyst-lining 

epithelial cells[107]. 
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PD98059 MAP/ERK kinase inhibitor, decreased cell 

proliferation.  

Pcy mice (NPHP3), significantly decreased BP, 

kidney weight, serum creatinine level, and water 

intake and significantly increased urine 

osmolality[84].  

  

Sorafenib Raf inhibitor (cAMP elevation-> activation of b-

Raf/MEK/ERK). Raf inhibitor reduces 

proliferation of cystic cells by reducing ERK, B-

Raf and MEK/ERK activation. 

  

Inhibits proliferation of cells derived 

from the cysts of human ADPKD 

kidneys[108]. 

Hsp90 

inhibitor 

STA-2842 Inhibition of Hsp90 chaperone - shown to induce 

degradation/inactivation of multiple candidates 

that contribute to PKD cytogenesis, includes 

signalling proteins of the mTOR pathway, SRC, 

ERK, STAT3/5 and CDK1. 

Significant reduction of initial formation of renal 

cysts and kidney growth, slower progression of 

the phenotypes in mice with pre-existing cysts, 

(mouse model Pkd1fl/fl;Cre/Esr1
+
)[109]. 

  

  Rosiglitazone Agonist of PPAR (transcription of insulin 

dependent genes). FDA approved drug for 

diabetes 2.  

  Immortalized epithelial cells 

(individual renal cysts, ADPKD 

patients) showed 40% reduction of 

cell growth[110]. 

 Genz-123346 Glucosulceramide synthase inhibitor Effectively inhibits cystogenesis in mouse 

models Pkd1 -/-, jck and pcy mice[89]. 

 

  Roscovitine Cyclin dependent kinase inhibitor. Jck mice (nek8) and cpk (Bicc1) mice - arrest of 

cystic disease[88]. 

  

  Triptolide Chinese medicine induces Ca2+ release by a 

PC2-dependent mechanism. 

Restores Ca2+ signalling. Shows 15% decrease 

in cystic burden of pkd1 -/- mice. Arrest of the 

cellular proliferation and attenuation of overall 

cyst formation[111]. 

  

 

Table 2. Potential PKD treatments found to be promising in in vitro and/or in vivo studies.  
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1.4 Zebrafish and cell-based models of NPHP-RC 

Drug discovery pipelines incorporate several models of the disease, which increase 

in complexity and costs as the development progresses towards the later stages. It 

usually starts with a generic immortalised cellular model used to screen thousands 

of chemicals leading to the selected candidates to be tested in the mouse models 

of the disease. Each assay is a fine balance between physiological relevance to the 

human condition, robustness, and the costs associated to establish and to maintain 

such models. Disease modelling has seen several innovating approaches in recent 

years. First, patient derived material is recognised as the most relevant cell-based 

model when it comes to drug screens, but currently it is primarily used to screen 

potential anti-cancer agents. Large primary cell line collections may consist of up to 

4,000 unique tumour derived cell lines (ATCC provider), while it is more difficult to 

obtain the cells from patients with other than cancer conditions as the methods are 

usually invasive biopsies and/or opportunistic (e.g. surgery). Secondly, culturing 

methods have also seen a significant improvement towards creating conditions 

more closely resembling in vivo environments, such as three-dimensional culturing. 

Last, but not least, genetic manipulation of model organisms makes it possible to 

model and study consequences of virtually any genetic defects. 

 

1.4.1 3D culturing – spheroids and organoids 

 

Organoids are lab-grown miniaturised and simplified versions of the organs with 

some anatomical and structural features preserved. These new models set to 

overcome limitations of the 2D cellular models and provide more physiologically 

relevant platforms for disease modelling and drug screens.  Initiation of 

nephronogenesis in a dish requires renal progenitor cells, which are directed to 

differentiate into multiple renal cell types to form kidney organoids.  The process is 

essentially mimics developmental program when the organs are formed in an 

embryo, and complete understanding of the molecular pathways is 

required.  Human and mouse embryonic tissue was originally used to obtain these 

stem cells, but the advent of the induced pluripotent stem cells (iPSC) is now 
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revolutionising the field of bioengineering, resulting in various differentiation 

protocols that guide iPSCs towards most physiologically relevant systems in a cost- 

and time-efficient manner [112,113]. 

 

Organoids field is developing rapidly, and the most advanced models now 

incorporate microfluidics chip to recreate fluid flow that is experienced by many cell 

types in vivo, including in the kidney. For example, Wang and colleagues (2017) 

have developed glomerulus on a chip model which is a multilayer device, seeded 

with cells derived from primary glomerular microtissue that incorporates fluid flow 

mechanism to model diabetic nephropathy [114]. Freedman’s laboratory has 

developed iPSC differentiation protocol to generate kidney organoid plates, where 

in about 3 weeks multiple nephron-like structures form in the 96- or 384- well 

plates, which are suitable for high-throughput drug screens. Moreover, these 

organoids could be induced to form cysts, either chemically by treatment of 

forskolin or when PKD2 gene is disrupted [115]. 

 

Cells that are able to polarise in 3D (e.g. immortalised renal cell lines or tumour 

cells) most often give rise to spheroid structures, either by aggregation or through 

tightly regulated cell division. Such structures are much simpler than organoids, as 

they usually contain only one cell type. 3D culturing is now preferred over 

conventional 2D culturing, as gene expression, cell-cell interactions are more 

physiologically relevant. Spheroid assays are also used when studying ciliopathies, 

as they provide a platform to study PCP and organised cell division.  

 

Forbes et al 2018 showed that spheroid cultures could be used to study ciliopathy-

associated apicobasal polarity defects. Spheroid cultures of patient-derived cells 

with a variant of unknown significance in IFT140 gene, formed fewer polarised 

spheroids, characterised by reduced expression of apical parts components of the 

cells, compared to isogenic control, where IFT140 gene was corrected by CRISPR-

Cas9.  This functional assay confirmed pathogenic consequence of the variant, 

which previously had unknown contribution to the disease [116]. Work on IMCD3 

and MDCK cell lines show that loss of function of several ciliary proteins (e.g. 

NPHP3, NPHP6, NPHP8) cause defects in spheroid architecture, such as absent 

or misaligned lumens [101]. Knockdown of NPHP1, NPHP4, NPHP8, NPHP2, 
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NPHP3, AHI1, NPHP5, MKS1 results in spheroids with abnormal architecture, 

while IFT88 and NPHP6 knockdown obliterates cells’ ability to form spheroids 

[117]. No studies have been done on 3D phenotypic read-outs of the effects of BBS 

gene knock-downs or knock-outs. One study demonstrated that Rab family proteins 

(Rab8a, Rab8b, Rab11a and Rab25) are required for the proper lumenogenesis as 

their knockdown leads to decreased lumen formation rate and multi-lumens in 

MDCK spheroids[118], while Rabin8 and Rab11 are associated with BBS pathways 

[119]. Spheroid cultures were also used to identify other phenotypes, such as 

reduced ciliation and retarded proliferation[101,117]. Thus it is currently unknown 

whether or not BBS gene deficiency causes abnormal spheroid architecture in 3D. 

 

1.4.2 Urine as a source of human primary cells 

 

Urine collection is non-invasive when it comes to obtaining samples, which is 

particularly important for paediatric patients. Initial studies showed that urine 

samples contain a small population of stem cell-like cells[120–122], followed by the 

reports of successful reprogramming and differentiation of these cells into various 

mesenchymal cell types, such as osteocytes, myocytes, adipocytes, urothelial cells 

and podocytes[123], which further confirmed the progenitor character of these 

cells. It is important to note that one has to be careful when interpreting findings of 

various publications, where the term “stem cells” is used ubiquitously - only 

embryonic stem cells are pluripotent and are capable of differentiating into every 

cell type, under appropriate conditions. Cell types are grouped into lineages, 

depending on the developmental origin: ectoderm, mesoderm and endoderm. 

Embryonic stem cells can be maintained in culture indefinitely while retaining 

pluripotency without losing karyotypic stability. Stem cells in adult tissue reside in 

so-called stem cell niches; however, unlike embryonic stem cells they are 

committed to specific cell types.  

 

Interestingly, amniotic fluid, which is mostly composed of urine, has also been 

examined for the presence of renal progenitors. They were successfully isolated 

from women during second trimester of pregnancy (15-22 weeks), had the potential 

to be cultured for more than 30 passages, expressed renal progenitor markers 
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SIX2 and PAX2 as well as podocyte precursor marker CD24, and could 

differentiate into mesenchymal lineages (osteogenic and chondrogenic induction) 

[124].  

 

Success rates of cell isolation from urine samples are variable and reported to be in 

the range of 10% to 82% [125,126] (studies where n>30) for healthy donors, while 

it is higher for patients with various renal dysfunction, such as cystinosis, tubular 

dysfunction and nephritic syndrome [127–129]. For example Wilmer et al (2005) 

reported 100% success rate for patients with cystinosis compared to only 19% for 

healthy controls[128], while Lazzeri et al (2014) failed to obtain cells from any of the 

10 healthy donors, compared to 8%-51% success rate for patients with various 

stages of nephritic syndrome (remission vs. proteinuria, respectively) [129], while 

another report states that cells proliferated particularly well when isolated from 

young children with minor tubular dysfunction [127].  

 

Although cell isolation techniques vary among groups – samples are either voided 

or obtained by catheterisation, different culturing media are used depending on the 

aims of the study, the stem-like character of the small population of urine-derived 

cells is undisputed, although there is an element of chance whether or not a 

particular sample will contain cells that can be expanded in vitro. Table 3 

summarizes the main findings of studies on urine-derived cells reported in the 

literature. 

 

Two groups used urine-derived cells in the context of a specific genetic disease.  

Lazzeri at al (2014) found abnormal cytoskeleton organisation in urine-derived cells 

isolated from patients carrying mutations in podocyte-specific proteins [129], while 

Falzarano (2016) applied exon skipping therapy to urine derived cells of a Duchene 

muscular dystrophy patient which resulted in restoration of dystrophin protein [130]. 

These recent studies demonstrate that research on urine-derived cells can 

translate into better understanding of disease mechanisms and facilitate 

development of personalised therapies. 
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Donors and how 

samples were 

obtained 

Main study findings Urine-derived cells characterisation Success rate and proliferative potential Reference 

Children ages 0-9. 

 

Showed potential of proximal tubular 

epithelial cells (PTEC) to form spheroids in 

sandwich culture.  

Characterised as PTEC based on morphological 

features. Spindle shape and dome formation 

characteristics.  

Better success rates for patients with minor 

tubular dysfunction or from young children.  

[127] 

55 voided samples 

from 23 individuals (15 

healthy controls and 8 

patients with 

vesicoureteral reflux) 

A subpopulation of cells (0.2% or 2.5 cells 

per 100ml) had progenitor-like cell features 

and the potential to differentiate into several 

bladder cell lineages.  

3 phenotypes, including fully differentiated, 

differentiating and progenitor-like cells. Markers 

typical of stem/some progenitors cells (c-Kit, 

SSEA4, CD44), urothelial basal cells but not 

endothelial or hematopoietic progenitor cells.  

Clones were obtained from 40% to 70% of 

urine samples. Two weeks to reach 

confluence, 3.5 weeks to expand to 1 

million, 6-7 weeks to expand to 100 million 

at P4.  At least 8 passages in vitro. 

[120] 

12 samples from 4 

healthy donors.  

 

Urine-derived cells differentiate particularly 

well into bladder cells, urothelial cells and 

smooth muscle cells, with application of 

defined growth factors.  

Urine derived stem cells (USC), express 

pericyte/mesenchymal stem cell marker. 

Previously shown (by the same group) to give rise 

to osteocytes, chondrocytes, myocytes and 

adipocytes. 

10-15 clones obtained from 200ml 

samples, each capable of undergoing 32-

46 population doublings: 1 clone gives rise 

to 2
34

 cells by P6-8 within 5 weeks. USC 

start to senesce at P10. 

[131] 

415 samples collected 

from 12 healthy 

donors. 189 samples 

preservation study.  

USC media with 5% FBS preserve cells in 

urine at 4C for up to 12 hours. Correlation 

between average number of colonies and 

body size (height). 

Mesenchymal stem cell markers and pericyte 

markers. Also expressed uroplakins, urothelial 

markers.  

Each clone can generate 4 million cells at 

passage 3 within 2 weeks. Nearly 50 

population doublings.  

[132] 

10 healthy donors 

ages 23-69 undergoing 

kidney donor 

nephrectomy. 

Urine as alternative stem cell source, cells 

performing better than adipose tissue in 

terms of potential for differentiation into 

neuron, muscle and endothelium.  

Epithelial origin based on cobblestone-like shape 

with frill. Stem cell markers SSEA4, Nanog, Oct4, 

Sox2, STAT3, and Smad2. 

Population doubling time 48.2hrs at P3 

(increases at P5 and P7). 

[122] 
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10 patients (1-14yrs), 

undergoing urological 

interventions. 

Highlight the need for pre-implantation 

quality control as cells change with passage 

number. 

Not characterised. Proliferation decreases with passage 

number (P2 vs. P8 were compared). 

[133] 

57 individuals.  Reprogramming of urine-derived cells by 

retroviral infection at P1 or P2. Recommend 

cell sorting when cells reach 100-200K. 

Express renal epithelial markers, but not urothelial 

marker. Identified two types of colonies. 

Likelihood of cell type (1 or 2) is due to chance. 

5 out 57 samples were contaminated, while 

primary cell culture isolated from 42 

samples - 82% success rate.  

[126] 

38 healthy subjects. Created conditionally immortalised cell line 

which remain proliferative for up to 45 

passages. Potential for high throughput 

investigation of renal drug handling. 

Characterised as proximal tubular cells. Feature 

functional sodium dependent and endocytosis-

mediated reabsorption.  

 Success rate for culturing proliferating 

cells is approximately 10%. Isolated cells 

have heterogeneous morphology. 

[125] 

 

9 patients with 

cystinosis (5-15 years 

old) and 48 healthy 

donors (4–13 years 

old). 

Patient-specific phenotype in cells isolated 

from patients with cystinosis, caused by 

Fanconi Syndrome.  

All samples positive for megalin and 

aminopeptidase N (staining). Additional staining 

confirmed proximal tubules origin. Immortalised 

cells had PTEC morphology.  

Primary culture within 2 weeks in 9/9 

patients (100% success rate), but only in 

9/48 (19%) of healthy controls.  

[128] 

Renal pyeloplasty from 

5 patients (1.5-18yrs) 

with normal renal 

functions Voided urine 

from controls. 

Urine derived cells can expand and 

differentiate into urothelial and myogenic 

cells.  

Potential cell source in bladder tissue 

engineering  

Expressed mesenchymal stem cell and pericyte 

surface markers. 

Mean cell population doubling time 46.5+-

7.7 hours. 

[121] 

2 healthy controls and 

1 Duchene muscular 

dystrophy patient 

Cells were used to test read-through therapy 

for Duchene muscular dystrophy patient. 

85–95% were positive for markers of 

mesenchymal origin (CD90 and CD105). High 

percentage of cells showed the presence of 

CD13/aminopeptidase N. All samples expressed 

NANOG, Oct3/4 and showed telomerase activity. 

No difference between the patient and the 

controls, in terms of cell viability, survival 

and proliferation. 90% were viable at P7, 

with less than 5% expressed apoptosis 

associated marker annexin V.  

[130] 
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8 healthy males (22-28 

years). 

Osteogenic, adipogenic, chondrogenic and 

neural induction. 

USC had fibroblasts morphology. Cells analysed at Passage 4. [123] 

200ml samples from 8 

healthy donors. 

First study to demonstrate that USC cells 

differentiated into osteoblasts could repair 

bone defects. Urine as cell source for bone 

tissue engineering.   

Spindle-shape morphology, phenotype is similar 

to mesenchymal stem cells. 

 

Success rates are not reported. USC were 

grown to P5; no differences reported in 

proliferative potential. 

[134] 

4 urine samples (2.5-

10ml) from 17months-

18 years,  

Urine derived cells as alternative cell source 

for tissue engineering for urinary 

reconstruction.  

USCs were induced to differentiate into urothelial 

smooth muscle cells 

Within 3 weeks each clone expanded to 1 

million.  

[135] 

60 samples from 

children with nephritic 

syndrome and 10 

controls. 

Demonstrated capacity to differentiate into 

tubular cells and podocytes. Patient-specific 

phenotype and functional abnormalities were 

identified  

Renal progenitor cells with expressing CD133, 

CD24 and CD106.  

33% overall success rate in patients, (51% 

when proteinuria, 8% when in remission 

state of disease). None of the 10 control 

samples proliferated. 

[129] 

50 healthy donors and 

20 ciliopathy patients. 

Cells are amenable to 3D culturing, form 

spheroids, but fewer clear lumens compared 

to mIMCD3 cells. 

Reduced ciliation in Joubert patient URECs. 

Urine-derived renal epithelial cells (URECs). 

Spheroids stained for aquaporin-2 (57.5%, 

collecting duct cells marker) and megalin (35%, 

proximal tubules cells marker). 

Success rates not stated. [136] 

 

Table 3. Summary of findings of studies on urine-derived cells. 
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1.4.3 Zebrafish as a model organism to study NPHP 

 

The zebrafish has been long established as an excellent model for investigations 

into human disease mechanisms and drug screens. Although there are a lot of 

differences between the mammalian and teleost kidneys, similarities also exist at 

the cellular and molecular levels. There are three distinct forms of kidneys that 

vertebrates have: pronephros, mesonephros and metanephros. The latter forms 

only in amniotes, while amphibians and teleost have pronephros during early larval 

stages, which are then replaced by mesonephros during the juvenile stage of 

development. This means that zebrafish model of NPHP would have a defect in the 

pronephros, which would not be fully representative of the human disease, since 

the latter is characterized by the abnormal function and morphology of the far more 

complex and intricate metanephros. However, both types of kidneys consist of the 

same basic structural element and functional unit – a nephron; while the zebrafish 

has one pair, human kidney consists of millions (Figure 5). Due to the rapid 

development of the zebrafish, the pronephros form and become functional around 

48 hours post fertilization (hpf); morphological abnormalities of some of the organs, 

including the pronephros, can be observed in live embryos since they are 

transparent. Numerous studies have shown that the zebrafish has functional 

analogues of the majority of genes implicated in human diseases, including NPHP. 
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Figure 5. A comparison between nephron of the vertebrates and pronephric 
tubules of the zebrafish[137]  

Adapted from Drummond, 2005 

 

Kidney function in patients is estimated by measuring glomerular filtration rate 

(eGFR) - similarly, it can be assayed in zebrafish models of kidney disease. 

Fluorescent rhodamine dextran dye can be injected into embryo’s pericardium, it is 

then being excreted via the kidneys and 85% of the fluorescence is normally lost in 

24 hours, when zebrafish pronephros function normally [138]. Christou-Savina et al 

(2015) have demonstrated that the dye accumulated in bbs9 morphants instead of 

being excreted via the kidneys, providing evidence for bbs9 role in kidney function 

in this model of the disease [138]. However, the assay is laborious and requires 

micromanipulation of the embryos, making it hard to assay large number of 

embryos.  

 

Clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR-

associated (Cas) systems have been applied successfully to edit genomes in cell 

lines and model animals, including zebrafish [139]. The timeline to generate a 
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mutant is approximately one year, as it takes 3 generations - embryos F0 are 

injected, and then raised to adulthood to be cross-mated to wild types to generate 

F1 offspring. Transmission of the mutation in the gene of interest is then confirmed 

and subsequent generations (F2 and onwards) are raised to be used in the 

experiments.  

 

1.4.4 Zebrafish models of cystic kidney disease 

 

Zebrafish has cilia in virtually all cell types. Kramer and Zucker (2005) observed 

that all cilia in zebrafish kidney cells were motile, with a 9+2 axoneme structure: 

anterior and middle segments of the pronephric duct are multiciliated, while the 

cells in the posterior portion of the duct generally have a single motile cilium [140]. 

Analysis of ift88 and ift57 zebrafish morphants revealed that they have shortened 

cilia with impaired movement leading to reduced or absent flow in the pronephros 

which caused cyst formation and duct dilation in these models.  Thus, it is primarily 

cilia motility defects that lead to cyst formation in zebrafish [140]. 

 

Interestingly, zebrafish mutant models of PKD (polaris/pkd2 and curly up/pkd2), 

with mutations in polycystins orthologous Pkd1a and Pkd2, do not present with 

kidney cysts, while morphants have either dilations in the pronephric region or cyst 

in the glomerular region [141,142]. The reason for this discrepancy is unclear. 

Schottenfeld et al (2007) note that the dilations observed in the pronephric region 

of the morphants may not be true cysts, but rather consequences of more global 

defects in body patterning observed in these models [142].  

 

Another dissimilarity between zebrafish and humans, with respect to the effect of 

mutations on kidney phenotype is primary ciliary dyskinesia (PCD) - human 

patients do not present with kidney cysts, while zebrafish PCD mutants (e.g. 

lrrc50/dnaaf1 [143]) do have cysts, further illustrating the fact that motile cilia is 

implicated in zebrafish, but not in humans. Similarly, zebrafish phenotype, caused 

by the bbs genes knockdown by morpholinos generally does not include cysts, with 

an exception of ift27/BBS19 model, although the morphant phenotype presented in 

the study is quite severe and the cyst phenotype is not fully penetrant [144].   
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Various researchers have characterised the effect of silencing of particular NPHP 

gene(s) in zebrafish [35,61,145–157]. The most frequently reported phenotype is 

curvature of the ventral axis of the embryo, followed by the presence of pronephric 

cysts or duct dilation as well as reversed heart looping, cerebral abnormalities and 

hydrocephalus, which are all classic ciliopathy features in zebrafish models of 

disease. The common theme in the publications was variability of the expression of 

the phenotype and kidney cysts in particular – and often there was a discrepancy 

between the ratios of the affected embryos, depending on the publication (Table 4). 

For example, Zhou et al (2010) reported that 6.2% of embryos developed cysts, 

while Hoff et al (2013) report three times as many embryos having cysts[153,154].  

 

Some researchers have investigated the interaction between various NPHP gene 

products by silencing two genes at the same time [61,146,149,150,154], which led 

to a suggestion that NPHP genes can be organized into three distinct biochemical 

and functional modules that are involved in apical organization (NPHP1, NPHP4, 

NPHP8), cilia integrity (NPHP5, NPHP6) and those that localize to inversin 

compartment (NPHP9, NPHP2, NPHP3) [117]. Simultaneous silencing of two 

genes by co-injecting embryos with subphenotypic doses of morpholinos was 

shown to result in a more pronounced phenotype, than the one, which resulted 

from a single morpholino injection (Table 4). This is in line with the proposed 

modular nature of various nphp genes. 
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 Gene target for MO Glomerular region / pronephric duct 
phenotype 

Reference 

NPHP1 Duct dilation in about 80%, small cysts [150]
 

NPHP2  Oedema, prevalence not stated [20,151,158]
 

NPHP3 6.2% - 20% kidney cysts  [153,154]
 

NPHP4 25-80% kidney cysts, duct dilation.  [150,155]
 

NPHP5 15% kidney cysts [156]
 

NPHP6 15%-47% kidney cysts [61,145,151,1
56,157,159]

 

NPHP9 15% -57% kidney cysts [146,147,154]
 

NPHP15 Cystic dilation in 25% [148]
 

NPHP17 Cysts, prevalence not stated [35]
 

ANKS6 31% - 23% kidney cysts [154]
 

NPHP1+NPHP4 About 50%, duct dilation [150]
 

NPHP5+NPHP6 More than 39% [156]
 

NPHP9+ANKS6 About 33% [154]
 

NPHP3+ANKS6 About 40% [154]
 

NPHP9+NPHP2 About 60% [146]
 

NPHP6 (Sentinel 
mutant) 

89% [149]
 

Table 4. Pronephros phenotype and cyst incidence of the zebrafish models of 
nephronophthisis reported in the literature.  

 

 



Chapter 1. Introduction 

 38 

1.5  Thesis scope 

The focus of this work are two ciliopathies: Nephronophthisis and a 

Nephronophthisis-related ciliopathy, Bardet-Biedl Syndrome. The thesis consists of 

three studies that span disease modeling, drug screening and genetic sequencing. 

In Chapter 3, Zebrafish Study, I have targeted several nphp genes in zebrafish by 

morpholinos to find a suitable phenotypic read-out for a high-throughput chemical 

screening. I used a drug repurposing method and screened 640 FDA approved 

drugs and then 15 PKD therapies in zebrafish models of nephronophthisis. Second, 

I investigated molecular causes of BBS in a multi-ethnic cohort of 117 patients 

without a prior genetic diagnosis (Chapter 4, Fluidigm Study) by applying a 

variety of sequencing techniques. Chapter 5, URECs study, describes disease 

modeling approach where patient-specific primary cells are used, isolated from 

BBS patients’ urine samples, with or without renal involvement. Chapter 6 is a 

discussion of the results from the three studies.  
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2 Chapter 2. Materials & Methods 

2.1 Fluidigm study 

2.1.1 DNA samples, quantification and quality control 

 

Blood samples of the affected individuals were collected in Turkey, UK, Pakistan 

and the Netherlands under ethics approval (08/H0713/820) granted by the National 

Research Ethics Service. Genomic DNA was extracted from lymphocytes locally or 

at the UCL Institute of Child Health in London, using standard commercially 

available methods such as QIAGEN kit and was kept at -20 degrees until used as 

part of this project. 

 

Concentrations of all DNA samples were measured using Nanodrop (Thermo 

Fisher Scientific, Massachusetts, US), which gives a rough estimate of the DNA 

concentration and gives an indication of sample quality. For samples where the 

concentration was found to be <50ng/µL) and/or the 260nm/280nm ratio was below 

1.8 whole-genome amplification was performed using the REPLI-g Mini Kit 

(QIAGEN, Hilden, Germany). Final concentrations of DNA samples were calculated 

using QUBIT (Invitrogen, California, US).  

 

In total, 119 samples were target-sequenced using the Fluidigm Access array 

system, including 70 Turkish Samples, 32 samples from the UK of other than 

Turkish backgrounds and 17 samples received from the collaborators in the 

Netherlands, mainly representing samples of Pakistani and Romanian origin  

 

Fluidigm technology relies on a three-step amplification process, consisting of a) 

PCR-based amplification of target regions, b) amplicon tagging and c) massive 

parallel sequencing – outlined in detail below. 
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2.1.2 Design of primers 

 

Primers were designed using bioinformatics pipeline PrimerZ (web source: 

http://genepipe.ncgm.sinica.edu.tw/primerz/beginDesign.do). Parameters were set 

according to the Fluidigm instructions, with an amplicon size being 250-300bp. 

411 primer pairs were designed to cover all exons in multiple transcripts (where 

applicable) of the following genes BBS1, BBS2, BBS3 (ARL6), BBS4, BBS5,BBS6 

(MKKS), BBS7, BBS8 (TTC8), BBS9, BBS10, BBS11 (TRIM32), BBS12, BBS13 

(MKS1 )BBS14 (CEP290) BBS15 (C2ORF86), BBS16, BBS17 (LZTFL1), BBS18 

(BBIP1), BBS19 (IFT27), CCDC28B,  MKS3 (TMEM67).  

A corresponding universal TAG sequence was added to forward and reverse 

primers. Universal primer sequences 5′-ACACTGACGACATGGTTCTACA-[target-

specific forward]-3′ and 5′-TACGGTAGCAGAGACTTGGTCT-[target-specific 

reverse]-3′ were added at the 5′ end to all target-specific forward and reverse 

primers, respectively.  

Primers were synthesized by Sigma-Aldrich. PCR reactions were set up to test all 

the primers on WT DNA as means of quality control. Some failed (i.e. no PCR 

band) and were re-designed. Primer sequences can be found in the Table A3 of 

the Appendix (Page 165).  

2.1.3 Target DNA enrichment by Fluidigm 48.48 Access Array™ IFC system 

and PCR product library preparation. 

 

411 primer pairs were pooled to generate 8-10-plexed 48 BBS primer pools in a 96-

well stock Multiplex Primer Mix at a concentration 5 μM (each primer pair). These 

were then used to prepare 20x Primer solution with a final concentration 1uM per 

primer pair (Table 5).   

 Component Volume (μl) Final Concentration 

Stock Multiplex Primer Mix 5uM 8 1 μM per primer 

20x Access Array loading reagent 2   

DNA suspension buffer 30   

Total 40   

 
Table 5. Preparation of the 20x Primer solution for Fluidigm Access Array 
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All reagents were combined to prepare samples mix as per protocol in Table 6. The 

mix was then dispensed to each well of a 96-well plate and 1μL of sample DNA 

added (concentration: 30ng/μL).  

Component Volume (per reaction, μL) 

10X FastStart High Fidelity Reaction Buffer 

(w/o MgCl2) 

0.5 

25mM MgCl2 0.9 

DMSO 0.25 

10mM PCR Grade Nucleotide Mix 0.1 

5U/uL FastStart High Fidelity Enzyme Blend 0.05 

20X Access Array Loading Reagent 0.25 

DNA sample (30ng/uL) 3 

PCR Certified Water 1.95 

Total PCR recipe  5.00 

 
Table 6. DNA PCR Sample mix recipe for Fluidigm Access Array.   

4μL of 20x Multiplexed Primer solution and 4μL of DNA PCR Sample mix were 

added to the corresponding inlets of the 48.48 Access Array chip (Figure 6). All 

subsequent steps (chip priming, running the script) were performed as per Fluidigm 

instructions.  
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Figure 6. Diagram of the Fluidigm 48.48 Access Array Chip.  

Forty-eight samples and forty-eight multiplexed primer pairs were loaded into 
corresponding inlets. 

Then, the PCR product was harvested, transferred into 96-well PCR plate to carry 

out a second PCR step which barcodes the samples and introduces Illumina 

adaptor sequences. As a result, all 23040 PCR products are unique and can be 

pooled. The sample was then cleaned using Ampure XP beads (magnet set-up) 

and the concentration of the PCR Product Library normalised to ~3nM as per 

formula in Equation 1, where 6.022x10^23 is the Avogadro number, 656.6 in the 

average molecular weight of nucleotide pairs (g/mole) and average amplicon length 

(in base pairs (bp)) is the average length of the 48 amplicons generated in the 

Access Array experiment. 

 

Equation 1. Formulae used to calculate a concentration (ng/ μL) of the PCR 
product library. 
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2.1.4 Next-generation resequencing and bioinformatics pipeline 

 

Sequencing of all 117 samples was performed on a next-generation sequencing 

MiSeq platform (Illumina) as previously reported. MiSeq next generation 

sequencing results are compared against the genome of Homo Sapiens, which is 

assembled by the Genome Reference Consortium 

(https://www.ncbi.nlm.nih.gov/grc). It is constantly being updated to reduce gaps in 

the sequence and is annotated with allelic frequencies and genotype distribution 

across various populations (such as African/American, East Asian, Finnish, etc.) for 

which a particular variant has been reported. 

Sequence reads were grouped for each barcode that corresponded to a particular 

DNA Sample. Final VCF file was generated by the bioinformaticians at the North 

East Regional Genetics Service department at the Great Ormond Street Hospital.   

 

NGS generated close to 30000 variants for over 100 DNA samples, in 21 genes 

sequenced. Raw data was filtered manually, however special software packages 

exist to automate the process in order to reduce both time and human errors 

associated with manual analyses. For example, Congenica offers Sapientia 

software, where genomic sequences can be uploaded to generate clinical reports 

containing variant interpretation (https://www.congenica.com/about-sapientia/). The 

variants were narrowed down to a list of over 100 variants that were protein-coding, 

missense/frameshift/stop and/or mapped to a splice site (±3bp at the exon/intron 

boundary). Frequency detected was set 20% for each variant at that sequencing 

position, and Minimum allelic frequency (MAF)< was set to below 0.01 (or not 

reported) in standard databases such as 1000 Genome Project, ExAC and dbSNP. 

Missense variants were further prioritised based on the PolyPhen prediction and 

putative splice effects of synonymous variants were checked using Alamut software.  

2.1.5 Sanger sequencing for variant detected by NGS 

 

PCR reactions (FastStart High Fidelity PCR system (Roche)) were purified using 

either USB ExoSAP-IT (Affymetrix, California, USA) or QIAquick PCR Purification 

Kit (QIAGEN). PCR product was sent to EuroFins for Sanger sequencing along 

https://www.ncbi.nlm.nih.gov/grc
https://www.congenica.com/about-sapientia/
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with the universal sequencing primers, data analysed using open access platform 

Benchling (https://benchling.com). 

2.1.6 Sequence analysis 

 

Whether or not a particular case was solved was determined by the type of 

mutation and the PolyPhen (http://genetics.bwh.harvard.edu/pph2/) predicted 

consequence, as well allelic frequency of the variant, in line with the recessive 

nature of BBS (Table 7). 

 

Type of Mutation Allelic frequency 

Heterozygous Homozygous Compound Het 

Missense with predicted 

probably/possibly damaging 

Polyphen consequence 

Not solved Solved Solved 

Missense with predicted 

Nil/Benign Polyphen 

consequence 

Not solved Not solved Not solved 

Nonsense Not solved Solved n/a 

Frameshift Not solved Solved n/a 

Splice site  Not solved Solved n/a 

Table 7. Types of mutated alleles considered to be causing BBS.  
Mutation type and allelic frequency determine whether or not a particular case is solved 
(=mutation explains BBS) or unsolved (=contribution of the mutation does not fully 
explain BBS). 

 

2.2 URECs study  

2.2.1 Sample collection 

 

Urine was obtained via the paediatric and adult national Bardet-Biedl syndrome 

clinics at Great Ormond Street and Guy’s Hospitals. Samples were obtained under 

the project “Molecular Genetics of human birth defects”, Research Ethics 

committee study 08/H0713/82. Patients were invited to participate if they were able 

to provide a clean mid -stream urine specimen. All patients gave informed consent 

or assent. In total, 45 urine samples (volume 15-145ml) were collected from BBS 
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patients ranging in ages 5-60 years, during 6 clinics over the course of 10 months. 

Small number of patients’ samples (3/45) had clear signs of infection within the first 

24 hours of collection and were discarded. Only samples from patients with 

molecular confirmation of the diagnosis are reported here. Results were analysed 

according the genotype (BBS1 versus other genotypes) and the absence or 

presence of structural kidney disease. Kidney disease was defined by either the 

presence of structural abnormalities or functional deficit (eGFR<90). Control 

samples were collected separately from an age and gender matched population.  

 

All samples that proliferated beyond P0 were analysed in 3D (13 patients (age from 

7 to 47 with 7 males and 6 females) and 8 controls (ranging in age from 2 to 40 

with three males and 5 females.). 

 

2.2.2 2D and 3D culturing 

 

Urine samples were processed within 4 hours of collection, as described 

previously[136]. Cell were isolated by a 2-step centrifugation, and re-suspended in 

1ml of primary media in 1 well of a 24-well plate (1:1 Dulbecco’s Modified Eagle’s 

medium (DMEM) and Ham’s F12 Nutrient Mix containing 1xREGM SingleQuots 

and growth factors (CC-4127, Lonza, Basel, Switzerland), 10% Fetal Bovine Serum 

(FBS), Penicillin-Streptomycin (100µ/ml) and Amphotericin B (100µ/ml). More 

primary media (0.5ml) was added at 24, 48 and 72 hours post-collection. At 96 

hours media was replaced by 1ml proliferation medium (REBM Basal Media (CC-

3191, Lonza, containing 1xREGM SingleQuots and growth factors (CC-4127, 

Lonza), Penicillin-Streptomycin (100µ/ml), Amphotericin B (100µ/ml) and 1% FBS). 

Media was replaced 6 times a week. Cells were passaged once they had reached 

80% confluence, 100,000 cells were seeded in new wells of the same plate. Fresh 

cells (never frozen) were used in all experiments.  

 

For 3D culturing Corning Matrigel (Growth Factor Reduced) was used. Cells 

suspension (100μL containing 20,000 cells) was mixed with 80μL of matrigel 

thawed on ice (while it remained in liquid form) and quickly placed in 1 well of 

Coverglass 8-chambered Lab-Tek II (Sigma-Aldrich, Missouri, US), and transferred 
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into incubator for 30 minutes to allow gelling. Proliferation media (300 μL) was 

added on top on the gel culture. Half of the media (150 μL) was replaced with the 

fresh one every other day throughout a 10-day culturing period. On day 10 cultures 

were fixed by PFA, which dissolves Matrigel while stabilises spheroids for 

immunocytochemistry. 

2.2.3 URECs Population doublings estimates 

 

For the first batch of samples (GOSH3, GOSH4, GOSH5, GOSH8, ICH2, GUYS4, 

GUYS8, GUYS3, Con7, Con KN, Con RD) population doublings were calculated 

retrospectively, by taking into account dilution factor when cells were passaged. 

For example, if the cells were passaged twice 1 in 2, overall proliferation factor 

would be 4 (i.e. the final number of cells would be 4x of the original x number of 

cells in a well that is ready to be passaged). In the second batch of samples 

(GOSH13, GUYS26, GOSH17, GUYS42, GUYS43, ConF2.5, Con F5, Con MF, 

Con JK, Con MM, Con T), cells were counted every time cells were subcultured by 

using automated cell counter (TC20, BioRad, California, US). As cells were used 

for experiments during subculturing in most proliferative samples, total cell yield 

was a projection. This was estimated by using the formula for population doubling 

time, PD
T
=(log(2)*T)/(log(N)-Log(No)), where T is the time interval between cell 

count points, N is the final number counted, while No is the number of cells seeded.  

 

Population doubling level, or the number of population doublings that cells 

underwent since they were subcultured, were calculated by using a formula 

PD=[log(N/Xo)]/log2 where N is the final cell yield, and Xo is the initial cell number 

[160]. As there was a variation in the cell number readings that ready-to-be-

passaged confluent wells of a 24-well plate contained, a baseline number of cells at 

Passage 1 was used instead to normalise the data, Xo=200,000 for all samples. 

Raw data and calculations are presented in the Appendix (Tables A9, A10, A11, 

Pages 196-200) 

 

2.2.4 Spheroid assessment: architecture and cilia length measurements 

 
Some published methods that report three-dimensional architecture analyses of the 



Chapter 2. Materials and Methods 

 

 47 

spheroids rely on the coefficient of variation (CV) among x, y and z-axes of the 

object, which requires three-dimensional reconstruction, using z-stacks. A spheroid 

is called as “abnormal” whenever CV>0.15 [117]. 

 

Images of spheroids’ midsections were analysed by calculating circularity of the 

outer outline, which is a measure of how round the object is and ranges from 0.0 

(completely irregular) to 1.0 (a circle). Circularity formula is in-built in ImageJ 

(C=(4*pi*Area)/(Perimeter^2)) while simple macros can semi-automate data 

analysis (Dale Moulding’s script, Figure 7). 

 

 

Figure 7. Example of spheroids’ roundness analysis by using ImageJ macros 

 

2.2.5 Cilia-specific phenotype scoring and measurements 

 

For cilia measurements in spheroid cultures, confocal images (stacks) were taken 

of spheroids and analysed using IMARIS software. Cilia were measure in 3D, by 

manually tracing organelles, visualised by acetylated tubulin staining (Figure 8). 

Data was collected by Tiago Mendes.  
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Figure 8. Example of the cilium length measurements: tracking an organelle in 

IMARIS software 

 

For cilia measurements of cells grown as 2D, but in Matrigel, stacks were taken 

and analysed in ImageJ. Statistical analyses were performed in Graphpad Prism 

software (https://www.graphpad.com/scientific-software/prism/). 

 

For ciliation rate, spheroid cultures were analysed. Number of nuclei and cilia were 

counted by visual examination of stained cultured during confocal sessions.  

2.2.6 Immunocytochemistry  

 

On day ten of spheroid cultures, old media was carefully removed by pipetting and 

the gel was washed three times with Dulbecco’s PBS supplemented with Calcium 

and Magnesium (Thermo-Fisher Scientific, Gibco, cat. no. 14040-133) at room 

temperature. The cultures were then incubated with a freshly prepared 4% 

paraformaldehyde (PFA) for 30-45 minutes on a shaker at a slow speed. PFA and 

dissolved Matrigel mixture was then removed, followed by a two-day 

immunostaining protocol[161] of spheroid cultures that adhere to the bottom of the 

chamber slide. Briefly, the staining procedure is performed directly in the chambers. 

Permeabilisation buffer contains PBS with 7mg/ml gelatine from porcine skin 

(Sigma-Aldrich, cat. no. G1890 and 0.5% (vol/vol) Triton X-100 (Sigma-Aldrich, 

cat. no. T8787). Fixed spheroid were washed three times with DPBS 

supplemented with Calcium and Magnesium, then incubated with permeabilisation 

buffer for 30 minutes, followed by the overnight incubation with a primary 

antibodies mixture (150μl in each well) at 4 °C on a shaker. On the following day 

primary antibody solution was removed, cultures washed four times with 

https://www.graphpad.com/scientific-software/prism/
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permeabilisation buffer and incubated for four hours with a secondary antibody 

mixture. After washing the cultures three times with permeabilisation buffer (10’ 

each) and two times with PBS (5’ each) they were stained with DAPI (Roche, 

Basel, Switzerland, product no. 10236276001, 1mg/ml stock solution freshly 

diluted to 1:20,000 in PBS just prior to staining) for 20’ at room temperature, 

followed by a final wash with PBS and mounted with Fluoromount-G (Southern 

Biotech, Alabama, USA, cat. no. 0100-01), by adding ~200 μl in each well to 

completely cover spheroid cultures. Stained cultures were subsequently 

analysed on the Confocal Microscope.  

 

Primary antibodies used:  β-Catenin polyclonal antibody, rabbit (Invitrogen, 

California, USA, cat. no. AHO0462), Monoclonal anti-acetylated tubulin antibody, 

mouse IgG2b (Sigma-Aldrich, cat. no. T7451), anti-Aminopeptidase 

A/BP1/CD249 Polyclonal Antibody, rabbit (Insight Biotechnology, Wembley, UK), 

Anti-Uroplakin III, rabbit monoclonal (Sigma-Aldrich).  

Secondary antibodies used: Alexa Fluor 488 goat anti-rabbit (Invitrogen, cat. no. 

A11034), Alexa Fluor 555 goat anti-mouse (Invitrogen, cat. no. A21422), Alexa 

Fluor 647 goat anti-rat (Invitrogen, cat. no. A21247) 

Senescence β-Galactosidase Staining kit  

 

X cells were plated in 24-well plates and cultured until confluent, then stained as 

per manufacturer’s protocol (Senescence β-Galactosidase Staining kit, Cell 

Signalling, Massachusetts, USA, 9860).  Cultures with non-proliferating cells were 

fixed in their original 24-wells, i.e. without re-plating them, to investigate 

senescence as a potential mechanism of limited proliferation in vitro. 

2.2.7 Quantitative PCR 

 

RNA was extracted from cells grown in a monolayer and RNA concentration was 

determined spectrophotometrically. RNA was extracted (RNeasy kits with on-

column DNA digestion; QIAGEN) and a total of 500ng RNA was transcribed using 

the Reaction Ready First-Strand cDNA Synthesis kit; SABiosciences. Genes of 
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interest (Aminopeptidase, SOX2, and β-Galactosidase) were confirmed using gene 

specific qPCR primers. Primers were designed using primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast). The optimum annealing 

temperature was determined for each primer set on cDNA from control URECs 

prior to the analysis of experimental samples. The specificity of each primer set 

was assessed using bioinformatics software (primer-blast) and verified by 

assessing the melt curve using the Bio-Rad CFX96 qPCR thermal cycler.  qPCR 

was performed in triplicate and normalised to GAPDH expression.  

2.3 Chemical screening using zebrafish NPHP model 

2.3.1 Zebrafish  

 

Wild type strains AB/AB-TL were used to generate morphants. Fish were 

maintained using standard zebrafish husbandry conditions (14-hr light cycle, water 

temperature 28.5C). Embryos were obtained by natural spawning procedures. 

2.3.2 Morpholino knockdown 

 

Antisense morpholinos oligonucleotides (MO), engineered to interfere with the 

translation of the gene (Gene Tools LLC, Oregon, USA) were delivered to embryos 

at 1-4 cell stage by microinjection, according to the standard procedures. Injections 

were performed using a borosilicate glass capillary needle with inner filament 

(Harvard Apparatus, Massachusetts, USA) attached to a Picospitzer III 

microinjector machine (Science Products, Hofheim am Taunus, Germany). 

Previously published morpholinos were used for nphp6/cep290, nphp9, ift172, 

where rescue experiments, such as co-injection with the WT RNA, have been 

performed by the others. Morpholino, targeting cc2d2a, was designed by me, using 

Gene Tools software. 

 

- Nphp6/cep290 targets intron/exon 43 splice junction 5’-

AAAGTTGCACCTACAGAGGGTCTGG-3’ [149]  

- Nphp9/Nek8 targets ATG 5‘-CTTCTCATACTTCTCCATGTTTTCG-3‘ 

[147,154]   

- Ift172 morpholino 5’-ACGTCGTCAATATTTTACCTGAGGC -3’ [35] 
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- Morpholino designed for Cc2d2a exon 10 splice site junction  

5’-TTTAGTGATGGTTTCTGTACCTGGC-3’ 

 

Control (scrambled) morpholino was used in work that contributed to Slaats et al 

publication (2015) [162], as protein levels were measured in the cep290 morphant 

and it was critical to control for the possible stress or delay in the embryo 

development that microinjection could have caused. Ideally, a 5 base-mismatch 

morpholino is designed for a particular morpholino which is being tested, however a 

general, “scrambled” morpholino, that doesn’t even partially compliment any gene 

in particular, is also accepted as a control. Scrambled morpholino was provided by 

the Rachel Giles lab in Utrecht Medical Centre, Netherlands and used as control in 

cep290 zebrafish experiments. 

2.3.3 Drug treatment: 640 drugs 

 

Enzo Screen-Well™ BML-2842 version 1.5 640 FDA approved Drug Library was 

screened in this project (Table A1 in the Appendix, Page 146). The original library 

of drugs used in the screen was at 10mM concentration, in 100% DMSO, and after 

2 serial dilutions (1:50, 1:20) resulted in a 10μM working concentration, with 0.1% 

DMSO. Vehicle 0.1% DMSO was added to controls.  

 

Morphants were dechorionated manually at 24hpf and then placed in 96 well plates 

containing 10μM of the drug, (1 fish per well, 1 drug per well), with final volume of 

100 ml and incubated at 28.5C for the next four days. Since pronephros become 

functional at around 48hpf, embryos were treated prior to that stage, at 24hpf. 

Progression of the phenotype may vary among morphants, and although in very 

few cases some it was possible to see a cyst even at 72dpf in ift172 morphants, 

more accurate results were obtained when scoring at 5dpf. At 5dpf fish were 

anaesthetized by adding 30μL of Tricare to each well and then scored for the 

phenotype. Each drug was tested on 4-5 embryos. 

2.3.4 Drug Treatment: PKD drugs 

 

Following drugs were tested at various concentrations: Sorafenib catalogue 

number SM95 (Cell Guidance Systems, Cambridge UK); Genz-123346 catalogue 
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number HY-12744 (MedChem Express New Jersey, USA); Roscovitine, cat 

number 9885 (Cell Signalling Technology, Inc. Massachusetts, USA); PD98059, 

cat number 9900 (Cell Signalling Technology, Inc.), Octreotide - product number 

O1014 (Sigma-Aldrich), Adenosine A3 Receptor Antagonist, MRS1523; Triptolide, 

Item number 11973 (Cayman Chemical, Michigan, USA); Bosutinib, Item number 

12030 (Cayman Chemical); Everolimus cat number 1919-5 (BioVision, California, 

USA); Tolvaptan, product number T7455 (Sigma-Aldrich); Curcumin, catalogue 

number A3335 (ApexBio Technology LLC, Houston, USA); STA-2842 related drug 

Ganetespib was used instead, as per personal communication with Erica Golemis, 

– MedChem Express).  

 

PKD drugs treatment regime 

 

Zebrafish chorions were removed enzymatically using pronase (Roche) at 24hpf, 

followed by thorough washing. Depending on the scale of the experiment, zebrafish 

embryos were incubated with drugs in either 24-well plates or 6-well plates, at 26-

28hpf.   

- 24-well plates: 1ml final volume of E3 media, maximum 20 embryos per well 

- 6-well plate: 5ml final volume of E3 media, maximum 50 embryos per well 

Analysis was performed on Day 4, length of the incubation with drugs 72 hrs. 

unless otherwise stated.  

 

2.3.5 Zebrafish pronephric cyst measurements  

 

For 640 drugs, fish were scored visually, by assigning embryos to 3 categories, 

WT-like or Small/No cyst, Cyst, Oedema. For PKD drugs, zebrafish embryos were 

immobilised by adding anaesthetic, to allow scoring. PFA fixation is not advisable, 

as it sometimes leads to less transparent embryos, making it more difficult to 

measure the cyst in the pronephric region. Images were taken at 28x magnification 

and analysed by drawing a circle around the cyst in ImageJ software to calculate 

the area. Cases where no cyst could be detected were scored as having a cyst with 

an area zero.  Statistical analyses were performed in Prism software 

(https://www.graphpad.com/scientific-software/prism/)
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3 Chapter 3. Chemical screening in zebrafish models of 

nephronophthisis 

3.1 Study rationale 

The zebrafish is a well-suited animal for high-throughput drug screening, thanks to 

their rapid development and high fecundity. The aim of this project was to model 

pronephric cysts in zebrafish, by targeting various nephronophthisis (NPHP) genes 

with morpholinos. A cyst in the glomerular region served as a phenotypic read-out 

to screen two drug libraries for effective reduction in cyst size. The first compound 

library consisted of 640 FDA-approved drugs (Appendix Table A1, page 146), while 

the second library contained 15 therapies shown to be effective in PKD models 

(Table 2).  

 

3.2 Candidate NPHP zebrafish models for the screen 

Considering that the morpholino-based approach has several limitations (number of 

injected embryos is a fixed number, averaging 300-400, survival rate of the 

morphants (morpholino-injected embryos) is often low and the penetrance of the 

desired phenotype is rarely 100%) the NPHP zebrafish model would have to meet 

the following criteria, in order for the drug screen to be efficient and rapid: 

 

1. Morphants should have a high proportion of cyst-exhibiting embryos, 50% or 

more 

2. The pronephric cyst should present itself as a gross morphological feature, 

easily identifiable at 20X magnification, without the need for dissecting an 

embryo.  

3. In addition to the high survival rate of the morpholino-injected embryos, 

there should be little phenotypic variability among morphants.  

 

When deciding whether or not a particular phenotype would be a suitable model for 

the screen, the percentage of the embryos developing pronephric cysts was the 
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main criteria by which such candidate phenotypes were chosen, and two genes 

were reported to cause the highest prevalence of pronephric cysts in morphants: 

nphp9/nek8 with 57% of cyst-forming embryos [146] and nphp6 with 47%[157] 

(Table 4). Although Slanchev et al (2011) state that up to 80% of nphp4 morphants 

develop cysts [150], this option was not considered, as the morphants also had 

vesicle obstruction in the cloaca region, and it may have contributed to the fluid 

accumulation and cyst developing, and such phenotypes would be potentially 

difficult to rescue with drugs. Sayer et al paper on nphp6 (2006) also notes 

obstruction in the cloaca region[157], but other publications on nphp6 morphants 

did not mention this feature [61,145,151,156,159]. 

 

Double gene knockdown seemed promising as there were several reports showing 

the increase in the proportion of cyst-forming embryos when two morpholinos were 

injected at the same time, compared to single morpholino injections. One study 

looked at the interaction between two genes: sentinel and nphp6. Sentinel is a 

zebrafish orthologue of human CC2D2A, which causes Joubert Syndrome when 

mutated, as well as NPHP. Authors reported a synergistic interaction between the 

two genes, since when a mutant zebrafish (sentinel, cc2d2a) was injected with 

nphp6 morpholino, 89% of embryos exhibited pronephric cysts – which was the 

highest proportion seen in the literature [149]. 

 

Another feature considered was the actual phenotype of the cyst, and many 

publications included photos of embryos with a barely visible cyst or showed them 

on a cross-section of the histologically stained embryo or on a GFP-labeled model. 

In addition, pronephric cysts are rarely reported as a gross morphological feature, 

large enough to be seen under the microscope, however this may have been down 

to the differences in the developmental stages at which embryos were 

characterized. A cross-sections or GFP-labeled pronepheros were commonly 

reported, with marked dilations in the glomerular regions and/or pronephric ducts. 

Hardly distinguishable cysts would be problematic in terms of scoring embryos 

during the screen, and the cyst present on a cross section would not necessarily be 

visible when looking at the embryo under the microscope.  
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By examining published data on NPHP models of zebrafish, four candidate genes 

were chosen as potential targets when creating a model for the screen. For a single 

gene knock-out nphp9/nek8 was chosen because it reportedly led to over 50% 

cyst-forming embryos, which was the highest proportion seen in the literature 

(without cloaca obstruction problem). Despite the low percentage of cysts for nphp3 

reported in the literature, it was chosen for preliminary experiments because of the 

well-established orthologous pcy murine model of nephronophthisis. Ift172 

morphants were reported to be suitable for the screen – with minimal deformity and 

a visible cyst, but its prevalence was unknown – this model was chosen for further 

investigation as well.   

 

Although double gene knockout would not be ideal for the screen, because it 

implies additional levels of deregulation when compared with a single gene 

knockout, high cyst prevalence in the sentinel mutants injected along with nphp6 

morpholino was very attractive and worth the effort of trying to replicate the result 

using two morpholinos. 

3.3 Cyst modelling on zebrafish 

3.3.1 Nphp3 MO injections 

 

In the initial set of experiments morphants were scored for survival rate, phenotype 

severity and its penetrance. These characteristics are best described by the 

following data: percentage of embryos surviving to day 5, and percentage of WT-

looking embryos in the surviving embryos.  

 

Nphp3 MO was tested at six different doses in the range of 3ng-10ng. Generally, 

very few survived to 5dpf (16% to 60%, depending on the dosage), and few 

showed a phenotype, i.e. most of the surviving embryos were WT-like: even at the 

dose that seemed to work best (8ng) only 39% showed a phenotype (Figure 9 and 

Figure 10). When embryos were injected with 3ng of nphp3 MO, over 50% have 

survived to Day 5, but over 90% of these surviving embryos were WT-looking ones, 

implying that gene knockdown was incomplete. 8ng nphp3 MO injections had a 

very low survival rate. 
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Figure 9. Summary of nphp3 MO injections.  
Poor dose-response correlation across 6 doses of nphp3 morpholino tested in the 
range of 3ng to 10ng. Only 50% of the embryos survived to 5dpf at the lowest dose 
(3ng), while increasing the concentration generally led to increase in mortality rate, 
while WT-looking embryos were over-represented among the survivors at higher doses 
of MO. 

 

Most crucially, however, the phenotype was often too severe (which explains high 

mortality rate and over-representation of the wild-type looking embryos among 

survivors).  Phenotypes included body curvature and rarely heart oedema, however, 

pronephric cysts were not observed. The photo (Figure 10) shows a typical 

phenotype of the nphp3 morpholino–injected embryos. It was not possible to use 

this morpholino to generate a model for the screen, as there was a lack of the read-

out we were looking for.  

Figure 10. Typical phenotype of nphp3 morphants.  
Embryos show a spectrum of the ventral body curvature, ranging from being slightly 
bent to a semi-circle curl. Some embryos exhibit severe oedema in the pericardial 
region. No isolated cysts in the glomerular region were observed. Scale bar: 1mm 
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3.3.2 Nphp9/nek8 MO injections 

 

Nphp9/nek8-morpholino injected embryos showed a dose-related survival curve 

and 3ng produced optimal results – with about 20% being wild-type like in 

appearance (Figure 11).  Although overall survival rate was low at this morpholino 

dose (40% at day 5), 76% survived at 24hpf, which meant that embryos could have 

been scored for a phenotype at some earlier time point, for example at day 3 or 4, 

provided a large proportion of them had a favourable read-out.  

 

 

Figure 11. Summary of the nphp9 MO injections and nphp9 morphant phenotype. 
Npph9 morpholino was tested across 6 different concentrations in the range of 1.25-
8ng. Both 1.25 and 2.5ng doses are considered subphenotypic, as around 90% of the 
surviving embryos were WT-looking ones, indicating lack of the gene knockdown. High 
numbers of 3ng-injected embryos were analysed, as this dose led to a penetrant 
phenotype, indicated by the lowest percentage of the WT-looking embryos in this 
category and a better survival rate, compared to higher doses of morpholino (6ng and 
8ng, survival rate at 5dpf below 25%). Nphp9 morphants phenotype was variable: most 
embryos exhibited ventral body curvature; some had severe oedema in the pronephric 
region and extreme tubular dilation, often accompanied by a similarly severe 
pericardial oedema. Small eyes and hydrocephalus were also observed in some 
morphants. Scale bar: 1mm. 
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However, there was a lot of phenotypic variability and at least three categories 

were noted: deformed embryos, with shortened bodies and large yolks, indicating 

developmental delay, some were affected to a lesser degree and had a milder 

phenotype and some didn’t differ much from the wild type controls (Figure 12).  

About 20% developed oedema by day 5, and this group consisted of both severely 

and mildly affected embryos. There was also noted some dilation of the pronephric 

duct rather than pronephros, which added to the overall deformity. Phenotypic 

variability would be an obstacle when running the drug screen, as interpreting the 

results would be extremely difficult. In addition, only 20% of morphants had 

oedema, making this morpholino unsuitable for the screen.  

 

 

Figure 12. Phenotype distribution in nphp9 morphants  
Thirty per cent of the nphp9 morphants had severe phenotype and developmental 
delay, characterised by a large, unabsorbed yolk and small bodies. Mildly affected 
morphants (37%) had ventral body curvature and presented with a tubular dilation in 
the pronephric region, while 20% of the morphants had a gross oedema in both 
pronephric region and pericardia. Analysis at 5dpf, 3ng MO, n embryos analysed=58.  

 

3.3.3 Combined MO injections: cc2d2a and nphp9 

 

First, the subphenotypic dose for each morpholino was determined as well as the 

effect it had on the embryo, when injected individually. cc2d2a single morpholino 

injections caused high mortality in injected embryos (65%+) even at relatively low 

doses, and reducing the amount of injected morpholino to 1ng led to a slightly 

better survival rate, but all those that survived appeared unaffected. 

 

Nphp6 injections resulted in a better survival compared to cc2d2a injections, 

however the phenotype was similar to that of nphp9/nek8 morphants’: there was a 



Chapter 3. Zebrafish study results 

 

 59 

lot of variability, many were very deformed and those with a milder phenotype did 

not have pronephric cysts nor dilated pronephric ducts (Figures 13, 14 and 15).   

 

Figure 13. Summary of cc2d2a MO injections.  
Cc2d2a morpholino was tested at 5 different concentrations in the range of 1ng-6ng. 
Poor survival (45% or below) was observed for all morpholino doses. WT-looking 
embryos were over-represented among surviving morphants, indicating that penetrant 
cc2d2a MO phenotype is too severe and causes death. 
 

 

Figure 14. Summary of nph6 MO injections.  
Nphp6 morpholino was tested at 6 different concentrations in the range of 2ng to 8ng. 
Phenotype penetrance is dose-dependent, as indicated by the negative correlation of 
the WT-looking embryos and morpholino dose (90% at 2ng, defined as subphenotypic 
dose). 8ng injections caused nearly 100% mortality, while survival to 5dpf at lower 
doses (2ng-6ng) was below 50%. 
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Figure 15. Typical phenotype of nphp6 morphants (6ng, 4dpf) 
Majority of the nphp6 morphants at 6ng dose had very severe phenotype at 4dpf, 

characterised by small bodies and developmental delays. Eyes were particularly small 
in severely affected embryos. No tubular dilations were observed in the pronephric 
region, while pericardial oedema was sometimes present, particularly in the malformed 
embryos. 
 

cc2d2a morpholino-injected embryos showed necrotic lesions at the anterior region 

at 24hpf – they lacked eyes, forebrain and midbrain (Figure 16). One possible 

explanation for this phenotype is the activation of the p53 pathway, which is a well-

known undesirable effect of morpholinos, with cell death being particularly 

prevalent in neural tissues
90

. This would also explain high mortality of the cc2d2a 

morphants. 

cc2d2a MO, 24hpf, 2ng WT controls, 24hpf 

  

 

Figure 16. cc2d2a morphants phenotype at 24hpf. 
Cc2d2a morphants (2ng) developed necrotic lesions in forebrain region, indicated by 
arrows. 

 
Lack of the phenotype suitable for the drug screen in nphp6 morphants and the fact 

that the cc2d2a morpholino alone had such detrimental effect on the developing 

embryos compromised the original plan of using both morpholinos at the same time.  

However, it was interesting to see what effect combining the two morpholinos 

would have.  Injecting subphenotypic doses of each morpholino (2ng of nphp6 and 
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1ng of cc2d2a) did result in 45% of the embryos showing a phenotype – but once 

again the phenotype was quite severe and embryos lacked pronephric cysts 

(Figure 17).  

 

 

Figure 17. Summary of the combined morpholino injections (nphp6 and cc2d2a).  
Subphenotypic doses of 2ng of nphp6 MO and 1ng of cc2d2a MO lead to 55% 
penetrance of the phenotype (compared to 20% and 0% in single injections, 
respectively 

 

3.3.4 ift172  morphants  

Ift172 zebrafish data in Halbritter et al 2013 was generated by the same laboratory 

(UCL Institute of Child Health, London) where my own work took place. Morpholino 

was previously shown to produce optimal results at a dose of 3ng (limited mortality 

and a high proportion of the embryos exhibiting pronephric cysts), based on the 

experimental data of my supervisor at the time, Dr Miriam Schmidts. I have 

considered ift172 MO fully validated and have not performed dose response 

experiments as it has already been done. 3ng concentration was tested and the 

results were promising: 78% survival rate at 24hpf, and 88% of those survived to 

120hpf (n=88) (Figure 18). The majority of embryos had an easily identifiable cyst 
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at 120hpf (Figure 19), with small minority being oedemic or WT-like. Therefore, the 

ift172 morphant appeared to be the ideal model for NPHP I was seeking.  

 

Figure 18. Phenotype distribution in ift172 morphants (3ng, 5dpf) 

A                                                                       B 

 

Figure 19. Cyst phenotype of the ift172 morphant.  
(A) ift172 morphants (3ng) exhibit cyst at 5dpf (arrow) and WT controls (B). Scale 
bar: 150um. 

3.4 Drug screen results 

The initial screen of 640 drugs (Enzo library – see methods for details) was 

completed in 14 individual experiments: on average 5 embryos were incubated with 

each drug alongside controls (untreated morphants) and then scored 

phenotypically. The number of zebrafish embryos obtained for each experiment 

varied slightly depending on the day - on average, 45 different compounds were 

tested in each of the 14 experiments that it took to complete the project. Four major 

categories were used while scoring: embryos with a clearly identifiable cyst, 

oedemic embryos, wild-type looking embryos (no cyst, straight) and embryos with 
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no cyst.  In some cases it was not possible to tell if an embryo had a cyst or not 

with confidence, possibly because the cyst was too small to see under the 

microscope, and such cases were assigned to a fourth category – small cyst. 

(Figure 20). However, to simplify the presentation of the raw data, three categories 

were used: Cyst, oedema, WT-like and No cyst/small cyst (grouped together) - 

mortality rate was also noted.  

 

Cyst No /Small cyst WT-like Oedema 

 

Figure 20. ift172 morphant phenotypic classification.  
Embryos were scored according to the representative categories of the ift172 
morphants’ phenotype – a visible, clearly identifiable cyst (Cyst, marked by red arrows), 
lack of cyst or unclear cyst and body curvature (No/small cyst), lack of cyst and straight 
body (WT-like), embryos with large cyst, heart oedema, dilated pronephric duct looking 
grossly abnormal and “blown-up” (oedema). Scale bars: 1mm. 

 

Phenotype distribution was a key parameter by which drug candidates with a 

potential rescue effect were identified, and initial experiments showed that roughly 

60% of ift172 morphants developed a cyst by day 5, 23% became oedemic, and 

20% were either wild-type looking ones or had a small cyst.  By pooling the 

untreated ift172 morphant data from all 14 experiments, the above-mentioned 

distribution of the phenotype was observed, with the survival rate (from 24hpf to 

120 hpf) of 93% (n=286) (Figure 21).  
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Figure 21. Distribution of the phenotype in untreated ift172 morphants, pooled 
data across 14 experiments. 

 

Distribution of phenotypes in untreated ift172 morphants varied across 14 

experiments, but not significantly, apart from the one outlier (Experimental set up 

12), where the sample was too oedemic and 64% of the controls developed 

oedema. (Figure A1 in the Appendix, Page 160, consisting of 14 graphs, 

representing each experimental set up, drug chosen for follow up experiments 

highlighted in red). 

 

 

Figure 22. Phenotype distribution in untreated ift172 morphants, across 14 
individual experiments.  
Pooled data on 13 individual experiments. The graph shows distribution of the three 
phenotypes used when embryos were scored. On average, 22.8% of embryos were 
categorised as WT or had no/small cyst (SD=14.3%), 58.6% morphants had easily 
identifiable cysts (SD=8.5%), and 19.2% of embryos were oedemic (SD=10.0%).  Error 
bars: Standard Deviation 
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Initial scoring experiment on the ift172 morphants revealed that over 80% of the 

injected embryos showed a cyst (Figure 18), while analysis of the 14 experiments, 

presented in Figures 21 and 22, revealed that, on average, cyst prevalence was 

lower in untreated ift172 morphants, highlighting a significant degree of variability in 

the phenotype distribution of the ift172 morphants among individual experiments. 

Selection criteria were based on the prevalence of the WT-looking, No cyst/Small 

cyst categories (WT/N/Sc) in embryos treated with a particular drug, compared to 

the pooled, untreated ift172 morphants (Figure A1 in the Appendix, page 160). 

Since 5 embryos on average were incubated with each drug, 3 (or more) embryos 

scored as WT/Sc/N could indicate a potential (partial) rescue of the phenotype, as 

prevalence of this category in the untreated morphants was, on average, 22.8%. In 

other words, in most instances for drugs that don’t modify the phenotype, we would 

expect 1 out of 5 embryos scored as being WT/N/Sc. Presence of the WT-looking 

embryos among the morphants was most likely due to the inefficient gene 

knockdown by morpholinos – drugs, where WT/N/Sc category was high mainly due 

to the presence of WT-looking embryos were not selected for a follow up 

experiments. For example, 6 morphants treated with the drug 2A5 were scored as 

follows: 1 cyst, 2 oedema, 2 WT-looking and 1 No cyst. This compound was not 

chosen for a follow up.  In others higher than expected mortality/oedema in treated 

embryos was observed (i.e. 3 out of 5 embryos presented with oedema or only 3 

surviving embryos at day 5), which made results for some compounds hard to 

interpret: these were followed up (e.g. 1G11 where there was only 1 surviving 

embryo presented with no cyst). A maximum of 5 drugs were chosen in each 

experimental set up for the follow up (e.g. 5 candidates identified in Experiments 1 

and 13), but usually this number was lower (e.g. 1 candidate in Experiments 3, 5, 7, 

8 and 12) or no candidates were identified at all (e.g. Experiments 2, 6, 9 and 11). 

Using this approach, 24 candidates were selected for the follow up studies, 

representing 3.75% of the drugs tested in the screen. 

 

3.5 Drug hit validation 

In the next step of the drug screen 24 drug candidates, summarised in Table 8, 

were re-tested on an average of 23 embryos, in a series of 4 experiments (Follow 

up 1). Out of these, ten candidates were chosen for re-testing (Follow up 2), based 
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on the small cyst/no cyst phenotype,  (Follow up 2), yielding 4 potential candidates 

that were re-tested a third time.  Follow up 3 on a larger number of embryos, 

resulted in only one drug as a potential candidate, 6B11 (Doxifluridine) (Figure 23). 

This drug was chosen as the top candidate since 34% of fish treated with the drug 

seemed to have small or no cyst (n=145), as opposed to 25% in controls (n=150), 

the difference was not statistically significant (p=0.0963, Fisher’s exact test). 

Despite this effect being very modest, more experiments were performed with 

doxifluridine, where cysts were measured.  

 

Figure 23. Summary of the follow up experiments. 
Phenotype distribution of embryos, treated with 24 drug candidates and the controls. 
Red boxes highlight results with a potential rescue effect, based on higher prevalence 
of zebrafish with WT-like/No/small cyst phenotype, compared to controls. 24 
compounds were first narrowed down to 10 (Follow up 1), then to 4 (Follow up 2), and 
then finally to one (6B11, follow up 3).  
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1B11 Glipizide Anti-diabetic Blocks potassium channels in 
beta cells of pancreas, leading 
to calcium influx and insulin 
release. 

1C5 Propafenone Illnesses associated with 
rapid heart beat 

Slows down influx of sodium 
ions into cardiac muscle cells, 
leading to reduced excitability 
of the cells. 

1D2 Oxymetazoline·HCl Nasal spray and topical 
decongestant 

Adrenergic receptors agonist, 
leads to vasoconstriction. 

1G10 Mepyramine 
maleate 

Antihistamine Targets H1 receptor 

1H11 Propofol Hypnotic agent  Potentiation of GABA receptor 
activity, sodium channel 
blocker. 

2C11 Norepinephrine-(+)-
tartrate L (-) 

Restores blood pressure 
when it is very low 

Adrenergic and dopaminergic 
agent. 

3C2 Dofetilide Atrial fibrillation and 
atrial flutter 

Selectively blocks cardiac ion 
channel. 

3C4 Lobeline Smoking cessation aid Acts as VMAT2 ligand, which 
stimulates dopamine release. 
Inhibits reuptake of dopamine 
and serotonin. 

4D9 Rivastigmine Alzheimer’s type 
dementia 

Acetylcholinesterase inhibitor 

5C2 Rocuronium 
bromide 

Anaesthesia, muscle 
relaxant 

Aminosteroid neuromuscular 
blocker. Used in executions by 
lethal injection in Virginia. 

6B11 Doxifluridine Chemotherapeutic Pro-drug, leads to DNA 
synthesis inhibition and cell 
death 

6C6 Enrofloxacin Antibiotic Inhibits bacterial DNA gyrase, 
prevents DNA supercoiling and 
DNA synthesis 

6C7 Ethisterone No longer available in 
any country 

 Progesterone 
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6D2 Etidronate Mainly used to treat 
osteoporosis  

Chelating agent, binds metal 
ions. 

6H2 Levamisole Originally developed to 
treat parasitic worms, 
lately used as a 
chemotherapy 

Targets nematode nicotinergic 
acetylcholine receptors. 
Unknown mechanism of action 
as chemotherapeutic agent.  

6H4 Levodopa Parkinson’s disease L-DOPA, Precursor of 
neurotransmitters 

7C2 Norfloxacin Treats urinary tract 
infections 

Chemotherapeutic antibacterial 
agent, inhibits DNA gyrase 

7C6 Omeprazole Treats dyspepsia, peptic 
ulcer disease. 

Inhibitor of proton pump 
system (H+/K+ ATPase) 

7C10 Oxfendazole Treats parasitic worms 
in livestock 

Binds to tubulin 

7F8 Ribavirin Antiviral drug, Hepatitis 
C 

Nucleoside inhibitor 

8E3 Cilostamide Acute heart failure  Phosphodiesterase inhibitor.  

8F3 Zardaverine Originally developed to 
treat asthma 

Phosphodiesterase inhibitor 

8G6 Aprepitant Prevention of nausea 
and vomiting 

NK1 antagonist, blocks signals 
given off by NK1 receptors 

Table 8. Drug candidate profiles identified as positive hits in the initial 640 drug 
screen. 

3.6 Doxifluridine results 

This drug was further tested in two independent experiments: in addition to visual 

scoring, cysts were measured by analysing an image of each embryo. Since visual 

examination is prone to unconscious bias when scoring, results of both types of 

assessment were compared in one of the experiments. There was a slight 

tendency to overestimate WT/No/Small cyst percentage of embryos in both treated 

and untreated groups, however, the difference was not statistically significant 

(Table 9). 
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  N Cyst Oedema WT/No/Small 

cyst 

Controls, visual assessment 

(n=161) 

161 65 (40%) 44 (27%) 52 (32%) 

Controls, photos (n=161) 161 66 (41%) 47 (29%) 47 (29%) 

6B11, visual assessment 

(n=191) 

191 93 (49%) 46 (24%) 52 (27%) 

6B11, photos (n=191) 191 102 (53%) 47 (25%) 42 (22%) 

 
Table 9 Comparison between scoring of doxifluridine-treated embryos (6B11) 
and controls. 
 The differences in the results obtained by two methods are not significant (e.g. 
p=0.2850 for WT/No/Small cyst category in treated embryos). 

 

As cyst scoring by assigning morphants to categories based on the visual 

examination of either live embryos or photos lack precision, cysts were measured 

using Image-J. I found no differences in the mean values of cyst areas in treated 

and untreated embryos, in two independent experiments (Figure 24). I concluded 

that the treatment with the drug did not have any phenotypic rescue on the ift172 

morphants.  

 

   

Figure 24. Measurements of the cyst area in control morphants and doxifluridine 
(6b11)-treated embryos.  
No difference was found between values for each group. Error bars represent SEM. 
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3.7 Drugs that exacerbate the phenotype  

In addition to the positive hits, i.e. drugs that seemed to rescue the phenotype, at 

least in the initial set of experiments, there were cases where all treated embryos 

developed edema. Forty-eight of such drugs were re-tested on both morphants and 

wild types (Table 10), following same logic of the follow up studies described above 

Seven of the drugs caused edema in wild types as well as morphants, and 12 

drugs caused edema on morphants, but not wild types, which may potentially 

indicate the drug’s involvement in the same biochemical pathway that leads to cyst 

development. Drug profiles can be found in the Appendix Table A2, page 164. 

 

Table 10 Summary of the follow up experiments on 48 drugs that exacerbated the 
phenotype of ift172 morphants.  
19 drugs’ results were reproducible, 7 of which caused oedema in wild types as well as 
in ift172 morphants. 

 

Twelve drugs, that caused oedema in the morphants but not WT-embryos are of 

particular interest. Seven of these 12 drugs are either contraindicated in patients 

with renal impairment (Gemfibrozil, Aceclofenac, 5-aminosalycylic acid, Alprostadil, 

Danazol), may require lower dosage (Clozapine), or are known to have prolonged 

half-life in patients with renal disease with exact dosing yet to be determined 

(Misoprostol) (web source: https://www.pdr.net). Zebrafish are one of the model 

organisms that can be used to test the possible side effects of a drug, affecting the 

kidney. Ift172 morphants may be more sensitive to certain drugs, as their kidney 

function is already compromised, while oedema is a more general phenotype 

associated with drug-induced toxicity.  
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The translatability/relevance of the results of the remaining five compounds is 

unclear. Felodipine is commonly prescribed to PKD patients to treat hypertension, 

which is commonly associated with the disease, and is considered safe for patients 

with advanced renal insufficiency. Tulobuterol, which is available in certain 

countries as a transdermal patch to treat asthma, and the antifungal agent 

miconazol, often used as a topical cream, would have a minimal effect on the 

kidneys in patients. The remaining two drugs are Hydrocortisone 21-acetate, which 

is a synthetic version of a naturally produced cortisol, and pregnenolone, cortisol’s 

precursor. It is interesting that both drugs had a severe effect on the ift172 

morphant but not the wild type. Studies on the role of glucocorticoids in the early 

zebrafish development show that both over-exposure to and depletion of these key 

hormones lead to developmental abnormalities, including pericardial oedema, 

although different approaches were used to model glucocorticoid perturbations in 

these reports [163,164]. However, considering the link between steroids and cell 

division, which is still poorly understood [165], it would be interesting to investigate 

the role of these hormones in the context of ciliopathies further.  

 

3.8 PKD therapies study 

Lack of positive findings from the initial compound library screen encouraged me 

to screen an alternative drug library consisting of drugs used to treat polycystic 

kidney disease (PKD), summarised in Table 2, on the ift172 morphant model. I 

first identified the optimal drug dosage and treatment regimen by screening the 15 

drugs on WT embryos, followed by the several rounds of experiments on the 

morphants (WT data not shown). The ift172 zebrafish mutant was sourced from 

the Brian Perkins lab, Cole Eye Institute, Cleveland Clinic, USA, but unfortunately 

the fish did not survive to adulthood (I took the only available photo of the fish at 

6dpf), possibly due to the stress encountered during shipment. I have then 

established collaboration with Dr Maryam Khosravi from the Professor Wilson lab 

at UCL who had the iftt144/wrd19 zebrafish mutant line, which was used to 

validate ift172 morphant results. Cystic phenotype is identical in all three models 

(Figure 25).  
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Figure 25. Cyst phenotype in 3 zebrafish models of NPHP.  
Three models of NPHP, ift172 mutant, ift172 morphant and ift144 mutant, analysed in 
this study presented with identical cystic phenotype at the glomerular region – a cyst 
could be easily seen under the microscope, and is located between the ottic vesicle 
and airbladder of the embryo. A WT control zebrafish embryo at 4dpf. B. ift172 
morphant, at 4dpf. C. ift172 mutant, 6dpf. D. ift144 mutant, 4dpf. Scale bars =100um 

 

In the initial stage of the project, zebrafish morphants were scored in a similar way 

as they were scored during the 640 drugs screen: they were assigned to the 

following categories - Cyst, No cyst, Small Cyst and Oedema, while embryos 

scored as WT-looking were not included in the analyses. Starting drug 

concentration for all drugs was 10μM, but lowered if it was causing higher than 

usual mortality or oedema. All 15 PKD drugs were tested at at least two different 

concentrations. Figure 26 summarises the results of the 8 initial experiments (A-H), 

where 13 PKD drugs were tested; the remaining two, Rosiglitazone and Berberine, 

were both tested at 10μM and 20μM in duplicates, where they did not show 

phenotypic rescue. 
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Figure 26. Phenotype distribution of ift172 morphant, treated with PKD drugs.  

The graph summarises the results of 8 experiments (A-H) where ift172 morphants 
were treated with 13 drugs, reported to be effective in various PKD models (Table 2). 
Arrows indicate 7 drugs (Bosutinib, Genz123, Triptolide, Everolimus, Ganetespib, 
MEK1/2 inhibitor, Curcumin) where a percentage of ift172 morphants scored as having 
a small/no cyst was higher than in untreated ift172 morphant. 
 
 

Seven drugs, Bosutinib, Genz123, Triptolide, Everolimus, Ganetespib, MEK1/2 

inhibitor and Curcumin, showed phenotypic rescue in the initial set of the experiments 

(Figure 26). Bosutinib, weirdly, seemed to reduce cystic burden at lower concentrations, 

but not at higher ones (Figure 26, Experiments A, B, C), with the results not being 

reproducible. Similarly, treatment with curcumin led to conflicting results. Both these 

compounds have poor solubility in water, and may have partially precipitated during the 

incubation period, affecting final concentration, which may explain my data. Curcumin 

and Bosutinib results can be followed up, with some modifications to the solvents used 

to ensure delivery to the zebrafish embryos at the desired concentrations. GENZ123 

experiments were not performed on high enough number of embryos, due to time 

constraints, and I cannot say with certainty if it had an effect. Four drugs, however, 

stood out. Experiments with Everolimus, Ganetespib, MEK1/2 inhibitor PD98059 and 

Triptolide were robust and reproducible: fish presented with smaller or no cyst: a 

phenotype, which was easily identifiable by examining ift172 morphants under the 

microscope. These four drugs were tested in multiple experiments to determine the 

optimal concentrations, as well as on the ift144 mutant. Finally, cysts were 

measured, with the data presented in Figure 27 (the figure does not include the 
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data on drugs that didn’t alleviate cystic burden, as no measurements were 

performed on those).  To summarise, four out of the 15 drugs (Everolimus, 

Triptolide, Gantespib and PD98059) were shown to either reduce or completely 

eliminate a cyst in the pronephric region of both ift172 morphant and ift144 mutant 

models of nephronophthisis (Figure 27). 

 

 

Figure 27. Four PKD effectively alleviate cystic burden in ift144 zebrafish model 
of nephronophthisis. 
A. ift144 untreated control zebrafish exhibits large cyst in the pronephric region, 

indicated with an asterisks. Reduction in cyst size in ift144 mutant treated with B. a 
combination of subphenotypic doses of everolimus (0.025µM) and ganetespib (0.1µM). 
C. Reduction in cyst size in ift144 mutant treated with 0.25µM triptolide. D. Reduction in 
cyst size in ift144 mutant treated with 0.5µM everolimus. E. Reduction in cyst size in 
ift144 mutant treated with MEK inhibitor PD98059. F. Reduction in cyst size in ift144 
mutant treated with 0.5µM of Ganetespib. Cyst area was measured across three 
independent experiments for each drug and pooled to generate a graph. Scale 
bars=100µm. Statistical test: unpaired T-test. ** = p-value <0.01; **** = p-value 
<0.0001. Error bars: 95% Confidence Intervals.
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cep290 morphant model in the study of NPHP-related DNA damage 
signalling 
 

My work has contributed to the investigation of DNA replication stress in NPHP. 

Slaats and colleagues (2015) have proposed that abnormal DNA damage response 

(DDR) may underlie pathophysiology of NPHP-RC and tested this hypothesis using 

various cep290 models, including primary kidney cells of Cep290LacZ/LacZ mouse 

and Joubert patient urine-derived cells or renal origin [162]. I have created 

zebrafish cep290 zebrafish morphant to compliment these studies, and to 

investigate DDR in this model. Since experiments took place in a different 

laboratory (Hubrecht centre at Utrecht Medical University, Netherlands) with a 

different zebrafish strain, the dosage was adjusted slightly and 3.5ng and 4ng were 

used in the experiments, instead of 3ng that showed best survival rate during my 

work at UCL Institute of Child Health. Western blot of 36hpf zebrafish morphants 

lysates showed increase in the relative expression of yH2AX, which is a marker of 

DNA damage signalling, compared to the scrambled-morpholino injected controls 

[162], Figure 28. My co-authors have also showed that treatment with Inhibitor of 

cyclin-dependent kinases (CDKi) rescues ciliation defects in cep290-depleted 

patient-derived renal cells, as well as DNA breaks in primary murine kidney cells, 

based on the Comet assay results. I have treated cep290 morphants with CDKi at 

12hpf and 24hpf for 12 hours, however expression of the yH2AX in treated 

embryos, analysed by the Western Blot, was variable and did not show an obvious 

pattern in the decrease in DDR levels (data not shown). 
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Figure 28 Typical phenotype of zebrafish embryos 36 hours post fertilization 
(hpf) and relative expression of γH2AX.  

(A) Wild type zebrafish embryo. (B) Scrambled MO injected embryo. (C, D) 
Embryos injected with a morpholino against cep290 exhibit a range with 
phenotypes, in a dose-dependent manner: majority of 3.5ng MO-injected embryos 
have milder phenotype with ventral body curvature, hydrocephalus, lack of 
pigmentation, underdeveloped eyes and pericardial oedema  (C), while 4ng MO-
injected embryos are more severely affected with poor survival rate beyond 48hpf 
(D). E. Quantification of γH2AX protein expression of Western blots. Zebrafish 
injected with cep290 morpholino vs. control clutchmates (48 hpf). Expression was 
normalized to H2AX or actin (n=3; T-test *p<0.05).
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3.9 Zebrafish study: summary of findings 

Despite several reported zebrafish models of NPHP, it proved to be challenging to 

find a suitable model for the high-throughput drug screen using morpholino-based 

gene knockdown. A combination of low survival rate, severe phenotypes and 

phenotypic variability were common features of nphp3/nphp6/nphp9/cc2d2a 

morphants while ift172 morphants had the characteristics that made it suitable for 

the screen. Each of the 640 drugs was screened on an average of five ift172 

zebrafish morphants for potential rescue effect, defined as at least half of the 

treated embryos showing signs of reduction in cyst size based on the visual 

examination. The drug-repurposing screen was completed in a series of 14 

independent experiments, yielding following results: 24 positive hits, 12 oedema-

casing drugs and 34 compounds that caused death of all treated embryos at the 

concentration tested (10µM). Unfortunately, none of the 24 drugs that showed 

rescue effect were confirmed in the subsequent follow up experiments, where a 

larger number of embryos were treated. In addition, ift172 zebrafish model was 

used to screen 15 PKD therapies. Drug concentrations were determined for each 

drug individually and resulted in 4 compounds that significantly reduced the size of 

a cyst (Everolimus, Ganetespib, PD98059 and Triptolide). The results were 

replicated in the mutant model of nephronophthisis, ift144, which had an identical 

phenotype to ift172 morphant.   
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4 Chapter 4. Mutation identification in multi-ethnic BBS 

cohort of patients using Fluidigm Access-Array 

technology 

4.1 Study rationale 

Decades of research in BBS advanced our understanding of molecular causes of 

the disease, and definite genetic diagnosis is achieved for approximately 80% of 

patients in the UK who meet BBS clinical diagnosis criteria (personal 

communication, North East Thames Regional Genetics Service). In this study a 

large library of DNA samples from BBS patients of multiple ethnic origins was 

screened for mutations in all known 21 BBS genes.  This approach could lead to 

identification of novel variants in known genes and identification of unsolved ~20% 

cases on which more expensive whole exome/whole genome sequencing could be 

performed, saving overall costs of a large sequencing project. The Fluidigm Access 

Array system is a high-throughput PCR-based targeted sequencing platform that 

can be used to facilitate genetic diagnosis of large cohort of patients at relatively 

low cost. This system can amplify up to 480 target sequences of each of 48 DNA 

samples in parallel on a single chip, and results in a library consisting of 23,040 

barcoded amplicons, that can then be sequenced and analysed for mutations.  

 

I designed 411 primer pairs to amplify all exons of the target 21 BBS genes to 

screen 117 patients. The majority of the DNA samples (71/117) originated from 

Turkey, which makes it the largest mutation study of BBS in a Turkish cohort. 

 

4.2 Variant validation by Sanger sequencing 

In total, over 50 unique variants, causing or contributing to BBS, were identified in 

the next generation sequencing (NGS) data I generated.  Different samples were 

checked for multiple variants, and the same variants were checked in multiple 

samples, bringing the total number of PCR reactions to 98, followed by the Sanger 

sequencing of these regions. The Sanger confirmation stage of the project has 

proven to be technically challenging. Firstly, amplification of the particular region in 
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some samples was often not successful the first time around: more than half of the 

PCR reactions in any given set failed and had to be repeated. Secondly, 30-50% of 

the amplicons that produced a visible band on a gel were difficult to sequence: the 

reads were noisy. As a result, numerous reactions had to be repeated, re-cleaned, 

and re-sequenced.  It took over 200 unique reactions to get Sanger confirmations 

for 73 sample-variant cases. As the majority of samples came from the Turkish 

cohort of patients, these were prioritised, with a view to generating complete set of 

data for the largest cohort in the project and to assess putative unique genetic 

findings associated with the ethnical origin of the samples.  

 

Identified candidate variants from NGS and Sanger are summarised in Table A4 of 

the Appendix (Pages 179-183), while the gene alignments of the sequencing data 

are presented in the Tables A5 and A6 of the Appendix (Page 184-193). Few 

variants with the quality control (QC) values below 255 were considered as 

potential candidates initially and a subset of those was sequenced by Sanger 

methods. 80% (3/15) of the variants with QC<255 were confirmed to be artefacts 

and a small remainder of such variants were not followed up in the subsequent 

experiments. A majority of the variants with QC=255 were confirmed (92%, 46/50).  

This analysis revealed that a false positive rate of a variant call is 8% for QC=255 

but 80% for QC below 255 (see also while false negative rate is 20% for QC= 255 

(these also are in the Appendix Table A4, page 179)  

 

I also checked if the allelic frequency of the variants was correctly predicted by the 

NGS data. It was miscalled in 4% in cases (2/51, both samples 52.2 and 398.1 

appear to have one copy of the variant, but were confirmed to be homozygous by 

Sanger sequencing, Appendix Table A5, page 184). In the other 4% of cases, 

calculation of the allelic frequency was not straightforward (e.g. 76.35% for the 

variant in 52.2 and 26.98% for a different variant in 280.1, both were confirmed to 

be heterozygotes). Overall, NGS Fluidigm results reliably predicted allelic 

frequency in 92% of the cases (around 50% for heterozygotes, and 100% for 

homozygotes, as expected).  In addition, variants found to be present in one of 

several affected siblings, were checked in all other siblings using Sanger 

sequencing, even if NGS only detected the variant in one sibling, 2 out of 51 

variants were confirmed in such a way, indicating that at least 4% of potentially 
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pathogenic variants were missed.  Putative causative variants could not be 

identified in all samples so that further follow up studies will be needed; however 

this is beyond the scope of this thesis. Therefore, follow up steps for this project are 

summarised in Figure 29. 

 

  

Figure 29. Summary of variant confirmations by Sanger sequencing. 
Details are included in the Appendix Table 1, which also lists samples where no 
variants were identified. *Samples where variants were checked because they were 
found in one of the siblings. Appendix Tables 2 and 3 contain alignments for 51 
confirmed variants and 22 not confirmed variants. 

 

4.3 Identification of BBS-causing mutations in a cohort of 

patients 

A total of 102 samples were included in the project, 70 Turkish individuals and 32 

samples of different ethnical origin. Siblings were grouped and analysed together 

as families, so that analysis included 56 Turkish families and 26 families of other 

ethnicity. Whether or not a particular case was solved was determined by the 

criteria outlined in the Table 7 (Methods section, Page 44). As Sanger sequencing 

confirmations are still missing for some samples at the time of writing, assumptions 

had to made based on NGS data which was shown to be true for 92% of the cases 

for variants with QC=255, and predicted allelic frequency with 92% accuracy (as 

described in the previous section). 
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The Turkish cohort was prioritised for the Sanger validation stage and as a result is 

more complete. Slightly less than 50% of the Turkish families were solved (27/56), 

while this rate was considerably lower in other samples (27%, 7/26). The data is 

summarised in Figure 30, while mutation details are presented in Table 11 (Solved 

and predicted to be solved cases) and Table 12 (unsolved cases, variants found do 

not explain BBS). Gene distribution analysis of the solved Turkish cases has 

revealed that BBS10 was the most commonly mutated gene in this cohort (25.93% 

of the families), followed by BBS12 (18.52%), BBS4 (14.81%), BBS1 (11.11%), 

while less than 10% mutation frequency was observed for each of the following 

genes: BBS7, TTC8, MKKS, BBS5 and BBS9 (Figure 31). 

 

Figure 30. Distribution rates of solved and unsolved cases in Turkish and Other 
affected patients or siblings. 
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Turkish yes 24.1 BBS10 frameshift c.1091delA p.Asn364ThrfsTer5 Confirmed Hmz 

     Turkish yes 40.1 MKKS missense c.541G>C p.Ala181Pro Confirmed Hmz 

Turkish yes 42.1 BBS1 frameshift c.1251delC p.Leu419TrpfsTer19 Confirmed Hmz 

Turkish 42.2 BBS1 frameshift c.1251delC p.Leu419TrpfsTer19 Confirmed Hmz 

Turkish yes 43.1 BBS4 missense c.1091C>A p.Ala364Glu Confirmed Hmz 

Turkish yes 52.1 BBS9 frameshift c.308delT p.Cys104ValfsTer20 N/A 

Turkish 52.2 BBS9 frameshift c.308delT p.Cys104ValfsTer20 Confirmed Hmz 

Turkish yes 53.1 SDCCAG8 missense c.41T>C p.Leu14Pro Confirmed Het 

Turkish 53.1 BBS12 frameshift c.1482_1483

delAG 

p.Glu495ArgfsTer3 Confirmed Hmz 

Turkish 53.1 MKKS missense c.1015A>G p.Ile339Val Confirmed Hmz 

Turkish yes* 55.1 BBS4 c.1541_1551delAACAAATAAGA was not detected in the 

NGS data 

N/A 

Turkish 55.2 BBS4 frameshift c.1541_1551

delAACAAA

TAAGA 

p.Glu514GlyfsTer7 N/A 

Turkish yes 132.1 BBS12 missense c.1379T>G p.Val460Gly Confirmed HmZ 

Turkish yes 165.1 BBS10 missense c.931T>G p.Ser311Ala Confirmed Hmz 

Turkish yes 173.1 BBS12 frameshift c.1482_1483

delAG 

p.Glu495ArgfsTer3 Confirmed HmZ 

Turkish yes 210.1 BBS4 splice 

region 

c.157-3C>G NA Confirmed Hmz 

Turkish yes 214.1 BBS10 missense c.530A>G p.Tyr177Cys Confirmed Hmz 

Turkish 214.1 BBS1 missense c.200G>A p.Arg67Gln N/A 

Turkish 214.2 BBS10 missense c.530A>G p.Tyr177Cys Confirmed Hmz 

Turkish 214.2 BBS1 c. 200G>A was not detected in the NGS data N/A 

Turkish yes 223.1 BBS12 frameshift c.1482_1483

delAG 

p.Glu495ArgfsTer3 Confirmed Hmz 

Turkish yes 232.1 BBS1 splice 

acceptor 

c.48-1G>A NA Confirmed Hmz 

Turkish yes 235.1 TTC8 nonsense c.122G>A p.Trp41Ter Confirmed Hmz 

Turkish 235.2 TTC8 nonsense c.122G>A p.Trp41Ter Confirmed Hmz 

Turkish yes 247.1 BBS7 missense c.688T>C p.Trp230Arg Confirmed Hmz 

Turkish yes 248.1 BBS7 frameshift c.712_715de

lAGAG 

p.Arg238GlufsTer59 Confirmed Hmz 

Turkish 248.1 CCDC28B missense c.698A>G p.Tyr233Cys N/A 

Turkish yes 281.1 BBS10 missense c.968C>T p.Ala323Val Confirmed Hmz 

Turkish 281.1 WDPCP  c.308A>G  was not detected in the NGS data Not confirmed 
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Turkish 281.2 BBS10 missense c.968C>T p.Ala323Val Confirmed Hmz 

Turkish 281.2 WDPCP c.308A>G  was not detected in the NGS data Not confirmed 

Turkish 281.3 WDPCP missense c.308A>G p.Gln103Arg Confirmed Het 

Turkish 281.3 BBS10  c.968C>T  was not detected in the NGS data Confirmed Hmz 

Turkish yes* 334.1 MKKS frameshift c.47delC p.Pro16HisfsTer2 N/A 

Turkish yes 382.1 BBS10 missense c.145C>T p.Arg49Trp Confirmed Hmz 

Turkish yes 383.1 BBS10 missense c.145C>T p.Arg49Trp Confirmed Hmz 

Turkish 383.1 BBS10 missense c.1289T>A p.Leu430Gln Not confirmed 

Turkish yes 384.1 BBS5 splice 

donor 

c.681+1G>T NA Confirmed Hmz 

Turkish 384.1 BBS9 frameshift c.689_690in

sA 

p.Arg232LysfsTer16 Not confirmed 

Turkish yes 391.1 BBS1 nonsense c.1318C>T p.Arg440Ter Confirmed Hmz 

Turkish yes 398.1 BBS4 frameshift c.1203_1206

delAGTC 

p.Val402AlafsTer66 Confirmed HMZ 

Turkish yes 406.1 BBS10 frameshift c.271dupT p.Cys91LeufsTer5 Confirmed Hmz 

Turkish 406.1 WDPCP missense c.2063A>G p.Asn688Ser Confirmed Hmz 

Turkish 406.2 BBS10 frameshift c.271dupT p.Cys91LeufsTer5 Confirmed Hmz 

Turkish 406.2 WDPCP missense c.1487A>G p.Asn496Ser N/A 

Turkish yes 410.1 BBS12 nonsense c.1063C>T p.Arg355Ter Confirmed Hmz 

Turkish yes 412.1 TTC8 frameshift c.218_219in

sTA 

p.Ala75Ter Confirmed Hmz 

Other yes* 46.1 BBS9 missense c.251G>A p.Gly84Glu N/A 

Other yes* 59.1 BBS7 missense c.1561C>A p.His521Asn N/A 

Other yes* 60.1 LZTFL1 large 

deletion  

ex1-7   not done 

Other yes 61.1 BBS2 nonsense c.823C>T p.Arg275Ter Confirmed HMZ 

Other 61.2 BBS2 nonsense c.823C>T p.Arg275Ter N/A 

Other yes 228.1 WDPCP missense c.1562T>G p.Phe521Cys N/A 

Other 228.1 WDPCP missense c.257G>A p.Arg86Gln N/A 

Other 228.2 WDPCP c.257G>A was not detected in NGS data Confirmed Het 

Other 228.2 WDPCP missense c.1562T>G p.Phe521Cys Confirmed Het 

Other 228.3 WDPCP missense c.257G>A p.Arg86Gln Confirmed Het 

Other 228.3 WDPCP missense c.1562T>G p.Phe521Cys Confirmed Het 

Other yes* 255.1 BBS12 missense c.1589T>C p.Leu530Pro not done 

Other yes* 361.1 CEP290 missense c.1340C>T p.Glu54Lys N/A 

Table 11 Solved samples details.  
*Solved assuming NGS data (including allelic frequency) is confirmed by Sanger 
Sequencing. Sanger results “N/A” – failed reactions (unable to amplify region of 
interest by PCR or Sanger sequencing read is of poor quality. Het = heterozygous; 
Hmz = homozygous. 
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no* 47.1 BBS9 frameshift c.308delT p.Cys104ValfsTer20 N/A 

no* 49.1 SDCCAG8 missense c.1090C>G p.Gln364Glu N/A 

49.1 BBS9 missense c.1112T>C p.Val371Ala N/A 

 no 54.1 BBS12 missense c.116T>C p.Ile39Thr Confirmed Het 

 54.1 CEP290 missense c.3834A>T p.Leu1278Phe Not confirmed 

 54.1 BBS10 missense c.459T>A p.Phe153Leu Not confirmed 

 no 205.1 BBS2 missense c.68G>C p.Arg23Pro Confirmed Hmz 

 205.1 TMEM67 missense c.1918C>T p.Pro640Ser Confirmed Het 

 no 215.1 MKS1 missense c.1446T>G p.Cys482Trp Confirmed Het 

 215.1 MKS1 In frame 

deletion 

c.1085_10

87delCCT 

p.Ser362del N/A 

 no 233.1 BBS9 missense c.1043T>G p.Leu348Arg Confirmed Hmz 

 233.2 BBS9 missense c.1043T>G p.Leu348Arg Confirmed Hmz 

 no 236.1 BBS2 missense c.1753G>A p.Ala585Thr Confirmed Het 

 236.1 MKKS c.1015A>G was not detected in the NGS data Not confirmed 

 236.2 BBS2 missense c.1753G>A p.Ala585Thr Confirmed Het 

 236.2 MKKS missense c.1015A>G p.Ile339Val Confirmed Het 

 no 280.1 BBS2 missense c.364G>A p.Ala122Thr Confirmed Het 

 280.1 BBS2 missense c.449A>G p.Glu150Gly Not confirmed 

O
th

e
r 

no* 35.1 TRIM32 missense c.558G>C p.Gln186His not done 

no* 93.1 BBS4 frameshift  c.248_251

delAGTC 

p.Val84AlafsTer66 not done 

93.1 TMEM67 missense c.58C>T p.Arg20Trp not done 

no* 182.1 BBS1 missense c.1378C>T p.Arg460Cys not done 

no 372.1 TMEM67 splice 

region 

c.2241G>A c.2241G>A(p.%3D) Confirmed Het 

Table 12 Unsolved samples details.  
*Unsolved assuming NGS data is confirmed by Sanger Sequencing (including allelic 
frequency). Sanger results “N/A” – failed reactions (unable to amplify region of interest 
by PCR or Sanger sequencing read is of poor quality. Het = heterozygous; Hmz = 
homozygous. 
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Figure 31. Genotype distribution in the Turkish cohort.  

BBS10 is the most frequently mutated gene in patients with Turkish background (n=27 
solved pedigrees). 

4.4 Pakistani, Romanian and Brazilian BBS patients  

In addition to the 102 samples described above, our patient library contained 15 

samples, consisting of 11 Pakistani Patients from 8 families (F01-F05, Table 13) 2 

Romanian patients from 2 families (F06-F07, Table 13) and 3 Brazilian patients 

from one family (F08, Table 13). Homozygous disease-causing mutations were 

identified in the Fluidigm data for 4 families and a heterozygous change was 

present in one family. Subsequent whole exome sequencing in patient F05 

revealed a homozygous change in CEP164, which was not present in the Fluidigm 

gene panel. The confirmation and follow up studies for Pakistani patients were 

completed by Miriam Schmidts and colleagues at Radboud University Nijmegen 

and published [166].  
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Family 

ID 

Ethnicity Gene HGVSc HGVSp Sanger 

Confirmation 

F01 Pakistani ARL6 c.534A > G p = p.(Q178Q) Conf Hmz 

F02 Pakistani BBS5 c.734_744del p.(E245Gfs*18) Conf Hmz 

F03 Pakistani BBS5 c.734_744del p.(E245Gfs*18) Conf Hmz 

F04 Pakistani BBS9 c.1789C > T p.(Q597*) Conf Hmz 

F05 Pakistani BBS12 c.2014G > A p.(A672T) Conf Het 

F06 Romanian BBS12 c.1063C>T pArg355* Conf Hmz 

F07 Romanian BBS12 c.1063C>T pArg355* Conf Hmz 

F08 Brazilian BBS9 c.2044_2045insC p.Arg683LysfsTer5 Not done 

 
Table 13. BBS molecular diagnosis in 8 families of Pakistani (F01-F05)[166] 

Romanian F06-07) and Brazilian (F08) origin. Sanger confirmations were 
performed in the Netherlands (Radboud Medical Centre, Nijmegen). Het = 
heterozygous; Hmz = homozygous 
 

4.5 Summary of findings and novelty of variants identified 

In total, 48 unique variants were discovered in this project, including 4 that are 

already published as the result of this study[166]. Ten of these variants remain to 

be confirmed by Sanger sequencing. In addition, a large deletion (exon 1-7) was 

found in one of the samples, which is also awaiting confirmation. Out of 48 variants, 

30 (62.5%) are reported for the first time – however, it is unclear how some of 

these variants contribute to the BBS phenotype. Mutations in BBS10 constitute the 

largest group of mutations for the patients of Turkish ethnicity (25.93%, 27 families). 

Mutations were found in 19 out of 21 genes that were targeted in this sequencing 

project (BBS1, BBS2, BBS4, BBS5, BBS7, BBS9, BBS10, BBS12, CCDC28B, 

CEP290, MKKS, MKS1, SDCCAG8, TMEM67, TTC8, WDPCP, ARL6, LZTFL1, 

TRIM32 but not in C2ORF86 or BBIP1). 
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5 Chapter 5. Study of BBS patient-specific urine-derived 

renal epithelial cells in 2D and 3D. 

5.1 Study rationale 

Although laboratory animals and immortalised cell lines are invaluable tools in 

basic research, they often do not recapitulate phenotypes seen in patients. For 

example, Bbs1 M390R knock-in mutant mice do not develop renal cysts [167], 

while 45% of patients with BBS1 mutations develop renal phenotypes [41]. 

Immortalised cells, such as the murine inner medullary collecting duct 3 (mIMCD3) 

and the Madin Darby Canine Kidney (MDCK) cell lines, fail to accurately represent 

native human populations of cells, as they have alterations in fundamental cellular 

pathways, such as apoptosis, senescence and proliferation, which may be central 

to disease progression. Human primary cells isolated from patients make it 

possible to examine patient-specific cell behaviours and responses in vitro, with the 

potential to further manipulate them.  

 

3D cell culturing is now arguably the method of choice, especially in the field of 

cancer biology. Patient-specific tumour-derived cells are now being used in in vitro 

drug screening assays in attempts to optimise and improve efficiency of anti-cancer 

treatments. To our knowledge, no systematic study was done in ciliopathy patients. 

In light of the evidence of the possible genetic interactions between the planar cell 

polarity (PCP) machinery and ciliary module, as well as reports of polarity defects 

reported in NPHP-RC animal models, we decided to investigate the effects of 

gene-specific mutations on spheroid assembly in BBS patient-derived renal 

epithelial cells. In addition to elucidating possible ciliopathy mechanisms we wanted 

to test if BBS patient specific cells can be used in drug screening experiments and 

development of personalised medicine assays.  

 

.  
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5.2 URECs primary cell culture initiation success rates  

I first set out to evaluate the efficacy of primary cell culture from urine-derived 

renal-epithelial cells (URECs) isolated from both patients and controls. The overall 

success rates of UREC isolation and culturing were comparable between patients 

and controls groups and roughly half of the samples (58% for controls and 45% for 

patients) contained cells of interest after two weeks of culturing.  The vast majority 

of UREC-positive samples (68% for patients, 71% for controls) proliferated enough 

to be passaged once or more (a minimum of ~200,000 cells) while about a third of 

samples did not reach confluence to be subcultured (Figure 32). I was slightly more 

successful in isolating URECs from healthy adults than from adult BBS patients 

(53.3% and 25.9% success rates respectively, p=0.1002, Fisher’s exact test, Figure 

32), which most likely reflects a better quality of samples obtained from controls 

and/or the shorter time it took for these samples to be processed. In addition, we 

have encountered difficulties with three batches of samples from different clinics 

several months apart. Three out of 9 clinics were problematic, as none of the 21 

patients and 16 controls sampled, yielded URECs, which is highly unusual. I 

attribute the failure to isolate cells in these three instances to unfavourable culturing 

conditions, e.g. masked contamination which is known to affect cell growth and 

proliferation. 

 

 

Figure 32. URECs primary cell culture isolation success rates.  

40.0%-25.9% (27.3-53.3% for controls) of BBS paediatric and adult patient samples, 
respectively, yielded cells that proliferated beyond Passage 1.  

 
All samples that were passaged at least once (13 patient samples and 9 control 

samples) were analysed in experiments described below. Eight out of 13 samples 
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were derived from BBS patients with known renal dysfunction or structural 

abnormalities. Five of these patients harboured classical cystic or dysplastic 

disease whereas the rest had a mixture of renal abnormalities. Control donor 

details summarised in Table 14, while BBS patient donors presented in Table 15.   

 

Results derived from two highly proliferative adult control samples were excluded 

from the analysis as they were associated with raised levels of human chorionic 

gonadotropin (HCG). Anecdotal evidence (personal observations) suggests that 

URECs derived from individuals with raised HCG multiply faster due to the pro-

proliferative state associated with pregnancy and other causes of elevated HCG. 

As such, these samples were deemed non-representative of the control population.  

 

Control ID Age Sex Volume of urine 

Con RD 31 F 200ml 

Con F5 5 F 25ml 

Con MF 31 M 80ml 

Con KN 33 F 185ml 

Con JK 40 F 150ml 

Con 7 7 F 60ml 

Con 2.5 2 F 15ml 

Con 9 9 F 90ml 

Con MM 35 M 80ml 

Con T 30 M 25ml 

Table 14. Control ID, sex, age and urine sample volume. 
Samples were obtained from healthy donors with no kidney disease. 
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ID Age Sex Geno- 

Type 

Mutation type Renal phenotype eGFR 

(mL/min/1.7

3m2)# 

Albumin/ 

Creatinin

e ratio 

CKD  stage Volume 

of urine 

ICH2 9 M BBS1 p.Met390Arg/ p.Asn33LysfsX66 Normal phenotype 101 0.6 Nil 168ml 

GOSH4 11 F BBS1 Splice site mutation/ p.Met390Arg USS: polycystic kidneys 90 1.9 CKD1 80ml 

GUYS42 23 F BBS1 p.Met390Arg/ p.Met390Arg Nil known*   81 0.1 Nil 130ml 

GUYS43 24 F BBS1 p.Met390Arg/ p.Met390Arg USS: Polycystic kidneys 113 0.3 CKD1 90ml 

GUYS4 39 M BBS1 p.Met390Arg/ p.Met390Arg Nil known* 69 n/a Nil 142ml 

GUYS26 47 M BBS1 p.Met390Arg/ p.Met390Arg Normal phenotype 91 n/a Nil 137ml 

GOSH8 7 M BBS2 p.Gln59X/ p.Gly139Asp Normal phenotype 98 0.5 Nil 92ml 

GOSH13 8 F BBS p.Arg238Glufs*59/ p.Arg238Glufs*59 Cystic dysplastic 

kidneys  

60 8.6 CKD2 40ml 

GOSH17   F BBS7 p.Ala194del/ p.Ala194del Polycystic kidneys 100 10.4 CKD1 70ml 

GUYS3 36 M BBS10 p.Val707X/ p.Tyr322del Histology: fibrosis and 

cysts 

9 44 CKD5 92ml 

GUYS8 32 M BBS10 p.Tyr177Cys/ p.Tyr177Cys Nil known* 85 n/a Nil 122ml 

GOSH3 9 M BBS10 p.Cys91LeufsX5/ p.Cys91LeufsX5 USS: Echogenic 

lobulated kidneys.  

58 96.3 CKD3 75ml 

GOSH5 7 F BBS10 p.Cys91LeufsX5/ 

p.Gly224_Val225dup 

USS: Nephrocalcinosis: 

echogenic scarred left 

kidney 

91 1.3 CKD1 115ml 

 
Table 15. Genetic and clinical data on BBS patients analysed as part of the URECs study.  

*Nil known renal disease, no ultrasound report available. USS= Ultrasounds scan. #Estimated glomerular filtration rate calculated 
according to the Schwartz formula in all paediatric patients[168] 
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5.3 Characteristics of URECs proliferation in vitro (2D)  

 
Week 1 (Passage 0 (P0)) 

 

Initial cell culture (Day 0 - Day 4) often contained cell debris and floating squamous 

cells, which did not attach and were gradually washed out. Small colonies of 

URECs, rather than individual cells, were usually identified, as it was virtually 

impossible to see single-cells, especially during the first few days of culture. On 

average, URECs were identified within the first week of sample collection 

(7.214±0.69 days for controls and 7.875±0.67 days for BBS patients, ±SEM).  

 

Week 2-3 (P1) 

 

Cells from the BBS samples became confluent (in 1 well of a 24-well plate, 

~200,000 cells) and were ready to be passaged about 5 days earlier than the 

URECs from the controls’ samples (17.36±0.98 and 23±1.31 days, respectively, p-

value=0.0021, unpaired t-test ±SEM, Figure 33).  

 

 

Figure 33. URECs proliferation profiles: from cell culture initiation to 
subculturing.  
BBS patient samples reached confluence significantly earlier than the controls, despite 
no significant difference for the time it took to initiate the culture. Graph bars represent 
SEM, p-value=0.0021, unpaired t-test.  
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Subculturing (P1+) 

 

URECs from the control samples did not proliferate well once they had been 

subcultured: cells would gradually cease to proliferate as early as passage 1 or 2, 

while patients’ samples continued to proliferate up to passage 6 in some instances 

(Sample GOSH13). All of the adult control samples doubled less than twice after 

they were subcultured, while most of the BBS patients URECs doubled at least two 

or three times - the difference was statistically significant (1.437±0.17 cell 

population after cells were passaged for the first time in controls (n=6), 2.291±0.11 

for BBS patients (n=6), p-value=0.0020 Figure 33). The proliferative index was 

higher in cells isolated from children compared to adults, both in healthy controls 

and paediatric patients, with a similar trend of cells from paediatric patients 

outperforming healthy young controls in terms of cell proliferation in vitro (Figure 

1b) – however the difference was not statistically significant (2.768±1.638 cell 

population doublings for control children (n=3) and 3.975±1.19 for BBS children 

(n=7), p-value= 0.58). The data on control children is limited as I only had three 

samples, in which one seems to be an outlier with highly proliferative cells – it 

came from the youngest donor in the study, age 2.5 years. 

 

Quantification of the proliferation profiles, described here, provides rough estimates 

only. More suitable assays include Ki67 staining and Resazurin 

proliferation/viability assays. Ki67 is expressed by cells at all cell cycle phases, 

apart from G0 (quiescence), while Resazurin is a blue dye that is converted into 

pink fluorescent molecule by viable cells, making it possible to infer cell number 

from the fluorescence intensity of the supernatant. Both assays were used 

successfully, but only for a fraction of samples at later stages of the project (data 

not shown), making cell culture entries most complete set of data. From the 

practical perspective, Resazurin assay is preferred in the case of URECs as it 

could be performed multiple times on the same growing colony generating 

proliferation curve, while immunocytochemistry requires repeated cell harvest 

which is harder to do with primary cells due to limited cell numbers. 

 

I also observed a change in cell morphology: cells that initially had compact, rice-

grain morphology at P0 would become elongated and thinner at later passages, 
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somewhat resembling fibroblast-like cells at later passages (Figure 34).  The 

change in morphology was accompanied by a gradual slowing down of proliferation 

in terms of population doubling time until eventual cessation of replication around 

day 30-40 after sample collection in both controls and the patients. 

 

 

Figure 34. URECs proliferation profile: number of population doublings and 2D 
cell morphology. 
BBS adult patients underwent more population doublings in culture, compared to age-matched 
controls. Graph bars represent SEM, p-value=0.0020, unpaired t-test. Control samples often 
changed morphology from rice-grain, typical for young cultures (day 5-14 from sample 
collection), to fibroblast-resembling cells, once passaged around day 20, which was not the 
case in most of the BBS patient samples. Average age of the adult BBS patient in the study was 
33.3yrs (33.5yrs in controls), while control children were slightly younger - 5.75yrs vs. 8.5yrs in 
BBS patients. Scale bars=200um.  
 

The probability of initiation of UREC growth is independent of genotype and renal 

phenotype. URECs from patients with mutations in BBS1 were compared to 

URECs with mutations in other BBS genes and no statistically significant difference 

in initiation of growth was observed (p=0.288). The presence of structural renal 

aberrations as evidenced by ultrasonography did not reveal a statistically significant 

difference in initiation of cell growth (p=0.382).  

 

A limited proliferation and passage capacity was observed in all samples, which is 

characteristic of primary cell culture, although there was significant discrepancy 

between the numbers of passages tolerated (range 0-8). Most of the patients 

samples (9/13) yielded over 10
6
 cells within just over a month of cell culturing, while 

only one control (out of 9) had a cell yield of over 10
6 
(Table 16). URECs appear to 

be sensitive to trypsinisation, as a drop in cell numbers was observed in some 



Chapter 5. URECs study results 

 

 94 

cases.  Poor tolerance to freezing and defrosting was also observed. Attempts 

were made to freeze down URECs so that the cells could be used for experiments 

at later stages, if needed. However, few samples that I tried freezing down in liquid 

nitrogen (either rapidly or slowly) would have the “old” cell morphology upon 

thawing - thin and stretchy - and wouldn’t proliferate. All experiments were 

performed with URECs that were never frozen. 

 

BBS Patients Controls 
Sample ID Cell Yield Sample ID Cell Yield 

GOSH3 2,400,000 Con7 400,000 
GOSH4 1,800,000 KN 400,000 
GOSH5 1,200,000 RD 800,000 
GOSH8 2,000,000 F 2.5 13,154,314 

ICH2 2,000,000 F5 480,101 
GUYS4 800,000 MM 502,143 
GUYS8 1,200,000 T 613,770 
GUYS3 1,200,000 MF 383,750 

GUYS 26 780,000 JK 665,879 
GOSH13 365,927,261     
GUYS 42 1,055,811     
GUYS 43 928,601     
GOSH17 256,528     

        
 
     Table 16. Estimates of total cell yield of URECs cultures.  
     Raw data is in the appendix (Tables A9-11, pages 196-200).  

 

5.4 URECs 3D culturing outcomes 

Only one publication at the time of the study reported urine-derived cells ability to 

form spheroids, with no further phenotypical assessment; while 3D data on human 

primary cells isolated from kidney samples is similarly limited. However, iMCD3 

models of NPHP (but not BBS) showed aberrant phenotypes in 3D. Thus the 

proposed study is exploratory in nature, and investigates following hypotheses: 

 

Hypothesis 1: URECs can be subcultured (i.e. expanded beyond first passage) for 

both BBS patients and healthy controls. 
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Hypothesis 2: Urine-derived cells are characterised as renal epithelial cells in both 

BBS patients and controls 

 

Hypothesis 3: URECs form ciliated spheroids in a 3D system (e.g. matrigel) 

 

Hypothesis 4: Spheroid phenotype can be assessed for aberrations commonly 

associated with ciliopathies, such as cilia formation rate and length, as well as 

planar cell polarity defects, with BBS patients are expected to show some of these 

phenotypes. 

 
On culturing URECs isolated from healthy controls and BBS patients in 

matrigel, I observed 3 main outcomes (Table 17) 

 

1) few, mostly single, cells recovered at the end of the experiment, 

indicating reduced viability and proliferation in matrigel;  

2) cells in some samples had tendency to grow as 2D sheets on the bottom 

of the chamber and finally  

3) typical spheroids of variable size were observed - often in addition to 2D 

growth (Table 17).  

 

URECs from healthy donors did not perform well in 3D – they often didn’t 

proliferate at all in matrigel (40%, 4/10) or grew mostly as 2D sheets (60%, 

6/10). I was able to identify a handful of spheroid-like structures in some of the 

controls’ samples: although they were small and compact in shape. Small 

number of patients’ samples (31%, 4/13) behaved like controls – limited 

proliferation and mostly 2D colonies, while in the majority of samples (69%, 

9/13) large, sometimes extremely large (100 nuclei+) spheroids with hollow 

lumens were present (Figure 35).  
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Table 17. 3D culturing outcomes of BBS patient and control URECs.  

 
3D spheroid phenotypes are particularly interesting finding of this study. 

Representative images of all samples where spheroids have formed are 

presented in Figure 35. BBS patient spheroids are large, and have clear 

lumens, where cilia are extending. Guys42 spheroids did not form cilia and 

have thinner cell layer compared to other BBS patients, and controls in 

particular (Figure 36). GOSH13 (middle image, Figure 35) was the most 

unusual sample as it formed extremely large spheroids – these would 

collapse, as can be seen from the image were its midsection is irregular and 

contains multiple cell layers. Control spheroids, on the other hand, were not 

numerous and much smaller, often containing only a handful of cells. In three 

BBS patients (ICH2, Guys4 and Guys8) some curious lumen features that 

were captured and presented in Figure 37, although these were very 

infrequent and seen only in these three patient samples.  

  

 



 

 9
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                  Figure 35. Representaive images of BBS patient and control URECS 3D spheroids mid-sections. 
                  Most of the BBS patient spheroids were large with clear lumens, compared to controls spheroids. See text. 
                  Immunostaining: green/red (adherens junctions) and white/red (acetylated tubulin, cilia). DAPI is in blue. Scale bars: 10μm
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Figure 36. BBS patient and control spheroid midsection 
BBS patient Guys42 presents with a particularly “expanded” spheroid phenotype: a 
large lumen and narrow cell layer, compared to other BBS patients (Figure 35) and 
controls. Immunostaining: green/red (adherens junctions) and white/red (acetylated 
tubulin, cilia). DAPI is in blue. Scale bars: 10μm 

 

 

Figure 37. BBS patient spheroids: unusual lumens 

Several BBS patient spheroid had unusual formations in the lumen region: multiple 
“vacuoles” in Guys4, and several condensed and shrunken nuclei in ICH2 and Guys8, 
indicated by arrows.  Immunostaining: green/red (adherens junctions) and white/red 
(acetylated tubulin, cilia). DAPI is in blue. Scale bars: 10μm 
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BBS URECs produce larger 3D spheroids more frequently than controls 

 
We also observed a striking difference in spheroid size, morphology and frequency 

on comparing patient and 3D cultures. The nine patient samples that grew 

successfully in matrigel contained variable number of spheroids of large size. 

Although variation in size, expressed as the number of cells per spheroid was 

extensive among and within different BBS samples, they were consistently and 

significantly larger, in all but one patient, compared to any of the 6 controls samples 

that had any 3D structures (Figure 38). The results were also replicated in the 

Netherlands lab with one NPHP and 2 BBS patients (data not shown).  

 

Figure 38. Average spheroid size in 3D cultures of controls and BBS patients.  

All but one patient (GUYS4) formed significantly larger spheroids, expressed as the 
average number of nuclei per organoid, compared to controls (pooled data on 3 
controls). Number of spheroids scored: 20-40 (12 for GOSH13 as the spheroids were 
extremely large). Error bars represent SEM. Ns=not significant, p-value>0.05 * =p-
value <0.05.****=p-value<0.0001 Statistical test: t-test. 
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Spheroids architecture was assessed in terms of overall shape, rate of lumen 

formation and size. Both controls and patients spheroids were organised and 

round, expressed by coefficient of circularity. Lumen formation rate was variable 

among patients (30%-90% range), while in controls it was more consistent, at 50% 

(Figure 39). Several additional spheroid phenotypes were noted in some BBS 

patients, such as en masse apoptosis inside lumens of large spheroids – but their 

significance is unknown due to absence of size-matched controls.  

 

Figure 39. Percentage of lumen-forming spheroids in BBS and control URECs  
Pooled data for 3 controls, pooled data on individual patient with 3D cultures in 
duplicate/triplicas were available (indicated by the error bars, which represent SEM).  
 

When scoring for planar cell polarity defects, a coefficient of variation among x, y 

and z-axes was calculated. However, large spheroids had a tendency to collapse 

after Matrigel, which supports their growth during culturing, is dissolved prior to 

immunostaining, leading to distorted values of the z-axis. The CV method cannot 

be applied in these instances as such spheroids are miscalled as abnormal, which 

doesn’t reflect their true shape but is a consequence of the cell fixation process 

(Figure 40). Instead, I have used an alternative method to estimate 3D shapes’ 

regularity, which is in this instance a circle, by measuring roundness of spheroids, 

expressed by the coefficient of the circularity (Figure 41).  
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Figure 40. Spheroid architecture assessment using coefficient of variation 
method.  
Large spheroids (sample GOSH8 and GOSH13) had the most extreme values and 
were scored as most abnormal –however this was due to their collapsed phenotype 
(which affects z-axis reading), and not the abnormal shape. Analysis: Tiago Mendes. 

 

 

Figure 41. Spheroid circularity analysis results.  
Roundness is expressed as a coefficient of circularity (1=perfect circle). Outer shapes 
of the URECs spheroid cultures were comparable in terms of their circularity to IMCD3 
spheroids, used as a positive controls in this experiment.  
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5.5 Investigation into potential causes of differences in 

proliferative potential of control and BBS URECs 

5.5.1 Replicative senescence in URECs 

 
URECs stopped dividing at various massages (P0-P5), depending on the 

sample. Some were fixed to investigate replicative senescence, a known factor 

and limitation of the primary cell culture. I found that over 50% of cells in non-

proliferative samples expressed -galactosidase, which is a marker of senescence; 

however there were 3 samples that expressed low levels of b-gal but were non-

dividing nonetheless (Figure 42). In few samples with multiple passages, it was 

possible to monitor -galactosidase levels at different time points: -galactosidase 

expression was delayed in a BBS patient compared to an age-matched control: 

GOSH13 levels at P5 are the same as control’s F2.5 levels at P2, based on 

staining results (Figure 43). 

 

Figure 42. Percentage of non-proliferative URECs expressing β-galactosidase, a 
marker of senescent cells. 

Most non-proliferating samples were characterised as senescent (where majority of 
cells expressed b-galactosidase), while 3 samples (Guys42, Con KNP1, Con MFP5) 
had low expression of b-galactosidase but were non-proliferating nonetheless. 
Images of stained 2D cultures were taken at random (8 fields per sample), each 
containing 300 cells on average. Error bars are SEM.  
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Figure 43. Some BBS patient URECs express delayed senescence.  
Quantification of the β-galactosidase positive cells in 2D cultures at different passages: 
BBS patient GOSH13 has similar levels of senescent cells at passage 5 as a control 
F2.5 at passage (below 5%). 1. Representative stained 2D URECs stained cultures. 
Scale bars: 200 μm 
 

I have followed up -galactosidase staining results obtained for a few by measuring 

relative expression of -galactosidase by qPCR in all other samples. There was a 

lot of variation in the expression of the senescence marker, without any apparent 

correlation. The results were pooled for controls and for BBS patients, and the 

difference was not significantly different.  

 

5.5.2 Characterisation of URECs: Are BBS patient and control cells from the 

same origin? 

 

In the next set of experiments I characterised URECs in both groups, to eliminate 

the possibility that cell proliferation profiles are related to different cell identity types 

in BBS patients and controls. A study published previously [136], using the same 

methodology as the current study, characterised URECs from healthy donors as a 

mixed population of proximal tubule cells and collecting duct cells, and experiments 

were designed to confirm this. I have also addressed the possibility of the presence 
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of bladder cells in urine samples, so urothelial cell markers were checked. I also 

could not ignore a wealth of literature that identified urine-derived cells as having 

stem-cell-like characteristics – and despite using Renal Epithelial Basal Media, 

which promotes cell differentiation in vitro, I checked for expression of a 

pluripotency marker Sox2 and aminopeptidase.  

 

All samples expressed variable levels of aminopeptidase, a renal proximal tubule 

marker, and to a lesser extent, Sox2, a pluripotency marker (as well as neural 

progenitor marker). No samples expressed detectable levels of uromodulin (PCR 

results), a marker of renal distal tubules. Immunohistochemistry (IHC) experiments 

have confirmed expression of aminopeptidase, while no levels of uroplakin, an 

urothelial cell marker, were detected - both in 2D and 3D cultures (Figure 44-45).  

 

Figure 44. URECs characterisation results.  

A. URECs express variable levels of Aminopeptidase and Sox2, no samples expressed 
uromodulin. Whole kidney RNA was used as a positive control for aminopeptidase. B. 
Staining results of 2D and 3D URECs cultures. C. Quantification of the aminopeptidase 
and Sox2 expression levels, normalised to GAPDH. PCR data: Rasha Saleh.  
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Figure 45. URECs characterisation: cells express aminopeptidase, proximal 
tubules marker.  
Kidney and renal tubules diagram adapted from the Organs of the Body atlas (web 
source http://www.organsofthebody.com/kidneys/). 

  

Since the proliferative index was apparently very different between cells isolated 

from controls compared to BBS patients, we hypothesised that it may be a result of 

the gradual differentiation of stem-like cells into renal epithelial cells in primary 

culture, which occurred more rapidly in the controls than in BBS patients. If this 

were true, we would expect an eventual loss of Sox2 expression (marker of stem 

cells), but increased levels of aminopeptidase (renal tubular cells marker) and/or -

galactosidase (cell senescence markers). qPCR was performed on all samples 

available; however, the differences in the expression of the three markers were not 

significantly different when controls and patients were pooled (Figure 46).  

 

The ability to form spheroids, which was clearly very pronounced in BBS patients, 

did not seem to correlate with -galactosidase, aminopeptidase or Sox2 expression 

either (qPCR raw data in the appendix, Table A7, page 194) – the levels were not 

significantly different in the BBS patients group that formed spheroids compared to 

controls (Figure 47). On culturing control samples with the highest proliferative 

index (F2.5, 6 population doublings in 2D) or extending culturing time in Matrigel 

from 10 days to 20 days did not have an effect on the 3D culturing outcomes in the 

control group. The spheroid forming ability declined with the passage number in 

patients: for example GOSH13 that grew one of the largest spheroids seen in the 

study (and no 2D growth) at P2 had only 2D growth when cells were seeded in 

matrigel at P6.  

 

http://www.organsofthebody.com/kidneys/
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In summary, cells were negative for urothelial cell markers, distal tubule markers, 

but positive for a renal proximal cell marker and a pluripotency marker, as well as 

for a senescence marker at later passages. The most consistent result is reported 

for positive identification of aminopeptidase-positive cells, uromodulin- and 

uroplakin-negative cells. Variable levels of expression have indicated presence of 

some degree of heterogeneity in isolated cell populations that I investigated further. 

  

Figure 46. Quantitative analysis of the expression levels of three cellular markers.  

No statistical differences were found in expression levels of b-galactosidase, 
aminopeptidase and Sox2 among BBS patients and controls (pooled data, error bars 
represent SEM). Ns – Not significant, p-value>0.05. Statistical test: unpaired T-test 

 

 

Figure 47. Quantitative analysis of the expression levels of three cellular markers.  
No statistical differences were found in expression levels of b-galactosidase, 
aminopeptidase and Sox2 among BBS patient samples that formed spheroids, BBS 
patient samples that did not form spheroids and controls (pooled data, error bars 
represent SEM). Statistical test: unpaired T-test 
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5.5.3 Heterogeneity of cell population isolated from urine  

 

In the next set of experiments I have modified the method slightly with a view to 

isolate and characterise several clones from the same sample: instead of plating 

cells into one well of the 24-well plate, the pellet was plated into 5-10 wells 

(depending on the amount of the sample collected).  I observed similar results as in 

previous experiments: aminopeptidase expression was more or less uniform and 

present in all clones, while Sox2 expression was variable, in both controls and the 

patients. Proliferation curves were also variable – different clones, isolated from the 

same sample, proliferated at different rates, which did not correlate with the levels 

of Sox2, but was best predicted by the morphological transition into fibroblast-like 

cells. The same applied to the 3D culturing study outcome: cells possessing the 

characteristic “rice grain” morphology in 2D tend to form spheroids in 3D more 

readily, while those that are flatter either have limited proliferation or grow as 2D 

sheets even when cultured in 3D conditions. I conclude that the higher proliferative 

potential, as well as the ability form spheroids in 3D, is not a feature of all UREC 

isolated from BBS patients but instead is a feature of some clones only.  The data 

is summarised in Figure 48.  
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Figure 48. Heterogeneity of UREC clones isolated from the same sample. 

PCR results showed that different clones, originating from the same sample expressed 
variable levels of Aminopeptidase (167bp, proximal tubules marker) and Sox2 (stem 
cell marker, 488bp). Sox2 expression was not predictive for spheroid forming ability in 
3D. Instead, UREC morphology in 2D was the best predictor: cells with a small, 
compact morphology in 2D were more likely to form spheroids. Scale bars: 200μm. 
PCR data: Rasha Saleh. 
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5.5.4 Cilia-specific phenotypes: cilia length and ciliation ratio in URECs 

2D and 3D cultures 

 

Due to variation in cilia length among individual healthy donors and between 

spheroids compared to 2D growth in matrigel originated from the same sample, 

cilia length results are presented as 4 sets of graphs (Figure 49a, b, c, d). No 

difference was found in cilia length in spheroids (c,d), while some patients formed 

significantly longer cilia in cells that grew as 2D sheets (a,b).(GUYS 3 p-value 

<0.0001, GUYS43 p-value <0.0001, GUYS8 p-value=0.0030; GOSH13 p-

value=0.0254, GOSH3 p-value=0.018, GOSH 4 p-value <0.0001 and GOSH 5 p-

value<0.0002).  

 

The rate of ciliation was significantly lower in spheroid cultures of 5 out of 11 BBS 

patients compared to pooled controls, while one patients’ URECS completely 

lacked cilia (Figure 49F). (GUYS3 p-value=0.012, GOSH3 p-value=0.0115, 

GOSH5, GUYS42, GUYS43 (clones C6 and B6)– p-value <0.0001 for all three). 

 

I then compared URECs cilia-specific phenotypes to patients’ clinical renal 

phenotypes. I see complete lack of cilia in one patient with normal kidney function 

(ultrasound scans (USS) were not available), and a reduced rate of ciliation in 

spheroids in 4 patients, all of which present with kidney disease. Four patients had 

longer cilia in cells that grew as 2D sheets (but not in spheroids), three of whom 

have cystic kidneys. Two patients with structurally normal kidneys confirmed by 

ultrasound have both normal cilia lengths and ciliation ratios. Thus cilia length and 

percentage of ciliated cells in urine-derived cells cultured in 3D may serve as 

predictive biomarkers for renal disease. 
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Figure 49. Results of the analyses of the cilia-specific phenotypes in URECs 
cultures. 
 A, C - Most of the BBS patient 2D URECs formed significantly longer cilia than any of 
the age-matched controls. B, D - No difference in cilia length in URECs 3D cultures. 
Paediatric BBS URECs values were compared to the Con 7, (longest cilium), while 
Adult BBS URECs were compared to con KN. Mean number of cilia measured for each 
sample: 114. Data collection for B and D: Tiago Mendes. E representative images of 
control (cilia stained in white, acetylated tubulin) and patient (cilia stained in red, 
acetylated tubulin) 2D URECs cultures, where differences in cilia length were found to 
be significant. F. Rate of ciliation was significantly lower in 4 BBS patients. No cilia was 
detected in 3D cultures of one patient (GUYS42). Mean number of nuclei scored for 
cilia presence: 300. Scale bars=10um, Error bars represent SEM. Significance levels: * 
=p-value <0.05.****=p-value<0.0001 Statistical test: t-test. 
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5.6 URECs study: summary of findings:  

I showed that successful culturing of URECs was achieved for roughly 30% of the 

samples that were collected as part of this study. URECs were analysed at 

Passage 2 were positive for renal proximal tubules markers, and negative for 

urothelial cell markers, with variable expression of senescence and stem cell 

markers. The most consistent phenotype observed in the cells isolated from the 

BBS patients, irrespective of their genotype and renal phenotype, is increased 

proliferative capacity in vitro: they reached confluence (~200,000 cells) on average 

5 days earlier than the controls, underwent more population doublings in 2D culture 

and were more likely to proliferate in 3D environment, compared to controls. 

Spheroid phenotypes were particularly notable – all but one BBS patient formed 

significantly larger spheroids. I did not detect planar cell polarity defects, expressed 

by the circularity analysis of the spheroid cultures; however, there was variability in 

the lumen formation rate across patient samples. Cilia specific phenotypes include 

reduced ciliation of 3D cultures and longer cilia. No correlation observed in relative 

expression of cellular markers (Sox2, aminopeptidase, and β-galactosidase) and 

cell population’s potential to form spheroids, meaning there are other, currently 

unexplored and possibly BBS-specific mechanisms at play. Overall, this alternative 

primary cell source can be used to study rare genetic diseases, especially with 

renal involvement.  
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6 Chapter 6. Discussion 

6.1 Is ift172 zebrafish morphant a suitable model for the drug 

screen? 

As the experiments with various morpholinos demonstrated, ift172 was the best 

morpholino to use, as it had the desired phenotype at high frequency.  By analysing 

controls from 13 experiments (excluding experiment 12, due to an abnormally high 

prevalence of oedemic fish), cyst penetrance was represented by a very consistent 

value, and averaging 59% (range 50.00-76.47%, Table 18).   

 

Experiment 
WT/N/Small 

cyst 
Cysts Oedema 

1, n=15 0.4000 0.6000 0 

2, n=17 0.2941 0.6471 0.0588 

3, n=17 0 0.7647 0.2353 

4, n=43 0.2326 0.5349 0.2326 

5, n=14 0.2143 0.5714 0.2143 

6, n=16 0.1875 0.5000 0.3125 

7, n=12 0.4167 0.5000 0.0833 

8, n=23 0.3913 0.5217 0.0870 

9, n=22 0.0455 0.7273 0.2273 

10, n=16 0.1875 0.6250 0.1875 

11, n=16 0.1875 0.5000 0.3125 

13, n=13 0.3846 0.5385 0.0769 

14, n=24 0.0417 0.6250 0.3333 

Average 0.2295 0.5889 0.1816 

STDEV 0.1431 0.0867 0.1094 

 

Table 18. Prevalence of each phenotypic category in untreated embryos across 

14 experiments and their average values. 

 Experiment 12 is excluded, as it was an outlier.  

 

However, values for the other two categories, WT/N/Small and oedema, fluctuated 

to a greater degree and were in the range 0.00%-40.00% and 0.00%-33.33%, 

respectively. Overall, there was a certain relationship between these two 

categories; in some cases there was roughly equal percentage of embryos that 
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were either oedemic or WT/N/Small cyst (experiments 4, 5 and 10), sometimes 

there were more WT/N/Small cyst embryos than oedemic embryos (experiments 1, 

2, 7, 8, 13), or vice-versa (experiment 3, 6, 9, 11, 14).  In other words, these two 

categories seemed mutually exclusive: if the penetrance of one phenotype was 

higher, the penetrance of the other was lower, unless the values were roughly 

equal. This is a reflection of the variability between individual morpholino injections, 

as oedema and WT/N/small cyst categories represent two extremes of the 

spectrum of the cystic phenotype seen in ift172 morphants. Although three 

categories were defined in the beginning of the study for the purpose of scoring the 

phenotype, the reality is more complex, and the phenotype is almost continuous, 

reflecting the increasing degree of the penetrance (Figure 50). 

 

Figure 50. Spectrum of the phenotypic variability in ift172 zebrafish morphants. 

Observed variability of the phenotype among ift172 embryos, reflecting penetrance of 

the phenotype, likely to be caused by the incomplete gene silencing (mild phenotypes, 

left of the spectrum) or off target effects (severe phenotypes, right of the spectrum), 

caused by the subtle changes in the dose of injected morpholino. 

 

The continuum of the phenotype also explains variability between individual 

experiments. A slight change to a lower dose in the amount of injected morpholino 

could result in a shift towards a milder phenotype, with very few fish developing 

oedema, while slight increase in the morpholino dose could shift the balance to the 

opposite direction; in both cases, the number of cystic embryos would not be 
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affected much, which explains the observed phenotype distribution in different 

experimental set-ups among controls. Although the amount of morpholino is 

adjusted with a maximum degree of precision, by calibrating a diameter of the drop 

in the injection needle, it is done manually and the method is prone to error: for 

example, if the calibration overestimates the diameter of the drop by just 20% it will 

result in the 73% increase of the injected volume of morpholino. In addition, the 

stage of the developing embryo which is injected with morpholino, may affect the 

results, and although all subjects in the study were injected at 1-4 cell stage, there 

might be a subtle variation in the way morpholino silences a gene of interest 

depending on the stage of the embryo. Moreover, there is a natural variation in the 

size of eggs, which may affect the dynamics of the diffusion of the oligonucleotides 

throughout the embryo’s cytoplasm and the amount that enters the cell(s). Although 

it is possible to control for these parameters to some degree – by selecting 

embryos of roughly the same size and injecting them at one particular stage. This 

is however, not feasible when running a screen and with a large number of 

embryos needing to be injected in a short period of time. The variation in the 

phenotype is still expected to persist, simply due to the nature of morpholino-based 

gene knock-down. As shown in Figure 50, ift172 morphant phenotypes can be 

viewed as a continuum, with about six “phenotype” categories, starting with almost 

normal looking embryos with a slight curvature of the body and a barely visible cyst 

to grossly deformed embryos with a huge amount of oedema. Phenotypic variation 

is a serious issue that undermines the interpretation of the results, as one can 

never be sure if the mild phenotype observed is the result of the drug action, or due 

to the reduced penetrance caused by the partial gene silencing. Although this topic 

was addressed in the beginning, and the efforts were concentrated on finding an 

NPHP zebrafish model with the most consistent phenotype, which ift172 represents, 

morpholino-based knock down is not efficient enough for producing a 100% 

penetrant phenotype.  

 

Embryos developing oedema were another source of uncertainty when analysing 

data. This phenotype can be non-specific and is too severe to be corrected by the 

drug action. For example, the positive effect of the hypothetical drug would be 

missed, if all the embryos treated with this drug had developed oedema just by 

chance. To see if there was a difference between the overall phenotype distribution 



Chapter 6. Discussion 

 

 115 

among controls (untreated ift172 morphants) and treated ift172 morphants, the 

data was pooled across 14 experiments and compared. There was a higher 

prevalence of the oedemic category in treated fish than in untreated controls – 33% 

vs. 23%, which was statistically significant (p-value< 0.0001, Fisher’s exact test) 

(Figures 51 and 52). 

 

 

 
Figure 51. Comparison between phenotype distributions among treated ift172 

morphants and controls.  

Pooled data across 14 experiments. WT/N/Sc category has a 20% prevalence in both 

cases, oedema category is more prevalent in treated embryos than untreated (33% vs 

23%). 
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Figure 52. Phenotype distribution across 14 individual experimental set ups. 
Oedema category is over-represented in treated morphants, in 12 out of 14 
experiments.  
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The discrepancy between the overall prevalence of each category in treated and 

untreated morphants may be explained by the following: 

 

1) Error when scoring 

2) Drugs were more likely to exacerbate the phenotype than to ameliorate it 

 

 The first explanation is unlikely, as the WT/N/Small cyst category’s values are no 

different in treated and untreated subjects, and oedemic embryos are very 

straightforward to score. The second explanation is more likely, since the findings 

supports it - 19 drugs out of 640 were found to cause oedema – including 12 

exclusively in morphants, but not in WT fish. The non-random over-representation 

of oedema category in treated embryos implies that there were more drugs in the 

library that had a negative impact on the progression of the phenotype (i.e. cause 

oedema), than to correct it (lack of cyst). Alternatively, oedema was a non-specific 

feature, caused by the defects in lymphatic system. Since drugs can have effect on 

multiple organs, huge oedema may have masked a potential positive effect of the 

drug.  

 

The major limitation of the ift172 morphant model for the large drug screen, and 

morpholino-based gene knock-out in general, is phenotypic variation in controls 

within and among individual experiments, which became apparent retrospectively, 

once the data from the 14 individual experiments was pooled.  

 

Should the 640 FDA drug screen be revisited? 

 

Powerful drug screening assays are designed in such a way so that compounds 

that modify a particular phenotype are identified in a robust and reproducible 

manner, despite the variability that is inherent in biological systems and their 

responses. Zhang and colleagues (1999) have come up with an elegant formula, 

(Equation 2) that can be applied when designing a screen to ensure it has the 

potential to capture positive hits, if they are present in the library of compounds. 
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Thus, the screen’s power, or the Z-factor, can be estimated by calculating the 

“distance” between the means of the control (i.e. vehicle-treated) and the drug-

treated subjects, Drug screens with Z-factor values in the region of 0.5-1 are 

generally considered “excellent” as these values correspond to the difference 

between the means of 12 or more standard deviations [169]. 

 

It is difficult to say with certainty what the z-factor of the 640 FDA drugs screen is, 

as no pilot study, using a positive control drug (a drug that reduces cystic burden in 

the ift172 morphant) was performed prior to the study. Such pilot study could 

determine the optimal number of treated embryos, which is likely to be higher than 

5 by several fold. In addition, a positive control drug should have been included in 

each of the 14 experimental set-ups.  An ideal positive control is everolimus, but 

this was discovered in the PKD study that took place after the initial screen was 

completed. However, I have performed a basic statistical analysis of the existing 

data, which estimates the probability of the distribution of the phenotypes among 

treated embryos for each permutation that was chosen as a positive hit, based on 

the selection criteria “50% or more” of the WT/Sc/No cyst category (Table 19). This 

analysis revealed that some of candidates, selected for the follow up experiments, 

have high p-values (over 0.5), confirming their false positive status (e.g. 1B11 drug 

has p-value=0.1274), while some additional drugs were identified for a potential 

follow up study. In the Table 19 probabilities of the phenotypes distribution 

outcomes among surviving embryos treated with drugs are presented, along with 

the drug candidates where a particular outcome was recorded. Six additional 

candidates with p-value<0.05 are identified among drugs that have not been 

retested; these are highlighted in red (Table 19) and could be considered for a 

Equation 2. Formulae used to estimate Z-factor  

 is a standard deviation,  is the mean, while p and n are positive and negative 

values, respectively. From Zhang et.al (1999).  
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follow up. Their current application and mechanism of action are summarised in 

Table 20. 

Total number 
surviving 
embryos 
(treated) 

Number of 
embryos with 
No/Small cyst 
or WT 

Number of 
embryos 
with Cyst 
and/or 
Oedema  

Probability of 
phenotype 
distribution, 
p-value 

Drug candidates 
(tested in follow-
up experiments) 

Drug 
candidates 
(not 
followed 
up) 

6 3 3 0.1274 1B11 n/a 

5 5 0 0.0006 4D9 n/a 

5 4 1 0.0104 5C2 
7C6 
7C2 
7C10 

4D2 
4D3 
4D6 

5 3 2 0.0764 8E3 
2D2 
7F8 
6C6 
6C7 

1A3, 1E11 
2A5, 8A4 
4A7, 4C3 
4D4, 4D8 
5A6, 6B3 
6C11, 6D2 
8H3 

4 4 0 0.0025 6H2 n/a 

4 3 1 0.0368 1E6 
1G10 
6B11 
6H4 

5D11 
7C4 
7B2 

4 2 2 0.2133 1C5 
3C4 
8F3 

n/a 

3 3 0 0.0111 8G6 n/a 

3 2 1 0.1250 1H10 
1F4 

1H6 
1G7 
3F2 
4E5 

Table 19 Probabilities of phenotype distribution in treated embryos, and 
corresponding drug candidates from 640 drug screen.  
P-values calculated based on the pooled controls’ data from 13 experiments, where 54 
out of 249 embryos were scored as having a small cyst, no cyst or were WT-looking, 
using two-tailed Fisher’s exact test.  Twenty-two drug candidates were re-tested in the 
subsequent experiments, but failed to replicate initial results. Remaining 23 drug 
candidates, listed in the last column, have not been re-tested. Only 6 drug candidates 
(highlighted in red) have a p-value<0.05 and could be considered for further validation. 
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Drug 
ID 

Compound Current application Mode of action 

4D2  Daunorubicin Chemotherapy Intercalates with DNA molecule 
and Inhibits its synthesis and/or 
transcription 

4D3  Doxorubicin 
HCl 

Chemotherapy Intercalates with DNA molecule 
and Inhibits its synthesis and/or 
transcription 

4D6  Methyl 
Salicylate 

Produced by plants, used as 
rubefacient and analgesic to 
treat muscle pain. 

Dilation of capillaries and increased 
blood circulation 

5D11 Sumatriptan 
Succinate 

Used to treat migraines Serotonin receptor agonist 

7C4 Ofloxacin Broad spectrum antibiotic Inhibits DNA gyrase 

7B2  Minocycline Broad spectrum antibiotic Binds to bacterial ribosome 
subunits and inhibits protein 
synthesis 

Table 20. Profiles of 6 additional drug candidates identified in the 640 drug 
screen. 
Drug candidates that could be considered for a follow us study, based on the analysis 
presented in Table 18. These include antibiotics, chemotherapeutic agents and pain-relieving 
medicines.   
  

6.2 Ift172 morphant model is suitable for small-scale drug 

screens 

One way to account for the general limitations of the morpholino-based gene 

knockdown, largely stemming from the manual micromanipulations, is to increase 

the number of treated embryos to 15 (instead of 5) and perform experiments in 

biological triplicas.  This would not be feasible for a screen consisting of hundreds 

of compounds due to the laborious nature of the methods used as part of the 

zebrafish study. However, this can be used on a smaller scale as was done with a 

PKD therapies. In addition to increasing the number of treated embryos by a total 

of 6-fold, optimal dosage, and in some cases treatment regime, was established 

empirically for each of the 15 drugs. This led to the identification of 4 drugs that 

reduced the size of the cyst: Everolimus, Triptolide, PD98059 and Genz123346-

analogue Ganetespib. This data confirms suitability of the morphant model for a 

small-scale chemical drug screens, and also shows that the cystic phenotype is 

“rescuable”, i.e. can be modulated therapeutically.  



Chapter 6. Discussion 

 

 121 

 

6.3 Future directions for chemical screens using zebrafish 

models of nephronophthisis 

Generating morphants by manually injecting embryos is not scalable. Moreover, 

any morphant data usually has to be replicated in the experiments using a mutant, 

which remains a gold standard. However, this would require a significantly larger 

number of embryos. In the case of recessive mutations, and provided there is a 

phenotype in homozygotes that can be scored for, one would need to test a 

particular drug on a sample of 20 embryos. According to the Mendelian genetics, a 

clutch of 20 eggs from heterozygous parents is expected to have 5 homozygous 

offspring, and chances of all 20 embryos being either wild-type or a heterozygote 

are 0.3% and this selection criteria can be set to identify potential drug hits. It would 

take 12,800 embryos to screen 640 compounds, which would require an 

automation of the drug delivery, scoring system and analysis, to make it truly robust. 

Ift144 zebrafish mutant proved to be an excellent model of nephronophthisis, 

confirming the results obtained from the PKD therapies experiment on the 

morphants.  

 

There are also alternative strategies to single-compound treatment regimes. 

Pooling in relation to drug screening generally refers to mixing multiple compounds 

in various combinations and testing them as a mixture in the first phase of the 

screen, which significantly minimises the time and effort associated with testing 

large libraries of compounds [170]. Testing drugs or small molecules as pools of 

10-20 compounds may result in unwanted and unexpected interactions making it 

difficult to interpret the results. Nevertheless some researchers argue that 

multiplexing may have an advantage over single compound testing because it is 

cheaper, faster and in some cases reduces the number of false positive and/or 

false negative hits. Although most of the work, supporting this claim, is based on 

mathematical modelling and computational analysis, multiplexing is a method of 

choice in zebrafish screens for chemical suppressors as per the protocol described 

by Detrich et al (2011). This method can be used in high-throughput facilities, 

where testing of 1280 drugs can be done at once, in less than a week. Since the 
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number of embryos available for the screen has proven to be a major limitation, the 

method in its entirety would not be possible in the current settings of our research 

facility, but nonetheless it provides a reference to a completely different approach, 

which is estimated to have a false-positive hit rate of just 0.001%, surpassing the 

efficiency of the method used in the current research by several orders of 

magnitude.  

 

There are also several improvements that can make in terms of the methodology 

for cyst scoring.  PKD drugs that were shown to have potential as PKD treatments 

in mice models of the disease, generally improved the progression of the condition, 

ameliorating some of its features, such as “reduction in renal cystic area” [100], 

“slower progression of the phenotypes”[109], and “15% reduction in cystic burden” 

[111].  A more suitable method for a high-throughput screen would be to use a 

transgenic GFP line, where embryos can be imaged automatically for accurate 

pronephros analysis. For example, Westhoff and colleagues analysed effects of 

potentially nephrotoxic drugs on transgenic zebrafish line Tg(wt1b:EGFP) to 

quantify gross developmental malformations of the developing pronephros[171]. 

The system could be used for a drug screen that modify cyst phenotype in 

zebrafish ciliopathy model in the Tg(wt1b:EGFP) background.  

 

Can NPHP-RC cysts be modelled in zebrafish? 
  
Ciliopathy-related cystic kidney phenotype of humans and zebrafish correlate 

poorly, which is evident in studies investigating PKD and PCD, where patients with 

mutations in PKD genes develop kidney cysts, while zebrafish mostly do not, or the 

other way around in PCD [141–143]. Current study investigated nphp zebrafish 

models and my findings additional support for the lack of correlation. Most of the 

patients with mutations in NPHP genes develop kidney cysts, while zebrafish nphp 

mutant and morphant data is variable. This probably reflects differences in the 

underlying mechanisms of cyst formation, and the fact that zebrafish pronephros 

mostly express multiple motile cilia. Out of five morpholinos that I tested (nphp3, 

cep290/nphp6, nek8/nphp9, cc2d2a and ift172/npnp17) only one resulted in high 

penetrance of cystic phenotype, and it was the only IFT protein among the 

candidates. In humans, mutations in IFT genes are more likely to cause skeletal 
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abnormalities, which are often life-threatening, and kidney phenotype may not 

become apparent due to short life span of the patients [35–37]. 

 

Translatability of the PKD drug screen results 
  
Although ift172 and ift144 proteins “travel” along the ciliary axoneme in the 

opposite directions, they cause identical cystic phenotype in zebrafish, when 

mutated.  This further confirms critical role of IFT/cilia motility in the developing 

pronephros of the zebrafish, as motility defects seem to invariably cause cysts in 

this animal. The fact that the two models are phenocopies is further supported by 

the 100% translatability of the PKD drug screen results - there were no compounds 

that reduced cystic burden in one model, but not the other. Drug candidates 

everolimus, ganetespib, MEK inhibitor and triptolide are not new and were shown 

to work in murine PKD models. 

  

Does this data provide evidence that the drugs may be effective in treating NPHP? 

  

The fact that the most promising drug candidates to date, tolvaptan and, to some 

extent, octreotide, had no effect in neither ift144 mutant nor in the ift172 morphant 

is informative. cAMP is one of the central pathways in cyst formation mechanism in 

PKD patients [172], while my results demonstrate that tolvaptan and octreotide 

treatment had no effect in zebrafish model of NPHP. Pharmacological activity of 

these compounds was not measured in this particular study, so it is hard to say 

with certainty whether or not cAMP pathway modulation affects cystic burden of the 

NPHP zebrafish models.  

  

One study has examined contribution of cAMP pathway perturbations in the cyst 

formation in the zebrafish. Sussman and colleagues investigated 

phosphodiestrase, PDE1a, as a potential target for therapeutic intervention in PKD 

[173]. This protein normally inhibits cAMP degradation, which is activated by 

Calcium signalling, which in turn is reduced in PKD. Authors predicted that 

inhibition of PDE1a would lead to cAMP accumulation and possibly cyst formation 

in zebrafish. Small percentage of PDE1a zebrafish morphants generated in this 

study did form cysts - although the penetrance of the phenotype was low 
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(approximately 25-35%, depending on the type of morpholino used). It is hard to tell 

how the phenotype of this morphant would compare to that of ift172 of ift144 

phenotype as PDE1a morphants were analysed at 2dpf, when the cysts are barely 

visible.  Moreover, as discussed previously morphant data is inconclusive and 

requires validation in the mutant, as different methods of gene silencing often lead 

to differences in the resulting phenotypes [174]. Taken together, it is not clear what 

are the consequences of cAMP pathway modulation in zebrafish, with respect to 

kidney cyst formation - if any. 

 

6.4  Molecular diagnosis success rates using Fluidigm 

targeted gene sequencing 

In the Fluidigm study I report definite molecular diagnoses for 54 BBS patients from 

40 families, the majority of whom were of Turkish ethnic background. In an 

additional 14 patients from 12 families, mutations were found, however, most of 

those were missense variants, often in heterozygous form, that do not alone, 

explain BBS. Pathogenic mutations were detected in only 48% of the Turkish 

families analysed, which is significantly lower than the rate reported in other studies 

with similar targeted gene sequencing.  It is often stated in the literature that 70-

80% of the patients clinically presenting with BBS have mutations in 21 reported 

BBS genes [175], and the likelihood of the molecular diagnosis will depend on how 

well the patient meets BBS inclusion criteria based on the clinical features[63]. 

However, this statement by Redin and colleagues[63] follows from data on 38 

families, and the difference in the likelihood of the molecular diagnosis for the 

group of patients that met BBS inclusion criteria vs. the group that did not is not 

statistically significant (p=0.0873, my own calculation of their data shown in figure 

3)). Three large BBS sequencing studies, that investigated 38, 83 and 174 families 

report identification of two putative mutations in 68%, 77% and 67% pedigrees, 

respectively [63,175,176], which averages at 70%. This implies, that the current 

method failed to identify causative mutations in up to 22% of Turkish families 

analysed. This is underlined by the finding that subsequent whole exome 

sequencing of Pakistani BBS patient revealed a homozygous CEP164 mutation 

previously missed by Fluidigm There can be several explanations for this: 
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inefficiency of the Fluidigm system and NGS as a whole with putative technical 

issues at the level of DNA amplification, barcoding, sequencing or within the 

bioinformatics pipeline, issues with the DNA template quality used and some other 

genetic causes of the BBS not covered by the current project. 

 

In a much larger study by Halbritter (2013) that recruited over 1000 NPHP patients 

and used the Fluidigm platform, mutation sensitivity is calculated to be 61% based 

on the 27 positive controls with 44 known mutations [71], while it is 100% when 

capture enrichment method was used in the unrelated study [63]. In other words, 

39% of mutations were missed, which is similar to the value estimated to be true for 

the current project. In the current project 4% of cases were missed, but in reality 

this figure is probably higher.  Variant call criteria was initially purposefully relaxed, 

and changes with low QC and low allele frequencies were included in the list of 

variants to be followed up. Only 3 out 15 variants with QC<255 were confirmed by 

Sanger sequencing, and the decision was made not to follow up the remainder due 

to time and cost constraints, as there was 80% chance of them being artefacts.  It 

is possible to revisit the data for unsolved samples with the hope that causative 

mutations can be identified in the additional 20% of the samples. Filtering based on 

the allele frequency has not influenced the results, as all variants with allele 

frequency above 20% were followed up, and outcome was accurately predicted in 

92% of cases. In summary, there is little that can be done in terms of data analysis 

in order to identify additional variants for unsolved cases, and these are likely to be 

missed for other reasons. Technical limitations of the system are probable, based 

on the previous study [71] using Fluidigm that reports lack of results for 39% known 

mutations, based on positive control data.  

 

Collection of samples other than Turkish and Pakistani origins is heterogeneous –

the lower percentage of unsolved cases may reflect the fact that these are mainly 

previously unsolved ciliopathy cases, with a phenotype that is not a classical form 

of BBS. 

 

Another potential limiting factor discovered in the follow up experiments concerns 

DNA quality of the template – I had problems amplifying and Sanger sequencing 

numerous DNA samples. The samples included in the study were stored for many 
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years in some cases, and it is possible that the storage conditions were inadequate 

and some samples have degraded over time. Most of the samples had to be whole-

genome amplified prior to the start of the project, as they had insufficient DNA 

concentration. This technique, although essential in many genetic research studies, 

such as forensics and fossilised remains, is known to introduce bias and drift in the 

final DNA template [177].  

 

Last but not least, little is known about BBS gene distribution in the Turkish 

population. Some of the unsolved cases may have mutations in genes that were 

not covered by the current BBS genes panel. Solmaz et al (2015) analysed 15 

Turkish families, reporting 86.6% mutation detection rate using a BBS gene panel 

consisting of 17 BBS genes [178], all covered in the current study, which is 

significantly higher than reported here.  Despite the study limitations which are 

probably caused by a combination of factors, including inefficiency of the Fluidigm 

system and poor DNA quality of some of the samples, the results are contributing 

to the understanding of the BBS in the Turkish population, as this is the largest 

number of solved cases reported to date.  

6.5 BBS genetics in Turkish population  

According to the findings of this study, two genes, BBS10 and BBS12, account for 

over 40% of the cases, with BBS10 the most commonly mutated gene (26% of the 

families) in this cohort (Figure 30 in the results section). When these results are 

combined with the findings of the second largest study that investigated genetic 

causes of BBS in the Turkish population (Solmaz et al, 2015; n=13 families[178]), 

the contribution of the BBS10 becomes slightly higher, and it is found to be mutated 

in 27.5% of the families. BBS10 contribution to the disease depends on the 

population studied - in Spanish cohort of 56 patients mutations in BBS10 

accounted for 7.9% of the cases [57], while in the Danish cohort of 44 patients 

BBS10 was responsible for 43% of cases [179]. The discrepancy can be explained 

by the founder effect of certain pathogenic variants, affecting overall BBS genes 

distribution in different countries.  
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Overall, chaperonin-like proteins (BBS10, BBS12 and MKKS are implicated in the 

45% of the cases (current study + Solmaz et al study [178], Figure 53), making it 

the largest BBS family of genes contributing to the BBS phenotype in the Turkish 

population, while genes encoding BBSome components comprise 42.5% of the 

cases. These findings contrast the genotype distribution in the UK BBS cohort 

(>450; personal communication - Dr Bethan Hoskins (North East Thames Regional 

Genetics Service)), that is largely due to the founder mutation M390R in BBS1, that 

appears to be unique to Caucasians. If this mutation is considered separately, 

BBS10 is responsible for the 34% of the remaining cases and genes that code for 

chaperonin-like proteins comprise 47% of the cases overall (based on the data 

reported in Forsythe et al 2016 [41], figure distribution), which is very similar to 

figures reported here.  This class of proteins is thought to be involved in 36.5% of 

the patients of multi-ethnic origin (recruited in Canada, Spain, USA and South 

Africa)[180]. Thus, mutations in the chaperonin-like family of BBS proteins 

comprise a substantial proportion of BBS cases of diverse ethnic origin, in addition 

to the BBS1 M390R mutation, which is seen in the patients of European or North 

American descent.  

 

 

Figure 53. Genotype distribution in BBS Turkish families: combined results of 
the current study and Solmaz et al study (2015)[178]. 

 

Chaperonopathies is an emerging group of diseases, which are caused by 

mutations in genes encoding molecular chaperones, whose normal function is to 
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assist other proteins in acquiring and maintaining their native conformation. 

Molecular chaperones are ubiquitously expressed, especially during stressful 

cellular events, such as heat shock, and more generally are involved in 

maintenance of the protein homeostasis. Misfolded proteins and protein 

aggregates are implicated in neurodegenerative diseases such as Parkinson’s, 

Alzheimer’s and Huntington’s, which may be partially caused by the inadequate 

function of chaperonins (reviewed in [181]). BBS proteins BBS6/MKKS, BBS10 and 

BBS12 are not true chaperones, but chaperonin-like proteins, as they are not 

involved in protein-folding activities like true chaperons, but instead stabilise certain 

proteins [182].  

 

Experimental data by Seo and colleagues (2010) showed that inactivation of 

chaperonin-like BBS proteins leads to degradation and/or absence of the BBSome 

complex. For example in the Bbs6 null mouse BBSome is not formed, and its 

components are found as monomers/aggregates instead [54]. This and other data 

led authors to propose a model where BBSome assembly initiation is mediated by 

a large chaperonin complex: BBS6, BBS10, BBS12 and 6 other chaperonins [54]. 

Further studies revealed that BBSome assembly is a multi-step process where 

chaperonin-like BBS proteins guide incorporation of the subunits in the particular 

order [55]. Thus, mutations in the BBSome subunits would be predicted to have a 

milder effect on the complex’s activity and function, compared to the mutations in 

the genes that encode chaperonin-like proteins, whose role is absolutely critical in 

the BBSome assembly. This is supported by the clinical data: BBS patients with 

mutations in genes encoding chaperonin-like proteins develop more severe 

phenotype and/or earlier onset [57,180,183]. 

 

6.5.1 Recurrent mutations found exclusively in the Turkish patient cohort 

 

Four different mutations are possibly founder mutations found exclusively in the 

Turkish population so far. 
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 Mutation in BBS12 c.1483delGA (p.E495fsX498, rs768933093) reported in 

Kurdish patient by Stoetzel et al (2007) and is seen in 3 unrelated Turkish 

patients in our study (53.1, 173.1 and 223. 1). 

 

 Mutation in BBS9 p.Cys104ValfsTer20 is found in 3 Turkish families (52.1, 47.1, 

49. 1, confirmed so far only in 52.1), not yet reported. 

 

 Mutation in BBS10 p.Arg49Trp is seen in two unrelated Turkish patients (382.1, 

383.1) – it has been reported in one individual so far, but no details regarding 

phenotype or ethnicity were provided (WES study on 500 families with 

undiagnosed genetic conditions [184]).  

 

 One of the mutations reported by Solmaz et al (2015)[178] is also present 

among mutations found in this study (p.Arg238GlufsTer59 in BBS7, patient 

248.1). 

 

6.5.2 Cases with unknown/unclear contribution of (extra) alleles  

 

1. Do MKKS and SDCCAG8 alleles contribute to the phenotype (benign 

polyphen prediction)? 

 

MKKS mutation (rs137853909) is seen in two unrelated Turkish patients, 

homozygous form in combination with BBS12 homozygous frameshift mutation 

c.1482_1483delAG  in patient 53.1 and heterozygous form in combination with 

BBS2 missense heterozygous change c.1753G>A  in 236.2 (Table 17). This 

missense mutation has been reported before in one patient clinically presenting 

with BBS, but no extra mutations were found (BBS2 was sequenced)[185]. These 

authors reported an unexpected high frequency of single alterations in the MKKS 

gene in general, suggesting that extra unidentified cryptic mutations in 

promoter/enhancer region may be present in these patients. Others have 

suggested that MKKS is a modifier gene, and is an example of tri-allelic inheritance 

in BBS [62]. 
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Pt ID Gene Mutation Allelic frequency SIFT Polyphen 

53.1 SDCCAG8 c.41T>C 

p.Leu14Pro 

Confirmed Het deleterious ? 

53.1 BBS12 c.1482_1483delAG 

p.Glu495ArgfsTer3 

Confirmed Hmz NA   

53.1 MKKS c.1015A>G 

p.Ile339Val 

Confirmed Hmz tolerated benign 

236.1 BBS2 c.1753G>A 

p.Ala585Thr 

 

Confirmed Het deleterious Probably  

damaging 

236.2 BBS2 c.1753G>A 

p.Ala585Thr 

 

Confirmed Het deleterious probably_ 

damaging 

236.2 MKKS c.1015A>G 

p.Ile339Val 

Confirmed Het tolerated benign 

Table 21. Unknown contribution of MKKS allele in-patient 53.1 and 236.2 

 
2. One sibling had WDPCP allele, possibly damaging – is 281.3’s phenotype 

different to that of his/her siblings 281.1 and 281.2? 
 
Pt ID Gene Mutation Allelic frequency SIFT Polyphen 

281.1 BBS10 c.968C>T 

p.Ala323Val 

Confirmed Hmz deleterious possibly_ 

damaging 

281.2 BBS10 c.968C>T 

p.Ala323Val 

Confirmed Hmz deleterious Possibly 

damaging 

281.3 BBS10  c.968C>T 

p.Ala323Val 

Confirmed Hmz deleterious Possibly 

damaging 

281.3 WDPCP c.308A>G 

p.Gln103Arg 

Confirmed Het deleterious Possibly 

damaging 

Table 22. Unknown contribution of WDPCP allele in patient 281.3. 
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3. One sibling has WDPCP allele, benign polyphen 
 

Pt ID Gene Mutation Allelic frequency SIFT Polyphen 

406.1 BBS10 c.271dupT 

p.Cys91LeufsTer5 

Confirmed Hmz NA NA 

406.1 WDPCP c.2063A>G 

p.Asn688Ser 

Confirmed Hmz tolerated benign 

406.2 BBS10 c.271dupT 

p.Cys91LeufsTer5 

Confirmed Hmz NA NA 

406.2 WDPCP c.2063A>G 

p.Asn688Ser 

N/A tolerated benign 

Table 23. Unknown contribution of WDPCP allele in patient 406.1 and 406.2 

  

4. Unsolved case – BBS2 and TMEM67, benign polyphen both variants.  

Pt ID Gene Mutation Allelic frequency SIFT Polyphen 

205.1 BBS2 c.68G>C 

p.Arg23Pro 

Confirmed Hmz deleterious benign 

205.1 TMEM67 c.1918C>T 

p.Pro640S 

Confirmed Het tolerated benign 

Table 24. Unsolved cases 205.1 with a mutation in BBS2 and TMEM67. 

  

5. Unsolved case – no polyphen prediction 

 

Pt ID Gene Mutation Allelic frequency SIFT Polyphen 

233.1 BBS9 c.1043T>G 

p.Leu348Arg 

Confirmed Hmz deleterious ? 

233.2 BBS9 c.1043T>G 

p.Leu348Arg 

Confirmed Hmz deleterious ? 

Table 25. Unsolved cases 233.1 and 233.2 with a mutation in BBS9 
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As a follow up analysis, I propose to combine genetic data, reported here, with the 

clinical history of the patients and possible functional studies, in order to elucidate 

contributions of the five variants of unknown contribution to BBS, highlighted in 

Tables 21-25. 

6.6 Fluidigm study conclusions 

The study aimed to provide molecular diagnosis for Turkish patients, clinically 

diagnosed as having BBS, by target sequencing of 21 BBS genes using the 

Fluidigm system. Pathogenic mutations were found for 33 individuals from 27 

Turkish families, making it the largest collection of the solved Turkish BBS patients 

to date. In addition, mutations were identified in 8 individuals (5 families) of 

Pakistani ethnical background, and in 10 individuals (7 families) of other that 

Turkish/Pakistani origin. Thus, genetic diagnosis was possible for 51 patients. 

Overall Fluidigm targeted sequencing approach identified mutations in less than 

50% of samples analysed (48% in Turkish cohort, significantly less for other 

samples), largely due to the inefficiency of the system as a whole, which was 

reported previously by Halbritter et al where the false negative rate was 39%[71]. In 

addition, the DNA quality of some samples was poor, which hampered identification 

of the mutations further. Nonetheless, the Fluidigm system is very cost-efficient, 

and I estimate that it cost us ~£90 to solve each case, compared to ~£197 per 

solved case, had we used an alternative method such as an NGS exon capture 

strategy. Therefore the Fluidigm is more suited for large, population-based studies, 

where large number of samples is included, but sensitivity is not sufficient for 

diagnostic purposes.  

 

In total, 48 unique variants were identified, 30 of which (62.5%) are reported for the 

first time – which adds to current knowledge regarding the genetics of BBS, 

particularly in the Turkish population. This also confirms that the spectrum of the 

BBS mutations is far from fully understood. Four variants are possibly founder 

mutations seen exclusively in this Turkish cohort: three have not been reported 

previously, whilst a fourth has been detected in a patient with Turkish background. 

Mutations in chaperonin-like proteins comprise the largest proportion of genes 

implicated in the population studied. Tri-allelic inheritance in ciliopathies and gene 
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modifiers are of great interest: here I report some cases where variants of unknown 

significance were identified in one of the affected siblings. This should be followed 

by analysis and comparison of the clinical features of these patients and functional 

studies. I propose that patient-derived cells can provide functional data that could 

help understand disease mechanisms at the cellular level. 
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6.7 Urine-derived cell isolation and proliferation: success rates 

The study aimed to analyse urine-derived cells from BBS patients, using an 

unbiased sampling approach. The BBS URECs sample collection presented in 

the study reflects a typical distribution of the BBS UK population in terms of age 

ranges, genotypes and renal phenotype. The most common BBS genotypes in 

the UK-based population are BBS1 (51%), BBS10 (20%), followed by BBS2 and 

BBS7 [41]. This is reflected in the 13 patients presented here (46%, 31%, 23%, 

respectively). Patients with renal cystic dysplastic kidneys are over-represented 

as 5 out of 7 patients have sonographic evidence of cysts and only 30% of the UK 

BBS population are thought to have kidney cysts. The remaining renal aberrations 

observed in BBS patients include loss of corticomedullary differentiation, 

developmental abnormalities, atrophic kidneys or hydronephrosis[41] some of 

which are represented in this sample collection.  

 

Culture success rates reported here are comparable to other reports. At one 

extreme Zhou et al reports a 82% success rate in their study (2012) [126] while 

Lazzeri et al (2014) failed to isolate proliferative cells in any of the control samples 

[129] (Table 3, Introduction). The discrepancy may be due to the difference in the 

culturing media used and or/sample handling – studies that used media that 

supports stem cell proliferation seem to report higher cell yield. For example, it is 

claimed that each clone from a healthy donor can be expanded to several millions 

during 2-4 weeks in culture [120,132], a result that does not match my data on 

controls (apart from one exception, F2.5 which expanded to 13 million in over a 

month. Of note, this was the youngest control, 2.5 years old).  

 

The low success rates of URECs culture initiation and propagation were the most 

significant limitation of this project in terms of data generation – after collecting 42 

BBS samples only 13 (31%) had viable cells capable of extensive proliferation in 

vitro. The worst performing group was adult patients (~25%) while healthy adults 

were the best performing group (~50%) which probably reflects a slight 

discrepancy in the sample collection method. According to the protocol all 
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samples were processed within 4 hours of collection, however with healthy 

controls this window of opportunity was narrowed down where possible since 

immediate processing seemed to have a better cell yield. By contrast, patients’ 

samples were not collected on site and each had to be transported to the lab 

extending the processing time slightly. In addition, some aspects of urine 

biochemistry are not expected to be the same in the control and BBS patient 

groups (since medications/renal dysfunction may play a role). We often observed 

an immediate change of cell media colour as soon as patients’ cells were added, 

indicating a shift toward an acidic pH. In addition, some samples contained 

excessive cell debris with high overall viscosity, which may all have influenced 

cells survival and colony formation rate.  

 

6.8 What is the composition of URECs? 

Numerous cell types are shed within the urine. I noted a lot of variability in the initial 

culture of samples isolated from different donors: adult women’s samples have 

particularly high numbers of terminally differentiated cells, that did not attach nor 

proliferated under conditions used for the experiments described here, while young 

children’s samples had fewer number of these cell types. I agree with the 

publication by Zhou et al (2008) where authors suggest that there are 3 types of 

cells that can be found in urine: differentiated, differentiating and undifferentiated 

cells. It is the undifferentiated cells that are of particular interest to researchers, as 

they are capable of sustained proliferation in culture. Every single publication to 

date characterized these cells after they were grown in vitro for at least 2 weeks, 

which does not fully address the question of the identity of these cells at the time of 

collection, their morphological transition and differentiation associated with human 

primary cells. A literature review also revealed that cells were obtained by different 

methods (voided samples/bladder washings/catheterization), isolated from limited 

numbers of healthy controls and cultured using various media (Keratinocyte-

Embryonic Fibroblast media, Renal Epithelial Basal Media and F12/DMEM 

supplemented with various growth factors). Thus it is no wonder that researchers 

cannot agree on what to call these highly proliferative cells. Are they PTEC 

(proximal tubular epithelial cells) or UPC (urine progenitor cells) or USC (urine 
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derived stem cells) or u-RPC (urine renal progenitor cells) or UREC (urine derived 

renal epithelial cells) or MSC (mesenchymal stem cells)? The current study looked 

at expression of several markers (renal proximal tubules marker, stem-cell marker, 

urothelial markers and a senescence marker), and although expression was not 

uniform across and even within samples, I confirmed it was not statistically different 

in two groups investigated (controls vs BBS patients), which was key to further 

analyses. All cells analysed at passage 2 were positive for renal proximal tubules 

markers, and negative for urothelial cell markers, with variable expression of 

senescence and stem cell markers, implying differentiation of (presumably) renal 

progenitors into renal proximal tubule cells.  

 

6.9 BBS patient cells proliferate more than controls 

The most consistent phenotype observed in urine-derived cells from BBS patients, 

irrespective of their genotype and renal phenotype, is increased proliferative 

capacity in vitro. Our study supports previous reports on improved culturing 

success rates in patients with renal dysfunction compared to controls – however, 

not the immediate cell isolation success rate but rather the long-term outcomes of 

primary culture. The overall success rate of cell isolation in the current study is 

roughly the same in controls and the patients, with approximately 50% of samples 

containing cells of interest, the majority of which proliferate enough to be passaged 

(~200,000 and beyond) which indicates that both patients and controls shed similar 

number of viable cells. Some degree of heterogeneity of the initial cell population is 

present in both controls and the patients, however only cells with “rice-grain” 

morphology are capable of sustained proliferation in culture and reach critical 

number of cells needed for experiments described here (300,000+). It was shown 

before, that renal progenitors are the only urinary cell population that can be 

extensively expanded long-term in vitro. However, “sustained proliferation” and 

“extensive expansion” are relative terms and are not properly defined in the 

literature with regards to human urine-derived cells. Passage number, often 

reported in the studies, is also not informative as it’s reliant on the dilution factor, 

which may not be the same in different studies. The arbitrary baseline cell number 

of 200,000 in the current study was chosen because it is a point when the 
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subculturing was most likely to begin in the current set up – but it may have been 

different when cells are cultured on substrates other than 24-well plates. 

Retrospectively, a cut off of 1,000,000+ cells would be more fitting - then the 

success rates of URECs isolation and expansion would be very different between 

patients and controls (9/13=69% and 1/9=11%, respectively). It is of note, that 

population-doubling calculations were based on the cell number reading taken a 

few days apart, which is a rough estimates of cell proliferative potential. In addition, 

some samples were analysed retrospectively, based on the dilution factor when 

passaged and not the actual counts, as the latter type of analyses were not in place 

for samples collected at the beginning of the study.  

 

In light of recent reports by other groups, the current data is quite convincing with 

respect to supporting the notion that some urine samples contain small populations 

of viable cells with stem-cell like characteristics. However, it seems that BBS 

patients analysed here shed cells that are more “potent” and have higher potential 

to expand in vitro, by maintaining their “young” phenotype for longer and delaying 

replicative senescence. The 3D culturing assay, originally envisioned to detect cell 

polarity defects, may have revealed something else about BBS-derived cells. 

 

6.10  Why do BBS patients grow larger spheroids?  

We show that urine-derived cells isolated from BBS patients polarise well in a 3D 

environment and are capable of forming organised spheroids with well-defined 

lumens, unlike cells derived from healthy donors, which in general do not form 

spheroids. Across all the experiments with cells from healthy donors we detected 

only a handful of poorly formed spheroids in each sample, while most of the BBS 

patient 3D cultures contained striking organoids of various sizes.  

 

It is of interest that one of the functional assays to isolate stem cells exploits their 

ability to form spheroids in 3D, which are referred to as nephrospheres [186]. It has 

also been suggested that stem cell identification should rely on functional assays, 

such as spheroid-forming capacity, in addition to the analysis of key markers 

[187,188]. Cancerous stem cells isolated from various tissues (brain, breast, 
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pancreas, prostate) can be distinguished from normal cells based on their ability to 

form spheroids [189–192]. Another group used murine airway epithelial cells in a 

3D culturing assay and showed that spheroid-forming ability is inversely 

proportional to the relative maturity of the cells. They also noted that mature cells 

formed small cell clusters instead of spheroids. 

 

Thus, 3D culturing assays have emerged as the new functional tools to confirm 

stem-cell like characteristics of the cells. Enhanced spheroid formation was a 

distinct, but transient feature of cells derived from BBS patients in the current study, 

while control 3D cultures formed small clusters instead of spheroids. The spheroid 

forming ability, unique to BBS patients suggests that these cells are capable of 

retaining stem cell-like characteristics for longer, despite the lack of correlation in 

expression of the stemness marker, SOX2. I now turn to the question of the 

presence of renal progenitor cells in adult kidneys (and urine), which is a topic of 

heated debate among nephrologists.  

 

There are two opposing hypotheses regarding the origin of renal progenitor cells 

capable of repairing kidney epithelia in response to damage. One is that there are 

resident stem cells in the adult kidney and the second is that a dedifferentiation 

mechanism is responsible for the repair of renal epithelia [193]. The fact that urine 

samples may contain small populations of renal progenitor cells supports the first 

hypothesis, but why these cells (a presumably scarce resource) are freely 

exfoliated on a daily basis is not clear. Is it possible that BBS patients’ renal 

physiology is different in such a way that these renal progenitor cells are more 

exposed and are likely to be shed into the urine? Alternatively, could BBS kidneys 

have activated a damage response, which in turn switches on dedifferentiation in 

renal cells? However, even the patients with normal clinical kidney phenotypes and 

function (ICH2, GOSH8) formed large spheroids, meaning that there may be other, 

BBS-specific mechanisms at play. The answers to these questions are unknown, 

and will be addressed in the Future Directions section. 
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6.11  Urine-derived cells 3D phenotypes 

The major phenotypic finding of this study, namely significantly larger spheroids in 

patients - is also its main limitation, as little can be said about spheroid architecture 

in BBS patients due to the absence of control spheroids of comparable size. Lumen 

formation rate was higher in some patients compared to controls; however, results 

should be interpreted with caution as the control and patient groups formed 

spheroids that were very dissimilar in size. Alternatively, BBS patients with similar 

genotypes can be compared to each other – for example a patient with mutated 

BBS10 coupled with CKD3 had ~30% lumen formation rate, while another BBS10 

patient with normal functioning kidneys had much higher lumen formation rate at 

~90%. Several additional spheroid phenotypes were noted in some BBS patients, 

such as en masse apoptosis inside lumens of large spheroids – but their 

significance is unknown due to the absence of size-matched controls.  

 

I did not observe cell polarity defects, measured by the analysis of roundness, in 

spheroids grown from BBS patients.  Spheroids were organised in both groups and 

comparable to other 3D cell models, such as IMCD3 cells, as indicated by the 

roundness analysis. Perhaps, the idea of organised cell division being an 

absolutely critical step in the cyst formation process is incomplete, and a likely 

more complex mechanism explains the pathology [17]. Luyten (2010) suggests that 

defects in cell polarity are neither necessary nor sufficient to cause cysts, and 

proposes that defective cell movement may play an essential role [194]. 

 

In a recent publication by Ivanov and Grabowska  (2017) various immortalised cells 

were cultured in 3D to assess spheroid forming ability and morphology – it was 

different for each of the 11 cell lines assessed. Depending on the origin (e.g. 

ovarian, colon, brain, pancreas) cells formed loose/irregular aggregates, or tight 

structures with necrotic cores [195]. Authors proposed that the method could be 

used as means of confirmation of a particular cell type, among other things. There 

are very few publications that investigated spheroid-forming ability of human 

primary kidney cells. Primary kidney epithelial cells, isolated from kidney surgical 

samples, were cultured in 3D in one study - higher passage cells (P6) formed 

predominantly smaller spheroids (less than 15m), compared to the early passage 
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cells (P2) [196]. Cell counts are not reported so it is hard to tell if the difference in 

spheroid size observed is due to the differences in proliferation. No phenotypic 

assessment was done on spheroid cultures (e.g. percentage of spheroids that 

formed lumens) in this particular study - so currently there are no publications to 

which the data, generated in the URECs study, can be compared. We don’t know 

what a “normal” spheroid, formed by the human primary kidney cells, should look 

like, and whether its architecture can be informative with regards to kidney cell 

type, donor genotype or renal phenotype - and how it compares to those derived 

from urine-derived cells. URECs study may well be one of the first attempts to 

explore this fascinating area. 

  

My study demonstrates that spheroid assay can reveal a plethora of phenotypes, 

albeit their significance is not clear. Interestingly, forskolin-induced cyst swelling of 

IMCD3 cells, which is often used to mimic PKD cysts in this cell line (e.g.[197]), is 

very similar to spheroid phenotype of a few patients in the study, particularly 

GUYS42 (Figure 36) and GOSH13 (Figure 35, middle image). In addition, 

condensed nuclei were observed in several spheroids of two BBS patients (Figure 

37). Shrunken nuclei and DNA fragmentation can be identified in DAPI-stained 

cells and is indicative of apoptosis [198]. There are two ways in which lumens can 

form in spheroids: formation by cavitation, characterised by apoptotic cores, or 

formation by hollowing, where lumens form by expansion of the lumens due to 

proliferation and exocytosis. Studies in MDCK cells show that there is a switch 

between the two mechanisms of lumen formation, depending on the conditions that 

influence polarisation of the cells [199]. It would be interesting to investigate this in 

URECs, by looking into expression of markers of apoptosis and autophagy. 

 

6.12  Summary of findings: a combination of URECs 

phenotypes is predictive for renal phenotype 

I have also analysed the rate of ciliation in spheroids and cilia length, both in 

spheroids and cells grown as 2D sheets in 3D.  We report complete lack of cilia in 

one patient with a (presumably) normal kidney phenotype (USS not available), and 

reduced rate of ciliation in spheroids in 4 patients, all of whom presented with a 
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kidney phenotype. Four patients had longer cilia in cells that grew as 2D sheets 

(but not in spheroids), three of which have cystic kidneys. Two patients with 

structurally normal kidneys confirmed by ultrasound have both normal cilia lengths 

and ciliation ratios. Thus cilia length and percentage of ciliated cells in urine-

derived cells cultured in 3D can serve as predictive biomarkers for renal 

phenotypes (Table 26).  

 

Gene Patient ID 3D culturing 

outcome 

Cilia length 2D % 
Ciliation 

spheroids 

Kidney cysts 

BBS1 GOSH4 Spheroids Longer* Normal 

BBS1 GUYS43 Spheroids Longer Reduced 

BBS4 GOSH13 Spheroids Longer Normal 

BBS10 GUYS3 2D growth mostly Longer Reduced 

BBS7 GOSH17 No data: limited proliferation 

Other kidney phenotype 

BBS10 GOSH3 Spheroids, reduced lumen 
formation rate, apoptosis inside 
lumens 

Longer* Reduced 

BBS10 GOSH5 2D growth mostly Longer* Reduced 

Nil known renal disease 

BBS1 GUYS42 Spheroids No cilia No cilia 

BBS1 GUYS4 Spheroids, apoptosis inside 
lumens 

Normal Normal 

BBS10 GUYS8 Spheroids, apoptosis inside 
lumens 

Longer Normal 

Normal kidney phenotype 

BBS2 GOSH8 Spheroids, reduced lumen 
formation rate, apoptosis inside 
lumens 

Normal Normal 

BBS1 ICH2 Spheroids, apoptosis inside 
lumens 

Normal Normal 

BBS1 GUYS 26 No data: limited proliferation 
Table 26. URECs study summary of findings. A table with patients’ genotypes, renal 
phenotypes, organoid phenotypes and cilia-specific phenotypes. * Few cilia analysed.  
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Future directions 

PKD drug re-purposing study results demonstrate that the zebrafish models of 

NPHP may be a more general cystic kidney model - it seems to respond positively 

to compounds that modulate cell proliferation, which is just one of the pathways, 

implicated in the cyst formation, while cAMP pathway modulation doesn’t seem to 

have effect. Although the model is valuable, it may not include the whole spectrum 

of pathways that are implicated in the human cystic kidney disease. 

  

The main distinction in cystic phenotype caused by the PKD and NPHP is fibrosis 

in NPHP, which is absent in PKD. Recently, the central role of cysts in NPHP 

pathophysiology has been challenged, and it was suggested that the role of fibrosis 

might have equal, if not greater contribution to the disease [86]. Abnormal DNA 

damage response was detected across several cep290 models [162]. Provided 

new experimental data further supports this hypothesis, cystic kidney phenotype of 

zebrafish larvae may not be the best biological readout to screen drugs for NPHP 

and related ciliopathies. 

 

Reason for the differences observed in 3D cultures of BBS URECs vs. controls 

may be due to different cell types that are found in samples of two groups, which 

my characterisation study failed to detect, due to limited number of markers used 

(aminopeptidase, uromodulin, aquaporin 2 and uroplakin).  The library should be 

expanded to include markers of other kidney cell types (e.g. podocalyxin), renal 

progenitors (Pax2, Sall1) as well as stemness markers (EpCAM, CD133, CD44, 

CD24), in light of my findings and others’.  

  

Although it is not clear, why BBS and control URECs behave differently in culture 

with respect to proliferation, particularly in 3D, the difference in phenotype is 

striking and could even be considered as a potential biomarker. It is yet to be 

determined what exactly this feature tells us, but it is likely to be kidney-disease 

specific, as work by other researchers in this field reveals that urine-derived cells 

seem to grow “better” from kidney disease ciliopathy patients, including ADPKD 

and NPHP (personal communication, Benjamin Freedman, John Sayer, Rachel 

Giles). It is also unclear how robust this “biomarker” may be, as cell culture 
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initiation is far from 100%, while there are clonal differences among the captured 

cells. Despite this, I strongly believe that URECs can be a useful tool in other than 

ciliopathies disease areas. 

  

Additional applications of URECs outside ciliopathies 

  

Analysis of urine-derived cells may have applications outside ciliopathies. For 

example, a diagnosis of a rare genetic lysosomal storage disease, affecting 

kidneys (Fabry disease), involves kidney biopsy in some cases, where 

characteristic intracellular inclusions, termed “zebra bodies” are detected in 

podocytes of affected individuals [200]. It would be interesting to analyse urine-

derived cells in the context of this disease and see if 1) podocytes are shed in urine 

of Fabry disease patients and 2) the cells have similar phenotype to those 

examined by renal biopsy. Another application of URECs is nephrotoxicity studies, 

as proximal tubule cells, that can be expanded from urine samples, is the same cell 

type which is being used in viability assays when screening drugs for potential 

kidney toxic effects [201]. Several research groups are already investigating this, 

and confirm expression of key drug transporters in urine-derived cells, although 

immortalised URECs instead of primary cells are used [125], to overcome the 

problem of low cell numbers. It is likely that this field will only develop further as it 

provides easy access to patient-specific cells in non-invasive manner, and genetic 

diversity of the population and its role in health and disease are central in the 

modern era of personalised medicine. However, before studying these cells in the 

specific disease contexts, a comprehensive understanding of urine-derived cells, 

obtained from healthy people, is needed. Studying urine-derived cells in detail and 

at scale would provide much needed reference point to what is normal and what is 

not. 

 

With advances in next generation sequencing, the number of genetic variants with 

unknown significance only continues to grow.  A publication by Warren et al (2017) 

illustrates that assessing potential pathogenicity of a particular genetic variant 

requires enormous effort. Authors have generated iPSC cell lines from 34 

individuals to investigate 2 haplotypes [202]. iPSCs were then reprogrammed into 

adipocytes and hepatocytes, in duplicates, - which made a total number of cell lines 
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generated in the study 272, followed by the functional studies and, ultimately, 

identification of variants linked to metabolic condition under investigation [202]. In a 

different approach, an isogenic CRISPR-Cas9 edited cell line was created to be 

used as control in a study of variant of unknown significance in a ciliopathy patient 

[116].  Genetic sequencing currently generates more and more data, while 

functional analyses, perhaps, are lagging behind. The BBS tri-allelic inheritance 

debate could only be addressed by implementing functional assays, which are 

currently largely missing, as CRISPR-Cas9 and iPSC still remain technically 

challenging, expensive and laborious techniques. Unless these techniques will 

become more accessible, the question of tri-allelic inheritance in ciliopathies and, 

more generally, the role of variants of unknown significance in common diseases, 

will be difficult to resolve. 

 

Lastly, Fluidigm study revealed that the role of chaperonins in BBS might be 

greater than we thought. Interestingly, BBS, in addition to McKusick-Kaufman 

syndrome (MKKS) are the only ciliopathies, which are caused by defects in 

chaperonin-like proteins. Potential therapeutic agents that modulate chaperonin-

like activity of the BBS10, BBS12, and BBS6 may be new promising therapeutic 

agents for the special case of BBS.  

 

Closing remarks 

My thesis covers various aspect of studying biology of ciliopathies: from molecular 

genetic diagnosis, to phenotypic assessment of patient-specific cells to disease 

modelling and drug screens in zebrafish. Even with the simple Mendelian 

disorders, which ciliopathies are, we struggle to say with certainty how the disease 

will progress in various patients, and how it is best managed. Hundreds of 

pathogenic variants have been identified, but they are not put in the context of 

genetic backgrounds of various people or their clinical histories. Attempts to 

correlate a genotype, based on the sequence of only a handful of genes, and a 

phenotype, described by a clinical report, is inherently too simplistic and can never 

be definite. The field of genetics is being replaced by more holistic approach: 

genomics, complemented by various other “omics” in a quest to understand 

disease - and health - mechanisms. While the main focus of the molecular genetics 
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of today is to provide a diagnosis to affected patients, whole genome sequencing, 

proteomics, metabolomics and phenomics, in combination with comprehensive 

medical records, set to provide tailored disease management, or even prevention 

options for patients in the future. Similarly, the change is needed in the models 

employed in drug screening – animal models have completely different genetic 

make-up to human, do not encapsulate genetic diversity, and are designed to have 

“easy” read-outs that are often an oversimplification of the disease pathology. It is 

as if we were studying biology by analysing what we see through the keyhole, while 

there is a whole new world behind the door. We now have learnt how to open this 

door: there is an overall trend to capture more and more biological data - be it 

genetic, phenotypic or biochemical - and to replace generic models with more 

physiologically relevant systems. This is what defines the new era of biomedical 

research.  The complexity of interactions will require fundamentally new tools to 

undertake analysis, which are likely to be provided by machine learning algorithms 

and artificial intelligence.  I am thoroughly excited by what we might learn about 

human biology in the future. 
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Table A 1. A list of 640 used in the zebrafish screen (Enzo ScreenWell ® library) 

# Plate Location Cat No. Name 

1 14 DL-552 Moroxydine·HCl 

2 1-A3 A-190 Clindamycin·HCl 

3 1-A4 DL-567 Felbamate 

4 1-A5 A-195 Cyclosporin A 

5 1-A6 DL-568 Donepezil·HCl 

6 1-A7 A-240 Lincomycin 

7 1-A8 A245 Lomofungin 

8 1-A9 A-249 Mycophenolic Acid 

9 1-A10 A-256 Novobiocin·Na 

10 1-A11 A-275 Rapamycin 

11 1-B2 A-280 Spectinomycin·2HCl 

12 1-B3 AC-104 Bepridil·HCl 

13 1-B4 AC-105 Amiodarone·HCl 

14 1-B5 AC-108 Nicardipine·HCl 

15 1-B6 AC-109 Pimozide 

16 1-B7 ALX-550-253 Loperamide·HCl 

17 1-B8 AC-116 Fluspirilene 

18 1-B9 ALX-550-301 Tolbutamide 

19 1-B10 ALX-550-285 Pinacidil 

20 1-B11 AC-120 Glipizide 

21 1-C2 AC-121 Phentolamine  

22 1-C3 AC-122 Quinine·HCl·2H2O 

23 1-C4 AC-123 Flufenamic acid 

24 1-C5 AC-124 Propafenone 

25 1-C6 AC-125 Phenytoin 

26 1-C7 AC-127 Procainamide·HCl 

27 1-C8 ALX-550-251 Lidocaine·HCl·H2O 

28 1-C9 AC-130 Flecainide acetate 

29 1-C10 DL-569 Rosiglitazone maleate 

30 1-C11 DL-570 Amantadine·HCl 

31 1-D2 AC-138 Oxymetazoline·HCl 

32 1-D3 AC-142 Ifenprodil tartrate 

33 1-D4 AC-144 Naftopidil·2HCl 

34 1-D5 AC-146 Prazosin·HCl 

35 1-D6 AC-152 Clonidine·HCl 

36 1-D7 AC-153 Guanabenz 

37 1-D8 AC-154 Rilmenidine phosphate 

38 1-D9 DL-571 Buphenine·HCl 

39 1-D10 AC-161 Yohimbine·HCl 

40 1-D11 AC-164 Dihydroergotamine mesylate 

41 1-E2 AC-165 Nicergoline 

42 1-E3 DL-564 Emtricitabine 
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43 1-E4 AC-169 Betaxolol·HCl 

44 1-E5 550-322 Caffeine 

45 1-E6 AC-172 (S)-Timolol maleate  

46 1-E7 AC-173 Xamoterol hemifumarate 

47 1-E8 AC-174 Clenbuterol 

48 1-E9 AC-175 Procaterol·HCl 

49 1-E10 AC-176 Salbutamol hemisulfate 

50 1-E11 AC-181 Pindolol 

51 1-F2 AC-183 Cimaterol 

52 1-F3 AC-185 Dobutamine·HCl 

53 1-F4 AC-189 Pronethalol·HCl 

54 1-F5 AC-192 Sotalol·HCl 

55 1-F6 AR-111 Maprotiline·HCl 

56 1-F7 AC-194 Nisoxetine·HCl 

57 1-F8 DL-553 Canthaxanthin 

58 1-F9 AC-214 Pilocarpine·HCl 

59 1-F10 AC-218 Ipratropium·Br 

60 1-F11 AC-220 Pirenzepine·2HCl 

61 1-G2 AC-221 Telenzepine·2HCl 

62 1-G3 AC-222 Tropicamide 

63 1-G4 AC-232 Pancuronium·2Br 

64 1-G5 AC-238 Ivermectin 

65 1-G6 AC-241 Physostigmine sulfate 

66 1-G7 DL-554 Nialamide 

67 1-G8 AC-250 Haloperidol  

68 1-G9 AC-259 Piribedil·2HCl 

69 1-G10 AC-277 Mepyramine maleate 

70 1-G11 AC-279 Trans-triprolidine·HCl 

71 1-H2 AC-280 Cimetidine 

72 1-H3 AC-282 Tiotidine 

73 1-H4 DL-555 Zonisamide 

74 1-H5 DL-556 Zoledronic acid 

75 1-H6 AC-322 Naltrexone·HCl 

76 1-H7 DL-560 Zolmitriptan 

77 1-H8 ALX-550-363 Memantine·HCl 

78 1-H9 AC-439 Aniracetam 

79 1-H10 ALX-550-344 Riluzole·HCl 

80 1-H11 AC-508 Propofol 

81 2-A2 AC-554 Mianserin·HCl 

82 2-A3 AC-615 Aminophylline 

83 2-A4 AC-626 Furafylline 

84 2-A5 DL-561 Nateglinide 

85 2-A6 AC-729 DL-Isoproterenol 

86 2-A7 AC-734 Acetylcholine  

87 2-A8 AC-735 Atropine  

88 2-A9 AC-737 Decamethonium  

89 2-A10 AC-741 Mecamylamine  
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90 2-A11 AC-743 Neostigmine  

91 2-B2 AC-745 Strychnine·HCl 

92 2-B3 AC-746 (+)-Tubocuraraine chloride 

93 2-B4 AC-747 (+)-Butaclamol·HCl 

94 2-B5 AC-748 (R)-(-)-Apomorphine·HCl 

95 2-B6 AC-749 Chlorpromazine·HCl 

96 2-B7 AC-751 Domperidone 

97 2-B8 AC-753 Fluphenazine·2HCl 

98 2-B9 AC-755 Pergolide mesylate 

99 2-B10 AC-757 S(-)-Raclopride  

100 2-B11 AC-758 Risperidone 

101 2-C2 AC-760 (S)-(-)-Sulpiride 

102 2-C3 AC-763 Diphenhydramine·HCl 

103 2-C4 AC-765 Promethazine·HCl 

104 2-C5 AC-766 Ranitidine·HCl 

105 2-C6 AC-770 Naltrindole·HCl 

106 2-C7 AC-806 Idazoxan·HCl 

107 2-C8 AC-807 Spiperone·HCl 

108 2-C9 AC-808 L-(+)-Epinephrine tartrate 

109 2-C10 AC-809 Xylazine  

110 2-C11 AC-810 Norepinephrine-(+)-tartrate L (-) 

111 2-D2 DL-557 Quetiapine Fumarate 

112 2-D3 AC-812 Alprenolol·HCl 

113 2-D4 AC-813 Imipramine·HCl 

114 2-D5 AC-814 Amoxapine 

115 2-D6 AC-834 Mesulergine  

116 2-D7 DL-558 Amfebutamone 

117 2-D8 AC-840 Metoclopramide  

118 2-D9 AC-858 Naltriben methanesulfonate hydrate 

119 2-D10 DL-124 Vitamin A acetate 

120 2-D11 AC-891 Levallorphan  

121 2-E2 AC-893 Nalbuphine  

122 2-E3 AC-911 Carbamylcholine  

123 2-E4 AC-912 Carbamyl-beta-methylcholine  

124 2-E5 AC-915 Butyrylcholine  

125 2-E6 AC-925 FAMOTIDINE 

126 2-E7 AC-928 Terfenadine 

127 2-E8 AC-986 Isoniazid 

128 2-E9 AC-993 Ticlopidine  

129 2-E10 DL-246 Amorolfine 

130 2-E11 DL-247 Clemastine 

131 2-F2 DL-248 Vardenafil 

132 2-F3 DL-249 Linezolid 

133 2-F4 DL-250 Docetaxil 

134 2-F5 DL-251 Olopatadine 

135 2-F6 DL-258 Manidipine 

136 2-F7 DL-252 Tolcapone 
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137 2-F8 DL-253 Gestrinone 

138 2-F9 DL-254 Olmesartan 

139 2-F10 DL-255 Nisoldipine 

140 2-F11 DL-256 Lacidipine 

141 2-G2 DL-257 Olanzapine 

142 2-G3 G-226 Lovastatin 

143 2-G4 NA-137 Lamotrigine 

144 2-G5 DL-572 Azathioprine 

145 2-G6 DL-261 Sildenafil 

146 2-G7 DL-262 Atovaquone 

147 2-G8 DL-208 Sertaconazole 

148 2-G9 DL-191 Cefepime 

149 2-G10 DL-178 Aripiprazole 

150 2-G11 DL-264 Candesartan 

151 2-H2 DL-101 Butenafine  

152 2-H3 DL-200 Dorzolamide·HCl 

153 2-H4 DL-212 Escitalopram 

154 2-H5 DL-209 Eprosartan mesylate 

155 2-H6 DL-119 Sodium Phenylacetate 

156 2-H7 EI-378 Ozagrel 

157 2-H8 DL-217 Entacapone 

158 2-H9 AP-302 Bleomycin  

159 2-H10 AR-100 Bopindolol  

160 2-H11 AR-102 Guanfacine·HCl 

161 3-A2 AR-103 Tizanidine·HCl 

162 3-A3 DL-549 Meglumine 

163 3-A4 AR-107 Propranolol S(-) 

164 3-A5 AR-112 Carvedilol 

165 3-A6 DL-223 Cerivastatin 

166 3-A7 AW8655 Aclarubicin 

167 3-A8 B-100 Flumazenil 

168 3-A9 GR-103 Fenretinide 

169 3-A10 DL-269 Gefitinib 

170 3-A11 DL-270 Ibudilast 

171 3-B2 DL-271 Imatinib 

172 3-B3 DL-548 Idarubicin 

173 3-B4 DL-273 Montelukast 

174 3-B5 EI-240 (R)-(-)-Deprenyl·HCl 

175 3-B6 DL-275 Vatalanib 

176 3-B7 CT-100 Fumagillin 

177 3-B8 DL-573 Exemestane 

178 3-B9 PG-007 Dinoprostone 

179 3-B10 DL-276 Metformin 

180 3-B11 DL-277 Anagrelide 

181 3-C2 DL-278 Dofetilide 

182 3-C3 DL-279 Erlotinib 

183 3-C4 AC-227 Lobeline 
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184 3-C5 NS-520 Melatonin 

185 3-C6 PG-008 Dinoprost 

186 3-C7 EI-233 HA1077 

187 3-C8 C-106 Hydroxytacrine  

188 3-C9 C-109 Oxotremorine  

189 3-C10 C-110 Tacrine 

190 3-C11 C-112 Gallamine  

191 3-D2 C-115 Galanthamine  

192 3-D3 CA-200 Amiloride  

193 3-D4 CA-202 Amlodipine 

194 3-D5 CA-205 Diltiazem  

195 3-D6 CA-210 Nifedipine 

196 3-D7 CA-211 Nimodipine 

197 3-D8 CA-212 Nitrendipine 

198 3-D9 CA-215 Verapamil 

199 3-D10 CA-216 Niguldipine  

200 3-D11 CA-225 Flunarizine·2HCl 

201 3-E2 CA-234 Gabapentin 

202 3-E3 CA-236 Felodipine 

203 3-E4 CA-237 Cilnidipine 

204 3-E5 CA-305 Phenoxybenzamine·HCl 

205 3-E6 CA-310 Trifluoperazine·2HCl 

206 3-E7 DL-218 Denbufylline 

207 3-E8 DL-131 Miltefosine 

208 3-E9 DL-281 Latanoprost 

209 3-E10 CM-109 Ouabain 

210 3-E11 CM-112 Clopamide 

211 3-F2 CN-244 Molsidomine 

212 3-F3 CR110 Pravadoline 

213 3-F4 CT110 Tranilast 

214 3-F5 DL-574 Alfuzosin 

215 3-F6 D-102 Bromocriptine  

216 3-F7 D-107 Clozapine 

217 3-F8 D-108 Clothiapine 

218 3-F9 DL-575 Acitretin 

219 3-F10 D-111 Remoxipride  

220 3-F11 DM100 Calcifediol 

221 3-G2 DM200 Calcitriol 

222 3-G3 EI-107 Ketoconazole 

223 3-G4 EI-114 Oxatomide 

224 3-G5 EI-121 Disodium Cromoglycate 

225 3-G6 EI-125 Capsaicin 

226 3-G7 EI-126 Dexamethasone 

227 3-G8 EI-127 Dipyridamole 

228 3-G9 EI-128 Ethacrynic Acid 

229 3-G10 EI-131 Indomethacin 

230 3-G11 EI-133 Naproxen 



                                                                                                                                                          

Appendix 

 

151 

231 3-H2 EI-160 Clofibrate 

232 3-H3 EI-164 Ibuprofen 

233 3-H4 EI-165 Benserazide  

234 3-H5 EI-166 Debrisoquin  

235 3-H6 DL-576 Actarit 

236 3-H7 EI-168 Bumetanide 

237 3-H8 EI-180 Neomycin  

238 3-H9 EI-206 Auranofin 

239 3-H10 EI-213 Captopril 

240 3-H11 EI-216 Docebenone 

241 4-A2 EI-217 Tranylcypromine 

242 4-A3 EI-219 Piroxicam 

243 4-A4 DL-577 Moxifloxacin·HCl 

244 4-A5 EI-249 Troleandomycin 

245 4-A6 EI-265 Carbidopa 

246 4-A7 EI-287 Nimesulide 

247 4-A8 EI-288 Ketoprofen 

248 4-A9 EI-292 Meloxicam 

249 4-A10 EI-318 Terbinafine 

250 4-A11 EI320 Sodium Phenylbutyrate 

251 4-B2 FR-111 Ergothioneine 

252 4-B3 FR-112 Ambroxol  

253 4-B4 FR114 Idebenone 

254 4-B5 G-233 Mevastatin 

255 4-B6 G-244 Simvastatin 

256 4-B7 G-430 Suramin  

257 4-B8 DL-282 Goserelin  

258 4-B9 DL-283 Guaiacol 

259 4-B10 GR-100 Retinoic Acid 

260 4-B11 GR-210 Troglitazone 

261 4-C2 GR-211 Bezafibrate 

262 4-C3 GR243 Raloxifene  

263 4-C4 GR-301 Camptothecin 

264 4-C5 GR-305 Plicamycin 

265 4-C6 GR-306 Rifampicin 

266 4-C7 GR-307 Etoposide 

267 4-C8 GR-311 Mitomycin C 

268 4-C9 GR-312 Puromycin 

269 4-C10 GR-314 Delavirdine mesylate 

270 4-C11 GR-316 10-Hydroxycamptothecin 

271 4-D2 GR-318 Daunorubicin 

272 4-D3 GR-319 Doxorubicin·HCl 

273 4-D4 DL-578 Cetirizine 2HCl 

274 4-D5 DL-284 Lapatinib ditosylate 

275 4-D6 DL-285 Methyl salicylate 

276 4-D7 GR-240 Pioglitazone 

277 4-D8 DL-287 Pranlukast 



                                                                                                                                                          

Appendix 

 

152 

278 4-D9 DL-288 Rivastigmine 

279 4-D10 DL-289 Rofecoxib 

280 4-D11 DL-236 Ergotamine  

281 4-E2 DL-291 Sulindac 

282 4-E3 DL-292 Valproic acid 

283 4-E4 DL-547 Calcipotriene 

284 4-E5 DL-294 Zafirlukast 

285 4-E6 DL-295 Zileuton 

286 4-E7 PR-118 Pentamidine 

287 4-E8 DL-297 Bortezomib 

288 4-E9 DL-161 Bambuterol  

289 4-E10 DL-186 Fentiazac 

290 4-E11 J120 Mephenytoin 

291 4-F2 KC-115 Diazoxide 

292 4-F3 KC-120 Glyburide 

293 4-F4 KC-125 Minoxidil 

294 4-F5 KC-135 Tolazamide 

295 4-F6 KC-152 Nicorandil 

296 4-F7 DL-298 Bexarotene 

297 4-F8 DL-579 Tranexamic acid 

298 4-F9 DL-299 Celecoxib 

299 4-F10 DL-172 Levetiracetam 

300 4-F11 DL-300 Letrozole 

301 4-G2 DL-301 Abamectin 

302 4-G3 DL-222 Alfacalcidol 

303 4-G4 DL-151 Anethole-trithione 

304 4-G5 DL-144 Anastrozole 

305 4-G6 DL-162 Bicalutamide 

306 4-G7 DL-180 Clodronic acid 

307 4-G8 DL-102 Clindamycin  

308 4-G9 GR-328 Vorinostat 

309 4-G10 DL-302 Didanosine 

310 4-G11 DL-199 Dolasetron 

311 4-H2 DL-192 Enalaprilat 

312 4-H3 DL-108 Fluvastatin 

313 4-H4 DL-155 Fosinopril 

314 4-H5 DL-215 Gemcitabine 

315 4-H6 DL-243 Ginkgolide A 

316 4-H7 DL-166 Granisetron 

317 4-H8 DL-105 Nedaplatin 

318 4-H9 DL-303 Oxaliplatin 

319 4-H10 DL-174 Anethole, trans- 

320 4-H11 DL-546 Atazanavir 

321 5-A2 DL-545 Mycophenolate mofetil 

322 5-A3 DL-544 Etoricoxib 

323 5-A4 DL-103 Clofarabine 

324 5-A5 DL-219 Cabergoline 
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325 5-A6 DL-207 Dilazep 

326 5-A7 DL-213 Ibandronate 

327 5-A8 DL-202 Imipenem 

328 5-A9 DL-156 Lomustine 

329 5-A10 GR-111 Adapalene 

330 5-A11 DL-244 Lomerizine  

331 5-B2 DL-138 Lofexidine·HCl 

332 5-B3 DL-167 Meropenem 

333 5-B4 DL-205 Nifekalant  

334 5-B5 DL-309 Octreotide 

335 5-B6 DL-194 Oseltamivir 

336 5-B7 DL-196 Pamidronic acid 

337 5-B8 DL-197 Pramipexole 

338 5-B9 DL-310 Triptorelin 

339 5-B10 NP-526 RIFAMYCIN SV 

340 5-B11 DL-198 Risedronic acid 

341 5-C2 DL-187 Rocuronium bromide 

342 5-C3 DL-148 Ricobendazole 

343 5-C4 DL-176 Sulbactam 

344 5-C5 DL-143 Thiamphenicol glycinate 

345 5-C6 DL-175 Tulobuterol 

346 5-C7 NP-461 Vinorelbine 

347 5-C8 DL-220 Vindesine sulfate 

348 5-C9 DL-210 Salmeterol 

349 5-C10 T-117 Vincristine sulfate 

350 5-C11 DL-312 Acemetacin 

351 5-D2 DL-313 Acetylsalicylic Acid 

352 5-D3 DL-314 Acipimox 

353 5-D4 DL-315 Aceclofenac 

354 5-D5 DL-316 Acycloguanosine 

355 5-D6 DL-317 3'-Azido-3'-deoxythymidine 

356 5-D7 DL-318 Allopurinol 

357 5-D8 PR-123 Alendronate 

358 5-D9 DL-320 Altretamine 

359 5-D10 DL321 Albendazole 

360 5-D11 DL-565 Sumatriptan Succinate 

361 5-E2 GR-341 Amifostine 

362 5-E3 DL-324 DL-Aminoglutethimide 

363 5-E4 DL-325 4-Aminosalicylic acid 

364 5-E5 DL-326 5-Aminosalicylic acid 

365 5-E6 DL-327 Ampicillin  

366 5-E7 DL-328 Ampiroxicam 

367 5-E8 DL-329 Apramycin 

368 5-E9 NP-016 Artemisinin 

369 5-E10 AC-166 Atenolol 

370 5-E11 DL-332 Atracurium besylate 

371 5-F2 DL-333 Azaperone 
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372 5-F3 T-116 Vinblastine  

373 5-F4 DL-335 Azithromycin 

374 5-F5 DL-336 Aztreonam 

375 5-F6 DL-337 Betamethasone 

376 5-F7 DL-338 Bifonazole 

377 5-F8 DL-339 Bisacodyl 

378 5-F9 DL-340 Bromhexine  

379 5-F10 DL-341 Buspirone  

380 5-F11 DL-342 Canrenone 

381 5-G2 DL-343 Carbadox 

382 5-G3 DL-344 Carboplatin 

383 5-G4 DL-345 Carbamazepine 

384 5-G5 DL-346 Cefoperazone acid 

385 5-G6 DL-347 Cefotaxime Acid 

386 5-G7 DL-348 Ceftazidime 

387 5-G8 DL-349 Chloramphenicol 

388 5-G9 DL-350 Chlormadinone Acetate 

389 5-G10 DL-351 Chlorambucil 

390 5-G11 DL-352 Chlorpheniramine  

391 5-H2 DL-353 Chloroquine  

392 5-H3 T-115 Thalidomide 

393 5-H4 DL-355 Ciprofloxacin 

394 5-H5 NS-112 Citalopram 

395 5-H6 DL-357 Clarithromycin 

396 5-H7 DL-358 Climbazole 

397 5-H8 DL-359 Clinafloxacin  

398 5-H9 DL-360 Clomiphene  

399 5-H10 DL-580 Amisulpride 

400 5-H11 AC-1290 Clopidogrel  

401 6-A2 DL-363 Clobetasol Propionate 

402 6-A3 AC-1386 Orphenadrine citrate 

403 6-A4 DL-365 Corticosterone 

404 6-A5 DL-366 Crotamiton 

405 6-A6 DL-367 Cyclophosphamide  

406 6-A7 DL-368 Cyproterone Acetate 

407 6-A8 DL-369 Cyclocytidine 

408 6-A9 DL-370 Cytarabine 

409 6-A10 DL-371 Dacarbazine 

410 6-A11 DL--372 Danazol 

411 6-B2 DL-373 Dehydroepiandrosterone 

412 6-B3 DL-154 Desloratadine 

413 6-B4 DL-374 Dextromethorphan  

414 6-B5 DL-375 Diclofenac 

415 6-B6 DL-376 2',3' - Dideoxycytidine 

416 6-B7 DL-377 Diethylstilbestrol 

417 6-B8 DL-378 Diflunisal 

418 6-B9 DL-379 Disulfiram 
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419 6-B10 DL-204 Doxazosin  

420 6-B11 DL-380 Doxifluridine 

421 6-C2 DL-181 Doxofylline 

422 6-C3 DL-381 Doxycycline  

423 6-C4 PI-152 Enalapril 

424 6-C5 DL-383 Enoxacin 

425 6-C6 DL-384 Enrofloxacin 

426 6-C7 DL-385 Ethisterone 

427 6-C8 DL-386 Esomeprazole  

428 6-C9 BL-093 Estradiol 

429 6-C10 DL-388 Estriol 

430 6-C11 BL-090 Estrone 

431 6-D2 DL-390 Etidronate  

432 6-D3 DL-170 Etretinate 

433 6-D4 DL-563 Trichloromethiazide 

434 6-D5 DL-392 Famciclovir 

435 6-D6 DL-393 Fenbendazole 

436 6-D7 DL-394 Fenbufen 

437 6-D8 DL-395 Fenoldopam·HCl 

438 6-D9 DL-396 Fenoprofen 

439 6-D10 DL-397 Fenofibrate 

440 6-D11 DL-398 Finasteride 

441 6-E2 DL-399 5-Fluorouracil 

442 6-E3 DL-400 Flurbiprofen 

443 6-E4 DL-401 Fleroxacin 

444 6-E5 DL-581 Amitriptyline·HCl 

445 6-E6 DL-403 Floxuridine 

446 6-E7 DL-404 Fluocinolone acetonide 

447 6-E8 DL-405 Flubendazole 

448 6-E9 DL-406 Flutamide 

449 6-E10 DL-407 Fluconazole 

450 6-E11 DL-408 Formestane 

451 6-F2 DL-409 Ftorafur 

452 6-F3 DL-410 Furosemide 

453 6-F4 DL-411 Ganciclovir 

454 6-F5 DL-412 Gatifloxacin 

455 6-F6 DL-413 Gentamycin  

456 6-F7 DL-414 Gemfibrozil 

457 6-F8 DL-415 Gliclazide 

458 6-F9 DL-416 Glimepiride 

459 6-F10 DL-417 Guaifenesin 

460 6-F11 DL-418 Hexestrol 

461 6-G2 DL-419 Hydrocortisone 

462 6-G3 DL-420 Hydrocortisone 21-acetate 

463 6-G4 DL-421 17- Hydroxyprogesterone 

464 6-G5 DL-422 Idoxuridine 

465 6-G6 DL-423 Ifosfamide 
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466 6-G7 DL-424 Imiquimod 

467 6-G8 DL-425 Indapamide 

468 6-G9 DL-426 Itopride  

469 6-G10 DL-427 Itraconazole 

470 6-G11 AC-1005 (S)-(+)-Ketoprofen  

471 6-H2 DL-429 Levamisole  

472 6-H3 DL-430 Levonorgestrel 

473 6-H4 DL-431 Levodopa 

474 6-H5 DL-432 Levofloxacin  

475 6-H6 DL-433 Leflunomide 

476 6-H7 DL-434 Lisinopril 

477 6-H8 DL-435 Lomefloxacin  

478 6-H9 DL-436 Loratadine 

479 6-H10 DL-437 Lorglumide 

480 6-H11 DL-438 Losartan potassium 

481 7-A2 DL-439 Mebendazol 

482 7-A3 DL-440 Medroxyprogesterone 17-Acetate 

483 7-A4 DL-441 Mefenamic acid 

484 7-A5 DL-442 Melphalan 

485 7-A6 DL-443 Methyldopa 

486 7-A7 DL-444 Methylprednisolone 

487 7-A8 DL-445 Metoprolol  

488 7-A9 DL-446 Methimazole 

489 7-A10 DL-447 Metronidazole 

490 7-A11 DL-448 Miconazole 

491 7-B2 DL-449 Minocycline  

492 7-B3 DL-450 Mitoxantrone  

493 7-B4 T-104 Taxol 

494 7-B5 DL-452 Myclobutanil 

495 7-B6 DL-453 Nadifloxacin 

496 7-B7 DL-454 Nabumetone 

497 7-B8 DL-455 Naphazoline  

498 7-B9 DL-456 Nefazodone 

499 7-B10 DL-457 Niflumic acid 

500 7-B11 DL-458 Norethindrone 

501 7-C2 DL-459 Norfloxacin 

502 7-C3 DL-460 Nystatin 

503 7-C4 DL-461 Ofloxacin 

504 7-C5 DL-106 Oltipraz 

505 7-C6 DL-462 Omeprazole 

506 7-C7 DL-463 Oxcarbazepine 

507 7-C8 DL-464 Oxiconazole  

508 7-C9 DL-465 Oxacillin  

509 7-C10 DL-466 Oxfendazole 

510 7-C11 DL-467 Oxibendazole 

511 7-D2 DL-468 Pantoprazole 

512 7-D3 NS-710 Paroxetine 
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513 7-D4 DL-470 Pazufloxacin 

514 7-D5 DL-471 Pefloxacine mesylate dihydrate 

515 7-D6 DL-472 Penciclovir 

516 7-D7 DL-473 Pentoxifylline 

517 7-D8 DL-474 Pencillin V  

518 7-D9 DL-475 Phenylbutazone 

519 7-D10 DL-476 Piperacillin 

520 7-D11 DL-477 Pravastatin Lactone 

521 7-E2 DL-478 Pranoprofen 

522 7-E3 DL-479 Prednisolone 

523 7-E4 DL-480 Progesterone 

524 7-E5 DL-481 Procarbazine  

525 7-E6 DL-482 Prothionamide 

526 7-E7 DL-483 Prednisone 

527 7-E8 DL-484 Pregnenolone 

528 7-E9 DL-485 Primaquine  

529 7-E10 DL-486 Praziquantel 

530 7-E11 DL-487 Pyrantel Pamoate 

531 7-F2 DL-488 Quinacrine  

532 7-F3 DL-489 Quinapril  

533 7-F4 DL-159 Racecadotril 

534 7-F5 DL-490 Ranolazine·2HCl 

535 7-F6 DL-491 Ramipril 

536 7-F7 DL-147 Rebamipide 

537 7-F8 DL-492 Ribavirin 

538 7-F9 DL-566 Nelfinavir mesylate 

539 7-F10 DL-494 Rimantadine  

540 7-F11 ST-405 Propranolol  

541 7-G2 DL-496 Roxatidine acetate·HCl 

542 7-G3 DL-497 Roxithromycin 

543 7-G4 DL-498 Rufloxacin 

544 7-G5 DL-499 Sarafloxacin  

545 7-G6 DL-500 Scopolamine N-butyl 

546 7-G7 DL-501 Scopolamine  

547 7-G8 DL-502 Secnidazole 

548 7-G9 DL-503 Sibutramine  

549 7-G10 DL-149 Sparfloxacin 

550 7-G11 DL-504 Spironolactone 

551 7-H2 DL-505 Stanozolol 

552 7-H3 DL-506 Streptomycin  

553 7-H4 DL-507 Sulfadoxine 

554 7-H5 DL-508 Sulfadiazine 

555 7-H6 DL-509 Sulfadimethoxine 

556 7-H7 DL-510 Sulfasalazine 

557 7-H8 DL-160 Tamsulosin  

558 7-H9 DL-511 Telmisartan 

559 7-H10 DL-512 Tenoxicam 
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560 7-H11 DL-513 Terazosin  

561 8-A2 DL-514 Tetracycline 

562 8-A3 DL-169 Tenatoprazole 

563 8-A4 DL-190 Temozolomide 

564 8-A5 DL-206 Tibolone 

565 8-A6 DL-515 Tioconazole 

566 8-A7 DL-516 Tinidazole 

567 8-A8 DL-517 Tobramycin (free base) 

568 8-A9 DL-188 Tosufloxacin 

569 8-A10 DL-518 Topotecan·HCl 

570 8-A11 DL-519 Toremifene 

571 8-B2 DL-520 Tolfenamic acid 

572 8-B3 DL-521 Tolmetin 

573 8-B4 DL-582 Amoxicillin 

574 8-B5 DL-523 Tramadol  

575 8-B6 DL-524 Triamcinolone 

576 8-B7 DL-525 Trimethoprim 

577 8-B8 DL-158 Tropisetron  

578 8-B9 DL-526 Tylosin  

579 8-B10 DL-527 Valaciclovir 

580 8-B11 DL-528 Vecuronium  

581 8-C2 DL-529 Venlafaxine  

582 8-C3 DL-530 Vidarabine 

583 8-C4 DL-531 Iproniazid 

584 8-C5 NA-103 Benzamil 

585 8-C6 NA-139 Bupivacaine  

586 8-C7 NH-101 Astemizole 

587 8-C8 NH-106 Ketotifen  

588 8-C9 NH-107 Levocabastine·HCl 

589 8-C10 NO-101 Naloxone 

590 8-C11 NO-102 Naloxonazine  

591 8-D2 AC-1053 Harmine 

592 8-D3 NS-102 Cinanserin 

593 8-D4 NS-107 Dibenzepine 

594 8-D5 NS-108 Dihydroergocristine  

595 8-D6 NS-109 Fluperlapine 

596 8-D7 NS-140 Fluoxetine  

597 8-D8 NS-145 Ondansetron 

598 8-D9 NS-515 Ketanserin  

599 8-D10 DL-562 Tiotropium Bromide 

600 8-D11 NS-531 Mesoridazine besylate 

601 8-E2 NS-835 Thioridazine  

602 8-E3 PD-125 Cilostamide 

603 8-E4 PD-130 Etazolate 

604 8-E5 DL-583 amrinone 

605 8-E6 PD-141 Irsogladine  

606 8-E7 PD-152 Milrinone 
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607 8-E8 PD-175 Rolipram 

608 8-E9 PD-179 Siguazodan 

609 8-E10 PD180 Trequinsin·HCl 

610 8-E11 PD-185 Vinpocetine 

611 8-F2 PD-190 Zaprinast 

612 8-F3 PD-195 Zardaverine 

613 8-F4 PG-006 PGE1 Alprostadil 

614 8-F5 PG-051 Misoprostol 

615 8-F6 PI-146 Argatroban 

616 8-F7 PI-153 Cilastatin 

617 8-F8 PR-117 Artesunate 

618 8-F9 RA-104 Picotamide 

619 8-F10 DL-584 Butoconazole nitrate 

620 8-F11 S-510 Mifepristone 

621 8-G2 S-515 Megestrol Acetate 

622 8-G3 S-520 Melengestrol Acetate 

623 8-G4 S-650 Tamoxifen  

624 8-G5 DL-532 Amprenavir 

625 8-G6 DL-533 Aprepitant 

626 8-G7 DL-534 Bosentan 

627 8-G8 DL-535 Efavirenz 

628 8-G9 DL-536 Taurocholic acid 

629 8-G10 SL-230 Miglustat 

630 8-G11 DL-104 Fulvestrant 

631 8-H2 DL-538 Methysergide maleate 

632 8-H3 DL-107 Esmolol 

633 8-H4 DL-123 Pantothenic acid 

634 8-H5 DL-585 Capecitabine 

635 8-H6 DL-225 Phenylpropanolamine 

636 8-H7 DL-234 Succinylcholine 

637 8-H8 DL-195 Trifluperidol  

638 8-H9 DL-540 L-thyroxine 

639 8-H10 DL-136 Cyproheptadine 

640 8-H11 DL-559 Benzydamine 
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Figure A 1 Phenotype distribution in each of the 14 experiments used to screen 640 

compounds.  

Each column represents a 100% stacked bar, with controls (untreated) embryos values 
on a far left. Drugs are organised according to the highest prevalence of the 
WT/N/Small cyst (blue bars). Red boxes highlight drug candidates with the highest 
prevalence of the WT/N/Small cyst category. The analysis yielded 24 positive hits that 
were re-tested in the next set of experiments – drug hits validation 
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Table A 2. Drugs candidates causing oedema or 100% mortality in ift172 zebrafish 
morphants. 

 

Drug ID Drug name Mechinism of action/indication 

1A5 Cyclosporin A Immunosuppressant Potassium retention, 

nephrotoxicity 

1A9 Mycophenolic Acid Immunosuppressant 

3B6 Vatalanib Inhibits VEGF receptors (angiogenesis, 

chemotherapy) 

3D10 Niguldipine Calcium channel blocker, adrenergic receptor 

antagonist 

3F9 Acitretin Psoriasis, many side effects 

5A11 Lomerizine Calcium channel blocker 

8E10 Trequinsin·HCl Phosphodiesterase inhibitor 

Drugs causing edema on both morphants and wild-types 

 

Drug ID Drug name Mechinism of action/indication 

3E3 Felodipine Calcium channel blocker (hypertension) 

3F7 

Clozapine Anti-psychotic (binds to serotonin and 

dopamine receptors) 

5C6 Tulobuterol Beta2-adrenergic receptor agonist 

5D4 Aceclofenac NSAID analogue of dicofenac 

5E5 5-Aminosalicylic acid Anti-inflammatory 

6A11 Danazol Synthetic steroid ethisterone 

6F7 Gemfibrozil Activator of PPARalpha, hyperlipidaemia 

6G3 Hydrocortisone 21-acetate Cortisol 

7A11 Miconazole Antifungal, blocks synthesis of ergosterol 

7E8 Pregnenolone Endogenous steroid hormone, precursor 

8F4 Alprostadil Erectile dysfunction, adverse effect – edema? 

8F5 

Misoprostol Synthetic prostaglandin Induces labour, 

abortion, cAMP 

Drugs causing edema on morphants, but not wild types 

 

No data for the following 

drugs (all dead) (34) 

 

1A9, 2F7, 2G3, 2G8, 3A6, 3H9, 4B4, 4B5, 4B6, 

4B11, 4D4, 4C11, 4E4, 4E10, 4F7, 4H3, 5D10, 

6B5, 6B7, 6D6, 6D10, 6G10, 7B3, 7C11, 7A2, 7A4, 

7D11, 7H9, 8B2, 8E2, 8F8, 8F10, 8H9, 8H10 
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Table A 3. BBS primer sequences used in Fluidigm Study 

Name FORWARD TAG + FORWARD PRIMER Name FREVERSE TAG + REVERSE PRIMER Primer 

locatio

n 

  

bbs1ex1F ACACTGACGACATGGTTCTACA ctgactgggaaggagcaaag bbs1ex1R TACGGTAGCAGAGACTTGGTCT ttacacgggtgggaaaagag Plate 1  A1 

bbs1ex2F ACACTGACGACATGGTTCTACAagcctggacttgtacccaga bbs1ex2R TACGGTAGCAGAGACTTGGTCT cccagaggcttcactacagg Plate 1 B1 

bbs1ex3F ACACTGACGACATGGTTCTACAacaccttttctgcctgccta bbs1ex3R TACGGTAGCAGAGACTTGGTCT cctattttcagccgtcagga Plate 1 C1 

bbs1ex4.1F ACACTGACGACATGGTTCTACAgaccctgagcctagaatgagc bbs1ex4.1R TACGGTAGCAGAGACTTGGTCT ggttccaaaggtcttgttcc Plate 1 D1 

bbs1ex4.2F ACACTGACGACATGGTTCTACAagctctggcacttgcttcag bbs1ex4.2R TACGGTAGCAGAGACTTGGTCTtgctgctgtcagagatggac Plate 1 E1 

bbs1ex5F ACACTGACGACATGGTTCTACAcccctagaagtgtggagctg bbs1ex5R TACGGTAGCAGAGACTTGGTCT cctgagtgactggatggaca Plate 1 F1 

bbs1ex 6F ACACTGACGACATGGTTCTACAgaccccttaaccctgaagga bbs1ex 6R TACGGTAGCAGAGACTTGGTCT tccatcattctggcacattc Plate 1 G1 

bbs1ex7F ACACTGACGACATGGTTCTACAgaatgtgccagaatgatgga bbs1ex7R TACGGTAGCAGAGACTTGGTCT tggctggaagggatatagca Plate 1 H1 

bbs1ex 8F ACACTGACGACATGGTTCTACActtccctcatgtggcattct bbs1ex8R TACGGTAGCAGAGACTTGGTCT cccagaactaactgtggagca Plate 1 A2 

bbs1ex 9F ACACTGACGACATGGTTCTACAaccaggcactcactcagagg bbs1ex9R TACGGTAGCAGAGACTTGGTCT aaagcccactctcatcttgc Plate 1 B2 

bbs1ex10F ACACTGACGACATGGTTCTACAccaggtgagtccatgaggtt bbs1ex10R TACGGTAGCAGAGACTTGGTCTctagggacataggcgtggag Plate 1 C2 

bbs1ex11F ACACTGACGACATGGTTCTACA accccagaaaccgttctttc bbs1ex11R TACGGTAGCAGAGACTTGGTCT aaggaggagtgagtggcaga Plate 1 D2 

bbs1ex12F ACACTGACGACATGGTTCTACAtatatctggggcctccccta bbs1ex12R TACGGTAGCAGAGACTTGGTCT gtccacccatgcttcatttc Plate 1 E2 

bbs1ex13F ACACTGACGACATGGTTCTACAgcagattgtttggggaagaa bbs1ex13R TACGGTAGCAGAGACTTGGTCTttgctgtgtaggagcagtgg Plate 1 F2 

bbs1ex14F ACACTGACGACATGGTTCTACAacaccaacctgagcaggagt bbs1ex14R TACGGTAGCAGAGACTTGGTCT ccctctggccctgactct Plate 1 G2 

bbs1ex15F ACACTGACGACATGGTTCTACA ttgagtaggaggaggggaca bbs1ex15R TACGGTAGCAGAGACTTGGTCT ggcctttcccactccatatc Plate 1 H2 

bbs1ex16F ACACTGACGACATGGTTCTACA gcactggaatatgccaaaca bbs1ex16R TACGGTAGCAGAGACTTGGTCT gctccactgtgcagataccc Plate 1 A3 

bbs1ex17F ACACTGACGACATGGTTCTACA ggtgtatgccccctgctg bbs1ex17R TACGGTAGCAGAGACTTGGTCT cctgctactataggcccaaca Plate 1 B3 

bbs2 Ex1F ACACTGACGACATGGTTCTACACAGGTAGTGTCCCTGCACTT bbs2Ex1R TACGGTAGCAGAGACTTGGTCTGGAGATCCTGTGGTTCCCTG Plate 1 C3 

bbs2Ex2.1F ACACTGACGACATGGTTCTACAGTGACCTCTTGTTAATGTGGAT

GT 

bbs2Ex2.1R TACGGTAGCAGAGACTTGGTCTTGTGTCCCCACTAAAAGGGC Plate 1 D3 

bbs2Ex 2.2F ACACTGACGACATGGTTCTACAGAGCCCCCTGGAATCTGATG bbs2Ex2.2R TACGGTAGCAGAGACTTGGTCTACAGTCATACAACAAACAGACC

A 

Plate 1 E3 

bbs2Ex 3F ACACTGACGACATGGTTCTACAgtgaggcccacccacattat bbs2Ex3R TACGGTAGCAGAGACTTGGTCTtgcttaagggtaccaaaaagaat Plate 1 F3 

bbs2Ex 4F ACACTGACGACATGGTTCTACAtcgaatagcattcattcgtgtt bbs2Ex4R TACGGTAGCAGAGACTTGGTCTcaaaatcagccaggagaagc Plate 1 G3 

bbs2Ex 5F ACACTGACGACATGGTTCTACAgtcaatcttgggtggcagaa bbs2Ex5R TACGGTAGCAGAGACTTGGTCTccccagcactctcacttgat Plate 1 H3 

bbs2Ex 6F ACACTGACGACATGGTTCTACAtccccactaatggattggaa bbs2Ex6R TACGGTAGCAGAGACTTGGTCTtcaagcgcctgaatatcaaa Plate 1 A4 

bbs2Ex 7F ACACTGACGACATGGTTCTACAccaatggcacagttggagtt bbs2Ex7R TACGGTAGCAGAGACTTGGTCTcagccaatacaccttggaca Plate 1 B4 

bbs2Ex 8F ACACTGACGACATGGTTCTACAttttgtggtttttaaacatgtagca bbs2Ex8R TACGGTAGCAGAGACTTGGTCTtttgacccaatcaaatggaaa Plate 1 C4 

bbs2Ex 9F ACACTGACGACATGGTTCTACAtcaccaaagttggggagaac bbs2Ex9R TACGGTAGCAGAGACTTGGTCTtcagcctccattacctggtc Plate 1 D4 
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bbs2Ex 10F ACACTGACGACATGGTTCTACATTAGTTCAGTGTTTTGGTGACT

GA 

bbs2Ex10R TACGGTAGCAGAGACTTGGTCTTGACTCCAAGATGGCACAGG Plate 1 E4 

bbs2Ex 11F ACACTGACGACATGGTTCTACAgcttcccaaagttggagttg bbs2E11R TACGGTAGCAGAGACTTGGTCTtgccctcctctaagtgctgt Plate 1 F4 

bbs2Ex 12F ACACTGACGACATGGTTCTACAtattttctgggccttgcatt bbs2Ex12R TACGGTAGCAGAGACTTGGTCTggattctactgtgtaaaagcattgaa Plate 1 G4 

bbs2Ex 13F ACACTGACGACATGGTTCTACAccttaaaaatggaggtcatttca bbs2Ex13R TACGGTAGCAGAGACTTGGTCTtctatgcccctctcattcca Plate 1 H4 

bbs2Ex 14F ACACTGACGACATGGTTCTACAggaaagaagggggtctctgt bbs2EX14R TACGGTAGCAGAGACTTGGTCTcatttttaaccctgcacctg Plate 1 A5 

bbs2Ex 15F ACACTGACGACATGGTTCTACAgcttgccatatcaacatgaaa bbs2Ex15R TACGGTAGCAGAGACTTGGTCTGGATGCTACCACCATCTTCAA Plate 1 B5 

bbs2Ex 16F ACACTGACGACATGGTTCTACAttccctcctggttttatgttg bbs2Ex16R TACGGTAGCAGAGACTTGGTCTagggtgtgatccaaagcaaa Plate 1 C5 

bbs2 T2Ex 

14F 

ACACTGACGACATGGTTCTACATGTTGAGTATGGGGAAATTCA

GG 

bbs2 

T2Ex14R 

TACGGTAGCAGAGACTTGGTCTATGCATCTACCGCATTCCCT Plate 1 D5 

bbs3Ex3F ACACTGACGACATGGTTCTACAaacttaaggtgcctttgggtaa bbs3Ex3R TACGGTAGCAGAGACTTGGTCT tgtgattatatgcggttttaacg Plate 1 E5 

bbs3Ex4F ACACTGACGACATGGTTCTACActtgaggaaaactcatctctgg bbs3Ex4R TACGGTAGCAGAGACTTGGTCT aaaccagccatagtggttagaaa Plate 1 F5 

bbs3Ex5F ACACTGACGACATGGTTCTACAttgtaaattggcacatgttgaa bbs3Ex5R TACGGTAGCAGAGACTTGGTCT aaaaagccaaacaacctagcc Plate 1 G5 

bbs3Ex6F ACACTGACGACATGGTTCTACAgttaggaaatgcccatggat bbs3Ex6R TACGGTAGCAGAGACTTGGTCT gcaatacccaaagaacaaaaca Plate 1 H5 

bbs3Ex7F ACACTGACGACATGGTTCTACAgctgcaaaatgacctaaaaagc bbs3Ex7R TACGGTAGCAGAGACTTGGTCT tgccaccatgtttgatcact Plate 1 A6 

bbs3Ex 8F ACACTGACGACATGGTTCTACAtgttcctgagcactcagactt bbs3Ex8R TACGGTAGCAGAGACTTGGTCT aggaaacaaaggctgaagaca Plate 1 B6 

bbs3Ex9F ACACTGACGACATGGTTCTACAtgccctatagagattgataatttttg bbs3Ex9R TACGGTAGCAGAGACTTGGTCT ggagcccttttgagggaata Plate 1 C6 

bbs4Ex1F ACACTGACGACATGGTTCTACA ctccacagccctacgacttc bbs4Ex1R TACGGTAGCAGAGACTTGGTCT cagttcccgggacagtaaaa Plate 1 D6 

bbs4Ex2F ACACTGACGACATGGTTCTACA ttgcataattggtgagctactga bbs4Ex2R TACGGTAGCAGAGACTTGGTCT aggttgcagtgagccaagat Plate 1 E6 

bbs4Ex3F ACACTGACGACATGGTTCTACA tgaggacagtgctaaaggagaa bbs4Ex3R TACGGTAGCAGAGACTTGGTCT tgaagtatggggaagaaggaa Plate 1 F6 

bbs4Ex4F ACACTGACGACATGGTTCTACA cataatctgcctgccttggt bbs4Ex4R TACGGTAGCAGAGACTTGGTCT ttcaattgcctgatctttttca Plate 1 G6 

bbs4Ex5F ACACTGACGACATGGTTCTACA gctccattcttcccagaaca bbs4Ex5R TACGGTAGCAGAGACTTGGTCT accattcccccacttgtgta Plate 1 H6 

bbs4Ex6F ACACTGACGACATGGTTCTACA cttcactgaccaaaccagca bbs4Ex6R TACGGTAGCAGAGACTTGGTCT cagccagatgataaatggaacc Plate 1 A7 

bbs4Ex7F ACACTGACGACATGGTTCTACA ccttgccgagcaataacaat bbs4Ex7R TACGGTAGCAGAGACTTGGTCT ttccaaaaacctctgcaagc Plate 1 B7 

bbs4Ex8F ACACTGACGACATGGTTCTACA tcgttcagtggtagtgatttgg bbs4Ex8R TACGGTAGCAGAGACTTGGTCT ttttaggcttgggagttcacat Plate 1 C7 

bbs4Ex9F ACACTGACGACATGGTTCTACA tttgatggcaattcccaaat bbs4Ex9R TACGGTAGCAGAGACTTGGTCT tgcaggaaaaccaccataca Plate 1 D7 

bbs4Ex10F ACACTGACGACATGGTTCTACAGGGATTATAGGCATTAGCCAC

CA 

bbs4Ex10R TACGGTAGCAGAGACTTGGTCTTCCTTTGCTTTCCAGGGTCA Plate 1 E7 

bbs4Ex11F ACACTGACGACATGGTTCTACA gccttttgggaatgactgaa bbs4Ex11R TACGGTAGCAGAGACTTGGTCT gaaggggcactcaatgagaa Plate 1 F7 

bbs4Ex12F ACACTGACGACATGGTTCTACA tgcccttctcattgagtgc bbs4Ex12R TACGGTAGCAGAGACTTGGTCT ccctcattacagatggcagag Plate 1 G7 

bbs4Ex13F ACACTGACGACATGGTTCTACA catgagctgacagggtgaag bbs4Ex13R TACGGTAGCAGAGACTTGGTCT ggcagcaccaatgctatgta Plate 1 H7 

bbs4Ex 14 ACACTGACGACATGGTTCTACAAATGACCATTTGTTGCAGAGCC bbs4Ex14 TACGGTAGCAGAGACTTGGTCTTTAAAAGTCTCCTGAGAGCTTAC

TT 

Plate 1 A8 

bbs4Ex15F ACACTGACGACATGGTTCTACATCTCTGACAGTCACGCTTTTGA bbs4Ex15R TACGGTAGCAGAGACTTGGTCT cctgccaggtcttcatgg Plate 1 B8 

bbs4Ex16F ACACTGACGACATGGTTCTACA ttgtggaacatgaggattcaag bbs4Ex16R TACGGTAGCAGAGACTTGGTCT ggaccttaggctcaactgct Plate 1 C8 
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bbs5Ex1F ACACTGACGACATGGTTCTACA taaatcctgcctcgcatctc bbs5Ex1R TACGGTAGCAGAGACTTGGTCT gccctctacagggttgaagat Plate 1 D8 

bbs5Ex2F ACACTGACGACATGGTTCTACA ctccctaaatagattgcaagcag bbs5Ex2R TACGGTAGCAGAGACTTGGTCT acactgacaaatgatgctgtttc Plate 1 E8 

bbs5Ex3F ACACTGACGACATGGTTCTACA gtgctgcaaaaatgggttct bbs5Ex3R TACGGTAGCAGAGACTTGGTCT tggacaaaccaaaataataatgga Plate 1 F8 

bbs5Ex4F ACACTGACGACATGGTTCTACA tttctcagtgtaccatatcatgctc bbs5Ex4R TACGGTAGCAGAGACTTGGTCT agcttcagtttggcctcgta Plate 1 G8 

bbs5Ex5F ACACTGACGACATGGTTCTACA tttgagattgatgtttgttttca bbs5Ex5R TACGGTAGCAGAGACTTGGTCT tggggactgttgcagtctaa Plate 1 H8 

bbs5Ex6F ACACTGACGACATGGTTCTACA aaacataacccaagaaaatcaca bbs5Ex6R TACGGTAGCAGAGACTTGGTCT ccaatgatgaatggaaaaatga Plate 1 A9 

bbs5Ex7F ACACTGACGACATGGTTCTACA caattttggtattatttgctgctg bbs5Ex7R TACGGTAGCAGAGACTTGGTCT ggagaaagaactcatctaaaagtcca Plate 1 B9 

bbs5Ex8F ACACTGACGACATGGTTCTACAAGGAAGGAGGGAGAATTCTGT

T 

bbs5Ex8R TACGGTAGCAGAGACTTGGTCT aaaaccaaaaatctagactgtcacata Plate 1 C9 

bbs5Ex9F ACACTGACGACATGGTTCTACA tgttcttcagacttgttgggttt bbs5Ex9R TACGGTAGCAGAGACTTGGTCT tggtgcacagtggtatctacatc Plate 1 D9 

bbs5Ex10F ACACTGACGACATGGTTCTACA tggtacatttaatattgtctctgatgc bbs5Ex10R TACGGTAGCAGAGACTTGGTCT cgtcacaaaagaaatccctca Plate 1 E9 

bbs5Ex11F ACACTGACGACATGGTTCTACAACCAGCATTGTAGAGATAGGT

G 

bbs5Ex11R TACGGTAGCAGAGACTTGGTCTAGGTGGGCAAGGAAGAGG Plate 1 F9 

bbs5Ex12F ACACTGACGACATGGTTCTACATCCAACATTTAGCATTCACAAA

CT 

bbs5Ex12R TACGGTAGCAGAGACTTGGTCTCCATGACTTATGGCAGGTGACT Plate 1 G9 

bbs5T2Ex12

F 

ACACTGACGACATGGTTCTACA aacaggctccacaatctctca bbs5T2Ex12

R 

TACGGTAGCAGAGACTTGGTCT ttgtaggcacgcatatacttgaa Plate 1 H9 

bbs5T2Ex13

F 

ACACTGACGACATGGTTCTACA cagaacctggaatttactgaagg bbs5T2Ex13

R 

TACGGTAGCAGAGACTTGGTCT gggcaacaagagtgaagctc Plate 1 A10 

bbs5T2Ex14.

1F 

ACACTGACGACATGGTTCTACACCCACATTTGGGCTTGTCCT bbs5T2Ex14,

1R 

TACGGTAGCAGAGACTTGGTCTTGACACCTCCTGCAATCACA Plate 1 B10 

bbs5T2Ex14.

2F 

ACACTGACGACATGGTTCTACACTCCCCTCCCCACATCCTAA bbs5T2Ex14.

2R 

TACGGTAGCAGAGACTTGGTCTAGGGTGTTTATCTTCAACCCCA Plate 1 C10 

bbs5T2Ex15

F 

ACACTGACGACATGGTTCTACA catctggcatttctttaagttttaca bbs5T2Ex15

R 

TACGGTAGCAGAGACTTGGTCT ttgcatgttgggaaaatctg Plate 1 D10 

bbs5T2Ex16

F 

ACACTGACGACATGGTTCTACAAGGCAGGTGCATCTTCTTCT  bbs5T2Ex16

R 

TACGGTAGCAGAGACTTGGTCTACCAAACAAACCACCTCCCA Plate 1 E10 

bbs6Ex3.3F ACACTGACGACATGGTTCTACA ccacctgaagtaagatgtctcg bbs6Ex3.3R TACGGTAGCAGAGACTTGGTCT gaataagccacaatcactgaagc Plate 1 F10 

bbs6Ex3.4F ACACTGACGACATGGTTCTACA ttggtcacacatcccatttt bbs6Ex3.4R TACGGTAGCAGAGACTTGGTCT ggtgagcatacaggcaggtt Plate 1 G10 

bbs6Ex3.5F ACACTGACGACATGGTTCTACATCCTCCTTTGTTTGGTGCGT bbs6Ex3.5R TACGGTAGCAGAGACTTGGTCTCCACCTTGAGGGCAGTTGAT Plate 1 H10 

bbs6Ex3.6F ACACTGACGACATGGTTCTACAATCAACTGCCCTCAAGGTGG bbs6Ex3.6R TACGGTAGCAGAGACTTGGTCTCAGGGGTTCCATCAGAGTCAC Plate 1 A11 

bbs6Ex3.7F ACACTGACGACATGGTTCTACA ttggaccagctgcttaacct bbs6Ex3.7R TACGGTAGCAGAGACTTGGTCT catgctgggtcaatttttca Plate 1 B11 

bbs6Ex4F ACACTGACGACATGGTTCTACA ttgtttgctccacttttgctt bbs6Ex4R TACGGTAGCAGAGACTTGGTCT aattcctccctcagcctctg Plate 1 C11 

bbs6Ex5F ACACTGACGACATGGTTCTACA tgtgaacgtctgattctgatga bbs6Ex5R TACGGTAGCAGAGACTTGGTCT tgcacccctgaacctaaaag Plate 1 D11 

bbs6Ex6.1F ACACTGACGACATGGTTCTACA ttgctttgtatgtgttttcaatgtt bbs6Ex6.1R TACGGTAGCAGAGACTTGGTCT ccagttgagttcttcctggcta Plate 1 E11 

bbs6Ex6.2F ACACTGACGACATGGTTCTACAGCCAGGAAGAACTCAACTGG bbs6Ex6.2R TACGGTAGCAGAGACTTGGTCTGGGCTTTGGGAGAAAACAAAT Plate 1 F11 

bbs6Ex3.8F ACACTGACGACATGGTTCTACAAGATTCCACTGTATTACCTGGG bbs6Ex3.8R TACGGTAGCAGAGACTTGGTCTTGGCACAGGACAAGATCTACG Plate 1 G11 

bbs6Ex6.3F ACACTGACGACATGGTTCTACAAGTATGGACACCTTTGGTCAGT bbs6Ex6.3R TACGGTAGCAGAGACTTGGTCTGCTGTCTCTACAGCCACCTG  Plate 1 H11 

bbs6Ex2.1F ACACTGACGACATGGTTCTACAAGGGAGGTTATGGGTTTTAGT

GG 

bbs6Ex2.1R TACGGTAGCAGAGACTTGGTCTCAAGCCTGCTACTTCCCCTG Plate 1 A12 

bbs6Ex2.2F ACACTGACGACATGGTTCTACA gcagccctgttttccaaata bbs6Ex2.2R TACGGTAGCAGAGACTTGGTCT ttgccagtgggtcacaataa Plate 1 B12 
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bbs7Ex1F ACACTGACGACATGGTTCTACA tgtccctcctgttcttgtcc bbs7Ex1R TACGGTAGCAGAGACTTGGTCT cacagacgaaagggagctg Plate 1 C12 

bbs7Ex2F ACACTGACGACATGGTTCTACA tttggttgtttcctatatgtattctga bbs7Ex2R TACGGTAGCAGAGACTTGGTCT gcctctcctctgtcactgct Plate 1 D12 

bbs7Ex3F ACACTGACGACATGGTTCTACA tggctcttgttcttttgagga bbs7Ex3R TACGGTAGCAGAGACTTGGTCT gaaaaccatttttccccttca Plate 1 E12 

bbs7Ex4F ACACTGACGACATGGTTCTACAGCAGTGTTCAAGACTTTACCCG bbs7Ex4R TACGGTAGCAGAGACTTGGTCTAGTTGCCTCACATCTATCCAAA Plate 1 F12 

bbs7Ex5F ACACTGACGACATGGTTCTACAGCACATATCTGGCTCAGACC bbs7Ex5R TACGGTAGCAGAGACTTGGTCTAGCCCTTAAAACAGTAACCACT  Plate 1 G12 

bbs7Ex6F ACACTGACGACATGGTTCTACA ttcatgaatgcctctattattttca bbs7Ex6R TACGGTAGCAGAGACTTGGTCT tggcaagttaccagaaagacaa Plate 1 H12 

bbs7Ex7F ACACTGACGACATGGTTCTACATGGAGAAGACCTTTTGTTTGG

GA 

bbs7Ex7R TACGGTAGCAGAGACTTGGTCTTGCCAATAGTATAATAGACCTGA

CA 

Plate 2 A1 

bbs7Ex8F ACACTGACGACATGGTTCTACA ttctgagtcggtatgtgtgttttt bbs7Ex8R TACGGTAGCAGAGACTTGGTCT ttcaaaccatctgtcatctctataa Plate 2 B1 

bbs7Ex9F ACACTGACGACATGGTTCTACA cagggaaaacgttgtgtgg bbs7Ex9R TACGGTAGCAGAGACTTGGTCT tggattccccatgaataagg Plate 2 C1 

bbs7Ex10F ACACTGACGACATGGTTCTACA aaggggcatgtacattggag bbs7Ex10R TACGGTAGCAGAGACTTGGTCT aagcaacaaccacacacttca Plate 2 D1 

bbs7Ex11F ACACTGACGACATGGTTCTACA cctaacgacctcaaatgtttatact bbs7Ex11R TACGGTAGCAGAGACTTGGTCT gcaaaatagatccagtcataaaactaa Plate 2 E1 

bbs7Ex12F ACACTGACGACATGGTTCTACA ggttttccatctcaaccttcttt bbs7Ex12R TACGGTAGCAGAGACTTGGTCT agggaaagagaaccgacaca Plate 2 F1 

bbs7Ex13F ACACTGACGACATGGTTCTACAGCACCAATGACAGGTGCTTA bbs7Ex13R TACGGTAGCAGAGACTTGGTCTTGTTGTAAGACATACCAGCAGG

A 

Plate 2 G1 

bbs7Ex14F ACACTGACGACATGGTTCTACA cattctaaagatatgttttgttgctaa bbs7Ex14R TACGGTAGCAGAGACTTGGTCT caggtctatttgaattgtgtaatatcc Plate 2 H1 

bbs7Ex15F ACACTGACGACATGGTTCTACA acacataaatgtgcgcctct bbs7Ex15R TACGGTAGCAGAGACTTGGTCT tcaatcagattactcacaaataactcc Plate 2 A2 

bbs7Ex16F ACACTGACGACATGGTTCTACA tggacaatttccttctacagcta bbs7Ex16F TACGGTAGCAGAGACTTGGTCT gaaggagttgaccagatgcag Plate 2 B2 

bbs7Ex17R ACACTGACGACATGGTTCTACA caaaaaggaaaattaacctcaaca bbs7Ex17F TACGGTAGCAGAGACTTGGTCT caaataataatcaccagtccacga Plate 2 C2 

bbs7Ex18R ACACTGACGACATGGTTCTACA tcgtcgtggactggtgatta bbs7Ex18F TACGGTAGCAGAGACTTGGTCT tgggaaatagccagttgaaaa Plate 2 D2 

bbs7Ex19R ACACTGACGACATGGTTCTACATGTTAAATCATGGAATTACAG

GTGC 

bbs7Ex19F TACGGTAGCAGAGACTTGGTCTACAGACCACTTCTTTGGGACT Plate 2 E2 

bbs7Ex4.1F ACACTGACGACATGGTTCTACAACCTGAAGACCTGCTGAAGT bbs7Ex4.1R TACGGTAGCAGAGACTTGGTCTAGCCTCTAATCTCAGATGCTGC Plate 2 F2 

bbs7Ex5.1F ACACTGACGACATGGTTCTACATACTAGGAATTAACTAGGAGA

AAGT 

bbs7Ex5.1R TACGGTAGCAGAGACTTGGTCTTGGAAGGCAGATCACATCAT Plate 2 G2 

bbs7Ex7.1F ACACTGACGACATGGTTCTACATGTGAATATATAACCATTCTCA

ACA 

bbs7Ex7.1R TACGGTAGCAGAGACTTGGTCTACATGAAAAGCATACCTCCTCT Plate 2 H2 

bbs8Ex1F ACACTGACGACATGGTTCTACAggcacctctcggacaagg bbs8Ex1R TACGGTAGCAGAGACTTGGTCT tcaggatgcacaggctgac Plate 2 A3 

bbs8Ex2F ACACTGACGACATGGTTCTACAcaacaatgaaggatggctatttc bbs8Ex2R TACGGTAGCAGAGACTTGGTCT ttcctcttatacacagtattcttcctc Plate 2 B3 

bbs8Ex3F ACACTGACGACATGGTTCTACA gccagcgcaattctgaaa bbs8Ex3R TACGGTAGCAGAGACTTGGTCT gtgtgattggcctgtgaaga Plate 2 C3 

bbs8Ex4F ACACTGACGACATGGTTCTACA tgcttcataacctctgccact bbs8Ex4R TACGGTAGCAGAGACTTGGTCT caaagtaatacaaggctatgggaaa Plate 2 D3 

bbs8Ex5F ACACTGACGACATGGTTCTACA tgtttacatttcaagagaaagtttcag bbs8Ex5R TACGGTAGCAGAGACTTGGTCT aagacatggcctttccttca Plate 2 E3 

bbs8Ex6F ACACTGACGACATGGTTCTACA tccagggctttagagtacttttg bbs8Ex6R TACGGTAGCAGAGACTTGGTCT ccacagaaactgagggtgga Plate 2 F3 

bbs8Ex7F ACACTGACGACATGGTTCTACA ccatctggaaacatgagcaa bbs8Ex7R TACGGTAGCAGAGACTTGGTCT gccacttctaagcccttcac Plate 2 G3 

bbs8Ex8F ACACTGACGACATGGTTCTACA tgcaacattaccttccttgg bbs8Ex8R TACGGTAGCAGAGACTTGGTCT gctgtttactctccccatgc Plate 2 H3 

bbs8Ex9F ACACTGACGACATGGTTCTACACCACCTCAGCCTCCCAAAAT bbs8Ex9R TACGGTAGCAGAGACTTGGTCTTGCAATTCCACAGAGCAGGG Plate 2 A4 
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bbs8Ex9-2F ACACTGACGACATGGTTCTACATGGATCAACCTGTGACTGCT bbs8Ex9-2R TACGGTAGCAGAGACTTGGTCTAGGAAAGAATTGTAATGTTCCC

A 

Plate 2 B4 

bbs8Ex10F ACACTGACGACATGGTTCTACA gcacatggtagcctctcaat bbs8Ex10R TACGGTAGCAGAGACTTGGTCT tttcacaggaaagtggttctaag Plate 2 C4 

bbs8Ex11F ACACTGACGACATGGTTCTACA aaaacttacaaagttggtctgaca bbs8Ex11R TACGGTAGCAGAGACTTGGTCT cactgtgtctggctcaaacc Plate 2 D4 

bbs8Ex12F ACACTGACGACATGGTTCTACA gaggaaagaagggaggagga bbs8Ex12R TACGGTAGCAGAGACTTGGTCT tgctaccacacatgacagctt Plate 2 E4 

bbs8Ex13F ACACTGACGACATGGTTCTACA cgcctttggtttttcttttc bbs8Ex13R TACGGTAGCAGAGACTTGGTCT ttttaaatgctgtcccttgaa Plate 2 F4 

bbs8Ex14F ACACTGACGACATGGTTCTACATGGAGATCTGCAGAGAAGCTA  bbs8Ex14R TACGGTAGCAGAGACTTGGTCTTCTGTGTCACCCTTATGTGTC Plate 2 G4 

bbs8Ex14-2F ACACTGACGACATGGTTCTACATGCCTTTAAGAACCCTTTGAGT

T 

bbs8Ex14-2R TACGGTAGCAGAGACTTGGTCTAGAGCATAGCAAAATGCTGCC Plate 2 H4 

bbs8T2Ex2F ACACTGACGACATGGTTCTACA tcttgagaacacttctgtaggaaga bbs8T2Ex2R TACGGTAGCAGAGACTTGGTCT aacccacaggaagatatgcag Plate 2 A5 

bbs8T2Ex7F ACACTGACGACATGGTTCTACA catgcttgggttgtttaagga bbs8T2Ex7R TACGGTAGCAGAGACTTGGTCT cagtcggctaacccttagaatc Plate 2 B5 

bbs8T3Ex1F ACACTGACGACATGGTTCTACA tcctctgtaggcttccatgc bbs8T3Ex1R TACGGTAGCAGAGACTTGGTCT ttctgactgaccttccttaactca Plate 2 C5 

bbs9Ex2F ACACTGACGACATGGTTCTACA tccttctcagatctgtccaagtt bbs9Ex2R TACGGTAGCAGAGACTTGGTCT caccgtgcccagtcttattt Plate 2 D5 

bbs9Ex3F ACACTGACGACATGGTTCTACA tgctaatgtttgtttctccctct bbs9Ex3R TACGGTAGCAGAGACTTGGTCT caaaagtgacactgtaaaggattga Plate 2 E5 

bbs9Ex4F ACACTGACGACATGGTTCTACA tcacagtggctgtggttatga bbs9Ex4R TACGGTAGCAGAGACTTGGTCT ttgtgttctctaccaagtcagca Plate 2 F5 

bbs9Ex5F ACACTGACGACATGGTTCTACA tcggagtagtggatgagaacaa bbs9Ex5R TACGGTAGCAGAGACTTGGTCT ttctgagagtcaaaccacttaatcc Plate 2 G5 

bbs9Ex6F ACACTGACGACATGGTTCTACATCGAGATTTAATTTGCATCCAG

TCT 

bbs9Ex6R TACGGTAGCAGAGACTTGGTCTTGTGGACAAAAATTAGTCAGCA

ACA 

Plate 2 H5 

bbs9ex7-1F ACACTGACGACATGGTTCTACAACACAGTTTTATGTCACAATAT

CA 

bbs9ex7-1R TACGGTAGCAGAGACTTGGTCTCCAGAACCAAGTTTTTGCTGT Plate 2 A6 

bbs9ex7-2F ACACTGACGACATGGTTCTACAGCAACAGATGCAGATAAAAGG

CA  

bbs9ex7-2R TACGGTAGCAGAGACTTGGTCTCCATGACCAGGCATGTGTTT Plate 2 B6 

bbs9Ex8F ACACTGACGACATGGTTCTACA aactgaaattttctgaggttagca bbs9Ex8R TACGGTAGCAGAGACTTGGTCT catagccttgacatatggaagaga Plate 2 C6 

bbs9Ex9F ACACTGACGACATGGTTCTACA ccaggtgttagaattagtttgtgc bbs9Ex9R TACGGTAGCAGAGACTTGGTCT gaaaatttcttgactaacatcctcttt Plate 2 D6 

bbs9ex10-1F ACACTGACGACATGGTTCTACATGGTGTGTTGATGCTGAATTG bbs9ex10-1R TACGGTAGCAGAGACTTGGTCTGCTGCAAATGAGATACCTTGTG

A 

Plate 2 E6 

bbs9ex10-2F ACACTGACGACATGGTTCTACATGATGGTCACTTGCAGTGTT bbs9ex10-2R TACGGTAGCAGAGACTTGGTCTAGCCTAGAGGAGAAAATTAACA

A 

Plate 2 F6 

bbs9Ex11F ACACTGACGACATGGTTCTACA ttgtgagtatgtttatggggttttt bbs9Ex11R TACGGTAGCAGAGACTTGGTCT aaccaatgcattttggtcct Plate 2 G6 

bbs9Ex12F ACACTGACGACATGGTTCTACA tcattgtgttcactcactgctg bbs9Ex12R TACGGTAGCAGAGACTTGGTCT actcaaggctggggaaaaat Plate 2 H6 

bbs9Ex13F ACACTGACGACATGGTTCTACACACACTGCAGAACAGAGTGA bbs9Ex13R TACGGTAGCAGAGACTTGGTCTTCATGCTGATGCTAAGAGGGA Plate 2 A7 

bbs9Ex14F ACACTGACGACATGGTTCTACA cagtacctggcatgtggtga bbs9Ex14R TACGGTAGCAGAGACTTGGTCT gcataagcattttactcataactcca Plate 2 B7 

bbs9Ex15F ACACTGACGACATGGTTCTACA tgtggattgacttgtgtttgg bbs9Ex15R TACGGTAGCAGAGACTTGGTCT ccataaaaagagttcattcatggt Plate 2 C7 

bbs9Ex16F ACACTGACGACATGGTTCTACA ggcaacaagcaaaccaagat bbs9Ex16R TACGGTAGCAGAGACTTGGTCT tgatgctgcaggcatgtta Plate 2 D7 

bbs9Ex17F ACACTGACGACATGGTTCTACA tgttcattttgccttctggtt bbs9Ex17R TACGGTAGCAGAGACTTGGTCT aatgaacatcaccctttgcag Plate 2 E7 

bbs9Ex18F ACACTGACGACATGGTTCTACA tctgtgttactaagcatttttcctt bbs9Ex18R TACGGTAGCAGAGACTTGGTCT gcatgcatacagaatccttcta Plate 2 F7 

bbs9Ex19F ACACTGACGACATGGTTCTACA tttttgtgtccatttaatctcaattt bbs9Ex19R TACGGTAGCAGAGACTTGGTCT tggtacatgactctagggtgaca Plate 2 G7 

bbs9Ex20F ACACTGACGACATGGTTCTACA tgccagacataatttgttgagg bbs9Ex20R TACGGTAGCAGAGACTTGGTCT ttcaataatgctggctgttcc Plate 2 H7 
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bbs9Ex21-1F ACACTGACGACATGGTTCTACAAGGTTCCCAACACTTGAACA  bbs9Ex21-1R TACGGTAGCAGAGACTTGGTCTGGTGATATGTTTCTTCAGTTGGC

T 

Plate 2 A8 

bbs9Ex21-2F ACACTGACGACATGGTTCTACA acccaaagacacaagccaac bbs9Ex21-2R TACGGTAGCAGAGACTTGGTCT gtcagaggggaaacgtgaaa Plate 2 B8 

bbs9Ex22F ACACTGACGACATGGTTCTACA gattgctgtgtagagaggcaga bbs9Ex22R TACGGTAGCAGAGACTTGGTCT gcggaatgctctctggtatg Plate 2 C8 

bbs9Ex23F ACACTGACGACATGGTTCTACA tcagatcttttctctctctttctctc bbs9Ex23R TACGGTAGCAGAGACTTGGTCT tttcctggcaaaacaagaca Plate 2 D8 

bbs9Ex13-1F ACACTGACGACATGGTTCTACAACTTACTGTATTATGTTTTGTG

ACT 

bbs9Ex13-1R TACGGTAGCAGAGACTTGGTCTCCATGGTAGACTTTCAGCCA  Plate 2 E8 

bbs9T2Ex6F ACACTGACGACATGGTTCTACATTTCACACCGAATGCTGCTT bbs9T2Ex6R TACGGTAGCAGAGACTTGGTCTCGGGAACTGTAGGCAAGAGG Plate 2 F8 

bbs10ex1-1F ACACTGACGACATGGTTCTACATTTCTGCCTTCGCGTACAAC bbs10ex1-1R TACGGTAGCAGAGACTTGGTCTTGCAGCGGCCATAGAACTTA Plate 2 G8 

bbs10ex 1-

2F 

ACACTGACGACATGGTTCTACA gaagcggcccagatatgtta bbs10ex 1-

2R 

TACGGTAGCAGAGACTTGGTCT gggacaagagctccacagag Plate 2 H8 

bbs10ex2-1F ACACTGACGACATGGTTCTACA ccttctgaaaatgagttgcttt bbs10ex2-1R TACGGTAGCAGAGACTTGGTCT aagtgtctacttaggtactggtccat Plate 2 A9 

bbs10ex 2-

2F 

ACACTGACGACATGGTTCTACA tttatttcccaggctctcct bbs10ex 2-

2R 

TACGGTAGCAGAGACTTGGTCT gccagtgacaccaacattca Plate 2 B9 

bbs10ex2-3F ACACTGACGACATGGTTCTACAACTTGTAAAAGTGGGATTGGT

GT 

bbs10ex2-3F TACGGTAGCAGAGACTTGGTCTTGAGATGTCTGAAACTGTGCT Plate 2 C9 

bbs10ex2-4F ACACTGACGACATGGTTCTACAAGCTGGTCTTGTGCTTCAGA bbs10ex2-4R TACGGTAGCAGAGACTTGGTCTTGCCATTCACCCCTGCATAA Plate 2 D9 

bbs10ex2-5F ACACTGACGACATGGTTCTACA tctttctccatttgtaccacca bbs10ex2-5R TACGGTAGCAGAGACTTGGTCT agacttgaagtgccattttgg Plate 2 E9 

bbs10ex2-6F ACACTGACGACATGGTTCTACA gcttcggcaattatttaaagacc bbs10ex2-6R TACGGTAGCAGAGACTTGGTCT tgtttggaatgtatctgttggtg Plate 2 F9 

bbs10ex2-7F ACACTGACGACATGGTTCTACATGAAACGCTGACATGTTTGTCT  bbs10ex2-7R TACGGTAGCAGAGACTTGGTCTACCACCTACTGGCAAAACACA Plate 2 G9 

bbs10ex2-8F ACACTGACGACATGGTTCTACA aatattactagaaagggaagcatgtta bbs10ex2-8R TACGGTAGCAGAGACTTGGTCT cagtgcatggacagctctta Plate 2 H9 

bbs10ex2-9F ACACTGACGACATGGTTCTACACTGTCCATGCACTGCAAACC bbs10ex2-9R TACGGTAGCAGAGACTTGGTCTTCACATGACTGCTTTACTTGGC Plate 2 A10 

bbs10ex2-

5.1F 

ACACTGACGACATGGTTCTACATTGGATTATGGAAAAGACAAA

AGCA 

bbs10ex2-

5.1R 

TACGGTAGCAGAGACTTGGTCTACAAAATTTCACCAAAGCAGTGT  Plate 2 B10 

bbs10ex2-

7.1F 

ACACTGACGACATGGTTCTACATCAGGACACAGTTGCAGAGA bbs10ex2-

7.1R 

TACGGTAGCAGAGACTTGGTCTCCCCTTGTTGAATAAGCAGTGG Plate 2 C10 

bbs11ex2-1F ACACTGACGACATGGTTCTACATGTTCAGTTCTGAGCTGTGCT bbs11ex2-1R TACGGTAGCAGAGACTTGGTCTCAGCTGGGTCAAGCTGGTTA Plate 2 D10 

bbs11ex2-2F ACACTGACGACATGGTTCTACATGCAGCAAGATTACCCGCAT bbs11ex2-2R TACGGTAGCAGAGACTTGGTCTCAGCTCCCCCATAAGTTCCC Plate 2 E10 

bbs11ex2-3F ACACTGACGACATGGTTCTACATCGTCTGCGGGAACTTATGG bbs11ex2-3R TACGGTAGCAGAGACTTGGTCT TAGTCACAGCGAGACACAGC Plate 2 F10 

bbs11ex2-4F ACACTGACGACATGGTTCTACATCACAGGCTCTTTGGCTGAA bbs11ex2-4R TACGGTAGCAGAGACTTGGTCTAATTTGGAGGGGGCCAACAT Plate 2 G10 

bbs11ex2-5F ACACTGACGACATGGTTCTACATCCTGGCCAAGATCAAGCAG bbs11ex2-5R TACGGTAGCAGAGACTTGGTCT CGGGCTCATGTCCATCTCTC Plate 2 H10 

bbs11ex2-6F ACACTGACGACATGGTTCTACAGAGAGATGGACATGAGCCCG bbs11ex2-6R TACGGTAGCAGAGACTTGGTCTTATCAATGCCACTGGGGCTG Plate 2 A11 

bbs11ex2-7F ACACTGACGACATGGTTCTACACCAGCAGTGCCTCTTTCTCA bbs11ex2-7R TACGGTAGCAGAGACTTGGTCTTCAGTCACACCAATCAGCCC Plate 2 B11 

bbs11ex2-8F ACACTGACGACATGGTTCTACATCACTCCTCTCTCAGTGGCA bbs11ex2-8R TACGGTAGCAGAGACTTGGTCTCAGGTGACAAATTTGGGCCG Plate 2 C11 

bbs11ex2-9F ACACTGACGACATGGTTCTACACGGCCCAAATTTGTCACCTG bbs11ex2-9R TACGGTAGCAGAGACTTGGTCTACACTATAGCCCCCACCCTT Plate 2 D11 

bbs11ex2-

10F 

ACACTGACGACATGGTTCTACAGCTCGTGGTGATCTCATCGT bbs11ex2-

10R 

TACGGTAGCAGAGACTTGGTCTGAAGGGAAGTTGGCTTGGGA Plate 2 E11 

bbs12Ex1F ACACTGACGACATGGTTCTACAATGGTGATGGCTTGCAGAGT  bbs12Ex1R TACGGTAGCAGAGACTTGGTCTTGCTCCAAGCACCAACAAGA Plate 2 F11 

bbs12Ex2F ACACTGACGACATGGTTCTACACTTGTTGGTGCTTGGAGCAG bbs12Ex2R TACGGTAGCAGAGACTTGGTCTTGGTCAGTGTTTGAGAGGCA Plate 2 G11 
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bbs12Ex3F ACACTGACGACATGGTTCTACAACCTGCTGCAGACAGTCAAT bbs12Ex3R TACGGTAGCAGAGACTTGGTCTGCCTGGTAGACAGCAAGTGA Plate 2 H11 

bbs12Ex4F ACACTGACGACATGGTTCTACATGTGTGCAACAAGGCAACTG bbs12Ex4R TACGGTAGCAGAGACTTGGTCTTGCCCACAGTTCTTCTGAGC Plate 2 A12 

bbs12Ex5F ACACTGACGACATGGTTCTACAGAATTACCGCCACCTGGGAT bbs12Ex5R TACGGTAGCAGAGACTTGGTCTGTAGGCCACCTGTACTGCTC Plate 2 B12 

bbs12Ex6F ACACTGACGACATGGTTCTACAAGGAAATGTGTCCGAACGCT bbs12Ex6R TACGGTAGCAGAGACTTGGTCTAACTGGGTTAGTGAGCACGG Plate 2 C12 

bbs12Ex7F ACACTGACGACATGGTTCTACATCTGGAGAAGCAGCCCTTTG bbs12Ex7R TACGGTAGCAGAGACTTGGTCTCCTGAGCAGGCATGGTTTTC Plate 2 D12 

bbs12Ex8F ACACTGACGACATGGTTCTACAGGTCTTCCTTGGAGGTGGTG bbs12Ex8R TACGGTAGCAGAGACTTGGTCTCCAGAGTCTGTGGCATTTTGC Plate 2 E12 

bbs12Ex9F ACACTGACGACATGGTTCTACATTGGCTGGCTTCATCTCTGG bbs12Ex9R TACGGTAGCAGAGACTTGGTCTCCACGCCTCAATCTTTGGTG Plate 2 F12 

bbs12Ex2-1F ACACTGACGACATGGTTCTACATGTGTCCTTTTCTACAGGTCCC bbs12Ex2-1R TACGGTAGCAGAGACTTGGTCTTCCATCTGGTTTGCTTACCCC Plate 2 G12 

bbs12T2Ex1

0F 

ACACTGACGACATGGTTCTACAACACCAAAGATTGAGGCGTG bbs12T2Ex1

0R 

TACGGTAGCAGAGACTTGGTCTATTTTCTTCTTGGCAATAGCTGG

C 

Plate 2 H12 

bbs13Ex1F ACACTGACGACATGGTTCTACACTGTGTGGCCAACTGCGA bbs13Ex1R TACGGTAGCAGAGACTTGGTCT cgagctcaggttggaatgat Plate3 A1 

bbs13Ex2F ACACTGACGACATGGTTCTACA gttttgtttcccccatcctt bbs13Ex2R TACGGTAGCAGAGACTTGGTCT catttggccacaattctgatt Plate3 B1 

bbs13Ex3F ACACTGACGACATGGTTCTACA aagaagtggtgctggtttgg bbs13Ex3R TACGGTAGCAGAGACTTGGTCT tgccctttaaacacaacagg Plate3 C1 

bbs13Ex4F ACACTGACGACATGGTTCTACA cagttacagaagcaaaagtttgatgta bbs13Ex4R TACGGTAGCAGAGACTTGGTCT cacagaactcagtgaggcaaa Plate3 D1 

bbs13Ex5F ACACTGACGACATGGTTCTACA cctggatgaggtttcaggag bbs13Ex5R TACGGTAGCAGAGACTTGGTCT tgcaaaactacccaactttagga Plate3 E1 

bbs13Ex6F ACACTGACGACATGGTTCTACA GTGCCAGGGAAGTGACCTTT  bbs13Ex6R TACGGTAGCAGAGACTTGGTCTCCCTCCCTCCCCTATAACCT Plate3 F1 

bbs13Ex7F ACACTGACGACATGGTTCTACA cctgcagtgggctcagtatc bbs13Ex7R TACGGTAGCAGAGACTTGGTCT tagggacaaaaagtgcaacca Plate3 G1 

bbs13Ex8F ACACTGACGACATGGTTCTACA cagggcccatctctcattat bbs13Ex8R TACGGTAGCAGAGACTTGGTCT cgagcaactgctgacatcaa Plate3 H1 

bbs13Ex9F ACACTGACGACATGGTTCTACA gcctctgcttcacggtaaaa bbs13Ex9R TACGGTAGCAGAGACTTGGTCT agtcagaatgctccggctaa Plate3 A2 

bbs13Ex10F ACACTGACGACATGGTTCTACA ggtggggagaaagtgcagta bbs13Ex10R TACGGTAGCAGAGACTTGGTCT agcagacaaggcctctacca Plate3 B2 

bbs13Ex11F ACACTGACGACATGGTTCTACA ttgggtgctaagggtggtag bbs13Ex11R TACGGTAGCAGAGACTTGGTCT gggaagtctccactgggttt Plate3 C2 

bbs13Ex12F ACACTGACGACATGGTTCTACA ctctccgagaaacacccaag bbs13Ex12R TACGGTAGCAGAGACTTGGTCT cacagcacttggcctgataa Plate3 D2 

bbs13Ex13F ACACTGACGACATGGTTCTACA attggccacaaggagaacag bbs13Ex13R TACGGTAGCAGAGACTTGGTCT cagaagtccagcgagaggac Plate3 E2 

bbs13Ex15F ACACTGACGACATGGTTCTACA caagcagtgctgtctcttgg bbs13Ex14F TACGGTAGCAGAGACTTGGTCT ttatctccacccctcaccag Plate3 F2 

bbs13Ex14R ACACTGACGACATGGTTCTACA gtcattgctggggagtcagt bbs13Ex15R TACGGTAGCAGAGACTTGGTCT acccagatcccacctcctac Plate3 G2 

bbs13Ex16F ACACTGACGACATGGTTCTACA gggggtgtctagagagagca bbs13Ex16R TACGGTAGCAGAGACTTGGTCT ctccgcatccttttctgaag Plate3 H2 

bbs13Ex17F ACACTGACGACATGGTTCTACA agagaccacaggcactgtca bbs13Ex17R TACGGTAGCAGAGACTTGGTCT agagaaacaggcccatgct Plate3 A3 

bbs13Ex18F ACACTGACGACATGGTTCTACAATGGGCCTGTTTCTCTCTGC bbs13Ex18R TACGGTAGCAGAGACTTGGTCTTGGTTCTCAGCAGACCAACG Plate3 B3 

bbs13T2Ex1

F 

ACACTGACGACATGGTTCTACAAAGTTTTCACGCGTTGGGTG  bbs13T2Ex1

R 

TACGGTAGCAGAGACTTGGTCTGTTGGCCACACAGTGCAAG Plate3 C3 

bbs13T3ex1

7-1F 

ACACTGACGACATGGTTCTACACACAGCAAGGCAGGCTTTTT  bbs13T3ex1

7-1R 

TACGGTAGCAGAGACTTGGTCTATCTCAACCTCAGCAAGCCC Plate3 D3 

bbs13T3ex1

7-2F 

ACACTGACGACATGGTTCTACAAAATCCCCAGCCTGTGAGTC bbs13T3ex1

7-2R 

TACGGTAGCAGAGACTTGGTCTGGGCCCCGACATTAAGAACA Plate3 E3 

bbs13T4Ex8

F 

ACACTGACGACATGGTTCTACA ttgggtgtccttttgcatct bbs13T4Ex8

R 

TACGGTAGCAGAGACTTGGTCT aagagacagcactgcttgagg Plate3 F3 
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bbs13T5ex7-

1F 

ACACTGACGACATGGTTCTACATTGGTTCCCCTCAAGCAGTG  bbs13T5ex7-

1R 

TACGGTAGCAGAGACTTGGTCTATCTCCACCCCTCACCAGAA Plate3 G3 

bbs13T5ex7-

2F 

ACACTGACGACATGGTTCTACAGCTTCTCTCCTTGCTCCCAG bbs13T5ex7-

2R 

TACGGTAGCAGAGACTTGGTCTATTGTCGCTAATGGAGGGGG Plate3 H3 

bbs13T6Ex6

F 

ACACTGACGACATGGTTCTACA CTCGTCTCTGCCCTTCTGTG bbs13T6Ex6

R 

TACGGTAGCAGAGACTTGGTCTTGCCATACAGCTTCTCACCC Plate3 A4 

bbs14Ex2-1F ACACTGACGACATGGTTCTACAACAGTTTGTGCCGACTGCTA bbs14Ex2-1R TACGGTAGCAGAGACTTGGTCTAGTTCTTCTTGACGGGGCAG Plate3 B4 

bbs14Ex2-2F ACACTGACGACATGGTTCTACAAGTTGACCCAGATGACCTGC bbs14Ex2-2R TACGGTAGCAGAGACTTGGTCTAAGGTGTATCACATTTTCTTGCT

T  

Plate3 C4 

bbs14Ex3F ACACTGACGACATGGTTCTACA ttgtcacaatctggaagtgttctt bbs14Ex3R TACGGTAGCAGAGACTTGGTCT ccaggtattttcacaaagattacctta Plate3 D4 

bbs14Ex4F ACACTGACGACATGGTTCTACA attttcagtgcttacattccagt bbs14Ex4R TACGGTAGCAGAGACTTGGTCT tggcagatccataaaataggag Plate3 E4 

bbs14Ex5F ACACTGACGACATGGTTCTACA tggatctgccatataatactttttgt bbs14Ex5R TACGGTAGCAGAGACTTGGTCT ccttataatttttccagccaaca Plate3 F4 

bbs14Ex6F ACACTGACGACATGGTTCTACA ttgcttgttgttgactcatttg bbs14Ex6R TACGGTAGCAGAGACTTGGTCT aaaaagccaggtaacttgaaca Plate3 G4 

bbs14Ex7F ACACTGACGACATGGTTCTACA cagcctaggcgacaaagact bbs14Ex7R TACGGTAGCAGAGACTTGGTCT tccctgagacaaagtcatacca Plate3 H4 

bbs14Ex8F ACACTGACGACATGGTTCTACA aatatgcatcattttcccaaa bbs14Ex8R TACGGTAGCAGAGACTTGGTCT tctgaaggtaaccaaacacaaca Plate3 A5 

bbs14Ex9F ACACTGACGACATGGTTCTACA tgttgtgagagcactatttagagga bbs14Ex9R TACGGTAGCAGAGACTTGGTCT aatgaaattaaagtttttaggaacca Plate3 B5 

bbs14Ex10-

1F 

ACACTGACGACATGGTTCTACATGGTCATTAAGAACAATTGAG

GTCC  

bbs14Ex10-

1R 

TACGGTAGCAGAGACTTGGTCTTCAGTCATCTTCTCCATTTCCTGT Plate3 C5 

bbs14Ex10-2 ACACTGACGACATGGTTCTACAACAGGAAATGGAGAAGATGA

CTGA 

bbs14Ex10-2 TACGGTAGCAGAGACTTGGTCTGTGAGGTGATTGGAGAAACACA  Plate3 D5 

bbs14Ex11F ACACTGACGACATGGTTCTACATGTCTTTTAGGTGCAGGAGCTT bbs14Ex11R TACGGTAGCAGAGACTTGGTCTGGACAGTTCTAGAGCTTTTCTAA

CC 

Plate3 E5 

bbs14Ex12F ACACTGACGACATGGTTCTACA aagaatgttttattaactttccttttg bbs14Ex12R TACGGTAGCAGAGACTTGGTCT taccagccgctacactaggc Plate3 F5 

bbs14Ex13F ACACTGACGACATGGTTCTACAAAAGGCATACTTGTACCCACA bbs14Ex13R TACGGTAGCAGAGACTTGGTCTCCTTTGTTTCTTTGGAGCTCAT Plate3 G5 

bbs14Ex14F ACACTGACGACATGGTTCTACA tgggatcactgatttgaagga bbs14Ex14R TACGGTAGCAGAGACTTGGTCT cagaatagtctgtgaatggcaag Plate3 H5 

bbs14Ex15-

1F 

ACACTGACGACATGGTTCTACAAAGATCAGTGATTTCCTTGATG

A 

bbs14Ex15-

1R 

TACGGTAGCAGAGACTTGGTCTCCCACCCACCACTCCAA Plate3 A6 

bbs14Ex15-

2F 

ACACTGACGACATGGTTCTACAGCATATGTACATTTTCCTTTAG

ACT 

bbs14Ex15-

2R 

TACGGTAGCAGAGACTTGGTCTCGCTCTCTAAGTGCCTCATT Plate3 B6 

bbs14Ex16F ACACTGACGACATGGTTCTACA tgacatttttgcagcttatttga bbs14Ex17R TACGGTAGCAGAGACTTGGTCT tttcttgagccatttgacga Plate3 C6 

bbs14Ex17F ACACTGACGACATGGTTCTACA tttgaaagaggcaagtgtgg bbs14Ex18R TACGGTAGCAGAGACTTGGTCT gcagatccacaatagaacagca Plate3 D6 

bbs14Ex18F ACACTGACGACATGGTTCTACA cctttgcattaaaacttgattgt bbs14EX18R TACGGTAGCAGAGACTTGGTCT agcgagactccgtctcaaaa Plate3 E6 

bbs14Ex19F ACACTGACGACATGGTTCTACA gctgctatgtcttcatagctcgt bbs14Ex19R TACGGTAGCAGAGACTTGGTCT cccttttaggcccatgattt Plate3 F6 

bbs14Ex20F ACACTGACGACATGGTTCTACAGCACGTGATATAAATAGGTCT

GTC 

bbs14Ex20R TACGGTAGCAGAGACTTGGTCTACATCAGGATCTTTCTGCATTTC

C 

Plate3 G6 

bbs14Ex20-

2F 

ACACTGACGACATGGTTCTACATGCAAGCAATTAAGGAAATGC

AGA 

bbs14Ex20-

2R 

TACGGTAGCAGAGACTTGGTCTATTGAAAGCAGCTCAAGAAAAA

CT 

Plate3 H6 

bbs14Ex21-

1F 

ACACTGACGACATGGTTCTACATCATGCTTGGCAATGAAAATA

GG  

bbs14Ex21-

1R 

TACGGTAGCAGAGACTTGGTCTGCTTTTGCCAACTGCTGTGA Plate3 A7 

bbs14Ex21-

2F 

ACACTGACGACATGGTTCTACAGGGAATCTCGGAAAGAGGCT bbs14Ex21-

2R 

TACGGTAGCAGAGACTTGGTCTTCAGTTTCTGCTTAGAAATGCCT Plate3 B7 

bbs14Ex22F ACACTGACGACATGGTTCTACA ctggcagggcattcacata bbs14Ex22R TACGGTAGCAGAGACTTGGTCT ctaccaatgatttttgttattcacat Plate3 C7 

bbs14Ex23F ACACTGACGACATGGTTCTACA tcaaattcagcatttattctattgtgt bbs14Ex23R TACGGTAGCAGAGACTTGGTCT ttgcaaaggaagaagaagaagg Plate3 D7 

bbs14Ex24F ACACTGACGACATGGTTCTACA tttgcataatctgaagttatcttttc bbs14Ex24R TACGGTAGCAGAGACTTGGTCT tctgcacaaagacacatcca Plate3 E7 
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bbs14Ex25-

1F 

ACACTGACGACATGGTTCTACAGGATCAAGTCCAACAAGATGC

T 

bbs14Ex25-

1R 

TACGGTAGCAGAGACTTGGTCTTGTCGCTCCAATTCTACTAAGGT Plate3 F7 

bbs14Ex25-

2F 

ACACTGACGACATGGTTCTACA tggagcgacaacttagaaaaga bbs14Ex25-

2R 

TACGGTAGCAGAGACTTGGTCT taggggaggaatgtctgcaa Plate3 G7 

bbs14Ex26F ACACTGACGACATGGTTCTACA tggctagtgcttgaccagaa bbs14Ex26R TACGGTAGCAGAGACTTGGTCT caaaaatattgaagaaaaatggctaa Plate3 H7 

bbs14Ex27F ACACTGACGACATGGTTCTACA tgtcattttgtggtattggtctg bbs14Ex27R TACGGTAGCAGAGACTTGGTCT tcaaaatacttccttttaatctagca Plate3 A8 

bbs14Ex28F ACACTGACGACATGGTTCTACAACAGGCAGGAAGTAACAGAG

C 

bbs14Ex28R TACGGTAGCAGAGACTTGGTCTTTTGACAATGTTCAGCCCGC Plate3 B8 

bbs14Ex28-

2F 

ACACTGACGACATGGTTCTACATGAATCTAGCATGGATAAGGC

A 

bbs14Ex28-

2R 

TACGGTAGCAGAGACTTGGTCTCAGAGATCCAGACAAACCACT Plate3 C8 

bbs14Ex29F ACACTGACGACATGGTTCTACA aagaaaacctcaccaaaaattga bbs14Ex29R TACGGTAGCAGAGACTTGGTCT ttgggtttcttaaagacaaattaaa Plate3 D8 

bbs14Ex30F ACACTGACGACATGGTTCTACA tgaaaacgaatggctttttg bbs14Ex30R TACGGTAGCAGAGACTTGGTCT aacatatcccactcccaacatc Plate3 E8 

bbs14Ex31F ACACTGACGACATGGTTCTACACTCATTGCCAAGTTGCACCA bbs14Ex31R TACGGTAGCAGAGACTTGGTCTTTTCCTGTTGTGCCAAGGGT Plate3 F8 

bbs14Ex31-

2F 

ACACTGACGACATGGTTCTACA ccttggcacaacaggaaaag bbs14Ex31-

2R 

TACGGTAGCAGAGACTTGGTCT gcctgggaaacagatcaaga Plate3 G8 

bbs14Ex32F ACACTGACGACATGGTTCTACATTGTCATGTAGTTTGACAAAAG

AT 

bbs14Ex32R TACGGTAGCAGAGACTTGGTCTTCAAGACTGCTGATTGTACGTT Plate3 H8 

bbs14Ex32-

2F 

ACACTGACGACATGGTTCTACATCGGGAATTAGTCAAGGATAA

AGA 

bbs14Ex32-

2R 

TACGGTAGCAGAGACTTGGTCTAGGAGAATGGCATGAACCCG Plate3 A9 

bbs14Ex33F ACACTGACGACATGGTTCTACA atgtgcctgatgtcttcgtg bbs14Ex33R TACGGTAGCAGAGACTTGGTCT tcaattaaaattacatctgatacagga Plate3 B9 

bbs14Ex34F ACACTGACGACATGGTTCTACA agttactctcaatgctgcaactg bbs14Ex34R TACGGTAGCAGAGACTTGGTCT cattctatgcattgccctca Plate3 C9 

bbs14Ex35-

1F 

ACACTGACGACATGGTTCTACAAGCATGCAAATAACTGCTGTC

AA 

bbs14Ex35-

1R 

TACGGTAGCAGAGACTTGGTCTTCTCTTTCTGCAGTGGCAGG Plate3 D9 

bbs14Ex35-

2F 

ACACTGACGACATGGTTCTACA gatggaaccaaaatctcacca bbs14Ex35-

2R 

TACGGTAGCAGAGACTTGGTCT ggtgtaatccaatcacatgcaa Plate3 E9 

bbs14Ex35-

3F 

ACACTGACGACATGGTTCTACATCAGATGAAGCATTTTAAAGG

GA 

bbs14Ex35-

3R 

TACGGTAGCAGAGACTTGGTCTTGCTTGCATGTTTGCAATGG Plate3 F9 

bbs14Ex36F ACACTGACGACATGGTTCTACA ggtcttcaaaatgtgaatttgtttt bbs14Ex36R TACGGTAGCAGAGACTTGGTCT ttttggcaacaaaaagggtaa Plate3 G9 

bbs14Ex37F ACACTGACGACATGGTTCTACAGCATTTCCTGTCTTCTTTAAGC

CT 

bbs14Ex37R TACGGTAGCAGAGACTTGGTCTACCAAGAGTGAGGAAAGAGAG

TC 

Plate3 H9 

bbs14Ex37-

2F 

ACACTGACGACATGGTTCTACAAGTCTCCCACTCCAGTTCCT bbs14Ex37-

2R 

TACGGTAGCAGAGACTTGGTCTCAGTGCCTGGCATAGCAAAC Plate3 A10 

bbs14Ex 38F ACACTGACGACATGGTTCTACAACATCAGGCTTCAAGAAAACC

A 

bbs14Ex 38R TACGGTAGCAGAGACTTGGTCTTCTTCTCTAAAAGCAATCTACCA

CA 

Plate3 B10 

bbs14Ex38-

2F 

ACACTGACGACATGGTTCTACAGGTGACAGAGTGAGACTGGG bbs14Ex38-

2R 

TACGGTAGCAGAGACTTGGTCTTGGCTCTTTAGCCGTTCTACT Plate3 C10 

bbs14Ex39F ACACTGACGACATGGTTCTACA attcatataaaatgtcagttttccttt bbs14Ex39R TACGGTAGCAGAGACTTGGTCT aaattccctattcatcaacaaaat Plate3 D10 

bbs14Ex40F ACACTGACGACATGGTTCTACATCTTGAAGAGTCATGAATAATA

CCT 

bbs14Ex40R TACGGTAGCAGAGACTTGGTCTCTGTAATCCACTGGTTAGTCT Plate3 E10 

bbs14Ex40-

2F 

ACACTGACGACATGGTTCTACA ggaaattgatcaagagaatgatga bbs14Ex40-

2R 

TACGGTAGCAGAGACTTGGTCT tctggtagctgcttctgcat Plate3 F10 

bbs14Ex41F ACACTGACGACATGGTTCTACATGCAGAAGCAGCTACCAGAT bbs14Ex41R TACGGTAGCAGAGACTTGGTCTACTTCCTCCACCTTTCCCTCT Plate3 G10 

bbs14Ex41-

2F 

ACACTGACGACATGGTTCTACAGCAAACCCCTGACAGATAATA

AAC 

bbs14Ex41-

2R 

TACGGTAGCAGAGACTTGGTCTATTCAATACTGCTTATAGTCCTC

AA 

Plate3 H10 

bbs14Ex42F ACACTGACGACATGGTTCTACAAACACTGGTAATTTTCCTACCT

CCT 

bbs14Ex42R TACGGTAGCAGAGACTTGGTCTTTCCAGGTCACTAAAGGATTTTA

CA 

Plate3 A11 

bbs14Ex43F ACACTGACGACATGGTTCTACA tgcaattgaaaagccaaaca bbs14Ex43R TACGGTAGCAGAGACTTGGTCT aggggtcaaccagtttttca Plate3 B11 

bbs14Ex44F ACACTGACGACATGGTTCTACAGTAAAGAGTCTGTGATTGTTG

TTCA 

bbs14Ex44R TACGGTAGCAGAGACTTGGTCTAGATGTAATGCTTTTGGCCAGAT

T 

Plate3 C11 

bbs14Ex45F ACACTGACGACATGGTTCTACA tccagtatgtcttttatggctttt bbs14Ex45R TACGGTAGCAGAGACTTGGTCT caactaaggaaggagttttaggc Plate3 D11 
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bbs14Ex46F ACACTGACGACATGGTTCTACA tttgccttttcttttcaatgg bbs14Ex46R TACGGTAGCAGAGACTTGGTCT cagggcacttgtagaggcata Plate3 E11 

bbs14Ex47F ACACTGACGACATGGTTCTACAATAATAAGCCTGTTGTATTGTT

GGT 

bbs14Ex47R TACGGTAGCAGAGACTTGGTCTTACCTTCAATTTTTCATTTTCCTG

C 

Plate3 F11 

bbs14Ex47-

2F 

ACACTGACGACATGGTTCTACAAGCCTGTTGTATTGTTGGTACT

T 

bbs14Ex47-

2R 

TACGGTAGCAGAGACTTGGTCTGTAACAAAACGTAAAATATTCCC

CT 

Plate3 G11 

bbs14Ex48F ACACTGACGACATGGTTCTACA tcttttatttccttgttttgataatg bbs14Ex48R TACGGTAGCAGAGACTTGGTCT cttccagtttttccaagaggt Plate3 H11 

bbs14Ex49F ACACTGACGACATGGTTCTACA ttgaatacactgaatctatgagaaca bbs14Ex49R TACGGTAGCAGAGACTTGGTCT acaatgccaaaatttgaaatga Plate3 A12 

bbs14Ex50F ACACTGACGACATGGTTCTACAACCTTATCTCTTGCCACCACT bbs14Ex50R TACGGTAGCAGAGACTTGGTCTTGTTCTCTCTCTGTTGCTTCTT Plate3 B12 

bbs14Ex50-

2F 

ACACTGACGACATGGTTCTACAGTGACATAAATTATTTGCCATG

TCT 

bbs14Ex50-

2R 

TACGGTAGCAGAGACTTGGTCTTGCAAGGAACATCTTGCGAT Plate3 C12 

bbs14Ex51F ACACTGACGACATGGTTCTACA gcctatgcgtgcttttgaa bbs14Ex51R TACGGTAGCAGAGACTTGGTCT tcgaaaaatgcttgtctctagttg Plate3 D12 

bbs14Ex52F ACACTGACGACATGGTTCTACA cgataaaggctagcttgttctga bbs14Ex52R TACGGTAGCAGAGACTTGGTCT ggcaaacccaaattcaaaaa Plate3 E12 

bbs14Ex53F ACACTGACGACATGGTTCTACA catccagtgttttccaggttc bbs14Ex53R TACGGTAGCAGAGACTTGGTCT ggatacgtagttaaagatggtaatgaa Plate3 F12 

bbs14Ex54F ACACTGACGACATGGTTCTACAAGAAAGTCCTGTTAATTTCCCC

A 

bbs14Ex54R TACGGTAGCAGAGACTTGGTCTATTCACCAGAGCTCACTGCC Plate3 G12 

bbs14Ex54-

2F 

ACACTGACGACATGGTTCTACACTAGCCCTGTTGCTGCTTCT bbs14Ex54-

2R 

TACGGTAGCAGAGACTTGGTCTGCCTATTTGATGGCTGTAACAAG

T 

Plate3 H12 

bbs14Ex10F ACACTGACGACATGGTTCTACATGCACTTTAACATCAGTTATAC

ACA 

bbs14Ex10R TACGGTAGCAGAGACTTGGTCTTCTCCCTCTCCCAACATCCA Plate 4 A1 

bbs14Ex11F ACACTGACGACATGGTTCTACATGATCAAACTTTTCTTAACTTG

AAA 

bbs14Ex11R TACGGTAGCAGAGACTTGGTCTCCAAAGACATCATTGGAAAAAT

CC 

Plate 4 B1 

bbs14Ex20F ACACTGACGACATGGTTCTACAAGCATGGATAAGGCAAAGAAA

TCA  

bbs14Ex20R TACGGTAGCAGAGACTTGGTCTTCAGAGATCCAGACAAACCACT  Plate 4 C1 

bbs14Ex20-

2F 

ACACTGACGACATGGTTCTACATCCATGGAACTATAATGCTTTC bbs14Ex20-

2R 

TACGGTAGCAGAGACTTGGTCTACGAAGTCCGTAAGTGTTCA Plate 4 D1 

bbs17Ex1F ACACTGACGACATGGTTCTACATCGGTTTCCGTTAGCAACCA bbs17Ex1R TACGGTAGCAGAGACTTGGTCTCCAACGAGGCCACGTAATCA Plate 4 E1 

bbs17Ex2F ACACTGACGACATGGTTCTACA agcagtctcgaccacaggat bbs17Ex2R TACGGTAGCAGAGACTTGGTCT cacccccatactggctacc Plate 4 F1 

bbs17Ex3F ACACTGACGACATGGTTCTACAGCTGGTGGAGGACACCTTC bbs17Ex3R TACGGTAGCAGAGACTTGGTCTCTCACACACTAGCCCCAAGA  Plate 4 G1 

bbs17Ex3-2F ACACTGACGACATGGTTCTACAAAAGAAGATAGTTCCCAGAGA

GA 

bbs17Ex3-2R TACGGTAGCAGAGACTTGGTCTGGTATAGGCAGTGTTGATGAGC Plate 4 H1 

bbs17Ex4F ACACTGACGACATGGTTCTACA tggcatgtaatgggttggta bbs17Ex4R TACGGTAGCAGAGACTTGGTCT tcttgaattgaatgcttttcctt Plate 4 A2 

bbs17Ex5F ACACTGACGACATGGTTCTACA cacctgtggaactgacatcg bbs17Ex5R TACGGTAGCAGAGACTTGGTCT tttctccaccctaggcaatg Plate 4 B2 

bbs17Ex6F ACACTGACGACATGGTTCTACA actgaggctgataggctgga bbs17Ex6R TACGGTAGCAGAGACTTGGTCT tttcagtatttaatctgtaggcagttc Plate 4 C2 

bbs17Ex7F ACACTGACGACATGGTTCTACA ttgaagtcaaggttgaagacca bbs17Ex7R TACGGTAGCAGAGACTTGGTCT ggtggggtacagtgagcagt Plate 4 D2 

bbs17Ex8F ACACTGACGACATGGTTCTACAGCTGGCATGCACACAAAACA bbs17Ex8R TACGGTAGCAGAGACTTGGTCTCCTTTTCAGCCATGTGCAGC  Plate 4 E2 

bbs17Ex8-2F ACACTGACGACATGGTTCTACACACTGGAGGAGAATCTGGCG bbs17Ex8-2R TACGGTAGCAGAGACTTGGTCTTGGAAGAATATCAGTGCCCG Plate 4 F2 

bbs17Ex9F ACACTGACGACATGGTTCTACA tcgcatttgttatctctttcctt bbs17Ex9R TACGGTAGCAGAGACTTGGTCT ggcttgacctctctggaaca Plate 4 G2 

bbs17Ex10F ACACTGACGACATGGTTCTACACCTTAGCAGTGATCTGGCCT bbs17Ex10R TACGGTAGCAGAGACTTGGTCTACATGCCTGAGGTGAGACTG  Plate 4 H2 

bbs17T2Ex2

F 

ACACTGACGACATGGTTCTACAGCTCATTGCAGCACTGGTTT bbs17T2Ex2

R 

TACGGTAGCAGAGACTTGGTCTTCAAGGGCTGCCATAGCAAA Plate 4 A3 

bbs17T2Ex3

F 

ACACTGACGACATGGTTCTACATCAAGTTGTACCCTACCCACC bbs17T2Ex3

R 

TACGGTAGCAGAGACTTGGTCTGCTGCTTCCAGCACATCCTA Plate 4 B3 

bbs17T2Ex3.

2F 

ACACTGACGACATGGTTCTACAAGCCTTGCATCATGGGGATG bbs17T2Ex3.

2R 

TACGGTAGCAGAGACTTGGTCTCCTGGAACTTAGCCCAGCTT Plate 4 C3 
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bbs18Ex2F ACACTGACGACATGGTTCTACATTCTGGTGGTGGGATTCCTG bbs18Ex2R TACGGTAGCAGAGACTTGGTCTAGTCGAGAAGGTAGGTTTGCAT  Plate 4 D3 

bbs18Ex3F ACACTGACGACATGGTTCTACA gcagtctgctttgggaatgt bbs18Ex3R TACGGTAGCAGAGACTTGGTCT ctggatgtcatgaaaaagca Plate 4 E3 

bbs18Ex4-1 ACACTGACGACATGGTTCTACATGGTTCCAGAGCAAAACTCA bbs18Ex4-1 TACGGTAGCAGAGACTTGGTCTTCTGCCATTTCTTGTTGGCG Plate 4 F3 

bbs18Ex4-2 ACACTGACGACATGGTTCTACACTTAGGGCCACTGTTTGTGG bbs18Ex4-2 TACGGTAGCAGAGACTTGGTCTACTTTCAGCACACAGAAGCA Plate 4 G3 

bbs18T2Ex3

F 

ACACTGACGACATGGTTCTACA ttaaagtttctaaacagtcctgctatt bbs18T2Ex3

R 

TACGGTAGCAGAGACTTGGTCT tccacaggtccattttctca Plate 4 H3 

bbs19Ex1F ACACTGACGACATGGTTCTACACACTGACCCTTGAGATCAGCC bbs19Ex1R TACGGTAGCAGAGACTTGGTCTAGGTGAACAAAAGCTCTGGATG Plate 4 A4 

bbs19Ex2F ACACTGACGACATGGTTCTACA agcgggagattctcaagtca bbs19Ex2R TACGGTAGCAGAGACTTGGTCT cctctgagcagcctttcatc Plate 4 B4 

bbs19Ex3F ACACTGACGACATGGTTCTACA tccagaacaaacccttccac bbs19Ex3R TACGGTAGCAGAGACTTGGTCT tagaccacagccttgcactg Plate 4 C4 

bbs19Ex4F ACACTGACGACATGGTTCTACA tgaagatgtgggtgcctgta bbs19Ex4R TACGGTAGCAGAGACTTGGTCT agcactgtcaggggtaaacg Plate 4 D4 

bbs19Ex5F ACACTGACGACATGGTTCTACA ttggaaggccaaattgtctc bbs19Ex5R TACGGTAGCAGAGACTTGGTCT tctccacccacagctacctc Plate 4 E4 

bbs19Ex6F ACACTGACGACATGGTTCTACA gctgtccttccagagtgtga bbs19Ex6R TACGGTAGCAGAGACTTGGTCT ggaataacagctccctgcac Plate 4 F4 

bbs19Ex7F ACACTGACGACATGGTTCTACATGGCATCCATGAAAGTGGCT bbs19Ex7R TACGGTAGCAGAGACTTGGTCTTCTGTCTTCTCCGGTTGTGC Plate 4 G4 

bbs19T2Ex2

F 

ACACTGACGACATGGTTCTACA atagggcgtgtttcagtgga bbs19T2Ex2

R 

TACGGTAGCAGAGACTTGGTCT cccgctgcagaacattagtc Plate 4 H4 

CCDC28BEx2

F 

ACACTGACGACATGGTTCTACATGCCCCTGGCTATCTTTGTG CCDC28BEx2

R 

TACGGTAGCAGAGACTTGGTCTTCCCTCCTCCTTTCCTTCCC Plate 4 A5 

CCDC28BEx3

F 

ACACTGACGACATGGTTCTACA aggcagatggcacaaaagat CCDC28BEx3

R 

TACGGTAGCAGAGACTTGGTCT gccctacagccctatccac Plate 4 B5 

CCDC28BEx4

F 

ACACTGACGACATGGTTCTACA ccagggttccaggactcttt CCDC28BEx4

R 

TACGGTAGCAGAGACTTGGTCT gtaccttctccacccctcat Plate 4 C5 

CCDC28BEx5

F 

ACACTGACGACATGGTTCTACA gtgaaaaggtgggagtgcat CCDC28BEx5

R 

TACGGTAGCAGAGACTTGGTCT tgacaggactgcaagaggtg Plate 4 D5 

CCDC28BEx6

F 

ACACTGACGACATGGTTCTACAACCTGTGCAAGATGGGAGAC CCDC28BEx6

R 

TACGGTAGCAGAGACTTGGTCTGGAGCCGCTTGCTTTCTTTC Plate 4 E5 

CCDC28B_T2

Ex5.1F 

ACACTGACGACATGGTTCTACATGGGTGAAAAGGTGGGAGTG  CCDC28B_T2

Ex5.1R 

TACGGTAGCAGAGACTTGGTCTAGGTGGGGAAGTTGGTTGTG Plate 4 F5 

CCDC28B_T2

Ex5.2F 

ACACTGACGACATGGTTCTACACTCCAGCCCTCCAGGAGTAT CCDC28B_T2

Ex5.2F 

TACGGTAGCAGAGACTTGGTCTACCAGGTGAGGTGGTAGTGT Plate 4 G5 

MKS3_Ex1-

1F 

ACACTGACGACATGGTTCTACA ctagcaaccaagcaacacga MKS3_Ex1-

1R 

TACGGTAGCAGAGACTTGGTCT tgctggaaagggaaagagaa Plate 4 H5 

MKS3_Ex1-

2F 

ACACTGACGACATGGTTCTACA cggtttggtccctcttatcc MKS3_Ex1-

2R 

TACGGTAGCAGAGACTTGGTCT tccatttacggggactaggg Plate 4 A6 

MKS3_Ex2F ACACTGACGACATGGTTCTACA tgggaactttatttttatttatcaagg MKS3_Ex2R TACGGTAGCAGAGACTTGGTCT tctgtggggaaacattaaaca Plate 4 B6 

MKS3_Ex3F ACACTGACGACATGGTTCTACA tggcattttgaacttacatgatt MKS3_Ex3R TACGGTAGCAGAGACTTGGTCT gcttgagccactgcaaaaat Plate 4 C6 

MKS3_Ex4F ACACTGACGACATGGTTCTACA ttgggttttgttaaatattttctga MKS3_Ex4R TACGGTAGCAGAGACTTGGTCT ccttgggttattgtgaaaactaag Plate 4 D6 

MKS3_Ex5F ACACTGACGACATGGTTCTACA tccattgtttagaaagacagctttt MKS3_Ex5R TACGGTAGCAGAGACTTGGTCT attccctgtgctgctgaaac Plate 4 E6 

MKS3_Ex6F ACACTGACGACATGGTTCTACA gcaggtcctgtgcatgttc MKS3_Ex6R TACGGTAGCAGAGACTTGGTCT caaaagggtttctcattctagcc Plate 4 F6 

MKS3_Ex7F ACACTGACGACATGGTTCTACA tgagacatttcccattcaaca MKS3_Ex7R TACGGTAGCAGAGACTTGGTCT tctctttcagcccacaagaa Plate 4 G6 

MKS3_Ex8F ACACTGACGACATGGTTCTACACGACTTTGCCACATTTGATGC MKS3_Ex8R TACGGTAGCAGAGACTTGGTCTGGTAGAACTGAGCACTTGAGGT Plate 4 H6 

MKS3_Ex8-

2F 

ACACTGACGACATGGTTCTACACCATCTTGGAACAGACCTGC  MKS3_Ex8-

2R 

TACGGTAGCAGAGACTTGGTCTAAAATGAAATAGAATGAACAGT

GCT 

Plate 4 A7 

MKS3_Ex9F ACACTGACGACATGGTTCTACA ttgatgaaatgttattttgactgaa MKS3_Ex9R TACGGTAGCAGAGACTTGGTCT ggcaagaattgtaactttattacctt Plate 4 B7 
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MKS3_Ex10F ACACTGACGACATGGTTCTACA ttgaacctcaaaataaagataattgaa MKS3_Ex10

R 

TACGGTAGCAGAGACTTGGTCT cctcttggctttgtctcagg Plate 4 C7 

MKS3_Ex11F ACACTGACGACATGGTTCTACA ttcgggtttgagaactcttga MKS3_Ex11

R 

TACGGTAGCAGAGACTTGGTCT ggcaacaagagcaaaactcc Plate 4 D7 

MKS3_Ex12F ACACTGACGACATGGTTCTACAGGCTGTGCCTGTGTTAAACC MKS3_Ex12

R 

TACGGTAGCAGAGACTTGGTCTCAGGATATACCCTCAGCAACAGT Plate 4 E7 

MKS3_Ex12-

2F 

ACACTGACGACATGGTTCTACATGCTTGCTAATTTTCAATTGTG

AT 

MKS3_Ex12-

2R 

TACGGTAGCAGAGACTTGGTCTTGCTCAGGGAAAAGAGTGGT Plate 4 F7 

MKS3_Ex13F ACACTGACGACATGGTTCTACA acgccattgtcaggtgtttc MKS3_Ex13

R 

TACGGTAGCAGAGACTTGGTCT tgactggcaaacacttccat Plate 4 G7 

MKS3_Ex14F ACACTGACGACATGGTTCTACA aatgtatgtttaaaggcccggata MKS3_Ex14

R 

TACGGTAGCAGAGACTTGGTCT agactgtcttttgaccaaaatgtaaac Plate 4 H7 

MKS3_Ex15F ACACTGACGACATGGTTCTACA tggtaaaacccagctacaaatg MKS3_Ex15

R 

TACGGTAGCAGAGACTTGGTCT attaggggagtctggggaaa Plate 4 A8 

MKS3_Ex16F ACACTGACGACATGGTTCTACA tgtttttgaacaccgatgaca MKS3_Ex16

R 

TACGGTAGCAGAGACTTGGTCT cccagaaaaattcaatgcaa Plate 4 B8 

MKS3_Ex17F ACACTGACGACATGGTTCTACA ggcttcaggcttaagaaatgg MKS3_Ex17

R 

TACGGTAGCAGAGACTTGGTCT aaagcttttcaactattcagatattgg Plate 4 C8 

MKS3_Ex18F ACACTGACGACATGGTTCTACA agaccctcctttcccaaaaa MKS3_Ex18

R 

TACGGTAGCAGAGACTTGGTCT tgaatttcacgccaaagatt Plate 4 D8 

MKS3_Ex19F ACACTGACGACATGGTTCTACA aagcagacttaacgctggtacttt MKS3_Ex19

R 

TACGGTAGCAGAGACTTGGTCT cacttcgtacaccaccctca Plate 4 E8 

MKS3_Ex20F ACACTGACGACATGGTTCTACA ttttgctacccttgcagagc MKS3_Ex20

R 

TACGGTAGCAGAGACTTGGTCT ccactgtcatgaaaacttagttgg Plate 4 F8 

MKS3_Ex21F ACACTGACGACATGGTTCTACA tttcaaggtgagtagggagagg MKS3_Ex21

R 

TACGGTAGCAGAGACTTGGTCT ggcagagttataaagaagcaatg Plate 4 G8 

MKS3_Ex22F ACACTGACGACATGGTTCTACA cactgtgcttttggttggaa MKS3_Ex22

R 

TACGGTAGCAGAGACTTGGTCT tggcccaaaaattcaatcat Plate 4 H8 

MKS3_Ex23F ACACTGACGACATGGTTCTACA ttttgggaaaaagaaagcaa MKS3_Ex23

R 

TACGGTAGCAGAGACTTGGTCT tccagcatttataagaatccacttc Plate 4 A9 

MKS3_Ex24F ACACTGACGACATGGTTCTACA ttttctttttgaggcaggaaa MKS3_Ex24

R 

TACGGTAGCAGAGACTTGGTCT tctagcaggaccatttttctaatg Plate 4 B9 

MKS3_Ex25F ACACTGACGACATGGTTCTACA ttcatgagacactaataagggtttgt MKS3_EX25

R 

TACGGTAGCAGAGACTTGGTCT aattgacattcccacttaacttttt Plate 4 C9 

MKS3_Ex26F ACACTGACGACATGGTTCTACA cattaattgcaaagcatttatttca MKS3_Ex26

R 

TACGGTAGCAGAGACTTGGTCT ctgggcaacagagcaagac Plate 4 D9 

MKS3_Ex27F ACACTGACGACATGGTTCTACA gtttatcacagacttgttccttttt MKS3_Ex27

R 

TACGGTAGCAGAGACTTGGTCT agacattgttactctctgctatgaaa Plate 4 E9 

MKS3_Ex28F ACACTGACGACATGGTTCTACATGGGATTCAGATACCTGATAC

AT 

MKS3_Ex28

R 

TACGGTAGCAGAGACTTGGTCTGGCCATGATTATACTGAGTCTT Plate 4 F9 

MKS3_T2_Ex

4F 

ACACTGACGACATGGTTCTACA ctcagcctcccgagtagttg MKS3_T2_Ex

4R 

TACGGTAGCAGAGACTTGGTCT cccatccaaaaataaagaatgc Plate 4 G9 

MKS3_T3Ex5

F 

ACACTGACGACATGGTTCTACA catgggggagattctttgaa MKS3_T3Ex5

R 

TACGGTAGCAGAGACTTGGTCT gagttcgagaccagcctgac Plate 4 H9 

bbs15Ex1F ACACTGACGACATGGTTCTACA acaccctggctgctttgtag bbs15Ex1R TACGGTAGCAGAGACTTGGTCT gcattccggatcctaaggt Plate 4 A10 

bbs15Ex2F ACACTGACGACATGGTTCTACA cagttgtggcgaatgattctt bbs15Ex2R TACGGTAGCAGAGACTTGGTCT agctggagaattcaggctct Plate 4 B10 

bbs15Ex3F ACACTGACGACATGGTTCTACA catctccggatgcttttgag bbs15Ex3R TACGGTAGCAGAGACTTGGTCT tgagaagagagcttttaatggtca Plate 4 C10 

bbs15Ex4F ACACTGACGACATGGTTCTACA caactgtccttttagaacctaagca bbs15Ex4R TACGGTAGCAGAGACTTGGTCT tttcctctttgttccagatga Plate 4 D10 

bbs15Ex5F ACACTGACGACATGGTTCTACA tctccctaaggcacactgct bbs15Ex5R TACGGTAGCAGAGACTTGGTCT tcactggacaaaagcaaagc Plate 4 E10 

bbs15Ex6F ACACTGACGACATGGTTCTACA tgtgtacagccaactacgctct bbs15Ex6R TACGGTAGCAGAGACTTGGTCT tggcctgtgtcaatctgtct Plate 4 F10 

bbs15Ex7F ACACTGACGACATGGTTCTACA cagcatgtcttcctccctct bbs15Ex7R TACGGTAGCAGAGACTTGGTCT tgcaagtccccagtggtaat Plate 4 G10 

bbs15Ex8F ACACTGACGACATGGTTCTACA gctttttgtaacatatcagtggaaaa bbs15Ex8R TACGGTAGCAGAGACTTGGTCT tgagcagaataccaacttatgtga Plate 4 H10 

bbs15Ex9-1 ACACTGACGACATGGTTCTACATGCATGTAACTACATTTCCAGA

TGC 

bbs15Ex9-1 TACGGTAGCAGAGACTTGGTCTCCCAGGAGGAGTAGATTGGC Plate 4 A11 
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bbs15Ex9-2 ACACTGACGACATGGTTCTACA GCCACTGGTCAACGATGATG bbs15Ex9-2 TACGGTAGCAGAGACTTGGTCT TCTAGCCAGCCCTGGAATTG Plate 4 B11 

bbs15Ex10-

0F 

ACACTGACGACATGGTTCTACATGCAGTCCTAGGTGTGAAGTT bbs15Ex10-

0R 

TACGGTAGCAGAGACTTGGTCTTGGTATTCTGGTGACTGACACA  Plate 4 C11 

bbs15Ex10-

1F 

ACACTGACGACATGGTTCTACATCAGGTGTTCACAGTGGAGC  bbs15Ex10-

1R 

TACGGTAGCAGAGACTTGGTCTCCACTTGGGTGGCAGCTTAT Plate 4 D11 

bbs15Ex10-

2F 

ACACTGACGACATGGTTCTACAATCAGCTGCTGCAGGAATGT bbs15Ex10-

2R 

TACGGTAGCAGAGACTTGGTCTCAAGACTGCTGGAGGCATCA Plate 4 E11 

bbs15Ex10-

3F 

ACACTGACGACATGGTTCTACA ttgcaaatttttgatatggctct bbs15Ex10-

3R 

TACGGTAGCAGAGACTTGGTCT ttgccttaattatgtcactatcctaaa Plate 4 F11 

bbs15Ex11-

1F 

ACACTGACGACATGGTTCTACAATTTTAAAAGATTCACCTGGTT

TTC 

bbs15Ex11-

1R 

TACGGTAGCAGAGACTTGGTCTGAAAAATATTTCAAGTCTGACCT

TC 

Plate 4 G11 

bbs15Ex11F ACACTGACGACATGGTTCTACATGTGATAGGCGTCTTCACTCG bbs15Ex11R TACGGTAGCAGAGACTTGGTCTTACCATGACTCAAAAACAACCTC

AA 

Plate 4 H11 

bbs15Ex12F ACACTGACGACATGGTTCTACA tgcaaaacctgactgactgc bbs15Ex12R TACGGTAGCAGAGACTTGGTCT aattaaagaggatgtctcctgaaa Plate 4 A12 

bbs15Ex13F ACACTGACGACATGGTTCTACA cctcagcccctcctaaatgt bbs15Ex13R TACGGTAGCAGAGACTTGGTCT gccttagaactgaaggcacaa Plate 4 B12 

bbs15Ex14F ACACTGACGACATGGTTCTACA tttccttcaaaatcctccttg bbs15Ex14R TACGGTAGCAGAGACTTGGTCT aaccatccatgtcctccaaa Plate 4 C12 

bbs15Ex15F ACACTGACGACATGGTTCTACA aagggagttagcagaaattgtactt bbs15Ex15R TACGGTAGCAGAGACTTGGTCT gctttgctattagttcgcatttg Plate 4 D12 

bbs15Ex16F ACACTGACGACATGGTTCTACA ttgttgaaagtttccaaagaaat bbs15Ex16R TACGGTAGCAGAGACTTGGTCT ttgcaagctataacatagtttttctg Plate 4 E12 

bbs15Ex17F ACACTGACGACATGGTTCTACA tgaaaatgattggcactttcata bbs15Ex17R TACGGTAGCAGAGACTTGGTCT catttcttgagttcaaaataatcaca Plate 4 F12 

bbs15Ex18F ACACTGACGACATGGTTCTACATGATGACCAAGTCAGGTAAGT bbs15Ex18R TACGGTAGCAGAGACTTGGTCTTCTGTATCAGGCCATGAAAAGTT Plate 4 G12 

bbs15_T2Ex

14F 

ACACTGACGACATGGTTCTACACAGCACACCAACATGGCAC bbs15_T2Ex

14R 

TACGGTAGCAGAGACTTGGTCTGCGGCATTATTTCTGAGGGC Plate 4 H12 

bbs15_T3Ex

1F 

ACACTGACGACATGGTTCTACATCATCCAGCTTGTATACCCCT bbs15_T3Ex

1R 

TACGGTAGCAGAGACTTGGTCTGGGGACCACCAATGGATGAG Plate 5 A1 

bbs16Ex1F ACACTGACGACATGGTTCTACA gccagtgggtgggaagag bbs16Ex1R TACGGTAGCAGAGACTTGGTCT actaggccctgggcacct Plate 5 B1 

bbs16Ex2F ACACTGACGACATGGTTCTACA cgtttggtcaaccagactcc bbs16Ex2R TACGGTAGCAGAGACTTGGTCT gcagcagaatgaagaatgaatg Plate 5 C1 

bbs16Ex3F ACACTGACGACATGGTTCTACA ggatgggtggtaagaaacca bbs16Ex3R TACGGTAGCAGAGACTTGGTCT ccaaaataatcagagggaagagaa Plate 5 D1 

bbs16Ex4F ACACTGACGACATGGTTCTACA tctttgctaaatccaaacatgc bbs16Ex4R TACGGTAGCAGAGACTTGGTCT caaacatgaagatttatagcagcaa Plate 5 E1 

bbs16Ex5F ACACTGACGACATGGTTCTACA tgctgtgccctctaataatcaa bbs16Ex5R TACGGTAGCAGAGACTTGGTCT gagagagggcagaagggaat Plate 5 F1 

bbs16Ex6F ACACTGACGACATGGTTCTACAACTGCCTGTACCTGAAGGAAT bbs16Ex6R TACGGTAGCAGAGACTTGGTCTTCTTTTGGAGGTTTCGCCCA Plate 5 G1 

bbs16Ex6-2F ACACTGACGACATGGTTCTACATGCTTTTTCTTTTCATCATAGGT bbs16Ex6-2R TACGGTAGCAGAGACTTGGTCTAGCACCCAAATACTCACCAG Plate 5 H1 

bbs16Ex7F ACACTGACGACATGGTTCTACA cccacgttgggtaaaaagaa bbs16Ex7R TACGGTAGCAGAGACTTGGTCT ctagaagttcagcaaacattcaaa Plate 5 A2 

bbs16Ex8-1F ACACTGACGACATGGTTCTACACCAAAGTTTCAGGGTCGTGG bbs16Ex8-1R TACGGTAGCAGAGACTTGGTCTACAAAGACCACCAACACGGT Plate 5 B2 

bbs16Ex8-2F ACACTGACGACATGGTTCTACAACTTGTAACCGTGTTGGTGGT bbs16Ex8-2R TACGGTAGCAGAGACTTGGTCTCATGGCAGAACCCACCCATT Plate 5 C2 

bbs16Ex8-3F ACACTGACGACATGGTTCTACAAGTCATGTAATTTTACCTGGCC

ATT 

bbs16Ex8-3R TACGGTAGCAGAGACTTGGTCTTATTGCCAAAGTCTCCGTGC Plate 5 D2 

bbs16Ex9F ACACTGACGACATGGTTCTACATCTTAGCCTTTCTGGCTGCT bbs16Ex9R TACGGTAGCAGAGACTTGGTCTACTTGCTTCTCTTTGCTGCG Plate 5 E2 

bbs16Ex9-2 ACACTGACGACATGGTTCTACATTCCGTAAGGAGCAGCTTGG bbs16Ex9-2 TACGGTAGCAGAGACTTGGTCTGCAGAGCAGTAAGAATTCTCCA

AA 

Plate 5 F2 

bbs16Ex10F ACACTGACGACATGGTTCTACAGTGGCCGTCATCAAGGTTCA bbs16Ex10R TACGGTAGCAGAGACTTGGTCTCCTCAACTGGTCACACTGGA Plate 5 G2 

bbs16Ex11F ACACTGACGACATGGTTCTACA gcccagtgactatgctgaga bbs16Ex11R TACGGTAGCAGAGACTTGGTCT aggaaaacatttttcaaaggaa Plate 5 H2 
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bbs16Ex12F ACACTGACGACATGGTTCTACA tctagggggcaccaaaagat bbs16Ex12R TACGGTAGCAGAGACTTGGTCT aaacaacatcaacttgagaaagaatg Plate 5 A3 

bbs16Ex13F ACACTGACGACATGGTTCTACA caaattgaaattcatggcaaaa bbs16Ex13R TACGGTAGCAGAGACTTGGTCT tgtggcaaaaatcagtggaa Plate 5 B3 

bbs16Ex14F ACACTGACGACATGGTTCTACA gacatgatgggggtttgtg bbs16Ex14R TACGGTAGCAGAGACTTGGTCT ccagccaaaggttacaggtg Plate 5 C3 

bbs16Ex15F ACACTGACGACATGGTTCTACA ctgcagagcgacaaccataa bbs16Ex15R TACGGTAGCAGAGACTTGGTCT tcaaagaaaacatcagcagatacc Plate 5 D3 

bbs16Ex16F ACACTGACGACATGGTTCTACA catgtttaagtgtggagtttaagataa bbs16Ex16R TACGGTAGCAGAGACTTGGTCT cagtgtgtaaaccaaacacattca Plate 5 E3 

bbs16Ex17F ACACTGACGACATGGTTCTACA cctgttgaaaggctgacgtt bbs16Ex17R TACGGTAGCAGAGACTTGGTCT taaccgatgtgatccgtgag Plate 5 F3 

bbs16Ex18F ACACTGACGACATGGTTCTACATGTGGACAAGATGAGGCACA bbs16Ex18R TACGGTAGCAGAGACTTGGTCTGTGGTGCGTTGTGGCATATT Plate 5 G3 

bbs16_T2Ex

3F 

ACACTGACGACATGGTTCTACA tttttaagcgtacagtttatctgcat bbs16_T2Ex

3R 

TACGGTAGCAGAGACTTGGTCT gggaaataagccagacacaaa Plate 5 H3 

bbs16_T2Ex

5F 

ACACTGACGACATGGTTCTACAAGGATGAAAGGCCTAAAATTG

AGT 

bbs16_T2Ex

5R 

TACGGTAGCAGAGACTTGGTCTGACTACAGGCACGTGCTACC Plate 5 A4 

bbs16_T3Ex

10F 

ACACTGACGACATGGTTCTACA taatggccacgtgtagcaaa bbs16_T3Ex

10R 

TACGGTAGCAGAGACTTGGTCT agattgattccgtcaatttcg Plate 5 B4 

bbs16_T3Ex

10-2F 

ACACTGACGACATGGTTCTACATGTTCTATCCTGGCAGGCTTT bbs16_T3Ex

10-2R 

TACGGTAGCAGAGACTTGGTCTTCAAGAACTCCAGCCTATGGAA Plate 5 C4 
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Table A 4. Filtered NGS Fluidigm data and variants confirmation results by Sanger sequencing (where applicable). 

 
Sample 

ID  

FREQ CSQ_SYM

BOL 

CSQ_BIOTYPE CSQ_Consequence HGVSc HGVSp SANGER results GQ SIFT POLYPHEN 

24.1 99.27% BBS10 protein_coding frameshift_variant&

feature_truncation 

c.1091delA p.Asn364Th

rfsTer5 

Confirmed Hmz 255 NA NA 

40.1 99.44% MKKS protein_coding missense_variant c.541G>C p.Ala181Pro Confirmed Hmz 255 deleterious possibly_damaging 

42.1 100% BBS1 protein_coding frameshift_variant&

feature_truncation 

c.1251delC p.Leu419Tr

pfsTer19 

Confirmed Hmz 255 NA NA 

42.2 98.58% BBS1 protein_coding frameshift_variant&

feature_truncation 

c.1251delC p.Leu419Tr

pfsTer19 

Confirmed Hmz 255 NA NA 

43.1 99.41% BBS4 protein_coding missense_variant c.1091C>A p.Ala364Glu Confirmed Hmz 255 deleterious probably_damaging 

52.2 50% BBS9 protein_coding frameshift_variant&

feature_truncation 

c.308delT p.Cys104Val

fsTer20 

Confirmed Hmz 255 NA NA 

53.1 53.11% SDCCAG8 protein_coding missense_variant c.41T>C p.Leu14Pro Confirmed Het 255 deleterious   

53.1 99.28% BBS12 protein_coding frameshift_variant&

feature_truncation 

c.1482_148

3delAG 

p.Glu495Arg

fsTer3 

Confirmed Hmz 255 NA   

53.1 48.05% MKKS protein_coding missense_variant c.1015A>G p.Ile339Val Confirmed Hmz 255 tolerated   

54.1 76.35% BBS12 protein_coding missense_variant c.116T>C p.Ile39Thr Confirmed Het 255 deleterious benign 

132.1 99.26% BBS12 protein_coding missense_variant c.1379T>G p.Val460Gly Confirmed HmZ 255 deleterious possibly_damaging 

165.1 99.62% BBS10 protein_coding missense_variant c.931T>G p.Ser311Ala Confirmed Hmz 255 deleterious possibly_damaging 

173.1 97.26% BBS12 protein_coding frameshift_variant&

feature_truncation 

c.1482_148

3delAG 

p.Glu495Arg

fsTer3 

Confirmed HmZ 255 NA NA 

205.1 99.50% BBS2 protein_coding missense_variant c.68G>C p.Arg23Pro Confirmed Hmz 255 deleterious benign 

205.1 50.64% TMEM67 protein_coding missense_variant c.1918C>T p.Pro640Ser Confirmed Het 255 tolerated benign 

210.1 99.34% BBS4 protein_coding splice_region_varia

nt&intron_variant 

c.157-3C>G NA Confirmed Hmz 255 NA NA 

214.1 100% BBS10 protein_coding missense_variant c.530A>G p.Tyr177Cys Confirmed Hmz 242 deleterious probably_damaging 

214.2 100% BBS10 protein_coding missense_variant c.530A>G p.Tyr177Cys Confirmed Hmz 255 deleterious probably_damaging 

215.1 53.80% MKS1 protein_coding missense_variant c.1446T>G p.Cys482Trp Confirmed Het 255 deleterious probably_damaging 

223.1 99.42% BBS12 protein_coding frameshift_variant&

feature_truncation 

c.1482_148

3delAG 

p.Glu495Arg

fsTer3 

Confirmed Hmz 255 NA NA 

232.1 98.97% BBS1 protein_coding splice_acceptor_var

iant 

c.48-1G>A NA Confirmed Hmz 255 NA NA 

233.1 99.69% BBS9 protein_coding missense_variant c.1043T>G p.Leu348Ar

g 

Confirmed Hmz 255 deleterious   

233.2 99.51% BBS9 protein_coding missense_variant c.1043T>G p.Leu348Ar

g 

Confirmed Hmz 255 deleterious   

235.1 99.38% TTC8 protein_coding stop_gained c.122G>A p.Trp41Ter Confirmed Hmz 255 NA NA 

235.2 100% TTC8 protein_coding stop_gained c.122G>A p.Trp41Ter Confirmed Hmz 255 NA NA 
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236.1 51.01% BBS2 protein_coding missense_variant c.1753G>A p.Ala585Thr Confirmed Het 255 deleterious probably_damaging 

236.2 48.94% BBS2 protein_coding missense_variant c.1753G>A p.Ala585Thr Confirmed Het 255 deleterious probably_damaging 

236.2 40.15% MKKS protein_coding missense_variant c.1015A>G p.Ile339Val Confirmed Het 255 tolerated benign 

247.1 100% BBS7 protein_coding missense_variant c.688T>C p.Trp230Arg Confirmed Hmz 255 deleterious probably_damaging 

248.1 100% BBS7 protein_coding frameshift_variant&

feature_truncation 

c.712_715d

elAGAG 

p.Arg238Glu

fsTer59 

Confirmed Hmz 218 NA NA 

280.1 26.98% BBS2 protein_coding missense_variant c.364G>A p.Ala122Thr Confirmed Het 255 tolerated benign 

281.1 98.62% BBS10 protein_coding missense_variant c.968C>T p.Ala323Val Confirmed Hmz 255 deleterious possibly_damaging 

281.1 WDPCP  didn't come up       Not confirmed     

281.2 98.55% BBS10 protein_coding missense_variant c.968C>T p.Ala323Val Confirmed Hmz 255 deleterious possibly_damaging 

281.2 WDPCP  didn't come up      Not confirmed     

281.3 49.88% WDPCP protein_coding missense_variant c.308A>G p.Gln103Arg Confirmed Het 255 deleterious possibly_damaging 

281.3 BBS10 didn't come up       Confirmed Hmz       

382.1 99.66% BBS10 protein_coding missense_variant c.145C>T p.Arg49Trp Confirmed Hmz 255 deleterious probably_damaging 

383.1 99.41% BBS10 protein_coding missense_variant c.145C>T p.Arg49Trp Confirmed Hmz 255 deleterious probably_damaging 

384.1 100% BBS5 protein_coding splice_donor_varia

nt 

c.681+1G>T NA Confirmed Hmz 255 NA NA 

391.1 98.96% BBS1 protein_coding stop_gained c.1318C>T p.Arg440Ter Confirmed Hmz 255 NA NA 

398.1 49.88% BBS4 protein_coding frameshift_variant&

feature_truncation 

c.1203_120

6delAGTC 

p.Val402Ala

fsTer66 

Confirmed HMZ 255 NA NA 

406.1 97.92% BBS10 protein_coding frameshift_variant&

feature_elongation 

c.271dupT p.Cys91Leuf

sTer5 

Confirmed Hmz 255 NA NA 

406.1 99.78% WDPCP protein_coding missense_variant c.2063A>G p.Asn688Ser Confirmed Hmz 255 tolerated benign 

406.2 97.76% BBS10 protein_coding frameshift_variant&

feature_elongation 

c.271dupT p.Cys91Leuf

sTer5 

Confirmed Hmz 255 NA NA 

410.1 98.56% BBS12 protein_coding stop_gained c.1063C>T p.Arg355Ter Confirmed Hmz 255 NA NA 

412.1 97.33% TTC8 protein_coding frameshift_variant&

feature_elongation 

c.218_219in

sTA 

p.Ala75Ter Confirmed Hmz 255 NA NA 

36.1 38.85% BBS9 protein_coding frameshift_variant&

feature_elongation 

c.689_690in

sA 

p.Arg232Lys

fsTer16 

Not confirmed 255 NA NA 

44.1 25.58% TTC8 protein_coding missense_variant c.387T>G p.Ser129Arg Not confirmed 36 deleterious possibly_damaging 

44.1 71.88% TTC8 nonsense_medi

ated_decay 

missense_variant&

NMD_transcript_va

riant 

c.547A>C p.Thr183Pro Not confirmed 196 deleterious unknown 

45.3 25% CEP290 protein_coding frameshift_variant&

feature_truncation 

c.832delA p.Ile278Phe

fsTer17 

Not confirmed 93 NA NA 

45.3 80.23% TTC8 nonsense_medi

ated_decay 

missense_variant&

NMD_transcript_va

riant 

c.547A>C p.Thr183Pro Not confirmed 255 deleterious unknown 

54.1 39.51% CEP290 protein_coding missense_variant c.3834A>T p.Leu1278P

he 

Not confirmed 130 deleterious probably_damaging 

54.1 37.50% BBS10 protein_coding missense_variant c.459T>A p.Phe153Le

u 

Not confirmed 20 tolerated benign 

108.1 33.33% CEP290 protein_coding missense_variant c.3834A>T p.Leu1278P

he 

Not confirmed 149 deleterious probably_damaging 

173.1 22.05% BBS1 protein_coding missense_variant c.1310T>G p.Val437Gly Not confirmed 183 deleterious probably_damaging 
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192.1 100% BBS10 protein_coding missense_variant c.881C>A p.Thr294Lys Not confirmed 206 deleterious probably_damaging 

192.2 BBS10 didn't come up     p.Thr294Lys Not confirmed       

206.1 25% BBS1 protein_coding missense_variant c.1310T>G p.Val437Gly Not confirmed 86 deleterious probably_damaging 

236.1 MKKS didn't come up         Not confirmed       

280.1 12.85% BBS2 protein_coding missense_variant c.449A>G p.Glu150Gly Not confirmed 129 deleterious benign 

383.1 79.54% BBS10 protein_coding missense_variant c.1289T>A p.Leu430Gl

n 

Not confirmed 255 deleterious benign 

384.1 36.83% BBS9 protein_coding frameshift_variant&

feature_elongation 

c.689_690in

sA 

p.Arg232Lys

fsTer16 

Not confirmed 255 NA NA 

412.1 41.18% CEP290 protein_coding missense_variant c.3834A>T p.Leu1278P

he 

Not confirmed 90 deleterious probably_damaging 

49.1 45.66% SDCCAG8 protein_coding missense_variant c.1090C>G p.Gln364Glu PCR didn't work 255 tolerated benign 

49.1 45.99% BBS9 protein_coding missense_variant c.1112T>C p.Val371Ala PCR didn't work 255 tolerated benign 

334.1 99.89% MKKS protein_coding frameshift_variant&

feature_truncation 

c.47delC p.Pro16Hisf

sTer2 

PCR didn't work 255 NA NA 

248.1 25.31% CCDC28B protein_coding missense_variant c.698A>G p.Tyr233Cys PCR didn't work 255 deleterious probably_damaging 

406.2 45.54% WDPCP protein_coding missense_variant c.1487A>G p.Asn496Ser messy 

sequencing 

255 tolerated benign 

214.1 56.90% BBS1 protein_coding missense_variant c.200G>A p.Arg67Gln PCR didn't work 255 deleterious probably_damaging 

214.2 BBS1 didn't come up     c.200G>A p.Arg67Gln messy 

sequencing 

      

47.1 49.61% BBS9 protein_coding frameshift_variant&

feature_truncation 

c.308delT p.Cys104Val

fsTer20 

problem with 

sample 

255 NA NA 

52.1 49.72% BBS9 nonsense_medi

ated_decay 

frameshift_variant&

feature_truncation 

c.308delT p.Cys104Val

fsTer20 

problem with 

sample 

255 NA NA 

55.1 BBS4 didn't come up         problem with 

sample 

      

55.2 74.18% BBS4 protein_coding frameshift_variant&

feature_truncation 

c.1541_155

1delAACAA

ATAAGA 

p.Glu514Gly

fsTer7 

problem with 

sample 

255 NA NA 

215.1 55.17% MKS1 protein_coding inframe_deletion c.1085_108

7delCCT 

p.Ser362del PCR didn't work 255 NA NA 

228.1 56.70% WDPCP protein_coding missense_variant c.257G>A p.Arg86Gln messy 

sequencing 

255 deleterious probably_damaging 

228.1 46.70% WDPCP protein_coding missense_variant c.1562T>G p.Phe521Cy

s 

messy 

sequencing 

255 deleterious probably_damaging 

228.2 WDPCP exon5 didn't come up   c.257G>A p.Arg86Gln Confirmed Het       

228.2 56.20% WDPCP protein_coding missense_variant c.1562T>G p.Phe521Cy

s 

Confirmed Het 255 deleterious probably_damaging 

228.3 52.21% WDPCP protein_coding missense_variant c.257G>A p.Arg86Gln Confirmed Het 255 deleterious probably_damaging 

228.3 52.04% WDPCP protein_coding missense_variant c.1562T>G p.Phe521Cy

s 

Confirmed Het 255 deleterious probably_damaging 

61.1 100% BBS2 protein_coding stop_gained c.823C>T p.Arg275Ter Confirmed HMZ 135 NA NA 

61.2 100% BBS2 protein_coding stop_gained c.823C>T p.Arg275Ter PCR didn't work 255 NA NA 

33.1 96.67% BBS12 protein_coding stop_gained c.1958C>A p.Ser653Ter not confirmed 155 NA NA 

33.2 BBS12 didn't come up        not confirmed       

372.1 54.13% TMEM67 protein_coding splice_region_varia

nt&synonymous_va

riant 

c.2241G>A c.2241G>A(

p.%3D) 

Confirmed Het 255 NA NA 
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59.1 98.77% BBS7 protein_coding missense_variant c.1561C>A p.His521Asn messy 

sequencing 

255 deleterious probably_damaging 

46.1 100% BBS9 protein_coding missense_variant c.251G>A p.Gly84Glu messy 

sequencing 

200 deleterious probably_damaging 

361.1 

 

CEP290, rs182369459 

  

      messy 

sequencing 

      

35.1 41.11% TRIM32 protein_coding missense_variant c.558G>C p.Gln186His not done 255 deleterious probably_damaging 

93.1 49.38% BBS4 protein_coding frameshift_variant&

feature_truncation 

c.248_251d

elAGTC 

p.Val84Alafs

Ter66 

not done 255 NA NA 

93.1 61.70% TMEM67 protein_coding missense_variant c.58C>T p.Arg20Trp not done 255 deleterious possibly_damaging 

182.1 48.91% BBS1 protein_coding missense_variant c.1378C>T p.Arg460Cys not done 255 deleterious probably_damaging 

255.1 100% BBS12 protein_coding missense_variant c.1589T>C p.Leu530Pr

o 

not done 255 deleterious probably_damaging 

50.1 86.27% BBS9 protein_coding missense_variant c.1511C>T p.Ala504Val not done 254 tolerated benign 

60.1 Italian LZTFL1 deletion homoz ex1-7   not done  N/A     

11.1 no candidates               

11.2 no candidates               

21.1 no candidates               

23.1 no candidates               

25.1 no candidates               

41.1 no candidates                

41.6 no candidates               

45.4 no candidates               

48.1 no candidates                

203.1 no candidates               

381.1 no candidates               

388.1 no candidates               

389.1 no candidates               

397.1 no candidates               

405.1 no candidates                

408.1 no candidates               

409.1 no candidates               

411.1 no candidates               

51.1 no candidates               

58.1 no candidates               

72.1 no candidates               
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72.2 no candidates               

72.5 no candidates               

83.1 no candidates               

90.1 no candidates               

92.1 no candidates               

95.1 no candidates               

130.1 no candidates               

136.1 no candidates               

137.1 no candidates               

305.1 no candidates               

345.1 no candidates               

352.1 no candidates               

354.1 no candidates               
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Table A 5. Variants detected in NGS data, confirmed by Sanger re-sequencing (Fluidigm 
Study). Alignments made with Benchling Software. 

Sample ID NGS result Sanger sequencing result 

Variant Position 

24.1 BBS10 

c.1091delA 

p.Asn364ThrfsTer5 

 

Confirmed HMZ 

 

  

40.1 MKKS 

c.541G>C 

p.Ala181Pro 

 

Confirmed HMZ 

 

 

 

42.1 

42.2 

 

BBS1 

c.1638delC 

p.Leu548TrpfsTer31 

 

Confirmed HMZ 

 

 

43.1 BBS4 

c.1091C>A 

p.Ala364Glu 

one extra hz SNP 

found at p.354 

rs2277598 SNP 

(Likely benign) 
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52.2 BBS9 

c.308delT 

p.Cys104ValfsTer20 

 

Confirmed HMZ 

 

 

 

53.1 SDCCAG8 

c.41T>C 

p.Leu14Pro 

 

Confirmed Het 
 

 

53.1 BBS12 

c.1482_1483delAG 

p.Glu495ArgfsTer3 

 

Confirmed Hmz 

 
 

53.1 MKKS 

1015A>G 

p.Ile339Val 

 

Confirmed Hmz 

 

 

54.1 BBS12 

c.116T>C 

p.Ile39Thr 

 

Confirmed Het 
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132.1 BBS12 

c.1379T>G 

p.Val460Gly 

 

Confirmed Hmz 
 

 

165.1 BBS10 

c.931T>G 

p.Ser311Ala 

 

 

Confirmed Hmz 

 

 

173.1 BBS12 

c.1482_1483delAG 

p.Glu495ArgfsTer3 

 

Confirmed Hmz  
 

205.1 BBS2 

c.68G>C 

p.Arg23Pro 

 

Confirmed Hmz 

 

 

205.1 TMEM67 

c.1918C>T 

p.Pro640Ser 

 

Confirmed Het  
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210.1 BBS4 

c.157-3C>G 

splice site mutation 

 

 

Confirmed Hmz 
 

 

214.1 BBS10 

c.530A>G 

p.Tyr177Cys 

 

Confirmed Hmz  
 

214.2 BBS10 

c.530A>G 

p.Tyr177Cys 

 

Confirmed Hmz 

 

 

215.1 MKS1 

c.1446T>G 

.Cys492Trp 

 
 

 

223.1 BBS12 

c.1482_1483delAG 

p.Glu495ArgfsTer3 

 

 

Confirmed Hmz 
 

 

232.1 BBS1 

c.48-1G>A 

Splice site 

Confirmed Hmz  

 

 

“G” at -1 is 100% 
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233.1 

233.2 

BBS9 

c.1043T>G 

p.Leu348Arg 

 

Confirmed Hmz in 

both 

 

 

235.1 TTC8 

c.122G>A 

p.Trp41Ter 

 

Confirmed Hmz 

 

 

235.1 TTC8 

c.122G>A 

p.Trp41Ter 

 

Confirmed Hmz  
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Table A 6. Variants identified in the NGS data, not confirmed by Sanger re-
sequencing (Fluidigm Study). Alignments made with Benchling Software. 

 

Sample 
ID 

NGS result Sanger result 

192.1 BBS10 

c.881C>A 

p.Thr294Lys 

Not confirmed 

 

192.2 No candidates 

36.1 BBS9 

c.689_690insA 

p.Arg232LysfsTer16 

Not confirmed 

              

383.1 BBS10 

c.1289T>A 

p.Leu430Gln 

Not confirmed 

 

45.3 CEP290 

c.832delA 

p.Ile278PhefsTer17 

Not confirmed 
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192.2 CEP290 

c.832delA 

p.Ile278PhefsTer17 

Not confirmed 

 

 

 

 

206.1 BBS1 

c.1695+2T>G 

Not confirmed 

 

 

173.1 BBS1 

c.1695+2T>G 

Not confirmed 

 

 

 

54.1 CEP 290 

c. .3834A>T 

p.Leu1278Phe 
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108.1 CEP 290 

c. .3834A>T 

p.Leu1278Phe 

Not confirmed 

 

 

412.1 CEP 290 

c. .3834A>T 

p.Leu1278Phe 

Not confirmed 

 

236.1 

mkks was not detected in the NGS data 

Not confirmed 

 

192.1 

BBS10 

c.881C>A 

p.Thr294Lys 

Not confirmed 

 

 

 

 

 

192.2 

BBS10 c.881C>A 

p.Thr294Lys was not detected in the NGS data 

Not confirmed 
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54.1 

BBS10 

c.459T>A 

p.Phe153Leu 

Not confirmed 

 

 

 

384.1 

 

BBS9 

c.689_690insA 

p.Arg232LysfsTer16 

Not confirmed 
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Table A 7. Raw data on population doublings, 3D culturing outcomes and fold change in qPCR expression of b-galactosidase, 
aminopeptidase, Sox2) in BBS patients and control URECs. 

 

BBS PATIENTS GUYS 26 GOSH 17 GOSH 5 GUYS 3 GUYS  43 GOSH 3 GUYS  42 GOSH 4 GOSH 8 GOSH 13 ICH2 GUYS 4 GUYS 8 

Number of population doublings P1+ 1.96 0.36 2.58 2.58 2.22 3.58 2.40 3.17 3.32 10.84 3.32 2.00 2.58 

B-gal qPCR 1.19   0.52 1.57   1.36   1.97 1.58 0.93 1.99 1.27 1.00 

b-gal fold change 1.19   -1.92 1.57   1.36   1.97 1.58 -1.08 1.99 1.27 1.00 

Aminopeptidase 0.69     4.94   7.81   5.32 0.43 0.54 2.07 0.25 0.25 

amino fold change -1.45     4.94   7.81   5.32 -2.33 -1.85 2.07 -4.00 -4.00 

Sox2 0.74     0.83   0.28   0.52 0.34 3.57 0.18 0.99 0.48 

sox 2 fold change -1.35     -1.20   -3.57   -1.92 -2.94 3.57 -5.56 -1.01 -2.08 

3D culturing outcomes 

Limited proliferation in matrigel ✔ ✔                       

2D growth mostly     ✔ ✔ ✔                 

Spheroids         ✔ ✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ ✔✔ 

 

CONTROLS Con RD Con F5 Con MF Con KN Con MM Con JK Con 7 Con F2.5 Con T 

    Number of population 

doublings P1+ 

2 1.26 0.94 1 1.33 1.73 1 6.04 1.62 

    B-gal qPCR 1.51       2.55     3.00 1.59 

    b-gal fold change 1.51       2.55     3.00 1.59 

    Aminopeptidase 0.21       0.17     12.53 1.55 

    amino fold change -4.76       -5.88     12.53 1.55 

    Sox2 0.59       2.01     0.94 4.37 

    Sox2 fold change -1.69    2.01   -1.06 4.37     
3D culturing 

outcomes 

                  

    Limited proliferation in 

matrigel 

✔ ✔ ✔ ✔ ✔         
    2D growth mostly           ✔ ✔ ✔ ✔ 
    Spheroids             ✔ ✔ ✔ 
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Table A 8. URECs cilia length measurements 

  Stacks projections   Stacks  

  2D Image J   spheroids IMARIS 

Controls       

con 7 5.89 (n=144)   8.59±0.72 (n=24) 

con9 4.14 (n=109)   insufficient data 

con F2.5 3.168±0.09 (n=101)   6.473±0.498 (n=101) 

        

con KN insufficient data   7.62 ±0.69 (n=10) 

Con RD insufficient data   7.045±0.29 (n=69) 

Con T 7.6238±0.23 (n=111)   7.7585±0.199 (n=250) 

Con JK insufficient data   insufficient data 

con KN* 7.57±0.73 (n=26)   6.46 ±0.29 (n=111) 

        

        

BBS 
patients       

GOSH3 unable to re-analyse   7.40±0.403 (n=83) 

GOSH4 unable to re-analyse   9.576±0.401 (n=113) 

GOSH5 unable to re-analyse   9.206±0.645 (n=57) 

GUYS 3 10.70 (n=72)   insufficient data 

GOSH8 4.29±0.14 (n=147)   8.02±0.391 (n=94) 

GUYS4 8.03±0.38 (n=49)   7.272±0.374 (n=188) 

GUYS8 8.75±0.22(n=267)   6.523±0.289 (n=172) 

ICH2 5.38 ±0.18 (n=81)   6.52±0.335 (n=85) 

GOSH13 P2 no 2D growth   7.107±0.264 (n=379) 

GOSH13 P6 6.464±0.19(n=101)   no spheroids 

GUYS43 
clone 1 9.80 ±0.22 (n=247)   6.10±0.29 (n=96) 

GUYS43 
clone 2 12.47±0.34 (n=124)     
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Table A 9. URECS cell counts. Doubling time was calculated for several clones 
detected in samples Con JK, GOSH17, GUYS42 and GUYS43 

Declined=proliferation ceased or was at a lower rate compared to a previous period. 

 

 

 

S
a

m
p

le
 I
D

 

Clones 
Period, 

days 
Cell count 
initial Cell count final 

Doubling 
time, days 

Days after 
collection Cell number 

Controls 

C
o

n
 F

2
.5

 

  21 6.37E+05     21 6.37E+05 

  21-23 4.78E+05 4.41E+05   23 5.88E+05 

  23-25 8.10E+04 1.63E+05 1.98 25 1.18E+06 

  25-28 1.63E+05 3.04E+05 3.34 28 2.21E+06 

  28-32 1.04E+05 3.78E+05 2.15 32 8.02E+06 

  32-39 5.00E+04 8.20E+04 9.81 39 1.32E+07 

                

C
o
n
 5

 

  23 1.40E+05     23 1.40E+05 

  23-25 1.40E+05 1.46E+05 n/a 25 1.46E+05 

  25-32 1.46E+05 4.80E+05 4.08 32 4.80E+05 

  32-39 1.02E+05 1.13E+05 n/a 39 4.80E+05 

  39-50 1.13E+05 9.24E+04 Declined 

18% 

50 3.92E+05 

                

C
o
n
 M

F
   25-28 1.02E+05 1.98E+05 3.13 25 1.02E+05 

  28-35 1.98E+05 3.84E+05 7.33 28 1.98E+05 

  35-37 2.00E+05 9.71E+04 Declined 35 3.84E+05 

  37-50 2.50E+04 1.10E+05 6.08 37 1.86E+05 

                

            28 3.36E+05 

Con 

MM 

  28-33 3.36E+05 3.52E+05   33 3.52E+05 

  33-43 3.52E+05 5.02E+05   43 5.02E+05 

                

Con 

T 

  25 2.98E+05     25 2.98E+05 

  26 4.99E+05   12.95 26 4.99E+05 

  30 6.14E+05   13.39 30 6.14E+05 

                

C
o
n
 J

K
 

Clone 1         29 1.90E+05 

Clone 2         29 2.21E+05 

Clone 3         19 4.69E+04 

Clone 4 

        22 3.58E+04 

        29 4.96E+04 

Clone 5 

        19 3.31E+05 

        20 2.12E+05 

        29 6.66E+05 
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S
a

m
p

le
 I
D

 

Clones 
Period, 
days 

Cell count 
initial Cell count final 

Doubling 
time, 
days 

Days after 
collection Cell number 

Patients 

G
O

S
H

1
3

 

  18 2.00E+05     18 2.00E+05 

  18-21 2.00E+05 5.20E+05 2.18 21 5.20E+05 

  21-24 4.00E+05 1.56E+06 1.53 24 1.29E+06 

  24-26 1.00E+05 4.85E+05 0.88 26 6.25E+06 

  26-28 4.85E+05 1.80E+06 1.06 28 2.32E+07 

  28-33 1.00E+05 3.03E+05 3.13 33 7.03E+07 

  33-41 5.30E+04 2.76E+05 3.78 41 3.66E+08 

                

G
U

Y
S

 2
6
   19-23 4.20E+04 1.70E+05 1.98 19 4.20E+04 

  23-27 1.70E+05 3.36E+05 4.07 23 1.70E+05 

  27-34 1.12E+05 2.60E+05 5.76 27 3.36E+05 

  34-42 1.00E+05 Declined   34 7.80E+05 

                

G
U

Y
S

 4
2
  

A3 

20       20 8.55E+04 

20-26 8.55E+04 3.61E+05 2.88 26 3.61E+05 

 26-30 3.61E+05 6.44E+05 4.79 30 6.44E+05 

 30-33 6.44E+05 9.24E+05 5.76 33 9.24E+05 

33-40 9.24E+05 1.06E+06 36.34 40 1.06E+06 

B3         20 1.96E+05 

D1 

        23 3.86E+04 

        26 5.24E+04 

        30 4.00E+04 

D2 

        21 4.13E+04 

        23 3.31E+04 

        40 2.52E+04 

C2         20 9.65E+04 

                

G
U

Y
S

4
3
 B6 

19 1.05E+05     19 1.05E+05 

19-23 6.50E+04 1.35E+05 3.79 23 2.18E+05 

23-26 1.15E+05 2.65E+05 2.49 26 5.03E+05 

26-28 2.90E+04 3.55E+04 6.80 28 6.16E+05 

26-30 8.25E+04 6.06E+04 Declined 

by 27% 

30 4.50E+05 

C5 and 

B5 

16 4.50E+04     16 4.50E+04 

16-19 4.50E+04 2.80E+05 1.14 19 2.80E+05 

19-21 2.00E+05 2.30E+05 14.88 21 3.22E+05 

21-23 1.10E+05 3.17E+05 1.31 23 9.29E+05 

C6 

16-19 5.75E+04 9.00E+04 4.64 16 9.00E+04 

19-23 4.50E+04 1.65E+05 2.37 19 2.90E+05 
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23-26 1.45E+05 2.18E+05 5.10 26 4.36E+05 

26-28 5.90E+04 6.60E+04 12.36 30 4.67E+05 

26-30 5.90E+04 9.92E+04 5.34     

26-30 5.90E+04 6.06E+04 103.60     

26-30 average   40.43     

B4 

26-28 1.35E+05 4.86E+04 Declined

n by 64% 

26 1.35E+05 

28-33 4.86E+04 1.15E+05 4.04 28 4.86E+04 

33-40 1.15E+05 2.74E+05 5.65 33 1.15E+05 

            40 2.74E+05 

                

G
O

S
H

1
7

 Clone 1 

        21 1.05E+05 

        24 9.65E+04 

        26 1.33E+05 

        38 1.44E+05 

Clone 2 

        21 4.95E+04 

        26 6.90E+04 

        28 1.12E+05 

        31 2.57E+05 

        38 1.28E+05 

Clone 3         38 1.24E+04 
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Table A 10. URECs raw cell culture data, used to estimate proliferative potential of 
samples retrospectively. 
Stop=proliferation ceased, Cont=contamination, Harvest=all cells used for experiments 

GOSH3 

  

GOSH4 

  

GOSH5 

  

GOSH8 

  
                
D13 1:2 D14 1:2 D17 1:2 D14 1:4 
D15 1:3 D17 1:3 D23 1:2 D17 1:3 
D18 1:3 D24 1:2 D30 1:2 D19 1:3 
D21 1:2 D26 1:2 D34-

39 

stop D21-26 stop 

D23 1:2 D30-

39 

stop 

ceases 

        
D28-26 stop             
Total 

proliferation factor 

12x   9x   6x   10x 

        ICH2 

  

GUYS4 

  

GUYS8 

  

GUYS3 

  
                
D13 1:2 D15 1:2 D15 1:2 D18 1:2 
D15 1:3 D16 1:2 D16 1:2 D21 1:2 
D18 1:3 D26 stop 

ceases 

D23 1:2 D25 1:2 
D20 1:2     D30 stop D35 stop 

D22 cells freezed             
                
  10x   4x   6x   6x 

        Con 7     KN   RD   
 D24 1:2   D21 1:2 D18 1:2 
 D25 Cont.   D25 Harvest

..ed (600K) 

D23 1:2 

           D25 Harvest. 
   2x     2x   4x 
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Table A11: Retrospective estimate of increase of cell population number. Cell 
population doublings level (PDL) calculations using formula using formula 
PDL=(log(N+Xo))+Log2 where Xo is a baseline cell number (200,000) at Passage 0 and 
N is the final projected maximum number of cells 

 

Xo N Proliferation 

factor 

Sample ID PDL 
200000 2400000 12 GOSH3 3.58 
200000 1800000 9 GOSh4 3.17 
200000 1200000 6 GOSH5 2.58 
200000 2000000 10 GOSH8 3.32 
200000 2000000 10 ICH2 3.32 
200000 800000 4 GUYS4 2.00 
200000 1200000 6 GUYS8 2.58 
200000 1200000 6 GUYS3 2.58 
200000 400000 2 Con7 1.00 
200000 400000 2 KN 1.00 
200000 800000 4 RD 2.00 

Actual 

counts 

        
Xo N   Sample ID PDL 

200000 780000   GUYS 26 1.96 
200000 365927261   GOSH13 10.84 
200000 13154314   F 2.5 6.04 
200000 480101   F5 1.26 
200000 502143   MM 1.33 
200000 613770   T 1.62 
200000 383750   MF 0.94 

          
200000 1055811   GUYS 42 2.40 
200000 928601   GUYS 43 2.22 
200000 256528   GOSH17 0.36 

          
200000 132300   GF n/a 
200000 665879   JK 1.735260042 
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