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Abstract 

Primary Ciliary Dyskinesia (PCD) is one of the óciliopathiesô, genetic disorders 

affecting either cilia structure or function. PCD is a rare recessive disease 

caused by defective motile cilia. Affected individuals manifest with neonatal 

respiratory distress, chronic wet cough, upper respiratory tract problems, 

progressive lung disease resulting in bronchiectasis, laterality problems 

including heart defects and adult infertility. Early diagnosis and management 

are essential for better respiratory disease prognosis. PCD is a highly 

genetically heterogeneous disorder with causal mutations identified in 36 

genes that account for the disease in about 70% of PCD cases, suggesting 

that additional genes remain to be discovered. 

Targeted next generation sequencing was used for genetic screening 

of a cohort of patients with confirmed or suggestive PCD diagnosis. The use 

of multi-gene panel sequencing yielded a high diagnostic output (> 70%) with 

mutations identified in known PCD genes. Over half of these mutations were 

novel alleles, expanding the mutation spectrum in PCD genes. The inclusion 

of patients from various ethnic backgrounds revealed a striking impact of 

ethnicity on the composition of disease alleles uncovering a significant genetic 

stratification of PCD in different populations. Pathogenic mutations were also 

identified in several new candidate genes not previously linked to PCD.  

Molecular and cell biology techniques were coupled with model 

organism studies to characterize the involvement of the new candidate genes 

in cilia motility and PCD. Paramecium was proven to be a good model for 

functional characterization of PCD potential candidate genes. The previously 

uncharacterized C11orf70 was identified to play a highly conserved role in 

dynein assembly and intraflagellar transport (IFT)-related cilia cargo 

trafficking. Mutations identified in DNAH9 resulted in a distinct motile cilia 

defect with mild respiratory symptoms, unusual in PCD. Mutations identified 

in two intraflagellar transport genes, IFT74 and WDR19, linked together 

primary and motile ciliopathy phenotypes observed in the affected individuals.    
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Impact Statement 

Motile cilia are continuously beating hair-like structures that clear airways, 

move gametes and determine left-right organ position. Defective cilia motility 

in primary ciliary dyskinesia (PCD) causes chronic respiratory problems and 

lung damage, infertility, hydrocephalus, malpositioned organs and heart 

defects. No single test currently confirms or excludes the diagnosis of PCD, a 

disease for which there is no cure. Working towards better PCD diagnosis and 

molecular understanding for improved disease management and 

development of personalized genetic therapies, this study used advanced 

sequencing techniques for genetic screening of PCD patients to aid novel 

gene discovery.  

This study isolated several new genes not previously linked to PCD, 

providing fresh insights into: its cell biological basis by describing a new X-

linked PCD subtype and a new player in dynein assembly (PIH1D3, 

C11orf70); genetic contribution to poorly recognised mild-spectrum subtypes 

of PCD (DNAH9, CCDC103); causes  of respiratory incapacity within primary 

ciliopathies (IFT74, WDR19). By expanding the genetic landscape of PCD, we 

can improve genetic diagnosis. Genetic testing avoids the disadvantages and 

inconclusive results of other diagnostic testing methods currently used in 

healthcare, and consequently it will expedite the diagnostic pathway of PCD 

and facilitate better characterization of patients. Upon identification of the 

whole morbid genome of PCD, genetic testing can be considered a first-tier 

PCD diagnostic test.  

Genetic results from this study have already contributed to two larger 

studies. Firstly, a published investigation of risk factors for laterality 

abnormalities and congenital heart defects in PCD, many being clinically 

actionable. This led to a recommendation for routine echocardiogram and 

abdominal ultrasound for all PCD patients. Secondly, a nationwide study, to 

be submitted shortly, to understand PCD genotype/phenotype correlations in 

the UK. These efforts will eventually help clinical management and inclusion 

in future therapeutic trials.   
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Patients from various ethnic backgrounds were recruited for this study, 

demonstrating successful international collaborations and the valuable 

outputs gained from multi-ethnic genetic studies in rare diseases. This will help 

in better genetic stratification of rare diseases, paving the way for future 

targeted therapy. This type of study can help countries with limited resources 

to pursue tailored testing strategies for genetic diagnosis of rare diseases. 

Moreover, this will help to provide appropriate genetic counselling to affected 

families. 

Two successful training placements were undertaken in different 

laboratories abroad, building new multi-disciplinary collaborations across 

Europe in motile cilia research. Introducing Paramecium as a new model 

organism in PCD will help to identify new disease genes and validate the role 

of potential candidate genes in cilia motility. Bringing new proteomics skills to 

the UCL laboratory adds new prospects to the study of PCD disease 

mechanisms and how gene mutations cause disease phenotypes. 

Understanding the molecular basis of human diseases is an essential step to 

investigate future personalized therapeutic strategies. 

Identifying motile cilia defects associated with primary ciliopathy 

phenotypes highlights the importance of investigating respiratory problems in 

ciliopathy syndromes. This can help in the management of the affected 

individuals, especially as respiratory failure is a common cause of death 

among these patients. 
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1.1 Cilia structure 

Cilia are complex hair-like organelles projecting from the surface of almost all 

cells in the human body.(1) The microtubular-based skeleton of the cilium is 

highly conserved across species to serve various physiological functions.(2) 

Various genetics and proteomics studies have identified over 1000 different 

proteins likely to reside in the cilium, highlighting the complexity of the cilia 

structure.(3)   

The cilia structure can be divided into compartments including the basal 

body, transition zone, the axoneme, ciliary tip and the ciliary membrane.(1, 4) 

The basal body is formed when the centriole migrates to the apical cytoplasm. 

It is composed of nine triplet microtubules, distal appendages (transition 

fibres) connecting the basal body to the membrane at the cilia base and sub-

distal appendages.(5, 6)  The basal body forms the foundation for the ciliary 

axoneme, acting as a docking area for proteins involved in cilia assembly.(7) 

The transition zone acts as a gate for the ciliary compartment that controls 

which proteins can go in or out of the cilium. It has Y-shaped structures 

connecting the microtubules to the ciliary membrane.(8-10) (Figure 1-1) 

Cilia are present either as a monocilium (one cilium per cell) or as 

multiple cilia (10s-100s cilia per cell).(1) Four different types of cilia can be 

distinguished in the human body based on their axonemal structural 

arrangement and motility. Motile cilia (multiple cilia) of the respiratory 

epithelium, brain ependyma and fallopian tube lining epithelium have a 9+2 

axonemal arrangement: 9 peripheral doublets of microtubules surrounding a 

central pair of microtubules, along with microtubule-associated structures 

including inner (IDA) and outer (ODA) dynein arm motors, radial spokes (RS) 

and nexin-dynein regulatory complexes (N-DRC). The sperm flagellum has 

broadly the same structure as the motile cilium with subtle differences in the 

distribution of dynein arms along the axoneme.(11) Non-motile (primary) cilia 

(monocilium) are present in almost all cells and have nine pairs of 

microtubules at the periphery (9+0) with no central pairs nor dynein motors. 

Nodal motile cilia (monocilium) in the embryonic left-right organiser (the 
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embryonic node; a transient midline structure formed during gastrulation) have 

a similar structure to the primary cilia but with dynein subunits attached to the 

peripheral microtubules that provide their motility machinery.(12) The last type 

is the kinocilium of the inner ear hair cells, which has a 9+2 organization but 

without motility.(13, 14) 

The emergence of cilia requires pre-assembly of many axonemal 

structures in compartments near the basal bodies.(15) In a recent pre-print, 

Huizar et al 2017(16) reported the presence of cytoplasmic foci where dynein 

assembly occurs. They showed that these are evolutionarily conserved 

compartments, proposing the term DynAPs (Dynein Assembly Particles) for 

these novel organelles where the assembly of multi-protein dyneins takes 

place.(16) Dynein arm assembly involves a chaperone-relay system for 

protein folding and maturation.(17) Once assembled, these multi-protein 

complexes are transported from the cytoplasm into the cilium through the 

transition zone and along the ciliary axoneme by an intra-ciliary protein 

transport system called intraflagellar transport (IFT).(18, 19) The IFT 

machinery is composed of multiple subcomplexes that move along the ciliary 

axoneme. Anterograde IFT (IFT-B complex) moves protein cargoes using the 

kinesin-2 molecular motor, from the transition zone to the ciliary tip where they 

are released. Retrograde IFT (IFT-A complex) moves cargoes for recycling 

back from the cilia tip to the base, using retrograde dynein-2 motors.(20, 21) 

(Figure1-1) 
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Figure 1-1 Structure of motile cilia 

Cilia are cytoplasmic projections extending from the apical cell membrane. 
The cilium is composed of a basal body (a ring of triplet microtubules) that is 
attached to the base of the ciliary membrane through distal appendages.  The 
transition zone, located distal to the basal body, contains microtubule doublets 
and is connected to the ciliary membrane by Y-links. The motile ciliary 
axoneme is formed of 9+2 microtubules connected through the nexin-dynein 
regulatory complex and radial spokes. Outer and inner dynein arm motors are 
attached to the peripheral microtubules. Intra-ciliary trafficking is governed by 
the intraflagellar transport system (IFT) in both directions (anterograde IFT-B 
carried by kinesin-2 motor towards the ciliary tip and retrograde IFT-A carried 
by dynein-2 towards the ciliary base.
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1.2 Non-motile and motile cilia in health and disease 

Although the basic structure of motile and immotile cilia is similar, they exert 

diverse distinct physiological functions during development and 

homeostasis.(22-24) Cilia related disorders are collectively known as 

ciliopathies. These conditions manifest in a wide spectrum of clinically and 

genetically heterogeneous diseases, however they still share an overlapping 

clinical phenotypic spectrum.(25, 26) Ciliopathies are defined as rare diseases 

as they typically affect less than 1 in 2,000 individuals in the general 

population.(27, 28) (Figure 1-2) 

Non-motile or primary cilia serve as sensory organelles that regulate 

several intracellular signal transduction pathways.(29) The ciliary membrane 

contains cilia-specific receptors, ion channels and signalling molecules which 

receive extracellular signals (mechanical or chemical) and convert them into 

a signalling cascade intracellularly.(30) Signalling pathways such as sonic 

hedgehog (SHH), platelet-derived growth factor (PDGF), transforming growth 

factor ɓ (TGF-ɓ) and non-canonical Wnt pathways were shown to be mediated 

by primary cilia.(31-34) It was reported that IFT is not only essential for the 

transport of the axonemal components but also for the transport of channels 

in the primary ciliary membrane. Therefore, IFT plays a major role in the 

sensory function of the primary cilia.(20, 31)  

Non-motile ciliopathies are clinically diverse diseases associated with 

a wide array of sensory, physiological and developmental abnormalities 

including polycystic kidney disease and other rare disorders like Usher (USH), 

Bardet-Biedl (BBS), Meckel-Grüber (MKS) and Jeune Asphyxiating Thoracic 

Dystrophy (JATD) syndromes. The phenotypic spectrum of primary 

ciliopathies usually involves multi-system anomalies (including the kidney, 

brain, eye and skeleton) that range clinically from embryonic lethality to 

isolated retinal degeneration.(35) There are several underlying mechanisms 

leading to primary ciliopathies, including abnormal cilia formation or 

maintenance, abolition of ciliary pathway components or defective trafficking 

of the signalling machinery.(4) Cilia motility defects have increasingly been 
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reported as a feature in primary ciliopathy syndromes, but these defects have 

not been widely studied.(36-39)  

Some motile cilia perform a synchronized whip-like back and forth 

motion forming a wave-like pattern, known as the metachronal waveform of 

cilia motility. This is responsible for generating extracellular fluid flow or 

movement within fluids.(40) Motile monocilia in the embryonic left-right 

organizer exert a monodirectional motility (circular/rotatory beating pattern) 

which is essential for generating nodal flow (extraembryonic fluid flow), that 

leads to asymmetric expression of several genes. This determines left-right 

asymmetry of the embryo.(12, 41, 42) The motility of respiratory cilia is 

essential for proper mucociliary clearance through moving mucus and inhaled 

particles towards the nasopharynx to be removed by spitting or swallowing. In 

the same manner, ependymal cilia play a role in ependymal fluid movement 

and the beating of the ciliated epithelial lining of the fallopian tubes is important 

to direct fertilized ova towards the uterus.(43) Sperm flagellum beating is 

required for sperm movement through the female reproductive tract for 

fertilization of the ovum.(1)  Defective cilia motility leads to primary ciliary 

dyskinesia (PCD), the only known motile ciliopathy in humans. About 50% of 

PCD-affected individuals have laterality problems.(44) There is a subtype of 

PCD known as Reduced generation of multiple motile cilia (RGMC), which has 

the same clinical phenotype but without laterality defects and is caused by 

defective multiciliogenesis.(43) 
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Figure 1-2 Multi-system disorders associated with non-motile and motile ciliopathies 

Ciliopathies manifest with multi-system abnormalities and they share some overlapping phenotypic abnormalities. Ciliopathies can 
arise from non-motile or motile cilia defects or may be associated with defects in both types of cilia. (Figure adapted from Reiter JF 
and Leroux MR 2017) (4)
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1.3 Primary Ciliary Dyskinesia 

1.3.1 History of PCD 

The first report of patients with bronchiectasis and situs inversus was in 1904 

describing a condition that was firstly known as Zivert syndrome in the Soviet 

Union.(45) Later, it became widely known as Kartagener syndrome, named 

after a clinician from Zurich who clinically described it in 1933. He reported a 

familial form of bronchiectasis associated with malpositioning of the viscera, 

mainly dextrocardia and nasal polyps. In 1962, he identified 334 cases in the 

literature and described two more cases where bronchiectasis was associated 

with situs inversus.(46) In 1959, Gorham and Merselis concluded that 

Kartagener Syndrome follows an autosomal recessive mode of 

inheritance.(47) 

In 1960 a clinician from Copenhagen, Arge, described 4 cases (3 males 

and 1 females) with complete transposition (mirror image) of the internal 

viscera (situs inversus totalis). They were offspring of a first-cousin marriage. 

All patients complained of recurrent respiratory problems and male infertility, 

however the affected female was fertile and had given birth to a child. Semen 

examination revealed immotile sperms. He concluded that infertility should be 

investigated in affected individuals with malpositioning of the internal 

organs.(48)  

The underlying aetiology was not known until 1976 when Afzelius 

reported cilia immotility secondary to loss of dynein arms in patients with 

recurrent respiratory problems, situs inversus totalis and sperm immotility. At 

that time, he introduced the term ñimmotile cilia syndromeò to describe the 

congenital (inborn) immotility of the multiciliated epithelium of the respiratory 

system and the nodal monocilia of early embryos.(45, 49) In 1977, Afzelius 

and colleagues confirmed their previous findings of cilia immotility due to lack 

of dynein arms from the nasal epithelial cilia and sperm flagella. They 

hypothesized that the motility of monocilia in young embryos was essential to 
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determine the position of the heart and that in a case of cilia immotility, 

laterality is determined by chance.(50)  

It was not until 1980 when the term ñdyskinetic cilia syndromeò was 

firstly introduced. It was shown that immotile cilia syndrome was a misnomer 

as limited cilia motility could be observed in some affected individuals. Later 

in 1981, óprimary ciliary dyskinesiaô was first proposed as the term to describe 

congenital ciliary dyskinesia and since then this term remains in use.(51, 52)  

1.3.2 Clinical phenotypes 

Primary ciliary dyskinesia (PCD) is a rare genetic disease, with a prevalence 

of about 1:10,000 individuals.(53, 54) PCD incidence is much higher within 

isolated or highly consanguineous populations like the Dutch Volendam 

population and the UK South Asian (primarily Pakistani) population, in whom 

disease prevalence is as high as 1:400 and 1:2,265 respectively.(44, 55)  

Wherever cilia motility exerts an essential physiological function in a 

tissue or an organ, congenital defective cilia motility will lead to dysfunctional 

consequences presented as PCD. It is caused by motility defects of the 

monocilium at the embryonic left-right organizer, multicilia of specialized 

epithelial lining of the respiratory system and fallopian tubes, as well as the 

ependymal lining of brain ventricles and the highly modified sperm 

flagellum.(44) (Figure 1-3) Table 1-1 summarizes the clinical symptoms of 

patients who need referral to a PCD diagnostic centre for further 

investigations. No treatments for PCD are available and disease management 

aims to control lung, sinus, and ear infections and remove trapped mucus from 

the airways. Early diagnosis significantly improves morbidity since lung 

damage can be delayed by specialist care.(56-58)  

PCD can present early in life with unexplained neonatal respiratory 

distress.(59) Recurrent upper and lower respiratory tract symptoms represent 

the main clinical symptoms that arise from defective airway mucociliary 

clearance.(60) Respiratory symptoms include chronic nasal congestion, wet 

cough, rhino-sinusitis, serous otitis media, chronic middle ear effusion and 
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repeated lower respiratory infections. These can be complicated later in life 

with irreversible bronchiectasis and lung damage.(44) These symptoms are 

frequent within children and can overlap with many other paediatric diseases 

like cystic fibrosis, asthma and immunodeficiency, imposing a diagnostic 

challenge for clinicians.(61) This leads to delayed referral for proper diagnostic 

workup with delayed mean age at diagnosis of about 5 years.(54) PCD was 

found to account for about 5% of children with recurrent respiratory 

infections.(62) Bronchiectasis was found in about half of PCD patients 

(children and adults) and was reported in 32% of 84 cases with a mean age 

of PCD diagnosis at 6.4 years.(63, 64)  

About 50% of PCD patients have abnormal laterality of their internal 

organs, most commonly situs inversus totalis. Previously, congenital heart 

problems were reported in 3.5 ï 6% of PCD patients.(65-67) In a recently 

published study, we reported a frequency of 17.1% of congenital heart defects 

among PCD patients with or without laterality problems in the United 

Kingdom.(68)  

Male infertility secondary to sperm immotility is common among adult 

PCD patients.(69) However, male patients with PCD can also have normal 

fertility as some genetic causes of escaped male infertility have already been 

identified.(55, 70) Dyskinesia of the cilia lining the fallopian tubes is believed 

to cause poor movements of the fertilized ovum towards the uterus, resulting 

in ectopic pregnancy.(69)    

Beating of the ependymal cilia that line the brain ventricles generates 

the flow of the cerebrospinal fluid which moves signalling molecules along the 

central nervous system.(71, 72) Defective motility of the ependymal cilia can 

lead to hydrocephalus. Despite this being common in PCD mouse models, it 

is not a common complication in PCD patients.  It was found that 10% of PCD 

patients with Reduced generation of multiple motile cilia (RGMC) had 

hydrocephalus. Interestingly, female infertility was high (22%) among the 

RGMC group too.(70, 73, 74) 
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Figure 1-3 Motile cilia distribution in human body 

Motile cilia are present in the epithelial lining the respiratory system and 
fallopian tubes, the ependymal lining of the brain ventricles and are structurally 
related to sperm flagella.  Motile monocilia are present in the left-right 
organizer of the embryonic node.  (Figure adapted from Ibañez-Tallon I et al 
2003) (22) 

 

 

Table 1-1 Clinical features that raise the suspicion of PCD and prompt 
further investigations 

Patients with early onset recurrent respiratory problems and any of 

the following: 

1. Situs anomalies and/or congenital heart defects 

2. Unexplained neonatal upper and/or lower respiratory symptoms 

3. Persistent wet cough, rhinitis or bronchiectasis after other 

common possible causes have been excluded 

4. Positive family history of PCD 

5. Adult males with dysmotile sperms 

6. Chronic serous otitis media 

The table adapted from Lucas JS et al 2016.(61) 
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1.3.3 Diagnostic odyssey of PCD 

Definitive diagnosis of PCD imposes many clinical and diagnostic testing 

challenges. The clinical symptoms of PCD are heterogeneous and can 

overlap with many other diseases leading to a delay in referral for further 

diagnostic testing.(61) There is no single standard test to confirm or exclude 

the diagnosis of PCD and usually an array of testing is required.(75) The 

diagnostic workup of PCD is expensive and technically demanding requiring 

well-trained personnel and sophisticated equipment. These are not widely 

available in all centres or countries.(76, 77) There are no unified global 

guidelines of conducting or reporting results of any testing methods in PCD 

diagnostic workup.(61, 78, 79) Diagnostic tests that are currently used in PCD 

include measurement of the expelled nasal nitric oxide (nNO) level, high 

speed video microscopy (HSVM) analysis of the cilia beating pattern and 

frequency, transmission electron microscopy (TEM) analysis of the cilia 

ultrastructure, genetic analysis to identify the causative mutations and 

immunofluorescence staining (IF) studies to detect the presence or absence 

of ciliary proteins. Table 1-2 summarizes the advantages and disadvantages 

of each diagnostic testing method.  

In Europe, the European Respiratory Society (ERS) proposed a step-

wise diagnostic algorithm where not all patients with a suggestive clinical and 

family history of PCD have to undergo all steps. Step 1 includes measurement 

of the nasal nitric oxide level and assessment of the cilia beating pattern and 

frequency by high speed video microscopy. Low nNO and/or abnormal HSVM 

analysis put PCD as a possible diagnosis. Step 2 includes analysis of the cilia 

ultrastructure by TEM. Identifying an ultrastructural defect of the ciliary 

axonemes by TEM confirms the diagnosis of PCD. Step 3 involves genetic 

testing in cases where TEM analysis showed normal or subtle defects of cilia 

ultrastructure. Genetic testing is also recommended in confirmed PCD cases 

with TEM analysis, to allow further characterization of the underlying defect 

since a single defect identified by TEM such as absent ODAs could be due to 

mutations in a number of different PCD genes.(44, 61, 75, 78)  
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In North America, the American Thoracic Society (ATS) recently 

proposed a different diagnostic algorithm where a panel of diagnostic tests are 

also recommended for PCD diagnosis. The ATS guidelines state that patients 

with clinical features of PCD should be referred for nNO measurement after 

excluding cystic fibrosis (CF). Two measurements showing a low level of nNO 

can diagnose PCD and subsequent genetic testing and/or TEM analysis is 

recommended for further characterization of the underlying defect as this can 

be helpful for the clinical prognosis and may suggest potential future 

therapeutic considerations. In cases where nNO measurement is not available 

or patients are too young to undergo testing, extended genetic testing is 

recommended. PCD diagnosis is confirmed by identifying bi-allelic pathogenic 

variants in a known PCD gene. In cases where the genetic findings are 

incomplete (identifying one pathogenic variant) or no genetic diagnosis was 

reached, TEM analysis should be done to confirm PCD by identifying a ciliary 

ultrastructural defect.(57, 79, 80) Some groups do not recommend using 

HSVM in clinical practice but using it only in research settings.(81, 82) The 

comparison between the ERS and the ATS guidelines is summarized in 

Figure 1-4. 
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Table 1-2 Advantages and disadvantage of PCD diagnostic tests currently used 

Diagnostic test Advantages Disadvantages 

Nasal nitric oxide 

(nNO) 

1. There are guidelines and standardized 

protocols to conduct the test. 

2. Good sensitivity and specificity.   

1. Not suitable for children <6 years. 

2. Small percentage of patients may have 

normal NO levels. 

High speed video 

microscopy (HSVM) 

1. Assesses functional defects of cilia motility. 

2. There is abnormal cilia beating pattern and/or 

frequency in almost all PCD cases.  

1. No standardized protocols and requires 

expertise and sophisticated equipment. 

2. Subtle changes are difficult to be detected. 

Transmission 

electron microscopy 

(TEM) 

1. Assesses cilia ultrastructural defects. A 

hallmark defect confirms PCD diagnosis. 

2. Widely used test and correlates to genetics  

1. In 30% of cases there is no defect on TEM. 

2. Requires well-trained personnel and highly 

sophisticated equipment. 

Genetic testing  1. Overcomes diagnostic delay of other 

methods.  

2. Better characterization of the patients.  

1. In 20-30% of patients, no genetic cause has 

been identified.  

2. Some variants are difficult to be interpreted.  

Immunofluorescence 

staining (IF) 

 

1. Relatively low cost, useful for research.  

2. Several antibodies are commercially 

available. 

1. No standardized protocols. 

2. Cannot confirm diagnosis in many cases.  

The table was adapted from Lucas JS et al 2016.(61)
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Figure 1-4 Summary of the diagnostic pathway for PCD in Europe and North America 

The two most recent PCD diagnostic workflow guidelines follow different step-wise approaches in Europe and North America. Genetic 
testing is considered at step 3 in Europe (the ERS guidelines). In North America (the ATS guidelines), extended genetic panel testing 
is considered as a second step after two measurements of nasal NO and in cases where nNO measurement is not available or not 
possible, genetic testing is considered as the first-tier diagnostic method.   
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1.4 In vivo and in vitro studies of motile cilia 

1.4.1 Model organisms to study motile ciliopathies 

The structure of the motile ciliary axoneme is highly phylogenetically 

conserved across species. Many model organisms and animal models have 

been used to study the biology of motile cilia and the underlying disease 

mechanisms of PCD. They are valuable not only to identify potential candidate 

genes that may be defective in PCD but also for validation of the pathogenicity 

of human mutations.(83) The most popular model systems used to study the 

biology of cilia motility include: unicellular organisms like Chlamydomonas 

reinhardtii, invertebrates like Drosophila melanogaster and vertebrates like 

Dario rerio, Xenopus laevis and Mus musculus.(84) Phylogenetic analysis and 

comparative genomics have been used to identify motile cilia related genes.  

 Chlamydomonas reinhardtii, a unicellular bi-flagellate green alga, 

represents the historically most popular and the premier model organism used 

to study the structure and biology of motile cilia.(85) Isolation of several 

immotile Chlamydomonas mutant strains led to identifying many PCD-causing 

mutations through direct screening for pathogenic mutations in human 

orthologs of the Chlamydomonas potential candidate genes.(81, 86, 87) Other 

organisms like Tetrahymena thermophila and Trypanosoma brucei which are 

easy to be cultured in large numbers, have also provided a wealth of material 

for structural, biochemical and molecular studies, to allow for functional 

characterization of motile cilia related genes.(88-90)  

 Zebrafish Dario rerio is another popular animal model to study cilia 

motility. In zebrafish, motile cilia are found in several tissues including in 

Kupfferôs vesicles (laterality organ of zebrafish embryo), the pronephros, otic 

vesicle and olfactory placode.(91-93) There are several advantages of using 

zebrafish as a model for PCD. Mating cycles yield many embryos for analysis. 

Embryos are transparent with short developmental time allowing the real time 

monitoring and visualization of organ development. The use of anti-sense 
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morpholinos also revolutionized functional characterization of many genes in 

a cheap simple way, despite the arising concerns about their off-target 

effects.(94-99)  

 The mouse Mus musculus is in many ways an ideal animal model to 

study the clinical-pathological consequences of PCD including developmental 

defects and physiological abnormalities e.g. laterality problems and 

mucociliary clearance defects.(60, 83) However, PCD mouse models typically 

develop hydrocephalus leading to a high mortality due to neurological 

complications. This has led to a difficulty in studying respiratory phenotypes in 

PCD mice.(60) This difficulty was overcome, for instance by introducing a 

conditional allele into transgenic mice causing postnatal deletion of Dnaic1, 

avoiding hydrocephalus and allowing studies of the progression of respiratory 

phenotypes.(100)  

An alternate model for studying cilia structure and function is the 

Paramecium tetraurelia, which is a unicellular freely-living organism with a 

large number of motile cilia. With around 4000 cilia, it can provide a wealth of 

material for molecular and structural analysis to study the function of candidate 

genes in PCD, where small changes in cilia beat pattern can alter swimming 

behaviour.(101) Silencing of Paramecium genes by feeding a double-stranded 

RNA is a previously documented, efficient and easy method to knock down 

candidate gene expression.(102) Thus, Paramecium is an ideal unicellular 

model for functional characterization of candidate genes in PCD. This will be 

demonstrated in detail in chapters 4&5.      

1.4.2 In vitro cell culture  

In vitro culturing of multiciliated cells derived from human primary respiratory 

epithelial cells carries a lot of benefits for motile cilia research and PCD 

diagnostics. This provides an ex vivo model that can be used to study the 

molecular biology underlying multiciliogenesis. For diagnostic purposes, it can 

be used to differentiate between primary and secondary ciliary dyskinesia, as 

persistent ciliary dyskinesia after culture indicates that it is a primary defect 

rather than being secondary to something arising from mucus or infection in 
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the sample. Studying cilia beating dysfunction can also be evaluated using in 

vitro cell culture in attempts to study genotype/phenotype correlations.(103-

105)  

 To establish the in vitro airway model, progenitor basal respiratory 

epithelial cells obtained from donors by nasal or bronchial brushing are 

cultured either at an air-liquid interface (ALI) or in a suspension, using 

specialized culture media. In ALI culture, air exposure is essential to initiate 

the differentiation of cells into a multiciliated pseudostratified epithelium 

resembling the airway epithelium. The cells from the brushing are placed onto 

collagen-coated, semipermeable membranes which sit on top of the culture 

medium, exposed to the air at the surface, with the cilia starting to be visible 

from around day 14 of ALI culture.(106) In suspension culture, the cells are 

cultured in the form of non-adherent polarized multicellular spheroids.(107) 

Many studies have used in vitro culture systems to confirm PCD diagnosis in 

difficult cases and to study factors regulating mucociliary differentiation and 

identify motile cilia related genes/proteins and associated molecular 

pathways.(108-110)  

 Fast increasing in popularity is the use of human induced pluripotent 

stem cells (hiPSC), which provide an unlimited source of cells that can be 

derived from patients or genetically engineered to carry mutations identified in 

the patients. They can be used as an in vitro model of PCD to investigate the 

molecular basis of the disease and also to study potential therapies by 

reprogramming them to differentiate to multiciliated cells.(111)  
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1.5 Novel gene discovery strategies in the era of next 

generation sequencing 

Early gene discovery studies in PCD followed the approach of direct 

sequencing of human candidate genes with potential roles in cilia motility 

based on identification of their orthologs in model organisms, then 

subsequently linkage studies and homozygosity mapping were used.(86, 87, 

112) In the past decade, the traditional genetic testing of a single candidate 

gene has been replaced by the massively parallel sequencing of multiple 

genes.(113)  

Due to locus and allelic heterogeneity, next generation sequencing 

(NGS) technology has revolutionized the genetic diagnostics of PCD. Various 

NGS approaches have been used for novel gene discovery in PCD, including 

whole genome sequencing (WGS), whole exome sequencing (WES) and 

targeted multi-gene panel sequencing. This enabled fast and comprehensive 

genetic analysis and subsequently improved and expedited the diagnostic 

process.(56, 78-80, 114) (Figure 1-5 & 1-6)  

With the introduction of NGS, the disease gene identification challenge 

shifts from the technical experiment to the data analysis phase. Tens of 

thousands of variants can be detected in a single NGS experiment. This 

necessitates applying careful, robust strategies for data interpretation and 

variant analysis.(115) Variant prioritization for Mendelian disorders assumes 

that the mutation should have a large impact and therefore should be very rare 

in the general population, with a direct effect on the protein encoded by the 

mutated gene.(116) The American College of Medical Genetics and 

Genomics (ACMG) has developed certain standards and guidelines for the 

interpretation of sequence variants identified by NGS. These guidelines 

described variant classification based on several levels of evidence e.g. 

population frequency, in silico predictions, functional evidence and 

segregation studies.(117) 
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Figure 1-5 Timeline of gene discovery in primary ciliary dyskinesia 

A timeline of gene discovery in PCD that started in 1999 with identifying mutations in DNAI1 using a candidate gene approach. More 
than two thirds of PCD genes were discovered using next generation sequencing techniques, since 2012. Solid white boxed genes 
are published. The 2018 timeline genes are all referred to in the current study, blue boxes refer to newly published genes. Dotted 
white boxes refer to unpublished PCD genes but with functional confirmations. Yellow boxes indicate genes in which variants were 
detected without further functional characterization in this study.  
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Figure 1-6 Next generation sequencing expedites PCD gene discovery 

More than two thirds of known PCD genes were discovered using next 
generation sequencing techniques. This includes targeted sequencing, WES 
and WGS strategies. 
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1.5.1 Whole Genome Sequencing (WGS) 

Whole genome sequencing (WGS) is considered the most comprehensive 

genetic testing. It is a powerful unbiased approach as it sequences the whole 

genome for detection of genetic variants. This approach imposes high cost 

and requires significant computational resources due to the massive data 

obtained. These considerations partially prohibit WGS from being widely used 

in disease-gene identification studies.(118, 119) WGS has the power to 

identify non-coding variants which are not readily studied in PCD. In a very 

recent pre-print, Ellingford et al (2018) presented the benefits of using WGS 

in PCD genetic research as they identified deep intronic variant in DNAH11 in 

a PCD patient, reaching a definitive genetic diagnosis.(120) 

 With the advent of many promising whole genome sequencing 

initiatives like the Genomics England 100,000 Genome Project, it is expected 

that the sequencing costs will be reduced and new computational methods 

will be introduced for data analysis. Projects such as this, aims at sequencing 

of 100,000 whole genomes of NHS patients including patients with rare 

diseases, should greatly accelerate such progress in genomic medicine.(121) 

The use of whole genome sequencing in genetic testing carries the advantage 

of identifying more disease causing variants than other sequencing modalities. 

For example, WGS can identify regulatory and deep intronic variants which 

can also be uncovered through investigating RNA expression by RNA 

sequencing. Moreover, WGS can explicitly rule out other genetic causes e.g. 

novel structural variants which cannot be easily detected by other 

methods.(118, 122)  

1.5.2 Whole Exome Sequencing (WES) 

Whole exome sequencing (WES) is another unbiased powerful sequencing 

strategy that aims at sequencing of the whole complement of the coding exons 

(about 1% of the human genome). Typically, 20 000 to 50 000 variants can be 

detected in a single human exome. This depends on the exome enrichment 

kit used, the sequencing platform and the bioinformatics pipeline used for 
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analysis and variant calling.(115) In many cases, identification of the disease-

causing variants by WES alone is not an easy process and additional 

strategies may be needed e.g. linkage studies, homozygosity mapping. 

  WES is more cost effective and less computationally demanding than 

WGS especially in case of searching for variants in protein-coding 

regions.(122, 123) It has been widely used for identification of many PCD 

genes and in many studies it was preceded or followed by homozygosity 

mapping.(80, 124) 

1.5.3  Targeted multi-gene panel sequencing  

The clinical utility of using NGS for variant detection is highly dependent on 

the ability to accurately isolate the genomic regions of interest. Targeted 

sequencing is more preferred than WGS and WES in the clinical settings as it 

is more affordable and yields higher coverage of the targeted regions.(123, 

125) Moreover, targeted NGS ideally keeps errors due to PCR amplification 

or other sample manipulation to a minimum. There are several enrichment 

strategies currently being used to enrich for the target DNA sequences prior 

to sequencing e.g. emulsion PCR and hybridization-capture approaches.(126)  

Targeted next generation sequencing is increasingly used in PCD 

diagnosis as the ATS guidelines recommend the use of extended gene panel 

screening for genetic testing of PCD patients.(127) This NGS approach was 

used for genetic stratification of PCD patients and novel gene discovery in the 

current study. It will be discussed in detail in the following chapters.  
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1.6 Genetics of PCD 

PCD is generally inherited as an autosomal recessive disease with no 

apparent race or sex bias, though an X-linked form of PCD was recently 

described.(128, 129) Other very rare autosomal dominant and X-linked 

inheritance patterns have also been reported for ciliary dyskinesia-like 

phenotypes.(124, 130) PCD shows high allelic and locus heterogeneity as 

there are 36 genes, mutations in which lead to PCD.(131) To reach a specific 

genetic diagnosis of PCD, the guidelines state that bi-allelic mutations in an 

autosomal recessive state or hemizygous mutation in an X-linked gene should 

be identified.(58)   

In the UK, genetic testing for PCD is currently placed at step 3, following 

the European diagnostic workflow guidelines (Figure 1-4). It is thereby used 

mainly to confirm the diagnosis and to characterize the underlying defect.(78) 

In North America, it is placed earlier in the proposed diagnostic algorithm as 

a second-tier diagnostic testing after nNO measurement. In cases where nNO 

measurement is not available or not suitable to the patients, extended genetic 

screening is considered to be a first line measure within the diagnostic 

workflow.(79) 

Most of the genetic mutations known to cause PCD are of high 

pathogenic impact, being nonsense, frameshift or splice-site mutations while 

missense mutations are less reported.(58, 80) It is thought that the reported 

genetic mutations in known genes account for the disease in about 70% of 

PCD patients.(124, 131)  

Mutations causing PCD have been identified so far in genes encoding 

proteins that are either structural ciliary components essential for motility, 

proteins essential for multiciliogenesis or genes involved in the assembly and 

transport of motile cilia structures.(124, 131) As the basic structure of the cilia 

is highly conserved across species, model organisms such as 

Chlamydomonas reinhardtii played a major role in the study of the genetics 

underlying human ciliopathies, including PCD.(132)  
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 Many of ciliary genes in which mutations cause PCD, are expected to 

encode for protein components of the motility machinery of the cilia and play 

an essential role in cilia motility. To date, these include genes that encode for 

protein components of the outer dynein arm motors (ODAs), components of 

the ODAs docking complex, radial spoke (RS) proteins, protein components 

of the central complex (CC), components of the nexin-dynein regulatory 

complex (N-DRC) and proteins essential for the proper ring-array organization 

of the microtubules and assembly of the IDAs (cilia ruler proteins). There is 

another group of cytoplasmic proteins which are not structural components of 

the cilia but they play a major role in the dynein motor assembly and transport 

to the cilia. Furthermore, there is a group of genes that are essential for 

multiciliogenesis. Mutations in these genes lead to Reduced generation of 

multiple motile cilia (RGMC).(43) Other genes such as RPGR and OFD1, 

when mutated, lead to a syndromic form of defective motile cilia phenotype in 

which additional disease features such as retinitis pigmentosa and 

developmental delay are present.(36, 37, 39) (Figure 1-7 &Table 1-3) 

 In the following pages, I will list the genes known to be linked to PCD. 

I will summarize how each gene was discovered, the phenotype of the affected 

individuals and the results of model organism studies associated with each 

gene.  
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Figure 1-7 Groups of known genes when mutated lead to PCD
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Table 1-3 List of known genes when mutated lead to PCD and associated defects 

Gene Locus Role in axonemal integrity  TEM ultrastructural defect Laterality OMIM# 

DNAI1 9p21-p13 ODA-IC ODA loss Yes 604366 

DNAH5 5p15.2 ODA-HC ODA loss Yes 603335 

DNAI2 17q25 ODA-IC ODA loss Yes 605483 

DNAL1 14q24.3 ODA-LC ODA loss Yes 610062 

TXNDC3 7p14-p13 ODA-IC ODA loss Yes 607421 

DNAH11 7p21 ODA-HC Normal Yes 603339 

CCDC114 19q13.32 ODA-docking complex ODA loss Yes 615038 

ARMC4 10p12.1-p11.23 ODA-docking complex ODA loss Yes 615408 

CCDC151 19p13.2 ODA-docking complex ODA loss Yes 615956 

TTC25 17q21.2 ODA-docking complex ODA loss Yes 617095 

RSPH4A 6q22.1 RS component Mostly normal, CC defects No 612647 

RSPH9 6p21.1 RS component Mostly normal, CC defects No 612648 

RSPH1 21q22.3 RS component Mostly normal, CC defects No 609314 

RSPH3 6q25.3 RS component Mostly normal, CC defects No 615876 

DNAJB13 11q13.4 RS component Mostly normal, CC defects No 610263 

HYDIN 16q22.2 CC component Normal, subtle CC defects No 610812 

STK36 2q35 Between RS head & CC CC defects, lack of BF orientation No 607652 

CCDC164 2p23.3 N-DRC component Normal, N-DRC loss No 615288 

CCDC65 12q13.12 N-DRC component Normal, some MT disorganization No 611088 
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GAS8 16q24.3 N-DRC component Normal, some MT disorganization No 605178 

CCDC39 3q26.33 ? N-DRC component MT disorganization and IDA loss Yes 613798 

CCDC40 17q25.3 ? N-DRC component MT disorganization and IDA loss Yes 613799 

DNAAF2 14q21.3 Cytoplasmic Dynein assembly IDA+ODA loss Yes 612517 

DNAAF1 16q24.1 Cytoplasmic Dynein assembly IDA+ODA loss Yes 613190 

DNAAF3 19q13.42 Cytoplasmic Dynein assembly IDA+ODA loss Yes 614566 

DYX1C1 15q21.3 Cytoplasmic Dynein assembly IDA+ODA loss Yes 608706 

PIH1D3 Xq22.3 Cytoplasmic Dynein assembly IDA+ODA loss Yes 300933 

HEATR2 7p22.3 Cytoplasmic Dynein assembly IDA+ODA loss Yes 614864 

LRRC6 8q24 Cytoplasmic Dynein assembly IDA+ODA loss Yes 614930 

SPAG1 8q22 Cytoplasmic Dynein assembly IDA+ODA loss Yes 603395 

ZMYND10 3p21.3 Cytoplasmic Dynein assembly IDA+ODA loss Yes 607070 

C21orf59 21q22.1 Cytoplasmic Dynein assembly IDA+ODA loss Yes 615494 

CCDC103 17q21.31 ? Dynein attachment IDA+ODA loss Yes 614677 

CCNO 5q11.2 Multiciliogenesis Oligocilia No 607752 

MCIDAS 5q11.2 Multiciliogenesis Oligocilia No 614086 

RPGR Xp11.4 ?? variable ?? 312610 

OFD1 Xp22.2 Centrosomal protein Short rare, disoriented cilia Yes 300170 

The table is adapted from Leigh M et al 2015.(133) TEM; Transmission electron microscopy, OMIM; Online Mendelian Inheritance in 
Man, ODA; Outer dynein arm, IC; Intermediate chain, HC; Heavy chain, LC; Light chain, RS; Radial spokes, CC; Central complex, 
N-DRC; Nexin-dynein regulatory complex, BF; Basal feet, MT; Microtubule, IDA; Inner dynein  arms.
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1.6.1 Outer dynein arm genes 

Outer dynein arms (ODA), the force generators of axonemal motion, are very 

large macromolecular complexes attached to the peripheral microtubules 

doublets. They generate the oscillatory bending motion, or power of the stroke, 

of the axoneme by hydrolysing ATP. The ODA structure is highly evolutionarily 

conserved and it repeats every 24 nm along the length of the axoneme. They 

are composed of heavy, intermediate and light dynein chains. (134, 135) 

Mutations in genes encoding for ODA components lead to cilia ultrastructural 

defects with loss of ODAs and defective cilia motility.  

DNAI1 

In 1999, DNAI1 was described to be the first human gene with identified 

mutations causing PCD, using candidate gene approach based on the high 

evolutionary conservation of the encoded protein and its role as a ciliary 

axonemal structural component across species. Mutations in DNAI1 are 

associated with loss of ODA and cilia immotility. Locus heterogeneity of PCD 

was first demonstrated when mutations in DNAI1 were excluded in patients 

with ODA loss ultrastructural phenotype.(87)  

Further mutation screening studies on DNAI1 expanded its mutation 

spectrum in PCD patients.(136, 137) In a later report, mutations in DNAI1 were 

identified in 10% of a large cohort of PCD patients demonstrating a founder 

effect of one common mutation.(138) Screening of a large Polish PCD cohort 

indicated a worldwide prevalence of DNAI1 mutations of about 7-10% in PCD 

families not preselected for ODA loss.(139) 

DNAH5 

DNAH5 was first considered as a potential candidate gene for PCD through 

homozygosity mapping. Screening of a large consanguineous Arabic family 

with PCD and ODA loss revealed a region of homozygosity by descent on 

chromosome 5p15-p14 where DNAH5 gene is localized.(86) Mutations in its 

Chlamydomonas ortholog oda2 were previously shown to cause slow 
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swimming and similar ultrastructural abnormalities to the defects seen in the 

patients.(140)  

Linkage analysis followed by sequencing of all exons of DNAH5 

identified mutations carried by affected individuals from 8 families with PCD 

and ODA loss. In the same study, in situ hybridization analysis showed 

localization of DNAH5 in the left-right organizer of mouse embryos.(141) 

Moreover, mice deficient for Dnahc5 developed respiratory problems and 50% 

of them had laterality problems.(142)  

Screening of 109 white PCD families, identified mutations in DNAH5 in 

30 families. Absence of DNAH5 from the ciliary axoneme or its presence only 

in the proximal part of the patientsô cilia was shown by immunofluorescence 

staining. DNAH5 mutations were identified in 53% of a pre-selected cohort of 

patients with ODA loss.(143) In another study, mutations in DNAH5 were 

identified in 15% of a clinically heterogeneous group of PCD patients.(144)  

DNAI2 

In 1991, Mitchell and Kang showed that the Chlamydomonas mutant strain 

oda6 which carries mutations in the dynein intermediate chain gene IC69, has 

flagellar immotility associated with loss of ODA.(145) DNAI2 was identified as 

the human ortholog of IC69. Later, DNAI2 expression studies using northern 

blot analysis of various adult human tissues showed expression of DNAI2 in 

the trachea and testes only. However, in this study, DNAI2 mutation screening 

of 12 patients with ODA loss could not identify any mutations.(146)  

In mice, Dnaic2 mRNA expression was found in multiciliated tissue 

including the ovaries, testes and lung.(147) Mutant dnai2 in Medaka fish 

conferred defective cilia motility in the Kupfferôs vesicle causing laterality 

problems.(148, 149) Linkage analysis followed by direct sequencing of DNAI2 

in a large cohort of PCD patients identified loss of function mutations in 3 

families with ODA loss. Immunofluorescence staining of DNAI2 patients 

demonstrated loss of DNAH5 and DNAH9 form the patientsô ciliary 

axoneme.(150)  

 



52 
 

DNAL1 

In 2011, a missense mutation in DNAL1 converting asparagine to serine at 

position 150 was reported in a PCD family with absent ODA. It was shown that 

the mutation affects the stability of the axonemal dynein light chain-1, DNAL1 

and damages its interactions with dynein heavy chains and tubulin.(151) 

Immuno-gold labelling electron microscopy analysis of Chlamydomonas 

flagellar axoneme showed localization of LC1 near the microtubule-binding 

domain (MTBD) of ọ heavy chain dynein.(152)  

Human DNAL1 and mouse Dnal1 were identified as highly conserved 

orthologs to Chlamydomonas axonemal dynein light chain-1 (LC1). Direct 

interaction between DNAH5 and DNAL1 was demonstrated by co-

immunoprecipitation. Expression analysis of DNAL1 in various human tissues 

showed its expression only in testis but not in other tissues where motile cilia 

are not present. In adult mice, Dnal1 was demonstrated to be expressed in 

respiratory epithelium and ependymal lining brain ventricles in addition to the 

node of mouse embryos.(153)  

TXNDC3 (NME8) 

Homozygosity mapping in a large Turkish family with Kartagener syndrome 

identified a candidate locus 7p14.1, which is known to contain the TXNDC3 

gene.(154) Later direct sequencing of 18 exons of the candidate PCD gene, 

TXNDC3 gene in 47 patients (33 with ODA loss, 8 with normal ultrastructure 

and 6 males with infertility due to loss of sperm ODA) revealed nonsense 

mutation and common intronic variant in a compound heterozygous state in 

an affected girl with ODA lost in 66% of her examined respiratory cilia. It was 

shown that the intronic variant affects the ratio of the two TXNDC3 isoforms 

causing reduced expression of TXNDC3d7 isoform.(155)  

TXNDC3, also known as NME8, encodes a thioredoxin nucleoside 

diphosphate kinase, a member of a large family of enzymatic proteins that act 

as protein disulphide reductases. It contains thioredoxin (TRX) and nucleoside 

diphosphate kinase (NDK) domains. TXNDC3 is the human ortholog of the 

sea urchin IC1, a component of sperm outer dynein arms.(156, 157) TXNDC3 
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was also shown to be expressed in human sperm and respiratory 

epithelium.(155, 156)  

DNAH11 

Mutations in DNAH11 were first described in a patient with a combined 

phenotype of cystic fibrosis and PCD with situs inversus totalis. Paternal 

uniparental isodisomy of chromosome 7 was described in this patient who was 

also carrying a homozygous F508del mutation in the CFTR gene. Direct 

sequencing of 82 DNAH11 exons revealed a homozygous nonsense mutation 

in exon 52. Electron microscopy analysis of the patientsô cilia revealed a 

normal axonemal ultrastructure.(158)  

Linkage analysis followed by direct sequencing of DNAH11 exons 

revealed compound heterozygous mutations in a large family with PCD. 

Immunofluorescence staining displayed normal localization of DNAH5 and 

DNAH9 in the patientsô cilia associated with normal axonemal ultrastructure 

by electron microscopy analysis. High speed video microscopy confirmed 

abnormal beating pattern of the patientsô respiratory cilia.(159) Mutant 

Dnahc11 reproduced the human PCD phenotype in mice, which show 

laterality problems, respiratory symptoms, reduced sperm motility and normal 

cilia ultrastructure.(160)  

Screening of 58 unrelated PCD patients with normal ciliary 

ultrastructure identified mutations in DNAH11 in 22% of these patients who 

showed a hyperkinetic cilia beating pattern and reduced waveform 

amplitude.(161) Immunofluorescence staining revealed localization of 

DNAH11 in the proximal part of the respiratory cilia of healthy control.(162) 

Electron tomography showed a loss of >25% of the volume of outer dynein 

arms in the proximal part of cilia from patients with DNAH11 mutations. This 

subtle ultrastructural defect could not be detected by TEM.(163) 
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1.6.2 ODA docking complex genes 

In order to achieve this 24 nm periodicity along the axoneme, ODAs require a 

heterotrimeric docking complex (ODA-DC) to facilitate their anchoring into the 

microtubules.(164) Mutations have been identified in a number of genes 

encoding for protein subunits of ODA-DC, associated with defective cilia 

motility and ODA loss.  

CCDC114 

Whole exome sequencing (WES) in two distantly related affected individuals 

from a large family from Volendam village (North Holland), identified a 

mutation in a consensus splice donor site of exon 7 in CCDC114, leading to 

an intronic insertion of 79 base pairs (bp) and a frameshift in the CCDC114 

protein. Direct sequencing of 44 individuals with either ODA or combined 

IDA+ODA loss led to the identification of another mutation in the consensus 

splice donor of exon 5 in one UK family.(55)  

In a parallel study, whole exome sequencing identified mutations in 

CCDC114 in one out of 6 families with ODA loss. Subsequent direct 

sequencing of CCDC114 in probands of 58 unrelated families with ODA 

defects identified mutations in 5 more families.(165) The Chlamydomonas 

ortholog of CCDC114 is DCC2, a component of the outer dynein arm docking 

complex. In the mutant strains oda1 where DCC2 is lost, ODA docking 

complexes are not assembled and ODAs cannot be attached to the 

microtubules leading to ODA loss.(164, 166) 

ARMC4 

Mutations in the ARMC4 gene were first identified when a custom high-

resolution array-CGH (comparative genomic hybridization) approach was 

used for Copy Number Variations (CNVs) screening in a cohort of ciliopathy 

individuals. A homozygous deletion of 8.4 kb spanning exons 4-7 of ARMC4 

was identified in two affected siblings. Direct sequencing of ARMC4 in 135 

PCD patients with ODA loss led to identifying mutations in ARMC4 in patients 

from 9 more families.(167) It was previously shown that Armc4 is expressed 
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in multiciliated cells with an expression profile similar to that of other ciliary 

genes in mouse.(168, 169)  

In patients with ARMC4 mutations, DNAH5 and DNAI2 are absent from 

the distal cilia but still present proximally. Interestingly, DNAH9 was not absent 

but mislocalized along the whole ciliary axoneme. CCDC114 mutations were 

found to affect the localization of ARMC4, while CCDC114 localization was 

found not to be ARMC4-dependent.(167) The use of whole genome 

sequencing (WGS) for the first time in PCD identified loss of function 

mutations in ARMC4 in a Pakistani family. It was also shown that the ARMC4 

expression is upregulated during multiciliogenesis.(170)  

CCDC151 

Autozygosity mapping and whole exome sequencing identified mutations in 

CCDC151 in 3 unrelated families associated with loss of ODAs. Both 

CCDC114 and ARMC4 were lost in cilia from patients with CCDC151 

mutations. By co-immunoprecipitation, CCDC151 was found to interact with 

CCDC114 but not with DNAI1, DNAI2 and DNALI1.(171) CCDC151 is highly 

conserved across species with motile cilia. It was shown to be associated with 

IFT-dependent dynein assembly in Drosophila. Knockdown of Ccdc151 in 

zebrafish led to laterality defects and renal cyst formation.(172)  

TTC25 

Mutations in the TTC25 gene were identified in two unrelated PCD families 

with ODA loss by homozygosity mapping and whole exome sequencing. 

CRISPR/Cas9 was used to introduce a deletion of Ttc25 exon 2 and 3 in mice 

resulting in small-sized mice, hydrocephalus and laterality problems. 

Mutations in TTC25 led to depletion of CCDC114, ARMC4 and CCDC151 

from the patientsô cilia.(173) Previous studies on Xenopus embryos displayed 

localization of TTC25 at cilia base and along the ciliary axoneme and its 

knockdown led to defective cilia assembly and short fewer cilia.(174)   
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1.6.3 Radial spokes genes 

Radial spokes (RS) are T-shaped multi-protein projections, repeating every 

96 nm periodicity, extending between the peripheral microtubule doublets and 

the central pair complex (CC) to regulate cilia motility.(175) It is believed to 

relay signals from the central pair of microtubules to the dynein arms. 

Mutations in RS genes in Chlamydomonas or PCD patients result in paralyzed 

or abnormally moving cilia, frequently associated will loss of the CC in the 

patientsô cilia.  

RSPH4A 

SNP-based linkage analysis in 7 consanguineous PCD families with central 

complex (CC) abnormalities identified the 6q22.1 locus in 5 families in which 

there was a complete absence of the central pair of microtubules. Mutations 

identified in RSPH4A in this locus and haplotype analysis revealed a common 

ancestral founder RSPH4A mutation in UK-Pakistani families. RSPH4A 

protein was found to be 31% and 30% identical to two Chlamydomonas 

proteins RSP4 and RSP6 respectively.(176) Both RSP4 and RSP6 are known 

to be components of the head of radial spokes in Chlamydomonas.(177)  

Direct screening for RSPH4A mutations in 184 Eastern European 

families with PCD estimated that RSPH4A mutations are responsible for 2-3% 

of PCD patients in the Eastern European population.(178) In another study, a 

splice site mutation was identified in 9 PCD patients from 7 families of Hispanic 

descent, indicating a founder effect in patients from Puerto Rico. None of 

these patients had laterality problems.(179) 

RSPH9 

Linkage analysis in two Bedouin families with PCD and intermittent loss of CC 

in cilia cross sections, identified the 6q21.1 locus which carries RSPH9 as a 

potential candidate gene. Direct screening for RSPH9 mutations identified 

inframe deletion p.Lys268del in both families.(176) In another study, the same 

mutation was identified in another family from Saudi Arabia indicating a 

possible founder effect of this mutation in the Arab Peninsula.(180, 181)  
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RSP9 is the Chlamydomonas ortholog of RSPH9 and it is a component of 

radial spoke head. Chlamydomonas RSP9 mutants (pf17) display immotile 

flagella with loss of radial spoke head.(177, 182) Expression profile of Rsph9 

in mice revealed its enrichment in tissues with motile cilia and in the embryonic 

node. In zebrafish, rsph9 was shown to be expressed in both motile cilia 9+2 

and kinocilia 9+0 and its knockdown yielded defective cilia motility 

phenotype.(176, 183)  

RSPH1 

Human RSPH1 is the ortholog of the Chlamydomonas RSP1 protein, one of 

the protein components of the head of the ciliary radial spokes.(177) 

Homozygosity mapping and WES first identified nonsense mutation in the 

RSPH1 gene in a female PCD patient with a predominant central complex 

(CC) defects, with no mutations in RSPH4A and RSPH9. Further direct 

screening for RSPH1 mutations in 36 unrelated families with CC defect and 

no mutations in RSPH9 and RSPH4A, found 10 families with bi-allelic 

mutations in RSPH1. None of the affected individuals had laterality problems 

and cilia motility displayed a mixed range of dyskinetic beating patterns 

(active, slow, immotile).(184)  

In another study, WES identified splice site mutation in RSPH1 in two 

affected siblings with normal ciliary ultrastructure. Further screening of RSPH1 

in 413 unrelated probands, identified mutations in nine additional families. 

Affected individuals showed milder features of PCD with better lung function 

and higher levels of nasal NO compared to patients with mutations in other 

PCD genes. Their cilia showed abnormal circular beating pattern with normal 

beating frequency.(185) In a parallel study using targeted gene panel 

sequencing in 70 patients with PCD, RSPH1 mutations were identified in two 

families with isolated loss of the ciliary central pairs and no laterality 

defect.(186)   

RSPH3 

Homozygosity mapping and WES first identified nonsense RSPH3 mutations 

in a PCD family with CC defects. In 26 unrelated families with CC defects and 

no mutations in RSPH1, RSPH4A or RSPH9, direct screening for RSPH3 
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mutations identified 4 more families with RSPH3 mutations.(187) RSPH3 is 

the human ortholog of the Chlamydomonas RSP3 protein, which forms a 

dimer that creates the core of the radial spoke stalk.(188) It was shown that 

RSPH3 mutations do not disrupt the localization of RSPH23 (radial spoke 

neck protein), RSPH1 and RSPH4A (radial spoke head proteins) but they lead 

to the depletion of RSPH11 (radial spoke stalk protein) from the ciliary 

axoneme.(187)  

DNAJB13 

WES and homozygosity mapping identified DNAJB13 mutations in two 

unrelated families with PCD and male infertility. TEM analysis of cilia cross 

sections of the affected individuals showed loss of central microtubular 

pairs.(189) DNAJB13 expression was found in mouse tissues with motile cilia 

including testes, lung, oviduct and brain. It was also shown to be present along 

the entire length of the mouse sperm flagellum and localized to the radial 

spokes of the ciliary axoneme.(190, 191)  

1.6.4 Central complex genes 

The central pair complex (CC) is composed of the two single central 

microtubules and the associated network of interconnected projections.(192) 

Nodal monocilia are lacking the central complex and mutations in genes 

encoding for CC protein components do not usually cause laterality problems.   

HYDIN 

In mouse, Hydin was shown to be expressed in the ependymal lining of the 

brain ventricles, the ciliated epithelium of the respiratory system and oviduct 

and in developing spermatocytes. A frameshift mutation in Hydin in hy3 mice 

led to congenital hydrocephalus.(193) In Hydin mutant mice, the ciliary 

axoneme showed a normal ultrastructure apart from lacking a specific 

projection of the central complex. The cilia were unable to bend normally and 

there was a reduced cilia beating frequency.(194) In Chlamydomonas, HYDIN 

was shown to be a component of the central apparatus and its knockdown led 

to short flagella with loss of the C2b projection of the central complex.(195) 
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Homozygosity mapping and WES identified HYDIN mutations in PCD 

patients with no laterality problems. TEM analysis of cilia cross sections 

showed a loss of C2b projections; a similar finding to what was previously 

shown in Chlamydomonas and mice.(196)  

STK36 

WES identified a loss of function mutation in the STK36 gene in a PCD patient 

without laterality problems. TEM analysis of the patient cilia showed loss of 

the central pair and lack of orientation of the basal feet of the cilia.(197) Stk36 

(Fu-/-) knockout mice show hydrocephalus and growth retardation associated 

with respiratory symptoms and infertility. No laterality problems were detected 

in these mice.(198) It was shown that STK36 is present motile cilia with 

probable localization between the radial spoke head and the central complex. 

It interacts with SPAG16 (a central pair component) suggesting a conserved 

role in central pair formation and it also interacts with KIF27 at the base of the 

cilia suggesting a potential function in cilia orientation.(197, 199)  

1.6.5 Nexin-dynein regulatory complex genes 

Nexin-dynein regulatory complexes (N-DRC) are large multi-molecular 

structures composed of at least 13 subunits linking between peripheral 

microtubule doublets.(200) The N-DRC is believed to be an important node 

for orchestrating dynein activity, where the nexin link is critical for transforming 

dynein-driven microtubule sliding into axonemal bending during beat. 

Mutations in different subunits have diverse phenotypic effects on cilia motility 

and the assembly of N-DRC. 

CCDC164/DRC1 

Mutations of DRC1 in Chlamydomonas was shown to have more detrimental 

effects on motility and the assembly of both N-DRC and associated IDAs than 

other known DRC mutants.(201-203) Homozygosity mapping followed by 

direct screening for CCDC164/DRC1 mutations identified mutations in 3 

families with normal cilia cross sections but an almost total absence of N-DRC 

due to defective assembly of the nexin-dynein regulatory complex.(203) 
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CCDC65/DRC2 

Direct sequencing of CCDC65 exons in a cohort of 295 PCD patients identified 

3 patients from two families with loss of function mutations. Normal cilia 

ultrastructure was noted in the patients with 5-15% of cilia cross sections 

showing microtubular disorganization.(98)  In another study, homozygosity 

mapping in a PCD family revealed CCDC65 as the only candidate gene that 

was highly conserved across all species with motile cilia. Direct sequencing of 

CCDC65 exons identified a frameshift mutation in this family.(204) Morpholino 

knockdown of ccdc65/FAP250 in zebrafish yielded a strong ciliopathy 

phenotype (pronephric cysts, laterality defects, body axis curvature and 

hydrocephalus).(98) FAP250, the Chlamydomonas ortholog of human 

CCDC65, is the DRC2 subunit of N-DRC.(205) The Chlamydomonas mutant 

strain ida6 which has a mutation in FAP250/CCDC65 shows motility defect, 

and defective assembly of IDAs and N-DRCs.(206, 207)  

GAS8/DRC4  

WES and targeted sequencing used to screen PCD patients, identified loss of 

function mutations in GAS8. TEM analysis revealed normal ciliary 

ultrastructure with noted mal-alignment of the peripheral doublets or axonemal 

disorganization in about 25.5% of the examined cilia cross sections, with or 

without IDA loss. DRC3/LRRC48 was shown to be lost in GAS8 patientsô cilia 

while CCDC39, DNALI1 and DNAH5 were still localized to the ciliary 

axonemes.(208, 209) It was also found that GAS8 is lost from the motile cilia 

in patients with mutations in DRC1 and DRC2.(203, 204)  

GAS8 expression profiling studies in human tissues showed that GAS8 

is highly expressed in tissues with motile cilia: trachea, lungs and testes.(208)  

In mice, Gas8 mRNA and protein were shown to be predominantly expressed 

in testes more than any other tissue. Gas8 protein was also detected along 

the sperm flagellum and in the cilia of the respiratory and fallopian tube 

epithelium.(210) 
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1.6.6 Molecular Ruler genes 

CCDC39 and CCDC40 proteins were found to form a molecular ruler complex 

that supports the microtubular organization of the ciliary axoneme through 

promoting the accurate spacing of radial spokes along the axoneme with a 

regular 96-nm periodicity.(89)  

CCDC39 

Autozygosity mapping followed by sequencing in English sheepdogs with 

manifestations similar to human PCD identified truncating mutations in the 

CCDC39 gene. TEM analysis of motile cilia from nasal and tracheal brushing 

biopsies from the affected dogs showed disorganization of the axonemal 

microtubule associated with loss of IDAs. Direct sequencing of CCDC39 in 

PCD patients with similar ultrastructural defects to those noted in the dogs, 

identified mutations in CCDC39 in 19 of 50 families screened.(211)  

CCDC39 orthologs were only found in the species with motile cilia and 

its Chlamydomonas ortholog FAP59 was detected in the flagellar proteome. 

In mice, Ccdc39 is highly expressed in tissues with motile cilia and also in the 

embryonic left-right organizer.(109, 168) Mouse ependymal cells carrying 

mutations in Ccdc39 have shortened cilia with microtubular disorganization 

and loss of IDAs.(212) Mutations in CCDC39 in human and Chlamydomonas 

lead to failure of the assembly of several IDA components and N-DRC leading 

to disorganization of microtubules.(211, 213) 

CCDC40 

 Sequencing of CCDC40 identified mutation in PCD patients with microtubular 

disorganization and loss of IDAs.(214) The ciliary ultrastructural defects 

caused by mutations in CCDC39 and CCDC40 are indistinguishable.(215, 

216) Mutations in CCDC40 resulted in lack of DNALI1, GAS8 and CCDC39 

from the ciliary axonemes.(214)  

In mice, mutations in Ccdc40 lead to defective motile cilia phenotypes 

including laterality defects and hydrocephalus. Morpholino knockdown of 

ccdc40 in zebrafish also resulted in laterality problems and a curved body axis 
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indicating a conserved role of CCDC40 in cilia motility.(214) Studies in 

Chlamydomonas showed also that CCDC40 is required for the 

polyglutamylation of tubulin at the proximal part of the flagellum.(213) 

1.6.7 Dynein assembly genes 

Dynein arms are pre-assembled in the cytoplasm and then transported into 

the cilia.(15) This multi-step process requires cofactors and chaperones in 

addition to essential transport agents.(217) As the ciliary axoneme is highly 

conserved across species from the unicellular eukaryotes to mammals (218), 

delineation of the assembly mechanisms of the axonemal dyneins in the 

cytoplasm has been attempted using human genetics and PCD model 

organism studies.(217)  

Mutations in 10 genes, implicated in dynein assembly, have all been 

identified to cause combined loss of inner dynein arms (IDAs) and outer 

dynein arms (ODAs). Interestingly, one protein previously considered for a 

potential role in dynein assembly, CCDC103, has recently been further 

examined and may not be a classic assembly factor.(219) 

KTU/pf13/DNAAF2 

KTU is the first cytoplasmic dynein pre-assembly factor identified in 

humans.(112) It was first analysed using a Medaka fish mutant, leading to 

impaired cilia motility associated with partial or complete loss of IDAs and 

ODAs.(92, 220) A Chlamydomonas mutant strain (pf13) also displays a 

deficiency of axonemal dyneins and immotile flagella.(221) PCD patients in 

whom KTU mutations were identified, presented with typical PCD 

manifestation and situs inversus totalis. High speed video microscopy showed 

complete immotility of the mutant respiratory cilia and sperms. TEM analysis 

revealed combined IDA + ODA loss from the ciliary axoneme.  

It was also shown that HSP70 is one of the main proteins interacting 

with KTU.(112) This finding is consistent with the role of HSP70 in the 

assembly and transport of axonemal proteins.(222) In mouse tracheal 

epithelial cell culture (MTEC), it was shown that KTU expression is Foxj1-
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dependent and that it plays an important role in multiciliogenesis downstream 

to Foxj1.(223)  

LRRC50/DNAAF1  

LRRC50 is the second identified human cytoplasmic dynein assembly factor. 

It harboured the first large genomic deletion found in PCD patients.(224) 

Zebrafish lrrc50 was found to be expressed in all ciliated tissues and gene 

mutations lead to the development of cystic kidney disease with combined 

lack of dynein arms.(225) The Chlamydomonas ortholog, ODA7 plays a role 

in the assembly of the axonemal dyneins and when mutated, leads to IDAs 

and ODAs loss.(226, 227) Mutations of Dnaaf1 in mice cause hydrocephalus 

and postnatal lethality as well as laterality defects and respiratory symptoms. 

Interestingly, DNAH9 was found to be normally distributed in the airway motile 

cilia of the Dnaaf1 mutant mice.(228)  

Genotyping of 373 Chinese patients with neural tube defects (NTDs) 

and 222 matched controls with a multi-gene panel of 281 NTD candidate 

genes revealed 8 rare mutations in DNAAF1.(229) Moreover, it was shown 

that DNAAF1 mutations alter the expression of genes related to neural tube 

closure in the patientsô brain tissues compared to those of healthy 

controls.(229) However, It is still unknown how DNAAF1 mutations can lead 

to the development of neural tube defects. In a forward genetics screening, 

heterozygous loss of function mutations in dnaaf1 were found to predispose 

to testicular germ cell tumour (seminoma). In humans, germline heterozygous 

mutations in DNAAF1 were identified in two families with history of seminomas 

suggesting potential novel tumour suppressor role of DNAAF1.(230) Recently, 

Verity L. Hartill et al (2018) have shown that mutations in DNAAF1 can be 

associated with congenital heart defects in patients with no evidence of 

PCD.(231) These studies suggest that diverse roles can be played by 

DNAAF1. Further work is needed to elucidate these mechanisms and how 

they can interact during development.  
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DNAAF3 

Mutations in DNAAF3 were identified to cause complete absence of DNAH5, 

DNAH9, DNAI2 and DNALI1 from the ciliary axoneme with typical loss of IDAs 

and ODAs as demonstrated by TEM, suggesting that it plays a pivotal role in 

dynein assembly.(232) Mutations of the  Chlamydomonas ortholog (pf22) 

cause immotility of the flagellum and disruption of IDA and ODA 

assembly.(221) Based on the Chlamydomonas model, Mitchison et al (2012) 

showed that abnormalities in the dynein heavy chains (HCs) resulted from 

defective pf22, are less severe than those caused by mutant pf13 (DNAAF2) 

and oda7 (DNAAF1) suggesting DNAAF3 (pf22) plays a role in later stages of 

dynein assembly as it may be required for the dissociation of the co-chaperone 

complex after the accomplishment of the assembly process.(232)  

In situ hybridization studies showed that the zebrafish dnaaf3 is 

expressed in a pattern similar to that of other dynein assembly factors. 

Knockdown of dnaaf3 in zebrafish leads to phenotypes consistent with 

defective cilia motility and PCD including abnormal axis curvature, renal cysts, 

hydrocephalus and laterality defects.(232)  

DYX1C1/DNAAF4 

Mutation screening of DYX1C1 in PCD patients revealed several truncating 

mutations with a prevalent 3.5kb deletion causing loss of exon 7 in Caucasians 

through a likely founder effect. TEM analysis showed partial presence of 

axonemal ODAs with loss of IDAs. HSVM analysis showed some retained cilia 

motility with reduced frequency. DYX1C1 was shown to interact with DNAAF2 

by co-immunoprecipitation study in HEK293 cells. The protein interactome of 

DYX1C1 identified in mouse trachea revealed interactions with many protein 

chaperones including HSP70 and HSP90.(233) Chen et al (2009) were able 

to show the upregulation of DYX1C1 in breast cancer and confirmed its 

interaction with HSP70 and HSP90.(234) Vaughan (2014) proposed a model 

where DYX1C1 interacts with DNAAF2 (KTU/pf13), forming an R2TP-like 

HSP90 co-chaperone complex for dynein assembly.(235)  

Expression of dyx1c1 was demonstrated in ciliated tissues of zebrafish 

embryos, while in adult zebrafish, the highest expression level was detected 



65 
 

in the testes. Knockdown of dyx1c1 led to a phenotype of defective cilia 

motility with abnormal body curvature, laterality defects and kidney cysts. 

Dyx1c1 morphant fish also has shortened cilia of variable degrees suggesting 

a possible role in regulating cilia length. TEM showed combined loss of IDAs 

and ODAs with persistent missing IDAs but with ODAs occasionally 

identified.(97) Tammimies et al (2016) showed that DYX1C1 expression is 

regulated by RFX transcription factors through X-box promoter motifs and that 

knockdown of RFX transcription factors can alter DYX1C1 expression. They 

also showed upregulation of expression of DYX1C1 during ciliogenesis.(236) 

PIH1D3/DNAAF6 

PIH1D3 is the first X-linked gene identified to have a role in dynein assembly 

in humans, with different mutations causing PCD with combined IDA and ODA 

loss.(128, 129) Olcese et al (2016) reported an interaction between PIH1D3 

and DNAI2 (ODA intermediate dynein chain) and proposed that PIH1D3 may 

play a role as a HSP90 co-chaperone in dynein assembly through an 

intermediate protein containing a TPR domain (possibly DNAAF4, in a similar 

fashion to DNAAF2).(128) 

Previously, using Pih1d3-/- mutant male mice Fenglan Dong et al (2014) 

found that Pih1d3 can interact with Hsp70 and Hsp90 and concluded that it is 

essential for the cytoplasmic pre-assembly of the intermediate chains of ODAs 

in mouse sperm. On the other hand, this study could not show any protein 

interactions with Dnaaf1, Dnaaf2 and Dnaaf3.(237)  

HEATR2/DNAAF5 

Mutations in HEATR2 were first identified by Horani et al (2012) as a cause of 

PCD in Amish communities.(238) HEATR2 is a highly conserved protein in 

organisms with motile cilia and flagella.(239) It is a cytoplasmic protein 

essential for ODA assembly as established by knockdown experiments in 

Chlamydomonas and human primary airway epithelial cells.(238)  

It was found that HEATR2 expression is RFX-dependent and it is 

upregulated during ciliogenesis. Knockdown experiments using the 

Drosophila ortholog in adult flies resulted in combined loss of ODAs and IDAs.  
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HEATR2 interacts with DNAI2.(240) These findings confirmed its role in ODA 

assembly while the mechanism underlying IDA loss is still unknown. A recent 

report showed that HEATR2 expression occurs early in ciliogenesis preceding 

known regulatory factors and that it co-localizes with SPAG1 and DNAAF2 to 

form an early dynein pre-assembly complex.(241)   

LRRC6 

Loss of function mutations of LRRC6 were identified in PCD patients with 

combined loss of IDAs and ODAs.(242) LRRC6 protein contains N-terminal 

leucine rich repeats, an LRRcap domain (a motif occurring C-terminal to 

leucine-rich repeats) and a CS-like domain near the C-terminus.(243) It was 

also shown that DNAI1 and DNAH7 are lost from the cilia of PCD patients with 

LRRC6 mutations, but DNAI1 was found to be trapped in the apical cytoplasm 

of ciliated cells implying that LRRC6 plays a role in dynein assembly.(244) 

In zebrafish, mutations in seahorse/lrrc6l affects cilia motility with 

laterally problems and pronephric cyst formation.(95) Moreover, a mutation of 

tilB (LRRC6 ortholog) in Drosophila was shown to cause loss of dynein arms 

and a male sterility phenotype.(245)  

SPAG1 

SPAG1 mutations were found in PCD patients with loss of IDAs and ODAs. It 

was shown that DNAH5 and DNALI1 are absent from the mutant ciliary 

axonemes implying a role of SPAG1 in the pre-assembly of both dynein arms. 

Knockdown of the zebrafish ortholog of SPAG1 leads to motile cilia related 

phenotypes with abnormal body curvature, hydrocephalus and abnormal heart 

looping.(246) It was previously shown that SPAG1 expression is increased in 

pancreatic cancer and that it may promote motility of tumour cells.(247) 

Interactions of SPAG1 with both HEATR2 and DNAAF2 were recently shown, 

suggesting it has a role in the early steps of the cytoplasmic dynein pre-

assembly process.(241) 
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ZMYND10/DNAAF7 

Moore et al (2013) identified ZMYND10 mutations in PCD patients with loss 

of IDAs and ODAs and discovered a putative hypomorphic allele p.Val16Gly 

where significant cilia motility is retained.(248) Immunofluorescence staining 

studies revealed an absence of DNAH5, DNAI2 and DNALI1 from the cilia in 

patients with ZMYND10 mutations.(249) 

Zmynd10 knockout mice show a typical PCD phenotype, indicating a 

possible role of ZMYND10 in regulating early steps of dynein pre-assembly 

through stabilization of DNAI1.(250) Moreover, the expression of Zmynd10 in 

flies is dependent on Rfx and fd3F which are transcription factors regulating 

motile ciliary genes.(243, 251)  

The interaction between ZMYND10 and LRRC6 was confirmed 

supporting their role in the dynein assembly process.(244, 252) A recent report 

identified a novel role for ZMYND10 in the dynein assembly process as a co-

chaperone through conferring specificity of the FKBP8-HSP90 complex 

towards axonemal dynein proteins.(17)  

C21orf59 

TEM analysis of cilia from patients carrying mutations of C21orf59 showed an 

absence of both IDAs and ODAs. Knockdown of c21orf59/fbb18 in zebrafish 

and planaria resulted in motile ciliopathy phenotype with defects of ODA 

assembly. (98) Zebrafish kur mutants with mutated c21orf59 have an evident 

defective cilia motility phenotype. It was also shown that there are interactions 

between c21orf59 and planar cell polarity (PCP) components implying its role 

in cilia polarity. A physical association was also shown between it and Lrrc6 

indicating a role in dynein assembly process.(253)  

CCDC103 

Mutations in CCDC103 were identified to cause PCD with variable loss of IDAs 

and ODAs and thatôs why its encoded protein was considered as a potential 

dynein assembly factor.(254) King et al (2015) have since shown that 

CCDC103 is tightly incorporated in the ciliary axoneme and that it binds 

directly with the microtubules. A model was proposed where CCDC103 forms 
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an array of high-affinity binding sites for the docking of outer dynein arms.(219) 

Recently, a hypomorphic p.His154Pro mutation in CCDC103 frequent within 

the UK-Pakistani PCD patients, was confirmed to affect CCDC103 protein 

oligomerization and to be associated with inconclusive clinical diagnostic 

results.(255)  

1.6.8 Genes essential for multiciliogenesis 

The assembly of motile cilia is regulated by several transcription factors 

including FOXJ1 which is considered as the master multiciliogenesis 

gene.(256) The notch signalling pathway is also among the early regulators 

where reduced activity of this pathway promotes multiciliogenesis over 

mucous cell differentiation.(257) Mutations in PCD patients with 

oligocilia/motile cilia aplasia were identified in MCIDAS and CCNO genes.  

MCIDAS/ MULTICILIN 

MCIDAS is a transcriptional co-activator that was shown to promote 

multiciliogenesis in Xenopus skin and in ex vivo cultures of mouse airway 

epithelium.(73) WES and Sanger sequencing of MCIDAS exons in PCD 

patients with ciliary aplasia, identified loss of function mutations in MCIDAS. 

Mutations in MCIDAS were found to be associated with a severe reduction in 

basal bodies with occasional mislocalization of basal bodies in the cytoplasm. 

MCIDAS mutant cells failed to express CCDC78 which is essential for 

deuterosomes formation.(74) In mice, it was shown that Mcidas acts upstream 

to Foxj1 and that Notch signalling activation inhibits Mcidas expression.(258) 

CCNO 

WES identified homozygous frameshift mutation in CCNO in a large 

consanguineous family of Arab origin. Subsequently, screening for CCNO 

mutations in 3 consanguineous families with homozygous regions spanning 

CCNO, identified mutations in patients with complete absence or marked 

reduction of motile cilia. In vitro culture of the primary epithelial cells obtained 

from the affected individuals, identified a defect in primary multiciliogenesis. 

TEM analysis showed a marked reduction in centrioles and that the basal 
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bodies are mislocalized in the cytoplasm. Expression of ccno was shown to 

be upregulated by mcidas and repressed by notch1 activation during 

multiciliogenesis in Xenopus embryos.(73)  

In Ccno mutant mice, the multiciliated cells fail to generate 

deuterosomes and subsequently this leads to a significant reduction in the 

numbers of multiple motile cilia.(259) Mutations in CCNO were found to be 

associated with a higher incidence of hydrocephalus and female infertility in 

affected individuals.(70) 
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1.7 Aims and Objectives of the study 

Primary ciliary dyskinesia (PCD) is a rare genetic disease with an autosomal 

or X-linked recessive inheritance pattern. The molecular basis of PCD is highly 

variable due to significant locus and allelic heterogeneity. PCD-causing 

mutations have been identified in 36 genes. These are estimated to account 

for the disease in about 70% of PCD patients, indicating additional genes are 

still to be discovered.  

My project rationale was that genetic testing has the potential to 

overcome the diagnostic delay of other cilia-function diagnostic methods 

which are technically challenging, labour intensive and lead to inconclusive 

results in about 30% of cases. By identification of the whole genetic landscape 

of PCD, genetic testing can be developed into a gold standard, potentially 

even sole, test for PCD diagnosis. Genetics offers higher throughput improved 

testing for PCD, better disease management and counselling options for the 

affected individuals and their families and in future, will facilitate novel, 

personalized genetically targeted therapies.  

 In this study, I used targeted next generation sequencing followed by 

molecular, cell biology and model organism studies, to: 

1) Evaluate the use of targeted multi-gene panel sequencing as a 

diagnostic tool for PCD with or without prior testing by other diagnostic 

methods. 

2) Characterize the genetic landscape and the mutation spectrum of PCD 

among patients from various ethnic backgrounds. 

3) Discover and characterize new genes linked to motor dynein assembly 

and transport in human. 

4) Genetically evaluate affected individuals with a milder phenotype within 

the motile ciliopathy spectrum.  

5) Define the genetic causes of combined non-motile and motile ciliopathy 

phenotypes.  
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Chapter 2 Subjects and Methods 
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2.1 Patient Enrolment 

Participants were recruited through the UK national PCD diagnostic and 

management Services (London Royal Brompton Hospital, University Hospital 

Southampton, Leeds General Infirmary, Bradford Royal Infirmary, Birmingham 

Childrenôs Hospital and Leicester Royal Infirmary). Diagnosis of PCD in the 

United Kingdom follows the European Respiratory Society (ERS) guidelines. 

Patients were also recruited by clinical partners in Portugal (Hospital de Santa 

Maria, Centro Hospitalar Lisboa Norte, Lisbon) where PCD diagnosis was also 

confirmed following the ERS guidelines.(78) Arab families with suggestive 

clinical manifestations of PCD were recruited through the clinical collaborators 

in Palestine (Makassed Hospital, East Jerusalem) and Egypt (Alexandria 

University Paediatrics Hospital, Alexandria). TEM analysis for Palestine 

patients was done at PCD unit, University Hospital Southampton. TEM 

analysis for some of the Egyptian patients was done at London Royal 

Brompton Hospital. 

Written informed consent was obtained from all participants or their 

guardians. The study was ethically approved by the London Bloomsbury 

Research Ethics Committee under approval number 08/H0713/82 and from 

the respective ethics committees of the collaborating institutions. It was 

registered at UCL Great Ormond Street Institute of Child Health R&D office as 

project number 11MM03. 
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2.2 Materials 

2.2.1 Equipment 

Name Supplier 

Sorvall Legend RT Refrigerated Centrifuge Thermo Scientific 

Benchtop PCR plate centrifuge Labnet International 

Eppendorf Microcentrifuge ThermoFisher Scientific 

NanoDrop ND-1000 Spectrophotometer Thermo Scientific 

Qubit® 2.0 Fluorometer ThermoFisher Scientific 

MJ Research Tetrad Thermal Cycler GMI 

Agilent 4200 TapeStation Agilent 

NextSeq 550 system  Illumina  

Electrophoresis systems Bio-Rad 

UVP Trans-illuminator  Cole-Parmer 

LSM 710 inverted confocal microscope Zeiss  

CFX96 touch real-time PCR system Bio-Rad 

JEM-1400Flash TEM JEOL 

DM60 Leica microscope Leica Microsystems GmbH 

Innova® 44 Shaking Incubator Eppendorf 

MultiskanÊ FC Microplate Photometer ThermoFisher Scientific 

Trans-Blot SD Semi-Dry Transfer Cell Bio-Rad 

TC20Ê Automated Cell Counter Bio-Rad 

2.2.2 Kits and buffers 

Name Supplier 

Oragene DNA collection kit DNAgenotek 

prepITÈÅL2P reagent DNAgenotek 

Qubit dsDNA assay kit ThermoFisher Scientific 

SureSelectQXT Target Enrichment Kit Agilent Technologies  

Agencourt AMPure XP Kit Beckman Coulter Genomics 

Dynabeads MyOne Streptavidin T1 ThermoFisher Scientific 

1X Low TE Buffer ThermoFisher Scientific 

NextSeq 500/550 High Output Kit v2 (150 
cycles) 

Illumina  

BIOTAQ PCR kit BIOLINE 

10X TAE Buffer Invitrogen 

KAPA HiFi HotStart PCR Kit KAPABiosystems  

6x DNA Loading Dye ThermoFisher Scientific 

ExoSAP-IT PCR Product Cleanup Reagent Affymetrix  

Paraformaldehyde 16% Solution VWR  

Dulbeccoôs Phosphate Buffered Saline ThermoFisher Scientific 

Triton X-100 Sigma-Aldrich 
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Skim Milk Powder Sigma-Aldrich 

Antifade Mounting Medium with DAPI Vector Laboratories 

Dulbecco's Modified Eagle Medium ThermoFisher Scientific 

Fetal Bovine Serum (FBS) ThermoFisher Scientific 

Penicillin-Streptomycin (10,000 U/mL) ThermoFisher Scientific 

Trypsin-EDTA (0.05%), phenol red ThermoFisher Scientific 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

BEBM Basal Medium Lonza 

SingleQuot Kit Suppl. & Growth Factors Lonza 

PureCol, bovine collagen Nutacon 

Lipofectamine 2000/3000 Reagents ThermoFisher Scientific 

Opti-MEM Reduced Serum Medium ThermoFisher Scientific 

RNALater  Sigma-Aldrich  

Trizol  Qiagen  

Omniscript Reverse Transcription Kit Qiagen  

High-Capacity RNA-to-cDNAÊ Kit ThermoFisher Scientific 

iQÊ SYBRÈ Green Supermix Bio-Rad  

SOC Medium  New England BioLabs  

Lysogeny broth (LB) Agar Sigma-Aldrich 

LB Broth Sigma-Aldrich 

QIAprep Spin Miniprep Kit Qiagen  

Plasmid Maxiprep Kit Qiagen  

QIAquick Gel Extraction Kit Qiagen  

Monarch® DNA Gel Extraction Kit New England BioLabs 

Glycerol  Sigma-Aldrich  

cOmpleteÊ, Mini, EDTA-free Protease 
Inhibitor Cocktail 

Roche 

PierceÊ BCA Protein Assay Kit ThermoFisher Scientific 

2x Laemmli Sample Buffer Bio-Rad  

PVDF Membranes for Western Blotting ThermoFisher Scientific 

Bovine serum albumin (BSA) Sigma-Aldrich 

Pierce ECL Western Blotting Substrate ThermoFisher Scientific 

Dynabeads Protein G for 
Immunoprecipitation 

ThermoFisher Scientific 

Anti-FLAG M2 Affinity Gel Sigma-Aldrich 

Bio Herbe de Blé GSE-Vertrieb GmbH 

2.2.3 Eukaryotic cells 

Name Supplier Growth Medium 

HEK293T ATCC DMEM with 10% FBS and 1% P/S 

NHBE-BMI Prof Stephen Hart BEGM or ALI media 
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2.2.4 Bacterial cells 

Strain Supplier Genotype 

JM109 Competent 
Cells 

Promega 

endA1, recA1, gyrA96, thi, 
hsdR17 (rkï, mk+), relA1, 
supE44, ȹ( lac-proAB),[F´traD36, 
proAB, laqIqZȹM15] 

DH5ŬÊ Competent 
Cells 

ThermoFisher 
Scientific 

Fï ū80lacZȹM15 ȹ(lacZYA-
argF) U169 recA1 endA1 hsdR17 
(rKï, mK+) phoA supE44 ɚï thi-1 
gyrA96 relA1 

XL10-Gold 
Ultracompetent Cells 

Agilent 
Technologies 

TetR æ(mcrA)183 æ(mcrCB-
hsdSMR-mrr)173 endA1 supE44 
thi-1 recA1 gyrA96 relA1 lac Hte 
[F´ proAB lacIq ZæM15 Tn10 
(TetR) Amy CamR] 

HT115-DE3 strain 
Paramecium 
Lab, CNRS 

[F-, mcrA, mcrB, IN(rrnD-rrnE)1, 
rnc14::Tn10(DE3 lysogen: 
lavUV5 promoter -T7 
polymerase] 

 

2.2.5 Plasmids 

Vector Transgene Accession No. Supplier 

pcDNA3.1(+)-C-
Myc 

IFT46 NM_001168618.1 Genscript  

pcDNA3.1(+)-C-
eGFP 

C11orf70 NM_032930.2 Genscript  

pcDNA3.1+/C-
(K)-DYK 

C11orf70 NM_032930.2 Genscript  

pcDNA3.1+/C-
(K)-DYK 

IFT74 NM_001099223.2 Genscript  

L4440 
Paramecium 
C11orf70 RNAi  

GSPATG00011350001 
Paramecium 
Lab, CNRS 

L4440 
Paramecium 
DNAH9 RNAi 

GSPATG00011644001 
GSTATG00038424001 

Paramecium 
Lab, CNRS 
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2.2.6 Primary antibodies 

Antigen Antibody 
Host 
species 

Source Application 

Acetylated  
Tubulin 

T7451 Mouse Sigma-Aldrich IF (1:500) 

Acetylated 
Tubulin (Lys40) 

YF488 Mouse Proteintech IF (1:500) 

Conjugated 
Acetylated 
Tubulin 

YF488-
66200 

Mouse Proteintech IF (1:500) 

DNAH5 HPA037470 Rabbit Sigma-Aldrich IF (1:800) 
DNALI1 HPA053129 Rabbit Sigma-Aldrich IF (1:200) 

RSPH4A HPA031196 Rabbit Sigma-Aldrich IF (1:400) 
GAS8 HPA041311 Rabbit Sigma-Aldrich IF (1:500) 
CCDC114 HPA042524 Rabbit Sigma-Aldrich IF (1:500) 
DNAH9 HPA052641 Rabbit Sigma-Aldrich IF (1:500) 

DNAI1 HPA021843 Rabbit 
Cambridge 
Bioscience 

IF (1:200) 

FLAG F1804 Mouse Sigma-Aldrich IB (1:1000) 

IFT74 27334-1-AP Rabbit Proteintech 
IF (1:500) 
IB (1:1500) 

IFT81 11744-1-AP Rabbit Proteintech 
IF (1:200) 
IB (1:500) 

IFT88 13967-1-AP Rabbit Proteintech 
IF (1:200) 
IB (1:300) 

IFT46 HPA037909 Rabbit 
Cambridge 
Bioscience 

IB (1:100) 

DYNC2LI1 15949-1-AP Rabbit Proteintech IF (1:300) 
WDR19 13647-1-AP Rabbit Proteintech IF (1:200) 
TEKT1 18968-1-AP Rabbit Proteintech IF (1:200) 
Polyglutamylated 
Tubulin 

PolyE Rabbit 
A gift from J. 
Cohen 

IF (1:500) 

GFP IgG Rabbit Interchim, France IF (1:500) 
GAPDH G8795 Mouse Sigma-Aldrich IB (1:1000) 

2.2.7 Secondary antibodies 

Antibody  
Host 
Species 

Source Application  

Alexa 488, 594 ï conjugated anti-rabbit 
IgG (H+L) 

Goat Invitrogen  IF (1:1000) 

Alexa 488, 594 ï conjugated Anti-
mouse IgG1 

Goat Invitrogen  IF (1:1000) 

HRP-conjugated Anti-mouse IgG Goat Bio-Rad IB (1:2000) 

HRP-conjugated Anti-rabbit IgG Goat 
Sigma-
Aldrich 

IB (1:2000) 
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2.2.8 Recipes 

Solution Composition 

RBCs lysis buffer  
15.405g Ammonium Chloride (0.144M NH4CL),1.68g 
Sodium Bicarbonate (NaHCO3), up to 2 litres distilled 
water 

Nuclei lysis buffer 
10 mL of 1 M Tris HCl (pH 8.1), 80 mL of 5 M NaCl, 4 mL 
of 0.5M EDTA (pH 7.5-8.0), 100g of Sodium Dodecyl 
Sulphate (SDS), up to 1 L distilled water 

ALI medium 
50:50 BEBM(v/v) + DMEM (v/v) (400mM glucose), 1x 
SingleQuots supplement kit, 100 U/mL penicillin, 100 
mg/mL streptomycin, Retinoic acid (100nM) 

Nonidet-P40 (NP-
40) lysis buffer  

150 mM sodium chloride, 0.5% NP-40, 50 mM Tris, pH 
8.0  

SDS-PAGE 
running buffer  

25 mM Tris, 190 mM glycine, 0.1% SDS, pH 8.3 

Towbin Transfer 
buffer 

25 mM Tris, 190 mM glycine (20% methanol), pH 8.3 

Paramecium Bio 
Herbe de Blé 
(BHB) Medium 
Stock 

50 g BHB powder + 750 ml H2O, Boiled for 15 min, filtered 
on a thick layer of gauze and cotton and then adjust to 1 
L with H2O. Autoclaved at 120°C, for 20 minutes 

Working 
Paramecium BHB 
Medium 

Add 200 ml of stock solution to 1 L of Phosphate (17.5g 
Na2HPO4.12H2O in 1 L H2O) and adjust to 20 L with H2O. 
Autoclave at 120°C, for 20 minutes 

Paramecium 
Drylôs Solution  

20 ml 0.1 M Sodium Citrate, 10 ml 0.1 M NaH2PO4, 10 ml                     
0.1 M Na2HPO4, 15 ml 0.1 M CaCl2 , up to 1 L H2O 
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2.3 Methods 

2.3.1 DNA Extraction 

Genomic DNA was extracted from the whole blood samples collected in tubes 

containing EDTA anticoagulant using the following in-house protocol. All 

recipes are detailed in Section 2.2.8. Each blood sample was mixed with 

equal volume of RBCs lysis buffer and left at room temperature for 10 mins 

then centrifuged at 4000g for 10 mins and the supernatant was discarded 

(repeated twice). The pellet was re-suspended in nuclei lysis buffer, vortexed 

and incubated overnight in a water bath 60 □ C. 1 mL of 5M NaCl and 1 mL of 

chloroform were added and mixed well then centrifuged at 4000g for 30 mins 

with the brake off. The upper layer was transferred to a new tube and 1.2x 

volume of Isopropranolol was added slowly and gently mixed and then 

centrifuged for 5 mins to pellet the DNA. Afterwards, the DNA pellet was 

washed with 70% ethanol and centrifuged for 1 min. The supernatant was 

discarded and the pellet left to dry at room temperature, then the DNA was re-

suspended in nuclease free water.  

Saliva samples were collected using Oragene DNA collection kit. 

Genomic DNA was extracted using an ethanol precipitation protocol and 

prepITÈÅL2P reagent (DNAgenotek) according to the manufacturerôs protocol. 

In brief, the samples were incubated in water bath 50 □ C for an hour, then 

1/25th volume of PT-L2P reagent was added with a vortex applied to mix, 

followed by incubation on ice for 10 mins. Centrifugation followed at 4000g for 

10 mins, then the clear supernatant was transferred to a new tube. The DNA 

was precipitated by adding 1.2x volume of 95% ethanol with high speed 

centrifugation for 10 mins. 1mL 70% ethanol was used to wash the DNA pellet 

and the DNA was re-suspended in nuclease free water.  

DNA concentration was quantified using a Thermo Scientific 

NanoDropÊ 1000 Spectrophotometer. 260/280 and 260/230 ratios were 

recorded to assess the purity of DNA. 

DNA samples were stored in a -20 freezer until further usage. 
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2.3.2 Targeted Next Generation Sequencing 

2.3.2.1 Panel design 

A óMotile ciliomeô panel was designed to include genes that when mutated lead 

to primary ciliary dyskinesia along with other candidate genes selected with 

close relevance to cilia motility based on extensive literature review and 

candidate recommendations from other research groups working on cilia in 

zebrafish (Sudipto Roy, National University of Singapore, Singapore), mouse 

(Cecilia Lo, University of Pittsburgh School of Medicine, USA), Drosophila 

(Andrew Jarman, University of Edinburgh, UK). The motile ciliome panel 

underwent two design iterations. The first design included 651 genes and a 

revised second design included 321 genes halving the number of genes to 

remove repeated genes and to exclude biologically irrelevant genes. (Figure 

2-1 and Figure 2-2, Appendix table A-0-1 and A-0-2) 

Enrichment of the motile ciliome genes was performed using the 

SureSelectQXT Target Enrichment System (Agilent Technologies, Santa 

Clara, CA, USA). The Agilent SureDesign tool was used for panel design to 

capture all coding regions of the included genes and 25 bp at the exon-intron 

boundaries. The total numbers of targets, probes, capture size of each panel 

version and the panel design parameters are summarized in Table 2-1. 

 Table 2-1 NGS multi-gene panel design and mean coverage of targets 

 

 

 651 gene panel 321 gene panel 

Genome Build (H. sapiens, hg19, GRCh37, February 2009) 

Targets  651 321 

Region Coding Exons 

Region Extension  25 bases from 3' end and 25 bases from 5ô end 

Region Size  2.182Mbp 1.265 Mbp 

Total Probes 50630 41785 

Total Probe Size 3.536 Mbp 1.757 Mbp 

Probe Tiling Density  2x 

Probe Strand  Sense 
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Figure 2-1 651 Multi-gene ciliome panel design 

 

 

 

Figure 2-2 321 Multi-gene ciliome panel design 
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2.3.2.2 Library preparation 

Library preparation was performed using the SureSelectQXT Target 

Enrichment Kit (Agilent Technologies) according to the manufacturerôs 

protocol.  

DNA samples were quantified using Qubit dsDNA assay kits 

(ThermoFisher) and then normalized to 25ng/µl in a 10 µl final volume in two 

dilution steps. At first, 2 µl of each DNA sample was used to quantify DNA 

concentration using the Qubit BR (Broad Range) Assay. Each sample was 

diluted with ddH2O (double-deionized water) to achieve 50ng/µl. 2 µl of each 

diluted DNA sample was used to quantify again using the Qubit BR Assay and 

then each sample was diluted with ddH2O to achieve 25ng/µl. 2 µl of each 

diluted DNA sample were used to quantify the sample again using the Qubit 

HS (High Sensitivity) Assay and then the concentrations were adjusted to 

ensure the final concentration is within +/-2ng of 25ng/µl in a final volume of 

10 µl.  

Approximately 50 ng of DNA was used for the enzymatic fragmentation 

and adaptor ligation in a single reaction. In a PCR plate on ice, 17 µl QXT 

buffer, 2 µl of each normalized DNA sample and 2 µl QXT enzyme mix were 

added in this exact order and mixed by pipetting 8-10 times, sealed with dome 

strip caps, vortexed for 20 sec followed by a brief spin and the plate was 

placed into the thermal cycler. For enzymatic fragmentation, the thermal 

cycling protocol included incubation at 45°C for 10 minutes then at 4°C for 1 

min. After fragmentation, 32 µl 1X stop solution was added to each sample, 

the mixture was vortexed for 5 secs followed by a brief spin and incubation at 

room temperature for 1 min. 

AMPure XP beads (Beckman Coulter Genomics) were used for the 

purification of the adaptor-tagged fragmented DNA samples. First, AMPure 

XP beads were taken out from the fridge and left at room temperature for 30 

mins during the fragmentation reaction and vortexed vigorously to ensure 

even distribution of the beads within the solution. 52 µl of beads solution was 

added to each sample, vortexed for 5 sec and incubated at room temperature 

for 5 mins. Afterwards, the plate was put on a magnet for 3-5 mins and the 
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supernatant was removed and discarded. The beads pellets were then 

washed twice with 200 µl 70% ethanol. The samples were dried on a thermal 

cycler at 37°C for 1-3 min with the lid open. 11 µl of nuclease free water was 

added to the pellet, then was vortexed and spun down, incubated at room 

temperature for 2 mins then placed on a magnet for 2 mins. The supernatant 

was then transferred to a new PCR plate.  

For amplification of adapter-tagged libraries, pre-capture PCR 

Reaction mix was prepared with reagents provided within the SureSelectQXT 

Target Enrichment kit. For each sample, a PCR reaction mix was added 

including: 25 µl nuclease free water, 10 µl Herculase II 5× Reaction Buffer, 0.5 

µl 100 mM dNTP Mix (25 mM each dNTP), 2.5 µl DMSO, 1 µl SureSelectQXT 

Primer Mix and 1 µl Herculase II Fusion DNA Polymerase. The thermal cycling 

was performed as follows: 1 cycle for 2 mins at 68°C then 1 cycle for 2 mins 

at 98°C followed by 8 cycles (98°C for 30 sec, 57°C for sec and 72°C for 1 

min) then 1 cycle at 72°C for 5 mins.  

AMPure XP beads were used for purification of the amplified adaptor-

tagged DNA fragments as mentioned above and 13 µl of the supernatant was 

transferred to a fresh PCR plate. 2200 TapeStation and D1000 ScreenTape 

(Agilent life technologies) were used to assess the quantity and the quality of 

the fragmented libraries. 1 µl of samples were mixed with 3 µl of D1000 

reaction buffer. A peak size between 245-325 bp was achieved. (Figure 2-3) 

For hybridization to capture libraries, 500-750 ng of the fragmented 

libraries were used. 5 µl of QXT Fast Blocker Mix was added to wells of DNA 

aliquots and pipetted up and down 8-10X then vortexed high speed for 5 secs 

which was followed by a brief spin. The plate was then transferred to the 

thermal cycler and the QXT Hybridization program was started, consisting of 

the following: 

Segment Number of Cycles Temperatures Time 
1 1 95°C 5 minutes 
2 1 65°C 10 minutes 

3 1 65°C 1minute (PAUSE) 

 
4 

60 
65°C 1 minute 

37°C 3 seconds 

5 1 65°C Hold 
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During the first two segments, a hybridization mix was prepared to 

include 2 µl 25% RNAase block solution, 2 µl of SureSelect Custom capture 

library, 6 µl QXT fast hybridization buffer and 3 µl of nuclease free water for 

each sample. When segment 3 started, the thermal cycler was paused and 

the hybridization mix was added to each sample, mixed by pipetting up and 

down 8-10 X, vortexed, spun down and returned to the thermal cycler to 

resume the program.  

  Dynabeads MyOne Streptavidin (Life Technologies) were used to 

capture the hybridized libraries. Prior to capture, streptavidin beads were 

vortexed vigorously and 50 µl of the beads (used for each hybridized sample) 

were washed three times with 200 µl binding buffer, re-suspended in 200 µl of 

binding buffer then mixed with 30 µl of hybridized sample using plate mixer at 

1800 rpm for 30 mins.  During mixing, wash buffer 2 was pre-warmed on the 

thermal cycler at 65°C (3x 200 µl for each sample). After 30 mins mixing, liquid 

was collected to bottom of wells by swift sharp flicking motion. The plate was 

put onto a magnet for 1 min before removing and discarding the supernatant. 

The beads were then re-suspended in 200 µl wash buffer 1 and mixed by 

pipetting 8-10 X, vortexed for 8 secs then the liquid was collected to the bottom 

of the wells by a sharp flicking motion again. The plate was put on a magnet 

for 1 min before removing and discarding the supernatant. The beads were 

then washed with wash buffer 2 for 3 times with incubation at 65°C for 10 mins 

at each wash. After removal of the supernatant after the final wash, the beads 

were re-suspended in 23 µl nuclease free water and placed on ice. 

For multiplexing of samples in the sequencing run, the captured 

libraries were PCR amplified to add index tags followed by purification using 

AMPure XP beads. The indexing PCR reaction was prepared for each sample 

to include: 13.5 µl Nuclease-free water, 10 µl Herculase II 5× Reaction Buffer, 

0.5 µl 100 mM dNTP Mix, 1 µl Herculase II Fusion DNA Polymerase with 1 µl 

of each P7 and P5 primers. The post-capture PCR program was as follows: 
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Segment Number of Cycles Temperatures Time 

1 1 98°C 2 minutes 

 
2 

 
12 

98°C 30 seconds 

58°C 30 seconds 

72°C 1 minute 

3 1 72°C 5 minutes 

 

After purification using AMPure XP beads as mentioned above, the 

indexed libraries were assessed using 2200 TapeStation and high sensitivity 

D1000 ScreenTape (2 µl of sample mixed with 2 µl of high sensitivity D1000 

buffer) and Qubit high sensitivity dsDNA assay. The peak of DNA fragment 

size was achieved between 325 and 450 bp. (Figure 2-4)  

 

 

 

 

 

 

 

 

 

 



85 
 

 

Figure 2-3 Representative electropherogram showing pre-capture 
analysis of amplified library DNA using the 2200 TapeStation with 

D1000 ScreenTape 

 

 

 

Figure 2-4 Representative electropherogram showing post-capture 
analysis of amplified indexed library DNA using the 2200 TapeStation 

with a High Sensitivity D1000 ScreenTape 
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2.3.2.3 Sequencing 

48 indexed libraries were multiplexed per sequencing run using an Illumina 

HiSeq 2500 and HiSeq PE Rapid Cluster Kit v2 or NextSeq 550 platforms and 

NextSeq 500/550 High Output v2 kit (150 cycles) (Illumina, Inc., CA, USA) 

according to the manufacturerôs protocol. Sequencing was done at the North-

East Thames Regional Genetics Service Laboratories. The quality of the 

sequencing run was assessed during the run using Illumina sequencing 

analysis viewer software. (Figure 2-5) 

2.3.2.4 Data analysis 

Handling of the sequence data to call DNA variants was done by the 

bioinformaticians at the North-East Thames Regional Genetics Service. In 

brief, data in Fastq format from the NextSeq was subject to genome-wide 

alignment to the human genome reference (GRCh37/hg19) using BWA-mem 

(0.6.1-r104), variant calling using Freebayes and variant annotation using 

Alamut-batch (Interactive Biosoftware, Llc., Rouen, France) softwares through 

an in-house pipeline.(260) A search for larger insertion/deletion mutations and 

copy number variants (using ExomeDepth software) was separately 

performed.(261) 

For manual variant filtration and prioritization, VCF files were converted 

to Excel format. Variants were filtered for significance to produce variant lists 

of interest in each patient with a recessive inheritance pattern (homozygous 

or compound heterozygous) and expected minor allele frequency (MAF) of 

<1%. The minor allele frequency was assessed in various control databases 

including ExAc databases, (262) 1,542 individuals in the Born-in-Bradford 

(BinB) cohort of UK South Asians (263, 264) and the almena database of 

genetic variants in Middle East and North African individuals (265). Only 

coding and splicing variants (±5bp from exon-intron junction) were retained. 

In the first analysis, synonymous coding variants were filtered out. In cases 

where no other variants were prioritized, synonymous variants in known PCD 

genes were re-visited and evaluated for possible splicing defects.  
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Variants were evaluated based on their predicted pathogenicity scores 

and impact at the protein level using in silico softwares including Polyphen-2, 

SIFT, Mutation Taster, Human Splicing Finder (HSF) and Combined 

Annotation Dependent Depletion (CADD) scores. The guidelines of the 

American College of Medical Genetics was used for pathogenicity scoring of 

the prioritized variants.(117) (Figure 2-6) In general, Class 3-5 variants 

according to this definition were prioritized for further confirmation and 

segregation studies. 
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Figure 2-5 Representative snapshot of Q-score distribution pane in the 
sequencing analysis viewer software showing the number of reads by 

quality score 

 

 

 

Figure 2-6 Variation filtration and prioritization workflow 
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2.3.3 Sanger confirmation and segregation studies 

2.3.3.1 Primer design 

The Primer-Blast tool within NCBI (www.ncbi.nlm.nih.gov/tools/primer-blast/) 

was used to design specific primers flanking the exon of each prioritized 

variant. The primer pair specificity was checked against the human genome 

reference and their stringency was increased by increasing the number of 

mismatches between the primers and the unintended targets towards the 3ô 

end of the primers.  

2.3.3.2 Polymerase Chain Reaction (PCR) 

Amplification of the DNA fragment harbouring the variant of interest was 

performed using the BIOTAQ PCR kit (BIOLINE) according to the 

manufacturer protocols. In brief, the PCR reaction volume was setup to 25 µl 

reaction through mixing 2.5 µl of 10x NH4 Reaction Buffer, 2 µl of 50mM 

MgCl2 Solution, 2.5 µl of 100mM dNTP Mix and 0.25 µl BIOTAQ enzyme with 

200nM of each forward and reverse primers and 10-100ng of the genomic 

DNA and nuclease free water was added to reach a final volume of 25 µl. The 

thermal cycling conditions were set up to include an initial denaturation step 

at 95°C for 5 mins followed by 40 cycles (denaturation for 30 sec at 95°C, 

annealing for 30 sec with a temperature differs according to the primers Tm 

and extension at 72°C for 1 min per 1kb of the product size), followed by a 

final extension step at 72°C for 10 mins.  

2.3.3.3 Agarose Gel Electrophoresis 

1-2 % of agarose gels were prepared to separate PCR products and confirm 

there was no non-specific amplification. The appropriate amount of agarose 

(Hi-Pure Low EEO agarose, Biogene) was weighed and added to 1x Tris 

Acetic Acid EDTA (TAE) buffer (Invitrogen) enough for the gel tray. This was 

then heated in the microwave to melt the agarose and cooled to approximately 

50°C. 10 mg/ml ethidium bromide was added to a final concentration of 0.2 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/


90 
 

µg/ml then the gel was poured and left to solidify for about 30 mins and then 

placed in a tank and covered with 1x TAE buffer. Samples mixed with a 

loading dye were loaded along with appropriate DNA ladder; either 1kb DNA 

Ladder or 100bp DNA Ladder (Promega). Electrophoresis was carried out at 

140V until the dye was run to a sufficient distance for appropriate band size 

separation. The bands were then visualized by exposure to UV light. 

2.3.3.4 Gel purification  

A clean razor blade was used to cut the desired DNA bands from the agarose 

gel and the Monarch DNA Gel Extraction Kit (New England Biolabs) was used 

to purify DNA according to the manufacturerôs protocol.  

2.3.3.5 PCR cleanup 

PCR products were cleaned up using ExoSAP-IT (Affymetrix) according to the 

manufacturerôs protocol. 10 µl of PCR product was mixed with 2 µl of ExoSAP-

IT and incubated at 37°C for 15 minutes followed by inactivation of ExoSAP-

IT by heating to 80°C for 15 minutes.  

2.3.3.6 Sanger sequencing 

Sanger sequencing of DNA samples from the patients and available family 

members was outsourced at Eurofins Genomics using a Mix2Seq kit. The 

cleaned up PCR products were pre-mixed with 2 µl of the sequencing primer 

at a concentration of 10uM for a final volume of 17 µl.  

2.3.3.7 Visualization and data analysis 

Sequencing data was aligned to the human genome assembly GRCh37 and 

viewed using SnapGene viewer 4.1.9 (GSL Biotech LLC, Chicago, USA) or 

Sequencher software 5.2.4 (Gene Codes Corporation, Ann Arbor, MI, USA). 
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2.3.4 Immunofluorescence staining 

2.3.4.1 Preparation of slides 

Multiciliated epithelial cells were obtained by nasal brushing biopsies 

performed within the clinical diagnostic settings in the collaborating institutions 

by qualified personnel. The brushing samples of patients and normal controls 

were dislodged in serum free medium (M199) (Sigma-Aldrich Co. Ltd., Dorset, 

UK) and a couple of drops from the suspension were added on a glass slide 

using a Pasteur pipette. The slides were left to dry and then transferred to our 

laboratory to be stored at -80°C freezer until needed.  

2.3.4.2 Immunostaining procedures 

Prior to immunostaining, the slides from the patient of interest and a normal 

control were collected from the -80°C freezer and left to defrost. 

Paraformaldehyde 4% was added to the slides and left for 15 mins for fixation. 

5% fat-free skimmed milk powder in a washing buffer (PBS + 0.1% Triton 

solution) was used as a blocking solution for 1 hour, followed by incubation 

with the diluted primary antibodies in a washing buffer for 2 hours at room 

temperature, then diluted Alexa Fluor secondary antibodies were added and 

incubated for 45 minutes. Each step was followed by 3 washes using PBS + 

0.1% Triton solution. The residual solution after washing was removed by 

blotting the edges of each slide using a paper towel and anti-fade mounting 

medium with DAPI (Vector Laboratories Ltd. Peterborough, UK) was added 

then each slide was covered by a coverslip. The slides were left to dry in the 

4°C fridge before imaging.  

2.3.4.3 Confocal imaging and image processing 

Confocal slice images of the patients and control ciliated cells and Z 

projections of the micro-injected Paramecium cells were obtained using Zeiss 

LSM 710 inverted confocal microscope and 63x Plan-Apochromat NA 1.4 WD 

190 um Oil objective with DIC and laser lines for excitations at 405, 488 and 
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594 nm. Images were processed with the ZEN software suite. ImageJ 

software was used to create stacks and montages from 16-bit confocal images 

and to set scale bars.  

2.3.5 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) analysis of the cilia cross sections 

was done whenever available within the diagnostic settings in the 

collaborating institutions. For TEM, nasal brush biopsies were fixed in 4% 

glutaraldehyde followed by processing and quantification according to a 

standard, well-established protocol.(266) 

2.3.6 High Speed Video Microscopy 

Cilia beat frequency and cilia beat pattern were assessed in ciliated epithelial 

cells obtained by nasal brushing then re-suspended in M199 medium by light 

microscopy at 37°C. Cilia beating was recorded using a 100X oil immersion 

lens by high speed video camera within the PCD diagnostic units of the 

collaborating institutions.(267)  

2.3.7 Cell culture 

2.3.7.1 Submerged culture 

HEK293T cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum and 1% Penicillin-Streptomycin 

(10,000 U/mL). Primary normal human bronchial epithelial cells transduced by 

BMI-1 (BȤcellȤspecific Moloney murine leukemia virus integration site 1) were 

grown in bronchial epithelial growth media (BEGM) on PureCol, bovine 

collagen coated cell culture flasks.  
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2.3.7.2 Air-Liquid Interface (ALI) culture 

BMI-1 transduced NBHE cells (NBHE-BMI) in BEGM were seeded on 6.5 mm 

Corning Transwell polyester membrane cell culture inserts (0.4 ɛm pore size) 

at a seeding density of 0.5 X 106 cells/insert. BEGM was also added to the 

basolateral compartment and incubated for 48 hours when the apical and 

basolateral media were removed and ALI medium was added to the 

basolateral compartment only so the apical portions of the cells are exposed 

to air to stimulate multiciliogenesis for about 4 weeks until full ciliogenesis was 

reached with the basolateral ALI medium being changed every 2-3 days.(268, 

269) The ALI medium recipe is detailed in Section 2.2.8. 

2.3.8 RNA extraction 

RNA was extracted from nasal brushing biopsies and from the ALI-culture 

transwell inserts using Trizol reagent (Qiagen Inc., Hilden, Germany). The 

dislodged nasal brushing biopsies or the harvested NBHE-BMI cells were 

centrifuged and medium removed. Samples were homogenized by adding 1 

mL Trizol (per nasal brushing biopsy or 5 X 106 cells), pipetting up and down 

several times then were incubated for 5 mins at room temperature.   0.2 mL 

of chloroform per 1 mL of Trizol reagent was added with vigorous shaking and 

incubation for 2-3 mins, then centrifugation of the samples at 12,000 × g for 

15 minutes at 4°C. The aqueous phase then was removed to a new tube and 

RNA was precipitated using 0.5 mL 100% isopropanol, incubated for 10 mins 

and centrifuged at 12,000 × g for 10 minutes at 4°C. The RNA pellet was 

washed in 1 mL 75% ethanol and left to air dry for 5-10 mins, and then re-

suspended in RNAase free water. The RNA concentration was quantified 

using a NanoDropÊ 1000 Spectrophotometer (Thermo Scientific). 
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2.3.9 Real time quantitative PCR 

2.3.9.1 Preparation of cDNA 

0.5 ï 2 µg of RNA was used for cDNA synthesis using either the Omniscript 

RT kit (Qiagen Inc., Hilden, Germany) or the High Capacity RNA-to-cDNA Kit 

(ThermoFisher Scientific) according to the manufacturersô protocol. All 

reactions were set up on ice to avoid premature cDNA synthesis and to 

minimize the risk of RNA degradation. cDNA samples were stored at -20°C 

until needed.  

2.3.9.2 Real time qPCR 

Primers used for qPCR were designed using the Primer-Blast tool with a 

chosen PCR product size of 80 -150 bp and the primers were designed to 

span exon-exon junctions. Real time PCR was done using the CFX96 

TouchÊ Real-Time PCR Detection System (BIORAD) and the iQ SYBR 

Green Supermix (BIORAD) according to the standard protocol. In brief, each 

PCR reaction was done in triplicate where 100 ng cDNA was mixed with 10 µl 

iQ SYBR Green Supermix and 150nM of each forward and reverse primers, 

with nuclease free water added to a final volume of 20 µl. The thermal cycling 

protocol was setup for a two-step PCR reaction starting with 3 min at 95°C for 

polymerase activation and DNA denaturation followed by 40 cycles of 15 sec 

denaturation at 95°C and 30 sec annealing/extension at 60°C. Melting curve 

analysis was done at 55-95°C (in 0.5°C increments) for 30 secs, to confirm 

the specificity of the primers used. Standard curve were generated separately 

for each gene of interest and the housekeeping genes using serial cDNA 

dilutions of pooled samples to assess the efficiency of PCR reactions. 

2.3.9.3  Data analysis 

Data was analyzed using Bio-Rad CFX Manager 3.1 software (Bio-Rad Labs 

Inc., CA, USA). Relative quantification of gene expression was performed 

using the delta-delta Ct (2-ȹȹCt) method, where target gene expression was 
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normalized to an endogenous housekeeping gene (GAPDH) expression and 

to a calibrator sample (control) as previously described.(270) As each PCR 

reaction was done in triplicates, standard errors of the mean (SEM) represents 

variations between technical replicates. 

2.3.10 Bacterial cell transformation  

Transformation of the competent bacterial cells was performed according to 

the type of cells (listed in section 2.2.4) and the recommended transformation 

protocol from the supplier. Briefly, in general, cells were thawed on ice, about 

50 µl of cells were mixed with 1-100 ng plasmid DNA by flicking the bottom of 

the tube and the mixture then incubated on ice for about 30 mins. Heat shock 

of each tube was performed by placing the tubes into a 42°C water bath for 

30-60 secs and then putting them back on ice for 2 mins. Transformed 

bacterial mixes were grown in 450 mL SOC outgrowth medium (New England 

Biolabs) for an hour in a shaking incubator at 37°C. The cells were then plated 

onto an LB agar plate supplemented with the appropriate antibiotic and 

incubated at 37°C overnight. 

2.3.11 Plasmid purification  

Plasmid DNA purification was performed using the QIAprep Spin Miniprep Kit 

or QIAGEN Plasmid Plus Kit (Qiagen Inc., Hilden, Germany) according to the 

amount of plasmid DNA yield needed. At the start, a single colony was 

inoculated overnight in 5ml LB broth with the appropriate antibiotic at 37°C in 

a shaking incubator. QIAprep Spin Miniprep Kit was used to purify plasmid 

DNA less than 20 µg, or the inoculated culture was used as an input to seed 

the growth of a 200 mL LB culture volume overnight for use with the Plasmid 

Plus Maxi-prep kit for a yield up to 1 mg, according to the manufacturerôs 

protocol. Glycerol stocks were prepared for storage where 500 µl of 

transformed bacterial cells were mixed with 500 µl of 50% Glycerol and stored 

at -80°C in 2 ml Cryo-screw capped tubes. 
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2.3.12 Transfection 

One day prior to transfection, HEK293T cells were seeded at a density of 0.5 

x 106 cells/well in 6-well plates to reach 70-90% confluency at the time of 

transfection.  Lipofectamine 3000 or 2000 (ThermoFisher) was diluted in Opti-

MEM serum- free medium and used for application to the cells according to 

the manufacturerôs protocol. When Lipofectamine 2000 was used, the DNA 

was diluted in Opti-MEM and then the diluted DNA was mixed with the diluted 

Lipofectamine 2000 reagent and left for 10 mins at room temperature then the 

DNA-Lipid complex was added to the cells. When Lipofectamine 3000 was 

used, the required amount of DNA was diluted in Opti-MEM and then P3000 

reagent was added and mixed well, before mixing the diluted DNA with the 

diluted Lipofectamine 3000 reagent and incubating for 10-15 mins before 

transfection. 2.5 µg of DNA was used for transfection per well in a 6-well plate 

and the cells were incubated at 37°C and 5% CO2 for 48 hours. The amount 

of DNA and Lipofectamine used were scaled up/ down according to the 

surface area of the culture plate/dish/flask.   

2.3.13 Western blotting   

2.3.13.1 Sample preparation  

Protein lysates were prepared from both cell culture and from nasal brushing 

biopsies. For preparation of lysates from cell culture, the culture dish was 

placed on ice and the cells were washed with ice-cold 1x PBS then NP-40 

lysis buffer (0.5 % NP-40 in TBS) supplemented with cOmpleteÊ, Mini, EDTA-

free Protease Inhibitor Cocktail (Roche) Tablet/ 10 mL lysis buffer and 

Phosphatase inhibitor Cocktails 2 and 3 (Sigma) were added. Cell scrapers 

were used to scrape the cells off the plate and the suspension was incubated 

at 4°C on an end-over-end shaker for 20mins. The lysate was centrifuged at 

10000 g for 10 mins at 4°C. The supernatant then was transferred to a new 

tube.   
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Nasal brushing biopsies were transferred in RNALater from the 

collaborating institutions. For each sample, RNALater was diluted with an 

equal amount of 1x PBS and centrifuged at 1000 g for 10 mins to pellet the 

cells and discard the supernatant. NP-40 lysis buffer supplemented with 

protease inhibitor cocktail was added and the pellet was homogenized by 

pipetting up and down, then the suspension was incubated at 4°C on an end-

over-end shaker for 20-40 mins. The lysate was centrifuged at 1000 g for 10 

mins at 4°C. The clear supernatant then was transferred to a new tube.   

2.3.13.2  Protein quantification  

Quantification of the protein yield was done by colorimetric assay using a 

Pierce BCA (Bicinchoninic Acid) Protein Assay Kit (ThermoFisher Scientific) 

in a microplate according to the manufacturerôs protocol. In brief, 10-25 µl of 

each protein sample was added to 200 µl working reagent (50:1 BCA reagent 

A: B). Diluted Albumin standard was prepared according to the manufacturerôs 

recommendation and mixed with 200 µl working solution. Samples and 

standards quantification were done in duplicates or triplicates. After incubation 

for 30 mins at 37°C and cooling down to the room temperature, absorbance 

was measured at 562 nm on a Thermo Multiskan Spectrum plate reader.  

2.3.13.3 SDS-PAGE  

Protein samples were mixed with equal volumes of 2x Laemmli Sample Buffer 

(Bio-Rad) and incubated at 95ºC for 5 mins then loaded into either 12% or 4-

20% Mini-Protean TGX Precast Gels (Bio-Rad) submerged in a running buffer 

(25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) along with a colour 

prestained protein standard, broad range (11-245 kDa) (New England 

Biolabs).  

2.3.13.4 Transfer of proteins  

After running the gel for an adequate time, when the dye molecule reached 

the bottom of the gel, the gel was removed from the cast and equilibrated in 
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Towbin transfer buffer for 15 mins. Protein blotting was performed using a 

Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad), onto 

nitrocellulose membrane (previously wetted in the transfer buffer for 15 mins) 

for 15ï30 minutes at 10ï15 V. Thick filter papers were used to enclose a 

gel/membrane sandwich (paper/gel/membrane/paper) with any air bubbles 

first removed within the matrix to ensure a proper and complete transfer.  

2.3.13.5 Membrane blocking and antibodies  

After complete transfer, the membrane was blocked to prevent non-specific 

binding of antibodies to the membrane. Blocking of the membrane was done 

using 3%BSA + 2% Milk power in Tris Buffer Saline Tween20 (TBST) buffer 

and with incubation for 1 hour at room temperature with agitation.  

After blocking, the membrane was incubated with diluted primary 

antibody in an adequate volume of the blocking buffer for 2 hours at room 

temperature or overnight at 4°C with agitation, to ensure that the membrane 

was homogenously covered and to prevent uneven binding of the antibodies.  

The membrane was washed for 15 mins with TBST washing buffer, 5 

mins per wash, to remove any residual primary antibodies. The membrane 

then incubated with diluted HRP-conjugated secondary antibodies for 1 hour 

at room temperature with agitation. This was followed by washing 3 times with 

TBST washing buffer, 5 mins per wash.  

2.3.13.6 Development and imaging  

For detection of horseradish peroxidase (HRP) activity from secondary 

antibodies, Pierce ECL Western Blotting Substrate (ThermoFisher Scientific) 

was used. The membrane was incubated with chemiluminescent substrate (a 

mix of reagents 1 and 2 at 1:1 ratio) for 1 min. The membrane then was 

covered with X-ray film and an automated x-ray developer was used to 

develop the film, or a ChemiDocÊ XRS+ System and Image Lab software 

(Bio-Rad) were used to develop digital images.  
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2.3.14 Affinity purification  

This part of the project was done during a training placement at the Proteomics 

lab, Institute for Ophthalmic Research, University of Tübingen, Germany 

under the supervision of Dr Karsten Boldt.  

2.3.14.1 Immunoprecipitation  

An adequate volume (12.5 µl per one 14cm cell culture dish) of anti-FLAG M2 

Affinity gel (Sigma-Aldrich) was used for immunoprecipitation of FLAG fusion 

proteins (FLAG tagged IFT74 constructs). The required gel volume was mixed 

with 600 µl 1x TBS and centrifuged at 5000 g for 30 secs at 4°C. The 

supernatant was discarded and the gel was mixed with 500 µl of protein lysis 

buffer and centrifuged again. After discarding the supernatant, the gel was 

washed twice with 500 µl wash buffer (150 mM sodium chloride, 0.1% NP-40, 

50 mM Tris, pH 7.4) and mixed with a 2x gel volume of 1x TBS then transferred 

to plugged spin columns.  

The washed anti-FLAG M2 Affinity resin was mixed with an appropriate 

amount of lysate and incubated at 4°C on an end-over-end shaker for 1-2 

hours. The columns were then transferred to new collection tubes, unplugged 

and centrifuged at 100 g for 2-3 sec at 4°C. The flow-through was discarded 

and the resin was washed 3 times with 500 µl wash buffer. The spin columns 

were plugged again and transferred to a new tube. 200 µl of FLAG-elution 

buffer (200 µg/ml FLAG peptide in 1x TBS) was added and the columns were 

closed and incubated at 4°C on an end-over-end shaker for 10 mins. Then, 

the spin columns were unplugged again and centrifuged 1000g for 30 sec at 

4°C.  
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2.3.15 Mass spectrometry  

This part of the project was done during a training placement at the Proteomics 

lab, Institute for Ophthalmic Research, University of Tübingen Germany under 

the supervision of Dr Karsten Boldt.  

2.3.15.1 Chloroform-methanol precipitation 

800 µl methanol was added to 200 µl elute in a 2 ml Eppendorf tube, mixed 

and spin for 20 sec. Next, 200 µl chloroform was added, mixed and spin for 

20 sec and then 600 µl water was added, vortexed for 5 sec and centrifuged 

for 1 min. The aqueous phase (upper layer) was then carefully removed and 

discarded. 600 µl methanol was added, mixed gently and centrifuged for 2 

mins. The supernatant was removed and the pellet was left to air-dry. 

2.3.15.2 Alkylation and tryptic digestion  

The protein pellet was dissolved in 30 µl 50 mM ammonium bicarbonate (19.8 

mg ammonium bicarbonate (Sigma, A6141-25G) dissolved in 5 ml water). 

Then, 4 µl RapiGest stock solution (RapiGest SF surfactant (Waters, 

186001861) in 50 µl water added to 1 mg, homogenized, then stored at 4°C 

up to 4 weeks) was added at a final concentration 0.2%, and  was vortexed 

strongly. 0.75 ɛL of 100 mM DTT (15.4 mg 1,4-dithiothreitol (Merck, 

1.11474.0025) dissolved in 1 ml water) was added and vortexed then 

incubated at 60°C for 10 mins. The samples were cooled down to the room 

temperature and 1 ɛL of 300 mM iodoacetamide (55.5 mg 2-iodacetamide 

(Merck, 8.04744.0025) dissolved in 1 ml water) was added, vortexed and 

incubated at room temperature for 30 mins in complete darkness. 2 ɛL trypsin 

stock solution (1 µg/µl) was added and vortexed, then incubated over night at 

37°C.   

On the second day, the samples were centrifuged for 1 min at 9000 g 

at room temperature. The enzymatic digestion was stopped by applying TFA 

(trifluoracetic acid (Fluka, 40967) diluted in acetonitrile 80% (Sigma, 34967) 
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to a final concentration of 5%). The acidified solution was then added into a 

spin column immediately and incubated for 10 mins at room temperature, then 

centrifuged 16000 g at 22°C for 15 mins. The clear solution (between the 

bottom pellet and the upper oily phase) was transferred to a new tube. The 

peptide samples were then desalted and purified using StageTips and then 

separated by on a NanoRSLC3000 HPLC system (Dionex). The peptides 

were ionized by nano-spray ionization and detected using a LTQ Orbitrap 

Velos mass spectrometer (ThermoFisher Scientific). For identification of 

proteins, the raw spectra was searched against the human SwissProt 

databases using Mascot (Matrix Science, version 2.4.0). The results were 

validated by Scaffold (version 4.0.3, Proteome Software) employing the 

protein prophet algorithm.(271, 272)     

2.3.15.3 Data analysis  

MaxQuant software (a freely available quantitative proteomics software 

package, version 1.5.0.3) was used for identification and label free 

quantification, with a minimum ratio count of 2. The first search peptide 

tolerance was set to 20, the main search peptide tolerance to 4.5 ppm and the 

óre-quantifyô option was selected. For peptide and protein identification the Bos 

Taurus subset of the Uniprot database (Release 2013_09) was used and 

contaminants were detected using the MaxQuant contaminant search. A 

minimum peptide number of 2 and a minimum length of 7 amino acids was 

tolerated. A false discovery rate (FDR) of protein and peptides was set at 1% 

with unique and razor peptides used for quantification.  For statistical analysis 

including ratio, two-sample t-test (with permutation based FDR determination) 

and significance A (with Benjamini-Hochberg based FDR determination) 

calculation and visualization of the data, the freely available Perseus software 

package (version 1.6.1.3) was used.  
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2.3.16 Paramecium studies  

This part of the project was done during a training placement in the 

Paramecium Lab at the Institute for Integrative Biology of the Cell (I2BC) ï 

CNRS, France, under the supervision of Dr Anne-Marie Tassin. Paramecium 

tetraurelia is a unicellular organism that belongs to ciliate phylum. It is 

multiciliated organism (about 4000 cilia)and thus can allow molecular and 

biochemical analyses of potential candidate proteins in PCD.(101) 

2.3.16.1 Phylogenetic analysis  

To identify the orthologs of PCD candidate genes of interest in Paramecium, 

Dr France Koll (from the Paramecium Lab, Institute for Integrative Biology of 

the Cell (I2BC), CEA, CNRS, Univ. Paris Sud, Université Paris-Saclay) used 

the public databases http://cildb.cgm.cnrs-gif.fr/ and 

http://paramecium.cgm.cnrs-gif.fr/. As Paramecium has passed through 3 

whole-genome duplications, we expected to find several orthologs to each 

human candidate gene.(273) 

For the human C11orf70 gene, the Paramecium ortholog was identified 

as GSPATG00011350001. For the human DNAH9, two sequences were 

identified as its orthologs in Paramecium genome corresponding to 

(GSPATG00038423001, GSPATG00038424001, GSPATG00038425001) and 

(GSPATG00011643001, GSPATG00011644001, GSPATG00011645001). 

2.3.16.2 RNAi design 

Each RNAi insert was cloned in the L4440 plasmid between its two convergent 

T7 promotors. HT115 bacteria (E. coli strain lacking RNAase III activity) were 

then transformed with the plasmid. The transformed bacteria containing the 

RNAi were prepared in the Paramecium feeding medium for intake by 

Paramecium tetraurelia.(102) For Paramecium C11orf70 ortholog 

knockdown, 561 bp fragment corresponding to the 5ô part of the gene was 

cloned into the L4440 plasmid. The sequence of C11orf70-RNAi insert was: 

http://cildb.cgm.cnrs-gif.fr/
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5ô-
ATGTAAATTGAATCAGACAATTAAGTTACAAATCAGAGTTACTCTTTTTTT
AGGTAAGAGAATACGATTTTGGATGATAAAAAGTTTATGGAAATATTGTA
GAAATGGGGTCTATAACATAGCATCAAAGTGAGCACATTTTTATTTGATA
TCAAATTTGATCATCTAAATCCAAATCAATTTTTGTTGGATTTATTCAATT
CTAAGGACGTAAGAGGTTCATTGCATTATGTTTCATTTAAATAGAATGTG
TTGCTATCATAGATTAAATTTTAACCTTTGACATGCAAATCCATAAAATTG
GACTTATTCGATAAGTTAACAGAAGATAAAATTGTTGTCAAGGGTCACAT
CAAGTAGTGTTTCGAGGAATAATTTGAAAATATTCAGATAGCTGATGAAT
TACGTAAAGCACTTGTTTTGGAAGATTCGGAACAATATTGTGTATTCAAT
GAAGCTGACAGATAAGAATTATTATTCAAATTATTCCAAATTCTAGTTCT
GGGGGGATAGCTTTGTTAATATGAAGATGAAATACAAGCCTATTTAGAT
TGGACAAAG-3ô. 

For the Paramecium DNAH9 ortholog knockdown, a 737 bp fragment 

was used which was 100% identical to part of the sequence of both the 

identified DNAH9 orthologs. The sequence of the DNAH9-RNAi insert used 

was: 

5ô-
CGTTAGTACTAGAGATTTGTATGGTTACAATTTACCAACAAAGGAATGG
AAAGATGGTTTAGTTTCAAAGGTTTTGAGATCTCTAAGTGAAATTCAAGA
TGTTAATCCTAAATGGATATTACTTGATGGAGATTTAGATGCTAATTGGA
TTGAGTCTATGAATTCAGTGATGGATGACAATAAGATATTGACATTGGC
AAATAATGAAAGAATTCCATTGAAACCACACATGAGAATGCTTTTTGAAA
TCAGAGATCTTCGTTTTGCTACTCCTGCCACAGTGTCTAGAGCTGGTAT
CTTATATATTTCAGATGACAAGGGGTATTAATGGAGAGCCTACGTGAAA
TCATGGGTTAAGAATAACTTTAATGATGATAAATTTAAATAAGATTTACAA
AAACTATTTGATAGATATATTGAAGGTACTTTACTATTCTTAAAGAAACAT
TGTAAGACTTTGATTCCAGTCAATCCAATTTCTATGATTATCTCATTATG
CAAAGCCTTATTGCCATTATTATAAGGAGAAGTGAAGAATATGGAATATC
ATTTCGTGTATTGCTGTGTTTGGGCTATTGGAGGTGTTTTATCTGAAAAA
GACTCCATTGATTATCGTAAAGATTTCTCTAATTGGTGGAAAGGTGAAT
GGAAGACTTCAGTAAAATTCCCAAGTAAGGGTACAGTATTTGATTACTTT
GTTGAATAAAATTCAGAGAATGTTAAATTCGATGAATGGG-3ô. 

2.3.16.3 RNAi by feeding  

The RNAi by feeding experiment was started by transfer of 4 ml of 

Paramecium culture stock to 50 ml bacterized BHB (Bio Herbe de Blé) feeding 

medium supplemented with ɓ-Sitosterol and incubated at 28 □ C for 2 days. 

One day prior to starting the feeding, a colony of HT115 E. coli strain carrying 

an L4440 plasmid with the relevant insert targeting the Paramecium gene of 

interest, was picked from an LB plate containing ampicillin (100 µg/ml) and 

tetracycline (12.5 µg/ml) and inoculated into 10 ml of LB medium 
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supplemented with the same antibiotics (LBAT) placed overnight at 37 □ C in 

the shaking incubator.  

On the day of feeding, the bacterial culture was diluted (1/100) in 10 ml 

fresh LBAT medium and incubated at 37 □ C in a shaking incubator for 2-3 

hours up to an OD (600 nm) of 0.4 to 0.6. 25 µl of IPTG was added to reach 

0.4 mM final concentration and incubated at 37 □ C in a shaking incubator for 

3 hours, then the bacterial culture was centrifuged for 15 mins at 4000 rpm (4 □ 

C), the supernatant was discarded and the pellet was re-suspended in 5-10 

ml BHB medium with ampicillin (without tetracycline, as Paramecium is 

intolerant to it), the concentration then being adjusted to get an OD (600 nm) 

of 0.25-0.3, at which point IPTG (2.5 µl/ml) and ɓ-Sitosterol (2 µl/ml) were 

added.  

The silencing feeding medium remains biologically active for about 24 

hours and that is why feeding medium was prepared the same way everyday 

over the feeding period (1 ï 3 days), to ensure continuous gene silencing. A 

single Paramecium cell was introduced into 200-300 µl of freshly prepared 

silencing feeding medium in a depression slide, and incubated overnight at 

27°C. For the gene silencing to be done over few days, a single cell was 

isolated the next day in the same amount of a fresh silencing medium.  

For mass culture of Paramecium, the cultures were inoculated at a 

density of 40-100 cells/ml and incubated at 27°C without agitation with 

silencing medium replaced everyday freshly prepared, over the period of 

feeding. The cells were then harvested by removing the grass debris by 

filtering the culture through a tight plug of sterilized gauze in a funnel followed 

by centrifugation at 170-200g for 2 mins with the Paramecium pellet then 

washed with Drylôs solution 2-3 times.(274) 

All RNAi knockdown experiments were done Ó 3 times to ensure 

reproducibility of the results. Silencing of the ND7 gene was used as a 

negative control for the silencing experiments as it affects trichocyst 

exocytosis, without affecting cilia motility.(275) 
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2.3.16.4 Paramecium cilia function testing  

To assess the level of gene silencing at the RNA level, from a mass culture of 

Paramecium prepared as described above, total RNA was extracted using the 

RNAeasy Micro kit (Qiagen). 1 ɛg RNA was used to prepare cDNA using 

Superscript IIII (Invitrogen) and random hexanucleotides (Invitrogen). qPCR 

was performed using specific primers as listed in (Table 2-2). Phenotype 

assessment was done after RNAi silencing. 

Table 2-2 Primers used for qPCR to assess the level of knockdown in 
Paramecium 

Gene Forward primer Reverse primer 

GAPDH GAGAGCCGGAAGAGCTGCTA TGGTGGAACTCTGAAGGCCATA 

C11orf70 TGCTCGAAAATATGCAGATAAGGA TGATGGGTTCACAACGACAT 

DNAH9 
TCCAGCACCTAGATCAGGTC CTGGTTTCTTCTCGCTGTCT 

TTCCAGCACCTAGGTCGGGCCA CTGGCTTTTTCTCACTATCC 

 

Paramecium swimming velocity  

To assess Paramecium swimming pattern and velocity, 3 Paramecium cells 

were transferred into a drop of conditioned BHB medium and tracked under 

dark-field microscope using MetaVue software for 10 sec with an image taken 

every 0.3 sec. For image analysis and measurement of the swimming velocity, 

freely available ImageJ software was used.  

Cilia beating frequency  

To assess Paramecium cilia beating frequency after RNAi knockdown 

experiments, high speed video microscopic analysis of silenced Paramecium 

cilia beating was compared to that of the ND7 knockdown control using a 63X 

oil immersion lens on an upright DM60 Leica microscope at 500 frames per 

seconds at 37°C. This analysis was done with Dr Amelia Shoemark at Royal 

Brompton Hospital PCD diagnostic Unit or with Ms Dani Lee at Prof. 

Christopher OôCallaghanôs lab at UCL Great Ormond Street Institute of Child 

Health. The CiliaFA plugin in ImageJ was used to quantify cilia beat frequency 

in Paramecium.(104)  
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Cilia ultrastructure  

Sample fixation and processing was done by Dr Michel Lemullois (at the Paris 

Paramecium lab). Analysis of cilia cross sections was done, blinded to 

knockdown status, with Dr Amelia Shoemark at the Royal Brompton Hospital 

using a digital camera (AMT 16X, Deben UK). The numbers of missing IDA 

and ODA arms was recorded per each cilia cross section both in the silenced 

and control strains.  

Cilia gross morphology  

Immunofluorescence studies of Paramecium were done with Dr Anne 

Aubusson-Fleury (from the Paramecium Lab). Paramecium cells were fixed in 

2% paraformaldehyde in PHEM buffer (Pipes 60mM, Hepes 25 mM, EGTA 

10mM, MgCl2 2mM, adjusted to pH 6.9 with NaOH) for 15 minutes. The cells 

were then permeabilised with 1% Triton X-100 in PHEM for 15 mins and 

washed with PBS/BSA 3% three times. 1:500 polyglutamylated tubulin 

antibodies were used for immunostaining.  

2.3.16.5 Paramecium microinjections  

Paramecium injection was done by Dr Anne-Marie Tassin (at the Paramecium 

Lab). First the Paramecium orthologs of C11orf70 and IFT46 were cloned into 

pPXV-GFP and pZZ-GFP02 plasmids respectively. Linearized plasmids (5 

µg/µl) were microinjected into the macronucleus of ND7-1 mutant cells unable 

to discharge their trichocysts along with plasmid DNA directing the expression 

of wild type ND7 under an inverted Nikon phase-contrast microscope, using a 

Narishige micromanipulation device and an Eppendorf air pressure 

microinjector. The Paramecium cells were left to divide 3-4 times and then 

assessed for the expression of the fluorescent proteins and the ability to 

discharge their trichocysts.  

2.3.16.6 Paramecium deciliation  

The Paramecium cells were incubated with vortexing in 10mM Tris pH 7.4, 

1mM CaCl2, 5% ethanol for 30 sec. 
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2.3.17 Online databases used in this study 

CILDB      http://cildb.cgm.cnrs-gif.fr/  

ParameciumDB         http://paramecium.cgm.cnrs-gif.fr/ 

RNAi off-target tool 

http://paramecium.cgm.cnrs-gif.fr/cgi/tool/alignment/off_target.cgi  

dbSNP build 141    https://www.ncbi.nlm.nih.gov/projects/SNP/  

ExAC                           http://exac.broadinstitute.org/  

Exome Variant Server http://evs.gs.washington.edu/EVS/  

1000Genomes      http://1000genomes.org/  

NCBI Primer-BLAST tool  https://www.ncbi.nlm.nih.gov/tools/primer-blast/  

Human Splicing Finder http://www.umd.be/HSF3/  

SIFT    http://sift.jcvi.org/  

Polyphen-2   http://genetics.bwh.harvard.edu/pph2/  

Mutation Taster  http://www.mutationtaster.org/    

CADD    http://cadd.gs.washington.edu/    

MAPP   

http://mendel.stanford.edu/sidowlab/downloads/MAPP/index.html  

PhastCons    http://compgen.cshl.edu/phast/  

PhyloP            http://compgen.bscb.cornell.edu/phast/help-pages/phyloP.txt  

BLAST/BLOSUM62 https://blast.ncbi.nlm.nih.gov/Blast.cgi  

DGV                                    http://dgv.tcag.ca/dgv/app/home  

OMIM                        http://www.omim.org/  

RefSeq                            http://www.ncbi.nlm.nih.gov/RefSeq  

Ensembl Genome Browser http://www.ensembl.org/index.html  

http://cildb.cgm.cnrs-gif.fr/
http://paramecium.cgm.cnrs-gif.fr/
http://paramecium.cgm.cnrs-gif.fr/cgi/tool/alignment/off_target.cgi
https://www.ncbi.nlm.nih.gov/projects/SNP/
http://exac.broadinstitute.org/
http://evs.gs.washington.edu/EVS/
http://1000genomes.org/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.umd.be/HSF3/
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://www.mutationtaster.org/
http://cadd.gs.washington.edu/
http://mendel.stanford.edu/sidowlab/downloads/MAPP/index.html
http://compgen.cshl.edu/phast/
http://compgen.bscb.cornell.edu/phast/help-pages/phyloP.txt
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://dgv.tcag.ca/dgv/app/home
http://www.omim.org/
http://www.ncbi.nlm.nih.gov/RefSeq
http://www.ensembl.org/index.html
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NCBI    https://www.ncbi.nlm.nih.gov/  

GTEx                                  https://gtexportal.org/home/  

Uniprot                               https://www.uniprot.org/  

IntAct                                  https://www.ebi.ac.uk/intact/  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/
https://gtexportal.org/home/
https://www.uniprot.org/
https://www.ebi.ac.uk/intact/


109 
 

Chapter 3 Deciphering the 

morbid genome of PCD using 

targeted NGS 
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3.1 Introduction 

PCD is generally inherited as an autosomal recessive disease. However, very 

rare autosomal dominant and X-linked inheritance patterns have been 

reported for ciliary dyskinesia-like phenotypes.(124, 128-130) PCD-causing 

mutations have been identified in either structural ciliary genes, genes 

implicated in multiciliogenesis or genes playing a role in other aspects of ciliary 

motility, for example dynein assembly and transport factors.(56, 124) To reach 

a specific genetic diagnosis of PCD, bi-allelic mutations in an autosomal 

recessive state or a hemizygous mutation in an X-linked gene should be 

identified.(58)  Most of the mutations known to cause PCD are of high impact 

in terms of predicted pathogenicity being nonsense, frameshift or splice-site 

mutations whilst missense mutations are less reported.(58, 80)  

The diagnostic workup of PCD is complex and it may require multiple 

testing modalities to confirm diagnosis.(44, 57, 78) This requires obtaining 

specific samples from the patients to study cilia motility and ultrastructure 

through nasal brushing biopsies, or more invasive procedures like bronchial 

biopsies. Recurrent sampling may be required in cases of insufficient samples 

or inconclusive results.(58) This can be inconvenient and traumatic to the 

patients. These tests are expensive, require highly trained personnel and 

sophisticated equipment that are only available in certain specialized 

centres.(76) Genetic testing can overcome these hurdles, as DNA samples 

can be easily obtained from blood or saliva and then transported to any 

laboratory.(124) With identification of the whole genetic landscape of PCD 

possible in the near future, genetics can increasingly be considered as a first-

line diagnostic test.  

Various genetic screening approaches have been used to investigate 

the genetic background of PCD. These include the early single candidate gene 

approach by direct screening of candidates of interest that were highlighted 

from information on their evolutionary conservation and their role in cilia 

motility, arising from protein alignments and functional or mutational studies in 

model organisms. This candidate gene approach led to the discovery of 
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DNAI1 which is the first human gene linked to PCD, as published in 1999.(87) 

Homozygosity mapping and linkage studies used for gene discovery in PCD 

have also been successful.(86, 141) However, due to high genetic 

heterogeneity, the use of next generation sequencing technology from around 

2010 has revolutionized the genetic diagnostics and research in PCD. This 

approach has enabled fast and comprehensive genetic analysis and 

subsequently improved and expedited the diagnostic process, since it 

provides parallel sequencing of targeted gene panels or at a more global 

scale, of the whole exome or genome.(56, 78-80, 114)  

Targeted sequencing is considered to provide inexpensive genetic 

testing with a high read depth of the targeted regions and less of data 

burden.(276) It facilitates data analysis and enables the interpretation of the 

identified sequence variants with minimal chances of incidental findings.(277) 

On the other hand, there are limitations of using this approach for genetic 

diagnosis including the challenge to identify certain variants such as copy 

number variants (CNVs), especially in regions with lower coverage. A certain 

gene of interest implicated in the disease may not be included in the panel 

and to achieve high efficiency, gene panels require extensive literature 

search, curation and continuous updates of the gene list in the panel.(276) 

In this chapter, I will present the diagnostic yield of using custom panel 

sequencing in a large PCD cohort from various ethnic backgrounds. This has 

revealed a striking impact of ethnicity on the genetic stratification of PCD. It 

found that not all PCD mutations are private or family-specific, and there are 

some mutations that occur more frequently in certain ethnicities while other 

more universal mutations were detected in different ethnicities. Genetics has 

not only helped in the diagnosis of PCD, but helped in better characterization 

of the PCD phenotypic paradigm as well. 
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3.2 Results 

3.2.1 Characteristics and ciliary ultrastructural 

phenotypes of the PCD patient cohort enrolled for 

genetic testing 

A total of 180 samples from 175 unrelated families were recruited with 

ethnicities including European, South-Asian, Arab and a smaller group of 

families from other nationalities. The South Asian families were originally from 

Pakistan, India, Bangladesh, Nepal and Sri Lanka. The Arab families included 

families from Egypt, Palestine, Kuwait and Iraq. The other families were from 

Turkey, Chile, Afro-Caribbean, Somalia, West Africa, South Africa, Hong Kong 

and mixed ethnicities. Consanguinity data was self-reported. Parental 

consanguinity was found in 27% of all the families. 25 out of 29 Arab families 

(86%) and 12 out of 35 South-Asian families (34%) were consanguineous. In 

14 families, PCD diagnosis was found to be extremely unlikely based on 

reviewing their standard diagnostic testing results.  In these individuals, no 

variants of interest were prioritized in the screened genes. These families were 

excluded from further analysis. The ethnic breakdown and the consanguinity 

state of the 161 remaining families consistent for PCD affection status is 

shown in Table 3-1. 

Table 3-1 Consanguinity among different ethnicities 

Ethnicity No. of families 
Consanguinity 

Yes No Unknown 

European 74 1 66 7 

South-Asian 35 12 14 9 

Arab 29 25 3 1 

Other 15 7 4 4 

Unknown 8 2 2 4 
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Amongst these 161 families, TEM ultrastructure analysis of the 

respiratory cilia had been performed during the clinical diagnostic workup in 

134 families (83%). Of these 134, as summarized in Table 3-2, PCD was 

confirmed in 97 families (60%) by identifying a ciliary ultrastructural defect and 

was deemed highly suggestive in 37 families (23%) who had a typical PCD 

clinical history but with inconclusive diagnostic results i.e. no ultrastructural 

defect was identified or the defects were not prevalent enough among the 

examined cilia cross sections to confirm the diagnosis. In the final 27 families 

(17%), although their clinical history was highly suggestive of PCD, diagnostic 

TEM analysis had not been performed or results were not available.  

The most commonly identified ultrastructural defect was ODA loss, 

found in 45% of families either alone in 23% (31 families) or combined with 

IDA loss in 22% (30 families). Other reported ultrastructural defects comprised 

microtubular disorganization with or without IDA loss (11%), central 

microtubular complex defects (6%), predominant IDA loss without loss of ODA 

(4%) and a lack of cilia cross sections (5%).  
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Table 3-2 Transmission Electron Microscopy findings and mutations in 
known PCD genes 

TEM (Ultrastructural 
phenotype) 

No. of 
families (%) 

Mutated known 
PCD gene  

(n) 

Inconclusive TEM analysis 
(No apparent defect, or few 
observed defects not enough 
to make a diagnosis) 

37 (28%) 

DNAH11 15 

HYDIN 6 

DNAH5 3 

CCDC103 2 

RSPH1 1 

OFD1 1 

DNAI2 1 

ZMYND10 1 

Outer dynein arm loss 31 (23%) 

DNAH5 17 

DNAI1 3 

ARMC4 2 

DNAI2 1 

CCDC151 1 

SPAG1 1 

PIH1D3 1 

Combined Inner and Outer 
dynein arm loss 

30 (22%) 

LRRC6 5 

DNAAF3 5 

CCDC103 3 

DNAH5 3 

ZMYND10 2 

DYX1C1 1 

DNAAF1 1 

HEATR2 1 

DNAI1 1 

Microtubular disorganization Ñ 
Inner dynein arm loss 

15 (11%) 

CCDC40 6 

CCDC39 5 

CCDC65 1 

RSPH9 1 

RSPH1 1 

Central pair defect 8 (6%) 

RSPH4A 4 

RSPH1 2 

RSPH9 1 

Inner dynein arm loss  6 (4%) 

CCDC103 2 

CCDC164 1 

CCDC40 1 

Lack of cilia cross sections  7 (5%) 

CCNO 2 

MCIDAS 2 

DYX1C1 1 

RPGR 1 
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3.2.2 Targeted NGS yields high diagnostic output in PCD 

patients 

Targeted multi-gene panels were designed to include all known PCD genes 

at the time of panel design and other potential candidates. Variants in known 

PCD genes were identified in 128 of the 161 PCD families (79%) (Figure 3-

1). In 116 of these families (72%), variants identified were either bi-allelic in 

autosomal genes or hemizygous in an X-linked known PCD gene (i.e. 

complete genetic diagnosis was achieved).  The full list of identified variants 

is shown in Table 3-3. The RefSeq accession numbers used for the 

nomenclature of the mutations are listed in Appendix Table A-0-3. Detailed 

data about allele frequency of each identified variant in control databases, 

segregations results, TEM defect, consanguinity and ethnicities of the families 

are shown in Appendix Tables A-0-4 & A-0-5.  

In 12 families (7%) a single variant allele (single heterozygous) was 

found in a known autosomal recessive gene but with no second allele 

identified. Seven of these single heterozygous mutations were protein-

truncating variants and 5 of them had been reported before in PCD patients 

in previous studies. Having one mutant allele despite identified in a known 

PCD gene was considered an incomplete genetic diagnosis; however, all 12 

families were included in further analysis, as their genetic mutations occurred 

in genes which when mutated would cause ultrastructural defects that were 

consistent with the patientsô actual reported TEM results, supporting them as 

likely causal alleles (Table 3-4 and Appendix Table A-0-5). All these variants 

were confirmed by Sanger sequencing and segregated within the families 

whenever DNA samples from family members were available. 

In 13 families (8%), all the known PCD genes were excluded and bi-

allelic variants in candidate genes for PCD were identified. All these variants 

were confirmed by Sanger sequencing and segregated within the families, 

whenever DNA samples from family members were available. Functional 

characterization of these genes and confirming the role of their loss of function 

in causing PCD will be demonstrated later in the following chapters. Table 3-

5 shows a list of variants prioritized in 10 potential PCD candidate genes, 4 of 
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which are further analysed in Chapters 4-6. No functional studies are 

presented for the other 6 putative novel PCD genes and their variants, due to 

time constraints and a lack of patient samples.  

In the remaining 20 families (12%), no putative significant sequence 

variants were identified. PCD diagnosis was confirmed by ultrastructural 

defects in more than half of these patients lacking genetic results (Figure 3-

2).   
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Figure 3-1 Targeted next generation sequencing yields a high 
diagnostic output in PCD patients 

Flow chart of the families enrolled in the study and their genetic diagnostic 
output: 180 samples (from 175 unrelated families) were submitted to next 
generation sequencing using 2 versions of motile Ciliome panels. PCD 
diagnosis was confirmed or highly suggestive in 161 families, complete 
genetic diagnosis with mutations identified in known PCD genes was 
confirmed in 72% of families and in 7% of families, only one mutant allele was 
identified in known PCD gene. 

 

 

 

 

 



118 
 

 

Figure 3-2 Transmission Electron Microscopy findings in families with 
no genetic results 

In 20 families where no putative sequence variants were prioritized, there was 
no TEM analysis done in 6 families. For the other 14 families with TEM results; 
an ultrastructural defect was identified in 11 families (5 families with ODA loss, 
5 families with combined IDA+ODA loss and 1 family with microtubular 
disorganization and IDA loss) while in 3 families, inconclusive TEM results 
were reported. 
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Table 3-3 List of bi-allelic and hemizygous variants in known PCD genes 

Study 
ID 

Gene 
Genomic Coordinates 

(GRCh37) 
c. Nomenclature p. Nomenclature Impact 

Reported 
before 

G001 DNAAF3 
Chr19:55676764 c.296del p.Glu99Glyfs*88 Frameshift - 

Chr19:55673064 - 55673065 c.609_610delinsTGGGA p.Ala204delinsGlyThr Inframe delins - 

G002 DNAH5 
Chr5:13701398 c.13486C>T p.Arg4496* Nonsense (143) 

Chr5:13701426 c.13458_13459insT p.Asn4487fs*1 Frameshift (125, 143) 

G003 RSPH9 Chr6:43638659 - 43638661 c.801_803delGAA p.Lys268del Inframe del (176) 

G004 RSPH4A Chr6:116938246 c.460C>T p.Gln154* Nonsense (176) 

G005 CCDC40 Chr17:78073323 c.3181-3C>G p.? Splice site - 

G006 LRRC6 Chr8:133645009 c.630del p.Trp210Cysfs*12 Frameshift (252) 

G007 CCDC40 
Chr17:78032753 c.1414del p.Arg472Glyfs*3 Frameshift - 

Chr17:78071119 c.3097A>T p.Lys1033* Nonsense (114) 

G008 CCDC40 
Chr17:78063562 c.2712-1G>T p.? Splice acceptor (216) 

Chr17:78013765 c.248del p.Ala83Valfs*84 Frameshift (214) 

G009 DNAAF3 Chr19:55677290 - 55677292 c.162_164delinsG p.Val55Glyfs*28 Frameshift - 

G010 DNAI1 Chr9: 34459053 c.48+2dup p.Ser17Valfs*12 Splice donor (138) 

G011 ZMYND10 Chr3:50381271 c.212T>C p.Leu71Pro Missense - 
G012 CCDC114 Chr19:48805987 c.1093C>T p.Gln365* Nonsense - 

G013 DNAH5 
Chr5:13708395 c.13175T>G p.Phe4392Cys Missense - 

Chr5:13870977 c.3733C>T p.Arg1245Cys Missense - 

G014 DNAI1 Chr9:34514434 c.1612G>A p.Ala538Thr Missense (138) 

G015 RSPH1 Chr21:43906573 c.275-2A>C p.Gly92Alafs*10 Splice acceptor (184) 

G016 DNAI1 Chr9: 34459053 c.48+2dup p.Ser17Valfs*12 Splice donor (138) 

G017 HYDIN 
Chr16:70894739 c.11843C>G p.Pro3948Arg Missense - 

Chr16:70913319 c.10438G>A p.Val3480Met Missense - 

G018 CCDC40 Chr17:78055687-78055691 c.1819_1823delinsT p.Leu607Trpfs*33 Frameshift - 

G019 CCDC103 Chr17:42979917 c.461A>C p.His154Pro Missense (254, 255) 
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G020 DNAH5 
Chr5:13753599 c.10615C>T p.Arg3539Cys Missense (144) 

Chr5:13753399 c.10815del p.Pro3606Hisfs*22 Frameshift (278) 

G021 HYDIN 
Chr16:70989412 c.6182A>G p.Asn2061Ser Missense - 

Chr16:71101211 c.2057C>T p.Ala686Val Missense - 

G022 CCNO Chr5:54528218 c.538dup p.Val180Glyfs*55 Frameshift - 

G023 DNAH5 
Chr5:13817711-13817715 c.6930_6934delinsG p.Asn2310Lysfs*15 Frameshift - 

Chr5:13701426 c.13458_13459insT p.Asn4487fs*1 Frameshift (143) 

G024 RPGR ChrX:38170000 c.646G>T p.Glu216* Nonsense - 

G025 DNAH11 Chr7:21723534 c.5593C>T p.Arg1865* Nonsense - 

G026 DNAH5 Chr5:13829802 c.6261T>G p.Tyr2087* Nonsense - 

G027 DYX1C1 Deletion of exon 7 CNV (233) 

G028 DNAH5 Chr5:13839639 c.5710-2A>G p.Cys1904-Lys1909del Splice acceptor (144) 

G029 DNAH5 
Chr5:13737356 c.11455+5G>A p.? Splice Region - 
Chr5:13829802 c.6261T>G p.Tyr2087* Nonsense - 

G030 RSPH9 Chr6:43638659 - 43638661 c.801_803delGAA p.Lys268del Inframe del (176) 

G031 CCDC65 Chr12:49312106 c.658G>T p.Glu220* Nonsense - 

G032 DNAH11 
Chr7:21675540 c.4552C>T p.Gln1518* Nonsense - 

Chr7:21726874 c.5778+1G>A p.Val1821Thrfs*7 Splice donor (161) 

G033 LRRC6 Chr8:133645009 c.630del p.Trp210Cysfs*12 Frameshift (252) 

G034 PIH1D3 ChrX:106462133 c.266G>A p.Trp89* Nonsense (128) 

G035 OFD1 ChrX:13785391-13785393 c.2745_2747delinsC p.Tyr916Serfs*7 Frameshift - 

G036 DNAH11 
Chr7:21789974 c.8932C>T p.Gln2978* Nonsense - 

Chr7:21599378-21599383 c.853_857delinsG p.Arg285Glufs*22 Frameshift - 

G037 CCDC103 Chr17:42979917 c.461A>C p.His154Pro Missense (254, 255) 

G038 RSPH4A Chr6:116953417 c.1962_1966delinsC p.Asp655Ilefs*83 Frameshift - 

G039 DNAAF3 Chr19:55673053 c.621dup p.Val208Cysfs*12 Frameshift (232) 

G040 DNAH5 
Chr5:13753399 c.10815del p.Pro3606Hisfs*22 Frameshift (278) 

Chr5:13701425-13701426 c.13458_13459insT p.Asn4487fs*1 Frameshift (143) 

G041 DNAH11 
Chr7:21934608 c.13040T>C p.Leu4347Pro Missense - 

Deletion of exons 68-75 CNV - 

G042 DYX1C1 Deletion of exon 7 CNV (233) 
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G043 DNAH5 
Chr5:13753613 c.10601T>C p.Phe3534Ser Missense - 

Chr5:13701425-13701426 c.13458_13459insT p.Asn4487fs*1 Frameshift (143) 

G044 CCDC40 Chr17:78032754-78032755 c.1415del p.Arg472fs3* Frameshift (216) 

G045 DNAH5 Chr5:13886106 c.2710G>T p.Glu904* Nonsense - 

G046 LRRC6 Chr8:133645009 c.630del p.Trp210Cysfs*12 Frameshift (252) 

G047 DNAAF3 Chr19:55677221 c.228+5G>C p.? Splice site - 

G048 DNAAF3 
Chr19:55672025-55672026 c.1030_1031delinsG p.Pro344Glyfs*64 Frameshift - 

Chr19:55670783 c.1273G>T p.Gly425* Nonsense - 

G049 CCDC40 Chr17:78013765 c.248del p.Ala83Valfs*84 Frameshift (214) 

G050 DNAH5 
Chr5:13928248 c.232C>T p.Arg78* Nonsense (143) 

Chr5:13753399 c.10815del p.Pro3606Hisfs*22 Frameshift (278) 

G051 DNAH5 
Chr5:13830872-13830873 c.5890_5894dup p.Leu1966Serfs*9 Frameshift - 

Chr5:13820505 c.6791G>A p.Ser2264Asn Missense (143) 

G052 DNAH5 
Chr5:13708285 c.13285C>T p.Arg4429* Nonsense - 

Chr5:13788830 c.8642C>G p.Ala2881Gly Missense (278) 

G053 SPAG1 Chr8:101226129 c.1519dup p.Ile507Asnfs*5 Frameshift (279) 

G054 DNAH5 
Chr5:13820533 c.6763C>T p.Arg2255* Nonsense - 

Chr5:13770983 c.9480T>A p.Cys3160* Nonsense - 

G055 RSPH4A 
Chr6:116949221 c.1351C>T p.Gln451* Nonsense - 

Chr6:116937902 c.116C>A p.Ser39* Nonsense (179) 

G056 CCDC39 Chr3:180372650-180372652 c.830_831del p.Asn276Lysfs*4 Frameshift (216) 

G057 CCDC103 Chr17:42979917 c.461A>C p.His154Pro Missense (254, 255) 

G058 MCIDAS Chr5:54518828-54518829 c.332_333delinsG p.Ala111Glyfs*22 Frameshift - 

G059 LRRC6 Chr8:133645009 c.630del p.Trp210Cysfs*12 Frameshift (252) 

G060 ARMC4 
Chr10:28257856 c.1233_1234delinsT p.Leu411Phefs*48 Frameshift - 

Chr10:28229509 c.1969C>T p.Gln657* Nonsense (167) 

G061 DNAH5 
Chr5:13845040 c.5177T>C p.Leu1726Pro Missense (280) 

Chr5:13902162 c.1730G>C p.Arg577Thr Missense (143) 

G062 RSPH1 Chr21:43906573 c.275-2A>C p.Gly92Alafs*10 Splice acceptor (184) 

G063 DNAH5 
Chr5:13792147 c.8404C>T p.Gln2802* Nonsense (143) 

Chr5:13830135 c.6249G>A p.Met2083Ile Missense - 
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G064 RSPH4A Chr6:116949326 c.1456G>C p.Ala486Pro Missense - 

G065 DNAH5 Chr5:13753399 c.10815del p.Pro3606Hisfs*22 Frameshift (278) 
G066 DNAH5 Chr5:13841167 c.5557A>T p.Lys1853* Nonsense - 

G067 ARMC4 Chr10:28250600 c.1283C>G p.Ser428* Nonsense - 

G068 CCDC103 Chr17:42979917 c.461A>C p.His154Pro Missense (254, 255) 

G069 CCDC40 
Chr17:78022417 c.712G>T p.Glu238* Nonsense - 

Chr17:78023861 c.940-2A>G p.? splice acceptor (216) 

G070 CCDC40 
Chr17:78013764-78013765 c.248del p.Ala83Valfs*84 Frameshift (214) 

Chr17:78061404 c.2450-2A>G p.? splice acceptor - 

G071 LRRC6 Chr8:133645009 c.630delG p.Trp210Cysfs*12 Frameshift (252) 

G072 DNAH11 
Chr7:21727067 c.5846G>A p.Arg1949Gln Missense - 
Chr7:21940699 c.13380_13383dup p.Ala4462Leufs*22 Frameshift - 

G073 DNAH11 
Chr7:21824139-21824142 c.9581_9582del p.Leu3194Glnfs*10 Frameshift - 

Chr7:21658796 c.4333C>T p.Arg1445* Nonsense - 

G074 DNAH11 
Chr7:21775289 c.7472G>C p.Arg2491Pro Missense - 

Chr7:21747335 c.6565C>T p.Arg2189* Nonsense - 

G075 DNAAF1 Deletion of exon 1,2&3 CNV - 

G076 RSPH1 
Chr21:43906573 c.275-2A>C p.Gly92Alafs*10 Splice acceptor (184) 

Chr21:43906565 c.281G>A p.Trp94* Nonsense (186) 

G077 DNAI2 Chr17:72306303 c.1494+2dup p.? Splice donor - 

G078 CCDC103 Chr17:42979839-42979840 c.383dup p.Pro129Serfs*25 Frameshift (254) 

G079 DNAH5 
Chr5:13753399 c.10815del p.Pro3606Hisfs*22 Frameshift (278) 

Chr5:13758990 c.10384C>T p.Gln3462* Nonsense (278) 

G080 DRC1 Deletion of exons 11,12&13 CNV - 

G081 CCDC39 Chr3:180359783-180359784 c.1871_1872del p.Ile624Lysfs*3 Frameshift - 

G082 CCDC103 Chr17:42978470 c.104G>C p.Arg35Pro Missense (254) 

G083 LRRC6 Chr8:133645203 c.436G>C p.Asp146His Missense (242) 

G084 MCIDAS Chr5:54516635 c.718-1G>A p.? Splice acceptor - 

G085 CCDC151 Chr19:11537077 c.850C>T p.Gln284* Nonsense - 
G086 CCDC40 Chr17:78011940 c.48A>G p.? Synonymous - 

G087 CCDC39 Chr3:180361907 c.1665+1G>T p.? Splice donor - 
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G088 CCDC40 Chr17:78013904 c.387C>G p.Tyr129* Nonsense - 

G089 DNAH5 Chr5:13792231 c.8320T>C p.Trp2774Arg Missense - 
G090 LRRC6 Chr8:133627283 c.974+1G>A p.? Splice donor - 

G091 CCDC40 Deletion of exon 11&12 CNV - 

G092 DNAH5 
Chr5:13737558 c.11258del p.Asn3753Thrfs*5 Frameshift - 

Chr5:13885116-13885117 c.2964_2965del p.Thr990Asnfs*2 Frameshift - 

G093 DNAH5 
Chr5:13753399 c.10815T>G p.Asp3605Glu Missense - 

Chr5:13845060 c.5157C>T p.? Synonymous - 

G094 ZMYND10 Chr3:50380737 c.510+1del p.? Splice donor - 

G095 DNAH5 
Chr5:13820514 c.6782T>G p.Leu2261Arg Missense - 

Chr5:13914037 c.1351C>T p.Gln451* Nonsense - 

G096 CCDC40 
Chr17:78063675 c.2824_2825insCTGT p.Arg942Thrfs*57 Frameshift - 

Chr17:78069149 c.2920C>T p.Gln974* Nonsense - 

G097 RSPH1 Chr21:43906573 c.275-2A>C p.Gly92Alafs*10 Splice acceptor (184) 

G098 CCNO Chr5:54529084 c.263_267dup p.Val90Serfs*6 Frameshift (73) 

G099 ZMYND10 Chr3:50382928 c.83G>A p.Gly28Asp Missense - 

G100 DNAH11 Chr7:21932181 c.12646G>T p.Glu4216* Nonsense - 

G101 DNAH11 
Chr7:21641013 c.3426-1G>A p.? Splice acceptor - 

Chr7:21631042-21631056 c.2514_2528delinsC p.Gln838Hisfs*26 Frameshift - 

G102 CCDC39 Chr3:180359783-180359784 c.1871_1872del p.Ile624Lysfs*3 Frameshift - 
G103 CCDC39 Chr3:180359783-180359784 c.1871_1872del p.Ile624Lysfs*3 Frameshift - 

G104 DNAH11 Chr7:21598487 c.563T>C p.Met188Thr Missense - 
G105 DNAI2 Chr17:72297203 c.883C>T p.Arg295* Nonsense - 

G106 CCDC39 Chr3:180359783-180359784 c.1871_1872del p.Ile624Lysfs*3 Frameshift - 

G107 DNAH11 
Chr7:21659634 c.4438C>T p.Arg1480* Nonsense - 

Chr7:21940815-21940821 c.13494_13500del p.Ser4498Argfs*15 Frameshift - 

G108 DNAH5 
Chr5:13762883 c.10229C>T p.Thr3410Met Missense - 

Chr5:13842004 c.5281C>T p.Arg1761* Nonsense - 
G109 RSPH9 Chr6:43638611 c.760delG p.Arg254Alafs*76 Frameshift - 

G110 CCDC39 Chr3:180337130 c.2182C>T p.Gln728* Nonsense - 

G111 CCDC40 Chr17:78063675 c.2824_2825insCTGT p.Arg942Thrfs*57 Frameshift - 
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G112 DNAH11 Chr7:21940815-21940821 c.13494_13500del p.Ser4498Argfs*15 Frameshift - 

G113 CCDC39 Chr3:180381653 c.210+2T>C p.? Splice donor - 
G114 ZMYND10 Chr3:50380758 c.490C>T p.Gln164* Nonsense - 

G115 DNAH11 
Chr7:21920318 c.12196-2A>G p.? Splice acceptor - 
Chr7:21742391 c.6244C>T p.Arg2082* Nonsense (281) 

G116 CCDC103 Chr17:42979839-42979840 c.383dup p.Pro129Serfs*25 Frameshift (254) 

When only one mutation is reported in the family, this indicates it is a homozygous mutation or hemizygous in an X-linked gene 
(PIH1D3, RPGR, and OFD1). When there are two mutations reported in the family, this indicates a compound heterozygous 
inheritance.  

 

 

 

 

 

 

 

 

 

 



125 
 

Table 3-4 List of single mutant alleles (single heterozygous) in 5 known PCD genes 

Study 
ID 

Gene 
Genomic Coordinates 

(GRCh37) 
c. Nomenclature p. Nomenclature Impact 

Reported 
before 

G117 DNAH5 Chr5:13701426 c.13458_13459insT p.Asn4487fs*1 Frameshift (125, 143) 

G118 DNAH11 Chr7:21726760 c.5665G>T p.Gly1889Trp Missense - 

G119 DNAH11 Chr7:21745115 c.6506C>A p.Ser2169* Nonsense (160) 

G120 HYDIN Chr16:70916766 c.10012G>T p.Glu3338* Nonsense - 

G121 HEATR2 Chr7:794249 c.1048C>T p.Arg350Trp Missense - 

G122 DNAI1 Chr9: 34459053 c.48+2dup p.Ser17Valfs*12 Frameshift (138) 

G123 DNAH11 Chr7:21747434 c.6664C>T p.Arg2222* Nonsense - 

G124 HYDIN Chr16:70917997 c.9805T>G p.Tyr3269Asp Missense - 

G125 HYDIN Chr16:71171147 c.950G>A p.Arg317Gln Missense - 

G126 DNAH5 Chr5:13753399 c.10815del p.Pro3606Hisfs*22 Frameshift (278) 

G127 HYDIN Chr16:70972589 c.6923A>T p.Asp2308Val Missense - 

G128 DNAH5 Chr5:13753399 c.10815del p.Pro3606Hisfs*22 Frameshift (278) 

All the variants listed in this table are single heterozygous with no second mutation identified in these genes in each family.  
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Table 3-5 List of prioritized variants in 10 candidate PCD genes 

Study 
ID 

Gene 
Genomic 

Coordinates 
(GRCh37) 

c. 
Nomenclature 

p. Nomenclature Impact ExAc-MAF 
Functional 

Characterization 

G129 DNAH3 
Chr16:20981269 c.8303A>G p.Glu2768Gly Missense Not in ExAc - 

Chr16:21115787 c.2366+5C>T p.? Splice region 0.000445 - 

G130 WDR19 Chr4:39278645 c.3722C>T p.Pro1241Leu Missense 0.0007830 Done 

G131 DNAH9 
Chr17:11725235 c.8708-2A>G [p.Glu2904Aspfs*53] 

Splice 
acceptor 

3.234e-5 Done 

Chr17:11775054 c.10193G>T p.Arg3398Leu Missense Not in ExAc Done 

G132 CFAP46 
Chr10:134628114 c.7252G>A p.Val2418Ile Missense 0.0002007 - 

Chr10:134692953 c.3982G>A p.Ala1328Thr Missense 0.003138 - 

G133 C11orf70 Ch11:101953902 c.776A>G p.His259Arg Missense 8.242e-06 Done 

G134 CFAP46 
Chr10:134663843 c.5857G>A p.Ala1953Thr Missense 0.0007667 - 

Chr10:134726261 2:c.2397T>G p.Ile799Met Missense 0.01365 - 

G135 DNAH14 Chr1:225195248 c.1107+2T>C P.? Splice donor 0.001004 - 

G136 DNAH2 
Chr17:7674655 c.4370T>G p.Phe1457Cys Missense 0.0006342 - 

Chr17:7630579 c.368G>C p.Gly123Ala Missense Not in ExAc - 

G137 C11orf70 
Chr11:101918589 c.154C>T p.Gln52* Nonsense 1.653e-05 Done 

Chr11:101937308 c.361C>T p.Arg121* Nonsense 8.254e-06 Done 

G138 NME7 Chr1:169292350 c.278+5G>T p.? Splice region Not in ExAc - 

G139 TTC30B Chr2:178417158 c.334C>T p.His112Tyr Missense Not in ExAc - 

G140 IFT74 3 kb genomic deletion encompassing exon 2 CNV - Done 

G141 DNAH9 Chr17:11837266 c.12367G>A p.Asp4123Asn Missense Not in ExAc Done 
When a single mutation is reported in the family, this indicates it is a homozygous mutation. Two mutations indicate compound 
heterozygosity.   
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3.2.3 Genetic landscape of PCD 

Mutations reported in this study were identified among different categories of 

PCD genes. DNAH5 was confirmed as the overall most prevalent single gene 

with mutations identified in 27 families (21%). This was followed by mutations 

in DNAH11 as the second most frequently mutated gene in this cohort where 

mutations were identified in 16 families (13%). The most prevalent mutation 

group (affecting together 49 families (38%) of all families with mutations in 

known PCD genes) were found to affect components of the ODAs (DNAH5, 

DNAH11, DNAI1, and DNAI2). The second most common mutation group 

affects the cytoplasmic dynein assembly factors (CCDC103, LRRC6, 

DNAAF3, ZMYND10, DYX1C1, DNAAF1, PIH1D3, SPAG1, and HEATR2) in 

about 29 families (23%) with mutations in known PCD genes. Mutations in 

CCDC39 and CCDC40 together were identified in 21 families (16%). (Figure 

3-3) 

There was a striking stratification of the genetic basis of disease in 

different ethnicities, clearly detected when the cohort was divided into three 

broad ethnic groups: European, Arabic and South-Asians (primarily 

Pakistani). The most frequently mutated gene was found to be different in 

different population, for example demonstrated by DNAH5 mutations which 

were found in 22 out of 60 families (37%) of European origin, while mutations 

in the same gene were found in only one family of South Asian origin and in 

two Arabic families. LRRC6 and CCDC103 were the most frequently mutated 

genes in South-Asian families (9 out of 25 families (36%)). CCDC39 and 

CCDC40 were the two major mutated genes identified in Arabic families (10 

out of 24 families (42%)). (Figure 3-4) 
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Figure 3-3 Genetic stratification of families with mutations in known PCD genes 

Mutations in DNAH5 are the most frequently identified mutations followed by mutations in DNAH11 then mutations in CCDC40 and 
CCDC39.
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Figure 3-4 Known PCD genes with mutations identified in different 
ethnicities 

A chart summarising the number of families with mutations in different genes 
in three different populations, illustrating that different ethnicities have different 
genetic stratification of PCD patients. Amongst 109 European, Arabic and 
South Asian families, the genes most commonly detected to carry mutations 
are DNAH5 in European families (37%), LRRC6 and CCDC103 in South-
Asian families (36%) and CCDC39 and CCDC40 in Arabic families (42%). 
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3.2.4 Expanding the mutation spectrum in known PCD 

genes 

Homozygous mutations in the previously published autosomal PCD genes 

were found in 58% of unrelated patients (74 families), from all ethnic groups. 

31% of patients (39 families) were found to carry mutations in autosomal 

genes in a compound heterozygous state and in 3 families, hemizygous 

mutations were identified in known X linked genes (PIH1D3, RPGR, and 

OFD1). In 12 families (9%), only one mutant allele was identified (Figure 3-

5). In Arabic (23/24 (96%)) and South-Asian (17/25 (68%)) families the 

majority of mutations in known PCD genes were found to be homozygous. 

Interestingly, homozygous mutations in known PCD genes were identified in 

1/3 of Europeans despite consanguinity having been self-reported in only one 

family of European origin (Figure 3-6).  

167 mutations in known PCD genes that were detected in the total 128 

PCD families, were classified based upon their predicted impact on the 

respective encoded proteins. This included a majority (77%) of predicted 

protein truncating mutations that were consisted of frameshift (32%) and stop-

gain or nonsense (26%) mutations, mutations affecting splicing (15%) and 

copy number variants (CNV, 4%). Inframe deletions or deletion/insertion 

mutations accounted for 2% and missense mutations were about 21% of all 

identified mutations (Figure 3-7). Appendix Table A-0-6 summarize the in 

silico predications of the impact of missense mutations in Polyphen, SIFT, 

Mutation Taster softwares and their CADD scores. 

All the identified variants were classified based on the guidelines for 

the interpretation of sequence variants developed by the American College of 

Medical Genetics and Genomics (ACMG).(117) Pathogenic variants (class 5) 

represent 40% of the variants prioritized in known PCD genes (either in a bi-

allelic or hemizygous state) and likely pathogenic variants (class 4) comprised 

50% of variants. Class 3 variants of unknown clinical significance represented 

10% of the identified variants (Figure 3-8).  
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Figure 3-5 Number of unrelated families with mutations in known PCD 
genes, based on the mutation zygosity state 

Out of 128 unrelated families, mutations in known PCD genes were classified 
according to their zygosity status showing that 58% of mutations identified in 
this study were present in patients in a homozygous state. 

 

 

 

Figure 3-6 Genotype status of mutations in known PCD genes among 
different ethnicities 

Out of 128 unrelated families, in Arab and South-Asian families the majority of 
mutations in known PCD genes were found to be homozygous. One third of 
mutations in European populations were also homozygous (20 out of 60 
families). 
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Figure 3-7 Types of mutations found in known PCD genes 

Out of 167 mutations (bi-allelic, hemizygous and single heterozygous) 
identified in 128 families and classified according to their impact on the 
respective encoded proteins: frameshift and nonsense mutations were the 
most prevalent (58%) with (15%) splicing defects and (21%) missense 
changes. Collectively, 77% of the mutations are predicted to have a protein 
truncating effect (frameshift, nonsense, splicing defects and CNVs). 

 

Figure 3-8 Pathogenicity classification of mutations in known PCD 
genes 

Out of 155 mutations identified in 116 families in a bi-allelic state in the 
autosomal genes or a hemizygous state in the X-linked genes (complete 
genetic diagnosis) and classified based on the ACMG guidelines, (40%) were 
class 5 (clearly pathogenic), and (50%) of these mutations were class 4 (likely 
pathogenic) and only 10% were class III (variants of unknown significance).  
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3.2.5  Frequency and spectrum of mutations in different 

ethnicities 

A number of common recurrent mutations were found in this study including a 

homozygous inframe deletion in RSPH9 (c.801_803del, p.Lys268del) 

detected in two Arabic families. This mutation was previously described in 3 

Bedouin families from across the Arab Peninsula.(180, 181) Moreover, 

another possible Arabic founder mutation, a homozygous frameshift CCDC39 

mutation (c.1871_1872del, p.Ile624Lysfs*3) was identified in 4 Arabic 

families from Palestine. This mutation has not been reported before and it is 

not present in the ExAc, almena or BinB control databases.  

In European families, 3 frequent mutations were identified in DNAH5. 

Two were reported before associated with possible founder effects among 

Europeans (c.10815del, p.Pro3606Hisfs*22) and (c.13458_13459insT, 

p.Asn4487fs*1) (125, 143, 278) and the other mutation is a nonsense 

mutation (c.6261T>G, p.Tyr2087*). The latter mutation was identified in two 

unrelated families, one in a homozygous state and the other in a compound 

heterozygous state along with another splice region mutation. These two 

families are originally from Portugal but no consanguinity was reported. This 

mutation has not been reported before and is not present in ExAc control 

database.  

Three previously reported recurrent mutations were also identified in 

DNAI1, RSPH1 and DYX1C1 in European families.(138, 139, 184, 233) These 

included a splice-donor mutation in DNAI1 (c.48+2dup, p.Ser17Valfs*12) 

carried in a homozygous state in affected individuals from two unrelated 

families and in another family as the only mutation (single heterozygous) 

allele. A splice acceptor mutation was identified in RSPH1 (c.275-2A>C, 

p.Gly92Alafs*10) in 4 families (3 homozygous and 1 compound 

heterozygous) and also a homozygous deletion of 3.5 kb region including exon 

7 of DYX1C1 was found in two unrelated families.  

The most frequent mutant allele identified in this study was the 

previously described frameshift mutation (c.630del, p.Trp210Cysfs*12) in the 
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LRRC6 gene.(252) It has been found in homozygous state in 5 families of 

South-Asian origin. In the ExAc database, it is present in a heterozygote state 

in controls from South Asia with an allele frequency of 0.001394 and in 

European populations with an allele frequency of 2.997e-05. It is also present 

in the BinB database in carrier state (10/1542). 

In CCDC103, a homozygous frameshift mutation (c.383dup, 

p.Pro129Serfs*25) has been identified in two unrelated families of South-

Asian background. This mutation was previously reported in PCD patients 

from the same geographical region. Although this variant is not reported in 

ExAc, it is found once before in heterozygous state in 1542 individuals in the 

BinB database. Another previously reported CCDC103 missense mutation 

(c.461A>C, p.His154Pro) has also been detected in families from South-

Asian, European and other ethnicities.(254, 255) This variant was detected in 

a heterozygous state in controls from several populations in the ExAc 

database (South Asian (0.003331), Latino (0.001296), European non-Finnish 

(0.001185), European Finnish (0.0001515), and African populations 

(0.0002893)).   

In CCDC40, two mutations were present in more than one family. The 

first one was a previously described frameshift mutation (c.248del, 

p.Ala83Valfs*84) which has been identified in 3 families; two European and 

one from South Africa.(214) In the ExAc database, this mutation is found in 

heterozygous state in controls from European (0.0008243), African 

(0.0002039) and Latino populations (8.64e-05). The other mutation was a 

novel frameshift mutation (c.2824_2825insCTGT, p.Arg942Thrfs*57) 

identified in 2 families: in a homozygous state in an Egyptian family and in a 

compound heterozygous state with another nonsense mutation in a 

Portuguese family. It is not present in any control databases.  

A frameshift mutation (c.13494_13500del, p.Ser4498Argfs*15) in 

DNAH11 was present in a homozygous state in two cousins from Egypt and 

also in a compound heterozygous state along with another nonsense mutation 

in a family of European origin. This novel mutation is not reported in any 

control databases. These recurrent mutations are summarized in Table 3-6. 
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Table 3-6 Frequent mutations in each ethnic group enrolled in the study 

Mutation 
No. of 

alleles 
Ethnicities ExAc-MAF almena-MAF BinB-MAF 

Reported 

before 

CCDC39 (c.1871_1872del, p.Ile624Lysfs*3)  8 Arab Not in ExAc  Not in almena Not in BinB No 

RSPH9 (c.801_803del, p.Lys268del) 4 Arab 0.00005765 3 / 0.00151 Not in BinB (180, 181) 

DNAH5 (c.10815del, p.Pro3606Hisfs*22) 8 European 0.0001483 Not in almena Not in BinB (278) 

DNAH5 (c.13458_13459insT,p.Asn4487fs*1) 5 European 0.00005783 Not in almena Not in BinB (125, 143) 

DNAH5 (c.6261T>G, p.Tyr2087*) 3 European Not in ExAc Not in almena Not in BinB No 

DNAI1 (c.48+2dup, p.Ser17Valfs*12) 5 European 0.0004624 Not in almena Not in BinB (138, 139) 

RSPH1 (c.275-2A>C, p.Gly92Alafs*10) 7 European 0.0003625 Not in almena Not in BinB (184) 

DYX1C1 (3.5kb del spanning exon 7) 4 European NA NA NA (233) 

LRRC6 (c.630delG, p.Trp210Cysfs*12) 10 South-Asian 0.000206 Not in almena 10/0.0065 (252) 

CCDC103 (c.383dup, p.Pro129Serfs*25) 4 South-Asian Not in ExAc  Not in almena 1/0.0006 (254) 

CCDC103 (c.461A>C,p.His154Pro) 8 Multiple ethnicities 0.001261 2 / 0.00101 6/0.0039 (254, 255) 

CCDC40 (c.248del, p.Ala83Valfs*84) 4 Multiple ethnicities 0.0004794 Not in almena Not in BinB (214) 

CCDC40 (c.2824_2825insCTGT, p.Arg942Thrfs*57) 3 Multiple ethnicities Not in ExAc Not in almena Not in BinB No 

DNAH11 (c.13494_13500del, p.Ser4498Argfs*15) 3 Multiple ethnicities Not in ExAc  Not in almena Not in BinB No 
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3.2.6 Synonymous mutations predicted to affect splicing 

can cause PCD 

Two synonymous mutations were identified. They are predicted to affect splicing. 

In an Arabic family (G086), a homozygous synonymous change (c.48A>G, 

p.Gly16Gly) was found in CCDC40. The mutation was confirmed by Sanger 

sequencing and correctly segregated within the family. The TEM analysis 

revealed classic CCDC40-associated microtubular disorganization with IDA loss 

in the affected children from this family. This mutation is not found in any control 

databases including ExAc, dbSNP, 1000Genomes, almena and BinB databases. 

Using Human Splicing Finder 3.0 analysis, it was predicted to activate an exonic 

cryptic donor site (Figures 3-9& 3-10).  

In a European family (G093) where TEM showed ODA loss from the cilia 

of the probands, compound heterozygous mutations were identified in DNAH5 

with one allele being another synonymous mutation (c.5157C>T, p.Phe1719Phe) 

predicted to affect splicing through creation of an exonic splicing silencer (ESS) 

and alteration of an exonic splicing enhancer (ESE) site as predicted by Human 

Splicing Finder 3.0 (Figure 3-11).  This variant was found only once in a 

heterozygous state in ExAc with a total allele frequency of 8.241e-06 and it was 

not found in the almena or BinB databases. By Sanger sequencing, this variant 

was confirmed in the patient but it was not present in the mother (the fatherôs 

DNA was not available). In this case, the other DNAH5 allele was a missense 

mutation (c.10815T>G, p.Asp3605Glu) which was absent from ExAc, dbSNP, 

1000Genomes, almena and BinB databases. This variant was also confirmed by 

Sanger sequencing and the mother was found to be a carrier. This mutation is 

predicted to be damaging using SIFT and Mutation Taster in silico predication 

tools with a pathogenicity score of 1.000 (sensitivity: 0.00; specificity: 1.00) using 

Polyphen-2. It has a CADD score of 24.1 (CADD score Ó 20 indicates the variant 

is among 1% most deleterious substitutions in the human genome). (Figure 3-

12) 
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Figure 3-9 Familial segregation of a CCDC40 synonymous mutation in an 
Arabic family (G086) with cilia microtubular disorganization and IDA loss 

The mutation is homozygous in 4 affected siblings while the two parents and one 
of the normal siblings were found to be heterozygous carriers. 

 

 

 

Figure 3-10 Predicted exonic cryptic donor site associated with a c.48A>G 
synonymous CCDC40 mutation in family (G086) 

Analysis used the HSF Matrices algorithm in the Human Splicing Finder 3.0 tool 
which identified the predicted exonic cryptic splice site (red circle). 
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Figure 3-11 Predicted creation of a new exonic splicing silencer due to 
c.5157C>T; p.Phe1719Phe synonymous mutation in DNAH5, in family 

(G093) 

Analysis was done using PESS Octamers and IIEs algorithms within the Human 
Splicing Finder 3.0 tool. This predicted the creation of an exonic splicing silencer 
site. 

 

Figure 3-12 DNAH5 compound heterozygous mutations in a European 
family (G093) with ODA loss 

One mutation (c.5157C>T; p.Phe1719Phe) is a synonymous missense variant 
predicted to affect splicing. The other variant (c.10815T>G; p.Asp3605Glu) is a 
missense mutation. The mother was found to be a heterozygous carrier of the 
missense mutation only (fatherôs DNA not available). 
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3.2.7 Copy Number Variations (CNVs) can cause PCD 

ExomeDepth software was used to call CNVs in each batch of sequencing. It 

uses read depth data from each sample and compares it to a matched aggregate 

reference set which combines data from the same batch. CNVs were detected in 

6 families in the current study. There were homozygous deletions found in 5 

families including patients from two families with a previously reported 3.5 kb 

deletion in DYX1C1 in addition to single cases of homozygous deletions in 

CCDC40, DRC1 and DNAAF1. One heterozygous deletion encompassing exons 

68-75 of DNAH11 was found in one family where another missense mutation 

(c.13040T>C, p.Leu4347Pro) was also identified in the same gene. (Figure 3-

13) 

3.2.8 Targeted NGS is a powerful tool for diagnosis and 

characterization of PCD patients 

Clinical diagnostic TEM analysis results were available in 134 of the 161 families 

(83%) and ciliary ultrastructural defects were identified in 97 families (60%). 

Inconclusive TEM results were found in 37 families. Bi-allelic mutations in known 

PCD genes were identified in 18 (67%) out of 27 families in which the affected 

children had a clinical history suggestive of PCD but without TEM analysis. 

(Figure 3-14) 

Grouping of the genotyped patients according to the different 

functional/structural classes of the causal genes (dynein arm genes, ODA 

docking complex, radial spokes, central complex, nexin link components and 

dynein assembly genes) showed that there is a well-defined correlation between 

genotypes and TEM defects as shown in Table 3-2. However, there was some 

variability in the TEM results, for instance, inconsistent TEM results could be 

found associated with DNAH5 mutations which were detected in both ciliary ODA 

loss and combined loss of IDA+ODA patients. A degree of variable ciliary 

ultrastructural phenotype was also noted in individuals with mutations in dynein 
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assembly genes (Table 2-3). This finding supports the previously published 

reports that the TEM clinical test lacks sensitivity.(61, 78)  

To investigate TEM and genetic defect correlation inconsistencies that 

may be present, especially between different diagnostic centres or samples 

analysed at different times, quantitative TEM re-analysis was conducted in a 

group of patients ascertained from the same clinical diagnostic service (Royal 

Brompton Hospital, London) with different mutations in DNAH5 compared to a 

number of dynein assembly genes (LRRC6, HEATR2, DYX1C1, DNAAF3, 

DNAAF1). This can evaluate the relative value of both techniques.  

 Mutations in all five dynein assembly genes were consistently found to 

cause combined IDA+ODA loss in the majority of cilia cross sections examined. 

Also, DNAH5 mutations consistently cause mainly ODA loss with significantly 

less combined IDA+ODA loss or normal cilia ultrastructure. (Figure 3-15)
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Figure 3-13 ExomeDepth software used for CNV analysis of the sequencing data 

ExomeDepth analysis was able to identify homozygous deletions in CCDC40, DNAAF1, DRC1 and DYX1C1 (the latter affects two 
families). Also a heterozygous deletion of exons 68-75 of DNAH11 was detected in the family (G041).
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Figure 3-14 Mutant PCD genes in patients without TEM analysis 

Of 161 families with PCD confirmed or highly suggested through diagnostic 
workup in this study, 17% (27 families) did not have TEM results (not available 
or insufficient sample obtained from nasal brushing). Bi-allelic mutations in 
known PCD genes were identified in 18 of these families (67%). 
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Figure 3-15 Genetics can better characterize PCD patients 

The percentage of cilia cross sections showing a loss of either or both the 
inner and outer dynein arms was recorded in the routine TEM diagnostic 
setting at Royal Brompton Hospital with reference to the underlying genetic 
defects. Patients carrying bi-allelic mutations in dynein assembly genes 
showed a combined loss of both arms in the majority of cross sections 
examined. Patients carrying bi-allelic mutations in outer dynein arm 
components showed mainly an isolated loss of outer dynein arms. Combined 
IDA+ODA loss was also noted. Interestingly, quite variable numbers of cross 
sections showed a normal ultrastructure of the cilia. 

N.B. DNAH5 (P.Pro3606Hisfs*22..) is a homozygous mutation. 
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3.3 Discussion 

PCD causing mutations have been reported in 36 genes so far. They have 

been previously estimated to account for variants identified in about 70% of 

PCD patients.(124) Such extensive genetic heterogeneity makes Sanger 

sequencing an outdated, time-consuming and expensive approach for genetic 

diagnosis of PCD patients. Thus, the use of multi-gene panels including all the 

known PCD genes, especially with recently developed library preparation 

techniques and advanced data analysis software, offers a valuable, efficient 

tool for genetic diagnosis of PCD, which will save time and cost compared to 

Sanger sequencing.(122) Targeted sequencing is also more effective than 

whole exome sequencing (WES) and whole genome sequencing (WGS) in 

terms of the level of sequence coverage of the target regions in a short time 

and reduced costs.(123)  

In the current study, a customized targeted next generation sequencing 

panel was designed for genetic screening of a large cohort of PCD patients 

from various ethnicities (European, Arab, South-Asian and others). To the 

best of my knowledge, this can be considered the largest cohort of PCD 

patients of a multi-ethnic background to be screened in one study using this 

sequencing approach. The gene panel was designed to include all the known 

PCD genes, at the time of design, and a large list of other candidate genes for 

potential novel gene discovery. The design of the panel was performed after 

extensive literature review to include all genes linked to PCD and also other 

candidate genes with possible roles in cilia motility based on genomic and 

transcriptomic studies of collaborators working on Chlamydomonas, 

Drosophila, mouse node and zebrafish with additional curation of genes. This 

approach is different from other targeted sequencing studies conducted on 

PCD patients since usually they have screened only known PCD genes, apart 

from the recently reported study where screening of 310 known and candidate 

genes in Dutch PCD patients was conducted.(280, 282, 283)  This genetic 

screening helped to better characterize and further expand the genetic 

landscape of PCD, elucidate peculiar ethnic differences and to confirm 

diagnosis in cases with inconclusive clinical diagnostic results. 
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Patients from 161 unrelated families with a confirmed or possible 

diagnosis of PCD were enrolled in this study. The diagnosis of PCD is usually 

difficult and involves a complex diagnostic testing workflow. PCD patients 

have recurrent upper and lower respiratory tract infections that can start early 

in life with neonatal respiratory distress and they can have later complications 

with the development of bronchiectasis. Patients also manifest with recurrent 

sinusitis and middle ear effusion. About 50% of PCD patients have laterality 

problems (malpositioning of the internal organs). In adult life, male patients 

and to a lesser extent female patients, have infertility and females are also 

thought to have an increased risk of ectopic pregnancy. Associated with these 

variable clinical symptoms, the clinical diagnosis of PCD is usually delayed 

due to overlap of these symptoms with many other disorders.(44)  

As there is no gold standard diagnostic test for PCD, identifying ciliary 

ultrastructural defects by TEM analysis of cilia cross sections was considered 

as a hallmark for confirming the diagnosis of PCD according to the European 

Respiratory Society Guidelines.(58) Evident clinical presentation highly 

suggests PCD diagnosis, even with normal or inconclusive findings of TEM 

analysis. As there is no standard diagnostic testing criteria to exclude PCD in 

any individual, a combination of results from different tests to be interpreted in 

the light of clinical symptoms is essential to augment the accuracy of PCD 

diagnosis.(58)   

For complete genetic diagnosis of PCD, bi-allelic mutations in an 

autosomal recessive gene or a hemizygous mutation in an X-linked gene is 

required. Highly complete genetic diagnostic output is provided in this study 

by using a targeted gene panel (with CNV analysis), which offers a confident 

genetic diagnosis rate of about 72% for patients with confirmed (by clinical 

functional tests) or highly suggested PCD. This is higher than the recently 

reported 67.6% diagnostic yield using targeted sequencing in 74 Dutch PCD 

patients.(283) This is also much higher than 43% diagnostic yield of using a 

targeted NGS panel of 24 PCD genes to screen 44 unrelated individuals in 

Italy.(282) Moreover, this is higher than the 67% output of combining Sanger 

sequencing of two PCD genes, DNAH5 and DNAI1 with targeted NGS of 19 

genes in 33 unrelated families from the Czech Republic.(280) However, It is 
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similar to the 76% diagnostic success rate achieved by the use of WES and 

targeted CNV analysis in patients with no genetic diagnosis after Sanger 

sequencing of 12 known PCD genes in 52 individuals in Canada despite the 

fact that the number of patients in the current study is over triple the number 

of patients enrolled in the Canadian study.(114, 279)  

A number of limitations have been encountered in using targeted 

exome sequencing for PCD. These include difficulties when only one mutant 

allele is identified in a known PCD gene, giving an incomplete genetic 

diagnosis. There are also technical drawbacks of variable coverage depth and 

bioinformatics challenges to identify CNVs. Additional potential candidate 

genes may not have been included in the panel design, hence its 

comprehensiveness is unknown until all genes involved in cilia motility are 

defined.  

For 13 out of the 161 families in the study, mutations in novel candidate 

genes were identified in the affected individuals, in the context of no mutations 

having been found in any of the known PCD genes. Further work at the 

functional level is required to confirm disease causality of the identified novel 

alleles and for 6 of the 10 putative novel PCD genes, the confidence around 

them remains affected by low patient numbers or uncertain significance of the 

variants e.g. if they are missense changes. For the other 4 putative new PCD 

genes (C11orf70, DNAH9, IFT74 and WDR19), the functional work performed 

to evaluate their disease-causing status is summarized in Chapters 4-6. 

In the other 20 families of which 11 families had a confirmed diagnosis 

of PCD by identifying ultrastructural defect by TEM, no putative sequence 

variants could be identified. These results reflect the project limitations and in 

these cases the disease may be due to mutations affecting splicing in the deep 

intronic regions as they are not covered by the NGS panel design. This class 

of mutations has not yet been readily studied in PCD. To confirm these 

possibilities, WGS to cover sequencing of the intronic regions (122) and RNA-

Seq offer deeper and more comprehensive sequencing that will be required 

to detect possible aberrant expression or mono-allelic expression of the 

mutant allele.(284)  Also, since some genomic regions may not be fully 
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covered by NGS, complimentary Sanger sequencing of these regions may be 

required to identify any other missed mutations.  

Mutations in 28 known PCD genes were identified in 116 out of the total 

161 PCD families, achieving a complete genetic diagnosis (72%) with bi-allelic 

or hemizygous mutations. A total of 155 separate disease alleles were 

identified, 78 of which (50%) are novel to this study and not previously 

described. This number of genes with identified mutations is of a much higher 

number and spread than any of the previous targeted sequencing studies 

done to screen PCD patients. For example, in the recent Dutch study 

screening 310 genes, they only identified mutations in 12 known PCD 

genes.(283) This reflects the genetic heterogeneity identified through this 

study, that has most likely arisen from screening a large cohort of PCD 

patients from various ethnic backgrounds. In about half of these known PCD 

genes, mutations in each gene were identified in 3 or more families. In contrast 

however, in 10 genes there was only one family with mutations identified in 

each gene.  

There is some degree of correlation between genes that have a difficult 

to define clinical diagnosis through cilia function tests (e.g. DNAH11 and 

HYDIN genes that have subtle structural defects not well detected by 

conventional TEM, or HSVM since some cilia motility is retained) (161, 196) 

and a lack of recurrent alleles (no DNAH11 or HYDIN recurrent alleles out of 

a total of 21 detected in this study), supporting the possible lack of detection 

and under-diagnosis of these kinds of ciliary defects, in contrast for example 

to DNAH5 disease which has robustly detectable TEM and HSVM results with 

three recurrent mutations have been identified in the current study. Since 

these are all large genes it seems less likely that this finding arises from their 

having more technically difficult to detect disease alleles, such as for example 

deep intronic variants or ones less well covered by the NGS method, although 

the HYDIN2 copy pseudogene is additionally a known technical block to 

efficient HYDIN mutation screening.(196) 

Notably, it is interesting to find that one third of mutations identified in 

the outbred Caucasian European families screened in this project, were 
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homozygous despite the low consanguinity rate between Europeans (only one 

European family reported consanguineous marriage). This reflects other 

mechanisms than consanguinity, perhaps unrecognised endogamy, or 

mutational hotspots more connected to protein functions. It raises the 

possibility of the existence of a founder effect underlying the inheritance of 

some of these variants. In 14 of these families, the identified mutations were 

recessive alleles that had been previously reported in the literature. 

Although DNAH5 is considered to be the most commonly mutated gene 

causing PCD, (143) and overall within the cohort this was found to be true, 

this was not the case within different ethnicities. DNAH5 mutations were 

identified   in 37% of European families, confirming it as the most common 

mutant gene in Europeans. On the other hand, mutations in LRRC6 and 

CCDC103 were the most prevalently mutated genes in South-Asian families 

with only one family with DNAH5 mutations. In Arab families, mutations in 

DNAH5 were identified in only two families, whilst mutations in CCDC39 and 

CCDC40 were the commonest. These data highlight a significant ethnic 

impact on the genetics of PCD patients and ensure the importance of including 

PCD patients from various ethnicities to elucidate the full genetic landscape 

of PCD. This conclusion will be helpful to prioritize certain genes for genetic 

testing in certain ethnicities especially in countries with limited genetic 

resources.(76)  

The majority of mutations identified in known PCD genes (more than 

75%) were protein truncating mutations. This is consistent with types of 

mutations reported before in PCD genes by our group and others.(80) About 

50% of all the mutations detected in known PCD genes could be classified 

according to the guidelines of the American College of Medical Genetics and 

Genomics (ACMG) as likely pathogenic, not reported before variants, 

expanding the genetic landscape and mutation spectrum of PCD. Despite the 

widely accepted belief that most PCD mutations are private, (58, 124) as was 

clear in the 10 genes with only one family with mutation identified in each 

gene, certain mutations in this study have been detected in more than one of 

the unrelated families. These mutations appear to be more frequent in certain 

populations and thus can be used for carrier screening panels in certain 
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populations. This can also be useful to design a preliminary targeted allele-

specific genetic testing in countries where NGS facilities cannot be afforded 

or not widely available. 

Synonymous mutations can be easily overlooked and are not 

commonly reported in PCD. Here two synonymous mutations were identified 

in two unrelated families which predicted an alteration of gene splicing. This 

highlights the importance of looking for potential synonymous variants in 

unsolved cases. The interpretation of such variants is very challenging and it 

is essential for the right genetic diagnosis to be consistent with the expected 

ciliary ultrastructural defect in the patients. This imposes another limitation for 

the genetic testing to be the first gold standard test for PCD diagnosis. 

The identification of ciliary ultrastructural defects by TEM analysis 

remains one of the most important steps in the PCD diagnostic workflow, 

though failure of identifying defects by TEM does not exclude PCD.(58) 

However TEM analysis is expensive and is additionally a highly skilled and 

operator dependent technique. It is estimated that up to 30% of PCD patients 

may have normal or inconclusive TEM result (161, 285) as was the case for 

37 families in this study. In this study, pathogenic variants were identified in 

known PCD genes in 80% of patients with either normal or inconclusive TEM 

findings. It can therefore be proposed that genetic testing should be 

considered as a pivotal step in the diagnosis of this group of patients where 

the ultrastructure of the cilia is apparently normal or there are inconclusive 

findings by conventional clinical TEM.(161, 285, 286) This is estimated to be 

the case for up to 20% of PCD patients in the UK national PCD service.(78) 

Copy number variations remain an important cause of many Mendelian 

disorders.(287, 288)  Identification of CNVs and large structural variants while 

using whole exome sequencing or custom gene panel sequencing is very 

challenging.(289) Although whole genome sequencing has the potential to 

overcome this challenge, the cost and burden of data management remain 

the major obstacles within the clinical diagnostic context.(287) CNV calling 

from targeted sequencing data has not been widely used, however CNVs were 

reported before in PCD patients identified by other genetic screening 
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methods.(224, 233, 279, 290) In the current study, CNV analysis using 

ExomeDepth software of targeted sequencing data has newly identified CNVs 

within PCD genes that added to the diagnostic yield of the panel sequencing 

and expanded the mutation spectrum in PCD patients. There are many 

determinant factors that should be considered for successful identification of 

CNVs when applying algorithms such as ExomeDepth in targeted sequencing 

data including amplification bias (bias of using amplification-based library 

preparation methods), the distances between targeted exons, the variability of 

sequencing coverage within samples and the extent of read depth.(261, 289) 

A lack of calling of CNVs using this approach does not exclude CNVs in the 

screened genes, but its use is still of good positive diagnostic value to be 

considered in the clinical context.  

Genetics helps in the diagnosis of PCD in cases where TEM analysis is 

not available but there is a strong clinical history (mutations were identified in 

70% of this group). While there is an increasingly well-defined genotype 

ultrastructural phenotype correlation underlying PCD (78), variability in the 

TEM diagnostic analysis results are well documented even with mutations in 

the same gene. TEM versus genotype re-analysis here showed that most of 

DNAH5 mutation cases display cilia ODA defects, but there can also be 

combined IDA+ODA loss recorded or inconclusive TEM results. This variance 

may largely be due to difficulties in evaluating the presence or absence of 

IDAs by TEM.(291) The percentage of arm loss in DNAH5 mutations was 

quantitatively assessed compared to mutations in dynein assembly genes. 

This showed that mutations in DNAH5 lead to a loss of the majority of ODA 

arms, while dynein assembly mutations lead to combined loss of most of IDA 

and ODA arms. This finding highlights the value of genetic testing for better 

characterization of PCD patients. 

 

 

 



151 
 

3.4 Summary 

In summary, I have described the use of targeted multi-gene panel sequencing 

for genetic screening of PCD patient. A high diagnostic yield of about 72% 

was achieved among patients with confirmed or highly suggestive PCD 

diagnosis. This improved the diagnostic workflow outcome by confirming PCD 

in patients with inconclusive TEM results and helped in the diagnosis of 

patients where TEM analysis was not available. A notable impact of ethnicity 

on the genetic variability of PCD was identified. Despite the established 

concept that most of PCD mutations are family-specific private mutations, a 

list of mutation that are more frequent in certain ethnicities or more universally 

present in multiple ethnicities, were identified. Unusual sequence variants 

including synonymous variants potentially affecting splicing as well as CNVs 

were newly reported within this study.    

The following three chapters describe further work on four putative 

candidate PCD genes of interest identified through this NGS sequencing 

cohort study (Table 3-5), to investigate their likely roles in cilia motility and 

disease aetiology.   
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Chapter 4 Mutations in C11orf70 

disrupt the dynein assembly 

process and cause PCD 
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4.1 Introduction 

Axonemal dyneins are large multi-protein complexes acting as the motor 

components of the axoneme that drive cilia motility.(292) Cilia contain inner 

(IDA) and outer (ODA) dynein arm motors that work together to power and 

regulate the ciliary beating and waveform.(293, 294) They are composed of 

molecular subunits (heavy, intermediate and light dynein chains) that are pre-

assembled in the cytoplasm and then transported into the cilia to be docked 

to the axonemal peripheral microtubules.(15, 219) This multi-step process 

requires cofactors and chaperones in addition to essential transport agents, 

which are not components of the mature axonemal dyneins.(217)  

As the ciliary axoneme is highly conserved across species from the 

unicellular eukaryotes to mammals (218), delineation of the assembly 

mechanisms of the axonemal dyneins in the cytoplasm has been attempted 

using human genetics and PCD model organism studies.(217) Most of the 

current knowledge about dynein assembly and transport came from studies 

on Chlamydomonas, a protist with motile flagella.(15, 112, 217, 226, 294-296) 

 Most of PCD causing mutations were identified in genes encoding 

structural components of the cilia. As shown in the previous chapter, this is 

dominated overall by mutations affecting components of axonemal dynein 

arms like DNAH5 and DNAH11 as subunits of outer dynein arm motors. On 

the other hand, there is a growing number of loci linked to PCD that do not 

encode for axonemal structural proteins but rather encode for proteins 

involved in the process of assembly of dynein motor complexes in the 

cytoplasm and subsequently their transport into the cilia.(124)   

Mutations in genes implicated in dynein assembly, were identified to 

cause PCD with combined loss of both inner and outer dynein arms. Most of 

these proteins are found exclusively in the cytoplasm where they act as co-

chaperones essential for proper folding and maturation of axonemal dynein 

complexes. This group of proteins include DNAAF1, (94, 224, 227) DNAAF2, 

(112)  DNAAF3, (232) DYX1C1/DNAAF4, (97, 233) HEATR2/DNAAF5, (238, 

240)  LRRC6 (242, 244, 297) PIH1D3 (298, 299) ZMYND10 (248, 252)  and 
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C21orf59.(98, 253) These proteins act as assembly factors in a similar way to 

chaperones, since when mutated they affect the assembly of motor dyneins.  

Once the axonemal dyneins are assembled in the cytoplasm, they need 

to be transported to the cilia passing the transition zone barrier.(300) This 

transport process requires intraflagellar transport (IFT).(301, 302) Transport 

of such cargoes along the cilia requires cargo adaptors to mediate and 

stabilize the interaction with IFT trains. Chlamydomonas ODA16 

(WDR69/DAW1 in human) was identified as an IFT cargo adaptor for ODAs 

as it interacts with the N-terminus of IFT46 protein.(96, 296, 303, 304)  

This chapter summarizes the use of panel sequencing for novel gene 

discovery in PCD relating to the C11orf70 gene (CFAP300). Mutations in 

C11orf70 cause loss of both inner and outer dynein arms, cilia immotility and 

consequently result in PCD. Various genetic approaches have been used to 

identify mutations in human genes implicated in the dynein assembly process 

through screening of affected individuals with combined loss of inner and outer 

dynein arms.(112, 232, 233) Here, studies in human cells and in two model 

organisms: Paramecium and Chlamydomonas, reveal a highly conserved role 

for C11orf70 in dynein assembly.  
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4.2 Results 

4.2.1 C11orf70 mutations in PCD patients 

Mutations in the C11orf70 (CFAP300) gene were found in 3 patients from two 

unrelated families where PCD diagnosis was confirmed by other clinical 

testing modalities at Royal Brompton Hospital, London (summarized in Table 

4-1). The affected individuals from both families presented with classical PCD 

symptoms including a positive history of neonatal respiratory distress. 

Dextrocardia and situs inversus were present in affected children from the two 

families (one sibling from family G133 has levocardia). Nasal NO was 

measured in only the eldest affected sibling of family G133, as his age was 

appropriate, showing extensively reduced levels (28 nl/min) that are below the 

diagnostic cut off level of 77 nl/min.(305) High speed video microscopy 

(HSVM) examination of nasal brushing biopsies of the patients showed 

completely immotile cilia. Transmission electron microscopy (TEM) analysis 

of cilia of the respiratory epithelial cells obtained by nasal brushing biopsies 

revealed a predominant loss of both inner and outer dynein arms (Figure 4-

1). Immunofluorescence (IF) analysis confirmed the absence of DNAH5 (ODA 

component) and DNALI1 (IDA component) from the patientôs respiratory cilia 

(Figure 4-2). 

Table 4-1 Summary of the clinical data of patients carrying C11orf70 
mutations 

ID NRD 
Wet 

cough 
Rhinitis 

Cardiac 

situs 

nNO 

(nl/min) 
HSVM TEM 

G13

3 II:2 
YES YES YES Levocardia 28 immotile 

IDA+ODA 

loss 

G13

3 II:3 
YES YES YES Dextrocardia N/A immotile 

IDA+ODA 

loss 

G13

7 II:1 
YES N/A N/A Dextrocardia N/A immotile 

IDA+ODA 

loss 

NRD; Neonatal Respiratory Distress, nNO Nasal Nitric Oxide, HSVM; High 
Speed Video Microscopy, TEM; Transmission Electron Microscopy, N/A; Not 
applicable. 
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A homozygous missense mutation (c.776A>G, p.His259Arg) was 

identified in two affected siblings in a Pakistani consanguineous family (PCD-

G133) in which the parents were first cousins. Sanger sequencing was 

performed to confirm the homozygous status of the mutation in the patients, 

carrier status of the parents and in another unaffected sibling. This variant was 

found only once in a heterozygous carrier in South Asian population in ExAc 

database with total allele frequency of 8.242e-06. It is absent from the EVS, 

1000G and dbSNP databases. Phylogenetic analysis reveals that this 

mutation affects a highly conserved amino acid His259 within the DUF4498 

domain (a domain of unknown function) of the C11orf70 protein. Using 

Polyphen-2 software, this mutation was predicted to be probably damaging 

with a score of 0.997 (sensitivity: 0.27; specificity: 0.98). It was also predicted 

to have a damaging effect on the protein by both SIFT tool and Mutation 

Taster. Moreover, it had a CADD score of 23.9. (Figure 4-3) 

The affected child of the other Indian non-consanguineous family 

(PCD-G137) had two nonsense mutations, one (c.154C>T, p.Gln52*) 

inherited from the father and the other (c.361C>T, p.Arg121*) inherited from 

the mother. Sanger sequencing confirmed the mutations in the patientôs DNA 

and the carrier status of the parents. In the ExAc databases, the p.Gln52* 

mutation (rs767760877) was found in 2 heterozygotes in the South Asian 

population with total allele frequency of 1.653e-05. The p.Arg121* mutation 

(rs561237622) was found only once in a heterozygous state in the South 

Asian population with a total allele frequency of 8.254e-06. (Figure 4-4) 
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Figure 4-1 Representative images of TEM cross sections of C11orf70 patientsô respiratory cilia 

A) A loss of both the outer (black arrowheads) and inner (green arrowheads) dynein arms from patients of both families was shown 
compared to a healthy control. Black stars indicate remnants of short outer dynein arms that were observed to be retained in some 
cross sections. Scale bar, 100 nm. B) Quantitative TEM analysis showing the percentage of loss of IDA and ODA in the cilia cross 
sections of the affected individuals following a standard diagnostic assessment (typically 50-70 cilia per individual). 
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Figure 4-2 Immunofluorescence staining of respiratory epithelial cells of the C11orf70 patients 

Left, the outer dynein arm antibody marker DNAH5 (red) shows highly reduced staining for DNAH5 in the respiratory cilia of the 
affected individuals from both families indicating a loss of the outer dynein arms. Right, antibody staining for the inner dynein arm 
antibody marker DNALI1 (red) shows a highly reduced staining in the affected individuals from both families for DNALI1 in the cilia, 
indicating also a loss of the inner dynein arms. Acetylated alpha-tubulin (green) was used as a cilia marker. Scale bar 5 µm.
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Figure 4-3 Pedigree structure of affected family (PCD-G133) 

Electropherogram shows variant regions in the family members; individual I-1 
and I-2 (carrier father and mother), II-1 (carrier sibling), II-2 and I-3 (affected 
siblings). The affected siblings carry a homozygous missense mutation 
c.776A>G (p.His259Arg). 

 

 

 

Figure 4-4 Pedigree structure of affected family (PCD-G137) 

Electropherogram shows variant regions in the family members; individual I-1 
and I-2 (carrier father and mother), II-1 (affected child). The affected child 
carries compound heterozygous nonsense mutations c.154C>T (p.Gln52*) 
and c.361C>T (p.Arg121*). 
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4.2.2 C11orf70 expression is enriched with 

multiciliogenesis 

To explore the contribution of C11orf70 to cilia motility, its transcriptional 

profile was analysed at different time points across 30 days in vitro, using 

cultures of normal human bronchial epithelial cells grown at an air-liquid 

interface (ALI) (see Section 1.4.2). Real time quantitative PCR of mRNA 

extracted from ALI cultured cells from a healthy control was used to compare 

C11orf70 expression to the expression profile of the known PCD gene, 

DNAH5 at the same time points of multiciliogenesis. The expression of 

C11orf70 has a similar profile to that of DNAH5 expression that started to 

increase around day 10, rising sharply around day 19, followed by a plateau 

phase around day 24 (Figure 4-5). In the GTEx Analysis Release V7 (dbGaP 

Accession phs000424.v7.p2), the expression of C11orf70 is highly enriched 

in multiciliated tissues as shown in (Figure 4-6).(306) 
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Figure 4-5 Transcriptional profile of C11orf70 during multiciliogenesis 

C11orf70 expression was analysed by qPCR during multiciliogenesis in ALI 
cultures from a control individual, over 30 days in culture compared to the 
expression of DNAH5. The relative expression of both C11orf70 and DNAH5 
genes were normalized to the expression of GAPDH as a housekeeping gene. 
Both genes showed a similar transcriptional profile over time in ALI culture, 
increasing around day 10 with a peak at day 19 followed by a plateau from 
day 24. Error bars indicate SEM (Standard error of the mean) each PCR 
reaction was done in technical triplicates. 
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Figure 4-6 Snapshot of the expression profile of C11orf70 gene in GTEx portal 

The expression of C11orf70 is highly enriched in tissues with multiciliated cells mainly testes. This expression pattern is similar to 
other genes essential for cilia motility. (Data obtained from GTEx portal)(306)
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4.2.3 C11orf70 is highly conserved across species that 

have motile cilia and IFT-dependent dynein 

assembly 

The phylogenetic distribution of the C11orf70 orthologs across multiple 

species was analysed by Prof David Mitchell (SUNY Upstate Medical 

University in Syracuse, New York) comparing it to the presence or absence of 

motile cilia in each species, axonemal dynein arms and IFT-dependent dynein 

assembly proteins. This showed that C11orf70 orthologs are retained in 

species with motile cilia with few exceptions. C11orf70 orthologs were not 

found in the genomes of species lacking outer dynein arms such as 

nematodes and lower plants (e.g., Caenorhabditis, Selaginella, and 

Physcomitrella). They were also lost from the genomes of organisms that have 

outer dynein arms but that do not use IFT for dynein assembly/transport as 

they are lacking ODA16 as an IFT-interacting dynein assembly protein (e.g., 

Plasmodium, Toxoplasma, and Thalassiosira). In Drosophila melanogaster, 

C11orf70 ortholog was also lost despite it retains dynein arms and IFT.   

(Figure 4-7) 
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Figure 4-7 Phylogenetic analysis of C11orf70 orthologs distribution 
compared to the presence of axonemal dyneins and dynein trafficking 

proteins 

Red filled circles indicate system or protein present; white empty circles 
indicate absent; half-filled circles indicate partially retained. A single C11orf70 
copy is retained in organisms with motile cilia (last column, curved organelle) 
that use outer dynein arms (ODA column) in the presence of IFT-B complexes 
and the IFT-interacting dynein assembly factor; ODA16. C11orf70 orthologs 
are absent when IFT-B complexes are also completely missing or 
compromised by missing subunits (half-filled circles). (Data obtained from 
Prof. David Mitchell, SUNY UMU, USA). 
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4.2.4 C11orf70 knockdown in Paramecium disrupts 

axonemal dynein assembly 

To study the role of the C11orf70 gene in cilia motility and its involvement in 

causing PCD, silencing of the C11orf70 ortholog (GSPATT00011350001) in 

Paramecium was performed followed by assessment of the resulting 

phenotype.  

In Figure 4-8, the C11orf70 protein multiple sequence alignment shows 

a high degree of conservation across species from human down to 

Paramecium. The silencing experiment was done in Paramecium following a 

well-established protocol of RNAi knockdown (KD) by feeding.(102) The level 

of knockdown was assessed by qPCR showing an 80% reduction in the 

expression of the Paramecium C11orf70 ortholog in a KD-C11orf70 strain 

compared to a KD-ND7 strain which is typically used as a control for 

knockdown experiments, used in a way similar to an empty vector control 

(since ND7 gene has no role in cilia motility).(275) (Figure 4-9) 

RNAi knockdown of the C11orf70 ortholog in Paramecium resulted in 

an evident phenotypic defect secondary to defective cilia motility. This was 

found not to be a consequence of any gross change in cell size, cilia length or 

number per cell, assessed visually. (Figure 4-10) As a consequence of the 

gene abrogation, there was severe reduction (p = 6.19E-11) to about 68% in 

the swimming velocity of Paramecium in the KD-C11orf70 (0.58 ± 0.22 mm/s) 

compared to that of the control KD-ND7 Paramecium cells (0.85 ± 0.20 mm/s) 

after 72 hr of RNAi feeding. (Figure 4-11)  

HSVM analysis of the Paramecium cilia beating pattern and frequency 

was performed. A reduction (p <0.05) in cilia beating frequency (CBF) was 

noted in KD-C11orf70 cells (20.3 ± 4 Hz) compared to that of the control KD-

ND7 cells (24.3 ± 2 Hz). (Figure 4-12) Despite the modest decrease in overall 

CBF recorded to arise from reduced C11orf70 expression, in the movies of 

the KD-C11orf70 strain, it was clear by eye that some cilia were completely 

immotile. There was also a variable beating pattern, ranging from a mild 

reduction in the amplitude of the cilia waveform to a half beat.   
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TEM analysis of the Paramecium cilia cross sections revealed 

combined loss of IDA and ODA which was consistent with the ultrastructural 

phenotype seen in patients carrying C11orf70 mutations. Quantitative 

assessment of IDA and ODA loss revealed statistically significant reduction of 

both IDAs and ODAs from the cilia cross sections in KD-C11orf70 cells 

compared to KD-ND7 cells. The numbers of IDAs and ODAs that were present 

per cilia cross section in KD-C11orf70 cells (IDA, 4.9 ± 1.8) and (ODA, 7.2 ± 

2.2) were significantly reduced (IDA, p = 2.17E-8 & ODA, p = 0.0019) 

compared to the control KD-ND7 strain (IDA, 7.8 ± 1.1) and (ODA, 7.9 ± 1.3). 

The modest reduction of ODA loss, despite being statistically significant, may 

indicate a less essential role for C11orf70 in ODA assembly compared to its 

more profound role in IDA assembly.  (Figure 4-13) 
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Figure 4-8 Cross-species protein alignment for C11orf70 

C11orf70 is a highly conserved protein across species. There is only one copy 
of the human C11orf70 ortholog in the Paramecium genome despite the 
Paramecium tetraurelia has undergone at least three whole-genome 
duplications. 
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Figure 4-9 Real-Time PCR assessment of the level of C11orf70 
knockdown in Paramecium 

There was a significant reduction in the C11orf70 ortholog mRNA level of 
about 80% after knockdown in KD-C11orf70 compared to KD-ND7 
Paramecium. All error bars indicate SEM. 

 

 

Figure 4-10 RNAi knockdown experiment in Paramecium did not 
grossly affect the cell size or cilia morphology or numbers 

Silencing of C11orf70 does not affect cilia number or length when compared 
to control ND7 silencing. Anti -polyglutamylated tubulin antibodies (PolyE) 
were used to stain the cilia. Scale bars, 20 ɛm. 
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Figure 4-11 Paramecium swimming velocity assessed by dark-field microscopy 

Z-projection of track recordings was captured after 48 and 72 hr of RNAi feeding. Wider spaced dots indicate fast moving 
Paramecium, dots tightly close indicate slower moving or immobile Paramecium. KD-C11orf70 cells (bottom) show a severe motility 
phenotype compared to the control KD-ND7 cells (top) at 48 hrs and even more strikingly at 72 hrs. Statistical analysis of the 
swimming velocity of C11orf70 and ND7 knockdown cells was done by independent sample t test showing significant reduction in 
the swimming velocity after C11orf70 silencing compared to control ND7 silencing. n= number of Paramecium cells analysed per 
condition. 
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Figure 4-12 Cilia beating frequency quantified by HSVM 

After 72 hr of RNAi feeding, the ciliary beat frequency of KD-C11orf70 cells 
(20.3 ± 4 Hz) was reduced by about 20% (p <0.05) compared to KD-ND7 
control cells (24.3 ± 2 Hz). 7ï10 Paramecium cells were evaluated per 
condition; p value was measured by Mann-Whitney U test. n= number of 
Paramecium cells analysed per condition. 
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Figure 4-13 TEM analysis of Paramecium cilia cross-section 

Absence of the outer (white arrows) and inner (grey arrows) dynein arms in 
the KD-C11orf70 cells (right) compared to the control KD-ND7 cells (left). 
Quantification of dynein arms showed significant reduction of numbers of ODA 
and IDA in KD-C11orf70 cells compared to KD-ND7 control cells. p value was 
measured by independent samples t test. n= number of cilia cross sections 
analysed per condition. 
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4.2.5 C11orf70 has a distinct intracellular distribution 

pattern similar to IFT-associated proteins 

The C11orf70 protein is consistently present in species where motile cilia, IFT 

complexes and IFT-interacting dynein assembly factors are present as 

previously shown in Figure 4-7. To further study the intracellular distribution 

of C11orf70 and how it can interact with the IFT system to play its role in 

axonemal dynein assembly, the behaviour of the Paramecium C11orf70 

protein was assessed in the context of both anterograde (IFT-B related) and 

retrograde (IFT-A related) protein trafficking in cilia. First, the effect of 

knockdown of one of the members of the retrograde IFT-A complex (IFT139) 

on C11orf70 was assessed. Injection of GFP-tagged Paramecium C11orf70 

into the Paramecium macronucleus was performed by Dr Anne-Marie Tassin 

and Pierrick Le Borgne (Paramecium Lab, CNRS). Expression of GFP-tagged 

C11orf70 generated several transformant clones with variable levels of 

C11orf70-GFP expression but with a normal growth phenotype. The results 

were the same in all different clones, with C11orf70 predominantly present in 

the cytoplasm with a small amount present in the cilia (Figure 4-14A). 

Knockdown of the Paramecium ortholog of IFT139 by RNAi feeding in 

C11orf70-GFP transformed Paramecium resulted in a strikingly abnormal 

accumulation of C11orf70 protein at the tips of the cilia, suggesting a transport 

defect and indicating that IFT-A trafficking is involved in the transport of 

C11orf70 within the cilia (Figure 4-14 A).  

 The behaviour of C11orf70 during cilia regrowth in Paramecium was 

assessed in comparison to the behaviour of IFT46 (a member of the 

anterograde IFT-B complex which is essential for the transport of ODA). 

Paramecium transformed with C11orf70-GFP, IFT46-GFP and GFP alone 

were de-ciliated and then assessed after 15 mins of cilia re-growth, as the IFT 

transport system is active at this time. Whilst IFT46 accumulates in the tips of 

growing cilia, C11orf70 is present in both cilia and cytoplasm, with slight 

accumulation at the tips of the cilia, though no strong difference compared to 

GFP alone. (Figure 4-14B) This suggested that C11orf70 could have a role in 

IFT-based dynein transport, although further experiments would be required 
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to determine whether it is actively transported into the cilia and then recycled 

back to the cell bodyô. 
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Figure 4-14 C11orf70 is actively transported in cilia in a manner dependent on the IFT transport system 

(A) C11orf70-GFP transformed Paramecium cells show a high level of C11orf70 in the cytoplasm with small amounts are present in 
the cilia (left panel). Knockdown of IFT139 results in defective IFT transport shown by the aberrant accumulation of C11orf70 at the 
tips of the cilia (right panel). Scale bars, 20 ɛm. (B) The behaviour of C11orf70 during cilia re-growth was shown by direct GFP 
fluorescence (green, top) and monoclonal antibody staining against polyglutamylated tubulin (cilia marker, red, middle; merge, 
bottom). Scale bars, 10 ɛm.
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4.3 Discussion 

Targeted next generation sequencing, using a multi-gene panel designed to 

include all known PCD genes and other potential candidate genes involved in 

cilia motility, was used for genetic screening of PCD patients. Mutations were 

found in the previously uncharacterized C11orf70 gene, in 3 patients from two 

unrelated families. All affected individuals had a clinical presentation 

consistent with PCD and situs inversus was reported in both families. PCD 

diagnosis was confirmed in these patients by various clinical diagnostic testing 

results before attempting genetic screening. 

The affected individuals had immotile cilia demonstrated by HSVM 

analysis of cilia of the patientsô respiratory epithelium obtained by nasal 

brushing biopsies. Patientsô cilia showed a combined loss of both inner and 

outer dynein arms from the majority of cilia cross sections by TEM analysis. 

This highlighted the potential power of using a targeted NGS approach with a 

strong list of biologically relevant candidate genes for novel gene discovery 

linked to PCD. Interestingly, Inga Hoben et al (307) also published a report of 

loss of function mutations in C11orf70 identified in PCD patients from 5 

unrelated families, at the same time as this study. These patients have the 

same phenotypic characteristics of patients identified in the current study. 

They showed complete immotility of the respiratory cilia and sperm flagella 

and also loss of both inner and outer dynein arms from the cilia axoneme. 

As the ciliary axonemal structure is highly conserved across species, 

various model organisms have been used to study cilia motility and 

functionally characterize potential candidate disease genes essential for cilia 

motility that might be linked to human PCD.(97, 112, 232, 233, 237) C11orf70 

was shown to be a highly conserved protein across anciently divergent 

species. C11orf70 orthologs are retained today only in the genomes of 

organisms with motile cilia/flagella and lost in organisms that do not have an 

IFT-associated axonemal dynein assembly process. Phylogenetic analysis of 

C11orf70 distribution across species showed a distinct distribution pattern 

across different species, consistently linked to the presence of IFT-associated 
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dynein assembly factors like ODA16 (WDR69).(96, 296, 303) These findings 

support the importance of C11orf70 in axonemal dynein assembly and IFT-B-

based transport into the motile cilia. Moreover, Hoben et al have shown direct 

interactions between C11orf70 and DNAAF2 (another dynein assembly factor, 

mutated in PCD) using a yeast two-hybrid screen, which was also confirmed 

by co-immunoprecipitation (co-IP).(307) 

Previous gene expression studies of both mRNA and proteins in 

various tissues showed that C11orf70 is more enriched in multiciliated tissues 

than non-ciliated tissues.(308, 309) However, it was not reported to be present 

in the proteomic profiling of human respiratory cilia.(110) The relatively low 

abundance of the C11orf70 protein in the ciliary axoneme can explain why it 

was not detected in the motile cilia proteome since the study only analysed 

the proteomic profile of the isolated cilia from the cells and C11orf70 

distribution is mainly cytoplasmic. Microarray-based transcriptional profiling of 

mucociliary differentiation has shown upregulation of C11orf70 

expression.(108) These findings are consistent with what was shown here that 

the C11orf70 expression pattern is similar to that of other PCD genes during 

ciliogenesis, with a peak around the time of cilia emergence followed by a 

plateau when the cilia become more mature. On the other hand, the 

Paramecium C11orf70 ortholog, GSPATP00011350001, was also not 

detected within the cilia proteome (310) or during cilia regrowth after 

deciliation of Paramecium.(311)  By in situ hybridization analysis of 8.25 dpc 

(days post-coitum) mouse embryos, C11orf70 ortholog (9230110C19Rik) was 

expressed in the left/right organizer, the only site of motile cilia at this stage. 

By RNA-Seq, higher expression of C11orf70 was detected in ALI- cultured 

human bronchial epithelial cells and in nasal brushing biopsies compared to 

its expression in blood or immortalized lymphocytes.(307) 

For functional characterization of C11orf70 and to study its role in cilia 

motility, its ortholog was silenced in Paramecium, followed by assessment of 

the phenotypic consequences of its knockdown on cilia motility and structure. 

At first, the level of knockdown was assessed at the RNA level and then the 

cilia phenotype was evaluated. C11orf70 RNAi silencing resulted in a 

significant decrease in cilia beating frequency leading to a reduction in 
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Paramecium swimming velocity. Ciliary ultrastructural analysis showed a 

partial loss of IDA and small but significant reduction in ODA, similar to 

ultrastructural changes observed in patientsô cilia. This indicates the 

conserved role C11orf70 plays in the process of dynein arm 

assembly/transport.  

Expression studies in Paramecium showed that C11orf70 has a mainly 

cytoplasmic distribution with a small fraction present in the cilia. Slight 

axonemal enrichment of C11orf70 after knockdown of retrograde IFT139 and 

an expression in the elongating axonemal tips during regeneration marked by 

anterograde IFT46, indicates the potential role of C11orf70 in the IFT-

associated dynein assembly process. 

In a supporting parallel study of the function of C11orf70 in 

Chlamydomonas done by Prof. David Mitchell (SUNY Upstate Medical 

University in Syracuse, New York), a single well-conserved C11orf70 ortholog 

was identified, FBB5. It was found that FBB5 was upregulated after 

deflagellation though it was absent from any published ciliary/flagellar 

proteomes.(312-314) The Chlamydomonas FBB5 was shown to be 

predominantly present in the cytoplasm with only a tiny amount present in the 

flagellar fraction in a pattern similar to other IFT-associated dynein assembly 

and transport factors e.g. ODA16 and ODA8.(294, 296, 315) The flagellar 

portion of FBB5 was found to be reduced in the oda16 mutant strain which 

lacks the IFT-associated dynein transport factor ODA16.(96, 296, 304) The 

expression and localization of FBB5 was however not affected by an N-

terminus deletion of IFT46 which is essential for the interaction between IFT46 

and ODA16 for dynein transport process indicating that the N-terminus of 

IFT46 is not essential for the transport of FBB5 in the cilia.(296, 303, 304)  
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4.4 Summary 

In this chapter, I have reported the use of a custom ómotile ciliomeô gene panel 

which was designed to include a good list of candidate genes for novel gene 

discovery in PCD. I have identified disease-causing mutations in a previously 

uncharacterized gene, C11orf70 in PCD patients. These mutations cause loss 

of both IDAs and ODAs and cilia immotility leading to PCD.  

I have shown the outcome of using a new model organism, 

Paramecium for functional characterization of this gene and to study its role in 

cilia motility. Knockdown of the C11orf70 ortholog in Paramecium reproduced 

the ciliary ultrastructural defects seen in the patients. This added to the current 

understanding of the dynein assembly and the IFT cargo transport process, 

expanding our understanding of the genetic background of PCD in humans.  

 

 

 

 

 

 

 

 

 

 



179 
 

Chapter 5 Mutations in DNAH9 

cause a distinct PCD phenotype 
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5.1 Introduction 

The motile ciliary axoneme is the core structure of cilia, comprising a circle of 

nine peripheral doublets of microtubules and a central pair of single 

microtubules termed the ó9+2ô array. Most species have motile cilia of the 

embryonic left-right organiser, lack the central pair of microtubules and have 

a ó9+0ô pattern.(124, 316) Dynein motors comprise the inner ñIDAò and outer 

ñODAò arms. They are lateral extensions attached to the peripheral 

microtubules and are responsible for cilia beating through ATP 

hydrolysis.(317)  

In mammalian species, each complex outer dynein motor structure is 

attached to the microtubule by a docking complex and is composed of multiple 

heavy, light and intermediate dynein chains.(318, 319) These dynein chains 

comprise multiple dynein isoforms produced by different genes, rather than 

resulting from alternative splicing of one or a limited number of genes. The 

ODA structure is highly evolutionarily conserved and it repeats every 24 nm 

along the length of the axoneme. This spacing is controlled through the nexin 

dynein regulatory complex and radial spokes to produce a regular ciliary 

waveform.(320, 321)  

There are two types of ODAs described in human cilia. Type 1 ODAs 

are localized to the proximal part of the cilium nearer to the cell body, in the 

region of the microvilli. They contain the two dynein heavy chains (HC) DNAH5 

(orthologous to the ODA ɔ-HC found in Chlamydomonas) and DNAH11 

(orthologous to the Chlamydomonas ODA ɓ-HC). Type 2 ODAs are located 

more distally in the cilium and contain the two heavy chains DNAH5 and 

DNAH9 (also orthologous to Chlamydomonas ODA ɓ-HC).(162, 322)  This 

regional distribution of DNAH9, restricted to type 2 ODAs of the distal part of 

the human motile cilium was shown by immunofluorescence studies in normal 

ciliated epithelial cells. In contrast, DNAH9 was shown to be present along the 

whole length of the sperm flagellum (11), although expression databases 

suggest that the paralogue DNAH17 is likely a testes-specific cross reactive 

isoform responsible for this pattern.(17) 
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DNAH9 was the first dynein heavy chain gene to be studied in human, 

with determination of its genomic structure and protein domains.(323) 

Mutational analysis of 31 families affected with PCD did not reveal any disease 

causing variants in DNAH9, but this was an early study in 2001, and did not 

exclude DNAH9 as a potential candidate for PCD.(323)  Disease causing 

mutations in the other structural dynein proteins; DNAH5, DNAH11, DNAI1, 

DNAI2 and DNAL1 have been identified in PCD patients. Mutations in DNAH5, 

DNAI1 and DNAH11 are amongst the commonest causes of PCD.(80, 161, 

324)  

DNAH5 mutations result in loss of the ɔ-HC DNAH5 and subsequently 

loss of the ɓ-HC DNAH9 leading consequently to a classic ODA-loss 

ultrastructure phenotype when assessed by TEM and PCD. Localization of 

DNAH9 remains unchanged in the sperm flagellum of patients with 

homozygous causal mutations in DNAH5 as DNAH5 is not present in the 

sperm flagellum and consequently DNAH9 is not affected.(11) DNAH9 is also 

lost from the ciliary axoneme of a patient with DNAI1 truncating mutations.(11) 

Mutations in DNAH11 lead to an apparently normal ultrastructure by 

conventional TEM with the apparently undisturbed presence of ODAs despite 

the absence of DNAH11.(161) There is in fact a subtle structural ODA defect 

in cases with DNAH11 mutations, which can be identified by higher resolution 

ultrastructural analysis (electron tomography). These small DNAH11 defects 

were found to affect only the proximal ODAs, causing a 25% reduction of ODA 

volume visible as a small hole in the ODAs.(163) It was also shown in 

DNAH11-deficient ciliated cells, by immunofluorescence, that DNAH9 can 

translocate to reside in the place of DNAH11 in the proximal part of the ciliary 

axoneme.(162)  

Here, I identified mutations in DNAH9 in two unrelated families with 

PCD. The patients respiratory cilia showed distinctive ultrastructural and 

motility defects. Knockdown of DNAH9 orthologs in Paramecium confirmed 

the highly conserved role of DNAH9 in cilia motility as a structural component 

of ODAs.  
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5.2 Results 

5.2.1 Mutations in DNAH9 identified in patients with PCD 

symptoms 

Mutations were identified in DNAH9 in three affected individuals from two 

unrelated families. The clinical picture and the results of the PCD diagnostic 

testing are summarized in Table 5-1. The first family (G131) is a UK based 

Somali family with non-consanguineous parents. There were two affected 

siblings (male and female) who manifested with rhino-sinusitis and situs 

inversus with no history of neonatal respiratory distress, otitis media or 

bronchiectasis. Their nasal NO and cilia beating frequency were close to the 

normal range. They also had lung function within the normal range (FEV1%; 

Forced Expiratory Volume in one second % predicted in healthy children 

based on their age, height, gender and ethnicity). The second family (G141) 

was Turkish in origin with consanguineous parents. The only male child had  

rhino-sinusitis, cough, situs inversus and complex congenital heart problems 

including an unbalanced atrioventricular septal defect with congenitally 

corrected transposition of the great arteries and inferior vena cava conduit 

stenosis that required stenting. There was no history of neonatal respiratory 

distress, otitis media or bronchiectasis. His nasal NO level and cilia beating 

frequency were found to be within normal range. The cilia beating of all three 

affected children showed a distinct pattern with a subtle defect in the bend of 

the distal portion of the cilia.  

Using the targeted next generation sequencing gene panel to screen 

patients with PCD phenotype, compound heterozygous variants were 

identified in both siblings of family (G131): a missense variant (c.10193G>T, 

p.Arg3398Leu) and a consensus splice acceptor site variant (c.8708-2A>G) 

at exon 46. Both mutations were confirmed in the affected siblings along with 

the heterozygous carrier state of the missense variant only in two unaffected 

siblings, confirming a consistent inheritance pattern in the absence of any 

available parental samples. (Figure 5-1) The missense variant (c.10193G>T, 
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p.Arg3398Leu) which is absent from the ExAc, dbSNP and EVS control 

databases, is predicted to be probably damaging by Polyphen-2 with a score 

of 0.997 and it has a CADD score of 34. The splice acceptor variant (c.8708-

2A>G) is found in dbSNP (rs143007518) and is present once in the ExAc 

control database in a heterozygous state with a total allele frequency of 

3.234e-5. It has a CADD score of 23.3 and is predicted to cause a protein 

frameshift.  

A homozygous missense mutation (c.12367G>A, p.Asp4123Asn) was 

found in the affected child of family (G141). Sanger sequencing confirmed the 

mutation in the child and showed that the father was a heterozygous carrier. 

The DNA sample from the mother was not available. (Figure 5-2) This variant 

is not found in the ExAc, dbSNP and EVS control databases. It is predicted as 

probably damaging using Polyphen-2 with a score of 1.0 and it has a CADD 

score of 33.  

In support of both the identified missense changes pathogenic nature, 

multiple protein sequence alignment across species (orthologs) and across 

several dynein heavy chains (paralogs) showed the highly conserved amino 

acid residues Arg3398 and Asp4123. (Figure 5-3) To study the functional 

consequence of the splice acceptor mutation (c.8708-2A>G), RT-PCR of 

cDNA synthesized after RNA purification from nasal brushing biopsies of one 

of the affected individuals and a healthy control was performed using primers 

in exons 41 and 47(the putative mutation affects the exon 46 splice acceptor). 

There were two PCR bands amplified in the patient sample compared to only 

one band amplified in the control sample. Sanger sequencing of gel-purified 

bands confirmed an exon 46 skipping event, predicted to lead to a frameshift 

of the protein producing a stop codon 53 residues downstream of the mutation 

[p.(Glu2904Aspfs*53)]. Quantitative RT-PCR showed reduced mRNA levels 

of DNAH9 in the patientôs nasal brushing sample compared to that of a normal 

control (normalized to GAPDH expression level). (Figure 5-4) 
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Table 5-1 Summary of the clinical symptoms and diagnostic findings in 
patients with DNAH9 mutations 

NDRS; Neonatal Respiratory Distress Syndrome, NO; Nitric Oxide, CBF; Cilia 
Beating Frequency, Hz; Hertz.   

 

 

Patient G131.II.2 G131.II.3 G141.II.1 

DNAH9 mutations 

NM_001372.3 

c.10193G>T; 

p.Arg3398Leu 

+ 

c.8708-2A>G; 

p.Glu2904Aspfs*53 

c.10193G>T; 

p.Arg3398Leu 

+ 

c.8708-2A>G; 

p.Glu2904Aspfs*53 

c.12367G>A; 

p.Asp4123Asn 

+ 

c.12367G>A; 

p.Asp4123Asn 

NRDS No No No 

Rhino-sinusitis Yes Yes Yes 

Productive cough Yes Yes Yes 

Situs inversus Yes Yes Yes 

Otitis media No No No 

Bronchiectasis No No No 

Nasal NO 

(normal>77nl/min) 
46nl/min 100nl/min 105nl/min 

CBF 

(normal 8-15 Hz) 
8-9.3Hz 8.4-8.6Hz 8.4-10.1Hz 

Other morbidities No No 

Protein losing 

enteropathy 

and complex 

congenital 

heart disease 
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Figure 5-1 Pedigree structure of affected family (PCD-G131) 

Sanger electropherograms show variant regions in the family members; II.1 
and II.4 are normal siblings, II.2 and II.3 are affected children. The affected 
siblings carry compound heterozygous splice acceptor (c.8708-2A>G) and 
missense (c.10193G>T; p.Arg3398Leu) mutations. DNA samples from both 
parents were not available. 
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Figure 5-2 Pedigree structure of affected family (PCD-G141) 

Sanger electropherograms show variant regions in the family members; II.1 is 
the only affected child. Sanger sequencing confirmed the homozygous status 
of a missense mutation (c.12367G>A; p.Asp4123Asn) in the patient and the 
carrier state of the father. DNA of the mother was not available. 

 

Figure 5-3 Phylogenetic analysis of Asp4123 and Arg3398 residues 

Multiple sequence alignment (using ClustalW2 program) of DNAH9 between 
species shows that the identified missense mutations affect highly 
evolutionarily conserved residues that are also conserved across different 
dynein heavy chains in humans. 
































































































































































































































































































