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Abstract 
 
Primary ciliopathies are a group of rare inherited disorders caused by defects in the 
structure or function of primary cilia (the ‘cell’s antenna’). This thesis describes 
approaches to improve molecular diagnosis rates for primary ciliopathy patients over 
the ~40-80% currently achieved, through whole genome sequencing (WGS) analysis 
and functional variant interpretation. 

 
Firstly, I analysed WGS data from the 100,000 Genomes Project (100K) for 
participants who were clinically suspected to have primary ciliopathies. I identified a 
molecular diagnosis rate for n=45/83 (54.2%), providing a 21.7% diagnostic uplift 
compared to results previously reported by Genomics England (GEL). 

 
I then performed a reverse phenotyping study, starting by looking for pathogenic 
variants in nine multisystemic ciliopathy disease genes across the 100K rare disease 
dataset. This was linked back to available clinical data, aiming to identify 
participants with “hidden” ciliopathy diagnoses recruited to alternative categories. I 
identified 18 new, reportable diagnoses and 44 previously reported by GEL. I also 
found 11 un-reportable molecular diagnoses, lacking key clinical features to provide a 
confident fit for phenotype. This shows that the quality of entered phenotypic data is 
critical to allow accurate genotype-phenotype correlation. 

 
In a third study, I developed strategies for functional interpretation of eight TMEM67 
missense variants of uncertain significance (VUSs) with collaborators in Ireland, using 
CRISPR/Cas9 gene editing in a human ciliated cell-line (RPE-1) and C. elegans. 
These assays provided interpretation of three VUS as benign and five as pathogenic. 

 
The two 100K studies show that diagnosis rates for ciliopathies can be improved 
through WGS analysis, especially structural and splice variant analysis. We are a long 
way from delivering a high-throughput system for VUS interpretation that could 
provide clinical utility in the diagnostic setting. Overall, we have provided benefit for 
ciliopathy patients through additional molecular diagnoses, accompanied by 
transferable skills applicable to wider patient groups. 
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1 Introduction 
 

1.1 Genetic variant interpretation 

Advances in next generation sequencing (NGS) technologies have facilitated the 
widespread introduction of genomic tests in mainstream clinical settings, as well as in 
the research environment. These include multi-gene panel, whole exome and whole 
genome testing strategies. These genomic tests offer exciting new opportunities, as 
well as challenges. 

 

 

1.1.1 Rare disease diagnostics 

In the European Union (EU), rare diseases are defined as those that affect fewer than 
1 in 2,000 people in the general population (Eurordis, 2005). Frequently cited 
estimates of the number of rare diseases are between 5000-8000, with 70-80% being 
genetic in origin (Ferreira, 2019, Nguengang Wakap et al., 2020). More recently, 
RARE-X, the Rare Disease Database Platform based in the United States, estimated 
that this burden was much higher, with nearly 11,000 unique rare diseases, of which 
approximately 87% are known to be genetic and a further 13% suspected to be genetic 
(Lamoreaux et al., 2022). Although individually rare, the cumulative population 
prevalence of rare disease is estimated at 6.2%, equating to 473 million people 
affected globally (reference world population 7.6 billion) (Ferreira, 2019). 

 

 
Accurate diagnosis for patients with rare disorders is essential for their optimal medical 
management. This is especially important because around half of rare diseases have 
childhood or prenatal onset, amongst which 30% of those affected will die by their fifth 
birthday (Global Genes, 2021). The necessity of identifying diagnoses for patients with 
rare diseases is recognised in the vision of the International Rare Diseases Research 
Consortium (IRDiRC) 2017 – 2027: to “enable all people living with a rare disease to 
receive an accurate diagnosis, care and available therapy within one year of coming to 
medical attention” (Austin et al., 2018). 

 

 
Achieving a molecular genetic diagnosis is defined as identifying the precise molecular 
cause (genotype) that explains the clinical features (phenotype) (Wright et al., 2018a). 
Identifying a diagnosis for every individual with a rare disease is a considerable 
challenge because of the genetic and phenotypic variability associated with these 
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conditions, and our incomplete knowledge about their genetic origins (Wright et al., 
2018a). Medical professionals face diagnostic challenges in recognising previously 
unencountered or ultra-rare conditions, and for those with non-specific features with 
several possible genetic and non-genetic causes. At least half of patients with rare 
diseases remain undiagnosed despite multiple tests, and for those that do receive a 
diagnosis, it takes 4.8 years on average to identify (Mattick et al., 2018, Global Genes, 
2021). Appropriate selection of a genomic test, facilitating analysis of multiple 
potentially causative genes at once, can curtail the “diagnostic odyssey” experienced 
by many patients with rare disorders (Sawyer et al., 2016). Data analysis can be 
iterative, with new genes and DNA regions analysed if the answer (identification of 
causative, pathogenic genetic variant(s)) is not identified from initial attempts. This 
reduces the costs of expensive and sometimes invasive serial testing, including 
molecular, imaging, and other pathological investigations such as biopsies (Wright et 
al., 2018a). 

 

 
Determining the underlying genotype for a patient’s phenotype allows provision of 
accurate information about their condition, including potential current and future 
associated features for which screening or treatment may be available. It allows 
counselling about the mode of inheritance, the chances of family members and future 
children being affected and facilitates cascade and prenatal testing to those at risk. 
For conditions approved by the Human Fertilisation and Embryology Authority (HFEA), 
pre-implantation genetic testing for monogenic or single-gene disorders (PGT-M) may 
be possible. A molecular diagnosis allows a clearer prognosis to be inferred from 
previous cases with the same condition. It also enables direction to disorder-specific 
support groups, reducing the sense of isolation and anxiety for families affected by 
rare disorders. Having a molecular genetic diagnosis is a pre-requisite for the 
increasing number of targeted therapeutics becoming available for rare diseases. 
Despite significant efforts in the field, less than 10% of rare diseases have an approved 
therapy (Tambuyzer et al., 2020, Lamoreaux et al., 2022). 

 

 

1.1.2 Genetic variation 

The human genome is made of 3.055 billion nucleotides packaged into 23 pairs of 
chromosomes (Nurk et al., 2022). Variation in DNA sequence from the reference 
sequence is responsible for normal individual variation but can also cause disease 
when it disrupts critical gene function. 
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Genetic variation can occur at every level of DNA resolution: from abnormalities in 
chromosome number (aneuploidy), large chromosomal structural variants (SVs) (e.g. 
translocations, inversions), gains or losses of chromosome material (copy number 
variation (CNV)), all the way down to single base pair (bp) alterations or small 
insertions and deletions (indels). A typical human genome has 4.1 – 5 million variants 
from the reference sequence (Genomes Project et al., 2015). Over 99% of these are 
single nucleotide variants (SNVs), including superficially alarming numbers of 
seemingly damaging variants identified in healthy individuals (149–182 protein 
truncating variants, 10,000 - 12,000 missense variants and 459,000 - 565,000 
variants overlapping known regulatory regions). Furthermore, a typical human genome 
contains 2,100 to 2,500 SVs, including ∼1,000 large deletions and ∼160 CNVs 
(Genomes Project et al., 2015). Therefore, identifying the single genetic variant 
responsible for an individual’s genetic disease amongst the huge number present is 
the fundamental challenge of clinical genetics, analogous to finding a needle in a 
haystack. 

 

 
Different testing strategies must be adopted to detect different types of genetic variation. 
Large chromosomal abnormalities are usually detected through cytogenetic tests. 
Karyotyping has a resolution limit of 5-10 megabases (Mb), and array-comparative 
genomic hybridisation (array-CGH) around 500 kilobases (kb). Array-CGH is 
frequently used as a first line investigation for suspected genetic disorders, including 
structural fetal abnormalities, unexplained learning disability and/or developmental 
delay, dysmorphism and multiple congenital abnormalities (NHS England, 2022). This 
is largely related to its low cost and straightforward processing (Nurchis et al., 2022). 
Karyotyping is usually reserved for specific clinical indications where a cytogenetic 
abnormality is suspected and if array CGH is uninformative, such as recurrent 
miscarriage. It is more labour intensive, requiring specialist training, than array CGH. 

 

 
Sequencing technologies must be used to detect SNVs and CNVs smaller than the 
resolution achievable through cytogenetic tests, accountable for a significant 
proportion of disease- causing variants. NGS can be broadly divided into short and long-
read strategies. Illumina has emerged as the dominant provider of next-generation 
sequencers in the last decade due to their lower cost, higher speed, and higher yield 
than other systems (Midha et al., 2019). Illumina sequencers use a short read, 
sequencing by synthesis (SBS) approach (Goodwin et al., 2016). They provide short 
reads of <300bp with an error rate of <1% across their sequencing platforms (Stoler 
and Nekrutenko, 2021). Short-read NGS is massively parallel, sequencing millions of 
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fragments simultaneously per run. Parallel individual reads are aligned to the reference 
sequence, distinguishing true variation from sequencing artefacts through repeated 
appearance across reads. In contrast, traditional Sanger sequencing only sequences 
a single fragment at a time. Therefore, Sanger sequencing is now more commonly used 
to confirm variants identified through NGS than as a first-line diagnostic strategy. 
Sanger sequencing is also used clinically to perform cascade testing when a 
pathogenic variant is known in a family, or for conditions caused by a single pathogenic 
variant, such as achondroplasia (Legare, 2022). 
 
 

Newer long-read sequencing strategies, such as single-molecule real-time (SMRT) 
sequencing from Pacific Biosciences (PacBio) and the MinION nanopore sequencer 
from Oxford Nanopore Technologies (ONT), overcome the read-length limitations of 
short-read sequencing, but are considerably more expensive and have lower accuracy 
levels, so far limiting widespread adoption of these technologies (Goodwin et al., 
2016). 

 

 

1.1.3 American College of Medical Genetics and Genomics (ACMG) 
variant classification 

Instructed by the Association for Clinical Genomic Science (ACGS), UK diagnostic 
laboratories use guidelines from the ACMG to classify the pathogenicity of genetic 
variants according to the type(s) of available evidence about the variant, and how 
strongly that evidence is graded (Ellard et al., 2018, Richards et al., 2015). The ACMG 
guidelines provide scores about the strength of evidence in favour of pathogenicity or 
benign impact (summarised in Table 1), as well as rules for combining criteria to classify 
sequence variants into one of five categories: class 1 (benign), class 2 (likely benign), 
class 3 (uncertain significance), class 4 (likely pathogenic) and class 5 (pathogenic). 
Combinations of evidence required to meet the threshold for pathogenic or likely 
pathogenic classification are summarised in Table 2. This process of evidence 
gathering and collective consideration is known in genetics as variant interpretation. 
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Table 1. ACMG guidelines on strengths of evidence in favour of variant pathogenicity. 

Adapted with permission from (Richards et al., 2015). 

 Strength of evidence in favour of pathogenicity 
Type of evidence Supporting Moderate Strong Very strong 

Population Data  Absent  in  population  databases 
PM2 

Prevalence in affecteds 
statistically increased over 
controls PS4 

 

Computational 
and Predictive 
Data 

Multiple lines of computation 
evidence support a deleterious 
effect on the gene / gene 
product PP3 

Novel missense change at an 
amino acid residue where a 
different pathogenic missense 
change has been seen before PM5 
Protein length changing variant 
PM4 

Same amino acid change as 
an established pathogenic 
variant PS1 

Predicted null 
variant in a gene 
where LOF is a 
known mechanism 
of disease PVS1 

Functional Data Missense in gene with low rate 
of benign missense variants 
and pathogenic missenses 
common PP2 

Mutational hot spot or well-studied 
functional domain without benign 
variation PM1 

Well-established functional 
studies show a deleterious 
effect PS3 

 

Segregation Data Co-segregation with disease in 
multiple affected family 
members PP1 

   

De novo Data  De novo (without  paternity & 
maternity confirmed) PM6 

De novo (paternity & 
maternity confirmed) PS2 

 

Allelic Data  For recessive disorders, detected 
in trans with a pathogenic variant 
PM3 

  

Other Databases Reputable source – 
pathogenic 
PP5 

   

Other Data Patient’s phenotype or family 
history highly specific for gene 
PP4 
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Table 2. AMCG guidance on combinations of lines of variant pathogenicity evidence required to meet thresholds for classification 
as pathogenic or likely pathogenic. 

Adapted with permission from (Richards et al., 2015). 
 Pathogenic Likely pathogenic 

Combination 
1 

1 Very Strong (PVS1) AND 
a) ≥1 Strong (PS1–PS4) OR 
b) ≥2 Moderate (PM1–PM6) OR 
c) 1 Moderate (PM1–PM6) and 1 Supporting (PP1–PP5) OR 
d) ≥2 Supporting (PP1–PP5) 

1 Very Strong (PVS1) AND 1 Moderate (PM1–PM6) 

Combination 
2 

≥2 Strong (PS1–PS4) 1 Strong (PS1–PS4) AND 1–2 Moderate (PM1–PM6) 

Combination 
3 

1 Strong (PS1–PS4) AND 
a) ≥3 Moderate (PM1–PM6) OR 
b) 2 Moderate (PM1–PM6) AND ≥2 Supporting (PP1–PP5) 

OR 
c) 1 Moderate (PM1–PM6) AND ≥4 Supporting (PP1–PP5) 

1 Strong (PS1–PS4) AND ≥2 Supporting (PP1–PP5) 

Combination 
4 

- ≥3 Moderate (PM1–PM6) 

Combination 
5 

- 2 Moderate (PM1–PM6) AND ≥2 Supporting (PP1–PP5) 

Combination 
6 

- 1 Moderate (PM1–PM6) AND ≥4 Supporting (PP1–PP5) 
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To undertake this classification, extensive literature and database review is required, 
approved by an accredited clinical scientist in the diagnostic setting. Clinical 
information must be integrated into the variant interpretation pipeline before definitive 
classification and subsequent decision making. This requires consideration of whether 
pathogenic variants in the gene of interest could be compatible with the patient’s 
phenotype, the mode of inheritance and the functional consequence of the variant’s 
mutational mechanism (e.g. haploinsufficiency, dominant negative effects) (Strande et 
al., 2017). 

 

1.1.3.1 ACMG strengths of evidence of pathogenicity 
Very strong (PVS1) 

To qualify as ‘very strong’ evidence of pathogenicity, the variant must have a “null 
effect (nonsense, frameshift, canonical ±1 or ±2 splice sites, initiation codon, single or 
multi-exon deletion) in a gene where loss of function (LOF) is a known mechanism of 
disease”. 

 
Strong 

There are four lines of ‘strong’ evidence of pathogenicity: 
 

1) PS1: “The variant causes the same amino acid change as a previously 
established pathogenic variant, regardless of the nucleotide change”. 

2) PS2: “De novo (both maternity and paternity confirmed) in a patient 
with the disease and no family history”. 

3) PS3: “Well-established in vitro or in vivo functional studies supportive of a 
damaging effect on the gene or gene product”. 

4) PS4: “The prevalence of the variant in affected individuals is significantly 
increased compared with the prevalence in controls”. 

 
Moderate 

‘Moderate’ evidence of pathogenicity falls into six categories: 
 

1) PM1: The variant is in a “mutational hot spot and/or critical and well-established 
functional domain”. 

2) PM2: The variant is “absent from controls or is found at extremely low 
frequency if recessive”. The huge, publicly available Genome Aggregation 
Database (gnomAD) (available from https://gnomad.broadinstitute.org) makes 
finding this evidence very straightforward (Karczewski et al., 2020). The latest 
version span 125,748 exomes and 15,708 genomes (GRCh37) (v2) and 76,156 
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genomes (GRCh38) (v3.1) sequenced as part of various disease-specific and 
population genetic studies. 

3) PM3: “For recessive disorders, detected in trans with a pathogenic variant”. 

4) PM4: The encoded “protein length changes as a result of in-frame 
deletions/insertions in a nonrepeat region or stop-loss variants”. 

5) PM5: “Novel missense change at an amino acid residue where a different 
missense change determined to be pathogenic has been seen before”. 

6) PM6: The variant is “assumed to be de novo, but without confirmation of 
paternity and maternity” (relevant only to dominant disorders). 

 
Supporting 

There are five lines of ‘supporting’ evidence: 
 

1) PP1: “Co-segregation with disease in multiple affected family members in a 
gene definitively known to cause the disease”. 

2) PP2: “Missense variant in a gene that has a low rate of benign missense 
variation, and where missense variants are a common mechanism of disease”. 

3) PP3: “Multiple lines of computational evidence support a deleterious effect on 
the gene or gene product”. For missense variants, in silico predictive software 
tools perform physical and evolutionary comparative considerations, to assess 
the impact of amino acid substitutions on the structure or function of a protein. 
To predict the pathogenicity of a missense substitution, these in silico programs 
consider the evolutionary conservation of an amino acid/nucleotide, its 
location, and the biochemical consequence of the amino acid substitution. 
Many tools are publicly available, with PolyPhen-2 (available from 
http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2013) and SIFT 
(available from https://sift.bii.a-star.edu.sg) (Sim et al., 2012) in regular use in 
UK diagnostic laboratories. In silico splicing tools can be used either as stand- 
alone programs or as interfaces integrating multiple algorithms. Programs 
including Human Splicing Finder (available from http://www.umd.be/HSF3/) 
(Desmet et al., 2009) and MaxEntScan (available from 
http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) (Yeo 
and Burge, 2004) incorporate data about splicing signals, splicing regulatory 
elements, the spliceosome and other trans-acting elements to predict the 
effects of variants on splicing signals or to identify splicing motifs. 

4) PP4: “Patient’s phenotype or family history is highly specific for a disease with 
a single genetic aetiology”. 

5) PP5: “Reputable source recently reports variant as pathogenic, but the 
evidence is not available to the laboratory to perform an independent 
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evaluation”. 
 

1.1.4 NGS-based genomic testing strategies 

NGS-based genomic tests are those that use NGS to sequence large stretches of 
DNA, which can include both coding and non-coding regions. The sequenced DNA 
can then be selectively analysed according to the clinical or research question through 
a strategy called virtual gene panel analysis. This means that variants that are in genes 
on pre-approved lists (panels) relevant to the suspected medical condition are 
extracted for analysis from the whole dataset. This allows greater opportunities for 
molecular diagnosis than traditional single- gene testing for conditions demonstrating 
locus heterogeneity, or where the condition is difficult to recognise clinically and 
therefore may have different genetic causes. 

 

 
In whole genome sequencing (WGS), the genome (coding and non-coding regions) is 
sequenced without prior selection. In whole exome sequencing (WES), DNA regions 
containing the protein-coding exons are first selectively captured before sequencing. 
These ~20,000 genes make up only 1% to 2% of the genome but contain >85% of all 
disease-causing variants (van Dijk et al., 2014). In clinical exome sequencing, only the 
~5,000 genes known to have a clinical association with human disease are sequenced. 

 

 
To date, WES and clinical exome sequencing have been more commonly used than 
WGS in the clinical context, related to lower costs, generated data volume for storage 
and the fact that non-coding regions are usually not analysed in standard diagnostic 
pipelines. However, with falling costs and improving processing capabilities, a move 
towards WGS is in underway. WGS is less prone to technical artifacts than WES due 
to fewer preparation steps being required before sequencing (Belkadi et al., 2015). 
Technical limitations of target-probe hybridisation and/or high GC content in WES can 
lead to inadequate sequencing depth for some regions leading to uneven capture or 
complete exon skipping. This can lead to poor accuracy scores of potentially 
pathogenic variants which are either missed completely, or excluded from further 
analysis, producing false negatives (Mattick et al., 2018). This is a particular problem 
in potential diagnostic blind spots including SVs, pseudogenes, and repetitive regions 
(Hannan, 2018, Mallawaarachchi et al., 2016, Noll et al., 2016). WGS, particularly 
PCR-free WGS, provides the opportunity to identify CNVs and SVs due to even 
coverage of the whole genome, not available through WES (see thesis section 1.1.5.2). 
Some previously undetectable complex SVs, such as balanced inversions, are 
detectable through WGS with or without complementary cytogenetic tests (Schuy et 
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al., 2022). Furthermore, WGS facilitates the opportunity to analyse intronic regions not 
covered in WES, likely to be a source of hidden pathogenic variants (see thesis section 
1.1.5.1). 
 
 

Compared with traditional testing approaches, WES and WGS have provided 
improved diagnostic rates for patients with rare disorders. In the UK, the Deciphering 
Developmental Disorders Study (DDD) (https://www.ddduk.org) undertook WES for 
children with developmental disorders undiagnosed through targeted single-gene and 
cytogenetic testing, identifying an underlying genetic diagnosis in 40% (Wright et al., 
2018b, Wright et al., 2015). A 2018 meta-analysis of 37 studies, comprising over 
20,000 children, revealed a diagnostic yield of 25-30% from WES and WGS in children 
with suspected genetic disorders, with both providing significantly greater diagnostic 
utility than array CGH (Clark et al., 2018). This study reported that the diagnostic utility 
of WGS and WES were not significantly different from one another. In the same year, 
a meta-analysis of 29 studies undertaking WES and nine studies performing WGS for 
a much broader range of suspected genetic conditions, including paediatric and adult-
onset disorders, reported that WGS nearly doubles the diagnosis rate compared to 
WES (range from WES = 25-35%, weighted average = 28%; vs WGS range = 40-60%, 
weighted average = 49%) (Mattick et al., 2018). However, the authors acknowledge 
that the range of conditions and cohorts between studies were very different, meaning 
direct comparison is difficult, and the technical improvements in WES over the 
inclusion period led to better diagnosis rates from WES later in the study window 
(weighted average diagnostic yield 2013-2014 = 26% vs 2017-2018 = 31%). 

 

 

1.1.5  Sources of missed genetic diagnoses 

Despite advances in sequencing technologies and available diagnostic tests, clearly a 
significant proportion of individuals with genetic disorders still have undetected 
molecular diagnoses. There are several reasons underlying this, which can be split 
into practical problems detecting the causative variant (inappropriate test selection or 
sequence quality), and problems recognising the right variant as causative. The latter 
includes variants in genes not previously associated with human disease and variants 
with functional consequences that are not captured by standard variant filtering 
approaches. Recent estimates are that there are more than 1000 developmental 
disease genes yet to be identified, which get harder and harder to find due to reduced 
penetrance and high levels of pre- and perinatal mortality (Kaplanis et al., 2020). 
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Genomic tests provide the opportunity to analyse any variant identified, but the sheer 
numbers generated understandably drive a practical need for filtering prior to analysis. 
Common filtering strategies in rare disease diagnostics include removal of variants 
common in the general population (see description of gnomAD, section 1.1.3.1), 
removal of non-coding variants, removal of seemingly benign variant types (e.g. 
synonymous, in-frame indels) and removal of variants in genes not on selected virtual 
gene panels. 
 

1.1.5.1  Missed pathogenic splice and non-coding variants 

Splice variants are already recognised as an important contributor to genetic disease. 
The public variant pathogenicity database ClinVar (Landrum et al., 2016) contains 
209,123 pathogenic and/or likely pathogenic variants, of which 24,825 (11.9%) are 
entered as affecting splice sites (data correct as of 09/11/2022). However, this number 
is likely to be hugely under- representative of the total pathogenic variant burden due 
to limitations in the recognition and interpretation of splice variants. 

 

 
Splicing is a complex, tightly regulated process that transforms freshly transcribed pre- 
messenger RNA (mRNA) to mature mRNA, ready to be translated into protein. This 
involves removing non-coding sequence (introns) by cleavage at conserved 
sequences called splice sites and splicing the remaining coding sequence (exons) 
back together. Splicing occurs in the nucleus coordinated by the trans-acting 
spliceosome protein-RNA complex (Anna and Monika, 2018). This interacts with cis-
acting elements, which are DNA sequences that define exons, introns, and regulatory 
sequences necessary for proper splicing. These include the two-nucleotide canonical 
splice sites at either side of each exon: an “AG” motif upstream of the acceptor (3′), 
and “GT” motif downstream of the donor (5’). Other important cis-acting elements 
include the polypyrimidine tract, branch point and auxiliary elements such as splicing 
silencers and enhancers (Lord and Baralle, 2021). 

 

 
Splicing can be disturbed by disruption to any cis or trans acting element. Incorrect 
splicing can lead to exon skipping or the introduction of novel splice sites, which alter the 
reading frame of protein-coding genes. Alternatively, missed splicing causing intron 
retention incorporates non-coding DNA into mature mRNA, which often contains stop 
codons and therefore leads to premature protein truncation. 
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Canonical splice site variants are already recognised as causing LOF with a null effect 
(Richards et al., 2015). The complex mechanisms of splicing are not yet fully 
understood, impairing our ability to determine whether identified variants outside the 
canonical splice sites will disrupt splicing and how damaging this may be. Cryptic splice 
variants disrupt mRNA splicing despite lying outside the canonical splice sites and 
have been recognised as having an important role in genetic disease for many years 
(Cooper et al., 2009). These may be deep- intronic, near splice-site or exonic and 
labelled as alternative variant types (particularly missense and synonymous). 
However, tools to interpret cryptic splice variants are still in development. Data from in 
silico prediction tools can only provide supporting evidence for ACMG variant 
assessments (see thesis section 1.1.3.1), preventing classification as anything more 
definitive than a variant of uncertain significance (VUS) (see thesis section 1.1.7.1) in 
the absence of functional experiments which are usually limited to the research setting 
(Richards et al., 2015). 

 

 
Non-coding DNA, historically labelled as “junk”, is proving to have much more important 
roles in gene regulation and expression than previously thought. Gene transcription is 
mediated by a promotor element directly upstream of a gene as well as through binding 
of transcription factors to more distal enhancer and repressor elements. Gene 
expression is also regulated at the post-transcriptional level, controlled by the 5' and a 
3’ untranslated regions (UTRs) in mature mRNA, which regulate RNA stability, 
trafficking, and the rate at which it is translated into protein. Collectively, disruptive 
variation in non-coding regions has been shown to cause severe disease by affecting 
splicing, transcription, translation, chromatin stability and RNA processing and stability 
(Ellingford et al., 2022). This contribution to disease burden has been shown to be 
significant for some conditions. For example, non-coding region variants causing LOF 
represent 23% of likely diagnoses identified in MEF2C in the DDD cohort (Wright et 
al., 2021). 

 

 
Several founder non-coding pathogenic variants have been known for many years. 
These are ancestral variants which rose to relatively high frequency in a given 
population and are now shared by families with the resultant phenotype. For example, 
the CEP290 deep-intronic variant c.2991+1655 A>G accounts for up to 15% of the early 
onset blindness condition Leber Congenital Amaurosis (LCA) (Sallum et al., 2020, 
Coppieters et al., 2010a), and represents the majority of the CEP290 pathogenic 
variant burden for patients with LCA (Testa et al., 2021, Feldhaus et al., 2020). 
Functional experiments showed that this variant creates a cryptic splice donor site, 
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resulting in the insertion of an aberrant pseudoexon with a premature stop codon into 
∼50% of all CEP290 transcripts (den Hollander et al., 2006). Correct identification of 
splicing variants is extremely important, not only to provide molecular diagnoses to 
unsolved patients but because they are an area for development of new targeted 
therapeutics such as antisense oligonucleotides (AONs). The RNA AON Sepofarsen 
targeted to the CEP290 variant c.2991+1655 A>G is in clinical trials, demonstrating 
significant improvements in visual acuity and retinal sensitivity and a manageable 
safety profile (Russell et al., 2022, Xue and MacLaren, 2020). 

 

 

1.1.5.2  Missed structural variants 

SVs are usually defined as changes of at least 50 nucleotides. They can be balanced 
or unbalanced and defined as canonical (two breakpoints) or complex (three 
or more breakpoints) (Quinlan and Hall, 2012). It is very difficult to ascertain the 
contribution of SVs to rare disease that are undetectable on cytogenetic tests (if 
undertaken) because systems to prioritise them for analysis from genomic data are not 
well established. These include balanced or unbalanced SVs smaller than the resolution 
of array CGH (500kb) and balanced changes that are too small or complex to be seen 
on karyotyping. Many software packages are available to call CNVs and SVs from short 
read WGS data, such as Manta (Chen et al., 2016) and Canvas (Ivakhno et al., 2018). 
Manta is an SV caller that based on breakpoint analysis, whereas Canvas is a CNV 
caller mainly based on coverage. The two work well in parallel; Manta is better for 
picking up SVs like translocations and CNVs <10kb, whereas Canvas is better at picking 
up larger CNVs. However, high false positive rates and a lack of consistent filtering 
strategies make accurate identification and interpretation of pathogenic SVs 
challenging. 

 

 
Published data from WGS studies has already demonstrated the value added through 
SV analysis. A study led by a Swedish team evaluated WGS with SV analysis as a 
first-line investigation for intellectual disability (Lindstrand et al., 2019). They undertook 
WGS for three cohorts: (i) a retrospective cohort with validated CNVs (n = 68); (ii) 
individuals referred for monogenic multi-gene panels (n = 156); (iii) prospective cases 
referred for array CGH (n=100). As well as validating 92 previously known SVs through 
WGS, they detected 11 new SVs, improving the diagnostic yield. More recently, the 
same group undertook explicit non-SNV analysis for 285 patients undergoing WGS for 
multiple clinical indications, finding 35 (12%) with non-SNV variants (Stranneheim et 
al., 2021). As the non-SNV analyses were implemented gradually, it is impossible to 
ascertain the exact number analysed for these variants in their cohort. However, the 
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authors reported that 45 identified non-SNVs are CNVs (70% of cases), with five 
balanced rearrangements, two complex SVs, ten short tandem repeat (STR) 
expansions and one maternal uniparental disomy (UPD) also reported. In the UK, 
analysis of WGS data from 650 unsolved inherited retinal dystrophy patients revealed 
33 pathogenic SVs from 31 individuals (4.8% diagnostic uplift) (Carss et al., 2017). 

 

 

1.1.6 The 100,000 Genomes project (100K) 

The 100,000 Genomes project (100K) is a hybrid clinical/research initiative, launched 
in 2012 by Genomics England (GEL) as part of the UK’s Life Sciences Strategy 
(Turnbull et al., 2018). The project aimed to sequence 100,000 genomes from 
individuals with rare diseases and cancer alongside their family members in a trio 
testing approach and link this sequence data to clinical data from longitudinal patient 
records. To take part, participants had to consent to the clinical arm of the project, i.e. 
to receive a diagnosis should one be identified, and to the research arm, including 
access to their past, present, and future genetic and medical records for approved 
academic and commercial researchers. They also had the option for an opportunistic 
search for additional findings, such as for inherited cancer predispositions and 
reproductive carrier risks. Short-read genome sequencing was performed using 
Illumina ‘TruSeq’ library preparation kits for read lengths 100 bp and 125 bp (Illumina 
HiSeq 2500 instruments), or 150 bp reads (HiSeq X). These generated a mean read 
depth of 32× (range, 27–54) and a depth >15× for at least 95% of the reference human 
genome (Wheway et al., 2019). 

 

 
GEL adopted a “tiering” system which prioritised variants for analysis by regional 
National Health Service (NHS) diagnostic laboratories. This is described in detail under 
“tiering issues” (Best et al., 2022a) (manuscript section 2) in our published 100K 
commentary article. In summary, clinical assessment was only expected for prioritized 
Tier 1 (protein damaging) and Tier 2 (protein altering) SNVs affecting coding 
sequences and splice donor or acceptor sites, in genes on selected panel(s). All other 
SNVs, CNVs and SVs were not systematically analysed in the whole cohort. 

 

 
GEL also provide PanelApp (available from https://panelapp.genomicsengland.co.uk), 
a crowdsourcing tool for sharing and evaluation of curated gene panels by the scientific 
community (Martin et al., 2019). PanelApp provides a traffic light system for genes: 
‘green’ genes are diagnostic grade, ‘amber’ genes are borderline and ‘red’ genes have 
a low level of evidence. 
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Recruitment to the main 100K program was delayed due to oncology sample problems 
identified during the pilot project. Sequenced DNA from traditional Formalin-Fixed 
Paraffin- Embedded (FFPE) tissue specimens produced noisy profiles with large 
numbers of artefacts, requiring a move to using only frozen tissue samples. This 
heralded a nationwide sea-change in pathology departments, including rapid transfer 
and processing of samples between operating theatres and pathology departments. 

 

 
Recruitment to 190 different rare disease domains took place between 2016 and 2018 
across 85 NHS Trusts, coordinated by 13 Genomic Medicine Centres (GMCs). A 
preliminary report from the pilot study of 4660 rare disease participants reports a 
genetic diagnosis in 25% of probands (The 100,000 Genomes Project Pilot 
Investigators et al., 2021). Interestingly, 14% of these diagnoses were made through a 
combination of GEL’s automated tiering system and research collaborations, proving 
especially important in identification of pathogenic non- coding and structural variants. 
Data from the main program is still emerging and has not been comprehensively 
summarised. 

 

The longer-term aim of the 100K is to fully integrate genomic testing for eligible patients 
within existing NHS healthcare pathways. In October 2018, the new NHS Genomic 
Medicine service was established as a follow on from the 100,000 Genomes Project 
(Department of Health and Social Care, 2019). This provides a curated National 
Genomic Test Directory, specifying which genomic tests are commissioned by NHS 
England (NHS England, 2022). The Test Directory sets out the technology by which 
tests are available, including WES and WGS where appropriate, and the patients who 
are eligible to access commissioned tests. It is subject to extensive annual review by 
national clinical and scientific experts, existing genetic laboratory staff, patient and 
public representatives and organisations. 

 

 
The UK Government policy paper “Genome UK: the future of healthcare”, published in 
September 2020, committed to sequence at least 500,000 whole genomes in England 
by 2024, and to offer WGS for “seriously ill children who are likely to have a rare genetic 
condition, children with cancer, and adults suffering from certain rare conditions or 
specific cancers” (Gov.uk, 2020). However, in the latest version of the National 
Genomic Test Directory (v3.1, August 2022), WGS is only recommended for 33/592 
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(5.6%) of clinical indications and WES for 63/592 (10.6%) (NHS England, 2022). 
Despite the promises of the 100K, the House of Commons Science and Technology 
Committee reported that the roll out of the NHS Genomic Medicine Service has been 
held up by delays in digital infrastructure, insufficient training and a lack of qualified 
staff, and ethical concerns over use of patient data (Parliament.uk, 2018). 

 

 

1.1.7 Challenges in genomic testing 

Although genomic tests are more successful in detecting clinically significant findings 
compared to traditional cytogenetic or single-gene tests, they also increase the chance 
of detecting variants of uncertain significance (VUS) and incidental findings, providing 
challenges to both clinicians and patients. 

 

 
The tools and technologies used to interpret DNA sequence variants are not as 
advanced as the NGS tools used to generate the sequence in the first place. Using 
readily available tools, a significant proportion of genetic variants remain difficult to 
interpret, limiting their clinical utility. 

 

 

1.1.7.1 VUS 

Class 3 variants are also known as VUS. These are genomic variants which cannot 
be definitively classified as pathogenic or benign because of inadequate or conflicting 
available evidence. With genomic tests now including hundreds to thousands of genes, 
generation of VUS results is dramatically increasing (Hoffman-Andrews, 2017). 
Missense and non- canonical splice variants pose particular challenges. Often, the only 
lines of available evidence are ‘moderate’ (absent from population controls) and 
‘supporting’ (in silico tools support a deleterious effect), which together are not enough 
to meet the threshold for a ‘likely pathogenic’ classification. The ACMG advises that 
‘efforts to resolve the classification of the variant as pathogenic or benign should be 
undertaken’ when VUS are identified (Richards et al., 2015). However, it is unclear how 
far this should be pursued by the clinical team, and the expenditure of time and 
resources to ensure this classification can be prohibitive (Feldman, 2016). Currently, 
functional work to provide additional ‘strong’ evidence is largely limited to the research 
setting, done on a case-by-case basis where resources are available and interested 
researchers are involved. 
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The inherent uncertainty of a VUS result is challenging both for clinicians and patients. 
The ACMG advises that a VUS result cannot be used in clinical decision making 
(Richards et al., 2015). Not only does this apply to the index patient, but to cascade 
testing for other family members, and to prenatal testing. If reported to patients, VUS 
can cause significant anxiety and make decision-making challenging (Han et al., 2017, 
Makhnoon et al., 2019). 

 

 
Clearly, better tools are required to allow more definitive interpretation of genetic 
variants. Given the wealth of genomic data now available, there is a pressing clinical 
need to provide systematic functional interpretation of VUS since this is essential for 
accurate molecular diagnosis. For functional testing to be incorporated into standard 
variant interpretation and to be deliverable in the mainstream clinical setting, it would 
need to be accurate, quick, affordable, and easily interpretable. 

 

 

1.1.7.2 Incidental findings 

Incidental findings are results of potential clinical significance that are unexpectedly 
discovered and unrelated to the purpose of the test. The discovery of a result inferring 
an unanticipated medical condition or predisposition can cause significant anxiety and 
upset. Deciding whether to return such findings is a challenge for both clinicians and 
patients, that must be carefully accommodated within the testing consent procedure. 
The ACMG advises to only report incidental findings of conditions that are medically 
actionable, meaning that there is effective screening and/or treatment available for that 
condition, amongst which there are high levels of concordance amongst specialists 
(Kearney et al., 2011, Green et al., 2012). Challenging incidental findings are 
typically discussed at multi-disciplinary meetings of relevant clinicians and 
scientists, and a consensus is reached on whether they should be returned. The 
chances of identifying incidental findings can be reduced by applying phenotype-
specific gene panels or targeted interpretation of sequence data, restricting the 
subsequent debate about whether to return identified results. 

 

 
As well as revealing unexpected medical conditions, trio testing approaches can also 
reveal unforeseen issues such as non-paternity or parental consanguinity. Genomic 
tests can identify misattributed relationships with greater certainty than single-gene 
tests. The unintentional disclosure of such findings creates an ethical dilemma 
between our duty to inform and the value of truthfulness, and our reluctance to disrupt 
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relationships within a family. Both good clinical practice and good research governance 
stipulate consideration of the relative benefits and harms of disclosing information 
beyond the realm of the original inquiry (Wright et al., 2019). The 100,000 Genomes 
Project and the DDD study both had explicit statements that they would never reveal 
information about misattributed parentage. However, the hybrid clinical/research 
natures of these studies can cause scenarios where such promises clash with opinions 
about good clinical practice, for example where realities about familial relationships 
are directly relevant to clinical care. 

 

 
It is important that the possibilities of identifying parental consanguinity or misattributed 
parentage are discussed clearly and explicitly during the consent procedure when 
undertaking genomic tests. If identified, responsible clinicians must use their judgement 
on a case-by-case basis, usually involving a multidisciplinary team to reach a 
consensus decision. 

 

 

1.2 Cilia 

The cilium was the first identified cellular organelle, described in protozoa in 1675 by 
Antony van Leeuwenhoek as “incredibly thin feet, or little legs” (Dobell, 1932). Cilia are 
microtubule- based, hair-like organelles. They have highly conserved structure and 
function and are found ubiquitously across species from nematodes to ancient 
protozoa (Mitchison and Valente, 2017). Despite being considered vestigial for 
decades, recent studies have shown that cilia are essential for multiple key biological 
processes. 

 

 

1.2.1 Cilia types 

Eukaryotic cells contain both primary and motile cilia, which have distinct structures 
and functions. Primary and motile cilia are distinguished from one another by the 
number of cilia found on the cell, and on the microtubular structure observed on cross-
section (See Figure 1). Primary cilia are found as a single monocilia on the cell surface, 
in contrast to motile cilia, which are found as multiple cilia.



 

 

Figure 1. Schematic of transverse cross section of cilia 

A) 9+2 motile cilium cross section. As well as 9 peripheral microtubular pairs and a central pair, 9+2 motile cilia contain accessory elements 
including inner and outer dynein arms, nexin links and radial spokes. B) 9+0 motile cilia, found transiently in the embryonic node, lack the 
radial spokes and central pair seen in 9+2 motile cilia. C) 9+0 primary cilia lack all accessory elements, consisting simply of 9 peripheral 
microtubular pairs. 
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1.2.1.1 Primary cilia 

Primary cilia act as cellular ‘antennae’, transducing diverse signals from the 
extracellular environment and other cells to their cell body. These signals include 
proteins, low molecular weight chemicals, mechanical stimuli, and light (Malicki and 
Johnson, 2017). A single primary cilium projects from the surface of most vertebrate 
cells contained within a specialised extension of the cell plasma membrane (Malicki 
and Johnson, 2017). They are dynamically regulated through the cell cycle, present in 
G0 and G1 cells and usually in S/G2 cells, resorbed before mitotic entry and then 
reappear after cytokinesis (Plotnikova et al., 2009). Primary cilia assemble and 
specialise in function when cells differentiate (Sanchez and Dynlacht, 2016). 

 

 
The immotile (9+0) primary cilium contains nine outer microtubular doublets, and lacks 
the other accessory elements found in motile cilia (see Figure 1.C). Therefore, it cannot 
generate its own movement. Primary cilia have diverse roles in homeostasis, 
embryonic development and sensory perception (see thesis section 1.4) (Malicki and 
Johnson, 2017, Valente et al., 2014, Reiter and Leroux, 2017). Cells lacking a primary 
cilium include hepatocytes, mature adipocytes, and skeletal muscle (Sanchez and 
Dynlacht, 2016). However, regeneration of vertebrate skeletal muscles requires a type 
of stem cell called satellite cells, for which primary cilia provide an intrinsic cue essential 
for self-renewal (Jaafar Marican et al., 2016). 

 

 

1.2.1.2 Motile cilia 

The motile ciliary axoneme has a canonical 9+2 microtubular pattern, composed of 
nine peripheral microtubular doublets surrounding a central pair of microtubules (see 
figure 1.A). The peripheral microtubular doublets are studded along their length with 
inner dynein arms (IDA) and outer dynein arms (ODA). These dynein arms contain 
kinase domains with adenosine triphosphate (ATP)-ase activities that act as molecular 
motors to allow sliding of adjacent peripheral microtubular pairs during ciliary beating. 
Other accessory elements include radial spokes which extend from the peripheral 
doublets to the central pair, and nexin links which connect adjacent microtubular pairs, 
and help to coordinate dynein arm activity within the nexin–dynein regulatory 
complexes (N-DRC) (Bower et al., 2013). Together, these accessory elements provide 
a scaffold for the 9+2 structure, which allows the cilia to bend and govern the waveform 
(Shoemark and Hogg, 2013). Embryonic nodal motile cilia have slightly different 
ultrastructure to motile cilia found elsewhere in the body in that they lack a central pair 
and the radial spokes and are therefore called 9+0 motile cilia (see figure 1.B) (Basu 
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and Brueckner, 2008). 

 

Motile cilia beating plays an essential role in cell motility and transport of fluids over 
mucosal surfaces on the surface of epithelial cells lining the respiratory tract and inner 
ear, the ventricles of the brain and the Fallopian tubes. Embryonic nodal motile cilia are 
present transiently during early development in the embryonic node, where they provide 
a rotary motion to direct the establishment of the body’s left-right axis, and subsequent 
laterality of organ positioning (Basu and Brueckner, 2008, Nonaka et al., 1998, Best et 
al., 2019). 
 

 

1.2.2 Cilia structure and ciliogenesis 

The cilium has a core structure called the axoneme, formed of nine parallel 
microtubular doublets (Malicki and Johnson, 2017). The axoneme can vary from 1-
9µm in length, depending on the cell type (Dummer et al., 2016). The diameter of the 
ciliary membrane is approximately 250–300 nm (Yang et al., 2015). The axoneme 
extends from a centriolar- anchor called the basal body (BB), located at the base of 
the cilium (see Figure 2). In the BB, the mother and daughter centrioles align at 90° to 
one another, and the mother centriole acts as a matrix for microtubule nucleation 
during formation of the cilium. 

 

 
Ciliogenesis occurs in quiescent cells in a set of ordered steps. Firstly, the centrosome, 
consisting of mother and daughter centrioles, migrates to the cell membrane. It docks 
onto the actin-rich framework via fibrous distal and sub-distal appendages and matures 
into the BB. The orientation and positioning of the BB determines the alignment of the 
resulting cilium (Ishikawa and Marshall, 2011). After docking, the BB nucleates 
outgrowth of axonemal microtubules that protrude beneath the cell membrane, giving 
rise to the cilium. Extension of the cilium through assembly of outer doublets occurs 
exclusively at the distal tip. 

 

 
As synthesis of proteins needed for elongation of the cilium is restricted to the 
cytoplasm, the required proteins must be selectively imported and transported to the 
tip through a process called intraflagellar transport (IFT). Protein cargo is transported 
bidirectionally with anterograde and retrograde IFT mediated by kinesin-2 and 

cytoplasmic dynein-2 motors respectively (Taschner and Lorentzen, 2016). IFT 
mediates both the assembly and resorption of the cilium, and the trafficking of key 
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components of signalling cascades. 
 

 
To enter the cilium, proteins are imported through the ciliary gate region found just 
distal to the BB, consisting of transition fibres (TFs) and the transition zone (TZ) (Figure 
2) (Satir and Christensen, 2007, Garcia-Gonzalo and Reiter, 2012). TFs anchor the 
mature mother centriole to the cell plasma membrane. It is in the TZ that triplet 
microtubules become doublets (Gibbons, 1961). The highly organised TZ contains a 
selective barrier to protein trafficking into and out of the cilium. This is connected to the 
doublet microtubules by Y-shaped linkers (Figure 2) (Gilula and Satir, 1972, Satir, 
2017). Further detail about the TZ can be found in thesis section 1.2.3.1. 
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Figure 2. Schematic of the structure of the primary cilium. 

The main substructures of the cilium are the axoneme, transition zone (TZ), and 
basal body (BB). Within the axoneme, selectively imported proteins are 
transported to the ciliary tip by intraflagellar transport (IFT). 
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1.2.3 Ciliary proteins 

An abundance of proteins is known to be involved in the structure and function of ciliary 
structures and associated signalling pathways. CiliaCarta, a comprehensive online 
ciliary compendium, contains 956 putative ciliary genes based on systematically 
integrated genomic, proteomic, transcriptomic, and evolutionary data (van Dam et al., 
2019). The authors estimate the total size of the human ciliome to be approximately 
1200 genes. 

 

 
The location and function of known protein components of the cilium is not yet fully 
understood, and extensive research is ongoing to determine this. Many proteins are 
found in multiple locations at different points of ciliogenesis. 

 

 

1.2.3.1 The Transition Zone 

The TZ acts as a diffusion barrier that restricts entrance and exit of membrane and 
soluble proteins to regulate ciliogenesis and receptor localisation for essential 
signalling pathways (see thesis section 1.4) (Garcia-Gonzalo et al., 2011). It is thought 
to control the composition of essential ciliary compartments including the ciliary 
membrane, axoneme, and associated proteins (Williams et al., 2011). It is clearly an 
important ciliary region, as this tiny structure is home to a significant number of 
ciliopathy-related proteins (see thesis section 1.3.1.2) (Szymanska and Johnson, 
2012). Disruption of ciliary TZ architecture has been shown to cause Joubert 
Syndrome (JBTS), but the molecular mechanisms by which this disruption leads to 
ciliopathy phenotypes remains a subject of ongoing research (Shi et al., 2017). 

 

 

1.2.3.2 Photoreceptors 

A specialised type of primary cilia is found in the retinal photoreceptors in the eye. 
Photoreceptors, the light sensing cells of the eye, are divided into inner segments (IS) 
and outer segments (OS), which are joined by a connecting cilium (CC). The 
photoreceptor OS develops from a primitive primary cilium and consists of stacked 
membrane discs that contain components of the phototransduction cascade, 
organised around an axoneme (Bachmann- Gagescu and Neuhauss, 2019, Wheway 
et al., 2014). The OS is anchored inside the IS of the cell body through the CC, 
homologous to the TZ of a primary cilium. The OS lacks translational machinery, 
therefore all proteins required for phototransduction are made in the IS and regulated 
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and trafficked through the CC, enabling biochemical purification of OS components 
(Szymanska and Johnson, 2012). 

 

1.3 Ciliopathies 

Inherited pathogenic variants leading to abnormalities of motile and primary cilia 
structure or function result in a group of genetic conditions known as ciliopathies 
(Reiter and Leroux, 2017). Although individually rare, collectively ciliopathies are 
thought to affect up to 1 in 2000 people based on three frequent clinical features: renal 
cysts (1 in 500 adults), retinal degeneration (1 in 3000), and polydactyly (1 in 500) 
(Quinlan et al., 2008). There is considerable phenotypic and genetic heterogeneity 
between the 35 individual ciliopathy syndromes (Mitchison and Valente, 2017, Reiter 
and Leroux, 2017). 

 

 
Unfortunately, very few treatment options are currently available for the majority of 
ciliopathies (Molinari and Sayer, 2017). To be able to deliver better diagnostic rates, 
prognostic information and targeted therapies, further work must be done to 
understand the genetic aetiology of ciliopathies. 

 

 

1.3.1 Clinical features 

Ciliopathy syndromes exist on a clinical spectrum, related to the strength and nature 
of the underlying causative variant. They range from relatively, common single-system 
disorders such as retinal or renal ciliopathies, through to rare, complex, multi-system 
syndromes. The variety in systems involvement reflects the critical role of cilia in 
development and health (Wheway et al., 2019). There is extensive overlap in clinical 
features that are characteristic of ciliopathies between different syndromes, shown in 
Figure 3. Frequently affected systems include the central nervous system 
(developmental delay and structural brain abnormalities), the skeletal system 
(polydactyly and thoracic dystrophy), ophthalmic system (pigmentary retinopathy) and 
the renal system (cystic kidneys). 
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Figure 3. Overlapping disease features of the ciliopathies. 

Copied from (Wheway et al., 2019). Copyright © 2019 Wheway, Genomics England 
Research Consortium and Mitchison. This image is re-used under the Open Access CC-
BY 3.0 license. 

This illustrates the complex and overlapping features of the different ciliopathy 
syndromes. Note: the severity indicator reflects the number of clinical features involved 
in each condition, and how life limiting/threatening they are. For example, MKS and OFD 
can include encephalocoele/neural tube defects as well as several other features 
associated with significant morbidity from multiple organ systems, so are found at the 
severe end of the ciliopathy disease spectrum. Although LCA can be considered a 
severe condition in that it is associated with blindness from birth or early childhood, it is 
an eye-specific disorder, not involving other organ systems, and compatible with a 
normal lifespan. By this measure, it therefore is classified as a less severe ciliopathy 
syndrome.   

 
 
The extreme genetic heterogeneity of ciliopathies is demonstrated by different variants 
in individual genes causing dramatically different phenotypes. For example, CEP290 
variants can cause the perinatal lethal multisystem Meckel Gruber Syndrome (MKS), 
through to non- syndromic LCA, a blinding disorder affecting just the retina (see Table 
3) (Coppieters et al., 2010b, Drivas et al., 2013). The variable expressivity of ciliopathy 
phenotypes complicates diagnostic and prognostic testing, since it extends to intra-
familial variation for individuals that carry the same pathogenic variant within families 
(Valente et al., 2010) and even between monozygotic twins (Hsia et al., 1971). 
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1.3.1.1 Motile ciliopathies 

The motile ciliopathy primary ciliary dyskinesia (PCD) arises from dysfunction of motile 
cilia (see thesis section 1.2.1.2) (Lucas et al., 2014, Boon et al., 2014). PCD has an 
estimated prevalence of one in 10,000 (Lucas et al., 2014). The incidence has been 
observed to be higher in some ethnic groups, particularly among consanguineous 
populations (O'Callaghan et al., 2010). PCD is characterised clinically by oto-sinus 
disease, chronic lung disease, reduced fertility, and organ laterality defects in 
approximately 50% of patients (Best et al., 2019). There are also syndromic forms of 
PCD, such as X-linked PCD associated with retinitis pigmentosa (RP), due to 
pathogenic variants in the RPGR gene (Moore et al., 2006). To date, pathogenic 
variants in almost 50 genes are known to cause motile ciliopathies (Horani and Ferkol, 
2021), providing molecular diagnoses for up to 75% of cases (Wheway et al., 2019, 
Marshall et al., 2015, Paff et al., 2018). 

 

 

1.3.1.2 Primary ciliopathies 
1.3.1.2.1 Neurodevelopmental ciliopathies 

The severe multi-system primary ciliopathies MKS (Hartill et al., 2017), JBTS, 
(Bachmann- Gagescu et al., 2015), Bardet Biedl Syndrome (BBS) (Forsythe and 
Beales, 2013) and oral- facial-digital syndrome (OFDS) (Gurrieri et al., 2007) feature 
neurodevelopmental phenotypes, alongside combinations of other features such as 
retinal dystrophy, skeletal abnormalities, and renal dysplasia (see Figure 3 & Table 3) 
(Waters and Beales, 2011). The frequent association of syndromic ciliopathies with a 
retinal dystrophy phenotype is reflective of the importance of the specialised 
photoreceptor cilium in the function of the retina. 

 

 
Meckel Gruber Syndrome (MKS) 

MKS is the most severe ciliopathy syndrome. It is characterised clinically by posterior 
fossa abnormalities (most frequently occipital encephalocele), bilateral enlarged cystic 
kidneys, postaxial polydactyly and liver defects including ductal plate malformation 
associated with hepatic fibrosis and cysts (Hartill et al., 2017) (see Figure 4). MKS is 
lethal in utero or immediately after birth, usually due to pulmonary hypoplasia. It has 
autosomal recessive inheritance and is more common amongst consanguineous 
populations including in Saudi Arabia and Kuwait (Teebi et al., 1992, Teebi and Teebi, 
2005). The worldwide incidence of MKS has been estimated at 1 in 135,000 live births, 
although it is more common in certain populations such as Finnish (1:9000) and 
Gujarati Indians (1:1300) (Auber et al., 2007, Salonen and Norio, 1984, Young et al., 
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1985). The OMIM MKS Phenotypic Series PS249000 contains ten morbid genes and 
two provisional disease genes (data accessed 20/12/2022), detailed in Table 3. All 
these genes localise to the TZ, apart from TXNDC15, which has unknown localisation 
(Van De Weghe et al., 2022).  
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Figure 4. Typical external features for a fetus with MKS at 16 weeks' gestation. 

Image courtesy of the Robert J Gorlin Slide Collection. 

Visible clinical features include occipital encephalocele, postaxial polydactyly of 
both hands and feet, massive flank masses due to bilateral renal cystic dysplasia, 
and typical Potter’s facies caused by oligohydramnios (slanting forehead, 
flattened nose). 
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Joubert Syndrome (JBTS) 

JBTS is a congenital cerebellar ataxia with autosomal recessive or X-linked 
inheritance, characterised clinically by hypotonia, developmental delay and a 
distinctive cerebellar and brain stem malformation observed on axial magnetic 
resonance imaging (MRI) called the molar tooth sign (MTS) (Romani et al., 2013). The 
MTS consists of hypoplastic cerebellar vermis with hypoplasia of the superior 
cerebellar peduncle (Nag et al., 2013). The phenotypic variability of this condition has 
led to sub-classification into classical JBTS and Joubert syndrome-related disorders, 
which can also feature retinal dystrophy, ocular colobomas, occipital encephalocele, 
renal disease, polydactyly, oral hamartomas, hepatic fibrosis, polydactyly, oral 
hamartomas, and endocrine abnormalities (Parisi and Glass, 2017). A recognised 
JBTS variant phenotype is COACH syndrome (Cerebellar vermis hypoplasia, 
Oligophrenia (developmental delay/mental retardation), Ataxia, Coloboma, and 
Hepatic fibrosis). The prevalence is unknown, with reports of 1:80,000 to 1:100,000 
likely to be an under-estimate (Parisi and Glass, 2017). The OMIM JBTS phenotypic 
series PS213300 contains 38 morbid genes and two provisional disease genes (data 
accessed 20/12/2022), of which 31 are contained in PanelApp’s ‘green’ list on the 
RMCD super panel version 4.151 used in this study (detailed in Table 3). Around half 
of JBTS genes localise to the TZ, with the rest localising to various other ciliary sub-
compartments (Van De Weghe et al., 2022). 

 

 
Oral-facial-digital syndrome (OFDS) 

OFDS is characterized by abnormalities of the face, oral cavity, and digits, and can 
also feature abnormalities of the central nervous system (CNS) and kidney (Franco 
and Thauvin- Robinet, 2016). Several subtypes are delineated, most of which have 
autosomal recessive inheritance. OFDS Type 1 is most common, with an X-linked 
dominant, male-lethal pattern of inheritance in familial cases. OFDS Type 1 has an 
estimated incidence of 1:50,000 live births (Wahrman et al., 1966). The OMIM OFDS 
phenotypic series PS311200 contains seven morbid genes and three provisional 
disease genes (data accessed 20/12/2022), of which seven are contained in 
PanelApp’s ‘green’ list on the RMCD super panel version 4.151 (see Table 3). 

 

 
Bardet-Biedl syndrome (BBS) 

BBS is characterized by rod-cone dystrophy, cognitive impairment, renal 
abnormalities, truncal obesity, postaxial polydactyly, male hypogonadotropic 
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hypogonadism, and complex female genitourinary malformations (Forsythe and 
Beales, 2013). It has autosomal recessive inheritance. Amongst non-consanguineous 
populations of European descent, BBS has a prevalence of 1 in 100,000 – 160,000. 
Rates are higher amongst consanguineous populations, such as 1 in 13,500 Bedouin 
peoples of Kuwait (Farag and Teebi, 1989). 

 

 
The OMIM BBS phenotypic series PS209900 contains 19 morbid genes and four 
provisional disease genes (data accessed 20/12/2022), of which 20 are contained in 
PanelApp’s ‘green’ list on the RMCD super panel version 4.151. TMEM67 is listed as 
a modifier gene for BBS. Eight BBS genes encode proteins that assemble into the 
BBSome protein complex, important for primary ciliary homeostasis. The BBSome 
works together with the BB and TZ to orchestrate formation and maintenance of the 
cilium (Waters and Beales, 2011). It functions as a cargo adapter that recognises a 
diverse set of membrane- bound ciliary proteins, and links them to the IFT machinery 
(Klink et al., 2020). 

 

 
Alström syndrome (ALMS) 

ALMS is characterised by cone-rod dystrophy, obesity, insulin resistance/type two 
diabetes mellitus, cardiomyopathy, progressive fatty liver disease, chronic kidney 
disease and sensorineural hearing impairment (Paisey et al., 2019). The prevalence 
in the general population of 1-9 per 1,000,000 is probably an underestimate, given the 
likelihood of missed diagnoses (Orphanet, 2022). It is caused by pathogenic variants 
in just one ciliopathy gene, ALMS1, the encoded protein of which is found in the BB 
and centrosomes of ciliated cells (Marshall et al., 2011). 

 

 

1.3.1.2.2  Renal ciliopathies 

Renal ciliopathies include the relatively common autosomal dominant polycystic 
kidney disease (ADPKD) and nephronophthisis. Nephronophthisis, characterised by 
chronic tubulointerstitial nephritis, can be found in isolation or as part of Senior-Løken 
syndrome (nephronophthisis, retinal degeneration, hepatic fibrosis, and situs defects) 
(Tsang et al., 2018). Nephronophthisis is the leading cause of kidney failure in children. 
The OMIM nephronophthisis phenotypic series PS256100 contains 15 morbid genes and one 
provisional disease gene (data accessed 20/12/2022), of which 14 are contained in PanelApp’s 
‘green’ list on the RMCD super panel version 4.151 (see Table 3). 
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ADPKD is one of the most common inherited disorders. Epidemiological studies report 
that it affects up to 1:4000 people in the EU (Willey et al., 2017), but population whole-
genome sequencing suggests a higher-than-expected prevalence of ADPKD-
associated variants, affecting up to 1 in 1000 (Lanktree et al., 2018). The OMIM 
polycystic kidney disease phenotypic series PS173900 contains seven entries, 
amongst which five genes have autosomal dominant inheritance and two have 
autosomal recessive inheritance (data accessed 20/12/2022). Ciliopathy genes linked 
to ADPKD include PKD1 (75–85% of cases) and PKD2 (15%) (Rossetti et al., 2007). 
PKD1 and PKD2 encode polycystin-1 (PC1) and polycystin-2 (PC2), respectively. PC1 
has features of both an ion channel and a G-protein coupled receptor, and PC2 acts 
as an ion channel in the primary cilium (Barroso-Gil et al., 2021). Along with fibrocystin, 
the protein product of the autosomal recessive polycystic kidney disease (ARPKD) 
gene PKHD1, PC1 and PC2 form a heteromeric complex in the primary cilium (Ta et al., 
2020). This was thought to regulate calcium signalling in response to urine flow 
(DeCaen et al., 2013), but this has been refuted (Delling et al., 2016). Therefore, the 
pathomechanism linking PKD1/2 variants and ADPKD remains unclear. 
 
 

1.3.1.2.3  Ciliopathies with major skeletal involvement 

Skeletal ciliopathies comprise at least 16 different subtypes ranging from conditions 
compatible with life such as Jeune Thoracic Asphyxiating Dystrophy (JATD), through 
to lethal short-rib thoracic dysplasia (SRTD) types I-V (Mitchison and Valente, 2017). 
Skeletal phenotypes in ciliopathies are mainly due to IFT defects that affect the Sonic 
Hedgehog (Shh) and Indian Hedgehog (Ihh) signalling pathways (see thesis section 
1.4.1), impairing the growth of bones and cartilage (Bangs et al., 2011). 

 

 

1.3.1.2.4 Inherited retinal diseases (IRDs) 

As well as retinal dystrophy being a feature of several syndromic ciliopathies, around 
a third of non-syndromic IRDs, including RP and LCA, are associated with a retinal 
cilium defect, collectively called retinal ciliopathies (Bujakowska et al., 2017). Although 
most cases of RP are non-syndromic, 20–30% of patients have an associated non-
ocular condition (Verbakel et al., 2018). IRDs are a leading cause of blindness and 
visual loss in the UK working age population, with the annual cost to the UK economy 
estimated at £523.3 million in 2019 (Galvin et al., 2020). 
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RP initially causes degeneration of rod photoreceptors, leading to progressive night 
blindness typically presenting in adolescence, followed by concentric visual field loss. 
Cone dysfunction usually lags the onset of rod dysfunction; if it manifests clinically it 
causes loss of central vision later in life. Fundus examination typically reveals 
peripheral bony spicule pigmentation, attenuation of retinal vessels, and pallor of the 
optic nerve head. The worldwide prevalence of RP is estimated at 1:4000 (Pagon, 
1988), although rates amongst populations with higher levels of consanguinity are 
greater, such as 1:750 in rural, central India (Nangia et al., 2012). 

 

 
LCA causes early-onset retinal dystrophy, with severe visual impairment from birth or 
the first few months of life (Tsang and Sharma, 2018). Affected individuals have 
wandering nystagmus, poor pupillary light responses, the oculodigital sign (poking, 
rubbing, and/or pressing of the eyes), and undetectable or severely abnormal full-field 
electroretinogram (ERG). The prevalence is approximately 1:80,000. 

 

 
Pathogenic variants in 280 genes are causative for IRDs (Daiger, 2022). Molecular 
diagnostic rates vary between testing centres and strategies. WES and WGS testing 
approaches have successfully identified molecular diagnoses for around 60% of IRD 
patients (Ellingford et al., 2016, Jespersgaard et al., 2019, Zampaglione et al., 2020). 
Additional CNV analysis has been shown to boost diagnostic yields; pathogenic CNVs 
were found in 7% of 550 UK IRD patients (Ellingford et al., 2018) and 8.8% of 500 
American IRD patients (Zampaglione et al., 2020). However, clearly a significant 
proportion remain unsolved. 

 

 
There has been significant progress made in the pre-clinical development and clinical 
trials of gene-directed targeted therapies, and the first in vivo gene therapy drug 
voretigene neparvovec (trade name “Luxturna”) was approved by the Food and Drug 
Authority (FDA) for RPE65-related retinal dystrophies in 2017 (Leroy et al., 2022). 

 

 

1.3.2 Genetics of ciliopathies 

PanelApp (Martin et al., 2019) (see thesis section 1.1.6) contains a Rare Multisystem 
Ciliopathy Super Panel, reviewed by 22 genetics and ciliopathy experts. Version 4.151 
was used at the time of writing (available from 
https://panelapp.genomicsengland.co.uk/panels/728/). It contains four sub-panels: 
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renal ciliopathies (v1.64), neurological ciliopathies (v1.31), ophthalmological 
ciliopathies (v1.30) and skeletal ciliopathies (v1.17). It contains 167 genes known to be 
associated with human ciliopathy syndromes, of which 99 are diagnostic grade “green” 
on PanelApp’s traffic light grading system. Most ciliopathies have autosomal recessive 
inheritance, although there are a few autosomal dominant forms, and OFD1 has X-
linked recessive inheritance. The 99 green PanelApp ciliopathy genes and their OMIM 
disease associations, including eleven of the major ciliopathy syndromes, are 
summarised in Table 3 (Amberger et al., 2019).
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Table 3. Ciliopathy disease genes 

PanelApp diagnostic grade “green” ciliopathy disease genes and known OMIM gene-phenotype relationships(s), including 11 
major ciliopathy syndromes. PanelApp Rare multisystem ciliopathy Super panel version 4.151. MKS = Meckel Gruber Syndrome, 
JBTS = Joubert Syndrome, OFD = Oral-facial- digital syndrome, BBS = Bardet Biedl Syndrome, ALMS = Alström Syndrome, 
JATD = Jeune Asphyxiating Thoracic Dystrophy, STRD = short rib thoracic dysplasia, RP = retinitis pigmentosa, LCA = Leber 
Congenital Amaurosis, PKD = polycystic kidney disease, ? = provisional gene-phenotype relationship, Mod = modifier 

 
OMIM gene-phenotype relationship(s) 

Major ciliopathy syndrome Other 
Neurodevelopmental Skeletal Retinal Renal 

Gene Ensembl ID (GrCh38) RefSeq Transcript MKS JBTS OFD BBS ALMS JATD/SRTD RP LCA Nephronophthisis PKD  
AHI1 ENSG00000135541 NM_001134831.2 x ✓ x x x x x x x x  
ALMS1 ENSG00000116127 NM_001378454.1 x x x x ✓ x x x x x  
ANKS6 ENSG00000165138 NM_173551.5 x x x x x x x x ✓ x  
ARL13B ENSG00000169379 NM_001174150.2 x ✓ x x x x x x x x  
ARL6 ENSG00000113966 NM_001278293.3 x x x ✓ x x ✓ x x x  
ARMC9 ENSG00000135931 NM_001352754.2 x ✓ x x x x x x x x  
B9D2 ENSG00000123810 NM_030578.4 ? ✓ x x x x x x x x  
BBS1 ENSG00000174483 NM_024649.5 x x x ✓ x x x x x x  
BBS10 ENSG00000179941 NM_024685.4 x x x ✓ x x x x x x  
BBS12 ENSG00000181004 NM_152618.3 x x x ✓ x x x x x x  
BBS2 ENSG00000125124 NM_031885.5 x x x ✓ x x x x x x  
BBS4 ENSG00000140463 NM_033028.5 x x x ✓ x x x x x x  
BBS5 ENSG00000163093 NM_152384.3 x x x ✓ x x x x x x  
BBS7 ENSG00000138686 NM_176824.3 x x x ✓ x x x x x x  
BBS9 ENSG00000122507 NM_198428.3 x x x ✓ x x x x x x  
C21orf2 ENSG00000160226 NM_004928.3 x x x x x x ✓ x x x Axial 

Spondylometaphyseal 
Dysplasia 

C2CD3 ENSG00000168014 NM_001286577.2 x x ✓ x x x x x x x  
C5orf42 ENSG00000197603 NM_001384732.1 x ✓ ✓ x x x x x x x  
C8orf37 ENSG00000156172 NM_177965.4 x x x ✓ x x ✓ x x x  
CC2D2A ENSG00000048342 NM_001378615.1 ✓ ✓ x x x x ✓ x x x COACH syndrome 
CENPF ENSG00000117724 NM_016343.4 x x x x x x x x x x Stromme Syndrome 
CEP104 ENSG00000116198 NM_014704.4 x ✓ x x x x x x x x  
CEP120 ENSG00000168944 NM_001375405.1 x ✓ x x x ✓ x x x x  
CEP164 ENSG00000110274 NM_014956.5 x x x x x x x x ✓ x  
CEP290 ENSG00000198707 NM_025114.4 ✓ ✓ x ? x x x ✓ ✓ x  
CEP41 ENSG00000106477 NM_018718.3 x ✓ x x x x x x x x  
CEP83 ENSG00000173588 NM_016122.3 x x x x x x x x ✓ x  
CRB2 ENSG00000148204 NM_173689.7 x x x x x x x x x x Ventriculomegaly with 

Cystic Kidney Disease; 
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Focal Segmental 
Glomerulosclerosis 

CSPP1 ENSG00000104218 NM_001382391.1 x ✓ x x x x x x x x  
DDX59 ENSG00000118197 NM_001031725.6 x x ✓ x x x x x x x  
DHCR7 ENSG00000172893 NM_001360.3 x x x x x x x x x x Smith-Lemli-Opitz 

syndrome 
DLG5 ENSG00000151208 NM_004747.4 x x x x x x x x x x No OMIM morbid disease 

associations; PanelApp 
reports association with 
DLG5-associated 
developmental disorder 

DYNC2H1 ENSG00000187240 NM_001377.3 x x x x x ✓ x x x x  
DYNC2LI1 ENSG00000138036 NM_016008.4 x x x x x ✓ x x x x  
EVC ENSG00000072840 NM_153717.3 x x x x x x x x x x Ellis-van Creveld 

syndrome 
EVC2 ENSG00000173040 NM_147127.5 x x x x x x x x x x Ellis-van Creveld 

syndrome 
GLI3 ENSG00000106571 NM_000168.6 x x x x x x x x x x Greig 

cephalopolysyndactyly 
syndrome; Pallister-Hall 
syndrome; Polydactyly, 
postaxial, types A1 and B; 
Polydactyly, preaxial, type 
IV 

HNF1B ENSG00000275410 NM_000458.4 x x x x x x x x x x Renal cysts and diabetes 
syndrome; Type 2 diabetes 
mellitus 

HYLS1 ENSG00000198331 NM_001134793.2 x x x x x x x x x x Hydrolethalus syndrome 
ICK ENSG00000112144 NM_014920.5 x x x x x x x x x x Endocrine-

cerebroosteodysplasia 
IFT122 ENSG00000163913 NM_052989.3 x x x x x X x x x x Cranioectodermal 

dysplasia  
IFT140 ENSG00000187535 NM_014714.4 x x x x x ✓ ✓ x x x  
IFT172 ENSG00000138002 NM_015662.3 x x x ✓ x ✓ ✓ x x x  
IFT27 ENSG00000100360 NM_001177701.3 x x x ✓ x x x x x x  
IFT43 ENSG00000119650 NM_001102564.3 x x x x x ✓ ? x x x  
IFT52 ENSG00000101052 NM_016004.5 x x x x x ✓ x x x x  
IFT74 ENSG00000096872 NM_025103.4 x ✓ x ✓ x x x x x x Spermatogenic failure 
IFT80 ENSG00000068885 NM_020800.3 x x x x x ✓ x x x x  
IFT81 ENSG00000122970 NM_014055.4 x x x x x ✓ x x x x  
INPP5E ENSG00000148384 NM_019892.6 x ✓ x x x x x x x x Mental retardation, truncal 

obesity, retinal dystrophy, 
and micropenis 

INVS ENSG00000119509 NM_014425.5 x x x x x x x x ✓ x  
IQCB1 ENSG00000173226 NM_001023570.4 x x x x x x x x x x Senior-Loken syndrome 
IQCE ENSG00000106012 NM_152558.5 x x x x x x x x x x Polydactyly, postaxial, type 

A7 
KIAA0586 ENSG00000100578 NM_001329943.3 x ✓ x x x ✓ x x x x  
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KIAA0753 ENSG00000198920 NM_014804.3 x ? ? x x ✓ x x x x  
KIF7 ENSG00000166813 NM_198525.3 x ✓ x x x x x x x x Acrocallosal syndrome 
LBR ENSG00000143815 NM_002296.4 x x x x x ✓ x x x x  
LZTFL1 ENSG00000163818 NM_020347.4 x x x ✓ x x x x x x  
MAPKBP1 ENSG00000137802 NM_014994.3 x x x x x x x x ✓ x  
MKKS ENSG00000125863 NM_170784.3 x x x ✓ x x x x x x McKusick-Kaufman 

syndrome 
MKS1 ENSG00000011143 NM_017777.4 ✓ ✓ x ✓ x x x x x x  
NEK1 ENSG00000137601 NM_001199397.3 x x x x x ✓ x x x x  
NEK8 ENSG00000160602 NM_178170.3 x x x x x x x x ? x Renal-Hepatic-Pancreatic 

Dysplasia  
NPHP1 ENSG00000144061 NM_001128178.3 x ✓ x x x x x x ✓ x Senior-Loken syndrome 
NPHP3 ENSG00000113971 NM_153240.5 ✓ x x x x x x x ✓ x Renal-Hepatic-Pancreatic 

Dysplasia 
NPHP4 ENSG00000131697 NM_015102.5 x x x x x x x x ✓ x Senior-Loken syndrome 
OFD1 ENSG00000046651 NM_003611.3 x ✓ ✓ x x x ? x x x  
PIBF1 ENSG00000083535 NM_006346.4 x ✓ x x x x x x x x  
PIK3C2A ENSG00000011405 NM_002645.4 x x x x x x x x x x Oculoskeletodental 

syndrome  
PKD1 ENSG00000008710 NM_001009944.3 x x x x x x x x x ✓  
PKD2 ENSG00000118762 NM_000297.4 x x x x x x x x x ✓  
PKHD1 ENSG00000170927 NM_138694.4 x x x x x x x x x ✓  
PMM2 ENSG00000140650 NM_000303.3 x x x x x x x x x x Congenital disorder of 

glycosylation 
RPGRIP1L ENSG00000103494 NM_015272.5 ✓ ✓ x x x x x x x x  
SBDS ENSG00000126524 NM_016038.4 x x x x x x x x x x Shwachman-Diamond 

syndrome  
SCLT1 ENSG00000151466 NM_144643.4 x x x x x x x x x x No OMIM morbid disease 

association; PanelApp 
reports association with 
Oro-facio-digital syndrome 
type IX 

SDCCAG8 ENSG00000054282 NM_006642.5 x x x ✓ x x x x x x Senior-Loken syndrome 
TCTEX1D2 ENSG00000213123 NM_152773.5 x x x x x ✓ x x x x  
TCTN1 ENSG00000204852 NM_001082538.3 x ✓ x x x x x x x x  
TCTN2 ENSG00000168778 NM_024809.5 ? ✓ x x x x x x x x  
TCTN3 ENSG00000119977 NM_015631.6 x ✓ ✓ x x x x x x x  
TMEM107 ENSG00000179029 NM_183065.4 ✓ ? ✓ x x x x x x x  
TMEM138 ENSG00000149483 NM_016464.5 x ✓ x x x x x x x x  
TMEM216 ENSG00000187049 NM_001173990.3 ✓ ✓ x x x x x x x x  
TMEM218 ENSG00000150433 NM_001258244.2 x ✓ x x x x x x x x  
TMEM231 ENSG00000205084 NM_001077418.3 ✓ ✓ x x x x x x x x  
TMEM237 ENSG00000155755 NM_001044385.3 x ✓ x x x x x x x x  
TMEM67 ENSG00000164953 NM_153704.6 ✓ ✓ x Mod x x x x ✓ x COACH syndrome; 

RHYNS syndrome 
TRAF3IP1 ENSG00000204104 NM_015650.4 x x x x x x x x ✓ x Senior-Loken syndrome 



60 
 

TTC21B ENSG00000123607 NM_024753.5 x x x x x ✓ x x ✓ x  
TTC8 ENSG00000165533 NM_144596.4 x x x ✓ x x ✓ x x x  
TXNDC15 ENSG00000113621 NM_024715.4 ✓ x x x x x x x x x  
VPS13B ENSG00000132549 NM_152564.5 x x x x x x x x x x Cohen syndrome 
WDPCP ENSG00000143951 NM_015910.7 x x x ? x x x x x x Congenital heart defects, 

hamartomas of tongue, 
and polysyndactyly 

WDR19 ENSG00000157796 NM_025132.4 x x x x x ✓ ✓ x ✓ x Cranioectodermal 
dysplasia; Senior-Loken 
syndrome 

WDR34 ENSG00000119333 NM_052844.4 x x x x x ✓ x x x x  
WDR35 ENSG00000118965 NM_020779.4 x x x x x ✓ x x x x Cranioectodermal 

dysplasia 
WDR60 ENSG00000126870 NM_018051.5 x x x x x ✓ x x x x  
ZSWIM6 ENSG00000130449 NM_020928.2 x x x x x x x x x x Acromelic frontonasal 

dysostosis; 
Neurodevelopmental 
disorder with movement 
abnormalities, abnormal 
gait, and autistic features 
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1.3.3 Molecular diagnosis rates 

Diagnostic rates for ciliopathies vary between individual syndromes, testing centres 
and testing strategies. A molecular diagnostic rate of 62% was reported for severe 
primary neurodevelopmental ciliopathies (see thesis section 1.3.1.2.1) using targeted 
gene panel sequencing and single nucleotide polymorphism (SNP) array testing 
(Knopp et al., 2015). 44% of ciliopathy patients enrolled in the Finding Of Rare Disease 
GEnes (FORGE) Canada project, who had already received standard-of-care genetics 
evaluation and diagnostic testing, received a molecular diagnosis from WES (Sawyer 
et al., 2016). A research study adopting a genomic approach identified likely causal 
variants in 85% of 371 families with phenotypes expanding the full ciliopathy spectrum, 
including in seven novel candidate genes and a novel morbid gene (TXNDC15) 
(Shaheen et al., 2016). The diagnostic rate for motile ciliopathies is up to 68% using 
targeted gene panels (Paff et al., 2018) and 76% using WES with targeted CNV 
analysis (Marshall et al., 2015). Clearly, the genetic cause for a significant proportion 
of ciliopathies remains unknown. 

 

 

1.4   Primary cilia in cell signalling 

Multiple ion channels and receptors are found within the ciliary membrane, which 
initiate signalling cascades on detection of various mechanical stimuli and chemical 
messengers. This involves multiple pathways including Hedgehog, Wnt, Platelet-
Derived Growth Factor (PDGF), Notch, Hippo, G-Protein Coupled Receptor (GPCR), 
mTOR, and TGF-beta (Wheway et al., 2018, Anvarian et al., 2019). The role of primary 
cilia in Wnt and Hedgehog signalling is discussed in more detail below. 

 

 

1.4.1 Sonic Hedgehog pathway (Shh) 

The primary cilium is the key organelle for transduction of the Shh signalling pathway 
in vertebrates, with functional cilia and IFT essential for normal Shh signalling 
(Wheway et al., 2018). Hedgehogs are a family of secreted proteins that are essential 
during vertebrate embryogenesis, homeostasis, and regeneration (Bangs and 
Anderson, 2017). There are three mammalian Hedgehog proteins: Shh, Indian-
Hedgehog (Ihh), and Desert-Hedgehog (Dhh). Ihh has important roles in skeletal 
development, mainly endochondral ossification. Dhh is restricted to the gonads 
including granulosa cells of ovaries and Sertoli cells of testis (Carballo et al., 2018). 

 

 
Shh is required for limb patterning, as well as specification of cell types in the nervous 
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system. Differentiation of neural progenitors is determined by a gradient of Shh 
secreted from the notochord to the floor plate of the neural tube (Dessaud et al., 2008). 
Defective Shh signalling during embryonic development of neuroectodermal lineages 
is therefore associated with neural tube defects (NTDs). Other clinical features include 
holoprosencephaly, microcephaly, craniofacial defects, skeletal abnormalities, and 
polydactyly (Murdoch and Copp, 2010, Briscoe and Therond, 2013). Abnormal 
development of the cerebellum in severe ciliopathies (vermis hypoplasia, foliation 
defects) has been ascribed to defective response of granule cell progenitors to Shh 
produced by the adjacent Purkinje cells. Abnormally active Shh signalling (due to 
acquired mutations) can lead to multiple cancer types including basal cell carcinomas, 
medulloblastomas, meningiomas, rhabdomyosarcomas, and odontogenic tumours 
(Briscoe and Therond, 2013). 

 

 
Activation of the Shh pathway can happen in two ways: by ligand-dependent 
interaction or receptor-induced signalling in canonical signalling, or downstream of 
Smoothened (Smo) in non-canonical signalling (Carballo et al., 2018). Shh signalling 
at the primary cilium is summarised in Figure 5. The 12 transmembrane domain 
receptor of Shh ligand, Patched (Ptc1), is located within the ciliary membrane. In the 
unstimulated state, Ptc1 keeps the canonical Shh pathway off by repressing and 
excluding the seven transmembrane-domain protein Smo from the cilium (Bangs and 
Anderson, 2017). This causes the sequestration and suppression of glioblastoma (Gli) 
transcription factor by Suppressor of Fused (SuFu) at the tip of the primary cilium, 
blocking the formation and translocation of the activated isoform of Gli to the nucleus 
and the subsequent transcription of Hh target genes (Haycraft et al., 2005, Zeng et al., 
2010). 

 

 
Binding of Shh to Ptc1 inhibits its activity, relieving the repression of Smo which 
translocates out through the ciliary membrane into a vesicular compartment prior to 
regulated degradation (Rohatgi et al., 2007). This then allows Smo to repress SuFu, 
relieving repression of Gli at the tip of the cilium. This is then free to be post-
translationally modified to the Gli activator form (GliA), which is transported out of the 
cilium to the nucleus, activating expression of downstream Hh target genes. Movement 
of Hh signalling intermediates in and out of the cilium is facilitated by IFT proteins and 
IFT motor proteins. 
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Figure 5. Shh signalling at the primary cilium 

Copied with permission from (Wheway et al., 2018) (CC BY 4.0). Copyright © 
2018 Wheway, Nazlamova and Hancock. 

(A) In the unstimulated state, Ptc1 sits in the cilium membrane, repressing and 
excluding Smo from the cilium. At the tip of the cilium, SuFu sequesters and 
suppresses Gli transcription factors. (B) In the stimulated state, the repression of 
Smo by Ptc1 is relieved upon binding of Shh to Ptc1, allowing Smo to enter and 
Ptc1 to leave the cilium. This allows Smo to repress SuFu, relieving repression 
of Gli at the tip of the cilium. Gli is then free to be post-translationally modified to 
the Gli activator form (GliA), which is transported out of the cilium to the nucleus 
to activate expression of downstream target genes 

 
Ciliary localisation of Shh signalling molecules, such as Smo, is adversely affected by 
pathogenic variants in genes encoding several TZ proteins (Yang et al., 2015). 
 
 

Non–canonical Shh activation occurs through Gli-independent mechanisms. It remains 
relatively poorly characterised but is thought to be mainly dependent on Smo. Research 
is ongoing to better understand this pathway, and how Smo selects between canonical 
and non- canonical routes. 
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1.4.2 Wnt signalling 

Wnt signalling is involved in cell migration, planar cell polarity (PCP), neural patterning, 
skeletal system development, and organogenesis (Pala et al., 2017). There are two 
signalling pathways in mammals driven by Wnt proteins: the canonical (b-catenin-

dependent) and non- canonical (b-catenin independent) Wnt pathways (Wheway et al., 
2018). Both are initiated by the binding of a Wnt ligand to a Frizzled (Fzd) receptor. 
 

 

1.4.2.1 Non-canonical Wnt signalling 

The non-canonical Wnt signalling pathway in primary cilia is summarised in Figure 6. In 
the stimulated state, non-canonical Wnt ligand binds to the Fzd 3 receptor (Fzd3), which 
triggers asymmetric localisation of Vangl2 in the cell. Recruitment of Disheveled (Dvl) 
to the plasma membrane activates RhoA and the JNK pathway, triggering Ca2+ release 
and stimulating remodelling of the actin cytoskeleton. Dvl regulates the migration of the 
BB, along with TZ proteins TMEM67 and TMEM216, Inversin and BB protein MKS1 
(Wheway et al., 2018). Inversin inhibits the canonical Wnt pathway by targeting 
cytoplasmic Dvl for degradation. Inversin is particularly important in regulating the 
balance between canonical and non- canonical Wnt signalling.



 

 

Figure 6. The non-canonical Wnt signalling pathway in primary cilia. 

Copied with permission from (Wheway et al., 2018) (CC BY 4.0). Copyright © 2018 Wheway, Nazlamova and Hancock. 

Non-canonical Wnt ligands bind to the Fzd3 receptor, which triggers asymmetric localisation of Vangl2 in the cell. Remodelling 
of the actin cytoskeleton is stimulated by Ca2+ release, triggered by Dvl activation of RhoA and the JNK pathway. This is 
dependent upon correct definition of cell polarity by BB migration to the apical cell surface. This migration is regulated by Dvl, 
TMEM67, TMEM216, MKS1 and Inversin. 
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Non-canonical Wnt signalling is involved in controlling tissue functions and maintaining 
tissue architectures by modulating cell migration and orientation. 

 

 
Normal ciliogenesis is required for the non-canonical Wnt signalling pathway, which 
depends on PCP being correctly established (Gomez-Orte et al., 2013). PCP, initially 
identified through genetic studies of Drosophila, is an important organizer of tissues 
during morphogenesis, whereby distinct polarity is established within the plane of a cell 
sheet (Butler and Wallingford, 2017, Yang and Mlodzik, 2015). Wnt–PCP results in 
cytoskeletal actin rearrangements, mediated by Rho proteins, important in regulating 
cell morphology, migration, and correctly oriented cell division. 
 

 
Inherited defects in proteins regulating ciliogenesis and BB migration therefore result in 
complex PCP defects, including abnormalities in dorsal axis organisation. These can 
manifest clinically as NTDs as well as inner ear defects due to failure of correct 
orientation of stereocilia in the cochlear hair cells. Consequently, inherited pathogenic 
variants of ciliary proteins can lead to a combination of congenital deafness and RP in 
the condition Usher syndrome (Ush) (Sorusch et al., 2014). 
 

 

1.4.2.2 Canonical Wnt signalling 

The canonical Wnt signalling pathway is summarised in Figure 7. In the absence of Wnt 
ligand in the unstimulated state, a “destruction complex” is formed including Axin, 

Adenomatous Polyposis Coli (APC), casein kinase 1 (CK1) and GSK3b. The b-catenin 

destruction complex operates within the b-TrCP/SCF-dependent ubiquitin–proteasome 

pathway. In the absence of Wnt, the phosphorylation of b-catenin by CK1 and GSK-3 
at the BB acts as a trigger for degradation by the proteasome, preventing it from 
entering the nucleus. 

 

 
In the presence of a canonical Wnt signal in the stimulated state, cytosolic levels of b-

catenin rise due to the inhibition of the b-catenin destruction complex. Wnt ligand binds 
to a membrane bound Fzd receptor, which then binds LRP5/6, allowing it to recruit and 
sequester Axin. The Wnt signal is transduced via Dvl, which is recruited to the 

membrane, inhibits GSK-3b and binds Axin upon stimulation. Without Axin, the 
destruction complex is unable to degrade β-catenin, leaving it free to translocate into 
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the nucleus. There, aided by Jouberin (Jbn), encoded by AHI1, b-catenin functions as 

a transcriptional coactivator. b-catenin associates with the nuclear transcription factors 
T-cell factor (TCF) and lymphocyte enhancer factor (LEF) and induces transcription of 
Wnt target genes that are under the control of TCF/LEF promoters, such as cMYC, 
AXIN2 and L1CAM (Pala et al., 2017). 
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Figure 7 Canonical Wnt signalling at the primary cilium. 

Copied with permission from (Wheway et al., 2018) (CC BY 4.0). Copyright © 2018 Wheway, Nazlamova and Hancock. 

A: In the unstimulated state, the Axin/APC/GSK3-β “destruction complex” targets β-catenin to the proteasome for degradation. In the 
stimulated state, Wnt ligands bind to a Fzd receptor which then binds LRP5/6, allowing it to recruit Axin. With Axin sequestered by LRP5/6, 
the destruction complex can no longer degrade β-catenin, leaving it free to enter the nucleus, aided by Jbn, to activate transcription of Wnt 
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target genes under TCF/LEF promoters. The Wnt signal is transduced via Disheveled (Dvl), which is recruited to the membrane and binds 
Axin upon stimulation. 

B: The primary cilium controls the level of expression of Wnt target genes, via controlled degradation of Dvl by cilia proteins INVS and 
NPHP3, and by sequestering Jbn at the cilium so it cannot aid translocation of β-catenin into the nucleus. 
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The role of the primary cilium in canonical Wnt signalling remains somewhat 
controversial. Primary cilia are proposed to mediate a negative modulatory effect on 
the canonical Wnt/β- catenin pathway (Lancaster et al., 2011). Supporting evidence 
suggests that the ciliary proteins NPHP3 and Inversin control degradation of Dvl, which 
transduces the Wnt signal. Jbn, which normally shuttles β-catenin between the cytosol 
and nucleus, can be sequestered at the cilium so it cannot aid translocation of β-
catenin into the nucleus, therefore influencing the level of expression of Wnt target 
genes. Furthermore, recent data shows that the ciliary protein MKS1 acts as a novel 
substrate-adaptor that interacts with β-catenin and ubiquitin- proteasome system 
(UPS) components, thereby regulating levels of β-catenin through normal degradation 
during Wnt signalling (Szymanska et al., 2022). 

 

 

1.5 Modelling genetic variants 

1.5.1   Cilia research models 

Great insights into ciliary biology have been gained through work in model organisms 
(Vincensini et al., 2011). Many model systems have been used in ciliary research, from 
simple nematodes through to genome-edited human organoids. 

 

 

1.5.1.1  Caenorhabditis elegans (C. elegans) 

The C. elegans nematode worm has been a vital model organism for biomedical 
research for over 50 years (Brenner, 1974). Their small size (approximately 1mm), 
rapid life cycle (from egg to adult in 3.5 days), ease of culture, large brood size (~300), 
low maintenance costs and amenity to long-term cryopreservation make them an 
attractive small animal model system (Ganner and Neumann-Haefelin, 2017). Self-
fertilization means that after hermaphrodites are mutagenised, mutant alleles (except 
dominant lethals) can be maintained through self- propagation in subsequent 
generations without mating (Greenwald, 2016). The adult hermaphrodite has a 
transparent body that can be visualized by live-imaging, allowing in vivo studies of cell 
morphology, protein sub-localisation and microarchitecture. Many functional 
experimental methods have proven insightful, including behavioural, fluorescence and 
transport assays. 

 

 
The C. elegans and human genomes have almost the same number of genes 
(~20,000) and share a surprisingly high proportion of cellular and molecular processes. 
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60–80% of human genes have a C. elegans homolog (Kaletta and Hengartner, 2006). 
This high conservation of human disease genes and evolutionary pathways between 
C. elegans and mammals, accompanied by relatively easy access for genetic 
manipulations, has made them invaluable to biomedical research. 

 

 

Studies of gene expression and protein localisation are straightforward in C. elegans 
through DNA transformation and microinjection techniques. The Nobel Prize-winning 
discovery of gene silencing by RNA interference was first described in C. elegans (Fire 
et al., 1998). Clustered regularly interspaced short palindromic repeats (CRISPR) – 
CRISPR associated protein (Cas) gene editing has also been applied successfully in 
C. elegans in multiple projects, facilitating genetic variant interpretation and offering 
potential for targeted therapeutics (see thesis section 1.5.2) (Kim and Colaiacovo, 
2016). 

 
 

The only ciliated cell type in C. elegans is the sensory neurons, which detect and 
transduce extracellular and internal signals, and mediate a range of behaviours (Inglis 
et al., 2007). These include chemo-sensation, mechano-sensation, male copulation, 
thermo-sensation, and adaptation (Bae and Barr, 2008). 

 

 
One of the easiest ways to assay the structural integrity of sensory cilia in C. elegans is 
to test their ability to take up a fluorescent dye. This is done by placing living worms in 
a solution containing dyes such as fluorescein isothiocyanate (FITC), DiI, DiO and DiD, 
and observing the filling of amphid sensory neurons in the head and phasmid sensory 
neurons in the tail through their exposed, ciliated endings (Tong and Burglin, 2010). 
Several other tests of behavioural phenotypes are available to identify worms with 
defective cilia, including the osmotic avoidance abnormal (Osm) phenotype, 
chemotaxis (Che) phenotype and mechanosensory (Mec) phenotypes (Inglis et al., 
2007). 

 

 

1.5.1.2  Cell lines 

Immortalised cell lines include cells that have been artificially ‘immortalised’ through the 
forced expression of the human telomerase reverse transcriptase (hTERT) gene, and 
tumorous cells that do not stop dividing because they lack cell cycle checkpoint 
controls. Many cell lines are available commercially, derived from animals and 
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humans. Immortalised cell lines are mostly well characterised, genetically identical 
populations, facilitating consistent and reproducible results. They are easier to culture 
than primary cultures, growing quickly and continuously. This makes it possible to 
extract large amounts of proteins for biochemical assays. 

 

 
The major disadvantage to using cell-lines is that their abnormal culture conditions 
means that they are not truly reflective of what their cell type would do, or look like, in 
a normal living system. They lack normal cell-cell contacts and positional signals 
that tell them what they should do, be and make, and are exposed to abnormal levels 
of oxygen and carbon dioxide. They divide indefinitely, and sometimes express unique 
gene patterns not found in any cell type in vivo. Some are extremely genetically and 
phenotypically different to their living cell counterparts. 

 

 
Some cell lines have proven particularly suitable for cilia research. The diploid 
immortalised retinal pigment epithelial (RPE) cell line (hTERT RPE-1) displays 
horizontal cilia that are well- suited for high-content imaging and has largely typical 
RPE functions and morphology (Wheway et al., 2015, Kuznetsova et al., 2014). 
Similarly, the spontaneously arising human RPE cell line, ARPE-1, has been used 
extensively (Dunn et al., 1998). The spontaneously arising murine inner medullary 
collecting duct (mIMCD3) cell line is easy to culture, forms polarised monolayers and 
display long cilia suitable for immunofluorescence microscopy and protein localisation 
studies (Rauchman et al., 1993). 

 

 

1.5.2  CRISPR-Cas genome editing 

The advent of new genome editing technologies, particularly the CRISPR-Cas system, 
has provided an exciting opportunity to model ciliopathy gene variants and gain 
functional insight into their effects. 

 

 
CRISPR is derived from a prokaryotic adaptive immune system that provides defence 
against foreign genetic elements such as plasmids and ‘phages (Barrangou and 
Doudna, 2016, Marraffini and Sontheimer, 2008). It is significantly easier and cheaper 
to implement and more efficient at editing than the older gene editing technologies 
such as meganucleases, zinc- finger nucleases (ZFNs) and transcription activator-like 
effector nucleases (TALENs) (Cui et al., 2018). These attributes, along with its 
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specificity and versatility, have made CRISPR the leading genome editing tool. 

 

 
The basic CRISPR system consists of two parts: a guide RNA (gRNA) which targets a 
specific sequence, and a Cas DNA endonuclease which cleaves the targeted 
sequence. The CRISPR guide RNA (crRNA) base-pairs with a transactivating CRISPR 
RNA (tracrRNA), which directs the Cas endonuclease to a specific location of the 
genome, complementary to the first 20 nucleotides of the crRNA. This region must be 
adjacent to a protospacer associated motif (PAM) for the Cas to recognise the position 
and bind. ‘NGG’ is the PAM for the most commonly used S. pyogenes-derived Cas9. 
The identification of several other Cas proteins with different PAM recognition sites 
has facilitated targeting of virtually every site in the genome. Once bound, the Cas 
induces a double stranded break (DSB) 3bp upstream of the PAM. The cell 
predominantly employs error prone non-homologous end joining (NHEJ), that 
competes with the less efficient homology directed repair (HDR) pathway to repair the 
break (Figure 8) (Maruyama et al., 2015).



 

 

Figure 8. Repair pathways for Cas9-induced DSBs 

DSBs are caused by Cas9 when guided to target DNA by gRNA. They can be repaired by two pathways. The NHEJ pathway is 
error prone. The re-joining of the broken ends of the DSB by the NHEJ machinery can result in indels at the junction site. These 
can produce frameshifts, leading to premature stop codons and therefore gene knockouts. When a donor repair template is 
provided, and repair occurs down the HDR pathway, precise insertions or modifications can be engineered. However, repair 
occurs less efficiently down this pathway 



75 
 

1.5.2.1  Delivery strategies 

Both viral and non-viral methods can be used for the delivery of CRISPR/Cas9 
components into cell lines and animal models. Non-viral hosts include plasmid DNA, 
Cas9/gRNA ribonucleoprotein complexes and donor nucleic acid templates, which can 
be delivered via lipid-mediated transfection, electroporation, induced osmocytosis and 
hydrodynamic delivery (Zuris et al., 2015, D'Astolfo et al., 2015). 

 

 

1.5.2.2  Off target effects (OTEs) 

A major concern about genome editing is the potential OTEs of editing enzymes, which 
could lead to unexpected mutations and genomic instabilities (Duan et al., 2014). 
Genome-wide chromatin immunoprecipitation sequencing (ChIP-seq) experiments 
have shown that that, depending on the gRNA used, sgRNA:dCas9 complexes have 
tens to thousands of off-target binding sites (Kuscu et al., 2014). A few mismatches 
between the 5′-end 20-nt sequence in the gRNA and the target DNA sequence have 
been shown to be tolerated (Lin et al., 2014). Evidence of cleavage by wild-type Cas9 
at some of these off-target sites highlights the importance of taking careful steps to 
reduce OTEs (Duan et al., 2014, Kuscu et al., 2014, Fu et al., 2013). Strategies are 
being developed to overcome this, such as generation of dead Cas9 (dCas9) through 
D10A and H840A mutations at RuvC and HNH endonuclease domains of wild type 
Streptococcus pyogenes Cas9 (SpCas9) (Kanafi and Tavallaei, 2022). This does not 
cut target DNA, but still can still bind to target DNA based on the gRNA targeting 
sequence. 

 

 

1.5.2.3  gRNA design 

Choosing an appropriately specific and efficient gRNA for the target DNA sequence is 
an essential step in avoiding OTEs. Although, in theory, a gRNA-Cas9 complex should 
bind and cleave any target DNA sequence if the 5′-end 20-nt sequence in the gRNA is 
complementary to the target DNA sequence, cutting efficiency has been shown to vary 
significantly between different gRNAs (Cui et al., 2018). 

 

 
Several computational tools have been developed to design gRNAs with high efficacy 
and specificity, reviewed in (Cui et al., 2018). Factors considered in gRNA design 
include the location of the cleave site within the gene, non-canonical PAM sequences, 
guanine content, and numbers and positions of mismatches between the gRNA and 
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protospacer sequence non- canonical PAM sequences (Han et al., 2020). 
 
 
Designing gRNAs for CRISPR genome editing is relatively easy compared with other 
editing tools, due to computational determination of OTEs based on genomic 
sequences with high similarity to the target locus. Many online gRNA design tools 
provide on-target and off-target predictions based on custom algorithms that may be 
species and/or nuclease specific (Han et al., 2020). Off target binding sites are 
enriched in open genomic regions, suggesting that chromatin structure is a major 
determinant of Cas9 binding (Gilbert et al., 2014). By incorporating chromatin context 
into computational off target prediction tools, better guide design can be possible, but, 
in general, most workflows recommend that gRNA efficiencies are determined 
empirically. 

 

 

1.5.2.4  Disease modelling through CRISPR mediated knockout strategies 

The CRISPR toolkit allows us to precisely replace, rearrange, silence, activate and 
remodel genomic elements efficiently, cheaply, and relatively easily. In ‘knockout’ 
experiments, imperfect repair of DSBs by endogenous NHEJ machinery is exploited 
to generate disruptive random insertions and deletions (indels), which can lead to LOF 
variants through a shift in the reading frame or a premature stop codon. The resulting 
edited cell line, organoid or organism must then be characterised as a knockout 
through functional experiments as well as sequencing. This approach has been highly 
successful in generating knockout alleles in protein-coding genes and disrupting 
transcription factor binding sites (Hanna and Doench, 2020). Pairs of programmed 
DSBs have also been used to generate custom larger deletions or chromosomal 
rearrangements (Choi and Meyerson, 2014). Knockout CRISPR experiments offer 
greatest flexibility in guide selection because most of the exonic region of a gene is 
usually a viable target (Doench et al., 2014). 

 

 
CRISPR/Cas technology has sparked a great deal of excitement within the scientific 
community because it has significantly reduced the time required to generate 
genetically modified animal and cellular models (Jacinto et al., 2020). For example, a 
single CRISPR editing step by zygote injection can now generate mice carrying 
mutations in multiple genes, without the need for ES cell derivation or complex genetic 
crosses. CRISPR has been used for the generation of C. elegans, Drosophila, 
zebrafish, mice, pigs, and non-human primate model organisms, as well as human cell 
lines and organoids (Dow, 2015). CRISPR-mediated gene knockouts can provide 
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insights into disease mechanisms. Mutant disease models can also provide a platform 
for identifying therapeutics that demonstrate phenotypic rescue. 

 

 

1.5.2.5  CRISPR “editing” experimental strategies 

In ‘editing’ experiments, specifically designed base changes are generated in target 
DNA (Hanna and Doench, 2020). These variants may be introduced through provision 
of an exogenous template DNA co-delivered with the nuclease, which can be inserted 
via the HDR repair pathway (Liang et al., 2017, Yang et al., 2013). This is often in the 
form of single- stranded oligodeoxynucleotides (ssODNs) for point mutation 
corrections. 

 

 
Unfortunately, the efficiency of repairing DSBs by HDR is relatively low (Ran et al., 
2013). As an alternative to relying on this HDR pathway, several modified Cas proteins 
have been engineered that act directly on endogenous DNA to make prescribed DNA 
modifications. These include C to T (Komor et al., 2016) and A to G (Gaudelli et al., 
2017) base editors, both optimised for mutation in mammalian systems (Koblan et al., 
2018). Over 80% of pathogenic ClinVar SNPs that arise from transition mutations are 
editable by at least one base editor (Hanna and Doench, 2020). However, the narrow 
window for the edit site for base editors limits the number of available guides per target 
site. 

 

 
There is also the newer prime editor which can theoretically induce targeted insertions, 
deletions and all 12 types of point mutation at virtually every site in the genome 
(Anzalone et al., 2019). In prime editing, a modified Cas9 “nicks” a single strand of the 
double helix, instead of cutting both strands. A modified guide, called a pegRNA, 
contains an RNA template for a new DNA sequence, to be added to the genome at 
the target location. Attached to the Cas9 is a reverse transcriptase enzyme, which can 
make a new DNA strand from the RNA template and insert it at the nicked site. In 
principle, prime editing could correct up to 89% of known genetic variants associated 
with human diseases (Anzalone et al., 2019). 

 

 

1.6 TMEM67 

1.6.1  Encoded protein 

TMEM67, found at chromosome 8q22.1, encodes the 995-amino acid transmembrane 
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protein 67, also known as meckelin. The TMEM67 protein contains an extracellular N-
terminal domain with a highly conserved cysteine-rich domain (CRD), a predicted β-
pleated sheet region, seven predicted transmembrane regions and an intracellular C-
terminus including a coiled- coil domain (see Figure 9) (Abdelhamed et al., 2015). 



 

 
Figure 9. Schematic of TMEM67 protein with target variants for modelling 

Pathogenic variants in TMEM67 are associated with MKS, JBTS, nephronophthisis and COACH syndrome. Marked variants are 
coloured according to their ClinVar status: pathogenic variants are red; VUS are orange and likely benign/benign are green. 
Variants are clustered in the cysteine-rich domain of TMEM67, the b-sheet region, and in the terminal transmembrane helices 

. 
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The extracellular CRD has structural similarity to the CRD of Frizzled, which is 
implicated in canonical and non-canonical Wnt signalling (Smith et al., 2006). The 
coiled-coil domain is thought to interact with other proteins such as Nesprin-2, an 
important scaffold protein for maintenance of the actin cytoskeleton, nuclear positioning, 
and nuclear-envelope architecture (Dawe et al., 2009). 

 

 
As well as being present in the TZ (see thesis section 1.2.3.1), TMEM67 can also be 
found within the ciliary membrane (Dawe et al., 2007). In the non-canonical Wnt 
signalling pathway, TMEM67 is required for centriolar migration to the apical membrane, 
regulation of actin cytoskeleton remodelling and RhoA activity (Dawe et al., 2009, Dawe 
et al., 2007). TMEM67 functionally interacts with the ligand Wnt5a, which activates the 
non-canonical pathway, and inhibits the canonical Wnt pathway (Abdelhamed et al., 
2015). 
 

 

1.6.2 TMEM67 knockout models 

TMEM67 knockout rodents have combinations of brain abnormalities including 
cerebellar hypoplasia and hydrocephalus, limb defects, cardiac abnormalities, 
polycystic kidney disease and pulmonary hypoplasia (Cook et al., 2009, Gattone et al., 
2004). The TMEM67tm1(Dgen)/H knock-out mouse model has a variable MKS-like 
phenotype early in embryonic development (NTDs, occipital meningocele, midbrain-
hind brain exencephaly and frontal encephalocele), and develops a JBTS-phenotype 
at later gestations (cerebellar vermis hypoplasia or aplasia, deep interpeduncular 
fossa and posterior fossa defects) (Abdelhamed et al., 2015). The severe cerebellar 
hypoplasia phenotype seen in this model is due to complex Wnt signalling, ciliogenesis 
and rostral hindbrain patterning defects which impact on downstream Shh signalling 
events (Abdelhamed et al., 2019). TMEM67 is essential for optimal levels of canonical 
Wnt/β-catenin signalling and the formation of primary cilia required for responsiveness 
to Shh signalling. Tmem67 has been shown to regulate canonical Wnt/β- catenin 
signalling in the developing cerebellum via Hoxb5, providing new mechanistic insights 
into ciliopathy cerebellar hypoplasia phenotypes (Abdelhamed et al., 2019). 

 

 

1.6.3 Disease associations 

Pathogenic variants in TMEM67 are the most frequent cause of MKS, accounting for 
16% of cases (Hartill et al., 2017, Iannicelli et al., 2010). Several founder mutations are 
known, including two splice variants identified in families of Pakistani origin (c.1546 + 1 
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G>A and c.870-2A>G) (Smith et al., 2006, Szymanska et al., 2012). Patients with 
TMEM67-mutated MKS have less frequent polydactyly and CNS malformations than 
those with pathogenic variants in another major disease gene, MKS1, demonstrating 
genotype-phenotype correlation within the condition (Consugar et al., 2007). 

 

 
TMEM67 pathogenic variants are also a leading cause of JBTS, accounting for 6-20% 
of total JBTS cases within different populations (Parisi and Glass, 2017). In particular, 
TMEM67 variants are associated with the JBTS variant phenotype COACH syndrome, 
responsible for 57–83% of total COACH cases (Doherty et al., 2010, Iannicelli et al., 
2010, Brancati et al., 2009). Pathogenic TMEM67 variants are also reported to cause 
nephronophthisis with hepatic fibrosis (Otto et al., 2009), BBS (Leitch et al., 2008) and 
RHYNS syndrome (Brancati et al., 2018). 
 

 

1.6.4 Variant pathogenicity 

The public variant pathogenicity database ClinVar lists 693 TMEM67 variants, of which 
256 (37%) are classified as VUS and 37 (5%) have conflicting pathogenicity 
interpretations (accessed 26/10/2022) (Landrum et al., 2016). There are 121 variants 
with at least one pathogenic ClinVar entry, of which 84 (69%) are short variants (<50bp) 
and 19 are structural variants (>50bp). Amongst the pathogenic ClinVar short variants, 
the most common type is missense (n=31; 37%) followed by nonsense (n=22; 26%), 
frameshift (n=14; 17%), splice site (n=13; 15%), non-coding RNA (n=3; 4%) and 
untranslated region variants (UTR) (n=1; 1%). 
 

 

1.7 Hypothesis 

Molecular genetic diagnosis rates can be improved for patients with ciliopathies by 
detecting previously missed pathogenic variants, and by reducing the proportion of 
variants categorised as VUSs. Previously undetected pathogenic variants can be 
found through WGS data analysis. Definitive variant pathogenicity interpretation for 
ciliopathy gene VUSs can be achieved through functional assays in ciliated cell lines 
that reveal alterations in ciliary phenotype. 

 

 

1.8 Overall objective 

To enhance the existing pathways of genetic variant interpretation and functional 
validation, aiming to deliver a rapid and translatable system for improved molecular 
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diagnostics that has potential for use in mainstream diagnostic centres. Ciliopathy 
patients are selected as an exemplar, but the objective is to develop systems 
applicable to other disease groups. 

 

 

1.9 Specific chapter aims 
 

1.9.1  Chapter 2 

To undertake detailed genomic analysis for participants recruited to 100K with 
suspected primary ciliopathies, with the aim of improving molecular genetic diagnosis 
rates. For unsolved participants, the gene search included: 

a) Analysis of known ciliopathy disease genes 

b) Analysis of candidate ciliopathy genes 

c) Analysis of genes outside of ciliopathy gene panels according to entered 
phenotypic features 

 

The variant search included: 
 

a) Analysis of coding variants 

b) Analysis of non-coding variants potentially impacting splicing 

c) Analysis of potentially pathogenic structural variants 
 

 

1.9.2 Chapter 3 

To undertake a search for un-diagnosed ciliopathy patients entered to non-
ciliopathy recruitment categories in 100K through a reverse phenotyping strategy. This 
included: 

 

 
a) Selection of key ciliopathy genes, representative of the full multi-systemic 

ciliopathy disease spectrum. 
b) Search of the whole 100K rare disease dataset for potential molecular 

diagnoses in these key ciliopathy genes. 
c) Link back to the entered clinical features and any additional available clinical 

data for participants with potentially pathogenic variants to undertake 
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genotype-phenotype correlation analyses. 
d) Definition of key ciliopathy clinical features required for potential new diagnoses 

to justify reporting to recruiting clinicians. 
 

1.9.3 Chapter 4 

To develop functional missense variant interpretation strategies in the human ciliated 
cell line hTERT RPE-1 and in the C. elegans worm model for an exemplar ciliopathy 
disease gene (TMEM67), to reduce the proportion classified as VUSs and therefore 
prohibiting definitive molecular diagnosis. The human RPE-1 work included: 

 

a) Development and characterisation of a knockout TMEM67 RPE-1 cell line 
using CRISPR-Cas9 gene editing. 

b) Engineering of TMEM67 plasmids containing variants with a range of predicted 
effects. This includes VUS from fetuses with MKS as well as known benign and 
pathogenic variants. 

c) Development of a functional system following transfection of variant plasmids 
into the knockout cell line that allows determination of variant pathogenicity and 
subsequent interpretation of VUS. 
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2 Molecular diagnoses in the congenital 
malformations caused by ciliopathies cohort 
of the 100,000 Genomes Project 

 
 

2.1 Research Rationale 

This project was designed to be a comprehensive genotype-phenotype analysis of 
participants recruited to 100K with a prior clinical suspicion of a primary ciliopathy. At 
the time of starting this project, no comprehensive cohort analysis of any disease group 
entered to 100K had been published, and overall diagnosis rates for the main project 
remain unreported. Participants entered to three representative recruitment categories 
were selected for analysis: Bardet-Biedl syndrome (BBS) (n=45), Joubert syndrome 
(JBTS) (n=14) and ‘Rare Multisystem Ciliopathy Disorders’ (RMCD) (n=24), given our 
research group’s expertise in primary ciliopathies. The rationale was to analyse the 
molecular diagnosis rates achieved by GEL and see whether we could add any further 
diagnostic uplift through additional genomic analysis and domain specific knowledge. 

 

 
We were interested in how much value could be added by opening up a diagnostic 
search beyond GEL’s prioritised variants for mainstream diagnostic analysis (Tier 1 
and 2 variants in genes on selected PanelApp panels). Given the limitations of the 
Tiering system (discussed extensively under ‘Tiering Issues’ (manuscript section 2) in 
our commentary article (Best et al., 2022a), we suspected that many missed molecular 
diagnoses would be identifiable amongst Tier 3 and un-tiered variants. We were curious 
about how much time and effort would be required to improve molecular diagnoses 
beyond that possible from prioritised Tier 1 and 2 variant analysis, already a huge 
workload for diagnostic labs in the UK, and whether any strategy in particular could be 
flagged as a worthwhile and achievable addition to usual service testing. We wanted to 
know how easy this may or may not be for mainstream clinicians and clinical scientists 
using available software in the GEL Research Environment, who largely lack training in 
command-line coding and big data analytics. Personally, I hoped to gain useful 
transferable skills to take back to my Clinical Genetics training from this experience, to 
benefit my own patients in the future. 

 

 

We were interested in missed diagnoses caused by problems in variant detection and 
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interpretation (e.g. missense variants, non-coding variants, structural variants) and by 
problems of gene selection driven by panel application, dependent upon the clinical 
features entered for the participants. We suspected that some patients had been 
mistakenly recruited as ciliopathies, so would have identifiable molecular diagnoses 
in non-ciliopathy disease  genes that wouldn’t have been on the applied panels. We 
also wanted to use the opportunity to look for potential new diagnoses in candidate 
ciliopathy genes. 

 

 
Upon completion of our search for molecular diagnoses, we aimed to present a 
diagnosis rate from WGS for the cohort, including any diagnostic uplift from 
undertaking our additional analyses. We also wanted to analyse the distribution of 
clinical diagnoses identified amongst this previously un-studied cohort. We thought 
that it would provide an interesting insight into how well the phenotypes associated 
with primary ciliopathies are recognised in the clinical setting given the known variable 
expressivity of ciliopathy phenotypes, even amongst relatives. We predicted that this 
may inform clinicians about differential diagnoses to consider when molecular 
diagnoses are not easily identified amongst analysed ciliopathy genes. We also 
wanted to explore the contribution of non-coding and structural variants (SVs) to 
molecular diagnoses, as the wealth of WGS data available through projects such as 
100K offers opportunities to detect these previously difficult-to-detect causative 
variants. 

 

 

2.2 Additional methodology 
Detailed methodology is provided in the manuscript (thesis section 2.4) and 
supplementary material (thesis section 6.1.1) (Best et al., 2022b). In addition, variants 
of interest were run through Ensembl Variant Effect Predictor (VEP) (McLaren et al., 
2016) from the command line with additional in silico prediction tool plugins from 
Combined Annotation Dependent Depletion (CADD) (Kircher et al., 2014) and SpliceAI 
(Jaganathan et al., 2019). This provided an output csv file containing VEP annotated 
variants. This could be manually analysed in Excel, or else filtered using a further 
custom Python script written by myself and Dr. Matthew Roche, called 
Filter_VEP_output.variants.py. This is provided in Appendix section 6.2.1. 
Filter_VEP_output.variants.py produced csv files of filtered lists of annotated variants 
of interest for more concise and focussed analysis as follows in Table 4.



 

Table 4. Filtering steps applied in the custom Python script Filter_VEP_output.variants.py 

Note: a CADD_PHRED cutoff score of 15 was selected as this is the recommended threshold for analysis on the CADD website 
(available from https://cadd.gs.washington.edu/info) 

Filtering 
step Input file Output file name Consequence 

1 VEP annotated variant list 
Note: separate input file 
required for variants called on 
each chromosome build 
(GrCh37 and GrCh38) 

VEP_filtered_rare.csv Excludes variants with Minor Allele 
Frequency (MAF) >0.1% in gnomAD to 
leave only rare variants for further analysis 

2 VEP_filtered_rare.csv VEP_filtered_high_impact.csv Creates a sub-file of rare variants annotated 
by VEP as high impact (stop gain, 
frameshift, start loss, canonical splice 
donor, canonical splice acceptor) for 
focused analysis 

3 VEP_filtered_rare.csv VEP_filtered_ClinVar_pathogenic.csv Creates a sub-file of rare variants with 
ClinVar pathogenic or likely_pathogenic 
entries for focused analysis 

4 VEP_filtered_rare.csv VEP_filtered_missense_all.csv Creates a sub-file of rare missense variants 

5 VEP_filtered_missense_all.csv VEP_filtered_missense_CADD.csv Creates a sub-file of rare missense variants 
with a CADD_PHRED score of >15 for 
focused analysis 

6 VEP_filtered_rare.csv VEP_filtered_splice_region.csv Creates a sub-file of rare variants predicted 
by VEP to be in splice regions for focused 
analysis 
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2.3 Additional results 

The accompanying manuscript (thesis section 2.4) (Best et al., 2022b) includes 
research molecular diagnosis for n=43/83 (51.8%) probands in the 100K CMC cohort. 
Two further diagnoses have been identified post-publication, taking the overall 
diagnosis rate up to n=45/83 (54.2%). 

 

 
Participant #59, entered to the BBS category with classical sounding BBS features, 
had a ClinVar known pathogenic, maternally inherited missense variant in BBS1: 
NM_024649.5:c.1169T>G, NP_078925.3:p.(Met390Arg) identified during the CMC 
cohort analysis. This was un-tiered by GEL. It is, in fact, a pathogenic founder variant 
that accounts for approximately 27% of all cases of BBS (Cox et al., 2012). The 
identification of this heterozygous variant guided us to review the BBS1 locus on IGV, 
where we found an unusual region within exon 13 that could not be characterised 
through visual analysis alone. The IGV trace is presented in our subsequent manuscript 
“Uncovering the burden of hidden ciliopathies in the 100,000 Genomes Project: a 
reverse phenotyping approach” (thesis section 3.2, manuscript Figure 3E.i) (Best et 
al., 2022c). This soft-clipped read signature in exon 13 was consistent with a recently 
described mobile SVA F family element insertion of size 2.4kb (Delvallee et al., 2021). 
It was characterised through additional laboratory work by colleagues in the Northeast 
and Yorkshire Genomic Laboratory Hub. This includes a duplex PCR screening assay 
(manuscript Figure 3E.iii) and Sanger sequencing of upstream (manuscript Figure 
3E.iv) and downstream (manuscript Figure 3E.v) junction fragments, confirming that 
the 2.4kb mobile element insertion was present in the proband and his father in the 
same form as previously reported (Best et al., 2022c, Delvallee et al., 2021). Further 
detail about this diagnosis is available in the “Reportable diagnoses” section of the 
manuscript discussion (thesis section 3.2) (Best et al., 2022c). 

 

 
Participant #78, entered to the BBS category with pigmentary retinopathy and obesity 
only, was diagnosed post-publication with a homozygous, multi-exon BBS4 deletion of 
approximately 5.5kb. This diagnosis was made through the SVRare script written by 
our collaborator Dr. Jing Yu, a senior bioinformatician with the Nuffield Department of 
Clinical Neurosciences at the University of Oxford (Yu et al., 2022). I used SVRare to 
search for SVs in the reverse phenotyping study (thesis section 3.2) (Best et al., 
2022c). I was not aware of the SVRare approach at the time of the main CMC cohort 
analysis. SVRare uses a database of 554,060 SVs called by Manta (Chen et al., 2016) 
and Canvas (Ivakhno et al., 2018) aggregated from 71,408 participants in the rare 
disease arm of 100K (Yu et al., 2022). 
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Upon completion of the reverse phenotyping study, I asked Dr. Yu to extract rare SV 
calls (made in <10 participants) from SVRare that overlapped coding regions of 
diagnostic grade “green” PanelApp genes from the RMCD super panel version 4.151 
(see Table 3 for genes included) amongst the remaining unsolved participants from 
the CMC cohort. This returned a homozygous deletion of 5524bp on chromosome 15 
called by Manta (Chen et al., 2016) in participant #78, that included coding regions of 
BBS4. This SV had been called four times in the 100K rare dataset: two calls in 
proband #78, one in their father and one in an unrelated proband from the hereditary 
spastic paraplegia recruitment category. The region was manually inspected on IGV for 
the proband #78 and their father; no sequence was available for their mother. An IGV 
capture of BBS4 including regions from exon 2 to exon 6 is provided in Figure 10. This 
shows the homozygous BBS4 deletion including the whole of exons 4 and 5 in the 
proband and heterozygosity for the deletion in the father, consistent with the SVRare 
findings. This result was submitted to the GEL Airlock system for return to the recruiting 
clinician, but no response was received. 



 

 

. 

Figure 10. IGV captures showing homozygous BBS4 deletion in CMC proband 78 and heterozygous deletion in their father.  

The deletion includes the whole of exons 4 and 5 
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2.4 Manuscript 
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3 Uncovering the burden of hidden ciliopathies 
in the 100,000 Genomes Project: a reverse 
phenotyping approach 

 
3.1 Research Rationale 

This study was designed upon completion of our first 100K project (Molecular 
diagnoses in the congenital malformations caused by ciliopathies (CMC) cohort of the 
100,000 Genomes Project – Thesis Chapter 2; (Best et al., 2022b)). One of our main 
findings in that study was the high proportion of participants entered to 100K under 
suspected primary ciliopathy recruitment categories but who proved to have alternative 
diagnoses caused by variants in non-ciliopathy disease genes (n=19/43, 44.2%). 
Reflecting this finding, we thought it was reasonable to assume that there are also 
‘hidden’ patients with ciliopathies who have been recruited to alternative categories, 
and we wanted to design a strategy to identify them. 

 

 
Reverse phenotyping emerged as the most promising approach; presenting an 
interesting opportunity to analyse 100K variant data without prior prejudice about 
clinical associations. In reverse phenotyping, the search begins with the identification 
of potentially pathogenic variants, which are then mapped in a reverse strategy against 
the clinical features of patients. Patients with potentially causative variants in the 
selected genes are assessed to see if their clinical features match the associated 
disease phenotype and inheritance pattern reported in the medical literature 
(genotype-to-phenotype model). We were especially interested to undertake this 
project given group discussions about “agnostic” approaches to rare disease 
diagnostics with access to large genomic datasets. 

 

 
Given the limitations in the tiering system and the previously observed poor quality 
phenotyping data for a substantial proportion of cases in 100K, we knew that there 
were very likely to be pathogenic variants that would have been missed from 
mainstream diagnostic pipelines simply because the right panels had not been selected 
for analysis. We hypothesised that some of these would be easy to detect via 
appropriate filtering strategies once variants in the right genes were extracted (e.g. 
previously reported as pathogenic on ClinVar and/or high impact variant types). 
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Beyond these “low-hanging fruit” pathogenic variants, we also wanted to look again for 
causative variants that would be routinely missed from mainstream diagnostic 
strategies, as we did in the 100K CMC cohort analysis (thesis chapter 2) (Best et al., 
2022b). In particular, we wanted to look for missed SVs and non-coding variants. This 
was another opportunity to make the most of the available WGS data to boost 
diagnosis rates for unsolved participants. 

 

 

Through dialogue with the GEL Bioinformatician Roel Bevers via the Research 
Environment helpdesk, we were made aware of the soon-to-be released workflow 
called “‘Gene-Variant Workflow’ written by himself and Alex Stuckey (now available 
from https:// research- 
help.genomicsengland.co.uk/display/GERE/GeneVariant+Workflow). This could be 
used to extract all variants in up to ten genes at a time from the 100K dataset, including 
all intronic and exonic variants within the specified gene region. We therefore set out 
to use this script to perform a reverse phenotyping study. We decided to focus on multi-
systemic ciliopathy genes because we thought that 100K participants with pathogenic 
variants in those genes would be more likely to be recruited to alternative categories 
(clinically mis-diagnosed) than those with single-system disorders (e.g. renal or retinal 
ciliopathies) so our pickup rate would be higher. We decided to set a limit of 10 
ciliopathy disease genes for analysis, partly to allow the script to run in one batch, and 
partly to try to maintain to a workable output volume. 

 

 
We started by selecting a list of key multisystemic ciliopathy disorders that we 
suspected may be identifiable in alternative disease categories, then performed a 
literature search to define a list of genes causative of ≥10% of the total syndrome 
burden. Our syndrome list includes Bardet-Biedl syndrome (BBS) and Alström 
syndrome (metabolic/obesity ciliopathies); Joubert syndrome (JBTS), Meckel Gruber 
syndrome (MKS) and orofaciodigital syndrome (OFD) (neurodevelopmental 
ciliopathies); the skeletal ciliopathy Jeune asphyxiating thoracic dystrophy (JATD) and 
nephronophthisis (isolated or syndromic renal ciliopathy). The accompanying gene list 
contains nine genes, pathogenic variants in which are a frequent cause of these 
conditions: BBS1, BBS10, ALMS1, OFD1, DYNC2H1, WDR34, NPHP1, TMEM67 and 
CEP290. Further detail about selection of these genes is provided in the published 
supplementary material (thesis section 6.1.2)  
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In the 100K CMC cohort analysis (thesis chapter 2) (Best et al., 2022b), we undertook 
SV analysis in pursuit of “second hit” pathogenic variants only in the presence of a 
“first-hit” SNV with the suspicion of compound heterozygosity. We therefore knew 
which gene to look at and carried out manual searches of the entire gene locus looking 
for visible SVs on the Integrative Genomics Viewer (IGV) within the research 
environment. Not only was this a slow, laborious, and unsystematic strategy, but it 
could not be used to look for first-hit or homozygous variants in our reverse phenotyping 
study. I was aware of the available Manta (Chen et al., 2016) and Canvas (Ivakhno et 
al., 2018) structural variant calls on the 100K dataset, but had no strategy to filter  
them. 

 

For this reverse phenotyping project, I was put in touch with our collaborator, Dr. Jing 
Yu, a senior bioinformatician with the Nuffield Department of Clinical Neurosciences 
at the University of Oxford, by my PhD supervisors. He was in the process of developing 
the SVRare script, which used a database of 554,060 SVs called by Manta and Canvas 
aggregated from 71,408 participants in the rare disease arm of 100K (Yu et al., 2022). 
Dr. Yu and I collaborated to extract rare SVs (≤ 10 SVRare database calls) that 
overlapped coding regions of our nine selected ciliopathy disease genes, which were 
then analysed manually. I also worked again with Dr. Jenny Lord, Postdoctoral 
Research Fellow within the Faculty of Medicine at the University of Southampton, to 
do SpliceAI analysis on coding and non-coding genomic variants using her publicly 
available script (‘find_variants_by_gene_and_SpliceAI_score.py’; available at 
https://github.com/JLord86/Extract_variants). 

 

 

We hoped that this project would not only boost diagnostic rates for previously missed 
ciliopathy patients but would also provide some useful insight into alternative strategies 
for genomic analysis. We suspected that it would provoke interesting dialogue about 
the required links between genotype and clinical data to provide confident diagnoses 
for patients and the consent procedures that would need to be in place to both look for 
and report unexpected molecular diagnoses. We thought it could also expand known 
genotype-phenotype correlations for our ciliopathy disease genes of interest. 
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3.2 Manuscript 
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4 Interpreting ciliopathy-associated missense 
variants of uncertain significance (VUS) in 
Caenorhabditis elegans 

4.1 Research Rationale 

This laboratory-based project was designed in collaboration with colleagues from 
Professor Oliver Blacque’s cilium disease research group at University College Dublin 
(UCD). The UCD group has expertise in ciliary biology through the study of the nematode 
worm C. elegans. The rationale was to develop functional strategies for definitive 
ciliopathy gene missense variant interpretation, to reduce the proportion of variants that 
were classified as VUSs. The plan was to develop parallel variant interpretation 
strategies in two model systems: C. elegans and a human ciliated cell line. We used 
CRISPR to perform variant modelling as it was emerging as a relatively rapid and 
straightforward genome editing strategy compared to previous options. The aim was to 
develop a high-throughput variant interpretation pipeline, providing proof of principal that 
functional tests involving CRISPR can be useful in the diagnostic setting. 
 

 
TMEM67 was selected as an exemplar gene for two main reasons. Firstly, the C. elegans 
worm protein mks-3 is orthologous with human TMEM67 and has highly conserved 
structure and function, unlike other ciliary proteins such as CEP290. Secondly, 
discussion with clinical scientist colleagues in the Leeds NHS Genetics Diagnostics 
Laboratory revealed that a long list of TMEM67 missense VUSs had been identified 
amongst local fetuses with clinical features of the lethal ciliopathy syndrome MKS, 
preventing their definitive molecular diagnosis. We wanted to undertake functional 
research for some of these VUSs with the aim of providing clinical benefit to our local 
patients, as well as the wider ciliopathy community. 
 

 
I was initially responsible for selection of TMEM67 variants to model. I obtained the list 
of local TMEM67 VUSs through discussion with Ian Berry, a Clinical Scientist within the 
Leeds NHS Genetics Diagnostics Laboratory. I then accessed medical records for the 
patients amongst whom these VUSs were identified to collate relevant clinical data. I 
also used the ClinVar database to select TMEM67 variants with a full range of predicted 
effects, including known pathogenic and known benign, to provide a range of expected 
cellular phenotypes with which to test VUS interpretation. We aimed to prioritise variants 
that were adjacent to one another, so the same CRISPR guides utilizing the same PAM 
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sequence could be used to generate multiple different variants. Only variants in residues 
conserved between worm mks-3 and human TMEM67 were considered. 
 
 

4.2 Additional methodology 

The Materials and Methods section of the accompanying manuscript contains most of 
the methodology applied in this study (Lange et al., 2022). The detail below contains 
methodology either not applied in the experiments included in the accompanying 
manuscript or that was considered un-necessarily detailed. Further information about 
reagents used is provided in Appendix section 6.3, including suppliers (6.3.1), reagents 
(6.3.2), buffers and solutions (6.3.3), cell lines (6.3.4) and antibodies and cell stains 
(6.3.5). 

 

4.2.1 Polymerase Chain Reaction (PCR) 

4.2.1.1 Primer design 

PCR primers were designed using AutoPrimer 3 software (available from 
(https://github.com/gantzgraf/autoprimer3). This retrieves gene information from the 
University of California Santa Cruz (UCSC) genome browser and uses primer3 
(http://primer3.ut.ee) to automatically design primers to genes or genomic coordinate 
targets. Primers were selected when specific parameters were met, including an 
optimum annealing temperature of 58 – 65°C, GC content 40-60%, and excluding 
common SNPs. Primers are presented in Table S7 of the Supplementary Material (thesis 
section 6.1.3) (Lange et al., 2022). 
 

 

4.2.1.2 PCR reaction 

PCR amplification of target regions was performed using 5μl of HotShot Diamond 2x 
PCR Mastermix, 0.5μl of 10μM forward and reverse primers, 25ng of DNA and nuclease 
free H2O to make up final volume of 10μl. Reactions were cycled on a Veriti Dx Thermal 
Cycler with an initial denaturation at 95°C (10 minutes), then 35 cycles of: denaturation 
at 95°C (30 seconds), annealing with temperature optimised to primers (~59-64°C) (30 
seconds) and extension at 72°C (1 minute). After the 35 cycles, there was a final 
extension at 72°C (5 minutes). Completed reactions were held at 10°C. PCR products 
were analysed by gel electrophoresis (see thesis section 4.2.2). 
 

 

4.2.2 Agarose gel electrophoresis 
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Samples for visualisation were mixed in a 5:1 ratio with 6x loading buffer and run on 1- 
2% weight for volume (w/v) agarose gels stained with 1x Midori Green Advance, 
alongside appropriate size standard (Easy Ladder or Quick-Load® Purple 1 kb DNA 
Ladder). Gels were run at 100-150V, for between 30 minutes and 2 hours according to 
expected product size, in an electrophoresis tank with 1x TAE buffer. Products were 
visualised on a GelDoc Ultraviolet (UV) transillumination station (BioRad) and displayed 
on Image Lab (v4.0) software for analysis (BioRad). 

 

 

4.2.3 Exonuclease I – Shrimp Alkaline Phosphatase (ExoSAP) PCR 
purification 

PCR products were purified by enzymatic treatment with ExoSAP-IT™ Express to digest 
excess primer and dephosphorylate nucleotides to allow for downstream sequencing 
reactions. 2.5µl of PCR product was treated with 1µl of ExoSAP according to 
manufacturer’s instructions. 
 

 

4.2.4 Sanger Sequencing 

Sequencing reactions were made up of 0.5μl BigDye Terminator Kit V3.1, 2μl BigDye 
Sequencing Buffer (5x), 0.5μl 0.2μM sequencing primer, 1μl purified PCR product or 
100ng purified plasmid DNA and dH2O to make up final volume of 10μl. Primers are 
presented in Table S7 of the Supplementary Material (thesis section 6.1.3) (Lange et 
al., 2022). Sequencing reactions underwent initial denaturation at 96°C (1 minute), then 
45 cycles of denaturation at 96°C (10 seconds), annealing at 50°C (5 seconds) and 
extension at 60°C (4 minutes). Completed reactions were held at 10°C. 

 

 
Sequencing products were transferred to 96-well sequencing plates for precipitation. All 
spins were performed at 4˚C. 5μl of 125mM Ethylenediaminetetraacetic acid (EDTA) and 
60μl of 100% ethanol were added to each well before centrifugation at 2750 x g for 30 
minutes. Plates were inverted onto tissue and centrifuged at 10 x g for 10 seconds to 
remove the supernatant. Contents were washed in 70% ethanol and spun for 15 minutes 
at 2750 x g. They were inverted onto tissue and again centrifuged at 10 x g for 10 
seconds to remove residual ethanol. Pellets were dried on a 95˚C hot plate until all visible 
ethanol had gone (around 2 minutes). 10μl of deionised HiDi™ formamide was applied 
to each well, then sequencing reactions run on an ABI 3130xl Genetic Analyzer. Base 
calling was done using Sequencing Analysis software v5.2 (Applied Biosystems™) and 
sequence data analysed using SeqScape software v2.5 (Applied Biosystems™) and 
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SnapGene software (GSL Biotech LLC). 
 

 

4.2.5 Bacterial transformation of variant plasmids generated by site- 
directed mutagenesis 

A TMEM67_myc/HisA plasmid was used for complementation assays. Detail about how 
this was designed and generated is provided in the “TMEM67 cloning, plasmid constructs 
and transfections” section within the Materials and Methods of the accompanying 
manuscript (thesis section 4.5) (Lange et al., 2022). The wild-type plasmid was fully 
sequence verified; the complete plasmid map is presented in section 6.4 of the Appendix. 
Variant plasmids were generated from the wild-type using a QuikChange II XL Site-
Directed Mutagenesis Kit (Agilent) then transformed into either E. coli XL10-Gold 
Ultracompetent Cells or Alpha-Select Chemically Competent Cells according to 
manufacturer’s instructions. 
 

 
Following bacterial transformation, four individual cell colonies for each variant plate 
were picked using a pipette tip and transferred to separate 15ml falcon tubes containing 
5ml of 100μg/ml ampicillin Luria-Bertani (LB) media. These were transferred to the 37˚C 
shaking incubator for 16 hours, before being stored at 4˚C. 1ml of cell solution was used 
for DNA extraction using a QIAprep Spin Miniprep Kit (Qiagen) according to the 
manufacturer’s protocol. DNA concentration was determined using a Nanodrop™ 2000 
spectrophotometer. DNA from each miniprep sample was Sanger sequenced using at 
least two internal TMEM67 primers that covered the site-directed mutagenesis targeted 
site. Primers are presented in Table S7 of the Supplementary Material (thesis section 
6.1.3) (Lange et al., 2022). Once the targeted variants were verified by sequencing, 1ml 
of cell solution was grown in 200ml of 100μg/ml ampicillin LB media, before bulk DNA 
extraction and purification using a Plasmid endonuclease free Maxi Kit (Qiagen). Again, 
all maxi-prepped variant DNA was sequence verified prior to experimental use. 
 

 

4.2.6 Small interfering RNA (siRNA) knockdown experiments 

siRNA knockdown experiments were conducted as forward transfections within 6-well 
tissue culture plates. 3x105 cells per well were plated and ready for transfection when 
they reached ~70% confluence. TMEM67 siRNA stock (100μM) was diluted in siRNA 
buffer (Dharmacon Inc.) to a final amount of 5nmol per well. Forward transfection 
reactions were prepared according to manufacturer’s protocols with 3µl of Lipofectamine 
2000 and 5µl of diluted siRNA solution. Media was changed after 3-5 hours, and 
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transfections left for 24-72 hours depending on estimated transfection efficiency. 
 

 

4.2.7 Whole cell extract (WCE) preparation and Western Blotting 

WCEs were prepared from confluent cells in 6-well tissue culture plates or scaled as 
appropriate. All steps were undertaken on ice, to prevent protein degradation by 
proteases. Cells were washed twice with cold 1x phosphate buffered saline (PBS) and 
lysed with 50µl ice-cold NP40 lysis buffer for 5 minutes. Cells were scraped from the 
plates using chilled plastic cell scrapers, into pre-chilled tubes, then frozen at -80°C for 
at least 1 hour. Samples were thawed on ice, then agitated for 30 minutes in the orbital 
rotator at 4°C. Cells were spun down at 12,000 x g for 15 minutes at 4°C and the 
supernatant transferred to new tubes. 
 

 

A RC DC™ Protein Assay Kit was used to measure protein concentration according to 
the manufacturer’s protocol. Absorbance was measured on a spectrophotometer at 
750nm. A bovine serum albumin (BSA) assay was used to produce a standard curve to 
infer protein concentration of WCE samples. 

 

 
WCE samples were diluted in NP40 lysis buffer with 1% protease +/- phosphatase 
inhibitor (Promega) to produce equal concentrations for loading. Maximum protein 
concentration for loading was determined from the size of the gel being used. 4x loading 
dye with 2.5% beta-mercaptoethanol was added in a 1:3 ratio to give 1x loading dye in 
all samples. Samples were boiled at 90°C for 10 minutes to denature proteins. Samples 
were loaded into NuPAGE™ 4-12% MES SDS gradient gels alongside protein marker 
and run in 200ml of 1x MES-SDS running buffer for 90 minutes at 120V. 

 

 
A polyvinylidene difluoride (PVDF) was activated in 100% methanol for 20 seconds. 
Proteins were immunoblotted onto the activated membrane in transfer buffer 
supplemented with 10% methanol for 60-90 minutes at 40V. The gel tank was placed on 
ice, and outer chambers filled with iced water during transfer. 

 

 
Membranes were blocked in 5% w/v Marvel dried milk or 5% BSA diluted in 1x PBST for 
one hour. They were then incubated in primary antibodies diluted in 5ml of blocking agent 
in 50ml Falcon tubes on a roller at room temperature for 1 hour, or overnight on a roller 
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at 4°C. Membranes were washed 6 times in 1x PBST for 2 minutes per wash, then 
incubated for 1 hour with the appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibody at 1:10,000 dilution on a roller at room temperature. Again, the 
membrane was washed 6 times in PBST. The West Femto immunoblot detection system 
was used to reveal bands by enhanced chemiluminescence. Bands were visualised on 
a GelDoc station (Bio-Rad) and processed in ImageLab software (Bio-Rad). Protein 
levels were quantified against a reference band and normalised to the loading control 
quantifications. Primary and secondary antibodies used are summarised in Tables 13 
and 14 in Appendix section 6.3.5. 
 

 
If membranes needed to be probed with another antibody, they were either stripped for 
10 minutes in Restore™ PLUS Western Blot Stripping Buffer, then washed and re- 
blocked before the next stain, or the area of the membrane that had already been probed 
was cut off. 
 

 

4.2.8 High-content imaging 

4.2.8.1 Transfection 

For high-content imaging, reverse transfections were set up in tissue culture treated 
CellCarrier-96 Ultra Microplates (Perkin-Elmer). First, wells were coated with 0.67µl 
Matrigel® in 50µl of ice-cold OptiMEM and left to set for an hour. This was washed in 
room temperature OptiMEM prior to setting up experiments. A 20µl transfection reagent 
mix was prepared for each well in Eppendorf tubes. 0.2µl of transfection reagent (PEI or 
Lipofectamine 2000) was added to OptiMEM and allowed to equilibrate for five minutes. 
70ng of plasmid was added and incubated for 20-30 minutes. This transfection mix was 
added to the wells, then 80µl of suspended cells at 2x105 concentration applied on top 
(16,000 cells per well). Media was changed after 3-5 hours, and transfections left for 24- 
72 hours before fixation depending on estimated transfection efficiency. 
 

 

4.2.8.2 Fixing and staining 

A FluidX XRD-384 dispenser on slow speed (100rpm) was used for all steps to fix and 
stain plates, with solutions dispensed to the left side of the wells. Wells were first washed 
in sticky PBS then fixed with 50µl of ice-cold methanol for 5-7 minutes at -20°C. Plates 
were inverted and blotted to remove methanol then wells washed in 50µl of PBS. Plates 
were blocked for at least 10 minutes with 50µl of 1% Marvel dried milk/PBS [w/v], that 
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had previously been cleared of particulates by centrifugation at 3000 x g for 10 minutes. 
All antibodies and stains were diluted in blocking solution and clarified by centrifugation 
at 16K x g for one minute. 50µl of primary antibody solution was applied per well (see 
Table 12 for dilutions) and incubated for one hour at room temperature. Plates were 
washed 5 times in 1x PBS with 0.05% Triton™-X100, and once in 1x PBS, with inversion 
and blotting of plates between washes. 50µl of secondary antibody solutions (see Table 
13 for dilutions) with 1:1000 DAPI and 1:4000 TOTO-3 were incubated for 1 hour, under 
foil wrapping to prevent light bleaching. Again, plates were washed five times in 1x PBS 
with 0.05% Triton™-X100 and left in the final wash of 1x PBS. 
 

 

4.2.8.3 Imaging 

A PerkinElmer Operetta high-content wide-field fluorescence imaging system, linked to 
Harmony software, was used to image and process plates. Wells were imaged using the 
20x objective lens. Up to four fluorescent colours could be detected in different focal 
planes to provide maximum resolution for each, as well as bright-field imaging. The 
Operetta infra-red focussing laser was used to detect the bottom of each well 
automatically, and focal planes of detection for each colour calculated relative to this 
value. Image acquisition was optimised on negative controls. A consistent pattern of at 
least six fields of view were imaged per well, positioned in a ring around the central 
dispense area, with an approximate total of 4,000 cells detected and analysed per well. 
 

 

4.2.8.4 Image analysis 

Image data was imported into Columbus™ Image Data Storage and Analysis System for 
high-throughput analysis. Recognition protocols were written with the in-built software 
building blocks. The ‘find nuclei’ protocol recognition block was used in the DAPI (blue) 
channel as fluorescent regions > 30µm2,. The cell body was defied used the ‘find 
cytoplasm’ protocol recognition block by recognising far-red (TOTO-3) fluorescent 
regions surrounding nuclei. To make sure only whole cells were analysed, border objects 
were removed. A “find spots” algorithm was used to detect cilia on whole cells, identifying 
green (Alexa Fluor 488) or red (Alexa Fluor 568) fluorescent spots with radius < 8.3 
pixels, contrast > 0.11, uncorrected spot to region intensity >0.5. Key output parameters 
were number of whole cells, percentage of cells with a single or double cilium and 
intensity of anti-myc staining. These were calculated as an average across all fields of 
field per well. 
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4.2.8.5 Statistical analysis 

Wells that had passed preliminary analysis had robust z-scores calculated. These were 
used instead of a standard z-score as they take experimental variation into account. 
Robust 𝑍score = (𝑥−𝓂)/ℳ where 𝓂 = median values of the measured phenotype of the 

negative controls and 𝑀= median absolute deviation of the measured phenotype of the 
negative controls. On a normal distribution curve, of data point 𝑥 compared to the 
negative controls, −1.96 ≥ 𝑅𝑜𝑏𝑢𝑠𝑡 𝑍 𝑜𝑓 𝑥 ≤+1.96 is equivalent to 𝑝 = 0.05. 
 

 

4.3 Additional results 

4.3.1 Generation of TMEM67 knockout cell lines 

48-hours after transfection with crRNA:tracrRNA duplexes, 1440 GFP-expressing RPE- 
1 cells were index sorted by fluorescence-activated cell sorting (FACS) into 96-well 
plates. After three weeks of clonal growth, the healthiest surviving clones were taken 
forward for onward growth in fresh plates and DNA was extracted for sequencing. These 
represent ~10% of the original population. PCR encompassing gRNA target sequences 
of TMEM67 (exons 3 and 5) was performed on extracted DNA, which was purified with 
ExoSapIT Express prior to Sanger sequencing. DNA from 70 clones that had 
successfully amplified on PCR, as visualised on gel electrophoresis, was Sanger 
sequenced. From these 70 sequenced clones, 5 were identified as CRISPR knockout 
cell lines through sequence analysis (7% efficiency rate). 
 

 
The bi-allelic knockout TMEM67 crispant cell line clone 16 is presented in manuscript 
(thesis section 4.5) (Lange et al., 2022). It was selected for further characterisation and 
subsequent experimental use because it had the most straightforward bi-allelic variants 
identified, that were predicted to cause nonsense mediated decay (NMD). Sequence 
analysis revealed a one base-pair deletion on one allele and a one base-pair insertion at 
the same position on the other allele, corresponding to biallelic frameshift variants: 
c.519delT, p.(Cys173Trpfs*20) and c.519dupT, p.(Glu174*). In addition, four further 
crispant cell lines were characterised by Sanger sequencing, presented in Table 5. 
Electropherograms are presented in Table 6. Three clones (C62, C78, C85) had bi-allelic 
variants identified, while C40 had one heterozygous variant. The heterozygous cell line 
C40 was also characterised by western blotting and high content imaging alongside C16 
(see Supplementary Material Figure S4 - Characterization of TMEM67 crispant) (thesis 
section 6.1.3) (Lange et al., 2022). The biallelic lines C62, C78 and C85 have been 
frozen down for characterisation and application in future projects. 



 

Table 5. Variants identified amongst TMEM67 crispant RPE-1 cell lines 
 

Allele 1 Allele 2 
Clone 
number 

Nucleotide 
Change 

Protein 
change 

Predicted molecular 
consequence 

Nucleotide change Protein 
change 

Predicted molecular 
consequence 

C16 c.519delT p.Cys173Trpfs*
2 0 

Nonsense mediated 
decay (NMD) 

c.519dupT p.Glu174* NMD 

C40 N/a (wild 
type) 

N/a None c.369delC p.Glu124Lysfs*
1 2 

NMD 

C62 c.364delA p.Thr122fs*14 NMD c.369_370delGC p.Glu124Argfs*
1 7 

NMD 

C78 c.509-9insT n/a (intronic) Unknown c.514_515delGC p.Arg172Metfs
*2 

NMD 

C85 c.516_517ins
T 

p.Cys173Leufs
*2 

NMD c.507_532delGT 
GCGTCCGATG 
TGAGCCAACATTT
G 

P.Arg169Serfs
*2 

NMD 

 

 



 

Table 6. Electropherograms showing mutations generated amongst crispant RPE-1 cell lines. 

Clone number gRNA target 
region 

Electropherogram  
Note: highlighted sequence = first 10 bases of gRNA target 
Exon 5: TAACAAATGTTGGCTCACAT  
Exon 3 (reverse complement): TCGGCAGTTAAGTCACTAGG 

C21 (mock-
transfected wild type 
control) 

Exon 5 

 
C16 Exon 5 

 
C78 Exon 5 

 
C85 Exon 5 

 
(Note: only have 4 bases of guide sequence highlighted before mutation starts) 

C21 (mock-
transfected wild type 
control) 

Exon 3 

 
C40 Exon 3 

 
Note: only have 8 bases of guide sequence highlighted before mutation starts) 



 

C62 Exon 3 

 
Note: last “T” before mutation starts corresponds to last letter of exon 3 CRISPR guide 
reverse complement. Highlighted region is encompassed within the mutation.   
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4.3.2 Attempt at variant interpretation by high-content imaging 

The original plan was to undertake TMEM67 variant interpretation through high-
content imaging complementation assays. We hypothesised that transfection of the 
wild-type TMEM67-myc plasmid into the null C16 TMEM67 knockout RPE-1 cell line 
would restore cilia number, measurable via high-throughput analysis on the 
Columbus™ Image Data Storage and Analysis System. Conversely, we predicted that 
transfection of pathogenic variant plasmids would not restore cilia number. By testing 
cilia number on a range of known variant effects (known benign, wild-type, known 
pathogenic), we predicted that we could develop a high-throughput system to infer the 
pathogenicity of TMEM67 VUSs. 

 

 
Experimental conditions were optimised on wild-type RPE-1 cells then run alongside 
the C16 cell line to see how that compared. The optimal concentration of TMEM67-
myc plasmid to allow clear visualisation for high-content imaging without causing 
significant toxicity was 140ng, transfected in a ratio of 1:3 with PEI. Example Columbus 
well images comparing transfection of the TMEM67_myc wild type plasmid and un-
transfected controls between wild- type RPE-1 and the C16 knockout line are shown 
in Table 7. Although some cell loss can be seen in the transfected wild-type RPE-1 
compared with negative controls, the cell loss in the transfected C16 cells is visibly 
much more significant. Cell loss as measured by the effect on whole cell number by 
the Columbus recognition protocol was statistically significant for C16 cells transfected 
with TMEM67_myc_WT plasmid (robust z-score -3.85). 

 

 
Further optimisation experiments were conducted, reducing the concentration of 
TMEM67_myc_WT plasmid transfected to reduce toxicity, but this made detection of 
transfected cells by the automated software very challenging. 
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Table 7.  Example Columbus well views comparing cells transfected with TMEM67_myc wild-type plasmid and un-transfected 
cells in both wild-type RPE-1 and the TMEM67 knockout RPE-1 cell line C16 

Cell line Wild-type RPE (passage 26) TMEM67 knockout C16 RPE-1 (passage 30) 
Channel 140ng TMEM67_myc wild

 type transfection 
Un-transfected control 140ng TMEM67_myc wild

 type transfection 
Un-transfected control 

Merge: 
Red: TOTO-3 
(cytoplasm) 
Blue: DAPI 
(nucleus) Green:  C-
myc (transfected 
cells) Gold: ARL13B 
(cilia) 

    

Green: C-myc 
(transfected cells) 

    

Gold: ARL13B (cilia) 

    

 
Note: some bleed through between the green and gold channels is noted, particularly seen in wild-type RPE-1 cells transfected with 
TMEM67_myc. However, given the toxic effects of TMEM67_myc_WT plasmid transfection observed, further optimisation to reduce bleed 
through was not undertaken. 



 

4.4 Conclusion 

We concluded that knocking out both alleles of TMEM67 made the C16 cell line too 
fragile to tolerate the insult of transfection of plasmids at high enough concentrations 
to allow the high- content imaging assay to work. Furthermore, restoration of cilia 
number was never observed in C16 cells transfected with TMEM67_myc_WT plasmid. 
Without this fundamental step, we could not continue to pursue this complementation 
high-content imaging strategy to interpret TMEM67 VUS. Therefore, we changed 
tactics, developing the successful functional cell- signalling assay published in the 
accompanying manuscript (thesis section 4.5) (Lange et al., 2022). 



 

4.5 Manuscript 
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5 Discussion 
5.1 Research output summary 

During this PhD, I have had two original research projects published (Best et al., 2022c, 
Best et al., 2022b) based on analysis of 100K data. Both outputs contribute to improved 
molecular diagnosis rates for ciliopathy patients and provide transferable skills and 
lessons about WGS analysis, particularly from 100K, applicable to wider patient 
groups. I have also had a commentary article published reflecting upon lessons 
learned from the two 100K analyses, provided at the end of this discussion (thesis 
section 5.6) (Best et al., 2022a). GEL published a response letter to this commentary, 
also included (thesis section 5.7) (Brown et al., 2022). My third, published original 
research project was development of a functional TMEM67 VUS interpretation 
strategy, done in collaboration with colleagues from UCD (Lange et al., 2022). 

 

 

5.2 Motivation for the PhD and overall take-home messages 

I was motivated to undertake this PhD by experiencing real clinical challenges facing 
patients and clinicians during my paediatric and clinical genetics training. The major 
issue I wanted to focus on is the need to improve genetic diagnosis rates for patients 
with rare diseases, having witnessed the anxieties and frustrations generated by 
negative or VUS results. I wanted to achieve this through genomic variant analyses to 
find previously “hidden” molecular diagnoses, and through functional variant 
interpretation to help move VUS results out of their diagnostic grey area into definitive 
categories. 

 

 
The clearest overall message from this PhD is that our ability to interpret genomic 
sequence data is far behind our ability to generate it. Our inability to definitively 
interpret many variant types without bespoke research input, particularly novel rare 
missense variants and non- coding variants, is a major bottleneck preventing us from 
improving genetic diagnosis rates for patients with genetic diseases. Without a 
molecular diagnosis, patients cannot access targeted therapeutics or benefit from 
family, prenatal or preimplantation genetic testing. This research experience 
demonstrates that a huge amount more time and money need to be directed into 
providing training and resources for genomic variant interpretation, if we have any 
chance of offering patients better diagnosis rates and subsequent benefits than is 
currently being achieved. 
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Without undertaking SV and non-coding variant analysis, there doesn’t seem to be an 
overall clinical benefit for doing WGS over WES yet. We must hope that with time and 
better diagnostic pipelines, iterative retrospective WGS analyses can be performed for 
historically unsolved cases to find previously un-detected pathogenic variants. However, 
reports from my clinical colleagues suggest that workload pressures on diagnostic labs 
have forced them to “close” unsolved 100K cases, leading to those patients having 
repeated chemistry and fresh analyses if further genetic tests are requested. This 
seems to defeat the purpose of undertaking WGS, which should be the gold-standard 
in genomic testing, curtailing the “diagnostic odyssey” of serial, more limited testing. 

 

 
From the bioinformatics part of the project, I have acquired several transferable skills 
in genomic variant analysis which will be directly applicable to my clinical work. From 
the laboratory part, I have mostly learned a new appreciation for the huge amounts of 
work, time and resources that go into functional variant analyses. When reporting 
diagnostic results to patients, we must err on the side of caution to avoid returning 
false negative results, hence the high rates of VUS results. I now understand much 
better how important it is to develop high-throughput, simple and inexpensive 
strategies that could be applicable in the diagnostic setting to facilitate definitive variant 
classification. 

 

 

5.3 Lessons learned: 100,000 Genomes Project analyses 

Lessons learned from the two 100K projects undertaken are extensively covered in 
the manuscript discussions and our published commentary article: “Unlocking the 
potential of the UK 100,000 Genomes Project - lessons learned from analysis of the 
“Congenital Malformations caused by Ciliopathies” cohort” (thesis section 5.6) (Best et 
al., 2022a). Some further points for discussion are presented below. 

 

 

5.3.1 Diagnostic uplift achieved by 100K rare disease cohort research 
analyses  

At the time of writing, our analysis of 83 probands with suspected primary ciliopathies 

recruited in the BBS, JBTS and RMCD categories (the so-called congenital 

malformations caused by ciliopathies (CMC) cohort) was the first cohort study reporting 

diagnosis rates from 100K rare disease participants with a range of molecular and clinical 

diagnoses. Released 100K publications to date were focused on individual genes or 



148 
 

variants (listed at https://www.genomicsengland.co.uk/research/publications), so we did 

not have an idea of the diagnostic uplift that we could expect to achieve through our 

analysis. 

 

 
We determined a research molecular diagnosis for n=45/83 (54.2%) probands. 43 of 
these are published in the CMC cohort analysis manuscript (thesis section 2.4) (Best 
et al., 2022b), and two further diagnoses were made post-publication. Participant #78 
was diagnosed post-publication with a homozygous BBS4 deletion through the 
SVRare script, detailed in the additional results section of the CMC cohort study chapter 
(thesis section 2.3). Participant #59 was solved through additional laboratory work 
including a duplex PCR screening assay and sequencing to characterise a 2.4kb 
insertion in BBS1, in trans with a known pathogenic BBS1 founder variant (detailed in 
the discussion section of the reverse phenotyping manuscript (thesis section 3.2) (Best 
et al., 2022c). Overall, we provided a 21.7% diagnostic uplift compared to results 
previously reported by GEL (n=45/83 (54.2%) vs n=27/83 (32.5%)), although we 
recognise that 10/83 (12%) had to be classified as possible diagnoses as they 
contained only VUSs. Although these cannot be acted upon clinically, we think they are 
still important to report in the research setting, as new tools for functional validation are 
emerging which may allow definitive classification in the future. 

 

 
Our most significant source of alternative diagnoses was from analysis of non-
ciliopathy disease genes (n=19/45 diagnoses), which we hypothesised reflected 
difficulties in the clinical recognition of ciliopathy syndromes or selection of appropriate 
recruitment categories to recruit participants into 100K. The next most important source 
of otherwise missed diagnoses was SV analysis, which contributed to five participants’ 
diagnoses (three published in the manuscript, two made post-publication). However, it 
was first important to do the un-biased SNV analysis we did, independent of the tiering 
system, to identify the ‘first-hit’ SNV alleles that signposted us to IGV to look for the 
second-hit SVs that we found. As discussed in “Tiering Issues” (manuscript section 2) 
of our commentary article (Best et al., 2022a), a major limitation of the 100K tiering 
system is the failure to flag single heterozygous variants in recessive genes for further 
analysis, where the second variant completing the biallelic inheritance model is harder 
to find (e.g. intronic or SV). Other important sources of new potentially pathogenic 
variants, which mostly had to be classified as VUSs, were non-coding variant and 
candidate gene analyses. 
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Since our publication, additional 100K cohort studies have been released. The 
preliminary report from the 100K pilot study of 4660 rare disease participants provided 
a molecular diagnosis rate for 25% of probands (The 100,000 Genomes Project Pilot 
Investigators et al., 2021). In this pilot project report, only 60% of molecular diagnoses 
contained SNVs in genes on the automatically applied panels, with 26% coming from 
other disease genes. These diagnoses were made through expert review and 
phenotype-based prioritisation with additional clinical data by the study clinicians or 
the clinical genetics teams from industry partners (Congenica and Fabric Genomics). 
A further 14% of diagnoses were made from phenotype-agnostic research analyses 
looking for variants beyond coding SNVs on applied panels (mitochondrial DNA (1%), 
non-coding SNVs on applied panels (4%), SVs on applied panels (8%), SNVs in newly 
discovered disease genes (1%)). However, in the main 100K program (data awaiting 
release), these additional analyses are not guaranteed. 

 

 
Amongst probands entered to 100K with diagnostically challenging primary 
mitochondrial disease phenotypes, only 17/102 (16.7%) had a molecular diagnosis 
identified through standard analysis pipelines (Macken et al., 2022). The unsolved 
cases were reviewed by a specialist multi-disciplinary team led by a genomic medicine 
clinician and bioinformatician. They identified an additional 15/102 diagnoses, almost 
doubling the diagnostic rate to 31.4%, with an additional 3.9% (4/102) candidate 
diagnoses (highly suspicious VUSs in known or newly established genes). This was 
achieved through a comprehensive review of phenotypes and pedigrees leading to 
analysis of genes on alternative panels, analysis of PanelApp ‘amber’ and ‘red’ genes, 
reassessment of VUSs, search for second hits in recessive genes in the presence of 
a single strong heterozygous candidate, a search for pathogenic CNVs and custom 
analysis of mitochondrial DNA. Three diagnoses required additional functional 
validation. Their most significant sources of additional diagnoses were missed intronic 
second hits in recessive genes (5/15) and analysis of genes on alternative panels 
(7/15). 

 

 
Another parallel cohort study to which we can compare our outcomes is of 100K 
participants recruited with craniosynostosis (Hyder et al., 2021). This research group 
evaluated the performance of the automated GEL panel-based pipelines, reporting a 
diagnostic sensitivity of only 47%. Through their analyses, they identified 18 pathogenic 
or likely pathogenic variants in addition to the 16 reported by GEL, amongst 114 
probands recruited to 100K with craniosynostosis. Their sources of missed diagnoses 
include variants on applied panels that were mis-called or filtered out, for example due 
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to being a single hit in a recessive gene (n=6), genes on alternative, unapplied 
PanelApp panels (n=7), SVs (n=2) and variants in research genes (n=2) (Hyder et al., 
2021). 

 

 
The diagnostic uplift achieved through additional clinical and research efforts in these 
three projects (The 100,000 Genomes Project Pilot Investigators et al., 2021, Macken 
et al., 2022, Hyder et al., 2021) are similar to what we reported in the CMC cohort 
analysis (Best et al., 2022b), with overlapping sources of missed diagnoses. Clearly, 
the automated tiering system is going to miss huge numbers of diagnoses, many of 
which are not too hard to find with additional clinical information and time to explore the 
data. Engagement with researchers who have the time, funding, and motivation to find 
these additional diagnoses is critical, to make the most of this resource. (Macken et 
al., 2022) go a step further, suggesting that establishment of specialist genomics 
MDTs are required to improve diagnosis rates for complex cases, as individual 
research groups cannot offer a systematic or equitable solution to the challenge of 
unsolved WGS. This reflects their frequent lack of access to detailed clinical data, 
discrepancies in research interests and funding, and variable patient involvement in 
research. 

 

 
GEL provided a response our to commentary article (thesis section 5.7) (Brown et al., 
2022). In summary, they acknowledged the issues we identified for 100K phenotyping, 
tiering issues, difficulties in using the GEL research environment and reporting 
problems. They provided reassurance that measures are in place to improve the 
quality and quantity of clinical data available and means to return results to clinicians. 
They reported that there is a new, cloud- based research environment designed for 
ease of use, particularly by researchers who are not skilled programmers. I am so far 
yet to notice any major changes since I started my 100K research in 2019. They 
provided information about regular live online training sessions for 100K researchers 
but acknowledged that these were not available during the pandemic. They also 
reported a new analytical bioinformatics pipeline with improved variant calling 
performance, which will prioritise all Tier 1 and 2 variants, de novo Tier 3 variants, the 
best candidate variants called by Exomiser (Robinson et al., 2014), CNVs and short 
tandem repeat expansions for routine diagnostic laboratory review. I would hope that 
these measures improve diagnosis rates for 100K participants and make research 
from this dataset easier in the future. 
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5.3.2 Time commitments and strategy development 

Analysis of the CMC cohort took significantly longer than the reverse phenotyping 
project. This is largely due to my unfamiliarity with the difficult GEL research 
environment, Linux command line entry and lack of an established diagnostic strategy. 
In total, the CMC cohort analysis took around a year, whereas the reverse phenotyping 
project was completed within six weeks. I was able to apply many of the same 
strategies that I had learned in the CMC cohort, navigate the environment quickly and 
comfortably and had established connections with key collaborators that helped me to 
develop the diagnostic pipeline much faster than I was able to in my first 100K project. 

 

 
In the CMC cohort analysis, I began by manually inspecting all the Tier 1, 2 and 3 
variants for the first few participants before realising that this would not be practical given 
the sheer volume of Tier 3’s. I needed to come up with a systematic and un-biased 
strategy to extract variants in both ciliopathy and non-ciliopathy genes for analysis for 
filtering and analysis, independent of the tiering system. I initially planned to use 
available variant data within the research environment from Exomiser (Robinson et 
al., 2014), as was applied in the Pilot 100K project (The 100,000 Genomes Project 
Pilot Investigators et al., 2021). Exomiser is a Java program that comprises a suite of 
algorithms for prioritising rare, segregating, and predicted pathogenic variants from 
WES or WGS data. However, it is dependent upon both VCF file and HPO term input 
data. Therefore, given our awareness of the frequently poor phenotyping data in 100K, 
I decided not to pursue this strategy. 

 

 
An introduction to Dr. Jenny Lord, a Postdoctoral Research Fellow within the Faculty 
of Medicine at the University of Southampton, made my unbiased approach possible 
through sharing of her find_variants_by_gene_and_consequence.py script, which 
allowed identification of all variants, independent of the tiering system, in multiple 
PanelApp panels at a time. The output file was in a VCF format, allowing it to be 
submitted to Ensembl VEP from the command line with selected additional plugins. I 
could then do variant filtering and analysis from un-biased data. 

 

 
I undertook serial panel analysis, beginning with the RMCD panel, then applying 
additional panels according to the entered HPO terms. In hindsight it would have been 
more scientific and streamlined to have started with the DDG2P panel of 1193 
diagnostic grade “green genes” (signed off version 2.2 available from https://nhsgms- 



152 
 

panelapp.genomicsengland.co.uk/panels/484/v2.2) for all participants, rather than 
undertake several smaller panel analyses, given the frequently poor phenotyping data 
available. It would have also saved me time wasted in repeating the variant extraction, 
filtering, and analysis steps multiple times. 

 

 
The other strategy that was hugely time-consuming and un-systematic, was the post-
hoc manual inspection of IGV that I undertook for SV analysis in the CMC cohort 
analysis. I manually inspected the entire gene locus for all participants with a single 
heterozygous variant of interest in a recessive gene in pursuit of a second “hit” SV to 
complete a biallelic molecular diagnosis. I was aware of the SV variant call data from 
Manta (Chen et al., 2016) and Canvas (Ivakhno et al., 2018) available within the GEL 
research environment. However, neither I, nor any of my more experienced colleagues 
or collaborators at the time, had a confident strategy to filter the SV.vcf files based on 
any quality or frequency metrics. The number of SV calls made was too large to be 
manually analysed without prior filtering (~ 5000-11,000 SV calls per CMC cohort 
participant from sample size n=5). Unfortunately, SV discovery tools still report large 
numbers of false positives (false discovery rates from short-read WGS data 
reported as high as 89-91%) (Bertolotti et al., 2020, Mills et al., 2011), and many 
researchers still depend upon visual inspection to identify real SVs. 

 

 
An introduction to Dr. Jing Yu, a senior bioinformatician with the Nuffield Department of 
Clinical Neurosciences at the University of Oxford, transformed my ability to prioritise 
SVs quickly and accurately for analysis for the reverse phenotyping project, through 
access to his SVRare script. It also allowed detection of homozygous SVs, which 
would not have been achievable through manual visual analysis in absence of a 
“signposting” first hit variant to guide me to the right gene. This contributed to the post-
publication diagnosis in participant #78 of the CMC cohort, revealing a homozygous 
BBS4 deletion (detailed in thesis section 2.3). It is completely impractical to manually 
inspect every ciliopathy gene, or even more than one or two candidate genes, on IGV, 
so this shows the value of systematic and quick strategies for SV analyses to boost 
diagnosis rates from WGS data. 

 

 
The final research collaboration that allowed me to conduct the reverse phenotyping 
study as efficiently as I did was with Roel Bevers, the GEL bioinformatician who wrote 
and tutored me through the Gene-Variant Workflow script. This extracted all variants 
in up to ten genes at a time from the 100K rare disease dataset, with accompanying 
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frequency data and links to the clinical data for participants in which the extracted 
variants had been called. Once I had this script up and running, data extraction was 
complete within hours and then analysis could begin. 

 

 
These experiences of learning from generous experienced researchers and 
bioinformaticians around the country demonstrate the power of collaboration. 
Platforms like GitHub for the sharing of established scripts are invaluable. I am 
determined to promote ongoing collaboration to maximise research outputs and 
patient benefit from the groundwork already established, rather than expecting new 
100K researchers to “reinvent the wheel” in a difficult research environment. Our 
scripts are already being used by clinical and research colleagues in Leeds, and since 
our diagnostic pipelines have been published in journal articles and GitHub, we hope 
they will be used more broadly. 

 

 

5.3.3 Reverse phenotyping as a source of missed diagnoses 

We developed a reverse phenotyping strategy, looking for “hidden” ciliopathy patients 
recruited to alternative 100K categories, with pathogenic variants in nine disease 
genes representative of the multi-systemic primary ciliopathy spectrum (BBS1, 
BBS10, ALMS1, OFD1, DYNC2H1, WDR34, NPHP1, TMEM67, CEP290) (thesis 
chapter 3) (Best et al., 2022c). It proved to be a successful approach, allowing me to 
report 18 molecular ciliopathy diagnoses identified amongst unsolved 100K 
participants (13 new findings and 5 un-reported by GEL), as well as finding 44 
previously identified and reported by GEL. 

 

 
We also identified 11 participants with potential molecular diagnoses that we could not 
justify reporting to recruiting clinicians because the clinical detail available within the 
GEL research environment was not compatible with the major clinical features for the 
associated ciliopathy gene. We will never know whether these diagnoses are real, and 
consistent with clinical features that were not entered into 100K during recruitment, or 
are spurious findings. Therefore, the main outcome of this project is that the quality of 
phenotyping data is critical to allow accurate genotype-phenotype correlation. Use of 
the Human Phenotype Ontology (HPO) to standardise the vocabulary of phenotypic 
abnormalities for 100K and other genotype-phenotype correlation studies is extremely 
helpful, but we have observed a frequent lack of detail, especially regarding multi-
systemic problems. Without taking the time to do comprehensive, multi-systemic 
phenotyping, variant-level data cannot be accurately interpreted. This message must 
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be disseminated to both clinical geneticists and mainstream clinicians for future studies 
and genetic tests. 

 

 
The only other example of reverse phenotyping from 100K data is from (Macken et al., 
2022), who report that reverse phenotyping contributed to new diagnoses in 5/102 
unsolved primary mitochondrial disease 100K cases. This involved review of pre-
existing clinical data, undertaking of additional clinical history taking and examination 
and further investigations to validate whether identified variants were relevant to the 
patients. This included review of brain MRI, facial dysmorphology, skeletal survey and 
muscle biopsy. 

 

 
Having completed this project relatively quickly, with the pipeline in place, I would be 
eager to extend the approach to other ciliopathy genes to look for further “hidden” 
ciliopathy patients in 100K. It would also be interesting to reflect upon other conditions 
that may be clinically difficult to recognise, with high heterogeneity and complex 
phenotypes, for which this approach may also be useful. Alternatively, this approach 
could be used agnostically for larger sets of developmental genes to look for missed 
diagnoses that are “low-hanging fruit”, by, in the first instance, looking for 
straightforward molecular diagnoses (for example, high impact variants or those 
previously listed as pathogenic on ClinVar). 
 
 

5.3.4 Added value of structural variant analysis in 100K 

We were successful in providing previously missed diagnoses through SV analysis from 
WGS data for participants in both the CMC cohort analysis (n=5; three published plus 
two additional retrospective diagnosis) and the reverse phenotyping project (n=2). In 
the CMC cohort, our diagnostic uplift from SV analysis is 5/83 (6%). This is very similar 
to previous reports of the diagnostic uplift from SV analysis from WGS data (4.8% from 
unsolved British inherited retinal dystrophy patients (Carss et al., 2017), 8% from pilot 
100K participants (The 100,000 Genomes Project Pilot Investigators et al., 2021)). 

 

 
Use of the SVRare script in the reverse phenotyping project made SV analysis quick, 
streamlined, and straightforward. Prior to the introduction of SVRare, the inability to 
efficiently merge SVs from different individuals had prevented the discovery of 
disease-causing SVs in 100K. The high number of false positives from Manta (Chen et 
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al., 2016) and Canvas (Ivakhno et al., 2018), and the inability to estimate allele 
frequency, made systematic strategies for SV filtering and analysis extremely 
challenging. SVRare aggregated 554,060,126 SVs called by Manta and Canvas 
amongst all 71,408 participants in the rare-disease arm of 100K. This provided a 
database from which only rare potentially pathogenic SVs overlapping coding regions 
in genes of interest could be identified, akin to use of the gnomAD database for rare 
SNV filtering. The output data from SVRare did still contain some false positives, but at 
a more manageable volume for visual inspection. For example, extraction of rare SVs 
from SVRare with <10 calls across the 100K rare disease dataset, that overlapped 
coding regions of our nine multi-systemic ciliopathy disease genes of interest in the 
reverse phenotyping study, returned two real SVs (ALMS1 paired-duplication inversion 
and DYNC2H1 deletion) and two false positives (Best et al., 2022c). 

 

 
We are aware of other platforms for automated SV filtering, for example Samplot 
(Belyeu et al., 2021), DeepSVFilter (Liu et al., 2021) and AquilaDeepFilter (Hu et al., 
2022), which all use deep learning algorithms to determine between true and false 
positive SV calls. However, the closed research environment makes it difficult and 
cumbersome to import external scripts, and SVRare’s use of the 100K dataset and 
opportunity to collaborate with its author who was familiar with the environment made 
it a more appealing option. 

 

 
The manuscript from the authors of the SVRare script is not yet peer reviewed or 
published, however a pre-print available on medRxiv reports that SVRare identified 36 
novel protein- coding disrupting SVs from a pilot study of 4313 100K families on 
diagnostic grade “green” genes that explain the probands’ phenotype (Yu et al., 2022). 
Prior to SVRare analysis, only nine disease-causing SVs had been identified amongst 
these 4313 pilot participants, of which four were found outside the GEL automated 
diagnostic pipeline. Therefore, the authors estimate that SVRare can increase SV-
based diagnosis yield at least 4-fold. All the SVs detected prior to SVRare analysis in 
the pilot patients were deletions. SVRare was successful in detecting multiple SV 
types, including three inversions and seven complex SVs. This is important, as one of 
the major benefits of WGS vs WES or clinical exome analysis is the opportunity to 
identify these otherwise undetectable SVs. In our own reverse phenotyping study, we 
found a paired-duplication inversion through the SVRare calls and manual inspection 
of the IGV plot (manuscript Figure 3A and 3B) (Best et al., 2022c). 
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From my limited experience, I think that that application of SVRare to the unsolved 
100K cohort would be one of the fastest and easiest ways to boost diagnosis rates 
from WGS data in the mainstream diagnostic setting. It would not add unachievable 
workloads for the clinical scientists and, clearly, can add value by detecting a 
significant burden of pathogenic alleles that have not been systematically assessed. 
Furthermore, SVs involving multiple exons of disease-causing genes can usually be 
classified more easily as pathogenic, according to ACMG criteria, than other “hidden” 
variant types that may require more laborious functional validation to prevent VUS 
classification. This is an understandable motivation to direct resources towards SV 
analyses using tools such as SVRare, which are attractively high- throughput and likely 
to have high clinical utility. 

 

 

5.3.5 Added value of splice variant analysis in 100K 

In both of our 100K studies, we were able to identify new potentially pathogenic 
variants predicted to affect splicing by SpliceAI software (n=3 in CMC cohort; n=1 in 
reverse phenotyping study). One of these from the CMC cohort (ARL6: c.534A>G, 
p.Gln178=) turned out to have previously been published in association with BBS and 
proven to cause aberrant splicing on minigene assay, although it was not listed on 
ClinVar so it was not prioritised for analysis by any other filtering strategy (Maria et al., 
2016). The other three all had to be classified as VUSs in the absence of functional 
analyses. 

 

 
SpliceAI was selected as our in-silico prediction tool of choice because it was shown 
to perform as the best single strategy to prioritize rare genomic variants that affected 
splicing when compared to seven other algorithms (Rowlands et al., 2021). This study 
showed that by combining results from at least four tools and using a weighted 
average, accuracy can be further slightly improved. However, we did not think that this 
small improvement was worth the complication of compiling multiple predictions, as it 
was unlikely to significantly change our overall outcomes. 

 

 
One strategy that could provide functional evidence of novel splicing effects for our 
identified splicing VUSs would require acquisition of patient RNA samples from tissues 
relevant for the disorder which could be analysed. This involves conversion of reverse 
transcription (RT) of RNA to cDNA before PCR amplification (RT-PCR) with primers 
designed to capture the impact of the variants on splicing. The products can then be 
compared to controls through gel electrophoresis or Sanger sequencing. Urinary renal 
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epithelial cells have proven to be a useful source to demonstrate alternative splicing 
events when derived from patients with renal ciliopathies (Molinari et al., 2020) and 
multi-systemic ciliopathies, such as JBTS (Ramsbottom et al., 2018). They are easily 
and readily accessible, and do not require any invasive procedures. Obtaining more 
inaccessible tissues is less practical, for example retinal samples for retinal ciliopathies, 
however blood-based RT-PCR has been used to successfully assay splicing in genes 
for which blood would not be an obvious disease-relevant tissue (Wai et al., 2020). The 
residual transcription of tissue-specific transcripts in blood cells reflects a phenomenon 
originally termed “illegitimate transcription,” which is thought to occur in virtually all cells 
(Chelly et al., 1989). Because an RT-PCR strategy is dependent upon provision of the 
right samples from the recruiting clinicians, our ~20% clinician response rate would 
have significantly limited our ability to achieve these research findings. Indeed, we did 
request participant blood and urine for all cases with predicted novel splice defects, 
but no samples were received. 

 

 
Another option to functionally validate predicted splice variants, not requiring patient 
samples, would be minigene or midigenes assays. Minigenes and midigenes are 
circular plasmids, into which a region of interest can be inserted in both wild-type and 
variant forms. For splicing assessments, this usually includes an exon and flanking 
intronic sequence. Different versions can be generated by site-directed mutagenesis. 
When the plasmids are expressed in a cell- line, the splicing of the wild-type and variant 
forms can be compared to assess whether the variant has an effect on splicing (Lord 
and Baralle, 2021). This strategy is less reflective of the true splicing circumstances 
within the patient than the RT-PCR method, since the artificiality of the construct 
removes much of the larger context in which the variant occurs. 

 

 
A systematic analysis of 38,688 individuals in the Rare Disease arm of 100K has 
recently been published, searching for potentially pathogenic new splice variants 
(Blakes et al., 2022). The authors looked for unsolved 100K participants with de novo 
SNVs at constrained regions near exon–intron boundaries and at putative splicing 
branchpoints in known disease genes. Variants were annotated with VEP by using the 
SpliceAI plugin, GEL tiering data, available phenotype data and participant outcome 
data to allow filtering and genotype-phenotype correlation analysis. From 258 
candidate de novo splicing variants, they extracted 84 variants that were already 
considered to be diagnostic by GEL and 35 new likely diagnoses. At the time of 
publication, they had functionally confirmed a new diagnosis for four out of five cases 
for which RT-PCR studies from participant blood samples were conducted. This 
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interesting study shows that non-canonical splice defects are likely to be a significant 
source of missed diagnoses, but the bespoke, low-throughput functional validation 
step currently required is likely to hinder application of this strategy in the mainstream 
diagnostic setting until a faster system emerges. 

 

 
RNA-sequencing (RNA-seq) offers a high-throughput and unbiased alternative to 
gene- specific splice variant validation, which can simultaneously detect and 
functionally characterise splicing variants in a transcriptome-wide manner (Putscher et 
al., 2021). Indeed, we understand that a whole-transcriptome RNA-seq pilot study is 
underway for unsolved 100K participants. Around 40% of 100K probands had RNA as 
well as DNA extracted from blood at recruitment, which has been frozen since the time 
of ascertainment. GEL are currently performing blood-based RNA-seq for around 5000 
unsolved 100K participants, as well as a limited number of positive controls with known 
splice defects. When this data gets released, it will provide a rich resource for additional 
diagnoses and validation of existing VUSs predicted to impact splicing.  
 
 
As for RT-PCR experiments, selection of appropriate tissue types is important because 
RNA-seq only provides meaningful results when sufficient levels of sequence 
coverage of a relevant gene transcript are found in the sampled tissue(s). A metric 
called the minimum required sequencing depth (MRSD) has been developed to 
determine the depth of sequencing required from RNA-seq to achieve user-specified 
sequencing coverage of a transcript, individual gene, or group of genes (Rowlands et 
al., 2022). Application of the MRSD metric across cultured fibroblasts, whole blood, 
lymphoblastoid cell lines and skeletal muscle showed that it can overcome transcript 
region-specific sequencing biases with high precision (90.1%–98.2%). 

 

 

5.4 Lessons learned: functional VUS analyses 

We developed parallel strategies with colleagues at UCD for functional interpretation 
of TMEM67 missense VUSs by using CRISPR/Cas9 gene editing in a human hTERT-
RPE-1 cell line and in C. elegans. Two known pathogenic, two known benign and eight 
VUSs from fetuses with the lethal ciliopathy MKS were selected for modelling. I 
generated a biallelic knockout TMEM67 RPE-1 cell line using CRISPR/Cas9 and 
characterised it as a knockout by sequencing, western blotting, and high-content 
imaging. This, along with TMEM67-myc epitope-tagged plasmids that contained the 
selected variants of interest (generated by site- directed mutagenesis), were used for 
a genetic complementation assay that tested TMEM67 signalling function and allowed 
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determination between benign and pathogenic alleles. This complimented quantitative 
phenotypic assays of sensory cilia structure and function in C. elegans done by our 
Irish colleagues. Together, these assays provided interpretation of three VUSs as 
benign and five as pathogenic. 

 

 

On the promises of CRISPR editing being quick and easy, we had optimistically hoped 
to develop a high-throughput strategy for TMEM67 VUS interpretation that could be 
transferable to the diagnostic setting. Although we did manage to interpret the eight 
TMEM67 variants that we selected, we did not achieve anything close to a high-
throughput system. In fact, generation and characterisation of the knockout cell-lines 
using CRISPR was probably the most straightforward part of this project, but still took 
several months. The development of the variant interpretation assay was much more 
challenging. It took two years of optimisation and troubleshooting to conclude that our 
initial plan to interpret variants through the effect on cilia number by high content 
imaging was not going to work, given the fragility of the TMEM67 knockout line with 
accompanying cytotoxicity caused by transfection. Fortunately, we were able to 
develop an alternative strategy for VUS interpretation through the functional signalling 
assay, allowing us to complete the project and compliment the successful C. elegans 
interpretation system. 

 

 
Other studies have been more successful in using high-content imaging to interpret 
VUSs in CRISPR knock out cell lines, for example for interpretation of PRPF31 
missense variants (Nazlamova et al., 2021). Pathogenic PRPF31 variants cause 
RP11; the second most common cause of the dominant form of the degenerative retinal 
ciliopathy retinitis pigmentosa. Their methodology was very similar to ours; they 
generated a stable knockout PRPF31+/– RPE-1 cell line using CRISPR and 
transfected in myc-DDK tagged variant PRPF31 plasmids, generated using site-
directed mutagenesis (Nazlamova et al., 2021). They included three known benign 
and three known pathogenic controls, and five PRPF31 VUSs from ClinVar, and used 
tests of cilia number from high-content imaging to interpret the variants, However, their 
assays only provided ACMG supporting evidence in favour of benign impact for one 
VUS and in favour of pathogenic impact for one VUS, which, in the absence of clinical 
data, could not change the overall interpretation for any VUSs. This again shows the 
importance of pairing high-quality phenotyping data with variant data to allow definitive 
interpretation. 
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We know that heterozygous pathogenic PRPF31 variants cause the adult onset, eye-
only condition autosomal dominant RP11, whereas biallelic pathogenic TMEM67 
variants cause multi-systemic, severe developmental phenotypes. Based on the more 
extensive distribution and functional importance of TMEM67 compared to PRPF31, we 
hypothesise that the heterozygous PRPF31 knockout cell line was more overall stable 
and tolerant to transfection than our biallelic TMEM67 knockout, which was too fragile 
and damaged. 

 

 

The main advantages of C. elegans as a model system for this variant interpretation 
project are covered in the manuscript discussion (Lange et al., 2022) and in the 
introduction (thesis section 1.5.1.1). One of the major differences was the UCD team’s 
ability to generate “knock- in” worms through injection of crRNA:tracrRNA:ssODN 
complexes directly into the gonads of young adult hermaphrodites, leading to stable 
expression of mks-3 (the worm orthologue of the human TMEM67 protein) in edited 
progeny containing homozygous variants of interest. They had done this successfully 
before for interpretation of mksr-2/B9D2 variants, so already had their methodology 
optimized (Lange et al., 2021). This was much more streamlined and reflective of true 
biological conditions, than our knock-out and complementation approach. Another 
reason that the C. elegans system worked so well is that the team had several well- 
characterised quantitative assays of cilia structure and function established, suitable for 
high- throughput analysis (Sanders et al., 2015). 
 

 
We did have one try at generating knock-in RPE-1 cell lines for three of our VUS 
through provision of an ssODN repair template alongside the crRNA:tracrRNA 
complexes but found no successful edits after sequencing of 100 clonal cell lines 
following FACs and therefore abandoned further attempts. We now know more about 
the difficulties for HDR-mediated gene-editing in this diploid cell-line. Other authors 
reported a failure of gene editing in immortalised RPE-1 cells during CRISPR–Cas9 
‘dropout’ screens that included a panel of cell lines (Haapaniemi et al., 2018). They 
went on to show that genome editing by CRISPR-Cas9 induces a p53-mediated DNA 
damage response and cell cycle arrest, causing a selection against cells with a 
functional p53 pathway (Haapaniemi et al., 2018). 

 

 
A downside of using C. elegans for broader SNV interpretation is the lack of 
widespread protein conservation between humans and C. elegans, limiting its scope. 
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20-40% of human genes have no C. elegans homolog (Kaletta and Hengartner, 2006), 
including our other major ciliopathy protein of interest, CEP290 (Harris et al., 2020, 
Cunningham et al., 2022). C. elegans is a simple organism where the only ciliated cell 
type is the sensory neuron, making it very different to humans, in whom almost every 
cell type is ciliated (Malicki and Johnson, 2017). C. elegans do not possess any of the 
cilia-associated developmental signalling pathways of vertebrates, such as Wnt or Shh 
signalling, meaning they cannot be used to investigate these critical functions. 

 

 
Another human option that we could have considered for VUS interpretation is stem 
cells. Stem cells are becoming increasingly popular for disease modelling, as they are 
a step closer to the model organism than immortalised cell lines. Induced pluripotent 
stem cell (iPSCs) can be engineered to contain specific genetic variants, facilitating 
analysis of the resulting phenotype from early embryonic developmental stages. 
Differentiation of stem cells into inaccessible tissue types, for example retina, provides 
the opportunity to extract otherwise unobtainable RNA samples for RNA-sequencing 
and transcriptomic analysis, which is being used to investigate retinal development, 
normal physiology, and disease (Zerti et al., 2020). Models of mammalian retina are 
particularly useful for studying ciliopathies with a retinal phenotype. Robust protocols 
are widely available for culture of human retinal organoids (Chichagova et al., 2019). 
These organoids form laminated, mature neural retina containing all major retinal cell 
types, including the elaboration of photoreceptor outer segments, and limited scotopic 
responsiveness to light. However, stem cells and derived organoids are significantly 
more expensive to derive, culture and differentiate than immortalised cell lines, which 
therefore continue to be used extensively for disease-modelling experiments. 

 

 

5.5 Looking to the future 

5.5.1 Clinical genomics era 

We are in a time of real transformation from traditional clinical genetics towards 
mainstream genomics. This certainly offers huge opportunities for patient benefit, but 
also comes with significant ethical and practical challenges. As I have said repeatedly, 
much better training and resources are essential for both healthcare professionals 
ordering genomic tests and returning results to patients, and for clinical scientists 
interpreting variants and writing reports, to make this work. Genomic tests are being 
increasingly ordered by mainstream clinicians rather than clinical geneticists, who do 
not all have the same clinic time available, training in the complex issues required to 
obtain informed consent or understanding of complex results such as VUSs. This 
needs to be addressed within undergraduate and postgraduate medical education 
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programmes. As we move into this genomics era, we as clinical geneticists must 
embed ourselves within multi-disciplinary teams, to act as liaison between the labs, 
mainstream clinicians and the patients being tested. 

 

 

5.5.2 Increased use of long-range sequencing 

As a community, we are anticipating increased application of long-range sequencing 
technologies for cases that cannot be solved by short-read WGS analysis. These can 
routinely generate reads of up to 10kb. Having longer reads simplifies the task of 
reconstruction of true DNA molecules through alignment of parallel short reads 
(Amarasinghe et al., 2020). Therefore, this can improve mapping certainty, especially 
important for detection and characterisation of structural variants, accurate sequencing 
in repetitive regions and phasing of variants. However, this will require establishment 
of expensive new sequencing infrastructure and software analysis tools, and inevitably 
more training. 

 

 

5.5.3 Newborn Genomes Programme 

One of the major next steps to consider is introduction of the Newborn Genomes 
Programme, launched as a vision by GEL in 2021 with hopes to begin recruitment in 
2023, and currently undergoing a consultation process involving specialists and the 
general public (Genomics England, 2021). They propose to sequence the genomes of 
100,000 newborns born within the NHS, and screen them for a set of actionable genetic 
conditions with childhood onset. This would expand the current newborn screening 
programme from the heel-prick spot test, which tests for nine actionable conditions. 
The list of new actionable conditions under consideration has not yet been released. 
They also propose to add the genomic data and paired clinical data to the National 
Genomic Research Library, accessible by vetted academic, clinical, and biopharma 
healthcare researchers. 

 

 
Although I understand the potential value added through detection of further actionable 
findings than is currently achieved, I have several concerns about this proposal. Firstly, 
I am curious about who will be consenting the patients, how long will be allocated for 
the consent discussion and how long prospective parents will have to consider whether 
to take part. If it is going to be midwives or health visitors taking consent, they will need 
a lot of training about the complexities of genomes analysis and data sharing with 
academic and commercial partners to obtain informed consent. This is especially 
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crucial when consenting parents on behalf of their newborn children, who do not have 
capacity to consent for themselves. If they anticipate a separate workforce to act as 
consenters, they need to allow time and money to recruit and train this team across 
the country. I am concerned that the immediate post-natal setting is not ideal for 
parents to consider this complex opportunity, where most are recovering from delivery, 
distracted by learning how to look after their newborns, and usually sleep-deprived. I 
would hope that the subject would be introduced well ahead of delivery, with provision 
of written and online resources in appropriate lay language to consider with more time. 

 

 
Having worked briefly as a 100K consenter, I worry that we were not accurate enough 
in what we were consenting patients for. I certainly promised patients more than has 
been delivered, stating that we would be analysing their whole genomes to look for the 
explanation of their rare disease. As this project shows, this certainly has not been the 
case, especially when researchers have not got involved for unsolved cases. In reality, 
most 100K patients have received an inferior virtual gene-panel assessment than 
would have been done in the mainstream diagnostic setting from a clinical exome or 
WES, which has taken many more years to deliver largely negative, and frequently 
falsely reassuring results. 

 

 

The timeline to return results in the Newborn Genomes Programme will be much more 
important than in 100K as they are medically actionable in childhood. It would need to 
be very clear in the protocol who would be expected to return the results and facilitate 
the required medical action to make this project worthwhile and ethical. A survey of 
referring clinicians to the Next Generation Children's (NGC) project, which performed 
WGS for 521 young, seriously ill children, reports significant challenges about the 
additional communication about genetic testing and uncertainty about explaining 
genetic results to parents, accompanied by an increased workload (French et al., 
2022). This demonstrates that additional consultation time and training must be 
accounted for the clinicians returning results from the Newborn Screening Programme 
during the of planning this project. Furthermore, with huge backlogs on standard 
testing already, I worry that time-sensitive analysis and return of additional results from 
the Newborn Genomes Programme will be an unsustainable pressure for clinical 
scientists in the diagnostic laboratories without significant additional recruitment and 
training. 

 

 
The Newborn Genomes Programme proposal sparks an interesting debate about who 
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owns our genetic information. Although genomic data can offer great benefits, it is also 
susceptible to abuse, for example discrimination for health insurance caused by 
predictive tests for medical conditions that could be costly. This needs to be addressed 
within the consent procedures. The “Code on Genetic Testing and Insurance” was 
published in October 2018, containing a voluntary agreement between government and 
the Association of British Insurers (ABI) to “never require or pressure any applicant to 
undertake a predictive or diagnostic genetic test, and only consider the result of a 
predictive genetic test for a very small minority of cases” (Gov.uk, 2019). This 
agreement is open-ended, with no expiry date, but could certainly change within the 
lifetime of a newborn child. I would want to see clear guidelines on the age at which the 
recruited children would be informed that they were part of the study, how that would be 
explained in age-appropriate language, and how they could choose to opt-out if they 
wanted to. I would also be very eager to hear that, should these children present with 
suspected genetic disorders in the future, their existing genome would be accessible 
for analysis rather than repeating the chemistry and analysis, as is currently happening 
done for 100K participants. I hope that many of the lessons that we have learned from 
100K will be taken forward to improve future studies such as the Newborn Genomes 
Programme. 

 

 
Overall, I have benefitted hugely from this extended research experience, which I am 
confident will make me a better clinician genomicist in the future. 
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5.6 Manuscript: Unlocking the potential of the UK 100,000 
Genomes Project - lessons learned from analysis of the 
"Congenital Malformations caused by Ciliopathies" cohort 
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5.7 Manuscript: Re: Best et al., 'Unlocking the potential of the UK 
100,000 Genomes Project - Lessons learned from analysis of 
the "Congenital malformations caused by ciliopathies" 
cohort 

 
 

 



170 

 

 



171 
 

6 Appendices 

6.1 Published manuscript supplementary materials 

6.1.1 Molecular diagnoses in the congenital malformations caused 
by ciliopathies cohort of the 100,000 Genomes Project 
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6.1.2 Uncovering the burden of hidden ciliopathies in the 100,000 Genomes Project: a reverse phenotyping 
approach 
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6.1.3 Interpreting ciliopathy-associated missense variants of 
uncertain significance (VUS) in Caenorhabditis elegans 
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6.2 Custom python scripts 

6.2.1 Filter_vep_output_variants.py 
 

# Matching VCF file with VEP output to obtain genotype 
 
# WHAT DOES THIS SCRIPT DO 
# It takes a CSV file that has been run through VEP and filters based on specified criteria. 
# 
# STEPS TO USE THIS SCRIPT 
# 1) Ensure you are running python in the correct environment. 
#    There should be "(idppy3)" at the start of your terminal line 
#    If not: 
#       1a) . /resources/conda/miniconda3/etc/profile.d/conda.sh 
#       1b) conda activate idppy3 
# 2)python filter_vep_output_variants.py <enter-the-path-to-your-folder-here> <enter-your-csv-file-name-here> 
# 
# Note: The csv file must end in ".csv". It must be tab delimited. 
# Note: Output files will be placed into the same folder as the source VCF file 
# 
# ERRORS: 
# ERR1: You have not included the file path after running the script 
# ERR2: The vcf file you have linked to does not end in ".csv" 
# ERR3: The file does not exist at the path you have provided 
# ERR4: The VCF file you have provided is not in the expected format. It must be tab delineated. 
# ERR5: One of the VCF lines has no VEP output - this should never happen. 
 
# Imports 
import pandas as pd # Used for data manipulation 
import io # Used to convert the lines of the data files into python-readable data 
import os # Used to manipulate file paths 
import sys # Used to obtain variables from terminal function call 
 
# Check a file has been provided as an argument 
try: 
    path_to_folder = sys.argv[1] # Get the file path from the terminal function call 
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    csv_file_name = sys.argv[2] # Get the VCF file name from the terminal function call 
except: 
    raise SystemExit("ERR1: Include the path of the folder and the csv file name when running this script.") 
 
# Check the provided files are on the correct format 
if csv_file_name.split('.')[-1] != 'csv': 
    raise SystemExit("ERR2: The vcf file to analyse must be in CSV format.") 
 
# Check files specified in the terminal function exist 
csv_file_path = os.path.join(path_to_folder, csv_file_name) 
if not os.path.isfile(csv_file_path): 
    raise SystemExit("ERR3: The csv file provided to analyse does not exist at the following path: \n" + csv_file_path) 
 
# Load CSV file, skipping header rows 
try: 
    with open(csv_file_path, 'r') as f: # Load the VCF file 
        csv_lines = [l for l in f if not l.startswith('##')] # Remove the header lines 
    csv = pd.read_csv( # Read the lines into Pandas 
        io.StringIO(''.join(csv_lines)), # Join the lines of the CSV file into data that Pandas can read 
        sep='\t' # Tell pandas that our file uses Tabs to separate values 
    ) 
except: 
    raise SystemExit("ERR4: The CSV file you have provided is not in the expected format, it must be tab deliminated") 
 
print(f'CSV Shape: {csv.shape}') 
 
print(csv.columns.values) 
 
# **** PREPARING COLUMN TYPES FOR FILTERING **** 
csv.MAX_AF = csv.MAX_AF.apply(pd.to_numeric, errors='coerce') # Change all the entries in the MAX_AF column to numbers 
csv.MAX_AF.fillna(0, inplace=True) # Change empty entries to 0 
csv.CADD_PHRED = csv.CADD_PHRED.apply(pd.to_numeric, errors='coerce') # Change all the CADD_PHRED entries to numbers 
csv.CADD_PHRED.fillna(0, inplace=True) # Change empty entries to 0 
 
# **** FILTERING **** 
filtered_data_1 = csv[csv.MAX_AF <= 0.01] # Remove all entries with gnomAD_AF > 0.01 
print(f'MAX_AF filter length: {filtered_data_1.shape}') 
filtered_data_1.to_csv(os.path.join(path_to_folder, r'vep_filtered_rare.csv')) # Write the filtered file to the folder 
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filtered_data_2 = filtered_data_1[filtered_data_1.IMPACT == "HIGH"] 
print(f'Impact filter length: {filtered_data_2.shape}') 
filtered_data_2.to_csv(os.path.join(path_to_folder, r'vep_filtered_high_impact.csv')) # Write the filtered file to the folder 
 
filtered_data_3 = filtered_data_1[filtered_data_1.CLIN_SIG.str.contains('pathogenic')] 
print(f'Clinvar filter length: {filtered_data_3.shape}') 
filtered_data_3.to_csv(os.path.join(path_to_folder, r'vep_filtered_clinvar_pathogenic.csv')) # Write the filtered file to the folder 
 
filtered_data_4 = filtered_data_1[filtered_data_1.Consequence.str.contains('missense')] 
print(f'Consequence filter length: {filtered_data_4.shape}') 
filtered_data_4.to_csv(os.path.join(path_to_folder, r'vep_filtered_missense_all.csv')) # Write the filtered file to the folder 
 
filtered_data_5 = filtered_data_4[filtered_data_4.CADD_PHRED >= 15] 
print(f'Consequence and CADD filter length: {filtered_data_5.shape}') 
filtered_data_5.to_csv(os.path.join(path_to_folder, r'vep_filtered_missense_CADD.csv')) # Write the filtered file to the folder 
 
filtered_data_6 = filtered_data_1[filtered_data_1.Consequence.str.contains('splice_region')] 
print(f'Splice filter length: {filtered_data_6.shape}') 
filtered_data_6.to_csv(os.path.join(path_to_folder, r'vep_filtered_splice_region.csv')) # Write the filtered file to the folder 
 

6.2.2 filter_gene_variant_workflow.py 
 

 # WHAT DOES THIS SCRIPT DO 
# It filters a TSV output file generated by the GeneVariantWorkflow script based 
#   on specified criteria to give several shorter lists of interesting variants 
#   to analyse. 
# 
# Filtering steps include removal of common variants from gnomAD and the 100K 
#   rare disease dataset, then filtering into separate files for rare homozygous 
#   variants, rare high impact variants, rare ClinVar pathogenic variants and rare 
#   missense variants. 
# 
# GeneVariantWorkflow will have extracted all variants across the 100K rare 
#   disease dataset in a given gene and annotated them with Ensembl VEP 
# 
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# STEPS TO USE THIS SCRIPT WITHIN THE RESEARCH ENVIRONMENT 
# 1) Ensure you are running python in the correct environment. 
#    There should be "(idppy3)" at the start of your terminal line 
#    If not: 
#       1a) . /resources/conda/miniconda3/etc/profile.d/conda.sh 
#       1b) conda activate idppy3 
# 2) Navigate to the GeneVariantWorkflow folder containing this script 
#   (for me this is under /re_gecip/GW_SB/GeneVariantWorkflow) 
# 3) To run on the command line enter: 
#   python filter_gene_variant_workflow.py <enter-the-path-to-your-folder-here> <enter-your-tsv-file-name-here> 
# 
# NOTE: path to your folder should be the one containing the GeneVariantWorkflow data output files: for me it's at 
/home/sbest1/re_gecip/shared_allGeCIPs/GW_SB/GeneVariantWorkflow/<gene_name>/v1.7/final_output/data 
# Note: The tsv file must end in ".tsv". It must be tab delimited. 
# Note: Output files will be placed into a new folder named after the input tsv file within the final_output/data folder that contains your input 
file. 
# 
# ERRORS: 
# ERR1: You have not included the file path after running the script 
# ERR2: The input file you have linked to does not end in ".tsv" 
# ERR3: The input file does not exist at the path you have provided 
# ERR4: The input tsv file you have provided is not in the expected format. 
#   It must be tab delineated. 
 
# Imports 
import pandas as pd # Used for data manipulation 
import io # Used to convert the lines of the data files into python-readable data 
import os # Used to manipulate file paths 
import sys # Used to obtain variables from terminal function call 
 
# Check a file has been provided as an argument 
try: 
    path_to_folder = sys.argv[1] # Get the file path from the terminal function call 
    tsv_file_name = sys.argv[2] # Get the VCF file name from the terminal function call 
except: 
    raise SystemExit("ERR1: Include the path of the folder and the tsv file name when running this script.") 
 
# Check the provided files are on the correct format 
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if tsv_file_name.split('.')[-1] != 'tsv': 
    raise SystemExit("ERR2: The file to analyse must be in TSV format.") 
 
# Check files specified in the terminal function exist 
tsv_file_path = os.path.join(path_to_folder, tsv_file_name) 
if not os.path.isfile(tsv_file_path): 
    raise SystemExit("ERR3: The tsv file provided to analyse does not exist at the following path: \n" + tsv_file_path) 
 
# Load CSV file, skipping header rows 
try: 
    tsv = pd.read_csv( # Read the lines into Pandas 
        tsv_file_path, # Join the lines of the CSV file into data that Pandas can read 
        sep='\t' # Tell pandas that our file uses Tabs to separate values 
    ) 
except: 
    raise SystemExit("ERR4: The tsv file you have provided is not in the expected format, it must be tab deliminated") 
 
# If folder for results doesn't exist then create it 
folder_name = tsv_file_name.split('.')[0] 
path_to_save_folder = os.path.join(path_to_folder, folder_name) 
if not os.path.exists(path_to_save_folder): 
    os.mkdir(path_to_save_folder) 
 
print(f'TSV Shape: {tsv.shape}') 
 
print(tsv.columns.values) 
 
# **** PREPARING COLUMN TYPES FOR FILTERING **** 
tsv.MAF_variant = tsv.MAF_variant.apply(pd.to_numeric, errors='coerce') # Change all the entries in the MAX_AF column to numbers 
tsv.MAF_variant.fillna(0, inplace=True) # Change empty entries to 0 
tsv.gnomAD_AF_annotation = tsv.gnomAD_AF_annotation.apply(pd.to_numeric, errors='coerce') # Change all the entries in the 
gnomAD_AF column to numbers 
tsv.gnomAD_AF_annotation.fillna(0, inplace=True) # Change empty entries to 0 
tsv.AC_Hom_variant = tsv.AC_Hom_variant.apply(pd.to_numeric, errors='coerce') # Change all the entries in the AC_Hom_variant column 
to numbers 
tsv.AC_Hom_variant.fillna(0, inplace=True) # Change empty entries to 0 
 
# **** FILTERING **** 
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filtered_data_1 = tsv[tsv.MAF_variant <= 0.002] # Remove all entries with MAF_variant > 0.002. These are common variants (>0.2%) called 
in the 100K data set 
print(f'Rare 100K dataset filter length: {filtered_data_1.shape}') 
filtered_data_1.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_gel_rare.csv')) # Write the filtered file to the new folder 
del tsv 
 
# **** FILTERING **** 
filtered_data_2 = filtered_data_1[filtered_data_1.gnomAD_AF_annotation <= 0.002] # Remove all entries with gnomAD_AF_annotation > 
0.002. These are common variants (>0.2%) called in the gnomAD dataset. 
print(f'Rare 100K and gnomAD filter length: {filtered_data_2.shape}') 
filtered_data_2.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_gel_gnomAD_rare.csv')) # Write the filtered file to the 
folder 
 
# **** FILTERING **** 
filtered_data_3 = filtered_data_2[filtered_data_2.CANONICAL_annotation == "YES"] # Retain only variants called in the canonical 
transcript. 
print(f'Rare canonical transcript filter length: {filtered_data_3.shape}') 
filtered_data_3.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_canonical_transcript_rare.csv')) # Write the filtered file to 
the folder 
 
# **** FILTERING **** 
filtered_data_4 = filtered_data_3[filtered_data_3.AC_Hom_variant > 0] # Remove all entries with AC_Hom_variant = 0. This will leave 
variants called at least once as homozygous in the rare disease 100K dataset. 
print(f'Homozygous filter length: {filtered_data_4.shape}') 
filtered_data_4.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_rare_homozygous.csv')) # Write the filtered file to the 
folder 
 
# **** FILTERING **** 
filtered_data_5 = filtered_data_3[filtered_data_3.IMPACT_annotation == "HIGH"] # Retain all entries with "HIGH" in the Impact_annotation 
column. This will give a file of variants rare in 100K and gnomAD that are high impact. 
print(f'High impact filter length: {filtered_data_5.shape}') 
filtered_data_5.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_rare_HIGH_impact.csv')) # Write the filtered file to the 
folder 
del filtered_data_5 
 
filtered_data_8 = filtered_data_4[filtered_data_4.IMPACT_annotation == "HIGH"] # Retain all entries with "HIGH" amongst the homozygous 
variants 
print(f'Homozygous high impact filter length: {filtered_data_8.shape}') 



221 

filtered_data_8.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_homozygous_rare_HIGH_impact.csv')) # Write the 
filtered file to the folder 
del filtered_data_8 
 
# **** FILTERING **** 
filtered_data_6 = filtered_data_3[filtered_data_3.ClinVar_CLNSIG_annotation.str.contains('[Pp]athogenic$', regex=True)] # Retain all 
entries annotated as pathogenic in ClinVar_CLNSIG_annotation column. This catches variants rare in 100K and gnomAD called 'pathogenic' 
and 'likely_pathogenic'. 
print(f'Pathogenic filter length: {filtered_data_6.shape}') 
filtered_data_6.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_rare_ClinVAR_pathogenic.csv')) # Write the filtered file 
to the folder 
del filtered_data_6 
 
# **** FILTERING **** 
filtered_data_7 = filtered_data_3[filtered_data_3.Consequence_annotation.str.contains('missense')] # Retain all entries with missense in 
CLIN_SIG_annotation column. Gives output file of rare missenses from 100K and gnomAD. NOTE: don't have CADD scores, may need to 
run through VEP with plugins if want this. 
print(f'Missense filter length: {filtered_data_7.shape}') 
filtered_data_7.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_rare_missense_all.csv')) # Write the filtered file to the 
folder 
 
filtered_data_9 = filtered_data_7[filtered_data_7.SIFT_annotation.str.contains('deleterious')] # Retain all entries with SIFT_annotation entry 
containing deleterious. NOTE: don't have CADD scores, may need to run through VEP with plugins if want this. 
print(f'Missense SIFT deleterious filter length: {filtered_data_9.shape}') 
filtered_data_9.to_csv(os.path.join(path_to_save_folder, r'gene_variant_workflow_rare_missense_SIFT_deleterious.csv')) # Write the 
filtered file to the folder 
 
print("Complete!") 
 

6.2.3 find_variants_by_gene_and_consequence.py 
 

## Script to do initial PanelApp filtering to find variants in genes of interest with particular consequences (can be specified by altering the 
CQ_dict dictionary) 
## Input files are specified on the command line and are as follows: 
## --samples: Tab separated list of "ID vcf location" - should include full path to VCFs (see example_sample_file.txt) 
## --panels: Tab separated list of "ID panel name" - should include full paths to panels files (see example_panel_file.txt) 
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## --genes: List of other genes of interest - just a list of gene names, one per line (see example_gene_file.txt) 
## example running command: 
## python find_variants_by_gene_and_consequence.py --samples example_sample_file.txt --panels example_panel_file.txt --genes 
example_gene_file.txt 
 
import gzip 
import os 
import argparse 
 
def get_options(): 
 parser = argparse.ArgumentParser(description="###") 
 parser.add_argument("--samples", required=True, help="# samples file to process") 
 parser.add_argument("--panels", required=True, help="# file linking sample to panel(s)") 
 parser.add_argument("--genes", required=True, help="# additional gene list to check for all samples") 
 args = parser.parse_args() 
 return args 
args = get_options() 
 
## Set up input and output files: 
infile_samples = open(args.samples) 
infile_panels = open(args.panels) 
infile_genes = open(args.genes) 
 
Outfile = ''.join((args.samples, "_variants_out1.txt")) ## output will be named after the samples file specified with _variants_out1.txt 
appended 
outfile = open(Outfile, 'w') 
 
## Store which panels are relevant for which samples in a dictionary so this file is only parsed once 
panel_dict = {} 
for line in infile_panels: 
 line = line.strip() 
 words = line.split('\t') 
 if words[0] not in panel_dict: ## If this ID hasn't yet been stored as a key, 
  panel_dict[words[0]] = words[1] ## Add the ID to the dictionary with this panel as the value 
 else: ## If this ID already has an entry 
  panel_dict[words[0]] = panel_dict[words[0]] + ';' + words[1] ## Add this panel to that samples entry separated from previous 
panels by ; 
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## Any variants with consequences in this dictionary will be pulled out - consequences can be added or removed as needed 
CQ_dict = {"stop_gained": 0, "splice_acceptor": 0, "splice_donor": 0, "frameshift": 0, "missense": 0, "splice_region": 0} 
 
tracking = {} ## setting up a dictionary to store variants that have already been output so we don't get duplicate lines in the output 
 
for line in infile_samples: 
 line = line.strip() 
 words = line.split('\t') 
 if line.startswith('Participant'): continue ## skip header if present 
 ID = words[0] 
 vcf_file_loc = words[1] 
 gene_dict = {} ## This is to store all the relevant gene names for that individual 
 if ID not in panel_dict: ## If this ID doesn't have any panels stored, print an error then skip it 
  print ID, " - panels unknown" 
 if ID not in panel_dict: continue  
 panels = panel_dict[ID].split(';') 
 for i in panels: 
  panel_file = open(i) 
  for iline in panel_file: 
   iline = iline.strip() 
   iwords = iline.split('\t') 
   if len(iwords) < 14: continue ## skip lines missing info (added to address an error where some files had incomplete 
lines) 
   if iwords[1] != "gene": continue ## skip non-gene entries 
   if "Expert Review Green" not in iwords[3]: continue ## This skips low confidence genes. This can be commented out 
if those are wanted. 
   if iwords[7].startswith("MONOALLELIC") or iwords[7].startswith("BOTH") or iwords[7].startswith("BIALLELIC"): ## this 
can be modified depending on the type of genes you want to include 
    gene_dict[iwords[2]] = 0 
 infile_genes = open(args.genes) 
 for lineG in infile_genes: ## go through the additional genes file and add any additional gene names to the gene dictionary 
  lineG = lineG.strip() 
  wordsG = lineG.split('\t') 
  gene_dict[wordsG[0]] = 0 
 ## Now go through the actual VCFs and start finding variants 
 if os.path.exists(vcf_file_loc): ## Check the VCF exists before trying to open it 
  vcf_file = gzip.open(vcf_file_loc) ## If VCFs aren't gzipped, remove "gzip." 
  for Line in vcf_file: 
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   Line = Line.strip() 
   Words = Line.split('\t') 
   if Line.startswith('#'): continue ## Skip vcf headers 
   if Words[6] != "PASS": continue ## Skip anything that doesn't have a PASS in the filter column 
   if Words[9].startswith('0/0'): continue ## Skip anything where the proband doesn't actually have a variant here 
   get_info = Words[7].split(';') ## split up the info field for parsing 
   count = 0 
   for i in get_info: 
    if i.startswith("CSQT="): ## Pull out the bit of the info field that's got variant annotation in it 
     split_info = i.split(',') 
     count = int(count) +1 
   if count == 0: continue ## This skips any lines that don't have VEP variant information 
   for i in split_info: ## Go through each part of the split annotation information 
    for j in CQ_dict: ## Check if any consequences from our dictionary are in it 
     if j in i: ## If this variant's CQ is something we're interested in... 
      for k in gene_dict: ## See if it's in a gene we're interested in... 
       gene = ''.join(("|",k,"|")) ## Added this in so it matches on complete gene name (before, 
it would have pulled out anything where a dictionary gene was in another gene's name, e.g. CR1 in dictionary would have pulled out variants 
in CR1 but also CR1L) 
       if gene in i: 
        ## check the depth is at least 5 (this can be adjusted) 
        get_DP = Words[9].split(':') 
        DP = get_DP[3] ## NB this will need to be changed if DP is not always in this 
position 
        if int(DP) < 6: continue ## check the depth is at least 5 reads (can be changed) 
        ## Store the ID and variant to prevent duplicates in the output 
        ID_var = '-'.join((words[0], Words[0], Words[1], Words[3], Words[4])) 
        if ID_var in tracking: continue ## Skips any entries that have already been 
stored/output 
        tracking[ID_var] = 0 
        outline = ''.join((words[0], '\t', Line, '\t', k, '\t', j, '\n')) ## this outputs the ID, the full 
VCF line, the gene and the consequence 
        outfile.write(outline) 
 else: 
  print "File ", vcf_file_loc, "not found" ## prints an error if the VCF doesn't exist which allows it to carry on processing other 
samples rather than failing 
outfile.close() 
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6.2.4 find_variants_by_gene_and_SpliceAI_score.py 
 
## Script to do initial PanelApp filtering to find variants in genes of interest with SpliceAI scores >=0.2 
## Input files are specified on the command line and are as follows: 
## --samples: Tab separated list of "ID vcf location" - should include full path to VCFs (see example_sample_file.txt) 
## example running command: 
## python find_variants_by_gene_and_SpliceAI_score.py --samples example_sample_file.txt 
## NB - panel_file = open("/path/to/panel_file.tsv")  needs to be changed to your actual panel file 
## NB - SAI_snvs = gzip.open("/path/to/spliceai_scores.masked.snv.hg38.vcf.gz") needs to be changed to your SpliceAI file location 
## NB - SAI_indels = gzip.open("/path/to/spliceai_scores.masked.indel.hg38.vcf.gz") needs to be changed to your SpliceAI file location 
 
import gzip 
import os 
import argparse 
 
def get_options(): 
 parser = argparse.ArgumentParser(description="###") 
 parser.add_argument("--samples", required=True, help="# samples file to process") 
 args = parser.parse_args() 
 return args 
args = get_options() 
 
## Set up input and output files: 
infile_samples = open(args.samples) 
Outfile = ''.join((args.samples, "_variants_out_SpliceAI.txt")) ## output will be named after the samples file specified with 
_variants_out_SpliceAI.txt appended 
outfile = open(Outfile, 'w') 
 
 
## Go through the SpliceAI files and store variants in genes of interest with SpliceAI scores >= 0.2 (can be customised) 
gene_dict = {}  
gene_panel = open("/path/to/panel_file.tsv") ## change this to match the panel you want to use 
 
for line in gene_panel: 
 line = line.strip() 
 words = line.split('\t') 
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 if len(words) <14: continue ## skip lines missing info (added to address an error where some files had incomplete lines) 
 if words[1] != "gene": continue ## skip non-gene entries  
 if "Expert Review Green" not in words[3]: continue ## Skip unconfirmed/low confidence genes 
 if words[7].startswith("MONOALLELIC") or words[7].startswith("BOTH") or words[7].startswith("BIALLELIC"): ## this can be modified 
depending on the type of genes you want to include 
  gene_dict[words[2]] = 0 
 
SAI_snvs = gzip.open("/path/to/spliceai_scores.masked.snv.hg38.vcf.gz") ## change this to reflect your SpliceAI file location 
SAI_indels = gzip.open("/path/to/spliceai_scores.masked.indel.hg38.vcf.gz") ## change this to reflect your SpliceAI file location 
 
SAI_dict = {} 
 
## SpliceAI SNVs file 
for line in SAI_snvs: 
 line = line.strip() 
 words = line.split('\t') 
 if line.startswith('#'): continue ## skip headers 
 info = words[7].split('|') ## split the info for parsing: 2-5 are scores, 6-9 are locations 
 gene = info[1] 
 if gene not in gene_dict: continue ## skip entries that aren't in genes of interest 
 max = 0.00 ## set baseline maximum to 0 to compare scores against 
 for i in info[2:6]: ## for each of the scores 
  if float(i) > float(max): ## see if the score is higher than the current max 
   max = i ## if current score is higher than current max, store the score as max 
 if float(max) >= 0.2: ## if the maximum score is greater than 0.2 we'll output the variant to a temporary SpliceAI subset which can 
be deleted after 
  variant = ''.join(("chr", words[0], "-", words[1], "-", words[3], "-", words[4])) 
  SAI_dict[variant] = line 
 
## SpliceAI indels file 
for line in SAI_indels: 
 line = line.strip() 
 words = line.split('\t') 
 if line.startswith('#'): continue ## skip headers 
 info = words[7].split('|') ## split the info for parsing: 2-5 are scores, 6-9 are locations 
 gene = info[1] 
 if gene not in gene_dict: continue ## skip entries that aren't in genes of interest 
 max = 0.00 ## set baseline maximum to 0 to compare scores against 
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 for i in info[2:6]: ## for each of the scores 
  if float(i) > float(max): ## see if the score is higher than the current max 
   max = i ## if current score is higher than current max, store the score as max 
 if float(max) >= 0.2: ## if the maximum score is greater than 0.2 we'll output the variant to a temporary SpliceAI subset which can 
be deleted after 
  variant = ''.join(("chr", words[0], "-", words[1], "-", words[3], "-", words[4])) 
  SAI_dict[variant] = line 
 
## Go through VCFs and see if any probands have variants which were stored from SpliceAI files 
for line in infile_samples: 
 line = line.strip() 
 words = line.split('\t') 
 if line.startswith('Participant'): continue ## skip header if present 
 ID = words[0] 
 vcf_file_loc = words[1] 
 if os.path.exists(vcf_file_loc): ## Check the VCF exists before trying to open it 
  vcf_file = gzip.open(vcf_file_loc) ## If VCFs aren't gzipped, remove "gzip." 
  for Line in vcf_file: 
   Line = Line.strip() 
   Words = Line.split('\t') 
   if Line.startswith('#'): continue ## Skip vcf headers 
   if Words[6] != "PASS": continue ## Skip anything that doesn't have a PASS in the filter column 
   if Words[9].startswith('0/0'): continue ## Skip anything where the proband doesn't actually have a variant here 
   variant = '-'.join((Words[0], Words[1], Words[3], Words[4])) 
   if variant not in SAI_dict: continue 
   get_DP = Words[9].split(':') 
   DP = get_DP[3] ## NB this will need to be changed if DP is not always in this position 
   if int(DP) < 6: continue ## check the depth is at least 5 reads (can be changed) 
   outline = ''.join((ID, '\t', Line, '\t', SAI_dict[variant], '\n')) 
   outfile.write(outline) 
 else: 
  print "File ", vcf_file_loc, "not found" 
outfile.close() 
 

6.3 Reagents 

6.3.1 Suppliers 
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Table 8. List of suppliers for reagents used 

Company Name  Address  
Abcam plc. Discovery Drive Cambridge Biomedical Campus, Cambridge, CB2 0AX, U.K. 

Addgene 490 Arsenal Way, Suite 100, Watertown, MA 02472, U.S.A 

American Type Culture Collection® 

(ATCC®) 
10801 University Boulevard, Manassas, VA 20110, U.S.A 

Applied Biosystems™ 120 Birchwood Blvd, Birchwood, Warrington WA3 7QH, U.K. 

Bio-Rad The Junction 3rd And 4th Floor, Station Road, Watford, WD17 1ET, U.K. 

Bioline Edge Business Centre, Humber Rd, London NW2 6EW, U.K. 

Clent Life Science Suite 3, Faraday House, King William St, Amblecote, Stourbridge DY8 4HD, U.K. 

Corning Elwy House, Lakeside Business Village, St Davids Park Ewloe, Flintshire, CH5 3XD, U.K. 

Dako, Agilent Technologies 5301 Stevens Creek Blvd., Santa Clara, CA 95051, U.S.A 

Dharmacon 
Horizon Discovery Ltd. 8100 Cambridge Research Park, Waterbeach, Cambridge, CB25 

9TL, U.K. 

FluidX Ltd  Northbank Industrial Park, Gilchrist Road, Irlam, Manchester, M44 5AY, U.K.  

Gibco™, Life Technologies  3 Fountain Drive, Inchinnan Business Park, Paisley, PA4 9RF, U.K.  

Invitrogen™  3 Fountain Drive, Inchinnan Business Park, Paisley, PA4 9RF, U.K.  

Melford Laboratories Ltd Bildeston Rd, Ipswich IP7 7LE 

Merck Millipore  Suite 21, Building 6, Croxley Green Business Park, Watford, Hertfordshire, WD18 8YH, 

U.K.  

New England Biolabs  75-77 Knowl Piece, Wilbury Way, Hitchin, Hertfordshire, SG4 0TY, U.K.  

Nippon Genetics Europe  Binsfelder Street 77, 52351 Dueren, Germany  

Perkin Elmer  Chalfont Road Buckinghamshire, Seer Green, HP9 2FX, U.K.  
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Polysciences Inc Badener Str. 13, 69493 Hirschberg an der Bergstrasse, Germany 

Premier Foods Plc Premier House, Griffiths Way, St Albans, Hertfordshire, AL1 2RE, U.K. 

Qiagen  Skelton House Lloyd Street North, Manchester, M15 6SH, U.K.  

Scientific Laboratory Supplies  Wilford Industrial Estate, Ruddington Lane, Wilford, Nottingham, NG11 7EP, U.K.  

Sigma-Aldrich  The Old Brickyard, New Rd, Gillingham, Dorset, SP8 4XT, U.K.  

Thermo-Fisher Scientific ™ Bishop Meadow Rd, Loughborough LE11 5RG, U.K.  

 

6.3.2 Reagents 
 

Table 9. List of reagents used. 

Category Reagent Supplier 
General reagents Nuclease free water Merck Millipore 

Methanol Sigma-Aldrich 

Ethanol Sigma-Aldrich 

Isopropanol Sigma-Aldrich 

PCR Hot-shot Diamond PCR Mastermix Clent Life Science 

Primers, 25nmol (full list in Table S7 of the 

Supplementary Material (thesis section 6.1.3) 

(Lange et al., 2022)) 

Sigma-Aldrich 

Genotyping BigDye™ Terminator v3.1 Cycle Sequencing Kit Applied Biosystems™ 

Hi-DiÔ Formamide Thermo Fisher Scientific™ 

ExoSAP-IT™ PCR Product Clean-up Reagent Applied Biosystems™ 

Gel Electrophoresis Agarose Thermo Scientific™ 

EDTA Sigma-Aldrich 



230 

Midori Green Advance DNA/RNA stain Nippon Genetics 

Easyladder I Bioline 

Quick-Load® Purple 1 kb DNA Ladder New England Biolabs 

DNA extraction DirectPCR Reagent Viagen Biotech 

Proteinase K Sigma-Aldrich 

Cloning Luria-Bertani Medium (LB) (25g dissolved in 1l of 

water and autoclaved prior to use) 

Sigma-Aldrich  

Agar Sigma-Aldrich 

Ampicillin Melford Laboratories Ltd   

“α-Select Gold” DH5α Chemically Competent E. 

coli Cells 

Bioline 

QIAprep Spin Miniprep Kit  Qiagen 

QIA filter Plasmid Maxi Kit Qiagen 

Glycerol Sigma-Aldrich 

Super Optimal Broth with Catabolite Repression 

(SOC) Outgrowth Medium 

New England Biolabs 

NEBuilderÒ HiFi DNA Assembly Master 

Mix/NEBuilder HiFi DNA Assembly Cloning Kit 

New England Biolabs 

Tissue culture Dubecco’s Modified Essential Medium (DMEM) Gibco™ 

DMEM/F-12, GlutaMAX™ Supplement Gibco™ 

Fetal Bovine Serum Sigma-Aldrich 

Trypsin Sigma-Aldrich 

Ca2+/Mg2+ free phosphate-buffered saline (PBS) Sigma-Aldrich 

LipofectamineÒ 2000 Transfection Reagent Invitrogen™ 
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Polyethylenimine (PEI) linear (1 mg/mL) 

Transfection Reagent 

PEI powder from Polysciences Inc 

PEI reagent home-made as per Cold Spring Harbor 

Protocols, pdb.rec11323–pdb.rec11323 (2008). doi:

10.1101/pdb.rec11323 

Opti-MEM™ Reduced Serum Medium Thermo-Fisher Scientific 

0.4% Trypan Blue viability stain Gibco™ 

Dimethyl sulphoxide (DMSO) Sigma-Aldrich 

siRNA duplexes (5nmol) Dharmacon 

MatrigelÒ Matrix Corning 

Site-directed 

mutagenesis 

QuikChange II XL Site-Directed Mutagenesis Kit Agilent 

HiFi cloning NEBuilderÒ HiFi DNA Assembly Master 

Mix/NEBuilder HiFi DNA Assembly Cloning Kit 

New England Biolabs 

Immunofluorescence Methanol Sigma-Aldrich 

“Marvel” Non-fat skimmed dried milk Premier Foods PLC 

Triton™ X-100 Sigma-Aldrich 

ProLong™ Gold Antifade Mountant Thermo Fisher Scientific™ 

Western Blotting 100x Halt™ Protease Inhibitor Cocktail 100x / 

Halt™ Phosphatase Inhibitor Cocktail 

Thermo Fisher Scientific™ 

NP40 (IGEPAL) Thermo Fisher Scientific™ 

RC DCÔ Protein Assay Kit Bio-Rad 

NuPAGE™ 4-12% MES SDS gels Thermo Fisher Scientific™ 

NuPAGE™ MES running buffer Thermo Fisher Scientific™ 

NuPAGE™ transfer buffer Thermo Fisher Scientific™ 
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InvitrolonÔ PVDF filter paper sandwich Thermo Fisher Scientific™ 

Precision Plus Protein™ All Blue Prestained 

Protein Standard 

Bio-Rad 

SuperSignalÔ West Femto Maximum 

SensitivitySubstrate 

Thermo Fisher Scientific™ 

NuPAGE™ LDS Sample Buffer (4X) Thermo Fisher Scientific™ 

Beta-Mercaptoethanol Thermo Fisher Scientific™ 

Restore™ PLUS Western Blot Stripping Buffer Thermo Fisher Scientific™ 

CRISPR/Cas9 genome 

editing 

Green-fluorescent protein (GFP) expressing 

CRISPR-Cas9 PX458 vector 

Addgene 

crRNA Integrated DNA technologies (IDT) 

Alt-R CRISPR-Cas9 tracrRNA – ATTO™ 550 IDT 

Nuclease free duplex buffer IDT 

 

6.3.3 Buffers and Solutions 
 

Table 10. List of buffers and solutions used. 

Buffer/reagent Component  Amount Notes 
1X phosphate buffered saline 

(PBS) 

Tablet PBS x 5 Autoclaved and filter sterilised 

dH2O 1l 

1x PBST PBS 1x  

Tween-20 0.1% 

[v/v] 

EDTA (pH 8.0) 50mM 
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Glacial acetic acid 0.97M  

NP40 cell lysis buffer NP40 0.2% Stored at 4°C.  

100x Halt™ Protease Inhibitor Cocktail and/or 100x Halt™ 

Phosphatase Inhibitor Cocktail were diluted to 1X in the buffer 

immediately prior to use if required. 

Tris-HCl pH 8.0 50mM 

NaCl 150mM 

Protease/phosphatase 

inhibitors 

1x 

Glycerol 5% 

SDS loading buffer (2x) SDS 4%  

Glycerol 20% 

Beta-Mercaptoethanol 20mM 

Tris-HCl pH 8.0 100mM 

Bromophenol blue 0.004% 

Fluorescence Activated Cell 

Sorting (FACS) sorting buffer 

Ca2+/Mg2+ free PBS 1x Stored at 4°C 
EDTA 5mM 

HEPES (pH 7) 25mM 

FACS collection buffer FCS 20% Stored at 4°C. Conditioned media was collected from cultured 

cells during passage.  Pen-Strep 1% 

Conditioned media 50% 

DMEM-F12 media 29% 

Gel loading buffer (1x) TAE 1x  

Orange G 0.15% 

[w/v] 

 

Glycerol 60% [v/v]  
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6.3.4 Cells lines 
All cell lines were sourced from American Type Culture Collection® (ATCC®). 

 

Table 11. List of cell lines used. 

Cell line Origin Medium Catalogue Number 
hTERT RPE-1 Human telomerase reverse 

transcriptase (hTERT)-

immortalised retinal pigment 

epithelial cell cultures 

DMEM-F12 CRL-4000™ 

 

6.3.5 Antibodies and cell stains 
 

6.3.5.1 Primary antibodies 
 

Table 12. List of primary antibodies used.  

Ms = mouse, Hu = human, Rb = rabbit, f IF = immunofluorescence, WB = Western Blotting, PFA = paraformaldehyde, MtOH = 
methanol 

Antigen Raised in Fixation – 
PFA 

Fixation – 
MtOH 

IF dilution 
(1/x) 

WB 
dilution 
(1/x) 

Producer Catalogue 
number  

Clone 
number  

ARL13B Rb + + 8000 5000 Proteintech 17711-1-AP N/A 

TMEM67 Rb + + 1000 1000 Proteintech 13975-1-AP N/a 

b-actin Ms N/a N/a N/a 10,000 Abcam Ab6276 AC-15 
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C-myc Ms + + 500 1000 Sigma-Aldrich M4439  

 

6.3.5.2 Secondary antibodies 
 

Table 13. List of secondary antibodies used. 

IF = immunofluorescence, WB = Western Blotting 

Target  Raised in  Conjugate  Vendor  Catalogue number Dilution  
Mouse IgG  Goat  Alexa Fluor® 488  Invitrogen  A1102  IF 1:2000  

Mouse IgG  Goat  Alexa Fluor® 568  Invitrogen  A11031  IF 1:2000  

Mouse IgG  Goat  Alexa Fluor® 647  Invitrogen  A28181  IF 1:2000  

Mouse IgG  Goat  Horseradish Peroxidase (HRP)  Dako, Agilent Technologies  P0447  WB 1:10000  

Mouse IgG  Donkey  Alexa Fluor® 555  Invitrogen  A31570  IF 1:2000  

Rabbit IgG  Goat  Alexa Fluor® 488  Invitrogen A11034  IF 1:2000  

Rabbit IgG  Goat  Alexa Fluor® 568  Invitrogen  A11036  IF 1:2000  

Rabbit IgG  Goat  Horseradish Peroxidase (HRP)  Dako, Agilent Technologies  P0448  WB 1:10000  

Rabbit IgG  Donkey  Alexa Fluor® 488  Invitrogen  A21206  IF 1:2000  

Goat IgG  Donkey  Alexa Fluor® 633  Invitrogen  A21082  IF 1:2000  

Goat IgG  Donkey  Alexa Fluor® 350  Invitrogen  A21081  IF 1:2000  

 

6.3.5.3 Cell stains 
 

Table 14. List of cell stains used. 

Name  Excitation Sub-Cellular Vendor  Catalogue #  Dilution  
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/Emission  Localisation  
DAPI  358/461  Nucleus/DNA  Invitrogen™  D1306  IF 1:1000  

TOTO®-3 Iodide  642/660  Cytoplasm  Invitrogen™  T3604  IF 1:4000  
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6.4 Plasmid map: TMEM67_myc_HisA wild type 
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