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Abstract 

Structural renal and urinary tract malformations are the most common cause of 
kidney failure in children. These congenital anomalies of the kidneys and urinary 
tract (CAKUT) are a phenotypically diverse group of malformations that result from 
defects in embryonic kidney, ureter, and bladder development. A genetic basis for 
CAKUT has been proposed, with over 50 monogenic causes reported, however, a 
molecular diagnosis is detected in less than 20% of patients.  

In this thesis I used bioinformatics and statistical genetics methodology to investigate 
the genetic architecture of structural renal and urinary tract malformations using 
whole-genome sequencing (WGS) data from the 100,000 Genomes Project. 
Population-based rare and common variant association testing was performed in 
over 800 cases and 20,000 controls of diverse ancestry seeking enrichment of 
single-nucleotide/indel and structural variation on a genome-wide, per-gene, and cis-
regulatory element basis.  

Using a sequencing-based genome-wide association study (GWAS) I identified the 
first robust genetic associations of posterior urethral valves (PUV), the most common 
cause of kidney failure in boys. Bayesian fine-mapping and functional annotation 
mapped these two loci to the transcription factor TBX5 and planar cell polarity gene 
PTK7, with both signals replicated in an independent cohort. Significant enrichment 
of rare structural variation affecting cis-regulatory elements was also detected 
providing novel insights into the pathogenesis of this poorly understood disorder.    

I also demonstrated that the contribution of known monogenic disease to CAKUT 
has been overestimated and that common and low-frequency variation plays an 
important role in phenotypic variability. These findings support an omnigenic rather 
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than monogenic model of inheritance for CAKUT and are consistent with the 
extensive genotypic-phenotypic heterogeneity, variable expressivity, and incomplete 

penetrance observed in this condition. Finally, this work demonstrates the value of 
sequencing-based GWAS methodology in rare disease, beyond conventional 
monogenic gene discovery, and provides strong support for an inclusive diverse-
ancestry approach.  
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Impact Statement 

The findings from this study will have broad impact across multiple disciplines, both 

inside and outside of nephrology. First, from a patient perspective, this work offers 
insights into the potential cause and inheritance of PUV, improving understanding of 
the condition and offering hope for future translational research. Second, these 
results will be of great interest to other researchers within the field of nephrogenetics, 
including adult and paediatric nephrologists and clinical geneticists, and will 
stimulate collaborations to further investigate the genomic complexity of CAKUT. 
Third, the association of TBX5 and PTK7 with PUV expands the known role of these 
genes in embryonic development and clearly implicates the planar cell polarity 
pathway in urethral development. These findings will hopefully catalyze future 
mechanistic and therapeutic studies by developmental biologists.  

Finally, the successful use of a rigorously controlled diverse ancestry WGS 
association study to dissect the genetic contribution of a rare disease is innovative 
and has wider implications for the field of genomics, particularly as the dividing line 
between common and rare disease is becoming less well defined. In this thesis I 
have clearly demonstrated the scientific benefits of an inclusive approach which 
provided novel insights that would have been missed in a purely European cohort. 
Such an approach has not previously been applied to rare disease and the 
methodology used in this study will form an exemplar for subsequent analyses of 
WGS datasets across any number of rare diseases. Furthermore, this study 
normalizes the representation of individuals from diverse ancestral backgrounds in 
genetic association studies which will hopefully contribute to raising awareness of 
the current inequalities in genomics and promote the recruitment of more diverse 
cohorts going forward.  
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The impact of this work will be disseminated primarily through publication in peer-
reviewed journals which address a broad audience, with an accompanying online 

lay summary to increase patient and public engagement. Promotion of the results on 
social media platforms such as Twitter will aim to increase visibility to other 
academics and ongoing engagement with the funder Kidney Research UK will 
ensure that the results of this study are fed back to both patients and charity donors. 
This work has already been selected for oral presentation at two international 
conferences (Wellcome Genomics of Rare Disease 2021 and the American Society 
of Nephrology Kidney Week 2021), two national conferences (Association of 
Physicians of Great Britain and Ireland Annual Meeting 2021 and UK Kidney Week 
2022) and was presented as part of the Genomics England Research Seminar 
Series in September 2021. This highlights the broad appeal of this work spanning 
the different fields of genetics, medicine, and nephrology.  
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Chapter 1: Introduction 

1.1 The Genomic Era 

The central goal of human genetics is to understand the relationship between 
genotype and phenotype. Delineating the genetic causes and molecular pathways 
that influence human disease susceptibility and progression is crucial for the 
development of targeted therapeutics and the successful implementation of genomic 
medicine. Twenty years after the ground-breaking publication of the draft human 
genome sequence (Consortium and International Human Genome Sequencing 
Consortium 2001, Venter et al. 2001), we have seen a revolution in genomic 
technologies, generating vast datasets of human genetic variation pioneered by the 
International HapMap Project (The International HapMap 3 Consortium 2010) and 
the 1000 Genomes Project (1000 Genomes Project Consortium et al. 2015). These 
large international consortia were instrumental in describing common and rare 
patterns of genetic variation, but have quickly been superseded by biobanks 

containing large-scale sequencing data from tens to hundreds of thousands of both 
healthy and diseased individuals (H3Africa Consortium et al. 2014, Gudbjartsson et 
al. 2015, Nagai et al. 2017, Bycroft et al. 2018, GenomeAsia100K Consortium 2019, 
Taliun et al. 2019, Turro et al. 2020, 100,000 Genomes Project Pilot Investigators et 
al. 2021).  

Initial excitement that publication of the draft human genome would lead to a rapid 
transformation in clinical care has been tempered somewhat as the true complexity 

of the human genome became evident. Indeed, it was only very recently that the 
entire 3.1 billion base-pair (bp) sequence of the human genome was completed 
(Nurk et al. 2022), providing telomere-to-telomere granularity for the first time. 
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However, the vast array of genomic data that has been generated over the last two 
decades, combined with innovations in statistical genetics and computational 

analysis, has advanced our understanding of the underlying biology of many 
diseases and led to the development of new therapeutic interventions, such as 
ribonucleic acid interference (RNAi) molecules for primary hyperoxaluria (Garrelfs et 
al. 2021) and PCSK9 inhibitors for primary hypercholesterolemia (Abifadel et al. 
2003). Substantial benefits are also beginning to be seen in the clinic for patients 
with cancer and rare disease in the form of prompt and accurate diagnosis, risk 
stratification by genotype, and personalized treatments and screening programmes. 
The recent introduction of whole genome sequencing (WGS) into routine clinical care 
within the NHS means this is truly an exciting time for genomic medicine.  

1.1.1 Next-generation sequencing 

Walter Gilbert and Frederick Sanger pioneered the sequencing of DNA in 1977, with 
Sanger’s ‘chain-termination’ method becoming the dominant approach for the next 
30 years (Maxam and Gilbert 1977, Sanger et al. 1977). With this came the ability to 
read our genomes for the first time, paving the way for The Human Genome Project 
(International Human Genome Sequencing Consortium 2004). This collaborative 
effort used a ‘shotgun’ approach breaking the genome into ~150 kilobase (kb) 
segments, then cloning them into bacterial artificial chromosomes for replication 
before sequencing, taking a total of 13 years at a cost of $2.7 billion. A revolution in 
DNA sequencing technologies followed, with the development of high-throughput or 
‘next-generation’ sequencing (NGS) in the mid-2000s. Rapid evolution of this 
massively parallel approach has increased the accuracy, read length, speed and 
affordability of these technologies meaning an entire genome can now be sequenced 
in under an hour, for less than £500.  

NGS can be broadly divided into short-read (35-700bp) and long-read (20-200Kb) 
approaches (Goodwin et al. 2016). The most widely available and utilized high 
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throughput platform is provided by Illumina who use the short-read sequencing by 
synthesis cyclic reversible termination (CRT) method with bridge amplification which 

has > 99.9% read accuracy. Figure 1.1 describes the principles underlying this 
technology. 

 

Figure 1.1. Illumina next-generation sequencing-by-synthesis.  
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1) DNA is randomly fragmented into 200-300bp, and adapters are ligated to the 3’ and 5’ ends. 2) 
The sequencing library is loaded into a flow cell where the fragments hybridize onto surface-bound 
oligonucleotides complementary to the adapters. The free ends interact with nearby primers, forming 
a bridge. PCR amplification is used to create clonal clusters of the DNA templates before the reverse 
strands are cleaved and washed away. 3) As each of the four fluorescently labelled reversible 
terminator-bound deoxynucleotides (dNTPs) are incorporated into DNA template strands, the surface 
is imaged allowing identification of which dNTP has been incorporated into each cluster. The 
fluorophore and terminator are then removed and the cycle repeats. 4) The DNA template is 
sequenced from both directions (paired-end sequencing) to generate a read. The reads are mapped 
and aligned to the reference genome and assessed for quality. Any differences between the reads 
and reference genome are called variants and recorded in a standardized variant call file (VCF) or 
genome variant call file (gVCF). 

1.1.3 Long-read sequencing 

The last decade has seen the development of ‘third-generation’, or long-read 
technologies such as nanopore (Oxford Nanopore Technologies) or single-molecule 
real-time sequencing (Pacific Biosciences), enabling single DNA molecules to be 
sequenced without amplification and generating longer reads than conventional 
short-read NGS. The ultralong read lengths (on average 10-30kb) and improved 
sequencing of GC-rich or low complexity regions provides more uniform coverage 
across the genome. This enables better resolution of large, complex structural 
variants (Ritz et al. 2014) and enhances the ability to phase genomes, identifying 
which chromosome (paternal or maternal) an allele is derived from (Kuleshov et al. 
2014, Snyder et al. 2015). At present these tools are more error-prone than short-
read sequencing (with error rates often greater than 10%) but can be used to 
complement short-read WGS, providing information on medium-to-large SVs and 
phase that are poorly captured by better base-pair resolution short-read approaches. 
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1.2 Gene Discovery  

One of the main aims of gene discovery is to illuminate the molecular mechanisms 

of disease, improving our understanding of pathogenesis and prioritizing pathways 
for possible therapeutic intervention. Gene discovery approaches have proved most 
successful in Mendelian disorders, in which one or two variants in an individual have 
a very large effect on the likelihood of a phenotype being detectable. The molecular 
basis for over 6,000 single-gene disorders have so far been identified (OMIM, 
February 2022). Traditional gene discovery efforts have typically been family-based, 
focused on large pedigrees with multiply affected family members using genome-
wide linkage analysis. This unbiased statistical genetic mapping approach looks at 
the transmission of markers through a family to provide an estimate of the distance 
of each marker from the trait-causing variant(s). Whilst a useful approach for 
Mendelian disease with large phenotypic effects, it cannot be applied to de novo 
disorders and has reduced power when penetrance is incomplete or there is locus 
heterogeneity (more than one gene results in the same phenotype). Population-
based candidate gene studies (using positional cloning methods and more recently 
targeted NGS approaches) which select genes based on their biological plausibility 
in a hypothesis-driven manner have also been used for gene discovery in rare 
disease but are limited by high false-positive rates and are often difficult to replicate. 
Both these methods have now largely been superseded by whole-exome 
sequencing approaches in rare disease, while genome-wide association studies 

(GWAS) are conventionally used for gene discovery in common, complex traits.   

1.2.1 GWAS 

The primary aim of a GWAS is to detect statistically significant association between 
genetic variants and a disease/trait. This unbiased scanning of known (and usually 
common) variants across the genome enables the identification of previously 
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unsuspected genes and pathways that might influence disease susceptibility, where 
the magnitude of effect is less important than the insights they provide into the 

underlying biology. Because power to detect association in a case-control study is a 
function of both the strength of effect of an allele (i.e., its odds ratio) and the 
frequency of that allele in the study population, GWAS has traditionally been used 
to investigate complex traits and disorders such as diabetes or schizophrenia. The 
rationale for this is the common disease-common variant hypothesis (Reich and 
Lander 2001) which posits that common variants (generally those with minor allele 
frequency [MAF] > 5%) with small-to-modest effects underlie common, complex 
traits.  

The very first landmark GWAS published in 2005 compared just 96 individuals with 
age-related macular degeneration with 50 controls, identifying significant association 
with common variation in Complement Factor H (CFH) (Klein 2005). In the 15 years 
since, more than 5,700 GWAS have been performed for over 3,300 traits (Uffelmann 
et al. 2021) and its use has expanded beyond simple gene discovery to the 
generation of clinical risk prediction scores (Khera et al. 2018), estimation of 
heritability (Yang et al. 2010) and prioritization of pathways for drug development 
(Wang et al. 2009).  

The majority of GWAS use genome-wide single-nucleotide polymorphism (SNP) 
microarrays covering hundreds of thousands of variants (usually with MAF > 1%) to 
genotype a cohort of interest for comparison with a suitable control population. 
Imputation using an ancestry-specific reference panel of haplotypes reconstructed 
from sequencing data (e.g., the Haplotype Reference Consortium) can then be used 
to fill in the gaps, capitalizing on patterns of linkage disequilibrium (LD; where alleles 
are inherited together in a non-random manner) to infer missing variants. These 
panels, however, are less accurate at imputing variants not in LD with the genotyped 
variants such as those that are rare (seen in < 1% of the general population), or 
those seen in non-European populations. These genotyped and imputed variants 
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are then tested for association with a trait but in most cases are simply markers or 
indirect proxies of the causal variant in the region.  

Because of these limitations, high-coverage WGS data has started to be used for 
GWAS investigating common diseases or traits (Höglund et al. 2019, Zhao et al. 
2020, Hu et al. 2021), demonstrating improved power and sensitivity over 
conventional techniques, most likely due to the superior variant calling capabilities 
of WGS. The majority of identified novel associations in these studies were variants 
that were either rare or ancestry-specific, highlighting the benefits of WGS over 
traditional genotyping and imputation (Hu et al. 2021). For now, however, the 

widespread adoption of WGS for GWAS remains limited due to cost and sample size 
constraints.  

In response to the exponential increase in published GWAS, stringent guidelines 
have been proposed and are widely implemented (The Wellcome Trust Case Control 
Consortium 2007) including strict variant and sample-level quality control filtering to 
ensure data reliability; adjustment for population structure to prevent spurious 

genetic associations due to ancestry-specific allele frequency differences; correction 
for multiple testing and a requirement for replication of any identified loci in an 
independent cohort. Meta-analysis, where multiple cohorts are combined to produce 
ever-increasing sample sizes, has also proved a useful tool to boost power and 
detect association of variants with progressively smaller effect sizes. Recent meta-
analyses of estimated glomerular filtration rate (eGFR) and blood pressure for 
example have involved over one million participants (Evangelou et al. 2018, Wuttke 
et al. 2019).  

GWAS has now identified tens of thousands of disease/trait associations. These 
variants are enriched in regulatory regions (Maurano et al. 2012) and demonstrate 
extensive pleiotropy (influence multiple phenotypic traits) (Watanabe et al. 2019). 
Initial successes, such as highlighting the role of autophagy in Crohn’s disease 
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(Hampe et al. 2007, Rioux et al. 2007), led to much excitement, however, the early 
promise of GWAS has yet to translate into clinically significant advances in patient 

care for two main reasons. First, while thousands of variants with small effects have 
been identified, overall, these make a relatively small contribution to disease risk. 
This so-called ‘missing heritability’ (Manolio et al. 2009) has been attributed to a) 
common variants with low effect sizes not captured in current GWAS, b) the 
contribution of rare or structural variants with larger effects, c) gene-gene 
interactions (epistasis), and d) parent of origin effects (e.g., genomic imprinting). 
Second, the vast majority (~90%) of risk alleles identified by GWAS are found in non-
coding regions of the genome and functional annotation with cell and context-specific 
multi-omics data generated by projects such as ENCODE (ENCODE Project 
Consortium et al. 2020), the RoadMap Epigenomics Consortium (Roadmap 
Epigenomics Consortium et al. 2015) and GTEx (GTEx Consortium 2020) is 
necessary to prioritize the causal variant or gene for functional follow-up. Such an 
approach has recently been used to successfully fine-map a locus associated with 
kidney function (eGFR), integrating human kidney methylation and expression 
quantitative trait loci (eQTL) with single nuclei ATAC-seq data to prioritize DPEP1 
and CHMP1A as kidney disease risk genes in the proximal tubule (Guan et al. 2021). 
However, in most cases the complexity, dynamic nature and cell-type specificity of 
the regulatory genome means meaningful interpretation of these non-coding variants 
remains a challenge. 

Finally, > 95% of GWAS have so far been conducted in individuals of European 
ancestry (https://gwasdiversitymonitor.com) and it is widely recognized that 
increasing ancestral diversity in genetic studies is scientifically and ethically 
necessary (Peterson et al. 2019, Fatumo et al. 2022). GWAS findings have been 
shown to replicate across populations in a variety of common diseases (Waters et 
al. 2010, Carlson et al. 2013, Coram et al. 2013, Marigorta and Navarro 2013, Li and 
Keating 2014, Liu et al. 2015, Kuchenbaecker et al. 2019, Lam et al. 2019), 
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suggesting sharing of common causal variants between ancestries despite 
differences in allele frequency and effect size (Ntzani et al. 2012). Furthermore, the 

benefit of combining population groups has been clearly demonstrated in trans-
ancestry meta-analyses (Mahajan et al. 2014, Morris et al. 2019, Graff et al. 2021), 
where differences in LD structure are specifically utilized to improve the resolution 
of fine-mapping at significant loci. 

1.2.2 Whole-exome sequencing 

Ng et al. first reported the targeted capture and parallel sequencing of 12 human 
exomes in 2009 (Ng et al. 2009), demonstrating how this new technology could be 

used as a cost-efficient and robust gene discovery approach in Mendelian disorders 
(Ng et al. 2010). Whole exome sequencing (WES) focuses on the ~1% of the human 
genome that encodes proteins, based on the assumption that gene-disrupting 
variation is more likely to be disease-causing, and has been employed successfully 
in both a research setting to identify new gene-phenotype relationships as well as 
for diagnostic purposes in clinical practice (Yang et al. 2013, Lee, Deignan, et al. 
2014, Retterer et al. 2016).  

Evolutionary theory states that natural selection should eliminate highly deleterious 
variants before they reach a high frequency in the population, resulting in an 
enrichment of disease-causing alleles with large effects at low allele frequencies. 
Population-based exome sequencing cohorts have been used to look for association 
between rare, likely deleterious variants and a particular disease. However, these 
studies often lack statistical power for two reasons; a) the power to detect single 
variant association decreases as the minor allele frequency falls and b) sample sizes 
have been limited by the cost of sequencing. To overcome this, region-based testing 
is used to ‘collapse’ information across a genomic region (e.g., a gene) before testing 
for association with a phenotype. Initial use of rare variant region-based testing 
approaches with sequencing data were not very informative, limited by low absolute 
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power and relatively small sample sizes (The UK10K Consortium et al. 2015, 
Fuchsberger et al. 2016). However recently, large-scale exome sequencing projects 

involving hundreds of thousands of individuals, such as the UK Biobank (Bycroft et 
al. 2018), have shown that when sufficiently powered, a gene-based rare variant 
collapsing approach can be used successfully to identify novel gene-disease 
relationships (Akbari et al. 2021, Deaton et al. 2021, Wang et al. 2021).  

1.2.3 Whole-genome sequencing  

The falling cost of WGS has led to its increasing use as both a research and clinical 
tool (Lupski et al. 2010), spearheaded by national sequencing projects such as the 

UK’s NIHR BioResource (Turro et al. 2020) and the 100,000 Genomes Project 
(100,000 Genomes Project Pilot Investigators et al. 2021). The advantages and 
disadvantages of WGS compared with WES are listed in Table 1.1. 

Pioneered by consortia such as the 1000 Genomes Project (1000 Genomes Project 
Consortium et al. 2015) and Iceland’s deCODE (Gudbjartsson et al. 2015), large-
scale sequencing cohorts have now become an integral part of human genetics 

research. Whole-genome sequencing population datasets such as those generated 
by TOPMed (Taliun et al. 2019) and aggregated by gnomAD (Karczewski et al. 2020) 
provide a reference catalogue of human genetic variation across many different 
population groups and the use of metrics such as allele frequency and gene 
constraint (the degree to which a gene can tolerate variation) has proven invaluable 
for clinical variant interpretation. These large datasets have also provided novel 
insights into human genetic variation demonstrating an abundance of rare or private 
variants (only seen in one individual) among the 3-4 million single-nucleotide variants 
(SNVs) and ~0.5 million indels in the average genome, as well as a higher burden 
of loss-of-function variation in the human population than previously thought 
(MacArthur et al. 2012, Lek et al. 2016). 
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Table 1.1. Advantages and disadvantages of whole-genome sequencing.  

Advantages Disadvantages 

Genome-wide detection of coding 
and non-coding variation allowing 
interrogation of regulatory and deep 
intronic splice variants. 

The cost, although falling, is still 
greater than WES. 

Less GC-content bias and more 
uniform coverage of coding regions 
improves the accuracy of variant 
calling (Lelieveld et al. 2015). For 
example, 2.6-10% of disease-
causing SNVs detected by WGS 
are missed by WES (Turro et al. 
2020). 

Less accurate detection of 
mosaicism (where an individual has 
at least two populations of cells with 
distinct genotypes derived from a 
single fertilized egg) which requires 
several 100-fold sequencing 
depths. 

Improved resolution and detection 
of structural variants including 
balanced rearrangements (e.g., 

inversions, balanced 
translocations). 

The wealth of data generated 
(approximately 200GB and 4 million 
variants per genome) presents a 
challenge for data storage, data 

security, and downstream analysis, 
requiring extensive cloud storage 
and innovative bioinformatic tools. 
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1.3 Genetic Architecture 

This thesis explores the genetic architecture of structural renal and urinary tract 

malformations, but what do we mean by genetic architecture? Broadly speaking, this 
term refers to the underlying genetic variation responsible for the phenotypic 
variability of a disease or trait. More specifically, it comprises the number and type 
of variants that influence a phenotype, their allele frequencies as well as the 
distribution of their effect sizes (Timpson et al. 2018). In addition to this, penetrance 
(the proportion of individuals with a particular genotype that display the associated 
phenotype), allelic dominance (when one allele overrides the effect of another allele 
in the same gene) and interactions between genes (epistasis) and the environment 
all contribute to phenotypic complexity. Delineating the genetic architecture of a 
disease is key to understanding its aetiology.  

Genetic architecture has traditionally been described as monogenic, oligogenic or 
polygenic meaning that one, few or many genetic variants or genes influence 
phenotypic variability (Figure 1.2) (Badano and Katsanis 2002). These 
classifications have largely been dictated by the types of genetic variation studied 
and the cost and limitations of available technologies. For example, WES is used to 
identify rare coding variants in Mendelian disease with simple recessive or dominant 
inheritance whereas common variants are tested for association with complex traits 
using genotyping arrays. This focus on the most accessible regions of the genome 
has resulted in an observational bias, with a distinct lack of large-scale population-
based genetic studies focused on structural or rare, non-coding variation. 

WGS enables the interrogation of all classes of genomic variation, genome-wide, 
across the entire allele frequency spectrum in a completely unbiased manner. This 
has challenged the classic definitions of genetic causality in recent years, blurring 
the distinction between polygenic/complex traits and monogenic/Mendelian disease 
(Katsanis 2016), with enrichment of Mendelian disease genes near GWAS loci of 
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phenotypically related complex traits providing support for a shared genetic basis 
(Freund et al. 2018, Sun et al. 2022).  

 

Figure 1.2. Traditional classification of genetic architecture.  

Genetic architecture is conventionally classified into monogenic (rare variants with large effect size; 
red circle), oligogenic (rare and low-frequency variants with moderate effect size; yellow circles) and 
polygenic (common variants with small effect sizes; green circles). The identification of these variants 
is dependent on the sequencing technology used. Whole-exome sequencing (WES) detects coding 
variants and is commonly used to identify rare, likely pathogenic variants in Mendelian disease. 
Genotyping arrays identify hundreds of thousands of common variants across the genome and are 
generally used to investigate complex traits. Whole-genome sequencing (WGS) allows genome-wide 
interrogation of both coding and non-coding variation across the allele frequency spectrum enabling 
an unbiased assessment of genetic architecture. Adapted from Giudicessi and Ackerman 2013. 
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Traditional stratification of traits into those associated with common alleles with small 
effects (odds ratio [OR] 1.1-1.5) or rare alleles with large effects (OR > 2) is now 

considered too ‘reductionist’ and there is increasing evidence for a continuous 
spectrum of rare and common alleles combining to influence a particular phenotype. 
For example, rare, coding SNVs have been associated with several complex traits 
(Wang et al. 2021, Sun et al. 2022) including white blood cell count and plasma low-
density lipoprotein cholesterol levels (Cohen et al. 2005, Auer et al. 2014, Tsai et al. 
2015) while rare CNVs contribute to disease risk in several complex psychological 
disorders including schizophrenia and autism (Sebat et al. 2007, Marshall et al. 
2017). Common variants have also been shown to contribute to the risk and clinical 
presentation of rare Mendelian disease such as severe neurodevelopmental 
disorders (Niemi et al. 2018) and cystic fibrosis (Corvol et al. 2015). Furthermore, 
common alleles with large effect sizes have been associated with a risk of 
developing kidney disease that approaches Mendelian levels. Homozygosity for 
APOL1 risk alleles is associated with an increased risk for HIV-associated 
nephropathy (OR 29) and focal segmental glomerulosclerosis (OR 17) as well earlier 
age of onset and faster progression to end-stage kidney disease (ESKD) (Genovese 
et al. 2010, Kopp et al. 2011). Similarly, co-inheritance of common human leucocyte 
antigen (HLA) haplotypes and PLA2R1 risk alleles confers an 89-fold and 29-fold 
higher odds of developing membranous nephropathy in East Asian and European 
populations, respectively, (Stanescu et al. 2011, Xie et al. 2020) demonstrating the 
power of epistasis and further highlighting the complexity of genetic inheritance. 

The phenotypic variance of several diseases can also be attributed to the combined 
effect of multiple different allele types and frequencies. For example, in Charcot-
Marie-Tooth disease, an increased burden of rare variants in multiple neuropathy-
associated genes contributes to phenotypic variability (Gonzaga-Jauregui et al. 
2015) whereas in autism spectrum disorder common and rare de novo variation acts 
additively to modify disease risk (Weiner et al. 2017). Common, non-coding variants 
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also modify the penetrance of pathogenic coding variants both in cis and trans, 
emphasizing the importance of interactions between the coding and non-coding 

genome (Wu et al. 2015, Castel et al. 2018).  

These observations have led to a shift in emphasis towards the concept of ‘genome-
wide mutational burden’ where deleterious and protective variation of all types and 
allele frequencies combine to manifest as a unique phenotype (Lupski et al. 2011). 
An extension of this is the recently proposed ‘omnigenic’ model which hypothesizes 
that a complex trait is the result of perturbations in a regulatory network of ‘core’ and 
‘peripheral’ genes where all genes expressed in a cell can contribute to the 

phenotype, even in the smallest way (Figure 1.3) (Boyle et al. 2017). Fortunately, 
whole genome sequencing now enables comprehensive assessment of the whole 
spectrum of genetic variation genome-wide, allowing us to fully describe the genetic 
architecture or ‘mutational burden’ of a disease for the first time.   
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Figure 1.3. The omnigenic model of complex disease. 

This model describes a combination of direct effects from core genes (mid-blue) and indirect effects 
from peripheral genes (light blue) acting in trans to manifest as a unique phenotype (dark blue). All 
genes are considered highly pleiotropic and can affect all traits. Adapted from Fagny and Austerlitz 
2021. 
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1.4 Structural Renal and Urinary Tract Malformations 

Structural renal and urinary tract malformations (also referred to as Congenital 

Anomalies of the Kidneys and Urinary Tract or CAKUT) are the most common cause 
of chronic kidney disease (CKD) in young children, accounting for 40-50% of those 
requiring dialysis or a kidney transplant (Harambat et al. 2012, Johansen et al. 2021, 
Kramer et al. 2021). Paediatric ESKD is associated with significant morbidity and 
children have a 30-fold higher risk of death than their healthy peers due to 
predominantly cardiovascular and infection-related causes (Chesnaye et al. 2018). 
This places a significant burden on the affected individual and their family making 
CAKUT one of the major unmet clinical needs in paediatric nephrology. 

CAKUT consists of a heterogenous group of malformations that are characterized 
by defects in embryonic development and include renal parenchymal malformations 
(renal agenesis, hypodysplasia or cystic dysplasia), abnormalities in embryonic renal 
migration or fusion (ectopic, pelvic, or horseshoe kidney), collecting system defects 
(pelvi-ureteral junction obstruction, duplex kidney, primary megaureter or 
vesicoureteral reflux) and abnormalities of the lower urinary tract causing bladder 
dysfunction and/or obstruction (posterior urethral valves, prune belly syndrome and 
bladder exstrophy). Figure 1.4 illustrates some of the different malformations that 
are collectively referred to as CAKUT. 
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Figure 1.4. Overview of structural renal and urinary tract malformations.  

CAKUT comprises a diverse collection of phenotypes affecting the renal parenchyma (renal 
hypodysplasia, renal agenesis and multicystic dysplastic kidney), collecting system abnormalities 
(VUR, duplex collecting system, PUJO) and lower urinary tract malformations (PUV, megaureter). 
Adapted from Westland et al. 2020. 

Renal hypodysplasia Vesico-ureteral reflux (VUR)

Renal agenesis Duplex collecting system

Multicystic dysplastic kidney 
(MCDK)

Pelvi-ureteral junction obstruction
(PUJO)

Posterior urethral valves 
(PUV)
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1.4.1 Epidemiology 

Structural renal and urinary tract malformations occur in approximately 4.2-30 per 

10,000 live births (Tain et al. 2016, Morris et al. 2018) and are the most frequently 
detected congenital malformation, collectively accounting for 20-30% of all 
anomalies diagnosed antenatally (Queisser-Luft et al. 2002, Nicolaou et al. 2015). 
CAKUT usually occur in isolation, although the co-occurrence of multiple different 
malformations in the same individual is also observed (Pope et al. 1999). In a third 
of cases, CAKUT is associated with extra-renal features, including other congenital 
anomalies, diabetes or hearing impairment, and can manifest as part of a syndrome 
affecting multiple organ systems (Stoll et al. 2014). This phenotypic heterogeneity 
can make the clinical classification of CAKUT challenging. Table 1.2 details the 
defining clinical features and incidence of the main CAKUT phenotypes.  
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Table 1.2. The diverse spectrum of CAKUT. 

Phenotype Description Incidence 

 Renal parenchymal malformations  

Renal hypodysplasia 
Hypoplasia: renal size ≤2 standard deviations of the mean size for age with reduced number of normal nephrons. 
Usually associated with renal dysplasia: abnormal differentiation of mesenchymal and epithelial elements. Typically 
produces small, irregular kidneys which may be cystic. 

0.2-0.4% 

Unilateral renal agenesis Failure of ureteric bud to develop and induce differentiation of metanephric mesenchyme resulting in an absent kidney.  0.03% 
 

Multicystic kidney dysplasia Enlarged kidney with multiple non-communicating cysts separated by dysplastic tissue and an absent ureter. Non-
functioning and usually involutes by the age of five. 

0.02% 
 

 Abnormal renal embryonic migration and fusion  

Horseshoe kidney Renal fusion abnormality with functioning renal parenchyma on both sides of the vertebral column, usually joined at the 
lower pole. Associated with malrotation and abnormal vascular supply.  0.25%  

Ectopic kidney Kidney fails to ascend during development and can remain in the pelvis, cross the midline, fuse (e.g., crossed fused 
ectopia) or fail to rotate medially.  0.1% 

 Anomalies of the collecting system and ureter  

Duplex collecting system Duplication of renal pelvis and (part of) the ureter. May be associated with VUR, ectopic ureter and ureterocoele.  2%  

Primary vesico-ureteral reflux 
(VUR) 

Retrograde flow of urine from the bladder into the upper urinary tract due to an incompetent ureterovesical junction. 
Usually spontaneously resolves in childhood.  1% 

Pelvi-ureteral junction 
obstruction (PUJO) 

Partial or intermittent obstruction between the renal pelvis and ureter impairing drainage of urine. Most common cause of 
antenatally detected hydronephrosis.  

0.2% 
 

Congenital megaureter Dilated ureter with impaired flow of urine resulting from functional or anatomical abnormality involving the ureterovesical 
junction.  0.04% 

 Lower urinary tract malformations  
Posterior urethral valves 
(PUV) Persistent membrane in posterior urethra results in congenital bladder outflow obstruction. Only seen in males.  0.03% 

Prune belly syndrome Absence of abdominal wall musculature, bilateral cryptorchidism, hydronephrosis, hydroureter and megacystis. 
Predominantly in males. 

0.004%  
  

Bladder exstrophy Defect in closure of lower abdominal wall, bladder, and urethra. Part of the bladder exstrophy-epispadias spectrum. 0.002%  
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1.4.2 Clinical presentation 

Many structural malformations of the kidneys and urinary tract are diagnosed during 
antenatal ultrasound screening. Renal parenchymal malformations may present as 
absent, echogenic, cystic, or abnormally large or small kidneys. Lower urinary tract 
obstruction, most frequently associated with PUV in boys, manifests as bilateral 
hydroureteronephrosis and an enlarged proximal urethra and bladder (resulting in 
the classic ‘keyhole’ sign on ultrasound images). At the severe end of the spectrum, 
lack of functional kidney tissue, as is seen in renal agenesis, results in oligo- or 
anhydramnios (insufficient or absent amniotic fluid which is generated in part by fetal 

urine) and the characteristic facies, limb anomalies and pulmonary hypoplasia of the 
Potter sequence which is associated with significant perinatal mortality and morbidity 
(Potter 1946).  

In those not diagnosed antenatally, CAKUT may manifest as failure to thrive in 
infancy, recurrent urinary tract infections, voiding difficulties or as part of a CAKUT-
associated syndrome. Adults with previously undiagnosed malformations may also 

present with abnormal urinalysis, kidney stones, hypertension, CKD or with an 
incidental finding on imaging. Furthermore, it is likely that CAKUT underlies a 
significant proportion of young adults with ‘unexplained’ CKD who may present with 
‘small, scarred kidneys’, previously labelled as ‘reflux nephropathy’. Management 
often involves urological intervention to relieve obstruction, prophylactic antibiotics 
for recurrent urinary tract infections and regular monitoring of blood pressure and 
kidney function for the development of CKD and its associated complications.  

1.4.2.1 HNF1B-associated disease 

Pathogenic variation in HNF1B is the most frequently identified molecular diagnosis 
among individuals with CAKUT (Clissold et al. 2015). HNF1B is a member of the 
homeodomain-containing superfamily of transcription factors which mediates the 
development of the kidneys, liver, pancreas, and urinary tract. Haploinsufficiency 
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resulting from heterozygous whole-gene deletions (typically a 1.4Mb 17q12 deletion 
that also includes 14 additional genes) or pathogenic single nucleotide/indel variants 

result in renal cysts and diabetes syndrome (RCAD; MIM 137920) although the high 
frequency of de novo deletions (~50%) means a family history may not be reported. 
Mutation hotspots are found in the DNA-binding domain affecting exons 2 and 4, as 
well as the intron 2 splice site (Chen et al. 2010), however there does not appear to 
be a clear genotype-phenotype correlation. HNF1B-related disease is associated 
with a diverse range of structural renal and urinary tract malformations; renal 
hypodysplasia, cystic kidneys, single and horseshoe kidneys, malformations of the 
collecting system as well as autosomal dominant tubulointerstitial kidney disease 
(ADTKD-HNF1B). Extrarenal manifestations include mature-onset diabetes of the 
young (MODY) type 5, pancreatic hypoplasia, genital malformations, hyperuricemia 
and early gout, abnormal liver function tests and hypomagnesemia. This highlights 
the benefits of a molecular diagnosis to guide screening of other organ systems for 
associated complications. 

1.4.3 Clinical outcomes 

Clinical outcome is dependent on the type of anomaly involved. Worse renal survival 
is observed in patients with PUV, solitary kidneys and bilateral renal hypodysplasia 
(Sanna-Cherchi et al., 2009). Over a third of boys with PUV develop ESKD before 
the age of 30 years (Heikkilä et al. 2011). Coexistent VUR is associated with a higher 
risk of progression to ESKD (Sanna-Cherchi et al. 2009). Although CAKUT has an 
enormous impact on child health, those affected are more likely to reach ESKD as 
an adult than a child at a median age of 31 years (Wühl et al. 2013), significantly 
younger than observed in other kidney diseases (median age at ESKD of 61 years). 
Furthermore, a childhood history of CAKUT, even with normal renal function and 
blood pressure in adolescence, has been shown to increase the risk of developing 
ESKD in later life (Calderon-Margalit et al., 2018). This may in part be attributed to 
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a reduced number of nephrons which has been linked to the development of adult-
onset hypertension and CKD in the context of low birth weight and prematurity 

(Luyckx et al. 2013, Crump et al. 2019).  

For individuals who develop kidney failure, transplantation is the treatment of choice. 
Short-term outcomes after kidney transplantation are favourable in both children and 
adults with CAKUT when compared to individuals with primary glomerular or non-
CAKUT diseases at 5-10 years, although recipients were more likely to be younger 
and receive a pre-emptive transplant (Cornwell et al. 2021). Over the longer term, 
an increased risk of graft loss has been reported in individuals with PUV suggesting 

that graft survival may be limited by bladder dysfunction (McKay et al. 2019). 

Interestingly, a large historical cohort study identified an increased risk of kidney, 
ureter and bladder cancer in individuals with CAKUT, although the absolute risk was 
small (Calderon-Margalit et al. 2021). A link between congenital anomalies and 
increased risk of malignancy has also been suggested by various case reports. For 
example, horseshoe kidneys have been linked with Wilms tumour and other cancers 

(Reed and Robinson 1984, Krishnan et al. 1997, Huang et al. 2004), VACTERL has 
been associated with Barrett’s oesophagus (Su et al. 2012), and classic bladder 
exstrophy with bladder cancer (Smeulders and Woodhouse 2001). In addition, 
biallelic loss of HNF1B is associated with the development of chromophobe renal 
cell carcinomas (Rebouissou et al. 2005, Sun et al. 2017). These reports are 
consistent with the observation that disruption of highly conserved developmental 
pathways critical for the regulation of cell proliferation, apoptosis and differentiation, 
may also contribute to carcinogenesis in later life (Dempke et al. 2017).   
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1.5 Embryonic Development of the Kidneys and Urinary Tract  

Structural renal and urinary tract malformations were originally thought to result from 

urinary outflow obstruction causing physical stress on the kidneys (Peters et al. 
1992) or from ectopic ureteric budding (Mackie and Stephens 1975). However in 
2002, Ichikawa et al. proposed their paradigm-shifting ‘mulitgenic’ theory, suggesting 
that CAKUT was instead the result of an accumulation of minor mutations in multiple 
specific genes involved in renal morphogenesis (Ichikawa et al. 2002). This 
hypothesis was prescient of the ‘mutational burden’ or ‘omnigenic’ models of genetic 
architecture discussed above and contrasts with the prevailing view that CAKUT is 
a predominantly monogenic disease.  

The development of the renal tract is a dynamic, highly coordinated sequence of 
morphological events that may be disrupted at any stage and result in pathology that 
can evolve over time. This results in a diverse array of CAKUT phenotypes 
depending on the spatiotemporal context of the insult. Although these structural 
malformations can vary widely, they often share common developmental pathways 
and regulatory networks which will be reviewed below.     

1.5.1 Development of the kidney 

The kidney is derived from intermediate mesoderm and its development consists of 
three sequential stages that proceed in a rostral to caudal (head-to-tail) manner 
alongside an elongating epithelial tube called the mesonephric (or Wolffian) duct:  

• Pronephros: develops during the 3rd week of gestation forming a 
transient, rudimentary, and non-functioning system that degrades by 
week four. It is an evolutionary artefact, analogous to the kidneys of 
primitive fish such as lampreys.  
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• Mesonephros: develops during the 4th week of gestation, generating 
basic functioning nephrons which start to excrete urine, although most 
of these subsequently degenerate. This structure is like the kidneys of 
fish and amphibians.  

• Metanephros: By the 5th week of gestation, the ureteric bud branches 
from the caudal part of the mesonephric duct into the metanephric 
mesenchyme to become the metanephros, the precursor to the adult 
kidney.  

Reciprocal induction of the ureteric bud and metanephric mesenchyme is mediated 
by the GDNF/RET signaling pathway, disruptions of which can lead to failure of, or 
ectopic, ureteric bud induction resulting in renal agenesis or a duplex or ectopic 
kidney, respectively (Schedl 2007). Glial cell line-derived neurotrophic factor (GDNF) 
is a growth factor ligand secreted by the metanephric mesenchyme which binds to 
the receptor tyrosine kinase RET and its co-receptor glial cell-derived neurotrophic 

factor family receptor a1 (GFRa1) at the tip of the ureteric bud to stimulate cell 

proliferation and ureteric bud branching. This key signaling pathway is regulated by 
several transcription factors including PAX2, GATA3, EYA1, SALL1 and FOXC1, 
which have all been linked to renal malformations. 

Continued reciprocal interaction between the ureteric bud and the metanephric 

mesenchyme trigger branching morphogenesis where iterative tip division forms an 
epithelial tubule network (Figure 1.5). Disruption of these processes are thought to 
result in renal hypodysplasia. At the same time, elongation of the ureteric bud outside 
the metanephric mesenchyme generates the collecting system and ureter.  

The metanephric mesenchyme condenses at each ureteric tip to generate the cap 
mesenchyme containing nephron progenitor cells maintained by SIX2 which 
undergo mesenchymal to epithelial transition. This polarized epithelium lines the 
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renal vesicle, which twists and elongates to form a comma and then S-shaped body, 
before forming a primitive nephron (Figure 1.5).  

 

Figure 1.5. The different stages of kidney development.  

Reciprocal induction occurs between the ureteric bud and metanephric mesenchyme mediated by 
the GDNF/RET signaling pathway. The ureteric bud then undergoes branching morphogenesis to 
form a network of epithelial tubes. Nephron progenitor cells maintained by SIX2 at the tip of the buds 
undergo mesenchymal to epithelial transition to form a primitive nephron. Genes with a clearly defined 
role in murine nephrogenesis are shown. Adapted from Walker and Bertram 2011. 

 

At approximately 8 weeks the metanephros migrates out of the pelvis to its final 
upper lumbar position. Interruptions to this process can result in pelvic or ectopic 
kidneys. The metanephros starts to function and produce urine from 9-10 weeks, 
with nephrogenesis continuing until 36 weeks of gestation. Indeed, 60% of nephrons 
are formed in the last trimester, which has important clinical implications for preterm 
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and low-birth-weight infants. Reduced nephron number in these individuals has been 
associated with an increased long-term risk for hypertension and CKD (Luyckx et al. 

2013, Crump et al. 2019).  

1.5.2 Development of the lower urinary tract 

At the same time, the lower urinary tract is forming from the endodermal cloaca. The 
urorectal septum divides the cloaca into ventral and dorsal parts that develop into 
the urogenital sinus and rectum, respectively (Figure 1.6). The urogenital sinus gives 
rise to the early bladder, the urethra and vestibule of the vagina in females, and the 
posterior urethra in males. The urinary bladder is initially drained by the allantois; 

however, this is obliterated during development and forms a fibrous cord (the 
urachus) which can be seen as the median umbilical ligament in adults.  

 

Figure 1.6. Development of the lower urinary tract.  

The lower urinary tract is formed from the endodermal cloaca which is divided by the urorectal septum 
into the ventral urogenital sinus and dorsal rectum. The urogenital sinus forms the bladder, urethra 
and vaginal vestibule in females, and posterior urethra in males. The mesonephric duct inserts 
laterally into the cloaca at approximately 4 weeks of gestation. Adapted from Johnson et al. 2018. 
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At approximately 4 weeks gestation the caudal mesonephric duct integrates into the 
urogenital sinus to form the base of the bladder (trigone) with the resulting ureteric 

orifices moving cranially as the kidneys ascend. Abnormal insertion of the 
mesonephric duct into the developing bladder (e.g., in a perpendicular rather than 
angled manner) can result in an incompetent uretero-vesical junction and VUR. The 
mesonephric duct is then either absorbed into the prostatic urethra to become the 
ejaculatory ducts in males or regresses in females. Defective integration of the 
mesonephric duct into the posterior urethra or persistence of the urogenital 
membrane have been proposed as possible mechanisms underlying PUV, the most 
common cause of ESKD in boys, but the exact developmental origin is currently 
unknown (Krishnan et al. 2006).  

1.5.3 Molecular pathways of renal morphogenesis 

Murine models of CAKUT have provided insights into the developmental pathways 
required for normal renal tract development (Schedl 2007, van der Ven, Vivante, et 

al. 2018). As mentioned in Section 1.5.1, the GDNF-RET signaling pathway is 
essential for communication between the ureteric bud and metanephric 
mesenchyme. Several other key developmental pathways implicated in the 
pathogenesis of CAKUT are listed below: 

• Bone morphogenic protein (BMP) signaling regulates ureteric budding and 
maintains the nephron progenitor population (Nishinakamura and 

Sakaguchi 2014). 

• Canonical Wnt/b-catenin signaling mediates several critical processes 

during kidney development including ureteric bud induction (Wnt11) and 
mesenchymal to epithelial transition of the cap mesenchyme to form the 
renal vesicle (Wnt4, Wnt9b) (Schedl 2007). 
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• The planar cell polarity (PCP) pathway coordinates the orientation of cells 
across a tissue plane and displays widespread involvement in kidney 
development (Torban and Sokol 2021). 

• Retinoic acid signaling from surrounding stromal cells is important for the 
insertion of the mesonephric duct into the cloaca (Chia et al. 2011) and 
branching morphogenesis, mediated via its effects on Ret expression in the 
ureteric bud (Batourina et al. 2001). 

• Hedgehog signaling activity is observed predominantly in the developing 
collecting ducts and medullary regions. Deletion of Shh or its receptor Ptch1 
results in renal agenesis and hypoplasia, respectively (D’Cruz et al. 2020). 

• Fibroblast growth factor (FGF) signaling is necessary for both branching 
morphogenesis and distal tubule development (Fgf8) (Bates 2011). 

• Notch signaling is important for patterning of the proximal tubule (Schedl 
2007). 

1.6 The Genetic Basis of CAKUT  

Monogenic mouse models and over 150 single-gene CAKUT-associated syndromes 
suggest a monogenic component to CAKUT (van der Ven, Vivante, et al. 2018). 
Case reports detailing familial clustering of renal agenesis and dysplasia (Hack et 

al. 1974, Carter et al. 1979, McPherson et al. 1987, Murugasu et al. 1991, Arfeen et 

al. 1993, Battin et al. 1993, McPherson 2007), multicystic dysplastic kidney (Filion et 

al. 1985, Moazin et al. 1997, Srivastava et al. 1999, Belk et al. 2002, Sekine et al. 
2005, Watanabe et al. 2005), VUR (Sirota et al. 1986, Van den Abbeele et al. 1987, 
Noe 1992, Connolly et al. 1997), PUV (Kroovand et al. 1977, Doraiswamy et al. 
1983, Grajewski and Glassberg 1983, Schreuder et al. 2008, Frese et al. 2019), 
classic bladder exstrophy (Shapiro et al. 1984, Reutter et al. 2003), and Prune Belly 
syndrome (Lockhart et al. 1979) lend additional support to the hypothesis that there 
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is a significant genetic basis underlying this disorder. Furthermore, ultrasound 
screening of asymptomatic first-degree relatives can identify structural renal tract 

abnormalities in 4-23% depending on the phenotype in question and degree of 
consanguinity (Roodhooft et al. 1984, Schwaderer et al. 2007, Bulum et al. 2013, 
Manoharan et al. 2020, Viswanathan et al. 2021), although discordant malformations 
between the index patient and family member are often observed, highlighting the 
significant intra-familial variability associated with this disorder. 

Candidate gene studies, targeted NGS, and WES have so far identified over 50 
monogenic causes of CAKUT (Table 1.3). Many of these genes encode transcription 

factors or key components of developmental signaling pathways, implying that 
disruption of the tightly controlled transcriptional networks that govern 
embryogenesis is critical to the pathogenesis of this condition. However, one of the 
major challenges facing clinicians and researchers is the substantial genotypic and 
phenotypic heterogeneity observed in CAKUT, where the same phenotype can 
result from changes in several different genes and a single gene can be associated 
with several different phenotypes. Furthermore, variable expressivity (where 
individuals with the same pathogenic variant display different clinical features) and 
incomplete penetrance (when not everyone with a pathogenic variant expresses the 
characteristic phenotype) renders the clinical interpretation of variants challenging 
and means only a minority of affected individuals receive a molecular diagnosis. 

It has also been suggested that syndromic and isolated CAKUT are part of the same 
phenotypic spectrum. This is based on the observation that biallelic protein-
truncating variants in FRAS1, FREM2 and GRIP1 result in the CAKUT-associated 
Fraser syndrome (MIM 219000) but biallelic missense variants in the same genes 
cause isolated CAKUT (Kohl et al. 2014). Similarly, likely deleterious missense 
variants in 12 candidate dominant syndromic CAKUT genes were identified in 
families with isolated CAKUT (van der Ven, Connaughton, et al. 2018), suggesting 
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that hypomorphic alleles (resulting in partial loss of gene function) in syndromic 
genes may generate a milder phenotype. 
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Table 1.3. Monogenic causes of CAKUT.  

MIM, Mendelian Inheritance in Man; AD, autosomal dominant; XLR, X-linked recessive; AR, autosomal recessive; XLD, X-linked dominant.   

Gene Phenotype MIM # Inheritance Reference 

Transcription factors 

CHD7 CHARGE syndrome: choanal atresia, eye coloboma, cardiac, ear and 
renal anomalies, deafness, short stature, developmental delay 214800 AD Vissers et al. 2004 

EYA1 Branchio-Oto-Renal (BOR) syndrome 113650 AD Abdelhak et al. 1997 

FOXP1 Syndromic CAKUT: neurodevelopmental and urinary tract phenotypes.  AD Bekheirnia et al. 2017 

GATA3 Hypoparathyroidism, sensorineural Deafness and Renal dysplasia (HDR 
syndrome) 146255 AD Van Esch et al. 2000 

GLI3 Pallister-Hall syndrome: renal agenesis/hypodysplasia 146510 AD Kang et al. 1997 

HNF1B Renal cysts and diabetes syndrome: gout, hypomagnesemia, genital 
tract anomalies 137920 AD Lindner et al. 1999 

MYOCD Megacystis and Prune Belly Syndrome 618719 AD Houweling et al. 2019 

PAX2 
Renal coloboma syndrome: optic nerve coloboma and renal 
hypodysplasia 
Focal segmental glomerulosclerosis (FSGS) 

120330 
616002 

AD 
AD 

Sanyanusin et al. 1995  
Barua et al. 2014 

PBX1 Bilateral and syndromic CAKUT 617641 AD Heidet et al. 2017, Le Tanno et al. 
2017 

SALL1 Townes-Brocks syndrome: imperforate anus, dysplastic ears, thumb 
malformations, renal agenesis/hypodysplasia 107480 AD Kohlhase et al. 1998 
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SIX2 Renal hypodysplasia  AD Weber et al. 2008 

SIX5 BOR syndrome 610896 AD Hoskins et al. 2007 

TBX18 Renal hypodysplasia and PUJO 143400 AD Vivante et al. 2015 

ZIC3 VACTERL: Vertebral anomalies, Anal atresia, Cardiac malformations, 
TracheoEsophageal fistula, Renal and Limb anomalies 314390 XLR Wessels et al. 2010 

ZMYM2 Syndromic CAKUT  AD Connaughton et al. 2020 

Extracellular matrix proteins 

ANOS1 Kallman syndrome: hypogonadotropic hypogonadism +/- anosmia, renal 
agenesis 308700 XLR Hardelin et al. 1992 

FRAS1 Fraser syndrome: cryptopthalmos, syndactyly, urogenital defects 219000 AR McGregor et al. 2003 

FREM1 Bifid nose +/- renal agenesis and anorectal malformations 
Manitoba oculotrichoanal syndrome 

608980 
 
248450 

AR 
 
AR 

Alazami et al. 2009  
Slavotinek et al. 2011 

FREM2 Fraser syndrome 617666 AR Jadeja et al. 2005 

GRIP1 Fraser syndrome 617667 AR Vogel et al. 2012 

ITGA8 Bilateral renal agenesis 191830 AR Humbert et al. 2014 

NPNT Bilateral renal agenesis  AR Dai et al. 2021 

TNXB VUR 615963 AD Gbadegesin et al. 2013 
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Cell signaling pathways 

BMP4 Renal hypodysplasia  AD Weber et al. 2008 

CRKL Di-George syndrome: renal agenesis/hypodysplasia  AD  Lopez-Rivera et al. 2017 

FGF20 Bilateral renal agenesis 615721 AR Barak et al. 2012 

GDNF Hirschsprung disease and CAKUT 613711 AD Prato et al. 2009 

GFRA1 Bilateral renal agenesis  AR Arora et al. 2021 

GPC3 Simpson-Golabi-Behmel syndrome: overgrowth syndrome, congenital 
anomalies 312870 XLR Pilia et al. 1996 

GREB1L Bilateral renal agenesis, renal hypodysplasia 617805 AD Brophy et al. 2017, De Tomasi et al. 
2017, Sanna-Cherchi et al. 2017 

GREM1 Renal agenesis  AR Kohl et al. 2014 

JAG1 Alagille syndrome: renal dysplasia 118450 AD Kamath et al. 2012 

LRP4 Cenani-Lenz syndrome: syndactyly, limb malformations, renal 
agenesis/hypodysplasia 212780 AR Li et al. 2010 

NOTCH2 Alagille syndrome: renal dysplasia 118450 AD McDaniell et al. 2006 

NRIP1 Renal hypodysplasia and VUR 618270 AD Vivante, Mann, et al. 2017; Zheng et 
al., 2022 

RET Renal agenesis  AD Skinner et al. 2008 
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Neural guidance/patterning 

LRIG2 Urofacial syndrome: dysfunctional urinary voiding, facial grimace on 
smiling 615112 AR Stuart et al. 2013 

HPSE2 Urofacial syndrome 236730 AR Daly et al. 2010, Pang et al. 2010 

ROBO1 Syndromic CAKUT  AR Münch et al. 2022 

ROBO2 VUR 610878 AD Lu et al. 2007 

SLIT2 Cystic dysplastic kidneys, unilateral renal agenesis  AD Hwang et al. 2015 

SRGAP1 MCDK, renal hypodysplasia, duplicated collecting system  AD Hwang et al. 2015 

Primary cilia proteins 

NPHP3 Renal-hepatic-pancreatic dysplasia syndrome 208540 AR Bergmann et al. 2008 

Renin-angiotensin system 

ACE Renal tubular dysgenesis 267430 AR Gribouval et al. 2005 

AGT Renal tubular dysgenesis 267430 AR Gribouval et al. 2005 

AGTR1 Renal tubular dysgenesis 267430 AR Gribouval et al. 2005 

REN Renal tubular dysgenesis 
ADTKD 

267430 
613092 

AR 
AD 

 
Gribouval et al. 2005 
Zivná et al. 2009 
 

Other 
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ACTG2 Megacystis microcolon intestinal hypoperistalsis syndrome 619431 AD Tuzovic et al. 2015 

BNC2 Congenital lower urinary tract obstruction 618612 AD Kolvenbach et al. 2019 

CHRM3 Prune-belly-like syndrome, impaired pupillary constriction 100100 AR Weber et al. 2011 
Beaman et al. 2019 

CHRNA3 Autonomic bladder dysfunction with impaired pupillary reflex 191800 AR Mann, Kause, et al. 2019 

FAM58A STAR syndrome: syndactyly telecanthus, anogenital and renal anomalies 300707 XLD Unger et al. 2008 

LIFR Renal agenesis/hypodysplasia  AD Kosfeld et al. 2017 

TBC1D1 Renal hypodysplasia, megaureter  AD Kosfeld et al. 2016 

TRAP1 VUR, renal agenesis, VACTERL  AR Saisawat et al. 2014 



Chapter 1: Introduction 

 

 

62 

It is important to note that some of the monogenic CAKUT associations reported in 
the literature are supported by relatively weak evidence. For example, variants in 
SIX1 are associated with autosomal dominant deafness (MIM 605192) and 
branchiootic syndrome (MIM 608389) but SIX1 has also been designated a cause 
of CAKUT following a single case report of renal hypodysplasia and VUR (Ruf et al. 
2004) in combination with evidence from mouse models. Subsequent studies have 
consistently failed to convincingly identify pathogenic SIX1 variants in individuals 
with CAKUT (Krug et al. 2011, Hwang et al. 2014, Negrisolo et al. 2014) calling into 
question the validity of this association. Another key example is DSTYK, which was 
first identified in a single family with a variable spectrum of anomalies ranging from 
renal hypodysplasia, PUJO and VUR, in addition to epilepsy (Sanna-Cherchi et al. 
2013). DSTYK variants were then looked for in an additional cohort of 311 CAKUT 
patients, but the prevalence of these variants was not assessed in a control 
population. The subsequent release of gnomAD (Karczewski et al. 2020) has shown 
that these variants have a higher allele frequency than would be expected for a rare, 
monogenic disorder. Similarly, CHD1L was proposed as a candidate CAKUT gene 

after heterozygous missense variants were detected in affected individuals 
(Brockschmidt et al. 2012, Hwang et al. 2014), however these variants have 
subsequently been shown to be relatively common within the general population. 
These examples clearly demonstrate the importance of an adequately controlled 
genetic study to ensure that any identified gene-disease associations are robust.  

Given over 50 monogenic causes for CAKUT have been reported, what proportion 
of cases do they explain? Table 1.4 summarizes the diagnostic yield from different 

studies using a variety of targeted, panel-based and WES approaches. Considerable 
variability is seen in the estimates which range from 1.3-27%, likely resulting from 
differences in the number of genes screened, as well as in patient selection, where 
cohorts with a high proportion of consanguinity, severe disease, family history or 
extrarenal features are more likely to yield a molecular diagnosis. 
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Table 1.4. Diagnostic yield of targeted and whole exome sequencing in CAKUT.  

N, sample size; ES, exome sequencing; AD, autosomal dominant; AR, autosomal recessive; qPCR, quantitative polymerase chain reaction; MLPA, 
multiplex-ligation dependent probe amplification.  

Study Country N Study population Method 
Diagnostic 
yield 

Hwang et al., 2014 
International 
Multicentre 

749 
650 families – 15% family history. 38% VUR and 16% 
renal hypodysplasia.  

ES 
17 AD gene panel 

6.3% 

Kohl et al., 2014 
International 
Multicentre 

672 
590 families with isolated CAKUT. Pre-screened for 17 
AD CAKUT genes and HNF1B deletions.  

ES  
12 AR genes 

2.5% 

Groopman et al., 
2019 

United States 
Multicentre 

531 

Congenital or cystic renal disease. Predominantly 
unselected adults from the AURORA study (50–80-
year-old haemodialysis patients) and a US genetic 
kidney disease biobank. 

ES  
625 gene panel 

23.9% 

Nicolaou et al., 2016 
Netherlands 
Multicentre 

453 

Unrelated, mostly sporadic CAKUT. 10% had family 
history, 14% extrarenal manifestations. Predominantly 
collecting system/lower tract defects (duplex, PUJO, 
VUR and PUV).  

ES  
208 gene panel 

1.3% 

Heidet et al., 2010 
France 
Multicentre 

377 
Kidney anomalies suggestive of HNF1B-related 
disease. Predominantly paediatric.  

Sanger sequencing 
and qPCR of HNF1B 

19.9%  
 

van der Ven et al., 
2018 

United States 
Multicentre 

319 
232 families pre-screened for EYA1, PAX2, HNF1B, 
GATA3, SIX1, SIX5. Paediatric cohort with high rate of 

ES  
404 gene panel 

14% 



 

 

 

64 

consanguinity (40%), extrarenal manifestations (25%), 
syndromic disease (7%), multiplex families (17%).   

Heidet et al., 2017  
France 
Multicentre 

204 

Bilateral CAKUT or unilateral with extrarenal features 
or family history (mostly kidney anomalies). 45% were 
severe fetal cases. 34% pre-screened for HNF1B, 
PAX2, EYA1, RET.  

ES  
330 gene panel 

18% 

Sanna-Cherchi et al., 
2017 

United States 
Multicentre 

202 Renal hypodysplasia.  ES 3.5% 

Rao et al., 2019 
China 
Multicentre 

159 Paediatric cohort with unspecified CAKUT. ES 17% 

Weber et al., 2006 
Europe 
Multicentre 

99 

Unrelated probands with renal hypodysplasia and CKD 
from the ESCAPE study (ESCAPE Trial Group et al. 
2009). Excluded those with associated bladder 
anomalies/PUV and syndromic disease. 12% family 
history.  

Sanger sequencing 
of HNF1B, PAX2, 
SALL1, EYA1, SIX1 

17% 
(15% HNF1B 
or PAX2) 

Ahn et al., 2020 
Korea 
Single centre 
 

94 
Paediatric cohort with predominantly kidney anomalies. 
66% extrarenal features. 43% ESKD.  

ES 
60 gene panel 

13.8% 

Thomas et al., 2011 
North America 
Multicentre 

73 
Paediatric cohort with renal hypodysplasia and CKD 
from CkiD study (Atkinson et al. 2021). 30% family 
history.  

Sanger sequencing 
and MLPA of HNF1B 
and PAX2 

10% 
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Bekheirnia et al., 
2016 

United States 
Single centre 

62 
Paediatric cohort with isolated and syndromic (31%) 
CAKUT. 16% with family history. 42% had kidney 
anomalies. 

ES  
35 gene panel 

5% 

Mann et al., 2019  
United States 
Single centre 

55 Paediatric kidney transplant recipients. 
ES  
396 gene panel 

18% 

Connaughton et al., 
2019 

Ireland 
Multicentre 

53 
45 families with CAKUT – adults with CKD and family 
history or extrarenal features.  

ES 22% 

Tanudisastro et al., 
2021 

Australia  
New Zealand 
Multicentre 

40 
Adult and paediatric CAKUT patients referred for 
genetic testing. 

ES  
230 gene panel 

13% 

Vivante et al., 2017 
United States 
Multicentre 

33 
Unrelated probands from consanguineous families with 
syndromic CAKUT. 

Homozygosity 
mapping and ES 

27% 

Riedhammer et al., 
2020 

Germany 
Single centre 

30 
CAKUT patients recruited with presentation < 18 years, 
syndromic disease, family history (30%) and/or 
consanguinity (7%).   

ES 27% 

Jayasinghe et al., 
2021 

Australia 
Multicentre 

14 Adult and paediatric CAKUT with extra-renal features.  
ES 
336 gene panel 

21% 
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1.6.1 Candidate gene studies 

Candidate gene studies incorporate prior information from published literature, 
similar disease associations and animal models to prioritize genes for investigation. 
This ‘hypothesis-driven’ approach is attractive when resources are limited and has 
been used to identify several novel CAKUT genes. One of the first CAKUT-causing 
genes identified was the transcription factor PAX2 (paired box gene 2) in a family 
with optic nerve colobomas (where the optic nerve has not developed properly), 
renal hypoplasia, mild proteinuria and VUR, what is now called Renal-coloboma 
syndrome (Sanyanusin et al. 1995). Pathogenic PAX2 variants have since been 

identified in individuals with isolated renal hypodysplasia, renal cysts, multicystic 
dysplastic kidney, and VUR (Bower et al. 2012, Rossanti et al. 2020) as well as focal 
segmental glomerulosclerosis (Barua et al. 2014).  

The candidate gene approach has also been employed successfully in several 
different CAKUT-associated syndromes, particularly where haploinsufficiency 
(where a single copy of the gene is insufficient for normal function) is the underlying 
mechanism. A heterozygous loss-of-function variant in HNF1B was identified in a 

family with MODY and non-diabetic kidney disease (Horikawa et al., 1997), with 
subsequent detection of loss-of-function variants in additional families (Nishigori et 
al. 1998, Lindner et al. 1999, Bingham et al. 2001, Kolatsi-Joannou et al. 2001) 
leading to the description of ‘Renal cysts and diabetes syndrome’ (MIM 37920). 
Similarly, heterozygous loss-of-function variants in the transcription factors EYA1 
(BOR syndrome; MIM 113650; (Abdelhak et al. 1997), SALL1 (Townes-Brocks 
syndrome; MIM 107480; (Kohlhase et al. 1998) and GATA3 (HDR syndrome; MIM 
146255; (Van Esch et al. 2000) were all discovered using a similar approach. 

The candidate gene approach is often criticised for its high false positive rate 
meaning many of the identified genes fail to replicate. An example of this is SOX17, 
originally identified as a candidate CAKUT gene after detection of a de novo 
duplication affecting this locus in a girl with syndromic CAKUT (Gimelli et al. 2010, 
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Brockschmidt et al. 2012). Screening individuals with both familial and sporadic VUR 
identified a recurrent p.Y259N variant that was determined to be likely causal by in 
vitro functional studies. Subsequent genetic cohort studies have been unable to 

replicate this finding, and the allele frequency of the p.Y259N variant in the general 
population is in excess of that likely to be disease-causing (Combes et al. 2012, 
Heidet et al. 2017). This again highlights the importance of robust comparison with 
a control population to help determine signal from noise.   

1.6.2 Linkage analysis 

Genome-wide linkage analysis has proved challenging as a method for gene 

discovery in CAKUT. A combination of incomplete penetrance, genetic 
heterogeneity, variable expressivity, and a lack of large, affected pedigrees mean 
that linkage has limited power to map susceptibility loci, especially those with small 
effect sizes. Linkage studies in CAKUT have primarily focused on familial VUR 
(Feather et al. 2000, Kelly et al. 2007, Conte et al. 2008, Briggs et al. 2010, Cordell 
et al. 2010). However, the majority have either failed to identify genome-wide 
significant results or failed to replicate previously detected linkage peaks (Sanna-
Cherchi et al. 2005, van Eerde et al. 2007, Darlow et al. 2014). The largest genome-
wide linkage study in primary VUR to date combined European cohorts from 
previous studies (Kelly et al. 2007, Cordell et al. 2010, Darlow et al. 2014), carrying 
out parametric (assuming dominant inheritance) linkage analysis of 1,062 affected 
individuals from 460 families (Darlow et al. 2017). A significant linkage peak was 
identified at the 10q26 locus (heterogeneity logarithm of odds [HLOD]=4.90) in an 
estimated 30% of families, however targeted genomic sequencing of this 9Mb region 
did not identify any of the 69 genes within it to be likely causal.  

Two further linkage studies carried out in seven families with renal hypodysplasia 
(Sanna-Cherchi et al. 2007) and a Somalian family with CAKUT (VUR, PUJO and 
renal agenesis) (Ashraf et al. 2010) reported significant linkage peaks on 
chromosome 1p32-33 and 8q24, respectively, however neither of these loci, or 
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genes within these regions, have been replicated since. A genome-wide linkage 
scan in two pedigrees with classic bladder exstrophy also failed to generate any 
significant peaks (Ludwig, Rüschendorf, et al. 2009). Overall, linkage analysis is not 

adequately powered for gene discovery in the context of a genetically and 
phenotypically heterogenous disorder such as CAKUT and has largely been 
replaced by NGS approaches.  

1.6.3 GWAS 

GWAS has been used to investigate the contribution of common variation (MAF > 
1%) to both primary VUR (Darlow et al. 2014, 2017, Verbitsky et al. 2021) and classic 

bladder exstrophy (Reutter et al. 2014, Draaken et al. 2015) with some success. A 
recent meta-analysis of 1,395 unrelated European individuals with primary VUR and 
5,366 controls looked for association at 6.1 million imputed variants under a range 
of inheritance models (Verbitsky et al. 2021). Three genome-wide significant loci 
(2p15, 6p12.1, 6q14.1) with relatively large effects (1.41-3.65) were identified, as 
well as five loci with suggestive association. Of note, all the loci were identified using 
either a recessive or dominant inheritance model or through sex-specific analysis, 
rather than the conventional additive model which assumes a uniform linear increase 
in risk. While some of these loci contain genes which have previously been 
associated with renal tract development or phenotypes, fine-mapping and targeted 
sequencing is now needed to robustly establish whether any of these are truly 
causal. 

GWAS has also been used to identify susceptibility loci for classic bladder exstrophy. 
Draaken et al. performed a GWAS in 110 unrelated European patients with classic 
bladder exstrophy and 1,177 controls, identifying significant association at 5q11.1, 
which was replicated in a meta-analysis with an additional 98 cases (Draaken et al. 
2015), and in a further meta-analysis with 268 cases and 92 case-parent trios (Zhang 
et al. 2017). This locus contains the transcription factor ISL1 which is expressed in 
the urinary tract and bladder of mouse embryos (Zhang et al. 2017) and is therefore 
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considered a plausible candidate gene for classic bladder exstrophy, although again 
further functional characterization of this locus is required to robustly attribute 
causality.  

1.6.4 Exome sequencing 

Exome sequencing (ES) using either a targeted (based on a panel of known or 
candidate genes) or whole-exome approach has greatly accelerated gene discovery 
in recent years and been used successfully in both family- and population-based 
CAKUT studies. For example, WES in parent-offspring trios identified de novo 
(present in the affected patient but not the unaffected parents) variation in two novel 

candidate genes: TBC1D1 (Kosfeld et al. 2016) and FOXP1 (Bekheirnia et al. 2017). 
Large, multiplex (multiple affected individuals) families exhibiting autosomal 
dominant inheritance have been investigated using a combination of genome-wide 
linkage and WES to identify candidate CAKUT genes including DSTYK (Sanna-
Cherchi et al. 2013), TNXB (Gbadegesin et al. 2013) and TBX18 (Vivante et al. 
2015). Finally, homozygosity mapping (hypothesis-free genome-wide identification 
of regions of homozygosity using SNP-based arrays) combined with WES can be 
used for gene discovery in consanguineous families where inheritance is presumed 
to follow an autosomal recessive pattern (Saisawat et al. 2014, Vivante, Hwang, et 
al. 2017, van der Ven, Kobbe, et al. 2018, Saygili et al. 2020).  

In addition to these family-based approaches, cohorts of predominantly unrelated 
probands have been interrogated with either targeted or whole ES to reveal novel 
candidates including GREB1L (Sanna-Cherchi et al. 2017), PBX1 (Heidet et al. 
2017), and ZMYM2  (Connaughton et al. 2020). It is important to note, however, that 
some of these genes are yet to be robustly replicated which highlights the critical 
importance of statistical rigour in studies that generate large amounts of data (as 
discussed in Section 1.6). 

Targeted and whole-exome burden analysis using ES data (where rare variants are 
collapsed into gene-based units and compared between cases and controls) has 
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also been performed in three studies, none of which identified any single gene with 
an excess of rare likely deleterious variation (Nicolaou et al. 2016, Heidet et al. 2017, 
Sanna-Cherchi et al. 2017). This suggests that the contribution of single-gene 

causes to CAKUT is less than previously suspected, although given the largest 
cohort reported so far consisted of 434 cases and 498 controls, these studies are 
likely to be underpowered to detect any genes other than those accounting for a 
substantial proportion of cases (Nicolaou et al. 2016).   

1.6.5 Copy number variation 

Copy number variation (CNV) describes a type of unbalanced structural variation (³ 

50bp) where regions of DNA are either gained (duplications, triplications) or lost 
(deletions). These regions may encompass a single gene or multiple genes, resulting 
in a change in gene dosage, and have been associated with cancer (Yi and Ju 2018) 
and neurodevelopmental phenotypes including congenital anomalies (Mefford et al. 
2007, Sebat et al. 2007, Stefansson et al. 2008, Greenway et al. 2009, Cooper et al. 
2011, Marshall et al. 2017). Traditionally, large chromosomal imbalances (500kb-
5Mb) were detected using standard karyotyping or fluorescent in situ hybridization 
(FISH), however high-resolution microarrays such as array comparative genomic 
hybridization (array-CGH) and SNP microarrays are now commonly used in clinical 
practice and can identify genome-wide copy number variation down to a resolution 
of ~25kb. 

Rare, large (>100kb) CNVs have been reported in 6-16% of patients with CAKUT, 
with the highest frequency observed in those with kidney anomalies including 
multicystic kidney dysplasia (Nakayama et al. 2010, Caruana et al. 2015, Xi et al. 
2016) and renal hypodysplasia  (Nakayama et al. 2010, Sanna-Cherchi et al. 2012, 
Westland et al. 2015, Siomou et al. 2017). While CNVs are often associated with 
neurodevelopmental phenotypes such as intellectual disability and autism, they can 
also be observed in isolated CAKUT (Sanna-Cherchi et al. 2012, Caruana et al. 
2015, Siomou et al. 2017). Deletions at the 17q12 and 22q11 loci are frequently 



Chapter 1: Introduction 

 

 

71 

detected, resulting in Renal cysts and diabetes syndrome (MIM 137920) and 
DiGeorge syndrome (MIM 188400), respectively, although copy number variation at 
1q21.1, 4p16.1-p16.3 (Wolf-Hirschhorn syndrome; MIM 194190), 6p11.2, and 

16p13.11 has also been recurrently identified (Sanna-Cherchi et al. 2012, Verbitsky 
et al. 2019).  

A microarray-based case-control study performed a comprehensive assessment of 
copy number variation in patients with CAKUT comparing the burden of rare (<0.1%), 
large (>100kb), exonic CNVs in 2,824 cases with 21,498 controls (Verbitsky et al. 
2019). Significant enrichment of CNVs was observed in both syndromic and isolated 
CAKUT, primarily driven by deletions in individuals with kidney anomalies, but with 

distinct patterns observed between the different phenotypes, suggesting that renal 
tract development may be sensitive to perturbations in gene dosage.  

While rare copy number variation seems to play a role in the pathogenesis of 
CAKUT, studies have so far been limited to the assessment of large, coding CNVs 
detected by microarray-based approaches. The contribution of smaller CNVs (< 
100kb), those affecting the non-coding genome, or other types of structural variation 

(e.g., deletions, duplications, inversions) has yet to be investigated.  

1.6.6 Epigenetics 

Epigenetics describes the reversible modifications made to a cell's DNA that 
influence gene expression without altering the DNA sequence itself. Examples 
include DNA methylation, which typically acts to repress or silence transcription, and 
histone modifications (e.g., methylation, acetylation, phosphorylation) which regulate 

chromatin structure and binding of effector molecules. At present little is known about 
whether these modifications contribute to the pathogenesis of CAKUT, although 
reports of differentially methylated regions in monozygotic twins discordant for renal 
agenesis (Jin et al. 2014) and hypomethylation of PAX2 in the ureters of patients 
with VUR (Zheng et al. 2015) suggest epigenomics may play a role. Large-scale 
epigenome-wide association studies (EWAS) are now feasible and have been used 
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to identify regions of differential methylation associated with kidney function, CKD 
and renal fibrosis (Chu et al. 2017). However, as the epigenome changes during life, 
epigenomic differences between cases and controls, even where statistically very 

different, do not imply causation in the same way that genetic differences do. 

1.7 Non-genetic causes of CAKUT 

1.7.1 Lower urinary tract obstruction  

Urinary tract obstruction in utero has been shown to damage the developing kidneys 
and bladder, with severity dependent on the timing and length of the obstruction 
(Farrugia 2016). This has been demonstrated in animal models where unilateral 
ureteral obstruction (UUO) or urethral obstruction results in hydronephrosis, 
abnormal cortical ureteric duct branching, renal cystic or dysplastic changes, and 
changes in renal growth and nephron number (Peters et al. 1992, Matsell et al. 
2002). The elevated hydrostatic pressure resulting from lower urinary tract 
obstruction leads to tubular dilatation and apoptosis, interstitial inflammation, 
glomerulotubular injury, and progressive interstitial fibrosis (Chevalier et al. 2010) 

with the severity of fibrosis correlating with kidney dysplasia. While there is some 
debate whether these malformations are solely related to fetal urinary obstruction as 
opposed to primary developmental defects which affect the entire urinary tract, in 
utero bladder decompression with vesico-amniotic shunting or fetal cystoscopy can 
be used in select cases to try and reduce the pressure effects on the developing 
kidneys. These interventions have not however been shown to impact postnatal 
renal outcomes (Morris et al. 2013, Martínez et al. 2015) indicating that the renal 
parenchymal damage was already irreversible at the time of diagnosis.    

1.7.2 Environmental factors 

Several epidemiological studies have examined the role of the intrauterine 
environment in the pathogenesis of CAKUT, with specific focus on maternal health. 
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Maternal diabetes has been linked with an increased risk of any major congenital 
malformation (Zhao et al. 2015) and there is a reported 50% increased risk of CAKUT 
in the children of mothers with diabetes, with an estimated 4.1% of CAKUT in the 

UK associated with gestational diabetes (Parimi and Nitsch 2020). The relative risk 
(RR) is higher in mothers with pre-existing diabetes (RR 1.97) than gestational 
diabetes (RR 1.39) highlighting the potential importance of normoglycemia during 
the critical period of organogenesis. Maternal hyperglycaemia in animal models has 
also been shown to reduce nephron number (Amri et al. 1999) and perturb ureteric 
branching morphogenesis in offspring (Hokke et al. 2013), providing further support 
for the role of abnormal glucose levels in the development of structural renal tract 
malformations. 

Vitamin A, and its active metabolite retinoic acid, play a key role in embryonic 
development regulating cell proliferation, patterning, and differentiation of tissues. 
Abnormal maternal vitamin A levels (both deficiency and excess) and retinoic acid 
receptor defects have been linked to congenital malformations including CAKUT 
(Wilson et al. 1953, Mendelsohn et al. 1994, Mark et al. 2009). In mouse models 
vitamin A/retinoic acid has been shown to regulate ureteric bud insertion into the 
cloaca and branching morphogenesis via its effects on key renal development 
mediator Ret (Batourina et al. 2001, Chia et al. 2011). Interestingly, variation in 
NRIP1 (nuclear receptor interacting protein 1) and GREB1L (growth regulation by 
estrogen in breast cancer 1-like), both cofactors that interact with retinoic acid 
receptors, has been associated with isolated CAKUT (Vivante, Mann, et al. 2017, 
Zheng et al. 2022) and renal agenesis (Brophy et al. 2017, De Tomasi et al. 2017, 
Sanna-Cherchi et al. 2017), respectively. This provides further support for a role of 
vitamin A/retinoic acid in the pathogenesis of CAKUT and raises the interesting 
prospect that maternal dietary modifications may impact susceptibility to CAKUT in 
offspring.  

Pre-pregnancy obesity has also been associated with an increased risk of CAKUT 
(Slickers et al. 2008, Hsu et al. 2014, Macumber et al. 2017, Jadresić et al. 2021) 
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with a recent meta-analysis reporting an OR of 1.14 (1.02-1.27). Other proposed 
maternal risk factors for CAKUT include smoking (Källen 1997, Slickers et al. 2008), 
excess alcohol intake (Slickers et al. 2008), folic acid use and in vitro fertilization 

(Groen In ’t Woud et al. 2016). However, the epidemiological literature in this field is 
somewhat inconsistent and subject to confounding. Further evidence is therefore 
needed before causality can be inferred.   

1.8 Summary 

In summary, there is clear evidence for a strong genetic component underlying the 
pathogenesis of structural renal and urinary tract malformations. While previous 

investigations have primarily focused on monogenic causes, only a minority of 
individuals receive a molecular diagnosis. This suggests that while there are likely 
to be more, yet unidentified, disease-causing genes, it is highly likely that the genetic 
architecture of this heterogenous disorder is distinctly more complex than previously 
thought. Furthermore, compound interactions between genetic and in utero factors 
are likely to contribute to the significant phenotypic variability seen in CAKUT, 
perhaps via common final pathways. The observation that transcription factors and 
key developmental pathway mediators are recurrently affected, for example, 
suggests shared mechanisms that disrupt the tightly regulated transcriptional 
networks governing embryogenesis.  

1.9 This Study 

In this study I use WGS data from the 100,000 Genomes Project to characterize the 
genetic architecture of structural renal and urinary tract malformations. Population-
based rare and common variant association testing was performed in over 800 cases 
and 20,000 controls of diverse ancestry seeking enrichment of single-
nucleotide/indel and structural variation on a genome-wide, per-gene, and cis-
regulatory element basis. This is the first time WGS has been used to 
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comprehensively investigate both coding and non-coding genetic variation in 
CAKUT, in one of the largest cohorts of patients studied so far, providing a unique 
opportunity to delineate the genetic basis of this heterogenous disorder. 
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Chapter 2: Methodology 

In this chapter I detail the methods used for cohort selection, data generation and 
data processing and provide an overview of key statistical genetics concepts 
including relatedness estimation, control of population structure and adjustment for 
multiple testing. I also discuss the key principles of SAIGE, the generalized linear 
mixed model approach used to carry out both single variant and region-based 
association testing. Custom code used in this thesis can be found at 
https://github.com/mmyc3/phd_thesis. 

2.1 The 100,000 Genomes Project 

The 100,000 Genomes Project (100KGP) was launched in the UK in 2012 with the 
aim of sequencing 100,000 genomes from patients with cancer, rare disease and 
their unaffected relatives (100,000 Genomes Project Pilot Investigators et al. 2021). 
Participants were recruited via 13 National Health Service (NHS) Genomic Medicine 
Centres across the UK. Recruitment completed in December 2018 and a total of 
118,448 genomes had been sequenced by January 2022. The Genomics England 

dataset (version 10) consists of WGS data, clinical phenotypes encoded using a 
standardized vocabulary of phenotypic abnormalities called Human Phenotype 
Ontology (HPO) codes (Köhler et al. 2021), and retrospective and prospectively 
ascertained NHS hospital records for 89,139 individuals. Ethical approval for the 
100KGP was granted by the Research Ethics Committee for East of England – 
Cambridge South (REC Ref 14/EE/1112). Written informed consent was obtained 
from all participants or their guardians.  

As one of the largest whole-genome sequencing datasets worldwide the 100KGP 
offers a unique opportunity to combine high-quality, high-coverage genomic data 
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with rich clinical and phenotypic information from a national health system. 
Furthermore, the ability to perform population-based association testing where both 
cases and controls have been sequenced on the same platform minimizes 
confounding by technical artefacts. Figure 2.1 provides an overview of the study 
workflow. 

2.1.1 Case selection 

Cases were recruited by clinicians as part of the 100KGP ‘Congenital Anomaly of 
the Kidneys and Urinary Tract (CAKUT)’ cohort with the following inclusion criteria:  

• CAKUT with syndromic manifestations in other organ systems 

• isolated CAKUT with a first-degree relative with CAKUT or unexplained ESKD 

• multiple distinct renal/urinary tract anomalies 

• CAKUT with unexplained ESKD before the age of 25 years  

Those with a clinical or molecular diagnosis of autosomal dominant or autosomal 
recessive polycystic kidney disease, or who had a known genetic or chromosomal 
abnormality were excluded. Testing of HNF1B and SALL1 was recommended prior 
to recruitment if there was a personal or family history of diabetes mellitus or 
imperforate anus, ear, or thumb abnormalities, respectively. A total of five probands 

had documented genetic testing prior to recruitment with either targeted sequencing 
and/or array-CGH with negative results.  
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Figure 2.1. Study workflow.  

CAKUT, congenital anomalies of the kidneys and urinary tract; MAF, minor allele frequency; GWAS, 
genome-wide association study. GRCh38 denotes the reference genome build.  
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2.1.2 Control selection 

The control cohort consisted of the unaffected relatives of non-renal rare disease 
participants from the 100KGP, excluding those with HPO terms and/or hospital 
episode statistics (HES) data consistent with kidney disease or failure. Given this 
cohort had not undergone specific ultrasound screening to exclude the presence of 
renal tract malformations, there remains a possibility that some controls may have 
asymptomatic CAKUT. However, with over 20,000 controls analyzed it is unlikely 
that the inclusion of a small number of asymptomatic individuals would significantly 
affect the outcome.    

2.2 Data Generation and Processing 

2.2.1 DNA extraction and preparation 

DNA collection, extraction and library preparation were performed by Genomics 
England. In summary, 99% of DNA samples were extracted from blood and prepared 
using EDTA, with the remaining 1% sourced from saliva, tissue, and fibroblasts. 
Samples underwent quality control assessment based on concentration, volume, 
purity, and degradation. Libraries were prepared using the Illumina TruSeq DNA 
PCR-Free High Throughput Sample Preparation kit to minimize PCR-induced 
sequencing bias. Where limited DNA was available (<1% samples) the Illumina 
TruSeq Nano High Throughput Sample Preparation kit was used. 

2.2.2 Whole-genome sequencing and alignment 

Whole-genome sequencing, alignment, and variant calling were performed by 
Genomics England. Samples underwent whole-genome sequencing in a single lane 
of an Illumina HiSeq X instrument generating 150bp paired-end reads which were 
uniformly processed on the Illumina North Star Version 4 Whole Genome 
Sequencing Workflow (version 2.6.53.23). With paired-end sequencing both ends of 
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the 150bp DNA fragment are sequenced, allowing reads to be aligned to the 
reference genome more precisely, particularly across difficult-to-sequence, 
repetitive regions of the genome. The reads were mapped to the latest Homo 
Sapiens NCBI GRCh38 reference assembly and decoys (partially assembled DNA 
sequences missing from the reference genome) using the Illumina Isaac Aligner 
(version 03.16.02.19). Alignments had to cover ≥ 95% of the genome at ≥15X with 
mapping quality > 10 for samples to be retained.  

It should be noted that participants recruited to the pilot stages of the 100KGP were 
originally sequenced and aligned to the NCBI GRCh37 reference genome, however 
the vast majority of CAKUT probands (83%) have been aligned (or re-aligned) to 
GRCh38. To exclude batch effects in downstream association analyses only 
genomes aligned to GRCh38 were used. The diagnostic yield, however, has been 
calculated using all recruited probands, aligned to either GRCh37 or GRCh38.    

Coverage (often denoted with an X) refers to the average number of times a single 
base is read during sequencing; the more frequently a base is sequenced the more 
reliable that base call is. Recommended coverage for WGS is >30X but this can be 
affected by regions with high or low GC-content which can be difficult to sequence. 
The 100KGP samples achieved a mean of 97.4% coverage at 15X with a median 
genome-wide coverage of 39X.  

High levels of heterozygosity can indicate cross-contamination of samples with DNA 
from other individuals, leading to false positive results. Samples with >2% cross-
contamination as determined by the VerifyBamID algorithm were therefore removed. 
Male and female subsets were analyzed separately for sex chromosome quality 
control.  

2.2.3 Variant calling  

The key challenge in variant calling is distinguishing true genetic variation from 
technical or sequencing artefacts. Variant calling algorithms incorporate quality 
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scores and allele counts to predict the likelihood of a genotype at each locus, 
comparing this to the reference genome and writing the output to a standardized 
gVCF for downstream analysis. In this study, small variants (SNVs and short 
insertions/deletions) were called using Illumina’s Starling software (version 2.4.7) by 
Genomics England.  

2.2.4 gVCF aggregation and variant-level quality control 

For ease of downstream analysis, gVCFs were aggregated by Genomics England 
using gvcfgenotyper (Illumina, version 2019.02.26) with variants normalized and 
multi-allelic variants decomposed using vt (Tan et al. 2015) (version 0.57721).  

Variants were retained if they passed the following filters:  

• missingness ≤ 5% 

• median depth ≥ 10 

• median genotype quality (GQ) ≥ 15 

• percentage of heterozygous calls not showing significant allele imbalance for 
reads supporting the reference and alternate alleles (ABratio) ≥ 25% 

• percentage of complete sites (completeGTRatio) ≥ 50% 

• P value for deviations from Hardy-Weinberg equilibrium (HWE) in unrelated 
samples of inferred European ancestry ≥1×10-5.  

HWE is a fundamental principle of population genetics which states that allele and 
genotype frequencies remain constant from generation to generation if mating is 
random and if mutation, selection, and migration do not occur. Significant departure 
from this equilibrium usually indicates genotyping or sequencing errors but may also 
occur with population stratification or even true associations. For this reason, it is 
recommended to assess HWE in controls separately to avoid removing potentially 
true disease associations. 



Chapter 2: Methodology 

 

 

82 

2.2.5 gVCF annotation 

Variant annotation was performed using the Ensembl Variant Effect Predictor 
(McLaren et al. 2016) (VEP, version 98.2). Annotations included overall and 
ancestry-specific allele frequencies from the large publicly available sequencing 
databases gnomAD (Karczewski et al. 2020) (version 3) and TOPMed (Taliun et al. 
2019) (Freeze 5) as well as Combined Annotation Dependent Depletion (CADD) 
scores  (version 1.5).  

CADD is a tool that incorporates >60 different annotations (including evolutionary 
constraint, epigenetic modifications and functional predictions) via a machine 
learning model to generate a deleteriousness metric for all ~9 billion potential coding 
and non-coding SNVs (and some short indels) throughout the human genome 
(Rentzsch et al. 2019). It is widely used to prioritize variants in genetic analyses 
where a CADD PHRED-scaled score > 20 predicts a variant to be in the top 1% of 
deleterious variants in the human genome. Numerous other ensemble methods 
have been released since the development of CADD including DANN (Quang et al. 
2015) which is trained on the same dataset as CADD, and REVEL for missense 
variants (Ioannidis et al. 2016), however CADD scores offer the most comprehensive 
genome-wide metric across a wide range of functional categories and genetic 
architectures and remain the tool of choice for variant prioritization at present.  

2.2.6 Bioinformatics tools 

Variant filtering was carried out using the command line tools bcftools (version 1.11) 
(Danecek et al. 2021) and BEDTools (version 2.27.1) (Quinlan and Hall 2010). Data 
manipulation, analysis and plot generation were executed in R (version 4.0.3) using 
the dplyr (https://dplyr.tidyverse.org) and ggplot2 (Wickham 2011) packages.  

The R packages qqman (Turner 2014) and GWASTools (Gogarten et al. 2012) were 

used to create Manhattan and Quantile-Quantile (Q-Q) plots, respectively, and 
LocusZoom (version 1.4) (Pruim et al. 2010) to visualize regions of interest.  
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2.3 Relatedness Estimation 

Inclusion of related individuals in population-based association studies can result in 
spurious associations and biased estimates of the standard error of effect sizes if 
not properly accounted for. It is therefore common practice to perform case-control 
association studies using ‘unrelated’ individuals, usually defined as more distant 
than second-degree relatives.   

Given closely related individuals are more likely to share identical alleles, genetic 
relatedness can be estimated by determining the proportion of loci where a pair of 
individuals share 0, 1, or 2 alleles inherited from a common ancestor and that are 
identical-by-descent (IBD). These IBD estimates can be used to calculate a pair-

wise kinship coefficient (f), defined as the probability that a randomly selected allele 

from two individuals is IBD. A kinship coefficient of 0.5, 0.25 and 0.125 is equivalent 
to monozygotic twin/duplicate, first-degree (parent-offspring or full-sibling) and 
second-degree relative, respectively.  

To determine genetic relatedness within and between cases and controls I used a 
set of 127,747 high quality autosomal biallelic SNVs with MAF > 1% that had been 
generated using PLINK (version 1.9) (Purcell et al. 2007) by Genomics England. 
SNVs were included if they met all the following quality control criteria:  

• missingness < 1% 

• median GQ ≥ 30 

• median depth ≥ 30 

• AB Ratio ≥ 0.9 

• completeness ≥ 0.9 

Ambiguous SNVs (A/C or G/T) where it is unclear which allele is on the forward or 
reverse strand were excluded. To prevent confounding of genetic relatedness 
estimation, LD pruning was performed using a squared correlation coefficient (r2) 
threshold of 0.1 and window of 500kb to remove correlated variants as well as those 
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in regions of long-range high LD 
(https://genome.sph.umich.edu/wiki/Regions_of_high_linkage_disequilibrium_(LD). 
SNVs out of HWE in any of the African (AFR), East Asian (EAS), European (EUR) 
or South Asian (SAS) 1000 Genomes populations were also removed (pHWE < 
1×10-5).  

Using this final variant set, I employed the PLINK 2.0 (Chang et al. 2015) 
implementation of the KING-Robust algorithm (Manichaikul et al. 2010) which 
provides robust relationship inference in the presence of population substructure, 
unlike other algorithms which assume a homogenous population and reliable 
estimates of allele frequency. Using this approach, I first generated pairwise kinship 
matrices for case and control cohorts separately and ascertained a subset of 
unrelated samples using a kinship coefficient threshold of 0.0884 (second degree 
relationships). I then recalculated the kinship matrix for the combined case-control 
cohort, removing any controls that had evidence of close genetic relatedness to the 
cases using a custom Python script (Mr. Catalin Voinescu, UCL).  

2.4 Population Stratification  

Population structure presents a challenge for genetic association studies. 
Differences in allele frequencies between populations arise due to non-random 
mating within geographically isolated groups, genetic drift (random fluctuations in 
allele frequency) or low rates of migration and gene flow (the transfer of genetic 
material from one population to another). This can result in inflation of test statistics 
and false positive associations if cases and controls are sampled from different 
underlying populations. To address this, various statistical approaches to minimize 
confounding by population structure can be used either alone or in combination. 
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2.4.1 Genomic control 

Genomic control uses the distribution of test statistics to estimate an overall genome-

wide inflation factor (l) by which the test statistics are then rescaled (Devlin and 

Roeder 1999). The same correction is applied to all variants irrespective of 
differences in population allele frequency which can be insufficient for some variants 
and lead to a loss of power in others.  

2.4.2 Principal components analysis (PCA) 

PCA uses LD-pruned genome-wide variant data to compute the eigenvectors and 
eigenvalues of a correlation matrix between individuals (Patterson et al. 2006, Price 
et al. 2006). These principal components (PCs) infer continuous axes of genetic 
variation which can be used to model ancestry differences. Usually, the top ten PCs 
are included as fixed (non-random) effects in the regression model. While PCA is 
widely used, it is less reliable at estimating population substructure and loses power 
when sample sizes are small (Yu et al. 2008, Stoltzfus 2011). 

2.4.3 Case-control matching  

This can be performed using principal components (Luca et al. 2008), genetic 
similarity (Guan et al. 2009) or stratification (Epstein et al. 2012) scores to optimize 
genomic similarity between cases and controls.   

2.4.4 Linear mixed models (LMM)  

LMMs are now standard practice in association studies and can be applied to both 
continuous and binary traits (Kang et al. 2010, Chen, Wang, et al. 2016). This 
variance component approach estimates the genomic similarity between pairs of 
individuals using an empirical genomic relationship matrix (GRM) generated using 
genome-wide data. The GRM is then incorporated as a random effect when fitting 
the null model. Although computationally intensive, LMMs have the added 
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advantage that they can account for both known and cryptic relatedness as well as 
inter- and intra-population structure.  

2.4.5 Control of population structure 

Given the mixed ancestry composition of the cohort, two of the above approaches 
were chosen to minimize the effects of population structure in the association 
analyses. First, case-control ancestry matching was performed using a custom R 
script (https://github.com/APLevine/PCA_Matching). Cases were matched to 
controls within a distance threshold calculated using the top ten principal 
components (generated using PLINK 2.0 (Chang et al. 2015) from 127,747 high 
quality autosomal biallelic SNVs with MAF > 1%) weighted by the percentage of 
genetic variation explained by each component (Figure 2.2). Only controls within a 
specified distance of a case were included, with each case having to match a 
minimum of two controls to be included in the final cohort.  
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Figure 2.2. Principal component analysis.  

Ancestry matching of 817 CAKUT cases to 25,718 controls. Each case had to match a minimum of 
two controls to be included in the analysis. The orange dots represent the 4 cases that were excluded. 
513 controls were removed (grey circles).   

 

Following this, a logistic mixed model approach as implemented by SAIGE (Zhou et 
al. 2018) and SAIGE-GENE (Zhou et al. 2020) was used to further control for both 
population structure and cryptic relatedness in this ancestry-matched cohort.  
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2.4.6 European cohort selection 

A European-only cohort was used for the CAKUT heritability analysis and PUV 

sequencing-based GWAS. Individuals with ³ 0.8 probability of European ancestry as 

determined by a random forest model (Ntrees=400) trained on the first eight principal 
components generated from 1000 Genomes Project (Phase 3) data (implemented 
by Genomics England) were extracted. PLINK 2.0 (Chang et al. 2015) was used to 
calculate ten principal components across the European cohort with cases matched 
to controls using the ancestry-matching algorithm described in Section 2.4 
(https://github.com/APLevine/PCA_Matching).  

2.5 SAIGE 

With the arrival of biobanks containing hundreds of thousands of individuals, large-
scale genetic association testing has grown exponentially. This presents substantial 
challenges to computational and memory requirements as well as difficulties in 
controlling the inflated type 1 error rates seen with binary traits and when case-
control ratios are very unbalanced (case: control < 1:100). Recently, SAIGE 

(Scalable and Accurate Implementation of GEneralized mixed model), and its 
extension SAIGE-GENE, have been developed to address these issues and have 
subsequently been widely adopted by the statistical genetics community for 
genome-wide single variant and exome-wide region-based association testing in 
large cohorts (Zhou et al. 2018, 2020). The key principles underlying SAIGE are 
described below.  

2.5.1 Generalized logistic mixed model 

SAIGE infers and accounts for sample relatedness and population structure using a 
logistic mixed model which can be written as 

!"#$%('!) = *!+ +	.!/ + 	0! 
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where '!  is the probability of individual $  being affected conditional on their 
covariates, genotype, and random effects. *! 	is a vector of covariates (e.g., sex and 
top ten principal components), + is a vector of fixed covariate effects including the 
intercept, .! represents a matrix of allele counts (0,1,2) for each qualifying variant 
and /	is the fixed genotype effect. 0! is a vector of random effects that incorporates 
relatedness (and consequently population structure) between individuals estimated 
using an N x N GRM. SAIGE also employs optimization strategies to reduce the 
computational cost of fitting the null logistic mixed model meaning this approach can 
be efficiently applied to large sample sizes. 

2.5.2 Saddlepoint approximation 

When case-control ratios are unbalanced single variant test statistics do not follow 
a normal distribution resulting in an inflated type 1 error rate. SAIGE incorporates a 
robust adjustment called the saddlepoint approximation (SPA) to control for this (Dey 
et al. 2017). The SPA is used to estimate the null distribution, calibrating the 
distribution of test statistics to generate more accurate P values. When variants are 

rare (minor allele count [MAC] £ 10) however, this approach is less accurate and 

efficient resampling is employed, performing permutation testing in only those who 
carry the minor allele to estimate the sampling distribution and generate empirical P 
values. 

2.5.3 Workflow 

 SAIGE and SAIGE-GENE (https://saigegit.github.io//SAIGE-doc/) consist of two 
main steps: 

1.  Fitting the null generalized logistic mixed model (GLMM) which includes sex 
and the top ten principal components as covariates (fixed effects) but no individual 
genetic variants (see Section 2.5.1). The GRM is constructed using variants with 
MAF > 1% and the resulting variance components used as random effects.  
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2.  Testing for association between each variant (using a score test for 
hypothesis testing under a likelihood-based framework) or qualifying variant set 
(using SKAT-O) and the phenotype. The saddlepoint approximation is used to 
account for case-control imbalance. 

There are several limitations with the SAIGE approach which are relevant to this 
study. It has been shown to be slightly conservative when case-control ratios are 
very unbalanced and estimation of effect sizes (/) is biased for rare variants (when 
Firth logistic regression should be used instead).  

2.6 Stratification by Phenotype 

Each association analysis was first carried out using the entire CAKUT cohort before 
being stratified by phenotype. HPO codes were used to group probands into 
separate cohorts (Table 2.1). Individuals with more than one anomaly were included 
in multiple groups. 

 

Table 2.1. HPO codes used to stratify by phenotype.  

Cohort HPO codes 

Kidney anomalies 

abnormal renal morphology (HP:0012210), renal dysplasia 
(HP:0000110), renal hypoplasia/aplasia (HP:0008678), renal 
hypoplasia (HP:0000089), renal agenesis (HP:0000104), 
unilateral renal atrophy (HP:0008717) 

Obstructive uropathy  
 
Excluding PUV and bladder 
exstrophy   

abnormal renal collecting system morphology (HP:0004742), 
abnormality of the renal pelvis (HP:0010944), dilatation of the 
renal pelvis (HP:0010946), hydronephrosis (HP:0000126), 
hydroureter (HP:0000072), congenital megaureter 
(HP:0008676), ureteropelvic junction obstruction (HP:0000074), 
ureteral obstruction (HP:0006000), ureterovesical junction 
obstruction (HP:0030735) 
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VUR vesicoureteral reflux (HP:0000076) 

PUV congenital posterior urethral valve (HP:0010957) 

Cystic dysplasia 

multicystic kidney dysplasia (HP:0000003), polycystic kidney 
dysplasia (HP:0000113), cystic renal dysplasia (HP:0000800), 
renal cortical cysts (HP:0000803), multiple renal cysts 
(HP:0005562), renal cyst (HP:0000107) 

Bladder exstrophy bladder exstrophy (HP:0002836) 

 

All individuals included in the association analyses were unrelated and ancestry-
matched to controls. Table 2.2 details the final numbers of cases and controls 
included in each cohort. 

 

Table 2.2. Number of unrelated, ancestry-matched cases and controls per phenotype. 

 

Phenotype Cases Controls 

CAKUT 813 25,205 

Kidney anomalies 237 22,733 

Obstructive uropathy 177 24,451 

VUR 174 22,562 

PUV 132 23,727 

Cystic dysplasia 112 24,084 

Bladder exstrophy 97 22,037 

2.7 Power 

Determining power for region-based association testing is challenging due to the 
large number of parameters that need to be considered, including the allele 
frequencies and effect sizes of individual variants. To this end, PAGEANT (Derkach 
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et al. 2018) was developed to generate power calculations for gene-based collapsing 
tests using the underlying distribution of gene size and MAF of variants from the 
ExAC dataset (Lek et al. 2016). This tool was used to determine the minimum 
proportion of cases that could be explained by a single gene detected with 80% 
power in the rare variant analyses (see Chapter 3), under the assumption that 80% 
of qualifying variants were causal with an exome-wide significance threshold of 
P=2.5x10-6.    

Statistical power for the discovery and replication single-variant association analysis 
was calculated using the R package genpwr (Moore et al. 2019) under an additive 

model using the conventional genome-wide significance threshold of P<5x10-8. 
Figure 2.3 illustrates the power of the mixed-ancestry GWAS at varying allele 
frequencies and ORs for the entire CAKUT cohort. With this sample size at an allele 
frequency of 1%, single variant association testing is sufficiently powered (> 80%) to 
detect alleles with an OR > 3.  
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Figure 2.3. Statistical power for CAKUT GWAS.  

Power to detect single variant association under an additive model for 813 CAKUT cases and 25,205 
controls at a genome-wide significance threshold of 5x10-8. MAF, minor allele frequency.  

 

2.8 Statistical Significance  

Determining a threshold of statistical significance that minimizes false positives while 
maintaining power is critical to making reliable inferences from scientific studies. 
Genetic association studies present a particular challenge in this regard due to the 
multiple markers and hypotheses tested; the likelihood of observing a statistically 
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significant association by chance increases with the number of tests carried out, and 
with it the likelihood of rejecting the null hypothesis when it is true (Type 1 error). 
Several different statistical methods can be used to control for multiple testing in 
association studies each with their own advantages and disadvantages. 

2.8.1 Bonferroni correction 

The widely used Bonferroni correction sets the significance threshold at a/n, where 

a is the desired significance level i.e., 0.05 and n is the number of independent tests 

carried out. This controls the probability of obtaining at least one type 1 error but can 
be overly conservative due to the assumption that every variant is independent of 

the rest. Use of the Bonferroni correction is appropriate when even a single false 
positive would be a problem but may result in missed findings due to a high false 
negative (type 2 error) rate.  

2.8.2 False discovery rate 

The false discovery rate (FDR) can be controlled by determining an acceptable 
proportion of false positives among all significant results e.g., 5% or 1% (Benjamini 

and Hochberg 1995). FDR-controlling procedures have greater power than the 
Bonferroni correction but at the cost of an increased type 1 error rate. They can 
however be useful for hypothesis-generating experiments.  

2.8.3 Permutation 

Permutation testing generates a distribution of the test statistic under the null 
hypothesis (rather than assuming an underlying distribution) to calculate an 

empirical P value. This involves resampling the observed data, randomly shuffling 
case and control labels and calculating a test statistic for each permutation 
thousands of times. While computationally intensive it can be advantageous when 
the underlying sampling distribution is unknown. 
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2.8.4 Bayesian approaches 

Bayesian methods are considered more ‘intuitive’ than classical frequentist 
approaches which rely purely on null hypothesis significance testing. Bayesian 
approaches incorporate prior probabilities (e.g., effect size is related to MAF) as well 
as power to generate a conditional probability based on the observed data and can 
quantify the degree to which the observed data supports or conflicts with a 
hypothesis. Bayes Factors (defined as the ratio of the probability of the data under 
the null and alternative hypotheses) have been proposed as an alternative to P 
values but have not been widely adopted due to computational constraints and 
concerns regarding the subjectivity of specifying prior probabilities (Wakefield 2009).  

2.8.5 Significance thresholds 

In this study I used the Bonferroni correction to adjust P values for both the rare 
SNV/indel and structural variant association analyses on the basis that observed 
signals in these types of study are often difficult to replicate and therefore a stringent 
statistical significance threshold is required to minimize noise. As mentioned above, 
one limitation of this approach is that true signals may be missed. Significant 
associations identified in the structural variant burden testing were confirmed using 
a permutation approach due to uncertainty regarding the underlying sampling 
distribution.  

For the single variant association analysis, I adopted the conventional and widely 
implemented GWAS genome-wide significance threshold of 5x10-8. This threshold 
was originally proposed by the International HapMap Consortium (International 
HapMap Consortium 2005) based on estimates of the number of common 

independent variants (r2 < 0.8) with MAF ³ 5% in a European ancestry population 

(~1 million). The same threshold is generally applied across all sample sizes and 
allele frequencies, with no regard to power.  
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With the recent proliferation of sequencing-based association studies, use of this 
conventional 5x10-8 threshold has come under increased scrutiny. Inclusion of rare 
and low-frequency variants increases the number of independent tests carried out 
and consequently the false positive rate. Furthermore, given the greater genetic 
diversity seen, particularly in individuals of African ancestry, there is an argument to 
be made for a more conservative significance threshold in non-European 
populations. In view of this, more stringent P value thresholds for association testing 

of single variants with MAF ³ 0.1% of 1x10-8  and 5x10-9 have been proposed, based 

on simulations using WGS data in European individuals (Fadista et al. 2016) and the 

1000 Genomes Project (Lin 2019), respectively, but are yet to be widely 
implemented. 

2.9 Summary 

In this chapter I have provided an overview of the shared methodology underlying 
the analyses detailed in this thesis and introduced some fundamental concepts 
which are key to understanding the statistical genetics approaches employed. More 

specific methodological considerations and detailed descriptions of the approaches 
used will be described in the subsequent chapters.
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Chapter 3: CAKUT as a monogenic disorder 

3.1 Introduction 

The importance of rare variants in Mendelian disease is well established with many 
phenotypes explained by highly penetrant, rare alleles with large effects. Natural 
selection prevents these damaging alleles from becoming common in the general 
population, often through a reduction in reproductive fitness. For this reason, rare 
variants are more likely to be clinically significant and are predicted to provide more 
direct insights into disease biology. As discussed in Section 1.6, the vast majority of 

published literature concerning the genetics of CAKUT relates to the identification of 
rare variants and single-gene defects in individuals and families with renal tract 
malformations, with these findings cited as support for a predominantly monogenic 
basis for the disorder (van der Ven, Vivante, et al. 2018). In this chapter I explore 
the contribution of rare (defined here as MAF < 0.1%), coding variants to the genetic 
architecture of structural renal and urinary tract malformations and discuss whether 
CAKUT can truly be considered a monogenic disease. 

3.2 Aims 

1. To determine the prevalence of known monogenic disease in a large cohort of 
patients with structural renal and urinary tract malformations and identify clinical 
factors that predict the likelihood of receiving a molecular diagnosis. 

2. To discover novel candidate genes using an unbiased exome-wide rare variant 
association testing approach. 
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3.3 Methods 

3.3.1 Identification of pathogenic variants 

All probands underwent assessment via the Genomics England clinical 
interpretation pipeline to determine a genetic diagnosis (100,000 Genomes Project 
Pilot Investigators et al. 2021). This workflow extracts rare (MAF < 1% for autosomal 
recessive and MAF < 0.1% for autosomal dominant inheritance), protein-truncating 
and missense variants that intersect with an expert-curated panel of 57 CAKUT-
associated genes (https://panelapp.genomicsengland.co.uk/panels/234/). CNV 
losses which had ≥ 80% reciprocal overlap with the 17q12 region (encompassing 
HNF1B), 16p11.2 (encompassing TBX6), and NPHP1 were also identified and 
visualized using Integrative Genomics Viewer (IGV; version 2.9.4). Compound 
heterozygosity was confirmed where parental DNA was available. 

Multi-disciplinary review of candidate variants, considering segregation with disease 
within a family and mode of inheritance, was undertaken by the local Genomic 
Medicine Centre with application of the Association for Clinical Genomic Science 
(ACGS) Best Practice Guidelines for Variant Classification in Rare Disease 
(https://www.acgs.uk.com/media/11631/uk-practice-guidelines-for-variant-
classification-v4-01-2020.pdf) to determine pathogenicity. These well-defined 
criteria are based on the  American College of Medical Genetics and Genomics 
(ACMG) guidelines (Richards et al. 2015) which objectively integrate variant 
information including population frequency, computational predictions of 
deleteriousness, functional domain localization, putative mechanism of disease and 
previous associations with phenotypes in reputable databases to assign one of the 
following classifications: pathogenic, likely pathogenic, variant of uncertain 
significance (VUS), likely benign or benign.  
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Multivariable logistic regression analysis was carried out using the ‘glm’ function in 

R to determine significant predictors of a molecular diagnosis using age, sex, family 
history, consanguinity, and the presence of extra-renal features as factor variables.  

3.3.2 Aggregate rare coding variant analysis 

3.3.2.1 Overview of rare variant association tests 

The analysis of rare variants is more challenging than common variants for two 
reasons. First, large sample sizes are needed to call rare variants with high 
confidence and second, single variant association testing is underpowered when 
variants are rare (Lee, Abecasis, et al. 2014). In this cohort, for example, the power 
to detect association of a variant with an OR of 2 drops from 96% at a MAF of 0.05 
to 1.9% at a MAF of 0.01. To address this, several approaches have been proposed 
to increase power in rare variant association studies including extreme-phenotype 
sampling or the use of population isolates where rare causal alleles are likely to be 

enriched, although the generalizability of such results to the underlying population is 
questionable.  

Over the last few years statistical methods often referred to as ‘collapsing tests’ have 
become a useful way to boost power where the cumulative effect of multiple variants 
within a gene, region or pathway can be tested for association with a disease or trait. 
This approach is useful in the context of allelic heterogeneity where a single variant 

explains only a small fraction of disease risk and multiple different variants in the 
same gene can contribute to a phenotype. These collapsing, or rare variant 
association tests, can be broadly split into burden and variance-component tests; 
the choice of which is dependent on the underlying genetic architecture of the trait 
being studied.  

3.3.2.1.1 Burden tests  

Burden tests collapse rare variants within a region into a single genetic score which 
is then tested for association with the trait of interest. An example of this using an 
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additive model would be counting the number of minor alleles across all variants in 
a region. In such a case the burden test statistic can be represented by: 

1"#$%&' =	234(
)

(*+
5(6

,

 

where 7 = the number of variants in the region, 4( =	 the weight for variant 8 (e.g., 

using MAF), and 5( =	the score statistic for variant 8	generated from the sum of allele 

counts (0,1, or 2) for each individual at variant 8, accounting for phenotype. 5( 	is 

positive when variant 8 increases disease risk, and negative when associated with 
decreased disease risk. A P value is then obtained by comparing the burden test 
statistic to a :, distribution with 1 degree of freedom (Lee, Abecasis, et al. 2014).  

Various interpretations of the burden test exist including the Cohort Allelic Sums Test 
(CAST) (Morgenthaler and Thilly 2007), Combined Multivariate and Collapsing 
(CMC) (Li and Leal 2008) and weighted sum test (WST) (Madsen and Browning 
2009), most of which assume a dominant inheritance model. Adaptive burden tests 
which incorporate variable allele frequency thresholds and functional weights have 
also been proposed but can be computationally intensive to implement due to the 
need for permutation testing to estimate P values (Price et al. 2010). As a rule, 
burden tests assume that a large proportion of variants are causal and influence the 
phenotype in the same direction (i.e., all are deleterious or protective) with the same 
magnitude of effect (Lee, Abecasis, et al. 2014). Violation of these assumptions can 
result in a loss of power.  

3.3.2.1.2 Variance-component tests  

Variance-component or dispersion methods test for association by evaluating the 
distribution of genetic effects for a group of variants. A commonly used approach is 
the sequence kernel association test (SKAT) which aggregates single variant score 
test statistics to compute an overall P value, adjusting for covariates to account for 
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population stratification (Wu et al. 2011). The SKAT test statistic consists of the 
weighted sum of squares of single variant score statistics 5(: 

1-./0 =	34(,5(,
)

(*+
 

As SKAT collapses 5(, rather than 5( (as seen in burden tests), it allows for variants 

with both positive and negative effects, making it robust to the inclusion of non-
causal variants and to the direction and magnitude of effect. However, if a large 
proportion of variants are causal, variance-component tests lose power and a burden 
test is preferred.  

3.3.2.1.3 Combined tests 

As discussed above, the power of burden and variance-component tests can be 

significantly impacted by the underlying genetic architecture of the disease of 
interest; however prior knowledge of this is often lacking in practice and can vary 
from gene to gene. This has led to the development of a data-adaptive optimal test 
which determines the best linear combination of burden and SKAT tests based on 
the underlying data to maximise power (Lee, Emond, et al. 2012). This SKAT-O 
combined test statistic is represented by: 

11 = (1 − =)1-./0 + 	=1"#$%&' 

where = is a parameter which represents the pair-wise correlation between variant 
effect coefficients (/). For example, if all variants are acting in the same direction, 
= = 1 and the test statistic approximates to 1"#$%&'. If the variant coefficients are 
uncorrelated indicating the direction and magnitude of effects are different, then = =
0	and the test statistic approximates to 1-./0 . SKAT-O adaptively estimates the 
optimal value of = based on the underlying data and has been shown to perform well 
across a wide range of disease models. 
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3.3.2.2 Selection of qualifying variants 

A key consideration when using a region-based approach is the choice of ‘qualifying’ 
variants. In general, inclusion of variants that are more likely to be disease-causing, 
i.e., rare, loss-of-function or those predicted in silico to be damaging, will increase 
power to detect association. Based on these assumptions, I extracted coding SNVs 
and indels to generate two different sets of qualifying variants: 

1. Likely deleterious: 

• MAF < 0.1% or absent from gnomAD (version 3.1.1)  

• Annotated as missense, in-frame insertion, in-frame deletion, start loss, stop 
gain, frameshift, splice donor or splice acceptor 

• CADD (version 1.5) score ≥ 20 corresponding to the top 1% of all predicted 
deleterious variants in the genome. Indels with missing CADD scores were 
also kept as most frameshift variants do not have assigned CADD scores. 

2. Loss-of-function: 

• MAF < 0.1% or absent from gnomAD (version 3.1.1) 

• ‘High confidence’ loss-of-function variants (stop gain, splice site, or 
frameshift) as determined by LOFTEE (Karczewski et al. 2020).  

Variants meeting the following quality control (QC) filters were retained: MAC ≤ 20, 
median site-wide depth in non-missing samples > 20, median GQ ≥ 30. Variants with 
significantly different missingness between cases and controls (P < 10-5) or > 5% 
missingness overall were excluded. Sample-level QC metrics for each site were set 
to minimum depth per sample of 10, minimum GQ per sample of 20, ABratio P value 
> 0.001 (allelic imbalance can indicate sequencing errors). 

3.3.2.3 SAIGE-GENE 

Given that the underlying genetic architecture of CAKUT is largely unknown I chose 
to use the combined rare variant association test SKAT-O (Lee, Emond, et al. 2012) 
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to maximise power. SKAT-O can be implemented via the R package SAIGE-GENE 
(version 0.42.1) (Zhou et al. 2020), a recently proposed method for region-based 
association analysis. This approach uses a GLMM to account for population 
structure and cryptic relatedness and provides a robust adjustment for the high false 
positive rate seen in case-control imbalanced cohorts with binary traits (see Section 
2.5 for more detail).  

Chromosome X was analysed separately for males and females. A Bonferroni 
adjusted P value (0.05/number of genes) was used to determine the exome-wide 
significance threshold. 

3.4 Results 

3.4.1 Diagnostic yield of WGS in CAKUT 

3.4.1.1 Cohort description 

A total of 1,091 individuals from 1,003 families with CAKUT were recruited to the 
100KGP, of whom 992 were probands: 32.5% were recruited as singletons, 30.8% 
as trios, and 29.8% as duos. This is one of the largest reported cohorts of CAKUT 
patients studied to date, and the largest to have undergone WGS. Table 3.1 
summarizes the clinical and demographic data for the 992 probands. The cohort had 
a median age of 17 years, 13.3% had an affected first-degree relative, and 28.5% 
had extra-renal manifestations.  
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Table 3.1. Demographics and clinical characteristics of the CAKUT cohort (n=992). 

  
Number of 
individuals (%) 

Median age (range)  17 (3-82) 

Males (%)  627 (63.2) 

Self-reported ethnicity   

 White (%) 634 (63.9) 

 South Asian (%) 92 (9.3) 

 Mixed/Other (%) 52 (5.2) 

 Black (%) 28 (2.8) 

 Chinese (%) 3 (0.3) 

 Unknown (%) 183 (18.4) 

CAKUT phenotypes   

 Kidney anomaly (%) 355 (35.8) 

 Obstructive uropathy (%) 228 (23.0) 

 VUR (%) 227 (22.9) 

 Posterior urethral valves (%) 169 (17.0) 

 Cystic dysplasia (%) 149 (15.0) 

 Bladder exstrophy (%) 108 (10.9) 

 Duplex kidney (%) 57 (5.7) 

 Ectopic kidney (%) 36 (3.6) 
   

Extrarenal manifestations (%)  283 (28.5) 

 Neurodevelopmental delay (%) 61 (6.1) 

 Hearing impairment (%) 27 (2.7) 

 Cardiac anomalies (%) 21 (2.1) 

Family history (%)  132 (13.3) 

Reported consanguinity (%)  58 (5.8) 

End-stage kidney disease (%)  211 (21.2) 

Median age ESKD (range)  12 (0-70) 
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The most frequently reported HPO terms in the cohort were hydronephrosis (27.0%), 
VUR (22.9%) and abnormality of the bladder (19.0%) (Figure 3.1).  

 

Figure 3.1. Most frequently reported HPO terms in the CAKUT cohort (n=992).  

HPO, human phenotype ontology. 

 

3.4.1.2 Prevalence of monogenic disease  

I first aimed to assess the diagnostic utility of WGS and determine the prevalence of 
known monogenic disease in this cohort. Of the 992 probands recruited, 975 (98.3%) 
had undergone multi-disciplinary review of candidate variants from 57 CAKUT-
associated genes, classified according to ACGS guidelines. In those who had not 
yet undergone multi-disciplinary review, I manually curated variants prioritized using 
Exomiser (https://github.com/exomiser/Exomiser) and reviewed CNV calls for 
17q12, 16p11.2 and NPHP1 to identify any additional potentially disease-causing 
variants. Overall, 4.3% (43/992) had a molecular diagnosis (Table 3.2), with 74.4% 
(32/43) of the diagnoses fully explaining the renal/urinary phenotype. Excluding 
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individuals with PUV and bladder exstrophy, in whom a monogenic cause has not 
yet been identified, the diagnostic yield was 6.0% (43/715). 

In those with isolated CAKUT, pathogenic or likely pathogenic variants in HNF1B 

(2), PAX2 (2), PBX1 (2), TBX6 (1), GREB1L (1) and WT1 (1) were identified. 
Pathogenic CNVs were detected in five individuals with cystic dysplasia: 17q12 
deletions affecting HNF1B (4) and a 16p11.2 microdeletion encompassing TBX6 (1). 
32.6% (14/43) had pathogenic or likely pathogenic variants affecting kidney disease 
genes not classically associated with CAKUT: PKD1 (5), PKHD1 (2), CEP290 (2), 
NPHP3 (1), COL4A5 (1), CUBN (1), SLC3A1 (1), and CLCN5 (1), which in some 
cases may represent clinical misclassification or recruitment to the wrong cohort. An 
additional 25.6% (11/43) had a monogenic cause for a non CAKUT-associated 
syndrome identified (e.g., Noonan syndrome, Usher syndrome) which did not fully 
explain the observed renal and/or urinary tract anomalies. Excluding these eleven 
patients, five individuals with non-CAKUT diagnoses who may have been included 
in error (NF1, CLCN5, CUBN, SLC3A1, COL4A5), and ten more with clear 
cystic/ciliopathy disease (PKD1, PKHD1, NPHP3, CEP290) the diagnostic yield falls 
to just 2.5% (17/689).  
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Table 3.2. Clinical and molecular features of 43 CAKUT probands with a genetic diagnosis in the 100KGP.  

FH, family history; CONS, consanguinity; ESKD, end-stage kidney disease; CHR, chromosome; POS, position (GRCh38); REF, reference allele; ALT, 
alternate allele; GT, genotype; ACGS, Association for Clinical Genomic Science; HGVS, human genome variation society; AF, allele frequency; MIM, 
Mendelian Inheritance in Man; HPO, human phenotype ontology; F, female; M, male; N, no; Y, yes; het, heterozygous; comp het, compound heterozygous; 
hom, homozygous; hemi, hemizygous; CNV, copy number variant.  

AGE 
SEX FH CONS Age at 

ESKD Gene CHR POS REF ALT Impact GT ACGS HGVS rsID gnomADg 
AF CADD Diagnosis (MIM) HPO terms 

10-14 
F N N NA SF3B4 1 149923731 T C 

splice 
acceptor 

het 
pathogenic 
PVS1 PM2 PP3 

ENST00000271628.
9:c.1088-2A>G 

 . 34 
Acrofacial dystosis 1, 
Nager type (154400) 

abnormality of skeletal morphology, 
abnormal facial shape, recurrent 
urinary tract infections, renal 
hypoplasia, velopharyngeal 
insufficiency, hearing impairment 

5-9 
F 

. 
. 

N <5 PBX1 1 164559964 C T stop gain het 
pathogenic 
PVS1 PM2 PP3 

ENST00000340699.
7c.142C>T 
ENSP00000341455.
3:p.Gln48Ter 

 . 38 CAKUT (617641) 

renal hypoplasia, renal dysplasia, 
preauricular pit, abnormality of the 
respiratory system, abnormal heart 
morphology 

5-9 
F N N NA PBX1 1 164807592 AT A 

frameshift 
truncation 

het 
pathogenic 
PVS1 PM2 PP3 

ENST00000401534:
c.755del 
p.Phe252Serfs*18 

 . . CAKUT (617641) 
vesicoureteral reflux, stage 3 chronic 
kidney disease, renal dysplasia 

10-14 
M . N NA USH2A 1 

216247094
216321897 

TC 
T 

T 
G 

frameshift 
variant; 
missense 

comp 
het 

pathogenic 
PVS1 PM2 PP3 
PP5; VUS 
PM2 PP3 

ENST00000307340.
8:c.2299del, 
ENSP00000305941.
3:p.Glu767SerfsTer2
1; 
ENST00000307340:
c.1630A>C, 
p.Thr544Pro 

 5.0x10-4 

. 
23.8 
25.9 

Usher syndrome, type 
2A (276901) 

hydronephrosis, childhood onset 
sensorineural hearing impairment, 
branchial sinus 

10-14 
F N N <5 WDR35 2 

19933469 
19969494 

C  
G 

T 
A 

missense 
variant;  
stop gain 

comp 
het 

likely 
pathogenic 
PM1 PM2 PP2 
PP3 PP5; 
pathogenic 
PVS1 PM2 PP3 
PP5 

ENST00000281405:
c.2590G>A, 
p.Ala864Thr; 
c.994C>T, 
p.Arg332Ter 

rs26760717 
rs199840434 

4.0x10-6 
1.8x10-5 

28.9 
39 

Cranioectodermal 
dysplasia (613610) 

nephronophthisis, abnormality of the 
bladder, hydroureter, abnormality of 
the respiratory system, branchial 
anomaly, hearing impairment, 
neurodevelopmental delay, 
abnormality of skeletal morphology, 
abnormal facial shape, chronic 
tubulointerstitial nephritis, 
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abnormality of the eye, abnormality of 
the outer ear 

45-49 
M N N NA SLC3A1 2 

442807374
4312653 

A 
T 

G 
C 

missense 
variant; 
missense 
variant 

comp 
het 

likely 
pathogenic 
PM1 PM2 PP3 
PP4; likely 
pathogenic 
PM1 PP2 PP3 
PP4 PP5 

ENST00000260649.
11:c.452A>G, 
ENSP00000260649.
6:p.Tyr151Cys; 
c.1400T>C, 
p.Met467Thr 

rs77835435 
rs121912691 

8.0x10-6 
2.4x10-3 

28.6 
22.8 

Cystinuria (220100) cystinuria 

5-9 
F N N <5 NPHP3 3 

132684549
132719817 

C  
GT 

T 
G 

splice 
region 
variant; 
frameshift 
truncation 

comp 
het 

pathogenic 
PVS1 PM2 
PP3; 
pathogenic 
PVS1 PM2 PP3 
PP5 

ENST00000337331.
10:c.3570+5G>A, 
ENSP00000338766.
5:p.Thr136ArgfsTer
13;  
c.406del 

rs1216695143 
rs1379989124 

1.3x10-5 
2.0x10-5 

21 
32 

Meckel syndrome 
(267010) 

global developmental delay, abnormal 
pulmonary valve physiology, 
congenital hepatic fibrosis, 
abnormality of the biliary system, 
hydroureter, hydronephrosis, cystic 
renal dysplasia 

5-9 
M N N NA SETD2 3 47103390 G C 

missense 
variant 

het 

likely 
pathogenic 
PM2 PM6 PP2 
PP3 

ENST00000409792.
3:c.4873C>G 
ENSP00000386759.
3:p.Arg1625Gly 

. . 31 
Luscan-Lumish 
syndrome (616831) 

abnormality of the bladder, 
hydronephrosis, abnormal skull 
morphology, autistic behaviour, 
abnormality of prenatal development 
or birth, abnormal muscle tone, 
neurodevelopmental delay, abnormal 
hip bone morphology, abnormal 
cerebellum morphology 

5-9 
M N N NA BRPF1 3 9739344 G A stop gain het 

pathogenic 
PVS1 PM2 PP3 

ENST00000383829.
7:c.945G>A 
ENSP00000373340.
2:p.Trp315Ter 

. . 39 

Intellectual 
developmental 
disorder with 
dysmorphic facies and 
ptosis (617333) 

abnormality of eye movement, 
aplasia/hypoplasia of the mandible, 
neurodevelopmental delay, unilateral 
renal agenesis, abnormal facial shape, 
ptosis, abnormality of calvarial 
morphology, polydactyly 

10-14 
M N N NA FOXC1 6 1610824 C T 

missense 
variant 

het 

likely 
pathogenic 
PM1 PM2 PP2 
PP3 

ENST00000645831.
2:c.379C>T 
ENSP00000493906.
1:p.Arg127Cys 

. . 24.5 
Anterior segment 
dysgenesis (601631) 

abnormal intraocular pressure, 
congenital posterior urethral valve, 
neurodevelopmental delay, 
abnormality of the eye, constipation, 
autistic behaviour 
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40-44 
F Y N 20-24 PKHD1 6 

51748086 
52071009 

A 
T 

G  
C 

missense 
variant; 
missense 
variant 

comp 
het 

likely 
pathogenic 
PM1 PM2 PP3 
PP4 PP5;  
likely 
pathogenic 
PM2 PM3 PP4 
PP5 

ENST00000340994.
4:c.9530T>C, 
ENSP00000341097.
4:p.Ile3177Thr; 
c.664A>G, 
p.Ile222Val 

rs200511261 
rs369925690 

4.6x10-5 
7.2x10-5 

23.4 
18.2 

ARPKD (263200) 

abnormal cerebral vein morphology, 
abnormal biliary tract morphology, 
stage 5 chronic kidney disease, 
polycystic kidney dysplasia, seizure, 
cholestasis, hepatic cysts 

15-19 
M Y N 10-14 PKHD1 6 

51791247 
51847814 

TC 
A 

T  
G 

frameshift 
truncation; 
missense 
variant 

comp 
het 

pathogenic 
PVS1 PM2 
PP3; likely 
pathogenic 
PM2 PM3 PP3 
PP5 

ENST00000340994.
4:c.8428del, 
ENSP00000341097.
4:p.Glu2810SerfsTer
2; c.8068T>C, 
p.Trp2690Arg 

rs746391290 
rs886061616 

1.3x10-5 
33 
29.5 

ARPKD (263200) 
haematuria, polycystic kidney 
dysplasia 

<5 
F Y N NA ACTB 7 5527796 C 

CT
G 

frameshift 
variant 

het 
likely 
pathogenic 
PVS1 PM2 

ENST00000464611.
1:c.189_190dup 
ENSP00000495059.
1:p.Gln64HisfsTer23 

 . . CAKUT (617641) 
abnormal thrombocyte morphology, 
ectopic kidney, unilateral renal 
agenesis 

15-19 
M N N NA PUF60 8 143817874 AG A 

frameshift 
truncation 

het 
pathogenic 
PVS1 PM2 PP3 

ENST00000313352.
11:c.624del 
ENSP00000322016.
7:p.Tyr209ThrfsTer1
9 

 . . 
Verheij syndrome 
(615583) 

neurodevelopmental delay, abnormal 
larynx morphology, congenital 
malformation of the great arteries, 
abnormal pulmonary valve 
morphology, bladder exstrophy, 
retinal coloboma, abnormal vertebral 
segmentation and fusion, abnormal 
scapula morphology, abnormality of 
the neck, epispadias 

5-9 
F N N NA CHD7 8 60837010 C T stop gain het 

pathogenic 
PVS1 PM2 PP3 

ENST00000423902.
7:c.4183C>T; 
ENSP00000392028.
1:p.Gln1395Ter 

 . 44 
CHARGE syndrome 
(214800) 

renal agenesis, abnormal eye 
morphology, abnormality of calvarial 
morphology, abnormality of the 
parathyroid gland, 
neurodevelopmental delay, abnormal 
heart morphology, abnormal 
tracheobronchial morphology, vocal 
cord paralysis, hearing impairment, 
hydronephrosis, abnormal cerebral 
morphology 

5-9 
M N N <5 PAX2 10 100750892 G A 

splice 
donor 
variant 

het 
pathogenic 
PVS1 PM2 PP3 

ENST00000355243.
7:c.410+1G>A; . 

 . 34 CAKUT (617641) 
cystic renal dysplasia, abnormal liver 
morphology, stage 5 chronic kidney 
disease 

10-14 
F Y N NA PAX2 10 100749771 C CG frameshift het 

pathogenic 
PVS1 PM2 PP5 

ENST00000428433.
1:c.76dup; 
p.Val26GlyfsTer28 

rs75462234 2.8x10-5 . CAKUT (617641) obesity, stage 2 chronic kidney disease 
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10-14 
F N N NA CUBN 10 

16835143 
16939056 

C 
C 

T 
A 

stop gain; 
missense 

comp 
het 

pathogenic 
PVS1 PM2 
PP3;  
VUS PM1 PM2 
PP3 

ENST00000377833.
9:c.10233G>A, 
ENSP00000367064.
4:p.Trp3411Ter;  
c.5640G>T, 
p.Trp1880Cys 

rs144484373 
rs748822815 

2.0x10-5 
1.6x10-5 

52 
29.1 

Proteinuria (618884) proteinuria, low levels of vitamin d 

10-14 
M N N 5-9 WT1 11 32391967 C T 

splice 
region 
variant 

het 
pathogenic 
PVS1 PM2 PP3 
PP5 

ENST00000332351:
c.1432+5G>A; . 

rs587776576 . 23.5 CAKUT (617641) 

renal hypoplasia, hypertension, stage 
5 chronic kidney disease, abnormality 
of the urinary system, renal dysplasia, 
abnormal heart morphology, 
abnormal facial shape, abnormality of 
the bladder 

5-9 
M N N NA PTPN11 12 112477719 A G 

missense 
variant 

het 
pathogenicPM
1 PM2 PP3 
PP5 

ENST00000351677.
6:c.922A>G; 
ENSP00000340944.
2:p.Asn308Asp 

rs28933386 6.6x10-6 24.5 
Noonan syndrome 
(163950) 

hydronephrosis, hydrocephalus, 
chylothorax 

10-14 
M Y N 5-9 CEP290 12 

88102980 
88106675 

T 
C 

TG 
A 

frameshift 
elongation
; missense 

comp 
het 

pathogenic 
PVS1 PM2 PP3 
PP4; likely 
pathogenicPM
2 PM3 PP3 
PP4 

ENST00000309041.
11:c.2854dup, 
ENSP00000308021.
7:p.Gln952ProfsTer
6;  
c.2823G>T, 
p.Lys941Asn 

 . 
. 
35 

Joubert syndrome 
(610188) 

abnormality of skeletal morphology, 
neurodevelopmental delay, 
morphological abnormality of the 
central nervous system, abnormality 
of the eye, polyuria, visual 
impairments, stage 5 chronic kidney 
disease, abnormality of the 
musculature of the limbs, cystic renal 
dysplasia, seizure, leber optic atrophy 

5-9 
F Y Y <5 CEP290 12 88087800 C A stop gain hom 

Pathogenic 
PVS1 PM2 PP3 

ENST00000309041:
c.4180G>T; 
p.Glu1394Ter 

 . 42 
Joubert syndrome 
(610188) 

abnormality of skeletal morphology, 
nephronophthisis, abnormality of the 
eye, stage 5 chronic kidney disease, 
abnormality of the urinary system 

5-9 
M N Y <5 

TMEM 
260 14 56625393 C G stop gain hom 

Pathogenic 
PVS1 PM2 PP3 

ENST00000261556:
c.1410C>G; 
p.Tyr470Ter 

rs375476463 8.0x10-6 34 

Structural heart 
defects and renal 
anomalies syndrome 
(617478) 

stage 5 chronic kidney disease, 
abnormal heart morphology, hearing 
impairment 

25-29 
F N N NA PKD1 16 2090364 CA C 

frameshift 
truncation 

het 
Pathogenic 
PVS1 PM2 PP3 

ENST00000262304.
8:c.12364del; 
ENSP00000262304.
4:p.Trp4122GlyfsTer
76 

 . . ADPKD (173900) cystic renal dysplasia 

10-14 
M Y N NA PKD1 16 2106850 G C stop gain het 

Pathogenic 
PVS1 PM2 PP3 
PP4 

ENST00000262304.
8:c.7164C>G; 
ENSP00000262304.
4:p.Tyr2388Ter 

 . 45 ADPKD (173900) 
polycystic kidney dysplasia, low levels 
of vitamin d 

10-14 
M Y N NA PKD1 16 2108612 G T stop gain het 

Pathogenic 
PVS1 PM2 PP3 
PP4 

ENST00000262304.
8:c.6555C>A; 
ENSP00000262304.
4:p.Tyr2185Ter 

 . 42 ADPKD (173900) 
polycystic kidney dysplasia, 
hypertension 

55-59 
F Y . NA PKD1 16 2110340 G 

GA
TA 

inframe 
insertion 

het 

likely 
pathogenic 
PM1 PM2 PP3 
PP4 

ENST00000262304.
8:c.4824_4826dup; 
ENSP00000262304.
4:p.Ile1610dup 

 . . ADPKD (173900) 

abnormality of the abdominal organs, 
cystic liver disease, unilateral renal 
hypoplasia, benign neoplasm of the 
central nervous system, recurrent 
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urinary tract infections, cystic renal 
dysplasia, nephrolithiasis, stage 2 
chronic kidney disease 

10-14 
F Y Y NA PKD1 16 2116856 T C 

missense 
variant 

het 

likely 
pathogenic 
PM1 PM2 
PM5 PP3 PP4 

ENST00000262304:
c.1583A>G 
p.Tyr528Cys 

rs750798165 . 23.3 ADPKD (173900) 

abnormality of the bladder, 
abnormality of the ureter, renal 
dysplasia, polycystic kidney dysplasia, 
ureter duplex 

10-14 
M . N NA TBX6 16 30089208 C T 

missense 
variant 

het 

likely 
pathogenic 
PM1 PM2 PP3 
PP5 BP1 

ENST00000279386.
6:c.356G>A 
ENSP00000279386.
2:p.Arg119His 

rs200175825 7.2x10-5 27.5 CAKUT (617641) 

vesicoureteral reflux, unilateral renal 
agenesis, abnormal form of the 
vertebral bodies, stage 3 chronic 
kidney disease, cystic renal dysplasia, 
growth abnormality 

10-14 
M N N NA NF1 17 31230383 G A 

splice 
donor 
variant 

het 
pathogenic 
PVS1 PM2 PP3 

ENST00000356175.
7:c.3113+1G>A  

 . 34 
Neurofibromatosis, 
type 1 (162200) 

neurofibromas, hydronephrosis 

5-9 
M N N NA THRA 17 40089418 C T 

missense 
variant 

het 

likely 
pathogenic 
PM1 PM2 PP2 
PP3 

ENST00000450525.
6:c.1195C>T 
ENSP00000395641.
2:p.Pro399Ser 

 . 22.5 
Congenital 
hypothyroidism 
(614450) 

abnormality of the bladder, 
hydroureter, hypercalciuria, 
nephrolithiasis, hydronephrosis, 
neurodevelopmental delay 

45-49 
M N N NA HNF1B 17 37739445 AG A 

frameshift 
truncation 

het 
likely 
pathogenic 
PVS1 PM2 

ENST00000617272:
c.538del 
p.Leu180Serfs*14 

 . . 
Renal cysts and 
diabetes syndrome 
(137920) 

renal dysplasia, hyperuricemia, 
chronic kidney disease 

10-14 
F N N 5-9 HNF1B 17 37731732 C T 

missense 
variant 

het 

likely 
pathogenic 
PM1 PM2 PP3 
PP4 

ENST00000225893:
c.908G>A 
p.(Arg303His) 

rs2033692404 . 31 
Renal cysts and 
diabetes syndrome 
(137920) 

cystic renal dysplasia, renal 
hypoplasia, proteinuria, hypertension, 
hyperuricemia, behavioural 
abnormality, chronic kidney disease 

40-44 
F N N NA GREB1L 18 21395468 G A 

missense 
variant 

het 

likely 
pathogenic 
PM1 PM2 PP2 
PP3 

ENST00000269218:
c.439G>A 
p.Gly147Arg 

 . 28.2 
Renal 
hypodysplasia/aplasia 
(617805) 

renal agenesis, aplasia/hypoplasia of 
the uterus 

60-64 
M N 

Possib
le 

55-59 MID1 X 10455029 A 
AC
CTT 

frameshift 
elongation 

hemi 
pathogenic 
PVS1 PM2 PP3 

ENST00000317552:
c.1492_1495dup 
p.(Val499Glufs*5) 

 . . 
Opitz GBBB syndrome 
(300000) 

stage 5 chronic kidney disease, 
abnormal heart morphology, branchial 
anomaly, abnormality of the outer 
ear, abnormal eye morphology, 
hearing impairment, anorectal 
anomaly, abnormality of the 
respiratory system, hypospadias, oral 
cleft, abnormal nasal morphology 

35-39 
F Y N NA COL4A5 X 108692403 A G 

intronic 
splicing 

het 
pathogenic 
PS3 PM1 PM2 
PP3 PP5 

c.4529-345A>G rs1569508899 . 11.3 
Alport syndrome 
(301050) 

microscopic haematuria, focal 
segmental glomerulosclerosis, 
multiple renal cysts, mild proteinuria 
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10-14 
M N N NA MAOA X 43743891 C T 

stop 
gained 

hemi 
pathogenic 
PVS1 PM2 PP3 

ENST00000338702.
3:c.1360C>T 
ENSP00000340684.
3:p.Arg454Ter 

 . 36 
Brunner syndrome 
(300615) 

neurodevelopmental delay, renal 
agenesis, autistic behaviour 

10-14 
M N N NA CLCN5 X 50075832 G A 

stop 
gained 

hemi 
pathogenic 
PVS1 PM2 PP3 

ENST00000307367.
2:c.243G>A 
ENSP00000304257.
2:p.Trp81Ter 

 . 38 Dent disease (300009) proteinuria, haematuria, hypertension 

15-19 
M N N NA 16p11.2 

chr16_29579176_30188269_0.609094
_Mb 

CNV loss het pathogenic  ISCA-37400   16p11.2 microdeletion 
syndrome 

cystic renal dysplasia, vesicoureteral 
reflux, abnormal elasticity of skin, 
neurodevelopmental abnormality, 
abnormality of the bladder, abnormal 
facial shape, morphological 
abnormality of the central nervous 
system, abnormality of the digestive 
system, abnormality of the abdominal 
organs 

10-14 
F N N NA 17q12 

chr17_36242975_37889356_1.646382
_Mb 

CNV loss het pathogenic  ISCA-37432-
Loss 

  17q12 deletion 
syndrome 

multiple renal cysts, abnormality of 
the bladder 

5-9 
F N N NA 17q12 

chr17_36318125_37890117_1.571993
_Mb 

CNV loss het pathogenic  ISCA-37432-
Loss 

  17q12 deletion 
syndrome 

cystic renal dysplasia, multiple renal 
cysts, abnormality of the immune 
system 

10-14 
M N N NA 17q12 

chr17_36392347_37889654_1.497308
_Mb 

CNV loss het pathogenic  ISCA-37432-
Loss 

  17q12 deletion 
syndrome 

congenital single renal cyst, 
hypokalaemia, hypomagnesemia, 
hypospadias, congenital posterior 
urethral valve, chronic kidney disease 
stage 1 

10-14 
M Y N NA 17q12 

chr17_36165920_37889940_1.724021
_Mb 

CNV loss het pathogenic  ISCA-37432-
Loss 

  17q12 deletion 
syndrome 

cystic renal dysplasia, elevated hepatic 
transaminase, abnormal eye 
morphology 
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3.4.1.3 Predictors of a positive diagnosis 

Although the overall diagnostic yield was low, those with cystic dysplasia and kidney 

anomalies were more likely to receive a genetic diagnosis (10.7% and 5.9%, 
respectively), with HNF1B and PKD1 variants accounting for over half of the 
molecular diagnoses in those with cystic disease (Figure 3.2).  

 

Figure 3.2. Diagnostic yield by CAKUT phenotype.  

The white numbers on each bar indicate diagnostic yield (%). VUR, vesico-ureteral reflux; PUV, 
posterior urethral valves.  
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The diagnostic yield in individuals < 18 years was significantly higher than in those 
≥ 18 years (6.6% vs 1.8%; Fisher’s exact P=2.0x10-4; OR 4.0; confidence interval 

[CI] 1.8-10.0). Multivariable logistic regression also identified extra-renal features 
(P=1.9x10-4; OR 3.4; CI 1.8-6.6) and family history (P=7.5x10-3; OR 2.7; CI 1.3-5.4) 
as independent predictors of a positive genetic diagnosis.  

3.4.2 Rare variant association testing 

3.4.2.1 CAKUT 

Given the low prevalence of known monogenic disease in this cohort I next 
performed rare variant association testing using SKAT-O in a subset of 813 
unrelated probands with CAKUT and 25,205 ancestry-matched controls with the aim 
of identifying novel candidate genes using an unbiased whole-exome approach.  

3.4.2.1.1 Likely deleterious variants  

Aggregation of rare, predicted deleterious SNVs and indels across 19,168 protein-
coding genes did not identify any significant enrichment exome-wide, after correction 
for multiple testing (Figure 3.3 and Figure 3.4). The median number of variants tested 
per gene was 46 (interquartile range [IQR] 50) with the greatest number of qualifying 
variants seen in TTN (n=4,687), not unexpectedly, as TTN contains both the largest 
number of exons (363) in any single gene but also the longest single exon (~17kb). 
While the presence of so many qualifying variants may raise concerns about the 
introduction of unwanted noise, inclusion of a control cohort that reflects the 
empirical background variation rate, as well as the adaptive nature of SKAT-O 
mitigates the potential loss of power caused by including these likely neutral variants.    

Although no single gene passed the stringent Bonferroni correction for multiple 
testing, four genes had a significantly increased burden of likely deleterious variation 
when using an FDR q-value < 0.05 (as mentioned in Section 2.8.2, FDR thresholds 
can be more useful for hypothesis generation): AUTS2 (activator of transcription and 
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developmental regulator; 133 variants; P=3.74x10-6), ARHGAP5 (Rho GTPase 
activating protein 5; 160 variants; P=6.04x10-6), known CAKUT gene HNF1B (63 

variants; P=6.06x10-6), and ZNF879 (zinc finger protein 879; 43 variants; P=6.96x10-

6). Conditioning on the lead variant in each gene attenuated, but did not abolish, the 
observed signals (AUTS2, P=1.37x10-4; HNF1B, P=2.87x10-4; ARHGAP5, 
P=1.27x10-3; ZNF879, P=3.20x10-5), implying the detected associations are not 
being driven by a single variant. 

 

Figure 3.3. Manhattan plot of exome-wide gene-based rare, likely deleterious variant 
association testing for 813 CAKUT probands and 25,205 ancestry-matched controls.  

Each dot represents a gene. The red line indicates the exome-wide significance threshold of 
P=2.58×10-6. HNF1B is highlighted with a blue arrow.  

 

HNF1B 

ARHGAP5 
AUTS2 ZNF879 
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Figure 3.4. Q-Q plot of exome-wide gene-based association testing for 813 CAKUT probands 
and 25,205 ancestry-matched controls.  

SAIGE-GENE was performed for 19,168 genes with loss-of-function and likely deleterious missense 
variants with MAF < 0.1%. Each dot represents a gene. The red line signifies the observed versus 
the expected –log10(P) for each gene tested. 

 

Removal of 32 individuals (with genomes aligned to GRCh38) who had a known 
monogenic cause did not reveal any exome-wide significant signals in the remaining 
781 unsolved CAKUT cases. The top four genes remained the same with attenuated 
association seen for AUTS2 (P=4.51x10-6), HNF1B (P=1.22x10-5), and ARHGAP5 
(P=1.85x10-5) but stronger association seen for ZNF879 (P=4.64x10-6). 
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HNF1B was one of the top three genes to demonstrate evidence of enrichment, 
consistent with the observation both here and by others that HNF1B is one of the 

most frequently affected genes in CAKUT patients. Interestingly, the lead variant 
(rs147816724) in HNF1B was seen in 4/813 cases (0.5%) compared to 9/25,205 
(0.04%) controls (SKAT-O P=1.3x10-3). rs147816724 is a missense variant (HGVSp: 
p.Val61Gly) affecting exon 1 of HNF1B, with a CADD score of 22.9 and MAF of 
4.34x10-4 in gnomAD (version 3.1.2). All four cases with this variant had a diverse 
range of lower urinary tract phenotypes including PUV, VUR, and bladder 
abnormalities. rs147816724 has been previously reported in patients with prune 
belly syndrome (Granberg et al. 2012), unilateral multicystic dysplastic kidney as part 
of the VACTERL association (Hoskins et al. 2008), and in an individual with a single 
kidney (Edghill et al. 2006) but has been classified as likely benign/uncertain 
significance in ClinVar due to its relatively high allele frequency in population 
databases. Despite being significantly enriched in cases, the wide range of 
phenotypes associated with this variant and its relatively high population allele 
frequency suggest it may act as a modifier in conjunction with other additional 
deleterious alleles, or perhaps be the subject of gene-environment interactions.    

The three additional candidate genes with suggestive evidence of enrichment are all 
biologically plausible, however validation through replication or meta-analysis is 
necessary before definitive association can be confirmed: 

• AUTS2 is known to regulate the expression of neurodevelopmental genes 
(Gao et al. 2014) and deletions in the gene have been linked to autism 
spectrum disorder, intellectual disability, and developmental delay 
(Beunders et al. 2013, 2016). Associated congenital malformations 
including cardiac septal defects, umbilical herniae, and cryptorchidism 
have also been reported. AUTS2 is also expressed in the fetal kidney 
during mid-trimester development, particularly in metanephric cells (Cao 
et al. 2020).  
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• ARHGAP5 encodes a Rho GTPase-activating protein which mediates 
cytoskeleton organization by promoting GTP hydrolysis. It regulates cell 
migration and adhesion and has been linked to several different types of 
cancer (Gen et al. 2009, Yang et al. 2021). It is expressed in both ureteric 
bud and metanephric cells in the developing human fetus (Cao et al. 
2020).  

• ZNF879 belongs to a large family of transcriptional repressors which 
recruit co-factors to engage histone modifiers and induce 
heterochromatin formation (condensed transcriptionally inactive 
chromatin). It is not highly expressed in mid-trimester fetal kidney (Cao et 
al. 2020). 

3.4.2.1.2 Loss-of-function variants 

Given the lack of statistically significant gene-based enrichment using both protein-
truncating and predicted deleterious missense variants, I repeated the analysis using 
a subset of loss-of-function (LoF) variants to try and increase power to detect 
association. However, again no significant enrichment was seen across 17,200 genes 
after correction for multiple testing using the Bonferroni adjustment (Figure 3.5). A 
median of 6 (IQR 7) LoF variants per gene were tested. HNF1B was not significantly 
enriched for LoF variation (P=0.06) implying that protein-truncating variants are not 
driving the observed signal seen in the combined analysis.  
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Figure 3.5. Manhattan plot of exome-wide gene-based rare, loss-of-function variant 
association testing for 813 CAKUT probands and 25,205 ancestry-matched controls.  

Each dot represents a gene. The red line indicates the Bonferroni-corrected exome-wide significance 
threshold of P=2.91×10-6. 

 

The minimum P value observed was 4.25x10-5 at CYTH2 (cytohesin 2) which was 
non-significant in the combined protein-truncating and missense analysis (P=0.25). 
Three individuals (0.4%) with PUJO, PUV and bladder exstrophy were heterozygous 
for loss-of-function CYTH2 variants compared to 11 controls (0.04%). CYTH2 (also 
known as ARNO) is a guanine nucleotide exchange factor for the small GTP-binding 
protein ARF6 and has been shown to activate the epidermal growth factor receptor 
(EGFR) pathway. It is depleted of loss-of-function variation in gnomAD indicating it 
is relatively constrained (LOEUF 0.47). Interestingly, Cyth2 is highly expressed in 
the embryonic mouse ureteric bud and metanephric mesenchyme at E11.5 and the 
bladder at E13 (Figure 3.6) although only 5% of cells express CYTH2 in the mid-
trimester human fetal kidney (Cao et al. 2020). Inhibition of cytohesins in vitro has 

CYTH2 ATF7IP2 
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been shown to have an antiproliferative effect in both lung and colorectal cancer cell 
lines (Bill et al. 2012, Pan et al. 2014) supporting a possible role for CYTH2 in the 

regulation of cell proliferation and development. 

 

 

Figure 3.6. Heatmap demonstrating Cyth2 expression in the embryonic mouse urinary tract.  

High expression (dark red) is seen in the metanephric mesenchyme and ureteric bud in the 
developing kidney as well as in the bladder neck (blue rectangles). Microarray data from GUDMAP 
(Harding et al. 2011).   

 

Enrichment was also observed in ATF7IP2 (activating transcription factor 7 
interacting protein 2), which encodes a protein involved in regulating transcription 
and chromatin conformation (Ichimura et al. 2005). Again, this was not significant 
after correction for multiple testing (P=5.1x10-5). Four cases (0.5%) were 
heterozygous for a LoF variant compared to 0.02% of controls. Oddly, three of the 
cases and two of the controls were heterozygous for the same stop gain variant 
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(rs148070233) which has a higher-than-expected MAF of 1.32x10-4 in gnomAD 
(version 3.1.2) considering it’s predicted LoF effect and CADD score of 33. Further 

investigation revealed that rs148070233 is inherited in phase with an adjacent 
synonymous variant (rs141776960) and this multi-nucleotide variant rescues the 
transcript from nonsense-mediated decay 
(https://gnomad.broadinstitute.org/variant/16-10551356-CA-
AT?dataset=gnomad_r2_1). This explains why such a deleterious variant has a 
relatively high population allele frequency and highlights the importance of positional 
context in variant interpretation.   

 

3.4.2.2 Obstructive uropathy 

To increase power to detect association I next repeated the rare variant analysis 
stratifying by phenotype to create a more homogenous cohort.  In the obstructive 
uropathy group consisting of 177 individuals with PUJO, VUJO, congenital 
megaureter, hydronephrosis and hydroureter (but excluding those with PUV or 

bladder exstrophy) one gene achieved exome-wide significance when compared to 
24,451 controls (Figure 3.7 and Figure 3.8): NCF2 (neutrophil cytosolic factor 2; 53 
variants; P=2.55x10-6).  
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Figure 3.7. Manhattan plot of exome-wide gene-based rare, likely deleterious variant 
association testing for 177 individuals with obstructive uropathy and 24,451 ancestry-matched 
controls.  

Each dot represents a gene. The red line indicates the Bonferroni-corrected exome-wide significance 
threshold of P=2.58×10-6. Known CAKUT gene MYOCD is highlighted by the blue arrow.  

 

CCT3 

MYOCD 

NCF2 

CCT3 
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Figure 3.8. Q-Q plot of exome-wide gene-based association testing for 177 obstructive 
uropathy probands and 24,451 ancestry-matched controls.  

SAIGE-GENE was performed for 19,406 genes with loss-of-function and likely deleterious missense 
variants with MAF < 0.1%. Each dot represents a gene. The red line signifies the observed versus 
the expected –log10(P) for each gene tested. 

 

5/177 (2.8%) of the obstructive uropathy cohort were heterozygous for a rare, likely 
deleterious NCF2 variant compared with 84/24,451 (0.3%) controls. Two out of the 
five cases were heterozygous for the same missense variant 
NCF2:c.1126C>T;p.Arg376Trp (rs777251055) which was absent from controls and 
has an allele frequency of 6.57x10-6 in gnomAD (version 3.1.2) with a CADD score 
of 22.4. Both individuals had kidney anomalies (renal hypoplasia and cystic renal 
dysplasia) in addition to hydronephrosis and hydroureter. Conditioning on the lead 
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variant (rs777251055) attenuated but did not abolish the observed signal in NCF2 
(P=4.0x10-3) indicating it is not being driven solely by this variant. 

NCF2 is a component of the NADPH oxidase complex found in neutrophils, biallelic 
variants of which cause chronic granulomatous disease (MIM 233710). NCF2 has 
also been implicated in the development of certain cancers and studies have shown 
it regulates cell growth, malignant transformation and differentiation (Zhang et al. 
2018, Qin et al. 2020). Furthermore, Ncf2 is expressed in the murine bladder at E13 
and ureter at E15 as well as in podocytes and endothelium at E13.5-15.5 suggesting 
a possible role in urinary tract development (Figure 3.9).  

 

 

Figure 3.9. Heatmap demonstrating expression of Ncf2 in the murine developing kidney and 
lower urinary tract.  

Increased expression (red/orange) is seen in the bladder at E13 and ureter at E15 (blue rectangles). 
Microarray data from GUDMAP (Harding et al. 2011).   
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CCT3 (chaperonin containing T-complex polypeptide 1, subunit 3; 65 variants 
tested) also had suggestive evidence of association with a P value of 2.86x10-6. 

6/177 (3.4%) of cases had at least one missense variant compared with 103/24,451 
(0.4%) controls. CCT3 is a molecular chaperone protein and important subunit of the 
chaperonin-containing TCP-1 (TRiC) complex which folds numerous proteins, 
including actin and tubulin. It has been associated with several different cancers 
(Qian et al. 2016, Xu et al. 2020) and is widely expressed in both the developing 
mouse kidney and lower urinary tract (Figure 3.10). 

 

 

 

Figure 3.10. Heatmap demonstrating expression of Cct3 in the murine developing kidney and 
lower urinary tract.  

High expression denoted in red. Microarray data from GUDMAP (Harding et al. 2011).  
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MYOCD (myocardin), a monogenic cause of autosomal dominant congenital 
megabladder (MIM 618719), was also enriched for rare coding variation in the 

obstructive uropathy cohort but did not achieve exome-wide significance (90 
variants; P=1.11x10-5). None of the other known monogenic causes of functional or 
anatomical lower urinary tract obstruction were found to be enriched for rare coding 
variation in this cohort: BNC2, P=0.38; HPSE2, P=0.59; LRIG2, P=0.47; CHRM3, 
P=0.71; TSHZ3, P=0.26. 

3.4.2.3 Other CAKUT phenotypes 

Rare variant association testing of the remaining subgroups did not result in any 

statistically significant associations for either a) missense and LoF or b) LoF only 
variant sets (Figure 3.11). Interestingly, although HNF1B had suggestive evidence 
of enrichment in the CAKUT analysis (P=6.06x10-6), it was not significant in 
individuals with cystic renal dysplasia (P=0.71).  

To assess the power of each subgroup analysis to detect association I calculated 
the proportion of affected individuals with causal variants in a single gene that could 

be identified with the sample size in each group (Table 3.3). This demonstrates that 
significantly larger sample sizes would be needed to identify causal genes that only 
account for a small proportion of the phenotype.    
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Figure 3.11. Manhattan plots of exome-wide gene-based rare, likely deleterious variant 

association testing for each CAKUT phenotype.  

A, kidney anomalies (n=237); B, VUR (n=174); C, PUV (n=132); D, cystic dysplasia (n=112); E, 
bladder exstrophy (n=97). Each dot represents a gene. The red line indicates the exome-wide 
significance threshold of P=2.5×10-6. No significant associations were detected.  
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Table 3.3. The minimum phenotypic variance explained by a single gene detectable in each 
cohort.  

Power calculations were performed using PAGEANT based on a burden test model assuming 80% 
of qualifying variants are causal, a power of 80%, and an exome-wide significance level of 2.5x10-6 

(Derkach et al. 2018).  

Phenotype Cases Controls Proportion of cases explained by LoF 
variation in a single gene 

All CAKUT 813 25,205 5% 
Kidney anomaly 237 22,733 16% 
Obstructive uropathy 177 24,451 22% 
VUR 174 22,562 22% 
PUV 132 23,727 29% 
Cystic dysplasia 112 24,084 34% 
Bladder exstrophy 97 22,037 39% 

 

3.5 Summary 

• The contribution of known monogenic disease to CAKUT is much less than 
previously estimated with < 5% receiving a molecular diagnosis.  

• A higher diagnostic yield was observed in those with cystic renal dysplasia or 
kidney anomalies (renal agenesis, hypoplasia, or dysplasia).  

• The presence of affected first-degree relatives or extra-renal manifestations 
significantly increased the likelihood of a molecular diagnosis.  

• Pathogenic HNF1B copy number and single nucleotide variation was the most 
frequently identified genetic diagnosis, although this still accounted for less 
than 1% of cases overall.  

• There was no exome-wide significant gene-based enrichment of rare 
variation in the CAKUT cohort, however a non-significant increased burden 

of likely deleterious variation was observed in HNF1B.  
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• Stratification of the cohort by phenotype revealed statistically significant 
enrichment of rare variation in NCF2 in individuals with obstructive uropathy 
including congenital megaureter, PUJO and VUJO. 

3.6 Discussion  

3.6.1 Prevalence of known monogenic disease  

WGS offers a single test that captures nearly all genomic variation in an unbiased 
manner enabling simultaneous analysis of SNVs and structural variants as well as 
systematic re-analysis of variants and genes (Costain et al. 2018). Several studies 
have reported a superior diagnostic yield in rare disease using WGS compared with 
chromosomal microarray, targeted gene panels and WES due to the detection of 
deep intronic variants and small CNVs, as well as variants affecting non-coding 
RNAs, mitochondrial DNA and exonic regions with poor coverage on WES (Gilissen 
et al. 2014, Taylor et al. 2015, Stavropoulos et al. 2016, Lionel et al. 2018, Turro et 
al. 2020, 100,000 Genomes Project Pilot Investigators et al. 2021).  

In this study, however, a monogenic cause of CAKUT was identified in less than 5% 
of individuals using WGS. This is significantly lower than previous ES studies that 
report diagnostic yields of up to 27% (Table 1.4) and is likely related to the relatively 
unselected nature of this cohort which includes a broad definition of CAKUT 
phenotypes as well as some individuals with relatively mild disease. In addition, it is 
possible that individuals with a clear monogenic cause for their disease were not 
entered into the 100KGP.  

The largest previously examined CAKUT cohort consisted of 749 individuals from 
650 families, the majority of whom had isolated VUR, and a similar proportion of 
familial disease to this study (Hwang et al. 2014, Kohl et al. 2014). Targeted ES of 
just 17 known AD and 12 candidate AR genes identified probable disease-causing 



Chapter 3: CAKUT as a monogenic disorder 

 

 

 

130 

mutations in 6.3% and 2.5% of unrelated families, respectively, although it should be 
noted that in some of these cases the variant interpretation performed would not 

pass the stringent ACMG criteria for pathogenicity that were subsequently 
implemented in 2015 (Richards et al. 2015). Other studies report higher diagnostic 
yields that vary depending on the characteristics of the cohort examined: 14% in a 
pre-screened paediatric cohort with a high rate of consanguinity (van der Ven, 
Connaughton, et al. 2018); 18% in severe CAKUT, including a high proportion of 
affected fetuses (Heidet et al. 2017); and 24% when congenital and cystic disease 
are combined (Groopman et al. 2019).  

In a cohort similar to this study, Nicolaou et al. used an ES panel of 208 known and 
candidate CAKUT genes to investigate 453 unrelated, mostly European individuals 
with sporadic CAKUT (predominantly collecting system and lower urinary tract 
defects, including PUV) reporting a diagnostic rate of 1.3% (Nicolaou et al. 2016). 
Given the lower rates of familial disease (10% vs 13%) and extra-renal 
manifestations (14% vs 29%) as well as the phenotypic make up (fewer individuals 
with kidney anomalies) of the cohort compared with this study, this lower diagnostic 
yield is not unexpected.  

Individuals with cystic renal dysplasia and kidney anomalies were found to have the 
highest diagnostic yield of 10.7% and 5.9%, respectively, suggesting that these 
phenotypes should be prioritized for genetic testing. These estimates are consistent 
with the lower ranges seen in previous studies which report rates between 3.5-19.9% 
(Weber et al. 2006, Heidet et al. 2010, Thomas et al. 2011, Sanna-Cherchi et al. 
2017, Ahn et al. 2020). At the other end of the spectrum, the absence of any 
molecular diagnoses in individuals with lower urinary tract phenotypes such as PUV 
and bladder exstrophy clearly suggest that these are phenotypically and genetically 
distinct disorders that should perhaps be considered separate entities from the other 
CAKUT phenotypes.        
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Diagnostic yield was significantly higher in paediatric patients. Although age at 
genetic testing should not theoretically impact the diagnostic yield for a congenital 

phenotype, it is probable that those who present to nephrology services as a child 
are more likely to have severe or syndromic disease and therefore a higher 
diagnostic yield. Both family history and extra-renal manifestations were also 
significant predictors of a positive genetic diagnosis, consistent with previous data 
from individuals with suspected monogenic kidney disease (Connaughton et al. 
2019, Groopman et al. 2019, Mann, Braun, et al. 2019, Jayasinghe et al. 2021). 
Consanguinity was not significant however, despite being reported previously for 
both paediatric kidney transplant recipients and CAKUT patients (van der Ven, 
Connaughton, et al. 2018, Mann, Braun, et al. 2019), most likely because of the low 
rates of reported consanguinity and less severe phenotypes seen in this cohort.      

This diagnostic yield analysis has several strengths. The 992 probands from 1,003 
families examined here make up the largest CAKUT cohort investigated to date and 
are the first to be assessed using WGS. Candidate variants were comprehensively 
reviewed by a multi-disciplinary team including the patient’s clinician, clinical 
scientists and clinical geneticists, and assigned pathogenicity using the rigorous 
ACMG criteria (Richards et al. 2015). Furthermore, this group is representative of 
routine clinical practice, in contrast to research cohorts enriched for consanguinity, 
severe disease, family history or extra-renal manifestations, meaning the results 
reported here are generalizable to general nephrology practice and can help inform 
genomic testing.  

There are however several limitations. First, the molecular diagnoses are reliant on 
the automated bioinformatics pipeline developed by Genomics England which 
prioritizes variants based on an updateable, crowd-sourced and disease-focused 
gene panel (PanelApp) (Stark et al. 2021). This pipeline has changed over time with 
the introduction of CNV assessment and the variant prioritization algorithm Exomiser 
(Smedley et al. 2015) in 2019 which may have improved the diagnostic yield in more 
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recently analysed samples. Furthermore, this diagnostic framework has been shown 
to have limited sensitivity in the context of another genetically heterogenous rare 

disease, craniosynostosis, where reliance on a panel-based approach was found to 
be too restrictive (Hyder et al. 2021). Second, the analysis is hugely dependent on 
accurate data input and phenotyping with regards to HPO terms, clinical features 
and documentation of family history which will have been carried out by the recruiting 
team in consultation with the patient’s clinician. Finally, the recruitment criteria state 
that pre-screening for HNF1B and SALL1 should be carried out if clinically indicated 
but there was no method for capturing how many individuals underwent this 
screening and received a positive diagnosis, precluding recruitment to the project.  

3.6.2 WGS as a diagnostic tool in CAKUT 

The success of the 100,000 Genomes Project in the UK has led to the deployment 
of WGS in routine clinical practice for a wide range of rare diseases and cancer as 
part of the NHS Genomic Medicine Service. The 100,000 Genomes rare disease 
pilot study analysed WGS data from 2,183 families with undiagnosed rare disease 
and reported an overall diagnostic yield of 25%, with a quarter of diagnoses having 
immediate implications for clinical decision making (100,000 Genomes Project Pilot 
Investigators et al. 2021). This initial analysis included 43 CAKUT patients in whom 
7% received a molecular diagnosis, a slightly higher number than observed in this 
study.  

Current eligibility for WGS in renal disorders is limited to cystic kidney disease 
(including ciliopathies) and unexplained paediatric onset end-stage kidney disease. 
The phenotypic and genotypic variability associated with CAKUT mean it can be 
challenging to identify likely causative genes with a high pre-test probability which 
lends support to an agnostic WGS approach. However, current recommendations 
for clinical testing are restricted to microarray-based analysis for individuals with 
clinically significant non-syndromic CAKUT and a family history. This targeted testing 
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approach is supported by some of the findings in this study which demonstrate that 
the overall prevalence of monogenic disease in this group is low, that the 17q12 

recurrent deletion is the most frequently identified diagnosis, and that individuals with 
cystic renal dysplasia have the highest diagnostic yield.  

However, the prevalence of HNF1B-related disease in this cohort and others (Heidet 
et al. 2010, Thomas et al. 2011, Hwang et al. 2014), the fact that only half of cases 
are attributable to whole HNF1B deletions (and therefore detectable by microarray) 
and ~50% of variants are de novo (Clissold et al. 2015) suggest that testing for both 
CNVs and SNV/indels in HNF1B, even in the absence of a family history, may have 

clinical benefit. A positive genetic diagnosis has implications for cascade screening 
of family members, can inform reproductive counselling, as well as guide 
surveillance for extra-renal manifestations such as early-onset diabetes. 
Furthermore, identifying a specific molecular cause for a patient’s condition is 
important for accessing support networks, recruitment to clinical trials, as well as 
potentially enabling kidney donation from an unaffected relative. On this basis, 
targeted assessment of HNF1B should be considered in any individual with kidney 
anomalies (renal hypodysplasia, renal agenesis, cystic renal dysplasia), even 
without a family history, especially if associated abnormalities, such as diabetes, 
hypomagnesaemia and hyperuricaemia are present (Adalat et al. 2009, 2019).    

3.6.3 Monogenic causes of CAKUT are rare  

Unbiased interrogation of rare variation across the exome did not identify any 
significant gene-based enrichment in this cohort of CAKUT patients. The absence of 
observed enrichment may be the accumulation of several factors which limit power 
for discovery; a) the cohort is phenotypically heterogenous, b) CAKUT is a 
genetically heterogenous disorder with over 50 monogenic causes described, c) the 
sample size is modest for a rare variant association study, and d) use of a stringent 
Bonferroni adjustment for multiple testing. Although four genes (AUTS2, ARHGAP5, 
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HNF1B and ZNF879) demonstrated suggestive enrichment of likely deleterious 
variation, future meta-analyses will be needed to robustly distinguish the signals 

observed at these three novel candidate genes from noise. Similarly, identification 
of a single exome-wide significant gene (NCF2) in individuals with obstructive 
uropathy requires replication in an independent cohort before association can be 
clearly established.  Interestingly, enrichment of the known AD CAKUT genes 
HNF1B and MYOCD was seen in the CAKUT and obstructive uropathy cohorts 
respectively, acting as ‘positive controls’ and providing validation of the testing 
approach.  

Previous studies carried out in smaller cohorts of CAKUT patients have attempted 
rare variant burden testing with limited success, likely due to limited power. Nicolaou 
et al. performed burden testing in 434 unrelated Dutch individuals with predominantly 
lower urinary tract phenotypes (duplex collecting system, PUJO, PUV and VUR) and 
498 unrelated Dutch controls from the Genome of the Netherlands project (GoNL). 
Using several burden tests (including SKAT) and incorporating rare (MAF < 1%), 
high and moderate impact coding variants from 208 known and candidate CAKUT 
genes they found no statistically significant enrichment of rare variation (Nicolaou et 
al. 2016). However, the different sequencing approaches used in cases (SOLiD NGS 
platform) and controls (Illumina HiSeq 2000), along with a significant difference in 
average coverage (~130X vs ~14X) may have introduced confounding. Heidet et al. 
employed SKAT-O to compare 168 cases with severe kidney anomalies (pre-
screened for HNF1B, PAX2, EYA1, ANOS1, GATA3, CHD7, PBX1 and KIF14) with 
426 unrelated controls, all sequenced on the same platform (Heidet et al. 2017). 
Despite interrogating 330 known and candidate CAKUT genes, no gene was 
significantly enriched for rare, likely deleterious variation.  

Lastly, Sanna-Cherchi et al. performed exome-wide burden testing (using a Fisher’s 
exact test) in 195 European individuals with unresolved renal hypodysplasia and 
6,905 mixed-ethnicity controls, controlling for differences in sequence coverage and 
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ancestry (Sanna-Cherchi et al. 2017). Of note, almost a third of cases (31.2%) had 
a family history of renal disease, more than double that reported in this study. An 

enrichment of rare deleterious variants in GREB1L was identified under a dominant 
inheritance model although this did not reach exome-wide significance. Functional 
studies subsequently confirmed a role for GREB1L in renal morphogenesis 
demonstrating strong mRNA expression in human fetal kidney and bilateral renal 
agenesis and genital tract anomalies in CRISPR/Cas9 generated Greb1l knock-out 
mice (De Tomasi et al. 2017). The identification of an (almost significant) signal in 
this context, despite the small sample size, was most likely due to the selective 
nature of the cohort with a high proportion of familial disease and extra-renal 
features.   

Several monogenic causes of both anatomical and functional lower urinary tract 
obstruction (LUTO) have been identified (see Table 1.3) with monoallelic LoF 
variants in MYOCD associated with congenital megabladder in humans and mice 
(Houweling et al. 2019). Interestingly, in this analysis, a non-significant enrichment 
of rare, likely deleterious variation (P=1.11x10-5) but not LoF variation (P=1) was 
seen in MYOCD. This suggests that while LoF variation may rarely cause congenital 
megabladder, missense variants in the same gene may perhaps result in less severe 
obstructive uropathy phenotypes.   

3.6.4 Functional human datasets 

The downstream interpretation of candidate genes and variants to try and discern 
the mechanisms underlying these associations is challenging, particularly in the 
context of developmental malformations. In recent years, several large multi-omics 
datasets have been generated and provide a reasonable starting point to investigate 
new gene-phenotype associations. For example, the Genotype-Tissue Expression 
(GTEx) project (GTEx Consortium 2020) links variants with healthy tissue-specific 
gene expression data, although only in tissues from adult donors. Work is now also 
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underway to generate a Developmental GTEx Project dataset of healthy neonatal, 
paediatric, and adolescent tissues. 

Recently, a human single-cell atlas of fetal gene expression (Cao et al. 2020) and 
chromatin accessibility (Domcke et al. 2020) has been published (DESCARTES, 
Developmental Single Cell Atlas of gene Regulation and Expression; 
descartes.brotmanbaty.org). This dataset represents a huge leap forward in our 
understanding of how genes are regulated and expressed in early human 
development and enables the interrogation of genes and variants that have been 
associated with developmental conditions. One of the main limitations of this dataset 

is that all the data generated is from ‘mid-gestation’ fetal tissue i.e., after the main 
period of organogenesis in the first trimester. Furthermore, while it includes fetal 
kidney tissue, the rest of the urinary tract is absent. This limits the conclusions that 
can be drawn from these datasets and future studies of embryonic urinary tract 
tissue at the relevant developmental time point will be needed to definitively 
investigate the regulation and expression of the candidate genes identified.      

3.6.5 Strengths and limitations 

The strengths of this rare variant association analysis lie in the large sample size 
and fact that both cases and controls have been sequenced on the same platform. 
This minimizes the risk of confounding due to sequencing artefacts and means both 
cohorts are subject to the same quality control metrics with regards to variant calling 
and coverage. This is also the first time WGS data has been used to perform an 
exome-wide association test in individuals with CAKUT, providing more uniform 
coverage of coding regions with its PCR-free approach than WES (Turro et al. 2020). 
In addition, the use of a generalized logistic mixed model and case-control ancestry 
matching strategy minimized potential confounding by population structure.  
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The main limitation of this rare variant study is one of power. With this cohort size, I 
was powered (> 80%) to detect exome-wide significant enrichment of LoF variation 

in a single gene explaining at least 5% of CAKUT cases. Despite utilizing different 
strategies to boost power including stratification of the cohort into specific 
phenotypes, selecting for LoF qualifying variants and using SKAT-O to optimize 
testing when the genetic architecture is unknown, I only detected a single gene that 
reached exome-wide significance (NCF2 in the obstructive uropathy cohort). In 
addition, SKAT-O tests for association under an additive model (where the risk of 
disease is presumed to be proportional to the number of risk alleles) which is usually 
more powerful than a dominant model but may lead to a loss of power in cases of 
recessive inheritance or in the presence of epistasis. Although future collaborations 
and rare variant meta-analysis with other cohorts will be useful to try and identify 
novel genes which affect a smaller proportion of cases, overall, these findings argue 
against there being a strong monogenic component to CAKUT.     

It is also important to note that the association testing performed here focuses purely 
on rare coding SNVs/indels and does not incorporate additional sources of genomic 
variation such as structural or non-coding variation. As is evident from HNF1B-
associated renal disease, both CNVs and SNVs can result in haploinsufficiency and 
therefore examining the combined burden of both types of variation exome-wide may 
reveal novel gene associations.  

It is also now understood that the non-coding genome is enriched for regulatory 
elements that affect gene expression. Given ~90% of common variant disease 
associations occur in the non-coding space it is not unreasonable to hypothesize 
that rare regulatory variants may also affect phenotypic variance. However, 
extending rare variant association tests to the non-coding genome has so far proved 
challenging for two main reasons (Bocher and Génin 2020). First, it is more difficult 
to predict the functional effects of non-coding compared with protein-coding variants 
making it challenging to determine which variants should be included in the 
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‘qualifying’ set. Second, while genes form clear testing regions, it is not evident how 
to effectively collapse non-coding variants together. A recent study investigating 

neurodegenerative disease performed gene-based burden testing using both rare 
coding and associated non-coding variants (based on cell-specific experimentally 
predicted regulatory regions) identifying enrichment in TET2  which would have been 
missed if only coding variants had been included (Cochran et al. 2020). Additional 
approaches using putative enhancers (Shaffer et al. 2019) or even whole 
topologically associated domains (TADs) (Lumley et al. 2018) as functional units 
have been proposed, however without a clearly defined analysis strategy and a lack 
of bioinformatic tools for accurate functional prediction, rare non-coding variant 
association studies remain challenging.      

3.7 Conclusion 

In this chapter I have presented evidence to suggest that CAKUT, at least in sporadic 
cases, is not usually a monogenic disease. First, a single-gene cause was identified 
in only a minority of patients confirming that the prevalence of known monogenic 
disease is low. Importantly, this is the largest reported cohort of individuals with 
CAKUT investigated so far and as a group are representative of clinical practice, in 
contrast to previous studies which have enriched for familial, consanguineous, or 
severe disease. Second, a lack of statistically significant gene-based enrichment of 
rare variation suggests that the contribution of previously implicated genes to 
CAKUT risk has been overestimated. Publication bias of highly penetrant monogenic 
CAKUT associations has led to an overrepresentation of single-gene causes in the 
literature however the observed locus and allelic heterogeneity, incomplete 
penetrance and variable expressivity suggest that the genetic architecture of CAKUT 
is far more complex. How other types of genomic variation contribute to this 
complexity is what I aim to investigate in the remainder of this thesis.
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Chapter 4: Structural variation 

4.1 Introduction 

Structural variation (SV) describes several diverse types of genomic variation 
³ 50bp in size that may be balanced or unbalanced in nature (Figure 4.1). 

Unbalanced SVs include CNVs (which may be deletions, duplications or multi-
allelic), insertions and complex SVs usually larger than 1Mb. Inversions and 
reciprocal translocations result in no net loss or gain of genomic material and are 
therefore considered balanced variants. Importantly, this type of variation cannot 
be detected using conventional microarray-based approaches. SVs can result 
from different mutational mechanisms including DNA recombination-, replication- 
and repair-associated processes. Recurrent SVs are generated during meiosis 
by nonallelic homologous recombination (NAHR), essentially a misalignment 
between two sequences of DNA called low copy repeats (LCRs) which exhibit 
high (> 95%) sequence similarity. Recombination ‘hotspots’ in these LCRs result 
in SVs that recur in multiple individuals (Carvalho and Lupski 2016). 

 

 

Figure 4.1. Types of structural variation.  

Median number of SVs per genome based on short-read WGS detection. CNV, copy number 
variant; SV, structural variant. Adapted from Collins et al. 2020. 

 

Median number 
per genome 3,505 723                  548                 2,612            14              0.001               37
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Although SVs account for ~0.1% of all variants, their size means they contribute 
greater diversity between two human genomes at the nucleotide level than any 
other form of variation (Sudmant et al. 2015). A typical human genome is 
estimated to have 4,500-7,500 SVs (detectable using short-read WGS), most of 
which are small (median size 331bp) and rare (MAF < 1%), and the majority of 
which are deletions (~35%), mobile-element insertions (~27%) or tandem 
duplications (~11%) (Abel et al. 2020, Collins et al. 2020). The superior sensitivity 
of long-read WGS has however recently identified over 25,000 SVs per genome, 
with the increase primarily made up of small (< 2kb), repetitive insertions and 
large (> 50kb) inversions (Audano et al. 2019, Chaisson et al. 2019).  

In general, SVs tend to have more severe consequences than SNVs, mediating 
their effects via changes in gene dosage, disruption of gene function, or 
rearrangement of regulatory elements to alter genomic context (Lappalainen et 
al. 2019). Widespread selection is seen against almost all classes of SV that 
overlap genes, with modest selection also observed against those affecting non-
coding cis-regulatory elements (Abel et al. 2020, Collins et al. 2020). 
Interestingly, copy-gain duplications do not show evidence of negative selection, 
consistent with the known evolutionary role of gene duplication events which are 
the primary force by which new gene functions arise (Dennis and Eichler 2016).  

Given this selective pressure, it is perhaps not surprising that rare CNVs have 
been implicated in the pathogenesis of a wide range of diseases. Charcot Marie 
Tooth disease type 1A was the first Mendelian disease in which a gene dosage 
effect was described, where an inherited 1.5Mb tandem duplication 
encompassing the PMP22 gene was identified (Lupski et al. 1991). 
Subsequently, rare and de novo CNVs have been associated with common 
complex traits such as autism (Sebat et al. 2007) and schizophrenia (Stefansson 
et al. 2008, Marshall et al. 2017) as well as developmental delay (Cooper et al. 
2011) and congenital malformations (Mefford et al. 2007, Greenway et al. 2009). 
Somatic SVs are also strongly associated with the development and progression 

of many cancers, where complex SVs result from processes such as 



Chapter 4: Structural Variation 

 

 

141 

chromoplexy and the catastrophic chromothripsis or ‘chromosome shattering’ (Li 
et al. 2020).  

SVs are commonly found in repeat-rich segmentally duplicated regions which can 

be problematic for detection and accurate resolution of breakpoints. Traditionally, 
low-cost, high-throughput microarray-based approaches (e.g., array CGH or SNP 
platforms) have been used in clinical diagnostics to identify CNVs down to a 
resolution of ~25kb but these methods lack the ability to detect a) small SVs, b) 
balanced SVs such as inversions, and c) SVs not found in the reference genome 
e.g. novel insertions (Ho et al. 2020). The advent of NGS along with the 
development of computational approaches for SV discovery looking for 
discordance between sample reads and the reference genome (including read 
depth, read-pair, split-read and de-novo assembly algorithms), has enabled the 
determination of breakpoints down to single base pair resolution (Ho et al. 2020). 
While still primarily a research tool, the superior sensitivity and resolution of WGS 
will likely replace conventional arrays for clinical diagnostics in the future.  

Previous microarray-based studies have demonstrated an increased burden of 
large (> 100kb), rare, exonic CNVs in individuals with CAKUT (Sanna-Cherchi et 
al. 2012, Verbitsky et al. 2019, 2021). Indeed, in our cohort, the recurrent 1.4Mb 
17q12 deletion was the most frequently identified pathogenic variant. However, 
at present nothing is known about the contribution of smaller SVs to this disorder 
or whether other types of structural variation (e.g., inversions) may be important. 
Furthermore, given that tightly regulated transcriptional networks are critical for 
normal renal tract development it can be hypothesized that SVs might 
preferentially affect non-coding regulatory regions, thereby altering the genomic 
context or expression of key developmental genes. In this chapter I therefore take 
advantage of the superior SV detection capabilities of WGS to investigate the 
contribution of both rare gene-disrupting and non-coding regulatory structural 
variation to the pathogenesis of CAKUT. 
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4.2 Aims 

1. To ascertain whether rare gene-disrupting structural variation is enriched in 
individuals with CAKUT and identify recurrently affected genes or loci using an 
unbiased collapsing exome-wide approach.  

2. To determine whether non-coding cis-regulatory elements demonstrate an 
increased burden of rare structural variation.      

4.3 Methods 

4.3.1 Variant calling  

The SV calling pipeline used by Genomics England incorporates CANVAS 
(version 1.3.1) to determine copy number (> 10kb), and MANTA (version 0.28.0) 

to identify SVs ³ 50bp. Both tools are widely-used for SV calling in the 

bioinformatics community and MANTA has been shown to perform consistently 
well with regards to precision and recall compared to other SV callers (Cameron 
et al. 2019).  

CANVAS scans the genome for regions which have an unexpected number of 
short read alignments assigning those with fewer or more than expected as 
losses or gains, respectively (Roller et al. 2016).  

MANTA combines discordant read-pair and split-read evidence to identify SV 
regions (Chen, Schulz-Trieglaff, et al. 2016). While read-pair approaches are 
powerful, mapping reads to repetitive regions remains challenging and accurate 
breakpoint resolution relies on very tight fragment size distributions. Split-read 

algorithms (where a read has two or more partial alignments to the reference 
genome i.e. it is split by a breakpoint) can pinpoint exact breakpoints for a wide 
range of SV types but is only reliable in unique regions of the genome (Alkan et 
al. 2011). While MANTA can detect deletions and tandem duplications < 10kb, 
inversions, and interchromosomal translocations it cannot reliably identify 
dispersed duplications, small inversions (< 200bp), fully assembled large 
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insertions (> 2x150bp) or breakends where repeat lengths approach the read size 
(150 bp). Very few insertions were identified in this cohort using MANTA and in 
view of this they were excluded from downstream analysis. In addition, variants 
classified as translocations, single breakends or complex SVs which are more 
difficult to accurately resolve were filtered out.   

4.3.2 Quality control 

Variants were retained if they fulfilled the following quality filters:  

• CNV length > 10kb and Q-score ≥ Q10 indicating ³ 90% confidence 

there is a variant present (CANVAS; (Roller et al. 2016)). 

• QUAL ≥ 20 indicating ³ 99% confidence that there is a variant at the 

site, GQ ≥ 15 indicating ³ 95% confidence that the genotype assigned 

to a sample is correct, and MaxMQ0Frac < 0.4 which indicates the 
proportion of uniquely mapped reads around either breakend (MANTA; 

(Chen, Schulz-Trieglaff, et al. 2016)). 

Variants without paired read support, inconsistent ploidy, or depth > 3x the mean 

chromosome depth near one or both breakends were excluded.  

4.3.3 Extraction of exon and cis-regulatory element intersecting SVs 

For each sample, BEDTools (version 2.27.1) (Quinlan and Hall 2010) was used 
to extract SVs that intersected by a minimum of 1bp with:  

a) at least one exon (GENCODE; version 29) (Frankish et al. 2019) or 

b) an ENCODE (ENCODE Project Consortium et al. 2020) candidate cis-
regulatory element (cCRE) 

ENCODE (ENCODE Project Consortium et al. 2020) cCREs are 150-350bp 
consensus sites of chromatin accessibility (DNase hypersensitivity sites) 
supported by histone modification (H3K4me3 and/or H3K27ac), or CCCTC-
binding factor (CTCF) ChIP-seq data (Figure 4.2). cCREs are defined based on 
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their epigenetic signatures in at least one biosample and proximity to the nearest 
annotated GENCODE transcription start site (TSS): 

 

Figure 4.2. Classification of cCREs.  

cCREs are assigned to one of five elements (rectangles with coloured blocks) based on their 
epigenetic signature in at least one biosample and proximity to the nearest transcription start site 
(TSS). Adapted from ENCODE Project Consortium et al. 2020. 

 

A total of 926,535 cCREs encoded by 7.9% of the human genome were 
downloaded from UCSC Table Browser (Sugnet et al. 2002) using the 
encodeCcreCombined track (updated 20/05/2020). This includes: 

• ~668,000 distal enhancer-like signature (dELS) elements > 2kb from 
TSS 

• ~142,000 proximal enhancer-like signature (pELS) elements within 
2kb of a TSS  

Nature | Vol 583 | 30 July 2020 | 705

Box 1 Fig. 2 | Profiles of feature ascertainment 
across biosamples and confidence tiers for 
cCREs. Top, upset plot showing the numbers  
of biosamples with the set of feature 
determinations indicated below the plot. Group 
and tier assignments are shown by matrices of 
feature determination and an indication of 
whether a high signal was observed, using 
conventions defined in Box 1 Fig. 1. The matrix for 
tier 1a is within the upset plot, and those for tiers 
1b and 2 are below the plot. Assessment of tier 2 
requires examination of data for two biosamples, 
indicated to the right of the matrices. The 
heatmap in the lower left shows the numbers of 
cCREs in each group and tier.
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• ~57,000 CTCF-only elements which are candidates for insulator and 
chromatin looping functions 

• ~35,000 promoter-like signature (PLS) elements within 200bp (centre 
to centre) of a TSS  

• ~26,000 DNase-H3K4me3 elements with promoter-like signals but are 
> 200bp from a TSS 

4.3.4 Filtering by allele frequency  

Variants were first separated by type into CNV, deletion (DEL), duplication (DUP), 
and inversion (INV) sets before being filtered using BEDTools (version 2.27.1) 
(Quinlan and Hall 2010) to remove common SVs of the same type. SVs were 
removed if they had a minimum 70% reciprocal overlap with: 

a) the dbVar (Lappalainen et al. 2013) NCBI curated dataset of SVs (nstd186) 
containing variant calls from studies with at least 100 samples and AF > 1% in at 
least one population, including gnomAD (Karczewski et al. 2020), 1000 Genomes 
(Phase 3) (1000 Genomes Project Consortium et al. 2015) and DECIPHER (Firth 
et al. 2009). This dataset does not include inversions.   

and/or 

 b) a dataset of common (AF > 0.1%) SVs generated from 12,234 cancer patients 

recruited to the 100KGP. SVs were merged using SURVIVOR (version 1.0.7) 

(Jeffares et al. 2017), allowing a maximum distance of 300bp between pairwise 
breakpoints and allele frequencies calculated using BCFtools (version 1.11) 
(Danecek et al. 2021). This dataset has the added benefit of being sequenced on 
the same platform as our case-control cohort.   

After removal of overlapping common variants, a custom perl script (Dr Helen 
Griffin, Newcastle University) was used to calculate allele frequencies for each 

type of SV across the combined case-control cohort using bins of 10kb across 
the entire genome. SVs with an AF < 0.1% were retained for further analysis.  
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4.3.5 Burden analysis 

Exome-wide gene-based and genome-wide cCRE-based burden testing was 
carried out using custom R scripts stratified by SV type: CNV, DEL, DUP and 
INV. SVs were aggregated across 19,005 autosomal protein-coding genes and 
five cCRE types (see Figure 4.2). The burden of rare (MAF < 0.1%), autosomal 
SVs in cases and controls was then enumerated under a dominant inheritance 
model by comparing the number of individuals with ≥1 SV using a two-sided 
Fisher’s exact test. The Wilcoxon-Mann-Whitney test was used to compare 
median SV size. Unadjusted P values are reported. The Bonferroni correction for 
the number of genes (P=0.05/19,005=2.6x10-6) and cCRE/SV combinations 
(P=0.05/20=2.5x10-3) tested was applied, although with the knowledge that this 
is likely to be too stringent given the tests are not truly independent (one SV can 
affect multiple genes or cCREs). Given the underlying null distribution is 
unknown, empirical P values were also calculated using permutation testing, 
swapping case-control labels 10,000 times.  

4.4 Results 

4.4.1 Burden of gene-disrupting structural variation 

I first focused on rare, autosomal SVs that intersected with at least one exon and 
had an AF < 0.1% on the basis that these variants were potentially gene-
disrupting and therefore more likely to be deleterious. Analysis of 813 CAKUT 
cases and 25,205 ancestry-matched controls did not reveal any statistically 
significant enrichment of CNVs, small deletions and duplications, or inversions 
(Figure 4.3 and Table 4.).  
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Figure 4.3. Burden of rare, autosomal, exonic structural variants in CAKUT probands 
stratified by phenotype and 25,205 controls.  

Vertical black bars indicate 95% confidence intervals. CNV, copy number variant; DEL, deletion; 

DUP, duplication; INV, inversion; KA, kidney anomaly; OU, obstructive uropathy; VUR, vesico-
ureteral reflux; PUV, posterior urethral valves; BE, bladder exstrophy. 

 

Small deletions (< 10kb) were the most frequently identified SV, seen in over 85% 
of individuals. The median size of SVs was also similar in cases and controls 
(Table 4.1).  

 

Table 4.1. Burden of rare, autosomal, exonic structural variants in CAKUT probands, 
stratified by phenotype.  

Although each phenotype was ancestry-matched to a separate subset of controls, data for the 
largest control cohort analysed is presented here for reference. KA, kidney anomaly; OU, 
obstructive uropathy; VUR, vesico-ureteral reflux; PUV, posterior urethral valves; BE, bladder 
exstrophy; CNV, copy number variant; DEL, deletion; DUP, duplication; INV, inversion; OR, odds 

ratio; CI, 95% confidence interval; IQR, interquartile range. 
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  CAKUT  
(n=813) 

KA 
(n=237) 

OU 
(n=177) 

VUR 
(n=174) 

Cystic 
(n=112) 

PUV 
(n=132) 

BE 
(n=97) 

Controls 
(n=25,205) 

CNV n (%) 634 (78.0) 185 (78.1) 141 (79.7) 131 (75.3) 92 (82.1) 109 (82.6) 71 (73.2) 19,673 (78.1) 

 OR (CI) 1.00 
(0.84-1.19) 

1.07 
(0.78-1.48) 

1.17 
(0.80-1.74) 

0.92 
(0.65-1.34) 

1.39 
(0.85-2.39) 

1.52 
(0.96-2.50) 

0.84 
(0.53-1.38) 

 

 Fisher's exact P 0.97 0.76 0.47 0.65 0.22 0.07 0.47  

 Median size (kb) (IQR) 87 (137) 89 (130) 83 (145) 92 (127) 92 (145) 104 (183) 93 (137) 84 (137) 
 P (Wilcoxon) 0.51 0.31 0.95 0.16 0.41 0.75 0.38  

DEL n (%) 709 (87.2) 203 (85.7) 152 (85.9) 150 (86.2) 94 (83.9) 117 (88.6) 82 (84.5) 21,738 (86.2) 

 OR (CI) 1.09 
(0.88-1.35) 

1.06 
(0.74-1.58) 

1.05 
(0.69-1.68) 

1.12 
(0.72-1.80) 

0.94 
(0.56-1.65) 

1.46 
(0.85-2.69) 

1.00 
(0.57-1.87) 

 

 Fisher's exact P 0.47 0.86 0.92 0.67 0.79 0.19 1  

 Median size (kb) (IQR) 1.5 (4.5) 1.5 (4.7) 1.9 (5.1) 1.2 (4.2) 1.6 (4.7) 1.4 (4.2) 2.6 (4.9) 1.6 (4.5) 
 P (Wilcoxon) 0.7 0.99 0.16 0.22 0.76 0.18 0.41  

DUP n (%) 310 (38.1) 90 (38.0) 67 (37.9) 69 (39.7) 39 (34.8) 59 (44.7) 34 (35.1) 9,361 (37.1) 

 OR (CI) 1.04 
(0.90-1.21) 

1.11 
(0.84-1.45) 

1.07 
(0.77-1.46) 

1.20 
(0.87-1.65) 

0.96 
(0.63-1.44) 

1.45 
(1.01-2.08) 

1.02 
(0.65-1.57) 

 

 Fisher's exact P 0.58 0.45 0.7 0.233 0.92 0.04 0.92  

 Median size (kb) (IQR) 3.0 (5.6) 3.6 (5.3) 3.6 (5.8) 1.9 (5.1) 3.7 (6.0) 3.7 (5.7) 3.5 (5.1) 2.9 (5.4) 
 P (Wilcoxon) 0.41 0.42 0.47 0.18 0.41 0.16 0.99  

INV n (%) 316 (38.9) 89 (37.6) 65 (36.7) 62 (35.6) 41 (36.6) 66 (50.0) 31 (32.0) 9,679 (38.4) 

 OR (CI) 1.02 
(0.88-1.18) 

1.04 
(0.79-1.36) 

0.96 
(0.70-1.32) 

0.96 
(0.69-1.32) 

0.99 
(0.66-1.48) 

1.72 
(1.20-2.45) 

0.84 
(0.53-1.31) 

 

 Fisher's exact P 0.8 0.79 0.88 0.87 1 2.1x10-3 0.46  

 Median size (kb) (IQR) 194 (1254) 211 (910) 180 (791) 232 (1346) 194 (1218) 253 (1931) 176 (1346) 175 (1292) 
 P (Wilcoxon) 0.15 0.78 0.96 0.70 0.72 0.44 0.67  

 

Table 4.1. Burden of rare, autosomal, exonic structural variants in CAKUT probands, stratified by phenotype.  
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Larger CNVs are more likely to be disease causing, however analyzing CNVs by 
size did not reveal any significant differences between the CAKUT cohort and 

control group; although slightly more cases had very large (³ 1Mb) CNVs than 

controls (3.9% vs 3.3%; P=0.32; OR 1.20; 95% CI 0.81-1.72) (Figure 4.4). The 
ratio of duplications to deletions was also the same in cases and controls (0.89).  

Stratification by phenotype revealed a greater number of individuals with PUV 

had ³ 1 exon-intersecting SV compared with controls (Table 4.1). In this cohort 

of 132 cases and 23,727 controls, an increased burden of rare inversions was 
seen (median size 253kb; P=2.1x10-3; OR 1.72; 95% CI 1.20-2.45), although this 
was not statistically significant after applying the Bonferroni correction for multiple 
testing (P=0.05/28=1.8x10-3). None of the other phenotypes had evidence for SV 
enrichment when compared to ancestry-matched controls.   

 

Figure 4.4. Burden of rare, exonic CNVs in 813 CAKUT probands and 25,205 controls 
stratified by size. 

Vertical black bars indicate 95% confidence intervals. CNV, copy number variant. 
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Large, rare, exonic CNV losses have previously been found to be enriched in 
individuals with kidney anomalies (Sanna-Cherchi et al. 2012, Verbitsky et al. 

2019). As a direct comparison I therefore repeated the analysis in 260 individuals 
with renal agenesis, hypodysplasia and cystic dysplasia and 25,075 controls 

using a similar size threshold of ³ 100kb. Although there was evidence of an 

increased burden of exon intersecting CNV losses this was not statistically 
significant (26.9% vs 22.0%; P=0.06; OR 1.31; 95% CI 0.98-1.73). Interestingly, 
Verbitsky et al. (2019) identified a comparable number of CNV losses in their 
kidney anomaly cohort consisting of 1,088 individuals (22.5%), however 
substantially fewer were detected in their 21,498 controls (14.7%).    

4.4.2 Exome-wide gene-based burden testing 

To ascertain whether any genes were recurrently affected by structural variation 
I next aggregated the different types of SV across 19,005 protein coding genes. 
Although there was no significant gene-level enrichment of autosomal rare SVs 
after correction for multiple testing (P=0.05/19,005=2.63x10-6), CNVs affecting 
HNF1B (and the surrounding 17q12 region) demonstrated the strongest 
association, reaching a minimum P-value of 3.1x10-4 (Figure 4.5). A greater 
proportion of individuals with CAKUT had copy number losses affecting the 
17q12 region than controls (0.5% vs 0.02%; P=5.99x10-5), but no significant 
difference was seen in copy number gains (0.12% vs 0.04%; P=0.32).  
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Figure 4.5. Exome-wide burden analysis of rare CNVs in 813 CAKUT probands and 25,205 
ancestry-matched controls.  

Each dot represents a gene. The red line denotes the Bonferroni corrected exome-wide 
significance threshold of P=2.63x10-6. The 17q12 locus containing HNF1B is highlighted with a 
blue arow. 

 

Stratifying the analysis by phenotype revealed that this signal was driven 
primarily by the cystic dysplasia cohort where both the 17q12 and 22q11.2 loci 
were non-significantly enriched for copy number variation (minimum P=3.1x10-4 
[TBC1D3G] and P=3.23x10-4 [SERPIND1 and SNAP29], respectively) (Figure 
4.6). 

Interestingly, there was also enrichment of rare CNVs affecting a cluster of 
olfactory receptor genes on chromosome 1q44 (OR2T33; P=4.98x10-4) (Figure 
4.5). OR genes are commonly found in segmentally duplicated regions and are 
known to be frequently copy-number variable (Young et al. 2008), however the 
identification of this (non-significant) signal has presumably occurred by chance 
and is not related to our phenotype. This highlights the perils of statistical noise 

17q12 

HNF1B 
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and emphasizes the need for stringent multiple testing correction as well as 
independent replication before robust inferences can be made.  

 

Figure 4.6. Exome-wide burden analysis of rare CNVs in 112 probands with cystic 
dysplasia and 24,084 ancestry-matched controls.  

Each dot represents a gene. The red line denotes the Bonferroni corrected exome-wide 
significance threshold of P=2.63x10-6. The 17q12 and 22q11.2 loci are highlighted with blue 
arrows. 

 

4.4.3 Candidate genetic drivers in recurrent deletion syndromes 

Examination of genes affected in recurrent deletion syndromes associated with 
CAKUT can help to prioritize candidate genetic drivers of renal tract anomalies. 
HNF1B has been clearly established as the genetic driver at the 17q12 locus 
(Mefford et al. 2007) and CRKL (CRK-like) and TBX6 (T-box transcription factor 

6) have recently been proposed at the 22q11.2 and 16p11.2 loci, respectively 
(Lopez-Rivera et al. 2017, Verbitsky et al. 2019, Yang et al. 2020). I therefore 
asked whether an agnostic exome-wide burden testing approach provided any 
additional support for candidate genes at these loci. 

17q12 22q11.2 
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4.4.3.1 22q11.2 Locus 

The 22q11.2 locus comprises eight highly homologous LCRs (LCR22A-H) which 

predispose to recurrent genomic rearrangements (Babcock et al. 2007). 
Deletions affecting this region result in DiGeorge/velocardiofacial syndrome (MIM 
188400/192430) which is the most common microdeletion syndrome in humans 
with an incidence of 1 in 4000 births (Devriendt et al. 1998). Heterozygous de 
novo 2.5-3Mb recurrent deletions between LCR22 A and D at 22q11.2 are the 
most common cause of DiGeorge syndrome (MIM 188400) and result in heart 
defects, parathyroid and thymic hypoplasia, cleft palate, abnormal facies, and 
developmental delay. Approximately 40% of patients have associated renal 
anomalies, predominantly renal agenesis or hypodysplasia (Kobrynski and 
Sullivan 2007), with a recurrent 370kb region between LCR22 C and D 
associated with kidney defects. Inactivation of Crkl within this locus results in 
kidney and urinary tract malformations in zebrafish and mouse models and an 
increased burden of rare CRKL variants has been reported in individuals with 
renal hypodysplasia suggesting a causal role for this gene in the pathogenesis of 
CAKUT (Lopez-Rivera et al. 2017).   

Examination of our cohort of 813 CAKUT cases and 25,205 ancestry-matched 
controls did not identify anyone with the classic 2.5Mb 22q11.2 deletion 
associated with DiGeorge syndrome. 2/813 (0.2%) cases had a 413kb and 743kb 
CNV overlapping with the deletion between LCR22 C and D (Figure 4.7), 
replicating the association of this region with CAKUT. Similar sized CNVs were 
seen in just 2/25,205 (0.01%) controls (Fisher’s exact P=5.6x10-3). Both cases 
had cystic renal dysplasia and one had a mother with unilateral renal agenesis in 
whom the 413kb CNV segregated.  
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Figure 4.7. Coverage and alignment of the 22q11.2 region in two individuals with cystic 
renal dysplasia. 

Overlapping microdeletions between LCR22 C and D are shown. LCR22, chromosome 22 low-
copy repeat. Image generated using Integrated Genome Viewer (IGV).  

 

Further assessment of the rare variant burden in the nine genes found in this 
recurrent deletion between LCR22 C and D are shown in Table 4.2. CNVs 
affecting SERPIND1 and SNAP29 were most strongly associated with CAKUT 
although neither of these genes were enriched for SNVs/indels. In contrast to 
Lopez-Riviera et al. (2017), no significant burden of likely deleterious SNV/indel 
variation affecting CRKL was seen in this study but AIFM3 (apoptosis inducing 
factor, mitochondria associated 3) reached a minimum P-value of 0.01.  

AIFM3 induces apoptosis via caspase activation (Xie et al. 2005) and is 
expressed in the developing human kidney (Verbitsky et al. 2019, Lozic et al. 
2021). Furthermore, knockdown of aifm3 in zebrafish embryos in combination 
with snap29 results in renal defects (Verbitsky et al. 2019) providing additional 
support for AIFM3 as a candidate genetic driver of renal anomalies at the 22q11.2 
locus 

LCR22 D LCR22 B LCR22 C 
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Table 4.2. Candidate genetic drivers of renal anomalies at the 22q11.2 locus.  

Burden of rare variation in 813 CAKUT probands and 25,205 ancestry-matched controls. CNV 
burden calculated using a two-sided Fisher’s exact test. Likely deleterious SNV/indel burden 
calculated using SKAT-O. Unadjusted P values are shown.  

 

Gene CNV burden SNV/indel burden 

SERPIND1 2.9x10-3 1 

SNAP29 2.9x10-3 0.41 

CRKL 3.4x10-3 1 

PI4KA 3.4x10-3 0.65 

AIFM3 3.9x10-3 0.01 

LZTR1 3.9x10-3 0.14 

P2RX6 3.9x10-3 0.55 

SLC7A4 3.9x10-3 0.58 

THAP7 3.9x10-3 0.68 

 

4.4.3.2 16p11.2 Locus 

I next examined the highly pleiotropic 16p11.2 locus to determine whether there 
was any statistical evidence to support a particular candidate genetic driver of 
renal anomalies in this region. 16p11.2 recurrent microdeletion syndrome (MIM 
611913) describes a ~600kb deletion encompassing > 25 genes which manifests 
as developmental delay, intellectual disability, autism spectrum disorder, heart 
defects and/or vertebral anomalies. A wide range of renal tract anomalies are 
also observed in up to 40% (Sampson et al. 2010, Verbitsky et al. 2019). 

2/813 (0.2%) CAKUT cases were heterozygous for the recurrent 16p11.2 
microdeletion compared with 8/25,205 (0.03%) of controls (P=0.04). One of the 
cases had cystic renal dysplasia and VUR along with other features of the 
16p11.2 microdeletion syndrome, while the other had bladder exstrophy, which 
has not been previously associated with this syndrome. The frequency of this 
deletion in controls is consistent with an estimated population prevalence of ~3 
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in 10,000 (Stefansson et al. 2014) and suggests that a proportion of these control 
individuals may have undetected renal tract anomalies or other features of the 

syndrome such as autism or subtle neurocognitive defects.  

Previous deletion mapping of this region in 9 individuals with varied CAKUT 
phenotypes identified an overlapping ~175kb region containing 19 genes with 
allelic series in mice implicating TBX6  in this region as a dosage-dependent 
driver of renal tract anomalies (Verbitsky et al. 2019, Yang et al. 2020). Closer 
examination of this locus in our cohort did not identify any statistically significant 
enrichment of rare CNVs affecting TBX6 (P=0.10) although the burden of likely 

deleterious SNV/indels reached nominal significance (P=0.05). None of the other 
candidate genes at this locus were enriched for rare variation (Figure 4.8).  

 

 

 

Figure 4.8. 16p11.2 microdeletion seen in two individuals with CAKUT.  

CNVs identified in cases are in blue. The previously identified ~175kb candidate CAKUT region 
is marked in red (Verbitsky et al. 2019). Candidate genes are highlighted in light blue. Figure 
generated using UCSC Genome Browser. 

 

4.4.3 Burden of cis-regulatory element structural variation 

Given the tightly controlled transcriptional networks that govern embryogenesis I 
next hypothesized that regulatory regions may be preferentially affected by rare 
structural variation. To investigate this, I extracted rare, autosomal SVs that 
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intersected with 926,535 genome-wide cCREs curated from experimental 
epigenomic data by ENCODE (ENCODE Project Consortium et al. 2020). These 

cCREs include elements with distal enhancer-like signatures (dELS), proximal 
enhancer-like signatures (pELS) within 2kb of a transcription start site (TSS), 
promoter-like signatures (PLS) within 200bp of a TSS, CTCF-only elements and 
DNase-H3K4me3 elements (promoter-like signatures > 200bp from TSS).  

Comparing SV types between CAKUT cases and ancestry-matched controls did 
not reveal any statistically significant enrichment of SVs affecting candidate cis-
regulatory elements (Figure 4.9 and Table 4.3). Stratification by phenotype 

identified an enrichment of small duplications (78.8% vs 67.5%; P=5.0x10-3; OR 
1.79; 95% CI 1.17-2.83) and inversions (61.4% vs 47.1%; P=1.2x10-3; OR 1.79; 
95% CI 1.24-2.59) in 132 PUV cases compared with 23,727 ancestry-matched 
controls, however after applying a multiple testing correction this was only 
statistically significant for inversions. The median size of inversions was larger in 
the PUV cohort compared with other phenotypes (129kb); however, this was not 
significantly different from matched controls (94kb; P=0.12).  

 

 



Chapter 4: Structural variation 

 

 

 

158 

 

Figure 4.9. Burden of SVs affecting cis-regulatory elements in CAKUT probands stratified 
by phenotype and 25,205 controls.  

Vertical black bars indicate 95% confidence intervals. CNV, copy number variant; DEL, deletion; 

DUP, duplication; INV, inversion; KA, kidney anomaly; OU, obstructive uropathy; VUR, vesico-
ureteral reflux; PUV, posterior urethral valves; BE, bladder exstrophy. 

 

Table 4.3. Burden of rare, autosomal candidate cis-regulatory element SVs in CAKUT 
probands stratified by phenotype.  

Although each phenotype was ancestry-matched to a separate subset of controls, data for the 
largest control cohort analyzed is presented here for reference. KA, kidney anomaly; OU, 
obstructive uropathy; VUR, vesico-ureteral reflux; PUV, posterior urethral valves; BE, bladder 
exstrophy; CNV, copy number variant; DEL, deletion; DUP, duplication; INV, inversion; OR, odds 
ratio; CI, 95% confidence interval; IQR, interquartile range.  
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  CAKUT 
(n=813) 

KA  
(n=237) 

OU  
(n=177) 

VUR 
(n=174) 

Cystic 
(n=112) 

PUV 
(n=132) 

BE  
(n=97) 

Controls 
(n=25,205) 

CNV n (%) 661 (81.3) 194 (81.9) 144 (81.4) 138 (79.3) 94 (83.9) 111 (84.1) 76 (78.4) 20,567 (81.6) 
 OR (CI) 0.98  

(0.82-1.18) 
1.10  
(0.79-1.58) 

1.05  
(0.72-1.59) 

0.94  
(0.64-1.39) 

1.29  
(0.77-2.27) 

1.39  
(0.87-2.34) 

0.90  
(0.55-1.54) 

 

 Fisher's exact P  0.82 0.62 0.85 0.70 0.40 0.20 0.70  
 Median size (kb) (IQR) 76 (121) 79 (113) 73 (132) 79 (119) 79 (117) 80 (165) 84 (117) 75 (122) 
 P (Wilcoxon) 0.89 0.62 0.75 0.07 0.65 0.75 0.39  
DEL n (%) 811 (99.3) 237 (100) 177 (100) 174 (100) 112 (100) 132 (100) 96 (99.0) 25,056 (99.4) 
 OR (CI) 2.41  

(0.65-20.13) Inf Inf Inf Inf Inf 1.62  
(0.28-64.9) 

 

 Fisher's exact P  0.34 0.04 0.12 0.12 0.28 0.04 1  
 Median size (kb) (IQR) 1.7 (4.3) 1.7 (4.3) 1.8 (4.5) 1.6 (4.2) 1.7 (4.4) 1.4 (4.1) 1.8 (4.3) 1.7 (4.3) 
 P (Wilcoxon) 0.23 0.84 0.67 0.25 0.92 4.1x10-4 0.68  
DUP n (%) 576 (50.8) 163 (68.8) 124 (70.1) 108 (62.1) 75 (67.0) 104 (78.8) 71 (73.2) 17,475 (69.3) 
 OR (CI) 1.08  

(0.92-1.26) 
1.05  
(0.79-1.41) 

1.09  
(0.78-1.53) 

0.78  
(0.57-1.08) 

0.96  
(0.64-1.47) 

1.79  
(1.17-2.83) 

1.34  
(0.85-2.20) 

 

 Fisher's exact P  0.37 0.78 0.69 0.12 0.84 5.0x10-3 0.23  
 Median size (kb) (IQR) 1.9 (5.0) 1.6 (5.2) 2.7 (5.4) 2.1 (5.1) 1.6 (5.1) 2.0 (5.3) 2.5 (5.2) 2.0 (5.0) 
 P (Wilcoxon) 0.35 0.47 0.08 0.70 0.44 0.49 0.70  
INV n (%) 413 (50.8) 123 (51.9) 90 (50.8) 85 (48.9) 55 (49.1) 81 (61.4) 44 (45.4) 12,266 (48.7) 
 OR (CI) 1.09  

(0.94-1.26) 
1.23  
(0.94-1.60) 

1.13  
(0.83-1.54) 

1.09  
(0.80-1.48) 

1.09  
(0.74-1.60) 

1.79  
(1.24-2.59) 

0.98  
(0.64-1.48) 

 

 Fisher's exact P  0.24 0.12 0.45 0.59 0.7 1.2x10-3 0.92  
 Median size (kb) (IQR) 62 (385) 44 (361) 42 (254) 29 (361) 68 (738) 129 (459) 39 (370) 44 (450) 
 P (Wilcoxon) 0.26 0.83 0.28 0.49 0.53 0.12 0.75  

 

Table 4.3. Burden of rare, autosomal candidate cis-regulatory element SVs in CAKUT probands stratified by phenotype.  
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4.4.4 Enrichment of SVs affecting cis-regulatory elements in PUV  

To further characterize this significant enrichment of SVs observed in individuals with 
PUV, I next repeated the burden analysis in this cohort stratifying by cCRE subtype 
(dELS, pELS, PLS, CTCF-only and DNase-H3K4me3 elements). Consistent 
enrichment was detected across all cCRE types for rare inversions, with the 
strongest association seen affecting CTCF-only elements (49.2% vs 31.7%; 
P=3.1x10-5; OR 2.09; 95% CI 1.46-2.99) (Figure 4.10 and Table 4.4). Duplications 
affecting pELS elements were also significantly enriched in cases compared with 
controls (29.5% vs 16.8%; P=2.7x10-4; OR 2.08; 95% CI 1.39-3.05). A Bonferroni 
corrected P-value threshold of 2.5x10-3 was used to account for multiple testing 
(0.05/20). 

Given the underlying null distribution is unknown I next calculated empirical P-values 
using 10,000 permutations for each SV/cCRE combination to confirm whether the 
observed signal was true. Overall, comparable levels of significance were seen, 
except in the case of small duplications affecting dELS elements and small deletions 
affecting pELS elements, which both demonstrated stronger evidence of association 
using the permutation approach.  

On the basis that individuals with African ancestry have greater genetic diversity and 
more rare SVs per genome than those with European ancestry (median of 468 vs 
147) (Collins et al. 2020), I also repeated the analysis in a subset of genetically 
defined European samples to ascertain whether the observed signal was being 
driven by population structure. A larger proportion of the 88 PUV cases had rare 
inversions affecting cis-regulatory elements than 17,993 controls, but this only 
reached nominal significance for CTCF-only elements (36.4% vs 26.0%; empirical 
P=2.8x10-2; OR 1.62; 95% CI 1.02-2.56). This attenuated significance is likely related 
to reduced power associated with a smaller sample size and suggests that the 
observed association is not being driven by underlying population structure, 
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however, replication in an independent cohort will be necessary before any firm 
conclusions can be made.    

 

 

Figure 4.10. The proportion of individuals with ≥1 rare, autosomal SVs intersecting with an 
ENCODE cCRE in 132 PUV cases and 23,727 ancestry-matched controls.  

Vertical black bars indicate 95% confidence intervals. Unadjusted P values shown are significant after 
correction for multiple testing (P < 2.5x10-3). CNV, copy number variant; DEL, deletion; DUP, 
duplication; INV, inversion; PUV, posterior urethral valves; dELS, distal enhancer-like 
signature; pELS, proximal enhancer-like signature; PLS, promoter-like signature; cCRE, candidate 
cis-regulatory element.  
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Table 4.4. Burden of rare, autosomal SVs intersecting with each cis-regulatory element type 
in 132 PUV cases and 23,727 ancestry-matched controls.  

Empirical P-values were calculated using 10,000 permutations, except for CTCF-only inversions 
where 100,000 permutations were used. CNV, copy number variant; DEL, deletion; DUP, duplication; 
INV, inversion; dELS, distal enhancer-like signature; pELS, proximal enhancer-like signature; PLS, 
promoter-like signature; OR, odds ratio; CI, 95% confidence interval. 

  CNV DEL DUP INV 
dELS N of cases (%) 109 (82.6) 130 (98.5) 91 (68.9) 75 (56.8) 
 N of controls (%) 18,546 (78.2) 22,743 (95.9) 13,727 (57.9) 10,291 (43.4) 
 Fisher's exact P 0.25 0.18 0.01 2.0x10-3 
 Permutation P 0.07 0.04 4.2x10-3 1.9x10-3 
 OR (CI) 1.32  

(0.84-2.18) 
2.81  
(0.76-23.5) 

1.62  
(1.11-2.40) 

1.72  
(1.20-2.47) 

pELS N of cases (%) 95 (72.0) 88 (66.7) 39 (29.5) 57 (43.2) 
 N of controls (%) 14,755 (62.2) 13,446 (56.7) 3,988 (16.8) 6,848 (28.9) 
 Fisher's exact P 0.02 0.02 2.7x10-4 4.9x10-4 
 Permutation P 0.02 5.4x10-3 2.0x10-4 5.0x10-4 
 OR (CI) 1.56  

(1.06-2.35) 
1.53  
(1.05-2.25) 

2.08  
(1.39-3.05) 

1.87  
(1.30-2.68) 

PLS N of cases (%) 82 (62.1) 39 (29.5) 11 (8.3) 48 (36.4) 
 N of controls (%) 12,382 (52.2) 6,243 (26.3) 1,557 (6.6) 5,862 (24.7) 
 Fisher's exact P 0.02 0.43 0.38 3.2x10-3 
 Permutation P 0.02 0.32 0.27 2.4x10-3 
 OR (CI) 1.50  

(1.04-2.18) 
1.17  
(0.79-1.73) 

1.29  
(0.63-2.41) 

1.74  
(1.19-2.52) 

CTCF-only N of cases (%) 101 (76.5) 79 (59.8) 24 (18.2) 65 (49.2) 
 N of controls (%) 16,247 (68.5) 12,124 (51.1) 3,368 (14.2) 7,512 (31.7) 
 Fisher's exact P 0.05 0.05 0.21 3.1x10-5 
 Permutation P 0.03 0.03 0.45 <1.0x10-5 
 OR (CI) 1.50  

(0.99-2.32) 
1.43  
(0.99-2.06) 

1.34  
(0.82-2.11) 

2.09  
(1.46-2.99) 

DNase-
H3K4me3 N of cases (%) 86 (65.2) 52 (39.3) 19 (14.4) 52 (39.4) 
 N of controls (%) 13,567 (57.2) 7,298 (30.8) 1,976 (8.3) 6,397 (27.0) 
 Fisher's exact P 0.08 0.04 0.02 2.2x10-3 
 Permutation P 0.05 0.06 0.01 1.9x10-3 
 OR (CI) 1.40  

(0.97-2.05) 
1.46  
(1.01-2.10) 

1.85  
(1.07-3.03) 

1.76  
(1.22-2.53) 
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4.5 Summary 

• No significant enrichment of rare, gene-disrupting structural variation was 
identified in individuals with CAKUT as a whole, or when stratified by 
phenotype. 

• The 17q12 and 22q11.2 regions were most frequently affected by copy 
number variation in CAKUT but seen only in those with cystic renal 

dysplasia. 

• AIFM3 at the 22q11.2 locus is enriched for both rare CNVs and SNV/indels 
and is a possible candidate genetic driver of renal anomalies. 

• Significant enrichment of rare structural variation affecting cis-regulatory 
elements was observed in individuals with PUV; specifically small 
duplications affecting candidate enhancer-like elements and inversions 
affecting CTCF-only elements.   

4.6 Discussion 

4.6.1 Gene-disrupting SVs are not significantly enriched in CAKUT 

This study represents the first detailed examination of genome-wide structural 
variation in CAKUT carried out using WGS data, with the significant advantage that 
cases and controls were sequenced on the same platform, therefore minimizing 
potential bias from technical artefacts. The findings are consistent with previous 
observations that the 17q12 and 22q11.2 loci are most commonly affected by copy 
number variation in CAKUT patients (Sanna-Cherchi et al. 2012, Lopez-Rivera et al. 
2017, Verbitsky et al. 2019), but no significant enrichment of gene-disrupting 
structural variation was seen in this cohort as a whole, or when stratified by 
phenotype.  
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This is the first time the burden of small deletions, duplications and inversions has 
been investigated in CAKUT, however there have been several studies analyzing 
rare CNVs, all published by the same group. The absence of observed CNV burden 
seen here contrasts with a large study which used SNP-microarrays to identify an 

enrichment of large (³ 100kb), rare (AF < 0.1%) autosomal CNVs in 2,824 unrelated 

individuals with CAKUT compared with 21,498 controls (Verbitsky et al. 2019). This 
signal was primarily driven by known pathogenic CNV losses in the kidney anomaly 
cohort (n=1,088), consistent with previous data from the same group which identified 
an increased burden of rare, large (> 500kb) gene-disrupting CNVs in a cohort of 

522 individuals with renal hypodysplasia (Sanna-Cherchi et al. 2012). Evidence of 
enrichment was also seen to a lesser extent in those with obstructive uropathy 
(n=512) and VUR (n=659) but no significant burden of exonic CNVs was seen in 
those with PUV (n=141), duplex systems (n=233), ectopic or horseshoe kidneys 
(n=127) or lower urinary tract malformations (n=62). The same authors subsequently 
confirmed the enrichment of rare, exonic CNVs in VUR using a larger cohort of 1,737 
cases and 24,765 controls (Verbitsky et al. 2021).  

More than double the number of rare, exonic CNVs were seen in this study than 
observed by Verbitsky et al. (78% vs 37%) which were smaller on average (median 
size 87kb vs 245kb), reflecting the increased sensitivity and resolution of WGS for 
SV detection compared with microarrays, as well as the difference in size threshold 

for inclusion (³ 10kb compared with ³ 100kb). As a direct comparison I increased the 

size threshold to ³ 100kb but still did not identify any significant difference between 

cases and controls (49.8% vs 50.7%; P=0.64; median size 205kb vs 207kb). A 
similar proportion of very large (> 1Mb) CNVs were however reported in both this 
and the study by Verbitsky et al. (4% and 5%) demonstrating comparable sensitivity 
of microarrays and WGS for larger variants.  

Two possibilities may explain the difference seen in overall CNV burden between 
this study and Verbitsky et al. (2019). First, although both CAKUT cohorts were 

similar in phenotypic breakdown and report a similar proportion of familial disease 
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(14.6%) and extra-renal manifestations (20.2%), Verbitsky et al. (2019) had a 
significantly larger cohort, over a third of whom had kidney anomalies, and therefore 
were better powered to detect association. Second, the difference may have resulted 
from the differing methodological approaches. For example, the multiple genotyping 
arrays used by Verbitsky et al. (2019) may have introduced confounding through 
batch effects and the variant-calling tool used (PennCNV) has been shown to have 
a false positive rate of up to 24% (Eckel-Passow et al. 2011). Furthermore, Verbitsky 
et al. (2019) filtered CNVs using allele frequencies generated from only control 
samples (rather than the entire cohort) which may introduce additional bias and 
potentially result in false positive associations. Future collaborative studies involving 
large cohorts all sequenced on the same platform are therefore necessary to 
definitively confirm or refute the association.   

4.6.2 Regulatory SVs are significantly enriched in PUV 

A significant enrichment of rare structural variation affecting cCREs was identified in 
individuals with PUV. Strong association was observed for inversions affecting 
CTCF-binding elements and for small duplications (< 10kb) affecting proximal 
enhancer-like elements. CTCF is a highly conserved, ubiquitously expressed, zinc 
finger protein which plays a key role in chromatin insultation and gene regulation 
(Chen et al. 2012). While typically the pathogenicity of SVs can be predicted by their 
effects on gene dosage, SVs can also cause disease by altering the copy number 
or position of regulatory elements or reshuffling higher-order chromatin structures 
such as topologically associated domains or TADs (Spielmann et al. 2018). This has 

been clearly demonstrated in the context of congenital limb malformations where 
CNVs (Flöttmann et al. 2018), duplications (Dathe et al. 2009), deletions (Lupiáñez 
et al. 2015), and inversions (Lettice et al. 2011, Lupiáñez et al. 2015) have all been 
shown to affect non-coding limb enhancers or TAD boundaries. Regulatory SVs 
have also been implicated in autism (Brandler et al. 2018) and neurodevelopmental 
delay (Redin et al. 2017). 
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Current understanding of the clinical relevance of inversions is limited as the 
balanced nature and location of breakpoints within complex repeat regions have 
made detection challenging (Puig et al. 2015). Although the vast majority of 
inversions have no obvious phenotypic consequences, they can increase the risk of 
further genomic rearrangements (Osborne et al. 2001) and recurrent inversions have 
been associated with haemophilia A (Lakich et al. 1993), Hunter syndrome 
(Bondeson et al. 1995), neurodegenerative (Webb et al. 2008) and autoimmune 
disease (Salm et al. 2012, Namjou et al. 2014). The enrichment of rare inversions 
affecting cCREs therefore raises the interesting possibility that non-specific 
perturbation of long-range regulatory networks or TADs could result in 
developmental anomalies of the lower urinary tract. 

4.6.3 Disruption of TADs as a mechanism of disease 

The human genome is organized into a hierarchical 3D structure which mediates 
long-range regulation of gene expression. Underlying this structure are TADs, 
megabase-sized local chromatin interaction domains with boundaries enriched by 
CTCF-bound insulator elements (Dixon et al. 2012, Nora et al. 2017). TADs are 
formed by chromatin loop extrusion through the ring-shaped cohesin complex until 
it encounters convergent CTCF-bound sites and are largely conserved across cell 
types, species and development (Dixon et al. 2012, 2015). These structured 
domains mediate long-range enhancer-promoter interactions via chromatin looping 
to bring functional elements into proximity and facilitate the assembly of 
transcriptional machinery ( 

Figure 4.11).   
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Figure 4.11. The gene regulatory landscape.  

The locus is delimited by a cluster of CTCF-binding sites to form a topologically associated domain 
(TAD). These CTCF-associated TAD boundaries anchor the chromatin loop and enable functional 
elements to come into proximity allowing assembly of the transcriptional machinery. Adapted from 
D’haene and Vergult 2021. 

 

TAD disruption is a common phenomenon in cancer development (Hnisz et al. 2016, 
Northcott et al. 2017) and is increasingly being recognized as a mechanism of 
disease in developmental disorders and congenital malformation syndromes. 
Structural variation affecting CTCF-associated TAD boundaries is subject to 
negative selection suggesting a deleterious effect (Fudenberg and Pollard 2019, 
Han et al. 2020) and recent studies have demonstrated an association with 
neurodevelopmental phenotypes (Redin et al. 2017, Lowther et al. 2022), limb 
malformations (Lupiáñez et al. 2015) and lung agenesis (Melo et al. 2021) in 

to shed more light on the importance of noncoding SVs in
NDD etiology by discussing (1) the noncoding functional
elements involved in gene regulation during neurodevelop-
ment, (2) the contribution of (noncoding) structural variation
in NDDs, and (3) an extensive collection of reported NDD
cases in which noncoding SVs appear to be at the root of the
NDD phenotype.

GENE REGULATION IN NEURODEVELOPMENT
Development of the human brain is a highly regulated
process in which genes must be switched on in the right place
at the right time. Dynamic, spatiotemporal gene
expression programs orchestrate all stages of neurodevelop-
ment, including neural stem cell proliferation, neuronal
differentiation, and, ultimately, the migration and integration
of postmitotic neurons13. Errors in the regulation of any of
these processes could result in aberrant development and give
rise to NDDs.

The activity of noncoding functional elements regulates
neurodevelopment
The regulatory machinery steering these transcriptional
programs depends on the transcription of noncoding RNA
(ncRNA) molecules, the activity of noncoding regulatory
elements such as enhancers, and the 3D interaction between
these noncoding regulatory sites and protein-coding target
genes (Fig. 1).

Noncoding RNAs
Transcription of noncoding sequences by RNA polymerase II
is widespread in the human genome14. Both the process of
transcription itself, as well as the resulting ncRNA molecules,
can have a regulatory function. Small (21–25 nt) microRNAs
(miRNAs) are primarily associated with gene repression,
among others, via binding to the 3’ untranslated region
(3’UTR) of genes (Fig. 1)15. Several examples highlight their
relevance to NDD etiology. For instance, miR-137 is thought
to perform a regulatory role during neurodevelopment and
has been associated with SCZ and other neuropsychiatric
disorders through genome-wide association studies
(GWAS)16. Also, the overexpression of miRNAs on chromo-
some 21 and ensuing haploinsufficiency of their target genes
is thought to contribute to ID in Down syndrome patients17.
However, the largest and most diverse group of ncRNA

molecules is that of the long noncoding RNAs (lncRNAs).
These are per definition longer than 200 nucleotides and
include transcripts overlapping other genes (sense or
antisense), intergenic transcripts, as well as enhancer RNAs
(eRNAs) transcribed from active enhancer elements18.
LncRNAs perform their regulatory activity via different
mechanisms, both in cis, at the site of transcription, and in
trans. They can influence gene regulation by acting as
scaffolds, mediating the formation and sequence-specific
binding of regulatory protein complexes, or decoys, seques-
tering and therefore inactivating transcription factors (TFs)
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humans. Disruption of these boundaries by both balanced and unbalanced structural 
variation can alter the chromatin structure, result in ectopic enhancer-promoter 
interactions and subsequently the misexpression of genes (Lupiáñez et al. 2015, 
Symmons et al. 2016). 

 

Figure 4.12. Structural variation affecting TAD boundaries.  

Changes in chromatin conformation can result in ectopic enhancer-promoter interactions. Inversions 
that cross TAD boundaries can lead to ‘hijacking’ of enhancers from a nearby TAD and ectopic gene 
expression. Adapted from Spielmann et al. 2018.  

 

Deletions of CTCF-associated TAD boundaries may lead to fused TADs whereas 
duplications can result in the formation of neo-TADs that are isolated from the rest 
of the genome (Figure 4.12) (Franke et al. 2016). Inversions that cross TAD 
boundaries can cause two domains to fuse together (TAD shuffling) and lead to 

enhancer adoption (or ‘hijacking’) with ectopic gene expression (Lettice et al. 2011). 
For example, an inversion affecting the enhancer cluster and nearby TAD boundary 
at the Epha4 locus resulted in congenital limb malformations as a consequence of 

enhancer of SHH, have been shown to functionally inter-
act across a TAD boundary element when their genomic 
distance is reduced beneath a certain threshold82.

Enhancer redundancy
Genome- wide studies as well as studies at individual loci 
suggest that developmental genes are usually controlled 
by multiple enhancer elements with tissue- specific acti-
vity. Single enhancers can be responsible for controlling 
expression patterns in a specific tissue and can display 
phenotypical effects by loss of function or misexpres-
sion upon mutation83,84. However, such regulation seems 
to be the exception, and there is growing evidence that 
tissue- specific transcription is generally controlled by 
multiple enhancer elements that work in cooperation 
to achieve the necessary precision of gene expression85. 
Accordingly, the activity of enhancers overlaps in parts 
or completely, a phenomenon termed enhancer redun-
dancy or ‘shadow enhancers’ (REF.86). The term ‘super 
enhancers’ was further used to describe clusters of 
redundant enhancers with high transcriptional activ-
ity that seem to control important genes and that are 

associated with cancer87. Different types of cooperation 
between enhancers have been described on the basis 
of their impact on gene expression, including additive, 
synergistic, competitive or even repressive functions 
(reviewed in REF.88). However, the in vivo importance of 
enhancer redundancy is still a matter of debate. 

A recent in- depth analysis of the regulatory landscape 
of IHH identified nine enhancer elements that showed 
overlapping regulatory activities in the finger tips, the 
growth plates and the sutures of the skull89. Deletions of 
these enhancer elements in transgenic mice resulted in 
variable loss of function and corresponding phenotypes, 
as previously observed in an Ihh complete knockout 
model90. By contrast, duplications led to tissue- specific 
upregulation and misexpression of Ihh, causing syndac-
tyly and malformation of the skull. This study shows 
that enhancers are not single independent elements that 
together add up to the expression pattern of a target gene 
but rather form a complex and redundant regulatory unit 
that provides robust and precise regulation of expres-
sion89. Depending on the degree of redundancy and sen-
sitivity, alterations of the composition and dosage of parts 
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enhancer hijacking (essentially a gain of function mutation) and ectopic expression 
of Wnt6 which is usually in a separate TAD (Lupiáñez et al. 2015).  

Several key functional experiments have demonstrated the importance of CTCF-

binding sites in determining 3D chromatin structure and the regulation of 
developmental gene expression. Inversion of CTCF-binding sites in vitro can disrupt 
chromatin looping and enhancer-promoter interactions highlighting how 3D 
architecture can be encoded by the location and relative orientation of CTCF-binding 
sites (Guo et al. 2015). Deletion of a CTCF-binding site within the HoxA gene cluster 
resulted in expansion of active chromatin into an adjacent repressive domain and 
altered gene expression during differentiation of motor neurons highlighting the 
importance of CTCF in the maintenance of discrete functional domains during 
development (Narendra et al. 2015). Furthermore, in vivo studies have demonstrated 
that CTCF has a key role in the establishment of chromatin structure during human 
embryogenesis (Chen et al. 2019) and is essential for the regulation of gene 
expression during embryo patterning and organogenesis (Franke et al. 2021). These 
data provide strong support for the essential role of CTCF and chromatin architecture 
during embryogenesis and support the hypothesis that inversions affecting CTCF-
only elements may result in perturbations of 3D chromatin structure leading to the 
misexpression of genes and subsequently developmental defects of the lower 
urinary tract.  

4.6.4 Strengths and limitations  

This is the first comprehensive assessment of both coding and non-coding structural 
variation in CAKUT carried out using WGS data, providing new insights beyond 
those generated from array-based CNV studies. WGS offers improved SV resolution 
and detection over conventional microarrays and using case-control data from more 
than 20,000 individuals sequenced on the same platform minimized confounding by 
technical artefacts.  
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There are however several limitations to this analysis. First, although I used 
ancestry-matched cases and controls, I was unable to include principal components 
to adjust for population structure using a Fisher’s exact test. Second, the cCRE 
definitions used for the non-coding burden analysis were a consensus set and not 
tissue specific. Given the spatio-temporal sensitivity of development they therefore 
might not be active in the developing embryo in the right place or at the right time. 
CTCF ChIP-seq data was also not available for mesendoderm cells, although CTCF-
binding is largely conserved between cell types and across development. Third, the 
burden analysis performed was based on a dominant inheritance model and an 
additive or recessive model may have identified additional signals. Fourth, the SVs 
have not been validated through long-read sequencing or PCR-based techniques. 
Fifth, the approach used to calculate the MAF of SV calls used 10kb bins to group 
variants of the same type. This is therefore an estimation because of the variability 
in genomic coordinates seen between calls, and the difficulty in determining whether 
overlapping calls are the same or different variants. This ‘spatial uncertainty’ may 
have resulted in some rare SVs being incorrectly grouped together and excluded 

from the analysis. Sixth, the detected associations have yet to be replicated in an 
independent cohort.  

Finally, short-read WGS has well established limitations in the detection of SVs, with 
significant read-mapping ambiguity affecting larger variants in complex, repetitive 
and GC-rich regions. A recent comparison of Illumina’s short read and PacBio’s long 
read platforms demonstrated 47% of deletions and 78% of insertions were missed 
by short-read WGS, the majority of which were intermediate-size variants (50bp-2kb) 

driven by tandem repeat variation and mobile element insertions (Chaisson et al. 
2019). False positive calls are also a concern and are dependent on the SV calling 
algorithm used. While CANVAS (Roller et al. 2016) and MANTA (Chen, Schulz-
Trieglaff, et al. 2016) were used by Genomics England to detect different types of 
structural variation, it is generally recommended to merge overlapping calls from 
pairs of algorithms (Kosugi et al. 2019) and incorporating additional variant callers 
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such as LUMPY (Layer et al. 2014) or DELLY (Rausch et al. 2012) would minimize 
the risk of false positives in future analyses. 

4.7 Conclusion 

Recent technological and bioinformatic advances have led to an exponential 
increase in our ability to detect and characterize structural variation, although how 
we analyze and interpret these data is still in its infancy. Furthermore, recent insights 
into the 3D structure of chromatin and how this can be impacted by structural 
variation has expanded our understanding of mechanisms of disease and is 
something that appears to be especially important for developmental phenotypes.  

In this chapter I identified an enrichment of rare structural variation affecting cis-
regulatory elements in individuals with PUV suggesting that disruption of the tightly 
regulated regulatory networks that govern urinary tract development is important in 
the pathogenesis of this disorder. Furthermore, strong association with rare 
inversions affecting CTCF-binding elements imply that alterations in chromatin 
structure may be a key mechanism, perhaps due to the sensitivity of mesonephric 
duct integration into the posterior urethra to even minor abnormalities of gene 
expression. Future work will be necessary to validate and replicate these findings 
and to determine the precise mechanisms involved.
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Chapter 5: CAKUT as a complex disorder  

5.1 Introduction 

The previous two chapters have focused exclusively on rare variation and have 
shown that in this cohort at least, renal tract malformations cannot usually be 
explained by single-gene defects detectable by WGS. Furthermore, the considerable 
genetic and phenotypic heterogeneity associated with CAKUT supports the 
hypothesis that this is in fact a complex phenotypic spectrum that may be influenced 
by multiple genetic variants with small effects, consistent with a polygenic rather than 

monogenic model of inheritance. In this chapter, I therefore explore how both 
common and low-frequency variants contribute to the genetic landscape of structural 
renal tract malformations and estimate the proportion of phenotypic variance they 
explain.  

Traditional GWAS have been constrained by cost and technology, relying on array-
based platforms and largely European-centric imputation panels which can limit the 
analysis of rare variants and those found in non-European populations. Furthermore, 

over 90% of GWAS performed have been carried out in individuals of European 
ancestry resulting in a drive by the scientific community to increase diversity in 
genetic association studies. In response to this, sequencing-based GWAS using 
WGS data have recently been used successfully in mixed ancestry cohorts for 
common complex traits (e.g., COPD and red blood cell traits) from the NHLBI 
TOPMed programme (Keramati et al. 2019, Zhao et al. 2020, Hu et al. 2021) and I 
therefore aimed to establish whether a similar approach could be used effectively in 
the context of rare disease.  
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5.2 Aims 

1. To assess the contribution of common and low-frequency SNVs and indels (MAF 

³ 0.1%) to the genetic architecture of CAKUT as a whole and when stratified by 

phenotype (kidney anomalies, obstructive uropathy, VUR, PUV, cystic dysplasia and 
bladder exstrophy) using a sequencing-based GWAS.  

2. To ascertain whether any genes or functional pathways are enriched for common 
and low-frequency variation which might provide insights into the biological 
mechanisms underlying the pathogenesis of CAKUT. 

3. To determine what proportion of phenotypic variance in CAKUT can be explained 
by common and low-frequency variation.  

4. To replicate and fine-map novel and previously identified single variant 
associations in PUV, VUR and bladder exstrophy. 

5. To establish whether a mixed-ancestry sequencing-based GWAS approach can 
be used for disease locus discovery in a rare disease.  

5.3 Methods 

5.3.1 Sequencing-based GWAS 

A sequencing-based GWAS was carried out using the R package SAIGE (Zhou et 
al. 2018). Sex and the top ten principal components were used as covariates and a 
score test (Chen, Wang, et al. 2016) for association performed. The top five principal 
components were included when case numbers were less than 120. This was to 
prevent overfitting (where the model describes random error in the data rather than 
relationships between variables) and loss of power. A sample size threshold of 120 
was chosen based on data from simulation studies that indicate there should be no 
fewer than ten outcomes per independent variable to minimize the risk of overfitting 
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(Stoltzfus 2011) i.e. inclusion of ten PCs and sex as covariates means a minimum 
sample size of 110.  

The optimum number of PCs for inclusion was also tested in the European only PUV 

cohort (88 cases and 17,993 controls) by comparing lambda (l) when using 0, 2, 5, 

or 10 PCs as covariates. Five PCs achieved a genomic inflation factor closest to 1 
(0.91) and this number of covariates was therefore included in the analysis.    

Number of principal components l 

0 0.83 
2 0.64 
5 0.91 

10 0.87 

 

SNVs and indels with MAF ³ 0.1% that passed the following quality control filters 

were included:  

• MAC ≥ 20 

• missingness < 1% 

• HWE P > 10-6 

• differential missingness P > 10-5 

One limitation of SAIGE is that the beta values estimated from score tests can be 
biased at low MACs and therefore ORs for variants with MAF < 1% were calculated 
separately using case-control allele counts in R. 

5.3.2 Conditional analysis and epistasis 

At each of the genome-wide significant loci, SAIGE was used to perform:  

• conditional analysis on the lead variant to identify potential secondary 
independent associations 
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• high resolution single variant analysis using all variants with MAC ≥ 3 to 
ascertain whether the observed signal was being driven by rare variation 

Epistasis between the lead variants was assessed using logistic regression in PLINK 
(version 1.9) (Purcell et al. 2007).  

5.3.3 Gene and gene-set analysis 

Aggregation of variants increases power to detect multiple weaker associations and 
can test for association with specific biological or functional pathways. MAGMA 
(version 1.09a) (de Leeuw et al. 2015) was used to test the joint association of all 

variants with MAF ³ 0.1% within a particular gene or gene-set using the WGS data 

and same quality control filters as the GWAS (Section 5.3.1). Variants were assigned 
to 17,636 protein coding genes (NCBI build 38, downloaded 29/04/2015 by the 
developers of MAGMA) with exome-wide significance defined as P=2.61x10-6 

(0.05/19,139 genes).  

Competitive gene-set enrichment analysis was then performed for 50 hallmark gene 

sets from MsigDB (version 7.0) (Liberzon et al. 2015) using the results of the single 
gene analysis. These hallmark gene sets summarize information to generate a 
manually curated set of genes with coordinated expression that represent well-
defined biological processes. Competitive analysis tests whether the joint 
association of genes in a gene-set is stronger than a randomly selected set of 
similarly sized genes. Bonferroni correction was applied for the total number of 
tested gene sets (P=0.05/50=0.001).      

5.3.4 Replication 

A replication study was performed for bladder exstrophy and PUV. The replication 
cohort consisted of 84 individuals with bladder exstrophy (recruited from 
Manchester, UK) and 398 individuals with PUV; 336 recruited from Poland and 
Germany as part of the CaRE for LUTO (Cause and Risk Evaluation for Lower 
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Urinary Tract Obstruction) Study, and 62 from Manchester, UK. None of the 
individuals in the replication cohorts had been recruited to the 100KGP. All were of 
self-reported European ancestry.  

The replication control cohort consisted of 10,804 genetically determined unrelated 
European individuals recruited to the cancer arm of the 100KGP, excluding those 
with urinary tract (kidney, bladder, or prostate) or childhood malignancy. 

KASP (Kompetitive Allele-Specific PCR) genotyping of the lead variants at loci with 
suggestive association (P < 5x10-7) was performed by LGC Biosearch Technologies. 
For bladder exstrophy: rs6106456 at 20p11.22. For PUV: rs10774740 at 12q24.21, 
rs144171242 at 6p21.1, rs1471950716 at 10q11.21, and rs199975325 at 14q21.1. 

The location of rs1471950716 at 10q11.21 in a low complexity region caused the 
genotyping assay to fail and another variant with evidence of association 
(rs137855548; P=1.46x10-6) was used instead.  

Allele counts at each variant were compared between cases and controls using a 
two-sided Cochran-Armitage trend test. A Bonferroni-corrected P < 0.0125 (0.05/4) 
was used to adjust for the number of loci tested in the PUV analysis. Power to detect 

or refute association at each locus was calculated using the R package ‘genpwr’ as 
> 0.99. 

5.3.5 Bayesian fine-mapping  

I applied PAINTOR (v3.1) (Kichaev et al. 2014), a statistical fine-mapping method 
which uses an empirical Bayes prior to integrate functional annotation data, LD 
patterns and strength of association to estimate the posterior probability (PP) of a 
variant being causal. Variants within a 100kb window centring on the lead variant at 
each genome-wide significant locus with P < 0.05 were extracted. Z-scores were 
calculated as effect size (β) divided by standard error. One causal variant was 
assumed per locus. LD matrices of pairwise correlation coefficients were derived 

using 1000 Genomes European data (Phase 3) (1000 Genomes Project Consortium 
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et al. 2015) as a reference, excluding variants with ambiguous alleles (A/T or G/C). 
Each locus was intersected with the following functional annotations downloaded 
using the UCSC Table Browser (Sugnet et al. 2002): GENCODE (Frankish et al. 
2019) (v29) transcripts (wgEncodeGencodeBasicV29, updated  2019-02-15), 
PhastCons (Weinstock et al. 2005) (phastConsElements100way, updated 2015-05-
08), ENCODE (ENCODE Project Consortium et al. 2020) cCREs 
(encodeCcreCombined, updated 2020-05-20), transcription factor binding clusters 
(encRegTfbsClustered, updated 2019-05-16), DNase I hypersensitivity clusters 
(wgEncodeRegDnaseClustered, updated 2019-01-08) and H1 Human embryonic 
stem cell Hi-C data (h1hescInsitu from (Krietenstein et al. 2020)). For bladder 
exstrophy 74 variants at 5q11.1 were included. A total of 351 variants at 12q24.21 
and 166 variants at 6p21.1 were analyzed for PUV.  

5.3.6 Heritability 

To determine the relative contribution of genetics versus environment, an estimation 
of heritability can be made, defined as the proportion of phenotypic variance 
explained by genetic factors (Figure 5.1). Broad-sense heritability (H2) refers to the 
phenotypic variance explained by all genetic factors (additive, dominant and 
epistatic) but is very hard to estimate without making strong assumptions (Visscher 
et al. 2008). For this reason, narrow-sense heritability (h2) is commonly used instead, 
estimating purely the contribution of additive genetic variance . In CAKUT, 
environmental factors (specifically in utero and maternal factors) are also likely to 
contribute significantly to phenotypic variance (Nicolaou et al. 2015, Groen In ’t 

Woud et al. 2016). 
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Figure 5.1. Phenotypic variance and heritability.  

Genotypic variance (VG) can be partitioned into additive (Vadd), dominant (Vdom) and epistatic (Vepi) 
effects. Environmental variance (VE) can be partitioned into common effects (Vcom) such as living with 
the same family, maternal effects (Vmat) and residual stochastic effects (Venv). VGxE, variance due to 
gene-environment interactions. h2, narrow-sense heritability; H2, broad-sense heritability. Adapted 
from Zhu and Zhou 2020. 

 

To estimate the phenotypic variance explained by common and low-frequency 
variants in CAKUT, heritability (h2) analysis was performed with GCTA (version 

1.93.1beta) (Yang et al. 2011). Variants with MAF ³ 0.1% were included and 

underwent the same quality control filtering as described in Section 5.3.1. Using the 
GREML-LDMS approach (Yang et al. 2015), variants were stratified into seven 
different bins based on MAF (0.001-0.01, 0.01-0.05, 0.05-0.1, 0.1-0.2, 0.2-0.3, 0.3-
0.4, 0.4-0.5) and for each bin of variants, SNP-based LD scores were calculated 
over a 200kb region (with 100kb overlap between two adjacent segments). For a 
given bin of variants defined by MAF, variants were further stratified into quartiles 
using LD scores. For each of the 28 bins subset by MAF and LD, GCTA was used 

to produce a GRM from the raw genotype files. Given this method has not been 
validated in a mixed ancestry cohort, I performed the heritability estimates in a 
subset of individuals with genetically defined European ancestry (623 cases and 
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20,060 controls). The REML (restricted maximum likelihood) function was then used 
to conduct a GREML-LDMS analysis using the 28 GRMs, including the top four 
principal components as covariates. As the selected cohort was genetically 
European, the top four principal components were sufficient to account for underlying 
population substructure without overfitting the model.  

When estimating the heritability of a binary trait, the proportion of cases included is 
usually much higher than the prevalence in the general population making h2 
estimates liable to ascertainment bias (Lee et al. 2011). This ‘observed’ heritability 
should therefore be transformed to an underlying continuous ‘liability threshold’ 
model adjusting for the ratio of cases to controls and the population prevalence of 
disease which provides a less biased h2 that can be used for comparison with other 
traits. In this analysis a CAKUT prevalence of 0.2% was used to transform the 
observed heritability to a liability threshold model. 

5.4 Results 

5.4.1 CAKUT 

Given the low prevalence of monogenic disease and lack of rare variant enrichment 
seen in this cohort, I hypothesized that common and low-frequency variation might 
contribute to the genetic architecture of this complex and heterogenous group of 
anomalies.   

5.4.1.1 Mixed-ancestry GWAS 

I performed a sequencing-based GWAS in 813 unrelated CAKUT probands and 

25,205 ancestry-matched controls testing for association at 19,193,915 SNVs and 

indels with MAF ³ 0.1% (Figure 5.2). The genomic inflation factor (l) was 1.02 

indicating minimal evidence of confounding by population structure in this mixed-
ancestry cohort (Figure 5.3). 
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Two single variants reached genome-wide significance. One indel (rs35251516 at 
1q21.3; P=4.94x10-8) was in a low-complexity region and deemed to be a 
sequencing artefact after closer examination of the regional association plot (Figure 
5.4). 

 

Figure 5.2. Manhattan plot of CAKUT mixed-ancestry GWAS.  

A sequencing-based GWAS was carried out in 813 unrelated CAKUT cases and 25,205 controls for 

19,193,915 variants with MAF ³ 0.1%. Chromosomal position (GRCh38) is denoted along the x axis 
and strength of association using a –log10(P) scale on the y axis. Each dot represents a variant. The 
red line indicates the conventional threshold for genome-wide significance (P < 5x10-8).  
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Figure 5.3. Q-Q plot for CAKUT mixed-ancestry GWAS.  

Q-Q plot displaying the observed versus the expected –log10(P) for each variant tested. The grey 
shaded area represents the 95% confidence interval of the null distribution. 

 

Figure 5.4. Regional association plot of 1q21.3 from CAKUT GWAS.  

Each variant is represented by a dot. A single purple variant (rs35251516) is identified in a low 
complexity region suggesting a sequencing error. The remaining variants are coloured grey due to a 
lack of data on linkage disequilibrium (LD) from reference populations. Gene names in the region are 
listed against their chromosomal position (GRCh38).  
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The second variant, rs117473527 (chr6:102155812:G>C) at 6q16.3, reached a P-
value of 3.93x10-8 (OR 3.17; 95% CI 2.10-4.78; MAF 0.02) (Figure 5.5). This 
intergenic variant is downstream of the gene GRIK2 (glutamate ionotropic receptor 
kainite type subunit 2) which has previously been associated with 
neurodevelopmental disorders (Guzmán et al. 2017, Stolz et al. 2021) and urinary 
tract cancers (Inoue et al. 2017). It is also expressed in the murine ureteric bud at 
E10.5-11.5 ( 

Figure 5.6) when it invades the metanephric mesenchyme (Harding et al. 2011), 
making it biologically plausible that common variation affecting this gene may impact 
nephrogenesis. Replication in an independent cohort will be necessary to distinguish 
this association from statistical noise.  

 

Figure 5.5. Regional association plot of 6q16.3 from CAKUT GWAS.  

Each dot is a variant. Variants are coloured according to their linkage disequilibrium (r2) with the lead 
variant. The red line indicates the genome-wide significance threshold of 5x10-8. The gene GRIK2 is 
shown against its chromosomal position (GRCh38). 
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Figure 5.6. Heatmap of Grik2 expression in the murine developing kidney.  

High expression (dark red) is seen in the ureteric bud at E11.5 (blue rectangle). Data from GUDMAP 
(Harding et al. 2011). 

 

Stratification by phenotype did not reveal any genome-wide significant associations 
for kidney anomalies (n=237), obstructive uropathy (n=177), VUR (n=174) or cystic 
renal dysplasia (n=112). The absence of significant association is likely the result of 
limited power related to both phenotypic heterogeneity and small sample size. With 
813 CAKUT cases (assuming a disease prevalence of 2 in 1000) this experiment 
was powered to detect association of common variants (MAF > 5%) with OR > 2 or 
low-frequency variants (MAF > 1%) with OR > 4.5 (See Figure 2.3). 

5.4.1.2 Gene and gene-set analysis 

I have previously discussed how collapsing rare variants by gene can increase 
power to detect association and a similar approach can be used with common 
variants, collapsing them by gene and by biological pathway to look for enrichment 

across the genome. I therefore aggregated variants with MAF ³ 0.1% across 17,636 

autosomal genes and 50 gene-sets, comparing the burden between cases and 
controls. Despite this combined analysis, no single gene reached exome-wide 
significance (P=0.05/17,636 genes=2.84x10-6) with VTN (vitronectin) achieving the 
lowest P-value of 1.52x10-5 (Figure 5.7).   
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Aggregating variants across 50 hallmark gene-sets curated by MSigDB (Liberzon et 
al. 2015) similarly did not identify any enrichment in a specific biological pathway or 
process after correction for multiple testing (P=0.05/50=1x10-3). Genes associated 
with DNA repair had the strongest evidence of association (141 genes; P=1.8x10-3). 

 

Figure 5.7. Manhattan plot of CAKUT gene-based common variant analysis.  

SNVs and indels with MAF ³ 0.1% were aggregated across 17,636 autosomal genes. Each dot 
represents a gene. The red line denotes the exome-wide significance threshold.  

 

5.4.1.3 Heritability 

Traditionally, twin studies have been used to estimate the heritability of human traits 
helping to differentiate genetic from environmental influences. More recently, the use 
of mixed-models has enabled genetic relatedness to be estimated from population-
based sequencing data (Wainschtein et al. 2022). Using this approach, I estimated 
that the proportion of phenotypic variance in CAKUT explained by additive common 
and low-frequency variation was 0.23 (SE 0.11). While the large SE observed 
(because of the small sample size) means this estimate may not be accurate, low-
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frequency variants with MAF between 1% and 5% accounted for > 75% of this 
estimated heritability (Figure 5.8). This suggests that there are likely to be a 
significant number of contributory low-frequency variants with effect sizes too small 
to be detected in this cohort.   

 

 

Figure 5.8. Partitioning of heritability by MAF in 623 CAKUT cases and 20,060 controls.  

Narrow-sense heritability (h2) is represented using the liability threshold model based on a population 
disease prevalence of 1 in 500. Bins indicate MAF of variants tested stratified by LD (First quartile, 
lowest LD; Fourth quartile, highest LD). Error bars indicate standard error (SE). h2 follows a normal 
distribution and therefore unbiased estimates may be negative, as seen here in the 0.001-0.01 bin, 
particularly if the sample size is small (and the variance large).  

5.4.2 Bladder exstrophy 

Classic bladder exstrophy (CBE) is part of the bladder exstrophy-epispadias 
complex (MIM 600057), a spectrum of congenital genitourinary anomalies resulting 
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from a defect in abdominal midline development. CBE specifically refers to a 
protrusion of the urinary bladder through a defect on the infraumbilical abdomen, 
with diastasis of the pubic symphysis and divergent rectus abdominis muscles. It is 
nearly twice as common in males as females (Cervellione et al. 2015). Although a 
small number of multiply affected families have been reported (Reutter et al. 2003, 
2007, Ludwig, Reutter, et al. 2009), CBE is usually sporadic, not generally 
associated with other malformations and its pathogenesis is poorly understood.   

GWAS have previously associated CBE with common variation at 5q11.1 implicating 
the transcription factor ISL1, however definitive statistical evidence linking this region 
to ISL1 is lacking (Draaken et al. 2015, Zhang et al. 2017). I therefore aimed to use 
the high resolution and sensitivity afforded by WGS to a) identify novel associations 
with CBE, b) replicate the association at 5q11.1, and c) perform fine-mapping of 
5q11.1 to determine the likely causal variant(s) or genes.  

5.4.2.1 Mixed-ancestry GWAS 

I carried out a sequencing-based GWAS in 97 unrelated individuals with bladder 
exstrophy and 22,037 ancestry-matched controls testing 18,797,149 SNVs and 

indels with MAF ³ 0.1% for association (Figure 5.9). Although only the top five 

principal components were included as covariates to prevent loss of power given the 

small sample size, the genomic inflation factor (l) was slightly deflated at 0.92 

(Figure 5.10).  
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Figure 5.9. Manhattan plot of bladder exstrophy mixed ancestry GWAS.  

A sequencing based GWAS was carried out in 97 unrelated bladder exstrophy cases and 22,037 

controls for 18,797,149 variants with MAF ³ 0.1%. Chromosomal position (GRCh38) is denoted along 
the x axis and strength of association using a –log10(P) scale on the y axis. Each dot represents a 
variant. The red line indicates the conventional adjusted threshold for genome-wide significance (P < 
5x10-8).  
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Figure 5.10. Q-Q plot of bladder exstrophy mixed-ancestry GWAS.  

The observed versus the expected –log10(P) for each variant tested is shown. The grey shaded area 
represents the 95% confidence interval of the null distribution. 

 

One variant reached genome-wide significance: rs1571885276 at 1q32.1 
(P=3.53x10-8) however this variant falls in a low complexity region and review of the 
regional association plot revealed it was likely to be a sequencing artefact (Figure 
5.11). Suggestive evidence of association (P < 1 x10-6) was identified at 5q35.3, 
20p11.22 and 1q32.1 ( 

Table 5.1). Of note, all three lead variants identified had MAF < 1% and large effect 
sizes meaning they would not have been detected using conventional genotyping 
and imputation.  
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Figure 5.11. Regional association plot of 1q32.1 from bladder exstrophy GWAS.  

Each dot represents a variant. rs1571885276 (purple diamond) is in a low complexity region and likely 
to be a sequencing artefact. The remaining variants are coloured grey due to a lack of data on linkage 
disequilibrium (LD) from reference populations. Gene names in the region are listed against their 
chromosomal position (GRCh38).  
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Table 5.1. Association statistics for bladder exstrophy mixed-ancestry GWAS.  

The lead variant with the lowest P value at each locus is shown with genome-wide significance 
defined as P<5x10-8. Genomic positions are with reference to GRCh38. CHR, chromosome; POS, 
position; OR, odds ratio; CI, confidence interval; EAF, effect allele frequency. 

 

Lead 
variant CHR:POS Effect 

Allele 
Closest 
gene P OR 

(95% CI) 
Case 
EAF 

Control 
EAF 

rs147504710 chr5:179964061 C RNF130 1.39x10-7 6.72  
(3.80-11.89) 0.067 0.011 

rs6106456 chr20:22124633 G PAX1 2.08x10-7 6.72  
(3.80-11.89) 0.067 0.010 

rs573010426 chr1:199297046 A PTPRC 5.35x10-7 20.96  
(8.98-48.92) 0.03 1.5x10-3 

 

5.4.2.2 Replication   

Genotyping data was available for rs6106456 at 20p11.22 (Figure 5.12) from an 
independent cohort of 84 unrelated European patients with bladder exstrophy from 
Manchester, UK. A replication analysis was therefore performed using this cohort 
and 10,804 controls from the cancer arm of the 100KGP, excluding those with 
urinary tract or childhood malignancy. Although this variant did not replicate 
(Cochran-Armitage trend test P=0.52), the estimated power was insufficient to 
definitively confirm or refute association (power 0.67). Genotyping of rs147504710 
and rs573010426 for replication analysis has yet to be performed.  
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Figure 5.12. Regional association plot of 20p11.22 from bladder exstrophy mixed ancestry 
GWAS.  

Each dot represents a variant. Variants are coloured according to their linkage disequilibrium (r2) with 
the lead variant (purple diamond). Gene names in the region are listed against their chromosomal 
position (GRCh38).  

 

5.4.2.3 Fine-mapping of 5q11.1 locus 

The previously reported association at 5q11.1 (Draaken et al. 2015) was replicated 
in our study with the lead variant rs9291768 (chr5:51421959:C>T) achieving a P-
value of 1.48x10-3 (OR 1.62; 95% CI 1.21-2.17; MAF 0.35). To determine whether 
there were any additional rare variants that might be driving this signal I repeated 

the analysis at this locus using all variants with MAC ³ 3 (Figure 5.13). A rare 

intergenic indel rs550737686 (chr5:51494837:CCT>C) demonstrated the strongest 
evidence of association (P=2.35x10-5; OR 6.11; 95% CI 3.11-12.03; MAF 0.008).  
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Figure 5.13. Regional association plot of 5q11.1 from bladder exstrophy mixed-ancestry 
GWAS.  

Each dot represents a variant. Variants are coloured according to their linkage disequilibrium (r2) with 
the lead variant (purple diamond). Gene names in the region are listed against their chromosomal 
position (GRCh38). rs9291768 was the lead variant identified in (Draaken et al. 2015).  

 

Bayesian fine mapping was performed using PAINTOR (Kichaev et al. 2014) 
integrating the strength of association, LD patterns and functional annotations to 
derive the posterior probability of a variant being causal. The lead indel was excluded 
from the analysis as it was not present in the 1000 Genomes data used to calculate 
LD. Using functional annotations such as conservation (PhastCons elements), 
transcription factor binding clusters and cCREs (ENCODE Project Consortium et al. 
2020), rs115201978 (chr5:51035061:G>A) was found to be likely causal with a high 
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posterior probability > 0.99. This rare variant (MAF 0.006) has an unusually high 
CADD score of 16.9 for an intergenic variant, reaching a P-value of 1.28x10-4 in the 
GWAS (OR 6.26; 95% CI 2.92-13.44) and is not in LD with the lead indel (r2=0.1). 
Other than proximity to ISL1 and localization within the same TAD, there was no 
gene expression or chromatin interaction data to definitively link these likely causal 
variants to a specific gene.  

5.4.3 Posterior urethral valves 

Posterior urethral valves (PUV) are the commonest cause of ESKD in children, 
affecting 1 in 4,000 male births (Thakkar et al. 2014, Brownlee et al. 2019) and 
resulting in congenital bladder outflow obstruction. It is a uniquely male disorder, with 
over a third of those affected developing ESKD (i.e. requirement for dialysis or kidney 
transplantation) before the age of 30 years (Sanna-Cherchi et al. 2009, Heikkilä et 
al. 2011) and is often associated with renal dysplasia, VUR and bladder dysfunction 
which are poor prognostic factors for renal survival (Sanna-Cherchi et al. 2009). 
Management involves endoscopic valve ablation to relieve the obstruction; however, 
the majority of affected children have long-term sequelae related to ongoing bladder 
dysfunction (DeFoor et al. 2008).  

The pathogenesis of PUV is poorly understood (Krishnan et al. 2006). Although 
usually sporadic, familial clustering and twin studies suggest an underlying genetic 
component, although Mendelian inheritance appears rare (Weber et al. 2005, 
Schreuder et al. 2008, Chiaramonte et al. 2016, Frese et al. 2019). Pathogenic 
heterozygous variants in BNC2 have been reported in two families (in both males 
and females) with anatomical congenital bladder outflow obstruction (urethral 
stenosis, PUV, and pathological voiding) and 2/697 further individuals with lower 
urinary tract obstruction (Kolvenbach et al. 2019). In addition, exon skip-inducing 
variants in the X-linked gene FLNA have been identified in two unrelated males with 
cardiac anomalies, one of whom had PUV and the other a urethral stricture (Wade 
et al. 2021). However, a definitive monogenic aetiology for isolated PUV has not yet 
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been identified and the vast majority of affected individuals remain genetically 
unsolved.  

Case reports of chromosomal abnormalities resulting in PUV as part of a wider 

syndrome (Houcinat et al. 2015, Tong et al. 2017, Demirkan 2021) and microarray-
based studies linking rare CNVs with isolated PUV (Caruana et al. 2015, Boghossian 
et al. 2016, Faure et al. 2016, Verbitsky et al. 2019, Schierbaum et al. 2021) suggest 
structural variation, and in particular duplications (Verbitsky et al. 2019, Schierbaum 
et al. 2021), may play a role (although many of these lacked a suitable control 
population), but no recurrent CNVs have demonstrated a consistent association with 
PUV. The observation that PUV does not usually follow a classical Mendelian 
inheritance pattern indicates that the underlying genetic architecture is likely to be 
complex. 

I previously described an increased burden of rare structural variation affecting cis-
regulatory elements in individuals with PUV suggesting that disruption to gene 
regulatory networks may be important in this disorder. To determine whether 
common and low-frequency variation might also impact these networks I performed 
a sequencing-based GWAS in 132 unrelated male cases and 23,727 ancestry-
matched controls.  

Table 5.2 details the clinical and demographic details of the cohort. 
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Table 5.2. Clinical characteristics and genetic ancestry of PUV cohort and ancestry-matched 
controls.  

PUV, posterior urethral valves; PCA, principal components analysis; EUR, European; SAS, South 
Asian; AFR, African; AMR, Latino/Admixed American; VUR, vesico-ureteral reflux; UTI, urinary tract 
infection; ESKD, end-stage kidney disease. 

  
PUV  
(n=132) 

Controls 
(n=23,727) 

Median age (range) 
 

13 (2-66) 
 

Males (%) 
 

132 (100) 10,425 (43.9) 
PCA determined ancestry 

   
 

EUR (%) 89 (67.4) 19,418 (81.8)  
SAS (%) 18 (13.6) 2847 (12.0)  
AFR (%) 11 (8.3) 449 (1.9)  
AMR (%) 0 (0) 7 (0.03)  
Admixed (%) 14 (10.6) 1006 (4.2) 

Additional renal/urinary 
phenotypes 

   

 
Hydronephrosis (%) 56 (42.4) 

 
 

Bladder abnormality (%) 32 (24.2) 
 

 
Hydroureter (%) 30 (22.7) 

 
 

VUR (%) 27 (20.5) 
 

 
Renal dysplasia (%) 16 (12.1) 

 
 

Hypertension (%) 11 (8.3) 
 

 
Renal agenesis (%) 8 (6.1) 

 
 

Recurrent UTIs (%) 5 (3.8) 
 

 
Renal hypoplasia (%) 4 (3.0) 

 
 

Renal duplication (%) 2 (1.5) 
 

Extrarenal manifestations (%) 
 

35 (26.5) 
 

 
Cardiac anomaly (%) 4 (3.0) 

 
 

Neurodevelopmental 
disorder (%) 

7 (5.3) 
 

Family history (%) 
 

5 (3.8) 
 

End-stage kidney disease (%) 
 

23 (17.4) 
 

Median age ESKD (range) 
 

14 (0-39) 
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5.4.3.1 Mixed-ancestry GWAS 

19,651,224 SNVs and indels with MAF ³ 0.1% were tested for association using 

SAIGE in this mixed-ancestry cohort. Statistically significant (P<5x10-8) association 
was detected at two loci (Figure 5.14 and Table 5.3). At 12q24.21, the lead intergenic 
variant (rs10774740) was common (MAF 0.37) and reached P=7.81x10-12 (OR 0.40; 
95% CI 0.31-0.52). A rare (MAF 0.007) variant (rs144171242) at 6p21.1, located in 
an intron of PTK7, was also significant at P=2.02x10-8 (OR 7.20; 95% CI 4.08-12.70). 
The meanDP and meanGQ at these sites were 33.43 and 133.28, respectively, for 
rs10774740 and 29.34 and 75.59 for rs144171242. The genomic inflation factor (λ) 

of 1.04 confirmed population stratification was well controlled in this diverse ancestry 
cohort, although this may represent an underestimate given the low power of the 
cohort (Figure 5.15). Conditional analysis did not identify secondary independent 
signals at either locus and epistasis was not detected between the two lead variants 
(P=0.10).  

 

Table 5.3. Association statistics for significant genome-wide loci in 132 PUV cases and 23,727 
ancestry-matched controls.  

The lead variant with the lowest P value at each locus is shown with genome-wide significance 
defined as P<5x10-8. Genomic positions are with reference to GRCh38. CHR, chromosome; POS, 
position; OR, odds ratio; CI, confidence interval; EAF, effect allele frequency. 

 

 

Lead variant CHR:POS Effect 
Allele 

Closest 
gene P OR 

(95% CI) 
Case 
EAF 

Control 
EAF 

rs10774740 chr12:114228397 T TBX5 7.81x10-12 0.40 
(0.31-0.52) 0.19 0.37 

rs144171242 chr6:43120356 G PTK7 2.02x10-8 7.20 
(4.08-12.70) 0.05 0.007 
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Figure 5.14. Manhattan plot for PUV mixed-ancestry GWAS.  

A GWAS was carried out in 132 PUV cases and 23,727 controls for 19,651,224 variants with MAF ³ 
0.1%. Chromosomal position (GRCh38) is denoted along the x axis and strength of association using 
a –log10(P) scale on the y axis. Each dot represents a variant. The red line indicates the conventional 
adjusted threshold for genome-wide significance (P < 5x10-8). The genes in closest proximity to the 
lead variant at significant loci are shown.  

 

 

PTK7 

TBX5 
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Figure 5.15. Q-Q plot for PUV mixed-ancestry GWAS.  

Q-Q plot displaying the observed versus the expected –log10(P) for each variant tested. The grey 
shaded area represents the 95% confidence interval of the null distribution. 

 

Due to the uniquely male nature of PUV, I also conducted a sex-specific analysis 
using only male controls (n=10,425) to determine whether any additional signals 
could be detected by removing females with potentially undetected genitourinary 
phenotypes. Both lead variants showed stronger evidence of association: 
rs10774740 at 12q24.21 (P=7.08x10-12; OR 0.40; 95% CI 0.31-0.52) and 
rs144171242 at 6p21.1 (P=1.79x10-8; OR 7.40; 95% CI 4.14-13.22). No significant 
associations on chromosome X were identified.    

Gene and gene-set analyses were carried out to assess the joint effect of common 
and low-frequency variants and identify potential functional pathways associated 
with PUV, however, no genes or pathways reached statistical significance after 
correction for multiple testing. 
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5.4.3.2 Replication 

I next carried out a replication study in an independent European cohort consisting 
of 398 individuals with PUV: 336 from Poland and Germany, recruited through the 
CaRE for LUTO (Cause and Risk Evaluation for Lower Urinary Tract Obstruction) 
Study, and 62 from Manchester, UK. 10,804 European individuals recruited to the 
cancer arm of the 100KGP were used as controls. The UK PUV patients and the 
100KGP cancer control cohort had not been included in the discovery analyses. The 
lead variants at the top four loci with P<5x10-7 were tested for replication. Association 
at both genome-wide significant lead variants was replicated although with smaller 
effect sizes (Table 5.4). Two further loci with suggestive evidence of association 
(10q11.2 and 14q21.1) did not replicate.   

 

Table 5.4. Association statistics for the replication study.  

The lead variants at the top four loci with P < 5x10-7 were genotyped in an independent European 
cohort of 398 PUV cases and 10,804 controls. P values in the replication cohort were calculated using 
a one-sided Cochran Armitage Trend test. The genotyping assay failed for variant rs1471950716 
(NA) and therefore the next lead variant rs137855548 was used instead. OR, odds ratio; CI, 95% 
confidence interval. 

Locus Lead variant Effect Allele 

Discovery  

P value 

Replication  

P value 

Discovery OR  

(95% CI) 

Replication OR  

(95% CI) 

12q24.21 rs10774740 T 7.81x10-12 1.9x10-3 0.40 (0.31-0.52) 0.78 (0.67-0.91) 

6p.21.1 rs144171242 G 2.02x10-8 4.5x10-3 7.20 (4.08-12.70) 2.17 (1.25-3.76) 

10q11.21 rs1471950716 A 1.45x10-7 NA 3.88 (2.42-6.22) NA 

 
rs137855548 G 1.46x10-6 0.5471 3.94 (2.36-6.56) 0.84 (0.48-1.47) 

14q21.1 rs199975325 G 2.52x10-7 0.9636 5.68 (3.22-9.99) 1.02 (0.52-1.98) 
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5.4.3.3 European-only GWAS 

To ascertain whether the observed associations were being driven by a specific 
ancestry group, I next repeated the GWAS using a subgroup of genetically defined 
European individuals (88 cases and 17,993 controls) and 16,938,500 variants with 

MAF ³ 0.1% (Figure 5.16). Although only the top five principal components were 

included as covariates to prevent loss of power with the small sample size, the 
genomic inflation factor was deflated at 0.90 (Figure 5.17). This was attributed to the 
inclusion of rare variants (MAF < 1%) in combination with a small sample size which 
renders the expected null distribution inaccurate when minor allele counts are low or 

zero (Figure 5.18).   

 

Figure 5.16. Manhattan plot for PUV European-only GWAS.  

A GWAS was carried out in 88 cases and 17,993 controls for 16,938,500 variants with MAF ³ 0.1%. 
The red line indicates the conventional threshold for genome-wide significance (P < 5x10-8). The two 
genome-wide significant loci from the mixed ancestry GWAS are labelled. 

PTK7 TBX5 
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Figure 5.17. Q-Q plot for the PUV European-only GWAS. 

The observed versus the expected –log10(P) for each variant tested. The grey shaded area represents 
the 95% confidence interval of the null distribution. 

 

Figure 5.18. Q-Q plots for PUV European GWAS stratified by MAF.  

A, MAF between 1% and 50%. B, MAF between 0.01% and 1%. The observed versus the expected 
–log10(P) for each variant tested is shown. The grey shaded area represents the 95% confidence 
interval of the null distribution. MAF, minor allele frequency.  

A B 
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The 12q24.21 locus remained genome-wide significant, however the lead variant 
(rs2555009) in the region showed weaker association (P=4.02x10-8; OR 0.43; 95% 

CI 0.12-0.73) than rs10774740, the lead variant in the mixed ancestry analysis 
(Table 5.5). Interestingly the two variants were not in strong linkage disequilibrium in 
the European population (EUR LD; r2=0.54). The lead variant at 6p21.1 from the 
mixed ancestry analysis did not reach genome-wide significance in the European-
only study (rs144171242; P=3.60x10-5; OR 5.90; 95% CI 2.88-12.11) suggesting that 
this signal is being driven partly by non-Europeans or that inclusion of non-
Europeans boosts power through increased sample size.  

 

Table 5.5. Comparison of PUV mixed ancestry and European GWAS association statistics.  

The lead variants at the top four loci with P < 5x10-7 are shown. OR, odds ratio; CI, 95% confidence 
interval. 

Lead variant Effect 
Allele 

Mixed ancestry 

P value 

European 

P value 

Mixed ancestry 

OR (95% CI) 

European 

OR (95% CI) 

rs10774740 T 7.81x10-12 7.03x10-8 
0.40  

(0.31-0.52) 

0.42  

(0.10-0.73) 

rs144171242 G 2.02x10-8 3.60x10-5 
7.20  

(4.08-12.70) 

5.90  

(2.88-12.11) 

rs1471950716 A 1.45x10-7 6.24x10-5 
3.88  

(2.42-6.22) 

4.44  

(2.68-7.36) 

rs199975325 G 2.52x10-7 1.57x10-5 
5.68  

(3.22-9.99) 

4.43  

(2.16-9.06) 
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P values and effect sizes were strongly correlated between the mixed ancestry and 
European-only GWAS (Figure 5.19) demonstrating that inclusion of individuals from 
diverse backgrounds to increase sample size can be an effective way to boost power 
and discover new disease loci, even in a small cohort. 

 

 

 

Figure 5.19. Correlation between mixed ancestry and European PUV GWAS.  

Comparison of A, -log10(P) and B, BETA from the mixed ancestry and European-only ancestry 
GWAS. All variants with P < 10-5 in both cohorts are shown. The shaded grey area represents the 
95% confidence interval. 

 

5.4.3.4 Ancestry-specific comparison 

As the numbers of African, South Asian, and admixed ancestry individuals were too 
small to reliably carry out subgroup association analyses and subsequent meta-
analysis, I instead compared ancestry-specific allele frequencies, effect sizes and 
directions for each lead variant at 12q24.21 and 6p21.1. rs10774740 (T) had a much 

A B 
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higher allele frequency in individuals of African ancestry (MAF 0.74) compared with 
European (MAF 0.37) and South Asian (MAF 0.35) populations; however, the effect 
size and direction of the associations were similar between the groups (Figure 
5.20A). rs144171242 (G) was present at a lower allele frequency in South Asian 
(MAF 0.002) compared with European (MAF 0.008) individuals and was not seen in 
the African ancestry group. The effect size of this rare variant was higher in the South 
Asian than European population (Figure 5.20B), which may explain why it only 
reached genome-wide significance after inclusion of South Asian individuals. 

 

 

Figure 5.20. Comparison of ancestry-specific odds ratios from PUV GWAS.  

GWAS per-ancestry odds ratios for A, rs10774740 (T) at 12q24.21 and B, rs144171242 (G) at 
6p21.1. Error bars represent 95% confidence intervals. The lead variant in B was not present in 
individuals with African ancestry. AFR, African ancestry (11 cases; 449 controls); EUR, European 
ancestry (89 cases; 19,418 controls); SAS, South Asian ancestry (18 cases; 2,847 controls); ALL, 
mixed-ancestry cohort (132 cases; 23,727 controls).  

 



Chapter 5: CAKUT as a complex disorder 

 

 

205 

Finally, comparison with population allele frequencies from gnomAD (Karczewski et 
al. 2020) demonstrated that although there is large variation in the allele frequency 
of rs10774740 between ancestries in non-Europeans this is away from, not towards, 
the case allele frequency and confirms that the detected associations are not being 
driven by differences in allele frequency between populations (Figure 5.21).  

 

 

Figure 5.21. Comparison of ancestry-specific allele frequencies from PUV GWAS.  

Ancestry-specific minor allele frequencies for A, rs10774740 (T) at 12q24.21 and B, rs144171242 
(G) at 6p21.1. Error bars represent 95% confidence intervals. The lead variant in B was not identified 
in individuals with African ancestry in this study. AFR, African ancestry (11 cases; 449 controls); EUR, 
European ancestry (89 cases; 19,418 controls); SAS, South Asian ancestry (18 cases; 2,847 
controls). Population allele frequencies from gnomAD (version 3.1.2).    

 

5.4.3.5 Fine-mapping of 12q24.21 and 6p21.1 

WGS enables further interrogation of loci of interest at high resolution. I therefore 
repeated the mixed ancestry analysis at both genome-wide significant loci using all 
variants with MAC ≥ 3, to determine whether additional ultra-rare variants might be 

B A 
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underlying the observed association signals. Both rs10774740 at 12q24.21 and 
rs144171242 at 6p21.1 remained most strongly associated, suggesting they are 
likely to be causal. Comparison of the different LD patterns seen across African, 
European, and South Asian population groups at these loci using 1000 Genomes 
data (Phase 3) (1000 Genomes Project Consortium et al. 2015) demonstrated how 
a combined ancestry approach can leverage differences in LD to improve the fine 
mapping of causal variants (Figure 5.22) because the set of alleles in strong LD with 
the lead marker in all populations included is smaller than the set of alleles in any 
one of the populations.  

I next applied the Bayesian fine-mapping tool PAINTOR (Kichaev et al. 2014) to 
determine the posterior probability of variants at these loci being causal. Using this 
alternative statistical approach, both lead variants were identified as having a very 
high probability of being causal under the assumption of one causal variant at each 
locus: rs10774740 (posterior probability [PP] with no annotations 0.77, PP with 
annotations > 0.99) and rs144171242 (PP with no annotations 0.83, PP with 
annotations > 0.99). Conservation and ChIP-seq transcription factor binding clusters 
had the largest impact on posterior probabilities at 12q24.21 and 6p21.1, 
respectively. Using European, South Asian, or African (for 12q24.21 only) 1000 
Genomes data to calculate LD patterns did not alter the posterior probabilities of the 
lead variants. 

Validation of the lead variants using statistical fine mapping illustrates how the 
increased sensitivity and improved resolution of WGS compared with genotyping 
arrays may permit the direct identification of underlying causal variants, particularly 
in the context of examining rarer variants and non-European populations for which 
imputation performance may be limiting (Höglund et al. 2019, Peterson et al. 2019). 
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Figure 5.22. Linkage disequilibrium (LD) for reference populations in the 1000 Genomes 
Project.  

LD plots for 503 European (EUR), 489 South Asian (SAS) and 661 African (AFR) ancestry individuals 
from the 1000 Genomes Project (Phase 3). Haploview (v4.2) was used to compute pairwise LD 
statistics (r2) between variants for each population. The darker the shading, the higher the LD between 
variants. Black outlined triangles indicate haploblocks. A, LD plot for chr12:114,641,202-114,691,202 
(GRCh37) with the position of the lead variant rs10774740 represented by a green arrow; B, LD plot 
for chr6:43,063,094-43,113,094 (GRCh37) with the position of the lead variant rs144171242 
represented by a green arrow. rs144171242 was not seen in the AFR population group.    
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5.5 Summary 

• Suggestive association was detected at 6q16.3 for CAKUT and 1q32.1 
and 20p11.22 for bladder exstrophy, however meta-analyses with 
additional cohorts are needed before robust conclusions can be drawn.  

• A significant proportion of the estimated heritability of CAKUT is 
attributable to low-frequency variants (1% £ MAF < 5%). 

• The previously reported common variant association at 5q11.1 was 
replicated in our bladder exstrophy cohort. Fine mapping of this locus 
prioritized additional rare, non-coding variants for functional follow-up.    

• Two novel loci, 12q24.21 and 6p21.1, were significantly associated with 
PUV, both of which replicated in an independent cohort. The lead variants 
at each locus were predicted to be likely causal using a Bayesian fine-
mapping approach.  

5.6 Discussion 

In this chapter I have used a mixed-ancestry sequencing-based GWAS approach to 
identify the first robust genetic associations for PUV, replicate and fine-map a locus 

previously associated with bladder exstrophy and estimate the contribution of 
common and low-frequency variation to CAKUT. The lack of genomic inflation 
observed and replication of results in an independent cohort (for PUV) illustrate how 
a well-controlled mixed-ancestry WGS association study can increase power for 
disease locus discovery even in a small cohort. Furthermore, the association of rare 
variants (MAF < 1%) with large effects in both the PUV and bladder exstrophy 
cohorts would have been missed using conventional array-based GWAS, 
highlighting the advantage of using WGS for single-variant association studies.       
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5.6.1 Low-frequency variation contributes to the phenotypic variance of CAKUT 

This is the first time common and low-frequency variant associations have been 
investigated using a sequencing-based approach in CAKUT. Although significant 
association was detected at 6q16.3 downstream of GRIK2, further replication in an 
independent cohort is necessary before any firm conclusions can be made. 

Importantly however, I demonstrate that low-frequency variation (1% £ MAF < 5%) 

contributes to a significant proportion of the phenotypic variance associated with 
renal tract malformations providing evidence for the first time of a polygenic basis for 
this complex disorder.  

While twin studies are seen as the ‘gold standard’ of heritability estimation, 
particularly when trying to disentangle genetic and in utero influences, very few twin 
studies examining the heritability of CAKUT have been carried out, presumably due 
to the relatively low number of reported familial cases. Those that have been 
performed have focused on phenotypes such as VUR, lower urinary tract obstruction 
or bladder exstrophy where high concordance rates in monozygotic twins support a 
genetic basis for these conditions (Kaefer et al. 2000, Reutter et al. 2007, Frese et 

al. 2019). More recently, heritability estimation using WGS or SNP-array data from 
unrelated cohorts has been used to provide novel insights into how much impact 
genetic variation has on a particular complex trait which in turn can help to prioritize 
further genetic studies (Wainschtein et al. 2022). This approach has been used to 
estimate that common variation accounts for ~15% of phenotypic variance in 
sporadic VUR, although the reliability of this estimate is not known (Verbitsky et al. 
2021).  

My analysis estimates that ~23% of the phenotypic variance of CAKUT can be 
explained by common and low-frequency additive genetic variance, with much of this 
heritability attributed to variants with MAF between 1% and 5%. The large standard 
error observed however means this figure should be interpreted with caution. Large 
sample sizes are needed to generate accurate estimates of heritability and these 
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estimates can be less reliable when disease prevalence is low. The absence of 
significant association in the CAKUT GWAS indicates that these low-frequency 
variants are likely to have effect sizes below the threshold that can be detected in a 
cohort of this size (OR < 4.5) and suggests that larger and better powered studies 
will be needed to uncover these ‘missing’ variants in the future.  

5.6.2 VUR 

Common variant associations have previously been assessed using an array-based 
approach in a large cohort of patients with VUR. A meta-analysis of 1,395 unrelated 
VUR patients and 5,366 controls (all European ancestry) demonstrated no genome-
wide significant association using a conventional additive model (Verbitsky et al. 
2021), consistent with the lack of association seen in the mixed-ancestry VUR 
analysis performed here. Generally, an additive model has reasonable power to 
detect both additive and dominant effects but may be underpowered to detect some 
recessive effects. In view of this and based on the observation that VUR is more 
prevalent in females, Verbitsky et al. (2021) performed additional sex-specific 
analysis using both dominant and recessive models identifying three significant 
(2p15, 6p12.1, 6q14.1) and five suggestive loci. None of the lead variants at these 
eight loci replicated in our VUR cohort of 174 patients, although there was sufficient 
power to refute association at only five of these eight loci using an additive model 
and I did not investigate sex-specific effects.  

The concept of sexual dimorphism of gene expression driven by gene by sex (GxS) 
interactions is interesting. While the autosomal genome has been assumed to be 
largely similar in males and females, there are now increasing reports of sex-specific 
associations with complex traits (Ober et al. 2008, Graham et al. 2019, Bernabeu et 
al. 2020), renal cell carcinoma (Laskar et al. 2019) and autosomal dominant kidney 
disease (Gale et al. 2010, Athanasiou et al. 2011). Furthermore, there is some 
evidence for small but ubiquitous differential gene expression between the sexes, 
mostly mediated through hormone-related transcription factor binding and epigenetic 
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changes (Oliva et al. 2020). It would therefore be an interesting experiment to 
perform sex-specific analyses in CAKUT, and specifically bladder exstrophy which 
has a higher prevalence in boys, although with the caveat that stratifying by sex 
would severely limit power.   

5.6.3 Fine-mapping of 5q11.1 in bladder exstrophy 

Our data replicated the previously identified association with 5q11.1 in bladder 
exstrophy patients (Draaken et al. 2015) but failed to detect any additional genome-
wide significant loci, although this was not unexpected given the small sample size 
(97 cases). The LIM homeodomain transcription factor ISL1 (Islet1) has been 
proposed as a candidate gene in this region with supportive evidence from mouse 
models which show strong Isl1 expression in the genital tubercle at the appropriate 
developmental time point (Draaken et al. 2015, Zhang et al. 2017). Furthermore, 
mice with conditional deletion of Isl1 develop kidney agenesis or blind ureters (Kaku 
et al. 2013). Fine mapping of this locus using high-resolution WGS in combination 
with a Bayesian approach identified additional rare variants with stronger evidence 
of association than the previously reported common variants, however functional 
annotation with publicly available data could not definitively link these likely causal 
variants with ISL1, other than being in the same TAD. Functional studies are 
therefore needed to establish whether these variants affect the expression of ISL1 
or indeed disrupt long-range regulatory interactions with a more distant gene.  

5.6.4 Two novel loci associated with PUV  

Using a mixed-ancestry WGS approach I identified two novel genome-wide 
significant loci associated with PUV and determined the lead variants at each locus 
as likely causal. The common variant rs10774740 (T) at 12q24.21 (MAF 0.37) 
demonstrated a significant protective effect, highlighting the fact that common 
variants can contribute to an individual's risk of a rare disease, as has recently been 
reported in the context of neurodevelopmental disorders (Niemi et al. 2018). The 
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effect size and direction of this lead variant were consistent between African, 
European, and South Asian ancestries, despite differences in allele frequency 
between the population groups indicating a common, shared causal variant.  

The rare variant rs144171242 (G) at 6p21.1 was associated with an increased risk 
for PUV. Given its rarity (MAF 0.007) this association would not have been detected 
using a conventional array-based GWAS approach, emphasizing the utility of 
sequencing-based analysis. The inclusion of South Asian individuals, in whom the 
effect size of rs144171242 is larger, also increased the power to detect association 
which was not genome-wide significant in the European-only analysis. Interestingly, 
this variant was not seen in individuals with African ancestry and is absent from all 
African populations included in the 1000 Genomes database (1000 Genomes 
Project Consortium et al. 2015) suggesting that it may have arisen after migration 
from Africa (~50-60,000 years ago).  

Association of both lead variants was replicated in an independent European cohort, 
demonstrating that the observed signal was not being driven by differences in allele 
frequency within the mixed-ancestry cohort. Of note, the effect sizes for both lead 
variants were markedly attenuated, likely related to a combination of differences in 
ancestry (i.e., a mixed ancestry discovery cohort vs a European replication cohort) 
as well as the ‘Winner’s Curse’ phenomenon. Winner’s curse is where the effect 
sizes of alleles in the discovery cohort tend to be overestimated due to regression to 
the mean; those associations close to the discovery threshold are more likely to have 
biased overestimates of the variant’s true association in the sampled population. 
Replication in an independent cohort is therefore necessary to not only validate 
identified associations but also calibrate the effect size estimates. 

Only one previous array based GWAS involving PUV patients has previously been 
published. In contrast to this study, the authors looked specifically for associations 
with a wide range of kidney injury indicators (reduced eGFR, kidney failure, 
hypertension, proteinuria, nephrectomy) in patients with obstructive uropathy (PUV 
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and PUJO) (van der Zanden et al. 2021). The authors performed a meta-analysis of 
Cox regression allelic effects to identify significant association of a common (MAF 
0.1) intronic variant in CDH12 with kidney injury in patients with PUV (rs6874819; 
P=4.1x10-9; hazard ratio [HR] 2.3; 95% CI 1.7-3.0). As might be expected given the 
different study objectives and design, neither rs6874819 (P=0.55) nor CDH12 
(P=0.77) were found to be significantly associated with PUV in my analysis.  

Of note, PUV is a male-limited phenotype, although urethral abnormalities have been 
reported in the female relatives of affected males (Kolvenbach et al. 2019). This 
sexual dimorphism is most likely the result of anatomical differences in the 
development and length of the urethra between males and females, and although 
females do not develop PUV they may manifest other lower urinary tract phenotypes 
(see Section 6.4.3). While, X-linked inheritance has been reported in two patients 
with syndromic PUV/LUTO (Wade et al. 2021), I detected no significant common or 
rare variant associations on chromosome X in this cohort. 

5.6.5 Strengths and limitations 

The main strength of this analysis lies in the use of WGS data which enables 
ancestry-independent variant detection and the association testing of variants 
across the allele frequency spectrum, including multiallelic variants and indels which 
are not routinely included on genotyping panels. Furthermore, I used a rigorous 
statistical approach to ensure population structure was adequately controlled in this 
mixed-ancestry cohort enabling an inclusive and better powered analysis. The lack 
of genomic inflation and subsequent replication in the PUV analysis indicate that the 
detected associations are robust.  

The main limitations of this study are the relatively small sample size, limiting power 
to detect variants with small effects and the lack of independent replication 
performed in the CAKUT and bladder exstrophy cohorts. Future meta-analyses will 
be necessary to overcome the issue of low power. In addition, most tools used for 
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post-GWAS analyses (e.g., PAINTOR) are not designed for use in mixed ancestry 
cohorts and for fine-mapping I was restricted to using 1000 Genomes (1000 
Genomes Project Consortium et al. 2015) European reference data to determine LD 
patterns. The drive to include individuals from different backgrounds in genetic 
association studies means this is an active area of development for the 
bioinformatics community and is likely to improve in the near future.  

5.7 Conclusion 

In this chapter I have described how, for the first time, a well-controlled mixed-
ancestry sequencing-based GWAS approach can be used successfully for locus 
discovery in rare disease, increasing power to detect novel associations and 
enhancing the fine-mapping of likely causal variants. Using this method, I identified 
the first robust genetic associations with PUV at 12q24.21 and 6p21.1, implicating 
both common and rare variation in the pathogenesis of a rare disease. Finally, I 
showed that a significant proportion of phenotypic variance in CAKUT is attributed 
to low-frequency variation providing evidence for a polygenic basis to this complex 
disorder and suggesting that better powered studies are likely to uncover novel 
genetic associations in the future.
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Chapter 6: Functional annotation of PUV loci 

6.1  Introduction 

The pathogenesis of PUV is poorly understood but involves disruption of the dynamic 
and spatiotemporally specific developmental processes of lower urinary tract 
development. During embryogenesis, the bladder, prostate, and urethra develop 
from the endoderm-derived urogenital sinus, while the distal mesonephric (or 
Wolffian) duct forms the base of the bladder (trigone) before integrating into the 
prostatic urethra to become the epididymis, vas deferens and seminal vesicles in 

males. In the absence of testosterone, the mesonephric duct regresses in females. 
Abnormal integration of the mesonephric duct into the posterior urethra or 
persistence of the urogenital membrane have both been proposed as possible 
mechanisms underlying PUV (Krishnan et al. 2006), but the exact biological 
processes involved remain unknown. PUV is a uniquely male disorder, most likely 
as a result of differences in urethral length and development between males and 
females, although sex hormones and the epistatic effects of sex chromosomes may 
also contribute to sex-specific transcriptional and epigenomic profiles during 
embryogenesis (Deegan and Engel 2019).    

In Section 5.4.3 I described the discovery and replication of the first two genomic loci 
associated with susceptibility to PUV. Fine mapping identified both non-coding lead 
variants as likely causal, however, identification of these variants is just the first step. 
Functional annotation of these loci is essential to determine the target gene (or 
genes) of the lead variants in the relevant cell types and to guide future mechanistic 
studies into the pathogenesis of PUV.  
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6.2 Aims 

1. To use publicly available functional genomic data to prioritize likely causal genes 
and provide insights into the possible underlying disease mechanisms. 

2. To interrogate large-scale datasets looking for additional phenotypic associations 
of the lead variants (PheWAS). 

3. To determine whether the prioritized genes are expressed in the developing 
human embryo. 

6.3 Methods 

6.3.1 Functional annotation 

To explore the functional relevance of the prioritized variants I used FUMA (version 
1.3.6a) (Watanabe et al. 2017) to annotate the genome-wide significant loci. This 
web-based tool integrates functional gene consequences from ANNOVAR (Wang et 
al. 2010), CADD (Rentzsch et al. 2019) scores to predict deleteriousness, 
RegulomeDB score to indicate potential regulatory function (Boyle et al. 2012) and 
15-core chromatin state (predicted by ChromHMM for 127 tissue/cell types) (Ernst 
and Kellis 2012) representing accessibility of genomic regions. Positional mapping 
(where a variant is physically located within a 10kb window of a gene), GTEx (v8) 
eQTL data (GTEx Consortium 2020) (using cis-eQTLs to map variants to genes up 
to 1Mb apart) and Hi-C data (to detect long-range 3D chromatin interactions) were 
used to prioritize genes likely to be affected by the variants of interest. Single-variant 
GWAS summary statistics were used as input with genomic positions converted to 

GRCh37 using the UCSC liftOver tool (Sugnet et al. 2002). 

For tissue-specific annotation I used publicly available data from H1-BMP4 derived 
mesendoderm cultured cells, given the developing renal tract is derived from both 



Chapter 6: Functional annotation of PUV loci 

 

 

217 

intermediate mesoderm (kidneys and ureters) and endoderm (bladder and urethra). 
The prioritized variants were intersected with the following epigenomic datasets 
generated by the ENCODE Project (ENCODE Project Consortium et al. 2020) and 
Roadmap Epigenomics (Roadmap Epigenomics Consortium et al. 2015) Consortia 
using the UCSC Genome Browser (Sugnet et al. 2002): 

• Candidate cis-regulatory elements (cCREs) - 
ENCFF918FRW_ENCFF748XLQ_ENCFF313DOD (GRCh38) 

• H3K27ac ChIP-seq as a marker of active enhancers - 
ENCFF918FRW_ENCFF748XLQ_ENCFF313DOD_ENCFF313DOD 
(GRCh38) 

• H3K4me3 ChIP-seq as a marker of active promoters - 
ENCFF918FRW_ENCFF748XLQ_ENCFF313DOD_ENCFF748XLQ 
(GRCh38) 

• DNase-seq as a marker of chromatin accessibility and potential 
transcription factor binding - 
ENCFF918FRW_ENCFF748XLQ_ENCFF313DOD_ENCFF918FRW 
(GRCh38) 

• E004 H1 BMP4 Derived Mesendoderm Cultured Cells ImputedHMM 
(GRCh37). This dataset uses a model based on imputed data for 12 
epigenetic marks across 127 reference epigenomes to assign one of 25 
chromatin states to a genomic region e.g., active TSS, promoter, enhancer, 
transcribed, quiescent/low (Roadmap Epigenomics Consortium et al. 2015).  

In addition Hi-C data from H1 mesendoderm cells (Dixon et al. 2015) were used to 
map chromatin contacts and visualize TADs for both loci using the 3D Interaction 
Viewer and Database (http://3div.kr). Hi-C is a high-throughput technique used to 
analyze genome-wide long-range chromatin interactions by crosslinking DNA-
protein complexes with formaldehyde before fragmentation and massively parallel 
sequencing of the extracted DNA (Lieberman-Aiden et al. 2009). This process 
generates unbiased spatial proximity maps which can be used to potentially link a 
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region of interest to a promoter of a distant gene. Of note, due to high sequencing 
costs most Hi-C datasets have relatively low resolution (~25kb-40kb) which while 
useful to define large-scale chromatin architecture (e.g., TADs) are not yet able to 
identify specific enhancer-promoter interactions.   

6.3.2 Transcription factor binding  

The JASPAR 2020 (Fornes et al. 2020) CORE collection track (UCSC Genome 
Browser (Sugnet et al. 2002), updated 2019-10-13) was utilized to identify significant 
(P < 10-4) predicted transcription factor binding sites (TFBS) that might intersect with 
the lead variants. The JASPAR database consists of manually curated, non-
redundant, experimentally defined transcription factor binding profiles for 746 
vertebrates, of which 637 are associated with human transcription factors with known 
DNA-binding profiles. Sequence logos based on position weight matrices of the DNA 
binding motifs were downloaded from JASPAR 2020 (Fornes et al. 2020).  

6.3.3 PheWAS  

A phenome-wide association study (PheWAS) is an unbiased method of testing for 
association between a single variant and many different phenotypes, providing 
potential insights into pleiotropic effects and related traits. Open Targets Genetics 
(Ghoussaini et al. 2021) was used to interrogate the publicly available NHGRI-EBI 
GWAS Catalog (MacArthur et al. 2017), the UK Biobank (Bycroft et al. 2018), and 
FinnGen (https://www.finngen.fi/) to determine known phenotypic associations of the 
lead variants at each locus.  

6.3.4 Immunohistochemistry 

Immunohistochemistry was performed in two seven-week-old human embryos by Dr 
Filipa Lopes and Professor Adrian Woolf from the University of Manchester. Human 
embryonic tissues, collected after maternal consent and ethical approval 
(REC18/NE/0290), were sourced from the Medical Research Council and Wellcome 
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Trust Human Developmental Biology Resource (https://www.hdbr.org/). Tissue 
sections were immunostained, as described previously (Kolvenbach et al. 2019). 
Sections were immunostained with the following primary antibodies: TBX5 
(https://www.abcam.com/tbx5-antibody-ab223760.html) raised in rabbit; PTK7 
(https://www.thermofisher.com/antibody/product/PTK7-Antibody-Polyclonal/PA5-
82070) raised in rabbit; and uroplakin 1B (https://www.abcam.com/uroplakin-ibupib-
antibody-upk1b3081-ab263454.html) raised in mouse. Primary antibodies were 
detected with appropriate second antibodies and signals generated with a 
peroxidase-based system. 

6.4 Results 

To explore the functional relevance of these loci I interrogated publicly available 
functional genomic datasets via UCSC Genome Browser (Sugnet et al. 2002) and 
used Functional Mapping and Annotation (FUMA) (Watanabe et al. 2017) to prioritize 
candidate genes. Given the urinary tract is derived from both embryonic mesoderm 
and endoderm, where possible I used experimental data obtained from male H1 
BMP4-derived mesendoderm cultured cells. 

6.4.1 12q24.21 

The common, non-coding, intergenic lead variant (rs10774740) at the 12q24.21 
locus is predicted to be deleterious with a relatively high CADD score of 15.54, which 
is unusual for an intergenic variant. It intersects with a conserved element 
(chr12:114228397-114228414; logarithm of odds score 33) that is suggestive of a 
putative transcription factor binding site (TFBS) (Figure 6.1). However, review of 
experimentally defined TF binding profiles (Fornes et al. 2020) did not identify any 
known interactions with DNA-binding motifs at this position. Interrogation of 
epigenomic data from ENCODE (ENCODE Project Consortium et al. 2020) revealed 
rs10774740 is located ~35bp away from a candidate cis-regulatory element (cCRE, 
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EH38E1646218), which although has low-DNase activity in mesendoderm cells, 
displays a distal enhancer-like signature in cardiac myocytes.  

 

 

Figure 6.1. Regional association plot of 12q24.21.  

Chromosomal position (GRCh38) is denoted along the x axis and strength of association using a –
log10(P) scale on the y axis. The lead variant (rs10774740) is represented by a purple diamond. 
Variants are coloured based on their LD with the lead variant using 1000 Genomes data from all 
population groups. Functional annotation of the lead prioritized variant rs10774740 shows 
intersection with CADD score (v1.6), PhastCons conserved elements from 100 vertebrates, and 
ENCODE H3K27ac ChIP-seq, H3K4me3 ChIP-seq and DNase-seq from mesendoderm cells. 
ENCODE cCREs active in mesendoderm are represented by shaded boxes; low-DNase (grey), 
DNase-only (green). GWAS variants with P < 0.05 are shown. Note that rs10774740 has a relatively 
high CADD score for a non-coding variant and intersects with a highly conserved region. PP, posterior 
probability derived using PAINTOR; cCRE, candidate cis-regulatory element.    
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There are no known cis-eQTL associations with rs10774740, but using experimental 
Hi-C data generated from H1 BMP4-derived mesendoderm cells (Dixon et al. 2015, 
Schmitt et al. 2016) I was able to determine that this locus is within the same TAD 
as the transcription factor TBX5 (Figure 6.2). Chromatin interaction data mapped this 
intergenic locus directly to the promoter of TBX5 180kb away (FDR q=2.80x10-13, 
Figure 6.3).  

 

Figure 6.2. Heatmap of Hi-C interactions from H1 BMP4-derived mesendoderm cells. 

rs10774740 is located within the same topologically associating domain (TAD) as TBX5. TADs are 
represented by blue triangles. Protein-coding genes are denoted in blue, non-coding genes in green.  
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Figure 6.3. Circos plot illustrating significant chromatin interactions between 12q24.21 and 
the promoter of TBX5.  

The outer layer represents a Manhattan plot with variants plotted against strength of association. Only 
variants with P < 0.05 are displayed. Genomic risk loci are highlighted in blue in the second layer. 
Significant chromatin loops detected in H1 BMP4-derived mesendoderm cultured cells are 
represented in orange. 
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6.4.2 6p21.1 

At the 6p21.1 locus, the non-coding lead variant (rs144171242) is in an intron of the 
inactive tyrosine kinase PTK7 (protein tyrosine kinase 7). This rare variant has a low 
CADD score (0.93) and lacks any relevant chromatin interaction or known eQTL 
associations, which is not unexpected given its rarity precludes detection by 
expression-array experiments. Interrogation of epigenomic annotations from 
ENCODE (ENCODE Project Consortium et al. 2020) revealed rs144171242 
intersects a cCRE (EH38E2468259) with low DNase activity in mesendoderm cells, 
but with a distal enhancer-like signature in neurons (Figure 6.4). NIH Roadmap 
Epigenomics Consortium (Roadmap Epigenomics Consortium et al. 2015) data 
suggests rs144171242 may have regulatory activity in mesendoderm cells, 
classifying this region as transcribed/weak enhancer (12TxEnhW) using the imputed 
ChromHMM 25-chromatin state model (Figure 6.4).  
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Figure 6.4. Regional association plot of 6p21.1.  

Chromosomal position (GRCh38) is along the x axis and strength of association using a –log10(P) 
scale on the y axis. The lead variant (rs144171242) is represented by a purple diamond. Variants are 
coloured based on their LD with the lead variant using 1000 Genomes data from all population 
groups. Functional annotation of the lead prioritized variant rs144171242 shows intersection with 
ENCODE H3K27ac ChIP-seq, H3K4me3 ChIP-seq and DNase-seq from mesendoderm cells. 
ENCODE cCREs active in mesendoderm are represented by shaded boxes; low-DNase (grey), 
DNase-only (green) and distal enhancer-like (orange). ChromHMM illustrates predicted chromatin 
states using Roadmap Epigenomics imputed 25-state model for mesendoderm cells; active enhancer 
(orange), weak enhancer (yellow), strong transcription (green), transcribed and weak enhancer (lime 
green). Predicted TFBS from the JASPAR 2020 CORE collection are indicated by dark grey shaded 
boxes. GWAS variants with P < 0.05 are shown. Note that rs144171242 intersects with both a 
predicted regulatory region and TFBS. PP, posterior probability derived using PAINTOR; cCREs, 
candidate cis-regulatory elements. 
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Interrogation of the JASPAR 2020 (Fornes et al. 2020) database of experimentally 
defined TF binding profiles revealed rs144171242 intersects with the DNA-binding 

motifs of FERD3L, ZNF317 and Zic2 (Figure 6.4), suggesting rs144171242 may 
potentially affect PTK7 expression via disruption of TF binding (Figure 6.5). FERD3L 
(Fer3 Like BHLH Transcription Factor) is a basic helix-loop-helix transcriptional 
repressor of neurogenesis (Verzi et al. 2002).  

 

 

Figure 6.5. Sequence logos representing the DNA-binding motifs of transcription factors 
FERD3L and ZNF317.  

The black boxes indicate where the rs144171242 effect allele [G] may disrupt binding.  

6.4.3 PheWAS 

Interrogation of the NHGR/EBI GWAS Catalog (MacArthur et al. 2017) revealed the 
risk allele rs10774740 (G) at the TBX5 locus is associated with prostate cancer 
aggressiveness (Berndt et al. 2015) (P=3x10-10; OR 1.14; 95% CI 1.09-1.18). 
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PheWAS data from the UK Biobank demonstrated the protective allele rs10774740 
(T) also has a protective effect in female genitourinary phenotypes: urinary 
incontinence (P=8.3x10-12; OR 0.90; 95% CI 0.87-0.92), female stress incontinence 
(P=7.9x10-10; OR 0.89; 95% CI 0.85-0.92), genital prolapse (P=1.1x10-9; OR 0.92; 
CI 0.89-0.94) and symptoms involving the female genital tract (P=1.7x10-8; OR 0.90; 
95% CI 0.87-0.94). No significant phenotypic associations affecting other organ 
systems were seen. Figure 6.6 shows the traits associated with rs10774740 (T) in 
the UK BioBank (Bycroft et al. 2018), FinnGen (https://www.finngen.fi/) and the 
GWAS Catalog (MacArthur et al. 2017) providing independent validation for a role 
of TBX5 in urogenital development.  No known GWAS or PheWAS associations 
were identified for rs144171242 or any variant in strong LD (EUR r2 > 0.8) with it at 
the PTK7 locus, likely because it is too rare to have been included in previous array-
based GWASs.   

 

Figure 6.6. Manhattan plot of trait associations for rs10774740 (T).  

Data from the UK BioBank, FinnGen and the GWAS Catalog generated by Open Targets Genetics 
(Ghoussaini et al. 2021). 

 

2

4

6

8

10

12

14

16

18

-lo
g₁
₀(p

-v
al

ue
)

Uncategorised

biological process

cardiovascular disease

cell proliferation disorder

disease of ear

disease of visual system

endocrine system disease

gastrointestinal disease

hematologic disease

infectious disease

injury, poisoning or other complication

integumentary system disease

measurement

musculoskeletal or connective tissue disease

nervous system disease

nutritional or metabolic disease

pancreas disease

phenotype

pregnancy or perinatal disease

psychiatric disorder

reproductive system or breast disease

respiratory or thoracic disease

urinary system disease

Female genital prolapse

Prostate cancer

Urinary incontinence

Positive Beta Negative Beta



Chapter 6: Functional annotation of PUV loci 

 

 

227 

6.4.4 Immunohistochemistry 

To determine whether TBX5 and PTK7 are present during urinary tract development, 
immunohistochemistry was undertaken in two seven-week gestation normal human 
embryos by Dr Filipa Lopes at Manchester University (Figure 6.7 and Figure 6.8). At 
this stage of development, the urogenital sinus is a tube composed of epithelia that 
will differentiate into urothelial cells of the proximal urethra and the urinary 
bladder. Uroplakin 1B, a water-proofing protein, was detected in urogenital 
sinus epithelia (Figure 6.7B). PTK7 was detected in epithelia lining the urogenital 
sinus, and intensely in stromal-like cells surrounding the mesonephric ducts (Figure 
6.7C and Figure 6.8A). TBX5 was detected in a nuclear pattern in a subset of 
epithelial cells lining the urogenital sinus (Figure 6.7D and Figure 6.8B). Omission of 
primary antibodies resulted in absent signals, as expected (Figure 6.7E). 

Figure 6.7. Immunohistochemistry in the developing urinary tract of a 7-week gestation 
unaffected human embryo.  

A, Overview of transverse section of a normal human embryo seven weeks after fertilization. The 
section has been stained with haematoxylin (blue nuclei). Boxes around the urogenital sinus and the 
mesonephric duct mark similar areas depicted under high power in B-E. In B-D, sections were reacted 
with primary antibodies, as indicated; in E, the primary antibody was omitted. B-E were 
counterstained with haematoxylin. In B-E, the left-hand frame shows the region around the 
mesonephric duct, while the right-hand frame shows one lateral horn of the urogenital 
sinus. B, Uroplakin 1b immunostaining revealed positive signal (brown) in the apical aspect 
of epithelia lining the urogenital sinus (arrows, right frame), the precursor of the urinary bladder and 
proximal urethra. Uroplakin 1b was also detected in the flat monolayer of mesothelial cells (left frame) 
that line the body cavity above the mesonephric duct. C, There were strong PTK7 signals (brown 
cytoplasmic staining) in stromal-like cells around the mesonephric duct (left frame), whereas the 
epithelia of the duct itself were negative. PTK7 was also detected in a reticular pattern in epithelia 
lining the urogenital sinus (right frame) and in stromal cells near the sinus. D, A subset of epithelial 
cells lining the urogenital sinus (right frame) immunostained for TBX5 (brown nuclei; some are 
arrowed). The mesothelial cells near the mesonephric duct (left frame) were also positive for TBX5. 
E, This negative control section had the primary antibody omitted; no specific (brown) signal was 
noted. Bar is 400 μm in A, and bars are 100 μm in B-E. ugs, urogenital sinus; md, mesonephric duct; 
hg, hindgut; u, ureter. 
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Figure 6.8. Immunohistochemistry of a second seven-week human embryo counterstained 
with haematoxylin.  

A, View of the mesonephric duct (the epithelial tube with md in its lumen). Note the prominent signal 
(brown) for PTK7 in the stromal cells surrounding the duct. B, View of the urogenital sinus (ugs) with 
a subset of nuclei (three shown by arrows) in its monolayer epithelium that stain (light brown) for the 

transcription factor TBX5. The hindgut (hg) is nearby. Bars are 100µm. 
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6.5 Summary 

• The common likely causal variant at 12q24.21 (rs10774740) was mapped to 
the transcription factor TBX5 using chromatin interaction data from H1-BMP4 
mesendoderm cells. 

• PheWAS analysis demonstrated that rs10774740 (T) is associated with a 
reduced risk of aggressive prostate cancer, urinary incontinence and female 

genital prolapse.  

• The rare likely causal variant at 6p21.1 (rs144171242) is in an intron of the 
planar cell polarity gene PTK7 and predicted to intersect with transcription 
factor binding sites in a potentially active regulatory region in H1-BMP4 
mesendoderm cells. 

• Both TBX5 and PTK7 were expressed in the normal developing human 
urinary tract at the appropriate developmental stage.   

6.6 Discussion 

As discussed in Section 1.2.1, the vast majority of GWAS discoveries are found in 
the non-coding genome, suggesting these loci mediate their effects on gene 
expression through regulatory mechanisms. Mapping these variants to their target 
genes and cell-types and assigning functional significance, however, remains a 
major challenge. Conventionally lead variants identified in GWAS are presumed to 
affect expression of the nearest gene, however studies have shown that this 
proximity-based mapping approach is reliable in only 56-77% of cases (Mountjoy et 
al. 2021, Nasser et al. 2021), with causal variants also found to influence gene 
expression over long distances (Claussnitzer et al. 2015).  

The interpretation of non-coding variants has significantly progressed over recent 
years through the generation of large-scale functional epigenomic, transcriptomic 
and proteomic datasets for hundreds of different tissues and cell types (Roadmap 
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Epigenomics Consortium et al. 2015, Regev et al. 2017, Sun et al. 2018, Wang et 
al. 2018, ENCODE Project Consortium et al. 2020, GTEx Consortium 2020). 
Furthermore, functional experiments (such as massively parallel reporter assays and 
clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 genome 
editing) can be used to validate gene-variant relationships in a high-throughput 
manner (Shalem et al. 2015, van Arensbergen et al. 2019). However, despite this 
wealth of publicly available functional genomic data, the mapping of GWAS loci to 
causal variants to target genes and cell-types and ultimately to mechanisms of 
disease remains a challenge.  

6.6.1 TBX5 is a transcriptional regulator of embryogenesis 

Using experimentally determined chromatin interaction data from mesendoderm 
cells I mapped the intergenic 12q24.21 locus to the promoter of the T-box 
transcription factor TBX5 which was expressed in the nuclei of epithelial cells lining 
the urogenital sinus in human embryos. TBX5 is highly constrained (LOEUF 0.14) 
and has well-defined roles in heart and limb development. Heterozygous pathogenic 
coding variants in TBX5 result in autosomal dominant Holt-Oram syndrome (MIM 
142900), characterized by congenital cardiac septal defects and upper limb 
anomalies, typically a triphalangeal thumb and secundum atrial septal defect (ASD)  
(Basson et al. 1997, Li et al. 1997). Homozygous variation in an enhancer ~90kb 
downstream of TBX5 has also been linked to isolated congenital heart disease 
(Smemo et al. 2012) demonstrating how rare non-coding regulatory variation 
affecting TBX5 expression can also cause cardiac malformations.  

Animal models have been used extensively to investigate the role of Tbx5 in heart 
and lung development. Tbx5-/- null mutant mice die between E9.5 and E10.5 with 
severe cardiac anomalies and failure of lung development while heterozygous mice 
exhibit the same haploinsufficient features seen in Holt-Oram syndrome (Bruneau et 
al. 2001). Interestingly, studies using Xenopus and mouse embryos have 
demonstrated that Tbx5 initiates an evolutionarily conserved bi-directional retinoic 
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acid-Hedgehog-Wnt signaling loop which mediates crosstalk between mesoderm 
and endoderm and is essential for lung morphogenesis and cardiac septation 
(Steimle et al. 2018, Rankin et al. 2021). This reciprocal mesoderm-endoderm 
signaling loop is mediated via specific transcriptional enhancers, again highlighting 
the importance of non-coding variation to gene regulatory networks in development. 
This raises the intriguing possibility that TBX5 may coordinate other mesoderm-
endoderm interactions during embryogenesis, for example regulating the insertion 
of the distal mesonephric duct into the endoderm-derived cloaca.  

The association of the risk allele with prostate cancer aggressiveness in men and 
genital prolapse and urinary incontinence in women raises the possibility that TBX5, 
which shows moderate expression in the adult bladder, is also associated with lower 
urinary tract phenotypes in adults. In a similar way that common variation in TBX5 is 
associated with adult cardiac phenotypes including atrial fibrillation and cardiac 
dysrhythmias (https://r5.finngen.fi/gene/TBX5), common variation in the regulatory 
networks mediating TBX5 expression may cause subtle structural aberrations of the 
urinary tract which manifest in later life as genital prolapse or urinary incontinence in 
women. Furthermore, the association of rs10774740 with prostate cancer is 
interesting given that PUV is a developmental defect of the prostatic urethra and 
raises the possibility that reactivation of repressed genes from embryonic 
development may result in cancer (Ma et al. 2010). In support of this theory, variation 
in genes associated with other developmental anomalies have also been linked to 
malignancy in the same organ. For example, WT1 mutations are associated with 
both CAKUT and Wilms tumour or nephroblastoma (Call et al. 1990, Gessler et al. 

1990), biallelic loss of HNF1B has been associated with an aggressive phenotype in 
chromophobe renal cell carcinoma, and FOXF1 is linked to both oesophageal 
development and Barrett’s oesophagus, a pre-malignant transformation of 
oesophageal epithelium (Su et al. 2012). These examples highlight the shared 
molecular pathways driving both development and cancer. 
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6.6.2 PTK7 mediates elongation of the mesonephric duct  

The likely causal variant at 6p21.1 is in an intron of PTK7. PTK7 is highly constrained 
(LOEUF 0.28) and encodes a transmembrane receptor required for vertebrate 
embryonic patterning and morphogenesis. It mediates cell proliferation, migration, 
adhesion, actin cytoskeleton reorganization, and is a key regulator of planar cell 
polarity (PCP) via the non-canonical Wnt pathway (Lu et al. 2004, Berger et al. 
2017). Altered expression of PTK7 was initially observed in cancer (Mossie et al. 
1995, Dunn and Tolwinski 2016), but rare missense variants in PTK7 have since 
been linked to neural tube defects (Wang et al. 2015, Lei et al. 2019) and scoliosis 
(Hayes et al. 2014) in both humans and animal models, confirming a role for PTK7 
in embryonic development.  

The PCP pathway is critical for determining the orientation of cells in the plane of an 
epithelium, regulating a process called convergent extension whereby cells 
intercalate by converging in one axis and elongating in the perpendicular axis. This 
process is mediated by a set of ‘core’ PCP genes (Fzd, Dvl, Celsr, Vangl, Pk and 
Inversin) of which multiple homologues exist resulting in functional redundancy 
(Torban and Sokol 2021). Defective PCP signaling has been shown to affect many 
aspects of kidney development and mutations in Vangl2 and Celsr1 result in neural 
tube and kidney abnormalities in mice (Yates et al. 2010, Brzóska et al. 2016). In 
humans, mutations in several other PCP genes have been associated with kidney 
malformations usually in the context of additional syndromic features: FAT4 and 
renal agenesis (van der Ven et al. 2017), ROR2 and Robinow syndrome (Brunetti-

Pierri et al. 2008), and WNT5a with a duplex collecting system (Pietilä et al. 2016). 
These data highlight the importance of PCP signaling to kidney development but as 
yet no rare pathogenic variants in PTK7 have been associated with CAKUT.  

Ptk7-knockout mice form hypoplastic kidneys, in addition to neural tube defects (Lu 
et al. 2004), indicating that ureteric bud outgrowth does occur in these mutants. 
Interestingly, and of specific relevance to PUV, Ptk7 has also been implicated in the 
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elongation of the mesonephric duct. Mesoderm-specific conditional deletion of Ptk7 
in mice affected convergent extension and tubular morphogenesis of the 
mesonephric duct at E18.5, resulting in a short, less coiled duct that affected sperm 
motility (Xu et al. 2016). Furthermore, the smooth muscle/mesenchymal cells 
surrounding the mesonephric duct were seen to be disorganized and randomly 
shaped suggesting a defect in radial intercalation (Xu et al. 2016). Subsequent 
studies have demonstrated that Ptk7 regulates both the integrity of the extra-cellular 
matrix (ECM) as well as intracellular cytoskeleton mediators such as RAC1 (a Rho 
GTPase) in epithelial cells and myosin II in smooth muscle/mesenchymal cells (Lee, 
Andreeva, et al. 2012, Andreeva et al. 2014, Xu et al. 2018). In view of this data, 
detection of PTK7 in the stromal cells surrounding the mesonephric duct in our study 
is consistent with the hypothesis that subtle alterations in expression of PTK7 may 
perturb the delicate process of convergent extension of the mesonephric duct and 
perhaps lead to abnormal integration of the duct into the posterior urethra.  

6.6.3 Strengths and limitations  

The main strength of this analysis is the integration of GWAS, epigenomic and 
chromatin interaction data to ascertain the functional relevance of loci and identify 
biologically plausible causal genes. A role for the lead variant at the TBX5 locus in 
urogenital phenotypes was also independently replicated by PheWAS data. 
However, although cell-specific annotations were used where possible, these data 
were generated in vitro from cultured mesendoderm cells and are at best an 
approximation of the complex and dynamic spatiotemporal processes that regulate 

development. Furthermore, although I have assessed the relevance of the 
associated loci using bioinformatic approaches and shown that publicly available 
and our own experimental data support the association, future functional work is 
needed to determine the precise biological mechanisms involved. 
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6.7 Conclusion 

In this chapter I have used functional genomic data to prioritize the likely causal 
genes underlying two novel robust genetic associations detected in the PUV GWAS. 
Integration with publicly available epigenomic and transcription factor binding data, 
along with gene expression studies, have identified the transcription factor TBX5 and 
planar cell polarity gene PTK7 as candidate susceptibility genes for PUV. Both genes 
have well established roles in embryonic development, but these data implicate the 
PCP pathway in the pathogenesis of PUV for the first time. It is hoped that these 
findings will catalyze future investigations into the biological mechanisms of this 
important but poorly understood disorder.
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Chapter 7: Discussion 

The primary objective of this work was to better characterize the genetic architecture 
of structural renal and urinary tract malformations with the aim of providing insights 
into the pathogenesis of this genetically and phenotypically heterogenous spectrum 
of disorders. In this thesis I have described how a WGS population-based approach 
in individuals of diverse ancestry can be successfully employed to examine the 
contribution of different types of genomic variation to rare disease. This is the first 
study of its kind to interrogate both non-coding and coding variation across the entire 
allele frequency spectrum in an unbiased manner to determine novel genetic 

associations with a broad range of CAKUT phenotypes. Given our DNA is fixed at 
conception, the identification of robust genetic associations with a phenotype allows 
us to draw causal inferences about its pathogenesis (in some cases variants may 
correlate with environmental factors which have a direct causal effect, meaning 
causality cannot be proven beyond doubt) and potentially provide mechanistic 
insights into the underlying disease processes.  

The results of this work have been discussed in detail in previous chapters and the 
key findings are summarized below: 

• The contribution of known monogenic disease to CAKUT was small with no 
significant gene-based enrichment of rare SNV/indel or structural variation 
exome-wide indicating substantial genetic heterogeneity.  

• No clear genome-wide significant common and low-frequency variant 
associations were identified in individuals with CAKUT, however low-

frequency variants (1% £ MAF < 5%) accounted for a significant proportion 

of the estimated heritability supporting a polygenic/complex basis for this 
disorder.   
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• Two novel loci, 12q24.21 and 6p21.1, were significantly associated with PUV 
and the association was replicated in an independent cohort. Bayesian fine 

mapping and functional annotation identified the likely causal variants and 
implicated the transcription factor TBX5 and planar cell polarity gene PTK7 
in the pathogenesis of PUV.  

• Significant enrichment of rare structural variation affecting cis-regulatory 
elements was observed in individuals with PUV; specifically small 

duplications affecting candidate enhancer-like elements and inversions 
affecting CTCF-only elements. This supports the disruption of long-range 
regulatory networks and chromatin conformation as a potential mechanism 
underlying PUV.  

In this final chapter I draw together these findings and discuss how they might 
influence current thinking on the genetic architecture of structural renal and urinary 

tract disorders. I comment on the methodological implications of this work and the 
use of WGS as a research tool with particular emphasis on an inclusive approach to 
genetic association studies that aims to benefit individuals from diverse ancestral 
backgrounds. Finally, I discuss the wider implications of this research and future 
work to be performed.   

7.1 The genetic architecture of CAKUT 

As described in Section 1.3, the genetic architecture of a disease has traditionally 
been classified as monogenic, oligogenic or polygenic, with the omnigenic model 
also recently proposed by Boyle et al. (Boyle et al. 2017). Here, I consider how the 
findings from this study support or contradict each model and discuss which I think 
best describes the genetic architecture of CAKUT based on current data.    
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7.1.1 The monogenic model 

The prevailing assumption for many years is that there is a monogenic basis 
underlying CAKUT (van der Ven, Vivante, et al. 2018), driven in part by the 
publication of genetic studies that have primarily focused on families or small 
selective cohorts using targeted sequencing approaches to look for rare, highly 
penetrant disease-causing alleles in a single gene. However, many of these studies 
have lacked an adequate control population or the genes identified have 
subsequently failed to replicate, casting doubt on the true causality of these mostly 
private variants. The focus on familial and severe disease has led to an over-
representation of monogenic causes of CAKUT in the literature, compounded by 
publication bias and resource limitations where large-scale association studies are 
costly and challenging to perform. While a ‘monogenic’ cause can be identified in a 
small proportion of individuals with CAKUT, the incomplete penetrance and variable 
expressivity associated with even well-described CAKUT syndromes is difficult to 
reconcile with a simple single-gene model, suggesting that other risk factors or 
modifiers are likely to be important. Furthermore, despite the advances in NGS made 

over the last decade, we have not seen a simultaneous exponential increase in 
CAKUT gene discovery indicating that the ‘low-hanging fruit’ may have already been 
picked. The absence of significant gene-based SNV or SV enrichment seen in this 
study confirms that single-gene drivers of CAKUT are rare, at least in this cohort.  

An abundance of monogenic causes of murine CAKUT (over 180 mouse models) is 
often cited as evidence for a single-gene basis for human CAKUT (van der Ven, 

Vivante, et al. 2018). However, most of these candidate genes have not been shown 
to impact human phenotypes in the same way. For example, Bmp7 null mice exhibit 
renal dysplasia and eye abnormalities (Dudley et al. 1995) and Isl1 deletions result 
in renal agenesis and hydroureter (Kaku et al. 2013), however neither BMP7 or ISL1 
have been identified as causal genes in human kidney anomalies (although ISL1 
has been implicated in bladder exstrophy). This suggests that species-specific 
differences in embryonic development, functional redundancy, or differences in 
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genetic background may limit the translation of murine candidate genes to humans 
and provides further support for the hypothesis that other genetic or environmental 
factors may influence the final phenotype.   

The prevalence of known ‘monogenic’ disease in this cohort was significantly lower 
than most previously reported studies, many of which were often established for the 
purpose of new monogenic gene discovery and so were deliberately enriched for 
familial, severe, or consanguineous cases. While this attenuated estimate may relate 
to the inclusion of the full spectrum of CAKUT phenotypes (including PUV and 
bladder exstrophy) or exclusion of pretested individuals, it may also result from 
regression to the population mean, a phenomenon often observed in common 
variant association studies. Specifically, the initial prevalence estimates of 
monogenic CAKUT have been inflated due to the selection of extreme phenotypes 
(i.e., severe, familial, or consanguineous disease) and small sample sizes, with 
subsequent studies such as the one described here, providing more moderate 
estimates, which regress to the population mean over time. This cohort has similar 
proportions of familial, consanguineous, and severe disease that might be expected 
in general nephrology practice in the UK providing a more clinically useful and 
generalizable (at least among Western countries) estimate of disease driven 
predominantly by a single gene. 

Overall, while a small proportion of CAKUT may be explained by rare, highly 
penetrant monogenic variation, this is probably the exception rather than the rule 
and I propose that alternative models of inheritance better explain the genetic and 
phenotypic heterogeneity seen in this condition.  

7.1.2 The oligogenic model 

An oligogenic model of disease is considered an intermediate between monogenic 
and polygenic inheritance where a small number of rare or modest frequency genetic 
variants of moderate to large effect interact to cause disease. The rare multi-system 
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ciliopathy Bardet-Biedl syndrome has been proposed as an example of triallelic 
inheritance where three mutant alleles at two loci were observed in a small number 
of pedigrees (Katsanis et al. 2001), but subsequent studies have not established the 
clinical importance of these findings. While an oligogenic inheritance model may 
explain the variable expressivity observed in CAKUT there is only one unvalidated 
case report in the literature describing a possible oligogenic model of disease in a 
patient with bilateral cystic renal dysplasia (Schild et al. 2013). Although I cannot 
exclude epistatic gene-gene interactions based on the analyses performed, given 
the rarity of single-gene drivers it seems unlikely that oligogenic inheritance is an 
important mechanism in CAKUT.    

7.1.3 The polygenic model 

A polygenic or complex disease model for structural renal and urinary tract 
malformations has been proposed but definitive evidence supporting this hypothesis 
has so far been lacking (Nicolaou et al. 2015, 2016). In this study, I demonstrate that 
a significant proportion of the phenotypic variance of CAKUT (~23%) can be 
attributed to common and low-frequency variants, accounting for more of the 
estimated heritability than known monogenic disease (< 5% in this cohort). These 
data strongly implicate a polygenic basis to CAKUT and suggest that larger 
association studies will be better powered to detect this ‘missing heritability’. The 
identification of two novel loci associated with PUV, replication of the 5q11.1 locus 
previously linked with bladder exstrophy (Draaken et al. 2015), as well as results 
from a recent meta-analysis of VUR (Verbitsky et al. 2021) provide additional support 

for a more complex model of disease, at least for lower urinary tract phenotypes.  

The polygenic liability threshold model has been suggested to explain susceptibility 
to a wide range of complex diseases including coronary artery disease, type 2 
diabetes, inflammatory bowel disease (Khera et al. 2018), schizophrenia (Tansey et 
al. 2016), depression (Wray et al. 2018), and autism spectrum disorder (Klei et al. 
2021). Under this model, the underlying normal distribution of genetic risk is 
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determined by multiple variants of small effect and there is a liability threshold above 
which individuals develop disease. How such a model could be applied to the 
temporally sensitive and cell-specific disruption of embryonic development 
associated with CAKUT is unclear, although one possibility is that an individual might 
display a background polygenic liability on which external environmental or in utero 
factors act, ultimately resulting in malformations of the renal tract.  

An alternative model where common and low-frequency variants modify the 
penetrance or expressivity of rare, pathogenic alleles could potentially explain the 
intra-familial variability and broad range of phenotypes seen. Such polygenic 
contributions to monogenic risk are being increasingly recognized across a wide 
range of conditions including inherited cancer syndromes, familial 
hypercholesterolemia and neurodevelopmental disorders (Paquette et al. 2017, 
Niemi et al. 2018, Oetjens et al. 2019, Fahed et al. 2020, Mars et al. 2020). However, 
given so few individuals with CAKUT are found to have rare, pathogenic alleles this 
polygenic modification of penetrance and expressivity would likely only apply to a 
minority of cases. Nonetheless, it would be interesting to test this theory in families 
with known ‘monogenic’ disease but discordant phenotypes.   

7.1.4 The omnigenic model  

The omnigenic model hypothesizes that gene regulatory networks are sufficiently 
interconnected that all genes expressed in disease-relevant cells can affect the 
function of core disease-related genes and that most of the heritability of a disease 
is explained by the effects on genes outside these core pathways (Boyle et al. 2017). 
Several observations have been made which support this model in complex disease. 
First, significant GWAS associations explain only a modest fraction of phenotypic 
variance with the implication that additional variants with effect sizes below the 
genome-wide significance threshold account for this ‘missing heritability’ (Manolio et 
al. 2009, Yang et al. 2010). Second, GWAS signals are relatively uniformly 
distributed across the genome (Loh et al. 2015, Boyle et al. 2017) with the heritability 



Chapter 7: Discussion 

 

 

242 

contributed by each chromosome closely proportional to its physical length (Visscher 
et al. 2006, Shi et al. 2016) suggesting that causal variants are evenly spread 
genome-wide rather than aggregated into specific biological pathways. Lastly, the 
majority of GWAS signals fall in the non-coding space and are enriched in regions 
of active chromatin (Maurano et al. 2012) which implicates gene regulatory pathways 
as mediators of disease risk.   

How can this omnigenic model be applied to structural renal tract malformations? 
This study has demonstrated that single-gene drivers of CAKUT are rare and that in 
most cases this is not a simple monogenic disease. This finding supports a model 
where well-described ‘core’ genes (such as HNF1B, PAX2 etc.) or pathways (e.g., 
planar cell polarity) have a clear biological role and direct effects on disease risk but 
overall, these core genes only contribute a small fraction of total heritability. The bulk 
of the heritability is therefore proposed to be mediated by an infinitesimal number of 
additional genes/variants with non-zero indirect effects that comprise tissue or cell-
specific ‘peripheral’ regulatory networks, modifying the impact of core genes and 
pathways (Figure 7.1). The finding that common and low-frequency variation makes 
a significant contribution to the phenotypic variance of CAKUT supports the theory 
that additional variants with small effects can cumulatively modify disease risk. 

Renal and urinary tract development is a highly regulated, dynamic process that 
must be switched on in the right place at the right time and is dependent on 
interconnecting hierarchical regulatory networks that include both local enhancer-
promoter interactions and large-scale 3D chromatin contacts. Widespread 
redundancy in these regulatory networks acts to prevent deleterious phenotypic 
consequences upon the loss of individual regulatory elements adding a further layer 
of complexity (Osterwalder et al. 2018). The discovery in this study that both non-
coding SNVs and SVs affecting regulatory elements are associated with PUV 
highlights how even subtle perturbations in these tightly controlled regulatory 
networks may impact disease susceptibility.  
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Remarkably, a multigenic model for CAKUT was originally proposed almost 20 years 
ago by Ichikawa et al. (Ichikawa et al. 2002). Noting the incomplete penetrance and 
variable expressivity associated with the condition, the authors speculated that 
CAKUT was not a typically Mendelian disease and suggested that it results from the 
“accumulation of minor mutations in multiple genes, each of which has multiple 
ontogenic functions”. This observation is strangely prescient of the omnigenic model 
described above and seems a more biologically plausible description of the genetic 
architecture of structural renal tract malformations than the traditional monogenic 
view.  

Larger-scale WGS association studies and heritability estimates incorporating all 
genomic variation across the entire allele frequency spectrum will further tease out 
the proportion of phenotypic variance that can be attributed to genetic variation as 
opposed to environmental effects in CAKUT. Such studies will undoubtedly also lead 
to the development of genetic risk scores with the hope that these might help stratify 
risk of ESKD in affected individuals. However, if an omnigenic model does apply to 
CAKUT, the fundamental question remains: Will identification of large numbers of 
variants with very small effects generate significant and clinically translatable 
insights into the underlying biology of the disease? 
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Figure 7.1. An omnigenic model of CAKUT.  

This figure details how an omnigenic model might be applied to different CAKUT phenotypes, 
illustrating how the cumulative ‘mutational burden’ comprising all types of genomic variation across 
the full allele frequency spectrum may affect both core genes with large effects and peripheral genes 
with small effects resulting in different phenotypes. In this model, some CAKUT phenotypes (i.e., 
kidney anomalies) are further from the omnigenic extreme with larger contributions from a few core 
genes, whereas other phenotypes (e.g., VUR and bladder exstrophy) are closer to the omnigenic 
extreme with a larger fraction of heritability attributable to variation in non-core genes.  Functional 
redundancy between regulatory networks and environmental (in utero) effects adds further 
complexity.  

7.2 WGS as a diagnostic and research tool 

One of the main strengths of this work is the use of clinical-grade WGS which 
captures nearly all variation across the genome in an unbiased manner enabling 
simultaneous analysis of SNVs/indels and structural variants across the entire allele 
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frequency spectrum. Several studies report a superior diagnostic yield in rare 
disease using WGS compared with chromosomal microarray, targeted gene panels 
and WES due to the detection of deep intronic variants and small CNVs, as well as 
variants affecting non-coding RNAs, mitochondrial DNA and exonic regions with 
poor coverage on WES (Gilissen et al. 2014, Taylor et al. 2015, Stavropoulos et al. 
2016, Lionel et al. 2018, Turro et al. 2020, 100,000 Genomes Project Pilot 
Investigators et al. 2021). PCR-free WGS can also detect > 99.5% of known 
pathogenic SNVs and indels demonstrating superior sensitivity over WES which 
shows greater variation in coverage within and between genomic sites and fails to 
reliably call small exonic deletions (Turro et al. 2020).      

The recently published 100,000 Genomes rare disease pilot study analyzed WGS 
data from 2,183 families with undiagnosed rare disease (24% had 
neurodevelopmental disorders and 88% were of European ancestry), reporting an 
overall diagnostic yield of 25%, with a quarter of diagnoses having immediate 
implications for clinical decision making (100,000 Genomes Project Pilot 
Investigators et al. 2021). Of note, 14% of these genetic diagnoses were made after 
additional research analysis was performed and included de novo variants in highly 
constrained coding regions, mitochondrial, intronic splicing, structural and non-
coding variants validated using in vitro assays. Re-analysis with updated gene 
panels increased the diagnostic yield further, highlighting how the periodic and 
systematic reassessment of WGS can be beneficial, especially in the context of a 
rapidly evolving field like clinical genetics (Costain et al. 2018, 100,000 Genomes 
Project Pilot Investigators et al. 2021). 

The advantages of a molecular diagnosis are clear. First, providing a diagnosis for 
a patient and their family can end the ‘diagnostic odyssey’ and uncertainty that many 
experience. For example, in the 100,000 Genomes Project rare disease pilot study 
the median duration of such a patient pathway was 75 months with a median number 
of hospital visits of 68 (100,000 Genomes Project Pilot Investigators et al. 2021). 
Furthermore, obtaining a clear diagnosis permits access to patient support groups 
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and services and can result in eligibility for clinical trials, as well as providing 
prognostic information. Second, a genetic diagnosis may impact clinical 
management prompting a change in medication or leading to additional surveillance 
of the proband or their family. Third, knowledge of the inheritance of a genetic 
disorder can inform reproductive choices and enable access to pre-implantation 
genetic diagnosis (PIGD) where embryos created through in vitro fertilization (IVF) 
are tested for a specific disorder and only unaffected embryos selected for 
implantation in the womb. Fourth, identification of the pathogenic variant allows for 
pre-symptomatic testing in family members (e.g., in the case of inherited cancer 
syndromes) and specific to nephrology, enables monogenic disease to be excluded, 
permitting kidney donation from an unaffected relative. While many of these 
advantages are not specific to WGS, its superior sensitivity and comprehensive 
nature mean it can reduce the time to diagnosis, alleviating the anxiety and 
investigative burden for patients and their families as well as having the potential to 
reduce overall health care costs.   

WGS has now been introduced into routine clinical practice in the NHS and can 
enhance diagnostic capabilities and precision medicine provision. However, there 
are ethical, social, and legal considerations that accompany the use of WGS. For 
example, the maintenance of patient confidentiality and data security is paramount; 
ensuring the systematic reassessment of VUSs is essential; obtaining valid consent 
in the context of complex, uncertain, and often changing information is challenging; 
and clinician responsibilities to family members who may also be affected by the 
results should be considered. Furthermore, 1-2% of those undergoing sequencing 

have clinically significant and highly penetrant variants found in one of 73 ‘medically 
actionable’ genes unrelated to the indication for testing, most of which are associated 
with cancer or cardiovascular phenotypes (Amendola et al. 2015, Olfson et al. 2015, 
Groopman et al. 2019, Miller et al. 2021). Determining which of these secondary 
findings should be reported back to the individual is subject to important debate in 
genomic medicine and requires careful and considered consent. Initiatives to 
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improve genomic literacy will also be key to aid people’s understanding of these 
complex issues and ensure the successful implementation of WGS for diagnostic 
testing.  

The use of WGS as a research tool is now widespread as a result of large-scale 
short-read sequencing projects such as the 1000 Genomes Project (Sudmant et al. 
2015), deCODE (Jónsson et al. 2017), TOPMed (Taliun et al. 2019), the 100,000 
Genomes Project (100,000 Genomes Project Pilot Investigators et al. 2021) and the 
UK Biobank (Bycroft et al. 2018) which recently released WGS data for 200,000 
individuals. In this analysis I demonstrate clear benefits of using a WGS approach, 
identifying enrichment of SVs (and inversions) affecting cis-regulatory elements in 
individuals with PUV, which would not have been detected using conventional 
microarrays. Furthermore, use of WGS data enabled the discovery and fine-mapping 
of two likely causal variants associated with PUV, where the rarity of one of the 
variants would have evaded detection by a classic genotyping and imputation 
approach.  

Sequencing-based GWASs (primarily using the ethnically diverse TOPMed dataset) 
are starting to be employed successfully in an increasing number of common and 
complex traits and have identified novel associations with rare and low frequency 
alleles and variants found in non-European populations (Natarajan et al. 2018, 
Raffield et al. 2020, Zhao et al. 2020, Hu et al. 2021, Mikhaylova et al. 2021). The 
next five years will undoubtedly see an explosion of studies utilizing these vast WGS 
datasets for large-scale population-based association analyses and will likely 
provide novel insights into the non-coding and regulatory genome. The increasing 
availability of long-read WGS will also improve our ability to interrogate repetitive 
regions of the genome to better understand how large and complex SVs contribute 
to human disease. All in all, this is an incredibly exciting time to be a researcher in 
genomics.    
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7.3 Increasing diversity in genetic studies  

The majority of genetic association studies are performed in individuals of European 
ancestry, despite this group making up one of the smallest populations globally. 
Europeans account for over 95% of GWAS participants 
(https://gwasdiversitymonitor.com) and most have been recruited from just three 
countries: the US, UK, and Iceland (Mills and Rahal 2019). Such Euro-centric bias 
has resulted from practical limitations such as the availability of funding, genotyping 
technologies, and analytic methods. It is now widely recognized, however, that 
increasing ancestral diversity in genetic studies has both scientific and ethical 
advantages; not only expanding our knowledge of the full extent of human genomic 
variation but also importantly, ensuring that the benefits of genomic medicine are 
applicable to all (Peterson et al. 2019).  

Discussions around ancestry, race, ethnicity, and their role in the genetics of human 
disease have become increasingly prevalent in recent years (Peterson et al. 2019, 
Sirugo et al. 2019, Birney et al. 2021, Lewis et al. 2022). While the concept of race 
or ethnicity as a meaningful biological construct has been soundly rejected by the 
human genetics’ community, their use as ‘proxies’ for an individual’s social and 
cultural environment (e.g., access to resources, geographical surroundings, levels 
of chronic stress) has been suggested and the terms are often still, incorrectly, used 
interchangeably with ancestry. Genetic ancestry is the preferred term to describe the 
genetic differences between groups of individuals but even this perpetuates the 
notion that genetic ancestry is itself a discrete entity. In fact, the considerable genetic 

variation that is observed between individuals incorporates both recent and ancient 
population migration, divergence, and admixture, representing a continuum which 
cannot be categorized into discrete groups (Birney et al. 2021, Lewis et al. 2022). 
This multidimensional, continuous view of genetic ancestry is illustrated nicely by 
PCA using data from this study (Figure 2.2).  
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Traditionally genetic association studies have assigned individuals to arbitrary 
population groups based on clustering approaches to enable robust statistical 
comparisons to be made, the reality however, is that all individuals are ‘admixed’ to 
some extent. Exclusion of individuals who do not fit into discrete categories limits 
both power for discovery and the transferability of results, as has been shown in the 
case of polygenic risk scores (Duncan et al. 2019). The benefit of combining 
individuals with different genetic ancestry has been clearly demonstrated in a variety 
of genetic association approaches. First, trans-ancestry meta-analysis specifically 
utilizes differences in LD structure between population groups to improve the 
resolution of fine-mapping GWAS loci, reducing the number of candidate causal 
variants in credible sets for complex traits such as type 2 diabetes, eGFR and lipid 
levels (Mahajan et al. 2014, Morris et al. 2019, Chen et al. 2021, Graff et al. 2021, 
Graham et al. 2021). Second, admixture mapping capitalizes on recent mixing 
between population groups to correlate local ancestry at genetic loci with a 
phenotype and has been used successfully to identify the APOL1 genomic region 
associated with FSGS and hypertension-related ESKD in individuals of African 

ancestry (Kao et al. 2008, Genovese et al. 2010, Shriner 2017). Third, the 
transferability of polygenic risk scores to predict genetic risk of disease is markedly 
improved when the discovery study is more diverse due to improvements in fine-
mapping and prioritization of multi-ancestry causal variants (Cavazos and Witte 
2021, Graham et al. 2021). Finally, diverse ancestry rare variant analyses are a 
useful way to boost power for gene discovery through increased sample size (Cirulli 
et al. 2020, Wang et al. 2021), with the ‘collapsing’ approach used to aggregate rare 
variants mitigating concerns regarding differing allele frequencies across different 
genetic ancestries.  

GWAS findings have been shown to replicate across populations in a variety of 
common diseases and complex traits such as diabetes (Waters et al. 2010, 
Marigorta and Navarro 2013), hypertension (Kaur et al. 2021), inflammatory bowel 
disease (Marigorta and Navarro 2013, Liu et al. 2015), schizophrenia (Lam et al. 
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2019), blood lipids (Coram et al. 2013, Kuchenbaecker et al. 2019, Graham et al. 
2021), and height and body mass index (Guo et al. 2021). The Global Biobank Meta-
analysis Initiative (GBMI) consisting of 2.1 million people from 19 biobanks across 
four continents also recently reported 96% concordance in effect size across 
ancestral groups at > 500 genome-wide significant loci associated with 14 different 
diseases (Zhou et al. 2021) providing further evidence for the sharing of causal 
variants between ancestries. Where lack of replication in non-European populations 
has been observed, this has been attributed to differences in LD (where markers in 
LD with the causal variant in Europeans may not be in LD in non-European 
populations), differences in genetic architecture because of genetic drift or local 
selection, as well as epistasis due to differences in genetic background or 
environmental interactions.   

The development of novel statistical tools which model genetic relatedness and 
mitigate confounding by population structure now enable robust pan-ancestry 
analysis in genetic association studies. Such an approach has been used to 
successfully identify novel associations with common phenotypes such as chronic 
obstructive pulmonary disease (COPD) (Zhao et al. 2020), red cell traits (Hu et al. 
2021), white cell traits (Mikhaylova et al. 2021) and lipid levels (Graham et al. 2021), 
however such studies are still the exception rather than the rule. In this study I have 
demonstrated for the first time how a WGS-based diverse ancestry approach can be 
used to investigate rare disease, beyond conventional monogenic gene discovery. 
This method capitalizes on the unbiased variant detection permitted by WGS, which 
is superior to imputation in the identification of variants that are rare and found in 

non-European populations (Höglund et al. 2019). Furthermore, the inclusion of all 
individuals, regardless of ancestral background, increases both the power for 
discovery (through increased sample size) and enhances the fine mapping of likely 
causal variants by leveraging differences in LD patterns (through increased 
diversity). Further refinement of the statistical methodology underlying pan-ancestry 
association analysis and robust application to large mixed-ancestry cohorts (with 
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specific focus on barriers to recruitment) is now necessary to ensure that future 
studies are as inclusive as possible, for both the scientific advantages they offer and 
to prevent exacerbation of existing health inequalities.  

7.4 Impact and implications  

The findings from this work will have an impact across multiple different disciplines. 
First, from a patient’s perspective, clinicians are now able to offer an explanation as 
to the potential cause of PUV for the first time, offering individuals hope of improved 
understanding of their disease. Second, these results will be of great interest to other 
researchers within the nephrogenetics field, adult, and paediatric nephrologists as 
well as clinical geneticists, and stimulate collaborations to further unravel the 
genomic complexity of CAKUT. Third, the association of TBX5 and PTK7 with PUV 
provides developmental biologists with new insights into the role of these genes in 
embryonic development and clearly implicates the planar cell polarity pathway in 
urethral development. These findings will hopefully catalyze future mechanistic and 
therapeutic studies. Finally, the successful use of a rigorously controlled pan-
ancestry WGS association study to dissect the genetic contribution of a rare and 
complex disease has wider implications for the genomics community. Here, we have 
clearly demonstrated the scientific benefits of an inclusive approach which provided 
novel insights that would have been missed in a purely European cohort. Such an 
approach has not previously been applied to rare disease and the methodology used 
in this study will form an exemplar for subsequent analyses of WGS datasets across 
any number of rare diseases. Furthermore, this study contributes to the 

normalization of representation of individuals from diverse ancestral backgrounds in 
genetic association studies which will hopefully raise awareness of the current 
inequalities in genomics and promote the recruitment of more diverse cohorts going 
forward.  
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Looking to the future, the field of regenerative and reconstructive medicine is 
advancing rapidly. Improving our understanding of the key mechanisms that underlie 
mammalian kidney organogenesis and urinary tract development will be critical for 
the generation of mature and functioning organoids with the hope that they may 
provide options for renal regeneration and bladder reconstruction in the future. This 
is particularly relevant not only for individuals with ESKD but also for those with 
impaired bladder function due to myelomeningocele, PUV, bladder exstrophy, 
cancer or spinal cord injury who often require complex reconstructive surgery. In 
addition, patients with urethral stricture or who have undergone treatment for 
prostate cancer often require reconstruction of the posterior urethra which can prove 
challenging. The use of stem-cell based tissue-engineering to generate organ-
specific grafts and the possibility of functional organoids in the future is therefore an 
exciting prospect (Adamowicz et al. 2019).  

7.5 Future directions  

The main findings of this thesis, that the genes TBX5 and PTK7 are associated with 
PUV, are only the beginning of the story. Further experiments will be necessary to 
dissect the molecular mechanisms linking the risk alleles to disease pathogenesis 
and to determine how these genes function in health and disease. Such an 
undertaking is challenging given the cell-specific dynamic developmental processes 
involved and functional redundancy of regulatory networks. Some of the key 
questions generated by this work and how they might be approached are discussed 
below. 

• What effect do the likely causal variants have on gene expression? In which 
cell types do they act and at which developmental stage? 

• What are the regulatory mechanisms that mediate any potential changes in 
gene expression? Do the variants alter transcription factor binding, promoter-
enhancer interactions, or 3D genome organization? 
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• What impact do the variants have on the phenotype of a model organism such 
as a zebrafish? Do mice with conditional knockouts of TBX5 and PTK7 display 

genitourinary anomalies? 

To answer these questions a combination of functional in silico, in vitro and in vivo 
approaches could be used. First, to improve the granularity of fine-mapping, 
integration of the GWAS data with datasets generated from human embryonic 
urinary tract samples at different developmental stages could help identify 
associations with cell-specific gene expression (using scRNA-seq) or accessible 

chromatin (using snATAC-seq). At present, however, such datasets are not publicly 
available, although work on the ‘Human Developmental Cell Atlas’ will be critical for 
understanding congenital disorders in the future 
(https://www.humancellatlas.org/dca/). 

Confirmation that the likely causal variants affect gene expression in vitro can be 
sought using a reporter assay, although with the caveat that this approach does not 
provide an accurate representation of the complex regulatory networks involved. To 

assess impact on transcription factor binding, protein-DNA interactions can be 
interrogated using an electrophoretic mobility shift assay (EMSA) or using genomic 
footprinting which uses paired ATAC-seq and ChIP-seq to determine transcription 
factor binding. 

For an unbiased assessment of gene expression, a CRISPR-based single-cell 
functional genomics approach could be applied to induced pluripotent stem cells 

(iPSCs). Here, single-guide RNAs are tiled across the candidate disease loci 
containing the variants of interest and scRNA-seq performed to look for potential 
variant-linked enhancer/silencer target genes showing differential expression 
compared with isogenic cells. 

Recently, patient-derived iPSCs have been used to generate mini 3D kidney and 
ureteric bud organoids, which in the context of CAKUT, may help to establish the 
significance of a genetic defect in vitro and provide insights into the aberrant 
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development of the kidney (Schmidt-Ott 2017, Forbes et al. 2018, Mae et al. 2020, 
Morais et al. 2022). A key benefit of this approach is that the organoids retain their 
cell-specific genomic background enabling better modelling of the regulatory 
pathways and networks involved in nephrogenesis.  

Considering in vivo methods, a reverse genetics approach using morpholino-based 
knockdown or CRISPR-Cas9 genome editing of TBX5 or PTK7 in a model vertebrate 
organism such as zebrafish embryos (Danio rerio) would be useful to ascertain the 
presence of any phenocopies of lower urinary tract obstruction. In addition, 
conditional knock-out or CRISPR/Cas9 genome editing in embryonic mouse models 
could be used to look for genitourinary anomalies, although such models are 
primarily designed to investigate phenotypes associated with loss-of-function 
variants rather than regulatory variants which may cause more subtle aberrations in 
gene expression.   

This analysis also detected an enrichment of rare SVs affecting cis-regulatory 
elements in individuals with PUV. Given this data is preliminary, validation of these 
structural variants with long-read sequencing would be desirable in addition to 
independent replication in a cohort of patients who have similarly undergone WGS. 
Of particular interest was the association of inversions affecting CTCF-binding 
regions with susceptibility to PUV.  This raises the question: 

• Do these inversions impact chromatin conformation and how might this 
impact the regulation of gene expression? 

To investigate this Hi-C, a high throughput method based on chromatin conformation 
capture, could be used to study the effects of inversions affecting the CTCF-
elements on higher order chromatin structure in a genome wide manner. By 
comparing Hi-C data generated from wildtype and risk allele cell lines (containing 
the relevant inversions), it would be possible to identify compartment switching 
(where a region of the genome moves from a B/repressive compartment to an 



Chapter 7: Discussion 

 

 

255 

A/active compartment) or changes in TAD boundaries. Integration with scRNA-seq 
data would quantify any changes in gene expression associated with these variants.    

Many questions remain regarding the pathogenesis of CAKUT. For example: 

• How can we explain the variable expressivity and incomplete penetrance 
seen in individuals with a known monogenic cause of CAKUT? 

• How much of an impact do maternal and in utero factors have on the 
CAKUT phenotype? 

• What role does epigenomics play in the pathogenesis? 

Lastly, as with any genetic association study, increasing sample size will increase 
power to detect association with variants at a lower MAF or with a smaller effect size, 
as well as genes that contribute to only a small fraction of CAKUT. Collaboration with 
other researchers in the field will be key to generating further insights into the 

pathogenesis of this complex disease and plans for meta-analysis of the PUV and 
bladder exstrophy cohorts with collaborators in Europe are already underway.  

7.6 Lessons Learnt 

During this project, both the data itself and tools used to analyze it were constantly 
evolving. For example, in my first year, the WGS data was raw, unfiltered, and 
difficult to analyze on a large-scale, especially for someone with, at that point, quite 

limited bioinformatic skills. This improved over time with subsequent data releases 
from Genomics England and support from the online and Genomics England 
bioinformatics community. Furthermore, prior to the publication of SAIGE (Zhou et 
al. 2018) and SAIGE-GENE (Zhou et al. 2020), the association analyses I performed 
(using RVTESTS (Zhan et al. 2016)) suffered from significant type 1 error rates. With 
hindsight I spent far too much time looking into candidate genes which hadn’t been 
replicated, many of which were considered ‘biologically plausible’ which highlights 
the perils of inadequately controlled studies and statistical noise.  
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If I were to begin this project again now I would: 

1. Use the latest set-based rare-variant association test SAIGE-GENE+ (Zhou 
et al. 2022) which has improved type 1 error control and incorporates 

additional functional annotations. 
2. Perform a joint SNV-SV gene-based analysis to examine the combined 

burden of these different variants across the exome to identify novel 
candidate genes. 

3. Use the latest SV data generated by Genomics England which has been 
reprocessed using the DRAGEN pipeline. This should improve the accuracy 
of SV calling. In addition, SVs would be validated using long-read sequencing 
technologies which are now becoming more widely available.  

4. Use male-only controls when analysing male-limited phenotypes (e.g., PUV) 
to prevent possible attenuation of association signals. 

5. Use tissue-specific cis-regulatory elements only for the non-coding analyses. 
6. Version control all code.    
7. Only investigate replicated and statistically robust signals.  

7.7 Conclusion  

In this thesis I set out to better characterize the genetic architecture of structural 
renal and urinary tract anomalies using large-scale WGS data, the first time this 
approach has been used to dissect this complex and heterogenous spectrum of 
malformations. I have demonstrated that the monogenic contribution to this disorder 
is considerably less than previously estimated and that there is likely to be a 
significant proportion of heritability attributable to common and low-frequency 
variants. Furthermore, I have identified the first robust genetic associations for PUV, 
the most common cause of ESKD in boys, demonstrating that common non-coding 
variation can contribute to rare disease susceptibility. In addition to these findings, I 
have shown that WGS can be used successfully for the investigation of rare disease 
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beyond conventional monogenic gene discovery, and that inclusion of individuals 
from diverse ancestral backgrounds can improve power for disease locus discovery 
and enhance the fine-mapping of causal variants.  

Taking these results together, the genetic architecture of CAKUT does not appear 
to follow a traditional Mendelian pattern and previous attempts to categorize it as 
either monogenic or polygenic have been too reductionist. The genotypic and 
phenotypic heterogeneity of these structural renal and urinary tract malformations, 
along with the observed variable expressivity and incomplete penetrance, support 
an omnigenic model of disease where the boundaries between common and rare, 
coding, and non-coding variation are distinctly blurred. The impact of maternal and 
environmental factors on this omnigenic model also remains to be explored. The 
concept of genome-wide ‘mutational burden’ is an interesting one and determining 
precisely how different types of variation across the allele frequency spectrum 
interact in a spatiotemporal specific manner to regulate the intricate and dynamic 
processes of embryogenesis will be key to understanding this complex yet important 
disorder. 
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