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Abstract

Next-generation sequencing (NGS) is revolutionising Mendelian and complex disease
research by enabling variant information to single-base resolution in a high-throughput
way, scalable to the size of the human genome. In this dissertation, I describe four
distinct projects in which NGS technologies were employed, in combination with
different study designs and analytical strategies, to identify genetic determinants, or

modifiers, of diseases that have been poorly studied thus far.

In Chapter 1, I provide a historical background of our understanding of how genetic
variation contributes to disease phenotypes, and the technological advances in the last
twenty years that have led to the NGS-based gene-mapping studies of today.

In Chapter 2, I describe a NGS-based screening of genes that are known to cause thyroid
hormone production defects in a congenital hypothyroidism (CH) cohort of patients
with gland-in-situ. 1 show how a stringent variant filtering pipeline, combined with
pedigree segregation analyses and in silico predictions of pathogenicity for candidate

variants, led to the identification of likely causal mutations in 59% of the patients.

In Chapter 3, I describe a family-based exome and targeted-sequencing analysis to
identify novel genetic causes of CH. I explore different variant filtering pipelines to map
de novo, inherited and copy-number-variants segregating with disease within families. I
find that no gene is recurrently mutated across families over what is expected by chance.
I then explore how a candidate-gene screening approach, leveraging rare disruptive
mutations mapped in families, can highlight novel genes potentially associated with

CH or the extrathyroidal features of some patients.

In Chapter 4, I describe a series of analyses to better understand the genetic architecture
of very-early-onset inflammatory bowel disease (VEO-IBD). This condition is currently
viewed as a Mendelian form of inflammatory bowel disease (IBD), a complex disorder
of adulthood onset. Using exome data, I identify likely causative defects in known
primary-immunodeficiency genes and explore the broader contribution of rare variants

to VEO-IBD through case-control enrichment analyses at the level of single genes,



viii

genesets and biological pathways. Moving beyond rare alleles, I generate polygenic risk
scores leveraging the set of known, adult-onset IBD-risk alleles discovered to date, and

demonstrate a polygenic component operating in VEO-IBD.

In Chapter 5, I describe a meta-analysis combining low-coverage whole-genome sequenc-
ing data and three genome-wide-association studies to identify genetic modifiers of age
at IBD diagnosis. Four loci were discovered associated at suggestive significance with
Crohn’s disease (CD), ulcerative colitis or both, one of which may have a pleiotropic

effect, being associated with both the risk of CD and a decrease age at CD diagnosis.

Finally, in Chapter 6, I highlight the major lessons learnt with these projects, discuss
some immediate impact some of these results had for patients, and look forward to
the future NGS-based studies that will shape gene-mapping strategies over the next

coming years.
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Chapter 1

Introduction and historical

perspective

Identifying the genetic factors that determine or modify disease susceptibility pheno-
types has become a central goal of human genetics. Genetic studies of disease offer
insights into disease biology and pathological mechanisms which can bring tremendous
benefits to humanity. Understanding the genetic aetiology of disease can ultimately
lead to earlier and improved disease diagnostics, to drugs targeted at the biochemical
pathways underlying the disease symptoms, to prevention strategies that reduce the
risk of disease and to guidelines for prescribing more effective treatments based on a

person’s genetic makeup.



2 Introduction and historical perspective

1.1 The genetic architecture of disease

In an oversimplified but nevertheless practical dichotomy, human diseases can be
separated into Mendelian or complex disorders, depending on the underlying genetic
architecture. A trait’s genetic architecture comprises of the number of distinct genes
that underlie a given disease and, more importantly, the frequency and the effect sizes
of their alleles (Figure 1.1).

A disease is termed to be Mendelian if the disease alleles segregate according to Mendel’s
laws of inheritance, usually dominant, recessive or X-linked. These disorders are usually
caused by rare and highly penetrant mutations of large effects in a single or very few
genes, hence why they are often referred to as "monogenic" or "oligogenic" conditions,
respectively. Mutations causing Mendelian disease are rare (usually <1% frequency in
the population) because they tend to be negatively selected from the population due to
their highly deleterious effects, and are highly penetrant because almost all individuals
carrying a particular mutation also express the associated phenotype. There are at
least 7,000 Mendelian phenotypes in OMIM, the Online Mendelian Inheritance in
Man database [191], a catalogue of human genes and associated disorders. However,
this number is never static, with ~300 new phenotypes being added each year [77].
Individually these diseases are usually rare, occurring 1 in 2,000 - <1 in 100,000

individuals, but collectively they affect millions of people worldwide.

Nearly all diseases with prevalence greater than ~1 in 500 are complex diseases (or
polygenic/multifactorial), which do not appear to follow a classic Mendelian pattern
of inheritance. They do not have a single cause (genetic or otherwise) but have been
known from twin and family studies to have a genetic component [315, 498]. These
disorders, as well as other human traits where variation is continuous (e.g. body mass),
are the product of multiple genes and mostly common frequency alleles (>5% frequency
in the population) of small effects, acting in an additive manner in combination with the
environment. Contrary to Mendelian diseases, the variants associated with polygenic
disorders do not directly cause disease, but rather influence disease risk. All the genetic
and environmental factors contributing to a complex disease in a given individual can
be summarised in a quantitative measure called "liability", which can be described in a

population level as a normally distributed and continuous trait [329].
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Figure 1.1 Inheritance of monogenic and complex disorders.

In Mendelian monogenic diseases, mutations in a single gene are both necessary and sufficient
to produce the clinical phenotype and to cause disease. The genes and mutations involved in
such diseases are termed to be “causative”. These mutations often have very high penetrance,
meaning almost all affected individuals who carry a mutation also exhibit disease. The same
mutation or different mutation in the same gene will be present in phenotypically-similar
families, and their impact will be similar in all families. In complex disorders, several alleles in
a number of genes result in a genetic predisposition to a clinical phenotype. Genes containing
variation related to complex traits are thus referred to as “susceptibility genes”. Pedigrees
reveal no clear Mendelian inheritance pattern, and variants are neither sufficient nor necessary
to explain the disease phenotype. Environment and life-style factors are major contributors
to the pathogenesis of these disorders. In a given population, epidemiological studies evaluate
the relative impact of individual genes on the disease phenotype. In complex disorders, any
single genetic or environmental factor is expected to explain only a very small fraction of
disease risk in a population. Different people in a population may develop disease due to a
combination of different genetic and/or environmental reasons. Image adapted from Peltonen
et al [382].
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1.2 Gene-mapping in human disease

With approximately 21,000 protein coding genes to choose from, assigning a specific
gene, or group of genes, to a human disorder requires a methodological approach consist-
ing of several steps, a process I refer to as "gene-mapping". Currently, there are many
different technologies, study designs and analytical tools for gene-mapping in human
disease, all of which have evolved over time and are a product of decades of technological
advance in the field of human genetics. Collectively, they equip researchers with a
truly diverse "genetic toolbox", where each component (technology/design/analysis) is
chosen based on the known (or presumed) genetic architecture of the disease under

study, the sample size collected and, of course, the available budget.

Much of this dissertation describes a collection of projects that used next-generation
sequencing (NGS) technology, allied with different study designs and analytical strate-
gies, to better understand the genetic basis of two poorly understood human conditions:
congenital hypothyroidism and very-early-onset inflammatory bowel disease. The
first disorder is considered to be Mendelian in nature, while the second is currently
viewed as a Mendelian form, or extreme subtype, of a complex disease (inflammatory
bowel disease). For the remainder of this chapter, I provide a brief history of the
technological build-up to disease-mapping as we know it, including the techniques,
tools and resources that have been developed throughout the years to aid gene-mapping
efforts. I then describe the standard NGS data generation workflow that underlies any
NGS-based study today, and describe the study designs and analytical approaches that
that are now commonly used in NGS-based gene-mapping studies of both Mendelian

and complex disorders.

1.3 The start of gene-mapping: linkage analysis

Traditionally, linkage analysis was the standard and leading gene-mapping technique.
This method identified regions of the genome underlying a given disease by testing
a series of marker alleles for co-segregation, or linkage, with disease status within a
family or across a number of families. Individuals were usually genotyped for restriction
fragment length polymorphisms (RFLPs) [54] or repeat regions (microsatellites) [512]
scattered throughout the genome. Markers that were close together on a chromosome
were more likely to be co-inherited than would be expected by chance, as recombination

was less likely to separate them (Figure 1.2).
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Figure 1.2 Linkage within a family

Within a family, linkage occurs when two genetic markers are co-inherited rather than being
broken apart by recombination events during meiosis, shown as red lines. Co-inherited
markers are said to be in linkage disequilibrium (LD) with each other and the region with
such linked SNPs is called a "haplotype" block. Markers in LD are also termed to be correlated
with each other and "tagged" by one another. Image adapted from Bush et al [64].
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Most linkage studies used a sparse map of 300-400 markers evenly distributed, one
every 10 cM, across the genome [131], and these were usually sufficient to capture the
majority of the recombination events. The evidence for linkage in a region was measured
statistically using a LOD score (logarithm of odds), which compared the likelihood that
the genotyped marker and the hypothetical disease locus were inherited together in
the observed data, to the likelihood of observing the co-segregation pattern simply by
chance. This method would thus narrow down the chromosomal interval in which the
disease gene was located, in relation to a known genetic marker, leading eventually to
the gene being cloned, Sanger-sequenced and the genetic defects characterised (usually
after a long, painstaking process). Even though it may now seem primitive and arduous
by modern standards, linkage analysis contained many of the central principles of
modern genetics: disease-genes were discovered through direct typing of genetic variants
genome-wide, without any prior knowledge of disease biology, coupled with rigorous

statistical analysis, careful design and sample ascertainment strategies.

By the mid 90’s, linkage had proven to be an extremely effective approach for identifying
highly penetrant and rare genetic defects underlying Mendelian diseases with simple
genetic architectures, such as Huntington’s [189] and cystic fibrosis [492]. More than
1,000 genes underlying Mendelian phenotypes were identified between 1987 and 1997, the
decade since RFLP mapping became available [53]. An important lesson emerging from
such studies was the notion that most disease-causing mutations cause major changes
in the encoded proteins [13]. Linkage was also somewhat successful at identifying
alleles with unusually large effects for some complex diseases that showed high familial
aggregation. Notable well-replicated examples include INS and CTLA4 in type 1
diabetes [27, 357] and NOD2 in Crohn’s disease [218, 219, 359]. Mendelian subtypes
of complex disorders, such as obesity [86], type 2 diabetes [533], breast cancer [524]
and Alzheimer’s disease [461] were also discovered via linkage, highlighting how the

boundaries between Mendelian and complex diseases can sometimes be blurred.

Despite extensive research efforts, linkage was largely unsuccessful at pinpointing the
genetic factors involved in complex disorders. In retrospect, this failure was a result
of the high locus heterogeneity and the low effect sizes characteristic of such diseases,
which made it ill suited to study with this technique. Linkage was also underpowered
to elucidate the genetic basis of some Mendelian disorders that were not as simple as
initially thought. This was the case for conditions we now know have high levels of
phenotypic and genetic heterogeneity, or diseases that occur sporadically due to de
novo mutations, which were undetected by linkage as they were not transmitted across

generations (due to substantially reduced reproductive fitness).
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1.4 Genome-wide association studies

The sequencing of the reference genome, accomplished by the Human Genome Project
(HGP) in 2003, marked a turning point in gene-mapping research. Knowing the precise
location of genes within chromosomal regions enabled quicker progression from a linkage
interval to a cloned disease-gene, which accelerated the identification of Mendelian
disease genes (Figure 1.3). For complex disorders, instead of mapping disease genes
by tracing transmission in families, the HGP allowed the creation of high-density
polymorphism maps, which expedited population-based association testing at variant
sites throughout the genome.
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Figure 1.3 Mendelian disease genes of known molecular basis. The left-hand y-axis indicates
the cumulative number of diseases for which a molecular basis is identified. The right-hand
y-axis expresses that as a percentage of the ~7,000 Mendelian disorders that have been
described and are present in OMIM. Following the release of the human reference genome in
2003, the rate of discovery of Mendelian disease genes increased greatly. Image adapted from
Brunham et al [60].

In the early 2000s, along with the closing phases of the HGP, several initiatives such
as the SNP Consortium and dbSNP were underway to discover and catalogue human
genetic variation at the population level. Together, these two projects uncovered at
least 1.4 million SNPs [446, 481] or single nucleotide polymorphisms with a population
minor allele frequency (MAF) greater than 1%. It became clear that common-frequency

SNPs in physical proximity tended to form LD blocks punctuated by recombination
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hotspots occuring every 100-200 kb [325]. These correlated patterns (measured in
terms of statistical 7°) were further characterised through the HapMap project, which
by 2007 had identified a further ~3 million SNPs across 270 individuals from three
ethnic populations (Europe, Asia and West Africa) [154]. Meanwhile, improvements
in chip-based microarray technologies finally made possible the cost-effective and
high-throughput genotyping of hundreds of thousands of SNPs in large number of
individuals [468]. The newly discovered patterns of LD between SNPs meant that
genotyping arrays could effectively survey the majority of common variants in a
population by directly assaying only a fraction of the total number of SNPs in the
genome. In the European population for example, ~5 million common SNPs can be
almost entirely "tagged" by a selection of around 500,000 informative markers [32, 154].
Together, these achievements paved the way to the first genome-wide-association-
studies (GWAS), a transformative step for the study of complex disorders. Over the
last decade, the number of GWAS per year has increased linearly (Figure 1.4), with a
total of 2,488 GWAS studies and 22,414 unique SNP associations currently reported in
the latest release of the GWAS Catalogue [514], as of August 2016.
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Figure 1.4 Number of genome-wide association studies published between 2005 and 2013.
Image credit: Genome Research Limited.

In GWAS studies, allele (or genotype) frequencies at hundreds of thousands of SNPs
are tested for association with disease status (Figure 1.5) or a quantitative trait value
in thousands of individuals, usually under an additive genetic model. For quantitative
traits (e.g. height), linear regression is used to test each SNP for association between

trait value and genotype. For categorical traits (e.g. binary case/control or phenotypic
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extremes), logistic regression is usually performed. The strength of the association is
measured by the odds ratio (OR) or by the beta coefficient (), depending whether the
phenotype is binary or quantitative, respectively. The markers that show significant
association with a disease or trait point to regions of the genome that are likely to
harbour disease relevant genes. Because of LD however, associated SNPs do not
represent causal variants per se and have yet to be dissected via subsequent fine-
mapping strategies. These analyses aim to differentiate statistical signals at causal
variants over their highly correlated neighbors, and usually involve a combination of
statistical and functional analyses to narrow down the association signal to a single or

very few variants [217, 456].

The first published GWAS, a study of age-related macular degeneration, identified a
common variant association in the CFH locus that increased the risk of disease by a
factor (OR) of ~7 [252]. Such large effects were soon recognised to be the exception
rather than the rule. A landmark publication from the Wellcome Trust Case Control
Consortium (WTCCC) in 2007 of a GWAS of 14,000 cases across seven diseases and
3000 shared controls [528] revealed most disease associations have in fact small effect
sizes, typically between 1.1 and 1.4, such that the loci identified only explain a fraction

of the estimated genetic component of disease risk [307].

Most of the quality control (QC) procedures that are now used in complex disease
studies were also established by the WTCCC study, including several methods to
identify poorly genotyped samples or markers, and protocols to deal with population
stratification, a potential confounder in genetic studies that results from the fact
SNP frequencies are variable across ethnic populations [18, 528]. The WTCCC also
emphasised the importance of replicating association signals in an independent dataset
and the use of stringent statistical criteria for declaring an association as genome-
wide significant. The genome-wide significance threshold for association was set at P
<5x10® around this time. This roughly corresponds to a 5% type-I error rate when
considering the number of independent SNPs tagged by common variants in the genome

in individuals of European descent (~1-2 million) [479].

To increase the overall sample size and statistical power of GWAS, many researchers
subsequently embarked on large meta-analyses combining the results from individual
studies. This approach essentially examines whether the observed effects at a given
genomic region are consistent across studies, and whether the magnitude and direction
of effects are also similar. Meta-analyses of GWAS studies, very often containing infor-

mation from tens of thousands of individuals, were hugely successful at yielding novel
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Figure 1.5 Schematic representation of a case-control (or binary) GWAS study.

In a case-control GWAS, a large cohort of diseased individuals (cases) and controls is
genotyped for hundreds of thousands of SNPs spread throughout the genome. An associated
region will often contain dozens of correlated SNPs in high LD with very similar association
signals that, together, can span numerous genes. To narrow these multiple correlated signals
down to a single or very few causal variants, researchers apply fine-mapping strategies.
Such studies typically perform stepwise conditional analyses to identify independent signals
within the associated regions. Statistical algorithms, in combination with functional genetic
information (e.g. overlap with regulatory elements), can also be applied to assign posterior
probabilities of causality to each candidate variant [217, 456].
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disease-associations, and are still heavily used today. The story of inflammatory bowel
disease (IBD, Figure 1.6) is a textbook example, where a total of four meta-analyses,
conducted between 2008 to 2015, brought the number of loci from 21 (using 3,230
cases) to 231 (using 96,486 cases) [33, 153, 232, 290], ultimately yielding unprecedented
insights into the biological mechanisms involved in IBD pathology (see Chapter 4).
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Figure 1.6 The number of IBD-associated loci identified using various study designs over the
past fifteen years. Other than meta-analyses, IBD researchers also used a custom genotyping
array (Immunochip) to aid replication and fine-mapping strategies, and to allow more cost-
efficient genotyping in larger numbers of samples. The Immunochip contained a dense panel
of 130,000 SNPs located in 186 regions known to be associated with one or more of 12 immune-
related diseases, including IBD, autoimmune thyroid disease, ankylosing spondylitis, celiac
disease, IgA deficiency, multiple sclerosis, primary billiary cirrhosis, psoriasis, rheumatoid
arthritis, systemic lupus erythematousus and type 1 diabetes [375]. The latest GWAS meta-
analysis, conducted by Liu et al in 2015 [289], also included individuals of non-European
ancestry. Image taken from De Lange et al [109].

1.5 The next-generation sequencing revolution

The next big leap forward in human genetics was the arrival of massive parallel sequenc-
ing or "next-generation" technologies at the end of 2004. Before then, the sequencing
field was dominated by Sanger sequencing, also known as "capillary sequencing" [221].
Also in 2004, the National Human Genome Research Institute (NHGRI) devised a

70 million dollar DNA sequencing initiative aimed at bringing the cost of sequencing
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a human genome (at high depth, 30x) down to $1,000 in 10 years [436]. Since then,
many NGS technologies have been developed (Figure 1.7), with the rate of throughput
continually climbing [418]. The Illumina/Solexa platforms have constantly dominated
the market, and have offered diverse systems ranging from small, low-cost "desktop
sequencers" such as the MiSeq machine, to population-scale sequencers (HiSeq X Ten).
Most of the NGS data generated for my dissertation was produced between 2010-2015,
using the then state-of-the-art Illumina’s HiSeq 2000 system (Figure 1.7).
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Figure 1.7 A) Timeline and comparison of NGS instruments released to date. Release
date versus machine outputs per platform are shown. Numbers inside data points denote
current read lengths. Sequencing platforms are colour coded according to manufacturer. B)
Illumina’s HiSeq 2000 sequencing method. The sequencing process includes clonal in-situ-
amplification of DNA fragments (or templates) that are ligated to adaptors on the surface of
a glass slide. Nucleotide bases are read using a "cyclic reversible termination" strategy, which
sequences the template strand one base at the time through successive rounds of incorporation
of fluorescently-labeled complementary bases (ANTPs), washing to remove unincorporated
dNTPs and fluorescent imaging to determine the added bases. Images adapted from Reuter
et al [418].

In 2007, Nimblegen released a sequence capture technology that was able to select
specific DNA sequences by microarray hybridization [12], now known as "targeted
capture". Using this method, any subset of the genome, from a handful of genes, to

virtually all protein-coding regions (the "exome"), could be sequenced much quicker and
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at a much lower cost. This gave birth to the terms we now routinely use of "targeted-
sequencing" or "gene-panels" and "exome-sequencing'. The "exome" comprises all the
annotated protein-coding genes (~21,000) and is equivalent to about 1% (~30Mb) of

the total genomic sequence [176].

Many personal genomes and exomes were fully sequenced by 2008 [79, 279, 296, 350, 381,
519], providing the first insights into the scale of variation within an individual’s genome.
Several lessons were learned with these studies, for example: 1) each individual differs
from the reference genome at on average 3.5 million positions and contains ~1000 large
(>500bp) copy-number-variants (CNVs) [176]; 2) most identified variants are common
in the individual’s population and are shared between continental populations [60]; and
3) individuals from older ethnic populations (e.g. Africa) show greater variation [321],
consistent with the demographic history of the human species [29]. These and other
subsequent studies [299, 531] also reported between 200-800 loss-of-function (LoF)
variants (nonsense, frameshift and splice donor and acceptor sites) and many (13%)
missense changes that were predicted to be damaging to proteins within one’s genome,
suggesting that healthy individuals do carry many gene-disrupting mutations despite not
having disease. These observations have given us a glimpse of the likely complexity of
the functional interpretation of sequencing data, and shaped many of the interpretation
best-practices that we now follow in novel-gene discovery and in clinical diagnostics
studies, i.e. the assessment of the background rate of a given class of variation in a

particular gene in the general population.

Beyond personal genomes, the availability of sequencing technologies also meant that
human variation of many types (single nucleotide variants (SN'Vs), small insertions and
deletions (indels, below 50 base-pairs (bp)) and CNVs could also now be characterised
in human populations. This was successfully accomplished by the 1000 Genomes
Project (1KG), between 2007 and 2015, through low-coverage sequencing (2-4x) of
2,504 individuals from 26 populations [23]. This dataset is now considered the global
reference for human variation, providing an unique insight into genetic variation at the
population level. 1KG contains more than 38 million variants with > 0.1% frequency,
which are now widely used in QC and variant filtering strategies in studies of Mendelian

and complex diseases.

The first successful application of NGS for gene-mapping in a rare Mendelian disorder
of unknown cause (Miller syndrome) was eventually published by Ng et al in 2010 [351].
The authors exome-sequenced four affected individuals from three independent kindreds

and found compound heterozygous mutations in DHODH to be causal. This study
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demonstrated that whole exome-sequencing (WES) is a powerful and cost-effective
strategy to identify molecular defects underlying Mendelian diseases even without
linkage or pedigree information, nor any biological information related to disease
mechanism. Also importantly, this report showed that WES makes tractable those
conditions that are too rare and in which appropriately sized families are not available
for linkage, illustrating the power of this approach in situations where only small

number of affected individuals are available for study.

Several other studies subsequently pioneered the application of NGS strategies (both
exome and genome-sequencing) on a larger-scale by sequencing thousands of samples,
and by focusing not only on Mendelian conditions but also on complex disorders and
biomedically relevant quantitative traits. Two notable studies are the NIH Heart, Lung,
Blood Institute GO Exome Sequencing (ESP) [476] and the UK10K [507] projects. The
first study exome-sequenced 6,500 individuals to identify risk alleles associated with
heart, lung and blood disorders. The latter study conducted low-coverage (7x) whole-
genome sequencing (WGS) to assess the contribution of genetic variation to more than
50 cardiometabolic and anthropometric traits in 3,781 healthy individuals. In addition,
the UK10K also embarked on high-depth (~80x) WES and targeted-sequencing of
specific genes, to identify causal mutations for ~6,000 individuals from three different
collections (rare diseases, severe obesity and neurodevelopmental disorders). Some of
the datasets analysed in Chapters 2 and 3 of this dissertation were generated within
the rare-disease initiative of UK10K.

NGS technologies have enabled researchers to obtain variant information to the res-
olution of single-bases in a quick, high-throughput way, scalable to the size of the
human genome. This has been revolutionary to both Mendelian and complex disorders
for distinct reasons. For Mendelian diseases, NGS has finally enabled researchers to
investigate conditions that were challenging to study before, such as sporadic and
clinically heterogeneous disorders. Intellectual disability (ID) and neurodevelopmental
disorders are examples of two broad category of heterogeneous conditions that have
benefited tremendously from NGS [150, 170, 527], with more than 25 novel genes
causative of ID discovered through exome-sequencing [408]. Combined with traditional
genetic approaches including linkage, array comparative genomic hybridization and
candidate gene-sequencing, WES and WGS have dramatically accelerated the pace at
which novel genes are being linked to Mendelian phenotypes [77]. This has increased
from a mean of ~166 per year between 2005-2009 to ~236 between 2010-2014, and
this rate of progress shows no signs of abating as yet [77]|. High-throughput sequencing

now permits the genome or exome-wide identification of inherited, de novo and CNV
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events within families and their subsequent joint analysis in a matter of weeks rather
than years. Besides speeding up gene discoveries, NGS has been shown to dramatically
decrease the length of the "diagnostic odyssey', i.e. the medical journey travelled
by patients and their families from the onset of disease symptoms to a conclusive
diagnosis. Multiple nation-wide and large-scale studies such as the FORGE (Finding of
Rare Disease Genes) Canada Consortium [38], the DDD (Deciphering Developmental
Disorders) [527], the UK10K [507] and many others [77, 535, 544], have demonstrated
this benefit, with all studies providing genetic diagnoses in substantially less time than

the usual time frame of around one decade [38].

For complex disorders, NGS has finally enabled researchers to search for low-frequency
(1%-5%) and rare variants (<1%) underlying disease, rather then focusing solely on
common-frequency alleles. It has long been hypothesised that rare variants are likely to
play an important role in complex disease [401]. Loci that are associated with complex
disease are enriched for rare variants that cause known Mendelian disorders, and it has
been suggested that recessive variants confer risk to related complex diseases when the
carrier is heterozygous [49]. Until recently, it had been unfeasible to explore the role of
rare and low-frequency variation to complex disease genome-wide, because such variants
were not represented in GWAS studies due to poor LD tagging by nearby SNPs [14].
NGS has now brought variants of all frequencies into view, meaning researchers can now
more fully evaluate the spectrum of potential effects exerted by genetic variation. NGS-
based studies of complex diseases have already yielded some fruitful results: studies such
as the ESP, UK10K and many others [269, 403, 462, 476, 507] have already reported
rare and low-frequency associations for many complex disorders and traits. Notable
examples include ADIPOQ for adiponectin levels [507], APOCS for triglycerides and
coronary heart disease [476], PNPLAJ5 for low-density cholesterol [269] and CCND2
for type 2 diabetes [462]. The most recent example [295] was the identification of a
rare variant (0.6%) in ADCY7 that doubles the risk of ulcerative colitis (UC). This
association was detected after WGS of 4,280 cases and 3,652 population controls and is
now the second strongest susceptibility-locus for UC after the HLA. One major benefit
of detecting lower-frequency variants in complex disease is that fine-mapping may be
easier, as such variants are correlated with fewer nearby SNPs. In addition, because
rare alleles often have a direct functional impact at the protein level (if coding), they
can be more straightforwardly transferred to cellular and animal models for mechanistic

studies of disease [13], ultimately providing quicker insights into disease pathogenesis.
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1.6 A standard NGS workflow

A standard NGS data-generation pipeline is composed of several steps that can be
conceptualised as laboratory- or computational-based. Each one of the steps addresses
a specific task that is needed to transform the raw sequencing data into meaningful

information that can then be used by geneticists in downstream genetic analyses.

The laboratory steps start with genomic DNA being extracted from blood or saliva and
then checked for high quality. The sequencing library is then created, i.e. the DNA
is fragmented into smaller fragments of homogeneous length and linked to adaptors.
Specific parts of the genome are then captured using predefined baits/probes of certain
bp length, if conducting targeted- or exome-sequencing. Finally, this pulled-down
library, or the whole-genome instead, is sequenced usually by indexing and pooling

multiple samples over the same sequencing lane.

The several computational-steps that follow illustrate the complexity of the NGS data
(Figure 1.8). This has meant that, in parallel to the development of the technology
itself, the field of bioinformatics has become central and an invaluable discipline to
NGS-based studies. It has developed multiple solutions and tools to store, process,
maintain and to aid in the interpretation of the massive amount of data generated
by the sequencing machines [278, 361]. Many of these tools (e.g. SAMtools [281],
VCFtools [105]) had just finished being developed when I started my PhD studies back
in 2012, others (e.g. VQSR, HaplotypeCaller [116]) were subsequently developed in

the following years.

1.6.1 Sequence generation

The first computational-step entails the conversion of the raw data (fluorescent signal)
into nucleotide bases with corresponding quality scores, and then the conversion into
short sequencing reads. This process is termed as "base calling" and occurs on-board
the sequencing machine, with the output being stored in a "FASTQ" file format. The

base quality scores are useful to optimise downstream read-mapping and variant calling.
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Figure 1.8 Flow diagram of the major computational steps involved in NGS data generation.
The first step occurs inside the sequencing machine and involves the conversion of the raw
imaging signal into sequencing reads. The second step is the alignment of the reads to the
human genome, followed by several quality control procedures and variant calling. The
third and final before downstream genetic analysis entails the annotation of the variant calls
against allele frequency databases, functional and regulatory annotations, and predictive
deleteriousness tools (e.g. PolyPhen2 [4], SIFT [349], GWAVA [424] and CADD [251]). All
of these annotations are crucial for further genetic analyses, which vary depending on the
genetic architecture of the disease under study. Image adapter from Oliver et al [361].
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1.6.2 Alignment and variant calling

The next step is the alignment of reads to a reference genome (e.g. GRCh37, Genome
Reference Consortium human build 37) and there are many tools to achieve this, with
BWA being the most common [280]. Once the reads have been aligned, refinement
steps are often performed, including the removal of duplicate reads (likely to be
PCR artefacts), the re-alignment of reads around putative indels (to mitigate wrong
alignments at the end of reads) and re-calibration of base quality scores (to correct
for over- or under-estimated base quality scores). After alignment, reads are stored in
BAM files, which can be the input to many read visualisation tools (e.g. Integrative
Genomics Viewer [484]) for further judgement of putative variants directly from their

reads.

Variant calling is then performed by identifying (or "calling") the positions (or "variants")
of the sequenced reads that differ from the reference sequence. Depending on the
application, this is done at the level of the genome, exome or specific genes, with all
variants being stored in an easily accessible and readable VCF file. The calling itself
depends heavily on accurate mapping to the reference genome and is accomplished using
statistical modelling techniques that have been refined throughout the years to better
distinguish genuine variation from sequencing errors [355]. One of such improvements
was the incorporation of the degree of uncertainty when calling a genotype at a given
position, rather than simply determining the genotype based on the effective counts of
the alternative allele, i.e. the allele that did not match the one recorded in the reference.
There are more than 60 different callers available to date (reviewed in [369]); which
caller to use depends on the type of variation one aims to detect, i.e. SNVs/indels/de
novo/CNVs. SAMtools [281] and GATK HaplotypeCaller [116] are the best established
tools for SNV and indel calling. De novo and CNVs each have dedicated callers (see
Chapter 3).

NGS provides a large amount of data with associated error rates (~0.1-15%) that are
higher than those of traditional Sanger sequencing machines [177]. Moreover, there
are many more sources of artefact and technical variation in NGS than in genotyping
technologies, given the multiple preparation steps involved in a sequencing run. This
problem is usually attenuated by sequencing at high depth, by performing variant-
calling across all study samples [76], and by investing considerable amounts of time in
downstream QC of variants and samples. Variant-QC steps can be performed either by
using empirical thresholds derived from visualising the patterns of the data, by applying

specific thresholds recommended by the variant calling software, or by using more
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sophisticated statistical approaches (e.g. VQSR) [116]. The definition and the rational
for using many of these QC procedures are described within each of my thesis chapters.
Also importantly, NGS technologies suffer from platform-specific error profiles [343]. If
available, further analyses should take control sequences generated by the same lab

into account, to successfully identify and remove systematic sequencing errors [474].

1.6.3 Data annotation

The number of variants identified through NGS strategies varies depending on many
factors, such as the size of the sequenced regions, i.e. gene-panels/exome/genome,
the ethnicity of the samples, the depth of sequencing coverage, etc [1]. In general,
the number can range from 10,000-50,000 variants to four million variants in deep
whole-genome sequences [158, 476, 507]. While these numbers certainly represent
a challenge in interpretation, they are necessary to allow us to extract statistically
robust and meaningful biological information from the data itself, and to engage in
"data-driven" genetic hypotheses. Several biological annotations are normally added at

this stage to facilitate downstream genetic analyses.

The first level of annotations is population-based allele frequencies for each alternative
allele. Sources of frequency-based annotation include the HapMap [154], the 1KG [23],
the ESP [476], the UK10K [507] and, more recently, the ExAC dataset [135]. The latter,
only released two years ago, is the largest of all these datasets, consisting of variant
calls from 60,706 exomes of different ethnicities, and has been especially developed to

help prioritise variants in Mendelian diseases.

Functional-based annotations then assign the effect of a variant on the transcript(s)
and encoded protein(s), based on the resulting amino acid change, and the effect
is normally categorised into well-defined terms (Figure 1.9). Two tools commonly
used for this purpose are the Ensembl VEP [322] and SnpEff [80]. Annotation of
non-coding variants can be done using data from the ENCODE [478], Roadmap
Epigenomics [425] and FANTOMS5 [151] projects, all of which used applications of
NGS such as ChIP-sequencing (chromatin immunoprecipitation assays), DNase I
hypersensitive site mapping and CAGE (cap analysis of gene expression) to identify
gene regulatory regions such as promoters, enhancers and transcription factor-binding

sites in a variety of human cell and tissue types.



20 Introduction and historical perspective
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Figure 1.9 The impact of variants at the protein level. The diagram illustrates the set of
functional consequence terms given by the Ensembl Variant Effect Predictor (VEP) tool [322].
A splice donor is splice variant that changes the invariable 2-base region at the 5’ end of an
intron. A splice acceptor is a splice variant that changes the invariable 2-base region at the
3’ end of an intron. A splice region is a sequence variant in which a change has occurred
within the region of the splice site, either within 1-3 bases of the exon or 3-8 bases of the
intron, but not at the donor/acceptor splice sites. For a detailed description of each term see
http://www.ensembl.org/info/genome/variation/predicted _data.html.

The final step before embarking on downstream genetic analyses is the use of prediction-
based annotations which are added to infer the deleteriousness of missense changes on
the resulting protein. This is done using computational tools that take into account
the nucleotide and/or amino acid changes in combination with either: 1) sequence
conservation within homologous sequences (e.g. SIFT [349] and GERP [107]), or 2)
structural properties, such as the impact on the tri-dimensional protein model (e.g.
PolyPhen2 [4]) [326]. The impact of splice donor and acceptor variants can be assessed
using MaxEntScan [285], for example. Prediction for non-coding variants can also be
done using recently developed tools such as GWAVA [424] or CADD [251], both of
which use machine-learning algorithms trained with annotations from multiple sources

of genomic, regulatory, functional and conservation data.

1.7 INGS genetic analyses in Mendelian diseases

WES at high coverage (60x-80x) is currently the most popular NGS approach for
discovering genes underlying Mendelian diseases in research settings. Examining only
the exonic portion of the genome is justified on the basis that the vast majority of
Mendelian disease-associated mutations identified by linkage strategies result in the

disruption of the protein-coding sequence [13].
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Genetic studies of Mendelian diseases generally use family-based designs. A range
of different pedigree structures can be used including, trios, affected sib-pairs or
more distant relatives (e.g. cousins) or even larger pedigrees with multiple affected
individuals. The design that is most useful depends on several factors including the
known (or presumed) mode of inheritance of the disease under study, whether the
disease is inherited or predicted to occur sporadically (i.e. parents often not affected)
and also on the number of patients that can be sequenced in the study. Each pedigree
structure has its advantages and disadvantages, both in terms of the feasibility of
sample collection and the types of analytical approaches they allow to be explored
(Table 1.1). The trio design is especially useful for sporadic diseases and when a
dominant mode of inheritance and/or locus heterogeneity are suspected [169, 396]. In
any case, the use of biological relatives is very valuable in the interpretation of genetic
variation because it helps to identify neutral alleles, substantially narrowing down the

search space for causative genes segregating within families [31].

The following assumptions are generally made when searching for causative mutations
underlying simple, monogenic, Mendelian diseases: 1) a single mutation is sufficient to
cause disease, 2) the mutation is coding and affects the function of the protein, 3) the
allele is rare and probably private to the affected individual or family, 4) every carrier
of the putative causative variant has the phenotype (complete penetrance), 5) every
affected individual will carry the putative causative variants (complete detectance) and
6) the mutation is present in the same gene as in other unrelated affected individuals
(genetic homogeneity) [464]. As such, when sifting through the data, researchers
disregard variants located outside coding regions, silent amino acid changes and
variants that are present in public variation datasets (e.g. 1KG, HapMap, ESP, UK10K,
ExAC) and in internal control sequences at greater frequency than the expected carrier
frequency [278]. Researchers then focus on variants that segregate with disease status
within the pedigree and normally prioritise impactful variants (e.g. LoF and missense
predicted to be damaging by in silico prediction tools) that occur in genes whose

function is relevant for the disease [300].

Functional follow-up approaches of identified variants are then often conducted to
confirm experimentally that the putative variant is detrimental to gene function.
Examples of such approaches include in silico experiments such as computational
modelling of the effect of a variant on the structure of a protein [65], in vitro investigation
of the effect of the variant in patient cells [43], and in vivo investigations such as
recapitulation of aspects of patient’s phenotypes in animal models [483], which can

ultimately inform about the biological mechanisms underlying disease pathogenesis.
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Pedigree structure

TRIOS

AFFECTED SIB-PAIRS

MULTIPLEX FAMILIES

Well suited for

Advantages

Disadvantages

Analytical
approaches

Examples

Autosomal dominant disorders

De novo and compound
heterozygote variants can be
identified

Fewer patients sequenced if
budget is limited

Identify de novo events (SNVs
and CNVs): more likely in
sporadic disorders

Identify compound
heterozygous: more likely in non
consanguineous background

Identify homozygous variants:
more likely in consanguineous
background

Transmission-disequilibrium test

(TDT)

Weaver syndrome
(EZH2)

Autosomal recessive disorders

Few co-segregating rare
homozygous variants shared by
all affected sibs

Further segregation analysis in
parents and unaffected sibs
needed

Compound heterozygous
variants cannot be identified

Identify homozygous variants or
putative compound
heterozygotes shared by
affected sibs

Runs-of-homozygosity analysis

Identical-by-descent analysis

Postaxial polydactyly type 4
(ZNF141)

Autosomal dominant, recessive and
X-linked disorders

Combine the power of both trios
and affected sib-pairs designs

Very small search space for
causative variants

Difficult to collect

Difficult to analyse if affected
members have heterogeneous
phenotypes

Identify heterozygous or
homozygous variants shared by
affected relatives

Linkage analysis (if pedigree is large
enough)

Familial diarrhea syndrome
(GUCY2C)

Table 1.1 Overview of three possible family-based study designs used in NGS-based studies
of Mendelian conditions. The table lists the advantages and disadvantages of each pedigree
structure and provides examples of monogenic conditions that were successfully investigated
using the corresponding study design. The analytical approaches to narrow down the search
space for causative variants in NGS studies are also provided. If desired, traditional gene-
mapping techniques (in pink) can also be used in combination with the NGS data, which can

greatly increase power. Asterisks represent sequenced individuals.
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Given the dramatic increase in novel-gene discoveries since NGS became available,
there has been much discussion surrounding the exact extent and nature of the evidence
that is required in order to state that a given gene is indeed causative, or associated,
with a Mendelian disorder. Keeping with the history of the field of human genetics,
the importance of a consistent and rigorous approach has been increasingly recognised,
and a set of guidelines for this purpose was published in 2014 [300]. It is now clear
that the identification of a single variant (even if LoF') segregating with disease in a
single family is not on its own sufficient evidence that the allele is causative of disease.
Therefore, observations in the same gene in additional individuals or families with
similar phenotype should be accumulated and, more importantly, statistical support
for the findings should be demonstrated. There is no one rule as to the number of
independent individuals or families that are required to statistically demonstrate that
the occurrence of a particular number of variants in a given gene is highly unlikely to
have occurred by chance. Instead, the number required depends on several factors such
as the size of the gene, its mutation rate, and how tolerant the gene is to the observed
class of variation (e.g. missense or LoF) [300, 425]. A commonly used statistical
approach to derive significance is to compare the number of cases that carry variants
in a particular gene with that observed for a large cohort of controls using the Fisher’s
exact test [11, 160]. In principle, a novel gene can then be declared causative if its
P-value surpasses the exome-wide significance level of 1.7x10° [300], corresponding
to the Bonferroni corrected P-value for performing tests on ~21,000 protein-coding
genes and ~9,000 long non-coding RNA genes [117, 195]. Such statistical analyses
were made possible with the increasing availability of large-scale sequencing data that
can be used as control sequences. This also now allows genome-scale approaches to
gene discovery, in which the distribution of rare, predicted-damaging variants in cases
is systematically compared to population controls to identify genes with an excess of

potentially pathogenic variants for functional follow-up.

One should be mindful of potential technical differences existing between the two groups
when performing case-control analyses, because any baseline differences can yield false-
positive association signals that are not due to a biological reason but to technical
artefact. Two possible confounders are population stratification and sequencing depth,
both of which are usually correlated with the number of variants called within a sample,
and even more so at rare or private sites [300, 314]. As such, the appropriate control
group to use in such tests should be drawn from the same (or close) ethnicity as cases,
its data should have been generated and analysed in similar fashion and QC checks

should be conducted to ensure there are no discrepancies between the two groups.
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Other than family-based designs, case-control enrichment strategies are increasingly
being used in disease studies as they can often provide important insights into the
aetiology of disease, especially when genetic heterogeneity is expected [407]. In such
an approach, a cohort of unrelated cases is sequenced along with a large cohort of
controls. Rare variants are then identified in both groups and a statistical test is
applied to test the hypothesis that the cases have an excess of a defined category of
variants (e.g. LoF) compared to controls. This can be performed at various testing
units including, for example, assembled lists of candidate or biologically related genes
(termed as "genesets'), biological pathways or even the whole exome. Ultimately, this
approach is useful because it can highlight whether a specific category of variants and
particular genes are important to disease pathogenesis, therefore providing insights
into the genetic architecture of disease without necessarily assigning causality to
individual alleles and genes [210, 407]. This can be viewed as a "top-down" approach,
where one focus on identifying the overall rates of mutation, before proceeding to
map particular disease-associated genes. Importantly, these enrichment analyses make
fewer assumptions about causative variants than classical family-based approaches, and
therefore take into account non-classical contributors to disease such as variants with
incomplete penetrance, and variants that contribute to a phenotype in an oligogenic

manner [335].

Several distinct statistical tests have been developed for use in rare-variant case-control
enrichment analyses (reviewed in [276]), all of which evaluate the aggregate effects of
multiple genetic variants in a testing unit. Four of the most commonly used tests are
the cohort allelic sums test (CAST) [335], the BURDEN test [407], the weighted sum
statistic [302], and the sequence kernel association test (SKAT) [529]. All of these tests
have been developed with complex disease in mind, but the first two are often used in
rare and Mendelian studies as well [103, 184, 407] since their underlying assumptions
are appropriate: they both consider that all rare variants have the same direction of
effect (e.g. all variants are disease-causing) and that the effects of the rare variants are
all similar (e.g. all alleles exert large effects on the phenotype). The main difference
between CAST and BURDEN is that the first one counts how many cases and controls
have at least one alternative allele in a given region, while the second counts the exact
number of alternative alleles per individual in a given region, summed for all cases
and controls [276]. There is no one rule as to which category of variants to test in
such analyses, therefore, researchers normally run tests for a series of increasingly rare
allele frequency thresholds and also for different classes of mutations, e.g. all functional
variants or just LoF [184, 407].
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Several studies demonstrate the utility of case-control enrichment analysis in providing
important insights into possible disease pathological mechanisms. In an early example,
Purcell et al used the BURDEN test in an exome analysis of 2,536 schizophrenia cases
and 2,543 controls and detected an enrichment of rare disruptive mutations in calcium
channels and in components of the postsynaptic activity-regulated cytoskeleton (ARC)
complex, emphasising their importance in the aetiology of schizophrenia [407]. Another
study used the CAST test in a cohort of 986 individuals with ID and 903 controls
that were targeted-sequenced for a panel of 565 known and candidate genes. Apart
from an enrichment of LoF variants in known ID-associated genes, the authors also
observed an enrichment in candidate genes, suggesting some of these may indeed be real
causative genes but that have yet to be definitively proved as such [184]. D’Alessandro
et al [103] exome-sequenced 81 patients with atrioventricular septal defects (AVSD)
and used the 6,500 ESP exomes as controls. Using the CAST method, the authors
reported a significant enrichment of rare missense damaging variants in 112 genes with
biological associations to AVSD. Some of these genes included syndrome-associated
genes, suggesting these can contribute to AVSD even in patients with isolated heart
defects. On a different perspective, a targeted-sequencing of 44 candidate genes in
2,446 autism patients identified one de novo LoF mutation in ADNP, a candidate
gene for autism [426]. Because this gene was part of a protein-protein interaction
pathway that previously showed enrichment for de novo variants in autism in an earlier
study [366], the authors embarked on further targeted resequencing experiments and
identified several more cases with de novo mutations in ADNP [200]. This example
illustrates how case-control enrichment analyses can also inform and drive novel gene

discoveries.

1.8 INGS genetic analyses in complex diseases

Next-generation sequencing makes possible to study the low frequency and rare variants
not covered by the GWAS approach. However, despite rapidly decreasing costs, it
is still prohibitively expensive to deploy NGS on a scale similar to existing GWAS.
The most important determinant of GWAS success has been the ability to analyse
tens of thousands of individuals, and detecting rare variant associations will require
even larger sample sizes, because the minor allele of a given rare variant is observed so
infrequently [546]. The fundamental question that therefore arises when designing a

NGS-based study for a complex disease is how to most efficiently distribute sequencing
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reads across the genome and across individuals [295]. To maximise the number of
individuals that can be sequenced, some researchers use exome-sequencing, which is
relatively low cost [123, 245]. However, a major disadvantage of WES is that it only
surveys coding variation, and results from GWAS have shown that the substantially
majority (~92%) of complex disease associated variants lie in non-coding, presumed
regulatory, regions of the genome [13, 288, 514]. An alternative approach is to use
low coverage (<10x) WGS, which captures this important non-coding variation and
is cheap enough to enable thousands of individuals to be sequenced. This approach
has already proven valuable in exploring rarer variants than those accessible in GWAS
studies [95, 106, 123|. In addition, low-coverage WGS has been shown to maximise
both cost and statistical power when budget is limited [283], meaning sequencing more

individuals at lower depth is preferable to sequencing fewer samples at higher coverage.

Low-coverage WGS studies can be boosted further by using the dense genotype panel
achieved with the low-coverage WGS as a reference panel to impute (or "predict'
statistically) the genotypes of additional individuals genotyped in parallel on GWAS
arrays (Figure 1.10). Briefly, imputation methods identify stretches of haplotypes
that are shared between the study individuals (in this case the genotyped samples)
and the haplotypes of a reference panel, and use those matching haplotypes to impute
the missing alleles in study individuals [309]. Because the imputation of low-frequency
and rare variants is more challenging compared with common alleles, the further use
of very large-scale reference datasets (e.g. 1KG and UKI10K) as reference panels,
can greatly improve imputation performance at those sites [371]. This study design
therefore allows researchers to infer genotypes in enough samples to test lower frequency
variants genome-wide at approximately the same cost of WES. This approach has been
successfully used in IBD [295], type 2 diabetes [156, 462], sick sinus syndrome [211]
and in the UK10K study [507].

Downstream genetic analyses will often include single-point analysis, similarly to a
standard GWAS. In this case, researchers often include variants with a lower bound
frequency of 0.1%, 0.5% or 1%, depending on sample size, below which single-variant
analysis is no longer well powered [295, 507]. The effect of rarer alleles, including those
that are "private" to single individuals, can be tested in aggregate using collapsing tests
such as the weighted sum method and SKAT. These two tests differ in the way variants
are weighted and whether they incorporate alleles with opposite direction of effects,
i.e. risk increasing/decreasing. Such enrichment analyses can be done at the level of
genes, regulatory regions (e.g. promoters and enhances) or even within genome-wide

windows, therefore elucidating the aggregate impact of rare variation.
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Figure 1.10 Diagram illustrating a popular study design now used in NGS-based complex
disease studies. Low-coverage whole-exome sequencing is performed in as many cases and
controls as possible. In parallel, additional cases and controls are genotyped for an ordinary
GWAS array. The low-coverage sequences can then be combined with additional population-
based reference panels and haplotypes can be generated. Through an imputation process,
those haplotypes can be used to predict the genotype status of the genotyped samples at
many sites that were not included in the genotyping array. The low-coverage sequencing and
the boosted genotyping data can then be used together in downstream genetic analyses.
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1.9 Outline of dissertation

In this dissertation I describe four distinct projects in which NGS technologies were
employed, in combination with different study designs and analytical strategies, to
identify genetic determinants, or modifiers, of human diseases that have not been
extensively studied thus far. Because the projects are distinct, and encompass different
phenotypes, the following four chapters are self-contained, and additional introductory

material is located within each chapter.

The phenotype investigated in Chapters 2 and 3 is congenital hypothyroidism (CH),
a rare heterogeneous disease often caused by single-gene molecular defects that impair
thyroid hormone production in a structurally normal thyroid gland ("gland-in-situ"), or
that result in thyroid gland developmental abnormalities. The phenotype investigated
in Chapter 4 is very-early-onset inflammatory-bowel-disease (VEO-IBD), currently
viewed as a Mendelian form of inflammatory bowel disease (IBD), a complex disorder
of adulthood onset. In Chapter 5, I move beyond clinical disease per se, and use the

age at IBD diagnosis as a quantitative phenotype.

The aim of the project described in Chapter 2 was to conduct, for the first time, a
comprehensive NGS-based screening of all genes that are currently known to cause
thyroid hormone production defects in a CH cohort with gland-in-situ (N=49 cases
from 34 families). Genetic screening of such patients has been traditionally limited by
the cost and labour implications of Sanger-sequencing multiple exons, meaning many
cases still await an exact genetic diagnosis. I show how a stringent variant filtering
pipeline, combined with pedigree segregation analyses and in silico (bioinformatic and
structural) predictions of pathogenicity for candidate variants, led to the identification

of likely causal mutations in 59% of the patients.

In Chapter 3, I describe a family-based NGS study in which exome and targeted-
sequencing were used, for the first time, with the aim of identifying novel genetic
causes of CH in a phenotypically heterogeneous CH cohort comprised of 48 families.
Historically, this condition has been refractory to traditional gene-mapping techniques,
meaning it is still poorly understood. I describe the strategies I applied to map de novo,
inherited and CNV variation segregating with disease within CH pedigrees, and the
statistical analysis conducted to conclude no gene was recurrently mutated in multiple
families over what was expected by chance. I will then show how a candidate-focused

approach successfully uncovered a putative novel CH-associated gene and identified
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further defects that very likely account for the extrathyroidal abnormalities seen in

two CH patients.

In Chapter 4, I describe an exome-sequencing analysis of 145 VEO-IBD cases and
3,969 controls. The overall aim of this project was to investigate the contribution of
rare variants, as well as known, common-frequency IBD-risk alleles, to the pathogenesis
of VEO-IBD. I describe the analysis that led to the identification of likely causal defects
in primary immunodeficiency-associated genes in four patients, and show several case-
control enrichment analyses I also performed, at the level of single-genes, genesets and
pathways, to more fully investigate the burden of rare disrupting alleles operating in
VEO-IBD. I then demonstrate how the use of polygenic risk scores, leveraging the
set of IBD GWAS associations discovered to date, can provide further unprecedented

insights into the genetic architecture of this disease.

In Chapter 5, I present a meta-analysis study in which low-coverage whole-genome
sequencing data was combined, with three previously imputed GWAS studies, to
identifying genetic modifiers of age at IBD diagnosis. Much is already known about
the factors that contribute to IBD-risk, but our understanding of the genetic factors

modifying the onset of disease lags behind.

Lastly, in Chapter 6, I highlight the major lessons learnt with these projects, discuss
some immediate impact some of these results had for patients, and look forward to the
future developments and the types of studies that will shape gene-mapping strategies

over the next coming years.






Chapter 2

NGS-based screening of known
causative genes in CH with

gland-in-situ

2.1 Introduction

2.1.1 What is congenital hypothyroidism?

Congenital hypothyroidism (CH) is a rare condition of thyroid hormone deficiency,
occurring in 1 of 3000-4000 newborns [36] due to a complete or partial failure of thyroid

gland development or thyroid hormone production.

Thyroid hormones, triiodothyronine (T3) and thyroxine (T4), are tyrosine and iodine-
based hormones produced by the thyroid gland; they are responsible for regulating vital
metabolic processes for normal growth and development and are particularly important
for the correct myelination and maturation of the brain, a process that starts in utero
but that extends into postnatal life [69, 339]. Consequently, severe hormonal deficiency
can cause irreversible cognitive impairment and neurological damage if not promptly
treated. In the 1970s, CH was the most common neonatal endocrine disorder and also
the leading preventable cause of intellectual disability [36]. The introduction of neonatal
screening programs in most developed countries in late 1970s/early 1980s enabled
early detection of the disease and initiation of thyroid hormone replacement therapy
(Levothyroxine) [124]. This decision transformed the outlook for children with CH so

that severe growth and mental retardation as a consequence of CH is now rarely seen.
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Routine screening includes serum thyroid function tests, such as measurement of thyroid
hormone (T4) and Thyroid-Stimulating Hormone (TSH) levels. Further investigations
may, if needed, include thyroid imaging and anti-thyroid antibody determinations, to
rule out autoimmune thyroid disease [414]. Biochemical diagnosis of CH is confirmed
by demonstrating reduced circulating levels of T4 in response to elevated levels of TSH,

the pituitary hormone that stimulates the thyroid gland to produce T4.

Most newborns with CH have no or only subtle, non-specific symptoms at birth,
including feeding difficulty, lethargy and constipation. However, in severe cases,
suspicious signs at birth include an enlarged neck (goitre), excessive intrauterine
growth, and prolonged jaundice [414]. In almost all cases, the thyroid phenotype is
isolated, however, it may also be seen alongside other congenital abnormalities, resulting
in distinct clinical phenotypes. Examples of co-morbid features include sensorineural
hearing loss, cardiac defects, spiky hair, cleft palate, neurologic abnormalities and
genitourinary malformations [414]. I refer to these CH manifestations as "syndromic
CH'", and will cover them in greater detail in the following chapter. CH can also
be classified into permanent or transient CH, depending whether or not there is a

persistent deficiency of thyroid hormone that requires life-long treatment.

Historically, thyroid developmental defects were thought to account for approximately
85% of CH cases [171, 373|, with the remaining resulting from impaired hormone
production within a structurally normal gland or gland-in-situ (GIS). However, recent
observational studies have reported a doubling in CH incidence, reaching 1 in 1,500 live
births [99, 194], predominantly driven by an increase in CH with GIS, which accounted
for almost two-thirds of recently diagnosed cases in a region of Italy [99]. Decreased
TSH cutoffs upon screening may be the major drive for this increase in diagnosis,
although changes in the demographic composition of the screened population, increased
multiple and premature births, misclassification of transient forms of CH as permanent

and variable iodine status, very likely contribute [376, 385].

2.1.2 The known genetics of CH with gland-in-situ

The molecular basis of CH with GIS remains poorly understood [229, 409]. Genetic
defects in eight genes involved in thyroid hormone biosynthesis (TG, TPO, DUOXZ2,
DUOXA2, IYD, SLC5A5, SLC26A4 and TSHR) are known to mediate some cases.
Figure 2.1 illustrates the role of the proteins encoded by these genes within the

thyroid hormone production pathway. Disease-causing mutations in these loci are
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usually biallelic and are thus inherited in an autosomal recessive manner, with the
exception of monoallelic DUOX2, YD and TSHR mutations, which may also result in
CH (Table 2.1). Biallelic mutations in SLC26A/ result in a syndromic CH phenotype
(Pendred syndrome, OMIM: 274600) clinically defined by goiter and congenital bilateral
sensorineural hearing loss [266], because in addition to being expressed in the thyroid

tissue, the gene is also expressed in the inner ear [178].

Similar to many other Mendelian diseases [50, 166, 292, 421, 430], there is considerable
inter- and intra-familial phenotypic variability in CH cases harboring the same causative
mutation [179, 342], suggesting that both mono and polygenic factors, as well as
environmental modulators, may play a role in determining disease severity [26]. While
there have been occasional reports of digenic mutations, involving T'SHR and either
DUOX2 [229, 409] or TPO [460], the role of oligogenicity in disease development and
modulation of disease penetrance remains unclear, with no evidence for an additive

effect of digenic mutations in one large published kindred [460].

2.1.3 Previous genetic studies of CH with gland-in-situ

Genetic characterization of CH with GIS has been limited by the cost and labour
implications of Sanger sequencing multiple exons: collectively, these eight genes encode
a total of 148 exons. Therefore, previous studies have generally focused on either a
small number of genes (e.g. TG, TPO, TSHR and DUOX2 in 43 Korean cases) [229],
specific phenotypic subsets of cases [342, 409], or multiple genes in a small cohort
of patients [345]. Recently, large-scale multiplex genetic screening of TPO, TSHR,
DUOX2, DUOXA2, SLC5A5 and PAXS, a transcription factor involved in thyroid gland
development [372], was conducted for the first time in a cohort of 170 CH patients from
Korea. However, TG, IYD and SLC26A/ were not included in the sequencing panel
of that study, and the patients were not selected on the basis of thyroid morphology,

meaning some may have been incorrectly defined as gland-in-situ patients.
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Figure 2.1 Key steps and players involved in thyroid hormone synthesis and regulation.

1) Thyroid hormones are secreted from the thyroid gland under the tight regulation of the
hypothalamic-pituitary-thyroid axis, which ensures a negative feedback control dependent
on the concentration of blood-circulating thyroid hormones [120]. Thyrotropin-releasing
hormone (TRH), secreted from the hypothalamus, acts upon the pituitary gland to induce
thyroid-stimulating hormone (TSH) synthesis and secretion; 2) TSH binds to the TSH
receptor (TSHR) located on the basolateral membrane of thyrocytes; 3) ingested iodide
(I-), the rate-limiting substrate for hormone synthesis, is transported in the plasma to the
thyrocytes, where it is actively transported by the sodium-iodide symporter (SLC5A5) and
concentrated into the thyrocyte cytoplasm; 4) intracellular iodide is then transported by
pendrin (SLC26A/) into the follicular lumen; 5) the thyrocyte endoplasmic reticulum (ER)
synthesizes TG and TPO proteins, which are transferred to the apical surface via exocytotic
vesicles; 6) on the luminal side, TPO oxidises iodide using HoO2 produced by DUOX2 and
DUOXAZ2 and attaches it to tyrosyl residues of the intrafollicular TG (a process known as
iodination or organification); 7) after a variable period of storage in the follicles and when
thyroid hormone is needed, iodinated TG is retrieved by phagocytosis and is subject to
proteolysis in lysosomes to generate T3 and T4 hormones; 8) I'YD subsequently recycles
iodide and tyrosine to be reutilised in subsequent hormone synthesis; 9) lastly, T3 and T4
are secreted into the circulation and carried to target tissues via thyroid binding globulins.
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2.2 Aims

The aim of the project reported in this chapter was to conduct, for the first time,
a comprehensive next-generation sequencing-based screening of all eight known CH-
GIS genes (TG, TPO, DUOX2, DUOXA2, IYD, SLC5A5, SLC26A4 and TSHR)
in an ethnically and biochemically heterogeneous CH cohort with GIS. Further, my
collaborators and I, aimed to investigate the associated clinical phenotypes of mutation-
positive and negative patients and to investigate potential digenic causes of CH involving

these eight known genes.

2.3 Colleagues

All the work presented in this chapter is my own work, unless otherwise stated. This
research was carried out under the supervision and guidance of Dr Carl Anderson
at the Wellcome Trust Sanger Institute (WTSI) and Dr Nadia Schoenmakers at the
Institute of Metabolic Science (IMS), Cambridge, UK. This work was done in close
collaboration with other colleagues at the IMS namely Professor Krishna Chatterjee,
Adeline Nicholas, Martin Howard and Dr Eric Schoenmakers. Some parts of this work
have been published at The Journal of Clinical Endocrinology & Metabolism (JCEM).

2.4 Methods

2.4.1 Patients

All investigations conducted in this work were part of an ethically approved protocol
and/or clinically indicated, being undertaken with the consent from patients and/or
next of kin. Dr Nadia Schoenmakers and Professor Krishna Chatterjee recruited a
cohort of 49 cases from 34 families, of which 14 families constituted multi-affected
siblings and the rest were singleton cases. All patients were referred from centres in
the UK, Oman, Saudi Arabia, UAE and Turkey on the basis of newborn screening
and/or raised venous TSH levels. Inclusion criteria required clinical evidence of goitre,
or radiological evidence of a normally-sited thyroid gland in the proband (or in one

affected family member) and a diagnosis of overt or subclinical primary CH. Thyroid
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biochemistry was measured using local analysers in the referring hospitals. None of the

patients have been previously screened for mutations in the eight known CH genes.

2.4.2 Next-generation DNA sequencing

This study employed three NGS-based strategies: HiSeq whole-exome sequencing
(WES), HiSeq targeted-sequencing (HiSeq-TS) and MiSeq targeted-sequencing (MiSeq-
TS) (Table 2.2). The first two experiments were performed at the WTSI as part of the
UK10K project (www.uk10k.org) and the last was performed either at the University
of Cambridge Metabolic Research Laboratories or the Department of Medical Genetics
of the University of Cambridge. Cost constraints precluded the use of WES in all

samples.

NGS protocol Samples

Whole-exome sequencing F3a,b
(N=17) F6a,b
F7a,b
F8a,b
F9a,b
F10
F13
F15a,b,c
F33a,b
HiSeq targeted sequencing F2a,b
(N=11) F11
F12a,b
F17
F26
F28
F29a,b
F34
MiSeq targeted sequencing Flab
(N=21) F4
F5a,b
Fi14a,b
F16
F18
F19a,b
F20
F21
F22
F23
F24
F25
F27
F30
F31
F32

Table 2.2 Summary of samples sequenced for each NGS protocol. Indexes a, b and ¢ refer
to siblings.
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HiSeq exome sequencing (WES)

Sample processing and sequencing was performed by the Sanger Institute Core Se-
quencing pipeline. Genomic DNA (1-3pg) was extracted from blood and was sheared
to 100-400bp using a Covaris E210 or LE220 (Covaris, Woburn, Massachusetts, USA).
Sheared DNA was subjected to Illumina paired-end DNA library preparation and
enriched for target sequenced (Agilent Technologies, Santa Clara, CA, USA; Human
All Exon 50Mb — ELID S02972011) according to the manufacture’s recommendations
(Agilent Technologies, Santa Clara, CA, USA; SureSelectXT Automated Target En-
richment for Illumina Paired-End Multiplexed Sequencing). Enriched libraries were
sequenced (eight samples over two lanes) using the HiSeq 2000 platform (Illumina) as

paired-end 75 base reads according to the manufacturer’s protocol.

The Human Genetics Informatics team at Sanger performed the alignment of the
raw sequencing data to human reference genome build UCSC hg19/Grch37 using the
Burrows-Wheeler Aligner [281]. Tarjinder Singh from the Medical Genomics team at
Sanger performed the variant calling. Variants were first called at the single sample
level using GATK Haplotype Caller (version 3.2-2-gec30cee) [116] and then joint-called
using GATK CombineVCFs and GenotypeVCFs at default settings.

For variant QC, I applied Variant Quality Score Recalibrator (VQSR) with the rec-
ommended training sets (see Appendix Table A.1 for more details). VQSR uses
annotation metrics such as quality by depth, mapping quality, variant position within
reads and strand bias, based on “true” sites provided as input, i.e. high confidence,
validated gold standard variants, to generate an adaptive error model. VQSR then
applies this model to the remaining variants called to calculate a probability (the Vari-
ant Quality Score Log Odds Ratio score, VQSLOD) that each variant is a true genetic
variant versus a sequencing or data processing artefact. Using this recalibrated quality
score, one can filter low quality variants rather than relying on multiple hard filters.
Following current GATK best practices [116], I applied VQSR separately to SNVs and
indels, and variants within the 99.9% truth sensitivity threshold were considered of
sufficient quality. However, recent studies have shown that poor quality variants remain
in datasets following GATK’s best practices [71]. To mitigate this, I set genotypes to
missing when the genotype quality (i.e. the probability of the genotype being real,
GQ) was below 20 or the depth (DP) was below eight. These combinatory thresholds
filter out genotypes with < 99% likelihood [71] and are recommended because VQSR
does not explicitly filter genotypes, allowing low quality genotypes generated at variant
sites that passed the VQSLOD filter to persist in the dataset and to contribute to a
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major source of errors in sequencing studies [71]. Figure 2.2 illustrates the beneficial
effect of these extra filters on the overall exome data quality, measured in the form
of mean G and mean ratio of transitions to transversions (Ts/Tv) per sample at
variant sites. The Ts/Tv metric is used in almost all sequencing studies as a parameter
for checking overall SNV quality and is computed as the number of transition SNVs
(A+——G, C+—T) divided by the number of transversions SNVs (A«+—T, G«——C,
A+——C, G+—T). High quality exome datasets are expected to have Ts/Tv ratios
between 2.7 and 3.0 [71, 116], as higher Ts/Tv ratios are associated with lower false

positives.
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Figure 2.2 Distribution of mean genotype quality (GQ, left panel) and ratio of transitions
to transversions (Ts/Tv, right panel) pre- and post- extra genotype-QC.

Only variants passing the VQSR and the extra genotype-QC thresholds and located

within target regions were considered in downstream genetic analyses.

HiSeq targeted-sequencing (HiSeq-TS)

Sample processing and sequencing was performed by the Sanger Institute Core Sequenc-
ing pipeline. The GenomiPhi V2 DNA Amplification kit (GE Healthcare) was used
for whole-genome amplification of 1ng/pg template DNA prior to pull-down. Target
enrichment and amplification were performed with the HaploPlex Target Enrichment
kit (Agilent Technologies) according to the manufacture’s protocol, and sequenced

using the HiSeq 2000 platform (Illumina).

Sequencing alignment and variant calling was conducted by Dr Shane McCarthy from
the UK10K production team. Raw alignment BAMs were realigned around known
indels (1000 Genomes pilot data [402]), base quality scores were recalibrated using
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GATK [116] and base alignment quality tags were added using SAMtools calmd (version
0.1.19-3-g4b70907) [281]. BAMs were then merged to sample level and duplicate reads
marked using Picard (http://broadinstitute.github.io/picard). SNPs and indels were
called on each sample individually with both SAMtools mpileup [281] and GATK
UnifiedGenotyper (version 2.4-9-g532efad) [116].

For variant QC, Dr Shane McCarthy added standard variant quality filters (see
Appendix Table A.2) to each call set separately using vcf-annotate. Similar filters
have been used in many research studies [160, 183, 272, 394, 522]. Calls were then

merged, giving precedence to GATK information, when possible.

Again, I only took forward for downstream analysis those variants that passed all

standard QC thresholds and variants that were located within target regions.

MiSeq targeted-sequencing (MiSeq-TS)

This experiment was performed by Adeline Nicholas and Martin Howard. Primers to
amplify the full coding sequences of all genes were designed using Primer3. Primer
uniqueness and the presence of SNPs in the primer binding sites were checked using
SNPCheck3 (National Genetics Reference Laboratory, Manchester, UK). PCRs were
performed using SequalPrep Long PCR Kit (Thermo Fisher Scientific), with amplicons
ranging in size from 1 to 7.6 kb. PCR products were purified using the Agencourt

AMPure XP system (Beckman), and products for all genes were pooled for each patient.

[Mumina paired-end DNA libraries were prepared using the Nextera XT DNA sample
preparation kit, from 1 ng of pooled amplicons. Libraries were normalized and pooled
according to the manufacturer’s recommendations, then diluted in water and quantified
by qPCR on a Roche LightCycler 480, using the KAPA Library Quantification Kit
(KAPA Biosystems, MA. USA). Libraries were sequenced on an Illumina MiSeq as

paired end 150bp according to the manufacturer’s protocol.

The MiSeq protocol was validated by re-sequencing the 21 patient DNAs for 25 known
variants. All 25 alleles were successfully detected at >20x coverage, giving a sensitivity

of 100% for this sequencing depth.
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2.4.3 Sequencing efficiency of WES and HiSeq-T'S experiments

To evaluate the coverage levels of each gene within the WES and HiSeq-TS experiments,
I ascertained the read depth at each nucleotide (within exonic sequences of each gene)
on a per-BAM level using SAMtools mpileup. The read depth was then averaged
per-coordinate across samples to produce an average capture per position, as well as a
median coverage per gene. Because expressing gene coverage as a median read depth
does not imply that all bases within that gene are covered at the same depth, I also

calculated the proportion of each gene covered at various depths.

2.4.4 Variant annotation

After conducting variant calling and quality control in all three datasets, I an-
notated these data against a large number of resources, including dbSNP v137
rsIDs and allele frequencies computed from several datasets such as: 1000 Genomes
Phase I (1KG, N=2,818) [402], NHLBI GO Exome Sequencing Project 6,5001 (ESP,
N=6,500) [476], UK10K low-coverage study (N=3,781) [507|, other UK10K whole-
exome sequencing studies (N=4,975) [507] and Exome Aggregation Consortium r0.3
(ExAC) (N=60,706) [135].

Functional annotations were then added using Ensembl Variant Effect Predictor (VEP,
version 75) to annotate all variants according to Gencode v19 coding transcripts,
keeping the most severe consequence for the gene [322]. Next, I used Sorting Intolerant
From Tolerant (SIFT) [349] and Polyphen-2 [4] to predict missense deleteriousness
scores, and Genomic Evolutionary Rate Profiling (GERP) [107] to assess whether

variants affected evolutionary conserved amino acid sites.

2.4.5 Identifying likely damaging variants per sample

After annotation, I filtered for rare and functional variants in the eight genes in each
sample. Rare variants were defined as those that were absent or with AFs <1% in
all of the above population datasets. Functional variants were defined as changes
that affected the protein coding sequence with the following consequences: transcript
ablation, stop gained/lost, stop retained, splice donor/acceptor/region, frameshift,
inframe insertion/deletion, initiator codon and missense variants (see Figure 1.9 for

definitions of splice sites).
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Likely damaging variants were defined here as LoF variants (i.e. nonsense, frameshift
and splice acceptor/donor variants) and as missense variants with a Polyphen-2 or SIFT
pathogenicity prediction of ‘possibly damaging/deleterious’ or above, or if demonstrated

to disrupt the protein structure via in silico mutation modelling.

The structural modelling of missense mutations was conducted by Dr Erik Schoenmakers
using Phyre2 (Protein Homology/analogy Recognition Engine 2) [241]. Briefly, this
software works by scanning the user protein sequence via a Hidden Markov model
against a large database of approximately 10 million known sequences of proteins,
to detect evolutionary relationships to other protein sequences (i.e. homologies)
and high confidence similarities. This scanning procedure generates an alignment
between our sequence of interest and sequences of known structure, which then permits
the generation of a tri-dimensional (3D) model for our protein of interest and the

investigation of specific amino acid changes.

Novel variants were defined as those that were absent from HGMD Professional and
were classified, by Dr Nadia Schoenmakers, according to the standards described by
the American College of Medical Genetics [419].

2.4.6 Capillary sequencing for variant validation

Adeline Nicholas validated all variants identified in this study via Sanger sequencing.
Where possible, DNA obtained from family members was also sequenced to verify
inheritance of variants and segregation with phenotype. All compound heterozygous
mutations were confirmed by sequencing the probands’ parents. Briefly, 50ng of genomic
DNA was amplified using [llustra Genomiphi V3 ready-to-go kit (GE Healthcare Life
Sciences, Buckinghamshire, UK) according to the manufacturer’s instructions. PCR
products were sequenced using the BigDye Terminator v3.1 Cycle Sequencing kit
(Applied Biosystems, Foster City, USA) and 3730 DNA Analyzer (Applied Biosystems)

according to the manufacturer’s instructions.
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2.5 Results

2.5.1 Sequencing data quality

In the samples sequenced using WES or the HiSeq targeted sequencing panel, optimal
median coverage (>30x) [260] was achieved for all genes except DUOXA2 and SLC5A5
in the eleven samples screened by HiSeq targeted sequencing, which displayed a median
coverage of 5x and 24x, respectively (Figure 2.3). Exons sequenced using the MiSeq
targeted sequencing panel either achieved >20x coverage, or were repeated by Sanger

sequencing (Dr Nadia Schoenmakers, personal communication).

In the WES and HiSeq protocols, in common with previous studies employing similar
NGS techniques [246, 304], although median coverage was generally high, coverage was
non-uniform across individual genes (Figure 2.3). This was most marked with the
HiSeq targeted sequencing panel in which specific exons exhibited <10x coverage, below
which detection of heterozygous SNPs is severely compromised [84]. This affected the
following genes and exons: DUOXA2 (exons 1, 2, 4, 5 and 6), SLC5A5 (exons 1-3, 5,
6, 11, 12 and 15), DUOX2 (exons 2, 5, 6, 8, 15 and 34), T'G (exons 13, 15, and 16),
TPO (exons 3, 7, 8, and 16), SLC26A/ (exon 21) and IYD (exon 6) (Figure 2.4).

Comparison of the WES and TS approaches in greater detail revealed the HiSeq
targeted-sequencing experiment showed considerably greater variability in coverage
between genes, while the WES experiment suffered from higher inter-sample variability

(data not shown), again findings that have been observed elsewhere [246, 304].
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Figure 2.3 Proportion of gene sequence covered at various depth thresholds for the A) WES
experiment and B) Hi-Seq targeted-sequencing experiment.

SAMtools mpileup was used to calculate the depth at each base within every exonic region of
every gene for all samples. The median coverage across samples per gene (at exonic sequences
only) is represented on top of each bar. Numbers at the top of the bars represent the median
coverage.
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Figure 2.4 Proportion of exons with mean depth coverage <10x in the samples sequenced
by WES (blue) and HiSeq targeted sequencing (orange).
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2.5.2 Genetic diagnostic yield

Forty-nine cases from 34 families of European, Asian, Middle Eastern and Afro-
Caribbean descent were investigated in this study, and a total of 39 likely damaging

variants were detected across patients (Table 2.3).

Twenty-nine cases (20 families, 59%) were considered ‘solved’ following identification of
a decisive link between genotype and phenotype (Figure 2.5); these patients harbored
likely damaging variants with genotypes that were consistent with the known mode
of inheritance of the gene in which they occurred. The causative variants identified
comprised known pathogenic (38%) or novel mutations (62%) predicted to be damaging
to the encoded protein, i.e. predicted to compromise the normal levels or biochemical
function of the gene or gene product. Figure 2.6 illustrates the impact of these
variants at the protein level, with missense variants being the most frequently observed

functional class, followed by frameshift, stop gained and splice region variants.

In a further 11 cases (7 families) where mutations were identified, the ascertained
genotype could plausibly be contributing to the phenotype, but the evidence to support
a causal link was weaker than in the ‘solved’ group (Figure 2.5). In this case, the
observed genotypes were inconsistent with the known mode of inheritance of the
gene (i.e. patients harbored monoallelic variants in genes known to express disease

recessively). These cases were therefore classified as ‘ambiguous’.

Finally, nine cases (7 families) were considered ‘unsolved’, as they carried no mutations

in any of the screened genes (Figure 2.5).

Detailed genetic and phenotype data for all samples is supplied in the Appendix
Tables A.3 and A 4.
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49 cases from 34 families
Normally-sited thyroid gland (GIS)

Spectrum of biochemical phenotypes (subclinical — severe CH)

Sequencing: TG, TPO, DUOX2, DUOXA2, SLC26A4, SLC5A5, IYD, TSHR

|

Variants with AF < 1% in all databases
Functional consequences (affecting protein coding sequence / splicing)
SIFT / Polyphen?2 prediction > ‘Possibly damaging | Deleterious’
Supported by Pedigree segregation studies / in silico structural modeling, where possible

‘Solved’ cases ‘Ambiguous’ cases

29 cases (20 families) 9 cases (7 families) 11 cases (7 families)

Number of cases with mutations in genes Number of cases with mutations in genes

SLC26A4  TPO TG DUOX2 TSHR TG TPO buoxz buoxaz
3 4 BN 12 §6 2 1 8 1 1 1
Solved cases: Unsolved + ambiguous cases:
79% Familial 70% Familial
69% Consanguineous 40% Consanguineous
Usually moderate-severe CH Usually milder CH

Figure 2.5 Schematic illustrating case selection, variant filtering and distribution of mutations
in the GIS cohort studied.

‘Solved’ cases refers to those in who a clear link between genotype and CH phenotype was
established: they carried likely damaging variant with a genotype that was consistent with
the known mode of inheritance of the gene. Solved cases harbored mutations in a single gene
or in two genes, and will be explained separately in the main text. ‘Ambiguous’ cases refers to
samples for who the variants identified did not conclusively explain their CH phenotype: they
carried likely damaging variants, but the observed genotype was inconsistent with the known
mode of inheritance of the gene. ‘Unsolved’ cases did not harbor any likely damaging variants
in the screened genes. The number of cases harboring monoallelic or biallelic mutations in
each gene are listed beneath the corresponding gene name for the ‘solved’ and ‘ambiguous’
cases. Numbers in the intersect between circles denote triallelic cases harboring mutations in
both genes (one biallelic; one monoallelic). In the ‘ambiguous’ cases, all mutations except
DUOXAZ2 were monoallelic. Solved and ambiguous+unsolved cases were equally likely to be
familial, yet CH was generally more severe in the solved category (mean TSH 100mU/L vs
36mU/L at diagnosis, P=0.02, Welch’s t-test). Splice refers to a splice region variant (see
Figure 1.9 for definitions).
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Figure 2.6 Causative variants identified in CH cohort with GIS.

A) Pie chart with distribution of consequence classes. B) Distribution of consequence classes
per gene. Total of 26 variants identified in the 29 solved cases (20 families). Only variants
assumed to contribute to the phenotype are depicted, i.e. mutations observed in ‘ambiguous’
cases are not included in the image.

Dr Nadia Schoenmakers classified CH severity according to the European Society
for Paediatric Endocrinology (ESPA) criteria, on the basis of serum free-T4 levels
(the active form of T4, fT4): severe <5, moderate 5 to <10 and mild >10pmol/L,
respectively [277]. This analysis suggested CH was more severe biochemically in
solved cases than in unsolved or ambiguous cases (mean TSH 100mU/L vs 36mU/L
at diagnosis, P=0.02, Welch’s t-test). Solved cases were also more frequently from
consanguineous backgrounds (69% cases vs. 40% cases), which likely reflects the
increased incidence of recessive disease in the presence of consanguinity, since CH-
associated mutations in five of the eight targeted genes (TG, TPO, DUOXAZ2, SLC5A5
and SLC26A/) are usually biallelic. Cases with affected siblings were common in both
solved and unsolved or ambiguous categories (79% vs. 70% cases, Figure 2.5, and
Appendix Tables A.3 and A.4.).
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2.5.3 ‘Solved’ families with mutations in one gene

(monogenic families)

Nineteen of the 29 solved cases had a monogenic basis of disease, most commonly
involving biallelic mutations in TG (12 cases), followed by TPO (four cases), DUOX2
(one monoallelic and one biallelic mutation) and TSHR (one case) (Figure 2.5). I did
not identify cases of CH attributable to monogenic mutations in /YD, SLC5A5 and
SLC26A4.

TG mutations

TG is the secretory protein upon which thyroid hormone is synthesized and is the
most abundantly expressed protein in the thyroid gland [472]. The 12 cases that
harbored monogenic TG mutations predominantly exhibited moderate to severe CH
(Figure 2.7). One known and three novel homozygous nonsense or frameshift mutations
were identified that truncate TG before the carboxy-terminal acetyl cholinesterase
(ACHE)-like domain (F1, 2, 3, 4). This region has been shown to function as an
intramolecular chaperone and is essential for normal conformational maturation and
efficient intracellular traficking of TG from the ER to the Golgi and the follicular
lumen [273].

Two siblings (F5) were compound heterozygotes for a novel, maternally inherited
mutation (C160S) and a known, paternally inherited stop mutation (R296X). Even
though C160S is predicted to be benign by SIFT, it is highly conserved (GERP score
5.84, with the maximum being 6), extremely rare (AF <0.1% in UK10K cohorts)
and estimated to be damaging by Polyphen-2 (Table 2.3). Cysteine residues within
repetitive domains (type 1, 2 and 3) in TG form intramolecular disulphide bonds
needed for protein folding, thus p.C160S may be deleterious to TG by affecting the
tertiary structure and by preventing the availability of hormonogenic sites for thyroid

hormone production [471].

Two siblings (F7) harbored the same homozygous splice region variant (c.638+5 G>A)
inherited from heterozygous parents. Because the amino acid change is located within
the 3-8 bases of the intron, and not at the 5" or 3" end of the intron known as the splice
donor or acceptor sites, respectively, it is difficult to ascertain the pathogenicity of this
variant in silico. Yet, the fact it is unique to the affected siblings, and adjacent to a
known pathogenic mutation (c.6384-1G>A [15]) supports causality, albeit in association
with a milder CH phenotype.
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Monogenic families
Fla, b* Severe R451X R451X Known pathogenic
F2a, b Mild, Moderate R159X R159X Pathogenic
F3a, b Moderate S528X S528X Pathogenic
F4 TSH>100 S2121AfsX32 S2121AfsX32  Pathogenic
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WT C160S Likely pathogenic
F6 a Moderate CraeY craeyY VUS

W1050L W1050L Likely pathogenic
F7a, b Mild, bs. TSH 16 ¢.638+5G>A €.638+5G>A VUS (Splice-region)
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F8a*, b Severe C1493Y C1493Y VUS DUOX2 Q686X (het)
F9a, b Severe W2685L W2685L VUS DUOX2 R354W (het)
F10a TSH>150 (v) R1691C L2547Q VUS, VUS DUOX2 Q570L (hom)
F11 Severe Q1644E WT VUS TPO R491H (het)
Ambiguous families
F12a, b Mild Q870H WT Known pathogenic
F13 Mild Q771X WT Pathogenic
Fl4a, b . Y759C WT VUS
F15a*, b*, ¢ Mild €.3433+3_3433+6delGAGT WT VUS (splice region)

Figure 2.7 Mutations identified in T'G.

Summary of T'G mutations identified in solved and ambiguous case categories and associated
biochemical phenotypes. CH severity was classified according to ESPE criteria on the basis of
serum {T4 levels; severe, <5, moderate 5 to <10, and mild >10 pmol/l, respectively [277] and
pathogenicity is predicted according to ACMG guidelines [419]. VUS: variant of uncertain
significance. Mutation position of the variants is illustrated using a schematic representation
of the thyroglobulin protein and its key structural domains, including the repetitive type
1, 2 and 3 cysteine-rich regions, acetylcholinesterase homology (ACHE-like) domain and
hormonogenic domains. T4 synthesis occurs at amino acid position 5 (exon 2), 1291 (exon
18) and 2747 (exon 48) and T3 synthesis at position 2554 (exon 48). Known mutations are
shown in grey, novel mutations in black. *: cases for which complete biochemical data at
diagnosis is not available and CH severity refers to sibling. bs: blood spot.
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TPO mutations

TPO is the hemeprotein peroxidase that catalyzes the final steps of thyroid hormone
synthesis [423]. Biallelic mutations were identified in four monogenic kindreds, two
of which were compound heterozygotes (F16 and F18). The variants identified across
the four families included two known pathogenic missense mutations (F16; p.R491H,
F17; p.R665Q), two novel frameshifts (F20; p.C808Afs*24, F16; p.A397P{s*76) and
two novel missense variants (F18; p.R291H, p.G331V) (Table 2.3).

Structural modelling of the novel TPO missense mutations revealed the p.R291H
variant is predicted to disrupt a hydrogen bond network close to the TPO heme group,
the electron source for catalytic reactions [423], and is thus predicted to destabilize the
TPO catalytic domain. G331 is located close to the substrate binding domain, and
mutation to the larger valine amino acid will likely cause steric hindrance impeding

substrate binding (Figure 2.8).
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Monogenic families

F16 . R491H A397PfsX76 Known pathogenic,
Pathogenic
F17 TSH 27 R665Q R665Q Known pathogenic
F18 Severe R291H G331V Likely pathogenic,
Likely pathogenic
F20 . C808Afs*24 C808Afs*24 Pathogenic
Digenic families
F11 Severe R491H R491H Known pathogenic TG Q1644E (het)
F19a Severe R584Q R584Q Likely pathogenic SLC26A4 N324Y (het)
F19b Severe R584Q R584Q Likely pathogenic SLC26A4 1713M (het)
F21 Severe E17DfsX77 Y453D Pathogenic, SLC26A4 E384G (het)

Known pathogenic

Ambiguous families
F22 Subclinical E510AfsX14 WT Pathogenic

Figure 2.8 Mutations identified in TPO.

Summary of TPO mutations identified in all case categories and associated biochemical pheno-
types. CH severity was classified according to ESPE criteria on the basis of serum T4 levels;
severe, <5, moderate 5 to <10, and mild >10 pmol/l, respectively [277] and pathogenicity
is predicted according to ACMG guidelines [419]. VUS: variant of uncertain significance.
The effect of the novel missense mutations was investigated by Dr Eric Schoenmakers. The
protein structure was modelled using the phyre2-server and the image was generated using
the MacPyMOL Molecular Graphics System (Schrodinger LLC). Figures in the top row show
the wild-type (WT) model, with amino acids of interest in green; figures on the bottom row
show the model with the mutant amino acid (orange); local polar contacts are shown with
black dashed lines. The R291H and R584Q mutations affect amino acids contributing to an
intensive network of H-bond contacts close to the catalytic domain involving the heme-group.
R291 makes polar contacts with R585 and R582, interacting directly with the heme-group
and R584 makes direct polar contacts with the heme-group itself, as well as with P203 and
D633. The mutations R291H (increased hydrophobicity) and R584Q (resulting in a smaller
polar group) are likely to disrupt polar contacts affecting local structure and are predicted to
affect catalytic activity. The G331V mutation affects local space filling with the larger valine
predicted to impair substrate binding by displacement of the nearby helix and/or disruption
of polar contacts (orange amino acids, HoO molecules in blue), affecting the local structure
of TPO.
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DUOX2 mutations

DUOX2 is the NADPH oxidase that generates HyOs required for thyroid hormone
synthesis [537]. Two solved cases with monogenic DUOX2 mutations were identified
(Figure 2.9), including one known heterozygous mutation (F23; p.F966Sfs*29) and one
novel homozygous variant (F24; p.L1028Afs*3, Table 2.3). Both of these variants are
predicted to abrogate protein function as they truncate DUOX2 prematurely, resulting
in a shorter protein without the C-terminal NADPH oxidase domain (Figure 2.9),
which is required for electron transfer. Affected cases generally had a milder or
transient (F23) CH phenotype compared with cases harboring monogenic TG and
TPO mutations.

TSHR mutations

A single individual from the UAE with mild CH harbored a known pathogenic het-
erozygous TSHR mutation (F26; p.P68S) (Table 2.3). Parental samples were not
available to determine whether the variant consituted a de novo event, however, the
mild CH phenotype was consistent with previously reported biochemistry associated
with this mutation [475].
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Figure 2.9 Mutations identified in DUOXZ2.

Summary of DUOX2 mutations identified in all case categories and associated biochemical
phenotypes. CH severity was classified according to ESPE criteria on the basis of serum
fT4 levels; severe, <5, moderate 5 to <10, and mild >10 pmol/l, respectively [277] and
pathogenicity is predicted according to ACMG guidelines [419]. VUS: variant of uncertain
significance. Mutation position is illustrated using a schematic representation of the domain
structure of the DUOX2 protein. The protein contains seven transmembrane domains
(blue) and a C-terminal cytosolic domain containing flavin adenine dinucleotide (FAD) and
NADPH-binding sites (to provide electron transfer needed for DUOX2 function). Known
mutations are shown in grey and novel mutations in black. Structural modelling of the novel
missense mutation (p.R354W), performed by Dr Eric Schoenmakers, suggests that R354 is
part of an intensive hydrogen network. The novel missense mutation R354W replaces the
hydrophilic arginine by the hydrophobic tryptophan disrupting this network and also leading
to a possible repositioning of the loop containing R354 and C351, which mediates interactions
between the peroxidase domain and extracellular loops obligatory for DUOX2 function. The
protein structure was modelled using the phyre2-server and the image was generated using
the MacPyMOL Molecular Graphics System (Schrédinger LLC).
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2.5.4 ‘Solved’ families with mutations in two genes

(digenic families)

Ten solved cases from seven families harbored digenic pathogenic variants, which con-
stitute the simplest form of oligogenic inheritance. These variants were predominantly
triallelic and most commonly involved a biallelic variant in one gene, in association
with a monoallelic variant in the other locus, and affected the following gene pairs:
TG and DUOX2 (6 cases), SLC26A4 and TPO (3 cases) and TPO and TG (1 case,
Figure 2.5).

TG and DUOX2

TG and DUOXZ2 digenic mutations were detected in consanguineous Turkish families F6,
8 and 9 (Figure 2.10). In all these families, although defined as variants of uncertain
significance by ACMG criteria, the biallelic TG mutations were rare (AF<0.1% in 1KG
Europeans and absent in all other population datasets, including the ~61,000 ExAC
samples) or private to patients, affected conserved amino acids, and were predicted to
be pathogenic by both Polyphen-2 and SIFT.

Two siblings with CH in F6 (a, b) were both homozygous for two novel TG mutations
(W1050L and C726Y), but one sibling (F6b) harbored an additional, maternally-
inherited DUOX2 mutation (p.Q686X), previously reported in association with transient
CH [334]. Biochemistry at diagnosis could not be retrieved from F6b for comparison
with F6a, however both presented with neonatal goitre and had similar treatment re-
quirements (Dr Nadia Schoenmakers, personal communication). Their mother exhibited

adult-onset hypothyroidism of unknown etiology.

Two unrelated sibling pairs also harbored homozygous TG mutations in association
with a heterozygous DUOX2 mutation: TG p.1493Y and DUOX2 p.Q686X in F8 a, b
and TG p.W2685L and DUOX2 R354W (predicted to perturb the DUOX2 peroxidase-
like domain) in F9a, b (Figure 2.9). There was also a strong history of goitre (mother
and maternal aunt) in F8 but maternal DNA was not available to confirm the DUOX?2
genotype.

In all three kindreds (F6, 8, 9) the most severe phenotype was observed in individuals
harboring biallelic T'G or triallelic (biallelic TG plus monoallelic DUOX2) mutations,
however it was impossible to disentangle the relative contribution of each mutation to

the phenotype reliably in these small pedigrees with limited subphenotype data.
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Figure 2.10 Genotype-phenotype segregation in six families with oligogenic variants.

Horizontal bars denote individuals who have been genotyped. Black shading denotes ho-
mozygous individuals and half-black shading denotes heterozygotes for TG mutations (F9,
F6, F8), TPO mutations (F19, F21) and DUOX2 mutations (F10). Potential oligogenic
modulators are included by aligning genotype and phenotype data with the individual to
whom they refer in the pedigree. *; cases for whom complete biochemical data at diagnosis
is not available (F6b, F8a) and CH severity refers to sibling. In F10, black, half-black and
white shading denote the DUOX2 genotype (Q570L homozygous, heterozygous or wild-type
respectively). The pedigree is annotated with TG genotype in those cases harboring variants
(L2547Q, R1691C), and phenotype (euthyroid, transient or permanent CH) with venous
screening T'SH results for CH cases. Cases annotated (euthyroid) were born in Pakistan and
although euthyroid in adulthood, the fact that they were not screened neonatally for CH
may have precluded detection of transient CH.

Since monogenic, heterozygous DUOX?2 mutations (including p.Q686X) are frequently
associated and sufficient to cause CH, I hypothesized that an additive phenotypic con-
tribution of all three mutations was plausible. To understand whether the heterozygous
DUOX2 mutations are contributing to the CH phenotype in these families, in addition

to their T'G genotypes, one needs to test if the observed number of T'G carriers with



58 NGS-based screening of known causative genes in CH with gland-in-situ

a DUOX?2 monoallelic variant differs from what would be expected under the null.
To minimise the impact of stratification, the null expectation should be calculated
using a large control population matched as closely as possible to patients in terms
of ancestry. However, since no Turkish exomes were publicly available, I used the
ExAC population with the largest number of DUOX2 variants as controls (N=8,654
East Asian chromosomes). The frequency of rare predicted damaging heterozygous
variants in DUOX2 in ExAC East Asians was 0.06. Therefore under the null, one
would expect to see 0.66 TG family carriers also carrying a DUOX2 mutation by
chance (11 x 0.06 = 0.66), however, the observed value was three T'G families, which
is significantly higher than the expectation (P=0.03, Fisher’s exact one-tail). This
finding supports a potential phenotypic contribution of the DUOX2 mutation in these
individuals, however a much larger cohort of sequenced CH cases will be required to

assess the phenotypic consequences of digenicity in CH thoroughly.

TPO and SLC26A4 /| TG

Biallelic mutations in TPO were identified in two European families in addition
to heterozygous known SLC26A4 mutations, previously associated with Pendred
syndrome (OMIM: 274600) when homozygous: F19a: TPO p.R584Q (homozygous)
and SLC26A4 p.N324Y (heterozygous); F19b: TPO p.R584(Q) (homozygous) and
SLC26A/ p.I713M (heterozygous); F21: TPO p.[E17DfsX77 + Y453D] (compound
heterozygous) and SLC26A4 p.E384G (heterozygous) (Figure 2.10). The novel TPO
p.-R584(Q) missense variant is predicted to perturb polar contacts possibly affecting the
catalytic domain (Figure 2.8). The occurrence of Pendred syndrome usually mandates
biallelic SLC26A4 mutations, and manifests universally with congenital or postnatal
progressive sensorineural hearing loss, whereas thyroid dysfunction is usually mild
or absent [266]. In both these kindreds (F19, 21), only the biallelic 7PO mutations
segregated with CH, which was severe whereas the hearing was normal, suggesting the

SLC26A4 mutations do not play a role in the CH phenotype of these patients.

In F11, a known homozygous pathogenic TPO mutation (p.R491H) was inherited
together with a heterozygous TG variant (p.Q1644E). Again, since biallelic inheritance
is also usually required for CH due to 7'G' mutations, this observations suggest the
TPO mutations are the predominant drivers of the CH phenotype in this family as

well.
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Genotype-phenotype correlation analysis in family F10

Detailed investigation of the contribution of oligogenicity to genotype-phenotype
variability requires the study of large pedigrees, with a spectrum of genotypes, e.g.
F10 (Figure 2.10). In this large, consanguineous Pakistani family, the proband
(F10a) harbored a known pathogenic DUOX2 mutation, p.Q570L, previously published
in [342]. Homozygosity for this mutation segregated with permanent CH in the proband,
whereas his parents, sister and cousins, who were all heterozygotes, presented with either
euthyroidism (i.e. normal thyroid state) or transient CH. Two novel, rare T'G variants
(p.L2547Q), predicted to be pathogenic by PolyPhen and SIFT, and p.R1691C, of less
certain significance) were also identified in this kindred, yet neither of these variants
segregated with transient CH in the DUOX2 p.Q570L heterozygotes, suggesting digenic
mutations in TG and DUOXZ2 do not explain the phenotypic variability seen in this
kindred.

2.5.5 ‘Ambiguous’ and ‘unsolved’ families

The ambiguous category included two cases harboring heterozygous pathogenic TG
variants: a novel nonsense mutation in F13 (p.Q771X) and a previously described
missense mutation in F12 (p.Q870H, Table 2.3, Figure 2.7). An additional case was
heterozygous for a frameshift mutation in TPO (p.E510AfsX14, F22). Previous reports
of CH due to T'G and TPO mutations most commonly involve biallelic mutations,
therefore it is unclear whether the mild or subclinical hypothyroidism observed in these
patients is attributable to the monoallelic mutation or whether they harbored a second
‘hit” not detected by the exome and targeted-sequencing methods employed here. Other
cases in this category harbored novel heterozygous T'G missense (p.Y759C, F14) or
splice region (c.34334+3_34334+6delGAGT, F15) variants, a novel heterozygous DUOX2
variant (p.R764W, F25) inherited from a healthy parent, and a homozygous DUOXA2

splice site (¢.555-5G>A) variant for which in silico predictions were inconclusive (F27).

Overall, nine cases from seven families remained completely unsolved, with no likely

disease-causing variants identified in the eight genes screened.

Exome and Hi-Seq targeted-sequencing samples from both of these categories (i.e. 14
out of 20 cases) were subject to further genetic analyses to investigate whether inherited
or de novo variation, including copy-number defects, outside the known gland-in-situ
CH genes contribute to their phenotype. This work will be presented in the following
chapter.
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2.6 Discussion

In this study, whole-exome and targeted-sequencing strategies enabled the efficient
screening of eight known genes associated with CH and GIS in 49 cases from the UK,
Turkey, Middle East and Asia, and with a spectrum of biochemical phenotypes. In
addition to single-gene mutations, the contribution of oligogenic variants was assessed.
Mutations in the screened genes collectively explained 59% of the cases. Previous
genetic analyses in gland-in-situ CH cohorts have been less comprehensive, screening
smaller numbers of genes or fewer cases with specific ethnicities [229, 310, 345, 508].
The only large-scale multiplex study in CH did not select cases on the basis of thyroid
morphology and excluded TG, SLC26A4 and IYD from its sequencing panel [372].
Direct sequencing of DUOX2, TG, TPO and TSHR has been undertaken in 43 Korean
CH cases with GIS [229] and, in common with our study, only around 50% of cases

harbored pathogenic variants in one or more genes.

The frequency of mutations in known CH causative genes depends on the selection
criteria and the ethnic origin of the cohort [28, 229]. The cohort studied here included
individuals of diverse ethnicities, in whom biochemical diagnosis of CH was achieved
using different, country-specific, screening protocols, or following neonatal or early
childhood presentation with clinical hypothyroidism. This variation precludes a detailed
comparison of relative mutation frequencies with other population studies with a
uniform ethnicity or biochemical diagnostic approach. However, the spectrum of TSH
levels at diagnosis in this cohort would almost all be regarded as positive on the UK
neonatal screening programme (Dr Nadia Schoenmakers, personal communication).
Further, the mixed ethnicity of our cohort removes bias from founder mutations in
specific genes, and reflects the ethnic heterogeneity of real clinic populations in some
regions of the UK, meaning the findings presented here have broader relevance to CH

with GIS even though they cannot be easily compared to previous studies.

In this cohort of mixed ethnicities, mutations were most frequently found in TG,
followed by TPO. DUOX?2 mutations were relatively infrequent compared with findings
by Jin et al, who reported mutations in ~35% of their East Asian cases [229]. This
finding probably reflects the higher prevalence of DUOX2 mutations in individuals
of East Asian ethnicity (which is corroborated by the ExAC data), who were poorly
represented in our study, rather than incomplete or unsuccessful sequencing of DUOX2
in our cohort, as I have demonstrated. No convincing pathogenic mutations were found
in DUOXA2, IYD and SLC5A5, which is in line with previous reports suggesting these
are rarer genetic causes of dyshormonogenesis [345, 372, 459]. The paucity of TSHR
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mutations in a CH cohort with GIS is surprising [229]; however, the high incidence
of consanguinity predicts occurrence of biallelic mutations that, in the case of TSHR,
normally causes thyroid hypoplasia, i.e, the incomplete development of the thyroid
gland [386], which would have been excluded by the selection requirement for normal-
sized or goitrous gland. Despite unselected recruitment of either sporadic or familial
cases, this CH cohort was greatly enriched for familial CH (76% cases), which may
have increased the percentage of cases harboring an underlying genetic etiology. In a
standard clinic population with a greater proportion of sporadic cases, the proportion

of mutation-negative cases could indeed be higher.

2.6.1 The significance of the causative variants identified

Interpretation of novel genetic variants requires in vitro or in vivo functional studies in
order to confirm pathogenicity. For the case of TG mutations, in vivo measurement of
serum Tg levels could be conducted to confirm the genetic defect (Table 2.1) [471]. For
the case of TPO and DUOXZ2, the enzymatic activity of patients could be evaluated
using a radioiodine uptake and perchlorate (CLO,.) discharge test (Table 2.1). Because
CLOy4. competitively interferes with iodide trapping in the thyroid, the test would
measure the amount of tyrosyl-unbound radioiodine that would be lost from the gland
after perchlorate administration; for a wild-type (WT) TPO individual, the discharge
should be no more than 10% [439]. Alternatively, for DUOX2 defects, site-directed
mutagenesis on the WT ¢DNA, followed by transfection in cells and measurement of

H505 production, could be conducted to evaluate the degree of functional impairment.

Although such investigations were not undertaken, the novel mutations identified
herein are mostly private to a given family or extremely rare (after screening of more
than ~81,000 population samples from diverse ethnic background), segregate with
the phenotype within families, and have strong in silico (bioinformatic or structural)
predictions of pathogenicity, supporting a causal role. Approximately 38% of the
novel variants identified are loss-of-function, such as nonsense and frameshifts variants,
which are known to be extremely rare in the general human population, with only
one TG and two DUOX2 nonsense heterozygous carriers in 60,706 ExAC individuals
and no homozygous samples. Moreover, the location of the novel variants in TPO
(heme- or substrate-binding regions) and DUOX2 (peroxidase-like domain) matches
that of previously described pathogenic mutations [178, 423]. The analysis of novel
variants in 7'G is hindered by an incomplete knowledge of its functional domains and

crystal structure [472], but the variants that were identified affect similar regions to
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previously documented mutations, which are normally located in N-terminal cysteine-
rich repetitive elements or in the C-terminal ACHE-like domain, which also supports
causality [342, 423, 472].

2.6.2 Clinical phenotypes of mutation carriers

The associated clinical phenotypes in our mutation-positive patients were similar to
published cases. T'G' mutations may result in mild or severe hypothyroidism [472], and
monoallelic and biallelic DUOX?2 mutations may cause both permanent or transient
CH with significant inter- and intrafamilial phenotypically variability [310, 312, 334,
342, 508]. Even TPO mutations, although classically associated with total iodide
organification defects, can cause milder phenotypes [423]. In our cohort, biallelic
TG mutations were predominantly associated with moderate to severe CH. In cases
harboring DUOX2 mutations, a spectrum of phenotypes were observed, ranging from
transient to permanent CH with intrafamilial variability noted specially in association
with monoallelic DUOX?2 mutations.

Solved cases usually had a more severe phenotype than unsolved or ambiguous cases,
however the latter group included four cases of subclinical or mild CH harboring het-
erozygous mutations in TPO or T'G. Such monoallelic mutations have previously been
described in association with CH, but are usually assumed to coexist with an additional
undetected CNV| intronic or regulatory mutation in the other chromosome [28, 82, 157].
This may be the case in these patients as well, however, the sequencing techniques
employed here would not have detected mutations in non-coding regions of the genome,
and CNVs were not called in this cohort (but are investigated in the exome-sequenced

samples in the following chapter).

2.6.3 The role of digenicity in disease development

Oligogenicity has often been proposed to underlie the intrafamilial variability seen in
known genetic causes of CH, especially in association with DUOX2 mutations [342].
Despite reports of digenic GIS cases in the literature, pedigree studies have either not
been performed [229, 372] or have not confirmed a genotype-phenotype correlation [460].
In this study, we detected likely pathogenic variants in more than one CH-associated
gene, especially in consanguineous Turkish kindreds, most commonly involving TG
and DUOX2. 1 have also demonstrated that the rate of this event is significantly
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higher in our cohort when compared to the expected rate seen in the ExAC population
harboring the largest number of DUOX2 mutations (ExAC East Asians). Therefore,
even though cases and controls were not appropriately matched in terms of ancestry,
this analysis was conducted as conservatively as possible. Nevertheless, small pedigree
sizes, poor information about mutation frequencies in populations matched exactly
to the CH cases, and a paucity of subphenotype data preclude definitive statements
regarding the relative aetiological contribution of digenicity in CH, which still remains
inconclusive. In addition, it is also possible that our study is underestimating the
frequency of oligogenicity in CH with GIS; the high percentage of consanguinity in
our cohort facilitates the identification of potentially pathogenic variants in a disease
model with recessive inheritance, but also increases the likelihood of detecting variants
which are contributory to the CH phenotype but not causative, due to the occurrence

of genomic regions with loss- of-heterozygosity involving CH-associated genes.

Further studies with large pedigrees and clear phenotypic variability are required to
ascertain the role of polygenic modulators in CH with GIS. Alternative candidate genes
involved in the same biological pathways as known gland-in-situ causative genes, may
be implicated, and these may either exacerbate or play a compensatory role in the
context of loss-of-function mutations. Examples include DUOX1, DUOXA1, and NOX,
which are also involved in HyO4 production in thyrocytes, and whose expression may
be upregulated in the context of DUOX2 deficiency [220, 460].

2.6.4 Limitations

It is conceivable that despite adequate median coverage, non-uniform coverage of genes
could have resulted in failure to detect variants. This is most likely to be significant
for the eleven cases (eight families) that underwent HiSeq targeted-sequencing, and in
which coverage of specific exons was <10-fold, predominantly affecting DUOXA2 and
SLC5A5. Suboptimal coverage of these regions raises the possibility of a type II error.
However, undetected variants in these cases are unlikely to affect the conclusions of this
work since five of these cases harbored mutations that explained their CH (F26, F2a,
b, F11, F17), and two ambiguous cases harbored heterozygous 7T'G variants (F12 a, b).
Previous studies have also reported considerable variability in uniformity and depth
of coverage across the exome [122, 246, 304], so this finding is not uncommon and
represents a well known limitation of target enrichment and sequencing technologies,

which may sometimes impact and limit variant identification.
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2.6.5 Future work

The aetiology of CH with GIS remains elusive and factors other than known gland-
in-situ associated genes must be implicated. The high familial component (57%) in
the unsolved case category favors an etiological contribution of genetic factors rather
than environmental modulators (e.g. iodine status). Future studies with exome or
whole-genome sequencing in familial cases may identify novel genetic aetiologies for
CH with GIS, elucidating novel pathways in thyroid development and physiology.
Specifically, other genes involved in thyroid hormone synthesis, but expressed outside
the thyroid follicular unit, may play a role in disease, as well as genes that have been
recently postulated, by GWAS studies, to influence TSH and free-Ty levels [474]. Such
hypotheses will be explored, via exome-sequencing analyses of these and additional

CH samples, in the following chapter.



Chapter 3

Exome and targeted-sequencing of
families with congenital

hypothyroidism

3.1 Introduction

As previously mentioned, congenital hypothyroidism (CH) is a rare condition of thyroid
hormone deficiency caused by thyroid hormone production defects or by abnormal
embryological development of the thyroid gland [144]. In the previous chapter, I
described the eight genes that are known, thus far, to be associated with thyroid
hormone production defects, and a cohort of CH patients with structurally normal

glands (or gland-in-situ) was screened for likely causative mutations within those genes.

In this chapter, I present an exome and targeted-sequencing study of a phenotypically
heterogeneous cohort of CH patients. The studied individuals comprise not only the
gland-in-situ cases for who no causative mutations were identified in Chapter 2, but
also patients that suffer from thyroid gland abnormalities or syndromic forms of CH
seen in the context of other congenital malformations. I start this chapter by presenting
what is currently known about thyroid developmental abnormalities and its genetic
causes, and then explain why exome-sequencing analyses of CH phenotypes can be of

value.
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3.1.1 Thyroid developmental defects

Thyroid developmental malformations are collectively referred to as thyroid dysgenesis
(TD), an umbrella term encompassing a spectrum of phenotypes, usually non-syndromic,
that result in a gland that is either completely absent (agenesis), underdeveloped
(hypoplasia), or located in an unusual position (ectopia) [144]. Ectopia is the commonest
phenotype, with patients usually exhibiting sub-lingual glands due to a failure of the

thyroid gland to migrate to its proper anatomical location [144].

While gland-in-situ CH is generally accepted to be a Mendelian condition, CH due
to thyroid dysgenesis is historically thought to occur as a sporadic disorder, and to
be caused by nongenetic mechanisms. This stemmed from early observations that
~98% of cases appeared to be non-familial [74] and from the fact 92% of monozygotic
twins were discordant for the phenotype [384]. Yet, germinal genetic defects have been
identified during the last few years in around 5% of TD cases [74, 144]. Known defects
include mutations in the TSH receptor (T'SHR) [47, 67], and in all but one of the
transcription factors (TFs) that control thyroid gland morphogenesis, including NKX2-
1 [257], FOXE1 [88] and PAXS [301] (Figure 3.1). Because TSHR is expressed late in
thyroid development (Figure 3.1), inactivating recessive mutations in this locus result
in mild, non-syndromic thyroid hypoplasia [47, 67]. In contrast, mutations in the other
three genes lead to the development of several clinically relevant conditions (Table 3.1),
which represent multisystem phenotypes that are linked to the specific expression
of these proteins in multiple tissues of the developing fetus. The thyroid phenotype
characteristic of these syndromes is very heterogeneous and has a broad spectrum of

expression (i.e. agenesis/hypoplasia/ectopia) even within families [92, 412, 486].

Fundamental insights into the mechanism by which mutations in these TFs affect
thyroid organogenesis has been gained through the analysis of knockout mice with
targeted disruption of such genes [171]. Earlier studies of Nkz2.1 and Paz8 null
mice revealed TD pathologies result from the degeneration of thyroid tissue (possibly
due to apoptotic mechanisms) following the specification of the gland precursors,
or from a complete defective initiation process [137, 248, 328, 377]. Collectively,
these and additional studies led to a total of 22 mouse genetic models, in which
different types of thyroid malformations are reported alongside extrathyroidal features
(Table 3.2) [140, 144]. Notably, many of these phenotypes result from inactivation of
endodermic genes implicated in thyroid bud formation (Hoza3, Hoxb3, Hoxd3, Hoxa),
Shh, Hes1 and Isl1) [70, 305, 306, 327, 518]|, or of genes implicated in cardiac (Nkz2.5,
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Hhez, Tbzl, Fbinl, and Chordin) [115, 139] or musculoskeletal malformations (Shh and
Faf10) [96, 138].

3.1.2 Arguments for a genetic involvement in TD

The view of TD as a non-genetic disease is gradually changing [59, 373, 397], with
several lines of evidence, in addition to the already mentioned genetic defects, indicating
that genetic factors are involved in the pathogenesis of TD. First, there is a small (2%)
but significant proportion of familial cases, an estimate that is 15-fold greater than
the frequency expected based on chance alone [144]. Second, there is a significantly
higher number of asymptomatic thyroid abnormalities, especially ectopia, in first-
degree relatives of sporadic CH cases compared with the general population (8% vs.
1%) [311]. This observation suggests that severe forms of TD and these mild alterations
could originate from the same genetic defects affecting thyroid organogenesis, albeit
with incomplete penetrance, as strongly suggested by the observation that Foxel null
mice show either ectopy with a very small thyroid or no thyroid at all [143]. Third,
in populations where consanguineous unions are common, the incidence of CH is
increased [144]. Fourth, discordance of TD in MZ twins may be due to the presence of
de novo events (SNVs or CNVs) or somatic mutations in one of the children, rather than
just environmental effects. Lastly, the significantly higher frequency of extrathyroidal
congenital malformations in CH cases than in the general population further point

towards genetic (or epigenetic) factors that have yet to be discovered [144].
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Figure 3.1 Gene expression during the stages of thyroid gland development in humans.

The thyroid gland is the first endocrine structure to differentiate during fetal development, at
approximately 3 to 5 weeks of gestation. It develops initially as an endodermal thickening of
the pharyngeal floor, whose cells invaginate and then migrate caudally to their final position in
the trachea where they form the follicular cells of the thyroid. The first process of specification
is determined by the combined expression of four transcription factors (NKX2.1, FOXFEI,
PAX8 and HHEX) which, from that point on, will permanently represent the molecular
hallmark of thyroid follicular cells and drive its commitment towards a differentiated thyroid
fate. In humans, genetic defects that result in thyroid dysgenesis have been identified
in NKX2.1, FOXE1 and PAX8 but not in HHEX. Half-way between the migration and
bilobation processes, these four TTFs drive the expression of the genes that are necessary for
thyroid hormone production, such as TG, TSHR, TPO, SLC5A5 and SLC26A/ (the latter
not pictured). Thyroid hormone synthesis in the form of Ty and T4 starts only after the
gland has been completely formed, at around day 70 post-fertilization. Image adapted from
Fernandez et al [147].
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3.1.3 Genetic studies of thyroid dysgenesis

Few genetic investigations of TD phenotypes have been conducted to date; the studies
that have been reported generally focused on screening cohorts of patients for mutations
in TSHR and in the three TFs [9, 61, 83, 92, 209, 226]. More recently, one of the genes
uncovered via TD mouse models (NKX2.5) was postulated to also underlie a fraction
of human TD cases, after observations of four heterozygous probands in a cohort of 241
TD patients [115]. NKX2.5 encodes a homeodomain-containing transcription factor
that is expressed in thyroid morphogenesis [141], but is mostly known to play a pivotal
role in heart development [34]. Indeed, mutations in NKX2.5 are a well established
cause of several dominantly-inherited congenital heart diseases (CHDs) including atrial
septal defects (OMIM: 108900), tetralogy of Fallot (OMIM: 187500) and ventricular
septal defects (OMIM: 614432) [438, 516]. Because CHD is overrepresented among
children with TD [362, 414], a developmental association between the two systems
had been suggested. Yet, the possible involvement of NKX2.5 in TD pathogenesis
is now thought to be ambiguous, after a study that examined the literature evidence
and functional impact of the reported mutations concluded there was a lack of clear

evidence of pathogenicity of NKX2.5 mutations in an isolated TD context [499].

Besides point mutations, additional genetic research in TD has focused on identifying
copy-number-variants (CNVs) that could potentially explain the apparent sporadic
nature of TD. These investigations, based either on fluorescence in situ hybridiza-
tion (FISH) [494], array comparative genomic hybridization (aCGH) [485] or SNP
genotyping [363], identified rare, non-recurrent CNVs encompassing several genes in
thyroid agenesis and hypoplasia patients. Yet, none of those variants have been linked
to or put into context of thyroid disease, being majorly non-informative, with the
exception of one duplication in a single agenesis patient that overlapped with TBX1 in
the DiGeorge critical region 22q11. TBX1, enconding the T-box 1 protein, is another
example of a TD candidate gene identified through mouse experiments (Table 3.2).
Thz1-null mice exhibit hypoplastic phenotypes due to delayed expression of Nkz2.1
in thyroid progenitor cells [139]. Although thyroid abnormalities have been reported
sporadically in patients with a 22q11.2 deletion [513], the majority of DiGeorge and
22q11 duplication patients do not have CH [367, 515], which has made this CNV finding

difficult to interpret in the context of an isolated thyroid abnormality.
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3.1.4 Why exome-sequence CH cases

Despite being the most common congenital endocrine disorder [99], the pathogenesis
of CH remains elusive in the vast majority of patients. Cumulatively, known genetic
defects linked to CH with gland-in-situ and TD phenotypes account for less than
20% of all CH cases [373]. TD probands represent an exceptionally small fraction of
that percentage, and are mostly syndromic. Besides T'SHR, genetic causes underlying
non-syndromic TD are lacking. Extensive searches for mutations in NKX2-1, FOXFE1
or PAX8 [83, 209, 226, have explained only a handful of TD cases, and linkage analyses
have excluded these genes in several multiplex families with TD [75]. Because many
CH patients suffer from congenital malformations adjacent to the thyroid gland, other
factors that govern multiorgan development (such as cardiac, lung or musculoskeletal)

may be equally involved, but none have yet been discovered.

The majority (57%) of gland-in-situ patients for whom no causative variants were
observed in the previous chapter, represented familial cases with multiple affected
siblings. This finding has also been observed in another study [66], and suggests genetic
factors of CH with gland-in-situ have yet to be discovered. Other genes involved in
thyroid hormone synthesis, but outside the follicular unit, may well be implicated [179],

as well as genes that are known to modulate TSH and free-Ty levels [398, 474].

Exome-sequencing has previously only been employed once, with the aim of identi-
fying additional genetic defects causative of CH, but it was conducted in a single
consanguineous TD family [263]. Exome-sequencing of large CH cohorts has not yet
been performed, and such a strategy is therefore warranted to discover novel genetic
factors [66].

3.2 Aims

The aim of the research present in this chapter was to identify novel genetic aetiologies
associated with CH phenotypes. This was addressed by means of a whole-exome and
targeted-sequencing study of a cohort of CH families that previously screened negative
for known genetic causes. The cohort was phenotypically heterogeneuous and consisted
of non-syndromic TD cases, syndromic patients with a multiplicity of phenotypes
alongside CH, and the gland-in-situ CH patients for whom no convincing causative

mutations in known GIS-CH genes were identified in the previous chapter.
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3.3 Colleagues

All the work presented in this chapter is my own work, unless otherwise stated. This
research was carried out under the supervision and guidance of Dr Carl Anderson
at the Wellcome Trust Sanger Institute (WTSI) and Dr Nadia Schoenmakers at the
Institute of Metabolic Science (IMS), Cambridge, UK. This work was done in close
collaboration with other colleagues at the IMS, namely Professor Krishna Chatterjee
and Adeline Nicholas.

3.4 Methods

3.4.1 Patients

A clinical team consisting of Dr Nadia Schoenmakers and Professor Krishna Chatterjee
recruited a cohort of CH. Adeline Nicholas collected DNA from these cases and from
unaffected and/or affected relatives, whenever possible. A total of 75 samples (48
affecteds and 27 unaffecteds) from 27 families were whole-exome sequenced, some of
which as part of the UK10K rare-disease project (www.uk10k.org). Additionally, 33
samples (25 affecteds and 8 unaffecteds) from 21 families were sequenced for a panel
of selected genes, as part of the UK10K targeted sequencing experiment. Table 3.3
lists all the pedigree structures available in this study and Figure 3.2 illustrates the
different phenotype categories across patients. All investigations conducted in this
work were part of an ethically approved protocol, being undertaken with the consent

from patients and/or next of kin.

Number of
Pedigree type Description families
WES TS
Trio (with or without unaffected relatives) Unaffected parents and proband 13 1
Affected siblings (with or without unaffected relatives) At least two affected siblings 9 3
Multiplex family (with or without unaffected relatives) One affected parent 3
Extended family Cousins affected 1 1
Unaffected parent-proband duo Single unaffected parent and proband . 1
Singletons No family relative sequenced 1 15
Total 27 21

Table 3.3 Pedigree structures available in this CH cohort. WES: whole-exome sequencing;
TS: targeted-sequencing.
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Figure 3.2 Phenotype categories within the CH cohort.

A) GIS: gland-in-situ CH; TD mixed: multiple dysgenesis phenotypes in different affected
relatives of the same family (agenesis in one sib, ectopy in the other, for example); Syndromic:
any case that presents with CH and additional extrathyroidal symptoms, displayed in bar
chart on the right. Numbers in pie chart represent the number of families with the given
phenotype. B) List of extrathyroidal features recorded for the 17 syndromic CH patients.
CHD: congenital heart disease. ASD: autism spectrum disorder.
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3.4.2 Sequencing

The whole-exome sequencing (WES) and Hi-Seq targeted-sequencing (HiSeq-TS) of the
CH samples included in this study were performed exactly as described in the previous
chapter. The genes that were included in the targeted panel were selected prior to my
PhD studies by Dr Nadia Schoenmakers, and Dr James Floyd designed the Agilent
SureSelect pull-down array. This panel was a subset of a large targeted-sequencing
study of seven rare diseases, comprising a total of 2,812 individuals, which was carried
out within the UK10K study (www.ukl0k.org). Overall, the target, was composed
of 3.4Mb of sequence from the coding exons (UCSC hg19/Grch37 human reference
genome build) of 1,188 genes, of which only 20 were candidates for either gland-in-situ
CH or thyroid dysgenesis phenotypes (Table 3.4). Most of these loci were selected
based on representing constituents of thyroid hormone biological pathways, GWAS
hits for thyroid function levels or mouse/zebrafish knockouts with evidence of CH (Dr

Nadia Schoenmakers, personal communication).

Gene Evidence

DUOX1 Thyroid synthesis biological pathway
DUOXAT

KCNQ1

KCNE2

LHX3 GWAS hits for TSH and free T, levels
PDESB

SLC26A7 Mouse knockout exhibits CH

TBX1 Established mouse models

ISL1

NKX2.5

EDN1

FBLN1

HOXA3

FGF8

HAND2

DICER1 Involved in thyroid carcinoma

TPST2 Mouse knockouts exhibits CH
MCHR1

GLIS3 Neonatal diabetes with CH, OMIM 610199
WWTR1 Zebrafish knockout exhibits thyroid follicles abnormalities

Table 3.4 Candidate GIS and TD genes selected for the targeted-sequencing experiment.
Blue rows mark the genes that are candidates for CH with gland-in-situ while rows in orange
mark the genes that are candidates for thyroid dysgenesis phenotypes.
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3.4.3 Data quality control

Before embarking on downstream genetic analyses, I conducted a series of quality
control (QC) assessments on the called VCF files to make sure the sequencing data
were of high quality. Specifically, I worked to detect whether there was evidence
of poorly sequenced samples, or samples that were outliers for several population
genetics expectations, including the ratio of heterozygous to alternative homozygous
variants (Het/Alt ratio), the ratio of transtitions to transversions (Ts/Tv ratio) and the
number of variants called at various allele frequencies and functional categories. Before
interpretation of those results however, I ran two analyses: one, to infer genetically the
ancestry of the samples and the second, to infer genetically their consanguinity status.
These two analyses are important because factors such as ethnicity and consanguinity
can influence how a sample behaves across several population-based metrics. For
instance, African samples will tend to have a higher number of variants called when
compared to European samples, not due to a sequencing error, but because of the
higher genetic diversity across African genomes [207]. Consanguinity status matters
because offspring of related relatives will display a higher number of homozygous
alternative calls because a higher proportion of their genome is autozygous [282], i.e.
it contains a larger proportion of alleles that represent physical copies of each other or

physical copies of an ancestral allele, known as identical-by-descent (IBD) alleles [482].

Inferring ancestry origin

I evaluated the ethnicity of the WES samples via a principal component analysis (PCA)
of 2,504 samples from the 1KG phase 3, followed by projecting our samples onto the
first (PC1) and second principal components (PC2). Sites from the CH exomes were
restricted to autosomal, biallelic SN'Vs with minor allele frequency > 5% that did not
deviate significantly from the Hardy-Weinberg equilibrium (HWE) <10 and that had
a call rate > 90% across all samples. I then took the overlap of SNVs between the CH
exomes and 1KG and pruned the markers for LD with the command —indep 100 1 0.1
in PLINK [406]. This is a useful step to increase computational efficiency by making
sure only independent SN'Vs are used to create the PCA. This step left a total of 13,850
SNVs available for analysis. The PCA calculation and projection was carried out with
the EIGENSTRAT package [400]. The ancestry analysis in the targeted-sequencing
dataset was performed following the same protocol, but using 1,192 HapMap3 samples
instead of 1KG, and a total of 1,520 SNVs.
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Both of these PCA analyses revealed that 61% and 21% of the WES and targeted-
sequencing samples, respectively, were not of European ancestry (Figure 3.3). Non-
European ethnicity mostly included Pakistanis and Bangladeshis (19 individuals),
followed by individuals from Turkey (6 individuals), Saudi Arabia (4 individuals), Iraq
(3 individuals), Africa (3 individuals) and South Africa (1 individual), as subsequently
reported by Dr Nadia Schoenmakers.
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Figure 3.3 Principal component analysis of WES and targeted-sequencing CH samples. A)
75 WES samples plotted against 2,504 1KG Phase 3 samples. B) 33 targeted-sequencing
(TS) samples plotted against 1,192 HapMap3 samples.
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Inferring consanguinity status

A consanguineous union is commonly defined as an union between a couple related as
second cousins or closer, equivalent to a coefficient of inbreeding (F') in their offspring
of FF' > 0.0156 [48]. One way of calculating F' is by identifying runs-of-homozygosity
(ROHs), which are uninterrupted stretches of homozygous variants in the genome. Such
long segments of homozygosity can represent large deletions, loss-of-heterozygosity
(LOH), segmental uniparental disomy, or autozygosity regions [282], as defined above.
The proportion of the genome that is autozygous is the closest estimation of the real
F [282]. T used BCFtools to estimate the proportion of the genome that is autozygous
(F') in every CH case from the WES experiment. BCFtools implements a statistical
framework that takes into account genotype likelihoods and the recombination rate
along the genome to provide a probability of autozygosity for every site along the
exome [344]. A statistical model is helpful because it is crucial to accurately distinguish
truly autozygous ROHs from the larger pool of often non-autozygous ROHs [215, 344].
As an additional line of evidence, I also calculated the ratio of heterozygous to alternative
homozygous variants (Het/Alt ratio), a metric that is inversely correlated with F when

F is well estimated.

From comparing F' and the Het/Alt ratio, I confirmed that all samples reported to be
consanguineous upon sample recruitment indeed had F' > 0.0156 and their Het /Alt ratio
was also lower, as expected (Figure 3.4). More importantly, this analysis identified
four samples (two sib-pairs) that, contrary to what was reported, appeared to be from

consanguineous unions.

Assessing sequencing quality

Overall, the WES and the targeted-sequencing datasets were of high quality. The two
datasets had a mean depth (DP) of 76x and 53x, respectively. Because high-depth
regions that result from unspecific binding of the capture regions can easily affect
mean depth [187], I also calculated the median DP achieved in the two different
datasets, which were 59x and 43x, respectively. These values are much higher than the
minimum 30x estimated to be required for accurate detection of heterozygous variants
for Mendelian disease studies [260].

The mean number of SNVs and indels detected per sample were 36,480 and 1,612,
respectively (Figure 3.5), both of which are within the expected range seen in other

exome studies that used the same technology [31, 122, 169]. The number of high quality
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Figure 3.4 Estimation of consanguinity status for CH cases. HetAlt ratio: the ratio of
heterozygous to homozygous SNVs. Filled circles denote the individuals whichs were reported
to be consanguineous upon sample recruitment whereas empty circles represent samples that
were reported to be non-consanguineous. Gray dashed line denotes the inbreeding coefficient
(F) of 0.0156 [48].

SNVs and indels were consistent across samples, with a small variation dependent on
the ancestry of the samples: for example, three African samples exhibited a larger
number of both SNVs and indels exome-wide. However, no sample exhibited SNV
or indel counts significantly outside the boundary marked by +3 standard deviations
(SD) from the mean. The Ts/Tv ratio (mean = 2.8) was also consistent across samples
and was within the expected values (between 2.7 and 3.0) for exome datasets [71, 116].
The same was true for the Het/Alt ratio (mean = 2.4), which was also close to the
expected value of 2.5 [187].

Also consistent with expectation, ~94% of the SNVs were common in the population
(> 5% in 1KG Phase 1), 2% were rare (< 1% in 1KG Phase 1) and around 2.7% were
novel, i.e. absent from both in 1KG Phase 1 and dbSNP137 (Figure 3.6). The rest
of the variants had population frequencies between 1-5% (data not shown). Similar

proportions have been documented in other exome studies [11, 72].
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Of all SNVs, the majority were intronic and located in untranslated regions (UTRs),
with the rest representing either functional or silent variants, both of which occurred at
a similar rate (Figure 3.6). In terms of missense variants detected, the majority were
predicted to be benign by both SIFT and Polyphen-2, with only ~16% considered to
be damaging by both tools and a further ~5% for which predictions were uncertain or
unknown. Finally, of the loss-of-function (LoF) SNVs (i.e. nonsense, frameshift and
splice acceptor/donor variants), only 8% were novel while the rest had been previously
observed in the 1KG Phase 1 data.

The targeted-sequencing experiment behaved similarly to the WES data across the
1,188 targeted genes included in the UK10K experiment, with a Ts/Tv mean ratio of
2.9. There were no outliers for the quality metrics or population genetics expectations

described above (data not shown).
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Figure 3.5 Quality control metrics for the WES experiment. A) Number of SNVs called
and passing the variant QC per sample (see previous chapter for details). The cluster
of three samples with higher numbers correspond to individuals of African ethnicity; B)
Number of indels called and passing the variant QC per sample (see previous chapter for
details); C) Transitions to transversions ratio (Ts/Tv) per sample and D) Heterozygous to
homozygous (altervative allele) ratio per sample. Samples with lower Het/Alt ratio correspond
to individuals with some degree of consanguinity.
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Figure 3.6 Population genetics metrics for the WES experiment. A) Proportion of SNVs
that are common (> 5% in 1KG Phase 1), rare (< 1% in 1KG Phase 1) and novel (absent
from both in 1KG Phase 1 and dbSNP137) per sample. The cluster of three samples with
lower common variants correspond to samples of African ethnicity; B) Number of SNVs
that are functional, silent or ‘other’ per sample; protein consequences given by Ensembl
Variant Effect Predictor v75. Functional variants include stop gained, splice donor, splice
acceptor, frameshift, missense variant, inframe deletion, inframe insertion, initiator codon
variant and splice region variant. Silent variants include synonymous varians and ’other’
include the rest of the variants that are non-coding such as intronic variants and variants
in 5’ or 3’ untranslated regions, UTRs; C) Number of missense variants per sample broken
down by their deleteriousness prediction provided by SIFT and Polyphen-2; D) Number of
loss-of-function (LoF) SNVs that are present in 1KG Phase 1 and that are novel (absent from
both in 1KG Phase 1 and dbSNP137) per sample. LoF variants were defined as those with
consequences given by Ensembl Variant Effect Predictor v75 (detailed in following section)
of: stop gained, splice donor, splice acceptor and frameshift (see Figure 1.9 for definitions of
splice sites).
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3.4.4 Gene mapping within CH families
Inherited variation

Post-QC, T designed a variant filtering pipeline for the identification of rare and
functional variants segregating within CH families (Figure 3.7). The pipeline started
by merging the VCF files of all members of each family into a multi-sample, family
VCF file. Next, only variants that met the high-quality thresholds (see variant-QC
in previous chapter) and contained within the baits/targeted regions were kept. The
following step used the Ensembl Variant Effect Predictor (VEP) version 75 to annotate
the functional consequences of all variants according to Gencode v19 coding transcripts,
keeping the most severe consequence for the gene [322]. Functional variants were
defined as any variant with an impact at the protein level that fell in the following
consequence classes: transcript ablation, stop gained, splice donor variant, splice
acceptor variant, frameshift variant, inframe insertion, initiator codon variant, splice
region variant, stop lost, missense, variant, inframe deletion, stop retained variant.
All variants were then annotated for Genomic Evolutionary Rate Profiling (GERP)
conservation scores [107], and missense variants were annotated with deleteriousness
prediction scores generated from Sorting Intolerant From Tolerant (SIFT) [349] and
PolyPhen-2 [4].

Next, variants were annotated with allele frequencies (AFs) that I computed from several
population datasets including 1000 Genomes Phase 1 integrated callset 2012-07-19
(1KG, N=2,504) [402], NHLBI Exome Sequencing Project 6,5001 (ESP, N=6,500) [476]
and Exome Aggregation Consortium r0.3 (ExAC) (N=60,706) [135], as well as from
a set of control exomes sequenced at the WTSI, including UK10K whole-genome
sequenced cohorts (N=3,781), other UK10K exomes (N=4,818) and other UK10K
targeted sequenced samples (N=2,634) [507]. Collectively, these data constituted
~81,000 control sequences, some of which were disease-cases but, in principle, unrelated
to thyroid disease, and free from severe paediatric samples in the ExAC dataset (Daniel
McArthur personal communication). Similarly as others have demonstrated [474],
including the AFs from other projects conducted internally at the WTSI (i.e. UK10K)
was crucial to increase the specificity of the filtering, because it allowed for the exclusion
of systematic technical artefacts that were specific to the WTSI sequencing pipeline.
Rare variants were defined as variants that were absent or with AFs <1% in all of the

above population and internal control datasets.
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The different pedigree structures available in the study (Table 3.3) meant that the
pipeline had to be flexible and allow for specific downstream filtering of variants under
different Mendelian models, assuming 100% penetrance. Table 3.5 summarises the

different segregation rules assumed for each pedigree structure.

Finally, the genotypes of segregating variants were then cross-checked with genotypes
of other UK10K exomes and UK10K targeted-sequencing samples. As recommended
by Macarthur et al [300], variants were removed if UK10K samples harbored the same
genotype as to that seen in CH cases, or if any UK10K sample was homozygous for

heterozygous or compound heterozygous sites observed in CH patients.
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Figure 3.7 Variant filtering pipeline.

WES: whole-exome sequencing; TS: targeted-sequencing; AFs: alternate allele frequencys;
VEP: Ensembl Variant Effect Predictor v75. Rare variants were defined as variants that were
absent or with AFs <1% in all of the population and internal control datasets (see main text
for details). Functional variants were defined as any variant with an impact at the protein
level that fell in the following consequence classes: transcript ablation, stop gained, splice
donor variant, splice acceptor variant, frameshift variant, inframe insertion, initiator codon
variant, splice region variant, stop lost, missense, variant, inframe deletion and stop retained
variant. Deleteriousness scores included SIFT and Polyphen-2 and conservations scores were
provided by GERP. For pedigree segregation rules see Table 3.5 on the following page.
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. o De novo variants Inherited variants
Pedigree structure Description (outative only) hgtgzg;,;gg . Homozygous Heterazygotes
Trios Unaffected parents and proband 1,0,0/2,1,0 a+b, a, b 2,1,1
Affected sibs At least two affected siblings . . 2,2 .
Multiplex families One affected parent affected . . . 1,1,0
Extended families Cousins affected . . 2,2 1,1
Unaffected parent-proband  Single unaffected parent-proband duo . . 2,1 1,0
Singletons No familial data available . . 2 1

Table 3.5 Pedigree segregation rules for different family structures.

In the case of trios, the pipeline looked for genotype inconsistencies between proband and
parents i.e. putative de novo variants (to be later cross-checked with the output from a
proper de novo caller), compound heterozygote variants and homozygous variants. Putative
de novo variants represented either heterozygote variants in child that were reference in both
mother and father (i.e. 1,0,0) or homozygous variants in the child that were heterozygous
in one parent and reference in the other (i.e. 2,1,0). Compound heterozygous variants in a
given gene were both present in the child (a + b) but each one came from exactly one of
the parents (i.e, a in mother; b in father). Homozygous variants in child were considered if
both parents were obligate carriers (i.e. 2,1,1). For X-chromosome variants, I assumed an
X-linked model of inheritance in male probands only. In affected siblings, both siblings
had to share the same homozygous variant (i.e. 2,2), as dominant mutation in multiple
siblings is extremely unlikely unless the father exhibits germline mosaicism. In multiplex
families, I kept heterozygote variants shared by the proband and affected parent and that
were reference in the unaffected relative (i.e, 1,1,0). In extended families, homozygous
and heterozygous variants were kept as long as they were shared by both cousins. In the
unaffected parent-proband duo, I considered all heterozygous variants in the child that
were reference in the available parent (i.e. 2,1, with the caveat that a substantial proportion
of these will still represent inherited variation rather than de novo events) and homozygous
variants in the child that were heterozygous in the parent (i.e. 2,1). As no familial DNA was
available in singletons, both heterozygous and homozygous variants were considered.

De novo variation

In a basic approach, de novo variation (DNV) can be detected by simply identifying
genotype inconsistencies between parents and offspring, as included in Table 3.5 and
as implemented in my variant filtering pipeline described above. Although this is
straightforward, a great proportion of these inconsistencies will turn out to be false
positives that result from failure to call the corresponding germline variants in one of the
parents. Indeed, a study recently demonstrated that the ability to accurately distinguish
de novo from familial inherited variants is more limited by high false-negative rates in

the parents than by high false-positive rates in the child [364].
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To identify DNVs in trios with increased sensitivity compared to the simple filtering
approach offered by the pipeline, I used DeNovoGear [413]. This program calculates a
posterior probability for observing a polymorphism or a real DNV at any given site
in the genome by taking into account individual genotype likelihoods (from parents
and child) and a prior mutation rate, which together, increase the accuracy of the
calls [413]. Moreover, DeNovoGear uses a beta-binomial distribution fit, instead of the
binomial distribution typically used by genotype calling algorithms, to handle the over
dispersion in the distribution of alternate and reference read frequencies that is typical
of exome sequencing data [198]. Ultimately, this approach has been shown to reduce
the false positive rate associated with DNVs discovery by 50%, with no loss of power
compared to other genotype calling algorithms such as SAMtools and GATK [413].

Conservatively, I decided to only focus on DeNovoGear DNV calls with posterior
probabilities greater than 80%), as recommended by Ramu et al [413]. However, even
though these calls were identified with high confidence through the statistical framework
of DeNovoGear, they can still be enriched for false positives. To mitigate this, I used
several metrics computed by the program to filter the output. First, variants were
removed if located in tandem repeats or segmental duplication sites, as false positive
calls are frequently observed in these regions [31]. This is because these regions are
highly unstable and known to mutate at higher rates than those of point mutations
in repeat-free sequence [264, 297]. Second, variants were also removed when >10%
of the reads in either parent supported the alternative allele, as the variant would be
more likely inherited from a parent than a true de novo event. Thirdly, I focused on
functional and rare variants (as defined above) and excluded variants not called by the
independent and ordinary variant caller (HaplotypeCaller in WES dataset; SAMTools
and/or GATK in the targeted-sequencing dataset). Finally, to verify variants were
not associated with reads that were incorrectly mapped, I visually inspected all DN'Vs
using the Integrative Genomics Viewer (IGV) [484].

Copy-number-variants

CNVs in the whole-exome sequended CH samples were detected using CoNVex
(ftp://ftp.sanger.ac.uk/pub/users/pvl/CoNVex/). This software applies a comparative
read depth approach that compares, at a given genomic location, the read depth of
a given sample with the read depth of a set of control exomes. This is a desirable
approach since it corrects for technical variation between samples, which normally

arise due to poor read mappability, GC bias, and also batch effects between sequencing
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experiments [278, 477]. CoNVex is capable of detecting deletions and duplications
of the WES targeted sequences (probes) from a few hundred base pairs in size to a
few mega bases or more, i.e. high resolution events. CoNVex was calibrated to call
approximately 200 CNVs per sample, a number very close to the expected number of
common CNVs (>1% frequency) present in a human exome when taking into account
the number of probes available for the CNV calling procedure (Dr Vijay Parthiban,

personal communication).

Dr Vijay Parthiban ran CoNVex on the whole-exome sequended CH cohort. CNV
calling was not conducted for the targeted-sequenced CH samples due to the very low
number of genes sequenced and because the CNV boundaries, if any, would be difficult
to ascertain. Moreover, the whole genome amplification process performed prior to

sequencing in this dataset is known to compromise CNV calling [405].

To filter the output produced by CoNVex, I considered only calls with confidence scores
> 10, as recommended by Dr Vijay Parthiban. I then annotated the CNV calls against
published datasets, including 2,026 clinically well-characterised healthy individuals [442]
and results from a whole genome screen for CNVs at 500-bp resolution [94] to filter out
common CNV calls. Similarly as in Carss et al [72], CNVs were considered identical if
their sequences overlaped by 50% and were excluded if this was the case. To further
filter for rarer CNVs, I considered only those calls that were absent in any of the
other UK10K samples and calls that overlapped with at least one protein-coding
gene and that were covered by more than one probe. Finally, I inspected plots of
regional log, ratios of the exome read depth in each proband and in the available family
members. [ filtered out variants that did not properly segregate with disease status
and Mendelian rules of inheritance within families, or variants that constituted likely

technical artefacts.

3.4.5 Predicting the impact of splice donor mutations

Recent guidelines for evaluating the impact of splice-disrupting variants in human
disease recommend the use of in silico prediction tools, similarly as routinely conducted
when judging missense variants [419]. These tools essentially examine whether a variant
observed in a 5’ or 3’ splicing consensus region is likely to disrupt the exon-intron
boundaries of the protein and affect RNA splicing [228].

In the present study, I used MaxEntScan [285] to predict the potential impact of rare

splice donor mutations that I observed in CH cases. This tool has been shown to have
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the highest accuracy at predicting the effects of mutations at the 5’ invariant splice
sites [118] and, as an example, it has been successfully applied to the prediction of
splicing mutations in the ATM gene responsible for the neurological disorder ataxia-
telangiectasia, in which three mutations were correctly interpreted as disrupting normal
splice sites [128]. Briefly, MaxEntScan provides a score as a numerical measure of
the strength of the splicing signal. This basically represents the probability or the
confidence of a site being a true splice site used during the splicing process. To evaluate
the effects of nucleotide substitutions occurring at 5’ splice donor sites, I generated
MaxEntScores for both the wild-type (WT) and mutant 5’ sequences and compared the
difference between the two, as recommended by Houdayer et al [213]. This difference in

scores is thus a reflection of the deleteriousness of the variant at that splice site [228].
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3.5 Results

3.5.1 Inherited variants in CH families
Targeted-sequenced families

DNA samples from a total of 21 families were put through targeted sequencing across
a customised panel of 20 genes. The variant filtering pipeline identified four rare
functional variants in three singleton samples (Table 3.6). Three of these variants are
novel, i.e. have not been previously observed in ~81,000 population controls, and are

predicted to be damaging and to affect conserved aminoacid sites (GERP>2 [98]).

Phenotype Family Gene GT cQ AA Exon Intron GERP 1KGAF ESP AF EXAC AF UK10K UK10K
change cohort AF exomes AF
Ectopy (submandibular gland)  R8 GLIS3 0A M H837R  10/11 . 5.93
Gland-in-situ CH R13 DUOX1 01 MI KB53N 18/35 . 0.74 . . 5.00E-05 .
TBX1 0/1 SD . . 4/8 5.08
Syndromic (CH and congenital  R22 ~ NKX2-5 01 M G206R 2/2 . 4.58

heart disease)

Table 3.6 Rare functional variants identified in three targeted-sequenced CH patients.

GT: genotype; CQ: consequences at the protein level given by Ensembl Variant Effect
Predictor v75; AA change: amino acid change; GERP: conservation score (ranging from
-12 to 6); 1IKG AF: 1000 Genomes allele frequencies, ESP AF: NHLBI ESP project allele
frequencies. STOP: stop gained variant; MI: missense variant; SD: splice donor variant.
Variants highlighted in bold represent those that were predicted to be damaging by Polyphen-2
and SIFT or that represented LoF variants. All patients were singleton cases, i.e. no DNA
from family relatives was available for analysis.

A GLIS3 missense mutation (H837R) predicted to be damaging and affecting a
conserved amino acid was discovered in a patient (R8) presenting with an ectopic,
submandibular gland. This gene was included in the targeted sequencing experiment
because mutations in this transcription factor are associated with a rare syndrome
characterised by CH and neonatal diabetes (Neonatal Diabetes with Hypothyroidism,
NDH, OMIM: 610199). Patients with NDH exhibit hypoinsulinemia, hyperglycaemia,
reduced levels of T3 and T3, and elevated levels of TSH and TG [441], symptoms
that can also be accompanied by glaucoma, polycystic kidney disease, hepatic fibrosis,
osteopenia and mild mental retardation, depending on the nature of the mutation [234].
Glis3 is highly expressed in the kidney, thyroid gland, endocrine pancreas, thymus, testis

and uterus, and claimed to play a critical role in the maintenance and proliferation of
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endocrine progenitor cells [237, 511]. Thyroid ultrasound investigations of patients with
NDH caused by GLIS3 mutations revealed thyroid developmental abnormalities such
as agenesis or hypoplasia phenotypes [234]. While the ectopic thyroid phenotype seen
in patient R8 is a thyroid abnormality itself, there is no record of the patient suffering
from neonatal diabetes which, in the case of NDH, necessarily develops within the first
few weeks of life [6]. This coexistence of CH and diabetes manifestations in NDH is not
only limited to GLIS3-positive humans patients, with Glis3 mouse knockout models
also consistently developing both clinical entities [234]. A possible explanation for the
lack of a diabetes phenotype in our patient would be if the H837R amino acid change
affected a transcript that is selectively expressed in the thyroid. This was not the case
however, as the affected transcript (ENST00000324333) is the major protein coding
sequence and the one with the highest expression levels across all tissues available in
GTEx, the Genotype-Tissue Expression database (GTEx) (www.gtexportal.org). This
finding, together with the fact the mutation is monoallelic rather than homozygous,
and located in the penultimate exon of the gene, suggests this variant is unlikely to be

causative of the CH phenotype observed in this patient.

The gland-in-situ CH patient R13 is an unsolved patient of the previous chapter.
The subsequent sequencing of the additional 20 candidate genes and the variant
filtering conducted here revealed two heterozygous variants in two separate candidates:
DUOXI1 and TBX1. DUOX]I is a long-standing candidate gene for dyshormonogenesis
phenotypes after observations that a complete loss of DUOX2 activity in homozygous
patients does not completely revoke the ability to synthesize hormone [220], as some
degree of oxidase activity is maintained by DUOX]I, its paralogue. Similarly to DUOX2,
this protein is also present at the apical membrane of thyrocytes, although at lower
expression levels [179]. Given the compensatory mechanism between the two DUOX
oxidases, the monoallelic amino acid change in DUOX1 observed in this patient will
probably not be sufficient to cause a phenotype, plus it is predicted to be benign and
is located in a non-conserved amino acid site. The other candidate mutation found
in this patient, resides within T'BX1, a transcription factor involved in regulating the
cell fate of organs and tissues derived from the pharyngeal apparatus, including the
thyroid, and the adjacent secondary heart field from which the cardiac outflow tract
derives [159]. Both reduced Tbz! dosage and dysregulation of Thzl expression due to
gain-of-function effects have been shown to affect pharyngeal and heart development in
mice, in which a hypoplastic thyroid phenotype is usually developed [270, 504]. The
R13 patient presents with a gland-in-situ but thyroid gland size was not quantitated

formally for this patient, meaning mild thyroid hypoplasia could have been missed (Dr
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Nadia Schoenmakers, personal communication). The splice donor variant observed in
this patient was intriguing, not only because it disrupts the conserved T-box region
of TBX1, a critical region for its function [127], but especially since no single LoF
mutation has been recorded in more than 60,000 ExAC individuals, an observation
that is in agreement with the known haploinsufficient nature of TBX1 [30]. To better
understand whether this variant has a potential deleterious effect on the protein via
disruption of this 5" consensus sequence, I analysed both the wild-type and the mutant
splice sequences using MaxEntScan and compared the two predicted splice scores, as
is commonly conducted [118, 213]. My analysis revealed this substitution shifted the
strength of the WT splice signal down by 8.5 units (from 8.72 to 0.22, Figure 3.8). To
put these values in context, the strength of the wild-type sequence is comparable to that
observed across 10,000 randomly selected splice donor sites occurring in the genome,
while the mutant score is located at the lower tail of that distribution (Figure 3.8),

suggesting it may well have a detrimental effect to the protein.
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Figure 3.8 Predicted MaxEntScan scores for wild-type and mutant splice donor sequences
of TBX1 intron 4. To put the WT and mutant T'BXI splice donor scores into context,
MaxEntScan scores were also generated for a random set of 10,000 genomic regions, splice
acceptor and splice donor regions ocurring in the genome. TBX1 splice WT score: 8.72;
TBX1 splice mutant score: 0.22.
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Even though this result looks encouraging, it is difficult to link this (apparently)
deleterious mutation to the gland-in-situ CH phenotype of this patient when one takes
into account the multiplicity of phenotypes T'BX1 has been linked to. This gene is
considered to be the major genetic determinant of four genetic syndromes (conotruncal
anomaly face syndrome (OMIM:21709), DiGeorge syndrome (OMIM:188400), Tetralogy
of Fallot (OMIM:18750) and velocardiofacial syndrome (OMIM:192430) that result
from deletions of the 22q11 critical region [532]. Together, these five clinical entities
constitute a contiguous gene syndrome characterised by multiple, apparently unrelated
clinical features that include cardiac outflow tract anomalies, abnormalities of the
thymus and parathyroid glands, cleft palate and facial dysmorphism [532], with thyroid
abnormalities only sporadically reported and always in combination with other severe
clinical manifestations [513]. Importantly, apart from deletions encompassing TBX1,
single point missense mutations in TBX1 have also been identified in patients that did
not carry 22ql1 deletions but that nevertheless exhibited the major features of 22q11.2
deletion syndromes [175, 547]. I therefore concluded the variant observed herein is of

uncertain significance.

Finally, a missense mutation (G206R) predicted damaging in NKX2.5 was identified
in a patient (R22) suffering from CH and congenital heart disease (CHD). NKX2.5
is an established gene for several dominantly inherited non-syndromic CHDs [516].
A frameshift mutation segregating with disease in a CHD family has been previously
observed to disrupt the same amino acid that is mutated here in our patient, a Glycine
at position 206 [2]. Also, the missense mutation observed here is located within the
homeodomain of the protein, where roughly one third of all CHD causative mutations
have been observed [2]. Functional studies evaluating the impact of most of these
missense, homeodomain alleles at the protein level have shown the mutated proteins
have reduced RNA binding capacity or reduced transcriptional activity [238, 543].
Together, this suggests the mutation observed here may also equally compromise protein
function and therefore contribute to the CHD phenotype of this patient, but functional
demonstration is pending. Interestingly, apart from having a pivotal role in heart
development, NKX2.5 has been shown to be expressed during thyroid morphogenesis
and to drive the transcriptional activation of TG and TPO in combination with
NKXZ2.1 [141]. That finding, plus the observation that Nkz2-5-null mice develop
thyroid bud hypoplasia in addition to cardiac defects [46, 115, 298], initially suggested
mutations in this gene could potentially underlie the pathology of both CHD and
thyroid disease phenotypes. Indeed, as mentioned in the introduction, four missense

mutations in NKX2-5 were deemed causative of TD in four TD patients [115]. However,
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subsequent analyses have shown those published variants do not segregate with the
phenotype of TD in any of the families, and functional investigations have further
confirmed those variants behave similarly to the wild-type protein and thus have no
discernible pathogenic role in TD [499]. Although incomplete penetrance cannot be
totally excluded, there is no longer genetic evidence of a clear pathogenic effect of
NKX2.5 mutations in thyroid disease. In addition, heterozygous Nkz2-5 knockout mice
are viable and are not reported to have TD [46], indeed suggesting that the loss of one
Nkx2-5 allele is tolerated, perhaps by compensation during development by paralogue
genes such as Nkz2.1. All in all, given the lack of clear evidence of pathogenicity of the
previously reported NKX2-5 mutations, the high number of patients with TD without
NKX2-5 mutations [9, 61, 67, 346, 378, 499], and the absence of thyroid abnormalities
in NKX2-5 mutation carriers [416], it seems unlikely that this NKX2.5 substitution
contributes to the CH phenotype of the patient, but the the co-occurrance of a thyroid
phenotype alongside the CHD defect is nevertheless intriguing, and a role of NKX2.5

as a genetic modifier cannot be excluded.
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WES families

In addition to the 21 families that underwent targeted-sequencing, 27 CH families were
whole-exome sequenced in this study. The variant filtering pipeline identified a total of
800 rare functional variants that segregated with disease status within families, with
an average of ~26 inherited variants per family (range = 0 - 198). Unsurprisingly,
most variants (~85%) were missense and very few (~4%) represented LoF variants
(Figure 3.9). In total, the 800 variants identified were distributed across 678 unique

genes, the majority of which (~51%) fit the dominant model of inheritance.
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Figure 3.9 Functional consequences of the 800 inherited variants identified in 27 WES CH
families.

Figure 3.10 illustrates how these 800 variants are distributed across the families
and their allelic status, i.e. whether variants represent heterozygous, homozygous or
compound heterozygote alleles. The diversity of pedigree structures available in the
study resulted in the large variation observed in the number of variants identified per
family (SD = 38.8). As expected, the singleton sample harbored the largest number
of putative causal variants (N=198), whereas the smaller search space for causative
variants was observed in affected siblings, who shared an average of only 8 homozygous
variants. The variation seen in different multiplex pedigrees (families 28, 34 and B8) is
related to the number of affected cases sequenced, while the variation seen in the trio
families is mainly driven by the significantly higher number of homozygous candidates
in consanguineous trios than in non-consanguineous trio families (Student t-test P =

0.0145), as expected. The variation seen across different affected-sib families is related
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to the number of affected siblings sequenced (two or three), and whether data from

unaffected siblings were also available for the filtering process.
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Figure 3.10 Distribution of inherited rare functional variants across families. Homozygous:
variants that are homozygous for the non-reference allele; Compound heterozygous variants:
in genes that have at least two variants, each of which inherited from exactly one parent.
Trios: unaffected parents and affected child; Affected-sibs: two or three affected siblings;
Multiplex: at least one parent equally affected; Extended family: more distant relatives
equally affected (cousins); Singleton: unique index case.

3.5.2 De novo variation in CH trios

De novo SNV and indel events in trio families were identified using a dedicated caller,
DeNovoGear. The software called around 249 variants of varying genotype posterior
probabilities per trio, ranging from 155 to 402. Around 17% of the DN'Vs had posterior
probabilities greater than 80% (Figure 3.11), the recommended cutoff for selecting
true positive events [413].

The fraction of de novo mutations that were synonymous was 27%, which is very
close to the expected percentage (28.6%) of synonymous DNVs based on mutation

probabilities [259], suggesting the overall proportion of de novo events predicted to
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have a functional impact at the protein level in these CH trios is not significantly

enriched over what would be expected by chance (Ppinomia = 0.49).

After filtering low quality calls post DNV discovery (Table 3.7), I identified a total of
nine candidate de novo variants (mean ~ 0.7 events per trio, range = 0-3), of which
eight were SNVs and one an indel (Table 3.8). The average exome is estimated to
contain only 0-3 DNVs [1, 365, 503], thus this result is within the expected range from
known germline mutation rate and consistent with results from NGS of other disease
cohorts [25, 111, 415]. Of note, no gene harbored DNVs in multiple independent trios
and only four of the nine DNVs were predicted to have a detrimental effect on protein
sequence by both SIFT and Polyphen-2.
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Figure 3.11 Histogram of posterior probabilities of de novo events called by DeNovoGear.
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To assess the biological candidacy of the nine DNVs, I gathered functional and bio-
logical information for the nine gene using PubMed (www.ncbi.nlm.nih.gov/pubmed),
the GeneCards database (www.genecards.org), and DAVID, a functional annotation
tool (https://david.nciferf.gov) [216]. Collectively, this included information on GO
terms (biological processes, molecular function and location within the cell), KEGG
and REACTOME pathways, OMIM (Online Mendelian Inheritance in Man), BioGPS
(Biology Gene Portal System), NHGRI (National Human Genome Research Institute),
the GWAS catalogue and model organisms (ZFIN, Zebrafish Model Organism Database;
IKMC, International Knockout Mouse Consortium). For all genes, except one (HN-
RNPD), there was no clear biological link (i.e. relevant biological function or process)
either to thyroid biology or the specific syndromic phenotype of a given patient, neither
were genes involved in other overlapping phenotypes (i.e. affecting a relevant system)

in human or in model organisms.

HNRNPD warrants discussion due to a possible link to thyroid biology and the patient’s
specific phenotype (Table 3.8). This variant has been confirmed through capillary
sequencing to be a true de novo event (Adeline Nicholas, personal communication). HN-
RNPD (Heterogeneous Nuclear Ribonucleoprotein D AU-Rich Element RNA Binding
Protein 1) is a protein involved in mRNA stabilization through binding to adenylate-
uridylate-rich element motifs (AREs), which are present in many genes related to
growth regulation, such as proto-oncogenes, growth factors, cytokines and cell cycle-
regulatory genes [490]. Through literature review, I found evidence relating HNRNPD
to the thyroid gland. Firstly, many thyroid related genes contain ARE-motifs and can
be regulated at the transcriptional level. These include mRNAs related to thyroid
development (NKX2.1, PAXS8, HHEX, EYA1, HOXA3, HOXA5, PAX9), thyroid func-
tion (SLC5A5, SLC26A4, TPO, DUOX1, TSHR) and response to thyroid hormones
and thyroid pathology [491]. It is still unclear however, whether these mRNAs are
targets of HNRNPD. Secondly, investigations on malignant thyroid tissues revealed
the expression of HNRNPD was increased when compared with benign thyroid tissues,
and further knockdown of HNRNPD in thyroid cancer cell lines decreased thyroid cell
proliferation [490]. Finally, the nonsense mutation found in this study (Y244X) affects
a conserved amino acid located in the RNA recognition domain. This specific protein
truncation has been shown to decrease the ability of HNRNPD to destabilize vascular
endothelial growth factor RNA [145], a regulator of vascularization in development

and a key growth factor in tissue repair.

The statistical significance of de novo findings, when multiple DNVs in unrelated

probands hit the same gene, is normally assessed using a one-sided binomial test [72, 324].
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Such a test incorporates the known exome mutation rate of 1.5x10® per base per
generation [347], the proportion of de novo mutations that are expected to be functional
(71.4%) or nonsense (3.4%) [259] (depending on which were identified), the sample size
of the cohort under study, and the length of the coding sequence of the gene of interest.
In this case, given a single DNV hit, I evaluated the level of background nonsense
variation in HNRNPD in the ExAC database (N=60,706). This revealed a single
heterozygous nonsense variant (4:83280743, T>A) private to a single sample, suggesting
LoF mutations are infrequent in this locus. Further supporting this observation is
the fact that HNRNPD is in the top 16% of genes in the genome more intolerant to
LoF mutation (Figure 3.12) [431], with a pLI score (probability of loss-of-function
intolerance) of 0.96, slightly above the pLI threshold of 0.9 that defines extremely LoF
intolerant genes [135]. These findings point towards the truncation of this protein

being pathogenic, possibly interfering with downstream HNRNPD-target interactions.
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Figure 3.12 Distribution of intolerance to loss-of-function (LoF) mutation (ExAC pLI score)
for all genes in the genome (N=18,225). The red dot represents HNRNPD, with a score of
0.96. This graph made use of data taken from Samocha et al [431].

The mutation identified in HNRNPD (Y244X) was seen in a syndromic patient (F29)
aged 10 who presented with thyroid agenesis and extrathyroidal features, including
marked body disproportion, short arms and legs, hydrocephalus, gastro-esophageal re-

flux disease, bilateral sensorineural hearing loss, nasal bridge, and global developmental
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delay (delayed speech and behavioral difficulties). Since the patient was heterozygous
for a likely pathogenic nonsense mutation, Dr Nadia Schoenmakers searched the DECI-
PHER database [149] and the literature for deletions involving the gene. There were
14 patients with chromosomal deletions containing HNRNPD and additional genes in
DECIPHER, and additional nine cases of 4p21 HNRNPD-containing microdeletions,
of various sizes, in the literature [44, 51]. The patient in our study and the 23 deletion
cases shared several phenotypic features, in particular the skeletal phenotype (short

hands and feet, nasal bridge, macrocephaly) and the intellectual impairment.

The difficulty in further interpreting the HNRNPD Y244X finding in the context of the
F29 patient phenotype is that, although there is good variant-level evidence to suggest
Y244X may be a pathogenic mutation (i.e. it occurs in a gene known to be intolerant
to LoF variation) and likely to account for some of the extrathyroidal phenotypes seen
in this patient (i.e. the skeletal phenotype), none of the DECIPHER or published
haploinsufficiency cases were reported to have thyroid abnormalities. One explanation
for this discrepancy could be that the impact of a stop mutation is different to that of a
deletion. A nonsense HNRNPD mutant can potentially still bind RNA to some degree
and act as a dominant-negative mutant, which could result in the more severe CH
phenotype observed in the F29 patient. This hypothesis remains to be experimentally
validated.

3.5.3 Copy-number-variants in the WES dataset

CNVs in WES CH families were discovered using CoNVex, which called an average
of 187 CNVs per sample. Of these, around 60% (110/887), on average, passed the
post-discovery QC per sample, with the majority (~97%) overlapping with common
(>1% AF) population variants. There was an average of 0.5 rare (<1% AF) CNVs
encompassing protein coding sequences with more than one probe per sample (range
from 0 to 3). After inspection of regional logs plots a total of 10 rare CNVs remained
in the WES cohort, with sizes ranging from 920 bp to 65.7Kb.

Importantly, none of these rare CNVs encompassed known CH genes, nor did they
overlap with genes contained in previously reported CNV regions [363, 485, 494].
Figure 3.13 illustrates the 10 CNVs identified in families (four duplications and six
deletions). None of these CNVs fit the model of inheritance expected (de novo or

recessive inheritance) in each of these families, as variants were either present in one of
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the unaffected parents in trio families (Figure 3.13 A, B, D and E) or absent in one of
the multi affected siblings (Figure 3.13 C).

CoNVex duplication call: Chr 4 in Sample UK1OK_THY5204762

STIM2

CoNVex duplication call: Che 9 in Sample UK10K_THY5294759

SECISBP2; SEMA4D

CoNVex deletion call: Chr 17 in Sample UK10K_THY 5068934

EFCABS; RNY4P13
CoNVex deletion call: Chr 10 in Sample UK10K_THYS208762

- __Jv
!

SLK
CoNVex deletion call: Chr 19 in Sample UK10K_THYS294762

2ZNF181

Figure 3.13 Log ratios of rare (<1% AF) CNVs identified by CoNVex. (A) F31, (B) F30,
(C) F12, (D) F31 and (E) F31.

The x-axis indicates the genomic coordinates. The y-axis indicates the normalised logs ratio
of the exome read depth, compared to a group of controls. The red line shows the logs ratio
of the proband, where the variant is a deletion, and the blue line shows the log2 ratio of the
proband where the variant is a duplication. The purple line shows the logs ratio of the mother,
and the green line shows the logo ratio of the father. The grey lines show the logy ratio
of control samples. The vertical small dashed lines show the minimum deleted/duplicated
region and the vertical wide dashed lines show the maximum deleted/duplicated region. The
protein-coding genes present in each region are also represented.
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3.5.4 Searching for novel genetic causes of CH across families

After identifying both inherited and de novo variants segregating with disease in each
CH family, I determined whether any genes showed such variation recurring across
families. The vast majority of candidate genes (~96%) harboring de novo (N=9) or
inherited variants (N=678) in the combined WES and targeted-sequence datasets were
mutated in only a single family. Of the remaining 26 loci, 22 harbored variants in
two independent families, three genes (AHNAK2, MUC16 and MUCY) were detected
in three families and TT'N was recurrently mutated in four families. Interestingly,
AHNAK2, MUC16 and TTN are genes that are systematically mutated in multiple
exome analyses [223, 347, 352, 366, 432] due to their high tolerance to mutation and/or

their exceptionally large sequences, where many variants fall by chance [448].

To assess the statistical significance of the recurrent observations in each of the 26 genes,
I conducted a case-control analysis. To do so, I used a control dataset comprised of 2,120
unrelated healthy individuals from the INTERVAL study (www.intervalstudy.org.uk)
that had also been exome-sequenced at the WTSI. This cohort of healthy individuals
was assembled by the NHS Blood and Transplant England (www.nhsbt.nhs.uk), and
consists of more than 50,000 individuals that donated blood at NHS blood donation
centres across England. These data were generated by the Human Genetics Informatics
team using the same alignment and variant calling protocol that was previously used
to call the WES CH dataset. To ensure, as much as possible, that cases and controls
harbored broadly similar quality metrics, I applied the same variant- and sample-QC
steps that I used in the WES CH dataset. This resulted in globally similar profiles
in both datasets for Ts/Tv ratios (median ~ 2.7), genotype qualities (median ~ 94)
and Het/Alt ratios (median ~ 2.4). It is important to note however, that this control
dataset is not perfectly matched to the case cohort in terms of depth of sequencing
and ethnic composition. In the case of depth, controls were sequenced at a median of
45x while the WES CH cases had a median coverage of 59x. In terms of ethnicity, all
controls were of European descent whereas 49% of all CH cases were non-European
individuals encompassing an array of diverse ethnicities, as highlighted by my PCA
analysis. The combination of these two factors meant that the case samples harbored
a larger number of rare functional variants exome-wide than controls (meang,ss =
1285 vs meancontrols = 1124), so any statistically significant finding resulting from this

analysis would need to be carefully inspected further to examine its real validity.

I tested the enrichment, per gene, of rare functional variants in cases versus controls

using a one-tailed Fisher’s exact test. The one-tail test here basically assumes that rare
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variation implicated in Mendelian disease is damaging rather than protective, so the
alternative hypothesis being tested is that cases have a higher number of such variants
than controls. Variants that were shared by relatives of the same family were counted
only once, so the effective number of "cases" used here was the total number of families
that were sequenced at that gene (note that for the majority of genes, only the WES
families were informative, since the targeted-sequenced samples were only sequenced

for 20 genes).

None of the 26 genes reached the conservative, yet standard, exome-wide significance
threshold of 1.7x10° [300] (Table 3.9). Of all 26 genes, only one (DUOX1) repre-
sented an interesting biological candidate, in which one exome sample (F44) harbored
another variant in DUOX1 in addition to the targeted-sequenced sample (R8) that
was previously discussed. Both of these samples, who were singletons, shared the same
gland-in-situ CH phenotype, but the likelihood of this finding happening by chance
is high (Puncorrectea=0.1967), according to this analysis. For reference, three genes
(CACNA1A, FLIP1 and OBSCN) were recurrently mutated in families sharing exactly
the same phenotype (i.e. agenesis or gland-in-situ CH), and CBFA2T2 and KLHDCY,
recurred in TD families with varying TD defects. None of those variants however had
consistent mode of inheritance across the different families. Finally, amongst the list of
recurring genes, only one (TLN2) contained LoFs or missense variants predicted to be
damaging, which highlights the small search space for likely causative variants offered
by this CH cohort.

Despite the negative results, this analysis illustrates the importance of using control
exomes in evaluating and interpreting rates of mutation in genes. For instance, OBSCN
and T'TN, which are the largest genes in the exome, displayed P-values close to 1,
meaning there is indeed no difference between groups other than due to random
variation, i.e. healthy individuals carry a large number of rare functional variants in
these two genes by chance so observing such variants at this rate in a case cohort of

this size is not surprising.
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Cases Controls
Gene Carriers  Non-carriers Carriers Non-carriers P-value OR
TRBV6-9 2 25 1 2119 4.54E-04 164.92
GGT1 2 25 4 2116 2.22E-03 41.80
ZNF623 2 25 4 2116 2.22E-03 41.80
CBFA2T2 2 25 8 2112 6.44E-03 20.97
MUC4 3 24 41 2079 0.0167 6.32
FILIP1 2 25 16 2104 0.0206 10.48
KLHDC4 2 25 17 2103 0.0228 9.86
ATP2B3 2 25 18 2102 0.0252 9.31
SCNN1A 2 25 18 2102 0.0252 9.31
ADAMTS15 2 25 19 2101 0.0276 8.82
DMBT1 2 25 20 2100 0.0301 8.37
AHNAK2 3 24 79 2041 0.0813 3.23
PTPRB 2 25 37 2083 0.0849 4.50
TLNZ2 2 25 40 2080 0.0964 4,15
CACNATA 2 25 52 2068 0.1464 3.18
MuUC17 2 25 59 2061 0.1776 2.79
DUOX1 2 46 35 2085 0.1967 2.59
DCHS2 2 25 67 2053 0.2145 2.45
LRP1B 2 25 69 2051 0.2239 2.38
SPTBN5 2 25 72 2048 0.2380 2.27
LRP2 2 25 85 2035 0.2996 1.91
HSPG2 2 25 102 2018 0.3792 1.58
FSIP2 2 25 117 2003 0.4467 1.37
MUC16 3 24 237 1883 0.5957 0.99
OBSCN 2 25 228 1892 0.8029 0.66
TN 4 23 505 1615 0.9134 0.56

Table 3.9 Case-control burden analysis for 26 genes recurrently mutated in independent CH
families.

Carriers: number of families (if case cohort) or samples (if control cohort) with at least one
rare functional variant in a given gene. Non-carriers: number of families (if case cohort) or
samples (if control cohort) without a rare functional variant in a given gene. Note if gene
was sequenced in both the WES and targeted-sequencing experiments, then the total of CH
families used in the test is 48. If the gene was only exome-sequenced and not included in the
custom array, the total of CH families used in the test is 27. The total of control samples
used in the test is always 2,120. P-values taken from the Fisher’s exact test one-tail, which
assumes rare functional variation in rare Mendelian diseases is damaging and not protective,
so only assumes one direction of effect. P-values are uncorrected for multiple testing but
none reach the standard exome-wide significance threshold of 1.7x10°¢ [300]. OR: odds ratio
given by the test. Table is sorted by P-value.

3.5.5 Searching for likely damaging variants in candidate genes

To leverage the data generated by this project, and since no gene was recurrently
mutated across CH families at a higher rate than expected, I conducted a candidate-
gene approach where I searched for likely damaging variants in long standing CH
candidate genes. The motivation behind this analysis was that it could potentially
reveal disrupted biologically meaningful loci, which could then be screened in additional

CH cohorts and in interrogated in future CH-mapping efforts.
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To define candidate genes, I collected information from several biological sources
(Table 3.10). Candidates most relevant for TD phenotypes included loci that have
been directly implicated in thyroid development based on mouse or zebrafish knockout
studies [140]. Another relevant source for thyroid abnormalities was a recent microarray
study that defined gene expression profiles in the mouse thyroid and lung primordia at
embryonic day 10.5 [137]. The output of this work is relevant here because the thyroid
and lungs originate as neighbouring bud shaped outgrowths, and it is possible that
genes affecting both systems may be implicated in thyroid development defects. My
list also included putative novel targets of FOXE1 and PAXS that were identified
through transcriptomic analysis of thyroid follicular cells after separate knockdown of
each gene in mice [119, 146]. These knockdown candidates are relevant for TD because
such abnormalities could result from defects in transcription factors/mediators acting
downstream of FOXFE1/PAXS8 and that cooperate in maintaining key cellular processes
for thyrocyte biology.

Candidate gene list Number of genes
Mouse models of TD 22
Zebrafish models of TD 4
Genes enriched in thyroid bud at E10.5 42
Genes enriched in thyroid bud and lung at E10.5 39
Targets of FOXET 52
Targets of PAX8 13
GWAS loci associated with TSH and T, levels 17
Other candidates from collaborators 70
DDG2P genes 1952

Table 3.10 CH candidate genes compiled from different sources.

Candidate genes most relevant for gland-in-situ CH phenotypes included loci that
were found to influence physiological TSH and free-T, levels in a recent whole genome
sequencing study [474]. The hypothesis here was that hormone production defects could
result from mutations in genes that are not necessarily located within the follicular

unit but that are nevertheless involved in hormone biology.

Finally, because 35% of our CH families (i.e, 17 out of 48) were composed of patients
with syndromic forms of CH, my candidate gene list also included 1,952 genes that have
been linked to developmental disorders. This list was extracted from the Development
Disorder Genotype-Phenotype database (DDG2P), which is a curated list of genes
compiled by clinicians as part of the of the Deciphering Developmental Disorders (DDD)
study. This DDG2P list is categorised into the level of certainty that the gene causes
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developmental disease (confirmed or probable), the consequence of a mutation (loss-of
function, activating, etc) and the allelic status associated with disease (monoallelic,
biallelic, etc), information which was taken into account in my analysis. The full
list of candidates, excluding the DDG2P genes which can be found at DECIPHER
(https://decipher.sanger.ac.uk/), is included in Appendix Tables A.5 and A.6.

To focus on alleles that are more likely to be impactful, I restricted the candidate-gene
analysis to the list of de novo and inherited variants that were LoF or missense predicted
to be damaging by both SIFT and Polyphen-2. This meant only around 28% of the
genes and just over 25% of their variants were considered here. Two biallelic variants
in two separate genes (HSPG2 and SLC26A7) were identified in two independent

families.

A biallelic variant (g.1:22178283 C>T) in HSPG2 was identified in a consanguineous
patient presenting with gland-in-situ CH and skeletal displasia. Both parents were
obligate carriers. HSPG?2 is a DDG2P gene that is responsible for skeletal displasia phe-
notypes such as the Schwartz-Jampel (OMIM: 255800) and the dyssegmental dysplasia
Silverman-Handmaker type syndromes (OMIM: 224410). The variant identified in the
patient, a substitution in the splice donor site of the 54" intron (out of 96) of HSPG2,
is consistent with the general mechanism of disease of HSPG2 defects, i.e. biallelic LoF
mutations. My MaxEntScan analysis predicted this mutation to be deleterious, as it
shifted the strength of the splice signal from the 60% down to the 9% percentile (WT
score: 9.22; mutant score: 1.22). Overall, this suggests this mutation is highly likely to
explain the skeletal phenotype of this case but since congenital hypothyroidism is not
a feature of HSPG2 defects, the CH phenotype of our patient is unlikely to be linked
to the HSPG2 defect identified herein. A closer look at the variants segregating with
disease in this trio, revealed a biallelic splice region variant in DUOXA 2, where both
parents were also carriers. Even though this variant affects the 3-8 bases of the intron,
and not the splice acceptor region, it is possible that it may be contributing to the CH
phenotype of the patient. Functional studies are ongoing to try and understand if this

is the case.

A biallelic stop mutation (R277X) disrupting SLC26A7 was observed in two consan-
guineous siblings (F16) suffering from gland-in-situ CH. For reference, no homozygous
LoF variants in SLC26A7 were observed in ExAC individuals. SLC26A7 encodes a
sulfate/anion transporter transmembrane protein thought to be mainly expressed in
the stomach and kidney [125, 388], and it belongs to the same family of SLC26A44, the

iodide transporter in the thyroid follicular cells. Both genes are multifunctional anion
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exchangers, sharing the same biological REACTOME pathways of transmembrane
transport of small molecules and transport of inorganic cations/anions and amino
acids/oligopeptides. Several lines of evidence support SLC26A7 as a strong candidate
for thyroid hormone defects. First, mouse Slc26a7 has been shown to be capable of
both chloride and iodide transport [247] and, in a recent study, Slc26a7 knockout
mice (N=7) exhibited hypothyroidism, with serum Ty levels reduced by 87% in males
(P<0.001) and by 47% in females (P=0.003) [58]. Further histological observations
showed hyperplastic (i.e. enlarged) thyrotrophs in male mice [58]. In addition, down
regulation of Slc26a7 was observed in another study that conducted microarray mea-
surement of thyroid RNA levels at embryonic day 18 in double Nkz2.1+ Paz8 null
mouse [16]. Finally, RNAseq of thyroid tissues (N=112) as part of the GTEx resource,
revealed a clear overexpression of SLC26A7 in the thyroid over kidney and stomach
tissues, suggesting this gene may indeed have a more prominent role in thyroid biology.
This latter finding is important because it results from a much more comprehensive
and robust assay than initial SLC26A7 expression studies [125, 388], as it assayed
more tissues and more samples, respectively. A collaborator of Dr Nadia Schoenmakers
subsequently screened other cases of CH with GIS in whom linkage had not identified
a likely known genetic cause, and found the same mutation in two different families,

involving two different haplotypes.
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Figure 3.14 SLC26A7 expression in GTEx tissues (www.gtexportal.org.)



110 Exome and targeted-sequencing of families with congenital hypothyroidism

3.6 Discussion

Even though CH is easily circumvented by hormonal therapy, such that patients are
able to have growth and mental development that is as close as possible to their genetic
potential, the etiology of CH remains a long lasting enigma in the pathophysiology of

human endocrine diseases [59].

To try and elucidate novel genetic mechanisms contributing to CH, my collaborators
and I conducted whole-exome and targeted-sequencing of 48 CH families for whom
no causative mutations in known genes have been identified to date. This study
was the first to employ next-generation sequencing technologies in a cohort of CH
families, and also the first one to comprehensively screen for the presence of likely
pathogenic variants in long-standing CH candidate genes. To narrow the search space
for causative variants, I developed and implemented several variant filtering pipelines
to identify rare inherited variation segregating with disease within CH families, as
well as protein-altering de novo and CNVs events. No gene carrying such types of
variation recurred significantly mutated across families, meaning this study was unable
to identify a novel CH-associated gene, which is unsurprising given the high phenotypic

variability and small sample size of our case cohort.

3.6.1 A putative causative gene for CH with gland-in-situ

The candidate-gene approach leveraging the data produced in this study, identified a
novel LoF mutation in SLC26A7. This gene represents a putative causative gene for
CH with gland-in-situ that is related to the classical SLC26A/ gene, leads to CH when
deleted in mice [58] and is overexpressed in thyroid tissue, as I demonstrated. The
same mutation was subsequently identified in two additional unrelated gland-in-situ
CH families external to this study, and no homozygous LoF alleles were found in
this gene in the ExAC dataset. The present hypothesis is that this anion transporter
contributes to iodide uptake in thyrocytes and that recessive mutations in the gene lead
to hypothyroidism in humans. Functional experiments are currently being performed
by Dr Nadia Schoenmakers and collaborators to understand the mechanism by which
these mutations contribute to disease. Specifically, they are investigating thyroid
follicular cell localisation of this molecule, together with in vitro assessment of iodide
transport in transfection studies, and detailed assessment of thyroid physiology in the

affected patients and in Slc26A7 knockout mice.
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3.6.2 De novo and CNVs in TD and syndromic CH

The mapping of de novo and CNVs events in this study was particularly relevant
for thyroid dysgenesis and syndromic CH phenotypes, as de novo and CNV variants
represent, prime candidates to explain the general lack of clear familial transmission that
is typical of TD phenotypes [97, 101, 114, 136, 541]. Most TD and syndromic families
(14/20) included in this study were non-familial, in agreement with what is generally
seen. Of those that were exome-sequenced (N=7), the read-depth analyses conducted
here suggested CNVs do not contribute to disease in those families, as all rare or novel
CNVs present in patients were also observed in unaffected relatives. Of those that were
trios, four harbored rare and predicted damaging functional de novo variants, but only
one family harbored a de novo event (in HNRNPD) that could potentially be relevant
to thyroid biology and the specific syndromic phenotype of the patient. The lack of
biological candidacy for most of the de novo variants identified here is not limited
to our study and, in fact, the clinical significance of most de novos detected in the
plethora of trio studies published so far remains unclear [210]. The lack of genes with
recurrent de novos in independent families is also unsurprising, given the small number
of trios available for study and the heterogeneity of phenotypes of those patients. As an
example, yet perhaps more extreme than the case of CH, given the (presumed) higher
locus heterogeneity and the different genetic architecture [258, 365], a total of 238 ASD
trios were needed to identify a recurrently mutated gene in two unrelated families [432].
Future studies aimed at elucidating whether de novo variation contributes to TD and

syndromic CH phenotypes will certainly need to recruit substantially larger cohorts.

3.6.3 Limitations

Sample size limitation is something that is not limited solely to the present study.
Recruitment of large patient cohorts of any rare human condition is especially chal-
lenging and several other Mendelian disease studies have reached the same conclu-
sion [160, 199]. To increase the sample size of the current study, additional 50 CH
patients have already been recruited by Dr Nadia Schoenmakers and are currently
undergoing exome-sequencing. While this number is still modest, it certainly represents
a step forward in the gene-mapping path of CH phenotypes, and repeating the analyses

presented here in the expanded patient collection may prove fruitful.

Apart from sample size, I have identified several other factors that may have hindered

the success of this project and that should be pondered over carefully when designing
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future genetic studies of CH. The main factor is perhaps the heterogeneity of the
phenotypes collected, as previously mentioned, which definitely influences the likelihood
of mutational recurrence in a given gene in unrelated families, since this is known to be
inversely correlated with genetic heterogeneity [210]. Approximately 30% of the families
included in this study displayed extrathyroidal features affecting an array of different
systems such as the brain, skeleton, kidneys, ears and lungs. Including syndromic
patients, in addition to isolated cases, in genetic studies of CH is advantageous because
the prior probability of detecting a genetic defect is higher. However, including such
patients can also compromise the ability to statistically implicate novel genes when
the total cohort size is small, as observed here. Further, it may also be difficult
to discern a priori whether the CH phenotype observed in syndromic-CH cases is
directly linked to the extrathyroidal phenotype of the patient, or whether it represents
a parallel and coincidental manifestation. This issue is well illustrated in my results,
with the identification of likely causative variants in well established disease genes
(NKX2.5 and HSPG2) that very likely explain the extra clinical phenotypes observed
in the patients (congenital heart disease and skeletal dysplasia, respectively) but that
are unlikely, on the other hand, to play any role in the aetiology of their thyroid
hormone deficiency, which remains unsolved. Similarly, evidence of "blended" and often
complicated phenotypes resulting from multiple-gene defects have been documented
in two recent clinical exome-sequencing studies: Yang et al [536] reported that, of
504 patients with a molecular diagnosis, 23 (4.6%) had a phenotype resulting from
two single-gene defects, and Retterer et al [417] identified 25 patients (out of 3,040
probands) that had two concurrent genetic diagnoses and three with three distinct

genetic diagnoses.

Finally, the diverse ethnicities of the cases meant the case-control analysis performed
here did not use appropriate control data. Sequencing of healthy population individuals
has been mainly conducted for European populations and appropriate control sequences
for other ethnicities are still lacking. Ultimately, this did not represent an issue for
this study because no gene was significantly enriched for variation more than expected
by chance. However, if the opposite had been the case, one would certainly need to
further interrogate control sequences matched on ancestry to ensure the finding was

not driven by population stratification.
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3.6.4 Future work

The genetic hypothesis explored in this study was that fully penetrant single-gene
defects cause CH. Future studies going forward should explore the role of more complex
genetic aetiologies. One possibility is a digenic mode of inheritance, where the variant
genotypes at two loci, each transmitted from different parents, affect two independent
genes that interact in a way to manifest the phenotype [434]. Such a model could account
for the apparent sporadic nature of TD and also explain the incomplete penetrance
and variable expressivity that is often observed in familial TD cases [92, 97, 412, 486].
The Paz8/Nkx2-1 murine model exemplifies the role of digenicity in thyroid dysgenesis,
since only mice doubly heterozygous for the two null alleles manifest a phenotype [16].
In humans, evidence of a digenic inheritance came from a single dysgenesis patient
who carried heterozygous mutations in NKX2.5 and PAX8 [201]. Tt is challenging to
investigate digenic causes of disease in an exome-wide manner, since it is not always
clear whether a given digenic observation represents a true digenic case or simply a
co-inheritance of two mutations by chance. Future investigations could, for example,
focus on recruiting large numbers of both affected and unaffected trio families, and then
look for rare coding variants in gene pairs that are transmitted to the affected offspring
more often than in the offspring of controls. However, assuming there are ~21,000
protein-coding genes in the exome, the search space for gene-pairs would be huge
(2.1x10® unique gene pairs) and, in addition, there would be scant biological evidence
to support the vast majority of potential interactions. A more fruitful alternative may
be to only consider genes that have proven protein-protein interactions [434]. This
would also facilitate the development and interpretation of downstream experimental

studies aiming to convincingly implicate a mutated gene-pair in disease.

In sufficiently large datasets, future studies will also be able to test formally for an
incomplete penetrance model using, for example, a modified version of a Transmission
Disequilibrium Test (TDT) [10]. TDT tests comprise a group of family-based association
tests to detect the distortion in transmission of alleles from a heterozygous healthy
parent to their affected offspring [458]. A simple modification to this test would accept
the collapsed counts, per gene, of transmitted and non-transmitted rare functional alleles
across cases and control trios. By using the transmission of silent alleles as internal
control, one would be able to detect whether there is significantly over-transmission of
rare protein-altering alleles to the affected offspring for a given gene. A similar approach

was used successfully in an autism study, where a significant maternal transmission bias
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of private truncating SNVs in conserved genes were observed in probands in comparison
to unaffected siblings [258].

In a more complicated scenario, the apparent sporadic nature of TD can result from a
two-hit model combining a germinal mutational hit (consistent with the rare occurrence
of familial cases [74]) and a somatic mutation in the thyroid tissue. A much less
common congenital endocrine disorder, focal hyperinsulinism, has been shown to result
from such a model: in the pancreatic lesions found in these patients, a paternally
inherited mutation in the SURI gene is found together with the loss of a maternal
11p15 allele (loss-of-heterozygosity, LH), a locus which contains many imprinted genes.
In this case, the LH event is a somatic event restricted to the pancreas, which explains
why focal congenital hyperinsulinism is a sporadic disease with a genetic aetiology. The
same model, affecting haploinsufficient genes specific for thyroidal morphogenesis, could
be involved in TD. To accelerate these discoveries, studies investing in the creation of
animal models with a thyroid-specific conditional inactivation of a given gene should

be initiated.

Finally, new mutations that contribute to thyroid dysgenesis should be sought in
introns and regulatory regions, such as the 3’ and 5> UTRs, where microRNAs bind, in
addition to the coding regions of genes. Nonclassical mechanisms of disease involving
epigenetic changes should also not be forgotten, as these could account for differences
in the phenotypic expression and incomplete penetrance of CH [97, 147, 445]. Epi-
genetic mechanisms, particularly DNA methylation, have been shown to contribute
to the development of several endocrine and metabolic diseases [163] including Beck-
with-Wiedemann syndrome [113], pseudohypoparathyroidism type IA [268]), as well
as thyroid cancers [254], suggesting it may indeed represent a potentially relevant

pathogenic mechanism involved in congenital hypothyroidism.



Chapter 4

The genetic architecture of
very-early-onset inflammatory

bowel disease

4.1 Introduction

4.1.1 What is inflammatory bowel disease?

Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and Ulcerative
colitis (UC), is a chronic inflammatory condition that affects the gastrointestinal tract
leading to epithelial injury. It is currently estimated to affect 2.2 million people in
Europe [17] and millions more worldwide (Figure 4.1) [331, 353].

CD and UC constitute debilitating conditions that can ultimately be fatal. They both
develop in the second or third decades of life and present with similar remission-relapse
cycles. Patients experience an array of symptoms including abdominal pain, cramping,
fever, vomiting, diarrhoea, rectal bleeding, anaemia, weight loss and fatigue [348]. No
cure is currently available and symptoms are usually managed via anti-inflammatory
steroids or immunosuppressants to reduce inflammation, dietary changes to minimize

environmental triggers and, in severe cases, surgery to remove damaged portions of the
bowel [73].
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Incidence figures
European rate

Gender

Geographical prevalence

Disease pattern
Location
Inflammation pattern
Histopathology
Penetrance
Appearance

Complications

Serological markers

/ Crohn’s disease (CD) \

322 per 100,000 persons
More common in woman
More prevalent in developed countries

Any part of the Gl tract
Patchy, discontinous inflammation

Transmural inflammation - all layers of the bowel wall
Thickened colon wall with granulomas

Abscess formation, fistula, strictures & colon cancer

Anti-Saccaromyces cervisiae antibodies

/ Ulcerative colitis (UC) \

505 per 100,00 persons
Equal rates in men and woman
More prevalent in still-developing countries

Limited to the colon
Continuous inflammation in the affected area

Superficial inflammation - mucosa and submucosa
Projecting masses of scar tissue - pseudopolyps

Severe bleeding, toxic megacolon, rupture of the bowel,
passage of mucus & colon cancer

Anti-neutrophil cytoplasmic antibodies

Schematic

Small intestine Large intestine

Pseudopolyp
] v '
\Slriclure & Fissures  Patchy inflammation/ \Superficia ulceration Continuous nflammanon/

Figure 4.1 Epidemiological and clinical features of the two inflammatory bowel disease
subtypes: Crohn’s disease and ulcerative colitis [109] [35]. GI: gastrointestinal tract.
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4.1.2 The genetics of IBD

IBD is a complex disease thought to arise from inappropriate activation of the intestinal
mucosal immune system in response to commensal bacteria in a genetically susceptible
host [232]. Large GWAS meta-analyses conducted by Jostins et al and Liu et al have
uncovered 231 genomic signals associated with IBD [290]; together, they explain 13.1%
and 8.2% of the variance in disease liability for CD and UC, respectively [290]. Such
studies have also demonstrated that the genetic risk for CD and UC substantially
overlap, with ~70% of the loci associated with both phenotypes [232, 290]. Similar to
other complex diseases, the majority of the associated variants are common frequency
alleles of modest effects (Figure 4.2), with an average increase in odds of developing
the disease (OR) of 1.12 [290]. Despite the diversity in their roles in the immune
system, many of the genes overlapping with the associated regions can be broadly
split into 11 categories under the umbrella of the innate or adaptive immune systems
(Table 4.1). Figure 4.3 illustrates the role of some of these categories and constituent

proteins within the intestinal immune system in health and disease.
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Figure 4.2 The genetic architecture of Crohn’s disease and ulcerative colitis. Known
CD/UC-associated variants are plotted according to their minor allele frequency and odds
ratio (OR) [290]. The OR of protective alleles were inverted for illustrative purposes. The
size of the circles represents the amount of variance in disease liability explained by that
variant.

The loci with the largest effects on CD, IBD and UC are NOD2, IL23R and the HLA,
respectively. The NOD2 signal was initially identified through linkage studies [218,
219, 359], and is driven by three low-frequency coding variants (R702W, G908R,
L1007fs) with allele frequencies of ~0.03, ~0.01 and ~0.02 in European individuals,
respectively [218, 359]. Homozygosity at any of these three alleles confers a 20-40-fold
increase in CD risk while heterozygosity is associated with a more modest rise in risk
(2-4 OR) [313], although still strikingly high for a complex disease association. NOD2
encodes a key intracellular pattern recognition receptor that ensures antimicrobial
activity at the surface of intestinal epithelial cells [3] (Figure 4.3). The IL23R locus
is protective for both CD and UC. It encodes a cytokine receptor embedded in the
cell membrane of activated T-cells, particularly Th17 cells (i.e. those that produce
interleukin-17), and is important for their proliferation and survival [392], both of
which are paramount for host defence at the mucosal surface (Figure 4.3). Finally, the
classical human leukocyte antigen (HLA), the strongest UC-specific signal, contains
genes that encode antigen-presenting proteins on the surface of the cell, and plays a

crucial role in the regulation of the adaptive immune system.
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Figure 4.3 A simplified overview of the intestinal immunity in health and disease.

The gastrointestinal tract has a large mucosal surface (300m2) where intestinal epithelial
cells, innate and adaptive immune cells interact to scrutinise foreign bodies transiting along
the tract. Barrier permeability permits microbial invasion, which is immediately detected
by the innate immune system. The result is either an active tolerogenic response, for
example, towards dietary and commensal antigens, or an immunoinflammatory response
against pathogens. Extracellular mediators such as cytokines and antimicrobial peptides
mediate these two responses and the appropriate balance between the anti-inflammatory
and pro-inflammatory signals maintains intestinal immune homeostasis. By sensing bacterial
peptidoglycans, NOD2 activates the NF-kB pathway, which in turn leads to the production
of cytokines and antimicrobial peptides that provide a barrier between microorganisms and
the epithelial layer. Interaction between ATG16L1 and NOD2 activates the autophagy
pathway in epithelial cells, which results in immediate pathogen clearance upon invasion.
Dendritic cells are active participants in maintaining immunologic tolerance within the
intestine, continuously sampling external and internal contents via podocytes extending
through the epithelium. After activation of NOD2 by bacterial products, PTGFER/ promotes
the release of 11.-23 cytokine from dendritic cells. This favours the development of Th17
cells (i.e. a subset of T-helper cells that produce IL17), which in turn secrete a series of
pro-inflammatory cytokines, including IL17 and IL-22, for which receptors are expressed
in the epithelium. IL-22 acts as an epithelial barrier protection factor, as it increases the
production of anti-microbial peptides by certain epithelial cell types. IBD-associated variants
perturb many aspects of intestinal homeostasis, shifting it to an inappropriate state of chronic
inflammation characterised by intolerance to microbiota. Several events contribute to this
IBD state including: disruption of the mucus layer, dysregulation of epithelial tight junctions,
epithelial cell apoptosis, increased epithelial permeability, bacteria translocation, impaired
sensing of pathogens by NODZ2, and increased and sustained production of chemokines and
cytokines.
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4.1.3 Paediatric-IBD

Although precise epidemiological data are still lacking, approximately 10-15% of
patients with IBD develop intestinal inflammation before 18 years of age [356], with this
proportion growing worldwide [420, 496]. Even though this earlier IBD phenotype may
apparently look similar in terms of symptoms and general treatment, it is becoming
clear that the pathology of IBD in certain age groups in children presents unique
challenges not encountered in adults. Children with a diagnosis of IBD before the age
of six exhibit a more severe phenotype and disease course when compared to adolescents
and adults [173, 181, 433]. On the other hand, most children diagnosed from seven
years onwards, present with a more ordinary disease course and pathology, similar
to that seen in adult-onset cases [202]. This increasing understanding of age-specific
characteristics has led to changes in the traditional classification of paediatric IBD
(the Montreal system), with a new classification system comprised of five major age
groups [496] (Table 4.2).

Group Age range
Paediatric-onset IBD <17 yrs

EO-IBD <10 yrs
VEO-IBD <Byrs
Infantile-onset IBD <2yrs
Neonatal-onset IBD < 38 days of age

Table 4.2 Subgroups of paediatric-IBD according to age. Table adapted from Uhlig et
al [496].

4.1.4 Very-early-onset IBD

Very-early onset IBD (VEO-IBD) represents a distinct group of children with a diagnosis
before the age of six years (Table 4.2). It has an estimated incidence of 4.37 per
100,000 children and a prevalence of 14 per 100,000 children [496]. In comparison to
later forms of intestinal inflammation, VEO-IBD presents with higher rates of affected
first-degree relatives [202], higher concordance in disease location [91], and a higher
male-to-female ratio [45, 181].

Three main features are thought to characterise VEO-IBD: first, approximately 1/5
of children with IBD younger than six years of age and 1/3 of children with IBD
younger than three years of age have an undetermined type of colitis (U-IBD) [399].
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In comparison, the rate of U-IBD is less than 5% in the adult IBD population [495].
This disparity reflects the difficulty in classifying VEO-IBD patients into discrete CD
or UC categories, and the lack of a refined phenotype to further subgroup individuals
within the VEO-IBD group.

Second, VEO-IBD phenotypes display a different anatomic distribution when compared
to adult IBD, exhibiting more extensive intestinal involvement [356]. The extent of
disease in VEO-CD is manifested by penetrating histologic abnormalities throughout
the GI tract, whereas in VEO-UC, it is reflected by a pancolitis (i.e. inflammation of
the entire colon) rate of 80-90%, compared to the 24% rate documented in adults [45].
This extreme manifestation in VEO-IBD is perhaps not surprising: the first years
of life are a critical and vulnerable period in the initiation of a normal host immune
response toward the external environment, with the mucosal immune system and the

intestinal flora still under development [356].

Lastly, VEO-CD patients have an unpredictable and a more complicated disease
path, quickly progressing to a severely structuring phenotype over time [181]. More
importantly, there is a high rate of resistance to conventional therapies including
second-line immunosuppressive drugs [500]. Because of this, therapeutic approaches
often need to be aggressive, encompassing multiple drugs, injection with monoclonal
antibodies against TNF-a (Infliximab) [68] and, in very extreme cases, allogeneic bone
marrow transplantation [495]. Ultimately, VEO-IBD results in an increased probability
of colectomy [495], severe growth impairment as a complication of the chronic colitis

and/or its treatment and, sometimes, death.

4.1.5 The genetics of VEO-IBD: the rare-variant hypothesis

The aetiology of paediatric forms of IBD, including VEO-IBD, has been less well
studied than its adult counterpart and the exact genetic determinants of VEO-IBD
remain largely unexplored. The relatively short exposure time to environmental triggers
in VEO-IBD and the higher familial clustering observed [202], suggests VEO-IBD
might represent a more genetically influenced group of affected individuals, with a
phenotype driven by rare penetrating variants of large effect — this has been the most
popular hypothesis in the field, with researchers often viewing it as a Mendelian form
of IBD. Indeed, children with premature onset of intestinal inflammation may not

only represent a distinct phenotype with an atypical presentation, but also a genetic
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architecture distinct from the general and polygenic IBD forms, and thus not amenable
to GWAS.

The suspicion of a monogenic cause underlying VEO-IBD was confirmed in 2009, via
linkage, with the discovery of fully penetrant mutations in the interleukin-10 (/L10)
receptors alpha (ILI10RA) and beta (IL10RB) [174, 255] in patients presenting with
VEO-IBD at an average age of 7.5 months. Subsequent candidate-gene studies identified
additional LoF mutations in IL10 receptors and in IL10 itself [39, 121, 255, 341], a
locus in which common variants have already demonstrated association with adult-IBD
(Table 4.1).

IL10 encodes a potent anti-inflammatory cytokine that counteracts hyperactive immune
responses in the human body [333]. Its anti-inflammatory effects are mediated via
binding to IL10 receptors, which then fuels a downstream signalling cascade to block
pro-inflammatory loci and cytokine production [340]. A clear disruption of this pathway
is evident in IL10 and IL10RA/B-mutant patients [174], and is consistent with the
well-known phenotype of 1110-deficient mice, which is marked by spontaneous colitis
with systemic outburst of cytokines [447]. Together, these studies confirmed that the
loss of IL10 and its negative-feedback signalling drive excessive inflammatory responses

forward, leading to gut mucosal injury [262].

Exome sequencing in VEO-IBD: XTAP, TTC7A, FOXP3 and other stories

There are a few success stories resulting from exome-sequencing of individual VEO-IBD
cases or a few affected families. However, next-generation sequencing has not yet been
extensively employed in the diagnosis of VEO-IBD, nor in research studies aiming at

identifying novel causative disease-genes.

Table 4.3 summarises the main findings of the first WES studies conducted in VEO-IBD
patients. Collectively, the identified mutations disrupted key genes (XIAP, TTC7A and
FOXP3) previously known to be associated with rare and severe monogenic disorders
of the immune system [24, 360, 525]. Functional studies of the mutant proteins and
assessment of the immunological profiles of the studied patients, suggested their early
gastrointestinal pathologies represented new manifestations of these immune-related
syndromes or milder forms of disease, marked by atypical-IBD phenotypes. This finding
is reminiscent of many other disease phenotypes that seemed novel at first, but that

were subsequently reassigned as atypical or unusually complex presentations of well
established Mendelian disorders [55, 77, 323].
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Gene Mutations identified Patients studied Gene function Known condition
XIAP Hemizygous missense Male child presenting with Activator of NOD2 and the X-linked lymphoproliferative
mutation: C203Y intractable IBD at 15 NF-kB pathway, with a critical ~ syndrome 2 (XLP2), a disorder of
months. role in the apoptosis of the immune system
defective intestinal epithelial characterised by
cell. Important for commensal  dysgammaglobulinemia and
tolerance. hemophagocytic
lymphohistiocytosis, usually
associated with an exaggerated
response to the Epstein-Barr
virus.
TIC7A  Compound Five patients from three Maintains lymphocyte Multiple intestinal atresia with
heterozygous or families presenting with homeostasis by regulating severe combined
homozygous mutations:  severe apoptotic cell adhesion, migration and immunodeficiency (SCID),
E71K + Q526X enterocolitis before 1 yr of proliferation. Important for the  characterised by increased
c.844-1 G>T +c. age. intestinal epithelial barrier. susceptibility to bacterial
1204-2 A>G; infections.
A832T
FOXP3  Hemizygous missense Multiplex family composed Master transcription factor of X-linked immune dysregulation,

mutation: C232G

of an affected mother and
three affected sons
presenting with atypical
chronic gastroenteritis
before 2 yrs of age.

CD4+ T cells, which promote
tolerance to the flora and
dietary products at the
intestinal mucosa.

polyendocrinopathy, enteropathy
syndrome (IPEX), characterised
by systemic autoimmunity
typically beginning in the first
year of life.

Table 4.3 Summary of mutations and disease-causative genes discovered in the first three
WES studies of VEO-IBD patients [24, 360, 525].

Exome sequencing in larger VEO-IBD cohorts was conducted in three recent studies,
all of which ended up focusing on a smaller number of genes, including known IBD
(N=169) [78], autoimmune (N=33) [20] or primary immunodeficiency (N=400) loci
[244]. The first two studies analysed eight and 18 paediatric-IBD patients, respectively,
with ages at diagnosis ranging from 2-16 years. These two reports did not convincingly
identify any gene enriched for mutations in patients in the analysed set of genes. The
third and largest study to date, performed by Kelsen et al [244], analysed exome data
from 125 VEO-IBD children diagnosed before four years of age. The authors limited
their analysis to rare variation (<0.1% AF) present in genes associated to primary
immunodeficiencies (PIDs) and related pathways (n=400) and their findings suggested

an over-representation of damaging variants in such genes in their cohort.

Monogenic disorders with IBD-like inflammation

Inspired by stories such as XIAP, TTC7A and FOXP3, there is now increasing awareness
that several monogenic disorders present with overlapping pathology with CD or UC

and, most frequently, their histological and endoscopic information does not allow a
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clear distinction to IBD [5]. These conditions have been termed to exhibit an ‘IBD-like
inflammation” with varying levels of penetrance of the IBD phenotype, which has
been estimated to range from 2 to 30% [495]. A total of 59 IBD-like conditions have
been identified and associated to IBD-like inflammation [495, 496], the majority of
which represent PIDs caused by familial defects in key components of the immune
system. Most of these abnormalities are recessively inherited (~72%) and can be
divided into distinct subtypes depending on the biological mechanisms by which they
affect intestinal immune homeostasis (Figure 4.4). Collectively, they disturb multiple

layers of immune competence that severely compromise intestinal immunity:.
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Figure 4.4 Monogenic defects (n=59) associated with VEO-IBD and IBD-like immunopathol-
ogy stratified by biological category [495, 496].

It has been suggested that the intestinal immune dysfunction seen in these 59 conditions
has similarities to those seen in VEO-IBD and that rare, penetrating defects within
any of these loci may underlie the many VEO-IBD cases that still await a genetic

diagnosis [495]. Following this hypothesis, recent guidelines on the diagnostic approach
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to VEO-IBD recommended excluding other possible causes of early-onset inflammation,
such as these immune function defects [496], which would also allow for more targeted
treatment strategies. Given that adult-IBD associated loci are enriched 4.9-fold for
PID genes [232], the importance of these 59 loci may not be limited to the VEO-
IBD phenotype, but may extend to the biology of IBD in general, albeit with a
different magnitude of effect. Moreover, a substantial proportion of proteins encoded
by the genes mutated in these disorders directly, or indirectly, interact with loci that
confer susceptibility to IBD, suggesting common signalling pathways predisposing to
colitis [495]. Examples include XIAP and IKBKG, which interact with IBD-loci such
as RIPK2 and NOD2 [256], as well as CYBA and CYBB that interact with RELA
and NFBK1 [196].

Despite this growing appreciation of the possible defects underlying VEO-IBD, known
mutations still account for only a small fraction of VEO-IBD cases [496], and the
true fraction of VEO-IBD incidences caused by this type of variation is unknown.
Many studies that linked molecular defects in IBD-like genes to VEO-IBD phenotypes
may have had a strong selection bias towards an expected clinical and molecular
subphenotype, and may have therefore overestimated the frequency of specific defects
as a cause of VEO-IBD. Large-scale analysis of multi-centre, population-based cohorts
is thus warranted to determine the true proportion of VEO-IBD caused by defects in
IBD-like genes or other loci, and to estimate their penetrance.

4.1.6 Another hypothesis for the aetiology of VEO-IBD

In addition to rare-variant studies, several analyses have been conducted to understand
whether common genetic variation plays a role in paediatric manifestations of IBD.
This started with studies [129, 164, 387] focusing on individual genes that had already
been implicated in adult-IBD via GWAS (NOD2, IL23R, ATG16L1, IRGM, NKX2-
3, PTPN2) [192, 374, 528] and exploring their specific effects in paediatric-IBD (at
the time defined as <19 yrs of age). These early studies suggested similar genetic
determinants acting in a polygenic fashion, with similar effect sizes and direction of

effects, in both adult and juvenile phenotypes.

Two subsequent GWAS, focusing solely on children with a mean age of 12 years but less
than 18 years, confirmed the association of NOD2 and IL23R and identified children-
specific loci overlapping with TNFRSF6B, PSMG1 and IL27 [222, 261]. However, all
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of these associations have been subsequently replicated in a larger meta-analysis of

adult IBD cohorts [153], leaving no paediatric-specific loci behind.

Rare penetrating variants of large effects have been hypothesised to be the most likely
genetic contributors to VEO-IBD phenotypes and, as I outlined above, convincing
causative defects have indeed been identified in some cases. VEO-IBD patients, however,
have been relatively uncommon in paediatric GWAS studies and no single well-powered
GWAS has been conducted for this specific age group. As such, common polymorphisms
influencing susceptibility to VEO-IBD have not yet been comprehensively investigated,
meaning the existence and extent of a contribution of common variants to VEO-
IBD aetiology is unknown. Results from paediatric GWAS studies suggest polygenic
variation may play a role in the genetic architecture of disease, as alluded to above.
Perhaps more likely, VEO-IBD children might harbour a higher load of common
alleles predisposing to adult-IBD, yet this possibility has not yet been explored in IBD
patients in such a young age group. A weak but statistically significant (e.g. P <0.03,
R?=0.00741) relationship between a polygenic risk score (derived from either 30 of the
32 CD loci [33] or 158 of the 163 IBD loci at the time [232]) and age of onset in CD
has been documented in two paediatric-IBD cohorts (mean age: 12 yrs, maximum age:
17 or 19 yrs) [102, 129], which makes the polygenic burden hypothesis for VEO-IBD a

timely investigation.

4.2 Aims

The research presented here describes a set of exome and genotyping-based analyses
conducted in a multi-centre cohort of 146 VEO-IBD children. The overall aims of this
project were fourfold. The first aim was to investigate whether pathogenic variants in
known IBD-like inflammatory genes account for disease in this cohort. The second aim
was to identify novel VEO-IBD causing genes. The third aim was to determine whether
there is a significant enrichment of rare variants in biologically relevant genesets or
pathways in VEO-IBD patients compared to controls. Finally, the last aim was to
evaluate the role of common CD and UC-susceptibility alleles in the pathogenesis
of VEO-IBD. Specifically, by generating polygenic risk scores based on the effects
estimated from adult-IBD GWAS, I wanted to investigate whether VEO-IBD children
harbor a higher load of such alleles when compared to a large collection of adult-IBD

and healthy individuals.
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4.3 Colleagues

All the work presented in this chapter is my own work, unless otherwise stated. This
research was carried out under the supervision and guidance of Dr Carl Anderson at
the Wellcome Trust Sanger Institute (WTSI). This work was done in close collaboration
with other colleagues at the University of Oxford, namely Professor Holm Uhlig and
Dr Tobias Schwerd.

4.4 Methods

4.4.1 Patients

All investigations conducted in this work were part of an ethically approved protocol
and were undertaken with the consent from patients and/or next of kin. A total of
146 patients were enrolled in this study. These patients were recruited by Professor
Holm Uhlig as part of the COLORS study (COLitis of early Onset - Rare diseaseS
withIN IBD). Samples were referred from participating centres in the UK (Cambridge,
Liverpool, Great Ormond Street Hospital, Oxford and Edinburgh), Switzerland, Poland
and Germany. The average age of onset of the affected children was 3.5 years (£ 1.8)
and ranged from 4 weeks to 7 years. Detailed demographics and immunophenotype
characteristics of the VEO-IBD cohort are provided in Appendix Table A.7.

Briefly, 46% of patients were characterised as CD-like, 35% as UC-like and the remaining
as U-IBD. 64% of CD-like patients had ileocolonic disease (i.e. involvement of both the
terminal ileum and colon) and 84% of UC-like and U-IBD patients had pancolitis. 35%
of all patients have been treated with anti-TNF-a therapy, and at least ~71% with
immunomodulators. 16% of patients had undergone colectomy. There was a positive
family history for IBD in at least one first-degree relative in ~21% (29/137) of the
children. Finally, there were no identified genetic defects in any individual prior to

enrollment in this study.
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4.4.2 Controls

A total of 4,436 healthy individuals sequenced as part of the INTERVAL study
(www.intervalstudy.org.uk/) were used here as controls, as they were sequenced in
parallel to the VEO-IBD patients at the WTSI, using the same sequencing machines,

chemistry and pull-down assays.

4.4.3 Exome sequencing and variant calling

Whole-exome sequencing of both cases and controls was performed and processed at
the WTSI by the Sanger Institute Core Sequencing pipeline. Genomic DNA (1-3pg)
extracted from blood was sheared to 100-400bp using a Covaris E210 or LE220 (Covaris,
Woburn, Massachusetts, USA). Sheared DNA was subjected to Illumina paired-end
DNA library preparation and enriched for targeted sequencing (Agilent Technologies,
Santa Clara, CA, USA; Human All Exon 50 Mb — ELID S04380110) according to
the manufacturer’s recommendations (Agilent Technologies, Santa Clara, CA, USA;
SureSelectXT Automated Target Enrichment for Illumina Paired-End Multiplexed
Sequencing). Enriched libraries were sequenced (eight samples over two lanes) using
the HiSeq 2000 platform (Illumina) as paired-end 75 base reads according to the
manufacture’s protocol. The Burrows-Wheeler Aligner [280] was used for alignment
to the human reference genome build UCSC hgl19/Grch37. Variants were first called
at the single sample level using GATK Haplotype Caller (version 3.4) [116] and then
joint-called across all cases and controls using GATK CombineVCFs and GenotypeVCFs
at default settings. These steps were performed by the Human Genetics Informatics
team at the WTSI.

4.4.4 Data quality control

Before embarking on downstream genetic analyses, I conducted a series of QC assess-
ments on BAM and VCF files to ensure the sequencing data were of high quality at

both the individual and variant levels.

Individual-level QC

1. Detection of cross-sample contamination: Cross-sample contamination due

to technical issues during sample management, library-preparation and/or se-
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quencing can reduce the accuracy of variant calls [233]. This can result in a
higher number of variants being called, poor genotype estimates and inflated
heterozygosity levels, leading to unexpected levels of relatedness between samples
and, more importantly, downstream false positive signals. To investigate whether
sequencing data showed evidence of contamination with another sample(s), I
calculated the FREEMIX value using VeriftyBAMID (version 1.1.0) [233]. This
value is an estimation of the proportion of non-reference bases at reference sites,
and thus gives an indication of the level of contamination of a given sample. To
gain further evidence of contamination, I made use of additional metrics which I
calculated from the data myself. One of such metrics quantified the fraction of
heterozygous sites for which the ratio of reference to alternative reads was shifted
away from the expected 50%, with the thought being that an unbalanced propor-
tion of reads would likely indicate sites affected by contamination. Similar to
Walter et al [507], an heterozygous site was termed to have an extreme frequency
of alternative reads if their frequency were greater than 0.8 or lower than 0.15. 1
also calculated the global ratio of heterozygous to alternative-homozygous alleles
(Het/Alt ratio), as well as the estimated number of relationships greater than
third-degree relatives between samples. The latter is useful because contaminated
samples will display a pattern of low-level relatedness to many people. To calcu-
late the relationship between samples, I used PLINK2 [406], which estimates, in
a pair-wise manner, the genome-wide proportion of alleles identical-by-descent
(IBD) between samples, i.e. the IBD-sharing coefficient or IBD Pihat. Because
parents and children obligatory share 0.5 of their genome in IBD [18], and because
for each degree of pedigree relationship the expected IBD sharing decreases by
a factor of 0.5, third degree-cousins were defined as samples with a IBD Pihat
greater than 0.125 [227].

This investigation flagged 113 control samples that appeared to be contaminated
(Figure 4.5) due to a higher FREEMIX fraction than the recommended value
of 0.03 [233]. Most of these samples also represented outliers for the empirically
derived fraction of skewed heterozygous sites (>0.035), exhibited Het/Alt ratios
greater than 3 standard deviations (SD) from the mean, and appeared to have
a much higher number of estimated relationships at IBD >0.125 for supposed
unrelated individuals (Figure 4.5), all of which combined, supported the exclusion

of these samples.

2. Inferring ethnicity: I evaluated the ethnicity of case and control exomes via a

principal component analysis (PCA) using 1KG phase 3 individuals and following
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Figure 4.5 Contamination metrics. A) Fraction of heterozygous sites with extreme frequency
of alternative reads vs. the freemix fraction. A heterozygous (HET) site was termed to have
an extreme frequency of alternative (ALT') reads if the frequency of ALT reads were greater
than 0.8 or lower than 0.15. Vertical dashed red line marks the empirically-derived threshold
of 0.035 for the fraction of heterozygous sites with extreme frequency of alternative reads.
The horizontal dashed red line marks the recommended threshold of 0.03 for freemix [233]. B)
Fraction of heterozygous sites with extreme frequency of alternative reads vs. the estimated
number of relationships at IBD >0.1 (equivalent to third-degree relatives). Vertical dashed
red line marks the empirically-derived threshold of 0.035 for the fraction of heterozygous
sites with extreme frequency of alternative reads. The freemix value is an estimation of the
proportion of non-reference bases at reference sites.
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the same methodology outlined in the previous chapter. A total of 12,954 SNVs
were used to construct the PCA.

This analysis identified a well defined cluster of samples (104 cases and 4,073
controls) that overlapped with the 1KG European populations and another
smaller cluster of individuals of South Asian ancestry (21 cases and 68 controls).
The remaining samples, most of which were cases, were of African, East Asian or
mixed ancestries (Figure 4.6). This PCA analysis was intended to identify case
and control groups, matched on ethnicity, that could be used in downstream case-
control enrichment analyses (explained below). Thus, apart from the screening
of IBD-like inflammatory genes outlined in section 4.4.6, which was performed
for all VEO-IBD individuals regardless of ethnicity, all case-control analyses
were restricted to only the European case-control group, or were performed
within each of the two case-control groups (European and South Asian) and then
meta-analysed.
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Figure 4.6 Principal component analysis (PCA) of VEO-IBD cases and INTERVAL controls
with 1KG Phase 3 reference populations.

3. Identification of outlying samples: This analysis aimed at identifying poorly
performing samples for mean genotype quality (GQ), mean depth (DP) and

genotype missingness rate, i.e. the proportion of non-called genotypes per sample.
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As thresholds, I required a minimum mean GQ of 85.4, representing 3SD from the
mean, a minimum DP of 40x (Figure 4.7), and a maximum genotype missingness
rate of 0.002. The two latter thresholds were empirically derived by looking at
the distribution of the data.

A total of 291 controls were outliers for at least one of these metrics, and one case
had a considerably high rate (~0.07) of non-called genotypes (data not shown).
All of these samples were removed from the dataset. Importantly, this analysis
also revealed cases and controls were sequenced at mean depths of 69x and 53x,
respectively, which represented a significant difference (P-value<2.2x1071%) that
needed to be corrected, if possible, with further variant-QC (explained below),

or accounted for in downstream analyses.
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Figure 4.7 Mean genotype quality (GQ) and mean depth (DP) per sample. Grey dashed
lines represent the applied thresholds of GQ=85.4 and DP=40. The GQ threshold represented
3SD from the mean and the DP threshold was empirically derived.

Finally, T also ensured samples were consistent at various population genetics
metrics such as the Ts/Tv and Het/Alt ratios, which were within the expected
values for exome datasets [71, 116, 187] (data not shown). As expected, non-EU
samples revealed a higher number of variants called throughout the frequency
spectrum. However I noted that a small number (~4%) of EU individuals,
comprised of both cases and controls, harbored a greater than average rate of

singletons variants (Figure 4.8), which could potentially represent sequencing






Chapter 5

A meta-analysis to map loci
associated with age at IBD

diagnosis

5.1 Introduction

As described in the previous chapter, large GWAS meta-analyses have uncovered a
total of 231 genomic signals associated with the risk of IBD, and this has substantially
advanced our understanding of the processes implicated in disease development. How-
ever, disease risk is only one aspect of disease biology, and the extent to which these
(or novel) association signals also influence other aspects of disease, such as disease
severity, disease location, response to treatments, or age at disease onset, is still poorly
understood. The identification of genes modulating these aspects of disease can be of
great importance from a clinical standpoint [275], as it may ultimately have important

implications for drug development, diagnosis testing and risk stratification.

5.1.1 The role of genetic variation in the age at IBD diagnosis

Contrary to other examples of complex diseases, such as Alzheimer disease and Parkin-
son disease [235, 284], the estimated heritability of age of onset of IBD has not yet been
quantified. However, family studies have shown that age at disease diagnosis (ADD),
an imperfect proxy for age at onset, is highly concordant (r = 0.69, P = 0.0001) within
families [190, 380], suggesting genetic modifiers for IBD age at onset may indeed exist.
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The first study aimed at identifying polymorphisms associated with age at diagnosis
of CD and UC outside individual genes such as NOD2, focused on 332 known IBD-
associated SNPs and 329 CD and 294 UC patients, respectively [93]. Using the age at
diagnosis as a continuous trait, and by comparing the mean age between genotypes,
the authors identified rs2076756 in NOD2 to be associated with a younger age of
onset for CD (P = 0.0002): patients with the AA wild-type genotype were diagnosed
at 31.9+1.23 years, AG heterozygotes at 25.6+ 0.99 years and GG homozygotes at
22.6+1.32 years. In addition, depending on the age subgroups further compared, SNPs
in POUSF1, TNFSF15 and HLA-DRB1*501 were found to be associated with age of
Crohn’s disease diagnosis, and a variant in LAMBI with the age of UC diagnosis.

A much larger study conducted by Cleynen et al last year [87], made use of 16,902 CD
and 12,597 UC patients genotyped on the Immunochip, a dense custom-design array of
195,806 polymorphisms located in 186 regions with known association with one or more
of 12 immune-related diseases, including CD and UC [288, 375]. Apart from NODZ2,
none of the signals identified in the previous study replicated in this analysis, despite
all being typed on the Immunochip. As new findings however, two loci (rs3197999 in
MST1 and rs2066847 in NODZ2) achieved genome-wide significance for the association
with age at CD diagnosis, and one SNP (rs3129891) in the major histocompatibility
complex (MHC) was found to be associated at genome-wide significance with age at
UC diagnosis. Together, these findings confirmed that the general timing of CD and

UC onset itself is influenced by genetic variation.

5.2 Aims

The aim of the research presented in this chapter was to build on previous findings
of other colleagues, who identified variation in known or immune-related regions to
be associated with age at IBD diagnosis, and conduct the first association analysis to
date that interrogates the entire genome of ~5,400 CD and ~4,400 UC individuals to

identify genetic modifiers of age at disease diagnosis.
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5.3 Methods

5.3.1 Association analyses

The association analysis for age at disease diagnosis was conducted using the UKIBDGC
CD and UC cases for which information on age at disease diagnosis was available
(5,403 CD and 4,490 UC individuals). As mentioned in the previous chapter, these
samples originally came from three independent GWAS studies (GWAS1, GWAS2
or GWAS3) genotyped on different platforms or from a low-coverage whole-genome
sequencing study (IBDSeq, Table 5.1). To leverage the whole-genome sequencing data,
and thus survey lower frequency variants (1% < MAF < 5%) not well represented in the
GWAS arrays, the reference panel containing haplotypes drawn from the low-coverage
whole-genome IBD samples (N=4,445), as well as the UK10K (N=3,652) and 1000
Genomes (1KG) Phase 3 control sequences (N=2,505) were imputed into the GWAS
cohorts [110, 295].

Studies CD samples UC samples
GWASH1 1,116 .
GWAS2 : 1,060
GWA3_CD 2,683 .
GWAS3_UC : 2,165
IBDSeq_CD 1,604 .
IBDSeq_UC . 1,265

Table 5.1 UKIBDGC sample breakdown per contributing study. The studies that contributed
samples to the UKIBDGC dataset are given. Total of 5,403 CD and 4,490 UC samples.

To test for association between age at disease diagnosis and genetic variation, I carried
out separate linear regression analyses within each of the three studies of each trait (CD
and UC, Table 5.1). I tested all the variants that passed all UKIBDGC quality control
procedures [110, 295] after excluding sites with MAF <1% (in UKIBDGC control
samples only) and INFO <0.4, as recommended by Marchini et al [309]. The MAF
threshold of 1% was chosen because the power to detect single-variant associations below
this frequency is very low at current sample sizes [295] and because false-positives
will be increased below this frequency threshold as imputation does not work as
effectively at rare variant sites [309]. The INFO threshold of 0.4, as routinely used
in GWAS [286, 309, 507, 539, 540], was chosen to minimise false positive associations
arising from high genotype uncertainty post-imputation. Table 5.2 lists the total

number of variants tested in each study dataset.
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Studies CD SNPs UC SNPs
GWAS1 8,123,580 .
GWAS2 . 8,113,309
GWA3_CD 8,141,056 .
GWAS3_UC . 8,140,904
IBDSeq_CD 7,991,854 .
IBDSeg UC . 7,955.914

Table 5.2 Number of high-quality SNPs tested in each UKIBDGC study. The studies that
contributed samples to the UKIBDGC dataset are listed, along with the number of SNPs
tested in each association analysis for age at CD or UC diagnosis. High-quality SNPs were
defined as those that passed all UKIBDGC QC procedures, and had MAF >1% and INFO
>0.4. For details of QC procedures see De Lange et al [110] and Luo et al [295].

Because all the UKIBDGC samples were imputed, the probabilistic nature of the
genotypes meant the association testing needed to take the uncertainty of the imputed
genotypes into account. To do so, I used the regression framework implemented in
SNPTEST v2 [309]. This model uses well-established statistical theory for missing
data problems, in which an observed data likelihood is used where the contribution of
each possible genotype is weighted by its imputation probability. The test was run
assuming an additive genetic model [85], where the effect is increased by p-fold for
genotype Aa (or 1) and by 23-fold for genotype AA (or 2), and contained the first 10
principal components for ancestry to adjust for potential population structure (PCs
were calculated and provided by Katie De Lange):

E(Y)=p+BegxGi+nzi+e (5.1)

where E(Y;) denotes the phenotypic value for each individual, u denotes the baseline
effect for the non-effect genotype, B¢, denotes the estimated effect due to each copy of
the effect allele, G; denotes the observed genotype for each individual (coded as 0, 1 or
2, according to the number of copies of the effect allele), z is a matrix of covariates

and ¢ is a residual error.

When performing a regression on a continuous rather than in a binary phenotype
(i.e. case-control), the quantitative phenotype is generally either standardized or
quantile normalyzed to fit a normal distribution [37, 507]. T decided to use the quantile
normalization available in SNPTEST v2 in this case, because it was the transformation
previously used in the Immunochip study reported by Cleynen et al [87], and because

I wanted to compare the effect size estimates between the two studies.
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5.3.2 Meta-analysis within CD and UC studies

After performing association analysis for each SNP in each study individually, I
conducted a meta-analysis to obtain pooled estimates of the effect of each SNP on the
age at disease diagnosis across all studies of each trait (CD and UC). I used the fixed-
effects methodology implemented in METAL [520], in which the study-specific effect
estimates and standard errors derived from the regression analysis of each cohort are
combined in an inverse variance-weighted fixed effects meta-analysis, the most powerful
and commonly used method for discovering phenotype-associated SNPs [130, 390].
METAL assumes a given allele exerts similar effects across datasets, and calculates the

combined allelic effect (B) across all studies at each marker as:

k
2 w;Bi

B="*= (5.2)

> Wi

=1

%

where £ is the number of studies, f; is the effect size from study 7 and w; represents

the inverse of the variance of the estimated allelic effect, which is given by SE(f;)%.

A fundamental principle of meta-analysis is that all studies tested the same hypothesis
using near-identical procedures for QC, covariate adjustment and statistical test, for

example, all of which were the case here.

5.3.3 Meta-analysis for IBD

The analysis for age-at-disease diagnosis for IBD was conducted by meta-analysing
summary statistics from the CD and UC meta-analysis, similar to Cleynen et al [87].
This approach is also generally followed because CD and UC have slightly different age
distributions (mean CD age: 27 yrs; mean UC age: 36 yrs, Figure 5.1), which would

look bimodal if the samples were combined.
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Figure 5.1 Distribution of age at disease diagnosis across the different studies. Prior to
association testing, the quantile normalization was performed so that the age distributions
within the CD and UC studies were forced to have the same statistical properties (mean and
standard deviation), a procedure that is normally conducted when different studies are to be
meta-analysed.

5.3.4 Post meta-analysis quality control

To control for between-study /traits heterogeneity in effect sizes, I excluded SNPs for
which the I metric was greater than 90%, similarly to what others have done [290].
Briefly, the I” measures the degree of inconsistency in the studies’ results, and describes
the percentage of total variation across the studies that is due to heterogeneity rather
than chance [130, 205]. As additional filtering post-meta-analysis, I excluded SNPs
that: 1) were present solely in one study/trait out of all that were meta-analysed, 2)
the meta-analysis P-value (Pygra) was greater than the individual studies’ P-values
and 3) the INFOs of the studies driving the signal (at o« = 0.05) were <0.6.

5.3.5 Power to detect previous Immunochip signals

Finally, I conducted an analysis to determine the statistical power of my study to
detect, at genome-wide significance, the previous genome-wide signals associated with
either the age at CD or UC diagnosis reported in the Immunochip study of Cleynen et
al [87]. Because power is determined by both the frequency and the effect size of the

risk allele [22], T calculated the power for each variant separately using the method
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derived by Sham and Purcell [443], which assumes the non-centrality parameter (NCP)

of the chi-squared distribution for a single SNP under the additive genetic model is:

NCP = N * h? (5.3)

where N is the total number of studied individuals and A? is the fraction of phenotypic

variance explained by the marker, which I calculated as follows:

12 = 2p(1 — p)5? (5.4)

where p is the frequency of the effect allele assuming Hardy-Weinberg equilibrium and

G is its additive effect, defined as the regression coefficient of the linear model [545].

5.4 Results

Association of variants with age at disease diagnosis of CD and UC was tested using
linear regression of the quantitative phenotype (Figure 5.1), in a total of 5,403 and
4,490 UKIBDGC cases, respectively, each split across three different studies.

Figure 5.2 shows the QQ plot for comparison of the observed and expected P-values
distributions for the average of 9 million variants with MAF > 0.5% that were tested
in each of the six studies. All QQ plots demonstrate evidence of genetic associations
at the tail of the distribution. Importantly, the QQ plots demonstrate no evidence of
population stratification, as none exhibit a global excess of higher observed p-values
than expected throughout the distribution, and as measured by the inflation factor (A
~ 1 in all studies). The X value represents the degree of deviation from the expected
distribution and was calculated as the ratio of the median association test statistic
over the theoretical median test statistic of the x? distribution (0.675%).

The QQ plots resulting from the meta-analyses combining the effect sizes across the
studies within each disease entity (CD, UC and IBD) are illustrated in Figure 5.3.
No genome-wide significant signals remained after the QC procedure applied post
meta-analysis (Figure 5.3), however, a total of four signals showed suggestive levels of
association (Pygra-value < 5x1077) with either CD, UC or IBD (Table 5.3). All of
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these signals were driven by common variants with MAF >1% and were present in all
meta-analysed studies, therefore being supported by different genotyping platforms.
Moreover, all signals also showed consistency in direction and magnitude of effects
across all studies within each trait. I will describe these four associations in greater
detail below, however these findings should not be taken as definitive, as additional
validation in independent and larger studies will be necessary. Approximately 73% of
the associations with borderline significance are successfully replicated when additional
data are acquired [370], therefore some of the signals I report here likely contain true

associations that may be replicated in future analyses.

META

Disease Signal Locus REF/EA Direction B (SE) _ P-value R INFOs EAF* rsID Genes in region
2:28606778 C/T -0.10  1.89x107 0.450 rs2879179 FOSL2 (intron), BRE,
47.8 0.96; 0.96; 0.99
(0.01) ' ' PLB1, PPP1CB (+8)
. — - -7
2:28608504 c/T (8&10) 1.95x10 55.0 0.96:0.96:0.99 0.448 rs4666067
CD 1 :
. —_— | -7
2:28612213 G/C ((())(5)19) 4.16x10 5.4 0.96: 0.97: 0.99 0.493 rs1509396
. — | -7
2:28623047 T/C (5)(5)19) 3.21x10 30.4 0.96: 0.99; 0.99 0.476 rs4617998
KIF268B (intronic),
2 1:245581534 C/T +++ (8'88) 3.60x107 47.4 0.97; 0.97; 0.99 0.501 rs1148919 SMYDS, EFCAB2
’ (+1)

3 22:40382249 T/C +++ 0.12  2.23x107 0 0.90: 0.91: 0.98 0.295 rs2958654 FAMS83F, GRAP2,
uc (0.02) e ENTHD1, TNRC6B
22:40389007 T/G +++ 0.12  2.24x107 0 0.89: 0.92: 0.99 0.285 rs2958658  (+9)

(0.02) T e
22:40390238 G/A +++ 0.12  2.82x107 0 0.89: 0.92: 0.99 0.295 rs28607928
(0.02) T
4 20:29904377 G/A ++ 0.11 1.02x10°7 0 0.77;0.79; 0.91 0.165 rs6141273 DEFB115, DEFB119,
IBD (0.02) 0.84; 0.82; 0.85 DEFB116 (+17)

Table 5.3 Genetic loci associated at suggestive significance (Pygra-value < 5X10‘7) with
age at CD, UC or IBD diagnosis. REF: reference allele; EA: effect allele; Direction denotes
either the positive (4) or negative (-) effect of the effect allele on the phenotype and it
includes the direction of the effect in the three independent studies (ordered by GWASI,
GWAS3, IBDSeq for CD and GWAS2, GWAS3 and IBDSeq for UC) or, in the case of IBD,
in the two traits (CD and UC); SE: standard error around the beta estimate; EAF: effect
allele frequency calculated from the largest control group (GWAS3, N=9,454 individuals). I*
measures the degree of inconsistency in the studies’ results. INFOs correspond to the INFO of
the individual studies that were meta-analysed (studies ordered similarly as above for CD and
UC; for IBD I give the INFOs of all CD and UC studies). Location given by Ensembl VEP
v75. Table is sorted by genomic location within each disease entity. All variants represent
common variants and all show consistent direction of effects across studies/traits.
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Figure 5.2 Quantile-quantile plots of the individual CD and UC association studies. The red
line shows the distribution under the null hypothesis, where the observed p-values correspond
exactly to the expected p-values. The inflation at the end of the tail reveals there is evidence
of genetic associations. There is no evidence of inflation caused by population stratification,
as all lambda values () are close to 1 in all studies. Variants included in the association
tests and the QQ plots are those that passed all UKIBDGC QC procedures (see [110, 295]),
and had MAF >0.5% (derived from controls of each study) and INFO >0.4.
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Figure 5.3 Quantile-quantile plots of the meta-analysis results for CD, UC and IBD. The red
line shows the distribution under the null hypothesis, where the observed p-values correspond
exactly to the expected p-values. The inflation at the end of the tail reveals there is evidence
of genetic associations. There is no evidence of inflation caused by population stratification,
as all lambda values (\) are close to 1 in all studies. Variants included in QQ plots are those
that passed all UKIBDGC QC procedures (see [110, 295]), had MAF >0.5% (derived from
controls of each study), imputation INFO >0.4 and displayed between-study heterogeneity
in effect sizes (I?) below 90%. Note in the top panel, the significance of each marker is not
necessarily supported by all the meta-analysed datasets, i.e. the p-value might be driven by
a single dataset. Bottom panel illustrates the markers that are present, post meta-analysis
QC, in two of the three meta-analysed studies (in the case of CD and UC) and by both traits
(CD and UC) in IBD. There is no evidence of genome-wide significant signals.
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5.4.1 Suggestive association for the age at CD diagnosis

Three common frequency (EAF=45%) intronic variants in FOSL2 were associated at
suggestive levels of significance with age at CD diagnosis. The lead SNP driving this
signal (rs2879179, Pyera cp = 1.89x10°7, Table 5.3) was associated with a decrease in
the age at CD diagnosis with a per-allele effect beta of -0.10 (SE=0.01). The regional
plot for this signal (Figure 5.4), including all the SNPs within 500kb on either side
of this variant, revealed multiple SNPs with varying degrees of association due to
local LD patterns, which decrease the chance that genotyping artifacts are driving
this suggestive association. In addition, the genotyping clusters for this SNP in all
UKIBDGC individuals were well defined (Figure 5.5), which again argues against
poor genotyping at this SNP.

Interestingly, the FOSL2 locus has been previously reported by Jostins et al [232]
and Liu et al [290] to be associated with the risk of IBD via rs925255, a SNP in high
LD (r* = 0.71) with rs2879179. Both studies reported P-values of 2.67x10'°, and
1.07x107% for rs925255, respectively, and ORs of 1.09 (CI: 1.09 - 1.16) and 1.11 (CIL:
1.09 - 1.12). The current UKIBDGC-GWAS analysis [110] replicated that signal and
identified another lead SNP (rs11677002) in perfect LD (% = 1) with that of Jostins
and Liu for that IBD-risk association (Figure 5.4), which is actually stronger in CD
(B=-0.14, SE=0.02) than in UC (=-0.07, SE=0.02). More interestingly, this latter
study also showed that rs2879179, here associated with the age at CD diagnosis, is
also associated with the risk of developing IBD (P = 2.8x107?), again with a stronger
effect on CD (P = 2.2x107*?, Figure 5.4). This cross-phenotype association at the
same locus is intriguing and is reminiscent of what is known for NODZ2, which has the
largest effect in susceptibility for CD while also being associated with an earlier age of
CD onset (rs2066847, p.L1007fsX, = -0.17, P = 2.04x107%) [87].

To contrast my FOSL2 finding with the previous Immunochip ADD analysis, I inspected
whether this locus showed nominal significance (at a = 0.05) in the summary results
kindly provided by Dr Isabel Cleynen. 1rs2879179 was not directly typed in the
Immunochip. In fact, this whole locus was not densely represented on the chip because
its association with IBD-risk was unknown at the time of design, meaning it was not
included in the fine-mapping regions that were typed on the chip. Still, subsequent
inspection for possible proxies of rs2879179, revealed one marker with an 2 >0.7, and
the SNP showed nominal significance (P = 0.03). The evidence of replication is perhaps

not as strong as we may expect given the LD between the two variants, however the
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poor representation of SNPs in higher LD with my SNP in the Immunochip prevents

me to make further comparisons.

FOSL2 is part of a family of transcription factors composed of three other members
(FOSL1, FOSB, FOS) that together form the AP-1 (activator protein-1) transcription
factor complex. Amongst a plethora of functions, such as regulation of cell prolifera-
tion, death, survival and differentiation [444], AP-1 has been shown to be a positive
regulator of inflammation, containing transcriptional regulator binding sites for numer-
ous inflammatory mediators (IL6, IL8, TNF-a), and capable of binding to promoters
independently of NF-kB [510].



5.4 Results 175

Age at CD diagnosis
~ 100

12879179 @ 1511677002 (UKIBDGC-GWAS) 08
rs925255 (Jostins & Liu) Y 06— 80 1
oe|| B
~ o 9 02 3
=] L =.
3 60 3
> =

| o

\% 3

H 5

ke] @

‘ s
S
=
=)

< RBKS < LOC100505736 < FLJ31356 PLB1—> PPP1CB—>
Iy alily s " il
< BRE-AS1 < LOC100505716 SPDYA—
h : AN
BRE—~ FOSL2—~ < TRMT61B
pr o
M/F?4‘263~>
Position on chr2 (Mb)
Risk of CD
~ 100
¢ 1511677002 (UKIBDGC-GWAS)
rs2879179 08
06 | 80
rs925255 (Jostins & Liu) ® 0.4 2
® 8
_ 3
@ o
3 S
© QO
> =3
| o
\% =]
= 3
g &
2
g

BRE— FOSL2—~ PLBT1—> PPP1CB—
H o i
MIR4263—> < LOC100505736 < FLJ31356 SPDYA—>
i — = e
<-LOC100505716 < TRMT61B
g (=]

Position on chr2 (Mb)

Figure 5.4 A) Regional association plot for 2p28, including the best SNP (rs2879179) for
age at CD diagnosis (GWAS3_CD dataset). Plot also illustrates the SNPs of this locus that
were previously reported to be associated with the risk of IBD in the analyses of Jostins Liu
(rs925255) and UKIBDGC-GWAS (rs1167702). B) Regional association plot for 2p28, but for
the SNPs associated with risk of CD in the UKIBDGC-GWAS analysis (GWAS3__CD dataset,
data provided by Dr Loukas Moutsianas). Plot also shows where my SNP (rs2879179) and
Jostins Liu (rs925255) lie in this associated signal. The lead SNP for age at CD diagnosis
is also associated (P = 2.2x107'2) with susceptibility to CD. The —logl0 P-values for the
associated SNPs are shown on the upper part of each plot. SNPs are colored based on their 7°
with the labeled lead SNP (purple symbol), which has the smallest P-value in the region. 7
was calculated from the 1KG Phase 3 European panel. The bottom section of each plot shows
the fine scale recombination rates estimated from individuals in the HapMap population, and
genes are marked by horizontal blue lines. Genes within the recombination region of the hit
SNPs are labeled. Figures were generated using LocusZoom [404].
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Figure 5.5 Genotype cluster plot for a directly genotyped proxy of rs2879179. The plots
represent the raw intensity data from the probes used during genotyping for each UKIBDGC
individual. Because rs2879179 was imputed, a proxy (rs1039823) in high LD (r°=0.8) was
chosen for plotting. The plot demonstrates genotypes are of high quality, with genotypes of
the same class clustering together and with clusters consistent across UKIBDGC case and
control groups. Plot generated by Daniel Rice using Evoker [337].
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5.4.2 Suggestive associations for the age at UC diagnosis

Two signals driven by rs2958654 and rs1148919, respectively, were associated at sugges-
tive significance with an increase in the age at which UC presents (Table 5.3). Both
SNPs had high INFO scores (>0.89) in all meta-analysed datasets, and rs2958654
showed no evidence of heterogeneity between studies (*=0, Table 5.3). The genes
spanning the two associated regions are illustrated in Figure 5.6. Again, the regional
association plot demonstrates multiple correlated markers with comparable evidence of
association, suggesting the signals are less likely to represent type-I errors. rs2958654
and all its proxies were imputed SNPs hence cluster plots could not be generated. The
cluster plot for a proxy of rs1148919, with r2=0.86, showed well defined genotypes

(data not shown).

While the FOSL2 signal described above overlaps with a gene with strong biological
candidacy, the relevance of the loci located within these two associated regions is unclear.
The closest gene to rs2958654 encodes a protein of unknown function (FAM83F) whereas
rs1148919 is located in an intronic sequence of KIF26B, an intracellular motor protein

involved in microtubule-based processes [197].

The two SNPs identified herein were not directly typed in the Immunochip study of
Cleynen et al [87], nor were proxies with sufficient and informative LD (r?* > 0.1),

which precludes comparisons between the two studies.
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5.4.3 Suggestive association for the age at IBD diagnosis

The search for genetic determinants for age at IBD diagnosis was conducted by meta-
analysing the results from the CD and the UC meta-analyses, similar to Cleynen
et al [87]. This approach yielded one common, imputed variant (rs6141273) with
suggestive association for an increase in the age at IBD diagnosis (Table 5.3, 5=0.11,
SE=0.02, Pyipra_cp = 6.7x10° and Pypra ve = 3.0x10°%).

rs6141273 is located in a region near the centromere of chromosome 20, where a cluster
of evolutionarily conserved f-defensins lie (Figure 5.7). These proteins are produced at
a variety of epithelial surfaces, including the intestinal mucosa, and are predominantly
considered to act as antimicrobial peptides that activate the NF-kB pro-inflammatory
pathway [411].

Similarly as above, the associated SNP identified herein was not directly typed in
the Immunochip study of Cleynen et al [87], nor were proxies with sufficient and

informative LD (r? > 0.1), which precludes comparisons between the two studies.
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Figure 5.6 Regional association plots for the common frequency signals with suggestive
association with age at UC diagnosis (GWAS3_CD dataset). A) rs2958654. B) rs1148919.
The —logl10 P-values for the associated SNPs are shown on the upper part of each plot. SNPs
are colored based on their 7° with the labeled lead SNP (purple symbol), which has the
smallest P-value in the region. r° was calculated from the 1KG Phase 3 European panel.
The bottom section of each plot shows the fine scale recombination rates estimated from
individuals in the HapMap population, and genes are marked by horizontal blue lines. Genes
within the recombination region of the hit SNPs are labeled. Figures were generated using
LocusZoom [404].
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Figure 5.7 Regional association plots for the common frequency signal (rs6141273) with
suggestive association with age at IBD diagnosis (GWAS3__CD dataset). The —logl0 P-values
for the associated SNPs are shown on the upper part of each plot. SNPs are colored based
on their 7% with the labeled lead SNP (purple symbol), which has the smallest P-value in
the region. 7% was calculated from the 1KG Phase 3 European panel. The bottom section of
each plot shows the fine scale recombination rates estimated from individuals in the HapMap
population, and genes are marked by horizontal blue lines. Genes within the recombination
region of the hit SNPs are labeled. Figures were generated using LocusZoom [404].

5.4.4 Comparison with the previous ADD Immunochip study

As mentioned in the introduction to this chapter, three loci have been reported to
be associated, at genome-wide significance, with either the age of CD (NOD2 and
MST1) or UC (MHC) diagnosis. These associations were uncovered in a well-powered
Immunochip-based GWAS study comprised of 16,902 CD and 13,597 UC patients [87].
As none of these regions featured in my list of suggestive signals, I hypothesised this
could potentially be attributable to the much smaller sample size available here (CD:
5,403; UC 4,490), something that would necessarily hinder the statistical power of
this study, i.e. the probability of rejecting the null hypothesis when the alternative
hypothesis is true [443].

According to my power calculations, the UC meta-analysis conducted here (N=4,490)

was underpowered to detect the MHC' association with age at UC diagnosis at genome-
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wide significance (power = 2.3x10°7). The same was true for my CD meta-analysis
(N=5,403), which had only 0.3% and 1.5% power to detect an association, at an o =
5x10%, with NOD2 and MST1, respectively (Table 5.4). Out of these two loci, only
NOD2 achieved nominal significance (Pyrra = 2.08x10™), whereas MST1 did not. A
closer look at the NODZ2 signal in my data, which showed no significant evidence of
heterogeneity of effect across the studies (I? = 0), revealed my point estimate of the
effect size was consistent with the previous finding, as it fell within the 95% confidence
intervals reported in the more highly powered study (Figure 5.8). The reason why
MST1 did not show nominal significance is unclear, however the associated alleles

for this region, as well as for MHC, showed the same direction of effect as previously

reported.
Immunochip data Current study
Disease rsiD Locus Effect g B 2 g B
allele EAF P-value B h P-value SE) POWER
3:49721532 -0.07 -0.03
CD rs3197999 MST1 A 0.281 2.37x10® (0.01) 0.20% 0.097 (0.02) 1.5%
16:50763778 -0.17 -0.16
CD rs5743293 NOD2 GC 0.024 2.04x10™ (0.02) 0.14% 2.08x10* (0.04) 0.3%
6:32415080 -0.01 -0.02
uc rs3129891 MHC A 0.209 1.43x10® (0.02) 0.003% _ 0.323 (0.03) 2.3x107

Table 5.4 Power to detect previous loci associated with age at CD and UC diagnosis. Table
lists the three loci previous detected at genome-wide significance in Cleynen et al [87] to be
asociated with either CD or UC age at diagnosis. EAF: effect allele frequency in control
samples of my study (GWAS3, N=9,459); SE: standard error of the effect size (3); h%:
phenotypic trait variance explained by the SNP. Power calculated for an o = 5x107®.
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Figure 5.8 Effect size estimations for NOD2 rs5743293 across the studies.
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5.5 Discussion

To identify genetic modifiers for the age of onset of CD, UC and IBD, I conducted
three GWAS studies, followed by meta-analyses, using the age at diagnosis reported
across a total of 5,403 CD and 4,490 UC UKIBDGC patients. This study is the first to
conduct such an analysis in a genome-wide manner, with two previous reports focusing
either on 332 known IBD-risk loci [93], or on 186 known immune-associated regions

that were included in the Immunochip platform at the time of design [87].

5.5.1 The advantage of imputation

While this study is one order of magnitude smaller than the previous Immunochip
analysis [87], which used 16,902 CD and 12,597 UC patients, a much larger set of SNPs
were available for testing after the imputation effort conducted by the UKIBDGC (9
million vs. 156,154). This imputation procedure, leveraging ~10,600 whole-genome
sequences drawn from IBD as well as from healthy individuals included in the UK10K
and the 1KG projects, also meant that I could examine a much larger frequency
space than previous studies, with about ~40% of the total sites representing low-
frequency variants with MAFs between 1% to 5%. In contrast, the Immunochip was
designed using the early 1KG Pilot data, which has incomplete coverage particularly
of lower frequency variation [1, 375]. The imputation step conducted here therefore
clearly demonstrates the value of incorporating genomes of IBD patients and UK
population controls and using that information to build a specific reference panel to
which independent GWAS samples can be imputed in. The incorporation of UK10K
haplotypes in the imputation panel was particularly beneficial, as this resource has
been demonstrated to greatly increase the accuracy and coverage of low-frequency and
rarer variants compared to existing panels such as the 1KG, because it contains 10-fold

more European samples [507].

5.5.2 The pitfall and advantage of my genome-wide analysis

This study was underpowered, at current sample sizes, to identify associations statisti-
cally significant at the genome-wide level. This reflects a disadvantage of employing
GWAS arrays instead of custom-designed platforms such as the Immunochip, which
allow far more individuals to be genotyped since the cost is approximately 20% of
that of contemporary GWAS chips [375]. As the number of loci identified strongly
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correlates with sample size [1], using genome-wide genotyping platforms in smaller
sample cohorts due to cost constraints can ultimately compromise the power of associ-
ation discovery, as observed here. Despite this, however, my genome-wide analysis did
yield three loci with suggestive evidence of association (Pypgra-value < 5X10‘7) that
are worth of follow-up in additional replication studies. Importantly, none of the newly
associated regions were represented in the Immunochip, which highlights the usefulness
of conducting a genome-wide analysis for ADD. The three newly identified signals
were of high quality and showed consistent effects across all meta-analysed studies,
providing technical validation in multiple independent platforms. As expected, these
three associations were driven by common-frequency variants with modest effect sizes
(mean=0.10). Unsurprisingly, none of the lead SNPs represented functional variants
such as missense or splice disrupting alleles, nor were they in LD with such variants,

which is also reminiscent of most GWAS associations [317, 379].

5.5.3 The possible pleiotropy of FOSL2

A particularly intriguing result yielded by this analysis is the suggestive association
observed for a variant in the FOSL2 gene and age at CD diagnosis (Pyrra=1.89x107,
f=-0.1). As previously mentioned, FOSL2 is part of a protein complex (AP-1) [510]
which has been shown to upregulate genes involved in immune and pro-inflammatory
responses during the pathogenesis of IBD [19, 224, 336]. More specifically, FOSL2 is
a core regulator of plasticity and a repressor of Th17 cells [81], which have emerged
as major players in the tissue-specific immune pathology of IBD [162, 193, 232, 332].
Because of this, FOSL2 has been suggested as an ideal candidate for the development
of new therapeutic options aiming to target this Th17 cell population [368].

In addition to its obvious biological candidacy, this locus also showed association with
IBD case/control status in three large IBD meta-analyses [110, 232, 290]. This finding is
intriguing and opens up the possibility, if successfully replicated in future studies, for a
locus to modulate both the risk and the age at which CD presents. A similar mechanism
is already known for NOD2, which is associated with both the risk [217] and the age
of onset of CD symptoms [87]. Another example is for Alzheimer’s disease, where the
major risk factor, the apolipoprotein E (APOE) gene, in addition to affecting the risk
of Alzheimer’s [100], also has a significant impact on the age at onset, explaining about
10% of its variation [235]. More generally, cross-phenotype associations, sometimes
even in seemingly distinct traits [455], have been widely observed, particularly across

immune diseases and psychiatric traits. Notable examples include: IL23R for IBD [126],
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ankylosing spondylitis [132] and psoriasis [165]; PTPN22 for rheumatoid arthritis [395],
CD [33], systemic lupus erythematosus [265] and type 1 diabetes [488]; and CACNA1C
for bipolar disorder and schizophrenia [453].

Genotyping of the FOSL2 locus in additional IBD cases with available information
on age at diagnosis is currently ongoing. If the observed association with CD-onset is
successfully replicated and reaches genome-wide significance, it will be interesting to
conduct further regional analysis to try and disentangle the cross-phenotype association
seen at this locus. There are several possible scenarios that can underlie the (apparent)
pleiotropic genetic effect observed here. One possibility is that FOSL2 affects both
the risk and age-at-onset via the same causal SNP (i.e. allelic pleiotropy). Another
hypothesis is that FOSL2 affects both phenotypes via different and independent
causal variants (i.e. genetic pleiotropy). These two possibilities can, in theory, be
evaluated through fine-mapping strategies conducted within each phenotype, which
would help to refine the associated signals and locate the most likely causal variant
(or variants) driving each association [456]. For the case of FOSL2 however, this
is likely to be challenging, because the identified SNPs are in high LD with many
others, which will make their effects indistinguishable when conducting conditional
analysis, preventing confident fine-mapping. An alternative approach would be to
use colocalisation methods such as the one applied by Fortune et al [152], which is
a Bayesian framework that derives the posterior support for each of five hypotheses
describing the possible associations of a given region with two phenotypes. Here, the
two hypothesis of greatest interest are: both traits are associated with the region via
different causal variants or both traits are associated with the region and share a single

causal variant.

An alternative hypothesis for the cross-phenotype association observed here could be
mediated pleiotropy. Under that scenario, FOSL2 could be indirectly associated with
the risk of CD via a primary association with age at diagnosis or vice versa, which means
the locus would be necessarily associated with both phenotypes if tested separately [455].
To explore this hypothesis, it will be interesting to re-test for an IBD case/control
status in the UKIBDGC-GWAS samples while adjusting or stratifying the cases by the
age at diagnosis of CD, for example. If the association with IBD-risk persists, then the
cross-phenotype association is probably not fully mediated. Alternatively, one can also
use another approach which is able to infer whether a given SNP directly influences a
given phenotype through a path that does not involve a second correlated trait [501].
When conducting adjustment analyses, it will also be important to evaluate the effect

of other sub-phenotypes that may equally affect the observed associations [393]. For
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the case of IBD, one could account for information such as disease location at onset
(i.e. ileal/colonic), disease behaviour (i.e. penetrating/stricturing/inflammatory) [87]
and smoking status, a known environmental modulator [17]. However, such covariates
should not be included in discovery efforts, as they can substantially reduce power
for the identification of associated variants [393]. Instead, they can be accounted for
afterwards, to deconvolve the associated signals. Several examples of sub-phenotype
associations driving primary signals exist. For instance, an association of NOD2 with
disease behaviour has been shown to be driven almost entirely by its phenotypic
correlation with location and age at diagnosis [87]. Another notable example is F'TO.
This gene was initially discovered to be associated with type 2 diabetes but subsequent
correction for body-mass-index (BMI) abolished the signal, suggesting F'T'O-mediated
susceptibility to type 2 diabetes was in fact driven through a relationship between
FTO and obesity [142].






Chapter 6

Conclusions and future prospects

6.1 Summary of my research

This dissertation described four distinct projects in which NGS technologies were
employed to identify genetic determinants of human diseases, or aspects of disease
biology, that have been poorly studied thus far. Each research chapter contained a
unique dataset with a unique study design. Overall, these projects focused on SNVs
and small indels solely, as large structural variants (i.e. >50bp) [473], triplet repeat
expansions [294, 450], mosaic [161] and uniparental disomy (UPD) [249] events remain

challenging to assay using conventional short-read sequencing.

In Chapter 2, I conducted a comprehensive NGS-based screening of known causative
genes in 49 cases with congenital hypothyroidism and gland-in-situ. Genetic screening
of such patients has been traditionally limited by the cost and labour implications of
Sanger-sequencing multiple exons, meaning many have remained genetically undiag-
nosed. By combining a stringent variant filtering pipeline with pedigree segregation
analyses and in silico predictions of pathogenicity for candidate variants, we successfully
attained a solid genetic diagnosis for 59% of the patients. This project explored, for the
first time, the utility of NGS methods for genetic diagnosis of CH with GIS, and paved
the way for the development of a gene panel which will hopefully move across into the
NHS domain at Addenbrooke’s Hospital in Cambridge (UK) in the near future.

In Chapter 3, I described a family-based study in which exome and targeted-sequencing
were used, also for the first time, to identify novel disease genes in a phenotypically
heterogeneous CH cohort comprised of 48 families. This condition has been refractory to

traditional gene-mapping techniques, meaning it is poorly understood. By implementing
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distinct variant filtering pipelines, I identified rare inherited variation segregating with
CH within families, as well as de novo and CNVs events. Due to scant sharing of genetic
causes across CH families, this study was unable to robustly implicate a novel gene for
this condition. However, by adopting a candidate-focused approach, screening for likely
pathogenic variants in long-standing CH candidate genes, I identified a homozygous
loss-of-function variant in SLC26A7 which was subsequently observed in two different
haplotypes of two additional CH families. SLC26A7 therefore emerges as a putative
causative gene for CH with gland-in-situ. Experimental studies are ongoing to confirm
the pathogenic status of the variant identified herein and to elucidate its role in the

pathogenesis of disease.

In Chapter 4, I described an analysis leveraging exome and genotyping data from
145 children with very-early-onset IBD, the largest cohort recruited to date. This
condition is still incompletely understood and is thought to be caused by highly
penetrant variants. Using a conservative variant screening procedure, we identified
likely causative mutations in XIAP, CYBA or SH2D1A in four patients. This finding
added further strength to a growing body of recent evidence suggesting defects in loci
associated with primary immunodeficiencies can underlie VEO-IBD phenotypes, and
suggested targeted-sequencing of such genes is likely to be a fruitful prospective tool
for the molecular diagnosis of VEO-IBD children. Moving beyond rare variants, I
calculated polygenic risk scores for each proband using the estimated effect sizes of
established adult IBD-risk alleles, and showed that the majority of VEO-IBD cases do
have, in fact, a polygenic load similar to that seen in adult-onset IBD cases. This study
therefore provided important insights into the genetic architecture of this condition
that suggested, for the first time, that if highly penetrating variants contribute to
VEO-IBD, they likely do so on an already IBD-susceptible genetic background (at least

in a large proportion of the cases).

Lastly in Chapter 5, I meta-analysed three distinct GWAS datasets and low-coverage
whole-genome sequences to identify genetic modifiers of the age of onset of CD, UC
and IBD. While this study did not detect loci associated at genome-wide significance,
I identified three suggestive associations worthy of follow-up in replication studies.
Importantly, the signal associated with a decrease in the age at diagnosis of CD
overlapped with an established CD-susceptibility locus (FOSL2) known to modulate
immune and pro-inflammatory responses involved in the pathogenesis of IBD. If
associated at genome-wide significance in future analyses, FOSL2 will represent yet
another example of biological or mediated genetic pleiotropy occurring across human

traits.
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6.2 NGS: from bench to bedside

In addition to revealing insights into the pathology of disease, much of the research
presented in this dissertation had one important outcome that cannot be overlooked
— a direct impact on patients lives. Importantly, this underscores the key role of all
clinicians who were actively involved in these projects, without whom the clinical

interpretation and translation of my findings would not have been possible.

The conclusive molecular diagnosis reached in 59% of the cases included in Chapter
2 allowed for genetic counselling, discussion of recurrence risk with families and the
identification of asymptomatic mutation carriers at risk of developing CH. The diagnosis
of these patients will also now enable early identification of subsequent cases in the same
family, and help to avoid the negative consequences on mental development associated
with delayed diagnosis and treatment of hypothyroidism. This is especially informative
for our patients residing in countries where no national screening programme for CH is
available, such as Saudi Arabia and Turkey. Even though in the majority of cases the
genetic ascertainment of CH with GIS does not directly affect clinical management, the
confirmation of DUOX2 mutations in some of our patients alerted their clinicians to
the fact their phenotype may be transient. Consequently, this will now enable them to
look out for children whose treatment dose requirements for levothyroxine are modest

and to do a carefully monitored trial off treatment at this age.

Two syndromic-CH cases included in Chapter 3 harbored likely causative variants in
genes associated with congenital heart defects (NKX2.5) or with skeletal dysplasias
(HSPG?2), the exact two extrathyroidal phenotypes documented in each of these
cases, respectively. These results were informative to patients and their families
because it suggested their thyroid phenotype is independent from their other congenital
abnormalities, and this ended up being especially relevant for their corresponding

siblings who presented with the extrathyroidal malformations in the absence of CH.

The identification of CYBA and XIAP defects in three patients studied in Chapter
4, directly informed their treatment options and opened up new avenues for disease-
specific treatment. The two C'YBA-deficient siblings were referred to an immunological
clinic and treatment will be decided based on a multidisciplinary team consensus. By
default, anti-TNF« therapy (infliximab) is the usual course of treatment for chronic
granulomatous disease (CGD) patients, however it is sometimes contraindicated because
it is often accompanied by life-threatening infections and complications [497]. Recently,

treatments targeting IL1B using a IL1-receptor antagonist (anakinra) have shown
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promise in the management of CGD [112] and our patients may eventually benefit
from such options in addition to allogenic haematopoietic stem cell transplantation
(HSCT), the new therapeutic strategy for refractory VEO-IBD.

HSCT was already initiated in the patient with XIAP deficiency, and the hope is that
this treatment will now finally enable clinical remission. The patient was diagnosed
shortly after turning six, but it took 14 years (and three major GI operations) for
him to get a conclusive genetic diagnosis. The same XIAP mutation was reported
recently by Wada et al [506] in a five month old child who had the chance to undergo
cord blood transplantation much earlier in life and has since been in remission. These
two different stories demonstrate the importance of establishing a timely molecular
diagnosis early and accurately in VEO-IBD children to avoid unnecessary surgery
and instead proceed with appropriate curative approaches such as HSCT. Also, the
confirmation of a XIAP-defect in our patient means he will now undergo regular
infection screening to prevent the potentially fatal EBV-triggered haemophagocytic
lymphohistiocytosis (HLH) that is commonly developed in such patients.

6.3 Common themes emerging from my research

Several common themes have emerged as relevant to most (if not all) projects presented
in this dissertation, and these can be extended to the field of rare and/or complex
diseases more broadly. In the following pages, I will discuss how these topics impacted
my research and will present some solutions that are increasingly being adopted to
address them and to improve the analysis of NGS data in gene-mapping experiments.
Finally, I will then look to the types of studies (many of which are already underway)
that will shape human disease research over the coming years and discuss how they

will provide important clues in the road towards personalised medicine.

6.3.1 Sample size

Sample size is crucial for all genetic studies of human disease. In all analyses conducted
in this dissertation, a larger sample size would have solved a great part of the limitations

that were already mentioned in the corresponding chapters.

For the novel-gene discovery aims of Chapter 3 and 4, larger patient cohorts would have

permitted statistically significant recurrence of mutations in individual genes across
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independent families or patients. Even though gene discovery for disorders with low
locus heterogeneity and fully penetrant mutations is occasionally possible by sequencing
a single family [230], most gene-discovery applications do require substantially larger
sample sizes, and this is especially paramount if genetic heterogeneity is suspected (as
in congenital hypothyroidism and very-early-onset IBD, as discussed previously). My
studies represent the largest that have been conducted for such conditions, however
larger sample sizes are needed to robustly implicate novel disease-associated genes in
these conditions. In most rare disease studies, the sample size needed is seldom known
in advance and it depends on the (presumed) genetic architecture of disease, which is
also poorly understood in many instances. For some disorders, the sample size needed
may possibly approach or even exceed those needed for GWAS, as illustrated by Singh
et al [449]. The authors started with data from 1,745 patients with schizophrenia and
6,789 controls, and then added 2,591 extra published cases [407] and 2,554 controls. Yet,
even with more than 4,200 cases, no gene attained exome-wide significance. They then
combined the rare LoF variants (MAF <0.1%) seen in their cases with de novo mutations
of 1,077 schizophrenia probands from seven published studies [155, 172, 185, 186, 320,
469, 530]. Altogether, this yielded three de novo events and seven LoF variants in
SETD1A, while none were found in 20,000 control exomes, providing a P = 3.3x10™ and
an estimated OR of 32 (CI: 4.5 —4.528). This study highlights the enormous importance
of data sharing. Future NGS studies of VEO-IBD and CH aiming to discover novel
disease-associated genes should therefore embrace the value of collaborative research, as
this will permit more rapid accumulation of evidence for novel disease-associated genes.
In VEO-IBD in particular, given that these patient populations are studied worldwide
and usually in very small numbers [243], an international registry containing sequence
data, immunological and environmental data of such patients could prove beneficial to
make reliable inroads into better understanding the mechanisms underlying disease
and resolve the monogenic-polygenic interface of the phenotype. When sharing data
however, researchers should be mindful of systematic differences among patient cohorts
stemming from population stratification and technical biases. Such disparities may
require careful and extensive quality control investigations, as well as study design

considerations, before pooling individual data or meta-analysing patient cohorts.

Examples of successful data sharing initiatives in rare disease already exist in the field
of copy number variation with the DECIPHER database [149] and the International
Standards for Cytogenomic Arrays Consortium (https://www.iscacon sortium.org/),
and several ambitious efforts to establish global standards for genomic data sharing

have been initiated (e.g. Global Alliance) [57]. The accumulation of evidence for novel
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disease-associated genes and therefore the end of the "N-of-1 problem" can also be
greatly facilitated by the use of recently developed tools such as GeneMatcher [454].
This resource is freely accessible and is designed to enable connections between clinicians
who share patients with variants in the same candidate gene. Using GeneMatcher,
researchers can also connect with other scientists with special expertise and/or model
organisms with defects in the orthologous gene(s), which may ultimately expedite the
development of follow-up functional studies to elucidate the pathological mechanisms

of disease.

Apart from facilitating novel-gene discovery, a larger sample size in Chapter 4 would
have also increased the power to conduct more specific (and therefore more useful)
comparisons between the polygenic component of VEO-IBD and UKIBDGC cases.
Importantly, VEO-IBD children could have been stratified by their IBD status (i.e.
CD-like/UC-like/U-IBD), for example, and UKIBDGC cases could have been stratified
by their age at diagnosis as well. Collectively, these analyses could have potentially
revealed important similarities (or differences) between these multiple clinical entities
and different ages of onset of disease. Finally, a larger sample size in Chapter 5 would
have provided greater power to detect associations with age at IBD diagnosis and to
fine-map causal variants in FOSL2, which would have helped us to better understand

the apparent pleiotropic mechanism observed at that locus.

6.3.2 Phenotypic heterogeneity

The issue of phenotypic heterogeneity goes hand-with-hand with sample size. Both
CH and VEO-IBD have a broad phenotypic spectrum which presents a challenge for
gene-mapping applications because it suggests genetic heterogeneity, which is hard
to deal with in genetic analyses when total sample sizes are small. As mentioned
previously, rare variant association methods testing biological units other than single
genes can leverage genetic heterogeneity and provide important insights into disease
pathology without implicating individual loci. However, this type of approach was still
underpowered to reveal a significant enrichment (if indeed one exists) of rare disruptive
variants in biologically relevant genesets or pathways in VEO-IBD children (N=124)
in Chapter 4, and was not attempted in Chapter 3 due to the more complex nature
of the study design (i.e. family-based rather than solely unrelated cases) and the
multiplicity of phenotypic categories (i.e. agenesis, ectopia, hypoplasia, syndromic-CH,
gland-in-situ CH).
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The use of Human-Phenotype-Ontology (HPO) terms is one strategy increasingly
being adopted to leverage the heterogeneity of large cohorts of rare heterogeneous
disorders [150, 391, 517] and to use phenotypic information effectively. The HPO
represents a standardised vocabulary to describe rare disease phenotypes, where terms
are connected to each other through semantic relations and organised hierarchically [253].
Rather than describing individual disease entities, the HPO describes the phenotypic
abnormalities associated with them. Combined with deep phenotyping of the individuals
being sequenced, the use of HPO annotations enables researchers to apply statistical
clustering approaches to guide and aid gene-discovery [7, 180]. For instance, sub-groups
of patients who cluster strongly on the basis of their HPO-encoded phenotypes can
be identified, and these are then more likely to share mutations in the same or in
functionally related genes. Inversely, the degree of phenotypic similarity in groups of
cases sharing rare protein-altering mutations in the same gene can be calculated, which
in turn can help reveal important genotype-phenotype relationships. Both of these
strategies were first applied to heritable bleeding and platelet disorders [517], and thus
proved their usefulness for rare diseases with heterogeneous clinical characteristics that
very often encompass multi-organ abnormalities, precisely as CH. The non-specific and
poorly defined nature of the VEO-IBD phenotype, on the other hand, may prove more
challenging to study via these strategies but should nevertheless be attempted when

large cohorts become available.

Apart from rare diseases, the extension of HPO to complex disease was also already
initiated, with some researchers suggesting it will equally be an invaluable resource to
more efficiently leverage the available phenotypic information [182]. Specifically, the
HPO will enable phenotypic networks of common diseases to be created and similarities
between etiologically related disease groups that show overlapping phenotypes to
be identified. Collectively, these strategies will boost our understanding of complex

diseases in general and help to map additional genetic risk factors [182].

6.3.3 Diverse ethnic origin

With the exception of Chapter 5, which contained a large cohort of European individuals,
the diverse ethnic background of the patients included in my research projects posed
challenges and had implications on my downstream genetic analyses. In Chapters 2
and 3, the multiplicity of ethnicities meant that the null-models used to derive the
statistical significance of TG-DUOXZ2 digenicity and the enrichment of rare variants

per-gene, respectively, were not derived from appropriately ancestry-matched controls,
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as none were internally or publicly available. In Chapter 4, 14% of VEO-IBD cases were
ignored in rare-variant enrichment analyses because they could not be placed in one of
the two ancestry-based case-control clusters (European or South Asian) identified via
PCA. Finally, all non-European VEO-IBD cases (30% of the whole cohort) were also
not taken into account in my polygenic risk score analyses because our understanding

of the IBD-susceptibility factors in non-European populations is very poor.

There are thus two important take-home messages. First, sequencing and genotyping
data from populations of various demographic backgrounds need to become available
to the research community at an increasing pace. Rare disease studies usually recruit
patients from around the world, however, the combination of natural cost-constraints
with the fact most studies are still case-only, means sequencing of appropriately large
numbers (>2,500 [300]) of control individuals from the same population as cases is
rarely conducted. This has contributed to the general lack of ethnically-diverse control
sequences that can be used by researchers; significant improvements are expected in
the near future as NGS becomes more affordable and with researchers more actively
participating in responsible data-sharing initiatives. An important incentive to acceler-
ate the accumulation of data from diverse ethnic populations is that it will ultimately
improve our ability to do accurate variant interpretation. Ideally, variants identified by
NGS should be evaluated both at the level of the patient’s ancestry background but
also in a large number of ethnically diverse populations [300, 308]. The tremendous
effort of the ExAC project [135] has made this possible, however many populations
remain underrepresented or even absent in this database. With the accrual of more
diverse sequences in the future, we will be better able to conduct family-based as well
as case-control analyses in appropriately matched groups, identify benign and common
variants and thus reduce false-positive findings, reassess previous disease—variant associ-
ations, corroborate truly pathogenic mutations and find population-specific pathogenic

variants.

Second, complex disease studies need to be more rapidly extended to non-European
populations for us to better understand population-specific effects of genetic variation.
This has already been initiated in some quantitative traits and common disorders,
including IBD [242, 287, 290, 303], but non-European cohorts are still disproportionately
smaller than European ones, and many populations have not yet been included in
trans-ethnic meta-analyses. Apart from enabling heterogeneity of effect to be detected
across population cohorts, an important benefit of cross-population analyses is that
they actually boost the overall power to detect associations because many common-

frequency risk-alleles will still be shared across many populations [290, 303]. Moreover,
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trans-ethnic analysis empower fine-mapping of causal variants by taking advantage of
the different LD structures that often exist between populations. The African Genome
Variation Project [188] is one notable example that has taken the lead to address the
lack of GWAS studies in African populations and it is anticipated that many similar

initiatives will now follow.

6.4 Future studies of rare and complex diseases

Several ambitious and large-scale genetic studies of human diseases are already un-
derway. Many of these projects were made possible with the development of ultra-
high-throughput instruments (e.g. Illumina X Ten) dedicated to population-level
sequencing, now offering $1,000 per 30X human genome [177]. Also importantly, many
of these studies were driven by the growing recognition among governments and health
policymakers of the benefits of using genomic information to diagnose, understand and

cure human disease.

In the UK, the 100,000 Genomes Project delivered by Genomics England (GEL), is
a government-funded initiative that aims to sequence 100,000 whole-genomes from
National Health Service (NHS) patients with rare disorders, cancers and infectious
diseases. Over 190 distinct rare diseases were included in the project as of June 2016.
For these conditions, DNA from the two closest blood relatives of patients will also be
sequenced and for each cancer patient, two genomes will be sequenced — one from the
tumour and one from the healthy tissue [451]. Overall, the project aims to find clinically
significant findings by linking extensive and long-term clinical information with precise
molecular signatures; to generate improved diagnostic tests; to identify treatments that
can be tailored to individual patients; and, ultimately, to set up a genomics service for
the NHS where genome sequencing becomes an integral and routine part of medical
care. To achieve these goals, the project will require complex statistical analyses of
large amounts of clinical and molecular data, fast and efficient variant annotation and
interpretation pipelines and the development of high standards of ethical practice based
on informed consent. In addition, tight collaboration with research scientists will be
necessary to elucidate project results where a connection to disease has not yet been well
established i.e. putative disease-associated genes. Finally, a close collaboration with
the pharma and biotech industry will also be required to develop new diagnostics and
treatments that can then be deployed to participating patients [318]. The GEL project
is the first genomics initiative to be tightly integrated with a health-care system [427],
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and its hoped that benefits are propagated to clinical practice much faster than usual.
In the future, the study will also collect other biological material including serum and
plasma for proteomics and metabolomics, RNA for transcriptomics, lymphocyte DNA
for epigenetics and tumour samples for RNA expression profiles, tumour epigenetics and
proteomics [167]. Collectively, these data are expected to fuel a series of downstream
studies that will apply multi-omics integrated approaches to study cancer and the rare
disorders included in the GEL initiative.

Gene-mapping of complex diseases and quantitative traits will benefit greatly from
recent efforts conducting deep-phenotyping and follow-up of large collections of individ-
uals in longitudinal settings. Examples of such initiatives include the 100K Wellness
project and the UK Biobank. The 100K Wellness project is whole-genome sequencing
100,000 healthy volunteers as well as periodically collecting biological (e.g. blood, saliva,
stool), environmental (e.g. diet) and physiological (e.g. heart rate, blood pressure,
weight and sleep quality) parameters [212]. The project aims to identify metrics that
correlate with well being; to identify the early origins and mechanisms of common
diseases developing in study participants; and to follow disease progression long-term.
To do so, blood metabolites, organ-specific blood proteins, white blood cells and the
gut microbiome will be intensely monitored to identify changes in health occurring
in participants over 25 years [168]. In the end, the project is expected to contribute
to the development of powerful biomarkers of disease and well being, and to provide

important information on how to predict, as well as prevent, some common disorders.

The UK Biobank, backed by the Medical Research Council and the Wellcome Trust, is
an open-access population-based prospective cohort containing biological, demographic
and physiological data from half a million people in the UK aged 40-69 years. The
resource consists of diverse biological material (e.g. blood, saliva, urine, faeces) that will
allow a variety of assays to be conducted including genetic, proteomic, metabolomic
and biochemical. All participants have already been genotyped using a bespoke
genome-wide microarray containing ~820,000 variants, 18% of which are rare (>0.02%)
non-synonymous variants. The participants also gave consent to have their future
health records linked to their data, a process which is ongoing. Together, these data will
contribute towards the identification of novel genetic factors influencing anthropometric
and cardiometabolic traits, as well as novel predisposing factors for major diseases
of middle and old age (e.g. age-related macular degeneration, dementia, irritable
bowel syndrome, hypertension, multiple sclerosis and cardiovascular and autoimmune
diseases) [465]. For many quantitative traits (e.g. height, BMI, lipid levels) and

common diseases (e.g. osteoarthritis), the UK Biobank will grant significant increase
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in sample size compared with the largest GWAS analyses previously conducted on such
phenotypes [293, 523, 538], ultimately increasing the power to detect novel associations.
This resource therefore exemplifies how array-based studies with ever larger samples
sizes will continue to play an active role in locus discovery of many traits and complex
diseases, in parallel to NGS technologies. In addition to providing opportunities for
better powered GWASS, this resource will also support a variety of other studies such
as epidemiological and exposure-outcome analyses, cross-sectional studies of genotype-
phenotype correlations, mendelian randomisation studies, and prospective analyses
combining the joint effects of genetics, lifestyle and environmental variables [250, 452].
With sequencing costs continuing to plummet it is likely the UK Biobank will eventually

adopt whole-genome sequencing.

Array-based and low-coverage WGS studies of complex diseases will also greatly benefit
from efforts such as the Haplotype Reference Consortium (HRC). By collating whole-
genome sequence data from 20 studies of predominantly European ancestry, the HRC
generated the largest imputation reference panel to date, containing ~65,000 haplotypes
and ~40 million SNPs [319]. Studies using this resource will be able to get high quality
and accurate genotype imputation at minor allele frequencies as low as 0.1%, greatly
increasing the number of SNPs tested in association studies and the power to fine-map
causal variants. In the near future, the HRC plans to incorporate the high coverage
genomes generated by Genomics England and to increase the ethnic diversity of the
panel by incorporating data from sequencing studies in world-wide sample sets such as
the African Genome Variation project [188], the CONVERGE study of Han Chinese
individuals [95] and the Human Genome Diversity project [429], which studied 51
different populations from Africa, Europe, the Middle East, South and Central Asia,

East Asia, Oceania and the Americas.

6.5 From variant discovery to disease mechanisms

The studies just mentioned, encompassing both rare and complex diseases, will soon
yield numerous candidate disease-causing mutations and disease-associations that will
eventually lead to personalised medicine opportunities, as alluded to above. However,
although variant discovery is an important breakthrough towards this vision, it is only
the first step; understanding the biological mechanisms by which mutations and disease-
susceptibility alleles contribute to disease pathogenesis is certainly a greater challenge.

Indeed, understanding the functional effects of genetic variation is a challenging area in
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need of intense research. Firstly, we must improve our ability to interpret the biological
consequences of variants of unknown significance [419]. These are incredibly common
in genome sequences [240, 418] and include newly identified alleles that affect the
coding sequences of genes previously unlinked to disease or genes of unknown function.
Secondly, we must also improve our ability to map and assign regulatory activity to
non-coding regions of the genome, and enhance our understanding of their mechanistic
effects in disease development. This is already an issue for the majority of common
variants found on GWAS but will be of particular importance with the widespread use
of WGS, as non-coding variants will be more frequently seen in gene-mapping studies
of both rare and complex diseases. Interrogating expression quantitative trait locus
(eQTL) studies conducted in relevant cells types can be useful to determine whether
non-coding variants influence expression levels of nearby genes [521], and thereby
generate initial hypotheses about how these variants lead to disease susceptibility.
Generating more eQTL studies in relevant cell types and cellular pathophysiological
states should be a priority in the years ahead. Potential regulatory function can
also be predicted on the basis of overlap with particular genomic features such as
protein-binding motifs, transcription factor-binding sites, histone modification marks
and open chromatin regions. These genomic features are increasingly being measured
with targeted biochemical assays and NGS technologies in large-scale genomic studies
such as the ENCODE [478], FANTOMS5 [151] and the NIH Roadmap Epigenomics
projects [425] and many more studies, focusing in diverse and more specific cellular
contexts are currently being conducted. Ultimately, linking non-coding variants to
genes and genomic regions of interest can facilitate the design of downstream functional
studies, which are still required to inform, and convincingly demonstrate, the causal

mechanisms of disease.

Emerging genome-editing tools such as the CRISPR-Cas9 system, enabling genome
modifications at single-nucleotide resolution, will play an important role in future
functional studies that aim to understand variant effects, gene function and disease
mechanisms. This system involves guiding a Cas-cleavage enzyme to a specific genomic
locus that is then cleaved and imprecisely repaired to allow the introduction of a specific
mutation [489]. The approach is highly specific and efficient, and can be multiplexed
to enable simultaneous editing at multiple genomic sites. In addition, it can be used
in a variety of in vitro and in vivo biological models (e.g. human cell lines, primary
cells, induced pluripotent stem cells (iPSC) and animals), therefore it can be applied

in many different kinds of experimental studies.
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In rare disease studies, the CRISPR-Cas9 system will enable researchers to quickly
create site-specific mice knockout models, which sometimes can be more appropriate
to study than available full-gene knockouts [90], i.e. if one wants to discriminate
between the effect of a specific variant and the biological function of the gene. This
will accelerate the interpretation of variants of uncertain significance. Researchers will
also be able to investigate digenic mutations and tissue-specific mutations in genes,
which will be incredibly useful when studying oligogenic inheritance of disease and the
effects of somatic mutations, respectively. Allied with this technology, knockout mice
will remain a crucial biological model to investigate the functional effects of mutations,
to place putative disease-associated genes into a biological context, and to elucidate

the mechanistic basis of rare disorders [204].

In complex disease studies, mouse experiments that either knockdown or over-express
genes located in associated GWAS regions, using Cas9 fused with repression or activation
transcription domains respectively [383], can also help in identifying the biological
function of many candidate loci. The combination of CRISPR-Cas9 with human iPSC
cells derived from patients with a specific risk allele, will offer new opportunities to model
complex diseases that have been extremely challenging to study via conventional models
such as cell lines and/or transgenic animals [463]. In addition, the simultaneous study
of patient-specific iPSC lines with different risk-variants can aid in our understanding

of how various disease-associated loci interact to produce a phenotype [440].

Finally, investigating the functional relevance of non-coding variants that overlap with
known (or putative) regulatory elements and epigenetic marks is also becoming feasible
with the availability of novel Cas9-based techniques. One recent example, developed
by Hilton et al, consists of a Cas9-based protein fused to the catalytic core of the
human acetyltransferase p300 [206]. This fusion protein catalyses acetylation of histone
H3 lysine 27 at its target sites, leading to transcriptional activation of target genes
from promoters and proximal and distal enhancers with high spacial and temporal
specificity. Modifications of DNA molecules by cytosine methylation using a Cas9-DNA
methyltransferase 3A (DNMT3A) fusion protein is another example [505]. These
epigenome-editing proteins can therefore be targeted to candidate regulatory elements
in order to modify local chromatin structure and determine the role of these elements

in influencing gene expression and pathological mechanisms of disease.
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6.6 Translation

The ultimate goal of gene-mapping studies is to translate scientific gains into the clinic,
by providing drug targets, allowing personalised treatment based on genetic information,

and perhaps predicting disease risk to leverage preventive medicine strategies.

6.6.1 Novel drug targets

Since the publication of the human genome in 2003, genetic studies of Mendelian and
complex diseases have been providing an invaluable source of knowledge into potential
drug targets. Genetic-based evidence is now proving to be invaluable in evaluating and
developing novel drug targets. More than 50% of the drugs that undergo clinical trials
fail, commonly due to a lack of efficacy. In contrast, it has recently been reported that
targets entering clinical development with genetic-based support (based on GWAS or
OMIM catalogues) were twice as likely to achieve drug approval [487]. In addition,
FDA-approved drugs were fourfold more likely to have genetic support than drugs in
phase I trials, suggesting drugs with genetic support are indeed more likely to advance
into later stages of the development pipeline. Strikingly, the lack of genetic support in
clinical development had the greatest impact earlier in the drug development process,
suggesting the use of genetic evidence in the initial selection process is vital. This is the
vision behind the recently established Open Targets initiative (www.opentargets.org/),
a public-private partnership between academic scientists and pharmaceutical companies,
that was established to catalyse the validation of novel drug targets based on genome-
scale experiments and analysis. Thus, by increasing the proportion of discovery and
development activities focused on targets with genetic support, and by allowing genetic
data to guide the selection of the most promising molecules, initiatives such as this are

expected to drive better and more effective treatments in the future.

6.6.2 Personalised treatments

In addition to providing greater efficacy in drug development, genetics can also inform
personalised treatments. The ten best-selling drugs in the US are only able to improve
the condition of 4-25% people who take them, and some drugs can even be harmful
to certain ethnic groups [437]. Indeed, there is a great heterogeneity in the way
individual people respond to medication, in terms of both treatment efficacy and

toxicity. Although there are several clinical variables that can influence these varied
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responses (e.g. disease severity, individual’s age, nutricional status), it has long been
recognised that polymorphisms in genes (e.g. CYP2D6, ADH, CYP3A)) that impact
drug metabolism, disposition and response can have an even greater influence [134].
To accelerate the development of treatment strategies that take individual variability
into account, the US lauched a national Precision Medicine Initiative that includes the
establishment of a national database of the genetic and clinical data of one million
volunteers. Ultimately, the hope is that personalised pharmacogenetic information of
drug response phenotypes can be incorporated into treatment selection in the future,

to identify the correct medication and optimal dosage on an individual basis.

6.6.3 Genetic risk prediction

Whole-genome sequencing will perhaps soon be the universal diagnostic and public
health tool, allowing us to more rapidly diagnose disease and predict its onset. WGS is
already having a tremendous impact in the diagnostic testing of patients with genetic
disorders caused by disruption of single genes or chromosomal regions and, in the near
future, it will likely allow the much earlier detection of such disorders. The increasing
deployment of WGS in a variety of clinical settings will facilitate the assessment of its
overall benefits and limitations, and the diagnostic yield in different genetic disorders,
which will inform and guide the widespread use of WGS in the clinic. In addition, in the
subset of diseases for which preventive measures are available, detection of deleterious
and medically actionable variants before the onset of disease in asymptomatic patients
could also be highly beneficial. In total, it has been estimated that ~1% of Americans
likely harbor deleterious and medically actionable variants [42], therefore the public
health impact of WGS could be considerable. Another anticipated application of WGS
in asymptomatic individuals is the identification of carrier status for many autosomal
recessive disorders [40], which could be of great importance to couples for family

planning.

The use of WGS for complex disease risk prediction in a clinical setting remains a
hot topic of debate. Hundreds of GWAS meta-analyses have discovered a lengthening
list of alleles associated with complex disease, which can be used to construct disease
predictors in the form of polygenic risk scores (PRS). Studies have shown that the
predictive ability of PRSs, measured as the area under the ROC curve (AUC), varies
greatly across 18 common diseases, based on the current genetic knowledge of those
conditions [133, 231]. Psychiatric diseases and cancers cannot be well predicted, but

others disorders including type 1 diabetes, Crohn’s disease and age-related macular
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degeneration have relatively good predictive power. This variation in AUCs depends
on several factors such as the heritability of disease, the effect sizes of the risk loci,
the clinical heterogeneity of the phenotype and the statistical power of the GWAS
that identified the risk alleles in the first place. Perhaps not surprisingly, given
the generally weak effects of disease-associated loci, the range of AUCs for those 18
disorders is very similar to that of classic, non-genetic risk predictors of disease (e.g.
body mass index, cholesterol levels, smoking status, family history) [62, 291], and for
the majority of disorders, the combination of genetic with traditional predictions offers
poor improvements in terms of clinical utility [231]. It remains to be seen whether
with a more complete understanding of the genetic architecture of complex disease,
propelled by future WGS studies, genetic risk prediction will be a realistic utility. In
principle, an advantage of using genetic predictors over classical alternatives is that risk
prediction would be stable over time, as a person’s genetic code is essentially constant
throughout their lifetime. This could allow for risk prediction to be performed much
further in advance than is currently possible, which could be especially important for
cases where prevention strategies are more effective if started long before disease onset,
or if carried out over a long time period. Assessing the potential clinical utility of
PRSs, and deciding on the optimal way to use it in disease risk prediction, will be a

serious challenge for medical practice in the future.

6.7 Concluding remarks

It is remarkable how in a relatively short amount of time, the 13 years since the publi-
cation of the human genome, the field of human genetics experienced an extraordinary
leap in our knowledge of the genetic determinants and pathological mechanisms of
disease. Next-generation sequencing is now dramatically altering our ability to conduct
gene-mapping studies and is yielding unprecedented biological insights that are truly
driving a revolution in health care. As human geneticists we sit in an enviable position,
one with a history of considerable success behind us, and a future that holds promise

for significant gains.
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Appendix A

Appendix

. Variant type
VQSR inputs SNVs Indels
Annotations QD, MQ, MQRankSum, ReadPosRankSum, FS, QD, FS, ReadPosRankSum, MQRankSum,
InbreedingCoeff InbreedingCoeff
Training set HapMap 3.3: hapmap_3.3.b37 .sites.vcf.gz Mills-Devine and 1000GP Phase i:
Omni 2.5M chip: 1000G_omni2.5.b37 .sites.vcf.gz Mills_and_1000G_gold_standard.indels.b37.sites.vcf.gz
1000GP Phase I:
1000G_phase1.snps.high_confidence.b37.vcf
Truth set HapMap 3.3: hapmap_3.3.b37 .sites.vcf.gz Mills-Devine and 1000GP Phase |:
Mills_and_1000G_gold_standard.indels.b37 sites.vcf.gz
Omni 2.5M chip: 1000G_omni2.5.b37 sites.vcf.gz
Known set dbSNP build 137:

dbsnp_137.b37.excluding_sites_after_129.vcf

dbSNP build 137: dbsnp_138.vcf.gz

Table A.1 Annotations and training sets used for VQSR variant QC.
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Variant type
Variant caller Filter Description
SNPs Indels
SAMtools StrandBias One DNA strand being favored over the other 0.0001 0.0001
EndDistBias One DNA strand being favored over the other at the end of reads 0.0001 0.0001
MaxDP Maximum depth allowed 2000 2000
MinDP Minimum depth allowed 4 4
MinMQ Minimum mapping quality allowed 10 10
MinAB Minimum number of alternate bases 2 2
Qual Minimum value of the overall quality field 10 10
GapWin Window size to filter adjacent gaps 3 3
MapQualBias Minimum P-value for Mapping quality bias 0 0
SnpGap SNP within a certain distance of an Indel to be filtered out 10 10
GATK MinDP Minimum depth allowed 4 4
MinQD Minimum quality over depth allowed 2 2
MinMQ Minimum mapping quality allowed 10 .
MaxFS Maximum Fishers P-value 60 200
MaxHS Maximum haplotype score 13
MinMQRank Minimum Z-score -12.5 .
MinPosRank Minimum Z-score -8 -20
Minlnbreed Minimum inbreeding coefficient -0.8

Table A.2 Filters and thresholds applied on variants from the TS experiment.
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Mouse gene Human gene

Mouse models of TD
Shh
Foxel
Chrd
Edn1
Eyat
Fbin1
Hes1
Hoxab
Isl1
Nkx2-5
Frs2
Hoxa3
Hoxb3
Hoxd3
Pax3
Fgfr2
Fgf10
Hhex
Nkx2-1
Pax8
Twsg1
Thx1
Zebrafish models of TD
ace
cyc

fau
hand2

SHH
FOXET
CHRD
EDN1
EYAT1
FBLN1
HES1
HOXA5
ISL1
NKX2-5
FRS2
HOXA3
HOXB3
HOXD3
PAX3
FGFR2
FGF10
HHEX
NKX2-1
PAX8
TWSG1
TBX1

ACE
cYct
FAU
HAND2

Table A.5 List of CH candidate genes, part 1.

Mouse gene Human gene

Genes enriched in the mouse thyroid bud at

E10.5
Adrbk2
AfapiL2
Atp10a
Bcl11b
Bel2
Calmi3
Capg
Cckar
Cd44
Chdh
Clstn2
Cpne4
Cpxm2
Ctxn3
Cxcl12
Elfn1
Galns
Gegr
Hexb
Hivep3
Hitral
Irs4
Kihl14
Lypd6b
Matn2
Nbeal2
Nptx1
Pla2g7
Prir
Ptpre
Ryr3
Scarab
Slc16a2
Slc44a3
Slc4a4
Slc4A5
Sorbs2
Stc2
Tbx3
Tefep2l1
Zbtb20
Zbtb4

ADRBK2
AFAP1L2
ATP10A
BCL11B
BCL2
CALML3
CAPG
CCKAR




276

Appendix

Mouse gene Human gene

Genes enriched in both the mouse thyroid bud

and lung at E10.5
Alcam
Ap1m2
Arhgef16
Cdep1
Cdh1
Cdh16
Cldn3
Cldn6
Cldn7
Clu

Crb3
Ct14
Dsg2
Epcam
Eppk1
Esp2
Inadl
Kenk1
Mapk13
Marveld2
Marveld3
Mbip
Meg3
Mfsd6
Npnt
Pitonm1
Prss8
Pygl
Rassf10
Ripk4
Sh3gl2
Sicozatl
Sorcs2
Sorl1
Spint1
Spint2
Tie2
Tmem176a
Tnk1

ALCAM
AP1M2
ARHGEF16
CDCP1
CDH1
CDH16
CLDN3
CLDN6
CLDN7
CLU

CRB3
SAGET
DSG2
EPCAM
EPPK1
ESRP2
INADL
KCNK1
MAPK13
MARVELD2
MARVELD3
MBIP
MEG3

PYGL
RASSF10
RIPK4
SH3GL2
SLCO2A1
SORCS2
SORL1
SPINT1
SPINT2
TEK
TMEM176A
TNK1

Table A.6 List of CH candidate genes, part 2.

Foxe1 targets
AHCY
AMIGO3
ANKRD37
ATMIN
BET1
CASP4
coQ10B
CRELD2
CTGF
DDIT3
DERL3
DNAJBT1
DNAJB9
DNAJC3
DUSP5
ENGASE
ERO1LB
ETV5
GGCT
GMPPB
HSP90B1
HSPAS
HYOU1
IGF2BP2
IL23A
MANF
MFSD2
NR4A2
NUPR1
PDIA4
RIOK3
SDF2L1
SEC23B
SELTL
TMA4SF1
TMEME6
ZFAND2A
ADAMTS9
BCAM
CDH1
CRIP2
DYNLRB2
ELOVL2
FGF18
FOLR1
KRT20
PRIMAT
PRSS8
RIL
S100A4
SLIT1
TMEM140

Pax8 targets
CDH16
CITED2
EGR1
IGFBP7
KCNJ15
KCNJ16
NFKB1
RAB17
RUNX2
SPARC
TRIB1
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Baseline patient characteristics N= 145
Gender (female/male) 63 (43%) / 82 (57%)
Ethnicity (Caucasian / Black / Asian / Jewish / Others / unknown) |99 (68%)/2/21/1/11/ 11
Age at diagnosis, years
Mean + SD 3.6+1.8
Median (range) 3.5 (range 4 weeks to 7 vears)
Diagnosis (CD / UC / IBDU) 66 (46%) / 51 (35%) / 28 (19%)
Positive family history 29/137 (21.2%)
Paris Crohn's Classification (n=66) *
Disease location L1 lleum 2
L2 Colon 20
L3 lleocolonic 42
+ L4 (upper Gl tract) 34
Disease behavior B1 nonstricturing-nonpenetrating 54
B2 sticturing 6
B3 penetrating 2
B2B3 penetrating and stricturing 3
Perianal involvement 17 (24.2%)
Paris UC classification UC (n=49) ** | IBDU (n=25) ***
Disease location E1 Ulcerative proctitis 1 0
E2 Left sided UC to splenic flexure 6 0
E3 Extensive UC to hepatic flexure 4 1
E4 Pancolitis 38 24
Gl surgery
Colectomy | 23/144 (16.0%)
Associate medical therapy
Steroids 93/144 (64.6%)
Azathioprine/6-MP 102/144 (70.8%)
MTX 11/144 (7.6%)
CYA 9/144 (6.3%)
Anti-TNFa 51/144 (35.4%)

Table kindly generated and provided by Dr Tobias Schwerd.
One data set incomplete (David Wilson), “unknown” patient details excluded for analysis;

* CD: 2/66 patients with oral and perianal CD only

**UC: 1/51 patient unknown location, 1/51 data set incomplete
***1BDU: 3/28 patients without macroscopic inflammation

Table A.7 Disease phenotype and therapy characteristics for the VEO-IBD cohort.






