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Abstract

Application of next-generation sequencing (NGS) in clinical diagnosis has enabled the effi-
cient analysis of diverse genetic disorders. Rapid growth in the number of human genomes
sequenced, underpinning a developing understanding of the disease-gene relationship. The
high-throughput nature of NGS technology necessitates the need for a robust analytical
framework for efficient and accurate genetic diagnosis. The higher degree of genetic varia-
tion identified in NGS applications often confounds the molecular diagnosis, and requires
an enhanced strategy for the identification of causal variants. This thesis explores diverse
applications of whole-exome and whole-genome sequencing at both the individual and
population level for delineation of the human disease genome.

Design, implementation and benchmarking of efficient pipelines for analysing whole-
exome and whole-genome sequencing data is first explored. Next, the diagnostic utility of
the pipelines is examined in a range of rare disorders. This includes whole exome anal-
ysis of patients with hereditary nephrolithiasis, whole-exome and whole-genome analysis
of a patient with severe skeletal dysplasia and targeted gene panel sequencing in a co-
hort of patients with syndromic cleft lip/palate (CLP). Through analyses of these cases,
advantages and limitations of NGS analysis for establishing the molecular diagnosis in
rare disorders are demonstrated. A novel method for ranking variants in the presence
of phenotypic and genetic heterogeneity is introduced, and its diagnostic utility explored
across syndromic CLP patients. While the application of variant-level attributes such as
pathogenicity and conservation scores greatly facilitate molecular diagnosis, full resolution
of the genetic architecture underlying disease genome depends on identification of factors
that dictate the spatial distribution of pathogenic mutations across the genome. The non-
random distribution of variants across the genome is the outcome of the complex interplay
between selection, recombination and mutation which is reflected in genome-wide linkage
disequilibrium (LD) patterns.

The final section of the thesis explores the possibility of delineating human disease
genome from fine-scale LD maps in Sub-Saharan African populations (SSA). Extended
population history in the SSA populations enables an unprecedented resolution for char-
acterisation of LD patterns at sub-genic levels. LD maps constructed according to the
Malécot-Morton model from the whole-genome sequence data of 295 individuals from
major SSA populations correlates closely with the proposed models of Bantu expansion
across Africa. Furthermore, the relationship between gene-ontology groups, gene essen-
tiality and gene-age with the extent of LD is investigated, and a model for identification
of the association between the LD extent and gene-group assignment is proposed.

Overall, this thesis demonstrates many applications of NGS technology and highlights
the common limitations involved in the analysis and interpretation of variants revealed
from high throughput NGS analysis.
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Chapter 1

Introduction

In this chapter, I provide a general foundation for better understanding of the results that
follow in the next chapters. Since human disease genome is the focus of this thesis, an
overview of the mutational spectrum in the human genome is provided in the first section
and approaches for disease gene identification is discussed in the second part. Finally, this
chapter concludes with a thorough discussion of the limitations and challenges involved in
Next-Generation Sequencing (NGS).

1.1 Variation in The Human Genome

For over 5,000 monogenic disorders that are documented to date, the underlying genetic
factor for only about 50% of these conditions is described, and the genetic aetiology for
the majority of these disorders remains yet to be identified ). Furthermore, an increasing
number of complex conditions like intellectual disability and a range of psychological
conditions that were previously thought to have a multifactorial aetiology are now thought
to be a collection of diverse rare monogenic disorders 3.

Completion of the 1,000 Genomes project in October 2015 led to the discovery of
over 88 million genetic variants including 84.7 million single nucleotide polymorphisms
(SNPs), 3.6 million short insertion/deletions (INDELs) and about 60 thousands structural
variants across 2,504 individuals from 26 different populations®. Variation in the human
genome is the consequence of historical mutational events that enabled survival, evolution
and diversification of human race throughout the natural selection. Adaptive advantage
conferred by this variation resulted in a 4.1 to 5 million site differences in a typical human
genome when compared to the reference sequence[*. The great majority of variation in our
DNA appears to be without consequence since only a small percentage of our genome is
functionally important ®:6:7]. Numerous changes outside exonic boundaries have no obvious
consequence in the functionality of proteins and therefore are well tolerated. Restricting
analyses to these functionally active regions substantially reduces the total number of
non-reference sites to about 6 x 103 variants out of which 149-182 sites are identified to be
protein truncating. About 10-12 thousand sites are presumed to have sequence-altering
implications and 459-565K variants are discovered to overlap known regulatory regions 4.
The total number of non-reference sites greatly varies in different populations. Individuals
of African descent harbour the greatest number of variant sites (~5M sites) per genome
while this figure is depressed in recently bottlenecked populations (Figure 1.1).

It is noteworthy that not all of these variant sites are related to human disorders and in
fact only a fraction of these variants have pathological implications. Genetic redundancy
also confers some degree of protection against inactivating mutations. A classic example
of this genetic redundancy is displayed by ribosomal RNA genes, where inactivating mu-
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tations in one copy of an rRNA gene do not necessarily lead to rRNA impairment as many
other functional copies compensate for the aberrant copy 8],
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Figure 1.1: Total number of polymorphic variant sites catalogued across 26 populations from Africa
(AFR), East Asia (EAS), Europe (EUR), South Asia (SAS), and America (AMR). Increased
number of variant sites in populations with African origin confirms the out-of-Africa model of
human evolution. FIN: Finnish in Finland; GBR: British in England and Scotland; CEU: Utah
Residents (CEPH) with Northern and Western European Ancestry; IBS: Iberian Population in
Spain; T'SI: Toscani in Italy; CHS: Southern Han Chinese; CDX: Chinese Dai in Xishuangbanna,
China; CHB: Han Chinese in Bejing, China; JPT: Japanese in Tokyo, Japan; KHV: Kinh in Ho
Chi Minh City, Vietnam; GIH: Gujarati Indian from Houston, Texas; STU: Sri Lankan Tamil
from the UK; PJL: Punjabi from Lahore, Pakistan; ITU: Indian Telugu from the UK; BEB:
Bengali from Bangladesh; PEL: Peruvians from Lima, Peru; MXL: Mexican Ancestry from Los
Angeles USA; CLM: Colombians from Medellin, Colombia; PUR: Puerto Ricans from Puerto Rico;
ASW: Americans of African Ancestry in SW USA; ACB: African Caribbeans in Barbados; GWD:
Gambian in Western Divisions in the Gambia; YRI: Yoruba in Ibadan, Nigeria; LWK: Luhya in
Webuye, Kenya; ESN: Esan in Nigeria; MSL: Mende in Sierra Leone. Figure adapted from the
1000 Genomes Project Consortium [4]

1.2 Genetic Basis of Diseases

Mutational events at the DNA level generally lead to genetic disorders through one of the
three major mechanisms:

1. Changes in the protein-coding sequence result in the total loss of function or al-
ternatively gain of function. This class of mutations result in the gene products
that are totally dysfunctional or may have acquired altered (or perhaps new) func-
tion. Mutations of this category necessarily result in changes in the conformation
of protein structure.

2. Mutational events that result in changes in the genetic dosage also impair the func-
tionality of cells and result in genetic disorders. These type of mutations generally
result in unstable mRNA or aberrant gene copy number. Occasionally these muta-
tions adversely affect cis-acting regulatory sequences that control gene expression.
The resulting abnormal excess or deficiency of gene product results in pathological
conditions.

3. Less frequently, mutations in regulatory elements of DNA indirectly impair the
functionality of the downstream genes that are under the tight regulation of these
elements and thereby lead to pathological conditions.
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The mutation rate is not uniform across the genome and variant sites tend to cluster
around certain DNA sequences that are prone to mutational events. Such regions are de-
scribed as mutation hotspots where their inherent instability or chemical predisposition to
nucleotide substitution results in greater frequency of mutational events!). Repetitive and
low complexity DNA are among regions in which mutations involve large-scale deletions
and duplications which potentially impact multiple genes 1], In contrast, point muta-
tions ubiquitously occur across the genome and based on their position they can result
in a highly pathogenic or an entirely benign variant. In the next section, I will explore
different categories of point mutations that underlie human disorders.

1.2.1 Pathogenic Point Mutations

Point mutations are the most frequent form of variation in the human genome. This
category of mutations involve substitution, insertion or deletion of a single nucleotide
in the DNA sequence. Single nucleotide substitutions are typically classified into two
categories (Figure 1.2):

1. Transitions (7') are single nucleotide changes that substitute a nucleotide base
with its similar kind (purine to purine or pyrimidine to pyrimidine). Transition
mutations occur more frequently across the human genome.

2. Transversions (7v), in contrast, substitute a purine with a pyrimidine and vice
versa and occurs with lower frequency across the human genome.

Ty

G

v

Figure 1.2: DNA substitution mutations; transitions (7;) versus transversions (7},). Al-
though possible T;, are twice as many as 7;, T; mutations in the human genome occur at
a higher rate resulting in a genome-wide T; /T, ratio of ~2.0011,

The transition to transversion ratio (7;/7,) is a measure of sequence change and is
often used as a principal metric in evolutionary substitution models!*?). If the pairwise
substitution rate for all possible nucleotide pair conversions was equal, then the T;/T,
ratio was expected to be around 0.5 as there are 2 times as many possible transversions as
transitions ! (Figure 1.2). In fact, the T;/T, ratio is not constant across the genomes of
different species. For example, while there is a bias in favour of transitions over transver-
sions in the genome of Homo sapiens and Drosophila melanogaster, no significant difference
between transition and transversion rates are identified in the grasshopper genome '3, In
Homo sapiens mitochondrial genome the T; — T, bias is even larger in favour of transi-
tions and the T;/T, is estimated between 21 and 38 (14 Given the genome-wide bias in
the T;/T, ratio in humans, the ratio is frequently used as a quality check parameter in
the high-throughput sequencing applications*®. During the evolution of mammalian and
avian orders, their genomes underwent a rapid GC increase across the coding parts that
consequently resulted in the higher frequency of T; conversions across the coding loci. It
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is generally assumed that the 7; /T, in human exonic region is ~3.0 and outside the exome
region is ~2.0116].

When a single nucleotide substitution occurs in the coding sequence, it can lead to re-
placement of one codon in the mRNA with another codon. Considering the consequence of
this replacement on the amino acid sequence of protein, single nucleotide variants (SNVs)
are subcategorised to synonymous (silent), non-synonymous (missense) and nonsense mu-
tations (Figure 1.3). As a result of substantial redundancy in the genetic code, synonymous
(also known as silent) mutations are the most frequent type of SNVs. In fact, all amino
acids (except Methionine (Met) & Tryptophan (Trp)) are encoded by multiple codons
and substitutions at the single nucleotide level typically lead to substitution of different
codons that effectively code for the same amino acid. Despite the fact that synonymous
mutations are typically harmless, a minority of these silent mutations alter RNA splicing
motifs and thereby result in pathologic conditions[!7:18].

Non-synonymous substitutions (missense mutations) predominantly replace one amino
acid with another amino acid and depending on the chemical properties of the amino acids
that have been substituted, they represent a range of functional impact at the protein level.
Substitution of polar amino acids (Arg, Lys, His, Asp, Glu, Asn, Gln, Ser, Thr, Tyr and
Cys) with nonpolar amino acids effectively impairs the conformation and functionality of
the protein and often have dramatic effects on the phenotype 2920 The chemical proper-
ties of substituted amino acids are used in predictive models to quantify deleteriousness
of a mutation.

The relative frequency of synonymous and non-synonymous mutations vary according
to their position of occurrence in the codon. For nuclear DNA, where 20 amino acids are
coded by 61 codons, about % (~ 70%) of substitutions at the third base position are usually
silent, while by contrast, almost all changes at the second base pair are non-synonymous
and about 96% of substitutions at the first base are identified as non-synonymous 2.

Nonsense mutations are the third category of single nucleotide substitutions in which
replacement of a single nucleotide transforms an amino acid-specifying codon to a prema-
ture stop-codon. This type of mutation results in unstable RNA or truncated proteins.
The pathogenic impacts of these mutations are tightly controlled by numerous cellular
RNA surveillance mechanisms including nonsense mediated decay (NMD)!2).

Single nucleotide insertions and deletions are also an important group of pathogenic
mutations that can disrupt the reading frame in exons and thereby indirectly lead to
premature termination codons. These mutations are under the tight control of NMD
mechanism, but occasionally if they skip NMD, result in truncated proteins that are either
not functional or interfere with the function of the wild type proteins. These mutations
are frequently associated with dominant negative conditions 23,
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5-GCT . GGA . GOA . BN GGA . GAA . Bl GGA-3' DNA
N-Ala.Gly . B2 . . GF . G . B8l .cly C Protein
b. 5-GCT . GGA . Glc . Il . GGA . 68 . Bl . GGA -3
Silent Mutation

N-BAla. Gly . A1a . . Gy . B .88 .cly c
c. 5-GCT . GGA . GOA . BN . AGA . BRA . Bl . GGA -3
Missense Mutation

N-Ala. Gly . B . . Az . B . B8 .cly-c
d. 5-GCT . GGA . GOA . Il . GGA . A . Bl . A -3
Nonsense Mutation

N- Ala. Gly . B .l . B¢ . sTor
e. 5-GCT . GGA . GEc . HNGE . INGE . N0H . INGH . INEE . » -3

Frameshift Insertion

a.
Wild Type

N- Ald. Gly . Bl . Thr. Arg . Thr . Arg . Trp -C

. 5-GCT . GGA . NG . NG . SR . NG . BE . ca -
Frameshift Deletion
N-BAld. Gly . B . GIn . Asp. Lys . Met -C

g 5-GCT . GGA . GOH . Il . GG . ccc . GAH . Bl . GcA -3
Non-frameshift [nsertion

N-Bla. Gly . BE B . 6§ . rro. B .8 . Gly C
5-GCT . GGA . GG . Il . GG . BBl . cA1.cGA -3
N-Ala. Gly . B2 . . G . B .-C

h.
Non-frameshift deletion |

Figure 1.3: Overview of different types of mutations in the coding region of a gene. a.
The open reading frame for eight amino acids in the wild type peptide is illustrated.
The triplet nucleotides separated by dots represent the natural reading frame of the gene
and colour of each triplet identifies the corresponding amino acid; b. The substitution
of A to C at the third codon (highlighted in yellow) result in a silent mutation. Silent
or synonymous mutations do not change the amino acid sequence, but they might affect
mRNA stability and thus alter the protein expression!?4; ¢. The (G>A) at the 5th codon
result in a missense mutation that lead to the substitution of Arg to Gly. This type of
mutation alter the protein function by impairing the wild type peptide sequence; d. The
C to T transition at the first base of codon 6 introduces a stop codon that result in a
truncated peptide; e. Insertion of a cytosine nucleotide at the last base of the third codon
impairs the reading frame and result in the change of amino acid sequence. Dots outside
the highlighted triplets represent the new reading frame and dots inside the highlighted
triplets identify boundaries of codons prior frameshift; f. Deletion of Adenine nucleotide
at the third codon result in a frameshift deletion. Impaired reading frame result in the
altered peptide sequence. In frameshift insertion/deletion (INDEL) translation continues
until a stop codon is reached; g. & h. When the number of inserted or deleted nucleotides
are multiples of 3, the reading frame does not change and depending on the nature of in-
frame change (i.e. insertion or deletion), new amino acids might be introduced to or lost

from the peptide.
5)
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1.2.2 Pathogenic Splicing mutations

Point mutations in the cis-acting elements of DNA are relatively common. These muta-
tions impair RNA splicing and result in genetic disorders. Essential cis-acting regulatory
elements that control RNA splicing are located adjacent to exon boundaries. Any single
nucleotide changes in the highly conserved GT (at the 5’ end) or AG (at the 3’ end) have
marked effect on RNA splicing and leads to exon skipping or intron retention. In addition
to the highly conserved splicing acceptor and donor sites, single nucleotide changes in
other cis-acting regulatory elements such as splicing enhancers and splicing silencers are
also harmful. For example, mutations that impair exonic splicing enhancers (ESEs) result
in skipping of the mutant exon by the splicing machinery and disrupt the gene product 7.
Since these mutations result in aberrant splicing they are not readily identified by DNA
sequencing and usually expression level data is required to confirm their pathologic im-
plication 29, Occasionally, single nucleotide substitutions activate cryptic splice sites and
result in new splice donor or splice acceptor sites. This class of mutational event impairs
normal splicing and results in exon skipping or intron retention. These mutations impair
the natural reading frame and result in truncated transcripts with premature termination
codons that frequently undergo RNA degradation26].

As discussed in the earlier sections, the mutation frequency varies across the genome
and GC-rich segments of the genome are generally more susceptible to single nucleotide
substitutions. The genome-wide germline mutation rate is estimated around 1.18 x 10°®
(0 = 40.15 x 10°®) per nucleotide per generation 27 and the genome of each individual
collectively harbours 340- 400 putative loss of function variants, but not all of these mu-
tations are pathogenic as they are largely frequent mutations in non-essential genes like
blood group genes or Human Leukocyte Antigen (HLA) gene clusters (28],

1.2.3 Structural Variation

Structural variants (SVs) are abundant large scale changes within the genome that vary
in size. These mutational events typically involve copy-number variation (often greater
than 50bp) and are implicated in both Mendelian and complex disorders 29 These large
scale mutational events include:

1. Deletions which are considered the most abundant SVs in the genome (~ 79%)
and involve removal of DNA segments (Figure 1.4a). Deletions result in the loss of
genetic material and impact gene dosage!%.

2. Insertions involve addition of new sequence into the genome. Depending on the
origin of added sequence, these SVs are classified into novel insertions (figure 1.4.b)
or mobile element insertions (Figure 1.4.c). The mobile element insertions account
for the second most frequent SVs across the genome (~ 20%) and novel sequence
insertions account for only a mere 1% of SVs across the genome.

3. Duplications that result from propagation of native sequences of DNA within the
genome. Depending on the arrangement and orientation of duplicated segments
these type of SVs are classified as tandem (Figure 1.4.d) or interspersed duplications
(Figure 1.4.e). Tandem duplications collectively account for less than 1% of SVs
across the genome.

4. Inversions are described as chromosomal rearrangements in which a segment of DNA
undergoes breakage at two loci and rearranged within itself (Figure 1.4f). During
inversion no chromosome material is lost and thus this type of SVs are classified as
balanced rearrangements.
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5. Translocations involve exchange of chromosomal segments between nonhomologous
chromosomes (Figure 1.4.g). Depending on whether exchange of chromosomal seg-
ments involve acquisition or loss of chromosome material, these SVs are further
classified into balanced or unbalanced translations.

a. Deletion d. Tandem duplication J. Translocation
Ref, — - - +  Ref. — Ref.
' -
— —_—— Ref. >

b. Novelsequenceinsertion €. Interspersed duplication

Ref. > Ref, — g —p

C. Mobile-element insertion  f. Inversion

Ref. Ref.

[ — s w— —> g +——— —>
Mobile
element

Figure 1.4: Schematic representation of different classes of structural variants (SVs); (Figure
adapted from Alkan et al.31).

Structural variants collectively account for 0.5-1% of inherited genetic differences be-
tween individuals®@. Recurrent de novo SVs are known to have high locus-specific for-
mation rates and occur in 7’0% live births®3l. Detection of genomic structural variants
from next-generation sequencing data is explored in Chapter 4.

1.3 Approaches to Identifying Disease (Genes

The idea that human disorders are influenced by hereditary factors was conceptualised in
the mid to late 19th century. The Roux-Weismann theory of development during the 1880s
proposed chromosomes as the principal determinants of heredity 4 and led to subsequent
introduction of the chromosomal theory of Mendelism by Walter Sutton and Theodor
Boveri in the early 20th century. A series of landmark studies in the mid-20th century led
to molecular dissection of genetic disorders such as albinism and brachydactyly [®®. The
search for the molecular component of heredity during this time established the central
dogma and led to the molecular disease paradigm %37 A brief overview of conventional
methods that have been used in medical genetic research is provided in the following
sections.

1.3.1 Linkage Mapping

Strategies for discovering disease genes where little is known about the gene product has
relied on the use of linkage. In linkage analysis co-inheritance of marker alleles and disease
phenotype is used to localise the causal genomic region. Markers that are close to each
other on the same chromosome are more likely to be inherited together on a same stretch
of DNA. This is because the chance of recombinational events that separate markers are
reduced when marker alleles are positioned in close proximity to each other. In a fully

7
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Figure 1.5: Linkage analyses in a pedigree with Darier-White disease. This dominantly-inherited
skin condition is mapped to the long arm of chromosome 12. The haplotype within 12q segregating
with the disease is shaded in yellow. The shaded 8-3-8 haplotype in individual II-4 denotes the
genomic region on chromosome 12 that consistently segregates with the disease among all affected
individuals. Figure reproduced from the linkage analyses in British pedigrees ascertained for Darier-
White disease 38!

penetrant Mendelian disorder, linkage strategies can be used to identify a chromosomal
section that contains mutated genes (Figure 1.5).

The statistical basis of linkage was initially developed in the 1930s for identifying
genetic linkage in autosomal dominant disorders®?4%. Nearly two decades later, Newton
Morton introduced parametric logarithm of odds (LOD) score which laid the foundation
for the fine mapping of human traits*!). The principle of parametric linkage analysis
revolves around the statistic that can fundamentally be expressed as:

1-6 NR HR
( (0.5))<NR5R) (1.1)

lOd . Z — loglo

In this equation 6 denotes the recombinant fraction under the inheritance model as-
sumption (Recessive, Dominant or X-linked). N R denotes the number of non-recombinant
individuals and R denotes the number of recombinant members. Markers that are not
physically linked together have 50% recombination due to independent assortment and
thus 0.5 is used in the denominator to calculate likelihood of recombinant offspring under
no linkage.

Parametric linkage analyses are a successful approach for mapping genes in monogenic
disorders. Parametric linkage analyses is essentially accomplished under the assumption
of a specific model that gives details about parameters like the mode of inheritance, dis-
ease gene frequency and penetrance of the disease. Parametric linkage analyses, however,
have limited power for complex disorders where the mode of inheritance or genotypic pene-
trance is less clearly defined. Model-free methods of linkage analysis (non-parametric) was
proposed for analysing complex disorders*?. In non-parametric linkage studies patterns
of allele sharing among affected relatives are compared against chance expectations and a
likelihood-based model is applied to test for linkage 3.

As with other methodologies, linkage analyses have limitations. In the absence of
selective mating in studies of human disease, establishing informative pedigrees with mul-
tiple fully penetrant individuals is almost impossible and therefore generation of linkage
maps for human traits is difficult. In cases where the disease has detrimental effect on
fitness, establishing extended informative pedigrees with the trait of interest is practically
impossible.
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The discovery of restriction fragment length polymorphisms (RFLPs) in 1980 revolu-
tionised human gene mapping and enabled the first human linkage maps to be produced
without the need for recombinant phenotype 4. The principles of genotyping and linkage
mapping were successfully applied by genetic laboratories around the world and led to
mapping of cystic fibrosis[# and discovery of the Huntington’s disease gene4®l. The prin-
ciples of linkage mapping have also applied in studying complex disorders, but apart from
some fortuitous discoveries like mapping of insulin gene (INS) locus in type 1 diabetes [47]
and discovery of ApoE locus for Alzheimer’s disease*!, these efforts have been largely
futile in detecting genes underlying complex disorders. The greater degree of heterogene-
ity and low effect size in complex disorders requires a different approach for disease gene
discovery that is discussed in the next section.

1.3.2 Association studies

The advent of the TagMan platform in 1993 enabled efficient genotyping of polymorphic
markers and small insertion/deletions (INDEL) and paved the way for denser maps of
human polymorphisms to be produced at lower costs!%. This opportunity enabled ge-
neticists to genotype a greater number of loci in larger cohorts at significantly lower costs.
This consequently resulted in a dramatic increase in adaption of genome-wide linkage
studies. There was however inherent limitations with application of linkage analysis for
studying complex disorders. Reduced effect size and low penetrance in complex disorders
result in cross-family linkage analyses lacking statistical power.

The comprehensive comparison of linkage and association studies conducted by Risch
and Merikangas in 199659 proved greater statistical power for association studies in almost
all circumstances especially when the frequency of disease allele is low, and effect size
is small (i.e. scenarios in which odd ratio (OR) is less than 2). This led to the idea
of genome-wide association studies (GWAS) that hinged on the delivery of high-density
polymorphism map by human genome project. In the same year, the first automated
capillary sequencing machine (AB310) released by Applied Biosystems Inc. (ABI) that
followed by the release of upgraded 96-capillary ABI 3700 series[5!. This technology was
particularly important at the time as it enabled the first draft of human genome project
to be released in 2001°2:53]. During the same period efforts in cataloguing human genome
variation resulted in the establishment of dbSNP database[®¥. Since the establishment of
the dbSNP in 1999, the number of indexed variants for the human has sharply increased
to 325 million in dbSNP build 150 (Figure 1.6).

The principle of association studies revolves around statistical testing of co-occurrence
of alleles and phenotypes in individuals within population. Association studies essentially
have a case-control design and disease risk for tested variants is typically measured by
odds ratio (OR). In association studies, the frequency of genotypes and/or alleles in a large
cohort of unrelated individuals with the trait of interest (cases) are compared against the
frequency of genotypes/alleles in ethnically matched controls. The odds of being affected
when possessing a specific variant is expressed as:

_ Dg/Dx

OR = ———
Hg/Hy

(1.2)

In this equation Dp denotes total number of risk alleles among affected individuals; Dy
denotes total number of alternative alleles among cases; Hg denotes total number of risk
alleles among matched controls and Hy denotes total number of alternative alleles among
controls.

Significant association between a genetic marker and the trait is not always due to
genetic factors. Population substructure and history can play a substantial role in false



1.3. APPROACHES TO IDENTIFYING DISEASE GENES CHAPTER 1.

500 - H "> Submissions
450 -_r RefSNP.Clusters
(- Validated

Number of SNPs (M)

Figure 1.6: Growth of dbSNP for Homo Sapiens between Sep. 2005 to Feb. 2017. The dbSNP
builds are identified across the x-axis and the number of SNPs are expressed in millions across
the y-axis. The red line represents the total number of submitted SNPs (#ss). The green line
represents the total number of unique, non-redundant reference SNP (#rs) and the blue line
illustrates the total number of validated SNPs. Data extracted from dbSNP Summary statistics
(www.ncbi.nlm.nih.gov/projects/SNP/snp_summary)

positive association signals. For instance variation in admixture proportions in admixed
populations such as Latin American Mestizo populations result in false positive associa-
tions[5%56] or variations in allele frequencies in African populations can result in spurious
association signals®”). Inevitably, it is mandatory that cases and controls have the same
population ancestry and origin to avoid stratification bias in association studies®l.

1.3.3 LD and genome-wide association studies

Human genome variants implicated in pathogenic conditions are either directly involved
in the disease or tightly linked to a disease-susceptibility allele. In complex conditions
where the causal variant (A) is linked to a susceptibility allele (B), the frequency of the
haplotype containing both variants (Fap) will be higher than the frequency of both alle-
les estimated under the independence assumption(F4Fp) among the affected individuals.
This non-random association of two or more loci in the human genome is so called linkage
disequilibrium (LD) and is quantified by the coefficient of linkage disequilibrium according
to formula below:

Dap = Pap — Py Pp (1.3)

Where Psp is the probability of both alleles occurring on the same haplotype and
P4 Pg is the probability of alleles segregating independently P9,

LD became very significant in the development of association mapping haplotype struc-
tures and paved the way for genome-wide association studies (GWAS)[(SO’GI]. Linkage
disequilibrium (LD) between two or more loci occurs when combination of alleles are pos-
itively selected due to the evolutionary advantage they confer, or simply when they are
positioned at proximate loci where recombination is reduced 2. Discovery of LD between
SNPs enabled GWAS studies to be conducted with a manageable number of tag-SNPs

10



CHAPTER 1. 1.3. APPROACHES TO IDENTIFYING DISEASE GENES

(Figure 1.7).

Haplotype1 CTCAAAGTACGGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCC/GATCTGTGATACTGGTG
Haplotype 4

O\ D [«
O\=- =
o\ND «—

Figure 1.7: Haplotypes and tag-SNPs as the underlying principles of GWAS. LD at neighbouring
SNPs result in a specific combination of alleles that are always inherited together. These blocks are
known as haplotypes. Tag-SNPs are surrogate genetic markers that represent genomic haplotypes
where adjacent SNPs are in LD with each other. Here four haplotypes are tagged only by the
three bi-allelic markers (shaded in yellow). Genotyping of these three tag-SNPs is sufficient for
identification of genetic variation and association to traits without the need for genotyping all
SNPs; (Figure taken from the international HapMap consortium [63]).

As discussed earlier, human genetic variation differs across populations and LD pat-
terns vary in different populations. To discover and catalogue genetic variation across dif-
ferent populations with ancestral origin in Africa, Asia and Europe, the HapMap project
was established in 2002[64. Introduction of high-density genotyping arrays by Affymet-
rics and Illumina in combination with the data generated in the HapMap project enabled
GWAS to be successfully applied in the context of complex disorders!69].

The first successful GWAS report was published in 2005 by Klein et al. and involved
identification of two associated SNPs in the context of age-related macular degenera-
tion 96!, Despite small sample size (96 Cases vs. 50 controls), a great deal of this fortuitous
discovery was indebted to the large effect size rendered by the identified variants.

Genome wide association studies greatly contributed to our understanding of complex
disorders, but their inherent limitations in detecting association for low frequency vari-
ants restricted their use[87l. The tag-SNP approach that facilitate GWAS is ill-suited for
populations with different LD to HapMap population. Furthermore, variants with low fre-
quency are not well tagged by common SNPs and therefore GWAS studies are deficient in
detecting association for such variants. As proposed by Pritchard, low frequency variants
play an important role in susceptibility to complex disorders and GWAS limitations in
detecting such variants cannot be overlooked 68l

1.3.4 Next-generation sequencing

Alongside the development of microarray chips, the advent of 454 pyrosequencing method
in 2004 enabled massively parallel sequencing and led to the birth of next-generation
sequencing®. A year later, Illumina introduced the Solexa platform that was based
on reversible termination sequencing method and ABI commercialised its SOLiD (Se-
quencing by Oligonucleotide Ligation and Detection) platform in 2007. The arrival of
next-generation sequencing (NGS) technology enormously increased sequencing capacity
and enabled sequencing of larger number of samples in a considerably shorter period of
time 70,

Another technological progress that enabled cost effective sequencing of a subset of
genome introduced by NimbleGene in 2007. Their sequence capture technology enabled
enrichment of pre-specified part of the genome in microarray applications. This enabled
enormous cost reduction through concentrating genotyping effort on the region of inter-
est[™. This advancement led to the birth of whole exome sequencing (WES), in which

11
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only the coding region of the genome (exome) is selected for sequencing. The advent of

enrichment technology and WES revolutionised gene hunting for Mendelian disorders!7.

These technological advancements collectively resulted in a new collaborative effort
for fine mapping of human genome variation. As a result the 1,000 genomes project
founded in 2007 with the aim of generating a near-complete map of genetic variation in a
thousand human individuals[™!. While the initial release of the project comprised only 16
million variant sites (including SNPs, indels and structural variants) across 180 HapMap
samples (28] the final release of the project consisted of over 88 million variants (84.7 million
SNPs, 3.6 million indels and 60,000 structural variants) across 2,504 individuals from 26
different populations!®.

The introduction of whole exome sequencing (WES) in combination with the progress
made in cataloguing low frequency variants by the 1,000 genome project resulted in a
paradigm shift in disease gene identification for Mendelian disorders. Following the dis-
covery of the causative mutation in Miller syndrome by exome sequencing[™!, WES has
become the dominant approach in identification of disease gene for Mendelian disorders.

The unifying characteristic of NGS platforms is their unprecedented ability to sequence
millions of DNA fragments from different samples simultaneously. The NGS technology
relies upon alignment or de novo assembly of numerous short overlapping reads generated
from fragmented genomic DNA (gDNA)!™!. The application of NGS in disease gene
discovery has two particular advantages over the traditional methods such as linkage and
association studies. The sequence reads from NGS platforms provide direct information
about variants in the target region and therefore contrary to linkage studies, no prior
assumption about the genomic position of any pathogenic variant is required. Furthermore,
clinical NGS can be successfully applied for GWAS studies to tackle the problem of power
reduction arising from recombination (reduced linkage disequilibrium) between the tag

SNPs and pathologic variant [76:7778],

The limitations of GWAS and linkage meta-analysis for detecting rare variants with
intermediate to low penetrance highlights the limitations of traditional disease gene dis-
covery strategies. In fact, a disease with locus heterogeneity and/or reduced penetrance
cannot be successfully identified by traditional strategies. Furthermore, rare disorders
segregate in only a small number of cases or families and the availability of a limited
number of cases usually restrict the power of disease gene identification by conventional
approaches. Development of massively parallel sequencing in combination with targeted
gene capture enabled cost-effective identification of rare variants in Mendelian disorders.

Disease gene discovery efforts in complex disorders have considerably benefited from
the advancement in NGS technology. The power of NGS in detecting low-frequency vari-
ants primarily came to light in 2009 when the protective role of IFIHI low-frequency
variants identified via direct sequencing of exons and splice site of 10 candidate genes [791,
Another landmark study into the genetics of inflammatory bowel disease (IBD) in 2011
that utilized NGS in studying 56 candidate genes led to the identification of novel risk
factor in NOD2 and two protective variants in IL23R Y. Furthermore, the success of
WGS in identifying hotspots for de novo mutations in complex psychiatric disorders such
as autism 8! has proven the clinical utility of NGS in complex conditions. These primary
successes of NGS in identifying low-frequency variants for complex disorders combined with
its achievements in the identification of aetiological variants underlying Mendelian disor-
ders[™l resulted in whole genome /exome sequencing to become the mainstream strategy
for disease gene discovery. Whole genome sequencing (WGS) also enables high-resolution
LD maps to be produced® that in turn will facilitate the design and implementation
of imputation-based strategies for GWAS studies of low-frequency variants in complex
disorders!83].

An overview of conventional strategies in disease gene discovery and respective study
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design is provided in Figure 1.8.

Complex Oligogenic : Monogenic
Disorders Disorders i Disorders

Case /Control

Candidate Gene Sequéncing

Index cases

- Extended Families

Trios/ Index Family

Variant Frequency

Variant Effect Size

Figure 1.8: Overview of conventional approaches in disease gene identification. Common
variants that underlie complex disorders are originated from mutations in the distant past that
have subsequently reached moderate frequency in the population. Based on the common disease-
common variant hypothesis these variants generally have low impact and in combination with other
common variants contribute to complex disorders. Association studies detect such loci and have
case/control design [34] " At the other end of the spectrum are fairly recent mutations with a very
strong effect that underlie aetiology of Mendelian disorders. These variants are subject to strong
selective forces that will limit the frequency of these mutations in the general population!®®!. De
novo mutations with large effect size can be readily identified in NGS experiments with trios/index
family design[®l. Identification of variants with intermediate effect size is carried out by studying
candidate genes in index cases.

1.4 Applications of NGS in clinical diagnoses and
population genomics

Numerous aspects of NGS technology including cost-effectiveness, speed, high resolution
and accuracy of data generated by massively parallel sequencing has made NGS the pri-
mary method of choice in genomic research. Falling costs of NGS resulted in a sharp
increase in the number of studies utilising NGS capabilities in disease gene discovery (Fig-
ure 1.9).

NGS technology is increasingly used in the clinical setting not only for identification
of pathological variants but also for de novo genome assembly of pathologic organisms for
which a reference genome sequence is not available. In the recent Ebola virus (EBOV)
outbreak in West Africa, NGS technology was successfully applied to produce assembly
of full-length EBOV genomes and enabled rapid public health response to the crisis®¢.
Furthermore, the application of NGS technology at population level in the African Genome
Variation project enabled dense genotyping of 18 ethno-linguistic groups from sub-Saharan
Africal87].

In recent years, several implementations of NGS technology have been developed
by leading companies such as Illumina (https://www.illumina.com), Pacific Bio-
science (http://www.pacificbiosciences.com) and Oxford Nanopore (http://www.
nanoporetech.com). While multiplexing sequencing reaction is the unifying feature of
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Figure 1.9: Number of studies utilising massively parallel sequencing technology from year 2002 to
2016. Falling cost of NGS enabled more genetic labs around the world to use NGS technology in dis-
ease gene discovery. Prices shown (black line) are the cost of sequencing per genome through 2002 to
2015 in US dollars. Data extracted from PubMed (https://www.ncbi.nlm.nih.gov/pubmed) and
the National Human Genome Research Institute (https://www.genome.gov/sequencingcosts).

all these platforms, their throughput and read lengths vary greatly. Details of popular
NGS platforms are summarised in Table 1.1.

The application of NGS in Mendelian disorders over the past decade has resulted in a
substantial increase in our understanding of molecular basis of Mendelian disorders. The
fact that NGS enables simultaneous analysis of multiple regions in the genome has made it
a cost-effective alternative option for molecular diagnosis in the clinic. In situations where
single gene testing fails or when genetic heterogeneity underlies the condition, WES/WGS
can be successfully applied for establishing a diagnosis. The challenge, however, remains
as to whether to use targeted gene panels or whole-exome/genome sequencing. Although
WES/WGS assess a larger portion of the genome, targeted gene panels offer a cost-effective
solution for analysing a particular set of genes with respect to a specific phenotype. In WES
where only the protein-coding region of the genome (exons) are studied, the overall depth
of sequencing data drops in regions with high GC content, sequence homology or repetitive
sequences. In these scenarios, targeted gene panels offer a better solution for identifying
aetiological variants[®8. Furthermore, the deeper coverage achieved in targeted sequencing
provides greater confidence for variant detection across known phenotype-specific genes.
The clinical utility of targeted approach for molecular diagnosis is discussed in Chapter 5.

The diagnostic utility of NGS is particularly pronounced when applied for the detec-
tion of rare variants underlying Mendelian disorders. Whole exome sequencing offers an
ideal approach for identifying novel loci in Mendelian disorders. Due to the increased
power of WES in identifying causal variants even in a small cohort it is readily applied
in the research setting to identify causal genes in undiagnosed genetic conditions with
varying mode of inheritance®. In studies carried out by Yang et al., the application of
WES for establishing the molecular diagnosis in patients with suspected genetic conditions
achieved a 25% molecular diagnostic rate!9%911. Application and analysis of WES data in
establishing molecular diagnosis for nephrolithiasis patients is discussed in Chapter 3.

Rapid advances in sequencing technology and computation capabilities has made WGS
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more accessible to the clinic. WGS offers an unprecedented opportunity to decipher all
types of genetic variation in all parts of the genome. Genomics England exemplifies one
of the largest collaborative research established to harness the potentials of WGS in the
clinic. WGS not only provides a thorough picture of non-coding regions of the genome,
but also outperforms WES in covering coding segments of the genome®2. In a recent
study, diagnostic yield of WGS for establishing molecular diagnosis in 217 patients for
whom previous screening failed to identify the pathogenic variants is identified to be 34%.
This figure increases to 57% in trios®?. Furthermore, WGS allows identification of all
forms of structural variation covered in the section 1.2.3. WGS is changing the foreground
of healthcare and shifting medical practice toward personalised medicine. The application
of WGS in identifying structural variation is explored in Chapter 4.

1.4.1 Limitations of Next Generation Sequencing

Although NGS technology has been widely adopted and both clinical and research labo-
ratories around the world benefited from it’s high throughput, NGS still has major lim-
itations. Although, the error rate associated with the base calling varies depending on
the NGS platform, it usually ranges from ~ 0.1% to 15% which is higher than traditional
Sanger sequencing method!™!. This higher error rate is specifically problematic when it
leads to false negative or false positive discoveries®¥. Algorithmic solutions such as GATK
Base Quality Score Recalibration (BQSR) have been proposed for correcting the systemic
errors made by sequencers?!, but base calling error rates are still identified to be corre-
lated with minor allele frequencies of the variant site. In that sense the error rate of 4-6%
for rare SNVs implies the necessity of corroborating NGS finding by Sanger sequencing99.
Recently, a more sophisticated machine learning algorithm has been suggested to tackle
this problem 7.

A second limitation of NGS platforms lies in their relatively short read length that
makes them ill-suited for variant calling in repetitive and low complexity regions of the
genome. The current best practice NGS analysis relies heavily on mapping-based variant
calling where short-reads are uniquely mapped to the reference genome. In low complexity
regions where tandem repeats stretch to hundreds of base pairs, short reads could not be
uniquely mapped to the reference genome resulting in erroneous alignment and spurious
variant calls[899 A classical example of this problem in exome sequencing is highlighted
by Fajardo et al. where misalignment in low complexity regions and paralogous genes or
pseudogenes result in false positive signals 09,

The read length in the majority of conventional NGS platforms ranges from 35bp
to 250bp (Table 1.1). Platforms with long-read sequencing capability have been devel-
oped ™), but the higher read lengths comes at the expense of higher prices which has
been the limiting factor for their widespread adoption in the clinic and research laborato-
ries (™),

Depth of coverage across the genome in NGS methods is not uniform and GC- and
AT-rich segments of DNA are usually undercovered'?. In addition due to short read
lengths, the phase of variants cannot be resolved directly and imputation techniques must
be applied 193],

Finally, the relatively short length of reads in NGS technology also impose algorithmic
challenges for de movo assembly of genomes. The majority of assembly algorithms use
the de Bruijn graph and Eulerian path approaches [104] which is inefficient in assembling
segmental duplications and larger common repeats such as Alu repeats1%5. Efforts into
de novo assembly of genome have led to improved algorithms 19 however full resolution
of genome assembly still relies on larger read lengths.
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CHAPTER 1. 1.5. THIRD-GENERATION SEQUENCING

1.5 Third-Generation Sequencing

The limitations of NGS (especially short read lengths) necessitated a new generation of
long-read sequencing platforms to be developed. In the third generation sequencing unlike
NGS where sequencing is carried out by amplification and synthesis of millions of short
read sequences, the long-read sequencing is achieved by base calling nucleotide sequence
at the single molecule level 18],

The field of long-read sequencing is under active development and to date two major
platforms including the PacBio Single Molecule Real-Time sequencing (SMRT) 1% and
Oxford Nanopore Technology (ONT) (110] platforms have been commercialised. The core
concept in the both technologies revolves around single molecule sequencing without the
need for amplification and library preparation (in contrast to NGS).

Single Molecule Real-Time (SMRT) sequencing is a synthesis based platform in which
incorporation of differently labelled nucleotides into the DNA strand is optically monitored
and translated into long-read sequences. The single polymerase reactions in the SMRT
technology occurs in a tiny chambers known as Zero-mode waveguide (ZMW). These
chambers have 100 nanometre (nm) depth and 70nm width and accommodate only one
single strand of DNA. The release of a fluorescent label upon incorporation of a new
nucleotide results in emission of a signal that is recorded in real-time. One SMRT-cells
comprises ~150,000 ZMWs and generates sequence reads of 10 kbp on average[mg’ll”.

In contrast to SMRT technology where the sequencing reactions occurs inside alu-
minium nano chambers (ZMWs), in ONT, the sequencing occurs inside nanopores that
are embedded in a phospholipid bilayer!!2/. In this technology negatively charged single
stranded DNA is forced to pass through the nanopore channel and the base sequence
is detected in real-time from the change in the amplitude of ion current applied to the
opposite sides of the bilayer [113]

Among the four platforms developed based on the nanopore technology (MinION,
GridION x5, PromethION, SmidgION), the MinION has been widely adopted by research
laboratories due to its affordable price and portability. The MinION platform is a pocket-
sized USB shape device comprised of 512 nanopore channels that generates long read
sequences up to 150 Kbp1. The MinION device however has notoriously high error
rate (~25- 40%) that renders it unsuitable for clinical use. Recent advances in variant
detection algorithms for the MinlON nanopore sequencer promised some hope for its future
applications in the human disease gene discovery [115:116],

The third generation sequencing has been successfully applied to microbiome analy-
sisM7118,119] 41 gene-fusion discovery 1201, but it has not yet widely applied to the field
of human genetics. In particular the high error rate and expensive price associated with
the third generation sequencing have limited its application in the field of human genetics.

1.6 High Throughput Sequencing Challenges

The field of human genetics has enormously benefited from the advances in the high
throughput sequencing technology. NGS technology in particular has enabled vast
amounts of genomic data to be produced in a relatively short time frame at affordable
cost. The great success of high throughput sequencing, however, has brought about sev-
eral challenges including data storage bottleneck, computation requirements for in silico
analysis, data interpretation, data protection and patients privacy.

The reducing cost of genome sequencing in the recent years (Figure 1.9) resulted
in a huge amount of genomic data that requires intensive data storage and distributed
computing resources for analysis. In the recent years, the cost of sequencing has dropped
at a faster pace compared to the cost of data storage['?!) (Figure 1.10). This has resulted in
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a data storage bottleneck necessitating distributed storage and cloud computing solutions
for tackling this challenge 122
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Figure 1.10: Relative historical trends in data storage capacity and DNA sequencing costs per US
dollar. The blue squares represents the capacity of storage in megabytes per US dollar and the
red triangles identify the number of base pairs that can be sequenced per US dollar (All numbers
represented in logarithmic scale). The blue line shows exponential growth in the capacity of storage
per US dollar. The historic trend in DNA sequencing capability per US dollar is represented by the
yellow line and red line. The doubling time for sequencing capability until 2004 is slightly slower
than the growth in data storage capacity (blue line vs. yellow line), however the advent of NGS
technology in 2004 inflect the curve and in 2009 doubling time for sequencing capability exceeds
that of storage capacity; (The figure adopted from the review paper by Lincoln D Stein [121)

In silico analysis of the large amount of data generated by NGS technology is computa-
tionally demanding and requires intensive processing capabilities such as supercomputers
which are beyond the conventional computing resources available to the diagnostic labs.
This has resulted in implementation and deployment of genomics pipelines on commercial
cloud computing services such as Amazon EC2123],

Similar to conventional genetic test results, the biological and clinical interpretation of
variants discovered by high throughput sequencing have considerable importance for the
patients, their parents and their relatives. Unfortunately, the majority of variants iden-
tified by whole genome sequencing are either non-coding or coding variants of uncertain
significance (VUSs) which require scalable functional studies to establish their biological
impact [88],

Given the extent of genomic data generated by high throughput sequencing, incidental
findings are common in clinical exome and genome sequencing. These incidental findings
are unrelated to the primary indication for ordering sequencing but might have medical
value for the patient health. The extent to which incidental findings should be reported to
the patient has been a matter of considerable debate. In order to address this challenge, the
American College of Medical Genetics and Genomics (ACMG) has published a guideline
for reporting incidental findings 124,

Finally, there has been a growing concern over the privacy of the patients in clinical
exome or genome sequencing. It has been suggested that a collective set of 75 statistically
independent SNPs is adequate to uniquely identify the owner of the DNA sample 129,
It is estimated that individuals can be identified in a pooled mixture of genomic DNA
even when they contribute as low as 1% to the DNA pool mixture!'26!. In the era of big
data, securing patients’ identity imposes one of the greatest challenges in the field of high
throughput sequencing. With the availability of public databases and distributed storage
services, it is essential to ensure patients privacy.
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1.7 Overview of Thesis

In this chapter an overview of genetic mutations underlying human disorders is provided.
Different approaches to the human disease gene discovery is discussed and advantages and
disadvantages of each approach is reviewed. The progress in high-throughput sequencing
that enabled better understanding of rare Mendelian disorders is discussed and limitations
of NGS technology outlined. Finally, the challenges that are faced in the era of high
throughput sequencing and potential solutions are described.

In Chapter 2, the methods applied for analyses of samples are reviewed and the
specificities of pipelines developed for in silico analysis of samples is discussed. Different
aspects of the pipelines including alignment, variant calling and annotation is explained
and strategies for identification of aetiological variants in WES and WGS applications are
detailed. Finally, the performance of the pipelines used for variant analysis in this thesis is
compared and strategies for increasing sensitivity and specificity of pipelines are discussed.

Chapter 3 describes the application of whole-exome sequencing in nephrolithiasis.
This chapter explores how analytical pipelines discussed in Chapter 2 are applied in an
oligogenic condition to discover the aetiological variants.

In Chapter 4, application of whole exome sequencing and whole genome sequencing
for resolving a rare case of congenital anomaly is discussed. Furthermore, this chapter
describes how WGS can be applied in the field of rare disorders to identify pathogenic
structural variants.

In Chapter 5, the utility and application of gene-panels for genetic diagnosis in fa-
ciogenital dysplasia is reviewed. Phenotypic and genetic heterogeneity in faciogenital
dysplasia is reviewed and limitations of targeted gene-panels for identification of causal
variants in the context of disease discussed.

In Chapter 6, genome-wide pattern of linkage disequilibrium (LD) across the genome
of sub-Saharan African populations is explored and the relationship between the gene-
specific LD structure and numerous aspects of the gene including essentiality and tendency
to contain disease causing variation is investigated.

Finally, the concluding remarks are detailed in Chapter 7.
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Chapter 2

Methods and Analytical Pipeline

2.1 Introduction

Traditionally, studying rare disorders has been difficult, and lack of financial incentives
concerning profit return had limited research on these disorders. According to the Euro-
pean Commission, disorders that have a frequency of less than 1 in 2000 are categorised
under the umbrella term of rare disorders!['?”]. Rare disorders although rare individually,
collectively have a prevalence of 6 to 8% in the general population and affect 27-36 million
people around the world[128]. Studies show that ~80% of rare disorders have an under-
lying genetic aetiology and comprise up to 20% of paediatric inpatient admissions*29). Tt
is estimated that rare disorders underlie 31% of death in paediatric medicine and 51% of
neonates diagnosed with a rare disorder fail to thrive during the first year of life[30,

Studying rare disorders in the last few decades has enabled identification of novel genes
and molecular pathways that were not known before and has enormously increased our
insight into the aetiology of many rare conditions. As an example, studies into severe
forms of familial insulin resistance by Barroso et al. enabled the identification of key
genes that also underlie type 2 diabetes[!31l. Despite these developments, rare disorders
are generally under-diagnosed[93132 The latter notion is reflected in the 3,341 listed
disorders in the OMIM database for which the molecular basis is unknown (as of October
2018). Given the significant burden of rare disorders on health systems (184% extra
hospital charges compared to other diseases [133]) and long diagnostic odyssey for patients
and their respective families, a paradigm shift in studying these disorders is required.

Recent progress in NGS technology enabled the successful discovery of genes related
to rare genetic disorders('?7l. Contrary to Sanger sequencing where only one locus is
studied at a time, NGS enables mutational screening across the whole genome or whole
exome. Three main NGS strategies applied in the context of rare disorders include whole
genome sequencing (WGS), whole-exome sequencing (WES) and targeted gene panels.
Each strategy has its own advantages and limitations, and the choice of each option
depends on the nature of the disorder and the cost incurred. Some classical rare disorders
such as ciliopathies with well studied morbid genome are good candidates for targeted
gene panels!'3¥| whereas rare disorders for which the genotype-phenotype correlation is
less clear, WGS or WES approaches are more recommended 93

2.1.1 Data Analysis: The NGS Bottleneck

As high-throughput sequencing (HTS) continues to improve and pave its way into routine
clinical practice, the challenge of analysis and interpretation of data becomes immense.
Some of the challenges in relation to the data analysis aspect of NGS is discussed in
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Chapter 1 (Section 1.6), and here I briefly overview technical aspects of data handling in
relation to clinical NGS data.

Currently, Illumina platforms that are based on short read sequencing dominate the
sphere of clinical resequencing applications and the majority of data generated so far is
based on short-read sequencing technology (Table 1.1). Despite the advantages offered
by this technology, the sheer amount of data generated by short-read sequencing poses
significant data storage and analysis challenge. For instance, a BAM (Binary Alignment
MAP) file of a single human WGS at 30X coverage occupies ~90GB of hard-disk space.
This figure readily scales up to thousands of terabytes (T'B) even in a modest sample-size
project 1351, Two major factors that influence the size of a BAM file include the length of
short-reads and the average number of reads per each base (known as coverage) across the
target region. In general, the size of a BAM file is directly related to the size of the target
region and the fold coverage across the target region. (Table 2.1). BAM files are usually
converted to VCF (variant call format) files that only contain information about the sites
that are different from the reference genome. Although these files are much smaller in
size (~30 Gb for WGS and up to ~70 Mb for WES), the raw sequence data (FastQ
files) and raw alignment data (SAM/BAM files) are essentially kept for future reference.
Furthermore computing time and power spent on generating processed data (i.e. BAM
and VCF files) from the raw sequence data (FastQ files) make them valuable to be retained
on the hard-disk memory. All these easily scale up the memory requirements for NGS data
analysis.

Platform Target region Coverage No. of reads Read length BAM file size Processed file storage
(FQ+ BAM+ VCF)

‘Whole-genome sequencing 6.6 Gb 341X 727,228,300 147 91 GB 175 Gb

(WGS)

‘Whole- exome sequencing 71 Mb 62.7 X 40,070,889 75 5.6 GB 41 Gb

(WES)

Targeted gene panels 12 Mb 66.7 X 47,123,868 151 4.9G 11Gb

Table 2.1: Comparison of file storage requirements for different strategies in clinical NGS applica-
tions.

The second major challenge in analysing clinical NGS data is the choice of best soft-
ware and data analysis pipeline for reliable and reproducible interpretation of NGS data.
The sensitivity of NGS pipelines extensively relies on the successful identification of noise
and false positives (including systemic biases such as batch effect, strand-bias effect and
coverage-bias effect among others) from true positives in a high dimensional data space.
This computationally intensive task requires robust statistical and machine-learning mod-
els for optimal analysis of data generated through NGS applications. As of October 2018,
over 10,300 tools for WGS and WES analysis are listed at OMICtools!!36) for which a
consensus over their clinical reliability is lacking. Given this large number of algorithms
and tools available for NGS analysis, designing and implementing an optimal pipeline is
challenging.

As discussed in Section 1.6, clinical interpretation of variants identified through NGS
analysis, especially when it pertains to patient care, in the absence of functional analysis
can be challenging. A typical WGS sample contains ~3 million variants, and WES gener-
ates up to 30,000 variants per sample. All these variants are not pathogenic, and therefore
a robust filtering strategy is required to discern causal mutations from benign variants.
To guide interpretation of clinical NGS data several prediction algorithms and classifying
strategies have been developed, but still, a consensus on the best practice is lacking 137
This signifies the importance of a tailored pipeline specific for analysing Mendelian disor-
ders.

Replication of results from clinical WGS/WES data relies upon access to the ex-
act same pipeline, source codes and parameter settings (including software versions and
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genome assembly release) used for initial analysis. In the absence of a standard pipeline
or lack of consensus over best practice in clinical NGS analysis, replication and validation
of NGS results appear extremely challenging[!37]. All these hurdles necessitate design and
implementation of a standard pipeline that enables reliable and reproducible interpretation
of NGS data in the clinical setting.

2.1.2 Chapter overview

The aim of this chapter is to describe the in-silico pipeline and analytical methods used
for analyses of NGS data across this thesis. Since the library preparation and sequencing
was usually outsourced or carried out by academic collaborators, methods in relation to
library preparation are only briefly reviewed.

In this chapter, the general workflow used for processing short-read sequencing data
is introduced and a discussion about the different steps involved in analysing WES and
WGS is followed. Since targeted gene panels are a specific form of WES in which only a
subset of pre-selected genes is exome sequenced, the in-silico methods used for analysing
this class of data is covered under WES analytical pipeline. Given that the majority
of samples analysed in this thesis are of the WES type, the performance of three WES
pipelines for variant discovery investigated and rationales for choosing the best pipeline are
provided. In the final section, technical details of the WGS pipeline used for identification
of structural variants is overviewed.
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2.2 Methods

2.2.1 Samples and clinical phenotypes

The patients studied in my research were acquired through collaboration with local and
international clinicians and researchers. The clinical phenotypes studied in my research
include nephrolithiasis, skeletal dysplasia and syndromic CLP (with the provisional diag-
nosis of Aarskog-Scott syndrome) which are discussed in chapters 3, 4 and 5 respectively.
For all samples, ethical approval of the respective organisation was in place and sample
collection performed upon obtaining informed consent from the patients. The patients’
data were processed according to the good clinical practice (GCP) guidelines set by the
national institute for health research (NIHR). Table 2.2 provide an overview of cases and
study designs covered in this thesis.

Chapter Phentype Study Design Target region Origin Number of samples

111 Nephrolithaisis Index cases Whole Exome UK 9
KASP genotyping 48

v Skeletal dysplasia Index case Whole Exome UK 1
Whole Genome

\% Aarskog-scott syndrome Index cases 4813 clinically relevant ~ Colombia 13
genes

VI Healthy individuals Population-wide Whole Genome Sub-Saharan 320

(LD map study) Africa

Table 2.2: Summary of samples, clinical phenotypes and study designs discussed in this thesis.

2.2.2 DNA extraction and quality check

For samples from the UK, DNA extraction from blood or saliva was carried out locally at
the Institute of Developmental Sciences (IDS, University of Southampton). For samples
from the Colombian collaborators, extracted DNA was provided for use in NGS analy-
ses. All samples underwent primary quality control checks to confirm the quantity and
purity of extracted DNA. This step involved quantification of DNA by spectroscopic (Nan-
odrop spectrophotometer) and fluorometric methods (qubit fluorometer). In spectroscopic
methods, the absorbance ratio of ultraviolet light at a wavelength of 260 nanometres (nm)
is measured against absorbance at 280 nm, and purity of DNA extract is quantified by
calculation of the optical density (OD) measure (Formulae 2.1).

OD = Log(Aa60/ A2s0) (2.1)

The Asgg is also used to quantify the amount of extracted DNA. The widely accepted
Asgo/ Aasgo threshold for pure DNA is ~1.8 and samples with ratios below 1.8 are considered
impure 38!, In fluorometric methods (using qubit fluorometer), DNA samples are tagged
with fluorescent labels that selectively bind to double-stranded DNA (dsDNA) and the
absorbance at the wavelength of 260nm is used as a measure of DNA concentration 139,
Minimal DNA amounts and concentrations required for NGS varies widely depending
on the library preparation method and sequencing platform. Nevertheless, samples were
discarded if they were not meeting minimal DNA concentration required for respective
library preparation method.

2.2.3 Library preparation and sequencing

Library preparation is the fundamental step in the pre-sequencing workflow through which
nucleic acid target (DNA in case of WGS/WES) is prepared to be used in the sequencing
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machine. The size of target capture and library preparation method depends on the choice
of capture kit and sequencing platform and slightly differs for different enrichment meth-
ods. Given that the majority of whole exome target capture in this thesis was carried out
using Agilent SureSelect XT Human All Exon V5 and sequencing performed on Illumina
paired-end platform, the target capturing and sequencing for this method is explained.

In WES applications, following DNA extraction 3ug of high-quality genomic DNA
(gDNA) is acoustically sheared into small fragments using Covaris DNA Shearing System
(Covaris, Woburn, MA, USA). Fragmented DNA is then size selected to obtain DNA
fragments in 150-200bp range. Since 80% of human exons are typically shorter than
200bp 1491 an average insert size of 250bp for paired-end sequencing is recommended to
minimise the occurrence of overlapping reads on Illumina platforms 4.

Size-selected fragments are then used to generate Illumina paired-end DNA libraries.
In brief, blunt end fragments are phosphorylated at the 5’ end and adenylated at the 3’
end to generate the 3’-dA overhang. Modified fragments are annealed to index paired-end
adapters to generate adapter-modified fragments. Unligated adapters are subsequently
removed and purified. The ligation products are subjected to multiple cycles of PCR
using index primers to generate an indexed DNA library. Once amplification is complete,
the library is purified from non-amplified fragments with magnetic beads (Figure 2.1).

Remaove unligated

Adapter-modified adapters o Purified ligation
el DR ends product
DNA fragmentation using Ligate index paired-end PCR using index primers
Covaris DNA Shearing System adapters

!

gmg_f;agg“;”}m 3-dA overhang Indexed DNA liorary

Repair ends Add an ‘A’ to the 3" ends

Blunt-ended &' Phosphorylated
fragments fragments

Figure 2.1: Sample preparation workflow for whole exome sequencing on Illumina paired-end

sequencing platform. (Figure inspired by Illumina multiplexed paired-end sequencing manual [142])

Following the establishment of the indexed library, exonic regions of genes are recov-
ered using Agilent SureSelect XT Human All Exon V5 capture kit. This is achieved by
hybridising the exome-containing fragments to biotinylated library baits which are com-
plementary to the exome. Non-covalent binding of streptavidin antibody-coated beads
with biotinylated sequences enables capturing of exome-amplified fragments (Figure 2.2.
The enriched library is subsequently sequenced on the Illumina paired-end sequencing
platform (HiSeq 2500) according to the manufacturer’s best practice guidelines (Figure
2.2). Paired-End (PE) reads with average size of ~ 75 bp were used for in-silico analyses.

The workflow for library preparation in WGS is essentially the same as WES and
follows the general steps described above. The exception in WGS applications is that
the fragment sizes are generally larger and no capturing step is involved. Specific details
for the whole genome sequencing (WGS) and TruSight One sequencing (TSO) panel are
explained in the chapters 4 and chapter 5 respectively.
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Figure 2.2: Schematic representation of Agilent SureSelect target enrichment technology used
for pooling exome-amplified fragments in WES applications. (The figure obtained from www.
genomics.agilent.com/article. jsp?pageld=3083)

2.2.4 Sample provenance control

In order to ensure data integrity and validity, concomitant to sequencing, all samples are
genotyped at 24 SNPs using a KASP genotyping platform (LGC Genomics, Hoddeston,
UK) to identify erroneous sample swaps on the same dispatch of DNA. The panel used
for orthogonal genotyping of samples comprise 24 bi-allelic SNPs that are captured by
all conventional exome capture kits(143. The DNA fingerprint of each sample at these
24 loci is then compared to the genotypic profile of the respective sample obtained from
short-read sequencing and discrepancies are interpreted as sample swap or contamination
on the same dispatch DNA plate. Samples that fail this provenance check are flagged for
exclusion or replacement.

2.3 wn-silico analytical pipelines

The pipelines applied for WES/WGS analysis are generally comprised of three fundamen-
tal steps: 1) Alignment; 2) Variant calling and; 3) Annotation. The in-silico workflow
integrates several bioinformatic software and algorithms and allows fine-tuning of param-
eters related to data analysis. Given the importance of reproducibility in clinical NGS
data analysis, development and benchmarking of an automated pipeline is of paramount
importance 4. In this thesis, separate analytical pipelines were employed for analysing
whole exome and whole genome data. Details of each pipeline is discussed in the following
sections.

2.3.1 WES Analytical pipeline

For analysis of WES data that constituted the majority of samples in this thesis, the
Soton Mendelian Pipeline (v.3.0 and v.4.0) in combination with a customised pipeline
that integrates variant calls from different callers have been used. The Human Reference
Genome build 37 (GRCh37) was used in all the three pipelines to call single nucleotide
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variants (SNVs) and short (<50bp) insertion and deletion variants (INDELs). Although a
more recent release of the human reference genome assembly (GRCh38) is available since
late 2013, still many software used in this thesis is incompatible with the GRCh38, and
therefore the GRCh37 opted as a compromise. It worth mentioning that the possibility
of coordinate conversion (liftover procedure) was also explored, but due to minor incom-
patibilities between the GRCh37 and GRCh38 annotations, to ensure reproducibility of
results, all variants were defined according to the earlier version of the human genome
assembly. The general workflow used in the three WES pipelines is essentially similar and
comprised of same steps that are discussed below:

Raw sequence data QC & preprocessing

Raw sequence data are generated in FAST(Q format. Raw sequence reads in FASTQ
format is represented in plain text where corresponding quality scores for each base call
is encoded as a single ASCII character. The quality score represents the probability of a
wrong nucleotide call at each position and is expressed as a Phred (Q) score [145] " This
score is logarithmically related to the base-calling error probabilities and expressed as
formula 2.2 in which P denotes the probability of incorrect base call by the sequencing
machine.

Q = —10 x Log, (2.2)

Due to the nature of short-read sequencing in which adaptor sequences are ligated to
DNA fragments during the library preparation process, 3’-adaptor sequences have to be
removed prior downstream analysis. Cutadapt tool'6) is employed to remove undesired
adaptor sequences from the raw sequence data. Following the exclusion of redundant
sequences, the quality of raw sequences is inspected using FastQC software (Babraham
Institute, UK) (147 " A per base quality score of 20 is used to exclude low-quality reads, and
the over-represented k-mer flag is applied to identify positional bias within sequence reads.
The K-mer module of the FastQC software screens for overrepresentation or depletion
of predefined length K-mers (default= 7bp) within the library. To identify positional
bias, the distribution of predefined length K-mers across all reads is investigated using a
binomial test. Distribution of K-mers that significantly deviate from theoretically expected
distribution under the binomial assumption is flagged for exclusion. This problem usually
arises from random priming during library preparation or less frequently from unintended
retention of adapter sequences in the trimmed reads. Using the comprehensive raw QC
report from FastQC software, high quality of data is ensured before alignment step.

Sequence alignment

In the alignment step, clean short-reads are mapped to the human reference genome. This
step is computationally intensive and fundamental to downstream analysis. Sequencing
errors and low complexity regions of DNA usually result in mapping biases and therefore
the selection of a good aligner that enables high-quality alignment, and minimal bias is of
paramount importance for clinical validity of WES results.

Several mapping algorithms for alignment of short reads to the reference genome have
been developed, but the majority of conventional short-read aligners apply hash tables or
index-based algorithms for mapping short-reads to the reference genome 48, The index-
based aligners such as Novoalign (http://www.novocraft.com) are generally slower and
use more computational memory, but they are more efficient in mapping reads with long
gaps. Novoalign implements the Needleman-Wunsch algorithm 149 using the entire region
of the sequences and uses affine gap penalties to find the optimal alignment for short
reads. In comparison, heuristic-based aligners such as BWA %0 are generally faster and
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well suited for short-read mapping['*l. BWA applies the Burrows-Wheeler Transform
algorithm for alignment of short sequence reads (32-100 bp) against the large reference
sequence 190,

Novoalign (v2.08.02) was the aligner of choice in Soton Mendelian v.3.0 pipeline and
replaced with BWA (v.0.7.12) in the newer version of pipeline (Table 2.6 for more details).

The product of the alignment step is a SAM (Sequence Alignment Map) file that
stores alignment information in the text format. Each short read in this file is represented
by a single row containing 11 mandatory fields that summarise alignment details for the
respective reads (Table 2.3). These 11 fields are identified by specific flags and used in post-
alignment processing to remove duplicates, and low quality reads from the downstream
analysis.

Field Lable Value Description
Type
1 QNAME String Query template name
2 FLAG Integer bitwise flag
3 RNAME String References sequence name
4 POS Integer 1- based leftmost mapping position
5 MAPQ Integer MAPping Quality
6 CIGAR  String CIGAR String
7 RNEXT String Ref. name of the mate/next read
8 PNEXT Integer Position of the mate/next read

©

TLEN Integer observed Template length
10 SEQ String  segment SEQuence
11 QUAL String  ASCII of Phred-scaled base QUALity+33

Table 2.3: Mandatory fields in SAM format (Adopted from SAM/BAM specification available at
https://samtools.github.io/hts-specs/SAMv1.pdf.

To save hard disk memory and increase processing efficiency in downstream analysis
SAM files are converted to their binary counterparts, known as BAM files, and post
alignment processing is applied to the these binary sequence alignment files.

Post-alignment Processing

Several sources of error during library preparation, sequencing and alignment can give rise
to erroneous calls and false positive/negative results further down the analysis pipeline.
These may include, but are not limited to, PCR artefacts, sequencing errors and mapping
errors. In order to minimise the impact of artefacts in variant calling, following align-
ment, BAM files are subjected to a three-step processing procedure that includes removal
of duplicate reads, local re-alignment around indels and base quality score recalibration
(BQSR). These steps ensure high quality of data for variant calling.

Duplicate removal: Many library preparation methods involve one or more PCR
steps that potentially result in PCR artefacts. These PCR errors are presented as mis-
matches in the read alignment and when occur early during PCR amplification will even-
tually give rise to multiple reads with the mismatch that can falsely be interpreted as
a variation. Moreover, PCR duplicates result in over-representation of the same pair of
reads in the alignment that can skew coverage calculation and introduce bias for variant
calling in heterozygous sites [151],

Reads that map to the precisely same coordinates in the alignment map represent
duplicate reads. These duplicate reads arise from unequal amplification of DNA fragments
during library preparation and, in order to eliminate the bias introduced by these PCR
artefacts, alignment map (SAM/BAM) files are subjected to duplicate removal. Two
major algorithms that are used for flagging and removal of duplicates include Picard

28



CHAPTER 2. 2.3. IN-SILICO ANALYTICAL PIPELINES

MarkDuplicates(http: //picard.sourceforge.net) and SAMtools!['®2l. These programs

identify the duplicate reads solely based on the 5’ coordinates of overlapping reads and
ignore the coordinates in the 3’ end. Since base calling quality decreases toward the 3’
end, alignment of bases at this end are generally less reliable and therefore will be ignored
by the software for duplicate removal !53], Furthermore, hard clipped reads, in which low-
quality bases at the 3’ end are trimmed, result in different mapping coordinates at the 3’
end that can easily mislead the duplicate read identification.

It should be noted that duplicated reads do not necessarily share the same sequence
content. Since PCR amplification might introduce some errors into the sequence informa-
tion of the duplicate reads, the sequence content of the reads is not a good account for
identifying duplication and therefore not considered during duplicate removal step. 154

INDEL realignment Following duplicate removal, alignment of reads in regions con-
taining INDELs must be improved. In conventional alignment algorithms, described ear-
lier, the optimal mapping position for each read is determined independently. In contrast
to sequence reads that simply contain SNVs, alignment of reads around INDELs is more
challenging and requires more sophisticated methods such as gapped alignment. Since the
aligner maps reads individually, the gap penalty among overlapping reads is not always the
same, and local realignment around known INDELs is required to improve the accuracy
of variant calls[98:155]

Major algorithms proposed for INDEL-based realignment either locally realign the
group of gapped reads to the candidate haplotypes [156,157.95] 1 perform local de novo
assembly of gapped reads around INDELs!!58:159] I the Soton Mendelian v3.0 pipeline
in which Novoalign (v2.08.02) is used for alignment, gapped reads are realigned locally
concurrent to global alignment using Smith—Waterman algorithm, whereas, in Soton
Mendelian v4.0 and the customised pipelines, the INDEL realignment step is performed
as part of variant calling procedure. In the latter pipelines, local realignment is postponed
until variant calling step where GATK HaplotypeCaller is used for local de novo assembly
of gapped reads.

Local realignment of reads around INDELs have shown to improve the accuracy of
INDEL calls substantially and it is recommended in the best practice guideline for variant
discovery 169,

Base quality score recalibration (BQSR) Since the accuracy of variant calling
relies extensively on base quality scores, the Phred scores generated by the sequencer need
to be adjusted. In order to minimise systemic and platform-specific bias introduced by
the sequencer in base quality scores assignment, sequencer-generated Phred quality scores
(Q) are subjected to base quality score recalibration (BQSR). In this process reported
quality scores from the sequencing machine in combination with valuable information
from related covariates such as base position, neighbouring base content, sequencer cycle
and the number of reads per lane is used to build a sophisticated model of empirical scores.
Using a set of known variants to mask out real variation in the genome (usually dbSNP),
reported scores from the sequencing machine are adjusted to empirical scores for each base
in the read alignment (Figure 2.3).

In the Soton Mendelian pipeline v3.0, the BQSR is carried out internally by Novoalign
(v2.08.02) as a post-alignment processing option, whereas in the Soton Mendelian pipeline
v4.0 and the customised pipeline, BQSR is implemented independently of alignment pro-
cedure via GATK Base Quality Score Recalibration (BQSR) module. The corrected base
quality scores by the GATK suite are shown to significantly improve bias related to base

quality assignment and increase the accuracy of variant calling 5],
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Figure 2.3: Comparison of pre and post recalibration quality scores for WES data (left) and clinical
gene-panel (Illumina TruSight One panel) data (right). Scores before the recalibration process are
identified in red and corrected scores after the BQSR are identified in blue; (a & b): representation
of empirical versus reported quality scores for base substitution before and after the BQSR; (c
& d): The distribution of quality scores for base substitution before and after the BQSR; (e &
f): representation of mean quality scores before and after the BQSR for trinucleotide sequence
context.

It is important to note that corrected base quality scores are generated under the
assumption that any differences outside the dbSNP is a sequencing error. Given that over
~25 million validated SNPs are indexed in dbSNP build 150 (Chapter 1), and only a
few thousand variants are found in a typical human exome 61 this appears a statistically
sound assumption. However, an obvious caveat should be taken into consideration in cases
where only a small portion of the genome is sequenced. In such cases, the covariate model
does not generalise well to the data and the BQSR may result in the exclusion of true
positive variants [162,163,153]
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Quality control checks on aligned reads

Inter-sample DNA exchange or contaminations are a source of error in NGS analysis.
When DNA from two or more samples on the same dispatch DNA plate are mixed and
sequenced together, sites at which samples are homozygous for alternative alleles are
interpreted as heterozygous. This results in inflation of heterozygous ratios in the sample.
In order to ensure reads from two samples are not mixed and verify heterozygous fractions
match the expected ratios from the Hardy-Weinberg Equilibrium (HWE), BAM files are
scrutinised in verifyBamID software 164 and the FREEMIX score is applied to investigate
contamination level in the samples.

The FREEMIX score uses sequence only information to estimate the likelihood for
contamination based on equation 2.3.1164),

M R;
L) =1]>>" { 11> ((1 — @) P(bijlg;, eij) + aP(bijlg7, eij))P(ez’j)}P(gf)P(gf)
j=1

=1 91'1 g? €ij

(2.3)

In this equation, g; denotes the true genotype for site ¢ where b;; is the base call for the
jt" overlapping read. The e;; denotes a latent indicator variable that takes either value 0 or
1 depending on whether b;; is called correctly or not. In this equation, M denotes the total
number of genotype sites in a single sample, and R; identifies the total number of reads
overlapping site 7 that has passed mapping and base quality thresholds*4. The product
of this equation is a single score that can be used as an estimate of contamination level in
aligned reads. Samples with FREEMIX scores above 0.03% are considered contaminated

and excluded from downstream analysis.

Variant Calling

Once BAM files are processed through post-alignment steps, they are subjected to variant
calling. In this step, loci that are different from the reference genome are compiled and
recorded in a text-based file known as variant call format (VCF). The VCF format is a
standardised framework for storing all types of genetic variations including SNVs, INDELs
and large structural variations (SVs) and used as the standard input file for downstream
annotation software 165,

The structure of a VCF file consists of two main sections; the header that defines the
fields (columns), and the main body that contains information about variant sites. The
header consists of eight mandatory fields and an unlimited number of optional columns
that describe the variant site (Table 2.4). In VCF format each variant site is represented
by a single row, and the total number of rows in the body section corresponds to the total
number of variants called (Figure 2.4).
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Field Lable Value  Description
Type
1 CHROM Integer/ Identifier of the chromosom to which the variant is mapped.
String
2 POS Integer  The 1-based position of the variation on the reference sequence.
3 ID String The identifier of the variant for example rsID for variants in dbSNP; Novel variants
are coded as ”.”.
4 REF Integer  Upercase reference base(s) at the site of variatio; In case of indels, this field
must include base(s) before the event.
5 ALT String The list of alternative alleles at the variant site.
6 QUAL Integer A phred-score associated with the inference of alternative allele.
7 FILTER String A flag identifier indicating the variant site has PASSed all the filters.
8 INFO String An costomised list of semicolon seperated key-value pairs for describing the variant site.

DP;VDB;RPB;AF1;AC1;DP4;MQ;FQ;PV4

Table 2.4: The eight mandatory fields in VCF format; The INFO-field arbitrary keys permitted for
WES data include: DP: actual depth of coverage at the variant site; VDB: variant distance bias,
used o check if the variant occurs at a random position along the aligned read and it is useful for
identification of misalignment due to nearby SNVs; RPB: Mann-Whitney rank-sum test for tail dis-
tance bias; AF1: Maximum likelihood estimate of the site allele frequency under Hardy—Weinberg
equilibrium (HWE) assumption; AC1: Maximum-likelihood estimate of alternative allele under
no HWE assumption; DP4: Four comma separated numbers representing number of high quality
reads covering or bridging reference forward, reference reverse, alternative forward and alternative
reverse bases respectively; MQ: Root-mean-square mapping quality of reads covering variant site;
FQ: Consensus quality expressed in phred-scaled probability; PV4: Four comma separated inte-
gers expressing p-values for strand bias, base quality bias, mapping quality bias and tail distance
bias (The information in the table is adopted from the Variant Call Format (VCF) Version 4.2
specification [16%]).,

##fileformat
#HALT
##FILTER
##FORMAT
##INFO
##contig
##reference

HEADER

#record headers

RECORDS

[ variant site record
[ variant site record
[ variant site record

Figure 2.4: Basic structure of a variant call format (VCF) file (Figure adopted from GATK forums;
https://gatkforums.broadinstitute.org).

In the Soton Mendelian pipeline v3.0, variant calling is carried out using SAMtools
(v0.1.19) mpileup utility (152] ' whereas, in the Soton Mendelian v4.0 and the customised
pipeline, the GATK (v3.6) HaplotypeCaller module [166] js used for variant calling. The
SAMtools mpileup variant caller walks through the aligned region and calls genotypes for
every single position based on the maximum likelihood estimation of variant site prob-
abilities’2. The GATK HaplotypeCaller on the other hand, not only calls SNVs and
INDELSs simultaneously but also performs local de novo assembly around INDEL regions
and therefore renders upstream INDEL realignment unnecessary 2. Furthermore, vari-
ant filtering in SAMtools is carried out through a set of predefined filters, while GATK
Hapl[oty]peCaller is able to learn from data and model per-read allele likelihoods for variant
sites 193],
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Quality control checks on variant callsets

In order to confirm the gender assignment and the relationship status of exome samples
on the same dispatch DNA plate, variant callsets are subjected to further QC. Unexpected
gender assignment and excess heterozygosity in variant callsets can be the result of cross-
sample contamination. While the investigation of excess heterozygosity and contamination
using VerifyBamlID enables exclusion of contaminated samples before variant calling, it
does not reveal the nature of cross-sample swaps and further checks after variant calling
is required to identify samples with excess genotype similarity. Furthermore, the percent-
age of X chromosome heterozygosity from callsets can be utilised to confirm the gender
status of exome samples. In the Caucasian population, which constitute the majority of
clinical samples analysed in this thesis, X chromosome heterozygosity for female and male
patients are estimated around ~60-55% and ~21-23% respectively. Apart from rare cases
of Klinefelter syndrome (KS) in which male patients harbour an extra X chromosome (47,
XXY), this method is able to reliably match reported genders from the lab with inferred
gender status from variant calls. Similarly, excessive autosome heterozygosity (more than
two standard deviation (u=+20) from samples mean) is interpreted as DNA contamination.

In this step, a similarity matrix based on the percentage of identical genotypes between
samples is constructed, and unexpected similarities between a pair of exome callsets are
interpreted as cross-sample swaps. The advantage of this method over the FREEMIX
method for detection of contamination is its ability to identify precisely the samples that
are swapped. Excess similarities between two or more callsets not expected from pedigree
information (i.e. consanguinity) are interpreted as sample swaps. Application of this
similarity matrix in callsets QC is presented in Chapter 3.

Annotation

Following variant calling, annotation attributes such as gene symbol, associated amino
acid change or splicing impact, the frequency of the variant in the general population,
pathogenicity and conservation metrics in relation to the variant site is determined through
the annotation procedure. Since protein-altering variants such as non-synonymous SNVs
and INDELs underlie 85% of Mendelian disorders!*6742) it is essential to discern synony-
mous (silent) variants from non-synonymous mutations early on in the analysis. Anno-
tation facilitates the discovery of disease-causing mutations from background noise and
common polymorphisms.

In the Soton Mendelian pipelines (v3.0 & v4.0), VCF files are subjected to gene-based
and variant-based annotation using ANNOVAR software 168! (r.2013Aug23 & r.2015Dec
respectively). In the gene-based annotation attributes such as genomic features (ex-
onic/intronic), exonic function and exact amino acid change are assigned to related variant
sites. The gene-based annotation is subsequently complemented with variant-based anno-
tation in which information related to alternative allele frequency and variant functional
prediction scores such as pathogenicity and conservation is integrated into the annotation.
In both pipelines, the RefSeq transcripts are used for gene annotation, and all genomic
coordinates are defined according to human reference assembly hgl9 (GRCh37). Both
pipelines utilise the dbSNP B4 build 142 to identify known variants. The minor allele
frequencies (MAF) from three different populations including the 1000 Genome Project
(global and continental), Exome Aggregation Consortium dataset (ExAC, non-TCGA
samples) %) and the NHLBI-ESP project (~6500 exomes) are used for allele-frequency
annotation. Pre-computed functional prediction scores including SIFT 169 PolyPhen2
HVARI™ LRTA™ MutationTaster[!™, FATHMME™! CADDI™, GERP++ 17
PhyloP 176 and SiPhy 177178 are obtained from the dbNSFP v3.0!7. The splicing im-
pact of variants positioned up to three bases in the exonic region, and up to 8 bases
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intronic of a splicing acceptor or splicing donor site in both pipelines are populated using
the MaxEntscan software '8 and the human splice finder (HSF, v2.4.1) (181 " Finally, the
frequency of observed genotypes in the Southampton Exome Database (SED) is deter-
mined and incorporated into the annotation record.

In the customised pipeline, variant sites are simultaneously annotated by the
SnpEf[182 and the Variant Effect Predictor (VEP r.87) (183] " The general settings and
filtering criteria used for annotation of variants in this pipeline are similar to Soton
Mendelian pipelines with the exception that hard filtering is carried out prior annota-
tion in order to reduce false positive calls in the callset. In this pipeline, VCF files are
initially subjected to post variant calling filtering using GATK (v3.6) variant filtration
module. The SNP clusters in which 3 or more SNPs occur within 15bp of each other
are filtered out. This measure is somewhat arbitrary and open to debate, but statistical
models recommend a collapsing window size of 15bp (184 Furthermore, variant sites with
normalised quality by depth less than 2 (QD< 2) and Fisher’s Strand bias (FS> 30) are
also excluded from the annotation analysis. The downstream annotation procedure and
databases used for annotating variants are the same as Soton Mendelian pipelines.

Since VEP and SNPeff and ANNOVAR use slightly different terminologies for different
classes of variants, sequence ontologies were unified across the three variant annotators so
that results contain unique terms for each class of variants (Table 2.5).

ANNOVAR SNPeff VEP UNIFIED
(r.2013Aug23; r.2015Dec14) (v4.2) (r.87) annotation ontology
NON_SYNONYMOUS_CODING missense_variant
1. nonsynonymous_SNV CODON_CHANGE initiator_codon_variant nonsynonymous
NON_SYNONYMOUS_START stop_retained _variant
CODNON_SYNONYMOUS_STOP incomplete_terminal_codon_variant
START_LOST

SYNONYMOUS_CODING
2. synonymous_SNV SYNONYMOUS_START synonymous_variant synonymous
SYNONYMOUS_STOP

3. frameshift_deletion FRAME_SHIFT frameshift_variant frameshift
frameshift_insertion
4. splicing SPLICE_SITE_.DONOR splice_donor_variant splicing
SPLICE_SITE_ACCEPTOR splice_acceptor_variant
5. stopgain STOP_GAINED stop_gained stopGain
6. stoploss STOP_LOST stop_lost stopLoss
7. nonframeshift_deletion CODON_DELETION inframe_deletion inFrame_Del

CODON_CHANGE_PLUS_CODON_DELETION

8. nonframeshift_insertion CODON_INSERTION inframe_insertion inFrame_Ins
CODON_CHANGE_PLUS_CODON_INSERTION

Table 2.5: Different classes of variants annotated in WES pipeline; Different annotation software
use different terminologies for identification of various classes of variants. In order to facilitate
handling and manipulation of annotation output from different pipelines an arbitrary unified term
was devised and applied to annotation outputs.

Upon annotation, experimental evidence in relation to the pathogenesis of variants
is added to annotation output by querying curated mutation repositories including the
Human Gene Mutation Database (HGMD v.2016.2) (185] Teiden Open Variation Database
(LOVD v2.0)[™ and ClinVar['86],

The decision as to what annotation software and transcript set (NCBI RefSeq vs
Ensemble or UCSC) should be used have a significant impact on the number and types
of variants identified in WES analysis['87]. Variants that map to overlapping genes in the
human genome might impact multiple transcripts in the two genes and possibly have a
different outcome on each transcript. For instance, an in-frame insertion of a stop codon
after the last triplet codon of an exon can be mutually interpreted as either a stop gain or
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splice variant. While stop-gains have a punitive impact on the continuation of transcription
in one transcript, it could simply have no effect on an alternatively spliced transcript;
therefore a consensus on reporting these variants is required. The ANNOVAR algorithm
always reports the most deleterious outcome based on an internal priority framework and
also collapse start loss/gain variants into the single nonsynonymous category. While this
approach resolves the ambiguity in variant impact, it might lead to oversimplification of
a high impact start loss/gain mutations. This is specifically problematic in WES analysis
of neoplastic tissue samples where gain or loss of function mutations in proto-oncogenes
and tumour suppressors play an important role in the disease aetiology, and higher weight
should be given to these variants!'®). Furthermore, subjective determination of worst
outcome should be interpreted in the context adjacent variants. As an instance in a likely
situation where a base insertion introduces a stop codon into the sequence, the variant
could be classified as both frameshift insertion or stop-gain, but the decision as to whether
it should be interpreted as frameshift or stop-gain is completely subjective and depends on
the annotation tool. In this instance, if the frameshift is being offset by another preceding
frameshift then the possible impact of the variant is more ambiguous and requires due
diligence for interpretation.

Annotation tools as they stand today, all have their own specific advantages and lim-
itations, and interpretation of results in the clinical settings requires careful examination
of functional impact rendered by the variants. In the context of rare disorders, where
rare coding variants are of particular interest, ANNOVAR provides a reasonably robust
framework for classification of variants in WES applications 89,

2.3.2 Benchmarking of WES pipelines

In order to evaluate the performance of the three pipelines developed for analysing WES
data, a batch of 40 exomes were processed through each pipeline and classification outputs
from each pipeline compared against each other. The general workflow in all three pipelines
is similar and includes alignment, variant calling and annotation steps as discussed earlier,
but subtle differences in tools and processing methodology result in variability in output
from the three pipelines. A general overview of tools used in each pipelined for processing
WES data is provided in Table 2.6.

Step Soton Mendelian V.3.0 Soton Mendelian V4.0 Customised pipeline
Alignment Novoalign (v2.08.02) BWA (v0.7.r12) BWA (v0.7.r12)
Sort aligned reads Samtools (v0.1.19) Picard (v1.97) Picard (v2.10.4)
Mark duplicate reads — Picard (v1.97) Picard (v1.97) Picard (v2.10.4)
Index aligned reads Samtools (v0.1.19) Picard (v1.97) Picard (v2.10.4)
Base quality score - GATK (v3.6) GATK (v3.6)
recalibration (BQSR)

Generate recalibration - - GATK (v3.6)
plots

Calling variants Samtools (v0.1.19) GATK (v3.6)- GATK (v3.6)-
(SNVs and INDELS) HaplotypeCaller HaplotypeCaller

Samtools (v1.3.2)
Variant quality score
recalibration (VQSR) - - GATK (v3.6)

Annotation Annovar (r.2013Aug23) Annovar (r.2015Dec14) VEP (r.87)
SnpEff (v4.2)

Table 2.6: Characteristics of pipelines used for analysing WES data.

Each pipeline outputs between 25,000 to 30,000 variants per exome on average. Sam-
ples that were processed through the customised pipeline tend to have a larger number
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of SNVs compared to Soton Mendelian pipelines (Figure 2.5a). This can be attributed to
the use of merged callset from the GATK haplotype-caller and Samtools in this pipeline.
Conversely, the total number of INDEL variants identified by the customised pipeline is
significantly lower than the Soton Mendelian pipelines (Figure 2.5b) which can be at-
tributed to the use of variant quality score recalibration (VQSR) in this pipeline (Table
2.6). The GATK VQSR module!'%¢! applies machine learning models to learn from the
profile of highly-validated variants in the callset and build a Gaussian mixture model
based on contextual annotation properties of these training datasets (DP, FS, QD, MQ
among others). Finally, the model is used to summarise the annotation properties of novel
variants in the dataset to a single VQSLOD score that can be used for robust filtering
of false-positive variants. Given that the VQSR model works based on the probability
estimation of annotation profiles in the callset, it is not applicable to small-scale exome
analysis and sample sizes larger than 30 exomes is required 199,

On the other hand, both the Soton Mendelian v4.0 and the customised pipelines rep-
resent a superior performance for calling common INDELs (with MAF greater than 1%)
(Figure 2.5f), that can be attributed to the robust power of GATK local realignment for
minimising spurious calls around INDEL regions. This may reflect that both pipelines
have better sensitivity for identifying true positive INDELs.

In relation to different versions of the Soton Mendelian pipeline, a lower number of
stop gain/loss and splicing variants in the Soton Mendelian v4.0 could be attributed to the
improved specificity (limited number of false positives) achieved through the base quality
score recalibration (BQSR) step (Figure 2.5¢). This observation is consistent with lower
number of INDELSs identified in the coding region by the Soton Mendelian v4 (Figure 2.5b).
Conversely, the new version of pipeline presented a better performance for identification of
common SNVs and INDELSs in the callset (Figure 2.5e & 2.5f). The enhanced performance
of the pipeline for calling frameshift variants is also reflected in the higher ratio of non-
frameshift to frameshift variants (Figure 2.5d). These figures arguably emphasize the role
BQSR in limiting alignment errors for variant discovery.

For all three pipelines, the T, /T, ratio was around the expected range ~3 (Figure 2.5g)
and the Het/Hom ratio was consistently identified around ~1.5 (Figure 2.5h).

Since our conclusion about sensitivity and the precision of pipelines drawn from the
above analysis was speculative, to robustly benchmark the performance of the pipelines
against a highly validated callset, the high-coverage (~116x) WES data of individual
NA12878 obtained from the Genome in a Bottle (GIAB) project['91). The exome target
for this sample has been recovered using the SureSelect v2.0 capture kit (Agilent, Santa
Clara, CA, USA) and sequenced in a HiSeq2000 sequencer (Illumina, San Diego, CA,
USA). For the purpose of performance comparison between pipelines, true positive (TP)
variants were defined as variant calls that are consistent with validated genotypes from the
gold standard truth set. Also, false positives (FP) were defined as variant calls that are
inconsistent with the truth set and the difference between the total number of variants in
the truth set and TPs were defined as false negatives (FP). Comparison of precision and
recall (sensitivity) metrics across the pipelines revealed that the Soton Mendelian v4.0 has
slightly better sensitivity for identification of SNVs (Table 2.7). However, the customised
pipeline revealed to perform better for identification of INDELs. The marginally reduced
sensitivity of the customised pipeline for identification of SNVs could be attributed to
the use of SNP cluster filtering through which three or more variant that occur within
15bp of each other are discarded. The issue of incorrect calls due to misalignment is less
common in high-coverage high-quality exome samples, but it is a common source of false
positive discovery in low-quality samples. This filtering step was intentionally introduced
into the customised pipeline to lower the possibility of false positive discovery among a few
low-quality samples that are discussed in Chapter 5. Moreover, the enhanced performance
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of the customised pipeline for INDEL discovery may be related to the use of the merged
callset from both Samtools (v1.3.2) and GATK haplotypecaller (v3.6).

|  Pipelines | SNVs | INDEL |
True Positive False Positive False Negative Sensitivity Precision | True Positive False Positive False Negative Sensitivity —Precision
(TP) (FP) (FN) (TP) (FP) (FN)
Soton Mendelian 24,779 498 1,064 348
v3.0 Total number in truth set 1091 0.9578 0.9803 Total number in truth set 620 0.6318 0.7535
25,870 1,684
Soton Mendelian 24,847 314 1,376 289
v4.0 Total number in truth set 1023 0.9605 0.9875 Total number in truth set 308 0.8171 0.8264
25,870 1,684
Custom-built 24,801 242 1,403 222
pipeline Total number in truth set 1069 0.9587 0.9903 Total number in truth set 281 0.8331 0.8634
25,870 1,684

Table 2.7: Summary table for performance of WES pipelines benchmarked against the NA12878
gold standard truth set (The high-coverage whole-exome data of individual NA12878 obtained
from the GIAB consortium accessable at: http://genomeinabottle.org)

The application of VQSR in the customised pipeline while providing better sensitivity
and precision for variant detection (especially around INDEL regions) restricts the pipeline
utility for small-scale analysis where the total number of sample is less than 30. Although
I used the customised pipeline for exome-batch analysis throughout my research, for the
benefit of consistency and reproducibility of analysis in individuals cases, results from the
Soton Mendelian pipeline v4.0 is provided in the following chapters. The general workflow
for the Soton Mendelian pipeline v4.0 is provided in Figure 2.6.

Throughout the following chapters, if the use of additional annotation software such
as VEP or SnpEff revealed to be beneficial, the results from the Soton Mendelian pipeline
v.4.0 has been complemented with the annotation outputs from the annotation module of
the customised pipeline.
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Figure 2.5: Differences in the counts of coding single nucleotide variants (SNVs) and insertion-
deletions (INDELs) between the Soton Mendelian Pipelines (v3.0 & v4.0) and the custom-built
pipeline; (a) The larger number of missense variant called by the customised pipeline reflects the
impact of merging call sets from different variant callers; (b) The lower number of INDELSs called
by the Soton v4.0 and the customised pipelines reflects the collective impact of BQSR and INDEL
realignment in mitigating the rate of false positive calls for INDEL variants; (¢) Reduced number
of stop gain/loss and splicing variants called by the Soton v4.0 can be attributed to the enhanced
annotation provided by the newer version of Annovar software. The slightly increased number of
stop gain/loss and splicing variants called by the customised pipeline reflects the impact of the
merged call set; (d) The enhanced performance of the Soton v4.0 and the customised pipelines for
calling frameshift variants is reflected in the higher ratio of non-frameshift to frameshift INDELSs
ratio. This demonstrates the impact of INDEL realignment implemented by both pipelines to
reduce false-positive frameshift calls; (e) All pipelines are able to call >95% of common SNPs
indexed in dbSNP build 150. The lower detection rate for common variants in the customised
pipeline is due to the stringent filtering criteria applied at the variant-calling step to remove SNP
clusters in which three or more SNPs occur within 15 bp of each other; (f) The higher performance
of the customised pipeline for identification of common INDELs reflects the collective impact of
INDEL realignment along with merging call sets from different variant callers; (g) The T; /T, ratio
across the coding SNVs for all pipeline is around ~3; (h) The Hem/Hom ration across coding
SNVs for all pipelines is around ~1.5; (i) Thed8wer Het/Hom ratio for rare coding variants in
the customised pipeline reflects the utility of GATK hard-filtering step in reducing the number of
false-positive heterozygous calls that arise from errors such as strand bias.
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2.3.3 WGS analytical pipeline

The general workflow used for analysing whole-genome data essentially follows the same
three-step framework (Alignment, Variant Calling and Annotation) described for WES
analysis. Due to the huge size of WGS data, raw FASTQ files are usually generated
from multiple flowcells in the sequencer machine and therefore multiple FASTQ files for
a single whole genome sample is common. In the pipeline developed for analysing WGS
data (Figure 2.7), separate files were merged only after alignment and post alignment
processing was carried out on the merged BAM file. This enables a better resolution
for base quality recalibration and leaves no chance for duplicated reads to remain in the
dataset.

Given longer read size in WGS applications (up to ~150bp), alignment is carried
out using BWA-MEM algorithm. This algorithm enables the identification of multiple
non-overlapping alignment-hits in the genome that are potentially caused by structural
variations (SVs). Following alignment, BAM files generated from independent FASTQ
files are merged using BamTools (v2.3.0)['%2 and subjected to Picard (v2.10.4) duplicate
removal. Dedupe BAM files are then used for base quality score recalibration (BQSR) in
GATK (v3.6) and passed to the GATK (v3.6) RealignerTargetCreator module to define
intervals for local alignment around known INDELs. Subsequently, local realignment is
performed in GATK (v3.6) IndelRealigner module. Processed BAM files are then used
for calling SNVs and INDELs using GATK (v3.6) HaplotypeCaller. Given suitability of
WGS data for studying structural variants (SVs), processed bam files are also passed to
LUMPY '3 (v.0.2.11) and SVDetect ! (v0.8b) for identification of large copy number
variations (larger than 50bp in size).

Variant callsets from GATK (v3.6) HaplotypeCaller are directly used in Variant Effect
Predictor (VEP 1.87) 183 for annotating SNVs and INDELs. Since breakend (BND) vari-
ants (including deletion, inversion, duplication and translocations) cannot be annotated
in VEP, variant calls from SVDetect are annotated in SnpEff (v4.3)'¥2, Variant callsets
from LUMPY (v.0.2.11) do not contain genotype information and require extra processing
step to incorporate base details into the callset. Varian calls generated in LUMPY are
therefore pass through a Bayesian SV genotyper developed by LUMPY team (available at
https://github.com/hall-lab/svtyper). Processed VCF files containing SV calls are
then annotated in SnpEff (v4.3) using the RefSeq transcripts (GRCh37/hg19).
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CHAPTER 2. 2.4. OVERVIEW OF NGS APPROACHES FOR SV DISCOVERY

2.4 Overview of NGS approaches for SV discov-
ery

Compared to conventional cytogenetic and molecular techniques, NGS applications have
higher throughput for detection of SVs and do not require prior knowledge about the
nature of chromosomal imbalance involved. The NGS methods developed for identification
of SVs are generally categorised into assembly-based or mapping-based methods.

In de novo assembly methods, short reads are assembled together to form a complete
jigsaw puzzle picture of the genome'%%!. Assembly methods are a powerful approach for
identifying all sorts of SVs, but they are computationally intensive and often underperform
with short read datal'9! (Figure 2.10, Assembly column).

The mapping-based methods are widely used in clinical genetics for identification of
SVs[BL19] - Tn paired-end NGS applications, three strategies have been developed for
detection of SVs.

Since in paired-end sequencing each fragment is sequenced from both ends, the distance
and orientation of read-pairs (RP) can be used for identification of several classes of SVs. In
this method, read pairs that map too far apart indicate a deletion and pairs that map more
closely than expected from the insert size distribution identify insertions (Figure 2.8 A and
B). In addition, orientation of read-pairs can be used to identify inverted regions (Figure
2.10, Read Pair column). Several algorithms for SV discovery have been developed based
on this method, but RP method is ill-suited for identification of novel-sequence insertions
with the length larger than the mean insert size197:198:199,200] [ guch cases, the alignment
of read-pairs to the reference genome gives rise to clusters of reads that are not mapped in
proper pairs. Unmapped reads are usually filtered out as part of the initial QC step, and
therefore detection of this class of variants with the RP method is difficult (Figure 2.8 C).

A.

— .
Target  ——— (e
Read-pairs in expected distance

Read-pairs not in expected distance

B. Q H Deletion
—
Target  — (A S —— @ serton

Reference {2 e —

Figure 2.8: Schematic representation of mapped paired-end reads around INDELs; (A.) Read-
pairs that span the deletion point map too far apart than expected in the reference genome; (B.)
conversely read pairs that span an insertion map closer than expected in the reference genome;
and (C.) insertions larger than the mean insert size cannot be readily detected since they produce
hanging reads in which only a single read is mapped. Given that singly mapped and unmapped
reads are usually discarded from downstream analysis detection of insertions larger than the mean
insert size is difficult.

In high-quality NGS data, the distribution of read-depth across the genome/exome

represent a Poisson or modified Poisson distribution which can be utilised to identify SVs
that involve copy number changes 29, Duplicated regions result in higher read-depth, and
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deletions result in depletion of read-depth across the deleted region 2011 Due to the non-

uniform depth of coverage especially in WES applications, algorithms developed based on
this method rely on normalisation of read-counts across the target region which requires
multiple samples to enable normalisation and true estimation of variability within the
batch292. The read-depth method is unable to identify SVs that involve insertions or
inversions (Figure 2.10, Read Count column).

Reads that partially map to two different regions of the genome are called split-reads
(SRs) and can be used for identification of all types of SVs up to the base-pair resolution
(Figure 2.10, Split Read column). In the SR method, the presence of an SV breakpoint is
investigated using the alignment signature of split reads in the reference genome. Deletions
introduce a gap between split fragments and insertions produce soft-clipped alignments
between split fragments where bases do not align to the reference genome. The soft-
clipped region between the two ends of reads is identified by stretches in the reference
genome (Figure 2.9).

Deletion Insertion

Reference ] . 1 Reference
i — - —
— I,' - / / LSRN

\ 3 \, y . ! WY Sample

Sample
7'y I al
Deletion Insertion

Figure 2.9: Schematic diagram for split-read signature around INDELs; Deletions in the patient’s
genome result in gaps between the split fragments in the reference genome and insertions cause
unmapped sequences (soft-clipped alignment) between the two fragments of the split-reads.

Structural variants that involve translocations can also be identified by the SR
method 2931, Tools developed based on the SR method use the one-end anchored reads
strategy for identification of translocations. In this context, when a single read maps fully
to the right position in the reference genome and the other pair splits to two partially
mapped reads, the split reads are interpreted as a translocation 204,

All the mapping-based methods discussed above have their own advantages and limi-
tations and therefore a tool that implements a combination of these algorithms can signif-
icantly boost the discovery rate in SV analysis. Recent algorithms such as SVDetect 194
and LUMPY 193] that combine multiple mapping-based strategies have been shown to

achieve superior accuracy for detection of SVs in the human genome193,
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2.5 Discussion

In this chapter, I have described the tools and pipelines I used for analysing WES and
WGS data throughout the thesis. Since the majority of data in this thesis is of WES type,
the challenges in respect to sensitivity and specificity of WES pipelines has been discussed.

The issue of sensitivity and specificity in variant calling, stem from the underlying
probabilistic statistical model implemented by different variant callers and therefore the
choice of tools and pipelines is pivotal to successful identification of the causal variants.
The mathematical and computational models used for alignment and variant calling are
actively being developed, and therefore the best practice in relation to variant discovery
is subject to change over time. Availability of high-confidence variant calls from the
Genome in a bottle Consortium 91 enables benchmarking of pipelines and allows informed
decisions about software and parameter options.

Since both the Soton Mendelian v4.0 pipeline and the customised pipeline perform
quite comparably, to ensure consistency of methods for future follow ups, results from the
Soton Mendelian v4.0 is presented in the following chapters. Where necessary, additional
modifications to the main pipeline were applied to make relevant adjustments. For ex-
ample, merging variant calls from different callers revealed to be useful for increasing the
precision for INDEL discovery. Therefore, the relevant script from the customised pipeline
has been utilised wherever necessary.

In conclusion, this chapter highlights the importance of design, implementation and
benchmarking of pipelines for NGS analysis. Given the diversity of databases, algorithms
and software available for variant analysis, once an efficient pipeline is developed all sam-
ples must be analysed using a single stable version of the pipeline so that reproducibility
of results is ensured.
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Chapter 3

Whole exome sequencing in
Nephrolithiasis

3.1 Introduction

Nephrolithiasis, also known as renal stones, is a frequent condition affecting up to 15%
of men and 6% women in industrialised countries2°6/. Sporadic stones usually arise from
environmental risk factors including diet, low fluid intake, heavy physical exercise and
various medicines206207] " Stones can also be secondary to pre-existing conditions such
as hyperparathyroidism, diabetes mellitus2%], hypertension2% or gout[9. In addi-
tion, anatomical anomalies including the horseshoe kidney can also predispose to kidney
stones 211, Inherited nephrolithiasis comprises a small but significant portion of the dis-
ease incidence worldwide 212, Stones with genetic origin tend to segregate in families with
either autosomal dominant, autosomal recessive or X-linked pattern of inheritance 23], All
types of stones result in a huge burden on the health care systems2!¥. Identification of the
genetic factors underlying inherited renal stones has implications for prognosis and early
intervention. Furthermore, understanding the genetic basis of inherited nephrolithiasis
helps in assessing risk to other family members.

3.1.1 Genetic basis of inherited nephrolithiasis

Inherited renal stones are often recurrent and bilateral and tend to segregate in families
with a recent common ancestor 219, Patients with inherited kidney stone disease usually
present with additional metabolic imbalances such as Cystinuria (HP:0003131), Hypercal-
ciuria (HP:0002150), Hypercitraturia (HP:0012406), Hyperoxaluria (HP:0003159), Hyper-
phosphaturia (HP:0003109) and Hyperuricosuria (HP:0003149). In families with history
of recurrent stones, genetic defects in metabolic pathways involved with urinary promoters
such as calcium, urate, cystine and sodium or urinary inhibitors (magnesium, citrate and
nephrocalcin) have been found to underlie the condition [216] * Genetic defects underlying
the most common inherited renal stones are broadly categorised into the four major classes
that will be discussed in the following section:

1. Impairment of purine metabolism

Autosomal recessive forms of nephrolithiasis can results from deficiency of adenine phos-
phoribosyl transferase (APRT) and xanthine dehydrogenase (XDH) enzymes. Both en-
zymes are involved in purine metabolism and mutations in the genes coding for theses en-
zymes lead to accumulation of precursors immediately upstream of enzyme activity. The
APRT enzyme is encoded by APRT gene on chromosome 16q4 and involved in biosynthesis
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of adenosine monophosphate (AMP) from adenine and 5-phosphoribosyl-1-pyrophosphate
(PRPP). A homozygous deficiency in the enzyme results in accumulation of adenine which
in turn is metabolised to 2,8 dihydroxyadenine (DHA) by XDH enzyme. The XDH enzyme
is a molybdenum-containing hydroxylases encoded by the XDH gene on chromosome 2p23
that catalyses oxidative metabolism of purines. Defective homozygous mutations of XDH
lead to accumulation of xanthine. DHA and xanthine are both insoluble in water and
promote formation of radiolucent stones. Pathogenic mutations in the APRT gene are
estimated to occur in ~ 1% of healthy newborns 7.

2. Primary Hyperoxalurias

The primary hyperoxalurias (PH) are group of related renal disorders that lead to auto-
somal recessive renal stones. Three types of PH are described; PH1 (#OMIM: 259900)
accounts for ~ 80% of cases and is caused by pathogenic mutations in the AGXT gene [218]
PH2 (#OMIM: 260000) and PH3 (#OMIM: 613616) are caused by homozygous mutations
of the GRHPR and HOGA1 genes respectively and account for the remainder 20% of the
PH type nephrolithiasis (2191 In all PH cases pathogenic mutations lead to precipitation
of calcium oxalate stones in the kidney. Strikingly, all types of PH have early age of onset
and usually present during childhood (220,

3. Cystine transport impairment

Cysteine stones typically arise from mutations impairing the cysteine transport path-
way (2161 Positively charged amino acids such as cysteine, lysine, ornithine and arginine
are primarily reabsorbed across the apical membrane of the proximal renal tubule via
amino acid transporters. The SLC3A1 on chromosome 2p12 and SLC7A9 on chromosome
19q13.11 encode components of the renal amino acid transporter system and pathogenic
mutations in these two genes result in impairment of cysteine transport. In a recent study,
SLC7A9 mutations were estimated to account for 11% of adult and 21% of paediatric re-
nal stones?21). Impaired cysteine transport gives rise to cysteinuria that in turn leads to
high urinary excretion of cysteine. This amino acid is highly insoluble and precipitates in
the kidneys as the cysteine stones.

4. Renal tubular acidosis

The renal tubule cells play a very important role in homoeostasis of water and H™ ions
in the kidney. Disturbance to this regulation gives rise to renal tubular acidosis (RTA)
where lowering of intracellular PH leads to increased reabsorption of citrate in the prox-
imal section of the tubule. Urinary citrate is the most important inhibitor of calcium
nephrolithiasis. Increased reabsorption of citrate in tubules results in precipitation of cal-
cium phosphate stones in the kidneys. Mutations of basolateral anion exchanger AE1
encoded by the SLC4A1 on chromosome 17 underlies the autosomal dominant RTA. The
phenotypic spectrum of SLC4A1 mutations ranges from the severe form of renal stones
assoFiatied with growth delay to milder homeostatic imbalance that leads to stone forma-
tion (216],

3.1.2 Additional metabolic impairments in nephrolithiasis

In addition to the major molecular mechanisms explained above, at least 24 additional

genes have been shown to underlie monogenic forms of nephrolithiasis 222:215]
Hypercalciuria is one of the most common metabolic abnormalities usually found in

nephrolithiasis patients?23.  Affected individuals with hypercalciuria present with ex-
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cess calcium excretion in the urine which leads to formation of calcium stones??4. In

nephrolithiasis patients, hypercalciuria occurs either in isolation or in combination with
additional metabolic abnormalities (such as hyperphosphaturia) that collectively predis-
pose to formation of renal calculi??’l. Twin studies suggest that heritability underlies
52% of hypercalciuria incidence ?26] and 65% of patients with hypercalciuric nephrolithi-
asis are identified to have a positive family history 227, Heritable forms of hypercalciuric
nephrolithiasis commonly represent as a polygenic quantitative trait, however monogenic
forms with autosomal dominant, autosomal recessive or X-linked pattern of inheritance
are also described?28]. Table 3.1 provides a summary of monogenic nephrolithiasis that
results from the impairment of calcium reabsorption mechanism. These genetic disorders
are usually associated with calcium stones.

Disease Gene Chromosomal location Mode of Inheritance OMIM ID
Idiopathic hypercalciuria ADCY10 1q24.2 AD 143870

VDR 12q13.11 AD

9¢33.2- q34.2 AD

ADHH CASR 3q13.33- q21.1 AD 601198
Bartter syndromes
Type T SLC12A1 15¢21.1 AR 601678
Type II KCNJ1 11q24 AR 241200
Type 111 CLCNKB 1436 AR 607364
Type IV(a) BSND 1p32.3 AR 602522
Type V CASR 3q21.1 AD 300971
Type VI CLCN5 Xpl1.23 XLR
Dent’s disease
Type 1 CLCN5 Xpl1.23 XLR 300009
Type II OCRL1 Xq26.1 XLR 300555
Lowe syndrome OCRL1 Xq26.1 XLR 309000
HHRH SLC34A3 9q34.3 AR 241530
NPHLOP1 SLC34A1 5q35.3 AD 612286
Hypomagnesemia
Type IIT CLDN16 3928 AR 248250
Type V CLDN19 1p34.2 AR 248190
Distal renal tubular acidosis SLC4A1 17q21.31 AD 179800
Renal tubular acidosis with deafness ATPG6B1 2p13.3 AR 267300
Renal tubular acidosis ATP6VO0A4 7q34 unknown 602722

Table 3.1: Monogenic disorders associated with hypercalciuric nephrolithiasis; ADHH: autosomal
dominant hypocalcemia with hypercalciuria, HHRH: Hypophosphatemic rickets with hypercalci-
uria, NPHLOP1: Nephrolithiasis, osteoporosis and hypophosphatemia, AD: Autosomal dominant,
AR: Autosomal recessive, XLR: X-linked recessive. (The table modified from Stechman et al. 228])

In addition to hypercalciuria, metabolic impairments related to phosphate homeostasis
have been implicated in kidney stones. Regulation of calcium and phosphate homeostasis is
interdependent and impairments in regulation of one, will inevitably lead to perturbation of
the other [229:230231] " Regulation of phosphate homeostasis is largely mediated through the
intestinal uptake or kidney reabsorption 232/, Both the intestinal and kidney absorption are
controlled by a group of sodium-dependent phosphate co-transporters that belong to the
solute carrier (SLC) gene family. Expression of these genes are under the tight control of
a number of hormones and metabolic factors. Phosphaturic hormones such as parathyroid
hormone (PTH), by decreasing renal phosphate reabsorption increases the phosphate leak
into the urine. Secretion of PTH from parathyroid glands is controlled by a group of
calcium sensing receptors (CaSR) on the extracellular surface of renal tubule cells. In
the presence of high Ca?* concentration in the renal tubular fluid, CaSRs are stimulated
and secretion of PTH is suppressed through negative feedback regulation. When serum
Ca?t is low, CaSR is inactive and PTH is secreted which stimulates Ca?* reabsorption
in distal tubules through regulation of TRPV5. In addition secretion of PTH, stimulates
the expression of C'YP27B1 in the kidneys which increases conversion of inactive vitamin
D to active form (1,25 dihydroxy Vitamin D). This reaction occurs in the mitochondrial
matrix and leads to increased Ca?>t and phosphate absorption from the small intestine
and decreased reabsorption of phosphate from the renal filtrate that ultimately leads to
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increased phosphate leak into the urine. PTH also inactivates sodium-hydrogen antiporter
3 (encoded by the SLC9AS3 gene) on the apical side of epithelial tubulus cells proximal
to nephrons and lead to increased HT secretion and urine acidification233234 Given the
large amount of phosphate excreted daily into urine (0.9- 1gr/day), maintaining the PH
in a relatively acidic range is vital to the solubility of phosphate divalent ions (H2 POy )
in the urine. Any impairment in either metabolic or homeostatic pathways that increases
the urine PH, will lead to precipitation of excess phosphate and Ca?* in the urine and
formation of calcium phosphate crystals in the kidneys. As a matter of fact, the type of
stones formed in the kidneys are fairly closely correlated with the urine PH. In general,
patients with urine PH in acidic range (PH< 6) tend to form pure Ca?" oxalate or a
mixture of calcium oxalate and uric acid stones, whereas C'a®>T phosphate stones are more
frequent among patients with urine PH> 6.2.

The amount of phosphate filtered into urine is generally expressed as TmPO,/GFR
ratio and indicates the maximum rate of renal tubular phosphate reabsorption relative
to the overall glomerular filtration rate. Low T'mPO,;/GFR ratio is indicative of large
phosphate leak into urine and hence hyperphosphaturia. Studies into the genetic cause of
hyperphosphaturia have shown that mutations of SLC gene family implicate in defective
renal phosphate reabsorption and may explain the aetiology of low T'mPO,/GF R ratio
among stone formers?2%). Despite this, it is important to note that SLC gene mutations
appear to occur too rarely to explain the widespread occurrence of hyperphosphaturia
among stone formers, and it appears more likely that the low TmPO4/GF R ratio is the
secondary outcome of a more subtle defect in renal tubular function 239,

Taken together, twin studies suggest that the contribution of genetic factors to the
kidney stone phenotype is significant and accounts for up to 56% of disease incidence in
the general population (230, The heritability of monogenic stone phenotype across fam-
ilies with calcium excretion is estimated to be around ~0.58237) however, twin studies
indicated a larger heritability (>0.90) for urinary traits that predispose to kidney stone
phenotype 238239 Early onset nephrolithiasis among children often has a recessive in-
heritance, whereas, dominant renal stones with incomplete penetrance is more frequent
among adult patients[22Y. Identifying the genetic components underlying hereditary forms
of nephrolithiasis will help in reducing the cost burden associated with this disease in the
general population; however, the complex biochemistry underlying heterogeneous forms of
nephrolithiasis renders genetic diagnosis challenging.

3.2 Overview of the analysis

Given the significant role of heritability in nephrolithiasis, we sought to investigate the
potential role of rare coding variants underlying familial nephrolithiasis across three ex-
tended pedigrees. As described earlier, aetiology of nephrolithiasis, especially among adult
patients, ranges from purely environmental and dietary factors to highly penetrant genetic
mutations. Considering segregation of the stone phenotype across multiple generations in
the families studied here, we hypothesized that a genetic mutation may underlie patients’
phenotype.

In order to investigate whether it might be possible to identify pathogenic coding vari-
ants that contribute to adult nephrolithiasis, we applied whole-exome sequencing (WES).
In analysing the data, primarily, pathogenic mutations in genes involved in homeostasis
pathways, were prioritised and consistency of segregation among affected patients in each
individual families was investigated. Furthermore, the possibility that a rare ancestral
haplotype might underlie the patients’ condition was also investigated. Ultimately, in or-
der to confirm the causal role of shortlisted variants in each pedigree, an extended number
of individuals from each pedigree were genotyped across the selected regions. Variants
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with substantial evidence implicating a role in these pedigrees were shared with colleagues
with relevant expertise for functional investigation.

3.3 Methods

3.3.1 Samples

Fifty patients from three extended pedigrees with recurrent stones were recruited for this
study. These families were part of a larger cohort initially recruited in 1998/99 for linkage
analysis at the University Hospital Southampton 240}, Primary linkage analysis by Damian
Griffin did not yield a conclusive results and therefore they reselected for comprehensive
genetic analysis using WES. All samples were of European descent residing in Hampshire,
FEngland. At the time of recruitment, recurrent kidney stones in all families were associated
with urinary homoeostatic complications such as hyperphosphaturia and hypercalciuria.
The characteristics of each pedigree is explained below:
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Family A

At the time of recruitment seven members of this kindred across three generations (includ-
ing four males and three females) were known to have developed stones (Figure 3.1). Four
stone formers including I11-1, IT1-20, IV-23 and IV-30 were alive at the time of recruitment
and took part in the study. One characteristic feature of this family is that the stone-
forming diathesis appears only in the proband’s maternal side. Reviewing clinical history
of the family revealed that individual IV-30 had multiple stones and in the majority of
cases stone phenotype was presented between the age of 30 and 40 years. Biochemical in-
spection of plasma and 24h urine samples was indicative of prominent hyperphosphaturia
across 6 family members including all the stone formers. In addition, two of the kidney
stone formers (patients I1I-20 & IV-30) presented with hyperparathyroidism inferred from
high serum PTH level. In the proband (individual III-1) mild hypercalciuria was asso-
ciated with the stone phenotype. Details of biochemical test results for the 12 members
of family A is provided in Supplementary Table 8.1. In order to minimise the impact of
shared ancestry between the affected individuals and increase the specificity of variant dis-
covery, DNA samples from individuals with furthest degree of relationship (ITI-1, IV-23 &
IV-30) were selected for WES analysis. Patients who were alive at the time of recruitment
and donated blood for research are identified by pink shaded circles in the Figure 3.1.
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Figure 3.1: Pedigree showing an autosomal dominant pattern of inheritance for nephrolithiasis
in family A. Individuals III-1, IV-23 and IV-30 underwent WES analysis. Shaded circles indicate
individuals for whom DNA was available and underwent KASPar genotyping analysis. (Individuals
I11-20, IV-23,30, V-27,28 are presented with hypophosphatemia/phosphaturia; individuals III-20
& TV-30 are presented with hyperthyroidism (high serum PTH level), and hypercalciuria is present
in individual I11-1)
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Family B

Nine members of this kindred (including 5 males and 4 females) were known to have
developed stones across three generations. The stone-forming phenotype appears only in
the proband’s paternal side (Figure 3.2). At the time of recruitment only 6 of the stone
formers were alive and 29 members of the family agreed to donate blood for research.

Hyperphosphaturia is the prominent abnormality in this family and appears to have an
autosomal dominant pattern of inheritance. Five family members including the proband
ITI-1, his father II-2, his aunt 11-25 and two of his cousins (III-71 and III-75) presented with
hyperphosphaturia (Supplementary Table 8.2 and Table 8.3). Borderline hypercalciuria is
associated with kidney stone in patients ITI-1, I11-32 and III-71.

While parathyroid hormone level was normal in all of the stone formers, five individuals
including the 3 stone formers (III-1, I1I-2 and III-32) presented with hypervitaminosis
D (Table 3.2). Reviewing patients’ biochemical test results with the recruiting clinical
biochemist (Dr Valerie Walker) revealed that the stone phenotype in this family is probably
related to the renal phosphate leak which is also associated with the secondary absorptive
hypercalciuria defect.
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Family C

At the time of recruitment, five members of this kindred including four males and one
female were known to have presented with stones across the three generations. Reviewing
patient’s clinical history revealed that the proband (III-1), her son (IV-3) and her brother
(ITI-8) all presented with multiple stone episodes. Inspection of biochemical test results
(Supplementary Table 8.4) across individuals of this family revealed that hypercalciuria
is the prominent trait in this family and in fact it is associated with the stone phenotype
in two out of the three individuals selected for WES analysis (patients III-1 & III-3). In
contrast to family A and B, hyperphosphaturia did not appear to be the prominent defect
in this kindred, even though mild hyperphosphaturia was apparent in two family members
including individuals III-1 and III-35. The inheritance of stone phenotype in this pedigree
may be suggestive of X-linked recessive or dominant disease (Figure 3.3).

As for previous pedigrees, in order to account for IBD sharing and minimise the impact
of shared haplotypes in variant discovery, individuals with farthest degree of relationship
(i.e. I1I-8, I1I-34 and IV-3) were selected for WES analysis.

@ﬁﬁ&&ﬁé

Figure 3.3: Pedigree suggestive of an X-linked pattern of inheritance for nephrolithiasis in family
C. Individuals ITI-1, T1I-8 and IV-3 underwent WES analysis. Shaded circles indicate individuals
for whom DNA was available and underwent KASPar genotyping analysis. (Individuals III-I, her
sister TII-13 and her first cousin ITI-35 are presented with idiopathic hypercalciuria. Individual
III-8 and his first cousin III-34 also represent high 24-hour urinary Ca?*t level, but they are
not hypercalciuric per se. Hypercalciuria is also evident across the individuals of last generation
including family members 1V-3.4,10 and 39. It is important to note that hypercalciuria trait across
individuals II1-13, TV-3 and IV-10 is also associated with hypervitaminosis D.
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3.3.2 Sample processing and DNA quality control

Peripheral blood samples taken from 48 members across the three pedigrees at the time of
recruitment, was used for genomic DNA (gDNA) extraction. DNA extraction was carried
out in-house using the phenol-chloroform extraction (FC) method. Since samples where
stored frozen for almost two decades they subjected to rigorous extraction QC in order to
ensure samples met the minimum requirement for WES analysis.

3.3.3 Sequencing and in-stlico data processing

Whole exome sequencing was carried out at the Wellcome Trust Centre for Human Ge-
netics (WTCHG, Oxford) and raw sequence data were analysed in-house using the Soton
Mendelian V4.0 pipeline with default settings as described in Chapter 2. In brief in-silico
quality of raw sequence reads examined using FastQC software (v.0.11.5) and the sequence
reads were aligned to the human reference genome GRCH37 (hg19) using the BWA aligner
(v0.7.12). Following alignment, PCR duplicate reads were marked and discarded using
Picard (v1.97). Base quality scores were recalibrated using GATK (v3.6) BaseRecaliber-
ator and local realignment around INDELs was carried out using GATK IndelRealigner
module. In order to verify that samples were not contaminated, BAM files were checked
by VerifyBAMID (v.1.1.3) and FREEMIX contamination score was used to confirm the
lack of contamination in samples.

In order to investigate possible sample swaps on the same dispatch of DNA, an aliquot
of each sample’s DNA was orthogonally genotyped at 24 loci and the concordance between
the patients’ genotypic profile yielded from exome sequencing and orthogonal genotyping
was cross-checked. Following alignment, depth of coverage (DOC) analysis for family A
and B was performed in BEDTools (v2.21) using Sureselect v5.0 (Agilent, Santa Clara,
CA, USA) exome interval set totalling 51Mb. Exome enrichment in family C was carried
out using the Sureselect v6.0 (covering 60Mb of the genome) and therefore respective BED
coordinates were used for coverage analysis in this family.

Variant calling for each sample was contemporaneously carried out in Samtools v1.3.2
and GATK (v3.6) HaplotypeCaller. The resultant VCF files from the two variant callers
from each sample were then merged and annotated using ANNOVAR (2015Dec14 release).
Variant sites were defined according to the GRCh37 genome build and known polymor-
phisms were annotated according to dbSNP build 139. The 1,000 Genomes project phase
3 dataset along with NHLBI Exome Sequencing Project (ESP) and Exome Aggregation
Consortium (ExAC) datasets were used for filter-based annotation. Furthermore, Soton
Exome Database (SED) was also queried to incorporate allele frequencies (AF) from ~ 460
in-house WES analysed patients unaffected by nephrolithiasis. Human RefSeq transcript
dataset (GRCh37.p10) was used for gene-based annotation and pathogenicity scores and
conservation scores for variant sites were compiled using the PolyPhen-2, SIFT, GERP++
and Phylop algorithms. For variant sites within 10bp of intron-exon boundaries, AMaxEnt
score was applied to inspect possible implication of base change on splicing.

3.3.4 Filtering and variant analysis

Annotated exome sequence data were cross-referenced against the panel of candidate genes
(Supplementary Figure 8.1). The tier-1 panel consisted of 24 candidate genes from HGMD
Professional v2016.3 using keywords “nephrolithiasis”, “phosphaturia” and “hypercalci-
uria”. The tier-2 panel consisted of 155 non-redundant genes extracted from extended
search of OMIM database (December 2015 update) using the same keywords as above and
the tier-3 panel was comprised of 188 additional genes with implication on homeostasis and
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kidney function. The tier-3 gene set was prepared from an extended search of literatures
by our clinical expert Dr Valerie Walker.

The filtering strategy for analysing variants involved exclusion of variants; (1) with
read-depth less than 10; (2) located in genes identified as highly mutable (according to
the Fuentes et al. list['%)) and (3) had a strand bias or low base-quality score (BQ<20)
as described in Chapter 2.

Since nephrolithiasis is a relatively common condition in the general population, minor
allele frequency of less than or equal to 2% (MAF<0.02) was applied to retain rare and
low frequency variants. This threshold is arbitrary, however it was decided based on the
estimated prevalence of renal stone in the Hampshire region as suggested by the clinical
colleague with relevant expertise in the field.

Following analysis of all variants in the list of 367 genes, aggressive filtering was ap-
plied to the remaining segregation consistent variants with MAF< 0.02 and variants were
further excluded if they: (1) were either synonymous, non-frameshift insertion/deletion
or non-coding RNA (ncRNA) splicing; or (2) had frequency of greater than 2% in the
in-house SED database. The relevance of each variant to the homeostatic pathways was
investigated using the DISEASE database 24! and variants in genes implicated in kidney
related disorders were selected.

Variant discovery was finally complemented with genotype segregation analysis across
additional members of each family (identified by filled circles in Figure3.1, Figure3.2 and
Figure3.3). Genotyping procedure in individuals without WES data, carried out using
KASPAR genotyping system 242],
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3.4 Results

Principal component analysis (PCA) revealed that all samples are of European descent
(Figure 3.4) and exhibited expected identical by state (IBS) sharing between pedigree
members (Figure 3.5).

PCA projection onto 1000 genomes
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Figure 3.4: PCA projection of the nine nephrolithiasis samples (identified by squares) onto the 1000
genomes data; (AFR: African; AMR: Ad Mixed American, EAS: East Asian, EUR: European,
SAS: South Asian)

FM.A-1 FM.A-23 FM.A-30 FM.B-1 FM.B-32 FM.B-71 FM.C-3 FM.C-8 FM.C-34

FM.A-1 46.29 51.27 43.45 43.03 43.12 43.56 43.89 43.74

44.47 44.02 44.06 43.91 44.23 44.13

FM.A-23 50.86

43.52 43.12 44.02 43.85 44,02 43.94

FM.A-20 51.89

FM.B-1 43.82 44,34 47.36 48.44

FM.B-32 44.02 44.49 43.56
FM.B-71 43.75 44,19 44,12
FM.C-3 43.24 43.61 43.23
FM.C-8 43.75 43.84 43.13

FM.C-34 43.34 43.54 43.08

Figure 3.5: Similarity matrix analysis. The pairwise comparisons of genotypic similarity between
samples is used to investigate potential deviations from expected IBS ascertained from pedigree
information; In this IBS heatmap plot, unrelated individuals represent 43-44% genotypic similarity,
whereas first cousins (including IV-23 and IV-30 in family A, I1I-1, I1I-32 and III-71 in family B
and I11-8 & III-3/ in family C) represent 46-48% genotypic similarity and aunt-nephew relationship
such as (FM.A-1 - FM.A-23 and FM.A-1 - FM.A-30 is identified by 50-51% genotypic similarity);
All samples exhibited expected IBS between pedigree members.
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For all samples, >80% of reads were correctly mapped to the reference genome and
the mean coverage per sample across the target region was at least 48 reads (Table 3.3).
The cumulative coverage plot demonstrated that greater than 85% of capture target was
covered to a depth of at least 20X (Figure 3.6). The 20X threshold for capture coverage is
rather arbitrary, but we assumed that this threshold ensures sufficient depth for reliable
variant calling. The percentage coverage for the 367 tier gene panel is provided in the
Supplementary Table 8.5.

Sample 1D Inferred %X Het % Het Num_ber of ?;;;iajf Mean  Verify BamID
gender variants coverage score
to target
Family A-1  Female 59.5 61.67 24783 82.25 56.57 0.00129
Family A-23  Male 17.63 60.47 24791 81.77 62.03 0.00057
Family A-30  Male 14.63 60.74 25080 82.09 65.23 0.00032
Family B-1 Male 17.48 61.25 24719 82.58 67.44 0.0005
Family B-32 Female  65.34 61.66 24530 82.35 48.31 0.00043
Family B-71 Female  60.69 60.85 24865 82.42 54.29 0.00087
Family C-3 Male 20.49 64.52 36257 88.78 56.65 0.00031
Family C-8 Male 11.27 63.51 35725 90.21 44.40 0.00022
Family C-34  Male 16.66 64.31 36154 88.74 52.53 0.00001

Table 3.3: Alignment and coverage QC results; The greater number of variant sites across in-
dividuals of Family C is due to the use of enhanced version of capture kit (Agilent SureSelect
V6.0).
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Figure 3.6: Cumulative depth of coverage (DOC) across capture target region.
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3.4.1 Family A

As discussed in earlier sections, hyperphosphaturia appears to be the prominent abnormal
biochemical trait in this family. At the time of recruitment the proband III-1 and her
nephew IV-23 were both hyperphosphaturic. Since the proband’s brother III-18 was not
alive, his biochemical status could not be tested, however given the fact that his son IV-23
and his grandchildren V-26 and V-27 all manifested the trait, it appears likely that the
proband’s brother ITI-18 was also hyperphosphaturic. Furthermore, the proband’s other
brother I1I-20 presented with low renal threshold phosphate concentration (TmPo4/GFR)
which is indicative of hyperphosphaturia (Supplementary Table 8.1). Considering that
the proband’s son IV-36 is also showing a borderline TmPo4/GFR value, it would be
reasonable to assume that the renal hyperphosphaturia trait in this family demonstrates
an autosomal dominant pattern of inheritance.

Gene panel results

Exome analysis and tiered filtering shortlisted a total of 72 variants (Supplementary Table
8.6) of which, five variants were shared among all the three affected individuals (Table 3.4).
Among the variants shortlisted in this family, three variants including NBPF3:¢c.1563G>C,
ADRA2B:c.891-892insGAAGAGGAG and AKAP12:¢.4595-4596insGGA had a very high
frequency in the SED database and therefore were excluded from further analysis. Variants
with high frequency in the SED database represent regional common variants or more
frequently they are the product of erroneous variant call across low complexity regions
of DNA; such variants appear unlikely to underlie the hyperphosphaturia trait in this
family. Furthermore, these variants have not been reported in highly curated databases
such as the 1000 Genomes, EVS or ExAC, hence they probably denote a systematic bias
in alignment or variant calling. The fact that these three variants fall in homopolymer
tracts, gives further support to the notion that these variants are spurious and therefore
deprioritised for further follow-up.

Gene Variant  Nucleotide Protein PolyPhen2 Gerp++ MAF in MAF in MAF in ExAC SED p-A-1 p.-A-23 p.A-30
Type 1000 Genomes  EVS (n=60,706) (n=460) ‘
NBPF3 ns ¢.G1563C p.Q521H - - - - - 0.3641 hom hom hom
(R.D.=8) (R.D.=8) (R.D.=8)
ADRA2B nfi ¢.891.892ins  p.E298insEEEE - - - - - 0.4652 het het het
GAAGAGGAG (R.D.=32) | (R.D.=33) | (R.D.=28)
AKAP12 nfi ¢.4595_4596 p.D1532insED - - - - - 0.7641 hom hom hom
insGGA (R.D.=109) | (R.D.=128) | (R.D.=146)
MAP3K5 ns ¢.G3943A p.D1315N 0.998946 4.37 0.0037 0.009302 0.006569 0.0098 het het het
(R.D.=153) | (R.D.=168) | (R.D.=167)
SLC25A25 ns ¢.G1047C p.Q349H 0.999532 5.08 0.0018 0.002209 0.002637 0.0022 het het, het

(RD.=48) | (R.D.=57) | (R.D.=52)

Table 3.4: Variants identified through tier filtering in family A; (ns: Non-synonymous; nfi: Non-
frameshift insertion; PolyPhen2: Predictive score for estimating possible functional impact of
amino acid change on the structure and function of human protein- PolyPhen2 scores ranges from
0.0 (tolerated) to 1.0 (deleterious); GERP**: The Genomic Evolutionary Rate Profiling (GERP)
score for quantifying variant-site conservation- GERP score ranges from -12.3 to +6.17 with scores
> 2 indicating high conservation rate; MAF: Minor allele frequency; EVS: The Exome Variant
Server; ExAC: The Exome Aggregation Consortium; SED: The Soton Exome Database; R.D.:
Read Depth; The zygosity status for each variant across the three individuals is provided in the
last columns and homozygous variants are highlighted in red).

Evaluation of pathogenicity and conservation scores across the shortlisted variants in
the Table 3.4 revealed two highly damaging non-synonymous variants in the MAP3K5
and SLC25A25 genes.

The MAPS3K5:c.3943G>A variant maps to the second exon of the gene and results
in substitution of aspartic acid (Asp) with asparagine (Asn) in the amino acid sequence.
Apoptosis signal-regulating kinase 1 also known as mitogen-Activated Protein Kinase Ki-
nase Kinase 5 (MAP3KS5) is a highly conserved kinase that plays an important role in
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the MAPK signalling cascade. The gene consists of 30 exons that code for 11 essential
kinase subdomains243). MAP3K5 acts upstream of p38 MAPK and JNK pathways and it
has been identified to be active in pathological kidney conditions 2442451 Studies suggest
that activation of MAP3KS5 induced p38 MAPK signalling cascade in the kidneys occurs
in response to hyperosmotic stresses, and activation of p38 MAPK is deemed essential
for protecting epithelial cells in glomeruli and tubules from osmotic stresses 246247 The
non-synonymous MAP3K5:c.3943G>A maps to the second exon of the gene that codes
for a domain of unknown function (Family: DUF4071 (PF13281)). Given the inferred
damaging impact of this substitution (PolyPhen2PTV score= 0.99 and GERP** score=
4.37), the variant was selected for follow up segregation analysis in all family members
with available DNA.

The non-synonymous SLC25A25:c.1047G>C maps to the exon 8 of the gene and
results in substitution of glutamine (Gln) to histidine (His). The SLC25A25 gene consists
11 exons that code for a calcium-binding mitochondrial carrier known as solute carrier
family 25 member 25248, The product of the gene functions as an ATP-Mg /P1i transporter
in the inner membranes of mitochondria and regulates trafficking of ATP into or out of
the mitochondrial matrix[?49. Microarray expression analysis of kidney stone in model
animals identified 15% decrease in expression of SLC25A25 during experimental course of
induced nephrolithiasis in mouse 25!, Given the important role of SLC25A25 in mediating
phosphate balance in the cell cytoplasm and also considering the inferred damaging impact
of this mutation (PolyPhen27P!V score= 0.99 and GERP** score= 5.08) we proceeded
to follow-up this variant as a plausible candidate for the hyperphosphaturia trait in this
family.
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Pan-genomic Result

Following analysis of the gene panel, an aggressive filtering was applied to the remaining
variants with MAF< 0.02 as per the procedure describe in Section 3.3.4. Pan-genomic
analysis shortlisted a total of 19 variants that are shared by all the affected individuals
(Table 3.5).

Chr. Gene Variant  Nucleotide Protein PolyPhen2 Gerp++ MAF in MAF in ExAC SED p.A-1 p.A-23 p-A-30
Type 1000 Genomes  EVS (n=460) ‘ ‘ ‘

2 PKP4 ns ¢.C2120T P.ATOTV 0.978622 3.79 0.0009 0.00314 0.00138 - HET HET HET
(R.D.=72) | (R.D.=96) | (R.D.=99)

2 PLA2R1 ns c.A1814C p.H605P 0.997364 5.01 - 0.001744  0.001122 - HET HET HET
(R.D.=47) | (R.D.=34) | (R.D.=40)

3 LOC100132146 stg ¢.C136T p.R46X - - 0.01 - - 0.0065 HET HET HET
(R.D.=129) | (R.D.=177) | (R.D.=189)

5 DOCK2} sp €.1555+3G>A MaxEnt= -0.82 - - - - HET HET HET
(R.D.=42) | (R.D.=51) | (R.D.=59)

5 HAVCR1 ns ¢.A1050G p-Q339R - -0.02 0.0002 0.0009 0.001646 - HET HET HET
(R.D.=47) | (R.D.=40) | (R.D.=42)

6 L3MBTL3} sp ¢.1966+5C>G MaxEnt= -2.81 - 0.000116  0.0000578 - HET HET HET
(R.D.=31) | (R.D.=40) | (R.D.=41)

9 KIAA1045 ns ¢.G388A p.D130N 0.999648 5.29 0.0023 0.001886 0.00157 0.0043 H HET HET
(R.D.=53) | (R.D.=45) | (R.D.=46)

9 TLE1 ns c.G1468A p-V490M 0.999241 5.61 - - - - HET HET HET
(R.D.=64) | (R.D.=68) | (R.D.=70)

10 MYO3A fsd €.637_638del  p.213_213del - - - - - - HET HET HET
(R.D.=51) | (R.D.=98) | (R.D.=104)

10 NEBL ns ¢.C2654T P.S885F 0.995291 4.63 0.0014 0.00407  0.002207 0.0011 HET HET HET
(R.D.=58) | (R.D.=81) | (R.D.=83)

10 CTNNA3 ns ¢.C2524T p-R842W 0.965169 149 - - 0.00006591 - HET HET HET
(R.D.=132) | (R.D.=106) | (R.D.=141)

12 TAS2R30 ns . T842G p.L281W - - - - 0.002384 0.0011 HET HET HET
(R.D.=176) | (R.D.=247) | (R.D.=218)

13 MYCBP2 ns . T8363C p.L2788S 0.998524 5.14 . 0.001395  0.001146 0.0033 HET HET HET
(R.D.=70) | (R.D.=75) | (R.D.=86)

15 LOC283710 fsd c.67delC p.P23fs - - - - - 0.0087 HOM HOM HOM
(R.D.=26) (R.D.=27) | (R.D.=25)

15 ACSBG1 ns ¢.G1975C p-E659Q 0.983482 3.74 0.0018 0.005823  0.003377 0.0098 HET HET HET
(R.D.=64) | (R.D.=60) | (R.D.=75)

16 TXNDC11 ns ¢.C1299G p.H433Q 0.025643 -0.281 0.0041 0.016628  0.008947 0.0109 HET HET HET
(R.D.=61) | (R.D.=88) | (R.D.=89)

17 MYH1 ns c.G1918A p.G640S 0.999045 5.4 0.0009 0.00593 0.003272 0.0043 HOM HOM HET
(R.D.=108) | (R.D.=100) | (R.D.=129)

19 FAMT71E2 ns ¢.A2333G p-Q778R - - - - - 0.0207 HET HOM HOM
(R.D.=42) | (R.D.=43) | (R.D.=63)

19 ODF3L2 ns c.C824T p.T275M 0.028838 -7.13 0.0037 0.008048  0.006038 - HET HET HET
(R.D.=18) | (R.D.=19) | (R.D.=11)

20 VPS16 ns ¢.T1750C p-W584R 0.997977 5.29 0.0023 0.008372  0.006781 0.0011 HET HET HET
(R.D.=49) | (R.D.=74) | (R.D.=71)

Table 3.5: Pan-Genomic variants with MAF <2% in the SED database identified across family
A: ns: Non-synonymous SNV, sp: Splice-site variant, fsd: Frameshift deletion, stg: Stop-gain
mutation, R.D.: Read depth, EVS: The Exome Variant Server, ExAC: The Exome Aggregation
Consortium, SED: The Soton Exome Database; {: For splicing variants the MaxEnt scores are
reported- Scores > |3| are considered to disrupt splicing, The zygosity status for each variant across
the three individuals is provided in the last columns and homozygous variants are highlighted in
red.

Across the shortlisted pan-genomic variants (Table 3.5), four candidates including
"PKP4:c.2120C>T","PLA2R1:c.1814A>C’, "NEBL:c.2654C>T’ and ’ VPS16:¢c.1750T>C’
were selected for follow up segregation analysis. The remaining variants were excluded on
the basis of low pathogenicity or lack of plausible biological relevance to kidney stones.

Segregation Analysis

A total of 7 variants in family A were considered for segregation analysis (Table 3.6).
Based on consistency of segregation across available family members, variants were given
higher priority if they were overrepresented among stone formers and they were absent in
non-stone formers. According to this criterion, the NEBL variant (NEBL : N M —006393 :
exon26 : c.C2654T) appeared to consistently segregate across all stone formers and is only
present in one non-stone former with hyperphosphaturia (FM A-27).

NEBL encodes a nebulin like protein that is actively expressed in heart. Nebulin
binds to actin and interacts with thin filaments and Z-line associated proteins in striated
muscles. Nebulin mutations have been primarily reported in the context of dilated car-
diomyopathy and endocardial fibroelastosis(251. A recent report identified that nebulin
expression increases in monocytes upon exposure to calcium oxalate[252],
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Similarly, the VPS16 variant (VPS33B : NM — 018668 : exonl8 : ¢.C1342T :
p.P448S) and HAVCR1 variant (HAVCR1 : NM—012206 : exon8 : ¢.A1050G : p.A350A)
consistently segregate among all stone formers and are present in only one asymptomatic
carrier (individual FM A-26 for the VPSI16 variant and individual FM A-49 for the
HAVCR1 variant). VPS16 encodes a vacuolar protein storing (VPS) complex that plays
an important role in segregation of intracellular molecules into distinct organelles.

The HAVCR1 gene encodes a cell surface receptor for T-cell immunoglobulin and
mucin domain 1. Expression of this membrane receptor increases in response to kidney
injury and it is suggested as a biomarker for kidney injury 253,

The VPS33B variant (VPS33B : NM — 018668 : exonl8 : ¢.C'1342T : p.P448S) does
not consistently segregate with the stone phenotype in Family A, and it is unlikely to be
causal in the context of stone phenotype.

The MAP3K5 variant (NM — 005923 : exon28 : ¢.G3943A) consistently segregates
across all stone-formers and three of non-stone formers including individual FM A-27
with hyperphosphaturia phenotype. Mutations of mitogen-activated protein kinase kinase
kinase 5 (MAP3KS5) are primarily shown to underlie range of malignancies including renal
cancer.

The remaining variants in PLA2R1, SLC25A25 and PK P/ are present among majority
of non-stone formers and thus are either unrelated to the stone phenotype or they represent
a pathogenic variant with reduced penetrance which is a likely presumption in the context
of nephrolithiasis in this family.
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3.4.2 Family B

The most striking homeostatic imbalance among stone formers in this family is hyper-
phosphaturia (Supplementary Tables 8.2 and 8.3). Five individuals (II-1, II-2, II-25,
I1I-71 and III-75) including three of the stone formers (II-1, II-2 and III-71) had very
low TmPo4/GFR ratio indicating persistent hyperphosphaturia. Furthermore, four in-
dividuals (II-1, III-71, III-32 and II-25) had high 24-urinary calcium excretion; among
whom individuals II-1, ITI-71, ITI-32 were stone formers (Supplementary Table 8.2). The
three stone formers who exome analysed, presented with multiple biochemical abnormal-
ities that predispose to nephrolithiasis. High calcium excretion was the consistent feature
among the three patients. In relation to the stone phenotype in this family, considering
that majority of the stone formers presented with hyperphosphaturia it is likely that auto-
somal dominant hypophosphatemic nephrolithiasis underlies the biochemical trait in this
family.

Gene panel results

Tier filtering in family B shortlisted a total of 65 variants (Supplementary Table 8.7) of
which five variants were shared among all affected individuals (Table 3.7).

Gene Variant Nucleotide Protein PolyPhen2 Gerp++ MAF in MAF in MAF in ExAC SED p.B-1 p.B-32 p.B-71
Type 1000 Genomes EVS (n=60,706) (n=460)

ADCY10 ns c.C3599T p-P1200L  0.158114, -1.31 0.02 0.04 0.03 0.0315 het het het
(R.D.=71) | (R.D.=55) | (R.D.=62)

ADRA2B nfi ¢.891.892ins p.E298del - - - - - 0.4652 het het het,
GAAGAGGAG  insEEEE (R.D.=103) | (R.D.=91) | (R.D.=92)

SLC4A4 ns 2. A3220C p.11074L - - 0.16 0.186 0.26 0.1837 het het het
(R.D.=20) | (R.D.=13) | (R.D.=13)

AKAP12 nfi ¢.4595_4596 p.D1532 - - - - - 0.7691 hom hom hom
insGGA insED (R.D.=167) | (R.D.=102) | (R.D.=125)

MAP3K14 u UNKNOWN - - - - - 0.9196 hom hom hom

(R.D.=101) | (R.D.=64) | (R.D.=T75)

Table 3.7: Rare variants identified across tier filtering for family B; (ns: Non-synonymous; nfi:
Non-frameshift insertion; PolyPhen2: Predictive score for estimating possible functional impact
of amino acid change on the structure and function of human protein- PolyPhen2 scores ranges
from 0.0 (tolerated) to 1.0 (deleterious); GERP**: The Genomic Evolutionary Rate Profiling
(GERP) score for quantifying variant-site conservation- GERP score ranges from -12.3 to +6.17
with scores > 2 indicating high conservation rate; MAF: Minor allele frequency; EVS: The Exome
Variant Server; ExAC: The Exome Aggregation Consortium; SED: The Soton Exome Database;
Frequencies in the SED database is expressed as number of alternative Homs, Hets, Total; R.D.:
Read Depth; The zygosity status for each variant across the three individuals is provided in the
last columns and homozygous variants are highlighted in red.).

Across the wvariants identified through tier filtering all apart from the
ADCY10:¢.3599C>T had a high frequency in the SED database. As for the
SLC4A4:c.3220A>C variant, however GERP™ score indicating nucleotide change oc-
curs within a conserved region (GERP1tt=4.42), the low Polyphen2 score for this vari-
ant refutes its involvement in the disease. In addition, the high frequency of the vari-
ant in the SED database (M AFsgpp= 0.18) exempts the variant as being causal in
the context of kidney stones. Despite this, the variant was selected for follow up seg-
regation analysis as a due diligence measure. For the remaining variants including
ADRAZ2B:¢.891_892insGAAGAGGAG, AKAP12:¢.4595_4596insGGA and the MAP3K1/
variant with an unknown effect, their high frequency in the SED database and also lack
of reported MAF in the curated databases rendered them less likely to underlie the stone
trait in this family and therefore excluded from further follow-up.

The non-synonymous ADCY10:¢.3599C>T has a low frequency in the general pop-
ulations (M AFjg00g= 0.02, M AFgys= 0.04 & M AFg;ac= 0.03). Low Polyphen2 and
Gerp++ scores indicate that the variant is not deleterious and does not fall within a con-
served region. Given that kidney stones are not lethal, low pathogenicity and conservation
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scores for the ADCY10 variant may not be inconsistent with causality. Therefore, this
variant was selected for follow up segregation analysis.

Pan-genomic Result

Pan-Genomic analysis in family B identified 19 variants (Table 3.8). Inspection of
pan-genomic result revealed that family B harbours a rare ancestral haplotype that
stretches between Chr19:40Mb- 49Mb and segregates with the disease. It is notable
that pan-genomic variants were shortlisted regardless of their chromosomal location and
are listed solely on the basis of their inferred pathogenicity scores. Three damag-
ing variants with high conservation scores (PTPN13:¢.3563C>T, PLD3:c.694G>A and
PVRL2:¢.1093G>A) were shortlisted for further follow-up through segregation analysis.

Chr. Gene Variant Nucleotide Protein PolyPhen2 Gerp++ MAF in MAF in  MAF in ExAC SED p.B-1 p.B-32 p.B-71
Type 1000 Genomes EVS (n=60,706) (n=460)
4 PTPN13 ns ¢.C3563T  p.T1188I 0.999 5.74 0.0014 0.001574 0.001485 - HET HET HET
(R.D.=18) | (R.D.=16) | (R.D.=9)
4 STOX2 ns c.A1094G  p.K365R - - - - - - HET HET HET
(R.D.=67) | (R.D.=40) | (R.D.=58)
8 ASAP1} sp .19754+5G>A MaxEnt= 3.12 0.01 0.03 0.02418 0.0098 HET HET HET
(R.D.=48) | (R.D.=37) | (R.D.=34)
8 TPD52 ns ¢.T25C p.Y9H 0.172572 -1.03 0.01 0.004535 0.004602 0.0054 HET HET HET
(R.D.=92) | (R.D.=52) | (R.D.=68)
10 DCLRE1A stg c.C412T p.R138X 0.959824 3.11 0.0018 0.00314 0.002752 0.0054 HET HET HET
(R.D.=142) | (R.D.=95) | (R.D.=123)
12 ANKS1B ns ¢.G1456A  p.A486T . 0.01 0.015781 0.01214 0.0087 HET HET HET
(R.D.=33) | (R.D.=35) | (R.D.=32)
14 PACS2} sp ¢.1985+9G>T MaxEnt= NA 0.01 0.009797 0.01016 0.0098 HET HET HET
(R.D.=133) | (R.D.=114) | (R.D.=102)
14 Cl4orf166B ns c.G328A  p.VIIOM . 0.01 0.00593 0.004745 0.0076 HET HET HET
(R.D.=23) | (R.D.=17) | (R.D.=18)
16 DNAAF1} sp ¢.1645-3C>T MaxEnt= 0.07 - - - - HET HET HET
(R.D.=88) | (R.D.=66) | (R.D.=68)
19 PLD3 ns ¢.G694A p-V232M 0.993514 4.23 0.0005 0.004884 0.003077 0.0033 HET HET HET
(R.D.=64) | (R.D.=48) | (R.D.=54)
19 HIPK4 ns c.C911A p.T304N 0.088914 -8.8 . 0.008839 0.005435 0.0076 HET HET HET
(R.D.=126) | (R.D.=80) | (R.D.=100)
19 TMEM143 ns c.G427A p.D143N 0.996452 3.86 0.01 0.01 0.00812 0.0109 HET HET HET
(R.D.=77) | (R.D.=44) | (R.D.=63)
19 DMPK ns c.C1591G  p.Q531E  0.981423 2.62 - - - - HET HET HET
(R.D.=51) | (R.D.=33) | (R.D.=38)
19 BCAM ns c.C824T p.S275F 0.996651 2.77 0.0005 0.002093 0.001609 0.0011 HET HET HET
(R.D.=73) | (R.D.=52) | (R.D.=73)
19 NUMBL ns ¢.T1470G p.F490L 0.236576 1.59 . 0.004304 0.01043 0.0011 HET HET HET
(R.D.=36) | (R.D.=20) | (R.D.=19)
19 PVRL2 ns c.G1093A  p.V365M 0.992148 3.58 . 0.002942 0.01022 0.0011 HET HET HET
(R.D.=35) | (R.D.=20) | (R.D.=24)
19 EMR2 ns c.C2288T  p.T763M  0.010446 -8.28 0.01 0.010581 0.00669 0.0109 HET HET HET
(R.D.=39) | (R.D.=19) | (R.D.=25)
19 ARHGEF1 spt ¢.842-7TG>A MaxEnt= 0.41 0.0018 0.004767 0.005181 0.0033 HET HET HET
(R.D.=27) | (R.D.=29) | (R.D.=32)
X FAM120C ns ¢.G2802A p.M9341 0.888578 1.14 0.01 0.021998 0.01152  0.0141 HOM HET HET
(R.D.=11) | (RD.=14) | (R.D.=22)

Table 3.8: Pan-Genomic variants with MAF <2% in the SED database identified across family
B; ns: Non-synonymous SNV, sp: Splice-site variant, stg: Stop-gain mutation, R.D.: Read depth,
EVS: The Exome Variant Server, ExAC: The Exome Aggregation Consortium, SED: The Soton
Exome Database; {: For splicing variants MaxEnt scores are reported- Scores > |3| are considered
to disrupt splicing, The zygosity status for each variant across the three individuals is provided in
the last columns and homozygous variants are highlighted in red.

The PTPN18 gene contains 48 exons and encodes a member of protein tyrosine phos-
phatase (PTP) family that is involved in a variety of cellular mechanisms including cell
growth and oncogenic transformation?®¥. No direct link between pathogenic mutations
of PTPN18 and homeostatic imbalance has been found to date, but pathogenic mutations
of the gene have been reported in the context of renal cell carcinoma 2591

PLD3 on chromosome 19q13.2 contains 15 exons and encodes a member of the phos-
pholipase D (PLD) family that catalyse hydrolysis of amyloid-beta precursor protein.
The gene undergoes extensive splicing and is highly expressed in the central nervous sys-
tem 256257 Pathogenic mutations of the PLD3 have been primarily reported in the
context of Alzheimer disease (AD19, #OMIM 615711). Similar to PTPN13, no direct link
between the mutations of PLD and kidney stones have been reported yet.

PVRL2 on chromosome 19q13.32 encodes for a specific immunoglobulin-like adhesion
molecules that act as adherence junctions in the cell membrane and facilitate calcium inde-
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pendent cell-cell adhesion 2°8). Similar to previous genes, no direct link between pathogenic

mutations of PVRL2 and kidney stone have been reported yet.

Given the lack of biological relevance between the shortlisted variants and nephrolithi-
asis, it is unlikely that these variants underlie the stone phenotype in this family and they
could be regarded as incidental findings, however as a conservative measure they were con-
sidered for the follow up segregation analysis. Furthermore, both the PLD8 and PVRL2
are located on chromosome 19q13 and they might flag an ancestral haplotype that might
underlie the stone phenotype in this family.

Segregation Analysis

Across the five variants considered for segregation analysis in family B, only the ADCY10
variant (NM — 001167749 : exon26 : ¢.C3599T") consistently segregated among all stone
formers and the remaining variants did not satisfy the segregation criteria. Heterozygous
mutations of ADCY10 are reported in the context of monogenic nephrolithiasis?*?) and
therefore its possible role in disease pathology should not be ruled out solely based on its
segregation among non-stone formers (Table 3.9).
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3.4.3 Family C

Idiopathic hypercalciuria appears to be the dominant trait predisposing to renal calculi
in this family. All stone formers are either hypercalciuric (individuals III-1 and IV-3)
or they have 24-hour urinary calcium levels very close to the maximum limit of normal
range (individuals I11-8 and III-34). In addition, in three family members including ITI-13,
IV-3 and IV-10, hypercalciuria is associated with hypervitaminosis D which might be an
indication for absortive hypercalciuria.

Gene panel result

The tiered filtering approach in this family shortlisted a total of 37 variants (Supplemen-
tary Table 8.8) of which four variants were shared among the three affected individuals
(Table 3.10). Three variants including SLC9A3:¢.2368T>C, SLC26A2:¢.1721T>C and
GPSM1:c.c.23T>C appeared to have a very high frequency in the SED and were there-
fore excluded from downstream analysis. Despite the low conservation and pathogenicity
scores for the heterozygous SLC20A1:c.G1020C variant, it was selected for segregation
follow up. The rationale behind selecting this variant was solely based on its significant
role in absorbing phosphate from intestine. Given that mild hyperphosphaturia is associ-
ated with stone phenotype in individual III-1, we hypothesized that impaired functioning
of the SLC20A1 might be related to the stone phenotype in this family.

Gene Variant Nucleotide Protein PolyPhen2 Gerp++ MAF in MAF in MAF in ExAC SED p.C-3 P.C-8 p.C-34
Type 1000 Genomes EVS (n=60,706) (n=460)

SLC20A1 ns ¢.G1020C  p.E340D 0.004 -1.31 3.69 . . 0.012 het het, het
(R.D.= 20) | (D.P.= 10) | (D.P.= 27)

SLC9A3 ns ¢.T2368C  p.CTI0R 0 3.84 - 0.87 0.8253 0.8144 hom het hom
(R.D.=94) | (D.P.=50) | (R.D.= 115)

SLC26A2 ns . T1721C p.I574T 0 4.37 . 0.99 0.9928 0.9931 hom hom hom
(R.D.= 106) | (D.P.= 55) | (D.P.=67)

GPSM1 ns ¢.T23C p.V8A . . . . 1 0.9986 hom hom hom

(R.D.=15) | (D.P.=19) | (D.P.= 16)

Table 3.10: Variants identified through tier filtering in family C; (ns: Non-synonymous; PolyPhen2:
Predictive score for estimating possible functional impact of amino acid change on the structure
and function of human protein- PolyPhen2 scores ranges from 0.0 (tolerated) to 1.0 (deleterious);
GERP**: The Genomic Evolutionary Rate Profiling (GERP) score for quantifying variant-site
conservation- GERP score ranges from -12.3 to +6.17 with scores > 2 indicating high conservation
rate; MAF: Minor allele frequency; EVS: The Exome Variant Server; ExAC: The Exome Aggrega-
tion Consortium; SED: The Soton Exome Database; R.D.: Read Depth; The zygosity status for
each variant across the three individuals is provided in the last columns and homozygous variants
are highlighted in red).

Pan-genomic Result

Since individuals of this family were exomed using a newer version of the capture kit
(Agilent SureSelect V6.0) which effectively provides coverage across an extra 9Mb region
(compared to V5.0), a great majority of pan-genomic variants identified in this family
included exonic variants in non-coding genes or interstitial variants in either intronic or
upstream domains. In order to not bluntly exclude important regulatory variants in up-
stream of exonic regions, the generic hard-filtering criteria according to the GATK best
practice guideline was used to exclude unreliable calls. This step included exclusion of vari-
ants with Mapping Quality (MQ)< 40, Quality by Depth (QD)< 2 and Fisher’s strand
bias (FS)> 60. Although these thresholds are non-conservative, this step ensures exclusion
of many false positive calls and retains only reliable variants across the extended coverage
region.

Pan-Genomic analysis in family C identified 20 variants with consistent non-reference
zygosity across all individuals (Table 3.11). Potential implication of shortlisted variants
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to kidney function and homeostatic mechanisms were thoroughly investigated in collabo-
ration with our clinical expert. Ultimately, three variants including DNAJA4:c.161T>C,
ARSD:c.1100A>G and ARSD:c.992G>A were selected for segregation follow up.

Chr. Gene Variant Nucleotide Protein PolyPhen2 Gerp++ MAF in MAF in MAF in ExAC SED p.C-3 p.C-8 p.C-34
Type 1000 Genomes EVS (n=60,706) (n=460) ‘ ‘

1 NBPF10 ns c.CH36A p.A179D - -1.67 - - 9.98E-05 0.0002 HET HET HET
(R.D.=206) | (R.D.=140) | (R.D.=205)

2 REG3A ns c.A149C p.H50P 0.389 2.69 - - 8.60E-03 0.0003 HET HET HET
(R.D.=154) | (R.D.=111) | (R.D.=133)

2 ANKRD36B ns ¢.A2758G p-K920E 0.361 1.25 - - 2.14E-02 0.00748 HET HET HET
(RD.=75) | (RD.=64) | (R.D.=84)

4 SLCIB1 stg c.A1318T p.K440X - 3.47 - - - - HET HET HET
(R.D.=44) | (R.D.=39) | (R.D.=33)

4 SLC9B1 stg c.C1234T p-R412X - 2.61 - - - - HET HET HET
(R.D.=56) | (R.D.=44) | (R.D.=44)

4 POU4F2 ns c.C417A p.DI139E 0.899 5.77 2.00E-03 9.80E-03 9.70E-03 0.0132 HET HET HET
(RD.=78) | (RD.=62) | (R.D.=67)

9 SPATA31A3 ns ¢.G937C p.E313Q 0.519 1.21 - - - - HET HOM HET
(RD.=69) | (RD.=34) | (R.D.=28)

9 FOXD4L6 ns ¢.C1247G p.P416R - - - - - 0.0014 HET HET HET
(R.D.=9) | (R.D.=10) | (R.D.=13)

9 FOXD4L6 ns c.G1097A p.R366K - - - - - 0.0011 HET HET HET
(R.D.=48) | (R.D.=49) | (R.D.=56)

11 MUC6 ns c.C5521A  p.P1841T 0.899 -3.93 - - 5.40E-03 0.0011 HET HET HET
(R.D.=634) | (R.D.=564) | (R.D.=698)

11 MUC6 ns . TH507A p.L1836H 0.899 -3.34 - - 5.00E-03 - HET HET HET
(R.D.=685) | (R.D.=613) | (R.D.=737)

11 MUC6 ns ¢.C5272T  p.H1758Y 0.637 0.656 - - 4.30E-03 - HET HET HET
(R.D.=805) | (R.D.=576) | (R.D.=709)

12 TAS2R31 ns . T869A p.F290Y 0.358 2.41 - - 4.90E-03 - HET HET HET
(R.D.=205) | (R.D.=119) | (R.D.=189)

15 DNAJA4 ns c.T161C p.V54A 0.899 5.63 7.59E-03 1.30E-02 1.05E-02 0.0024 HET HET HET
(R.D.=43) | (R.D.=35) | (R.D.=52)

15 GOLGAGL10 ns c.A638G p.E213G - - - - 9.00E-04 0.0076 HET HET HET
(RD.=12) | (RD.=11) | (R.D.=10)

17 MYO15A ns ¢.G2642A p.R881Q 0.432 3.16 - - - 0.0002 HET HET HET
(R.D.=48) | (R.D.=43) | (R.D.=40)

X ARSD stl ¢.T1147C p.X383Q - - - - - - HET HET HET
(R.D.=44) | (R.D.=26) | (R.D.=50)

X ARSD ns c.A1100G p.K367R - - - - 1.00E-03 - HET HET HET
(RD.=72) | (R.D.=41) | (R.D.=61)

X ARSD stg c.G992A p.-W331X - 3.68 - - - - HET HET HET
(RD.=41) | (RD.=27) | (R.D.=33)

X ARSD ns ¢.G959A p.G320D 0.899 3.68 - - 7.09E-05 - HET HET HET
(RD.=48) | (RD.=32) | (R.D.=33)

Table 3.11: Pan-Genomic variants with MAF <2% in the SED database identified across family C;
ns: Non-synonymous SNV, stg: Stop-gain mutation, R.D.: Read depth, stl: Stop-loss mutation,
EVS: The Exome Variant Server, ExAC: The Exome Aggregation Consortium, SED: The Soton
Exome Database; The zygosity status for each variant across the three individuals is provided in
the last columns and homozygous variants are highlighted in red.

Since the stone diathesis predominantly affects males in this pedigree, we hypothe-
sized that damaging mutations of X-chromosome might be significantly relevant in this
family. Hence, across the four ARSD mutations identified through pan-genomic analy-
sis, two mutations including the stop-gain mutation on the exon 6 (c.G992A) and the
non-synonymous (¢.A1100G) on the exon 7 were preferentially prioritised for segregation
analysis. Since the non-synonymous (c.G959A) on the exon 6 was in-phase with the stop-
gain (c.G992A) mutation, and also the stop-loss (¢.T1147C) mutation on the exon 7 was
in phase with the non-synonymous (c.A1100G) variant, we restricted the genotyping effort
to only these two loci. Apart from high expression of the gene in kidneys and also the
apparently X-linked transmission of the phenotype in this family, there was no indication
as to functional relevance of ARSD mutations to renal stones. The ARSD gene maps to
the distal part of chromosome X (Xp22.33) in the vicinity of pseudo-autosomal region 1
(PAR1) and encodes an essential member of sulfatase family which is active in bone and
cartilage tissues 260,

DNAJA/ on chromosome 15¢g25.1 contains 8 exons and encodes a member of DnaJ
family of chaperones that regulate protein folding and trafficking in the cytosol. Mem-
bers of DnaJ family actively prevent aggregation of misfolded proteins in endoplasmic
reticulum and exhibit relatively high-expression in kidneys26Y). Given comparably high
pathogenicity and conservation score for this variant and also possible implication of heat-
shock chaperones (HSP) in kidney stone formation, we sought to follow up this variant
through segregation analysis.

It is noteworthy to mention that, possible implication of the SLC9B1 stop-gain mu-
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tations in the stone phenotype was carefully considered, but due to lack of functional
relevance and also restricted expression of the gene, which is limited to testis, we decided
to abandon further follow-up for the SLC9B1 variants.

Segregation Analysis

Across the four variants prioritised for segregation analysis, none appeared to be private
to stone formers only (Table 3.12). Although the consistent heterozygous status for the
SLC20A1:¢.G1020C variant replicated through the KASPAR sequencing, presence of the
heterozygous genotype in three non-stone formers including individuals C-10, C-13 and
C-26 was inconsistent with the disease segregation. Despite both individuals C-10 and
C-13 presenting with hypercalciuria, the status of 24h urinary calcium for individual C-26
could not be established due to lack of 24-hour urine sample availability (Supplementary
Table 8.4).

Perhaps the most interesting insight, although not related to the stone phenotype,
revealed from the genotyping assay was the status of ARSD variants across the individuals
of this family. In contrast to WES result that was indicative of heterozygous variants at
the ARSD:c.1100A>G and ARSD:c.992G>A, KSPAR genotyping assay was indicative of
homozygous reference variants for the both loci across almost the entire pedigree (except
for individual C-15). Since this was in sheer contrast with the WES result, and given
that ARSD is not positioned in the PAR region, we sought to scrutinise the source of
this discrepancy by looking into the read alignments across the entire ARSD region. Our
analysis revealed that, the sequence homology between the ARSD gene and a related
pseudogene on chromosome Y result in the false positive heterozygous calls across this
region. The homologous sequence on the pseudoautosomal region of the Y chromosome
share 91% sequence similarity with the ARSD gene. Due to the nature of enrichment
process in which DNA fragments are pooled based on their unique sequences, inevitably
ARSD related fragments are pooled with their pseudogene counterpart on the PAR region
of chromosome Y. During the alignment, sequence differences across the remaining 9%
of the gene result in erroneous heterozygous calls in males. For instance, the BLAST
comparison of sequence composition 50bp upstream and downstream of the alternative
C/T variant site at ARSD:c.992 highlights the source of false heterozygous call (Figure
3.7).
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Sequence ID: NG_012495.1 Length: 32382 Number of Matches: 1

Range 1: 18688 to 18888 GenBank Graphics

Score Expect Identities Gaps Strand
366 bits(198) le-97 201/202(99%) 1/202(0%) Plus/Minus
Query 1 AGTTGGTTCATATTCAGATGGCCAGTCTGTTACGCCCTATGTTCARACCTGAGGCCGAGE 60
sbjct 10888  ACPROTHCAATICAGAISSLEASTC ALK AR MM AL 10025
Query 61 GTGGAGTGAGGCTCCATGGTACCTTGACTTACCTATGAGCTCAGTCCATCTCCTCCACAT 120
sbict 18626 CRUACHAMCHEAMAL AL AL AL AR 10770
Query 121 TATCACCATATARGCCATGCTGACTTTTCCCCAGGAATGCACTCGTGGTCACAAGGGGAA 180
sbict 16769 IIléllltl:‘ujulluLl |||I|| |||I||| ||I||| ||||l|(|;TC‘|u|:j|u|L||_ ?Iulx L8710
Query 181 TGTGCACATGCAGCAAAGARAG 202
coror 16705 WMLUIMIIIIL oces

(a) Homo sapiens arylsulfatase D (ARSD) on chromosome X
Sequence ID: NG_000881.5 Length: 25972 Number of Matches: 1
Range 1: 23812 to 24001 GenBank Graphics
Score Expect Identities Gaps Strand
270 bits(146) %e-69 183/199(92%) 9/199(4%) Plus/Minus
Query 4 TGGTTCATATTCAGATGGCCAGTCTGTTACGCCCTATGTTCAAACCTGAGGCCGAGGETS 63
sbjct 24001 HlHeAHMAATUSEG Al acl AL 23050
Query 64 GAGTGAGGCTCCATGGTACCTTGACTTACCTATGAGCTCAGTCCATCTCCTCCACATTAT 123
Sbjct 23949  CACMACCUILLeHEEtAUHEAITALEAPALL ISR AE 23001
Query 124 CACCATATAAGCCATGCTGACTTTTCCCCAGGAATGCACTCGTGGTCACAAGGGGAATGT 183
Sbjct 23890  ColboAPARTCARCARALHHICUACAMEAL R ALAAL LS EAAE 23031
Query 184 GCACATGCAGCAAMAGAAAG
Sbjet 23830 li[:ilaé,ilsTctlzilu[jtlzllulule‘!\.ljlulj 23812

(b) Homo sapiens arylsulfatase D pseudogene 1 (ARSDP1) on chromosome
Y

Figure 3.7: BLAST comparison of sequence composition 50bp upstream and downstream of the
alternative [C/T] change at ARSD : exon6 : ¢.G992A; Un-aligned alternative base at the variant
position is highlighted in red, paired nucleotide immediately left to the highlighted rectangles
represent the wild type base (i.e. C for ARSD and T for ARSDP1)

The only exception to this consistent homozygous reference status for the ARSD vari-
ants across members of this family, was individual C-15 who revealed to be heterozygous
at both loci (Table 3.12). Given that this individual is male and his mother’s genotype
identified to be homozygous reference at the both loci, his heterozygous status can be
potentially attributed to genotyping error. Another possibility, although less likely, would
be an XXY condition (Klinefelter syndrome (KS)) in this patient, which due to the lack of
available data on his father’s genotype (C-14) could not be reliably established. Nonethe-
less, the evidence in support of erroneous call for ARSD variants was compelling enough
to reject possible implication of these two variants in causing familial phenotype.

Finally, inspection of genotypes for the DNAJA4:c.161T>C variant revealed that the
heterozygous mutation is not unique to stone formers only (Table 3.12). Three individuals
including C-13, C-15 and C-26 were identified to be asymptomatic carrier for the mutation.
Inspection of biochemical test results across these individuals did not reveal a consistent
biochemical abnormality and therefore this variant is most likely not related to the patients
phenotype.

Taken together, segregation analysis in this family did not provide conclusive evidence
for involvement of shortlisted variants in patients’ phenotype.
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3.5 Discussion

Here we applied WES to identify aetiological variants predisposing to nephrolithiasis in
three unrelated kindreds. By targetting 4,763 exons across the 367 genes we sought to
identify a shortlist of variants likely to underlie the renal stone phenotype specific to each
pedigree. In order to distinguish benign variants from disease causing mutations across
the genes shortlisted for segregation analysis, four criteria were employed: (1) Consistency
of segregation among all affected individuals and lack of thereof among healthy relatives;
(2) The prediction of functional impact of the variant on homeostatic mechanisms related
to kidney function; (3) High level expression of the gene harbouring the variant in the
kidney cortex or liver; (4) and previous reports of the gene harbouring the variant in
nephrolithiasis.

Segregation results alone were not clearly indicative of an aetiological variant in any
of the families studied. In particular presence of asymptomatic carriers in each pedigree
complicates molecular diagnosis. In addition, limitations including the lack of available
fresh DNA samples and also an up-to-date biochemical test results from the research
participants further complicated molecular diagnosis. The DNA samples analysed here
were extracted from the blood samples stored for about 20 years and as a result the capture
coverage across some important genomic regions was not optimal (Supplementary Table
8.5). This inevitably might result in oversight of causal variants that might have otherwise
been identified from fresh samples. A second limitation concerning patients’ data was the
lack of available biochemical test results for all members of the family that could perhaps
hint at the broader implications of homeostatic imbalances beyond the stone phenotype
alone. The late onset kidney stones in these families could well be the consequence of
a more subtle health condition that due to lack of comprehensive information about the
patients health went unnoticed. For example, hypertension and diabetes both predispose
to kidney stones202), but due to incomplete clinical information about all members of the
pedigrees, possible implication of these condition on patients’ stone phenotype could not
be conclusively excluded.

Despite this, recurrent stone phenotype across multiple generations in these pedigrees
led us to speculate that a highly penetrant genetic factor(s) may underlie the disease
phenotype in these families. Given this primary conjecture, we adopted an index based
WES method to analyse the genetics of nephrolithiasis. The gene variants identified
here are implicated in a broad range of cellular processes which may be linked to stone
predisposition.

3.5.1 Clinical correlates of variants in Family A

All variants shortlisted for follow-up in this family consistently segregated among the
stone formers (Table 3.6). Four rare variants in PLA2R1 (NM — 001007267 : exonll :
c.A1814C), MAP3K (NM —005923 : exon28 : ¢.G3943A), SLC25A25 (N M —001006641 :
exon8 : ¢.G1047C) and PKP/ (NM —001304969.1 : exonl3 : ¢.C2120T") were also present
among non-stone formers and therefore were unlikely to implicate the causal variant. The
PLA2R1 gene encodes both transmembrane and soluble form of the phospholipase A2
receptor (PAL2R) which regulates inhibition of the PAL2 signalling pathway by clearing
phospholipase A2. Polymorphisms of this gene have been suggested to associate with
idiopathic membranous nephropathies?%3/. PLA2R1 is highly expressed in the kidney
cortex. Six of the 8 non-stone formers were identified as heterozygous for this variant and
reported to remain disease free in the recent follow-up.

The MAPSK5 gene code for the Mitogen-Activated Protein Kinase (MAPK) that
involves in phosphorylation and activation of downstream kinases in signalling pathways.
Given that the gene is not highly expressed in the kidney cortex or liver and also the fact
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that three individuals among non-stone formers are heterozygous for this variant, it is very
unlikely that the variant is causal in this pedigree.

The SLC25A25 encodes calcium-binding mitochondrial carriers that are involved in
the transport of metabolites, nucleotides and cofactors from the cytoplasm to matrix
through mitochondrial inner membrane. These carriers function as magnesium (Mg?*)
facilitated ATP/Pi transporters and play a significant role in the regulation of the net
ATP efflux to or from mitochondria. The SLC25A425 is highly expressed in the liver and
has a moderate expression in the kidney cortex. Seven non-stone formers were identified
to be heterozygous at this site and therefore represented the highest enrichment among
the non-stone formers.

The PKPj/ encodes an Armadillo-like protein that belongs to the
p120(ctn)/plakophilin subfamily and is involved in gulating junctional plaque orga-
nization and cadherin function. Homozygous mutations of PKP4 have been reported
to underlie familial arrhythmogenic cardiomyopathies in both ventricles4. Six indi-
viduals among the non-stone formers were identified to be heterozygous for the PKP/4
(NM —001304969.1 : exonl3 : ¢.C2120T") variant.

A thorough investigation of patients’ clinical history in family A revealed that stone
formers were also presented with a range of cardiovascular complications and were on
medication that can potentially predispose to kidney stones for several years. As an in-
stance, furosemide is a diuretic drug prescribed to treat fluid build up in the body due
to numerous conditions including hypertension or congestive cardiac complications. In-
dividual FM A-30 was on furesemide for years prior to developing the kidney stone and
other stone formers in family A were also presented with high blood pressure and a range
of cardiovascular complications. It is likely that the late onset kidney stone phenotype in
this family is a consequence of drug side effects prescribed for the cardiovascular condi-
tion. This hypothesis is further supported by the fact that the NEBL variant consistently
segregates among all stone formers and one asymptomatic carrier with hyperphosphaturia
condition (FM A-27). NEBL mutations have been identified to underlie numerous car-
diomyopathies[26°! and therefore the impact of the identified variant on the cardiovascular
phenotype in this family and thereby indirect implication for nephrolithiasis merits further
investigation.

Both the VPS16 (NM — 080413 : exonl8 : ¢.T1750C : p.W584R) and HAVCR1
(NMO012206 : exon8 : ¢.A1050G : p.A350A) variants consistently segregate with stone
phenotype among all the stone formers and are only present in one non-stone former. The
VPS16 is involved in intracellular trafficking of molecules and plays an important role in
segregation of vesicles into distinct organelles. Homozygous mutations of the VPS16 have
been reported in the context of adolescent-onset primary dystonia.

The HAVCR1 gene encodes a cell surface glycoprotein belonging to the T cell trans-
membrane, immunoglobin and mucin gene family. The protein product of this gene known
as KIM-1 is localised at a very high concentration on the apical membrane of proximal
tubules and is found to be markedly upregulated following a proximal tubular injury from
renal ischaemia and other damaging insults 2661

Both the VPS16 and HAVCR1 are highly expressed in the kidney cortex and liver.
Given the significant role of these genes in molecular trafficking, especially across the apical
membrane of proximal tubules, collective burden of these two mutations in predisposition
to kidney stone merits further investigation.

During analysis of this family, it came to our attention that stone phenotype segregates
with exactly same variant (SLC25A25:N M —001006641 : exon8 : ¢.G1047C) in a separate
Italian family (Supplementary Figure 8.4). As described earlier SLC25A25 regulates the
flux of ATP in and out of mitochondria in response to cytosolic Ca?* concentration. In
vitro functional analysis have shown that inhibition of mitochondrial ATPase promotes
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the influx of ATP-Mg?* to mitochondria, and when cytosolic levels fall below the natural
threshold (~1mM), ATP-Mg?* efflux from mitochondria to cytosol prevail. Under normal
conditions, the net changes in ATP-Mg?" transport reaches an equilibrium and will be
maintained in a near-steady state267). The renal tubules have a heavy consumption of
ATP and they are extremely vulnerable to mitochondrial dysfunction. Glomerular sodium-
potassium ATPase energizes reabsorption of Nat and facilitate active transport of other
ion molecules and uncharged solutes in kidneys. This requires a huge amount of energy, and
in fact, daily ATP consumption of human kidneys is estimated to be around 2Kg/day [268]
The relationship between ATP depletion and predisposition to kidney stone is not clear,
but it has been shown that deficient ATP supply in renal tubular cells leads to dramatic
changes in cell permeability and cell adhesion molecules (CAMSs) organisation (269,.270] 1y
particular, ATP depletion results in mis-localisation of tubular Na™-K™ ATPase from
basolateral membrane to cytosol or even apical surface of the cell. We speculated that loss
of tubulous cells polarity in response to impaired ATP trafficking may impair the natural
urine concentration and composition and promote the formation of renal stones.

Given the significant role of SLC25A25 in ATP trafficking, we sought to investigate
the functional impact of this mutation in collaboration with Dr Kunji’s group at MRC
mitochondrial biology unit, Cambridge University. To this end, the disease variant was
expressed, solubilised and purified from S. cerevisiae mitochondria. Results from this
experiment carried out by Fiona Fitzpatrick was indicative of a lower and less stable
protein yield from the mutant strains (Supplementary Figures 8.2 & 8.3a). Preliminary
results of the transport kinetics of the mutant SLC25A25 revealed that the protein is active,
but the exact differences between the rates of wild-type and mutant protein could not be
established (Supplementary Figure 8.3b). Taken together, considering that majority of
non-stone formers were also identified to be heterozygous for this variant, it is possible
that this mutation alone is not sufficient for the full penetrance of the disease and probably
additional mutations play a role in predisposition to stone phenotype in this family.

3.5.2 Clinical correlates of variants in Family B

We identified a rare variant in ADCY10 (NM — 001167749 : exon26 : ¢.C3599T") that
consistently segregates among all stone formers and also present in 12 out of 22 non-stone
formers in Family B. One non-stone former with ADCY10 variant (individual FM B-27)
is also presented with hyperphosphaturia. The ADCY10 gene encodes a soluble form of
adenylyl cyclase that is regulated by bicarbonate and is insensitive to G-protein or forskolin
regulation. Mutations of this gene have been identified in absorptive hypercalciuria 271
Given the low pathogenicity of the identified ADCY10 variant, the deleterious contribution
of this variant as the monogenic cause of the stone phenotype in this family is unsubstanti-
ated. Considering that stone diathesis in this family is associated with hypercalciuria and
hypervitaminosis D, the possible role of this variant in pseudohypoparathyroidism merits
specific attention. In this condition, parathyroid hormone (PTH) that is responsible for
homeostasis of calcium, phosphorus and vitamin D is produced at the normal level, but
the body is unable to respond to PTH. It is estimated that hyperparathyroidism accounts
for about 3% of renal stone incidence2™!. Given the implications of ADCY10 in pseu-
dohypoparathyroidism, the role of the identified variant in predisposition to renal stones
merits further investigation.

The remaining variants considered in segregation analysis do not show a consistent
pattern of segregation across the stone formers and thus their possible implication in the
stone phenotype could not be established.
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3.5.3 Clinical correlates of variants in Family C

Although idiopathic Hypercalciuria (IH) is primarily a polygenic condition with significant
environmental contribution!?73) since transmission of the stone phenotype in this family
appeared to follow a Mendelian X-linked pattern, we sought to investigate whether a single
penetrant variant can be identified through WES analysis. As noted earlier none of the
variants considered for segregation analysis in this family provides compelling evidence
for being causal. Analysis of variants in this family, although did not reveal any insight
regarding kidney stone, hinted a significant technical limitation of WES for analysing
variants across the genes with homologous counterparts on the pseudo-autosomal regions.

3.6 Conclusion

Collectively, results identified here reflect the complexity of identifying causal variants in
the context of kidney stones. Given the scope of homeostatic perturbation that can lead
to the kidney stones, it would be more productive to focus on urinary phenotype rather
than stone phenotype alone. This requires careful phenotyping of patients and related
individual family members, a task that we were not able to accomplish due to lack of
access to patients and their families.

Secondly, the majority of variants associated with metabolic perturbation have a low
effect size and contribute minimally to the overall presentation of the phenotype 274, Here
we applied WES analysis to identify rare to low-frequency variants (MAF< 2%) that pre-
dispose to supposedly monogenic nephrolithiasis. Given incomplete penetrance of renal
stones among adult patients, modifier role of common variants in disease expression should
not be neglected. Examples of reduced penetrance in renal stone are not unprecedented.
In a WES analysis of 80 healthy individuals for identification of rare variants accounting
for perturbed metabolite levels27) one individual with a pathogenic mutation in the xan-
thine dehydrogenase gene (XDH:p.R1296W) had a normal hypoxanthine and urate levels
reflecting the impact of modifier genes underlying reduced penetrance in this individual.

More importantly, as noted in the introduction section of this chapter, the kidney
stones are the outcome of perturbed metabolism in diverse homeostatic pathways. With-
out concentrating on the metabolic profile of patients, identification of causal variants
underlying kidney stone proves difficult if not impossible. Effectively there might be mu-
tant individuals with perturbed metabolism in the homeostatic pathways that haven’t
undergone to develop a kidney stone yet. By focusing on the stone phenotype alone, we
run the risk of overlooking the heritable factors underlying these metabolic imbalances
that have phenotypic presentation (i.e. renal stone) among some family members. Con-
ducting such analysis requires longitudinal measurements of urinary metabolites in these
pedigrees, which due to lack of access to all patients across multiple generations, proved
impossible. Should such data become available, the age of patients at the time of mea-
surement should also be included as a covariate to account for the impact of variation in
metabolite levels during life. Given the significance of common and low-frequency variants
in the human metabolite profile276277:274] application of polygenic transmission disequi-
librium test 278 for identification of causal variants as a future direction for this work
merits special attention. Investigation of causal variants through this method requires
a larger sample size that includes the WES data from not only patients but also their
parents and unaffected siblings.

Some of the incidental findings revealed here might have clinical significance for the
relatives of cases analysed. As an instance, the PKP/:c.2120C>T variant identified in
Family A might be related to the cardiovascular phenotype in this family. Considering
that a related gene (PKP2) is enlisted by the ACMG for incidental finding reporting in
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clinical exome analyses, the potential implication of this variant for individuals of this
family merits specific attention.

Taken together our WES analysis in adult nephrolithiasis patients revealed a broad
range of cellular processes which may be linked to stone predisposition. These were not
predictable from the familial clinical phenotypes.
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Chapter 4

Diagnostic Application of NGS in
a Patient with Congenital Skeletal
anomaly and Dysplastic Features

4.1 Introduction

Children with congenital anomalies comprise a substantial portion of cases referred for
genetic evaluation?™. Rare disorders that manifest in childhood impose a significant
burden on the patients, their families and the health system 280, Tt is estimated that 50
to 80% of resources in paediatric inpatient services is used by patients with a pre-existing
genetic condition 281

It comes as no surprise that identification of the underlying genetic cause is key to the
optimal management of these patients. Unfortunately, however, genetic diagnosis in rare
disorders is not a straightforward task especially when the phenotypic presentation of the
patient does not clearly implicate a known gene (or a set of known genes) or when the
differential diagnosis suggests a range of rare congenital disorders.

Chromosomal microarray (CMA) that is proposed as the first-tier diagnostic test for
patients with congenital malformations and developmental disorders, is only able to resolve
the molecular diagnosis in 15-20% of cases and the genetic aetiology in 80-85% of cases
with multiple congenital anomalies (MCA), developmental delay/intellectual disability
(DD/ID) and autism spectrum (AS) disorders remain unexplained %2, Whole exome
sequencing and gene-panels have enabled physicians to complement CMA with targeted
testing to achieve a greater diagnostic yield. Successful identification of the genetic cause
in hypothesis-driven approaches like targeted gene-panels relies extensively on the accurate
phenotyping and diagnosis and also efficient capture of all disease-associated loci. This
approach often has a low diagnostic yield in the context of multiple congenital anomalies
where distinctive diagnostic features and minimal locus heterogeneity is lacking 28391284

The recent progress in cost and reliability of WES enabled widespread adoption of
the technology in clinical genetics for investigation of coding variants that underlie rare
disorders 28286 Limitations of WES in capturing smaller copy number variations (CNVs
less than 100kb) and complex structural rearrangement has resulted in a modest diagnostic
yield (~25%) for congenital anomalies!¥12%4. Given the impact of CNVs and structural
variants in congenital malformations, more thorough testing is required.

Whole genome sequencing (WGS) enables identification of all types of genetic variation
in a single test. Several studies demonstrated that WGS achieves a higher diagnostic yield
in developmental disorders287:288] and congenital anomalies 239290 Given the significance
of SVs in rare congenital anomalies and low diagnostic yield of targeted approach in
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resolving molecular diagnosis, WGS offers an optimal solution for resolving molecular
diagnosis in rare conditions.

The present chapter discusses the application of WES and WGS sequencing in resolving
the molecular diagnosis for a patient with MCA referred for NGS analysis from clinical
collaborators.

4.1.1 Structural variants in rare disorders

Structural variations (SVs), reviewed in Section 1.2.3, are an important category of vari-
ants in the human genome and are identified to underlie developmental disorders. While
SVs occurs less frequently compared to smaller-scale genetic variations, they usually have
a greater functional impact due to their relatively large size (>50 bp).

These structural variants were traditionally studied through karyotyping methods such
as chromosomal R-banding and G-banding which were arduous and had low resolution.
The advent of fluorescence in-situ hybridization (FISH)[1292 in the late 20th century
resulted in a significant progress in resolution and throughput of SV discovery and paved
the way for multilocus imaging of chromosomes. Conventional FISH probes developed
for classical genetic disorders such as Smith-Magenis syndrome (SMS; #OMIM:182290)
where deletion of chromosome 17p11.2 results in the disorder 293 or Charcot-Marie-Tooth
disease, type 1A (CMT1A, #OMIM 118220) where duplication of chromosome 17p12
underlies the genetic condition?%4, enabled rapid detection of carriers and resulted in
marked progress in cytogenetic diagnosis. The principles of FISH technique relies on fluo-
rescent labelling of metaphase chromosomes which requires cells to be alive and dividing.
This limitation hampers the application of FISH on postmortem tissues or paraffin fixed
samples from solid tumours?%). Furthermore, identification SVs using FISH requires a
pre-existing hypothesis as to what region of chromosome might be affected so that appro-
priate probes can be designed and applied. These major limitations necessitated a more
high throughput method to be employed in clinical diagnosis[296:297),

The development of array comparative genomic hybridisation (CGH) enabled genome-
wide screening of chromosomal imbalances and contributed significantly to the diagnosis
of segmental aneuploidies298:291  Contrary to FISH, array CGH does not require prior
knowledge about the chromosomal imbalance that is involved and can be applied to non-
metaphasic chromosomes, but it is ill-suited for identification of balanced translocations
and inversions. The application of array CGH, therefore, is limited in the diagnosis of SVs
that do not involve genomic imbalances300.

Structural variants that involve loss or gain of genomic material underlie an important
set of genetic disorders. To date, 42,040 SVs are catalogued in DECIPHER (DatabasE
of Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources [302’303])
to be involved in 112,767 phenotypic complications. Since benign SVs account for ~ 1.2%
of variation among different populations®?, the database of Genomic Variants archive
(DGVa) has been developed to catalogue non-pathogenic SVs in the human genome. To
support the clinical interpretation of pathogenic SVs, the Database of Genomic Structural
Variation (dbVar) has been developed to catalogue clinically relevant SVs 304 Tt is es-
timated that unbalanced translocations comprise 99.8% of pathogenic SVs in dbVar [305]
Balanced translations are also frequently observed in pathological conditions306:307.308]
The recent advances in genome sequencing and NGS technology enabled rapid and precise
detection of SVs in the human genome.
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4.1.2 The Genetics of Skeletal Dysplasia

Distributions in normal skeletal growth and development result in a heterogeneous cat-
egory of congenital anomalies known as skeletal dysplasia (SD). Skeletal dysplasias usu-
ally arise as a result of pathogenic mutations in genes involved in bone and cartilage
metabolism 3% and have a prevalence of 1 in every 5,000 births in the general popu-
lation 319, To date, 40 groups of genetic skeletal diseases including 456 unique skeletal
anomaly have been identified for which the underlying genetic cause in only 316 conditions
has been described 399,

The severity of SDs ranges from embryologically lethal to those with minimum morbid-
ity and the clinical diagnosis of the specific disease entity is usually challenging. Despite
the framework proposed by the International Skeletal Dysplasia Society to classify SDs
based on clinical and radiological patterns®11312 que to limited experience of individual
clinicians with rare forms of SDs classification of the skeletal anomaly into a specific syn-
drome is difficult. Moreover, the extensive genetic heterogeneity underlying SDs renders
the molecular diagnosis challenging. In that sense, mutations in different genes result in
similar phenotypes or conversely the phenotypic heterogeneity arising from mutations of
the same gene complicate diagnosis. In some SDs, characteristic skeletal manifestations
are age-dependent, and they tend to disappear after maturation, or they are simply not
present at the time of clinical evaluation. Finally, the phenotypic spectrum of the over-
whelming majority of SD entities are not yet thoroughly established and disease variation
(specifically in different ethnicities) complicate the clinical diagnosis 3093131,

Given the complexities involved in the clinical diagnosis of specific SD entities based on
patients’ skeletal manifestations, there has been a recent shift toward 'molecular ontology’
for SD classification3!3], Considering that mutations in 226 genes have been already
identified to underlie 316 SD entities, WES and WGS offers a cost-effective solution for
the screening of a large spectrum of variants (such as SNVs, INDELs and large SVs) that
may underlie the patient skeletal phenotype irrespective of clinical diagnosis [314]
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4.1.3 Case History

The proband is a 18-year-old male patient from the Channel Islands. He presented with
multiple skeletal dysmorphisms and a de novo balanced translocation at (8,10)(q22.1;
q26.3) identified by karyotyping in the first month after birth in 1999. Array-CGH did
not reveal any cryptic chromosomal imbalance. The patient is intellectually normal, and
his height is within the normal range. The patient underwent several surgeries for tal-
ipes (HP:0001883) and bilateral radioulnar synostosis (HP:0002947). Investigation of the
patient’s family history showed two siblings with Bardet-Biedel syndrome (HZ BBS! mu-
tation) at BBS1: ¢.1169T> G (p.Met390Arg). Inheritance appears to be either de novo
dominant or recessive. The proband’s parents are unaffected and reported as unrelated
(Figure 4.1).

SDO03_W1510632 SD003_W1510633

TERLTR

SD003_W1414400

E Bardet-Bied| affected BBS1 Carrier

Figure 4.1: Pedigree showing inheritance of congenital arthrogryposis in Family SD003. Proband
is identified by arrow.

Additional skeletal and non-skeletal features of the patient are detailed in Table 4.1.
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Horizontal Beam

Figure 4.2: Radiograph depicting main skeletal features including: (a) Extensive cervical fusion
(HP:0002949); (b) Lunotriquetral joint fusion (HP:0009473); (c) Thin upper chest; (d) Very

narrow pelvis. (e) radioulnar synostosis (HP:0002947) & (f) Talipes (HP:0001883).(Radiographs
courtesy of Dr Amanda Collins, University Hospital Southampton)
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4.1.4 Overview of the Analysis

This chapter describes the application of WES followed by WGS sequencing for resolving
molecular diagnosis in a patient with multiple congenital anomalies. Given the broad
spectrum of pathogenic variants that underlie rare disorders (reviewed in Section 1.2), a
two-stage study design was used for analysing the patient.

In the first stage, in order to investigate whether it is possible to identify a single
penetrant SNV that underlies the patient’s condition, gDNA was subjected to detailed,
in-depth WES analysis and clinical correlate of pathogenic variants identified through
WES analysis was explored in the context of the disease.

Since a multidisciplinary team meeting at the time gave the opinion that none of the
putative variants identified through WES analysis was likely causal, WGS was employed
in the second stage to ascertain potential role of structural variants (SVs) in the patient’s
phenotype. Using WGS, the precise breakpoints in relation to the reported de novo bal-
anced translocation was identified, and the clinical relevance of additional SVs called in
the patient’s genome evaluated.

4.2 Methods

In order to identify the aetiology of present malformation, WES followed by WGS was
carried out. In wvitro sample processing involved isolation of gDNA from whole-blood by
the salting-out method. Downstream sample processing and sequencing were carried out
by an external service provider as described below:

4.2.1 Whole Exome Analyses

Exome sequencing was carried out at the Wellcome Trust Centre for Human Genetics
(WTCHG). In brief, ultrasonication was applied to shear gDNA into smaller fragments
and size-selection was performed to give a mean fragment size of ~200 bp. Whole-exome
enrichment was performed using the SureSelect Human All Exon V5 kit (Agilent, Santa
Clara, CA, USA) and sequencing carried out on the HiSeq 2500 platform (Illumina, San
Diego, CA, USA) using PE method (Read length ~ 100bp) (see Section 2.2.3 for further
details).

In silico data processing

Raw data analysis was performed using the WES pipeline with default parameters as
described in Chapter 2. The quality of raw sequence data was inspected in FastQC v0.11.5,
and reads were aligned to the reference genome GRCh37 (hgl9) using Novoalign MPI
v3.02.03. Aligned reads were subjected to standard quality check using Picard v2.8.3 in
order to flag and remove duplicate reads. Variant sites were called using the SAMtools
v1.3.2 mpileup command.

Coverage QC & post-hoc sample tracking

Following alignment, depth of coverage (DOC) analysis was performed in BEDTools v2.21.
Mean DOC and percentage of coverage at 1, 5, 10 and 20X across the whole target re-
gion applied as QC-metric for inspecting the quality of coverage across exonic regions.
Furthermore, the quality of the alignment procedure was ensured through inspection of
on-target /off-target alignment proportions. To confirm gender, the X-chromosome and
autosomal heterozygosity were calculated following genotype calling. An aliquot of DNA
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dispatched for contemporaneous genotyping across a panel of 24 selected SNPs and consis-
tency of genotype calls with the exome data ensured as a criterion for post-hoc tracking of
the sample. VerifyBamlID was utilized in order to check for contamination with exogenous
DNA, and a FREEMIX score of less than 2% was considered acceptable.

Annotation of called variants

Called variants were annotated using ANNOVAR (2015Dec14 release). All variant coordi-
nates were defined according to the GRCh37 genome build (hgl9), and dbSNP build 142
was used for annotation of known polymorphisms. Filter-based annotation was carried
out using alternative allele frequencies in the 1000 Genomes Project dataset, the NHLBI
Exome Sequencing Project (ESP) and in-house allele frequencies (AF) among the ~460
WES analysed patients in Soton Exome Database (SED). Gene-based annotation was car-
ried out using RefSeq transcript database for protein-altering variants and prediction of
deleteriousness for non-synonymous variants was inspected using PolyPhen-2 and SIFT
scores. Moreover, GERP++ and Phylop scores were used to measure conservation of the
variant site. The MaxEntScan score was computed for variant within 10bp of intron-exon
boundaries and AMaxEnt score of > 3 was considered as indicative of a variant with
potential splicing impact.

Filtering and variant Analyses

A tiered filtering approach was adopted to prioritise variants as potentially causal for
further analysis. A collective set of 67 genes previously reported to be involved in the
context of present phenotype, prepared in two tiers as follows:

e Tier 1: A primary list of 55 candidate genes prepared by literature search nucleating
from the Human Gene Mutation Database (HGMD professional v.2015.3) using the
terms ‘Arthrogryposis’, ‘KBG syndrome’ and ‘multiple pterygium syndrome’ as the
search keywords.

e Tier 2: A complementary list of 13 genes (not covered in Tier-1) was recovered
from extensive search of OMIM database (December 2015 update).

Variants in these 68 candidate genes were subsequently subjected to deductive filtering
using the following criteria:

1. Synonymous and non-frameshift indels were excluded. Synonymous variants within
10bp of intron—exon boundaries were intentionally retained for investigation of splic-
ing.

2. Variants with MAF > 0.01 in the 1000 Genomes and ESP database were excluded
to focus on only rare variants.

3. Alternative allele genotype frequencies in the Southampton Exome Database (SED)

was used to exclude variants with > 10 frequency among the ~250 in-house exome
samples in regional patients without skeletal phenotype.

The remaining variants were prioritised for investigation if they were: known clinical vari-
ants; novel; predicted to be protein truncating or missense and predicted to be deleterious.
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4.2.2 Whole Genome Analyses

Whole genome sequencing was carried out by Novogene (Beijing Novogene Bioinformat-
ics Technology Co., Ltd, China). In vitro sample processing involved library generation
using DNA HT Sample preparation Kit (Illumina, San Diego, CA, USA) and DNA frag-
mentation by ultrasonication. Fragments with the mean size of ~350bp were then 3/
poly-adenylated and ligated with the full-length adapter for Illumina sequencing. Upon
cluster generation, libraries were sequenced on Hiseq X platform (Illumina, San Diego,
CA, USA) using PE method (Read length ~ 150bp).

In silico data processing

Raw sequence data was subjected to primary quality control in order to discard low quality
reads with adapter contamination. Moreover, read pairs with more than 10% uncertainty
in base calling and reads with low-quality bases greater than 50% were discarded. The
quality of cleaned raw data was investigated in FASTQC and alignment to the reference
genome (hgl9, build 37) carried out using BWA MEM (v0.7.12) with default parameters.
Following alignment, DOC analyses performed in Qualimap (v2.2.1).

Structural variant analyses & Annotation

In order to use WGS to detect SVs and identify breakpoints related to the balanced
(8,10)(q22.1; 26.3) translocation, split-reads and discordant read pairs were investigated
in LUMPY (v0.2.11) "3 and SVDetect (v0.8b) 194, Evidence for potential translocations,
inversions and large deletions/insertions were systematically investigated across the whole-
genome using sliding-windows used to partition the genome. In order to increase sensitivity
for identifying a balanced translocation, an optimal window size of 705 bp was calculated
according to the formula prescribed by the software best practice guideline (p denotes
the mean insert size and o denotes calculated standard deviation from the distribution of
normally mapped reads.):

window — size = 241 + 2V 20 (4.1)

Discordant paired-end reads that align to different chromosomes, with discordant
strand orientation and at a distance deviating from the pre-defined insert length (~ 324bp)
provide strong evidence for translocation[3%]. A Poisson model that uses: 1) supporting
evidence from the local frequency of anomalously mapped read pairs; 2) size of the SV
and; 3) coverage, was applied to calculate a confidence score for each variant. Significant
SV predictions supported by at least 10 independent read-pairs were subsequently visually
inspected in Integrative Genomics Viewer (IGV, v2.3).

Read pairs that mapped to different chromosomes at each end (chimeric reads) were
considered to cover the translocation breakpoint and soft-clipped reads mapped to dis-
continuous sections of the reference genome were predicted to contain translocation point
(Figure 4.3).

Called structural variants were processed with snpEff (v4.3) and Variant Effect Pre-
dictor (VEP, release 87) to provide annotation using RefSeq transcript database. Re-
current SVs were determined using DGVa gold standard variants[3!6l and excluded from
downstream analysis. For structural variants that include coding DNA, HGMD (pro-
fessional v.2015.3) database was queried for associated phenotypes. In addition, snpEff
variant effect prediction was used to flag SVs with high impact. Shortlisted variants were
cross-referenced with the DECIPHER (V9.15)[302] database to identify possible overlap-
ping patients/phenotypes in the Developmental Disorder Genotype- Phenotype Database
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(DDG2P), Locus Specific Mutation Databases (LSDB) and OMIM database. Only vari-
ants with pathogenicity description of ”definitely pathogenic” were selected. Finally, the
dbVar database was queried to confirm the pathogenic classification of the variant.

Ultimately, segregation of variants that were identified to be plausibly causal in the
context of patient phenotype was followed up in the trio (parents and the patient) and
confirmed by Sanger sequencing. To this end, PCR amplification of each exon was initially
carried out using the Failsafe’™ PCR system (Epicentre, USA) with Failsafe”™ Buffer J
according to the manufacturer’s protocol. PCR products were then sequenced using the
Big-Dye'™ Terminator Cycle Sequencing Kit (V.1.1) according to the standard protocol
(Applied Biosystems, USA). Capillary sequencing was carried out using an ABI 3130x/
Genetic Analyzer (Applied Biosystems, USA) and sequence traces were investigated in Mu-
tation Surveyor software (version 3.1, SoftGenetics, USA). (Validation of variants kindly
carried out by Dr David Bunyan at the Wessex Regional Genetics Laboratory - Salisbury
NHS Foundation Trust).

a) Soft-clipped Read

Read 1 Do Read 2
Read 1 S < Read 2 b) Chimeric read-pairs

Figure 4.3: Breakpoint analysis using WGS data. (a) Soft-clipped read that maps to two different
sequences identify the breakpoint. (b) Readpairs that map to different chromosomes (chimeric
reads) cover the translocation breakpoint.
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4.3 Results

WES and WGS were successfully applied to the DNA sample from the male patient with
multiple congenital anomalies. NGS data of good quality was then used for variant analysis
and SV calling.

4.3.1 WES Results

Quality scores for raw sequence data were concordantly above 30 (phred scale) and there
was no evidence of contamination based on VerifyBamID results (Freemix score= 0.0019).

Exonic heterozygosity percentage (~%61) was within the expected range for non-
consanguineous mating. Sample relatedness was investigated using the similarity matrix
as per the procedure described in Chapter 2 and no apparent relatedness to any other
unrelated sample on same dispatch DNA plate was observed.

92.61% of the coding region was captured successfully across the 68 target genes.
Following sequencing and alignment, >68.23% of the targeted region was covered to a
depth of at least 20X (Table 4.2).
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% Covered to median depth

Gene Location # CE CD size % accessible target 1x 5x 10x 20x Source
ABCA3 16p13.3 30 49793 80.42 92.39 | 88.050 | 86.11 | 78.42 | OMIM
ADCY6 12¢q13.12 21 14844 97.97 98.33 | 92.720 | 91.76 | 90.49 | HGMD
ADGRG6 6q24.2 25 141186 100.00 60.13 | 58.290 | 56.74 | 54.10 | HGMD
ANKRDI11  16¢24.3 11 48542 78.76 86.77 | 75.880 | 73.39 | 68.52 | HGMD
B3GAT3 11q12.3 5 6247 100.00 97.58 | 83.800 | 75.69 | 66.30 | HGMD
CHRNA1 2q31.1 10 16271 70.17 86.67 | 80.850 | 75.35 | 68.42 | OMIM
CHRNB1 17p13.1 11 11596 95.94 85.89 | 75.900 | 70.51 | 64.91 | HGMD
CHRND 2q37.1 12 9097 76.22 78.22 | 66.950 | 61.87 | 53.70 | OMIM
CHRNG 2q37.1 12 5969 100.00 85.37 | 79.030 | 77.43 | 71.32 | HGMD
CHST3 10g22.1 2 2629 95.22 81.77 | 43.060 | 37.74 | 31.13 | HGMD
CNTNAP1 17q21.2 24 16081 95.27 100.00 | 99.710 | 97.70 | 93.71 | HGMD
COL11A1 1p21.1 67 230160 100.00 86.19 | 81.900 | 79.46 | 72.44 | HGMD
COL2A1 12¢q13.11 54 30915 100.00 96.06 | 93.020 | 91.31 | 85.88 | HGMD
DNASE1L2 16pl13.3 6 1602 100.00 100.00 | 81.080 | 76.27 | 69.25 | OMIM
E4F1 16p13.3 12 11959 100.00 100.00 | 98.900 | 96.07 | 83.51 | OMIM
ECEL1 2q37.1 17 6501 96.36 97.68 | 87.280 | 79.98 | 68.12 | HGMD
ECI1 16p13.3 7 11588 100.00 100.00 | 89.380 | 83.68 | 64.15 | OMIM
ERBB3 12q13.2 28 21,755 100.00 80.15 | 69.320 | 68.06 | 63.59 | HGMD
ERCC5 13g33.1 15 29637 100.00 98.86 | 89.570 | 87.90 | 81.20 | HGMD
ERCC6 10q11.23 20 74150 96.95 48.02 | 38.590 | 37.63 | 36.14 | HGMD
FGF9 13q12.11 3 29523 95.63 39.63 | 22.610 | 20.57 | 18.56 | OMIM
FGFR2 10q26.13 17 113,961 86.00 84.99 | 74.330 | 73.57 | 71.55 | OMIM
FGFR3 4p16.3 15 13,328 100.00 91.23 | 77.060 | 72.51 | 62.19 | HGMD
FLNA Xq28 43 22,316 100.00 99.53 | 98.650 | 97.82 | 82.48 | HGMD
FLNB 3pld.3 45 162198 100.00 92.32 | 85.240 | 84.36 | 81.19 | OMIM
GBA 1q22 11 6,118 88.26 78.99 | 75.210 | 74.71 | 70.04 | HGMD
GBE1 3pl2.2 16 271,111 82.87 92.91 | 88.770 | 88.32 | 84.33 | HGMD
GDF5 20q11.22 2 4,020 100.00 99.07 | 83.260 | 81.79 | 78.22 | OMIM
GLE1 9q34.11 16 36,365 100.00 92.91 | 88.770 | 88.32 | 84.33 | HGMD
IRF6 1932.2 7 12,994 91.61 93.66 | 80.310 | 77.24 | 68.27 | HGMD
LBR 1q42.12 13 20,773 78.91 72.00 | 55.120 | 53.42 | 45.31 | HGMD
MAB21L2  4q31.3 1 1,080 52.44 68.02 | 51.020 | 47.29 | 44.28 | HGMD
MTM1 Xq28 14 78,981 08.08 62.17 | 57.400 | 53.49 | 40.32 | HGMD
MYBPC1 12¢23.2 30 89,325 100.00 100.00 | 98.200 | 97.25 | 91.21 | HGMD
MYH3 17p13.1 39 26,412 95.40 98.19 | 98.190 | 97.67 | 92.56 | HGMD
MYHS 17p13.1 38 29,774 89.28 98.74 | 95.480 | 94.52 | 90.25 | HGMD
NALCN 13¢33.1 43 343,832 97.83 95.96 | 87.420 | 86.68 | 83.42 | HGMD
NEB 2q23.3 148 247,397 82.79 90.96 | 87.890 | 87.35 | 85.77 | HGMD
NOG 1722 1 699 100.00 83.05 | 49.420 | 44.25 | 40.38 | OMIM
PGM3 6ql4.1 13 22,035 53.58 71.08 | 55.650 | 50.44 | 44.88 | HGMD
PI4KA 22q11.21 55 150,679 95.49 95.17 | 89.760 | 85.32 | 77.73 | HGMD
PIEZO2 18p11.21 52 477,064 99.37 79.45 | 73.180 | 71.97 | 68.55 | HGMD
PIP5K1C 19p13.3 18 67,224 45.00 88.36 | 54.470 | 52.91 | 49.97 | HGMD
POR 7ql11.23 15 32,489 100.00 93.30 | 86.030 | 81.63 | 77.08 | OMIM
PTHIR 3p21.31 14 20,097 91.94 97.83 | 95.080 | 91.62 | 76.81 | HGMD
RAPSN 11p11.2 8 10,991 100.00 100.00 | 93.790 | 83.10 | 80.90 | HGMD
RBBPS 18q11.2 18 89,389 87.04 96.16 | 92.550 | 91.66 | 89.87 | HGMD
RIPK4 21¢22.3 8 26,204 100.00 79.04 | 66.150 | 64.51 | 60.00 | HGMD
RNPS1 16p13.3 7 10,680 96.53 94.98 | 86.900 | 78.16 | 56.48 | OMIM
RYR1 19q13.2 106 153,591 99.82 99.81 | 98.690 | 94.97 | 84.58 | HGMD
SLC35A3 1p21.2 8 51,940 91.67 33.44 | 24.640 | 23.92 | 21.28 | HGMD
SOX10 22q13.1 3 10,290 93.22 87.39 | 71.850 | 59.57 | 45.40 | HGMD
SYNE1 6g25.2 144 505,896 97.93 92.08 | 88.410 | 87.56 | 84.16 | HGMD
TGFB3 14q24.3 7 21,707 84.79 68.64 | 55.860 | 52.47 | 47.91 | HGMD
TNNI2 11p15.5 6 1,328 91.76 96.76 | 96.760 | 96.76 | 88.66 | HGMD
TNNT3 11p15.5 14 15,618 84.81 98.63 | 88.570 | 87.87 | 79.40 | HGMD
TPM2 9p13.3 9 7,737 100.00 100.00 | 100.000 | 96.11 | 87.84 | HGMD
TRPV4 12¢24.11 15 31,176 100.00 96.59 | 87.350 | 85.37 | 82.31 | HGMD
TTN 2q31.2 312 277,631 97.96 99.15 | 98.600 | 98.46 | 97.64 | HGMD
UBA1 Xpll.3 25 16,127 90.03 92.01 | 86.060 | 82.59 | 66.73 | HGMD
UTRN 6q24.2 74 559,169 100.00 92.71 | 88.990 | 88.29 | 84.57 | HGMD
VEGFA 6p21.1 8 13,856 100.00 64.17 | 46.050 | 41.77 | 28.83 | HGMD
VIPAS39 14¢24.3 19 26,487 92.59 91.12 | 73.090 | 70.13 | 66.83 | HGMD
VPS33B 15¢26.1 23 23,275 100.00 97.70 | 86.410 | 81.93 | 77.42 | HGMD
XRCC1 19q13.31 17 32,067 99.43 100.00 | 99.790 | 95.68 | 89.55 | HGMD
XRCC6 22q13.2 12 41,811 99.44 99.11 | 85.340 | 81.46 | 69.44 | HGMD
7ZC4H2 Xqll.2 5 58,595 82.86 46.83 | 32.410 | 29.38 | 22.94 | HGMD
ZMPSTE24 1p34.2 10 34,398 100.00 65.05 | 55.660 | 54.18 | 51.92 | HGMD

Table 4.2: Percentage coverage across the 68 genes included in the tiered filtering. #CE: Number
of coding exons acording to RefSeq database; CD size: Size of coding region in bp; % accessible
target: Percentage of the gene targeted by All Exon V5 capture kit.
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Upon variant calling and annotation, 189 variants across the 68 candidate genes were
identified in the patient sample. After applying filtering steps described in Figure 4.4,
eight variants with possible pathological implication were identified (Table 4.3).

188 variants across the
68 candidate genes

l

B6 nonsynonymous

20 splicing variants 103 synonymous variants were excluded

16 variants with
MAF =0.01
in 1000G or ESP

70 variants with MAF z 1% in the 1000G
or ESP were removed

8 variants with
frequency =10 in
Soton Exome Database

8 variants had frequency = 10 in the in-house
database and removed

Figure 4.4: Overview of filtering strategy with the number of variants excluded at each step.
1000G:The 1000 Genomes Project; ESP: Exome Server Project.

The clinical significance of candidate variants was investigated in ClinVar. Three
variants including TTN :p.P23664L, SYNFE1:p.S3353Y and ANKRD11:p.T680S had been
previously catalogued in dbSNP with uncertain clinical significance and thus considered
unlikely to underlie the condition. Furthermore, MaxEnt analysis of the splice region vari-
ant at FCEL1:¢.1990-10T>G revealed a non-significant AMaxEnt score and the variant
was subsequently excluded from further follow-up.

Investigation of deleteriousness and conservation scores (Polyphen2-HDVAR and
GERP++) for the remaining variants highlighted three possibly damaging variants at
ECEL1:c.1013T>C, ECEL1:155T>C and ANKRD11:¢.3926C>T (Table 4.3).

ANKRD11 encodes ankyrin repeat-containing cofactors that suppress activation of
transcription. Mutations of this gene have been reported to underlie autosomal dominant
KBG syndrome (KBGS, OMIM # 148050). KBGS patients typically present with global
developmental delay, mental retardation, seizures, short stature, craniofacial and skeletal
anomalies and macrodontial37l. Many characteristics of KBGS patients including intellec-
tual disability, facial dysmorphisms and short stature are inconsistent with the proband’s
phenotypic features. The ANKRD11:c.3926C>T variant has been identified among the
European (Non-Finish) subpopulation of the ExAc database with MAF of 1.5¢7% and it
has not been classified as pathogenic in the clinVar database. Given the lack of convincing
evidence implicating the ANKRD11 variant, this variant was deprioritised.

Exome sequencing in proband SDO003 identified three heterozygous variants in
the ECEL1 gene that included two non-synonymous variants (ECELI:c.1013T>C,
ECEL1:155T>C), as well as a splice region T>G transversion (FCELI:c.1990-10T>G)
(Table 4.3). Since the AMaxEnt score for the splice site variant did not reach the sig-
nificance threshold of > |3| (AMaxEnt= 0.22) it considered unlikely to confer clinical
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Chr. g.Position Gene Het/Hom Variant Nucleotide Protein  Polyphen Gerp++ 1000 EVS SED
type Genomes
2 233,349,557  ECEL1 HET ns ¢.T1013C p-M338T  0.901379 3.1 - - 0,0,0
2 233,351,209 ECEL1 HET ns ¢.T155C p.L52P 0.992739 2.53 - - 0,1,1
2 233,345876 ECEL1 HET sp ¢.1990-10T>G MaxEnt= 0.22 - - 0,0,0
2 179,434,945 TTN HET ns ¢.C70991T p.P23664L 0.1 4.99 0.0005 0.000242  0,0,0
6 152,686,090 SYNE1 HET ns ¢.C10058A p.S3353Y  0.810343 0.133 0.0027 0.006395  0,6,6
16 89,349,024 ANKRD11 HET ns c.C3926T p.T1309M  0.990206 3.74 - - 0,0,0
16 89,350,911 ANKRD11 HET ns ¢.C2039G p.T680S 0.111165 -4.85 0.01 0.019302 0,10,10
16 2,336,732 ABCA3 HET ns ¢.C3241T p.R108IW  0.999269 4.21 - 0.000116  0,0,0

Table 4.3: Detailed information of eight shortlisted variants identified through WES analysis.
g.Position: the genomic position of variant according to the hgl9 genome assembly ; 1000 genomes:
MAF in the 1000 genomes project, ESP: MAF in NHLBI Exome Sequencing Project; SED: Number
of observed genotypes in Soton Exome Database (Frequencies in the SED database is expressed
as Hom, Het, Total); ns: Non-synonymous SNV; sp: Splice-site variant; A: Maxent splicing score-
AMaxEnt> |3| are considered potentially disrupting to splicing.

impact. The remaining two non-synonymous variants in FCEL1 were retained for further
investigation as they may underlie the patient’s phenotype in a compound heterozygous
status.

ECEL1 on 2q37.1 encodes a zinc-containing protein that belongs to the M13 family
of endopeptidases. This protein plays an important role in the regulation of neuropep-
tides and peptide hormone activity. Mutations of ECEL1 have been reported to underlie
autosomal recessive distal arthrogryposis, type 5D (DA5D) (OMIM # 615056). DA5D
patients present with talipes, hand and wrist joint contracture, extension contracture of
lower limbs, micrognathia and short necks. DA5D patients have normal intelligence, and
hypoplastic palmar creases have been reported in the context of the disease 318

Compound  heterozygous mutations of ECELI at c.[1470G>A]4[997C>T],
p.[Try490*|+[Arg333*] have been identified to underlie DA5SD in the affected chil-
dren of a consanguineous family®'9). The ECEL1:c.997C>T variant reported by
Dieterich et al. maps to exon 5 and is positioned 16 bp (5 amino acids) downstream
of the FCEL1:c.1013T>C variant identified in the SD003. Interestingly, in both cases
patients present with congenital hip dislocation and limited mobility.

Table 4.4 provides a comprehensive summary of major phenotypic complications re-
ported to be associated with mutations of FCELI and ANKRD11 genes. Given the
extensive phenotypic similarity between the patient’s phenotype and the reported cases
of ECEL1 mutations, possible implication of the FCEL1 compound heterozygous mu-
tation could not be excluded, however, based on clinical discretion of genomic medicine
multidisciplinary team (GM-MDT), lower priority was assigned to this variant and WGS
investigation of reported de novo translocation was advised.
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ECEL1 Reported cases ‘ ‘ ANKRDI11 reported cases
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g Q| £ T =2 £ 5 £ E 2 3 Z|4| 3 = g S =2 5
phenotypic complications & R A = W A M ’m I on KA P < o = = &) [

< | Developmental delay - - - - 19 4+ - + - - | +1]19/19 10/11 - - +

£ | Intellectual disability - - S. .- 3/6| +19/19 10/11 31/32 28/30 +

£ | Delayed bone age . - - - - o - - +|3719 5/5 35 812 +

O | Short stature -+ - 4/9 + - -+ 4+ - +11/19 8/11 9/32 15/37 +

» | Microcepahly - - - - - - - - - + | 1/19 - - 9/33 -

.2 | Round /triangular face -+ - 6/6 - - - - - - - - +119/19 11/11 + 11/20 -

g Micrognathia 7+ - 8/9 1/9 + 2/2 2/2 + - - 4/T| + - - - + -

8 | Macrodontia and dental abnormalities | - - - - - - - - - - - - - | 17/19 11/11 23/32 18/26 -

& | ptosis +| 710 8/9 6/9 + 2/2 12 + + + 57| -| - 611 - 4/ -

g | hypertelorism 7 - - - - - - - - - - - + - 5/11 + + +

E Hairline abnormality - - - - - - - - - - - - +| 5/11 - + - -

.S | Eyebrows 7 a - a - a a a - - - - b b b b - b

% | Upturned nose 7 R - 6/6 1/9 - - - - - - - aF - - - + -

3 | Prominent nasal bridge ? - - - - - - - - - - - - | 19/19 11/11  + + -
Bulbous Nose 7+ - 9/9 -+ 2/2 2/2 - + + - = - - - -
Short neck + +]|10/10 4/7 - + 22 + - - - - - - +/- -

Neck contractures + + - 4/4 - -2/2 022 - - - - - - - + - -
Contractures of shoulders + 4| 2/8 6/6 1/9 + 2/2 1/2 + + - 47| - - - - - -
and/or shoulders limited movement

Cervical rib fusion ? - - - - - - - - - - aF - 2/9 - - -

% | Vertebral body fusion 7 - - - - - - - - - - - + - - - - -

= | Thoracic kyphosis + - - - - - - - - - - - + - - + - -

£ | Scoliosis x| 70 29 29 + - 22+ - o+ 37| -] - - - 539 -

% | Hyperlordosis -+ 9/9 - - - - 12 - - - - - - - - - -

~ | Contractures of elbows + +| 3/7 5/5 1/9 + 2/2 - 4+ - - 37| - - - - - +

% | and/or elbows limited movement

E Contractures of wrists + + - 9/9 1/9 - 2/2 2/2 + + - 2/7T| - - - - - -

@ | Camptodactyly ? 4+]10/10 9/9 9/9 + 2/2 2/2 + + + T/7| - - - - 2/39 -
Clynodactyly ? - - - - - - - - - - - +119/19 7/11 + 23/33 -
hip dislocation/contractures + 4+ 9/9 9/9 6/9 + 2/2 0/2 + + - 6/7| - | 3/19 - - - -
Contractures of knees -+ ]10/10 8/9 5/9 + 2/2 2/2 + - 4+ 77| - - - - - -

Foot contractures + + - 8/9 - - 2/2 02 - 4+ - 6/7] - - - - - -
Clubfoot + +1]9/10 1/9 4/8 + - - + - - - S - - - - -

£ | Skin

£ | Pterygia of neck + + - 3/8 - 4+ 2/2 22 + - 4+ 2/7| - - - - - -

.S | Genitourinary

"8 | Cryptorchidism + - - - - - - - - 4+ - 2/T| +| 6/10 5/10 5/16 3/16 -

§ Sensory impairments

= | Seizures - B - - - - - - - - - - | +|>5/19 1/8 13/32 10/38 -

£ | Diminished facial expression o+ 37 19 - - - 22 - + - 5/T| - - - - -

-8 hearing loss - - - - - - - - - - - - + | 6/19 - 8/32 11/36 +

'_’g Heart

< | Cardiac anomalies - - - - - - - - - - - - +|3/19 1/8 4/32 10/39 -

Table 4.4: Comparison of patients phenotype with reported cases of Distal arthrogryposis type 5D
(ECEL! mutations) and KBG syndrome (ANKRD11 mutations).
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4.3.2 WGS Results

FastQC analysis of data confirmed the high quality of raw sequence data (Supplemen-
tary section 8.3). The mean read-depth across the whole-genome was 34x, and average
mapping quality (MQ) was 50. Detailed statistics for coverage analysis is provided in
Supplementary section 8.4. In order to increase the sensitivity of SV discovery, called
SVs from LUMPY and SVDetect algorithms were merged together. A total of 80,265 SVs
including deletions, duplications, inversions and translocations were identified across the
whole genome. Only 2,348 SVs were confidently supported by >10 independent paired-end
(PE) reads. 335 SVs were mapped to contigs outside the primary scaffolding of the hgl9
assembly or the mitochondrial genome and therefore excluded from further analysis. In
total, 2,013 SVs were identified across chromosomes 1-22 and XY. This number includes
common polymorphic markers, private structural differences from the reference genome
and potential computational false positive calls at low complexity sequences (Table 4.5).

Translocations

Chr. Duplication Deletion Inversion Intra. Inter. Total
1 15 63 5 17 28 128
2 5 60 0 50 21 136
3 8 38 1 12 11 70
4 11 45 0 11 9 76
5 0 46 7 28 10 111
6 19 45 1 10 8 83
7 33 1 42 30 113
8 5 34 0 4 5 48
9 6 28 1 22 26 83
10 17 51 0 20 20 108
11 8 36 1 8 8 61
12 10 28 2 12 6 58
13 17 26 2 4 32 81
14 4 19 0 0 7 30
15 6 20 0 30 17 73
16 21 26 2 37 11 97
17 10 38 0 41 40 129
18 5 19 0 8 5 37
19 14 35 0 26 9 84
20 20 32 2 17 81 152
21 3 11 1 4 88 107
22 3 10 0 19 42 74
X 3 11 0 2 8 24
Y 9 17 0 4 20 50

Total 246(12.2%) 771(38.3%) 26(1.2%) 456(22.6%) 514(25.5%) 2013

Table 4.5: Total number of SVs identified by LUMPY and SVDetect across the nuclear genome.
Only SVs that are supported by at least >10 independent PE reads are considered reliable. The
majority of identified SVs belonged to the deletion class. Interchromosomal translocations were
more frequent that intrachromosomal translocations and inversions had the least frequency across
the genome.

In order to ascertain the breakpoint position related to ¢(8,10)(q22.1; q26.3), previously
identified by karyotyping, interchromosomal translocations between chromosomes 8 and
10 were investigated. In total, 11 pairs of reciprocal translocations between chromosome
8 and 10 were identified for which only one pair was supported by >10 independent PE
reads. This rearrangement disrupts PLEKHF2 and MGMT at 8q22.1 and 10g26.3 and
result in a balanced (8,10)(q22.1; q26.3) translocation (Figure 4.5).

PLEKHF? encodes pleckstrin homology and F'YVE domain-containing protein II that
regulates receptor trafficking within the cell. It is also suggested that PLEKHF2 enhances
cellular sensitivity to TNFa triggered apoptosis[®34. PLEKHF?2 is a small gene with only
two coding exons and no Mendelian disorder has been attributed to the mutations of this
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Figure 4.5: Schematic representation of breakpoint for reciprocal translocation identified at
(8,10)(g22.1; q26.3). Corresponding base pair location of breakpoints are given.

gene so far. MGMT on 10q26.3 encodes a DNA repair protein that plays an important
role in protecting cells against mutagenesis induced by alkylating agents[®3°!. Methylation
of the MGMT promoter has been associated with several types of cancers36. The fusion
gene resulting from this translocation lacks the MGMT promoter region and therefore
possibly results in reduced activity of the gene. To date, no Mendelian disorder has been
attributed to the mutations of this gene.

For the remainder of SVs, the snpEff prediction for putative variant impact was used to
prioritise variants. A total of 970 variants were flagged as high impact by snpEff for which
only 271 SVs were supported by >10 independent reads. Upon filtering variants mapped to
the intergenic region of the genome, 222 variants remained. Variants were further excluded
if they mapped to non-coding genes (lincRNA, processed pseudogenes, nonsense-mediated
decay (NMD) genes) or the immunoglobulin variable region (IgV). Seventeen SVs were
recovered that impact protein-coding genes (Table 4.6). Among all shortlisted variants,
only the 6Kb deletion on chromosome 4 was identified in the homozygous state. This
SV impairs ZNF718 by deleting exons 2 and 3 (Figure 4.6). Large deletions spanning
coding exons of ZNF718 are classified as pathogenic in the dbVar database and have been
reported to underlie congenital anomalies?821. Furthermore, a 2.02Mb deletions of distal
4p (spanning from chr4:72,447 to 2,094,416) that includes the ZNF718 gene is classified
as ”definitely pathogenic” with full penetrance in the DECIPHER (v9.15) database. Al-
though this large deletion encompasses developmentally important genes such as PIGG
and IDUA (enlisted as DD genes) and also haploinsufficient genes including MAFEA (pLI=
0.84, %HI= 7.12) and FGFRS3 (pLI= 0, %HI= 6.40), similar phenotypic presentations in
the DECIPHER patient #341526 that mimic that of patient SD003 renders the investi-
gation of functional impact of ZNF718 deletion necessary.

A smaller heterozygous deletion of this region (~298.44 kb) that spans from chr4:37,336
to 335,770 encompassing four protein-coding genes including ZNF595, ZNF718, ZNF732
and ZNF141 (the promoter and first exon only) is also identified as pathogenic in DECI-
PHER patient #331143. Despite the pathogenic assignment of this heterozygous deletion,
no phenotypic information was available for this patient and therefore establishing the
correlation between patients’ phenotype was not feasible. The fact that this heterozygous
CNV has sampling probability >5% (i.e. a similar CNV is expected to be identified in
greater than 5% of healthy individuals from the Wellcome Trust Case Control Consor-
tium (WTCCC) cohort), undermines the pathogenic involvement of this deletion in the
patient’s severe dysplastic features.
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Chr. Position Size  Type Effect Zygosity Gene PE SR

1 16,050,023 9,739 Del EXON_DELETED Het CLCNKB 1219
16,059,762

1 209,761,993 738 Del EXON_DELETED Het TRAF3IP3 11 17
209,762,731

2 178,436,319 5,290 Del  SPLICE_SITE_ACCEPTOR Het PRKRA 13 24
178,441,609

2 178,450,414 551 Del SPLICE_SITE_DONOR Het PRKRA 19 10
178,450,965

3 130,044,539 43,363  Del EXON_DELETED Het ALGIL2 10 5
130,087,902

4 127,126 6,140 Del EXON_DELETED Hom ZNF718 19 9

133,266

6 32,480,809 43,805  Del EXON_DELETED Het HLA-DRB5 14 13

32,524,614

11 62,422,400 648 Del SPLICESITE.ACCEPTOR  Het SCGBIAL 47 99
62,423,057

11 62,419,150 3,069 Del  SPLICE_SITE_ACCEPTOR Het SCGB1A1 58 150

62,422,219

11 99,819,752 824 Inv FRAME SHIFT Het CNTN5 19 14
99,820,576

13 21,155,151 541 Del SPLICESITE.ACCEPTOR  Het SKA3 1113
21,155,692

13 21,155,813 2,108  Del SPLICE_SITE_.DONOR Het SKA3 1115
21,157,921

15 41,573,817 Del SPLICESITE_.ACCEPTOR  Het TYRO3 0 6
41,577,885

19 4,005,350 154,090 Del EXON_DELETED Het PIAS4 13 28
4,159,440

20 45252421 580 Del SPLICE_SITE_DONOR Het SLPI 11 23
45,253,001

20 45253157 417 Del SPLICE_SITE_DONOR, Het SLPI 17 36
45,253,574

20 45253733 725 Del SPLICESITE.ACCEPTOR  Het SLPI 15 31
45,254,458

Table 4.6: Protein-altering SVs supported by >10 independent PE reads (Chr.: chromosome; POS:
base-pair position of the SV; Del: Deletion; Inv: Inversion; Het: Heterozygous; Hom: Homozygous;
PE: Number of paired-end reads in support of SV; SR: Number of split-reads in support of SV).
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4.4 Segregation Analysis

Since variants identified in the FCEL1 and ANKRDI11 genes were providing the most
compelling evidence in favour of pathogenic involvement in the patient’s severe condition,
segregation of the three variants including FCEL1:c.155T>C, FECEL1:c.1013T>C and
ANKRD11:¢.3926C>T was followed up in the trio (parents/proband). The raw Sanger
sequence traces are provided in the Supplementary Section 8.4.5, 8.4.5 and 8.4.5.

The segregation results (Table 4.7) revealed that the heterozygous
ANKRD11:¢.3926C>T 1is inherited from the proband’s father.  Considering that
the patient’s father is healthy, it is implausible that this variant underlies the patient’s
phenotype.

On the other hand, segregation analysis for the FCELI variants revealed that the
compound heterozygous status in the proband is consistent with maternal transmission of
ECEL1:c.155T>C and paternal transmission of ECEL1:¢.1013T>C to the proband. Since
the FCEL1 derived Arthrogryposis 5D (DA5D, OMIM #615065) exhibit an autosomal
recessive pattern of inheritance, it is highly likely this the heterozygous compound variants
in the FCEL1 gene underlies the patient’s phenotype.

‘ ECEL1 c.155T>C ECEL1 c.1013T>C ANKRD11 ¢.3926C>T

Proband HET HET HET
(SD003-W1414400) (A:G) (A:G) (G:A)
Mother HET HOM HOM
(SD003-W1510633) (A:G) (A:A) (G:G)
Father HOM HET HET
(SD003-W1510632) (A:A) (A:G) (G:A)

Table 4.7: Segregation result for the candidate variants tracked through Sanger sequencing in the
trio (Parents and the proband).

4.5 Discussion

In this study, we applied WES in combination with WGS to identify the molecular basis
of severe congenital anomaly presented by the patient. Genetic diagnosis in multiple
congenital anomalies is difficult since many features are unspecific and differential diagnosis
includes a range of disorders. In relation to patient SD003, the radiographic findings are
highly unusual and suggestive of a novel disorder or an atypical presentation of a known
syndrome. The differential diagnosis in the proband included Arthrogryposis Multiplex
Congenita with synostosis (AMCN, OMIM #208100), KBG syndrome (KBGS, OMIM
#148050) or multiple pterygium syndrome (OMIM #265000). Since skeletal and non-
skeletal features of the patient were non-exclusive, genes related to all these syndromes
were considered for identification of a single penetrant variant that underlies patient’s
abnormal phenotype. Furthermore, because the patient presented with a de novo balanced
translocation, possible gene perturbation as a result of the translocation was investigated
through precise breakpoint mapping in WGS analysis. Given the extent of SVs identified
through WGS, the potential implication of novel SVs were explored in the context of the
patient’s phenotype.

Exome sequencing of the proband was suggestive of two independent heterozygous mu-
tations in ECEL1 gene that may predispose to the disease in the compound heterozygous
state. Considering that proband’s parents are healthy and unaffected the only plausible
scenario for the compound heterozygous mutations to underlie the proband’s phenotype is
when each variant is singly inherited from each of the parents. Sanger sequencing results
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corroborated this scenario and confirmed the compound heterozygous status of the ECEL1
variants in the patient.

Using WGS analysis I precisely mapped the breakpoints in relation to the de novo
balanced t(8,10)(q22.1; q26.3) to PLEKHF2 and MGMT genes. The translocation does
not impair coding regions of the genes, and none of the genes has been previously reported
in the context of congenital anomalies. Balanced translocations that do not involve dis-
ruption of genes at the site of translocation are usually benign and do not lead to a
pathological condition in the great majority of cases. Given that the identified balanced
translocation is in a heterozygous state, it is possible that the translocation originates from
the alternative segregation during anaphase I of gametogenesis in one of the asymptomatic
parents and therefore the parent of origin for this variant requires further investigation.

In addition to breakpoint mapping of the reported translocation in the patient, a
homozygous deletion spanning exons 2 and 3 of the ZNF718 gene was also identified in
the patient. Given the implication of large deletions involving ZNF718 exons in skeletal
phenotypes, the impact of this deletion merits further investigation.

In conclusion, our analysis demonstrates that WES in combination with WGS provides
a robust framework for analysing rare congenital anomalies in a comprehensive manner.
It is clear that establishing the molecular diagnosis in the present case requires functional
follow up of the compound heterozygous ECELI mutations, which is currently underway
through CRISPR/Cas9 mutagenesis in Xenopus tropicalis by Prof. Matt Guille’s group
at Portsmouth University.
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Chapter 5

Clinical Utility of Exome Gene
Panel Sequencing for Molecular
Diagnosis in Patients With
Unusual Syndromic Cleft
Lip/palate Phenotypes

”Some passages in this chapter have been quoted verbatim from Jabalameli et al.[337.”

5.1 Introduction

Cleft lip and cleft palate (CLP) is a common congenital orofacial abnormality with a
prevalence of between one and two individuals per thousands live births®38). The aeti-
ology of orofacial clefting ranges from pure genetic aberrations predisposing to clefts to
environmental in-utero exposure to teratogens that arrests complete fusion of primordial
plates involved in orofacial development. CLP cases are generally classified into two cate-
gories: cleft palate only (CPO) cases in which perturbation of primordial plates fusion is
restricted to palatine prominences only, and cleft lip with or without cleft palate (CL/P)
cases in which failure of fusion of primordial plates also involve maxillary prominence and
the medial nasal prominence[®3%. Although a range of additional disruptions affecting
craniofacial complex is also identified, the majority of orofacial clefts restrict to the upper
lip and/or palate. Isolated (non-syndromic) CLP in which orofacial clefting is not asso-
ciated with additional cognitive or craniofacial structural abnormalities is more common
(~70% of CLP cases [339]), and the disease aetiology in isolated cases usually have a com-
plex origin. The non-syndromic CLP does not cause morbidity among affected individuals,
and it has a modest recurrence rate in the general population.

In contrast, syndromic forms of CLP in which additional cognitive and structural ab-
normalities are also present have a strong genetic component and are generally considered
as single gene disorders, and therefore they are amenable to case samples analysis. For over
500 Mendelian syndromes identified to be involved CL with or without CP, the genetic
aetiology for only a fraction of them is fully resolved, and the genetic mutations underly-
ing an overwhelming majority of these disorders are largely unknown 339338 Given the
significant genetic and phenotypic heterogeneity underlying syndromic CLP, exome gene
panel sequencing offers a cost-effective solution for molecular diagnosis in these patients.

This chapter describes the genetic analysis of fourteen patients with syndromic CLP
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identified at the Operation Smile clinic in Bogota, Colombia. The full description of the
cohort ascertained for epidemiological study of orofacial clefts in Colombia is described in
the study by Arias Uruena et al.®%9. In brief, the Colombian cohort included 311 patients
with both syndromic and non-syndromic CLP who have attended the clinic over the period
April 2012 to July 2013. About 19% of patients (n= 59) were classified as syndromic cases
and were provisionally categorised according to their clinical presentation. Investigation
of patients phenotype among syndromic cases was suggestive of an unexpectedly high
frequency of cases with a possible diagnosis of Aarskog-Scott syndrome (AAS, OMIM
#305400). Amongst the 27 syndromes recorded in this cohort, phenotypic features in
17% of patients (n= 10) revealed to be consistent with a possible diagnosis of AAS.

Aarskog-Scott syndrome (AAS, OMIM #305400) (also known as faciogenital dyspla-
sia) is a complex developmental disorder initially described by Aarskog in a Finnish pedi-
gree 341 and later by Scott®42]. Patients with AAS present with a range of developmental
complications including short stature, hypertelorism, ptosis, long philtrum, micrognathia,
broad nasal bridge, clinodactyly of the little finger and genitourinary abnormalities in-
cluding cryptorchidism and shawl scrotum343], Causal genetic variants underlying AAS
pathophysiology map to the proximal short arm of chromosome X (Xq11.22)3*4 and,
to date, 61 different mutations across the 18 exons of the FGDI gene are reported as
pathogenic in the context of the condition. The FGDI mutational spectrum includes 32
missense mutations, 16 frameshift variants, 6 nonsense variants, 4 splice site variants, 1
in-frame deletion and 2 out of frame deletions®#5). While only a limited number of the
reported cases have been molecularly confirmed (~35 till November 2018), the population
incidence of two to three patients with a proven FGDI1 mutation per year is suggestive of
the world population prevalence of 1/25,000 [346] Tt is notable that the reported mutations
only describe 20% of the known cases of AAS[347 and the spectrum of genotype-phenotype
correlations is unclear. Failure to identify pathogenic variants in patients who are referred
for FGD1 mutation analysis must reflect extensive clinical and genetic heterogeneity in
AAS. In particular, the phenotypic features of the condition overlap with several other
developmental disorders. Since it is now possible to undertake cost-effective sequencing of
genes of clinical interest, exomes, or indeed whole genomes, there is greatly increased con-
fidence that phenotypic overlaps can be resolved and underlying genetic causal variation
understood for AAS and AAS-like syndromes.

A diagnosis of AAS is normally established through the Teebi criteria by evalu-
ating phenotypic features in a mother and an affected son. In this approach the clinical
manifestation of the condition is studied in a tiered fashion and diagnosis is established
in the presence of all primary and most secondary criteria. A detailed list of the di-
agnostic criteria and clinical features which differentiate AAS from similar syndromes is
provided in Table 5.1. Short stature, hypertelorism and fold of the lower lip are the pri-
mary features present in nearly all cases?49. Brachydactyly, interdigital webbing, shawl
scrotum, long philtrum and mild facial hypoplasia are secondary features observed in al-
most 80% of cases. Additional phenotypic manifestations which include cryptorchidism,
inguinal hernia, downward eye slant and ptosis are present in only a fraction of patients
and therefore deemed secondary for diagnosis. AAS patients usually present with de-
layed growth in early childhood but achieve developmental milestones later in life[3%0].
AAS predominantly influences males and phenotypic complications are attenuated in fe-
males. Two separate reports identify impaired executive attentional processes including
attention-deficit /hyperactivity disorder (ADHD)[B%! and manial352.

[348]
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5.1.1 AAS Phenotypic heterogeneity: related syndromes
and differential diagnosis

Arias Uruena et al.3%% posited that the unexpectedly high frequency of AAS diagnosis

in the Colombian CLP cohort is probably due to the fact that AAS is underdiagnosed.
Similarities between the phenotypic faciogenital characteristics of AAS patients and other
developmental disorders including Noonan syndrome, SHORT syndrome (Short stature,
hyperextensibility, hernia, ocular depression, Rieger anomaly, and teething delay) and
Robinow syndrome increase the complexities of diagnosis. Noonan (OMIM #163950) and
Noonan-like syndromes, in particular, show significant similarities to AAS. Hypertelorism,
genital anomalies and ptosis are present in both conditions; however, additional charac-
teristics of Noonan syndrome including heart abnormalities and lymphatic malformations
contribute to unambiguous diagnosis334. Similarly, Robinow syndrome (OMIM #268310)
presents with many manifestations identical to AAS. While short stature, hypertelorism
and facial anomalies are seen in both conditions, shawl scrotum is restricted to AAS
patients, and Robinow patients present characteristic shortening of mesomelic limbs [355]

Furthermore, LEOPARD syndrome (OMIM #151100) in which patients present with
Lentigines, Electrocardiographic condition defect, Ocular hypertelorism, Pulmonary steno-
sis, Abnormalities of genitals, Retarded growth and Deafness shares some phenotypic
characteristics of AAS. LEOPARD syndrome appears to occur sporadically and therefore
differential diagnosis is usually established based on the mode of inheritance36!. Since
related syndromes may share phenotypic features with AAS differential diagnosis, there-
fore, requires careful consideration of a spectrum of phenotypic features. Establishment
of a robust AAS diagnosis requires consideration of the age and gender of the patient 7.
Furthermore, the resolution of any developmental delay issues during later stages of de-
velopment is indicative of AAS. Female AAS patients, arising through X-linked recessive
inheritance, present with attenuated features of the condition. This can be attributed to
skewed X-inactivation in which the causal X-linked allele is subject to strong selection to
become inactivated 38, The extent of non-random X inactivation in the context of AAS
is poorly understood. Genitourinary abnormalities are almost always restricted to male
patients.

Rare AAS cases with additional complications including spina bifida occulta (incom-
plete closure of the spine and surrounding tissues), cervical spine abnormalities 359]  gco-
liosis (abnormal curve of spine) [360] " camptodactyly (fixed flexion deformity of the joints
in toes) and lymphoedema 6!, macrochidism (abnormally enlarged testis)*62 and ocular
complications (optic nerve hypoplasia, retinal vessel tortuosity, deficient ocular elevation,
hyperopia and anisometropia) [363,364,365] 4re also reported.

The very large number of potentially deleterious variants identified by sequencing
presents challenges. Even with rigorous filtering and prioritization procedures there may be
difficulties in firmly establishing underlying pathogenic variants. In a recent study®? into
the effectiveness of clinical whole-genome sequencing of patients with uncertain molecular
diagnosis, the authors established that causal variants could be firmly identified in only
34% of patients with Mendelian disorders. In targeted high-throughput sequencing of
heterogeneous disorders the probability of successful identification of causal variants is
directly correlated with the number of major clinical features presented by the patient. The
latter notion is demonstrated in a study by Redin et al.[3%6] where comparison of clinical
phenotypes between patients with more than one detected pathogenic variant and those
with either one or no suspicious pathogenic variant clearly demonstrated the importance of
precise phenotyping in facilitating accurate identification of underlying causal mutations.
Another consideration in the analysis of high-throughput sequencing data is the presence
of high frequency pathologic variants in isolated populations that might be otherwise
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neglected during filtering and prioritization processes.

It worth noting that the high frequency of AAS cases among syndromic CLP cases in
the study by Arias Uruena et al. was in sheer contrast with previous studies that found
Van der Woude syndrome (VWS1, #119300) as the most frequent condition among CLP
patients367339:368]  Although the authors suggested that local geographical and ethnic
factors might account for the atypical frequency of AAS among syndromic cases, it is likely
that these patients are in fact present with other syndromes that due to their extensive
phenotypic similarity to AAS are misdiagnosed. The clinical spectrum of AAS phenotypes
and overlap with related syndromes is sufficiently broad to complicate diagnosis, and in
many cases, a definitive diagnosis can only be established through molecular methods such
as targeted sequencing 369,

5.2 Methods

Fourteen patients, ascertained through the Operation Smile Multidisciplinary Centre in
the Bogota region of Colombia, with a provisional diagnosis of Aarskog-Scott syndrome
were analysed to establish the molecular diagnosis. All patients presented with either
unilateral or bilateral cleft lip (CL). Eight patients who were diagnosed with CL were also
presented with complete cleft palate (CP). Shawl scrotum (SC) is present in 10 patients
and is associated with cryptorchidism in four patients. Available phenotypic information
for patients are provided in the Table 5.2.
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5.2.1 Sample processing

Targeted exome enrichment was carried out using the TruSight One Sequencing Panel (Illu-
mina, San Diego, CA, USA). The panel covers exonic regions of 4,813 disease-causing genes
that are indexed in the HGMD database'851, OMIM catalogue!™ and the GeneTests 370,
Compared to other enrichment methods, TruSight one effectively reduces the number
of enrichment steps by employing a multiplex pre-enrichment sample pooling strategy
that eliminates the need for mechanical DNA fragmentation. In brief, genomic DNA
is adaptor-tagged using Nextera technology (Illumina, San Diego, CA, USA) and hy-
bridised to biotinylated probes specific to target regions and enriched by streptavidin
beads. Sequencing-ready fragments are then magnetically pooled and eluted from beads
to give a mean fragment size of 300bp. Sequencing was performed at the Wessex In-
vestigational Sciences Hub laboratory (WISH lab, University of Southampton) using the
HiSeq2000 platform (Illumina, San Diego, CA, USA).

Parameter Value

Cumulative Target Region Size 12 Mb

Number of Target Genes 4,813
Number of Target Exons 62,000
Probe Size 80-mer
Number of probes 125,395
Target minimum coverage 20x

Table 5.3: TruSight One sequencing panel coverage details (Adapted from TruSight One sequencing
panel technical sheet [371]).

5.2.2 Data analysis

Raw exome sequences were analysed, and quality checked using the WES pipeline as
described in Chapter II. Since samples had the provisional diagnosis of Aarskog-Scott syn-
drome (OMIM #305400), cumulative coverage across the FGD1 as the primary candidate
gene was prioritised in our screening strategy. In order to identify regions with suboptimal
depth of coverage in the FGD1 gene across samples, a heatmap plot of read-depth within
18 exons of FGD1 was produced using the Bedtools python wrapper (v 0.7.8) 372 and
Seaborn statistical data visualization package (v 0.7.1)373). Besides, Gviz Bioconductor
package 3™ was used to plot depth of coverage across exons of FGD1 gene for all samples.
Pathogenicity and conservation scores for each variant computed using prediction algo-
rithms including M-CAP B7! PolyPhen2-HVAR!7 | SIFT 169 LRT 71 FATHMM [173]
RadialSVM B8 CADD 7™ Phylop 17 and GERP++ 17!, For variants outside the exon
boundaries, the Ensemble Variant Effect Predictor (VEP) [183] MaxEnt plugin was used to
quantify the impact of the mutational event on the splicing process. The splicing variants
that fulfilled MaxEnt significance threshold (| AMaxEnt | > 3.0) were further evaluated in
the Human Splicing Finder (HSF, v.2.4.1)377, Continental and population-specific allele
frequencies (AF) from the 1000 Genome Project (2015aug) and the ExAC P! non-TCGA
samples were incorporated to the annotation. The HGMD record for disease-causing genes
from the HGMD v.2016.2 VCF file was added to the variants annotation using Pandas
data analysis library in python378l. All positions were defined according to the Human
Reference Genome build GRCh37 (hgl9).
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5.2.3 Filtering and variant analysis

Given the diversity of phenotypic features in each patient, filtering and variant analysis
for each individual was carried out separately but in a consistent manner. In order to
prioritise putatively causal variants, we adopted a tiered filtering approach focussing on
genes previously implicated in the cleft lip and/or cleft palate syndromes (CLP) and also
additional genes that underlie shawl scrotum and cryptorchidism. Initially, all samples
were screened for the FGD1 mutations. Next, a collective set of 918 genes prepared in
three tiers as follows:

e A primary list of 112 candidate genes prepared from the HGMD v.2016.2 using the
following keywords [in phenotype search tab]: Cleft, Shawl Scrotum (HP:0000049)
and Cryptorchidism (HP:0000028).

e A complementary list of 20 unique genes (not covered in the tier-1 list) related
to Shawl Scrotum (HP:0000049) and Cryptorchidism (HP:0000028) was retrieved
from the Harmonizome*™ and prioritised as the second tier in the variant analysis
pipeline.

e A comprehensive list of 787 unique genes (not covered by the tierl and the
tier2) prepared by extensive search of OMIM database (January 2017 update),
ClinVar['®6 (January 2017 update), Orphanet3?) (V4.23.0) and DDG2P 381
(v9.12) database using a set of eleven HPO terms including Mild global devel-
opmental delay (HP:0011342), Hyperactivity (HP:0000752), Intellectual disability
(HP:0001249), Unilateral or bilateral cleft lip (HP:0100336, HP:0100333), complete
or incomplete cleft palate (HP:0000175), telecanthus (HP:0000506), hypertelorism
(HP:0000316), shawl scrotum (HP:0000049), cryptorchidism (HP:0000028) and clin-
odactyly (HP:0000028), and used as third tier panel during variant analysis.

Variants with a minor allele frequency of greater than or equal to 1% were excluded
to remove common variants as they are unlikely to contribute to a rare syndromic disease.
Variants were further filtered using the following exclusion criteria:

1. All synonymous variants located outside exon sequences were excluded. Variants
within 10bp of either donor-splice site or acceptor-splice were retained and analysed
as splicing variants;

2. Variants located beyond 10bp of either 5’ or 3’ of exons were dealt with as non-coding
variants and filtered out;

3. Non-frameshift deletion/insertion variants were also excluded as they were unlikely
to be causal in the context of AAS; and

4. Variants identified in more than ten individuals in our in-house non-disease database
were also excluded.

In order to identify the causal variant in each individual, novel variants with a dominant
pattern of inheritance were shortlisted, and a combined score was used to bin variants into
a ranked order. The prediction scores from the four functional prediction models (SIFT,
Polyphen2-HVAR, LRT and FATHMM), two conservation models (GERP and Phylop)
and three ensemble prediction models (M-CAP, CADD and RadialSVM) were transformed
to the single combined score (¥;) according to the formula below:

v; = ZSi (5.1)
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where S; is the score function and defined as:

0  if §x;) < Q1 or Ox;) = benign/neutral
Si=1405 if Q; < 6r;) < Qs or Hx;) = possibly damaging/uncertain
1 if f(x;) > Qs or (x;) = damaging (5.2)

The G(xi) is the pathogenicity or conservation score for variant x as defined by model ¢
and @ denotes quartile range for scores from M-CAP, CADD, GERP and Phylop models.
Variants were finally ordered from the largest ¥; (more pathogenic) to smallest ¥; (less
pathogenic). Considering that prediction score for stop-gain mutations is not available
from the Polyphen2-HVAR, MCAP, FATHMM and RadialSVM models, pathogenicity of
these variants evaluated individually.
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5.3 Results
5.3.1 QC Results

Quantity and purity of gDNA samples are of paramount importance for target enrich-
ment and library preparation. Contaminants such as organic compounds used for DNA
extraction (i.e. phenol), RNA and proteins interfere with library preparation and impair
sequencing reactions %2, Sample preparation QC revealed a below-threshold absorbance
ratio for 12 samples (Aggp/A2sp < 1.8) and low DNA concentration (Qubit concentration
< 50 pg/pl) for seven samples (Table 5.4). Quality of processed data was carefully in-
spected at three stages including pre-alignment, post-alignment and post variant calling
as per the procedure described in Chapter 2. Mapping quality scores for all samples were
consistently above 40 which is indicative of 99.99% base call accuracy (Table 5.4). For
all samples >99% of reads aligned to the reference genome (Table 5.4, the 6th column)
and 57-70% of reads aligned in proper read pairs to the TruSight One target region (Ta-
ble 5.4, the 8th column). The total raw read counts for samples CL024, CL028, CL030
and CLO37 were significantly lower than other samples which may be reflective of poor
DNA quality. The sequence read lengths in all samples range from ~30bp to ~150bp with
average length at ~123-144bp, representing slightly positively skewed distribution (Sup-
plementary Figure 8.14). To verify that samples are not contaminated, sequence read files
(BAM files) were checked by the ”VerifyBAMID” software [164] and contamination rates
for all samples were identified to be consistently well below the 2% threshold. For all cases
apart the proband CLO038, the gender status of patients inferred from the X chromosome
heterozygosity was in accordance with the samples’ labels (Table 5.4). Sample CL038 was
excluded from further analysis on the basis of gender mismatch.
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Depleted read counts for samples CL024, CL028, CL030, CL037 and CL040 were
consistent with the poor cumulative depth of coverage (DOC) across the target region
(Figure 5.1). FGD1 coverage for these samples was also insufficient for confident variant
calling in this gene (Figures 5.2, 5.3 & Supplementary Figure 8.15) and therefore these
samples were excluded from further analysis.

Target Region Coverage
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Figure 5.1: The cumulative depth of coverage (DOC) for the 13 samples with correct gender
identification across the capture target region (TruSight One sequencing panel). Samples CL037,
CL024, CL030, CL028 and CL040 represent the lowest DOC amongst the samples analysed
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FGD1 Coverage
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Figure 5.2: The cumulative depth of coverage (DOC) across the coding region of the FGDI gene
for the 13 samples with correct gender identification. Samples CL037, CL024, CL030, CL028 and
CLO040 represent poor coverage for the FGDI1 gene.
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5.3.2 Tiered Analysis

Clinical exome data of good quality with greater than 90% coverage at a depth of 20X from
eight samples (CL021, CL022, CL025, CL027, CL033, CL035, CL036 and CL039, (Table
5.4)) were analysed across the three tiers and variants that passed the filtering criteria
were inspected individually to establish pathogenicity in each patient. The tiered analysis
in each case suggested plausible pathologic variants (Table 5.5) which are thoroughly
discussed in the following section.
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CLO021

The patient is a 11 year male offspring of a non-consanguineous marriage presented with
developmental delay (HP:0011342), incomplete cleft palate (HP:0000175), bilateral cleft
lip (HP:0100336), hypertelorism (HP:0000316) and shawl scrotum (HP:0000049). He was
delivered at 35 weeks of gestation and had low birth weight (~ 1100g) at the time of
delivery. The proband’s parents are healthy, and cleft lip feature is only present in his
second-degree cousin. Fight variants were identified as possibly pathogenic in the proband
CL021 (Table 5.5).

The ranking strategy applied to prioritise putatively causal variants revealed the SR-
CAP:c.8036A>T as the top candidate. SRCAP is the activator of CREBBP and muta-
tions of CREBBP have been identified to underlie Rubinstein-Taybi syndrome 1 (RSTS1,
OMIM #180849). Mutations of the SRCAP have been described to underlie Floating-
Harbor syndrome (FLHS, #136140) %3], Patients with SRCAP mutation present with
delayed bone age and speech development, short stature, triangular faces and deep-set
eyes with long eyelashes. The ears in FLHS patients are posteriorly rotated, however the
facial characteristics of the patients are age-related and change over the time. Unilateral
cleft and cryptorchidism have also been reported in the context of the disease®3. The
majority of nonsense and frameshift SRCAP mutations that have been identified in FLHS
patients map to the exon 34 of the gene®®!. As exon 34 is the last exon of the SRCAP
gene, these mutations escape the nonsense-mediated mRNA decay and lead to pathogenic-
ity 3851, Given that identified mutation maps to the exon 34 of SRCAP and the extent of
phenotypic similarity between the proband’s phenotype and FLHS features, the functional
impact of the variant merits further investigation.

Furthermore, hemizygous mutations of KDM6A (rank 6) have been identified to un-
derlie X-linked dominant Kabuki syndrome 2 (KABUK2, OMIM # 300867). Patients with
KDMG6A mutation present with congenital mental retardation short stature, scoliosis and a
range of facial dysmorphisms including long eyelashes, arched and sparse eyebrows, broad
nasal bridge and cleft palate[386l. Miyake et al. demonstrated that KDM6A mutations
underlie 6.2% of KABUK2 incidence. They also suggested that arched eyebrows are less
common among KDM6A mutants but short stature and postnatal growth retardation is the
consistent feature among all patients with KDM6A mutations. Genitourinary anomalies
are common among KABUK2 patients but shawl scrotum has never been reported in the
context of the disease. Furthermore, congenital mental retardation in combination with
multisystemic anomalies involving heart and immune system is common among Kabuki
patients. Given that the proband CL021 does not present with intellectual disability and
also considering the extent of phenotypic dissimilarity between the patient and KABUK2
syndrome, it is unlikely that the KDM6A:c.2117T>C variant is causal. This has been also
reflected in the reduced combined pathogenicity score computed for this variant (¥;=3)
and therefore this variant was excluded from further follow up.

The visual inspection of reads using IGV for the remaining variants including
KANSL1:¢.2903A>C (rank 2), SMARCA/:c.G940C (rank 3), KAT6B:c.1919C>A (rank
4), KMT2D:c.11735T>A (rank 5), KMT2D:c.11819T>A (rank 7) and TCOF1:¢.1391G >
A (rank 8) revealed low genotype quality calls and erroneous alignment. Based on this
evidence, variants identified in these genes are probably spurious and therefore excluded
from further follow up.

In conclusion, targeted exome sequencing and tiered filtering identified SR-
CAP:c.8036 A>T as a putatively causal variant in the patient CL021.
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CL022

The patient is a 13 month old male offspring of a non-consanguineous marriage with nor-
mal development and no history of CLP in the family. Patient’s main features include
short stature and low birth weight, bilateral cleft lip (HP:0100336), complete cleft palate
(HP:0100336), hypertelorism (HP:0000316), telecanthus (HP:0000506), shawl scrotum
(HP:0000049) and cryptorchidism (HP:0000028) as described in the Table 5.2. Fourteen
variants were prioritised through the filtering strategy (Table 5.5). The visual inspection
of reads in IGV to confirm the authenticity of variants revealed the top three candidates as
MYO7A:c.2441G>A (rank 2), RYR1:c.2543C>T (rank 6) and PIK3R1:c.235A>G (rank
12).

MYO7A encodes an unconventional myosin with a very short tail that plays an impor-
387 Heterozygous mutations of MYO7A are identified to
underlie nonsyndromic progressive hearing loss known as autosomal dominant deafness-11
(DFNA11, OMIM # 601317) 28], Considering the lack of phenotypic similarity between
the DFNA11 and the patient’s main features and also absence of vestibular symptoms in
the proband CL022, it is highly unlikely that M YO7A:c.2441G>A is causal in the context
of the disease. The variant, therefore, was excluded from further follow-up.

RYR1 encodes a ryanodine receptor which acts as a calcium release channel in the
sarcoplasmic reticulum of skeletal muscles®®. Heterozygous mutations of RYRI have
been identified to underlie Central core disease (CCD, OMIM # 117000) 3% and a form
of malignant hyperthermia known as King-Denborough syndrome (OMIM # 145600) [(391]
Facial and genitourinary dysmorphisms have never been reported in the context of CCD
or King-Denborough syndrome. Furthermore, patients with pathological RYRI usually
present with additional muscle and soft tissue involvement including neonatal hypotonia,
muscle atrophy and muscle weakness in CCD or muscle rigidity and rhabdomyolysis in
King-Denborough syndrome 392/, These phenotypes are absent in the proband CL022 and
therefore, given the inconsistency of symptoms between the patient’s main features and the
symptoms associated with the RYRI mutations, it is unlikely that the RYR1:¢.2543C>T
is aetiological in the context of the disease.

Heterozygous mutations of PIK3R1 are identified to underlie the autosomal dominant
SHORT syndrome (OMIM # 269880). PIK3R1 encodes the phosphatidylinositol 3-kinase
that plays an important role in growth signalling pathways. This lipid kinase phosphory-
lates the inositol ring of phosphatidylinositol and thereby triggers the second messenger in
the insulin signalling pathway 393, Patients with the SHORT syndrome are present with
short stature, triangular faces, micrognathia, telecanthus and deep-set eyes (3941 Bone
maturation and teething are usually delayed among SHORT patients, but patients are
intellectually normal®%. CLP and genitourinary abnormalities including shawl scrotum
and cryptorchidism have never been reported in the context of the SHORT syndrome. De-
spite the presence of telecanthus and short stature in the proband CL022, the phenotypic
similarity between the SHORT syndrome and patients main features are negligible and
therefore the PIK3R1:c.235A>G is unlikely to be relevant to the patient’s phenotype.

As for the remaining variants including variants in SOX10 KMT2D, SOX9, SMARCA/
and IQSEC2 genes, visual inspection of reads in IGV revealed unreliable variant call;
therefore, these variants were excluded from further follow up.

In conclusion, neither of the variants shortlisted for the patient CL022 were proved
unequivocally to be causal, and molecular diagnosis in this patient remained unresolved.

tant role in cellular movements

CL025

The patient is a 3-year-old male child of a non-consanguineous marriage with a nega-
tive history of CLP in the family. The patient’s main features include developmental
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delay (HP:0011342), unilateral cleft lip (HP:0100333), hypertelorism (HP:0000316), tele-
canthus (HP:0000506), shawl scrotum (HP:0000049) and cryptorchidism (HP:0000028).
The patient is also present with anophthalmia (HP:0000528) and esophageal atresia
(HP:0002032) (Table 5.2 and Figure 5.4). Fifteen novel variants were prioritised through
the filtering strategy, of which 2 variants including CREBBP:c.7037A>C (rank 4) and
OFD1:c.2610G>C (rank 7) were identified as putatively causal with respect to the pa-
tient’s phenotype (Table 5.5).

L

(a) (b)

Figure 5.4: Patient CL025 dysmorphic facial features; Low-set ears, anophthalmia and unilateral
cleft lip are prominent features.

The CREBBP encodes the CREB-binding protein with intrinsic histone acetyltrans-
ferase activity. This protein act as a stabilising scaffold for other proteins in the transcrip-
tion complex and plays a vital role in transcriptional co-activation of additional transcript
factors involve in homeostasis, growth control and embryonic development 396397 Het-
erozygous mutations of CREBBP have been identified to underlie autosomal dominant
Rubinstein-Taybi syndrome 1 (RSTS1, # 180849). Patients with pathogenic CREBBP
mutations present with multiple congenital anomalies including dysmorphic facial fea-
tures, broad and angulated thumbs, postnatal growth deficiency, shawl scrotum and cryp-
torchidism %], Facial dysmorphisms in RSTS1 patients includes downslanted palpebral
fissures and highly arched palate. Occasionally cleft lip present as part of syndrome 399
but anophthalmia has never been reported in the context of the disease. Given the lack of
convincing phenotypic similarity between the patient’s main features and RSTS1, it seems
unlikely that CREBBP:c.7037A>C underlies the patient’s condition.

Heterozygous mutations of OFD1 have been identified to underlie the orofaciodigital
syndrome 1 (OFD1, # 311200) with an X-linked dominant pattern of inheritance. OFD1
encodes a centrosomal protein that localise at the basal body of primary cilia and plays
an important role in the structure of primary cilia and left-right symmetry 4. OFD1 pa-
tients are typically present with a range of malformations in the face, hand and oral cavity.
Main features of the disease include short stature, cleft lip and cleft palate, hypertelorism,
telecanthus and polycystic kidney disease 401402 Shawl scrotum and cryptorchidism have
been rarely reported in the context of the disease as pathogenic OFDI mutations lead to
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lethality in hemizygous males (102 Tntriguingly, Tsurusaki et al.[93] reported a lethal case
of a hemizygous male in a family ascertained for the OFDI mutation with preterm de-
livery (33 weeks). The patient presented with cleft lip, soft cleft palate, hypertelorism,
microphthalmia, micropenis and cryptorchidism. Tsurusaki et al. did not report oesopha-
gal atresia in the patient but reported that the patient died 11 hours after birth due to
laryngeal anomalies. Genetic analysis of another male patient from the same family with
similar phenotype and oesophagal abnormalities who were also delivered preterm and died
one day after birth revealed a pathogenic splicing mutation at OFD1:c.2388+1G>C[403],
Given the extensive phenotypic similarity between the patients described by Tsurusaki et
al. and the proband CL025 main features it is possible that OFD1:¢.2610G>C (¥;=4.5)
underlies the patient’s condition. One possible explanation for the lack of lethality in the
proband CL025 could be the mosaic nature of the mutation in the patient. In fact, the
OFD1:c.2610G>C variant is supported by 8 reads out of total read depth of 42 suggesting
19% mosaicism. Should mosaicism underlie the reduced penetrance in the patient, a post-
zygotic mutation of OFD1 could be accounted for the patient’s phenotype. In view of
this, functional impact of OFD1:¢.2610G>C merits further investigation.

CLO027

The patient is a 9-year-old boy of a consanguineous marriage where parents are first cousins
and the patient’s third-degree cousin present with CLP. The patient is developmentally
normal with his weight and height percentiles are in the normal range. The patient’s main
features include unilateral cleft lip (HP:0100333), complete cleft palate (HP:0000175),
hypertelorism (HP:0000316) and shawl scrotum (HP:0000049) (Table 5.2). Three het-
erozygous novel variants including NAGLU:¢.311C>A (rank 1), TGFBS3:c.785G>T (rank
2) and KMT2D:c.1372A>C (rank 3) were shortlisted by the filtering strategy (Table 5.5).

Heterozygous mutations of NAGLU have been identified to underlie Charcot-Marie-
Tooth disease type 2V (CMT2V, OMIM # 616491). Patients with pathogenic NAGLU
mutations present a range of neurologic conditions including peripheral neuropathy and
sensory impairment. The disease has a late age of onset and usually occurs between 18
and 61 years of age**. Considering the lack of phenotypic similarity between the patient
CL027 main features and CMT2V, it is unlikely that NAGLU:c.311C>A (¥,;=8) underlies
the patient’s condition.

Heterozygous mutations of TGFBS have been linked to two autosomal dominant con-
ditions known as Arrhythmogenic right ventricular dysplasia 1 (ARVD1, OMIM # 107970)
and Loeys-Dietz syndrome 5 (LDS5, # 615582). Clinical presentation in ARVDI is
restricted to cardiovascular complications (9 whereas, in LDS5, patients present cleft
palate in combination with a range of cardiovascular complications including aortic
aneurysms 4% Considering that the proband CL027 does not present with cardiovascu-
lar complications and given the lack of phenotypic similarity to the syndromes described
above, it is very unlikely that the TGFB3:c.785G>T (¥;=5.5) is causal in the context of
the patient’s condition.

Visual inspection of reads covering KMT2D:c.1372A>C variant revealed an erroneous
alignment at this position, and therefore this variant was excluded from further follow-up.
Taken together, variant prioritised for the proband CL027 did not provide convincing evi-
dence for establishing the causal relationship, and therefore molecular diagnosis remained
unresolved for this patient.

CLO033

The proband is a 10-year-old male patient from a non-consanguineous marriage. The pa-
tient present with normal development, unilateral cleft lip (HP:0100333), complete cleft
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palate (HP:0000175), hypertelorism (HP:0000316), telecanthus (HP:0000506), shawl scro-
tum (HP:0000049) and bilateral clinodactyly of the 5th finger (HP:0004209) (Table 5.5).
Tiered filtering analysis identified seven novel variants (six non synonymous and one stop-
gain) in genes including PTEN, NIPBL, KIRREL3, TSC1, KMT2D and IQSEC2 (Table
5.5). Visual inspection of read alignments for shortlisted variants in IGV revealed that
only the NIPBL:c.7801A>G (rank 2) and KIRRELS3:c.544A>T (rank 3) appear to be a
genuine call. The remaining variants, therefore, were discarded from further investigation.

The NIPBL on the short arm of chromosome 5 (5p13) encodes components of enhancer-
promoter cohesion complex 407, Heterozygous mutations of NIPBL are identified to under-
lie autosomal dominant Cornelia de Lange syndrome-1 (CDLS1, OMIM # 122470)[408],
A wide clinical variability for CDLS1 has been described. The CDLS1 patients typi-
cally present with multisystem malformations including facial dysmorphisms, upper limb
anomalies, developmental delay and mental retardation*%?). Twenty per cent of children
with the CDLS1 present with cleft palate(*1% and upper limb anomalies and the fifth
finger clinodactyly is reported in 74% of cases[*!]. Genitourinary anomalies including
hypoplastic genitalia and cryptorchidism are fairly common among CDLS1 patients and
are reported in 57% and 73% of the male patients respectively 412411 Lalatta et al.[413)
reported hypertelorism in a neonatal case of CDLS1 with novel mutation at exon 35 of
NIPBL. The wide variability in the clinical presentations of the disease renders its diag-
nosis challenging. Severe forms of CDLS1 are readily diagnosed at an early age (>90%
below the age of 2), but diagnosis becomes more challenging as patients grow older [409]
Establishing diagnosis in the milder form of CDLS1 is even more challenging as patients
do not express the characteristic facial appearance of the disease until 2 to 3 years age.
The facial features of CDLS1 in patients with milder form gradually fade as patients grow
older and it becomes less significant after age 941, Given the variability in the clinical
expression of the disease and extensive phenotypic similarity between the proband’s main
features and CDLSI, it is highly likely that non-synonymous NI/PBL:c.7801A>G on exon
45 underlies the patient’s condition. To date, eight novel variants on exon 45 of NIPBL
have been reported in the context of CDLS1. This includes 2 exonic deletions[415:416] 3
duplications 415416 1 non-synonymous 7 and 2 splicing variants 4184151 Phenotypic de-
tail for the patient with non-synonymous NIPBL.c.7849C>T is not reported by Bhuiyan
et al."¥7) but through investigation of 39 CDLS1 patients, they concluded that severity
of developmental delay is considerably diminished in patients with missense mutations
when compared to patients with truncating mutations. This observation is compatible
with normal developmental in the patient CL035.

Heterozygous mutations of KIRRFELS have been described to underlie autosomal dom-
inant mental retardation 4 (MRD4, OMIM # 612581) [419] " Given normal development and
lack of mental disability in the proband CL033, it is implausible that this variant is relevant
to the patient phenotype.

Taken together, the variant analysis in the patient CL033 proposed a highly likely
causal variant at the exon 45 of the NIPBL gene. Functional impact of NIPBL:c.7801A>G
merits further investigation.

CLO035

The patient is an 8-month-old infant of a non-consanguineous marriage. The proband’s
main features include developmental delay (HP:0011342), unilateral cleft lip (HP:0100333)
and complete cleft palate (HP:0000175) (Table 5.5). The phenotypic features reported for
this patient are very broad and unspecific and therefore establishing a molecular diagnosis
is challenging. Four variants, including COL1A1:¢.433G>C (rank 1), COMT:c.476T>G
(rank 2), GRIN2A:c.136G>A (rank 3) and GUCY2D:c.92G>C (rank 4) were identified
through variant analysis (Table 5.5). Visual inspection of read alignments in IGV revealed
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that only the GRIN2A:c.136G>A is a reliable call, concordant with its high genotype
quality (GQ= 99) and high read-depth (DP= 249).

The Glutamate Ionotropic Receptor NMDA Type Subunit 2A (GRIN2A) encodes a
type of glutamate-gated ion channel which is involved in the regulation of synaptic trans-
mission 429, Mutations in GRIN2A have been identified to cause variable neurodevelop-
mental phenotypes including the autosomal dominant focal epilepsy with speech disorder
(FESD, # 245570). Endele et al.[*2! reported two patients with mutation in GRIN2A4 who
present with facial dysmorphisms and neurodevelopmental delay. The facial characteris-
tic of one patient with translocation breakpoint disrupting GRIN2A is restricted to the
short nose, but the nature of facial dysmorphism in another patient with non-synonymous
GRIN2A:c.652C>T mutation is not fully described 2!, Considering incomplete pene-
trance and variable phenotype reported in the context of GRIN2A mutations!422:423] it
is possible that identified non-synonymous mutation at GRIN2A: c¢.136G>A (¥;= 4) is
causal in the patient. FESD patients usually present childhood-onset seizures that may
last until adulthood!*2¥. Considering that phenotyping in the proband CL035 was car-
ried out during infancy further neuropsychological assessment is required to establish a
diagnosis.
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CL036

The patient is a five years old boy of a non-consanguineous marriage present with de-
velopmental delay (HP:0011342), unilateral cleft lip (HP:0100333), complete cleft palate
(HP:0000175), hypertelorism (HP:0000316), telecanthus (HP:0000506), shawl scrotum
(HP:0000049), cryptorchidism (HP:0000028), clinodactyly of the 5th finger (HP:0030084)
and heart murmur (HP:0030148) (Table 5.2 and Figure 5.5). The patient had a low height,
and weight percentile for his age and proband’s maternal cousin was also present with CLP.
Five novel variants were identified as putatively pathogenic (Table 5.5). Investigation of
genotype quality scores in parallel with visual inspection of read alignments for shortlisted
variants revealed that SMARCA/:c.889A>C (rank 4 ¥;= 6, DP = 27, GQ = 31) and
ARID1B:c.293A>C (rank 5, ¥;= 3, DP = 22, GQ = 28 ) are probably spurious calls
and therefore they were excluded from further analysis. The genotype quality score for
the non-synonymous PTPN11:c.323C>A (rank 1) variant was also very low (GQ = 28)
and considering the low depth of coverage at this site (DP = 11) a reliable basis for a
heterozygous call could not be established.

Figure 5.5: Patient CL036 dysmorphic features; (a) Unilateral cleft lip, hypertelorism and telecan-
thus are the prominent dysmorphic facial features; (b & c¢) Cone shaped fingertips, brachydactyly
and clinodactyly of the 5th finger are the salient dysmorphic features in the patient’s hand.

Heterozygous mutations of PTPN11 have been identified to underlie two autosomal
dominant conditions known as LEOPARD syndrome 1 (LPRD1) (OMIM # 151100) 425l
and Noonan syndrome 1 (NS1) (OMIM # 163950) 4261, Both syndromes exhibit extensive
phenotypic similarity with the patient’s main features. The identified variant maps to exon
3 of the gene, and several studies reported pulmonic stenosis murmur in association with
Noonan main features in the context of PTPN11 exon three mutations®27428 Despite
deleteriousness of PTPN11:¢.323C>A variant (rank 1, ¥; = 7.5), read depth for this
position is quite low (DP = 11) and therefore a reliable ground for establishing pathogenesis
is lacking.

Two variants including KMT2D: ¢.16493C>T (rank 2, U; = 7) and BRCAZ2:
c.9425A>T (rank 3, ¥; = 7) were identified to have high read depth and high genotype
quality (DP > 80 and GQ = 99) for confident variant analysis.

The KMT2D gene encodes a histone methyltransferase that is an important compo-
nent of ASCOM complex which has been shown to regulate the transcriptional activity
of beta-globin and estrogen receptor genes!#29439  Heterozygous mutations of KMT2D
are identified to underlie autosomal dominant Kabuki syndrome 1 (KABUK1, OMIM
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# 147920) (431 Individuals with KABUK1 syndrome present with multiple congenital
anomalies and characteristic facial features that typically include highly arched and sparse
eyebrows, depressed nasal tip, short columella and large earlobes®32). Cleft lip and /or
cleft palate have been reported in 35% of cases%6!. Genitourinary abnormalities includ-
ing cryptorchidism and micropenis have been observed in approximately 25% and 10%
of male patients, respectively 433386 Clinodactyly of the fifth digit is one of the major
skeletal anomalies reported in 50% of patients®33. Additional phenotypes of the patient
that are consistent with KABUK1 syndrome include developmental delay and, heart mur-
mur. Developmental delay and variable degrees of mental retardation have been described
in the context of KABUK1 syndrome[*34. Mild and moderate developmental delay col-
lectively present in 67% of Kabuki patients 35 and cardiovascular anomalies have been
reported in 42% of cases[*33. The cause of heart murmur in the proband CL036 is not de-
fined, but common heart defects (including Atrial septal defect (ASD), Ventricular septal
defect (VSD) and Patent ductus arteriosus (PDA)) that result in childhood heart mur-
mur have been identified in 90.6% of Kabuki patients diagnosed prenatally or at an early
agel436l Given the extensive phenotypic similarity between the patient’s main features
and KABUKI1 syndrome and, also high combined rank score for the KMT2D: ¢.16493C>T
mutation (rank 2, ¥; = 7), it is possible that this variant underlies the patient condition.
Evaluation of the phenotypic features, revealed from patients photos, by three indepen-
dent clinical experts at the Southampton University Hospital (Professor Karen Temple,
Dr Nicola Foulds and Dr Katherine Lachlan) strongly supported the diagnosis of Kabuki
syndrome.

The BRCA2 gene was primarily included in our tiered gene list since transcriptional
dysregulation of BRCAZ2 are identified to associate with susceptibility to DNA damage
and non-syndromic CLP 37, Given the absence of direct link between BRCA2 mutations
and the patient’s main features, it is possible that the BRCA2: ¢.9425A>T is an incidental
finding without any implication on the patient’s phenotype. Although this variant appears
unlikely to have any impact on patient’s health, because of the BRCA2 role in familial
Breast and ovarian cancer (OMIM #600185), the identified mutation might have a clinical
significance for female relatives of the patient. Therefore in compliance with the ACMG
guideline for reporting secondary findings[*3¥], it has been brought to the attention of
recruiting clinician as an incidental finding.

CL039

The patient is an 8-year-old boy from a non-consanguineous parent. The proband’s
sister presented with microtia, and there is no history of CLP in his family. The pa-
tient’s main features include hyperactivity disorder (HP:0000752), unilateral cleft lip
(HP:0100333), complete cleft palate (HP:0000175), hypertelorism (HP:0000316) and shawl
scrotum (HP:0000049) (Table 5.2). Variant analysis shortlisted six novel mutations in
genes including CREBBP, OFD1, TBX/, ATR, ANKRD11 and SALL4 (Table 5.5). In-
spection of read alignments in IGV in parallel with the investigation of genotype quality
scores revealed that only ATR:c.3025G>A (rank 4, ¥; = 2.5, DP = 56, GQ= 99) appears
to be a reliable call. The remaining variants may reflect alignment errors and therefore
were excluded from further analysis.

Heterozygous mutations of the ATR gene have been identified to underlie auto-
somal dominant cutaneous telangiectasia and cancer syndrome (FCTCS, OMIM #
614564) [439] * Patients with pathogenic heterozygous mutations of ATR present with cu-
taneous telangiectasia and dispersed alopecia during infancy*4%. Given the lack of re-
ported telangiectasies complications in the proband CL039, it is unlikely that heterozygous
ATR:c.3025G>A is related to the patient’s condition.

Homozygous or compound heterozygous mutations of ATR have been reported to cause
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autosomal recessive Seckel syndrome 1 (SCKL1, OMIM # 210600). Among phenotypic
features reported for the proband CL039, cleft lip/cleft palate and hyperactivity have
also been documented in SCKL1 patients!#41442443]  Considering that no other non-
synonymous mutation was identified in the ATR gene, the patient’s condition could not be
linked to Seckel syndrome 1. Taken together variant analysis in the patient CL039 failed

to identify the causal variant and molecular diagnosis in this patient remained unresolved.

5.4 Discussion

Even though molecularly confirmed cases of AAS have been entirely attributed to the
pathogenic mutations of FGD1, we did not identify any variant with the pathogenic im-
plication in this gene across the samples analysed. Failure to identify FGD1 mutations
could be attributed to several reasons that are discussed below.

Aarskog-Scott syndrome is a rare disorder with extensive phenotypic similarity with
other rare phenotypes (Table 5.1 and section 5.1.1). Genotype-phenotype correlation of the
disease is not fully understood, and molecular diagnosis in only 20% of cases is resolved 347,
Differential diagnosis when molecular aetiology of the disease is inconclusive proved to be
challenging. Given the overlapping nature of facial characteristics in rare disorders**4 the
possibility of alternative diagnoses compatible with molecular findings must be considered.
Because of this, it is possible that variants identified in the five patients might genuinely
be related to the patients’ phenotype and underlie their condition.

Secondly, the TruSight One capture kit does not provide uniform capture across the 18
exons of the FGD1 gene. To investigate whether the failure to identify FGDI mutation in
this study is due to sample quality or inherent deficiency of TruSight One kit for capturing
FGD1 coding region, normalised read counts across the gene for the nine samples that
passed alignment QC compared to 18 controls from the same sequencing batch. Although
coverage efficiency significantly differs between exons of the FGDI (p< 0.001, One-way
ANNOVA), capture coverage of the gene for AAS samples is not significantly different
between the AAS cases and controls (p= 0.9998, One-tailed t-test) (Figure 5.6). Therefore
a possible explanation for the failure to identify FGD1 mutations can be the limitations
of TruSight One kit for capturing FGD1 exons. In particular exons, 5, 10 and 16 were
identified to have low capture coverage in the TruSight One kit.

Investigation of mutational spectrum in the coding region of FGDI revealed that the
highest number of novel SNVs map to the exon six but the highest density of mutational
events (i.e. number of SNVs per length of the exon) occurs at the exon 13 (Figure 5.7).
The depth of coverage at both exons was sufficient for variant calling in our study. Only
one variant have been identified on each of the exon 5, and exon 10 and no variant have
been reported in the exon 16 (Figure 5.7). Total number of SNVs identified in these three
exons constitute a mere 5.74% of the total mutational density across the coding length of
FGD1 gene, and therefore even with a reduced capture in these exons, we have still been
able to robustly screen for pathologic mutations in the remaining exons with theoretical
94.25% mutational density. However, given the modest statistical power of targeted ex-
ome sequencing for identifying de-novo heterozygous variants(*45, the implication of low
capture coverage in these exons for detecting FGD1 variants merits further investigation.

Thirdly, the inherent deficiency of targeted exome sequencing in capturing sequences
outside the coding region might also explain the lack of FGD1 positive cases in our study.
The FGD1 intronic variants (including splicing SNVs) have been reported to underlie
AAS #7347 Considering that targeted exome sequencing is ill-suited for identifying vari-
ants outside the coding region, we might have missed pathogenic variants in the intronic
region.

Finally, the mean insert size for the nine samples analysed was ~143 bp. As discussed
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Figure 5.6: Normalised coverage across the FGD1 in AAS samples (red) compared to 18 controls
(cyan). Regardless of variable coverage efficiency across different exons of FGD1 ((p< 0.001,
One-way ANNOVA)), capture coverage among AAS patients is not significantly different from the
control samples that were exomed concomitantly on the same dispatch DNA plate (p= 0.9998,
One-tailed t-test). In particular, the capture efficiency across exon 5, exon 10 and exon 16 revealed
to be significantly lower than the mean coverage for the remaining exons of the gene (P-values for
independent groups t-test is consistently <0.01).

in section 5.3.1, the distribution of insert sizes is positively skewed. Low quality DNA
or reduced mass input of gDNA changes the distribution of library fragments and result
in smaller insert sizes than expected[*48]. These smaller fragments are prone to exclusion
during the subsequent clean-up step and result in a skewed fragment distribution. In view
of this, skewed insert length clearly explains the unevenness in coverage distribution in
our samples, especially for the FGD1 gene. In addition, larger insert lengths (> 170) are
identified to provide a more uniform coverage distribution across the genes targeted and
reduce the false negative rate in the variant detection by two fold *49). Although larger read
length is achieved at the expense of reduced depth, evenness in the coverage dramatically
increases the diagnostic power of exome sequencing#49. The average size of exons in the
human genome is 170 bp, and 80-85% of exons are identified to be <200 bp in size [140:450]
Consequently, read lengths above 170bp provide an ideal size distribution for capturing not
only exonic variants but also intronic variants that have implications in splicing. Because
of this, skewed read length size in our study might provide an explanation for the reduced
diagnostic power to identify the FGD1 mutations in our samples. Given uneven coverage
across the exons of FGD1 in the TruSigth one panel and the reduced insert sizes in this
study, screening of the FGD1 gene in higher uniform coverage must be prioritised.
While rare disorders are believed to be primarily caused by a single penetrant protein
truncating mutation, there are cases in which patients with the same genetic defect present
different phenotypes!>!). This variable expressivity is generally attributed to the role of
modifier genes that collectively impact the penetrance, dominance, and expressivity of the
mutation [*®2. Besides, many rare disorders share extensive phenotypic similarity. The
lack of granularity in phenotypic manifestations of rare disorders is particularly problem-
atic when it comes to molecular diagnosis. Also there are occasions in which mutations
in different genes can result in similar phenotypes[453l. The issue pertaining to the lack of
consistency in phenotypic manifestations is more pronounced in the context of neurodevel-
opmental disorders#?¥, mainly because of a large number of genes identified to implicate
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FGD1 exons

Figure 5.7: Frequency and localisation of 38 novel SNVs identified in the coding region of the
FGD1 gene. The vertical axis on the left identifies the exon number and the numbers on the right
axis represent the size of each exon in bp. Trapezoids represent the relative size of exons and the
numbers inside them show the total number of novel SNVs identified in each exon. (Data extracted
from the LOVD 3.0 FGD1 database [446]). This shows that exons 3,4,6 and eight collectively account
for ~53% novel variants identified across the gene and appear to have sufficient coverage in our
analysis.

in the disease pathogenicity ®3. In the absence of detailed phenotypic information, simi-
larities between patients cannot be statistically tested, and the power of NGS analysis is
reduced. Obtaining complete and update phenotypic information from patients residing
in remote areas in Colombia presented a significant challenge in this study. Indeed, mixed
phenotypic information with a variable degree of details and completeness appeared to
be the main limitation for molecular diagnosis in these patients. Despite the provisional
diagnosis of AAS, many features of the patients are unspecific to AAS. Clinically, this
implicates that patients studied here perhaps present a heterogeneous group of disorders
that share some phenotypic similarities including CLP, shawl scrotum and hypertelorism
(the three most frequent features in the cohort). Interestingly, identification of plausible
mutations in five individuals (out of the eight patients satisfied QC criteria) presents a
strong case for alternative diagnosis across these patients.

To summarise, we applied targeted exome sequencing to 13 patients with the primary
diagnosis of Aarskog-Scott syndrome. Five samples (CL024, CL028, CL030, CL037 and
CL040) were discarded from variant analysis early on as they did not comply with the
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quality standards required for confident variant analysis. Investigation of novel variants
in the remaining eight samples resulted in the identification of putative causal variants for
five samples including CL021, CL025, CL033, CL035 and CL036 (Table 5.6).

An important finding from this analysis is the Kabuki syndrome (KS) diagnosis in the
patient CL036. Having reviewed the findings with our local clinical experts, we confirmed
the Kabuki diagnosis in this patient. While KS was believed to have a higher incidence in
Japanese populations, recent findings in other ethnic groups have extended the phenotypic
spectrum of the disease and revealed new pathological mutations [455,456]

Establishing molecular diagnosis in the remaining patients requires further follow-up
including in-depth investigation of phenotypic details that may corroborate the molecular
finding from WES analysis.

Sample Variant Exon V¥, Depth GQ
CL021 SRCAP:c.A8036T 34 5 166 99
CL025 OFD1:¢.G2610C 20 4.5 42 36
CL033 NIPBL:c.A7801G 45 3.5 148 99
CL035 GRIN2A:c.G136A 2 4 252 99

CL036 KMT2D:c.C16493T 53 7 119 99

Table 5.6: Summary of putatively causal variants identified in five samples (¢);: Combined rank
score; GQ: Genotype quality score)
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Chapter 6

Fine-scale characterisation of
LD-structure in sub-Saharan
African population: Functional
overrepresentation analysis and
relationship to the disease genome

6.1 Introduction

One of the fundamental aspects of sexual reproduction is recombination in which break-
down of linked loci enables haplotype shuffling throughout the genome. Activation of a
homologous recombination repair mechanism upon a double-strand break in DNA, during
meiosis I, leads to the breakdown of linked loci and enables new combinations of alleles to
be produced. Conversely, recombination reduces the level of disequilibrium between linked
loci and results in rapid shrinkage of linkage disequilibrium (LD) in genomic regions near
recombination hotspots. As a result, the genome-wide pattern of LD is primarily de-
termined by the local recombination rate7: however, it is well established that other
evolutionary forces such as selection, mutation and genetic drift also play an important
role in shaping the LD pattern at the genome level 458459 Tt has been shown that char-
acteristics of the neighbouring sequence features are also influencing the extent of LD at
local domains. For example, it is suggested that factors such as GC content, gene density
and the presence and the type of interspersed repeats correlates with the extent of LD
at genome level [#60:461:457]  The higher recombination rate across the GC rich domain
of the genome leads to the breakdown of LD whereas selective sweeps generally increase
the extent of LD. Sequence changes in the coding part of the genome, brought about by
recombination and random mutation, are more likely to influence the fitness of the species
and therefore are subject to a more intense impact of natural selection. Consequently se-
lective forces, by limiting the frequency of mutational events at the coding regions, result
in elevation of LD in functional parts of the genome®62. Non-genomic features including
population size and historical patterns of migration have been also suggested to influence
the LD pattern. While population bottlenecks and genetic drifts generally result in in-
crease in LD, rapid population expansion and non-selective mating reduces the extent of
LD [458,463] )

According to Hill-Robertson interference (HRI), recombination plays a substantial
role in fixation of individual advantageous alleles arising from the random mutation in
the population 464465 HRI suggests that in the absence of initial linkage disequilibrium
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(LD) between two alleles arising from new mutations in a finite population, fixation of
either allele is effectively hampered by the competitive fitness of the other allele. In sit-
uations where there is no recombination, co-inheritance of both alleles is only feasible
when the second allele arises in a progeny inheriting the first allele. In the absence of
recombination, the selection at one locus effectively reduces the fitness of the competing
allele at another locus (on a separate chromosome) and neither alleles can reach fixation
in the population. Given that efficacy of selection at independent loci is largely defined
by the population effective size (NN.) and the selection coefficient, in a finite population,
loci under selection inevitably interfere with each other’s fixation. Recombination, by
creating haplotypes carrying both favourable alleles, enables fixation of advantageous mu-
tations in the population. Conversely, in weakly recombining regions of the genome, such
haplotype diversity is less frequent, and therefore the efficacy of selection is diminished.
As suggested by the Muller’s ratchet effect [466:467] non-recombining regions of the genome
tend to accumulate deleterious mutations. In such regions, like the mammalian Y chromo-
some, the absence of recombination hampers regeneration of mutation-free haplotypes and
consequently results in excessive accumulation of deleterious mutations, which ultimately
lead to gene inactivation. Given the importance of recombination in maintaining genome
plasticity against selective sweeps and also in view of highly variable recombination rate
across the genome, delineation of the pattern of recombination may reflect the underlying
distribution of disease-associated regions across the genome.

Historical recombination events are predominantly reflected in LD patterns. While
other evolutionary forces such as selection and mutation are also involved in shaping the
LD structures, recombination is known as the primary force in shaping the LD pattern
across the genome!®. Recombination and mutation, by breaking-up the LD across the
linked region of the genome, act in favour of increased haplotype diversity, whereas selective
sweeps act toward increasing LD across the genome. Delineation of LD patterns directly
demonstrates the historical impact of recombination and provides insights into the regions
of the genome that have undergone selection. Deciphering selected regions across the
genome is of particular interest for evolutionary studies and disease gene identification (4681,

The striking concordance between the linkage maps generated from quantification of
meiotic recombination over a few generations and LD maps underlies the impact of histor-
ical recombination as the major force in the determination of LD structure. The fact that
contours of LD maps across different populations demonstrate highly concordant patterns
confirms that LD structures are broadly conserved across different populations.

Previous efforts into delineation of LD structures across different populations made
cost-effective genome-wide association studies feasible through the development of geno-
typing arrays consisting of ‘tag’ SNPs[469, LD studies across different populations reveal
underlying population structure and migration histories involved in shaping the LD pat-
terns 479471 and identify the sequence context underlying recombination hotspots 4724731,
Myers et al.[*™] showed that recombination hotspots are enriched around 13-mer degen-
erate motifs, which play a key role in recruiting crossover machinery across the human
genome. These motifs are identified to define binding arrays for PRDM9 47 which regu-
lates activation of recombination hotspots. Binding of PRDM9 to specific DNA sequence
targets initiates methylation of lysine 4 at histone 3 (H3K4me3) and thereby triggers
recombination by recruiting homologous recombination repair machinery 479,

LD maps generated from the whole-genome sequence (WGS) data achieve an unprece-
dented resolution for delineation of LD structures. Using WGS data from the HapMap
project (Phase 3) Pengelly et al. demonstrated a ~2.8 fold increase in the resolution of
recombination hotspots across human chromosome 2282/, High-resolution maps of the LD
structure across individual genes provide a deeper insight into the evolutionary forces that
operate at the gene level.
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6.1.1 Linkage disequilibrium maps

Efforts into delineation of LD patterns in the human genome to aid association mapping,
identification of recombination hotspots and infer selective sweeps, resulted in a flurry of
diverse metrics to measure LD across single-nucleotide polymorphisms (SNPs). Among
these metrics (including covariance (D), correlation (r), regression (b) and frequency dif-
ference) association was demonstrated to be the most effective metric for modelling SNPs
relationships across the length of the linked locil476). LD maps based on association are
derived from the Malécot-Morton model in which the probability of association between
SNPs (p) is computed according to Equation 6.1.

p=(1—-L)Me =+ L (6.1)

In this equation 'L’ denotes the residual association at a large distance, ‘M’ denotes
the probability of association at zero distance, ‘¢’ describes the exponential decay of asso-
ciation with physical distance and ‘d’ denotes the distance between each pair of SNPs in
kilobases*7l. Collins et al. demonstrated that LD hotspots are discernible by estimating
¢ in the Malécot modell®™8). The first LD map based on this model demonstrated that
haplotype blocks across the human genome are broken by sharp steps that align with re-
combination hotspots. In these maps, additive physical distances across the chromosome
arms are expressed in linkage disequilibrium units (LDU) in which the LDU distance be-
tween the tth pair of SNPs is equated by €,d, ™. The product ed also demonstrates the
number of generations after an effective bottleneck over which LD has accumulated [489].
The ed is also equivalent to 0t (6 denotes the frequency of recombination and t is the num-
ber of generation over which recombination has accumulated). Although ed is primarily a
function of recombination and time, it is also informed by the effect of mutation, selection,
and other evolutionary forces. Therefore in contrast to coalescent based maps that exclude
the impact of processes other than recombination, LDU maps reflect the collective impact
of mutation, selection and population history [481:482],

Zhang et al.17 demonstrated a close correspondence between the steps in LDU map
with recombination hotspots identified by Jeffreys et al. through sperm typing of class-I1
HLA complex472. At the same time, they identified that plateau regions in LDU maps
correspond closely to the regions of low haplotype diversity identified by Daly et al.[5.

The LDU scale provides a framework that enables investigation of LD extent in differ-
ent genomic regions irrespective of physical distance (i.e. the Kb scale). In LDU maps,
one LDU corresponds to a variable physical distance across the chromosome over which
LD declines to its ‘background’ levels. In another term, the distance in Kb over which
LD has declined to e~! ~0.37 of its starting value corresponds to one LDU. In that sense
genomic locations that are greater than one LDU apart are effectively LD independent.

As discussed earlier, since the LDU framework accounts for additional evolutionary
forces other than recombination (including genetic drift, gene conversion, selection and
mutation), although contours of population-specific LD maps are highly concordant (483
the magnitude of the LDU scale is different among different populations. In fact the LDU
scale across different populations is directly correlated with the duration of respective pop-
ulation since an effective bottleneck. In contrast to isolated populations that have a more
extensive LD, the sub-Saharan African population (SSA) due to their extended population
history have less extensive LD. Erosion of LD during the time in SSA population enables
delineation of LD structures at a higher resolution which directly result in an enhanced
identification of genomic regions under selection. Furthermore, fully saturated LD maps
from the WGS data of SSA population improve our understanding about human popu-
lation differences and reveals key regions of the genome that have been under selection
during evolution.
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6.1.2 Population structure in SSA

Recent studies into the population structure across the SSA population has identified a
modest difference amongst SSA groups and revealed that population differentiation across
the sub-Saharan region is predominantly influenced by the ethnolinguistic grouping across
this region 7. Comparison of fixation index (Fsr) between different SSA populations re-
vealed a minimal interpolation difference among the Niger-Congo language groups (Fsp=
0.009) 7] This demonstrates that recent population expansion and migration across the
sub-Saharan region started around 3,000 to 5,000 years ago from West Africa and had a
deterministic impact in shaping the population structure across SSA region [484]

In addition to continental dispersion and ethnolinguistic subdivisions that had a pri-
mary role in population differentiation across SSA, Eurasiatic gene flow has been revealed
to be a dominant factor in residual divergence between the SSA populations 87 Popula-
tion admixture analysis identified a widespread Eurasian and hunter-gatherer admixture
events across all SSA populations revealing the highest proportion of Eurasian ancestry in
Fast African populations and the greatest proportion of hunter-gatherer ancestry across
Southern populations (i.e. Zulu and Sotho). Notably, the Eurasian admixture events
across the West African and the Ethiopian populations predates the recent complex ad-
mixture events across some Southeastern populations consistent with the recent colonial
admixture events into Africal*85. Similarly, hunter-gatherer proportions in Western pop-
ulations are indicative of ancient admixture events (around 9,000 years ago), whereas
hunter-gatherer proportions in the Eastern and Southern populations represent a more re-
cent gene flow through multiple admixture events which have been occurred 100 to 3,000
years ago. This specific admixture pattern is consistent with the ‘back-to-Africa’ gene-flow
that is assumed to have taken place within the last 10,000 years!486].

Since most of the sampled populations in our study belong to the Bantu linguistic group
(Table 6.1), haplotype diversity in each population has to be assessed in the context of a
broad ‘Bantu expansion’ model. According to this model, population differentiation across
the SSA is derived by the millennia-long series of migrations starting from West Africa
around 3,000 years ago that ultimately led to the establishment of regional populations 484
The majority of ethnolinguistic groups south of the latitude between Nigeria/Cameroon
and Somalia speak a derivative of the Bantu language that appears to have been spread
quickly across the SSA[87) (Figure 6.1). In view of this, the language spoken by Zulu
populations in the south coast of Africa is highly similar to the language spoken by the
Baganda population (situated in the east coast of Africa) underlying the shared population
history between these two populations, despite their geographical distance [485]

The extensive population history resulted from the more distant effective population
bottleneck time across the SSA populations enable delineation of LD patterns at an un-
precedented resolution. Increased haplotype diversity across the SSA populations reflect
the historical impact recombination, selection and mutation in the accumulation of LD
across different genomic regions.

6.2 Materials and Methods

6.2.1 Samples and populations

The whole genome sequence (WGS) data of 320 healthy individuals from seven SSA ethno-
linguistic groups who were recruited to the African Genome Variation Project (AGVP)[87]
were obtained and processed (Table 6.1). Since all samples were sequenced at low coverage
(~4X), to assess the concordance of variant calls across populations for whom BeadChip
array data was also available (Zulu and Baganda populations), concordance of variant calls
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Figure 6.1: Schematic representation of Bantu expansion and recent Eurasian gene flow into SSA;
(A) The broad ‘Bantu expansion’ believed to have taken place in two major waves between 3,000
and 2,000 years ago. This resulted in rapid spread of Niger-Congo language across South and
East coast of Africa; (B) Admixture events between Niger-Congo speaking populations across the
South and East coast of Africa; (C) Admixture events between Western Niger-Congo speaking
populations with Eastern Afro-Asiatic and Nilo-Saharan speaking population in the Eastern coast
of Africa; (D) Extensive recent Euro-Asian gene flow into the Eastern coast of Africa; (Figure
adopted from Busby et al.[*89]).

between the array data and WGS data was checked and confirmed across a panel of 24
SNPs[13] To ensure that maps are representative of major ethnic populations, principal
component analysis (PCA) was carried out using SNPRelate package in R [488].

For PCA analysis, individuals with >10% missing genotypes, polymorphic markers
with >10% missing genotypes across all individuals and those who deviate from Hardy-
Weinberg proportions (HWE) at the significance level of p < 10~7 were removed. Only
polymorphic markers with minor allele frequency (MAF) of greater than 5% were retained
for PCA analysis. Identity by descent (IBD) was measured within each population and
related individuals (IBD > 0.05) were removed. Furthermore, squared correlation coef-
ficient between allele counts were used to prune correlated SNPs at 72 <0.5 thresholds.
Consistent with the pattern of admixture across these populations, PCA revealed three
major clusters mirroring distinct linguistic grouping across these populations. Further-
more, one Somali individual was excluded from further analysis since he did not cluster
with any of the major groups (Figure 6.2 & Supplementary figure 8.16).

Given the sensitivity of LDU map length to sample size, samples from the Gumuz
population (n= 24), with distinct clustering pattern separate from the rest of SSA sub-
populations, were excluded from downstream LD analysis. To ensure sample size > 90
for the purpose of LDU map construction, samples from Amhara (n=24), Oromo (n=
24), Somali (n= 23) and Wolayta (n=24) sub-populations were grouped together to rep-
resent a broader Ethiopian sub-population (n= 95). Ultimately, samples from the three
major populations including Zulu (n= 100), Baganda (n=100) and Ethiopian (n=95) were
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Language

Population Region Country Language subgroup Size
Baganda Eastern Africa Uganda Niger-Congo  Bantoid 100
Zulu Southern Africa South Africa Niger-Congo  Bantoid 100
Amhara Eastern Africa Ethiopia Afro-Asiatic Bantoid 24
Oromo Eastern Africa Ethiopia Afro-Asiatic Cushitic 24
Somali Eastern Africa  Ethiopia/Somalia  Afro-Asiatic ~ Cushitic 24
Wolayta Eastern Africa Eastern Africa Omotic - 24
Gumuz Eastern Africa  Ethiopia/Sudan  Nilo-Saharan - 24

Table 6.1: Details of populations selected for LD map construction.

selected for LD analysis.
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6.2.2 Variant pre-processing

The whole-genome VCF files from chromosomes 1-22 were used to compute metrics of LD
maps across 295 individuals. Population-specific multivariant VCF files were generated
according to the PCA clustering pattern, and the ethnicity assignment for each individual
was cross-checked with the information provided by the AGVP.

In order to investigate the resolution of LDU maps under different thresholds for the
exclusion of rare variants, maps for chromosome 22 at two alternative MAF threshold (less
than 5% and less than 1%) were constructed, and the LDU map lengths were consulted
to decide about the optimal MAF threshold. Prior map construction, the raw data from
each population underwent a pre-processing procedure to exclude: 1) individuals with >
5% missing genotypes; 2) markers with > 5% missing genotypes across all individuals; 3)
markers with MAF less than 1% in the respective sub-population; and 4) markers that
deviate from the HWE proportions at the significance threshold of p < 1073.

Since the relaxation of MAF threshold from 5% to 1% led to a ~3.35%-21.18% increase
in the LDU scale and therefore a better resolution of LD structure in highly recombining
regions of the chromosome 22, minor allele frequency of 1% was used as the general
threshold for construction of maps across all autosomes (Supplementary Table 8.19).

6.2.3 LD map construction

Following data pre-processing, construction of LDU maps was carried out in LDMAP pro-
gram with default parameters (maximum distance between any marker pairs= 500 kb, the
maximum number of intervals between marker pairs= 100, the maximum number of iter-
ation= 20,000 and stop iterating in an interval when ¢;=0) [480] " Initially, an intermediate
file containing information about pairwise association probabilities (p) of marker intervals
was computed according to Equation 6.2:

B D
~ Q@x(1-R)
Where ‘D’ denotes the absolute value of the difference between observed haplotype
frequency and its expected value from allele frequencies in the population, ‘Q’ denotes
reference allele frequency and ‘R’ denotes the alternative allele frequency [489,490] " Upon
computation of the pairwise association between markers, the Malécot model given by
Equation 6.1 is fitted to data to compute € iteratively across SNP intervals using a max-
imum likelihood approach. Ultimately, the pairwise value of ed score is used to compute
LDU score across each interval.

p (6.2)

Since the construction of LD maps are computationally intensive and requires esti-
mation of e for each marker interval for a maximum window size of 100 SNPs, VCF
files from each chromosome were split to smaller segments with the maximum number of
12,000 SNPs in each segment. In order to compute e for markers at the boundaries of
adjacent segments, an overlapping region comprised of 200 markers was set at the end of
each segment. Finally, 25 terminal markers from each end of segments were trimmed and
respective map for each chromosome was assembled by joining the segments.

6.2.4 Interpolation of LD at different genomic regions

SNPs intervals with LDU locations were used to interpolate LDU size at different genomic
regions. Genomic locations of all human genes were determined according to the Refseq as-
sembly (version GRCH37/hgl9), and genes with a curated status record of ‘VALIDATED’
or ‘REVIEWED’ were selected for downstream analysis. In order to avoid spurious infla-
tion of cumulative LDU scale across the genic region, overlapping genes were merged to
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contain only the longest interval. This resulted in a total of 19,455 genes across chromo-
some 1-22 (Supplementary Table 8.20). The RefSeq accession number for genes was used
to group genes into protein-coding (NM) and non-protein-coding (NR) categories and the
LD structure across coding genes, ncRNA genes and the intergenic regions was investi-
gated. Since recombination is depressed in centromeric regions, coordinates of centromeric
heterochromatin across autosomal chromosomes were defined according to GRCH37/hg19
assembly and excluded from the calculation of LDU sizes for intergenic regions (Supple-
mentary Table 8.21).

In order to relate the gene-specific LDU size to measures of gene essentiality, gene
groups were defined according to the categories described by Spataro et al.*°Y. This
classified a total of 17,927 genes across five categories including NDNE: non-disease non-
essential genes (n= 13,080); END: essential non-disease genes (n= 1,572); CNM: complex
non-Mendelian genes (n= 2,388); MNC: Mendelian non-complex genes (n= 684) and CM:
complex-Mendelian genes (n= 203).

Since LDU size is influenced by the gene size, a regression approach was used to correct
for the gene size. Given that the relationship between LDU size and gene length is essen-
tially non-linear and given the highly skewed distribution of the gene lengths and LDU size
across the five categories of genes (overall LDU skewness= 9.06, kurtosis= 156.08, Sup-
plementary Figure 8.17), a natural logarithm transformation was used to transform values
for LDU size and gene length (Supplementary Figures 8.17c & 8.17d). To investigate the
nature of the relationship between the transformed LDU size (LDUr) and the transformed
gene length (L7), a symbolic regression model was used. Since the primary focus here
is to remove the correlation component attributed to the gene length, the possibility of
fitting more sophisticated regression model was also explored.

The performance of fitted models was benchmarked against residuals diagnostic plots
and ultimately scaled residuals (e, prr) from the best-fit model (with the least heteroscedas-
ticity) were used to investigate the relationship between the eppy size and the gene-
grouping pattern. Finally, a Kruskal-Wallis H test was used to analyse for statistically
significant differences among the mean ey py size between the five gene groups.

6.2.5 Functional clustering and overrepresentation analysis

In order to check whether enrichment of particular cell function or metabolic pathway is
related to gene-specific LDU size, normalised residuals (e py) were converted to percentile
rank scores. For the purpose of over-representation analysis, we assumed that gene-specific
LDU sizes across each functional cluster are independent of each other. Genes were di-
vided into four groups according to their quartile range and functional overrepresentation
analysis of ‘Biological processes’ was carried out in PANTHER (v.13.1)[492]. To inspect
the relationship between ey py and the essentiality of genes in the functional clusters, pre-
tabulated essentiality scores from 17 different essentiality metrics adopted from Bartha
et al.19]. Scores were scaled and the sum of values across the 17 metrics was used as
the single essentiality score for each gene. Missing values for each essentiality metric were
replaced by the arithmetic mean of scaled values for that specific score.

In order to investigate the relationship between the extent of LD and the evolution-
ary divergence of a gene, overrepresentation of homologous genes in each quartile was
investigated in Enrichr[494. To further delineate the specific pattern of homologous genes
overrepresentation across ey py quartiles, the average gene age for overrepresented gene
groups in each quartile was calculated according to the human protein-coding gene-age
annotation 9], Based on this framework, the evolutionary age of each gene is estimated
according to the presence or absence of orthologs in the vertebrate phylogeny, and a score
in the scale of 0 (representing the oldest genes that appeared before the divergence of Ze-
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brafish) to 12 (for human-specific genes) is assigned to each gene. For a small proportion
of the genes with missing age score (n=1,783, ~10%), the estimated age of the most sig-
nificant functional partner (identified through the search of STRING 10.5 database[*9])
was used as a proxy for the evolutionary origin of the gene.

6.3 Results

6.3.1 Characteristics of LD maps across different popula-
tions

The LD maps generated from the three SSA populations show highly concordant contours
although overall map lengths are different (Figures 6.3 & 6.4 and Tables 6.2 and 6.3). The
characteristic ‘step and plateau’ pattern indicating regions of high and low recombination is
highly concordant across the three populations. The pairwise Spearman rank correlation
coefficient between Mb/LDU rates for chromosome 22 in the three populations shows
a very strong correlation (p > 0.9, p-value < 2.2e-16 and Supplementary Figure 8.18),
however, the relationship between the LDU size and the physical distance of the bins
from the centromeres is not monotonic and therefore the correlation between the maps is
perhaps overestimated.

The Zulu and the Baganda populations represent a relatively similar LDU scale across
all autosomes, but the LDU magnitude is significantly reduced for the Ethiopian pop-
ulation (Figures 6.3 & 6.4). Based on these results, the longer map length for the Zulu
population presumably provides evidence in support of the ‘late-split hypothesis’ for Bantu
expansion toward the East coast of Africa. It is a matter of debate whether the Eastern
Bantu groups were split off before the departure of Southern Bantu populations from West
Africa or the Eastern Bantu spread occurred after the Bantu expansion toward the South.
In fact, the total autosomal LDU map length across the Zulu population revealed to be
~0.4% longer than the Baganda population, and both maps were identified to be ~17%
longer than the Ethiopian map (Tables 6.2 & 6.3).

138



6.3. RESULTS

CHAPTER 6.

suoryendod omj 9s91} ssoroe A103s1y uoryendod SAISUIIXD SIOUI € M JUSISISUOD

asue] (7T PAISUR)Xe 10w ® quasardar suorjendod epueseq pue nny oy [eA() ‘suonendod soIt) o) $s0IdR JUSISPIP 1€ Sy)3us] dewr [[RISA0 oY) YSnoyje
JurepIoouod ATy oxe suoryendod 9oty o) ssoror sdewr (I Jo smojuoo oy ], ‘suoryendod y§G Iolewr 99113 oY) 10J Tg-T sewosowodyo 10y sjord dewr (77 €9 oInJ1

uopeoot

=

0z swosowoi)

uoneidog

51 ewosowoi)

(a) oneoo

i

04 swosowoi)

(@) oneoon

=

& swosowoiy

2 2 e — 2 epunsey — g
uoneindog woreindog

81 ewosowoi 14 swosowoi) o1 swosowoiy

@) uogss0 (@) uogeso

£4 owosowoi) 24 ewosowaiy 11 awosowoiyy

(@)

(@) uoneoo (@) voes0 201

woreindog
g owosowoiyy £ awosowaiy 9 swosowoiy
(@) uoneso (@) wonesot
& awosowoiyy. 2 awosowoiy | suiosowoiyy

139



RESULTS CHAPTER 6.

6.3.

G8°090°G €C'G69°CET 788°659 CL6'899 F07'€e €1L'9%6 826'0G uerdoryyy
88°€0%'9 £C6TL'CET ££€'629 €LT'98L 89L'T¢ 98T 128 675eS nnyg

V& LG1°9 L6'6VL'EET 695919 £06°GS. VWL VE T0T°LG8 10T°G9 epuesng gl
T8°0L6F TS TLLTET 892869 P6L90L 8GE'€T 12€°L86 0G€'0g uerdorgyyg
97819 9.°99L'F€T L98°9TL 160°LT8 65C'7¢ 020°G98 £20°€S nmny,
080709 80°G6LTET P 0L9 00582 0FT'7¢ 990706 198°€9 epuesng 17
6€°€TH'G G0'9GY'GET €66°TTL €62°02L 78962 801°696 G6'1S uerdoryyg
25’6079 LETITGET GL8'E0L 0T6°€T8 GLv've S0€'798 G8G'€S nuz
6L'8TF'9 €5 IS GET GS6'TLI 078 889°'7C LTV'€68 0169 vpuesng 01
TLVes'y 28690 TV T 6z0°c09 €GL'€T9 48008 TLV'198 926 werdoryyg
Tr'ess’s 28690 TV T L16°€29 G8F'0C. 911G 88%'€S. 9¢S'GY nmny,
GE'GT8'S 28690 T T 909°28S 8EE‘189 €CC'1e 166762 981°GG epuesng 6
89°78G'¢C 98 V€T 97T GL0'C6. 98€'908 90765 T€0°6ET'T 128'€S uerdoryyy
11669 20 1TG 97T 118'818 LGV L¥6 62L9¢ 65T°686 10818 nny,
LT'0F0°L cO'TIT 97T 65€°08L GLL'TT6 095°92 889720 10889 vpuesng 8
76°6L6°G LE°CIT 68T 982038 829°1¢8 678G T89LVI'T 811°C9 werdoryyy
€1°78¢'L, 6°CIT 65T 770°6€8 128126 616'65 32e'S00°T 87879 nmyg,
00°2L5'L, LETTT'6ST Te1'08 058°GE6 6S.'65 820'070°T GGG'8L epuesng
91°89Z°9 0T°GL8'0LT 1.3°€06 695716 16¢'9¢ 982'81¢'T SVI‘1L werdoryyy
6G°LILL 0T°GL8'0LT 9LL'616 13L'8G0°T 006°L€ ¥60°1L0°'T 0TL'€L nmy
£9°869°2, 0T°GL8'0LT 91€'2.8 020°9T0‘T 91’28 9gL'CTT'T 65768 epuesng 9
cEsTT9 LE°69L°08T G0E'ET6 8LE'TT6 0€L°0 LEETSE'T 12’89 werdoryyy
78768 L€°69L°081 L1566 928°GL0‘T vev'ce 8066211 616°T. nmy,
GET18'L 98°0€L'081 18T1°188 GRL'FE0‘T _TT'Ce L19°69T°T 67128 epuesng g
£8°€€0°2 6¢°026'06T 088°¢T0'T ¥86°L80°'T o Le 86G'69¢'T 329'8L uerdoryyy
60'78L°8 62036061 LT8'9F0'T 6219021 GT.'6€ LVT'88T°T L1618 nmy,
00°'T8¢'8 62036061 £79°G86 0T FII‘T Tor'68 6C1°6VC T 78G'86 epuesng  §
09°€€T'2 TT°078°L6T F9%°800°T 68¢'750'T 02S'7e TF7'80% 1 SHT'TL werdoryy
L¥T65°8 TT°0¥8°L6T TF8°€20'T 9T6'TST'T 865 9¢ 1LLLVE'T 662°8. nmny,
£0°089°8 TT°0F8'L6T GL0'GL6 TPE9ET'T 6.8'Ge 908°76¢'T L1976 epuesng ¢
GT'6LE'S €L LT eTT T07'€8T'T 99¢'T0E'T G00'6€ TCSTILT 118°18 werdoryyy
2205501 18°L91°¢7¢ €CT'0Te'T 0L6°9TF'T TeI'TV 79G'G6T'T 86¥C6 nmny,
02801 18°.91°¢H¢ 08L°6ET'T G6T'FEL'T 699°T¥ CeT'LLG'T €92°C1T epuesng g
GG EGT'S £6°805 67 TT8'L60'1 80G'TTT'T GaI'se 9€9°L7G'T 66€°¢8 werdoryyg
Ge'TeT01 £6°805 67 CLESTT'T 0ST'06E'T 8700V 182691 9078 nmny,
36°99T°0T £6°805 67 8EF'GG0'T 680°CEC'T ey T6L'Ceh'T T6T°GOT epuesng T

(nam) (a31) UOI}ONIISUOD ([T JoYe sIojIews Sururewaa 159} 1593 (g0°0 < ONED )
yrSuo[ dej\ [YISUuo[ [@IISAYJ  SIoIewW JO IDQUUNN] Jo Jaquinu [ej0], HAMH Polej Adouenboij pafreq ssouduissia pajreq uolyendod -ayH

"Z1-T sewosowoayp 10j suolyemndod yyS yUIopIp ssoroe [Ypsus] dewr (T [[BI0AO JO S[IeI_d(] Z'9 9[qRT,

140



RESULTS

6.3.

CHAPTER 6.

62°056'T G0'T6T e TG0°L6T 168°62T €L6°9 066'€£2 G6LTT werdoryyy
L9°19¢°C 88'98T°CE 115961 168°62T €469 066°¢€T G6LTT nmyz
78'28¢°C 8L'981°¢E PeET8I LSP'C1T €0T'L TTIT TTL'Ll epuesng gz
€G678'T 88'.8G'8€ L29°L61 86500 926, €20°86¢ arpeT werdoryyz
8T'TET'T G8186G°8¢ 96202 L80°C€T g5 966G PITOT nmz,
TLTET'T G8'186G°8¢ 869061 86902 LT6'L 81C'LET v6T6T epuesng g
8G'TF6'C 7770629 9.8'02¢ cLL'Gee 65501 SSVLYY ligdd uerdonyyg
10°L9%°€ 9070629 G0 GTe €69°GLE 0.8°01 V68°96€ 699°'€C nmyz,
€r'szs'e 88°€06'9 £60°60¢ Ge0'T9E L96°0T €90'TTH 6V5'ST vpuesng 0z
6T L10°C 98'088'8¢G VEL'STE v05'€eE LIV'ET LOE'TEY IPL'GT werdonyy
eg'19¢g'e 98'088'8¢ LT8°62¢ LG9°8LE YOS'T1 199°'7.€ €6€°'LC nmuyz,

80 T¥S'E 98'088'8¢ €9€'e1E 720°€9¢ 20871 0LL'68¢ 81€TE epuesng 61
16°0eV'E 70'686°LL 616°COV €L5'607 €0T'7T 106°CSS erroe werdoryyy
L6°C0T'Y L0°686°LL 1€9'2TY Lvg'aLy 68871 9r1'08Y €60°cE uuyz
0623¢y €0'686°LL E1ET6E 9€L'65Y G6V'F1 09€'T0S V28'8€E epuesng Q[
0S'2LV'E TT'88TI8 98.°98¢ 00Z'16€ 0€L'ET 18LLYS 8V'6C werdonyyy
LT'080'Y LGI8T'T8 LGL°68€ ceEEIC 8GETT SAN 868°0€ nmyz,
89°¢TTY LG°L8T'TS POT'TLE 661°GEV e89°71 P18'109 0g'LE vpuesng LT
12°€EL°E I8 T6T°06 LTL VY CIL TGy 68¢'¢T 828°€49 L81°8T werdoryyyg
12°L09'7 76'€60°06 61T°097 LITTES 8ET'TT LTE0LS 790°0€ nmyz,
068757 68'€60°06 L66°0€Y €2L'70G 11g71 €5E'66S 886°GE epuedng 91
99'795°¢ 8VPIV'CS Leg'ery €9v'0Th T1G71 G1L'069 ¢1E'TE werdoryyy
9070y 81'89%'2S 9v6'8cy 650°L6F 68871 9LT'ETS ce9°'ce nmz,
LTTOEY 81'897°C8 Ay GT9'0LY 97871 L96°8€S 99¢°6¢ epuedng Gl
0£'819°C TT'687'88 IvL'Goy 067 0L v2e'91 GT0'879 s werdornyyz
18°GLET 0£'682'S8 Ler'eLy VeL'Gre VTe'LT 806°0L¢ €18'9¢ nmz,
€6'2Ve'y 0€'68C'S8 coeTrY 0L8°L1G 8LT'LT 059865 TESTY epuedng  yl
92788'¢ £6°680°96 0L7'€0S 8LE'0TG GTa'81 298989 €860V werdoryyg
9¢°639'F €8°680°96 4541 T6L'68S £28°61 818'G09 182ty nuyz
8GTELY £4°680°96 061°06¥ L6L°699 S6T°61 L16°629 L9T°TG vpuesng €1

(naT) (931) UOIONIISUO0D (7] Jojje sIoxIewt Sururewra.l 1599 1599 (g0'0 < ONAD )
yySus[ dejNy YISuo[ [IISAYJ  SIS¥Iew JOo IaquuInN] Jo requinu [e30], HAMH Po[e Adouenbeij pa[ie] sseuluissiui pajrej uolyendod -IyH

"2g-¢T sowosomoIyd 10§ suorjendod S JUSIDPIP ssoxde 38usy dewr N (I [[BI9A0 JO S[reId( :€°9 9[qRl,

141



6.3. RESULTS CHAPTER 6.

Baganda
0.4 — Zulu +2000
= Ethiopian
0.34 1500
3
—
= o
s 0.2 1000 C
|
|
0.1 t 500
| | |
l lU'.J | :
WE | | |
i i )
0.01 — : : ro
20000000 30000000 40000000 50000000
Physical map

Figure 6.4: Population-specific LD map for chromosome 22; The physical length of chro-
mosome 22 is represented along the x-axis, The extent of chromosome over which LDU
increases by one unit is identified by the Mb/LDU rate along the y-axis to the left and
cumulative LDU extent is identified by the y-axis to the right. The red block shows the
centromeric heterochromatin. The plateau regions of LDU map align with intensity picks
of Mb/LDU rate trend line.

Based on the framework proposed by Zhang et al.[48Y) assuming a generation time of
25 years, the effective bottleneck time for these populations can be estimated from the
LDU/Morgan ratio (the sex-averaged morgan rations for human autosomes were adopted
from the study by Kong et al.[**7). The effective population bottleneck time for the Zulu
population revealed to be around 92,975 years (range for autosomal chromosomes: 75,538-
109,974), whereas the bottleneck time for the Baganda and Ethiopian populations are
estimated to be around 92,794 (range 78,045- 110,738) and 76,818 (range 64,287- 87,843)
years. Given these results, it is possible that the residual difference in the LD map length
between the Zulu and Baganda population is indicative of an earlier southward spread
from the Bantu homeland. It is noteworthy that these estimates are more compatible
with the more recent models of human dispersal out of Africa and in fact demonstrate
that ‘Bantu Expansion’ may have occurred before the modern human dispersal out of
Africa 498499

The shorter map length in the Ethiopian population, by contrast, demonstrates the
impact of the Eurasian admixture events that have led to the retention of extended LD
structures across individuals of this population. Most importantly, the attenuated LD de-
cay with genomic distance in Ethiopian population (reflected as extended LD haplotypes),
suggests a more recent bottleneck event for this population. Consistent with this obser-
vation, the presence of non-Bantu linguistic groups in this region (including Semitic and
Cushitic) perhaps reflects the distinctive population history for the Ethiopian population.

Despite nearly perfect correlation of maps at Mb scale (Figure 6.4), cross correlation
comparison of maps at Kb scale reveals more subtle differences between the maps. For ex-
ample for chromosome 22, a positive cross correlation covariance between the populations
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implies that LD sizes in all three population tend to vary together, albeit the magnitude
of this syntonic behaviour at zero lag is more intense between the Bantoid populations
(Zulu and Baganda, rpy= 0.098) than Bantoid versus Ethiopian population (Zulu versus
Ethiopian: r,= 0.066, Baganda versus Ethiopian: ry= 0.055) (Figure 6.5).

Zulu vs. Baganda
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Figure 6.5: Cross-correlation comparison of SSA LD maps at Kb scale.

Decreased cross-correlation function (CCF) covariance between the Ethiopian and
Bantoid populations (Zulu or Baganda) is most likely representative of a distinctive lo-
calisation pattern for LD hotspots in this population. Consistent with this hypothesis, it
has been revealed that East African populations possess lower frequency of active PRDM9
alleles in comparison to West African populations with Bantoid origin [500]

6.3.2 Extent of LD in different genomic regions

Analysis of LD across different genomic regions revealed a highly variable size for the
coding part of the genome versus non-coding regions. In total, the extent of LD across the
19,455 non-overlapping genic regions were compared against the 19,224 non-overlapping
intergenic regions (Supplementary Table 8.20). The genic region was identified to consti-
tute ~45% of the length of the autosomes while the intergenic regions and centromeric
heterochromatin constitute 51% and ~4.8% of the genome respectively (Supplementary
Table 8.21). The genic LDU size accounts for 43.5% of total LDU size across all autosomes
and the LDU extent across the intergenic region constitutes 55.8% of the entire LDU length
(Table 6.4). The remainder 0.7% of the LDU size is attributable to the heterochromatic
regions in which severely depressed recombination has resulted in the accumulation of LD.

The average LDU extent (KB/LDU rate) across genic regions identified to be
~5.7% more extensive compared to whole chromosome scale (21.89 and 20.71 respec-
tively)(Supplementary Table 8.22). Furthermore, the average LDU extent across the in-
tergenic regions is ~10% shorter than the genic regions which probably reflects the higher
frequency of recombination outside the gene boundaries and/or attenuated intensity of
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selection across these regions (Supplementary Table 8.22). We also identified that there
is a close correlation between the centimorgan length of the chromosome and LDU length
with relatively consistent ratio across all autosomes (30.21-43.98, SD=3.50) (Table 6.4).

To further delineate the extent of LD across sub-genic levels, the LDU size across
exonic and intronic regions was investigated. The extent of LD across exonic regions of
coding genes that constitute only ~5% of total length of the genic region is dramatically
higher than intronic regions (34.13 Kb versus 22.39 Kb) which spans ~84% of the length
of the genic region (Supplementary Table 8.22). This pattern was also consistent across
the exonic and intronic regions of the non-coding genes, albeit with a reduced magnitude
of the difference (22.39 Kb versus 20.85 Kb). It is important to note that these two regions
collectively constitute ~10% of the total length of the genic region (0.69% and 9.77% for
non-coding exonic and non-coding Intronic regions respectively). The overall difference
between the averaged extent of LD across exonic and intronic regions of non-coding genes
is small (One-tailed ¢-test p-value= 0.09), but increased length of LD across exonic regions
of non-coding genes is consistent across all chromosomes (Supplementary Table 8.22).

The results also demonstrate that LD is noticeably more extensive across genic regions
compared to intergenic segments (¢ = 4.05, df = 21, p-value = 2.14e-4, Figure 6.6). The
extent of LD at a chromosomal level is significantly different from the LD extent across
intergenic region (¢ = -2.6224, df = 21, p-value = 0.01), but it does not reach significance
when compared to the LD extent at genic level (¢ = 1.6347, df = 21, p-value = 0.11). This
probably indicates that the pattern of LD at chromosomal level is predominantly influenced
by the extent of LD at the genic level. While this pattern is generally conserved across all
autosomes, three chromosomes including chromosomes 9, 16 and 21 present exceptional
cases in which the extent of LD in the coding region is less than the LD extent at the
chromosomal level. This perhaps can be attributed to the extended region of “gene desert”
immediate to centromeric regions of chromosome 9 and 16 in which overrepresentation of
LINE elements immediate to centromeric region leads to extended LD size.

In agreement with recombination maps, we identified that the extent of LD in large
chromosomes that have lower sex averaged recombination rates is greater and LD is more
frequently broken down in small chromosomes where the sex averaged rate of recombina-
tion is higher (Figure 6.6).

Taken together, our result demonstrate that genes themselves represent high degree of
linkage disequilibrium because they are subject to a more intense effect of selective forces,
but it appears that LD is more readily broken down across intronic and intergenic regions
of the genome.
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6.3.3 Regression model selection for correcting LDU vari-
ance for gene size

As mentioned in the Section 6.2.4, in order to correct the LDU size for gene length a
regression approach was used. Initially, the correlation between the LDU size and the
gene length was modeled with a linear function. Although the linear model using non-
transformed data explains a fair amount of LDU variance at the gene level (adjusted
R%?= (.72, p-value< 2.2e-16), diagnostic plots for residuals are indicative of strong het-
eroscedasticity (Supplementary Figure 8.19). The inconsistency of the covariance matrix
of the estimated regression coefficients in the presence of heteroscedasticity renders the
residuals of the linear-fit unsuitable for downstream analysis. From the biological prospect,
there is also a number of plausible reasons that explain why regression residuals from the
linear model are unsuitable. It is well established that the intensity of recombination has
a strong association with PRDMY9 motifs in the genome and distribution of these 13-mer
motifs across the genome is strictly non-linear*™¥. Furthermore, there might be additional
genomic features (such as Alu repeats or GC contents) that contribute to the variance in
LD extent, but a linear model overlooks their significance at gene levels. It is noteworthy
that the possibility of applying weighted least square regression was also explored, but
it failed to correct for the observed heteroscedasticity of residuals from the linear model.
Given the demonstrated skewness in the distribution of gene lengths and LDU sizes (Sup-
plementary Figures 8.17a & 8.17b), the subsequent regression analysis carried out using
the natural logarithm transformed data (Supplementary Figures 8.17c & 8.17d).

The emulator function derived from a symbolic regression model was suggestive of a
cubic relationship between the transformed LDU size (LDUr) and the transformed gene
length (L7). The model generated using a genetic programming (GP)-run simulation
with a primary space of 5000 possible functions that evolve during 100 generations with
0.7 probability of random crossover and 0.1 probability of mutation of functions. The
initial function set for model construction included, addition, subtraction, multiplication,
and division. Based on the symbolic regression model, the transformed size of LDU (Y7 py)
for each gene is calculated according to formula 6.3:

Yipu = 0.03x% — 0.05x — 0.35x + 0.6 (6.3)

In which x represents the transformed value for respective gene size. Despite the
mediocre performance of the model in explaining the variance (R?= 0.64), it is suggestive
of a third order linear relationship between transformed LDU size and gene size.

Investigation of alternative regression models confirmed the superior fitness of the cubic
model for explaining the observed LDUr variance at the gene level (adjusted R?= 0.70,
Table 6.5, Supplementary Figure 8.20). Since the sole purpose of fitting a regression model
was to account for gene size, residuals plots from the fitted models were also assessed to
identify the most appropriate model. Residuals derived from the cubic model revealed
to be more randomly distributed (Figure 6.a) and therefore provide better estimates for
LDU size at the gene level. In other words, by replacing residuals from the cubic model,
gene-specific LDU size was corrected by removing the linear component attributable to
gene size (Figure 6.b).
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6.3.4 LD characteristics across different gene groups

Scaled residuals (erpr) from the fitted cubic model were used as the gene-size corrected
measures for comparison of LDU across different gene groups. A Kruskal-Wallis H test
between five categories of genes revealed that there is a statistically significant difference
in the mean erpy size between different classes of genes (Kruskal-Wallis H= 114.35, p-
value= 8.56e-24, df= 4) (Figure 6.8).
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4 o 2 END MNC CNM CM NDNE
Scaled residuals Gene Groups
(a) (b)

Figure 6.8: (a) Histogram illustration of scaled residuals (erpy) distribution across the five cate-
gories of gene groups; (b) Distribution and probability density of scaled residuals across the five
gene categories.

Post-hoc analysis using pairwise Wilcoxon comparison of ranked sum ey, pyr size across
the five categories of genes revealed that ranked sum ey py score across the END genes is
significantly different from other gene groups (with sum rank ey py score of 8,136.73 for
END genes versus 9,510.62 for CNM, 11,049.72 for CM, 9,656.62 for MNC and 8,895.04
for NDNE genes)(Table 6.6 & Supplementary Table 8.23). The observed difference was
most significant when END genes were compared against the three categories of genes
involved in human diseases (i.e., CNM, CM, MNC). Similarly, the ranked sum erpy
scores across the NDNE genes were identified to be most significantly different from that
of CM, END and CNM groups and to the lesser extent with MNC group. Although
pairwise comparison of ranked sum ey py scores between MNC group versus NDNE, CM
and CNM groups reached the nominal significance (p-value< 0.05), it did not surpass the
Bonferroni corrected threshold for multiple testing (p-value< 0.005).
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Gene Group
END MNC CNM CM NDNE

END

MNC 1.40E-08

CNM 6.30E-13  0.96659

CM 4.80E-12 0.0679 0.0046

NDNE | 4.00E-06 0.0165 9.00E-06 = 3.90E-07

Table 6.6: Post-hoc comparison of ranked sum ey, py size across the five gene groups. P-values for
the Wilcoxon paired test is provided. END genes represent the most significant difference when
compared to other groups. While both the END and NDNE groups represent a significant ranked
sum e, py difference with human disease (HD) genes (MNC, CNM and CM), the difference among
the HD group is least significant.

6.3.5 Functional overrepresentation analysis result

As discussed in section 6.3.2, we observed that recombination is consistently suppressed
across genic regions. Given this, it would be interesting to investigate whether the extent
of LD at the gene level is influenced by the functional relevance of the genes. Previous
studies on Caucasian populations have revealed that the variation in the magnitude of LD
is influenced by the biological function of the gene product#62501 To assess whether a
similar pattern is discernible from the LD structures in SSA populations, the gene-level
erpy size across the Zulu population was used to investigate overrepresentation pattern
of different gene ontology groups across quartile ranges of ey py. The Zulu genome was
preferably used for the purpose of overrepresentation analysis (ORA) since the largest
LDU maps in this population enables capturing of residual ey pyy differences at a superior
resolution.

Analysis of gene sets in quartile range of normalised ranked ey py revealed that genes
located in the first quartile (strong LD tail) are statistically overrepresented in essential
intracellular functions that mainly involve in transcription, translational modifications
and intracellular transport. Significant GO terms were ordered according to the combined
score implemented in Enrichr method. Amongst the top 10 Genome Ontology (GO)
terms that reached significance across genes in the first quartile, RNA metabolic process
(GO:0016070) achieved the highest score (adjusted p= 5.59e-11, Z-score= -1.99, combined
score= 47.03) followed by protein polyubiquitination (GO:0000209) (adjusted p= 9.42e-
14, Z-score= -1.56, combined score= 46.73) and protein modification by small protein
conjugation (G0:0032446) adjusted p= 6.34e-17, Z-score= -1.14, combined score= 42.57).
Intriguingly, gene clusters related to Golgi vesicle transport (GO:0048193) and cell cycle
G2/M phase transition (G0O:0044839) were among the overrepresented clusters in the first
quartile gene sets (Figure 6.9).

Despite gene sets in the first quartile where ORA revealed a specific pattern of en-
richment for gene clusters in the RNA polymerase II network (primarily responsible for
mRNA synthesis), gene sets across the second quartile revealed another interesting pattern
of functional overrepresentation. Across the genes, in this quartile, the top 10 overrepre-
sented functional clusters appeared to be generally related to the transcriptional activity
of RNA polymerases I and III that involve transcriptional processing of non-coding RNAs.
Across genes in this quartile, the functional cluster related to protein targeting to Endo-
plasmic Reticulum (ER) (G0O:0045047) achieved the highest combined score (adjusted p=
1.83e-7, Z-score= -2.08, combined score= 46.60) followed by the functional cluster related
to nonsense-mediated mRNA decay (GO:0000184) (adjusted p= 1.34e-7, Z-score= -2:00,
combined score= 46.39) and SRP-dependent co-translational protein targeting to mem-
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brane (GO:0006614) (adjusted p= 1.25e-7, Z-score= -1.84, combined score= 43.53). The
remaining functional clusters across this quartile are indicative of enrichment for biological
processes involved in the transcriptional activity of RNA Pol. I and III (Figure 6.9).

The biological processes overrepresented across the third quartile included many sen-
sory receptors and immune-related genes that are known to have high allelic diversity.
ORA across this quartile revealed that genes involved in detection of chemical stimulus
(GO:0007608) and perception of smell (GO:0007608) (adjusted p= 3.46e-22, Z-score=
-1.69, combined score= 96.53) achieve the highest combined scores. Furthermore, gene
clusters involved in the activation and regulation of immune responses were also overrep-
resented across this quartile (Figure 6.9). Across the top 10 overrepresented biological pro-
cesses in this quartile, six clusters were related to immune functions but after adjustment
for multiple testing only three clusters including regulation of peptidyl-serine phosphoryla-
tion of STAT protein (GO:0033139) (adjusted p= 0.02, Z-score= -2.26, combined score=
23,41), T cell activation involved in immune response (GO:0002286) (adjusted p= 9.32e-3,
Z-score= -2.20, combined score=23.72) and positive regulation of peptidyl-serine phos-
phorylation of STAT protein (GO:0033141) (adjusted p= 0.02, Z-score= -2.13, combined
score= 22.50) surpassed Bonferroni correction for multiple testing. Overrepresentation of
such molecular functions in the third quartile of LD reflects high recombination rate across
these genes involved in sensory and immune-related functions.

Gene sets across the last quartile (weak LD tail) were specifically enriched for GO
terms related to extracellular matrix organisation and functions related to extracellular
mechanisms. Across the top 10 biological processes, which surpassed the Bonferroni cor-
rection, gene clusters involved in extracellular matrix organization (GO:0030198) achieved
the highest combined score (adjusted p= 6.81e-9, Z-score= -1.65, combined score= 44.90)
followed by biological processes involved in flavonoid glucuronidation (GO:0052696) (ad-
justed p= 2.25e-3, Z-score= -3.59, combined score= 40.59) and sensory perception of me-
chanical stimulus (G0O:0050954) (adjusted p= 3.22e-6, Z-score= -1.73, combined score=
33.68). The biological processes overrepresented across the Q4 included many genes that
involve in cell-cell communication which are known to have high allelic diversity (Figure
6.9).

Investigation of gene essentiality scores across the top 40 overrepresented clusters re-
vealed a decreasing trend in essentiality with the decrease in the extent of LD (adjusted
p= 3.94e-6, df= 38) (Figure 6.10). Genes in the first quartile (strong LD tail) represent
a broader distribution of essentiality scores with more outliers toward the high end of
essentiality spectrum. In contrast, gene clusters in the weak LD tail (third and fourth
quartiles) represent low variability in essentiality distribution and are skewed toward the
lower extreme of essentiality.
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Taken together this result indicates that the extent of LD varies between different gene
ontology groups. The fact that biological functions occurring inside the cell are overrep-
resented across the strong LD tail (Q1 and Q2) whereas overrepresentation of functions
related to the external region of the cell across the weak LD tail (Q3 and Q4) perhaps
reflects that a greater intensity of purifying selection inside the cell. The decreasing es-
sentiality trend across the top 40 overrepresented gene classes corroborates the reduced
intensity of purifying selection at the extracellular environment.

Investigation of the relationship between the essentiality status of the gene (essential
versus non-essential according to the OGEE framework®*? and the extent of LD using
a multinomial regression model revealed that e;py scores in the Q1 range are signifi-
cant positive predictors for essential genes (p= 8.60e-3, OR= 1.96, Clgzy,= 1.18- 3.25).
In contrast, for non-essential genes, ey py scores within the strong LD tail (Q1 and Q2
range) appear to have negative association; however this negative association do not reach
statistical significance (Supplementary Table 8.24).

6.3.6 Orthologous gene analysis

Given that the extent of LD is influenced by the intensity and duration of selection we
sought to investigate the relationship between the gene age and the extent of LD. Previous
studies have shown that gene age is associated with the strength of purifying selection
and the majority of human disease genes have an ancient evolutionary origin®%3). It has
been suggested that younger genes specific to mammalian lineage are underrepresented in
human disease genome and are subject to a more relaxed coding constraints leading to
a faster and more variable sequence evolution®®. In order to identify the relationship
between the extent of LD and the evolutionary divergence of the gene, overrepresentation
analysis of homologous gene clusters was carried out in Enrichr 494,

Analysis of genes across the first quartile (genes with strong LD, Q1) revealed signifi-
cant over representation of three homoloGene clusters. Homologous genes to Euteleostomi
clade (bony vertebrates) achieved the most significant overrepresentation p-value (adjusted
p-value= 8.56e-37, Z-score=-1.28, combined score= 110.17) followed by homologous genes
to Tetrapoda superclass (first four limbed vertebrates and descendants) (adjusted p-value=
1.14-9, Z-score= -1.18, combined score= 26.37) and Amniota (four limbed vertebrates that
can lay eggs on land) (adjusted p-value= 2.47e-3, Z-score= -0.98, combined score= 7.26).

Across the genes in the second quartile a significant overrepresentation of homologous
clusters was identified across genes common to Eukaryota (adjusted p-value= 9.98e-9, Z-
score= -1.38, combined score= 28.98) followed by gene clusters homologous to Boreoeuthe-
ria kingdom (placental Mammals) (adjusted p-value= 5.66e-7, Z-score= -1.19, combined
score= 19.35).

Two homologous clusters across the Q3 gene achieved significant overrepresentation
p-value. Genes homologous to Boreoeutheria (Placental Mammals) revealed the most sig-
nificant overrepresentation p-value (adjusted p-value= 1.01e-19, Z-score= -1.50, combined
score= 69.41) followed by gene clusters homologous to Euarchontoglires Superorder (su-
perorder of mammals including rodents and primates) (adjusted p-value= 0.04, Z-score=
-1.37, combined score= 6.60).

Ultimately, homologous clustering pattern across the last quartile (weak LD tail) re-
vealed a significant overrepresentation p-values across three gene sets homologous to Eu-
teleostomi (adjusted p-value= 8.56e-37, Z-score= -1.28, combined score= 110.17) followed
by genes common to Tetrapoda (adjusted p-value= 1.14e-9, Z-score= -1.17, combined
score= 26.37) and Amniota (four limbed vertebrates that can lay eggs on land) (adjusted
p-value= 2.47e-3, Z-score= -0.98, combined score= 7.26).

Overrepresentation analysis of orthologous genes across the quartile range of erpy
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score revealed an interesting relationship between the taxonomic age of the gene sets and
the extent of LD. The relative overrepresentation percentage across the orthologous gene
sets that reached significance indicates that genes with ey, py scores at the strong LD tail
(Q1) generally appear to have a more distant evolutionary origin whereas gene at the weak
LD tail seems to have been evolved more recently (Q4) (Figure 6.11).

The relative frequency percentage across the first quartile demonstrated extensive over-
representation of Q1 genes in lower taxa which gradually decreases toward the higher
primates (Figure 6.11). Conversely, gene sets across the fourth quartile (weak LD tail)
represent the highest relative frequency across homologous gene groups with intermediate
evolutionary origin. Finally, gene sets with e py size in the interquartile range (Q2 and
Q3) have higher relative frequency across younger homologous gene sets.

The higher relative frequency of intermediate ey py; size genes across the higher taxa
perhaps indicates that primate-specific genes in human are under moderate selective pres-
sures while genes with vertebrate-specific origins are under weaker levels of purifying se-
lection. Interestingly, previous studies into the rates of selective evolutionary pressure
across the human disease genes have revealed an attenuated selective pressure across the
homologous genes common to vertebrates®%5). This observation may explain why mod-
elling of some immune-related disorders (in which the causal genes have an eyppy score
within the interquartile range) in other vertebrates including rodents poorly mimic the
phenotype in human [, In other words, the reduced intensity of selective pressures on
vertebrate-specific homologous genes may explain the erratic overrepresentation of weak
LD genes across these clusters. Similarly, overrepresentation of intermediate ey py genes
across the homologous clusters specific to higher primates indicates the impact of active
selective sweeps on these genes.

Furthermore, given the role of gene duplication in mammalian speciation the reduced
extent of LD across more recent genes is consistent with the impact of gene conversion in
the erosion of LD. In fact, the impact of GC-biased gene conversion in the evolution of
mammalian genome is extensively documented, and it has been estimated to occur 10 times
more frequently than crossover in the human genome 7. The higher relative frequency of
intermediate ey py size genes across the mammalian-specific homologous cluster probably
reflects the collective impact of gene conversion and balancing selection acting on these
genes. Conversely, overrepresentation of genes with weak LD across taxa with intermediate
age perhaps reflects a more intricate process underlying species divergence.
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Homologous genes are generally categorised as orthologous and paralogouse genes.
Despite orthologous genes that evolve before speciation and maintain their ancestral func-
tion, paralogous genes are derived from gene duplication and usually lead to new function
within the species. Delineation of orthologous genes from paralogous genes may provide
further insight into the relationship between the extent of LD and gene age.

Taken together our result demonstrates that LD is more extensive across ancient genes,
and it has the most reduced extent across the vertebrate-specific homolog genes.

6.3.7 Relationship between gene groups and e;py quartile
range

The Pearson chi-square test of association between disease gene groups and gene specific
er,pu quartile range revealed that the group assignment of a gene is significantly associated
with its ey py quartile range (x?= 177.19, df = 12, p-value= 1.60e-31, Cramer’s V= 0.06).

To check whether group assignment of a gene can be predicted from its respective
er,py quartile, gene age, GC content and gene essentiality score, a multinomial logistic
regression model according to Equation 6.4 was fitted to the data:

; Prob(category;)
o

= Pi i i tent
Prob(categorygnp) Bio + Bi(geneage) + Bia(GCcontent) (6.4)

+ Bis(Essentialityscore) + Bis(erprquartilerank)

Given that ranked sum ey py score across END group is most significantly different
from the other groups, END was selected as the reference category in the model and
the probability odd ratios of other categories (i.e. MNC, CM, CNM and NDNE) were
calculated against the reference category. The fitness of the model was investigated using a
chi-square statistic measuring the difference in log-likelihood ratios between the final model
and a reduced model. Model fitting information confirmed the statistical significance of
the fitted model (%= 990.75, df = 24, p-value< 2.2e-16).

Inspection of model covariates (Table 6.7) revealed that gene age and essentiality score
are significant predictors of group assignment across all categories. Multinomial logit
estimates (B) for gene age across all groups was positive and significant revealing that
higher gene age scores (i.e. newer genes) are positive predictors of group assignment as
non-essential. The magnitude of this positive association was highest across NDNE genes
(p-value= 2.25e-47, OR= 1.57) and lowest across CM genes (p-value= 0.081, OR= 1.13).
Given that CM genes represent a very specific subgroup of HD genes with extended protein
network and higher expression level 91, reduced odds ratio for gene age association is not
surprising across this group.

Evaluation of logit estimates for essentiality score revealed a significant negative asso-
ciation between higher essentiality scores and group assignment as either human disease
(MNC, CM, CNM) or NDNE. This negative association is most significant across NDNE
genes (p-value= 1.37e-28) and least significant across CM group (p-value= 2.47e-04). De-
spite this, inspection of odds ratios across the four groups revealed that higher essentiality
scores are more protective against group assignment as either MNC or CM (both with
OR= 0.35) and have attenuated protective impact for group assignment as CNM (OR=
0.56) or NDNE (OR= 0.51).

The logit estimate for the GC content reached significance only for CM, CNM and
NDNE groups, but it did not reveal a significant directional association with group as-
signment across these groups when compared to END genes (OR~ 1).

Perhaps, the most interesting insight from the multinomial logit model was the rela-
tionship between gene groups and the ey py quartile rank. Inspection of model estimates
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Table 6.7: Model covariates for the fitted multinomial logistic regression predicting the relationship
between gene groups and ey py quartile range.

Parameter Estimates

Group Code B  Std. Error Wald df  Sig. Exp(B) 95% CI for Exp(B)
Lower Bound Upper Bound

MNC Intercept 4.473 0.88 25816 1 3.76E-07
Gene Age 0.148 0.046  10.463 1 0.001 1.159 1.06 1.268
GC Content  0.006 0.006 0.781 1 0.377 1.006 0.993 1.018
Essentiality —-1.062 0.156  46.574 1 8.82E-12 0.346 0.255 0.469
Q4 0.185 0.145 1.642 1 0.2 1.203 0.907 1.598
Q3 0.163 0.146 1246 1 0.264 1.177 0.884 1.567
Q2 0.546 0.137 15911 1 0.000066 1.727 1.32 2.258
Q1 0f 0

CM Intercept 4.04 1.618 6.23 1 0.013
Gene Age 0.125 0.072 3.035 1 0.081 1.133 0.985 1.304
GC Content -0.024 0.011 5.024 1 0.025 0.976 0.956 0.997
Essentiality —-1.062 0.29 13437 1 0.000247 0.346 0.196 0.61
Q4 1.406 0.245  33.032 1 9.06E-09 4.078 2.525 6.586
Q3 0.996 0.259 14.806 1 0.000119 2.707 1.63 4.495
Q2 0.486 0.282 2969 1 0.085 1.626 0.935 2.828
Q1 0t 0

CNM Intercept 4.699 0.494 90.352 1 1.99E-21
Gene Age 0.34 0.033 103.646 1 242E-24 1.405 1.316 1.5
GC Content -0.034 0.005 51.576 1 6.89E-13 0.967 0.958 0.976
Essentiality -0.584 0.083 48982 1 2.58E-12 0.557 0.473 0.657
Q4 0.669 0.098 46.802 1 T7.85E-12 1.953 1.612 2.366
Q3 0.275 0.101 7369 1 0.007 1.316 1.079 1.605
Q2 0.256 0.1 6.546 1 0.011 1.292 1.062 1.572
Q1 0f . 0

NDNE Intercept 5.715 0.368 241.031 1 2.34E-54
Gene Age 0.454 0.031 209.019 1 2.25E-47 1.575 1.481 1.675
GC Content -0.008 0.004 4.717 1 0.029862 0.992 0.985 0.999
Essentiality -0.672 0.061 123.029 1 1.37E-28 0.511 0.454 0.575
Q4 0.2 0.082 5944 1 0.015 1.221 1.04 1.434
Q3 0.121 0.082 216 1 0.142 1.129 0.96 1.327
Q2 0.198 0.081 6.036 1 0.014 1.219 1.041 1.429
Q1 0f 0

The reference category is: END
tThis parameter is set to zero because it is redundant.

for e;py quartiles revealed a significant association for at least one quartile in each cate-
gory of genes (Table 6.7).

Across MNC genes, erpy scores in the second quartile revealed to be a positive pre-
dictor for MNC genes (p-value= 6.603-05, OR= 1.72). Even though parameter estimates
for the third and the fourth quartile was also showing a positive association with group as-
signment as MNC, their associated p-value was not significant, and therefore their positive
association with MNC genes could not be established.

Inspection of parameter estimates for CM genes, revealed a significant positive asso-
ciation for er,py scores in the third (Q3) and fourth quartile (Q4) with CM genes. The
magnitude and the significance of this positive association identified to be higher for ey pys
scores in the Q4 range (p-value= 9.06e-09, OR= 4.07).

Similarly, across the CNM genes, e py quartile rank in the Q4 range revealed the most
significant positive correlation (p-value=7.85E-12, OR=1.2), although the e;py scores
in the Q2 and Q3 range were also showing a significant positive association but with
dramatically reduced significance.

Finally, the logit estimates for ey py quartile rank across the NDNE group was indica-
tive of two equally sized positive associations between the ey py scores and genes in this
group. The e py scores in the Q2 and Q4 range both revealed to increase the odds of
group assignment as NDNE by a factor of 1.2 (p-value ~ 1.50e-02). Perhaps one possi-
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ble explanation for this observation is the fact that NDNE genes comprise a substantial
heterogeneous group of genes (13,080 genes), in which a proportion of them might be in
fact involved in human disorders, but due to our limited knowledge of aetiological factors
outside the coding region of these genes, they have not been attributed to any Mendelian
or complex disorders yet.

6.3.8 Discussion

In this chapter, I investigated the LD structure across three SSA populations and described
the characteristics of LDU variation across different genomic features. Delineation of LD
structure both at the population level and the gene annotation level revealed several
interesting insights that I summarise here.

At a population level, LDU magnitude is revealed to be directly correlated with
the population history. The larger LDU map length for Bantoid populations (Zulu
and Baganda) in comparison to Ethiopian population was consistent with the proposed
model of ‘Bantu expansion’ across the sub-Saharan region 4851, Furthermore, the relatively
shorter map length for the Baganda population compared to Zulu was consistent with the
‘late-split” hypothesis for Bantu expansion. Given that decline of LD is directly related
to duration since the last effective bottleneck, the increased LDU scale across the Zulu
population supports the hypothesis of primary southward migration before secondary split
toward East coast. This insight revealed from the LDU maps is supported by the recent
analysis that confirms linguistic and genetic similarities between the two populations bet-
ter match the ‘late-split’ hypothesis*®5). On the other hand, reduced LDU length across
the Ethiopian population reflects the significance of this region as the principal migratory
route out of Africa. Admixture events are extensively documented across the Ethiopian
populations and provide the most compelling evidence for the observed higher LD extent
(Mb/Kb) across this population 58] (Supplementary Figure 8.18).

Despite differences in the LDU magnitude, the broad characteristics of the maps re-
vealed to be similar across the three populations. Nearly perfect correlation of Mb/LDU
rates across the three populations indicates that regions of high and low recombination
are broadly co-localised across the three populations, whereas reduced cross-correlation
coefficients between the maps at fine scales corroborate differential intensity of active re-
combination hotspots in different populations. The previous studies into the evolution of
recombination hotspots have revealed that PRDM9 motifs across the African populations
have higher allelic diversity and the probability of recombination across the genome of
these populations is fully dictated by PRDM9 hotspots 799590 Given population-specific
differences in the allelic diversity and frequency of PRDMY9 motifs, a great proportion of
intra-population LD variation at fine scale can be attributed to differential localisation
of these hotspots. This indicates that the longer LDU length across the Bantoid popu-
lations (Zulu and Baganda), compared to Ethiopian population, is not due to differences
in population history alone and in fact, the ethnic-specific frequency of hotspots need to
be considered. As discussed earlier, populations with West African ancestry tend to show
higher frequency of 17-mer PRDM9 motifs across their genome " and therefore it would
be reasonable to assume that the longer LDU length across the Zulu and Baganda popula-
tions primarily reflects the higher frequency of recombination hotspots across the genome
of Bantoid populations. Despite this, regions that demonstrate above average Mb/LDU
rate (recombination cold-spots) are common across different populations and are usually
centred at gene-desert regions of the genome such as 9q12.

Taking advantage of WGS data in the present study, we achieved the highest resolution
for delineation of LD structures at the fine scale. Consistent with the greater sex-averaged
recombination rate across small chromosomes 97, we identified a shorter extent of LD in
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small chromosomes. For example, while LD extends 24.36 Kb on chromosome 1, it only
extends 15.52 kb on chromosome 22 (Supplementary Table 8.22). Given that identified
pattern of LD in SSA populations broadly mirrors recombination rate variations across
autosomes 497 it would be reasonable to conclude that LD magnitude across SSA popula-
tions is predominantly determined by the intensity of recombination. In view of this, the
role of other evolutionary forces such as population history, selection and drift in defining
the pattern of LD appear secondary to the role of recombination.

Having established the prominent role of recombination in shaping the LD pattern at
the population level, we sought to investigate the LD variation across different genomic
regions. Here we demonstrated that LD is not only ~17% more extensive across genic
regions compared to non-genic regions, but also it is more extensive across exonic regions
of both coding and non-coding genes. Comparison of LD extent across exonic and in-
tronic regions of coding genes revealed that LD is ~53% more extensive across exonic
regions, whereas the difference in LD extension between the exonic and intronic regions of
non-coding genes is dramatically reduced (~7%)(Supplementary Table 8.22). This result
compared quite closely with earlier findings from the array-based LD maps, in which au-
tosomal genic regions are identified to have ~14% more extensive LD, The variation
observed in the LD profile of exonic/intronic regions for both coding and non-coding genes

confirm the greater intensity of selective constraints across exonic regions [511],

The observed heterogeneity in LD pattern at the gene level also has medical impli-
cations. Given that disease-associated recombination errors that lead to insertions or
deletions are more frequent near the recombination hotspots52, genic regions with es-
sential biological functions are depleted for recombination hotspots0. In fact, purifying
selection by limiting the evolution of PRDMY9 motifs across genic regions reduces the dis-
ruption of haplotypes that have an essential biological function. Despite the generally
suppressed recombination rate across genic regions, our result indicates a large degree of
heterogeneity in the LD profile of different gene ontology groups. Strikingly we identified
that genes expressed in the outer areas of the cell tend to have shorter LD extent, whereas
genes with essential functions in the cytoplasmic or nuclear areas represent more extensive
LD. This result is of particular importance especially given the role of recombination in
generating diversity across loci that are under varying intensity of selection over time. It
may be that there is a selective advantage for overrepresented ontology clusters in the
weak LD tail to undergo more frequent recombinations, as a more diverse reservoir of hap-
lotypes is better suited for the ever-changing environment outside the cell. In contrast,
overrepresented ontology groups at the strong LD tail are usually involved in essential
biological processes inside the cell where the environment is extensively stable and strong
purifying selection favours retention of ancestral haplotypes. Consistent with this spec-
ulation, Hussin et al. showed that regions of low recombination are highly enriched for
genes with essential functions 513,

Despite the suppressed recombination rate across essential genes, the evidence as to
whether recombination is mutagenic is conflicting. While more extensive LD across exonic
regions is suggested to reflect selection against recombination 481 higher proportions of
rare (MAF < 0.01) non-synonymous variants across low recombining regions of the genome
reflect the significance of Muller’s ratchet effect in the build-up of damaging mutations
across these regions®'3!. Given the complex relationship between recombination, mutation
and selection, the establishment of the relationship between the recombination rate and
disease pathogenicity across different regions of the genome remains challenging. The high
dimensionality of clinical NGS data complicates molecular diagnosis and confounds the
establishment of the disease-gene relationship. This problem is more pronounced when
genetic pleiotropy is in effect, and therefore LD inspired gene-specific information that
shows the interplay between recombination, mutation and selection might be useful for
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establishing the molecular diagnosis in clinical NGS applications 201514,

Using LD-specific gene structure across five categories of genes we have shown that
essentiality of a gene has a significant correlation with the extent of LD. Furthermore,
using a multinomial regression model we showed that genes associated with Mendelian
disorders are significantly associated with erpy scores in the second quartile, whereas
genes involved in complex disorders are more associated with ey py scores in third and
fourth quartile (Table 6.7). Taken together, using LD-specific structure (reflecting the
combined effect of selection and recombination) and gene essentiality scores (as a proxy
for functional importance) we show that disease-containing genes can be identified through
their characteristic LD structure.

The findings presented in this chapter demonstrate that LD structure not only at
chromosome level but also at genic and sub-genic level provides a reliable framework for
delineation of the interplay between selection, recombination and mutation.
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Chapter 7

Conclusion

In this thesis, I have explored applications of next-generation sequencing (NGS) at both
the individual and population level and attempted to investigate the possibility of applying
population-informed LD maps for a more precise delineation of the human disease genome.
In this final chapter, I reflect on the successes and the limitations encountered over the
course of my research and discuss the significance of findings for future research.

The primary objective of this thesis is to explore applications of NGS technology for
molecular diagnosis in rare disorders. To this aim, different aspects of analytical work-
flow for investigating whole exome/genome data has been discussed, and strategies for
improving the diagnostic credibility of WES/WGS results have been explored in Chapter
2. T have shown that designing and implementing an optimal pipeline requires meticulous
attention to numerous sequencing and variant calling parameters. When I started my
research, the best practice as to the choice of the optimal variant caller for short-read
sequencing was rather obscure, but active development in probabilistic models for variant
calling along with efforts for benchmarking pipelines enabled a standard frameworks to be
adopted in the field 59, Despite this, the best practice in relation to variant discovery is
subject to change. My approach for implementing the optimal pipeline for analysing NGS
data throughout my research was informed by careful benchmarking against the reference
set obtained from the Genome in a Bottle Consortium!'®!. T have shown that utilising
the GATK variant caller enables better precision and lower recall rate for identification
of SN'Vs, however recall rates for detection of INDELs still benefit from the use of joint
callers (e.g. Samtools and GATK). Identification of complex variants such as nearby SNPs
and INDELs are extremely challenging, and while GATK base-quality score recalibration
and realignment methods mitigate the rate of false positives in such regions, it might
overlook true variants in low-complexity regions. While merging callsets from different
variant callers improves false detection rate (FDR) for INDELs discovery 16, the greater
number of variants pose another challenge for delineation of causal mutation. Methods
for improved identification of INDELs and copy-number variants are under active devel-
opment, and indeed availability of long-read sequencing have already started to improve
CNV detection [517:518,519]

As has been shown, even trivial details such as software version have a great impact
on the total number and type of variants identified and therefore once a decision about
the optimal design of pipeline made, samples must be processed using a single stable
pipeline. As the performance of diagnostic pipelines continues to improve new insights
from previous unresolved cases are inevitable. However, there persist major limitations
that continue to dominate the field of NGS analysis in rare disorders. I discuss these
limitations in accordance with their relevance to each chapter.

From the methodological point of view, algorithms for annotating variants outside
coding regions are underdeveloped. Due to the popularity of WES in clinical diagnosis a
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great majority of annotation efforts have been concentrated on the coding region, and our
knowledge of annotation attributes for non-coding regulatory elements is limited. Despite
active and ongoing efforts for annotating regulatory elements (e.g. ENCODE project [520]),
the function of nearly all cis-regulatory elements in human health and development is still
unknown 1321, Causal variants in these regions might be easily overlooked due to the lack
of clear relevance to the phenotype at the time of analysis. Moreover, the accuracy of
methods that allegedly provide annotation to non-coding variants, such as CADD 74 and
Eigen 521 is not comparable to their accuracy for coding regions and their performance in
the non-coding region of the genome is open for debate 52!, This limitation is reflected by
the modest discovery rate (less than 4%) of de novo mutations in regulatory elements across
the 7,903 patients with severe undiagnosed neurodevelopmental disorders ascertained from
the DDD project(522. Based on this, identification of disease-associated mutations in
regulatory elements pose a greater challenge and require robust annotation tools to be
developed.

In Chapter 3, the potential of WES to provide a molecular diagnosis in three kin-
dreds ascertained for multiple cases of nephrolithiasis has been explored and segregation
of candidate variants proposed by WES analysis investigated in an extended number of
individuals from the families. While comprehensive exome analysis has been suggestive
of putative variants in at least two pedigrees, validation of these variants proved to be
challenging. Variants involved in late-onset disorders, such as adult-onset nephrolithiasis,
tend to escape the impact of purifying selection and therefore reach higher frequencies in
the general population. For analysing nephrolithiasis cases, we adopted a 2% threshold
for exclusion of common variants. While this threshold appears reasonably non-stringent,
there is a chance that we have missed more common variants that may underlie the disease
with reduced penetrance. There is emerging evidence that even in rare neurodevelopmen-
tal disorders that are primarily thought to be monogenic, at least 7.7% of risk variance
is attributable to common variants[45!l hence the polygenic transmission disequilibrium
test 278 appears to be a more robust method for studying nephrolithiasis. Applying this
method, however, requires a larger sample size, not only from affected patients but also
their parents and unaffected siblings. Given the biochemical heterogeneity underlying
nephrolithiasis ascertaining a granular cohort of patients with the same biochemical im-
pairment is practically challenging and requires a multi-centre effort. Besides, availability
of detailed clinical and biological information is key to a successful diagnosis. Cohorts
such as the one studies in this chapter are generally ascertained over many years, and
obtaining detailed and up-to-date clinical information from all patients across multiple
generations is difficult. Phenotypes like adult-onset nephrolithiasis would greatly benefit
from the availability of deep phenotyping and genomic data from the UK biobank co-
hort 5231, In particular, availability of urine, saliva and blood samples from the 500,000
participants and also their electronic health-record enables in-depth analysis of genetic
aetiology underlying nephrolithiasis.

Nevertheless, variants identified through WES analysis of kidney-stone patients im-
plicate novel pathways for disease pathology that was not predictable from biochemical
results. Recently, Hofherr et al.®?4 demonstrated the imperative role of SLC25A425 in kid-
ney development. This new insight may strengthen the case for causal role of SLC25A425
mutations in nephrolithiasis.

The application of WES in combination with WGS for molecular diagnosis of a severe
case of skeletal dysplasia has been explored in Chapter 4. Through the comprehensive
analysis of SNVs, INDELs and structural variants, we established a possible molecular
diagnosis of distal arthrogryposis 5D in the proband. The patient presents an interesting
case for the compound impact of recessive mutations in rare disorders. Due to the re-
strictive nature of short-read sequencing for identification of variants phasing statues, the
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index cases design is usually underpowered for detection of compound heterozygous muta-
tions. Although methods such as GATK Read-back Phasing are proposed for delineation
of variants phasing statues, they are restrictively applicable to variants that occur within
the same sequencing reads. Hence, resolving the phasing statues for variants that map too
far apart (longer than one read length) cannot be reliably established. In ambiguous cases
where analysis is primarily focused on the identification of a single penetrant mutation,
the compounding impact of heterozygous mutations can be easily overlooked. This per-
haps explains why the proportion of cases attributable to recessive coding variants across
the DDD patients (~3.6%) is significantly lower than the proportion of patients identified
to be influenced by dominant de novo mutations (~49.9%)54. One may speculate that
the high proportion of unexplained recessive disorders even across families in the DDD
database indicates the possibility of under-diagnosed cases for compound mutations.

The patients studied in Chapter 4 and Chapter 5 present a typical dilemma in analysing
rare disorders. Rare disorders are notoriously known to exhibit an extensive phenotypic
heterogeneity even among patients who carry the same disease-causing variants4?1). A
portion of differences in the phenotypic presentations of the disease can be attributed
to the role of modifying variants51 and the patients ethnicity 4%, In the absence of a
consistent framework for documenting phenotypic details, establishing phenotypic simi-
larity between cases is difficult. Besides, many rare disorders share extensive phenotypic
similarities that complicates clinical diagnosis. More recently, the introduction of the
Human Phenotype Ontology (HPO)[525} enabled standardization of phenotypic descrip-
tions in rare disorders. Methods developed for comparing HPO-coded profiles of patients
against known disease facilitate differential diagnosis and enable a systematic evaluation
of rare disorders®26:527:528]  Degpite the successful application of HPO terms in large
international projects such as the Matchmaker Exchange consortium[®?% and the DDD
project, its widespread use is still limited. This limitation specially applies to patients
from outside the UK who were phenotyped before the introduction of HPO terminology.
Wherever possible, I attempted to convert descriptive phenotypic informations to stan-
dardised HPO terminology, however the lack of detailed phenotypic information, especially
in the Colombian cohort, rendered this task difficult. For example, the broad term of intel-
lectual disability and developmental delay (ID/DD) comprises a large subcategory of the
motor and neurological deficits that range from mild to severe forms, each with individual
HPO designation. The absence of in-depth descriptive information about the nature of
ID/DD in patients hampered the application of HPO similarity tests[530:453) i this cohort.

In Chapter 5, I demonstrated that how the adoption of the proprietary ¥; score for
ranking variants, has facilitated diagnosis in some exome-negative cases. The large num-
ber of variants identified through NGS analysis is prohibitive for molecular diagnosis and
efficient filtering and prioritisation strategies are required for identification of causal vari-
ant(s). The difficulty in the delineation of causal variants from a large background of
noise (unrelated variants) is specifically exacerbated when a definite clinical diagnosis is
missing. In such cases, inaccurate clinical diagnosis can effectively mislead the genome
analysis and result in negative reports. This situation demonstrates yet another challenge
involved in the NGS analysis of rare disorders. A typical genome from a healthy individual
harbours at least ~100 LoF variants which are not related to any disorders %31, Moreover,
the performance of annotation tools in prioritising pathogenic variants is highly context-
dependent and widely varies depending on the disease phenotypel®32. To overcome this
issue, I devised a hypothesis-free framework for ranking pathogenic variants based on the
cumulative pathogenicity burden of novel variants identified in each patient. This prac-
tice is fully in compliance with the American College of Medical Genetics and Genomics
(ACMG) guidelines that demands pathogenicity predictions be consulted from multiple
tools¥33. The successful validation of Kabuki syndrome diagnosis in a patient with avail-
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able photographs demonstrates the robustness of this method for molecular diagnosis. It
is worth reiterating that establishing the molecular diagnosis, without access to up to date
and in-depth phenotypic information, is practically impossible.

While variant-level attributes such as conservation and pathogenicity scores help to
identify disease-associated variants, it does not provide any insight into the spatial dis-
tribution of these putatively causal mutations across the genome. Recent population
expansions resulted in an excess load of rare variants across the human genome 534 how-
ever only a fraction of these mutations are pathogenic. Delineating the disease genome,
which is defined as set of genes containing coding and regulatory variation that contribute
to disorders, relies on better understanding of the interplay between selection, recombi-
nation and mutation. This complex relationship is reflected by the pattern of linkage
disequilibrium (LD) and may have a close relationship with the disease genome (513514,

In Chapter 6, I have used fine-scale LD maps to investigate the relationship between
genome-wide LD patterns and the disease-genome. Extended population history in the
sub-Saharan African populations enables delineation of LD patterns at an unprecedented
resolution. Using WGS data from the 295 individuals from the three major SSA popula-
tions I constructed the LD maps according to the Malecot model and demonstrated that
map lengths in the SSA populations correlate quite closely with the proposed model for
Bantu expansion across Africa.

I also investigated the extent of LD at various genomic levels and demonstrated that
LD is about ~17% more extensive in genic regions. Fine-scale comparison of the LD
extent at sub-genic level revealed that LD is also more extensive in the exonic regions
(up to 52% for protein-coding genes and about 7% in ncRNA genes). The general trend
revealed from the African genome compares quite closely with scale-corrected LD extent
in the Caucasian population®?) and demonstrates the greater intensity of selection 535482
and suppressed recombination in genic regions®'3.

Even though LD is generally more extensive in genic regions, I demonstrated that
there is substantial heterogeneity between gene ontology groups. It appears that ontology
groups overrepresented in the strong LD tail are enriched for genes with nuclear functions
(e.g. RNA synthesis and processing), whereas ontology groups in the weak LD tail are
comprised of genes that primarily function in outer areas of the cell (e.g. extracellular
matrix organisation). Since LD is primarily influenced by recombination, one may specu-
late that higher recombination rates are favourably selected among genes that experience
varying degrees of selective pressures over time. Higher haplotype diversity rendered by
an increased recombination rate across, for example, sensory or immune-related genes
provides a more diverse population that is better adapted to cope with the ever-changing
environment.

I also attempted to investigate the relationship between the gene-age and the extent of
LD in genes identified to have a homologous counterpart in different taxa. I observed that
genes with strong LD are overrepresented in lower taxa, whereas the weak LD genes tend
to be overrepresented in vertebrate-specific genes. The fact that younger genes represent
an intermediate LD extent perhaps underlies the varying intensity of selection that acts
on these genes. This is an interesting result, as one may speculate that genes with inter-
mediate LD signify recently evolved functions that are specific to higher taxa. It is worth
mentioning that my approach to investigating the relationship between the gene-age and
LD extent was quite exploratory and further analysis through simulation, is required to
corroborate this relationship. Since a great deal of primate evolution is driven by Alu re-
peats536:937 herhaps a more interesting project would be investigation of the relationship
between the LD extent and evolutionary history of dispersed Alu repeats in the genome.

In the final analysis, I attempted to study the association between the gene-specific
LDU size and gene-group assignment as either essential non-disease (END), Mendelian
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non-complex (MNC), Complex non-Mendelian (CNM), Complex-Mendelian (CM) and
Non-disease non-essential (NDNE). To do this, I adopted a multinomial regression method
that models gene-group assignment as a covariate of gene-level annotation attributes such
as gene age, GC content, gene essentiality score and erpy quartile rank. Using this
model, I demonstrated that gene age and essentiality scores are significant predictors of
group assignment across all categories. Inspection of model estimates for erprr quartile
rank revealed that e;py scores in the lower band are generally positive predictors for
END and MNC genes, whereas ey py scores in the upper band are generally associated
with CM,CNM and NDNE genes. Taken together, this suggests that LD might be useful
for the identification of disease-conferring genes. While the work described in Chapter 6
has revealed interesting insights about the relationship between the LD extent and gene
attributes such as gene age, ontology essentiality and involvement in the human disorders,
a number of questions remained to be answered. The most important question perhaps
relates to the annotation attributes that explain the extent of LD at fine-scale. While I
used regression residuals to account for the LDU variance attributable to the gene-size, it
is clear that gene-length alone only partially explains the variance in the LDU size. Given
the non-random distribution of recombination hotspots throughout the genome, probably
a model that accounts for additional annotation attributes such as GC-content, distance
to nearest recombination hotspot and distance from the centromeres to name a few, would
generalise better and provide a better explanation for LDU variance at fine scale.

In conclusion, research detailed herein demonstrates the current status of NGS analy-
sis in the field of rare disorders. Rapid advances in the sequencing technology along with
developments in computational methods are changing the foreground of genomics. Many
limitations of NGS technology attributable to short-read lengths are being resolved by new
methods such as the 10X linked-read technology 38l or long-read sequencing®39. Adop-
tion of these methods by a greater number of diagnostic and research laboratories around
the world promises a hopeful future for delineation of human disease genome. Soon, multi-
layered frameworks that utilise the wealth of data from multiple high-throughput resources
will be commonplace in the field of clinical genetics. It is an exciting time for studying
genetic disorders since the impact of plausible variants revealed from NGS analysis can
be tracked down through multiple layers of data including patients’ transcriptome, mi-
crobiome and metabolome. This, in combination with advances in genome engineering
technology and improved drug design, holds promise for enhanced diagnostic precision
and treatment refinement for many genetic disorders.
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Figure 8.1: Venn representation of prioritised genes for variant analysis. Genes that are covered by
both HGMD and OMIM database in the context of nephrolithiasis is represented in the overlapping
region and considered among the tier-1 gene list
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Table 8.6: Rare variants identified across tier analyses in family A.

Chr. LBP Gene Variant Nucleotide Protein PolyPhen2 Gerp+-+ MAF in MAF in MAF in EXAC  SED p.A-1 p.A-23 p.A-30
Type 1000 Genomes ~ EVS (n=60,706)  (n=460)
1 16355728 CLCNKA B ¢ T1161G p.L38TL - 0.01 - - 033 = het o
(RD=22) (RD.=17) | (R.D.=16)
1 16354500 CLCNKA s ¢ AQUT p.Y315F 0.893102 2.11 0.18 0.215 0.207 9.58.167 het o het
(RD.=78) (RD.=9) | (R.D.=82)
1 16355287 CLCNKA s ¢.C1000G p.L334V 0.216257 -1.21 0.01 0.03 0.022 0,22,22 * o het
(R.D.=109) (R.D.=122) | (R.D.=135)
1 16378739 CLCNKB s ¢.G1455A p.A485A - 0.022 0.0301 0.027 019,19 * o het
(R.D.=30) (R.D (R.D.=24)
1 21809750  NBPF3' s ¢.G1563C p.Q521H - - - - 162,11,173 hom hom hom
(RD=8)  (RD.=8) | (R.D.=8)
1 156354355 ~RHBG fsd €.1271delC p.P424fs - - - 0.00003 23,10,33 hom X 3
(R.D.=117) | (R.D.=128)
1 154938954  SHC1 s ¢.G693A p.E231E 0.02 0.032442 0.03151 0,26,26 het & &
(R.D.=28)
1 21571475 ECE1 sp €1278+7C; T . 0.01 0.031163 0.02344 2,29,31 het i het
(R.D.=54) (R.D.=52)
1 154938214  SHC1 s ¢.G1098C D.S366S . 0.01 0.043488 8.33E-06 1,27,28 & het ©
(R.D.=30)
2 71187104 ATP6VIBL  ns c.G481A p.E161K 0.999172 412 0.02 0.021 0.0306 1,16,17 & het o
(RD.=89)  (R.D.=90) | (R.D.=108)
2 216251538 FN1 ns ¢.C4213T p.R1405W 0.999392 1.82 0.0046 0.00814 0.0049 0,7,7 het & &
(R.D.=65) | (R.D.=63)
2 220499233 SLC4A3 s ¢.G1653A p.P551P - - 0.00104 0.00108 00,0 & o
(RD.=47) | (R.D.=72)
2 40392095  SLC8A1 ns ¢.A2053G p.S685G 0.997982 5.28 - - - 0,00 het
(R.D.=66) | (R.D.=70)
2 96730997 ADRA2B nfi €.891.892ins p.E298delinsEEEE . . 143,142,285
GAAGAGGAG
‘ 2 170080934  LRP2 s ¢.G5085A p.S16955 . 0.01 0.016047 111,12
2 170100011  LRP2 s ¢.C3452T p.P1151L 0.994071 4.67 0.01 0.006279 0.009917 033
‘ 2 191862937  STATL sp ¢.633+6T; A . 0.0005 0.004538 0.002094 0.1,1
2 170145661  LRP2 sp €.923-6G; A . 0.0046 0.008023 0.01159 06,6
‘ 3 190106074 CLDN16 fsd ¢.166delG p-A56fs - - - 0.000008 20,136,156
3 38316517 SLC22A13 s ¢.C675T p.A225A - 0.0032 0.0037 = 01,1
‘ 3 52833881 ITIH3 s ¢.C1019T p.T340M . 0.01 0.044418 0.02665 2,37.39
4 10027519  SLC2A9 sp .63+9;, - - - - 2,02
TTTTTTTTC
‘ 4 187455399 MTNRIA s ¢.GA9TA p.G166E 0.997169 1.39 0.01 0.016 - 06,6
4 983612 SLC26A1 s ¢.G1115A p.R372H 0.998371 3.82 0.01 0.0086 0.0251 088
‘ 4 2877619 ADD1 sp
5 32710896 NPR3 sp c121+7G A 0.01 0.01616 013,13
‘ 5 142779317  NR3C1 s ¢.A83G p.N28S 0.976987 3.5 0.01 0.030581 0.02076 0.27.27
5 176831085 F12 ns ¢.C1025T p.P342L 0.007516 -10.1 0.0014 0.00154 0.00112 0,0,0
6 25689391 SCGN sp €.528-9-;, - - -
ATTTTTTTTTTT
6 25653667 SCGN ns ¢.A140G pKATR 0.973395 3.87 - - - 0.0.0
‘ 6 25556962 LRRCI6A ns ¢.C2626T p.P876S - 0.0014 0.00072 0.001 02,2
6 151672185 AKAP12 ns ¢.A2659T D.S887C 0.975398 3.07 0.01 0.033372 0.02319 2.28.30
6 151674121 AKAP12 ufi . p.D1532delinsED . . 279,145,424
insGGA
6 151671747 AKAP12 ns ¢.A2221C p.STAIR 0.917402 3.8 0.0032 0.003256 0.005734 0,1,1
‘ 6 136882715 MAP3K5 s ¢.G3043A p.D1315N 0.998946 437 0.0037 0.009302 0.006569 0.9.9
6 39159407 KCNKS5 s ¢.CT59T p.H253H . 0.01 0.019767 0.0166 0,21,21
‘ 6 44216483 HSP90AB1 s ¢.C117T p.F30F . 0.01 0.007907 0.008319 06,6
7 30795466 INMT stp_los ¢.G791C p.X264S 0919282 0.413 0.02 0.036 0.02492 1,20,21
‘ 7 30051658 AQP1 s ¢.C134T p.Ad5V 0.78671 -0.0543 0.02 0.04 0.026 024,24
7 138453908 ATP6VOA4  sp €.196+10;, - = E = 380,38
T
‘ 8 92316523 SLC26AT s ¢.AGI3G pI215V 0.982422 149 0.02 0.03 0.025 124,25
8 00796369  RIPK2 sp . . . . 0.03694 022
‘ 9 140127725 SLC34A3 s ¢.C625T p.L209L - - 0.006 0.00003 05,5
9 140128858 SLC34A3 sp €.1094-10T; A - 0.14 0.11 0.1343 569,74
‘ 9 139235485  GPSMI1 fd .1242delC p.P414fs 2,101,103
9 130868670 SLC25A25 s ¢.G1047C p.Q349H 0.999532 5.08 0.0018 0.002209 0.002637 022
(R.D.=48)
‘ 10 7759650 ITIH2 s ¢.G529A p.VITIM 0.999479 4.99 0.0009 0.005116 0.002908 05,5 o i het
(RD.=12)
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Chr.  LBP Gene  Variant Nucleotide Protein PolyPhen2 Gerp++  MAFin  MAF in MAF in EXAC  SED p.A-1 p.A-23 p-A-30
Type 1000 Genomes ~ EVS (n=60,706)  (n=460)
11 64577147  MEN1 s c.C435T  p.S145S - 0.02 0.035 0.02862 0,39.39 g W het
(RD.=57) | (RD.=77) | (R.D.=65)
11 46751059 F2 s ¢.GI602A  p.P534P = 0.01 0.024 0.01612 0,16,16 het het &
(RD.=51) | (R.D.=55)
11 67811321  TCIRG1 ns cGT54C  pA232P  0.999414 46 - - - 013,13 * het
(RD.=28) | (R.D.=30)
11 77034400 PAK1 ns . A1606G p.I536V. . 0.0005 . 8.33E-06 0,0,0 & &
11 17150917 PIK3C2A ns .G2329A p.DT7TTN 0.999392 5.82 . 0.000815 0.000833 0,0,0 & het &
(R.D.=34)
11 637391 DRD4 nfd ¢.76_87del p.26-29del . . . B 0,30,30 & < het
(R.D.=6)
12 48240233 VDR s ¢.C1059T  p.A353A - 0.0009 0.00325 0.00339 033 * * het
(R.D.=40) | (R.D.=45) | (R.D.=65)
12 50344652  AQP2 s ¢.G39A p.VI3V = 0.0027 0.0069 0.0058 055 % * het
(RD.=42) | (R.D.=42)
12 6472600 SCNNIA  sp  c8614+9C;T - 0.0014 0.0057 0.0145 0,00 * het
(R.D.=11)
12 101573812 SLC5A8 s ¢.T1228C p.L410L - 0.01 0.0356 0.027 0,21,21 &
(R.D.=58)
12 117768346 NOS1 ns .G529A p.G177S 0.897205 1.99 - 0.00012 0.000008 0,0,0 e
12 117705934 NOS1 ns c.A1855T p-M619L 0.996509 4.18 0.0014 0.0048 0.0026 02,2
15 52433397  GNB5 s cGB6TA  p.KISIK . 0.02 0.036921 0.02666 2,23.25
15 52446260 GNBS s G224 pASIA 0.02 0.036921 0.02703 *
16 216062  PKD1 ns ¢.G4546A  pAISI6T  4.24E-04 -5.82 0.0023 0.0071 0.00608 022 %
(R.D.=6)
16 2143865  PKD1 s ¢.C10765T  p.L3589L = 0.01 0.03344 0.04416 2,24,26 %
(R.D.=49)
16 2140972 PKD1 s .C11913T p.R397IR - 0.01 0.0276 0.02488 2,20,22 ki
(R.D.=51)
16 56901062 SLC12A3 ns .G363C p.E121D 0.999612 3.94 - 0.0011 0.00077 0,0,0 het
(R.D.=42)
17 26816369 SLC13A2 sp €.231+9-,C - - - 0.000016 73,211,284 hom
(R.D.=50)
18 18533532 ROCKL sp o cA0614TA,T . . 0.029516 0.009133 0.9.9 het
(R.D.=56)
19 580710 BSG s ¢.G180A p.L60L - 0.02 0.0372 0.025 028,28 het * &
(R.D.=114) | (R.D.=124) | (R.D.=129)
20 43535058 YWHAB s ¢C720T  p.D240D 0.0009 0.000233 0.000256 0,00 % * het
(R.D.=8)
20 57415812 GNAS s . T651A p.R217] - 0.01 0.0082 0.0059 0,77 & het &
(RD.=66) | (R.D.=50) | (R.D.=41)
X 153587448 FLNA ns c.C4 p.P1460S 0.96666 2.88 . . . 0,0,0 het & 4
(R.D.=61)

The traffic light colour code corresponds to zygosity of variants. Homozygous reference
variants are identified in green, heterozygous variants in red and homozygous alternative
variants in orange.
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Table 8.7: Rare variants identified across tier analyses in family B.

Chr. LBP Gene Variant Nucleotide Protein  PolyPhen2 Gerp++ MAF in MAF in  MAF in ExAC SED p.B-1 p.B-32 p.B-T1
Type 1000 Genomes ~ EVS (n=60,706)  (n=460)
‘ 1 21809750  NBPF3 s ¢.G1563C p.Q521H - - - - 162,11,173
1 156347121  RHBG s c.G217A p.V73M - - 0.0008 0.0008 00,0
‘ 1 16355728  CLONKA s ¢ T1161G p.L38TL - 0.01 - - 033
1 167792356  ADCY10 s .03599T p.P1200L 0158114, -1.31 0.02 0.04 0.029 029,20
‘ 1 167787307  ADCY10 sp c.A482+3G A - 0.01 0.003 0.006 0.1.1
1 86891073  CLCA2 ns ¢.G238A Pp-VS0I 0.926891 3.37 0.02 0.042134 0.03036
‘ 1 86061201  CLCAL ns ¢.C2046G PNGS2K  0.001815 -10.1 0.0046 0018605 0.012 088
1 204423811 PIK3C2B s 02052 16841 0.02 0.034186 0.0308 0,19,19
‘ 1 21571475 ECE1 sp € 1278+7C; T 0.01 0.031163 2,29,31
2 SLC3A1 s c.G1126A p.G3765  0.999422, 491 0.0009 0.0005 0.0004 00,0
‘ 2 113404974  SLC20A1 s ¢ A408C D.AL36A - 0.004 0.01 0.007 044
2 216272025 FN1 s c.G2338A P.S8468 - - - 0.00004 0,0.0
‘ 2 216251538 FN1 ns €.C4213T P-RI405W  0.999392 182 0.0046 0.0081 0.0049 07,7
2 216236712 FN1 ns c.AG091G pI2031V 0.999155, 44 0.02 0.02 0.016 018,18 o
(RD.=94) (R.D.=67) (R.D.=70)
2 220505237  SLC4A3 s <.C3363T p.S11218 - 0.0009 0.001 0.00074 033 o g het
(RD.=103) (R.D.=79)  (R.D.=86)
2 96780997 ADRA2B nfi ©.891_892ins p.E298del . . 143,142,285 het het het
GAAGAGGAG insEEEE (RD.=103)  (R.D.=91)  (R.D.=92)
2 45879305  PRKCE s .C66T p.A22A . 0.02 0014425 0.0139 044 het a het
(R.D.=130) (R.D.=105)
3 190106074 CLDN16 fsd .166delG D.AB6fs - - - 0.000008 20,136,156 het a *
(RD.=66)  (R.D.=62)  (R.D.=50)
3 52833881 ITIH3 s .C1019T .T340M . 0.01 0.044418 0.02665 237,30 * het het
(RD.=26)  (R.D.=T75)
4 72433545  SLC4A4 ns €. A3220C pI1074L - 0.16 0.186 0.26 23,123,146 het, het, het,
(RD.=20) (R.D.=13) (R.D.=13)
5 176825069 SLC34A1 ns ¢.C1702T: pH568Y  0.105189, -2.88 0.01 0.033 0.022 128,29 3 2 het
(RD.=100) (RD.=76) (R.D.=80)
5 176813231  SLC34A1 nfsd €.272.292del .91.98del - - - = 12324 < < het
(RD.=122) (R.D.=74) (R.D.=59)
5 137801600  EGRI s .C150A p.G50G - - - - 0,00 het o ®
(RD.=101) (R.D.=67) (R.D.=81)
5 142779317 NR3ClL s ¢ A83G p.N28S  0.976987 35 0.01 0030581 0.02076 027,27 o o
6 25680391  SCGN sp €.528-9-;, - - - - 57,057 hom
ATTTTTTTTTTT (R.D.=56)
6 160679518  SLC22A2 s cG272A pROIH  0.23987,  -0.609 - 0.0001 0.00003 00,0 *
(R.D.=56)
6 44220830 HSP9OABL s ¢.C1695T p.D365D . 0.0018 0.006628 044 het
(R.D.=43)
6 39162068  KCNK5 ns ¢.G511A pVITIL  0.998817 5.2 0.0009 0.001047 0.001023 01,1 o
‘ 6 134583262 SGKI ns ¢ A9G pM32V 0.01 0.010329 017,17 o
6 151670656  AKAP12 s < T1130C D.V3TTA  0.95695 38 0.0027 0008256 0.006506 06,6 o
‘ 6 76550348 MYO6 s <.C600T p.N200N 0.0005 0.000581 000009962 01,1 o
6 151672573  AKAP12 s .C3047T p.TI0161  0.998412 3.6 0.0023 0.001744 0.001363 000, a
6 151674121 AKAP12 nfi 45954506 p.D1532 . . . 279,145,427 hom hom hom
insGGA delinsED (RD.=167) (RD.=102) (R.D.=125)
7 107423773 SLC26A3 s .C996T p.D332D - 0.0046 0.0020 0.009 044 * * het
(RD.=66)  (R.D.=47)  (R.D.=68)
7 107427322 SLC26A3 ns ¢ T921G: p.C30TW  0.999107. 5.08 0.02 0.0456 0.04251 154,55 3 3 het,
(R.D.=105) (R.D.=65) (R.D.=81)
7 138453908 ATPGVOA4 sp €.196410-, - - - - 38,0,38 * hom *
[PPIITTRITTID (RD.=20) = (RD.=20) (R.D.=30)
7 79840384 GNAIL s ¢.C690T PY230Y 0.0005 0.002209 0.00147 0,00 o het ®
(R.D.=87)
7 150698349  NOS3 s c.G1264A PA422T  0.999084 458 0.0018 0004884 0.003881 06,6 o o het
(R.D.=19)
8 38287213 FGFR1 s c.C345T p-S1158 - 0.01 0.006 0.008 0,00 het o het
(RD.=40)  (RD.=25)  (R.D.=50)
8 26721888  ADRAIA s ¢ T599G pI200S  0.998437 5.07 0.02 0024535 0.02458 020,20 G het het;
(RD.=92)  (R.D.=T75)
10 64416221 ZNF365 s ¢.G45TA PVIS3L 0850042 0323 - - 0.00004 0,0.0 * het *
(RD.=71) (RD.=56) (R.D.=81)
11 67810414  TCIRGL s . T419C p.LI4OP 005649, -0.428 - - - 0,0.0 het het &
(RD.=32) (RD.=19) (R.D.=21)
11 17112977 PIK3C2A s . A4T82G p.P1594P . 0.0032 0.007685 0.004556 0.2.2 het 3 2
(R.D.=82)
11 80 DRD4 nfd ¢.76_87del P-2629del 3 5 0,30,30 het 5 o
(R.D.=11)
11 113287694 DRD2 s ¢.G423A p.L14IL 0.01 0039223 0.0286 027,27 o het, het
(R.D.=36)  (R.D.=33)
12 50344652 AQP2 s ¢.G39A p.VI3V - 0.0027 0.006 0.0058 055 o het g
(R. (R.D.=35)
12 6438350  SCNNIA s . T1546C p.WHI6R 0998129 488 0.01 0.02 0.018 1,15,16 a het
(RD.=12)  (R.D.=16)
12 113727960  TPCN1 s .C2040T p-RGSOR - 0.0023 0.007 0.009 022 het
(RD=7)  (RD.=6)
12 58158558 CYP27B1 s €.G942A p.L314L - 0.02 0.03 0.023 026,26 * het
(R.D.=78)
12 49168506  ADCY6 ns ¢.G2134T pVTI2L  0.977146 2555 . . . 0,0.0 het,
(R.D.=17)
13 42733399  DGKH sp €.623-3-; - - - - 0.0.0 3 hom 2
TTTTTTTTTTTTTTT (RD.=19) = (RD.=18) (R.D.=25)
15 52433397  GNB5 s ¢.G56TA p-KI89K 0.02 0036921 0.02666 223,25 o het @
(R.D.=81)
15 52446260  GNB5 s ¢.G252A PASIA 0.02 0036921 002703 224,26 o het ®
(R.D.=25)
16 2147371 PKD1 s .G10351C p.G3451R  0.004436, -6.39 - - - 0,00 a het @
(RD.=53) (RD.=37) (R.D.=64)
16 2143865 PKD1 s .C10765T D.L3589L - 0.01 0.03 - 224,26 a het &
(RD.=45) (RD.=32) (R.D.=47)
16 2140972 PKD1 s ¢.C11913T p.R397IR - 0.01 0.02 0.024 2,20,22 * het *
(RD.=32) (R.D.=47)
17 26816369  SLC13A2 sp €.231+9-,C - - - 0.00001 73,211,284 hom
(RD.=50) (R.D.=55)
17 80193938  SLCIGA3 s c.CHA p.GI8G - - - 0.00002 0.0.0 het 2
(RD.=33) (R.D.=33)
17 43364204 MAP3K14 u UNKNOWN hom hom
(RD.=64)  (R.D.=75)
17 19284899 MAPK7 s <.C1377T V459V 0.000698 0.0002315 01,1 het
(R.D.=62)
17 42333071 SLC4AL s c.GITT0A -K590K - 0.01 0.021 0015 g het
(RD.=21)  (R.D.=16)
19 580710 BSG s ¢.G180A p.L6OL - 0.02 0.03 0.025 @
(R.D.=99)
‘ 19 33183575 NUDTI19 s ¢ T709A PY23TN 0940848 2.69 . 0.001093 0.000649 033 het
(R.D.=8)
X 49854843  CLCN5 s ¢.C1815T 16051 - - - 0.00001 00,0 hom * *
(RD.=40) (RD.=62) (R.D.=79)
‘ X 132826404 GPC3 ns c.G1285A p.VA20M 0998019 472 0.01 0.003716 0.005827 0.0.0 g het, 2
(R.D.=25)
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Table 8.8: Rare variants identified across tier analyses in family C.

Chr. LBP Gene  Variant Nucleotide Protein PolyPhen2 Gerp++  MAFin  MAF in MAF in EXAC  SED p.C-3 p.C-8 P.C-34
Type 1000 Genomes ~ EVS (n=60,706)  (n=460)
‘ 1 86961291 CLCA1 ns ¢.C2046G p.N682K 0.041 -10.3 0.0026 0.013 0.012 0.0181
1 86891073 CLCA2 ns c.G238A p.V80I 0.015 3.08 0.016 0.031 0.0304 0.0327
‘ 1 16355287 CLCNKA s c.C871G p.L291V 0.015 -1.2 0.01 0.021 0.0224 0
1 43204109 CLDN19 ns ¢.C371T p.A124V 0 0.671
‘ 1 21806667 NBPF3 ns ¢.C1122G p.D374E 0.001 -1.32 0.13 0.0851 0.1514
1 21806710  NBPF3 ns ¢TI165G  p.L389V 0 -1.32 . 0.14 0.2165 0.2053
‘ 1 204434438  PIK3C2B ns .C943T p.R315W 0.711 3.35 0.018 0.039 0.0393 0.0404
1 205800810  SLC26A9 ns C.GI939A  p.G6ATS 0 427 . . 0.0001
‘ 2 96781257 ADRA2B ns .G632C p.G211A 0.005 1.06 0.017 0.041 0.0362 0
2 170129547 LRP2 ns ¢.G2006A p.G669D 0.899 1 0.015 0.025 0.0285 0.0269
‘ 2 113416643  SLC20A1 ns ¢.G1020C p.E340D 0.004 3.69 . . 1.22E-05
2 39249741 SOS1 ns c.A1828G pI610V 0.98 5.78 . 8.28E-06 4.08E-06
‘ 2 31593265 XDH ns ¢.A1936G p.I646V 0.026 0 0.019 0.025 0.0249 0.0058
3 179143945 GNB4 ns c.G44A p.R15Q 0.027 5.26 0.0002 6.60E-05
‘ 4 983612 SLC26A1 ns c.G1115A p.R372H 0.082 3.36 0.0072 0.0063 0.0251 0
5 149360877  SLC26A2 ns c.T1721C pI574T 0 4.37 0.99 0.9928 0.9931
‘ 5 176824011 SLC34A1 ns ¢.C1352T p.T4511 0.934 5.39 0.0001 7.49E-05
5 176825069  SLC34A1 ns ¢.C1702T p.H568Y 0 0.517 0.0088 0.025 0.0227 0.0364
‘ 5 475104 SLC9A3 ns ¢.T2368C p.CT90R 0 3.84 0.87 0.8253 0.8144
6 51920485 PKHD1 ns c.C1736T p.T579M 0.999 3.74 0.013 0.026 0.0246 0.0245
‘ 6 51774082 PKHD1 ns . AGG81T p.R2227S 0.006 4.63 . . 0
6 134583262 SGK1 ns c.AYG p-M32V 0.016 0.683 0.0064 0.0079 0.0125 0.0105
‘ 7 150693567 NOS3 ns ¢.G346C p.G116R 0.571 -0.454 . . . 0
8 26636918 ADRAIA ns c.A913G p.N305D -1.55 0.0068 0.0081
9 117354865 ATP6V1G1 ns c.A116C p.E39A 0.004 4.54 0.0012 0.0027 0.0046 b b het
(R.D.= 17)
9 139222174  GPSMI1 ns . T23C p.V8A . . 1 0.9986 hom hom hom
(RD.=15) | (DP.=19) | (D.P=16)
9 140128582 SLC34A3 ns c.Co47T p.T316M 0.475 -0.567 B . 0.0003 0.0002 het * *
(R.D.= 19)
12 48132062 RAPGEF3  ns ¢.C2299T  p.PT6TS 0.556 466 . 0.0001 L67E-05 3.31E-05 het & &
(R.D.= 32)
12 6463637 SCNN1A ns .G1504C p.E502Q 0.422 4.95 & het K
(R.D.= 18)
12 6472752 SCNN1A ns ¢.C718T p.R240W 0.764 0.872 0.0072 0.012 0.0202 & & het
(R.D.= 39)
12 113715138 TPCN1 ns .G949T p.A317S 0.1 5.25 0.0008 0.001 S s het
(R.D.= 56)
16 23360165 SCNN1B ns ¢.C245G p.S82C 0.905 5.01 0.0008 0.0064 0.0048 0.0048 het S
(R.D.= 61)
17 SLC4A1 ns c.G118A p.E40K 0.252 0.246 0.0058 0.012 0.0108 0 & het s
(R.D.= 40)
18 24436192 AQP4 ns c.G87T4A p.V2921 0.256 0 0.0002 0.0004 0.0006 0.0032 & het het
(RD.=24) | (RD.=23)
18 18534948 ROCK1 ns ¢.C3649G p.QI217E 0.139 5.43 . 0.0734 0.1241 & het &
(R.D.= 11)
19 33182993 NUDT19 ns c.C127T p.R43W 0.986 3.14 0.0012 0.0077 0.0236 0.0079 hd het i
(R.D.= 42)
‘ 19 10463118 TYK2 ns <.C3310G p.P1104A 0.899 0.73 0.01 0.029 0.0273 L & het
(R.D.= 36)

The traffic light colour code corresponds to zygosity of variants. Homozygous reference
variants are identified in green, heterozygous variants in red and homozygous alternative
variants in orange.
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Figure 8.2: (a):3D representation of Q349H mutation on SLC25A25 (APC3), The mutation is in
the loop between transmembrane helix H3 and matrix helix h34; (b): Purification yield for the wild-
type and mutant protein as shown on SDS-PAGE (SLC25A25wr: 0.8 mg, SLC25A25 g3a9m:0.5
mg)(Figures courtesy of Fiona Fitzpatrick of MRC Mitochondrial Biology Unit, University of

Cambridge)
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8.2 Supplementary Data for Chapter 4
8.3 WGS FastQC Results

Quality of cleaned raw data for each pair of lane investigated in FastQC software and
results for each lane is provided separately:

8.3.1 Lanel

Basic Statistics

Table 8.9: Basic Statistics for Lane 1 forward & reverse reads

‘ File name ‘ SD003_DHG07669 - HWNCVCCXX_L4_1(&2).clean.fq.gz
‘ File Type ‘ Conventional base calls
‘ Encoding ‘ Sanger / Illumina 1.9

Sequence flagged
as poor quality

|
|
|
‘ Total Sequences ‘ 73,343,137 ‘
|
|

‘ Read Length ‘ 150 bp

| %GC 43
38| T 1 T
y
[ .

iy
. s
s ;
) .
.
0122456789 1519 3034 4549 6064 7578 90-94 105-109 125-128  145-149 123456788 15-19 3034 45-45 6064 7578 9084 105-109 125-128  145-149
e e Posti e o9
(a) (b)

Figure 8.5: Per Base Sequence Quality plot of trimmed WGS reads from Lane-01; For each position
a BoxWhisker type plot is drawn; The mean quality across the length of the read is represented
by the blue line.

8.3.2 Lane 2

Basic Statistics

Table 8.10: Basic Statistics for Lane 2 forward & reverse reads

| File name | SD003_ DHG07669 HWNCVCCXX L5 1(&2).clean.fq.gz |
‘ File Type ‘ Conventional base calls ‘
‘ Encoding ‘ Sanger / Illumina 1.9 ‘

| Total Sequences | 69,400,196

Sequence flagged
as poor quality

‘ Read Length ‘ 150 bp
| %GC | 43
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Qualty scores across all bases Sanger / llumina 1.9 encoing) Qualty scores across all bases Ganger / lumina 1.9 encodling)

10, 0

38, Fmm 38 TR
36 ’W 3

24 24

2= 32

30, 30

28, 28

26 26

24 24

22, 2

20, 20

1 18]

16 15|

14 14

12 12

10 10|

s 8

5 5

4 4

2 2

© 1234567809 1515 2024 4545 6064 75-79 9094 105-109 125-120  145-145 1234567809 1515 3034 4549 6064 7579 0094 105-103 125-129  145-149

Postoninresdon) . posuoninread o9)

(a) (b)

Figure 8.6: Per Base Sequence Quality plot of trimmed WGS reads from Lane-02; For each position
a BoxWhisker type plot is drawn; The mean quality across the length of the read is represented
by the blue line.

8.3.3 Lane 3

Basic Statistics

Table 8.11: Basic Statistics for Lane 2 forward & reverse reads

| File name | SD003_DHGO07669_ HWNCVCCXX_L6_1(&2).clean fq.gz |
‘ File Type ‘ Conventional base calls ‘
‘ Encoding ‘ Sanger / Ilumina 1.9 ‘

‘ Total Sequences ‘ 70,575,832

Sequence flagged
as poor quality

‘ Read Length ‘ 150 bp ‘
| %GC | 43 \

1234567805 I

515 3034 4543 60-64 7579 90-54 105-109 125-129  145-149 45 60-64 75
ost Postion i read (o)

(a) (b)

Figure 8.7: Per Base Sequence Quality plot of trimmed WGS reads from Lane-03; For each position
a BoxWhisker type plot is drawn; The mean quality across the length of the read is represented
by the blue line.
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8.3.4 Lane 4

Basic Statistics

Table 8.12: Basic Statistics for Lane 4 forward & reverse reads

‘ File name ‘ SD003_DHG07669 HWNCVCCXX L7_1(&2).clean.fq.gz ‘
‘ File Type ‘ Conventional base calls ‘
‘ Encoding ‘ Sanger / Illumina 1.9 ‘

‘ Total Sequences ‘ 71,472,977

Sequence flagged
as poor quality

‘ Read Length ‘ 150 bp ‘
| %GC | 43 \

Qualty scores across all bases Sanger  llumina 1.9 encoing) Qualiy scores across al bases sanger f lurina 1.9 encocing)

40, 40 (]
38 T 2 1t
36 36
24 34
= 2
3

© 12345067860 1519 3034 549 6064 7575 9054 105-109 125125 145149 a5 s0es 75
Posion inreads (op) estion n read fop)

(a) (b)

Figure 8.8: Per Base Sequence Quality plot of trimmed WGS reads from Lane-04; For each position
a BoxWhisker type plot is drawn; The mean quality across the length of the read is represented
by the blue line.

8.3.5 Lane 5

Basic Statistics

Table 8.13: Basic Statistics for Lane 5 forward & reverse reads

| File name | SD003_ DHG07669 HWNCVCCXX L8 1(&2).clean.fq.gz |
‘ File Type ‘ Conventional base calls ‘
‘ Encoding ‘ Sanger / Illumina 1.9 ‘

| Total Sequences | 70,280,629

Sequence flagged
as poor quality

‘ Read Length ‘ 150 bp
| %GC | 43
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40, 40 0
3 AT : P
gl :

(a) (b)

Figure 8.9: Per Base Sequence Quality plot of trimmed WGS reads from Lane-05; For each position
a BoxWhisker type plot is drawn; The mean quality across the length of the read is represented
by the blue line.

8.4 WGS Coverage Analyses

8.4.1 Global Statistics

Table 8.14: SD003 WGS global statistics

Reference size 3,099,922,541
Number of reads 727,228,800

Mapped reads 725,858,397 / 99.81%
Unmapped reads 1,370,403 / 0.19%
Mapped paired reads 725,858,397 / 99.81%

Mapped reads, first in pair 363,184,333 / 49.94%
Mapped reads, second in pair 362,674,064 / 49.87%
Mapped reads, both in pair 725,457,874 / 99.76%
Mapped reads, singletons 400,523 / 0.06%
Read min/max/mean length 30 / 150 / 147.76
Duplicated reads (flagged) 73,914,402 / 10.16%
Clipped reads 58,223,508 / 8.01%
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8.4.2 ACGT content

Table 8.15: SD003 WGS ACGT contents

Number /percentage of A’s 29,733,995,705 / 28.16%

Number /percentage of C’s 22,928,062,103 / 21.72%
Number /percentage of T’s 29,723,739,471 / 28.15%
Number /percentage of G’s  23,191,840,491 / 21.97%
Number /percentage of N’s 0 / 0%
GC Percentage 43.68%

Mapped Reads GC-content Distribution
WGS_merged bam

uuuuuu

nnnnn

nnnnn

nnnnn

nnnnn

nnnnn

nnnnn

nnnnn

nnnnn

uuuuuu

nnnnn

Figure 8.10: SD003 WGS GC-content distribution

8.4.3 Coverage & Mapping Quality

Mapping quality of a read is phred-scaled posterior probability that the read is aligned to
the wrong place. The probability is calculated as:

p=10"¢/10 (8.1)

Table 8.16: SD003 WGS mean coverage.

Mean Coverage 34.0618

Standard Deviation 189.1737
Mean Mapping Quality 44.9
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CHAPTER 8.

1,150,000,000
1,100,000,000
1,050,000,000
1,000,000,000
950,000,000
900,000,000
850,000,000
800,000,000
750,000,000
700,000,000
650,000,000
500,000,000
550,000,000
500,000,000
450,000,000
400,000,000

Number of genemic locations

350,000,000
300,000,000
250,000,000
200,000,000
150,000,000
100,000,000
50,000,000
]

Coverage Histogram
WGS_merged.bam

Coverage 09

Figure 8.11: Coverage Histogram: Number of genomic regions covered at X fold

Genome Fraction Coverage
WGS_merged bam

W Coverage

Fraction of reference 04

T2 31 f € 7§ & 10011203 1415 15 17 16 1o 20 2L 32 33 24 25 26 27 26 28 50 41 32 33 34 33 36 17 36 39 40 41 42 43 44 45 46 47 48 4 %0 01
Coverage 09

Figure 8.12: Genome fraction coverage
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8.4.4 Insert Size

Table 8.17: SD003 WGS insert size statistics.

Mean Insert Size 275.82bp

Standard Deviation 2,728,455.33
P25/Median /P75 254 / 289 / 326

Insert Size Histogram
WGS_merged. bam

36,000,000
35,000,000
34,000,000
33,000,000
32,000,000
31,000,000
30,000,000
29,000,000
28,000,000
27,000,000
26,000,000
25,000,000
24,000,000
23,000,000
22,000,000
21,000,000
20,000,000
19,000,000
18,000,000
17,000,000
16,000,000
15,000,000
14,000,000
13,000,000
12,000,000
11,000,000
10,000,000

9,000,000

Number of reads

8,000,000
7,000,000
5,000,000
5,000,000
4,000,000
3,000,000
2,000,000 |
1,000,000
8 L

6 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
Insert size (bp)

Figure 8.13: Insert Size Histogram.

8.4.5 Mismatches and indels

Table 8.18: SD003 WGS mismatches & indels statistics

General error rate 0.48%

Mismatches 505,748,606
Insertions 103,192
Mapped reads with at least one insertion 0.01%
Deletions 130,279
Mapped reads with at least one deletion  0.02%
Homopolymer indels 64.3%
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8.4.6 Sanger sequencing traces for ANKRD11:c.3926C>T

SOftGenetiCS Contlg Dlsplay 08/03/2018 16:01:07
Mutation Surveyor V4.0.9 1
1IR-——> ANKRD11_F_Synthesis_207937.scf-—>
295 300 305 310 315 320 325 380 385 340
4000GCGAGGTCTCCTCIMBMACAGC T TCACGGACCGAGGGCAGGAGCCGGGGC
soodh A AN A A o CA N A fn o I A A A A A i A A Al
VARV ARV AT ATV AYR A ATAVA AT AAAYA VAT ATAVA ATATRYATRAVAVAVAVAVAVAVATATAATAVAYAY
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
IR<— ANKRD11_R_Synthesis_207938.scf<--
6.00 315 320 325 330 335 340 345 350 355 360
4’00 GCGAAGAGAT CTICCTCT GACAGCTTCACAGGACCGAGGGﬁJAGGAGCACGGAGGC'I
2000 A AN A A A LA A ANNAAAAAATA alnnnn ANLAAAA A AN AL L2 g
AVAYAYAAARVAVA'AVATATATA'AVAVA'AVA'AVAVATAVAVA'AY VVVVVY VY VYYVVVVVVVY
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
15-—> ANKRD11_3926F_JoanRobson_C05.abl-->
155 160 165 170 175 180 85 190 195 400
2000GCGAGGTCTCCTCIMACAGCT TCACGGACCGAGGGCAGGAGECCGGGGC
g A AP A A AN U A N AN A al A A A NN A AR A A p Al o
VYV VYV VVY VYT VYVYVV VYV Y VYV VY VY VVY VY VYV VT Y VVYY
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
1S——> ANKRD11_3926F_JoanRobson_C05.abl
2’00(1 T T T T T T T T T T 1
1,50
1’00 — T N e T T — T T
50
A n A/\I\/\AA A A 4 Aa PRAN
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
1S<—— ANKRD11_3926R_JoanRobson_C06.abl
2100(“ T T T T T ! T T T [} T 1
1,50
1,00
% A DA A
A) A A4 AN/ " A A b a8 A A A A_A
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
1S<— ANKRD11_3926R_JoanRobson_C06.abl<—-
3,00 175 180 185 190 195 200 205 210 215 220
2’00 GCGAAGGAT CTICCTCT GACAGCTTCACGGACCGAGGGNAGGAGCACGG‘GGC'I
rooda A AN A AN A nla AANAA AN AN 2l 4 p an A VA ANA A AT A
NYVIVEYVIVYVYV YWYV VW YWY YVYY VRV VY VYT VYV YV
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
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SOftGenetiCS Contlg DlSplay 08/03/2018 16:01:07
Mutation Surveyor V4.0.9 2
15——> ANKRD11_3926F_NicholasRobson_A05.abl-—>
155 160 65 170 175 180 185 190 195 400
2,000-6-6-GA-GGT 6 FHGCE6TF6CfHBALCAGETFTFGCA—GGALGLEGAGGGECAGGAGLEGEGGGEGE
LWPAAAAA.AAAA NI ETN IR AAAﬂAAAAAAnAAAAAAnAF NNl
VTV VYV YVVYVY VYV YV VYW VY VY VRV VY VYV VY VY VUV
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
15-—> ANKRD11_3926F_NicholasRobson_A05.abl Mutations: 207946C>CT$52.7
2,0000 T T T T j— | T T T T 1
1,50 !A
1’00 i‘[ -~ e el e e
50 |
A\ A " N A_A A A A s ’\ N A AN A A
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
15<—- ANKRD11_3926R_NicholasRobson_A06.abl Mutations: 207946C>CT$52.4
2,000 T T T T j— T T T T 1
1,50 {"\‘ —
1,00 ]'\\
50 T
A M M AN s A A b AT A ”\ m " A " A2
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
1S<— ANKRD11_3926R_NicholasRobson_A06.abl<——
3,00 175 180 185 190 195 200 205 210 215 220
200GCGAGGICTCCTCTGACAGCTTCA GGACCGAGGG{@AGGAGCCGGAGGC'I
1:00/\{\/\{\{\/\/\/\[\/\(\(\ Ala /\/\/\[\/\/\/\/\ (\f\ AAAAAAAI\[\AA/\A/\/\AA/\AA
VYVIVY VN YV VVY WYY YV VT VIR VWYYV YV VY VYV YN Y VYV VY

2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350

15-—> ANKRD11_3926F_NigelRobson_B05.abl-->

30U 155 160 165 170 175 180 B5 160 105 300
2’00 GCGAGGTCTCCTCIGACAGCTTC G G A CC A GCAGGAGCCGGGGLC

[ —

oot A AANA A A A AN AN AN A AN TN I o)
WY VVVYYVY YV VY VY YV VYW VYV VY VY VVY VY VYV VY VVVYY

2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350

1S——> ANKRD11_3926F_NigelRobson_B05.abl Mutations: 207946C>CT$53.1

2,00(\! T T T T T ! T T T T 1
1,50 Ir 13.0¢
1’00 f— T + 'l — T — T —— T ]
50 I
A N A A " A4 A \ As - Al A A
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
15<—- ANKRD11_3926R_NigelRobson_B06.abl Mutations: 207946C>CT$50.6
2,00(‘“ T T T T T ! T T T T 1
1,50 {l\‘l, L{
1,00 t
50 [
Ao A A A A4 A A AWM " A A A A4 A A o
2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
1S<— ANKRD11_3926R_NigelRobson_B06.abl<-—

3.00 175 180 185 190 195 200 205 210 215 220
’ GCGAGGTCTCCTCTGACAGCTTCA GGACCGAGGGA)AGGAGCCGGGGC'I

Py

A A A A AN A AA AANAAAA A A A A A A AN AT A A A
SINVVYVEVVYVEVVYVY VYT VYV VIR VWYYV VY VY VY VY YN Y VYV VY

2,950 3,000 3,050 3,100 3,150 3,200 3,250 3,300 3,350
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8.4.7 Sanger sequencing traces for ECEL1:c.155T>C

SoftGenetics Contig Display 12/03/2018 10:43:14
Mutation Surveyor V4.0.9 1

1IR-——> ECEL1_F_Synthesis_1315.scf-->

10,00

or
o)

22 230 235 240 245 250 265 260 265 70
GCGCCACCGGGGCCCGGTCCGGGCTGCCGCGCTGG[?ACCGGCGCGAGG-|
A N I I
2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650
IR<—— ECEL1_R Synthesis_1315.scf<—-
245 250 255 260 265 270 275 280 285 290
10,000-6-6-G-6-6AG-6-G6GGGGGGCGGTG6GGEaTG6EGEaEoTGGANGHGGEaaaHaE
N AN ANV AN /\lﬂvf\ Nﬁ\(\/\f

2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650

15——> ECEL1_2F_JoanRobson_C01.abl-->

85 90 95 100 105 110 115 120 125 130
4000GCGCCACCGEGGGCCCGGTCCGGGGC GCCGCGCT uuNbbuuuuuuAuu
o AN VA A oA, T N )

2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650
1S——> ECEL1_2F_JoanRobson_C0l.abl Mutations: 1330T>TCS$11.1
2’00(‘1 l T T T l T ll T T l T T l 1
1,50 11.13
1,001

oo N [0.97 A A A
NAVAVATATAN M o an 1A NAOBR ANLWAAA i n o AACTNY AN

2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650
15<—- ECEL1_2R_JoanRobson_C02.abl Mutations: 1330T>TCS$71.5
2100(‘1 ! T T T ! T 1! T T ! T T ! 1
150 71.53
100 N qﬁﬁe—\\fv‘\/*_—\—/\/—

' .00
50
Ma I Man M T Aiael s NQE0 MANAONMIA o b s g A

2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650

1S<— ECEL1_2R_JoanRobson_C02.abl<—-—
400055 10 115 120 125 130 135 140 145 150
3000GCGCCACCGEGGGEGGCCCGGTCCGGGCTGCCGCGCT GGAACGGGCGOGHGG
2,00 A
200 . iV —
NN o NN VNN NN N O W
2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650
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SoftGenetics Contlg Dlsplay 12/03/2018 10:43:14
Mutation Surveyor V4.0.9 2
15——> ECEL1_2F_NigelRobson_B0l.abl-—>
4.00 85 9 9 100 105 110 115 120 125 30
’ GCGCCACCGGGGCCCGGTCCGGGCTGCCGCGCTGGNCCGGCGCGAGG'I
M hoacb0nnheo ™ 000K N 00l

2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650

15-—> ECEL1_2F_NigelRobson_B0l.abl
2,000 7T T T i | T T T T 1 T T 1
1,50
1,00 S
50 JAY /\ [\ A A /\ /\

RAVATAVATANA A A /NN AN AANNRAN T T /% o nAALTY A
2,250 2,300 2,350 2,400 2,450 2,500 2,550 2,600 2,650

15<—- ECEL1_2R_NigelRobson_B02.abl
2100('1 ! T T T ! T l! T T ! T T ! 1
1,50
50 : ]

s [N M an LN fian va b s aful O nowdrb b M olA e b san N
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(a) CL021 insert size histogram (b) CLO22 insert size histogram
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(e) CLO28 insert size histogram (f) CLO30 insert size histogram

198



CHAPTER 8. 8.5. SUPPLEMENTARY DATA FOR CHAPTER 5
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(g) CL033 insert size histogram (h) CLO35 insert size histogram
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(i) CLO36 insert size histogram (j) CLO37 insert size histogram
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Insert Size Histogram
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(m) CLO40 insert size histogram
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(n) Theoretical distribution of insert-size across all samples
on the same dispatch DNA plate

Figure 8.14: Histogram of insert sizes of read pairs for a single library from the 14 samples consid-
ered for targeted exome sequencing; (Figures 8.14a to 8.14m depict positively skewed distribution
of insert sizes for the 14 samples with primary diagnosis of AAS and figure 8.14n depicts theoretical
distribution of insert sizes for all samples on the same dispatch DNA plate).
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Figure 8.15: Depth of coverage across FGD1 gene for the 14 samples considered for WES analysis
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Figure 8.16: All SSA and HapMap populations for whom genotype data was available are presented
across PC1 and PC2; ACB:African Caribbeans in Barbados, ASW: Americans of African Ancestry
in Southwestern USA, CDX: Chinese Dai in Xishuangbanna, CEU: Utah Residents (CEPH) with
Northern and Western European Ancestry, CLM: Colombians from Medellin- Colombia, GIH:
Gujarati Indian from Houston- Texas, JPT: Japanese in Tokyo- Japan, LWK: Luhya in Webuye-
Kenya, PUR: Puerto Ricans from Puerto Rico, YRI: Yoruba in Ibadan- Nigeria.
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Table 8.20: Total number of genomic regions across chromosome 1-22.

Chr. Genic Coding Genes ncRNA genes Intergenic
Ezonic  Intronic  FEzronic Intronic regions

1 2002 19,196 16,775 2,078 1,237 2,003
2 1,341 15,913 12,848 1,757 906 1,314
3 1,081 12451 10,059 1,366 628 1,072
4 845 8,180 6,575 999 515 836
5 964 9,163 7,480 1,279 659 955
6 1,087 10452 8331 1,104 575 1,081
7 938 9832 7,993 1,485 815 927
8 769 7,125 5,713 999 506 750
9 822 8390 6,931 991 570 807

10 804 8,650 6,728 1,210 636 791
11 1,161 11,736 9,413 929 454 1,144
12 1,037 11,901 9837 1,075 539 1,034
13 449 3,696 3,013 994 558 445
14 623 6,252 5,129 711 302 622
15 625 7,328 6,015 1,207 701 609
16 834 8758 7,261 1,019 627 813
17 1,106 12,256 10,005 971 485 1,093
18 319 3232 2610 455 220 318
19 1,368 12,185 9,878 873 439 1,363
20 548 5,196 4,163 676 345 538
21 272 2,137 1,672 426 216 268
22 460 4,367 3,557 657 415 441
Total 19,455 198,396 161,986 23,351 12,348 19,224
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