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Abstract

Colorectal cancer (CRC) is the third most common cause of cancer-related death worldwide.
Approximately 5% of CRC is attributable to an inherited high-penetrance pathogenic variant
in a known CRC-predisposing gene, often associated with a family history of CRC, a young
onset of CRC and/or colonic polyposis. Identification of an inherited genetic variant
predisposing to CRC in an individual with CRC enables predictive testing in blood relatives,
and implementation of risk reduction strategies for individuals with the causative variant
within the family. In individuals with familial or young onset CRCs/colonic polyposis in
whom a causative germline variant in a known CRC-predisposing gene has not been
identified, it is hypothesised that novel CRC-predisposing genes harbouring rare high risk
germline variants remain to be discovered.

Germline whole exome sequencing (WES) offered a novel and comprehensive approach to
identifying potential pathogenic variants in candidate CRC-predisposing genes. This thesis
used WES of germline DNA in individuals with unexplained CRC and a high a priori risk of an
inherited predisposition to CRC, to prioritise candidate CRC-predisposing genes that were
subsequently re-sequenced in a validation cohort of young-onset CRC cases.

A discovery cohort was recruited comprising 54 individuals who met one or more of the
following criteria: CRC and a family history of CRC (n=29), a diagnosis of CRC before 40 years
of age (n=20), or a diagnosis of 20 or more bowel polyps (n=10). No known germline
predisposition to CRC had been identified in these individuals through clinical testing. Rare
(minor allele frequency of <0.5%) loss-of-function (nonsense, frameshift or essential splice
site) variants or missense variants predicted to be deleterious using a Combined Annotation
Dependent Depletion C Score of >10 were prioritised for analysis. Three individuals with
pathogenic variants in known CRC-predisposing genes were identified and excluded from
further analyses.

In the remaining 51 individuals, four separate analysis approaches were used to prioritise
candidate CRC-predisposing genes containing prioritised variants: 1) genes with variants in
multiple families, 2) genes with a shared variant in multiple family members, 3) genes
within known CRC pathways, and 4) genes intolerant of loss-of-function variants. Forty-five
candidate CRC-predisposing genes were prioritised using these analyses. Segregation
analysis of potentially pathogenic variants within a family (n=1) and loss-of-heterozygosity
studies in tumour tissue (n=4) were performed but hampered by lack of availability of
samples.

Re-sequencing of the 45 candidate CRC-predisposing genes in a validation cohort of 333
individuals with unexplained young onset CRC identified seven genes (WNT10A, NEDD4,
MS4A15, TNFRSF10B, LRRK2, INPP5E, UFL1) with a loss-of-function variant in 1 or more
individuals. None of the seven genes harboured LoF variants in >1% of the validation
cohort, indicating that a novel gene likely accounts for very few individuals with unexplained
CRC and a high a priori risk of an inherited predisposition to CRC, pointing to a very high
degree of genetic heterogeneity in such cases. Future studies will require very large



numbers of cases and controls to confirm the association of these genes with CRC
predisposition.
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Chapter 1. Introduction

The purpose of this thesis was to identify novel genes predisposing to colorectal cancer (CRC)
in individuals suspected of having a hereditary predisposition, but in whom no established
CRC-predisposing gene mutation had been found. This study explores the use of whole exome
sequencing (WES) of germline DNA in a cohort of such individuals in order to identify novel
genetic variants predisposing to CRC. In this chapter, the known genetic aetiologies of CRC are
reviewed, together with the methods used for their discovery. The thesis aims and overview
are then presented.

1.1. The Importance of Hereditary Colorectal Cancer

World Health Organisation data show that Australia and New Zealand combined have the
highest estimated incidence rates of CRC in the world, at 41.7 per 100,000 men and 32.1 per
100,000 women in 2018, seven to eight-fold higher than South-Central Asia that has the lowest
rate (World Health Organisation, 2018). Worldwide, CRC is the third most common cancer in
men and second in women, and the third most common cause of cancer-related mortality
(Jemal et al., 2011).

CRC arises from colonic epithelium via an accumulation of genetic and/or epigenetic
aberrations. The most well-known pathway of progression to CRC is described in the
archetypical adenoma-carcinoma model proposed by Fearon and Vogelstein (Fearon and
Vogelstein, 1990). In this pathway, loss of function of the tumour suppressor gene
adenomatous polyposis coli (APC) results in hyperproliferation of the colonic epithelium. This
is followed by DNA hypomethylation and inactivation of tumour suppressor genes DCC on
chromosome 18q and TP53 on chromosome 17p, together with activating mutations in KRAS,
resulting in the development of a colonic adenoma followed by transformation to CRC. These
CRCs exhibit chromosomal instability (Fodde et al., 2001). A second pathway accounting for a
smaller sub-group of CRCs is initiated by loss of function of a mismatch repair (MMR) gene
(MLH1, MSH2, MSH6 or PMS2), which results in multiple frameshift mutations at
microsatellites (Aaltonen et al., 1993). These tumours are often diploid but microsatellite
unstable. A third pathway, termed the CpG island methylator phenotype pathway, is
characterised by hypermethylation across the genome of the CRC, and is associated with
methylation and silencing of genes such as MLH1 (Toyota et al., 1999). CRCs associated with
the CpG island methylator phenotype pathway often originate in serrated lesions (Jass, 2007a).

While the majority of CRC cases occur sporadically, approximately 5% are currently attributed
to inheritance of a rare, high-penetrance pathogenic variant that predisposes to CRC and other
cancers, while up to 10% are attributed to inheritance of common low penetrance CRC risk
alleles (Carvajal Carmona and Tomlinson, 2016, Al-Tassan et al., 2015). The hereditary CRCs
arising from rare, high penetrance pathogenic variants are important entities to recognise for
several reasons.

Firstly, while the risk of developing CRC to age 85 years in Australia is 1 in 11 formen and 1 in
16 for women (Australian Institute of Health and Welfare, 2017), for individuals with
hereditary CRC, this risk is significantly increased and usually associated with a younger age of



onset. An example from the highest end of the penetrance spectrum is individuals with a
germline APC mutation, who have a 100% risk of developing CRC by age 40 years (Bisgaard et
al., 1994). Identifying individuals and their families who may have inherited a rare, high-
penetrance CRC-predisposing gene mutation is vital, as risk-reducing strategies such as
screening colonoscopy have been associated with improved survival (Jarvinen* et al., 2000,
Renkonen-Sinisalo et al., 2000a, Heiskanen et al., 2000b, De Jong et al., 2006). Identification
of the causative pathogenic variant within a family allows predictive testing to be performed,
and intensive surveillance to be offered only to family members who carry the family
mutation. Predictive testing also benefits related individuals who do not carry the family
mutation and hence do not require intensive surveillance. The health system can also benefit
as a result from decreased resource utilisation.

Secondly, the elucidation of the genes underlying hereditary CRC has had broader applicability
in sporadic CRC, both in terms of understanding tumorigenesis and selecting treatment. The
APC gene that is mutated in the germline of patients with familial adenomatous polyposis, was
later found to be mutated in the majority of sporadic precursor adenomas and CRCs (Mori et
al.,, 1992, Powell et al., 1992). MLH1, a mismatch repair gene that is mutated in Lynch
syndrome, was subsequently found to be methylated in sporadic CRCs with microsatellite
instability (Herman et al., 1998), and defines an important subgroup of CRC that responds to
immunotherapy (Le et al., 2015). Identification of new pathogenic variants in hereditary CRC
may help to prioritise somatic variants identified in sequencing studies of CRC. Inherited
pathogenic variants are likely to be cancer-initiating, hence a corresponding somatic mutation
is likely to be a driver mutation, helping to distinguish it from passenger mutations. The genes
that are known to predispose to hereditary CRC when mutated are discussed in detail in the
following section.



1.2. Inherited Rare, High-Penetrance, Gene Mutations Predisposing to
CRC

Historically, hereditary CRC was divided into 2 groups based on the presence or absence of
polyposis. The first group consists of CRC with associated colonic polyposis. It is sub-divided
based on polyp histology: adenomatous polyposis due to mutations in the APC or MUTYH
genes (Sieber et al., 2003); hamartomatous polyposis due to SMAD4, BMPR1A or STK11
mutations; and hereditary mixed polyposis syndrome due to duplications of GREM1 (Jaeger et
al., 2012). The genetic aetiology of a fourth subgroup, serrated polyposis, is yet to be
determined. The second group, which gives rise to hereditary non-polyposis CRC (later
renamed Lynch syndrome when the genetic aetiology was determined), is caused by mutations
or epigenetic silencing of the MMR genes MLH1, MSH2, MSH6 and PMS2.

The clinical syndromes arising from these gene mutations were recognised prior to the
identification of the underlying genetic cause, and indeed were used to select appropriate
patients for gene discovery. Subsequently, it was found that some of these genes can give rise
to CRC with or without colonic polyposis. MUTYH, which was first identified in patients with
adenomatous polyposis, can give rise to early onset CRC in the absence of polyposis
(Farrington et al., 2005). MMR gene mutations were first identified in the heterozygous state
in the germline of patients with hereditary non-polyposis colorectal cancer. When mutated in
a homozygous state in the germline, MMR gene mutations result in polyposis (Jasperson et al.,
2011). The extra-colonic cancers associated with each gene can also differ, and is described in
more detail below.

Because of this phenotypic heterogeneity, identification of the underlying pathogenic variant is
important for both accurate classification and screening, as the clinical course and cancer
spectrum may differ. In this section, the clinical features of the polyposis syndromes (familial
adenomatous polyposis, hamartomatous polyposis, hereditary mixed polyposis syndrome,
serrated polyposis) and Lynch syndrome are described, followed by the method of
identification of the associated colorectal cancer predisposing genes and important genotype-
phenotype correlations.

1.2.1. Familial Adenomatous Polyposis (FAP)

1.2.1.1. Clinical Phenotype

Classic FAP is characterised by the development of hundreds to thousands of colorectal
adenomatous polyps by the second decade of life. By the fourth decade, CRC develops in
virtually 100% of cases if the polyps are left in situ (Bisgaard et al., 1994). CRC arises in the left
side of the colon in 70-80% of cases (Bjork, 1999). FAP accounts for less than 1% of all CRC
cases.

FAP is also associated with extra-colonic cancers and benign tumours (Groen et al., 2008),
including duodenal and gastric adenomas and cancer, medulloblastoma, rarely papillary
thyroid cancer and childhood hepatoblastoma, non-malignant desmoid tumours, congenital
hypertrophy of the retinal pigment epithelium that is often bilateral (Trainer, 2009), lipomas
and adrenal tumours.



An attenuated form of FAP is observed, with less than 100 adenomatous polyps in the colon,
and a delayed diagnosis of CRC by 15 years (Knudsen et al., 2010).

1.2.1.2. Discovery of the APC Gene

The chromosome region containing the APC gene was identified from a case report in 1986, of
a 42-year-old patient with an interstitial deletion of 5q15-22 presenting with synchronous
colon cancers, more than 100 adenomatous colonic polyps, a desmoid tumour, mental
retardation and a constellation of other developmental abnormalities (Herrera et al., 1986).
The locus was further refined to 5921-g22 by studying five polymorphic chromosome 5 DNA
probes in 124 individuals from 13 families with classic FAP (Bodmer et al., 1987). At the same
time, a similar finding was independently reported using linkage analysis using 16 DNA markers
in 4 large FAP families, 2 of whom had Gardner syndrome (Leppert et al., 1987). Further
mapping was performed by linkage analysis using 6 new polymorphic DNA markers in 6 FAP
families, 3 of whom had Gardner syndrome (Nakamura et al., 1988). The chromosome region
of interest was narrowed down further by the finding of two deletions spanning 100 kb and
260 kb respectively in two unrelated FAP patients, with the 100 kb deletion being nested in the
larger deletion (Joslyn et al., 1991). Three genes were found in this region: SRP19, DP1 (deleted
in polyposis 1, also known as REEP5) and DP2.5. Single strand conformation polymorphism
analysis of these 3 genes followed by sequencing of unique conformers in 61 unrelated FAP
patients and 12 controls revealed 4 inactivating mutations in DP2.5 (two nonsense and two
frameshift) in 4 FAP patients, and no variants unique to patients in the other 2 genes. DP2.5
was thus identified as the gene for FAP and was renamed APC.

1.2.1.3. Genotype-Phenotype Correlations

Germline APC mutations give rise to an autosomal dominant disorder, although an estimated
25% of germline APC mutations occur de novo (Bisgaard et al., 1994). APC mutations are
protein-truncating in 95% of cases (Fearnhead et al., 2001). A common pathogenic missense
mutation is found in at least 5% of the Ashkenazi Jewish population (Rozen et al., 1999b,
Liang et al., 2013). The position of the mutation within the APC gene influences the clinical
phenotype. For example, congenital hypertrophy of the retinal pigment epithelium is strongly
associated with mutations occurring between codons 311 and 1444, while mutations in codon
1309 result in an earlier age of onset of CRC (mean age 35 years) (Bertario et al., 2003).
Mutations beyond codon 1444 have a 12-fold increased risk of desmoid tumours (Bertario et
al., 2001). More severe polyposis (>5000 polyps) develops with mutations between codons
1250 and 1464 (Nagase et al., 1992). Attenuated FAP was initially associated with mutations in
the 5’ end, exon 9 and 3’ end of APC, however mutations have subsequently been found
throughout the gene in these patients (Knudsen et al., 2010).

1.2.1.4. Discovery of the MUTYH Gene

MUTYH was found to be a CRC-predisposing gene through the study of British family N (Al-
Tassan et al., 2002). Family N consisted of 3 siblings with polyposis in a sibship of 7, with
unaffected parents. Two of the affected siblings had approximately 50 colonic adenomas on
colectomy at ages 59 and 55 years respectively, while the third sibling died of CRC at age 46
years. No inheritedpathogenic variant was identified in APC. Sequencing of APC in 11 tumours
from Family N was performed and revealed that six of eight tumours harboured biallelic
somatic inactivation of APC. Eighty-three percent (15 of 18) of the somatic inactivating events



were a distinct class of G:C to T:A transversions. This was significantly elevated when
compared to somatic APC mutations from sporadic CRCs and adenomas, and somatic APC
mutations from FAP tumours, in which the rate of G:C to T:A transversions was approximately
10%.

Increased G:C to T:A transversions secondary to oxidised guanine mispairing with adenine had
been seen in Escherichia coli, with mutation of the MutY gene (Moriya and Grollman, 1993),
and also in Saccharomyces cereviciae with inactivation of the OGG1 gene (Thomas et al., 1997).
The coding regions of the human homologues MUTYH, OGG1 and MTH (that prevents
incorporation of oxidised guanine into DNA (Michaels and Miller, 1992)) were sequenced in
the germline of an individual from family N. This revealed two missense variants in exons 7 and
13 of MUTYH that encoded for non-conservative amino acid changes p.Tyr165Cys and
p.Gly382Asp respectively. No potentially pathogenic variants were identified in OGG1 or MTH.

The two other affected members of family N were also found to be compound heterozygotes
for the MUTYH mutations, while unaffected family members were either heterozygous for only
one of the mutations or did not carry either MUTYH mutation. Screening for the two MUTYH
mutations in 100 British controls identified one heterozygous case for each mutation.

Biallelic inherited pathogenic variants in MUTYH were subsequently found in 7 out of 21
unrelated British patients with more than 100 adenomas (Jones et al., 2002). In another study,
Sieber et al screened the MUTYH, OGG1 and MTH1 genes in two groups of patients: 1)patients
with 3 to 100 synchronous or metachronous colon adenomas, and 2)patients with >100 colon
adenomas in whom no germline APC mutation had been identified, as well as in 107
unaffected British controls (Sieber et al., 2003). Six out of 152 patients who presented with
adenomas were found to have biallelic germline MUTYH mutations, while another 6 had
monoallelic MUTYH mutations. Three of the patients with biallelic mutations were compound
heterozygotes, while the other 3 were presumed homozygous. While one patient with
compound heterozygous mutations had both the p.Tyr165Cys and p.Gly382Asp mutations, the
other two patients were found to have novel 1 bp deletions in addition to either the
p.Tyr165Cys or p.Gly382Asp mutation. No biallelic MUTYH mutations were found in British
controls.

1.2.1.5. Genotype-Phenotype Correlations

The FAP-like phenotype arising from biallelic MUTYH mutations, henceforth referred to as
MUTYH-Associated Polyposis (MAP) is an autosomal recessive condition. The p.Tyr165Cys and
p.Gly382Asp mutations are European founder mutations accounting for 73% of MUTYH
mutations in Western populations, albeit with a probable reporting bias (Cheadle and
Sampson, 2007).

Homozygous p.Tyr179Cys mutations give rise to a more severe phenotype, with a higher risk of
CRC (56 fold vs. 19 fold) and a younger mean age of diagnosis (49.5 years vs. 57.9 years)
compared to homozygous p.Gly396Asp mutations (Lubbe et al., 2009). The severity of the
phenotype of the p.Gly396Asp/p.Tyr179Cys compound heterozygote lies in between the two
homozygous groups with a median age of onset of CRC of 52.5 years (Lubbe et al., 2009).
Nonsense, small insertion/deletions (indels) and splice site variants have also been reported
(Cheadle and Sampson, 2007).



A mixture of adenomatous and serrated polyps is seen in 50% of patients with biallelic
germline MUTYH mutations (Guarinos et al., 2014). Serrated polyps are associated with the
p.Gly396Asp pathogenic variant (Guarinos et al., 2014). Serrated polyps from patients with
biallelic germline MUTYH mutations tend to harbour somatic KRAS p.Gly12Cys mutations
instead of BRAFV600E mutations (Guarinos et al., 2014), presumably because G:C to T:A
transversions would give rise to a cysteine in place of glutamine.

Extra-colonic manifestations include duodenal and gastric fundic polyposis (Terdiman, 2009).
Cases of ovarian cancer, endometrial cancer, sebaceous gland tumours and testicular cancer
have also been reported in patients with biallelic germline MUTYH mutations (Vogt et al.,
2009, Guarinos et al., 2014). As mentioned previously, patients with biallelic MUTYH
mutations may develop young onset CRC in the absence of polyposis.

There are conflicting reports on the risk of CRC in patients with heterozygous germline MUTYH
mutations. An older case control study that included a meta-analysis of other case-control
studies showed no increased risk (Balaguer et al., 2007) (odds ratio 1.11, 95% confidence
interval (Cl) 0.9-1.37), while several newer studies that included a wider range of MUTYH
mutations suggest an increased risk (Win et al., 2014) (hazard ratio 2.46 for men (95% Cl 1.54-
3.93) and 2.67 for women (95% Cl 1.67-4.26)), (Cleary et al., 2009) (adjusted odds ratio 1.48
(95% Cl 1.02-2.16)), (Jones et al., 2009a) (standardised incidence ratio 2.12 (95% Cl 1.30-3.28)).

1.2.2. Hamartomatous Polyposis

Hamartomas are benign tumours, consisting of cells from the tissue of origin growing in a
disorganised way. Nevertheless, the hamartomatous polyposis syndromes juvenile polyposis
syndrome (JPS) and Peutz-Jeghers syndrome (PJS) are associated with an increased risk of CRC
and various malignancies.

1.2.2.1. Peutz-Jeghers Syndrome (P]S)

1.2.2.1.1. Clinical Phenotype

PJS is an autosomal dominant disorder with the hallmark, mucocutaneous pigmentation, seen
in 95% of cases. In PJS hamartomatous polyps are found throughout the gastro-intestinal tract
with patients presenting in childhood with bowel obstruction, intussusception or bleeding. The
lifetime risk of CRC was found to be 39%, although the rarity of the condition may lead to
ascertainment and publication bias. Associated extra-colonic cancers include breast,
pancreatic, gastric, gynaecological and testicular (Jasperson et al., 2010, Hearle et al., 2006).

1.2.2.1.2. Discovery of the STK11 Gene

STK11 (also known as LKB1) was identified in 1998 (Hemminki et al., 1998). The location of this
gene on chromosome 19p was identified by studying the DNA from multiple hamartomatous
polyps from an individual with PJS using comparative genomic hybridisation. This approach
identified a common loss of chromosome 19p. These somatic deletions were consistently
found on the chromosome from the unaffected parent, suggesting that the causative gene
could be a tumour suppressor following Knudsen’s two-hit hypothesis with retention of the
mutated gene from the affected parent. The region of interest was further refined by meiotic



recombination studies in PJS patients. Transcripts in this region were sought, and the LKB1
gene, which encodes a serine/threonine kinase, was sequenced in 12 PJS patients. Nine of 12
familial PJS patients were found to carry a heterozygous nonsense or frameshift mutation in
LKB1. Studies in another 4 PJS individuals also identified nonsense or acceptor splice site
mutations (Jenne et al., 1998).

1.2.2.2. Juvenile Polyposis Syndrome (JPS)

1.2.2.2.1. Clinical Phenotype

A clinical diagnosis of JPS requires 1 of 3 criteria: (1) more than 5 juvenile polyps in the
colorectum; (2) juvenile polyps throughout the gastrointestinal tract; (3) any number of
juvenile polyps with a family history of juvenile polyposis. Patients usually develop per rectal
bleeding, abdominal obstruction or anaemia in childhood. Risk of CRC is between 9-68%, and
associated cancers include pancreatic, stomach and duodenal (Pyatt et al., 2006). Cleft palate
and congenital heart disease has also been identified in up to 20% of JPS patients (Desai et al.,
1998).

1.2.2.2.2. Discovery of the SMAD4 Gene

A tightly linked region between two markers on 18qg21.1 was identified by linkage analysis in a
large juvenile polyposis family (Howe et al., 1998). Two genes were located in this region: DCC
and SMADA4. Exon sequencing of SMAD4 revealed a 4 bp (base pair) deletion in exon 9 in one
of the affected individuals. This mutation was subsequently identified in all 13 affected family
members and in none of 7 spouses and 242 unrelated individuals. Sequencing of all SMAD4
exons in a further eight unrelated juvenile polyposis patients identified 2 individuals with a 4
bp deletion in exon 9, one individual with a 2 bp deletion in exon 8, and another individual
with a 1 bp insertion in exon 5. No SMAD4 mutations were identified in the remaining 4
affected individuals. All identified mutations were predicted to cause protein truncation.

1.2.2.2.3. Discovery of the BMPR1A Gene

Linkage analysis was undertaken in the four juvenile polyposis families in whom no mutations
in SMAD4 were identified. This approach identified a candidate region at 10922-23 (Howe et
al., 2001b) that harboured the gene BMPR1A, which was known to interact with SMAD4.
Linkage analysis using markers closer to BMPR1A showed a highly significant LOD score of >4.
Sequencing of the four families identified two different nonsense variants, a 4 bp deletion and
a 1 bp deletion. None of these mutations were identified in 250 normal controls. Both familial
mutations segregated with disease within the families. JPS is an autosomal dominant disorder.

1.2.2.2.4. Genotype-phenotype correlations

In a study of 54 juvenile polyposis patients, in which 9 were found to have SMAD4 mutations
and 13 were found to have BMPR1A mutations, patients with SMAD4 mutations were more
likely to have a family history of gastric polyposis compared to those with BMPR1A mutations
(Sayed et al., 2002). SMAD4 pathogenic variants are also associated with clinical hereditary
haemorrhagic telangiectasia in approximately 20% of cases (Aretz et al., 2007), although the
genotypic /phenotypic correlation is unclear. Therefore all patients with a SMAD4 mutation
require screening for JPS and hereditary haemorrhagic telangiectasia that can present with



mucocutaneous telangiectasia, lung, cerebral or liver arteriovenous malformations or
recurrent epistaxis.

1.2.3. Hereditary Mixed Polyposis Syndrome (HMPS)

1.2.3.1. Clinical Phenotype

The term HMPS was first used to describe the mixed histopathologies often seen within single
polyps from a large polyposis family at St. Mark’s Hospital in England (Whitelaw et al., 1997).
This Jewish family had been followed for 40 years over 4 generations, with 42 individuals
developing either CRC or colonic polyps. While the defining feature of this syndrome is the
development of mixed histopathologies within a polyp, specifically atypical juvenile polyps
with mixed adenomatous and/or hyperplastic components, the majority of affected family
members developed tubular adenomas. The polyposis was inherited in an autosomal
dominant manner. In contrast to FAP, less than 15 colonic polyps were seen on initial
colonoscopy in affected individuals, and polyps occurred throughout the colon. In contrast to
Lynch syndrome, CRCs in these individuals did not show preponderance to a particular site in
the colon, and were microsatellite stable. The median age of developing CRC was 40 years.
There were no extra-colonic manifestations noted in affected individuals, in particular no
ocular or cutaneous features of FAP, or peri-oral freckling associated with PJS. Upper gastro-
intestinal tract assessment was not reported in the original study.

1.2.3.2. Discovery of the GREM1 Duplication

The genetic variant giving rise to HMPS was found by systematic interrogation of the
chromosome region on chromosome 15q13.3 identified by linkage analysis of two affected
Jewish families (Jaeger et al., 2012). The coding regions of the three genes within the region of
interest, GREM1, SCG5 and FMN1 were sequenced in 3 affected individuals and 2 unaffected
relatives who did not share the haplotype at this chromosome region, but no gene mutation
was found that segregated with disease. The observation that additional patients with the
same clinical phenotype were all of Jewish origin led to the postulation that a founder
mutation was responsible for HMPS. Copy number analysis of the region was then performed
by a custom oligonucleotide array, and this uncovered a 40 kb simple tandem duplication
separated by a 30 bp insertion of a unique sequence that was mapped to chr15:30,752,231-
30,792,051 using Human Genome Build 36.

PCR primers were designed to span the duplication boundary, producing a unique 190 bp
product. A further 40 cases and 50 controls from 6 HMPS families were screened. The 190 bp
product was only found in cases. One hundred and eighty-eight unselected Ashkenazi Jewish
controls were screened, and the 190 bp product was not found. In order to exclude other
pathogenic variants within the haplotype region identified by linkage analysis, the entire
haplotype region was sequenced and no other pathogenic variant was identified.

The duplication commenced at intron 2 of SCG5 and ended upstream of the CpG island of
GREM1. The functional significance of this duplication was elicited by mRNA expression
studies, which found normal levels of SCG5 transcripts, but increased levels of GREM1
transcripts in normal colonic crypts of HMPS patients compared to that from unaffected



controls. Moreover, GREM1 expression was limited to the crypt base in unaffected individuals
but extended up the sides of the crypts in HMPS patients. Further functional studies using
chromatin immunoprecipitation and chromatin conformation capture revealed transcription
factor-binding sites within the duplication that interacted with the GREM1 promoter to
increase gene expression.

1.2.4. Serrated Polyposis

1.2.4.1. Clinical Phenotype

Serrated polyps consist of hyperplastic polyps, sessile serrated adenomas and traditional
serrated polyps. The World Health Organisation classification of serrated polyposis requires
the following: (1) more than 5 serrated polyps proximal to the sigmoid colon with 2 of these
being more than 10mm; or (2) any number of serrated polyps proximal to the sigmoid colon in
an individual who has a first-degree relative with serrated polyposis; or (3) more than 20
serrated polyps of any size, but distributed throughout the colon (Snover et al., 2010). Serrated
polyposis is phenotypically heterogeneous, with some patients having predominantly left-
sided polyps, others having large right-sided polyps, and a third group having serrated polyps
throughout the colon (Kalady et al., 2011, Jass, 2007b). This raises the possibility of
underlying locus heterogeneity or genetic/environmental modifiers giving rise to these three
subgroups. In a retrospective study of 100 probands referred to familial cancer clinics with
serrated polyposis, the prevalence of CRC was 31%, with an average age at diagnosis of 48
years (Win et al., 2012). CRC and pancreatic cancer were associated with serrated polyposis
(Win et al., 2012).

1.2.4.2. Gene Discovery

The genetic aetiology of serrated polyposis is still being elucidated. RNF43 nonsense mutations
have been reported in 2 families with serrated polyposis (Yan et al., 2016, Taupinetal.,
2015), and 2 out of 20 unrelated individuals with serrated polyposis (Gala et al., 2014a).
However, WES of 72 individuals with serrated polyposis did not identify any further protein
truncating RNF43 variants, and high-resolution melt analysis of the 2 previously identified
RNF43 nonsense variants did not identify any further variants in 221 serrated polyposis
individuals (Buchanan et al., 2016). A homozygous germline MUTYH mutation was found in 1
of 38 patients with serrated polyposis (Chow et al., 2006), but this was not validated in a larger
cohort of 65 individuals with serrated polyposis, nor were pathogenic variants in other colonic
polyposis predisposing genes found (Clendenning et al., 2013). Further linkage studies have
identified a region on chromosome 2g32.2-2g33.3 as a candidate region, although no gene
mutations in the region of interest were identified (Roberts et al., 2011).

1.2.5. Lynch Syndrome

Recognition of this clinical syndrome began with the report of a family designated Family G in
whom 18 of 48 individuals from 3 successive generations had developed cancer, many in their
40s (Warthin, 1913). Ten women had uterine cancer, 7 individuals had gastric cancer and at
least 2 individuals had intestinal cancer. Fifty-three years later, Henry Lynch (after whom this



syndrome is named) and colleagues described two more families (Families N and M) from
Nebraska and Michigan in the United States of America, who were noted to have a similar
preponderance to uterine, stomach and intestinal cancers in 4 and 3 successive generations
respectively (Lynch et al., 1966). The syndrome was called Hereditary Non-Polyposis Colorectal
Cancer (HNPCC), due to the lack of colonic polyposis (distinguishing this syndrome from
familial adenomatous polyposis, caused by APC mutations.

The Amsterdam | criteria (Vasen et al., 1991) were developed to identify suitable families for
further research into the genetic aetiology of this syndrome. The criteria consisted of:

1. at least 3 family members affected with CRC, of whom one must be a first-degree relative of
the other two. CRCs have to be verified with histology, and FAP must be ruled out.

2. CRC must be seen in at least two successive generations
3. one person must have developed CRC before age 50 years

A proportion of HNPCC cases were subsequently found to be caused by an autosomal
dominant MMR gene defect. These cases were renamed as Lynch Syndrome cases, to
differentiate these families from families meeting Amsterdam | criteria but in whom a genetic
predisposition had not been determined. The latter have subsequently been designated
‘Familial CRC Type X (FCCTX)’ (Lindor et al., 2005).

1.2.5.1. Clinical Phenotype

The median age of developing CRC is 45 years in individuals with Lynch syndrome (Lynch et al.,
2009), compared to 71 years in the Australian population (Australian Institute of Health and
Welfare, 2017). Several histopathologic features are characteristic of CRCs in Lynch syndrome,
including poor differentiation, presence of tumour inflitrating lymphocytes, signet ring cell or
mucinous histology and location proximal to the splenic flexure (Mecklin et al., 1986, Lynch et
al.,, 1991a) .

Extra-colonic tumours associated with Lynch syndrome include endometrial cancer, ovarian
cancer, gastric cancer, small bowel cancer, transitional cell carcinoma of the renal pelvis,
ureters or bladder, glioblastomas (known as Turcot variant) and skin cancers such as
sebaceous gland tumours and keratoacanthomas (known as Muir-Torre variant) (Watson et al.,
2008a, Lynch etal., 2009 ).

Constitutive Mismatch Repair Deficiency refers to the inheritance of biallelic MMR gene
mutations, often resulting in haematological malignancies and gliomas in childhood, as well as
Lynch syndrome tumours and café au-lait spots on the skin (Felton et al., 2007). As alluded to
earlier, in contrast to monoallelic pathogenic variants in the MMR genes, biallelic pathogenic
variants in MMR genes can give rise to colonic adenomatous polyposis.

1.2.5.2. Discovery of the MMR Genes

The discovery of the mismatch repair genes as colorectal cancer-predisposing genes began
with genome-wide linkage analyses of two large HNPCC families from Canada and New
Zealand (Peltomaki et al., 1993). The chromosomal region of interest in these families was
narrowed down to chromosome 2p15-16. In concurrent research, DNA from CRCs in HNPCC
patients was noted to have replication errors in the form of alterations in the length of
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dinucleotide and trinucleotide repeat sequences (Aaltonen et al., 1993, Lynchetal,,
1991b).This was termed microsatellite instability (MSI). Similar replication errors had been
seen in Sacchomyces cereviciae (Strand et al., 1993) harbouring mutations in the genes msh2,
mlh1 and pms1 that are involved in a mismatch repair system first characterised in bacteria
(Modrich, 1991).

The human homologue to msh2, MSH2 was cloned and found to map to chromosome 2p21
(Fishel et al., 1993), close to the region identified in the original linkage analysis (Peltomaki et
al., 1993). Partial sequencing of the MSH2 gene in 2 HNPCC families identified a heterozygous
splice acceptor site mutation that segregated with disease (Fishel et al., 1993). A similar
approach of linkage analysis in HNPCC families (Lindblom et al., 1993) led to the identification
of a locus at 3p21 and cloning of the human homologue of mlh1. Analysis of the MLH1 gene in
HNPCC families identified a missense mutation in affected individuals (Bronner et al., 1994).

The roles of other mismatch repair genes in HNPCC were then investigated by identifying the
human homologues of additional Sacchomyces cereviciae and Escherichia coli mismatch repair
genes (Peltomaki, 2005). Seven more human homologues were identified, however only
pathogenic variants in MSH6 (Akiyama et al., 1997, Miyaki et al., 1997) were found to
segregate with disease in HNPCC families. A PMS2 pathogenic variant was identified in a
HNPCC patient (Nicolaides et al., 1994), and in 3 patients with Turcot variant HNPCC
(Peltomaki, 2005). The accurate detection of germline PMS2 mutations is hampered by the
presence of pseudogenes (Nakagawa et al., 2004), requiring the use of long-range PCR to
increase specificity (Clendenning et al., 2006).

MLH1, MSH2, MSH6 and PMS2 function within the MMR pathway, maintaining genomic
integrity by identifying and removing base-pairing errors or insertion deletion loops arising
during DNA replication (Kunkel and Erie, 2005). MSH2 and MSH6 form a heteroduplex, known
as MutSa, that recognises and initiates repair (Palombo et al., 1995, Acharya et al., 1996). The
MSH2-MSH6 heteroduplex also recruits the MLH1-PMS2 heteroduplex, known as MutLa
(Acharya et al., 1996), to mismatched sites (Habraken et al., 1998, Blackwell et al., 2001). The
MLH1-PMS2 heteroduplex is activated by proliferating cell nuclear antigen to incise the
nascent strand, allowing removal of the mismatched bases (Kadyrov et al., 2006, Kadyrov et
al., 2007). MMR proteins are also involved in other cellular processes including somatic
hypermutation, class switch recombination in immunoglobulin genes and double strand break
repair (Martin and Scharff, 2002, Cascalho et al., 1998, Martomo et al., 2004).

Pre-genetic screening of tumours with immunohistochemistry (IHC) stains for MLH1, MSH2,
MSH6 and PMS2 is now used to identify individuals with Lynch syndrome. As MSH6 relies on
MSH?2 for protein expression while PMS2 relies on MLH1, loss of MHL1 results in
corresponding loss of PMS2 on IHC, while loss of MSH2 results in corresponding loss of MSH6
(Lynch et al., 2009). Loss of MSH6 or PMS2 results in isolated loss of the corresponding protein
in the tumour on IHC. Hence, loss of protein expression on IHC directs germline sequencing
efforts to the appropriate gene. Missense mutations that do not result in nonsense-mediated
decay of the corresponding protein can result in a false negative result with IHC. Genotyping
for microsatellite instability is also used to identify Lynch syndrome tumours, and can identify
Lynch syndrome cases missed by IHC due to expression of non-functional protein.
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1.2.5.3. Discovery of deletions in the 3’ end of the EPCAM gene leading to epigenetic
silencing of MSH2

A unique genetic mechanism leading to Lynch syndrome that did not involve overt mutations
of the MMR genes was identified by Ligtenberg et al in 2008 and Kovacs et al/ in 2009. A Dutch
family with MSI-high CRC and MSH2 loss on tumour IHC, was found not to have a pathogenic
variant in MSH2. However, a reduced signal on multiplex ligation-dependent probe
amplification (MLPA) analysis of MSH6 for exon 9 of TACSTD1 (also known as EPCAM), 16 kb
upstream of MSH2 (Ligtenberg et al., 2009) was noted. Using more focused MLPA analysis and
long-range PCR, a deletion involving the last two exons of EPCAM, but not involving the
promoter of MSH2, was identified. The same deletion was found in a further 3 unrelated Dutch
families with MSH2-deficient MSI-high CRC without germline MSH2 mutations, suggesting this
may be a founder mutation. The deletion was not found in 145 Dutch CRC patients being
investigated for MSH6 mutations, or in 97 healthy Dutch controls. The deletion segregated
with disease in 2 families, and in CRCs from 1 of the families, somatic MSH2 mutations were
found. A different germline deletion again involving the 3’ end of EPCAM but without
involvement of the MSH2 promoter was seen in 2 unrelated Chinese families with CRCs
containing promoter methylation of MSH2. The CRCs from the affected Dutch families were
also found to have methylation of the MSH2 promoter. Similarly MLPA of genomic DNA in 27
Hungarian HNPCC families that were negative for MLH1 and MSH2 mutations showed a
decrease in signal strength corresponding to deletions in the 3’ region of the EPCAM gene in 5
families. The deletions were found to segregate with CRC in these families, and were not found
in 45 individuals from 21 control families. The tumours from these families were found to be
microsatellite unstable and had loss of MSH2 on IHC. Deletions of the 3’ end of the EPCAM
gene including its polyadenylation signal result in transcriptional readthrough across the CpG
island of the promoter of MSH2 downstream (Ligtenberg et al., 2009). This results in promoter
methylation in tissues that express EPCAM such as colonic epithelium.

1.2.5.4. Genotype-phenotype correlations

Lynch syndrome is an autosomal dominant disorder, while Constitutive Mismatch Repair
Deficiency is a recessive condition. A study of 23 Lynch syndrome cases identified from 1066
unselected CRCs found that mutations in MSH2 were most common (n=13), followed by MLH1
(n=5), MSH6 (n=3) and PMS2 (n=2) (Hampel et al., 2005). Ninety-one percent (21/23) of the
detected pathogenic variants in this study resulted in protein truncation. As genotyping for
microsatellite instability was the initial test used for identification of Lynch syndrome cases, it
is unlikely to have biased mutation detection towards truncating variants. Truncating
mutations similarly accounted for 94% of 333 Australian Lynch syndrome families ascertained
on clinical criteria or microsatellite testing/MMR protein IHC over a 14 year period (Sjursen et
al., 2016).

Missense mutations are more common in MLH1 than MSH2 (Woods et al., 2007). Founder
mutations have been described, such as the MSH2 ¢.942+3A>T splice site mutation resulting in
the deletion of exon 5 in affected families from Newfoundland, Canada (Froggatt et al.,
1999).This pathogenic variant also occurs de novo worldwide (Desai et al., 2000) and may
account for up to 10% of Lynch syndrome cases (Hampel et al., 2005).
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The risks of developing colorectal cancer and extra-colonic cancers vary for each of the Lynch
syndrome genes, as demonstrated in a prospective observational study (Mgller et al., 2018)
and in retrospective studies (Bonadona et al., 2011, Engel etal., 2012, Watson et al., 2008b).
Retrospective studies are limited to risk estimates due to the need to adjust for ascertainment
bias. Table 1.1 summarises the Lynch syndrome-associated cancer risks to age 75 years,
according to MMR gene subtype, from the Prospective Lynch Syndrome Database (Mgller et
al., 2018). These prospectively determined risks await validation in an independent
prospective study.

Table 1-1.Lynch syndrome-associated cancer risks to age 75 years from the Prospective Lynch
Syndrome Database (Mgller et al., 2018)

Mutated Risk of cancer type to age 75 (%)

MMR Colorectal Endometrial Ovarian Gastric Duodenal Urinary Brain
Gene

tract
58.5 42.7 10.1 7.1 6.5 8.7 1.0
60.7 56.7 16.9 7.7 2.0 25.9 5.3
18.8 46.2 13.1 5.3 0 11.2 1.4

PMS2 0 26.4 0 0 0 0 0

Patients with EPCAM deletions have a much lower rate of endometrial cancer compared with
patients with MSH2 mutations, likely due to the differential expression of EPCAM in colorectal
and endometrial tissues (Kempers et al., 2011). Patients with germline EPCAM mutations who
developed endometrial cancer were noted to have deletions that extended closest to the
MSH2 promoter (less than 2.5 kb).
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1.3. A Proportion of Each Clinical Phenotype Has No Known

Predisposing Gene

In each of the clinical phenotypes described above, there are a proportion of cases in whom a
CRC-predisposing gene mutation has not been identified (Table 1.2). In the case of FAP, full
sequencing and Southern blot analysis of the APC gene, and sequencing of exons 7 and 13 of
the MUTYH gene, together with full sequencing of the MUTYH gene in cases where only one of
the two most common MUTYH mutations was found, was performed in 1457 individuals with
classic FAP and 3252 individuals with attenuated FAP (Grover et al., 2012). In individuals with
10-999 adenomatous polyps, no mutations were found in 37-91% of cases, while in individuals
with 21000 adenomatous polyps, no mutation was identified in 18% of cases. In PJS, STK11
mutations are identified in up to 80% of cases (Hearle et al., 2006), while SMAD4 or BMPR1A
mutations are seen in 40-60% of JPS cases (Howe et al., 2004, Aretz et al., 2007). In serrated
polyposis, only 1 of 40 individuals was found to have biallelic germline MUTYH mutations,
suggesting that these are rare in serrated polyposis (Guarinos et al., 2014). The genetic factors
predisposing to the majority of serrated polyposis cases have not yet been determined. In the
case of families meeting Amsterdam-I criteria, mutations in MLH1 and MSH2 were only
identified in 45% of cases (Wijnen et al., 1998). When MSH6 and PMS2 mutations are taken
into account, together with improved mutation detection, it is still estimated that 40-50% of
families meeting Amsterdam-I criteria do not have an inherited pathogenic variant in a MMR
gene (Lindor, 2009).
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Table 1-2. Proportion of hereditary CRC phenotypes explained by the known CRC-
predisposing genes

Clinical Phenotype Gene Percentage of cases Percentage of
with a Gene unexplained cases
Mutation
Attenuated adenomatous APC 5% 91%
polyposis (10-19 polyps)
0,
(Grover et al., 2012) MUTYH 4%
Attenuated adenomatous APC 10% 83%
polyposis (20-99 polyps)
(Grover et al., 2012) MUTYH 7%
Classic familial adenomatous APC 56% 37%
polyposis (100-999 polyps)
(Grover et al., 2012) MUTYH 7%
Classic familial adenomatous APC 80% 18%
polyposis (21000 polyps)
(Grover et al., 2012) MUTYH 2%
Peutz-Jegher Syndrome STK11 <80% At least 20%

(Hearle et al., 2006)

Juvenile Polyposis (Howe et SMAD4 40-60% At least 40%
al.,, 2004, Aretzetal., 2007)
BMPR1A
Hereditary Mixed Polyposis GREM1 N/A N/A
Serrated polyposis(Guarinos MUTYH 2.5% N/A
et al., 2014)
RNF43 N/A
Families meeting Amsterdam- MLH1 45% Up to 55%
| criteria (Wijnen et al., 1998)
MSH2
MSH6 N/A
PMS2 N/A
EPCAM N/A

N/A, not available.
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1.4. Common Low Penetrance Variants Associated with CRC

The contribution of common germline variants to CRC predisposition has been investigated
through genome-wide association studies (GWAS). GWAS are case-control studies that aim to
identify ‘risk’ alleles that are more associated with disease using the ‘common disease-
common allele’ approach. Oligonucleotide microarray chips are used to assay the allele
frequencies of thousands of single nucleotide polymorphisms (SNPs) distributed throughout
the human genome in cases and controls. As this results in multiple testing of large numbers of
SNPs, the commonly accepted threshold of genome-wide significance for such studies is
usually set at a stringent value of 5 X102 (Altshuler et al., 2005, Pe'er et al., 2008) in order to
reduce false positives.

GWAS have identified over 40 alleles associated with increased CRC risk, with odds ratios
ranging from 1.06-1.35 (Table 1.3) (Schumacher et al., 2015, Whiffin et al., 2014, Wanget al.,
2014, Zhangetal., 2014, Petersetal., 2013, Jiaetal, 2013, Petersetal., 2012, Dunlop et
al., 2012, Tomlinson et al., 2011, Cuietal., 2011, Hutter et al., 2010, Houlston et al., 2010,
Tenesa et al., 2008, Jaeger et al., 2008, Houlston et al., 2008, Tomlinson et al., 2008, Zanke
et al.,, 2007, Tomlinson et al., 2007, Broderick et al., 2007, Haiman et al., 2007). Although
individually each allele is associated with a small individual increase in risk, in aggregate, these
SNPs account for an estimated 10% of the familial CRC risk (Al-Tassan et al., 2015, Carvajal
Carmona and Tomlinson, 2016).

While a strength of GWAS is its agnostic approach to risk allele identification, one of the
subsequent difficulties is elucidating the functional mechanism by which these SNPs
predispose to CRC. As most SNPs are in non-coding regions of the genome, their functional
significance was initially attributed to impacting on genes that fell within or adjacent to the
region of linkage disequilibrium close to the respective SNP. While this has led to an important
observation that genes involved in the TGFB signalling pathway (SMAD7, GREM1, BMP2, BMP4
and RHPN2) are influenced by risk alleles (Tenesa and Dunlop, 2009), in silico annotation of
CRC risk SNPS with mRNA expression in blood cells has suggested that the gene closest to a
SNP may not necessarily show the tightest correlation and more distant influences are
important (Carvajal-Carmona et al., 2011).
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Table 1-3. Risk loci associated with increased CRC risk from GWAS

Risk
Allele

Chromosome
Locus

Odds Ratio

95%
Cl

Smallest P
value

Possible
Associated
Gene(s)

Reference(s)

15q13 T rs4779584 1.35 1.14- 4X10-14 GREM1 (Jaeger et al., 2008,
1.60 Tomlinson et al., 2008,
Peters et al., 2012)
6q25.3 T rs7758229 1.28 1.18- 8X10-9 SLCC22A3 (Cuietal., 2011)
1.39
8g23.3 C rs16892766 1.27 1.19- | 3.33X10-18 EIF3H (Tomlinson et al., 2008)
1.32
18qg21 A rs7229639 1.22 1.15- 3X10-11 SMAD7 (Zhang et al., 2014)
1.29
1821 T rs4939827 1.20 1.16- 8X10-28 SMAD7 (Broderick et al., 2007,
1.24 Tenesa et al., 2008)
8g24.21 G rs6983267 1.19 1.15- 9X10-26 POUS5F1P1, MYC (Hutter et al., 2010,
1.23 Tomlinson et al., 2007,
Zanke et al., 2007,
Tenesa et al., 2008,
Peters et al., 2013, Cui
et al., 2011, Haiman et
al., 2007)
10g25.2 C rs12241008 1.19 1.12- 3X10-8 VTI1A (Wang et al., 2014)
1.26
12p13.32 T rs3217810 1.19 1.13- 2.16X10-10 CCND2 (Peters et al., 2013,
1.25 Whiffin et al., 2014)
5g31.1 A rs647161 1.17 1.11- 1.22X10-10 PITX1 (Jia et al., 2013)
1.22
12p13.32 T rs10774214 1.17 1.11- 5X10-10 CCND2 (Jia et al., 2013)
1.23
2g32.3 C rs11903757 1.16 1.10- 3.71E-08 NABP1 (Peters et al., 2013)
1.22
12¢24.22 G rs73208120 1.16 1.11- 3X10-8 NOS1 (Schumacher et al.,
1.23 2015)
11g12.2 G rs4246215 1.15 1.12- 7.65X10-20 FEN1 (zhang et al., 2014)
1.19
11g12.2 T rs174550 1.15 1.12- 1.58X10-19 FADS1 (zhang et al., 2014)
1.19
11g12.2 A rs1535 1.15 1.12- | 8.21X10-20 FADS2 (zhang et al., 2014)
1.19
19g13.1 C rs10411210 1.15 1.10- 5X10-9 RHPN2 (Houlston et al., 2008)
1.20
3p22.1 A rs35360328 1.14 1.09- 2.4X10-8 CTNNB1 (Schumacher et al.,
1.19 2015)
10g25.2 A rs11196172 1.14 1.10- 1X10-12 TCF7L2 (zhang et al., 2014)
1.18
12p13.31 T rs10849432 1.14 1.09- 3X10-10 CD9 (zhang et al., 2014)
1.18
10p14 G rs10795668 1.12 1.10- 3X10-13 GATA3 (Tomlinson et al., 2008)
1.16
10g24.2 T rs1035209 1.12 1.08- | 4.54X10-11 ABCC2 (Whiffin et al., 2014)
1.16
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Table 1.3 (continued). Risk loci associated with increased CRC risk from GWAS

Chromosome Risk
Locus Allele

Odds Ratio

95%
Cl

Smallest P
value

Possible
Associated

Reference(s)

Gene(s)
20p12.3 C rs961253 1.12 1.08- 2.0X10-10 BMP2 (Houlston et al., 2008)
1.16
11923 C rs3802842 1.11 1.08- 5.82X10-10 COLCA2 (Tenesa et al., 2008)
1.15
14922.2 C rs4444235 1.11 1.08- 8X10-10 BMP4 (Houlston et al., 2008)
1.15
6p21 A rs1321311 1.10 1.07- CDKN1A (Dunlop et al., 2012)
1.13 P=1.14x
10-10
10g22.3 G rs704017 1.10 1.06- 2X10-8 ZMIZ1, AS1 (zhang et al., 2014)
1.13
16g22.1 G rs9929218 1.10 1.06- 1X10-8 CDH1 (Houlston et al., 2008)
1.12
17p13.3 C rs12603526 1.10 1.06- 3X10-8 NXN (zhang et al., 2014)
1.14
20p12.3 G rs4813802 1.10 1.06- 7X10-11 BMP2 (Tomlinson et al., 2011,
1.12 Peters et al., 2012)
20p12.3 C rs2423279 1.10 1.06- 7X10-9 BMP2 (Jia et al., 2013)
1.14
1g25.3 A rs10911251 1.09 1.06- 1.75X10-8 LAMC1 (Peters et al., 2013,
1.12 Whiffin et al., 2014)
1g41 G rs6687758 1.09 1.06- 2.27X10-9 DUSP10 (Houlston et al., 2010)
1.12
3pl4.1 G rs812481 1.09 1.05- 2.5X10-8 LRIG1 (Schumacher et al.,
1.11 2015)
12¢24.12 C rs3184504 1.09 1.06- 2X10-8 SH2B3 (Schumacher et al.,
1.12 2015)
19q13.2 G rs2241714 1.09 1.06- 1X10-8 TGFB1 (zhang et al., 2014)
1.12
20q13.1 G rs6066825 1.09 1.06- 4X10-9 PREX1 (Schumacher et al.,
1.12 2015)
11q13.4 C rs3824999 1.08 1.05- POLD3 (Dunlop et al., 2012)
1.10 3.65 x
10-10
14922.2 A rs1957636 1.08 1.06- 1.36X10-9 BMP4 (Tomlinson et al., 2011)
1.11
20q13.33 C rs4925386 1.08 1.05- 2X10-10 LAMAS (Houlston et al., 2010,
1.10 Peters et al., 2012)
Xp22.2 C rs5934683 1.07 1.04- SHROOM?2 (Dunlop et al., 2012)
1.10 7.30 x
10-10
1g41 T rs6691170 1.06 1.03- 9.6X10-10 DUSP10 (Houlston et al., 2010)
1.09
12g13.13 T rs7136702 1.06 1.04- 4X10-8 LARP4, DIP2B (Houlston et al., 2010)
1.08
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1.5. WES as a novel strategy for discovering additional rare, Mendelian,

familial CRC predisposing genes

As >95% of genetic mutations predisposing to Mendelian diseases affect protein-coding
regions (Botstein and Risch, 2003), the use of WES to identify such variants in familial CRCis a
targeted and cost-effective strategy. WES has been successfully used to identify the genes
predisposing to several Mendelian diseases with rare phenotypes (Ng et al., 2010b, Nget al.,
2010a, Shenetal, 2015, Kuetal., 2011).

1.5.1. WES in Familial Cancer Predisposition

At the time of commencement of this study, no familial CRC WES studies had been reported,
although its application to elucidating the genetic aetiology of FCCTX had been proposed (Ku et
al., 2012). The application of WES in familial pancreatic cancer (Jones et al., 2009¢c, Roberts et
al., 2012), familial phaeochromocytoma (Comino-Méndez et al., 2011), Hodgkin’s lymphoma
(Saarinen et al., 2011) and breast cancer (Thompson et al., 2012, Park et al., 2012) has
successfully identified cancer-predisposing genes.

Following the commencement of this study, pathogenic missense variants in the genes POLE
and POLD1 were discovered (Palles et al., 2013) through whole genome sequencing and
linkage analysis performed in two families with multiple affected individuals across 3 to 5
consecutive generations, who had developed at least 10 colorectal adenomas by age 60 years,
further confirming WES as a worthwhile approach to identifying novel CRC-predisposing genes.

1.5.2. Significance of the Study

Identification of novel genes predisposing to familial CRC will allow accurate classification of
patients according to genetic aetiology. This will likely result in better disease characterisation
based on genotype-phenotype correlations, and enable more accurate cancer risk assessments
and preventive strategies. From the point of view of the family of the affected individual,
family members can be screened for the family-specific CRC-predisposing gene mutation, and
if they do not carry the family-specific gene mutation, they can be excluded from more
intensive cancer surveillance that is often recommended for individuals with a genetic
predisposition to CRC. This has advantages at both the level of the individual, whereby
mutation-positive individuals can be managed effectively in terms of risk-reducing screening
strategies, and at the level of healthcare economics, wherein individuals who are not at
increased CRC risk are not receiving unnecessary medical intervention.

A greater understanding of the genetic aetiology of CRC may also point to novel pathways of
CRC initiation, and better understanding of the biological correlations of genetic alterations
can help refine treatment strategies for CRC.

1.5.3. Hypothesis, Aim and Scope

The hypothesis of this thesis is that a proportion of individuals with CRC or colonic polyposis
who have been referred to a Familial Cancer Centre due to a family history of CRC, a young age
of onset of CRC (less than 40 years), and in whom no mutation in a known CRC-predisposing
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gene has been found, harbour an inherited predisposing pathogenic variant in a novel CRC-
predisposing gene.

The aim of this thesis is to identify novel candidate CRC-predisposing genes using WES of
germline DNA from an Australian population deemed to be at increased risk of harbouring an
inherited pathogenic variant predisposing to CRC. This study will only examine the coding and
essential splice site regions of the human genome. Consideration was given to performing
whole genome sequencing instead of WES, however due to the paucity of annotation of the
non-coding regions of the genome when this study began, it was decided that investigation of
genetic factors in the discovery cohort of this study would be limited to the exome. Using WES
rather than whole genome sequencing would also allow for a larger number of patients to be
interrogated, as whole genome sequencing at the time this study commenced was
approximately three times more expensive than WES.

1.5.4. Thesis Objectives and Overview
The objectives of this thesis are as follows:

(1) Identify a cohort of patients with an increased likelihood of harbouring a novel
germline CRC-predisposing gene mutation, for the purpose of WES of germline DNA

(2) Identify candidate CRC-predisposing genes through analysis of germline variants from
WES

(3) Determine if the candidate CRC-predisposing genes are recurrently mutated in a larger
cohort of young-onset CRC through targeted gene sequencing.

(4) Assess for loss-of-heterozygosity of the candidate germline variant by performing
Sanger sequencing on DNA from corresponding colonic tumour tissue from the cohort
identified in objective (1)

(5) Perform segregation analysis of candidate CRC-predisposing germline variants where
additional family members are available and agree to participate

Chapter 3 will address objective (1). Chapter 4 will address objective (2), by presenting the
analysis pipeline used to prioritise potentially pathogenic variants identified in WES, followed
by the analysis strategies employed to identify candidate CRC-predisposing genes containing
potentially pathogenic variants. Chapter 5 will present the re-sequencing of candidate CRC-
predisposing genes in a validation cohort, loss-of-heterozygosity studies in corresponding
tumour tissue and segregation analyses for objectives (3), (4) and (5). An overview of the
results chapters is presented in Figure 1.1. Chapter 6 will summarise the conclusions from
these results chapters and discuss future directions.
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Identifying a discovery
cohort for germline whole

Results Chapter 3

A custom analysis pipeline
to identify potentially
pathogenic variants

Results Chapter 4

n of candidate
CRC-predisposing genes
containing potentially
pathogenic variants

Results Chapter 4

4A. Inter-family analysis

4B. Intra-family analysis

4C. Genes in CRC pathways

4D. Highly constrained Genes

Candidate genes identified
from the literature

CANDIDATE GENE
—
LIST l

Sepregation of
candidate variants
within the family
Results Chapter 5

LOH studies in
tumour

Results Chapter 5

Targeted gene re-
sequencing in a
validation cohort
Results Chapter 5

Figure 1-1. Overview of thesis results chapters 3-5.

CRC, colorectal cancer. LOH, loss-of- heterozygosity.
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Chapter 2. Materials and Methods

2.1. Materials

UltraPure DNase/RNase-Free Distillled Water was used in enzymatic reactions. Chemical
solutions were made with water that was ultrafiltered using the Milli-Q Integral ultrafiltered

water system.

2.1.1. Reagents and Chemicals

Table 2-1. Reagents and Chemicals

Reagent

Supplier

3130 POP-7 Polymer

Agarose, LE, Analytical Grade

Eosin 1% Aqueous

Ethanol, Analytical Grade

Ethidium Bromide

GelRed Nucleic Acid Stain, 10000X in water
Haematoxylin

Hi-Di Formamide

Loading Dye

MgSO,

Sodium Acetate

UltraPure DNase/RNase-Free Distilled Water

Xylene

Applied Biosystems (Foster City, CA, USA)
Promega (Madison, WI, USA)

Australian Biostain (Traralgon, Vic, Australia)
Merck (Kilsyth, Vic, Australia)

Merck (Kenilworth, NJ, USA)

Biotium (Fremont, CA, USA)

Australian Biostain (Traralgon, VIC, Australia)
Thermo Fischer Scientific (Scoresby, VIC,
Australia)

Sigma-Aldrich (St. Louis, MO, USA)
BDH-Merck (Kilsyth, Vic, Australia)

Merck (Kenilworth, NJ, USA)

Thermo Fischer Scientific (Scoresby, VIC,
Australia)

Biolab (Clayton, VIC, Australia)

2.1.2. Enzymes and Buffers

Table 2-2. Enzymes and Buffers

Enzyme or Buffer Supplier
Exonuclease 1 New England Biolabs (Ipswich, Massachusetts,
USA)

HotStar Taq Polymerase
Proteinase K

RNAse A

Shrimp alkaline phosphatase

10X sequencing buffer

Qiagen (Valencia, CA, USA)

Qiagen (Valencia, CA, USA)

Qiagen (Valencia, CA, USA)

New England Biolabs (Ipswich, Massachusetts,
USA

Qiagen (Valencia, CA, USA)
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2.1.3. Nucleic Acids and Nucleotides

Table 2-3. Nucleic Acids and Nucleotides

Nucleic Acids or Nucleotides

Supplier

dNTPs
Human Genomic DNA:Female

Promega (Madison, WI, USA)
Promega (Madison, WI, USA)

2.1.4. Kits

Table 2-4. Kits

Kit

Supplier

Agilent SureSelect Human All Exon v4 (51
Mb)
Agilent SureSelect Human All Exon (37.6 Mb)

Big Dye Terminator v3.1 Cycle Sequencing Kit

DNeasy Blood and Tissue Kit

Haloplex HS Custom Design Target
Enrichment Kit 501 kb-2.5 Mb for Illumina
Qubit® dsDNA BR (Broad Range) Assay
Qubit® dsDNA HS (High Sensitivity) Assay
Repli-G Mini Kit

Agilent Technologies (Santa Clara, California,
USA)
Agilent Technologies (Santa Clara, California,
USA)

Applied Biosystems (Mulgrave, Victoria,
Australia)

Qiagen (Hilden, Germany)

Agilent Technologies (Santa Clara, California,
USA)

Life Technologies (Carlsbad, CA, USA)

Life Technologies (Carlsbad, CA, USA)
Qiagen (Hilden, Germany)

2.1.5. Molecular Weight Standards

Table 2-5. Molecular Weight Standards

Molecular Weight Standard

Supplier

100 bp DNA ladder
1 Kb Plus DNA Ladder

Invitrogen (Carlsbad, CA, USA)
Invitrogen (Carlsbad, CA, USA)

2.1.6. Equipment

ABI 3130 Genetic Analyser (Applied Biosystems, Foster City, CA, USA)

Bravo NGS (Option A) (Agilent Technologies, Santa Clara, CA, USA)

Centrifuge 5415 R (Eppendorf, Hamburg Germany)

Corning LSE™ Vortex Mixer (Corning Inc, NY, USA)

Hybridisation Oven (Ratek, Boronia, VIC, Australia)
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Megafuge 1.0R (Heraeus Instruments, Hanau, Germany)

Microcentrifuge SIGMA 1-15 (SIGMA Laboratory Centrifuges, Osterode am Harz, Germany)

Milli-Q Integral ultrafiltered water system (Merck Millipore, Bayswater, VIC, Australia)

Molecular Imager FX (Bio-Rad, Hercules, CA, USA)

Professional Thermocycler (Biometra, Gottingen, Germany)

Qubit® Fluorometer (Invitrogen, Carlsbad, CA, USA)

Stemi 2000 dissecting stereomicroscope, (Carl Zeiss, Oberkochen, Germany)

2200 TapeStation (Agilent Technologies, Santa Clara, CA, USA)

2.1.7. Software Packages

Table 2-6. Software Packages

Software

Source

3130 Data Collection version 3.0
Geneious® v8.1.5

Progeny 9

Microsoft Excel 2010

NEXUS Copy Number™
Quantity One v4.6.9

Applied Biosystems, Foster City, CA, USA
Biomatters Ltd, Auckland, NZ

Progeny Genetics, LLC, Delray Beach, FL, USA

Microsoft Corporation, Redmond, WA, USA
Biodiscovery, Inc., El Segundo, CA, USA
Biorad Laboratories, Hercules, CA, USA
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2.1.8. Custom Oligonucleotides

Table 2-7. Primers for validation of germline variants

Gene Sequencing Primer Sequence (5’-3’) Expected PCR
Direction Product Size

(bp)
APLF Forward GAAGGGGCCTAATCCTTGC 254
APLF Reverse CGGCCCCAAACTTCTAAAAT 254
B4GALT1 Forward GCGTCACCCTCGTTTACTACC 249
B4GALT1 Reverse GGACCGAGGTCAAGTTGCTA 249
BCL9 Forward CCCTGAGGAGATGCTGAAAT 222
BCL9 Reverse ATATGACTGAGCCGGCTGTT 222
BOC Forward ACCAGCTACCTTCTCCAGCA 243
BOC Reverse GGCCAGTGGAACTTGCTTAG 243
C2CcD3 Forward ACAATTCCCAAAGCAGCAGT 286
C2¢D3 Reverse GGTCATTTCACCTTGGGAGA 286
CNTN6 Forward CAACCTGGTCCAAGGAGAAA 295
CNTN6 Reverse GGCCAGTTGAGGTTCTACCA 295
DMC1 Forward CACAGGTACATTGTTTGGCTTC 245
DMC1 Reverse TACATTGACCCAAGCATCCA 245
EP300 Forward TGCATTCCCTGTGTCAAAAA 284
EP300 Reverse TTGTGAGCATGCAAAAGGAG 284
ERCC3 Forward TCCTACATGACGAGGGCTTT 233
ERCC3 Reverse TATGCCACACAAACCTTGGA 233
GDF2 Forward ACAGATGCCTGGGATAGTGC 254
GDF2 Reverse CTGCTGTGGTCATTGGAGAA 254
INTU Forward CCAAGCGCTGCAATAAAAA 218
INTU Reverse TCTCCAGCTCCACTTGGTCT 218
JAG2 Forward GTGTGGTGGACACGCAAG 240
JAG2 Reverse ATCCTCGTCCTCCTCATCCT 240
LRRFIP2 Forward TCGCTATGCAATCATTGAAGTT 195
LRRFIP2 Reverse TGAGAGACAACAGAACTAACCAGT 130
MUS81 Forward AGGTGTTCGAATCCCGACT 290
MUSs81 Reverse AGGGGTAGGGTACCTGGTCA 290
MYCBP2 Forward GGGGGCCATATTTTTGTTTT 239
MYCBP2 Reverse TTTTTCCATATGTGCCACCA 239
NOTCH4 Forward ATGTCAGCAGTTTGCTGTGG 291
NOTCH4 Reverse GTGTGTGCTAACCTGGCAGA 291
PHRF1 Forward CACCTTCTTTGGCTCTGAGG 178
PHRF1 Reverse CCTCTTCCTCTTGGCCTTCT 178

PCR, polymerase chain reaction. bp, base pair.
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Table 2-7 (continued). Primers for validation of germline variants

Gene Sequencing Primer Sequence (5’-3’) Expected PCR Product
Direction Size (bp)

POLN Forward TACAGACTGTGGTGAGCACT 181
POLN Reverse TCTTGTGAGCCTCTGTCAGC 181
SIN3B Forward CACCTCCCACATGTGTCCTTA 230
SIN3B Reverse CCTCTGTTCCCTGGTCACAT 230
SGPL1 Forward AGTATGAGCCCTGGCAGCTA 242
SGPL1 Reverse CACTCCAGCCTAGCAACAGA 242
TCF7L2 Forward CTTCCTCCTGCCTTCTCCTT 242
TCF7L2 Reverse CTGGCCTTGAATTTCTCCTG 242
UspP28 Forward GCTGCCAAATGCTGTTAAATC 268
uspP28 Reverse TACCCGAACCACAAATCTCC 268
WNT10A Forward ATGCCAACACAGTGTGCCTA 264
WNT10A Reverse CTGAGGTGGAGATGCTGGAT 264
XRCC6BP1 Forward CCATGAACCTTTTGGAAGGA 288
XRCC6BP1 Reverse TGCCTTGGAGTTTAAAGCAG 288

PCR, polymerase chain reaction. bp, base pair.
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Table 2-8. Primers containing the M13F sequence for assessment of loss-of-heterozygosity in
tumour tissue

Gene Sequencing Primer Sequence PCR
Direction Product
Size (bp)
ASCL3 Forward GTAAAACGACGGCCAGTTGTGTCAATGAAGGCTACGC 91
ASCL3 Reverse CAGCTCTGAGGGTTTCCACT 91
DMC1 Forward GTAAAACGACGGCCAGTTCCTTAATCTTGGCATACTCCAG 86
DmMcC1 Reverse TCCAGTACTGCATCATGGTCT 86
ERCC3 Forward GTAAAACGACGGCCAGTTTCTGTGGTCTAACACAGCTTCA 107
ERCC3 Reverse TTTGGGGTTGTGCTTGAAAT 107
FKBP10 Forward GTAAAACGACGGCCAGTTGGGGACTTTGTTCGATACC 101
FKBP10 Reverse CACCCACCTGCCCAGTC 101
GALC Forward CTGGGGAAGAGCCATGGTAG 95
GALC Reverse GTAAAACGACGGCCAGTGTCACCTGGTGGAGCACTTT 95
GPR144 Forward CTGCCAAGGAGCACAGC 110
GPR144 Reverse GTAAAACGACGGCCAGTCTGGATCCTAGGGCATCAGG 110
IL4R Forward GTAAAACGACGGCCAGTCAGACCCCCTTGTGGACAG 98
IL4R Reverse ATCCTCCTGGCCATGACAC 98
JAG2 Forward GAGAGCGCCAACAACCAGT 106
JAG2 Reverse GTAAAACGACGGCCAGTGCGGCGTGAAGTTCTTG 106
LRRFIP2 Forward GTAAAACGACGGCCAGTTCGCTATGCAATCATTGAAGTT 130
LRRFIP2 Reverse TGAGAGACAACAGAACTAACCAGT 130
LRRK2 Forward GTAAAACGACGGCCAGTGTGACAGCCAGATCATCAGC 114
LRRK2 Reverse GACCAAGCCAAGAAGGTTCA 114
MMP2 Forward AGCTCCCGGAAAAGATTGAT 100
MMP2 Reverse GTAAAACGACGGCCAGTAGCTGAGGGCCAAGGAAG 100
MS4A15 Forward GGTCATTGCCATGCACTTC 105
MS4A15 Reverse GTAAAACGACGGCCAGTCACAGGCTCAGCTCAGGTIT 105
MUs81 Forward GTAAAACGACGGCCAGTCTTCGTTCGCTGGCTGAC 83
MUS81 Reverse GACCCACCTTCTGAAATACGA 83
PDE5A Forward GTAAAACGACGGCCAGTAAACGAACTTCCCACGTTTG 86
PDE5A Reverse AAGTGGGAAGGGACGTAGG 86
PHRF1 Forward GTAAAACGACGGCCAGTCCTGTGTGACTGTCGTGGAG 118
PHRF1 Reverse CGGGAGCTGGATGTGG 118
RIPPLY3 Forward TACCCATGTCAAAGCGTCAA 87
RIPPLY3 Reverse GTAAAACGACGGCCAGTAGAAGTCAATCGTGGCTTGC 87
SERPINB7 Forward TTTTCCTCAGTTCAAGATAGAGAAGA 112
SERPINB7 Reverse GTAAAACGACGGCCAGTCGAAGCAATCCCAGAGAGAT 112
SH2D4A Forward GTAAAACGACGGCCAGTGAAGCAGATTTGTAAGAGCTGG 83
A
SH2D4A Reverse TGGAAGGTGCTATGGAGACC 83
SIN3B Forward GTAAAACGACGGCCAGTCCTCCCACATGTGTCCTTAGT 105
SIN3B Reverse GGGAGCGCTTCCTGCT 105

PCR, polymerase chain reaction. bp, base pair.
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Table 2.8 (continued). Primers containing the M13F sequence for assessment of loss-of-
heterozygosity in tumour tissue

SucCLG2 Forward GGTGGTGTAAAGGAAGCTCAA 114
SUCLG2 Reverse GTAAAACGACGGCCAGTTGACGGTGAGAAATTAAAACTG 114
G
TEX14 Forward GTAAAACGACGGCCAGTGCATCACTATCGGCACATTG 90
TEX14 Reverse AAGAAACTGGGAGGTCAGCA 90
TMCC3 Forward GTAAAACGACGGCCAGTCGGGACGTATCAAGCAAGTC 112
TMCC3 Reverse TGCTCGATCTCTCTGAGCTTT 112
UFL1 Forward GTAAAACGACGGCCAGTCAGCTTGTGTTGGTCAAGGA 85
UFL1 Reverse GCAATATCAACCCATGTTCCA 85
ZNF788 Forward GAGCGGCCTTCAGGTACA 119
ZNF788 Reverse GTAAAACGACGGCCAGTTGGTGTGGATCCTTTTATGATTT 119
ZNF788 Forward GTAAAACGACGGCCAGTAAGATACGTGGAAAAGTCTTTC 128
AT
ZNF788 Reverse CGTTGAAAGGCATTGAAATAAA 128

PCR, polymerase chain reaction. bp, base pair.

Table 2-9. M13F primer for Sanger Sequencing Reaction using DNA from FFPE Tumour Tissue

Primer Name Primer Sequence

M13F GTAAAACGACGGCCAGT
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2.1.9. Tissue Specimens and Clinical Information

Each study participant gave informed consent for the collection of tissue specimens and
clinical information. Whole blood or its derivatives, or saliva was collected in order to extract
germline DNA. Colorectal cancer (CRC) tumour blocks or cut sections mounted on glass slides
were requested from pathology laboratories for the purpose of loss-of-heterozygosity studies.
Clinical information consisting of three generation pedigrees, histopathology reports,
diagnostic sequencing reports for known CRC-predisposing genes and clinical letters were
obtained from Familial Cancer Centre (FCC) files and medical records.

2.1.9.1. Study Ethics Approval and Patient Recruitment Sites

This study was approved by the Human Research and Ethics Committees (HRECs) of the
following institutions: 1) Royal Melbourne Hospital (VIC, Australia) (multi-site approval that
included approval for Monash Medical Centre (VIC, Australia) and Prince of Wales Hospital
(NSW, Australia)); 2) Peter MacCallum Cancer Centre (VIC, Australia) and 3) King Edward
Memorial Hospital (WA, Australia). Management of ethics amendments and drafting of the
HREC application for the King Edward Memorial Hospital site was performed by myself.

Table 2-10. HREC Sites and Study Numbers

HREC Site HREC Study Number Principal Investigators

Royal Melbourne Hospital 12/MH/145 Associate Professor Alison
Trainer, Associate
Professor Lara Lipton
Peter MacCallum Cancer 10_83 Professor lan Campbell,
Centre Associate Professor Alison
Trainer, Associate
Professor Paul James
King Edward Memorial 2013087EW Professor lan Campbell,
Hospital Associate Professor Alison
Trainer, Associate
Professor Paul James

Participants were enrolled into the study from FCCs within each institution. Individuals
enrolled onto the study through the FCCs who were not included in the discovery cohort were
entered into the validation cohort. For the validation cohort, the cut-off age for isolated CRC
cases was increased to a diagnosis age of 50 years or younger.

Germline DNA was also obtained from patients in the Molecular and Cellular Oncology (MCO)
Group Study who had given prior consent for genetic research studies through Professor
Robyn Ward from the University of New South Wales Lowy Cancer Research Centre (NSW,
Australia) (Ward and Hawkins, 2013, Sloane et al., 2014). The MCO study prospectively
enrolled more than 1500 patients who underwent surgical resection for CRC between 1994
and 2010. Germline DNA from patients who had developed CRC prior to the age of 50 years,
and who had consented for genetic research studies, was obtained for this study. A family
history of CRC was not required for the MCO patients due to the young onset of CRC. Self-
reported family history was obtained from the MCO database. Results of testing for MMR
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proteins by IHC was extracted from the MCO database and provided in table form. Patients
with a known pathogenic variant in a CRC-predisposing gene were excluded.

Additional germline DNA for the validation cohort was obtained from the Victorian Cancer
Biobank (VCB) (VIC, Australia) and the Kathleen Cuningham Foundation Consortium (KConFab)
(www.kconfab.org). Applications to access biospecimen germline DNA were submitted to VCB
and kConFab. Individuals who consented to their germline DNA being banked by VCB and
kConFab had already consented to genetic research being performed on their tissue at the
time of tissue collection.

Germline DNA was requested for individuals who developed CRC aged < 50 years, regardless of
family history. Where available, pathology reports for the individual’s CRC were reviewed for
MMR IHC results, and all cases with MMR deficiency on IHC were excluded.

VCB provided a buffy coat for each individual. DNA was extracted as described in Chapter 2
Section 2.2.1. kConFab provided 500 ng of germline DNA per individual, obtained from EBV-
transformed lymphoblastoid cell lines.

2.1.9.2. Germline DNA

Twenty millilitres (mLs) of whole blood were collected in ethylenediaminetetraacetic acid
tubes from patients at local pathology centres prior to being sent to the Molecular Pathology
department at Peter MacCallum Cancer Centre (PMCC) where DNA extraction was performed
from peripheral blood leucocytes. For patients enrolled outside Victoria, germline DNA from
peripheral blood leucocytes or saliva was extracted prior to being sent to the Cancer Genetics
Laboratory at PMCC. In instances where germline DNA was available from previous diagnostic
sequencing studies performed through the FCCs, this was retrieved for the study. Two to three
pg of DNA were requested for each patient sample. VCB samples were provided as cell pellets
or buffy coats and germline DNA extracted by the Molecular Pathology Department at PMCC,
apart from 71 samples that were extracted manually in the Campbell laboratory using the
method described in 2.2.1.

2.1.9.3. Tumour blocks or sections

Formalin-fixed, paraffin-embedded (FFPE) tumour blocks were requested from the relevant
pathology laboratories. The pathology department at PMCC cut 10 x 5 um sections from each
tumour block, and mounted them on glass slides.
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2.2. Methods

2.2.1. DNA Extraction from Buffy Coats or Cell Pellets Derived from Human Blood
DNA extraction was performed using the DNeasy Blood and Tissue Kit according to the
manufacturer’s instructions, apart from the final DNA elution step that was performed using a
reduced volume (50 pL instead of 200 puL) of Buffer AE to increase the final DNA concentration.
Four pL of RNAse A (100 milligram/mL) were added at Step 1 as per protocol.

2.2.2. DNA Quantification

DNA was quantified by fluorescent dye tagging, using Qubit® dsDNA HS Assay kits (for
estimated DNA concentrations of <100 ng) or Qubit® dsDNA BR Assay kits (for estimated DNA
concentrations of 2100 ng), and a Qubit® Fluorometer as per the manufacturer’s instructions.

2.2.3. Gel Electrophoresis

Agarose gel electrophoresis was used to determine the size of 1) DNA fragments in extracted
germline DNA prior to DNA for WES (2.2.4) or targeted gene sequencing (2.2.13), and 2)
polymerase chain reaction (PCR) products for Sanger sequencing (2.2.9.1). Gels containing
0.8% agarose (for genomic DNA assessment) or 2% agarose (for PCR product assessment) in 1
X tris-acetate- ethylenediaminetetraacetic acid (TAE) buffer were made, with 5 ul of ethidium
bromide or GelRed Nucleic Acid Stain added to visualise DNA under ultra-violet light. Two pL of
loading dye were added to each DNA aliquot prior to being loaded into gel wells. Three L of
the appropriate range DNA size ladder were loaded in a separate gel well. Gels were placed in
1 x tris-acetate- ethylenediaminetetraacetic acid and electrophoresed at 100-120 volts for 15-
30 minutes. DNA within the electrophoresed gels was visualised on a Molecular Imager FX
using Quantity One software at a scanning resolution of 100 um. Genomic DNA samples that
did not have a high molecular weight band above the 12 kb marker were omitted from whole
exome or targeted sequencing.

2.2.4. WES of Germline DNA

One pg of germline DNA extracted from blood was submitted to BGI Tech Solutions (Hong
Kong, China) or the Molecular Core Facility of PMCC for WES using either the Agilent
SureSelect Human All Exon v4 (51 Mb) or Agilent SureSelect Human All Exon (37.6 Mb) for
exome enrichment. Paired-end 100 bp reads were sequenced on an lllumina Hiseq 2000. The
mean coverage of target bases across the 54 exomes was 83X (range 49-136X).
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2.2.5. Sequence Alignment and Variant Calling from WES Reads

Alignment of sequenced reads and variant calling was performed by the Research Computing
Facility, PMCC using bioinformatics pipelines assembled from publicly available software,
together with custom scripts.

FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to check raw
sequence data quality. FASTQC runs 11 modules on FASTQ files to assess quality (basic
statistics, per base sequence quality, per sequence quality scores, per base sequence content,
per base GC content, per sequence GC content, per base N content, sequence length
distribution, sequence duplication levels, overrepresented sequences and kmer content), with
the majority of outputs presented in graph form. FASTQC outputs were analysed to ensure
that the lllumina sequencing data was consistent with exome sequencing performed on
human samples. Low quality bases (quality score <20) and adaptors were trimmed using
CutAdept (Martin, 2011). Paired-end 100 bp reads were aligned to the reference human
genome (NCBI build 37, hg19) using BWA-MEM. Duplicate reads were marked using Picard
(http://broadinstitute.github.io/picard). BAM files of multiple individuals from the same family

were merged for joint genotyping.

Local realignment around indels and base quality score recalibration was performed using
Genome Analysis Toolkit (GATK) v3.1 (McKenna et al., 2010). GATK HaplotypeCaller was used
to identify single nucleotide variants (SNVs) and indels. Variant annotation from Ensembl
release 73 was performed using Ensembl’s Perl APl and Variant Effect Predictor (McLaren et
al., 2010). Variants were also annotated with Combined Annotation-Dependent Depletion
(CADD) scores (Kircher et al., 2014) and variant frequencies from the Non-The Cancer Genome
Atlas (TCGA) VCF Subset (EXAC Browser beta 2014) of the Exome Aggregation Consortium
(ExAC) dataset (Lek et al., 2016b), using custom Python scripts.

2.2.6. Software used for analysis of germline variants in WES and targeted gene
sequencing data

Variant filtering was performed using the Galaxy platform (Giardine et al., 2005) and Microsoft
Excel 2010, while variant analysis was performed using Microsoft Excel 2010. Variant filtering
and analysis is explained in detail in Chapters 4 to 5.

2.2.7. Primer Design
Primers were designed using an online primer design site (http://bioinfo.ut.ee/primer3-

0.4.0/primer3/). The product size range was 100-300 bases. Default parameters were used,
including a primer size of 18-27 bases, minimum, optimal and maximum melting temperatures
of 57°C, 60°C and 63°C, and a primer GC percentage of between 20-80%. Primer sequences
were checked for binding specificity using the University of California, Santa Cruz In-Silico PCR
tool (http://www.genome.ucsc.edu/cgi-bin/hgPcr). Primers that were predicted to bind

exclusively to the targeted region of the human genome were selected.
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For primers used for PCR amplification of tumour DNA, M13 forward (M13F) tailed primers
were designed. If the forward strand had a mononucleotide repeat of 5 or more bases 5’ to the
region of interest, the M13F primer was placed on the reverse primer, and the reverse
sequence was checked to ensure there were no mononucleotide repeats of 5 or more bases
preceding the region of interest, in order to minimise sequencing errors due to polymerase
slippage.

2.2.8. Whole Genome Amplification

Twenty to twenty-five ng of germline DNA were used for whole genome amplification using
the REPLI-g Mini Kit as per manufacturer’s instructions. Whole genome amplification was
performed on germline DNA due to the limited amount of germline DNA obtained for the
study. Only unamplified germline DNA was sent for exome sequencing, while validation of
variants identified in sequenced exomes was performed on whole genome amplified DNA
using Sanger sequencing.

2.2.9. Sanger Sequencing for Validation of Variants Detected in Next Generation
Sequencing data

2.2.9.1. Optimisation of PCR Conditions for Primer Pairs

Optimisation of PCR conditions for each primer pair was carried out. For each primer pair, a 10
pL PCR reaction was made containing 1 uL of PCR buffer, 0.5 puL of 4 uM dNTPs, 0.05 puL of
HotStar Tag DNA Polymerase, 1 pL of the primer pair at a 1 uM concentration, 10 ng of Human
Genomic DNA: Female DNA and UltraPure DNase/RNase-Free Distilled Water. PCR
mastermixes containing all components of the PCR reaction except for the primer pair and
DNA template were prepared, and added to each 0.2 mL PCR tube containing the primer pair
and DNA template.

A touchdown PCR program was used to increase PCR product specificity. PCR conditions
consisted of an activation step at 95°C for 15 minutes, 10 amplification cycles consisting of
95°C for 30 seconds, 65°C (decreasing by 1°C every cycle) for 30 seconds, and 72°C for 30
seconds, 35 amplification cycles consisting of 95°C for 30 seconds, 55°C for 30 seconds and
72°C for 30 seconds, and an elongation step at 72°C for 10 minutes.

Four pL of PCR product were separated on a 2% agarose gel using agarose gel electrophoresis,
as described above. Three plL of 100 bp DNA ladder were used to determine the size of the
amplified PCR products. If no PCR product was seen, the initial touchdown PCR was repeated
with the addition of 1 pL of 2 millimole MgCl,. If multiple bands were seen on the agarose gel,
further optimisation was performed using a temperature gradient PCR program, using a
second PCR reaction made as described above, with the following PCR conditions: an
activation step at 94°C for 15 minutes, 40 amplification cycles consisting of 94°C for 30
seconds, a temperature gradient of 55.0°C, 55.4°C, 56.5°C, 58.0°C, 59.8°C, 61.6°C, 63.4°C,
65.2°C, 67.0°C, 68.5°C, 69.6°C and 70.0°C for 30 seconds, and 72°C for 30 seconds, and an
extension step at 72°C for 10 minutes. PCR products were visualised on a 2% agarose gel as
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described above, and PCR reaction conditions that yielded a single band at the expected size
were used for amplification of sample DNA template. Once PCR conditions had been optimised
for each primer pair, whole genome amplified DNA from the appropriate patient sample was
used as DNA template for PCR amplification and subsequent Sanger sequencing.

2.2.9.2. PCR Product Clean-Up

Left-over primers and dNTPs in the PCR reactions were removed using Exonuclease 1 and
shrimp alkaline phosphatase. A mastermix of 1 uL of shrimp alkaline phosphatase, 0.25 pL of
Exonuclease 1 and 1.75 pL of UltraPure H,0 per PCR reaction was made and kept on ice. Three
pL of mastermix were added to 6 plL of PCR reaction prior to placement in a thermocycler at
37°C for 15 minutes, followed by 80°C for 15 minutes to inactivate the enzymes.

2.2.9.3. Big Dye Terminator (BDT) v3.1 Cycling Sequencing

Four pL of each PCR product post clean-up were added to 1 uL of BDT v3.1 Sequencing Mix, 4
pL of a 100 nanomole forward or reverse primer, 3.5 plL of 5X Big Dye Sequencing Buffer and
7.5 uL of UltraPure DNase/RNase-Free Distilled Water to make up a 20 uL BDT sequencing
reaction. Sequencing was performed using 25 cycles of the following conditions: 96°C for 10
seconds, 50°C for 5 seconds, 60°C for 4 minutes.

2.2.9.4. DNA Precipitation With Ethanol

DNA precipitation was performed in 1.5 mL micro-centrifuge tubes (for up to 24 samples) or a
96 reaction well plate (for more than 24 samples) to remove unincorporated dye terminators
that could interfere with sequence detection during capillary electrophoresis.

2.2.9.4.1. DNA Precipitation using 1.5ml microcentrifuge tubes

Sixteen pL of UltraPure DNase/RNase-Free Distilled Water were first added to each sequencing
reaction. Each sequencing reaction was then mixed with 10 pL of 3 M sodium acetate (pH 5.2)
and 54 pl of 100% analytical grade ethanol (EtOH) in 1.5 mL microcentrifuge tubes. Reactions
were placed on ice for 15 minutes. Sequencing reactions were then centrifuged at 13000
revolutions per minute (rpm) at 4°C for 20 minutes in a tube centrifuge. The supernatant was
carefully removed.

Two hundred and fifty pL of 70% EtOH were added to the DNA pellet to remove excess sodium
acetate. Each sample was vortexed using a vortex mixer prior to being centrifuged at 13000
rpm at room temperature for 5 minutes. The supernatant was removed and DNA pellets were
dried in a hybridisation oven at 56°C for 5 minutes to remove residual EtOH.

2.2.9.4.2. DNA Precipitation using a 96 reaction well plate

Post BDT sequencing, the reactions were transferred to a 96 reaction well plate. One point five
pL of 3M sodium acetate (pH 5.2) and 38.5 pL of 100% analytical grade EtOH were added to
each reaction. The plate was sealed and inverted to mix the contents of each well, followed by
incubation on ice for 15 minutes.

Each plate was centrifuged at 2800 rpm for 40 minutes at 4°C in a plate centrifuge. The plate
was then unsealed and inverted over a paper towel to remove the supernatant. The inverted
plate was then spun at 600 rpm for 1 minute at 4°C. One hundred and fifty uL of the 70% EtOH
which had been placed in ice were added to each sample. The plate was then sealed, vortexed
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and centrifuged at 2800 rpm for 5 minutes at 4°C. The plate was then unsealed and inverted
over a paper towel. The inverted plate was centrifuged at 300 rpm for 2 minutes at 4°C. The
plate was then uncovered and placed upright in a hybridisation oven at 50°C for 5 minutes to
remove residual EtOH.

2.2.9.5. Capillary Electrophoresis

Fifteen uL of Hi-Di formamide were added to resuspend the DNA pellet. If microcentrifuge
tubes were used for DNA precipitation, the resuspended samples were transferred to a 96
reaction well plate for capillary electrophoresis. Capillary electrophoresis was performed on
the ABI 3130 Genetic Analyser according to a standard sequencing method instrument
protocol operated by 3130 Data Collection version 3.0 software, using POP-7 Polymer and a 36
centimetre capillary array. Sequence traces were analysed using Geneious® software version
8.1.5.

2.2.10. DNA Extraction From FFPE Tumour Tissue

Unstained tumour sections were stained with haematoxylin and eosin (H&E) prior to micro-
dissection of tumour tissue and DNA extraction. Staining with H&E (Bancroft 2013) was
performed as described below, using a slide rack and glass or plastic staining containers
containing sufficient solution to completely immerse all tissue sections.

2.2.10.1. Preparation of Scott’s Tap Water for Use During H&E Staining

A magnetic stirrer was placed in a 2 L plastic beaker and the beaker was filled with 1.2 L of tap
water. Forty milligrams of anhydrous magnesium sulphate were added to the beaker. Four g of
potassium bicarbonate were then added to the beaker. The mixture was stirred till both
chemicals had completely dissolved. Tap water was then added to a final volume of 2 L. The
solution was briefly stirred prior to the addition of 0.05 g of thymol. The solution was then
stirred for 1 hour.

2.2.10.2. H&E Staining of Tumour Sections for Micro-dissection
The FFPE tumour sections were deparaffinised, hydrated, stained with H&E, and dehydrated as
shown in the 14 steps below:
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Table 2-11. H&E staining protocol

Step Stain/Wash Duration
1 Xylene 4 minutes
2 Xylene 4 minutes
3 100% EtOH 1 minute
4 70% EtOH 1 minute
5 Water 1 minute
6 Haematoxylin 2 minutes
7 Water 30 seconds
8 Water 30 seconds
9 Scott’s Tap Water 30 seconds
10 Water 30 seconds
11 1% Eosin 15 seconds
12 100% EtOH 4 dips
13 100% EtOH 1 minute
14 100% EtOH 1 minute

Stained slides were air-dried for 10 minutes prior to micro-dissection.

2.2.10.3. Tumour Micro-dissection and DNA Extraction

The first H&E slide of each tumour block was reviewed by a gastro-intestinal pathologist at the
Department of Pathology, PMCC who confirmed the presence and percentage of tumour
within each section. Up to 9 H&E stained sections of each tumour were micro-dissected by
hand using sterile 23 gauge needles. Each micro-dissected tumour was placed ina 1.5 mL
microcentrifuge tube containing 100 puL of Buffer ATL from the DNeasy Blood and Tissue Kit.
DNA extraction was performed using the DNAeasy Blood and Tissue Kit according to the
manufacturer’s instructions, apart from the final DNA elution step that was performed using a
reduced volume (20 pL instead of 200 pL) of Buffer AE. Proteinase K digestions were incubated
at 56°C in a hybridisation oven.

2.2.11. Copy Number Analysis of Tumour DNA

Extracted tumour DNA was quantified using the Qubit fluorescence method (2.2.2). Thirty-
seven to seventy ng of tumour DNA were submitted to Affymetrix (Thermo Fischer Scientific,
Santa Clara, CA, USA) for genome-wide copy number analysis using the Oncoscan® FFPE assay
kit, which utilises Molecular Inversion Probe technology (Wang et al., 2012) optimised for
degraded FFPE samples. Copy number data were analysed using NEXUS Copy Number™
software.

2.2.12. Ascertainment of germline variants that fall in regions of loss of
heterozygosity (LOH) in tumour DNA

A custom Python script was used to identify filtered germline variants (Chapter 4) that were
located in regions of LOH in corresponding tumour DNA. The output from this script was
analysed in Microsoft Excel 2010.
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2.2.13. Targeted Gene Sequencing

Sequencing libraries were prepared from genomic DNA using the Haloplex HS Custom Design
Target Enrichment Kit 501 kb-2.5 Mb for lllumina (Agilent Technologies), according to the
Haloplex™ Target Enrichment System Automated Protocol for Illumina sequencing.
Sequencing was performed by the Australian Genome Research Facility (North Melbourne,
VIC, Australia) on an Illumina Hiseq 2500. Ninety-six samples were run in each lane, with an
expected mean coverage of 441X.

2.2.13.1. Designing the Customised Gene Panel

A customised Haloplex" targeted gene panel was designed using Agilent’s SureDesign tool
(https://earray.chem.agilent.com/suredesign/index.htm). Probes were selected to tile the
coding regions of candidate CRC-predisposing genes plus 10 flanking base pairs on either side
of each exon. For established CRC-predisposing genes, the untranslated regions were included.
Probes were first selected using the ‘Maximise Specificity’ parameter, as this minimises the

capture of off-target regions. If less than 90% of a gene was covered using this parameter, the
‘Balanced’ parameter was used instead to increase gene coverage to more than 90%. Probes
were grouped according to their parameters, and the final design was made by combining all
the probe groups.

2.2.13.2. Preparation of DNA Samples

Genomic DNA samples were quantified using Qubit® dsDNA BR Assay as described above. DNA
samples with a concentration of more than 60 ng/uL were diluted 2-5 fold using UltraPure
DNase/RNase-Free Distilled Water to a concentration of less than 60 ng/uL. Diluted samples
were re-quantified using Qubit® dsDNA BR Assay. DNA size was determined by agarose gel
electrophoresis.

Each DNA sample was placed in a single well (excluding well A1) of a full-skirted 96-well
Eppendorf twin.tec plate at a final DNA concentration of 2 ng/uL in a total volume of 35 pL of
10 millimole Tris buffer (pH 8.5). Thirty-two pL of Enrichment Control sample provided in the
Haloplex" kit were placed in position Al of each full-skirted 96-well Eppendorf twin.tec plate.

2.2.13.3. DNA Digestion

The Restriction Enzyme (RE) Master Mix Source Plate was prepared using 16 different
restriction enzymes, RE Buffer and BSA Solution provided in theHaloplex" kit, as per protocol.
Briefly, the 16 restriction enzymes were divided into 8 unique mastermixes, each containing 2
of the 16 restriction enzymes, RE Buffer and BSA Solution. Using the NGS Bravo Option A and
VWorks software, each sample of DNA was divided among 8 wells in a 384 well reaction plate,
and combined with the RE Master Mix. The restriction enzyme double-digests were carried out
at 37°C for 30 minutes in a thermal cycler. The Enrichment Control sample was run on a 2200
TapeStation using the High Sensitivity D1000 ScreenTape to ensure that digestion had
occurred.

2.2.13.4. Probe Hybridisation and Sample Indexing
A Hybridisation Master Mix containing custom HaloPlex™ biotinylated probes was prepared as
per protocol. Indexing Primers were prepared in a half-skirted 96 —well Eppendorf twin.tec
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plate. The eight digestion reactions for each genomic DNA sample, the hybridisation Master
Mix and the Indexing Primers were combined using the NGS Bravo. Hybridisation was
performed in a thermal cycler using a heated lid, at 95°C for 5 minutes, followed by 58°C for 16
hours overnight.

2.2.13.5. Purification and Ligation of Probe to Circularised DNA Fragments

Forty-five mL of freshly prepared 70% EtOH was placed in a Thermal Reservoir for washing of
DNA. A Nunc Deepwell Source plate containing hybridisation stop solution and AMPure XP
beads was prepared for removal of hybridisation solution, as per protocol.

A DNA ligation mastermix was prepared with HS Ligation Solution and 1 millimole rATP as per
protocol. The 96-well Eppendorf twin.tec plate containing the hybridised samples was
transferred to the NGS Bravo, that was then used for the liquid handling steps in DNA
purification and addition of ligation mastermix. Ligation was performed according to
manufacturer’s instructions at 55°C for 10 minutes in a thermal cycler using a heated lid.

2.2.13.6. Capture of ligated DNA/probe hybrids using streptavidin beads

The 96-well Eppendorf plate containing the ligated DNA products was transferred to the NGS
Bravo as per protocol. The circularised DNA bound to the biotinylated HaloPlex HS probes
were captured using Streptavidin beads. The captured DNA-probe hybrids were washed with
1M sodium hydroxide. The liquid handling steps were performed by the NGS Bravo.

2.2.13.7. PCR Amplification of DNA Libraries

A PCR Mastermix source plate was prepared as per protocol. The NGS Bravo was used to add
the PCR Mastermix to the captured DNA-probe hybrids. The prepared PCR plate was then
sealed and placed in a thermal cycler. PCR amplification was performed using the following
conditions: an activating step at 98°C for 2 minutes, 30 amplification cycles at 98°C for 30
seconds, 60°C for 30 seconds, and 72°C for 1 minute, and an extension step at 72°C for 10
minutes. The PCR amplified products were held at 8°C.

2.2.13.8. DNA Purification of Amplified Libraries

The amplified DNA was purified by the addition of AMPure XP beads , washed with 70% EtOH,
and eluted using HS Elution Buffer, following the protocol. The NGS Bravo was used for the
liquid handling steps.

2.2.13.9. Quantification of Enriched Target DNA

Sample quantification was performed on the 2200 TapeStation, using the High Sensitivity
D1000 ScreenTape and reagent kit, as per the instrument user manual. The electropherogram
for each sample was checked for a peak fragment size between 225 and 540 base pairs, and
the concentration of enriched DNA was determined by integration under the peak between
175 and 625 base pairs.

2.2.13.10. Sample Pooling for Multiplexed Sequencing

Using the sample concentrations obtained from the 2200 TapeStation, a 500 pL pooled
solution containing 40 nanomole concentrations of each of the 96 enriched target DNA
samples was made, with the addition of UltraPure DNase/RNase-Free Distilled Water. Each
pooled solution of 96 DNA samples was submitted to Australian Genome Research Facility
(North Melbourne, VIC, Australia) for sequencing on a lane of the HiSeq 2500.
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2.2.13.11. Alignment and Variant Calling from Haloplex HS Targeted Sequencing
Reads

Alignment of sequenced reads and variant calling was performed at the Research Computing
Facility, PMCC using bioinformatics pipelines assembled from publicly available software,
together with custom scripts.

Removal of sequenced read duplicates was performed using a custom script. FASTQC was used
to check raw sequence data quality. Low quality bases and adaptors were trimmed using
CutAdept. Sequences were aligned to the reference human genome (NCBI build 37, hg19)
using BWA-MEM. Local realignment around indels and base quality score recalibration was
performed using GATK v3.1. Alignment performance summaries were generated using
SAMtools (Li et al., 2009) and custom scripts. Identification of SNVs and indels was performed
using three variant callers, GATK Unified Genotyper, GATK Haplotype Caller and Platypus.
Variant Call Format (VCF) files from all three callers were combined into a single VCF file using
GATK. Variant annotation from Ensembl release 73 was performed using Ensembl’s Perl API
and Variant Effect Predictor. Variants were also annotated with CADD scores and variant
frequencies from the Non-TCGA VCF Subset (ExAC Browser Beta 2014) of the Exome
Aggregation Consortium (EXAC) dataset using custom Python scripts.
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Chapter 3. Preparation of a Discovery Cohort for the Identification
of Novel CRC-Predisposing Genes

3.1. Introduction

This chapter presents the process of identifying individuals with an increased likelihood of
harbouring an inherited rare, pathogenic variant predisposing to CRC or polyposis. These
individuals will form a discovery cohort for identifying novel CRC-predisposing genes through
WES of germline DNA. In Chapter 1, the clinical features of the known familial CRC syndromes
were described. Individuals with CRC due to a germline predisposition often have distinct
clinical characteristics compared to sporadic CRC. Careful selection of individuals is required in
order to increase the likelihood of identifying novel CRC-predisposing genes, as including
patients with a low likelihood of a high-risk inherited pathogenic variant would increase the
noise-to-signal ratio in subsequent analyses.

All individuals were recruited through the familial cancer centres due to their increased
familial risk. No pathogenic variants in known CRC-predisposing genes had been identified in
these patients by clinical testing through the FCC. Inclusion criteria, and the resulting clinical
and histopathologic characteristics of the discovery cohort are described in this chapter. The
later analysis for potential pathogenic germline variants in novel genes is described in Chapter
4,

3.1.1. Clinical characteristics of individuals with an increased likelihood of a
germline predisposition to CRC

3.1.1.1. Family History of CRC

A family history of CRC can be an indicator of a Mendelian genetic cause for the predisposition
to CRC. As described in Chapter 1, the Amsterdam Criteria were initially developed as a
research tool to identify high risk families with a likely monogenic familial predisposition to
CRC. While many individuals with a family history of CRC do not meet the Amsterdam criteria,
the risk of developing CRC on a background of a family history of CRC is increased, as described
below.

The risk of developing CRC for an individual with a first degree relative (FDR) with CRC was
evaluated in a meta-analysis of 26 case-control and cohort studies (Johns and Houlston, 2001).
This meta-analysis found the relative risk to be 2.25 (95% Cl 2.00-2.53), increasing to 4.25 (95%
Cl 3.01-6.08) for individuals with more than one relative with CRC. For individuals with a
relative diagnosed with CRC before the age of 45 years, the estimated relative risk was 3.87
(95% Cl 2.40-6.22). While these increased risks may be due to shared environmental as well as
shared genetic factors, particularly if both affected individuals are from the same generation, a
group of individuals with a family history of CRC is likely to be enriched for individuals with a
germline predisposition to CRC. This likelihood increases if there are multiple individuals within
a family affected with CRC or if a relative develops CRC before age 45 years. Families with
multiple generations affected by CRC have an increased likelihood of a monogenic, dominant
predisposition to CRC. A caveat on family history is that it may not be evident for some
individuals, due to small family size, estrangement from biological family, or de novo germline
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events (for example, 25% of germline APC mutations are estimated to be de novo (Bisgaard et
al., 1994)).

3.1.1.2. Young age of onset of CRC

The average age at diagnosis of CRC in Australia is 69 years (Young et al., 2015) with only 6.2%
occurring before the age of 50 years (Boyce et al., 2016) and 1.6% before age 40. Individuals
with a germline predisposition to CRC often develop CRC at a younger age compared to the
general population (Lynch and de la Chapelle, 2003). This is explained by Knudsen’s two hit
hypothesis that postulated that mutations in both alleles of a tumour suppressor gene in the
same cell are required for the development of cancer. As the required “first hit’ to a tumour
suppressor gene is already present in the germline of individuals with an inherited
predisposition to CRC, these individuals only need one additional somatic mutation in the
same gene to occur by chance, compared to individuals with sporadic CRC who require 2
somatic mutations to occur in that tumour suppressor gene. This is demonstrated by the
young age of onset of CRC in patients with hereditary CRC such as FAP and Lynch Syndrome.

3.1.1.3. Colonic Polyposis

3.1.1.4. Colonic polyposis is a well-recognised phenotype associated with inherited pathogenic
variants in CRC-predisposing genes, including APC, MUTYH, POLE, POLD1, STK11, SMADA4, and
BMPR1A. The polyp types in colonic polyposis that are associated with CRC include
adenomatous polyps, hamartomatous polyps, serrated polyps and mixed polyps.

3.1.1.4.1. Adenomatous Polyposis

Colonic adenomas are recognised precursors of CRC, and remnants of colonic adenoma are
sometimes found within CRCs. The adenoma-to-carcinoma model proposed by Vogelstein
(Vogelstein et al., 1988) described genetic alterations in tumour suppressor genes and
oncogenes that accumulate as adenomas progress to CRCs. As colonic adenomas are a
recognised precursor of CRC and a distinctive feature of hereditary CRC, individuals with 20 or
more adenomatous polyps in the colon were included in the discovery cohort.

3.1.1.4.2. Serrated and mixed polyposis

Serrated polyps include hyperplastic polyps, traditional serrated adenomas and sessile
serrated adenomas/polyps. CRC has been observed within serrated lesions (Tanaka et al.,
2001) and sessile serrated adenomas progressing to CRC have been reported (Yamauchi et al.,
2002, Oono et al., 2009). CRC is thought to develop via serrated polyps in approximately 30%
of cases (Bettington et al., 2013). Serrated polyposis is thought to have a hereditary
component due to an increased rate of CRC in individuals with serrated polyposis as well as in
their FDRs, and a younger age of onset of CRC (Lanspa et al., 2012) but as yet the genetic cause
is unidentified.

Mixed polyposis, defined as multiple polyp types and polyps with mixed histologies, has been
reported in hereditary mixed polyposis syndrome, which is associated with an increased risk of
CRC and in some instances has been linked with duplication of a region upstream of GREM1,
(Jaeger et al., 2012).
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This study included individuals with 20 or more bowel polyps of the various subtypes
associated with hereditary CRC. Adenomatous polyps were prioritised, as a separate serrated
polyposis study was open for recruitment at the time of this study. Hamartomatous polyposis
is more common in childhood, and hence was not prioritised in this study.

3.1.2. Referral Guidelines to a Familial Cancer Centre for Individuals with CRC or
Adenomatous Polyposis of the Colon

Patients for the discovery cohort were recruited from FCCs across Australia to enrich for
individuals with a suspected genetic predisposition to CRC. Individuals with CRC or colonic
polyposis are referred to FCCs if the referring clinician suspects that the patient has an
underlying genetic predisposition to developing CRC. This is based on a family history of CRC, a
young age of onset of CRC, or colonic polyposis suggestive of a hereditary polyposis syndrome,
or if a patient requests genetic testing (usually due to a family history of CRC). Australian
government endorsed clinical guidelines (https://www.evig.org.au/Protocol/tabid/66/
categoryid/439/id/657/ Referral+ Guidelines+for+Colorectal+Cancer +or+Polyposis+Risk+
Assessment+and+Consideration+of +Genetic+Testing.aspx, Accessed 020317) stipulate the

following clinical characteristics in an individual with CRC that warrant a referral to an FCC:

1) CRC diagnosed before 50 years of age in the absence of a family history

2) Multiple Lynch syndrome cancers (CRCs, endometrial, small bowel, gastric, ovarian,
pancreatic, transitional cell cancer of the ureter or renal pelvis, cholangiocarcinoma,
brain tumour, sebaceous gland tumour, keratoacanthoma) in a single individual

3) A family history of 21 FDR or second degree relative (SDR) with CRC or endometrial
cancer, with one of the cancers (including the proband) diagnosed prior to age 50
years

4) A family history of 22 FDRs or SDRs with a Lynch-syndrome associated cancer,
regardless of age of diagnosis

The polyp characteristics that warrant referral to an FCC are:
1)2 or more hamartomatous or juvenile polyps
2) any number of Peutz-Jegher polyps

3) 3 or more adenomatous polyps by 30 years of age, or 20 or more adenomatous polyps at
any age

4) 20 or more serrated polyps

While these criteria are intended to select individuals with a high likelihood of having a
pathogenic variant in a known CRC-predisposing gene, the criteria also select for the high risk
features associated with a genetic predisposition to CRC as described above. As discussed in
Chapter 1, there is a proportion of each polyposis syndrome in which a mutation in the
corresponding known CRC-predisposing gene is not detected.
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3.1.3. Aims and Objectives

The aim of the work described in this chapter was to recruit a discovery cohort of individuals
with an increased likelihood of harbouring a novel germline predisposition to CRC, for the
purpose of germline WES. The specific objectives are to:

a) recruit a high risk CRC discovery cohort, in whom clinical testing for known germline CRC-
predisposing mutations has not identified a pathogenic variant.

b) describe the clinical characteristics of the discovery cohort.
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3.2. Results

3.2.1. Inclusion criteria for the Discovery Cohort
Individuals were recruited to this study if they were 18 years of age or older and able to give
informed consent and met one or more of the following criteria:

1) Diagnosis of CRC at any age with a family history of CRC in a FDR or SDR
2) Diagnosis of CRC before age 40 years, or
3) Diagnosis of 20 or more bowel polyps at any age

All individuals must have undergone clinical diagnostic testing and had identified no
pathogenic variant in a known CRC or polyposis gene identified. CRCs had to be mismatch
repair proficient, as determined by the presence of all four mismatch repair proteins by
immunohistochemistry (IHC) or by microsatellite testing. An exception was made for
individuals with mismatch repair deficient CRC, if germline testing of the relevant mismatch
repair gene performed by an FCC did not identify a pathogenic variant or mismatch repair
status was discordant between familial samples. For rare cases in which MMR IHC or
microsatellite testing had not been performed (usually because the date of diagnosis pre-
dated routine MMR testing), germline WES data was checked for pathogenic variants in MMR
genes (Section 3.2.4) to ensure that individuals with Lynch syndrome were excluded.
Individuals with young onset CRC in the presence of inflammatory bowel disease were
excluded from the discovery cohort.

3.2.1.1 Recruitment of additional affected family members

Relatives of probands with CRC were invited to participate in this study through the proband. A
‘consent to share contact details’ form was passed to affected relatives by the proband
enrolled in the study. If the affected relative consented to be contacted about the study, the
study was explained, and informed consent to participate in the study was obtained.

3.2.2. Sites of recruitment

Following ethics approval (Methods Section 2.1.9.1), individuals fulfilling the inclusion criteria
were invited to participate in this study. FCCs in the states of Victoria, New South Wales,
Queensland, South Australia and Western Australia were invited to participate in this study.
FCCs at the following hospitals enrolled patients in this study: PMCC (VIC, Australia), Royal
Melbourne Hospital (VIC, Australia), Monash Medical Centre (VIC, Australia), King Edward
Memorial Hospital (WA, Australia) and Prince of Wales Hospital (NSW, Australia). FCCs in
Queensland and South Australia did not participate due to a delay in ethics approval and
competing studies.

Three generation pedigrees of all individuals who met the inclusion criteria were reviewed.
Probands with a younger age of onset and/or multiple relatives with CRC were prioritised for
WES to increase the likelihood of an underlying genetic predisposition.
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Germline DNA from 17 patients who had developed CRC prior to age 40 years was also
obtained from the Molecular and Cellular Oncology (MCO) Group study cohort courtesy of Prof
Robyn Ward, (University of New South Wales, NSW, Australia) (Ward and Hawkins, 2013,
Hawkins et al., 2009). The MCO study prospectively enrolled patients with surgically resected
CRC between 1994 and 2010.

3.2.3. Clinical Characteristics of the Discovery Cohort

In total, 54 individuals (28 females and 26 males) from 49 families were included in the
discovery cohort. Fifty of the 54 individuals in the discovery cohort had developed CRC, while 4
individuals had colonic polyposis but had not developed CRC. The age of diagnosis of CRC or
colonic polyposis ranged from 23 years to 66 years, with a median age of 36.5 years. The
clinical characteristics, pre-genetic and genetic testing results for all individuals included in the
discovery cohort are summarised in Table 3.1A-C.

3.2.3.1. Family history of CRC

Family history of CRC (defined as at least 1 FDR or SDR affected by CRC) was collected as 3-
generation pedigrees. Self-reported cancers within a family were verified by the FCC through
the local cancer registries where possible. For 17 individuals (PC13 -PC29) recruited from the
MCO study, only self-reported family histories were available. Of the 50 probands with CRC, 29
had a family history of CRC (58%). 20 individuals had one or more FDRs with CRC, while 9
individuals had one or more SDRs with CRC without an affected FDR. The mean age of
probands with a family history of CRC was 42 years (range 23 to 66 years).

For 5 of the 29 familial cases, 2 affected individuals from each family agreed to participate in
the study. These consisted of 2 affected FDRs from 4 families, and 2 affected SDRs from 1
family. In the remaining familial cases, a single individual from each family was sequenced.
More distantly related affected family members were invited to participate, but they did not
respond to the invitation.

3.2.3.2. Isolated Young Onset CRC

There were 20 isolated individuals who developed CRC before the age of 40 years (mean
diagnosis age 32 years, range 23-39 years) with no family history of CRC. A further isolated
individual was diagnosed with CRC and 30 colonic polyps at age 45 years, and was included in
the study due to colonic polyposis.

3.2.3.3. Site of CRC

Fifty individuals had a diagnosis of 52 CRCs, (47 individuals with adenocarcinomas; 3
individuals with appendiceal mucinous tumours (AMTs). Two individuals had been diagnosed
with 2 CRCs. One individual (PC49) had synchronous CRCs in the transverse colon and sigmoid,
while another individual (PC6) had metachronous CRCs; a sigmoid cancer at age 39 years and
an ascending colon cancer at age 70 years.

One individual had a diagnosis of pseudomyxoma peritonei at the age of 36 years that was
presumed to have arisen in an AMT (Ronnett et al., 1997). The pathology report for the
appendix was not available for this individual (PC1). The site of CRC for the 50 individuals is
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shown in Table 3.1. The number of CRCs at each site is as follows: rectum — 24; rectosigmoid —
2; sigmoid — 14; descending colon — 1; transverse colon — 2; ascending colon — 3; caecum — 2;
appendix - 3. For one individual the CRC site was not specified in the pathology report,
however the colon specimen containing the CRC consisted of appendix, caecum and ascending
colon, hence it was a right sided CRC.

3.2.3.4. Individuals with CRC and ten or more colonic polyps

Of the 50 individuals with CRC, 7 had CRC and at least 10 colonic polyps at the time of
enrolment into the study. The estimated number of colonic polyps and polyp types are
summarised in Table 3.1B.

One individual (PC44) had tubular adenomas and tubulovillous adenomas only. Another
individual (PC45) had hyperplastic polyps only. Four individuals had more than one polyp type.
PC50 had a history of colonic polyposis at age 14 years, for which a colectomy was performed
overseas, many years prior to immigrating to Australia. Information on the specific polyp type
or estimated number was not available to the FCC, although the polyps were thought to be
‘mainly adenomas’ according to a clinic note. PC46 and PC47 are siblings.

The polyp descriptions in the pathology reports were not precise enough to determine if the
modified World Health Organisation criteria for serrated polyposis syndrome (Bosman et al.,
2010) were met. Polyp locations were often not precisely specified, and often only the largest
and smallest diameters of the polyps were given.

3.2.3.5. Characteristics of individuals with polyposis without CRC

Four individuals had colonic polyposis but had not developed CRC at the time of entry into the
study (Table 3.1C). PC51 had a family history of FAP, although the genetic cause had not been
identified. This patient had colonoscopies in a paediatric hospital up to the age of 18 years and
was not thought to have familial adenomatous polyposis at that time. Subsequently, the
patient presented at around age 30 with per rectal bleeding and was found to have multiple
tubular adenomas in the colon (number not available). The patient underwent a subtotal
colectomy. The patient’s mother died of CRC at age 44 years and had a clinical diagnosis of
FAP and her sister died young from an unspecified cancer. There was no other family history of
CRC or colonic polyposis in the family. Testing of the APC gene in 2000 by protein truncation
test, real time PCR, fluorescence in situ hybridisation and Southern blotting did not reveal a
mutation. The patient had ongoing screening gastroscopies and colonoscopies. Multiple gastric
and duodenal tubular adenomas and tubulovillous adenomas were removed. In 2012, the
patient was then found to have at least 20 tubular adenomas in the duodenum on gastroscopy
and was referred back to the Familial Cancer Centre. Multiplex Ligation-dependent Probe
Amplification (MLPA) of the APC gene and full sequencing of the MUTYH gene did not identify
any mutations.

PC52 underwent an initial colonoscopy at the age of 33 years (indication not given in clinical
notes), and was found to have more than 20 polyps in the left colon. A biopsy of one polyp
revealed a low-grade tubulovillous adenoma. A repeat colonoscopy identified 5 more polyps in
the transverse colon in addition to the left sided polyps. Polypectomies of 10 of these polyps
revealed hyperplastic polyps. A third colonoscopy in 6 months identified polyps throughout the
colon, with a further 5 hyperplastic polyps retrieved as well as 2 traditional serrated
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adenomas. This patient potentially has serrated polyposis syndrome, although based on the
available sampled polyp information (17 sampled serrated polyps) the arbitrary WHO criteria
for serrated polyposis syndrome have not yet been met. There was no family history of colonic
polyposis or CRC in FDR or SDR. Full gene sequencing of the MUTYH and APC genes, and MLPA
of the APC gene, did not detect any mutations.

PC53 had a colonoscopy at the age of 65 years following a positive faecal occult blood test
performed as part of population screening. At least 30 polyps were seen throughout the colon.
Biopsied polyps from all parts of the colon revealed low grade tubular adenomas. There was
no family history of polyposis or CRC. Full gene sequencing and MLPA of the APC gene, and full
gene sequencing of the MUTYH gene, did not identify any mutations.

PC54 underwent screening colonoscopies due to a family history of CRC, and had 47 colonic
polyps removed between the age of 55 and 72 years. The polyps were tubular adenomas and
tubulovillous adenomas, with the exception of 3 hyperplastic polyps. PC54 had 3 FDR (siblings)
and 3 SDR with CRC. One of the SDRs is PC41 (enrolled in this study), who developed CRC at
the age of 38 years, without colonic polyposis.

3.2.3.6. Pre-genetic screening by IHC of MMR Proteins

IHC for MMR proteins was performed on CRCs from 42 of the 50 individuals with CRC. Thirty-
seven were MMR proficient for MLH1, MSH2, MSH6 and PMS2. For 2 individuals (PC38 and
PC49), MMR IHC had been performed on 2 and 3 of the 4 MMR proteins respectively. PC38
was also tested for microsatellite instability and was microsatellite stable. For PC49, IHC for
PMS2 had not been performed as the CRC was tested 13 years ago. Importantly, no pathogenic
variants in MMR genes were detected in WES data from the germline of PC49 (Chapter 4).

Three individuals (PC7, PC36 and PC40) had MMR deficient CRCs with no evidence for a
germline predisposition found on further testing. PC7 (age 40) had absent staining for MSH2
and MSH6, however full sequencing and MLPA of MSH2 and MSH6 using blood DNA was
uninformative. EPCAM was not tested by the FCC, as testing took place prior to routine EPCAM
testing. PC6 — the sibling of PC7 had developed MMR proficient CRC at age 39, suggesting
young onset cancer predisposition with discordant MMR involvement.

PC 36 had equivocal staining of MSH6, however full sequencing and MLPA of MSH6 did not
identify a pathogenic variant. PC40 (age 65) had absent staining of MLH1 and PMS2, however
subsequent testing detected a BRAF:c.1779T>A:p.V600E mutation that is associated with
somatic hypermethylation of the MLH1 promoter (Domingo et al., 2004). PC40 had a family
history of CRC but this did not meet Amsterdam | criteria.

MMR IHC results were not available for 3 individuals whose CRCs were resected in 1992 (PC31,
age 42), 2001 (PC3, age 57) and 2005 (PC11, age 37). Pathogenic variants were not identified
in germline WES of these 3 individuals (Chapter 4).

MMR IHC was not performed on CRCs from the following 5 individuals: 2 individuals with AMTs
(PC1, PC9), 2 individuals who had colonic polyposis and CRC (PC46, PC50) and 1 individual who
had a microsatellite low CRC (PC32, age 41). Inherited pathogenic variants in the mismatch
repair genes have not been reported in AMTs (Taggart et al., 2013, Racek et al., 2011).
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3.2.3.7. Further Diagnostic Genetic Testing by FCCs for Germline Mutations in known
CRC-Predisposing Genes

Testing for inherited pathogenic variants in the APC gene was performed on all individuals with
polyposis without CRC (Table 3.1C), and on 5 of the 7 individuals with CRC and colonic
polyposis (Table 3.1B). PC45 did not have APC testing as only hyperplastic polyps had been
found, while PC46 was a sibling of PC47 who had already been tested. A further 2 individuals
from the cohort had APC testing. PC12, an individual with CRC and 5 tubular adenomas, had a
family history of colonic polyps (tubulovillous adenomas and hyperplastic polyps). PC12’s
brother required a hemi-colectomy for colonic polyps (type unknown) at the age of 48 years,
while PC12’s mother had at least 20 colonic polyps (type unknown) and required a bowel
resection at age 67 years. PC19 had 2 tubular adenomas and 1 hyperplastic polyp at the time
of diagnosis of a rectal cancer, and a SDR with a history of ‘severe polyps’. Testing for APC
pathogenic variants was performed by full gene sequencing and MLPA in all individuals apart
from PC51. PC51 had a protein truncation test, fluorescence in situ hybridisation, and
subsequently real time PCR and MLPA, as these were the available technologies at the time of
testing. All APC genetic testing by the FCCs was uninformative.

Testing for homozygous or compound heterozygous pathogenic variants in the MUTYH gene
was performed on all individuals who had APC testing. MUTYH testing was also performed in 4
individuals with isolated young onset CRC (PC4, PC10, PC30, PC37), 1 individual with young
onset CRC (PC6) with an affected sibling (PC7), and 1 individual (PC40) with CRC and 6 polyps,
some of which were hyperplastic. PC40 also had a family history of CRC in 3 siblings.
Individuals from the MCO study were included in this study on the basis that no pathogenic
variants had been found through testing at an FCC, however the specific genes tested for were
not provided. There were no colonic adenomas found in any of the MCO study individuals. All
MUTYH testing by the FCCs was uninformative. MUTYH was not tested in all isolated young
onset patients with CRC, possibly because routine testing had not been introduced into the
clinic at the time the patients were evaluated by the FCCs. Genetic testing for POLE and POLD1
had not yet been introduced to the FCCs at the time of testing of individuals recruited to this
study.
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3.3. Discussion

The aim of the work presented in this chapter was to recruit individuals suspected of having a
germline predisposition to CRC, but in whom no CRC-predisposing mutation had been found
through diagnostic testing in an FCC. The level of testing performed was dependent on the
time of FCC referral and the clinical testing available at that time. This cohort formed the
discovery cohort for identifying candidate CRC-predisposing genes. The 54 recruited individuals
represent patients whose susceptibility to CRC remained unexplained after pre-genetic and
genetic investigations performed by the FCC.

3.3.1. Strengths and limitations of the discovery cohort

This discovery cohort is derived from the Australian population, which has not been widely
reported on. Only one germline WES study of 16 families with CRC, recruited from the Colon
Cancer Family Registry (that includes families from the United States, Canada and Australia)
has been reported (Derycke et al., 2013).

Forty-two percent of recruited individuals with CRC (n=21) did not have an affected FDR or
SDR. These cases developed CRC before age 40 years (except for one individual who was
diagnosed with CRC and 30 colonic polyps at age 45 years). This may reflect referral patterns,
where patients with young-onset CRC or colonic polyposis may be more readily referred to
FCCs than individuals with a family history of CRC unless aberrant MMR IHC is found in the
latter.

There is heterogeneity in the clinical phenotypes included in the discovery cohort. This
suggests that the unexplained suspected familial cases seen in the Australian FCCs that
participated in the study may have distinct underlying pathogenic variants and reflect genetic
subtypes of familial CRC. The discovery cohort included a rare CRC phenotype, a family of 2
individuals, and a 3™ unrelated individual with AMTs. AMTs occur in 0.12 per million people
per year (Jemal et al., 2009). Two familial cases have been described in the literature: a pair of
affected identical twin brothers in their 30s (Shih et al., 2001), and a pair of siblings aged 69
and 77 years (Racek et al., 2011). A genetic predisposition to AMTs has not been identified to
date, however assessment for germline predisposition has been limited in these 2 families.
LOH of APC was assessed in the affected twins, and was found in the AMT of one twin but not
the other. In the second reported familial case, sequencing of 5 genes, MLH1, MSH2, MSH6,
PKD1 and PKD2 (the latter two genes were tested due the finding of renal cysts in one of the
affected individuals) was performed in the 69 year old sibling, however no pathogenic variants
were identified. The inclusion of 3 individuals with AMT in our discovery cohort allows
germline WES to be performed for this rare disease.

Estimated polyp count is limited by the extent to which the colon is assessed either by
colonoscopy or surgical resection, availability of reports from such procedures, and technical
factors such as poor bowel preparation. Assessment of polyp histopathology may also be
influenced by the number of polyps that were sampled. Hence individuals thought to have a
single histopathologic subtype of colonic polyp may in fact have other types that were not
sampled. The significance of different histopathologic subtypes is still being elucidated,
however it likely reflects different genetic pathways of tumorigenesis. Underestimation of
polyp number or under-reporting of polyp type (such as serrated polyps) limits the number of
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patients who meet the referral criteria to FCCs. Despite the modified WHO criteria for
serrated polyposis syndrome (Bosman et al., 2010) predating most of the pathology reports,
the diagnostic criteria does not appear to be taken into consideration when reporting. While
the criteria are arbitrary due to the lack of a genotypic correlate at present, the lack of
classification hampers research attempts to study this syndrome.

A limitation with recruiting individuals referred to FCCs is the dependence on the primary care
provider or medical specialist for referral. An increased risk of a familial predisposition to CRC
may not be recognised by the primary treating doctor, hence there may be individuals with an
unexplained genetic predisposition to CRC who are not referred to an FCC for further
evaluation. Other factors include a lack of awareness of the utility of germline genetic testing,
and possibly the challenges of travelling to a FCC for patients who live in very remote regions
of Australia.

3.3.2. Challenges in recruitment

More distally related relatives (eg third degree relatives) of probands who developed CRC in
several cases could not be recruited into the study as they lived overseas, or did not respond
to the invitation to participate. This may reduce the likelihood of identifying a CRC-
predisposing gene in the family (assuming a germline predisposition to CRC was present), as
more closely related relatives share a greater proportion of their genome, thereby increasing
the number of shared private variants that may be difficult to distinguish from CRC-
predisposing genetic variants.

3.3.3. Composition of the Discovery cohort

The preponderance of CRCs distal to the splenic flexure seen in our discovery cohort is
consistent with other studies of young onset CRC (Dozois et al., 2008, You et al., 2012).
Seventy-seven percent of the CRCs in our cohort were distal to the splenic flexure, comparable
to 72% of CRCs diagnosed before age 50 years using data from the New South Wales Central
Cancer Registry (Boyce et al., 2016).

Several distinct histopathological subgroups were identified in our discovery cohort. This
includes individuals with colonic polyposis and individuals with AMTs.

3.3.4. Summary of the Discovery Cohort

Fifty-four individuals were recruited into the discovery cohort. Sixty-eight percent had CRC or
colonic polyposis before age 40 years, and 58% have an affected FDR or SDR. The clinical
characteristics of the discovery cohort are heterogeneous, which may decrease the likelihood
of identifying a common novel CRC-predisposing gene if this clinical heterogeneity reflects
underlying genetic heterogeneity, as WES studies have had the most success in monogenic
diseases. Clinical heterogeneity does not rule out a common genetic predisposition however.
For example, pathogenic variants in MUTYH have demonstrated variable clinical phenotypes
(Sieber et al., 2003, Guarinos et al., 2014, Farrington et al., 2005). The discovery cohort
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assembled here is a representation of the cases that are seen at the FCCs due to a suspected
underlying germline predisposition to CRC.

Germline variants identified in WES data from the 54 individuals in this discovery cohort are
analysed in detail in Chapter 4.
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Table 3-1. Clinical, pre-genetic and genetic test results for individuals recruited to the discovery cohort. A) Individuals with CRC. B) Individuals with
CRC and 210 colonic polyps. C) Individuals with colonic polyposis without CRC.

A) Individuals with CRC

Sample Age Reason for Number Number CRC Polyp Type(s) Estimated MLH1 MSH2 MSH6 PMS2 FCC Reason Gene Testing Result
ID Inclusion of FDR of SDR location Cumulative IHC IHC IHC IHC for Germline Method
with CRC  with CRC Polyp Count Testing
at
Recruitment
PC1 36 Young Onset 0 0 presumed - - - - - - - - - -
appendix
PC2* 38 Young 1 0 rectum - - P P P P - - - -
Onset/Familial
PC3* 57 Familial 1 0 rectum 1.TVA 2.mixed 3 - - - - - - - -
(TVA+
conventional
serrated
adenoma) 3.TA
PCa 28 Young Onset 0 0 sigmoid 1.villous >3 P P P P hyperplastic MUTYH PCR negative
adenoma polyp amplification
2.hyperplastic of exons 7, 12
and 13
PC5 41 Familial 2 1 rectum 1.TVA 1 P P P P - - - -
PC6* 39 Young 1 0 sigmoid 1. villous 1 P P P P recessive MUTYH Single negative
Onset/Familial adenoma Nucleotide
Primer
extension
analysis for 2
European
founder
mutations
PC7* 40 Familial 1 0 ascending 1.TA 1 P D D P IHC MSH2, full gene negative
colon MSH6 sequencing,
MLPA
PC8* 51 Familial 1 0 appendix - - P P P P - - - -
PC9* 66 Familial 1 0 appendix - - - - - - - - - -
PC10 23 Young Onset 0 0 rectum P P P P isolated MUTYH full gene negative
young onset sequencing
PC11 37 Young Onset 0 0 rectum - - - - - - - - - -

FDR, first degree relative. SDR, second degree relative. CRC, colorectal cancer. IHC, immunohistochemistry. FCC, Familial Cancer Centre. TVA, tubulovillous adenoma. TA, tubular adenoma. P, proficient. D,

deficient. H, heterogeneous. PCR, polymerase chain reaction. MLPA, multiplex ligation probe amplification. D-HPLC, denaturing high performance liquid chromatography. N/A, not available.

*denotes related individuals (PC2, PC3); (PC6, PC7); (PC8, PC9); (PC46, PCA7); (PC41, PC54)



A)

Individuals with CRC, continued

Sample Age Reason for Number Number CRC Polyp Type(s) Estimated MLH1 MSH2 MSH6 PMS2 FCC Gene Testing Result
ID Inclusion of FDR of SDR location Cumulative IHC IHC IHC IHC Reason Method
with CRC  with CRC Polyp Count for
at Germline
Recruitment Testing
PC12 55 Familial 1 3 sigmoid 1.TVA 2.TA 5 P P P P polyps APC, full gene negative
3.mixed TA and MUTYH sequencing
hyperplastic
PC13 35 Young Onset 0 0 sigmoid - - P P P P - - - -
PC14 39 Young Onset 0 0 sigmoid - - B B P B - - - -
PC15 31 Young 1 0 sigmoid - - P P P P - - - -
Onset/Familial
PCl16 23 Young 1 0 sigmoid - - P P P P - - - -
Onset/Familial
PC17 34 Young Onset 0 0 rectum - - P P P P - - - -
PC18 39 Young 1 0 rectum - - P P P P - - - -
Onset/Familial
PC19 39 Young Onset 0 0 rectum 1.Adenoma 1 P P P P - - - -
PC20 37 Young Onset 0 0 rectum - - P P P P - - - -
PC21 38 Young Onset 0 0 rectum - - P P P isolated MUTYH full gene negative
young sequencing
onset
PC22 32 Young Onset 0 0 rectum - = P P P P o o ® ®
PC23 32 Young Onset 0 0 rectum 1.Adenoma 1 P P P P - - - -
PC24 24 Young Onset 0 0 rectum - = P P P P o o ® ®
PC25 29 Young 1 0 rectum - - P P P P - - - -
Onset/Familial
PC26 34 Young Onset 0 0 rectum = P P P P o o ® ®
PC27 34 Young Onset 0 0 sigmoid 1.Adenoma 1 P P P P - - - -
PC28 28 Young 1 0 sigmoid - - P P P P - - - -
Onset/Familial
PC29 27 Young Onset 0 0 ascending 1.Adenoma 1 P P P P - - - -
colon
PC30 34 Young 0 1 rectum 1.Hyperplastic 3 P P P P polyps APC, N/A negative
Onset/Familial 2.TA MUTYH

FDR, first degree relative. SDR, second degree relative. CRC, colorectal cancer. IHC, immunohistochemistry. FCC, Familial Cancer Centre. TVA, tubulovillous adenoma. TA, tubular adenoma. P, proficient. D, deficient.
H, heterogeneous. PCR, polymerase chain reaction. MLPA, multiplex ligation probe amplification. D-HPLC, denaturing high performance liquid chromatography. N/A, not available.



A) Individuals with CRC, Continued

Sample Age Reason for Number Number CRC Polyp Type(s) Estimated MLH1 MSH2 MSH6 PMS2 FCC Gene Testing Result
ID Inclusion of FDR of SDR location Cumulative IHC IHC IHC IHC Reason Method
with CRC  with CRC Polyp Count for
at Germline
Recruitment Testing
PC31 42 Familial 0 3 sigmoid - - - - - - - - - -
PC32 41 Familial 1 0 transverse - - # # # # - - - -
colon
PC33 31 Young 0 2 rectum - - P P P P - - - -
Onset/Familial
PC34 25 Young 0 1 sigmoid 1.hyperplastic 1 P P P P - - - -
Onset/Familial
PC35 24 Young 0 1 sigmoid - - P P P P - - - -
Onset/Familial
PC36 37 Young 0 1 rectum 1.TVA 1 - - H P IHC MSH6 full gene negative
Onset/Familial sequencing,
MLPA
PC37 27 Young Onset 0 0 rectum 1.hyperplastic 1 P P P P isolated MUTYH full gene negative
young sequencing,
onset MLPA
PC38 44 Familial 1 4 rectum 1.hyperplastic 2 P P - - young- MLH1 D-HPLC negative
2.TA onset MSH2
PC39 35 Young 0 1 rectum 1.TVA 1 P P P P - - - -
Onset/Familial
PC40 65 Familial 4 1 caecum 1.TA 6 D* P P D polyps MUTYH full gene negative
2.hyperplastic sequencing
3.serrated
adenoma
PC41* 38 Young 1 2 caecum - - P P P P - - - -
Onset/Familial
PC42 32 Young Onset 0 0 rectum 1.TVA 3 P P P P - - - -
2.hyperplastic
PC4a3 31 Young Onset 0 0 sigmoid - - P P P P - - - -

FDR, first degree relative. SDR, second degree relative. CRC, colorectal cancer. IHC, immunohistochemistry. FCC, Familial Cancer Centre. TVA, tubulovillous adenoma. TA, tubular adenoma. P, proficient. D,
deficient. H, heterogeneous. PCR, polymerase chain reaction. MLPA, multiplex ligation probe amplification. D-HPLC, denaturing high performance liquid chromatography. N/A, not available.

*denotes related individuals (PC2, PC3); (PC6, PC7); (PC8, PC9); (PC46, PC47); (PC41, PC54)
#PC32:MSl-low (1 of 6 microsatellite markers; DS123 stable; Bat25 unstable; Bat26 stable; D55346 stable; D175250 stable; Bat40 stable)
SBRAF mutation positive
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B) Individuals with CRC and 210 colonic polyps

Sample Age Reason for No. of Number CRC Polyp Type Estimated MLH1 MSH2 MSH6 PMS2 FCC Gene Testing Result
ID Inclusion FDR with  of SDR location Cumulative IHC IHC IHC IHC Reason Method
CRC with CRC Polyp Count for
at Germline
Recruitment Testing
PC44 62 Familial 2 0 descending  1.TVA 2.TA 21 P P P P polyposis  APC full gene negative
colon MUTYH sequencing;
MLPA (APC
only)
PC45 26 Young Onset 0 0 R sided 1.hyperplastic 10 P P P P hyperplas  MUTYH full gene negative
tic polyps sequencing
PC46* 63 Polyposis/Famili 1 0 Recto- 1.TVA 2.TA 25 - - - - (see - - -
al sigmoid 3.hyperplastic PC47)
PC47* 55 Polyposis/Famili 1 0 rectum 1.TVA 2.TA 80 P P P P polyposis  APC N/A negative
al 3.sesile MUTYH
serrated polyp
4.hyperplastic
PC48 45 Polyposis 0 0 Recto- 1.TVA2.TA 30 P P P P polyposis  APC - -
sigmoid 3.sesile MUTYH
serrated
adenoma
4.hyperplastic
5.mixed TA and
serrated
adenoma
PC49 30 Young 0 2 transverse 1.Adenoma 40 P P P - polyposis  APC - -
Onset/Familial colon; 2.hyperplastic
sigmoid
(synchro-
nous)
PC50 48 Polyposis/Famili 0 1 rectum unknown N/A - - - - polyposis  APC full gene negative
al (resected MUTYH sequencing,
overseas) MLPA

FDR, first degree relative. SDR, second degree relative. CRC, colorectal cancer. IHC, immunohistochemistry. FCC, Familial Cancer Centre. TVA, tubulovillous adenoma. TA, tubular adenoma. P, proficient. D,

deficient. MLPA, multiplex ligation probe amplification. N/A, not available.
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C)Individuals with colonic polyposis without CRC

Sample Age Reason for No. of Number CRC Polyp Type Estimated MLH1 MSH2 MSH6 PMS2 FCC Gene Testing Result
ID Inclusion FDR with  of SDR location Cumulative IHC IHC IHC IHC Reason Method
CRC with CRC Polyp Count for
at Germline
Recruitment Testing
PC51 30 Polyposis 1 1 - N/A N/A - - - - polyposis  APC APC-PTT, negative
MUTYH FISH, real
time PCR,
MLPA;
MUTYH-full
gene
sequencing
PC52 33 Polyposis 0 0 - 1.hyperplastic 20 - - - - polyposis  APC full gene negative
2.serrated MUTYH sequencing;
adenoma 3.TA MLPA (APC
only)
PC53 64 Polyposis 0 0 - 1.TA 30 - - - - polyposis  APC full gene negative
sequencing
PC54* 55 Familial/ 3 3 - 1.TVA2.TA 47 - - - - polyposis  APC N/A negative
Polyposis 3.hyperplastic MUTYH

FDR, first degree relative. SDR, second degree relative. CRC, colorectal cancer. IHC, immunohistochemistry. FCC, Familial Cancer Centre. TVA, tubulovillous adenoma. TA, tubular adenoma. PTT, Protein

Trunctaion Test. PCR, polymerase chain reaction. MLPA, multiplex ligation probe amplification. N/A, not available.
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Chapter 4. Identifying Candidate Familial CRC-predisposing Genes
in WES data from the Discovery Cohort

4.1. Introduction

Chapter 3 described the creation of a discovery cohort of 54 individuals with a high likelihood
of having an inherited monogenic predisposition to CRC. Germline WES and variant calling was
performed in each of these individual as described in the Methods (Chapter 2 sections 2.2.4
and 2.2.5). This chapter focuses on analysing the data to identify possible novel candidate
genes predisposing to CRC.

Identification of pathogenic variants in known CRC-predisposing genes through WES that were
missed or not tested through the FCC, is also discussed but data from these individuals were
then excluded from further analysis. Candidate CRC-predisposing genes identified from the
discovery cohort were screened in a larger validation cohort described in Chapter 5.

While GWAS studies have identified common low penetrance variants that may account for a
proportion of inherited CRCs, it is possible that the ‘missing heritability’ for CRC is accounted
for by the inheritance of rare moderate/high penetrance disease-causing variants in as yet
unidentified genes. The vast majority of disease-causing mutations for Mendelian disease have
been identified in the coding regions or essential splice sites of a gene. The following
assumptions were made regarding the germline predisposition to CRC in the discovery cohort:
1) a pathogenic variant predisposing to CRC was present in protein-coding regions or essential
splice sites within the genome, 2) the commonest mechanism for disease is loss of gene
function, rather than activating gain of function mutations, 3) mutations in the gene confers a
moderate to high risk of developing CRC and the pathogenic variant will be rarely seen or
absent in the unaffected population, and 4)the pathogenic variant follows Mendelian
inheritance.

The approach to identifying candidate genes predisposing to CRC was divided into 2 stages:

A) ldentifying rare germline variants predicted to have a functional impact on the protein i.e.
potentially pathogenic variants (PPVs)

B) Prioritising candidate CRC-predisposing genes with these PPVs

The following sections describe the approach used to identify PPVs from WES data. Once PPVs
were identified, several strategies were then used to prioritise candidate CRC-predisposing
genes containing these variants, as PPVs in themselves may not predispose to CRC. The
strategies used to identify candidate CRC-predisposing genes are described in Section 4.1.2.
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4.1.1. Identifying PPVs

4.1.1.1. Identification of Rare Variants

Several publicly available datasets comprising large sequencing studies such as the 1000
Genomes Project (Genomes Project et al., 2012), Exome Sequencing Project (ESP) (Exome
Variant Server, n.d.) and Exome Aggregation Consortium (Lek et al., 2016c) can be used to aid
in separating rare and potentially pathogenic variants from variants seen in the databases at
too high a frequency than is plausible if they were pathogenic. Variants present at 20.5%in the
general population were excluded. A limitation in these datasets is the lack of phenotypic
information.

The 1000 Genomes Project sequenced the genomes of 1092 individuals randomly selected
from 14 populations, using a combination of low-coverage whole genome sequencing, WES
and dense SNP genotyping. The ESP comprises the exomes of 6503 unrelated individuals (4300
European Americans and 2203 African Americans) from either healthy control populations or
populations with early-onset cardiovascular or lung diseases. A much larger dataset, EXAC
became available midway through this project. EXAC combined 14 population or disease-based
exome sequencing studies, by performing standardised variant calling on raw sequencing data
from 60,706 study individuals. The disease cohorts comprised metabolic, cardiac, psychiatric
and inflammatory bowel disorders, as well as individuals diagnosed with cancer from TCGA. As
individuals with a germline predisposition to cancer may be present in the TCGA cohort, the
subset of the ExAC dataset that excluded 7601 TCGA samples was used in the study described
in this thesis. This cohort is henceforth referred to as the Non-TCGA Subset of EXAC.

For the purpose of this study, a rare allele is defined as an allele that is observed in less than
1% of the population (Bamshad et al., 2011). The optimal allele frequency cut-off for
identifying rare disease-causing alleles is unknown but is guided by the overarching rule that a
highly penetrant allele cannot be present in the population at a significantly higher frequency
than the disorder it causes. Determining an allele frequency cut-off for CRC-predisposing
variants inherited in an autosomal recessive manner is even more challenging, as the
heterozygous state may not result in an increased CRC risk. While the literature suggests that
the population frequency of MUTYH heterozygous pathogenic variant carriers is between 1-2%
(Cleary et al., 2009), the two most common MUTYH mutations, NM_001128425.1:¢c.536A>G,
p.Tyr179Cys and NM_001128425.1:¢c.1187G>A, p.Gly396Asp, are seen in approximately 0.2-
0.4% of European individuals in EXAC. It may be that the larger size of the EXAC dataset gives a
more accurate estimate. These two MUTYH founder mutations are also specific to the
European population, and such population-specific information is not known for novel
variants.

4.1.1.2. Rare variants identified through WES - real or artefact?
Errors in variant calling can confound rare variant identification from WES data. Technical
parameters are often used in an attempt to differentiate these errors from true variants.

The GATK variant quality score (QUAL) gives an estimate of a variant caller’s accuracy in
identifying a true variant. An increase in this logarithmic score gives an exponential increase in
confidence that a variant is genuine. For example, a QUAL score of 20 indicates a 99%
confidence in the variant call, while a QUAL score of 30 indicates a 99.9% confidence in the
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variant call. Sequencing parameters such as read depth, variant frequency and read
bidirectionality can also be used to support a variant call. The read depth refers to the number
of reads aligned to a particular position in the genome. The alternate read depth is the number
of reads that support a variant that differs from the reference genome at that particular
location. The variant frequency is the proportion of total reads at a particular position that
support the alternate allele. Variant frequencies that are much lower than the diploid state
expected of a heterozygous variant (i.e. 0.5) are more likely to represent alignment or
sequencing errors than a true variant. If a variant is identified in both forward and reverse
reads i.e. bidirectional reads, the variant is less likely to have arisen due to an alignment error,
as sequencing has occurred in both directions and aligned to the reference genome.

4.1.1.3. Transcript selection and Variant Prioritisation

The predicted functional consequence of a genetic variant identified through WES can differ
depending on the transcript used to make the variant call. A variant may be in a coding region
present in one transcript but that region and therefore the variant might be absent in another
transcript. Different transcripts may also have different reading frames. WES studies vary in
their methods of transcript selection, with some choosing the canonical transcript while others
select the transcript in which the variant is predicted to have the most deleterious
consequence. It is unclear which approach is better as the exact transcripts that are expressed
in the colon and therefore are of the most functional relevance are not known.

Potentially deleterious variants are predicted to affect the function of the encoded protein.
Such variants would encompass loss-of-function (LoF) variants (nonsense, frameshift, essential
splice site i.e. within 2 base pairs of the intron-exon boundary). LoF variants are generally
assumed to be deleterious as these variants are expected to result in a dysfunctional truncated
protein, or activate nonsense mediated decay of the RNA transcript. A proportion of missense
variants may also cause loss of function through mRNA or protein instability, but without a
functional assay these are harder to determine.

4.1.1.3.1. In silico missense classifiers

Differentiating missense variants that are potentially pathogenic from benign ones is a
challenge since most amino acid substitutions may not necessarily impact protein function.
Performing biological assessment of pathogenicity on large numbers of missense variants is
impractical and requires knowledge of gene function. Therefore, a gamut of in-silico tools have
been developed to try and predict the impact of missense variants on protein function. Such
tools evaluate various aspects of the missense variant, including its predicted change in amino
acid biochemistry, nucleotide sequence conservation between species, and functional
annotation within protein structure. Examples of commonly used in silico tools include Sorting
Intolerant From Tolerant (SIFT) (Ng and Henikoff, 2003), Polymorphism Phenotyping
(PolyPhen) (Ramensky et al., 2002), Genomic Evolutionary Rate Profiling (GERP) (Cooper et al.,
2005), as well as optimised combination tools such as Consensus Deleteriousness score
(Condel) (Gonzalez-Pérez and Lépez-Bigas, 2011) and Combined Annotation Dependent
Depletion (CADD) (Kircher et al., 2014).

CADD is one of the most commonly used tools and utilises 63 different variant annotations and
their interactions to differentiate variants that are fixed or nearly fixed in the human genome
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from simulated de novo variants. The latter are assumed to be selected against and therefore
more likely to be deleterious. The variant annotations used by CADD include conservation
metrics, functional genomics, in silico predictions of variant impact on protein structure and
function, and gene expression. CADD scores are then calculated for all possible SNVs in the
human genome, as well as for small indels, using machine learning. High CADD scores indicate
that the variant has characteristics associated with simulated de novo variants rather than
those seen with fixed/nearly fixed variants. The CADD scores are then ordered from least to
most deleterious in a Phred-like scale to give CADD scaled scores. A CADD scaled score of 10 or
more corresponds to the top ten percent most deleterious variants according to the CADD
model, while a CADD score of 20 or more corresponds to the top one percent of deleterious
variants, and so on.

CADD scores were compared to an expertly curated classification based on clinical and
genomic data, using variants in mismatch repair genes that had been classified by the Variant
Interpretation Committee of the International Society for Gastrointestinal Hereditary Tumours
(InSiGHT) (van der Velde et al., 2015). Using a cumulative link model, this paper found a strong
positive correlation between CADD scores and InSiGHT classification. False positives did occur,
but these could be compensated for by using a population allele frequency cut-off to exclude
common variants. False negatives tended to occur with loss-of-function variants as CADD was
designed as a quantitative assessment of SNVs rather than structural variants.

4.1.2. Approaches to identifying candidate CRC-predisposing genes harbouring
potentially pathogenic variants

Once potentially pathogenic variants have been identified, the genes that harbour these
variants are then prioritised as potential CRC-predisposing genes using several approaches.

4.1.2.1. Agnostic Approach

The agnostic approach relies on candidate CRC-predisposing genes being recurrently mutated
within the discovery cohort at a frequency higher than expected based on publicly available
control cohorts. This approach is applied in two different settings. Firstly, an inter-family
analysis looks at the frequency across all the families. Genes that harbour PPVs in multiple
unrelated individuals from the discovery cohort are prioritised as candidate CRC-predisposing
genes. This approach is further refined using an intra-family analysis by prioritising variants
that are carried by multiple affected members of the same family.

4.1.2.2. Candidate Gene Approach

Amongst 54 exomes, it is possible that a gene predisposing to CRC is only mutated in one of
the study subjects due to disease heterogeneity, with only one affected individual in a family
being available for WES. Such genes would not be identified by the analysis methods described
in the previous section, which relies on the observation of a recurrently mutated gene in the
discovery cohort. As many of the known CRC-predisposing genes are within well-characterised
pathways (Table 4.1), it is possible that a mutation in a different gene within the same
pathway may also predispose to CRC. Such a candidate gene approach is another approach to
identify candidate CRC-predisposing genes. For example, DNA repair, which comprises several
distinct pathways including the mismatch repair, base excision and double strand break repair
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pathways, is disrupted in Lynch syndrome, MUTYH-associated polyposis and polymerase
proofreading associated polyposis (Hicks et al., 2010, Pavlov et al., 2006). The bone
morphogenetic protein (BMP) pathway is perturbed in the juvenile polyposis syndromes
through mutations in SMAD4 and BMPR1A. APC mutations give rise to familial adenomatous
polyposis through activation of the Wnt pathway (Segditsas and Tomlinson, 2006). The Wnt
pathway is also dysregulated in up to 90% of sporadic CRCs (White et al., 2012). In CRCs with
wildtype APC, activating somatic mutations in CTNNB1, a key gene in the canonical Wnt
pathway, were found to be important for tumorigenesis (Morin et al., 1997). The Notch
signalling pathway is an intercellular signalling process that is important in embryonic
development (Artavanis-Tsakonas et al., 1999), and is thought to be perturbed in cancer
(Ranganathan et al., 2011). Notch signalling is oncogenic in colorectal mucosa due to inhibition
of goblet cell differentiation (Katoh and Katoh, 2007).

Table 4-1. Pathways associated with known CRC-predisposing genes

Pathway Known CRC-Predisposing Genes
DNA repair MLH1, MSH2, MSH6, PMS2, MUTYH, POLE, POLD1
BMP SMAD4, BMPR1A
Whnt APC

DNA, deoxyribonucleic acid. BMP, bone morphogenetic protein.

4.1.2.3. Gene Constraint Scores

Another approach to prioritising candidate CRC-predisposing genes is to use population
databases to identify genes that have fewer PPVs per base than expected. Genes with less
variation than expected may be evolutionally constrained due to negative selection pressure, a
hallmark of dominant disease-associated genes. Examples of gene constraint scores are
Residual Variation Intolerance Score (RVIS) (Petrovski et al., 2013) and EXAC gene constraint
scores (Lek et al., 2016c). Potentially pathogenic variants within constrained genes would
therefore be considered interesting and worthy of further evaluation.

RVIS ranks genes according to their intolerance of common (minor allele frequency >0.1%)
functional variation, and is derived from SNVs observed in exomes from the ESP. RVIS takes
both gene size and total gene mutation rate into account. Common missense and LoF SNVs
from each of the 16956 assessed genes were regressed on the total protein-coding variation
seen in each gene, then divided by the estimate of its standard deviation to give the RVIS.
Corresponding RVIS percentiles aid in ranking each gene, with the lowest percentiles indicating
genes that are intolerant of common functional variation. The RVIS was validated using groups
of Mendelian disease-causing genes (annotated in Online Mendelian Inheritance in Man)
according to the allelic context in which they were pathogenic (haploinsufficient, dominant
negative, de novo, recessive), as well as a group of genes that were considered non-disease
causing when mutated. Mendelian disease-causing genes, particularly mutated genes that
caused disease when haploinsufficient or that had de novo mutations, had lower RVIS scores
than non-disease-causing genes when assessed by logistic regression.
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The EXAC gene constraint scores evaluated rare (minor allele frequency <0.1%) variants using
the EXAC dataset, which is an order of magnitude bigger than the ESP. For each variant class
(i.e. LoF, missense or synonymous variants) the observed number of rare unique variants per
gene was compared to an expected number of variants based on stochastic mutation. The
expected number of mutations in a gene was determined using a model (Samocha et al., 2014)
validated on synonymous variants, which are not expected to be under selection pressure. A z-
score indicating deviation from the expected number of variants is given for missense variants,
with a score of >3.09 indicating significant constraint of missense variants. As larger genes
have an increased probability of acquiring a LoF variant by chance, Z-scores for LoF variants are
further categorised into probability of being loss-of function intolerant (pL 120.9) or loss-of
function tolerant (pLI £0.1) using an expectation-maximisation algorithm.

4.1.3. Aims and Objectives
The aim of the work described in this chapter is to identify candidate genes predisposing to
familial CRC, using WES data obtained from the discovery cohort.

The objectives of this chapter are as follows:
a) identify rare PPVs in WES data using a series of technical and biological filters

b) identify candidate CRC-predisposing genes harbouring PPVs by performing intra-family,
inter-family, candidate gene and gene constraint analyses

The top candidate genes from the analyses performed in this chapter were re-sequenced in a
validation cohort using a targeted gene panel (Chapter 5).
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4.2. Methods

4.2.1. Examination of variants in Known Colorectal Cancer Predisposing Genes
identified by WES

Variants in 11 known CRC-predisposing genes (APC, MUTYH, POLE, POLD1, MLH1, MSH2,
MSH6, PMS2, STK11, SMAD4, BMPR1A) were examined in the 54 sequenced germline exomes,
in order to exclude any exomes with a pathogenic variant in a known CRC-predisposing gene.
Such pathogenic variants may not have been detected through the testing methods employed
by the FCCs, and would confound subsequent analyses.

The RefSeq gene transcript used in the original paper that identified the gene as CRC-
predisposing (Sieber et al., 2003, Palles et al., 2013, Ligtenberg et al., 2009, Howe et al.,
2001a) was selected for further analysis. For genes in which a transcript was not identified in
the literature, the canonical transcript was selected. Variant annotation is given for the
corresponding Ensembl transcript as the output from Variant Effect Predictor.

For genes with an autosomal dominant mode of inheritance, variants were excluded if they
occurred at a frequency of 0.5% or greater in any of 3 large publicly available, non-cancer
ascertained, germline WES datasets: 1) 1000 Genomes Project (Genomes Project et al., 2012),
2) the ESP (Exome Variant Server, n.d.), or 3) the Non-TCGA Subset of the Exome Aggregation
Consortium (ExAC) (Lek et al., 2016c). For genes with an autosomal recessive mode of
inheritance (MUTYH), variants were excluded if they occurred at a frequency of 5% or greater
in the 1000 Genomes Project, the ESP, or the Non-TCGA Subset of EXAC. Variants with an
observed allele frequency of 1.0 were considered homozygous. Loss-of-function (LoF) variants,
namely nonsense, frameshift and essential splice site variants, as well as in-frame indels and
missense variants, were selected for further analysis. For in-frame indels and missense
variants, only those with a CADD scaled score of 10 or more were considered. ClinVar
(Landrum et al., 2016) annotations were considered for variants of uncertain significance.
Samples with variants annotated as ‘pathogenic’ or ‘potentially pathogenic’ were excluded
from further analysis.

4.2.2. Custom pipeline for identifying PPVs from germline WES data
The following steps were performed on exomes in the final discovery cohort following
exclusion of any exomes with pathogenic variants in known CRC-predisposing genes.

4.2.2.1. Transcript selection

In order to include all variants that were potentially pathogenic, a single transcript in which an
annotated variant was predicted to be most deleterious was selected for downstream analysis,
as described below.

The predicted functional consequences of a variant within a transcript were ranked as shown
in table 4.2. When multiple transcripts contained the same variant, the transcript with the
highest ranked consequence (i.e. with the most deleterious impact) for a variant was selected
for further analysis. If multiple transcripts remained with the same ranked consequence, a
transcript with a RefSeq mRNA number was selected.
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Table 4-2. Ranking of predicted functional consequences of a variant

Predicted consequence of variant on | Consequence Rank
mRNA Translation to Protein

Nonsense or frameshift

Affecting essential splice site

In-frame indel or missense

Stop-lost

Splice site, coding unknown

Synonymous

N{ojun|bh|WIN| -

Other (not known to affect coding
region)

4.2.2.2. Variant filtering strategy for identifying potentially pathogenic variants
Consequence ranked 1-3 variants were selected for further analysis (Table 4.2), as these were
more likely to be functionally deleterious. The remaining variants with a predicted
consequence rank of 4 or more were omitted.

In order to prioritise PPVs in WES data that are rare, more likely to be real as opposed to
artefacts, and functionally deleterious, several filters were applied. The types of filters used are
summarised in Table 4.3.

Table 4-3 Types of filters used for prioritising potentially pathogenic variants

Filter Criteria Purpose

Technical filters e.g. QUAL scores, variant Identify alleles that are likely to be true

allele frequency sequence variants and not sequencing or
alignment artefacts

Population allele frequency cut-off Identify alleles that are rare in the population

In silico functional consequence scores (for Identify variants that are likely to be

missense variants) deleterious to protein function

4.2.2.3. Technical filters

Variants had to have a QUAL score of at least 30 and the read depth at the variant locus had to
be 10 or more. The variant allele frequency had to be at least 15%. While heterozygous
variants are expected to have a variant allele frequency close to 50% and homozygous variants
close to 100%, a permissive variant allele frequency cut-off of 15% was chosen to allow for
preferential amplification of one allele over another due to sequence polymorphisms.
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4.2.2.4. Population filters

4.2.2.4.1. Variant filtering using population frequencies from publicly available large-scale
sequencing datasets

Variants with an allele frequency of 20.5% in the 1000 Genomes Project, the ESP, or the Non-
TCGA Subset of EXAC, were removed.

4.2.2.4.2. Variant Filtering using local exome datasets

Variant counts were performed to determine the number of times each variant was seen
within the sequenced exomes in the discovery set. Variants that were rare in the population
but seen in 10 or more of the CRC exomes (>20%) were also excluded as they are likely to be
due to sequencing or alignment errors.

A local germline exome dataset (N=237) that comprised of 72 familial breast cancer cases
(Thompson et al., 2012), 57 male breast cancer cases, 41 phaeochromocytoma cases (Flynn et
al., 2015), 31 mucinous ovarian tumour cases (Ryland et al., 2015), 24 serous ovarian cancer
cases and 12 fibroma cases was also used for variant filtering. Variants thatwere found in at
least 5% of these 237 germline exomes from exome sequencing studies performed at PMCC,
Melbourne, Australia, were also excluded.

4.2.2.5. Exclusion of genes with excess nonsense/frameshift variants in a local dataset

The rationale for this filter is that genes with an excess of nonsense/frameshift variants
(consequence rank 1 variants) are ‘tolerant’ of these variants, implying that consequence rank
1 variants in these genes are less likely to cause a disease phenotype. Using a PMCC dataset of
198 germline exomes, a count of the number of exomes with a consequence rank 1 variantin a
gene, as well as a count of the total number of consequence rank 1 variants within a gene, was
performed by Dr. Sally Hunter from the Campbell Lab, PMCC. This cohort of 198 germline
exomes (that overlap with the local germline exome dataset from Section 4.2.2.4.2) comprised
74 male breast cancer cases, 41 phaeochromocytoma cases, 30 mucinous ovarian tumour
cases, 23 low-grade serous ovarian tumour cases, 12 fibroma cases, 9 familial ovarian cancer
cases, plus 9 colorectal cancer cases from the current study. Using a local exome dataset to
generate this data is also useful to account for 1) polymorphisms in the local population and 2)
alignment errors, as PMCC exomes are processed on the same bioinformatics variant calling
pipeline. Variants in genes containing 10 or more nonsense or frameshift variants in 198
exomes (at least 1 nonsense/frameshift variant in 5% of dataset) were excluded.

4.2.2.6. Prioritisation of missense variants or in-frame indels (consequence rank 3 variants)
according to predicted functional impact according to CADD

Consequence rank 3 variants that passed the preceding filters were further ranked by their
CADD scaled C-score. Variants with a CADD scaled C-score ranking of >10 (corresponding to the
predicted top ten percent most deleterious substitutions in the human genome), were
retained for further analysis. As not all small indels were scored by CADD, in-frame indels that
did not have a CADD scaled C-score were also taken forward for further analysis.

4.2.2.7. Final dataset of PPVs from the discovery cohort
All consequence rank 1, 2 and 3 variants that passed the preceding filters are henceforth
referred to as PPVs. A Microsoft Excel (Microsoft Office 2010, WA, USA) pivot table with
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sample and gene names on the axes was generated to visualise variants seen in a particular
gene or sample/samples. The analyses described in Section 4.2.3 were performed from this
pivot table. A summary of the pipeline utilising these filters is shown in Figure 4.1.
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LoF and missense variants/in-frame indels
(read depth=10; variant frequency=0.15)

VARIANT FILTERS

Publicly available population
datasets

<0.5% in ESP, 1000G and MNon-
TCGA subset of EXAC

populations
Local Exome Datasels

ovarian Ca, mucinous ovarian
tumours, fibromas
GENE FILTER

v <10 nonsense/frameshift
variants in 198 local exomes

rare LoF and missense
variants/in-frame indels

v l

) missense variants/in-frame
LoF variants indels

|

CADD scaled C-
score=10 or not
assessed

Figure 4-1. Custom filtering pipeline for identifying potential pathogenic variants from WES data.

LoF, loss-of-function. ESP, Exome Sequencing Project. 1000G, 1000 Genomes Project. TCGA, The Cancer
Genome Atlas. EXAC, Exome Aggregation Consortium. CADD, Combined A
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4.2.3. Approaches to prioritising CRC-predisposing genes harbouring potentially
pathogenic variants

4.2.3.1. Agnostic Approaches
This is described in Results Sections 4.3.2.1 and 4.3.2.2.

4.2.3.2. Candidate Gene Approach

Genes within the Wnt, DNA repair, BMP and Notch signalling pathways were identified using
the AmiGO web application (v.1.8) (Carbon et al., 2009) from the Gene Ontology Consortium
(Ashburner et al., 2000, The Gene Ontology Consortium, 2015). The GO accession numbers
corresponding to each signalling pathway and associated with the highest number of genes
were selected (Table 4.4). For each selected GO accession number, Ensembl genes (Ensembl
Genes 74) from the human species (Homo sapiens genes GRCh37) were retrieved on 6%
February 2014. Using these gene lists, the pivot table was annotated with the relevant
pathway if a pathway gene was found containing a PPV.

Table 4-4. Gene Ontology Accession Numbers used to extract genes in a CRC pathway

Pathway Gene Ontology Accession
Number
Wnt G0:0016055
DNA repair G0:0006281
Bone Morphogenetic G0:0030509
Protein
Notch G0:0007219

4.2.3.3. Gene Constraint Scores

The known CRC-predisposing genes were annotated with their corresponding RVIS percentiles
and EXAC pLl and missense z-scores in order to first evaluate their discriminatory capacity. All
genes containing a PPV were then annotated with the gene constraint score with the best
discriminatory capacity.
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4.3. Results

4.3.1. Examination of variants in known CRC-predisposing genes in 54 exomes

The mean coverage of 11 known CRC-predisposing genes is shown in Table 4.5. With the
exception of STK11 in PC8 and PC9, two individuals with appendiceal mucinous neoplasms, the
known CRC-predisposing genes had a mean coverage of at least 20X in the exomes. The low
coverage of STK11 in PC8 and PC9 is due to the use of an earlier generation (Agilent v1) exome
capture reagent. All other exomes were captured using an improved Agilent v4 reagent.

Table 4-5. Coverage of 11 known CRC-Predisposing Genes

Known CRC- mean coverage in 54 | percentage of gene percentage of gene

Predisposing Genes exomes (range) covered 1X (range) covered 20X (range)
APC 49-257 98-100 83-100
POLE 57-194 100 84-100
POLD1 42-183 98-100 63-94
STK11 2-156 30-100 4-100
SMAD4 43-241 100 82-100
BMPR1A 23-201 87-100 45-100
MLH1 46-158 100 91-100
MSH2 43-126 100 84-99
MSH6 49-257 100 86-100
PMS2 39-131 57-100 46-97
MUTYH 61-181 100 85-100

4.3.1.1. Pathogenic LoF mutations in known CRC-predisposing genes

PPV in the 11 known CRC-predisposing genes were inspected for pathogenicity. There were 3
pathogenic variants in known CRC-predisposing genes identified in the WES data (Table 4.6). A
truncating APC mutation was confirmed by Sanger sequencing and reported back to the FCC. A
truncating PMS2 mutation required long-range PCR with special primers for validation.
Validation of this variant was performed by the diagnostic molecular laboratory at PMCC and
reported back to Professor Robyn Ward of the MCO study. A truncating BMPR1A mutation was
reported back to the referring FCC, which performed diagnostic sequencing, confirming the
presence of a pathogenic variant.
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Table 4-6. Pathogenic variants in CRC-predisposing genes in 3 individuals

Mutation Ensembl Amino acid Variant
Sample| Gene type Transcript cDNA variant change Frequency
ENST0000026584 |c.736_741del6ins
PC15 PMS2 [frameshift 9.7 TGTGTGTGAAG | p.Pro246Cysfs*3 0.43
Stop- | ENST0000037203
PC50 [BMPR1A| gained 7.2 c.682C>T p.Arg228Ter 0.45
ENST0000025743
PC51 APC |frameshift 0.4 c.4545delT  [p.Phel515Leufs*8| 0.47

4.3.1.2. Clinical context of individuals with pathogenic variants in known CRC-
predisposing genes identified in WES data

PC15 developed a sigmoid adenocarcinoma at age 31 years. According to self-reported family
history, PC15’s father had CRC (age unknown). IHC for MLH1, MSH2, MSH6 and PMS2 did not
show any absence of staining in the tumour. WES of germline DNA from PC15 identified a
complex indel in PMS2, ENST00000265849.7:¢.736_741del6insTGTGTGTGAAG,
p.Pro246Cysfs*3. This complex indel has been reported previously, in 12 of 61 patients (20%)
with a PMS2 mutation and isolated PMS2 loss on MMR IHC of their cancer (Clendenning et al.,
2008). It is thought to be a founder mutation. It is unclear why IHC for PMS2 was positive in
PC15. The specific antibody used for IHC in this case was not known, hence it is unclear if the
N-terminus or C-terminus was targeted. Tumour from PC15 was not available for LOH analysis.
This PMS2 mutation is usually associated with a negative result on IHC for PMS2 in the
literature, although this is probably because PMS2 mutation cases are frequently ascertained
by IHC. There are examples of PMS2 exon deletions with retained PMS2 expression on IHC in
the literature (van der Klift et al., 2016).

PC50 had a history of per rectum bleeding at the age of 14 years and colonic polyposis (polyp
type unknown, thought to be mainly adenomas). The patient underwent a total colectomy
overseas, prior to migrating to Australia. The histopathology report from the subtotal
colectomy was not available. The patient developed a rectal cancer at age 48 years. Two of the
patient’s 11 siblings developed colonic polyposis and underwent colectomies overseas in their
home country. One of these affected siblings had a son who had colonic polyposis and CRC at
age 22 and unfortunately died from the disease. Three of the patient’s siblings, including one
with colonic polyposis, died in childhood. The patient’s parents had no history of CRC, with the
patient’s father having had a normal colonoscopy and dying in his 70s. The patient’s mother is
alive in her 80s and has not had a colonoscopy. Testing of APC was performed for the patient,
initially with Protein Truncation Test (PTT) of exon 15 and denaturing high performance liquid
chromatography of exons 1-14. No mutations were found. Full gene sequencing and MLPA of
APC and MUTYH were performed between 2008 and 2009, and was uninformative. Whole
exome sequencing of germline DNA identified a stop-gained mutation in BMPRIA,
ENST00000372037.2: c.682C>T, p.Arg228Ter.

PC51 had a clinical picture and family history consistent with FAP. WES of blood DNA
subsequently identified a pathogenic frameshift mutation (ENST00000257430.4 (APC):
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c.4545delT). It is unclear why this mutation was missed on PTT. The PTT report specified that 5
fragments were analysed, and no abnormal sized protein was seen. Reference was not given to
the specific PTT protocol used. The most common reasons for a negative PTT are absence of
the mutated allele due to failure of amplification, possibly due to an altered primer binding
site, or mutations at the very start or end of the protein (Den Dunnen and Van Ommen, 1999).
APC is 2843 amino acids long, hence this mutation is not at the extreme ends of the protein.
This mutation is in Exon 15, the largest exon. This exon is amplified from DNA, not RNA, hence
RNA degradation due to nonsense-mediated decay is not a factor here. Overlap of the 5
fragments for PTT should ensure that mutations near the ends of a fragment are not missed
(Powell et al., 1993).

4.3.1.3. Rare variants of uncertain significance in known CRC-predisposing genes
Heterozygous missense variants and an essential splice site variant of uncertain significance
identified in known CRC-predisposing genes in WES data are summarised in Table 4.7. These
variants were found in APC, MLH1, MSH6, POLE and POLD1. The essential splice site variant in
MSH6 (ENST00000234420.4:c.4001+2_4001+5delTAAC) did not alter the essential splice site
region of MSH6 due to the presence of TAAC repeats. As MSH6 was present on IHC in the
tumour from PC33, this variant is unlikely to be pathogenic.

The associated in silico predictors of pathogenicity, SIFT, PolyPhen, Condel and CADD are
shown for the variants of uncertain significance. None of these variants were seen in ClinVar
and therefore these cases were retained for analysis in the discovery cohort.
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Table 4-7. Variants of uncertain significance in known CRC-predisposing genes

Sample  Variant Consequence Gene Ensembl Transcript Consequence PolyPhen SIFT Condel CADD ClinVar
Scaled annotation
Score
PCa missense APC ENSP00000457016.1:p.Ala1879Ser benign (0.017) tolerated (0.07) neutral (0.320) 14.69
PC21 missense APC ENSP00000457016.1:p.GIn203Glu possibly_damaging (0.807) deleterious deleterious 29.9
(0.01) (0.710)
PC25 missense APC ENSP00000457016.1:p.Leu1129Ser benign(0.357) tolerated(0.1) neutral(0.399) 12.69
PC39 missense APC ENSP00000457016.1:p.Arg99Trp probably_damaging deleterious deleterious 19.71
(0.949) (0.02) (0.776)
PC49 missense APC ENSP000004570160.1:p.Arg2505GIn possibly_damaging (0.868)  tolerated (0.26) neutral (0.371) 35
PC29 missense MLH1 ENSP00000231790.2:p.Gly22Ala probably_damaging deleterious deleterious 34
(0.988) (0.01) (0.843)
PC33 essential splice site MSH6 ENST00000234420.4:c.4001+2_4001+5delTAAC 16.29
PC39 missense POLE ENSP00000322570.5:p.Ala724Val benign (0.269) tolerated (0.14) neutral (0.278) 21
PC43 missense POLE ENSP00000322570.5:p.Gly1352Ala benign (0.048) tolerated (0.09) neutral (0.299) 15.74
PC8, PC9 missense POLE ENSP00000322570.5:p.Val1887Met benign (0.202) tolerated (0.29) neutral (0.049) 10.07
PC48 missense POLE ENSP00000322570.5:p.Alal420Val benign (0.006) tolerated (0.26) neutral (0.034) 13.99
PC11 missense POLD1 ENSP00000406046.1:p.Glu673Lys possibly_damaging (0.598) deleterious (0) deleterious 33
(0.651)
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Three samples (PC15, PC50 and PC51) were excluded from further analysis following the
finding of pathogenic variants in known CRC-predisposing genes. The final discovery cohort
comprised 51 exomes.
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4.3.2. Performance summaries for 51 exomes

The sequencing performance summaries for the 51 exomes are summarised in Table 4.8.
Between 62.4 million and 135.8 million reads were generated per exome. On average 99% of
reads were mapped to the reference sequence. All but one exome (PC1) had less than 20% of
mapped reads as sequence duplicates, which were removed after alignment. The percentage
of reads on target ranged from 39% to 79%, with an average of 68%. The percentage of bases
covered at least 10 times was more than 95% for all exomes, and the percentage of bases
covered at least 20 times was more than 85% for 50 exomes, and 84.18% for PC47. The mean
coverage of target bases per exome ranged from 49 times to 136 times, with a mean of 83
times across the 51 exomes.
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Table 4-8. Sequencing performance summaries of 51 exomes in the discovery cohort

Sample Exome Enrichment Method Sequence Read length Total % Reads % Mapped % Reads % Target % Target Mean
reads (bp) reads mapped reads OnTarget bases >=10- bases >=20- coverage
duplicates fold fold Coverage for target
Coverage bases
PC1 Agilent SureSelect Human All Exon v4 Paired-end 100 126651040 89.44 27.23 66.94 98.21 93.79 93.72
PC2 Agilent SureSelect Human All Exon v4 Paired-end 100 107973154 97.66 14.14 71.81 98.01 93.33 109.26
PC3 Agilent SureSelect Human All Exon v4 Paired-end 100 135889460 97.23 13.36 71.1 98.46 94.86 136.87
PC4 Agilent SureSelect Human All Exon v4 Paired-end 100 122936952 96.4 13.95 72.76 97.71 92.68 117.38
PC5 Agilent SureSelect Human All Exon v4 Paired-end 100 81405842 98.33 8.37 69.39 96.26 88.04 79.28
PC6 Agilent SureSelect Human All Exon v4 Paired-end 100 84656078 98.21 6.08 70.67 96.48 89.05 86
PC7 Agilent SureSelect Human All Exon v4 Paired-end 100 111736018 93.51 16.03 75.84 97.9 93.28 114.64
PC8 Agilent SureSelect Human All Exon v1 Paired-end 100 65504122 99.98 4.81 77.6 95.42 91.04 130.69
PC9 Agilent SureSelect Human All Exon v1 Paired-end 100 70511080 99.98 12.4 75.41 95.71 90.34 126.95
PC10 Agilent SureSelect Human All Exon v4 Paired-end 100 68569336 99.96 6 79.12 98.05 94.84 76.64
PC11 Agilent SureSelect Human All Exon v4 Paired-end 100 68517184 99.95 6.2 71.47 97.41 93.55 69.25
PC12 Agilent SureSelect Human All Exon v4 Paired-end 100 68723634 99.96 6.64 73.74 97.81 93.99 71.44
PC13 Agilent SureSelect Human All Exon v4 Paired-end 100 64981092 99.95 3.99 54.87 97.16 88.44 51.92
PC14 Agilent SureSelect Human All Exon v4 Paired-end 100 63310956 99.97 4.6 75.37 98.17 93.34 69.37
PC16 Agilent SureSelect Human All Exon v4 Paired-end 100 64716704 99.95 6.51 53.95 96.92 87.12 49.4
PC17 Agilent SureSelect Human All Exon v4 Paired-end 100 62499640 99.97 7.32 73.4 98.13 92.72 64.39
PC18 Agilent SureSelect Human All Exon v4 Paired-end 100 68377119 99.94 5.86 64.93 97.57 92.45 62.87
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Table 4-8 (continued). Sequencing performance summaries of 51 exomes in the discovery cohort

Sample Exome Enrichment Method Sequence Read length Total % Reads % Mapped % Reads % Target % Target Mean
reads (bp) reads mapped reads OnTarget  bases >=10- bases >=20- coverage
duplicates fold fold Coverage for target
Coverage bases
PC19 Agilent SureSelect Human All Exon v4 Paired-end 100 64786809 99.95 4.25 53.63 97.07 87.5 50.31
PC20 Agilent SureSelect Human All Exon v4 Paired-end 100 68090418 99.96 6.9 77.97 98.16 94.51 74.7
PC21 Agilent SureSelect Human All Exon v4 Paired-end 100 78733319 99.87 4.35 67.78 98.52 94.84 76.35
PC22 Agilent SureSelect Human All Exon v4 Paired-end 100 74222285 99.83 3.15 56.98 98.01 92.48 61.34
PC23 Agilent SureSelect Human All Exon v4 Paired-end 100 87842858 99.81 7.04 52.38 97.67 92.98 63.54
PC24 Agilent SureSelect Human All Exon v4 Paired-end 100 93638124 99.89 5.38 67.38 99.02 97.01 90.04
PC25 Agilent SureSelect Human All Exon v4 Paired-end 100 67616062 99.87 4.72 67.66 98.23 94.07 65.39
PC26 Agilent SureSelect Human All Exon v4 Paired-end 100 68758181 99.91 4.14 66.64 98.35 94.22 65.81
PC27 Agilent SureSelect Human All Exon v4 Paired-end 100 87335153 99.92 5.52 68.67 98.73 96.37 84.55
PC28 Agilent SureSelect Human All Exon v4 Paired-end 100 63177103 99.9 3.67 69.63 98.15 93.58 63.78
PC29 Agilent SureSelect Human All Exon v4 Paired-end 100 78264971 99.9 4.62 72.52 98.58 95.8 81.62
PC30 Agilent SureSelect Human All Exon v4 Paired-end 100 81408188 99.78 8.38 54.21 97.59 91.94 60.54
PC31 Agilent SureSelect Human All Exon v4 Paired-end 100 94254595 99.88 8.93 53.95 98.14 94.3 69.96
PC32 Agilent SureSelect Human All Exon v4 Paired-end 100 88195930 99.85 7.4 49.4 97.67 92.35 60.87
PC33 Agilent SureSelect Human All Exon v4 Paired-end 100 83881990 99.94 9.81 73.37 98.84 96.09 91.42
PC34 Agilent SureSelect Human All Exon v4 Paired-end 100 97963726 99.94 11.05 72.92 99.07 97.14 104.91
PC35 Agilent SureSelect Human All Exon v4 Paired-end 100 102001749 99.7 9.35 74.12 98.87 97.19 113.91
PC36 Agilent SureSelect Human All Exon v4 Paired-end 100 88916340 99.95 10.2 71.66 98.88 96.39 94.49
PC37 Agilent SureSelect Human All Exon v4 Paired-end 100 95999995 99.95 10.13 71.7 99.01 96.84 101.99
PC38 Agilent SureSelect Human All Exon v4 Paired-end 100 97792204 99.95 11.61 73.57 99.08 97.08 105.22
PC39 Agilent SureSelect Human All Exon v4 Paired-end 100 99994030 99.95 5.45 68.2 98.87 96.99 106.12
PC40 Agilent SureSelect Human All Exon v4 Paired-end 100 95233031 99.89 5.74 72.41 98.64 96.27 106.75
PC41 Agilent SureSelect Human All Exon v4 Paired-end 100 88351876 99.94 5.71 67.33 98.64 96.04 92.13
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Table 4-8 (continued). Sequencing performance summaries of 51 exomes in the discovery cohort

Sample Exome Enrichment Method equence Read length Total % Reads % Mapped % Reads % Target % Target Mean
reads (bp) reads mapped reads OnTarget bases >=10- bases >=20- coverage
duplicates fold fold Coverage for target
Coverage bases
PC42 Agilent SureSelect Human All Exon v4 Paired-end 100 83140403 99.94 10.33 73.18 98.71 96.03 90.03
PC43 Agilent SureSelect Human All Exon v4 Paired-end 100 69682847 99.88 10.01 73.11 98.35 94.19 75.24
PC44 Agilent SureSelect Human All Exon v4 Paired-end 100 92736224 90.84 11.27 75.93 96.45 89.6 98.13
PC45 Agilent SureSelect Human All Exon v4 Paired-end 100 89910941 99.66 2.93 39.65 97.23 89.44 51.44
PC46 Agilent SureSelect Human All Exon v4 Paired-end 100 68994042 99.97 6.33 79.1 98.01 94.71 77.01
PC47 Agilent SureSelect Human All Exon v4 Paired-end 100 65682485 99.96 7.67 76.85 95.9 84.18 71.09
PC48 Agilent SureSelect Human All Exon v4 Paired-end 100 68502016 99.96 6.84 79.14 98.05 94.73 76.26
PC49 Agilent SureSelect Human All Exon v4 Paired-end 100 97355157 99.79 10.04 71.27 98.98 96.92 102.64
PC52 Agilent SureSelect Human All Exon v4 Paired-end 100 65537454 99.97 4.8 75.65 96.97 88.4 72.01
PC53 Agilent SureSelect Human All Exon v4 Paired-end 100 85282696 99.77 8.28 51.76 96.78 89.07 60.3
PC54 Agilent SureSelect Human All Exon v4 Paired-end 100 88396817 99.88 18.98 73.67 98.34 95.75 86.29
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4.3.3. Distribution of potentially pathogenic variants per exome

The median number of LoF variants per exome was 19 (range 11-92) (Table 4.9). The outlier
sample (PC47) with 92 LoF variants consisted mostly of indels (88%). Approximately two-thirds
of the indels had low variant allele frequencies (68% <0.2), and were not reported in the
dbSNP database (Sherry et al., 2001). These additional variants are likely due to errors in
sequencing and they were kept in for the intra-family analysis, but not included in the inter-
family analyses.

Table 4-9. Range of rare LoF variant counts per exome

Number of LoF variants | Number of exomes
11-20 30
21-30 18
31-45 2
>45

The number of potentially pathogenic missense variants per exome is shown in Table 4.10.
There were 10609 missense variants and 421 in-frame indels. The median number of missense
variants/in-frame indels per exome was 202 (range 137-588). Three exomes had more than
300 missense variants/in-frame indels (PC28, PC1 and PC27 had 313, 321 and 588 variants
respectively). In PC27, the sample with 588 missense variants/in-frame indels, 202 of these
variants have an allele frequency of 1-2% in the African population within the 1000 Genomes
Project, indicating that the excess number of variants in this individual is due to population
stratification. In contrast, in the other 50 exomes, the maximum number of missense
variants/in-frame indels with an allele frequency of 1-2% in the African population within the
1000 Genomes Project was 6.

Table 4-10. Range of rare missense variant/in-frame indel counts per exome

Number of missense variants/in-frame indels Number of exomes
137-200 24
201-300 24
>300 3
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4.3.4. Number of variants at each data filtering step

The 51 exomes comprising the discovery cohort contained a total of 58 977 LoF and missense
variants/in-frame indels at genomic locations covered by at least 10 reads, with a variant allele
frequency of at least 15%. Following population filters with the 1000 Genomes Project, ESP
and Non-TCGA Subset of EXAC as described above, 26 971 rare variants remained. Further
filtering using the 51 CRC exomes themselves and the PMCC multi-project exomes (N=237)
reduced the number of LoF and missense variants to 17 950, in 8695 genes. 1182 variants
were excluded as they were in genes that were deemed from a local exome dataset of 198
germline exomes to have an excess of nonsense or frameshift variants and likely to be
artefacts. After this filtering, 1090 LoF and 15 678 missense variants/in-frame indels remained.
Of the 15 678 missense variants/in-frame indels, 11 030 had a CADD scaled score of more than
10 or were not able to be ranked by CADD and were kept for further analysis. All 1090 LoF
variants were retained for further analysis.
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4.3.5. Prioritisation of candidate CRC-predisposing genes containing PPVs
Having identified PPVs through a filtering pipeline described in Section 4.2.2, evidence that
these variants may predispose to CRC was sought. The following 4 analyses were performed:

1) Inter-family (Section 4.3.5.1.1)
2) Intra-family (Section 4.3.5.1.2)
3) Genes in CRC pathways (4.3.5.2)
4) Gene constraint scores (4.3.5.3)

Analysis was performed at the gene level for analysis methods 1, 3 and 4, and at a variant level
for analysis method 2.

4.3.5.1. Agnostic Approach

4.3.5.1.1. Inter-family analysis

Ninety genes harboured LoF variants in individuals from at least 2 families. Two hundred and
fifty-four genes harboured a LoF variant in one family and one or more missense variants/in-
frame indels in a different family. Two thousand one hundrend and twenty-eight genes
harboured a missense variant in at least 2 families. Subsequent analysis was restricted to LoF
variants, as these variants were most likely to be deleterious. Stringent quality thresholds were
applied to selecting LoF variants of interest, in order to prioritise variants that were most likely
to be real and de-prioritise sequencing or alignment artefacts. The base calling Phred quality
score (QUAL), variant frequency and sequence read direction of each variant was examined.
Variants that fulfilled two of three of the following criteria were omitted: 1) QUAL score<100,
2) unidirectional rather than bidirectional supporting reads, or 3) variant frequency of <0.3.
These empirical cut-offs were chosen to prioritise only the variants with very high supporting
quality metrics. The population allele frequency cut-off was decreased from 0.5% to <0.1% in
the Non-TCGA Subset of EXAC in order to prioritise rarer variants. Genes encoding olfactory
receptors were omitted, as these genes are known to tolerate a high number of LoF variants
(Lek et al., 2016c). All remaining LoF variants were visualised using the Integrated Genome
Viewer (Robinson et al., 2011). Multi-allelic variants, variants in repetitive regions or regions
with multiple low quality reads were excluded.

Following these filtering steps, 12 genes with a LoF variant in different families were found in
the discovery dataset. Each gene had a LoF variant in 2 unrelated individuals (Table 4.11). For 5
genes, the LoF variant was identical in the 2 individuals.
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Table 4-11. Genes with LoF variants in 2 unrelated individuals in the discovery cohort

Gene Gene description Ensembl Gene Genomic position Ensembl transcript cDNA position Amino acid change ExAC- Same Sample
TCGA AF  variant?
SERPINB7 serpin peptidase inhibitor, clade B (ovalbumin), member 7 ENSG00000166396 18:61468141_61468142del GT ENST00000398019.2 c.639_640delGT p.Lys213AsnfsTer7 No PC20
SERPINB7 serpin peptidase inhibitor, clade B (ovalbumin), member 7 ENSG00000166396 18:61471588A>T ENST00000398019.2 c.862A>T p.Lys288Ter No PC29
GALC galactosylceramidase ENSG00000054983  14:88459424_88459425insCGCGG  ENST00000261304.2 c.84_85insCCGCG p.Val29ProfsTer45 No PC1
GALC galactosylceramidase ENSG00000054983 14:88459803_88459804insG ENST00000393569.2 c.40_41insC p.Leul4ProfsTerl4 No PC28
GALNT8 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N- ENSG00000130035 12:4870307C>T ENST00000252318.2 c.1357C>T p.GIn453Ter 1.22E-04 No PC11
acetylgalactosaminyltransferase 8 (GalNAc-T8)
GALNT8 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N- ENSG00000130035 12:4872418G>A ENST00000252318.2 c.1360-1G>A No PC3
acetylgalactosaminyltransferase 8 (GalNAc-T8)
GPR144 G protein-coupled receptor 144 ENSG00000180264 9:127215935G>A ENST00000334810.1 c.959G>A p.Trp320Ter 2.39E-04 No PC33
GPR144 G protein-coupled receptor 144 ENSG00000180264 9:127239323_127239324delCT ENST00000334810.1 c.2836_2837del p.Phe947SerfsTerd No PCa4
CT
PDE5A phosphodiesterase 5A, cGMP-specific ENSG00000138735 4:120423760_120423763 ENST00000264805.5 €.2253_2256del p.Arg752LysfsTer5 No PC22
delTCTC GAGA
PDE5A phosphodiesterase 5A, cGMP-specific ENSG00000138735 4:120548312T>A ENST00000264805.5 c.19A>T p.Lys7Ter 1.51E-04 No PC17
MS4A15 membrane-spanning 4-domains, subfamily A, member 15 ENSG00000166961 11:60538775delG ENST00000337911.4 c.82delG p.Gly28AspfsTerl6 1.88E-05 No PC33
MS4A15 membrane-spanning 4-domains, subfamily A, member 15 ENSG00000166961 11:60541424G>C ENST00000337911.4 €.333+1G>C 1.88E-05 No PC17
ZNF788 Zinc finger protein 788 ENSG00000188474 19:12223126delG ENST00000339302.4 c.765delG p.Glu256AsnfsTerl3  2.85E-04 No PC17
ZNF788 Zinc finger protein 788 ENSG00000188474 19:12223499_12223500delAT ENST00000339302.4 ¢.1137_1138del p.Cys380Ter 9.47E-05 No PC23
AT
RIPPLY3 ripply3 homolog (zebrafish) ENSG00000183145 21:38390226C>T ENST00000329553.2 €.292C>T p.GIn98Ter 3.39E-04 Yes PC12,
PC29
ASCL3 achaete-scute complex homolog 3 (Drosophila) ENSG00000176009 11:8959327G>A ENST00000325884.1 c.382C>T p.Argl28Ter 7.16E-04 Yes PC36,
PC17
TEX14 testis expressed 14 ENSG00000121101 17:56690784G>A ENST00000349033.5 €.1003C>T p.Arg335Ter 8.38E-04 Yes PC49,
PC20
SH2D4A SH2 domain containing 4A ENSG00000104611 8:19218826G>A ENST00000265807.3 c.706+1G>A 9.60E-04 Yes PC40,
PC10
TNFRSF10B tumor necrosis factor receptor superfamily, member 10b ENSG00000120889 8:22885843C>T ENST00000276431.4 c.748+1G>A 3.01E-04 Yes PC20,
PC30

ExAC-TCGA AF, variant allele frequencies from the Non-TCGA Subset of ExAC.
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4.3.5.1.2. Intra-family analyses

Five families were analysed in further detail, as 2 affected individuals from each of these 5
families consented to WES (Figures 4.2 to 4.5). These families consisted of 4 pairs of FDR, and
one pair of SDR. The probands are indicated with a black triangle on the pedigrees, and the age
of onset of CRC is also shown. The pedigrees and analysis for 4 families is described below. The
pedigree and analysis for the family with AMTs is described in the accompanying manuscript
‘Candidate Genes Predisposing to Familial Appendiceal Mucinous Tumours Presenting With
Pseudomyxoma Peritonei’ (4.3.5.1.2.4). Familial AMT was analysed using more stringent
population filters as the incidence of AMT is much lower than CRC in general. Genome-wide
copy number analysis of tumour tissue from the affected father and daughter was also
performed to identify areas of LOH within the tumour, as described in the manuscript.

Bowel 57

Figure 4-2. Pedigree of father (PC3) and daughter (PC2) with rectal adenocarcinoma

The daughter (proband) was diagnosed with a rectal adenocarcinoma at the age of 38 years
that was mismatch repair proficient and microsatellite stable. The father was diagnosed with a
rectal adenocarcinoma at the age of 57 years.
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Figure 4-3. Pedigree of sisters (PC6 and PC7) with young-onset CRC

The proband (PC6) was diagnosed with CRC at age 39 years. Her sister (PC7) was diagnosed
with a CRC at the age of 40 years. While PC6’s CRC was mismatch repair proficient, PC7’s CRC
was deficient of MSH2 and MSH6 on immunohistochemistry. Germline sequencing and MLPA
of the MSH2 and MSH6 genes in PC8 did not reveal any pathogenic variants.
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Figure 4-4. Pedigree of brother (PC46) and sister (PC47) with colonic polyposis and CRC

The proband (PC47) had a positive screening faecal occult blood test at the age of 55 years. On
colonoscopy, she was found to have a rectal adenocarcinoma and approximately 80 colonic
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polyps, that consisted of tubular adenomas, sessile serrated polyps and hyperplastic polyps.
Her asymptomatic brother (PC46) underwent colonoscopy and was found to have a
rectosigmoid adenocarcinoma and multiple colonic polyps. On subtotal colectomy PC46 had 25
sessile polyps throughout the colon, consisting of hyperplastic polyps, tubular adenomas and
tubulovillous adenomas with low grade dysplasia, in addition to the rectosigmoid
adenocarcinoma.
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Figure 4-5. Pedigree of paternal uncle (PC54) with colonic adenomatous polyposis and
nephew (PC41) with young-onset CRC. PC54 developed colonic polyposis without CRC.

This family has familial colorectal cancer type X, as it fulfils Amsterdam | criteria and the
tumour of the proband (PC41) was proficient in the mismatch repair proteins MLH1, MSH2,
MSH6 and PMS2 tested by immunohistochemistry. PC41’s tumour was also microsatellite
stable at 5 mononucleotide microsatellite markers. PC41 was diagnosed with a caecal
adenocarcinoma at the age of 38 years. PC54 had 41 tubular or tubulovillous adenomas
removed from his colon between the ages of 56 and 73 years. PC54 was chosen for WES rather
than the affected father of PC41 to reduce the number of shared variants. The affected
paternal aunts and cousins of PC41 were invited to participate in the study but did not respond
to the invitation.

4.3.5.1.2.1. Rare LoF and missense/in-frame indel variants found in both affected family
members within a family

Using the rare variants identified in Section 4.2.1, the intra-family analysis for 4 of the above
families is described. Identical rare LoF and missense variants that were identified in both
affected individuals from a family were prioritised. There were between 4 and 15 rare LoF
variants shared between the 2 affected individuals within each family. As was done in the
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inter-family analysis, further filters were applied to prioritise the variants most likely to
predispose to CRC (Figure 4-6).
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Number of shared LoF variants 15 6 4 5
Variants with any 2 of QUAL
|::> score<100, non-bidirectional or
VAF<0.3: 4 variants excluded
Number of shared LoF variants 12 5 4 5
IGV review for multi-allelic
:> regions, repetitive regions or
regions with multiple low
quality reads: 6 variants
excluded
Number of shared LoF variants 10 4 1 5
VAF in non-TCGA subset of
:> ExXAC 20.1%: 11 variants
excluded
Number of shared LoF variants 7 1 0 1
1 olfactory receptor and 1 rod
:> photoreceptor gene variant
excluded
Number of shared LoF variants 5 1 0 1

subset of EXAC: 4 variants
excluded

Variants in genes with an excess
l :> of LoF variants in the non-TCGA

Number of shared LoF variants 3* 0 0 0

Figure 4-6. Number of LoF variants seen in both family members at each step of the variant
prioritisation process.

LoF, loss-of-function. VAF, variant allele frequency. TCGA, The Cancer Genome Atlas. EXAC, Exome
Aggregation Consortium. *APLF gene was not excluded, as discussed in the text.
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LoF variants were omitted if any two of the following criteria were met: QUAL score <100,
variant was not called off bidirectional reads, or the variant frequency was <0.3. All LoF
variants were visualised in the Integrated Genome Viewer (Robinson et al., 2011). Variants
from multi-allelic regions, repetitive regions or regions with multiple low quality reads were
excluded.

In order to prioritise rarer variants, LoF variants with an allele frequency of <0.1% in the Non-
TCGA Subset of EXAC were prioritised. An olfactory receptor and a rod photoreceptor gene
were deprioritised due to implausible function and space constraints on the validation panel.

4.3.5.1.2.2. Exclusion of genes with an excess of LoF variants in the Non-TCGA Subset of the
EXAC dataset

As the likelihood of FDRs and SDRs sharing a LoF variant is much higher than for 2 unrelated
individuals, further evidence at a gene level was sought that such LoF variants may be
pathogenic. Genes with LoF variants in a significant percentage of the population are unlikely
to predispose to diseases that are rare in the population, particularly if the mutations are
highly penetrant. Using known CRC-predisposing genes as a starting point, the percentage of
individuals in the Non-TCGA subset of the EXAC database with a LoF variant in a known CRC-
predisposing gene was first estimated. This estimate was used as a cut-off to de-prioritise
novel genes with a LoF variant in a percentage of individuals exceeding that seen with the
known CRC-predisposing genes. The following steps were performed: 1)The percentage of
individuals with LoF variants in 26 228 genes was estimated from the Non-TCGA Subset of the
ExAC dataset, 2) The estimated percentage of individuals in the Non-TCGA Subset of the EXAC
dataset with LoF variants in the known CRC-predisposing genes was determined, and 3)a cut-
off percentage was chosen based on the estimated percentage from 2), to de-prioritise genes
with LoF variants in a higher percentage of the Non-TCGA subset of the EXAC dataset, as LoF
variants in these genes are less likely to predispose to CRC, assuming a moderate to high
penetrance.

The estimated percentage of individuals with a LoF variant in the Non-TCGA Subset of the EXAC
dataset was determined as follows: Using the canonical transcript, the number of LoF alleles in
the Non-TCGA Subset of the EXAC dataset was extracted by Richard Lupat from the
Bioinformatics Core facility of PMCC.

Two assumptions were made in this assessment: 1) that each LoF variant was seenin a
different individual and 2) that all 106210 alleles in the subset were sequenced. The
percentage of individuals with a LoF variant was estimated by dividing the total number of LoF
alleles by the total number of alleles in the Non-TCGA Subset of the ExAC dataset (106210),
and multiplying by 200 (as each individual has 2 copies of an allele). This calculation gave a
minimum estimate of the percentage of individuals with a LoF variant, as the sequence
coverage is not 100% for every gene in every exome. We aimed to exclude genes with a clear
excess of LoF variants in the Non-TCGA Subset of the ExAC dataset, hence a minimum estimate
was acceptable. The minimum estimate of the percentage of individuals with a LoF variant in
the known CRC-predisposing genes is shown in Table 4.12. For comparison, the same
calculation was performed for BRCA2, a breast and ovarian cancer predisposing gene that has
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a known common LoF variant (NP_000050.2:p.Lys3326Ter) in the last exon (Mazoyer et al.,
1996).
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Table 4-12. Number of LoF alleles in known CRC-predisposing genes, and minimum estimate
of percentage of individuals with a LoF variant, in the non-TCGA Subset of the EXAC dataset

Gene No. of LoF alleles in Non-TCGA Estimated percentage of
Subset of the EXAC dataset individuals with a LoF variant
(canonical transcript) in Non-TCGA Subset of the
ExAC dataset

STK11 0 0.00
GREM1 0 0.00
SMAD4 1 0.00
MLH1 8 0.02
BMPR1A 13 0.02
APC 14 0.03
MSH2 21 0.04
EPCAM 23 0.04
MUTYH 218 0.41
PMS2 408 0.77
MSH6 615 1.16
BRCA2 884 1.67

As the minimum estimate of the percentage of individuals with a LoF variant in the known
CRC-predisposing genes was 1.16%, a cut-off of 2% or more was chosen to de-prioritise any
genes that may be tolerant to LoF variants. The conservative 2% was chosen to accommodate
genes that may have a commonly occurring LoF variant in the last exon, as is the case with
BRCA2. LoF variants in the last exon of a gene generally do not result in nonsense-mediated
MRNA decay (Chang et al., 2007, Perrin-Vidoz et al., 2002, Zhanget al., 1998a, Zhangetal.,
1998b), with translation of a truncated protein that may still be functional. Therefore, the
percentage of individuals with a LoF variant in the general population may be higher than
expected, due to a percentage of individuals having a LoF variant in the last exon of a gene
thath is not selected against.

Of the genes with shared LoF variants within the 4 families, 5 genes had a minimum estimated
percentage of individuals with a LoF variant in the Non-TCGA Subset of the EXAC dataset of
>2%. The LoF variants in these genes were inspected in the EXAC browser to determine if there
was a common LoF variant in the last exon accounting for the majority of LoF variants in the
gene, as is the case with BRCA2. For one gene (APLF), 1207 out of 1362 LoF variants in APLF
consisted of a single frameshift variant in the last exon. APLF had a minimum estimated
percentage of individuals with a LoF variant in the Non-TCGA Subset of the EXAC dataset of
2.1%. The LoF variant shared between PC2 and PC3 occurred in the first exon. APLF was
included in the list of candidate CRC-predisposing genes. The other 4 genes did not have a
common LoF variant in the last exon accounting for the majority of the LoF variants, and hence
were excluded (Table 4.13).
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Table 4-13. Excluded genes with a shared LoF variant in a family

Gene Family No. of LoF alleles in Non-TCGA Subset of the Estimated percentage of individuals with
ExAC dataset (canonical transcript) a LoF variant in Non-TCGA Subset of the
EXAC dataset
BCLAF1 PC2 and PC3 1735 3.27
MROH2A PC2 and PC3 2013 3.79
ABCC11 PC6 and PC7 1390 2.62
MUC19 PC41 and PC54 16943 31.90

Three shared LoF variants that passed all the preceding filters were identified from PC2 and
PC3, the father and daughter with rectal adenocarcinoma (Table 4.14).
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Table 4-14. LoF variants identified in both father (PC3) and daughter (PC2) affected by rectal adenocarcinoma.

Gene Gene Description Ensembl Gene Genomic Position Ensembl Transcript cDNA position Minimum estimate of percentage of
individuals with LoF variant in Non-TCGA
Subset of EXAC dataset
NEDD4 neural precursor ENSG00000069869 15:56216898C>T ENST00000435532.3 €.238-1G>A 0.08
cell expressed,
developmentally
down-regulated 4,
E3 ubiquitin
protein ligase
TIMELESS timeless circadian ENSG00000111602 12:56811686_56811689delCCTA ENST00000229201.4 ¢.3553+2_3553+5delGGAT 0.28
clock
APLF aprataxin and DNA repair ENSG00000169621 2:68694913delC c.50delC 2.10*

PNKP like factor

* common LoF variant in the last exon
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4.3.5.1.2.3. Rare potentially pathogenic missense variants/in-frame indels (Consequence Rank 3) in
both affected family members within a family

Three of the four affected families consisted of two affected FDRs, and were hence expected to
share fifty percent of their variants. The fourth family consisted of two affected SDRs and were
expected to share twenty-five percent of their variants. The 3 pairs of affected FDRs shared 118, 100
and 100 potentially pathogenic Consequence Rank 3 variants, while the affected SDRs shared 50
potentially pathogenic Consequence Rank 3 variants.

In order to prioritise the missense variants most likely to be pathogenic, the rarest shared missense
variants with the greatest predicted deleteriousness were chosen. Genes with private missense
variants i.e. variants not seen in the Non-TCGA ExAC dataset, with a CADD Phred score >20 were
prioritised (Table 4-15). One to seven variants were identified per family (Table 4.16). Of the 14
genes with shared intra-family missense variants, 1 gene harboured a LoF variant in a different
family (Table 4.14), 2 genes harboured different potentially pathogenic missense variants in one
additional family, while 1 gene harboured 2 different missense variants in two different families
(Table 4.15).

Table 4-15. Number of shared Consequence Rank 3 variants between family members, at each
step of the filtering process

Intra-family sample Number of shared Number of shared Number of shared
IDs potentially variants not seenin  novel variants with a
pathogenic the Non-TCGA Subset CADD scaled
Consequence Rank 3 of EXAC i.e. novel score>20
variants
PC2, PC3 118 34 7
PCe6, PC7 100 14 4
PCa6, PC47 100 21 2
PC41, PC54 50 7 1
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Table 4-16. Private missense variants shared by both affected family members within a family, and LoF or missense variants in the same gene

identified in unrelated individuals in the discovery cohort

Family Gene Gene Description Ensembl Protein Amino acid CADD RareloF Rare missense Same Sample Ensembl Protein Amino acid CADD  Frequency
change scale variant variantin a variant change scale in Non-
d ina different family ? d TCGA
score  differen  (CADD >10) score  Subset of
t family ExXAC
PC2_3 INPP5E inositol ENSP00000360777. p.Phe480Le 35.0 1 ENSP00000360777. p.Asn159Ter 9.67E-06
polyphosphate-5- 3 u 3
phosphatase, 72
kDa
PC2_3 GOLGA  golgin A5 ENSP00000163416.  p.Asp681As  34.0
5 2 n
PC2_3 PLSCR3  phospholipid ENSP00000459019.  p.Pro259Leu  33.0
scramblase 3 1
PC2_3 HTR5A 5- ENSP00000287907.  p.Asp121As 27.5
hydroxytryptamin 2 n
e (serotonin)
receptor 5A, G
protein-coupled
PC2_3 HCN3 hyperpolarization ENSP00000357342. p.Cys311Ser  24.5
activated cyclic 3
nucleotide-gated
potassium
channel 3
PC2_3 GPR137 G protein-coupled ~ ENSPO0000355551. p.Glul50GIn  24.0
B receptor 137B 3
PC2_3 SF3A3 splicing factor 3a, ENSP00000362110. p.Argd70GIn  23.7
subunit 3, 60kDa 4
PC6_7 FKBP10 FK506 binding ENSP00000317232. p.Ser419Leu 27.5
protein 10, 65 kDa 4
PC6_7 IL4R interleukin 4 ENSP00000379111. p.Gly722Ser  27.3
receptor 2
PC6_7 LRRK2 leucine-rich ENSP00000298910.  p.Leu805His  22.6 2 No PC39 ENSP00000298910.  p.lle32Met 16.55
repeat kinase 2 7 PC3, 7 p.Arg2477GlI 10.35  8.48E-05
PCa ENSP00000298910. n
7
PC6_7 SUCLG2  succinate-CoA ENSP00000307432. p.Leu349Ph 20.7
ligase, GDP- 5 e
forming, beta
subunit
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Table 4-16 (continued). Private missense variants shared by both affected family members within a family, and LoF or missense variants in the
same gene identified in unrelated individuals in the discovery cohort

Family Gene Gene Ensembl Amino acid CADD Rare LoF Rare missense  Same Sample  Ensembl Protein Amino CADD Frequency
Description Protein change scaled variantin variantina variant acid scaled in Non-
score a different ? change score TCGA
different  family (CADD Subset of
family >10) ExAC
PCa6_47 UFL1 UFM1-specific ENSP00000358 p.Glu315Ala 25.4 . 1 No PC24 ENSP00000358283.  p.Argl91l 17.08 7.25E-04
ligase 1 283.4 4 Cys
PCa6_47 MMP2 matrix ENSP00000219 p.Lys531Glu 21.4 . 1 No PC3 ENSP00000219070.  p.Ala545 19.56 9.42E-05
metallopeptidas  070.4 4 Val
e 2 (gelatinase
A, 72kDa
gelatinase,

72kDa type IV
collagenase)
PC41_54 TMCC3  transmembrane  ENSP00000261 p.Lys121Arg 30.0
and coiled-coil 226.4
domain family 3
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Abstract

Background

Familial cases of appendiceal mucinous tumours (AMTs) are extremely rare and the underlying
genetic aetiology uncertain. We identified potential predisposing germline genetic variants in a
father and daughter with AMTs presenting with pseudomyxoma peritonei (PMP) and

correlated these with regions of loss of heterozygosity (LOH) in the tumours.

Materials and Methods

Through germline whole exome sequencing, we identified novel heterozygous loss-of-function
(LoF) (i.e. nonsense, frameshift and essential splice site mutations) and missense variants
shared between father and daughter, and validated all LoF variants, and missense variants
with a Combined Annotation Dependent Depletion (CADD) scaled score of 210. Genome-wide
copy number analysis was performed on tumour tissue from both individuals to identify

regions of LOH.

Results

Seventeen novel variants in 17 genes were shared by the father and daughter: a nonsense
mutation in REEP5, an essential splice site mutation in THOP1, and 15 missense variants. None
of these germline variants were located in tumour regions of LOH shared by the father and
daughter. Four genes (EXOG, RANBP2, RANBP6 and TNFRSF1B) harboured missense variants
that fell in a region of LOH in the tumour from the father only, but none showed somatic loss
of the wild type allele in the tumour. The REEP5 gene was sequenced in 23 individuals with

presumed sporadic PMP; no LoF or rare missense germline variants were identified.
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Conclusion

Germline exome sequencing of a father and daughter with AMTs identified novel candidate
predisposing genes. Further studies are required to clarify the role of these genes in familial

AMTs.

Keywords: pseudomyxoma peritonei, appendiceal tumour, familial, germline predisposition,

exome sequencing
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Background

Appendiceal mucinous tumours (AMTs) are rare, occurring at an age-adjusted incidence of
0.12 per million individuals, with a median age at diagnosis of 59 years and no gender bias (1).
Pseudomyxoma peritonei (PMP) is a clinical term describing gelatinous ascites, associated with
the presence of mucin-producing cells within the peritoneal cavity, usually associated with an
appendiceal mucinous neoplasm, either a low-grade appendiceal mucinous neoplasm (LAMN)
or a mucinous adenocarcinoma (2). Whether PMP occurs in all, or just a molecular subset of

AMTs is unknown.

Molecular studies of PMP are limited, but somatic mutations have been identified in KRAS in
60-100% of tumours, in GNAS in 30-69% of tumours and in TP53 in ~14% of tumours (3-8). The
reported frequency of somatic mutations in the APC gene varies widely between studies

ranging between 0-33% (4, 7).

Familial forms of AMTs are rare, with only two reported cases in the literature. The first family
comprised monozygotic twin brothers (9). The first twin was diagnosed with PMP at the age of
35 during an umbilical hernia repair, and he was subsequently found to have a perforated
AMT. After this diagnosis, his asymptomatic twin underwent a prophylactic appendectomy,
which identified a non-perforated AMT. Somatic LOH of the APC locus was identified in the

second AMT but not in the original case. No germline APC mutation data were available.

The second family comprised a brother and sister diagnosed with AMTs at the ages of 69 and
77 years respectively (10). The brother presented with acute appendicitis and an AMT was
identified at surgery, while his sister presented with increasing abdominal girth and was found
to have PMP and an AMT. An assessment for Lynch syndrome was performed in this family.
The sister’'s AMT had normal immunohistochemistry staining for the mismatch repair proteins

MLH1, MSH2, MSH6 and PMS2, and her tumour was microsatellite stable, whilst her brother
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underwent constitutional mutation analysis of MLH1, MSH2 and MSH6, which did not identify

a pathogenic variant.

Here, we report the first familial parent-child PMP case, a father (P1) and daughter (P2) who
were both diagnosed with PMP secondary to an AMT at the ages of 66 and 51 years
respectively. P1 was incidentally found to have PMP on staging CT for a Gleason 6 prostate
cancer. A diagnosis of PMP was made on diagnostic laparotomy and he underwent drainage of
a large abdominal cyst. Subsequent cytoreductive surgery undertaken 4 years later when he
became symptomatic, identified a ruptured LAMN. His daughter (P2) presented with 6 months
of menorrhagia, dysmenorhoea and pelvic and right upper quadrant discomfort. She was
found to have PMP and a moderately differentiated mucinous adenocarcinoma of the

appendix.

P1
PMP age CRC age 50,
66 died age 62

cause

‘ J unknown

Figure 1. Pedigree of parent child pseudomyxoma peritonei (PMP). The father (P1) presented

with PMP at age 66, while his daughter (P2) developed PMP at age 51.
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Identifying the germline genetic aetiology of rare familial colorectal cancer syndromes such as
familial adenomatous polyposis has led to a better understanding of many somatic pathways
and mechanisms underlying sporadic forms of the disease. Thus, we sought to identify
predisposing genes in this family through a germline whole exome sequencing approach and
looked for regions of LOH in their tumour tissues as a secondary filter for potentially

pathogenic variants.
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Materials and Methods

Ethics

All procedures performed involving human participants were in accordance with the ethical
standards of the Peter MacCallum Cancer Centre Human Research and Ethics Committee
(project number 10_83) and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. Informed consent was obtained from all individual participants

included in the study.

Whole exome sequencing

One ug of germline DNA was obtained from peripheral leucocytes and fragmented using the
Covaris S2 System (Covaris, Woburn, MA, USA). The SureSelect Human All Exon v1 (Agilent,
Santa Clara, CA, USA) was used for exome enrichment according to the manufacturer’s
protocol. Paired-end 100 base pair reads were sequenced on a HiSeq2000 (lllumina Inc, San
Diego, CA, USA) instrument. Both exomes passed sequencing quality control with mean target
base coverages of 129x and 121x for P1 and P2 respectively and >95% of targeted bases

covered more than 10x.

Sequence alignment and variant calling

Raw sequence reads were quality checked with FastQC (11) and trimmed for low quality bases
and adaptor if necessary using Cutadapt (12). Reads were aligned to the human genome
(GRCh37 assembly) using BWA-MEM (13). Duplicate reads were marked using Picard (14)
followed by merging of BAM files for both individuals. Local realignment around indels was
performed on the merged BAM files using the Genome Analysis Tool Kit (GATK) software v3.1
(15). Subsequently, base quality score recalibration was performed using GATK software.

Single nucleotide variants (SNVs) and indels were identified using the GATK HaplotypeCaller
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and annotated with information from Ensembl release 73 using Ensembl's Perl APl and Variant
Effect Predictor (16, 17). Each variant was annotated with its frequency in the 1000 Genomes
Project (18), the National Heart, Lung and Blood Institute (NHLBI) Grand Opportunity (GO)
Exome Sequencing Project (19) and an in-house exome dataset of 147 familial breast cancer
cases (20). The likely pathogenic consequence for each variant was determined by Polyphen

(21), SIFT (22), and Combined Annotation Dependent Depletion (CADD) scaled score (23).

Exome data analysis

For genes with multiple transcripts, transcripts were prioritised on 1) most to least deleterious
predicted impact of variant on protein function (Supplementary Data 1), and 2) RefSeq
transcript. The highest ranking transcript was taken forward for further analysis. LoF variants
and missense variants that met the following criteria were considered for further analysis: (1)
Phred variant quality score of >30, and (2) variant allele frequency between 0.15 and 0.8. For
identification of novel variants shared between P1 and P2, variants were excluded if they were
present in control cohorts: 1000 Genomes Project, NHLBI GO Exome Sequencing Project or an
in-house cohort of 147 Australian familial breast cancer exomes. All loss of function (LoF)
variants (truncating frameshift, nonsense, essential splice site), and missense variants with a
CADD scaled score 210 were manually checked in the Integrated Genome Viewer (IGV) (24,
25).

Variants shared between P1 and P2 that were confirmed on Sanger sequencing were checked
in the Exome Aggregation Consortium (ExAC) dataset, a dataset comprising exome data from
60,706 unrelated individuals (26), for the population frequency, to confirm that these variants

were rare or novel.
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Whole genome amplification and Sanger sequencing

Candidate variants were confirmed by Sanger sequencing using whole-genome amplified DNA
from P2. Whole-genome amplification of genomic DNA was performed using the REPLI-g Midi
Kit (Qiagen, Redwood City, CA, USA). PCR primers were designed using the Primer3 program
v0.4.0 (27, 28) and are listed in Supplementary Data 2. DNA fragments were amplified using
HotStarTaq DNA Polymerase (Qiagen, Redwood City, CA, USA), purified using ExoSAP-IT PCR
Purification Kit (USB Corporation, Cleveland, OH, USA), and sequenced using the Big Dye
Terminator v3.1 kit (Applied Biosystems, Foster City, CA, USA). Sanger sequencing was
performed on an ABI 3130 Sequencer (Applied Biosystems), and visualised in Geneious 5.6.2

software (BioMatters Ltd, Auckland, New Zealand).

Tumour micro-dissection and analysis

Both tumours were reviewed by a clinical pathologist with expertise in this area. Consecutive
10 um sections were cut from the formalin fixed paraffin embedded PMP specimens with the
highest tumour content, and stained with haematoxylin and eosin. Tumour cells were micro-
dissected manually using a 23 gauge needle and somatic DNA was extracted using the DNeasy
Blood and Tissue Kit (Qiagen, Redwood City, CA, USA). Somatic copy number analysis of
tumours was assayed using the OncoScan Molecular Inversion Probe assay (Affymetrix, Santa
Clara, CA, USA) on 50-75 ng of somatic DNA, and the data analysed using Nexus Copy
Number™ software (Biodiscovery, Inc., El Segundo, CA, USA). There was no matched control
copy number data available for P2. The Oncoscan molecular assay comprises >220,000 single
nucleotide polymorphisms and provides copy number resolution around 50-100 kb.

To assess if a variant showed somatic LOH, Sanger sequencing was performed using

unamplified tumour DNA extracted from the AMT (primers listed in Supplementary Data 3).
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Sanger sequencing of candidate genes in a PMP validation cohort

Germline DNA from individuals with sporadic PMP was obtained from the Victorian Cancer
Biobank (VCB), the Australian Ovarian Cancer Study (AOCS) and Southampton, UK (29).
Histopathology reports for all PMP samples in the validation cohort were examined to ensure

that they were not metastases of ovarian origin.

Sanger sequencing of all exons of REEP5 was performed using germline DNA from individuals
from the PMP validation cohort, using the same methods as described earlier. PCR primers for
each exon were designed to include 40 base pairs flanking the intron-exon boundary of each

exon (Supplementary Data 4).
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Results

Analysis of genes associated with known familial colorectal cancer syndromes

Prior to analysis for novel shared germline variants, a targeted analysis was undertaken of 14
genes associated with an increased familial colorectal cancer risk: APC, MUTYH, MLH1, MSH2,
MSH6, PMS2, BMPR1A, SMAD4, STK11, EPCAM (30), GREM1, POLE (31), POLD1 (31) and NTHL1
(32). All these genes excluding STK11 were sequenced with a mean coverage of > 68X
(Supplementary Data 5). No LoF or known pathogenic missense variants were identified in
either case. A rare missense variant in POLE carried by both P1 and P2 was identified, POLE
p.Val1887Met (NM_006231.2:c.5659C>T). This variant has an allele frequency of 6.15X10* in
the NHLBI GO Exome Sequencing Project. This POLE variant did not fall in a region of LOH in
either P1 or P2. Using in-silico prediction tools, this variant had a CADD score of 10.07, but was

predicted non-pathogenic by both SIFT and PolyPhen.

Identification of shared germline variants

LoF and missense variants with an allele frequency between 0.15 and 0.8 were selected in
order to identify heterozygous variants. A total of 4,893 and 4,973 variants were identified in
P1 and P2, respectively. After excluding any variant previously reported in the 1000 Genomes
Project or the NHLBI GO Exome Sequencing Project, or a local cohort of 147 familial breast
cancer exomes, a total of 106 and 110 variants remained in P1 and P2, respectively. Of these,
40 variants (8 LoF and 32 missense) were shared between P1 and P2. Manual curation of the
variant reads in IGV eliminated a further 9 variants as likely artefacts due to misalignment,
known hypervariable genes or variants located in areas with low mapping quality. Missense
variants were prioritised on their CADD score. A CADD scaled score of 210 was used as an
inclusion threshold, as this identifies the top 10% most deleterious substitutions in the human

genome (23). This approach eliminated a further seven missense variants. Following validation
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by Sanger sequencing, the final list of shared variants in 17 genes comprised 2 LoF and 15
missense variants (Table 1). The number of variants remaining after each filtering step is

summarised in Supplementary Data 6.
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Table 1. Seventeen validated germline variants seen in both P1 and P2

Gene Ref_Seq cDNA Amino Acid Variant Scaled ExAC Located in
mRNA variant Change type CADD variant LOH region in
transcript score frequency tumour
(sample ID)
REEP5 NM_005669 ¢.159T>G p.Tyr53* Nonsense 31 0 No
A4
THOP1 NM_003249 | c.1895_202 - Essential 12.83 0 No
3 Sdel splice site
RHBDL2 NM_017821 ¢.395C>G p.Gly132Ala Missense 29.8 0 No
3
FGFR4 NM_022963 | ¢.1988G>A p.Arg663GIn Missense 21.9 8.87E-06 No
2
CNTN2 NM_005076 C.2263A>T p.Ser755Cys Missense 21.2 8.27E-06 No
3
RANBP2 NM_006267 | c.3683G>T p.Gly1228Val Missense 19.8 0 Yes (P1)
4
HSPB6 NM_144617 c.59G>A p.Pro20Leu Missense 19.22 0.0006623 No
2
ZNF747 NM_023931 c.254C>T p.Gly85Glu Missense 16.28 0 No
2
EXOG NM_005107 c.178G>A p.Ala60Thr Missense 16.17 0 Yes (P1)
3
BRINP3 NM_199051 c.809A>C p.Glu270Ala Missense 16.1 8.284e-06 No
1
ASIC1 NM_020039 c.463C>T p.Argl55Cys Missense 16.05 Not covered No
3
TNFRSF1B NM_001066 | ¢.1337A>G p.Glu446Gly Missense 15.46 Not covered Yes (P1)
2
RANBP6 NM_001243 c.251A>C p.Glu84Ala Missense 14.87 2.64e-05 Yes (P1)
202.1
LSR NM_205834 c.725C>T p.Thr242lle Missense 14.79 2.64E-05 No
3
MTERFD3 NM_001033 c.607C>T p.Ala203Thr Missense 12.04 1.66E-05 No
050.1
PAX1 NM_001257 | ¢.1379G>T p.Argd60Leu Missense 11.57 8.48E-05 No
096.1
EGFR NM_005228 c.1915A>C p.ASN639His Missense 10.51 0 No
3

CADD,Combined Annotation Dependent Depletion Score. EXAC, Exome Aggregation Consortium. Sample ID refers

to tumour sample identification.
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Identification of germline variants associated with concomitant areas of tumour LOH
Assuming a possible two-hit model for germline tumour suppressor inactivation, analysis was
performed to identify germline candidate variants present in regions of LOH in the tumours.
The Oncoscan array detected somatic LOH (copy number neutral and loss) in 20.3% and 19.8%
of the tumour genomes of P1 and P2, respectively (Tables 2 and 3). Only one region of LOH, a
1.77 Mb region on chromosome 2q, was common to both tumours (Fig. 3). This region
contains 33 genes but none harboured likely pathogenic germline variants common to both

individuals.
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Table 2. Regions of loss of heterozygosity (LOH) and copy number (CN) loss in pseudomyxoma peritonei tumour

from P1
Gene containing
Chromosome Start End Event shared germline
variant
1 0 26948921 CN Loss/LOH TNFRSF1B
1 147134028 | 147825662 LOH -
190881536 | 191887248 LOH -
2 50914938 51446707 LOH -
2 99377108 | 243199373 LOH RANBP2
3 0 48040095 LOH EXOG
3 50384337 52768237 LOH -
3 191022128 | 191856841 LOH -
4 21562094 22526745 LOH -
6 33506076 | 171115067 CN Loss/LOH -
7 22818202 23530679 LOH -
9 0 33946637 LOH RANBP6
9 118867206 | 119530524 LOH -
10 62401757 63554609 LOH -
10 69912047 70990019 LOH -
11 5529179 6091608 LOH -
11 34356991 35043999 LOH -
12 21011988 22928787 LOH -
12 29116987 29816788 LOH -
12 111166777 | 112632998 LOH -
14 36158966 36786121 LOH -
15 84783628 85501061 LOH -
17 857820 1452131 LOH -
18 18535946 19513726 LOH -
19 41994722 48382347 CN Loss/LOH -
21 14414872 48129895 CN Loss/LOH -

CN, copy number. LOH, loss of heterozygosity.
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Table 3. Regions of loss of heterozygosity (LOH) and copy number (CN) loss in

pseudomyxoma peritonei tumour from P2

Chromosome Start End Event
2 241428066 243199373 CN Loss/LOH
8 0 33395041 CN Loss/LOH
8 42137047 49106261 LOH
10 0 29922641 CN Loss
11 66296148 135006516 LOH
11 111333148 117815955 CN Loss
11 130316743 135006516 CN Loss
X 1 155270560 CN Loss/LOH

CN, copy number. LOH, loss of heterozygosity.

1 1 i i 5 i 1 i 9 10 1 2 i} B 5 % I B BwUAR X 1

f

Chr2:241428066-243199373

Figure 2. Summary plot of combined regions of copy number gain (blue) or loss of
heterozygosity (brown), with bars reaching 100% indicating copy number aberrations seen in
both tumours. The region on chromosome 2 containing loss of heterozygosity in both tumours

is indicated by the arrow, with genomic coordinates given below. Chr, chromosome.

As LOH is not the only mechanism by which a somatic wild type allele can be abrogated, the
analysis was extended to incorporate all regions of somatic LOH present in either P1 or P2’s

tumour. Missense variants in four genes, EXOG, RANBP2, RANBP6 and TNFRSF1B, were
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identified in areas of LOH seen in the tumour from P1 (Table 1 and Table 2). The LOH regions in
the tumour from P2 did not harbour any shared germline variants.

The variants in EXOG, RANBP2, RANBP6 and TNFRSF1B were sequenced in the tumour DNA of
P1 to assess which allele of the gene was lost. RANBP2 showed somatic loss of the mutant
allele. Unexpectedly, somatic sequencing of EXOG, RANBP6 and TNFRSF1B demonstrated the
presence of both the wild type and mutant alleles (Supplementary Data 7 and 8). These
discordant results may relate to the genomic heterogeneity within subclones of the PMP
tumours. The DNA used as template for Sanger sequencing was extracted from the primary
appendiceal tumour whilst the template DNA for the Oncogene array was extracted from
secondary peritoneal tumour in order to obtain sufficient DNA. Due to the sparse nature of the
tumour cells, no remaining DNA was available for Sanger sequencing from the secondary

peritoneal tumour.

Screening of the REEP5 gene in a validation cohort of individuals with sporadic PMP using

Sanger sequencing

Having identified a LOF variant in REEP5 present in both P1 and P2, further independent
evidence implicating this gene in AMT predisposition was found in a previous case report (33)
of an individual with a chromosomal translocation t(5;8)(q22;p23.1) who was diagnosed with a
mucin-secreting appendiceal carcinoma and familial adenomatous polyposis (FAP) at the age
of 26 years. Fluorescent in situ hybridisation studies in this case indentified a microdeletion
encompassing both APC and MCC genes, and by implication the intervening gene REEP5 (also
known as DP1). On the basis of this additional information, Sanger sequencing of the five
exons of REEP5 (NM_005669.4) was performed on the germline DNA of 23 individuals with
presumed sporadic PMP (12 male, 11 female). The age of diagnosis (extracted from the

histopathology report) ranged from 31 to 72 years, with a median age of 58 years. The age for

113



one individual was unknown. No LoF variants or missense variants (excluding common

polymorphisms) in REEP5 were identified.
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Discussion

As PMP is a rare disorder, we postulated that this apparent familial occurrence of the disease
in a father and daughter might imply a hereditary predisposition. Only a limited assessment of
the known colorectal cancer predisposing genes had been performed previously on familial
PMP cases in the literature. Through germline whole exome sequencing of both affected
individuals in our parent-child PMP family, we were able to assess and exclude the known
colorectal cancer predisposing genes including APC, MLH1, MSH2, MISH6, PMS2, MUTYH,
BMPRI1A, SMAD4, POLE and POLD1, with the caveat that STK11 could not be excluded due to
low coverage on exome sequencing. The functional consequence of the POLE p.Val1887Met

(NM_006231.2:c.5659C>T) variant is unknown and requires further study.

We took an agnostic approach to identifying the causative gene by identifying novel (ie. not
present in the 1000 Genomes Project and NHLBI GO Exome Sequencing Project datasets)
shared germline variants in the exome of both individuals, coupled with genome-wide copy
number analysis of both tumours. We identified 17 potentially pathogenic variants shared
between the two cases, including four within regions of LOH in the father’s tumour. Loss of the
potentially pathogenic missense variant in RANBP2 in the tumour genome, suggests this
variant is unlikely to be the cause of the PMP predisposition. The missense variants in EXOG,
RANBP6 and TNFRSF1B remained heterozygous in the primary tumour of P1, although with the
loss of the second allele at a later stage, this does not necessarily exclude these variants as
possible PMP predisposition genes on these data alone. The regions of LOH containing the
shared variants in these 3 genes may have arisen in a subclone of the primary appendiceal

tumour that subsequently metastasised to the peritoneum.

A shared nonsense variant in REEP5 p.Tyr53* (NM_005669.4:¢.159T>G) would appear to be a

strong candidate as the predisposing variant, although both tumours retained heterozygosity
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at this locus. REEP5 has been implicated in the regulation of TP53, a known cancer
predisposition gene, through its interaction with HCCR1 (34, 35). It is expressed in normal
colonic tissue and has been shown to be down-regulated in colon cancers. Similarly,
transfection of REEP5 into RKO colon cancer cells results in growth inhibition and induction of
apoptosis, suggesting it functions as a tumour suppressor (34). REEP5 is also involved in
stabilisation of the endoplasmic reticulum tubules via its effect on the curvature of the
endoplasmic reticulum lipid bilayer (36). The lack of REEP5 mutations in the 23 sporadic PMP
cases that were screened suggests that germline REEP5 mutations are not common in sporadic

PMP.

THOP1, which harboured a shared essential splice site variant, is an oligopeptidase involved in
metabolism of neuropeptides such as bradykinin (37). Increased THOP1 expression in
background liver is associated with improved survival post resection of hepatocellular

carcinoma (38), suggesting a possible tumour suppressive effect.

Several genes that contained a shared rare missense variant have functions consistent with
cancer predisposition. RHBDL2 is a rhomboid intra-membrane protease that activates
epidermal growth factor and is associated with anoikis resistance (39). FGFR4 is part of the
fibroblast growth factor receptor family, a subset of tyrosine kinase receptors that are highly
conserved. The fibroblast growth factor receptors have been extensively investigated
somatically in relation to various cancers, and several fibroblast growth factor receptor
inhibitors are in clinical trials (40). The FGFR4 p.Arg663GIn (NM_022963.2:c.1988G>A) variant
found in this family is only seen in 1 person in the ExAC dataset. The functional consequence of
this variant is unknown, however it has a high CADD scaled score and is predicted to be
deleterious by SIFT and potentially damaging by PolyPhen, making it an interesting candidate

for further functional study. A common germline polymorphism (FGFR4:c.1162G>A) has been
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associated with an increased risk of developing breast and prostate cancers (41). EGFR is a
receptor tyrosine kinase that is somatically mutated in 10% of non-small cell lung cancers (42).
Exon 19 deletions and a p.L858R mutation account for approximately 90% of such mutations,
and predict exquisite sensitivity to EGFR tyrosine kinase inhibitors (45-47). The identified
missense variant in this study lies outside the protein kinase domain, hence a potential role in

the development of AMTs remains to be determined.

Study limitations

This study only searched exon-based sequences and as such would be unable to identify
sequence variants present in gene regulatory regions. The aggregation of PMP within the
family may also have arisen due to a shared environmental factor, or due to stochastic events.
PMP is a hypo-cellular tumour with only widely scattered groups of tumour cells in abundant

mucin. This phenotype provided technical problems in the somatic LOH analysis.

Conclusions

Through germline whole exome sequencing of a very rare familial occurrence of a very rare
cancer type, in which only 2 families with limited genomic analyses have been reported in the

literature, our study makes several contributions to knowledge.

We have identified candidate variants that may predispose to the development of AMTs and
PMP in this family. We were also able to examine the known CRC-predisposing genes (apart
from STK11) and found no pathogenic variants in this family, suggesting that other novel genes

may predispose to this rare subtype of cancer in the colon. Through the re-sequencing of
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REEP5 in 23 sporadic PMP cases, we found that REEP5 mutations are not a common cause of
sporadic PMP despite a shared LoF variant found in our family, and the loss of REEP5 in a case
report of a patient with FAP and an AMT. Further studies are required to ascertain if the genes

identified in this study play a role in the development of PMP in familial or sporadic cases.
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List of abbreviations

Abbreviation Definition

PMP Pseudomyxoma peritonei

LoF Loss-of-function

LAMN Low-grade appendiceal mucinous neoplasm

GATK Genome Analysis Tool Kit

NHLBI GO National Heart, Lung and Blood Institute

Grand Opportunity

PCR Polymerase chain reaction

Supplementary Data

Supplementary Data 1 Ranking of gene transcript according to predicted functional

consequence of a variant.pdf

Supplementary Data 2 PCR primers for validation of loss-of-function (LoF) variants and

missense variants with Combined Annotation Dependent Depletion scaled score >10.pdf
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4.3.5.2. Candidate Gene Approach

4.3.5.2.1. Genes in known CRC pathways

Twenty-three LoF variants in 22 CRC pathway genes were identified from the WES data from
the discovery cohort. Two variants with a QUAL score <100 and a variant frequency of <0.3
were omitted. For genes with a LoF variant within the DNA repair pathway, an in-house case
control dataset that utilised targeted gene sequencing was used to further evaluate these
genes. A dataset of 1061 Australian breast cancer cases and 1059 controls (Li et al., 2016) was
screened for variants in DNA repair genes using the Haloplex Target Enrichment Kit. This
dataset was used to omit variants in DNA repair genes with an incidence of >0.5% in local
controls. A variant in EXO1 that was observed in 7 controls, and a variant in CEP164 that was
observed in 6 controls, were omitted. These 2 variants were not observed in ClinVar. All
remaining LoF variants were visualised in the Integrated Genome Viewer (Robinson et al.,
2011). One variant from a low quality site was omitted. An MSH6 LoF variant
(ENST00000234420.4:c.4001+2_4001+5delTAAC) that did not affect the essential splice site
(discussed in Chapter 4.3.1.3) was omitted.

Sanger sequencing was used to validate the remaining 17 LoF variants in pathway genes. The
variant prioritisation process is summarised in Figure 4-7.Fifteen variants were detected on
Sanger sequencing (Table 4.16). The minimum estimate of LoF frequency in each of these
genes in the EXAC-TCGA dataset is shown.
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23 LoF variants in 22 genes
in CRC pathways

Variants with any 2 of
QUAL score<100, non-
|:> bidirectional or VAF<0.3:

2 variants excluded

<4

21 LoF variants in 21
genes in CRC pathways Variants in DNA repair
pathway genes seen in an
in-house control dataset at
VAF>0.5%:

<4
4

2 variants excluded

19 LoF variants in 19
genes in CRC pathways IGV review for multi-allelic
regions, repetitive regions

or regions with multiple
low quality reads:

4
J

1 variant excluded

18 LoF variants in 18
genes in CRC pathways

1 ESS variant in MSH6
=) omitted as splice site
sequence unaffected

<4

17 LoF variants in 17
genes in CRC pathways

Sanger sequencing of
variants:

=

2 variants not detected

4

15 LoF variants in 15
genes in CRC pathways

Figure 4-7. Variant filtering pipeline for candidate CRC-predisposing genes in CRC pathways.

LoF, loss-of-function. CRC, colorectal cancer. VAF, variant allele frequency. IGV, Integrated

Genome Viewer. ESS, essential splice site.
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Table 4-17. LoF variants in 15 CRC pathway genes validated by Sanger sequencing

Gene Gene CRC Ensembl Genomic position cDNA Ensembl protein Amino acid ExAC- #Sample Minimum estimate of percentage of individuals
Description pathways Gene position change TCGA with a LoF variant in Non-TCGA Subset of EXAC
AF (%)
WNTI10A wingless-type ~ Wnt ENSGO00  2:219747090C>A c.321C>A ENSP00000258411.3 p.Cys107Ter 5.27E- PC18 0.13
MMTV 0013592 04
integration 5
site family,
member 10A
LRRFIP2 leucine rich Whnt ENSGO00 3:37154433delC c.411delG ENSP00000392217.1 p.Argl37SerfsTer PC54 0.13
repeat (in 0009316 10
FLII) 7
interacting
protein 2
NOTCH4 notch 4 Notch ENSGO00  6:32165201G>A c.4927C>T ENSP00000364163.3 p.Argl643Ter 1.60E- PC41 1.19
0020430 04
1
EP300 E1A binding Notch ENSGO00  22:41523489_41523  ¢.907-2_907- PCl6 0.02
protein p300 0010039 490delAG 1delAG
3
CNTN6 contactin 6 Notch ENSGO00  3:1424850delT c.2391delT ENSP00000341882.2 p.Glu799LysfsTer5 PC12 0.30
0013411 g
5
JAG2 jagged 2 Notch ENSGOO0  14:105609320_1056 c¢.3314_3315i  ENSP00000328566.2 p.His1106ProfsTer PC36 0.01
0018491 09321insC nsG 35
6
XRCC6BP1 XRCC6 DNA repair ENSGO00  12:58350658T>G c.726T>G ENSP00000300145.3 p.Tyr242Ter PC38 0.04
binding 0016689
protein 1 6
APLF aprataxinand  DNA repair ENSGO00  2:68694913delC c.50delC ENSP00000307004.4 p.Leul8TrpfsTer7 3.89E- PC2, PC3 2.10
PNKP like 0016962 05
factor 1
DMC1 DNA meiotic DNA repair ENSGO00  22:38935398delC c.514delG ENSP00000216024.2 p.Asp172ThrfsTer PC44 0.02
recombinase 0010020 8
1 6
MUS81 MUS81 DNA repair ENSGO0O0  11:65628316_65628 ¢.92_105delA  ENSP00000307853.4 p.Thr33ProfsTer2 PC29 0.08
structure- 0017273 329delAGGCGACCC GGCGACCCG 7
specific 2 GCAGC CAGC
endonuclease
subunit
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Table 4-17 (continued). LoF variants in 15 CRC pathway genes validated by Sanger sequencing

Gene Gene Description CRC Ensembl Genomic position cDNA Ensembl protein Amino acid ExAC- #Sample Minimum estimate of percentage of individuals
pathw Gene position change TCGA AF with a LoF variant in Non-TCGA Subset of EXAC (%)
ays

uspP28 ubiquitin specific DNA ENSGO00  11:113724999_11372 c.113_116del  ENSP00000003302.4 p.Ser38PhefsTer6 PC18 0.05

peptidase 28 repair 0004802 5003delAAGG TTCC
8
ERCC3 excision repair DNA ENSGO000 2:128030505_128030 c.1762_1763i ENSP00000285398.2 p.Glu588GlyfsTer 4.71E-05 PC34 0.22
cross- repair 0016316 506insC nsG 16
complementing 1
rodent repair
deficiency,
complementation
group 3
POLN polymerase (DNA DNA ENSGO00  4:2178059delA c.1182delT ENSP00000372316.1 p.GIn395ArgfsTer PC27 1.83
directed) nu repair 0013099 7
7
BRCA2 Breast cancer 2, DNA ENSGO000 13: ¢.1301_1304 ENSP00000439902.1 p.Lys437llefsTer2 PC10 1.67
early onset repair 0013961 32906916_ delAAAG 2
8 32906919delAAAG
GDF2 growth BMP ENSGO00  10:48414131_484141 c.736_737del  ENSP00000249598.1 p.Pro246ArgfsTer PC26 0.01
differentiation 0012880 32delGG cc 14
factor 2 2
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4.3.5.3. Highly constrained Genes

Thirteen known CRC-predisposing genes were annotated with EXAC pLl (Table 4.17), missense
z-scores (Table 4.17) and RVIS percentiles (Table 4.18) in order to assess their utility in
identifying CRC-predisposing genes.

Table 4-18. EXAC pLl scores of known CRC-predisposing genes. A pLI of 20.9 indicates a LoF-
intolerant gene.

Gene ExAC plLi
APC 1.00
STK11 0.98
SMAD4 0.97
MSH2 0.87
BMPR1A 0.77
MLH1 0.74
GREM1 0.71

MSHe p?lc;lv?dc:d
PMS2 0.00
POLD1 0.00
POLE 0.00
EPCAM 0.00
MUTYH 0.00

pLl, probability of being loss-of-function intolerant.

Three genes showed an EXAC pLI>0.9. PMS2 did not show constraint using the pLI, which may
be due to the presence of pseudogenes increasing the number of LoF variants called.
Mutations in MUTYH predispose to CRC in an autosomal recessive state and hence there was
no constraint using pLl. Only 3’deletions of the EPCAM gene have been reported to predispose
to CRC, through transcriptional read-through into the neighbouring MSH2 gene, resulting in
methylation of the latter (Ligtenberg et al., 2009). This is consistent with EPCAM being tolerant
of LoF variants at a gene-wide level.
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Table 4-19. EXAC missense z scores of known CRC-predisposing genes. A missense z-score of

>3.09 indicates a significant constraint on missense variants.

e Missense
z score
SMAD4 4.18
BMPRI1A 2.81
POLD1 2.79
GREM1 1.94
STK11 1.71
POLE 1.57
PMS2 0.04
MUTYH -0.46
MLH1 -1.09
APC -1.49
EPCAM -1.93
MSH2 -4.15
MISHE z—scor.e not
provided

POLE and POLD1 mutations that predispose to CRC are usually missense mutations within the

exonuclease region. While the ExAC missense z-scores were positive values for both genes,

the missense z-score did not exceed 3.09 (Table 4.18). SMAD4 showed significant constraint of

missense variants with a missense z-score exceeding 3.09. As the use of missense z-scores
with a cut-off of >3.09 did not identify known CRC-predisposing genes with predominantly
missense mutations, missense z-scores were not used for identification of novel CRC-

predisposing genes.
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Table 4-20. RVIS percentiles of the known CRC-predisposing genes, with the lowest
percentiles indicating genes intolerant of common functional variation

Gene RVIS percentile
APC 0.9
MSH6 1.28
MSH2 1.68
POLD1 11.54

POLE 12.09
STK11 20.54
BMPRI1A 26.53
SMAD4 31.69
MUTYH 62.1
GREM1 62.74
EPCAM 75.29
MLH1 80.3
PMS2 95.29

RVIS, Residual Variation Intolerance Score. RVIS percentiles given to two decimal places.

With regards to RVIS percentiles, the known CRC-predisposing genes showed varying tolerance
to common functional variation. APC was among the 1% most intolerant of genes, while MLH1
and PMS2 were tolerant at 80 and 95% RVIS percentiles respectively (Table 4.19). While the
reference paper suggested using known disease-predisposing genes to determine the
appropriate RVIS percentile cut-off, in this case there was no appropriate cut-off due to the
spread of the known CRC-predisposing genes across RVIS percentiles.

An ExAC pLl of 20.9 identified 59 genes with one or more LoF variants in the discovery dataset
that were intolerant of LoF variants. Of these 59 genes, a LoF variant was seen only once in the
discovery dataset in 52 genes. Twelve of these genes were omitted, as these were from PC47
that had an excess of LoF variants as described in Section 4.3.3.

Seven genes had recurrent LoF variants in constrained genes. Six of these genes had been
omitted following analysis of the variants in Section 4.3.5.1.1 for the following reasons: a
combination of low variant QUAL score/variant frequency or non-bidirectional reads, the
variants were long deletions, on low quality reads or because the variant occurred too
frequently in the discovery dataset. Manual inspection of each of these variants in the EXAC
browser subsequently found that all variants except one had a VQSRTranchelNDEL of 96.00 or
higher. The variant quality score recalibration (VQSR) method is a quality score that uses
machine learning on highly validated variants to evaluate multiple variant parameters in order
to differentiate true variants from false positives. VQSRTrancheINDEL scores of 95.00 or higher
corresponded to tranches with more false positives. One variant was not observed in the EXAC
dataset.

One of the genes with a recurrent LoF variant was seen in 2 affected individuals from the same
family. This variant was omitted during the intra-family analysis (Section 4.3.5.1.2.2) as it had
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an allele frequency of >0.1% in the Non-TCGA Subset of the EXAC dataset. This variant had a
VQSRTranchelNDEL of 99.95t0100.00. None of the genes with recurrent LoF variants in this
analysis were taken forward to validation.

Of the 40 EXAC constrained genes with a LoF variant in one sample, 10 had 2 of the following:
QUAL score<100, variant allele frequency of <0.3 or were not seen on reads bi-directionally.
Thirty EXAC constrained genes with a LoF variant in one individual from the discovery dataset
remained (Supplementary Table A-2).

Among these genes were EP300 and JAG2 that had been identified in the pathway analysis.
EP300 had a pLl of 1, while JAG2 had a pLI of 0.99. A literature search for each of the 30 genes
was performed to identify any known functions of each gene. Due to constraints on the
number of genes that could be taken forward for validation using a targeted sequencing panel
(Chapter 5), and because these genes had a LoF variant in only one individual in the ExAC
dataset, only 3 EXAC constrained genes (INCENP, PHRF1 and SIN3B) were selected for
validation due to plausible CRC predisposition.

INCENP forms part of the chromosomal passenger complex that regulates chromosome
segregation and cytokinesis during mitosis (Carmena et al., 2012). INCENP is important for the
localisation of the spindle assembly checkpoint protein, Bub1, to the kinetochore (Qi et al.,
2006). Importantly, germline BUB1 mutations have been found in young-onset CRC (de Voer et
al., 2013). PHRF1 is an ubiquitin ligase that may function as a tumour suppressor gene through
its interaction with TGFp signalling (Ettahar et al., 2013). SIN3B is a transcription regulator that
down-regulates Myc expression (Garcia-Sanz et al., 2014).
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Table 4-21.Three constrained genes with a LoF variant, selected due to plausible CRC predisposition

Gene Gene Description Ensembl Gene Genomic position Ensembl cDNA position Ensembl protein Amino acid change ExAC ExAC-  #Sample Minimum
Transcript pLl TCGA estimate
AF of
percentage
of
individuals
with a LoF
variant in
Non-TCGA
Subset of
ExAC
INCENP inner centromere ENSG00000149503 11:61919405delC ENST00000278849 c.2702delC ENSP00000278849.4  p.Arg902GlyfsTerl0  0.99 PC18 0.03
protein antigens
135/155kDa
PHRF1 PHD and ring finger ENSG00000070047  11:608400_608401delCA  ENST00000264555  ¢.2944_2945delCA  ENSP00000264555.5  p.His982GInfsTer4d2  0.94 PC4a9 0.35
domains 1
SIN3B SIN3 transcription ENSG00000127511  19:16962280_16962281  ENST00000379803 c.784_785insC ENSP00000369131.1  p.Glu264GlyfsTer4d9  0.99 PC35 0.11
regulator homolog B insC

(yeast)
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4.4. Discussion

Using a customised filtering pipeline to first identify PPVs, gene level (inter-family and gene
constraint), variant level (intra-family) and pathway level analyses were then performed to
prioritise 46 candidate CRC-predisposing genes (Table 4.21). The final candidate gene list
comprised of 12 genes from the inter-family analysis, 16 genes from the intra-family analysis,
15 genes from the CRC pathway analysis and 3 genes from the gene constraint analysis. LoF
variants were used for candidate CRC-predisposing gene identification, apart from in the intra-
family analysis that included shared private missense variants predicted to be deleterious
using CADD. Despite the use of CADD to prioritise potentially pathogenic missense variants,
the number of missense variants per exome was approximately one order of magnitude higher
than the number of LoF variants per exome.
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Table 4-22. Forty-six candidate CRC-predisposing genes

Gene Reason for inclusion cDNA amino acid change Gene Function Summary (based on GeneCards®
Human Gene Database (Crown Human Genome
Center, 1997))
SERPINB7 inter-family analysis c.639_640delGT; c.862A>T p.Lys213AsnfsTer7; p.Lys288Ter protease inhibitor
(different variants)
GALC inter-family analysis ¢.84_85insCCGCG; c.40_41insC p.Val29ProfsTer45; p.Leul4ProfsTerl4 catabolises galactosylceramide, a major lipid in
(different variants) myelin, kidney and epithelial cells of small and large
intestine
GALNT8 inter-family analysis c.1357C>T; ¢.1360-1G>A p.GIn453Ter; - involved in O-linked glycosylation in Golgi apparatus
(different variants)
GPR144 inter-family analysis ¢.959G>A; ¢.2836_2837delCT p.Trp320Ter; p.Phe947SerfsTerd unknown
(different variants)
PDE5A inter-family analysis €.2253_2256delGAGA; c.19A>T p.Arg752LysfsTer5; p.Lys7Ter formation of 5'-GMP from cGMP by hydrolysis
(different variants)
MS4A15 inter-family analysis c.82delG; ¢.333+1G>C p.Gly28AspfsTerl6; - possible role in signal transduction
(different variants)
ZNF788 inter-family analysis c.765delG; ¢.1137_1138delAT p.Glu256AsnfsTer13; p.Cys380Ter possible role in regulation of transcription
(different variants)
RIPPLY3 inter-family analysis (same  ¢.292C>T p.GIn98Ter Negative regulation of TBX1 (that is involved in
variant) development of the pharynx)
ASCL3 inter-family analysis (same  ¢.382C>T p.Argl28Ter involved in tissue development and differentiation
variant)
TEX14 inter-family analysis (same  ¢.1003C>T p.Arg335Ter essential for kinetochore-microtubule attachment in
variant) mitosis
SH2D4A inter-family analysis (same  ¢.706+1G>A - inhibits oestrogen-induced cell proliferation
variant)
TNFRSF10B inter-family analysis (same  c.748+1G>A - part of an apoptosis signalling complex
variant)
NEDD4 intra-family analysis c.238-1G>A - ubiquitin ligase
TIMELESS intra-family analysis €.3553+2_3553+5delGGAT - regulates DNA replication in stress and normal cell
conditions
INPP5E intra-family analysis c.1438T>C p.Phe480Leu regulates intracellular calcium
GOLGA5 intra-family analysis c.2041G>A p.Asp681Asn Golgi apparatus protein. Translocations involving RET

have been found in tumours
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Table 4-21 (continued). Forty-six candidate CRC-predisposing genes

Gene Reason for inclusion cDNA amino acid change Gene Function Summary (based on GeneCards®
Human Gene Database (Crown Human Genome
Center, 1997))
PLSCR3 intra-family analysis c.776C>T p.Pro259Leu may be involved in fibrin clot formation, mast cell
activation, and apoptosis
HTR5A intra-family analysis c.361G>A p.Asp121Asn serotonin receptor
HCN3 intra-family analysis c.932G>C p.Cys311Ser potassium channel
GPR137B intra-family analysis c.448G>C p.Glu150GIn unknown
SF3A3 intra-family analysis c.1409G>A p.Argd70GIn subunit of splicing factor SF3A
FKBP10 intra-family analysis c.1256C>T p.Ser419Leu molecular chaperone involved in protein folding
IL4R intra-family analysis c.2164G>A p.Gly722Ser IL4/1L13 receptor
LRRK2 intra-family analysis C.2414T>A p.Leu805His autophagy regulation
SUCLG2 intra-family analysis c.1045C>T p.Leu349Phe binds succinate in the citric acid cycle
UFL1 intra-family analysis c.944A>C p.Glu315Ala involved in protein post-translational modification
MMP2 intra-family analysis c.1591A>G p.Lys531Glu zinc-dependent endopeptidase involved in
extracellular matrix degradation
TMCC3 intra-family analysis €.362A>G p.Lys121Arg unknown
WNT10A Gene in CRC pathway c.321C>A p.Cys107Ter ligand for transmembrane receptors of the frizzled
(Wnt) family
LRRFIP2 Gene in CRC pathway c.411delG p.Argl37SerfsTer10 may activate canonical Wnt pathway
(Wnt)
NOTCH4 Gene in CRC pathway c.4927C>T p.Argl643Ter receptor involved in cell fate determination
(Notch)
EP300 Gene in CRC pathway €.907-2_907-1delAG histone acetyltransferase with core functions in cell
(Notch); high gene proliferation and differentiation
constraint score
CNTN6 Gene in CRC pathway c.2391delT p.Glu799LysfsTer53 NOTCH1 ligand
(Notch)
JAG2 Gene in CRC pathway c.3314_3315insG p.His1106ProfsTer35 Notch ligand
(Notch); high gene
constraint score
XRCC6BP1 Gene in CRC pathway c.726T>G p.Tyr242Ter increases double-strand break repair efficiency
(DNA repair)
APLF Gene in CRC pathway c.50delC p.Leul8TrpfsTer7 nuclease involved in single strand and double strand
(DNA repair) DNA break repair
DMC1 Gene in CRC pathway c.514delG p.Aspl72ThrfsTer8 involved in meiotic homologous recombination

(DNA repair)
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Table 4-21 (continued). Forty-six candidate CRC-predisposing genes

Gene

Reason for inclusion

cDNA

amino acid change

Gene Function Summary (based on GeneCards®
Human Gene Database (Crown Human Genome
Center, 1997))

MUSs81

uspP28

ERCC3

POLN

BRCA2

GDF2

INCENP
PHRF1
SIN3B

Gene in CRC pathway
(DNA repair)

Gene in CRC pathway
(DNA repair)

Gene in CRC pathway
(DNA repair)

Gene in CRC pathway
(DNA repair)

Gene in CRC pathway
(DNA repair)

Gene in CRC pathway
(BMP)

High gene constraint score
High gene constraint score

High gene constraint score

€.92_105delAGGCGACCCGCAGC

c.113_116delTTCC
¢.1762_1763insG
c.1182delT
c.1301_1304delAAAG
€.736_737delCC

c.2702delC
€.2944_2945delCA
c.784_785insC

p.Thr33ProfsTer27
p.Ser38PhefsTer6
p.Glu588GlyfsTerl6
p.GIn395ArgfsTer7
p.Lys437llefsTer22
p.Pro246ArgfsTerl4

p.Arg902GlyfsTer10
p.His982GInfsTer42
p.Glu264GlyfsTer49

endonuclease involved in DNA double-strand break
repair

Deubiquitinase involved in DNA damage
response/apoptosis

3’-5’ DNA helicase involved in nucleotide excision
repair

Error-prone DNA polymerase

homologous recombination and double-strand DNA
break repair

TGFB ligand

involved in mitosis regulation

unknown

transcriptional repressor that antagonises MYC
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4.4.1. Implications of identifying pathogenic variants in known CRC-predisposing
genes through WES

The identification of 3 inherited pathogenic variants in known CRC-predisposing genes in 3
individuals from this cohort validates the selection criteria and analysis pipeline used to
establish the discovery cohort. Furthermore, the identification of pathogenic variants through
germline WES, when no predisposing mutation had been identified in the FCC has potential
clinical implications.

The PMS2 mutation identified in PC15 is a common PMS2 mutation predisposing to Lynch
syndrome (Clendenning et al., 2008). Lack of a strong family history is consistent with the
lower penetrance of a PMS2 mutation. MMR IHC for PMS2 in this individual did not show an
absence of staining. It is unclear why this was the case, although it is possible that the IHC
result is a false positive. Microsatellite testing for 4 mononucleotide repeat markers (CAT25,
bat25, bat26, bat 40) showed stability at all 4 markers. Microsatellite stable CRC (based on
assessment of 5 mononucleotide markers) has been seen with germline MSH6 mutations
(Giraldez et al., 2010). In a recent population-based panel testing study in young-onset familial
CRC that included the mismatch repair genes, the authors commented that the cost of MMR
IHC plus Sanger sequencing is comparable to that of exome sequencing if at least 3 genes are
tested (Chubb et al., 2015), although the cost of interpretation of exome sequencing data may
not have been factored in. Nonetheless, as the cost of next generation sequencing continues
to fall, panel testing may be the way forward.

PC50, who was found to have a BMPR1A mutation, presented to an Australian FCC with rectal
cancer at the age of 48 years reporting a history of a total colectomy overseas at the age of 14
years for colonic polyposis. Genetic testing for APC and MUTYH mutations was uninformative.
Differentials for childhood colonic polyposis may not have been considered as this is usually
managed in paediatric centres, and the polyps had been reported by the patient as adenomas.
Panel testing for genes that predispose to colonic polyposis may be helpful in situations where
full histopathological information is unavailable, for example in this case when the initial
surgical management was performed overseas.

PC51 was strongly suspected of having FAP despite a negative PTT for APC. This was a historic
sample that had not undergone current accepted levels of diagnostic testing. A recurring
review of individuals with a clinical phenotype and/or family history strongly suggestive of an
inherited pathogenic variant in a CRC-predisposing gene can prove beneficial as new
technologies for genetic testing emerge. This review would take into account better laboratory
techniques in analysing known CRC genes (for example, pathogenic intronic mutations in APC)
as well as emerging CRC-predisposing genes for particular clinical syndromes as they are
discovered. While such a review system would require additional time and resources, the
benefits of identifying a family mutation predisposing to CRC are significant and would allow
for: 1)appropriate counselling on risk reduction strategies that have, in the case of familial
adenomatous polyposis due to inherited pathogenic variants in APC and Lynch syndrome, been
shown to increase overall survival for screened individuals (Heiskanen et al., 20003,
Renkonen-Sinisalo et al., 2000b), and 2) segregation of the mutation within the family and
hence exclusion of family members who do not carry the family mutation from rigorous
screening procedures (which may improve the use of public health resources).
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4.4.2. Variants of uncertain significance in known CRC-predisposing genes

Two APC variants with concordant in silico predictions of deleteriousness in Condel and CADD
were observed in individuals without known colonic polyposis. While CADD incorporates SIFT
and PolyPhen, two in silico predictors used by Condel to generate a consensus score, it also
relies on more than 60 other annotations. It is possible that these variants predispose to an
increased risk of CRC in the absence of polyposis, akin to the APC p.11307K variant, a founder
mutation in the Jewish population (Shtoyerman-Chen et al., 2001) associated with a
moderately increased risk of CRC (Boursi et al., 2013). Further supporting information including
segregation and case-control studies is required for interpretation of these variants and since
neither individual had affected family members it was assumed these variants were not
pathogenic and these were included in the discovery cohort.

4.4.3. Identification of PPVs

The filtering pipeline for identifying PPVs used global population databases to identify rare
alleles. A gene level analysis was then performed to exclude genes with an excess of LoF
variants in a local population, as PPVs in these genes are less likely to affect function if they are
commonly seen in a population. Finally, CADD was used to predict the pathogenicity of the
rare missense variants and select for the top 10% most pathogenic variants.

Filtering variants using global population allele frequencies resulted in the identification of an
individual with an excess of rare missense variants. On further analysis, these variants were
common in the African population within the 1000G project, which may be due to the
individual having African ancestry. In order to minimise this effect when the ethnicity of the
individuals in a study is not known, a reasonable future approach would be to filter out
variants using the highest allele frequency seen in any sub-population within the population
databases. This is useful if the individual is from a population that is rare in the local
population but represented as a sub-group in a global population database.

The addition of the institutional WES dataset was able to reduce the number of rare variants
by one third after filtering using the global databases. As the Australian population is
predominantly of European descent that is well represented in all the global databases, this
may be due to removal of alignment artefacts rather than population alleles. The selection of
the top 10% most deleterious missense variants using CADD still left more than two thirds of
the rare missense alleles. Missense variants that are rare are mildly deleterious in up to 70% of
cases (Kryukov et al., 2007), hence the CADD score may be most useful for ranking individual
missense variants for further evaluation, as was done in the intra-family analysis. The CADD
scaled scores for POLE p.Leu424Val (NM_006231; c.1270C>G) and POLD1 p.Ser478Asn
(NM_002691: c.1433G>A), the 2 autosomal dominant missense mutations initially identified in
polymerase-proofreading associated polyposis families (Palles et al., 2013) are 15.39 and 25.2
respectively. Hence a CADD scaled score cut-off of 10 is reasonable as it would have kept these
pathogenic variants in for further analysis.

In a discovery study such as this, data filters that are more inclusive at the beginning are
favoured over stringent filters with high specificity. However, in the later parts of the analyses,
more stringent filters such as a higher variant frequency cut-off and a lower population
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frequency cut-off were employed to prioritise the variants most likely to be deleterious. This
approach has also been used in another WES study of familial CRC (Esteban-Jurado et al.,
2014).

4.4.4. Strengths and limitations of the analysis methods

Four analyses were performed on the identified PPVs from the discovery cohort: 1) inter-
family analysis, 2) intra-family analysis, 3) candidate genes within CRC pathways, and 4) gene
constraint.

The inter-family analysis provided an agnostic approach to candidate gene identification, but
relied on a candidate gene being recurrently mutated in a cohort of 51 individuals affected
with CRC. The intra-family analysis was limited by the close relatedness (FDRs and SDRs) of the
affected individuals in each family resulting in a large number of shared variants, potentially by
chance. The FCCTX family (PC41, PC54) had the potential to be more informative, with 2
affected third degree relatives. However, while the proband (PC41), his paternal uncle (PC54),
father and non-affected twin sister agreed to participate in the study, his affected paternal
aunt and paternal cousins did not respond to invitations to participate in this study.
Interestingly, PC41 and PC54 had different clinical presentations, with PC54 presenting with
screen-detected colonic adenomatous polyps at the age of 56 years while PC41 and his
affected father presented with CRC at the ages of 38 and 61 years respectively without
synchronous adenomatous polyps. Intra-familial phenotypic heterogeneity has been described
for APC (Rozen et al., 1999a), hence it was postulated that a mutation in the same gene
predisposed PC41 and PC54 to CRC and adenomatous polyps (pre-cancer) respectively. It is
possible however that PC41 and PC54 have mutations in different novel CRC-predisposing
genes.

The analysis of the father and daughter with AMTs identified 16 novel shared variants with no
loss of the corresponding wildtype allele in tumour tissue. No inherited pathogenic variant in a
known CRC-predisposing gene was identified, suggesting that familial AMTs have a different
genetic aetiology to more common subtypes of familial CRC. It is possible that the AMTs arose
in this family by chance, although the rarity of this tumour would go against this.

The candidate gene analysis identified genes within pathways implicated in CRC and since LoF
variants in these pathway genes were each seen in only one family in the discovery cohort they
would not have been identified through the inter-family analysis. A limitation of this approach
is that the impact of perturbation of a particular gene on a pathway is not always known from
the literature.

Gene constraint scores are an attractive tool for prioritising genes that are highly conserved
and hence likely to cause disease when mutated. While a PPV in a constrained gene may have
deleterious effects unrelated to cancer predisposition, constrained genes indicate that a LoF
variant is under negative selection. The finding of 2 constrained genes (EP300 and JAG2)
identified through the CRC pathways analysis lent further support to these genes being
candidate CRC-predisposing genes.

Genes with a LoF variant identified in a significant proportion of the population are unlikely to
predispose to disease. This was examined at 2 stages during the analyses. The first occasion
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was during the identification of PPVs, when a relatively high cut-off of 5% of a population of
198 in-house exomes was used. When the Non-TCGA Subset of ExAC became available, a
minimum estimate of the percentage of the population within the Non-TCGA Subset of EXAC
with a LoF variant in a gene could be calculated. Setting a cut-off for this estimate was
complicated by genes in which the majority of LoF variants occurred in the last exon, which
may not result in nonsense-mediated decay. Further inspection of the distribution of LoF
variants in genes with a LoF variant in 2-4% of the Non-TCGA Subset of ExAC was required to
ensure that genes with LoF variants predominantly in the last exon were not excluded from
further analysis.

Synonymous variants and variants in intronic regions surrounding essential splice sites were
not considered in any of the analyses, while missense variants were only utilised in the intra-
family analysis. While it is possible that these variant types may be deleterious in some of the
affected individuals, the difficulty in distinguishing functionally deleterious variants from
benign variants in these variant classes limited their use in identifying candidate CRC-
predisposing genes.

146



4.4.5. Functions of the strongest candidate CRC-predisposing genes

Three candidate CRC-predisposing genes were identified through 2 out of the 4 analysis
methods employed (inter-family analysis, intra-family analysis, CRC pathway analysis, gene
constraint analysis). EP300 and JAG2 were identified as Notch signalling pathway genes that
are under constraint for LoF variants. APLF is a gene in the DNA repair pathway that harboured
a shared LoF variant in 2 affected members of a single family.

The Notch signalling pathway is an intercellular signalling process that is important in
embryonic development (Artavanis-Tsakonas et al., 1999) and thought to be perturbed in CRC
(Vinson et al., 2016). EP300 is a histone acetyltransferase that interacts with the intracellular
domain of the Notch receptor and its interacting proteins to potentiate transcriptional
activation of chromatin (Wallberg et al., 2002). JAG2 encodes one of 5 canonical ligands that
bind to Notch pathway receptors. Somatic variants in EP300 and JAG2 occur in approximately
8% and 6% of colon cancers samples in TCGA (TCGA Research Network, 2017) respectively.
According to the Cancer Gene Census, somatic EP300 mutations are found in colorectal,
breast, pancreatic and haematological cancers (Forbes et al., 2017). As Notch signalling is
thought to be oncogenic in colorectal mucosa due to inhibition of goblet cell differentiation
(Katoh and Katoh, 2007), it is unlikely that loss of EP300 predisposes to CRC through its effect
on Notch signalling. EP300 is however also involved in multiple other processes, including cell
proliferation (Yao et al., 1998) and stabilisation of TP53 in response to DNA damage (Yuan et
al., 1999). The effect of loss of JAG2 on Notch signalling in the intestine is not known. EP300 is
on chromosome arm 22q, and JAG2 is on chromosome arm 14q. These chromosome arms are
frequently deleted in CRC (The Cancer Genome Atlas, 2012).

APLF is an endo/exonuclease that is important in non-homologous end joining repair of double
strand breaks (Macrae et al., 2008). It is also a histone chaperone regulated by poly(ADP-
ribose) (Mehrotra et al., 2011). Somatic mutations in APLF are reported in ~3% of rectal
adenocarcinoma cases in TCGA, which is the second highest mutation rate of any tumour type
in TCGA, behind endometrial cancers at 5%. Interestingly, the family that harboured the APLF
LoF variant was affected by rectal adenocarcinoma.

No germline syndromes have been attributed to JAG2 or APLF but heterozygous pathogenic
variants in EP300 have been found in up to 8% of patients with Rubinstein-Taybi syndrome, a
very rare congenital disorder characterised by growth delay, dysmorphism and intellectual
disability, all of which may be mild (Negri et al., 2015). Rubinstein-Taybi syndrome is most
commonly caused by a pathogenic variant in CREBBP that is found in up to 50% of cases
(Bartsch et al., 2005). The incidence of cancer of neural crest origin in children with Rubinstein-
Taybi syndrome is approximately 5%, however the molecular subtype of Rubinstein-Taybi
syndrome associated with these cancers is unknown. 3 cases, a germ cell tumour (Butler et al.,
2016), hepatoblastoma (Milani et al., 2016) and medulloblastoma (Bourdeaut et al., 2014) in
Rubinstein-Taybi patients with CREBBP mutations have been reported, however cancer cases
in Rubinstein-Taybi syndrome patients with EP300 mutations have not been reported to date.
The total number of reported patients with germline EP300 mutations is low, with only 32
individuals reported in the public Leiden Open Variation Database (Fokkema et al., 2011,
Fokkema, 2011). Morphology data is not available for PC16 who had an EP300 LoF variant in
our dataset.
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INPP5E was found to have a private shared missense variant in 2 affected individuals from a
single family (PC2, PC3), as well as an additional LoF variant in an unrelated individual (PC10).
INP55E is an inositol polyphosphate 5-phosphatase that hydrolyses the lipid inositol
phosphates phosphatidylinositol 3,4,5-triphosphate and phosphatidylinositol 4,5-biphosphate
(Kisseleva et al., 2000). INPP5E loss compromises the spindle assembly checkpoint and results
in aneuploidy (Sierra Potchanant et al., 2017b). Biallelic mutations of INPP5E account for 3% of
Joubert syndrome, a very rare genetically heterogeneous ciliopathy associated with
nephronophthisis, mental retardation, ataxia, retinal disease and polydactyly (Hildebrandt et
al.,, 2011, Bachmann-Gagescu et al., 2015). While a proportion of individuals die in childhood,
the average survival time is unknown (Dempsey et al., 2017). A case of Burkitt lymphomain a
child with Joubert syndrome of unknown genetic aetiology has been reported (Brinkman et al.,
2005). INPP5E variants were rare in cancers, with colon cancer having the highest proportion
at ~4% in TCGA.
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4.4.6. BRCA2 and CRC risk

A BRCA2 frameshift variant was found in PC10, a male who developed a microsatellite stable
rectal adenocarcinoma at the age of 23 years (Table 4.15). PC10 had no family history of
cancer, in particular there was no family history of breast, ovarian, pancreatic or prostate
cancer. The pedigree of PC10 is shown in Figure 4.6. This is a small family with few women,
especially on the father’s side, that may explain the lack of a family history, although other
rare explanations are a de novo BRCA2 mutation (Golmard et al., 2016) or non-paternity. This
finding was reported back to the referring FCC for diagnostic validation and standard
management of cancer risk.
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Figure 4-8. Pedigree of PC10, proband with a BRCA2 LoF variant, showing lack of a family
history of BRCA2-related cancers.

4.4.6.1. Case control study of BRCA2 mutations in early onset familial CRC

A case control study comparing 847 patients with familial early-onset CRC and 1644 individuals
without cancer found no significant increase in BRCA2 mutations in cases compared with
controls (Dobbins et al., 2016). Cases were diagnosed with CRC at or before the age of 55
years, had at least one FDR with CRC, and did not have mutations in known CRC-predisposing
genes, while controls were born in 1958 in the United Kingdom. 5 cases and 3 controls were
found to have BRCA2 mutations. As our patient would not have been eligible for inclusion into
the cases in this study due to a lack of a family history, a case control study of all patients with
early onset CRC, regardless of family history, would be of considerable interest.

4.4.6.2. CRC risk in patients with a BRCA mutation

Almost all studies evaluating the CRC risk in patients with a known or suspected BRCA
mutation have been retrospective, with conflicting findings (Sopik et al., 2015). A large
prospective cohort study of 7015 women who were BRCA mutation carriers (BRCA1 mutation
(n=5481); BRCA2 mutation (n=1474); both BRCA1 and BRCA2 mutations (n=60)) reported an
increased risk of CRC of almost 5 times above the estimated population rate standardised for
country and age for BRCA1 carriers between the ages of 30-49 years (Phelan et al., 2014).
Eight CRCs were observed in these younger women with a BRCA1 mutation compared to an
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expected rate of 1.68. BRCA2 mutation carriers and those more than 50 years of age showed
no evidence for an increased risk. This was a sizable study, although individuals with a BRCA2
mutation made up just over 20% of study individuals. Limitations of this study include the
relatively short mean follow-up of 5 years, the absence of pathology reports for 4 of the 8 CRC
cases, the unknown mutation status of known CRC-predisposing genes in the women who
developed CRC, and the exclusion of women with ovarian cancer and men from the study.
Interestingly, due to the classification of anal cancers as CRC in the control population, 2 anal
squamous cell carcinomas in young BRCA patients were classified as CRC even though anal
cancers are of a different histological subtype and may have arisen from an environmental
aetiology. While rare cases of pancreatic squamous cell carcinoma have been reported in
patients with an inherited pathogenic variant in BRCA (Schultheis et al., 2014, Holter et al.,
2015), it is still unclear if squamous cell carcinomass form part of the tumour spectrum for
inherited pathogenic variants in BRCA. As pointed out in a review of CRC risk in BRCA mutation
carriers (Sopik et al., 2015), a 5-fold increase in CRC risk to age 50 years gives an estimated risk
of 1% by age 50, suggesting that even if BRCA1 mutations predispose to CRC, they are not very
penetrant with regards to CRC risk.

4.4.6.3. LOH and segregation of BRCA2 mutations in familial CRC

Segregation of BRCA2 mutations have been reported in 2 familial CRC cases. A case study of 2
sisters who developed CRC before the age of 35 years identified biallelic BRCA2 mutations in
both affected individuals consisting of a frameshift mutation (c.1845_1846delCT,
p.Asn615Lysfs*6) and a missense variant (c.7802A4G, p.Tyr2601Cys ) (Degrolard-Courcet et al.,
2014). There were no classical clinical features suggestive of Fanconi’s anaemia. The older
sister developed diffuse large B cell ymphoma at age 31 that was treated with chemotherapy,
prior to the development of 3 synchronous CRCs at age 31 and a metachronous rectal cancer
at age 35 years. The younger sister developed CRC at age 27 years and breast cancer at age 29,
leading to testing and identification of biallelic BRCA2 mutations. No pathogenic variants were
identified in MLH1, MSH2, MSH6, MUTYH, TP53 or BRCA1. A dizygotic twin of the younger
sister died from acute myeloid leukaemia in childhood. An unaffected younger sister was
found to have the frameshift BRCA2 mutation but was wildtype for the missense variant. In a
separate study, genetic analysis of BRCA2 in 44 FCCTX families identified a single family with a
germline BRCA2 frameshift mutation (c.3847_3848delGT p.Val1283Lysfs*2) (Garre et al.,
2015). Of the 4 CRCs found in 2 consecutive generations, 2 of 3 tested CRCs were found to
have the BRCA2 mutation, while the tumour that did not was from a family member who
developed CRC at the age of 79 years. One tumour was tested for LOH and was found to have
lost the wildtype BRCAZ2 allele. As our patient is the only affected member in his family,
segregation could not be performed but tumour LOH analysis was carried out in Chapter 5.
Taken together, there is currently no strong evidence that heterozygous BRCA2 mutations
predispose to CRC. BRCA2 was not taken forward for the validation phase of this study.
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4.4.7. Comparison of candidate genes with other germline WES studies in
familial/young onset CRC

Seventeen other studies that utilised germline WES in familial and/or young onset CRC or
colonic polyposis have been published up until the end of 2015 (Table 4.22), when the analyses
described in this chapter were completed. These studies performed WES in 1 to 96 individuals
(median of 18), with the number of individuals in our discovery cohort (n=54) being the second
highest number of individuals studied at that time. Seven of the published WES studies
performed were single family studies.
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Table 4-23. Summary of 17 germline WES studies on familial or young onset CRC

First Author Study Cohort Analysis Method Performed LOH studiesin ~ Functional Number of patients who
segregation tumour studies underwent WES
within family

(Gylfe et al., 2013a)  Familial Inter-Family Y Y N 96 (96 families)

(Esteban-Jurado et Familial Pathway Analysis Y N Y 43 (29 families)

al., 2014)

(Derycke et al., Familial Intra-Family Y N N 40 (16 families)

2013)

(Nieminen et al., Familial Intra-Family Y Y N 4 (1 family)

2014)

(Li et al., 2013) Familial Intra-Family Y N N 4 (1 family)

(Rohlin et al., 2014)  Familial Intra-Family Y Y N 4 (1 family)

(Segui et al., 2015) Familial Intra-Family Y Y Y 3 (1 family)

(Goldberg et al., Familial Intra-Family Y N/A N 2 (1 family)

2015)

(Hansen et al., Familial/Polyposis Intra-Family Y N N 14 (1 family)

2015)

(Weren et al., 2015)  Polyposis Inter-Family Y N/A Y 51 (48 families)

(Gala et al., 2014b) Polyposis Inter-Family, Pathway Analysis N N Y 20 (20 families)

(Palles et al., 2013) Polyposis Inter-Family, Intra-Family Y Y Y 15 (15 families)

(Ngeow et al., Polyposis Pathway Analysis N N Y 1

2015)

(Tanskanen et al., Young Onset Inter-Family N N N 22 (22 families)

2015)

(Smith et al., 2013) Sporadic CRC (18<35 years)  Pathway Analysis N Y N 18 (18 families)

(Arora et al., 2015) Young Onset/ Familial/ Pathway Analysis N N Y 25 (25 families)

Polyposis
(zhang et al., 2015)  Young Onset/Familial Inter-Family, Pathway Analysis N N N 23 (21 families)

LOH, Loss-of-heterozygosity. Y, Yes. N, No.
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The analysis approaches used in the other studies comprised inter-family, intra-family,
pathway analysis and/or genes associated with CRC GWAS regions, previous linkage analyses in
CRC or other associations with CRC. There was no overlap between the candidate genes
identified in this chapter and the other studies and only limited overlap between those various
studies. This lack of overlap suggests high genetic heterogeneity of the remaining unexplained
CRC families.

When the candidate genes of the 17 studies were compared with each other, 5 candidate
genes were identified in 2 or more studies. POLE was prioritised in 5 studies, ATM was
prioritised in 4 separate studies, and AKR1C4, TSC2 and CCDC18 were prioritised in 2 separate
studies.

Of the 5 studies that prioritised POLE, one was the original study that identified a recurrent
exonuclease domain mutation in POLE (POLE p.Leu424Val (NM_006231; c.1270C>G)), firstly in
a family with multiple adenomas and CRC, and subsequently in 12 cases and 0 controls in a
large replication cohort (Palles et al., 2013). Of the other 4 studies, two single family studies
(Hansen et al., 2015, Rohlin et al., 2014) identified novel POLE variants within the exonuclease
domain, while the other two studies prioritised POLE variants for which the pathogenicity is
uncertain: a missense variant (POLE p.H1810L) outside the exonuclease domain (Esteban-
Jurado et al., 2014), and a deletion (ENST00000320574; c.5621_5622delGT) (Smith et al.,
2013). LoF variants in POLE are not thought to be pathogenic (Briggs and Tomlinson, 2013).
Germline missense variants within the exonuclease region of POLE have been seen in other
CRC studies (Bellido et al., 2016, Valle et al., 2014) and are associated with a hypermutated
tumour phenotype (Palles et al., 2013).

ATM is a serine-threonine kinase that is involved in the detection of double-strand DNA breaks
and cell cycle checkpoint activation. Ataxia telangiectasia is a rare recessive genetic syndrome
caused by mutations in ATM, most commonly compound heterozygous truncating mutations.
The syndrome manifests with nervous system and immune disorders in childhood, including
cerebellar ataxia, oculomotor apraxia and immunodeficiency as well as an increased risk of
blood cancers. Carriers of an ATM mutation are thought to have an increased risk of other
cancers, with a systematic review of studies of relatives of ataxia-telangiectasia probands
finding an increased risk of breast cancer (van Os et al., 2016).

The ATM variants in the 4 studies comprised a homozygous missense variant (Tanskanen et al.,
2015) and 3 heterozygous variants (2 truncating and 1 missense) (Smith et al., 2013, Zhang et
al.,, 2015, Esteban-Jurado et al., 2014). CRC risk for heterozygous carriers of ATM mutations
has not been as well-studied, and studies of relatives of ataxia-telangiectasia probands have
not shown a marked increase in CRC risk (Thompson et al., 2005, Olsen et al., 2005,
Geoffroy-Perez et al., 2001). ATM is known to have a large number of missense variants, which
are a confounding factor in association studies of cancer risk (Scott et al., 2002). Hence it is still
unclear if variants in ATM predispose to CRC, and if so which variants are pathogenic.

A recurrent LoF variant in AKR1C4 was found in 2 of 96 cases by inter-family analysis (Gylfe et
al., 2013b), while a different LoF variant was found in 1 individual in a second study, and
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prioritised due its presence within a linkage region associated with CRC (Esteban-Jurado et al.,
2014). There was no LOH of the wildtype allele in either study, suggesting that AKR1C4 is not a
classical tumour suppressor gene. Segregation analysis performed in one study (Gylfe et al.,
2013b) showed that the variant segregated within the family. AKR1C4 encodes an enzyme
involved in bile acid and steroid metabolism in the liver (Penning et al., 2004).

Two studies (Esteban-Jurado et al., 2014, Zhang et al., 2015) identified different potentially
deleterious missense variants in TSC2, a gene prioritised through pathway analysis.
Segregation and LOH studies were not performed. Mutations in TSC2 cause tuberous sclerosis,
an autosomal dominant multi-organ disease characterised by epilepsy, characteristic skin
and/or retinal lesions and benign tumours in the brain and other organs. Rare associations
with renal cell carcinoma and brain astrocytoma (Al-Saleem et al., 1998), and pancreatic
neuroendocrine tumours (Larson et al., 2012) have been noted in tuberous sclerosis, however
an increased incidence of CRC has not been reported.

Two different LoF variants were found in CCDC18 in one study (Gylfe et al., 2013b) while a
potentially deleterious missense variant was identified in another study (Esteban-Jurado et al.,
2014). There was no LOH of the wildtype allele in the tumours from either study and
segregation was not performed. The function of CCDC18 is not known.

Apart from POLE, further studies are required to determine the role of ATM, AKR1C4, TSC2 and
CCDC18 in CRC predisposition.
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4.4.8. Conclusion

The identification of inherited pathogenic variants in PC15, PC50 and PC51 through WES has
enabled these individuals and their families to have tailored genetic counselling and
appropriate screening aimed at reducing the risk of associated cancers. As WES has become
available for use in the lab and in the clinic, the prospect of identifying novel genes
predisposing to familial CRC using WES is attractive for patients in whom a pathogenic variant
in a known CRC-predisposing gene has not been identified. Through analysis of PPV from WES
data in a discovery cohort, 45 novel candidate CRC-predisposing genes were prioritised for
validation in a larger cohort of Australian patients with young onset CRC. The genes identified
solely in the family with AMTs were not included, as the validation cohort did not include any
individuals with AMTs. While there were additional genes that were of interest and additional
analyses that could be performed, due to cost constraints the top 45 genes were selected for
screening in a further 333 individuals with young onset CRC, using a targeted gene panel
(Chapter 5).
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Chapter 5. Validation Studies: Targeted Gene Re-sequencing of
Candidate CRC-Predisposing Genes in a Validation Cohort; LOH
analysis in Tumour Tissue and Segregation Analysis in the
Discovery Cohort

5.1. Introduction

Having identified 45 candidate CRC-predisposition genes from the exome sequencing of the
discovery cohort, further evidence was sought in a validation cohort that these genes
predispose to CRC when mutated. Firstly, genes that predispose to CRC are expected to be
mutated in individuals with CRC at a higher frequency than unaffected controls. Secondly,
PPVs in CRC-predisposing genes are also expected to segregate with affected individuals within
a family. Thirdly, CRC-predisposing genes that function as tumour suppressor genes have loss
of the wild type allele in tumour tissue.

This chapter describes 1) the recruitment of a validation cohort of young-onset or familial CRC
and the results of targeted re-sequencing of candidate CRC-predisposing genes in this cohort,
2) assessment for LOH of PPVs in CRCs from the individuals in the discovery cohort, and 3)
segregation of the PPVs identified in Chapter 4 within families from the discovery cohort,
where available.

5.1.1. Obtaining a population-matched validation cohort

Consortia such as the VCB (VIC, Australia) and kConFab (Osborne et al., 2000) collect tissue
samples, including germline DNA, for cancer research. The VCB is a Victorian government
(Victoria, Australia) supported tissue bank that obtains tissue and clinical data from consenting
healthy or cancer-affected donors from 27 hospitals in Melbourne, Australia. kConFab collects
tissue and clinical data from consenting Australian and New Zealand families with a strong
history of breast cancer, with detailed annotation of all cancer types in family members. Such
consortia allow access to a population-matched validation cohort.

5.1.2. The Haloplex Target Enrichment System for targeted gene sequencing
Targeted gene sequencing platforms are generally either hybridisation or amplification-based
(Mertes et al., 2011), while the Haloplex Target Enrichment System (Agilent Technologies,
Santa Clara, CA, USA) uses DNA fragment circularisation to select for targeted regions of the
genome. This circularisation technique has superior specificity compared to other methods
(Mertes et al., 2011). Genomic DNA is first digested by restriction enzymes that provide
specific complementary binding sites to the target probes. Digested DNA containing the
targeted regions bind to both ends of the DNA probes. Following probe hybridisation the
biotinylated probes are pulled down and bound genomic DNA is ligated. The circularised DNA
targets undergo PCR amplification prior to sequencing. This technique requires only 200 ng of
input DNA.
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5.1.3. Emerging CRC-predisposing genes

In addition to the candidate CRC-predisposing genes identified in this study and described in
Chapter 4, since the start of this work several other studies have proposed other candidate
CRC-predisposing genes, based on recurrent mutations in individuals affected with CRC.

5.1.3.1. NTHL1

WES of 51 individuals with multiple colonic adenomas revealed a recurrent homozygous
nonsense mutation in NTHL1, a base excision repair gene (Weren et al., 2015). The NTHL1
NM_002528, c.268C>T, p.Q90* mutation was identified in 7 individuals from 3 unrelated CRC
families, and segregated with disease. An excess of somatic C:G>T:A transitions was detected
in the corresponding CRCs, consistent with a base excision repair defect . The homozygous
mutations in NTHL1 were also associated with endometrial and duodenal malignancy. A case
report of a 41 year old female individual with compound heterozygous LoF NTHL1 mutations
described additional cancers including breast, bladder, head and neck cancers and basal cell
carcinoma (Rivera et al., 2015).

5.1.3.2. BUB1B

An individual with mosaic variegated aneuploidy detected in lymphocytes and fibroblasts
developed multiple gastrointestinal cancers, namely an ampulla of Vater cancer at age 34
years, followed by 2 gastric cancers and CRC in their 60s as well as colorectal and gastric
adenomas (Rio Frio et al., 2010). A germline homozygous intronic mutation in BUB1B was
detected, that resulted in the creation of a new preferred splice site. BUB1B encodes BUBR1, a
component of the mitotic checkpoint complex that prevents completion of mitosis in cells with
unaligned chromosomes (Sudakin et al., 2001). BUBR1 also interacts with APC, which may
explain the increased risk of Gl cancers in this individual (Zhang et al., 2007, Rio Frio et al.,
2010).

5.1.3.3. BUB3 and BUB1

BUB3 is also a member of the mitotic checkpoint complex. BUB1 is required for the localisation
of the checkpoint proteins BUBR1, CENPE, CENPF and MAD?2 to the kinetochore (Johnson et
al., 2004). BUBL1 is also needed for the correct attachment of kinetochores to microtubules
(Meraldi and Sorger, 2005).

A 1.75 Mb deletion of chromosome 2g13 that includes BUB1 was detected in an individual
who had developed CRC at the age of 37 years (de Voer et al., 2013). Variegated aneuploidies
and structural abnormalities were detected in the individual’s lymphocytes and fibroblasts.
WES of a further 33 patients of Dutch or Chinese descent who developed CRC prior to 40 years
of age, identified 2 heterozygous germline LoF mutations in BUB1 and a heterozygous
missense mutation that was highly conserved in BUB3 . Targeted sequencing and copy number
analysis of 174 familial or young onset CRC cases identified 2 further missense variants in BUB3
that were not detected in 1154 control cases. Two of the 3 missense variants
(NM_004725.3:¢.63G>C and NM_004725.3:c790T>C) were predicted to be pathogenic or
possibly damaging by in silico methods, and variegated aneuploidies and structural
abnormalities were detected in the fibroblasts and lymphocytes of the affected individuals.
One of the individuals with a LoF BUBI mutation also carried a pathogenic germline MLH1
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variant (c.453+1G>T), although interestingly the individual’s sister who carried the MLH1
mutation but not the BUB1 mutation had not developed CRC by age 58 years.

5.1.3.4. KMT2C

In a single family affected by young onset CRC and AML, an insertion in KMT2C (MLL3) was
detected in 4 affected individuals, 2 of whom developed CRC at the ages of 43 and 59 years,
while the other 2 developed AML in their 40s (Li et al., 2013). KMT2C is a histone
methyltransferase and has a high LoF variant constraint score (pLI score) in the ExAC dataset,
of 1.0.

5.1.4. Aims and Objectives

The aim of this chapter is to seek further evidence for CRC predisposition of the candidate
CRC-predisposing genes identified in Chapter 4 (n=45) or proposed in the literature (n=5,
Section 5.1.3) by re-sequencing these genes in a validation cohort. For the candidate genes
identified in Chapter 4, two further aims are assessing the corresponding CRCs for somatic LOH
of the PPV in the candidate gene and determining if the PPV segregates with disease within the
family.

The specific objectives of the work described in this chapter are to:

a) recruit a validation cohort of patients with available germline DNA for targeted gene re-
sequencing of candidate CRC-predisposing genes

b) identify PPVs in candidate CRC-predisposing genes in the validation cohort using the
Haloplex Targeted Enrichment System (Agilent Technologies, Santa Clara, CA, USA)

c) compare the frequency of LoF variants in candidate CRC-predisposing genes to that of the
non-TCGA subset of the EXAC dataset

d) determine if the wild type allele of the PPV has been lost in CRCs from the discovery cohort
patients in whom a candidate CRC-predisposing gene was identified

e) perform segregation analysis of PPV in available family members of index cases from the
discovery cohort
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5.2. Methods

5.2.1. Design and Filtering of Haloplex Data

5.2.1.1. Design

The genes on the custom Haloplex Targeted Enrichment System included the candidate CRC-
predisposing genes identified in Chapter 4 (n=45), known accepted CRC genes, and emerging
CRC-predisposing genes from Section 5.1.3 (NTHL1, BUB1B, BUB1, BUB3 and KMT2C) (n=5).
Known CRC genes (APC, MLH1, MSH2, MSH6, PMS2, MUTYH, STK11, SMAD4, BMPR1A, POLE,
POLD1) were included on the targeted sequencing panel as the VCB and kConFab individuals
may not have been screened for mutations in known CRC-predisposing genes, in contrast to
individuals recruited from FCCs. BRCA2 was omitted from the targeted sequencing panel as it
has already been studied extensively (discussed in Chapter 4 Section 4.4.6). The final list of
genes on the custom Haloplex Targeted Enrichment System kits are summarised in Table 5.1.
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Table 5-1. List of genes on custom Haloplex Targeted Enrichment System kit used for
sequencing of validation cohort

Gene

Analysis method

ASCL3
GALC
GALNT8
GPR144
MS4A15
PDE5A
RIPPLY3
SERPINB7
SH2D4A
TEX14
TNFRSF10B
ZNF788
NEDD4
TIMELESS
FKBP10
GOLGA5
GPR137B
HCN3
HTR5A
IL4R
INPP5E
LRRK2
MMP2
PLSCR3
SF3A3
SUCLG2
TMCC3
UFL1
CNTN6
DMC1
ERCC3
GDF2
LRRFIP2
MuUs81
NOTCH4
POLN
UsP28
WNT10A
XRCC6BP1

inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
inter-family LoF analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
intra-family missense analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis
CRC pathway LoF analysis

LoF, loss-of-function.
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Table 5-1 (continued). List of genes on custom Haloplex Targeted Enrichment System kit used
for sequencing of validation cohort

Gene Analysis Method
INCENP Gene constraint LoF analysis
PHRF1 Gene constraint LoF analysis
SIN3B Gene constraint LoF analysis
EP300 CRC pathway LoF analysis; gene constraint LoF analysis
JAG2 CRC pathway LoF analysis; gene constraint LoF analysis
APLF CRC pathway LoF analysis; intra-family LoF analysis
BUB1 CRC-predisposing gene from literature
BUB1B CRC-predisposing gene from literature
BUB3 CRC-predisposing gene from literature
KMT2C CRC-predisposing gene from literature
NTHL1 CRC-predisposing gene from literature
APC Known CRC-predisposing gene
BMPR1A Known CRC-predisposing gene
MLH1 Known CRC-predisposing gene
MSH2 Known CRC-predisposing gene
MSH6 Known CRC-predisposing gene
MUTYH Known CRC-predisposing gene
PMS2 Known CRC-predisposing gene
POLD1 Known CRC-predisposing gene
POLE Known CRC-predisposing gene
SMAD4 Known CRC-predisposing gene
STK11 Known CRC-predisposing gene

LoF, loss-of-function.

5.2.1.2. Filtering

Variants identified by at least one of the three variant callers (GATK Unified Genotyper, GATK
Haplotype Caller or Platypus) were considered for further analysis. Analysis was limited to LoF
variants, missense variants and in-frame indels.

5.2.1.2.1. Population frequencies

For known CRC-predisposing genes with an autosomal dominant mode of inheritance (APC,
MLH1, MSH2, MSH6, PMS2, STK11, BMPR1A, SMAD4, POLE, POLD1), LoF and missense variants
with a population allele frequency of <0.5% in the 1000 Genomes Project, ESP or Non-TCGA
Subset of EXAC were examined for pathogenicity. For known CRC-predisposing genes with a
recessive mode of inheritance (MUTYH, NTHL1, BUB1B), compound heterozygous or
homozygous LoF and missense variants with a population allele frequency of<5% in the 1000
Genomes Project, ESP or Non-TCGA Subset of TCGA were examined for pathogenicity. Variants
in the candidate CRC-predisposing genes had to have a population allele frequency of <0.1% in
1000G, ESP and the Non-TCGA Subset of ExAC.
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5.2.1.2.2. Quality filters

Variants with a rare population frequency but observed in more than 5% of the 337 CRC
samples in the validation cohort plus 3 control samples (sequenced as part of the technical
requirement of the Haloplex platform) were excluded, as these are likely to represent
sequencing or alignment artefacts.

Further quality filters were applied using GATK FisherStrand and ReadPosRankSum
annotations. The FisherStrand value uses Fisher’s Exact Test to determine if the alternate allele
was seen more or less frequently on the forward or reverse allele than the reference strand.
This value is Phred-scaled, with a higher value indicating strand bias and reflecting a false
positive call. The ReadPosRankSum test gives an indication of whether or not the alternate
allele is seen more or less frequently at the ends of sequencing reads compared to the
reference allele, as sequencing errors are most common at the ends of reads. This is derived
using the z-score of the Mann-Whitney-Wilcoxon rank sum test for the positions of the
alternate and reference alleles on reads. When the alternate allele is seen at the ends of reads
more often than the reference allele, the ReadPosRankSum test returns a negative score.
Variants with a FisherStrand value >60 or a ReadPosRankSum test score of <-8 were omitted as
per GATK recommendations released in 2016 (Broad Institute, 2016).

Variants with an alternate allele frequency of <0.3 were omitted as heterozygous variants
were expected to have an alternate allele frequency close to 0.5, and homozygous variants
were expected to have an alternate allele frequency close to 1.0. Variants that were
unidirectional and with a QUAL score <100 were also omitted.

5.2.2. Evaluating the frequency of LoF variants in a gene in the Non-TCGA subset of
the ExAC database database

The Non-TCGA subset of the EXAC database was used to estimate the expected frequency of
LoF variants for a given gene in a control cohort. For every candidate CRC-predisposing gene in
which a LoF variant was detected in the validation cohort, the frequency of LoF variants in the
corresponding transcript was examined in the Non-TCGA subset of the EXAC database. The
frequency of LoF variants in a gene transcript in the Non-TCGA subset of the ExAC database
was calculated using the sum of all LoF alleles for the corresponding transcript. This sum was
divided by the expected number of alleles sequenced in the Non-TCGA subset of the EXAC
database (n=106210), multiplied by 200. This gives an estimate of the percentage of individuals
in the Non-TCGA subset of the EXAC database who carry a LoF variant in a gene, as each
individual carries 2 alleles.

The frequency of rare LoF variants in the validation dataset was calculated using the sum of all
rare LoF variants in a gene, according to transcript, divided by the number of alleles for the
gene in the validation dataset from individuals without a known CRC-predisposing gene
mutation, multiplied by 200.
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5.2.3. Assessing CRCs for LOH of PPV

Letters were sent to pathology service providers requesting tumour blocks from resected CRCs
of probands from the discovery cohort, in whom a PPV in a candidate CRC-predisposing gene
had been identified. Ten 5 um sections were cut from each tumour block by the Pathology
Department at PMCC and mounted onto glass slides. Tumour DNA was extracted as described
in Chapter 2 Section 2.2.10.

5.2.4. Segregation of PPV identified in Chapter 4 within Families from the Discovery
Cohort

Letters inviting relatives of the probands to participate in this study were sent to each proband
to pass on to affected and unaffected family members. Relatives who provided contact details
in response to the invitation letter were contacted and the study was explained. Relatives who
consented to participate in the study were sent a Patient Information and Consent Form and a
copy signed by the relative was returned to the study coordinator. A pathology slip was also
sent for blood collection in order to obtain germline DNA. Sequencing of the PPVs identified in
Chapter 4 was performed on germline DNA obtained from relatives who consented to the
study.
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5.3. Results

5.3.1. Characteristics of the validation cohort

Germline DNA samples for a validation cohort were sought from tissue biobanks as well as by
recruitment through the FCCs as previously described in Chapter 3. The sample breakdown of
the final validation cohort is summarised in Table 5.2.

Table 5-2. Sources of germline DNA for validation cohort

Source Number of samples Criteria

VCB 133 CRC<50 years of age

FCCs 117 See section 5.2.1

MCO 55 CRC between 41-50 years of age
kConFab 32 CRC<50 years of age

Total 337

VCB, Victorian Cancer Biobank. FCCs, Familial Cancer Centres. MCO, Molecular and Cellular
Oncology Group. kConFab, Kathleen Cuningham Foundation.

5.3.2. Performance summaries of Targeted Gene Sequencing Panel

The performance summaries for targeted gene sequencing of 337 samples using the Haloplex
Targeted Enrichment System is shown in Appendix 2, Table 1. Between 1.58 million and 7.88
million reads were generated per sample. On average 99% of reads were mapped to the
reference sequence. The percentage reads on target ranged from 86% to 93%, with a mean of
89%. The percentage of target bases covered at least 10 times was at least 91%, with a mean
of 96%. The percentage of target bases covered at least 20 times was at least 86%, with a
mean of 95%. The mean coverage for target bases per sample ranged from 188 times to 961
times, with a mean of 358 times.

5.3.3. Analysis of LoF and missense variants in known CRC-predisposing genes

5.3.3.1. APC
Three individuals carried the APC 11307K variant (Table 5.3) that is currently known to be
pathogenic (Laken et al., 1997, Gryfe et al., 1999).

5.3.3.2. MLH1

A 4 bp deletion at an essential splice site was detected in MLH1 in 1 individual (Table 5.3). The
genomic sequence at the intron exon boundary where the deletion occurs consists of a
duplication of AGAA, hence deletion of AGAA does not change the essential splice site, but
results in a frameshift, with a predicted stop codon 60 base pairs downstream.
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Table 5-3. Pathogenic variants in APC and MLH1 in 4 individuals from the validation cohort

Mutatio Ensembl . Amino acid Variant
Gene Sample . cDNA variant
n type Transcript change Frequency
APC | CRC-NSW-134275 [missenselENSTO00002574 p.lle1307Lys | 0.42-0.45
CRC-VCB-10- 304
00793 c.3920T>A
CRC-FCC-5507
MLH1 [CRC-VCB-07RMHO049| deletion |ENST000002317 €.208- N/A 0.58
90.2 2_209delAG
AA

5.3.3.3. POLE

Inspection of the exonuclease region of POLE identified 1 rare missense variant
ENST00000320574.5:¢c.1085A>G, p.Y362C, in 1 individual (CRC-4273-000). This variant is of
uncertain significance in ClinVar (National Center for Biotechnology Information, Landrum et
al., 2018). The variant is predicted to be deleterious by Condel, and has a CADD scaled score of
26.1, placing it in the top 1% most deleterious substitutions in the human genome. This
individual did not have colonic polyps.

5.3.3.4. POLD1

Inspection of the exonuclease region of POLD1 identified 1 rare missense variant
ENST00000440232.2:¢.1439A>T, p.H480L, in 1 individual (CRC-VCB-10PM02139). This variant
has not been reported in the literature. The variant is predicted to be neutral in Condel, and
has a CADD scaled score of 18.95. A right hemicolectomy specimen from this individual did not
contain any polyps.

5.3.3.5. MUTYH

All MUTYH missense mutations identified were heterozygous, and there were no instances of
compound heterozygosity in the validation cohort. The two most common pathogenic
missense mutations in the European population, NM 001128425.1:¢.1187G>A, p. G396D and
NM 001128425.1:¢c.536A>G, p.Y179C, were detected in 5 individuals and 1 individual,
respectively. Another individual carried the NM 001128425.1.¢.1118C>T, p.A373V mutation,
that had been described in the literature in a Korean patient with compound heterozygous
biallelic MUTYH pathogenic variants, rectal cancer and 36 polyps at the age of 39 years (Kim et
al., 2007).

5.3.3.6. Other known CRC-predisposing genes
There were no rare LoF variants in MLH2, MLH6, PMS2, STK11, BMPR1A or SMAD4. The 4
samples with APC or MLH1 mutations were omitted from further analysis.
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5.3.4. Analysis of candidate CRC-predisposing genes

5.3.4.1. LoF variants in candidate CRC-predisposing genes in the validation cohort
Fifty candidate CRC-predisposing genes were analysed in the remaining 333 individuals from
the validation cohort. Only 14 of the 50 candidate CRC-predisposing genes had 1 or more LoF
variants identified in the validation cohort (Table 5.4) and all were heterozygous. No
compound heterozygous or homozygous LoF variants were identified in NTHL1 or BUB18B,
genes with an autosomal recessive mode of inheritance. Seven genes had a LoF variant in 2 or
more samples. All LoF variants were identified in the canonical transcript except as described.

ZNF788 had a LoF variant identified in 5 samples. All LoF variants were in the last exon (exon
3). Subsequent to the prioritisation of ZNF788 in the discovery cohort and re-sequencing in the
validation cohort, ZNF788 has been annotated as a possible pseudogene product by the
Universal Protein Resource (The UniProt Consortium, 2018) and hence was not considered
further. WNT10A had a LoF variant in 3 samples. Five genes (NEDD4, GPR144, MS4A15,
TNFRSF10B, LRRK2) had a LoF variant in 2 samples. One of the 2 LoF variants identified for
NEDD4 was only seen in the non-canonical transcript, and was located outside the genomic
coordinates of the canonical transcript, and hence was not annotated on the canonical
transcript. One of the 2 LoF variants in GPR144 was in the last exon (exon 20), hence it may not
be deleterious as it is not predicted to cause nonsense-mediated decay.

Seven genes (GALNTS8, ASCL3, ERCC3, NOTCH4, FKBP10, INPP5E, UFL1) had 1 LoF variant
identified in the validation cohort. For ASCL3, FKBP10 and INPP5E, the LoF variant was in the
last exon (exon 2, 10 and 10 respectively).

Sequencing data for the large number of individuals sequenced in the non-TCGA subset of the
ExAC dataset (n=53 105) was leveraged to give an approximation of the percentage of
individuals with a LoF variant in a control population. The estimated percentage of individuals
with a LoF variant in the non-TCGA subset of the EXAC dataset is shown in Table 5.4. The mean
sequencing coverage of candidate CRC-predisposing genes in the EXAC database was taken
into account (table 5.4). GPR144 had a mean coverage of less than 20X, which may result in an
underestimation of the percentage of individuals with a LoF variant in the non-TCGA subset of
the EXAC dataset.

The six genes with multiple LoF variants in the validation cohort appear to have an increased
incidence of LoF variants compared to the estimated frequency of LoF variants in the non-
TCGA subset of the EXAC dataset (Table 5.4). For GPR144, as the sequence coverage is less
than 20X in EXAC, the difference in observed rates of LoF between the validation cohort and
the non-TCGA subset of EXAC could be due to inadequate coverage in ExAC., Of the seven
genes with one LoF variant seen in the validation cohort, the percentage of LoF variants in the
validation cohort approximates that seen in the non-TCGA subset of the ExAC dataset for 5
genes (GALNTS8, ASCL3, ERCC3, NOTCH4 and FKBP10) hence they are unlikely to be CRC-
predisposing genes. The LoF variant in INPP5E is in the last exon (exon 10), hence it may not be
deleterious as it is not predicted to cause nonsense-mediated decay.
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5.3.4.2. Novel missense variants identified from intra-family analysis of the discovery
cohort

Fourteen missense variants not seen in the non-TCGA subset of EXAC (i.e. novel) were
identified through intra-family analysis of the discovery cohort. There were no recurrences of
the shared private missense variants identified from the intra-family analysis in unrelated
individuals in the validation cohort. For GOLGAS5, HTR5A, and FKBP10, a different novel
missense variant with a CADD score of>20 was identified (Table 5.5). While these high CADD
scores imply pathogenicity, the numbers are too small to determine if these variants are truly
CRC-predisposing or if these novel missense variants have occurred by chance.
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Table 5-4. LoF variants in the validation cohort

No. of

samples Mean % of individuals in Estimated % of individuals in
Gene . P Sample Ensembl Transcript cDNA Amino acid change coverage  validation dataset with a non-TCGA subset of EXAC
with LoF . . . .
. in ExXAC LoF variant with LoF variant
variant
WNT10A CRC-NSW-11555 ENST00000258411.3 c.321C>A p.Cys107Ter 36.98

MS4A15 CRC-VCB-10CH094 ENST00000405633.3 €.612+1G>C 52.00

CRC-VCB-

05PMO0609 ENST00000276431.4 c.748+1G>A

NEDD4 CRC-VCB-09PM0241  ENST00000338963.2 €.1147C>T p.Arg383Ter 67.02
—
GPR144 2 CRC-3950-000 ENST00000334810.1 €.2860_2861insC p.Arg956ProfsTer? 6.88 0.59 0.19
—
UFL1 CRC-2958-000 ENST00000369278.4 c171_172insA p.Thr58AsnfsTer6 55.22
—
NOTCH4 1 CRC-3938-002 ENST00000375023.3 €.4927C>T p.Arg1643Ter 52.63

LoF, loss-of-function, EXAC, Exome Aggregation Consortium.

*non-canonical transcript
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Table 5-4 (continued). LoF variants in validation cohort

Gene No. of Sample Ensembl Transcript cDNA Amino acid change Mean % of individuals in Estimated % of individuals in non-
samples coverage validation dataset with a TCGA subset of EXAC with LoF
with LoF in EXAC LoF variant variant

variant
FKBP10 1 CRC-VCB- ENST00000321562.4 c.1621C>T p.GIn541Ter 55.83 0.29 0.30
10PM1612

ASCL3 1 CRC-VCB-2009- ENST00000325884.1 c.475_476dupAA p.Asn159LysfsTer9 85.06 0.29 0.27

00711
GALNT8 1 CRC-4271-000 ENST00000252318.2:¢.1357C>T c.1357C>T p.GIn453Ter 58.86 0.29 0.24
ERCC3 1 CRC-4356 ENST00000285398.2 c.325C>T p.Argl09Ter 67.79 0.29 0.22
LoF, loss-of-function, EXAC, Exome Aggregation Consortium.
Table 5-5. Novel missense variants in the validation cohort, in genes with shared novel missense variants from the discovery cohort
Validation Cohort Discovery cohort
Gene Sample Ensembl transcript cDNA amino acid CADD Phred Score Ensembl transcript amino acid change CADD Phred Score
change

GOLGA5 CRC-MMC-5272 ENST00000163416.2 c.1207G>A p.Glu403Lys 25.8 ENST00000163416.2 p.Asp681Asn 34

HTR5A CRC-NSW-16855 ENST00000287907.2 c.454C>T p.Arg152Cys 21.7 ENST00000287907.2 p.Asp121Asn 27.5

FKBP10 CRC-VCB- ENST00000321562.4 c.326T>C p.Met109Thr 21.3 ENST00000321562.4 p.Ser419Leu 27.5

11PM1483
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5.3.5. Investigation of LOH of the PPV in tumour tissue

Of the 31 individuals with a PPV in a candidate CRC-predisposing gene (identified in Chapter 4),
30 had CRC. One individual (PC54) had 47 colonic polyps removed over time without
developing CRC. Tumour blocks or 10 unstained slides from 30 CRCs were requested from 13
pathology departments.

Twenty CRCs were received for micro-dissection. For PC6, a metachronous CRC at age 70 was
received, however the CRC from age 40 could not be located. CRCs from 10 individuals had
either been destroyed or were not available.

There was <25% tumour purity in very small tumours in 5 tumour blocks, these were excluded.
Tumour was micro-dissected from slides of the other tumour blocks, and DNA was extracted.
Insufficient DNA was obtained from 1 sample. Primers were designed for PCR products of
between 83 and 130 base pairs, targeting the region containing the PPV. Despite multiple
attempts, Sanger sequencing was only successful for 4 variants (Table 5.6).

Table 5-6. Summary of Sanger sequencing findings for PPV in tumour tissue

Sample Gene PPV LOH

PC6 FKBP10 NM_021939.3: ¢.1256C>T No

PC7 FKBP10 NM_021939.3: ¢.1256C>T No

PC17 ASCL3 NM_020646.1: c.382C>T Yes —
homozygous
wildtype

PC36 JAG2 NM_145159.2: c.3314_3315insG No

The loss of the mutant allele of ASCL3 in PC17 indicates that the PPV in ASCL3 is not a CRC-
predisposing gene mutation. No LOH was identified in the other 3 samples, which does not
preclude FKBP10 and JAG2 from being candidate CRC-predisposing genes, as a different
somatic mutation or gene methylation may inactivate the second allele, or the PPV may have a
dominant negative effect.

5.3.6. Segregation of PPVs within families with multiple affected family members
Of the 26 families from which a candidate CRC-predisposing gene had been prioritised, 13
families had additional affected family members. Six families were from the MCO cohort from
which DNA from additional family members was not available. Of the remaining 7 families, an
affected individual from 1 family agreed to participate in the study, while individuals from the
remaining 6 families did not respond to the invitation to participate in the study.
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Figure 5-1. TMCC3 variant carrying family. Pedigree of paternal uncle (PC54) with colonic
adenomatous polyposis and nephew (PC41, proband, shown with an arrowhead) with
young-onset CRC.

The affected family member who agreed to participate in this study was the father of PC41 and
brother of PC54 (Figure 5.1), hence he would be an obligate carrier of the novel TMCC3
missense variant shared between PC54 and PC41. Interestingly, PC54 had multiple
metachronous colonic polyps, while PC41 and his father had CRC without polyps identified.
The NM_020698.2 (TMCC3):c.362A>G variant that was identified in both PC41 and PC54
through intra-familial analysis, was also present in the father of the proband. There were no
TMCC3 LoF variants or novel missense variants in the validation cohort, hence there is no
supporting evidence from the validation cohort that TMCC3 mutations predispose to CRC. The
other affected individuals (two paternal aunties with CRC aged in their 50s and 2 paternal
cousins with CRC aged in their 30s) who would have been more informative were invited to
participate in the study by their FCC but declined.
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5.4. Discussion

In this chapter, 50 candidate CRC-predisposing genes were re-sequenced in a validation cohort
of 333 individuals with young onset and/or familial CRC. Very few candidate CRC-predisposing
genes had LoF variants in the validation cohort. Possible explanations are that familial/young-
onset CRC is genetically heterogeneous and that mutations in these genes are a very rare
cause of CRC, or that the remaining genes do not predispose to CRC, or a proportion of these
familial/young-onset CRC cases do not have a genetic aetiology.

5.4.1. Evaluation of candidate CRC-predisposing genes in the validation cohort
Fourteen candidate genes were found to have a LoF variant in at least one individual in the
validation cohort, with seven of these genes having LoF variants in 2 or more individuals. Of
the 7 genes with a LoF variant in multiple individuals, 5 (WNT10A, NEDD4, MS4A15,
TNFRSF10B and LRRK2) appear to have a higher frequency of LoF variants in the validation
cohort than would be expected, using the non-TCGA subset of the EXAC dataset to estimate
the frequency of LoF variants in the population.

WNT10A encodes a ligand involved in the non-canonical Wnt signalling pathway (Fan et al.,
2017). WNT10A antagonises WNT3A-induced B-catenin/TCF activity in the liver, and inhibits
cell proliferation and promotes liver differentiation of implanted liver cell progenitors (Fan et
al., 2017). Homozygous mutations in WNT10A result in a form of ectodermal dysplasia (Adaimy
et al., 2007); CRC has not been reported in these cases.

NEDD4 is a homologous to E6AP C-terminus (HECT) E3 ubiquitin ligase with conflicting findings
in CRC in the literature. Recurrent insertions in an insertional mutagenesis study in mice
(March et al., 2011), loss-of-heterozysity in CRC and CRC cell lines (Martin et al., 2007) and
overexpression in CRC cell lines (Eide et al., 2013) have been reported. This may reflect either
heterogeneity in disease biology, or stochastic events.

The function of the gene product of MS4A15, a membrane-spanning protein, is unknown.

TNFRSF108B is a TNF-superfamily receptor that induces apoptosis and activates NF-kappa-B
when bound to TRAIL (Sheridan et al., 1997). A different truncating mutation to the ones
identified in the validation cohort has been reported in a head and neck tumour and germline
of a patient (Pai et al., 1998).

LRRK2 is a protein kinase that has been postulated to carry driver mutations in cancer
(Greenman et al., 2007). Somatic mutations and downregulation of LRRK2 are found in
squamous cell carcinomas of the lung (Meng et al., 2019) Germline point mutations in LRRK2
are associated with autosomal dominant Parkinson’s Disease (Paisan-Ruiz et al., 2004,
Zimprich et al., 2004)

GPR144 had low sequencing coverage in the non-TCGA subset of EXAC, hence the apparent
increased frequency of Lof variants in the validation cohort may be due to under-detection in
the non-TCGA subset of EXAC. One of the 2 LoF variants in GPR144 occurred in the last exon,
hence there is no strong evidence for CRC-predisposition.
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Of the 7 genes with 1 individual with a LoF variant in the validation cohort, 5 genes (GALNTS,
ASCL3, ERCC3, NOTCH4 and FKBP10) had approximately the same frequency of LoF variants in
the non-TCGA subset of EXAC, and hence are unlikely to be CRC-predisposing genes. Of the
remaining genes, INPP5E had a LoF variant in the last exon, hence the functional significance of
this LoF variant is unclear. There was however an individual with a LoF variant that was not in
the last exon in the discovery cohort, in addition to the shared novel missense variant in the
intra-family analysis used to prioritise INPP5E as a candidate CRC-predisposing gene. Only 6
LoF variants were identified in 53 105 individuals in the non-TCGA subset of ExAC. Knockdown
of INPP5E, a spindle assembly checkpoint phosphatase, results in chromosomal instability in
human fibroblasts (Sierra Potchanant et al., 2017a).

Evaluation of WNT10A, NEDD4, MS4A15, TNFRSF10B, LRRK2, INPP5E, UFL1 in a larger cohort of
individuals with young-onset/familial CRC would be of interest. A control population was not
sequenced using the Haloplex Enrichment System kit. This would have been useful for
controlling for technical factors such as gene coverage, sequencing or alignment errors.
However, it would also have added to the cost of the project and substantially reduced the
number of validation cases that could be sequenced. While a different sequencing
methodology and platforms were used for the non-TCGA subset of the EXAC dataset (WES
across different projects that make up ExAC), this large control dataset is still useful for
excluding genes if the frequency of LoF variants in a gene is equivalent or greater than in the
validation cohort, as a LoF variant in these genes is then unlikely to predispose to CRC.

No rare LoF variants were seen in the validation cohort for BUB1B, BUB1, BUB3, NTHL1, or
KMT2C, the 5 candidate CRC-predisposing genes identified from the literature. BUB1B and
KMT2C were originally identified in a single individual and 4 related individuals from a single
family respectively, hence these genes have not been identified as recurrently mutated in a
validation cohort. However, BUB1, BUB3 and NTHL1 variants were identified in unrelated
individuals with young onset/familial CRC (BUB1, BUB3) or colonic adenomas (NTHL1) in the
literature. As our validation cohort was not predominantly comprised of individuals with
colonic adenomas, the absence of biallelic NTHL1 variants may be due to such variants only
giving rise to this specific phenotype.

Targeted sequencing of 192 individuals with CRC developing at age 50 years or younger did not
identify compound heterozygous or homozygous mutations in BUB1B (Hahn et al., 2016).
However neither this paper nor our data specifically looked at intronic sequences or large
deletions (as in the original report), nor were cases select based on mosaic variegated
aneuploidy. Hence, while BUB1B homozygous or compound heterozygous mutations are not
common in young onset/familial CRC, individuals with mosaic variegated aneuploidy and CRC
may be considered for further testing of the BUB1B gene.

Only missense variants were identified in BUB3 in the original study (de Voer et al., 2013). One
rare missense variant in BUB3 was identified in our validation cohort, however this variant was
predicted to be benign by PolyPhen and tolerated by SIFT.
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5.4.2. Analysis for LOH of the PPV in the corresponding CRC

The PPVs could not be assessed in some of the tumour samples despite multiple attempts,
possibly due to the age of the tumour blocks (up to 18 years from fixation) or the regions being
amplified. As a result, information on LOH was not available for the majority of the PPVs to
either support or refute their role in CRC predisposition.

5.4.3. Challenges of performing segregation analysis for the PPV in TMCC3

The segregation analysis identified the PPV NM_020698.2 (TMCC3):c.362A>G in an additional
affected family member, however as this individual was an obligate carrier this was not
informative. The function of TMCC3 is unknown. It would have been informative to know if this
variant was also present in the other affected members of the family, as there is a 25%
probability of the father of the proband sharing a variant by chance, being a FDR of the other
two individuals. Segregation studies usually involve testing affected and unaffected members
of the family to determine if a variant segregates with disease. In the absence of being able to
test the other more distally related affected family members in PC41’s family, recruitment of
unaffected family members was not performed.

5.4.4. Conclusion

Despite the candidate genes having multiple LoF variants or other supporting evidence from
the discovery cohort for a role in CRC predisposition, the vast majority did not have any LoF
variants in the validation cohort emphasising the highly heterogeneous causes of the
remaining CRC families and early onset cases. This heterogeneity is consistent with the findings
of a large case control study of early onset familial CRC cases that did not identify novel CRC-
predisposing genes accounting for >1% of familial CRC risk (Chubb et al., 2016). WNT10A,
NEDD4, MS4A15, TNFRSF10B, LRRK2, INPP5E and UFL1, should be evaluated in larger case
control datasets to determine if there is a significant increase in PPV in young onset/familial
CRC cases compared with unaffected controls, as a chance occurrence in the validation dataset
cannot be excluded. No LoF variants were found in NTHL1, KMT2C, BUB1B, BUB1 or BUB3,
indicating that these genes are not common CRC-predisposing genes in this Australian cohort.
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Chapter 6. Summary and Future Directions

6.1. Overview

There is a clinical need to better understand the genetic predisposition to developing CRC in
individuals with familial/young onset CRC that are referred to FCCs, in whom an inherited
pathogenic variant in a known CRC-predisposing gene is not identified. Identification of novel
CRC-predisposing genes in such individuals, if validated by a clear increase in occurrence of
pathogenic variants in these genes in CRC cases compared to controls, together with
segregation of the variant with disease within affected families, would enable identification
and exclusion of family members who do not carry the causative variant from intensified
cancer surveillance or prophylactic surgery. Follow-up studies of individuals who carried
causative variants in novel CRC-predisposing genes would then be carried out to define the
magnitude of increased CRC risk associated with novel genes, in order to inform risk reduction
strategies.

When this study began, the majority of FCCs were still using a sequential single-gene
sequencing approach to diagnose a germline predisposition to CRC, and only known CRC-
predisposing genes were analysed. As these individuals have an increased a priori risk of a
germline predisposition to CRC, it was postulated that a mutation in a novel gene may be
responsible for the familial CRC or young age of onset of CRC seen in these individuals.

This thesis describes the use of WES of germline DNA to investigate a cohort of 54 individuals
(from 49 families), recruited from Australian FCCs or a prospective CRC cohort in whom
standard clinical genetic testing had not identified a pathogenic variant in a known CRC-
predisposing gene. Three unrelated individuals were subsequently found to have a mutation in
a known CRC-predisposing gene through WES and were excluded from the discovery cohort.
The final discovery cohort of 51 unexplained individuals was analysed using inter-family, intra-
family, CRC pathway and gene constraint approaches to prioritise 45 candidate CRC-
predisposing genes.

Analysis of CRCs for LOH of PPVs in tumour tissue was carried out where possible, but this was
limited by lack of availability of tumours, low tumour purity and possibly the age of the tumour
blocks. Of the 4 tumours that were successfully sequenced, no LOH of the PPV was found for
any of the corresponding novel candidate genes: FKBP10 in 2 samples, ASCL3 and JAG2 in one
sample each. Affected family members were invited to participate but did not respond, hence
segregation data could not be obtained for the PPV in the candidate CRC-predisposing genes.
Targeted gene re-sequencing of these candidate CRC-predisposing genes, plus 5 candidate
CRC-predisposing genes reported in the literature, was performed in a validation cohort of 333
individuals with familial or young-onset CRC. Seven candidate CRC-predisposing genes
(WNT10A, NEDD4, MS4A15, TNFRSF10B, LRRK2, INPP5E and UFL1) had PPVs identified in the
validation cohort, at a rate higher than expected in the non-cancer population, when
estimated using the non-TCGA subset of the EXAC dataset.
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6.2. Establishing a Discovery Cohort for Novel CRC-Predisposing Genes
The majority of individuals in the discovery cohort represent patients seen in FCCs who are
suspected of having a genetic predisposition to CRC, but in whom a mutation in a known CRC-
predisposing gene was not identified by clinical testing. Hence this study addressed a clinical
need in the FCCs by offering WES to such individuals with the aim of identifying novel CRC-
predisposing genes. Other studies using WES of germline DNA in patients with familial or
young-onset CRC have identified patients from a national CRC biorepository (Chubb et al.,
2016) or registry (Derycke et al., 2013), research consortium (Esteban-Jurado et al., 2014),
hospital CRC clinics (Zhang et al., 2015) or CRC clinical trials (Smith et al., 2013). FCCs as a
source of recruitment are advantageous due to verification of a family history of cancer for
each individual as part of their work-up. This verification is usually not available through other
sources of recruitment. Conversely, recruitment from national biorepositories/registries/
consortia or clinical trials allows ready access to a large number of individuals with CRC,
whereas recruitment from FCCs or clinics depends on the rate of referral of individuals with
familial CRC.

The discovery cohort was clinically heterogeneous, reflecting the heterogeneity that is seen in
FCCs in the patient cohort in which no known CRC-predisposing gene mutation is found. This
included patients with CRC without polyposis, patients with polyposis with or without CRC, and
patients with different polyp types. It is likely that the cohorts in biorepositories, CRC clinics
and clinical trials are similarly heterogeneous, with varying degrees of annotation with regards
to colonic polyp subtypes.
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6.3. Analysis Methods for Identifying Novel Candidate CRC-
Predisposing Genes

6.3.1. The use of WES to identify novel cancer-predisposing genes in familial cancer
Following on from the first successful applications of germline WES in identifying novel
predisposing genes in monogenic diseases (Ng et al., 2010b, Ngetal., 2010a, Hoischen et al.,
2010), WES has been used to study the genetic basis of complex diseases including familial
cancer, with the aim of identifying rare causative variants in known or novel cancer-
predisposing genes. While there have been some successes in familial cancers, mostly
involving very rare cancer subtypes with specific phenotypes (Jones et al., 2009b, Popova et
al.,, 2013, Witkowski et al., 2014, Gara et al., 2015), the use of WES or whole genome
sequencing to identify novel cancer-predisposing genes in more common familial cancers has
been hampered by genetic heterogeneity (Chubb et al., 2016, Roberts et al., 2016). A very
specific subtype of a rare cancer, with an associated rare phenotype, is more likely to reflect an
underlying genotype-phenotype correlation akin to a monogenic disease, whereas locus
heterogeneity giving rise to the more common cancers such as CRC reduces the power of WES
to identify recurrently mutated genes in familial cancer cohorts. WES also does not
comprehensively assess CRC risk alleles identified from GWAS studies, the majority of which
are in non-coding regions of the genome. Polygenic risk conferred by these alleles may account
for a proportion of young onset or familial CRC cases.

6.3.2. Analytical approaches to PPV identified by WES in order to prioritise
candidate CRC-predisposing genes

6.3.2.1. Inter-family analysis and intra-family analysis

The inter-family and intra-family approaches are most commonly used in the literature to
identify candidate cancer-predisposing genes (Derycke et al., 2013, Palles et al., 2013, Gylfe
et al.,, 2013a, Esteban-Jurado et al., 2014, Nieminen et al., 2014, Tanskanen et al., 2015).
The lack of overlap in the candidate gene lists identified in these studies suggests that familial
CRC is a genetically heterogeneous disease, or that monogenic inheritance is not the basis of
familial CRC in at least some of the individuals recruited into WES studies. In intra-family
analysis, when a monogenic cause is suspected, phenocopies or the co-occurrence of different
monogenic causes of CRC within the family can confound analysis. Intra-family analysis is also
dependent on having multiple affected family members, preferably in multiple generations, in
order to reduce the overlap of variants that are shared between them, so as to increase the
chance of differentiating a PPV from a variant that is shared by chance. Families with multiple
affected individuals also facilitates segregation analysis of a PPV within the family to support
the association between the variant and disease. The identification of POLE and POLD1 is a
successful application of an intra-family analysis, however the requirement of 3805 highly
selected young-onset CRC cases with multiple adenomas to detect a further 12 individuals with
the POLE p.L424V pathogenic variant demonstrates the potential difficulty of validating
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candidate CRC genes without a specific accompanying clinical phenotype (multiple adenomas)
to reduce clinical heterogeneity, which may also then reduce genetic heterogeneity.

6.3.2.1.1. Intra-family analysis in a rare clinical phenotype

This study included the intra-family analysis of a father and daughter with AMTs, exceedingly
rare tumours with an incidence of less than 1 in a million individuals (Shaib et al., 2017). Only 2
affected families (sibling pairs in both cases) have previously been reported in the literature
(Racek et al., 2011, Shih et al., 2001). Limited genetic analysis (LOH of APC in one family, and
sequencing of the MMR genes in one individual of the other family) had been performed.

Through WES, inherited pathogenic variants in the known CRC-predisposing genes APC,
MUTYH, MLH1, MSH2, MSH6, PMS2, BMPR1A, SMAD4, POLE, POLD1 were excluded in the
father and daughter with AMTs, providing the first in-depth analysis of known CRC-
predisposing genes in FDRs with AMTs. STK11 mutations could not be confidently excluded
due to low coverage. Seventeen private PPVs were shared between father and daughter. Of
these 17 variants, 4 variants were within regions of LOH identified in PMP from the father.
When tumour DNA from the father’s AMT was used to confirm LOH identified in PMP (that
was used to obtain adequate DNA for genome-wide copy number analysis), there was no loss
of the wildtype allele within regions of LOH. One variant had loss of the mutant allele in a
region of LOH, and was excluded as it is unlikely to predispose to AMTs. Comprehensive
assessment of hypocellular tumours for second hits is challenging due to the low amount of
DNA obtained from each sample. In order to obtain enough DNA for copy number analysis, the
peritoneal PMP samples were analysed. It is important to confirm LOH in the primary tumour
as regions of LOH in metastases may not be present in the primary tumour, as was seen in this
case. However, as LOH is not the only mechanism for a second hit, the sixteen candidate genes
identified from this AMT family warrant further study in other familial AMT cases. It is possible
that this family has an inherited genetic predisposing factor that was not captured by WES,
such as a variant in a gene regulatory region or a structural variant. A shared environmental
factor, or chance occurrence of AMTs in FDRs is possible although much less likely.

6.3.2.2. CRC pathway analysis and gene constraint analysis

Pathway analysis is used in a smaller number of studies, as this is a candidate gene approach
that is not unbiased. The 3 known CRC-predisposing genes containing causative variants
identified in the discovery cohort would only have been identified by pathway analysis, with
the exception of APC that would also have been prioritised due to its high gene constraint
score. The gene constraint approach was based on the hypothesis that CRC-predisposing gene
mutations would be selected against in the population, and leverages the constraint scores
obtained from the large ExAC dataset (Lek et al., 2016a). Lek et al proposed that genes that
showed constraint may be disease-causing, hence we looked for genes under constraint in our
validation dataset. It would have been interesting to re-sequence all 30 constrained genes with
a single LoF variant in the discovery cohort, however due to cost constraints only 3 with
plausible gene function were re-sequenced in the validation cohort. LoF-intolerant genes did
not have high quality LoF variants in 2 or more families in the discovery cohort, suggesting that
these genes are not commonly mutated in familial CRC.
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6.3.3. Prioritisation of LoF variants in the 4 analytical analyses

The 4 analytical approaches prioritised 45 candidate CRC-predisposing genes for re-sequencing
in a validation cohort. All 4 analyses focused on LoF variants, apart from the intra-family
analysis that leveraged CADD as an in-silico score that incorporates 63 different annotations to
rank deleteriousness of a base substitution, together with the knowledge that the variant was
inherited in both affected individuals within a family. Classifying missense variants is
challenging even in known CRC-predisposing genes, and most WES studies of familial CRC have
focused on LoF variants for this reason.
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6.4. Re-sequencing of candidate CRC-predisposing genes in a validation

cohort

A targeted gene panel was designed consisting of the 45 candidate CRC-predisposing genes
identified from the discovery cohort and 5 candidate CRC-predisposing genes identified from
the literature. Re-sequencing of these 50 candidate CRC-predisposing genes in a validation
cohort of 333 young-onset/familial CRC cases, prioritised 10 genes (WNT10A, NEDD4, MS4A15,
TNFRSF10B, LRRK2, INPP5E, UFL1, GOLGA5, HTR5A and FKBP10) with a PPV variant in at least
one individual. The majority of the candidate genes did not have a PPV in the validation cohort,
implying that they are not genuine CRC-predisposing genes, or that these genes are extremely
rare causes of CRC when mutated.

6.4.1. Genetic heterogeneity of familial CRC affects the required size of the
validation cohort

A study by Chubb et al. used WES of 1061 familial CRC cases and 1644 individuals without a
history of cancer, to identify CRC-predisposing genes with an enrichment of nonsense and
frameshift variants in cases (Chubb et al., 2016). In this study, the familial CRC cases were
diagnosed at or before age 55 years, with at least one FDR with CRC. The control set comprised
1644 individuals born in 1958 without a history of cancer. The cohorts were European and UK
population respectively, comparable to the majority of the Australian population. Nonsense
and frameshift variants with a minor allele frequency <1% were summed for each gene. While
a statistically significant increase in APC, MLH1 and MSH2 nonsense or frameshift variants
were seen in cases, it is somewhat sobering that the analysis of the known CRC-predisposing
genes did not identify a statistically significant enrichment of frameshift or nonsense variants
in the familial CRC cohort for known CRC-predisposing genes including MSH6, PMS2, STK11,
SMAD4 and BMPR1A. Chubb et al then restricted their case control analysis to 863 cases
without a pathogenic variant in a known CRC-predisposing gene in order to identify novel CRC-
predisposing genes. When compared to the 1644 controls, no novel genes showed a significant
increase in nonsense or frameshift variants in cases at an exome-wide significance (p=8.0X10"
using Bonferroni correction).

Taking the missed known CRC-predisposing genes as a reference point, while STK11, SMAD4
and BMPRI1A are associated with a specific phenotype and onset in childhood that may not
have been included in the cases, MSH6 and PMS2 mutation carriers would reasonably be
expected to be included in the cases. These 2 genes have reduced penetrance and account for
<1% of CRC. The fact that known CRC-predisposing genes were not identified despite the use
of over 1000 CRC cases and over 1000 controls illustrates the challenge of relying on statistical
significance alone to identify novel rare CRC-predisposing genes that account for <1% of CRC.

Hence, due to the genetic heterogeneity of familial CRC, the candidate CRC-predisposing genes
with LoF variants in the validation cohort of this thesis may be CRC-predisposing, however
further evidence is required from segregation and/or functional studies in additional cases.
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6.4.2. Assessment of LoF variants in candidate genes proposed in the literature

Of the 5 candidate CRC-predisposing genes identified from the literature (NTHL1, BUB1,
BUB1B, BUB3 or KMT2C) that were included in the targeted gene panel, no LoF mutations
were found in the validation cohort. Broderick et al compared the incidence of pathogenic
variants in proposed CRC-predisposing genes NTHL1, BUB1, BUB3, RPS20, FANCM, FAN1, TP53,
LRP6 and PTPN12 in WES data from 863 individuals with familial CRC (diagnosed at or below
the age of 55 years), compared to WES data from a control set of 1604 individuals without CRC
(Broderick et al., 2016). This dataset was also used in the Chubb et al. study. No LoF variants
were found in BUB1 or BUB3 in cases, or controls. No homozygous LoF variants in NTHL1 were
found in cases or controls. A 41-year-old case with CRC and polyposis was found to have
compound heterozygous truncating mutations (NTHL1 p.Q90*/p.Q287%*), while no controls
harboured compound heterozygous mutations.

In this systematic review, Broderick et. al concluded that there was support for NTHL1 being a
CRC-predisposing gene due to characteristic C:G>T:A transitions seen in associated tumours,
together with multiple autosomal recessive cases reported in the literature associating NTHL1
with CRC. The first Australian case report of homozygous NTHLI nonsense mutations in a
patient with adenomatous polyposis and bladder cancer was recently reported (Groves et al.,
2019).

The data presented in this thesis, and that of Broderick et al suggest that NTHLI mutations are
not a common cause of young-onset/familial CRC. It appears that NTHLI mutations are more
likely to be identified in colonic polyposis patients (Belhadj et al., 2019), particularly if they
have also developed another cancer associated with NTHL1 deficiency (Grolleman et al., 2019).
While the polyp status of the validation cohort in this thesis is not known, the discovery cohort
included 9 individuals with 10 or more unexplained colonic polyps, and no NTHL1 LoF
mutations were seen in both cohorts. None of the 9 individuals had a second cancer associated
with NTHL1 deficiency.

For the remainder of genes tested by Broderick et al, one LoF variant was found for RPS20 with
none seen in controls, while no evidence of an excess of LoF variants in cases was seen for the
other genes. RPS20 was not included in the targeted gene panel as it had only been described
in one CRC family.
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6.5. Limitations

This study used WES to identify PPV predisposing to familial CRC. While WES is used with the
intent of assessing the exome, interrogation of the entire exome is not fully achieved in
practice. Protein-coding exons in the human genome that have not been annotated will be
missed as these are not included in probe design for exome enrichment. Some protein-coding
regions are difficult to target with probes (Majewski et al., 2011). Sequencing coverage is not
uniform across targeted regions, and can be affected by G-C content (Bentley et al., 2008).
Large structural variants are not detected by WES. Variant annotation for WES is performed for
all known gene transcripts. A variant that is called in WES may have different predicted
functional consequences depending on its transcript context. Knowing which transcript to
select for variant analysis can be challenging as transcript expression in the colon is not known
for every gene.

As WES does not target non-coding regions of the human genome apart from splice sites,
structural variants and SNVs in these regions will be missed. As previously alluded to, CRC risk
alleles identified from GWAS studies are not routinely captured through WES. Whole genome
sequencing would cover the regions missed by WES, however as most causative variants for
Mendelian disease were identified in the exome, and because the amount of sequencing
required for whole genome sequencing made the cost prohibitive in 2013 when this study
commenced, WES was chosen for this study.

Of the variants identified through WES, missense variants were only assessed in the intra-
family analysis, and other variant types such as synonymous variants and splice site variants
(apart from essential splice site variants) were not considered in the analyses, due to the
uncertainty around the pathogenicity of such variants. It is possible that the causative variants
predisposing to CRC in some of the families in this study were within these variant types. The
validation cohort size was relatively small, hence a chance occurrence of a PPV in the
candidate CRC-predisposing genes could not be excluded. There was marked clinical
heterogeneity in the discovery cohort, hence the absence of a PPV in the validation cohort may
be due to the latter not including individuals with the same specific clinical phenotype.
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6.6. Future Directions

While WES has been successfully applied to monogenic diseases, it is becoming apparent that
its application in complex disease is hampered by disease heterogeneity and a resultant
decrease in the ability to discriminate disease-predisposing genes solely by statistical
comparison of cases and controls, due to the need to correct for multiple testing.

Recent success in identifying CRC-predisposing genes has come from intra-family analysis
(Palles et al., 2013), and inter-family analysis in a country (the Netherlands) with a fairly
homogenous population (Weren et al., 2015). Both these scenarios increase the chance of
identifying a monogenic cause of CRC. In Australia, where the population is more
heterogeneous, focusing on intra-family analysis of large families with multiple affected
individuals may be preferable to inter-family analysis.

Concurrent WES of corresponding CRCs may identify genomic clues such as particular mutation
signatures (Alexandrov et al., 2013) that may be helpful in subgrouping familial CRC, or may
possibly point to an affected pathway in some instances, in a similar way to how MUTYH was
identified from the particular transversions seen in APC in corresponding CRCs. Genomic
characterisation of tumours has advanced considerably since the commencement of this
study, for example with mutation signatures and tumour mutational burden defining a subset
of CRCs arising from MMR protein deficiency. Both tumour mutation signatures and tumour
mutational burden correlate with mismatch repair deficiency (Stadler et al., 2016), while CRCs
with POLE or POLD1 mutations have been found to be ultramutated (The Cancer Genome
Atlas, 2012, Palles et al., 2013).

Due to the genetic heterogeneity of familial CRC, a highly selected validation cohort with an
associated phenotype (if one is identified) may be required to demonstrate enrichment in
cases compared to controls. For example, a validation cohort of 3805 familial/young-onset
cases of CRC that included families with colorectal adenomas was required to identify 12
individuals with the pathogenic POLE p.Leu424Val (NM_006231; c.1270C>G) variant. Sizable
cohorts of rare phenotypes of CRC are harder to access, however such carefully phenotyped
cohorts may be helpful to decrease the genetic heterogeneity within the validation cohort,
provided a genotype-phenotype correlation can be identified. Identification and collation of
carefully phenotyped subgroups of CRC will firstly require pathologists to keep abreast of
updates in CRC sub-classification and adhere to such guidelines when reporting, in order to
facilitate targeted recruitment for future studies. Achieving an adequate sample size of
particular subgroups of CRC will likely require national and international research
collaborations. A specific phenotype may however still have considerable locus heterogeneity,
for example the adenomatous polyposis phenotype is not specific to mutations in a single
gene.

Whole genome sequencing will interrogate the 99% of the genome not covered by WES. Copy
number variation, which is known to predispose to hereditary CRC (eg. GREM1 duplication),
will be assessed by whole genome sequencing. The difficulty lies in interpretation of variants in
so-called non-coding regions, and although the Encyclopedia of DNA Elements project (The
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Encode Project Consortium et al., 2012) has begun to shed light on the functional elements
within the entire genome, much remains to be discovered. Whole genome sequencing will
however allow assessment of the contribution of polygenic risk, but may require very large
cohorts if the effect size is modest.
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6.7 Final Conclusions

The aim of this thesis was to perform WES of germline DNA on an Australian population
deemed to be at increased risk of harbouring a novel inherited pathogenic variant
predisposing to CRC, to identify candidate CRC-predisposing genes. Following the identification
of 45 candidate CRC-predisposing genes from a discovery cohort of 51 individuals with
familial/young-onset CRC, re-sequencing in a validation cohort of 333 cases prioritised 7 genes
(WNT10A, NEDD4, MS4A15, TNFRSF10B, LRRK2, INPP5E, UFL1) with a LoF PPV variant in at
least one individual. Due to the small numbers of individuals in the validation cohort with a
PPV, a chance occurrence of PPVs in these seven genes cannot be excluded. Re-sequencing of
these 7 genes in a larger cohort of familial CRC cases, together with segregation studies and
studies of the functional effect of the corresponding gene mutation in tumour, may help to
determine if these genes are CRC-predisposing genes when mutated. Re-sequencing of the 16
genes with a PPV shared by a father and daughter with AMTs, in other families with AMT,
together with comprehensive assessment for a second hit in tumour tissue, may help
determine if one of these novel genes predisposes to the development of AMT when mutated.
No NTHL1, BUB1, BUB1B, BUB3 or KMT2C LoF variants were seen in the validation cohort,
suggesting that LoF variants in these genes are not a common cause of familial CRC in an
Australian validation cohort.
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Appendix 1. Supplementary Material for 'Candidate genes predisposing to familial
appendiceal mucinous tumours presenting with pseudomyxoma peritonei’

Supplementary Data 1. Ranking of gene transcript according to predicted functional

consequence of a variant

Functional Consequence Rank
Nonsense, frameshift 1
Essential Splice Site 2
Missense 3
Other 4
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Supplementary Data 2. PCR primers for validation of loss-of-function (LoF) variants and

missense variants with Combined Annotation Dependent Depletion scaled score 210

Sequencing . PCR

Gene direction Primer Sequence Pro.duct
Size
RHBDL2 Forward CTGAGAAGAGGGAGGAAGCC 244
RHBDL2 Reverse cctcagcctccatgactaca 244
FGFR4 Forward TGGTCTTTTGGGATCCTGCT 185
FGFR4 Reverse ggaggaggaggactggaaag 185
CNTNZ2 Forward cttggcaaaggtigggteg 203
CNTN2 Reverse GACAAAGTACTGGGCATCGG 203
RANBP2 Forward AAGAATGGAAAGAACGTGGGA 220
RANBP2 Reverse GCAAGTTGTTCTGGTTTTGGC 220
HSPB6 Forward GGAGGAGCAGGATGGAGATC 242
HSPB6 Reverse gtggtcgagttcacccctc 242
ZNF747 Forward GAGACCTACGGCCACCTG 225
ZNF747 Reverse ACAGTTCGGCCTTCTCCTC 225
BRINP3 Forward tgttcttcaagGGCTTCAAGT 150
BRINP3 Reverse TCTGGAAATTTGGGACCACAG 150
ASIC1 Forward GATGGCAGATGAAAAGCAGC 244
ASIC1 Reverse gectgctecttgtctecte 244
TNFRSF1B Forward CTTTCGGTCACAGCTGGAGA 226
TNFRSF1B Reverse GAACTTGGCCCAGAAAGAGC 226
RANBP6 Forward ACCTTCCTCTTAGATGCCGT 236
RANBP6 Reverse ATCAAATTCCTGGCCAGCAC 236
LSR Forward ccatgcactagggcttcag 237
LSR Reverse ctcccgagaagceccaactc 237
MTERFD3 Forward TGACAGCTGCACCTAATGTT 206
MTERFD3 Reverse ACCTTGCTCCTGGAGAAATTC 206
PAX1 Forward gtagtgatccgacgcctctg 239
PAX1 Reverse CTCCGCGAGTCCTCCGATC 239
EGFR Forward tctctttcacttcctacagATGC 150
EGFR Reverse aggacagtcagaaatgcagga 150
THOP1 Forward CTACGACGCCCAGTACTACG 300
THOP1 Reverse caggccaaaggtgtgcttt 300
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Supplementary Data 3. M13 PCR primers for determination of loss-of-heterozygosity (LoH) in
tumour tissue

Gene Sequencin Primer Sequence PCR Product
g direction Size
REEP5* Forward GTAAAACGACGGCCAGTttgtggtccccagGTGTC 108
REEP5* Reverse AACAGCTATGACCATGCGAGATGTAGGCTGGGTAGC 108
EXOG* Forward GTAAAACGACGGCCAGTaagagccactaattgtgtgtgtg 136
EXOG* Reverse AACAGCTATGACCATGACACCTTGCCTCTGTTCCAG 136
RANBP2 | Forward GTAAAACGACGGCCAGTATGGAAAGAACGTGGGATTG 108
AACAGCTATGACCATGTTGCACAGATTTTCAATACTTGC
RANBP2 Reverse T 108
RANBP6 | Forward GTAAAACGACGGCCAGTACAAATGGCTGCCGCACT 113
RANBP6 Reverse AACAGCTATGACCATGCAGCCAGAATCAGTTCAATCTT 113
TNFRSF
1B Forward GTAAAACGACGGCCAGTAATGTGCCTTTCGGTCACAG 110
TNFRSF
1B Reverse AACAGCTATGACCATGTGGTTAACTGGGCTTCATCC 110
M13 Forward Primer GTAAAACGACGGCCAGT N/A
M13 Reverse Primer AACAGCTATGACCATG N/A

*Primers also used for validation of variants in germline DNA
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Supplementary Data 4. Primers for REEP5 exons

Exon Sequencing Primer Sequence PCR
direction Product

Size
Exon 1 Forward AGTCGCCGCTCCAGTCTAT 266
Exon 1 Reverse gagtcctctcectgcettect 266
Exon 2 Forward cgagtcgagaggaaaactcc 292
Exon 2 Reverse aattgcggatgtgcagtcta 292
Exon 3 Forward gaaagtgtatttgaaaatctttcattg | 298
Exon 3 Reverse gccacagatgcacaacattc 298
Exon 4 Forward cccatccccagagtagtgaa 364
Exon 4 Reverse gctgaggggtggtgataaga 364
Exon 5 Forward atgatcgcacctgaacatga 287
Exon 5 Reverse TGTTTCCAAGGCAACATTATT | 287
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Supplementary Data 5. Coverage of familial colorectal cancer genes in whole exome
sequencing

Sample Gene Mean coverage

P1 APC 74.59
P2 APC 73.25
P1 BMPR1A 154.82
P2 BMPRI1A 201.13
P1 EPCAM 80.65
P2 EPCAM 93.60
P1 GREM1 68.52
P2 GREM1 92.03
P1 MLH1 158.03
P2 MLH1 138.76
P1 MSHZ2 108.17
P2 MSHZ2 105.14
P1 MSH6 76.81
P2 MSH6 75.05
P1 MUTYH 125.69
P2 MUTYH 88.85
P1 NTHL1 172.70
P2 NTHL1 127.78
P1 PMS2 129.68
P2 PMS2 130.68
P1 POLD1 96.10
P2 POLD1 85.39
P1 POLE 193.59
P2 POLE 186.60
P1 SMAD4 205.47
P2 SMAD4 240.61
P1 STK11 3.46
P2 STK11 2.08
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Supplementary Data 6. Number of variants at each step of the filtering process

Sample Non Variants | Variants post | Variants Shared Sanger
ID synonymous | notseen | local exomes | shared variants sequenced
variants with | in 1000G | filter(n=147) | by both excluding validated
an allele or NHLBI cases missense variants
frequency GO ESP variants
0.15-0.80 with a
CADD
score<10
P1 4893 586 106 40 24 17
P2 4973 678 110

1000G,1000 Genomes Project. NHLBI GO ESP, National Heart, Lung and Blood Institute Exome

Sequencing Project.

RANBP2 c.3683G>T

NG G A
s G

RANBP2_germline_p1

RANBP2_germline_p2

RANBP2_tumour_P1

Supplementary Data 7. Sanger sequencing traces for the RANBP2 missense variant in the germline of P1 (top left),

germline of P2 (middle left), and tumour of P1 (bottom left), showing loss of the mutant allele.
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Supplementary Data 8. Sanger sequencing traces for missense variants in EXOG (top panel), RANBP6 (middle

panel) and TNFRSF1B (bottom panel) showing the presence of the variant in the germline of P1, P2 and in tumour

from P1, despite the presence of loss of heterozygosity of approximately a)50Mbs b)30Mbs and c)loss of

heterozygosity and copy number loss of approximately 20Mbs.

192



Appendix 2. Sequencing performance summaries for validation cohort

Table A-1. Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length

CRC-WA-5371 7750722 99.72 87.01 97.88 97.52 904.95 138

CRC-WA-3953 5909066  99.35 87.87 98.02 97.51 691.57 130

CRC-MMC-5270 5190332 99.69 87.97 97.81 97.34 608.63 130

CRC-FCC-5507 4689494  99.30 87.66 97.81 97.32 541.18 126

CRC-KCF-01-005- 4539964  99.54 87.64 97.84 97.30 532.15 132

0550

CRC-PMCC-4697 4546578 99.62 87.29 97.80 97.30 530.31 133

CRC-KCF-01-005- 4659658  99.41 87.46 97.83 97.28 541.73 130

0555

CRC-NSW-22386 6009834 99.04 88.61 97.78 97.22 706.80 129

CRC-KCF-04-003- 4433576 99.41 88.39 97.77 97.19 521.13 127

0099

CRC-KCF-02-005- 4122404 99.39 87.84 97.78 97.17 481.73 130

0340

CRC-WA-5510 4952098  99.48 87.29 97.60 97.13 57/5.23 132

tabICRC-KCF-02- 4011658  99.30 87.48 97.79 97.12 465.86 129

006-0347

CRC-KCF-01-008- 4095802 99.48 87.66 97.72 97.09 476.20 129

0309

CRC-KCF-99-006- 4228558  99.56 88.09 97.65 97.09 495.81 128

2243

CRC-KCF-03-007- 4228202 99.32 87.64 97.66 97.06 492.57 131

0111

CRC-RMH-5542 3890668  99.40 87.59 97.78 97.06 453.30 130

CRC-KCF-99-004- 4276926  99.32 87.76 97.70 97.05 497.78 128

1882

CRC-KCF-99-005- 4435112 99.49 87.73 97.72 97.05 519.74 131

2499

CRC-MMC-5272 4263306  99.52 88.36 97.61 97.05 500.72 127

CRC-WA-5557 3950490 99.34 87.95 97.70 97.03 460.46 128
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length

CRC-KCF-99-003- 4081388 99.63 87.40 97.68 97.02 476.39 133

4146

CRC-KCF-99-006- 4295738  99.30 87.92 97.66 97.02 503.78 131

0409

CRC-KCF-03-005- 4289564 99.59 87.44 97.63 97.01 500.11 131

1534

CRC-VCB- 6967648  98.99 87.93 97.56 97.00 816.48 131

05PM0609

CRC-FCC-6010 4017636  99.58 87.26 97.76 96.99 467.08 131

CRC-KCF-03-005- 3674844 99.48 88.29 97.68 96.97 430.22 126

1526

CRC-KCF-12-005- 4537040  99.34 87.96 97.60 96.97 531.04 129

235

CRC-WA-5561 3695560 99.43 87.52 97.62 96.97 430.94 131

CRC-KCF-07-007- 3529360  99.50 87.79 97.59 96.93 412.45 130

0035

CRC-FCC-5438 4815714 99.54 87.59 97.60 96.92 555.37 127

CRC-MMC-5269 3901456  99.35 88.24 97.59 96.92 457.26 127

CRC-KCF-00-004- 4503652 99.41 86.81 97.47 96.91 522.87 136

0432

CRC-NSW-16166 4401958  98.97 89.22 97.63 96.90 517.66 123

CRC-4081-000 3460214  99.41 88.52 97.58 96.89 407.87 128

CRC-KCF-05-001- 3556588  99.38 87.87 97.61 96.88 414.38 128

2694

CRC-KCF-00-003- 3986620  99.37 87.96 97.61 96.87 464.53 127

0411

CRC-KCF-04-006- 3689852 99.41 87.93 97.55 96.87 430.75 128

1088

CRC-KCF-13-002-91 3643534  99.46 88.03 97.59 96.86 425.34 127

CRC-VCB- 5872454  99.27 89.82 97.53 96.86 695.88 120

11PM1547

CRC-KCF-05-001- 3586574 99.56 87.54 97.69 96.85 418.12 131

3587

CRC-KCF-99-004- 3449066  99.50 87.62 97.67 96.85 401.59 130

1837

CRC-FCC-5978 4804098  99.74 87.99 97.56 96.84 566.02 131
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length

CRC-VCB- 3893574 98.95 87.95 97.59 96.84 451.48 126

06RMH327

CRC-FCC-5905 4307858  99.22 88.81 97.50 96.83 502.83 120

CRC-KCF-00-002- 3771256 99.31 88.51 97.58 96.83 441.50 125

0205

CRC-4277-000 3916422 99.44 88.09 97.60 96.82 462.56 133

CRC-KCF-03-007- 4181378  99.59 88.28 97.65 96.82 494.11 130

0429

CRC-VCB- 3724850  98.88 88.01 97.55 96.81 432.44 126

08RMHO0638

CRC-RMH-5543 3467198  99.23 87.82 97.59 96.80 404.03 129

CRC-VCB- 4071348 98.92 88.56 97.62 96.80 476.51 122

11NH0228

CRC-VCB- 4030742 98.89 87.34 97.57 96.79 464.81 128

11AH0665

CRC-WA-5851 3476178 99.26 88.10 97.59 96.78 403.60 125

CRC-KCF-07-006- 3885260  99.40 88.58 97.53 96.77 456.17 124

0213

CRC-KCF-01-007- 3723030 99.34 88.57 97.53 96.75 436.24 124

0359

CRC-VCB- 3461884  99.01 88.03 97.53 96.74 401.51 125

13AH0229

CRC-MMC-5307 3339694  99.29 88.30 97.52 96.69 389.38 124

CRC-FCC-5906 4042630  99.04 88.33 97.47 96.68 468.33 123

CRC-4158-000 5027376  99.55 89.26 97.36 96.62 599.60 126

CRC-VCB- 3336146  99.04 88.48 97.44 96.62 390.21 126

11WH0060

CRC-VCB-10NH230 3380794  99.01 88.30 97.53 96.60 394.55 125

CRC-VCB- 3256318  98.91 88.81 97.59 96.58 381.26 124

10WHO0176

CRC-WA-5548 3399200 99.23 87.91 97.49 96.58 395.63 128

CRC-3950-000 3106908  99.45 88.55 97.47 96.57 366.88 129

CRC-KCF-05-003- 2968510 99.21 87.40 97.44 96.57 342.32 127

0424

CRC-VCB-07AH578 3469804  98.88 88.87 97.48 96.55 404.18 121
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-NSW-26686 3397870 98.82 88.70 97.41 96.54 397.01 125
CRC-VCB-04TB146 3029096  98.96 88.38 97.48 96.54 352.95 125
CRC-3921-000 3157214 99.49 88.26 97.40 96.53 373.61 132
CRC-VCB-05WH156 3296430  98.91 88.41 97.49 96.53 384.30 125
CRC-VCB-10NH204 2924406 98.87 88.52 97.37 96.48 340.55 124
CRC-VCB- 3178904  98.98 89.08 97.42 96.48 374.79 123
12MH0494
CRC-4278-000 3330764  99.41 88.46 97.36 96.47 391.83 127
CRC-VCB- 3446740  99.07 88.91 97.44 96.47 404.00 122
08WH0154
CRC-3838-000 7042632 99.54 89.55 97.23 96.46 838.32 126
CRC-4079-000 3231598  99.39 88.77 97.35 96.46 382.57 127
CRC-KCF-04-005- 3319640  99.39 88.77 97.30 96.46 390.64 124
0715
CRC-3949-000 3110256  99.44 88.46 97.38 96.45 366.15 129
CRC-NSW-22161 3359864  98.90 89.25 97.46 96.45 395.30 123
CRC-VCB-04BL067 3057830  98.83 87.87 97.37 96.45 352.53 125
CRC-VCB- 3322620 98.96 88.90 97.40 96.45 389.54 122
05PM2162
CRC-VCB-11SH100 4218574 99.02 89.51 97.46 96.45 504.87 123
CRC-RMH-5335 3879482 99.29 89.94 97.34 96.42 456.47 114
CRC-4078-000 3293952 99.41 88.41 97.37 96.41 388.04 129
CRC-4162-000 2576508  99.47 88.35 97.39 96.41 303.66 129
CRC-4280-000 3715964  99.52 89.06 97.38 96.41 442.85 127
CRC-NSW-9213 4058972 99.03 90.42 97.44 96.41 480.15 114
CRC-VCB- 4967986  99.53 89.96 97.35 96.41 591.54 119
07AH0002
CRC-VCB- 3114914  99.07 88.49 97.45 96.40 363.24 122
06RMH209
CRC-3954-000 2800094  99.45 88.73 97.26 96.39 330.56 127
CRC-4426-000 2872882 99.44 88.78 97.29 96.39 340.89 129
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length

CRC-NSW-100966 3572218  99.06 89.55 97.35 96.35 423.50 123
CRC-3937-000 3026664  99.47 88.32 97.35 96.34 357.43 130
CRC-4083-000 3180138  99.47 88.88 97.31 96.34 376.64 125
CRC-4553-000 3292596  99.44 88.53 97.29 96.34 388.13 128
CRC-NSW-16855 3214824  99.05 90.19 97.36 96.34 378.91 117
CRC-4084-000 3832666  99.54 88.52 97.28 96.31 453.24 130
CRC-VCB-11SH340 3714576  98.93 88.82 97.43 96.31 436.86 122
CRC-NSW-22159 3329690  99.10 89.87 97.38 96.30 393.16 118
CRC-VCB- 3283550  99.43 86.09 97.34 96.29 377.30 134
10PM0148

CRC-VCB-08WH172 2896176  98.90 88.39 97.34 96.28 336.69 124
CRC-VCB-11SH086 3285472  98.82 87.52 97.37 96.28 378.72 125
CRC-4655-000 2740434  99.47 87.81 97.31 96.27 320.75 132
CRC-NSW-22382 2851232  98.88 89.14 97.36 96.27 333.77 122
CRC-4197-000 3866236  99.48 88.75 97.24 96.25 457.63 126
CRC-VCB-05TB067 2875030  98.92 88.70 97.39 96.25 334.09 121
CRC-VCB- 2554686  99.40 88.16 97.34 96.25 301.20 131
06PM1417

CRC-4182-000 2861990  99.38 88.80 97.31 96.24 337.08 125
CRC-NSW-100057 3151228  98.89 89.35 97.31 96.24 369.35 120
CRC-NSW-4490 3289672  98.95 89.91 97.32 96.23 387.77 119
CRC-3951-000 2973026  99.40 88.79 97.29 96.22 350.56 125
CRC-4159-000 2590522  99.48 88.50 97.26 96.21 306.01 128
CRC-VCB- 2937628  98.88 89.17 97.24 96.21 342.74 118
00PMO0230

CRC-VCB-10SH125 3498822  98.81 88.50 97.42 96.20 405.85 122
CRC-3257 3415864  99.73 90.07 97.21 96.19 407.02 118
CRC-NSW-11603 3362644  99.01 89.76 97.32 96.19 396.87 119
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-VCB-10-00130 4068332 99.59 89.79 97.18 96.16 484.45 121
CRC-4279-000 2778588  99.39 89.02 97.18 96.15 329.70 126
CRC-VCB- 2874716 99.05 89.23 97.37 96.15 337.35 121
05PM0412
CRC-VCB- 3054154  98.91 89.20 97.27 96.15 357.64 120
13WHO0031
CRC-4281-000 2746700  99.47 88.62 97.19 96.14 323.75 127
CRC-4407-000 2470774  99.36 88.64 97.21 96.14 291.39 127
CRC-VCB-11SH425 3504598  99.70 89.51 97.17 96.13 416.06 122
CRC-4676-000 2954230  99.45 88.35 97.07 96.11 347.54 129
CRC-NSW-23125 2923330 98.834 89.39 97.23 96.08 342.12 120
CRC-VCB- 2942808  98.70 88.53 97.25 96.08 340.97 122
06RMH224
CRC-VCB-05NH109 3039814  99.65 89.44 97.17 96.07 360.97 122
CRC-FCC-4284 2745448  99.63 88.34 97.24 96.06 319.50 122
CRC-NSW-11629 3197026  98.89 90.37 97.21 96.06 377.05 115
CRC-NSW-134486 2924514  99.61 89.51 97.11 96.06 346.82 122
CRC-4318-000 2578834  99.48 88.86 97.31 96.04 304.85 126
CRC-FCC-5545 2820418  99.48 87.82 97.16 96.04 325.24 125
CRC-NSW-9094 2736994  98.80 89.13 97.20 96.04 319.68 121
CRC-4085-000 3166842 99.48 88.70 97.06 96.03 373.87 127
CRC-VCB- 2954296  98.90 88.40 97.34 96.02 343.49 122
03PMO0333
CRC-3839-000 2481352 99.37 88.32 97.25 95.97 291.69 129
CRC-VCB- 2345718  99.44 87.14 97.17 95.97 273.14 133
15PM1014
CRC-VCB-13SH143 2880250  99.02 88.63 97.21 95.95 335.13 122
CRC-3940-000 2440436  99.43 88.56 97.10 95.94 287.06 127
CRC-VCB-2008- 3644418  99.54 89.92 96.89 95.94 433.73 120
01313
CRC-4583-000 2512134  99.41 87.87 97.14 95.91 293.63 132
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-4080-000 2542370  99.48 88.74 97.02 95.90 300.63 127
CRC-4467-000 2505086  99.52 88.62 97.05 95.90 295.76 127
CRC-4362-000 2345070  99.40 88.57 97.23 95.88 277.08 129
CRC-VCB- 3338926  99.63 90.06 96.98 95.88 397.13 118
11PM0135
CRC-VCB-11SH726 2780822  98.73 89.27 97.15 95.88 325.63 121
CRC-VCB- 4102250  99.77 90.45 96.81 95.86 493.65 120
11PM0197
CRC-VCB- 3022004  99.71 89.65 96.92 95.85 359.06 120
09WHO0117
CRC-3881-000 2198376  99.42 88.11 97.07 95.83 258.68 131
CRC-VCB-09CHO050 3278970  99.67 89.71 97.00 95.83 390.14 121
CRC-VCB- 2266782  99.36 87.35 97.08 95.82 266.40 137
09PMO0930
CRC-4086-000 2442416  99.34 88.89 96.95 95.81 288.14 126
CRC-VCB-10-01342 3246148  99.73 89.90 96.85 95.81 387.26 120
CRC-VCB-11SH672 3265372  99.00 87.09 97.12 95.81 376.18 128
CRC-VCB-2009- 3003316  99.67 89.61 96.94 95.81 356.58 121
00532
CRC-3805-000 2600464  99.47 88.81 97.06 95.79 306.85 125
CRC-NSW-45803 2395148  98.80 89.14 97.14 95.78 279.66 121
CRC-3938-002 2408320 99.31 89.06 96.99 95.76 284.16 122
CRC-NSW-11332 3397212 99.04 91.30 97.17 95.76 402.67 108
CRC-VCB- 3825062  99.67 90.45 96.75 95.76 458.30 117
09PMO0932
CRC-VCB-10-00793 2471784  99.64 89.71 96.96 95.75 293.78 121
CRC-VCB- 2283570  99.39 86.54 97.10 95.75 263.19 130
10PM0143
CRC-VCB-05WH147 3085434  99.71 89.94 97.07 95.74 367.14 120
CRC-VCB-10-01030 3040300  99.59 89.81 96.82 95.74 361.07 120
CRC-1806 3018410  99.61 90.05 96.87 95.73 358.78 119
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-VCB- 2811104 99.36 88.52 96.94 95.71 331.12 127
10PM2232
CRC-VCB- 2649746  99.63 89.70 96.92 95.71 314.84 120
11PMO0292
CRC-NSW-125424 2566934 99.52 89.97 96.83 95.70 304.38 117
CRC-4076-000 2206954  99.44 88.11 97.02 95.69 260.25 132
CRC-VCB- 2471102 99.39 88.50 97.12 95.69 293.89 130
07PMO0091
CRC-VCB-2007- 3325452 99.62 90.03 96.80 95.69 395.77 119
00984
CRC-VCB-09SH801 3398820  99.61 89.89 96.90 95.68 404.95 120
CRC-4328-000 2034332 99.42 88.39 96.94 95.67 240.74 131
CRC-VCB-10-01072 3133270  99.57 89.90 96.78 95.66 372.46 119
CRC-VCB- 2369970 99.73 89.92 96.85 95.65 282.57 120
05PM2155
CRC-VCB- 2503800  99.73 89.86 96.87 95.65 298.53 120
12PMO0086
CRC-VCB-2007- 2704850 99.68 89.93 96.92 95.65 322.76 120
00780
CRC-VCB-2008- 2921712 99.62 90.02 96.82 95.65 347.03 117
01986
CRC-NSW-125733 3079412 99.71 89.97 96.89 95.64 368.44 120
CRC-NSW-22333 2621978  98.84 89.56 96.99 95.64 308.63 121
CRC-VCB- 2640770  99.39 89.16 96.98 95.64 314.95 126
08PM2111
CRC-NSW-10848 2719474  99.04 90.50 96.96 95.63 321.96 114
CRC-VCB-06AH391 2237132 98.92 88.46 97.10 95.62 260.24 123
CRC-NSW-21602 2940434  98.93 90.58 96.97 95.61 348.70 114
CRC-NSW-11439 2468422 98.85 89.80 96.90 95.60 289.86 117
CRC-3952-000 2649866  99.44 89.16 96.92 95.59 314.19 124
CRC-4270-000 3285434 99.48 89.80 97.06 95.59 391.21 121
CRC-VCB- 2357024  99.41 88.74 96.91 95.59 278.82 126
07PM1143
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-4554-000 2441964 99.43 88.90 96.91 95.57 288.28 126
CRC-VCB-2005- 2589252 99.76 89.80 96.90 95.57 308.63 121
02299
CRC-VCB-10AH774 2445942 99.08 88.19 97.09 95.56 284.08 123
CRC-VCB- 2558300  99.60 89.44 96.95 95.55 303.19 122
06PMO0112
CRC-VCB- 3080404  99.60 90.08 96.73 95.55 367.17 118
12PM0217
CRC-4163-000 2496002 99.29 88.94 96.78 95.53 294.38 124
CRC-NSW-11984 2945926  98.98 91.49 96.97 95.52 350.23 109
CRC-VCB- 2514382 99.41 88.35 97.08 95.51 301.50 135
11PM0829
CRC-NSW-134541 2582862 99.64 89.61 96.67 95.50 307.03 121
CRC-4082-000 3111060 99.45 89.36 96.87 95.49 370.47 123
CRC-4545-000 2472162 99.50 89.75 96.76 95.49 293.31 120
CRC-VCB- 2436308 99.62 89.82 96.72 95.49 290.00 121
07RMH094
CRC-4282-000 2040318  99.30 88.70 96.99 95.48 239.80 126
CRC-NSW-134275 3212816  99.73 90.32 96.82 95.48 385.15 119
CRC-3235 2818992 99.64 89.86 96.79 95.47 335.38 120
CRC-4160-000 2059896  99.26 88.45 96.91 95.47 241.08 126
CRC-NSW-7412 3154520 99.74 90.06 96.79 95.47 375.31 119
CRC-2958-000 2724540  99.46 90.03 96.77 95.46 323.72 117
CRC-3842-000 3583394  99.50 90.20 96.65 95.46 432.89 124
CRC-4386-000 2559144  99.41 89.42 96.86 95.46 301.81 121
CRC-3448 2442464  99.71 89.53 96.83 95.45 290.25 122
CRC-NSW-131016 7887026  99.78 92.56 96.49 95.45 961.77 109
CRC-NSW-134267 3165666  99.58 90.07 96.51 95.44 377.51 119
CRC-VCB- 2794060  99.63 89.89 96.81 95.44 331.94 119
16PM0214
CRC-NSW-11929 2845434  98.88 91.41 96.89 95.41 337.44 109
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-NSW-134123 2979578  99.74 90.06 96.63 95.40 355.98 121
CRC-VCB-10SH566 2503938  99.72 89.82 96.65 95.39 298.13 120
CRC-NSW-11463 3414184  98.90 91.86 96.82 95.38 407.17 107
CRC-NSW-11555 2975218  98.90 91.68 96.76 95.38 353.25 108
CRC-NSW-22343 2781394  98.66 90.22 96.74 95.38 328.19 117
CRC-VCB-06AH036 2160390  98.82 88.48 96.97 95.35 250.01 122
CRC-4236-000 2063044  99.32 88.63 96.71 95.34 242.25 125
CRC-VCB- 2165688  99.48 88.92 97.00 95.34 257.57 126
06PM1298
CRC-VCB- 2555062  99.69 89.71 96.72 95.34 303.79 120
11PM0721
CRC-4276-000 2387078  99.44 89.08 96.89 95.32 282.32 125
CRC-VCB- 2581664  99.67 89.91 96.57 95.31 307.39 119
11PM0822
CRC-VCB-11SH774 2426506  98.90 90.15 96.72 95.31 288.36 118
CRC-NSW-13164 2657480  98.82 90.66 96.71 95.30 314.32 115
CRC-4196-000 2762402  99.44 89.54 96.57 95.29 327.55 122
CRC-VCB-10SH800 2572284  99.52 90.01 96.62 95.28 306.50 119
CRC-4083-001 2322526  99.46 89.40 96.73 95.27 275.08 121
CRC-NSW-15338 3465302  99.70 91.18 96.62 95.27 417.72 112
CRC-VCB- 2530350  99.54 89.64 96.71 95.26 299.07 118
11AH0342
CRC-VCB- 2449394  99.78 89.95 96.72 95.26 292.23 119
13WH0047
CRC-NSW-11498 2543660  98.89 90.63 96.76 95.24 301.50 114
CRC-VCB- 2540882  99.53 89.97 96.63 95.24 301.71 118
10PM02139
CRC-4161-000 2464312  99.40 88.82 96.77 95.23 292.65 128
CRC-4269-000 2358194  99.46 89.56 96.68 95.23 279.28 121
CRC-VCB- 2208240  99.52 89.70 96.71 95.23 261.49 120
11PMO0551
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length

CRC-VCB-13SH040 2484780 99.50 89.76 96.64 95.21 294.68 120

CRC-VCB-1999- 2819938  99.72 90.22 96.60 95.21 336.24 117

00113

CRC-VCB- 2342110 99.03 88.40 96.88 95.20 273.22 124

13EH0118

CRC-VCB-2007- 2411470  99.71 90.14 96.58 95.20 287.65 118

00902

CRC-VCB-2008- 2760040  99.68 89.95 96.61 95.19 328.52 119

00236

CRC-4226-000 2183192 99.28 89.41 96.66 95.18 257.27 121

CRC-NSW-125421 2667136  99.72 90.26 96.61 95.18 318.81 117

CRC-VCB- 2027602 98.49 88.77 96.69 95.18 234.93 120

09PMO0241

CRC-NSW-11743 2376806  98.74 90.56 96.85 95.17 279.33 113

CRC-NSW-20834 3385454 99.79 91.12 96.31 95.17 408.54 115

CRC-VCB-10AH560 2190918  98.89 88.82 96.81 95.17 254.87 121

CRC-VCB- 2572886 99.67 89.92 96.70 95.15 306.20 118

11PMO0593

CRC-VCB- 2564916  99.73 90.17 96.54 95.14 306.36 118

15PM0872

CRC-VCB- 2731454  98.78 90.63 96.74 95.13 326.26 114

12BH0020

CRC-WA-4904 2099914  99.60 90.06 96.59 95.13 249.17 119

CRC-VCB-10-00272 2199246  99.70 89.68 96.58 95.11 261.39 121

CRC-VCB- 2529722 99.34 87.68 96.71 95.10 297.83 132

07PM0660

CRC-VCB- 2217974  99.37 88.50 96.92 95.10 264.97 131

10PM1612

CRC-VCB- 2576944  99.72 90.11 96.64 95.08 308.16 119

11PM1483

CRC-VCB- 2331924 99.71 89.60 96.47 95.08 276.33 120

13AH0114

CRC-VCB-13AL001 2146866  99.77 89.96 96.54 95.07 256.10 119

CRC-VCB- 2545404 99.43 89.91 96.50 95.06 301.75 119

11PM1300
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-VCB-13AL117 2415682 98.96 89.48 96.75 95.02 283.49 116
CRC-NSW-7241 2334034  98.88 90.57 96.63 95.01 275.51 113
CRC-VCB- 2582766 98.90 89.87 96.60 94.98 305.31 119
10RMH0097
CRC-VCB-10-00921 2016254  99.73 89.85 96.45 94.94 240.01 120
CRC-VCB- 2432908 99.66 89.91 96.27 94.92 289.83 120
15PM1010
CRC-VCB- 2287254  99.46 88.67 96.55 94.88 270.70 126
06PM1323
CRC-VCB- 1861964  99.40 88.29 96.65 94.88 218.46 126
15PM0121
CRC-VCB-2007- 2429990 99.61 90.08 96.26 94.87 289.21 118
01016
CRC-4274-000 2410842 99.38 89.32 96.74 94.86 285.11 124
CRC-NSW-15158 3019980 99.59 91.18 96.53 94.82 365.32 115
CRC-VCB-10NH210 2005060  99.53 89.58 96.49 94.81 237.14 120
CRC-VCB-2004- 2717830 99.73 90.63 96.21 94.78 324.14 113
01379
CRC-NSW-27347 2627952 98.96 91.01 96.56 94.77 313.58 113
CRC-NSW-125897 2078338  99.65 89.79 96.39 94.75 246.04 118
CRC-VCB- 2275180  98.88 90.39 96.71 94.75 267.46 111
08RMHO0267
CRC-NSW-134450 2005428  99.66 89.88 96.32 94.73 238.79 120
CRC-VCB- 2346796  98.74 90.49 96.58 94.73 281.81 117
12NH0031
CRC-4356 2077584  99.59 89.76 96.32 94.72 246.11 119
CRC-VCB-10CHO033 2342956  98.95 88.85 96.56 94.71 273.36 118
CRC-VCB-10SH156 2056888  99.68 89.87 96.26 94.71 244.77 120
CRC-VCB-10CH094 2760642 98.91 87.50 96.54 94.69 316.67 122
CRC-NSW-125610 1986310  99.70 90.03 96.52 94.67 236.29 117
CRC-NSW-15072 2127854  99.68 90.52 96.36 94.67 253.85 114
CRC-KCF-02-006- 3444818  99.17 90.54 96.46 94.63 412.93 117

1388
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-VCB- 2134708 99.53 90.25 96.27 94.57 253.99 117
16PMO0029
CRC-3922-000 3301766  99.47 88.35 96.15 94.55 388.89 135
CRC-VCB- 2246808 99.54 90.17 96.13 94.47 267.31 118
12PM0812
CRC-NSW-8585 2370666  98.52 91.40 96.23 94.45 278.03 107
CRC-NSW-11434 1838162 98.48 90.58 96.23 94.25 214.55 111
CRC-NSW-11365 2126484  98.53 91.20 96.09 94.23 249.66 108
CRC-VCB- 2519930  98.95 91.28 96.03 94.05 305.08 114
11EH0096
CRC-4363-000 2252826  99.51 89.14 96.10 94.04 265.30 124
CRC-VCB-2008- 1764146  99.57 90.00 96.00 94.01 208.71 117
00260
CRC-VCB-11SH459 2077194 99.51 90.16 95.95 94.00 245.20 115
CRC-VCB- 2109254  99.23 86.54 96.35 93.99 242.47 133
08PM2024
CRC-VCB- 1784186 99.74 90.72 95.78 93.96 213.72 114
13BH0040
CRC-NSW-14252 2410652 99.76 91.75 95.78 93.95 293.14 113
CRC-3948-000 1682828  99.17 89.16 96.03 93.90 198.17 122
CRC-4406-000 2233860  99.37 87.61 96.13 93.90 258.81 133
CRC-NSW-134447 1581466  99.75 89.90 95.95 93.90 188.04 118
CRC-VCB- 2163654  98.84 90.19 96.02 93.90 254.51 112
08PM1750
CRC-VCB- 1592862 99.55 89.93 96.05 93.89 188.65 118
08RMHO0720
CRC-3434-001 1852910  99.24 90.50 96.19 93.82 222.54 118
CRC-NSW-13825 2289492 99.75 91.66 95.53 93.82 277.10 110
CRC-NSW-14337 2014954 99.77 91.10 95.42 93.49 243.78 117
CRC-4271-000 2417822 99.38 90.49 95.72 93.35 291.61 121
CRC-VCB-10CH087 1607004  99.64 90.33 95.40 93.29 191.58 115
CRC-VCB-10AH059 2190040  98.78 89.29 95.72 93.28 252.99 115
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length
CRC-NSW-11446 2456396 98.54 92.44 95.35 92.72 295.14 106
CRC-4272-000 2145116 99.45 90.33 95.36 92.63 258.07 121
CRC-NSW-15003 2009870 99.75 91.54 95.25 92.56 243.74 112
CRC-4275-000 2037010  99.26 90.37 95.44 92.39 243.61 118
CRC-NSW-25902 1684352 99.61 91.17 95.01 92.32 203.17 114
CRC-4283-000 2423304  99.27 93.91 94.43 91.21 291.05 94
CRC-4273-000 2409470  99.30 91.48 94.36 90.71 293.31 117
CRC-3544-000 2322570  99.32 91.05 93.60 89.78 281.59 119
CRC-4285-000 4199028  99.56 89.35 91.90 86.69 495.66 129
CRC-KCF-00-009- 4246388  99.20 89.02 97.65 96.84 501.28 122
0341
CRC-KCF-11-002- 3715744  99.36 88.19 97.65 96.84 435.52 128
0218
CRC-VCB- 3189750  98.88 88.35 97.49 96.55 371.85 125
07RMHO049
CRC-4195-000 3929316  99.50 88.84 97.23 96.36 466.72 129
CRC-3558-000 2725572 99.51 88.37 97.38 96.35 321.88 131
CRC-3868-000 2858708  99.52 88.63 97.20 96.17 338.50 129
CRC-VCB- 3088796  98.89 88.83 97.36 96.17 361.55 123
05PM0797
CRC-NSW-14628 2934904  98.97 89.62 97.09 95.91 345.90 120
CRC-NSW-18945 2442678  98.94 89.15 97.26 95.91 285.98 122
CRC-NSW-11419 3365372 99.03 90.95 97.07 95.72 400.98 113
CRC-VCB-2009- 2873612 99.60 89.86 96.77 95.59 341.78 120
00711
CRC-NSW-13982 2923548  98.95 90.66 96.91 95.58 346.28 113
CRC-VCB-07WH224 2396788  98.78 88.15 96.94 95.41 275.95 124
CRC-4609-000 1919928  99.33 87.72 96.91 95.40 223.40 133
CRC-VCB- 2415528  99.40 86.50 96.85 95.21 277.88 128
11PM0248
CRC-NSW-134229 2313188  99.59 89.96 96.52 95.05 274.91 118
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Table A-1 (continued). Sequencing performance summaries for the validation cohort of 337 samples

Sample Total % Reads % Reads % Target bases >=10-fold % Target bases >=20-fold Mean coverage for target Median Fragment
reads mapped OnTarget Coverage Coverage bases Length

CRC-VCB- 2369242  99.72 89.98 96.52 95.03 282.84 119

11AH0082

CRC-4590-000 3119144  99.43 87.34 96.49 94.62 361.52 137
CRC-VCB-05TB023 1977750  99.68 89.54 96.37 94.61 235.04 121
CRC-NSW-14461 3192536  98.74 92.78 95.69 93.21 389.69 109
CRC-3882-000 2102382  99.40 89.99 95.67 93.10 252.77 124
CRC-NSW-15001 2665778  99.75 91.49 95.11 92.86 323.03 114
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Appendix 3. Thirty genes with an EXAC pLI score>0.9 and a LoF variant in the discovery

cohort

Table A-2 (continued). Thirty genes with an EXAC pLI score>0.9 and a LoF variant in the

discovery cohort

Gene pLl Sample | Variant Gene function from GeneCards or PubMed
MYCBP2 1.00 | PC11 ENSTO0000407578.2: | Atypical E3 ubiquitin-protein ligase that specifically
c.4756C>T mediates ubiquitination of threonine and serine
residues on target proteins
EP300 1.00 | PCl6 ENST00000263253.7: | histone acetyltransferase that regulates
€.907-2_907-1delAG | transcription via chromatin remodelling
HTT 1.00 | PC38 ENST00000355072.5: | May play a role in microtubule-mediated transport
c.118_119insAG or vesicle function
ESPL1 1.00 | PC37 ENST00000257934.4: | caspase-like protease that initiates the final
€.2619+2T>C separation of sister chromatids during anaphase
ARID4A 1.00 | PC48 ENST00000355431.3: | DNA-binding protein that modulates activity of
€.3211+1G>A several transcription factors including RB1
(retinoblastoma-associated protein) and AR
(androgen receptor) (By similarity)
PTPRA 1.00 | PC45 ENST00000216877.6: | dephosphorylates and activates Src tyrosine kinases
€.1993C>T
RNF111 1.00 | PC1 ENST00000557998.1: | E3 ubiquitin ligase that ubiquinates inhibitory
¢.919_920insC SMADs
SHANK3 1.00 | PC11 ENST00000262795.3: | multidomain scaffold protein, linked to autism and
c.1331_1332insG schizophrenia
KDM2B 1.00 | PC29 ENST00000377071.4: | Histone demethylase that demethylates 'Lys-4' and
c.83_84delAC 'Lys-36' of histone H3, thereby playing a central role
in histone code
MYEF2 1.00 | PC21 ENST00000324324.7: | Transcriptional repressor of the myelin basic protein
€.1138+1G>T gene
SAMD4A 1.00 | PCO ENST00000555192.1: | Acts as a translational repressor of SRE-containing
€.919C>T messengers
KCNMA1 1.00 | PC28 ENST00000404857.1: | potassium channel
C.2433+1G>A
CREBRF 1.00 | PC26 ENST00000296953.2: | negative regulator of endoplasmic reticulum stress
c.-191-5_-191- response
2delGACA
TNFSF12- | 1.00 | PC27 ENST00000293826.4: | hybrid protein, stimulates cyclinginBand T
TNFSF13 ¢.879_880insGCAGG lymphoma cell lines
TGAGAGCCGTGTGG
INCENP 1.00 | PC18 ENST00000278849.4: | key regulator of mitosis, controls the kinetochore
€.2702delC localisation of BUB1
NAP1L4 1.00 | PC21 ENST00000380542.4: | possible histone chaperone
€.20C>G
PRDM?2 1.00 | PC53 ENST00000413440.1: | S-adenosyl-L-methionine-dependent histone
€.249delT methyltransferase that specifically methylates 'Lys-
9' of histone H3
PRMT5S 0.99 | PCl6 ENST00000324366.8: | post-translational arginine methylation, suspected
€.799_800insA oncogene
LMTK2 0.99 | PC53 ENST00000297293.5: | phosphorylates PPP1C

c.149_150delTG

pLl score rounded up to 2 decimal places.
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Table A-2 (continued). Thirty genes with an EXAC pLI score>0.9 and a LoF variant in
the discovery cohort

Gene pLI Sample | Variant Gene function from GeneCards or PubMed
SIN3B 0.99 | PC35 ENST00000379803.1: | transcriptional repressor, interacts with MXI1 to
c.784_785insC repress Myc-responsive genes
JAG2 0.99 | PC36 ENST00000347004.2: | Putative Notch ligand involved in the mediation of
c.3314_3315insG Notch signaling
SREK1 0.99 | PC44 ENST00000380918.3: | regulates alternative splicing
¢.1253_1256delAGA
G
CACNA1B | 0.98 | PC38 ENST00000371372.1: | calcium channel
€.390+1_390+2insAC
GACACGGAGCCCTAT
TTCATCGGGATCTTTT
GCTTCGAGGCAGGGA
GRMA4 0.98 | PC13 ENST00000374177.3: | glutamate receptor in the brain
¢.310C>T
ZC3H3 0.96 | PC32 ENST00000262577.5:
€.2811_2815+49delA | Required for the export of polyadenylated mRNAs
GGAACCACTCCCCCC | from the nucleus
GGGACCCCCGGGCTC
GGTCCGGCACGACGG
ATGGACTC
CBX2 0.95 | PC14 ENST00000269399.5: | Component of a Polycomb group (PcG) multiprotein
c.460delT PRC1-like complex, a complex class required to
maintain the transcriptionally repressive state of
many genes, including Hox genes, throughout
development
PHRF1 0.95 | PC49 ENST00000264555.5: | ubiquitin ligase, postulated tumour suppressor gene
€.2944_2945delCA through interactions with TGFB signalling
AKAP10 0.93 | PC14 ENST00000225737.6: | mitochondrial protein
c.37_38insC
MAP7 0.93 | PC4 ENST00000544465.1: | microtubule stabilising protein
€.122-1G>C
1QSEC3 0.93 | PC18 ENST00000326261.4: | guanine nucleotide exchange factor

€.2806_2807insAGTG
TAAGTCTTTGACAGCC

pLl score rounded up to 2 decimal places.
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