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Abstract

Genetic variation makes important and often uncharacterized contributions to both rare
syndromes and more common complex diseases. Around 8% of all cancers are caused by highand moderate-penetrance deleterious germline variants that are present in an individual from
birth and predispose to specific cancer types throughout life. Such cancer predisposition genes
associated with moderate to high lifetime cancer risks, conventionally defined as greater than
twofold and fivefold increases, respectively, are involved in various biological pathways
required for regulating cellular proliferation, maintaining genome integrity, and mediating interand intracellular signaling. Clinical use of multigene next-generation sequencing panels has
improved molecular diagnosis of cancer predisposition syndromes, demonstrating both genetic
heterogeneity and phenotypic variability amongst carriers. However, many individuals with a
strong personal or family cancer history receive uninformative results from clinical genetic
testing that may lead to increased health anxiety and missed opportunities for increased cancer
screening, cancer prevention or use of targeted therapies. Therefore, the main objective of my
dissertation was to characterize the biological significance, functional impact, and heterogeneity
of genetic variation underlying high-penetrance cancer predisposition syndromes to improve
rates of genetic diagnosis. Using genome and transcriptome sequencing, I explored molecular
characteristics associated with inactivation of high-penetrance cancer predisposition genes across
advanced cancers and in an organoid model system. Tissue-specific molecular signatures
provided insights into the aetiology of site-specific tumour development in carriers, allowing
opportunities for carrier ascertainment and differential genetic diagnosis of suspected hereditary
cancer families. Based on findings that structural variants account for 10% of causal variants, I
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investigated the utility of long-read sequencing in the clinical interpretation of germline
structural variants that were undetected or unresolved through next-generation sequencing.
Short- and long-read genome sequencing improved genetic diagnosis in known and suspected
carriers for autosomal dominant cancer syndromes, demonstrating incomplete penetrance and
phenotypic heterogeneity in population-based and disease-specific cancer cohorts. The research
presented here thus supports a broader understanding of the contributions of germline variation
to cancer susceptibility and disease progression, ultimately informing guidelines for screening,
variant interpretation, and clinical management.
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Lay Summary

One in 400 individuals carries a harmful genetic variant in genes underlying inherited
cancer predisposition, accounting for around 10% of all cancer cases. However, many of these
individuals are not identified due to the absence of informative personal or family history. Even
for individuals with suspected cancer predisposition syndromes, clinical genetic testing may not
identify the causal genetic variant. Novel approaches to increasing the accessibility of genetic
testing and to studying of the consequence of genetic variation may improve the identification
and diagnosis of families who have a significant lifetime risk of cancer. These approaches
include studying how different genes lead to specific types of cancer, integrating molecular
tumour characteristics into genetic diagnosis, and describing the spectrum of clinical features in
syndromes caused by rare genetic variants. Ultimately this research may allow opportunities for
cancer prevention and early cancer detection in patients and their families.
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Chapter 1: Introduction

1.1

Cancer as an inherently genetic disease
Cancer is a complex and multifactorial disease resulting from the accumulation of genetic

mutations over the lifetime of a cell. Uncontrolled proliferation, loss of growth inhibition, altered
metabolism, and evasion of the immune system describe some of the most common hallmarks of
cancer (Hanahan and Weinberg 2000; Hanahan and Weinberg 2011). Although most cancers arise
sporadically, resulting from tissue-specific somatic mutations that occur after birth, familial
clustering occurs in 15-20%. Cancer predisposition syndromes caused by moderate- to highpenetrance germline variants conferring a two- to fivefold and more than fivefold increase in
cancer risk, respectively, account for an additional 5-10% of cases (Nagy et al. 2004; Tung et al.
2016). Carriers of pathogenic variants have an increased lifetime risk for certain cancer types that
may be associated with an earlier age of onset than in sporadic cases of the same cancer type and
syndrome-related non-cancer phenotypes. Therefore, identifying individuals harbouring
pathogenic germline variants in cancer predisposition genes may allow the opportunity for
predictive genetic testing in at-risk relatives and cancer prevention or early cancer detection
through prophylactic surgery, chemoprevention or regular cancer screening.

1.1.1

Historical perspectives of cancer syndromes
Before the genetic basis of cancer was understood, early observations of familial

clustering of site-specific cancers suggested a role for undefined inherited factors in cancer
susceptibility. For example, French physician Paul Broca made one of the earliest reports of
hereditary breast and ovarian cancer (HBOC), describing the pedigree of his wife's maternal
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family in which 10 individuals across five generations had succumbed to breast cancer (Broca
1866). American physicians Aldred Scott Warthin and Henry Lynch similarly described families
with Lynch syndrome beginning in the early twentieth century (Warthin 1913; Lynch et al. 1966;
Lynch and Krush 1967; Lynch and Krush 1971). Family G was first reported by Warthin in
1913, who noted endometrial and gastrointestinal cancers in 18 affected individuals across three
generations. Additional families showing similar clusters of endometrial and gastrointestinal
cancers, particularly those of the colon, led to the subsequent characterization of Lynch
syndrome, the most common form of hereditary colorectal cancer (CRC) (Boland and Lynch
2013). Although Lynch syndrome is primarily associated with a significantly increased lifetime
risk of CRC and endometrial cancer (EC), it has also been associated with an increased risk for
several other malignancies, including stomach, ovarian, pancreatic, ureter and renal pelvis,
biliary tract, brain, sebaceous gland adenoma and keratoacanthoma, and small bowel cancer
(Kohlmann and Gruber 2004).
Historical accounts of familial cancers indicated that cancer predisposition syndromes
shared common characteristics, including multiple generations affected with the same or related
cancer types, a high prevalence of early onset, bilateral or multiple primary tumours, and
sometimes associated with non-cancer phenotypes. While many inherited cancer syndromes
show an autosomal dominant pattern of inheritance with incomplete cancer penetrance, several
autosomal recessive and X-linked syndromes have also been described. Subsequent
epidemiological, cohort-based and meta-analysis studies indicated that family history is one of
the strongest risk factors for many cancer types, including breast, ovarian, colon, pancreatic,
prostate, and gastric cancers (Dupont and Page 1985; Slattery and Kerber 1993; Pharoah et al.
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1997). These observations thus supported a broad spectrum of cancer predisposition syndromes
that implicated yet unknown hereditary factors in affected families.
Following the discovery of the DNA double helix by James Watson and Francis Crick in
1953, with notable contributions from Rosalind Franklin and Maurice Wilkins, geneticist Alfred
Knudson famously described a two-hit hypothesis explaining the mechanism of cancer
development in individuals with inherited cancer predisposition (Watson and Crick 1953;
Knudson 1971). Knudson's hypothesis suggested that inactivation of two alleles of what
subsequently was termed a tumour suppressor gene was required for tumour initiation and
progression, leading to deregulated suppression of cellular growth and proliferation (Marshall
1991; Lee and Muller 2010). Conducting an epidemiological study of retinoblastoma, an early
childhood form of retinal cancer, Knudson observed that children with bilateral tumours were more
likely to have a family history of the disease and an earlier age of diagnosis than children with
unilateral non-hereditary disease. These findings supported a model where inactivation of both
alleles of a tumour suppressor gene was required for cancer to occur. In retinoblastoma,
tumourigenesis was initiated by biallelic inactivation of RB1 (Friend et al. 1986). While double
somatic mutations acquired during the lifetime were required in non-hereditary cancers, hereditary
disease resulted from an inherited damaged copy of the gene and a secondary somatic mutation in
the other allele. Consistent with Knudson's initial observations, the majority of known cancer
predisposition genes described to date are classical tumour suppressor genes associated with
autosomal dominant cancer susceptibility (Rahman 2014). Across recent cancer genomics cohorts,
almost 50% of patients harbouring pathogenic germline variants have secondary somatic genomic
hits or low tumour mRNA expression in the respective gene (Lu et al. 2015; Huang et al. 2018).
This may occur through small somatic mutations, somatic structural variants (SVs), loss of
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heterozygosity (LOH) or epigenetic silencing, resulting in gene inactivation and cancer
development.

1.2
1.2.1

Genetic variation in health and disease
Inherited genetic landscape
Since the first human genome was sequenced in 2001, resulting from parallel efforts by

the Human Genome Project and private biotechnology company Celera Genomics,
advancements in technology have allowed increasing resolution of genetic variation across
human genomes (Venter et al. 2001; Lander et al. 2001). From shotgun sequencing of bacterial
artificial chromosomes to next-generation sequencing (NGS), and recently third-generation or
long-read sequencing, the complexity and diversity of sequence variation has been shown across
thousands of individuals from various ethnic populations (Altshuler et al. 2012; Auton et al.
2015). The average human has 4-5 million variant sites, consisting mostly of single nucleotide
variants (SNVs) and small insertions and deletions (indels). A small proportion of genetic
variation is the result of SVs greater than 50 bp, including unbalanced rearrangements, such as
deletions, duplications, and insertions, and balanced rearrangements, such as inversions and
translocations. Although fewer in number, SVs account for a substantial proportion of sequence
diversity and underlie both complex and Mendelian diseases (Feuk et al. 2006; Stankiewicz and
Lupski 2010; Weischenfeldt et al. 2013; Merker et al. 2018). Phenotypic variability in health and
disease is thus related in part to varying contributions from genetic alterations that impact both
protein-coding and non-coding regions.
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1.2.2

Variant classification for inherited cancer susceptibility
Given the extent of natural genetic variation, standard recommendations for the

interpretation of potential disease-causing variants are necessary for effective clinical translation.
Current guidelines for variant classification were published in 2015 by the American College of
Medical Genetics and Genomics (ACMG) and Association of Molecular Pathology (AMP)
(Richards et al. 2015). These described how information from population genomic databases,
functional molecular assays, in silico computational functional predictors, and pedigree- and
cohort-based genotype-phenotype studies should be integrated to guide reproducible variant
interpretations with clinical validity and utility. These broad guidelines have since been adapted
for specific gene and disease contexts to improve the accuracy of variant interpretation.
However, lack of biological, functional and/or phenotypic information for variants in both
known and novel cancer predisposition genes limit accurate variant assessment and genetic
diagnosis in hereditary cancer families. Accordingly, variants of uncertain significance (VUS)
are identified in 15-41% of individuals referred for clinical genetic testing using multigene
panel-based NGS (LaDuca et al. 2014; Lincoln et al. 2015; Kamps et al. 2017). The application
of NGS technologies in patient populations and otherwise healthy individuals also necessitates
clinical standards for reporting secondary or incidental findings that may have implications for
the individual and their family (Green et al. 2013; Kalia et al. 2017).
VUS often consist of single base substitutions that are not predicted to result in a truncated
protein (i.e. frameshift, nonsense, or canonical splice site variants) and where functional evidence
supporting variant pathogenicity is unavailable or inconclusive. Compared to protein-truncating
variants, missense and synonymous variants in high-penetrance genes reflect a small number of
all pathogenic and likely pathogenic germline variants due to their uncertain biological and clinical
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significance. As a consequence, rare missense and synonymous variants often remain classified as
VUS. For example, a systematic review of missense variants reported in BRCA1 and BRCA2
revealed that only 43 and 28 variants, respectively, could be classified as deleterious or probably
deleterious according to past guidelines from the International Agency for Research on Cancer
(Plon et al. 2008; Corso et al. 2018). Nevertheless, hypomorphic missense variants in these genes
have been associated with moderately higher breast cancer risk, suggesting that reduced protein
function is sufficient to confer clinically-relevant cancer risk (Shimelis et al. 2017).
Alternative mechanisms underlying variant pathogenicity have also been characterized in
dyskeratosis congenita (DC), an inherited cancer syndrome characterized by myelodysplastic
syndrome, acute myeloid leukemia and squamous cell carcinoma of the head and neck or
anogenital region (Savage and Alter 2009). Missense variants in TERT that show reduced
telomerase activity in vitro have been reported in affected carriers and in families with DC,
demonstrating that hypomorphic variants increase risk of developing acute myeloid leukemia
(Calado et al. 2009). Furthermore, haploinsufficiency of telomerase associated with the K902N
substitution leads to anticipation in DC caused by progressive shortening of telomeres across
generations (Armanios et al. 2005). Haploinsufficiency has also been hypothesized to lead to early
malignant lesions in von Hippel-Lindau syndrome and tuberous sclerosis complex (TSC),
predominantly caused by pathogenic germline variants in VHL and TSC1 or TSC2, respectively
(Peri et al. 2017). Despite the potential functional impact of missense variants, the functional
assessment for many cancer predisposition genes is limited by the uncertain clinical validity of
computational predictors and in vitro assays (Duzkale et al. 2013; Starita et al. 2017). These
present an ongoing challenge to the interpretation of VUS and clinical management of families
with suspected inherited cancer syndromes.
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1.2.3

Prevalence of pathogenic germline variants
The complete landscape of genetic factors underlying cancer susceptibility, including

variable contributions from low-, moderate- and high-penetrance variants and complex
interactions between genes and environment, is not well understood (Dempfle et al. 2008). Linkage
analysis in families with multiple affected generations identified shared haplotypes, combinations
of alleles that tend to be inherited together due to their physical proximity on a chromosome, that
segregated with disease (Hall et al. 1990; Lenoir et al. 1991). This powerful approach helped
identify several high-penetrance cancer predisposition genes, including BRCA1 and BRCA2 in
HBOC, MLH1, MSH2, MSH6 and PMS2 in Lynch syndrome, and CDH1 in hereditary diffuse
gastric cancer (HDGC) (Hall et al. 1990; Fishel et al. 1993; Lindblom et al. 1993; Peltomäki et al.
1993; Bronner et al. 1994; Wooster et al. 1994; Guilford et al. 1998). Clinical implementation of
multigene NGS panels has since allowed for broader characterization of cancer susceptibility
genes underlying disease in phenotypically heterogeneous cancer populations. Among index cases
meeting clinical criteria defined by the National Comprehensive Cancer Network (NCCN) for
HBOC, 6-12% carry germline variants in BRCA1 or BRCA2 (Beck et al. 2020; Yoo et al. 2020).
BRCA1/2-negative HBOC families may alternatively harbour germline variants in moderatepenetrance breast cancer susceptibility genes, including ATM, CHEK2, or PALB2 (Couch et al.
2015; Schroeder et al. 2015; Tung et al. 2016).
Recent large-scale genome sequencing in patient cohorts unselected for personal or family
cancer history suggests that pathogenic and likely pathogenic germline variants in moderate- to
high-penetrance cancer predisposition genes underlie around 8% of all cancers (Huang et al. 2018).
Site-specific estimates vary between 2-4% in cholangiocarcinoma and acute myeloid leukemia and
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19-23% in ovarian cancer and pheochromocytoma and paraganglioma. Surprisingly, similar rates
of pathogenic germline findings have been reported in individuals referred for clinical hereditary
cancer testing. Around 8-11% of individuals who receive targeted multigene germline testing on
the basis of personal and/or family cancer history are found to carry pathogenic or likely
pathogenic germline variants in known cancer predisposition genes (Kurian et al. 2014; LaDuca
et al. 2014; Susswein et al. 2016; Couch et al. 2017). Although clinical multigene panels have
demonstrated clinical utility through the identification of actionable germline variants that would
result in a change in clinical management, these findings also suggest a discordance in phenotypebased clinical testing criteria that may reduce the sensitivity of molecular diagnosis for inherited
cancer predisposition (Desmond et al. 2015). Despite widespread use of multigene NGS panels in
hereditary cancer testing, 67-73% of individuals referred for index genetic testing receive
uninformative results (LaDuca et al. 2014).

1.3

Phenotypic heterogeneity in cancer predisposition syndromes
Phenotype-based clinical genetic testing guidelines are used to identify individuals who

are most likely to carry pathogenic germline variants with clinical actionability. This may
ultimately allow opportunities for cascade carrier testing in family members, increased cancer
screening, prophylactic surgery or use of targeted therapies. However, due to incomplete disease
penetrance, uninformative family structure, and/or incomplete family cancer history, many
hereditary cancer families remain undiagnosed. The Ashkenazi Jewish (AJ) population is one of
the best studied populations for HBOC due to the high prevalence of pathogenic germline
variants in BRCA1 and BRCA2, occurring in over 2% of the population (Hartge et al. 1999).
Population screening for three common AJ founder variants (BRCA1 c.185delAG, BRCA1
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c.5382insC and BRCA2 c.6174delT), which account for the majority of HBOC kindreds in this
population, increased the number of carriers identified by 40-63% compared to current delivery
models of genetic testing based on personal or family cancer history (Levy-Lahad et al. 1997;
Kauff et al. 2002; Manchanda et al. 2015; Walsh et al. 2017). Breast and ovarian cancer risks are
similar among carriers for BRCA1 and BRCA2 obtained through population genetic screening or
based on family history, indicating that carriers identified through population screening may
equally benefit from enhanced cancer prevention and screening strategies (King et al. 2003;
Gabai-Kapara et al. 2014). Although the current semi-opportunistic model for genetic testing
aims to offer genetic testing to individuals with the greatest probability of harbouring germline
variants, only 38-45% of carriers identified through population genetic testing meet clinical
genetic testing criteria (Metcalfe et al. 2010; Metcalfe et al. 2013). Therefore, many carriers who
would otherwise benefit from early detection and personalized cancer risk management are
missed.

1.3.1

Challenges of incomplete penetrance
Despite the significant cancer risks associated with high-penetrance cancer predisposition

syndromes, only a minority are associated with almost complete cancer penetrance. These include
familial adenomatous polyposis (FAP), associated with a 93% risk of CRC by 50 years, and Li
Fraumeni syndrome, associated with a nearly 100% risk for malignancy by 70 years (Jasperson et
al. 2010; Mai et al. 2016). However, many cancer syndromes show incomplete penetrance that
may be influenced by modifying genetic factors, lifestyle, environment and/or stochastic
processes. For example, the RAD51 c.135G>C allele, occurring in the 5' untranslated region (5'
UTR), increases breast cancer risk in carriers for BRCA2, with a hazard ratio of 3.17 in CC
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homozygotes (Levy-Lahad et al. 2001; Antoniou et al. 2007). This is due to the activation of an
alternative splice site in the 5' UTR, and was shown to have a greater effect in homozygotes than
heterozygotes. Although retrospective studies assessing the influence of environmental and
lifestyle factors on cancer risk have inherent selection and ascertainment biases, some consistent
findings have been found among carriers for BRCA1 or BRCA2 (Milne and Antoniou 2016).
Tamoxifen use in BRCA1 and BRCA2 carriers and oral contraceptive use in BRCA1 carriers are
protective from breast and ovarian cancer, respectively. Reproductive history, including breast
feeding, age at menarche and age at first full-term pregnancy, has also been consistently reported
as protective from breast cancer in BRCA1 carriers (Friebel et al. 2014).
Incomplete penetrance in hereditary cancer families may also result from the contribution
of moderate-penetrance genes conferring modest increases in cancer risk. Conventionally,
germline variants associated with moderate-penetrance cancer susceptibility are defined as alleles
conferring a two to fivefold higher cancer risk (Tung et al. 2016). Several moderate-penetrance
cancer predisposition genes have been described to date, where ATM and CHEK2 are among the
most common. Early observations of families with autosomal recessive ataxia-telangiectasia
supported an association between ATM carrier status and breast cancer susceptibility, reporting a
high prevalence of breast cancers in heterozygous carriers (Swift et al. 1987; Renwick et al. 2006).
Although around 1% of the general population harbour heterozygous pathogenic variants in ATM,
cohort studies suggest that ATM carrier status confers susceptibility to breast and pancreatic
cancers (Broeks et al. 2000; Thompson et al. 2005; Roberts et al. 2012). Germline variants in the
serine/threonine kinase CHEK2 were first reported in several families with Li Fraumeni syndrome
without causal variants in TP53 (Bell et al. 1999). Similar to causal variants in ATM, the most
common pathogenic variant in CHEK2 (1100delC) is present in around 1% of unaffected
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individuals but is enriched in breast cancer families. The 1100delC allele is associated with
bilateral breast cancer and family breast cancer history, suggesting that individual cancer risks
associated with moderate-penetrance cancer susceptibility genes depend on other individual- or
family-specific factors (Meijers-Heijboer et al. 2002; Vahteristo et al. 2002). Due to the more
modest increases in lifetime cancer risk, clinical management for carriers of moderate-penetrance
variants requires careful consideration of personal and family cancer history to determine
appropriate recommendations for cancer screening or prophylactic interventions. Accordingly,
modified counseling frameworks for moderate-penetrance genes have been established to avoid
unnecessary harm in affected families (Tung et al. 2016).
Beyond the contributions of high- and moderate-penetrance germline variants in wellcharacterized cancer predisposition genes, genome-wide associations studies (GWAS) in large
cancer and control cohorts support a role for low-penetrance genetic variation in cancer
susceptibility (Easton et al. 2007; Houlston et al. 2008). These findings indicate that cancer results
from multiple genetic, epigenetic, and environmental factors, which may interact additively or
synergistically to alter cellular function (Eichler et al. 2010). GWAS have identified several genes
conferring small increases in risk for various cancer types, demonstrating that genotype- and
tissue-specific differences in gene expression and function may underlie some interindividual
variability in disease susceptibility (Cookson et al. 2009; Wu et al. 2018). Common variants in cisregulatory elements may affect transcriptional regulation by directly promoting or reducing
transcription factor binding or disrupting physical interactions between regulatory elements
(Gallagher and Chen-Plotkin 2018). Alternatively, polymorphisms in coding or splice regions may
be associated with altered protein function or alternative splicing, respectively.
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Intriguingly, common variants in otherwise high- and moderate-penetrance cancer
predisposition genes have also been associated with small increases in cancer risk. Two lowpenetrance alleles in APC have been described in patients with multiple colorectal adenomas and
CRC: I1307K, an AJ founder allele, and E1317Q (Laken et al. 1997; Frayling et al. 1998; Lamlum
et al. 2000; Liang et al. 2013). The I1307K allele has been associated with a relative risk of 1.51.7 for colorectal neoplasia, and may directly contribute to 3-4% of all CRC in the AJ population
(Gryfe et al. 1999). Similarly, the European CHEK2 founder allele I157T has been associated with
increased risks for breast, colon, kidney, prostate and thyroid cancers (Cybulski et al. 2004).
Although the identification of low-penetrance germline variants may improve clinical
management for individuals from populations with well-established cancer risk estimates, the
clinical utility of low-penetrance alleles in the general population is controversial, given the
potential harm of interventions indicated for individuals at high risk.

1.4
1.4.1

Biological mechanisms underlying high-penetrance cancer syndromes
Molecular and morphological characteristics
As regulators of cellular proliferation and guardians of genome integrity, many high-

penetrance cancer predisposition genes have been associated with distinct genetic, cellular, and
histological cancer subtypes. For example, pathogenic germline variants in mismatch repair
(MMR) genes are associated with MMR protein deficiency in Lynch syndrome-related tumours
(Aaltonen et al. 1993; Hampel et al. 2005a). MMR deficiency is uncommon in sporadic cancers,
observed in 3.8% of all cancers and 15% of CRC (Boland and Goel 2010; Bonneville et al. 2017).
Universal screening for MMR deficiency in all new colorectal and endometrial cancer diagnoses
has thus been widely adopted by health authorities to identify possible Lynch syndrome families
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who may benefit from clinical intervention and cancer risk management (Aaltonen et al. 1998;
Boland et al. 1998). Similar clinicopathological features are observed in breast cancer, where
expression of the estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth
factor receptor (HER2) can inform prognosis and indicate the use of specific therapies (Fisher et
al. 1989; Dent et al. 2007; Dunnwald et al. 2007; Tischkowitz et al. 2007; Liedtke et al. 2008).
Triple-negative breast cancers characterized by the absence of ER, PR and HER2 by
immunohistochemistry (IHC) have been associated with carrier status for BRCA1 and BRCA2
(Foulkes et al. 2003; Hartman et al. 2012; Couch et al. 2015).
Diffuse and lobular histological subtypes of gastric and breast cancer, respectively, are
established criteria for the identification of families with HDGC. Germline variants in CDH1, the
gene encoding epithelial-specific transmembrane protein E-cadherin, account for the majority of
families meeting International Gastric Cancer Linkage Consortium (IGCLC) criteria for HDGC
(Fitzgerald et al. 2010; van der Post et al. 2015). Loss of E-cadherin has been specifically
associated with signet ring cell (SRC) morphology in HDGC and sporadic SRC carcinoma,
suggesting a common mechanism of pathogenesis is associated with CDH1 inactivation in both
hereditary and sporadic disease (Humar et al. 2009; Pernot et al. 2015).

1.4.2

Mutational signatures
The pattern of mutations in individual cancer genomes caused by various endogenous and

exogenous processes are termed somatic mutational signatures. Defined by the particular base
substitution and flanking 5' and 3' nucleotide sequences, mutational signatures have recently
provided insights into the complex aetiology of cancer (Alexandrov et al. 2013; Alexandrov et al.
2020). Genomic signatures provide a basis for tissue-specific molecular subtyping with potential
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prognostic and therapeutic implications, and several mutational signatures observed in large cancer
genomics cohorts have been characterized in the Catalogue for Somatic Mutations in Cancer
(COSMIC) (Nik-Zainal and Morganella 2017; Van Hoeck et al. 2019). Although the molecular
mechanisms underlying tumour development in many cancer syndromes are not well understood,
tumours caused by germline and somatic inactivation of genes involved in DNA repair show
distinct mutational profiles. Genomic instability at DNA microsatellites, small tandem repeats of
one to six nucleotides in length, is a common feature of tumours with biallelic loss in one of four
MMR genes. Microsatellite instability (MSI) is associated with global hypermutation (>100,000
somatic mutations) and is observed in more than 90% of Lynch syndrome-related tumours (Ionov
et al. 1993; Aaltonen et al. 1998). Deficiency in HR, a cellular process with roles in DNA repair,
DNA replication-fork rescue, meiotic chromosome segregation and telomere maintenance, has
similarly been characterized in cancers associated with germline variants in BRCA1 and BRCA2
(Davies et al. 2017). Due to their crucial role in double-stranded break repair (DSBR), BRCA1
and BRCA2 deficiency results in large-scale genomic events caused by inaccurate repair of DSBs.
Characterizing the morphological and molecular features of tumours associated with highpenetrance cancer syndromes may thus improve identification, diagnosis and treatment of
hereditary cancer families.

1.5

Challenges in molecular diagnosis
Despite the advances in NGS technologies and implementation of clinical multigene

sequencing panels, many individuals with a strong personal or family history of cancer receive
uninformative genetic testing results that may lead to an uncertainty in cancer risk, nonspecific
recommendations for cancer screening, and missed opportunities for the use of targeted therapies
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or predictive genetic testing in at-risk relatives. For example, causal germline variants are
identified in around 70% of cases meeting Amsterdam I or II criteria for Lynch syndrome, which
require at least three family members with a spectrum cancer (Vasen et al. 1991; Vasen et al.
1999; Lynch et al. 2009). Individuals with strong phenotypic indications of high-penetrance
cancer predisposition syndromes may harbour rare germline variants that are undetectable by
targeted sequencing assays, such as SVs, non-coding variants, and epigenetic mutations
(epimutations). The limitations of panel-based approaches to hereditary cancer testing were
highlighted by Rhees et al. (2014), who identified a frequent MSH2 inversion in several Lynch
syndrome families who remained undiagnosed by standard clinical assays (Rhees et al. 2014).
Recent technological advancements have resulted in decreasing costs for genome sequencing
(GS), allowing for its wider application and future replacement of comparable but currently more
cost-effective exome sequencing (ES) (Schwarze et al. 2018). GS may provide immediate
benefits to the areas of precision oncology and rare disease in particular to improve the rate of
genetic diagnosis in individuals with strong clinical phenotypes.

1.5.1

Non-coding variation causes aberrant gene regulation
Beyond variants in coding and canonical splice site regions, genetic variation in intronic

and regulatory regions has also been reported in hereditary cancer families. Consistent with a role
for non-coding variation in the pathogenesis of cancer predisposition syndromes, a 40 kb
duplication upstream of bone morphogenic protein (BMP) antagonist GREM1 was identified as
the cause of hereditary mixed polyposis syndrome (HMPS) in several affected families (Jaeger et
al. 2012). Similar to other gastrointestinal polyposis syndromes, HMPS is associated with variable
colorectal polyposis conferring increased risks for CRC. The causal duplication contains predicted
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enhancer elements, which show strong interactions with the GREM1 promoter and result in an
increase in allele-specific expression. Deleterious germline variants in regulatory elements have
also been described in families with gastric adenocarcinoma and proximal polyposis of the
stomach (GAPPS), an autosomal dominant gastric cancer syndrome characterized by extensive
polyposis in the fundus of the stomach (Worthley et al. 2012). Pathogenic variants in the promoter
1B of APC reduce transcription factor binding, resulting in reduced expression from the variant
allele (Li et al. 2016). These findings demonstrate that short- and long-range interactions between
cis-regulatory elements contribute to allele-specific expression of cancer predisposition genes.

1.5.2

Epimutations remain undetected by genome sequencing
Epigenetic regulation of transcription occurs through reversible chemical modification of

DNA and histones, the structural protein component of chromatin that helps maintain genome
structure, accessibility and integrity. Methylation is the most common DNA modification,
occurring at cytosine bases and playing important roles in embryonic development, genomic
imprinting and transcriptional regulation (Greenberg and Bourc’his 2019). Allele-specific
promoter methylation and transcriptional repression have also been proposed to contribute to a
proportion of the missing heritability of complex disease (Meaburn et al. 2010). This mechanism
of gene inactivation has been identified as an alternative cause of Lynch syndrome in rare families
(Suter et al. 2004). Constitutional methylation of the MLH1 promoter has been described in
inherited and de novo cases, occurring either as primary epimutations or as a consequence of
underlying germline variants (Pinto et al. 2018). De novo constitutional methylation has been
especially associated with early onset cancer and history of multiple primary tumours, although
constitutional methylation at the MLH1 promoter conferring autosomal dominant cancer
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susceptibility has been associated with both primary and secondary epimutations (Leclerc et al.
2018).

1.5.3

Tissue-specific mechanisms of tumourigenesis
Due to reduced penetrance, broad cancer spectrum, and molecular heterogeneity observed

in many cancer predisposition syndromes, some genetically undiagnosed hereditary cancer
families may harbour pathogenic germline variants in high-penetrance genes that may not be
detectable in standard clinical assays or cannot be interpreted based on available functional
evidence. RNA sequencing (RNA-seq) has been shown to improve the rate of diagnosis in
Mendelian disorders where standard clinical testing was uninformative by evaluating the
functional impact of genetic variation on gene expression, alternative splicing, or allele-specific
expression (Cummings et al. 2017; Kremer et al. 2017). In cancer predisposition syndromes,
tumour genome and transcriptome sequencing can provide insights into individual-, gene- and
tissue-specific mechanisms of disease pathogenesis. Integrating cellular and molecular tumour
characteristics into variant interpretation may thus provide evidence supporting the classification
of germline VUS or implicate previously undetected variants missed by targeted NGS (Lu et al.
2015; Huang et al. 2018; Shirts et al. 2018). This indicates a need for integrated clinical and
molecular approaches to improving the identification and molecular diagnosis of carriers for
high-penetrance cancer predisposition syndromes.

17

1.6

Research hypothesis and objectives
Despite widespread use of multigene NGS panels, many individuals meeting phenotype-

based clinical genetic testing criteria receive uninformative genetic testing results. This may be
due in part to the inherent limitation of targeted NGS to detect balanced rearrangements,
characterize precise SV breakpoints, and identify variants affecting cis-regulatory elements
involved in the regulation of gene expression. Characterizing genetic variation in both coding
and noncoding regions of known cancer predisposition genes is necessary to inform clinical
management guidelines for individuals from subpopulations with varying levels of cancer risk,
including local populations, patient populations at various stages of disease, and founder
populations. As GS becomes more widely used with improved technologies and decline in
sequencing costs, GS will improve rates of diagnosis in cancer predisposition syndromes and
other Mendelian disorders. Limitations in biological and clinical knowledge regarding variant
pathogenicity indicate that tumour sequencing may improve variant interpretation for individuals
with suspected high-penetrance cancer syndromes. For example, tumour-normal sequencing may
detect potential second hits in classical tumour suppressor genes, identify the presence of
characterized somatic mutational signatures, or characterize tissue-specific transcriptional
regulation associated with carrier status for cancer predisposition genes.
Identification and molecular diagnosis of carriers for high-penetrance cancer syndromes
has critical implications for the health and well-being of patients and their families, for cancer
prevention, early cancer detection and individual health empowerment. Due to reduced
penetrance and variable cancer spectrum associated with many cancer predisposition syndromes,
carriers of clinically actionable germline variants may remain undetected. While undetected or
unclassified germline variants may underlie cancer predisposition in some families, germline

18

variation is associated with distinct tumour phenotypes that can be evaluated to improve genetic
diagnosis, cancer risk stratification and cancer treatment. Therefore, a broader understanding of
clinical phenotypes and molecular heterogeneity of cancer susceptibility may improve the
ascertainment and management of cancer families. I hypothesized that germline variation in
cancer predisposition genes is associated with distinct genomic, transcriptional and pathological
signatures that contribute to disease pathogenesis. The main goal of this research was thus to
investigate the functional, pathogenic and clinical implications of germline variants in cancer
predisposition genes in an unselected patient population and in undiagnosed hereditary cancer
families. These were approached through the following aims:
i.

Explore molecular mechanisms associated with carrier status for high-penetrance
cancer predisposition genes in patient tissues and organoid model systems.

ii.

Investigate the utility of long-read genome sequencing in germline variant resolution
and genetic diagnosis of suspected hereditary cancer families.

iii.

Describe the clinical utility of GS in patient populations through phenotypic
characterization of moderate- to high-penetrance cancer syndromes.
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Chapter 2: Mechanisms of molecular pathogenesis in high-penetrance cancer
predisposition syndromes

2.1

Introduction
Although the interpretation of genetic variation is often hindered by a lack of functional

evidence to support a role in gene function or the regulation of gene expression, pathogenic
germline variants in cancer predisposition genes have been associated with distinct mechanisms
of pathogenesis compared to sporadic cases of the same cancer type. High-penetrance genes
involved in several DNA repair pathways, including MMR, homologous recombination (HR)
and base excision repair (BER), are associated with specific patterns of mutations across
individual cancer genomes that reveal inherent genetic aetiologies for cancer progression
(Alexandrov et al. 2013; Pilati et al. 2017; Viel et al. 2017). Mutational signatures associated
with moderate-penetrance cancer predisposition genes have been investigated in site-specific
cancer genomics cohorts. This approach identified uncharacterized roles for PALB2 and RAD51
in breast cancer pathogenesis through HR deficiency (Polak et al. 2017).
Single base substitution (SBS), doublet base substitution (DBS) and indel signatures
resulting from impaired DNA damage repair have been broadly characterized across resectable
cancers (Alexandrov et al. 2020). I hypothesized that high- and moderate-penetrance germline
variants underlie global genomic instability across multiple cancer types and contribute to
tumour progression. Using GS, we explored the landscape of germline variants associated with
DNA repair deficiency across advanced cancers and demonstrate the utility of targeted tumour
sequencing in clinical patient populations with suggestive tumour features. Ultimately, our
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findings may allow opportunities for improved clinical management and cancer treatment in
affected families.

2.2
2.2.1

Materials and Methods
Whole-genome sequencing
Germline genome sequencing, tumour genome sequencing and tumour transcriptome

sequencing were performed for 705 adult patients with primarily metastatic cancers participating
in BC Cancer's Personalized OncoGenomics (POG) program in Vancouver, British Columbia,
Canada (NCT02155621). This study was approved by the University of British Columbia
Research Ethics Committee, and written informed consent was obtained for all participants
(H12-00137, H14-00681, H16-00291). Tissue collection, nucleic acid extraction and short-read
sequencing library preparation have been previously described (Pleasance et al. 2020). Briefly,
DNA was extracted from peripheral blood and from tumour biopsy sections embedded in
optimal cutting temperature compound. PCR-free genome libraries were prepared for paired-end
genome sequencing, which was performed on the Illumina HiSeq to an average coverage of 40X
for peripheral blood and 80X for tumour samples. mRNA was purified from tumour biopsy
specimens, converted to cDNA, and paired-end sequencing of strand-specific libraries was
performed on Illumina HiSeq instruments to a mean depth of approximately 200 million reads.
Reads were aligned to the human reference genome version hg19 using BWA-MEM v0.7.6 (Li
and Durbin 2009). All sequencing data for the POG cohort have been deposited in the European
Genome-phenome Archive under accession EGAS00001001159.
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2.2.2

Germline variant calling
Small germline variants were identified using SAMtools v0.1.17, and region-based

filtering was performed to prioritize candidate variants across 99 known cancer predisposition
genes (Supplementary Table 2.1) (Li et al. 2009; Cingolani et al. 2012; Auton et al. 2015;
Landrum et al. 2018). Small germline variants were annotated using ANNOVAR, and semiautomated variant classification according to ACMG/AMP guidelines was performed using
InterVar (Wang, Li & Hakonarson, 2010; Li & Wang, 2017). Germline SNVs and indels were
prioritized according to known or predicted clinical impact, predicted functional impact and
population frequency. Variants with ClinVar annotations or InterVar predictions of pathogenic
or likely pathogenic, variants with conflicting interpretations in ClinVar, and variants predicted
to result in nonsense, frameshift, abnormal splicing and start loss alterations were prioritized for
manual review. Germline copy number variants were identified using ControlFREEC, and
structural variants identified using DELLY v0.7.3 and Manta v1.0.0 were aggregated with
mRNA fusion events detected by Trans-ABySS v1.4.10 (Simpson et al. 2009; Robertson et al.
2010; Boeva et al. 2012; Rausch et al. 2012; Chen et al. 2016). Joint annotation and filtering of
SVs and fusions was performed using MAVIS (Reisle et al. 2019).

2.2.3

Somatic mutation and copy number analysis
Somatic mutations were identified using SAMtools v0.1.17 and v4.3.5, and Strelka

v1.0.6 as previously described (Li et al. 2009; Ding et al. 2012; Saunders et al. 2012; Pleasance
et al. 2020). Somatic SNVs and indels were classified by base substitution and 5' and 3'
nucleotide context into one of several categories using a published framework (Alexandrov et al.
2013). The contribution of mutational signatures defined in COSMIC versions 2 and 3 to each
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tumour's mutation profile was then calculated by solving non-negative least squares problems
using the R package MutationalPatterns (Blokzijl et al. 2018). The contribution of DBS
signatures and indel signatures defined in COSMIC version 3 was similarly calculated using the
R package Palimpsest (Shinde et al. 2018). Somatic copy number calling and LOH prediction
were performed using CNAseq v0.0.6 and APOLLOH v0.1.1, respectively, and LOH status for
pathogenic and likely pathogenic germline variants was determined through manual review in
the Integrated Genomics Viewer (IGV) v2.7.0 (Jones et al. 2010; Ha et al. 2012). Tumour
genome data were manually reviewed to identify secondary somatic events in carriers for
moderate- to high-penetrance germline variants, including copy neutral or deletion LOH, nonsynonymous small somatic mutations, and somatic SVs.

2.2.4

Targeted tumour-normal sequencing
Between June 2018 and December 2019, individuals referred to the BC Cancer

Hereditary Cancer Program on the basis of a Lynch syndrome-related cancer with MMR
deficiency as assessed by IHC were offered tumour and germline genetic testing using Ambry
Genetics' TumorNext-Lynch assay (https://www.ambrygen.com/clinician/genetictesting/18/oncology/tumornext-lynch). Electronic pathology and genetics laboratory reports were
reviewed to describe tumour type and histology, age of cancer diagnosis, and results from IHC,
MSI testing, MLH1 promoter hypermethylation testing and genetic testing. Family cancer history
was reviewed to identify cases meeting clinical testing criteria defined by the Amsterdam I,
Amsterdam II and revised Bethesda guidelines or with other personal and/or family history of
Lynch syndrome-related cancers (Vasen et al. 1991; Vasen et al. 1999; Umar et al. 2004).
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2.3
2.3.1

Results
Prevalence of moderate- to high-penetrance germline variants in advanced cancers
The tumour landscape is defined by inherited germline events in addition to tumour-

specific somatic mutations. To investigate the overall contribution of high- and moderatepenetrance germline variants to the molecular pathogenesis of advanced tumours, germline
variants in 99 cancer predisposition genes were identified by GS and manually curated according
to ACMG/AMP guidelines. Among 705 advanced cancer patients, 13.8% (n = 97) of individuals
were carriers of moderate- to high-penetrance germline variants in one or more cancer
predisposition genes (Figure 2.1). This was comparable to published prevalence estimates
between 12.2% and 17.8% in similar advanced cancer cohorts (Schrader et al. 2016; Mandelker
et al. 2017; Robinson et al. 2017; Bertelsen et al. 2019). Pathogenic and likely pathogenic
germline variants were identified across 17 cancer types spanning 32 genes, with variants in
CHEK2 (n = 14), BRCA2 (n = 14), MUTYH (n = 13), BRCA1 (n = 12) and ATM (n = 9)
accounting for 57.9% of all variants. Germline variants associated with rare high-penetrance
cancer predisposition syndromes, including FAP, Lynch syndrome, MUTYH-associated
polyposis (MAP), Li Fraumeni syndrome and TSC, contributed to a small number of cases in
this cohort.
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Figure 2.1. Landscape of germline variants across advanced cancers. Chord diagram
showing cancer cases where pathogenic or likely pathogenic germline variants in cancer
predisposition genes were identified. The width of each link represents the number of carriers
with a given cancer diagnosis (top) and for a given gene (bottom). BRCA: breast cancer; PANC:
pancreatic cancer; LUNG: lung cancer; SARC: sarcoma; COLO: colorectal cancer; OV: ovarian
cancer; ESCA: esophageal adenocarcinoma; CHOL: cholangiocarcinoma; CNS-PNS:
neuroendocrine cancer; THCA: thyroid cancer; SKCM: melanoma; LYMP: blood and lymphoid
cancer; STAD: stomach adenocarcinoma; PRAD: prostate adenocarcinoma; KDNY: kidney
cancer; HNSC: head and neck cancer.
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Consistent with a two-hit model of tumorigenesis, 46% of germline variants were
associated with a secondary somatic genomic event, such as somatic small mutations, somatic
SVs, or LOH, at the same locus. Accordingly, 47% of all carriers had an identifiable second hit in
at least one gene, including one case with biallelic germline variants in MUTYH. Secondary
somatic alterations were common across ATM (67%), BRCA1 (67%), BRCA2 (64%), and CHEK2
(50%), with deletion and copy neutral LOH contributing to the majority of secondary genomic
events in these genes. Although a broad cancer spectrum was observed among carriers of highpenetrance variants in BRCA1 and BRCA2 and moderate-penetrance variants in ATM and CHEK2,
we found an enrichment of breast cancers among CHEK2 carriers showing LOH compared to
those without an identifiable secondary event (P = 0.03, Fisher's exact test). While modest
CHEK2-associated increases in lifetime cancer risk have been reported for several cancer types,
including those of the breast, colon, and prostate, these findings suggested a specific mechanism
underlying breast cancer pathogenesis in CHEK2 carriers. Consistent with previous studies, we
also observed a higher prevalence of triple-negative breast cancers in carriers for BRCA1 (4 of 5)
compared to carriers for BRCA2 (0 of 5) (Atchley et al. 2008). In contrast, carrier status for
moderate-penetrance breast cancer genes was associated with hormone receptor-positive breast
cancer (De Bock et al. 2004; Schmidt et al. 2016).

2.3.2

Mutational patterns of inherited DNA repair deficiency
Several mutational processes were associated with carrier status for high-penetrance

genes associated with DNA damage repair. Germline variants in BRCA1 and BRCA2, which play
central roles in DSBR through the HR and Fanconi anemia pathways, showed greater
contributions from genomic signatures associated with HR deficiency compared to cases with
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somatic loss or no genetic alterations in these genes (Figure 2.2a-c). Cases with both germline
and somatic alterations in BRCA1 and BRCA2 showed higher contributions from COSMIC
signature 3, associated with defective HR, compared to germline carriers without second
genomic hits or cancers with only somatic alterations in these genes (Alexandrov et al. 2013).
Tumours with compound germline and somatic events in BRCA1 and BRCA2 showed elevated
contributions from doublet base signature DBS4 and DBS6, characterized respectively by
GC/TC>AA and TG>AT/CT substitutions, compared to tumours without loss-of-function
mutations in those genes (Figure 2.2c).
As homologous and repeat sequences are integral to various DNA repair pathways,
specific indel signatures have also been associated with global DNA repair deficiency during
tumourigenesis (Helleday et al. 2014). These were substantiated by the finding of high
contributions from indel signature 8 (ID8), characterized by deletions > 5 bp at repetitive regions
suggestive of error-prone DNA double-stranded break repair by non-homologous end-joining
(NHEJ), in tumours associated with germline and compound germline and somatic events in
BRCA1 and BRCA2 (Alexandrov et al. 2020; de Witte et al. 2020). HR is also required for the
formation of telomere-specific structures that are essential for the protection of DNA ends
(Dunham et al. 2000; Wang et al. 2004; Verdun and Karlseder 2006). Global genomic instability
assessed by the presence of genome-wide LOH, telomeric allelic imbalance, and large-scale state
transitions, characterized as chromosomal breaks generating fragments > 10 Mb, was also
greater in cases with germline and somatic alterations in BRCA1 and BRCA2.
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Figure 2.2. PALB2 is associated with genomic homologous recombination deficiency in breast cancer independent of BRCA1
and BRCA2. a. Percent contribution of signature 3 and single base substitution signature 3 (SBS3) in COSMIC versions 2 and 3,
respectively, to breast (BRCA) and other (non-BRCA) tumours associated with germline and somatic alterations in BRCA1 and
BRCA2. Black horizontal bars show the median percent contribution for each group, and dashed horizontal lines show the median
contribution in BRCA and non-BRCA cohorts. b. Percent contribution of signature 8 and single base substitution signature 8 (SBS8)
in COSMIC versions 2 and 3, respectively, to breast (BRCA) and other (non-BRCA) tumours associated with germline and somatic
alterations in BRCA1 and BRCA2. c. Percent contribution of doublet base signatures 4 (DBS4) and 6 (DBS6) and indel signature 8
(ID8) across all cancers in the POG cohort according to BRCA1 and BRCA2 mutation status. Median percent contribution for each
signature across the entire POG cohort (all) is shown by dashed horizontal lines and annotated to the right. d. SBS3, SBS8 and ID8 are
elevated in PALB2 carriers compared to carriers for BRCA1 and BRCA2. Significance between tumours from PALB2, BRCA1 or
BRCA2 carriers compared to tumours from individuals without pathogenic or likely pathogenic germline variants in those genes is
shown (P-value, Wilcoxon rank-sum test).
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Carrier status for most other genes involved in DSBR did not show consistent
contributions from COSMIC signature 3. However, as an established breast cancer susceptibility
gene, PALB2 has been recently associated with mutational signatures indicative of HR
deficiency (Polak et al. 2017). These findings were consistent across metastatic tumours from
four PALB2 carriers identified here, including three breast cancers and one cholangiocarcinoma.
These tumours showed a high proportion of somatic mutations attributed to SBS signatures 3 and
8, SBS3 and SBS8, respectively (Figure 2.2d). This was independent of mutation status in
BRCA1 or BRCA2. Notably, all PALB2 carriers consistently showed greater contributions from
SBS8 and ID8 compared to BRCA1 or BRCA2 carriers. Although the aetiology of these two
signatures has not been well-described, SBS8 has been associated with nucleotide excision repair
(NER) deficiency in breast tumours and in in vivo and in vitro models (Jager et al. 2019). Given
that the HR, NER and Fanconi anemia pathways play complementary roles in DNA repair,
namely at DNA interstrand crosslinks and DNA-protein crosslinks, SBS8 may reflect multiple
cellular processes (De Silva et al. 2000; Nakano et al. 2007).
The genomic landscape of tumours associated with constitutional variants in MMR genes
and LOH showed a high mutational burden and MSI, consistent with their known function in
maintaining genomic stability at microsatellite repeats across the human genome (Figure 2.3).
These findings appeared independent of cancer type, as neither esophageal carcinoma nor lung
adenocarcinoma are considered part of the spectrum of Lynch syndrome-related cancers. The
molecular origins of Lynch syndrome in these cases included a large deletion spanning EPCAM
and the 5' region of MSH2 and constitutional methylation of the MLH1 promoter. As expected,
the Lynch syndrome-related tumours showed a high burden of small somatic mutations
compared to tumours without germline inactivation in MMR genes. These tumours displayed
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SBS signatures characteristic of MMR deficiency (SBS6 and SBS44) and signatures without
characterized associations with germline variants in MMR genes (SBS7c and SBS57) (Figure
2.3a). Tumours with both germline and somatic alterations in MMR genes also showed high
contributions from DBS3, putatively associated with somatic mutations in DNA polymerase
epsilon (POLE), and DBS7, ID2 and ID7, characteristic of MSI. The presence of other driver
mutations may underlie variability in the presence of specific mutational signatures, as
demonstrated for example in MMR-deficient tumours with POLD1 mutations and cancer
genomes characteristic of COSMIC signature 20 (Haradhvala et al. 2018). While no POLD1
mutations were found, mutations in POLL and POLE2 identified in a lung adenocarcinoma
associated with constitutional MLH1 promoter methylation could not exclude possible
contributions from other members of DNA polymerase to the characteristic signature 20
(SBS44) in this case.
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Figure 2.3. Genomic signatures of mismatch repair. a. Percent contribution of single base
substitution signatures SBS6, SBS7c, SBS44 and SBS57, doublet base substitution signatures
DBS3 and DBS7, and indel signatures ID2 and ID7. Black bars show the median within each
group. b. Representative single base substitution mutation profile in an esophageal carcinoma
associated with a germline structural variant (SV) at the locus of EPCAM and MSH2 and LOH.
The mutational signature in this case reflects a composition of several established COSMIC
version 3 signatures, representative figures of which are shown below.

Consistent with global deficiency in MMR resulting from biallelic inactivation in MLH1
and MSH2, both Lynch syndrome tumours showed genome-wide MSI (47% and 65%,
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respectively). MSI was rare in MMR-proficient tumours and tumours with somatic homozygous
loss of MMR genes, suggesting that the high burden of MSI in Lynch syndrome-related tumours
was associated with long-term accumulation of genome instability. Supporting increased
microenvironmental immune response associated with a high burden of somatic mutations and
potential neoantigens, tumour infiltrating lymphocytes were abundant in the microsatellite
unstable Lynch syndrome-related tumours, with T cell infiltration above the 94th and 97th
percentiles across all tumours (Smyrk et al. 2001; Phillips et al. 2004). Notably, neither HR nor
MMR deficiency was indicated by mutational signatures alone for one individual with metastatic
lung adenocarcinoma and pathogenic germline variants in BRCA1 and MLH1. These findings
suggested that the presence of specific mutational signatures associated with cancer
predisposition syndromes may be mediated by other individual-, gene- or tissue-specific factors.
Despite recent studies describing a somatic mutational signature associated with NER,
higher relative contributions of SBS8 was not observed in advanced tumours with biallelic loss
in ERCC genes (Jager et al. 2019). Mutational signatures associated with defects in BER have
been previously described in biallelic MUTYH carriers with MAP, characterized by multiple
colorectal adenomas and an increased risk for CRC, indicating a role for global BER deficiency
in pancreatic carcinogenesis (Rashid et al. 2016; Thibodeau et al. 2019).

2.3.3

Clinical actionability of germline variants in an advanced cancer population
Within patient- or population-based genetic screening programs, identifying individuals

with clinically actionable germline variants conferring defined increases in cancer risk may have
immediate implications for clinical translation. Moderate- to high-penetrance germline variants
were identified in 13.8% of adult participants in the POG program, including carrier status for
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genes associated with autosomal recessive cancer predisposition syndromes. Variants in BRCA1,
BRCA2, ATM, and CHEK2 were among the most common, accounting for the majority of
carriers in this cohort. Moderate-penetrance genes in particular may benefit from accurate
assessment of family history to account for individual factors contributing to cancer
susceptibility and guide recommendations for clinical management (Daly et al. 2017).
Among moderate-penetrance genes evaluated in the POG program, variants in ATM and
CHEK2 were the most common, identified 3% of all cases. Although cancer risk estimates for
ATM have been best described in association with breast cancer, increased lifetime risk for
several other cancers has been associated with carrier status for ATM (Hall et al. 2020). Prostate,
gastric and pancreatic cancers all have a reported odds ratio greater than twofold among ATM
carriers (Angèle et al. 2004; Roberts et al. 2012; Helgason et al. 2015). However, breast,
prostate, gastric or pancreatic cancers accounted for only three of nine ATM carriers identified
here. In contrast, a current or prior personal history of breast cancer was reported in nine of 14
CHEK2 carriers and three of four PALB2 carriers, consistent with lifetime risks for breast cancer
of 37% and 35% by 70 years of age, respectively (Nevanlinna and Bartek 2006; Weischer et al.
2008; Antoniou et al. 2014). Recent studies also suggest that certain variants in moderatepenetrance genes are associated with greater increases in lifetime cancer risk that are clinically
meaningful (Southey et al. 2016).
Therefore, we defined clinically actionable germline variants as pathogenic or likely
pathogenic germline variants in cancer susceptibility genes with published and non-conflicting
estimates of cancer risk. Based on considerations of other gene-specific clinical guidelines, 9.6%
of participants in the POG program were found to be carriers of clinically actionable germline
variants (Figure 2.4). The overall rate of referral to the BC Cancer Hereditary Cancer Program
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for these cases was 76% (52 of 68), including individuals referred prior to participation in the
POG program for index or carrier testing (n = 34). Several carriers met clinical testing criteria for
rare high-penetrance autosomal dominant cancer syndromes, including FAP (n = 1), Lynch
syndrome (n = 2), and Li Fraumeni or Li Fraumeni-like syndrome (n = 3). Given the advanced
stage of disease among participants in the POG program, lack of referral may be attributed to
patient medical status, uninformative personal or family history, or undefined clinical guidelines.
Among individuals referred for clinical assessment with positive germline findings, 53% (27 of
52) were informed by germline GS in POG. The significance of these findings was further noted
for 67% of carriers (18 of 27) for clinically actionable germline variants identified through the
POG program who were not otherwise eligible for provincially-funded genetic testing based on
current clinical guidelines.

Figure 2.4. Summary of the impact of germline findings for cancer susceptibility in the
Personalized OncoGenomics program

Carrier status for genes without clear estimates for autosomal dominant cancer risk was
indicated in 4% of individuals without other actionable germline findings. These included
variants in autosomal recessive genes, as well as genes with conflicting or minimal support for
cancer susceptibility, such as BARD1 and MRE11 (Tung et al. 2016). Personal and family
medical history should be carefully considered in these cases to determine the appropriateness of
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variant disclosure for cancer susceptibility. Identification of low- to moderate-penetrance cancer
predisposition variants may present an additional challenge due to limited evidence-based
guidelines regarding effective clinical management and cancer risk reduction strategies.
Similarly, the risks and benefits of returning carrier status for autosomal recessive cancer
susceptibility genes should be evaluated on a gene- and case-specific basis.

2.3.4

Tumour-normal NGS in MMR-deficient tumours improves clinical management

for potential Lynch syndrome families
Universal screening for MMR deficiency in CRC and EC is used to identify individuals
with Lynch syndrome who may benefit from increased cancer screening, cancer prevention, or the
use of targeted therapies. Germline variants are identified in 25-67% of individuals with MMRdeficient CRC, suggesting that remaining cases represent sporadic cancer occurrences or cases
with cryptic germline variants undetected by standard clinical multigene sequencing (Hampel et
al. 2005b; Hampel et al. 2008). Therefore, targeted tumour-normal genetic testing in cases with
MMR-deficient Lynch syndrome-related cancers may improve molecular diagnosis of suspected
families and identify sporadic cancer cases that may not require intensive cancer risk management
strategies. Paired tumour-normal targeted NGS was performed in 76 cases referred to the BC
Cancer Hereditary Cancer Program on the basis of an MMR-deficient Lynch syndrome-related
cancer (Table 2.1). The majority of cancers were of primary colorectal (59%) or endometrial (32%)
origin, but also included sebaceous adenomas (n = 3), small bowel cancers (n = 2), gastric cancer
(n = 1), and renal cell carcinoma (n = 1).
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Table 2.1. Clinical characteristics and screening results for individuals receiving targeted
tumour-normal NGS by cancer type
Cancer Type
Index cases (%)

Colorectal (%)

Endometrial (%)

Other (%)

76

45

24

7

4 (5)
52 (68)
5 (7)

3 (7)
29 (64)
4 (9)

1 (4)
17 (71)
1 (4)

0
5 (71)
0

16 (21)

9 (20)

5 (21)

2 (29)

MMR IHC
MLH1/PMS2
MSH2/MSH6
MSH6
PMS2
Other

34 (45)
20 (26)
8 (11)
10 (13)
4 (5)

27 (60)
9 (20)
1 (2)
6 (13)
2 (4)

4 (17)
8 (33)
6 (25)
4 (17)
2 (8)

3 (43)
3 (43)
1 (14)
0
0

Microsatellite instability
Unstable
Stable
Not specified

70 (92)
5 (7)
1 (1)

44 (98)
0
1 (2)

20 (83)
4 (17)
0

6 (86)
1 (14)
0

MLH1 hypermethylation
Absent
Present

53 (70)
23 (30)

26 (58)
19 (42)

21 (88)
3 (13)

6 (86)
1 (14)

Total
Family history
Amsterdam I/II
Revised Bethesda
CRC or EC in 1° or 2°
relatives
None

Most individuals (68%) referred for tumour-normal testing met revised Bethesda criteria
based on age of diagnosis and MMR deficiency identified through universal screening. In contrast,
few individuals met Amsterdam I or II criteria on the basis of multiple primary tumours and/or
strong family history of Lynch syndrome spectrum cancers. Overall, targeted germline genetic
testing identified a pathogenic or likely pathogenic variant in 28% of cases, and constitutional
methylation of MLH1 was confirmed through orthogonal testing in one additional case meeting
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Amsterdam II criteria (Table 2.2). Across the largest cancer cohorts in this study, Lynch syndrome
was diagnosed in 24% and 29% of CRC and EC, respectively. A molecular diagnosis was
determined for three of four cases meeting Amsterdam I or II criteria, while three carriers did not
meet any clinical testing criteria. PMS2 deficiency by IHC was associated with the highest
prevalence of pathogenic and likely pathogenic germline variants compared to the other MMR
genes, identified in 80% (8 in 10) of PMS2-deficient cancers. The remaining two cases were likely
sporadic based on the presence of double somatic mutations in PMS2.
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Table 2.2. Clinical characteristics and screening results for individuals receiving targeted
tumour-normal NGS by predicted origin
Predicted origin
Germline (%)

Sporadic (%)

DNAme (%)

Uncertain* (%)

21

21

17

17

3 (14)
15 (71)
0

0
16 (76)
2 (10)

0
7 (41)
3 (18)

1 (6)
13 (76)
0

3 (14)

3 (14)

7 (41)

3 (18)

Cancer type
CRC
EC
Other

11 (52)
7 (33)
3 (14)

12 (57)
9 (43)
0

14 (82)
2 (12)
1 (6)

8 (47)
6 (35)
3 (18)

MMR IHC
MLH1/PMS2
MSH2/MSH6
MSH6
PMS2
Other

5 (24)
5 (24)
2 (10)
8 (38)
1 (5)

8 (38)
8 (38)
2 (10)
2 (10)
1 (5)

16 (94)
0
0
0
1 (6)

5 (29)
7 (41)
4 (24)
0
1 (6)

Microsatellite instability
Unstable
Stable
Not specified

20 (95)
1 (5)
0

20 (95)
0
1 (5)

17 (100)
0
0

13 (76)
4 (24)
0

MLH1 hypermethylation
Absent
Present

18 (86)
3 (14)

19 (90)
2 (10)

0
17 (100)

16 (94)
1 (6)

Total
Family history
Amsterdam I/II
Revised Bethesda
CRC or EC in 1° or 2°
relatives
None

*Tumours with uncertain origin include cases with MMR protein loss that could not be explained by
MLH1 promoter methylation or two somatic hits (e.g. double somatic mutations, somatic mutations
with loss of heterozygosity, or somatic mutations with hypermethylation) in genes consistent with
IHC results.
DNAme, DNA methylation
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Notably, tumour-normal sequencing confirmed a sporadic cancer occurrence in 28% of
cases, mediated by double somatic mutations, copy number alterations and/or LOH.
Hypermethylation of the MLH1 promoter, which is often associated with sporadic CRC and
presence of the oncogenic BRAF V600E mutation, further indicated a likely sporadic cancer
occurrence in 22% of cases overall and 47% of MLH1-deficient tumours (Weisenberger et al.
2006). Current clinical guidelines do not recommend increased cancer screening for individuals
with tumour MLH1 hypermethylation unless otherwise indicated by strong or suspicious personal
and/or family history (Poynter et al. 2008). Although the majority of cases with pathogenic or
likely pathogenic germline findings did not show hypermethylation at the MLH1 promoter, MLH1
hypermethylation was identified in tumours from two PMS2 carriers. While MLH1/PMS2
deficiency in one case without a characterized second hit suggested that methylation of MLH1 was
an early event driving tumour initiation, retained MLH1 expression and biallelic inactivation of
PMS2 in the other case indicated that MLH1 hypermethylation may have been a later event in
tumour progression. Among genetically confirmed Lynch syndrome cases, second somatic
mutations or LOH were identified in 62%. This included one index case meeting multiple revised
Bethesda criteria and found to carry MSH2 H610P. Although initially classified as a VUS at the
time of referral, this variant was subsequently reclassified based on its association with tumour
LOH, MSH2 deficiency and MSI in multiple individuals meeting phenotype-based Lynch
syndrome criteria.
Based on these findings, we developed an evidence-based framework for integrating
tumour-normal sequencing into a provincial Lynch syndrome screening program (Figure 2.5).
Tumour sequencing may also inform the reclassification of VUS, particularly in the context of a
clinical diagnosis of Lynch syndrome, by providing a functional read-out of MMR-associated
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mutation patterns or identifying loci showing LOH. Germline NGS should not be excluded on the
basis of MLH1 hypermethylation or double somatic mutations alone for individuals with personal
and/or family history suggestive of Lynch syndrome. Cases without germline variants or double
somatic alterations may represent sporadic cases resulting from other genetic or epigenetic events,
such as somatic methylation of the MSH2 promoter, a frequent somatic event not captured by DNA
sequencing (Nagasaka et al. 2010). Alternatively, these cases may harbour pathogenic germline
variants that are undetectable by targeted NGS. Among the cases presented here, germline or
sporadic origin could not be confirmed in 22%, including one index case meeting Amsterdam I
criteria. In such cases, GS could be considered in order to characterize potential non-coding or
structural variants that remain undetectable by panel-based sequencing.
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Figure 2.5. Modified framework for Lynch syndrome screening in MMR-deficient CRC
and EC cases. CRC: colorectal cancer; EC: endometrial cancer; LOH: loss of heterozygosity;
LP: likely pathogenic; NGS: next-generation sequencing; P: pathogenic.

2.4

Discussion
Identifying tissue-specific molecular alterations associated with constitutional genetic

variation can provide a better understanding of the biological pathways underlying disease
pathogenesis. This may ultimately allow opportunities for the development of targeted therapies
or targeted screening strategies aimed at identifying early lesions in patients at high risk.
Accordingly, molecular signatures of the genome, transcriptome and proteome have been
described in infectious disease, neurodegenerative disorders and in cancer (Campbell and Ghazal
2004; Diaz-Castro et al. 2019). Cancer genomes showing an accumulation of specific patterns of
DNA damage may implicate endogenous defects in DNA repair caused by pathogenic germline
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variants in one of several high-penetrance cancer predisposition genes. However, distinct
mutational patterns have not been associated with other high-penetrance genes, thus requiring
alternative approaches to studying cancer progression in individuals with cancer predisposition
syndromes.
Molecular tumour signatures in HBOC and Lynch syndrome have been the best
characterized to date, with current implications for carrier identification, variant interpretation,
and therapeutic selection. BRCA1 carriers in particular show an increased incidence of hormone
receptor-negative breast cancers that can improve ascertainment of potential HBOC families in
unselected patient populations. Tumours with germline inactivation of BRCA1 and BRCA2,
associated with genome-wide HR deficiency, show a better response to platinum-based therapies
and PARP inhibitors (Kaufman et al. 2015).
Pathogenic germline variants in PALB2 and RAD51C were recently shown to be
associated with similar genome-wide signatures of abnormal HR in breast cancers (Polak et al.
2017). These observations support known roles for BRCA1, BRCA2 and PALB2 during HR in
facilitating the displacement of the single-stranded DNA binding protein RPA and recruitment of
RAD51 to DNA damage-induced nuclear foci (Scully et al. 1997; Sharan et al. 1997). We
showed that germline PALB2-associated HR deficiency may not be limited to breast cancers,
occurring in three PALB2-related breast tumours and a PALB2-related cholangiocarcinoma.
These findings were in contrast to tissue-specific contributions of BRCA1- and BRCA2-related
HR deficiency, characterized by strong contributions from COSMIC SBS3 and SBS8, in breast
cancers compared to other tumour types. Differential gene expression between tissues has not
explained the increased risk for certain cancer types associated with carrier status in cancer
predisposition genes (Lage et al. 2008; Schneider et al. 2017). Our results support hypotheses
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that cell type- or tissue-specific pathway activity may at least partially confer susceptibility to
site-specific cancers.
Germline variants in moderate- and high-penetrance cancer predisposition genes show
variable expressivity and incomplete penetrance of cancer and non-cancer phenotypes. As a
result, many carriers of clinically actionable genetic variation may not be identified through
current models of ascertainment based on personal and family cancer history. Among carriers of
actionable germline variants who were identified through the POG program, 35% who received
clinical genetics assessment did not meet current clinical criteria for provincially-funded genetic
testing. Conversely, many individuals with clinical phenotypes suggestive of inherited cancer
susceptibility do not receive a molecular diagnosis by standard clinical testing. Tumour-normal
sequencing thus offers opportunities for improved diagnosis by identifying somatic alterations
associated with inherited deficiencies in relevant cancer pathways. This was significant for two
individuals with familial breast cancer and global tumour HR deficiency, each with
uninformative clinical genetic testing at the time of initial referral. Retrospective germline
analysis revealed that these were related to previously uncharacterized pathogenic variants in
BRCA2 and PALB2, ultimately allowing for cascade carrier testing in family members.
Lynch syndrome-related tumours are caused by pathogenic germline variants in MLH1,
MSH2, MSH6 and PMS2, leading to global MSI and a high burden of somatic mutations. Due to
the potential for encoding many tumour-specific antigens, MMR-deficient tumours are sensitive
to immune checkpoint blockades, such as the PD-1 blockade pembrolizumab (Le et al. 2015; Le
et al. 2017). These features appear independent of primary tumour origin, shown here through
genome-wide mutation analysis in esophageal carcinoma and lung adenocarcinoma in two
unrelated Lynch syndrome patients. Accordingly, MSI may indicate germline testing for Lynch
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syndrome across a broader spectrum of cancer types (Latham et al. 2019). Notably, HR- and
MMR-deficient tumours associated with germline variants show greater contributions of their
respective mutational signatures compared to tumours with somatic inactivation in these genes.
In individuals with biallelic variants in MMR genes, cancers are associated with ultrahypermutation and distinct mutational signatures compared to cancers associated with
monoallelic germline variants or somatic mutations in those genes (Shlien et al. 2015).
According to the revised Bethesda guidelines, all CRC and EC patients under 60 years of
age with an MMR-deficient tumour are eligible for clinical genetic testing regardless of family
history (Umar et al. 2004). The identification of sporadic cancer cases through tumour
sequencing may improve clinical management for individuals with a history of an MMRdeficient cancer (Hampel et al. 2018). Among index cases receiving tumour-normal sequencing
for MMR-deficient Lynch syndrome-related cancers, 50% of all cases were likely sporadic
cancers caused by double somatic alterations or MLH1 methylation. These findings helped
inform a modified framework for Lynch syndrome testing, incorporating tumour sequencing as a
secondary test following uninformative germline testing. Similar approaches have been
investigated in unselected patients with CRC and EC, together indicating that identifying likely
sporadic cancer occurrences may reduce the need for intensive cancer screening in patients who
do not have an otherwise suspicious personal or family cancer history (Hampel et al. 2018;
Salvador et al. 2019). In cases with phenotypic indications of Lynch syndrome, more
comprehensive germline testing may be performed to exclude other possible causal variants.
Future studies are needed to assess the clinical utility, positive and negative predictive values and
cost-effectiveness of tumour sequencing in the genetic diagnosis and clinical management of
hereditary cancer families.
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Chapter 3: Tissue-specific modeling aids in molecular characterization of
hereditary diffuse gastric cancer

3.1

Introduction
HDGC is an inherited cancer predisposition syndrome associated with a significant

lifetime risk of diffuse gastric cancer (DGC) and lobular breast cancer. Genetic testing is
recommended for individuals and families meeting clinical testing guidelines defined by the
International Gastric Cancer Linkage Consortium (IGCLC), and pathogenic germline variants in
CDH1 are identified in 25-40% of HDGC families (Guilford et al. 1998; van der Post et al.
2015). Carriers have a 56-70% cumulative risk of DGC by 80 years, while female carriers also
have a 42% cumulative risk of lobular breast cancer (Hansford et al. 2015). Notably, the average
age of gastric cancer onset in HDGC is 38 years, which necessitates intensive cancer screening
and prophylactic surgery in carriers and at-risk family members. HDGC accounts for 1-3% of all
gastric cancer and is associated with high grade, advanced stage and poor prognosis at the time
of diagnosis. Therefore, understanding the biological mechanisms underlying the early stages of
disease may help identify strategies to improve early cancer detection and inform the
development of targeted therapies.
Given the distinct genomic signatures in tumours with inherent DNA repair deficiency, I
sought to investigate transcriptional signatures associated with inactivation of CDH1, a
characterized tumour suppressor gene encoding the cell-cell adhesion molecule E-cadherin.
HDGC is characterized by the presence of signet ring cells (SRCs), defined as cells with
prominent cytoplasmic mucin and crescent-shaped nuclei, indicating that CDH1 inactivation is
associated with specific cellular and morphological features (Pernot et al. 2015). These may
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result from molecular alterations in normal gastric epithelium that precede neoplastic
transformation and tumour development. I hypothesized that homozygous loss of CDH1 is
associated with differential transcriptional regulation in normal gastric epithelium. Using a
murine organoid model of HDGC and single cell RNA sequencing (scRNA-seq), we explored
the single-cell landscape of Cdh1-deficient gastric organoids across gastroesophageal cell
lineages and investigate candidate biomarkers of early SRC lesions in CDH1 carriers.

3.2
3.2.1

Methods
Single-cell RNA sequencing
Murine gastric organoids were generated from CD44-cre/Cdh1loxP/loxP/tdTomato mice as

previously described (Bougen-Zhukov et al. 2019). Briefly, organoids were generated from
minced stomach tissue obtained from neonatal mice using air-liquid interface culture with
myofibroblast co-culture. Cdh1 deletion was induced at day 0 post-seeding with 5 M endoxifen
in 3 mL of growth medium containing F-12, 20% fetal bovine serum (FBS) and 50 g/mL
Gentamycin. An equivalent volume of DMSO was added to controls. Organoids were
disaggregated into single cell suspension with trypsin and stored in cryopreservation medium
containing growth medium, FBS, DMSO and ROCK inhibitor (Y-27632) for transportation.
Thawed cell suspensions were washed twice with FBS and filtered through a cell strainer prior to
incubation in DAPI for fluorescent-activated cell sorting to enrich for live cells. Single cells were
loaded on the 10x Genomics Single Cell Controller and 3' scRNA-seq libraries were prepared
using the Chromium Single Cell 3' Reagent v2 Chemistry Kit (10x Genomics) according to the
manufacturer's protocol. Libraries were sequenced on the Illumina NextSeq, and demultiplexing
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and sequence alignment were performed using Cell Ranger 2.0 (10x Genomics). Sequencing
metrics are provided in Table 3.1.

Table 3.1 Sequencing metrics for mouse gastric organoids analyzed by single-cell RNA
sequencing
Replicate Condition
KO
1
WT
KO
2
WT

3.2.2

Cells sequenced
4,036
5.357
2,323
1,588

Mean reads per cell
150,641
98,010
106,784
155,199

Median genes per cell
4,833
4,415
5,081
5,108

Data processing
Knockout and wild-type cells within each experiment were processed together. Cell- and

gene-level quality metrics were calculated using the R package scater (McCarthy et al. 2017).
Cells were excluded from analysis if the library size or number of detected genes was more than
three mean absolute deviations below the median of all cells or if the percentage of
mitochondrial transcripts was more than three mean absolute deviations above the median of all
cells. Genes that were not expressed in any cells were removed. To reduce cell-specific
sequencing or capture bias, prescaled size factors were calculated following the removal of poor
quality cells using the R package scran using rough clusters generated from raw transcript counts
(Lun et al. 2016). Log normalization was then performed based on cell-specific size factors using
scater.
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3.2.3

Clustering and marker identification
Datasets from two independent experimental replicates were combined prior to cluster

analysis and marker identification, rescaling counts to account for biases in library size using
batchelor (Haghverdi et al. 2018). Adjustment of size factors and log-normalized counts was
performed for a common set of transcripts expressed in both datasets, and genes with positive
biological components of variance in log-transformed expression across replicates were selected
for principal component analysis and batch correction (n = 6,426). Batch correction was
performed using the mutual nearest neighbour (MNN) method. Graph-based clustering of single
cells was performed with scran, selecting iterative values for cluster density (k) and using highly
variable genes described above. A minimal cluster solution was selected by identifying the
smallest number of clusters that could distinguish between outlier cell populations, resulting in
12 clusters (k = 25). Between individual cell clusters and larger cell populations, defined by the
expression of known marker genes, genes showing a greater than twofold relative expression
compared at least one other cluster with a false discovery rate (FDR) ≤ 0.01 were identified
using scran.

3.2.4

Differential expression
Differential expression was evaluated in 9,834 epithelial cells (clusters 2, 3, 4, 5, 6, 7, 8,

10 and 12) using MAST (Finak et al. 2015). Adjusting for batch effects between independent
experiments, we fit a hurdle model using raw count data to compare differences between Cdh1
knockout and wild-type cells. Statistical significance of gene-wise comparisons between
conditions was estimated using a likelihood ratio test. This procedure was subsequently
performed within each major epithelial cell type: basal cells (clusters 6, 7 and 10), suprabasal
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cells (clusters 2, 5 and 12), suprabasal-like cells (clusters 4 and 8), and mucous progenitor cells
(cluster 3). Gene ontology analysis was performed for genes with an absolute fold-change ≥ 1.5
and P-value ≤ 0.01 using the R package ReactomePA.

3.2.5

Immunohistochemistry
Use of human tissue specimens in this study was approved by the BC Cancer Research

Ethics Board (H19-02571). Staining was performed on the Ventana platform using monoclonal
antibodies for CXCL5 (#MAB254, R&D Systems), CXCL7 (#MAB393, R&D Systems),
IGFBP-3 (#MAB305, R&D Systems). Staining for CK7 (#GA619, Dako) and CK19 (#GA615,
Dako) was performed on the Dako Omnis platform according to standard clinical protocols.
Expression of candidate markers was evaluated in a gastric cancer tissue microarray and in
whole gastric tissue sections from known CDH1 carriers. To account for heterogeneous staining
within gastric cancer cores, semiquantitative scoring considering both intensity of staining and
percentage of positive cells was used (Remmele and Stegner 1987; Fedchenko and Reifenrath
2014). Intensity of each case was assigned a score of 0 (no staining), 1 (light), 2 (moderate), or 3
(strong), while percent positivity for each value of intensity was assigned a score of 0 (0%), 1
(≤10%), 2 (11-50%), 3 (51-80%), or 4 (>80%).

3.3
3.3.1

Results
Distinguishing epithelial cell types in murine gastric organoids
Conditional Cdh1 knockout organoids were generated from stomach tissue obtained from

CD44-cre/Cdh1loxP/loxP/tdTomato neonatal mice as previously described (Nouri 2019). A total of
four organoids from two independent experimental replicates, each including one uninduced
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Cdh1 wild-type (Cdh1WT) and one Cdh1 knockout (Cdh1-/-) organoid, were analyzed by scRNAseq on the 10x Genomics Chromium platform. Excluding low-quality cells, a total of 11,364
cells were used for downstream analysis (Figure 3.1a-b). To characterize biologically distinct
cell subpopulations, batch correction and clustering of single cells from both wild-type and
knockout organoids was performed. We observed several populations representative of early
gastrointestinal cell lineages, which were broadly categorized as epithelial cells, marked by the
expression of Epcam, and non-epithelial cells, marked by the expression of vimentin (Vim)
(Figure 3.1c). Non-epithelial cell clusters could be further resolved by the expression of the
fibroblast-specific genes Bgn and Col1a1 and the leukocyte marker Ptprc. Single cells within
fibroblast and leukocyte cell clusters did not aggregate into condition-specific subclusters,
suggesting that conditional deletion of Cdh1 did not affect the global transcriptome of nonepithelial cells. Universal proliferation markers Birc5 and Mki67 were highly expressed in a
small population of epithelial cells (cluster 6) and fibroblasts (cluster 11), independently of Cdh1
status (10.3% Cdh1-/- and 11.5% Cdh1WT). This finding was recently reported in another gastric
organoid model suggesting that around 6% of fibroblasts are actively proliferating (Chen et al.
2019).
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Figure 3.1. Single-cell RNA sequencing of Cdh1WT and Cdh1-/- murine gastric organoids. a.
T-distributed stochastic neighbor embedding (tSNE) projection of 11,364 high-quality single
cells sequenced across four murine gastric organoids, coloured by cell cluster, replicate,
condition and normalized expression of Cdh1 and tdTomato, a fluorescent marker indicating
successful deletion of Cdh1. b. Normalized expression of epithelial (Epcam), non-epithelial
(Vim), fibroblast (Bgn, Col1a1) and leukocyte (Ptprc) marker genes differentiates between
epithelial and non-epithelial cell clusters. c. tSNE and violin plots showing the distribution of
Mki67 expression in fibroblast cells (clusters 9 and 11) and epithelial cell cluster 6. The median
level of expression is shown by horizontal bars, and shaded boxes show the respective
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interquartile range for each cluster. P-value, Wilcoxon rank-sum test: ns, not significant; ***, P
≤

0.001.

The mature mammalian stomach is composed of glands with varying contributions from
several cell lineages. Four major differentiated epithelial cells types exist in the adult stomach
and express lineage-restricted marker genes: surface mucous or pit cells (Muc5ac), parietal or
mucous gland neck cells (Muc6), zymogenic chief cells (Atp4b), and enteroendocrine cells
(Gast). Given that stomach maturation, gland development, and gastric cell lineage
differentiation are incomplete at birth in mice, these differentiated cell markers were not
expressed in our gastric organoid model. However, all of the epithelial cell clusters expressed
Sox2, a transcription factor required for early foregut development, and Foxq1, a transcription
factor necessary for Muc5ac expression in mature gastric pit cells and for gastric acid secretion
in parietal cells (Verzi et al. 2008). Neither the chief cell lineage-restricted transcription factor
Mist1 (Bhlha15) nor enteroendocrine progenitor-specific transcription factor Neurog3 were
expressed, suggesting that the majority of cells derived from Cdh1loxP/loxP organoids had been
specified to the mucous-secreting cell lineages (Bjerknes and Cheng 2006; Lennerz et al. 2010).
Therefore, this model likely reflects the early stages of gastric development and gastric cell
lineage specification.
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Figure 3.2. Lineage-specific genes of stratified squamous epithelium distinguish basal,
suprabasal and mucous-secreting cell progenitors in mouse gastric tissue organoids. a.
Heatmap showing scaled normalized expression of candidate cluster-specific marker genes. b.
Original tSNE projection showing predicted cell populations based on the differential expression
of basal epithelial marker Krt5, basal-specific marker Krt14, suprabasal-specific marker Krt4 and
luminal marker Krt8.
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The proximal mouse stomach is lined by keratinized squamous epithelium, while the
distal glandular stomach is composed of columnar cells. The squamous-columnar junction,
which in humans is located between the esophagus and stomach, is characterized by the
differential expression of cytokeratins 5 (Krt5), 7 (Krt7), and 8 (Krt8) (Jiang et al. 2017). Krt5, a
marker of basal and suprabasal cell layers in stratified squamous epithelium, was almost
universally expressed in epithelial cell clusters from the murine gastric organoids (Figure 3.2a)
(Ramaekers et al. 1987; Evans et al. 2001). Among Krt5+ cells, we further identified distinct
subpopulations of cells expressing the basal cell markers Trp63 and Krt14 and suprabasal cell
markers Krt13 and Krt4 (Figure 3.2b,c) (Bragulla and Homberger 2009). We observed discrete
clusters of wild-type and Cdh1 knockout cells in both Krt14+ basal cells (clusters 6, 7 and 10)
and Krt13+/Krt4+ suprabasal cells (clusters 2, 5, and 12). Expression of the luminal cell marker
Krt8 and cardia mucosa marker Cldn18 were limited to a small cluster of cells (cluster 3) that
also expressed the trefoil factor Tff1 and gastrokine Gkn1, markers of mucous-secreting cells
(Jovov et al. 2007). Cldn18 expression is restricted to lung and stomach epithelial cells, each
expressing tissue-specific isoforms through alternative splicing (Niimi et al. 2001). This cluster
was suspected to represent a small population of differentiating cells destined to contribute to the
glandular hindstomach.

3.3.2

Putative biomarkers in hereditary diffuse gastric cancer
Given the general distinction between wild-type and knockout cells within the epithelial

cell populations, differential expression of several genes was associated with Cdh1 loss in the
gastric organoids (Figure 3.3a-c). Compared to wild-type cells, 133 transcripts showed
significant aberrant expression in Cdh1-/- cells (P-value ≤ 0.01, absolute fold-change ≥ 1.5).
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Among 67 genes with lower expression in knockout cells, several were involved in the
regulation of cell proliferation, response to stress, or chemotaxis. 66 genes showing higher
expression compared to wild-type cells were enriched for genes with biological roles in the
humoral immune response and cell differentiation and development. Although these findings
indicated that Cdh1 loss was associated with differential regulation of genes involved in various
nonspecific cellular processes, several genes with known or potential clinical significance were
identified among those showing higher expression in knockout cells. These included the
cytokeratins Krt7 and Krt19, chemokines Cxcl5 and Cxcl7 (Ppbp), and insulin-like growth factor
Igfbp3, which were selected for evaluation by IHC in human tissues (Figure 3.3d,e).
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Figure 3.3. Global differential expression in Cdh1 knockout single cells from mouse gastric
organoids. a. Spatial distribution of Cdh1 knockout and wild-type single cells in an integrated
analysis of high-quality mouse stomach tissue organoids. b. Volcano plot of differential gene
expression assessed through pseudo-bulk analysis of single cells. Fold-change and P-values are
shown for knockout cells relative to wild-type cells. ****, P ≤ 0.0001. c. Expression of Cdh1
and tdTomato in knockout and wild-type cells. d. Log-transformed and normalized counts of five
candidate marker genes upregulated in Cdh1 knockout cells. e. Expression of candidate marker
genes in knockout and wild-type cells. N.B. Due to the high number of replicates (individual
cells) inherent in single-cell data, P-values may appear inflated and should be interpreted
cautiously.

57

Results of IHC performed across 202 gastric cancer cases in a human tissue microarray
are summarized in Table 3.1. KRT7 (CK7) is a broadly used clinical marker in gastrointestinal
pathology. KRT7+ specimens distinguish primary gastric tumours from tumours of other
gastrointestinal origins, shown in the differential diagnosis of metastatic gastric and colorectal
cancers through the differential expression of KRT7 and KRT20 (Park et al. 2002). As expected,
KRT7 did not differentiate between intestinal and diffuse gastric cancers evaluated in the gastric
cancer microarray (P = 0.2873). While absent to patchy expression of KRT7 has been reported in
the gastric cardia, KRT7 expression is absent from the gastric body and antrum (Couvelard et al.
2001; Jovanovic et al. 2002; Mohammed et al. 2002). IHC in prophylactic gastrectomy
specimens from human CDH1 carriers revealed negative or patchy expression of KRT7 in
normal gastric epithelium, with strong cytoplasmic staining of SRCs against predominantly
negative normal background gastric glands in one case (Figure 3.4). In contrast, both normal and
cancer tissues stained strongly for KRT19 (CK19), consistent with its universal expression in
epithelial tissues.

Table 3.2. Summary of immunohistochemistry results for four candidate markers in a
microarray of human gastric cancer tissues
Number of positive cases (%)
IGFBP-3
KRT7

Total number of cases

CXCL7

KRT19

Total

202

48 (24)

63 (31)

164 (81)

198 (98)

Intestinal
Diffuse
Mixed

119
55
28

30 (25)
10 (18)
8 (29)

42 (35)
11 (20)
10 (36)

101 (85)
43 (78)
20 (71)

117 (98)
53 (96)
28 (100)

Several genes involved in humoral immune response upregulated in knockout cells,
including Cxcl5, Cxcl7 and Igfbp3, did not show a specific association with SRC morphology or
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diffuse gastric cancer in human tissues (Figure 3.4). The presence of cells expressing CXCL7
and IGFBP-3 in both normal and malignant cells in the gastric glands suggest that these ligands
may play a role in mediating the immune response in gastric epithelium. Staining for these
markers was often restricted to a few glands or to individual cells within a gland. Between
intestinal and diffuse gastric cancer subtypes, a higher proportion of intestinal-type gastric cancer
were positive for IGFBP-3, although this finding was not significant (P = 0.0513). Together with
the absence of a notable association between CXCL5, CXCL7 and IGFBP-3 with early invasive
SRC carcinoma, these findings suggest a nonspecific response through activation of
inflammatory or immune response pathways. Further studies of the molecular characteristics of
CXCL7+ and IGFBP-3+ cells in the gastric gland may be warranted given the potential
application of chemokines in cancer therapeutics (Nagarsheth et al. 2017).

Figure 3.4. CK7 shows strong staining of early invasive signet ring cells in a human CDH1
carrier. Immunohistochemistry (IHC) for KRT7 (CK7) was performed in sectioned formalinfixed paraffin-embedded biopsy specimens from three known CDH1 carriers. Signet ring cells
were identified in a representative section from one carrier (PTG3), and representative images
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from two carriers not known to have early neoplastic lesions are shown (PTG1 and PTG2).
Representative images of KRT19 (CK19), CXCL5, CXCL7 and IGFBP-3 IHC in PTG3.

3.3.3

Deregulation of luminal and basal cell markers is associated with Cdh1 loss
KRT7 has been associated with intestinal metaplasia and has a characterized role in the

pathogenesis of Barrett's esophagus (Mohammed et al. 2002; Shen et al. 2002). In murine models
of Barrett's esophagus, Krt7 expression is restricted to the transitional epithelium, marked by the
expression of squamous cell markers Krt5 and Trp63, at the squamous-columnar junction (Wang
et al. 2011; Jiang et al. 2017). Trp63 is critical for normal development of the esophageal
epithelium and undergoes sequential changes in expression during the differentiation of
progenitor cells into mature basal cells (Daniely et al. 2004). In epithelial cell of the mouse
gastric organoids, Krt7 expression was negatively associated with the expression of Trp63, the
expression of which is restricted to progenitor populations from both the developing forestomach
and hindstomach in mice (Spearman's correlation = -0.51). This observation is consistent with
the absence of Krt7 expression in the proximal mouse stomach (Wang et al. 2011; Jiang et al.
2017).
Given the upregulation of Krt7 in Cdh1-/- cells, we evaluated differential gene expression
between knockout and wild-type cells within each of the four major epithelial cell populations
(Figure 3.5a). Overall, Krt5-/Krt14-/Krt4+ suprabasal-like cells had the highest number of
differentially expressed genes compared to other epithelial cell populations. These cells clustered
independently from basal and suprabasal cells, suggesting that they may reflect a unique and less
well-defined subpopulation susceptible to genetic loss of Cdh1 (Figure 3.2a). Notably,
previously detected marker genes were differentially regulated in knockout cells across the
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various epithelial subpopulations (Figure 3.5b). Mucous progenitor cell-specific markers were
especially influenced by Cdh1 loss, as the proportion of differentially expressed transcripts in
cell type-specific markers was more than twofold greater than differentially expressed markers
that were not restricted to this population. The luminal cell marker Krt8, the expression of which
was restricted to mucous progenitor cells, was upregulated in Cdh1-/- cells across basal and
suprabasal epithelial cell populations. Corresponding downregulation of Trp63 suggested that
loss of Cdh1 may promote a luminal-like pattern of gene expression.
During development, prostate stem cell antigen PSCA has been shown to be expressed in
differentiating gastric epithelial cells and is highly expressed in the adult human stomach
(Bahrenberg et al. 2000; Sakamoto et al. 2008). Intriguingly, genetic polymorphisms in PSCA
have also been associated with gastric cancer susceptibility, suggesting that variability in PSCA
expression may contribute to interindividual variability in cancer risk. Within our data, Psca was
highly expressed in a Krt5-/Trp63-/Krt7+ population of predominantly Cdh1-/- cells. This pattern
differs from prior analysis of cytokeratin molecules in prostate epithelium, where PSCA-positive
cells retain KRT5 and KRT14 but lose TP63 (Tran et al. 2002). Although a specific relationship
between E-cadherin and gastrointestinal cytokeratin molecules has not been described, our
findings suggest that loss of Cdh1 in gastric lineage progenitors may disrupt normal tissue
morphogenesis and organization.
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Figure 3.5. Cdh1 loss promotes the expression of luminal genes in basal and suprabasal cell types. a. Volcano plots showing
differential gene expression between Cdh1 knockout (KO) and wild-type (WT) cells within four epithelial cell types. b. Percent of
non-specific and cell type-specific marker genes differentially expressed in KO cells. c. Violin plots showing the distribution of
mucous progenitor cell-specific marker Krt8 and basal and suprabasal cell marker Trp63 in KO and WT cells within epithelial cell
types. P-value, Wilcoxon rank-sum test: **, P ≤ 0.01; ****, P ≤ 0.0001.
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3.3.4

Prognostic gene signatures differentiate between gastrointestinal epithelial cell

types
Specific patterns of gene expression have been shown to stratify molecular and
prognostic gastric cancer subtypes (Cristescu et al. 2015). Poor prognosis mesenchymal-like
tumours in particular are predominantly of the diffuse histological subtype and are microsatellite
stable. To investigate whether Cdh1 loss in murine gastric organoids was associated with an
epithelial-to-mesenchymal transition (EMT)-like transcriptional program, we assessed the
presence of an established gene signature comprised of 150 mesenchymal-like genes and 161
epithelial-like genes (Loboda et al. 2011). Overall, the expression of mesenchymal (n = 143) and
epithelial (n = 149) genes differentiated epithelial from non-epithelial cell clusters, among which
fibroblasts showed the highest expression of mesenchymal genes (Figure 3.6). However,
epithelial subpopulations showed varying contributions of this gene signature, with basal cells
showing a more mesenchymal-like pattern of gene expression compared to suprabasal,
suprabasal-like or mucous progenitor cells. Within each epithelial cell population, the
contributing clusters showed varying contributions of the EMT signature. For example, basal cell
cluster 10 showed higher expression of mesenchymal-like genes compared to other basal cell
clusters. These results were consistent with findings that genes involved in extracellular matrix
reorganization were overexpressed in basal cells compared to other epithelial cell populations.
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Figure 3.6. Epithelial basal cells show a mesenchymal-like gene signature. a. Average log2normalized expression across epithelial- and mesenchymal-like genes identified by Loboda et al.
(2010) and coloured by cell type, experiment, condition, and cell cluster. b. Cell type-specific
differences in the expression of EMT gene signatures. The number of cells is noted above for
each cell type. B, basal; SB, suprabasal; SBL, suprabasal-like; MP, mucous progenitors; F,
fibroblasts; L, leukocytes.
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3.4

Discussion
Given the limited understanding of disease pathogenesis and few effective treatment

options in many cancer syndromes, identifying molecular markers associated with the early
stages of carcinogenesis may identify opportunities for improved clinical management. In this
study, we characterized a murine organoid model of HDGC using single-cell transcriptome
sequencing. These data established distinct epithelial cell populations that show cell typespecific patterns of gene expression and differential response to genetic loss of Cdh1, ultimately
allowing the identification of a putative marker of early SRC foci in gastric epithelial tissue from
CDH1 carriers. Overall, our findings demonstrate the potential utility of three-dimensional
organoid development and single-cell technologies in studying the molecular events associated
with homozygous loss of tumour suppressor genes in non-diseased tissue.
E-cadherin is a member of the cadherin protein family and a critical component of
adherens cell junctions. Loss of E-cadherin, and transcriptional upregulation of the mesenchymal
neural (N)-cadherin, is a signature of neoplastic cells undergoing EMT. In gastric
adenocarcinoma, genetic loss of CDH1 is associated with genomic stability and is enriched in
histologically diffuse-type gastric cancers (Bass et al. 2014). Although these observations
support a specific mechanism of disease pathogenesis in CDH1 carriers, limited understanding of
the initiating molecular events underlying diffuse gastric cancer prevent the identification of
predictive, prognostic or therapeutic biomarkers associated with cancer onset. Given the crucial
role of E-cadherin in maintaining the structural integrity of epithelial tissue, global deregulation
of cytokeratins in Cdh1-/- cells may reflect early events in cytoskeletal reorganization. Specific
upregulation of glandular mucosa markers Krt8 and Krt7, along with downregulation of the basal
cell marker Trp63, suggests that Cdh1 loss may mediate epithelial cell differentiation towards a
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simple columnar cell fate. However, the mechanisms underlying global and cell type-specific
transcriptional regulation require further study.
HDGC is associated with a significant lifetime risk of diffuse gastric cancer and lobular
breast cancer and is characterized by early age of onset, advanced stage of disease and poor
prognosis. Due to the lack of specific symptoms at the early stages of disease and potential for
rapid cancer progression, prophylactic total gastrectomy is recommended for most CDH1
carriers. Total gastrectomy is associated with significant morbidity, including both immediate
and long-term effects such as weight loss, anastomotic leakage, bile reflux and dumping
syndrome (Lang et al. 2000; Strong et al. 2017; van der Kaaij et al. 2018). In cases where
prophylactic gastrectomy is delayed or for individuals who elect not to undergo preventive
surgery, regular endoscopic surveillance may be recommended 5-10 years earlier than the age of
the youngest cancer onset in the family (Barber et al. 2008). However, pre-malignant lesions are
identified in around 90% of tissue specimens from individuals undergoing prophylactic total
gastrectomy, indicating inherent challenges to endoscopic screening for diffuse gastric cancer.
Identification of biomarkers for early neoplastic lesions, such as our finding that KRT7
specifically stained SRC foci in a prophylactic gastrectomy specimen from one CDH1 carrier,
may provide a basis for minimally-invasive screening and early cancer detection.
Describing the molecular events associated with carrier status for high-penetrance cancer
predisposition syndromes has implications for the identification of carriers in unselected
populations, variant interpretation and genetic diagnosis in suspected cancer families, and choice
of therapies in affected carriers. Modeling the early events in tumourigenesis may ultimately
provide mechanistic insights into the site-specificity of cancer predisposition genes,
recapitulating the cellular composition of tumours associated with carrier status for high-

66

penetrance genes (Rosenbluth et al. 2020). Translation between animal models and human
tissues is facilitated through tissue-specific model systems such as organoid cultures that
promote use of cell type-specific techniques including scRNA-seq. While in vitro models are
limited in their ability to replicate in vivo tumour development, this approach may allow the
dissection of cell-, tissue-, and gene-specific involvement in the molecular pathogenesis of
cancer predisposition syndromes.
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Chapter 4: Long-read sequencing improves variant interpretation and genetic
diagnosis for cancer susceptibility

4.1

Introduction
A significant amount of genetic variation in the human genome is due to SVs, such as

deletions, duplications, inversions and translocations (Sudmant et al. 2015; Jain et al. 2018).
Genome sequencing allows high-resolution gene-agnostic analysis of variants in known and
novel disease genes, and thus genome sequencing may improve rates of molecular diagnosis by
overcoming some of the limitations of targeted clinical assays. NGS, or sequencing by synthesis,
is the most widely used sequencing technology, and is based on the generation of short (50-300
bp) reads that are aligned to a reference genome or assembled into longer contiguous sequences
(contigs) prior to alignment. Accurate alignment and variant calling in NGS is challenging due to
regions of low sequence complexity, repetitive elements and strong GC bias in the human
genome, reducing the sensitivity and specificity for novel variant discovery. This indicates a
need for improved approaches to characterize genetic variation, particularly for large or complex
variants.
Moderate- to high-penetrance germline variants in cancer predisposition genes underlie a
small proportion of all cancers. However, the prevalence of SVs in clinical and research cancer
cohorts is likely underestimated due to the technical and computational limitations of multigene
panel, exome and genome sequencing (Cheng et al. 2017). Recently, third-generation or longread sequencing has been used to characterize complex genetic variation in human genomes and
aid in the diagnosis of rare disorders (Merker et al. 2018; Sanchis-Juan et al. 2018). Long-read
sequencing may thus improve the molecular diagnosis of suspected hereditary cancer families.
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To investigate the contribution of germline SVs to cancer susceptibility, long-read genome
sequencing was performed for individuals with known or suspected cancer predisposition
syndromes. Our results demonstrate the nanopore long-read sequencing improves the resolution
of germline SVs identified by short-read genome sequencing, and complementary sequencingbased approaches may improve the differential molecular diagnosis of individuals who remain
genetically undiagnosed following clinical panel-based NGS.

4.2
4.2.1

Materials and Methods
Illumina genome sequencing
Short-read genome sequencing was previously performed on Illumina HiSeq platforms in

normal tissue samples for 705 advanced cancer patients enrolled in the POG program. Putative
SVs were identified in genomes aligned to the human reference genome version hg19 using
multiple copy number and SV calling tools. Illumina genome sequencing reads were aligned to
the human reference genome version hg19 using BWA-MEM v0.7.6, and duplicate reads were
removed using Picard tools v1.92 (http://broadinstitute.github.io/picard/) (Li and Durbin 2009).
To improve the sensitivity of SV detection, two computational pipelines were implemented to
identify potential pathogenic and likely pathogenic germline SVs. Large copy number variants
were called using the read depth-based tool Control-FREEC, and region-based filtering was used
to identify variants overlapping 99 cancer predisposition genes. Known and recurrent technical
artifacts were subsequently filtered prior to manual review. SV calling was performed using
DELLY v0.7.3 and Manta v1.0.0 and were aggregated with mRNA fusion events detected by
Trans-ABySS v1.4.10. Putative variants identified by each tool were compared, merged and
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annotated with gene and functional information using MAVIS (Robertson et al. 2010; Rausch et
al. 2012; Chen et al. 2016; Reisle et al. 2019).

4.2.2

Germline variant curation
Gene-based filtering and filtering based on predicted impact to protein-coding regions

was performed to identify non-synonymous variants in candidate cancer predisposition genes.
Manual review of germline and tumour Illumina genome sequencing data was performed using
IGV v2.7.0 to flag suspected technical artifacts and prioritize candidate variants for assessment
by Oxford Nanopore long-read sequencing. These variants were used to determine the sensitivity
of SV calling from short-read genome sequencing and guide manual data curation of novel
variants. Fourteen SVs that were predicted to have a deleterious impact on gene expression or
function were subsequently identified through manual review in IGV. Variants in five known
carriers previously identified by clinical guideline-based testing were used to evaluate the
sensitivity of SV calling through Illumina genome sequencing. Filtering, prioritization and
review for small variants using short-read GS was performed as described in Chapter 2.

4.2.3

Oxford Nanopore sequencing
Long-read sequencing was performed on 13 of 14 POG cases with candidate germline

SVs and for whom archived DNA was available, as well as for three probands from suspected
hereditary cancer families. Genome libraries were constructed for high-molecular weight DNA
purified from peripheral blood and sequenced on the Oxford Nanopore Technology MinION or
PromethION. Base calling and read alignment were performed using Guppy version 3 and
Minimap2, respectively, and alignments were visualized in IGV (Li 2018; Wick et al. 2019).
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Variant calling was performed for samples sequenced on the PromethION using Sniffles v1.0.11
(Sedlazeck et al. 2018). Paired tumour genome sequencing and RNA-seq were assessed for
somatic mutations, LOH, mutational signatures, alternative splicing and fusion transcript
expression as previously described and detailed in Chapter 2 (Pleasance et al. 2020).

4.2.4

Breakpoint sequence analysis
Repetitive elements overlapping breakpoints predicted by Illumina or Nanopore genome

sequencing were identified using the annotated RepeatMasker dataset obtained from the
University of California Santa Cruz Table Browser for the reference genome version hg19
(http://genome.ucsc.edu/) (Smit et al. 1996; Karolchik 2004). Sequence identity within ±150 bp
of predicted breakpoints was evaluated through pairwise sequence alignment using EMBOSS
Needle (Needleman and Wunsch 1970). Percent identity and gaps in pairwise alignments
between each corresponding 5' and 3' breakpoint were noted, and each alignment was manually
reviewed for regions of microhomology. Genomic features at breakpoint junctions were
similarly evaluated through pairwise sequence alignment and manual review, comparing shortread contig sequences, when available, and expected junctional sequences based on the reference
genome.

4.2.5

Sanger sequencing
Primers were designed for PCR and Sanger sequencing across the canonical splice

junctions of MSH2 exons 13-15 using Primer3Plus (http://www.bioinformatics.nl/cgibin/primer3plus/primer3plus.cgi) and the UCSC In Silico PCR tool
(https://genome.ucsc.edu/cgi-bin/hgPcr). Primer sequences were as followed: MSH2 exons 13-
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14, 5'-CTTGGCCAATCAGATACCAAC-3' (forward, F) and 5'CATATCCTTGCGATTCTCCAA-3' (reverse, R); MSH2 exons 14-15, 5'CCCTGGAACTTGAGGAGTTTC-3' (F) and 5'-CAGTAAAGGGCATTTGTTTCAC-3' (R);
and MSH2 exons 13-15, 5'-CTTGGCCAATCAGATACCAAC-3' (F) and 5'CAGTAAAGGGCATTTGTTTCAC-3' (R). Peripheral blood RNA collected in PAXgene Blood
RNA Tubes (PreAnalytix) was extracted according to manufacturer's instructions using the
RNeasy Mini Kit (Qiagen). cDNA conversion and PCR were performed using the SuperScript
IV Reverse Transcriptase (Thermo Fisher) and Platinum PCR SuperMix High Fidelity (Thermo
Fisher), respectively, according to manufacturer's instructions. PCR products were analyzed by
gel electrophoresis and sent to GENEWIZ (South Plainfield, New Jersey, USA) for Sanger
sequencing.

4.2.6

RNA-seq analysis
For advanced cancer cases sequenced as part of the POG program, paired-end tumour

RNA-seq reads were aligned to the hg19 reference genome using Trans-ABySS version 1.4.10,
and duplicate reads were marked with Picard. mRNA read support for aberrant splicing and
fusion transcript expression associated with germline SVs was computed using TAP, a pipeline
for targeted assembly and realignment (Chiu et al. 2018). Briefly, we classified and filtered
RNA-seq reads matching target gene reference sequences and performed de novo assembly using
Trans-ABySS. Contigs were aligned to the reference genome and transcriptome using BWAMEM to characterize splicing events and fusion transcripts, and read support across known and
novel splice and fusion junctions was calculated from the number of reads mapping to each
contig sequence. Detailed methods for RNA-seq analysis are included in Appendix B.
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4.3
4.3.1

Results
Short-read GS identifies putative germline SVs in cancer predisposition genes
Among advanced cancer patients unselected for personal or family cancer history, twelve

candidate germline SVs were detected in fourteen individuals by short-read GS (Table 4.1). Five
individuals (Cases 8, 10, 11, 13 and 14) were known carriers of high-penetrance germline
variants who had received prior clinical variant confirmation through panel-based NGS or
multiplex ligation-dependent probe amplification (MLPA). Eight deletions, two inversions and
two complex rearrangements were predicted to disrupt the coding sequence of at least one
known cancer predisposition gene. Although most variants were detected by multiple short-read
SV calling tools and inferred through contig-level read support, three variants were identified by
only one tool, including one with prior clinical validation (Table 4.1 and Supplementary Table
4.1). Surprisingly, three unrelated individuals without medical histories suggestive of TSC were
found to carry a recurrent and predicted pathogenic event on chromosome 16p13 identified
through short-read genome sequencing (Figure 4.1). Long-read sequencing performed in Cases
1-3 revealed that an inverted duplication of an Alu element from TSC2 intron 16 into IFT140
intron 30 was miscalled by both DELLY and Manta and could not be resolved through manual
review, consistent with ambiguous alignment of short reads at these loci. This finding, in
addition to the lack of clinical phenotype consistent with TSC in any of the carriers, led to the
classification of this variant as likely benign.
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Table 4.1. Variant information and patient characteristics for germline structural variants predicted or known to be
deleterious by short-read genome sequencing
Descriptive utility of
LRS

Coding sequence
impact

ACMG/AMP
classification (criteria)

Indication for clinical
genetics assessmenta

variant miscalledb

variant re-interpretation
and confirmation of
false-positive finding

none

likely benign
(BS2)

no referral

PR, SR, contig

resolution of variant
configuration

NSD1 5’UTR-exon 2
duplication

likely benign
(BS2)

no referral

TSC2 5’UTR-exon
25 deletion

pathogenic
(PVS1, PM2, PP4)

Tuberous sclerosis complex

NTHL1 5’UTR-exon
3 deletion

pathogenic
(PVS1, PM2)

autosomal recessive NTHL1associated polyposisd

Case ID

Resolved variant

SRS evidence

Cases 1-3

NC_000016.9:g.1566535_1566536ins211
9755_2119863inv

Case 4

NC_000005.9:g.176441544_176441555de
lins176409841_176603468inv

Case 5

NC_000016.9:g.2093921_2214187delins2
126780_2212350inv

PR, SR, contig

resolution of variant
configuration

read depth

resolution of breakpoints
near flanking repetitive
elements

ATM exons 17-61
deletion

pathogenic
(PVS1, PM2)

ATM-associated cancer
susceptibility

NM_058216.2(RAD51C):c.7061013_837+296delins706-469_837+296inv

SRc

resolution of 5'
breakpoint and flanking
deletion

RAD51C exon 5
deletion

likely pathogenic
(PVS1 [strong], PM2)

moderate-penetrance ovarian
cancer susceptibility

Case 8

NM_000051.3(ATM):c.1065+647_1236369del

contig

confirmation

ATM exon 9 deletion

pathogenic
(PVS1, PM2)

ATM-associated cancer
susceptibility

Case 9

NC_000017.10:g.41217614_41295110del

PR, SR, contig,
read depth

confirmation

BRCA1 5’ UTR-exon
17 deletion

pathogenic
(PVS1, PM2)

HBOC

Case 10

NM_007294.3(BRCA1):c.547+946_41861194del

read depth

confirmation

BRCA1 exons 9-12
deletion

pathogenic
(PVS1, PM2)

HBOC

Case 11

NC_000002.11:g.47545553_47674137del

PR, SR, contig,
read depth

confirmation

EPCAM deletion
MSH2 5’UTR-exon
7 deletion

pathogenic
(PVS1, PM2)

Lynch syndrome

Case 12

NM_000135.2(FANCA):c.792+452_1826
+222del

PR, SR, contig,
read depth

confirmation

FANCA exons 9-20
deletion

pathogenic
(PVS1, PM2)

autosomal recessive Fanconi
anemiac

Case 6

NM_000051.3(ATM):c.2467-527_88512114del

Case 7
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Table 4.1. Variant information and patient characteristics for germline structural variants predicted or known to be
deleterious by short-read genome sequencing (continued from previous page)
Case 13

NM_024675.3(PALB2):c.2835282_3113+1377del

Case 14

NM_000546.5(TP53):c.-28-252_92015del

PRb

confirmation

PALB2 exons 9-10
deletion

pathogenic
(PVS1, PM2)

moderate-penetrance breast
cancer susceptibility

PR, SR, contig

NA

TP53 exons 2-9
deletion

pathogenic
(PVS1, PM2, PP4)

Li Fraumeni syndrome

aIndication

for referral for hereditary cancer risk assessment on the basis of the variant identified. Detailed personal and family cancer history for each case reported here is included in Appendix
B.
bThe predicted variant, NC_000016.9:g.1566535_2119866inv, was miscalled by short-read genome sequencing based on paired reads, split reads and contigs in three unrelated cases. This variant
was subsequently found by nanopore sequencing to reflect an inverted duplication of an Alu element from TSC2 intron 16 into intron 30 of IFT140.
cGermline variants in cases 7 and 13 were additionally supported by multiple lines of read evidence in matched tumour tissue.
dClinical referral on the basis of carrier status for recessive syndromes should be considered in the context of family structure and medical history that may have differing indications for XY, XX
and XO relatives at risk.
FHx, family history; HBOC, hereditary breast and ovarian cancer; LRS, long-read genome sequencing; NA, not applicable; PR, paired reads; SR, split reads; SRS, short-read genome sequencing
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Figure 4.1. A recurrent germline variant resolved using long-read sequencing. a. Schematic
of a recurrent event identified in Cases 1, 2 and 3 and predicted to be pathogenic was
reinterpreted as a likely benign intronic variant based on Oxford Nanopore sequencing. Illumina
short-read genome sequencing data supported a long-range inversion on chromosome 16p13
with breakpoints in IFT140 and TSC2 (upper), while Nanopore sequencing data showed an
insertion in intron 30 of IFT140 likely arising from an Alu element in intron 16 of TSC2 (lower).
b. Illumina and Oxford Nanopore genome sequencing data for Case 3 visualized using IGV at
the loci of IFT140 and TSC2. Paired-end reads mapping to intron 30 of IFT140 and intron 16 of
TSC2 are shown in parallel and coloured by strand. 133 bp and 136 bp insertions were found in
two Nanopore reads, with sequences mapping to Alu elements at the locus of the TSC2
breakpoint predicted by Illumina short-read sequencing.
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4.3.2

Complex genetic rearrangements resolved by nanopore sequencing
A novel complex rearrangement was identified on chromosome 5q35 in Case 4, who was

shown to carry a 194 kb inverted duplication flanked by a small indel at the breakpoint junction
(Figure 4.2). Two fusion transcripts supporting the breakpoints, NSD1-UIMC1 and UIMC1ZNF346, were identified by RNA-seq. However, the configuration of the variant determined
from LRS indicated that, in addition to their partial duplication, undisrupted copies of both NSD1
and UIMC1 were maintained on the variant allele. Given the individual's unremarkable medical
history, with no known clinical features consistent with Sotos syndrome, this variant was
classified as likely benign. In contrast, nanopore sequencing in Case 5 indicated that a complex
variant identified on chromosome 16p13.3 involved an 85 kb inversion with breakpoints in TSC2
and TRAF7 flanked by two deletions, resulting in partial loss of NTHL1 and TSC2 (Figure 4.3).
Furthermore, LOH at the locus in the individual's tumour indicated that the complex germline
rearrangement involved only one allele. This case had a prior history of TSC and has been
previously described (Wong et al. 2018). The complex SV in this case was thus associated with
TSC and carrier status for NTHL1-associated polyposis, caused by partial heterozygous germline
loss of TSC2 and NTHL1, respectively.
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Figure 4.2. Long-read sequencing resolves variant configuration and interpretation in Case
4. a. Schematic of a likely benign complex germline SV identified in Case 4. b. Illumina and
Oxford Nanopore genome sequencing data for Case 4 visualized using IGV at the locus of
UIMC1 and NSD1. Split Nanopore reads spanning the breakpoint junctions are shown mapping
to flanking regions of the predicted breakpoints, denoted by black arrows, and connected by a
thin gray line. Read segments coloured red and blue denote split reads mapping to both plus and
minus strands, indicating a probable inversion event.
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Figure 4.3. Long-read sequencing resolves configuration of a complex SV in Case 5. a.
Schematic of a pathogenic germline SV identified in Case 5. b. Illumina and Oxford Nanopore
genome sequencing data for Case 5 visualized using IGV at the locus of TSC2 and NTHL1. Split
Nanopore reads spanning the breakpoint junctions are shown mapping to flanking regions of the
predicted breakpoints (black arrows) connected by a thin gray line. Read segments coloured red
and blue denote split reads mapping to both plus and minus strands, indicating a probable
inversion event.
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Nanopore sequencing further informed SV breakpoints in two cases and confirmed
simple deletions in six additional cases. Sequence analysis at the breakpoint junctions found that
repetitive elements were present at most breakpoints, suggesting that they contributed to both the
formation of large SVs and miscalling of a recurrent variant (Table 4.2). Long tracks of
homology in two cases indicated that variant formation may have been a consequence of breakinduced replication. Notably, the breakpoints of a partial ATM deletion in Case 6 were predicted
to occur near two long interspersed nuclear elements (LINEs), of which a single copy could be
mapped to two PromethION reads (Supplementary Figure 4.1). Many SV breakpoints had simple
blunt ends or small indels in the absence of microhomology, short regions of shared nucleotide
identity, characteristic of products of non-homologous end joining (Carvalho and Lupski 2016).
Microhomology near the breakpoints in Cases 4, 7 and 11 suggested that these events may have
arisen through microhomology-mediated end joining or microhomology-mediated break-induced
replication. Perhaps as the results of sequence homology, a 544 bp deletion at the 5' breakpoint
of a RAD51C exon 5 inversion in Case 7 was not confidently captured by short-read sequencing
(Supplementary Figure 4.2).
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Table 4.2. Repetitive elements and sequence similarity at breakpoint junctions for germline structural variants detected
through short-read genome sequencing listed in Table 4.1
5' breakpoint

3' breakpoint

Case ID

Position

Repeat name
(class)

Length
(strand)

Cases 1, 2
and 3

16:1,566,535

AluY (SINE)

303 bp (+)

Breakpoint sequence analysis (±150 bp)

Position

Repeat name
(class)

Length
(strand)

Identity

Gaps

16: 2,119,755

AluY (SINE)

295 bp (-)

65.8%

15.4%

unknown

16: 2,119,836

AluSx (SINE)

133 bp (-)

61.3%

26.6%

unknown

MH

Junction
features

5:176,441,543

NA

NA

5:176,603,468

AluJo (SINE)

167 bp (-)

39.9%

31.5%

yes

indel

5:176,409,841

AluSx (SINE)

286 bp (-)

5:176,441,555

NA

NA

50.7%

22.0%

yes

indel

16:2,126,780

NA

NA

16:2,214,187

(CGTG)n
(Simple repeat)

55 bp (+)

44.6%

28.6%

indel

16:2,093,920

NA

NA

16:2,212,350

NA

NA

48.5%

23.5%

blunt ends

11:108,137,370

L1PA2
(LINE)

6,017 bp
(+)

11:108,233,694

L1PA2 (LINE)

6,036 bp (+)

41.3%

31.5%

unknown

17:56,786,207

AluSx3

112 bp(-)

17:56,786,751

NA

NA

55.1%

38.2%

yes

unknown

17:56,786,751

NA

NA

17:56,787,647

AluSg (SINE)

316 bp (+)

40.9%

50.4%

yes

unknown

Case 8

11:108,118,496

AluSg (SINE)

306 bp (-)

11:108,121,054

AluSg (SINE)

257 bp (-)

74.4%

8.3%

blunt ends

Case 9

17:41,217,614

AluSp (SINE)

308 bp (+)

17:41,295,110

(TTTA)n
(Simple repeat)

23 bp (+)

32.0%

41.3%

blunt ends

Case 10

17:41,235,786

NA

NA

17:41,250,846

AluSp (SINE)

302 bp (-)

39.9%

31.5%

unknown

Case 11

2:47,545,553

AluSp (SINE)

284 bp (-)

2:47,674,137

AluSq2 (SINE)

296 bp (-)

56.3%

24.0%

Case 12

16:89,844,986

AluSg (SINE)

164 bp (+)

16:89,869,214

L1MA5 (LINE)

474 bp (+)

32.6%

60.1%

Case 4

Case 5

Case 6

Case 7

yes

blunt ends
blunt ends
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Table 4.2. Repetitive elements and sequence similarity at breakpoint junctions for germline structural variants detected
through short-read genome sequencing listed in Table 4.1 (continued from previous page)
Case 13

16:23,631,306

AluSz6
(SINE)

292 bp (-)

16:23,634,733

AluSx3 (SINE)

301 bp (-)

77.6%

5.2%

indel

Case 14

17:7,576,941

NA

NA

17:7,580,192

L2 (LINE)

179 bp (+)

43.2%

29.5%

blunt ends
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4.3.3

Mechanisms of variant formation and implications for tumourigenesis
Among the ten cases with pathogenic or likely pathogenic SVs identified in this cohort,

seven were associated with LOH and four tumours showed significant contributions from
somatic SNV signatures with characterized genetic aetiologies: signature 30 was associated with
homozygous loss of NTHL1 in Case 5, signature 3 suggested homologous recombination
deficiency caused by loss of BRCA1 or PALB2 in Cases 9 and 13, respectively, and signature 6
supported mismatch repair deficiency in Case 11 (Alexandrov et al. 2013). Tumour RNA-seq
demonstrated aberrant splicing in several cases with intragenic SVs and sufficient read coverage
at the splice junction, thus providing additional support for variant pathogenicity in these cases.

4.3.4

Undetected germline SVs in suspected Lynch syndrome families
Given the opportunities afforded by long-read sequencing to resolve SVs identified using

short-read or long-read GS may also elucidate pathogenic SVs underlying cancer predisposition
syndromes that are not found by short-read sequencing technologies. To investigate the utility of
long-read sequencing in the genetic diagnosis of individuals with strong phenotypic indications
of high-penetrance cancer predisposition syndromes, nanopore sequencing was performed for
two index cases ascertained based on a personal history of Lynch syndrome-related cancer with
MMR deficiency assessed through IHC and suspicious family cancer history. Targeted panelbased sequencing performed in peripheral blood and paired tumour biopsy tissues did not
identify pathogenic or likely pathogenic germline variants in the coding or splice site regions of
MLH1, MSH2, MSH6, or PMS2 in either case, nor were somatic mutations, somatic copy number
alterations, LOH or MLH1 hypermethylation found in the tumours that could have explained
their MSI phenotype (Chapter 2).
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Case 15 had a strong personal and family history of multiple Lynch syndrome-related
cancers, meeting phenotype-based Amsterdam I and II criteria (Figure 4.4a). Loss of MSH2
protein by IHC was observed in colorectal tumours from the index case and her affected son,
indicating that an undetected germline variant in MSH2 may segregate with disease in this
family. Nanopore sequencing in this case allowed genome-wide variant calling and manual
variant curation to identify potential causal variants. A heterozygous 287 bp insertion was
detected in MSH2 at a position 18 bp upstream of the canonical splice acceptor of exon 15
(Figure 4.4b). Analysis of the inserted sequence and flanking breakpoint sequences revealed that
an 11 bp region of homology at the breakpoint likely mediated the insertion of a highly
conserved Alu element at this locus. Although this variant was not predicted to impact the
coding sequence of MSH2, in silico splice site analysis suggested that this variant may result in
the activation of a novel branchpoint or acceptor site. PCR across the splice junctions between
exons 14 and 15 and exons 15 and 16 in cDNA derived from peripheral blood did not reveal
differences in product size compared to a control. Although skipping of exon 15 is predicted to
produce a premature nonsense variant in exon 16, this variant would not be expected to be
targeted by NMD given its position in the transcript's last exon. Accordingly, exon 15 appeared
to be retained in peripheral blood, indicating that the variant did not disrupt the canonical splice
donor site. Sanger sequencing across the native splice junction between exons 14 and 15 did not
identify an insertion between annotated canonical splice sites, suggesting that the Alu insertion
did not promote retention of an intronic sequence in the variant transcript through the creation of
a novel branchpoint or splice acceptor site (Figure 4.4c).
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Figure 4.4. Candidate germline SV in an index case from a suspected Lynch syndrome
family. a. Pedigree for Case 15. b. Oxford Nanopore GS performed in the index case identified a
287 bp insertion in intron 14. The predicted position of insertion along reads containing the
variant is shown by black vertical lines. c. Gel electrophoresis and Sanger sequencing across the
canonical splice junctions of exons 14, 15 and 16. CRC, colorectal cancer; EC, endometrial
cancer.
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Case 16 had a personal history of cervical cancer and CRC at 29 and 34 years of age,
respectively (Figure 4.5). Stomach and endometrial cancers were additionally reported in the
patient's extended family. The index case thus met clinical testing criteria on the basis of early
onset cancer and family history of multiple Lynch syndrome-related tumours. Combined
MLH1/PMS2 deficiency observed by IHC and absence of somatic mutations and
hypermethylation of the MLH1 promoter in the colorectal tumour of the index case suggested
that this individual may harbour a potential germline variant in MLH1. Unfortunately, no
candidate variants were identified through variant calling or by manual review of Oxford
Nanopore long reads at the MLH1 locus. These findings suggested that other non-coding
germline variants, constitutional epigenetic changes or undetected somatic alterations, indicating
a likely sporadic cancer occurrence, may underlie the early onset CRC in this case. Given the
current limitations of long-read sequencing in the identification of small variants, these could not
be excluded.

Figure 4.5. Pedigree of molecularly undiagnosed Lynch syndrome in Case 16.
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4.3.5

Long-read sequencing to assess causal germline variants in familial pancreatic

cancer
While Lynch syndrome offers a unique opportunity for the application of long-read
sequencing given the relatively high rate of germline genetic diagnosis among MMR-deficient
tumours, other cancer syndromes show more complex or heterogeneous clinical phenotypes that
may be challenging to diagnose. For example, an increased risk for pancreatic cancer is
associated with several high-penetrance cancer predisposition syndromes, including Lynch
syndrome, Peutz-Jeghers syndrome, and familial atypical multiple mole melanoma (FAMMM).
However, many families with multiple first-degree relatives affected by pancreatic cancer who
do not meet criteria for other inherited cancer syndromes, termed familial pancreatic cancer
(FPC), remain molecularly undiagnosed. Germline variants in BRCA2, PALB2 and ATM are
identified in 15-20% of FPC, and variants in CDKN2A underlie pancreatic cancer susceptibility
in some FAMMM kindreds without a known history of melanoma (FAMMM-PC) (Bartsch et al.
2012). However, the causal genetic variants in most FPC kindreds remain unknown.
To investigate the molecular basis of cancer susceptibility in FPC, tumour GS and RNAseq of fresh-frozen pancreatic tumour biopsies were performed for two affected siblings (III-9
and III-12) from an FPC kindred (Figure 4.6a). The index case (III-12) met clinical testing
criteria for CDKN2A-associated cancer predisposition based on a history of pancreatic cancer
reported in eight individuals across three generations and absence of other cancer types. Neither
clinical panel sequencing nor germline short-read GS identified a causal variant in coding or
splice regions of known cancer predisposition genes. Tumour GS and RNA-seq revealed that the
FPC tumours were characteristic of the stable genomic subtype and classical mRNA subtype.
These tumours shared common driver mutations implicating known pancreatic cancer pathways
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in cancer progression: shared KRAS G12R mutations suggested aberrant RAS signaling, focal
copy number alterations in CDK4 and CDKN2A indicated deregulation of the p16-mediated cell
cycle pathway, altered TGF-β signaling was supported by copy number alterations in TGFBR2
and ACVR1B, and homozygous deletions in ARID1B implicated the SWI/SNF-mediated
chromatin remodeling complex in tumourigenesis (Figure 4.6b,c).
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Figure 4.6. Tumour genome and transcriptome landscape in familial pancreatic cancer. a.
Pedigree of a genetically undiagnosed kindred with familial pancreatic cancer. Monozygotic
twins (II-7 and II-8) are shown by diagonal lines originating from the same point, linked by a
horizontal line. b. Circos plot comparing germline variation and somatic genomic alterations in
tumours from individuals III-9 and III-12. From outer to inner ring: number of shared germline
SNVs per Mb, proportion of shared germline SNVs per Mb, segments of shared germline
variation, chromosome ideogram, somatic copy number alterations (CNA) for III-9, somatic
CNA for III-12, waterfall plot and intermutation distances (IMD) for III-9, waterfall plot and
IMD for III-12, coding simple somatic mutations (SSM) in III-9, and coding SSM in III-12. c.
Schematic summary of somatic alterations and expression percentiles in genes involved in the
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p16 cell cycle and TGF-β signaling pathways. Percentiles were calculated for each familial
tumour compared to POG PDAC (n = 44) and TCGA PAAD (n = 150) tumours.
Together with lack of global LOH, telomeric allelic imbalance and large-scale state
transitions, the absence of strong contributions from COSMIC signature 3 in the familial
tumours suggested that undetected or uncharacterized germline variants in BRCA2 or PALB2
were unlikely to underlie pancreatic cancer in this family. Similarly, absence of genome-wide
MSI and COSMIC signature 6 similarly did not indicate causal germline variants in MLH1,
MSH2, MSH6 and PMS2. Germline long-read sequencing subsequently performed in III-12 did
not identify possible causal SVs in known cancer predisposition genes, including putative
variants at the locus of CDKN2A.

4.3.6

Exploring novel disease genes in the molecular pathogenesis of FPC
In complex clinical cases without pathogenic small variants or SVs in known cancer

predisposition genes, functional evidence supporting a role for variants in novel genes may
inform molecular diagnosis. Using tumour RNA-seq, we evaluated possible pathway
deregulation by identifying gene expression outliers in resected FPC compared to unrelated
pancreatic ductal adenocarcinomas (PDAC or PAAD) from the POG PDAC and TCGA PAAD
cohorts (Figure 4.7a). This approach identified 145 genes expressed above the 95th percentile in
both familial pancreatic tumours compared to POG and TCGA. Several of these genes were also
found to be statistically overexpressed in the familial tumours compared to identically sequenced
POG PDAC tumours (fold-change ≥ 1.5, P ≤ 0.01). Gene ontology analysis indicated an
enrichment for genes involved in the regulation of insulin secretion, including insulin expression,
processing and storage, in the FPC tumours (Figure 4.7b). Tumours from III-9 and III-12 showed
higher expression of several genes encoding proteins involved in glucose-stimulated insulin
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secretion, including the pancreatic β-cell transcription factor MAFA (MAFA), secretory granuleassociated molecules IA-2 (PTPRN), PACAP (ADCYAP1) and ZNT-8 (SLC30A8), and glucose6-phosphatase catalytic subunit G6PC2 (G6PC2) (Saeki et al. 2002; Portela-Gomes et al. 2003;
Chimienti et al. 2004; Zhang et al. 2005; Hutton and O’Brien 2009). Consistent with aberrant
regulation of glucose metabolism, expression of both insulin (INS) and glucagon (GCG) were
higher in tumours from the FPC kindred.
Overexpression of INS and GCG, secreted respectively by β-cells and α-cells of
pancreatic islets, may indicate a relative enrichment of endocrine cells in the tumour biopsy
samples rather than biological differences in gene expression. Therefore, we estimated the
proportion of six major pancreatic cell types, namely exocrine ductal and acinar cells and
endocrine α-, β-, γ- and δ-cells, in tumour RNA-seq using single-cell transcriptome data from
healthy human pancreatic tissue (Segerstolpe et al. 2016; Wang et al. 2019). Despite showing
high expression of genes encoding the hormones GCG, INS, pancreatic polypeptide (PPY, γcells) and somatostatin (SST, δ-cells), the familial tumours did not show elevated proportions of
endocrine cells compared to other PDACs (Figure 4.7c-e). In contrast, transcriptome-based cell
type decomposition in pancreatic neuroendocrine tumours (PNETs) revealed major contributions
of these endocrine cell types. Furthermore, expression of the ductal cell marker KRT19 and
acinar cell marker PRSS1 did not differ between familial and unrelated PDACs, showing low
relative expression in PNETs (Figure4.7e) (Muraro et al. 2016). Given clinical diagnoses of
hyperlipidemia in III-9 and type II diabetes in III-12, these findings ultimately suggested an
association between hyperinsulinemia, insulin resistance and pancreatic cancer in this family
(Shanik et al. 2008).
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Figure 4.7. Tumour transcriptome sequencing indicates aberrant glucose metabolism in
FPC pathogenesis. a. Schematic of outlier expression analysis between familial tumours (n = 2)
and unrelated pancreatic ductal adenocarcinomas from POG (POG PDAC) and TCGA (TCGA
PAAD). b. Top 10 most significant pathways enriched among 145 genes overexpressed in FPC
tumours. c,d. Decomposition of endocrine cell types from bulk RNA-seq across FPC, POG
PDAC (n = 44) and POG pancreatic neuroendocrine tumours (PNET) (n = 5). The percent
composition of six major pancreatic cell types was estimated from scRNA-seq data using
MuSiC, including four major endocrine cell types (c): α-, β-, γ- and δ-cells (d). e. Expression of
marker genes associated with one of six major pancreatic cell types: ductal cells (KRT19), acinar
cells (PRSS1), α-cells (GCG), β-cells (INS), γ-cells (PPY) and δ-cells (SST). Values are shown as
log2-transformed transcripts per million.
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Based on observations from previous studies of non-syndromic FPC kindreds, private
genetic variants with unknown functional or clinical significance may underlie cancer
susceptibility in molecularly undiagnosed families (Roberts et al. 2016). In the absence of
pathogenic germline variants in known moderate- to high-penetrance pancreatic cancer
predisposition genes, we investigated the potential contribution of novel disease genes in FPC by
reviewing rare heterozygous variants in protein-coding and splice regions. Due to the presence of
other pancreatic cancer risk factors in this family, including history of acute pancreatitis,
smoking and alcohol consumption, we prioritized variants identified in at least two siblings to
account for a possible phenocopy. Among 12 candidate germline variants with predicted loss-offunction, a rare splice site variant was identified in a member of the class II phosphoinositide 3
kinase (PI3K), PIK3C2G c.1429+1G>C (Table 4.3). Class II PI3Ks have previously been
implicated in vesicle trafficking but their biological functions are not fully understood (Martini et
al. 2014). However, recent in vivo models suggest that PIK3C2G plays a specific role in hepatic
glycogen accumulation and regulation of glucose metabolism (Braccini et al. 2015).
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Table 4.3. Candidate causal germline variants in an undiagnosed familial pancreatic cancer
kindred
Gene
Description

Symbol

III-9, -10 & -12

ZP4

zona pellucida protein

c.876_877delAG

frameshift

0

NAPRT

NAD biosynthesis
enzyme

c.1213C>T

nonsense

9.71E-05

XIRP2

actin-binding protein

c.8416G>T

nonsense

3.24E-05

CHIT1

chitin

c.963_991del

frameshift

0

OR5J2

olfactory receptor

c.427delG

frameshift

0

PIK3C2G

lipid kinase

c.1429+1G>C

splicing

0.0003

SKOR1

transcriptional
corepressor

c.42+2T>A

splicing

0.0009

SLC47A2

solute transporter

c.341delG

frameshift

0

MUC19

mucin

c.21325-2A>C

splicing

0.0036

PAPLN

ECM glycoprotein

c.54+1G>A

splicing

0.0019

SH2D4A

intracellular signaling
molecular

c.706+1G>A

splicing

0.0012

III-9 & -10

III-9 & -12

III-10 & -12

cDNA change

Variant
Impact

Carriers

gnomAD AF

AF, allele frequency; cDNA, complementary DNA; gnomAD, genome aggregation database

PIK3C2G c.1429+1G>C occurs at the canonical splice donor site of exon 10 and is
predicted to result in a shift in reading frame and expression of a premature termination codon in
exon 11. mRNA transcripts harbouring premature truncating variants, including frameshift,
nonsense and splice site variants, are classically targeted by nonsense-mediated mRNA decay
(NMD), a post-transcriptional modulator of normal gene expression that plays important roles in
embryonic development, cell differentiation and in response to cellular stress (Lykke-Andersen
and Heick Jensen 2015). Tumour RNA-seq demonstrated exon 10 skipping and allelic imbalance
at a shared heterozygous SNP (rs12312266) in both carriers, supporting aberrant splicing and
NMD-mediated degradation of the variant transcript. Neither LOH nor secondary somatic
mutations were identified in PIK3C2G to implicate this gene as a classical tumour suppressor;
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however, aberrant hormone expression, altered insulin signaling, and co-segregation of
hyperlipidemia and type II diabetes mellitus suggested that a potential genetic susceptibility to
insulin resistance may mediate pancreatic cancer susceptibility in some FPC kindreds.

4.4

Discussion
The average human genome contains approximately 5-28 thousand SVs, including

balanced rearrangements such as inversions and translocations, and unbalanced rearrangements
such as large deletions, duplications and insertions (Sudmant et al. 2015; Chaisson et al. 2019).
SVs larger than ~3 Mb are found at a high frequency in certain disorders and have historically
been assessed using karyotyping or microarrays. However, submicroscopic SVs require
molecular approaches with a higher resolution in order to determine variant configuration and to
allow for accurate clinical interpretation. Our findings suggest that germline SVs are a rare cause
of cancer susceptibility, underlying 1.4% of all cases in an advanced adult cancer cohort (n =
705) and 10% of cases associated with moderate- to high-penetrance germline variants in known
cancer predisposition genes (n = 97) (Chapter 2). Short-read GS detected known variants in five
carriers with prior clinical genetic testing, and identified pathogenic and likely pathogenic
variants in five additional cases without prior genetic diagnoses. However, short-read sequencing
was insufficient to accurately and fully resolve the configuration of three SVs, including two
variants that were ultimately classified as likely benign.
Insertions, balanced SVs and complex rearrangements that consist of three or more
breakpoints are particularly difficult to characterize using NGS given the inferential nature of SV
detection through contig-, split read-, flanking read- or depth of coverage-based approaches.
Recently, long-read sequencing has allowed the molecular diagnosis of SVs causing Mendelian
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disease in cases where clinical assays or short-read GS have been unsuccessful (Merker et al.
2018; Sanchis-Juan et al. 2018). Here, long-read sequencing confirmed three simple variants and
resolved a complex rearrangement in a genetically undiagnosed individual with TSC and carrier
status for NTHL1. Notably, one individual was a carrier of a RAD51C inversion with breakpoints
within introns 4 and 6 that would have been missed through targeted NGS. As demonstrated by
Rhees et al. (2014), the precise characterization of SV breakpoints is critical in order to guide the
development of targeted clinical assays for familial, recurrent or founder variants that may be
undetectable through standard clinical assays in known or suspected hereditary cancer families
(Rhees et al. 2014). This was illustrated by the detection of a 301 bp intronic insertion in MSH2,
occurring 18 bp upstream of the canonical splice acceptor site of exon 15, in an index case with a
personal history of MSH2- and MMR-deficient CRC and family cancer history suggestive of
Lynch syndrome.
Although many carriers in our unselected patient cohort had a personal and/or family
history suggestive of moderate- to high-penetrance inherited cancer susceptibility, four carriers
(40%) did not have a personal or family history that would have indicated prior referral for
genetic counseling and testing. This finding is consistent with previous reports suggesting that
less than half of carriers identified through population genetic testing meet current clinical
testing criteria (Metcalfe et al. 2010). The significance of accurate variant interpretation,
particularly in individuals who do not meet phenotype-based testing criteria, was highlighted by
Case 3, who was referred for clinical testing on the basis of the miscalled inversion in TSC2 and
LOH in their tumour. At the time of referral, PCR-based validations of the predicted breakpoint
junctions were unsuccessful; however, nanopore sequencing later characterized the true variant
as a small inverted duplication in a deep intronic region of IFT140. On the basis of accurate
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variant resolution, classifications for this variant and a complex rearrangement at the locus of
NSD1 were downgraded to likely benign. This ultimately prevented clinical referral for cases
without suspicious personal or family medical history.
Pathogenic and likely pathogenic germline variants are identified in only 27-33% of
index cases referred for clinical hereditary cancer testing (LaDuca et al. 2014). This indicates a
need for complementary testing strategies in families with phenotypic indications of highpenetrance cancer predisposition syndromes to characterize possible causal non-coding variants
and SVs. Long-read sequencing in particular may improve genetic diagnosis in cases with
clinical and/or molecular evidence supporting specific candidate genes in tumourigenesis. This
was explored in two index cases each with personal history of MMR-deficient CRC and family
history suggestive of Lynch syndrome. A candidate SV near the canonical splice acceptor site of
exon 15 in MSH2 that was characterized by nanopore sequencing in Case 15 allowed for the
investigation of possible aberrant splicing of MSH2 as a potential cause of Lynch syndrome in
this family. Although Sanger sequencing across the splice junctions of MSH2 exons 14, 15 and
16 in cDNA did not identify retention of an intronic sequence or skipping of exon 15, suggesting
that the intronic insertion did not disrupt the splicing branchpoint or canonical splice acceptor,
alternative mechanisms conferring deleterious impacts on gene expression, splicing or function
could not be excluded based on this evidence alone.
Complex clinical cases, such as the FPC kindred described here, may similarly benefit
from complementary short- and/or long-read GS. Based on the strong association between
BRCA1, BRCA2 and PALB2 carrier status with HR mutational signatures, lack of DNA repair
deficiency in the familial tumours suggested that undetected variants in high-penetrance HR
genes were unlikely to underlie cancer susceptibility in this family. Using nanopore sequencing,
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the possibility of causal germline SVs in known moderate- and high-penetrance cancer
predisposition genes, especially for well-characterized pancreatic cancer susceptibility genes
BRCA2, ATM, PALB2 and CDKN2A, was less likely as a differential genetic diagnosis for FPC
in this family.
In the absence of pathogenic variants in known disease genes, RNA-seq may provide
functional information supporting variant or gene pathogenicity. Further investigation of
predicted loss-of-function germline variants identified through short-read GS and evaluation of
tissue-specific transcriptional profiles through RNA-seq in the FPC kindred suggested a putative
association between the hepatocyte and pancreas-specific gene PIK3C2G, insulin resistance, and
pancreatic cancer susceptibility. Independent from type II diabetes mellitus, which has been
associated with pancreatic cancer both as a risk factor and consequence secondary to cancer
onset, serum insulin concentration and insulin resistance have been associated with exocrine
pancreatic cancer (Stolzenberg-Solomon et al. 2005; Wolpin et al. 2013). Pik3c2g-null mice
show several metabolic phenotypes consistent with age- and diet-related insulin resistance,
including lower insulin sensitivity, reduced glycogen storage and liver weight, higher circulating
triglyceride levels, and reduced glycogen synthase activity (Braccini et al. 2015). Although
several studies have reported possible associations between PIK3C2G and numerous metabolic
phenotypes, such as type II diabetes, body mass index and diabetic nephropathy, further studies
will be required to evaluate the role of PIK3C2G in aberrant glucose metabolism, insulin
resistance, and pancreatic cancer (Daimon et al. 2008; Anderson et al. 2015; Hebbar et al. 2017;
Saeed 2018).
Despite the current limitations of long-read sequencing, including the necessity for high
molecular weight DNA, higher error rate and increased cost, this technology is particularly
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beneficial in the genetic diagnosis of monogenic disorders where NGS has failed to identify a
causal variant. Many nonrecurrent SVs result from template switching between homologous
repetitive elements, which are inherently difficult to map with short reads. Such variants are
inaccurately or incompletely captured by NGS. This was exemplified by two complex
rearrangements that could only be resolved through long-read sequencing, and one false-positive
inversion that was refractory to accurate interpretation based on short-read sequencing. As
clinical GS becomes more widely used for molecular diagnosis in a variety of genetic
syndromes, there is a need for standardized guidelines for the identification and validation of
SVs using high-throughput sequencing technology. Considering the limitations of NGS, longread sequencing offers a complementary approach in the diagnostic odyssey of patients and
families where standard clinical testing is uninformative.
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Chapter 5: Phenotypic characterization of gastric adenocarcinoma and
proximal polyposis of the stomach

5.1

Introduction
Although multiple demographic, environmental and genetic factors contribute to gastric

cancer risk, familial clustering occurs in around 10-15% of cases (Zanghieri et al. 1990). A
strong genetic predisposition may underlie 1-3%, with HDGC accounting for the majority of
gastric cancer kindreds. Gastric adenocarcinoma and proximal polyposis of the stomach
(GAPPS) is an autosomal dominant hereditary cancer syndrome associated with profuse
polyposis in the fundic gland of the stomach and sparing of the gastric antrum (Worthley et al.
2012; Li et al. 2016). Familial clustering of intestinal-type gastric cancer is observed in GAPPS
and familial intestinal gastric cancer (FIGC) (Caldas et al. 1999). While the genes involved in
FIGC have not been well defined, causal variants in the promoter 1B of APC have been
identified in individuals with GAPPS and in rare families with FAP (Rohlin et al. 2011; Snow et
al. 2015). These findings suggest that coding and non-coding variants in known disease genes
may be associated with distinct clinical manifestations.
In spite of the uncertain penetrance of GAPPS, analysis of the APC promoter 1B has
become routine in clinical genetic testing of hereditary cancer families. Furthermore, with few
GAPPS families reported in the literature, the spectrum of clinical manifestations in carriers and
the prevalence of pathogenic germline variants in the APC promoter are unknown. Here we
present preliminary data from an international study of clinical phenotypes in GAPPS and
describe three previously unreported GAPPS families. While the pathogenesis of GAPPS is still
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not well understood, our findings may ultimately help inform clinical management guidelines for
individuals affected by this rare cancer syndrome.

5.2

Materials and Methods

5.2.1

Ascertainment of GAPPS families
This study has been approved by the University of British Columbia Clinical Research

Ethics Board (H17-01449). Ethics approval for data collection, sharing and publication was
obtained independently by all collaborating institutions, including the National Institutes of
Health National Cancer Institute (United States), Masaryk Memorial Cancer Institute (Czech
Republic), Kumamoto University (Japan), and King Edward Memorial Hospital (Australia).
Participants were ascertained by local investigators, including clinicians, genetic counselors,
research nurses or other members of the study team, on the basis of a known clinical and/or
molecular diagnosis of GAPPS. Individuals were eligible for the study if they met one of the
following criteria:
1. the individual has a clinical diagnosis of GAPPS
2. the individual has an affected first-degree relative and is at-risk for GAPPS; or
3. the individual has a known mutation in the promoter 1B of APC but has not presented
with fundic gland polyposis.
A clinical diagnosis of GAPPS was made according to original diagnostic criteria described by
Worthley et al. (2012):
1. gastric polyps restricted to the body and fundus;
2. more than 100 polyps carpeting the proximal stomach in the index case or more than 30
polyps in a first-degree relative of an individual with GAPPS;
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3. gastric polyps are predominantly fundic gland polyps (FGPs), some having regions of
dysplasia (or a family member with either dysplastic FGPs or gastric adenocarcinoma);
4. an autosomal dominant pattern of inheritance; and
5. no evidence of colorectal or duodenal polyposis.

5.2.2

Questionnaire design and data collection
Survey content and design were guided by recommendations made from collaborating

clinicians, geneticists, genetic counselors and scientists with advanced knowledge of GAPPS and
hereditary cancer syndromes. Using a retrospective patient-reported survey design, we sought to
collect information about gastrointestinal symptoms and comorbidities, relevant history of
medical procedures, medication use, and diet and lifestyle factors (Appendix C). Patient-reported
questionnaires were completed either in person or by phone with a member of the research team.
Canadian participants were also eligible to complete an online version of the questionnaire.
Information regarding patient procedures and outcomes were also obtained through a review of
relevant medical records by investigators from respective collaborating institutions. All
questionnaires and pedigrees were de-identified and encoded by a unique study number.

5.2.3

APC promoter sequencing
This study has been approved by the BC Cancer Research Ethics Board, and written

informed consent was provided by patients or next-of-kin. Blood and tissue samples for index
cases ascertained on the basis of multiple possible eligibility criteria were received between
March 2002 and June 2013 (Caldas et al. 1999; Brooks-Wilson et al. 2004; Suriano et al. 2005;
Fitzgerald et al. 2010). Pedigrees and medical records were sent by referring centres and
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reviewed centrally. Genomic DNA extracted from peripheral blood or saliva was analyzed by
bidirectional Sanger sequencing across coding regions of CDH1 as previously described. All
index cases were subsequently sequenced by NGS across the exons and flanking regions of APC,
ATM, BRCA2, CDH1, CTNNA1, MAP3K6, MLH1, MSH2, MSH3, MSH6, MSR1, MTUS1,
PALB2, PRSS1, PTEN, RAD21, SDHA, SDHB, and STK11. NGS libraries were prepared using
custom Illumina TruSeq or Nextera assays, and paired-end sequencing and data analysis was
performed on the Illumina MiSeq. The APC promoter 1B was analyzed by NGS or by
bidirectional Sanger sequencing using the following primer sequences: 5'GCCAGTAAGTGCTGCAACTG-3' (F) and 5'-GGAGAGGGTGAGACATGGAG-3' (R).

5.3
5.3.1

Results
Preliminary findings from an international collaboration for GAPPS
Although several GAPPS families have been reported in the literature, the spectrum of

clinical phenotypes associated with pathogenic germline variants in the APC promoter 1B have
not been methodically characterized. To address the need for evidence-based clinical
management guidelines in GAPPS, several clinicians and scientists with expertise in
gastrointestinal cancer syndromes developed a patient-reported questionnaire to describe
gastrointestinal symptoms, cancer spectrum and screening strategies, medication use, and
potential influence of smoking history and alcohol consumption in individuals with GAPPS
(Appendix C). Preliminary clinical data collected for 29 individuals from 8 families previously
reported in the literature is summarized in Table 5.1 (Worthley et al. 2012; Li et al. 2016;
Foretova et al. 2019).
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Table 5.1. Cohort characteristics and summary of preliminary data from the GAPPS
Clinical Study

N

Age, Median (Range)

FGPs, N

Stomach and/or
Abdominal Pain, N

GAPPS

29

34 (12-66)

25 (86 %)

14 (48 %)

Gastrectomy

20

38 (18-66)

20

10

H. pylori infection

5

41 (23-68)

4

1

Gastric cancer

2

43 (29-57)

2

1

Heartburn

14

32.5 (12-64)

12

10

Nausea/vomiting

11

30 (15-56)

9

7

Gastric reflux

8

40 (23-64)

8

6

Colorectal polypsa

16

42 (19-68)

15

9

Extracolonic featuresb

4

-

4

4

Female

20

-

17

9

Male

7

-

6

3

Not reported

2

-

2

2

13

-

13

6

Gastrointestinal symptoms

FAP-associated phenotypes

Biological sex

Lifestyle factorsc
Regular alcohol consumption

Smoking history
6
4
3
aReported colorectal polyp pathology includes polyps NOS, hyperplastic polyps, tubular adenomas with
low-grade dysplasia, and sessile polyps.
bReported FAP-associated extracolonic phenotypes include osteomas (n = 2), desmoid tumour (n = 1),
enchondroma (n = 1) and supernumerary teeth (n = 1).
cRegular alcohol consumption is defined as more than two standard drinks per week. Smoking history is
defined as daily smoking for at least six months.

Individuals were ascertained to the study based on a clinical diagnosis of GAPPS,
defined by florid fundic gland polyposis with antral sparing according to guidelines by Worthley
et al. (2011), or presence of a pathogenic variant in the APC promoter 1B. Among 29
individuals, fundic gland polyposis was observed in 86% (n = 25). The median age at which
multiple fundic gland polyps were first reported by endoscopy was 34 years (range 12-66).
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Gastrectomy had been performed in 20 individuals presenting with fundic gland polyposis, two
of whom had a personal history of gastric cancer. Prior to a genetic diagnosis of GAPPS in one
individual, prophylactic gastrectomy was performed several years after a diagnosis of Barrett's
esophagus. Biannual endoscopic surveillance ultimately led to the identification of multiple
fundic gland polyps with regions of dysplasia. In two unrelated individuals for whom
information was available, findings of between 20-30 polyps were initially reported with massive
fundic gland polyposis observed five years following initial presentation in one case. Regular
surveillance by endoscopy is thus currently one of the most important strategies in reducing the
risk of malignancy in families with GAPPS. When an informative endoscopy or endoscopic
ultrasound is not possible, abdominal computed tomography examination can be used to detect a
thickening of the gastric lining suggestive of malignancy (Bhandari et al. 2004; Akbas et al.
2019). Consequently, this procedure may be an effective approach for minimally-invasive cancer
screening in individuals who are at-risk for GAPPS.
Among 14 participants (48%) reporting at least occasional stomach and/or abdominal
pain prior to gastrectomy, including the two individuals with gastric cancer, many experienced
co-occurring gastrointestinal symptoms, including heartburn (n = 10), nausea and/or vomiting (n
= 7) and gastric reflux (n = 6). Among gastrointestinal conditions assessed in the current study,
gastric reflux was the most common, reported in eight individuals overall. No individuals
reported a history of gastric ulcers, irritable bowel syndrome, or irritable bowel disease. H. pylori
infection was confirmed in five individuals, none of whom had been diagnosed with gastric
cancer.
Due to the positive association between cigarette smoking and increased incidence of
colorectal polyps, the influence of known modifiers of gastrointestinal polyposis and cancer risk
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should also be evaluated in the context of hereditary cancer syndromes (Martínez et al. 1995;
Shrubsole et al. 2008). Across all participants in this study, six (21%) reported a history of daily
cigarette smoking for a minimum of six months and 13 (45%) reported regular alcohol
consumption (Table 5.2). Preliminary investigation of the associations between smoking history,
alcohol consumption and fundic gland polyposis do not show a significant increase in the
incidence of fundic gland polyps, nor an earlier age at diagnosis. More than half of patientreported questionnaires (59%) were received from members of a large Australian kindred first
reported by Worthley et al. (2011). As such, these findings may also represent family-specific
factors, such as shared genetic or environmental factors. These results should be interpreted
cautiously given the small size of the cohort reported here, and ongoing efforts to describe
clinical features and influence of demographic and lifestyle factors on disease presentation are
required.
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Table 5.2. Preliminary analysis of the influence of smoking and alcohol consumption on the presentation of gastrointestinal
polyps in GAPPS

N

Fundic Gland Polyps (FGPs)
Age, Median
FGPs, N (%)
P
(Range)

Colonoscopy Findings
P

Procedures, N

Polyps, N (%)

P

0.5523

5

5 (100)

0.1304

19

11 (58)

11

6 (55)

13

10 (77)

2

2 (100)

11

6 (55)

5

2 (40)

8

6 (75)

3

3 (100)

8

5 (63)

6

4 (67)

All Participants (N = 29)
Smoking History
Regular

6

4 (67)

Occasional or non-smoker

23

21 (91)

Regular

13

13 (100)

Monthly or less

16

12 (75)

Regular

3

1 (33)

Occasional or non-smoker

14

12 (86)

Regular

6

6 (100)

Monthly or less

11

7 (64)

Regular

3

3 (100)

Occasional or non-smoker

9

9 (100)

7

7 (100)

0.1798

29.5 (23-56)
34 (12-66)

Alcohol Consumption
0.1067

33 (12-66)

0.4136

41.5 (15-65)

0.3905

Australian Kindred (N = 17)
Smoking History
0.1206

23

0.5925

32.5 (12-52)

0.4872

Alcohol Consumption
0.2374

24 (12-52)

0.5197

41 (15-47)

0.2929

Non-Australian Participants (N = 12)
Smoking History
1

32 (27-56)

0.2639

34 (29-66)

0.4909

Alcohol Consumption
Regular

1

34 (29-66)

0.6237

0.6084

Monthly or less
5
5 (100)
51 (27-65)
5
4 (80)
Fisher's exact test was used to compare categorical variables, and the Wilcoxon rank-sum test was used to compare distributions of age at FGP diagnosis.
Regular smokers are defined here as individuals with a history of daily smoking for at least six months. Individuals with regular alcohol consumption are
defined as individuals reporting a consumption of two or more standard drinks per week.
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A number of factors should be considered regarding the clinical management of GAPPS,
including the limitations of endoscopic surveillance, patient-specific risk of prophylactic
gastrectomy and family-specific risk of gastric cancer (Oliveira et al. 2015). The neoplastic
potential of FGPs in GAPPS was demonstrated by the rapid development of gastric
adenocarcinoma in an affected individual despite regular endoscopic surveillance (Repak et al.
2016). Pharmacological treatments have also been suggested as an alternative prophylactic
intervention in FAP (Vasen et al. 2008). For example, non-steroidal anti-inflammatory drugs
(NSAIDs) have been shown to reduce the number of colorectal adenomas in FAP (Asano and
McLeod 2004). However, significant gastrointestinal and cardiovascular side effects have
prevented their widespread use. The influence of NSAIDs on the progression of polyposis in
FAP suggests that pharmacological treatments may act as modifiers of disease progression in
GAPPS as well. In the future, exploring environmental influences on disease expression may
identify non-invasive interventions that could be considered in the prophylactic management of
GAPPS.
Across GAPPS families known to date, including two previously unreported kindreds,
the median age of gastric cancer diagnosis was 50 years (range 24-75, n = 35) (Figure 5.1). The
earliest known gastric cancer occurrence associated with GAPPS is 24 years. Among 76 reported
individuals with confirmed fundic gland polyposis, 26 individuals (34%) had a personal history
of gastric cancer. These may be independent of other known risk factors, as the two affected
individuals in the current study did not have prior H. pylori infection or other primary cancer
diagnoses. Ascertainment bias for families with strong cancer history indicates a need for
ongoing ascertainment of affected families to estimate the true cancer penetrance in GAPPS.
Given the potential for early onset and uncertain lifetime risk of gastric adenocarcinoma in
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GAPPS patients, a GAPPS diagnosis in individuals who are at risk can also be confirmed by
genetic testing and inform clinical management.

Figure 5.1. Two GAPPS families not previously reported in the literature. Individuals with
reported fundic gland polyps are shaded in black and known cancer diagnoses are indicated
below. GC, gastric cancer; HCC, hepatocellular carcinoma.

In families with FAP, it is recommended that carriers have periodic examinations of the
rectosigmoid from their early teens and of the upper gastrointestinal tract from their late twenties
(Vasen et al. 2008). Screening by sigmoidoscopy is recommended every 2 years from age 10,
and if an adenoma is detected, annual colonoscopies should be performed until a colectomy is
planned. The average age of onset of colorectal cancer in classic FAP is 39 years, and 55 years in
attenuated FAP (AFAP). Among published reports of GAPPS families, the earliest polyp
phenotype was observed at 10 years and the earliest gastric cancer reported at 31 years. Similar
recommendations may therefore be considered in the surveillance of GAPPS-associated FGPs.
Our preliminary findings demonstrate some of the challenges in the identification of GAPPS
families, with later diagnosis in individuals without a personal history of gastric cancer. This
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may result from the absence of specific symptoms associated with fundic gland polyposis or
ascertainment bias for families with a strong history of gastric cancer. Given the earliest known
gastric cancer diagnosis at 24 years of age, carrier testing and endoscopic screening in confirmed
GAPPS families may also be warranted in the teenage years.

5.3.2

Rare APC promoter variants in gastric cancer kindreds unselected for polyposis
To investigate the contribution of APC promoter variants to gastric cancer predisposition

in CDH1-negative families, we sequenced the coding regions of several known cancer
predisposition genes and APC promoter 1B in 259 individuals from 254 families with a personal
and/or family history of gastric cancer and who were unselected for gastric polyposis (Table
5.3). This included 174 individuals meeting IGCLC criteria for HDGC and one meeting criteria
for FIGC (Fitzgerald et al. 2010; van der Post et al. 2015). The majority (76.8%) of individuals
had a personal history of gastric cancer, with 85.4% diffuse gastric cancer and median age of
diagnosis of 42 years (range 9-87). An additional 6 individuals were potential obligate carriers
for hereditary gastric cancer predisposition syndromes.
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Table 5.3. Personal and family gastric cancer history in CDH1-negative index cases
unselected for fundic gland polyposis
Family History of GC, No. of Index Casesa
Cancer History

Index Cases

HDGC

FIGC

Any GC

None

199

149

1

16

33

Obligate carrier

2

2

0

0

0

Non-obligate carrier

38

12

0

26

0

Obligate carrier

4

4

0

0

0

Non-obligate carrier

16

7

0

9

0

259

174

1

51

33

Personal history of GCb
Other cancer historyc

Unaffected

Total

Abbreviations: GC, gastric cancer; HDGC, hereditary diffuse gastric cancer; FIGC, familial intestinal
gastric cancer
a Family history of GC in first- and second-degree relatives.
b Index case GC subtypes: DGC (n = 170), IGC (n = 10), mixed (n = 4), NOS (n = 15).
c Other cancer types: breast (n = 31), colon (n = 4), ovarian (n = 1), prostate (n = 2), skin (n = 2),
thymoma (n = 1), uterine (n = 1). Two index cases were affected by more than one cancer type.

We identified a previously reported pathogenic GAPPS-associated variant (APC c.191T>C) in an individual meeting clinical IGCLC criteria for HDGC (Figure 5.2). Prior genetic
screening of CDH1 was uninformative and no pathogenic variants were identified in other cancer
predisposition genes tested. The index case (III-8) was diagnosed with moderately differentiated
stage IB prostate cancer at the age of 73, following a diagnosis of gastric cancer in two children.
IV-2 initially presented with lower abdominal pain, distension and ascites at 37 years of age.
Upper gastrointestinal endoscopy revealed a gastric mass and multiple 3 mm polypoid lesions
throughout the stomach and fundus with sparing of the distal half of the gastric antrum. The
patient subsequently succumbed to a stage IV diffuse gastric cancer within three weeks of their
initial presentation. IV-4 presented with severe abdominal pain, anorexia, and emesis at 39 years
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of age and had guaiac-positive stool upon admission to hospital. Tumour metastases of unknown
origin were identified in the liver, but the patient passed away prior to the diagnosis of a primary
intestinal-type gastric cancer identified upon autopsy. Notably, despite diffuse tumour
involvement in the gastric mucosa, coarsely granular to polypoid texture was observed and
suggested the possibility of precancerous gastric polyposis.

Figure 5.2. Pedigree of an unreported GAPPS family identified retrospectively in a familial
gastric cancer cohort unselected for polyposis. GC, gastric cancer; CRC, colorectal cancer.

Unfortunately, we were unable to confirm segregation of the APC c.-191T>C variant in
this family, nor were we able to assess the presence of florid gastric polyposis in the index case.
However, fundic gland polyposis with antral sparing identified in one child and possible gastric
polyposis in another suggests an association between the APC c.-191T>C variant and
characteristic GAPPS phenotype in this family. Non-gastric cancer types have been occasionally
reported in GAPPS families, including a personal history of thyroid cancer in one affected
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individual, in addition to a personal history of prostate cancer in the index case identified in our
study (Worthley et al. 2012). It is unclear whether these reflect coincidental sporadic cancer
occurrences or if carriers are at an increased risk for developing other gastrointestinal or nongastric cancer types.

5.4

Discussion
Hereditary cancer susceptibility is commonly observed in unselected cohorts of cancer

patients that do not meet current clinical testing guidelines (Schrader et al. 2016; Mandelker et
al. 2017). In precision oncology, the utility of exploring inherited genetic variation is achieved
through the implementation of cancer prevention and screening strategies and by the use of
targeted therapies. However, the clinical significance of germline variants in cancer
predisposition genes and accurate estimation of associated lifetime cancer risks across various
populations is influenced by individual- and gene-specific factors. Recent variant interpretation
guidelines that consider variant impact, gene function, incomplete penetrance, and variable
expressivity in specific disease and gene contexts have been shown to improve the accuracy of
variant assessment for high-penetrance cancer syndromes (Leroy et al. 2017; Lee et al. 2018).
Multidisciplinary and collaborative approaches to genetic diagnosis across rare disease have
improved clinical outcomes for patients and their families, indicating that similar initiatives can
provide a basis for accurate estimates of cancer penetrance in individuals with rare cancer
syndromes (Boycott et al. 2017; Wright et al. 2018).
Causal variants in GAPPS have thus far been restricted to those in the promoter 1B of
APC, having been identified in most reported families to date. Several SNVs in the APC
promoter have been associated with reduced transcription factor binding in both GAPPS and

113

FAP, including GAPPS-associated alleles c.-191T>C, c.-192A>G and c.-195A>C and FAPassociated alleles c.-190G>A and c.-192A>T (Li et al. 2016). However, the clinical
heterogeneity and cancer risks associated with APC promoter 1B variants have not been fully
elucidated. Variability in the expression of the syndrome, particularly the presence of non-gastric
phenotypes in affected individuals, indicates the need to further characterize the spectrum of
clinical features associated with GAPPS. These include the influence of known risk factors for
fundic gland polyps, such as long-term use of proton pump inhibitors, on polyp incidence and
age of onset in carriers (Tran-Duy et al. 2016).
While the spectrum of clinical phenotypes and cancer risk associated with GAPPS are not
well established, several independent reports of affected families indicate that GAPPS is
specifically associated with extensive fundic gland polyposis and incomplete cancer penetrance
(Worthley et al. 2012; Yanaru-Fujisawa et al. 2012; Li et al. 2016; Repak et al. 2016; Beer et al.
2017; Anderson et al. 2018; Mitsui et al. 2018; Foretova et al. 2019). As part of ongoing work
characterizing the molecular basis of hereditary gastric cancer, we investigated the prevalence of
APC promoter variants in over 250 individuals with a personal and/or family history of gastric
cancer with no known genetic diagnosis. Surprisingly, a single occurrence of a GAPPSassociated variant was found retrospectively in an obligate carrier for autosomal dominant cancer
predisposition. Based on current clinical criteria, a history of gastric polyposis and gastric cancer
in the kindred described here would indicate genetic assessment for GAPPS. Rare families
meeting criteria for HDGC may thus harbour variants in the APC promoter 1B, and retrospective
assessment of gastric polyposis may be warranted to determine if these families present with the
characteristic GAPPS phenotype. Our findings indicate that GAPPS may account for gastric
cancer susceptibility in rare families meeting clinical criteria for other cancer predisposition
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syndromes, and thus genetically undiagnosed gastric cancer families with any history of fundic
gland polyposis should undergo genetic testing of APC to exclude the possibility of GAPPS.
Given a common molecular basis in GAPPS, FAP and AFAP, possible colonic
involvement has not been excluded in individuals carrying GAPPS-associated variants given the
inconsistent reporting of colonoscopy findings. Among 27 patients described in the current study
who were examined by colonoscopy, a small number of colorectal polyps (< 10) was reported in
63%. However, it is unclear whether these reflect unrelated phenotypes given an estimated
incidence of 21.1% in the general population and advanced polyps (> 9 mm) occurring in 6-8%
(Imperiale et al. 2002; Lieberman et al. 2008). Demographic factors such as age, sex, and
ethnicity may also contribute to the incidence of colorectal findings in GAPPS families, and
these should be considered in larger cohorts. Continuing global collaborative efforts between
clinical and research teams will be necessary to describe clinical phenotypes associated with this
rare cancer predisposition syndrome.
Characterizing hereditary genetic variation in high- and moderate-penetrance cancer
predisposition genes may have implications for cascade carrier testing, cancer risk-reduction and
screening interventions in individuals at risk of having inherited a causal germline variant.
Therefore, germline GS has the potential to identify previously unknown carriers for genes with
defined estimates of lifetime cancer risk, as well as causal genetic variants in suspected
hereditary cancer families with otherwise uninformative clinical genetic testing. As demonstrated
by us and others, GS may improve molecular diagnosis of cancer predisposition syndromes in
comparison to panel testing through the detection of SVs or genetic variation in novel disease
genes. Germline variants identified in the promoters of high-penetrance cancer predisposition
genes, such as APC, further implicate a role for cis-regulatory variation in cancer risk. An
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accurate molecular diagnosis is critical in order to evaluate cancer and non-cancer phenotypes in
carriers, as well as to inform evidence-based guidelines regarding effective cancer screening and
prophylactic interventions.
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Chapter 6: Conclusion

6.1

Summary
The landscape of natural genetic variation is complex, consisting of small genetic

variants and large genomic rearrangements. During the last two decades, advancements in
sequencing technologies have allowed the characterization of genetic variants at high resolution
across the human genome. This has improved our understanding of how germline variation
contributes to both complex and Mendelian diseases, but our incomplete biological and clinical
knowledge has been limiting in the interpretation of rare variants underlying cancer
predisposition syndromes. The research presented in this dissertation demonstrates that tumour
genome and transcriptome sequencing may improve the interpretation of germline genetic
variation. In particular, these allow functional characterization of known and novel cancer
predisposition genes, identification and resolution of large or complex genetic variants, and
detailed phenotypic characterization for specific disease and gene contexts. Using genome and
transcriptome sequencing, I explored the molecular mechanisms associated with high-penetrance
genes and showed that individual cancer genomes and tissue-specific in vitro models can provide
insights into the genetic and molecular aetiology of cancer predisposition syndromes. Although
the detection and interpretation of certain types of genetic variation is restricted by current
limitations of short-read sequencing, long-read sequencing improves the resolution of germline
SVs in suspected hereditary cancer families. Finally, I discussed preliminary findings from
individuals with GAPPS, a recently described syndrome accounting for rare gastric cancer
families. This work supports ongoing collaborative efforts in the molecular and phenotypic
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characterization of high-penetrance cancer predisposition syndromes to improve genetic
diagnosis and inform evidence-based clinical guidelines in the era of precision medicine.

6.2

Significance
Molecular tumour profiling may indicate the contribution of classical tumour suppressor

genes in disease pathogenesis; therefore, sequencing tumour tissue from individuals with
constitutional cancer susceptibility may help identify candidate causal genes. MMR deficiency is
an uncommon molecular feature observed across a broad range of cancer types, assessed
universally in CRC and EC to identify potential Lynch syndrome families. Loss of MMR
proteins MLH1, MSH2, MSH6 or PMS2 assessed by IHC can indicate the presence of a
germline variant or result from double somatic alterations, indicating a likely sporadic cancer
occurrence. Through targeted tumour-normal NGS, we found that more than half of MMRdeficient Lynch syndrome spectrum tumours reflect a likely sporadic occurrence resulting from
hypermethylation of MLH1 or somatic genetic alterations (Chapter 2). These findings ultimately
helped inform the development of a modified framework of provincial genetic testing,
integrating tumour sequencing into a universal screening paradigm for Lynch syndrome. This
approach may also improve genetic diagnosis of families with strong phenotypic and/or
molecular indications of Lynch syndrome and where somatic mutations, copy number alterations
or LOH cannot explain MMR deficiency.
Although short-read GS allows the identification of small genetic variants and copy
number variants with high sensitivity, it is limited in the accurate resolution of complex SVs and
variants in repetitive regions of the genome. Long-read sequencing, such as nanopore sequencing
or single molecule real-time sequencing, improves the interpretation of germline variants that
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remain elusive to short-read GS, thus allowing appropriate cancer risk stratification of carriers
(Chapter 4). Complementary short- and long-read sequencing may also improve differential
genetic diagnosis in suspected hereditary cancer families to evaluate potential variants in known
cancer predisposition genes. Through the exclusion of known cancer predisposition genes,
integrated tumour and germline analysis in a molecularly undiagnosed FPC kindred suggested a
putative role for altered glucose metabolism in cancer susceptibility associated with a candidate
moderate-penetrance gene.
Given the potential information and ethical implications resulting from germline GS, we
recently described a framework for the translation of primary and secondary germline findings in
precision oncology that was informed by retrospective germline analysis and several years of
clinical, molecular and informatics experience in the POG program (Dixon et al. 2020). Owing
to the potential implications for genetic diagnosis, cancer risk reduction and targeted cancer
therapy, primary germline findings, defined as genetic variation with known or potential
implications for cancer susceptibility, prognosis, or treatment, should be an integral part of
patient education in cancer genomics programs. Among advanced cancer patients unselected for
personal or family cancer history, germline variants with established clinical actionability for
cancer susceptibility were identified in 9.6% (Chapter 2). However, many individuals with
germline variants conferring dominant cancer predisposition would not be eligible for
provincially-funded genetic testing based on current guidelines, indicating the challenges of
clinical phenotype-based guidelines in carrier ascertainment. To contribute to the phenotypic
characterization of rare cancer predisposition syndromes, we established an international
collaboration for GAPPS that continues to assess disease penetrance and cancer screening
strategies in affected families (Chapter 5).
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6.3
6.3.1

Limitations
Candidate gene discovery through GS
Variant classification remains diagnostically challenging in the hereditary cancer setting

given the frequent lack of phenotypic or functional information supporting variant pathogenicity.
In the absence of pathogenic variants in known disease genes, genetic linkage analysis in
multigenerational pedigrees is a powerful approach to identify candidate genes underlying highpenetrance cancer syndromes. However, several possible confounding factors may restrict the
use of this approach, including reduced disease penetrance, presence of phenocopies, pedigree
size or structure, and genotyping or pedigree errors (Ott et al. 2015). Patient ascertainment may
also limit the availability of genotype data, a limitation of our analysis in a multigenerational
FPC kindred (Chapter 4). Despite genome-wide variant calling using short- and long-read
sequencing platforms, segregation of candidate variants could not be evaluated in affected family
members with higher degrees of separation from the siblings assessed here. GS allowed the
identification of several candidate protein-truncating variants that segregated with disease in
multiple siblings with PDAC, but the reproducibility of these findings has not yet been
investigated in additional families.

6.3.2

Non-coding variants
As variants in cis-regulatory elements may promote or reduce transcript expression,

sequence analysis for the APC promoter 1B and deletion and duplication analysis for the
promoters of BMPR1A, GREM1, MLH1, MSH2, PTEN and TP53 has been incorporated into
current clinical assays (Shin et al. 2002; Zhou et al. 2003; Calva-Cerqueira et al. 2010; Morak et
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al. 2011; Leclerc et al. 2018). Global allele-specific expression contributes to normal human
variation, as approximately 88% of protein-coding genes show tissue-specific allelic imbalance
across individuals from the general population (Stranger et al. 2017). Allelic imbalance of highly
penetrant cancer predisposition genes has also been observed in individuals affected by
hereditary cancer syndromes and may further indicate the presence of undetected genetic or
epigenetic variation affecting their transcription (Chen et al. 2008). Functional annotations aid in
the interpretation of non-coding variants identified through GS that may result in allelic
imbalance of candidate causal genes. However, the availability of high-quality tissue specimens,
presence of heterozygous coding SNPs, and individual variation in the level of gene expression
determine the feasibility of assessing allele-specific expression in individuals with potential
cancer predisposition syndromes. These factors limited our assessment of the transcriptional
consequences of germline SVs in known and suspected carriers (Chapter 4).

6.3.3

Tissue-specific expression
Accurate expression quantification depends on the availability of samples from the tissue

of disease origin, and thus practical considerations may currently limit the use of RNA-seq in
molecular diagnosis. For cancer patients, RNA-seq of primary tumour tissue may allow unbiased
tissue-specific analysis of gene expression, alternative splicing and allele-specific expression.
Incorporating tissue- and disease-specific comparators into the analysis of individual tumours
from an undiagnosed kindred ultimately helped characterize a novel possible mechanism
underlying moderate-penetrance pancreatic cancer susceptibility (Chapter 4). However, somatic
mutations resulting in NMD, somatic copy number alterations, and tumour-specific DNA
methylation may all influence gene expression in tumour tissue. Organoid model systems offer
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an alternative strategy to studying biological mechanisms of cancer predisposition in natural
tissue contexts. This approach identified a potential molecular marker of SRC morphology in
HDGC, although broader characterization of gastric cell types involved in neoplastic
transformation were limited by inherent developmental and anatomical differences between
mouse and human (Chapter 3).

6.3.4

Phenotypic characterization of rare syndromes
Evolving guidelines regarding the analysis, interpretation and protection of germline data

will inform future clinical translation of hereditary genetic information. Precision medicine
initiatives such as the POG program offer opportunities for carrier ascertainment, allowing
clinical referral that may not have been otherwise indicated. Given the advanced nature of
disease among cancer patients in the POG program, the therapeutic implications of germline
variants in cancer susceptibility genes, in particular if knowledge of a germline variant resulted
in the consideration or implementation of a change in treatment, could not be assessed. However,
the potential implications of germline variants with established therapeutic associations was
recognized in cancer genomes characterized by HR deficiency and MSI associated with HBOC
and Lynch syndrome, respectively.
Recent evidence-based guidelines for gene- and disease-specific variant curation support
a need for collaborative, transparent, and dynamic clinical research initiatives to improve genetic
diagnosis for cancer predisposition syndromes. Accurate assessment of patient and family
history is important to identify individuals with inherited cancer susceptibility and may be
especially informative for clinical variant interpretation (Murff et al. 2004). Accordingly, larger
numbers of affected families and variant segregation in multigenerational pedigrees provide
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increasing levels of support for variant pathogenicity (Lee et al. 2018). Given the limited number
of GAPPS families identified to date, phenotypic characterization of this rare syndrome remains
ongoing.

6.4
6.4.1

Future directions
Beyond high-penetrance cancer predisposition genes
BRCA1 and BRCA2 together account for around 25% of HBOC families, indicating a

need to further characterize the molecular basis and clinical implications of germline variants in
other known or candidate cancer susceptibility genes. HR is a DSBR mechanism using extensive
regions of sequence homology from homologous or sister chromosomes as a template for
effective DNA repair. Several moderate- to high-penetrance cancer predisposition genes are
involved at various stages of HR, including BRCA1, BRCA2, ATM, CHEK2 and PALB2, among
others. Through its multifunctional role in the DNA damage response, ATM is an important
regulator of DSBR pathways including HR and NHEJ. Biallelic germline variants in ATM cause
ataxia-telangiectasia, an autosomal recessive syndrome characterized by ataxia, weakened
immune systems and susceptibility to leukemia and lymphoma. Despite their critical roles in the
DNA damage response, heterozygous variants in ATM and CHEK2 have only been associated
with modest increases in lifetime cancer risk.
Germline variants in moderate-penetrance genes involved in DSBR were not associated
with disruption of HR assessed by the presence of mutational signatures in paired tumour tissues
(Chapter 2). This finding, previously reported in breast cancer cohorts, suggests that alternative
molecular mechanisms or other genetic or non-genetic factors contribute to tumour progression
and cancer susceptibility in these cases (Mandelker et al. 2019). Similar to high-penetrance
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variants in BRCA1 and BRCA2, pathogenic germline variants in moderate-penetrance cancer
predisposition genes may be associated with specific somatic events and molecular phenotypes;
however, these require further investigation. Although PALB2 has been associated with an
increased risk for cancers within the HBOC spectrum, including female breast, pancreatic,
ovarian and male breast cancers, and was associated with HR deficiency in advanced breast
cancers described here, the biological mechanisms differentiating BRCA1-, BRCA2- and PALB2related cancer susceptibility are still unclear (Yang et al. 2020).
Given the role of BRCA2 and PALB2 in both the HR and FA pathways, multiple studies
have investigated the prevalence of pathogenic variants in other FA genes in breast cancer
families without causal variants in BRCA1 or BRCA2 (Seal et al. 2003; Thompson et al. 2012;
Litim et al. 2013). However, without clear associations between carrier status for Fanconi
anemia genes and cancer susceptibility, the clinical significance of monoallelic variants in these
genes for individual cancer risk has not been well defined. Four carriers of pathogenic germline
variants in FANCA and FANCC were identified among unselected patients in the POG program,
but none showed specific associations with characterized mutational signatures implicating these
genes in tumourigenesis.

6.4.2

Population genetic testing
Given the potential opportunities for clinical intervention in high-penetrance cancer

predisposition syndromes, identification and molecular diagnosis of individuals with an increased
lifetime risk for cancer may allow cancer prevention, enhanced cancer screening, and improved
health outcomes in patients and their families. An estimated one in 400 individuals is a carrier for
BRCA1 or BRCA2 in the general population (Kast et al. 2016). Although the current semi-
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opportunistic model for genetic testing aims to offer genetic testing to individuals with the greatest
probability of harbouring actionable germline variants, only 38-45% of carriers for these
actionable genes identified through population genetic testing meet clinical genetic testing criteria
(Metcalfe et al. 2010; Metcalfe et al. 2013). This may reflect several existing barriers to the access
of genetic services for individuals either with or without a family history suggestive of HBOC,
including family structure, inaccurate information about family cancer history and lack of
awareness or support from primary health care providers (Lieberman et al. 2017). This approach
may miss many carriers who would otherwise benefit from early detection and personalized cancer
risk management.
Population-based genetic testing for BRCA1 and BRCA2 in all women currently meets the
World Health Organization’s criteria for population screening for genetic predisposition to disease
(Wilson et al. 1968; King et al. 2014). Lifetime cancer risks associated with BRCA1 and BRCA2
are between 46-87% and 38-84% for female breast cancer and 39-63% and 16.5-27% for ovarian
cancer, respectively (Petrucelli et al. 1993). An increased risk for several other cancer types has
also been associated with BRCA carrier status, including male breast cancer, pancreatic cancer
and prostate cancer. Population screening for three common founder variants in BRCA1 and
BRCA2 in the AJ population increased the number of carriers identified by 40-63% and was shown
to be cost-effective when compared to current delivery models of genetic testing based on personal
or family cancer history (Manchanda et al. 2015). Breast and ovarian cancer risks are similar
among carriers of pathogenic variants in BRCA1 and BRCA2 obtained through population genetic
screening or based on family history, indicating that carriers identified through population
screening may equally benefit from enhanced cancer prevention and screening strategies (King et
al. 2003; Gabai-Kapara et al. 2014). An effective model of delivery for population genetic testing
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in cancer predisposition genes is ultimately influenced by the nature of the health care system
(Foulkes et al. 2016). Implementation of genetic testing as part of routine population-based cancer
screening programs may thus increase the accessibility of genetic testing for common cancer
predisposition syndromes, such as HBOC or Lynch syndrome, to improve health outcomes and
individual health empowerment.

6.5

Conclusions
Overall, our findings suggest that integrated molecular analysis may improve rates of

genetic diagnosis, help characterize the functional significance of genetic variation, and allow
opportunities for increased cancer screening and cancer prevention. Complementary approaches
to genetic testing can inform the identification and diagnosis of individuals with high-penetrance
cancer predisposition syndromes, while transcriptome sequencing provides functional
information about the impact of genetic variants at the level of genes, cells or tissues. GS
technologies currently offer an unbiased analysis of genetic variation. However, significant
ethical considerations are also highlighted by the challenges in large-scale germline analysis,
including variant interpretation, clinical translation, and privacy and protection of heritable
genetic information. These necessitate the development of evidence-based guidelines for
integrating genomics technologies into clinical health delivery models that include genetics
education among patients and non-specialist health care providers.
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Supplementary Table 2.1. Cancer predisposition genes evaluated for germline findings as
part of the Personalized OncoGenomics program
Gene Symbol
Entrez ID
ABRAXAS1 (FAM175A)
84142
AKT1
207
ALK
238
APC
324
ATM
472
ATR
545
AXIN2
8313
BAP1
8314
BARD1
580
BLM
641
BMPR1A
657
BRCA1
672
BRCA2
675
BRIP1
83990
CBL
867
CDC73
79577
CDH1
999
CDK4
1019
CDKN1B
1027
CDKN2A
1029
CHEK2
11200
DICER1
23405
DKC1
1736
EGFR
1956
EPCAM
4072
ERCC2
2068
ERCC3
2071
ERCC4
2072
ERCC5
2073

OMIM ID Inheritance
Locus
611143
AD
4q21.23
164730
SM
14q32.33
105590
AD
2p23.2
611731
AD
5q21-q22
607585
CX
11q22.3
601215
AR
3q22-q24
604025
AD
17q24
603089
AD
3p21.1
601593
AD
2q34-q35
604610
AR
15q26.1
601299
AD
10q22.3
113705
AD
17q21
600185
CX
13q12.3
605882
AD
17q22
165360
AD
11q23.3
607393
AD
1q25-q31
192090
AD
16q22.1
123829
AD
12q14
600778
AD
12p13
600160
AD
9p21
604373
AD
22q12.1
606241
AD
14q32.13
305000
XLR
Xq28
131550
AD
7p11.2
185535
CX
2p21
126340
AR
19q13.2-q13.3
133510
AR
2q21
133520
AR
16p13.3-p13.13
133530
AR
13q33
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Supplementary Table 2.1. Cancer predisposition genes evaluated for germline findings as
part of the Personalized OncoGenomics program (continued from previous page)
ETV6
EZH2
FANCA
FANCC
FH
FLCN
GATA2
GREM1
HNF1A
HRAS
IDH1
KIT
MAX
MEN1
MET
MITF
MLH1
MRE11
MSH2
MSH6
MUTYH
NBN
NF1
NF2
NSD1
NTHL1
PALB2
PAX5
PDGFRA
PHOX2B
PIK3CA
PMS1
PMS2
POLD1
POLE

2120
2146
2175
2176
2271
201163
2624
26585
6927
3265
3417
3815
4149
4221
4233
4286
4292
4361
4436
2956
4595
4683
4763
4771
64324
4913
79728
5079
5156
8929
5290
5378
5395
5424
5426

616216
601573
607139
613899
136850
607273
137295
603054
142410
190020
147700
164920
154950
613733
164860
156845
120436
600814
609309
600678
604933
602667
613113
607379
606681
602656
610355
167414
173490
603851
171834
600258
600259
612591
174762

AD
AD
AR
AR
CX
AD
AD
AD
AD
AD
SM
AD
AD
AD
AD
AD
AD
CX
AD
AD
AR
CX
AD
AD
AD
AR
CX
AD
AD
AD
SM
AD
AD
AD
AD

12p13.2
7q36.1
16q24.3
9q22.3
1q42.1
17p11.2
3q21.3
15q13.3
12q24.31
11p15.5
2q34
4q12
14q23.3
11q13.1
7q31.2
3p14-p13
3p22.2
11q21
2p21
2p16.3
1p34.1
8q21.3
17q11.2
22q12.2
5q35.2-q35.3
16p13.3
16p12.2
9p13.2
4q12
4p13
3q26.32
2q31-q33
7p22.1
19q13.33
12q24.33
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part of the Personalized OncoGenomics program (continued from previous page)
PRKAR1A
PTCH1
PTEN
PTPN11
RAD50
RAD51
RAD51B
RAD51C
RAD51D
RB1
RECQL4
RET
RUNX1
SDHA
SDHAF2
SDHB
SDHC
SDHD
SH2D1A
SMAD4
SMARCA4
SMARCB1
STK11
SUFU
TERC
TERT
TGFBR1
TINF2
TMEM127
TP53
TSC1
TSC2
VHL
WRN
WT1

5573
5727
5728
5781
10111
5888
5890
5889
5892
5925
9401
5979
861
6389
54949
6390
6391
6392
4068
4089
6597
6598
6794
51684
7012
7015
7046
26277
55654
7157
7248
7249
7428
7486
7490

188830
601309
601728
176876
604040
179617
602948
602774
602954
614041
603780
164761
151385
600857
613019
185470
602413
602690
300490
600993
603254
601607
602216
607035
127550
187270
190181
613990
613403
191170
605284
191092
608537
277700
607102

AD
AD
AD
AD
CX
AD
AD
AD
AD
AD
CX
AD
AD
CX
AD
AD
AD
AD
XR
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
CX
AR
CX

17q24.2
9q22.32
10q23.31
12q24.13
5q31.1
15q15.1
14q24.1
17q22
17q12
13q14.2
8q24.3
10q11.21
21q22.12
5p15.33
11q12.2
1p36.13
1q23.3
11q23.1
Xq25
18q21.2
19p13.2
22q11.23
19p13.3
10q24.32
3q26.2
5p15.33
9q22.33
14q12
2q11.2
17p13.1
9q34.13
16p13.3
3p25.3
8p12
11p13
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Supplementary Materials and Methods
Somatic mutation analysis
Small somatic mutations, somatic copy number alterations, somatic structural variants
and loss of heterozygosity were identified as previously described (Pleasance 2020). Tumour
purity, or neoplastic cellularity, was modeled from copy ratio data using pathologist-derived
estimates. Substitution types and 5' and 3' nucleotide contexts were extracted for somatic SNVs
using the R package MutationalPatterns (Blokzjil 2018). The number and percent of mutations in
each of 6 substitution groups and 96 possible trinucleotide contexts were calculated, and the
global pattern of mutations was compared to 30 mutational signatures characterized in version 2
of the Catalog of Somatic Mutations in Cancer (COSMIC) using a non-negative least squares
method described by Blokzijl et al (https://cancer.sanger.ac.uk/cosmic/signatures_v2).

RNA sequencing
Peripheral blood RNA collected in the PAXgene Blood RNA Tube (PreAnalytix) for III12 was extracted according to manufacturer's instructions using the RNeasy Mini Kit (Qiagen).
Paired-end strand-specific RNA-seq libraries prepared from tumour and peripheral blood RNA
were sequenced on the Illumina HiSeq to an average depth of 200 million reads. Paired-end
reads were aligned to the human reference genome version hg19 using STAR version 2.5.2b and
basic two-pass mapping (Dobin 2013). Duplicate reads were marked with Picard tools and geneand transcript-level quantification was performed using RSEM. Expected counts were
normalized within samples using fixed upper quartile normalization, and normalized counts for
the TCGA PAAD cohort were obtained using TCGAbiolinks (Colaprico et al., 2015; TCGA,
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2017). For mRNA subtype classification and expression percentile calculations, batch correction
was first performed using the R package sva to account for known biases in library preparation
and sequencing protocols between project sites (Leek 2012). Corrected expression values were
estimated by parametric empirical Bayesian adjustment defined by the sva ComBat function on
log-transformed and normalized counts.

mRNA subtype classification
Prior to gene expression-based subtype classification, corrected count data was
standardized to a mean of 0 and standard deviation of 1. Clustering was performed by nonnegative matrix factorization using published gene expression classifiers. To derive comparable
estimates of tumour purity across FPC, POG and TCGA cohorts, stromal and immune cell
infiltration across the combined expression dataset was modeled using ESTIMATE (Yoshihara
2013). Tumour purity was then evaluated according to the following formula described by
Yoshihara et al. (2013): cos(0.6049872018+ 0.0001467884 × ESTIMATE score). Across the
combined dataset, three- and four-subtype classifications with 62 and 613 contributing genes,
respectively, showed a greater dependence on tumour purity than the two-subtype 50-gene
classifier described by Moffit et al. (2015) (Collisson et al., 2011; Bailey et al., 2016). Therefore,
the two-subtype Moffitt classification to use in downstream analysis. A metabolic gene
expression classifier was similarly applied and did not show significant contributions from
tumour purity in glycolytic or cholesterogenic subtype classification (Karasinka 2019).

Differential expression analysis
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Differential expression was evaluated between familial and unrelated POG PDACs using
the R package DESeq2 (Love 2014). To account for natural variation in tissue-specific gene
expression, tumour biopsy site was incorporated as a covariate while disabling automatic outlier
removal using Cooks cut-off and independent filtering. Genes with a Benjamini Hochbergadjusted P-value ≤ 0.01 and absolute fold-change > 1.5 were selected for pathway analysis using
limma (Ritchie 2015). Gene expression percentiles for the FPC kindred were calculated using
corrected count data independently between unrelated POG PDACs and TCGA PAADs.

Allele-specific expression analysis
Allelic read depth in tumour GS and RNA-seq was evaluated at biallelic heterozygous
SNVs using GATK ASEReadCounter, requiring a minimum mapping quality of 10 and base
quality of 20 (McKenna et al., 2010). Loci with a variant allele frequency under 0.3 or above 0.7
in peripheral blood, with a read depth under 10 in RNA-seq or that occurred in regions with an
ENCODE 50bp mappability score < 1 were excluded from downstream analysis. Gene-level
ASE was computed using MBASED, and significant allelic imbalance was defined in genes with
an adjusted p-value ≤ 0.05. Variant-level allelic imbalance was identified at sites with significant
differences in DNA and mRNA allele frequency with an FDR-adjusted p-value ≤ 0.05 (Fisher's
exact test).
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Supplementary Figure 4.1. Illumina and Oxford Nanopore genome sequencing data
supporting a 96 kb deletion in ATM. Illumina and Oxford Nanopore genome sequencing data
for Case 6 visualized using IGV at the locus of ATM. One Nanopore read spanning the
breakpoint junction from two independent sequencing runs are shown mapping to flanking
regions of the predicted breakpoints (black arrows) and are connected by a thin gray line.
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Supplementary Figure 4.2. Illumina and Oxford Nanopore genome sequencing data
supporting a single-exon inversion in RAD51C. Illumina and Oxford Nanopore genome
sequencing data for Case 7 visualized using IGV at the locus of RAD51C. Split Nanopore reads
spanning the breakpoint junctions are shown mapping to flanking regions of the predicted
breakpoints (black arrows) connected by a thin gray line. Read segments coloured red and blue
denote split reads mapping to both plus and minus strands, indicating a probable inversion event.
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Supplementary Table 4.1. Illumina and Oxford Nanopore genome sequencing and variant calling information for candidate
germline structural variants.
Illumina GS variant calling
ID

Chromosome 5’ breakpoint

Oxford Nanopore variant information

3’ breakpoint

Type

Call method

5’ breakpoint

3’ breakpoint

Type (subtype)

Length

Variant
reads

Runs

1

16p13

1,566,535

2,119,866

INV

custom script

1,566,516

1,566,651

INS (AL)

131 bp

7

1

2

16p13

1,566,535

2,119,866

INV

DELLY, Manta

1,566,507

1,566,633

INS (AL)

129 bp

3

1

3

16p13

1,566,535

2,119,866

INV

DELLY, Manta

1,566,499

1,566,631

INS (AL)

132 bp

10

1

176,603,468

INV (SR)

161,925 bp

10

2

5q35

176,441,543

176,603,468

INV

DELLY, Manta,
Trans-ABySS

176,441,543

4

176,409,771a

176,441,549a

INV (SR)

31,778 bp

15

2

2,126,780

2,214,187

INV (SR)

87,407 bp

1

2

2,093,920

2,212,350

INV (SR)

118,430 bp

3

2

108,137,370

108,233,694

DEL (SR)

96,324 bp

2

2

56,786,207

56,786,758c

DEL (SR)

551 bp

5

2

56,786,751

56,787,655c

INV (SR)

904 bp

8

2

5b

16p13

2,126,780

2,214,187

INV

DELLY, Manta

6

11q22

108,137,586

108,227,717

DEL

Control-FREEC

7

17q22

56,786,751

56,787,647

INV

Manta

8

11q22

108,118,496

108,121,054

DEL

DELLY, Manta

108,118,507

108,121,041

DEL (AL, SR)

2,534 bp

9

1

9

17q21

41,217,614

41,295,110

DEL

Control-FREEC,
DELLY, Manta

41,217,612

41,295,114

DEL (SR)

77,502 bp

4

1

10

17q21

41,235,786

41,250,846

DEL

Control-FREEC

41,236,461

41,250,954

DEL (AL, SR)

14,493 bp

8

2

11

2p21

47,545,553

47,674,137

DEL

Control-FREEC,
DELLY, Manta

47,545,553

47,673,900

DEL (SR)

128,347 bp

8

1
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Supplementary Table 4.1. Illumina and Oxford Nanopore genome sequencing and variant calling information for candidate
germline structural variants. (continued from previous page)

12

16q24

89,844,986

89,869,214

DEL

Control-FREEC,
DELLY, Manta,
Trans-ABySS

89,844,987

89869211

DEL (SR)

24,224 bp

4

2

13

16p12

23,631,306

23,634,733

DEL

DELLY, Manta

23,631,313

23,634,736

DEL (AL)

3,423 bp

4

1

14

17p13

7,576,941

7,580,192

DEL

DELLY, Manta,
Trans-ABySS

NA

NA

NA

NA

NA

NA

aBreakpoints

resolved through manual curation: 176,409,841-176,441,555 (31,714 bp)
5 was sequenced only on the Oxford Nanopore MinION
cBreakpoints resolved through manual curation: 56,786,207-56,786,751 (544 bp)
cBreakpoints resolved through manual curation: 56,786,751-56,787,647 (896 bp)
AL, alignment; DEL, deletion; INS, insertion; SR, split reads
bCase
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Patient and family member survey
We are studying the clinical features of gastric adenocarcinoma and proximal
polyposis of the stomach (GAPPS), a hereditary cancer predisposition
characterized by the presence of hundreds of benign growths (called polyps) in the
lining of the stomach. Individuals with GAPPS have an increased risk of gastric
(stomach) cancer, but the clinical features associated with GAPPS are not
completely known.
This survey will allow us to better understand the clinical manifestations of GAPPS,
factors that influence disease progression and estimate the risk for other cancers.
Data collected from this study may be used to help form clinical guidelines regarding
the treatment and management of GAPPS and help inform the health care
decisions of affected individuals and their families.

Confidentiality
All personal information collected in this survey will be kept strictly confidential, and
your identity will not be included in any reports on the findings of this study.

Instructions
Please answer each question to the best of your knowledge. For questions where
a selection of answers is provided, please select the answer that best applies to
you. For family members who have had a gastrectomy, all questions relate to
your health BEFORE gastrectomy.
Some questions will ask for detailed information about symptoms that you may have
experienced, medical conditions that you have had, and your use of specific
medications. Please answer all of the questions to the best of your knowledge, and
please do not hesitate to talk to the research assistant if you have any questions or
concerns.

Thank you for your participation!
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A. GAPPS
A1. What is your year of birth?.........................................................................................
A2. Have you ever been diagnosed with GAPPS?

 No  Yes → If yes, when were you diagnosed? .......................... Year
→ How were you diagnosed?
 upper GI endoscopy

Age

 genetic testing for the GAPPS mutation

A3. Have you had a gastrectomy?

 No  Yes → If yes, when did it happen? ...................................... Year

Age

B. Procedures
B1. An upper GI endoscopy is used to visualize the esophagus and upper GI tract by passing a flexible
tube carrying a light and camera (an endoscope) through the mouth.
Have you ever had an upper GI endoscopy?  Yes  No → Continue to section B2.
→ If yes, when was/were the procedure(s) done?
→ Please describe the results of the procedure(s) in the box provided. (E.g. gastric or duodenal
polyps, cancer, gastric reflux, gastric ulcers, anemia.)
1st upper GI endoscopy
Year

or Age

2nd upper GI endoscopy
Year

Results →

or Age

If more than 4, when was your last
upper GI endoscopy?
Year

Results →

or Age

4th upper GI endoscopy
Year

Results →

or Age

3rd upper GI endoscopy
Year

Results →

Results →

or Age

→ If known, please provide the name of your specialist(s) and/or the clinic location(s) where the
procedure(s) were performed.
Specialist(s) name(s) →
Clinic location(s) →
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B2. A colonoscopy is used to visualize the colon by passing an endoscope through the anus.
Have you ever had a colonoscopy? .............................. Yes

 No → Continue to section B3.

→ If yes, when was/were the procedure(s) done?
→ Please describe the results of the procedure(s) in the box provided. (E.g. colon polyps,
desmoid tumours, cancer)
Results →

1st colonoscopy
Year

or Age
Results →

2nd colonoscopy
Year

or Age
Results →

3rd colonoscopy
Year

or Age
Results →

4th colonoscopy
Year

or Age

If more than 4, when was your last
colonoscopy?
Year

Results →

or Age

→ If known, please provide the name of your specialist(s) and/or the clinic location where the
procedure(s) were performed.
Specialist(s) name(s) →
Clinic location(s) →

B3. Please list any other procedures that you have had in the last 10 years related to gastrointestinal symptoms (e.g. abdominal MRI or CT scan, ultrasound, capsule endoscopy...)
Procedure

Year

Results
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C. Health
The following questions relate to your health BEFORE gastrectomy
C1. At their worst, how often did you experience the following symptoms (unrelated to an acute
episode of gastro-enteritis)?
1. Heartburn

Never → go to question 2
occasional  weekly  daily
When did your symptoms start? ........................................... Age
Was/Is there anything in particular that triggered your symptoms (e.g. acidic
foods, alcohol, caffeine)? If yes, please specify.

Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
2. Nausea

Never → go to question 3
occasional  weekly  daily
When did your symptoms start? ........................................... Age
Was/Is there anything in particular that triggered your symptoms (e.g. acidic
foods, alcohol, caffeine)? If yes, please specify.

Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
3. Vomiting

Never → go to question 4
occasional  weekly  daily
When did your symptoms start? ........................................... Age
Was/Is there anything in particular that triggered your symptoms (e.g. acidic
foods, alcohol or caffeine)? If yes, please specify.
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Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
4. Stomach pain

Never → go to question 5
occasional  weekly  daily
When did your symptoms start? ........................................... Age
Was/Is there anything in particular that triggered your symptoms (e.g. acidic
foods, alcohol, caffeine)? If yes, please specify.

Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
5. Regurgitation

Never → go to question 6
occasional  weekly  daily
When did your symptoms start? .......................................... Age
Was/Is there anything in particular that triggered your symptoms (e.g. acidic
foods, alcohol, caffeine)? If yes, please specify.

Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
6. Change or
unexplained loss
of appetite

Never → go to question 7
occasional  regular
When did your symptoms start? ........................................... Age
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Was/Is there anything in particular that triggered your symptoms? If yes,
please specify.

Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
7. Abdominal
pain/bloating

Never → go to question 8
occasional  weekly  daily
When did your symptoms start? ........................................... Age
Was/Is there anything in particular that triggered your symptoms (e.g. acidic
foods, alcohol, caffeine)? If yes, please specify.

Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
8. Rectal bleeding

Never → go to next section
occasional  weekly  daily
When did your symptoms start? ........................................... Age
Was/Is there anything in particular that triggered your symptoms (e.g. acidic
foods, alcohol, caffeine)? If yes, please specify.

Was/Is there anything in particular that relieve your symptoms?

Did your symptoms stop or improve?
 They stopped.  I still experience these symptoms.
When did you last experience these symptoms? ................. Age
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C2. Have you ever been diagnosed with any of the following medical conditions?
Gastric reflux ................................................................................................ Yes

 No

If yes, how old were you when you were diagnosed? ......................................... Age
After your diagnosis, did you take any medication for this? ........................... Yes

 No

If yes, for how long did you take medication? .........
How often did you take them? .................................
Please list medications taken →
(E.g. Nexium, Somac, Zantac, Tagamet,
Axid, Pepcid, Pariet, Losec, Pantaloc,
Prevacid, other)
Gastric ulcer ....................................................................................................  Yes

 No

If yes, how old were you when you were diagnosed? ......................................... Age
After your diagnosis, did you take any medication for this? ........................... Yes

 No

If yes, for how long did you take medication? .........
How often did you take them? .................................
Please list medications taken →
(E.g. Nexium, Pariet, Somac, Pepcid,
Tagamet, Zantac, amoxicillin,
clarithromycin, proton pump inhibitors,
other)
Anemia .............................................................................................................  Yes

 No
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If yes, how old were you when you were diagnosed? ......................................... Age
What type of anemia were you diagnosed with?

 Iron-deficiency anemia
 Pernicious anemia

 Aplastic anemia
 Hemolytic anemia

 I’m not sure

Please describe the treatment(s) you
received for your anemia →
(E.g. iron supplements, B12
supplements, blood transfusion,
erythropoietin therapy, stem cell
transplant)

Section continued on next page →
Irritable bowel syndrome ...............................................................................  Yes

 No

If yes, how old were you when you were diagnosed? ......................................... Age
After your diagnosis, did you take any medication for this? ........................... Yes

 No

If yes, for how long did you take medication? .........
How often did you take them? .................................
Please list medications taken →
(E.g. Bentyl, Levsin, antidepressants,
laxatives)

Inflammatory bowel disease (Crohn’s or ulcerative colitis) ....................... Yes

 No
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If yes, how old were you when you were diagnosed? ......................................... Age
After your diagnosis, did you take any medication for this? ........................... Yes

 No

If yes, for how long did you take medication? .........
How often did you take them? .................................
Please list medications taken →
(E.g. Adalimumab, Azathioprine,
Mercaptopurine, Infliximab,
Methotrexate, other)
After your diagnosis, did you have a colectomy or proctocolectomy? .......... Yes
Helicobacter pylori infection ..........................................................  Yes

 No

 No

If yes, how old were you when you were diagnosed? ......................................... Age
After your diagnosis, did you take any medication for this? ........................... Yes

 No

If yes, for how long did you take medication? .........
How often did you take them? .................................
Please list medications taken →
(E.g. Nexium, Pariet, Somac, Pantoloc,
Losec, Prevacid, amoxicillin,
clarithromycin, metronidazole, other)
Was the treatment successful? ...................................................................... Yes

 No

Was this confirmed through a follow-up test (e.g. breath test)? .................... Yes

 No

C3. Have you been diagnosed with any of the following? Please check all that apply.

 Desmoid tumours
 Osteomas (benign bony lumps)
 Dental abnormalities (supernumerary or missing teeth)
 Benign cutaneous lesions (epidermal cysts, lipomas, fibroma)
 Congenital hypertrophy and retinal pigment epithelium (CHRPE)
Continued on next page →
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C4. Have you ever been diagnosed with cancer?
If yes, please indicate the type of cancer, the age you were when you were diagnosed and any
treatments that you received in the table below.
If no, continue to section C5.
Age at
diagnosis

Treatment received (e.g. medications,
procedures, surgery)

Gastric cancer

 surgery  chemotherapy  radiation
 other (specify) →

Colon cancer

 surgery  chemotherapy  radiation
 other (specify) →

Other: please specify
→

 surgery  chemotherapy  radiation
 other (specify) →

Other: please specify
→

 surgery  chemotherapy  radiation
 other (specify) →

Other: please specify
→

 surgery  chemotherapy  radiation
 other (specify) →

C5. A stool test is often used to screen for early signs of colon cancer. These include the gFOBT
(guaiac-based fecal occult blood test) and FIT (fecal immunochemical test).
Have you ever had a stool test (gFOBT or FIT)? .........  Yes

 No → Continue to section C6.

→ If yes, when was your first stool test? ............................ Year

or Age

→ How many tests have you had?.................................................................................
Continued on next page →
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C6. If you have been diagnosed with any other heart problems or other gastric or abdominal
problems, please list them below.
Condition

Age at
diagnosis

Treatment received (e.g. medications,
procedures, surgery)

D. Medication Use
D1. Please indicate if you have taken any of the following medications, including when they
were taken and the dose (in mg or µg/day) if known.
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→ Medication for reflux heartburn (e.g. Pariet, Pantoloc, Losec, Prevacid, Nexium,
Dexilant, Zantac, Tagamet, Axid, Pepcid)
Name

Dose

How often do you
take it

When did you
start taking it
(age or year)

How long
did you take
it for

 Daily
 Occasionally
 Rarely (less than
every 6 months)

 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
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→ Heart or blood pressure medication (e.g. Adesan, Candesartan, Asartan, Atacand,
Covazan, Karvea, Avapro, Cozaar, Micardis, Atacand, Teveten, Olmetec, Diovan, other)
Name

Dose

How often do you
take it

When did you
start taking it
(age or year)

How long
did you take
it for

When did you
start taking it
(age or year)

How long
did you take
it for

 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
→ Aspirin
Name

Dose

How often do you
take it

 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
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 Daily
 Occasionally
 Rarely

→ Other anti-inflammatory medications (e.g. Celebrex, Voltaren, Advil, Anaprox, Aleve)
Name

Dose

How often do you
take it

When did you
start taking it
(age or year)

How long
did you take
it for

When did you
start taking it
(age or year)

How long
did you take
it for

 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
→ Other medications
Name

Dose

How often do you
take it

 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
 Daily
 Occasionally
 Rarely
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E. Diet and Lifestyle
E1. Do you have any dietary intolerances (e.g. lactose, gluten)?

 Yes → If yes, please specify:
 No
E2. Do you follow a specific diet (e.g. vegetarian, vegan, gluten-free)?

 Yes → If yes, please specify:
 No
E3. On average, how many times per week do you eat unprocessed red meat (e.g. steak, lamb)?

 Never  1-3  4-7  If more often, please specify:

times per week

E4. On average, how many times per week do you eat processed red meat (e.g. bacon,
sausage)?

 Never  1-3  4-7  If more often, please specify:

times per week

E5. Do you take any vitamins or supplements?

 Yes → If yes, please specify:
 No
E6. Have you ever been a regular smoker (daily for at least 6 months)? .............  Yes

 No

If yes, how old were you when you started? ......................................................
Do you still smoke regularly?

 Yes  No ................... If no, age stopped:

On average, how many cigarettes do/ did you smoke per day? ........................
E7. Do you drink alcohol? ..........................................................................................  Yes

 No

If yes, how many standard drinks of alcohol do you drink per week on
average? .............................................................................................................
How often do you have a drink containing alcohol?
 Never  Monthly or less  2-4 times/month

 2-3 times/week  4+ times/week

How many standard drinks* of alcohol do you drink on a typical day when you are drinking?
 1-2  3-4  5-6  7-9  10+
How often do you have 5 or more drinks on one occasion?
 Never  Less than monthly  Monthly  Weekly

 Daily or almost daily

*Australian standard drinks: the Australian standard drink measure contains 10grams of
alcohol (equivalent to 12.5mls of pure alcohol). For example:
• 100ml glass of red wine at 13% alc vol = 1 standard drink.
• 100ml glass of white wine at 11.5% alc vol = 0.9 of a standard drink.
• 375ml bottle or can of full strength beer at 4.8% alc vol = 1.4 standard drinks.
• 30ml nip of high strength spirit at 40% alc vol = 1 standard drink.
• 330ml bottle of full strength ready-to-drink 5% acl vol = 1.2 standard drinks.
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F. Additional Information
Is there anything else that you would like to tell us about your health or lifestyle that you feel
might be relevant to this questionnaire? If so, please tell us in the space provided.
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________

Thank you!
195

