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Abstract

Cancer is a complex disease affected by both inherited risk variants and somatic
alterations. Recent studies showed that inherited genetic variants and somatic driver
mutations converge in cancer hallmark pathways, and that inherited genetic variants
were associated with specific somatic driver mutations in tumours. However, it is
unclear whether common inherited genetic variants interact with somatic driver

mutations to influence cancer risk and prognosis.

In this study, I analyse multi-cancer datasets to investigate germline by somatic
interaction in cancer and to evaluate the role of inherited genetic variants on risk,
prognosis, nearby gene expression, response to anti-cancer therapy and adaptive im-
mune response in common cancers. | describe how the p53 poly(A) SNP, rs78378222
(17p13.1; TP53), interacts with p53 mutational status in tumours to influence can-
cer risk, response to therapy and prognosis in common cancers. I find that a known
colorectal cancer risk locus at 10p14 (rs10795668; ATP5C1) interacts with KRAS
mutational status in tumours to associate with colorectal cancer risk. I identify
two loci at 15q26.2 (rs72767781; NR2F2-AS1) and 15q22.2 (rs11447843; VPS13C)
associated with prognosis in early-stage colorectal cancer at genome-wide signifi-
cance, together with numerous suggestive loci. In particular, rs184423256 (8q22.3;
RRM?2B) and rs114887409 (4p16.1; ABLIM2) interact with KRAS mutational sta-
tus in colorectal cancer to associate with clinical outcomes. Furthermore, I identify
22 loci associated with infiltrating CD8+ T cell density in colorectal cancer, which
are used to infer the causal relationship between adaptive immune trait and prog-

nosis in early-stage colorectal cancer.

In summary, this study constitutes an integrative analysis of germline by so-
matic interaction on risk, biology, and prognosis of common cancers. The findings
provide supportive evidence that inherited genetic variants can play an active role
during tumour development, thus offering insight into the genetic basis of cancer

susceptibility and practical guidance for personalised disease prediction.
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Chapter 1

Introduction

1.1 Inherited genetic variants in cancer

1.1.1 Overview

There is great genetic diversity in humans, which in part explains the phenotypic
differences in the population [1]. Elucidating the inherited basis of genetic variation
in human health and disease is one of the most pressing scientific challenges of
this century. On average, the inherited genomes of two individuals differ at 4 to 5
million sites [2]. These genetic changes can be rare germline mutations or common
genetic variants (here I refer to single-nucleotide polymorphisms, or SNPs; defined
as a substitution of a single nucleotide at a specific position in the genome that is
present in more than 1% of a population). So far, more than 335 million SNPs have

been found across human populations [2].

Some of these inherited genetic changes are associated with diseases, including
cancer. Germline mutations can cause Mendelian diseases, which are genetic disor-
ders primarily due to alterations in one gene [3]. In particular, they play a major
role in hereditary cancer cases, which account for 5 to 10% of all cancers [4]. A
large proportion of germline mutation carriers develop cancers, indicating that the
cancer-causing mutation has a high disease penetrance [5]. For instance, females
with germline mutations in the BRCA1 gene have an 80% lifetime risk of devel-

oping breast cancer; that is, the penetrance of BRCAI germline mutations is 80%
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[6].

Most cancers, especially common adulthood cancers, are sporadic and predomi-
nantly caused by acquired (somatic) changes in the genome [7], where inherited ge-
netic component account for 10-40% of variation in cancer susceptibility (discussed
further below, see section 1.1.3). Similar to many other complex traits like height or
skin colour, susceptibility to common cancers is influenced by more than one gene;
that is, cancer is a polygenic disease [8, 9]. The genetic component of cancer suscep-
tibility has been attributed to common inherited genetic variants that are associated
with differential cancer risk [7, 10, 11]. In comparison to rare germline mutations
of high penetrance, these common cancer risk variants typically have low disease
penetrance (less than 1%; [12]). Collectively, these cancer risk variants contribute

to the polygenic architecture of cancer aetiology [9].

In this section, I first review the role of germline mutations in hereditary cancer
syndromes and the role of inherited genetic variants in common cancers. Then I
discuss their importance in understanding cancer biology as well as their utility in

research and the clinics.

1.1.2 Germline mutations and hereditary cancer syndromes

Germline mutations in more than 50 genes have been associated with hereditary
cancer syndromes (Table 1.1), which genetically predispose carriers to substantially
increased risk of developing certain types of cancer [13, 14]. Most hereditary cancer
syndromes exhibit autosomal dominant inheritance: with a heterozygous germline
mutation in a tumour suppressor gene (such as TP53 in Li-Fraumeni syndrome or
RB in retinoblastoma), tumours arise by losing the wild type allele through somatic
mutations, deletions (loss of heterozygosity, or LOH), or chromosomal rearrange-

ments (i.e., the “two-hit hypothesis”; [15, 16]).

The most common inherited cancer syndromes are hereditary breast and ovarian
cancer (HBOC) and Lynch syndrome (LS) [17-19]. Below I review the genetic and

clinical features of these hereditary cancer syndromes.

HBOC is an inherited genetic condition with increased risk for breast, ovarian
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Syndrome Common Features Gene(s) | Ref.
Hereditary Female carriers: breast, ovarian, BRCAT1 | [17]
breast and ovarian pancreatic, melanoma, and other BRCA2 | [18]
cancer syndrome cancers. Male carriers: breast and
(HBOC) prostate cancer.
Lynch syndrome Colorectal cancer without extensive MLHI | [19]
(LS) polyposis; other cancers include MSH2 | [20]
endometrial, ovarian and stomach MSH6
cancers, and occasionally urothelial, PMS2
hepatobiliary, and brain tumours. EPCAM
Familial Multiple adenomatous polyps (> 100) APC | [21]
adenomatous and carcinomas of the colon and rectum; [22]
polyposis duodenal polyps and carcinomas; fundic [20]
(FAP) gland polyps in the stomach; congenital
hypertrophy of retinal epithelium.
Li-Fraumeni Breast cancer, soft tissue sarcomas, TP53 | 23]
syndrome osteosarcoma, and brain cancer. [24]
(LFS) Rare early childhood cancers: embryonal
rhabdomysarcoma, adrenal cortical
cancer, and choroid plexus cancers.
Von Hippel- Multi-system disorder characterised by VHL | [25]
Lindau disease abnormal growth of blood vessels in
(VHL) the retina, brain, spinal cord. Tumours in
the adrenal gland, kidney and pancreas.
Cowden Multiple tumour-like growths in the PTEN | [26]
syndrome skin, intestinal tract or brain.
Cancers in the breast, uterus and thyroid.

Table 1.1. Genetics of representative hereditary cancer syndromes.

and other cancers. It is caused by pathogenic germline mutations in BRCA1 or
BRCA2 (Table 1.1; [17]). BRCA1 and BRCA2 are involved in the repair of DNA
damage; or trigger cell death if DNA cannot be repair [27]. Germline mutations in
BRCA1/2 thus impair DNA repair and increase cancer risk [6]. Less than 1% of
the general population has pathogenic germline mutations in BRCA1/2; whereas
up to 10% of women diagnosed with breast cancer have a germline mutation in
one of the two genes, so do about 15% of women diagnosed with ovarian cancer
[6]. Interestingly, somatic mutation in BRCA1/2 were also detected in about 6%
of breast cancer and 5% of ovarian cancer |28, 29]. Individuals with HBOC have
a high risk for breast (40-87% lifetime risk; the range of odds ratio [OR] estimate:
[6, 53]) and ovarian (10-44% lifetime risk; OR range: [5, 42]) cancers, as well as
an increased risk for other cancers, such as prostate cancer, pancreatic cancer, and
melanoma [6, 30-32]. Moreover, individuals with HBOC have a high risk of breast

cancer before the age of 50 or before menopause, and they have an increased risk for
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bilateral breast cancer (10-60% risk), a second primary tumour in a different tissue,

and cancer recurrence [18].

Lynch syndrome (LS), also known as hereditary non-polyposis colorectal cancer
(HNPCC), is an inherited genetic condition for colorectal, endometrial and other
cancers. It is caused by germline mutations in MLHI, MSH2, MSH6, PMS2 and
EPCAM (Table 1.1; [33-35]). MLHI1, MSH2, MSH6 and PMS2 are parts of the
DNA mismatch repair (MMR) system that initiate repair of DNA mismatches in
humans [36]. EpCAM is a trans-membrane glycoprotein mediating cell-cell adhesion
in the epithelium [37]. DNA mismatches occur when one base is improperly paired
with another base, or when there is a short addition or deletion in one strand of DNA
that is not matched with the other strand. These mismatches can occur due to DNA
replication errors or due to genetic recombination. Failure to recognise and repair
these mismatches results in microsatellite instability (MSI) and elevated mutation
rate [38], where a second hit, via mutation or LOH in the DNA MMR genes, abrogate
their functions and lead to MMR deficiency (MMRd; [33]). Estimates suggest that
as many as 1 in every 300 people carries pathogenic germline mutations in one of the
five genes. Individuals with LS have a higher than usual risk of developing colorectal
cancer (20-80% lifetime risk; tends to occur before age 50), and an increased risk of
developing other types of cancers, such as endometrial (15-60%), stomach, breast,
ovarian, small bowel, pancreatic, prostate, urinary tract, liver, kidney, and bile duct

cancers [33].

Another important hereditary cancer syndrome is Li-Fraumeni syndrome (LFS)
that is caused by germline mutations in TP53 (Table 1.1; [23, 24]). This is a
rare genetic condition: 1 in every 4500 people carries germline mutations in 7TP53.
Individuals with LF'S are characterised by their increased risk of development several
types of cancer, including early-onset female breast cancer (before 31 years old), soft-
tissue sarcomas, osteosarcomas, adrenocortical carcinomas, central nervous system
tumours (as high as 90-95% lifetime risk; [24]). The cancers of LFS individuals may
be diagnosed during childhood, adolescence or adulthood. In particular, individuals
with LE'S often develop cancer at a younger age (typically before the age of 50) than

the general population and they usually development multiple types of cancer [23].
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1.1.3 Inherited cancer risk variants in common cancers

As discussed above, germline mutations cause a small but important fraction of can-
cer, but the risk to common cancers is influenced by a multitude of factors, which can
be genetic, environmental, or stochastic [39]. Cancer risk has long been recognised
to have a familial component, and a sizeable fraction of cancer susceptibility is at-
tributable to common inherited genetic variants (Fig 1.1). For example, males with
a first-degree relative with prostate cancer are at approximately 2.5-fold increased
lifetime risk of prostate cancer [40]. Family history is also a risk factor for other
common malignancies such as breast cancer [41] and colon cancer [42]. Monozygotic
twins have higher concordance rate of cancer diagnosis at the same anatomical site
than dizygotic twins (Fig 1.1A; [4, 43, 44]). Twins’ studies thus have estimated the
extent of inherited genetic component that contributes to common cancers. As such,
common inherited genetic variants were estimated to account for 42% of prostate
cancer risk, 27% of breast cancer risk and 35% of colon cancer risk (i.e., genetic her-
itability of cancer; Fig 1.1B; [4, 43, 44]). Identifying variants underlying the genetic

heritability of cancer is key to uncover the genetic basis of cancer susceptibility.

Genome-wide association studies (GWASs) take an unbiased approach to ex-
amine the genome for inherited genetic variants (Fig 1.1C) that are associated with
differential cancer risk [45]. In particular, cancer GWASs compare variant allele
frequencies among cancer patients (cases) to those among unaffected individuals
(controls) [46, 47]. Alleles that have significantly higher frequency in cases than in
controls are deemed as associated with increased cancer risk (Fig 1.1D). Because
GWAS tests a large number of variants simultaneously, a large number of false-
positive can arise due to chance findings. Therefore, strict statistical thresholds are
usually in place to select true positive discoveries. It is a common practice to use
5e-08 as a stringent P-value cutoff in cancer GWASs [48]. To achieve this level of
statistical power, large sample cohorts, usually thousands of cases and controls, are

necessary.

So far, hundreds of inherited genetic variants have been associated with cancer
risk, many of which were validated in independent cohorts (see https://www.ebi.

ac.uk/gwas/ for the full catalogue). Of note, the effect sizes of common inherited
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Figure 1.1. Genetic heritability of cancer and inherited cancer risk
variants.
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(A) A schematic of twins’ studies estimating genetic heritability of cancer by measuring
the concordance rates between monozygotic and dizygotic twins. (B) A list of genetic her-
itability estimated for different cancer types by the anatomical location. (C) A schematic
of single nucleotide polymorphism (SNP), a typical example of common inherited genetic
variants. (D) A schematic showing the underlying principle of cancer GWASs.

cancer risk variants are small: in general less than 1.5 [49], as opposed to the large
ORs for germline mutations mentioned in section 1.1.2. Another notable feature
of the inherited cancer risk variants identified thus far is that about 90% of them
reside in the non-coding regions of the genome, and more than 40% are in intergenic
regions [48]. As a result, interpreting the functional consequences of inherited cancer
risk variants remains a challenge (discussed further below, see section 1.1.5). In this
regard, insight into the biological mechanisms underlying genotype-risk associations

will advance our understanding of the genes and pathways that promote cancer.

1.1.4 The missing heritability of cancer

Although a number of inherited cancer risk variants have been reported and vali-
dated, they explain a small fraction of the estimated genetic heritability of cancer
[50]. For instance, breast cancer risk loci identified so far explain 18.3% of the esti-
mated genetic heritability of breast cancer [51]; while known colorectal cancer risk

loci explain only 15% of the estimated genetic heritability of colorectal cancer [52].
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A number of explanations have been proposed to account for the missing heritabil-
ity of cancer, such as the less explored rare and structural variants, gene-gene or
gene-environment interactions. Meanwhile, it is also possible that some cancer risk
variants could have been overlooked in standard cancer GWASs due to limitations

in the study design.

1.1.5 Ultilities of inherited genetic variants in cancer

Inherited genetic variants can influence cellular phenotype in several ways: by al-
tering gene transcript and amino acid sequence, by disrupting transcription of non-
coding RNAs, or by regulating gene expression such as influencing transcript abun-
dance or mRNA splicing [9, 45]. Since the majority of cancer risk variants reside in
the non-coding regions, research has been focused on examining the role of inher-
ited genetic variants in regulating gene expression. In particular, certain variants
can affect transcription activity locally (cis-expression quantitative trait loci, orcis-
eQTLs; Fig 1.2A), which could help explain how inherited genetic variants confer
cancer susceptibility [53]. Examples include a breast cancer risk allele located in
an intron of FGFR2, which was associated with increased FGFR2 expression levels
[54-56], and a prostate cancer risk allele residing in the promoter region of MSMB,
which was associated with decreased expression level of MSMB, a biomarker for

prostate cancer [48].

Inherited cancer risk variants can not only help elucidate the polygenic nature
of cancer risk and uncover biological mechanisms of cancer-relevant genes or path-
ways (Fig 1.2A), but also hold great promise for personalised cancer risk prediction
(Fig 1.2B), precision cancer prevention, as well as therapeutic development or re-

purposing existing anti-cancer drugs (Fig 1.2C; [45, 57]).

Although individual inherited cancer risk variants have modest effect sizes, they
can be combined into polygenic risk scores (PRSs; Fig 1.2B), which can explain
considerable proportion of variation in cancer risk [59] and can integrate with mod-
ifiable risk factors to improve disease prediction [60]. For instance, PRSs were used
to enhance standard age-based screening strategy for colorectal cancer and to define

individuals likely to gain maximal benefit from chemo-prevention [61]. The use of
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Figure 1.2. Utilities of inherited genetic variants in cancer.

(A) Inherited cancer risk variants mapped to genes involved in cancer hallmark pathways
can help elucidate the polygenic architecture of cancer risk; adapted from [58]. Inher-
ited genetic variants that regulate nearby gene expression are often termed as cis-eQTLs,
which play important roles in modulating cellular phenotypes. (B) Information of inher-
ited cancer risk variants can be combined to construct polygenic risk scores (PRSs) for
personalised cancer risk predictions and to inform cancer screening and prevention pro-
grams. (C) Inherited cancer risk variants can also assist rational design of anti-cancer
drugs; adapted from [45].

PRSs for refining cancer risk stratification is particularly pronounced among high-
risk individuals such as BRCA1- and BRCAZ2-mutation carriers given that even
small relative risk modifications to their baseline elevated risk translate into large

differences in their absolute cancer risk [62].

In addition, a study suggested that selecting drug targets with genetic support
from either rare, high-penetrance Mendelian diseases or GWASs of common complex

diseases could double the success rates in clinical trials [63].

1.2 Somatic cancer driver mutations

1.2.1 Overview

As discussed above, while germline mutations and inherited genetic variants may

predispose cancer risk, most cancers result from genetic changes acquired during
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one’s lifetime [64]. These changes are the consequence of multiple mutational pro-
cesses, including the intrinsic slight infidelity of the DNA replication machinery [39],
or from exposure to carcinogenic substances that damage DNA, such as chemicals
in tobacco smoke and ultraviolet radiation [65-67]. Different mutational processes
generate unique combinations of mutation types (i.e., mutational signatures). Note
that such acquired alterations are somatic, present in only parts of the body. So-
matic alterations present in cancer cells include mutations, copy number variations,
chromosomal rearrangements and epigenetic silencing [65, 66, 68]. The most charac-
terised somatic alterations in cancer are somatic mutations, which affect nucleotides
in the DNA: one nucleotide may be replaced by another (point mutations), or a

short stretch of nucleotides may be inserted or deleted (small indels).

It is increasingly clear that ‘cancer’ is a collective term for a set of diseases
featuring the autonomous expansion and spread of a somatic clone [69]. The cancer
clone achieves this by altering cellular processes to circumvent normal constraints
on proliferation and apoptosis, to modify the local microenvironment to favour local
invasion and metastasis, and to evade immune surveillance (i.e., the ‘hallmarks’ of
cancer; [58]). No single event directs these phenotypic changes; rather, individual
tumours usually exhibit diverse combinations of somatic mutations in multiple can-
cer hallmark pathways [70]. Some of these mutations alter cellular phenotypes, and
an even smaller fraction confer a selective advantage for the cell to break away from
the tight physiological constraints on growth and expansion. Mutations that provide
such an advantage to the cancer clone are defined as driver mutations, as opposed

to selectively neutral passenger mutations [67].

The prevalent method for identifying cancer driver mutations is based on mu-
tation frequency [71, 72|, assuming that cancer driver genes are more frequently
mutated compared to the background mutation rate, which is usually adjusted for
patient-specific and gene-specific mutational heterogeneity [73]. As such, a com-

pendium of 568 significantly mutated genes have been curated [67, 74].

Many cancer driver mutations have been shown to drive tumorigenesis. Typ-
ically, missense mutations activate oncoproteins (e.g., RAS family GTPases and

MYGC; [75, 76]); truncating mutations inactivate tumour suppressors (e.g., APC and

Page 9 Chapter 1 Lingyun Xiong



Influence of inherited genetic variants in common cancers

NF1; [77, 78]). The best-known cancer driver genes are oncogenes MYC, KRAS,
RET, MET, KIT, EGFR and BRAF, and tumour suppressor genes TP53, RBI,
PTEN, CHEK?2, CDKN2A, BRCA1, BRAC?2 and APC [67, 69]. When these can-
cer driver genes were considered in the context of cancer hallmark pathways, the
EGFR/RAS-MAPK signalling pathway was the most frequently altered across all
cancer types, and the pb3 and cell cycle pathways were frequently found co-altered

in multiple cancer types [79].

Although many cancer driver mutations are shared across cancer types, distinct
mutational patterns exist in individual cancer types. In the following sections, I
highlight features of somatic mutations in three cancer types to be examined in
depth in this study: breast, ovarian and colorectal cancers (Fig 1.3), to set the stage
for the discussion on potential germline by somatic interaction in common cancers

in the next section.

1.2.2 Breast cancer

Breast cancer is one of the most common cancers worldwide: in 2020, there were 2.3
million cases (11.7% of total cancer cases) and 684,996 deaths (6.9% of total cancer
deaths) [80]. A list of significantly mutated genes in breast cancer is provided in
Table 1.2. Breast cancer is often categorised into three groups on the basis of
therapies: the oestrogen receptor or progesterone receptor (ER/PR) positive group,
the HER2 amplified group, and the triple-negative breast cancer group, which lack
expression of ER, PR and HER2 [81]. Together with traditional clinicopathological
variables including tumour size, tumour grade and nodal involvement, they were

conventionally used for patient prognosis and management [81].

Meanwhile, mRNA expression profiling-based clustering has established the
molecular subtypes of breast cancer: luminal/ER+, HER2-enriched and basal-like
breast cancer subtypes [82, 83]. Gene expression is intimately linked to cellular
phenotype and tumour behaviour. This method has also been used to identify bio-
logically homogeneous cancer subtypes [83]. Transcriptomic and genomic analysis of
breast tumours revealed a strong association between somatic mutations and these

molecular subtypes, and that many mutations are specific to one subtype but not
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A Better Worse
Prognosis Breast Cancer Prognosis
Triple Negative
TP53 12% 32% 72% 84%
PIK3CA 45% 32% 42% 7%
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Figure 1.3. An overview of molecular subtypes of breast (A), ovarian (B)
and colorectal (C) cancers.

others [28]. Overall, the mutation burden is the lowest in luminal A subtype and the
highest in the basal-like subtype; the spectrum of significantly mutated genes is con-
siderably wider in luminal tumours than in basal-like and HER2-enriched subtypes
(Fig 1.3A). Luminal A tumours frequently harbour mutations in PIK3CA (45%),
and less commonly in TP53(12%); luminal B tumours have mutations in PIK3CA
and TP53 with similar frequencies (32% each) [28]. In contrast, TP53 mutations
occurr in 84% of basal-like tumours, and 7% have mutations in PIK3CA, while the
HER2-enriched subtype shows a mixed pattern with a high frequency of mutations
in TP53 (72%) and PIKS3CA (42%) [28]. Intriguingly, TP53 mutations in luminal
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Rank | Breast Cancer | Ovarian Cancer | Colorectal Cancer
1 PIK3CA TP58 APC
2 TP58 RB1 TP53
3 GATAS BRCA1 KRAS
4 MAPSK1 NF1 PIK3CA
5 CDH1 CDK12 ARRIDI1A
6 CBFB KRAS SOX9
7 PTEN HNF1B FAM123B
8 RUNX1 PTEN BRAF
9 MLLS LARPI1 SMAD)
10 CDKN1B BRCA2 BoM

Table 1.2. Top 10 significantly mutated genes in breast, ovarian and
colorectal cancers.

This list is obtained by analysing the TCGA exome sequencing data from all available
tumour samples using the MutSig2CV software [72]. Genes were ranked by the false
discovery rate and the frequency of non-silent mutations detected in respective cancer
cohort.

tumours are mostly missense mutations, whereas those in basal-like tumours are
predominantly truncating mutations [28]. Consistent with the differences in p53
mutational frequency, the p53 pathway is largely intact in luminal A tumours but

often inactivated in basal-like tumours [28, 67].

Histopathological and molecular subtypes are also correlated with clinical out-
comes (Fig 1.3A; [84]). For example, luminal A tumours have the best progno-
sis among all the subtypes. ER-negative (triple-negative and basal-like) tumours
(ER-BC) are more aggressive and have poorer prognoses compared to ER-positive

(luminal-A and -B) subtypes (ER+BC) [85, 86].

Considering that breast cancer subtypes differ greatly in the histopathological
and molecular features, especially their profile of somatic driver mutations, they may
represent cancers of distinct underlying pathophysiology. The polygenic architecture
of susceptibility to each of the subtypes might be different as well. Indeed, some
inherited genetic variants were associated with risk for one breast cancer subtype but
not others (discussed further below, see section 1.3.1; [51]). Therefore, association
studies stratified by molecular subtypes could represent a new method to uncover
cancer risk variants that have been overlooked in standard cancer GWASs (see also
section 1.1.4) and to refine cancer risk association. In addition, this could potentially

provide insight into the biological basis of genotype-risk association.
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1.2.3 Ovarian cancer

Epithelial ovarian cancer (EOC) is the one of the leading causes of cancer incidence
and mortality among women: in 2020, there were 313,959 cases (1.6% of total cancer
cases) and 207,252 deaths (2.1% of total cancer deaths) worldwide [80]. There
are five major histopathological subtypes of EOC : high-grade serous (HGSOC),
low-grade serous (LGSOC), mucinous (MOC), endometrioid (ENOC) and clear cell
(CCOCQ) carcinoma [87]. These histological subtypes differ in lifestyle and genetic
risk factors, precursor lesions, patterns of spread, somatic driver events, response
to chemotherapy and prognosis [88]. Of note, serous ovarian cancers (both HGSOC
and LGSOC) are thought to be derived from the Fallopian tube secretory epithelial
cells [89, 90]; CCOC, ENOC carcinomas are developed from endometriosis [91, 92];

whereas MOC resembles adenocarcinoma of gastrointestinal origin [93].

HGSOC accounts for 67% of all ovarian cancers and is the most aggressive
subtype [94]. LGSOC accounts for approximately 10% of total cases, occurs at
a younger age than HGSOC and exhibits relative chemo-resistance but prolonged
overall survival [95]. About 70% of EOC deaths occur in patients with advanced-
stage HGSOC [94]. Germline mutations in BRCA1/2 contribute to approximately
10% of HGSOC, while the majority of cases were affected by somatic mutations
in cancer driver genes (Table 1.2; [94]). In particular, HGSOC is characterised by
mutations in TP53, present in almost all HGSOC cases (96%; Fig 1.3B; [94, 96]).
In contrast, mutations in 7P53 are much less frequent in LGSOC cases (8%; Fig
1.3B; [97, 98]); while p53 mutation frequency vary among MOC, ENOC and CCOC
cases (Fig 1.3B; [99-101]). Besides, RB1 and PI3K/RAS-MAPK pathways were
dysregulated in 67% and 45% of HGSOC cases, respectively. LGSOC tumours are
also characterised by activating mutations in the RAS-MAPK pathway; KRAS and
BRAF mutation frequencies in LGSOC are much higher than those in HGSOC (Fig
1.3B; [95, 102)).

Again, we have seen that ovarian cancer subtypes differ greatly in their muta-
tional frequency of cancer driver genes. Therefore, like in breast cancer (see also
section 1.2.2), association studies stratified by ovarian cancer subtypes could reveal

cancer risk variants that have been overlooked by standard GWASs (see also sec-
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tion 1.1.4) and to refine cancer risk association in ovarian cancer. Of note, no such

stratified association study has been carried out in ovarian cancer.

1.2.4 Colorectal cancer

Colorectal cancer (CRC) is a leading cause of cancer morbidity and mortality world-
wide: in 2020, there were 1.88 million cases (9.7% of total cancer cases) and 915,880
deaths (9.2% of total cancer deaths) [80]. Known risk factors for CRC include age
(about 90% of CRC cases occur in people who are above 50 years old), inflamma-
tory bowel disease (e.g., Crohn’s disease or ulcerative colitis), a personal or family
history of CRC or colorectal polyps, and a genetic syndrome, such as familial adeno-
matous polyposis (FAP) or Lynch syndrome (LS) (2-3% total CRC cases) (Table 1.1;
[103, 104]). In addition, lifestyle factors may contribute to an increased risk for CRC,
including lack of regular physical activity, a diet that is low in fruit/vegetable/fibre
or high in fat/processed meat, overweight and obesity, alcohol consumption, as well

as tobacco use [103, 104].

In addition to the small fraction of CRC with MMRd due to LS, a further 10-15%
cases display MMRd due to somatic alterations, most commonly MLH1 promoter
methylation. MMRd/MSI tumours (see also section 1.1.2) are primarily located in
the right colon and they are frequently associated with CpG island methylator phe-
notype (CIMP) and hypermutation (Fig 1.3C; [105]). The remaining 85% of CRCs
retain MMR function (MMR proficient, or MMRp) and are microsatellite stable
(MSS), but are characterised by the alternative mechanism of genomic instability

through chromosomal instability (CIN) [105].

Similar to breast and ovarian cancers, dozens of cancer driver genes have been
identified in CRC (Table 1.2), such as APC, TP53, KRAS, PIK3CA and SMAD/,
notably affecting the WNT, p53, RAS-MAPK, PI3K, and the BMP/TGF-g path-
ways (discussed further in Chapter 4, see section 4.1.2; [20]). The most common
target is the WNT pathway, which is altered in 93% of CRCs, often by biallelic
inactivation of APC (70-80% of cases) or activating mutations in CTNNBI [21, 22].
Genetic alterations in the RAS-MAPK pathway are also common in CRC, both

in non-hypermutated (80%) and in hypermutated (59%) tumours [105]. Specifi-
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cally, about 55% of non-hypermutated tumours have somatic mutations in KRAS
and NRAS, but BRAF mutations are enriched in hypermutated tumours with MSI
and CIMPhigh status [67, 105]. A strong tendency for mutual exclusivity between
mutations in KRAS and BRAF is a notable feature in both MMRp and MMRd sub-
groups [105]. The molecular function of KRAS and the pathophysiology of mutated
KRAS will be discussed in detail in Chapter 4 (see section 4.1.3). Alterations in the
p53 pathway are also frequent in CRC. For example, biallelic inactivation of TP53
occurs in 59% of non-hypermutated cases [105]. Loss of p53 and mutations in the
cell cycle checkpoint and DNA damage response kinase ATM also have a mutually
exclusive pattern [67, 105].

The application of transcriptomic profiling to define molecular subtypes of breast
cancer was discussed in section 1.2.2. It was also applied to CRC. As such, four con-
sensus molecular subtypes (CMSs) have been defined, each was characterised by
distinct genomic and epigenomic features (Fig 1.3C; [106]). Most tumours with MSI
cluster in the CMS1 group (MSI immune subtype, 14% of early-stage tumours),
which is characterised by hypermutation, hypermethylation, enrichment of BRAF-
V600OFE mutations and strong infiltration of immune cells in the tumour microenvi-
ronment (TME). Tumours with CIN can be sub-classified into three groups based on
gene expression patterns: CMS2 (canonical subtype, 37% of early-stage tumours);
CMS3 (metabolic subtype, 13% of early-stage tumours); and CMS4 (mesenchymal
subtype, 23% of early-stage tumours). WNT and MYC activation due to loss of
APC is typical of CMS2 tumours; mutations in KRAS characterise CMS3 tumours,
which have been linked to extensive metabolic adaptation; while CMS4 tumours
typically activate pathways related to epithelial-mesenchymal transition and stem-
ness. Notably, patients diagnosed with CMS4 tumours have significantly higher risk
of distant relapse and death when compared to those with CMS2 tumours, despite
that their somatic copy number (CN) variation patterns and mutation spectrum are

highly comparable [107].

Among the CRC molecular subtypes, tumours in the CMS1 group and MMRd
tumours feature an increased mutational load due to impaired DNA MMR and

are associated with high levels of tumour infiltrating lymphocytes (TILs) [106].
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This subtype is associated with decreased risk of metastasis, favourable clinical
outcomes, and better prognosis [108]. More generally, adaptive immune response
plays an important role in CRC development (discussed further in Chapter 5, see
section 5.1.2), such as selecting immune evasive clones, inducing immunosuppression,
or even mediating metastasis [109, 110]. The presence and extent of anti-tumour
adaptive immune response is a key prognostic factor in CRC: immunological profile
or ‘immunoscore’ (i.e., a summary of the types, density, and location of adaptive
immune cells) of tumour samples predicted patient survival in multiple studies [111—

114).

Given that molecular subtypes of CRC are characterised by distinct somatic mu-
tations (Fig 1.3C) and they behave very differently in terms of clinical outcomes and
prognosis, association studies stratified by CRC subtypes or specific somatic driver
mutations could potentially reveal cancer risk variants that have been overlooked
by standard GWASs (see also section 1.1.4) and refine cancer risk association, as in
breast cancer (see also section 1.2.2; [51]). Furthermore, there is much unexplained
variation in anti-tumour adaptive immune response and prognosis in CRC. There-
fore, an evaluation of the role of inherited genetic variants on anti-tumour adaptive

immune response and prognosis in CRC is also warranted.

1.3 Germline by somatic interactions in cancer

The previous sections have considered the role of inherited genetic variants and so-
matic driver mutations in cancer separately. However, emerging evidence indicates
that inherited genetic variants could interact with somatic driver events to influ-
ence tumour development. These ‘germline by somatic interactions’ can manifest in
cancer subtypes, tumour molecular profiles, tumours’ response to treatment as well
as clinical outcomes [115, 116]. In this section, I review literature on germline by

somatic interactions in cancer (Fig 1.4).

1.3.1 Inherited genetic variants and cancer subtypes

As discussed in section 1.1.2, individuals with hereditary cancer syndromes often de-

velop tumours with characteristic histopathological or molecular features compared
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Figure 1.4. An overview of germline by somatic interactions in cancer.

to those arising in the general population. For example, BRCA I-related breast tu-
mours differ from non-BRCA 1 tumours in terms of histological features: tumours of
germline BRCA1 mutation carriers are more likely to be high-grade triple-negative
cases of basal-like subtype [117-119]. As for cases with Lynch syndrome, germline
mutation in DNA MMR genes is closely linked to the MSI-high phenotype [35], and
CMS1 subtype in CRC [19].

Common inherited genetic variants were also associated with specific cancer
subtypes. For instance, a dozen of inherited genetic variants have been associ-
ated with breast cancer subtypes differing in their ER status (Table 1.3; [30, 120]).
There were also variants specifically associated with HER2-enriched subtype [121]
or triple-negative breast cancer (Table 1.3; [122]). A recent genome-wide association
study on breast cancer used both standard and novel methodologies accounting for
tumour heterogeneity by ER, PR and HER2 status, as well as tumour grade [51].
Four loci showed association with risk in opposite directions for luminal A-like and
triple-negative subtypes (Table 1.3), which may modulate enhancer activity in a
cell type-specific manner [51]. Interestingly, this study revealed that luminal A-like
and triple-negative breast cancer subtypes have a genetic correlation of 0.46 (stan-

dard error = 0.05), indicating a low level of similarity in the genetic basis between
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these subtypes. Moreover, this study also showed that the proportions of genetic
heritability explained by the 210 known breast cancer risk loci differ by subtypes:
54.22% for luminal A-like versus 37.63% for triple-negative breast cancers [51].

Nearby
RSID Gene(s) |Cancer Subtype OR (95% CI) Ref.
153732568 | EPHBI ER-positive  |OR=0.71 (0.55-0.91) | [120]
ER-negative OR=0.80 (0.58-1.11)
rsd707795 EPHA7 ER-positive OR=2.15 (1.06-4.37) |[120]
ER-negative OR=0.43 (0.10-1.96)
1512765920 | BMPRIA | ER-positive OR=0.93 (0.59-1.48) |[120]
ER-negative |OR=0.79 (0.62-1.00)
159836340 | EPHAS3 ER-positive OR=0.88 (0.61-1.26) |[120]
ER-negative  |OR=1.53 (1.02-2.31)
152981582 FGFR2 ER-positive OR=1.35 (1.17-1.56) | [30]
ER-negative |OR=0.91 (0.85-0.98)
153803662 | TOX3 ER-positive | OR=1.25 (1.06-1.46) | [30]
TNRC9 ER-negative OR=1.05 (0.97-1.13)
154073768 | SLC4A7 ER-positive  |OR=1.17 (1.03-1.33)] [30]
NEK10 ER-negative OR=0.99 (0.93-1.06)
rs3817198 LSP1 ER-positive OR=1.07 (0.93-1.22) | [30]
ER-negative |OR=1.07 (1.00-1.15)
rs2046210 ESR1 Triple-negative |OR=1.29 (1.17-1.42) |[122]
rs12662670 ESR1 Triple-negative |OR=1.33 (1.15-1.53) |[122]
rs999737 | RAD51L1 | Triple-negative |OR=0.86 (0.80-0.93) |[122]
rs3803662 TOX3 Triple-negative |OR=1.17 (1.09-1.26) |[122]
rs8170 C19orf62 Triple-negative |OR=1.27 (1.17-1.38) |[122]
rs8100241 | C19o0rf62 Triple-negative |OR=0.84 (0.78-0.90) |[122]
1578378222 | TP53 | Luminal Alike |OR=1.13 (1.05-1.20)] [51]
Triple-negative |OR=0.67 (0.57-0.80)
15206435 | AP005209.1 | Luminal Alike |OR=1.03 (1.01-1.05) | [51]
Triple-negative |OR=0.95 (0.92-0.98)
rs141526427| RPS11P1 | Luminal A-like |OR=0.96 (0.94-0.98) | [51]
Triple-negative |OR=1.04 (1.01-1.08)
rs6065254 MAFB Luminal A-like |OR=0.96 (0.94-0.97) | [51]
Triple-negative |OR=1.04 (1.01-1.07)

Table 1.3. Common inherited genetic variants reported to associate
with breast cancer subtype-specific risk.

Of note, miRNA variants were marginally associated with CRC subtypes differ-
ing in MMR status [123]; a variant in the MGMT promoter region was associated
with increased risk of developing MGMT-methylated CRC but decreased risk for
MGMT-unmethylated CRC [124].
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1.3.2 Inherited genetic variants and mutational signatures

Inherited genetic variants were also associated with specific mutational patterns
in tumours. Notably, inherited genetic variants affecting genes involved in DNA
repair or genome integrity maintenance were correlated with hypermutability in
tumours [125] and characteristic mutational signatures (see section 1.2; [115]). For
example, germline mutations in BRCA1 were associated with COSMIC mutational
signature 3 and tandem duplication in tumours; germline mutations in BRCA2 were
associated with small structural deletions [126, 127]. Variants in the melanocortin 1
receptor gene (MCIR) were associated with somatic C>T mutations in melanoma
[128]. This mutational signature is linked to sun exposure, which relates to MC1R’s
function in regulating skin pigmentation. A recent pan-cancer study revealed that
multiple variants at 22q13.1 were associated with APOBEC mutagenesis, including
a known risk variant for breast cancer [69]. These findings suggest that the link
between inherited genetic variants and mutational signatures in tumours could be

an additional biological explanation for their association with cancer risk.

1.3.3 Inherited genetic variants and somatic driver muta-

tions

In addition to the association with cancer subtypes and mutational signatures, some
inherited genetic variants were associated with specific somatic events in tumours
(Table 1.4), either locally (within 2Mb of the same chromosome; in cis) or distally
(more than 2Mb away on the same chromosome, or on different chromosomes; in

trans).

Local impact of inherited genetic variants on somatic events in tumours includes
loss of heterozygosity (LOH), allele-specific imbalance (ASI), and somatic mutations
occurring at the same locus as the inherited lesion (see also section 1.2.1). As
for loci harbouring oncogenes, tumours often exhibit CN gains of the activating
mutant alleles [129-131]. In addition, some inherited genetic variants were associated
with somatic mutations in the same gene. One example is rs12343867 and somatic
mutation in JAK2 in myeloproliferative neoplasms (rare blood cancers), where the

risk haplotype co-occurred preferentially with JAK2-V617F mutation [132]. The T
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allele of rs712829 in EGFR promoter region was associated with increased cancer
risk and favoured FGFR exon 19 microdeletion in non-small cell lung cancer [133].
Likewise, the risk allele C of rs10932384 in ERBBj was associated with HER4

somatic mutations in clear cell renal cell carcinomas [134].

Cancer Nearby Mutated

Type RSID Gene(s) Gene Association Ref.

Breast | 1s252013 | MAP3KI PIK3CA OR=2.97 (L.17-7.75) | [135]
rs331499 SETDY OR=1.75 (1.11-2.77)

Gastric | 152285047 | DNAHI1 PDGFB OR=0.26 (0.12-0.55) | [136]

Lung rs712829 EGFR EGFR OR=4.28 (1.41-12.98) | [133]
rs36600 MTMR3 ARIDI1A OR=2.45 (1.47-4.08) |[137]
152395185 | HLA-DRBY|  Cell eycle | OR=1.56 (1.11-2.95) | [137]

pathway genes
rs3817963 | BTNL2 Cell cycle OR=1.58 (1.23-2.04) |[137]
TSBP1-AS1| pathway genes
MAPK signalling| OR=1.54 (1.19-1.98) |[137]

pathway genes

Melanoma | rs12203592 IRF4 BRAF V600E | OR=0.59 (0.43-0.79) |[138]
rs132985 PLA2G6 BRAF V600E | OR=1.32 (1.05-1.67)
BRAF (others) | OR=1.82 (1.11-2.98)
rs738322 PLA2G6 BRAF V600E | OR=1.28 (1.02-1.60)
BRAF (others) | OR=1.66 (1.01-2.72)
Multiple | rs8051518 | RBFOX1 SF3B1 8-fold increase [139]
in incidence
rs25673 AP3D1 PTEN 4-fold increase
in incidence
Kidney |rs10932384| ERBB/ FERBB/ P=0.003 [134]

Table 1.4. Inherited genetic variants that have been reported to
associate with somatic driver mutations in common cancers.

A number of inherited genetic variants were also associated with distal somatic
events. One of the first systematic analyses of inherited genetic variants and so-
matic events identified dozens of loci associated with specific somatic mutations
in 20 cancer-related genes across cancer types [139]. For example, the risk allele
of rs25673 (19p13.13) was associated with 4-fold increased likelihood of inactivat-
ing PTEN (10g23.31) somatically. The same variant was associated with the ex-
pression of nearby genes GNAI11 and STKI11, both of which are involved in the
PIK3CA/mTOR pathway and inhibited by PTEN. Interactions between inherited
genetic variants and somatic mutations have also been reported in individual cancer

types. In ER+BC, rs252913 and rs331499 (5q11.2), located in the MAP3K1/SETD9
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gene body, were associated with somatic PIK3CA mutational status (Table 1.4;
[135]). In lung cancer, rs36600 (22q12.2) was associated with somatic mutations in
ARIDI1A (1p36.11), and multiple variants were associated with somatic mutations
in the cell cycle and MAPK pathway (Table 1.4; [137]). In melanoma, variants
in MC1R were associated with BRAF V600E cases among individuals with darker
phenotype, but inversely associated with BRAF V600K cases [140]; rs12203592 in
IRF/ was associated with both BRAF V600E and BRAF V600K mutations, and
rs132985 in PLA2G6 was associated with BRAF V600F mutation but not with
BRAF V600K (Table 1.4; [138]). Furthermore, inherited genetic variants on chro-
mosomes 6 and 19 were associated with the occurrence of specific mutations within

KRAS codon 61 in mouse lung tumours [141].

1.3.4 Inherited genetic variants and immune response

The importance of the anti-tumour adaptive immune response during tumour devel-
opment has been discussed above in section 1.2.4. Perhaps unsurprisingly, given the
proven importance of inherited genetics on autoimmune disease [142-150], inherited
genetic variants are also likely to associate with differential anti-tumour adaptive
immune response. Though the number of studies is at present limited, emerging
evidence suggests that inherited genetic variants may influence the expression of
genes involved in immune pathways and play a role in immunoediting in tumours
(Fig 1.4): patient-specific HLA genotypes were found to restrict antigen presen-
tation of oncogenic mutations, thus influencing clonal selection for mutations that
go undetected by immune surveillance in the TME (discussed further in chapter
5, see section 5.1.3; [151, 152]). Recent studies also suggested that inherited ge-
netic variants are associated with immune gene expression in cancer cells, which in
turn predicted immune cell abundance in the tumour microenvironment (discussed

further in Chapter 5, see section 5.1.4; [153-155]).

On the other hand, inherited genetic variants can also contribute to tumour-
extrinsic immune modulation. For instance, common inherited genetic variants
explained up to 21% of variance in leukocyte indices [156]; variants were associ-
ated with immune infiltration in normal tissues [157]. Intriguingly, a variant in the

FGFR4 gene (CD334) was shown to enhance signal transducer and activator of
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transcription 3 (STAT3) signalling and impede the tumour infiltration of CD8+ T
cells in vivo [158]; a breast cancer risk variant rs3903072 was associated with CTSW
expression levels in tumour infiltrating lymphocytes but not in cancer cells; CTSW

expression level is positively correlated with breast cancer prognosis [159].

Despite recent development in elucidating the role of inherited genetic variants
on anti-tumour adaptive immune response, much of the topic remains unexplored.
For example, are inherited genetic variants directly associated with the abundance of
tumour infiltrating immune cells? Furthermore, it is potentially important to inves-
tigate how the relationship of inherited genetic variants and anti-tumour adaptive

immune response might influence disease progression and patient survival outcomes.

1.4 Aims of the study

Taken together, accumulating evidence suggests that inherited genetic variants could
play an actively role during tumour development, potentially influencing somatic
driver mutations and shaping the molecular and phenotypic profile of the tumour.
Considering that inherited genetic variants can predispose carriers to somatic driver
mutations that are characteristic of specific cancer subtypes, it is plausible that in-
herited genetic variants can be associated with risk for one cancer subtype, but not
others. Because conventional cancer GWASs mixed cancer cases of different molec-
ular subtypes, inherited risk variants that are subtype-specific were likely to have
gone undetected in prior studies. This could potentially explain part of the missing

heritability of cancer [50], a hypothesis that warrants a thorough investigation.
Therefore, the aims of this study are

e to define inherited genetic variants that render carriers susceptible to cancers
of specific molecular profile,

e to further investigate the interactions between inherited genetic variants and
somatic driver mutations in common cancers, and

e broadly to evaluate the role of inherited genetic variants on cancer risk, prog-

nosis, and adaptive immune response in tumours.

The thesis is therefore structured as follows:
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Chapter 2 details the data and methods used in the analyses presented in this

thesis.

Chapter 3 describes how I explore public multi-cancer datasets to define inher-
ited genetic variants that track with pb3 somatic mutations in tumours, to demon-
strate that common inherited genetic variants interact with p53 mutational status
in tumours to influence cancer risk, response to therapy, and prognosis in common

cancers.

Chapter 4 extends the germline by somatic interaction to the RAS-MAPK onco-
genic pathway, and in particular, to test whether inherited genetic variants interact

with KRAS hotspot mutations to influence CRC risk and prognosis.

Chapter 5 reports the investigation of inherited genetic variants predictive of
patient prognosis and anti-tumour adaptive immune response, the potential inter-
actions of these variants with somatic driver mutations, and the causal relationship

between adaptive immune traits and clinical outcomes in CRC.
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Methods

2.1 Study cohorts

2.1.1 The TCGA pan-cancer cohort

2.1.1.1 Genotype imputation

Genotype data was obtained and filtered as described in [139]. Briefly, genotype
calls from the Birdsuite-processed Affymetrix 6.0 SNP arrays for matched normal
samples [160] were downloaded from the TCGA data portal (https://gdc-po
rtal.nci.nih.gov/); low confidence SNP calls (error rate > 10%) were set to
missing; individuals and SNPs with < 95% call rate and SNPs with MAF < 1% were
filtered; and untyped genotypes were imputed using the 1000 Genomes Project phase
1 v3 data as the reference panel on the secure Michigan Imputation Server [161].
Principal component analysis was performed with the combined TCGA and HapMap
Phase III populations to identify hidden population substructure that could give
rise to spurious associations. Samples that did not cluster tightly with Europeans

populations were removed.

2.1.1.2 Somatic mutations in TCGA tumours

The mutation profiles of TP53 in TCGA primary tumours were downloaded from
the TCGA data portal (https://gdc-portal.nci.nih.gov/). The mutation calls

(1,245 unique mutations in 3,956 tumours) were classified into pathogenic (1,097
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unique mutations in 3,895 tumours), benign (143 unique mutations in 148 tumours),
or unclear (5 unique mutations in 5 tumours) based on previously curated datasets
[162, 163]. The pathogenic missense mutations in T'P53 were further annotated as
loss of function (LOF), or oncogenic (either dominant negative effect [DNE] or gain
of function [GOF]) as described in section 2.2.1. Tumours without p53 mutations
were assigned as wild type (WT); tumours with at least one pathogenic p53 mu-
tations were assigned as mutant (MUT). Furthermore, tumours with only benign
and/or unclear p53 mutations were assigned as benign/unclear; tumours with only
pathogenic p53 missense mutations were assigned as missense mutant; tumours with
only oncogenic p53 missense mutations were assigned as oncogenic missense mutant.
The copy number (CN) profiles of TP5% in TCGA primary tumours were retrieved
from the Broad GDAC Firehose (https://gdac.broadinstitute.org/) through
the fbget tool (v0.1.11; released on Oct 31, 2017). Similarly, somatic mutations and
CN profiles in KRAS were also obtained from the TCGA data portal and the Broad
GDAC Firehose, respectively.

2.1.2 Cohorts for the KRAS-stratified association studies

The VQ2 cohort in the Phase I study comprised 1,884 CRC cases (58% male, mean
age 63 year, SD=10) from the UK-based VICTOR and QUASAR2 clinical trials and
2,673 individuals from the 1958 Birth Cohort in Wellcome Case Control Consortium
2 (WTCCC2). In brief, QUASAR2 was an open-label, randomised, controlled trial
investigating the addition of the anti-angiogenic agent, bevacizumab, to capecitabine
in the adjuvant treatment of high-risk stage II or III CRC [164]. In the VICTOR
trial, patients with histologically proven stage Il or III CRC were randomised to
the COX-2 inhibitor rofecoxib or placebo, after completion of anti-cancer therapy

(including surgery, radiotherapy and chemotherapy) [165].

The COIN cohort in the Phase IT study included 2,244 cases (64% male, mean
age 61 years, SD=10) participating in two independent Medical Research Council
clinical trials of advanced/metastatic CRC: COIN and COIN-B [166, 167]. For con-

trols, genotype information of 2,800 individuals from the UK Blood Service Control
Group in WTCCC2 were utilised.
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2.1.2.1 Genotyping and quality controls

Cases in the VQ2 cohort were genotyped using Illumina Hap300, Hap370, 610K
or Omni2.5M arrays according to the manufacturer’s recommendations (Illumina,
San Diego, CA, USA). Genotyping of controls from the 1958 Birth Cohort was per-
formed as part of the WTCCC2 study on I[llumina 660W array. SNPs probed in all
5 genotyping platforms were used for genotype imputation. Cases in the COIN co-
hort were genotyped using Affymetrix Axiom Array according to the manufacturer’s
recommendations (Affymetrix, Santa Clara, CD 95051, USA), using duplicated sam-
ples. Sequencing of selected SNPs in a subset of samples were performed to confirm
genotyping accuracy. Genotype concordance was > 99% for all SNPs probed. Con-
trols in the Blood Service Group were genotyped as part of the WTCCC2 study
on Affymetrix 6.0 array. SNPs probed in both Affymetrix platforms were used for

genotype imputation.

Stringent quality control measures were applied to each sample cohort following
standard protocols. Individuals with low SNP call rate (< 98%) were removed. For
apparent first-degree relative pairs (IBD > 0.185), T excluded the control from a case-
control pair; otherwise, I excluded the individual with the lower call rate. Population
stratification was examined using EIGENSTRAT [168], and individuals evaluated
to be non-European ancestry (using the HapMap release 23a CEU, JPT/CHB and
YRI populations as a reference) were removed from analysis. SNPs with a call rate
< 98% were excluded as well as those with a MAF < 1% or displaying significant
deviation from Hardy-Weinberg equilibrium (P < 1e-20). SNPs in regions of long-
range linkage disequilibrium, highly polymorphic regions, and sex chromosomes were
also excluded. All genotype quality control steps were conducted in PLINK v1.9
[169].

2.1.2.2 Genotype Imputation

Prediction of the untyped SNPs in each individuals was carried out using SHAPEIT
v2.837 [170] and IMPUTE v2.3.2 [171], utilising a merged reference panel combining
data from 1000 Genomes Project (phase 3, December 2013 release; [2]) and UK10K
(April 2014 release; [172]). Post-imputation quality controls were performed using
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qctool v2 (https://www.well.ox.ac.uk/~gav/qctool v2/). Rare variants (MAF
< 1%) and poorly imputed SNPs (info score < 0.8) were excluded. For the imputed
SNPs, genotype probabilities were converted to discrete genotypes using gtool v0.7.5
(https://www.well.ox.ac.uk/~cfreeman/software/gwas/gtool.html) with the
default settings. A minimum probability threshold of 0.9 was required for specifying
sample genotypes. Otherwise, genotype would be annotated as missing. Genetic
linkage of SNPs was determined by calculating D’ ad R? using 1000 Genomes Project
data (phase 3, December 2013 release, non-Finnish Europeans only) via web server

LDlink [173)].

I found little evidence of genomic inflation in the datasets (Agc range: [1.00,
1.01]; Fig 2.1), indicating that there were no hidden population structures in the

datasets that could give rise to spurious associations.

2.1.2.3 Somatic profiling of tumours

In the VQ2 cohort, tumour DNA was extracted from Formalin-Fixed Paraffin-
Embedded (FFPE) tumour blocks when available and screened for mutations in
KRAS codons 12 and 13, and BRAF V600E via direct Sanger sequencing as de-
scribed in [174]. A customised gene panel of 82 genes, including KRAS, BRAF and
other major CRC driver genes, were also screened for somatic mutations using the
Ion Torrent PGM sequencer. Tumours from the COIN cohort were screened for
mutations in KRAS codons 12, 13, and 61 and BRAF codon 600 by pyrosequencing
[175]. Additionally, KRAS (all three codons), BRAF V600E (codons 594 and 600),
and NRAS (codons 12 and 61) were screened for mutations by MALDI-TOF mass
array (Sequenom, San Diego, CA, USA). In both cohorts, KRAS mutational status
in tumours was assigned based on the presence of hotspot missense mutations in
codon 12, 13, and 61. An unknown status was assigned to cases whose somatic

information was not available.

2.1.3 Cohorts for the survival analyses

Details of the QUASAR2 and SCOT trials have been reported previously [164, 176].
As mentioned in 2.1.2, QUASAR2 was an open-label, randomised, controlled trial

Page 27 Chapter 2 Lingyun Xiong


https://www.well.ox.ac.uk/~gav/qctool_v2/
https://www.well.ox.ac.uk/~cfreeman/software/gwas/gtool.html

Influence of inherited genetic variants in common cancers

A Phase I: KRAS WT B Phase I: KRAS MUT
o 4 L. e *
.
°
0 - ©o
g . )
© ©
2 . 7|1
g 8 ol
c £
2 g
8 <)
5 M o
g g
- N o~
~
)\GC=1.00 )\GC=1.00
o - o
T T T T T T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
-log10 (Expected p-value) -log10 (Expected p-value)
C Phase II: KRAS WT D Phase II: KRAS MUT
o
o
3 =
[ o
2 - 2
2 g -
Nl o~
)\GC=1'01 )\GC=1'OO
o - o -
T T T T T T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 T
-log10 (Expected p-value) -log10 (Expected p-value)

Figure 2.1. Quantile-quantile plots of stratified GWASs by KRAS
mutational status.

(A, B) Phase I study for cases with KRAS WT (A) or MUT (B) tumours. (C, D) Phase
II study for cases with KRAS WT (C) or MUT (D) tumours.

investigating the addition of the anti-angiogenic agent, bevacizumab, to capecitabine
in the adjuvant treatment of stage II/III colorectal cancer [164]. The final intention-
to-treat population comprised 1941 patients of whom 1715 (88%) had colonic tu-
mours and 226 (12%) had rectal tumours. The SCOT trial was an international, ran-
domised non-inferiority trial investigating 3 versus 6 months of adjuvant chemother-
apy in high-risk stage II and stage III colorectal cancer [176]. The final intention-to-
treat population consists of 6065 patients of whom 4987 (82%) had colonic tumours
and 1101 (18%) had rectal tumours. Individuals from the QUASAR2 and SCOT tri-
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als were identified for inclusion in this study based on the availability of genotyping,
tumour tissue microarrays (TMA; for QUASAR2 only) and clinical outcome data.
All tumours were either stage II or III and had undergone confirmed RO resection.
The primary and secondary research objectives were the association of variant geno-
type with time to CRC recurrence (TTR) (defined as the time from randomisation
to CRC relapse, with censoring at last contact or death in case of no recurrence),

and with overall survival (OS), respectively.

2.1.3.1 Genotyping and quality controls

DNA was extracted from EDTA-venous bloods using standard methods. Samples
that failed DNA extraction were excluded. In the QUASAR2 cohort, 929 cases were
successfully genotyped using Illumina Hap370, 610K and Omin2.5 arrays. Only
SNPs typed in all three genotyping platforms were extracted and utilised. 3067
blood DNA samples from the SCOT cohort were genotyped using the Illumina

Global Screening Array, and 2939 cases remained after quality evaluation.

Stringent quality control measures were applied to each sample cohort following
standard protocols. Individuals with low SNP call rate (< 95%) were removed. For
apparent first-degree relative pairs (IBD > 0.185), T excluded the control from a case-
control pair; otherwise, I excluded the individual with the lower call rate. Population
stratification was examined using EIGENSTRAT [168], and individuals evaluated
to be non-European ancestry (using the HapMap release 23a CEU, JPT/CHB and
YRI populations as a reference) were removed from analysis. SNPs with a call rate
< 95% were excluded as well as those with a MAF < 1% or displaying significant
deviation from Hardy-Weinberg equilibrium (P < 1e-05). SNPs in regions of long-
range linkage disequilibrium, highly polymorphic regions, and sex chromosomes were

also excluded.

2.1.3.2 Genotype Imputation

Prediction of the untyped SNPs was carried out using SHAPEIT v2.837 [170] and
IMPUTE v2.3.2 [171], utilising a merged reference panel combining data from 1000
Genomes Project (phase 3, December 2013 release; [2]) and UK10K (April 2014

release; [172]). Post-imputation quality controls were performed using qctool v2
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(https://www.well.ox.ac.uk/~gav/qctool_v2/). Rare variants (MAF < 1%)
and poorly imputed SNPs defined by an info score measure < 0.8 were excluded.
For the imputed SNPs, genotype probabilities were converted to discrete genotypes
using gtool v0.7.5 (https://www.well.ox.ac.uk/~cfreeman/software/gwas/gt
0ol.html) with the default settings. A minimum probability threshold of 0.9 was
required for specifying sample genotypes. Genetic linkage of SNPs was determined
by calculating D’ ad R? using 1000 Genomes Project data (phase 3, December
2013 release) via web server LDlink [173]. All genotype quality control steps were
conducted in PLINK v1.9 [169].

I found little evidence of genomic inflation in any of the datasets (Agc range:
[1.00, 1.02]; Fig 2.2), indicating that there were no hidden population structures in

the datasets that could give rise to spurious associations.

2.1.3.3 HLA imputation, homozygosity and supertyping

The HLA regions of all cases in QUASAR2 and SCOT trials were typed using
SNP arrays. To determine whether specific coding variants within HLA genes con-
tributing to the patient survival outcomes, I imputed the alleles in the classical HLA
genes (-4, -B, -C, -DPA1, -DPBI1, -DQA1, -DQB1 and -DRB1) and coding variants
across the HLA regions using SNP2HLA v1.0.3 [177]. The pre-phasing and imputa-
tion were performed using Beagle v3.0.4 [178] based on a reference panel from the
Type 1 Diabetes Genetics Consortium (T1DGC) consisting of genotype data from
5225 individuals of European descent with genotyping data of 8961 common SNPs
and indel polymorphisms across the HLA region. Imputed allele dosage of four-digit

typing of the HLA class I and II molecules were utilised for all downstream analyses.

Homozygosity in HLA-I genes of an individual was determined if both alleles for
an HLA-T gene (HLA-A, -B, or -C) are of the same four-digit type. An individual
can be homozygous or heterozygous in all three HLA-I genes, or any combination
in between. Homozygosity in the five HLA-II genes (HLA-DPA1, -DPB1, -DQA1,
-D@BI1 and -DRB1) were classified in a similar fashion.

Individual alleles in HLA-A and HLA-B genes were classified into 12 discrete

supertypes on the basis of similar peptide-anchor-binding specificity [143, 179, 180].
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Figure 2.2. Quantile-quantile plots of genome-wide survival analyses.

(A, B) Time to CRC recurrence (TTR). (C, D) Overall survival (OS).

Both HLA homozygosity and HLA-I supertype were tested against patient survival

outcome in this study, assuming an additive genetic model.

2.2 Data Curation

2.2.1 Curation of TP53 missense mutations in cancers

I curated pathogenic missense mutations in 7P53 by integrating experimental ev-
idence from both literature and databases. Specifically, I combined TP53 driver
mutations identified in human tumours from two wn silico studies to obtain a list of

323 TP53 pathogenic mutations [67, 162]. To determine which of these 323 TP53
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diver mutations are oncogenic (defined as those exerting dominant negative effect
[DNE] or gain-of-function activities [GOF]), I relied on two sources of annotations:
188 missense mutations were curated to be oncogenic via promoter-functional as-
says in IARC TP53 Database (release 18; [163]); 1101 missense mutations were
ascertained by human cancer cell-based saturation mutagenesis screen [181] with

the following filtering criteria:

e A549p53WTNutlin-3Z-score > 1
e A549p53NULLNutlin-3Z-score > 1
o A549p53NULLEtoposide_Z-score < -1

In total, 218 of the 323 T'P53 pathogenic mutations are oncogenic (Supplemen-
tary Data Table 2.1).

2.2.2 Known cancer risk variants

The GWAS catalogue was downloaded on 2018-02-28 (https://www.ebi.ac.uk/gw
as/). Ifiltered the genome-wide significant lead SNPs (P < 5e-08) in Europeans, and
identified their proxy SNPs in linkage disequilibrium (LD) using the 1000 Genomes
phase 3 data through the web server rAggr (http://raggr.usc.edu). In particular,

I selected the proxies that met the following criteria:

e Population: EUR

Minimal minor allele frequency (MAF): 0.01
R? range: [0.8, 1]
Maximal distance: 500KB

Maximal Number of Mendel error: 1

Hardy-Weinberg equilibrium (HWE) P-value: 1le-6

Minimal genotype coverage: 95%

In total, I obtained a list of 283,240 variants. Among those, I identified 28,592
cancer GWAS SNPs, including 1,225 lead SNPs and 27,367 proxies, by mapping
the GWAS SNPs to 106 unique cancer traits that are distributed into 27 distinct
cancer types (Supplementary Data Table 2.2). All variants were mapped to the
human genome Ensembl Release 91 (dbSNP build 150) to retrieve their hg38 genomic
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coordinates using the biomart R package.

2.2.3 eQTLs in normal and cancerous tissues

Data for the eQTL analysis in normal human tissue are from: (1) GTEx v8 release
[53], and (2) the Netherlands Study of Depression and Anxiety (NESDA) and the
Netherlands Twin Register (NTR) that consisted of 4,896 blood samples with Eu-
ropean ancestry [182]. Data for the eQTL analysis in human cancers were obtained
from TCGA data portal. The gene expression profiles in TCGA primary tumours
were retrieved from the Broad GDAC Firehose (https://gdac.broadinstitut
e.org/) through the fbget tool (v0.1.11, released on Oct 31, 2017). eQTL effects
were determined using a linear model approach with mRNA expression level as the

dependent variable and variant genotypes as the independent variable.

2.2.4 Variant annotations

Functional annotation of genetic variants was carried out using ANNOVAR (20190ct24
release; [183]) and GWAVA [184]. This comprised of annotating the cytoband where
the variants locate, nearby reference genes, variant frequency in diverse popula-
tions, and putative functional consequences. Candidate cancer risk loci were than
checked against five types of functional data for biological interpretation (listed be-
low). Chromatin and regulatory data were obtained from ENCODE database (phase

3 release; [185]).

e The presence of non-synonymous coding change
e The presence of an associated cis-eQTL

e The presence of a regulatory epigenetic state

Evidence of TF binding

The presence of a Hi-C contact linking to a gene promoter
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2.3 Quantitative analyses

2.3.1 Analysis of oncogenic TP53 missense mutations in

breast and ovarian cancers

2,262 TP53 mutations in 2,201 unique breast cancer samples (from 12 studies; ex-
clude 737 duplicate mutations in samples sequenced by multiple studies) and 492
TP53 mutations in 471 unique ovarian cancer samples (from 3 studies; exclude 477
duplicate mutations in samples sequenced by multiple studies) were downloaded
from cBioPortal (http://www.cbioportal.org) on 2018-09-14. All TP53 mis-
sense mutations were extracted and matched with the curated lists of pathogenic
and oncogenic T'P53 missense mutations as described in section 2.2.1. Then can-
cers with pathogenic missense mutations and oncogenic missense mutations were
counted. Specifically, 1113 out of 2262 (49.2%) TP53 mutations in breast cancer
are pathogenic missense mutations, of which 1012 (90.9%) are oncogenic. Similarly,
260 out of 492 (52.8%) TP53 mutations in ovarian cancer are pathogenic missense

mutations, of which 228 (87.7%) are oncogenic.

2.3.2 Analysis for subtype heterogeneity SNPs in breast

and ovarian cancers

Summary statistics of GWASs for breast cancer susceptibility were downloaded on
2018-03-12 (http://bcac.ccge.medschl.cam.ac.uk/bcacdata/oncoarray/gwa
s-icogs-and-oncoarray-summary-results/), which included summary statistics
from case-control association analyses for ER-positive breast cancer cases (ER+BC)
and ER-negative breast cancer cases (ER-BC) compared against disease-free con-
trols. Summary statistics of GWASs for ovarian cancer susceptibility were down-
loaded on 2018-04-16 (https://www.ebi.ac.uk/gwas/downloads/summary-stati
stics), which included summary statistics for SNP association with low grade serous
ovarian cancer (LGSOC), and with high grade serous ovarian cancer (HGSOC). Es-
timates of effect sizes [log(OR)s] for subtype-specific case-control studies and their
corresponding standard errors were utilised for meta- and heterogeneity-analyses us-

ing METAL (2011-03-25 release; [186]), under an inverse-variance fixed-effect model.
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Cochran’s Q statistic was calculated to test for heterogeneity and the I? statistic to

quantify the proportion of the total variation that was caused by heterogeneity.

2.3.3 Pathway enrichment analysis

The pathway gene sets of KEGG and Hallmark were downloaded from the Molecular
Signatures Database (http://software.broadinstitute.org/gsea/msigdb/in
dex.jsp). The known p53 direct target genes were obtained from [187]. cis-eQTL
datasets were obtained from GTEX (https://gtexportal.org/home/datasets;
V7 and g¢-value < 0.05), NESDA/NTR (https://eqtl.onderzoek.io/index.
php?page=download) and PancanQTL (http://bioinfo.life.hust.edu.cn/P
ancanQTL/download). The hypergeometric distribution enrichment analysis was
performed as described in [188]. Significance was determined using the PHYPER
function in R (v3.4.3; http://www.r-project.org) and multiple hypotheses testing

by Benjamini-Hochberg correction.

2.3.4 TCGA pan-cancer analysis

KRAS mutational status in TCGA primary tumours was assigned based on hotspot
mutations at codons 12, 13 and 61, as described in section 2.1.2.3. The CN profiles
and mRNA levels of TP53, KRAS, ATP5C1, GATA3, RRM2B in TCGA primary
tumours were downloaded from the Broad GDAC Firehose (https://gdac.bro
adinstitute.org/) using the fbget tool (v0.1.11 released Oct 31 2017). Since
CN is strongly correlated with gene expression levels in general, I evaluated the
relationship between variant genotypes and nearby gene expression among diploid
tumours (i.e., GISTIC score = 0) exclusively. The association testing of allelic
difference in tumours with distinct KRAS mutational status was performed using
two-sided Fisher exact test and logistic regression assuming an additive genetic
model. All statistical analyses were carried out in the R Statistical Computing

environment (v3.4.3; http://www.r-project.org).

TCGA clinical data was downloaded from Pan-Cancer Clinical Data Resource
(TCGA-CDR; [189]). Overall survival (OS) and progression-free interval (PFI), the

two most accurate clinical outcomes using the current TCGA data, were merge with
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the genotype data of primary tumours. Of the 7,021 TCGA patients of European
ancestry, OS and PFI data was available for 6,979 and 6,977 patients, respectively.
A multivariate Cox proportional hazards regression model was used to compare
survival probabilities between groups differ in genotype, while accounting for con-
founding factors such as gender and age at diagnosis. Log-rank tests were performed
to calculate the hazard ratio, the 95% confidence interval and P-values. All statisti-
cal tests were two-sided. TCGA clinical radiation data was retrieved using the T'C-
G Abiolinks R package (version 2.16.1). The patients with “Radiographic Progressive
Disease” were defined as radiation non-responders, and with “Complete Response”
or “Partial Response” were defined as responders. All analyses were performed in
the R Statistical Computing environment (v3.4.3; http://www.r-project.org)
and implemented using the survival R package (https://cran.r-project.org
/package=survival). The between-group difference in survival probability was

visualised by plotting Kaplan-Meier curves.

2.3.5 GDSC drug sensitivity analysis

p53 somatic mutation, CN, mRNA expression data, and drug IC50 values for can-
cer cell lines were downloaded from Genomics of Drug Sensitivity in Cancer (GDSC;
release-8.1). Specifically, a list of the mutated genes (file titled “mutations_20191101.csv”),
the processed CN variation data (file titled “cnv_gistic.20191101.csv”) and RNAseq
gene expression data (file titled “rnaseq-read_count_20191101.csv”) were downloaded
from https://cellmodelpassports.sanger.ac.uk/downloads. The drug re-
sponse data (folder titled “GDSC1 fitted_dose_response_150¢t19”) was downloaded
from https://www.cancerrxgene.org/downloads/bulk_download. Cell lines
without mutations in TP53 were assigned as p53 WT; Cell lines with TP53 mu-
tations (“cancer_driver” defined by GDSC) and copy-number alterations (GISTIC
score < 0) were assigned as pb3 MUT and CN loss; The cell lines were further
grouped based on the gene transcript levels: low (< 1st quartile), intermediate (>
Ist quartile and < 3rd quartile), high (> 3rd quartile). The effects of p53 mutational
status or transcript levels on drug sensitivity were then determined using linear re-
gression with log2 transformed IC50 values as dependent variable and CN status or

transcript levels as independent variable.
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2.3.6 KRAS-stratified association studies

Test of association between individual SNP genotypes and case-control status were
undertaken using SNPTEST v2.5.2 [190] assuming an additive model. Stratified
studies were carried out by including cases with either wild type or mutated KRAS
in the association testing within respective study cohorts. The adequacy of the asso-
ciation studies was evaluated by quantile-quantile plots of test statistics in individual
cohorts, and association signals were represented in Manhattan plots. Meta-analysis
was performed using the fixed-effects inverse-variance method using METAL [186].
Cochran’s Q-statistic testing for cohort heterogeneity and the I? statistic that quan-
tifies the proportion of the total variation due to heterogeneity were calculated. Es-
timates of genomic inflation due to population stratification were calculated using

the regression method implemented in GenABFEL R package.

Statistical power of identifying genetic variants of various minor allele frequency
associated with per allele CRC risk at varying significance levels was evaluated using
Genetic Power Calculator with default settings (http://zzz.bwh.harvard.edu/gp
c/cc2.html; [191]). Association signals of imputed markers in prioritised loci were
visualised using the LocusZoom software [192]. For LocusZoom plot construction,
I used the default combination rates, gene locations, the NHGRI catalogue data.
LD values were calculated using the 1000 Genomes Project phase 3 data of the

non-Finnish European population.

2.3.7 Survival analysis in the KR AS-stratified studies

A multivariate Cox proportional hazards regression model was used to compare
survival probabilities between groups differ in genotype, while accounting for po-
tential confounding factors. Proportionality of hazards was confirmed by Schoen-
feld coefficients. For the multivariate analyses, adjustment was made for baseline
demographic variables (age and gender), clinicopathological covariates of known
prognostic value where available, and treatment type and schedule depending on
the cohort. In the QUASAR2 trial, these comprised age, gender, tumour location
(colon vs. rectum), primary tumour stage (pT4 vs. pT1-3), nodal stage (NO vs.

N1/2), treatment regimen (bevacizumab and capecitabine vs. capecitabine). In
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the VICTOR trial, these included age, gender, tumour location (colon vs. rec-
tum), disease stage (II vs. III), chemo-radiation history, treatment regimen (Vioxx
vs. placebo). In both cohorts, covariates were prespecified and no selection pro-
cedure was performed. Log-rank tests were performed to calculate the hazard
ratio, the 95% confidence interval and P-values. All statistical tests were two-
sided. All analyses were performed in the R Statistical Computing environment
(v3.4.3; http://www.r-project.org) and implemented using the survival R pack-
age (https://cran.r-project.org/package=survival). The between-group

difference in survival probability was visualised by plotting Kaplan-Meier curves.

2.3.8 Survival analysis in the QUASAR?2 and SCOT cohorts

The primary and secondary objectives (see also section 2.1.3) were evaluated by uni-
variate and multivariate Cox proportional hazard regression models, assuming an
additive or dominant genetic effect. The log-rank test was used to determine statisti-
cal significance of the survival distributions between patients with a specific genotype
and those without. Proportionality of hazards was confirmed by Schoenfeld coeffi-
cients. For the multivariate analyses, adjustment was made for baseline demographic
variables (age and gender), clinicopathological covariates of known prognostic value
where available, and treatment type and schedule depending on the cohort. In the
QUASAR2 study, these comprised age, sex (male vs. female), tumour location (rec-
tum vs. colon), primary tumour stage (pT4 vs. pT1-3), nodal stage (N1/2 vs. N0O),
treatment regimen (bevacizumab and capecitabine vs. capecitabine). In the SCOT
study, age, sex (male vs. female), tumour location (rectum vs. colon), primary
tumour stage (pT1-2 vs. pT3 vs. pT4), nodal stage (NO vs. N1 vs. N2), treatment
regimen (FOLFOX vs. CAPOX), and treatment duration (24 vs. 12 weeks) were
included. In both studies, covariates were prespecified and no selection procedure

was performed. All statistical tests were two-sided.

All analyses were performed in the R Statistical Computing environment (v3.4.3;
http://www.r-project.org) and implemented using the survival R package
(https://cran.r-project.org/package=survival). The gwasurvivr R package
[193] was used to scale up computation in the genome-wide survival analysis, where

the backbone algorithms are consistent with those implemented in the survival R
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package. The adequacy of the association studies was evaluated by quantile-quantile
plots of test statistics in individual cohorts, and association signals were repre-
sented in Manhattan plots (generated using the ggman R package). Meta-analysis
was performed using the fixed-effects inverse-variance method using METAL [186].
Cochran’s Q-statistic testing for cohort heterogeneity and the I? statistic that quan-
tifies the proportion of the total variation due to heterogeneity were calculated.
Genomic inflation were assessed using the regression method implemented in the

GenABEL R package.

2.3.9 Tumour immunohistochemistry and iQTL mapping

QUASAR2 tissue microarrays (TMAs) were constructed using punches taken from
the centre of the tumour in FFPE tumour blocks following identification by the
study pathology. Immunohistochemistry (IHC) for CD8 were performed as de-
scribed in [194]. Marker positive cells were quantified by computerised analyses
using ImmunoPath 1.3.9.0 and expressed as the proportion of CD8+ cells in the
total number of cell nuclei across all TMA cores for each sample. CD8+ cell density
was log2 transformed prior to inclusion in the immune quantitative trait loci (iIQTL)
analysis. Tests of association between individual SNP genotypes and quantitative
trait were evaluated by Cochran-Armitage test under an additive genetic model in
SNPTEST v2.5.2 [190]. P-values were generated for each variant testing against the
alternative hypothesis that the slope of a linear regression model between genotype

and CD8+ cell density in TMAs deviates from 0.

2.3.10 Two-stage Mendelian randomisation

Candidate variants for the genetic instrument was selected from the iQTL anal-
ysis using the QUASAR2 data. Amongst the 80 iQTLs associated with tumour-
infiltrating CD8+ T cell density at suggestive significance (P < 1e-05), 22 lead SNPs
were selected after LD pruning (R? < 0.2; Non-Finnish European populations) to
construct the instrumental variable. First, I extracted the summary statistics of
these 22 variants, including beta estimates for alleles associated with increasing
tumour-infiltrating CD8+ T cell density (z; for SNP k), standard error and P-

value. Next, I constructed a weighted genomic risk score (GRS) for each individual
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in the QUASAR2 cohort using the extracted information. Implemented in PRSice
v2.3.3 [195], these variants were weighted by their effect size of association with

tumour-infiltrating CD8+ T cell density per allele.

The first-stage regression analysis evaluated the IV-exposure relationship, i.e.,
testing the association between the GRS and log2-transformed tumour-infiltrating
CD8+ T cell density in a univariate linear regression model. Denote the exposure

variable x; for individual ¢, the form of relationship is summarised below:

T; = Qg+ CV1GRS+ €X;)

where GRS =), a2, and ey, is the individual-specific error term.

F-statistic of the first-stage regression analysis was evaluated to assess the
strength of the genetic instrument in the linear model. An F-statistic < 10 in-
dicates a weak instrument [196]. Potential association between our instrumental
GRS of tumour-infiltrating CD8+ T cell density and common confounders includ-
ing age, gender, tumour location, pT and N stage, treatment was also examined to
ensure the second MR assumption. I also searched the NHGRI-EBI GWAS Cata-
logue for any association between the 22 candidate iQTLs and potential confounding

prognostic variants.

The second-stage regression analysis evaluated the association between GRS
and patient survival outcomes by a multivariate Cox regression model, adjusting
for known prognostic factors. I measured the causal effect using a likelihood-based
method equivalent to the coefficient ratio method widely used in MR studies [196].
That is, the fitted values 7; = ag+a; GRS were passed into Cox regression to obtain
an estimate of the effect of the exposure on the patient survival outcome (hazard

exponent y; for individual 7):

Yi = Bo + riZ; + ey;.

Here, (3, is the causal parameter of interest, ex, and ey, are independent error terms.
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2.3.11 Mutual information

The theoretic concept of mutual information (MI) provides a general framework
to evaluate dependencies between variables. In the context of causal inference, it
has been suggested as a general measure of the presence of nonlinear relationship
as opposed to commonly used linear methods. MI is defined in terms of discrete

variables, its application to continuous data thus requires binning procedures.

In this study, I calculated MI between tumour-infiltrating CD8+ T cell den-
sity (log2 transformed) and patient survival outcome data using the infotheo R
package (https://cran.r-project.org/package=infotheo), by specifying equal-
frequency discretisation method and empirical probability distribution for entropy
computation. To investigate the extend of numerical uncertainty in MI estimate,
I tested a range of bins up to the recommended upper bound N%6 [197], where N
is the number of samples. I found that MI estimate increases as the number of
bins increases (Fig 2.3). Therefore, I fixed the number of bins to be 53 (the upper
bound) for all downstream MI calculation. To account for effect of right censoring
in patient survival outcome data, I simulated various scenarios on mutual informa-
tion estimate by assuming a time delay 7 in real observation amongst censored cases,
where 7 ~ U(0, D) and D € {100,500, 1000} (in days). Each scenario was simulated
for 10,000 iterations. The empirical distribution of mutual information estimate was
constructed via bootstrapping, where the tumour-infiltrating CD8+ T cell density
data were sampled with replacement for 50,000 iterations. The empirical p-value
was calculated as the probability of obtaining an estimate larger than the observed
mutual information estimate. Maximal information coefficients were computed us-
ing minerva R package (https://CRAN.R-project.org/package=minerva) using

default settings.
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Figure 2.3. Sensitivity of MI estimate to the granularity of discretisation.
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Chapter 3

Germline by somatic interaction in

the p53 pathway

3.1 Introduction

3.1.1 The p53 tumour suppressor pathway

Research over the last forty years has established the notion that the transcription
factor p53 safeguards the integrity of the genome, thus preventing the cells from
neoplastic transformation and suppressing tumour development [198-200]. In re-
sponse to cellular stresses such as DNA damage, oncogenic activation, oxidative and
proteotoxic stress, phH3 is activated and induces target gene expression to coordinate
cellular outcomes, notably cell cycle arrest and apoptosis (Fig 3.1). In particular,
upon moderate DNA damage, activated ATM or ATR trigger transient accumulation
and oscillations of p53 in the nucleus, inducing cell-cycle arrest and facilitating DNA
damage repair via transactivating genes involved in the process of cell cycle control
(e.g., CDKNI1A) and those in the DNA repair machinery (e.g., XPC'), respectively
[201]. In other cases, prolonged or extensive DNA damage sustains p53 activation in
the nucleus, resulting in apoptosis (via selectively inducing the expression of genes
such as BAX and PUMA) or cellular senescence [201]. p53 target genes also include
those involved in metabolic remodelling, angiogenesis and cellular motility (Supple-

mentary Data Table 3.1; [187, 202]). Together with p53’s upstream regulators and
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its diverse downstream effectors in the pathway, the tumour suppressor p53 plays an
essential role in normal physiology and acts against uncontrolled cell proliferation
[199, 203, 204].
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Figure 3.1. An overview of the p53 tumour suppressor pathway.

3.1.2 Somatic mutations in the p53 pathway

The p53 protein is encoded by the TP53 gene, which is mutated in 36% of all
human cancers [205, 206]. Somatic mutations detected in tumours affect all parts of
the gene body, with four residues in the DNA-binding domain the most frequently
perturbed: R273, R248, R175, and R282 (i.e., ‘mutation hotspot’; Fig 3.2A). Unlike
other tumour suppressor genes that are mostly mutated by truncating mutations
such as nonsense and frame-shift mutations, 64% of somatic mutations in TP53 are
missense mutations (Fig 3.2B). In general, p53 loses its tumour suppressive function
via three types of driver mutations [181, 207, 208]: (1) typical loss-of-function (LOF)
mutations, including all truncating mutations; (2) missense mutations resulting in
mutated p53 that is structurally intact but exerts dominant-negative (DNE) effect by

binding to wild type p53 and inhibiting its transactivation function; or (3) missense
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mutations resulting in mutated p53 that exhibit neomorphic gain-of-function (GOF)
activities that promote cancer instead of suppressing it (Fig 3.2C). Moreover, 91%
of tumours with TP5% mutations lose both wild type copies of p53, due to loss of
heterozygosity (LOH) or mutations affecting both alleles [206].
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Figure 3.2. Somatic mutations in TP53 and their functional consequences.

(A) A survey of the p53 mutational spectrum in human cancers. 3,943 of the 10,967
tumour samples (36%) in the Cancer Genome Atlas (TCGA) pan-cancer cohort harbour
somatic mutations in TP53. The lollipop plot shows the cumulative incidence of mutations
observed in the samples. Hotspot residues are annotated. (B) The distribution of different
mutation types amongst all pathogenic mutations that have deleterious effect on p53
function (see Methods, section 2.2.1). (C) Consequences of somatic driver mutations that
affect p53 functions: (i) loss of wild-type function (LOF); (ii) dominant-negative effect
(DNE), where mutated p53 binds to wild-type p53 and inhibits its DNA-binding activity;
and (iii) gain-of-function activities (GOF), such as transactivating novel target genes.

Interestingly, I found that 67% of all pathogenic mutations affecting p53 in
tumours are functionally DNE or GOF mutations, and that over 85% of tumours
with mutated p53 harbour DNE or GOF mutations (Supplementary Data Table 2.1;
see Methods, sections 2.2.1 and 2.3.1). This suggests that mutated p53 in tumours
behaves very differently from its wild type counterpart. In other words, wild type
pH3 is a tumour suppressor, whereas mutated p53 tends to act as an oncoprotein

in tumours. Considering the pivotal role of p53 in the cellular signalling network,
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such functional disparity between the wild type and mutated p53 could plausibly
contribute to divergent disease phenotypes seen in cancer subtypes that differ in p53

mutational status (see also section 1.2).

Apart from somatic mutations affecting p53, other members of the p53 pathway
are also altered somatically in tumours. For instance, inactivation mutations or copy
number (CN) loss in ATM were observed in 10% of all human cancers [209], and
CN amplification in MDM2 (3%) and MDM4 (1%) were also detected in tumours
[67, 210]. Overall, impaired p53 pathway function is a common feature in human

cancers [206, 209].

3.1.3 Inherited cancer risk variants in the p53 pathway

As discussed in section 1.1.2, pathogenic germline mutations in TP53 predispose
LFS patients to a wide spectrum of early onset cancers. Mostly missense muta-
tions affecting key amino acid residues in TP53 (R158H, G245S, R248W, R248Q),
E282W), these germline mutations occur in 70% of LFS, in 20-40% of Li-Fraumeni
like families [24]. In addition, up to 20% of pathogenic germline TP53 mutation
carriers were found to have acquired the mutations de novo. For individuals with
these pathogenic germline mutations in TP53, the overall cancer risk is 70% in men

and almost 100% in women [24].

In addition to somatic and rare germline mutations, common inherited genetic
variants were also found to modify the activity of the p53 pathway and associated
with cancer [211]: P47R (rs1800371), P72R (rs1042522), and PAS (rs78378222)
SNPs in TP53, SNP309G (rs2279744) and SNP285C (rs117039649) SNPs in MDM2,
and SNP34091 (rs4245739) in MDM/. Interestingly, the p53 pathway is enriched
for cancer risk variants compared to other cellular signalling pathways, and cancer
risk variants in the p53 pathway share genetic characteristics with well-characterised
somatic driver mutations in the pathway [188]. This suggests that inherited genetic
variants in the pb3 pathway could potentially impair pathway activity to confer
cancer risk, just like the somatic driver mutations in the pathway to promote cancer,

although with a modest effect size (see also section 1.1.3).

As discussed in section 1.3.3, a number of inherited genetic variants were as-
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sociated with specific somatic mutations in tumours (Table 1.4). This concurrence
of inherited genetic variants and somatic driver mutations in the same cancer hall-
mark pathway poses the question whether they interact to influence cancer risk and
prognosis. If true, disease prediction leveraging inherited cancer risk variants (see
also section 1.1.5) might also need to accommodate for molecular information about
tumours to achieve an accurate personalised profile for cancer susceptibility and
prognosis. However, the interaction between inherited genetic variants and somatic
driver mutations on cancer risk and prognosis is yet to be defined. In this chap-
ter, I aim to explore germline by somatic interaction in the p53 tumour suppressor

pathway in common cancers.

3.1.4 A hypothesis of TP53-mSNPs

While 25 cancer risk loci have been associated with multiple cancers (e.g., 8q24 and
5pl5; [212-216]), most cancer risk loci are specific to individual cancer type. As
shown in section 1.3.1, inherited genetic variants can be associated with specific
cancer subtypes, and the associations vary drastically across cancer subtypes (Table
1.3). Moreover, as mentioned above, inherited genetic variants were also shown
to associate with specific somatic driver mutations in tumours (see also section
1.3.3; Table 1.4). In light of these associations, if certain inherited genetic variants
track with p53 somatic driver mutations in tumours, their association with cancer
risk would differ between cancer subtypes with contrasting p53 mutational status

(TP53-related subtype heterogeneity SNPs, or TP53-shSNPs).

Considering that the wild type p53 (p53 WT) is a tumour suppressor but the
mutated p53 (pb3 MUT) tends to act as a oncoprotein, I reason that inherited
genetic variants that track with pb3 mutational status in tumours could associate
with inverted risk between the p53 WT and p53 MUT tumour strata. For example,
an allele could be depleted in pb3 WT cases when compared to healthy controls,
but the same allele could be enriched in p53 MUT cases (Fig 3.3A). This pattern
of association would result in inverted risk profile between p53 WT and p53 MUT
strata (Fig 3.3B). In this scenario, standard association studies would overlook these
candidate loci, due to the off-setting effect of mixing cases (dashed lines in Fig 3.3A).

In this chapter, my objective is to test this hypothesis by searching for cancer risk
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variants that track with p53 mutational status in tumours (TP53 mutation-specific

SNPs, or TP53-mSNPs).
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Figure 3.3. A hypothesis of TP53-mSNPs.

(A) A schematic demonstrating inverted association between inherited genetic variants
and cancer risk by comparing minor allele frequency (MAF') between cancer cases and
healthy controls, where cases are stratified by p53 mutational status. (B) A forest plot
demonstrating the inverted risk profile of a TP53-mSNP as shown in (A).

3.2 Results

3.2.1 Cancer subtype-stratified association studies uncover

TP53-shSNPs

3.2.1.1 pb53 mutational pattern in breast and ovarian cancer subtypes

As discussed in 1.1.3, large population cohorts with both germline and somatic data
are the ideal for identifying potential TP53-mSNPs. However, these cohorts are
rare. To circumvent this issue, I decided to leverage large cohorts with germline and
molecular subtype information to first identify TP53-shSNPs, which could poten-
tially be candidates for TP53-mSNPs.

I start by selecting cancer cohorts with subtypes that differ greatly in p53 mu-
tation frequencies, for which genotype data are available. I found two potentially
informative cancer types (see also sections 1.2.2 and 1.2.3). The first was breast
cancer: 18% of ER positive breast cancer cases (ER+BC) have mutated p53, in
contrast to 76% of ER negative breast cancer (ER-BC) cases [217]. The second was
ovarian cancer: less than 10% of low-grade serous ovarian cancer (LGSOC) cases

have mutated p53 [218], in contrast to 96% of high grade serous ovarian cancer
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(HGSOC) cases [94]. As in section 3.1.2, T observed that over 85% of all pathogenic
missense mutations in TP53 render the mutated p53 oncogenic (DNE or GOF) in

breast and ovarian cancers (Fig 3.4B).
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Figure 3.4. Cancer risk variants in the p53 pathway show subtype
heterogeneous associations.

(A) A schematic demonstrating candidate loci selection. (B) Pie charts of the percentages
of tumours with oncogenic, loss-of-function p53 mutations amongst all tumours bearing
p53 pathogenic mutation in breast and ovarian cancers. (C) A bar plot demonstrates
number of SNPs with significant heterogeneity P-values (Prer < 5e-08) across both breast
and ovarian cancer subtypes (shSNPs), including the subtype heterogeneity SNPs (i.e.,
TP53-shSNPs with -+-+ and +-+- directions in estimated effect sizes; purple bars) that
have consistent effects in subtypes with different p53 mutation frequencies. (D) A scatter
plot of the fold enrichment of subtype heterogeneity eGenes on the x-axis (log2 scale),
and the adjusted P-value on the y-axis (-logl0 scale), amongst each pathway relative to
all eGenes of the genome. The enrichment of TP53-shSNPs in p53 pathway genes is
marked in purple while the other 185 annotated KEGG pathways are marked in grey. The
horizontal dashed lines mark the false discovery rate of 0.05.

My next objective was to identify cancer risk variants that show heterogeneous
association between these subtypes (i.e., TP53-shSNPs) with sufficient statistical
power. Here, I utilised data generated in an analysis of 90,969 breast cancer cases

(69,501 ER+BC, 21,468 ER-BC) and 105,974 controls [219] and an analysis of 14,049
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ovarian cancer cases (1,012 LGSOC, 13,037 HGSOC) and 40,941 controls [220] (see
Methods, section 2.3.2).

3.2.1.2 TP53-shSNPs in breast and ovarian cancers

To identify TP53-shSNPs, I first curated known cancer risk loci from previous cancer
GWASSs (see Methods, section 2.2.2). By Feb 2018, there were 1,225 cancer GWAS
lead SNPs (P < 5e-08) in the GWAS catalogue, which are in linkage disequilib-
rium (LD) with 27,367 variants (i.e., proxies; r* > 0.8 in European populations).
Among these cancer risk variants (both lead SNPs and proxies), 15,406 were as-
sociated with differential expression levels of 1,438 genes in at least one tissue or
cell type (Fig 3.4A; see Methods, section 2.2.3; [53, 182, 221]. In this section, I
aimed to test whether these expression cancer risk variants (eSNPs) show hetero-
geneous association between the breast and ovarian cancer subtypes. Of note, the
1,438 eSNP-mapped genes (eGenes) were enriched for p53 pathway genes compared
to genes in other annotated KEGG pathways (adjusted P = 7.8e-05; see Methods,
section 2.3.3), consistent with a previous report [188]. The p53 pathway eGenes in-
clude TP53, its key regulators (MDM/, ATM, CHEK?2, CDKN2A) as well as its key
effectors (CASP8, CDKN1A, FAS, PIDD, CCNE1, CCND1, SESN1, PMAIP1).

Next, I examined the large-cohort datasets for TP53-shSNPs. Of the 15,406
eSNPs, 1,634 showed significant subtype heterogeneity after correction for multiple
hypothesis testing (Bonferonni adjusted Pp.; <0.05; Supplementary Data Table 3.2)
across the four subtypes (ER+BC, ER-BC, LGSOC, HGSOC; Fig. 3.4C). Intrigu-
ingly, of these 1,634 shSNPs, I identified 110 TP53-shSNPs, whose pattern of risk
association is inversely correlated with p53 mutation frequencies in the breast and
ovarian cancer subtypes (purple bars in Fig. 3.4C). That is, the alleles of these
SNPs that are associated with increased cancer risk (OR > 1) in the subtypes with
low p53 mutation frequencies (ER+BC and LGSOC), are associated with decreased
cancer risk (OR < 1) in the subtypes with high p53 mutation frequencies (ER-BC
and HGSOC), and vice versa.

The 110 TP53-shSNPs were mapped to 17 eGenes, and the remaining 1,524
shSNPs were mapped to 129 eGenes. The 17 eGenes mapped by the 110 TP53-
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shSNPs were significantly enriched in the p53 pathway but not in any other anno-
tated KEGG pathways (87.0-fold, adjusted P = 9.9e-04; see Methods, section 2.3.3;
left panel in Fig. 3.4D). In contrast, I didn’t observe such enrichment in any anno-
tated pathways for the 129 eGenes mapped by the other shSNPs (right panel in Fig.
3.4D). The 17 eGenes mapped by the 110 TP53-shSNPs include TP53 (3 eSNPs)
and two of its key regulators (ATM, 44 eSNPs; MDM4, 33 eSNPs). All variants in
each gene are in LD (r? > 0.9 in European populations; Supplementary Data Table
3.3). These results illustrates that key p53 pathway genes harbour TP53-shSNPs,
which show heterogeneous association that is inversely correlated with p53 mutation

frequencies in breast and ovarian cancer subtypes.

3.2.2 Pan-cancer analysis reveals rs78378222 is a TP53-mSNP

The above cancer subtype-stratified association analysis shortlisted 110 cancer risk
variants as potential candidates for TP53-mSNPs. For example, the minor allele C
of the lead SNP in TP53, rs78378222, was associated with increased risk for ER+BC
and LGSOC (OR = 1.12, P = 9.98¢-04 and OR = 1.59, P = 0.016, respectively),
but with decreased risk for ER-BC and HGSOC (OR = 0.80, P = 2.30e-04 and OR
= 0.75, P = 3.68e-04, respectively) (Fig 3.5A). Together, the minor allele C show
heterogeneous association with risk between the breast and ovarian cancer subtypes
that is inversely correlated with p53 mutation frequency (adjusted Py.; = 3.8e-05).
On the other hand, rs11374964 in ATM and rs4245739 in MDM/ showed association
specific to ER-BC and HGSOC (Fig 3.5A).

As mentioned above, the three leading SNPs in TP53, ATM, and MDM} were
previously associated with differential risk for cancer. In particular, rs78378222 in
TP53 was associated with differential risk for brain malignancies, skin cancer, breast
cancer, leukaemia, lymphoma, leiomyoma, and soft-tissue sarcoma [51, 216, 222—
230]. Meanwhile, rs11374964 in AT'M was exclusively reported to associate with risk
for breast cancer [231]; rs4245739 in MDM/ was associated with risk for breast and
prostate cancer [231-233]. Despite that subtype-specific risk associations of these
three loci have been reported in breast cancer [51, 231], no study has examined the

interaction between these variants and p53 mutational status in tumours.
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Figure 3.5. TP53-shSNPs track with p53 mutational status.

(A) Forest plot illustrating the patterns of cancer risk associations of the top candidate
variants in p53 pathway amongst breast and ovarian cancer subtypes. (B) A schematic
overview of the association testing between shortlisted candidate variants and p53 mu-
tational status in primary TCGA tumours. (C) Bar graphs of the allelic difference of
the candidate variants in (A) between tumours with wild type and mutant p53 in TCGA
patient cohort.

To test whether these three loci are TP53-mSNPs, I performed similar analyses
on these three loci in the Cancer Genome Atlas (TCGA) pan-cancer cohort, for
which both germline and somatic information was available. To minimise population
stratification, I selected 7,021 patients of European ancestry (see Methods, section
2.1.1.1), who have been diagnosed with 31 different cancers. Next, I determined the

p53 mutational status of their tumours (see Methods, section 2.1.1.2).

In the TCGA cohort, 35.8% of patients have at least one pathogenic mutation in
TP53 (defined as LOF, DNE or GOF mutations) in their tumours, 37.8% have CN
loss in TP53, and 20.8% have both pathogenic mutation and CN loss (see Methods,
section 2.1.1.2; Supplementary Data Table 3.4). Given that p53 mutations are
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significantly correlated with CN loss in TP53 ([206]; Fig 7.1A), I stratified TCGA
patients into two groups based on the presence of p53 somatic alterations (MUT
& CN loss vs. WT & no CN loss) and performed association testing on the three
loci against p53 somatic alterations using a one-sided Fisher’s exact test (Fig 3.5B).
I found that one of the three loci tracked with p53 mutational status in tumours
(rs7837822 in TP53; adjusted P = 0.035; Fig 3.5C). As shown in Fig 3.5A, the
minor allele C of rs78378222 was associated with increased frequency in ER+BC
and LGSOC (low p53 mutation frequency) cases compared to healthy controls, but
decreased frequency in ER-BC and HGSOC (high p53 mutation frequency) cases.
The current finding indicates that the minor allele C is significantly depleted in p53
MUT & CN loss tumours than in p53 WT & no CN loss tumours, consistent with the
results in cancer subtype-stratified association analysis in section 3.2.1.2 (Fig 3.5A).

This finding indicates that rs78378222 in TP53 is a TP53-mSNP as hypothesised.

3.2.3 Further analyses of candidate variant rs78378222

3.2.3.1 rs78378222 is associated with p53 expression levels

The variant, rs78378222, resides in the 3-UTR of TP53. Specifically, the minor
allele C disrupts the canonical TP53 poly-adenylation signal sequence (PAS, p53
poly(A) SNP; Fig 3.6A). The minor allele C was previously associated with lower
TP53 mRNA levels in blood samples [234].

When I examined transcriptome-wide eQTL data from 4,896 peripheral blood
samples (see Methods, section 2.2.3), I found that, indeed, the minor allele C was
associated with 1.54-fold per-allele decrease in p53 mRNA levels (beta = -0.62, P =
2.0e-25; Fig. 3.6B). To investigate the association of this variant with p53 expres-
sion levels in tumours, I analysed expression data from 3,248 tumours in the TCGA
cohort. Since CN loss in TP53 is associated with lower p5b3 expression levels in
TCGA tumours (Fig 7.1B), I only considered diploid samples in this analysis (i.e.,
GISTIC score = 0). Like in normal tissues, the minor allele C was associated 1.3-fold
per-allele decrease in TP53 mRNA levels in tumours (beta = -0.37, P = 1.7e-04;
Fig. 3.6C). To test whether this association depends on p53 mutational status in

tumours, I separated the tumours into three groups based on their p53 mutational
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Figure 3.6. rs78378222 is associated with p53 expression levels in
normal and cancerous tissues.

(A) A schematic illustrating the nature of the p53 poly(A) SNP in its gene context.
(B) Box plot showing the relationship between p53 mRNA abundance distribution (log2
transformed) and the variant genotype in blood samples. The central horizontal line
indicates the median value of each distribution, upper and lower boundaries of the boxes
indicate the 3rd and st quartile. N = 4710 [A/A homozygote], 193 [A/C heterozygote]
and 2 [C/C homozygote]. (C) Box plot showing the relationship between TP53 mRNA
abundance distribution (Log2 transformed) and the variant genotype in tumours. (D)
Box plots showing the relationship between TP53 mRNA abundance distribution (Log2
transformed) and the variant genotype in tumours stratified on p53 mutational status.

status: wild type p53, missense mutated p53, oncogenic p53 (Fig. 3.6D), and tested
the relationship between variant genotype and p53 expression levels within the in-
dividual groups. Considering that truncating mutations in TP53 typically reduce
p53 expression levels in tumours [206, 235], I had excluded TP53 LOF mutations
in this analysis. I observed that the minor allele C was consistently associated with
1.26- to 1.42-fold per-allele decrease in pb3 expression levels in tumours, regardless

of pb3 mutational status (beta range: [-0.51, -0.33], P < 0.036; Fig. 3.6D).

To further investigate the molecular basis of the p53 poly(A) SNP in regulating
p53 expression, an isogenic cell model with the two alleles of the variant was devel-
oped (in collaboration with Dr. Ping Zhang and Mr. Isaac Kitchen-Smith in the
Bond group). Of note, the Hapl cells utilised in the experiments contain a DNE
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Figure 3.7. rs78378222 regulates p53 expression levels in isogenic cell
models.

(A) A bar plot of p53 cDNA levels for each genotype in Hapl cells, measured using qRT-
PCR normalised to GAPDH. Error bars represent standard error of the mean (SEM) of
3 independent experiments. P-values were calculated using a two-tailed t-test. (B) A bar
plot of p53 protein levels for each genotype in Hapl cells, measured using densitometric
analyses of results from Western blot analyses (upper pane) and normalised to (-actin.
Error bars represent SEM of 3 independent experiments. P-values were calculated using
a two-tailed t-test. (C) A schematic overview of the qRT-PCR strategy to measure the
levels of unleaved TP53 mRNA in Hapl cells of differing genotypes (upper). Two bar
plots of uncleaved TP53 mRNA levels for each genotype in Hapl cells, measured using
qRT-PCR normalised to GAPDH (lower). Two sets of primers (P1-F/R and P2-F/R)
were used to amplify the p53 pre-mRNAs.

missense mutation in TP53 (p.S215G), which results in a mutated DNA-binding do-
main [236] and has been found in many cancer types (COSM43951), including breast
cancer and glioma [226]. CRISPR/Cas9-mediated genome editing with homology-
directed repair were used to generate clones with either the A-allele or the C-allele
(Fig 3.6A). Consistent with above, cells with the C-allele were found to express
lower amount of TP53 mRNA relative to clones with the A-allele based on qRT-
PCR analysis (2-fold decrease, P = 6.8e-08 for clone 1 and P = 0.0038 for clone 2;
Fig 3.7A). Cells with the C-allele also had lower p53 protein levels (2-fold decrease,
P = 0.0069 for clone 1 and P = 0.0046 for clone 2; Fig 3.7B). The impairment of
3’-end processing and subsequent transcription termination due to the C-allele have
been proposed as a mechanism for the genotype-dependent p53 expression [234].
To investigate whether this is also the mechanism by which the C-allele reduces

mutant p53 levels in cancer cells, the levels of TP53 mRNA not cleaved at the con-
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ical AAUAAA site (uncleaved) were measured relative to the cleaved transcripts.
Up to 10-fold enrichment of uncleaved TP53 mRNA in cells with the C-allele were
observed compared to those with the A-allele (Fig 3.7C). Together, these findings
demonstrate that the p53 poly(A) SNP regulates p53 expression levels in cancer

cells.

3.2.3.2 rs78378222 and p53 mutational status interact to influence re-

sponse to anti-cancer therapy

Mutated p53 in tumours is known to desensitise cells to radiotherapy [237], an
important modality in anti-cancer treatment. Indeed, I found that the TCGA pan-
cancer data supported this notion. Of the 7,021 patients of European ancestry
(see also section 3.2.2), 848 patients had phenotype on radiation responses: 603
responders and 134 non-responders (see Methods, section 2.3.4). T found that p53
MUT was correlated with poorer response to radiation (OR = 1.6, P = 0.021; Fig
3.8A). This correlation was heightened when considering both somatic mutations
and CN variation in TP53: pb3 MUT & CN loss was also correlated with poorer
response to radiation (OR = 2.2, P = 0.0026; Fig 3.8A). Furthermore, I observed
that the minor allele C of the p53 poly(A) SNP, rs78378222, was correlated with
poorer response to radiation among p53 WT tumours (OR = 5.6, P = 0.011; Fig
3.8B), but not among p53 MUT tumours (Fig 3.8B). Similarly, CN loss in TP53
was also correlated with poorer response to radiation among p53 WT tumours (OR
= 1.6, P = 0.027; Fig 3.8C), but not among p53 MUT tumours (Fig 3.8C). These
findings suggest that the relative 2-fold reduction of wild type p53 levels in tumours
due to the minor allele C of the p53 poly(A) SNP results in unfavourable response
to radiotherapy.

Like in radiotherapy, mutated p53 in tumours also confers resistance to targeted
DNA damaging chemotherapies [238]. As a result, therapeutic efforts have been
focused on restoring wild type p53 activity to improve phH3-mediated cell killing.
The above analyses demonstrated how the p53 poly(A) SNP interacts with p53
mutational status in tumours on cancer risk and p53 expression levels. This points
to another potential entry point for therapeutic interventions by manipulating p53

pathway activities based on commonly inherited genetic variants. I reason that p53
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Figure 3.8. rs78378222 and p53 mutational status in tumours interact
to influence cellular response to radiotherapy.

(A) A bar plot showing the percentage of radiation non-responders among patients dif-
fering in p53 mutational status. (B) A bar plot showing the percentage of radiation
non-responders among patients with different variant genotype and p53 mutational sta-

tus. (C) A bar plot showing the percentage of radiation non-responders among patients
with different p53 mutational status and CN variation.

pathway genes that harbour TP53-shSNPs (see also section 3.2.1) could be utilised

to achieve better p53-mediated cancer killing.

To test this idea, I used a drug screening dataset with both somatic genetic and
gene expression data (Genomics of Drug Sensitivity in Cancer, or GDSC), where 304
compounds were tested across 1,001 cancer cell lines for their anti-cancer efficacy
(Fig 3.9A). Of the 304 compounds analysed, 127 showed heightened sensitivity in cell
lines with wild type p53 compared to those with mutated p53 (adjusted P < 0.05; Fig
3.9B). In particular, sensitivity to nutlin3-induced cell killing were was significantly
associated with p53 WT status (fold change = 5.8; P = 2.6e-67). Nutlin3 activates
p53 via blocking the inhibition of Mdm2 on p53. It has been shown that mutated p53
is refractory to Mdm?2 inhibition, thus insensitive to nutlin3. As expected, cellular
chemosensitivity to nutlind was correlated with Mdm2 expression levels in p53 W'T
cancer cells (P = 2.9E-09; Fig 3.9C), but not in p53 MUT cancer cells (P = 0.17;
Fig 3.9D). This indicates that the higher the level of MDM?2 transcript in p53 WT

cancer cells, the more sensitive the cells are to nutlin3-induced cell killing.
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Figure 3.9. p53 pathway genes with TP53-shSNPs can aid in tuning
cellular chemosensitivities to nutlin3.

(A) A schematic of the drug screen dataset (see Methods, section 2.3.5). (B) A volcano
plot showing the correlation between cellular sensitivity to the 304 tested drugs and p53
mutational status in the 1,001 cancer cell lines, where the -logl0 adjusted p-values (cal-
culated from linear regression) were plotted against log2 fold change in IC50 values of
each drug. The horizontal dashed line represents the adjusted p-value of 0.05. (C, D) Box
plots showing the relationship between cellular sensitivity to nutlin3 treatment and Mdm2
expression levels in p53 WT (C) or in p53 MUT & CN loss (D) cancer cells. (E) Forest
plots showing the relationship between eGene expression levels and cellular sensitivity to
nutlin3 treatment in p53 WT (left panel) or in p53 MUT & CN loss (right panel) cancer
cells.

Here, I am interested to examine whether TP53-shSNPs could provide informa-
tion that can be utilised to further enhance cellular chemosensitivity to nutlin3. As
mentioned in section 3.2.1, 110 TP53-shSNPs were mapped to 17 eGenes. There-
fore, I compared the expression levels of these 17 eGenes in the cancer cells against
the cells’ sensitivity to nutlin3 treatment (see Methods, section 2.3.5). As shown
in Fig 3.9E, I found that the expression of genes in the p53 pathway was associ-
ated with cellular chemosensitivity to nutlin3 treatment in p53 WT cells: higher

p53, ATM, and Mdm4 expression levels are correlated with higher sensitivity to
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nutlin3-induced cell-killing; but not in p53 MUT & CN loss cells. In addition, I
observed that higher ABHDS expression level was negatively associated with sensi-
tivity to nutlin3d treatment in p53 W'T cells, while higher ACAT1 expression level
was positively associated with sensitivity (Fig 3.9E). ABHD8 and ACAT1 are in-
volved in cellular metabolism, and ABHDS is a target gene of p53. These findings
suggest that besides TP53, expression of other eGenes mapped by TP53-shSNPs
also plays a role in influencing the cellular sensitivity to nutlin3 treatment. This
implies that TP53-shSNPs highlight gene targets for modulating chemosensitivity
to nutlin3-induced cell killing.

3.2.3.3 rs78378222 and p53 mutational status interact to influence can-

cer prognosis

Not only was mutated p53 in tumours associated with lack of response to therapy
in human cancers, but it was also associated with worse clinical outcomes [239]. In
the TCGA pan-cancer cohort, I found that patients with p53 MUT tumours had
shorter progression free interval (PFI; OR = 1.36 [1.26-1.47], P = 2.92¢-14) and
poorer overall survival (OS; OR = 1.53 [1.41-1.67], P = 3.68¢-24) when compared
to those with p53 WT tumours (Fig 3.10); and that CN loss in TP53 was associated
with unfavourable outcomes (PFI: OR = 1.21 [1.12-1.31], P = 2.45e-06; OS: OR =
1.25 [1.15-1.36], P = 1.40e-07; Fig 3.10). Expectantly, p53 MUT & CN loss was
associated with shorted PFI (OR = 1.45 [1.31-1.60], P = 8.60e-13) and poorer OS
(OR = 1.64 [1.48-1.82], P = 1.95¢-20) (Fig 3.10).
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Figure 3.10. p53 mutational status in tumours is associated with patient
survival outcomes in TCGA.

Forest plots show the relationship between p53 mutational status and progression free
intervals (PFI) or overall survival (OS) among the TCGA patients. HR and log rank p
values were calculated using a multivariate Cox regression model, adjusted for patient age,
sex and tumour types.

To explore the prognostic value of the p53 poly(A) SNP, rs78378222, I studied
whether this variant was associated with clinical outcomes in the TCGA cohort. I
observed that the variant genotype was not associated with PFI when the cancer
cases were mixed (pan-cancer: OR = 1.13 [0.89-1.44], P = 0.32; breast cancer: OR
= 1.44 [0.35-5.87], P = 0.61; Fig 3.11A, C). However, when I stratified the cases by
the p53 mutational status in tumours, I found that the minor allele C of rs78378222
was associated with shorter PFI in p53 WT tumours (pan-cancer: OR = 1.54 [1.12-
2.12], P = 7.4e-03; breast cancer: OR = 6.11 [1.39-26.92], P = 6.3e-03; Fig 3.11B,
D), but not in p53 MUT tumours (pan-cancer: OR = 0.68 [0.32-1.43], P = 0.31;
breast cancer: OR = 0.81 [0.01-5.81], P = 0.88; Fig 3.11B, D).

These findings suggest that the variant genotype interacts with p53 mutational
status in tumours to associate with patient survival outcomes (P,ieraction = 0.065):
p53 mutations and the minor allele C of rs78378222 was both associated with un-
favourable clinical outcomes; meanwhile, the prognosis of individuals with the minor
allele C and mutated p53 (the ‘MUT-AC’ curve in Fig 3.11B, D) did not differ signif-
icantly from those with the major allele A and wild type p53 (the ‘WT-AA’ curve in
Fig 3.11B, D). Note that this is consistent with the germline by somatic interaction
on cancer risk that the minor allele C was associated with increased risk for p53 WT
tumours but with decreased risk for p53 MUT tumours (Fig 3.5A; see also section
3.2.2).
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Figure 3.11. rs78378222 and p53 mutational status in tumours interact
to influence cancer prognosis in TCGA.

(A, B) Kaplan-Meier survival curves of variant genotype and progression free interval
(PFI) in the pan-cancer cohort, either the cases were mixed (A) or stratified by p53
mutational status (B). HR and log rank p values were calculated using a multivariate Cox
regression model, adjusted for patient age, sex and tumour types. (C, D) Kaplan-Meier
survival curves of variant genotype and PFI in the breast cancer cohort, either the cases
were mixed (C) or stratified by p53 mutational status (D). HR and log rank p values were
calculated using a multivariate Cox regression model, adjusted for patient age and sex.

3.3 Discussion

As discussed in section 1.1.5, inherited genetic variants associated with cancer can
not only provide insight into cancer aetiology, but also be utilised for personalised
cancer risk prediction and aid in clinical management. In the last two decades,
standard cancer GWASs have been treating genotype-risk association as a relation-

ship that is homogeneous in a population and independent of somatic driver events.
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Recent studies showed that common inherited genetic variants were associated with
somatic driver events and could influence tumour development (see section 1.3). In
light of the emerging evidence, an in-depth study on inherited genetic variants that
are predictive of susceptibility to cancers of specific molecular profile would be valu-
able, to further elucidate the influence of inherited genetic variants on risk, biology

and prognosis of common cancers.

In this chapter, I investigated inherited cancer risk variants in the p53 tumour
suppressor pathway to define germline by somatic interaction on cancer risk, re-
sponse to therapy and prognosis. Using population-based multi-cancer datasets, I
found that 110 variants were associated with subtype-specific risk, whose pattern
was inversely correlated with p53 mutation frequencies in breast and ovarian cancer
subtypes (TP53-shSNPs; Fig 3.4). These variants were mapped to genes that are en-
riched in the p53 pathway. I observed that the p53 poly(A) SNP, rs78378222, tracked
with p53 mutational status in TCGA pan-cancer tumours (Fig 3.5). Therefore, this
variant is a TP53-mSNP I hypothesised in section 3.1.3. Note that the minor allele
of the p53 poly(A) SNP was associated with both increased and decreased cancer
risk previously [51, 216, 222-230]. Considering that cancer types vary drastically
in p53 mutation frequencies, the interaction between the p53 poly(A) SNP and p53
mutational status in tumours on cancer risk potentially provides an explanation for

these conflicting findings.

By examining the relationship between variant genotype and gene expression
levels, I showed that the minor allele C of the p53 poly(A) SNP was associated
with lower p53 expression in both normal and cancerous tissues, regardless of p53
mutational status (Fig 3.6). An isogenic cell model developed in the Bond group
demonstrated that compared to the major allele A, the minor allele C reduced p53
mRNA and protein levels by about two-fold (Fig 3.7). The molecular evidence
supports a biological hypothesis as the following (Fig 3.12). The minor allele C
disrupts the canonical PAS of TP53 and hinders mRNA processing. As a result, cells
carrying the C-allele produce less p53 than cells carrying the A-allele. In p53 WT
tumours, this reduction in p53 protein levels compromises the tumour suppression

function of wild type p53, thus conferring risk for cancer; in p53 MUT tumours, this

Page 62 Chapter 3 Lingyun Xiong



Influence of inherited genetic variants in common cancers

reduction in p53 protein levels mitigates the oncogenic effect of mutated p53 (see
also section 3.1.2), thus reducing cancer risk. Alternatively, the relative depletion
of the minor allele C in p53 MUT & CN loss tumours than in p53 WT & no CN
loss tumours (Fig 3.5) suggests that carriers of the C-allele have a slightly lower
likelihood to mutate T'P53 somatically during tumour development. It will be of

interest to test both hypotheses in experimental models.
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Figure 3.12. A hypothesis of the interaction between rs78378222 and p53
mutational status in tumours on cancer risk.

I showed that the two-fold reduction in p53 expression levels due to the minor
allele C of the p53 poly(A) SNP was also associated with poor response to radiother-
apy among patients with p53 WT tumours (Fig 3.8). This result has implications for
anti-cancer therapies. Existing therapeutic strategies targeting somatic mutations
in tumours usually have variable responses in the clinic, frequently high failure rate
and eventually resistance to therapies. Somatic genetic heterogeneity in tumours
is a major factor contributing to the differences in response to therapy and disease
progression. In this chapter, using the p53 poly(A) SNP as an example, I demon-
strated the inherited cancer risk variants could influence response to radiotherapy
and potentially provide new entry point to enhance chemosensitivity. Therefore,
understanding of such germline by somatic interaction could further inform person-

alised decision on anti-cancer therapy.
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In addition, I found that rs7837822 genotype also interacts with p53 mutational
status in tumours to associate with patient survival outcomes, consistent with the
risk association patterns (Fig 3.11). In particular, the protective effect of the minor
allele C in patients with p53 MUT tumours demonstrates that like somatic driver
mutations, germline genotype can also be informative for cancer risk stratification
and prognosis prediction. If such germline by somatic interaction is not exclusive
to the p53 pathway, PRS-based cancer risk prediction might need to account for

molecular information about the tumour towards a more personalised genetic profile.

Together, these results illustrate how an inherited genetic variant could play an
active role during tumour development. The study in this chapter has been centred
on the pb3 tumour suppressor pathway. As a result, it is unclear whether the
hypothesised germline by somatic interaction on cancer risk and prognosis exists
in other cancer hallmark pathways. Another drawback of the subtype-stratified
study design is that it requires data of large-cohort with both germline and somatic
information for sufficient discovery power. These cohorts are rare, especially for
systematic studies on cancer prognosis. Nevertheless, it would be of wide interest
to study germline by somatic interaction in other cancer hallmark pathways, and
to further investigate the influence of inherited genetic variants on risk, biology and

pI‘OgHOSiS of common cancers.
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Chapter 4

Germline by somatic interaction in

the RAS-MAPK pathway

4.1 Introduction

4.1.1 Genetic susceptibility to colorectal cancer

As introduced in section 1.2.4, colorectal cancer (CRC) is a leading cause of cancer
morbidity and mortality worldwide. CRC has a strong genetic component: individ-
uals with Lynch syndrome have a significantly increased risk of developing colorectal
cancer (20-80% lifetime risk; see section 1.1.2), and common inherited genetic vari-
ants were associated with increased CRC risk (see section 1.1.3). Also, CRC cases
tend to aggregate in families [42, 44]. Monozygotic twins have significantly higher
concordance for CRC than dizygotic twins [4, 43]. It has been estimated that up
to 40% of the variation in CRC risk is attributed to genetic factors, in the form of

common inherited genetic variants [43, 52, 240].

The use of genome-wide association studies (GWASs) in cancer has been dis-
cussed in section 1.1.3. So far, CRC GWASs have reported 175 risk variants mapping
to 138 distinct genomic loci in European populations [52, 241]. These CRC risk vari-
ants primarily target genes involved in three key biological processes: (1) Wnt (e.g.,
WNTj, CTNNB1, TCG7L2, LRP1) and BMP signalling pathways (e.g., BMP2,
BMP4, BMP5, BMP7, GREM1, GREM2, SMADG, SMAD7, SMADY, TBX3); (2)
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MYC activity (e.g., MYC, TCF7L2); and (3) genomic integrity maintenance (e.g.,
TERT, RTEL1) and DNA repair (e.g., MLH1, POLDS3). Collectively, CRC risk
variants identified thus far account for approximately 15% of the familial relative
risk of CRC [52], leaving a large proportion unexplained. While increasing effective
sample sizes could potentially identify additional inherited genetic variants asso-
ciated with CRC risk, research strategies beyond conventional cancer GWAS are

urged to address the conundrum of ‘missing heritability of cancer’ (see also section

1.1.4; [50)).

Existing GWASs have focused on identifying inherited risk loci for developing
CRC as a single end point. In other words, CRC has been treated as a homogeneous
binary disease trait (having CRC or not). However, what is less explored is genetic
susceptibility to well-defined subtypes of CRC, in particular those defined by specific
cancer driver mutations. If certain inherited genetic risk loci are specific for one
molecular subtype of CRC but not others, their association signals with disease
status would be dampened or diminished when cases are mixed. If this is true, such

subtype-specific risk variants could account for part of the ‘missing heritability” in

CRC.

The concept of germline by somatic interaction on cancer risk has been exem-
plified in chapter 3. In addition, as discussed in section 1.3.1, four loci showed
association with risk in opposite directions for luminal A-like and triple-negative
breast cancer subtypes (Table 1.3; [51]). In light of these results, it would be of in-

terest to investigate germline by somatic interaction on CRC subtype-specific risk.

4.1.2 Somatic mutations in colorectal cancer

Intestinal epithelium undergoes rapid tissue renewal [242]. This depends on the
activity of stem cell populations that generate new epithelial cells to replace lost
and damaged ones due to natural attrition or tissue injury [243]. This process
of intestinal regeneration is tightly regulated by signalling pathways that balance
cell proliferation and differentiation, such as the Wnt, EGFR, and BMP/TGF-g
signalling pathways. Mutations that dysregulate the activities or the dynamics

of these signalling pathways endow colorectal cancer cells with niche-independent
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growth advantages during tumorigenesis (Fig 4.1). For instance, 70-80% of sporadic
CRC cases have biallelic inactivation of the tumour suppressor gene APC due to
somatic truncating mutations [21, 22]. This loss of APC disrupts the phosphoryla-
tion and degradation of S-catenin, which mimics the constitutive activation of Wnt
ligand-mediated signalling, promoting cell proliferation [20, 242]. Besides mutations
in APC, another characteristic of CRCs are somatic mutations in the oncogene
KRAS, which result in hyperactivated EGFR signalling, promoting cell survival and
tissue growth (discussed further in section 4.1.3; [244, 245]).

WNT pathway activation EGFR pathway activation TGFfﬂ IBN_IP p_athway Loss of p53 function
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Figure 4.1. An overview of somatic mutations and pathway dysregulation
in CRC tumorigenesis and progression.

The sequential scheme of tumour development is adapted from the genetic model for CRC
proposed by Fearon and Vogelstein in 1990 [245]. Oncoproteins affected by activating mu-
tations are marked with asterisks, and tumour suppressors affected by inactivating muta-
tions are indicated by red crosses. Up- or down-arrows indicate altered protein abundance
or activity in tumours. APC: adenomatous polyposis coli; BMP: bone morphogenetic
protein; EGF: epidermal growth factor; MAPK: mitogen-activated protein kinase; MEK:
mitogen-activated protein kinase kinase; mTOR: mammalian target of rapamycin; TCEF:
T cell factor; TGF-B: transforming growth factor 3.

Genome sequencing surveys have provided a systematic overview of the patterns
of somatic alterations in CRCs, emphasising the prevalence of somatic mutations
in known cancer driver genes, including APC, KRAS, TP53, PIK3CA and SMAD)/
(see also section 1.2.1; Table 1.2; [105]). Non-hypermutated tumours (typically

defined as those with < 12 non-silent mutations per million exonic nucleotides)

comprise 84% of all CRCs, among which APC (81%), TP53 (60%), KRAS (43%),
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NRAS (10%) and BRAF (3%) are frequent mutated somatically [105]. In contrast,
hypermutated tumours (16% of all CRCs) exhibit genetic instability in simple tan-
dem repeat sequences termed microsatellite DNA (microsatellite instability, or MSI;
see also section 1.2.4; [125]), often associated with defective DNA mismatch repair
(MMRd) or mutations in the exonuclease domain of the POLE replicative DNA
repair polymerase [105]. Among the hypermutated tumours, somatic mutations fre-
quently affect ACVR2A (63%), APC (53%), BRAF (46%; mostly V600E), MSH3
(40%), MSH6 (40%), KRAS (30%) and NRAS (10%).

As shown in Fig 4.1, the EGFR pathway integrates information from extra-
cellular growth factors to activate intracellular growth-stimulating transcriptional
program. Somatic mutations disrupting EGFR pathway activity were frequently
observed in aberrant crypt foci [246], which are flat colonic epithelial lesions with
altered glandular architecture but usually not dysplasia. Many driver mutations in
the pathway have been shown to contributes to CRC development in human cell
lines and mouse models [247-249]. Overall, 59% of non-hypermutated and 80%
of hypermutated CRCs harbour somatic mutations in this pathway [105]. KRAS,
NRAS and BRAF all function in the EGFR pathway. As listed above, somatic
mutations in KRAS and BRAF show mutual exclusivity in CRC tumours: 43%
non-hypermutated CRCs mutate KRAS and 3% mutate BRAF, whereas 30% hy-
permutated CRCs mutate KRAS and 46% mutate BRAF [105]. Somatic acti-
vating mutations or amplifications in ERBB family genes, which encode receptor
tyrosine kinases including EGFR, are also detected in CRC tumours (5% in non-

hypermutated tumours and 20% in hypermutated tumours) [105].

Considering the importance of the EGFR pathway in CRC, I reasoned that a
study of genetic susceptibility to molecular subtypes of CRC that differ in KRAS
mutational status or EGFR pathway mutational status would be of wide scientific
interest. A further pragmatic consideration is that, given the prevalence of somatic
mutations in KRAS among CRCs (i.e., 60% cases with wild type KRAS vs. 40%
with mutated KRAS), a stratified study on KRAS mutational status will also be
the most statistically powered, compared to mutational frequencies of other cancer

driver genes in CRC.
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4.1.3 The KRAS protein in colorectal cancer

The RAS family of small-G proteins, notably KRAS, HRAS, and NRAS, are intracel-
lular signal transducers, which play essential roles in mediating signalling cascades
downstream of growth factor receptors, regulating cell survival and proliferation
[250]. KRAS, in particular, is a critical hub in the cell signalling circuitry, whose
activity is under tight control [251, 252]. Upon EGF stimulation on the cell mem-
brane, KRAS transduces activating signals to the MAPK pathway, which in turn
phosphorylates and activates ERK, one of the best-known MAPKs (Fig 4.1). Acti-
vated ERK then induces the expression of target genes and promote cellular survival
and proliferation [253]. In normal physiology, EGF stimulation activates ERK only

transiently due to active receptor degradation and negative pathway feedback [254].

As a guanosine triphosphatase (GTPase), KRAS is a binary molecular switch
that cycles between active guanosine triphosphate (GTP)-bound and inactive guano-
sine diphosphate (GDP)-bound states, a mechanism that is highly conserved among
GDP/GTP binding proteins. Activation of RAS proteins is stimulated by the guano-
sine exchange factor (GEF) protein, which displaces GDP from the nucleotide bind-
ing site and results in spontaneous GTP binding. The active RAS proteins are
inactivated upon GTP hydrolysis to GDP, a process that is catalyzed by the GT-
Pase activating proteins (GAPs). In the GTP-bound active state, KRAS is able to
bind and activate its effector proteins recruited to the plasma membrane, such as

RAF-kinases (BRAF and RAF1), PI3K and RalGDS [255].

Over 90% of somatic mutations in KRAS occur at codons 12, 13 or 61 (i.e.,
‘hotspot mutations’), and other non-canonical codons are also mutated at low fre-
quencies (Fig 4.2A). All the canonical mutations in KRAS prompt the loss of the
intrinsic and /or the GAP-stimulated GTPase activity, leading to a constitutive acti-
vation of KRAS (Fig 4.2B; [256, 257]). In addition, mutations that decrease affinity
for nucleotides were also observed in tumours (e.g., A146 mutations), allowing GDP
to dissociate rapidly, thus resulting in abnormal accumulation of KRAS in the GTP-
bound form even without stimulus from upstream signals or GEFs [258]. Therefore,
all these somatic mutations result in constitutively active KRAS in the cell, hyper-

activating the EGFR pathway and driving growth factor-independent proliferation

Page 69 Chapter 4 Lingyun Xiong



Influence of inherited genetic variants in common cancers

A KRAS residues mutated in human CRCs
G12D/V/CIAIRISIF (76.2%)
| G13DICV (9.0%)  qe1H/LKIR (6.2%)
' A59G/T/E (0.6%) K117N (0.7%) A146T/V/P (2.3%)
1—p1l — ol — B2 —(p3 J—;GZ—IM - a3 —P5 1 a4 —p6 “ o5 —185
B

(GDP/GTP

Figure 4.2. A structural overview of KRAS mutational spectrum in
human CRCs.

(A) KRAS residues with more than 3 mutations detected among TCGA CRC genomes
in the cBioPortal database are shown with frequencies of mutations in parentheses. All
these residues are in the switch regions or in the G1-G5 sequence motifs that plays crucial
roles in recognition and binding of guanine nucleotide. (B) Positions of KRAS residues
affected by hotspot mutations (G12, G13, and Q61) are mapped on the tertiary structure
of KRAS (PDB: 4Q21). Note that all three residues are located in the ligand-binding
pocket of KRAS.

of cancer cells. In particular, a number of mouse models highlighted that mutated
KRAS increases the susceptibility of the intestinal mucosa to chemical carcinogene-
sis [259] and leads to accelerated tumour formation in combination with loss of APC

248, 260].

4.1.4 A hypothesis of KRAS-mSNPs in colorectal cancer

The analyses in chapter 3 have demonstrated that inherited genetic variants can
interact with pb3 mutational status in tumours to influence risk, response to therapy

and prognosis of common cancers. Recently, inherited genetic variants in MCIR,
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IRF4 and FLA2G6 that were known to predispose low-penetrant melanoma risk
have shown subtype-specific association for BRAF V600F mutations (Table 1.4;
[138, 140]). However, the interaction between inherited cancer risk variants and
mutational status of the EGFR pathway in CRC is undefined. In this chapter, I
aim to address this question, and to refine genotype-risk association in CRC subtypes

with or without KRAS hotspot mutations.

EGFR pathway activation
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Figure 4.3. A schematic for the hypothesised interactions between inherited
genetic variants and KRAS mutational status on CRC risk.

Left panel: some inherited genotypes could associate with KRAS MUT CRC but not with
KRAS WT CRC if it mitigates EGFR pathway activity or bolsters pathway activities that
antagonise the EGFR pathway. Right panel: some inherited genotypes could associate
with risk for KRAS WT CRC specifically if it sensitises EGFR pathway activities like the
mutated KRAS or enhances pathway activity that complements the function of the EGFR
pathway in promoting tumorigenesis.

The interaction between inherited genetic variants and somatic mutations af-
fecting the EGFR pathway could take many forms. Similar to the p53 poly(A) SNP
(Fig 3.5), inherited genotypes could associate with risk for KRAS WT CRC specif-
ically if it sensitises EGFR pathway activities like the mutated KRAS or enhances
pathway activity that complements the function of the EGFR pathway in promot-
ing tumorigenesis (Fig 4.3). Conversely, inherited genotypes could associate with
KRAS MUT CRC but not with KRAS WT CRC if it mitigates EGFR pathway
activity or bolsters pathway activities that antagonise the EGFR pathway (Fig 4.3).
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In either case, such genetic variants would demonstrate an imbalance in risk asso-
ciation between CRC subtypes differing in KRAS mutational status, which I refer
to as the KRAS-mSNPs onwards (Fig 4.3). In this chapter, I show that stratified
association studies by KRAS mutational status in tumours represent a strategy to
identify the hypothesised KRAS-mSNPs and to refine genotype-risk association in
CRC by molecular subtype.

4.2 Results

4.2.1 Identification of comprehensive CRC cohorts for strat-

ified association studies

To investigate the potential interaction between inherited genetic variants and KRAS
mutational status in CRC, I proposed to perform stratified association studies by
KRAS mutational status in tumours. As discussed in sections 1.1.3 and 3.2.1, this
required large population cohorts of cases and controls, with both germline data
and molecular information about the tumours. Therefore, I assembled datasets
from four UK-based clinical trials on CRC, totalling 6,630 CRC patients (Fig 4.4;
[164-167, 261]). Considering the similarity in clinicopathological features of trial
participants and the compatibility of technology used for genotyping and molecular
subtyping, I pooled the trial cohorts whenever possible to maximise statistical power

(see Methods, section 2.1.2.1).

The identification of KRAS-mSNPs consisted of two phases (Fig 4.4). The
phase I study included 4,368 cases of high-risk stage II or stage III CRC (American
Joint Committee on Cancer, or AJCC TNM staging) participating in the VICTOR
and QUASAR2 trials (referred to as the VQ2 study onwards), matched with 2,673
controls from the 1958 Birth Cohort in the Wellcome Trust Case Control Consor-
tium 2 (WTCCC2). The phase II study included of 2,244 patients with metastatic
CRC enrolled in the COIN and COIN-B trials (collectively referred to as the COIN
study onwards), paired with 2,800 controls from the WTCCC2 Blood Service Group.
Details of the clinical trials have been reported previously [164-167, 261] and are
provided in the Methods (section 2.1.2.1).
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Figure 4.4. An overview of clinical trial cohorts assembled for stratified
association studies by KRAS mutational status in CRC.

Considering the similarity in clinicopathological features of trial participants and the com-
patibility of technology used for genotyping and molecular subtyping, I pooled the trial
cohorts whenever possible to maximise statistical power (see Methods, section 2.1.2.1).

The primary endpoint of the stratified association studies was to compare allelic
differences of individual variant genotypes in tumours with KRAS wild type (WT)
or mutant (MUT) against those in healthy controls analysed in parallel (Fig 4.5A).
To achieve this goal, SNPs of cases and controls were typed (see Methods, section
2.1.2.1); wherever tumour blocks are available, tumour DNA were extracted and
sequenced for identifying somatic mutations in common CRC driver genes, including
KRAS, BRAF and NRAS (see Methods, section 2.1.2.3). According to the presence
or absence of hotspot mutations at codons 12, 13 or 61, I assigned KRAS mutational
status to tumours as either WT or MUT (Fig 4.5B). Cancer cases with both genotype
and KRAS mutational information were included in the KRAS mutations-stratified
association studies. In total, 1,703 KRAS WT and 992 KRAS MUT cases were
included in both phases (KRAS mutation frequency: 36.8%), against 5,472 healthy
controls (Table 4.1).
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Figure 4.5. An overview of the study design for the stratified association
studies by KRAS mutational status in CRC.

(A) Schematics describe the strategies used to ascertain genotypes of inherited genetic vari-
ants and somatic mutations of participants in the trial cohorts. Blood DNA was extracted
and genotyped on SNP arrays for selected markers. Marker genotypes were then imputed
to infer genotypes of variants across the genome (Methods, section 2.1.2.2). Whenever
possible, tumour DNA was extracted, and somatic driver mutations were identified by
targeted sequencing (Sanger or IonTorrent; see Methods, section 2.1.2.3). (B) On the
basis of detected somatic mutations, the tumour samples were then classified into those
carrying the WT or MUT gene product. (C) To investigate whether known risk variants
interact with KRAS mutational status in tumours to affect CRC risk by molecular sub-
type, I examined a total of 175 known CRC susceptibility variants (see Methods, section
2.2.2) for association signals that are specific to cancers with either KRAS WT or MUT in
phase I and II datasets. Stratum-specific signals were then aggregated via meta-analysis
(see Methods, section 2.3.6). Stratum-specific signals that were validated in both phases
were prioritised. A formal power calculation indicated that this study provided at least
98% power to detect an odds ratio of 1.20 per allele CRC risk for 75% of variants (MAF
> 0.10), and 82% power for variants with a MAF of 0.05. However, the statistical power
to detect comparable association signals for variants of low frequency (MAF < 0.05) was
less than 80% (see Methods, section 2.3.6).

Cases Controls
Cohort | KRAS WT | KRAS MUT | Total
vVQ2 812 421 1,233 2,673
COIN 891 571 1,462 2,800
Total 1,703 992 2,695 5,472

Table 4.1. An overview of sample sizes in the sample cohorts.

4.2.2 KRAS-Stratified association studies in CRC

KRAS-stratified GWASs were conducted in phase I and I independently, and com-
bined by meta-analysis in the respective strata (KRAS WT or MUT) as follows.
First, I performed stringent quality control measures on the marker genotype data

obtained from SNP arrays (see Methods, section 2.1.2.1). Second, I imputed the
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genotypes of over 8 million SNPs using the UK10K and 1000 Genomes Project
phase 3 data as the reference panels (see Methods, section 2.1.2.2). Third, I filtered
out SNPs with a minor allele frequency (MAF) < 1% and imputation quality score
< 0.8 (see Methods, section 2.1.2.2). Fourth, I assessed the difference in allele fre-
quencies of individual variants between cases and controls in each stratum (KRAS
WT or MUT), using logistic regression assuming an additive genetic model (see
Methods, section 2.3.6). Finally, I aggregated the effect size estimates in phase I
and II studies by an inverse-variance weighted fixed-effect meta-analysis (see Meth-
ods, section 2.3.6). A formal power calculation indicated that a study including
2695 cases and 5472 controls provided at least 98% power to detect an odds ratio
of 1.20 per allele CRC risk for 75% of variants (MAF > 0.10), and 82% power for
variants with a MAF of 0.05 (see Methods, section 2.3.6). However, the statistical
power to detect comparable association signals for variants of low frequency (MAF

< 0.05) was less than 80%.

Stratified association studies in the individual phases revealed a total of 9 ge-
nomic loci associated with KRAS WT CRC at genome-wide significance (P < 5e-08,
logistic regression), and 7 loci associated with KRAS MUT CRC (Fig 4.6A-D). All
loci are novel, and almost all variants are of low frequency (MAF < 0.05). I found
that one locus on chromosome 20 was validated in the meta-analysis, which was as-
sociated with risk for KRAS MUT tumours at genome-wide significance (Fig 4.6F;
Supplementary Data Table 4.1). However, I observed that the signals at this locus
primarily arose from Phase II, and that the variants at this locus were also asso-
ciated with risk for KRAS WT tumours at suggestive significance (Supplementary
Data Table 4.1). Given that this study has insufficient statistical power for identify-
ing cancer risk variants of low frequency, it remains unclear whether these putative
risk loci represent genuine candidates for the KRAS-mSNPs I hypothesised (see also
section 4.1.4).
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Figure 4.6. Manhattan plots of stratified association studies by KRAS
mutational status in CRC.

(A, B) Phase I study for cases with KRAS WT (A) or MUT (B). (C, D) Phase II study for
cases with KRAS WT (C) or MUT (D). (E, F) Meta-analysis of phase I and II studies for
cases with KRAS WT (E) or MUT (F). The red lines mark the genome-wide significance
level (P = 5e-08), and the blue lines mark the suggestive significance level (P = 1e-05).
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4.2.3 KRAS-stratified association studies refine known genotype-

risk association by CRC molecular subtype

Even though this study was not statistically powered for a genome-wide search
for KRAS-mSNPs, it could be used to explore the interaction between inherited
CRC risk variants and KRAS mutational status in tumours and potentially refine
associations of known CRC risk loci by molecular subtype. To test this idea, I
adopted a candidate approach to focus on CRC risk variants that were previously

identified in large-cohort studies.

As of February 2020, 175 CRC risk variants have been reported (see Methods,
section 2.2.2; Supplementary Data Table 4.2). Initially, I examined the allelic differ-
ences of these 175 variants between cases and controls in both strata (KRAS WT or
MUT) in phase I and II independently, to identify association signals that are spe-
cific to either KRAS WT or MUT CRC risk. Specifically, using a P-value cut-off at
0.05, I tested whether certain inherited genotypes were associated with KRAS WT
CRC risk, but not with KRAS MUT CRC risk; or they were associated with KRAS
MUT CRC risk, but not with KRAS WT CRC risk (Fig 4.5C). Next, I checked
whether the trend of associations was consistent in Phase I and II studies. That is,
variant of interest were associated with KRAS WT CRC risk in both phases, but
not associated with KRAS MUT CRC risk in either phase; or they were associated
with KRAS MUT CRC risk in both phases but not with KRAS WT CRC risk in
either (Fig 4.5C).

Out of the 175 CRC risk variants, one (rs10795668, 10p14, MAF = 0.32) fulfilled
the selection criteria for the hypothesised KRAS-mSNPs. In particular, the minor
allele A of rs10795668 was depleted in KRAS MUT CRC when compared to healthy
controls, thus associated with lower risk for KRAS MUT CRC (meta-analysis: OR =
0.78, 95% confidence interval (CI) = [0.70, 0.86], P = 2.80e-06, FDR = 4.9¢-04; Fig
4.7A). However, the same allele showed comparable frequencies between KRAS WT
CRC and healthy controls, thus not associated with risk for KRAS WT CRC (OR
= 0.98 [0.90, 1.07], P = 0.65, FDR = 1; Fig 4.7A). Of note, this variant has been
reported by multiple CRC GWASSs, both in European and East Asian populations
[52, 241, 262-268].
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Figure 4.7. KRAS-mSNPs at the 10p14 locus.

(A) Forest plots of per-allele ORs for representative inherited genetic variants at the
10p14 locus in stratified association studies based on KRAS mutational status in tumours.
Columns correspond to the respective sample cohorts or meta-analysis. (B) Fine mapping
association results at 10p14 in the KRAS MUT association studies. P-values from the
meta-analysis are shown against chromosomal positions of individual variants at the locus.
The top variant rs7898455 (purple) is in high linkage disequilibrium (LD) with the known
CRC risk variant rs10795668. The colour bar reflects the estimated correlation coefficient
(r?) between each variant and the top variant rs7898455 (purple), derived genotype data
from non-Finnish European population in 1000 Genomes Project (phase 3 release). No
genes reside in the locality, and the nearest genes are GATA3, TAF3, and ATP5C1 500
kb in the upstream. Candidate cis-regulatory elements (¢cCREs) known in this LD block
has been marked for their locations in the region. Black ¢cCREs were characterised for
high H3K27ac contents within the elements and the cyan cCRE represents element high
in CTCF binding (ENCODE data; Supplementary Data Table 4.4). Genomic positions
shown are based on Genome Reference Consortium Human Build 37 (GRCh37).

Spanning over 50 kb on chromosome 10p14 (8.68-8.72 Mb; GRCh37), this locus

has a structure of extensive linkage disequilibrium (LD; Fig 4.7B). Therefore, I also
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examined the associations of other 24 variants at this locus that are in LD with
rs10795668 (r? > 0.8; European population). In total, 21 of the 25 linked variants
showed specificity in CRC risk association by KRAS mutational status; 15 of these
21 variants demonstrated consistent trend of specificity for KRAS MUT CRC risk
(Fig 4.7B; Supplementary Data Table 4.3). Fine-mapping revealed the lead SNP at
this locus is rs7898455 (KRAS MUT: OR = 0.76 [0.68-0.84], P = 2.43e-07, FDR =
0.001; KRAS WT: OR = 0.97 [0.90-1.06], P = 0.53, FDR = 1; Fig 4.7A).

Three variants (rs10795668, rs7894531, rs11255841; MAF range: [0.31-0.32])
within this LD block have been reported to associate with CRC susceptibility be-
fore [52, 263, 266]. The minor alleles of all three variants were found to be less
frequent among CRC cases compared to controls, thus associated with lower CRC
risk, with characteristic ORs estimated to be in the range of [0.84-0.88]. This sug-
gests the presence of a common protective haplotype representative of the minor
alleles for lower CRC risk at this locus. In particular, the variant rs10795668 rep-
resents the most robust signal at this locus so far [262, 269-278], with the minor
allele consistently associated with lower CRC risk (ORs in the range of [0.84-0.94]).
Intriguingly, the current study identified that these alleles were all associated with
lower risk for KRAS MUT CRC, but not with risk for KRAS WT CRC at all (Fig
4.7A; Supplementary Data Table 4.3).

In summary, stratified association study by KRAS mutational status in CRC
represent a powerful method to refine association patterns of known CRC risk vari-
ants by molecular subtype. [ identified 15 linked variants on chromosome 10p14
that were specifically associated with risk for KRAS MUT CRC, but with risk for
KRAS WT CRC. The minor alleles of these variants were associated with decreased
CRC risk, consistent with conventional GWASs where tumours were unstratified by
KRAS mutational status. Nevertheless, the OR estimates in this stratified associa-
tion study (in the KRAS MUT stratum) were notably greater than previous unstrat-
ified GWASs (stratified OR = 0.78 versus unstratified OR range: [0.84, 0.94]). These
results suggest that stratified association study can refine genotype-risk association

that is specific to cancers with specific driver mutations.
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4.2.4 Genotype by KRAS mutational status interaction on
CRC risk is independent of BRAF mutations

Besides KRAS hotspot mutations, the EGFR pathway can also be activated by
BRAF mutations in CRC (10%; Table 4.2). To test whether the observed inter-
action between variants at 10p14 and KRAS mutational status on CRC risk could
be related to BRAF mutations in tumours, I performed another set of stratified
association study by KRAS-BRAF mutational status in CRC, using the same sam-
ple cohorts (see Methods, section 2.1.2). In total, 1,299 KRAS&BRAF WT and
1,222 KRAS/BRAF MUT cases were included in both phases (mutation frequency:
48.5%), against 5,472 healthy controls (Table 4.2).

Cases Controls
KRAS BRAF KRAS-BRAF
Cohort| WT 1 MUT | WT MUT|WT | MUT |Total
VQ2 | 812 | 421 [1,099| 160 | 646 574 1,233 2,673
COIN | 891 | 571 |[1,194] 112 | 653 648 1,462 2,800
Total [1,703] 992 |2,293| 272 [1,299| 1,222 | 2,695 5,472

Table 4.2. An overview of samples sizes in the KRAS/BRAF-stratified
association studies.

Asin section 4.2.3, I examined the interaction between the 175 CRC risk variants
and KRAS-BRAF mutational status on CRC risk in the sample cohorts. I found
that the locus on chromosome 10p14 represented the strongest signal of interaction
with in the meta-analysis; again, the variants were specifically associated with risk
for KRAS/BRAF MUT CRC (lead SNP: rs7898455; OR = 0.79 [0.72-0.87], P =
1.89¢-06; Fig 4.8). However, stratifying tumours based on KRAS-BRAF mutational
status (KRAS&BRAF WT vs. KRAS/BRAF MUT) did not improve the association
of rs10795668 with KRAS MUT CRC risk (OR = 0.81 [0.73-0.89], P = 1.03e-05;
Fig 4.8).

Considering that KRAS and BRAF mutations are mutually exclusive in CRC (as
discussed in section 4.1.2) and that KRAS signals via both RAF1 and BRAF [254],
this result suggests that the association of rs10795668 with risk for KRAS MUT
CRC observed in section 4.2.3 is likely independent of BRAF mutational status in
CRC.
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Figure 4.8. KRAS-mSNPs in KRAS-BRAF-stratified association studies.

Forest plots of per-allele ORs for representative inherited genetic variants at 10p14 in strat-
ified association studies by KRAS/BRAF mutational status in CRC. Columns correspond
to the respective sample cohorts or meta-analysis.

4.2.5 Further analyses of candidate variant rs10795668

4.2.5.1 1rs10795668 genotype and KRAS mutational status in TCGA

tumours

To further examine the relationship between rs10795668 and KRAS mutational sta-
tus in tumours, I utilised an additional comprehensive dataset from the TCGA
pan-cancer cohort. As in section 3.2.2, I selected 7,021 patients of European ances-
try, who were diagnosed with 31 different tumour types. In this section, I aim to
test whether the minor allele A of the variant rs10795668 is depleted in KRAS MUT

tumours, as seen in section 4.2.3.

In this pan-cancer cohort, 7.6% of patients (530 out of 6,969) have KRAS hotspot
mutations in their tumours. These KRAS MUT tumours consist of 24 different can-
cers: 30.0% are CRC (COAD and READ), 25.1% are lung adenocarcinoma (LUAD),
19.6% are pancreatic adenocarcinoma (PAAD), 9.4% are uterine corpus endometrial
carcinoma (UCEC), 4.5% are stomach adenocarcinoma (STAD). When I compared
variant genotype by KRAS mutational status in tumours (Fig 4.9A), I found that
the variant rs10795668 was not significantly associated with KRAS mutational sta-
tus in the pan-cancer cohort (OR = 0.99 [0.87-1.13], P = 0.46; logistic regression,
adjusted for tumour types; Fig 4.9B); nor was it among the CRC tumours (OR = 1.2
[0.88-1.64], P = 0.14; logistic regression; Fig 4.9B). Nevertheless, I observed a trend

that tumour types with increasing KRAS mutation frequency had lower frequency
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Figure 4.9. The relationship between rs10795668 genotype and KRAS
somatic alterations in TCGA tumours.

(A) A schematic of the association testing between the genotype of an inherited genetic
variant and KRAS mutational status among TCGA cases. (B) Bar graphs of the allelic
difference of the variants rs10795668 between KRAS WT and MUT tumours in the TCGA
pan-cancer or CRC cohort. (C) Scatter plot of the minor allele frequency of rs10795668 and
KRAS mutation frequency in individual tumour types in the TCGA cohort (with a KRAS
mutation frequency > 5%). The relationship between genotype and KRAS mutational
status in individual tumour types was evaluated by Spearman correlation test. (D) A
violin plot of KRAS GISTIC score against KRAS mutational status in the TCGA pan-
cancer cohort. (E) A box plot showing the relationship between KRAS GISTIC score
and KRAS expression levels in the TCGA pan-cancer or CRC cohort. (F) A schematic
of the association testing between the genotype of an inherited genetic variant and KRAS
alteration status in TCGA cases. (G) Bar graphs of the allelic difference of the variant
rs10795668 between tumours with (i) KRAS WT no CN gain and (ii) KRAS MUT or CN
gain in the TCGA pan-cancer or CRC cohort. (Continued on the following page.)
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(Previous page.) (H) Scatter plot of the minor allele frequency of rs10795668 and KRAS
alteration frequency in individual tumour types in the TCGA cohort (with a KRAS mu-
tation frequency > 5%). The relationship between genotype and KRAS mutational status
in individual tumour types was evaluated by Spearman correlation test. CESC: Cervical
squamous cell carcinoma and endocervical adenocarcinoma; CHOL: Cholangiocarcinoma;
COAD: Colon adenocarcinoma; LUAD: Lung adenocarcinoma; PAAD: Pancreatic ade-
nocarcinoma; READ: Rectum adenocarcinoma; STAD: Stomach adenocarcinoma; UCS:
Uterine Carcinosarcoma; UCEC: Uterine Corpus Endometrial Carcinoma.

of the minor allele A (rho = -0.68, P = 0.045; Spearman correlation test; Fig 4.9C).

Somatic mutations and CN gains as well as mutant ASI in KRAS frequently co-
occur in tumours, which were correlated with increased mutant allele transcription
and gene activity [129, 164, 279]. In the TCGA pan-cancer cohort, 25% of the
tumours have CN gain in the KRAS region; 30.2% have either hotspot mutations
or CN gain in KRAS; 2.6% have both hotspot mutations and CN gain in KRAS. In
particular, 33.2% of KRAS MUT tumours show CN gain in the KRAS region (32%
are CRC tumours), while 24.3% of KRAS WT tumours show CN gain, suggesting
that KRAS MUT is correlated with CN gain in KRAS (OR = 1.55, P = 1.30e-05;
Fisher’s exact test). Moreover, I found that KRAS MUT was strongly correlated
with higher KRAS GISTIC score (OR = 1.51, P = 4.89e-07; logistic regression
test, adjusted for tumour types; Fig 4.9D), and that CN gain KRAS was correlated
with higher KRAS expression levels (beta = 0.57, P = 5.28e-292; linear regression;
Fig 4.9E). As a result, CN gain in KRAS could also sensitive the EGFR pathway
for activation, akin to KRAS hotspot mutations that render the EGFR pathway

constitutively active.

When I stratified the TCGA patients into two groups based of KRAS somatic
alterations (MUT or CN gain vs. WT & no CN gain) and performed an association
test on variant genotype against KRAS somatic alterations in tumours (Fig 4.9F),
I found that despite not statistically significant, the frequency of the minor allele A
was slightly lower in pan-cancer tumours with KRAS MUT or CN gain than those
with KRAS WT & no CN gain (OR = 0.95 [0.87-1.02], P = 0.088; logistic regression,
adjusted for tumour types; Fig 4.9G). However, I did not observe a similar finding
in CRC tumours (OR = 0.99 [0.73-1.34], P = 0.25; logistic regression; Fig 4.9G),
possibly due to limited sample size (n = 275). Of note, I didn’t observe a significant
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correlation between rs10795668 MAF and KRAS alteration frequency across tumour
types either (rho = -0.55, P = 0.059; Fig 4.9H).

Together, the TCGA dataset did not provide strong support for the hypothesis
that rs10795668 significantly tracks with KRAS hotspot mutations or CN gain in
tumours. Additional analysis would be necessary to further examine this relation-

ship.

4.2.5.2 1rs10795668 genotype and nearby gene expressions in TCGA tu-

mours

As mentioned in section 4.2.3, the LD block harbouring KRAS-mSNPs situates in an
intergenic region on chromosome 10p14 (Fig 4.7B). Despite numerous CRC GWAS
reporting associations of variants in this LD block with CRC risk, interpreting the
functional consequences of these variants remain a challenge due to the missing link

between variant genotypes and cancer driver gene or pathway activity in this region.

None of the 15 KRAS-mSNPs are known cis-eQTLs (see Methods, section 2.3.3).
Since eQTLs identification mainly relies on gene transcript levels measured in nor-
mal tissues, this lack of association does not rule out the role of KRAS-mSNPs on
regulating gene expression in cancerous tissues. Especially, I identified eight can-
didate cis-regulatory elements (cCREs) that are located within this LD block (see
Methods, section 2.2.4; Fig 4.7B). These cCREs are cell type agnostic (i.e., they
are identified in both normal and cancerous tissues; [185]). Seven of these elements
are marked with high H3K27ac content, an epigenetic modification associated with
higher activation of transcription (i.e., active enhancer marker); while one flags high
CTCF binding activity, which facilitates chromatin looping and long-range chro-
matin interactions [185]. The presence of these regulatory elements within this LD
block suggests that this region could be involved in regulating the expression of

nearby or distal genes.

In total, there are 8 genes near this locus (define by a maximal distance of
2Mb; Fig 4.11). I found that only the expression of ATP5C1, about 850 kilobases
upstream of rs10795668, was correlated with rs10795668 genotype. ATP5C'1 encodes

the gamma subunit of ATP synthase, which plays a role in cellular metabolism in
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the mitochondria. One study indicated that the rs10795668-A allele was correlated
with 1.21-fold increased expression of ATP5C1 in a sample of 40 microsatellite stable
and CpG island methylation phenotype-negative CRCs (for which KRAS mutational

status was not determined), but not in paired adjacent normal tissues [280].

Cancer cells are commonly found to have switched their mode of metabolism
from respiration in the mitochondria to glycolysis in the cytosol; a phenomenon
termed as the ‘Warburg effect’ [281, 282]. One mechanism to trigger this switch
is a decrease in the expression of mitochondrial oxidative phosphorylation chain
genes such as ATP5B, which encodes the beta subunit of ATP synthase [283, 284].
Given the central role of ATP synthase in cellular respiration, Loo et al. postulated
that increased levels of ATP synthase in the presence of the rs10795668-A allele
would strengthen respiration in the mitochondria and mitigate cancer risk by curbing
the Warburg effect [280]. This fits well with previous GWAS findings that the
rs10795668-A allele was associated with lower CRC risk [52, 241, 262-268].

Cancers driven by mutated KRAS are characterised by Warburg effect to pro-
mote tumour growth (Fig 4.1), and they typically show elevated nutrient uptake, gly-
colysis, glutaminolysis, synthesis of fatty acids and nucleotides [285]. Therefore, en-
hanced mitochondrial respiration function could potentially antagonise RAS-MAPK

pathway-directed metabolic reprogramming in tumours.

To further investigate the relationship between rs10795668 genotype and ATP5C'1
expression levels in tumours, I examined variant genotype and ATP5C1 mRNA lev-
els in TCGA (see Methods, section 2.3.4). I observed that the rs10795668-A allele
tends to associate with lower ATP5C1 mRNA levels among pan-cancer tumours
that were not distinguished by KRAS mutational status, though not statistically
significant (beta = -0.022, P = 0.08, linear regression; Fig 4.10A). Among KRAS
WT tumours, the A allele was associated with 1.03-fold lower ATP5C'1 expression
per allele (beta = -0.036, P = 7.1e-03, linear regression; Fig 4.10B); whereas among
KRAS MUT tumours, the A allele was associated with 1.08-fold higher ATP5C1 ex-
pression per allele (beta = 0.11, P = 0.013, linear regression; Fig 4.10B). A formal
testing indicated that rs10795668 genotype interacts with KRAS mutational status

on ATP5C1 gene expression in tumours (Pipteraction = 1.6e-03). Adjustment for tu-
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Figure 4.10. rs10795668 genotype by KRAS mutational status interaction
on ATP5C1 gene expression in TCGA tumours.

(A) A box plot of the relationship between rs10795668 genotype and ATP5C1 mRNA lev-
els in TCGA pan-cancer tumours. (B) Box plots show the relationship between rs10795668
genotype and ATP5C1 mRNA levels in TCGA pan-cancer tumours stratified by KRAS
mutational status. (C) A box plot of the relationship between rs10795668 genotype and
ATP5C1 mRNA levels in TCGA CRC tumours. (D) Box plots show the relationship
between rs10795668 genotype and ATP5C1 mRNA levels in TCGA CRC tumours strati-
fied by KRAS mutational status. Betas and nominal P-values were obtained from linear
regression. Interaction p-values were obtained by evaluating the multiplicative term of
genotype and KRAS mutational status in a linear model.

mour types did not affect the statistical significance (adjusted Piieraction = 2.4€-03),
indicating that this genotype by KRAS mutational status on gene expression was
independent of tumour types. These findings suggest that the functional role of
rs10795668 on ATP5C1 gene expression in tumours depends on KRAS mutational

status. Meanwhile, I did not find similar interaction among TCGA CRC tumours
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(Fig 4.10C, D), possibly due to limited sample sizes (n = 427 [Mixed], 184 [KRAS
WT], and 118 [KRAS MUT).

In summary, the findings in this section provide a potential mechanistic expla-
nation for the genotype-risk association observed in section 4.2.3 that the minor
allele A of rs10795668 was exclusively associated with lower risk for KRAS MUT
CRC (Fig 4.7A). Among KRAS MUT CRC, the minor allele A was associated with
increased ATP5C1 expression, which enhances respiration in the mitochondria, thus
counteracts Warburg effect and reduce CRC risk (Fig 4.11). One possibility of the
dependency of rs10795668 genotype on KRAS mutational status to impact nearby
gene expression in tumours is that gene regulation at this locus might be contingent
on hyperactive RAS-MAPK pathway activities. This could be a direction for future

experimental investigation.
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Figure 4.11. A hypothesis for the identified interaction between rs10795668
genotype and KRAS mutational status on nearby gene expression and
CRC risk.

In KRAS MUT CRC, the minor allele A allele selectively upregulates the expression of
ATP5C1. Higher abundance of ATP5C1 enhances ATP synthase activity in the mitochon-

dria, thus strengthens mitochondrial respiration and curbs Warburg effect. This could
account for the associated lower risk for KRAS MUT CRC.
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4.2.5.3 1rs10795668 genotype and CRC prognosis

Studies showed that expression of mitochondrial oxidative phosphorylation chain
genes has prognostic value in CRC [286]. Considering the results in section 4.2.5.2,
studying KRAS-mSNPs on CRC prognosis could also be informative. Therefore,
I investigated the relationship between rs10795668 genotype and patient survival
outcomes in the VICTOR and QUASAR2 clinical trial cohorts. In view of the
differing treatment regimens in the two trials, survival analyses were conducted
separately for each cohort (see Methods, section 2.3.7). Examination of variant
genotype and patient survival outcomes in the COIN/COIN-B trials was not feasible

due to a lack of clinical outcome data.

An important consideration is the relationship between KRAS mutational status
and patient survival outcomes in CRC. Several studies showed that KRAS hotspot
mutations were associated with increased risk of cancer recurrence and worse prog-
nosis in stage II/III CRC [287-289]. Specifically, in the QUASAR2 study, KRAS
mutations were associated with shorter recurrence-free survival (RFS) (HR = 1.99,
95% CI = [1.37-2.91], P = 3.44e-04, log-rank test; [174]), while in the VICTOR
study they significantly predicted recurrence and lung metastases [290]. I validated
these results in the TCGA pan-cancer cohort: patients with KRAS MUT tumours
had shorter progression-free interval (PFI) while adjusting for gender, age at diagno-
sis, and tumour types in a multivariate Cox regression model (HR = 1.17 [1.01-1.36],
P = 0.03, log-rank test; Fig 4.12A). There was a similar trend among TCGA CRC
cases (HR = 1.36 [1.93-2.01], P = 0.12, log-rank test; Fig 4.12B).

In an unstratified analysis in the VICTOR trial cohort, the rs10795668-A allele
showed no significant association with recurrence-free survival (RFS; HR = 1.11
[0.83, 1.48], P = 0.49, log-rank test; Fig 4.13A) or OS (HR = 0.95 [0.65, 1.39], P =
0.80, log-rank test; Fig 4.13C). However, following stratification by KRAS mutation
status, I found that the rs10795668-A allele was marginally associated with worse
RFS in cases with KRAS WT CRC (HR = 1.78 [1.01, 3.13], P = 0.045, log-rank test;
Fig 4.13B), but not in cases with KRAS MUT CRC (HR = 0.81 [0.37, 1.77], P =
0.59; Fig 4.13B). While interesting, the interaction between rs10795668 genotype and

KRAS mutational status in CRC tumors was not statistically significant ( Piseraction
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Figure 4.12. KRAS mutational status and clinical outcomes in TCGA.

(A, C) Kaplan Meier curves of KRAS mutational status against progression-free interval
(PFI) (A) or overall survival (OS) (C) among TCGA pan-cancer cases. (B, D) Kaplan
Meier curves of KRAS mutational status and progression-free interval (PFI) (B) or overall
survival (OS) (D) among TCGA CRC cases. The hazard ratio (HR) and the 95% confi-
dence interval were estimated from multivariate Cox regression, adjusted for age and sex.
The nominal P-value was calculated by log-rank test.

=0.11). Meanwhile, I did not detect any correlative relationship between rs10795668
genotype and OS by KRAS mutational status (Fig 4.13D).

In the QUASAR2 trial cohort, I also identified a similar trend of association
between rs10795668 genotype and RFS by KRAS mutational status, although it
was not statistically significant (KRAS WT: HR = 1.35 [0.90, 2.02], P = 0.15;
KRAS MUT: HR = 1.06 [0.66, 1.71], P = 0.81; log-rank test; Fig 4.14B). However,
this is not validated in the TCGA cohort, either among pan-cancer (Fig 7.2) or
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Figure 4.13. rs10795668 genotype and CRC prognosis in the VICTOR trial.

(A, C) Kaplan-Meier curves for rs10795668 genotype (assuming a dominant model for
the minor allele A) against recurrence-free survival (RFS) (A) and overall survival (OS)
(C), where tumours were not stratified on KRAS mutational status. Number of patients
in each group and hazard ratios (HR) comparing patient survival outcome with either G
or A allele are indicated. P-values were calculated by log-rank test in the multivariate
COX proportional hazard model, adjusted for age at diagnosis, gender, tumour location,
AJCC TNM stage, chemo-radiation status, and treatment. (B, D) Kaplan-Meier curves for
rs10795668 genotype (assuming a dominant model for the minor allele A) against RF'S (B)
and OS (D), where tumours were stratified on KRAS mutational status. The correlative
relationship between genotype and patient survival outcomes was evaluated in cases with
KRAS WT or KRAS MUT separately. The hazard ratio (HR) and the 95% confidence
interval were estimated from multivariate Cox regression, adjusted for age, sex, tumour
location (rectum vs. colon), AJCC TNM stage (II vs. III), chemo-radiation history, and
treatment (Vioxx vs. placebo). The nominal P-value was calculated by log-rank test.

among CRC tumours (Fig 7.3).

Page 90 Chapter 4 Lingyun Xiong



Influence of inherited genetic variants in common cancers

QUASAR2 (Mixed) QUASAR2 (Stratified by KRAS mutations)

A Strata 1510795668-G ~+ rs10795668-A B Strata MUT-A == MUT-G =+ WT-A ~~ WT-G
1.00 N 1.00 o
o 0.75 @ 075 PP it ut
2 =
3 3
o 0.50 S 050
n £ g
o (=%
W = < KRAS WT:
> >
o = 0.25 £ o2s{ HR=1.35 (0.90-2.02), P=0.15
P=0.33 - _ -
0.00 000] HR=1.06 (0.66-1.71), P=0.81
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years
Number at risk Number at risk
< o] 133 126 105 96 83 50 13
i 424 394 351 320 266 165 42 T MUT-G] 124 114 98 30 75 A7 13
@ rs10795668-A1487 450 396 362 315 193 55 g ([A1g88 g3l 05 185 189 100 50
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years

(@]
O

Strata rs10795668-G —+ rs10795668-A Strata MUT-A == MUT-G =+ WT-A WT-G

1.00] s 1.00] ooy
— — N
[} %) e
o 0.75 S o075
2 Z
3 3
8 8
7)) S 0.50 § 050
[=% o
O = = KRAS WT:
> >
= 0.25 % o02s{ HR=1.16 (0.74-1.82), P=0.52
3 >
@ HR=0.96 (0.70-1.31) ® KRAS MUT:
P=0.79 HR=1.01 (0.59-1.73), P=0.97
0.00 0.00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years
Number at risk Number at risk
« o 133 131 126 116 97 58 16
g A e e EViIIRE e B 1@ a1
&5 1s10795668-A1487 473 449 417 359 220 61 & 589 565 735 {8 1 90 35
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years

Figure 4.14. rs10795668 genotype and CRC prognosis in the QUASAR2
trial.

(A, C) Kaplan-Meier curves for rs10795668 genotype (assuming a dominant model for
the minor allele A) against recurrence-free survival (RFS) (A) and overall survival (OS)
(C), where tumours were not stratified on KRAS mutational status. Number of patients
in each group and hazard ratios (HR) comparing patient survival outcome with either G
or A allele are indicated. P-values were calculated by log-rank test in the multivariate
COX proportional hazard model, adjusted for age at diagnosis, gender, tumour location,
pathological tumour stage, nodal stage, and treatment. (B, D) Kaplan-Meier curves for
rs10795668 genotype (assuming a dominant model for the minor allele A) against RFS (B)
and OS (D), where tumours were stratified on KRAS mutational status. The correlative
relationship between genotype and patient survival outcomes was evaluated in cases with
KRAS WT or KRAS MUT separately. The hazard ratio (HR) and the 95% confidence
interval were estimated from multivariate Cox regression, adjusted for age, sex (male vs.
female), tumour location (rectum vs. colon), primary tumour stage (pT4 vs. pTI1-3),
nodal stage (N1/2 vs. NO), treatment (bevacizumab and capecitabine vs. capecitabine).
The nominal P-value was calculated by log-rank test.
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4.3 Discussion

As introduced in section 1.2.4, CRCs in distinct molecular subtypes behave very
differently, both in terms of clinicopathological features and response to therapies
or disease progression. Identifying inherited genetic variants that predispose risk
to specific subtype of CRC or CRC with specific driver mutations would not only
deepen our understanding of genetic susceptibility to CRC, but could also aid in per-
sonalised cancer risk management. In this chapter, I present evidence that a known
CRC risk variant, rs10795668 at 10p14, interacts with KRAS mutational status in
tumours to associate with cancer risk, nearby gene expression and potentially with

prognosis in CRC.

Standard CRC GWASs have identified 175 inherited genetic variants that were
associated with differential risk for developing CRC in the general population. How-
ever, the interaction between these risk variants and somatic driver mutations in
CRC is not defined. Using comprehensive data from four CRC clinical trials paired
with two healthy control populations (Phase I and II studies; Fig 4.4), T showed
that 15 variants in a LD block at a known CRC risk locus 10p14 were associated
with differential risk for developing CRC with KRAS hotspot mutations (KRAS
MUT), but not for KRAS WT CRC (Fig 4.7). Multiple CRC GWASSs reported that
the rs10795668-A allele at this locus was associated with decreased CRC risk (OR
range: [0.84-0.94]). By stratifying tumours based on their KRAS mutational status,
I found that the rs10795668-A allele was exclusively associated with a decreased risk
for KRAS MUT CRC, with a greater effect size (OR = 0.78); whereas it was not
associated with risk for KRAS WT CRC. This indicates that stratified association
study by KRAS mutational status in tumours represents a powerful platform to

refined genotype-risk association in CRC by molecular subtype (see also Fig 4.3).

In contrast, a stratified association study by KRAS-BRAF mutational status in
tumours did not improve the genotype-risk association by KRAS mutational status
in tumours alone (Fig 4.7A vs. Fig 4.8). This suggests that genotype by KRAS
mutational status interaction on CRC risk is independent of BRAF mutations in
tumours, and that the risk association of rs10795668 and other variants at 10p14
should be interpreted in the context of mutated KRAS-driven hyperactivation of
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the RAS-MAPK pathway in tumours.

Among the TCGA pan-cancer tumours, I observed a trend that tumour types
with increasing KRAS mutation frequency tend to have lower frequency of the
rs10795668-A allele (Fig 4.9C). This is in line with the findings in the stratified
association study by KRAS mutational status in tumours (Fig 4.7). Nevertheless,
the data did not strongly support the notion that the variant rs10795668 strictly
tracks with KRAS hotspot mutations or CN gain in tumours (Fig 4.9). Therefore,
investigation in additional CRC cohort would be beneficial to confirm this relation-

ship.

This KRAS MUT-specific genotype-risk association could potentially be ex-
plained by the functional role of the variant rs10795668 on nearby gene expression,
which is dependent on mutated KRAS-driven RAS-MAPK pathway activity (Fig
4.10). In KRAS MUT tumours, the rs10795668-A allele was associated with higher
expression of ATP5C1, which encodes the gamma subunit of ATP synthase, thus
bolstering mitochondrial respiration and counteracting Warburg effect. Tumours
driven by mutated KRAS frequently reprogram their metabolism towards the War-
burg effect. Therefore, the rs10795668-A allele plausibly protects against CRC risk
by promoting ATP5C1 expression to antagonise the activity of the RAS-MAPK
pathway in KRAS MUT CRC (Fig 4.11). This can be readily tested experimentally.
For instance, a pair of isogenic cancer cell model carrying either the major allele G
or the minor allele A would differ in ATP5C1 expression levels under the influence of
mutated KRAS; the functional outcomes of high or low ATP5C1 expression in the
cell can be compared by the modality of cellular respiration and their potential for
cellular survival and proliferation. It might also of interest to test whether mutated

BRAF would have an impact on ATP5C1 expression.

Evaluation of patient survival outcomes in the VICTOR clinical trial cohort
suggested that the rs10795668-A allele was associated with poorer RFS among pa-
tients with KRAS WT CRC compared to carriers of the other allele, but the same
allele showed a trend of improved clinical outcomes among patients with KRAS
MUT CRC (Fig 4.13). Despite that the QUASAR2 trial data and the TCGA data
did not strongly support this finding, the observed differential outcome in VIC-
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TOR data indicates that the prognostic value of the variant rs10795668 might need
to be interpreted in the context of whether the RAS-MAPK pathway activity has
been disrupted by somatic driver mutations. Investigation in additional CRC cohort
would help examine this germline by somatic interaction on CRC prognosis further.

On the other hand, this interaction could help reconcile conflicting findings on the

role of rs10795668 on CRC prognosis [291-294].

The findings presented in this chapter expanded the scope of germline by so-
matic interaction on cancer risk first studied in chapter 3, from the p53 tumour
suppressor pathway to the RAS-MAPK oncogenic pathway. Together, these find-
ings support the notion that inherited genetic variants and mutational status of
cancer driver genes interact to associated with cancer risk and prognosis. In this
chapter, I provided evidence that inherited risk variants can specifically associate
with cancer carrying KRAS hotspot mutations (Fig 4.7A), suggesting a dependency
of associated cancer risk on mutated KRAS and hyperactive RAS-MAPK pathway
activity. This represents a different mode of germline by somatic interaction on
cancer risk, as opposed to the inverted risk association pattern in chapter 3 (Fig
3.5A), suggesting that the form of germline by somatic interaction on cancer risk
can be diverse and likely dependent on the functional role of the cancer driver genes

of interest as well as the cancer hallmark pathway they are involved in.

As discussed above, this study provides a way to refine genotype-risk association
by molecular subtype, thus informing the development of cancer subtype specific
PRSs for personalised disease prediction. In addition, the findings imply that a
specification on cancer subtypes might be beneficial in CRC screening and cancer

prevention programs.
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Chapter 5

The role of inherited genetic
variants on prognosis and adaptive
immune response in colorectal

cancer

5.1 Introduction

5.1.1 Prognostic factors in colorectal cancer

As introduced in section 1.2.4, colorectal cancer (CRC) is a leading cause of can-
cer morbidity and mortality worldwide. Despite substantial improvement in CRC
survival over the last five decades, there are still around 16,600 CRC deaths in
the UK every year, accounting for 10% of all cancer deaths (Cancer Research UK,
2018). Besides ongoing efforts in improving treatment regimens for CRC patients,
emphasis has also been on identifying prognostic and predictive factors that could
aid in personalised risk stratification and prognosis prediction. Currently, TNM
stage at diagnosis provides the most prognostic value, detailing loco-regional and
distant spread [295]. Alongside age and gender effects, infiltration of immune cells
in tumours is also known to influence CRC prognosis [111-114]. However, current

schemes of risk stratification and prognosis prediction in CRC have limited efficacy.
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Especially, many patients with early-stage (i.e., non-metastatic) CRC are either
over-treated or under-treated [296, 297]. Therefore, additional prognostic biomark-
ers for distinguishing high-risk individuals from those with low risks would benefit

clinical management of early-stage CRC.

Inherited genetic factors are known to play a critical role in CRC risk and
pathophysiology (see also sections 1.1.3 and 4.1.1; [4, 43, 44]). Moreover, familial
concordance for CRC prognosis has been reported, suggesting that inherited compo-
nents can also have an impact on CRC disease progression [298]. Several studies of
modest sample sizes suggested that common inherited genetic variants may predict
clinical outcomes among patients with early-stage CRC [292, 299-301]. However,
the prognostic value of these variants was not confirmed in larger cohorts, notably
the SOCCS cohort [302-309]. As a result, the role of inherited genetics on prognosis
in early-stage CRC remains controversial. I reason that this controversy may have

risen from under-powered studies that reported false positive findings.

To systematically evaluate the role of inherited genetic variants on prognosis in
early-stage CRC, in this chapter, I present a large-scale study on germline determi-
nants of patient survival outcomes, utilising 3,858 cases from the QUASAR2 and
SCOT clinical trials. This represents one of the most powered studies for early-stage
CRC, comparable to those based on the SOCCS (n = 3,886; [305]) and NCCTG
N0147 Alliance (n = 4,319; [309]) trial cohorts.

5.1.2 Adaptive immune response in colorectal cancer

The complex ecosystem of a tumour contains a mixture of diverse cell populations,
including neoplastic cells, extracellular matrix, as well as auxiliary non-neoplastic
cells, such as resident mesenchymal cells, endothelial cells, and infiltrating immune
cells. Interaction and crosstalk between cancer cells and auxiliary cells in the tumour
microenvironment (TME) shape the course of tumour development [58, 310]. Im-
portantly, innate and adaptive immune responses play an important role in tumour
development by selecting immune evasive clones, inducing immunosuppression, and
facilitating metastasis [109, 110]. In particular, adaptive immune response in the

TME has been suggested to affect tumour heterogeneity (i.e., cancer cell composi-
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tion), to influence disease progression, and to modulate response to immunotherapy

[311-313).

As discussed in section 1.2.4 and above, the strength of adaptive immune re-
sponse in the TME is a key prognostic factor in CRC: a high level of infiltrating
lymphocytes in tumours is associated with favourable outcomes [311, 314]. In partic-
ular, immunological profile or ‘immunoscore’ (i.e., a summary of the types, density,
and location of immune cells) of tumour samples predicted patient survival in mul-

tiple studies [111-114].

Among tumour infiltrating immune cells, CD8+ T cells play a critical role in the
anti-tumour response: cytotoxic T cells recognise tumour-specific antigens (neoanti-
gens; discussed further below, see section 5.1.3) expressed on cancer cells and target
them for cytolysis [315]. A number of studies have evaluated the prognostic role
of the presence or the abundance of CD8+ T cells in tumours, often distinguishing
between the tumour centre and invasive margin (Table 5.1). Overall, increasing

tumour infiltration of CD8+ T cells is associated with improved clinical outcomes

in CRC [316].

As introduced in section 1.3.4, adaptive immune response in the TME can be
affected by a number of factors that are tumour-intrinsic or tumour-extrinsic [110].
Many of the tumour-intrinsic factors have been studied extensively. These include
clonal heterogeneity, total mutation load, neoantigen load, copy number variations,
gene- or pathway-level somatic mutations in the tumour [332, 333]. In comparison,
the role of inherited genetic variants in anti-tumour adaptive immune response is
less studied. Evidence is emerging that inherited genetic variants play a role in the

interaction between the tumour and the host immune system [151-155, 158].

In this chapter, I aim to identify inherited genetic variants that predict tumour
infiltrating CD8+ T cells in CRC, and investigate the relationship between these

variants, adaptive immune response and prognosis in early-stage CRC.
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Samples | TNM | Counting | Statistical

Year| Size |Stage Site Regime§ Outcomes Ref.

1998 131 [-IV | Tumour |Categorical| OS (HR=0.61 [0.41, 0.89]) |[317]
Centre

2001 245 II/III | Tumour | Cut-point |[DFS (HR=0.35 [0.16, 0.78]) | [318]
Centre OS (HR=0.33 [0.15, 0.73])

2004 272 [-[IV | Tumour | Cut-point | CSS (HR=0.71 [0.48, 1]) |[319]
Centre

2004| 152 | T | Tumour | Cut-point | OS (HR=0.43 [0.22, 0.85]) |[320]
Centre

2010 215 [-[IV | Tumour |Categorical DFS (HR=0.68 [0.16, 2.88]) |[321]
Centre

2010 768 [-[IV | Tumour |Categorical OS (ns.) [322]
Centre CSS (n.s.)

2012 | 130 | LI | General | Cut-point |CSS (HR=0.51 [0.26, 0.98]) | [323]

2012 216 II/III | Tumour | Cut-point | OS (HR=0.68 [0.43, 1.08]) |[324]
Centre

2014 | 426 [-[IV | Tumour |Categorical | CSS (HR=0.71 [0.55, 0.92]) | [325]
Stroma

2014 365 I-IIT | Tumour |Categorical | CSS (HR=0.58 [0.44, 0.77]) | [326]
Centre

2015 157 I-IIT | Tumour |Categorical | DFS (HR=0.23 [0.07, 0.67]) | [327]
Centre

2015 190 [I-IV | Tumour | Cut-point | OS (HR=1.00 [0.99, 1.01]) |[32§]
Centre

2016 300 II-IV | Tumour | Cut-point |DFS (HR=0.59 [0.39, 0.90]) | [329]
Centre OS (HR=0.67 [0.42, 1.07])

2017 557 [-IV | Tumour |Categorical| OS (HR=0.53 [0.29, 0.95]) |[330]
Centre

2018 | 573 I | Invasive | Cut-point | RES (HR=0.72 [0.53, 0.97) | [331]
Margin OS (HR=0.63 [0.46, 0.86])

2019 | 1,804 | II/III| Tumour |Continuous| TTR (HR=0.92 [0.87,0.97]) |[194]
Centre OS (HR=0.93 [0.87, 0.99])

Table 5.1. A review on the prognostic value of tumour infiltrating CD8-+ T
cells in CRC.

§ Cut-point regime: Mean cell count was analysed dividing the distributions of CD8+
T cells into two groups of equal size, using the median value as cut-point. CSS: cancer-
specific survival; DFS: disease-free survival; OS: overall survival; RFS: recurrence-free
survival; T'TR: time to recurrence.

5.1.3 Human leukocyte antigen variations and adaptive im-
mune response

T cells can recognise fragmented peptides (antigens) displayed on the cell surface.

This is a critical process in immune response to infected or transformed cells [109].
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In tumours, somatic mutations can give rise to variant amino acid sequences (i.e.,
neoantigens) that are presented on the surface of cancer cells and elicit adaptive
immune response against them [334]. Neoantigen load in tumours partly determines
the magnitude of anti-tumour adaptive immune response [335], and has been cor-
related with clinical efficacy of immunotherapy in CRC [336, 337]. Also, inherited
genetic variants that modify cellular antigen presentation play an essential role in

tumour development (see also section 1.3.4; [151, 152]).

Antigens are presented by the major histocompatibility complex (MHC; also
called human leukocyte antigen, or HLA, in humans) molecules. While previous
GWASSs frequently examined the association between autosomal inherited genetic
variants and cancer-related traits, variants in the HLA region were usually ex-
cluded due to extreme sequence variation and widespread linkage disequilibrium
(LD) within the region [338]. As a result, the role of inherited genetic variants in
the HLA region in cancer is largely unclear, especially in cancer prognosis. There-
fore, in this chapter, I also aim to explore the prognostic value of HLA variants in

early-stage CRC.

The classical MHC region on chromosome 6p21.3 spans approximately 4 Mb
and comprises over 160 protein-coding genes [339]. MHC has evolved over many
millions of years to become a master coordinator of specificity in both adaptive
and innate immune responses [340]. In humans, HLA genes encode cell surface
antigen-presenting proteins (Fig. 5.1A; [339]). The HLA region is known for its
link to susceptibility or resistance to a number of infections, autoimmune and other

pathologies [142-150].

HLA class I molecules (HLA-A, -B, and -C) are expressed by all nucleated cells;
they present peptides of cytosolic and nuclear origin at the cell surface to CD8+
cytotoxic T cells [341, 342]. While HLA class T molecules are ubiquitously expressed,
the class II molecules (HLA-DR, HLA-DQ and HLA-DP) are primarily expressed
by professional antigen presenting cells (e.g., dendritic cells, macrophages, and B
cells); they present foreign peptides to CD4+ helper T cells [341, 342]. Typically,
the peptides presented by HLA class I and II molecules differ in their origin (i.e.,

endogenous for class I molecules and exogenous for class II molecules) and are derived
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Figure 5.1. Illustration of HLA gene locus and nomenclature.

(A) The location of the HLA class I and class II genes on chromosome 6. (B) Example
of an HLA type (allele) using the standard nomenclature. Typically, the first two digits
refer to the serological antigen; the third and fourth digits denote HLA types that differ
by one or more missense variants; the fifth and sixth digits specify HLA types that differ
by one or more synonymous variants; the seventh and eighth digits distinguish HLA types
that differ by non-coding variants.

from different cellular processes. Nevertheless, cross-presentation exists between
the two pathways of antigen presentation: exogenous antigens are presented by
HLA class I molecules [343] and cytosolic proteins can be presented by HLA class
IT molecules when they are degraded through autophagy or other pathways [344].
Therefore, both class I and II molecules could play a part in presenting neoantigens

on the surface of cancer cells.

As mentioned above, genes in the HLA region are highly polymorphic. These

polymorphisms result in variation in the anchor residues to which peptides dock,
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thus creating distinct peptide-binding grooves that present unique antigens and en-
abling presentation of diverse peptide sequences [345]. Up to date, over 8000 unique
alleles have been documented for the classical HLA genes, and more than 2600 hap-
lotypes have been reported for the HLA-B gene alone [346]. Within the HLA coding
regions, some codons contain multiple polymorphisms (sometimes with multiple al-
leles), creating a range of possible amino acids at the corresponding residues in
the HLA molecule. Reflecting the original antibody-based serotyping used to study
HLA molecular isoforms, diverse HLA alleles are usually classified into 'types’ (Fig.
5.1B). Currently, the four-digit typing (e.g., HLA-A*01:01), referring to a unique
amino acid sequence of the gene product (thus ignoring synonymous changes), is the

standard method to represent HLA genotypes [347].

The interaction between tumour neoantigens and the host immune response is
dynamic [332, 348]. This process actively selects the cancer cell populations for im-
mune evasive phenotypes (i.e., immunoediting), as commonly seen in cases with mu-
tations and loss of heterozygosity in HLA genes [349-351]. Moreover, HLA genotype-
specific neoantigen presentation restricts immunoediting in cancer [151, 152]; HLA
class I genotypes influence cancer response to immunotherapy and disease progres-
sion in advanced melanomas [352]. Therefore, an assessment of the relationship
between inherited HLA variants and clinical outcomes in early-stage CRC could po-
tentially be of additional benefit to risk stratification and prognosis prediction for

patients with early-stage CRC.

5.1.4 Inherited genetic variants and immune quantitative

traits in cancer

A number of inherited genetic variants have been associated with immune traits
such as immune cell levels in healthy and diseased tissues [156, 157, 353], as well
as susceptibility to immune-mediated diseases [354, 355]. In cancer, evidence is
emerging that the extent of anti-tumour immune response is influenced not only by
somatic driver mutations in KRAS, BRAF and TP53 [332, 333], but also by common
inherited genetic variants [153—-155, 333]. In turn, inherited genetic variants that

modify immune traits potentially have an impact on clinical outcomes [333, 356].
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So far, four studies have performed systematic search for common inherited
genetic variants that are associated with immune gene expression or immune com-
position of the TME based on the TCGA pan-cancer cohort data. Thorsson and
colleagues found that a cis-eQTL (rs822337) 1 Kb upstream of CD27/ was weakly
correlated with PD-L1 expression in tumours [333]. Lim and colleagues identified 103
‘gene signature QTLs’ that were associated with predicted immune cell abundance
in the TME [153], but no variant was associated with predicted tumour infiltrating
CD8+ T cells abundance. Shahamatdar and colleagues revealed two inherited ge-
netic variants were associated with tumour infiltrating T cell phenotypes: rs3366 in
the 3’-UTR of SIK1 was associated with follicular helper T cell abundance in the
tumour bulk; rs4819959, a cis-eQTL of IL17RA, was associated with T helper 17
cell signature, predicted by the expression of three genes, including IL17RA [154].
Sayaman and colleagues determined that common inherited genetic variants explain
20% of the variation in CD8+ T cell subset enrichment in tumours, and they iden-
tified half a dozen variants associated with the phenotype [155]. Note that all four
studies relied heavily on in silico prediction of immune cell abundance in tumours
based on gene expression profiles, which is not without bias. In addition, the TCGA
pan-cancer cohort is an admixed population cohort, and it lacks high-quality patient

follow-up data.

With regards to data quality, clinical trial sample cohorts represent the ideal for
prognostic studies. However, it is not a standard practice to obtain germline data of
trial participants; most CRC clinical trials do not have information about patients’
inherited genomes. Therefore, it will be valuable to have a CRC clinical trial cohort
ascertained of both genotypic and immune phenotypic data to facilitate the iden-
tification of immune quantitative trait loci (iQTLs) in tumours. In this chapter, I
leveraged the QUASAR2 clinical trial cohort to map iQTLs in tumours, based on
tumour infiltrating immune cell levels determined by in situ immunohistochemistry

(IHC) staining.
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5.1.5 Establishing a causal relationship between adaptive

immune response and CRC prognosis

As mentioned in section 5.1.2; the abundance of tumour infiltrating immune cells can
predict disease progression, response to therapy, and clinical outcomes. However,
potential confounding factors make it challenging to draw a causal link from correla-
tion identified in observational studies (Fig 5.2A), especially when the confounding
factors are unknown or inadequately measured [357]. While multiple studies have
shown an association between the levels of tumour infiltrating CD8+ T cells in
tumours and CRC prognosis (Table 5.1), their causal relationship remains to be
delineated. In this chapter, I will perform causal inference to address this question

358, 359].

Among the established schemes of causal discovery such as Granger causality,
Bayesian networks, and structural causal models (reviewed in [361]), Mendelian ran-
domisation (MR) is arguably the most widely used in epidemiological studies [362].
MR is a study design in which genetic variants are employed as instrumental vari-
ables for estimating the unconfounded effect of an exposure (e.g., infiltrating immune
cell abundance) on a disease outcome (e.g., cancer prognosis) (Fig 5.2B). Although
common genetic variants typically have small impact on complex disease pheno-
types, combining multiple variants as a genetic instrument increases the statistical
power to detect associations between exposure and outcome [363, 364]. Importantly,
because MR leverages the random assortment of alleles at meiosis, the estimated
relationships are less vulnerable to confounding than observational studies. When
individual-level data is available, a two-stage Mendelian randomisation can be used
to interrogate the causal relationship of interest, within which the Cox regression

framework can be retained to accommodate for time-to-event data (Fig5.2C; [196]).
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Figure 5.2. Using Mendelian randomisation (MR) to infer the potential
causal relationship between adaptive immune response in tumours and
CRC prognosis.

(A) Possible causal relationships between inherited genetic variants, immune quantitative
traits in tumours, confounding factor, and patient survival outcome. (B) A schematic
of the conceptional framework of MR, adapted from [360]. The instrumental variable is
based on inherited genetic variants associated with immune quantitative trait of interest
in tumours, and the outcome refers to clinical outcomes among patients with early-stage
CRC. The effect of the instrumental variable should be independent from the confounding
factors and should affect outcome only through exposure. In the presence of a causal
relationship, the association between instrumental variable and CRC prognosis should be
proportionate to its association with the immune quantitative trait, given the relationship
between the exposure and outcome. (C) Workflow for the two-stage MR employed in this
study.
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5.2 Results

5.2.1 Survival analyses in the QUASAR?2 and SCOT clinical

trial cohorts

To systematically evaluate the prognostic value of common inherited genetic vari-
ants in early-stage CRC, I proposed to perform genome-wide survival analyses in
the QUASAR2 and SCOT clinical trial cohorts independently, followed by a meta-
analysis. A total of 3,858 CRC cases were included in this study and their basic
characteristics are summarised in Table 5.2. Note that all patients have early-stage
CRC (AJCC TNM stage: II/III), who underwent adjuvant chemotherapy (see Meth-
ods, section 2.1.3).

Following established quality control measures for each dataset, the genotypes
of over 8 million SNPs in each study were imputed, using 1000 Genomes [2] and
UK10K [172] data as reference (see Methods, section 2.1.3.1). After filtering SNPs
with a minor allele frequency (MAF) < 0.01 and imputation quality score < 0.8,
a total of 8,307,314 genetic variants were included in this study. Power calculation
indicated a power of at least 0.89 to detect a hazard ratio (HR) of 1.5 for variants
with MAF > 0.05, and a power of 0.79 for variants with MAF > 0.025. Statistical

power estimation with various parameter settings is presented in Fig 5.3.

The primary endpoint of this study was time to CRC recurrence (TTR; defined
as the time from randomisation to colorectal cancer relapse, with censoring at last
contact or death in case of no recurrence), and the secondary endpoint was overall
survival (OS; defined as all-cause death, with censoring at last contact). First, I
examined the effect of clinicopathological factors that are known to influence pa-
tient survival outcomes in the two cohorts using a multivariate Cox proportional
hazard regression model (Fig 5.4), testing the association of age, sex, tumour loca-
tion (colon or rectum), pathological tumour (pT) and nodal (N) stage, treatment
and randomisation arm (for SCOT trial only) with clinical outcomes (see Meth-
ods, section 2.3.8). I observed that pT stage and N stage were strongly associated
with both TTR and OS (Fig 5.4), consistent with previous reports [174, 306]. Note

that mutational status in cancer driver genes such as KRAS and BRAF were not
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QUASAR2 | SCOT
Number of
informative patients 929 2,929
Number of events
CRC recurrence 205 538
All-cause death 165 186
Age
Mean (SD) 63 (9.7) 64 (9.0)
< 20 0 0
20-49 81 206
50-59 200 581
60-69 378 1,364
70-79 247 741
80-89 23 1,134
Sex
Male 534 1,1795
Female 395 1,134
AJCC TNM Stage
I 0 0
II 346 586
111 583 2,343
v 0 0
Table 5.2. Basic characteristics of QUASAR2 and SCOT clinical trial
cohorts.
—— MAF=0.01 MAF=0.05 MAF=0.25
------ MAF=0.025 === MAF=0.1 -———- MAF=0.5
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Figure 5.3. Calculated statistical power of the current study for genetic
variants with varying minor allele frequency (MAF) and genotype hazard
ratios. The green box indicates the total number of samples included in
this study; the yellow box indicates the event rate.
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Figure 5.4. Associations of known clinicopathological factors on patient
survival outcomes in the sample cohorts.

(A) QUASAR2: age as a continuous variable; sex as a categorical variable (male vs.
female); tumour location as a categorical variable (rectum vs. colon); primary tumour
stage as a categorical variable (pT4 vs. pT1-3); nodal stage as a categorical stage (N1/2 vs.
NO); treatment as a categorical variable (bevacizumab and capecitabine vs. capecitabine).
(B) SCOT: age as a continuous variable; sex as a categorical variable (male vs. female);
tumour location as a categorical variable (rectum vs. colon); primary tumour stage as a
categorical variable (pT1-2 vs. pT3 vs. pT4); nodal stage as a categorical stage (NO vs. N1
vs. N2); treatment as a categorical variable (FOLFOX vs. CAPOX); randomisation arm
as a categorical variable (24 vs. 12 weeks). Hazard ratio (HR) estimates of each variable
on clinical outcomes (TTR or OS) were calculated using a univariate Cox proportional
hazard regression model, and the corresponding statistical significance (nominal P-values)
were evaluated using log-rank tests.

included here due to a lack of molecular data in the SCOT clinical trial cohort. Sub-

sequently, prespecifying the listed factors as covariates, I assessed the relationship
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between individual variant genotype and patient survival outcomes using a multi-
variate Cox regression model, assuming an additive or dominant genetic effect (see
Methods, section 2.3.8). Next, hazard ratio (HR) estimates for each genetic variant
in the two cohorts were combined through an inverse-variance weighed fixed-effect

meta-analysis (see Methods, section 2.3.8).

5.2.2 Evaluating the prognostic value of CRC risk loci

Previous GWASs have identified a number of variants associated with CRC risk.
These genetic variants may also influence survival outcomes of patients with early-
stage CRC. In this section, I evaluate their potential prognostic value in the QUASAR2
and SCOT clinical trial cohorts.

To date, 175 loci have been associated with CRC risk (see Methods, section
2.2.2; see also section 4.2.3). I examined the relationship between variant genotype
and patient survival outcomes in a multivariate Cox regression model adjusted for
confounders, as mentioned in section 5.2.1. 1 found that 16 loci were associated
with TTR or OS with a nominal P-value below 0.05 in the meta-analysis. The
most significant results include an intronic variant in GNA12 (rs1182197, 7p22.2,
MAF = 0.33), the minor allele of which was associated with longer TTR (HR =
0.86 [0.77-0.95], P = 4.02¢-03); and an intronic variant in TMEM91 (rs9797885,
19q13.2, MAF = 0.28), the minor allele of which was associated with improved OS
(HR = 0.77 [0.65-0.92], P = 3.98¢-03). However, none of the associations were
statistically significant after adjusting for multiple hypothesis testing (FDR > 0.05;
Supplementary Data Table 5.1).

I also checked 35 genetic variants that were previously associated with CRC
clinical outcomes in cohorts of mixed TNM stages and of varying samples sizes
(range: [505-3,494]). One variant (rs209489) has been associated with both disease-
free survival and OS at genome-wide significance in a cohort of 3,494 patients with
metastatic CRC [304]; while the rest were associated with patient survival outcomes
at suggestive significance. However, these associations were not validated in the

QUASAR2 and SCOT cohorts (Supplementary Data Table 5.2).

Previously, a list of 50 variants that were correlated with immune-related gene
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expressions were shown to associate with prognosis in cutaneous melanoma [356].
I thus evaluated the association of these 50 immune gene eQTLs with survival
outcomes in the QUASAR2 and SCOT clinical trial cohorts. Two variants were
marginally associated with TTR in the meta-analysis with a nominal P-value be-
low 0.05: rs8101605 (eQTL for LILRBI; HR = 1.15 [1.01-1.32], P = 0.041) and
rs2517681 (eQTL for HLA-G; HR = 0.89 [0.80-0.99], P = 0.030). However, these
associations were not significant after adjustment (FDR = 1; Supplementary Data

Table 5.3).

The findings presented above are consistent with those reported of the SOCCS
clinical trial, where a total of 5,675 CRC cases of all TNM stages (I-IV) were included
[307, 308]: neither known CRC risk variants nor prognostic variants reported for
multiple cancer types were associated with CRC patient survival outcomes. This
suggests that the prognostic value of known CRC risk loci in early-stage CRC can
be ruled out, and that previously reported CRC prognostic variants are either stage-

specific or likely false-positive findings due to small sample sizes.

5.2.3 A genome-wide search for prognostic variants in early-

stage CRC

In this section, I present the findings from genome-wide survival analyses in the
QUASAR2 and SCOT clinical trial cohorts (see section 5.2.1). Within individual
cohorts, I identified a total of four loci associated with TTR at genome-wide signifi-
cance (Fig 5.5A, B). However, none of the loci overlapped between the two cohorts.
Similarly, six loci were significantly associated with OS, but only within individual
cohorts (Fig 5.5C, D). Meta-analysis revealed a number of loci that were significantly
associated with both TTR and OS in early-stage CRC (Fig 5.6). In the following
subsections, I am going to present the top candidate prognostic variants identified
in this study. A full list of candidate loci reaching suggestive significance in the

meta-analysis are provided in the Supplementary Data Table 5.4 and 5.5.
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Figure 5.5. Manhattan plots of survival GWASs in respective colorectal
cancer clinical trial cohorts: (A, C) QUASAR2 and (B, D) SCOT.

Inherited genetic variants were tested for their effects on patient survival outcomes inde-
pendently, while accounting for known risk factors in multivariate Cox proportional hazard
regression models. Variants of genome-wide significance (P < 5.0e-08) are highlighted and
their cytobands annotated. Clusters of variants in high linkage disequilibrium (LD; R? >
0.8) are noted in (C, D).

5.2.3.1 A locus at 15q26.2 is associated with TTR in early-stage CRC

Meta-analysis revealed a locus at chromosome 15q26.2 (rs72767781 and rs72767784;
R? = 0.65, D' = 1) that was consistently associated with TTR in both cohorts (Fig
5.6A). In particular, the minor allele of rs72767781 associated with shorter TTR
in patients with early-stage CRC (QUASAR2: HR = 1.71, 95% CI: [1.01-2.89], P
= 0.046; SCOT: HR = 2.26 [1.71-3.01], P = 1.60e-08; meta-analysis: HR = 2.12
[1.66-2.73], P = 3.21e-09) (Fig 5.7). This variant is of low frequency in the European
population, with a MAF of 0.03 in both QUASAR2 and SCOT clinical trials. As
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Figure 5.6. Meta-analysis reveals candidate prognostic variants for
early-stage CRC.

Forest plots showing the association of top candidate prognostic variants with TTR (A)
or OS (B) in early-stage CRC.

discussed in section 5.2.1, this study had sufficient statistical power for discovery.

Interestingly, an exploratory subgroup analysis revealed that the minor allele of
variant rs72767781 was associated with substantially shorter TTR among patients
with high-risk stage II CRC (QUASAR2: HR = 3.15 [1.22-8.11], P = 0.018; SCOT:
HR = 3.13 [1.32-7.38], P = 9.34e-03; Fig 7.4A, B), compared to those with stage II or
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Figure 5.7. rs72767781 (15q26.2, MAF = 0.03) is associated with patient
survival outcomes in QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value
was calculated by log-rank test (see Methods, section 2.3.8).

ITIT CRC (Fig 5.7A, B). This result suggests that the association of rs72767781 with
clinical outcomes in CRC could be specific to stage II disease. Further validation is

warranted to confirm this finding.

The two variants rs72767781 and rs72767784 are of low frequency in the Euro-
pean population, with a MAF of 0.03 in the QUASAR2 and SCOT cohorts. Both
variants situate in an intergenic region, near an RNA gene NR2F2-AS1. This locus
does not harbour any known cCRE [185]. As a result, the biological interpretation

of this association is unclear.
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5.2.3.2 A locus at 15q22.2 is associated with OS in early-stage CRC

Meta-analysis revealed a locus at chromosome 15q22.2 (lead variant: rs11447843,
MAF = 0.027) that was associated with OS at genome-wide significance (HR = 2.56
[1.86-3.52], P = 8.70e-09; Fig 5.6B). The minor allele of rs11447843 was associated
with poorer OS in both cohorts (QUASAR2: HR = 2.10 [1.16-3.79], P = 0.014,
Fig 5.8C; SCOT: HR = 2.78 [1.90-4.05], P = 1.41e-07, Fig 5.8D). Interestingly,
the same allele was associated with shorter TTR at suggestive significance in the

meta-analysis (HR = 1.91 [1.49-2.43], P = 3.01e-07; Fig 5.6A, Fig 5.8A, B).
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Figure 5.8. rs11447843 (15q22.2; MAF = 0.027) is associated with patient
survival outcomes in QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value
was calculated by log-rank test (see Methods, section 2.3.8).

The variant rs11447843 situates in an intergenic region near VPS13C, which
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encodes Vacuolar Protein Sorting 13 Homolog C. The biological significance of this
variant remains to be elucidated. Considering the dual associational signal with
both TTR and OS, it might represent a genuine prognostic variant early-stage CRC.

Further validation of this association would be beneficial.

5.2.3.3 1rs184423256 and clinical outcomes in early-stage CRC

Besides the genome-wide significant variants at 15q26.2, I identified a number of
loci that were associated with TTR at suggestive significance in the meta-analysis
(Fig 5.6A; Supplementary Data Table 5.4). One example is the variant rs184423256
at 8q22.3 (HR = 2.48 [1.77-3.46], P = 1.15e-07; Fig 5.6A). The minor allele of
rs184423256 was associated with shorter TTR in both cohorts (QUASAR2: HR =
3.17 [1.71-5.87], P = 2.39¢-04, Fig 5.9A; SCOT: HR = 2.23 [1.50-3.33], P = 8.32¢-
05, Fig 5.9B). T also observed that the same allele was associated with poorer OS
at suggestive significance in the meta-analysis (QUASAR2: HR = 2.94 [1.57-5.49],
P = 7.29¢-04, Fig 5.9C; SCOT: HR = 2.9 [1.64-5.44], P = 3.32¢-04, Fig 5.9D;
meta-analysis: HR = 2.97 [1.93-4.59], P = 8.28¢-07). Of note, these findings were
not supported by the TCGA data (Fig 7.5A, C; Fig 7.6A, C).

The variant rs184423256 is relatively rare in the European population, with
a MAF of 0.014 in both QUASAR2 and SCOT cohorts. It is located in the in-
tronic region of RRM2B, which encodes the small subunit of a p53-inducible ri-
bonucleotide reductase (p53R2), an essential enzyme in DNA synthesis. Currently,
there is very limited evidence suggesting the biological basis of the association be-
tween rs184423256 and clinical outcomes in early-stage CRC. Up to date, no cCRE
has been identified in this region [185]. This variant is not known to impact RRM2B
expression levels either in normal tissues or in tumours (Fig 7.7). Therefore, fur-
ther investigation will be essential to interpret the biological implications of this

association.

5.2.3.4 1rs114887409 and OS in early-stage CRC

Another example of candidate prognostic variant for early-stage CRC is the rs114887409
at 4p16.1. It showed association with OS in the meta-analysis at suggestive sig-

nificance (HR = 3.19 [2.04-4.99], P = 3.69¢-07; Fig 5.6B). The minor allele was
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Figure 5.9. Suggestive variant rs184423256 (8q22.3, MAF = 0.014) and
patient survival outcomes in QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value
was calculated by log-rank test (see Methods, section 2.3.8).

consistently associated with poorer OS in both clinical trial cohorts (QUASAR2:
HR = 2.58 [1.38-4.83], P = 2.96¢-03, Fig 5.10C; SCOT: HR = 3.96 [2.09-7.49], P =
2.34e-05, Fig 5.10D). In contrast, this variant was not significantly associated with
TTR (meta-analysis: HR = 1.73 [1.16-2.59], P = 7.22¢-03; Fig 5.10A, B).

Similar to the other top candidate loci shown above, the variant rs114887409 is
of low frequency in the European population, with a MAF of 0.018 in the QUASAR2
and SCOT cohorts. It locates in the intronic region of ABLIM2, which encodes actin
binding LIM protein 2. As the name suggests, this protein has a strong affinity for

binding to F-actin and is known to involve in Netrin-1 signalling and axon guidance
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Figure 5.10. Suggestive variant rs114887409 (4p16.1, MAF = 0.018) and
patient survival outcomes in QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value
was calculated by log-rank test (see Methods, section 2.3.8).

[365]. The biological basis of this association remains unknown.

5.2.3.5 Prognostic associations of candidate variants vary by KRAS mu-

tational status in tumours

As mentioned in section 4.2.5.2, KRAS mutational status is known to influence clin-
ical outcomes in CRC [174, 287-289]. However, it was not included as a covariate
in the survival analyses reported above due to lack of molecular data in the SCOT
clinical trial data (see also section 5.2.1). Considering the potential interactions

between the CRC risk variants and KRAS mutational status in tumours on prog-
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nosis (see section 4.2.5.2), I also examined the statistical relationship between the
candidate prognostic variants presented above and KRAS mutational status in the
QUASAR2 cohort, for which KRAS hotspot mutations in the tumours were deter-
mined. In this section, I provide evidence that inherited genetic variants interact

with KRAS mutational status in tumours to associate with CRC prognosis.

To test the interactions between the top candidate prognostic variants and
KRAS mutational status in tumours on clinical outcomes in the QUASAR2 co-
hort, I evaluated the statistical significance of variant by KRAS interaction in the
original multivariate Cox regression model (see Methods, section 2.3.8). Of the four
variants tested, I found that two variants (rs184423256 and rs114887409) and KRAS
hotspot mutations interact to associate with TTR and OS (Table 5.3).

RSID | TTR | OS
rsT2767781 | 041 | 0.72
rs11447843 | 0.53 | 0.37
rs184423256 | 0.044 | 0.45
rs114887409 | 0.051 | 0.088

Table 5.3. A summary of statistical significance of variant by KRAS
interaction on CRC patient survival outcomes in the QUASAR2 cohort.

The interaction was evaluated by calculating the P-value (Pipteraction) 0f the multiplicative
term ‘SNP*KRAS’ in the multivariate Cox regression model using a log-rank test (see
Methods, section 2.3.8)

I observed that carriers of the minor alleles of rs184423256 and rs114887409
showed a much shorter TTR if they have a KRAS MUT tumour, as compared to any
other genotype-mutation groups (Fig 5.11, Fig 5.13). For instance, the rs184423256-
AT genotype was associated with a much shorter TTR among patient with KRAS
MUT tumours (HR = 12.22 [3.47-43.06], P = 9.81e-05; Fig 5.11D), than those with
KRAS WT tumours (HR = 2.72 [1.17-6.29], P = 0.02; Fig 5.11C). Alternatively, this
interaction also manifests that KRAS MUT was associated with shorter TTR among
patients with the rs184423256-AT genotype than KRAS WT (HR = 12.24 [1.33-122],
P = 0.027; Fig 5.11F), whereas KRAS mutational status was not associated with
TTR among patients with the rs184423256-AA genotype (HR = 1.14 [0.83-1.58],
P = 0.42; Fig 5.11E). Inter-group comparison revealed that rs184423256 genotype
significantly interacts with KRAS mutational status to associate with TTR. in the
QUASAR2 cohort (Pinteraction = 0.044; Fig 5.11B). A similar phenomenon was seen
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for the variant rs114887409 (Fig 5.13). Moreover, carriers of the minor alleles of
these two variants had much poorer OS if they have a KRAS MUT tumour (Fig
5.12; Fig 5.14). I noticed that the findings of rs184423256-KRAS interaction on
CRC prognosis were not replicated in TCGA (Fig 7.5B, D; Fig 7.6B, D).

These results presented in this section suggest that in addition to existing CRC
risk stratification schemes, genotype information of candidate prognostic variants
could potentially benefit clinical management by identifying a subset of early-stage
CRC cases that tend to have a much worse prognosis. Nevertheless, validation in

additional CRC cohorts would be essential.

5.2.4 HLA genotypes and CRC prognosis

As introduced in section 5.1.3, HLA variations play an important role in adaptive
immune response, potentially influencing tumour development. However, the sur-
vival analysis presented in the previous sections did not include inherited genetic
variants in the HLA region, because the extreme sequence variation and widespread
LD in the region requires specialised reference panel and algorithms for genotype
imputation. To investigate whether inherited genetic variants in the HLA genes
predict prognosis in early-stage CRC, in this section, I present results from the sur-
vival analysis targeted at the HLA region in the QUASAR2 and SCOT clinical trial

cohorts.

I imputed genotypes in the HLA region using a reference panel densely typed
for HLA variations [177] and classified them into the gold-standard four-digit types
(see Methods, section 2.1.3.3). In total, 908 patients in the QUASAR2 trial and
2755 patients in the SCOT trial were successfully genotyped and imputed for HLA

variants.

5.2.4.1 HLA homozygosity and clinical outcomes in early-stage CRC

Previously, homozygosity in HLA class I genes (HLA-A, -B and -C') were associated
with poorer survival in advanced melanoma patients undergoing immunotherapy
[352]. However, whether HLA homozygosity has similar prognostic values in early-

stage CRC is unclear. In this section, I examined the prognostic value of HLA
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Figure 5.11. rs184423256 (8q22.3, MAF = 0.014) interacts with KRAS
mutational status in tumours to associate with TTR in QUASAR2.

(A, B) Association of variant genotype with TTR when patients were unstratified (A; as
in Fig 5.9A) or when patients were stratified by KRAS mutational status (B). (C, D)
Association of variant genotype with TTR among patients with KRAS WT CRC (C) or
KRAS MUT CRC (D). (E, F) Association of KRAS mutational status with TTR among
patients with rs184423256-A A genotype (E) or rs184423256-AT genotype (F). The hazard
ratio (HR) and the 95% CI were estimated from multivariate Cox regression, adjusted for
known confounders; the nominal P-value was calculated by log-rank test (see Methods,
section 2.3.8).
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Figure 5.12. rs184423256 (8q22.3, MAF = 0.014) interacts with KRAS
mutational status in tumours to associate with OS in QUASAR2.

(A, B) Association of variant genotype with OS when patients were unstratified (A; as
in Fig 5.9C) or when patients were stratified by KRAS mutational status (B). (C, D)
Association of variant genotype with OS among patients with KRAS WT CRC (C) or
KRAS MUT CRC (D). (E, F) Association of KRAS mutational status with OS among
patients with rs184423256-A A genotype (E) or rs184423256-AT genotype (F). The hazard
ratio (HR) and the 95% CI were estimated from multivariate Cox regression, adjusted for
known confounders; the nominal P-value was calculated by log-rank test (see Methods,
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Stratified by KRAS
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Figure 5.13. rs114887409 (4p16.1, MAF = 0.018) interacts with KRAS
mutational status in tumours to associate with TTR in QUASAR2.

(A, B) Association of variant genotype with TTR when patients were unstratified (A; as
in Fig 5.10A) or when patients were stratified by KRAS mutational status (B). (C, D)
Association of variant genotype with TTR among patients with KRAS WT CRC (C) or
KRAS MUT CRC (D). (E, F) Association of KRAS mutational status with TTR among
patients with rs114887409-CC genotype (E) or rs114887409-CG genotype (F). The hazard
ratio (HR) and the 95% CI were estimated from multivariate Cox regression, adjusted for
known confounders; the nominal P-value was calculated by log-rank test (see Methods,
section 2.3.8).
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Figure 5.14. rs114887409 (4p16.1, MAF = 0.018) interacts with KRAS
mutational status in tumours to associate with OS in QUASAR2.

(A, B) Association of variant genotype with OS when patients were unstratified (A; as
in Fig 5.10C) or when patients were stratified by KRAS mutational status (B). (C, D)
Association of variant genotype with OS among patients with KRAS WT CRC (C) or
KRAS MUT CRC (D). (E, F) Association of KRAS mutational status with OS among
patients with rs114887409-CC genotype (E) or rs114887409-CG genotype (F). The hazard
ratio (HR) and the 95% CI were estimated from multivariate Cox regression, adjusted for
known confounders; the nominal P-value was calculated by log-rank test (see Methods,

Survival probability (OS)

Strata

Survival probability (OS)

Strata

Survival probability (OS)

Strata

Unstratified

Strata r5114887409-CC = rs114887409-CG

0.50

HR = 2.58 (1.38-4.83)
P = 2.96e-03

0 2 4 6
Time in years

Number at risk

875 814 638 101
5114887409-CG{ 24 17 10 1
0 2 4 6
Time in years
Strata rs114887409-CC ~+ rs114887409-CG
1,00 =
0.75 I__._._H
0.50
0.25
HR = 2.07 (0.64-6.69)
P =10.22
0.00
0 2 4 6
Time in years

KRAS-

section 2.3.8).

Number at risk

448 412 324 54
387409-CG{ 12 10 6 1
0 2 4 6
Time in years
rs114887409-CC
Strata ~+ KRAS-MUT ~ KRAS-WT

i M
0.75
0.50
0.25

HR = 1.08 (0.75-1.56)

P =0.69
0.0

[ 3 3 [
Time in years

Number at risk

244 230 178 28

WT1448 412 324 54

0 2 4 6
Time in years

Stratified by KRAS
mutational status

Strata MUT-CC =+ WT-CC =+ MUT-CG WT-CG
e ‘N
Q o075
2
3
©
8 050
S
T
2
2 025
@
Pinteraction = 0.088
0.00
0 2 4 6
Time in years
Number at risk
I3 244 230 178 28
® v 448 412 324 54
=N 3 1 0
@« 12 10 6 1
0 2 4 6
Time in years
Strata rs114887409-CC ~+ rs114887409-CG
1.00{ =
@
o 0.75
=
5
8
S 0.50
=3
©
2
2 0.25
3 HR = 9.68 (3.24-28.93)
P = 4.81e-05
0.00
0 2 4 6
Time in years
Number at risk
£ 244 230 178 28
& 109-CG{ 6 3 1 0
0 2 4 6
Time in years
F rs114887409-CG
Strata KRAS-MUT =+ KRAS-WT
1.00
@
o 075
=
o
8
8 0.50
Q
©
2
g 0.25
3 HR = 4.61 (1.00-21.25)
P =0.05
0.00
0 2 4 6
Time in years
Number at risk
o
s 6 3 1 0
& KRAS-WT{ 12 10 6 1
0 6
Time in years

Page 122

Chapter 5

Lingyun Xiong



Influence of inherited genetic variants in common cancers

homozygosity in the QUASAR2 and SCOT cohorts.

Potentially, homozygous HLA alleles would restrict the diversity of antigens to
be presented on the cell surface and alter the repertoire of antigen presentation,
thus might influence immunoediting during tumour development. I compared the
clinical outcomes of patients with varying number of homozygous loci in the three
HLA class I genes (HLA-A, -B and -C'). Assuming an additive effect, I calculated
the hazard ratio of having homozygous genotype in HLA-I genes on TTR and OS in
both cohorts, using a multivariate Cox regression model as in the preceding sections

(see Methods, section 2.3.8).
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Figure 5.15. Homozygosity in HLA class I genes (HLA-A, -B and -C) and
patient survival outcomes in QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value
was calculated by log-rank test (see Methods, section 2.3.8).

Overall, I found no significant difference in clinical outcomes between patient
groups with different HLA class I homozygosity (Fig 5.15; Supplementary Data
Table 5.6). I identified a trend that HLA class I homozygosity was associated with
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longer TTR in QUASAR2 cohort (HR = 0.75 [0.59-0.94], P = 0.01; Fig 5.15A).
However, this was not validated in the SCOT cohort (HR = 1.01 [0.90-1.14], P =
0.87; Fig 5.15B). A closer examination of the QUASAR2 dataset revealed that the
putative relationship was dominated by the association of homozygosity in HLA-B
gene with TTR (HR = 0.39 [0.20-0.77], P = 6.08¢-03; Fig 7.8A), which is the most
diverse amongst all HLA genes. After removing individuals with homozygous HLA-
B genotype, homozygosity in HLA-A and -C' was not associated with TTR (HR =
0.97 [0.66-1.4], P = 0.88; Fig 7.8C). Given that the association of homozygosity in
HLA-B gene with TTR was not replicated in the SCOT cohort (HR = 1.05 [0.79-
1.41], P = 0.72; Fig 7.8B), which has a larger sample size, the observed relationship
between HLA-B and TTR in the QUASAR2 cohort is likely a spurious association.
Alternatively, the observed association could be due to individual HLA-B genotypes.

Future development could consider an in-depth subgroup analysis.

Next, I examined the clinical outcomes of patients with varying number of ho-
mozygous loci in the five HLA class 11 genes (HLA-DPA1, -DPB1, -DQA1, -DQB1
and -DRB1). Homozygosity in HLA class II genes showed no reproducible as-
sociation with clinical outcomes in the QUASAR2 and SCOT cohorts (Fig 5.16;
Supplementary Data Table 5.7). I noticed that HLA class IT homozygosity was as-
sociated with poorer OS in the SCOT cohort (HR = 1.15 [1.03-1.28], P = 0.01; Fig
5.16D). However, patients with homozygous alleles in all five HLA class II genes
(annotated as ‘Homo-5") had similar TTR as those with heterozygous alleles in all
five genes (Fig 5.16D), obscuring the interpretation of this association. Given that
the association was not replicated in QUASAR2 (HR = 0.95 [0.83-1.08], P = 0.42;
Fig 5.16C), again, this is possibly a spurious finding.

In summary, the study of associations between homozygosity in HLA genes and
clinical outcomes in the QUASAR2 and SCOT clinical trial cohorts showed that
HLA homozygosity has no convincing association with clinical outcomes in early-
stage CRC undergoing adjuvant chemotherapy. Study of advanced CRC cohorts or
those undergoing immunotherapies would be of great benefit to further investigate

the prognostic role of HLA homozygosity in CRC (see discussion, section 5.3).

Page 124 Chapter 5 Lingyun Xiong



Influence of inherited genetic variants in common cancers

A Het =+ Homo-2 =+ Homo-4 B Het =+ Homo-2 =+ Homo-4
Strata Strata
=+ Homo-1 =+ Homo-3 Homo-5 =+ Homo-1 =+ Homo-3 Homo-5
1.00 1.00
el
-HLL'—O—H-—O—HMM—O—H-O—O—
E 0.75 E 0.75
z z
2 g
m a 050 9 050
[ <}
h o Q
= s
2 2
S o5 S 025
3 °®1 HR = 0.95 (0.85-1.07) @ %] HR =1.05(0.98-1.13)
P = 0.40 P=0.14
0.00 0.00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years
Number at risk Number at risk
247 229 207 187 166 107 23 714 674 611 369 151 58 17
® Homo-14 386 355 317 282 231 133 43 ® Homo-111123 1057 950 629 246 85 23
& Homo-24 211 195 168 158 127 84 24 T Homo-24 684 649 560 369 159 58 15
&= Homo-31 61 58 53 50 44 26 5 = Homo-34 202 189 7 107 35 10 3
D Homo-4{ 39 36 31 28 26 17 3 2] 111 100 87 50 24 6 1
22 21 20 18 17 12 6 87 83 72 50 26 8 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years
c Het =+ Homo-2 =+ Homo-4 D Het =+ Homo-2 -+ Homo-4
Strata Strata
=+ Homo-1 =+ Homo-3 Homo-5 =+ Homo-1 =+ Homo-3 Homo-5
1001 e, 1.00
. —
-
@ o @ o7
8 0.75 8 0.75
2 2
5 3
v = i
g 0s0 g 0s0
o : :
© ©
2 2
s 5
0.25 0.25
3 HR = 0.95 (0.83-1.08) 3 HR = 1.15 (1.03-1.28)
P=0.42 P =10.01
0.00 0.00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years
Number at risk Number at risk
247 243 232 208 180 117 25 714 709 688 509 168 62 17
© Hom 386 373 355 331 272 157 49 © Homo-111123 1112 1078 815 266 91 24
® Homo-21 211 201 191 178 142 92 25 © Homo-21 684 680 649 489 180 66 16
£ Homo-31 61 60 57 57 49 28 5 £ Homo-31 202 201 192 140 37 10 3
@ Homo-4{ 39 39 35 32 28 17 3 2] 111 109 106 75 27 7 1
22 22 21 19 18 13 6 87 87 83 61 26 8 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time in years Time in years

Figure 5.16. Homozygosity in MHC class II genes (HLA-DPA1, -DPB]1,
-DQA1, -D@B1 and -DRB1) on patient survival outcomes in QUASAR2
(A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value

was calculated by log-rank test (see Methods, section 2.3.8).

5.2.4.2 HLA class I supertypes

Even if HLA genotypes are grouped by four-digit typing (see section 5.1.3), HLA
alleles are still diverse, most of which are rare (MAF < 0.01). This poses difficulties
for survival analysis examining the association of individual HLA alleles with patient
survival outcomes, primarily due to low statistical power. Studies suggest that HLA
four-digit types can be further grouped based on similar peptide-anchor-binding
specificities, which are critical for presenting antigens on the cell surface [143, 179,

180]. Particularly, four-digit types of related HLA-A and -B protein isoforms can be
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grouped into 12 supertypes, covering the majority of HLA-A and -B alleles in human
populations [179, 180]. Recently, a study demonstrated that HLA B44 supertype
was associated with improved OS among advanced melanoma patients undergoing
immunotherapy [352]. However, no such study has been conducted in CRC. In
this section, I explore whether the 12 HLA supertypes are correlated with clinical
outcomes in the QUASAR2 and SCOT clinical trial cohorts.

First, I assigned HLA-A and -B supertypes to patients in the two cohorts, based
on the four-digit HLA types determined from genotype imputation (see Methods,
section 2.1.3.3). The distribution of the supertypes in the two cohorts coincided
with each other (Fig 5.17). The frequencies were also comparable to those reported

in European populations [352].
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Figure 5.17. Frequency of HLA-A and -B supertypes and in
QUASAR2 (A) and SCOT (B).

Next, I investigated whether individual HLA-A and -B supertypes have pre-
dictive value in CRC prognosis. Interestingly, two supertypes were associated with
both TTR and OS in the QUASAR2 cohort (Fig 5.18). Specifically, the A03 su-
pertype was associated with longer TTR (HR = 0.68 [0.54-0.87], P = 1.84¢-03; Fig
7.9A) and better OS (HR = 0.74 [0.56-0.97], P = 0.03; Fig 7.9C); whereas the B62
supertype was associated with shorter TTR (HR = 1.43 [1.04-1.97], P = 0.03; Fig
7.10A) and poorer OS (HR = 1.50 [1.07-2.11], P = 0.02; Fig 7.10C). However, these
associations were not replicated in the SCOT cohort (Fig 5.18; Fig 7.9B, D; Fig
7.10B, D).
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Figure 5.18. The association of HLA-A and -B supertypes with patient
survival outcomes in QUASAR2 and SCOT.

(A) Forest plots showing the association of individual supertype with TTR. (B) Forest
plots showing the association of individual supertype with OS. The hazard ratio (HR)
and the 95% CI were estimated from multivariate Cox regression, adjusted for known
confounders; the nominal P-value was calculated by log-rank test (see Methods, section
2.3.8).

This lack of concordance in results between the two cohorts (Fig 5.18; Supple-
mentary Data Table 5.8) indicates that HLA-A and -B supertypes are not associ-
ated with clinical outcomes in early-stage CRC. It is possible that HLA-I-dependent
immunoediting in CRC is stage-specific or plays a less prominent role in disease pro-

gression among patients undergoing adjuvant chemotherapy (see also section 5.2.1),
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compared to patients with advanced melanoma treated with immune checkpoint

blockade therapy (see discussion, section 5.3).

5.2.5 Mapping QTLs for infiltrating CD8+ T cells in CRC

Identifying genetic determinants of specific patterns of tumour infiltrating immune
cells is crucial to understanding the role of inherited genetic variants in cancer. It can
not only aid in characterising the variability of immune response to tumours between
individuals [312], but also help uncovering genetic drivers of immune cell signatures
in TME that are prognostic for disease progression and predictive of response to
treatment [333]. As introduced in section 5.1.4, four studies have attempted mapping
immune quantitative trait loci (1QTLs) in tumours [153-155, 333]. However, they
used the TCGA pan-cancer cohort data and relied solely on predicted immune cell
abundance or fraction in tumours based on gene expression profiles. Previously,
tumour samples in the QUASAR2 cohort were characterised for infiltrating immune
cell composition via in situ immunohistochemistry staining (see Methods, section
2.3.9; [194]). In this section, leveraging this high-quality data, I aim to map iQTLs
in CRC, with a focus on tumour infiltrating CD8+ T cell levels.

Among the 929 QUASAR2 trial participants that have been genotyped, 760
have valid entries for tumour infiltrating CD8+ T cell density (Fig 5.19A). I per-
formed a genome-wide scan for common inherited genetic variants associated with
this immune quantitative trait (see Methods, section 2.3.9; Fig 5.19B) with no pre-
specified covariates. Ome locus at 14¢23.1 (lead SNP: rs78959096, MAF = 0.013)
was associated with tumour infiltrating CD8+ T cell density at genome-wide sig-
nificance (Fig 5.19C); 21 loci reached suggestive significance (Fig 5.19D). A full list
of these genetic variants is provided in Supplementary Data Table 5.9. Note that
these variants do not overlap with the iQTLs previously mapped to inferred CD8-+

T cell abundance in TCGA pan-cancer tumours [155].

The minor allele of the top variant, rs78959096 (14q23.1; nearby gene: DACT1),
was associated with a 2.6-fold decrease in infiltrating CD8+ T cell density in CRC
(beta = -1.38, P = 5.60e-09; Fig 5.19C). This variant is located in an intergenic
region, 1.5 kb away from a known cCRE (EH38E1717801; high CTCF binding,
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Figure 5.19. Mapping iQTLs for infiltrating CD8+ T cell density in CRC.

(A) Distribution of tumour infiltrating CD8+ T cell density (log2 transformed) in
QUASAR2. (B) Manhattan plot of the iQTL mapping, testing the association of in-
dividual genetic variants with the immune trait. (C, D) Violin plots of the top variants
associated with the infiltrating CD8+ T cell density in CRC.

indicative of chromatin looping activity; identified in both normal and cancerous
tissues). Both the variant and the cCRE are downstream of DACT1, which encodes
a protein involved in Wnt and GPCR signalling pathways. Whether this variant
regulates nearby gene expression would be an important topic for future studies. In
addition, I observed that one of the suggestive variants, rs12911676 (Fig 5.19D), was
also associated with the relative percentage of Tregs in rectal cancer in the TCGA

cohort (beta = 5.93, P = 2.12e-05; Fig 7.11; [366]).

These findings suggest that inherited genetic variants are associated with in-
filtrating CD8+ T cell density in CRC. Further validation and studies of variant

functions would be highly valuable.
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5.2.6 Causal inference on tumour infiltrating CD8+ T cell
density and CRC prognosis

The data presented thus far demonstrate that inherited genetic variants are asso-
ciated with CRC prognosis as well as infiltrating CD8+ T cell density in CRC. As
introduced in 5.1.2, adaptive immune response plays a crucial part in influencing
clinical outcomes in CRC. Nevertheless, the causal relationship between these two
variables is yet to be delineated. In this section, I aimed to investigate the causal
relationship between tumour infiltrating CD8+ T cell density and clinical outcomes

in early-stage CRC.

5.2.6.1 Mendelian randomisation suggests a marginal causal association

of tumour infiltrating CD8+ T cells with OS in early-stage CRC

As introduced in section 5.1.5, Mendelian randomisation (MR) leverages information
from inherited genetic variants to estimate the unconfounded effect of an exposure
on an outcome, and is the method of choice for inferring causal relationship between
the two. In this section, I apply two-stage MR (Fig 5.2C) to evaluate the causal
association of tumour infiltrating CD8+ T cell density with CRC prognosis in the
QUASAR2 cohort.

First, I constructed a genetic instrument for tumour infiltrating CD8+ T cell
density using the 22 iQTLs identified in section 5.2.5. Specifically, I calculated a
weighted genomic risk score (GRS) for each individual using their genotype infor-
mation at the 22 iQLTs (see Methods, section 2.3.10). As expected, the weighted
GRS was significantly associated with the log2-transformed CD8+ T cell density
in a linear regression model (P = 7.87e-61), explaining 30% of the variation in the
immune trait (Fig 5.20B). The F-statistic of the linear regression was 323.5 for the
weighted GRS, indicating that the constructed genetic instrument was a strong one
for MR analysis (F > 10; [364]). None of the 22 variants utilised for the genetic
instrument was associated with any demographic, pathological or known prognostic
factors including age, gender, tumour location, stage and treatment (see Methods,
section 2.3.10). Importantly, none of the 22 variants were or in LD (R? > 0.2) with
any known prognostic variants in CRC (Supplementary Data Table 5.9).
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Figure 5.20. Constructing a genetic instrument variable for infiltrating
CDS8+ T cell density in CRC.

(A) Distribution of the weighted GRS that was used to construct the genetic instrument
for infiltrating CD8+ T cell density in CRC. (B) Scatter plot of the log2-transformed
CD8+ T cell density in CRC against the weighted GRS, fitted with a linear model.

Next, I evaluated the association between the genetic instrument for tumour in-
filtrating CD8+ T cell density and patient survival outcomes to estimate the causal
effect of tumour infiltrating CD8+ T cell density on CRC prognosis (see Methods,
section 2.3.10). I observed no significant association between the genetic instru-
ment and TTR in the QUASAR2 cohort. Results from univariate and multivariate
Cox regression adjusted for known prognostic factors (age, gender, tumour location,
pathological and nodal stage, and treatment) failed to confirm a causal association
between the exposure (tumour infiltrating CD8+ T cell density in CRC) and time
to CRC recurrence in QUASAR2 (HR = 0.93 [0.80-1.07], P = 0.29; Table 5.4). On
the other hand, I detected a marginal causal association between the exposure and
OS. The causal estimate of tumour infiltrating CD8+ T cell density on all-cause
mortality was 0.84 in a multivariate Cox regression model (95% CI: [0.72-0.97], P
= 0.018; Table 5.4). This indicates that increasing tumour infiltrating CD8+ T cell

density decreases the risk of all-cause death in early-stage CRC.

During the construction of genetic instrument for the immune trait, I noticed
there were four outlier individuals with extreme small GRS (< 0.7; Fig 5.20B),
which might bias the first-stage regression. However, the causal estimate of tumour
infiltrating CD8+ T cell density on clinical outcomes in the dataset was not sensitive
to these outlier samples, because the test statistics remained largely unchanged when

I removed the four individuals from the two-stage MR (Table 7.1).
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CRC recurrence All-cause death
Cox model Causal Estimate® ‘P—Value‘ Causal Estimate® ‘P—value
Univariate |HR=0.90 (0.78-1.04)| 0.17 |HR=0.83 (0.71-0.96)| 0.014
Multivariate® | HR=0.93 (0.80-1.07)| 0.29 |HR=0.84 (0.72-0.97)| 0.018

Table 5.4. Main results of two-stage Mendelian randomisation analysis
using individual-level data in the QUASAR2 clinical trial cohort.

@ Multivariate Cox regression model adjusted by age, sex, tumour location (rectum vs.
colon), pT stage (p4 vs. pl-3), nodal stage (N1/2 vs. NO), and treatment (see Methods,
section 2.3.8). b The causal estimate of exposure on survival outcome refers to change
in hazard ratio per unit increase in log2-transformed tumour-infiltrating CD8+ T cell
density.

Taken together, these results suggest that the implemented two-stage MR does
not support a causal association between tumour infiltrating CD8+ T cell density
and TTR, whereas it provides marginal evidence for a causal association between
tumour infiltrating CD8+ T cell density and OS in the QUASAR2 cohort. Investi-
gation in additional CRC cohorts is required to validate these findings.

Although MR proves robust, it does come with strict assumptions and severe
constraints. Amongst others, the assumption of linearity and the parametric natural
of inference might have limited the scope of inquiry. Therefore, nonlinear relation-
ships between tumour-infiltrating CD8+ T cell density and clinical outcomes in CRC

remain plausible.

5.2.6.2 Mutual information inference

Despite the strong association demonstrated by Glaire et al. [194], I did not observe
any causal link between tumour infiltrating CD8+ T cell density and TTR in the
two-stage MR study in section 5.2.6.1. Considering potential nonlinear relationship
between tumour infiltrating CD8+ T cell density and clinical outcomes in CRC, I
was motivated to employ a different method to infer the causal relationship between
the immune trait and patient survival outcomes in the QUASAR2 cohort. Mutual
information (MI) has emerged as a non-parametric framework to examine nonlinear
structure in data [197]. Related to entropy (i.e., uncertainty in observations of a
random variable), it operates by evaluating dependencies of information contents
between variables. In the context of causal inference, it has been suggested as a

general measure of the presence of nonlinear relationship [367, 368]. In this section,
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I aim to assess potential nonlinear relationships between tumour infiltrating CD8-+

T cell density and patient survival outcomes in CRC using MI and related measures.

After optimising the binning scheme for estimating MI in the dataset, I calcu-
lated the MI between log2-transformed tumour infiltrating CD8+ T cell density and
patient survival outcomes to be 1.45 (for CRC recurrence) and 1.44 (for all-cause
death) (unit: bit; see Methods, section 2.3.11). These estimates were invariant to
right-censoring (Fig 5.21A-B), as seen in sensitivity analyses where three scenarios

of data censoring were simulated (Fig 7.12).

A B

12 12
o

©
©

.,' S ;..'Q{\'p.:. I.

log2(mean CD8 density)
>

log2(mean CD8 density)
(2]

©
)
©

0 1000 2000 3000 0 1000 2000 3000
Time to event (recurrence, in days) Time to event (death, in days)

Pempirical=0-35 Pe piricaI:0-66

1.40 1.44 1.48 1.40 1.44 1.48 1.52
Ml estimate Ml estimate

Figure 5.21. Assessing nonlinear relationship between the tumour
infiltrating CD8+ T cell density and patient survival outcomes using
mutual information.

(A, B) Scatter plots of the immune phenotype against time to event variables, where both
observed and censored events are included: cancer recurrence (A) or death (B). Cases with
events were highlighted in light blue, while censored cases are in navy. (C, D) Empirical
distributions of MI estimates obtained via bootstrapping: CRC recurrence (C) or all-cause
death (D). MI estimated from original datasets were marked by red dotted lines.

To assess the statistical significance of the MI estimates, I obtained the empiri-
cal distribution of these measures via bootstrapping (see Methods, section 2.3.11).

Compared to the empirical distribution, neither of the two estimates supports the

presence of nonlinear relationship in the dataset (Pepiricar > 0.05; Fig 5.21C-D).
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Moreover, the maximal information coefficients [197]) were measured to be in the
range of 0.13-0.20, even when the data was stratified by pT and N stage (see Meth-
ods, section 2.3.11). Again, these results do not support the presence of nonlinear

relationship in the dataset.

In summary, these results indicate a lack of detectable data structure between tu-
mour infiltrating CD8+ T cell density and patient survival outcomes in the QUASAR?2
cohort. Together, a nonlinear relationship between the immune trait and CRC clin-

ical outcomes remains unproven.

5.3 Discussion

In this chapter, I performed a suite of association studies to evaluate the role of
inherited genetic variants on prognosis and adaptive immune response in early-stage
CRC. Utilising data from the QUASAR2 and SCOT clinical trial cohorts, totalling
3,858 high-risk stage II or stage III cases, I first conducted a genome-wide search
for inherited genetic variants associated with TTR or OS. Through meta-analysis, I
identified a locus at 15q26.2 and a locus at 15¢22.2 that were significantly associated
with TTR and OS, respective (P < 5e-08; Fig 5.6, Fig 5.7, Fig 5.8). T also identified
a number of loci associated with both TTR and OS at suggestive significance in the
meta-analysis (P < 1e-05; Fig 5.6, Fig 5.9, Fig 5.10). Further investigation would
be of benefit to validate these findings and to provide biological insight into the

associations.

Intriguingly, I observed that two candidate prognostic variants showed evidence
of interacting with KRAS hotspot mutations to associate with CRC outcome. In
particular, the minor alleles of rs184423256 and rs114887409 were associated with
considerably shorter TTR and OS in patients with KRAS MUT tumours (with a
HR of up to 12), as compared to those KRAS WT tumours (Fig 5.11, Fig 5.12, Fig
5.13, Fig 5.14). Together with the findings in chapter 4, these results suggest that
germline by somatic interaction might be more prevalent, impacting on both CRC
risk and prognosis. With genotype, molecular and clinical data from the QUASAR2
clinical trial cohort, the current study represent the first attempt to define such

germline-somatic interactions. Furthermore, these associations have the potential
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to aid in identifying a subset of patients that tend to perform worse in the setting
of adjuvant chemotherapy. Additional medical intervention might be recommended

for these individuals.

The candidate prognostic variant rs184423256 is an intronic variant in RRM2B,
which encodes an essential enzyme involved in DNA synthesis. RRM2B is a member
of the p53 pathway and the fluorouracil and platinum metabolism pathway (KEGG
database; [369]. RRM2B expression is induced by 5-fluorouracil treatment in colon
cancer cells, and its expression is correlated with cell cycle arrest and apoptosis [370].
RRM2B expression was associated with better prognosis in CRC, especially among
patients with advanced disease [133]. It is plausible that the association observed of
the variant rs184423256 and clinical outcomes in early-stage CRC might be mediated
through RRM2B expression regulation. Currently, this variant is not associated with
RRM2B expression in normal or cancerous tissues. Therefore, additional analysis is

required to delineate the biological basis for the association.

This study did not support a prognostic role of known CRC risk loci, nor did it
validate variants previously suggested to have prognostic value in previous genome-
wide association studies in patient cohorts of advanced disease or mixed stages.
This is in line with null findings from the SOCCS (n = 3,886; [307, 308]) and the
NCCTG N0147 (n = 4,319; [309]) clinical trial cohorts, suggesting that the reported

associations could be stage-specific or spurious findings.

Inherited genetic variants in the HLA genes could impact antigen and neoantigen
presentation in cancer cells, thus possibly play a role in the interaction between
tumour and adaptive immune cells. In turn, this could influence disease progression
and cancer prognosis. Utilising data from the QUASAR2 and SCOT clinical trial
cohorts, I also investigated the prognostic role of HLA genotypes on clinical outcomes
in early-stage CRC. In contrast to the findings that HLA heterozygosity and certain
HLA class I gene supertypes were associated with favourable prognosis in cohorts
of advanced melanoma patients undergoing immunotherapy [352], the current study
showed that HLA homozygosity and HLA class I gene supertypes were not associated
with either TTR or OS in cohorts of early-stage CRC patients undergoing adjuvant
chemotherapy (Fig 5.15, Fig 5.16, Fig 5.18).
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The reason for this discrepancy can be two-fold. First, the prognostic role
of HLA genotypes could be more pronounced during immunotherapies, where the
interaction between tumour and infiltrating immune cells tends to be heightened,
whereas the adaptive immune response could be suppressed otherwise, as commonly
seen in CRC [352, 371]. Similar investigation among CRC patients undergoing im-
munotherapy could be more fruitful. Second, the prognostic role of HLA genotypes
could be specific to advanced disease. A study showed that the prognostic value
of adaptive immune response is the strongest in high-risk CRC cases but absent in
low-risk cases, based on tumour and nodal stages [194]. This suggests that the effect
of HLA in CRC prognosis may vary by disease stage. If true, it will be of interest
to evaluate HLA genotypes in cohorts of advanced CRC.

Studies suggest that CRC with DNA mismatch repair deficiency (MMRd) tend
to show better adaptive immune response in the TME [372], and MMRd phenotype
was associated with favourable clinical outcomes [373]. HLA genotypes might play
a more prominent role in this subset of patients. Considering that about 16% of
CRC cases are MMRA, it requires additional samples for adequate statistical power
for discovery. On the other hand, HLA loss has been suggested as a mechanism for
immune evasion in lung cancer [351]. This can be a direction for further investiga-

tion.

In this chapter, I examined the association between inherited genetic variants
and infiltrating CD8+ T cell density in CRC, which was measured by in situ im-
munohistochemistry staining on TMA samples of the QUASAR2 cohort. I identified
one locus at genome-wide significance and 21 suggestive loci. In particular, the mi-
nor allele of the top variant, rs78959096 (at 14¢q23.1), was associates with 2.6-fold
decrease in infiltrating CD8+ T cell density in CRC (Fig 5.19C). This variant is
located in an intergenic region near the gene DACT1, which encodes a protein in-
volved in WNT and GPCR signalling pathways. Activated WNT signalling was
associated with T cell exclusion in CRC [374]. It is possible that this variant modi-
fies nearby gene expression to facilitate T cell exclusion in the TME; however further

investigation will be required to confirm or refute this possibility.

Using these 22 iQTLs for tumour-infiltrating CD8+ T cell density as the ge-
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netic instrument, I studied the causal relationship between the tumour-infiltrating
CD8+ T cell density and CRC outcomes in the QUASAR2 cohort using two-stage
Mendelian randomisation. I detected a marginal causal association between the
immune trait and OS, but I found no significant causal association between the
immune trait and TTR. Moreover, mutual information and related measures did
not support the presence of non-linear relationship between the immune trait and
clinical outcomes in CRC. Collectively, this suite of statistical analyses constitutes
an initial study of the role of common genetic variants on prognosis and adaptive
immune trait in CRC. Together, a nonlinear relationship between the immune trait
and CRC clinical outcomes remains unproven. Analysis in an additional cohort
would help elucidate the causal relationship between adaptive immune response and

CRC prognosis.
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Discussion

6.1 Summary

The last two decades have seen extensive efforts in cataloguing human genetic vari-
ation correlated with phenotypic differences in human populations (see also section
1.1.1). Most common inherited genetic variants have been assessed in GWASs for
statistical associations with susceptibility to common cancers. However, only a
limited fraction of the genetic component of cancer susceptibility has been identi-
fied, leaving the bulk of the genetic heritability unexplained (see also section 1.1.4).
Moreover, it remains a challenge to elucidate the functional link between associated
variants and cancer risk (see also section 1.1.5). Recent studies showed that in-
herited genetic variants were associated with somatic driver events and some could
also influence tumour development (see also section 1.3). This poses the question
whether inherited genetic variants interact with somatic driver events to modify
cancer risk. If true, inherited cancer risk variants could be specific to cancers of
certain molecular profiles but not others. Therefore, an investigation into germline
by somatic interaction in cancer could potentially explain part of the missing heri-
tability and help us better understand the influence of inherited genetic variants on

risk, biology and prognosis of common cancers.

In this thesis, I analysed multi-cancer comprehensive datasets to investigate

germline by somatic interaction in cancer and to evaluate the role of inherited
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genetic variants on cancer risk, response to anti-cancer therapy, nearby gene ex-
pression, adaptive immune response, and prognosis. These analyses were aimed at
defining inherited genetic variants associated with differential cancer risk by molec-
ular subtype and somatic driver mutations, thus providing novel insights into the
genetic basis of cancer susceptibility as well as practical implications for personalised

disease prediction.

In chapter 3, I identified 110 inherited cancer risk variants that were associated
with subtype-specific risk in breast and ovarian cancers. The pattern of associations
was inversely correlated with p53 mutation frequency in individual cancer subtypes.
One of these variants, the p53 poly(A) SNP rs78378222, directly tracked with p53
mutational status in tumours. It regulated p53 expression levels in both normal and
cancerous tissues, regardless of p53 mutational status. Together, I found that this
variant interacts with p53 mutational status in tumours to influence cancer risk,

response to therapy and prognosis.

I extended the investigation on germline by somatic interaction from the p53
tumour suppressor pathway to the RAS-MAPK oncogenic pathway in chapter 4. I
observed that a known CRC risk locus on chromosome 10p14 was associated specif-
ically with risk for CRC with KRAS hotspot mutations. In particular, rs10795668
at this locus was associated with KRAS hotspot mutations across tumour types. It
was also associated with ATP5C1 expression levels in tumours, but contingent on
KRAS mutational status. These findings suggest that germline by somatic inter-
action is not exclusive to the p53 pathway, inherited genetic variants also interact
with somatic driver mutations in the RAS-MAPK pathway to associate with risk,

nearby gene expression and potentially prognosis in CRC.

Chapter 5 was aimed at evaluating the role of inherited genetic variants on
prognosis and adaptive immune response broadly in early-stage CRC. I identified two
loci at 15q26.2 (rs72767781; NR2F2-AS1) and at 15q22.2 (rs11447843; VPS13C)
associated with time to recurrence (TTR) and overall survival (OS) at genome-wide
significance, respectively. In addition, I also identified a number of loci associated
with both TTR and OS at suggestive significance. Interestingly, I observed that
rs184423256 (8q22.3; RRM2B) and rs114887409 (4pl6.1; ABLIM2) interact with
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KRAS mutational status in tumours to associate with clinical outcomes. On the
other hand, the current study did not support the prognostic role of known colorectal
cancer risk variants, nor did it validate variants previously associated with colorectal
cancer prognosis. This suggests that prognostic variants could be stage-specific, or

that previous findings could be spurious due to limited statistical power.

The study on inherited genetic variants in the HLA region showed that HLA
homozygosity and HLA class I supertypes were not associated with TTR or OS
in early-stage CRC undergoing adjuvant chemotherapy, unlike the report on ad-
vanced melanoma undergoing immunotherapy [352]. This suggests that the effect
of HLA genotype might vary by treatment type or disease stage. In the mapping
of immune quantitative trait loci (IQTLs), I found that a locus on chromosome
14¢23.1 (rs78959096) was associated with infiltrating CD8+ T cell density in CRC
at genome-wide significance, together with 21 loci reaching suggestive significance.
Using the 22 iQTLs to construct a genetic instrument, I also studied the causal
relationship between tumour infiltrating CD8+ T cell density and clinical outcomes
in CRC. I detected a marginal causal association between tumour infiltrating CD8+
T cell density and OS, but I found no significant causal association between tumour
infiltrating CD8+ T cell density and TTR. Mutual information and related measure
did not support the presence of nonlinear relationship between tumour infiltrating

CD8+ T cell density and clinical outcomes in CRC.

The contribution of the work presented in this thesis is two fold. One is the
integrated analysis of germline by somatic interaction in cancer, centred on two
key pathways in cancer: the p53 pathway and the RAS-MAPK pathway. The
other aspect of significance is that such a systematic evaluation of inherited genetic
risk variants on risk, prognosis and adaptive immune response in common cancers
have practical implications for personalised cancer risk stratification and prognosis

prediction. These two aspects are discussed further in the following sections.
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6.2 Germline by somatic interaction in common
cancers

Standard genome-wide association studies on cancer risk did not distinguish the
molecular features in tumours, therefore unable to discern genetic associations with
cancers of specific molecular subtype or somatic driver mutations. A number of stud-
ies on breast cancer reported common inherited genetic variants that were associated
with risk for specific cancer subtypes [30, 51, 120, 122], but a biological explanation
for the observed subtype heterogeneity in cancer risk association was not provided.
Studies also demonstrated that inherited genetic variants were associated with spe-
cific somatic driver mutation in multiple cancers [133, 135, 136, 138-140], but the
relationship between the variants and cancer risk by somatic mutational status was

not evaluated.

In this study, I leveraged germline and somatic information in large datasets on
breast, ovarian and colorectal cancers to conduct an integrated analysis of germline
by somatic interaction in cancer, to assess how the interaction could influence cancer
risk, response to therapy, nearby gene expression and prognosis (chapter 3 and 4).
By studying the biological functions of the variants, rs78378222 (17p13.1; TP53)
and rs10795668 (10pl4; ATP5C1), and their potential impact on the p53 and RAS-
MAPK pathways, respectively, I was also able to provide plausible biological ex-
planations for the observed statistical relationships (Fig 3.12, Fig 4.11). Both are
examples of how an inherited genetic variants influence nearby gene expression to
modulate pathway activity, to modify risk to develop tumours with specific mu-
tational profile and to influence disease prognosis. Carriers of the minor allele of
rs78378222 have lower p53 expression levels independent of p53 mutational status in
tumours (Fig 3.6 and Fig 3.7); while the minor allele of rs10795668 was associated
with increased ATP5C1 gene expression only in KRAS MUT tumours (Fig 4.10).
Although the biological mechanism of how the two variants interact with somatic
driver mutations in tumours differ, they illustrated a common theme: inherited ge-
netic variants can play an active role during tumour development. This germline
by somatic interaction can be highly informative for understanding cancer risk and

prognosis.
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In the genome-wide survival analysis on early-stage CRC, I identified two vari-
ants, rs184423256 (8q22.3; RRM2B) and rs114887409 (4p16.1; ABLIM?2), that in-
teract with KRAS mutational status in tumours to associate with clinical outcomes
(see section 5.2.3.5). Despite that the biological function of these two variants re-
mains unclear, the statistical relationships of inherited genotype, somatic driver
mutations and cancer prognosis suggest that the scope of germline by somatic in-
teraction in cancer might be bigger than we expected. If true, this concept might
also apply to other cancer hallmark pathways and be of great utility to uncover

additional inherited genetic variants associated with cancer risk or prognosis.

6.3 Implications for personalised disease predic-
tion

As discussed in section 1.1.5, inherited genetic variants associated with cancer can
offer insight into the polygenic nature of cancer ethology, but also hold great promise
for personalised risk prediction. Genotype information of cancer risk variants in an
individual can be combined to produce a genetic risk score (PRS), which is predictive
of relative cancer risk compared to the population average [59] and can be used to
enhance standard cancer screening strategy [61]. A recent study demonstrated that
cancer-specific PRS can be integrated with family history and modifiable risk factors

to improve cancer risk prediction for common cancers [60].

Existing schemes for constructing cancer-specific PRSs rely on the genotype-
risk association reported by standard genome-wide association studies, which did
not account for the molecular features in tumours. Exemplified by the two vari-
ants, rs78378222 (17pl13.1; TP53) and rs10795668 (10pl4; ATP5C1), the current
study demonstrated that the effect size of genotype-risk association can depend on
the mutational status of cancer driver genes in tumours. This suggests that both
germline and somatic information might be necessary for accurate risk prediction.
Moreover, I showed that when cancer cases were stratified by molecular subtypes or
somatic mutational status in tumours, the estimated effect sizes tend to be larger

than those obtained in standard association studies where cases were mixed (see
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also section 3.2.1 and 4.2.3). Therefore, stratified association study might represent
a powerful method to refine genotype-risk association, which would benefit accurate

PRS construction and personalised risk stratification.

Besides personalised risk stratification, the current study also showed that in-
herited genetic variants can be predictive of response to anti-cancer therapy, cancer
prognosis and adaptive immune trait in tumours. These aspects are much less
explored in cancer. It would be interesting to evaluate how the multifaceted infor-
mation could be integrated into the existing schemes of cancer risk stratification to

better inform clinical management.

6.4 Future perspectives

In this study, I presented evidence for germline by somatic interaction in cancer on
risk, prognosis, nearby gene expression and response to anti-cancer therapy. It would
of wide scientific interest to examine such interactions in key cancer pathways other
than the p53 and RAS-MAPK pathways. As mentioned above, I developed biolog-
ical hypotheses to explain the observed statistical relationships about rs78378222
(17p13.1; TP53) and rs10795668 (10pl4; ATP5C1) (Fig 3.12, Fig 4.12). It would
be valuable to test these hypotheses in experimental models and study germline by

somatic interaction in cancer further.

In this thesis, I also broadly evaluated the influence of inherited genetic variants
on cancer prognosis and adaptive immune response in tumours. Multiple associa-
tional findings in the current would benefit from validation in additional datasets,
and further investigation is warranted to understand the biological functions of the
prognostic variants and iQTLs. As above, integrating information of inherited ge-
netic variants, somatic driver mutations and adaptive immune response to model
cancer risk and prognosis could represent an emerging research direction to better

inform personalised disease prediction and precision medicine.
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Appendix

CRC recurrence All-cause death
Cox model Causal Estimate® ‘P—Value‘ Causal Estimate® ‘P—value
Univariate |HR=0.90 (0.76-1.07)| 0.23 |HR=0.82 (0.68-0.98)| 0.032
Multivariate® | HR=0.92 (0.78-1.09)| 0.33 |HR=0.81 (0.67-0.97)| 0.023

Table 7.1. Main results of two-stage Mendelian randomisation analysis
using individual-level data in the QUASAR2 clinical trial cohort when
four individuals with outlier GRSs (< 0.7) were removed.

@ Multivariate Cox regression model adjusted by age, sex, tumour location (rectum vs.
colon), pT stage (p4 vs. pl-3), nodal stage (N1/2 vs. NO), and treatment (see Methods,
section 2.3.8). ® The causal estimate of exposure on survival outcome refers to change
in hazard ratio per unit increase in log2-transformed tumour-infiltrating CD8+ T cell

density.
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Figure 7.1. CN loss in TP53 is correlated with p53 driver mutations and
lower p53 expression levels in tumours.

(A) A violin plot of TP53 GISTIC score against p53 mutational status in the TCGA pan-
cancer cohort. OR and P-value were calculated in a logistic regression model, adjusted
for tumour types. (B) A box plot showing the relationship between TP53 GISTIC score
and pb3 expression levels in the TCGA pan-cancer or CRC cohort. Beta coefficient and
P-value were calculated by linear regression, adjusted for tumour types.
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Figure 7.2. Evaluating the relationship between rs10795668 genotype and
patient survival outcomes in the TCGA pan-cancer cohort.

(A, C) Kaplan-Meier curves for rs10795668 genotype (assuming a dominant model for
the minor allele A) against progression-free interval (PFI) (A) and overall survival (OS)
(C), where tumours were not stratified by KRAS mutational status. (B, D) Kaplan-
Meier curves for rs10795668 genotype (assuming a dominant model for the minor allele A)
against PFI (B) and OS (D), where tumours were stratified by KRAS mutational status.
The relationship between genotype and patient survival outcomes was evaluated in cases
with KRAS WT or KRAS MUT separately. The hazard ratio (HR) and the 95% CI were
estimated from multivariate Cox regression, adjusted for age at diagnosis and gender; the
nominal P-value was calculated by log-rank test.
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Figure 7.3. Evaluating the relationship between rs10795668 genotype and
patient survival outcomes in the TCGA CRC cohort.

(A, C) Kaplan-Meier curves for rs10795668 genotype (assuming a dominant model for
the minor allele A) against progression-free interval (PFI) (A) and overall survival (OS)

(C), where tumours were not stratified by KRAS mutational status.

(B, D) Kaplan-

Meier curves for rs10795668 genotype (assuming a dominant model for the minor allele A)
against PFI (B) and OS (D), where tumours were stratified by KRAS mutational status.
The relationship between genotype and patient survival outcomes was evaluated in cases
with KRAS WT or KRAS MUT separately. The hazard ratio (HR) and the 95% CI were
estimated from multivariate Cox regression, adjusted for age at diagnosis and gender; the
nominal P-value was calculated by log-rank test.
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Figure 7.4. The relationship between rs72767781 (15q26.2, MAF = 0.03)
and clinical outcomes among patient with high-risk stage II CRC in

QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated

from multivariate Cox regression, adjusted for known confounders; the nominal P-value

was calculated by log-rank test (see Methods, section 2.3.8).
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Figure 7.5. The relationship between rs184423256 (8q22.3, MAF = 0.009)
and patient survival outcomes in the TCGA pan-cancer cohort by KRAS
mutational status.

(A, B) Association of variant genotype with progression-free interval (PFI) when patients
were unstratified (A) or when patients were stratified by KRAS mutational status (B). (C,
D) Association of variant genotype with OS when patients were unstratified (C) or when
patients were stratified by KRAS mutational status (D). The hazard ratio (HR) and the
95% confidence interval were estimated from multivariate Cox regression, adjusted for age
and sex; the nominal P-value was calculated by log-rank test.
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Figure 7.6. The relationship between rs184423256 (8q22.3, MAF = 0.009)
and patient survival outcomes in the TCGA CRC cohort by KRAS
mutational status.

(A, B) Association of variant genotype with progression-free interval (PFI) when patients
were unstratified (A) or when patients were stratified by KRAS mutational status (B).
(C, D) Association of variant genotype with OS when patients were unstratified (C) or
when patients were stratified by KRAS mutational status (D). The hazard ratio (HR) and
the 95% confidence interval were estimated from multivariate Cox regression whenever
possible, adjusted for age and sex; the nominal P-value was calculated by log-rank test.
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Figure 7.7. The relationship of rs184423256 genotype, KRAS mutational
status and RRMZ2B gene expression in TCGA tumours.

(A, E) Box plots show the correlation between RRM2B GISTIC score and RRM2B
mRNA levels in TCGA pan-cancer tumours (A) or TCGA CRC tumours (E). (B-D)
Box plots show the correlation between rs184423256 genotype and RRM2B mRNA levels
in all TCGA pan-cancer tumours (B), tumours with KRAS WT (C), and tumours with
KRAS MUT (D). (F-H) Box plots show the correlation between rs184423256 genotype
and RRM2B mRNA levels in all TCGA CRC tumours (F), CRC tumours with KRAS
WT (G), and CRC tumours with KRAS MUT (H). Only samples with GISTIC score 0
(i.e., diploid in RRM2B) are included in the analyses.
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Figure 7.8. The relationship between homozygosity in HLA class I genes
(HLA-A, -B, and -C) on TTR in QUASAR2 (A, C) and SCOT (B, D).
(A, B) Association between homozygosity in HLA-B gene and TTR. (C, D) Association
between homozygosity in HLA-A and HLA-C and TTR among those with heterozygote
alleles in HLA-B. The hazard ratio (HR) and the 95% CI were estimated from multivariate
Cox regression, adjusted for known confounders; the nominal P-value was calculated by
log-rank test (see Methods, section 2.3.8).
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Figure 7.9. The relationship between HLA-A supertype A03 with patient
survival outcomes in QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value
was calculated by log-rank test (see Methods, section 2.3.8).
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Figure 7.10. The relationship between HLA-B supertype B62 with patient
survival outcomes in QUASAR2 (A, C) and SCOT (B, D).

(A, B) For TTR. (C, D) For OS. The hazard ratio (HR) and the 95% CI were estimated
from multivariate Cox regression, adjusted for known confounders; the nominal P-value
was calculated by log-rank test (see Methods, section 2.3.8).
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Figure 7.11. Box plot of Tregs relative percentage against rs12911676
genotype in rectal cancer cases in TCGA.
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Figure 7.12. Sensitivity of mutual information estimate between tumour
infiltrating CD8+ T cell density and time to recurrence (A, C) or all-cause
death (B, D) due to right-censoring.

(A, B) Simulated distribution of mutual information estimate assuming a random delay
between 0 and 100 days among right-censored cases. (C, D) Simulated distribution of
mutual information estimate assuming a random delay between 0 and 500 days among
right-censored cases. Red dotted lines indicate the mutual information estimate for each

variable.
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