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Abstract

Background

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and fourth highest
cause of cancer-related death worldwide. Although the five-year survival rate for patients with
early stage CRC is high (~92%), it is considerably decreased (~12%) for metastatic CRC
(mCRC). A number of somatic prognostic factors are established for CRC, but few germline
prognostic biomarkers have been identified.

Materials and methods

Survival analyses were stratified by somatic mutation and MSI status, and GWAS analyses
for germline variants were performed on data from 2671 patients from the COIN and COIN-B
clinical trials, followed by in silico functional analyses of four germline variants significantly as-
sociated with survival and validation analyses for three of these variants.

Results

Mutations in KRAS (HR 1.45, 95% Cl 1.30-1.61, P=1.9x10"11), BRAF (HR 2.31, 95% Cl 1.85-
2.87, P=7.8x10"1%), NRAS (HR 1.44, 95% CI 1.09-1.90, P=0.01) and MSI-positive tumours
(HR 1.86, 95% Cl 1.22-2.83, P=4.0x10"3) were found to confer poor prognosis. Two SNPs
(rs9356458 at 627 and rs17560791 at 2935) of genome-wide significance (P< 5.0x10®) and
two (rs241477 at 14931.3 and rs4074683 at 7p11.2) suggestive of association (P< 1.0x107°)
with survival were identified. These variants did not replicate in validation analyses, possibly
due to overinflated effect sizes caused by winner’s curse in the discovery set, or through clini-
copathological differences between the study and validation cohorts.

Conclusion

The work presented in this thesis has identified somatic mutations in four oncogenes and tu-
mour MSI status as being significantly associated with survival in mCRC patients. Four novel
germline variants were also identified as potential candidate prognostic biomarkers for mCRC.
Further work is required using larger validation cohorts of stage-matched patients with simi-
lar clinical and prognostic covariates to determine whether these variants can be validated as
robust prognostic biomarkers for mCRC.






Acknowledgements

| would like to thank the following;

My supervisors, Prof. Jeremy Cheadle and Prof. Valentina Escott-Price for their guidance
and support.

Prof. Richard Houlston and Dr. Philip Law for their input and advice as co-authors of the
published work resulting from this thesis, and their help and hospitality during my time at the
Institute for Cancer Research.

Prof. Tim Maughan, Prof. Rick Kaplan and Dr. Chris Smith for their input and advice as
co-authors of the published work resulting from this thesis.

David Fisher at the Medical Research Council for his help and advice regarding the survival
analyses, and providing additional COIN and COIN-B clinical molecular patient data.

Dr. Amanda Phipps, Dr. Barbara Banbury, Tabitha Harrison and Yi Lin at the Fred Hutchin-
son Cancer Research Centre and Dr. Claire Palles at the Institute of Cancer and Genomic
Sciences, University of Birmingham for their assistance in collecting validation cohort data.

Dr. Elena Meuser, Alex Georgiades, Dr. Marc Naven, Dr. Daniel Nelmes, Dr. Thomas Cushion,
Dr. Zoe Hudson, Dr. Magda Meissner, Dr. Gareth Marlow, Dr. Martin McClarty, Dr. Hywel
Williams, Dr. Matthew Mort, Dr. Hannah West, Dr. Laura Thomas, Dr. Sara Seifan, Dr. Ellie
Rad, Victoria Gray, Katie Watts and Christopher Wills for all of their support.

My family, for their unwavering belief in me and their continued love and support.

Finally, the patients of the COIN and COIN-B trials for giving consent for their samples to be
analysed, without whom this research would not have been possible.






Abbreviations

Table 1: Abbreviations for amino acids.

Full name 3 letter code 1 letter code
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartate Asp D
Cysteine Cys C
Glutamate Glu E
Glutamine Gin Q
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val \"
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G
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GTEXx
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HER2
HER3
HNPCC
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HPFS
HR
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IBD
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IGFBP2
IGFBP5
KRAS
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LD

MAF
MAP
MAPK
MARCH4
mCRC
MET
MIR1913
MLH1
MMR
moAB
MPC1
MRC
MREC
mRNA
MRPS17
MSH3
MSI
MSS

False positive report probability

Guanine

Protein NipSnap homolog 2

Genetics and Epidemiology of Colorectal Cancer Consortium
Generalised linear model

Genotype-Tissue Expression

Genome-wide association study

Human epidermal growth factor receptor 2
Human epidermal growth factor receptor 3
Hereditary non-polyposis colon cancer
High-performance cluster

Health Professionals Follow-up Study
Hazard ratio

Hardy-Weinberg Equilibrium

Identity by descent

Institute of Cancer Research

integrated development environment

Insulin Like Growth Factor Binding Protein 2
Insulin Like Growth Factor Binding Protein 5
Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
LanC Like 2

Linkage disequilibrium

Minor allele frequency

MUTYH-associated polyposis
Mitogen-activated protein kinase

E3 ubiquitin-protein ligase MARCH4
Metastatic colorectal cancer

MET Proto-Oncogene, Receptor Tyrosine Kinase
MicroRNA 1913

MutL homolog 1

Mismatch repair

monoclonal antibody

Mitochondrial pyruvate carrier 1

Medical Research Council

Medical Research and Ethics Committee
Messenger RNA

Mitochondrial Ribosomal Protein S17
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Microsatellite instability

Microsatellite stable
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NCBI
NF-kB
NGS
NHS
NRAS
NUPR2
0s
OxMdG

P

P

p.

PD

PD-1
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PHS
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PI3K
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q

Q-Q

Qc
QUASAR 2
RECIST
REMARK
RPL37A
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SD
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Not available

Natural antisense transcript

National Centre for Biotechnology Information
Nuclear Factor Kappa B Subunit 1

Next Generation Sequencing

Nurses’ Health Study
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Nuclear Protein 2 Transcriptional Regulator
Overall survival

Oxaliplatin modified de Gramont
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P-value

Protein

Progressive disease

Programmed Cell Death Protein 1
Programmed Cell Death Ligand 1
Progression-free survival

Physician’s Health Study

P-value of heterogeneity

Phosphorylase Kinase Catalytic Subunit Gamma 1
Phosphoinositide 3-kinase
Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
DNA polymerase epsilon catalytic subunit
Proline Rich 18

Performance status

Phosphoserine Phosphatase

Phosphoserine Phosphatase Pseudogene 1
Phosphatase and tensin homologue

Long arm of chromosome

Quantile-quantile

Quality control

Quick and Simple and Reliable Trial 2
Response Evaluation Criteria In Solid Tumours
REporting recommendations for tumour MARKer prognostic studies
Ribosomal Protein L37a

Ribosomal Protein S6 Kinase A2

Short Course Oncology Therapy

Standard deviation

Septin 14

SFT2 Domain Containing 1



SMAD4 Mothers against decapentaplegic homolog 4

SMARCAL1 SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of
Chromatin Subfamily A Like 1

SNORA15 Small Nucleolar RNA, H/ ACA Box 15

SNP Single nucleotide polymorphism

SUMF2 Sulfatase Modifying Factor 2

T Thymine

TF Transcription factor

TGFo Transforming growth factor alpha

TNP1 Transition protein 1

TP53 Tumor protein P53

TSG Tumour suppressor gene

TUBBP6 Tubulin Beta Class | Pseudogene 6

UCSC University of California Santa Cruz

UICC Union for International Cancer Control

VEGF Vascular endothelial growth factor

VICTOR Vioxx in Colorectal Cancer Therapy: Definition of Optimal Regimen

VITAL VITamins And Lifestyle Study

VOPP1 VOPP1 WW Domain Binding Protein

WBC White blood cell

WHI Women’s Health Initiative

WHO World Health Organization
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XRCC5 X-ray repair cross-complementing protein 5
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Chapter 1

Introduction

1.1 Colorectal cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and fourth highest
cause of cancer-related death worldwide (Brenner et al., 2014). Over the course of the next
decade, the global CRC burden is expected to increase by 60% to more than 2.2 million new
cases and 1.1 million deaths (Arnold et al., 2017). This rise in CRC incidence and mortality
has been attributed to a number of factors including the increasingly ageing population, un-
favourable modern dietary habits and an increase in risk factors such as smoking, low physical
exercise and obesity, particularly in developed countries (Kuipers et al., 2015).

In Europe, nearly 50% of CRC patients will develop metastases over the course of their
disease and approximately 25% of patients present with metastases at initial diagnosis (Van
Cutsem et al., 2014). This can be attributed to CRC often developing without symptoms until
it has reached an advanced stage, which delays diagnosis and therefore negatively influences
patient prognosis (Draht et al., 2018). This contributes to the high mortality rates reported for
the disease; the current five-year survival rate for CRC is approximately 65% (Van Cutsem
et al., 2014). In the UK, there are approximately 41,700 new cases of CRC diagnosed annually,
which equates to approximately 114 new cases every day. There are approximately 16,000
CRC related deaths in the UK every year, an average of approximately 44 per day (Cancer
Research UK, 2018).

In the advanced disease setting, the clinical outcome for Stage IV, or metastatic CRC (mCRC),
patients has improved over the last decade. The median overall survival (OS) of patients with
mCRC treated in phase lll trials and large observational series or registries is 30 months; more
than double that of 20 years ago (Van Cutsem et al., 2016). This improvement may largely be
attributed to an increase in the number of patients being referred for and undergoing surgical
resection, earlier detection of metastatic disease and a more strategic approach towards the
delivery of systemic therapy (Van Cutsem et al., 2016).

However, the average five-year survival rate for CRC patients (65%) is still low in compar-
ison to a number of other cancers including breast (91%), skin (92%) and prostate cancers
(99%) (Miller et al., 2019). The prognosis for early stage CRC patients is generally good, with
survival rates for Stage | and |l patients being 91% and 81%, respectively. This is in stark con-
trast to mCRC patients, for which five-year survival is currently 12% (Miller et al., 2019).

It is clear that more research is required in order to help improve the prognosis of patients with
mCRC. CRC is a heterogeneous disease (Hanahan and Weinberg, 2011), and the molecular
mechanisms underlying CRC development are clinically important because they are related to
the prognosis and treatment response of the patient (Brenner et al., 2014).
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Genetic prognostic and predictive markers for CRC can be of both a somatic (acquired) (Kara-
petis et al., 2008; Walther et al., 2009) and germline (inherited) nature (Lynch and de la
Chapelle, 2003; Jasperson et al., 2010). Currently, one of the primary goals of CRC research
is to translate knowledge of genetic biomarkers into diagnostic tools that can aid in the clinical
management of the disease (Bacolod and Barany, 2011). Novel genetic prognostic biomarkers
may therefore lead to a more effective way of combating CRC (Bacolod and Barany, 2011) and
it is imperative that further research into novel prognostic biomarkers is conducted. This may
aid clinicians in treating patients in the most effective way and ultimately improve the prognosis
of patients with mCRC.

1.1.1 Staging of CRC

The gold standard for classifying patients with cancer, defining prognosis and determining the
best treatment approaches is the American Joint Committee on Cancer (AJCC) staging manual,
currently in its 8th edition (Amin et al., 2017). Using this staging system, colorectal cancers
are classified according to invasion depth (T stage), lymph node involvement (N stage) and
presence of distant metastases (M stage) (Table 1.1).
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Table 1.1: Tumour, node and metastasis (TNM) classification of colorectal cancer.

Local invasion depth (T stage)

Tx No information about local tumour infiltration available

Tis Tumour restricted to mucosa, no infiltration of lamina muscularis mucosae
(carcinoma in situ)

TH1 Infiltration through lamina muscularis mucosae into submucosa, no infil-
tration of lamina muscularis propria

T2 Infiltration into, but not beyond, lamina muscularis propria

T3 Infiltration into subserosa or non-peritonealised pericolic or perirectal tis-
sue, or both; no infiltration of serosa or neighbouring organs

T4a Infiltration of the serosa

T4b Infiltration of neighbouring tissues or organs

Lymph node involvement (N stage)

NXx No information about lymph node involvement available

NO No lymph node involvement

Nia Cancer cells detectable in one regional lymph node

N1ib Cancer cells detectable in two to three regional lymph nodes

Nic Tumour satellites in subserosa or pericolic or perirectal fat tissue, regional
lymph nodes not involved

N2a Cancer cells detectable in four to six regional lymph nodes

N2b Cancer cells detectable in seven or more regional lymph nodes

Presence of distant metastases (M stage)

Mx No information about distant metastases available

MO No distant metastases detectable

M1ia Metastasis to one distant organ or distant lymph nodes

M1b Metastasis to more than one distant organ or set of distant lymph nodes
or peritoneal metastasis

Mic Metastasis to the peritoneal surface

Adapted from Brenner et al., 2014.

The stages described in Table 1.1 are combined into an overall CRC stage definition (Table
1.2), upon which therapeutic decisions are based (Brenner et al., 2014).



CHAPTER 1. INTRODUCTION

Table 1.2: Pathological staging of colorectal carcinoma, AJCC 8th Edition.

Stage T stage N stage M stage
Stage 0 Tis NO MO
Stage | T1-T2 NO MO
Stage T3-T4 NO MO
Stage lIA T3 NO MO
Stage 1I1B T4a NO MO
Stage IIC T4b NO MO
Stage Il Any N+ MO
Stage IlIA T1-T2 N1/Nic MO
T1 N2a MO
Stage IIIB T3-T4a N1/N1c MO
T2-T3 N2a MO
T1-T2 N2b MO
Stage IlIC T4a N2a MO
T3-T4a N2b MO
T4b N1-N2 MO
Stage IV Any Any M+
Stage IVA any T any N Mia
Stage IVB any T any N M1b
Stage IVC any T any N Mic

Adapted from Brenner et al., 2014.

The primary role of the staging system used in the AJCC staging manual is seen by many as
a standardised classification system of evaluating cancer at a population level in terms of the
extent of disease (Amin et al., 2017). For decades, this staging system has been successfully
deployed worldwide by the AJCC and its partner, the Union for International Cancer Control
(UICC), and is the principal classifying system for patients with solid tumours (Kattan et al.,
2016). This staging system is widely accepted due to its simplistic categorical nature, and the
fact it is clinically useful to apply in patient management because it is associated with overall
survival (Kattan et al., 2016). Stage IV CRC is also referred to as mCRC. The majority of
patients with mCRC are beyond curative therapy, and instead are treated with palliative care
(Van Cutsem et al., 2014).
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1.2 Colorectal tumourigenesis

1.2.1 Causes of colorectal tumourigenesis

Unlike other commonly diagnosed cancers, no single risk factor accounts for the majority of
CRC cases (Brenner et al., 2014). Colorectal tumourigenesis is caused by a number of con-
tributory elements, including dietary and lifestyle factors (Kuipers et al., 2015) as well as genetic
factors such as somatic and germline mutations (Lynch and de la Chapelle, 2003; Karapetis
et al., 2008; Jasperson et al., 2010; Fearon, 2011). The most significant dietary and lifestyle
risk factors for CRC have long been considered to be a diet consisting of high amounts of unsat-
urated fats and red meat, high total energy intake, excessive alcohol consumption and reduced
physical activity (Potter, 1999; Slattery, 2000; Huxley et al., 2009). A family history of CRC
(Lynch and de la Chapelle, 2003), inflammatory bowel disease (Jess et al., 2012) and cigarette
smoking (Liang et al., 2009) have also been identified as risk factors for the development of
CRC. Contrastingly, some factors have been shown to have a protective effect against CRC de-
velopment, such as non-steroidal anti-inflammatory drugs, oestrogen and calcium (Hawk and
Levin, 2005).

Significant progress has been made in the identification of molecular mechanisms underly-
ing both inherited CRC syndromes and sporadic CRC development (Fearon, 2011). Inherited
CRC syndromes account for ~3-5% of all occurrences of CRC (Lynch and de la Chapelle,
2003; Jasperson et al., 2010). The most common familial syndromes predisposing to CRC
development include familial adenomatous polyposis (FAP) (Fearnhead et al., 2001), MUTYH-
associated polyposis (MAP) (Al-Tassan et al., 2002) and Lynch syndrome (Hereditary Non-
Polyposis Colorectal Cancer, HNPCC) (Lynch and de la Chapelle, 2003). Despite strong hered-
itary components, the majority of CRCs develop sporadically over several years, sometimes
decades via an accumulation of somatic alterations (Brenner et al., 2014).

1.2.2 Cancer genes

Two distinct types of genetic defect initiate colorectal tumourigenesis; alterations that lead to
novel or increased function of oncogenes and alterations that lead to the loss of function of
tumour-suppressor genes (TSGs) (Fearon, 2011). An oncogene is a gene which when mutated
will become constitutively active (e.g. continually transcribed), or will cause the resultant mutant
protein to become active when the wild type would not normally be. An activating somatic
mutation in only one allele of an oncogene is generally all that is required in order for constitutive
activation to occur (Knudson, 1997; Fearon, 2011). Oncogenes can become activated through
a variety of causes including chromosomal translocations (caused by chromosomal instability,
CIN), intragenic mutations of residues that are critical in regulating the activity of the resulting
proteins, and gene amplifications (Vogelstein and Kinzler, 2004). Examples of oncogenes that
are often mutated during colorectal tumourigenic processes are KRAS and BRAF, both of which
are commonly mutated as part of the adenoma—carcinoma sequence (Fearon and Vogelstein,
1990; Fearon, 2011), described in Chapter 1.2.3.2.
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TSG mutations contribute to tumourigenesis in the opposite way to those of oncogenes. The
mutation of a TSG normally leads to reduced activity of the mutant protein. Causes of this
inactivity include mutations that result in protein truncation, deletions or insertions (indels),
missense mutations at residues that are essential for the activity of the protein, or epigenetic
silencing (Vogelstein and Kinzler, 2004). An example of a TSG commonly inactivated in CRC
is Adenomatous Polyposis Coli (APC). APC is possibly the most important TSG inactivated in
CRC, as approximately 80% of sporadic CRCs contain biallelic APC mutations (Powell et al.,
1992; Miyoshi et al., 1992; Fearnhead et al., 2001). The loss of APC function occurs early
during the progression towards malignancy, and is one of the initiating steps of CRC (Groden
et al., 1991; Powell et al., 1992).

Generally, mutations in both alleles of a TSG are required in order for inactivation to occur
(i.e. they act in a recessive fashion) (Knudson, 1996; Fearon, 2011). In the case of sporadic
CRC, these mutations are both somatic. This is in contrast to inherited CRC predisposition
syndromes; for example in FAP, patients carry a germline mutation in APC and subsequently
acquire a somatic mutation affecting the other APC allele, which initiates early-onset colorectal
tumourigenesis (Fearnhead et al., 2001). This concurs with the two hit hypothesis proposed by
Knudson (Knudson, 1996), as shown in Figure 1.1.
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Figure 1.1: The two-hit hypothesis of tumourigenesis. In the case of sporadic CRC, two
separate somatic alterations (either single nucleotide variations or loss of heterozygosity) are
required to cause the loss of gene function that leads to tumourigenesis (one per allele). In the
case of inherited CRC, every cell contains one germline mutation in the first allele; therefore
only one somatic mutation is required for loss of gene function and progression to tumour
formation (adapted from Knudson, 1996).

1.2.3 Genomic instability and pathways of colorectal tumourigenesis

1.2.3.1 Genomic instability

Genomic instability is a characteristic of almost all human cancers, resulting from mutations
in DNA repair genes and driving cancer development (Negrini et al., 2010; Sansregret et al.,
2018). Approximately 65—70% of CRCs present with CIN (Swanton et al., 2006; Walther et al.,
2009; Turajlic et al., 2019), which describes the high frequency at which the chromosomes in
cancer cells change in structure and number over time compared to normal cells (Negrini et al.,

2010; Sansregret et al., 2018).
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Abnormal structures and numbers of chromosomes and abnormal mitoses associated with CIN
cause genetic alterations to occur, which can lead to tumourigenesis (Walther et al., 2008).
CIN occurs due to a number of genetic changes that involve the activation of oncogenes (e.g.
KRAS), and the inactivation of TSGs such as APC (Fearnhead et al., 2001; Swanton et al.,
2006; Sansregret et al., 2018).

The second most common type of genomic instability is microsatellite instability (MSI). Mi-
crosatellites are short, repetitive DNA sequences found throughout the genome, which are
prone to mutations such as indels and frameshifts (Sinicrope and Sargent, 2012). MSl is a char-
acteristic of the hereditary disorder Lynch syndrome (Lynch and de la Chapelle, 2003), and is
also found in approximately 15% of sporadic CRCs (Peltomaki, 2001; Haydon and Jass, 2002;
Popat et al., 2005; Sinicrope and Sargent, 2012). MSI can develop as a result of mutations or
epigenetic inactivation of DNA mismatch repair (MMR) genes (Peltomaki, 2001; Sinicrope and
Sargent, 2012). MSI-positive tumours tend to occur mainly in the proximal colon (Popat et al.,
2005).

A small number of CRCs show signs of genomic instability characterised by epigenetic
silencing events involving neither CIN nor MSI, but a mechanism referred to as CpG Island
Methylator Phenotype (CIMP) (Esteller, 2008; Dahlin et al., 2010). It should be noted that
these three subtypes are not necessarily mutually exclusive and have been observed to overlap
(Ogino et al., 2009).

1.2.3.2 The adenoma-carcinoma sequence

The adenoma-carcinoma sequence describes the process underlying CRC development
(Fearon and Vogelstein, 1990; Fearon, 2011). The sequence begins with the formation of an
adenoma from normal epithelial cells, normally through the acquisition of biallelic inactivating
mutations in APC. Subsequent mutations in a combination of oncogenes and TSGs then cause
the early adenoma to develop into an intermediate, then late adenoma, before eventually pro-
gressing to a carcinoma (Figure 1.2).
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Figure 1.2: Colorectal tumourigenesis. Tumourigenesis follows a series of neoplastic
changes resulting in the transformation of normal epithelium to aberrant crypt focus (ACF),
early, late adenoma and invasive carcinoma (adapted from Walther et al., 2009 and Hanahan
and Weinberg, 2011).

1.2.3.3 The Adenomatous Polyposis Coli gene

The APC gene encodes a large protein that plays an important role in the canonical Wnt sig-
nalling pathway. Germline APC mutations cause the dominant disease FAP (Fearnhead et al.,
2001; Lynch and de la Chapelle, 2003), characterised by hundreds to thousands of adeno-
matous polyps in the large intestine and, if left untreated, inevitable development of CRC at
a young age. Biallelic somatic mutations in APC are evident in approximately 80% of cases
of sporadic CRC (Fearnhead et al., 2001). Mutations in APC occur early in CRC tumourige-
nesis (Powell et al., 1992) (Figure 1.2) and usually cause a truncation of the resulting protein,
impacting its function as a negative regulator of canonical Wnt signalling.
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1.2.3.4 The Epidermal Growth Factor Receptor (EGFR) signalling pathway

The EGFR signalling pathway is an important pathway that regulates cell growth and survival,
and is central to human tumourigenesis; the function of EGFR is altered in a number of ep-
ithelial tumours, including CRC (Cardo-Vila et al., 2010; Bertotti et al., 2015). The EGFR sig-
nalling pathway is activated upon a ligand binding to the receptor. Although there are eight
known ligands for EGFR, the majority of research into the signalling cascade post-ligand ac-
tivation is focused on the effects of just two; epidermal growth factor (EGF) and transforming
growth factor alpha (TGFa) (Henriksen et al., 2013). EGFR can also be activated by ligand-
independent mechanisms, which can result in a variety of signalling outcomes. In the case
of ligand-dependent EGFR activation, once a ligand has bound to the receptor, a number of
signal transduction pathways downstream of the receptor are activated that initiate cellular pro-
liferation or survival responses due to expression of EGFR target effectors, including the RAS-
RAF-MEK-ERK cascade (otherwise known as the mitogen-activated protein kinase, or MAPK
pathway) which includes KRAS, BRAF and NRAS, as well as phosphoinositide-3-kinase (PI3K)
pathways (Huels et al., 2018) (Figure 1.3A).

Numerous mechanisms lead to the aberrant activation of EGFR signalling in cancer, includ-
ing receptor mutation and overexpression as well as ligand-independent activation (Mendel-
sohn and Baselga, 2006). This aberrant behaviour plays a key role in the development and
growth of tumour cells (Yarden, 2001). The EGFR signalling pathway is up-regulated in 60—
80% of mCRCs (Goldstein and Armin, 2001), therefore anti-EGFR inhibiting targeted therapies
are commonly used for the treatment of MCRC patients (Van Cutsem et al., 2014, 2016).

10
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1.3 Treatment of CRC

1.3.1 Cytotoxic agents

Clinical practice currently employs a combination of surgery and/or radiotherapy and chemother-
apy in the treatment of CRC (Kuipers et al., 2015). In the case of mMCRC, the backbone of first-
line palliative chemotherapy (either administered alone or in combination with targeted agents)
consists of a fluoropyrimidine (FP) either in the form of intravenous 5-fluorouracil (5-FU) or the
oral FP capecitabine in various combinations and schedules (Douillard et al., 2000; de Gramont
et al., 2000; Van Cutsem et al., 2014).

Combination chemotherapies comprised of this backbone include FOLFOX (or oxaliplatin
modified de Gramont; OxMdG); a combination of 5-FU, folinic acid (leucovorin) and oxaliplatin
administered intravenously, FOLFIRI; a combination of 5-FU, leucovorin and irinotecan admin-
istered intravenously; and CAPOX (or XELOX); a combination of intravenously administered
oxaliplatin and the orally administered FP capecitabine (Cassidy et al., 2004; Madi et al., 2012;
Van Cutsem et al., 2014). These drugs are cytotoxic (i.e. they are toxic to cells), and are there-
fore administered with the intention to damage and potentially kill rapidly dividing tumour cells.
Unfortunately these therapies are not tumour-specific, therefore causing damage not only to
cancer cells, but to healthy tissue as well. Side effects of these treatments can include severe
nausea, vomiting, and diarrhoea as well as immunosuppression, hair loss, skin rashes and
fatigue (Madi et al., 2012; Chionh et al., 2017).

1.3.2 Biological targeted agents

Biological targeted therapies are also used in combination with chemotherapy in order to im-
prove the outcome of mMCRC patients, which take into account the molecular genetic back-
ground of a patient’s tumour and provide a significant step towards personalised treatment (Van
Cutsem et al., 2014). MoABs target specific receptors in signalling pathways commonly dys-
regulated in mCRC; such as bevacizumab for the vascular endothelial growth factor (VEGF)
signalling pathway (Tol et al., 2009; Simkens et al., 2015) and cetuximab for the EGFR sig-
nalling pathway (Maughan et al., 2011; Smith et al., 2013) (Figure 1.3A). In the case of EGFR,
the moAB binds to the receptor, preventing ligands such as TGFo and EGF from binding,
thus inhibiting downstream signalling and preventing hyperactive cell proliferation (Smith et al.,
2013) (Figure 1.3B).

Side effects of these treatments can include hypomagnesaemia and allergic responses such
as infusion reactions and acneiform rashes (Wolpin and Mayer, 2008). MoABs can improve
both overall as well as progression-free survival (PFS), while also preserving the quality of life
of CRC patients that do not respond to chemotherapy (Karapetis et al., 2008). Generally, a
combination of cytotoxics and biological targeted treatments produce a higher median survival
rate, although this comes at the cost of a more complicated management of treatment-related
side effects than the administration of moAB monotherapy alone (Van Cutsem et al., 2014).

12
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1.3.2.1 Somatic RAS mutations and the efficacy of anti-EGFR therapies

Despite the reduction of tumour proliferation achieved by moABs, some groups of mCRC pa-
tients do not benefit from these treatments due to somatic mutations in genes involved in the
respective targeted signalling pathways (Amado et al., 2008; Karapetis et al., 2008; De Roock
et al., 2010a). Examples of this are the KRAS and NRAS (RAS) genes, which are mutated
in ~40% and ~4% of mCRC tumours, respectively (Smith et al., 2013). A somatic activating
RAS mutation will cause the signalling cascade to activate downstream from this point, and
thus uncontrolled cell proliferation can continue irrespective of whether a moAB has bound to
the receptor, rendering the treatment ineffective (Amado et al., 2008; Karapetis et al., 2008; De
Roock et al., 2010a). Consequently, cetuximab benefits only those patients with RAS wild type
tumours, and therefore is only administered to this patient group in clinical practice (Amado
et al., 2008; Karapetis et al., 2008; De Roock et al., 2010b; Van Cutsem et al., 2014, 2016).

1.3.3 Clinical trials in CRC

The efficacy of CRC treatment regimens are tested in clinical trials to determine whether a
certain drug, or combination of drugs, performs better than another. There have been nu-
merous clinical trials that tested the efficacy of standard chemotherapies and targeted agents
for CRC. A number of these trials collected formalin fixed, paraffin embedded (FFPE) tumour
and/or blood samples from consenting patients, which can be used for translational research
into patient response to treatment and survival (Maughan et al., 2011; Smith et al., 2013). This
project used patient samples from the COIN (COntinuous versus INtermittent) and COIN-B
trials, which are described in detail in Chapter 2.1. A number of clinical trials assessing the
efficacy of the most commonly administered CRC treatments are shown in Table 1.3.

13
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Table 1.3: Clinical trials of commonly administered CRC treatments.

Trialname N Treatment Tumour Blood Reference
ADD- 2600* As Yes Yes Coyle et al. 2016
ASPIRIN’
CAIRO™M 820 Ca, I, 0O No No Koopman et al. 2007
CAIRO2M 529 Ca, O, B, Ce Yes No Tol et al. 2009
CAIRO3™M 558 Ca, B, O No No Simkens et al. 2015
CAIRO4™ 360 Fp,B No No t Lam-Boer et al. 2014
CAIRO5™™ 640" Ff, Fx, B, Pa Yes No Huiskens et al. 2015
COIN™ 2445 O, Fp, Ce, Yes Yes Maughan et al. 2011
Fl, Fo, Ca
COIN-BM 226 Ce, Fx Yes Yes Wasan et al. 2014
CORGI-L™ 47 Ca, O No No Gunnlaugsson et al. 2009
CRYSTAL™ 1198  Ff Yes No Van Cutsem et al. 2015
FOCUS™ 2135 FL 1,0 No No Seymour et al. 2007
FOCUS2™ 459 O, FI, Ca No No Seymour et al. 2011
FOCUS3™ 240 [, Fl, O, Ce, Yes No Maughan et al. 2014
Be
FOCUS4'™ 4730+ As, Ca, Pa Yes No Kaplan et al. 2013
FOXTROT 150 O, Fo, FI, Pa Yes No Foxtrot Collaborative Group 2012
MODUL'™  1400* Fx, B,Ce, At,  Yes Yes Schmoll et al. 2018
Ca, T, Pe, Co
MOSAIC 2246 Ox, FI, Le No No Andre et al. 2004
opPuUsSM 315 Ce, Fx Yes No Bokemeyer et al. 2011
PICCOLO™ 1198 Pa,l,Ci Yes No Seymour et al. 2013
PRIMEM 1183 Fx, Pa Yes No Douillard et al. 2010
QUASAR 3239 Fl, Fo, L No No Gray et al. 2007
QUASAR 2 4855 B, Ca No No Rosmarin et al. 2014
SCOT 6088 Fx, Ca, O No No Iveson et al. 2018
SOFTM 512 B, Fx, S No No Nakamura et al. 2015
TRANSSCOT 6144  Fx, Ca, O Yes Yes Engelmann et al. 2016
VICTOR 2434 R Yes No Midgley et al. 2010

N: Sample size. Tumour: FFPE tumour tissue collected. Blood: Blood DNA collected. As: Aspirin, At: Atezolizumab,

B: Bevacizumab, Ca: Capecitabine, Ce: Cetuximab, Ci: Ciclosporin, Co: Cobimetinib, Ff: FOLFIRI, FI: Fluorouracil,

Fo: Folinic acid, Fp: Fluoropyrimidine, Fx: FOLFOX, I: Irinotecan, L: Levamisole, Le: Leucovorin, O: Oxaliplatin,

Pa: Panitumamab, Pe: Petuzumab, R: Rofecoxib, S: SOX, T: Trastuzumab, V: Vemurafenib. All trials conducted in

adjuvant disease unless otherwise stated. ™: Trial conducted in metastatic disease. " Trial on-going.”: Estimated

sample size.
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1.4 Factors influencing CRC prognosis

The prognosis of patients with CRC is highly dependent on the AJCC stage of the tumour at
diagnosis (Walther et al., 2009). Patients who present with advanced disease generally have an
inferior prognosis to those diagnosed at an earlier stage; the average five-year relative survival
rate for mCRC (Stage V) patients being 12%, compared to 91% and 82% for Stage | and Il
CRC patients, respectively (Miller et al., 2019). Relative survival also decreases with age, and
at younger ages is slightly higher for women than for men (Brenner et al., 2014).

In terms of MCRC patients, other clinical parameters such as performance status (PS), al-
kaline phosphatase (ALKP) levels, white blood cell (WBC) count and number of metastatic sites
have been reported to influence prognosis (Kohne et al., 2002). Due to their roles in numerous
metastatic processes (Li, 2016), platelet counts are also intrinsically linked to CRC prognosis.
Other factors that impact prognosis include increased central adiposity and a lack of regular
physical activity prior to diagnosis (Haydon et al., 2006), systemic inflammatory response to
the tumour (Leitch et al., 2007) and the tumour’s immunologic environment (the type, density
and location of immune cells within the tumour) (Galon et al., 2006).

A number of somatic factors have been shown to affect prognosis and response to treatment,
and are used in clinical practice as prognostic and/or predictive biomarkers for the manage-
ment of CRC patients (Labianca et al., 2013; Van Cutsem et al., 2014, 2016). RAS mutations
have been shown to confer poor prognosis (Richman et al., 2009; Eklof et al., 2013; Schirripa
et al., 2015) and are a negative predictive biomarker for therapeutic choices involving EGFR
moAB therapies for mMCRC (Amado et al., 2008; Karapetis et al., 2008; Douillard et al., 2013).
RAS mutations are therefore recommended for testing as a predictive biomarker in the clinical
management mCRC patients (Van Cutsem et al., 2014, 2016).

BRAF mutations confer a poor prognosis and are a prognostic marker in the clinical man-
agement of mMCRC (Richman et al., 2009; Tran et al., 2011; Van Cutsem et al., 2011, 2016).
Moreover, BRAF mutations are frequently associated with MSI (Venderbosch et al., 2014),
which also was shown to confer a poor prognosis in mCRC patients (Tran et al., 2011; Maughan
et al., 2011; Venderbosch et al., 2014). MSI is a predictive biomarker for the use of immune
checkpoint inhibitors in the treatment of patients with mCRC (Van Cutsem et al., 2016). MSl is
associated with good prognosis in earlier stages of CRC (Popat et al., 2005; Bertagnolli et al.,
2009; Hutchins et al., 2011; Lochhead et al., 2013) and is used as a prognostic marker in the
management of Stage Il CRC patients (Labianca et al., 2013).

While a number of somatic biomarkers have been established, there are far fewer instances
of validated germline biomarkers for CRC prognosis. This is potentially often due to small
sample sizes, the selection of unsuitable candidates or the lack of an independent validation
cohort to verify the findings of the original study (Smith et al., 2015; Phipps et al., 2016). The
first commonly inherited germline variant robustly associated with survival in mCRC is the SNP
rs9929218 (169g22.1), intronic to the CDH1 gene, which encodes for E-cadherin.
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Patients homozygous for the minor allele showed significantly poorer survival as compared to
those who where heterozygous or homozygous for the major allele (HR 1.28, 95% CI 1.14-
1.43, P=2.2x107) through a candidate gene study (Smith et al., 2015). One further SNP of
prognostic significance in CRC has also been validated, rs209489 (6p12.1), intronic to the
ELOVL5 gene, which encodes the fatty acid elongase ELOVLS5. The minor allele of rs209489
was shown to be associated with a significantly poorer prognosis (HR 2.00, 95% CI 1.50-2.50,
P=3.7x10?) through a genome-wide association study (GWAS) (Phipps et al., 2016).

Table 1.4: Factors shown to influence CRC prognosis.

Factor

Reference(s)

Clinical factors

AJCC stage at diagnosis*

Age at diagnosis

Sex

ALKP levels

WBC count

Preoperative platelet count
Obstruction and perforation at pre-
sentation

Number of metastatic sites
Resection status of primary tumour
WHO PS

Amin et al. 2017; Miller et al. 2019
Brenner et al. 2014

Majek et al. 2013; Brenner et al. 2014
Kohne et al. 2002

Kohne et al. 2002

Wan et al. 2013

Steinberg et al. 1986

Kohne et al. 2002
Faron et al. 2015
Kemeny and Braun Jr. 1983; Kohne et al. 2002

Somatic factors

KRAS mutations*
BRAF mutations*
NRAS mutations*
MSI (early stage)*

MSI (late stage)

PIK3CA mutations

TP53 mutations

Loss of heterozygosity at 18q
SMADA4 protein and mRNA levels
CIN

CIMP

Andreyev et al. 1998, 2001; Eklof et al. 2013
Richman et al. 2009; Tran et al. 2011

Schirripa et al. 2015

Popat et al. 2005; Bertagnolli et al. 2009; Hutchins
et al. 2011; Lochhead et al. 2013

Tran et al. 2011; Smith et al. 2013

Ogino et al. 2009

Russo et al. 2005; Munro et al. 2005

Ogunbiyi et al. 1998

Alhopuro et al. 2005

Walther et al. 2008

Samowitz et al. 2005; Barault et al. 2008; Ogino et al.
2009
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Germline factors

rs9929218 genotype Smith et al. 2015
rs209489 genotype Phipps et al. 2016

AJCC: American joint Committee on Cancer. CIN: Chromosomal instability. MSI: Microsatellite instability.
CIMP: CpG island methylator phenotype. ALKP: Alkaline phosphatase. WBC: White blood cell. WHO: World
Health Organization. PS: Performance status. *: Currently in use as a prognostic factor in the clinical setting.

*: Currently in use as a predictive marker for anti-EGFR therapy.

1.4.1 Emerging biomarkers

A number of biomarkers are emerging beyond RAS mutational status that may impact on the
response to EGFR-targeted therapies (Van Cutsem et al., 2016). These include HER2, MET
and KRAS gene amplification, ligands such as TGFa, amphiregulin and epiregulin, EGFR mu-
tations and alterations/mutations in HER3, PIK3CA and PTEN (Van Cutsem et al., 2016). Re-
cent studies have identified that DNA polymerase epsilon POLE proofreading domain muta-
tions might define a subset of cancers, including CRC (Palles et al., 2013) and endometrial
cancer (Church et al., 2015), that display a particularly favourable prognosis (Domingo et al.,
2016). Somatic mutations of the POLE proofreading domain may therefore be a promising
candidate biomarker for CRC (Domingo et al., 2016).

1.5 Genome-wide association studies (GWASSs)

Until recently, the search for germline factors that affect CRC prognosis focused predominantly
on candidate genes functioning within the pharmacological pathways of the chemotherapeutic
agents used in the treatment of CRC (Smith et al., 2015). The limited robustness from prior
studies may partly reflect the shortcomings of a candidate gene-based approach (the pathways,
genes and SNPs most relevant to and most robustly associated with CRC prognosis may not
have a previously understood role in CRC progression and survival) (Phipps et al., 2016). The
advent of GWAS enabled researchers to look beyond the candidate gene approach and anal-
yse the whole human genome in order to identify any heritable genetic variants associated with
disease susceptibility and prognosis (Hirschhorn and Daly, 2005). The GWAS approach there-
fore represents an unbiased and comprehensive option that can be performed in the absence
of convincing evidence regarding the location or function of the causal genes (Hirschhorn and
Daly, 2005).

Genetic information obtained by genome mapping projects such as the International HapMap
Project (Frazer et al., 2007) and the 1000 Genomes Project (Abecasis et al., 2012) have en-
abled GWAS analyses to determine associations between SNPs and traits that were previously
impossible to identify. From a clinical standpoint, this information could serve to improve the
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understanding of the biology of disease and thus potentially result in disease prevention or the
development of more effective treatments (Visscher et al., 2017).

For over a decade, GWASs have been successful in finding germline variants associated
with a phenotype of interest for a wide variety of diseases, including schizophrenia, type Il
diabetes and cystic fibrosis (Bush and Moore, 2012). Significant associations have also been
identified for the development of a number of cancers, such as breast (Easton et al., 2007;
Haiman et al., 2011), lung (Hu et al., 2011; Lan et al., 2012), gastric (Shi et al., 2011), prostate
(Thomas et al., 2008) and colorectal cancers. To date, 79 SNPs have been associated with
susceptibility to CRC through GWAS analyses (Law et al., 2019).

1.5.1 Underlying concepts of GWAS design
1.5.1.1 Single nucleotide polymorphisms (SNPs)

A SNP is a single base-pair change in the DNA sequence that has a minor allele frequency
(MAF) greater than 1% in at least one population (Risch, 2000; Erichsen and Chanock, 2004).
While the majority of SNPs are ‘silent’ and do not alter the expression of a gene (Erichsen and
Chanock, 2004), in some instances SNPs can have an impact on gene expression, known as
expression quantitative trait loci (eQTLs, described further in Chapter 1.6.1.2) (Abecasis et al.,
2010). SNPs can also cause other functional consequences including amino acid changes,
changes to mRNA transcript stability and transcription factor (TF) binding affinity (Griffith et al.,
2008). SNPs are therefore used as markers of genomic regions in GWASs in order to ascertain
the heritable quantitative traits that are risk factors for disease susceptibility and prognosis
(Hirschhorn and Daly, 2005).

1.5.1.2 The ‘common disease, common variant’ (CD/CV) hypothesis

The CD/CV hypothesis states that common disorders are likely to be caused by genetic variants
that are also common in the population (Bush and Moore, 2012). Following this hypothesis, a
number of consequences emerge for the study of complex disease. Firstly, if common variants
influence disease, the effect size for a single variant must be small relative to those found in
rare disorders. This in turn means that the allele frequency and the prevalence of disease in
the population are correlated, thus common variants cannot have large effect sizes (Bush and
Moore, 2012). Secondly, if common alleles have modest effect sizes, but common disorders are
heritable, it is suggested that common disease susceptibility results from the combined action
of several common variants, meaning unrelated affected individuals share a significant amount
of disease alleles (Wang et al., 2005). The allele frequencies of the variants analysed and
their phenotypic effect sizes are therefore intrinsically linked to the potential statistical power of
a GWAS, and thus ultimately the success of the study based on a pre-specified sample size
(Wang et al., 2005).
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Figure 1.4: The spectrum of disease allele effects. The concept of disease association is
often thought of in terms of MAF and effect size. Alleles with high penetrance for Mendelian
disorders are extremely rare and have large effect sizes (top left corner), while the majority of
findings from GWASSs are associations of common SNPs with small effect sizes (bottom right
corner). The diagonal lines represent the majority of discovered genetic associations (adapted
from Bush and Moore, 2012).

1.5.1.3 Linkage disequilibrium (LD)

LD describes the non-random association between alleles at two different loci on the same
chromosome (Slatkin, 2008) and is variable across the genome and different populations in a
complex and unpredictable way (Hirschhorn and Daly, 2005). LD is based upon the concept of
chromosomal linkage, where two markers on a chromosome remain physically joined through
generations of recombination events (Bush and Moore, 2012). There are two measures of LD;
D’ and r2. Generally, D’ is used in population genetics, whereas r? is informative in association
studies because it is inversely proportional to the sample size required for detecting disease
association given a fixed genetic risk (Wang et al., 2005). The r2 value is a statistical measure
of correlation, scaled between 0 and 1. A high r2 for two SNPs indicates that one allele of the
first SNP is often observed with one allele of the second SNP; and as such the two SNPs are in
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high LD with each other. In the case of high LD between two SNPs, only one of the two SNPs
needs to be genotyped in order to capture the allelic variation of both. A high r? value can
only be obtained if the alleles of two SNPs are correlated, occur on the same ancestral hap-
lotype and have a similar MAF (Wang et al., 2005), which is why GWASs using common SNP
arrays are often underpowered when attempting to detect associations of rare causal markers
(Visscher et al., 2017). Utilising LD information prevents the genotyping of SNPs that would
provide redundant information, and hence is often exploited to optimise GWAS analyses (Bush
and Moore, 2012). Using data from the International HapMap project, it has been shown that
a subset of between 500,000 to 1,000,000 SNPs across the genome should be sufficient to
capture over 80% of commonly occurring SNPs in European populations (Li et al., 2008).

The presence of LD confers two potential outcomes regarding a SNP that has been found
to be significantly associated with a phenotype. Either the SNP influencing the biological sys-
tem that ultimately leads to the phenotype has been directly genotyped in the study and found
to be statistically associated with the trait (known as direct association), or the influential SNP is
not directly genotyped, but instead a tag SNP in high LD with the influential SNP is genotyped
and statistically associated with the phenotype (known as indirect association) (Hirschhorn and
Daly, 2005). Therefore, a SNP that has been found to be significantly associated with a trait
through a GWAS should not automatically be assumed to be the causal SNP. Once an asso-
ciated allele is discovered, a critical next step is to define causal allele through fine-mapping
(Raychaudhuri, 2011). Following the CD/CV hypothesis, a panel of 500,000 to 1,000,000 SNPs
will identify any common SNPs that are associated with common phenotypes. In order for this
to be done efficiently and cost-effectively, state-of-the-art genotyping technology is required
(Bush and Moore, 2012). Chip-based microarrays allow over a million SNPs to be tested for
association, although the vast majority of these SNPs will not have been directly genotyped.
The imputation of SNPs that have not been directly genotyped is a key underlying concept of
GWAS study design that is a cost-effective way of producing the vast number of SNPs required
to perform a successful GWAS.

1.5.2 Genotype imputation

Genotype imputation is the process of predicting genotypes that are not directly assayed in a
sample of individuals. The imputation of unobserved SNPs can recover some of the genetic
data lost due to imperfect LD between observed genotypes and causal variants (Visscher et al.,
2017). This process uses a fully sequenced reference panel of haplotypes at a dense set of
SNPs to impute genetic information into a study sample of individuals that have been genotyped
at a subset of the SNPs. These in silico genotypes greatly increase the number of SNPs that
can be tested for association. There are many benefits of genotype imputation in GWASSs, such
as increasing the statistical power of the study, enabling fine-mapping of the causal variant and
facilitating meta-analysis of the data (Marchini and Howie, 2010). Figure 1.5 highlights the
fundamental process of genotype imputation.
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Figure 1.5: Genotype imputation. A: Genotyped data; missing data exists at untyped SNPs
(shown by question marks, highlighted blue), B: Reference panel of haplotypes, C: Haplotypes
from the genotyped data, phased with haplotypes from the reference panel, D: Imputed data,
obtained from using the reference haplotypes to create the imputed genotypes (highlighted red)
(adapted from Marchini and Howie, 2010).

Figure 1.5 shows how haplotype phasing (the estimation of missing haplotype information)
through the use of a reference panel of fully sequenced SNPs can be used to obtain a set of
imputed genotypes. However, Figure 1.5 is a somewhat simplified description of the process.
In reality, there exists a level of uncertainty regarding the imputation of genotypes, and a prob-
ability distribution across all three possible genotypes is produced (Marchini and Howie, 2010).
The commonly used imputation software IMPUTEv2 (Howie et al., 2009) reports this as an in-
formation metric known as info score, which takes a value between 0 and 1. Info score values
close to 1 indicate a high certainty that a SNP has been imputed with the correct genotype
(Zheng et al., 2015). Filtering for info score is often performed to remove poorly imputed SNPs
from GWAS results. SNPs with an info score greater than 0.4 are often considered acceptable
as well-imputed markers (Zheng et al., 2015), although high confidence in imputation fidelity
has been described as an info score of above 0.8 (Huang et al., 2015). Genotype imputation
can reveal many additional associations that are not possible to find using direct genotyping
alone, and as such is now an essential tool for GWAS analyses (Li et al., 2009).
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1.5.3 GWAS study design
1.5.3.1 Case-control and quantitative designs

There are two main types of phenotype that can be analysed using GWAS; categorical (usually
a binary case/control phenotype), or quantitative. Statistically, quantitative traits are generally
preferred as they have superior statistical power to detect genetic effects, and their outcomes
are often easier to interpret (Bush and Moore, 2012).

1.5.3.2 Sample size and statistical power considerations

The selection of an appropriate sample size is a key element of GWAS study design. Accord-
ing to the CD/CV hypothesis, variants that contribute to complex traits are likely to have small
effect sizes, which indicates that a large sample size is crucial if a GWAS is to be successful
in identifying any significant associations (Hirschhorn and Daly, 2005). Another factor that in-
creases the need for a large sample size is the number of tests that are performed during a
GWAS. For a GWAS testing the association of 1,000,000 SNPs, 1,000,000 independent tests
will be performed. Therefore, a correction for multiple testing must be introduced in order to
minimise false positive associations. This leads to the implementation of a genome-wide signif-
icance threshold of P< 5.0x108, which equates to P< 0.05 after using a Bonferroni correction
for 1,000,000 independent tests (Risch and Merikangas, 1996). This genome-wide threshold is
generally considered the de facto standard genome-wide threshold for GWAS analyses (Jannot
et al., 2015). The Bonferroni correction is also the most conservative multiple testing adjust-
ment, although other options, such as the false discovery rate (FDR) and permutation testing
exist. However, the use of a less stringent P-value threshold would require follow-up stud-
ies to be performed in order to differentiate between false positives and genuine associations
(Hirschhorn and Daly, 2005).

The choice of sample size is intrinsically linked to the statistical power of a study. Statistical
power is defined as the probability of correctly rejecting the null hypothesis when a true asso-
ciation is present (or 1—f, where B is the probability of a type Il error) and is subject to factors
outside of the control of an investigator, such as the effect sizes and MAFs of the underlying ge-
netic variants, the history and genetic characteristics of the study population and the accuracy
and completeness of the dataset. However, it is possible to maximise the statistical power of a
study to ensure the best possible chance of obtaining meaningful results through careful selec-
tion of the study subjects, sample size, quality control (QC) methods and statistical analyses
(Sham and Purcell, 2014).

These components of GWAS study design require careful consideration, as a combina-
tion of inadequate statistical power and an insufficiently stringent significance threshold can
increase the number of false positive findings among significant results (Hoggart et al., 2008).
If the power of a study is low, the genome-wide significance level has to be proportionally more
stringent in order to maintain a fixed false positive report probability (FPRP).

22



CHAPTER 1. INTRODUCTION

Associations found to reach genome-wide significance from a more powerful study are more
likely to represent true results than those from a low-powered study (Sham and Purcell, 2014).
Generally, a GWAS with statistical power of above 80% is desired to be confident that any
associations found are genuine. GWASs should always be thoughtfully designed, with care-
ful power calculations determining the optimal choice of genotyping platform and sample size
(Klein, 2007). Figure 1.6 shows the relationship between effect size, MAF and statistical power
for a pre-specified sample size.
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Figure 1.6: Example power curve. For a study with a pre-specified sample size, SNPs with
a higher effect size will have greater statistical power. SNPs with higher minor allele frequency
will also be associated with increased power (adapted from Sham and Purcell, 2014).

1.5.3.3 Underlying genetic analysis models

GWAS data is generally analysed through a series of single-locus statistical tests that exam-
ine each SNP independently for an association with a phenotype. The type of test conducted
depends upon a variety of factors, and statistical tests vary for quantitative and case/control
studies. Case/control studies usually employ contingency table methods or logistic regression,
whereas quantitative traits are generally analysed using generalised linear model (GLM) ap-
proaches such as the analysis of variance (ANOVA), or Cox Proportional Hazards regression
for survival data.
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Regardless of the analysis method used and the trait type analysed, there are a variety of
ways that genetic data can be encoded for association tests, which can have implications for
the statistical power of the study (Bush and Moore, 2012). Allelic association tests analyse the
association between one allele of a SNP and a phenotype, whereas genotypic association tests
analyse the association between the phenotype and a genotype. The genotypes of different
SNPs can also be classified into various genotypic models including additive, dominant and
recessive models. Each of these models makes different assumptions regarding the genetic
effect of the data, although the majority of GWASSs tend to use an additive model. This is be-
cause the additive model has reasonable power to detect both additive and dominant effects,
although it may be underpowered to detect some recessive effects. Multiple models can also
be used to analyse genetic data, with the application of an appropriate correction for multiple
testing (Bush and Moore, 2012).

1.5.3.4 Covariate adjustments

In addition to the selection of an appropriate genotypic encoding scheme, GWASs should be
adjusted for factors that are known to influence the trait of interest (covariates), such as age, sex
and any known clinical influences. Adjusting for these factors reduces the number of spurious
associations due to sampling artifacts or inherent study design biases, although this may impact
the statistical power of the study (Bush and Moore, 2012).

1.5.3.5 Population stratification

One of the most important covariates to consider when designing a GWAS is a measure of
population stratification (otherwise known as population substructure) (Bush and Moore, 2012).
Population stratification describes the existence of several subgroups within a population that
differ in disease prevalence (or for quantitative traits, average trait value), which can cause sys-
tematic bias. If a genetic marker has different frequencies of occurrence within the subgroups,
it can lead to false positive associations (Hirschhorn and Daly, 2005). The ethnicity of a sub-
population can have a dramatic difference in phenotype prevalence, and MAFs are variable
across subpopulations. This can cause an issue when analysing cohorts consisting of multiple
ethnicities, as SNPs specific to a particular ethnicity are likely to be associated to the phenotype
of interest, thus skewing the results (Bush and Moore, 2012).

1.5.4 GWAS quality control

Inadequacies in study design and genotype calling errors can potentially introduce systematic
biases into GWASSs, which can cause an increase in both false positive and false negative
associations (Anderson et al., 2010). QC of genetic data is an important part of a GWAS,
which aims to minimise these potential false discoveries (Pongpanich et al., 2010). GWAS QC
procedures are computationally intensive, operationally challenging and constantly evolving as
best practices continue to be developed (Turner et al., 2011).
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The following steps describe current standard procedures for GWAS QC, which are essential
in order to be as confident as possible that the resulting associations are genuine.

1.5.4.1 SNP call rate filtering

The call rate of a SNP is the proportion of individuals in the study that do not have missing
information for the corresponding SNP. Generally, the SNP call rate of a study is set at 95% (only
SNPs with less than 5% missing information are analysed), although more stringent thresholds
can be used, particularly in the case of smaller sample sizes (Reed et al., 2015).

1.5.4.2 Filtering for deviation from Hardy-Weinberg Equilibrium (HWE)

The Hardy-Weinberg principle explains how random mating produces and maintains a popu-
lation with constant genotypic proportions, also known as Hardy-Weinberg Equilibrium (HWE)
(Stark, 2015). Many GWASSs tend to exclude SNPs that display significant deviation from HWE
as this can be indicative of errors in genotyping or genotype calling (Anderson et al., 2010) or
evidence of the presence of population substructure. While it is not always possible to ascertain
which of these has occurred, it is common practice to assume a genotyping error and remove
any SNPs violating HWE accordingly (Reed et al., 2015).

1.5.4.3 Minor Allele Frequency (MAF) filtering

As mentioned previously, inferring a statistically significant association between a SNP and a
phenotype requires adequate statistical power. A considerable amount of homogeneity at a
given SNP across patients in a sample cohort generally results in inadequate power with which
to detect a significant association. This can occur when the MAF of a SNP is very small (i.e.
the vast majority of patients in the cohort are homozygous for the major allele). It is for this
reason that SNPs with low MAF are removed from GWAS analyses. The threshold at which
MAF is filtered varies between studies, but generally a cut off of either 1% or 5% is applied
(Reed et al., 2015).

Historically, genotyping platforms provide better coverage for SNPs with MAF of greater
than 5% (Panagiotou et al., 2010), while higher statistical power has been reported for studies
using a threshold of 5% (Fan et al., 2011). The majority of causal variants for common diseases
identified through GWASSs have also been shown to have a MAF greater than 5% in accordance
with the CD/CV hypothesis (Bush and Moore, 2012). However, the use of a MAF threshold
of 1% is more common for GWASs using genomic datasets with large enough sample sizes
to ensure adequate statistical power, such as meta-analyses of several studies from multiple
centres (Whiffin et al., 2014; Houlston et al., 2010). Regardless of the threshold chosen, the
inclusion of MAF filtering is an integral step of GWAS QC.
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1.5.4.4 Sample filtering

It is also important to remove any individuals from the study cohort that should be excluded from
the analyses. Common criteria for sample filtering include outlying heterozygosity or missing
genotype rates, duplicated or related individuals, discordant sex information and any individu-
als of divergent ancestry (Anderson et al., 2010). A frequently used measure of relatedness
(or duplication) between pairs of samples is based on identity by descent (IBD), with an IBD
kinship coefficient greater than 0.1 suggesting potential duplicates, relatedness or sample mix-
ture (Reed et al., 2015). The individual of a related pair with the lowest genotype call rate is
generally then removed. In cases where it is not possible to remove related individuals (i.e. sib-
lings, cousins or parents), specially designed analysis techniques are required, such as mixed
models regression analysis (Widmer et al., 2014).

1.5.5 Visualisation of GWAS results

The visualisation of GWAS results is a useful way of determining which, if any, SNPs are of
statistical significance, as well as being a tool with which to identify any potential data incon-
sistencies or systematic biases that may have been overlooked during the study design and
QC phases (Reed et al., 2015). There are two types of plot that are generally used to display
GWAS results; Manhattan plots and quantile-quantile (Q-Q) plots.

1.5.5.1 Manhattan plots

The results of a GWAS are commonly visualised using a Manhattan plot (Figure 1.7A), which
plots the -log10(P) of the associations for each SNP on the y-axis against their chromosomal
position on the x-axis. Any regions that have numerous highly associated SNPs in LD appear as
‘skyscrapers’ (Turner, 2014). The genome-wide significance threshold (P< 5.0x10°8) and the
less stringent threshold of suggestive association (P< 1.0x107°) are also commonly displayed
(the red and blue horizontal lines, respectively, Figure 1.7A). SNPs found above the threshold
of suggestive association indicate a potential association that may require further investigation
(Reed et al., 2015).
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Figure 1.7: Example Manhattan and Q-Q plots. A: Manhattan plot showing -log10(P) of
associated SNPs (y-axis) versus chromosomal location (x-axis). Red line: genome-wide sig-
nificance threshold (P< 5.0x108). Blue line: suggestive association threshold (P< 1.0x107°).
SNPs of interest on chromosome 3 are highlighted in green. B: Q-Q plot showing the ob-
served (y-axis) and expected (x-axis) -log10(P) values of associated SNPs. Substantial de-
viation from the diagonal (expected values) can be seen, indicating a potential issue with the
dataset (adapted from Turner, 2014).

1.5.5.2 Quantile-Quantile (Q-Q) plots

Another useful visualisation tool for GWAS output is the Q-Q plot (Figure 1.7B). Q-Q plots
show the observed P-values for all SNPs on the y-axis and the expected uniform distribution
of P-values under the null hypothesis of no association on the x-axis (the diagonal line, Figure
1.7B). SNPs that exhibit strong associations will deviate from the diagonal at the upper right
end of the plot. However, systematic deviation from the diagonal could indicate the presence
of potential issues with the data such as cryptic relatedness or population stratification (Turner,
2014). Deviation from this line is measured using the A statistic. A value of A~ 1 indicates that
an appropriate adjustment for population substructure has been applied (Reed et al., 2015).
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1.6 Further interrogation of GWAS results

1.6.1 Contextualising GWAS results using in silico resources

The identification of SNPs associated with a trait through GWAS analyses is far more useful
when presented in a genetic context (Manolio, 2010). For example, it may be useful to know if a
statistically significant SNP is intergenic, found within a protein-coding gene or near a methyla-
tion site in a specific cell type or tissue that is relevant to the disease being investigated (Reed
et al., 2015). However, many of these SNPs are often not found within exonic genetic regions,
but in intronic or intergenic regions (Manolio, 2010). This can make ascertaining which genes
are affected, and how, extremely difficult. A wealth of in silico tools are available online that
are designed to further investigate initial GWAS results. These are often free to use and can
provide an insight into the genetic background and functional consequences of significantly
associated SNPs identified through GWAS analyses.

1.6.1.1 Regional association analyses

When examining GWAS results, it is important to visually assess regions of the genome that
harbour trait-associated loci in order to identify genes in the local region that may be impacted
and ascertain the extent of LD between the variants identified (Pruim et al., 2010). LocusZoom
(http://locuszoom.org) is a web-based plotting tool that enables the visualisation of GWAS re-
sults for a pre-specified region of the genome, which incorporates LD information from HapMap
Phase Il (Frazer et al., 2007) and the UCSC Genome Browser to identify and map SNPs of in-
terest, and gives an overview of the extent of LD and the position of SNPs relative to nearby
genes and areas of recombination (Pruim et al., 2010). An example of a regional association
plot is shown in Figure 1.8.
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Figure 1.8: Example regional association plot. The -log10(P) of each SNP (y-axis) is plot-
ted against the chromosomal position (x-axis). Each SNP is a colour-coded circle, the colour
dependent upon the level of LD it shares with the reference SNP (the purple diamond; often
chosen to be the most significant SNP). The key in the upper-left corner shows the LD thresh-
olds for each SNP in terms of r2. Genes in the region and their direction of transcription are
shown in the rectangular box at the bottom of the plot (adapted from Traylor et al. 2014).

1.6.1.2 Expression quantitative trait loci (eQTL) analyses

Another potentially informative method of post-GWAS analysis is the investigation of eQTLs to
identify causal genes of trait-associated SNPs and the functional mechanisms underlying these
associations. An eQTL is a locus that accounts for part of the genetic variance of the expression
phenotype of a gene (Nica and Dermitzakis, 2013), which can potentially aid the interpretation
of GWAS findings through the identification of tissues that play a role in the pathogenesis of
disease (Kang et al., 2012). There are two main types of eQTL; local (or cis-regulatory eQTLs)
and distal (or trans-regulatory eQTLs) (Battle et al., 2017). A number of studies have utilised
data from the Genotype-Tissue Expression (GTEx) Project (Carithers and Moore, 2015) to
examine relationships between risk variants and gene expression (Loo et al., 2012; Hulur et al.,
2015) and candidate susceptibility genes (Closa et al., 2014) for CRC. This database has also
been utilised to conduct eQTL analyses for a number of cancers including CRC (Loo et al.,
2017; Catalano et al., 2018) and breast cancer (Zhou et al., 2017a), as well as in other diseases
including osteonecrosis of the jaw (Yang et al., 2018).
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1.6.1.3 The PubMed database

The National Centre for Biotechnology Information (NCBI) online database PubMed (https://ww
w.ncbi.nim.nih.gov/pubmed/) comprises of more than 30 million citations for biomedical litera-
ture from MEDLINE, life science journals and online books and can be utilised when contextu-
alising the results of a GWAS to gain an understanding of the underlying biological mechanisms
a SNP may impact, and can give an insight into the clinical relevance of the variant in question.

1.7 Validation of biomarkers through meta-analysis

In order for a biomarker to be considered for implementation in the clinical setting, it must firstly
be validated in an independent cohort of patients, in accordance with the REporting recommen-
dations for tumour MARKer prognostic studies (REMARK) guidelines (McShane et al., 2005).
Validation cohorts often consist of a number of studies, which are combined to give a total
sample size that achieves a pre-specified degree of statistical power to detect true associations
between a variant and a trait of interest (Reed et al., 2015).

1.7.1 Visualisation of meta-analyses results

The results of meta-analyses are often visualised using forest plots. These plots show the
individual effect sizes and confidence intervals for each study separately, and also provide an
average effect size and confidence interval for all studies combined. Funnel plots are often used
alongside forest plots in order to ascertain whether there is any underlying bias associated with
the studies analysed. Smaller studies are likely to scatter widely at the bottom of the plot,
with the spread narrower among larger studies (Sedgwick and Marston, 2015). Confidence
intervals are often displayed as a dashed line, and in the absence of bias the plot will resemble
a symmetrical, inverted funnel (Sedgwick and Marston, 2015). Examples of forest and funnel
plots are shown in Figure 1.9.
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Vaccinated Control
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Figure 1.9: Example forest and funnel plots. A: Example of a forest plot. B: Example of a
funnel plot (adapted from http://www.metafor-project.org/doku.php/metafor).
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1.8 Hypothesis and aims of this project

1.8.1 Hypothesis

The hypothesis of this thesis was that novel common variants that influence the prognosis of
patients with mCRC exist and are yet to be identified.

1.8.2 Aims of this thesis

To study the influence of common somatic mutations on survival in mCRC

To determine whether any novel germline variants are associated with survival in mCRC

To identify possible underlying biological mechanisms that may be affected by these variants

To attempt the validation of these variants as prognostic biomarkers for mCRC
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Chapter 2

Materials and methods

The materials and methods described in this thesis are a combination of the candidate’s own
work and the work of others prior to the commencement of this project. For clarity, a flowchart
highlighting all work undertaken both prior to and during this project is shown in Figure 2.1.

Completed by others prior to the commencement of this thesis

Completed by the candidate as part of this thesis

. KRAS, Germline
el B DNA A ariant Initial
. . |
COIN (2445) —) - tion ——) NR,I?/ISS Iand — genz;{jplng —) g:;g"clz‘g
COIN-B (226) genotyping imputation
This thesis
Somatic Somatic i
data inter- data S?;:taat ¢ Further GWAS In silico Validation
and intra-genic MM clinico- ). ) m) germine W) mm) functional )
5 . survival analyses analyses
correlation pathological data QC analyses
analyses
analyses analyses
G J /. /. J
Y Y
Chapter 3 Chapter 4 Chapter 5 Chapter 6

Figure 2.1: Analyses workflow. Workflow of analyses undertaken prior to (highlighted in
blue) and during this project (highlighted in green). Patient recruitment to the COIN & COIN-B
trials was conducted by the Medical Research Council’s (MRC) Clinical Trials Unit (CTU). DNA
extraction and analyses of patient tumour and germline samples was conducted as previously
described (Smith et al., 2013; Al-Tassan et al., 2015). Initial QC of germline data was performed
by Richard Houlston’s laboratory at the Institute of Cancer Research (ICR) as previously de-
scribed (Anderson et al., 2010). QC: Quality control. MSI: Microsatellite instability.
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2.1 Patient characteristics

The patient data used in these analyses are from two Medical Research Council (MRC) clini-
cal trials totalling 2671 patients with mCRC; COIN (2445 patients) and COIN-B (226 patients).
Both trials received ethical approval by the respective ethical review boards (COIN: Medical Re-
search and Ethics Committee (MREC): 04/MRE06/60, COIN-B: South West Multi-Centre Re-
search Ethics Committee: 00316/0220/001-0001) and written informed consent was obtained
from each participant, in accordance with the Declaration of Helsinki.

2.1.1 The COIN trial

The COIN trial was a three-armed randomised clinical trial in mCRC patients, funded by Can-
cer Research UK. Inclusion criteria comprised of written informed consent, age of at least 18
years, and with histologically confirmed primary adenocarcinoma of the colorectum, inoperable
metastatic or locoregional measurable disease according to Response Evaluation Criteria In
Solid Tumors (RECIST, version 1.0), no previous chemotherapy for metastatic disease, World
Health Organization (WHO) performance status 0-2, and good end-organ function. Exclusion
criteria comprised of previous or present malignant disease, uncontrolled medical comorbidity
likely to interfere with COIN treatment or response assessment, known brain metastases, or
previous oxaliplatin exposure (Adams et al., 2011).

COIN was designed to (I) assess the effect on OS of the addition of the EGFR-targeted
antibody cetuximab to oxaliplatin-based first-line continuous chemotherapy for mCRC, and (ll)
determine whether intermittent palliative chemotherapy resulted in non-inferiority in terms of OS
when compared to continuous chemotherapy, irrespective of KRAS mutation status. Patients
were recruited between 9th March 2005 and 9th May 2008 by consultant oncologists at 111
centres across the UK and Republic of Ireland that routinely undertake treatment of mCRC,
and randomly assigned to one of three arms at a ratio of 1:1:1. Arm A received continuous
oxaliplatin-based chemotherapy, Arm B received continuous chemotherapy plus cetuximab and
Arm C received intermittent chemotherapy (Figure 2.2). The choice of chemotherapy to partner
oxaliplatin was made by all patients prior to randomisation. Two thirds of patients chose oral
capecitabine, with one third choosing infusional fluoropyrimidine (Smith et al., 2013). Patients
in Arms A and B continued treatment until either the development of progressive disease or
cumulative toxic effects, or until the patient decided to stop (Adams et al., 2011).

The results of COIN did not confirm a benefit of addition of cetuximab to oxaliplatin-based
chemotherapy in first-line treatment of mMCRC patients. There also was no evidence of ben-
efit in PFS or OS in KRAS wild type patients, or in patients selected by additional mutational
analysis of their tumours (Maughan et al., 2011). Therefore, the use of cetuximab in com-
bination with oxaliplatin and capecitabine in first-line chemotherapy in mCRC patients could
not be recommended. COIN did not show non-inferiority of intermittent compared with con-
tinuous chemotherapy for mCRC in terms of OS (Adams et al., 2011). The trial is registered;
ISRCTN27286448.
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Arm A (n=815)
Fluorouracil or capecitabine
Oxaliplatin

Continuous chemotherapy until progression, toxicity or patient choice

Arm B (n=815)
Metastatic colorectal cancer Fluorouracil or capecitabine
Fit for chemotherapy e Socondina
Measurable di > Oxaliplatin
No previous EGFR therapy
immunohistochemistry Cetuximab

Continuous chemotherapy until progression, toxicity or patient choice

Arm C (n=815)
Fluorouracil or capecitabine Fluorouracil or capecitabine Fluorouracil or capecitabine
Oxaliplatin Oxaliplatin Oxaliplatin

Intermittent chemotherapy: treat for 12 weeks then stop and monitor; restart on progression for a further 12 weeks

Figure 2.2: COIN trial design. Adapted from Adams et al., 2011.

2.1.2 The COIN-B trial

The COIN-B trial was an adjunct to COIN, designed to establish how cetuximab might be safely
and effectively added to intermittent chemotherapy. COIN-B was a two-armed randomised
clinical trial in mCRC patients, funded by the MRC and Merck KGaA. Inclusion and exclusion
criteria for COIN-B was identical to that of COIN, except that inoperable metastatic or locore-
gional measurable disease was defined according to RECIST version 1.1 (Wasan et al., 2014).
Patients were recruited between 13th July 2007 and 6th March 2010 from 30 centres across
the UK and one in Cyprus, and randomised at a ratio of 1:1. Arm D received intermittent
chemotherapy plus intermittent cetuximab and Arm E received intermittent chemotherapy with
continuous cetuximab. Both groups received FOLFOX and weekly cetuximab for 12 weeks,
followed by planned interruption (Arm D) or planned maintenance (Arm E) (Figure 2.3).

COIN-B was suspended in May 2008 as emerging data showed that KRAS mutations were
predictors to EGFR-targeted moAB treatment (Lievre et al., 2006; Amado et al., 2008; Kara-
petis et al., 2008). The trial restarted in January 2009 and included prospective KRAS mutation
analysis prior to randomisation. Only patients with KRAS wild type tumours were recruited fol-
lowing the reactivation of the trial. The KRAS mutation status of previously enrolled patients
was assessed retrospectively while the trial was suspended. The results of COIN-B showed
that cetuximab could be safely incorporated into two first-line intermittent chemotherapy strate-
gies (Wasan et al., 2014). The trial is registered; ISRCTN38375681.

35



CHAPTER 2. MATERIALS AND METHODS

Intermittent chemotherapy and intermittent cetuximab

AmD
(n=112) FOLFOX FOLFOX FOLFOX
Cetuximab Cetuximab Cetuximab
| 12 weeks | 12 weeks | 12 weeks
Randomisation T T
PD PD
Intermittent chemotherapy and continuous cetuximab
Arm E
(n=114) FOLFOX FOLFOX FOLFOX
Cetuximab Cetuximab maintenance Cetuximab Cetuximab maintenance Cetuximab
12 weeks I 12 weeks | 12 weeks
PD PD

Figure 2.3: COIN-B trial design. Adapted from Wasan et al., 2014. Treatment cycles con-
tinued until progressive disease (PD) with maximally tolerated treatment, or patient choice.
FOLFOX: Folinic acid and oxaliplatin followed by bolus and infused fluorouracil (also known as

Oxaliplatin modified de Gramont; OxMdG).

Clinicopathological data for patients in COIN and COIN-B are described in Table 2.1.

36



CHAPTER 2. MATERIALS AND METHODS

Table 2.1: Clinicopathological data for patients in COIN & COIN-B.

Trial COIN COIN-B

Arm A B C D E
Number of patients 815 (30.5) 815(30.5) 815(30.5) 112(4.2) 114 (4.3)
Number genotyped 651 (80) 674 (83) 661 (81) 106 (95) 111 (97)
Age

Mean (SD) 61.9(10) 62.8(10) 62.5(10) 62.5(10) 62.2(11)
<20 0 (0) 0 (0) 1 (0) 0 (0) 0 (0)
20-49 87 (11) 88 (11) 77 (10) 14 (13) 14 (12)
50-59 212 (26) 172 (21) 194 (24) 17 (15) 28 (25)
60-69 327 (40) 341 (42) 330 (41) 52 (46) 40 (35)
70-79 182 (22) 206 (25) 210 (26) 26 (23) 30 (26)
80-89 7(1) 8 (1) 3(0) 3(3) 2(2)
Male 525 (64) 543 (67) 523 (64) 66 (59) 65 (57)
Female 290 (36) 272 (33) 292 (36) 46 (41) 49 (43)
KRAS mutant 267 (41) 294 (44) 258 (39) 24 (23) 15 (14)
KRAS wild type 367 (56) 362 (54) 396 (60) 78 (74) 91 (82)
BRAF mutant 57 (9) 45 (7) 73 (11) 8 (8) 16 (14)
BRAF wild type 575 (88) 617 (92) 579 (88) 60 (57) 67 (59)
NRAS mutant 18 (3) 31 (5) 19 (3) 7(7) 8 (7)
NRAS wild type 613 (94) 627 (93) 630 (95) 62 (59) 76 (69)
MSI 19 (3) 26 (4) 21 (3) NA NA
MSS 483 (74) 494 (73) 522 (79) 2(2) NA
OxMdG 279 (34) 281 (35) 282 (35) 112(100) 114 (100)
XELOX 536 (66) 534 (66) 533 (65) 0 (0) 0 (0)
Cetuximab 0 (0) 815 (100) 0 (0) 112 (100) 114 (100)
No Cetuximab 815 (100) 0 (0) 815 (100) 0 (0) 0 (0)
Mean OS (days) 487 478 468 508 457
Median OS (days) 480 464 436 478 430
Complete response 40 (5) 50 (6) 22 (3) 8 (7) 7 (6)
Missing result 101 (12) 98 (12) 82 (10) 10 (9) 18 (16)
Partial response 377 (46) 383 (47) 399 (49) 69 (62) 53 (47)
Progressive disease 113 (14) 113 (14) 112 (14) 10 (9) 15 (13)
Stable disease 184 (23) 171 (21) 200 (25) 15 (13) 21 (18)

Uncharacterised mutants and failed genotyping data omitted. Percentages are shown in parentheses unless

otherwise stated. Age: Age at randomisation. SD: Standard deviation. OS: Overall survival. NA: Not assessed.
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2.2 Specimen characteristics and assay methods

As shown in Figure 2.1, all methods described in this section were performed by others as
previously described (Anderson et al., 2010; Smith et al., 2013; Al-Tassan et al., 2015).

2.2.1 Somatic tumour DNA analyses

Somatic KRAS, BRAF, NRAS and MSI status of patient tumour samples was determined as
previously described (Maughan et al., 2011; Smith et al., 2013). Somatic mutations were
genotyped using a combination of two mutation detection platforms; pyrosequencing and Se-
quenom. Somatic mutations were screened for in KRAS (codons 12, 13 and 61) and BRAF
(codon 600) using both pyrosequencing and Sequenom, and in BRAF (codon 594) and NRAS
(codons 12 and 61) using Sequenom only. Both technologies had high genotype success
rates; 41,944/43,340 (96.8%) for Sequenom, and 21,016/25,200 (83.4%) for pyrosequencing.
For samples analysed by both technologies (n=1,612), genotype concordance in KRAS was
99.1% (8,642/8,719 calls were concordant). Sanger sequencing was used to infer the geno-
types of discordant samples between pyrosequencing and Sequenom. For remaining calls
where Sanger sequencing failed, the mutant genotype was selected due to there being an ob-
vious mutant trace via one technology. MSI status was determined using the markers BAT-25
and BAT-26 (Smith et al., 2013). Tumour DNA samples were extracted from FFPE and were
available from 2184 cases (1976 from COIN and 208 from COIN-B) (Smith et al., 2013; Wasan
et al., 2014).

2.2.2 Germline DNA analyses

All genotyping of germline samples was performed at the Department of Genetics, King Faisal
Specialist Hospital and Research Centre (Riyadh, Saudi Arabia), as previously described (Al-
Tassan et al., 2015). Cases were genotyped using Affymetrix Axiom Arrays according to the
manufacturer’'s recommendations (Santa Clara, USA), using duplicate samples and sequencing
of significantly associated SNPs in a subset of samples to confirm genotyping accuracy. For all
variants > 99% concordant results were obtained (Al-Tassan et al., 2015).

All initial QC and imputation of germline data was performed by Professor Richard Houl-
ston’s laboratory at the Institute of Cancer Research (ICR) as previously described (Anderson
et al., 2010; Al-Tassan et al., 2015). Initially, blood DNA samples were available from 2244
patients. Of these cases, a proportion of individuals were excluded that had < 95% success-
fully genotyped SNPs (n=122), discordant sex information (n=8), classified as out of bounds
by Affymetrix (n=30), duplication or crypted relatedness (IBD >0.185, n=4) and evidence of
non-white European ancestry (n=130). Variants with call rate < 95%, departure from HWE at
P<1.0x10 and MAF< 0.01 were excluded.

Phasing of variant genotypes was performed using SHAPEIT (https://mathgen.stats.ox.ac.uk
/genetics_software/shapeit/shapeit.ntml) and prediction of the untyped SNPs was performed
using IMPUTE v2.3.0 (https://mathgen.stats.ox.ac.uk/impute/impute_v2.html) based on the data
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from the 1000 Genomes Project (Phase 1 integrated variant set, v3.20101123) (https:/www.
internationalgenome.org) as the reference panel. Concordance between sequenced and im-
puted variants was assessed to estimate imputational fidelity in a subset of cases (n=200).
Following genotyping and imputation, data for 1950 CRC cases were available for analyses (Al-
Tassan et al., 2015). Two patients had missing survival data and were subsequently removed,
thus 1948 patients were available for analysis (1778 from COIN and 170 from COIN-B).

2.3 Data files

The somatic and germline data resulting from the analyses in Chapter 2.2 were obtained by the
candidate as (l) a Microsoft Excel file (for somatic tumour sample data and other clinical factors
of the COIN and COIN-B cohorts) and (ll) 22 Oxford text genotype (.gen) files (for germline
data) prior to the commencement of this project. It is these files that were analysed by the
candidate, the results of which are described in this thesis (Figure 2.1).

2.3.1 Clinical molecular data

Clinical molecular data for all patients in COIN and COIN-B was obtained in Microsoft Excel
spreadsheet format, and contained the data shown in Table 2.2.
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Table 2.2: Description of COIN & COIN-B clinical molecular patient data.

Name Description Name Description
patid Patient ID SEX Sex of patient
AGE Age (at randomisation) agebs Age over 65yrs (yes/no)
trial Trial (COIN/COIN-B) TRT Treatment arm
CHEMO Chemotherapy regimen PRT Radiotherapy (yes/no)
CREATC  Creatinine clearance level SA Surface area of tumour
DODIAG  Date of diagnosis DODM Date of metastatic disease
diagnosis
DOR Date of randomisation dis Date last seen
DOD Date of death death Patient died (yes/no)
KRAS KRAS mutation status BRAF BRAF mutation status
NRAS NRAS mutation status MSI MSI status
prog Progressed yes/no ADJCH Prior adjuvant chemotherapy
(yes/no)
progdate  Date of first progression MLIV Liver metastases (yes/no)
MLNG Lung metastases (yes/no) MNODE Nodal metastases (yes/no)
MPERI Peritoneal metastases (yes/no) MOTH Other metastases (yes/no)
metscat Synchronous vs metachronous metsites  Number of metastatic sites
metastases
diagtime Time since diagnosis (at randomi- metstime Time from primary diagnosis
sation) to metastases
respi2 Response at 12 weeks (yes/no) dstat12 Response status at 12 weeks
bestresp  Any response on trial (yes/no) beststat  Best response status on trial
TSTAT Resection status of primary tu- colon Primary tumour in colon
mour (yes/no)
SITEPT Site of primary tumour SPSITE  Free-text description of pri-
mary tumour
SVOM Worst 12 week CTC: Vomiting SNAUS  Worst 12 week CTC: Nausea
SSTOM Worst 12 week CTC: Stomatitis SNAILC  Worst 12 week CTC: Nail
changes
SDIAR Worst 12 week CTC: Diarrhoea SLETH Worst 12 week CTC:
Lethargy
SNEUT Worst 12 week CTC: Neutrophils  SRASH Worst 12 week CTC: Skin
rash
SHFS Worst 12 week CTC: Hand-foot SPNP Worst 12 week CTC: Periph-

syndrome

eral neuropathy
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SHYPMG  Worst 12 week CTC: Hypomagne- SPNP24  Worst 24 week CTC: Periph-

saemia eral neuropathy
neutsep Worst 12 week CTC: Neutropenic WHO WHO PS

sepsis
ALKP Alkaline phosphatase level alkp ALKP (grouped)
CEA Carcinoembryonic antigen level cea CEA (grouped)
GFR Glomerular Filtration Rate afr GFR (grouped)
PLT Platelet count plt PLT (grouped)
WBC White blood cell count wbc WBC (grouped)

CTC: Cytotoxicity. MSI: Microsatellite instability. PS: Performance status.

2.3.2 Genomic data

Genomic data was obtained in Oxford text genotype (.gen) file format. Twenty-two files were
obtained; one for each autosome. This file type contains one row per variant. The first five
columns contain information on chromosome, variant ID, base pair coordinate, allele 1 (usually
minor) and allele 2 (usually major). Each subsequent triplet of values indicates the likelihoods
of homozygote A1, heterozygote and homozygote A2 genotypes at this variant, respectively,
for each member of the sample.

2.4 Analysis hardware

All analyses were performed using an Apple (Cupertino, USA) MacBook Pro (Retina, 15-inch,
Mid 2014, 2.8GHz Intel Core i7 processor, 16GB 1600 MHz DDRS3), running operating sys-
tem OS X Yosemite. For analyses requiring intensive computation (namely conversions of
large data files and multivariable GWAS analyses), Cardiff University’s high-performance clus-
ter (HPC) Raven was used via command line-based remote access. Advanced Research Com-
puting at Cardiff (ARCCA) granted access to the HPC for these analyses.

2.5 Analysis software

25.1 R3.5.2

R is an open source language and environment for statistical computing and graphics, freely
available to download from http://www.r-project.org, and was used for the vast majority of anal-
yses performed as part of this project.

2.5.1.1 RStudio 1.0.153

R was used in conjunction with the integrated development environment (IDE) RStudio. RStudio
is freely available to download from https://www.rstudio.com/products/RStudio/Desktop.
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2.5.1.2 R Packages

R packages are available for download and installation within the R environment from the Com-
prehensive R Archive Network (CRAN) repository. All R packages used in this project are listed
in Table 2.3.

2.5.1.2.1 R package: survival
survival is an R package containing all the core survival analysis routines including Kaplan-
Meier curves and Cox models, and was used extensively for all survival analyses.

2.5.1.2.2 R package: GenABEL

GenABEL is an R library for GWAS analysis (Aulchenko et al., 2007), and was used extensively
for all GWAS analyses. GenABEL provides an efficient file format for storing genotype data
and enables pre-GWAS QC, while also being a tool for running GWASs of both continuous
(quantitative) and binary (case/control) phenotypes (Karssen et al., 2016).
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2.5.2 Cyberduck

Cyberduck is a free file transfer assistant and cloud storage browser available to download from
https://cyberduck.io. Here, it was used to transfer files between folders on the local machine and
folders within the Raven server for file conversions requiring a large amount of computational
power.

2.5.3 GTOOL

GTOOL is a command line program for transforming sets of genotype data, available to down-
load from http://www.well.ox.ac.uk/cfreeman/software/gwas/gtool.htmiDownload. GTOOL was
used in conjunction with Raven to convert germline data files from .gen to .ped format.

2.5.4 PLINK1.9

PLINK is a command line based toolset specifically designed for whole genome association
analysis, which can be downloaded from https://www.cog-genomics.org/plink2. PLINK 1.9 was
used for multiple file conversions, MAF filtering and all LD analyses.

2.5.5 SNPTEST

SNPTEST is a program for the analysis of single SNP association in genome-wide studies,
freely available to download from https://mathgen.stats.ox.ac.uk/genetics_ software/snptest/
snptest.htmldownload. SNPTEST was used to obtain info score data for all analysed variants.

2.5.6 LocusZoom

LocusZoom is a suite of tools to provide fast visualisation of SNPs found through GWAS anal-
yses, which includes LD information. It can be accessed in online and stand-alone form.
Here, the online version of the software was used for all regional association plots, available at
http://locuszoom.org/genform.php?type=yourdata.

2.5.7 The GTEx Project database

The GTEx Project database, accessible at https://gtexportal.org/home/, is a comprehensive
database of gene expression data for a range of tissues. Genetic associations between variants
of interest and their potential impact on gene expression for a range of tissues can be identified
and multi-tissue eQTL plots produced using the in-built plotting function.

2.5.8 The PubMed database

The NCBI online database PubMed (https://www.ncbi.nIm.nih.gov/pubmed/) comprises of more
than 30 million citations for biomedical literature from MEDLINE, life science journals and online
books.
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2.5.9 Microsoft Excel 2011

Microsoft Excel was used for the tabulation of power calculation data prior to this information
being plotted in power curves.

2.5.10 Microsoft PowerPoint 2011

Microsoft PowerPoint was used to edit some figures prior to their inclusion in this thesis.

2.5.11 LaTeX

LaTeX is a document preparation system, which was used to typeset this thesis. It is freely
available to download from https://www.latex-project.org.

2.6 Study design and statistical analysis methods

All analyses in this thesis are retrospective. No stratification by disease stage was employed
(due to all patients included having Stage IV disease). The primary endpoint was OS; the
time from trial randomisation to death. The Bonferroni correction for multiple testing was used
throughout this thesis as it is the most conservative and least computationally intensive method,
although alternative methods are available including FDR and permutation testing (Bush and
Moore, 2012). All P-values presented in this thesis are uncorrected unless otherwise stated.
Sample size was predetermined by the number of patients in the COIN and COIN-B trials
that passed QC and had available survival data (patients with missing survival data were not
included in these analyses). Study design and statistical analysis methods relating to individual
chapters can be found in Chapters 3.2.2, 4.2.2, 5.2.1 and 6.2.2, respectively.
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Chapter 3

Inter-relationships between somatic
mutations and their influence on
survival in mCRC

Results from this chapter were published in:

Matthew G. Summers, Christopher G. Smith, Timothy S. Maughan, Richard Kaplan, Valentina
Escott-Price and Jeremy P. Cheadle. BRAF and NRAS Locus-Specific Variants Have Different
Outcomes on Survival to Colorectal Cancer. Clinical Cancer Research (2017), 23(11); 2742-9.
DOI: 10.1158/1078-0432.CCR-16-1541.

3.1 Introduction

Despite advances in CRC screening and treatment in recent years and the subsequent in-
crease in survival rates in many countries, CRC remains the fourth largest cause of cancer-
related death worldwide (Brenner et al., 2014). Furthermore, the five-year survival of mCRC
patients is drastically lower than that of patients with locally advanced disease (Miller et al.,
2019). A number of factors that influence CRC prognosis have been suggested, however, clin-
ically relevant biomarkers are limited (McShane et al., 2005). A clear need exists to identify
prognostic biomarkers that may help clinicians in the management of patients with CRC.

The main prognostic marker used in clinical practice after diagnosis of CRC is clinicopatho-
logical staging (Walther et al., 2009), although additional markers are recommended for prog-
nostic assessment, including MSI status in Stage Il (Labianca et al., 2013) and BRAF mutation
status in Stage IV disease (Van Cutsem et al., 2016). Other factors identified as having an
influence on CRC prognosis are systemic inflammatory response to the tumour (Leitch et al.,
2007) and the type, density and location of immune cells in the tumour (Galon et al., 2006),
while lifestyle factors such as physical activity, body mass index (BMI) and smoking have also
been shown to influence CRC prognosis (Haydon et al., 2006; Reeves et al., 2007; Boyle et al.,
2013). In the case of mCRC, Kéhne’s prognostic classification, based on PS, WBC count,
ALKP levels and number of metastatic sites has been proposed (Kohne et al., 2002), with PS
being a strong prognostic and predictive factor for chemotherapy (Van Cutsem et al., 2016).

The molecular pathogenesis of CRC is heterogeneous, and the mechanisms underlying
CRC development are clinically important because they are linked to response to treatment
(Sadanandam et al., 2013) and patient prognosis (De Sousa et al., 2013). The most commonly
studied genetic makers of CRC prognosis have historically been somatic markers associated
with tumour progression in the adenoma-carcinoma sequence or genomic instability, for which
some biological rationale exists for a potential effect on prognosis (Walther et al., 2009).
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Some germline markers have also been shown to influence prognosis (Smith et al., 2015;
Phipps et al., 2016); these are investigated in Chapter 4.

Since the role of mutations in KRAS as predictors of the effect of EGFR-receptor blocking
therapy in CRC was identified (Lievre et al., 2006; Amado et al., 2008; Karapetis et al., 2008),
mutations within the EGFR signalling pathway have been studied further in order to evaluate
their prognostic role in CRC. It has been shown that KRAS, BRAF and NRAS mutations are
associated with poor prognosis (Richman et al., 2009; Eklof et al., 2013; Schirripa et al., 2015).
Presence of MSI has also been shown to confer an inferior prognosis in mCRC patients (Tran
et al., 2011; Smith et al., 2013), in contrast to the positive impact on survival reported for pa-
tients with locally advanced disease (Popat et al., 2005; Benatti et al., 2005; Bertagnolli et al.,
2009; Hutchins et al., 2011). The inferior prognosis of mCRC patients with MSI-positive tu-
mours has been suggested to be driven by the association of MSI with BRAF mutations (Tran
et al., 2011), although MSI has also been identified as an indicator of poor prognosis when
analysed independently of BRAF mutation status (Smith et al., 2013). Similarly, the superior
prognosis of MSI in Stage |l patients has also been identified in patients with both BRAF mutant
and BRAF wild type tumours (Lochhead et al., 2013). Furthermore, there is growing evidence
that CIMP-driven epigenetic alterations characterise a subgroup of CRCs with a distinct aetiol-
ogy and prognosis (Juo et al., 2014), although this has not yet been recommended for testing
in clinical practice (Van Cutsem et al., 2016).

In this chapter, the frequency of somatic mutations within three genes involved in the EGFR
signalling cascade that are known to influence CRC prognosis (KRAS, BRAF and NRAS) and
the MSI status of tumour specimens collected from patients with mCRC in the COIN and COIN-
B trials were examined, their inter- and intra-genic mutation correlations analysed and clinico-
pathological characteristics investigated. This was followed by survival analyses of the COIN
and COIN-B patient cohorts in order to investigate in more detail the prognostic value of these
markers, and whether any further associations with survival could be identified.

3.1.1  Aims and objectives

The aims and objectives of this chapter were as follows:

« To identify the inter- and intra-genic relationships between somatic mutations and MSI status
to account for underlying prognostic effects in survival analyses

To analyse clinicopathological characteristics according to somatic mutation and MSI status

To assess whether combining the COIN and COIN-B datasets for survival analyses was
feasible

To perform univariable and multivariable survival analyses stratified by somatic mutation and
MSI status
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3.2 Materials and methods

3.2.1 Patient and specimen characteristics

Somatic tumour DNA samples were available from 2184 patients in the MRC clinical trials
COIN (Chapter 2.1.1; n=1976) and COIN-B (Chapter 2.1.2; n=208). COIN and COIN-B tumour
samples were collected as FFPE blocks (Smith et al., 2013; Wasan et al., 2014). As shown
in Figure 2.1, all data collection, DNA extraction, targeted sequencing and genotyping was
completed by others prior to the commencement of this project (Smith et al., 2013; Wasan
et al., 2014). A detailed description of the assay methods for somatic tumour DNA samples can
be found in Chapter 2.2.1. In brief, somatic mutations were genotyped using a combination of
two mutation detection platforms; pyrosequencing and Sequenom. MSI status was determined
using the markers BAT-25 and BAT-26 (Smith et al., 2013). The data resulting from this previous
work were obtained by the candidate as a Microsoft Excel file of clinical molecular data (Table
2.2). Analyses of the data contained within this file are the focus of this chapter.

3.2.2 Study design and statistical analysis methods

All analyses in this chapter were conducted retrospectively. No stratification by disease stage
was employed (due to all patients having Stage IV disease). The primary endpoint was OS; the
time from trial randomisation to death.

3.2.2.1 Inter- and intra-genic mutation correlations

Inter- and intra-genic mutations were analysed in R. The Chi-square Test, or Fisher's Exact
Test where appropriate (n< 5), were calculated to analyse mutation co-occurrences using the
chisq.test and fisher.test functions from the base stats package. The recode function from the
car package was used to recode mutation information for each gene into binary format in order
to group mutations into respective codons and an overall mutant group. The cor function from
the base stats package was used to compute the correlations between all mutations. The rcorr
function from Hmisc was used to create a matrix of these correlations. The correlation plot de-
scribing the inter- and intra-locus correlations between KRAS, BRAF and NRAS mutations and
MSI status was created using the corrplot package. The correlation plot colours were chosen
using the brewer.pal function from the RColorBrewer package. Microsoft PowerPoint was used
to add additional annotations to the plot, which included additional axes labels and the overlay
of black boxes to highlight the correlations that remained significant after correction for multiple
testing. The Bonferroni correction for multiple testing was performed for 480 independent tests
between inter- and inter-genic mutations. Statistically significant findings therefore had to be of
the magnitude P< 1.0x10* in order to retain statistical significance.
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3.2.2.2 Clinicopathological analyses

Clinicopathological analyses were analysed in R. The chisq.test and fisher.test functions from
the base stats package were used to perform the Chi-square Test, or Fisher’s Exact Test where
appropriate (n < 5) to assess differences in clinicopathology between patient groups, including
differences in primary tumour site and sites of metastases. KRAS mutations were analysed on
an NRAS and BRAF wild type background, BRAF mutations analysed on a RAS wild type and
MSS background, NRAS mutations analysed on a KRAS and BRAF wild type background and
MSI status was analysed on a RAS and BRAF wild type background. The Bonferroni correction
for multiple testing was performed for 24 independent tests for analyses of KRAS, BRAF and
NRAS and eight independent tests for analyses of MSI. Statistically significant findings there-
fore had to be of the magnitude P< 2.1x10°3 and P< 6.3x1073, respectively, in order to retain
statistical significance.

3.2.2.3 Survival analyses

All survival analyses were performed using Cox proportional hazards regression in R. The
coxph function from the survival package was used to perform all regression analyses. The
cox.zph function from the survival package was used to test the assumption of proportionality
in the coxph model, which held in all cases. The Suryv, survfit and survdiff functions from
the survival package were used to create a survival object, create survival curves and test
differences between survival curves, respectively.

Cox proportional hazards regression was chosen as it is a ‘semi-parametric’ analysis method.
Unlike the majority of other survival models, the baseline hazard function is estimated non-
parametrically; therefore the survival times are not assumed to follow a particular statistical
distribution (Bradburn et al., 2003). The key assumption underlying this model is that the haz-
ard of the event in any group is a constant multiple of the hazard in any other. The Cox model
is the most commonly used approach for analysing survival time data in medical research due
to its ability to include covariates in the model, thus enabling multivariable analyses of survival
data (Clark et al., 2003; Bradburn et al., 2003).

Three sets of survival analyses were performed in this chapter, for which the ggsurvplot func-
tion from the survminer package was used to create all survival curves. Firstly, a comparison
of survival data between COIN and COIN-B patients was conducted in order to facilitate the
combining of these cohorts, which would give subsequent analyses a higher degree of statis-
tical power. The data was split into four different analysis groups in order to ascertain whether
any significant differences in survival existed between the COIN and COIN-B datasets. These
consisted of (I) COIN vs. COIN-B, (Il) each trial arm individually, (Ill) chemotherapy regimen
(OxMdG vs. XELOX) and (IV) cetuximab administration (yes vs. no). Additionally, Cochran’s Q
Tests were performed and the /2 statistic calculated for each group using the metagen and sum-
mary functions of the meta R package to ensure no significant heterogeneity existed between
them before the COIN and COIN-B datasets were combined for all subsequent analyses.
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Secondly, survival analyses were performed grouped by somatic mutation and MSI status.
KRAS mutations were analysed on an NRAS and BRAF wild type background, BRAF mu-
tations analysed on a RAS wild type and MSS background, NRAS mutations analysed on a
KRAS and BRAF wild type background, and MSI status was analysed on a RAS and BRAF
wild type background in order to avoid the potential confounding effects of known somatic prog-
nostic markers identified in the previous mutation correlation analyses. The recode function
from the car package was used to group individual mutations into their respective coding re-
gions to be analysed by codon, and to their respective gene to be analysed as an entire mutant
group.

Both univariable and multivariable analyses were performed, the latter including the follow-
ing prognostic covariates available from the clinical molecular dataset (Table 2.2); age at ran-
domisation, sex, WHO PS, resection status of primary tumour, site of primary tumour, WBC
count, ALKP, platelet count, number of metastatic sites, site of distant metastases, cetux-
imab administration (yes or no), chemotherapy schedule (continuous or intermittent), type of
chemotherapy (OxMdG or XELOX), trial status (COIN or COIN-B) and the rs9929218 genotype
(homozygous for the minor allele vs. heterozygous/homozygous for the major allele), which
have all been shown to have an impact on CRC prognosis (Kohne et al., 2002; Smith et al.,
2015; Li, 2016). Tests for interaction were performed within Cox models in order to ascertain
whether mutation status was prognostic or predictive for cetuximab treatment, chemotherapy
regimen and chemotherapy schedule.

Thirdly, survival analyses were performed with groups split by whether patients had received
cetuximab in order to identify whether this influenced survival. Additionally, Cochran’s Q and /2
tests of heterogeneity were performed for these groups to ensure no significant heterogeneity
existed between them.

The Bonferroni correction for multiple testing was performed for 30 independent tests for sur-
vival analyses split by somatic mutations and MSI. Statistically significant findings therefore had
to be of the magnitude P< 1.6x1073 in order to retain statistical significance.

3.2.2.4 Power analyses

Statistical power calculations were performed for each group using the online calculator at
http://www.sample-size.net/sample-size-survival-analysis/. These data were tabulated using
Microsoft Excel and power curves were produced using the ggplot2 package in R.
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3.3 Results

3.3.1 Frequency of somatic KRAS, BRAF and NRAS mutant and MSI tumour
samples

Work undertaken by others prior to the commencement of this project sought to screen for
somatic mutations in tumour samples collected from 2671 patients in the MRC clinical trials
COIN and COIN-B, as previously described (Smith et al., 2013; Wasan et al., 2014). Fourteen
mutations in KRAS were screened for, and KRAS mutations were identified in a total of 858
patients (39.9% [858/2152] of all patients with KRAS data). Two mutations in BRAF were
screened for, and BRAF mutations were identified in a total of 199 patients (9.5% [199/2097] of
all patients with BRAF data). Nine mutations in NRAS were screened for, and NRAS mutations
were identified in a total of 83 patients (4.0% [83/2091] of all patients with NRAS data). The
presence of MSI was identified in a total of 66 patients (present in 4.2% [66/1567] of all patients
with MSI status data) (Table 3.1).
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Table 3.1: Frequency of somatic mutations and MSI-positive tumours in COIN & COIN-B.

Gene/event Mutation/codon Frequency (%)
Any KRAS mutation 858/2152 (39.9)
c.34G>A (p.G12S) 46/858 (5.4)
¢.34G>C (p.G12R) 14/858 (1.6)
c.34G>T (p.G12C) 76/858 (8.9)
¢.35G>A (p.G12D) 251/858 (29.3)*
c.35G>C (p.G12A) 55/858 (6.4)
c.35G>T (p.G12V) 215/858 (25.0)

KRAS c.37G>A (p.G13S) 1/858 (0.1)
¢.37G>C (p.G13R) 1/858 (0.1)
c.37G>T (p.G13C) 8/858 (0.9)*
¢.38G>A (p.G13D) 157/858 (18.3)*
c.38G>T (p.G13V) 1/858 (0.1)
c.182A>G (p.Q61R) 8/858 (0.9)
c.182A>T (p.Q61L) 9/858 (1.0)
c.183A>C (p.Q61H) 22/858 (2.6)*
Any BRAF mutation 199/2097 (9.5)

BRAF c.1781A>G (p.D594G) 21/199 (10.6)
c.1799T>A (p.V600E) 178/199 (89.4)
Any NRAS mutation 83/2091 (4.0)
c.34G>T (p.G12C) 18/83 (21.7)
¢.35G>A (p.G12D) 2/83 (2.4)
¢.35G>T (p.G12V) 1/83 (1.2)

NRAS c.37G>C (p.G13R) 1/83 (1.2)
¢.38G>A (p.G13D) 1/83 (1.2)
c.181C>A (p.Q61K) 29/83 (34.9)
c.182A>G (p.Q61R) 18/83 (21.7)
c.182A>T (p.Q61L) 12/83 (14.5)
c.183A>C (p.Q61H) 1/83 (1.2)

MSI MSI 66/1567 (4.2)

*KRAS mutations total 100.6% due to multiple mutations in some patients; G12D and G13C: 1, G12D and G13D:
2, G12D and Q61H: 1, G13D and Q61H: 1. Of the 2671 samples, 514 failed KRAS genotyping and five were

uncharacterised mutants (not analysed). 2152 samples were analysed, of which 858 were KRAS mutant. 574

failed BRAF genotyping, leaving 2097 samples, of which 199 were BRAF mutant. 579 failed NRAS genotyping

and one was an uncharacterised mutant, leaving 2091 tumour samples, of which 83 were NRAS mutant.1104

failed genotyping, leaving 1567 samples, of which 66 were MSI-positive.
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3.3.2 Inter- and intra-genic mutation correlations

Cross-correlations between somatic mutations were determined to facilitate future survival
stratification. When analysed both individually and by codon, all KRAS mutations showed
similar effects in terms of mutual exclusivity. Codon 12 (4 of 627 mutant CRCs), 13 (4 of 161)
and 61 (2 of 35) mutations were rarely found together. Only BRAF ¢.1799T > A (p.V600E) and
specific mutations in NRAS codon 61 shared this characteristic. Only 1.1% (2/178) of BRAF
c.1799T > A (p.V600E) mutant CRCs had RAS mutations compared to 46.9% (894/1908) of
BRAF wild type CRCs (P <2.2x10718, P < 1.1x10°13 after the Bonferroni correction for multi-
ple testing was applied). In contrast, more ¢.1781A > G (p.D594G) mutations co-occurred with
RAS mutations (14.3% [3/21]) as compared to BRAF ¢.1799T > A (p.V600E; P=9.0x103); al-
beit less commonly than found in BRAF wild type CRCs (P=3.0x1073). One case of ¢.34G > A
(p.G12S) was noted which co-occurred with BRAF ¢.1799T > A (p.V600E; P=2.5x103 as com-
pared to other KRAS mutations [1/812 co-occurred]). For NRAS, only 5.0% (3/60) of codon 61
mutant CRCs had KRAS mutations compared to 43.5% (10/23) of codons 12 and 13 mutant
CRCs (P=7.9x10"°, P=0.04 after correction); the latter being at a similar level to that found in
NRAS wild type CRCs (40.0% [808/2018], P=0.98). Differences were also observed in the rela-
tionship between BRAF mutations and MSI status. BRAF ¢.1799T > A (p.V600E) was strongly
associated with MSI (11.2% [20/178] BRAF ¢.1799T > A (p.V600E) CRCs had MSI compared
to 2.4% [46/1,908] BRAF wild type CRCs, P=5.3x10"10, P=2.5x107 after correction), whereas
c.1781A > G (p.D594G) and MSI did not co-occur (0/21). Observations that were significantly
positively and negatively correlated are shown in Figure 3.1.
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Figure 3.1: Correlations between somatic mutations and MSI status in mCRC. Blue: Pos-
itive correlation. Red: Negative correlation. Significant correlations are shown (P < 0.05), with
the size of the boxes corresponding to the size of the correlation; those that remained signifi-
cant after correction for multiple testing are outlined in black. KRAS codon 12 and 13 mutations
rarely co-occurred with BRAF V600E mutations: 1/660 KRAS codon 12 mutations and 1/178
BRAF V600E mutations co-occurred, P=1.4x10"13 and 1/168 KRAS codon 13 mutations and
1/178 BRAF V600E mutations co-occurred, P=2.2x1073. KRAS codon 12 mutations and NRAS
codon 61 mutations rarely co-occur: 2/660 KRAS codon 12 mutations and 2/60 NRAS codon
61 mutations co-occurred, P=3.1x104. MSI co-occured with BRAF V600E: 20/178 (11.2%)
BRAF V600E mutations and 20/66 (30.3%) with MSI co-occurred, P=2.2x1071€ (this was not
the case for BRAF D594G). BRAF D594G co-occured with RAS mutations more often than
V600E: 3/21 (14.3%) RAS mutations on a BRAF D594G background and 2/178 (1.1%) RAS
mutations on a BRAF V600E background, P=0.009. NRAS codon 12 13 mutations co-occured
with KRAS mutations more often than codon 61 mutations: 10/23 (43.5%) KRAS mutations on
a NRAS codon 12 and 13 background and 3/60 (5.0%) KRAS mutations on an NRAS codon
61 background, P=7.9x10°.
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3.3.3 Clinicopathological analyses
3.3.3.1 KRAS

More KRAS mutant tumours were found in the right colon (257 patients with tumours in the
right colon who had KRAS mutant CRC out of 436 with KRAS mutant or KRAS wild type
CRC [58.9%)]) as compared to the left colon (526 patients with tumours in the left colon who
had KRAS mutant CRC out of 1331 with KRAS mutant or KRAS wild type CRC [39.5%)],
P=2.0x10"12) and more were associated with lung metastases (358 patients with lung metas-
tases who had KRAS mutant CRC out of 715 with KRAS mutant or KRAS wild type CRC
[50.1%)]) as compared to liver only (156 patients with metastases in the liver only who had
KRAS mutant CRC out of 418 with KRAS mutant or KRAS wild type CRC [37.3%], P=4.2x107)
(Table 3.2).

In terms of codon-specific mutations, more KRAS codon 12 and 13 mutant tumours were
found in the right colon (32.6% [248/760] versus 17.9% [179/1002], P=1.2x10712), less in the
left colon (66.3% [504/760] versus 80.3% [805/1002], P=3.7x10'") and more were associated
with metastases in the lung (45.0% [342/760] versus 35.6% [357/1002], P=8.4x10°) and less
in liver only (20.0% [152/760] versus 26.1% [262/1002], P=3.1x1073), as compared to KRAS
wild type tumours; the correlations for right colon, left colon and lung remained significant after
correction for multiple testing (Table 3.2). More KRAS codon 61 mutant patients had peritoneal
metastases (27.3% [9/33] versus 13.3% [133/1002], P=0.04) as compared to KRAS wild type
patients. However, there were no significant differences in clinicopathology between KRAS
codons 12 and 13 versus KRAS codon 61 mutant patients (Table 3.2).
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3.3.3.2 BRAF

More BRAF mutant tumours were found in the right colon (56 patients with tumours in the
right colon who had BRAF mutant CRC out of 172 with BRAF mutant or BRAF wild type CRC
[32.6%)]) as compared to the left colon (57 patients with tumours in the left colon who had BRAF
mutant CRC out of 618 with BRAF mutant or BRAF wild type CRC [9.2%], P=2.8x10"4), and
more were associated with peritoneal metastases (25 patients with peritoneal metastases who
had BRAF mutant CRC out of 107 with BRAF mutant or BRAF wild type CRC [23.4%]) as
compared to liver only (22 patients with metastases in the liver only who had BRAF mutant
CRC out of 214 with BRAF mutant or BRAF wild type CRC [10.3%], P=3.1x1073; Table 3.3).

In terms of individual mutations, BRAF ¢c.1781A > G (p.D594G) tumours had similar clin-
icopathology to BRAF wild type tumours. In contrast, more BRAF ¢.1799T > A (p.V600E)
tumours were found in the right colon (56.0% [56/100] versus 17.5% [121/693], P < 2.2x10716)
and more were associated with peritoneal metastases (24.0% [24/100] versus 11.8% [82/693],
P=1.5x10"3) as compared to BRAF wild type tumours; these correlations remained significant
after correction for multiple testing (Table 3.3).

In terms of intra-locus differences, there was a significant difference between c.1781A > G
(p.D594G) and ¢.1799T > A (p.V600E) with respect to the location of the primary tumour due
to fewer c.1781A > G (p.D594G) tumours in the right colon (6.6% [1/15] versus 56.0% [56/100],
P=1.0x10"3, P=0.02 after correction). There was no significant difference between the sites of
metastases associated with these mutations (Table 3.3).
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3.3.3.3 NRAS

There was no difference between the frequency of NRAS mutant and wild type CRCs with
respect to the location of the primary tumour (Table 3.4). However, more NRAS mutant CRCs
were associated with metastases in the lung (43 patients with lung metastases who had NRAS
mutant CRC out of 400 with NRAS mutant or NRAS wild type CRC [10.8%]) as compared to
liver only (10 patients with metastases in the liver only who had NRAS mutant CRC out of 272
with NRAS mutant or NRAS wild type CRC [3.7%)], P=1.4x103).

In terms of individual codons, NRAS codon 12 and 13 mutant tumours showed similar clin-
icopathology to NRAS wild type tumours. NRAS codon 61 mutant CRCs had similar primary
tumour distributions but significantly fewer liver only (12.3% [7/57] versus 26.1% [262/1002],
P=0.03) and more lung metastases (68.4% [39/57] versus 35.6% [357/1002], P=1.3x107,
P=3.1x10"° after correction) as compared to NRAS wild type tumours. There were no sig-
nificant differences in clinicopathology between NRAS codons 12 and 13 versus NRAS codon
61 mutant CRCs (Table 3.4).
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3.3.3.4 MSI

More MSI-positive tumours were found in the right colon (14 patients with tumours in the right
colon who had MSI-positive CRC out of 130 with MSI-positive or MSS CRC [10.8%]) as com-
pared to the left colon (15 patients with tumours in the left colon who had MSI-positive CRC
out of 578 with MSI-positive or MSS CRC [2.6%)], P=6.2x107, P=5.0x10"* after correction) and
less were associated with liver metastases (14 patients with liver metastases out of 29 who had
MSI-positive CRC [48%)] versus 536 patients with liver metastases out of 693 who had MSS
CRC [77%], P=7.3x104, P=5.8x10"3 after correction) as compared to MSS CRCs (Table 3.5).
There was a significant difference between MSI-positive and MSS CRCs regarding the lo-
cation of the primary tumour due to more MSI-positive tumours in the right colon (48.3% [14/29]
versus 16.7% [116/693], P=4.4x10, P=3.5x10" after correction) and fewer in the left colon
(51.7% [15/29] versus 81.0% [561/693], P=3.1x104, P=2.5x1072 after correction; Table 3.5).

Table 3.5: Clinicopathology according to MSI status.

Characteristics MSI MSI (n=29) MSS P (MSI vs.
frequency’ (n=693) MSS)
Sex Female 11/205 (5.4) 11 (37.9) 194 (28.0)  0.34
Male 18/517 (3.5) 18 (62.1) 499 (72.0) 0.34
Age Mean NA 58 63 NA
Right col 14/130 (10.8) 14 (48.3 116 (16.7 4.4x107°
Primary tumour 23 'ght coton (10.8) (48.3) (16.7) X 4
[3.5x104]
Leftcolon  15/578 (2.6) 15(51.7) 561 (81.0) 3.1x10™*
[2.5x107]
Liveronly — 3/195(1.5)  3(10.3) 192 (27.7)  0.05
Liver 14/550 (2.5) 14 (48.3) 536 (77.3)  7.3x10*
Metastatic sites 3 [5.8x1072]
Nodal 17/332 (5.1) 17(58.6)  315(45.5) 0.23
Lung 6/243 (2.5) 6 (20.7) 237 (34.2) 0.19
Peritoneum  7/89 (7.9) 7 (24.1) 82 (11.8) 0.09

MSI status was analysed on a RAS and BRAF wild type background (n=722). Of these, 29 were MSI-positive
and 693 were MSS tumours. 'There was a significant difference between MSI CRCs in primary tumour location
(P=6.2x10"%) as well as in the sites of metastases (P=0.02) compared to MSS CRCs. 2Right colon includes right
colon, transverse colon and caecum. Left colon includes left colon, sigmoid colon, rectosigmoid junction and rectum.
Percentages are shown in regular parentheses. 2Some patients had multiple mutations or missing primary tumour
site data and some patients had multiple metastases, therefore not all percentages equal 100%. P-values remaining
significant after multiple testing correction are shown in square parentheses. MSI: Microsatellite instability. MSS:

Microsatellite stable. NA: Not applicable.
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3.3.4 Survival analyses
3.3.4.1 Comparison of COIN and COIN-B

Survival analyses of COIN and COIN-B found no significant difference in OS for the following
patient categories; (1) COIN vs. COIN-B (HR 1.06, 95% CI 0.90-1.24, P=0.49; Figure 3.2A), (II)
individual trial arms (P=0.41; Figure 3.2B), (lll) chemotherapy regimen (OxMdG vs. XELOX;
HR 0.98, 95% CI 0.89-1.07, P=0.60; Figure 3.3A), (IV) cetuximab administered (yes vs. no;
HR 0.96, 95% CI 0.88-1.05, P=0.41; Figure 3.3B).

12 and Cochran’s Q tests found no significant heterogeneity between any of these groups (Table
3.6), therefore the COIN and COIN-B datasets were combined in all further survival analyses
to achieve greater statistical power.

Table 3.6: Heterogeneity tests for COIN & COIN-B survival analyses.

Patient group analysed 2(%) Q PHET
COIN vs. COIN-B 0.00 0.94 0.33
Individual treatment arms 0.00 2.40 0.49
Chemotherapy regimen (OxMdG vs. XELOX) 0.00 0.55 0.46
Cetuximab administered (yes vs. no) 26.1 1.35 0.24

OxMdG: Oxaliplatin modified De Gramont. /2: /> Test of heterogeneity. Q: Cochran’s Q value.
PHET: Cochran’s Q-Test P-value.
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Figure 3.2: OS for patients in COIN & COIN-B by trial status. A: COIN vs. COIN-B. B: Indi-
vidual trial arms (Arm A: Continuous chemotherapy, Arm B: Continuous chemotherapy plus ce-
tuximab, Arm C: Intermittent chemotherapy, Arm D: Intermittent chemotherapy plus intermittent
cetuximab, Arm E: Intermittent chemotherapy plus continuous cetuximab). P: Cox Proportional
Hazards regression P-value
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Figure 3.3: OS for patients in COIN & COIN-B by treatment status. A: OxMdG vs. XELOX.
B: Cetuximab administration (yes vs. no). OxMdG: Oxaliplatin modified de Gramont. P: Cox
Proportional Hazards regression P-value
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3.3.4.2 Somatic mutations and MSI

The effects of individual, and groups of, somatic mutations on survival were investigated under
both univariable and multivariable models (taking into account the previously observed cross-
correlations). Results for OS under both models can be found in Table 3.8.

3.3.4.2.1 Power calculations

Survival analyses had > 80% power to detect associations with OS for variants with HRs > 1.17
for the KRAS mutant cohort (1322 events), variants with HRs > 1.37 for the BRAF mutant
cohort (575 events), variants with HRs > 1.50 for the NRAS mutant cohort (743 events) and
variants with HRs > 1.78 for the MSI cohort (499 events), using a two-sided significance level
of a=0.05 (Figure 3.4).

1.00
0.80 |
_ 060 -
o
=2
O
o
0.40 -
0.20 -  KRAS
—— BRAF
NRAS
— MSI
0.00 |
1.00 1.50 2.00 2.50

Hazard Ratio

Figure 3.4: Statistical power to detect associations with OS. Statistical power for associ-
ations with overall survival for patients with mutations in KRAS on a BRAF and NRAS wild
type background (1322 events, red line), BRAF on a RAS wild type and MSS background (575
events, blue line), NRAS on a KRAS and BRAF wild type background (743 events, orange
line) and by MSI status on a RAS and BRAF wild type background (499 events, green line).
Horizontal line represents the threshold for 80% power. MSI: Microsatellite instability. MSS:
Microsatellite stable.
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3.3.4.2.2 Univariable analyses

KRAS

KRAS mutations conferred a poor prognosis (HR 1.45, 95% Cl 1.30-1.61, P=1.9x10"1", me-
dian reduction in survival of 131 days). When grouped by codons, both codon 12 and 13
mutations conferred poor prognosis (HR 1.44, 95% Cl 1.28-1.61, P=6.4 x10710, P=1.9x108
after correction, and HR 1.53, 95% Cl 1.26-1.86, P=1.5x10", P=4.5x10"* after correction, re-
spectively), whereas codon 61 mutations did not (HR 1.23, 95% CI 0.84-1.81, P=0.28) (Figure
3.5 [red line: codon 12 mutant, green line: codon 13 mutant, blue line: codon 61 mutant,
purple line: wild type]); these intra-locus differences were not significant. Five KRAS muta-
tions (¢.34G > A [p.G12S], ¢.35 G > A [p.G12D], ¢.35G > C [p.G12A], ¢.35 G > T [p.G12V] and
¢.38G > A [p.G13D]) individually showed significantly poorer prognosis with a median reduction
in survival of 213, 111, 65, 160 and 165 days, respectively; four of these remained significant
after correction for multiple testing (Table 3.8).

1.00 =1 Codon 12 vs. Wild type:
l\: HR 1.44, 95% CI 1.28-1.61, P=6.4x10""°

Codon 13 vs. Wild type:
HR 1.53, 95% Cl 1.26-1.86, P=1.5x10"

Codon 61 vs. Wild type:
HR 1.23, 95% CI 0.84-1.81, P=0.28

0.75

0.50
Any KRAS mutant vs. Wild type:

HR 1.45, 95% Cl 1.30-1.61, P=1.9x10""

Overall survival probability

—— Codon 12
0.25 Codon 13
= Codon 61 1
— Wild type
0.00 yp
0 400 800 1200 1600
Time (days)
Number at risk
612 325 76 4 0
155 76 18 1 0
33 19 6 1 0
1002 638 203 30 2
0 400 800 1200 1600
Time (days)

Figure 3.5: OS for patients in COIN & COIN-B by KRAS status. HR: Hazard ratio. ClI:
Confidence interval. P: Cox Proportional Hazards regression P-value.
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BRAF

BRAF mutations conferred a poor prognosis (HR 2.31, 95% Cl 1.85-2.87, P=7.8x10"14, me-

dian reduction in survival of 295 days). Patients with BRAF ¢.1799T > A (p.V600E) mutant
tumours had significantly poorer prognoses compared to patients with BRAF wild type tumours

(HR 2.60, 95% Cl 2.06-3.28, P=1.0x10"12, P=3.0x10""4 after correction, median reduction in

survival of 320 days) (Figure 3.6 [red line: c.1781A > G (p.D594G) mutant, green line: ¢.1799T
> A (p.V600E) mutant, blue line: wild type]), whereas there was no evidence to suggest that
patients with ¢.1781A > G (p.D594G) mutant tumours had a significantly different prognosis to

patients with BRAF wild type tumours (HR 1.30, 95% CI 0.73-2.31, P=0.37; Table 3.8).

1.00 D594G vs. Wild type:
HR 1.30, 95% CI1 0.73-2.31, P=0.37
E V600E vs. Wild type:
% 0.75 HR 2.60, 95% Cl 2.06-3.28, P=1.0x10-15
Q
g_ Any BRAF mutant vs. Wild type:
w HR 2.31, 95% CI 1.85-2.87, P=7.8x10""4
2 050
c
]
(%]
©
o 0.25 D594G
o — VB00E
0.00 Wild type
0 500 1000 1500
Time (days)
Number at risk
D594G 15 5 0 0
V600E 98 19 1 0
ldtype{ 693 345 60 0
0 500 1000 1500
Time (days)

Figure 3.6: OS for patients in COIN & COIN-B by BRAF status. D594G: c.1781A>G
(p.D594G). V60OE: ¢.1799T > A (p.V600E). HR: Hazard ratio. Cl: Confidence interval. P: Cox

Proportional Hazards regression P-value.
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NRAS

NRAS mutations conferred a poor prognosis (HR 1.44, 95% CI 1.09-1.90, P=0.01, median
reduction in survival of 112 days). When grouped by codon, patients with codon 61 mutant
tumours conferred a significantly poorer prognosis to patients with NRAS wild type tumours
(HR 1.47,95% CI11.09-1.99, P=0.01, median reduction in survival of 131 days) (Figure 3.7 [red
line: codons 12 and 13 mutant, green line: codon 61 mutant, blue line: wild type]), whereas
there was no evidence to suggest that patients with codon 12 or 13 mutant tumours had a
significantly different prognosis to patients with BRAF wild type tumours (HR 1.29, 95% CI
0.64-2.58, P=0.48; Table 3.8). However, when analysed individually, NRAS mutations showed
no significant differences in survival.

1.00 Codons 12 & 13 vs. Wild type:
HR 1.29, 95% CI 0.64-2.58, P=0.48

L Codon 61 vs. Wild type:
0.75 HR 1.47, 95% Cl 1.09-1.99, P=0.01

Any NRAS mutant vs. Wild type:
HR 1.44, 95% CI 1.09-1.90, P=0.01

Overall survival probability
o

025 12 & 13 e
_ Codons ‘—L‘_‘—L"‘\\
— Codon 61 e
0.00 Wild type
0 400 800 1200 1600
Time (days)
Number at risk
s12&13 11 5 2 0 0
Codon 61 57 31 7 1 0
wid type{ 1002 638 203 30 2
0 400 800 1200 1600
Time (days)

Figure 3.7: OS for patients in COIN & COIN-B by NRAS status. HR: Hazard ratio. CI:
Confidence interval. P: Cox Proportional Hazards regression P-value.
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MSI

Patients with MSI-positive CRC had a significantly inferior prognosis compared to those with
MSS tumours (HR 1.86, 95% CIl 1.22-2.83, P=4.0x10"3, median reduction in survival of 244
days; Table 3.8) (Figure 3.8 [red line: MSI, blue line: MSS]), although this association did not
withstand the Bonferroni correction for multiple testing.

1.00 MSI vs. MSS:
HR 1.86, 95% Cl 1.22-2.83, P=4.0x103
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Figure 3.8: OS for patients in COIN & COIN-B by MSI status. MSI: Microsatellite instability.
MSS: Microsatellite stable. HR: Hazard ratio. Cl: Confidence interval. P: Cox Proportional
Hazards regression P-value.
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3.3.4.2.3 Multivariable analyses

Following the inclusion of known prognostic factors into the model (Table 3.7), similar statisti-
cally significant associations between somatic variants and OS were identified for patients with
KRAS ¢.34G > A (p.G12S), ¢.35G > A (p.G12D), ¢.35G > T (p.G12V) and ¢.38G > A (p.G13D)
mutant tumours, codon 12 and codon 13 mutant tumours and for all KRAS mutations combined
compared KRAS wild type tumours. All of these associations withstood correction for multiple
testing (Table 3.8).

Similar associations between somatic variants and prognosis were also identified for pa-
tients with BRAF ¢.1799T > A (p.V600E) and for all BRAF mutations combined compared with
BRAF wild type tumours. All of these associations withstood correction for multiple testing (Ta-
ble 3.8). The significant difference in OS between patients with BRAF ¢.1781A > G (p.D594Q)
and BRAF ¢.1799T > A (p.V600E) mutant tumours previously identified through univariable
analyses was no longer significant after correction for prognostic factors (HR 0.97, 95% CI
0.41-2.31, P=0.94).

Patients with NRAS ¢.181C > A (p.Q61K) mutant tumours had significantly poorer progno-
sis compared to patients with NRAS wild type tumours when analysed in multivariable analyses
(HR 1.63, 95% CI 1.03-2.60, P=0.04) whereas univariable analyses did not identify a signifi-
cant difference in OS between the two patient groups (HR 1.43, 95% CI 0.96-2.21, P=0.11).
However, this significant difference in OS did not withstand correction for multiple testing. Mul-
tivariable analyses also increased the significance of two prognostic associations previously
identified through univariable analyses; NRAS codon 61 mutations versus wild type (univari-
able HR 1.47, 95% CI 1.09-1.99, P=0.01, multivariable HR 1.69, 95% CI 1.22.2.34, P=1.8x1073)
and all NRAS mutations combined versus wild type (univariable HR 1.44, 95% CI 1.09-1.90,
P=0.01, multivariable HR 1.56, 95% CI 1.16-2.11, P=3.7x10'3; Table 3.8). However, neither of
these associations withstood correction for multiple testing.

A similar outcome of poor prognosis for patients with MSI tumours through univariable anal-
yses (HR 1.86, 95% Cl 1.22-2.83, P=4.0x103) was also identified through multivariable analy-
ses, although it was no longer found to be statistically significant (HR 1.36, 95% CI 0.78-2.35,
P=0.27; Table 3.8). Interaction terms for chemotherapy regimen, schedule and cetuximab ad-
ministration with KRAS, BRAF, NRAS and MSI status were also added into the model, but none
of these were significant.
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Table 3.7: Individual results for covariates in the multivariable analysis model.

Covariate HR 95% CI P

Age 1.00 0.99-1.00 0.56

Sex (male) 0.87 0.78-0.97 9.7x1073
WHO PS 1.42 1.31-1.56  <2.0x10°"6
Primary tumour resection status* 1.29 1.01-1.63 0.04
Primary tumour site (right colon)* 1.36 1.16-1.60 1.5x10™
WBC count 1.03 1.03-1.04  <2.0x107'6
ALKP level 1.00 1.00-1.00  <2.0x10°"6
PLT count 1.00 1.00-1.00  <2.0x107'6
Number of metastatic sites 1.21 1.14-1.28  2.5x10710
Liver metastases 1.23 1.09-1.39  8.8x10*
Lung metastases 0.98 1.02-0.88 0.66
Peritoneal metastases 1.34 1.16-1.54 6.4x107°
Nodal metastases 1.15 1.04-1.28 7.5x1073
Other metastases 1.31 1.15-1.51 7.9x10°
Trial (COIN) 1.10 0.92-1.33 0.30
Chemotherapy regimen (XELOX) 1.03 0.93-1.15 0.57
Chemotherapy schedule (intermittent) 1.09 0.98-1.21 0.10
Cetuximab administration (yes) 0.95 0.85-1.05 0.31
rs9929218 genotype (AA) 1.41 1.19-1.69 1.1x10™

73

*: Unresected/unresectable vs. local recurrence. *: Association of primary tumour site remained significant
in stratified KRAS, BRAF, NRAS and MSI survival analyses. HR: Hazard ratio. Cl: Confidence interval. P:
P-value. WHO: World Health Organization. PS: Performance status. WBC: White blood cell. ALKP: Alkaline

phosphatase. PLT: Platelet. Nodal metastases were included in the model but are excluded here due to NA

values for all somatic mutations and MSI. NA: Not applicable.
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3.3.4.3 Somatic mutations and MSI by cetuximab administration

Survival analyses of somatic mutations and MSI status were split by cetuximab administration.
There were no significant differences in OS between patients who did and did not receive
cetuximab, in agreement with previous reports (Maughan et al., 2011). Results of survival
analyses split by cetuximab administration are shown in Table 3.9.

76



INTER-RELATIONSHIPS BETWEEN SOMATIC MUTATIONS AND THEIR

CHAPTER 3.

INFLUENCE ON SURVIVAL IN MCRC

Jvdd

- - - 'Joy "Joy 00k 892 0¥ Joy Jod 00k €2F 86G adAl pIim Sy
10 €0'L 0.2 gO0lXg'L G8'1-06L GS'I 182 682 gOIXP'€ 8S'L-12'L 8EL Oly LIS ueinw syyy Auy
8.0 600 000 290  9L2 190 GLL OF ¥l 620 L1'2-080 0t LI 6l Juelnw |9 uopoYH
/80 €00 0 200 /02801 6¥L 2r €S ,0lX0F 961221 ¥SL 18 20 JuBINW g UopPO)
910 G6'L 88F gOLX¥'L +6'1-2¢L 09} 6LF 222 gO0IX6'G 9GL-LL'L G€L 2IE 06€ JuelNW g uopo)
€50 €0 000 160 1€2-660 G60 § 8 00 9%'2-0.’0 €1 O0F Ol (HI19Dd) D<vEgL™d
N0 I¥2 ¥83 /00 /88060 €82 ¢ € 690 9v'2-G20 6.0 € ¥ (1190d) 1<ve8|o
¥2'0 9e’L ¥'92 180  Ov'e-lg0 ¥80 ¢ € 600 G2'9-/80 €2 ¥ S (H190d) H<yegl o
- - - - - - ! b - - - - - (Ae1Dd) 1<D8g™
820 800 000 ¢O0lXg9 lgevl'L 651 Ly 0S5 ¢OXP'L 16 L-LL'L 6Vl GL 96 (@e1od) y<ogeo
- - - - - - 0 4 200 28'G6-9L'L 652 9 9 (0e1od) 1<H/e
- - - - - - - - - - - - - (Herod) 0<p/e0
- - - - - - - - - - - - - (Se1od) y<n/e0
€20 vyl G0E ,-01X9°L 12282t 891 99 I8 .0lXL9 0L1-60F 9L 96 6lL (A21Dd) 1<DG6g0
220 IS 288 €00  6L€/0+ 202 OF LI 610 ¥8'1-88°0 /2L & OV (VeIod) 0<Hgg
€20 €Vl 1'0E gO0IX/'8 8L20€tL 89l ¥, 16 ¢O0IXG2Z 69Lclt &L 9Ll Gpl (@z1od) y<oggo
v2°0 'O 000 8.0 664090 60F Lk Gt 220 89'1-680 22} 2v S (O21od) 1<OpeD
8€°0 9.0 000 OvV0 261020 190 € S G0 [S2 IS0 v L 6 (He1od) 0<opeo
/60 000 000 €00 €0°€Z/0+ 08+ GI 61 100 8L2€L}L LL'V 02 €2 (S2iod) y<opreo
Svy)
J3nd O %l d 1D%$6 HH 3I N d D%$6 HH 3I N uopoa/uonenpy

s1sa] AllsuaboidlaH

paJajsiulwpe gewixn}ad

paJajsiulwpe gewixn}a) oN

‘uopelsiulwpe qewixniad Aq paynelis 9-N10D @ NIOD ul sjusned 10} SO :6°¢ 9|qeL

77



INTER-RELATIONSHIPS BETWEEN SOMATIC MUTATIONS AND THEIR

CHAPTER 3.

INFLUENCE ON SURVIVAL IN MCRC

‘KyousBoieiey Jo enfen=d : | 5, d "JUBISjeY 'joY “[eAldl|

90UBPLUOD :|D "OleY pJezeH :YH "SluaA] :J ozis o|dwes :N 'g > SJUSAS JO JaquINU 8J8YyMm SUOIBINW 10} UMOYS 10U SaN[eA-d4 PUe S|D ‘SHH "punoibyoeq adAl pim JyHg

pue SyY ® uo pasAjeue sem (SS)\ SNSIBA) [SIN PUB ‘punoibxoeq adAl pim J74g Pue SHY B U0 pasAfeue alam (adAl pjim snsiaA) sjueinw SYYN ‘punolbyoeq SSI

pue adA} piim Sy e uo pasAfeue aiam (8dA) piim sSnsian) sjuelnw 4yHg ‘punoibxyoeq adAl piim SYHN PUB Hi7Hg B uo pasAjeue aiam (8dAl pjim SNSIBA) SluBiNW SYHM

- - - 'Joy 'Jod 00'L 8¢l Gle 'Joy 1oy 00'L 6£€ 8.V SSI
280 G0'0 000 900 6£€860 €8F LI Gl 200 8g'c-cl’l 102 2k i IS
IS
- - - 'Joy 'Joy 00'L 892 0¥ 'Joy 1oy 00'L €2F 865 adAy pim SYHN
90 €60 000 LO0O Ge2O0Lk 19k 0¢ 8¢ A 86'1-98°0 0¢} €2 0¢ elinw SyyN Auy
€90 €20 000 €00 9¥2SO0+ 19+ €2 62 ¥1°0 €1'2-060 68} 22 82 JuelINW |9 UOPO)
2e0 /60 000 020 S¥ell0 €9 £ 6 /G0 €0'7-80°0 /S0 |} g lueinw gl ¥ g} suopo)
- - - - - - 0 b - - - - - (H19Dd) O<vegL™d
€10 ¥¥'0 000 2v'0 682¥90 9€t Z 8 GL'0 96'6-2.'0 02 Vv ¥ (1190°d) 1<vegl ™o
620 €L €1 S00  SEG 0k 822 9 . 960 92660 S2L L b (H190d) H<yeg|o
G9'0 020 000 ¥#I0 €0€S80 19+ OF €I LE0 ov'g2/0 2+ L € (M190d) V<0181
- - - - - - 0 b - - - - - (@e1od) y<ogeo
- - - - - - 0 b - - - - - (He1ond) 0<Hze
- - - - - - ! b - - - - - (A21Dd) 1<DG6e™
- - - €80 89%620 9Lt 2 4 - - - - - (@g1od) y<oggo
120 96’k 2'G€ 0L0 919680 622 ¥ 14 .50 €0v-80°0 /S0 | 4 (O21od) 1<BYed
SVHN
- - - 'Joy 'Joy 00t 8€L Gie 1oy 1oy 00k 6£€ 8.t¢ adAy pIim JvHg
¥6°0 100 000 4.0lXy'2 29€8VL €2 €2 [Z ,-0lxee 16291 922 9. 98 einw 4yyHg Auy
69°0 91'0 000 ¢OIX6'L 2vy¥L L LL2 12 €2 |, 0lXL'E 92¢06t 6¥2 99 G/  (3009Ad) v<166/12
GE0 G0 000 280 G¥beEle0 980 ¢ ¥ 920 0,22L0 ¥¥L 0L 1L (9¥65ad) O<vI8LLD

78
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3.4 Discussion

3.4.1 Distinguishing between driver and passenger mutations through
mutational co-occurrences

Although all cancers arise as a result of somatically acquired changes in the DNA of cancer
cells, this does not mean that all somatic abnormalities present in a cancer genome have been
involved in the cancer’s development, with some potentially having had no contribution at all
(Stratton et al., 2009). The identification of mutations that drive tumourigenesis is critical for
precision oncology (Bailey et al., 2018) and for this reason, the terms ‘driver’ and ‘passenger’
have been coined to distinguish between mutations that are causally implicated in tumourige-
nesis and confer a growth advantage on the cancer cell, and those that do not (Stratton et al.,
2009). The analysis of inter- and intra-genic mutational co-occurrences in this chapter high-
lighted a number of relationships between somatic mutations that give an insight into which
mutations are potential drivers of CRC tumourigenesis.

Mutations in codons 12, 13 and 61 of KRAS were found to tend towards mutual exclusivity.
Considering that mutations affecting these regions of the KRAS oncogene normally cause it
to become constitutively active and drive cell proliferation (Haigis et al., 2008; Pylayeva-Gupta
et al., 2011; Stolze et al., 2015), this finding would indicate that KRAS mutations are a likely
driver of CRC development. Indeed, this has been demonstrated in human colorectal cancer
cell lines (Shirasawa et al., 1993), and somatic KRAS mutations are established as early events
in colorectal tumourigenesis (Vogelstein et al., 1988; Fearon and Vogelstein, 1990; Walther
et al., 2009; Fearon, 2011).

However, different KRAS mutants have been shown to be associated with varying biolog-
ical outcomes (Hobbs et al., 2016a), and is it therefore possible that not all KRAS mutations
share equal tumourigenic effects (Stinchcombe and Der, 2011; Kirk, 2011; Stolze et al., 2015;
Hobbs et al., 2016a; Hobbs and Der, 2019). It has been shown in human isogenic cell lines that
expression of three of the most common KRAS mutations (G12D, G12V and G13D) are asso-
ciated with significantly increased proliferation compared with KRAS wild type controls (Stolze
et al., 2015), which could potentially explain why the few instances of co-occurring KRAS mu-
tations identified in the results shown here all include either G12D or G13D point mutations,
through the process of subclonal selection (Martincorena et al., 2017). These mutational co-
occurrences could potentially be evidence of tumour subclones, although due to the lack of
variant allele frequency information in the dataset it is impossible to be certain of the pattern of
intratumoral genetic heterogeneity for these patients (Williams et al., 2018).

In terms of BRAF, the ¢.1799T > A (p.V600E) mutation is another well established driver of
CRC tumourignenesis (Jass, 2007; Walther et al., 2009; Fearon, 2011), which has been shown
to be more strongly selected during tumour progression than other BRAF mutations (Temko
et al., 2018). The results reported here support this, with only 1.1% of BRAF ¢.1799T > A
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(p-V600E) mutations having co-occurred with RAS mutations, in agreement with other reports
(Rajagopalan et al., 2002; Hutchins et al., 2011; Imamura et al., 2012; Phipps et al., 2013;
Gonsalves et al., 2014; Cremolini et al., 2015). This suggests that KRAS and BRAF mutations
might exhibit equivalent tumourigenic effects, in concurrence with others’ findings (Rajagopalan
et al., 2002).

In contrast, 14.3% of BRAF c.1781A > G (p.D594G) mutations occurred together with RAS
mutations. The nature of the c.1781A > G (p.D594G) mutation is currently not well understood
(Cremolini et al., 2015; Amaki-Takao et al., 2016), although the kinase activity of BRAF muta-
tions at codon 594 has previously been reported to be low (lkenoue et al., 2003; Wan et al.,
2004; Smalley et al., 2009). Whilst p.V600E mutations were determined to be activating al-
terations, p.D594G mutations are assumed to display impaired kinase activity. This supports
the differences between BRAF ¢.1781A > G (p.D594G) and BRAF ¢.1799T > A (p.V600E) mu-
tant CRCs reported in the present study. However, considering the frequency with which BRAF
c.1781A > G (p.D594G) mutations co-occurred with RAS mutations was significantly lower than
BRAF wild type CRCs (14.3% vs. 46.9%, respectively), BRAF c.1781A > G (p.D594G) is un-
likely to be a benign passenger mutation; it may potentially cause a partial loss of gene function
(i.e. it may be hypomorphic) and subsequently play a minor role in colorectal tumourigenesis.
Indeed, it has been proposed that some passenger mutations may be better described as
‘mini-drivers’ (Castro-Giner et al., 2015) due to them displaying similar characteristics as driver
mutations, only to a lesser extent (McFarland et al., 2017).

Although mutations in the NRAS oncogene are rarer in CRC than those in KRAS (Irahara
et al., 2010), they have nonetheless been shown to contribute to CRC development and pro-
gression (Haigis et al., 2008; Wang et al., 2013). The results of this chapter found that 5.0%
of mutations in NRAS codon 61 co-occurred with KRAS mutations. In contrast, 43.5% of mu-
tations in codons 12 and 13 co-occurred with KRAS mutations at a similar level to NRAS wild
type CRCs. This observation indicates that there might be underlying biological differences be-
tween mutations in codon 61 compared with codons 12 and 13 of NRAS. Some evidence for the
presence of distinct functional effects was reported using murine models for melanoma. Burd
et al showed that Nras p.Q61R mutants are able to efficiently drive in vivo melanomagenesis,
whereas Nras p.G12D do not (Burd et al., 2014). Studies have also shown that NRAS muta-
tions arise at a later stage in the development of malignancies than KRAS mutations (Vogelstein
et al., 1988; Demunter et al., 2001), further supporting a potential difference in biological effects
in different NRAS mutations.

MSI is an indicator of defective MMR, which is critical for the maintenance of genomic sta-
bility (Peltomaki, 2003; Fearon, 2011). The involved proteins, such as MLH and MSH, play
a ‘caretaker’ role in tumourigenesis through protecting the genome against mutations (Kinzler
and Vogelstein, 1997; van Heemst et al., 2007). The results shown here support previous re-
ports that MMR-deficient tumours (i.e. MSI-positive tumours) have a very high incidence of
BRAF mutations and a lower incidence of KRAS mutations (Rajagopalan et al., 2002). These
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findings are consistent with the hypothesis that both KRAS and BRAF mutant tumours progress
through the same biological pathways, but the mutation spectrum depends upon the underlying
genomic instability of the tumours (Kinzler and Vogelstein, 1996). Moreover, MSI was found to
occur with BRAF ¢.1799T > A (p.V600E) mutations, but not with BRAF ¢.1781A > G (p.D594G)
mutations, in agreement with other studies (Tran et al., 2011; Lochhead et al., 2013; Gonsalves
et al., 2014; Cremolini et al., 2015; Amaki-Takao et al., 2016), giving further support to their
differing biological effects.

3.4.2 The relationship between somatic mutations and clinicopathology

It is important to investigate the relationship between somatic mutations and clinicopathology,
as CRC is known to exhibit differences in incidence, pathogenesis, molecular pathways and
outcome depending on the location of the primary tumour (Lee et al., 2015), and profound
differences in metastatic patterns between histological subtypes and the localisation of the pri-
mary tumour in CRC have been observed (Hugen et al., 2014). It has been suggested that
through influencing the tumour’s biological behaviour, different somatic profiles are associated
with different clinicopathology (Tran et al., 2011). This is supported by the results reported
here, with a number of mutations conferring differences in the clinicopathology of their primary
tumours, as well as their sites of metastases.

In agreement with previous studies (Yamauchi et al., 2012; Rosty et al., 2013), more KRAS
mutant tumours were observed in the right colon (58.9%) as opposed to the left colon (39.5%;
P=2.0x10"12). Differences have been shown to exist between the right (proximal) and left (dis-
tal) colon in terms of developmental origin, exposure to patterning genes, environmental mu-
tagens and gut flora (Missiaglia et al., 2014). For instance, the right colon originates from the
midgut, whereas the left colon stems from the hindgut (Riihimaki et al., 2016), which may ac-
count for the different spectrum of somatic mutations in the left and right colon. Additionally,
KRAS mutant tumours were most commonly associated with lung metastases (50.1%), which
is consistent with a report suggesting the presence of KRAS mutations to be a predictor for the
development of lung metastases (Pereira et al., 2015).

A higher percentage of BRAF mutant tumours were found in the right colon (32.6%) as op-
posed to the left colon (9.2%), and more BRAF mutant tumours were significantly associated
with peritoneal metastases compared to BRAF wild type tumours (P=1.5x1073), in agreement
with others’ findings (Tran et al., 2011; Yokota et al., 2011; Schirripa et al., 2015). A possible
reason for this could be that BRAF mutant tumours have been shown to exhibit an increased
frequency of mucinous differentiation (Pai et al., 2012; Rosty et al., 2013; Schirripa et al., 2015).
Metastases have been shown to spread through the peritoneal fluid within the peritoneal cavity,
and mucinous adenocarcinomas have been shown to metastasise excessively within the peri-
toneum (Riihimaki et al., 2016), which has led others to suggest that the production of mucus
may enable access to the peritoneal space (Hugen et al., 2014). Mucinous adenocarcinomas

81



CHAPTER 3. INTER-RELATIONSHIPS BETWEEN SOMATIC MUTATIONS AND THEIR
INFLUENCE ON SURVIVAL IN MCRC

are thought to be more aggressive (Riihimaki et al., 2016), and have been shown to confer a
poor prognosis in mMCRC (Mekenkamp et al., 2012), which would correlate with the poor prog-
nosis displayed by BRAF mutant tumours.

However, clinicopathological differences were observed between BRAF ¢.1781A > G (p.D594G)
and BRAF ¢.1799T > A (p.V600E) mutant tumours, with the vast majority of BRAF c.1781A > G
(p.D594G) mutant tumours located in the left colon (99.3%), at similar levels to BRAF wild type
tumours (82.4%). This finding is consistent with other studies, which reported that CRCs with
BRAF c.1781A > G (p.D594G) mutant tumours exhibit similar clinicopathological features to
those of BRAF wild type tumours (Cremolini et al., 2015; Amaki-Takao et al., 2016).

NRAS mutant tumours were predominantly found in the left colon (81.8% of codon 12 and 13
mutations and 75.4% of codon 61 mutations). This concurs with others’ findings (Irahara et al.,
2010; Cercek et al., 2017) and adds support to NRAS mutations defining a clinically distinct
subgroup of MCRC (Cercek et al., 2017). While KRAS mutations have been previously asso-
ciated with right-sided colon tumours, NRAS mutations have been associated with tumours in
the left colon (Irahara et al., 2010), which suggests a distinct biology for KRAS and NRAS mu-
tant molecular subsets of CRC (Cercek et al., 2017). However, reports on clinicopathological
differences between KRAS and NRAS mutant CRC have been conflicting, with others’ findings
indicating that NRAS mutant CRCs display similar clinicopathology to KRAS mutant CRCs
(Schirripa et al., 2015). These differences are potentially due to the rarity of NRAS mutations
in CRC (Irahara et al., 2010) limiting these studies to a small number of NRAS mutant cases
(Cercek et al., 2017), which is also a limitation of this study. While no significant differences
were identified between NRAS mutant and NRAS wild type tumours in terms of primary tumour
site, significant differences were found with respect to the sites of metastasis. More NRAS
codon 61 mutant tumours were associated with metastases in the lungs as opposed to NRAS
wild type tumours (P=1.3x107).

In agreement with previous reports (Benatti et al., 2005; Ogino et al., 2009; Tran et al., 2011), tu-
mours harbouring MSI were found in the right colon significantly more often (48.3%) than MSS
tumours (16.7%), as expected due to the high co-occurrence of MSI and BRAF ¢.1799T > A
(p-V600E) mutations (Benatti et al., 2005). There was a significantly reduced rate of liver metas-
tases between MSI (48.3%) and MSS (77.3%) tumours, which is in agreement with previous
reports (Tran et al., 2011). MSI is known to be associated with mucinous histology (Tran et al.,
2011), and a previous study has highlighted a reduced rate of liver metastases in mucinous
histology mCRC (Catalano et al., 2009), which supports the findings reported here. However, it
is unclear as to whether the difference in metastatic spread is due to mucinous histology, MSI,
or both (Tran et al., 2011).
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3.4.3 The influence of somatic mutations on survival

Previous studies have shown that KRAS mutations confer a poor prognosis in CRC patients
(Richman et al., 2009; Imamura et al., 2012; Phipps et al., 2013; Eklof et al., 2013), which are
supported by the results reported in this thesis. When analysed together, KRAS mutant tu-
mours conferred a reduced survival compared to KRAS wild type CRCs. This poor prognostic
effect was also found when analysed by codon, with KRAS codon 12 and 13 mutant tumours
conferring a significantly reduced survival rate compared to KRAS wild type CRCs.

When analysed together, BRAF mutant tumours conferred a poor prognosis in comparison
to BRAF wild type tumours. Taken individually, tumours with the ¢.1799T > A (p.V600E) mu-
tation in BRAF conferred a significantly worse prognosis to BRAF wild type tumours. Patients
with BRAF ¢.1781A > G (p.D594G) mutant CRCs also displayed a reduction in OS compared
to those with BRAF wild type tumours, although this finding was not statistically significant.
However, this is likely due to the limited power of the study to detect the prognostic effects of
BRAF c.1781A > G (p.D594G) mutations, as a result of the small number of patients analysed
that harbour this mutation.

Taken as a whole, NRAS mutant CRCs conferred an inferior prognosis to that of NRAS wild
type CRCs, in agreement with another study on the effects of NRAS mutations on OS (Schirripa
et al.,, 2015). When analysed individually, NRAS codon 61 mutant CRCs conferred a poor
prognosis compared to NRAS wild type CRCs. Although patients with NRAS codon 12 and 13
mutant tumours appeared to have an inferior prognosis to those with NRAS wild type tumours,
this finding was not significant. This is likely due to the small number of NRAS codon 12 and 13
mutations analysed, and a larger sample size would be required in order to investigate this fur-
ther. There was also no significant difference in survival between NRAS codon 61 and NRAS
codon 12 and 13 mutant tumours. Others’ findings are consistent with the findings reported
here regarding the prognosis of patients with NRAS mutations, claiming that exon 3 (codons
60 and 61) NRAS mutants were associated with a strong negative prognostic effect on survival,
whereas exon 2 (codons 12 and 13) mutants had no significant difference from RAS wild type
tumours (Cercek et al., 2017).

The presence of MSI conferred poor prognosis here, in agreement with previous studies of
patients with mCRC (Tran et al., 2011; Smith et al., 2013), in contrast to the superior prognosis
displayed in patients with locally advanced (Stage Il/1ll) CRC (Popat et al., 2005). Although
MSI is known to be associated with BRAF mutations, the results here show that MSI has a
significant effect on prognosis in mMCRC when analysed in patients who have BRAF wild type
tumours, in agreement with other reports (Tran et al., 2011).

While the observations reported here suggest that somatic mutations in the KRAS, BRAF and
NRAS oncogenes and the MSI status of patients’ tumours have an effect on mCRC prognosis,
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it is important to note that there are also underlying biological reasons for the differences in
prognosis between right and left-sided CRCs. Due to the larger bowel lumen, right-sided CRC
usually becomes symptomatic later than left-sided CRC, and right-sided tumours are located
further away from the anal verge, i.e. they are more difficult to be discovered by digit rectal ex-
amination and sigmoidoscopy (Christodoulidis et al., 2010). These factors can lead to patients
with right-sided tumours often presenting at a later stage than those with left-sided tumours,
which may account for the poorer prognosis associated with these tumours (Christodoulidis
et al., 2010).

3.4.4 Conclusion

The results of this chapter show that somatic mutations in the KRAS, BRAF and NRAS onco-
genes and MSlI status all have a significant effect on CRC prognosis. This informed the decision
to perform a genome-wide screen for germline variants associated with CRC prognosis not only
on the full patient cohort, but also on a subgroup of patients for which those with somatic mu-
tations and MSI were excluded, in order to unmask the prognostic effects of these mutations.
These analyses are the focus of the following chapter.
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Chapter 4

The influence of commonly inherited
germline variants on survival in mCRC

4.1 Introduction

In addition to the somatic markers discussed in the previous chapter, there is also a need
to identify common germline markers that influence CRC prognosis; both in order to extend
our current understanding of CRC pathogenesis and to potentially direct clinical management
(Phipps et al., 2016). Historically, the search for germline factors associated with survival in
CRC has focused predominantly on candidate genes that are known to function either within
pathways of action for chemotherapeutic agents used in CRC treatment (Marcuello et al., 2004;
Dotor et al., 2006; Walther et al., 2009) or that influence tumour progression (Kim et al., 2008).
More recently, a number of studies have focused on variants initially identified as being as-
sociated with susceptibility to CRC, and have suggested that some of these alleles may also
influence CRC survival (Passarelli et al., 2011; Dai et al., 2012; Phipps et al., 2012; Garcia-
Albeniz et al., 2013; Abuli et al., 2013; Takatsuno et al., 2013; Morris et al., 2015).

However, the vast majority of proposed markers have not been validated through inde-
pendent studies (Tenesa et al., 2010; Hoskins et al., 2012; Sanoff et al., 2014). Independent
validation of prognostic biomarker studies is recommended by the REMARK guidelines (Mc-
Shane et al., 2005) and is essential before variants can be considered for clinical implemen-
tation (Erichsen and Chanock, 2004; Van Cutsem et al., 2016). The SNP rs9929218, located
in CDH1, was found to be associated with susceptibility to CRC through a large meta-analysis
of GWAS studies (Houlston et al., 2008) and is currently the only CRC-risk SNP confirmed as
being associated with CRC prognosis through a candidate gene study and validated using an
independent patient cohort (Smith et al., 2015). The limited robustness of results from previous
studies may partially reflect the shortcomings of a candidate-based approach. For instance, the
pathways, genes and variants most relevant to and most robustly associated with CRC prog-
nosis may be those without a previously known role in CRC pathogenesis and survival (Phipps
et al., 2016). GWASSs negate this limitation of candidate gene studies through analysing a large
number of SNPs across the whole genome in a relatively unbiased fashion (Cantor et al., 2010).

To date, GWASSs have identified 79 germline SNPs significantly associated with CRC suscep-
tibility in European populations (Law et al., 2019) and the GWAS approach may also provide
valuable insights into potential prognostic markers for CRC (Phipps et al., 2016). However,
while GWAS analyses have identified numerous SNPs robustly associated with the risk of CRC
incidence, far fewer markers of survival to CRC have been confirmed through this method.
It has been proposed that this is likely to be due to the use of insufficient sample sizes or
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the omission of independent validation cohorts with which to corroborate study findings (Smith
et al., 2015; Phipps et al., 2016). Currently, the only SNP robustly associated with CRC prog-
nosis through a GWAS is rs209489 at 6p12.1 (Phipps et al., 2016). rs209489 is intronic to
ELOVL5, which had not previously been implicated in CRC aetiology or progression. Although
it is possible that this SNP may reflect the role of another nearby gene, the identification of a
gene with no previous association with CRC as having a potential prognostic role highlights the
benefits of the GWAS approach (Phipps et al., 2016).

A clear need exists for further study into germline prognostic markers for CRC. Through the
use of GWASSs with sufficient sample sizes and independent validation cohorts to rigorously test
study findings, the opportunity exists to expand upon our current knowledge of the association
between germline variants and CRC prognosis, and the potential to gain an improved under-
standing of CRC pathobiological mechanisms to inform putative clinical applications (Tenesa
et al., 2010). The following chapter focuses on GWAS analyses utilising the combined sample
sizes of the COIN and COIN-B datasets to identify novel germline SNPs that are associated
with CRC survival, and to ascertain whether any support exists within this dataset for both
previously proposed and established germline prognostic biomarkers for CRC.

4.1.1 Aims and objectives

« To investigate whether any novel germline mutations are significantly associated with CRC
survival through performing GWAS analyses on the combined COIN and COIN-B cohorts

« To perform GWAS analyses on a stratified subset of patients whose tumours are wild type for
RAS and BRAF mutations and are MSS

« To determine whether any support exists for SNPs currently proposed and established as
prognostic biomarkers using the COIN and COIN-B patient cohorts
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4.2 Materials and methods

4.2.1 Patient and specimen characteristics

Blood DNA samples were available from 1950 cases from the MRC clinical trials COIN (Chapter
2.1.1; n=1780) and COIN-B (Chapter 2.1.2; n=170). Two patients were found to have missing
survival data and were excluded, giving a total of 1948 cases to be analysed. As shown in
Figure 2.1, all data collection, DNA extraction and genotyping was completed by others prior
to the commencement of this project (Al-Tassan et al., 2015). A detailed description of the
assay methods for germline DNA samples can be found in Chapter 2.2.2. In brief, initial QC of
germline patient data and genotype imputation was performed by Professor Richard Houlston’s
laboratory at the ICR as previously described (Anderson et al., 2010; Al-Tassan et al., 2015),
using data from the 1000 Genomes Project as the haplotype phasing reference panel. The
cleaned germline data was obtained by the candidate in the form of 22 Oxford text genotype
(.gen) files, the analysis of which is the focus of this chapter.

4.2.2 Study design and statistical analysis methods

All analyses in this chapter were conducted retrospectively. No stratification by disease stage
was employed (due to all patients having Stage IV disease). The primary endpoint was OS; the
time from trial randomisation to death.

4.2.2.1 Germline data file conversions and preparation

Prior to performing GWAS analyses, the original germline data files for each autosome (chro-
mosomes 1-22) were required to be converted from Oxford text genotype file format (.gen) to
transposed .ped (.tped) and .map (.tfam) files, which could be run by the GenABEL software
package in R. Firstly, GTOOL was used for .gen to .ped and .map conversion. Due to the size
of the .gen files, this file conversion was completed through remote access to the Raven HPC
server. Cyberduck was used to transfer files between the local machine and the Raven server.
PLINK was then used to convert .ped and .map files into binary .ped and .map (.bed, .bim and
.fam) files. Duplicate variant names (such as common occurrences of ‘. in place of an rsid
identifier) were renamed to a unique identifier using R, through modifying each .bim file. The
.bed, modified .bim and .fam files were then converted back into .ped and .map format using
PLINK, before being converted to the .tped and .tfam files used for GWAS analyses.

4.2.2.2 MAF filtering

Files were filtered to exclude variants with MAF < 0.05 using PLINK. This choice of MAF
threshold was based on statistical power calculations that showed there was a significant
increase in power to detect true associations for variants with MAF > 0.05 than those with
0.01 <MAF<0.05.
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4.2.2.3 Power calculations

Statistical power calculations were performed for the full patient cohort and the all wild type sub-
group using the online calculator at http://www.sample-size.net/sample-size-survival-analysis/,
tabulated in Microsoft Excel and power curves were produced using the ggplot2 package in R.

4.2.2.4 GWAS analyses

All GWAS analyses were performed using the GenABEL package in R. The convert.snp.tped
function was used to convert the separate transposed (.tped and .tfam) files into a single geno-
type data file for each autosome (chromosomes 1-22). The load.gwaa.data command was
used to combine this file with the phenotype information from the clinical molecular dataset
(Table 2.2) to create a gwaa.data object ready to be analysed. The GASurv function created
a survival data object for use with the mireg function, which was used for all GWAS analyses.
The subset function from the base stats package was used in order to create the all wild type
subgroup.

All variants identified as suggestive of association were then analysed under a multivariable
Cox survival model in R using the survival package, using the covariates described in Table
3.7. Tests for interaction between these variants and cetuximab use, chemotherapy regimen
and chemotherapy schedule were also performed to determine whether any of the variants
were prognostic or predictive biomarkers for treatment, although none of these were found to
be significant. Following the identification of a genome-wide significant SNP through multivari-
able analyses of the most highly associated variants in univariable analyses, a full multivariable
GWAS was then performed for the full cohort and all wild type subgroup, using the GenABEL
package in R through the Raven HPC.

GWAS analyses were performed using an additive model of genetic inheritance. It is com-
mon practice for GWASs to examine an additive model only, as this model has sufficient power
to detect both additive and dominant effects (Bush and Moore, 2012), although an additive
model may be underpowered to detect some recessive effects (Lettre et al., 2007). A reces-
sive model was not considered here due to the multiple testing implications associated with
analysing multiple genetic inheritance models (Reed et al., 2015). For two alleles of a biallelic
SNP, A and a, the additive model (for allele A) assumes that the increase in risk for each copy
of the A allele increases in a uniformly linear fashion (for example, if the effect for genotype Aa
is 2x, for AA there will be a 4x increase in effect) (Bush and Moore, 2012).

The genome-wide significance level of P< 5.0x10°® was originally proposed as an appropri-
ate value by which to achieve a probability of greater than 95% that there are no false positives
for 1,000,000 independent association tests (Risch and Merikangas, 1996) and has emerged
as the de facto standard value for genome-wide significance (Jannot et al., 2015). The thresh-
old of suggestive association is a more arbitrary measure, although SNPs above this threshold
are often selected as candidate loci for replication studies (Jin et al., 2013).
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Results for each autosome were filtered for genotype imputation fidelity using an inclusion
threshold of info score > 0.8 using data from SNPTEST. This threshold was introduced to in-
crease confidence in the results, as SNPs above this threshold are considered to be of high
imputation quality (Reed et al., 2015). Results were then combined and visualised graphically
using the ggman package in R. The manhattan function was used to create Manhattan plots
and the qq function was used to create Q-Q plots. The A statistic of genomic control was also
calculated using the estlambda function in GenAbel in R, in order to be confident that no un-
derlying bias was present due to population stratification. Generally, a value of close to 1.0 is
desired to be confident that there is no stratification present. If A < 1, no adjustment is required
(Hinrichs et al., 2009), while values of A > 1.2 suggest the presence of population stratification
(Reed et al., 2015).

4.2.2.5 Support for proposed and established germline prognostic biomarkers

Following GWAS analyses, support for previously proposed and established germline prognos-
tic markers was then analysed, comparing survival data from the combined COIN and COIN-B
under the respective genetic inheritance models used by previous studies.

4.2.2.6 LD analyses

LD analyses were performed using the Id command in PLINK. All LD values at each locus were
calculated with respect to the most significant SNP at that locus (the sentinel SNP).
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4.3 Results

4.3.1 Full patient cohort
4.3.1.1 Power calculations

Based on a sample size of 1948 patients (1453 events), GWAS analyses had > 80% power to
detect associations with OS for variants with HRs > 3.24 and MAFs > 0.01 and for variants with
HRs>1.71 and MAFs > 0.05 (Figure 4.1).
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Figure 4.1: Statistical power to detect associations with OS in the full patient cohort.
N=1948 (1453 events). o level: P<5.0x10°8. Horizontal line represents the threshold for 80%
power. MAF: Minor allele frequency.
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4.3.1.2 GWAS analyses

4.3.1.2.1 Univariable GWAS analyses

Under an additive genetic model for OS, 68 commonly inherited variants (MAF > 0.05, info
score> 0.8) were found to be suggestive of association with survival (P< 1.0x107), including
a peak 25 of variants at 19g32.1, of which the most significant SNP was rs706494 (MAF=0.19,
info score=0.9; Figure 4.2, Table 4.1). There were no variants associated with survival at the
level of genome-wide significance (P< 5.0x1078) in univariable analyses (Figure 4.2, Table 4.1).

-log;o(P)
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=
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©
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Figure 4.2: Univariable GWAS results for OS in the full patient cohort, additive model.
N=1948. MAF > 0.05, info score >0.8. MAF: Minor allele frequency. Red line: Threshold
of genome-wide significance (P <5.0x10°8). Blue line: Threshold of suggestive association
(P <1.0x107°).
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Table 4.1: Uni- and multivariable GWAS results for variants in the full patient cohort.

Univariable analyses

Multivariable analyses

Variant R A Cytoband
HR  95% ClI P HR  95% Cl P
rs706494 C A 19321 129 1.17-1.41 1.6x107 1.26 1.13-1.41 4.8x10°
rs1722765 C G 19321 128 1.16-1.40 23x107 1.25 1.12-1.39 7.2x10°
rs5020875 T A 1g321 124 1.14-1.35 3.9x107 1.19 1.08-1.31 3.5x10™*
rs1534051 G A 19321 126 1.15-1.39 6.6x107 1.22 1.10-1.36 2.9x10*
rs1779289 T C 1g321 126 1.15-1.38 7.0x107 1.21 1.09-1.35 3.9x10°*
rs1628556 C A 19321 126 1.15-1.38 7.3x107 1.21 1.09-1.35 4.3x10™%
rs1722764 G A 19321 126 1.15-1.38 7.6x107 1.22 1.09-1.36 3.4x10™
rs1722742 G A 19321 126 1.15-1.38 7.9x107 1.21 1.09-1.35 4.4x10™*
rs1779293 T A 19321 126 1.15-1.38 7.9x107 1.21 1.09-1.35 4.3x10™*
rs1772832 C T 19321 126 1.15-1.38 8.0x107 1.21 1.09-1.35 3.9x10™%
rs832150 C A 19321 126 1.15-1.38 8.1x107 1.22 1.09-1.36 3.4x10™%
rs1628151 G A 19321 126 1.15-1.38 85x107 1.21 1.09-1.35 4.4x10*
rs832152 C A 19321 126 1.15-1.38 9.3x107 1.22 1.09-1.36 3.6x10™
rs1722779 C T 19321 126 1.15-1.38 9.6x107 1.21 1.09-1.35 4.9x10™%
rs1794867 C T 19321 126 1.15-1.38 9.6x107 1.21 1.09-1.35 4.9x10™%
rs832148 A G 1g321 127 1.15-1.39 1.0x10® 1.22 1.10-1.37 3.7x10*
rs1626370 G A 19321 126 1.15-1.38 1.1x10® 1.21 1.09-1.35 5.6x10™*
rs832151 C T 19321 126 1.15-1.38 1.2x10% 1.21 1.09-1.35 5.1x10™%
rs700472 G T 19321 1.27 1.15-1.39 1.2x10% 1.23 1.10-1.38 2.6x10*
rs700473 T C 19321 126 1.151.39 1.2x10® 124 1.11-1.38 1.6x10™*
rs832145 T C 1g321 127 1.151.39 1.3x10® 1.23 1.10-1.37 3.3x10™*
rs832146 G C 19321 126 1.15-1.39 1.8x10® 1.23 1.10-1.37 3.7x10*
rs1400673 T G 3p26.1 1.34 1.19-1.51 2.1x10® 1.19 1.03-1.37  0.02
rs1037888 A T 39261 119 1.11-1.28 25x10°® 1.16 1.06-1.26 6.9x10™
rs2355023 T C 11p151 0.80 0.73-0.88 2.6x10® 0.82 0.73-0.91 2.0x10™*
rs9290065 C T 39261 119 1.11-1.28 3.1x10°® 1.16 1.06-1.26 6.4x10™%
rs832147 C G 19321 125 1.14-1.38 35x10% 1.22 1.09-1.37 4.3x10™%
rs4896787 A G 602231 073 0.63-0.83 3.6x10°® 0.74 0.63-0.86 9.1x10°
rs3799775 G T 6qg2231 0.73 0.64-0.83 4.1x10% 0.74 0.64-0.86 9.9x10™
rs11024323 T C  11p151 0.82 0.75-0.89 4.1x10® 0.83 0.75-0.91 1.9x10™*
rs1419276 A T 19321 124 1.13-1.36 4.1x10°% 1.19 1.07-1.33 9.7x10*
rs12886160 C T  14g21.1 0.81 0.74-0.89 5.0x10® 0.84 0.76-0.93 8.0x10™*
rs9356458 G A 6027 0.84 0.77-0.90 5.2x10% 0.76 0.70-0.83 2.4x107°
rs12434791 C A 149211  0.81 0.74-0.89 5.4x10® 0.84 0.76-0.93 9.8x10™*
rs11157284 A T 149211 0.81 0.74-0.89 5.5x10® 0.84 0.76-0.93 9.2x10™*
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14921.1
3026.1
3926.1
14921.1
1932.1
14911.2
14921.1
6p22.3
6p22.3
14921.1
14q11.2
4034.3
12024.33
14911.2
6p22.3
6022.31
14921.1
6p22.3
14921.1
6022.31
6p22.3
14921.1
14921.1
14921.1
4034.3
6p22.3
14921.1
3926.1
14921.1
3926.1
3026.1
6p22.3
1924.2

0.81
1.18
1.18
0.81
1.23
1.40
0.81
1.25
1.26
0.81
1.39
1.37
1.22
1.39
1.26
0.73
0.81
1.26
0.81
0.73
1.26
0.82
0.82
0.82
1.31
1.26
0.82
1.18
0.82
1.17
1.18
1.26
1.34

0.74-0.89
1.10-1.27
1.10-1.27
0.74-0.89
1.13-1.35
1.21-1.62
0.74-0.89
1.13-1.37
1.14-1.39
0.74-0.89
1.21-1.61
1.19-1.57
1.12-1.33
1.21-1.61
1.14-1.39
0.64-0.84
0.74-0.89
1.14-1.39
0.74-0.89
0.64-0.84
1.14-1.39
0.75-0.89
0.75-0.89
0.75-0.89
1.16-1.47
1.14-1.39
0.75-0.89
1.09-1.26
0.75-0.89
1.09-1.26
1.09-1.26
1.13-1.39
1.18-1.53

5.5x107°6
5.8x106
5.8x10°6
5.8x106
6.0x10°6
6.2x10°6
6.5x107°6
6.7x10°6
6.8x10°6
6.8x10
6.8x10°6
6.8x10°6
7.0x107°6
7.0x10®
7.1x107°6
7.3x10°6
7.3x107°6
7.6x107°6
7.7x10°6
8.0x107°6
8.5x1076
8.7x107°6
8.7x1076
8.7x107°6
8.8x10
8.8x1076
8.9x10
9.1x10°6
9.6x10
9.8x107°6
9.8x10
9.9x1076
9.9x10

0.84
1.15
1.16
0.84
1.19
1.39
0.84
1.17
1.24
0.84
1.39
1.41
1.26
1.39
1.24
0.73
0.81
1.24
0.85
0.75
1.23
0.85
0.84
0.84
1.24
1.23
0.85
1.15
0.84
1.15
1.15
1.23
1.36

0.76-0.93
1.06-1.25
1.06-1.26
0.76-0.93
1.07-1.32
1.18-1.63
0.76-0.94
1.05-1.31
1.10-1.39
0.76-0.93
1.18-1.63
1.20-1.65
1.13-1.39
1.18-1.63
1.10-1.40
0.63-0.86
0.73-0.90
1.10-1.39
0.76-0.94
0.64-0.87
1.10-1.39
0.76-0.94
0.76-0.94
0.84-0.76
1.08-1.41
1.09-1.38
0.76-0.94
1.06-1.25
0.76-0.94
1.06-1.25
1.06-1.25
1.10-1.39
1.17-1.59

9.2x10™4
7.0x10°
6.7x1074
8.0x10™#
1.3x1073
8.5x10
1.3x103
5.3x103
3.3x104
9.7x1073
6.7x107°
2.5x10®
1.3x10°
6.9x10™
3.3x104
1.0x104
1.3x10
3.5x104
1.6x103
1.7x104
4.4x104
1.3x1073
1.3x103
1.3x1073
2.6x10°3
5.8x107
1.3x103
6.6x107
1.2x103
8.5x104
7.0x10°4
4.3x104
8.7x10°°

*Variant is an indel. Maximum univariable n=1948, maximum multivariable n=1551. All MAFs > 0.05. All variants

suggestive of association with OS (P < 1 .0x10'5) in univariable analyses. R: Reference allele. A: Alternate allele

(allele analysed). HR: Hazard Ratio. Cl: Confidence Interval. P: P-value.
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Further interrogation of the distribution of P-values using a Q-Q plot (Figure 4.3) found that the
majority of P-values lay very close to the y=x line, indicating the absence of systematic bias.
The extreme observed values that diverged from the y=x line are SNPs that are suggestive
of association (Reed et al., 2015). The inflation factor estimate (L) was A=1.0, therefore no
underlying population substructure was present.

Observed -logio(p)

T T T T T T T T
0 1 2 3 4 5 6 7

Expected -logqo(p)

Figure 4.3: Observed versus expected P-values for univariable GWAS. MAF > 0.05, info
score > 0.8. MAF: Minor allele frequency.

4.3.1.2.2 Analysis of variants suggestive of association under a multivariable model

The SNPs found to be suggestive of association through univariable GWAS analyses were
interrogated further with the addition of known prognostic factors into the model. These co-
variates were the same as those added in multivariable analyses of somatic mutations (Table
3.7). rs9356458 at 6027 became significant above the threshold of genome-wide significance
(P<5.0x10°8) after the inclusion of known prognostic factors (HR 0.76, 95% CI 0.70-0.83,
P=2.4x10"; Table 4.1). Given that rs9356458 only became genome-wide significant after the
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inclusion of prognostic covariates, a multivariable GWAS was performed subsequently in order
to determine whether any other SNPs might increase in significance to this level.

4.3.1.2.3 Multivariable GWAS analyses

multivariable GWAS analyses identified a further SNP of genome-wide significance, rs17560791,
at 235 (HR 0.77, 95% C1 0.70-0.84, P=3.7x108 (Figure 4.4). A haplotype block of fifteen SNPs

of suggestive association was also identified, with rs241477 the most significant (HR 1.40, 95%

Cl 1.23-1.59, P=1.8x10"). In total, SNPs at three distinct loci (6927, 2935 and 14g31) were

identified through multivariable GWAS analyses (Table 4.1). LD analyses identified that the

four other SNPs of genome-wide significance at 6927 (rs35925426, rs11448205, rs9347113

and rs6930706) were in LD with rs9356458. One of these variants was in high LD (2> 0.8)

with rs9356458 (rs6930706, r2=0.96), while the other three were in moderate LD (rs6930706,

r2=0.77; rs11448205, r2=0.77 and rs9347113, r2=0.69).

rs9356458
(o]

rs17560791
(o]

rs241477

o]

-log;o(P)

4 5 6 7 8 9 10 " 12 13 14 15 16 17 18 20 22
Chromosome

Figure 4.4: Multivariable GWAS results for OS in the full patient cohort, additive model.

N=1948. MAF > 0.05, info score >0.8. MAF: Minor allele frequency. Red line: Threshold

of genome-wide significance (P <5.0x10°8). Blue line: Threshold of suggestive association
(P <1.0x107°).
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4.3.1.3 Further interrogation of significant SNPs

4.3.1.3.1 Analysis under different survival measures and genetic models

In addition to visualising GWAS outputs, association analysis using other genetic models can
be a useful sensitivity analysis (Reed et al., 2015). The only SNP found to be associated with
OS at the level of genome-wide significance (P< 5.0x108) under a dominant genetic model was
rs9356458 (Table 4.2). rs9356458 was also found to be suggestive of association (P< 1.0x10)
for the diagnosis to death (DTD) survival measure under an additive and dominant genetic
model for the full patient cohort (Table 4.2).
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4.3.2 All wild type subgroup

In order to unmask the underlying prognostic effects of patients’ somatic tumour profiles (iden-
tified in Chapter 3), secondary GWAS analyses were performed on a subset of the full cohort,
including only those patients with RAS and BRAF wild type and MSS tumours (n=749).

4.3.2.1 Power calculations

Based on a sample size of 749 patients (499 events), GWAS analyses had >80% power to
detect associations with OS for variants with HRs > 7.41 and MAFs > 0.01 and for variants with
HRs >2.50 and MAFs > 0.05 (Figure 4.5).

1.00 |
0.80 1
_ 060
)
2
o
o
0.40 1
MAF
—— 0.01
_ — 0.05
0.20 0.10
0.20
— 0.30
0.40
0.00 1
2.00 4.00 6.00 8.00 10.00 12.00

Hazard Ratio

Figure 4.5: Statistical power to detect associations with OS in the all wild type subgroup.
N=749 (499 events). o level: P<5.0x108. Horizontal line represents the threshold for 80%
power. MAF: Minor allele frequency.
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4.3.2.2 GWAS analyses

4.3.2.2.1 Univariable GWAS analyses

Under an additive genetic model for OS, 37 commonly inherited variants (MAF > 0.05, info
score> 0.8) were found to have a suggestive association with survival (P< 1.0x10°; Figure 4.6,
Table 4.3). No variants were found to be of genome-wide significance (P < 5.0x108), although
a peak of nine variants at 7p11.2 were extremely close to this threshold; the most significant
of these being rs60455898 (P=7.8x108; Figure 4.6, Table 4.3). LD analyses confirmed these
variants as being in a haplotype block. The three SNPs previously identified through multivari-
able analyses of the full patient cohort did not achieve the level of suggestive association with
OS in univariable analyses of the all wild type patient cohort (Figure 4.6, highlighted SNPs).

-log;o(P)

14 15 16 17 18 20 22

Chromosome

Figure 4.6: Univariable GWAS results for OS in the all wild type subgroup, additive
model. N=749. MAF >0.05, info score > 0.8. Highlighted SNPs (in red): genome-wide sig-
nificant loci from full patient cohort multivariable analyses (rs17560791 at 2q35, rs9356458 at
6027 and rs241477 at 14.31.3). MAF: Minor allele frequency. Red line: Threshold of genome-
wide significance (P < 5.0x1078). Blue line: Threshold of suggestive association (P < 1.0x107°).
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Table 4.3: Uni- and multivariable GWAS results for variants in the all wild type subgroup.

Univariable analyses Multivariable analyses
Variant R A Cytoband HR 95% CI P HR 95% CI P
rs60455898 T C 7p11.2 191 151-242 7.8x108 1.85 1.44-2.38 1.5x10°
rs6952394 T G 7p11.2 191 150-2.41 9.1x108 1.85 1.44-2.38 1.7x10°
rs4948063 T C 7p11.2  1.90 1.50-2.41 1.0x107 1.84 1.43-2.37 1.8x10°
rs4074683 c T 7p11.2 194 1.52-248 1.1x107 1.95 1.50-2.52 4.5x107
rs4948064 T C 7p11.2  1.83 1.45-231 3.8x107 1.88 1.47-2.40 5.9x107
rs55944864 A G 7p11.2  1.83 1.45-231 39x107 1.87 1.46-2.40 6.2x107
rs58814124 cC T 7p11.2  1.83 1.45-231 39x107 1.87 1.46-240 6.2x107
rs35767833 T C 7p11.2 182 1.44-230 4.8x107 1.86 1.45-2.38 8.6x107
rs139111483 T C 7p11.2  1.82 1.44-230 59x107 1.85 1.44-2.37 1.1x10°
rs200903757* AG A  8q11.23 191 1.46-2.48 1.7x10® 1.85 1.39-2.44 2.0x10°
rs10504132 C T 8q1123 1.90 1.46-2.48 1.8x100 1.84 1.39-243 2.3x107
rs7012946 G A 8q1123 1.90 1.46-248 1.8x10% 1.84 1.39-243 2.3x107
rs10104368 C A 8q1123 191 1.46-249 20x10% 1.84 1.29-243 2.2x107
rs13281179 G C 8q1123 1.90 1.46-248 23x10% 1.83 1.38-242 2.5x107
rs56880996 G C 4p161 146 1.25-1.71 25x10% 1.36 1.15-1.62 3.8x10™*
rs56977009 AT 4p16.1 146 1.25-1.71 25x10% 1.36 1.15-1.62 3.8x10™*
rs112083640 C A 3pl41 175 1.39-221 28x10® 1.72 1.34-221 1.8x10°

DEL
rs200204853* 14 A 2033.3 1.66 1.34-2.05 3.5x10% 1.64 1.31-2.05 1.3x107
BP

rs11908352 C A 20g13.12 151 1.27-1.79 3.6x10% 1.30 1.08-1.57 5.5x107
rs6124764 T A 2091312 151 1.27-1.79 3.6x10® 1.30 1.08-1.57 5.5x103
rs114841535 T C  4g13.3 0.53 0.40-0.69 3.8x10® 0.54 0.41-0.72 2.5x10°
rs116033880 G A 4q13.3  0.53 0.40-0.69 3.8x10® 054 0.41-0.72 2.5x10°°
rs34230659* TC T 4p16.1  1.44 1.23-169 4.8x10% 1.37 1.15-1.62 3.0x10™*
rs7179722 T A 15914  0.73 0.64-0.84 5.9x10® 0.75 0.65-0.87 9.5x10°°
rs1878943 c T 4p16.1 142 1.22-166 6.8x10% 1.36 1.15-1.60 3.4x10*
rs61166583 G A 4p161 143 122167 7.2x10% 1.36 1.15-1.61 4.2x10™*
rs2528512 G A 7p21.2  1.44 1.23-1.68 7.3x10% 1.49 1.26-1.75 2.7x10°
rs2317214 A G 809233 148 1.24-1.75 7.7x10% 1.40 1.18-1.68 1.8x10*
rs1818669 C G 4p161 142 1.22-165 7.7x10% 135 1.14-1.60 3.9x10%
rs73090773 C A 4p161 142 1.22-165 7.7x10% 135 1.14-1.60 3.9x10%
rs5894337* G GT 809233 150 1.25-1.79 8.1x10® 1.42 1.18-1.71 2.3x10**
rs35720921* T TA 2937.3 1.46 1.23-1.72 87x10® 158 1.32-1.89 6.1x107
rs10500523 T G 16021 1.61 1.31-1.99 88x10® 1.60 1.29-1.98 1.7x10°°
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rs17526038 A C  16g21  1.61 1.31-1.99 88x10% 1.60 1.29-1.98 1.7x107°
rs73090775 C T 4ptet 142 1.22-1.65 89x10° 135 1.14-1.60 4.3x10*
rs2448702 G A 6pl23 132 1.17-1.50 8.9x10® 1.31 1.15-1.49 3.8x10°
rs881497 C T  20g12 141 121-1.64 95x10° 1.47 1.25-1.72 2.9x10°

*Variant is an indel. Maximum univariable n=749, maximum multivariable n=740. All MAFs > 0.05. All variants
suggestive of association with OS (P < 1 .0x10'5) in univariable analyses. R: Reference allele. A: Alternate allele

(allele analysed). HR: Hazard Ratio. Cl: Confidence interval. P: P-value. DEL: Deletion. BP: Base-pairs.

4.3.2.2.2 Analysis of variants suggestive of association under a multivariable model
The SNPs found to be suggestive of association through univariable GWAS analyses were
interrogated further with the addition of known prognostic factors into the model. These co-
variates were the same as those added in multivariable analyses of somatic mutations (Table
3.7). None of these SNPs achieved genome-wide significance under a multivariable model,
although a full multivariable GWAS was then performed in order to ascertain whether any of
the genome-wide significant SNPs identified through multivariable GWAS analyses of the full
patient cohort achieved a level of suggestive association in the all wild type subgroup.
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4.3.2.2.3 Multivariable GWAS analyses

There was support for rs9356458 (6g27) at the level of suggestive association (P< 1.0x107),
but not for rs17560791 (2935) or rs241477 (14931.3; Figure 4.7). The peak of variants ap-
proaching genome-wide significance remained suggestive of association in multivariable anal-
yses, of which rs4074683 was the most significant SNP.
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Figure 4.7: Multivariable GWAS results for OS in the all wild type subgroup, additive
model. N=749. MAF > 0.05, info score> 0.8. Highlighted SNPs (in red): genome-wide signifi-
cant loci from full patient cohort multivariable analyses (rs17560791 at 2q35, rs9356458 at 6027
and rs241477 at 14.31.3). MAF: Minor allele frequency. Red line: Threshold of genome-wide
significance (P < 5.0x10°8). Blue line: Threshold of suggestive association (P < 1.0x107).
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4.3.3 Support for previously proposed and established prognostic biomarkers

The two SNPs previously found to be robustly associated with CRC survival, rs9929218 and
rs209489 (Smith et al., 2015; Phipps et al., 2016), were not found to be significantly asso-
ciated with OS under an additive genetic model (rs9929218: HR 1.11, 95% CI 1.02-1.20,
P=1.2x10"2; rs209489: HR 1.01, 95% CI 0.88-1.16, P=0.89). However, under the recessive
model, rs9929218 was found to be suggestive of association with OS (HR 1.42, 95% CI 1.19-
1.69, P=9.6x107°; Table 4.4). No support was found for any other SNPs previously reported to
be associated with survival in the literature (Passarelli et al., 2011; Dai et al., 2012; Phipps et al.,
2012; Garcia-Albeniz et al., 2013; Abuli et al., 2013; Takatsuno et al., 2013; Morris et al., 2015)
to a level of significance suggestive of association, although support existed for rs10795668 at
a level of nominal significance (P< 0.05; Table 4.4).
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4.4 Discussion

4.4.1 The identification of novel germline prognostic biomarkers for CRC

The search for novel germline prognostic biomarkers for CRC has to date yielded very few
robustly associated variants. This is likely to be due in part to the small sample sizes used
in these studies and the associated lack of sufficient statistical power required to detect vari-
ants with true prognostic effects (Smith et al., 2015; Phipps et al., 2016). Through analysis of
germline data from the largest clinical trial of mMCRC patients to date (the combined COIN and
COIN-B cohorts), the work in this chapter has aimed to find novel germline prognostic biomark-
ers that previous studies were unable to detect.

Initially, univariable GWAS analyses were performed using strict quality control thresholds
for MAF (>0.05) and info score (>0.8) in order to ensure that the results obtained were
as robust as possible. No variants were identified at the level of genome-wide significance
(P<5.0x10°8) through univariable GWAS analyses, although 68 variants were found to be
above the level of suggestive association (P< 1.0x10™). These variants were analysed fur-
ther using a multivariable model in order to ascertain whether the inclusion of known clinical
and prognostic factors would impact their levels of significance. Following the inclusion of
these factors into the model, one SNP (rs9356458 at 6g27) increased in significance from
P=5.2x10"6 to P=2.4x10"9. The covariates that had the greatest impact on this increase in sig-
nificance were WHO PS (P=7.0x10"°), WBC count (P=4.9x10), ALKP levels (P=1.2x107%),
PLT count (P=2.3x10""), number of metastatic sites (P=1.2x10"%), KRAS (P=1.8x10"), BRAF
(P<2.0x10716) and NRAS status (P=4.5x10"3) and the rs9929218 genotype (P=6.8x10).

The identification of this genome-wide significant SNP led to the decision to perform a full
multivariable GWAS, which identified another SNP at the level of genome-wide signficance
(rs17560791 at 2g35) and a haplotype block of fifteen SNPs at 14931.3, of which the most
significant SNP was rs241477. While the possibility that rs241477 represents a false-positive
result is higher than for the two SNPs of genome-wide significance, the support of the other
fourteen variants identified as being in LD with this SNP suggests that this observation could
be a genuine association. rs9356458, rs17560791 and rs241477 had HRs < 1, indicating that
the alternate allele of these variants may confer a median increase in life expectancy on those
patients who carry them over those that do not.

Although the introduction of covariates into the model reduced the sample size, there was
still adequate statistical power to identify variants associated with OS at a level of genome-
wide significance. While univariable analyses are useful for describing survival with respect to
the factor under investigation, they essentially ignore the impact of any other factors that may
have an effect on the outcome (Bradburn et al., 2003). It is for this reason that clinical stud-
ies often use a multivariable analysis model to assess survival with respect to several factors
simultaneously (Bradburn et al., 2003).
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4.4.2 Unmasking the effects of underlying somatic prognostic factors

The results of this chapter show that unmasking the effects of the underlying somatic mutational
profile of patients’ tumours has an effect on the germline variants identified as being associated
with CRC prognosis. To the candidate’s knowledge, no other GWAS has been performed that
takes this into account. This is likely to be due to the majority of other studies not having the
wealth of clinical molecular data that was collected as part of the COIN and COIN-B trials. For
those studies that have collected some of this data, their sample sizes are likely to be too small
to allow sufficient power with which to subset the datasets in this way and still be able to detect
true findings.

The results of univariable GWAS of the all wild type subgroup showed that when patients
with somatic mutations in the KRAS, BRAF and NRAS oncogenes or whose tumours were
MSI-positive were excluded, no support was found for the three highly significant variants found
through GWAS analyses of the full patient cohort, although this may be due to the lower power
of this subset relative to the full patient cohort. There were, however, 37 variants that were found
to be suggestive of association with CRC prognosis, although none of these were significant to
the level of genome-wide significance. A peak of nine SNPs were identified at 7p11.2, of which
the most significant SNP was rs60455898 (P=7.8x10"8). When these variants were analysed
under a multivariable model, none of these variants were found to increase in significance to
the level of genome-wide significance, although the peak of nine SNPs at 7p11.2 remained
suggestive of association, with the most significant SNP changing to rs4074683 (P=4.5x1077)
under a multivariable model.

Following this, a full multivariable GWAS was performed in order to determine how other
variants changed in significance, and to see what support there was for the three SNPs iden-
tified through multivariable GWAS analyses of the full patient cohort in the all wild type sub-
group. There was support for rs9356458 (6g27) at the level of suggestive association, but not
for rs17560791 (2935) or rs241477 (14931.3). These results indicate that the germline variants
associated with CRC prognosis appear to differ between patients whose tumours have somatic
mutations in KRAS, BRAF and NRAS and are MSI-positive, and those that are not. A recent
study into how germline susceptibility variants impact clinical outcome and therapeutic strate-
gies has shown that underlying germline genetic alterations mold the tumour somatic alteration
landscape of patients with Stage Ill CRC, which supports the results shown here (Lin et al.,
2019).

4.4.3 Support for previously established and proposed germline prognostic
biomarkers for CRC

There was no support for the majority of variants that have previously been proposed as prog-
nostic biomarkers for CRC. This may largely be due to these variants being only nominally
associated with survival to CRC in their respective studies, and also possibly due to differences
in treatment and clinicopathological stage of patients included in each study. rs9929218 was
identified through a candidate gene study that used a recessive model and COIN and COIN-B
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data in the training and validation phases, respectively (Smith et al., 2015). Therefore, it is to
be expected that this variant was shown to be significantly associated with survival in this study.

4.4.4 Conclusion

The results of this chapter have identified four SNPs associated with survival in CRC (two
at a level of genome-wide significance and two at a level of suggestive association) through
multivariable GWAS analyses. In order to gain an initial insight into the biological implications
of these SNPs, further work is required using in silico techniques to identify the underlying
mechanisms these SNPs may impact. This is the focus of the following chapter.
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Chapter 5

In silico functional investigation of
potential prognostic variants

5.1 Introduction

Although the GWAS approach has proven useful for identifying associations between variants
and traits, a GWAS cannot determine the functional mechanisms underlying the observed as-
sociations (Manolio, 2010). Therefore, in order to shed more light on the potential relationship
between variants and specific traits identified through a GWAS, further analyses are required
(Carethers et al., 2015). The contextualisation of GWAS results is important as this often
provides more meaningful insights into disease pathogenesis (Reed et al., 2015). The identifi-
cation of the biological mechanisms a variant may influence has vast potential for clinical utility
(Erichsen and Chanock, 2004). The functional analysis of SNPs and their underlying effects is
therefore crucial in order to create a better understanding of their role in complex diseases and
develop new markers for medical testing (Shastry, 2009).

Germline variants can have a range of functional consequences, including alterations to
protein coding (Manolio, 2010) and influencing gene expression (Porcu et al., 2019). Variants
that explain a fraction of the genetic variance of a gene expression phenotype are known as
eQTLs (Nicolae et al., 2010; Nica and Dermitzakis, 2013). Based on high-throughput genotyp-
ing data, it has been demonstrated that trait-associated loci are three times more likely to be
eQTLs than other SNPs (Nica et al., 2010; Nicolae et al., 2010), suggesting that many SNP-trait
associations act through influencing gene expression (Porcu et al., 2019).

This chapter is concerned with identifying the putative functional consequences of three
SNPs found to be associated with survival through multivariable GWAS analyses in the full pa-
tient cohort (two at the level of genome-wide significance; rs9356458 at 6q27 [P=2.4x10"] and
rs17560791 at 2935 [P=3.7x10"8], and one suggestive of association; rs241477 at 14g31.3
[P=1.8x10"]), and a further SNP representing a haplotype block of SNPs that was found sug-
gestive of association in both univariable and multivariable analyses of the all wild type sub-
group (rs4074683 at 7p11.2 [P=4.5x10"7]; Chapter 4), to better understand their potential role
in CRC prognosis.
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5.1.1 Aims and objectives

« To analyse whether any genes are in the local region of the four SNPs identified through
multivariable analyses using regional association plots

« To ascertain whether any of these SNPs influence gene expression through conducting eQTL
analyses

« To gain an initial insight into the underlying mechanisms these variants may affect through a
literature search using the PubMed database

109



CHAPTER 5. IN SILICO FUNCTIONAL INVESTIGATION OF POTENTIAL PROGNOSTIC
VARIANTS

5.2 Materials and methods

5.2.1 Study design and statistical analysis methods
5.2.1.1 Selection of SNPs for functional interrogation

Four SNPs from the GWAS analyses were selected to be analysed using in silico methods.
Two SNPs (rs9356458 at 6927 and rs17560791 at 2q35) were identified as being associated
with CRC prognosis at the level of genome-wide significance (P< 5.0x10°8) in multivariable
analyses of the full patient cohort. One further SNP in the full patient cohort represented a
haplotype block of SNPs suggestive of association (P< 1.0x107°) in multivariable analyses of
the full patient cohort (rs241477 at 14931.3). One SNP in the all wild type subgroup (rs4074683
at 7p11.2) represented a haplotype block of SNPs that were found to be suggestive of associ-
ation in both univariable and multivariable analyses.

5.2.1.2 Regional association analyses

Regional association analyses were performed to graphically represent the LD between vari-
ants at specific loci and to identify genes in the local region of variants identified through GWAS
analyses. Results for the variants in the local region to SNPs of interest were exported from R
to a text file for use with the online regional association mapping tool LocusZoom, which was
used to create all regional association plots. The LD of variants in the region was calculated
with respect to the most significant SNP in the region (the sentinel SNP). These figures were
modified in Microsoft PowerPoint prior to inclusion in this thesis.

5.2.1.3 eQTL analyses

5.2.1.3.1 Patient and specimen characteristics

The eQTL analyses in this chapter have used data from 838 donors in the GTEx Project
database (https://gtexportal.org/home/). 32.9% of donors were female; 84.6% were white,
12.9% African American, 1.3% Asian, 0.2% American Indian and 1.1% unknown. The age
of donors ranged from 20 to 79 years. In total, eQTL data are provided for 15201 tissue sam-
ples. A detailed description of assay methods for GTEx Project tissue samples can be found
at https://gtexportal.org/home/documentationPage. In brief, a combination of Next Generation
Sequencing (NGS) and gene expression arrays were used in the collection of expression data.
Genotype data collection was performed using a combination of SNP arrays and NGS.

For each SNP, data from the GTEx Project database was used to ascertain whether it was
an eQTL for any genes in any of 49 distinct tissue types (although many of these tissue types
were not directly relevant to this study, all tissues in the GTEx Project database were tested to
ensure eQTL analyses remained unbiased). Multi-tissue eQTL plots were then created using
the available online graphical tools. These figures were modified in Microsoft PowerPoint prior
to inclusion in this thesis. The Bonferroni correction for multiple testing was employed for eQTL
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analyses to correct for a maximum of 49 different tissues being tested. The significance level
of an eQTL would therefore have to be P< 1.0x1073 in order to retain statistical significance.
5.2.1.4 Further interrogation of eQTL-associated genes

Further interrogation of eQTL-associated genes was performed using the PubMed database
(https://www.ncbi.nlm.nih.gov/pubmed/), which was used to gain an insight into the underlying
biological functions associated with eQTLs and the genes they influence.
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5.3 Results

5.3.1 Regional association analyses

Ten genes were found within 400 kilobases (Kb) up- and down-stream of rs9356458; Long In-
tergenic Non-Protein Coding RNAs 473 and 602 (LINC00473 and LINC00602), Proline Rich 18
(PRR18), SFT Domain Containing 1 (SFT2D1), Mitochondrial Pyruvate Carrier 1 (MPC1), Ribo-
somal Protein S6 Kinase A2 (RPS6KA2), Ribosomal Protein S6 Kinase A2 Intronic Transcript
1 (RPSKA2-IT1), MicroRNA 1913 (MIR1913) and the uncharacterised gene LOC100289495.
The most significant variants at this locus were found to be in LD with rs9356458 (Figure 5.1A).

Nine genes were found within 400 Kb up- and down-stream of rs17560791; X-Ray Re-
pair Cross Complementing 5 (XRCC5), Long Intergenic Non-Protein Coding RNAs 1966 and
1280 (LINC01963 [or PKI55] and LINC01280), Membrane Associated Ring-CH-Type Finger 4
(MARCH4), SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin,
Subfamily A Like 1 (SMARCALT), Ribosomal Protein L37A (RPL37A), Insulin Like Growth Fac-
tor Binding Proteins 2 and 5 (IGFBP2 and IGFBP5) and Transition Protein 1 (TNP1) (Figure
5.1B).

A single uncharacterised gene, LOC283585, was found within 400 Kb up- and down-stream
of rs241477 (Figure 5.2A). Twelve genes were identified in the local region of rs4074683; LanC
Like 2 (LANCL2), VOPP1 WW Domain Binding Protein (VOPP1), FKBP Prolyl Isomerase 9
Pseudogene 1 (FKBP9P1), Septin 14(SEPT14), Zinc Finger Protein 713 (ZNF713), Phospho-
serine Phosphatase (PSPH), Mitochondrial Ribosomal Protein S17 (MRPS17), Chaperonin
Containing TCP1 Subunit 6A (CCT6A), Glioblastoma Amplified Sequence (GBAS), Small Nu-
cleolar RNA H/ACA Box 15 (SNORA15), Sulfatase Modifying Factor 2 (SUMF2) and Phospho-
rylase Kinase Catalytic Subunit Gamma 1 (PHKGT1) (Figure 5.2B).
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Figure 5.1: Regional associations for genome-wide significant SNPs associated with OS.
A: rs9356458. B: rs17560791. Red line: genome-wide significance threshold (P< 5.0x10°8).
No LD information was available for SNPs highlighted in grey. r2: magnitude of LD. P: P-value.
Mb: Megabase.
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LD information was available for SNPs highlighted in grey. r2: magnitude of LD. P: P-value. Mb:

Megabase.
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5.3.2 eQTL analyses

A number of significant eQTL effects were identified for rs9356458, rs17560791 and rs4074683.
rs9356458 was identified as an eQTL for MPC1 in whole blood (P=9.0x108, P=4.4x10 after
the Bonferroni correction for multiple testing, Figure 5.3).

rs17506791 was found to be an eQTL for IGFBPZ in cultured fibroblast cells (P=3.8x10719,
P=1.9x108 after correction, Figure 5.4A), SMARCALT1 in cultured fibroblast cells (P=4.2x10,
P=2.1x10" after correction, the oesophagus (P=1.1x10"4, P=5.4x10"3 after correction), skin
(both sun exposed and not sun exposed, [P=1.5x10" and P=0.02, after correction P=0.07 and
P=0.98, respectively]) and heart (left ventricle, P=0.02, P=0.98 after correction, Figure 5.4B).
rs17560791 was also identified as an eQTL for AC098820.4 in 17 tissues (1.8x1 05< P< 0.04),
including the transverse colon (P=0.01, Figure 5.4C). The tissues that remained significant
following correction for multiple testing were the thyroid (P=8.8x10"4), oesophagus (P=0.01),
brain - nucleus accumbens (basal ganglia) (P=0.03) and spleen (P=0.03).

rs4074683 was found to be an eQTL for PSPHP1 in 43 tissues (1.9x10714< P<0.04, 32
after correction for multiple testing; 9.3x10713< P<0.02, Figure 5.5A), PSPH in 34 tissues
(5.6x10718< P<0.03, 21 after correction; 2.7x10"11< P< 0.05, Figure 5.5B), NUPRZ2 in 34 tis-
sues (2.1x10711 < P< 0.04, 18 after correction; 1.0x10°< P< 0.03, Figure 5.5C), RP11-613E4.4
in five tissues (3.0x1074< P< 0.03, after correction only the tibial nerve was significant [P=0.01])
and TUBBP6 and RP11-310H4.6 in the testis (P=1.4x10 and P=3.2x10 [P=6.9x10™ and
P=1.6x10"* after correction], respectively). In terms of colon-specific associations, rs4074683
was identified to be a significant eQTL for PSPHP1, NUPR2 and PSPH in both the transverse
(P=5.5x10"9, P=5.1x10% and P=5.3x10"% [P=2.7x10"/, P=2.5x0"% and P=0.03 after correc-
tion], respectively) and sigmoid colon (P=1.2x106, P=8.5x10" and P=1.5x10"3 [P=5.9x107°,
P=4.2x10"3 and P=0.07 after correction], respectively). rs241477 was not found to be a signifi-
cant eQTL for any genes in any of the tissues analysed.
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Figure 5.3: Multi-tissue eQTL associations for rs9356458. P: Single-tissue eQTL P-value.
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5.3.3 Further investigation of eQTL-associated genes

The genes found to be associated with eQTLs were investigated further through a literature
search using the PubMed database (Table 5.1).

Table 5.1: Evidence for tumourigenic and survival effects of eQTL-associated genes.

. Tumourigenic  Cell survival
Cancer Expression Reference
effect effect
MPC1
Colorectal 1 + - Schell et al. 2014
Colorectal 1 NA NA Sandoval et al. 2017
Bladder 1 + - Schell et al. 2014
Brain 1 + - Schell et al. 2014
Kidney 1 + - Tang et al. 2019
Lung 1 + + Zou et al. 2019
Lung 1 + - Schell et al. 2014
Prostate 1 + - Wang et al. 2016
Prostate 1 NA + Li et al. 2016b
Stomach 1 - NA Zhou et al. 2017b
IGFBP2
Colorectal 1 NA - el Atiq et al. 1994; Liou et al. 2010
Breast 0 + NA Busund et al. 2005
Glioma 0 + NA Fukushima and Kataoka 2007
Pancreatic 1 + - Gao et al. 2016
Prostate 1 + NA Ambrosini-Spaltro et al. 2011
SMARCAL1
Oesophageal NA NA NA Nakazato et al. 2016
Lymphoma 1 NA Baradaran-Heravi et al. 2012
Sinal 1 + NA Carroll et al. 2013
PSPH
Colorectal 1 + NA Sato et al. 2017
Breast 0 + - Kim et al. 2014
Lung 1 + - Park et al. 2019
Lung 1 + NA Liao et al. 2019

HR: Hazard ratio. |: Down-regulation. 1: Up-regulation. -: Negative effect. +: Positive effect. NA: Not available.
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5.4 Discussion

5.4.1 rs9356458 may accelerate CRC tumourigenesis through down-regulation
of MPC1 expression

Ten genes lay in a region of 400kb up- and down-stream of rs9356458, although only MPC1
was identified for which rs9356458 was an eQTL. Reduced activity of MPC1, encoding a mito-
chondrial pyruvate transporter, has been suggested to play a role in CRC cell growth through
altering the maintenance of stem cells (Schell et al., 2014, 2017). Re-expression of MPC1 re-
pressed the Warburg effect in colorectal cancer cell lines, which is consistent with a causative
role in tumourigenesis (Schell et al., 2014). However, it is not currently clear how MPC1 is
regulated or how its functions relate to the known genetic events that cause CRC tumourige-
nesis (Sandoval et al., 2017). Recently, MPC1 deficiency has also been shown to accelerate
lung adenocarcinoma progression (Zou et al., 2019) and MPC1 was reported to function as a
tumour suppressor and predict the prognosis of patients with renal cell carcinoma (Tang et al.,
2019). It has been shown that MPC1 is down-regulated in numerous human cancers, which
also correlates with poor cell survival (Schell et al., 2014). Positive expression of MPC1 been
associated with better OS in prostate cancer patients (Li et al., 2016b) as well as inhibition
of proliferation, migration, invasion and stem cell-like properties of gastric cancer cells (Zhou
et al., 2017a).

GTEXx project data showed that donors homozygous for the alternate allele (A) of rs9356458
were found to have reduced expression of MPC1 in whole blood. The alternate allele of
rs9356458 was associated with an effect size of 0.76, which would indicate that patients with
this SNP displayed an increased OS. However, this is contradictory to reports stating that re-
duced MPC1 expression correlates with poor cell survival in a number of cancers, including
gastric cancer (Zhou et al., 2017a), renal carcinoma (Tang et al., 2019) and colorectal cancer
(Schell et al., 2014). Possible reasons for this inconsistency include the fact that the reduced
MPC1 expression from the GTEx project data is in whole blood, as opposed to the tissues
analysed in the published reports, and that the gene expression effect size was small.

5.4.2 rs17560791 may affect DNA damage repair, cell cycle progression and
maintenance of genome integrity through SMARCAL 1 modulation

Out of nine genes identified within 400 Kb up- and down-stream of rs17560791 (2g35), SMAR-
CAL1 and IGFBP2 were identified for which rs17560791 was an eQTL. rs17560791 was an
eQTL for SMARCALT in a range of tissues including the oesophagus. The presence of so-
matic mutations in SMARCAL1 was reported in oesophageal squamous cell carcinoma, and it
is possible that germline mutations impacting the expression of this gene may also play a role
in this disease (Nakazato et al., 2016). Furthermore, loss of function alterations in SMARCAL1
were demonstrated to play a role in the development of childhood lymphoma (Baradaran-Heravi
et al., 2012) and carcinoma of the sinus (Carroll et al., 2013).

120



CHAPTER 5. IN SILICO FUNCTIONAL INVESTIGATION OF POTENTIAL PROGNOSTIC
VARIANTS

SMARCAL1 was identified as a critical regulator of the alternative lengthening of telomeres
pathway, which cancer cells lacking telomerase activity rely upon to overcome replicative senes-
cence (Cox et al., 2016). SMARCAL1 was also shown to be involved in DNA damage repair,
cell cycle progression and maintaining genome integrity, and the development of SMARCAL1
inhibitors as novel anticancer therapies has been suggested (Zhang et al., 2012; Couch et al.,
2013; Poole and Cortez, 2017; Puccetti et al., 2019).

rs17560791 was also found to be an eQTL for AC098820.4. Expression of AC098820.4 was
found to be dysregulated by rs17560791 in the transverse colon and breast. AC098820.4
encodes for a long non-coding RNA (IncRNA), which is a natural antisense transcript (NAT)
to SMARCAL1. NATs are established as important regulators of eukaryotic gene expression
(Werner and Swan, 2010). The overexpression of NATs has been associated with poor prog-
nosis in breast cancer (Cayre et al., 2003) as well as epigenetic silencing of tumour suppressor
genes (Yu et al.,, 2008). It has been demonstrated that the dysregulation of IncRNAs is influ-
ential in proliferation, angiogenesis, metastasis, invasion, apoptosis, stemness and genomic
instability in CRC (Gutschner and Diederichs, 2012; He et al., 2014; Takahashi et al., 2014;
Yang et al., 2017; Chen et al., 2017). Recently, IncRNAs have also been shown to play signif-
icant roles in breast cancer including the promotion of tumourigenesis (Xu et al., 2017; Rossi
et al., 2019) and suppression of metastasis (Kim et al., 2018). LncRNAs represent a potential
new paradigm in cancer research that may represent promising therapeutic targets (Bhan et al.,
2017; Gutschner et al., 2018).

Donors homozygous for the alternate allele of rs17560791 were also found to show decreased
expression of SMARCAL1. This is interesting as the effect size associated with this allele (HR
0.77) would appear to confer a protective effect on patients in COIN and COIN-B, although
as SMARCALT is involved with DNA damage repair, cell cycle progression and maintaining
genome integrity (Zhang et al., 2012; Couch et al., 2013; Poole and Cortez, 2017; Puccetti
et al., 2019), it is possible that reduced SMARCAL 1 expression may be associated with inferior
survival, although more work is required in this area to gain a clearer understanding of the
effect of SMARCALT in terms of CRC prognosis.

5.4.3 rs241477 lies in a gene desert, but may affect gene expression in a
trans-regulatory manner

The only gene observed in the local region of rs241477 was the uncharacterised LOC283585.
rs241477 was not found to have a significant eQTL effect on this gene for any tissues tested in
the GTEx Project database. However, SNPs do not necessarily only impact genes in the local
region; SNPs can be either ‘cis-regulators’ (eQTLs for genes that are within 4 Mb) or ‘trans-
regulators’ (eQTLs for genes that are over 4 Mb away or on a different chromosome (Nicolae
et al., 2010). It is therefore possible that rs241477 may have a trans-regulatory eQTL effect on
genes outside of the local region in a tissue that was not tested as part of the GTEx Project.
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5.4.4 rs4074683 may have a prognostic impact in CRC through altering PSPH
expression

rs4074683 was identified to be a significant eQTL for the genes Phosphoserine Phosphatase
Pseudogene 1 (PSPHP1) and PSPH in both the transverse and sigmoid colon, as well as breast
and lung tissues. PSPHP1 is a pseudogene (a section of a chromosome that is an imperfect
copy of a functional gene) for PSPH. Given the observation that pseudogenes are often found
deregulated in cancer progression (Pink et al., 2011), it is possible that PSPHP1 may play a role
in CRC tumourigenesis based on the established links PSPH has with the disease (Li et al.,
2016a; Sato et al., 2017). PSPH has been suggested as a novel prognostic biomarker for CRC
due to observed PSPH overexpression in CRC tumour tissues and a positive correlation with
depth of invasion and distant metastases (Sato et al., 2017). Inhibition of PSPH has also been
associated with enhanced efficacy of 5-FU chemotherapy in CRC patients (Li et al., 2016a). In
addition, PSPH was recently shown to promote lung cancer progression (Park et al., 2019) and
mediate metastasis and proliferation of NSCLC through the EGFR signalling pathway (Liao
et al., 2019). In addition, patients with PSPH-positive tumours have been associated with
shorter OS in breast cancer (Kim et al., 2014).

Donors homozygous for the alternate allele (T) of rs4074683 showed increased expression
of PSPHP1 in both sigmoid and transverse colon tissues in GTEx project data. rs4074683
appeared to confer a negative prognostic effect on COIN/COIN-B patients in the all wild type
subgroup. This correlates with reports that overexpression of PSPH, the gene that PSPHP1
is a pseudogene for, has been observed in CRC tumour tissues and correlates with depth of
invasion and distant metastases (Sato et al., 2017). PSPH-positive tumours have also been
associated with shorter OS in breast cancer patients (Kim et al., 2014) and poor survival in lung
cancer patients (Park et al., 2019).

5.4.5 Strengths and limitations of eQTL analyses

Gene expression is strongly altered in tumour tissue compared to normal tissue (Closa et al.,
2014), and whilst it is possible that some of the associations identified in healthy tissue still
occur in diseased tissue, a current limitation of the eQTL analyses undertaken here is the refer-
ence gene expression dataset, which relied on data from the GTEx Project that was collected
from normal tissues harvested from healthy donors. However, although this is a limitation
of these analyses, the GTEx Project resource was the most comprehensive available — the
analysis of eQTL is highly variable across different tissues, because some genes may not be
expressed in a specific tissue, thus being undetectable, or because other (epigenetic) regula-
tory mechanisms of gene expression may interact with the effect of a genetic variation (Nica
and Dermitzakis, 2013). It would be interesting to carry out eQTL analyses for the four SNPs
identified using a COIN-matched data set that contains gene expression data for cancerous
tissues.
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5.4.6 Conclusion

The identification of common germline variants that may influence CRC prognosis has the po-
tential to increase our current understanding of CRC pathogenesis and inform clinical manage-
ment (Manolio, 2010). In this chapter, in silico analyses methods conducted to gain an initial
insight into the underlying biological mechanisms potentially impacted by four SNPs identified
through GWAS analyses in the previous chapter. These potential prognostic biomarkers must
now be validated through replication in an independent patient cohort before they can be con-
sidered for clinical use (McShane et al., 2005).
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Chapter 6

Independent validation of potential
germline prognostic biomarkers

6.1 Introduction

The identification of genetic variants that contribute to complex traits is an important challenge
in the field of human genetics, and in order to prevent the reporting of chance findings, the
validation of any proposed biomarkers is essential (Walther et al., 2009). The gold standard
for validation of any genetic study is replication in an additional independent patient cohort
(Bush and Moore, 2012) and it is crucial for biomarkers to be robustly validated before they can
be considered for implementation in routine patient management (McShane et al., 2005; Van
Cutsem et al., 2016).

However, the effects identified through initial GWAS effect size estimation are often subject
to an ascertainment bias known as the ‘winner’s curse’, where the actual genetic effect is
typically smaller than its estimate (Huang et al., 2018b). This overestimation may cause failure
of replication studies due to underestimation of the required validation cohort sample sizes
(Zollner and Pritchard, 2007). To account for this phenomenon, replication samples should
ideally be larger than the initial GWAS cohort. It is also important for replication studies to be
well powered in order to correctly identify any spurious primary GWAS results as false positives
(Walther et al., 2009). Initial replication studies should be performed on an independent dataset
using patient samples from the same population as the initial GWAS in order to confirm the
effect in the target population. Successful replication in the target population can then be
followed by replication studies in other populations to determine whether the effect of the SNP
is ethnic-specific (Chanock et al., 2007). In terms of CRC, successfully validated prognostic
biomarkers have the potential to influence patient management through the introduction of new
screening tests to differentiate between specific patient groups (Walther et al., 2009).

This chapter seeks to determine whether the three highly significant variants identified
through multivariable GWAS of the full patient cohort can be validated using independent pa-
tient cohorts (due to the variant identified in the all wild type subgroup requiring a similarly
stratified validation cohort, this variant is not considered in this chapter).

6.1.1 Aims and objectives

« To assess whether the observed association with prognosis of the three variants identified
through multivariable GWAS analyses of the full patient cohort could be replicated using an
independent series of patients through meta-analyses
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6.2 Materials and methods

6.2.1 Patient characteristics

Validation analyses utilised data from 7694 patients across eight independent studies; 357
patients from the Health Professionals Follow-up Study (HPFS), 607 from the Nurses’ Health
Study (NHS) (Belanger et al., 1978, 1980; Colditz et al., 1997), 323 from the Physician’s Health
Study (PFS) (Steering Committee of the Physicians’ Health Study Research Group, 1989), 270
from the VITamins And Lifestyle Study (VITAL) (White et al., 2004), 1366 from the Women’s
Health Initiative (WHI) (The Women’s Health Initiative Study Group, 1998), 930 from the Quick
and Simple and Reliable Trial 2 (QUASAR 2) (Rosmarin et al., 2014), 914 from the Vioxx in
Colorectal Cancer Therapy: Definition of Optimal Regimen (VICTOR) study (Pendlebury et al.,
2003; Midgley et al., 2010) and 2927 the Short Course Oncology Therapy (SCOT) study (Ilveson
et al., 2018; Robles-Zurita et al., 2018). Four of these studies (HPFS, NHS, PHS and WHI) are
included in the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO) (Peters
etal., 2012, 2013) and were analysed in the only other known GWAS of CRC prognosis (Phipps
et al., 2016). A summary of clinicopathological characteristics of the clinical studies used in
validation analyses are shown in Table 6.1.

6.2.1.1 Population-based studies

The HPFS began in 1986, and was conducted as a prospective investigation of dietary aetiolo-
gies of heart disease and cancer in men. The purpose of the study was to evaluate a series
of hypotheses about men’s health relating to nutritional factors to the incidence of serious ill-
nesses such as cancer, heart disease and other vascular diseases. At the beginning of the
study, 51,529 male health professionals were enrolled, of which 531 were African-Americans
and 877 were Asian-Americans. The HPFS was sponsored by the Harvard School of Pub-
lic Health and funded by the National Cancer Institue, designed to complement the all-female
NHS, which examines similar hypotheses.

The NHS was established in 1976, the original focus of the study was on contraceptive
methods, smoking, heart disease and cancer. 238,026 female nurses were sent the original
questionnaire, and blood samples were collected from nearly 33,000 participants in 1989-90 to
identify potential biomarkers such and hormone levels and genetic markers, followed by a sec-
ond blood and urine sample from more than 18,700 of the same participants in 2000-02, with
DNA collected from an additional 33,000 women in 2001-04 (https://www.nurseshealthstudy.org/
about-nhs/history).

The PHS began in 1981 and was a randomised, double-blind, placebo-controlled trial de-
signed to determine whether low-dose aspirin decreases cardiovascular mortality and whether
beta carotene reduces the incidence of cancer (Steering Committee of the Physicians’ Health
Study Research Group, 1989). A total of 22,071 male physicians in the USA between 40 and 84
years of age were randomised to one of four treatment groups; active aspirin and active beta-
carotene, active aspirin and beta-carotene placebo, aspirin placebo and active beta-carotene,
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or both placebos (Manson et al., 1991). The results of the beta carotene component of the
study found neither a benefit or harm in terms of malignant neoplasms, cardiovascular disease,
or death from all causes (Hennekens et al., 1996).

The VITAL study was a cohort study of the associations of supplement use and cancer
risk comprising of a total of 77,738 men and women between 50-76 years old, who entered
the study between 2000-02 (White et al., 2004). Participants completed a detailed question-
naire on supplement use, diet and other cancer risk factors, and 70% provided DNA through
self-collected buccal cell specimens (White et al., 2004). The investigators reported that four
supplements were significantly associated with risk factors for breast, prostate, lung and col-
orectal cancers (White et al., 2004).

The WHI was a long-term national health study that focused on strategies for preventing
the major causes of death, disability and frailty in older women; specifically heart disease,
osteoporotic fractures and cancer. The WHI originally enrolled 161,808 women aged 50-79
between 1993-1998 and had two major parts; a clinical trial (n=68,132) and an observational
study (n=93,676). The clinical trial tested three prevention strategies; hormone therapy trials,
dietary modification trial and a calcium/vitamin D trial, while the observational study examined
the relationship between lifestyle, health and risk factors and disease outcomes.

6.2.1.2 Clinical trials

The QUASAR 2 study was an open-label, randomised controlled trial consisting of 1952 eligible
patients (1941 with assessable data) enrolled between April 2005 and October 2010 (Kerr et al.,
2016). Patients from 170 hospitals across seven countries and over 18 years of age with WHO
PS scores of 0 or 1 who had undergone potentially curative surgery for histologically proven
Stage Il or high-risk Stage || CRC were randomly assigned to receive eight three-week cycles
of oral capecitabine alone, or oral capecitabine plus 16 cycles of intravenous bevacizumab on
day one of each cycle, and the primary endpoint was disease-free survival (Kerr et al., 2016).
The results found that the addition of bevacizumab to capecitabine in the adjuvant setting for
CRC conferred no benefit to patients, and it therefore should not be used (Kerr et al., 2016).
The VICTOR trial was a double-blind randomised trial assessing whether the COX-2 in-
hibitor rofecoxib could reduce recurrence and improve survival when administered in the ad-
juvant setting of CRC (Midgley et al., 2010). 2434 patients who had undergone potentially
curative surgery and completion of adjuvant therapy for Stage Il and Ill CRC were entered into
the study and randomly assigned to receive rofecoxib or placebo. The primary endpoint was
OS, and where FFPE tumour tissue samples were available, COX-2 expression was evaluated
by immunohistochemistry and correlated with clinical outcome (Midgley et al., 2010). The trial
was terminated early due to the worldwide withdrawal of rofecoxib, at which time 1167 patients
had received rofecoxib and 1160 patients had received placebo, for median treatment durations
of 7.4 and 8.2 months, respectively. The results of the trial found no difference in OS between
the two groups (HR 0.97, 95% CI1 0.81-1.16, P=0.75); tumour COX-2 expression was assessed
for 871 patients, but no prognostic or predictive effects were observed (Midgley et al., 2010).
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The SCOT trial was an international, randomised, phase 3, non-inferiority trial which assessed
the efficacy, toxicity and cost-effectiveness of three vs. the standard six months of adjuvant
chemotherapy in CRC (lveson et al., 2018; Robles-Zurita et al., 2018). In total, 6088 patients
aged 18 or older with high-risk Stage Il and Stage Ill CRC from 244 centres were randomly
assigned to receive three or six months of adjuvant oxaliplatin-containing chemotherapy (either
XELOX or OxMdG), and the primary endpoint of the study was disease-free survival (Iveson
et al., 2018; Robles-Zurita et al., 2018). The results of the study were that three months of
oxaliplatin-containing chemotherapy was non-inferior to six months of the same therapy, sug-
gesting that the shorter duration confers similar survival outcomes with a better quality of life,
and may represent a new standard of care (lveson et al., 2018; Robles-Zurita et al., 2018).

6.2.2 Study design and statistical analysis methods
6.2.2.1 Selection of SNPs for validation analyses

Three of the four SNPs for which functional analyses were performed (rs9356458 at 6927,
rs17560791 at 2935 and rs241477 at 14931.3) were considered for validation through meta-
analyses. These SNPs were all identified through GWAS analyses of the full patient cohort,
whereas rs4074683 (7p11.2) was identified in GWAS analyses of the all wild type subgroup.
The validation cohorts were not stratified for underlying somatic prognostic factors, and there-
fore this SNP was not considered in these analyses.

6.2.2.2 Power calculations

Statistical power calculations for the combined validation cohort were performed using the on-
line calculator at http://www.sample-size.net/sample-size-survival-analysis/.

6.2.2.3 Meta-analyses

All meta-analyses were performed using the meta package in R. The metagen function was
used to perform inverse-variance weighted meta-analysis, as this method is associated with a
lower standard error than other methods and is generally preferred (de Bakker et al., 2008).
Analyses were stratified firstly by study, and secondly by using the studies with relevant data to
form a subset of MCRC patients only, in order to match the clinicopathological stage of patients
in the combined COIN and COIN-B cohort. All meta-analyses used multivariable data. The
HPFS, NHS, PHS, VITAL and WHI studies were adjusted for age at diagnosis, sex, GWAS
batch and the first 13 principal components. The QUASAR 2, VICTOR and SCOT studies were
adjusted for age, sex, location of the primary tumour and AJCC Stage at diagnosis.

The Cochrans’ Q and /2 tests of heterogeneity were performed in order to ascertain whether
a fixed- or random-effects model of meta-analysis would be employed for each SNP. No hetero-
geneity was present for rs9356458 and rs17560791, therefore these SNPs were analysed un-
der a fixed effects model. Moderate heterogeneity was found for rs241477, therefore a random-
effects model was applied for meta-analysis of this SNP.
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Forest plots were created in order to visualise the results of the study-stratified meta-analyses,
highlighting the HRs and 95% Cls of each study and creating a combined HR and 95% CI for
all studies. Funnel plots were also created in order to check for the presence of any underlying
reporting bias (Sterne et al., 2011). Forest plots and funnel plots were created using the forest
and funnel functions, respectively.
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6.3 Results

6.3.1 Validation cohorts

Survival data was available from five population-based studies; 357 patients (209 events) in
HFPS, 607 patients (258 events) in NHS, 323 patients (199 events) in PHS, 270 patients (109
events) in VITAL, 1366 patients (410 events) in WHI and from three clinical trials; 930 patients
(166 events) in QUASAR 2, 914 patients (107 events) in VICTOR and 2927 patients (186
events) in SCOT were used in validation analyses (Table 6.1).
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6.3.2 Power calculations

The statistical power associated with the variants rs9356458, rs17560791 and rs241477 in
the combined validation cohort using their known MAFs and HRs from multivariable GWAS
analsyes was 98%, 97% and 82%, respectively (Table 6.2).

Table 6.2: Statistical power to detect associations with OS in validation analyses.

Variant Cytoband N Events Ref Alt MAF HR Power

rs9356458 6927 7694 1644 G A 041 076 0.98
rs17560791 2935 7694 1644 G C 049 0.77 0.97
rs241477 14931.3 7694 1644 T A 012 071 0.82

N: Sample size. Ref: Reference allele. Alt: Alternate allele (allele analysed). MAF:

Minor allele frequency. HR: Hazard ratio.

6.3.3 Meta-analyses

All meta-analyses used multivariable data. The HPFS, NHS, PHS, VITAL and WHI studies
were adjusted for age at diagnosis, sex, GWAS batch and the first 13 principal components.
The QUASAR 2, VICTOR and SCOT studies were adjusted for age, sex, location of the primary
tumour and AJCC Stage at diagnosis.

6.3.3.1 rs9356458

The individual results of all studies for rs9356458 were as follows; HPFS: HR 0.91, 95% CI
0.73-1.13, P=0.41; NHS: HR 1.00, 95% CI 0.83-1.19, P=0.99; PHS: HR 1.04, 95% CI 0.85-
1.26, P=0.73; VITAL: HR 0.88, 95% CI 0.65-1.17, P=0.37; WHI: HR 0.97, 95% CIl 0.84-1.12,
P=0.68; QUASAR 2: HR 1.18, 95% CI 0.95-1.46, P=0.14; VICTOR: HR 0.88, 95% CI 0.66-
1.18, P=0.39; SCOT: HR 1.05, 95% CI 0.85-1.30, P=0.63. The results of meta-analyses for
rs9356458 in a total of 7694 patients (1644 deaths) were not significant (HR 0.99, 95% CI
0.93-1.07, P=0.88; Figure 6.1, Table 6.3).
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Table 6.3: Meta-analyses results for the independent validation of rs9356458.

Study N Events HR 95% CI P

HPFS 357 209 0.91 0.73-1.13 0.41
NHS 607 258 1.00 0.83-1.19 0.99
PHS 323 199 1.04 0.85-1.26 0.73
VITAL 270 109 0.88 0.65-1.17 0.37
WHI 1366 410 0.97 0.84-1.12 0.68
QUASAR2 930 166 1.18 0.95-1.46 0.14
VICTOR 914 107 0.88 0.66-1.18 0.39
SCOT 2927 186 1.05 0.85-1.30 0.63
TOTAL 7694 1644 0.99 0.93-1.07 0.88

All studies used overall survival as the primary outcome measure. Meta-analysis of
rs9356458 was performed using a fixed effects model as no heterogeneity was present
(=0.00%), Q=4.80, P7E7=0.70. N: Sample size. HR: Hazard ratio. Cl: Confidence

interval. P: P-value. /?: I Test value. Q: Cochran’s Q Test value. P7ET: P-value of

heterogeneity.
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Figure 6.1: Meta-analyses results for the independent validation of rs9356458.
HR: Hazard ratio. Cl: Confidence interval.
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6.3.3.2 rs17560791

The individual results of all studies for rs17560791 were as follows; HPFS: HR 1.09, 95% CI
0.89-1.33, P=0.41; NHS: HR 0.88, 95% CI 0.73-1.06, P=0.10; PHS: HR 1.01, 95% CI 0.81-
1.25, P=0.96; VITAL: HR 0.89, 95% CI 0.67-1.19, P=0.43; WHI: HR 0.89, 95% CI 0.77-1.04,
P=0.13; QUASAR 2: HR 0.94, 95% CI 0.75-1.19, P=0.61; VICTOR: HR 1.03, 95% CI 0.78-
1.37, P=0.83; SCOT: HR 0.99, 95% CI 0.80-1.22, P=0.92. Meta-analyses of rs17560791 were
also not significant (HR 0.95, 95% CI 0.89-1.03, P=0.20; Figure 6.2, Table 6.4).

Table 6.4: Meta-analyses results for the independent validation of rs17560791.

Study N Events HR 95% CI P

HPFS 357 209 1.09 0.89-1.33 0.41
NHS 607 258 0.88 0.73-1.06 0.10
PHS 323 199 1.01 0.81-1.25 0.96
VITAL 270 109 0.89 0.67-1.19 0.43
WHI 1366 410 0.89 0.77-1.04 0.13
QUASAR2 930 166  0.94 0.75-1.19 0.61
VICTOR 914 107 1.03 0.78-1.37 0.83
SCOT 2927 186  0.99 0.80-1.22 0.92
TOTAL 7694 1644 0.95 0.89-1.03 0.20

All studies used overall survival as the primary outcome measure. Meta-analysis
of rs17560791 was performed using a fixed effects model as no heterogeneity was
present (/°=0.00%), Q=4.00, P"£7=0.80. N: Sample size. HR: Hazard ratio. Cl: Confi-
dence interval. P: P-value. /: /2 Test value. Q: Cochran’s Q Test value. P"ET: P-value

of heterogeneity.
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Figure 6.2: Meta-analyses results for the independent validation of rs17560791.

HR: Hazard ratio. Cl: Confidence interval.
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6.3.3.3 rs241477

The individual results of all studies for rs241477 were as follows; HPFS: HR 0.72, 95% CIl 0.52-
0.99, P=0.05; NHS: HR 1.07, 95% CI 0.82-1.39, P=0.14; PHS: HR 1.69, 95% CI 1.14-2.52,
P=9.5x10"3; VITAL: HR 1.19, 95% CI 0.76-1.88, P=0.45; WHI: HR 1.04, 95% CI 0.83-1.30,
P=0.73; QUASAR 2: HR 0.74, 95% CI 0.55-0.99, P=0.04; VICTOR: HR 1.08, 95% CI 0.71-
1.64, P=0.73; SCOT: HR 1.09, 95% CI 0.79-1.50, P=0.61. Meta-analyses results for rs241477
were not significant (HR 1.02, 95% CI 0.86-1.21, P=0.82; Table 6.5, Figure 6.1C).

Table 6.5: Meta-analyses results for the independent validation of rs241477.

Study N Events HR 95% CI P
HPFS 357 209 0.72 0.52-0.99 0.05
NHS 607 258 1.07 0.82-1.39 0.14
PHS 323 199 1.69 1.14-2.52 9.5x1073
VITAL 270 109 1.19 0.76-1.88 0.45
WHI 1366 410 1.04 0.83-1.30 0.73
QUASAR2 930 166  0.74 0.55-0.99 0.04
VICTOR 914 107 1.08 0.71-1.64 0.73
SCOT 2927 186 1.09 0.79-1.50 0.61
TOTAL 7694 1644 1.02 0.86-1.21 0.82

All studies used overall survival as the primary outcome measure. Meta-analysis of

rs241477 was performed using a random effects model due to the presence of het-
erogeneity (=53.1%), Q=14.9,

Confidence interval. P: P-value. /2: 2 Test value. Q: Cochran’s Q Test value. PHET:

P-value of heterogeneity.
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Figure 6.3: Meta-analyses results for the independent validation of rs241477.

HR: Hazard ratio. Cl: Confidence interval.
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6.4 Discussion

6.4.1 Possible reasons for the lack of replication of potential prognostic
biomarkers

It is essential that variants identified as potential prognostic biomarkers are validated in an
independent cohort of patients prior to being considered for clinical application (McShane et al.,
2005; Van Cutsem et al., 2016). In this chapter, meta-analyses were performed using survival
data from three SNPs identified as significantly associated with prognosis through multivariable
GWAS analyses (rs9356458 [6g27], rs17560791 [2935] and rs241477 [14931.3]) to determine
whether similar effects could be observed in an independent patient series.

Validation analyses had > 80% power to detect an association with survival for rs241477
and > 90% power to detect associations with survival for rs9356458 and rs17560791 based
upon the HRs previously obtained for these variants under multivariable analyses (0.71, 0.76
and 0.77, respectively). However, due to winner’s curse, it should be assumed that the true
effect size is considerably lower than the estimated value (Garner, 2007). To account for this,
it has been suggested that in order to replicate the most significant original associations from
a GWAS, the sample size of the validation cohort may need to be twice the size of the original
study (Garner, 2007). While the sample size of the combined validation cohort analysed here
satisfied this criterion (n=7694), due to the large number of patients included in validation anal-
yses having earlier stages of cancer, the number of events was significantly smaller (n=1644).
The number of events for rs9356458, rs17560791 and rs242477 were n=1139, n=932 and
n=1122, respectively, hence the number of events used in the validation cohort may not be
large enough to account for the potential effects of winner’s curse in the original GWAS (Gar-
ner, 2007). Using an arbitrarily smaller HR of 0.85 as an example, the power available to detect
each variant reduced drastically to 19% for rs9356458, 21% for rs17560791 and negligible
power for rs241477. Therefore, if the HRs from the original GWAS were overinflated due to
winner’s curse, it is possible that this may be a reason why the associations between these
variants and survival have not been replicated here.

The lack of replication may also be due to differences in patient characteristics between the
combined COIN and COIN-B cohort and the validation cohorts. The majority of patients in the
validation cohorts had Stage II/11l disease, with only four of the eight studies analysed contain-
ing patients with Stage IV disease; HPFS (23/357 [6.4%]), NHS (81/607 [13.3%)]), PHS (44/323
[13.6%]) and WHI (178/1366 [13.0%]). There are well-established differences between early
and late-stage CRC patients that may have confounded the results, including the significant dif-
ference in survival between MSI-positive patients, with MSI conferring an improved prognosis
in Stage Il patients compared to poor survival in Stage IV patients (Popat et al., 2005; Smith
et al., 2013). There is also a possibility that the associations identified in the initial GWAS are
mCRC-specific, but due to the small numbers of MCRC patients in the validation cohort, there
was insufficient power to perform mCRC-specific validation analyses.
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The combined validation cohort contained patients from American studies (HPFS, NHS, PHS,
VITAL and WHI), albeit all patients included self-reported they were of European descent
(Phipps et al., 2016). Even so, there are likely to be underlying differences in genetic archi-
tecture between the primary and follow-up cohorts in these analyses. LD between markers can
differ greatly between populations (Slatkin, 2008; Manolio et al., 2009), which might have had
a confounding effect on the results obtained for the three SNPs between the cohorts.

Another limitation of the validation cohorts is the number of prognostic covariates included in
their analysis models. As the SNPs identified in the combined COIN and COIN-B cohort were
found through multivariable analyses that included a number of prognostic factors, a potential
reason for these SNPs not being significant in these validation cohorts is their limited clinical
information. It is possible that with a large enough dataset that additionally provides meta data
on a larger number of covariates matching those of the combined COIN and COIN-B cohort, a
significant effect could be seen for one or more of these variants.

6.4.2 Conclusion

In this chapter, three SNPs from GWAS analyses of the full patient cohort were analysed in
meta-analyses using data from independent patient cohorts in order to ascertain whether these
variants could be validated as prognostic biomarkers for CRC. None of the SNPs identified
through GWAS analyses were validated in the independent validation cohorts used. However,
this could be due to limitations in these validation cohorts in terms of sample size for mCRC
patients and lack of prognostic covariates. Further work is required with validation cohorts
more similarly matched to the GWAS cohort if possible, which may lead to a higher likelihood
of validating these variants as prognostic markers for mCRC.
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Chapter 7

General discussion

7.1 Novel and confirmatory findings from this work

7.1.1 Somatic mutations, MSI and survival

In agreement with previous studies, the work in this thesis has identified that mutations in
KRAS, BRAF and NRAS and MSI-positive tumours are associated with a poor prognosis in
mCRC (Richman et al., 2009; Tran et al., 2011; Eklof et al., 2013; Phipps et al., 2013; Smith
et al., 2013; Schirripa et al., 2015; Wang et al., 2018). Statistically significant observations
were also identified when analysing mutations in terms of their respective codons. Mutations
in codons 12 and 13 of KRAS were found to confer a poor prognosis compared to KRAS wild
type patients, which is in line with earlier reports (Imamura et al., 2012; Phipps et al., 2013).
Although patients with mutations in codon 61 of KRAS appeared to have an inferior prognosis
to those with KRAS wild type tumours, this observation was not statistically significant. Muta-
tions in codon 61 of KRAS have previously been observed as not being significantly associated
with clinical outcome in CRC (Imamura et al., 2014). This may be due to the relatively rare
occurrence of codon 61 mutations compared with other mutations in KRAS, meaning studies
often have a low sample size for these mutations, and subsequently low statistical power with
which to detect prognostic effects.

BRAF ¢.1799T > A (p.V600E) mutations are well established as conferring a poor progno-
sis in mCRC (Richman et al., 2009; Tran et al., 2011; Van Cutsem et al., 2011), which supports
the findings reported in this study. However, less is known about the prognostic impact of
BRAF c.1781A > G (p.D594G) mutations. Here, patients with BRAF ¢.1781A > G (p.D594G)
mutant tumours did not display a significant difference in OS to those with BRAF wild type tu-
mours. This may potentially be due to the small sample size of patients with BRAF c.1781A > G
(p-D594G) mutant tumours in this cohort and the associated lack of power. Further investiga-
tion with a larger cohort is needed to determine the prognostic effects of this mutation in mCRC.

Mutations in codon 61 of NRAS conferred an inferior prognosis to NRAS wild type tumours.
This observation is in agreement with another report identifying NRAS mutations as an indica-
tor of poor prognosis when analysed as a whole (Schirripa et al., 2015). However, perhaps due
to their rarity in CRC (Irahara et al., 2010), there is currently very little in the literature analysing
the effects of mutations in individual codons of NRAS on prognosis. While NRAS codon 61
mutant tumours conferred an inferior prognosis to NRAS tumours here, the picture is less clear
for NRAS codon 12 and 13 mutant tumours. No significant difference in OS was observed be-
tween patients with NRAS codon 12 or 13 mutant tumours when compared to NRAS wild type
tumours. This may be due to the small sample size of patients with NRAS codon 12 and 13
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mutant tumours and the associated lack of power to detect prognostic effects for this subgroup
of NRAS mutant tumours, and warrants further investigation using a larger cohort.

MSI-positive tumours conferred a poor prognosis, in agreement with other studies in mCRC
(Tran et al., 2011; Smith et al., 2013). It is important to note that MSI confers a good prognosis
in early-stage CRC (Popat et al., 2005; Bertagnolli et al., 2009; Hutchins et al., 2011).

7.1.2 Germline mutations and survival

To date, only two germline variants have been robustly associated with CRC prognosis (Smith
et al., 2015; Phipps et al., 2016). Two novel SNPs associated with survival to mCRC at a
level of genome-wide significance were identified through the work undertaken for this thesis.
A further two SNPs approaching genome-wide significance were also identified, one through
GWAS analyses of the full patient cohort and one from a GWAS of a subgroup of patients who
were wild type for somatic mutations in the KRAS, BRAF, NRAS oncogenes, and were MSS.
These SNPs were associated with a longer OS, which suggests their minor alleles may have
a protective effect on the patients that carry them. According to the CD/CV hypothesis, it is
likely that these SNPs could play a role in prognosis in conjunction with other germline variants
(Bush and Moore, 2012).

The three highly significant SNPs from the full patient cohort were taken forward to valida-
tion analyses. Although none of these SNPs were validated in the independent cohort, it is a
possibility that this may be due to differences in patient characteristics between the COIN and
COIN-B cohort and the validation cohort. However, even though the Bonferroni correction used
to limit the amount of false-positive associations is conservative, the possibility exists that these
associations are no more than artefacts.

7.2 Clinical utility of this work

7.2.1 Somatic mutations and MSI

The role of somatic mutations as prognostic biomarkers for mCRC in the clinical setting is cur-
rently limited, with only tumour BRAF mutation testing currently routinely assessed due to it
being a strong negative prognostic factor (Van Cutsem et al., 2014, 2016). From a clinical
perspective, almost all current knowledge of BRAF mutant CRC has been derived from pa-
tients with BRAF ¢.1799T > A (p.V600E) mutant tumours (Jones et al., 2017). Although some
groups have begun to investigate the clinical characteristics of patients with non-V600E muta-
tions (Cremolini et al., 2015), due to their rarity, study sample sizes are small and the power
associated with these studies is low. It has therefore been suggested that it is difficult to draw
robust conclusions from this report alone (Jones et al., 2017).

Here, BRAF mutations conferred a median reduction in OS of 295 days compared to BRAF
wild type tumours. These results are in agreement with published data showing a clear prog-
nostic impact for BRAF mutations (Farina-Sarasqueta et al., 2010; Tran et al., 2011; Lochhead
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et al., 2013), and also support other findings that a difference in prognosis exists between
V600E and non-V600E mutations in BRAF (Cremolini et al., 2015; Jones et al., 2017). This
is a significant observation, as although the vast majority of BRAF mutations are V600E, dif-
ferences in prognosis may mean that functional effects exerted by individual BRAF mutants
differ, which subsequently may have an impact on the BRAF inhibitors chosen for patients.
Targeted BRAF V600E inhibitors such as vemurafenib that significantly improved OS and PFS
in BRAF V600E mutated metastatic melanoma have so far failed to achieve similar results in
BRAF V600E mutated mCRC; BRAF inhibitor monotherapy resulted in fewer than 10% of re-
sponders and a maximum PFS of 4.3 months (Kopetz et al., 2015; Hyman et al., 2015). It is
indicated that for patients with BRAF mutant mCRCs, combination strategies might be more
promising and further work is required in this area (Taieb et al., 2019), an example of which is
the recent BEACON clincial trial, which tested the efficacy of the BRAF inhibitors encorafenib
and binimetinib in combination with cetuximab in patients with BRAF mutant mCRC (Kopetz
et al., 2019). The results of the trial showed that a combination of encorafenib, binimetinib and
cetuximab resulted in significantly longer OS and a higher response rate than standard therapy
(Kopetz et al., 2019). It is also unclear whether CRCs with non-V600E BRAF mutations exhibit
the same resistance to anti-EGFR therapy as cancers with BRAF V600E mutations (Jones
et al., 2017). The clinical impact of non-V600E BRAF mutations is currently unknown, and
non-V600E mutations are an area of active research (Cremolini et al., 2015).

KRAS mutational status is a negative predictive biomarker for therapeutic choices involving
EGFR antibody therapies, although the prognostic role of KRAS mutations remains unclear
(Imamura et al., 2012). A number of reports are conflicting (Barault et al., 2008; Ogino et al.,
2009; Zlobec et al., 2010; Farina-Sarasqueta et al., 2010). Consequently, current clinical guide-
lines do not advise tumour KRAS mutation testing for prognostic assessment (Van Cutsem
et al., 2016). In this report, KRAS mutations conferred a median reduction in OS of 131 days
compared to KRAS wild type tumours. Until recently, mutant KRAS has been considered an
undruggable target (Malumbres and Barbacid, 2003; Roberts and Stinchcombe, 2013; Cox
et al., 2014; Porru et al., 2018), although studies are continuing to develop new approaches for
blocking KRAS activity (Hobbs et al., 2016b), with recent studies confirming KRAS inhibitors
have progressed into clinical development (Mullard, 2019).

NRAS mutations are now routinely included in clinical testing alongside testing KRAS muta-
tions prior to EGFR inhibitor therapy for mCRC, although the clinical implications of NRAS mu-
tations beyond lack of response to anti-EGFR therapy remains unknown (Cercek et al., 2017).
Here, NRAS mutations conferred a median reduction in OS of 112 days compared to NRAS
wild type tumours, in agreement with other reports (Schirripa et al., 2015; Cercek et al., 2017).

MSI status is used in the clinical setting for early-stage cancer due to the positive prognostic
impact MSI confers on Stage || CRC patients (Labianca et al., 2013). Recently, immunother-
apy has emerged as the fourth pillar of cancer treatment, alongside surgery, radiation and

139



CHAPTER 7. GENERAL DISCUSSION

chemotherapy (lwai et al., 2017). It has been shown that mCRC patients with MSI-positive tu-
mours are susceptible to immune checkpoint inhibitors, such as Programmed Cell Death Pro-
tein 1 (PD-1) and Programmed Cell Death Ligand 1 (PD-L1) inhibitors (Oliveira et al., 2019).
Here, patients with MSI-positive tumours had a median reduction in survival of 244 days com-
pared to those with MSS tumours, in agreement with other studies of patients with mCRC (Tran
et al., 2011; Smith et al., 2013).

7.2.2 Germline variants

To date, no germline prognostic biomarkers for mMCRC have made it into the clinic (Van Cutsem
et al.,, 2016). Due to germline variants in complex diseases conferring modest effect sizes
(as per the CD/CV hypothesis) (Frazer et al., 2009; Bush and Moore, 2012), it is unlikely that
the effect size for a single SNP associated with prognosis will be clinically actionable when
taken in isolation. Therefore, it may be possible to combine these effect sizes with those of
other germline variants and somatic prognostic factors to create effect sizes that are clinically
actionable.

Even though no germline variants are currently routinely in clinical use for sporadic CRC,
they present a promising area for future research, which may improve the accuracy of prognosis
and subsetting patients for treatment strategies. Recently, germline variants have been asso-
ciated with severe toxicities during chemotherapy, and cancer-associated variants are associ-
ated with clinical outcome in Stage Ill CRC patients, with patients carrying cancer-associated
variants having better disease-free survival compared to those who did not (Lin et al., 2019).
Further epidemiological and functional investigations of germline variants may add to our un-
derstanding of CRC pathogenesis, and may ultimately lead to personalised strategies for the
treatment of CRC (Zhang et al., 2014).
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7.3 Strengths and limitations of this work

Combined, the clinical trials COIN and COIN-B represent the largest study regarding the effi-
cacy of moAB therapy in mMCRC to date. Cetuximab treatment did not significantly influence the
OS of patients (Maughan et al., 2011), which was confirmed through the analyses reported in
this study. This finding, coupled with the homogeneous nature of COIN and COIN-B, enabled
the two cohorts to be combined, which increased the statistical power of the subsequent anal-
yses in this thesis. However, a larger sample size may have further increased the power of
these analyses, enabling the detection of of smaller effect sizes and further limiting the num-
ber of false positive results (Hirschhorn and Daly, 2005; Biau et al., 2008; Button et al., 2013).
While the sample size of this study is a limitation, is it one that is common to all studies of this
nature (Phipps et al., 2016).

In an attempt to limit the number of false positive results reported from GWASs, the genome-
wide level of significance (P<5.0x10°8) was proposed as an equivalent to P< 0.05 after a
Bonferroni correction for one million independent tests (Risch and Merikangas, 1996). While
this stringent threshold reduces the chance of false positives, there is subsequently a high like-
lihood of false negative findings; a limitation inherent to the GWAS approach (Phipps et al.,
2016). This method is often considered punitively conservative and a potential over-correction
(Sham and Purcell, 2014; Fadista et al., 2016), due to the violation of the assumption of inde-
pendence between tests by SNPs in LD with each other (Hirschhorn and Daly, 2005). However,
the Bonferroni method is established as the de facto standard multiple testing method for GWAS
analyses (Ball, 2013; Sham and Purcell, 2014; Fadista et al., 2016), and due to the increased
computational power associated with other methods such as permutation testing (Hirschhorn
and Daly, 2005), the Bonferroni correction was implemented here.

Based on statistical power calculations, only variants with MAF > 0.05 were included in GWAS
analyses. Greater statistical power is often associated with common variants (MAF > 0.05),
and in accordance with the CD/CV hypothesis, the majority of significant GWAS findings in-
volve common SNPs (Bush and Moore, 2012). However, although a threshold of MAF > 0.05
has been used by others in prognostic GWAS analyses for CRC (Phipps et al., 2016), it is
possible that the implementation of this threshold may cause some variants with lower allele
frequencies and a genuine association with CRC prognosis to have been missed. However,
minimising false positives in GWAS analyses is essential, and due to the conservative nature
of the Bonferroni correction, associations identified between a variant and phenotype at a level
of genome-wide signficance can be interpreted as robust (Hirschhorn and Daly, 2005).

A benefit of analysing the COIN and COIN-B trial data over other studies was the vast amount
of clinical molecular data that had been collected from patients, which enabled multivariable
survival analyses to be performed. This is beneficial in clinical studies in order to assess prog-
nosis with respect to several contributing factors simultaneously, and offers estimates of the
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strength of effect for each constituent factor (Bradburn et al., 2003). Effect sizes obtained
through multivariable analyses may therefore be more informative than those from univariable
analyses (Bradburn et al., 2003), altough the lack of similar clinicopathological data in the val-
idation cohorts may have hindered attempts to replicate the variants identified as prospective
prognostic biomarkers.

The associations with survival demonstrated by the three SNPs identified through GWAS anal-
yses did not replicate in the meta-analyses. Currently, these SNPs are not currently validated
prognostic biomarkers for mCRC. However, reasons for this lack of validation may be due to
limitations in the validation cohort, such as lack of Stage IV patient data and insufficient number
of prognostic covariates.

Although the clinical molecular data collected for the COIN and COIN-B trial is a key strength
of the work in this thesis, there are limitations in relation to the genotyping methods used that
might limit the accuracy of some of the findings of this study. Mutations in KRAS, BRAF and
NRAS were tested for using a combination of pyrosequencing and Sequenom, which tested for
mutations in hotspots across the gene, but not the entire gene.

The years since the COIN and COIN-B dataset was genotyped has seen the advent of new
methods of mutational testing such as NGS, which often identifies mutations with unclear clin-
ical or prognostic implications (Jones et al., 2017). Advances in NGS have allowed for more
comprehensive testing of multiple mutational hotspots within various genes of interest (Jones
et al., 2017). It has been shown that while there is a high concordance rate between NGS and
standard testing for KRAS, NGS revealed mutations that are not tested for with standard KRAS
assays, which may have a clinical impact (Kothari et al., 2014). A more recent study identified
20% of patients who were originally classified as KRAS wild type mCRC were subsequently
found to have mutations in exon 3 or 4 of KRAS or NRAS (Allegra et al., 2016). It is clear that
the sequencing methods used in this study have their limitations, especially when considered
against more recent alternatives such as NGS, but as all wet lab work was carried out prior to
the commencement of this project, it is a limitation that was outside of the candidate’s control.

7.4 Future work

The main focus of future work resulting from this thesis would be to attempt replication of the
three highly significant germline variants in more suitable validation cohorts. If possible, valida-
tion cohorts that are stage-matched with COIN and COIN-B and have similar clinicopathological
patient data could result in these variants being robustly validated as prognostic biomarkers for
mCRC. The sample size of the cohort would also need to be larger in order to account for the
effect of winner’s curse that is likely to be a source of bias in the effect sizes reported in this
study (Oetting et al., 2017).
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Although the clinical molecular data collected for the COIN trial is extensive, the sequencing
methods used are now dated. As mentioned in the previous section, pyrosequencing, Se-
quenom and Sanger sequencing have limitations that could be minimised through the use of
NGS, as this method has now mostly superseded conventional molecular biology methodolo-
gies (Behjati and Tarpey, 2013). It would be interesting to reanalyse the COIN and COIN-B
cohorts after having the samples resequenced using NGS, as this would be likely to increase
the accuracy of the genotype calling, ensuring the ‘all wild type’ subgroup really is wild type for
all somatic mutations, not just for hotspots sequenced using the methods reported here. This
would also allow further investigation into relationships between driver and passenger muta-
tions through the analysis of different mutation allelic fractions and investigation of subclonal
relationships, which may further improve our understanding of the molecular architecture of
mCRCs.

Another area of further work that may help to improve the accuracy of the results would be
to obtain gene expression data for the COIN and COIN-B cohorts, as this would undoubtedly
provide more accurate insights into the eQTL analyses described here due to differences be-
tween healthy and diseased tissues in terms of gene expression (Closa et al., 2014).

While GWAS methods have been proven successful in the identification of new genetic variants
associated with complex disease phenotypes, they focus on the detection of main effects for
each SNP separately (Szymczak et al., 2009). However, according to the CD/CV hypothesis,
germline variants associated with common diseases are likely to have modest effects and ex-
plain only a small fraction of the overall heritability (Frazer et al., 2009). Therefore, methods
that can measure the combined effects of SNPs through analysing them simultaneously may
lead to more accurate estimations of the combined effect of SNPs on CRC prognosis.
Advances in technology have seen the emergence of machine learning approaches in the
context of genetic association studies, which provide several alternatives for performing multi-
SNP analyses, such as penalised regression, decision trees and artificial neural network meth-
ods (Szymczak et al., 2009; Kourou et al., 2015; Romagnoni et al., 2019). Machine learning
methods have recently been employed in the analysis of several conditions including Crohn’s
Disease (Romagnoni et al., 2019) and Alzheimer’s Disease (Fisher et al., 2019), as well as can-
cer prognosis (Kourou et al., 2015) and response to therapy (Huang et al., 2018a). It has been
shown that machine learning methods can be used to substantially improve the accuracy of
predicting cancer susceptibility, recurrence and mortality, and are serving to improve our basic
understanding of cancer development and progression (Cruz and Wishart, 2007). An interest-
ing area of further research could be to analyse the COIN and COIN-B genotyping data using
a machine learning approach in order to analyse the combined effects of SNPs on prognosis.
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7.5 Outlook

The work in this thesis has identified that somatic mutations in the KRAS, BRAF and NRAS
oncogenes and tumour MSI status have a significant effect on survival in patients with mCRC.
Novel germline variants have also been found to be associated with mCRC prognosis at a
level of genome-wide significance. While these SNPs are yet to be successfully validated, it
is possible that further analyses may replicate these findings, which could lead to their use as
biomarkers for potentially druggable genes.
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Abstract

Purpose: Somatic mutation status at KRAS, BRAF, and NRAS is
associated with prognosis in patients with advanced colorectal
cancer (aCRC); however, it remains unclear whether there are
intralocus, variant-specific differences in survival and other clin-
icopathologic parameters.

Experimental Design: We profiled 2,157 aCRCs for somatic
mutations in KRAS, BRAF, and NRAS and determined microsat-
ellite instability status. We sought inter- and intralocus correla-
tions between mutations and variant-specific associations with
survival and clinicopathology.

Results: KRAS mutations were rarely found together and
those in codons 12 and 13 conferred poor prognosis [hazard
ratio (HR), 1.44; 95% confidence interval (CI), 1.28-1.61; P =
6.4 x 10~"°and HR, 1.53; 95% CI, 1.26-1.86; P= 1.5 x 10~*,
respectively]. For BRAF, more c.1781A>G (p.D594G) CRCs
carried RAS mutations [14% (3/21)] compared with ¢.1799T>A
(p-V60OE) CRCs [1% (2/178), P = 9.0 x 10~%]. c.1799T>A

Introduction

The only routinely used prognostic marker for survival after
diagnosis of colorectal cancer is clinical stage, which combines
depth of tumor invasion, nodal status, and distant metastasis (1).
In stage IV disease, Kohne's index based on performance status,
white blood cell count, alkaline phosphatase levels, and number
of metastatic sites has been proposed (2). Other factors thought to
influence survival include lifestyle (3, 4), systemic inflammatory
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(p-VGOOE) was associated with poor prognosis (HR, 2.60; 95%
Cl, 2.06-3.28; P = 1.0 x 107 '%), whereas c.1781A>G
(p.D594G) was not (HR, 1.30; 95% CI, 0.73-2.31; P =
0.37); this intralocus difference was significant (P = 0.04).
More ¢.1799T>A (p.V600E) colorectal cancers were found in
the right colon [47% (47/100)], compared with c.1781A>G
(p-D594G) colorectal cancers [7% (1/15), P = 3.7 x 10~ %],
For NRAS, 5% (3/60) of codon 61 mutant colorectal cancers
had KRAS mutations compared with 44% (10/23) of codons
12 and 13 mutant colorectal cancers (P = 7.9 x 10~°°).
Codon 61 mutations conferred poor prognosis (HR, 1.47;
95% CI, 1.09-1.99; P = 0.01), whereas codons 12 and 13
mutations did not (HR, 1.29; 95% CI, 0.64-2.58; P = 0.48).

Conclusions: Our data show considerable intralocus variation
in the outcomes of mutations in BRAFand NRAS. These data need
to be considered in patient management and personalized cancer
therapy. Clin Cancer Res; 23(11); 2742-9. ©2016 AACR.

response to the tumor (5), tumor immunologic environment (6),
and the germline (7) and somatic (8-11) molecular profiles. By
studying patients with advanced colorectal cancer (aCRC) from
the Medical Research Council (MRC) COIN trial, we previously
showed that the somatic mutation status at KRAS and BRAF, and
microsatellite instability (MSI), conferred poor prognosis irre-
spective of treatment: overall survival (OS, trial enrolment to
death) KRAS-mutant 14.4 months (12), BRAF-mutant 8.8
months (12), MSI 9.3 months (13), all wild-type 20.1 months
(12). We also showed that neither individual somatic mutations
nor mutations grouped by codon or gene affected response to
cetuximab (13).

It remains unclear whether there are intralocus, variant-specific
differences in survival, and this has been difficult to study for the
less frequently mutated loci [such as ¢.1781A>G (p.D594G) in
BRAF] due to the large numbers of samples required to make
statistically robust associations. Here, we studied the influence of
individual or codon-specific somatic mutations in KRAS, BRAF,
and NRAS in 2,157 patients with aCRC from COIN (12) and
COIN-B (14).

Materials and Methods

Patients and samples

We prepared tumor DNA samples from unrelated patients with
aCRC from the MRC dlinical trials COIN (NCT00182715; ref. 12)
and COIN-B (NCT00640081; ref. 14), as described previously

AACR

2742 Clin Cancer Res; 23(11) June 1, 2017
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Translational Relevance

Somatic mutation status at KRAS, BRAF, and NRAS affects
prognosis in patients with advanced colorectal cancer (aCRC),
and it has been presumed that different variants in the same
gene confer similar prognostic outcomes. Here, we studied
inter- and intralocus variant cooccurrence and variant-specific
differences in survival and clinicopathology by analyzing
2,157 patients with aCRC. We found significant differences
between variants in BRAF [c.1781A>G (p.D594G) versus
c.1799T>A (p.V60OE)] and NRAS (mutant codons 12 and
13 vs. codon 61) both in terms of cooccurrence with KRAS
mutations and in their influence on survival. These data need
to be considered in patient management and personalized
therapy.

(12, 13). All patients had either previous or current histologically
confirmed primary adenocarcinomas of the colon or rectum,
together with clinical or radiological evidence of advanced
and/or metastatic disease, or had histologically/cytologically
confirmed metastatic adenocarcinomas, together with clinical
and/or radiological evidence of a colorectal primary tumor. COIN
patients were randomized 1:1:1 to receive continuous oxaliplatin
and fluoropyrimidine chemotherapy, continuous chemotherapy

BRAF and NRAS Variants and Survival to Colorectal Cancer

plus cetuximab, or intermittent chemotherapy. COIN-B patients
were randomized 1:1 to receive intermittent chemotherapy plus
continuous cetuximab or intermittent chemotherapy plus inter-
mittent cetuximab. All patients gave informed consent for their
samples to be used for bowel cancer research [approved by REC
(04/MRE0G/60)].

Somatic analyses

We previously screened for somatic mutations in KRAS (codons
12,13, and 61), BRAF (codons 594 and 600), and NRAS (codons
12, 13, and 61) using a combination of pyrosequencing and
Sequenom (13); for samples analyzed by both technologies (n =
1,612), genotype concordance in KRAS was 99% (8,642/8,719
calls were concordant). MSI status was determined using the
markers BAT-25 and BAT-26 (13).

Mutation cooccurrence, survival, and statistical analyses

We sought inter- and intralocus correlations between somatic
KRAS, BRAF, and NRAS mutations and MSI status. Data were
analyzed using R (http://www.r-project.org). Corrplot was used to
create a correlation matrix plot (recode from car was used to
recode the data into binary format) and Surv, survfit, survdiff, and
coxph from the survival package and ggsurv from the GGally
package were used to create and analyze the survival curves.
To avoid potential confounding effects from other mutant loci,
KRAS mutants (vs. wild-type) were analyzed on a BRAF and NRAS

Table 1. Prognostic outcomes of individual mutations, or mutations grouped by codon or gene on OS

Gene/event Mutation/codon No of events® HR 95% Cls P
KRAS €34G>A (p.G12S) 35 178 127-250 9.2 x 10794 (0.03)
€34G>C (p.G12R) 10 0.95 0.51-1.78 0.88
€34G>T (p.G12C) 52 121 0.91-160 018
€35G>A (p.G12D) 187 148 126-174 16 x 107% (4.8 x 107%%)
€35G>C (p.G12A) 4 143 1.04-1.96 0.03
€35G>T (p.GI2V) 161 148 125-1.76 75 x 107 (23 x 107%%)
€37G>T (p.G13C) 6 136 0.61-3.03 0.46
€38G>A (p.G13D) 6 153 126-187 22 x107% (6.6 x 107%%)
€38G>T (p.GI3V) 1 - - -
.182A>G (p.Q6IR) 6 14 0.63-3.15 0.4
C182A5T (p.Q6IL) 6 127 0.57-2.84 0.56
183A>C (p.Q6TH) 15 117 0.70-1.95 0.56
Codon 12 486 144 1.28-1.61 6.4 x107° (19 x 107%)
Codon 13 123 153 126-1.86 15 x 107% (45 x 107%%)
Codon 61 27 123 0.84-181 0.28
Any KRAS mutation 632 145 130-161 19 %107 (57 x 1070
BRAF C1781A>G (p.D594G) 12 130 0.73-2.31 037
€1799T>A (p.V600E) 87 260 2.06-3.28 10 x107° (3.0 x 107
Any BRAF mutation 99 231 1.85-2.87 78 x 107 (23 %107
NRAS €34G>T (p.G12C) 5 142 0.59-3.43 0.43
€.35G>A (p.G12D) 2 - - -
€35G>T (p.GI2V) 1 - - -
CI8IC>A (p.Q61K) 2 143 0.96-2.21 on
C182A5G (p.Q6IR) 13 158 0.91-273 om
C182A5T (p.Q6IL) n 151 0.83-2.73 018
Codons 12 and 13 8 129 0.64-2.58 0.48
Codon 61 45 147 1.09-1.99 0.01
Any NRAS mutation 53 1.44 1.09-1.90 0.01
MSI MSI 23 186 122-2.83 40 x 107
MSS 476 1.00 Ref. Ref.

NOTE: KRAS mutants (vs. wild-type) were analyzed on a BRAF and NRAS wild-type background; BRAF mutants (vs. wild-type) were analyzed on a RAS wild-type and
MSS background; NRAS mutants (vs. wild-type) were analyzed on a KRAS and BRAF wild-type background; and MSI (vs. MSS) was analyzed ona RAS and BRAF wild-

type background.

Number of events, HR, Cls, and P values are shown (except for cases where number of events <2).

“Mutations not listed when number of events = 0.

P values that remained significant after correction for multiple testing are shown in parentheses.
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wild-type background; BRAF mutants (vs. wild-type) were ana-
lyzed on a KRAS and NRAS (RAS) wild-type and microsatellite
stable (MSS) background; NRAS mutants (vs. wild-type) were
analyzed on a KRAS and BRAF wild-type background; and MSI (vs.
MSS) was analyzed on a RAS and BRAF wild-type background. We

found no evidence of heterogeneity in OS between patients
when analyzed by trial (COIN vs. COIN-B, P = 0.49), trial arm
(P = 0.40; Cochran Q test: P = 1.0, I’ test: P = 0.74), type of
chemotherapy received (OxMdG/XELOX; P = 0.60), or cetuximab
use (P = 0.41), so we combined these groups for the survival
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HR, 0.53; 95% Cl, 0.28-0.98; P = 0.04

Figure 1.

Kaplan-Meier plots showing the
prognostic outcome of c.1781A>G
(p.D594G) and ¢.1799T>A (p.V600OE) in
BRAF (A), and codons 12 and 13 and

. codon 61 mutations in NRAS (B).
Codon 61 vs. wild-type:

HR, 1.47; 95% CI, 1.09-1.99; P=0.01

Codons 12 and 13 vs. wild-type:
HR, 1.29; 95% Cl, 0.64-2.58; P= 0.48

Codons 12 and 13 vs. codon 61:
HR, 0.88; 95% ClI, 0.41-1.86; P=0.73

1,500
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analyses. We used y? tests or Fisher exact test to study whether
KRAS, BRAF, and NRAS mutations and MSI status were associated
with different clinicopathologic findings. We corrected for mul-
tiple testing using Bonferroni correction [P< 1.7 x 10~ (n = 30)
for survival tests, P< 1.0 x 10~ (n = 480) for somatic mutation
cross-correlations, P< 1.3 x 10~ (n = 39) for clinicopathologic
analyses of KRAS, BRAF, and NRAS and P< 3.8 x 107 (n=13)
for clinicopathologic analyses of MSI|.

Results

We screened for somatic KRAS, BRAF, and NRAS mutations and
for MSI status in aCRCs from 2,157 patients from the clinical trials
COIN and COIN-B. In total, we detected 14 KRAS mutations
[c34G>A (p.G12S), ¢34G>C (p.G12R), ¢.34G>T (p.G12C),
€35G>A (p.G12D), ¢35G>C (p.G124), ¢.35G>T (p.G12V),
c.37G>A (p.G13S), ¢37G>C (p.G13R), c37G>T (p.G13C),
c.38G>A (p.G13D), ¢.38G>T (p.G13V), c.182A>G (p.Q61R),
c.182A>T (p.Q61L), and c.183A>C (p.Q61H)| in 40% (858/
2,157) aCRCs, 2 BRAF mutations [c.1781A>G (p.D594G) and
c.1799T>A (p.V60OE)] in 9% (199/2,097), 9 NRAS mutations
[c34G>T (p.G12C), ¢35G>A (p.G12D), c¢35G>T (p.G12V),
¢.37G>C (p.G13R), c.38G>A (p.G13D), c.181C>A (p.Q61K),
c182A>G (p.Q61R), c.182A>T (p.Q61L), and c.183A>C (p.
QG1H)] in 4% (83/2,092), and MSI in 4% (66/1,567). Over
99% (2,152/2,157) of aCRCs harboring KRAS, BRAF, and NRAS
mutations carried only a single variant allele at their respective
loci (five colorectal cancers carried two KRAS mutations; how-
ever, due to their rarity, these were likely to reflect mixed tumor
populations).

Inter- and intragenic mutation correlations

All mutations in KRAS, regardless of whether analyzed indi-
vidually or by codon, showed similar effects in terms of mutual
exclusivity (Supplementary Fig. S1). Codon 12 (4/627 mutant
colorectal cancers), 13 (4/161), and 61 (2/35) mutations were
rarely found together.

Only specific mutations in BRAF [c.1799T>A (p.V600E)| and
NRAS (codon 61 mutations) shared this characteristic. Only
1% (2/178) of BRAF ¢.1799T>A (p.V60OE) colorectal cancers
had RAS mutations compared with 47% (894/1,908) of BRAF
wild-type colorectal cancers (P<2.2 x 107'%, P< 1.1 x 1073
after correction for multiple testing). In contrast, more BRAF
¢.1781A>G (p.D594G) mutations cooccurred with RAS muta-
tions [14% (3/21)] as compared with c.1799T>A (p.V600E; P =
9.0 x 10”%%), albeit less commonly than found in BRAF wild-
type colorectal cancers (P = 3.0 x 107°%). We noted one case of
KRAS ¢37G>A (p.G13S), which cooccurred with BRAF
€.1799T>A [p.V60OE; P = 2.5 x 107°® as compared with other
KRAS mutations (1/812 cooccurred)]. For NRAS, only 5%
(3/60) of codon 61 mutant colorectal cancers had KRAS muta-
tions compared with 43% (10/23) of codons 12 and 13 mutant
colorectal cancers (P = 7.9 x 107%%, P = 0.04 after correction),
the latter being at a similar level to that found in wild-type
colorectal cancers [40% (808/2,018), P = 0.98].

We also observed differences in the relationship between
BRAF mutations and MSI status. BRAF ¢.1799T>A (p.V600E)
was strongly associated with MSI [11% (20/178) c.1799T>A (p.
V600E) colorectal cancers had MSI compared with 2% (46/1,908)
wild-type colorectal cancers, P = 5.3 x 107'°, P = 2.5 x 10”%"
after correction|], whereas BRAF ¢.1781A>G (p.D594G) and MSI
did not cooccur (0/21).
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Summers et al.

Survival analyses

Five KRAS mutations [c.34G>A (p.G12S), ¢35G>A (p.G12D),
€35G>C (p.G12A), ¢35G>T (p.G12V), and ¢.38G>A (p.G13D)]
individually showed significantly poorer prognosis with a median
reduction in survival of 213, 111, 65, 160, and 165 days, respec-
tively; four of these remained significant after correction for mul-
tiple testing (Table 1). When grouped by codons, both codon 12
and 13 mutations conferred poor prognosis [hazard ratio (HR),
1.44;95% confidenceinterval (CI), 1.28-1.61;P=6.4 x 107, P=
1.9 x 10 after correction, and HR, 1.53; 95% CI, 1.26-1.86; P=
1.5%x 107, P=4.5 x 10~**after correction, respectively|, whereas
codon 61 mutations did not (HR, 1.23; 95% CI, 0.84-1.81; P =
0.28; Table 1); these intralocus differences were not significant.

c.1799T>A (p.V60OE) in BRAF was strongly associated with
poor prognosis (HR, 2.60; 95% CI, 2.06-3.28; P = 1.0 x 107 '3,
P=3.0 x 10~ after correction, median reduction in survival 320
days; Fig. 1), whereas c.1781A>G (p.D594G) was not (HR, 1.30;
95% CI, 0.73-2.31; P = 0.37); this intralocus difference was
significant (P = 0.04; Table 1).

Although individual NRAS mutations showed no differences in
survival, when grouped by codon, codon 61 mutations conferred
poor prognosis (HR, 1.47; 95% CI, 1.09-1.99; P = 0.01, median
reduction in survival 131 days; Fig. 1), whereas codons 12 and 13
mutations did not (HR, 1.29; 95% CI, 0.64-2.58; P = 0.48);
however, this intralocus difference was not significant (P = 0.73).

Patients with MSI colorectal cancers had worse prognosis
compared with those with stable tumors (HR, 1.86; 95% CI,
1.22-2.83; P = 4.0 x 10~%), in agreement with our previous
study (13).

For all analyses described herein, there were no significant
differences measured using heterogeneity tests when the analyses
were performed using date of diagnosis to death instead of OS
(Supplementary Table S1) or when split by cetuximab use (Sup-
plementary Table S2).

.1799T>A [p.V600E))
17 x 107°°[6.6 x 107°4]

p (c.1781A>G
[p.D594G] vs.
3.7 x 107

1.0
1.0
NA
1.0
1.0
0.46
0.08
1.0
1.0
0.23
1.0
0.57
0.19

0.03) as compared with wild-type colorectal cancers.

8.0 x 107°° [3.1 x 107°%]

8.0 x 107°° [3.1 x 107°%]
7.1 x 1079 [2.8 x 1074

p (c.1799T>A
[p.V60OE] vs.
wild-type)
32 % 107°%

<2.2 x 10776 [<8,6 x 107']
053
0.30
0.83

15 x 1072

0.09
0.14
1.0
0.36

P (c.1781A>G
[p.D594G] vs.
wild-type)

0.2
0.20
NA
1
1.0
1.0
0.34
()
0.0
0.77
1
0.85
1.0

Wild-type
(n = 693)
194 (28)
499 (72)
80 (12)
20 (3

16 (2)

128 (18)
234 (34)
192 (28)
536 (77)
315 (45)
237 (34)
82 (12)

€1799T>A
(p.V60OE;
— 100)

48 (48)
52 (52)

47 (47)
707

19 (19)

29 (29)

24 (24)

nan

n

Clinicopathologic analyses

KRAS. More KRAS-mutant colorectal cancers were found in the
right colon [58% (182/314)] and cecum [70% (62/88)] as com-
pared with the left colon [38% (123/326), P = 4.6 x 10~ and
8.4 x 10™%, respectively], and more were associated with metas-
tases in the lung [50% (358/715)] as compared with the liver only
[37% (156/418), P = 4.2 x 107%; Table 2].

In terms of codon-specific mutations, more KRAS codon 12
and 13 mutant colorectal cancers were found in the right colon
[23% (173/760) vs. 13% (132/1,002), P = 1.9 x 10~°’] and
cecum [8% (61/760) vs. 3% (26/1,002), P = 3.4 x 10~%], less
in the left colon [15% (117/760) vs. 20% (203/1,002), P =
0.01] and sigmoid colon [5% (41/760) vs. 11% (115/1,002),
P=1.3 x 10~ %], and more were associated with metastases in
the lung [45% (342/760) vs. 36% (357/1,002), P = 8.4 x
107%] and less in liver only [20% (152/760) vs. 26% (262/
1,002), P = 3.1 x 107, as compared with wild-type colo-
rectal cancers; the correlations for right colon, cecum, sigmoid
colon, and lung remained significant after correction for mul-
tiple testing (Table 2). More KRAS codon 61 mutant patients
had colorectal cancers in the right colon [27% (9/33) vs. 13%
(132/1,002), P = 0.04] and more had peritoneal metastases
[27% (9/33) vs. 13% (133/1,002), P = 0.04] as compared with
wild-type patients. However, there were no significant differ-
ences in clinicopathology between KRAS codons 12 and 13
versus codon 61 mutant patients.

c.1781A>G
(p.D594G;
= 15)

n
7 (47)

8 (53)
1
0 (0)
0 ()
1)
2(13)
2Q3)
9 (60)
3 (20)
13 (87)
6 (40)
1)

BRAF mutations®

Frequency of
55/249 (22)

25/107 (23)

NOTE: Mutations analyzed on a RAS wild-type and MSS background.

Abbreviation: NA, not applicable.

60/559 (11)
48/128 (38)
4/24 (7)
4/20 (20)
18/146 (12)
4/77 (5)
15/141 (1)
20/254 (8)
22/214 (10)
83/619 (13)
53/368 (14)
35/272 (13)

Rectosigmoid junction

Rectum
Peritoneum

Right colon
Cecum

Left colon
Sigmoid colon

Female
Male
Liver only
Liver
Nodal
Lung

Mean
Transverse colon

2There was a significant difference between BRAF-mutant colorectal cancers in the location of the primary tumor (P =1.2 x 10~ '*) and in the sites of metastases (P

®Some patients had multiple metastases so percentages do not add up to 100%.

Percentages are shown in regular parentheses.
P values that remained significant after correction for multiple testing are shown in square parentheses.

Discrepancies in column totals are due to patients with multiple mutations or due to missing data.

Table 3. Clinicopathology according to BRAF mutation status

Characteristics
Primary tumor site
Site of metastases®

Sex
Age
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BRAF. More BRAF-mutant colorectal cancers were found in the
right colon [38% (48/128)] as compared with the left colon [12%
(18/146), P = 2.4 x 107°], and more were associated with
metastases in the peritoneum [23% (25/107)] as compared with
liver only [10% (22/214), P = 3.1 x 10~%; Table 3].

In terms of individual mutations, BRAF ¢.1781A>G (p.D594G)
colorectal cancers had similar clinicopathology to wild-type colo-
rectal cancers (Table 3). In contrast, more BRAF c.1799T>A (p.
V600E) colorectal cancers were found in the right colon [47%
(47/100) vs. 12% (80/693), P < 2.2 x 107'°], and less in the
rectum [11% (11/100) vs. 34% (234/693), P=7.1 x 10| and
sigmoid colon [2% (2/100) vs. 11% (73/693), P=3.2 x 10~ %],
and more were associated with peritoneal metastases [24%
(24/100) vs. 12% (82/693), P = 1.5 x 10~ %] as compared with
wild-type colorectal cancers; the correlations for right colon and
rectum remained significant after correction for multiple testing
(Table 3).

In terms of intralocus differences, there was a significant
difference between c.1781A>G (p.D594G) and c.1799T>A
(p-V600E) colorectal cancers in the location of the primary
tumor (P =9.3 x 1079, P=3.6 x 10 after correction), due
to fewer c.1781A>G (p.D594G) colorectal cancers in the right
colon [7% (1/15) vs. 47% (47/100), P = 3.7 x 107%] and
more in the rectum [60% (9/15) vs. 11% (11/100), P = 1.7 x
107%, P= 6.6 x 10~°* after correction; Table 3]. There was no
significant difference between the sites of metastases associated
with these mutations.

NRAS. There was no difference between the frequency of
NRAS-mutant and wild-type colorectal cancers in the site of
the primary tumor (Table 4). However, more NRAS-mutant
colorectal cancers were associated with metastases in the lung
[11% (43/400)] as compared with the liver only [4% (10/272),
P=14x10"%].

In terms of individual codons, codon 12 and 13 mutant
colorectal cancers showed similar clinicopathology to wild-type
colorectal cancers (Table 4). Codon 61 mutant colorectal cancers
had similar primary tumor distributions but significantly fewer
liver only [12% (7/57) vs. 26% (262/1,002), P = 0.03] and more
lung metastases [68% (39/57) vs. 36% (357/1,002), P = 1.3 x
107%, P = 5.1 x 10~ after correction] as compared with wild-
type colorectal cancers (Table 4). There were no significant differ-
ences in clinicopathology between codons 12 and 13 vs. codon
61 mutant colorectal cancers.

MSI. More MSI colorectal cancers were found in the right colon
[41% (12/29) vs. 12% (80/693), P=9.2 x 10 °°,P=1.2x 10"
after correction| and less in the rectosigmoid junction [3% (1/29)
vs. 18% (126/693), P = 0.04], and less were associated with liver
metastases [48% (14/29) vs. 77% (536/693), P=7.3 x 10 %, P=
9.5 x 10~ after correction] as compared with MSS$ colorectal
cancers (Table 5).

Discussion

Variants in BRAF and NRAS have been presumed to confer
similar oncogenic and prognostic outcomes; however, here
we demonstrate clear intralocus differences. For BRAF,
c.1799T>A (p.V6OOE) was almost mutually exclusive of RAS
mutations and was associated with poor prognosis. In con-
trast, ¢.1781A>G (p.D594G) was more often associated with

RAS mutations and had no apparent influence on survival.
However, ¢.1781A>G (p.D594G) is unlikely to be benign and
more likely to be hypomorphic, as it had significantly fewer
cooccurrences with RAS mutations as compared with BRAF
wild-type colorectal cancers. Interestingly, our data are con-
sistent with a recent report showing that patients with codon
594 or 596 mutated tumors had longer OS compared with
those with c.1799T>A (p.V60OE) colorectal cancers (15).
There are clear biological differences between these mutant
codons to support our observed pathologic differences;
p.VGOOE increased ERK and NFxB signaling and the trans-
formation of NIH3T3 cells, whereas p.D594V failed to acti-
vate ERK (16) and did not affect NFxB signaling nor NIH3T3
transforming activity (17).

Others have reported that NRAS-mutant patients have shorter
OS as compared with wild-type patients (HR, 1.91; 95% CI, 1.39-
3.86; P = 1.3 x 107"; ref. 18). Here, we noted a more complex
relationship; NRAS codon 61 mutations, which were rarely asso-
ciated with KRAS mutations, conferred a poor prognosis, but
codons 12 and 13 mutations, which cooccurred with KRAS
mutations at similar frequencies to wild-type colorectal cancers,
had little influence on survival. Together, our data suggest that
NRAS codons 12 and 13 mutations may have a minor role in
colorectal tumorigenesis. Interestingly, using mouse models,
others have shown that endogenous levels of Nras p.Q61R, but
not Nras p.G12D, were able to efficiently drive in vivo melano-
magenesis (19), supporting their differing biological effects.

We have also shown that different mutant loci are associated
with differences in the clinicopathology of the primary tumors
and/or their sites of metastases. For example, in agreement with
two recent reports (20, 21), we observed more KRAS-mutant
colorectal cancers in the cecum (70%) and, to a lesser extent,
in the right colon (58%), as compared with the left colon (38%).
It has been suggested that different somatic profiles are associated
with different clinicopathology, by influencing the tumor's bio-
logical behavior (22). Here, we focused on intralocus differences
and found a significant difference between ¢.1781A>G
(p.D594G) and ¢.1799T>A (p.V60OE) in BRAF in the location
of the primary tumor providing additional support for these
variants having different biological effects.

In conclusion, our study shows considerable intralocus varia-
tions in survival, particularly in the outcomes of mutations in
BRAF and NRAS. These data need to be considered in patient
management.
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Abstract

Background: Constitutional loss of function (LOF) single nucleotide polymorphisms (SNPs) in pattern recognition receptors
FPR1, TLR3, and TLR4 have previously been reported to predict oxaliplatin benefit in colorectal cancer. Confirmation of this
association could substantially improve patient stratification.

Methods: We performed a retrospective biomarker analysis of the Short Course in Oncology Therapy (SCOT) and COIN/COIN-B tri-
als. Participant status for LOF variants in FPR1 (rs867228), TLR3 (rs3775291), and TLR4 (rs4986790/rs4986791) was determined by geno-
typing array or genotype imputation. Associations between LOF variants and disease-free survival (DFS) and overall survival (OS)
were analyzed by Cox regression, adjusted for confounders, using additive, dominant, and recessive genetic models. All statistical
tests were two-sided.

Results: Our validation study populations included 2929 and 1948 patients in the SCOT and COIN/COIN-B cohorts, respec-
tively, of whom 2728 and 1672 patients had functional status of all three SNPs determined. We found no evidence of an asso-
ciation between any SNP and DFS in the SCOT cohort, or with OS in either cohort, irrespective of the type of model used. This
included models for which an association was previously reported for rs867228 (recessive model, multivariable-adjusted haz-
ard ratio [HR] for DFS in SCOT = 1.19, 95% confidence interval [CI] =0.99 to 1.45, P=.07; HR for OS in COIN/COIN-B =0.92, 95%
CI=0.63 to 1.34, P=.66), and rs4986790 (dominant model, multivariable-adjusted HR for DFS in SCOT =0.86, 95% CI=0.65 to
1.13, P=.27; HR for 0S in COIN/COIN-B =1.08, 95% CI=0.90 to 1.31, P = .40).

Conclusion: In this prespecified analysis of two large clinical trials, we found no evidence that constitutional LOF SNPs in
FPR1, TLR3, or TLR4 are associated with differential benefit from oxaliplatin. Our results suggest these SNPs are unlikely to be
clinically useful biomarkers.

The antitumor immune response is an important determinant
of clinical outcome in colorectal cancer (CRC). To date, attention
has primarily focused on the role of the adaptive immune sys-
tem, and particularly the T-cell response, the increasing inten-
sity of which correlates with reduced recurrence in early-stage
CRC (1,2). Although the influence of the innate immune system

Received: June 10, 2018; Revised: August 22, 2018; Accepted: November 19, 2018

© The Author(s) 2019. Published by Oxford University Press.

to clinical outcome is less well understood, several studies have
suggested that this may also exert a meaningful antitumor ef-
fect through the recognition of endogenous ligands presented
by dying cells (3-7). This effect has been reported to be espe-
cially relevant in the context of cell death induced by anthracy-
clines and oxaliplatin (3-5), an analog of cisplatin used

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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commonly in the systemic therapy of CRC (8). Pattern recogni-
tion receptors present endogenous ligands to macrophages and
as such are essential components of the innate immune re-
sponse (9). Constitutional variants in several genes encoding
these proteins have been shown to alter the innate immune re-
sponse to systemic infection (10). Recently, polymorphisms that
result in putative loss of function (LOF) alterations in pattern
recognition receptor genes have also been reported to influence
benefit from anthracycline and oxaliplatin chemotherapy (4-7).
These variants, which affect FPR1 [rs867228: c.1037A>C,
p.Glu346Ala, where Ala is the LOF allele (11)], TLR3 [rs3775291:
€.1234C>T, p.Leu412Phe, where Phe is the LOF allele (12)], and
TLR4 [rs4986790: c.896A>G, p. Asp299Gly, where Gly is the LOF
allele (4,7)] in strong linkage disequilibrium with rs4986791:
€.1196C>T, p.Thr3991lle, are proposed to act by attenuating the
immune response against the immunogenic cell death caused
by these agents (4-7). These associations were reflected in sta-
tistically significant differences in both progression-free and
overall survival (OS) between patients bearing LOF and func-
tional alleles in these genes when treated with these agents
(hazard ratios [HRs]| for LOF allele of 1.37-2.13; summarized in
Supplementary Table 1, available online) (4-7,13,14). If vali-
dated, these variants could be used as biomarkers to target
these toxic therapies to those most likely to benefit from them,
resulting in less harm to patients and cost savings for health-
care providers. Because anthracyclines and oxaliplatin are the
mainstays of systemic treatment against two common cancers
(breast and colorectal, respectively) (15,16) and because these
LOF polymorphisms are relatively common (prevalence of 5% to
80% in populations of European descent), confirmation of this
association could affect many thousands of patients each year
in Europe and the United States alone. The purpose of this vali-
dation study was to confirm this association in the context of
oxaliplatin treatment for CRC by analysis of two well-defined,
prospectively treated cohorts from the Short Course in
Oncology Therapy (SCOT) and COIN/COIN-B trials (17,18),
encompassing both early-stage and advanced disease.

Methods

Clinical Trials

Details of the SCOT (ISRCTN59757862), COIN (ISRCTN27286448),
and COIN-B (ISRCTN38375681) trials have been published previ-
ously (17-20). Briefly, the SCOT trial compared the efficacy of
12 weeks of oxaliplatin-based adjuvant chemotherapy with the
previous standard of care of 24 weeks of treatment in high-risk,
stage II (defined as one or more of: pT4 primary tumor, tumor
obstruction, fewer than 10 lymph nodes harvested, grade 3 his-
tology, perineural invasion, or extramural venous or lymphatic
vascular invasion), or stage III colon or rectal cancer. The trial
randomized 6088 patients between March 2008 and November
2013, of whom 6065 consented for their data to be used for the
intention to treat analyses. At its primary analysis, the attenu-
ated course of chemotherapy was confirmed to be noninferior
to the standard of care (HR=1.01, 95% CI=0.91 to 1.11, test for
noninferiority P=.012) (17). As part of the study, participants at
selected centers were invited to participate in a translational
substudy, the TransSCOT study. Tissue and blood samples were
collected from these patients and constitutional DNA was
extracted for translational studies. Following informed consent,
3109 patients provided samples for analysis. The COIN trial ex-
amined both the efficacy of the anti-EGFR monoclonal antibody
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cetuximab added to oxaliplatin-based chemotherapy and the
impact of interrupting treatment in patients with stable or
responding metastatic CRC after 12 to 16 weeks of systemic
therapy (18). The trial recruited 2445 patients between March
2005 and May 2008. At its primary analysis, no statistically
significant  difference was observed between the
chemotherapy-only and the chemotherapy plus cetuximab
groups (20), and the comparison between intermittent and
continuous chemotherapy failed to confirm noninferiority of
interrupting treatment (18). The COIN-B study compared in-
termittent chemotherapy with either intermittent or continu-
ous cetuximab in 226 patients with metastatic CRC (19).
Among 169 patients with KRAS wild-type disease, analysis
suggested greater activity of continuous cetuximab, though
this difference was not statistically significant. As part of an-
cillary translational studies, 2244 study participants in COIN
and COIN-B donated blood samples for DNA extraction and
analysis. Given their similar patient populations and treat-
ments (21), the COIN and COIN-B biomarker cohorts were
combined for all analyses.

DNA Extraction, Genotyping, and Imputation

DNA was extracted from EDTA-venous bloods using standard
methods. After exclusion of samples that failed DNA extraction
(n=28) and those for which trial IDs were missing or duplicates
(n=14), 3067 DNA samples from the SCOT cohort were geno-
typed using the Global Screening Array (Illumina, San Diego,
CA). Genotyping quality control entailed removal of any sample
or single nucleotide polymorphism (SNP) with more than 2%
missing data, any sample with an outlying heterozygosity rate,
any sample with discordant reported sex and genotype imputed
sex, and any SNP violating Hardy-Weinberg equilibrium at Pless
than1x 10 (n=66 samples removed; n=32850 SNPs re-
moved). Identity by descent analysis was conducted in PLINK
19 (22) and population stratification was examined using
EIGENSTRAT (23). Related individuals (n=8) were removed
(IBD>0.185) along with those with non-European ancestry
(n=>54, as assessed by merging SCOT with HapMap release 23a
and removing outliers based on eigenvector 1). Genotypes for
2939 remaining individuals were phased using SHAPEIT (24) and
imputed using IMPUTE2 (25) and the UK10K -+ 1000 genomes
merged reference panel. Of the SNPs analyzed in this study,
13775291, rs4986790, and rs4986791 were directly genotyped.
The fourth, rs867228, was imputed with an info score of 0.95.
For this imputed SNP, genotype probabilities were converted to
genotypes using gtool (http://www.well.ox.ac.uk/~cfreeman/
software/gwas/gtool.html) with a minimum probability thresh-
old of .9 set for specifying per sample genotypes.

Cases from the COIN and COIN-B studies were genotyped us-
ing Affymetrix Axiom Arrays according to the manufacturer’s
recommendations (Affymetrix, Santa Clara, CA) at the King
Faisal Specialist Hospital and Research Center, Saudi Arabia
(under IRB approval 2110033). We excluded individuals from
analysis if they failed one or more of the following thresholds:
overall successfully genotyped SNPs less than 95% (n = 122), dis-
cordant sex information (n=8), classed as out of bounds by
Affymetrix (n=30), duplication or cryptic relatedness (identity
by descent >0.185, n=4), and evidence of non-white European
ancestry by principal components analysis-based analysis in
comparison with HapMap samples (n=130). Imputation was
performed using 1000 Genomes Project Pilot data as a reference
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SCOT cohort COIN/COIN-B cohort
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Patients randomised
and consenting to ITT

Blood samples not
collected: 2956 cases

Patients randomised:
2445 cases (COIN)

Blood samples not
collected: 303 cases

analyses: 226 cases (COIN-B)
6065 cases
v A 4

Blood samples collected

Failed DNA extraction/
genotyping/non-

Blood samples collected

Failed DNA extraction

jon: ion: or genotyping:

f301r0l;NA extraction: causasian ancestry f203r62NA extraction: 41§cas§s’p 9
cases 170 cases cases
A 4 A 4

DNA extraction and
genotyping successful:
2939 cases

Clinical outcome
data missing:
10 cases

DNA extraction and
genotyping successful:
1950 cases

Clinical outcome
data missing:
2 cases

Clinical outcome data
available: 2929 cases

Clinical outcome data
available: 1948 cases

Figure 1. CONSORT diagram showing flow of patients analyzed in the study. ITT = intention to treat.

panel (26). Genetic linkage of SNPs was determined by calcula-
tion of D’ and R2 using PLINK 1.9 (22).

Statistical Analyses

Comparison between groups was made using unpaired Student
t test for continuous variables (eg, age) and either ;? or Fisher
exact test for categorical variables (eg, mutation present vs ab-
sent, responder vs nonresponder). Biomarker analyses in this
study were performed and are reported in accordance with the
REMARK guidelines (27). All analyses were prespecified and are
detailed in Supplementary Table 2 (available online). Survival
endpoints included disease-free survival (DFS, defined as time
from study randomization to CRC recurrence or death from any
cause in SCOT only) and OS (defined as time from randomiza-
tion to death from any cause in both cohorts). Progression-free
survival was not used as an endpoint in the COIN/COIN-B trials
in view of the difficulty in defining its duration in the context of
intermittent chemotherapy, which was tested in both studies.
Survival curves for SNP genotypes were plotted using the
Kaplan-Meier method and analyzed by the log-rank test. Survival
endpoints were also analyzed by univariate and multivariable
Cox proportional hazards models, under additive, recessive, and
dominant genetic models (eg, for 1s867228, which has alleles A
and C—of which C is the LOF allele—the additive model implies
CC [2] vs CA [1] vs AA [0], modelled as a continuous variable; the
recessive model implies CC [1] vs both CA and AA [0]; and the
dominant model implies both CC and CA [1] vs AA).
Proportionality of hazards was confirmed by inspection of scaled
Schoenfeld residuals. For the multivariable analyses, adjustment
was made for baseline demographic variables (age, sex), clinico-
pathological and molecular covariables of known prognostic
value where available, and treatment type and schedule depend-
ing on the cohort. In the SCOT analyses, these comprised age,
sex, disease site (colon vs rectum), primary tumor stage (pT1-2
vs pT3 vs pT4), nodal status (NO vs N1 vs N2), treatment regimen

(FOLFOX or CAPOX), and treatment duration (24 vs 12 weeks). In
the COIN/COIN-B analyses, these comprised age, sex, disease site
(colon vs rectum), World Health Organization (WHO) perfor-
mance status (0 or 1 vs 2), primary tumor resection (unresected
vs resected), tumor KRAS, NRAS, and BRAF mutation status (mu-
tated vs wild type), patient white blood cell count (<10000 cells
per uL vs >10000 cells per uL), cetuximab treatment (yes vs no),
chemotherapy regimen (FOLFOX vs CAPOX), and chemotherapy
schedule (intermittent vs continuous). In both cases, covariables
were prespecified and no selection procedure (eg, backwards
elimination) was performed. Models included all cases for which
data were available and excluded those with missing data. P val-
ues for individual predictors in Cox models were calculated by
the Wald test. Statistical analyses were performed in R version
3.4.4 (CRAN Corporation) and STATA version 13 (StataCorp,
College Station, TX). All statistical tests were two-sided.
Statistical significance was accepted at Pless than.05. No correc-
tion for multiple testing was applied.

Ethical Approval

Informed consent for the collection and analysis of samples
was provided by study participants at the time of study recruit-
ment under trial-specific ethical approval. Molecular analysis of
samples from the SCOT cohort was performed under North
West - Liverpool Central Research Committee approval (17/NW/
0252). Molecular analysis of COIN/COIN-B samples was per-
formed under REC approval (04/MRE06/60).

Results

Patient Characteristics and SNP Genotyping

The CONSORT diagram demonstrating the flow of patients eligi-
ble for this biomarker study is shown in Figure 1. Demographic
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Table 1. Baseline characteristics of SCOT and combined COIN/
COIN-B cohorts

SCOT COIN and COIN-B

Variable No. (%) No. (%) P
Total 2929 (100) 1948 (100) —
Median age, y (range) 65 (23-84) 53 (18-87) <.001*
Sex
Male 1795 (61.3) 1270 (65.2) <.001%
Female 1134 (38.7) 678 (34.8)
Unknown 0(0.0) 0(0.0)
Disease stage
it 585 (20.0) 0(0.0) —
i 2344 (80.0) 0(0.0)
I\ 0(0.0) 1948 (100.0)
Unknown 0(0.0) 0(0.0)
Primary tumor stage
pT1 94 (3.2) NA —
pT2 285 (9.7) NA
pT3 1694 (57.8) NA
pT4 856 (29.2) NA
Unknown 0(0.0) NA
Nodal stage
NO 585 (20.0) NA —
N1 1695 (57.9) NA
N2 649 (22.2) NA
Unknown 0(0.0) NA
Primary tumor location
Colon 2346 (80.1) 1325 (67.9) <.0011
Rectum 583 (19.9) 621(31.9)
Unknown 0(0.0) 2(0.2)
Primary tumor resected
No 0(0.0) 821 (42.1) —
Yes 2929 (100.0) 1127 (57.9)
Unknown 0(0.0) 0(0.0)
Peritoneal metastases
No NA 1519 (78.0) —
Yes NA 259 (13.3)
Unknown NA 170 (8.7)
KRAS mutation status
Wild-type ND 989 (50.8) —
Mutant ND 636 (32.6)
Unknown ND 323(16.6)
NRAS mutation status
Wwild type ND 1506 (77.3) —
Mutant ND 69 (3.6)
Unknown ND 373(19.1)
BRAF mutation status
wild type ND 1438 (73.8) —
Mutant ND 143 (7.3)
Unknown ND 367 (18.9)
FPR1 rs867228 genotype
AA 116 (4.0) 49 (2.5) .003f
AC 813 (27.9) 444 (22.8)
cc 1799 (61.4) 1179 (60.5)
Unknown 201 (6.9) 276 (14.2)
TLR3 1s3775291 genotype
cc 1486 (50.7) 934 (47.9) 005+
CT 1207 (41.2) 810 (41.6)
TT 231(7.9) 204 (10.5)
Unknown 5(0.2) 0(0.0)
TLR4 rs4986790 genotype
AA 2581 (88.1) 1744 (89.5) 11t
AG 333 (11.4) 200 (10.3)
GG 15(0.5) 4(0.2)
Unknown 0(0.0) 0(0.0)

(continued)
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Table 1. (continued)

SCOT COIN and COIN-B

Variable No. (%) No. (%) P
TLR4 rs4986791 genotype
cc 2568 (90.7) 1726 (88.6) 12t
CT 344 (11.7) 218 (11.2)
TT 17 (0.6) 4(0.2)
Unknown 0(0.0 0(0.0)

“Determined by two-sided unpaired Student t test. NA =not applicable; ND =not
determined; pT = pathological tumor (T) stage; SCOT = Short Course in Oncology
Therapy.

tDetermined by two-sided ;° test or Fisher exact test in the case of s4986791 (in
cases of SNP genotypes, values are calculated from cases in which SNP status
was determined).

and clinicopathological characteristics of the 2929 SCOT cases
with samples informative for this analysis were broadly similar
to those of the SCOT trial population as a whole, although they
differed statistically significantly, albeit modestly, from the
nonbiomarker population in age, disease site, disease stage, and
nodal status (Supplementary Table 2, available online).
Characteristics of 2244 patients in the COIN/COIN-B biomarker
subgroup were similar to the combined COIN/COIN-B trial popu-
lation (not shown). Details of baseline demographic, clinicopath-
ological, and molecular variables, and SNP genotypes in cases
from both biomarker cohorts are provided in Table 1. Of 2929
patients in the SCOT cohort, 2728 (93.1%), 2924 (99.9%), and 2929
(100%) underwent successful genotyping or imputation and were
informative for analysis of 1s867228, rs3775291, and rs4986790/
154986791 respectively. The slightly lower number of cases infor-
mative for rs867228 reflects the exclusion of those in which the
genotype could not be imputed with high confidence. The corre-
sponding numbers in the COIN/COIN-B cohort of 1948 patients
were 1672 (85.6%), 1948 (100%), and 1948 (100%) respectively. The
allelic frequencies of all SNPs in both cohorts were concordant
with the reported population frequency in EXAC (28), EVS (29),
and UK10K (30). As expected, rs4986790 and rs4986791 were in
strong linkage disequilibrium in both the SCOT (D’=0.99 and
r*=0.93) and COIN/COIN-B (D'=0.99 and r*=0.89) cohorts.
Because analyses of these two SNPs individually yielded essen-
tially identical results (Supplementary Figure 1, available online),
we largely limited subsequent investigations to rs4986790.

The effect sizes (hazard ratios) of each SNP detectable in
multivariable analyses using recessive and dominant genetic
models, based on a power (1-f) of 0.8 and a two-sided « of 0.05,
are shown for both cohorts in Supplementary Table 4 (available
online). For comparison with previous reports, our power to de-
tect an association of identical effect size using the same (reces-
sive) model to that previously reported for the FPRI rs867228
SNP was 1.0 and 0.995 for DFS and OS, respectively, in the SCOT
cohort and 1.0 for OS in the COIN/COIN-B cohort. Our power to
detect an association of the same effect size as that previously
reported for the TLR4 rs4986790 SNP using the same (dominant)
model was 0.65 and 0.31 for DFS and OS, respectively, in the
SCOT cohort and 0.96 for OS in the COIN/COIN-B cohort.

Pattern Recognition SNPs and Clinical Outcome in the
SCOT Cohort

Biomarker analyses were performed with data used for the pri-
mary analysis of the SCOT trial, at which point the 2929 patients
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Table 2. Univariate and multivariable analyses of DFS and OS in SCOT cohort by LOF SNP*

Univariate analysis

Multivariable analysis

DFS

Polymorphism/genetic model No. DFS events OS events

HR (95% CI)

0s DFS 0s

Pt HR(95%CI) Pt HR(95%CI) Pt HR (95% CI) Pt

15867228 (FPR1 ¢.1037A>C) 2728 487 167
Additive - — —
Recessive - — —
Dominant - - —

153775291 (TLR3 ¢.1234C>T) 2924 536 186
Additive - — —
Recessive - — —
Dominant - - —

154986790 (TLR4 c.896A>G) 2929 538 186
Additive - — —
Recessive - - —
Dominant - - -

1.13 (0.96 to 1.32) .15 1.09 (0.83 to 1.44) .53 1.16 (0.98 to 1.37) .08 1.10 (0.84 to 1.47) 48
1.15 (0.95 to 1.40) .15 1.07 (0.77 to 1.49) .67 1.19 (0.99 to 1.45) .07 1.10 (0.79 to 1.53) .56
1.17 (0.73 to 1.88) .50 1.40 (0.57 to 3.41) 46 1.16 (0.73t0 1.87) .53 1.32 (054 t0 3.22) .54

1.05 (0.92 to 1.19) .52 1.15 (0.93 to 1.44) .29 1.02 (0.90 to 1.17) .68 1.13 (0.91 to 1.41) .27
1.24 (0.92 to 1.66) .15 1.46 (0.92 t0 2.32) .11 1.14 (0.85 to 1.52) .38 1.32 (0.83 t0 2.10) .24
1.01 (0.85 t0 1.19) .95 1.12 (0.84 to 1.49) 44 1.00 (0.85 t0 1.19) .97 1.12 (0.84 to 1.49) .44

092 (0.71 0 1.19) .52 0.89 (0.57 to 1.39) .62 0.89 (0.69 to 1.16) .39 0.87 (0.56 to 1.36) .54
1.49 (0.55 t0 4.00) .42 1.93 (0.48 to 7.76) .36 1.58 (0.59 t0 4.25) .36 1.82 (0.44 t0 7.40) .40
0.89 (0.67 to 1.17) 40 0.83 (0.51 to 1.35) .45 0.86 (0.65 to 1.13) .27 0.81(0.50 t0 1.32) .39

*Both univariate and multivariable analyses use all informative cases. Hazard ratios show risk associated with reported LOF allele (underscored) for each SNP as fol-
lows: 1s867228: FPR1 ¢.1037A>C p.Glu346Ala; rs3775291: TLR3 ¢.1234C>T, p.Leu412Phe; rs4986790: TLR4 c.896A>G, p. Asp299Gly. Corresponding associations from
154986791 (TLR4 ¢.1196C>T, p.Thr3991le), which is tightly linked to rs4986790, were essentially identical to those obtained from analysis of rs4986790 and are not shown.
Multivariable-adjusted HRs were adjusted for age, sex, disease site (colon vs rectum), primary tumor stage (pT1-2 vs pT3 vs pT4), nodal status (NO vs N1 vs N2), treat-
ment regimen (FOLFOX or CAPOX), and treatment duration (24 vs 12 weeks). Prognostic associations of covariables are shown in Supplementary Table 5 (available on-
line). CI=confidence interval; DFS=disease-free survival; HR=hazard ratio; LOF=loss of function; OS=overall survival; pT=pathological tumor (T) stage;

SCOT = Short Course in Oncology Therapy.
1P values were calculated by two-sided Wald test.

in the biomarker cohort had a median follow-up of 36.8 months,
and 538 DFS events and 186 deaths had occurred (Table 2).
Comparing survival curves by the log-rank test, univariate and
multivariable Cox models demonstrated no statistically signifi-
cant association of any SNP irrespective of genetic model im-
posed (Figure 2, Table 2, details of covariables in multivariable
models provided in Supplementary Table 5, available online).
This included models for which an association was previously
reported for rs867228 (5) (recessive model, multivariable-
adjusted HR for DFS=1.19, 95% CI=0.99 to 1.45, P=.07) and
154986790 (4) (dominant model, multivariable-adjusted HR for
DFS=0.86, 95% CI=0.65 to 1.13, P=.27) (Table 2, Supplementary
Table 5, available online).

A previous study reported that the association of the FPR1
LOF polymorphism rs867228 was only evident in patients with
functional TLR3 or TLR4, consistent with their participation in
the same pathway (5). We therefore examined this in the SCOT
biomarker cohort after stratifying by TLR3 (rs3775291) and TLR4
(rs4986790) status. These analyses did not confirm the previ-
ously reported, statistically significant association with DFS in
the context of either functional TLR3 background (multivari-
able-adjusted HR for additive model = 1.02, 95% CI=0.82 to 1.27,
P =.85; recessive model HR=1.01, 95% CI=0.78 to 1.31, P=.91;
dominant model HR =1.09, 95% CI=0.59 to 2.00, P =.78) or func-
tional TLR4 background (additive model HR=1.17, 95% CI=0.99
to 1.40, P=.07; recessive model HR =1.20, 95% CI=0.98 to 1.48,
P =.08; dominant model HR=1.31, 95% CI=0.79 to 1.20, P =.30).
Similarly, no statistically significant association of rs867228
with DFS was observed in cases with functional polymorphisms
at both of these loci (multivariable-adjusted HR for additive
model=0.97, 95% CI=0.77 to 1.21, P=.76; recessive model
HR=0.92, 95% CI=0.70 to 1.22, P=.58; dominant model
HR =1.14, 95% CI=0.60 to 2.16, P =.68) (Supplementary Figure 2,
available online).

Pattern Recognition SNPs, Clinical Outcome, and
Oxaliplatin Response in the COIN/COIN-B Cohort

Corresponding analyses were performed on the COIN/COIN-B
cohort in which the median follow-up of the 1948 patients was
23.2months, by which time 1453 deaths had occurred. Similar
to the SCOT analyses, there was no statistically significant as-
sociation of either SNP with OS by either log-rank test or uni-
variate or multivariable Cox regression, regardless of model
(Figure 3, Table 3, details of covariables in multivariable models
provided in Supplementary Table 6, available online). Again,
this included the recessive model for rs867228 (5) (multivari-
able-adjusted HR for 0S=0.92, 95%CI=0.63 to 1.34, P =.66), and
the dominant model for rs4986790 (4) (multivariable-adjusted
HR for 0S=1.08, 95% CI=0.90 to 1.31, P=.40) (Table 3,
Supplementary Table 6, available online). Likewise, prespeci-
fied subgroup analyses stratified by TLR3 and TLR4 status
revealed no evidence of an association between FPR1 status
and OS in the context of functional TLR3 (multivariable-ad-
justed HR for additive model=0.93, 95% CI=0.78 to 1.10,
P=.37; recessive model HR=0.91, 95% CI=0.56 to 1.48, P=.71;
dominant model HR=0.91, 95% CI=0.74 to 1.12, P=.36), or
functional TLR4 (additive model HR =1.03, 95% CI=0.90 to 1.17,
P =.66; recessive model HR =1.00, 95% CI=0.68 to 1.49, P=.99;
dominant model HR=1.04, 95% CI=0.89 to 1.21, P=.62).
Similar to the results from the SCOT cohort, no statistically sig-
nificant association was observed in cases with functional
polymorphisms at both loci (multivariable-adjusted HR for ad-
ditive model =0.99, 95% CI=0.82 to 1.19, P =.87; recessive mod-
el=1.22, 95% CI=0.73 to 2.04, P=.43; dominant model
HR=0.95, 95% CI=0.76 to 1.18, P=.63) (Supplementary Figure
3, available online).

An additional analysis according to radiological response to
oxaliplatin-based chemotherapy after 12weeks of therapy
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Figure 2. FPR1, TLR3, and TLR4 loss of function (LOF) single nucleotide polymorphisms (SNPs), disease-free survival (DFS), and overall survival (OS) in Short Course in
Oncology Therapy (SCOT) cohort. Kaplan Meier curves showing DFS for patients in SCOT cohort by pattern recognition receptor SNPs rs867228 (FPR1 c.1037A>C
p.Glu346Ala) (A), rs3775291 (TLR3 c.1234C>T p.Leu412Phe) (B), and rs4986790 (TLR4 c.896A>G, p.Asp299Gly) (C) (LOF allele/amino acid underscored in each case).
Corresponding results for OS are shown in D-F. Analyses of the rs4987691 (TLR4 c.1196C>T, p. Thr3991le) polymorphism, which is strongly linked with rs4986790, were
essentially identical to C and F and are provided as Supplementary Figure 1 (available online). Shaded areas represent 95% confidence intervals. P values indicate com-
parison of all groups by the two-sided log-rank test.

[complete or partial response vs stable or progressive disease by Discussion

RECIST 1.0 (31)] revealed no difference in the proportions of
functional and LOF alleles between responders and nonres-
ponders for 15867228 (P=.90, 5 test), rs3775291 (P = .68, 7 test),
or rs4986790 (P = .64, Fisher exact test).

Previous studies have suggested that LOF polymorphisms in the
pattern recognition receptors FPR1 (rs867228), TLR3 (rs3775291),
and TLR4 (rs4986790/rs4986791) decrease the presentation of
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Figure 3. FPR1, TLR3, and TLR4 loss of function (LOF) single nucleotide polymor-
phisms (SNPs) and overall survival (OS) in COIN/COIN-B cohort. Kaplan Meier curves
showing OS for patients in combined COIN/COIN-B cohort by pattern recognition re-
ceptor SNPs 1s867228 (FPR1 ¢.1037A>C p.Glu346Ala) (A), 1s3775291 (TLR3 c.1234C>T
p.Leu412Phe) (B), and rs4986790 (TLR4 ¢.896A>G, p.Asp299Gly) (C) (LOF allele/amino
acid underscored in each case). Analyses of the rs4987691 (TLR4 c.1196C>T, p.
Thr3991le) polymorphism, which is strongly linked with rs4986790, were essentially
identical to C and are not shown. Shaded areas represent 95% confidence intervals.
P values indicate comparison of all groups by the two-sided log-rank test.

ligand to the innate immune system by dying cells (3-7). This,
in turn, is proposed to reduce the efficacy of anthracycline and
oxaliplatin chemotherapy, the activities of which depend in
part on the induction of immunogenic cell death (3-5,7). In this
study of nearly 5000 patients with CRC treated with oxaliplatin,
we failed to confirm any of these associations. The 95% confi-
dence intervals for the association of each SNP with DFS and OS
in the SCOT cohort and OS in the COIN/COIN-B cohort all in-
cluded the estimate of no effect. Although our data by no means
exclude an immunomodulatory effect of these SNPs, they sug-
gest that they are very unlikely to be clinically useful as predic-
tive biomarkers for oxaliplatin benefit in CRC. The discordance
between our results and those from previous studies may be
explained by the increased risk of false-positive associations in
the smaller cohorts they used, and in the case of rs867228, an
apparent misclassification of the functional and LOF alleles in
the survival analyses (the functional FPRI allele c.1037A,
P.346Glu appeared to be incorrectly classified as LOF in all anal-
yses in the study by Vacchelli et al.) (5). Our results underscore
the importance of validation of encouraging findings from mod-
estly sized studies in large, meticulously curated trial cohorts,
even where preclinical data provide a plausible mechanism for
an association.

Strengths of our study include its large size, defined clinical
trial cohorts, standardized therapy, comprehensively annotated
clinicopathological variables, and, in the case of the COIN/
COIN-B cohort, molecular variables and mature outcome data.
Consequently, our analyses were powered to detect even a
modest association of most SNPs with clinical outcome and had
a power of greater than 0.95 to detect an association of similar
strength to that previously reported for the rs867228 and
154986790 LOF variants (4,6). Limitations include the lack of mo-
lecular profiling in the SCOT trial, which meant that we were
unable to test for an association of the SNPs with clinical out-
come in specific tumor subgroups such as those with enhanced
immunogenicity due to defective DNA mismatch repair or POLE
exonuclease domain mutation.

In summary, in this study of two large clinical trial cohorts,
we find no evidence that LOF SNPs in the pattern recognition
receptors FPR1, TLR3, and TLR4 are associated with differential
benefit from oxaliplatin in CRC. Future studies may better de-
fine the complex relationship between cytotoxic therapeutic-
induced cell death, pattern recognition SNPs, and the innate im-
mune system.
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Table 3. Univariate and multivariable analyses of OS in combined COIN/COIN-B cohort by LOF SNP*

Univariate analysis

Multivariable analysis

Polymorphism/genetic model No. OS events HR (95% CI) Pt No. OS events HR (95% CI) Pt
15867228 (FPR1 ¢.1037A>C) 1672 1241 — — 1336 970 — —
Additive — — 1.03 (0.93 to 1.14) 60 — — 0.99 (0.88 t0 1.12) 91
Recessive - - 0.98(0.71t0 1.37) 93 - - 0.92 (0.63 to 1.34) 66
Dominant — — 1.04 (0.92 t0 1.18) 52 — — 1.05 (0.90 to 1.23) 53
153775291 (TLR3 ¢.1234C>T) 1948 1453 — — 1563 1150 — —
Additive — - 0.98 (0.91 to 1.06) 67 — - 0.97 (0.89 to 1.06) .56
Recessive — — 1.07 (0.90 to 1.26) 45 — — 1.08 (0.90 to 1.31) 41
Dominant — — 0.94 (0.86 to 1.05) 31 — — 0.93 (0.83 to 1.04) 20
154986790 (TLR4 ¢.896A>G) 1948 1453 — — 1563 1150 —
Additive — - 1.03 (0.88 to 1.21) 71 — - 1.10(0.91 to 1.33) 31
Recessive — — 1.65 (0.61 to 4.40) 31 — — 2.91(0.93t09.12) 07
Dominant — — 1.02 (0.86 to 1.20) 81 — — 1.08 (0.90 to 1.31) 40

*Both univariate and multivariable analyses use all informative cases (ie, cases lacking covariable data were excluded from multivariable models). Hazard ratios show
risk associated with reported LOF allele (underscored) for each SNP as follows: 1s867228: FPR1 c.1037A>C p.Glu346Ala; rs3775291: TLR3 ¢.1234C>T, p.Leu412Phe;
154986790: TLR4 c.896A>G, p. Asp299Gly. Corresponding associations from rs4986791 (TLR4 c.1196C>T, p.Thr3991le), which is tightly linked to rs4986790, were essen-
tially identical to those obtained from analysis of rs4986790 and are not shown. Multivariable-adjusted HRs are adjusted for age, sex, disease site (colon vs rectum),
World Health Organization (WHO) performance status (0 or 1 vs 2), primary tumor resection (unresected vs resected), tumor KRAS, NRAS, and BRAF mutation status
(mutated vs wild type), patient white blood cell count (<10000 cells/uL vs >10000 cells/uL), cetuximab treatment (yes vs no), chemotherapy regimen (FOLFOX vs
CAPOX), and chemotherapy schedule (intermittent vs continuous). Prognostic associations of covariables are shown in Supplementary Table 6 (available online).
CI= confidence interval; HR = hazard ratio; LOS =loss of function; OS = overall survival; pT = pathological tumor (T) stage; SNP = single nucleotide polymorphism.

1P values were calculated by two-sided Wald test.
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KEYWORDS Abstract  Purpose: Genome-wide association studies have identified common single nucleo-

Colorectal cancer; tide polymorphisms (SNPs) at 83 loci associated with colorectal cancer (CRC) risk in Euro-

CDHI, pean populations. Because germline variation can also influence patient outcome, we

Survival; studied the relationship between these SNPs and CRC survivorship.

Risk loci; Experimental design: For the 83 risk loci, 10 lead SNPs were directly genotyped, 72 were

Prognostic biomarker imputed and 1 was not genotyped nor imputed, in 1948 unrelated patients with advanced
CRC from the clinical trials COIN and COIN-B (oxaliplatin and fluoropyrimidine
chemotherapy + cetuximab). A Cox survival model was used for each variant, and variants
classified by pathway, adjusting for known prognostic factors. We imposed a Bonferroni
threshold of P = 6.6 x 10~ for multiple testing. We carried out meta-analyses of published
risk SNPs associated with survival.
Results: Univariate analysis identified six SNPs associated with overall survival (OS)
(P < 0.05); however, only 159939049 in CDHI remained significant beyond the Bonferroni
threshold (Hazard Ratio [HR] 1.44, 95% Confidence Intervals [CI]: 1.21-1.71,
P = 5.0 x 107°). Fine mapping showed that rs12597188 was the most significant SNP at this
locus and remained significant after adjustment for known prognostic factors beyond multiple
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testing thresholds (HR 1.23, 95% CI: 1.13—1.34, P = 1.9 x 10’6). rs12597188 was also asso-
ciated with poor response to therapy (OR 0.61, 95% CI: 0.42—0.87, P = 6.6 x 10~*). No com-
binations of SNPs within pathways were more significantly associated with survival compared
with single variants alone, and no other risk SNPs were associated with survival in meta-an-

alyses.

Conclusions: The CRC susceptibility SNP rs9939049 in CDH] influences patient survival and
warrants further evaluation as a prognostic biomarker.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Each year, over a million people are diagnosed with
colorectal cancer (CRC) worldwide. Clinical stage,
which combines depth of tumour invasion, nodal status
and distant metastasis [1], is the only routinely used
marker of survival. Other factors thought to influence
prognosis include lifestyle [2,3], systemic inflammatory
response to the tumour [4], the tumour immunologic
microenvironment [5] and the patient’s germline and the
tumour’s somatic genetic profile [6—9].

Around 6% of CRC is associated with Mendelian
susceptibility caused by the inheritance of rare high-
impact germline mutations [10] including those respon-
sible for familial adenomatous polyposis (FAP; MIM
175100) [11], hereditary non-polyposis CRC (HNPCC;
MIM 114500) [12] and MUTYH-associated polyposis
(MAP; MIM 608456) [13]. Increasingly, it is being rec-
ognised that in addition to influencing CRC risk,
germline variation plays a role in patient outcome with
HNPCC and MAP-associated CRC typically being
associated with better prognosis than those with spo-
radic CRC [14—16].

Genome-wide association studies (GWASs) have
been successful in identifying single nucleotide poly-
morphisms (SNPs) robustly associated with an indi-
vidual’s risk of developing CRC. As well as influencing
risk, studies have suggested that some of these alleles
may affect patient survival [17—22]. However, most
studies have not been performed in the context of a
clinical trial but have been retrospective in design with
the inherent biases from variation in patient
management.

We have previously studied the relationship between
SNP genotype and patient outcome for 14 of the GWAS
risk loci by analysing patient data from two clinical
trials—COIN and COIN—B [23]. Since this study, an
additional 69 loci have been identified which influence
CRC risk in European populations [24]. To gain a
comprehensive understanding of the role of genetic
variation on patient outcome, we assessed the prog-
nostic effects of all known CRC risk SNPs in 1948 pa-
tients with advanced disease by further using COIN and
COIN-B trial data.

2. Materials and methods
2.1. Samples

We prepared blood DNA samples from unrelated pa-
tients with metastatic or locally advanced colorectal
adenocarcinoma from the MRC clinical trials COIN
(NCT00182715) [25] and COIN—B (NCT00640081)
[26]. All patients gave fully informed consent for bowel
cancer research (approved by REC [04/MRE06/60]).
COIN patients were randomised 1:1:1 to receive
continuous oxaliplatin and fluoropyrimidine chemo-
therapy, continuous chemotherapy and cetuximab, or
intermittent chemotherapy. COIN—B patients were
randomised 1:1 to receive intermittent chemotherapy
and cetuximab, or intermittent chemotherapy and
continuous cetuximab.

2.2. Genotyping

As previously described [27], 2244 cases from COIN and
COIN-B were genotyped using Affymetrix Axiom Ar-
rays in accordance with the manufacturer’s recommen-
dations (Affymetrix, Santa Clara, CA 95051, USA).
Individuals were excluded from analysis if they failed in
one or more of the following thresholds: overall success-
fully genotyped SNPs <95% (n = 122), discordant sex
information (n = 8), classified as out of bounds by
Affymetrix (n = 30), duplication or cryptic relatedness
(n = 4) and evidence of non-white European ancestry by
PCA-based analysis (n = 130). After quality control, we
had whole genome SNP genotyping and derived impu-
tation data on 1950 patients, 2 of whom had no data on
survival and were excluded (n = 1948). For the 83 CRC
risk loci, 10 lead SNPs were directly genotyped, 72 were
imputed and one (rs2732875) was on the X-chromosome
which was not genotyped nor imputed. Six SNPs
(rs77776598, 152735940, rs6933790, rs704017, rs6055286
and rs1741640) had info scores <0.7 and were excluded.

2.3. Statistical analysis

We used a Cox survival model with overall survival (OS;
time from trial randomisation to death) as the primary
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measure. Univariate analyses were performed using
GenABEL in R. Multivariate analyses were carried out
using survival in R. The coxph function was used with
prognostic covariates in COIN/COIN—B: sex (male vs.
female: HR: 0.87, 95% CI; 0.78—0.97, P = 9.7 x 10’4),
World Health Organization (WHO) performance status
(HR: 142, 95% CL 1.31-1.56, P < 2.0 x 107'°),
resection status of the primary tumour (unresected/
unresectable vs. local recurrence: HR: 1.29, 95% CI:
1.01-1.63, P = 0.04), white blood cell (WBC) count
(HR: 1.03,95% CI: 1.03—1.04, P < 2.0 x 107'€), platelet
count (HR: 1.00, 95% CI: 1.00~1.00, P < 2.0 x 107'9),
number of metastatic sites (HR: 1.21, 95% CI:
1.14—1.28, P = 2.5 x 10"0), site of distant metastasis
(yes vs. no: liver, HR: 1.23, 95% CI. 1.09-1.39,
P = 88 x 107* peritoneum, HR: 1.34, 95% CI:
1.16—1.54, P = 6.4 x 10> nodal, HR: 1.15, 95% CI:
1.04—1.28, P = 7.5 x 1073; other metastases, HR: 1.31,
95% CI: 1.15-1.51, P = 7.9 x 107%), KRAS status
(mutant vs. wild type: HR: 1.46, 95% CI: 1.29—1.66,
P = 3.5 x 107°), BRAF status (mutant vs. wild type:
HR: 2.29, 95% CIL: 1.79-2.93, P = 4.8 x 107" and
NRAS status (mutant vs. wild type: HR: 1.47, 95% CI:
1.08—1.99, P = 0.01), together with other factors in
COIN/COIN—B (age at randomisation, cetuximab
treatment, chemotherapy regimen, chemotherapy
schedule, treatment arm and trial), none of which
affected prognosis [25,28]. Response to treatment was
defined as complete or partial response, and non-
response was defined as stable or progressive disease at
12 weeks; analyses were performed with the oddsratio
function from the finsh package in R. We used Bonfer-
roni correction to adjust for multiple testing with a
significance threshold set at P = 6.6 x 107* (0.05/76
SNPs after exclusion of SNPs with poor imputation).

2.4. Meta-analyses

We collected published data for 6 CRC risk SNPs pre-
viously associated with survival, albeit at nominally
significant levels (P < 0.05) (rs4939827 [17,19], rs961253
[18,22], rs6983267 [18,21], rs10795668 [17,20], rs4444235
[22] and rs4925386 [17,22]). These SNPs had been ana-
lysed in different cohorts: Colorectal Neoplasia Re-
pository and North Central Cancer Treatment Group
(NCCTG) [29]; Study on Colorectal Cancer in Scotland
(SOCCS) [30]; Seattle Colon Cancer Family Registry
(CCFR) [31]; Health Professionals Follow-up Study
(HPES), Nurses’ Health Study (NHS), Physicians’
Health Study (PHS), VITamins and Lifestyle Study
(VITAL), Women’s Health Initiative (WH1 and WH2)
[17]; Nurses” Health Study (NHS), Health Professionals
Follow-up Study (HPFS) [19]; and National Study of
Colorectal Cancer Genetics (NSCCG) [22]. Meta-
analyses were performed in R using the meta package.
The metagen function was used to perform all analyses
under a fixed effect model, or random effects model

where there was significant heterogeneity. I test and
Cochran’s Q tests were used for assessment of
heterogeneity.

2.5. Bioinformatics

Linkage disequilibrium (LD) between SNPs was exam-
ined using the /d command in PLINK. Forty-nine SNPs
were located within, or close to, genes (https:/www.
ncbi.nlm.nih.gov/snp). Thirteen SNPs were associated
with expression quantitative trait loci (eQTL) (https:/
gtexportal.org/home/). Data from GeneCards (https:/
www.genecards.org) were used to assess whether >2
genes or eQTLs had roles in signalling pathways: 8
genes/eQTLs functioned in GPCR, 6 in TGF-Beta, 5
in ERK, 3 in Wnt, 3 in BMP, 3 in Hedgehog, 3 in
PI3K-Akt, 3 in E-cadherin and 2 in Notch signalling.
Combinations of SNPs within the same pathway were
analysed for survival outcome by the log likelihood
ratio test using the coxph and anova functions in R.

3. Results

We analysed blood DNA samples and survival data
from 1948 unrelated patients with advanced CRC from
the UK national trials COIN [25] and COIN—B [26]
(Table 1). We found no evidence of heterogeneity in OS
between patients when analysed by trial (COIN vs.
COIN-B, P = 0.33), trial arm (P = 0.49), type of
chemotherapy received (OxMdG/XELOX; P = 0.46),

Table 1
Clinicopathological data for patients in COIN and COIN—B.
COIN COIN-B
No. of cases with blood DNA 2078 196
No. with genotyping data after QC 1778 170
Total no. of deaths (% of cases) 1557 (75) 99 (51)
Median follow-up (SD) 2422 2.0 (4.4)
% Female 34 42
Age at randomisation, N (%)
<65 years 1203 (58) 115 (59)
65—69 422 (20) 35(18)
70-74 318 (15) 31 (16)
75-79 124 (6) 10 (5)
>80 years 9 (<) 5@)
Missing 2(<1) 0(0)
Mean (SD) 62.0 (9.6) 61.7 (10.4)
Stage (%)
1 0 (0) 0 (0)
2-3 0 (0) 0 (0)
4 2078 (100) 196 (100)
Unknown 0 (0) 0(0)
Tumour site, N (%)
Colon* 1103 (53) 124 (63)
Rectum” 951 (46) 71 (36)
Unknown 24 (1) (1)

SD: standard deviation.

* Colon defined as caecum, ascending colon, hepatic flexure, trans-
verse colon, splenic flexure, descending colon and sigmoid colon.

® Rectum defined as rectosigmoid junction and rectum.
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Table 2
Univariate analysis of CRC risk SNPs and overall survival.
Locus SNP Directly genotyped or Additive model Recessive model

imputed info score HR  95%Cl P HR  95%CI P

1p32.3 1312143541 0.98 1.01 0.92-1.12 0.80 0.88 0.64—1.21 0.42
1p34.3 1361776719 0.81 1.01 0.92-1.11 0.77 0.98 0.83—1.15 0.78
1p36.12 1372647484 0.88 1.03 0.89—1.19 0.67 1.12 0.56—2.24 0.76
1q25.3 134546885 0.92 0.98 0.91-1.07 0.69 0.90 0.77-1.06 0.20
1q41 136658977 0.99 0.93 0.87-1.01 0.11 0.87 0.75-1.01 7.5 x 1072
2ql11.2 1511692435 0.85 1.01 0.85—-1.19 0.92 248 1.23-4.97 0.01
2q33.1 1511893063 0.92 1.05 0.96—1.14 0.28 1.10 0.96—1.26 0.19
2q33.1 157593422 0.98 1.01 0.94—1.09 0.77 1.00 0.88—1.14 0.99
2935 1513020391 0.95 0.96 0.89-1.04 0.36 0.89 0.76—1.04 0.13
3p21.1 159831861 1.00 0.94 0.87-1.01 0.11 0.86 0.75-1.00 4.6 x 1072
3p22.1 1335470271 0.94 1.01 0.91-1.12 0.81 0.64 0.42-0.98 4.1 %1072
3ql13.2 1312635946 0.97 0.98 0.91-1.06 0.60 0.97 0.83—1.13 0.71
3q26.2 1335446936 0.85 0.98 0.88—1.08 0.65 1.03 0.74—1.42 0.87
4q24 1317035289 DG 0.94 0.85-1.05 0.28 1.06 0.73-1.56 0.74
4q31.21 1375686861 0.97 1.05 0.93-1.19 0.40 0.92 0.70—1.19 0.52
5pl3.1 131445011 0.99 1.02 0.94-1.11 0.59 1.02 0.85-1.21 0.85
5q31.1 13639933 0.80 1.01 0.91-1.12 0.87 1.01 0.81-1.26 0.95
6pl2.1 1362404966 0.97 1.05 0.96—1.14 0.30 1.21 0.98—1.48 72 %1072
6p21.2 131321310 0.98 0.94 0.86—1.03 0.19 0.91 0.71-1.16 0.44
6p21.31 1316878812 0.99 1.04 0.93-1.17 0.49 1.30 0.86—1.96 0.22
6p21.32 139271770 0.98 1.04 0.95-1.15 0.39 0.96 0.71-1.35 0.88
6p21.33 1s3131043 DG 1.03 0.95-1.10 0.50 1.01 0.88—1.15 091
6p24.1 132070699 DG 1.01 0.93-1.08 0.86 1.02 0.90—1.16 0.77
6q21 156928864 0.97 0.90 0.79-1.03 0.13 0.72 0.37-1.38 0.32
Tpl12.3 1310951878 0.99 1.04 0.96—1.11 0.34 1.02 091-1.15 0.71
Tpl2.3 133801081 1.00 1.05 0.97-1.14 0.19 1.02 0.86—1.22 0.78
8q23.3 1316892766 DG 1.23 1.08—1.39 13x 107 1.83 0.95-3.53 7.1 x 1072
8q24.21 136983267 DG 1.06 0.99-1.15 0.11 1.10 0.97-1.26 0.13
9p21.3 131412834 1.00 1.01 0.94-1.08 0.83 0.99 0.87-1.12 0.84
10p14 137894531 1.00 0.88 0.81-0.96 26 x 107 0.77 0.63—0.93 8.4 x 1073
10q24.2 152193352 1.00 1.01 0.93-1.10 0.81 0.97 0.76—1.24 0.82
10925.2 1312255141 0.95 0.94 0.83-1.07 0.35 1.29 0.71-2.34 0.39
11pl5.4 134450168 0.76 1.09 0.94-1.26 0.24 1.21 0.63—2.34 0.56
11q13.4 1357796856 0.99 1.02 0.94-1.09 0.65 1.00 0.88—1.13 1.00
11q13.4 134944940 0.86 1.01 0.81-1.26 0.93 0.66 0.16—2.64 0.56
11923.1 133087967 DG 1.05 0.98—1.14 0.18 1.12 0.94-1.32 0.21
12p13.31 1310849438 0.89 1.00 0.88—1.14 0.97 1.37 0.79-2.36 0.26
12p13.32 1312818766 0.96 0.96 0.87-1.06 0.43 1.08 0.79—1.46 0.64
12p13.32 133217810 0.73 0.98 0.84—1.14 0.75 0.73 0.35-1.54 0.41
12q13.13 rs11169572 0.99 1.05 0.97-1.13 0.24 1.12 0.98—1.28 0.10
12q13.3 17398375 0.73 0.99 0.87-1.11 0.91 0.83 0.61-1.14 0.26
12q24.12 1s597808 0.99 0.96 0.89—1.04 0.29 0.97 0.85—1.11 0.64
12q24.21 157315438 0.97 1.04 0.96—1.13 0.30 1.09 0.95-1.26 0.21
13q13.2 159537521 0.86 0.99 0.90—1.08 0.77 091 0.75-1.10 0.33
13q13.3 1512427600 0.97 1.02 0.94-1.11 0.68 0.92 0.74-1.15 0.46
13q22.1 1545597035 0.94 1.00 0.92—1.09 1.00 0.93 0.78—1.12 0.45
13q22.3 131330889 0.96 1.02 091-1.14 0.78 0.89 0.58—1.36 0.59
13934 137993934 0.93 1.00 0.92-1.09 0.97 0.96 0.80—1.14 0.62
14q22.2 1335107139 0.86 1.00 0.91-1.09 0.93 0.96 0.89-1.05 0.42
14q22.2 131570405 0.97 1.01 0.93-1.09 0.78 0.95 0.87-1.04 0.23
15q13.3 1316969681 0.99 1.03 0.91-1.15 0.65 1.04 0.66—1.65 0.85
15q13.3 1373376930 0.95 1.04 0.95-1.13 0.40 1.02 0.81-1.28 0.89
15q13.3 1316959063 0.97 0.93 0.80—1.25 0.61 0.93 0.69—1.25 0.61
15q13.3 1317816465 0.96 1.07 0.97-1.17 0.16 1.07 0.83—1.39 0.58
15q22.31 134776316 0.74 1.00 0.88—1.13 0.94 1.03 0.72—1.47 0.88
15923 310152518 0.90 0.97 0.87-1.07 0.52 1.21 0.89-1.63 0.23
15q26.1 137495132 0.97 1.00 0.89—1.11 0.95 0.91 0.63—1.33 0.63
16q22.1 1s9939049 1.00 1.12 1.03—1.21 81x107? 1.44 1.21-1.71 50x107°
16923.2 1361336918 0.99 0.96 0.88—1.04 0.31 0.87 0.72-1.05 0.14
16q24.1 152696839 0.93 1.00 0.92—1.08 0.98 1.00 0.87-1.14 0.97
16q24.1 1s899244 0.96 1.02 0.93-1.12 0.68 0.92 0.70—1.20 0.53
17p12 131078643 0.85 0.94 0.84-1.05 0.30 1.45 1.03-2.03 32 %1072

(continued on next page)
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Table 2 (continued)

Locus SNP Directly genotyped or Additive model Recessive model
imputed info score HR  95%CI P HR  95%CI P

17p13.3 1s73975588 0.97 1.05 0.93-1.19 0.43 0.96 0.54—1.69 0.88
18q21.1 1s7226855 DG 0.99 0.92—1.07 0.83 0.95 0.83—1.10 0.50
19p13.11 1s285245 0.98 0.95 0.79—1.14 0.57 NA NA NA
19q13.11 173039434 0.76 1.09 0.84—1.43 0.51 NA NA NA
19q13.2 1rs9797885 0.91 1.00 0.92—1.09 0.94 1.05 0.95-1.16 0.35
19q13.33 112979278 0.92 0.98 0.91-1.06 0.65 1.02 0.95-1.10 0.51
20p12.3 1s961253 DG 0.99 0.92—-1.07 0.84 0.97 0.84—1.13 0.71
20p12.3 16085661 0.99 1.00 0.93—-1.08 0.90 1.12 0.97—-1.28 0.11
20q13.12 12179593 0.98 0.96 0.88—1.05 0.37 0.89 0.72—1.11 0.31
20q13.13 16066825 DG 0.97 0.90—1.05 0.46 1.01 0.86—1.18 0.93
20q13.13 4811050 DG 1.01 0.92—1.11 0.86 1.00 0.77-1.31 0.98
20q13.13 rs1810502 0.83 1.07 0.98—1.17 0.15 1.07 0.90—1.26 0.44
20q13.13 1rs6091213 0.91 1.03 0.94—1.12 0.54 1.01 0.82—1.25 0.92
20q13.33 13787089 0.78 1.03 0.93-1.14 0.54 1.03 0.82—1.31 0.79

HR: Hazard ratio, CI: Confidence interval, P: P-value, SNP: Single nucleotide polymorphism, NA: Not applicable. DG: Directly genotyped, CRC:

Colorectal cancer.

Only 159939049 at 16q22.1 (bold) was significant beyond the Bonferroni corrected threshold of P = 6.6 x 107,

or cetuximab use (P = 0.24), hence combined these
groups for prognostic analyses. In total, 35% of patients
were female with a mean age at randomisation of 63
years (range, 18—87 years, Table 1). We had over 70%
power under an additive model to detect a HR of 1.18
for survival for SNPs with minor allele frequencies
(MAFs) > 30% and a HR of 1.28 for SNPs with
MAFs>10%.

For the 83 CRC risk loci, 10 lead SNPs were directly
genotyped, 72 were imputed and 1 was on the X-chro-
mosome which was not genotyped nor imputed. Uni-
variate analyses identified six SNPs (rs9831861 at
3p21.1, rs35470271 at 3p22.1, rs16892766 at 8q23.3,
rs7894531 at 10p14, rs9939049 at 16q22.1 and rs1078643
at 17p12) that were nominally associated with OS
(P < 0.05) (Table 2). Only rs9939049 was significant
beyond the Bonferroni corrected threshold (HR 1.44,
95% CI: 1.21-1.71, P = 5.0 x 107°). 159939049 lies
within CDHI in LD with 1rs9929218 (> = 0.99,
D’ = 0.99), which we have previously reported having a
prognostic effect [23].

We consider whether other SNPs at 16q22.1 might be
more significantly associated with survival and analysed
all SNPs in LD with 19939049 for which we had genetic
data. rs12597188 (directly genotyped, 1> = 0.75,
D’ = 0.99) was the most significantly associated SNP
(recessive model: HR 148, 95% CI. 1.28—1.72,
P =19 x 1077). We considered rs12597188 in multi-
variate analyses with known prognostic factors in
COIN/COIN—-B (sex, WHO performance status, resec-
tion status of the primary tumour, WBC and platelet
count, number of metastatic sites, site of distant
metastasis, and KRAS, BRAF and NRAS mutation
status). rs12597188 remained significant beyond the
Bonferroni corrected threshold (HR 1.23, 95% CI;
1.13-134, P = 1.9 x 107°. Patients that were

homozygous for the minor allele had a median decrease
in life expectancy of 5 months compared to patients that
were homozygous or heterozygous for the wild type
allele.

We sought whether rs12597188 was associated with
response to oxaliplatin-fluoropyrimidine chemotherapy
after 12 weeks of treatment (likely to be correlated with
survival, n = 1162 patients). Patients that were homo-
zygous for the minor allele had significantly worse
response (54/142 responded, 38.0%), as compared to
patients that were heterozygous or homozygous wild
type (512/1020 responded, 50.2%) (OR 0.61, 95% CI:
0.42—0.87, P = 6.6 x 107%). This association was not
seen in patients who also received cetuximab (51.0%
versus 49.1%, n = 786) with significant heterogeneity
between these groups (I> = 75.2%, Cochran’s Q test:
P = 0.04).

We tested whether combinations of variants classified
by pathway influenced survival. Eight SNPs lie within or
near to genes that function in the GPCR signalling
pathway, six in the TGF-Beta signalling pathway, five in
the ERK signalling pathway, three in each of the Wnt,
BMP, Hedgehog, PI3K-Akt and E-cadherin signalling
pathways and two in the Notch signalling pathway
(Table 3). No combinations of SNPs within specific
pathways were more significantly associated with sur-
vival beyond the single most significant SNP in that
pathway alone.

Six CRC risk SNPs (rs4939827, rs961253, 1rs6983267,
rs10795668, rs4444235 and rs4925386) have previously
been associated with survival [17—22], although none
have been independently replicated [30,32,33]. We
reviewed published survival data for these SNPs
[17,19,22,29—31] and carried out meta-analysis with our
data. No SNPs were associated with survival under fixed
or random effects models (Fig. 1).
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Table 3
Variants classified by signalling pathway.
Signalling SNPs
pathway
GPCR 152070699, rs4776316, rs3801081, rs9537521,
135107139, rs6066825, rs73039434, 1s62404966
TGF-Beta 1562404966, 512427600, rs4776316, rs35107139,
187226855, 1s73376930
ERK 154546885, 1562404966, rs7993934, rs35107139,
1$9939049
Wnt 1575686861, 1512427600, 373376930
BMP 1512427600, rs4776316, rs73376930
Hedgehog 1s75686861, 1512427600, 373376930
PI3K-Akt 1rs4546885, rs16878812, rs597808
E-cadherin 117816465, rs16959063, 19939049
Notch 1512427600, rs73376930
A 156983267, P=0.40
Study Hazard Ratio HR 95%-Cl Weight
Cicek et al., 2009 : 1.00 [0.79;1.27] 2.6%
Tenesaetal., 2010 — 0.96 [0.87;1.05] 17.0%
Phipps et al., 2012 —E 1.01 [0.92;1.11] 15.3%
Morris et al., 2015 —| 0.93 [0.88;0.99] 38.8%
This study 4+ 1.06 [0.98; 1.14] 26.3%
€|> 0.98 [0.95; 1.02] 100.0%
.
0.8 1 1.25
B 1510795668, P=0.14
Study Hazard Ratio HR 95%-Cl Weight
Tenesaetal., 2010 — 1.02 [0.93;1.12] 21.5%
Phipps et al., 2012 | —#—— 1.08 [0.98;1.19] 19.7%
Morris et al., 2015 —— 0.94 [0.87;1.02] 29.0%
This study =~ ——=—— 0.89 [0.82;0.96] 29.9%
<‘>- 0.97 [0.93; 1.01] 100.0%
| —
0.9 1 1.1
c 154444235, P=0.27
Study Hazard Ratio HR 95%-Cl Weight
Tenesa et al., 2010 —— 0.98 [0.89; 1.08] 26.5%
Phipps et al., 2012 —— 0.95 [0.86;1.05] 23.0%
Morris et al., 2015 ——*—— 1.12 [0.93;1.35] 6.8%
This study — 0.96 [0.89;1.03] 43.8%
é- 0.97 [0.93; 1.02] 100.0%
—
0.8 1 1.25

4. Discussion

61

Using an independent series of over 5000 cases with
CRC, we have previously validated 19929218 in CDH1
as a prognostic biomarker [23]. We have extended these
analyses fierein and shown that rs12597188 is the most
significantly associated SNP at this locus. Our data
suggests that patients homozygous for the minor allele
of 1512597188, equating to ~12% of patients, have worse
survival, with a median decrease in life expectancy of 5
months (in the advanced disease setting). Another study
has provided further support for CDHI variants having
a genuine prognostic effect [20]. Our observations /erein
are limited to patients with stage 4 disease. It is

D rs4939827, P=0.08
Study Hazard Ratio HR 95%-Cl Weight
Tenesa et al., 2010 — 0.92 [0.83;1.01] 16.1%
Passarelli et al., 2011 —— 1.07 [0.89; 1.28] 4.5%
Phipps et al., 2012 |—#— 116 [1.06;1.27] 18.2%
Garcia-Albeniz et al., 2013 +——%—— 1.20 [1.02;1.42] 54%
Morris et al., 2015 —f— 1.03 [0.96; 1.11] 29.1%
This study — 1.00 [0.93;1.08] 26.6%
\g' 1.04 [1.00; 1.08] 100.0%

0.8 1 1.25
E rs961253, P=0.19

Study Hazard Ratio HR 95%-Cl Weight
Tenesa et al., 2010 — 1.02 [0.93; 1.11] 21.4%
Phipps etal, 2012~ ———#—— 0.98 [0.89; 1.07] 19.8%
Morris et al., 2015 ———— 0.92 [0.85;0.99] 29.5%
This study — 0.99 [0.92;1.07] 29.4%
i;" 0.97 [0.93; 1.01] 100.0%

0.9 1 11

F rs4925386, P=0.17
Study Hazard Ratio HR 95%-Cl Weight
Phipps et al., 2012 ——— 0.98 [0.88; 1.09] 33.7%
Morris et al., 2015 T 1.06 [0.98; 1.15] 54.6%
This study —+—=——— 115 [0.97;1.37] 11.7%
1= 1.04 [0.98; 1.11] 100.0%

—3
0.8 1 1.25

Fig. 1. Meta-analysis of six CRC risk SNPs previously associated with survival. Forest plots shown using a fixed effect model. rs10795668
and rs4939827 showed evidence of between-study heterogeneity (I = 72%, Cochran’s Q P = 0.01 and I* = 69%, Cochran’s Q P < 0.01,
respectively); however, neither were associated with survival when also considered under a random effects model (P = 0.58 and P = 0.22,
respectively). Note - Results from Tenesa ez al., 2010 [30] and Morris et al., 2015 [22] were not adjusted for prognostic factors; Cicek et al.,
2009 [29] adjusted for tumour characteristics at diagnosis, mismatch repair status, tumour site and stage; Passarelli et al., 2011 [31]
adjusted for age at diagnosis and race; Phipps ez al., 2012 [17] adjusted for age, and sex (VITamins and Lifestyle Study); Garcia-Albeniz
et al., 2013 [19] adjusted for age, race, sex, tumour stage, grade of differentiation, aspirin use, smoking status, alcohol consumption,
consumption of meat, and, calcium and folate intake. The survival measure used by Phipps et al., 2012 [17], Garcia-Albeniz et al., 2013
[19], Tenesa et al., 2010 [30] and Passarelli ez al., 2011 [31] was diagnosis to death with any cause mortality, Cicek et al., 2009 [29] used
overall survival or when censored at eight years, and Morris et al., 2015 [22] used the date of recruitment to date of death or when censored
at five years. Where appropriate, the inverse HR of those reported is shown to ensure the allele analysed for each study is consistent. HR:
Hazard ratio. CI: Confidence Interval.
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noteworthy that we have previously shown rs9929218 in
CDHI was not associated with survival amongst pa-
tients with Stage 1-3 (premetastatic) disease
(HR = 1.19, 95% CI: 0.93—1.52, P = 0.18) although
there was no significant difference between the associa-
tions in patients with Stage 1—3 and Stage 4 disease
(Pinteraction = 0.48) [23]. Larger studies of premetastatic
patients may help clarify the potential prognostic role of
this biomarker in a population-based setting. It is also
important to note that the effect sizes for CDHI variants
are modest and will need to be combined with other
germline and somatic prognostic factors to have any
role in patient management; we are currently modelling
potential combined effects in the advanced disease
setting.

rs12597188, rs9939049 and rs9929218 are in strong
LD with rs16260 [34] in the CDHI promoter, which
downregulates CDH] expression [35]. CDHI encodes E-
cadherin. Patients homozygous for the minor alleles of
these variants would be expected to have reduced E-
cadherin expression. E-cadherin functions as a trans-
membrane glycoprotein involved in intercellular adhe-
sion, cell polarity and tissue morphology and
regeneration [36]. Critically, its loss represents a defining
feature of the epithelial to mesenchymal transition
during metastasis. CDHI variants are therefore plau-
sible prognostic biomarkers which influence this process.

Beyond CDHI variants, the next CRC risk loci most
associated with survival was rs16892766 at 8q23.3.
However, this variant was not significant after Bonfer-
roni correction and was not significant in an indepen-
dent cohort of >5000 patients with CRC [23].
Furthermore, our meta-analyses did not support a
prognostic role for six other risk loci previously associ-
ated with survival. Given that our study was well pow-
ered to find variants with HRs>1.18, it is likely that no
other low-penetrance CRC risk loci identified to date
have clinically actionable effects on survival.
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