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Abstract

Endometrial cancer (EC) is the fourth most common cancer affecting
women in the UK. Those with a family history of EC have an increased
risk compared with the general population. Highly penetrant germline
mutations in mismatch repair (MMR) genes and DNA polymerases ac-
count for only a small proportion of the familial aggregation.

The aim of this thesis is to investigate the genetic susceptibility to EC
in the general population using cases and controls of European ances-
try. A GWAS meta-analysis totalling 7,737 EC cases and 37,144 controls
yielded five novel EC risk loci of genome-wide significance (P < 5x107%).
In decreasing order of significance, these were at chromosomes 13q22.1
(rs11841589, near KLF5), 6q22.31 (rs13328298, in LOC643623 and near
HEY?2 and NCOAT), 8q24.21 (rsd4733613, telomeric to MY(C), 15q15.1
(rs937213, in EIF2AK), near BMF') and 14q32.33 (rs2498796, in AKT1,
near SIVA1). A second independent EC signal was found in the 8q24
locus.

The association found in a previous EC GWAS at HNF1B on chromosome
17 was replicated at a higher significance, with the most significant SNP
being rs11263763. C'YP19A1 SNPs have previously been associated with
EC and higher circulating levels of oestrogen from candidate studies, but
I confirmed this locus to be genome-wide significant for the first time.

Functional annotation and in wvitro studies for the EC risk loci at the
intergenic region of chromosome 13q22 suggested that the functional SNP
sits within a transcriptional repressor for KLF5, with the higher-risk allele
reducing repressor activity.

The propensity for germline MMR and DNA polymerase muations to
cause both EC and colorectal cancer (CRC) prompted me to search for
common variants associated with both cancer phenotypes. An EC CRC
GWAS meta-analysis showed little evidence of shared susceptibility loci.
However, this meta-analysis revealed a novel genome-wide significant risk
locus: 1s3184504, a missense SH2B3 SNP that has not previously been
associated with either EC or CRC.

This thesis has enhanced the understanding of genetic susceptibility to
sporadic EC and increased the number of genome-wide EC-associated
variants to seven.
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Chapter 1

Introduction

1.1 Endometrial cancer

1.1.1 Background and epidemiology

Endometrial cancer (EC) is the fourth most common cancer in women in Europe
(Ferlay et al.,2013)) and the United States (Siegel et al., 2014), and the most common
cancer of the female reproductive system. In many economically developing countries,
EC is the second most common gynaecological cancer after cancer of the uterine cervix
(Jemal et al), [2011). The worldwide incidence of EC in 2012 was 320,000 (World
Cancer Research Fund, www.werf.org).

In the United Kingdom, about 7,400 women are diagnosed with EC every year.
The age-standardized EC incidence rates have risen from 12.8 per 100,000 in 1975 to
20.1 per 100,000 in 2011 (www.ons.gov.uk, figure [1.1)).

The increased incidence is seen predominantly in older age groups: incidence
among women aged below 55 years has decreased since 1975 but the incidence among
women aged 65-79 has doubled. Rising EC rates have been attributed to the increas-
ing prevalence of obesity (Bray et all [2005) and the use of oestrogen-only forms of

hormonal replacement therapy (HRT), which was particularly common in the 1960s
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Figure 1.1: UK age-adjusted EC incidence rate per 100,000 females from 1975-2011
(www.ons.gov.uk).
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and 1970s (Cogliano et all, 2011} Dossus et al., [2010).

The incidence of EC is related to age. From age 40, age-specific incidence rates
rise sharply, reaching a maximum of 96 per 100,000 in the 70-74 age group. Unlike
many other cancers, EC incidence then decreases in older age groups.

The incidence of EC are similar in White, Asian and Black females in the UK
(www.ncin.org.uk) while in the US, the incidence is higher in White women than in
Black, Hispanic, or in Asian women (Allard and Maxwell, 2009).

The 5 and 10-year survival rates for EC are 79.0% and 77.5% respectively (Quaresma
et al., 2014). This suggests that most patients can be considered cured after five
disease-free years. The survival rate of EC is similar to that of breast cancer. It
ranks fourth highest in 10-year survival rate for common cancers affecting females,
though this rate decreases with age. However, the 5-year survival rate has increased
steadily, from 58.8% in the 1970s to 79.0% in 2011. In the US, the survival rate is
higher in White compared to African-American women and this may be due to the
fact that African-American women are more likely to get aggressive cancer subtypes
and to present at a later stage (Allard and Maxwell, 2009; Elshaikh et al., [2013;
Smotkin et al., 2012).

Thus, EC is the 10th most common cause of cancer death among women in the

UK and accounts for 3% of all female cancer deaths (www.ons.gov.uk).

1.1.2 Risk factors

The majority of known EC risk factors are thought to contribute to EC risk by the
unopposed effects of oestrogen. Oestrogen causes the simple columnar epithelium of
the endometrium to proliferate, and prolonged, unopposed oestrogen stimulation can

cause endometrial hyperplasia and eventually, adenocarcinoma.
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1.1.2.1 Endogenous oestrogen

There are factors in a woman’s reproductive history that increase endogenous oe-
strogen levels. Nulliparous women have a 35-42% increased EC risk compared with
parous women (Schonfeld et al., |2013). Pregnancy is thought to reduce EC risk by
increasing progesterone levels (Kim and Chapman-Davis, 2010) and by inducing phys-
ical changes to the uterus (Baird and Dunson) 2003)). Decreased EC risk is linked
specifically to a greater number of full-term pregnancies (Dossus et al., [2010).

A longer menstrual lifespan causes a higher cumulative exposure to oestrogen:
early menarche and late menopause have been associated with increased EC risk
(Schonfeld et all 2013). EC risk can be up to 11% higher for women with early
menarche (age<13), and up to 34% higher in women with menopause at age 50-
54. EC risk in post-menopausal women is correlated with higher circulating levels of
oestrogen and androgen and lower sex hormone-binding globulin, which leads to an
increased proportion of unbound, biologically active sex hormones (Lukanova et al.,
2004; Nyholm et al.l [1993; Zeleniuch-Jacquotte et al., 2001]).

Some women suffer from infertility as a result of chronic anovulation, and apart
from the EC risk conferred by nulliparity, there is unopposed oestrogen production
that causes continued proliferation of the endometrium (Brinton et al., 2005)). This
leads to an increased risk of endometrial hyperplasia and EC.

Other medical conditions can also influence endogenous oestrogen levels. An esti-
mated 34% of ECs are linked to obesity (Parkin et al., 2011]). EC risk is increased by
81% for every 5 units’ increase in body mass index (BMI), and EC risk is up to 2.5
times higher in obese women (BMI>30, Zhang et al) [2014). Excess adipose tissue in-
creases the peripheral aromatization of androgens to oestradiol. This causes a higher
circulating level of oestrogen and affects the ovulatory cycle. In obesity, there is a
decreased sensitivity to leptin and higher leptin levels may also directly contribute to

EC risk (Wang et al., [2014a). EC risk is up to 81% higher in women with diabetes
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and metabolic syndrome (Esposito et al., 2014} Zhang et al., [2013)). This risk may be
explained by the prevalence of obesity in these patients (Luo et al| 2014)). Similarly,
women with polycystic ovary syndrome have a 2.8 times increased EC risk (Barry
et al., 2014) and this may be due to the effects of unopposed oestrogen and the co-
existence of metabolic syndrome in these women (Palomba et al), 2009). Obesity,
type 2 diabetes and metabolic syndrome are interlinked phenotypes that result in a
series of endocrine changes including lower circulating levels of sex hormone-binding
globulin, insulin resistance and chronic anovulation (Amant et al., [2005; Potischman
et al., 11996). Oestrogen-secreting tumours are rare but may occur; an example is
granulosa cell tumours arising from the ovary. ECs associated with granulosa cell

tumours are generally early stage and well-differentiated (Evans et al., 1980)).

1.1.2.2 Exogenous oestrogen

Exogenous oestrogen can be taken in systemic doses as hormone replacement therapy
(HRT) in post-menopausal women or as contraception (per oral or transdermal) for
women of child-bearing age. There are various forms of HRT and contraception
that contain oestrogen and progesterone, and it is the formulations that promote
the unopposed effects of oestrogen that confer an increased EC risk. Oestrogen-only
HRT increases EC risk by 2.3 times (Grady et al., [1995), and the effects of combined
HRT depend on the dosage of progesterone in the formulation (Brinton and Felix,
2014)). Women who have used combined oral contraceptive pills (OCP) have a 26-43%
reduced risk of EC, but this protective effect may be limited to those who have more
than five years of OCP (Havrilesky et al.,2013]). The protective effect persists for 20
years after OCP cessation (Mueck et al., 2010).

Tamoxifen is a selective oestrogen receptor modulator used in the treatment of
oestrogen receptor-postive breast cancer. It is an antagonist of the oestrogen receptor

in breast tissue, but it acts as a partial agonist in the endometrium. The risk of EC
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in breast cancer survivors who have been treated with tamoxifen is increased three
times compared to non-users (Early Breast Cancer Trialists’ Collaborative Group
et al, [2011). The risk of breast cancer recurrence is balanced against the risk of
developing EC in these patients, such that tamoxifen is generally perscribed for a

limited period of time (< 5 years).

1.1.2.3 Other factors

Cohort studies have shown that EC risk is higher in women with a personal history
of breast and ovarian cancer (Hemminki et al., [2003; [Jégu et al., 2014} Youlden and
Baade|, 2011)). The use of Tamoxifen in breast cancer patients may contribute to the
increased EC risk seen in breast cancer survivors. Also, those with a family history
of EC and other cancers have an increased risk of developing EC (section .

In a meta-analysis of 34 case-control and cohort studies, cigarette smoking was
associated with a decreased risk of developing EC (Zhou et al) 2008)). It has been
proposed that this is because smoking increases the hepatic metabolism of oestrogen,
although the other health risks of smoking outweigh this benefit.

As noted in section the risk of EC increases with age until around age 75;
beyond this age, the risk of developing EC then decreases.

There is literature proposing links between EC and physical activity (Moore et al.,
2010)), diet (Bravi et al., [2009; Tang et al., [2009) and aspirin use, (Neill et al., 2013))

although further evidence is necessary to elucidate these relationships.

1.1.3 Diagnosis

EC is cancer of the uterus arising from the endometrial lining of the uterine body.
Malignancies can also arise from the uterine cervix (cervical cancer) and uterine
smooth muscle or connective tissue (uterine sarcoma), but these are usually treated

as separate clinical entities. The relatively low mortality rate of EC can be attributed
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to the fact that most cases are diagnosed at an early stage, as the average age of
diagnosis is 61 years. The presenting symptom in 90% of EC cases is abnormal
uterine bleeding.

For women presenting with bleeding in the genital area, it is important to localize
the anatomical source of bleeding. Although uterine bleeding is the most likely cause
of bleeding in the genital tract, the bleeding may also arise from the lower genital
tract (vulva, vagina and cervix) or, less commonly, from other parts of the upper
genital tract (fallopian tubes and ovaries). The bleeding may also arise from a non-
gynaecologic site such as the urological or digestive tracts.

The likely aetiology of uterine bleeding depends on age, reproductive status, and
pattern of bleeding (cyclic or non-cyclic). Given the epidemiology, cases of uterine
bleeding in post-menopausal women are carefully investigated for EC. Physical ex-
amination, including pelvic examination, is likely to be unremarkable in most cases
that present at an early stage. Findings such as a fixed, enlarged pelvic mass may be
signs of late-stage disease.

In the past, post-menopausal bleeding was most commonly investigated using
dilatation and curettage (D&C), but current diagnostic strategies have evolved to
include less invasive procedures including transvaginal ultrasound and endometrial
biopsy. D&C is a preferred procedure for some gynaecologists because it can be ther-
apeutic as well as diagnostic, but it has false-negative rates as high as 10% (Colombo
et al.,2013). Transvaginal ultrasound can visualize the homogeneity and thickness of
the endometrial lining (Jacobs et al) 2011) and can be used in conjunction with en-
dometrial sampling, which has a sensitivity of up to 99% (Timmermans et al., [2010).
Hysteroscopy is used to directly visualize the endometrium and to obtain targeted
biopsies. Therefore, it has a high accuracy in diagnosing a focalized lesion but may
not be able to exclude EC in all cases (Clark et al., |2002).

EC is a histological diagnosis based on endometrial tissue obtained from curettage,
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endometrial biopsy, biopsy during hysteroscopy, or hysterectomy.

1.1.4 Screening

EC screening is not performed routinely for women in the general population. This is
because the majority of cases present at an early stage with endometrial bleeding and
there are no high-quality data in support of the efficacy of screening in reducing EC
mortality. Although EC is an important treatable disease and it is advantageous to
diagnose and treat at an earlier stage, this is balanced by the relatively short latent
period, and also invasiveness or acceptance of the screening methods. Gynaecological
exams and other screening tests would have to conducted at a short interval in order
to detect asymptomatic EC, and screening is only warranted in women with a higly
increased risk of developing EC. Tests such as transvaginal ultrasound and endome-
trial sampling are a part of the EC diagnostic procedure and they have also been
assessed as screening methods (Jacobs et al, |2011). These methods are sensitive,
but carry the risk of false positive results. The efficacy of screening also depends on
factors such as menopause status and endometrial thickness.

Women with Lynch syndrome, a high-penetrance Mendelian cancer syndrome that
predisposes affected individuals to both EC and colorectal cancer. Lynch syndrome
is discussed in detail in section and affected women have a lifetime risk of up
to 70% for developing EC and tend to develop EC at an earlier age (Hampel et al.,
2006)). Asymptomatic women with Lynch syndrome are advised to undergo annual
endometrial sampling starting at age 30, or 5-10 years prior to the earliest age of
first diagnosis of Lynch-associated cancer of any kind in the family (Lindor et al.,
2006; Meyer et al.l 2009). These patients may also choose to undergo risk-reducing
hysterectomy and bilateral salpingo-oophorectomy at an appropriate time to prevent

endometrial and ovarian cancers.
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1.1.5 Histopathological characteristics

EC can be broadly split into two subgroups based on histological appearance, molec-
ular characteristics and clinical outcome (Bokhman, 1983; [Felix et al, |2010). Type
1 ECs account for 80-90% of EC cases and display well-differentiated endometrioid
histology. These tumours are thought to be caused by unopposed oestrogen exposure
and carry a favourable prognosis. They are seen as a malignant extension of atypical
or complex endometrial hyperplasia and it is the histological evidence of stromal in-
vasion that marks it as adenocarcinoma. Type 2 tumours acount for 10-20% of ECs
and include poorly differentiated tumours and those with non-endometrioid histology
including serous, clear-cell, mucinous, squamous, transitional, mesonephric and un-
differentiated cells. Type 2 tumours typically present later, behave more aggressively,
and carry a worse prognosis (Moore and Fader] 2011)).

Serous and clear-cell tumours are the commonest form of type 2 tumours, ac-
counting for up to 15% of ECs. These histologies are considered to be high grade
and confer a worse prognosis because myometrial and vascular invasion is more com-
mon, and metastasis may occur in the absence of myometrial invasion (Boruta et al.,
2004). Serous ECs are thought to develop from endometrial intraepithelial carcino-
mas (EIC), with neoplastic transformation occurring in a background of endometrial
atrophy (Sherman) 2000).

Molecular studies have shown that endometrioid tumours are more likely harbour
mutations in PTEN, KRAS , CTNNBI, and mismatch repair genes (MLH1, MSH?2,
MSH6 and PMS2). Serous tumours show overexpression of p16, abnormal expression
of p53 and variable loss of the oestrogen receptor (ER). Clear-cell tumours typically
show loss of ER and wild-type p53 staining (Chiang and Soslow, 2014; Hecht and
Mutter, 2006)).
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1.1.6 Staging and risk assessment

EC staging is based on the 2010 joint International Federation of Gynecology and
Obstetrics (FIGO)/ Tumour Nodes Metastasis (TNM) classification system (Benedet
et al., 2000; [Pecorelli, [2009). Evaluation includes: i) clinical parameters such as
gynaecological examination, ii) biochemical tests such as blood counts and liver/
renal function tests, and iii) imaging modalities such as chest X-ray, transvaginal
ultrasound, computed tomography and magnetic resonance imaging. The aim of
staging is to assess the extent of local involvement (T), and to look for regional (N)
and distant (M) tumour spread. Several factors have been identified which increase
the risk of recurrence in early stage disease. These include histological grade (IIT) and
type (non-endometrioid), >50% myometrial invasion, lymphovascular space invasion
(LVSI), lymph node metastasis, and tumour diameter >2cm.

EC staging is an important step after diagnosis. It plays a central role in formu-

lating a management plan for each patient.

1.1.7 Treatment

The primary goal of EC treatment is curative surgery by means of complete tumour
excision. Additional measures are undertaken as necessary in order to reduce the
chance of recurrence.

Patients with low grade endometrioid cancers confined to the endometrium have
low-risk EC and their chance of recurrence is low. For these women, surgery with
complete excision of the local disease is curative and sufficient. Total extrafascial
hysterectomy with bilateral salpingo-oophorectomy with pelvic and para-aortic lymph
node dissection is the standard treatment and staging procedure for EC (Pecorelli,
2009). Newer surgical techniques, such as minimally invasive surgery in suitable low-
risk patients have achieved comparable disease-specific survival rates, sometimes with

lower rates of peri-operative complications (Mourits et al., 2010).
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Patients with extra-endometrial involvement, high grade histology and LVSI are
considered intermediate risk, while those with stage III disease or serous or clear-
cell histology are considered high-risk. Patients with an increased risk may benefit
from adjuvant therapy to improve disease control. Adjuvant therapy may consist
of radiotherapy, platinum-based chemotherapy, or a combination of the two. For
late stage EC, the aim is maximal surgical debulking. Palliative forms of surgery,
radiotherapy and hormonal therapy are available when curative intent is not feasible.

The aim of follow-up visits after treatment is the control of any treatment side-
effects and the early detection of recurrent disease (Salani et al., 2011). This is based
monitoring of symptoms, regular physical examinations, and other modalities such as
CA-125 and imaging studies as appropriate. The majority of recurrences occur within
three years of treatment (Fung-Kee-Fung et al., 2006 and recurrences can occur at

loco-regional or distant sites (Ben Arie et al., [2012]).

1.2 Heritability of endometrial cancer

Broadly speaking, occurrences of EC can be divided in to familial and sporadic cases.
Familial EC cases are those where there are many family members affected and the
pedigree displays a Mendelian inheritance pattern (section . Familial EC is
discussed in section [1.4] The majority of incidences of EC are sporadic: these patients
do not have a Mendelian pedigree. Sporadic EC cases may have several risk factors
for EC (section [1.1.2)). This thesis concentrates on genetic variants associated with
sporadic EC.

Heritability describes the proportion of an observable phenotype that can be ex-
plained by genetic variation. EC can be treated as a readily ascertained binary
phenotype based on histological diagnosis. Its heritability can be estimated by ob-

serving the presence of EC in individuals with varying degrees of relatedness. Twin
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studies compare phenotype concordance between monozygotic (MZ) and dizygotic
(DZ) twins, on the basis that MZ twins are genetically identical and DZ twins share
half their genetic variation.

An EC twin study based on the Swedish twin registry with 11,659 women (Terry
et al.|1999) found that there was little concordance between MZ (1/53) and DZ twins
(3/107) for EC. Another twin study based on twin registries in Sweden, Denmark and
Finland totalling 44,788 pairs of twins (Lichtenstein et al., 2000)) also found limited
concordance in EC for MZ (1/107) and DZ twins (5/245). Although these are the
largest twin registries with cancer phenotype information available, the rarity of twins
limits this approach, even in relatively common cancers such as EC. The low number
of twins with EC limits the statistical power availble to identify the heritability of
EC, but the presence of discordant twins is informative in that it suggests there are
other risk factors present besides heredity.

However, it has been empirically observed in the clinical setting that women with
a family history of EC have a slightly increased risk of developing EC compared with
the general population. Cohort and case-control studies have been used to investigate
and quantify the risk of developing EC for first degree relatives of EC cases compared
with the general population. The occurrence of EC in first degree relatives of EC
patients can be compared with cohort-specific EC rates (Goldgar et al.,[1994) and the
occurrence of first degree EC family history in matched population controls (Gruber
and Thompson, 1996, Lucenteforte et all 2009; [Parazzini et al. (1994). These data
were used to calculate ORs and estimate familial relative risk and the results showed
that there was an increased familial relative risk (1.32) and OR (1.5 - 2.8).

A recent meta-analysis of 3,871 cases and 49,475 controls from ten case-control
studies and 33,510 EC cases from six cohort studies found that first degree family
history of EC conferred a relative risk of 1.82 (95%CI 1.65-1.98) for developing EC.

First degree family history referred with those with one or more relatives (mothers,

12
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sisters and daughters) with EC. This meta-analysis also found that women with a
family history of CRC had an increased chance of developing EC (OR=1.17, 95%CI
1.03-1.31).

Results from twin studies suggest that there are factors other than germline ge-
netics that determine predisposition to EC. This concurs with evidence from epidemi-
ological studies where prolonged exogenous oestrogen treatment can cause a relative
risk of ~10. However, case-control and cohort studies show a familial relative risk of

~2, suggesting that there is a heritable genetic component to EC predisposition.

1.3 Study of Heredity

The resemblance between parents and offspring had long been noticed before the
formal study of heredity, and inheritance patterns were studied before knowledge of
what was actually being transmitted down the generations that gave rise to similar
traits. Here, I will highlight several key developments in the field of genetics and

discuss the search for the genetic aetiology of EC in parallel.

1.3.1 Molecular basis of heredity

Deoxyribonucleic acid (DNA) was first isolated by Friedrich Miescher from surgical
bandages in 1869 and named ‘nuclein’ because it was found in the cell nucleus (Dahm,
2008)). This molecule was found to be ubiquitous in animal and plant cells. Phoebus
Levene discovered the nucleotide phosphate composition of DNA (Levene, [1919).
Despite this, the function and importance of DNA was unknown.
Frederick Griffith demonstrated the "transforming principle’, where the heat-treated

virulent (smooth strain) Streptococcus pneumoniae could mediate its effect via non-
virulent (rough strain) colonies (Griffith} |1928} |Lorenz and Wackernagel, 1994). In

1944, the Avery—MacLeod—McCarty experiment formally demonstrated that it was
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DNA that was responsible for the bacterial transformation observed in Griffith’s ex-
periments (Avery et al. [1944)). Prior to this, proteins were thought to be responsible
for carrying genetic information.

Based on the X-ray diffraction images by Rosalind Franklin and Raymond Gosling
and knowledge of complimentary base pairing, James Watson and Francis Crick pre-
sented the double-helix model of DNA structure in 1953 (Watson and Crick|, [1953)).
This eloquent description of DNA structure was groundbreaking in that the anti-
parallel strands and complimentary base pairing allowed for the semi-conservative
replication of genetic material and established DNA as the central molecule of genet-
ics.

DNA molecules consist of four nucleotide bases; adenine (A), thymine (T), cy-
tosine (C) and guanine (G) and a sugar phosphate backbone. The double helical
structure is such that A is always paired by its complimentary base T, and C with
G. Francis Crick went on to present the ‘central dogma of molecular biology’” which
sets outs the transfer of genetic information from DNA to RNA to protein (Crick,
1970). The use of the word ‘dogma’ has been controversial; there are now increasing
examples of variation in information transfer in biological systems but this remains a

helpful framework for understanding the basis of molecular biology.

1.3.2 Darwinian natural selection

In 1859, Charles Darwin published Origin of Species where he postulated that modern
species descended from common ancestors and that the process of natural selection
guided evolutionary change. However, the mechanisms of inheritance were unknown
at the time, and Darwin struggled to explain how phenotypic variation arises in a

population to allow the process of natural selection.
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1.3.3 Mendelian inheritance

Unbeknownst to Darwin, Gregor Mendel conducted detailed experiments about the
inheritance patterns in pea plants in the 1860s. Mendel developed pure breeding
lines of pea plants that produced round and wrinkled seeds. He found that cross-
ing these plants would produce round seeds in all of the first daughter generation
(F1). Crossing F1 plants, three quarters of second daughter generation (F2) plants
would be round while a quarter would be wrinkled. Mendel explained these results
with the laws of segregation and independent assortment, providing the theoretical
basis for the existence of discrete hereditary factors, or genes. Prior to this, many
scientists believed in ‘blending’ inheritance, where an offspring’s phenotype would be

intermediate between the two parents’.

1.4 Familial EC

In 1895, pathologist Aldred Scott Warthin noted the long history of cancer deaths
(particularly of the colorectum, stomach and uterus) in a seamstress’s family and
he proceeded to document his findings and follow up members of the family. This
family displayed autosomal dominant inheritance, and affected individuals sometimes
developed cancers in multiple organs with early onset disease. By producing one of
the first descriptions of the familial clustering of cancer, his work laid the foundations

for the field of cancer genetics.

1.4.1 Lynch syndrome: background

In 1962, Henry Lynch encountered a patient with a similar family history to those
described by Warthin, with multiple members affected by colorectal cancer and EC.
More families were found to have autosomal dominant inheritance of cancer and these

were referred to as displaying cancer family syndrome (Lynch and Krush, |1971). The
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recognition of this clinical phenotype allowed the formulation of diagnosis and man-
agement guidelines for affected families. The term hereditary non-polyposis colorectal
cancer (HNPCC) had also been used to differentiate this condition from familial ade-
nomatous polyposis (FAP) but given the frequent extra-colonic manifestations, the
preferred name for this cancer predisposition syndrome became Lynch syndrome (LS,
Boland}, 2005; Boland and Troncale, [1984)).

LS is a autosomal dominant cancer predisposition syndrome that primarily af-
fects the colon and endometrium. There is also an increased frequency of cancers of
the stomach, small bowel, hepatobiliary system, ovary (Watson and Lynch) 1994),
urologic tract, glioblastoma (Watson et al., [2008)), pancreas (Kastrinos et al., [2009),
breast (Win et al. |2012), prostate (Bauer et al., 2011]) and adrenal cortex (Raymond

et al., 2013).

1.4.2 Linkage analysis for LS

In Mendel’s law of independent assortment, two genes located on different chromo-
somes are inherited independently and the likelihood of observing two alleles together
is a multiplication of the two allele frequencies. In the opposite scenario, two genetic
variants can be located close to each other on the same chromosome. In the absence
of recombination, these two variants are always inherited together such that the allele
on one locus is linked, or can be inferred from the allele of another nearby locus.
Genetic linkage is the tendency of alleles that are close together to be inherited
together. The closer the distance between two alleles, the less likely for recombination
to occur between these two loci during meiosis. In 1980, Botstein et al. first pro-
posed the use of restriction enzymes to create a genome-wide linkage map based on
restriction fragment length polymorphisms (RFLPs, Botstein et al.,1980)). Using mi-
crosatellite linkage analysis for several large LS families, Peltomaki et al. was able to

map the disease causing variant to chromosome 2p (Peltoméki et al) [1993)). Shortly
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afterwards, Lindblom et al. were able to map a second LS locus to chromosome 3p
by linkage analysis using RFLPs and microsatellite markers (Lindblom et al., 1993).

The loci discovered by Peltomaki and Lindblom corresponded to MSH2 and MLH1
respectively. Not all families with LS showed linkage to these loci suggesting that
there were other genomic locus causing LS. We now know that LS is caused by inac-
tivating germline mutations in DNA mismatch repair (MMR) genes: MLH1, MSHZ2,
MSH6 and PMS2. MMR is a post-replicative proofreading and editing system that
ensures genome integrity. Specifically, it repairs the single base pair and small in-
sertion or deletion loops that can arise during polymerase replication of small repeat
sequences (Hsieh and Yamane, 2008; Kunkel and Erie|, [2005). DNA polymerase errors
cause a ‘nucleotide bulge’ that persist in the absence of a proficient MMR system. In
many cases, this results in the changes of CA dinucleotide repeats (OXki et al., |{1999).
These errors are permanently fixed in subsequent replication cycles and thereby accu-
mulate. Therefore, the MMR system acts as a tumour suppressor and its inactivation
causes a high burden of somatic mutations across the genome (>12 mutations per

10°® bases), known as the mutator phenotype.

1.4.3 Molecular and histological features of LS

Homozygous MMR mutations lead to a 100-fold reduction in MMR activity (Parsons
et al., 1993)) but heterozygous cells display normal repair. In accordance with Knud-
son’s two hit model of carcinogenesis (Knudson, 1985)), LS tumours develop in indi-
viduals with heterozygous MMR mutations when the wild-type allele is knocked out
somatically in the target tissue. Loss of heterozygosity can occur by deletion (Hem-
minki et al., 1994), mutation (Liu et al., 1995, 1994) or MLH1 promoter methylation
(Kane et al., (1997)).

The mutator phenotype causes variation in short tandem repeat sequences, or

microsatellite instability (MSI), in LS-associated EC tumours. MSI is commonly
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observed in EC tumours (present in up to 25%, |Peltomaki and Vasen| 2004 and MSI
in sporadic ECs is caused by MLHI promoter methylation (Simpkins et al., 1999).

The histology of LS-associated EC tumours is diverse and can include endometri-
oid, clear cell, serous and undifferentiated subtypes. Other features associated with
MSTI include poor differentiation, mucinous features, signet ring cell differentiation,
tumour cells growing in a medullary-type pattern, and inflammatory infiltrate at the
tumor invading front or periphery (Hampel et al., [2007).

In a series of 600 EC patients, MSI was present in 28% of EC tumours(Goodfellow),
2005)). Patients with pathogenic germline MMR mutations have LS, but amongst
those with no germline mutation detected, the MSI can be due to MLHI promoter

methylation or two somatic mutations in MMR genes (Haraldsdottir et al., 2014).

1.4.4 LS-associated EC
1.4.4.1 Life-time risk

Women with LS have a 30-70% lifetime risk of developing EC; this exceeds their risk
for developing CRC (Lu et al,2005)). LS patients with MSH6 mutations have a higher
risk of developing EC (up to 70%) than those with MSH2 or MLH1 mutations(up
to 50%, [Barrow et al, 2013)). The most commonly mutated gene in LS-associated
EC is MSH2, accounting for 50-66% of these EC cases. The next most common are
MLH1 and MSH6 which account for 24-40% and 10-13% respectively (Bonadona
et al. [2011). Germline deletions of the terminal end of the epithelial cell adhesion
molecule EPCAM, located upstream of MSH2, results in the abnormal transcriptional
elongation from EPCAM to MSH2 and LS (Ligtenberg et al., 2009). Women with
LS caused by EPCAM deletions have a 12% risk of developing EC (Kempers et al.,
2011)).
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1.4.4.2 LS-associated and sporadic EC

Compared with sporadic cases of EC, the EC phenotype in women with LS has a
younger average age of onset of 50 years (Aarnio et all 1995). Most cases of LS-
associated EC present at an early stage and display endometrioid histology, though
type 2 ECs are also seen (Carcangiu et all) 2010). LS-associated non-endometrioid
EC presents at a younger average age (47 years) compared with an average age of 65
in EC cases in the general population (Broaddus et al., 2006; |Garg et al., 2009). Risk
factors associated with unopposed oestrogen such as obesity and exogenous oestrogen
use (section are often absent in women with LS, where EC also does not arise
in the background of endometrial hyperplasia. LS-associated EC tumours are also

more likely to involve the low uterine segment (Westin et al., [2008)).

1.4.4.3 Clinical significance

LS accounts for 2-5% of all ECs (Kwon et al., 2011; Lancaster et al., 2007). Women
with LS-associated EC have a 50% chance of being diagnosed with a second cancer
within 15 years of the EC diagnosis (Lynch et al., [1977; Mecklin and Jarvinen, |1986).
In 50% of women with LS, EC develops before CRC (Lu et al., 2005) and thus the
diagnosis of women with LS when presenting with EC is clinically significant for the
management of their cancer risk. In terms of EC survival, there is no significant
difference between sporadic cases and those which are associated with EC. The EC
screening recommendations for women with LS are described in section [I.1.4]

LS is underdiagnosed amongst patients presenting with EC. It is estimated that
25-60% of LS patients would be missed based on the Amsterdam and Bethesda criteria
(Hampel et al., 2007, Resnick et al., 2009). To address this issue, there are algorithms
that advocate the universal screening of LS in EC patients (Resnick et al., 2009;
Weissman et al., [2012).

The progression of LS research illustrates how the genetic cause of a rare, high-
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penetrance Mendelian form of EC can be discovered. This leads to an improved
understanding of the disease process and to progress in the diagnosis and clinical

management of patients.

1.4.5 DNA polymerases

As with LS, germline exonuclease domain mutations (EDMs) were first noted in CRC
pedigrees and were subsequently associated with a greatly increased risk of EC (Palles
et al., 2013). POLE and POLD1 encode for catalytic subunits of the polymerases
that act on the leading and lagging strand of the DNA replication fork respectively.
The exonuclease (proof-reading) domain of these polymerases increases replication
fidelity by recognizing and excising mispaired bases (Goldsby et all [2001; [Simon
et al., [1991). The proof-reading function increases replication fidelity by ~ 100 fold.
Pathogenic EDMs cause a high-penetrance CRC and EC syndrome, with tumours
that are microsatellite stable (MSS), but display an ‘ultramutator phenotype’ with
over one million base substitutions per tumour. Germline POLDI EDMs including
p-Serd78Asn predispose to early-onset EC; somatic missense POLE EDMs have been
observed in up to 7% of ECs (Church et al 2013|). POLE-mutatnt ECs are associated
with good prognosis (Cancer Genome Atlas Research Network et al.l 2013).

The role of DNA polymerases in EC is a recent discovery and continuing research
is necessary to delineate the incidence of germline polymerase mutations in EC and
the clinical and pathological understanding of the condition. The similarities between
MMR and DNA polymerase-associated EC and CRC prompted the search for genetic

variants that predispose to both EC and CRC in chapter 6.

1.4.6 Cowden syndrome

Cowden syndrome, also known as multiple hamartoma syndrome, is a rare autosomal

dominant disorder caused by an inactivating mutation in the tumour suppressor gene,
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phosphatase and tensin homolog (PTEN). The subsequent overactivity of the mTOR
pathway causes cell growth and proliferation resulting in the presence of hamartoma-
tous tumours in multiple organ systems. There is also an increased risk of EC and
tumours in the breast, skin, thyroid, brain and gastrointestinal tract (Tan et al.,
2012). Instead of presenting with EC, the diagnosis of Cowden syndrome is often
made based on the incidental finding of mucocutaneous lesions. Women with Cow-
den syndrome have a 10-28% risk of developing EC (Blumenthal and Dennis|, [2008;
Tan et al., 2012), although PTEN is not routinely tested in EC patients because of

the syndrome’s rarity.

1.4.7 Beyond familial studies

Linkage analysis has been successful in mapping causal genetic variants for mono-
genic phenotypes like LS that are highly penetrant and show a Mendelian pattern
of inheritance. The Online Mendelian Inheritance in Man database (www.omim.org)
catalogues known genetic diseases and links them to relevant genes in the human
genome (Hamosh et al.l 2005). Linkage analysis has been less successful in iden-
tifying genetic variants for heritable diseases that are not inherited in a Mendelian
pattern. Human height is an example of a quantitative phenotype that is highly
heritable but does not follow a simple Mendelian pattern of inheritance.

R.A. Fisher suggested that quantitative traits are affected by a large number of
Mendelian factors, each contributing a small amout to the phenotype (Fisher, |1918).
If a large number of genes, each with a comparable, small effect contribute in an
additive manner, the larger the number of contributing genes, the more a quantitative
trait will approximate the normal distribution in a population. This can be extended
to binary disease traits: the development of cancer could be a result of additive genetic
risk factors that surpass a susceptibility threshold to put a particular individual at an

increased risk. Many common diseases in humans including sporadic EC are probably
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complex, polygenic phenotypes and other strategies are required in order to search

for associated genetic variants.

1.5 Population-based studies

Instead of looking at pedigrees and related individuals, geneticists turned to unre-
lated individuals in order to search for genetic associations. This required several
developments in the field of population genetics.

Population genetics is the study of the genetic composition of a population based
on the distributions and changes of allele frequencies over time. This is subject to
evolutionary processes such as natural selection, genetic drift, mutation and gene flow.
The emergence of population genetics is based on the work of R.A Fisher, Sewall
Wright and J.B.S. Haldane, which integrated the principles of Darwinian natural

selection and Mendelian genetics.

1.5.1 Hardy-Weinberg equilibrium

Hardy-Weinberg equilibrium (HWE, Hardy|, |[1908) is one of the most important prin-
ciples in population genetics, and it is an extension of the ideas proposed by Darwin
and Mendel. HWE is crucial to understanding of the nature of allele frequencies in
populations and it also allows the modelling of evolutionary forces.

HWE describes the relationship between genotype and allele frequency in a sexu-
ally reproducing, diploid population. This relationship is theorized to remain stable
from generation to generation in a large population undergoing random mating, in
the absence of evolutionary forces. HWE considers a single biallelic autosomal locus
where p and ¢ represent the minor and major allele frequencies and p + ¢ =1. The

expected genotype frequencies under HWE is:
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PP +2pg+q =1 (L.1)

The expected genotype frequencies of the rare homozygote, heterozygote and com-
mon homozygote are p?, 2pq and ¢? respectively. In a large population with random
mating, the situation is akin to Mendel’s pea plant experiment (section and
Hardy-Weinberg proportions are achieved in the first daughter generation (F1). If
generations are non-overlapping, and parents died after mating, then HWE would
be achieved after one round of mating, regardless of what the initial genotypic pro-
portions were. In overlapping generations, several rounds of mating are required for
Hardy-Weinberg proportions to occur and crucially, this proportion will remain stable
(or in equilibrium) in subsequent generations in the absence of evolutionary forces.

HWE resolved some of the unsettled questions in genetics at the time. For ex-
ample, some of Darwin’s contemporaries questioned how population diversity could
occur to allow natural selection, if sexual reproduction reduces genetic variation by
‘blending’ inheritance. Geneticists in the early 1900s questioned how recessive traits
persisted in populations. HWE shows how allele frequencies can remain stable across

multiple generations under the assumptions of Mendelian inheritance.

1.5.2 EC candidate gene studies

Candidate gene studies aim to quantify and compare the allele frequencies of poly-
morphisms in cases and controls in the general population. Before the advent of
high-throughput genotyping, genome-wide coverage was impossible and investigators
had to choose to look at particular regions of interest. The choice of variants and can-
dicate genes was based on a priori biological knowledge and assumptions of causality
between gene function and phenotype. In an ideal situation, allelic variation at a

functional locus would cause marked change in a phenotype of interest detectable in
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a case-control study. As discussed in section 2.3.2] HWE can act as a guide to ex-
pected genotype counts and allele frequencies in a population. Deviation from HWE
could suggest sample selection bias, technical errors, or the presence of non-random
mating or evolutionary forces at work at a particular locus.

Various candidate gene studies have been conducted to assess predisposition to
EC. Known EC risk factors (section suggest that oestrogen exposure plays an
important role in EC pathogenesis, particularly for type 1 endometrioid histology
tumours. Some candidate studies have concentrated on genes in oestrogen-related
pathways. CYP19A1 encodes for aromatase, which converts circulating androgens
to oestradial. Two CYP19A1 single nucleotide polymorphisms (SNPs, rs749292 and

rs727479) were demonstrated to be associated with a 10-20% increase in circulating

oestrogen levels in post-menopausal women (Haiman et al., 2007). The alleles associ-

ated with higher circulating oestrogen levels were also associated with increased risk

of EC (P=7.1x10"" and 0.09 respectively, [Setiawan et al., 2009)).

ESR1 encodes for oestrogen receptor 1, which is the predominant receptor medi-
ating the effects of oestrogen in the endometrium. ESRI polymorphisms have been

associated with breast cancer risk, particularly in oestrogen receptor-positive cases

(Dunning et all 2009; Turnbull et all 2010a)). Several studies have investigated the

association between ESR1 polymorphims and EC risk but these studies were un-

derpowered and have produced inconsistent results (Einarsdottir et al. 2009; Wang

let al., 2012; Wedrén et all) 2008; Weiderpass et al., 2000)).

Given the role of MMR genes in LS, other DNA repair genes have been inves-

tigated. These include FRCC1 (Samulak et al., 2011; Sobczuk et al. 2012)), XPA,

XPC (Doherty et al.,2011) and RAD51 (Romanowicz-Makowska et al., 2012), all of

which are part of the nucleotide excision repair or base excision repair systems. Other

studies have assessed variants in genes associated with cell-cycle control (Cai et al.|

2011), TP53 (Gu et al., 2011 Tang et al., [2012) and obesity (Chen et all 2012)).
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Many of these candidate studies have a very small sample size (less than 100),
and different studies have produced inconsistent results. Candidate gene studies of
other phenotypes have been blightd a similar trend where many associations are
not replicated in subsequent studies (Tabor et al.l|2002). This could be due to many
reasons including lack of statistical power, and population stratification, which cannot
be controlled for in candidate gene studies of different populations.

Perhaps the biggest limiting factor in candidate gene studies is that they rely
heavily on the a priori knowledge of association between the target gene and disease
process. For many complex traits, there is limited information about the biological
and genetic basis of disease. Even if an investigator correctly selects a phenotype-
related gene, it remains a challenge to choose a potential causal variant to genotype.
Candidate genes studies attempt to identify variants using direct association where
the candidate causal variant is directly genotyped in cases and controls. This is in
contrast to indirect association studies, which makes use of the non-random relation-
ship between alleles in different loci across the genome (linkage disequilibrium). In
an indirect association study, a neargby variant which is inherited together with the
causal variant may be used to tag nearby variants.

The CYP19A1 study is an example of a candidate gene study that is well-powered
(4,998 cases and 8,285 controls ), and has a compelling biological link between the

gene polymorphism and EC phenotype.

1.5.3 Human Genome Project

Beyond assessing genetic variants in a piecemeal manner, knowledge the entire human
genetic sequence would allow scientists to study the genetic landscape and search for
associations across the entire genome.

The Human Genome Project was an international collaborative project that aimed

to determine the complete base sequence of the human genome. The planning began
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in the 1980s, the first working draft was announced in 2000 (Lander et al., 2001) and
the project was declared complete in 2003 (build 35, Consortium, 2004). DNA was
extracted from several anonymous donors of European descent and the euchromatic
haploid genome consisting of about 3 billion base pairs was separated into bacterial
artificial chromosomes and sequenced.

In the fifty years between the discovery of DNA structure and the first copy of
the reference human genome, remarkable advances in molecular biology such as DNA
sequencing (Sanger and Coulson, |1975) and polymerase chain reaction (PCR, Mullis
and Faloonay, 1987)) paved the way for the Human Genome Project. The reference
human genome provides invaluable insight into the genomic landscape, including the
number and location of genes. There are continual updates providing increasing
accuracy and fewer gaps. Furthermore, it enables further study of genomic function

in terms of human genetic variation, disease states and comparison with other species.

1.5.4 Cataloguing human genetic variation

The International Haplotype Map (HapMap) Project was commenced in 2002 and
it aimed to catalogue human genetic variation in populations of different ancestries
(International HapMap Consortium) 2003)). Building on the Human Genome Project,
a catalogue of genetic variation led to a better understanding of population structure.
The HapMap Project was also set up with the express aim of finding genetic variants
related to common diseases.

As discussed in section [1.4.2] genetic linkage is the tendency of alleles located
close together on a chromosome to be inherited together. The frequency at which
two alleles on any chromosome are observed together varies between always (perfect
linkage disequilibrium, LD) and the frequency expected based on chance (linkage
equilibrium). A haplotype is a set of variants, or combination of alleles, that tend to

be inherited together.
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The International HapMap Consortium used various genotyping techniques in
order to construct a genome-wide haplotype map using DNA from four different
populations: 30 Yoruba people of Ibadan, Nigeria, 44 people from Tokyo, Japan, 45
Han Chinese people from Beijing, China and 30 people with Northern and Western
European ancestry from Utah, USA.

SNPs are a common form of genetic variation that can be reliably ascertained.
There are two alleles in the vast majority of SNPs since a triallelic SNP would re-
quire an additional mutational event. The HapMap Project has greatly increased the
number of known SNPs to several million; most of these lie in non-coding regions.
SNPs in coding regions can be separated in to non-synonymous (missense) variants
that affect amino acid sequence and synonymous SNPs which do not.

The International HapMap Project allowed population geneticists to assess LD
structure across the genome and study the impact of evolutionary forces in different
populations (McVean et al., [2005)).

Subsequent phases of the International Hapmap Project have increased the num-
ber of known genetic variants (International HapMap 3 Consortium et al., 2010). The
1000 Genomes Project continues in the same vein with focus on rarer genetic variants
(1000 Genomes Project Consortium et al. [2010)). The 1000 Genomes Project aims to
bridge the gap between rare, high-penetrance genetic variants and common genetic
variants. This is achieved by sequencing 1,092 individuals from diverse ancestries
and it is hoped that this will lead to the discovery of more than 95% of SNPs, copy
number variants (CNVs) and indels with minor allele frequencies (MAF) as low as

1% across the genome, and 0.1% in gene regions.
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1.6 Genome-wide association studies

1.6.1 Background

The common disease-common wvariant hypothesis suggests that common germline
genetic variants can explain at least part of the inherited predisposition to common
disease phenotypes such as sporadic EC. As mentioned before, complex phenotypes
are thought to be mediated through variants in multiple loci, each contributing a
modest increase in risk and interacting to produce the phenotype. This concurs with
the observation that the genetic basis of common diseases have been largely resistant
to previous efforts based on techniques such as positional cloning and linkage studies.

Commercial tag-SNP arrays allow high-density genotyping of a several hundred
thousand to several million polymorphic SNPs across the whole genome. The selection
of tag-SNPs on arrays was aided by knowledge of LD structure from the International
HapMap Project ( section . The genotype of a single tag-SNP can represent
neighbouring SNPs in the same haplotype block and a non-redundant selection of tag-
SNPs can successfully interrogate a large proportion of the common genetic variation
across the genome. Though causal variants may not be genotyped directly in SNP
arrays, tag-SNPs are in LD with surrounding SNPs so that they act as proxy markers
to the nearby causal variants. Instead of occurring randomly and uniformly across
the genome, human recombination is concentrated into short (1-2 kb) hotspots that
occur every 100-200 kb (Jeffreys et al., |2001; McVean et al., 2004)). This further aids
the design of SNP arrays and renders association studies feasible.

Genome-wide association studies (GWAS) have been successful at identifying com-
mon genetic variants associated with a modest increase in risk for complex traits.
Much like how the careful selection and genotyping individuals of different ancestries
in the HapMap project can represent the allele frequencies in different populations

(section [1.5.4]), the genotyping of large numbers of unrelated individuals with a par-
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ticular phenotype can yield representative allele frequencies for this phenotypic pop-
ulation. Unrelated samples are used because multiple members of same family can
skew results away from population allele frequencies.

GWAS are comparable to candidate gene studies in that it attempts to identify
differences in allele frequencies between cases and controls in the general population.
However, as the name suggests, GWAS allows investigators to look for associations
across the whole genome and to do so without prior assumptions about biological
function or where these associations may be located. The density of genotyping in
SNP arrays also allows robust quality control methods and it is possible to discover
variants in novel pathways not previously known to be biologically related to the
phenotype.

The affordability of commercial tag-SNP arrays allows the genotyping of large
numbers of individuals to assess genome-wide variation from germline DNA derived
from peripheral blood lymphocytes. Thousands of blood samples can be collected in
the clinic setting and matched phenotypic information can be gathered using ques-
tionnaires. The larger the number of individuals genotyped, the more accurately it
represents the true population allele frequency at a particular locus. Binary traits
such as the presence or absence of a disease can be assessed using a case-control study
design. An allele at a particular genomic locus can be seen as the independent vari-
able that influences the susceptibility or predisposition to developing a phenotype,
the dependent variable. Comparison of allele frequencies between cases and controls
can indentify SNPs where there is a marked difference between the two groups, and

the allele is significantly associated with the phenotype.

1.6.2 Considerations

The comparison between cases and controls is most robust when populations are very

similar apart from the case-control status. In the absence of confounders, differences
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in the case-control status can be attributable to independent variable (genotype).
As noted above (section , the allele frequency of some SNPs can vary greatly
between different populations and this can give rise to population stratification. The
incidence, clinical and pathological features of a phenotype can vary in populations
with different ancestries. A particular disease phenotype may have different genetic
aetiologies in different populations. There is some evidence for this being the case
in EC from epidemiology studies in the US (section . All samples in the ex-
periments described in this thesis were of European ancestry. Other GWAS have
made use of large samples from different populations in order to discover and refine
the genetic association signals (Al Olama et al., |2014; |[Rosenberg et al., [2010). Also,
other factors that may influence phenotypic outcome can be accounted for by the use
of co-variates in association testing.

Misclassification bias is where samples in a study are erroneously analysed as
being cases or controls. EC is a relatively well-defined phenotype with a histological
diagnosis and early presentation for the majority of cases. Some of the samples
from population-based controls may have undiagnosed EC, or indeed endometrial
hyperplasia and may go on to develop EC. However, the effects of misclassification
bias is low unless the phenotype is very common in the general population (i.e. obesity,
hypertension, McCarthy et all 2008). In terms of case selection, some studies have
aimed to improve study power by enriching for more severe phenotypes. In the context
of cancer, cases can be chosen with an earlier age of diagnosis, and more aggresive
disease.

In a GWAS, association testing is done for each individual SNP and this means
that there are up to millions of tests being done. The commonly used P-value cut-
off of 0.05 rejects the null-hypothesis of no association as the observed result would
occur by chance only 5% of the time. However, when a large number of tests are done,

this P-value cutoff would lead to many false-positive associations. There are various
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methods of taking multiple testing into account, one of the most conservative is
the Bonferroni correction (Dunn, 1959), where the P-value threshold of significance is
divided by the number of tests. For example, the P-value cutoff of 0.05 can be divided
by 1 million (SNPs being tested) to yield the commonly cited P-value threshold for
genome-wide significance: P< 5x1078. The aim of a stringent cutoff is to reduce the
number of false-positive results and to increase the chance of an association being
replicable.

Although affordable, the economic cost of high-density genotyping for a large
number of samples remains sizeable, and studies are often designed so that there is
an initial discovery phase with tag-SNP arrays. This is followed by one or more repli-
cation phases where a smaller number of SNPs with promising P-values are brought
forward for genotyping in additional samples to see if the differing allele frequencies
in cases and controls are replicated. The statistical power to detect associations can
be calculated at the planning stages to aid the study design. Generally, a study has
a high statistical power to detect associations if there is a large number of samples,

and if the causal variant is common and has a large effect size.

1.6.3 Examples

The first successful GWAS was for age-related macular degeneration. 116,204 SNPs
were genotyped in 96 cases and 50 controls, and two associated SNPs were found
(Klein et al, 2005). Since then, there have been a large number of studies for dif-
ferent phenotypes. The Wellcome Trust Case Control Consortium (WTCCC) study
in 2007 with 14,000 cases and 30,00 controls, was an important proof of concept and
elucidated the methodology in identifying novel variants while reducing bias and con-
founding factors (Wellcome Trust Case Control Consortium, 2007). WTCCC phase
2 controls have become publically available for use in GWAS of different phenotypes

and these were included in this EC study.
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GWAS of other sporadic incidences of cancer, such as CRC have yielded many
associations across the genome (Houlston et all 2010; Tomlinson et al., [2008]). Some
of these associations lie in intergenic regions and further fine-mapping and genotyping
have identified several independent associations near the bone morphogenetic protein
signalling pathway (Tomlinson et al) 2011). Intergenic GWAS signals are thought
to exert their effects on phenotype by regulating the expression of nearby genes.
One CRC-associated SNP, rs16969681 lies 16.8kb upstream of GREMI1 and within
a GREM1 enhancer. The minor allele increases the enhancer activity, and elevated
GREM]1 expression is associated with the development of colorectal tumours (Lewis
et al.,2014). Chapter 5 of this thesis describes the effort to characterize the regulatory
potential of an intergenic EC-associated SNP using similar methods.

As of Februrary 2015, the National Human Genome Research Institute GWAS
catalog includes 2,111 publications and 15,396 associated SNPs for hundreds of phe-
notypes.

The reduction in cost of genotyping arrays and the established methodology has
lead to a wide range of phenotypes being studied. It could be argued that even if
there is only a small heritable component to a particular phenotype, a GWAS with a
large sample size may provide the statistical power to detect significant associations.
The converse may be true in that a GWAS may not identify any associations, or
may identify associations that explain only a small part of the variance for a highly
heritable trait.

Figure shows the relationship between allele frequency and effect size for se-
lected phenotypes (Bush and Moore, 2012)). There is a general negative correlation
between effect size and allele frequency in that variants with large effect sizes are
usually rare. GWAS have been successful in identifying variants in the right bottom
corner of the of the diagram, which are common and confer only a modest increase

in risk. Although many GWAS SNPs have a small effect size, they still provide an
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Figure 1.2: Effect size and allele frequency for genetic variants associated with differ-
ent phenotypes. X-axis is allele frequency, Y-axis is effect size in terms of odds ratio
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improved understanding of genetic aetiology in that associations have often impli-
cated genes or pathways that were not previously suspected to be involved with the
phenotype. Chapter 3 describes an EC GWAS and chapter 4 is the meta-analysis
with two other EC GWAS and two replication phases.

In a GWAS with 1,265 EC cases in the discovery phase and genotyping in an
additional 3,957 cases and 6,886 controls found a single tag-SNP associated with EC
at genome-wide significance (Spurdle et al.| 2011). This SNP is located in the second
intron of HNF1B and has been associated with other phenotypes including type 2

diabetes.

1.7 Imputation

Knowledge of the genome-wide haplotype structure allowed the development of SNP
arrays that capture the majority of common genetic variation. Thus, based on LD,
SNP arrays capture information on the genetic variants across the genome beyond
SNPs that are directly genotyped. The 1000 Genomes Project provides a more de-
tailed catalogue of genetic variation, and genotypes from tag-SNP arrays can be
phased and compared with the haplotypes of populations of a similar ancestry in
1000 Genomes. Imputation makes use of a fine-scale recombination map and a ref-
erence haplotype map (for example, from 1000 Genomes) in order to ‘fill-in’ missing
genotypes in the study samples (Howie et al., [2009; Marchini et al., 2007)).

These filled-in, or imputed genotypes are expressed in terms of probabilities of
a SNP’s genotype being homozygous for the reference, heterozygous or homozygous
for the alternative allele. Many imputation softwares make use of hidden Markov
models, incorporating information from neighbouring SNPs in order to determine the
likelihood of observing a particular state or genotype at a particular locus. Imputation

output also includes quality control parameters such as information scores. A region
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or sample is most likely to be well-imputed if the haplotype of the reference panel
highly resembles that of the study sample. European populations are noted to have
larger LD blocks on average compared with African populations, and thus imputation
is able to more accurately fill in a larger number of SNPs in Europeans (Shifman et al.|
2003). Often, different genotyping arrays are used for different phases of a GWAS,
and imputation allows association testing of SNPs beyond the overlapping SNPs that
are directly genotyped on both arrays. More SNPs can be assessed with the use of
imputation, which allows fine-mapping of an association signal. In an ideal situation,
an imputed SNP in partial LD with a genotyped SNP may display a higher significance
and larger effect size than the genotyped SNP, making it a better candidate causal

SNP. Imputation has been employed in the analyses described in chapters 4 and 6.

1.8 Thesis outline

EC is a significant cause of morbidity and mortality in women, with rising incidence
rates since the 1990s. Epidemiological risk factors mainly related to the unopposed
effects of oestrogen explains part of the increased risk seen in some women, but a
familial relative risk of ~2 suggests that there is a heritable component to EC risk.
Rare, high-penetrance Mendelian syndromes such as LS can only explain a small
proportion of the familial aggregation and the genetic aetiology of the majority of
sporadic EC cases remains largely unknown.

This thesis explores the susceptibility to EC in women of European ancestry using
population-based methods. Chapter 3 describes the National Study of Endometrial
Cancer Genetics (NSECG) GWAS which is a discovery scan aimed at detecting novel
common variants associated with EC. The sample size of the NSECG study means
that it only has the power to detect common variants with a large effect size (OR>1.5)

at high significance levels.
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Chapter 4 is a EC meta-analysis of NSECG with two other GWAS (ANECS
and SEARCH), and two replication phases. NSECG, ANECS and SEARCH are
imputed to provide high-density genome-wide coverage for 2,212 EC cases and 9,544
controls. The first iCOGS replication phase consists of 4,330 cases and 26,849 controls
genotyped on a custom array with ~ 200,000 SNPs prioritized from previous cancer
GWAS. The second replication phase consisted of 1195 cases and 795 non-overlapping
controls genotyped for the top five SNP. All samples were of European ancestry. This
meta-analysis discovered five novel EC risk loci.

The most significant of the novel EC risk loci lies on chromosome 1322, down-
stream of KLF5. KLF5 has been known to play a role in uterine development,
homeostasis and tumourigenesis. Chapter 5 describes the characterization of the
association signal at 13q22 using data from public databases and also in vitro ex-
periments. This is done to assess the epigenetic landscape and potential regulatory
mechanism at this locus.

Rare, high-penetrance germline mutations in MMR and DNA polymerase genes
put individuals at a greatly increased risk of developing EC and CRC. This raises the
possibility of shared genetic aetiology between EC and CRC for some cases. Chapter
6 describes the search for common variants associated with both cancer phenotypes.

The aims, overview and discussion of every section are provided in each results
chapter. The final chapter summarizes the findings of this thesis and considers the

direction of future development in this field.
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Materials and Methods

2.1 Population Cohorts

Population-based genetic studies require the collection of large numbers of unrelated
samples with well-define phenotypes. Germline DNA is then extracted from periph-
eral blood lymphocytes and this is followed by accurate genotyping and statistical
analysis. This section describes the study design in the case and control population
cohorts used. All studies have the relevant institutional review board approval in each
country in accordance with the principles embodied in the Declaration of Helsinki,
and informed consent was obtained from all participants. A total of 7,737 cases and
37,144 controls were included in the meta-analysis. Cases and controls were matched

based on geographical location and case-control clustering in principal components

analysis (PCA).

2.1.1 National Study for Endometrial Cancer Genetics

The National Study for Endometrial Cancer Genetics (NSECG) consisted of women
with the histological diagnosis of endometrial cancer were identified by collaborating

clinicians throughout England from 2008. Each patient filled out a detailed ques-
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tionnaire and provided blood for DNA extraction. All samples were of self-reported
White European ancestry and 925 samples were successfully genotyped using [llumina
660W Quad SNP arrays over a 3-month period from June to August 2011 and all the
genotyping was done by our scientific officer Angela Jones and myself, according to
[lumina protocol. Of the 925 endometrial cancer samples, 87% had endometroid
histology, while the others 13% is comprised of serous, clear cell and other subtypes.

In the endometrial cancer GWAS and meta-analysis described in Chapter 3 and
4, NSECG cases were matched with UK1-CORGI controls, Scotland 1 controls, and
BC5H8 controls, ensuring that each control cohort was not used more than once.
For the analysis with colorectal cancer in Chapter 6, NSECG cases were matched
with CGEMS breast controls. Additional NSECG cases were used as part of the
ECAC COGS initiative, where samples were from the same collection and process-
ing scheme. These cases were matched with controls from the British Breast Can-
cer Study, Sheffield Breast Cancer Study and UK Breakthrough Generations Study.
These control groups consisted of cancer-free women in the UK of White European
ancestry recruited as participants of screening programmes with no breast lesions,

and friends and relatives of participants of breast cancer studies.

2.1.2 Australian National Endometrial Cancer Study

The Australian National Endometrial Cancer Study (ANECS, Spurdle et al. [2011)
is an Australian population-based case-control family study of cancer of the uterine
corpus with women aged 18-79 identified through hospitals and state-based cancer
registries, all with endometrioid histology. Women were newly diagnosed with his-
tologically confirmed primary endometrial cancer between July 2005 and December
2007, with a participation rate of 63%. Female controls, with no personal history of
endometrial cancer or hysterectomy were recruited from two sources: The population-

based Hunter Community Study (McEvoy et al., 2010) and parents of participants in
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an adolescent twin study (McGregor et al.l(1999). All participants were of White Eu-
ropean ancestry and 606 cases and 3,083 controls were genotyped using the Illumina
610K arrays.

Additional ANECS cases were used as part of the ECAC COGS initiative, where
samples were from the same collection and processing scheme. Further controls were
obtained from the Austrailian Electoral Roll, with women matched to the age and
geographic distribution of the cases, and also the Australian Red Cross Blood Service

in Queensland.

2.1.3 Studies of Epidemiology and Risk factors in Cancer

Heredity

Studies of Epidemiology and Risk factors in Cancer Heredity (SEARCH, [Spurdle
et all 2011) women with endometrial cancer aged 18-69 (average age diagnosis 58
years) ascertained through the Eastern Cancer Registration (www.ecric.org.uk). In-
formation on tumor pathology characteristics was provided by the Eastern Cancer
Registration and Information Centre and was derived from clinical pathology reports
for all patients. Genotyping was done using I[llumina 610K arrays. There was a total
of 681 cases, all of endometrioid histology. These cases were matched with National
Blood Service Controls from the Wellcome Trust Case Control Consortium described
below. Additional SEARCH cases and controls were used as part of the ECAC COGS
initiative. Controls were female, also between the ages of 18-69 at the time of recruit-
ment and matched to cases in geographical profile. They had no history of cancer at

the time of recruitment.
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2.1.4 Wellcome Trust Case Control Consortium

The Wellcome Trust Case Control Consortium (WTCCC) (Wellcome Trust Case Con-
trol Consortium, 2007)) is a collaboration between research groups across the UK that
has pioneered the use of common controls in the study of different phenotypes. These
controls are individuals from the UK of European ancestry and are genotyped on Il-
lumina 1.2M arrays and are publicly available. Controls are from two sources: i) the
National Blood Service (NBS) where samples were obtained form UK blood transfu-
sions services repository of anonymised DNA samples, and ii) the 1958 Birth Cohort
(BC58) which is from the National Child Development Study (Power and Elliott,
2006)), an epidemiological survey based on all individuals born in England, Wales and

Scotland during one week in 1958 (www.b58cgene.sgul.ac.uk/followup.php).

2.1.5 Endometrial Cancer Association Consortium

The Endometrial Cancer Association Consortium included 4,330 endometrial cancer
cases collected from eight studies from seven countries: UK, USA, Belgium, Germany,
Norway, Sweden and Australia, all of European ancestry. These samples were geno-
typed using a custom Illumina Infinium iSelect array with 211,155 SNPs designed by
the Collaborative Oncological Gene-environment Study (COGS) initiative. The SNPs
on this array were chosen based on regions of interest from previous breast, prostate,
ovarian and endometrial cancer studies, rather than on genome-wide coverage (Eeles
et al., 2013} Michailidou et al., 2013} Pharoah et al.| |2013; |Sakoda et al., [2013).

26,849 healthy female controls with European ancestry were selected from con-
trols genotyped by the Breast Cancer Association Consortium (BCAC) and Ovarian
Cancer Association Consortium (OCAC) part of the iCOGS project which were geno-
typed on the same arrays. These were matched with EC cases based on geographical
location and PCA clustering.

The eight groups used in the iCOGS analysis were i) ANECS ii) SEARCH iii)
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NSECG iv) Mayo Endometrial Cancer Study (MECS) v) Leuven Endometrial Cancer
Study (LES) vi) Bavarian Endometrial Cancer Study (BECS) vii) Molecular Markers
in Treatment of Endometrial Cancer (MoMaTEC) and viii) Cancer Hormone Replace-
ment Epidemiology (CAHRES). All cases and controls are of European ancestry.

Descriptions of the NSECG, ANECS and SEARCH cohorts are as above.

The Mayo Endometrial Cancer Study (MECS) is a hospital based prospective
biobank collection. The majority of patients seen at Mayo Clinic, Minnesota, USA,
with primary endometrial cancer diagnosed at age 18 and older are enrolled and clin-
ical data were abstracted from electronic medical records. The collection was started
in 2006 and contains blood and fresh frozen tissue. Cancer-free women presenting for
general medical examination were used as controls.

The Leuven Endometrial Study (LES) is a hospital based case-control study in
Belgium. Endometrial cancer cases were identified by active surveillance of electronic
patient files at the Leuven University Hospital, and consited of White women aged
27-80 years at diagnosis. Clinical data for endometrial cancer patients were recorded
during interview at the time of diagnosis, and from pathology reports. All medical
records were reviewed by trained abstractors and pathology reports compatible with
primary, invasive, epithelial endometrial adenocarcinoma of all stages (I -IV) and of
all grades.

The Bavarian Endometrial Cancer Cases and Controls Study (BECS) is a single-
center case-control study, conducted between 2002 and 2008 in Germany, and aims
to investigate genetic and epidemiological risk factors for endometrial cancer. Cases
were incident cases referred to the University Hospital Erlangen, by surrounding prac-
tioners, or prevalent cases that were outpatients in follow-up care approached within 6
years after treatment for primary endometrial cancer in the same hospital. Epidemio-
logical information for cases and controls was collected by a structured questionnaire,

which was completed during an interview and clinical data for the cases was obtained
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from clinical health records.

Molecular Markers in Treatment of Endometrial Cancer (MoMaTEC) cases were
recruited from an unselected patient population primarily treated for endometrial
carcinoma at Haukeland University Hospital, Bergen, Noway between 2001 and 2009.
This is the referral hospital for Hordaland county. Clinical Information for cases
including age, FIGO stage, histologic subtype, grade and prognosis was extracted
from medical records.

The Cancer Hormone Replacement Epidemiology Study (CAHRES) is a popu-
lation based case-control study was conducted among Swedish women aged 50-74
years, who were residing in Sweden between January 1st 1994 and December 31st
1995. Endometrial cancer cases were identified through the nation-wide cancer reg-
istries in Sweden and this study has also formerly referred to known as the Singapore
and Sweden Breast/Endometrial Cancer Study (SASBAC) with details of the popu-
lation selection process published previously (Weiderpass et al., [1999)). Histological
specimens were reviewed and re-classified by the study pathologist and participants

provided detailed questionnaire information.

2.1.6 Colorectal Cancer GWAS Cohorts

Controls used in the NSECG study were from colorectal cancer (CRC) GWAS where
controls were cancer-free individuals from the same populations. This section de-
scribes the population cohorts in these CRC cancer GWAS and these CRC cases
were also used in chapter 6, which describes the efforts to find SNPs the predispose

to both endometrial cancer and CRC.

2.1.6.1 UK1-CORGI

UK Phase 1 (Tomlinson et al., 2008) comprised of 888 cases with colorectal neoplasia

ascertained through the Colorectal Tumour Gene Identification (CoRGI) consortium.
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Cases had CRC at age 75 or below, most cases also had a family history of CRC. Re-
cruitment was done via genetics clinics and hospitals in England and known dominant
polyposis syndromes, HNPCC/Lynch syndrome or bi-allelic MUTYH mutation car-
riers were excluded. The 998 controls were spouses or partners unaffected by cancer
and without a personal family history (to second degree relative level) of colorectal
neoplasia. These samples were genotyped using [llumina Hap550 SNP genotyping
arrays by other members of the Tomlinson Group in 2007. UK1-CORGI controls was
used in the NSECG GWAS in Chapter 3 as there was overlap in the collection centres
for these samples and NSECG cases. UK1-CORGI cases and controls were used as a

single group in the analysis in Chapter 6.

2.1.6.2 Scotland 1

Scotland Phase 1 (Tenesa et al., 2008) included 973 CRC cases which were population-
based incident case series aged <55 at diagnosis. Known dominant polyposis syn-
dromes, HNPCC/Lynch syndrome or bi-allelic MUTYH mutation carriers were ex-
cluded. Control subjects were sampled from the Scottish population NHS registers,
matched by age (45 years), gender and area of residence within Scotland. Genotyping
was done using [llumina HumanHap300 and [llumina HumanHap240S arrays. Of the
998 controls available, 392 which were genetically comparable to the English NSECG
samples were used in the analysis in chapter 3. Scotland 1 cases and controls were

used as a single group in the analysis in chapter 6.

2.1.6.3 VICTOR-QUASAR

VICTOR and QUASAR (VQ, COGENT Study et al.,|2008) comprised of 1,894 CRC
cases (mean age of diagnosis 62.5 years) from the VICTOR and QUASAR2 trials.
VICTOR was a randomised controlled trial for rofecoxib (VIOXX) in colorectal cancer

patients after potentially curative therapy. QUASAR2 was a multicentre study of
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capecitabine and bevacizumab as adjuvant CRC treatment. These samples were
genotyped using Illumina HumanHap300, [llumina HumanHap270, Illumina Human

1.2MDuo arrays.

2.1.6.4 Colon Cancer Family Registry

The Colon Cancer Family Registry (CCFR Haile et al., [1999) recruited newly diag-
nosed CRC cases reported to population cancer registries in the USA, Canada and
Australia (Seattle, Ontario and Australasian Colorectal cancer registry). Population-

based controls are used from the same populations and genotyping was done with

[Nlumina Hap 550.

2.1.6.5 Cancer Genetic Markers of Susceptibility

Publicly-available controls of European ancestry were obtained from the Cancer Ge-
netic Markers of Susceptibility studies (CGEMS) for breast cancer and prostate can-
cer. The CGEMS breast controls (Hunter et al., [2007) were from the Nurses’ Health
Study which is a longitudinal study of women who provided blood samples between
1989 and 1990. These women were cancer-free at blood collection and were followed
for incident disease until 2004. 1141 samples were genotyped using [llumina Hap550.
CGEMS breast cancer controls were matched with NSECG EC cases in chapter 6.
CGEMS prostate controls (Yeager et al., [2007) were from the Prostate, Lung,
Colon and Ovarian (PLCO, www.cancer.gov/prevention/plco) Cancer Screening Trial
which recruited 155,000 people aged 55 to 74 with no history of these cancers. The
prostate study selected men with no history of prostate cancer from this group, and
genotyping was done on Illumina Hap550 for 1,101 men. CGEMS prostate cancer

controls were matched with CFR CRC cases in chapter 6.
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2.2 Laboratory Methods

2.2.1 DNA extraction from peripheral blood lymphocytes

Peripheral venous blood samples were collected in EDTA tubes for all NSECG pa-
tients and stored at —80°C. After thawing at room temperature, Maxwell ®16
(Promega UK Ltd) Blood DNA Purification kits were used according to manufac-
turer’s instructions. Briefly, 420 ul of whole blood and 230 ul of elution buffer was
pipetted into the cartridge for each sample and up to 16 samples could be processed in
a 30 minute DNA extraction run. DNA was then quantified using spectrophotometry
(section and stored in a 4°C cold room.

2.2.2 Polymerase Chain Reaction (PCR) and gel electro-

pheresis

Polymerase chain reactions (PCR) is one of the most important techniques and it is
used to amplify a segment of DNA. PCR was performed for genotyping and sequenc-
ing. A typical 25 ul PCR reaction contained 30-50 ng of DNA, 0.4 pmoles of each
primer, 1x Mg?" free PCR buffer (Promega), 2 mM MgCl, (Promega), 0.2 mM of each
dANTP (Amersham) and 1 unit of Taqg DNA polymerase (Bioline). A standard PCR
reaction consisted of an initial denaturation step at 95°C for 5 min, 35 cycles of 94°C
for 1 min, 55°C for 1 min and 72°C for 1 min and a final extension step at 72°C for
10 min. PCR reactions were carried out on a Tetrad PTC-225 thermocycler (MJ Re-
search) and G-STORM GS4 thermal cycler. Genomic sequence and annotation data
were downloaded from the Ensembl site (www.ensembl.org) and the University of Cal-
ifornia Santa Cruz genome site (genome.ucsc.edu). In all cases, PCR primers were
designed using the Primer3 programme (frodo.wi.mit.edu/primer3). Stock primers
were diluted to 100 pM, with working stocks diluted at 1:10.

PCR products were analysed using agarose gel electrophoresis. The agarose gels
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were stained with ethidium bromide and were run alongside a 1 kb DNA ladder using

Tris-Borate EDTA (TBE) running buffer.

2.2.3 Determination of Nucleic acid quantity and quality

A micro-volume ultraviolet (UV)-visible spectrophotometer (Nanodrop 2000, Ther-
moScientific) was used to determine the quantity and quality of DNA and RNA. The
heterocyclic rings of nucleotides in nucleic acids absorb UV light and the wavelength
of maximum absorption is 260nm. The instrument was first blanked using water or
the corresponding elution buffer, then 1 pul of the sample was loaded onto an optical
pedestal and the absorbed light from the sample was measured at 260 nm (A260).
The appropriate constant of 50 and 40 for DNA and RNA respectively was used to
obtain sample concentration. The absorption at 260 nm and 280 nm also yielded
a ratio (A260/A280) which provided an estimation of purity with an ideal value of
greater than or equal to 1.8. Compared to other forms of nucleic acid quantifica-
tion, Nanodrop has the advantages of being quick to use and providing a measure for

sample purity.

2.2.4 KASPar SNP Genotyping

KASPar (KBiosciences, Hertfordshire, UK) is a genotyping method based on competitive-
allele specific PCR. Two forward primers (~20bp long) are designed such that they
differ at the position of the SNP, and each allele is tagged by the sequence correspond-
ing to VIC and FAM dyes. There is a common reverse primer targeting the sequence
just downstream of the SNP. Primers are designed using PrimerPicker. Primers are
made up to 100uM and used to make the assay mix with volumes as listed in table
2.1

The assay mix is then used to make up the assay mix for the 36-cycle PCR

reaction. Genotyping is typically done on a 96-well plate with two negative controls
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Table 2.1: KASPar assay mix. Primers at 100uM, volumes required for 100ul assay
mix.

Primer Volume (ul)

Allelel 12

Allele 2 12
Common primer 30
Water 46

(no DNA). The composition of master mix for a 96-well plate is listed in table 2.2]

Each well contains 9ul master mix and 1 ul DNA at 10ng/pl.

Table 2.2: KASPar master mix

Volume (pl)

Assay Mix 14.7
KASPar 2X reaction buffer 505.0
Water 405.3

After the PCR cycles are complete, the plates are analysed using the ABI 7900HT
which detects the VIC and FAM flourescence in each well (figure[2.1). For SNPs with
a MAF of more thn ~10%, there are usually enough samples for the clustering to
differentiate the reference homozygotes, heterozygotes and alternative homozygotes.
For SNPs with a low MAF, DNA samples of known rare homozygotes are used to aid

clustering.

2.2.5 DNA Microarray SNP Genotyping

The availability and affordability of commercial SNP arrays have been an important
part of enabling GWAS. Researchers are able to interrogate hundreds of thousands,
to millions of SNPs across the genome that capture the majority of common genetic
variation. This is done for thousands of samples that provide the statistical power
necessary for association studies. The design of many of these SNP arrays were based

on SNP and LD information for European populations and thus are ideal for use on
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Figure 2.1: KASPar allelic discrimination plot. VIC and FAM fluoresence for each
well is quantified after PCR. Reference homozygotes, heterozygotes and alternate ho-
mozygotes are in blue, green and red respectively. Black crosses represent no-DNA
controls.
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samples with European ancestry.

Nlumina SNP arrays are based on beadchip technology that makes use of silica
beads coated with oligo-nucleotide probes that target a specific locus. Complementary
DNA sequences bind to the probes and there is a single-base extension of one of four
labelled nucleotides. During the scanning process, a laser passes through the beadchip
and the signal intensity for each allele, for each SNP is detected by the scanner.

The NSECG GWAS samples were genotyped using [llumina 660W Quad arrays
according to manufacturer’s protocols. Processed chips were read using the Illumina
iScan and genotypye calls were made using the [llumina Genome Studio data analysis
software and converted in to PLINK format for analysis. The genotyping was carried

out by myself and Angela Jones.

2.2.6 Cell culture

Endometrial cancer cell lines were stored in -80°C liquid nitrogen freezers and stocks
were thawed in a 37°C water bath. Cell lines were maintained in media as detailed in
table 2.3| and grown in incubators set to 37°C with 5% CO,. Cell culture protocols
were carried out in a class II laminar flow hood under sterile conditions and all cell
lines were confirmed mycoplasma negative. Media was changed every 2-3 days and
cells were passaged before they were confluent and cell lines were grown until they
were 70-80% confluent. DNA, RNA were extracted from cell lines and used for KLF5
quantification, chromatin immunoprecipitation and FAIRE. After use, cells were kept
in freezing medium (90%FBS, 10%DMSO) and stored in -80°C liquid nitrogen freez-

ers.

2.2.6.1 Ishikawa and ECC-1 cells

Results from Ishikawa and ECC-1 cells are listed separately in publicly available
ENCODE (ENCODE Project Consortium et al., 2007)) tier 3 data but STR-profiling
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Table 2.3: Cell culture conditions. Table details medium used for each cell line. FBS,
% foetal bovine serum; PS, % penicillin-streptomycin added to medium.

Cell line  Media FBS PS
AN3CA DMEM 10 1
ARK-2 DMEM/F12 10 1
ECC-1 RPMI 10 1
EFE-184 RPMI 10 1
HEC-1B DMEM:F12 10 1
HEC-116 MEM 10 1
Ishikawa DMEM 10 1
MFE-296 40% RPMI 1640 + 40% DMEM 10 1
NOU1 RPMI 1640 10 1
RL95-2 DMEM:F12 10 1
SNG-II DMEM 10 1

has shown that these two cell lines are very similar (Korch et al. 2012). Based
on the results presented by Korch et al., the International Cell Line Authentication
Committee (ICLAC) recommended in the 2013 Database of Cross-Contaminated or
Misidentified Cell Lines that ECC-1 be re-identified as Ishikawa cells. Our in vitro
functional analysis for the 13922 locus made use of our supply of Ishikawa cells for
FAIRE and ChIP experiments and ECC-1 cells for luciferase reporter assays. Both
cell lines displayed identical genotypes for rs9600103 and rs11841589, similar KLF5
expression levels, and 20x sequencing using the Ion AmpliSeq Comprehensive Cancer
Panel confirmed that variants in Ishikawa and ECC-1 are 90% concordant (based on

3,004 exonic SNVs in 409 cancer-related genes).

2.2.7 DNA and RNA extraction from cell lines

Cells were snap frozen with dry ice after centrifugation and DNA and RNA was
extracted using DNeasy DNA extraction (Qiagen) and RNeasy minikit (Qiagen) ac-

cording to manufacturer’s instructions. Nucleic acids were then quantified using spec-

trophotometry (section [2.2.3)).
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2.2.8 RNA reverse transcribed into cDNA

RNA was first treated with DNasel (Thermo Scientific) to remove contaminating
genomic DNA and complementary DNA (¢cDNA) was reverse transcribed from RNA,
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), ac-
cording to the manufacturer’s protocol. In brief, this process is comparable to PCR
described earlier (section but reverse transcriptase is used and random hex-
amer primers are used to bind non-specifically to all transcripts. ¢cDNA was stored

in —20°C

2.2.9 Quantitative real time PCR(qRT-PCR)

The absolute expression of KLF5 was quantified using qRT-PCR using the ABI
7900HT cycler (Applied Biosystems) for each of the EC cell lines. The critical thresh-
old was manually set at 0.2 and standard protocols were used to calculate relative
expression with the ddCT method as described by (Livak and Schmittgen, 2001)),
using GAPDH as an endogenous control. TagMan Gene Expression Assays were
used for KLF5 and GAPDH and these pre-prepared assays contain primer pairs,
and probe that have been tested and optimized by Applied Biosystems. There is a
FAM reporter dye that is attached to the 5’ end of the probe and a non-fluorescent
quencher is at the 3’ end. A typical reaction contained 10 ng of purified cDNA, 0.5
pl of Tagman gene expression assay, 5 ul of TagMan FAST Universal Mastermix and
dH50 to the total volume of 10 ul. Samples were run in duplicate or triplicate on
the ABI 7900HT cycler under the following conditions: 95°C for 20 s followed by 40
cycles of denaturation at 95°C for 1 s and simultaneous annealing and extension at

60°C for 20 s.
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2.2.10 SYBR-Green RT-PCR

The SYBR-Green Dye I is used to detect PCR product by binding to double-strand
DNA. A typical reaction contained 10 ng of purified cDNA, 10 ul of FAST SYBR-
Green Mastermix, 300 nM of both forward and reverse primer and dH50 to a total
volume of 20 pl. The samples were run on the ABI PRISM 7900HT with the following
conditions: 95°C for 20 s followed by 40 cycles of denaturation at 95°C for 1 s and
simultaneous annealing and extension at 60°C for 20 s. As the target sequence of
DNA is amplified, the SYBR-~Green dye I binds to the newly formed ds DNA and
thus the fluorescence intensity is proportional to the amount of PCR product pro-
duced. To test the specificity of the primers and DNA sequence being amplified, I
checked for non-specific PCR product formation by producing a disociation curve for
each pair of primers. After the PCR as described above, samples were run with the
following conditions: 95°C for 15 s followed by 50°C for 1 min and 95°C for 15 s. The
dissociation curve shows the changes in fluorescence plotted against time and a single
narrow peak as seen in figure suggests the presence of the specific, expected PCR

product.

2.2.11 Formaldehyde-Assisted Isolation of Regulatory Ele-

ments (FAIRE)

Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE) is a technique that
allows the identification of nucleosome-depleted regions of the genome. This was used
to assessed the epigenetic landscape of chromosome 13q22. The vast majority of the
human genome is nucleosome bound and it is the genomic regions that are nuclosome
depleted that are more likely to be transcriptionally active. Various experimental
techniques are use to identify nucleosome depleted regions such as nuclueases. FAIRE

makes use of reversible cross-linking to identify genomic regions that nucleosome
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Figure 2.2: SYBR-Green RT-PCR dissociation curve with single discrete peak, in
three technical replicates and a negative control.
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bound and the aqueous phase in phenol-chloroform extraction allows for the isolation
of nucleosome-free DNA. Quantitative PCR with primers specific to the intergenic
13q22 region are used to regions that are nucleosome-free compared to neighbouring
regions.

The method described here was adapted from (Giresi et al., 2007). Cross-linking
was done on a rocker in room temperature with 1% formaldehyde (Sigma life sciences)
was added to approximately 10® cells for 5 minutes, after which 115 mM glycine
(Sigma life sciences) was added to inhibit the cross-linking. For each cell line, a non-
crosslinked control was prepared in parallel for all of the remaining steps. Cells were
then rinsed twice in 4 °C phosphate buffered saline solution (PBS), cell scrapers were
used to detach cells adhered to the pretri dish surface and cells were transferred to a
15ml tube.

This was then put in the centrifuge and spun at 7000 g for 5 minutes, the super-
natant was removed and the cell pellet was resuspended in successive lysis buffers:
Lysis buffer I (50 mM HEPES-KOH, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5%
NP-40, 0.25% tritonX-100), lysis buffer II (10 mM tris-HCI, 200 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA) and lysis buffer 11T (10 mM tris-HCI, 2100 mM NaCl, 1 mM
EDTA, 0.1% sodium deoxycholate, 0.5%N-lauroylsarcosine). Cells are incubated on
a rocker at 4°C for 10 minutes in each lysis buffer after which they are spun down
at 1300 g for 5 minutes so that the supernatant can be removed. The cells were then
sonicated using the Bioruptor (Diagenode) in 7 to 15 30-second cycles to generate
fragments that are 100 - 1000 bp in size. After sonication, the cells were centrifuged
at 7000 g for 10 minutes, the supernatant was taken and gel electrophoresis in 1%
agarose confirmed the size of the DNA fragments.

For phenolchloroform purification, Eppendorf phase-lock gel tubes were first cen-
trifuged at 13000 rpm for 1 min. 300 pl of sonicated DNA product and 300 ul of

phenol-chloroform (Sigma) is added to each phase-lock tube which is vortexed and
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Figure 2.3: FAIRE qPCR aplification plot of SYBR-green fluorescence after successive
PCR cycles for crosslinked and non-crosslinked cells. Critical threshold is marked by
green horizontal line.
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spun for 5 min at 13000 rpm. A further 300 ul of phenol-chloroform is added, fol-
lowed by vortex and centrifugation as above, 300 pl 0of300 pul of chloroform is added
with the vortex and centrifugation repeated. The aqueous phase was transferred to a
fresh eppendorf and 1 pl glycogen (Roche), 270 mM sodium acetate and 66% ethanol
were added in that order for each tube. Incubation occurred overnight, after which
the DNA was spun at 15000 g for 30 minutes and washed with cold 70% ethanol.
After another spin at 15000 g for 5 minutes, the supernatant was removed and the
dried pellet was resuspended in 100 ul of elution buffer (Qiagen). The DNA was then
quantified using spectrophotometry (section .

50ng of DNA from paired crosslinked and non-crosslinked cells was analyzed in
duplicate by SYBR-green quantitative PCR (qPCR) (section figure using
primers at roughly 1kb intervals in the 13q22 region downstream of KLF5. The ddCt
method (Livak and Schmittgen, 2001) was used to normalize the results to the input
DNA from the non-crosslinked cells to calculate the fold increase of enriched areas
relative to the RHO promoter as a negative control. There were two technical and

two biological replicates for each cell line.

2.2.12 Cross-linked chromatin immunoprecipitation (ChIP)

The epigenetic landscape of chromosome 1722 was further assessed using chromatin
immunoprecipitation (ChIP). ChIP investigates the interaction between DNA and
proteins. The use of two antibodies that target histone marks linked with activation
would lead to identification of genomic regions that are likely to be functionally active.

A 3-day protocol was conducted for cross-linked chromatin immunoprecipitation,
which was performed on endometrial cancer cell lines grown to 70% confluence in
30 ml medium in 15 c¢m petri dishes. Cross-linking was done on a rocker at room
temperature where 1% formaldehyde (Sigma life sciences) was added to the cells for

10 minutes. After the 10 minute period, 115 mM glycine (Sigma life sciences) was
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added to quench the formaldehyde and stop the cross-linking reaction.

Cells were then rinsed twice in 4 °C phosphate buffered saline solution (PBS), cell
scrapers were used to detach cells adhered to the pretri dish surface and cells were
transferred to a 15ml tube. This was then put in the centrifuge and spun at 700 g for
5 minutes, the supernatant was removed and the cell pellet was resuspended in lysis
buffer (1% sodium dodecyl sulfate (SDS) (Fluka Analytical), 10 mM EDTA (Am-
bion), 50mM Tris-HCI(Ambion)) and incubated for 10 minutes. The cells were then
sonicated using the Bioruptor (diagenode) in 7 to 15 30-second cycles to generate frag-
ments that are 1000 - 1500 bp in size. After sonication, the cells were centrifuged at
700 g for 10 minutes, the supernatant was taken and gel electrophoresis in 1% agarose
confirmed the size of the DNA fragments. The fragmented DNA was then diluted ten
times to the immuno-precipitation dilutaion buffer (1% tritonX-100 (Sigma life sci-
ences), 2 nM EDTA (Ambion), 20 mM Tris-HCI (Ambion), 150 mM sodium chloride
and each cell line was separated into four tubes: input chromatin, no-antibody-control
and one tube for each antibody. 5 pl of anti-dimethyl-histone H3 Lys4 (H3K4Me2,
Millipore 07-030) and anti-acetyl-histone H4 (H4Ac, Millipore 06-866) were added to
the antibody tubes and along with the no-antibody-control, incubated overnight at
4°C for immunoprecipitation. The input chromatin is kept refrigerated at 4 °C until
the reverse cross-linking of day 2. Phenylmethylsulfonyl fluoride (PMSF, Sigma life
sciences, 0.1%) and protease inhibitor is added to the lysis buffer and IP dilution
buffer to deactivate proteases, while sodium butyrate (Sigma-Aldrich, 0.2%) is added
to these solutions to inhibit histone deacetylases.

For day two of the protocol, 5 ul of protein A dynabeads (Novex 10001D) is
added to each tube and incubated for 4 hours. A series of washes were done using
Tris/Sucrose/EDTA (TSE) I (1% tritonX-100, 2 mM EDTA, 20 mM Tris-Hel, 150
mMNaCl, 0.1 %SDS), TSE II (1% tritonX-100, 2 mM EDTA, 20 mM Tris-HCI, 500
mMNaCl, 0.1% SDS), Buffer III (0.25 M lithium chloride, 1 mM EDTA, 10 mM
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Figure 2.4: ChIP qPCR aplification plot of SYBR-green fluorescence after successive
PCR cycles for input chromatin, anti-H3K4Me2, anti-H4Ac and no-antibody control.
Critical threshold is marked by green horizontal line.
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Tris-HC1, 1% tergitol-type NP-40, 1% sodium deoxycholate) and tris-EDTA (Tris-
EDTA 1X). PMSF and sodium butyrate were added to all wash buffers in the same
concentrations as above. The series of washes were as follows: TSE I once (on/off),
TSE II four times (on/off, 5 minutes, 10 minutes twice), Buffer IIT once (10 minutes)
and TE thrice (on/off, 5 minutes, 10 minutes). 1ml of each buffer was added for each
wash and a MagnaRack magnetic separation rack (Invitrogen CS15000) was used to
retain the dynabeads between each wash. 300 ul of extraction solution (1% SDS 0.1
M sodium bicarbonate) was added the dynabeads were removed after a 30 minute
incubation. Then 0.7 M sodium chloride chloride was added and reverse cross-linking
occurred overnight at 65°C.

Day three involves purification of the DNA using QIAquick PCR purification
kit (Qiagen) according to manufacturer’s protocol. 1ul of DNA was analyzed in
duplicate or triplicate by SYBR-green qPCR as above (section figue . The
ddCt method (Livak and Schmittgen| 2001) was used to normalize the results to the
input chromatin to calculate the fold increase of enriched areas relative to the RHO
promoter as a negative control. The no-antibody-control provided another quality
control for the specificity of the antibodies used. There were two technical and two

biological replicates for each cell line.

2.2.13 Luciferase reporter assays

Luciferase reporter assays are used to investigate the regulatory activity of a seg-
ment of DNA. For luciferase reporter assays, the regions chr:13 73,810,509-73,813,452
around rs9600103 and chr13:73,813,268-73,816,290 around rs11841589 were cloned
into the pGL3-Promoter vector (Promega) to test for regulatory effects in Ishikawa/ECC-
1 cells. These cells were selected because they express KLF5, showed evidence of a
DHS, FAIRE and anti-H3K4Me2 enrichment at rs9600103 and were readily trans-

fectable. Site-directed mutagenesis was used so that both the high- and low-risk

59



CHAPTER 2. MATERIALS AND METHODS

alleles of rs9600103 and rs11841589 were tested. After sequencing to verify the cor-
rect insert sequences, cells were transiently co-transfected using lipofectamine with
the appropriate pGL3-Promoter constructs, and with the Renilla luciferase pGL4.75
vector (Promega) as a control for transfection efficiency.

After 48 hours, luciferase activity was measured (Dual-Glo Luciferase Assay Sys-
tem, Promega), and after subtracting background from lipofectamine-only controls,
firefly luciferase activity from enhancer regions was normalized to the Renilla lu-
ciferase values for each sample. Levels of firefly luciferase activity were compared
with a control plasmid consisting of an empty pGL3 and also a noncoding 2.2-kb
stretch of plasmid sequence (taken from the pENTRI1A plasmid, Invitrogen) cloned
into the pGL3-Promoter vector that we had previously used as a length of DNA with
no regulatory activity (Lewis et al| 2014). Luciferase activity experiments had three

or four replicates, each performed on three occasions (total of 11 assays).

2.3 Statistical Methods

2.3.1 Power calculations for genetic association studies

The power to detect a genetic association can be estimated by taking into account the
sample size, allele frequencies and the effect size of the genetic variant. This forms an
important part of planning in a GWAS and also for assessing if the allele frequencies
and effect size of associations seen are expected and if the power was present to
detect such an association given the sample size. Power can be calculated using a
summarised non-centrality parameter in a non-central x? distribution (Patnaik][1949),
which varies from zero to one.

The non-centrality parameter () is calculated by equation [2.1}

o 2T2Ncasethrl(Fcase - Fctrl)2
B NF(1-F)

A\ (2.1)
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N is the number of cases and controls, F if the frequency of the risk allele, and
r? is the LD between the marker of interest and the causal variant. Generally, a
study is well-powered to detect associations at a level of 0.8 (de Bakker et al., [2005;
?). Power calculations in this thesis were performed using an R script written by

Damjan Vukcevic.

2.3.2 Hardry-Weinberg Equilibrium

As described in section [[.5.1) HWE is an important principle in population genetics
and it describes the expected relationship between genotype and allele frequencies in a
population in the absence of non-random mating and evolutionary forces. For a single
bi-allelic locus in a sexually reproducing diploid population, this can be summarized
with the a simple quadratic equation (equation [1.1)). Evolutionary forces are always
present in real populations, although for the majority of SNPs across the genome that
are not under selection, Hardy-Weinberg proportions are observed in genoytpes and
allele frequencies.

In the context of genetic association studies, marked departures from the frequen-
cies expected under HWE can be used to look for genotyping an other errors (Hosking
et al., 2004). The genotype frequency of genotyped SNPs can be compared to their
expected frequencies under HWE with the Pearson’s x? test at 1 degree of freedom.

Significant deviation from HWE was defined as P< 1x107% in cases and controls for

GWAS analysis.

2.3.3 DMeasures of linkage disequilibrium

Linkage disequilibrium (LD) is the non-random association of multiple genomic loci
due to co-inheritance of from the same ancestral chromosome (section Reich
et al., 2001). Two alleles which are always observed together are in perfect LD. Two

alleles which are observed together as one would expect given the allele frequencies
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are in linkage equilibrium. There are two common measures of LD: D’ and r?.
Considering two bi-allelic loci, A and B, with alleles A1, A2, B1 and B2. The
frequency of Al (Pay) is Paip1 + Paip2. The frequency of the A1B1 haplotype is
Py1p1. This is summarized in table 2.4}
Table 2.4: Allele and haplotype frequencies for loci A and B.
Bl B2 | Total

Al | Papr Paipa | Pa
A2 | Paopt Paspa | Pao
Total ‘ PBl PB2 ‘

The difference between the observed haplotype frequency and the expected fre-

quency by chance is D.

D = Paip1 — Pa1 P (2.2)

D can be scaled by dividing by the theoretical maximum D, to yield D" (Lewon-
tin, (1964). A D’ value of -1 or 1 shows that there is no evidence of recombination
between the two loci. D" values are known to fluctuate if there is a small number of
samples and with rarer alleles.

The coefficient 72 is the most commonly used in association studies and is defined

as:

2 D2

rT =
PAlBIPAlBQPAQBIPAQBQ

(2.3)

The r? coefficient is used throughout this thesis. r? can vary between 0 and 1. A
value of 0 suggests that the two allele are independent while 1 suggests that there is

complete dependency.
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2.3.4 Cryptic relatedness

Cryptic relatedness describes kinship amongst cases and controls that is unknown to
the investigator. This can be reduced by careful case-control selection and the avail-
ability of genome-wide SNP genotypes allows the assessment of related based on the
genetic similarity between samples. Identity by state (IBS) is used to detect samples
that are genetically more different than you would expect in a homogenous popula-
tion. Identity by descent (IBD) identifies samples which are very genetically similar
and can be calculated in a genome-wide manner by making use of IBS information.
These calculations were done using PLINK (Purcell et al., [2007).
P(Z =

= 21) +P(Z=2) (2.4)

Equation shows the calculation for & which is a measure of relatedness between
pairs of samples. P(Z=1) and P(Z=2) are the probabilities of two samples sharing one
and two alleles respectively. The expected probability of IBD states are expressed in
terms of allele frequency and are averaged over all SNPs. A 7 score of 1 denotes that
all alleles are shared IBD, and thus represent identical twins or more likely, dupicate
samples. A 7 cutoff of 0.1875 was used which means that included samples were less

related than second-degree relatives.

2.3.5 Principal components analysis

Principal component analysis (PCA) is a statistical method to extract the main
sources of variation in a multi-variate dataset. SNPs from the GWAS datasets are
pruned with a 72 cutoff of 0.1 such that the remaining SNPs are independent mark-
ers across the whole genome. Certain regions of the genome which are known to
display long-range LD is also excluded. 40,000 or more SNPs are used in the PCA

by EIGENSTRAT software (Price et al., 2006). The variance in the genotype ma-

63



CHAPTER 2. MATERIALS AND METHODS

trix undergoes orthogonal linear transformation such that 10 principal components
(PCs) are calculated for each sample in the GWAS dataset. The greatest variance
is accounted for by the first PC and then the second, and so forth. It is possible to
visualize the results by plotting serial scatterplots of the first PC against the second,
the second against the third and so on. There is a greater spread seen in PC plots of
the first few principal components and by the 4th or 5th PC, all samples are part of
a large indistinguishable central cluster.

There are many reasons that may explain differences between the genetic composi-
tion of samples. Samples with different population ancestries would cluster separately
in PCA and thus PCA is an important method for control population stratification
in GWAS. PCA can be conducted with HapMap or 1000 Genomes samples with dif-
ferent ancestries to see if the study population cluster with European populations as
expected. Scatterplots of the first several PCs generally have a large central cluster
and samples that deviate from the centroid in plots of the first 4 PCs are excluded.
It is important that cases and controls overlap in the centroid in PCA scatterplots
as this would suggest that there are no marked genetic differences across most of the
genome. The presence of population stratification may lead to increased false positive

results (type 1 error).

2.3.6 Pearson’s \? test

The genotype counts in cases and controls can be tested for association using the
Pearson’s x? test. The Pearson’s x? test compares the distribution of observed values
with that of expected values under the x? distribution. Genotype counts in cases and
controls can be put in a contingency table and the row and column totals are used to
calculate expected genotype counts. The x? test statistic summarizes the difference

between the observed and expected genotypes (equation [2.5]).
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=3 (?E (2.5)

O; and FE; are the observed and expected values in each cell of the contingency
table. Given the degrees of freedom, the level of significance can be represented using
P-values. A low P-value would suggest marked differences between the observed and
expected values and that the null-hypothesis of no association should be rejected.
3x2 contingency tables can be used to assess genotypes with two degrees of freedom.
Alternatively, 2x2 contingency tables can be used for allelic, dominant or recessive
models with one degree of freedom. Observed and expected values would differ greatly
if HWE does not hold, and this produces a high y? statistic.

Association testing in the NSECG GWAS (chapter 3) was done using PLINK

software (Purcell et al.l 2007).

2.3.7 Logistic regression

In a case-control study, logistic regression measures the relationship between the bi-
nary phenotype and independent variable: genotype. Other independent variables
can be included in the log-linear model. Factors such as age, family history or princi-
pal components can be included as covariates as the addition of this information may
improve the correlation between genotype and phenotype. Covariates were not used
in the association testing in chapters 4 and 6.

Association testing in chapters 4 and 6 was done using SNPTEST (Marchini and
Howie, 2010) where the additive model was used. SNPTEST was also used to conduct
step-wise conditional testing for the 1.5 regions containing genome-wide significant
novel risk loci.

Association testing conditioning on the top SNP would mitigate the effects of this

SNP and reveal the presence of any residual association signal that may be hidden.
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SNPs that are in high LD with the top SNP will be less significant after conditioning
for the top SNP, but other SNPs which are not in LD may remain, suggesting an
independent association signal. Conditional testing can be done conditioning on the
lead SNP, and the second most significant SNP, and so on, until no association signal

remains.

2.3.8 Genomic inflation

Genomic inflation is the systemic overdispersion of the test statistic. This is seen
by an unusually large number of SNPs that display some degree of significance in
association testing. This is important in GWAS because of the large number of tests
being done, and the vast majority of SNPs in the genome are not expected to be
associated with the phenotype of interest. The genomic inflation factor (A) is the
ratio between the median of the observed test statistic distribution and the expected
median. A )\ of close to one suggests that there is no significant genomic inflation and
generally, a A\ of less than 1.05 is acceptable in GWAS. As the number of samples in
a GWAS increases, reaching the tens of thousands and beyond, A also increases. The
genomic inflation factor is interpreted in conjunction with the quantile-quantile plot,
which compares the observed and expected vales for each SNP and provides a visual

representation of the same data.

2.3.9 Imputation

As discussed in section [2.3.9 SNPs that are not directly genotyped on a SNP array
can be inferred with the aid of the haplotype structure of a reference panel, and a
fine-scale recombination map. Imputation was done using IMPUTE2 (Howie et al.,
2009) which employs hidden Markov models in order to compute the probability of
observing a particular genotype at a particular locus. An effective population size

of 20,000 was used as per recomendations. The quality of the imputation can be

66



CHAPTER 2. MATERIALS AND METHODS

assessed using information scores and only SNPs with an info score of more than 0.9
are used for subsequent analysis.

Imputation is most accurate when the haplotype structure of the reference panel
highly resembles that of the reference panel. For this reason, 1000 Genomes includes
individuals from diverse ancestries and the appropriate haplotypes can be used for im-
putation. The Tomlinson group has access to high-coverage whole-genome sequences
for 196 UK individuals and these were phased and used as an additional reference
panel. Complete Genomics sequencing offers higher coverage (>30x) compared with
1000 Genomes (4-6x) and the addition of UK samples to the reference panel is benefi-
cial because the majority of samples in the EC meta-analysis are from the UK. Other
studies have also found increased imputation accuracy with the addition of additional

sequencing as an additional reference panel (Timpson et al., 2014).

2.3.10 Inverse variance fixed-effects meta-analysis

Meta-analysis is a method used to aggregate results from multiple studies in order
to determine the overall effect. This is based on summary statistics from each study
for each genotyped or well-imputed SNP: the effect size and standard error. If the
effects from multiple studies concur, this means that the observation is made in a
larger population. There is an increased statistical power to detect associations with
larger sample sizes.

There are different methods for meta-analyses and a commonly used one is the
inverse-variance method (Fleiss,|1993). Studies are combined using a weighted average
and the weight of each study can be assigned based on variance, which reflects sample

size. The weight of the i'" study (W;) can be given as
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where 07 is the variance of the 7" study. The combined effect of N studies (/) is

YN, BiW;

S T

(2.7)

where f3; is the effect size of the i*" study. The variance for the combined effect

(62) is

1

2=
Y, Wi

(2.8)

The standard error of the combined effect is the square-root of the variance (9).
The significance of the overall effect can be calculated using a x? test.

A fixed effect meta-analysis assumes that all samples come from a homogenous
population and that all studies share a common effect size. Thus the size of the study
is the only factor that determines how closely it approximates the true effect size,
with larger studies being more reliable.

In a scenario where there is significant heterogeneity, the random effect model
allows for a distribution of different true effect sizes across different studies (DerSi-
monian and Laird, |1986]). The combined effect of the random effect model represents
the mean of the population of true effects. As well as weighting each study based on
intra~study variance (like the fixed effect model), it also takes into account inter-study
variance.

The fixed and random effects models vary in how much weight they assign to
each study and this produces marked differences on the contribution of studies with
small sample sizes or extreme effects. When there is little heterogeneity of effect
sizes in a meta-analysis, both methods will produce comparable results. Thus, meta-
analysis results should be interpreted in conjunction with measures of between-study

heterogeneity (section [2.3.11]).

Fixed effect meta-analysis was used for both chapters 4 and 6. For the EC meta-
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analysis in chapter 4, the prevalence of EC is comparable in samples of European
ancestry from the Europe, US and Australia, and similar study designs were employed.
All samples used in the EC CRC meta-analysis were also of European ancestry and
there was no specific hypothesis to support varying effects in EC and CRC. SNPs
that show a comparable effect size in both phenotypes and all study groups would be
easier to interpret. Meta-analysis was conducted for all genotype and well-imputed

SNPs (info >0.9) using GWAMA (Mégi and Morris, [2010).

2.3.11 Measures of heterogeneity

In the context of genetic association studies, it is important to assess the heterogeneity
in a meta-analysis because a highly significant result could be driven by a spurious
extreme result by a single study. There are two common measures of heterogeneity
in meta-analyses.

Cochran’s statistic (Q) is defined as:

N
Q=> Wi(B—8) (2.9)
i=1

where W; is the weight of the *" study, 3 is the combined effect, and 32 is the
effect size of the i** study. The x? test can be used to obtain a P-value to assess the
significance of the heterogeneity. The Cochran statistic is underpowered if there are
very few studies and with small studies. An alternative is the I? heterogeneity metric

which is defines as:

Q- (N-1)

P=-_" " .
5 (2.10)

where Q is the Cochran’s statistic and N is the number of studies. I? measures the
proportion of total variation across studies due to heterogeneity beyond chance, and

can vary from 0-1. Generally, I? values of more than 0.5 signify large heterogeneity.
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GWAMA calculates both these statistic and the I? metric has been used in this these
because a proportion is easier to interpret compared with a cut-off score (Huedo-
Medina et al., [2006). The heterogeneity measures are also interpreted in conjunction
with the forest plot, which is a helpful visual representation of the effect sizes and

confidence intervals of different studies.

2.3.12 Functional annotation of associated variants

Associated variants identified in GWAS can be annotated using public databases that
provide different measures of functional significance. Variants identified in GWAS are
generally thought to be tag-SNPs and the causal variant is in LD with the tag-SNP.
By annotating the most significant SNP and other variants that are in partial LD, one
can investigate if these variants have been identified as potentially functional based
on other experiments.

Haploreg concentrates on annotating non-coding regions by identifying nearby
SNPs that are in LD based on 1000 Genomes data (Ward and Kellis, |2012)). Anno-
tation includes predicting chromatin state in different cell types, conservation across
mammals and effects on regulatory motifs. RegulomeDB is a similar annotation
software that makes use of manual annotations, computational predictions and high-
throughput experimental data to derive a Regulome DB score that ranges from 1la
to 6. la is the highest score in terms of regulatory potential and is characterized by
correlation to expression data, transcription factor binding and DNAse hypersensi-
tivity. These programs are helpful in assessing variants for regulatory potential and
querying multiple publicly available databases allows one to look for different types

of evidence that can guide further functional work.
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NSECG GWAS

3.1 Introduction

3.1.1 Background

As discussed in section [I.6, GWAS is a powerful method for identifying genetic vari-
ants associated with common phenotypes such as EC. When the genotyping and data
analysis was conducted for this study, an EC GWAS (Spurdle et al., 2011)) with cases
and controls from Australia and the UK had recently identified a single risk loci;
rs4430796, a tag-SNP located in the intron of HNF1B on chromosome 17. Some of
the samples from the National Study of the Genetics of Endometrial Cancer (NSECG)
were previously used in the replication phases in the study by Spurdle et al. but were
not genotyped using arrays in the discovery phase of that study. Thus the genotyping
of NSECG samples using [llumina 660W Quad arrays can be seen as an independent

discovery scan to identify additional variants associated with EC.

3.1.2 Aims and Overview

This chapter describes the effort to investigate the genetic susceptibility to sporadic

EC in individuals of British Caucasian ancestry using 925 NSECG EC cases and
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2,507 cancer-free controls. This GWAS identified one SNP with a P-value of less
than 10: rs4430796 (OR=0.74, C1%95 0.65-0.83, P=9.94x10—7. This replicates the
result described by Spurdle et al. and further lends weight to the significance of the
chromosome 17q12 HNF1B locus in EC predisposition. The second SNP of inter-
est, 159313548 (OR: 0.1.28, 95%CT 1.15 — 1.42, P=7.22x1079) is located at chromo-
some 5q35 near FGF18. Association testing with 801 cases of endometrioid histology
yielded slightly more significant results for rs4430796 and rs9313548 ( P=2.90x10~"

and 3.47x107° respectively).

3.2 Population cohorts

The NSECG study consists of women with a histological diagnosis of EC identified
by collaborating clinicians in England. Details of the study can be found in section
and 1,000 samples were genotyped using the Illumina 660WQuad arrays (section
of which 925 samples passed all quality control measures. These cases were
analysed with 2,507 controls from the CORGI, Scotland phase 1 and WTCCC2 1958
Birth cohort (BC58) controls (see section [2.1)). MSI status and genetic testing results
were not available for all NSECG EC cases, but samples were excluded if they had a
diagnosis of LS from pathology reports or clinical records.

Samples used in the NSECG GWAS analysis consisted of 925 NSECG EC cases
and 2,507 cancer-free controls, 895 from the CORGI study, 391 from Scotland 1 and
1,221 from the BC5S.

3.3 Power calculations for NSECG

The power to detect associations can be calculated given the number of cases and
controls for a binary trait. The methodology used for calculations is described in

section [2.3.1], and figure[3.1]shows the power to detect associations at different control
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allele frequencies for the NSECG dataset.
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Figure 3.1: Graph showing the power to detect associations at P=10"* in NSECG
given different minor allele frequencies of controls.

This study has 57% power to detect associations at P=10"* for a SNP with a
MAF of 0.4 and OR of 1.25. Assuming the same allele frequency and effect size,

this study only has 8.4% power to detect associations at genome-wide significance

(P<5x1078).

3.4 GWAS quality control measures

Stringent quality control measures are required in GWAS in order to avoid the danger
of spurious associations. There are strict parameters which should be met and devia-
tion from this can suggest errors or biases anywhere in the pipeline from the collection

of samples to the processing of samples and analysis. Quality control measures can
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be broadly separated into those conducted in a per sample basis to those conducted
in a per SNP basis. Generally, per sample quality control measures are conducted
before per SNP quality control measures in order to first remove any samples that

might have grossly failed genotyping.

3.4.1 Sample quality control

The following quality control measures assess the quality of the DNA samples used.

3.4.1.1 Concordance of duplicate samples

Duplicates of samples ENDO12G3 and ENDO12G6 were included. The duplicates
were processed on different days and on a different array plate. All 4 samples had
an individual call rate of more than 99% and comparing the genotype calls between
duplicates, there was a concordance of more than 99.9%. This suggests a high ac-
curacy in genotyping and consistency in the genotyping process with no observable
difference in processing between different batches. The two samples with the higher

call rate were kept for subsequent analysis.

3.4.1.2 Missingness and heterozygosity

Samples with more than 5% missing genotypes were excluded from further analysis.
Individuals with a high proportion of missing genotypes may suggest a suboptimal
genotyping process or poor DNA quality, and missing data can skew association
testing. Nineteen EC cases were removed because of low genotyping. Extreme het-
erozygosity of autosomal SNPs may suggest contamination or inbreeding and the
proportion of missing genotypes was plotted against heterozygosity rates ((N-O)/N;
where N is the number of observed genotypes, O is number of homozygotes). Figure
[3.2] shows that there are several samples that are excluded both because of low geno-

typing call rates and increased heterozygosity and this may suggest contamination
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present in these samples. Samples with slightly lower heterozygosity and >95% call
rates were kept since significant inbreeding is less likely to be present because these

samples subsequently passed IBD QC analysis.
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Figure 3.2: Plot of heterozygosity against missingness in NSECG samples. Cut-offs
for heterozygosity and missingness were set at 0.34 and 0.05 respectively

3.4.1.3 Sex-check based on chromosome X homozygosity

The sex of each sample is estimated using the genotype data on chromosome X
excluding the pseudo-autosomal regions, and this is compared with the sex provided
in the phenotype files. The X chromosome inbreeding/homozygosity estimate (or F-
score in PLINK) approximates the homozygosity of the X chromosome. Since males
have only a single version of chromosome X, they should be homozygous for all SNPs
not in pseudo-autosomal regions and yield an F-score of 1. Females have a lower

rate of homozygozity given the presence of two alleles for each SNP and therefore
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the presence of heterozygotes. This score can be affected by genotyping error and in
practice, a male call is made if F is more than 0.8; a female call is made if F is less than
0.2. Any discrepancy between the imputed and recorded sex status highlights possible
plating errors, sample mix-ups or contamination. This is especially important as we
are studying a female specific disease phenotype and a discordant imputed sex status
can flag up male controls mis-assigned as cases. In our study, no sample in either

cases or controls, was excluded based on imputed sex.

3.4.1.4 Pairwise identity by descent (IBD)

Each individual is compared to every other and estimates of pairwise IBD identifies
individuals who are genotypically more similar to each other then we would expect
by chance (section . In the presence of duplicates and family members, the
genotypes of these individuals are over-represented and not an accurate reflection of
the allele frequencies in the larger population, to which we want to generalize the
results to. The maximum relatedness between any pair of individuals is less than
that of a second-degree relative and thus a cut-off of 0.1875 was used. In our sample

set, 9 individuals were excluded for this reason.

3.4.1.5 Principal components analysis

Confounding is a source of bias in GWA studies caused by underlying differences be-
tween the case and control groups apart from their case/control status. Population
stratification describes the genotypic differences between cases and controls due to
systematic ancestry differences. It is therefore important to exclude individuals of di-
vergent ancestry so that the differences in allele frequency driving the association are
indeed due to disease status and not heterogeneous ancestry. PCA has been shown
to be an effective way to control for population stratification in GWAS . PCA is a

multivariate statistical method that uses orthogonal transformation of observations
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in a data matrix to produce linearly uncorrelated variables, called principal compo-
nents (section [2.3.5). PCA can also detect other confounding factors that could have
caused systematic differences between the case and control group and thus in an ideal
situation, the case and control individuals should cluster tightly and overlap for scat-
ter plots of the first few principal components. Samples that clustered away from the

main centroid in the first 4 PCs were excluded.

3.4.2 SNP Quality Control

The following quality control measures assess the quality of genotyped SNPs.

3.4.2.1 Genotypic call rate

SNPs will only be kept if the call rate per genotype is above 95%. SNPs with low
call rates may indicate that they were poorly designed and that the arrays cannot
accurately determine the genotypes for these SNPs. In commercial SNP arrays, there
is usually more than one set of probes for each SNP in order to increase the accu-
racy of the genotyping but there is a subset of SNPs that fail because of nucleotide

unspecificity.

3.4.2.2 Hardy-Weinberg Equilibrium

SNPs that show extensive deviation from Hardy-Weinberg equilibrium (HWE) are
removed and the threshold used in this study was P<10% HWE is expected to
hold in stable populations in the absence of selection (section , and significant
deviation indicates an unexpected relationship between allele frequency and genotype
counts. This can arise due to failed array genotyping or faulty clustering and genotype
calling. While controls should be well within HWE, deviation from HWE in cases may

also suggest selection, which can exist in the presence of a phenotypic association.
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3.4.2.3 Minor allele frequency

Rare SNPs with a minor allele frequency (MAF) of less than 1% suggest a low num-
ber of rare homozygotes and heterozygotes and genotype-calling algorithms are ill-
equipped to make these calls accurately unless there is a large number of samples for
clustering. SNPs with a low minor allele frequency may also cause spurious associa-
tions because the signals were driven by a small number of individuals who possess

the rare variant and the power to detect association with rare variants is low.

3.4.2.4 Evaluation of cluster plots for top SNPs

Cluster plots were checked manually for SNPs that show promising results from as-
sociation analysis. If distinct groups were seen, then it was manually re-clustered for
that marker whereas markers showing poor differentiation between the three geno-

types were zeroed and excluded from analysis.

3.5 Control of population stratification

As stated above, the control of population stratification is one of the most important
aspects of a GWAS in that the differences in ancestry can account for differences in
allele frequency in cases and controls. This study aims to look at susceptibility to EC
in an English population of Caucasian ancestry, and recruiting questionaires helped
us to screen out any individuals who did not identify themselves as "White-British."
PCA (section is a useful method for controlling population stratification and we
conducted multiple rounds of PCA in order to exclude outlying samples that deviated
significantly from the main cluster.

40,382 SNPs that were present in all case and control datasets were used for PCA
in order to control for population stratification. These SNPs pass all of the quality

control measures described above, and in addition, regions of long range linkage
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disequilibrium were excluded. The SNP set was pruned so that nearby SNPs in LD
with ar? of more than 0.2 were excluded since relatedness between the markers can
influence the principal components model.

PCA was first conducted on the NSECG cases in a dataset combined with HapMap
haplotype data to detect large-scale continental level ancestry differences. The four
populations in the HapMap Project include haplotype information from 30 Yoruba
Trios from Nigeria (YRI), 30 trios of northern and western European ancestry (CEU),
44 unrelated individuals from Tokyo Japan (JPT) and 45 unrelated Han Chinese indi-
viduals from Beijing, China (CHB). Figure shows that all NSECG cases clustered
well within the European CEU cluster except for four outlying samples that deviated
significantly toward African ancestry and 11 outliers deviating toward the Asian an-
cestry cluster. Exclusions were made at the dividing line as shown in figure |3.3| and
samples that deviated slightly from the main cluster are further assesed in subsequent
PCAs.

Cancer-free controls were available from the UK-CORGI and Scotland phase 1
studies. In addition, publicly available WTCCC2 controls were used base on a birth
cohort and blood donation services. Some WTCCC controls were matched with
SEARCH cases in the GWAS by Spurdle et al. and thus I used 1,221 BC58 controls
that were not used in the SEARCH analysis. Figure [3.4]shows the PCA with NSECG
cases and controls from CORGI, Scotland phase 1 and BC58. Samples were excluded
as shown and the remaining 925 NSECG cases and 2,507 controls cluster tightly
for the first two principal components as shown, and also for subsequent principal
components, suggesting that there is no significant population stratification in this
study. Thus, principal components were not included as covariates in the association
analysis.

It is worth noting that not all the controls have been screened for EC, and male

controls are also included in the analysis although EC only affects females. The
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Figure 3.3: PCA of NSECG samples with HapMap samples of European (CEU),
Yoruba African (YRI), Japanese (JPT) and Chinese (CHB) ancestry. The first two

principal components are used in this scatter plot, NSECG samples below the dividing
line were excluded.
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prevalence of EC is relatively low in the general population and therefore the chances
of misclassification bias is low. In addition, only autosomal variants are assessed in
the GWAS, there is no evidence that inheritance of autosomal variants in influenced
by sex, and thus inclusion of a larger number of controls of both sexes provides an

improved approximation of allele frequencies in the general population.

Group
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Figure 3.4: PCA of NSECG cases and CORGI, Scotland phase 1(MD) and 1958 birth
cohort (BC58) controls. This is a scatter plot of the first two principal components.
Samples below the dividing line were excluded.

3.6 Results

Association testing was performed using PLINK software, with allelic ORs calculated
using the allelic test. The quantile-quantile plot (QQ plot) sorts all of the SNPs in
order from highest to lowest P-values, and plots the expected P-values against the

observed values on a logarithmic scale. The y=x guideline allows the comparison of
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observed and expected values, and a marked upward deviation from the guideline
would suggest that there is a propensity for false positive results. Figure demon-
strates that the majority of markers follow the null distribution with only a handful of
SNPs in the upper tail showing evidence of association. The genomic inflation factor
(Agc, see section , based on the median x? statistic, is 1.02 and this suggests
that there is no significant population stratification that is unaccounted for and that

there is a low chance of systematic false positive associations in this analysis.

observed -logP values

expected -logP values

Figure 3.5: Quantile-quantile plot of NSECG association testing results comparing
observed and expected levels of significance in -logyy P-values.

The P-values from association testing were plotted for all SNPs across the genome
in the Manhattan plot in figure 3.6 The —logy( of the P-values are plotted against the
SNP’s position in the genome and thus SNPs with the lowest P-values, the highest
significance where the null hypothesis of no association should be rejected, appear

highest in the plot. As expected, the vast majority of SNPs tested showed little or

82



CHAPTER 3. NSECG GWAS
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Figure 3.6: NSECG Manhattan plot: Y-axis is -logjg P-values from EC association
testing. X-axis is genomic position, with chromosomes marked. Horizonal line repre-
sents P=10-5.

no association with EC. The 15 most significant SNPs are listed in table 3.1]

There were two SNPs with a P-value of less than 10 and the most significant
SNP is rs4430796 (OR: 0.74, CI95: 0.65 — 0.83, P=9.94x10"") which is located at
the second intronic region of HNFI1B at 17q12, 12kb away from the transcription
start site. Figure is the regional association plot which shows the location of
the top SNP in relation to HNF1B and the genes nearby. There are two SNPs in
linkage disequilibrium (with an r? of more than 0.4) close to rs4430796 with P-values
of less than 10, which gives support to the existence of an important variant in this
region and also suggests that the haplotype structure in NSECG is similar to that of
European samples in the 1000 Genomes Project.

The second SNP with a P-value of lower than 10 is rs9313548 (OR: 0.1.28, 95%CI
1.15 — 1.42, P=7.22x107%) which is located in an intergenic region of chromosome
535, 76kb downstream from FGF18 and 128kb downstream of NPM1. Figure |3.8
is the regional association plot of rs9313548 and that shows several nearby SNPs in

partial LD with P-values of less than 0.001 and also the relation of these SNPs to
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Figure 3.7: Regional association plot of chromosome 17q12 around rs4430796. The
top SNP rs4430796 is marked as a purple diamond, and the dot color represents the
LD with the top SNP. Y-axis is -log1y P-values from the NSECG GWAS. The blue line
shows recombination rates in ¢cM/Mb.

nearby genes.

ECs with endometrioid-only histology have been postulated to be oestrogen driven
and follow a different clinical course (section [1.1.5)), and thus association testing was
also done with the 795 EC cases with endometrioid-only histology. The two most
significant SNPs were 154430796 (OR: 0.71, C195%: 0.63 - 0.81, P=2.90x10"") and
rs9313548(OR: 1.31, C195%: 1.17 - 1.46, P=3.47x107%). These are the same SNPs
as the all histologies analysis and there were no other SNPs that were found with

P<10~% which are not listed in table [3.1]

3.7 Discussion

The NSECG GWAS identified two SNPs with a P-value of less than 107%; the more
significant is rs4430796, which is located in the intronic region of HNF'1B on chromo-

some 17q12.

HNF1B (hepatocyte nuclear factor 1 homeobox B) encodes a member of the
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Figure 3.8: Regional association plot of chromosome 5q35 around rs9313548. The
top SNP rs9313548 is marked as a purple diamond, and the dot color represents the
LD with the top SNP. Y-axis is -logjo P-values from the NSECG GWAS. The blue line
shows recombination rates in ¢cM/Mb.

homeodomain-containing superfamily of transcription factors and rs4430796 has pre-

viously been associated with certain subtypes of ovarian cancer (Pharoah et al.,2013;

Shen et al., [2013) , prostate cancer (Berndt et al., [2011) and type 2 diabetes (Gud-

mundsson et al., [2007). Although an increased body mass index (BMI) is a risk

factor for both type 2 diabetes and EC, and type 2 diabetes has been associated with
an increased risk of EC (section , the association is in opposite directions sug-
gesting different causal mechanisms. Of interest to gynecological system, recurrent
microdeletion at 17q12 is a cause of Mayer-Rokitansky-Kuster-Hauser (MRKH) syn-
drome, which is characterized by congenital aplasia of the uterus and upper vagina

due to anomalous development of the Mullerian ducts. HNF1B deletions are associ-

ated with incomplete Mullerian duct fusion (Bernardini et al, [2009) and Mullerian

duct aplasia causing combined uterine and renal malformations (Oram et al., 2010).

FGF18 is a mitogenic member of the fibroblast growth factor family, which are
tyrosine kinases that regulate cell proliferation and metabolism. This gene encodes

a phosphoprotein which moves between the nucleus and the cytoplasm and the gene
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product is thought to be involved in several processes including regulation of the
ARF/p53 pathway. FGF signalling has been shown to increase the mitotic rate of tu-
mour cells, promote tumour angiogenesis and enhances tumorigenicity of cancer stem
cells (Beenken and Mohammadi, 2009; Turner and Grose, [2010). Multiple drugs have
been developed in order to block the FGF pathway including monoclonal antibodies
(Sun et all, |2007) and FP-1039, soluble decoy receptor which targets the mitogenic
members of the FGF family including FGF18

The NSECG GWAS has provided further evidence for the association of HNF1B
SNP rs4430796 with EC and found other promising risk loci including chromosome
535 near FGF18. Further genotyping and meta-analysis with other EC GWAS would
increase the power to detect associations and a collaboration has been formed with
the ANECS and SEARCH GWAS studies in order to identify more risk loci associated
with EC.
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Endometrial cancer GWAS

meta-analysis

4.1 Introduction

4.1.1 Background

GWAS have been successful in identifying common variants that are associated with
complex traits and the combining of different GWAS of the same phenotype provide
additional power to detect associated variants (Evangelou and loannidis, [2013). The
added sample size increases power but may also introduce heterogeneity, in that sam-
ples may display more diverse geographical locations, ancestries, sample recruitment
methods and processing. There have been other EC GWAS and EC is a phenotype
that can be consistently ascertained via pathology reports and cancer registries. The
meta-analysis conducted in this chapter makes use of samples from the UK, Europe,

USA and Australia, all of European ancestry in order to reduce genetic heterogeneity.
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4.1.2 Aims and overview

This chapter describes the meta-analysis of NSECG with a re-analysis of a previously
published EC GWAS consisting of ANECS and SEARCH datasets (1287 cases, 5584
controls, Spurdle et al. [2011) and two replication phases. The first replication phase
consists of 4,330 EC cases and 26,849 controls from Europe, the United States and
Australia analysed in eight groups as the Endometrial Cancer Association Consortium
(ECAC) branch of the Collaborative Oncological Gene-environment Study (COGS)
initiative. The second replication phase made use of non-overlapping NSECG samples
in order to directly genotype and validate SNPs that were near or surpassing genome-
wide significance. Figure is a flow diagram that summarizes the EC meta-analysis
study design and results.

I discovered five novel endometrial cancer risk loci mapping to chromosomes
13g22.1 (rs11841589, near KLF5 and KLF12), 6q22.31 (rs13328298, in LOC6/3623
and near HEY2 and NCOA7), 8q24.21 (rs4733613, telomeric to MYC), 15q15.1
(rs937213, in EIF2AK/, near BMF') and 14q32.33 (rs2498796, in AKT1, near SIVA1).
The association of the chromosome 15q15 CYP19A1 from previous candidate gene

studies was confirmed to be genome wide-significant for the first time.

4.2 Additional cohorts

In order to identify additional EC risk loci, a meta-analysis was performed using EC
cases and controls from a previous EC GWAS (Spurdle et al., 2011) and two further
replication phases as detailed in figure Detailed descriptions about each study
cohort can be found in section WTCCC2 controls were previously used in the
SEARCH study and National blood service (NBS) and 1958 birth cohorts controls

were allocated in the meta-analysis such that each control group was used only once.
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NSECG GWAS ANECS GWAS SEARCH GWAS

925 cases, 3960 controls 606 cases, 3083 controls 681 cases, 2501 controls
Illumina 660, 550, 300, 240S, Illumina 610K [lumina 610K

1.2M Australia UK

UK

Phase 1iCOGS Replication

ANECS SEARCH NSECG MECS

538 cases, 1697 controls|773 cases, 7510 controls | 965 cases, 2637 controls | 221 cases, 2355 controls

lllumina iSelect* lllumina iSelect lllumina iSelect lllumina iSelect

Meta-analysis ;
Australia UK UK USA

6542 cases, 36393 controls
14 SNPs P<10°
5 SNPs P<107

LES BECS/HJECS MoMaTEC CAHRES/

RENDOCAS
321 cases, 1382 controls| 137 cases, 4117 controls| 599 cases, 234 controls |,7¢ 2o 6917 controls
lllumina iSelect lllumina iSelect lllumina iSelect lllumina iSelect
Belgium Germany Norway Sweden
Phase 2 *ICOGS lllumina iSelet array: ~200K SNPs. 1483 SNPs proritized from orignal EC

NSECG Replication

GWAS analysis. Other SNPs from prostate, breast and ovarian cancer studies.

NSECG

1195 cases, 751 controls

KASPar, Fluidigm BioMark
UK (for 5 SNPs)

Overall meta-analysis
> 7737 cases, 37144 controls
5 novel SNPs P<5x10%

Figure 4.1: The NSECG GWAS was meta-analysed with the ANECS and SEARCH
GWAS and phase 1 iCOGS replication (eight groups). This meta-analysis of 6,542
cases and 36,393 controls yielded 14 regions with at least one SNP P < 1075, of which
five regions contained SNPs with P < 10~7. Five SNPs were brought forward to the
phase 2 NSECG replication and were confirmed as novel genome-wide significant risk
loci (P<5x107%) in the overall meta-analysis of 7,737 cases and 37,144 controls.
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4.2.1 Previous EC GWAS

The Australian National Endometrial Cancer Study (ANECS) is an Australian population-
based case-control family study of cancer of the uterine corpus with 608 EC cases of
endometrioid histology and 3,083 controls. The UK Studies of Epidemiology and Risk
factors in Cancer Heredity (SEARCH) is an ongoing population-based study with 681
EC cases of endometroid histology matched with 2,501 NBS controls. All samples
were genotyped using [llumina 610K arrays except NBS, which was genotyped using
Mlumina 1.2M arrays. Standard quality control measures were conducted by collab-
orators as detailed in the publication (Spurdle et al., 2011)) and I also checked for all

quality control measures described in chapter 3.

4.2.2 Phase 1 iCOGS replication

The phase 1 iCOGS replication consists of a further 4,330 EC cases and 26,849
controls from Europe, the United States and Australia who were genotyped using
a custom Illumina Infinium iSelect array as part of the Collaborative Oncological
Gene-environment Study (COGS) initiative (Eeles et al. 2013; Michailidou et al.,
2013; Pharoah et al., |2013; [Sakoda et al. [2013)). The SNPs on this array were chosen
based on regions of interest from previous breast, prostate, ovarian and endome-
trial cancer studies, rather than for genome-wide coverage. This array also included
1,483 SNPs selected on the basis of the most promising signals from the previous
EC GWAS (ANECS and SEARCH). The controls were healthy females participating
in the Breast Cancer Association Consortium (BCAC, Michailidou et al., [2013)) and
Ovarian Cancer Association Consortium (OCAC, |Pharoah et al., 2013)) parts of the
iCOGS project, and were matched and analyzed with EC cases in eight groups based
on geographical location and case-control clustering in PCA. All samples were of Fu-

ropean ancestry as confirmed by PCA and samples were excluded if they clustered

away from the centroid in the first four PCs (figure [4.3).
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NSECG GWAS ANECS GWAS SEARCH GWAS

0,06~
0.050-

1.0
PC1

Figure 4.3: Plots of the first two principal components (PCs) in each study. EC cases
are represented by blue dots, whereas controls are in black. Samples were excluded if
they clustered away from the centroid in the first four PCs and these are plots of the

samples used in the analysis.
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4.2.3 NSECG replication

In the meta-analysis of three EC GWAS(NSECG, ANECS and SEARCH) and eight
groups in the iCOGS replication, I identified five novel regions with at least one SNP
with Ppete <1077, After regional imputation, five SNPs were genotyped in the phase
2 NSECG replication using 1,195 non-overlapping EC samples from NSECG and 751
UK CORGI controls using competitive allele-specific PCR (KASPar, KBiosciences)
and the Fluidigm BioMark HD System. These samples were collected as part of the
NSECG and CORGI studies as described previously (section , but had not been
used in the NSECG GWAS or the NSECG part of iCOGS genotyping.

4.3 Power calculations for EC meta-analysis

The NSECG, ANECS, SEARCH and iCOGS meta-analysis totalled 6,542 cases and
36,393 controls and figure shows the power plot for this analysis. This study has
74% power to detect a SNP with MAF 0.2, OR 1.15 at genome-wide significance
(P=5x10"%)

4.4 Meta-analysis of NSECG, previous EC GWAS

and iCOGS

Case-control analysis for the three GWAS and eight iCOGS groups were performed
using frequentist tests with an additive effect logistic regression model. There was
little evidence of systematic overdispersion of the test statistic (Agc=1.002-1.038 in
each of the groups, figure . All genotyped SNPs were used for the Ag¢ calculations
and quantile-quantile (QQ) plots for the NSECG, ANECS and SEARCH GWAS.
SNPs within 500kb or in LD (r?>0.2) with previously prioritized EC SNPs were

excluded. The remaining ~100,000 SNPs were used for Agc calculation and QQ
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EC meta—analysis
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Figure 4.4: Power plot EC meta-analysis with 6,542 cancer cases and 36,393 controls.
The graph displays the power to detect associations at P=5x10"% given the odds ratio
and minor allele frequency.
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plots for the eight iCOGS groups.

Fixed-effects, inverse variance-weighted meta-analysis (section was con-
ducted for all typed and well-imputed SNPs (info score>0.90) in a total of 6,542 EC
cases and 36,393 controls of European ancestry. Heterogeneity was assessed using the
I? statistic (section.The genotyping arrays for NSECG, ANECS and SEARCH
were designed for genome-wide coverage, and thus genome-wide imputation was con-
ducted for these studies. The iCOGS was designed based on previously prioritized
cancer SNPs and thus, only genotyped SNPs were used in this phase 1 meta-analysis.

For the 14 regions that contained at least one SNP with a P-value <107°, I per-
formed imputation of the 1.5Mb surrounding region using two reference panels (1000
Genomes 2012 release and 196 high-coverage whole genome-sequenced UK individu-
als, section . The inclusion of UK high-coverage sequence data as a reference
panel allowed me to more accurately infer the haplotype structure in these regions
of interest (Timpson et al. [2014; Whithn et al., [2013). Table displays phase 1
meta-analysis results . An imputed SNP with a more significant P-value is included
only if it has an IMPUTE2 information score of more than 0.9. T employed this strin-
gent info score cutoff because I wanted to improve the chances of replicating allele

frequencies in cases and controls in the phase 2 replication genotyping.

4.5 NSECG replication

There are five regions novel SNPs with P,,.,<1077 in the meta-analysis including the
phase 1 replication, and the most significant SNP from each region was genotyped
using competitive allele-specific PCR (KKASPar, section and Fluidigm BioMark.
Fluidigm BioMark HD System genotyping was carried out by collaborators in Bris-
bane using standard protocols. Table shows the NSECG replication results. The

case and control allele frequencies were similar to previous studies and the ORs and
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Figure 4.5: EC GWAS and iCOGS quantile-quantile plot: -logjy P-values (y-axis)
are plotted against the expected -logig P-values expected under the null hypothesis (x-
axis). The red line denotes the expectation under no deviation from the null hypothesis.
The QQ plots show little evidence of genomic inflation and the Agc for each study are
NSECG GWAS 1.020, ANECS GWAS 1.021, SEARCH GWAS 1.002, ANECS iCOGS
1.036, SEARCH iCOGS 1.016, NESCG iCOGS 1.038, MECS iCOGS 1.007, LES iCOGS
1.034, BECS iCOGS 1.030, MoMaTEC iCOGS 1.034, CAHRES RENDOCAS iCOGS
1.037. All SNPs for the NSECG, ANECS and SEARH GWAS are included.
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standard errors were used in an overall meta-analysis totalling 7,737 cases and 37,144
controls. In summary, the five novel EC risk loci were directly genotyped in the
NSECG replication and either genotyped or imputed with an info score of more than

0.9 in all datasets.

4.6 Genotyping platform concordance

A small number of samples were genotyped in multiple platforms as part of quality
control. Table shows that samples genotyped on different platforms showed a

concordance of >98.5%.

4.7 Novel EC risk loci

The five SNPs genotyped in the NSECG replication were meta-analysed with the
previous results and all five were confirmed to be associated with EC at a genome-
wide significant level (table . The five novel loci mapped to chromosomes 13q22.1
(rs11841589, near KLF5 and KLF12), 6q22.31 (rs13328298, in LOC643623 and near
HEY?2 and NCOAT), 8q24.21 (rs4733613, telomeric to MY (), 15q15.1 (rs937213, in
EIF2AK/, near BMF) and 14q32.33 (rs2498796, in AKT1, near SIVA1). Analysis
was also done using the 6,635 EC cases with endometrioid only histology and those
results are displayed in table [£.4] The 6q22 locus was the only one to show increased
significance using endometrioid histology cases only. Analysis of 5,590 endometrioid
histology EC cases for other SNPs across the genome in the phase 1 meta-analysis
did not reveal any novel SNPs of a high association significance not listed in table
4.1l Conditional analysis was conducted for each locus and chromosome 8q24 is the
only one to show evidence of a second independent signal. The five novel genome-
wide significant EC risk loci are presented in descending levels of significance in the

following sections followed by the results for 15q21 candidate gene CYP19A1 and the
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Table 4.3: Genotyping concordance rates for different platforms in quality control
duplicates. The number of overlapping SNPs and samples are listed. Concordance is
presented as a percentage of concordant SNPs out of total SNPs.

Genotyping Overlapping

Platform1 Platform2 Samples SNPs Concordance
KASPar Fluidigm 491 2 0.988
KASPar Illumina 660W 23 6 0.986
KASPar Illumina iSelect 9 3 1.000

known association at 17q12; HNF1B.

4.7.1 13922 rs11841589 near KLF5

The most significant of the novel risk loci is rs11841589 (OR=1.15, 95%CI 1.11-1.21,
P=4.83x10711) located on chromosome 13q22. This gene lies in a 608kb intergenic
region flanked by two Kruppel-like factor subfamily of zinc finger proteins KLF5 and
KLF12. The forest plot and regional association plot are displayed in figures and
[4.7h. Conditional analysis suggested that there was a single signal at this locus. The
nearest gene, KLF), lies 163kb away, and is a transcription factor associated with
cell cycle regulation. KLF5 is targeted by the tumour suppressor FBXW7 and is
rapidly degraded via the ubiquitin proteasome pathway. I decided to pursue further
functional analysis of 13q22, including in vitro exploration of the epigenetic landscape

of this locus. This work is presented in chapter 5.

4.7.2 6922 rs13328298 near HEY2 and NCOA7

513328298 (OR=1.13, 95% CI 1.09-1.18, P=3.73x1071, figure ) on chromosome
6q22 lies in the long non-coding RNA LOC643623, 54kb upstream of helix-loop-
helix transcription factor HE'Y2 and 86kb upstream of nuclear receptor coactivator 7
(NCOA7, figure ) HEY?2 is a transcriptional repressor that is part of the Notch

pathway, which maintains stem cells. Dysregulation of Notch has been associated
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Figure 4.6: Forest plot for novel EC risk loci: odds ratios and 95% confidence intervals
of each study of the meta-analysis are listed and shown in the adjacent plot. Black
squares represent the point estimates of the odds ratio and have areas proportional to
study size. Lines represent 95% confidence intervals. The diamond shows the summary
statistic and the overall meta-analysis P-value and heterogeneity statistic is shown.
Data from three EC GWAS and eight EC iCOGS and NSECG replication. The I?
heterogeneity scores suggest that there is no marked difference in effects between studies.
The SNPs represented are: a) rs11841589 (13q22), b) rs13328298 (6¢q22), c) rs4733613
(8q24), d) rs17232730 (8q24, pairwise 12 0.02 with rs4733613), e) rs937213 (15q15) and
f) rs2498796 (14q32).
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Figure 4.7: Regional association plots for novel risk loci: the -logjg P-values from
the meta-analysis and regional imputation for NSECG, ANECS, SEARCH, and eight
iCOGS groups are shown for SNPs at: a) 13q22.1, b) 6q22, c) and d) 8q24, e) 15q15 and
f) 14g32.33. The top SNP is marked as a purple diamond, and dot colour represents
the LD with the top SNP. All plotted SNPs are either genotyped or have an IMPUTE

info score of more than 0.9 in all datasets. The blue line shows recombination rate in
cM/Mb.
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with different cancers (Katoh and Katoh, 2007). NCOA7, also known as oestrogen
receptor-associated protein 140 (ERAP140), modulates the activity of oestrogen re-
ceptor via direct binding. Of the new EC loci, this was the only one where restricting
the meta-analysis to endometrioid-only histology EC cases yielded a higher signifi-
cance and effect size despite the reduced sample size (OR=1.15, 95% CI 1.11-1.20,
P=1.02x10"1).

Conditional analysis pointed toward a single association signal in this region and
the association signal is part of a large LD block spanning 33.6kb (chr6:125,988,964-
126,022,602) and 121 SNPs (pairwise r?>0.8), encompassing most of LOC643623
and the genomic region just upstream. Functional annotation of 45 highly correlated
SNPs (r*>0.98) identified several SNPs with potential function, either within Dnasel
hypersensitivity sites (DHS), or exhibiting transcription factor binding or altering
motifs (i.e. 1s2747720 and rs1739363). HEY?2 is expressed in moderate levels in the
endometrium and NCOA7 is expressed in low levels in glandular endometrial tissue
(Human Protein Atlas, www.proteinatlas.org). The genotype of SNPs correlated with

rs13328298 were not associated with the expression of HEY2 or NCOA7 in public

datasets (table [4.12)).

4.7.3 8q24 rs4733613 telomeric to MYC

The third novel locus is at chromosome 8q24; rs4733613 (OR=0.84, 95% CI 0.80-0.89,
P=3.09x1077) lies 55kb-1.9mb telomeric to multiple SNPs identified in other GWAS
of solid tumours, including bladder (Kiemeney et all 2008; Rothman et al., 2010),
breast (Easton et al., 2007; Michailidou et all 2013)), colon (Tomlinson et al., 2008;
Whiffin et al., 2014), ovarian (Goode et al., 2010) and prostate cancer (Eeles et al.,
2009; |Gudmundsson et al.; 2009). rsd733613 lies in a gene desert; the closest gene
MYC lies 846kb away and thus it lies further from MYC compared to other cancer

GWAS SNPs and it is not in LD with any of the other cancer GWAS SNPs at 8q24
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(r?* < 0.02).

Stepwise conditional logistic regression revealed a possible second independent
EC signal (P,e1a=4.46x1077, P.p,q=1.29x107°) at rs17232730 (figure , 62kb cen-
tromeric to rs4733613, pairwise r*=0.02). This SNP showed a higher significance in
endometrioid histology only analysis (P=2.22x1077). rs17232730 is in moderate LD
with the ovarian cancer SNP rs10088218 (r?=0.43), with both cancers sharing the
same risk allele (figure . No further significant EC association signal remained at
this locus after conditioning on both rs4733613 and rs17232730 (P.,nq >0.04 for all
SNPs), and there was specifically no evidence that the other known cancer SNPs in
the region influence EC risk. The signal at rs4733613 remains highly significant in
endometrioid only analysis (P=3.09x107).

The plausibility of two independent signals at this locus is strengthened by the
fact that i) the regional association plot for 8q24 (figure and d) shows evidence
for two distinct peaks which are not in LD and ii) the forest plots for rs4733613 and
rs17232730 (figures and d) show that there is a consistent risk allele for each
SNP, but the effect sizes vary when one compares the two SNPs in the same study.

The functional annotation of rs4733613, rs17232730 and correlated SNPs showed
that they may be of regulatory importance in terms of DHS, enhancer histone mod-
ifications, and transcription factor binding (i.e. rs1516977, RegulomeDB score 2b).
A SNP moderately correlated with rs4733613 was marginally assocaited with the ex-
pression of MYC and POU5F1B in normal but not tumour endometrial data(table

1.12).

4.7.4 15915 rs937213 near BMF

The fourth new locus in 15q15, rs937213 (OR=0.90, 95% CT 0.86-0.93, P=1.77x1078,
figure ) lies within the intronic region of eukaryotic translation initiation factor

2-alpha kinase 4 (EIF2AKJ) and 58kb downstream of apoptotic regulator Bel-2-
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modifying factor (BMF'). EIF2AK4 is a kinase that phosphorylates the alpha subunit
of eukaryotic translation initiation factor-2 and downregulates protein synthesis at
times of cellular stress (Berlanga et al., |1999). BMF' encodes a protein that is part
of the BCL2 protein family, which form hetero- or homo-dimeric apoptotic regula-
tors and are involved in a wide range of cellular activities. The eQTL query SNP
152412456 (r*=0.58 with rs937213) was associated with the expression of EIF2AK/ in
tumour (Prcga=0.02) and BMF' in normal endometrial tissue (Pgrg,=0.006, table
. EIF2AK) is moderately expressed in endometrial tissue and BMF' is mod-
erately to highly expressed in glandular endometrial tissue (Human Protein Atlas,

www.proteinatlas.org).

4.7.5 14932 rs2498796 AKT1

The fifth locus, 152498796 (OR=0.89, 95% CI 0.85-0.93, P=3.55x108 figure )
at 14q32, lies within the intronic region of the serine/threonine kinase gene AKT1,
an oncogene of the PI3K/AKT/MTOR signaling pathway. This pathway affects cell
survival and proliferation (Cantley, |2002)) and is activated in endometrial tumours
(Slomovitz and Colemanl, 2012)), where it is associated with aggressive disease and
poor prognosis (Cohen et al) [2010; Salvesen et al., [2009; Shoji et al., 2009). The
regional association plot (figure [4.7f) reveals a series of SNPs in LD (12>0.8) in a
35kb region extending downstream of AKT1! and including nearby SIVA1, of which
three SNPs show strong evidence of functional activity (table 1.9, RegulomeDB score
1b) including transcrition factor binding, DHS, and eQTL effects for SIVA in lym-
phoblastoid cell lines. SIVAL is an apoptosis regulatory protein that inhibits p53
activity via HDM2-mediated ubiquitination (Du et al., 2009). SIVA1 also enhances
epithelial mesenchymal transition, which allows epithelial cells to acquire motility
and invasiveness (Li et al), 2011). AKT1 is highly expressed in endometrial tissue

while the corresponding data for SIVAI are not available (Human Protein Atlas,
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www.proteinatlas.org).

4.8 15921 CYP19A1 at genome-wide significance

CYP19A1 encodes for aromatase and previous candidate-gene studies have assessed
EC risk in relation to CYP19A1 variants (section [1.5.2). The rs727479-A allele
has been associated with EC (Setiawan et al., |2009)) and increased circulating levels
of oestrogen (Haiman et al., [2007; Prescott et al, 2012). My meta-analysis con-
firmed this SNP to be genome-wide significant for EC for the first time (OR=1.17,
95%CT 1.12-1.22, P=6.35x10"'*). The most significant SNP in this region in this
meta-analysis is the CYP19A1 intronic SNP rs2414098 (OR=1.17, 95%C 1.12-1.22,
P=4.51x10"! pairwise LD with rs727479 r2=0.85) and the forest plot (figure
shows that the rs2414098-C allele confers EC risk in all datasets (heterogeneity 12=0).
The regional association plot is displayed in figure [4.9] and conditional analyis con-
firms the presence of a single association signal (P>0.05 for all SNPs after condition-
ing for rs2414098). This SNP remains highly significant in endometrioid-only analyis
(P=2.48x107'). The functional annotation in table provide some evidence for

enhancer histone modifications and transcription factor binding in these SNPs.

4.9 Replication of 17q12 HNF'1B

The previously published EC GWAS found a single genome-wide significant hit at
chromosome 17q12, rs4430796 in the second intron of HNF1B (Spurdle et al., [2011)).
This study was based on ANECS and SEARCH samples, and with the addition of
NSECG and iCOGS studies, rs4430796 was replicated at a higher level of significance
(OR= 0.84, 95% CI 0.81-0.88, P=5.95x10"'¥). It is of interest that this tag-SNP
has also been associated with serous and clear-cell ovarian cancer (Pharoah et al.|

2013; [Shen et al., 2013)), prostate cancer (Berndt et al. [2011) and type 2 diabetes
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Figure 4.8: Forest plot for association between cancer risk and chromosome 15g21
rs2414098 genotype in three EC GWAS and eight EC iCOGS. Black squares represent
the point estimates of the odds ratio and have areas proportional to study size. Lines
represent 95% confidence intervals. The diamond shows the summary statistic. The
overall meta-analysis P-value and heterogeneity statistic are shown.

(Gudmundsson et al.,|2007). This meta-analysis found that the most significant SNP
in the 17q12 locus is rs11263763 (OR=0.83, 95%CI=0.80-0.87, P=2.78x107', figure
, which lies in the first intron of HNF1B. rs11263763 is 5,525bp from rs4430796
and is in high LD (r?=0.94). It remains highly significant in endometrioid-only histol-
ogy analysis (OR=0.83, 95%CI=0.80-0.87, P=6.51x10"'7). The regional association
plot of this region is shown in figure and there is no residual association sig-

nal (P>0.05) after conditioning on rs11263763. Functional annotation of rs11263763

and correlated SNPs provides evidence of transcription factor binding and promoter

histone marks (table [4.11]).

4.10 eQTL searches in endometrial tissue

Functional annotation tables listed in previous sections have included eQTL searches
in public databases of all tissues. The GTEx and TCGA databases provide endome-

trial tissue genotype and expression data (see section and SNPs in the highest
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Figure 4.9: Regional association plot of chromosome 15q21 around rs2414098. The
top SNP rs2414098 is marked as a purple diamond, and the dot colour represents the
LD with the top SNP. Y-axis is -logyy P-values from imputation and meta-analysis for
the eight EC and CRC GWAS. The blue line shows recombination rates in ¢cM/Mb.
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Figure 4.10: Forest plot for association between cancer risk and chromosome 17¢q12
rs11263763 genotype in three EC GWAS and eight EC iCOGS. Black squares represent
the point estimate of the odds ratio and have areas proportional to study size. Lines
represent 95% confidence intervals. The diamond shows the summary statistic. The
overall meta-analysis P-value and heterogeneity statistic is shown.
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Figure 4.11: Regional association plot of chromosome 17q12 around rs11263763. The
top SNP rs11263763 is marked as a purple diamond, and the dot colour represents the
LD with the top SNP. Y-axis is -logig P-values from imputation and meta-analysis for
the eight EC and CRC GWAS. The blue line shows recombination rates in cM/Mb.
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LD with the GWAS SNP were queried to see if there was any association between
genotype and expression of nearby genes (table . There are 32 and 54 samples
available in GTEx and TCGA respectively, and this small sample size provides a very
limited power to detect eQTLs. The most significant association was seen between

rs11841589 and KLF5 and these results are futher discussed in chapter 5.

4.11 Discussion

This meta-analysis has identified five novel EC risk loci at genome-wide significance at
chromosomes 13q22.1 (rs11841589, near KLF5 and KLF'12), 6q22.31 (rs13328298, in
LOC643623 and near HEY?2 and NCOA7), 8q24.21 (rs4733613, telomeric to MYC),
15q15.1 (rs937213, in EIF2AK4, near BMF) and 14q32.33 (rs2498796, in AKT'1, near
SIVA1). I found a further independent 8q24.21 signal (rs17232730) . Several of the
genes within the EC SNP regions have known or highly likely roles in tumourigenesis,
including KLF5, HEY2, NCOA7, BMF, AKT1 and SIVA1. Functional annotation
of SNPs in LD with novel risk loci reveals regulatory potential including histone
marks, transcription factor binding, DHS and altered motifs. Futher genotyping and
fine-mapping may bring us closer to the causal variants. Endometrial tissue eQTL
analysis would benefit from a larger number of samples to validate the association of
the 13922 locus with KLF5 expression and a more comprehensive analysis of genome-
wide significant endometrial eQTLs. This may be particularly helpful at the the 8q24
locus, which is located more than 800kb away from MY, its closest gene.

Of the novel risk loci, rs4733613 on chromosome 8q24 has the lowest MAF of
0.12. This concurs with the expectations from the power calculations (section in
that this meta-analysis would have only 21% power to detect genome-wide significant
associations for SNPs with a MAF of 0.1 (assuming an OR of 1.15). Further stud-

ies with additional EC cases and controls would provide additional power to detect
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Table 4.12: eQTL analysis in endometrial tissue for seven genome-wide significant
loci. The top GWAS SNP is listed along with the eQTL query SNP, and LD represents
the pairwise LD in 72 between the GWAS SNP and query SNP. Nearby genes are
queried as listed. The P-values are listed for GTEx (normal endometrial tissue) and

TCGA (tumour tissue). "-" denotes that expression level fo this gene is missing for this
dataset.
Locus GWAS SNP  Query SNP LD Gene GTExP TCGA P
13g22.1  rs11841589 1rs11841589 1 KLF5 0.02 0.0049
KLF12 1.00 0.74
PIBF1 0.90 -
DIS3 0.60 0.56
BORA 0.80 -
6g22.31  1rs13328298 rs984040 0.98 HEY?2 0.80 0.97
NCOA7 0.80 0.81
HDDC? 0.80 0.12
TPD52L1 0.20 0.91
HINT3 0.90 0.61
TRMT11 0.50 0.75
8q24.21 rs4733613  rs16903272 0.6 MYC 0.03 0.60
PVT1 0.60 -
POUS5F1B 0.05 -
rs17232730  rs1400485 0.81 MYC 0.50 0.32
PVTI 0.60 -
POUS5F1B 0.60 -
15q15.1 rs937213 rs2412456 0.58 EIF2AK} 0.50 0.02
SRP14 0.40 0.23
BMF 0.01 0.55
BUB1B 0.60 0.10
PAK6 - 0.11
GPR176 0.70 0.40
14932.33 rs2498796  rs2494731 0.82 AKT1 0.20 0.15
SIVA1 0.70 0.62
ZBTB42 0.20 -
15q21.2 rs2414098  rs10459592 0.83 CYP19A1 - 0.46
GLDN 0.50 0.14
DMXL2 0.80 0.39
17q12  1rs11263763 rs11651755 0.96 HNF1B 0.50 0.71
DDX52 0.90 0.94
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associations, particularly any SNPs with MAF<0.1 and a modest effect size.

CYP19A1 has been confirmed to be associated wtih EC at a genome-wide signifi-
cant level for the first time. CYP19A1 was previously identified as being a candidate
gene because it encodes for aromatase, which converts testosterone to estradiol. After
the cessation of ovarian oestrogen production in menopause, endogenous oestrogens
are primarily synthesized via the aromatase-mediated peripheral conversion of an-
drogens in adipose tissue. Prolonged oestrogen exposure has long been seen as a
risk factor for EC. Together with studies linking rs727479-A to increased circulat-
ing levels of estradiol in post-menopausal women, it is highly likely that variants in
CYP19A1 influence the risk of developing EC by affecting circulating oestradiol as
an intermediate phenotype.

The EC association at HNFI1B has been replicated in this analysis. The most
significant SNP in this region is rs11263763 (P=2.78x1071?), located at the first intron
of HNF1B. This SNP was also found to be the most significant SNP in the fine-
mapping analysis conducted by our collaborators, which makes use of a similar dataset
with the addition of Asian GWAS samples (P=8.4x10"'*, Painter et all 2014)). This
SNP remains highly significant in endometrioid histology analysis (P=6.51x10"17),
but unlike the NSECG GWAS analysis, the significance level is slightly reduced when
only using samples with endometrioid histology. The rs11263763-G EC protective
allele was associated with a lower level of HNF1B expression (P=0.013) and falls
within an extended promoter region defined by ENCODE. The HNF1B locus is a
member of the homeodomain-containing superfamily of transcription factors and has
been associated with serous and clear cell ovarian cancer (Pharoah et al., 2013} Shen
et al.,2013)), prostate cancer (Berndt et al.,2011) and type 2 diabetes (Gudmundsson
et al., [2007). The minor alleles of HNF1B GWAS SNPs confers risk (serous ovarian
cancer, type 2 diabetes) and protection (EC, prostate cancer, clear-cell ovarian cancer)

in different phenotypes suggesting a complex genetic architecture in this region. It
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may be surprising that different phenotypes have different risk alleles, and this may
be an example of a balancing mutation where the risk of developing one phenotype
is balanced by protective effects for another phenoytpe. It may also be that the same
tag-SNP is tagging different causal variants and highlight the different effects that
variants can have in different tissues.

rs9313548 on chromosome 5q35 near FGF18 was promising in the NSECG GWAS
(P=7.22x1079), but this SNP had a different risk allele in the ANECS GWAS and
was not genotyped in iCOGS. rs9313548 had a P-value of 0.027 in the NSECG,
ANECS and SEARCH meta-analysis. This highlights the value of large sample sets
for detecting and replicating associations.

My work brings the total number of genome-wide significant EC risk loci to seven
(figure and provide an enhanced insight into the genetic and biological basis
of EC. The fact that the 8q24 (rs17232730) and 17ql2 HNFI1B risk loci are also
observed in other cancer GWAS raises the possibility that multi-cancer GWAS may

reveal common pathways that contribute to tumourigenesis in different tissues.
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Chapter 5

Functional analysis of 13922 locus

5.1 Introduction

5.1.1 Background

The meta-analysis in Chapter 4 has established seven loci associated with EC at
a genome-wide significant level. Of the novel association loci, the SNP rs11841589
(OR=1.15, 95% CT 1.11-1.21, P=4.83x10"!!) at 13q22 also has a high level of sig-
nificance in endometrioid histology only analysis (P = 8.70 x 107!) and lies 163kb
downstream of KLF5, a promising candidate gene. KLF) is a transcription factor
that is associated with cell cycle regulation and is targeted by the tumor suppressor
FBW?7 and is rapidly degraded via the ubiquitin proteasome pathway. rs11841589
lies in a 608kb intergenic region between KLF5 and KLF12 and there are 3 other
genes PIBF1, DIS3 and BORA that are located within 500kb of this SNP. Therefore,
I postulated that rs11841589 may be tagging a causal variant that mediates its effect
on EC predisposition by acting as a regulatory element to one of the nearby genes

and proceded to conduct further functional analysis for this region.
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5.1.2 Aims and overview

The aim of this chapter is to further characterize the EC association at 1322 us-
ing various methods including in wvitro functional studies. Fine-mapping and func-
tional annotation is employed to refine the association signal and to look for possible
causal variants. eQTL searches are conducted to look for SNPs that are associated
with the expression of nearby genes and this suggested that rs11841589 is associated
with KLF5 expression. The expression of KLF5 is quantified in 11 EC cell lines
and the epigenetic landscape of a 16kb region around rs11841589 is explored using
formaldehyde-assisted identification of regulatory elements (FAIRE) and chromatin
immunoprecipitation (ChIP) using antibodies against H3K4Me2 and panH4Ac anti-
bodies. Luciferase reporter assays are performed to assess the regulatory potential
of the genomic sequence around rs11841589 and rs9600103. Results suggest that the
rs11841589-G EC risk allele is associated with an increased expression of KLF5 in
normal endometrial tissue and EC tumour cells and rs9600103 (a SNP in perfect LD
with rs11841589) is a DNasel hypersensitivity site (DHS), conserverved locus in ver-
tebrates and is enriched in FAIRE and ChIP analysis. Luciferase assays show that
the genomic sequence around rs9600103 could act as a suppressor in an allele-specific
manner with the rs9600103-T EC protective allele exerting a stronger suppressor

effect on gene expression.

5.2 Fine-mapping of 13q22 locus

The lead SNP, rs11841589 (P=4.83 x 107'!) is located at 13q22 and regional im-
puation of 1.5mb around this SNP using 196 high coverage whole genome sequences
and the 1000 Genomes reference panel revealed 5 SNPs, all in LD with rs11841589
(r? >0.98) that surpassed genome wide significance (table . These SNPs are lo-
cated in a 3kb region bound by rs9600103 (P=8.70 x 10~'") and rs11841589 (chr13:
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73,811,879-73,814,891, figure . There is no residual association signal after condi-
tioning for the top SNP (P>0.04 for all SNPs in the 1.5mb region).

5.3 Expression quantitaitve trait locus analysis

5.3.1 Background

A quantitative trait locus is a sequence of DNA that contains or is linked to genes,
and that contributes to an observable phenotype or quantitative trait. Expression
quantitative trait loci (eQTL) refers to genomic loci, in this case SNPs, that regu-
late the expression levels of mRNA. Polymorphic genetic variation can influence gene
expression using a variety of mechanisms including transcription regulation factors,
alterations in splicing and RNA stability (Borel et al.l 2011; |Pickrell et al., [2010).
Genetic variation that is located near to and far away from the target effector gene
are known as cis and trans-eQTLs respectively. The advent of high-throughput se-
quencing including microarrays and deep sequencing have allowed investigators to
measure both genetic variation and gene expression at a genomic level, allowing the
assessment of association of all genomic loci to all genes. Many GWAS risk loci are
located in intergenic regions and eQTL analysis has the potential to shed further
light on how they influence gene expression and phenotype. Indeed, SNPs that are
identified in association studies are more likely to be eQTLs than one would expect by
chance (Nicolae et al.,[2010). I have conducted searches for the SNPs of genome-wide

significance at the 1322 locus in public cis-eQTL databases.

5.3.2 Public eQTL databases

There are various public eQTL databases that aim to provide information on eQTLs
across the genome in different tissue types. Many of these databases are based on

peripheral blood samples because these samples are relatively easy to obtain and
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Figure 5.1: Regional association plot of chromosome 13q22 around rs11841589, from
position 73,770,218 to 73,854,666. The top SNP rs11841589 is marked as a purple
diamond, and the dot colour represents the LD withrs11841589. Y-axis is -logyg P-values
from the meta-analysis and regional imputation for NSECG, ANECS, SEARCH and
eight iCOGS groups. The blue line shows recombination rates in cM/Mb. Underneath is
a LD plot of same region in greyscale with black squares representing SNPs in perfect
LD (r?=1) and white squares representing linkage equilibrium. The 3kb LD block
bordered by rs9600103 and rs11841589 is outlined in black.
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therefore large datasets are possible. I conducted searches for SNPs in the 13¢22
region that surpass genome-wide significance, and identified no cis or trans eQTLs
in multiple datasets (Fairfax et al., 2012; Montgomery et al) 2010; |Stranger et al.l
2007; [Westra et al., 2013)). The eQTLs with the strongest effects occur in multiple
cell types and are usually located within 100kb of the transcriptional start site (Dixon
et all 2007; [Stranger et al., 2007), although there are many regulatory elements that
are tissue specific, and these eQTLs are more broadly distributed with weaker effects
(Dimas et al., 2009; ENCODE Project Consortium et al., [2007; Heintzman et al.,
2009). This suggests that these 13q22 SNPs may not be a strong eQTLs across many

different tissue types, but it could yet have an effect in endometrial tissue.

5.3.3 eQTL analyis in GTEx normal uterine tissue

The Genotype-Tissue Expresion Project (GTEx, (GTEx Consortium| 2013))) aims to
catalog variation and associations in genotype and tissue-specific expression in hu-
mans. Tissues are obtained in low post-mortem intervals or in organ transplantation
settings with strict inclusion and exclusion criteria such that the tissues used for anal-
ysis are largely disease-free. Expression and genotype data are generated using an
Affymetrix Expression array and [llumina Human Omni 5M-Quad SNP array and
there was matching genotype and uterine expression data for 32 samples. Quality
control measures are detailed in the reference and the expression levels are repre-
sented as a rank normalized score. 1311841589 is typed in the Affymetrics arrays and
a look-up revealed that the rs11841589-G risk allele is associated with an increased
expression of KLF5 with a P-value of 0.02 (figure [5.2)).

Genes within 1mb of rs11841589 including KLF12, PIBF1, DIS3 and BORA were
also queried in the same manner and the mRNA expression levels of these genes were

not correlated with rs11841589 genotype (P>0.6, table [5.1)).
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Figure 5.2: rs11841589 genotype and rank normalized KLF5 expression in 32 normal
uterine samples. The rs11841589-G EC risk allele (in red) is associated with increased
expression (P=0.02).
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Table 5.1: eQTL analysis for 13q22 SNP rs11841589 in normal endometrial (GTEx)
and EC (TCGA) samples. The P-values represent the significance of association be-
tween rs11841589 genotype and cis-gene mRNA levels. "NA" denotes that expression
data was missing for this dataset.

Locus SNP Position Cis-gene GTEx P TCGA P
13g22.1 1s11841589 73,814,891 KLF5 0.02 0.0049
13g22.1 1rs11841589 73,814,891  KLF12 1.00 0.74
13g22.1 1rs11841589 73,814,891  PIBF1 0.90 NA
13q22.1 1s11841589 73,814,801  DISS 0.60 0.56
13g22.1 1s11841589 73,814,891 BORA 0.80 NA

5.3.4 eQTL analysis in TCGA endometrial tumour samples

The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/) aims to catalogue
the genomic changes in different cancers including EC. There is genotype, CNV and
expression data for 54 EC samples, generated using the Affymetrix 6.0 SNP array
and AgilentG4502A arrays. Since there are marked copy number differences in tu-
mour samples, somatic CNVs were taken into account by regressing gene expression
to average copy number spanning the gene. Residual unexplained variance in gene
expression was then regressed on the genotype of a particular SNP. A ruby script
developed by Luke Freeman-Mills was employed to test SNPs within 1mb of each
gene of interest based on the methods described by (Li et al. [2013)). A boxplot of
residual KLF5 expression against rs11841589 genotype shows that the rs11841589-G
risk allele is significantly associated with increased expression (P=0.0049, figure .
This concurs with results observed in normal endometrial tissue.

Expression of other genes within 1mb of rs11841589 showed no evidence of corre-
lation (P>0.55, table [5.1]).

Therefore, rs11841589 is an eQTL in endometrial tissue where the rs11841589-
G EC risk allele is associated with higher expression of KLF5 in both normal en-
dometrial and EC tumour samples. Higher KLF5 levels have been observed in EC

compared to normal endometrial tissue and this analysis suggests that there is an
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Figure 5.3: rs11841589 genotype and residual KLF5 expression in 54 tumour sam-
ples. The rs11841589-G EC risk allele (in red) is associated with increased expression
(P=0.0049.
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allele-specific effect exerted by rs11841589. Much like for GWAS, the resolution of
the eQTL signal is limited by the size of the LD block and thus this effect may be
caused by any of the SNPs in the 1322 locus correlated with rs11841589 in normal
and tumour endometrial tissue. Evidence here suggests that this allele-specific effect
may play a role in both predisposition to, and maintenance of the EC disease pro-
cess. The GTEx analysis could only be conducted as a single-SNP lookup, while a
the TCGA analysis revealed that rs11841589 was a local maximum in terms of eQTL

significance.

5.4 Functional annotation of 13q22 locus

The UCSC genome browser (http://genome.ucsc.edu) is a public database that hosts
various annotations of the genome and I conducted a search for possible functional el-
ements in the rs9600103-rs11841589 locus (chr13:73,814,891-73,811,879). As with the
eQTL analyis described above, many of the functional annotation tracks included data
from experiments performed on different cell types, and there was no strong evidence
for regulatory potential observed. Two EC cell lines (Ishikawa and ECC-1) were part
of the tier 3 release of the ENCODE project (ENCODE Project Consortium et al.,
2007, www.encodeproject.org) and there is evidence of a DHS present at rs9600103
in these cell lines. Sensitivity to DNasel suggest that DNA is not nucleosome-bound
and that it is accessible to functional elements. The DHS peak is present in the F-
Seq DHS density signal (Boyle et al) 2008) in Ishikawa and ECC-1 cell lines, which
are treated with oestrogen and tamoxifen, suggesting that the open chromatin state
is not oestrogen-dependent (figure . An alternative F-Seq peak method (Boyle
et al., 2008) for designating contiguous regions surpassing the significance threshold
revealed that the signal around rs9600103 (position 73,811,879) is statistically sig-

nificant in all four Ishikawa and ECC-1 experiments. There is a second peak 7.5kb
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telomeric to rs9600103 at position 73,819,586 that is only statistically significant in
ECC-1 cells (table [5.2).

Table 5.2: F-Seq peak DHS positions showing contiguous regions that surpass the
statistical significance threshold (P<0.05). Experiments conducted in Ishikawa and
ECC-1 cells treated with oestrogen and tamoxifen, from ENCODE. rs9600103 is located
at position 73,811,879. Pos, position on chromosome 13 in build 19; Start pos, start;
End pos, end position of statistically significant peak; Length, length of peak; Peak
signal, position of highest significance; P, P-value.

Start pos End pos Length Peak signal Score P

ECC1-DMSO 73,811,867 73,812,131 264 73,812,017 485 0.014
ECC1-oestrogen 73,811,988 73,812,098 110 73,812,042 481 0.038
Ishi-oestrogen 73,811,824 73,812,110 286 73,811,999 520 0.019
I[shi-oestrogen 73,819,472 73,819,686 214 73,819,575 525 0.017
Ishi-tamoxifen 73,811,810 73,812,124 314 73,812,006 536  0.013
Ishi-tamoxifen 73,819,487 73,819,716 229 73,819,597 536 0.013

A corresponding conservation peak is observed around rs9600103 in the 100 ver-
tebrates PhastCons track from UCSC genome browser (Felsenstein and Churchill
1996; |Pollard et all 2010, figure , which means that this region is conserved
amongst vertebrates, and lends further weight to the possibility that it is functionally
significant.

Public databases such as Haploreg (Ward and Kellis, 2012), RegulomeDB (Boyle
et al.,[2012) and ENCODE (www.encodeproject.org) are available for annotating vari-
ants. These were employed to look at SNPs in LD with rs11841589 (r*>>0.4, table
. These SNPs lie 10-13kb away from pseudogene Ro-associated Y1 pseudogene 8
(RNY1P8) and show some evidence of altered transcription factor motifs but other-

wise, there is no strong support for a functional role.

5.5 Characterization of EC cell lines

Cell culture was conducted as described in section [2.2.6l and DNA was extracted for

genotyping using competitive allele-specific PCR (KASPar, section [2.2.4). RNA was
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extracted for conversion to cDNA and the expression levels of KLF5 in cell lines were
quantificatified using RT-qPCR as described in section 2.2.9, Figure [5.4] shows the
expression of KLF5 in 11 EC cell lines with GAPDH used as an internal control
and all expression levels reported in relation to the Ishikawa cell line using the ddCT

method.

Figure 5.4: KLF5 expression in 10 EC cell lines relative to Ishikawa cells. GAPDH
was used as an internal control.

Nine of the eleven EC cell lines express significant levels of KLF5 including
Ishikawa, and ECC-1, the two cell lines used by ENCODE. The genotypes of the
of the cell lines for rs11841589 and rs9600103 showed that these SNPs were in perfect
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Table 5.4: EC cell lines: KLF5 expression, rs11841589 and rs9600103 genotypes.
KLF5 expression levels are normalized using GAPDH as an internal control and ex-
pressed in relation to Ishikawa cells using the ddCT method.

KLF5 expression 159600103 1rs11841589

NOU1 0.03 TT TT
AN3CA 0.04 AA GG
Ishikawa 1.00 AA GG
MFE-296 1.53 AA GG
ECC-1 1.55 AA GG
EFE-184 2.21 TA GT
HEC-116 2.37 TA GT
ARK2 2.99 TT TT
HEC1B 3.36 TA GT
SNGII 3.60 AA GG
RL952 6.32 AA GG

LD with comparable MAFs as population frequencies (table .

5.6 FAIRE

I performed formaldehyde-assisted identification of regulatory elements (FAIRE) for
a 16kb region around rs9600103 and rs11841589 (chrl3: 73,804,930-73,820,618) as
described in section FAIRE has been shown to identify regulatory regions by
enriching for nucleosome-depleted chromatin regions that are more efficiently cross-
linked and captured in the aqueous phase of the experimental procedure (Giresi et al.,
2007). SYBR green RT-PCR (section [2.2.9) with primers specific to the 16kb region in
13q22 was used to assess the relative enrichment after normalizing for RHO promoter
levels and input uncrosslinked DNA using the ddCt method (Livak and Schmittgen,
2001). There is significant overlap between regions of regulatory potential identified
by FAIRE and DHS-seq, though there are also regions that are only identified using
either method (Song et all [2011)). Three KLF5-expressing cell lines (Ishikawa, EFE-
184 and ARK-2) and also AN3CA (which displayed minimal KLF5 expression) were

used in FAIRE experiments. Ishikawa cells were chosen because of the DHS seen in
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ENCODE experiments and Ishikawa, EFE-184 and ARK-2 cells are homozygous risk,
heterozygous and homozygous protective for rs9600103 and rs11841589, respectively
(table [5.4). AN3CA cells were chosen because they have minimal KLF5 and have
the commoner (risk) rs11841589 and rs9600103 alleles.

Figure[5.5shows that there are two enrichment peaks noted in the FAIRE analysis
in the three KLF5 expressing cell lines Ishikawa. The largest peak is observed in
Ishikawa and ARK-2 cells at position 73,811,879, corresponding to the location of
rs9600103. A second, smaller peak is located at rs6562748 (position 73,809,322) in
EFE-184 and ARK-2. There are no regions of enrichment observed in the non-KLF5
expressing AN3CA cells.

5.7 ChIP using anti-H3K4Me2 and anti-H4Ac

I performed Chromatin Immuno-Precipitation (ChIP) as described in section
for the same 16kb region around rs11841589 and rs9600103 using anti-dimethyl-
histone H3 lysine 4 (H3K4Me2) and anti-acetyl-histone H4 (H4Ac) antibodies. H3K4Me2
and H4Ac are markers of transcription factor binding (Wang et al., 2014b)) and ac-
tive chromatin respectively. ChIP using these antibodies identifies regions enriched for
these histone modifications. The same four cell lines used for FAIRE were tested, and
a similar ddCT method was used to calculate enrichment based on input chromatin
and the RHO promoter. The no-antibody control for both the anti-H3K4Me2 and
anti-H4Ac experiments showed minimal enrichment, which confirms the specificity
and efficiency of the antibodies used.

ChIP results displayed in figure [5.5] show that there is a distinct H3K4Me2 peak
centred around rs9600103 (position 73,811,879) in Ishikawa and ARK-2 cells. A
similar but smaller peak is observed in ARK-2 cells in H4Ac ChIP, while a peak over
rs7996454 (position 73,810,516) is seen in Ishikawa and EFE-184 cells. The results for
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EFE-184 cells are more difficult to interpret as there is evidence of enrichment across
an 8.7kb region from 73,811,879 to 73,820,618 that is not seen in the anti-H3K4Me2
ChIP or FAIRE. Ishikawa and to a lesser extent, AN3CA cells show an enrichment

peak at position 73,810,516.

5.8 Luciferase reporter assay

The regulatory nature of the region around rs9600103 and rs11841589 was then inves-
tigated using allele-specific luciferase enhancer reporter assays as described in section
2.2.13] 1 planned and supervised the experimental work, which was conducted by Dr
Susanne Flach.

For this experiment, we used ECC-1 cells, because these consistently gave very
good transfection efficiency, expressed KLF5 and contained a DHS. Two 3kb frag-
ments: i) chr:13 73,810,509-73,813,452 centred around rs9600103 and ii) chr13:73,813,268-
73,816,290 around rs11841589 were cloned into the pGL3-Promoter vector to test for
regulatory effects. There is a 182bp overlap when comparing these two DNA seg-
ments and each fragment only contains either rs9600103 or rs11841589. Site directed
mutagenesis was employed to introduce the alternative allele in the two SNP positions
and fragment sequences are otherwise identical. Two controls were used: the empty
pGL3 vector and a neutral 2.2kb sequence with no regulatory activity (Lewis et al.,
2014)). There was no significant difference between the luciferase activity of the two
controls (P=0.085) and the no-insert pGL3 was used as the control comparison with
other fragments.

Resutls can be interpreted in two groups as presented in figure Group 1, with
fragments containing the rs9600103-T, rs11841589-T and rs11841589-G alleles all had
similar activity. This activity was significantly lower than that of the pGL3 no-insert

control and the fragment containing the rs9600103-A high-risk allele (figure .
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Figure 5.7: Luciferase reporter assay to analyse the activity of 3kb fragments contain-
ing either rs9600103 or rs11841589 as enhancers or repressors using the pGL3 promoter
vector in Ishikawa/ECC-1 cells. Schematic diagram displays position of fragments on
chromosome 13. Green arrows represent the low-risk and red arrows the high-risk alle-
les. We focused on the rs9600103 site owing to the presence of a DHS in the ENCODE
data. The bar chart shows the average luciferase activity of experiments with 3 or 4
replicates, each performed on 3 occasions (total of 11 assays). Error bars represent the
standard error of the mean. Data were normalized by subtraction of background lumi-
nescence and normalised to pGL4 Renilla activity. Group 1 consists of the rs11841589-
T, rs11841589-G and rs9600103-T fragments. Group 2 consists of rs9600103-A fragment
and no-insert pGL3 control. All intra-group pairwise t-test comparisons between group
1 and 2 are not significant, while all inter-group pairwise comparisons are significant

(P<0.05, table .

Table 5.5: Pairwise t-test P-values for 13q22 luciferase assays. Group 1 consists
of the rs11841589-T, rs11841589-G and rs9600103-T fragments. Group 2 consists of
rs9600103-A fragment and no-insert pGL3 control. All paired t-tests between group 1
and 2 are significant (P<0.05).

rs11841589-T 1s11841589-G  rs9600103-T 1rs9600103-A pGL3

rs11841589-T - 0.058 0.128 0.045 0.008
rs11841589-G - - 0.979 0.039 0.013
rs9600103-T - - - 0.018 0.014
rs9600103-A - - - - 0.226
pGL3 - - - - -
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Together, these results suggest that the causal EC variation tagged by rs11841589
results, at least in part, from a regulatory site containing rs9600103. This result
concurs with what we would expect, given that the rs9600103-A / rs11841589-G EC
risk allele is associated with a higher expression of KLF5 in eQTL analysis.

The strongest KLF5 expression is associated with the rs9600103 high-risk allele,

and the data suggest that the region might act as a transcriptional repressor.

5.9 Discussion

The EC meta-analysis suggests that there is a single signal at chromosome 1322,
localized to a 3kb LD block bounded by rs9600103 and rs11841589 containing five
correlated SNPs surpassing genome-wide significance. eQTL analysis revealed that
the rs11841589-G risk allele is associated with a higher expression of KLF5 in normal
endometrial tissue and EC tumour tissue. rs11841589 genotype was not associated
with expression of other genes within 500kb (KLF12, PIBF1, DIS3 and BORA,
P>0.56). This suggests that the GWAS signal may be exerting its effect by regulating
the expression of KLF5 in an allele-specific manner in normal uterine and endometrial
tumour tissue. The uterine tissue eQTL for rs11841589 is based on a small sample
size and it would be useful to know if this association is retained in larger endometrial
eQTL studies. TCGA has recently released a RNA-seq expression data for about 500
endometrial tumour and adjacent tissue. Early analysis of this data does not display
any correlation between rs11841589 genotype and KLF5 expression.

Functional annotation of SNPs correlated with the top SNP did not reveal any
strong regulatory elements across different cell types, although there is evidence of ver-
tebrate conservation at the rs9600103 locus. In EC cell lines used in ENCODE;, there
is a statistically significant DHS present over the same position around rs9600103.

This DHS is present when the EC cell lines were treated with oestrogen or tamoxifen,
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suggesting that the open chromatin is not oestrogen-dependent.

There have been reports that the ECC-1 cell lines are very similar to the Ishikawa
cells using short tandem repeats profiling (Korch et al., [2012), and the International
Cell Line Authentication Committee (ICLAC) have recomended that ECC-1 cells
should be treated as Ishikawa cells. In line with this, the ENCODE project plan to
rename the ECC-1 tracks as Ishikawa, and the DHS-seq results can be interpreted as
biological repeats confirming the existence of a DHS at rs9600103. We have sequenced
DNA from Ishikawa and ECC-1 cells using the Ion AmpliSeq Comprehensive Cancer
Panel and 2,689 out of 3,004 SNVs observed across 409 cancer-associated genes share
the same allele, which is highly suggestive that these two are in fact the same cell
line.

Further FAIRE and ChIP experiments were conducted to assess the 13922 epige-
netic landscape. Figure[5.8/displays the 16kb region with the annotations and analysis
overlayed.

Signals from FAIRE and anti-H3K4Me2 ChIP for KLF5-expressing cell lines
Ishikawa and ARK-2 co-located with the conservation peak and DHS from ENCODE;,
providing strong evidence for open chromatin and transcription factor binding at
rs9600103. Anti-H4Ac ChIP did not display a consistent signal across this region,
with ARK-2 cells showing enrichment at rs9600103, but Ishikawa and, to a lesser ex-
tent, AN3CA cells displayed an H4Ac peak 2.6kb centromeric, at position 73,809,322.
Results for EFE-184 cells are difficult to interpret as the enrichment signals vary
greatly between the FAIRE, anti-H3K4Me2 and anti-H4Ac ChIP experiments. EFE-
184 is a relatively slow-growing cell line and I struggled to have a similar confluency
of cells in the 15cm petri dishes used for the experiments.

DNase-seq and FAIRE-seq experiments perfomed on the same cell lines showed
that there is a a 30-40% overlap in regions identified using the two methods using

ranked comparisons (Song et al., 2011)). Regions detected by both methods, or cross-
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Figure 5.8: Combining results from FAIRE, ChIP with anti-H3K4Me2 and H4Ac
antibodies, ENCODE and conservation data for 13q22 locus (position 73,804,930 -
73,820,618). EC cell lines ARK-2 (rs9600103-TT), Ishikawa (rs9600103-AA) and
AN3CA (rs9600103-AA) are shown, with the y-axis displaying enrichment normalized
to non-crosslinked genomic DNA /sonicated input DNA, relative to the RHO promoter
as a negative control using the ddCt method. DNasel hypersensitivity site (DHS) den-
sity signal in ENCODE EC cell lines ECC-1 and Ishikawa from experiments with cell
lines treated with oestrogen and tamoxifen. 100 vertebrates conservation from UCSC
Genome Browser.
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validated sites are abundant in intergenic regions across the genome and show signifi-
cant overlap to ChIP-seq data generated using antibodies to CTCF, MYC and Pol II.
The presence of a strong signal in endometrial cells which is absent in larger public
databses of different tissues suggests that the open-chromatin state at rs9600103, as
well as its eQTL effects on KLF5, may be specific to endometrial tissue. The results
here also highlight the value of employing multiple techniques to assess the epigenetic
landscape of a region and co-occurring signals provide strong evidence for regulatory
potential.

Allele-specific luciferase enhancer reporter assays suggest that there is a repressor
effect exerted by the protective alleles in the rs9600103 and rs11841589 fragments.
This effect is more marked in rs9600103 and together, these results suggest that the
causal EC variation tagged by rs11841589 results, at least in part, from a regulatory
site containing rs9600103. This result also concurs with the observation that the
rs9600103-T EC protective allele is associated with a lower expression of KLF5. The
data suggest that the region might act as a transcriptional repressor.

Luciferase reporter assay represent an artificial model system by which to assess
the regulatory potential of a genetic sequence. The pGL3-promoter vector uses the
strong viral SV40 promoter and it would be interesting to repeat the experiments
here using the KLF5 promoter. rs9600103 lies 160kb downstream of KLF5 the vector
could be made to more closely resemble the in vivo system by cloning the rs9600103
fragments downstream to the luct gene. In addition, fragments of varying size around
rs9600103 and the differences in luciferase activity would further shed light on where
the causal variant may be located.

KLF5 is expressed in low levels in the glandular and stromal cells of the human
endometrium (Human Protein Atlas, www.proteinatlas.org) and has previously been
shown to be expressed at a higher level in EC (Simmen et al., 2010)). KLF5 is a mem-

ber of the Kruppel-like factor subfamily of zinc finger proteins and is a transcription

145



CHAPTER 5. FUNCTIONAL ANALYSIS OF 13Q22 LOCUS

factor associated with cell proliferation and survival. Its expression levels are higher

in actively dividing or proliferating cells and lower in differentiated or mature cells

(Jiang et all [2008; McConnell et al., 2007). In terms of cell survival, KLF5 interacts

with pb3 to regulate the activity of an apoptotic inhibitor in acute lymphoblastic

leukaemia cells. KLF5 has been implicated as an oncogene and tumour suppressor

in different cancers (Chen et al., 2003 [Diakiw et al., 2012; McConnell et al., 2009;

Nandan et al., 2008) while also playing a role in uterine development and homeostasis

(Davis et al., 2011} Mutter et all |2001; Shi et al., [1999; |Simmen et al.,2010). KLF5-

null mice show embryonic lethality (Ema et al., [2008), but uterine deletion of KLF'5

allows normal uterine development, though with impaired fertility due to impairment

of the implantation process (Sun et al., 2012)). Elevated KLF5 levels are strongly cor-

related with activating KRAS mutations (Nandan et al., 2008)) and KLF5 is known

to be targeted for degradation by the tumour suppressor FBXW7 (Liu et al., 2010)).

KRAS and FBXW?7 are amongst the most common mutations seen in EC, present

in 15% and 9% of cancers respectively (COSMIC, Forbes et al., 2008).

Additional genotyping would aid fine-mapping and further functional work could
be pursued to elucidate the relationship between the rs9600103 intergenic locus and
KLF5 expression with the use of techniques chromosome conformation capture. In
addition, this opens the door to further investigation into the role of KLF5 in EC

susceptibility and tumourigenesis.
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Chapter 6

Shared predisposition variants for

EC and CRC

6.1 Introduction

6.1.1 Background

There is evidence of shared genetic aetiology in the predisposition to EC and CRC
from high-penetrance Mendelian cancer syndromes. Lynch syndrome and polymerase
proofreading-associated polyposis predispose affected individuals to developing both
EC and CRC. It is unknown why pathogenic germline mutations in these mismatch
repair (MMR) and polymerase genes and would cause tumourigenesis specifically in
the human endometrium and colon, but this observation prompts one to ask if there

are other genetic variants that contribute to the development of both EC and CRC.

6.1.2 Aims and Overview

The aim of this chapter is to look for genetic variants that are associated with pre-
disposition to both EC and CRC using GWAS data. SNPs that have previously been

associated with either EC or CRC are assessed in the other cancer phenotype and
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all EC and CRC datasets are meta-analysed in search of novel predisposition loci
to both EC and CRC. Genome-wide enrichment for EC and CRC is assessed us-
ing moderately significant SNPs that do not surpass genome-wide significance. The
CRC predisposition SNP at the TERT locus is the most significant of previously-
established associations in the other cancer phenotype and I have discovered two
novel susceptibility loci at chromosome 12q24 (SH2B3) and 18q22 (TSHZ1) for EC
and CRC.

6.2 MMR and polymerases in EC and CRC

As described in section [[.4] high-penetrance germline mutations in MMR genes
MLHI1, MSH2, MSH6 and PMS2 (Barrow et al., |2013)), and in DNA polymerases
POLD1 and POLE (Palles et al., 2013) were first demonstrated to be associated with
CRC risk, and female mutation carriers were subsequently shown to have a greatly
increased risk of endometrial cancer (lifetime risk 30-70%, [Dunlop et al.,|1997} [Senter
et al., 2008)), in some cases exceeding that for CRC.

The MMR system maintains genomic stability by correcting mismatched nu-
cleotide pairs that arise during DNA replication. Pathogenic MMR mutations cause
a microsatellite instability (MSI) phenotype in ECs and CRCs (Jass et all [1995).
Bi-allelic MLH1 promoter methylation (Herman et all [1998; |Simpkins et al.l (1999)
and a few somatic mutations in MLH1 and MSH2 (Haraldsdottir et al [2014) are
seen in sporadic CRCs and ECs, causing the same MSI and hypermutator phenotype.
Histologically, MMR-deficient CRCs and ECs are characterised by poor differentia-
tion and the presence of mucinous and signet-cell features and tumour-infiltrating
lymphocytes (Hampel et all 2006; Smyrk et al., 2001)).

POLFE and POLD1 encode subunits for polymerases that synthesise the leading

and lagging strand of the DNA replication fork. The exonuclease (proofreading) do-
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mains of these polymerases increase replication fidelity by recognising and excising
mispaired bases (Goldsby et al., [2001; |Simon et al., [1991). Germline missense muta-
tions in the exonuclease domains of POLD1 and POLE predispose to CRC and EC,
and somatic POLE mutations occur in sporadic CRCs and ECs (Cancer Genome At-
las Network, 2012; |Cerami et al., 2012; Palles et al., [2013)). Polymerase exonuclease
domain mutations (EDMs) do not cause MSI but lead to an ultramutator phenotype,
with over one million base substitutions in some cancers.

Given the commonalities in genetic aetiology, mutator phenotype and histological
featues in MMR and polymerase-associated EC and CRC, there may be other genes
involved with DNA repair or otherwise, that predispose individuals to both cancer
phenotypes. EC candidate gene studies investigating the role of genetic variants
in DNA-repair genes have proved inconclusive (section . GWAS provides a
powerful method to assess common variants across the genome and the increased

sample size gives increased power to detect associations.

6.3 EC and CRC GWAS datasets

Eight GWAS datasets genotyped on various [llumina tag-SNP arrays were available.
The three EC GWAS were described in chapter four: i) NSECG, ii) ANECS and iii)
SEARCH (total 2,212 cases and 6,725 controls, (Spurdle et al., 2011). The five CRC
GWAS comprised: iv) CORGI, v) Scotland 1, vi) VICTOR/QUASAR2/BC58, vii)
CFR1 and viii) CFR2 (total 5,725 cases and 6,671 controls, (Houlston et al.l 2010;
Newcomb et al., | 2007; [Tomlinson et al. 2008; Yeager et al., 2007). All samples were
of European ancestry with the majority of samples from the UK, and others were
from USA, western Europe and Australia. Standard quality control measures were

performed for each GWAS, as described in the referenced publications, and details

about each dataset are described in section [2.1] and summarized in figure [6.1] and [6.2]
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Some of the control datasets, including the Wellcome Trust Case Control Consortium
2 (WTCCC2 Wellcome Trust Case Control Consortium), [2007)), have previously been
used in both CRC and EC GWAS. Controls were assigned proportionately to case data
sets and were not used more than once. Moreover, any duplicate or cryptically related
samples were excluded by pairwise identity by descent (IBD) analysis. Principal
component analysis (PCA) was conducted for all samples together, to ensure that
all individuals were of European ancestry and we therefore excluded all individuals
who clustered outside the main centroid in pairwise plots of the first 4 PCs. Whole-
genome imputation using two reference panels (1000 Genomes 2012 release and 196
high-coverage whole genome-sequenced UK individuals) yielded up to 6 million SNPs
either typed or imputed with high quality (info score >0.9) for these GWAS datasets.

As described in section [2.1] 4,330 EC cases and 26,849 female controls were geno-
typed as part of the Endometrial Cancer Association Consortium (ECAC), with sam-
ples from seven countries: UK, USA, Belgium, Germany, Norway, Sweden and Aus-
tralia. The controls were selected from healthy females participating in the Breast
Cancer Association Consortium (BCAC) and Ovarian Cancer Association Consor-
tium (OCAC) part of the iCOGS project and matched and analysed with cases in
eight groups by geographical location and PCA. These samples were genotyped using
a custom Illumina Infinium iSelect array with 200,000 SNPs designed by the COGS
(Collaborative Oncological Gene-environment Study) initiative (Eeles et all 2013}
Michailidou et al., 2013; Pharoah et al.,2013; Sakoda et al. [2013). The SNPs on this
array were chosen based on regions of interest from previous breast, prostate, ovarian
and endometrial cancer studies, rather than on genome-wide coverage. We did not
impute genotypes from the COGS studies, but included directly-genotyped SNPs in
the discovery meta-analysis.

Case-control analysis for each GWAS data set was performed using frequentist

tests with a logistic regression model after imputation. There was no evidence of sys-
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tematic over-dispersion of the test statistic for any of the 16 studies x? (A\gc=1.01-1.04
based on weakly correlated SNPs, 12<0.2). Fixed-effects, inverse variance weighted
meta-analysis was conducted for the 6 million well-imputed SNPs in the eight CRC
and EC GWAS (8,935 cases, 13,396 controls) across the genome. For the 200,000
SNPs genotyped on the COGS array, the additional 4,330 EC cases and 26,849 con-
trols from ECAC were included in a meta-analysis of 16 studies yielding a total
of 13,265 cases and 40,245 controls for these SNPs. SNPs with globally significant
CRC/EC associations (P, < 5x1078) were identified and the regions examined

using standard fine-mapping and annotation methods.

6.4 Power calculations for combined EC and CRC

GWAS

The combined sample size of 10,055 cancer cases and 40,437 controls provides greatly
increased power to detect common variants that have an effect on both EC and CRC.
This power analysis assumes that allele frequency and OR or a SNP is stable for EC
and CRC. Figure [6.3| shows the power plot for the combined EC and CRC analysis,
and for a SNP with MAF 0.2 and OR 1.15, there is 97% power to detect an association
at P=5x107%.

The average MAF of CRC GWAS SNPs is 0.32, and assuming that these SNPs
have a modest effect on EC (OR=1.1), this analysis has 98% power to detect an
association at P=0.05 and 52% power at P=10"%. The average minor allele frequency
of EC GWAS SNPs is 0.35, and assuming these SNPs have a similar effect on CRC,
(OR=1.1), this analysis has 95% power to detect an association at P=0.05 and 38%

power at P=10"%,
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Figure 6.3: Power plot for combined EC and CRC analysis with 10,055 cancer cases
and 40,437 controls. The graph displays the power to detect associations at P=5x10"3
given the odds ratio and minor allele frequency.
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6.5 Assessment of established associations

The effects of 27 previously published tag-SNPs that have been formally associated
with CRC risk in GWAS were investigated in EC. Seven EC SNPs were similarly
investigated in CRC. All of these SNPs reach genome-wide significance in either CRC
or EC with the exception of SNPs in the TERT region (for CRC, (Kinnersley et al.,
2012)), which is included owing to high-quality evidence from candidate-based studies.
All SNPs were either discovered or replicated in European populations and were
genotyped directly or had near-perfect proxies on the Illumina GWAS arrays used;
many of these SNPs were also present on the iCOGS arrays.

The 34 previously-identified EC and CRC SNPs are listed in table with the
associated publications listed in table [6.2] 17 of the 34 SNPs showed the same direc-
tion of effect in both cancer types (that is, same nominal risk allele, irrespective of
effect size); this was a non-significant deviation from randomness (sign test, P=1).
rs2736100 lies in the intronic region of the telomerase reverse transcriptase TERT,
and it or highly correlated SNPs have previously been associated with the risk of mul-
tiple different cancer types. Two other CRC SNPs (rs6691170 and rs10936599) were
nominally associated with EC risk (P<0.05). Interestingly, the latter of these lies
close to the telomerase RNA component TERC locus, and is a multi-cancer risk SNP
(Chubb et al., 2013; [Figueroa et al., |2014]), which has been associated with longer
telomeres (Codd et al., 2013). No other previously-associated SNPs were significant

at P<0.05 in the other cancer phenotype.

6.6 Novel predisposition loci for EC and CRC

In the fixed effect meta-analysis (section [2.3.10]) of 8 EC and CRC GWAS, and the
additional 8 iICOGS datasets for 200,000 SNPs, I searched for genome-wide significant
SNPs (Ppeta < 5x107%) that had not previously been identified in EC or CRC. I
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Table 6.2: References for EC and CRC associations listed in table above. All as-
sociations have reached genome-wide significance apart from CRC 5 TERT, which is
included due to evidence from candidate studies.

Cancer Reference
CRC 1 Hubner et al. Int Journal Cancer2006
CRC 2 Peters et al. Gastroenterology 2013
CRC 3 Houlston et al. Nat Genet 2010
CRC 4 Houlston et al. Nat Genet 2010
CRC 5 Rafnar et al. Nat Genet 2009
CRC 6 Jia et al. Nat Genet 2013
CRC 7 Dunlop et al. Nat Genet 2012
CRC 8 Tomlinson et al. Nat Genet 2008
CRC 9 Tomlinson et al. Nat Genet 2007
CRC 10 Tomlinson et al. Nat Genet 2008
CRC 11 Whiffin et al. Hum Mol Genet 2014
CRC 12 Dunlop et al. Nat Genet 2012
CRC 13 Tenesa et al. Nat Genet 2008

CRC 14 Whiffin et al. Hum Mol Genet 2014
CRC 15 Peters et al. Gastroenterology 2013
CRC 16 Houlston et al. Nat Genet 2010
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discovered a single genome-wide significant SNP rs3184504, on chromosome 12q24
(OR=1.10, 95%CI=1.07-1.13, P,cta=7.23x107% heterogeneity 1>=0). This SNP is
a missense variant (p.Trp262Arg) in exon 4 of SH2BS3. The rs3184504-C allele is
consistently the risk allele in all EC and CRC datasets including the iCOGS array
where this SNP was included due to a promising but yet unproven association with
breast cancer risk (figure [6.4)).

The top 15 SNPs from this meta-analysis are displayed in table [6.3] and SNPs
in LD with previous associations have not been listed. Some SNPs that have been
previously been associated with EC or CRC (listed in table came up as highly
significant in this analysis but were less significant after including the GWAS of the
other cancer phenotype.

There are SNPs that have previously been independently identified in GWAS of
different phenotypes where the risk allele for one phenotype is the protective allele
for another (Chung et all 2014; [Sivakumaran et al., 2011)). In order to search for
SNPs for which the same allele has differing directions of effect in CRC and EC, I
conducted a fixed-effects meta-analysis with the odds ratios of all the CRC GWAS
SNPs inverted.

In this analysis, I discovered rs12970291 on chromosome 18q22, where the major
G allele is protective in CRC (OR=0.78, 95%CI=0.69-0.90, P=3.42x10"*) and con-
fers risk in EC (OR=1.24, 95%CI=1.11-1.38, P=1.11x10"%). In meta-analysis, the
rs12970291 association reached genome-wide significance (OR:1.26, 95%CI:1.16-1.38,
Preta=4.82x1078, figure . The significance and interpretation of this result is dis-
cussed later in this chapter, and it is clear that replication is important for this SNP
in both EC and CRC in subsequent GWAS and meta-analyses.

Table displays the top 15 SNPs in the EC CRC meta-analysis where the ORs
of CRC SNPs are reversed. Thus, a particular allele for these SNPs is protective for

either EC or CRC, and is a risk allele in the other cancer phenotype.
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rs3184504
OR L95 U95
NSECG GWAS 1.13 1.00 1.28 |
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CAHRES iCOGS 1.13 1.01 1.25 |
CORGI GWAS 1.10 0.97 1.26 ]
MD GWAS 1.05 0.93 1.19 [
VQ GWAS 1.13 1.04 1.23 [
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Figure 6.4: Forest plot for association between cancer risk and chromosome 1224
rs3184504 genotype in EC GWAS, EC iCOGS and CRC GWAS. Black squares represent
the point estimate of the odds ratio and have areas proportional to study size. Lines
represent 95% confidence intervals. The diamond shows the summary statistic. The
overall meta-analysis P-value and heterogeneity statistic are shown.
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rs12970291

OR L95 U9
NSECG GWAS 1.42 1.00 2.00 m
ANECS GWAS 1.47 1.05 2.05 |
SEARCH GWAS 1.21 0.88 1.67 |
ANECS iCOGS 1.05 0.72 1.53 m
SEARCHICOGS  1.15 0.87 1.51 |
NSECG iCOGS 1.20 0.89 1.60 n
MECS iCOGS 1.15 0.68 1.93 .
LES iCOGS 1.51 0.96 2.39 .
BECS HEJSiCOGS 1.19 0.61 2.33 .
MoMaTEC iCOGS  1.54 0.91 2.61 .
CAHRESICOGS  1.26 0.91 1.73 [
EC summary 1.24 111 1.38
CORGI GWAS 0.95 0.68 1.32 |
MD GWAS 0.87 0.60 1.27 n
VQ GWAS 0.68 054 0.85 M
CFR1 0.74 0.55 1.00 [ ]
CFR2 0.88 0.64 1.22 |
CRC summary 0.78 069 090 <@

Heterogeneity: /’=0
Overall P =4.82 x 10-®

0.5 1.0 1.5 20 25 3.0

Figure 6.5: Forest plot for chromosome 18q22 rs12970291 in EC GWAS, EC iCOGS
and CRC GWAS. Black squares represent the point estimate of the odds ratio and have
areas proportional to study size. Lines represent 95% confidence intervals. The diamond
shows the summary statistic in EC, CRC and overall meta-analysis. The overall meta-
analysis P-value and heterogeneity statistic is shown.rs12970291-A is consistently the
risk allele for EC and protective allele for CRC. The overall P-value is derived from
meta-analysis of rs12970291 risk allele for both EC and CRC.

161



CHAPTER 6. SHARED PREDISPOSITION VARIANTS FOR EC AND CRC

ON 20 90-dETT  F60 980 060 2890 I CINVON 20S‘0cF' v 1 068918FSI
SOx 00'0 80-dZ8'¥ 8E'T 9T'T 9Z'T C96'0 I IZHS.L 9¢S‘IT0CL 8T  T6Z0L6TISI
Sox 8¢'0 90-d899 FZT 60T 9I'T 6860 V  IdXOH 0SZ'F19°9F LT 088GTGOLST
ON 0000 L0-d68°6 68T CI'T 2T ¥960 D  VEOHATO 6GG°9L0°8L 9T  8€00STTTSI
SOx ¢S0 90-d9z9 CI'T SOT 80T 0690 O  ESVAN SCV'68¢ 7  ¥I  LGTTS6IsT
SO LTO0 GOHEST  ¥60 S80 680 9680 D 6494 7GC'80S'cc €1 L96LTIgST
ON 06°0 90-d9LC ST'T 20T CI'T 29.0 O  IVWIT 86£°6L6°0G  TI  TIGLISGISI
ON 0000 90-dSLT OFT CI'T 2T ¥S60 I  d08d 6¢CTIS' T8 1T 66FL09TTST
ON 620 90-d8S¢  LT'T 90T IT'T S2L0 D  ¢ddan LSV'SVZ'SL  TT  097909sT
SOx 000 90-dEE'S 160 6.0 G80 €560 D  FATYH 961°090°TTT 6 863361181
ON €00 90-H0TY SPT 9T'T 08T 2960 V  Iddd SGT'ERF L6 6 C98TFSTITsT
ON ¥€'0  L0-dF96 92T OT'T ST'T 1680 O  GHZA C6VOVL'STT L C10LTLYST
SOx 0000 GO-.C¢ 960 680 €60 TIFL0 D  SIVOdV ceo'ore’sy L 99ZCGRTST
ON €00 90-dSLEe €8T CI'T CTT FE60 D EINYSO 816'CGS'99T ¢ 69GCIFFEsT
SOx 000 G0-H09'T 880 @L0 080 6.60 I &777 8Z9'LF08L 1 6£G0.LTTST
pad&y sHODT d 66N ST HO AV ouds AqIedN SO D JANS

Ploq ur JNS

JueRdYIUSIS opIm-owoudy) ‘sdnois gHONI [euonppe § ur pad4A3ouss ‘podLy §HODT O19s1Ie)S ] AJOUG01949Y ‘T :oN[eA-J SISA[eUR-BjowW
‘d ‘TeAISIUI 9OUSPYUO0D %66 Tomo] pur 1addn ‘oryer spp( ‘Aousnbeijf ofo[e ‘ Iy ‘O[o[[R 9oUsIsfel ‘Joy] ‘U0I)IS0d ‘SO ‘8WOoSOWOID ‘1Y)
"POSIOARI SO DY) UMM ‘podAlouss A[300IIp ST INS 182 2107 SHODT D PUC SYAD DY ‘O I0] snsol sisA[eue-e1o :§°9 9[qelL

162



CHAPTER 6. SHARED PREDISPOSITION VARIANTS FOR EC AND CRC

6.7 Fine-mapping and functional annotation of novel
loci

Fine-mapping of the chromosome 12q24 and 18q22 locus was done using the eight EC
and CRC GWAS, including SNPs that had been imputed with an info score greater
than 0.9. The eight EC iCOGS groups were not included because this SNP array
was not aimed at genome-wide coverage and use of the eight GWAS studies allows a
fairer comparison between SNPs at a particular locus.

The regional association plot of chromosome 12q24 shows that rs3184504 is the
most significant SNP, with an additional three SNPs in strong pairwise LD (r>0.9)
with rs3184504 (ﬁgure showing strong evidence of CRC-EC association (P fine—mapping
<107%). Conditional analysis suggests the existence of a single association signal in
this region and these four highly significant SNPs lie in a 68kb region that includes
the genes SH2B3 and ATXN2 and their functional annotation is shown in table [6.5|
None of the 4 SNPs was associated with the mRNA level of SH2B3, ATXN2 or other
nearby genes in public eQTL databases in endometrial or other tissues. There is
however evidence of functional effects in terms of enhancer histone marks and motif
changes to suggest that these correlated SNPs may be of regulatory importance.

Fine-mapping analysis of chromosome 18q22 identified a large number of SNPs
in high pairwise LD with rs12970291 (r?>>0.85), in a 70kb region that includes the
gene TSHZ1, 15.0kb centromeric to rs12970291 (figure [6.7h). Seventeen SNPs had a
stronger disease association than rs12970291 in fine-mapping, with the lowest P value
at 1335185115 (P fine—mapping=1.08x107%, pairwise r* with rs12970291 = 1). Condi-
tional analysis revealed a single association signal at this SH2B3-ATNX2 region.

Fine-mapping of EC and CRC GWAS separately (ﬁgureb and c) showed an as-
sociation peak in the same LD block between 10.5-51.8kb downstream of TSHZ1. The

co-occuring peak around 73,017,234 suggests that there may be a single causal variant
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Figure 6.6: Regional association plot of chromosome 12q24 around rs3184504. The
top SNP rs3184504 is marked as a purple diamond, and the dot color represents the
LD with the top SNP. Y-axis is -logy P-values from imputation and meta-analysis for
the eight EC and CRC GWAS. The blue line shows recombination rates in ¢cM/Mb.
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Figure 6.7: Regional association plot for chromosome 18q22 around rs1297029
for a: CRC and EC GWAS b: CRC GWAS and c¢: EC GWAS. rs12970291
(PCRC/ECmem:éLBQxlOS, top SNP typed in iCOGS for CRC and EC analysis),
rs35185115 (PCRC/ECmemzl.OSXlO_G, top SNP typed or well-imputed in eight EC
and CRC GWAS), 1571359086 (Pcrc=2.24x107%, top SNP in CRC GWAS), and
1536104458 (Ppc=4.35x107%, top SNP in EC GWAS) all lie between 10.5 - 51.8kb
downstream of TSHZI and are in perfect LD (r?=1). An additional peak, rs17263435
(P pc=4.35x1079) is observed in the EC GWAS, but is not significant in CRC (P=0.10).
The top SNP in each plot is marked as a purple diamond, and the dot color represents
the LD with the top SNP. Y-axis is -logig P-values, the blue line shows recombination
rates in ¢cM/Mb.
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downstream of TSHZI present in EC and CRC acting in opposite directions. An ad-
ditional signal at rs17263435 (P pc=4.35x107%, figure[6.7)c) for EC is not replicated in
CRC (Pere=0.10). Several SNPs in the region have potential functional importance
(table . Of particular note is the missense SNP rs3390274 (p.Ala468Thr, pairwise
r? with rs17263435)=0.77 in the last exon of TSHZI. SNPs with a pairwise LD of
>0.4 with rs12970291 in the region were not significantly associated with mRNA level

of TSHZ1 or other nearby genes in public eQTL databases.

6.8 Genome-wide enrichment for EC and CRC

Beyond SNPs that are genome-wide significant for EC or CRC and those that are
genome-wide significant in a combined meta-analysis, there may be a large number of
SNPs with promising P-values (i.e. P<1073) for both phenotypes. Observing a large
number of SNPs with promising P-values for both cancer phenotypes may suggest
genome-wide enrichment and that there may be more SNPs that predispose to both
EC and CRC, suggesting a common genetic aetiology. The selection of P-value cutoffs
for such an analysis is a balance between including the largest number of SNPs that
contribute to the phenotype however small the effect, while excluding SNPs that that
do not contribute and essentially represent added noise. I assessed a range of P-value
cutoffs (P=10"3 to P=0.05) employing methods as described by Rahmioglu et al.
(2015)) to see if there was a larger number of shared predisposition SNPs observed
than one would expect by chance. The y? test was used on the resulting two by two
contingency table (figure .

Genome-wide enrichment analysis for 246,896 independent loci (r?<0.1) below
genome-wide significance showed no observable statistical enrichment between CRC
and EC SNPs. There were no SNPs with a P-value of less than 10~* in both CRC and
EC. When using a EC and CRC cutoff of P <0.05 and 1073, the x? test produced a
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Endometrial Cancer
P<1x10? P21x10° P<1x10” P21x10? P<0.05 P20.05
P<1x107 1 435 8 428 38 398
- P>1x10° 420 246040 3361 243099 14957 231503
E P=0.766 P=0.397 P=0.0208
] P<1x107 7 3346 50 3319 224 3129
715 P21x10" 414 243129 3303 240224 14771 228772
g P=0.589 P=0.524 P=0.138
S P<0.05 24 14448 193 14279 913 13559
P20.05 397 232027 3176 229248 14082 218342
P=0.888 P=0.524 P=0.222

Figure 6.8: Table displaying genome-wide enrichment in CRC and EC. Multiple P-
value cutoffs are used for EC (horizonal) and CRC (vertical edge). x? tests are done
using the number of SNPs in each cutoff category and test P-values are displayed in
boxes below contingency table.

nominally significant P-value of 0.021, but there was otherwise no excess of significant

SNPs observed.

6.9 Discussion

Colorectal carcinoma (CRC) is the fourth commonest cancer in the western world and
cancer of the uterine corpus, or endometrial carcinoma (EC), is the fourth common-
est cancer among women. Both are the cause of significant morbidity and mortality
worldwide and high-penetrance Mendelian cancer syndromes provide evidence of a
shared genetic aetiology in some cases. Using a combined CRC and EC GWAS
meta-analysis, I have identified a region on chromosome 12q24.1 spanning two genes,
SH2B3 and ATXNZ2, which contains a SNP formally associated with cancer risk. Of
the variants in this region, rs3184504 is of particular interest, because it is a non-
synonymous change (TGG — CGG; p.Trp262Arg) in the pleckstrin homology do-
main of SH2B3, which is a priori a much stronger candidate than the spinocerebellar

ataxia gene ATXN2. SH2B3 is a member of the SH2B adaptor family of proteins
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and is involved in a range of signalling activities by growth factor and cytokine re-
ceptors. It is a key negative regulator in cytokine signalling in haematopoiesis, and
is expressed at a high level in the bone marrow and leucocytes, but at a low level
in the normal colon and endometrium (EMBL-EBI expression atlas). Comparative
genomics shows that the rs3184504 risk allele (C, Arg residue) is conserved in all
primates and some vertebrates, and has a much lower allele frequency (~0.5) in
Europeans than in African, Asian and admixed American populations (~1.0). Tryp-
tophan and arginine possess a hydrophobic and positively charged side chain respec-
tively and different in silico methods predict that the amino acid substitution has
varying levels of impact (Grantham score=121 (range 0 — 215, (Grantham), 1974))),
Polyphen2 score=0.12 (Adzhubei et al., 2010) and SIFT score of 1.0 (Kumar et al.,
2009)), CADD score PHRED-scaled: 5.53 (Kircher et al., 2014])), leaving open the pos-
sibility of a modest effect on protein function. The NHGRI GWAS Catalog shows
that SNPs in the SH2B3-ATNX2 region including rs3184504 and rs653178 have been
previously associated with immune-mediated conditions: coeliac disease (Hunt et al.,
2008), rheumatoid arthritis (Stahl et al.,[2010)), type 1 diabetes (Barrett et al. [2009),
autoimmune hepatitis(de Boer et al. 2014) and also cardiovascular traits including
coronary artery disease (Dichgans et al [2014)) and blood pressure(Wain et al.} [2011)).
rs653178 has been linked to SH2BS3 expression in peripheral blood cell eQTL analysis
(P=9.24x107'2), although this association is not present in public eQTL data sets.
Interestingly, rs3184504-T is generally the risk allele in autoimmune traits, suggesting
opposing effects of the functional polymorphism on cancer and other traits, perhaps
via shared effects on immune activation. A similar phenomenon has been found for
the HNF1B SNP rs4430796 which has opposing effects on EC and type 2 diabetes
risk(Painter et al., [2014)).

The TERT-CLPTM1L locus has been identified in multiple cancer susceptibility

GWAS including breast (Haiman et al., [2011)), prostate (Kote-Jarai et al.,[2011)), lung
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(McKay et al., 2008), pancreas (Petersen et al., 2010), glioma (Shete et al., 2009),
testicular germ cell (Turnbull et al., 2010b), and basal cell carcinoma (Stacey et al.,
2009). It is of interest that the CRC SNP rs2736100 also shows signs of signifi-
cance in EC in our analysis (OR=1.08, C195%=1.04-1.12, P=1.67x10"%). In parallel
with this study, our group have recently performed a detailed analysis of the TERT-
CLPTM1L locus in EC which provided evidence that rs7705526 is associated with EC
risk (Passoc=7.7x1077), albeit at locus-specific rather than genome-wide significance
thresholds (Carvajal-Carmona et al., [2014)). rs7705526 is moderately correlated with
52736100 (r? ~ 0.5) but is poorly tagged in most Illumina GWAS arrays. Figure
shows the complex LD structure between these two SNPs and 4 other SNPs previ-
ously associated with CRC and EC to varying levels of significance (P=8.4x1073 —

4.9x1079) at this locus.
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Figure 6.9: Haplotype structure inTERT-CLPTMI1L in NSECG samples. rs2736100
was associated with CRC (Kinnersley et al., 2012). rs401681 (Rafnar et al [2009))
and rs2853668 (Peters et al., [2012)) have also been shown to be associated with CRC
in previous studies of smaller scale. rs7705526, rs13174814 and rs62329728 have been
recently associated with EC (Carvajal-Carmona et al., 2014)). There is partial LD
(12=0.48) between 152736100 and rs7705526.

The 1s2736100-A allele is the risk allele for CRC and testicular germ cell tumour,
while the same allele is protective for EC, glioma and lung cancer, suggesting that

this variant has its effects in a tissue-specific manner.
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The chromosome 8q24 locus has also been associated with many different tumours
including cancer of the bladder (Kiemeney et al., 2008; Rothman et al. [2010)), breast
(Easton et al., 2007; Michailidou et al.l, 2013)), ovary (Goode et al.l 2010) and prostate
(Eeles et al.l 2009; |Gudmundsson et al., 2009)). rs6983267 and rs4733613 at 8q24 have
been independently associated with CRC and EC respectively, although neither of
these SNPs are significant in the other cancer genotype (table . These SNPs lie
1.2mb apart and are not in LD; no other SNP in the 8q24 locus is highly significant
in the EC-CRC meta-analysis. This sugests that the EC and CRC association signals
are separate with no overlap despite being located in the same chromosomal band.

[ have found evidence for a SNP (rs12970291, chromosome 18q22) that has oppos-
ing allelic effects on CRC and EC risk. The top candidate gene in this region is TSHZ1
which encodes zinc finger homeodomain factor teashirt zinc finger family member 1,
a protein involved in skin, skeletal, brain and gut development (Manfroid et al.|
2004) that is functionally related to the CRC gene BMP (Long et al., [2001)). One of
several candidate SNPs near and within TSHZ1 is the uncommon missense variant
rs33930274 (p.Ala468Thr) in the last exon of T'SHZI, although the predicted func-
tional consequences of this change are inconsistent (Grantham score=58, SIFT=0.0,
Polyphen2=0.0, CADD score PHRED-scaled: 0.001).

Apart from the SH2B3 and TERT SNPs, only two of 27 previously reported CRC
SNPs, including one near TERC, showed any good evidence of association with EC
and none of the known EC SNPs was associated with CRC risk (P<0.05). Power
calculations suggested that this analysis was well powered (95-97% power, OR=1.1,
MAF~0.3) to detect known GWAS SNPs in the other cancer phenotype. Genome-
wide enrichment analysis showed no evidence of an excess of shared predisposition
variants for both EC and CRC, suggesting that there may be relatively few common
risk alleles contributing a modest effect to both cancer phenotypes. This is similar to

the observation in breast and ovarian cancer, which also share high-penetrance risk
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Mendelian causes but GWAS have identified relatively few shared common risk alleles.
The discovery of SH2B3 and TSHZ1 associations hightlight the value of conducting
multi-cancer GWAS for finding novel cancer associations as well as for shedding light
on the haplotype structure of genomic loci such as the TERT-CLPTMI1L region,
which exerts effects on many different cancers.

A random effects meta-analysis could be conducted with the same data and it
would be of interest to see if any additional significant loci are found. EC and CRC
are different phenotypes and the random effects model would operate with the pre-

sumption that there are underlying differences in effects in the different studies.
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Discussion

7.1 The search for EC risk factors

EC is a common cancer with rising incidence rates over the past two decades in the
UK. Known epidemiological risk factors are mainly related to prolonged exposure to
the unopposed effects of oestrogen, particularly for type 1 ECs with endometrioid
histology. Twin concordance studies suggest a limited role for inherited EC risk, but
large case-control and cohort studies demonstrate a heritable component: those with
a first degree relative with EC have a relative risk of ~2. Clearly, environmental
factors play an important role in EC predisposition. The search for the genetic
aetiology of EC complements a wider search for EC risk factors, aiming to improve
risk stratification and our understanding of the disease biology.

The study of familial cases of EC has greatly enhanced our understanding of
the genetic aetiology of EC. Rare, high penetrance Mendelian syndromes caused by
mutations in MMR genes, DNA polymerases or PTEN confer up to a 70% lifetime risk
of developing EC. This has led to an improved diagnosis and clinical management for
these patients and families, especially for LS. However, these Mendelian syndromes

only explain a small part of the familial aggregation of EC.
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Knowledge of these mutational pathways have been informative for EC tumours
more generally. For example, MSI is found in up to 20% of sporadic EC tumours,
with MLHI methylation being the cause in the majority of cases (Esteller et al.
1998; [Kanaya et al., 2003). Somatic POLE EDMs are detected in microsatellite
stable tumours associated with a ‘hypermutator’ phenotype (Church et al., [2013).
PTEN is mutated in 35% of EC tumours (COSMIC). The conditional loss of uterine
PTEN in mice induces EC (Daikoku et al., 2008) and provides a model for studying
EC in mice. Molecular characteristics are also informative in terms of EC prognosis

(Church et all |2013; Risinger et al.,[1998; Terada et al., 2013 van Gool et al., 2015).

7.2 Genetic aetiology of sporadic EC

The genetic cause of sporadic EC remains largely unknown. Candidate gene studies
have tested hypotheses based on genes related to oestrogen and DNA repair, but most
of these results have been inconclusive, with non-replicable results.

The aim of this thesis was to investigate the genetic aetiology of sporadic EC using
genome-wide population-based methods. The NSECG GWAS (925 cases and 2,507
controls) replicated the association at HNF'1B and provided further evidence of the
significance of this locus in EC.

A meta-analysis with two other EC GWAS and two replication phases with
a total of 7,737 cases and 37,144 controls yielded five novel risk loci of genome-
wide significance (P<107?). In decreasing order of significance, these were at chro-
mosomes 13q22.1 (rs11841589, near KLF5), 6q22.31 (rs13328298, in LOC643623
and near HEY?2 and NCOA7), 8q24.21 (rs4733613, telomeric to MYC), 15q15.1
(rs937213, in EIF2AK/, near BMF') and 14q32.33 (rs2498796, in AKT1, near SIVA1).
There is evidence for a second independent association signal at 8q24: rs17232730

(Preta=4.46x10"", P.opng=1.29x1075), a SNP that is in moderate LD with the ovarian
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cancer SNP rs10088218 (r?=0.43).

All samples in the meta-analysis were of European ancestry and there is little
evidence of allelic heterogeneity (7?<0.36). All novel risk loci were either directly
genotyped or imputed with an info score of more than 0.9 in all datasets. The novel
SNPs had MAFs that varied from 0.13 to 0.42, and risk alleles of the novel loci
conferred a modest increase in risk, with ORs ranging from 1.13 to 1.19.

As discussed in chapter 4, several of the genes within these regions have known
or likely roles in tumourigenesis: KLF5, HEY2, NCOA7, BMF, AKT1 and SIVAL.

HNF1B remains the locus most significantly associated with EC risk, and a re-
cent fine-mapping paper further delineates the association signal at the first intron /
extended promoter region (Painter et al., 2014).

The association of CYP19A1 with EC risk seen in candidate gene studies has
been confirmed to be genome-wide significant in the EC GWAS meta-analysis. None
of the other EC candidate SNPs previously investigated were significant in this anal-
ysis and C'YP19A1 provides a rare example of an association from a candidate study
being replicated by GWAS. Several highly significant risk SNPs in the EC meta-
analysis have also been associated with increased levels of circulating oestrogen in
post-menopausal women. This suggests that the EC risk is mediated via the periph-
eral conversion of androgen to oestrogen by aromatase, causing increased oestrogen
levels.

CYP19A1 variants can be considered alongside other epidemiological EC risk
factors that influence endogenous levels of oestrogen. There may be other genetic
variants that contribute toward EC risk via the unopposed effect of oestrogen, al-
though candidate gene ESRI was not highly significant in this analysis. Of the novel
risk loci, NCOA7 modulates oestrogen receptor activity and the top SNP is more
significant with endometrioid histology analysis. This may suggest that the effect of

the 6g22 SNP may be related to oestrogenic effects.
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Other novel EC risk loci implicate other cellular mechanisms such as cell cycle
regulation and apoptosis. For example, it is interesting that PTEN (cause of Cowden
syndrome, commonly mutated in EC) antagonizes the PI3K/AKT/MTOR pathway.
The GWAS hit on 1432 is in the intronic region of AKT1, which affects cell prolifer-
ation and is upregulated in endometrial tumours. It may be revealing to investigate
other pathological processes in tumours that are not oestrogen-driven.

Functional analysis of the 13q22 locus illustrates how it is important to further
characterize EC risk loci. The results of chapter 5 suggest that the genomic sequence
around rs9600103 is transcriptionally active and that it may be a part of a tran-
scriptional repressor affecting the expression of KLF5 in an allele-specific manner.
Chromosome conformation capture experiments could assess interaction of other ge-
nomic loci with the 13q22 signal. Preliminary analysis of TCGA RNA-seq data from
458 EC samples did not replicate the association between rs11841589 genotype and
KLF5 expression. The samples from GTEx are normal uterine tissue and further in-
vestigation into pathology reports is necessary to ascertain whether these are from the
endometrium or other parts of the uterus. In future, genotype and expression data
from larger biobanks could help establish the role of genetic variants in determining
gene expression in the endometrium.

Besides trying to establish a stronger link between the intergenic 13q22 locus and
KLF5 expression, the role of KLF5 in EC tumourigenesis can be investigated using
animal models. At the time of writing, another member of our group is developing
mice to investigate if heterozygous deletion of KLF5 influences the PTEN deletion
induced EC.

86% of EC cases displayed endometrioid histology only. Association testing with
these samples produced a slightly increased significance compared to all histologies
for rs13328298 (HEY2/NCOAT) and 1s17232730 (8q24). It is unclear if the increased

significance (despite a slightly reduced sample size) indicates an association with en-
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dometrioid histology or if fluctuations in significance are due to chance. GWAS for
endometrioid histology alone analysis did not identify any highly significant SNPs
not present in the all histologies analysis. The low number of samples with other
histologies limited the statistical power to detect associations though arguably, there
is a more pressing need to investigate the causes of serous and clear-cell EC tumours.
Non-endometrioid tumours confer a poorer prognosis, are not associated with oestro-
gen exposure, and have no known precursor lesion (such as endometrial hyperplasia)
that can be detected and monitored. It is worth bearing in mind that LS-associated
EC can display the full range of EC histologies and thus there may not be a strong

correlation between histological subtypes and genetic aetiology.

7.3 Multi-cancer analysis

The strong predisposition to EC and CRC for women with MMR and DNA poly-
merase mutations prompted the search for other variants associated with both can-
cers. The missense SH2B3 SNP rs3184504-C is associated with an increased risk to
both EC and CRC.

The TERT-CLPTM1L locus has been associated with cancer of the breast, prostate,
lung, pancreas, glioma, testicular germ cell, and basal cell carcinoma. There appears
to be a complex haplotype structure in this region. The rs2736100-A allele is the risk
allele for CRC and testicular germ cell tumour, while the same allele is protective
for EC, glioma and lung cancer. rs12970291, near TSHZ1 also has opposing allelic
effects on CRC and EC risk. These SNPs may act in a tissue-specific manner where
a particular allele confers risk in one tissue while being protective in another.

Apart from the loci listed above, there is minimal evidence of overlap between the
SNPs that show promising P-values for EC and CRC across the genome.

Of the other risk loci, the HNF1B tag-SNP has been associated with serous and
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clear-cell ovarian cancer and prostate cancer. The second EC risk locus at chromo-
some 8¢24 is in moderate LD with ovarian cancer SNP rs10088218.

There have been more than 200 published cancer GWAS SNPs, and it would be
a worthy pursuit to conduct a genome-wide meta-analysis that may identify variants
that are associated with multiple cancers. As with the EC CRC meta-analysis, care
should be taken so that there is no overlap in samples, since common control datasets
have been used for different GWAS. Such an analysis may have increased statistical
power to identify novel variants that are associated with multiple cancers. Variants
that are over-represented in all cancer cases may point toward genes related to the
hallmarks of cancer (Hanahan and Weinberg, [2011)), and particularly metastasis, the
process which defines malignancies. Some variants may be significant in subgroups
of cancers; different subgroups could be tested based on histology, embryonic origin,
or otherwise. However, there would be significant challenges in such an analysis
because of the heterogeneity in cancer phenotypes and differences between studies.
There may be significant misclassification bias based on the increased prevalence
of undiagnosed cancers in controls, as well as issues around multiple testing and

significance thresholds.

7.4 Conclusion and future developments

The results of this EC GWAS meta-analysis demonstrate that there are common
variants that are highly associated with sporadic EC that explain a small proportion
of the inherited risk of EC. These results are comparable with the trend seen in other
cancer GWAS in that risk variants have a modest effect size (OR<1.2 for EC). There
are planned efforts for further genotyping of EC samples, and a larger sample size may
detect a larger number of novel EC associated variants. However, the total number

of associated variants and the phenotypic variance explained may be limited by the
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heritability of sporadic EC. Twin studies show that there is a low concordance in EC
compared with other cancers such as CRC and prostate cancer, where an estimated
35-42% of sporadic cancer risk is inherited (Lichtenstein et al. 2000). There are
alternative methods for estimating heritability based on GWAS data (Yang et al.,
2010, 2011)) and it would be of interest to establish the EC heritability that can be
explained by common variants.

A recent EC GWAS (E2C2) which consisted of 7,077 cases and 16,343 controls
replicated the association at HNFI1B but did not find any other genome-wide signif-
icant associations (De Vivo et al) [2014)). The most notable difference between this
study and the meta-analysis described in chapter 4 is that the E2C2 replication phase
consisted of samples of African American, Asian, Latina, Hawaiian and European an-
cestry. Large population stratification may explain why the E2C2 study was unable
to detect novel associations. For instance, I searched for the 13q22 and 6q22 EC risk
loci in a Chinese EC GWAS and found that these variants were not replicated in
the Chinese population. Epidemiological studies in the US have shown differences
in EC incidence, histology and prognosis amongst different ethnic groups. Perhaps
there are inter-ethnic differences in EC genetic aetiology and it may be interesting to
investigate the differences in haplotype structure at EC risk loci between Europeans
and other ancestries.

EC GWAS have demonstrated that most novel EC risk loci do not overlap with
those of other cancers. This suggests that a small number of genes may affect multiple
cancers, but on the whole, the genetic aetiology of different cancers is diverse. The
identification of EC risk loci also allows comparison with other phenotypes. For
example, the SH2B3 SNP risk allele for EC and CRC is protective for a immune-
mediated phenotypes such as coeliac disease, type 1 diabetes and rheumatoid arthritis.
Although the effect size for each of these phenotypes is modest, this may be suggestive

that selection is occurring at this location and there is a balance between the risk of
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cancer and auto-immune disease.

In future, targeted re-sequencing and improved imputation reference panels should
capture more of the genetic variation at EC risk loci and aid the discovery of causal
variants. This process will be aided by functional annotation using various publicly
available databases. Larger databases for data such as eQTL analysis may be helpful
in linking associations to gene expression. In vitro methods such as those employed
in chapter 5 can be conducted for the other novel risk loci, and implicated genes can
be further studied using animal models.

As the cost of high-throughput sequencing becomes even more affordable, there is
an improved capability to assess structural variants and rare variants. For rare vari-
ants, study designs could take advantage of selecting specific phenotypic subgroups
or homogenous populations. Otherwise, the study of rare variants may struggle to
demonstrate large effect sizes or genome-wide significance levels.

The identification of common variants associated with EC has achieved the aim of
enhancing our understand of the genetic aetiology of EC, opening the door to further
research into the novel risk loci. It seems unlikely that there are common SNPs with a
large effect size in European populations not detected by this meta-analysis. However,
there may be a number of variants that influence EC risk with a modest effect size
that cannot be detected at genome-wide significance given the current SNP-array
coverage and sample sizes. It seems unlikely that genetic variants associated with
sporadic EC will be of individual predictive value for the general population although
there may still be undiscovered rare, high-penetrance Mendelian causes of EC. Given
the early presentation of most EC cases, genetic risk is unlikely to influence screening
strategy unless it is a highly-penetrant Mendelian disease like LS.

Ultimately, establishing measures to reduce known risk factors such as oestro-
gen exposure and obesity may have the greatest impact on reducing EC incidence.

The continuing role of EC genetics research is to highlight genes and pathways in-
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volved with disease, and further research is warranted particularly for ECs with non-

endometrioid histology, and for those who lack oestrogen-related risk factors.
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