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Abstract

Colorectal cancer (CRC) is the third most common global cancer. Approximately
one fifth of phenotypic variance in CRC is attributable to additive genetic inputs: the
disease risk is heritable. The nature and location of these genetic inputs has been the
preoccupation of association studies over the last decade. Variation at some 30 genomic
loci influences sporadic CRC risk. However, in Mendelian disorders this risk is almost
absolute. Such cancer syndromes include Lynch syndrome, caused by defective DNA
mismatch repair, and serrated polyposis syndrome, which has no confirmed genetic
cause.

The aim of this thesis was to continue exploring how common and rare germline
genetics influence CRC liability. A reexamination of the chromosome 15 GREM1 locus
in seven imputed UK case-control cohorts revealed a new, genome-wide significant risk
polymorphism at rs17816465, independent of previously reported associations. This
polymorphism lies near to conserved regulatory elements within the FMN1 gene and
had allele-specific luciferase activity.

Similar fine-mapping at the POLD3 locus showed a large haplotype carrying CRC
risk, making further refinement of the signal difficult. A risk score incorporating a
correlate of this haplotype and all other independently CRC-associated polymorphisms
was significantly higher in cases than in controls, but did not predict patient survival.
Instead, the risk score anticorrelated with tumour driver mutation burden in publically
available colorectal cancer data.

This thesis also reports the mapping and calling of the whole-genome sequences of
299 UK CRC and adenoma patients. Rare variants within this cohort were shown to be
shared beyond expectation in geographic clines not visible to principal component anal-
ysis. Future rare variant association studies will need to correct for cryptic population
structure using other statistical tools.

In contravention of recruitment criteria, known polyposis syndrome genes were often
deleteriously mutant within the genomes. Also, filtering on phenotype or gene sub-
sets revealed potentially pathogenic variants in either whole-genome or whole-exome
sequences in EXO1, RPA4, and LNX1. One individual displayed homozygous mutation
of the mismatch repair gene MSH3. This was the second account of a germline MSH3
change causing tetranucleotide-unstable CRC. Lastly, a family suffering serrated poly-
posis was shown to carry a heterozygous RNF43 frameshift that segregated with the
disease.

This thesis improves our account of both sporadic and Mendelian CRC risk. It
identifies a new genome-wide significant association with sporadic CRC at the GREM1
locus and provides a haplotypic account of risk at POLD3. It also describes two rare
germline causes of Mendelian CRC: MSH3 and RNF43 loss of function.
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“But, as ’t is said a body, rightly mixed,
Each element in equipoise, would last
Too long and live for ever,— accordingly
Holds a germ—sand-grain weight too much i’ the scale—
Ordained to get predominance one day
And so bring all to ruin and release,—
Not otherwise a fatal germ lurked here”

Robert Browning, The Ring and the Book (ii, 137–143)



Chapter 1

Introduction

In three ways, cancer is a genetic disease. First, on any background and regardless of

cause, cancer is clearly characterised by genetic mishap and derangement. Cancer cells

have damaged and bizarre genomes that both allow and are caused by their breakout

from normal tissue structure and function. Cancer and mutation go hand in hand.

The second sense in which cancer is genetic is more specific. Some cancers can

recur within a family almost as predictably as albinism or sickle cell disease: these

cancers can be described as binary Mendelian traits, inherited dominantly or recessively

in predictable textbook fashion. I will refer to these heritable conditions as “syndromic”

or “Mendelian” cancers. However, they are individually quite rare.

The third sense in which cancer is genetic captures those cases which do not neatly

align into Mendelian Punnett squares. Unlike the rare syndromes, most cancers appear

sporadically, and can therefore be modeled probabilistically. An individual’s propensity

to develop sporadic cancer is nonetheless heritable, albeit to a degree dependant on

tumour type. Common cancer risk carries a genetic component.

This thesis is primarily concerned with the third sort of cancer genetics, the way in

which, independent of lifestyle, genetic variation can influence an individual’s likelihood

of getting cancer. However, I will repeatedly make reference to the links between these

ideas, and to the ways in which they can reinforce or illuminate each other.

The specific disease I will investigate is colorectal cancer (CRC).

1
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1.1 Colorectal cancer

Neoplasm of the colon and rectum (ICD-10 C18–20) is the third most common cancer

in the world, and the second most common in females (Stewart and Wild, 2014). In

2012, some 1.4 million CRC cases occurred (Stewart and Wild, 2014), 35,000 of which

were in England (Cancer Registration Statistics, England, 2013, www.ons.gov.uk). Both

incidence (shown in figure 1.1) and mortality are higher in males than in females. The

disease is more prevalent in developed countries, as figure 1.2 illustrates. Indeed, there is

an almost fivefold difference in CRC incidence across Europe, with the highest incidence

rates in Slovakia (in men) and Denmark (in women) (Ferlay et al., 2013).

Mortality from CRC largely tracks its incidence. It is the fourth most common cause

of death by cancer worldwide (Stewart and Wild, 2014). More detailed statistics exist in

America, where in 2007 CRC was the third leading cause of cancer death in both sexes

of all ages, accounting for just over 9% of cancer deaths (Jemal et al., 2011). Over the

longer timespan of 1975–2013, this proportion was a slightly lower 8.6% of American

cancer deaths (Horner et al., 2013). The NIH estimated that 49,190 Americans died of

CRC in 2016 (seer.cancer.gov/statfacts/html/colorect.html).

This represents, however, a continuous and important decline in incidence and mor-

tality for the disease in the USA. Mortality in particular has more than halved, present-

ing clinicians with mysteriously good news (Welch and Robertson, 2016). This decline

is presumed to be the combined result of improvements in screening, surgical technique,

and chemotherapy regimens. CRC is the only cancer predicted to decrease in incidence

and absolute case number in America by 2030 (Rahib et al., 2014). Moreover, among

some subsets of CRC patients, a total cure does seem possible. In a large international

study, Renfro et al. (2015) found that “patients who remain alive and recurrence-free

show a high likelihood of achieving an expected long-term survival similar to that of the

general population as they reach additional year landmarks, with statistical equivalence

of subsequent 3-year survival achieved at 5 years post-treatment without recurrence”.

This trend is welcome, but there is more work to be done. Rahib et al. (2014) expect

CRC to kill 47, 000 Americans in 2030, and America is a particular success. Survival

www.ons.gov.uk
http://seer.cancer.gov/statfacts/html/colorect.html
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Figure 1.1: English age-standardised CRC incidence rates per 100,000 people for males (dashed
line) and females (solid line). Data from www.ons.gov.uk.

Figure 1.2: Global age-standardised CRC incidence rates per 100,000 people for males in 2012,
showing bias towards countries with higher levels of development. Figure taken from Stewart
and Wild (2014).

www.ons.gov.uk
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rates for CRC are better in the USA than in Europe (Gatta et al., 2000), mostly because

of better screening (Gatta et al., 2003). Incidence is increasing across the developing

world (Stewart and Wild, 2014). CRC is a global problem.

Some environmental CRC risk factors are known. The strongest evidence is for obe-

sity, where meta-analyses by Okabayashi et al. (2012) and Jarvis et al. (2016) show high

BMI significantly increasing the risk of colorectal adenomas and cancer, respectively.

Jarvis et al. (2016) reported a CRC odds ratio of 1.23 per unit increase in BMI. The

consumption of more processed or red meat and less fruits and fibre also seems to in-

crease the relative risk of CRC (Bernstein et al., 2015). Other risk factors are so far

only associated with adenomas: smoking, which roughly doubles adenoma risk (Botteri

et al., 2008), and excess alcohol intake, which has a dose-dependent effect on adenoma

relative risk (Zhu et al., 2014). In addition, it appears that regular exposure to aspirin

can reduce CRC risk. In a large combination of five trials, daily treatment with 75mg

aspirin for 5 years or longer reduced the 20-year incidence of CRC by 30% (Rothwell

et al., 2010).

The assumption that simliar risks might govern adenoma and CRC incidence comes

from Vogelstein et al. (1988), who first proposed the “adenoma-to-carcinoma sequence”.

Sequential driver mutations are thought to propel normal colon cell clones along a path

from polyp to cancer. Where exactly on this path individual risk factors impinge will

be discussed more in §4.3.

It is presumed that some interaction exists between environmental and genetic risk

factors, though two things can be meant by “interaction”. One, this could express

the hypothesis that genetic risk may be felt through downstream effects, not only on

DNA repair, but also on bowel transit time, alcohol consumption, BMI, microbiota, or

other factors. This is plausible but difficult to test without richer outcome measures

in association studies. Two, there could be formal interaction — more than additive

increases in CRC risk — between different factors. Some well-powered studies have

struggled to perceive these interactions (Kantor et al., 2014; Shim et al., 2016), although

variants at the HIATL1 locus do interact with alcohol consumption (Gong et al., 2016),

and dietary risk also has an interactive genetic component (see §1.4.3).
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Stage Description Substage 5-year survival

I invasion beyond the muscularis mucosa 92%

II invasion beyond the muscularis propria
IIA 87%
IIB 63%

III spread to local lymph nodes
IIIA 89%
IIIB 69%
IIIC 53%

IV metastasis to distant organs and lymph nodes 11%

Table 1.1: CRC survival by AJCC substage in the SEER database (2004–2010), as given by
www.cancer.org.

1.1.1 CRC subtypes

Colorectal tumours are subclassified along a bewildering array of axes. Simplest are

the gross anatomical features of location and stage. But these classifications have long

been supplemented by molecular information, a tendency which has accelerated in the

genomics era, to provide an increasingly dominant and, for now, increasingly confusing

set of subtypes.

The modern staging system is a refinement of the suggestion by Dukes (1932), who

proposed four sequential categories of CRC. These are described in table 1.1, along with

survival information from the American Cancer Society. NHS NICE guidelines prefer

the later TNM stage classification, which is more specific about degree of invasion and

node involvement (Sobin and Fleming, 1997). But in practice many clinical databases do

not contain this degree of detail, and Dukes staging is used in this thesis when necessary.

Any CRC subtype can inhabit any stage, of course. It is the molecular route through

the stages, and the speed of this progression, that will vary. Historically, biological

differences between CRCs were attributed to left- or right-sided location in the gut; by

the 1990s the preferred discriminator was the stability of DNA microsatellites.

Microsatellites are also known as simple sequence repeats. They are small (2–5bp)

motifs that repeat in tandem, which are often polymorphic. The human genome is full

of them; depending on definition there are at least one million microsatellite loci in the

human genome, accounting for 3% of the genome (Lander et al., 2001; Warren et al.,

2008). This abundance was useful for early disease mapping (see §1.2.1). In 1993, three

groups independently reported a minority of sporadic CRCs which showed pervasive

http://www.cancer.org/cancer/colonandrectumcancer/detailedguide/colorectal-cancer-survival-rates
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change in microsatellite size between tumour and normal cells (Aaltonen et al., 1993;

Ionov et al., 1993; Thibodeau et al., 1993). Their routes to this discovery were different

— Aaltonen et al. (1993) were mapping Lynch syndrome, for example — and their

estimates of the frequency of this microsatellite instability (MSI) ranged from 12–28%

of sporadic CRC.

The causative defect in MSI CRC tumours is in the mismatch repair pathway

(MMR). MMR is a form of DNA damage repair that corrects replicative errors, to

which the DNA synthetic machinery is particularly prone at microsatellites. Slippage

within motif repetition can either create one mismatched base, or asymmetric strand

length and small insertion-deletion loops. Mismatches can become fixed point mutations

if not caught before the next round of replication; loops can frameshift and truncate

coding DNA. The MMR system, first discovered in E. Coli (Glickman and Radman,

1980; Tiraby and Fox, 1973), corrects both.

The MSI subtype, as opposed to microsatellite stable (MSS) cancers, was consistently

judged to have a better prognosis, to occur in younger patients, to be more proximal in

the bowel, and not to follow Vogelstein et al. (1988)’s canonical adenoma-to-carcinoma

mutation sequence (Phipps et al., 2014). In particular, MSI tumours do not typically

have a mutant KRAS gene (Ionov et al., 1993), which is frequent in MSS CRC. Nor do

they display gross chromosomal instability (CIN).

CIN is a property of cancer first observed in the nineteenth century by von Hanse-

mann (1890). The pathologist observed asymmetric or multipolar mitosis in cancer

samples, and theorised that abnormal chromosome handling was either a cause or char-

acteristic of some dedifferentiating drive within tumour Mutterzellen (stem cell ana-

logues). Theodor Boveri — who is often unfairly credited with von Hansemann’s ideas

(Bignold et al., 2006) — corroborated this theory with detailed descriptions of the chro-

mosomally unusual sea urchin cells formed by the simultaneous fertilisation of an egg

by two sperm (Boveri, 1907). These double fertilisations produced supernumerary cen-

trosomes, an immediate split into not two but three or four daughter cells, a random

inheritance of chromosome number and type, and subsequent death at gastrulation.

Boveri argued that this meant that each chromosome was responsible for different as-
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pects of heredity, and moreover observed that, instead of premature death, on occasion a

larval cell endowed with an unsual chromosomal complement would display schrankelose

Vermehrung (“unlimited growth”, Boveri, 1914).

The majority of CRCs are aneuploid: they have an abnormal chromosome number,

due to CIN (Thompson and Compton, 2008). This is mostly due not to mitotic dys-

function, but rather to defective replication forming misshapen chromosomes which then

missegregate (Burrell et al., 2013). Recurrent changes in CRC include gain of chromo-

somes 1q, 7, 8, 12q, 19q, and 20; and loss of chromosomes 18 (where SMAD4 resides)

and 17p (containing TP53 ; Muzny et al., 2012).

The mututal exclusivity of MSI and CIN provided the simplest and most clear-cut

molecular categories of CRC until the genomics era. An additional trait, called CpG

island methylator phenotype (CIMP), was often also included in classifiers, but the

usefulness of this information from a purely biological standpoint was moot. CIMP is

an overabundance of gene silencing by promoter methylation; almost all sporadic MSI

tumours have the MMR system curtailed by CIMP causing methylation at MLH1 (Goel

et al., 2007). But this is a one-way relationship. Most MSI tumours have CIMP, but not

all CIMP tumours are MSI (Samowitz et al., 2005). Therefore, the phenotype affords

modest additional discriminatory power.

The 2010s have seen a renewed enthusiasm for subclassification. These efforts are

mostly based on the clustering of expression data from microarrays or RNA sequencing

to produce molecular CRC subtypes. In some cohorts this produced three categories

(Roepman et al., 2013), in others four (Perez-Villamil et al., 2012), five (Budinska et al.,

2013; Schlicker et al., 2012), or even six (Marisa et al., 2013; Sadanandam et al., 2013).

The biological and prognostic relevance of these unsupervised clusters is often difficult

to fathom. To unify the proliferating and competing systems, Guinney et al. (2015)

formed an international consortium to define the consensus molecular subtypes (CMS)

of CRC.

The CMS system is one of the two current molecular classifications of CRC. The

other is based on DNA sequencing from the cancer genome atlas (TGCA, Muzny et al.,

2012). This is based on somatic mutation pattern, and distinguishes three groups:
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microsatellite stable CIN tumours; MSI tumours; and a small group of “ultramutant“

cancers with dysfunctional POLE. The TCGA and CMS categories are summarised in

table 1.2.

TCGA group Proportion CMS group Description Proportion

MSI 13% CMS1 MSI/immune 14%

CIN/MSS 84%
CMS2 canonical/epithelial 37%
CMS3 metabolic 13%
CMS4 mesenchymal 23%

Ultramutant 3%

Table 1.2: Current molecular subtypes of CRC, from Muzny et al. (2012) and Guinney et al.
(2015). The strongest agreement is on the proportion and prognosis of the MSI group.

Ironically, after a decade of deeper digging, the best classifier remains the presence of

MSI, although recent work also confirms a distinct clinical behaviour of POLE -mutant

CRC (Domingo et al., 2016). The biology of the three MSS CMS groups (CMS2–4)

needs more exploration.

1.2 Mendelian CRC

Known Mendelian syndromes make up approximately 5% of CRC incidence (Jasperson

et al., 2010; Rustgi, 2007). This estimate is mostly a count of Lynch syndrome patients,

who suffer this most common CRC syndrome (see §6.1.1). Second most common is

familial adenomatous polyposis (FAP). As well as these, there is a long tail of very rare

conditions including MUTYH -associated polyposis (MAP), NTHL1 -associated polypo-

sis (NAP), polymerase proofreading-associated polyposis (PPAP), serrated polyposis

syndrome (SPS, previously known as hyperplastic polyposis), hereditary mixed polypo-

sis syndrome (HMPS), juvenile polyposis syndrome (JPS), and Peutz-Jeghers syndrome.

It is helpful to follow Tomlinson (2015) in grouping these syndromes by the colorectal

lesion to which they predispose patients. Most appear to have polyposis as a primary

endpoint: only Lynch syndrome is associated with increased CRC risk in the absence of

polyps. The Mendelian conditions can then be subdivided by polyp type. FAP, MAP,

NAP and PPAP predispose to classical adenomatous polyps; JPS and Peutz-Jeghers

predispose to hamartomatous polyps; SPS causes serrated-type polyps; and HMPS leads
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Syndrome Gene(s) Inheritance Proportion of CRC

Lynch MSH2, MSH6, MLH1, PMS2 AD 3–4%

FAP APC AD 1%
MAP MUTYH AR < 1%
NAP NTHL1 AR < 1%
PPAP POLE AD < 1%

Peutz-Jeghers STK11 AD < 1%
JPS BMPR1A, SMAD4 AD < 1%

HMPS GREM1 AD < 1%

SPS - AD -

Table 1.3: Summary of Mendelian CRC or polyposis syndromes. AD, autosomal dominant; AR,
autosomal recessive.

to a mixed polyposis of all types. See table 1.3.

The risk of disease conferred by mutation in Mendelian syndrome genes is variable,

modified by additional variants or by environmental factors. Reeves et al. (2008) found

that an IGFR1 promoter CA dinucleotide repeat predicted age of disease onset in both

Polish and Austrian Lynch syndrome patients, independent of inherited mismatch muta-

tion, gender, and family. Variants in MTHFR, an enzyme involved in folate metabolism,

are protective in Lynch syndrome (Pande et al., 2007; Reeves et al., 2009). And homozy-

gosity at an HFE variant, causing hereditary haemochromatosis, significantly correlated

with absolute risk and earlier age of onset of CRC in Lynch patients (Shi et al., 2009).

There is no evidence, however, that variants associated with sporadic CRC risk influence

Lynch syndrome penetrance or outcome (Win et al., 2013).

The causative gene or genes have been discovered for all but one of the conditions

above (SPS; see table 1.3). I will not review every syndrome, but rather will provide

an overview of the genetics of JPS, HMPS, and PPAP. This subset should adequately

illustrate both the past decade’s advances in disease mapping, and some shared biological

characteristics of the diseases. The earliest attempts to locate pathogenic germline

genetics took advantage of linkage.
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1.2.1 Linkage

The intellectual apparatus of linkage studies emerged alongside the discipline of genetics

itself, during the fervid scientific activity of the Belle Époque. In 1900, after Darwin, but

before Bateson coined the phrase “genetics” in 1905, and long before a truly molecular

account of heredity, a handful of independent inquirers either rediscovered or recreated

the work of Gregor Mendel (Correns, 1900; Mendel, 1865). The codification of inheri-

tance, and specifically Mendel’s law of independent assortment, spurred great debate as

to the location and nature of genes. Did they reside on chromosomes, as suggested by

Sutton (1903) and Boveri (1904)? Thomas Hunt Morgan thought this idea problematic:

“Since the number of chromosomes is relatively small and the characters of the
individual are very numerous, it follows on the theory that many characters must be
contained in the same chromosome. Consequently, many characters must Mendelize
together. Do the facts conform to this requisite of the hypothesis? It seems to me that
they do not.”

Morgan (1910a)

And yet Morgan knew that Mendelian phenotypic distributions were inadequate

biological descriptors, too. Non-Mendelian assortment existed and had been reported.

Bateson et al. (1905) observed a mysterious coupling of petal colour and seed shape in

the sweet pea; in the same year as Morgan’s critique of chromosome theory above, he and

his colleagues described a trait — white eyes in fruit flies — whose inheritance pattern

was sex-linked. The heredity of white-eye was parsimoniously explained by its coupling

to a mutant X chromosome, a hypothesis confirmed by breeding experiments (Morgan,

1910b). But this explanation strongly suggested that the X carried information.

Two additional lines of investigation strengthened the case for the chromosomal

theory. One, the recently emerging understanding of the mechanics of germ cells and

meiosis, was furnished by Oscar Hertwig and August Weismann in the late nineteenth

century. The other was the meticulous descriptions by Janssens of what he termed

“chiasmatypie”: the twisting, merging, and “otherwise completely inexplicable inter-

weavings” of chromatids during meiosis (Janssens, 1909). This was the first account

of chromosomal crossover. Morgan realised that chiasmatypie might void his previous

objections to chromosomal heredity, and in 1911 provided the beautful and pithy theory
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of genetic linkage.

“[Observations of coupling] are a simple mechanical result of the location of the
materials on chromosomes, and of the method of union of homologous chromosomes
[. . . ] Instead of random segregation in Mendel’s sense we find “association of factors”
that are located near together in the chromosomes. Cytology furnishes the mechanism
that the experimental evidence demands.”

Morgan (1911)

Characteristics on one chromosome are prevented from always “Mendelizing to-

gether” by crossover during meiosis. The physical reality of this genetic exchange during

recombination was not confirmed until the 1930s, by Creighton and McClintock (1931)

in maize and by Stern (1931) in fly a few weeks later (to say nothing of the mystery

of the molecular basis of this genetic information). And it would take an additional

fifty years before Morgan’s theory could serve medical genetics, via its obvious corro-

lary: that those regions of the genome which cosegregate with heritable disease must

lie close to pathogenic variation. By following variable genetic elements in pedigrees,

causal regions can be discovered.

By convention, evidence for linkage is quantified by the log of odds (LOD) score,

which is log10 of the odds of observed linkage not occurring by chance. Odds of at least

1000 to 1 (LOD = 3) are considered adequate to infer linkage between two traits.

The three diseases discussed below track the changing variants used in linkage map-

ping as technology improved. In the 80s, restriction digestion and electrophoresis were

used to describe restriction fragment length polymorphisms (Botstein et al., 1980). This

led to the first disease mapping, of Huntington’s to chromosome 4 (Gusella et al., 1983).

Later, the invention of PCR allowed a simpler amplification of polymorphic regions,

with primers flanking microsatellites.

1.2.2 JPS

After an exploratory study ruled out PTEN and MCC germline mutation in JPS

(Leggett et al., 1993), Howe et al. (1998a) investigated twelve other loci and successfully

mapped JPS. The authors used simple sequence repeat polymorphisms as markers, look-

ing for cosegregation in a large JPS kindred. Only at 18q21.1 was marker LOD > 3.0,
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surrounding the genes DCC and SMAD4. Later that year Howe et al. (1998b) pin-

pointed the kindred’s causative mutation, a frameshift deletion in SMAD4.

However, Howe et al. (1998b) found no mutations in sequenced SMAD4 exons in

four unrelated patients. Also, Houlston et al. (1998) saw no linkage between SMAD4

and JPS in eight affected families and found only one instance of SMAD4 mutation

in a larger patient set using conformation-specific gel electrophoresis. Though SMAD4

mutations caused JPS in some cases, they did not underlie every instance of the disease.

Howe et al. (2001) performed a genome-wide linkage screen with simple sequence

repeat polymorphisms in four families with JPS but without SMAD4 mutation and ob-

served high LOD scores around chromosome 10q22–23. As PTEN mutations had been

excluded, this left BMPR1A as the most interesting gene at the LOD peak. Custom

microsatellite markers flanking the gene showed total disease cosegregation, with a re-

combination factor of 0. Howe et al. (2001) proceeded to Sanger sequence every exon

of BMPR1A, and found four separate deleterious mutations in each of the four families,

every one cosegregating with disease.

BMPR1A is a type I bone morphogenetic protein (BMP) receptor kinase. In partner-

ship with an activating type II BMP receptor, BMPR1A phosphorylates the receptor-

regulated SMAD proteins SMAD1, SMAD5, and SMAD9. These then oligomerise with

the co-SMAD, SMAD4, and move to the nucleus to act as transcription factors. Figure

1.3 diagrams this signalling pathway.

Therefore, JPS is caused by mutation of different components of one signal transduc-

tion cascade: the BMP pathway. Mutations in both the BMP receptor and its activated

transcription cofactor are sufficient to cause polyposis.

1.2.3 HMPS

HMPS was formally described by Whitelaw et al. (1997), who did not exclude the

possibility that it was an unusual form of JPS. A large Ashkenazi family (SM96) suffered

dominantly inherited early-onset CRC with mixed polyposis. Linkage of the disease to

APC, TP53, MSH2, MLH1, and DCC (and hence SMAD4 ) was ruled out by targeted

mapping of restriction fragment length and simple sequence repeat polymorphisms. A
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Figure 1.3: Simplified diagram of the BMP pathway. Circled Ps represent phosphorylation steps.
SMAD4 and SMAD1/5/9 together mediate the BMP suppression of intestinal Lgr5+ stem cell
renewal, among other effects (Qi et al., 2017).
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year prior, a genome-wide linkage study in the same kindred had claimed chromosome

6q as the pathogenic locus (Thomas et al., 1996). This later proved incorrect, however,

when an individual from SM96 without the disease-associated 6q haplotype developed

multiple colorectal adenomas at an early age (Jaeger et al., 2003).

The first correct HMPS mapping is therefore a matter of semantics. Tomlinson

et al. (1999) correctly identified chromosome 15q14–q22 in a genome-wide linkage study,

hypothesising a local CRAC1 (colorectal adenoma and carcinoma 1) gene. But this was

in a separate family not yet diagnosed with HMPS. Jaeger et al. (2003) rejected the

chromosome 6 mapping, repeated a genome-wide microsatellite linkage study, and found

strong evidence for a 15q13–q14 HMPS locus in SM96, the CRAC1 family, and a third

family of Ashkenazim with multiple adenomas. All affected patients in each kindred

shared the same haplotype.

Due to its highly unusual nature, the underlying pathogenic change at the HMPS

locus was not understood until 2012. After finding no novel or pathogenic changes in

the three genes at the locus (GREM1, SCG5 and FMN1 ) by sequencing, Jaeger et al.

(2012) designed a custom oligonucleotide array to assess local copy number. The mu-

tation was found. All HMPS patients were heterozygous carriers of a 40kb duplication,

incorporating the last four exons of SCG5 and ending just upstream of GREM1. Some-

how, this duplication vastly increases the expression of GREM1, ectopically. It shows

perfect disease cosegregation.

GREM1 is an extracellular BMP antagonist (see figure 1.3) discussed in greater

detail in chapter 3. It is the third member of the canonical BMP signalling pathway to

be directly implicated in Mendelian CRC.

The Jaeger et al. (2012) duplication is only found in Ashkenazim and is almost

certainly a founder mutation that has spread throughout a single, dispersed kindred.

Two other reports describe Ashkenazi patients with this same GREM1 duplication

(Plesec et al., 2016; Ziai et al., 2016). Additionally, Rohlin et al. (2015) found a second,

16kb duplication upstream of GREM1, in a family beset by CRC and a polyposis of

possibly mixed type. This duplication was found by multiplex ligation-dependent probe

amplification following a linkage study on thinned exome sequencing, which highlighted
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the GREM1 5′ untranslated region. Rohlin et al. (2015) reported no Ashkenazi heritage

for this kindred, where the smaller duplication was found exclusively in the four sufferers

out of eight family members interrogated. As in the Ashkenazi duplication, gut GREM1

expression was increased, although to a lesser extent.

1.2.4 PPAP

Research into JPS and HMPS genetics spans technology that began with the very first,

low-coverage studies and led to exome sequencing; it’s only appropriate that PPAP

should bring us up to date by using whole-genome sequencing (WGS) to discover

Mendelian mutations — without entirely abandoning older disease mapping techniques.

WGS variant discovery often relies on aggressive filtering strategies. An overall list

of variation is subset on multiple parameters to create a tractable candidate list. For

example, Palles et al. (2013) searched for coding or splice site variants shared among 4

of 13 families with multiple, early adenomas. They found none, however, and so turned

to preexisting linkage data within two of the families.

It was this intersection between shared rare variants from WGS and shared regions

from linkage that allowed the discovery of each of these families’ pathological muta-

tions. One had a missense variant in POLE, the other a missense variant in POLD1.

These genes encode the catalytic and proofreading subunits of DNA replication poly-

merases ε and δ, respectively. The mutations disrupt the exonuclease (proofreading and

mismatch-repairing) domain of the proteins and cause dominantly inherited adenomas

and early or multiple CRCs. POLD1 mutations also predispose to endometrial cancer

in females. Briggs and Tomlinson (2013) named the condition PPAP, and other groups

have subsequently reported cases (Elsayed et al., 2014; Goodman, 2014; Valle et al.,

2014), though the condition accounts for less than one percent of early-onset CRC cases

in all studies and is therefore rare in the general population.

The cancer syndromes discussed illustrate four principles. The first is typological:

much of the success of these endeavors requires tight and valid biological categorisation.

Otherwise one ends up with some of the confusion seen in the early mapping of HMP-

S/CRAC1. FAP, which I did not discuss, is an end-stage agglomeration of previously
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distinct traits, subsuming “APC” and “Gardner’s syndrome”. Nor is the boundary be-

tween HMPS and JPS phenotypically clear-cut, as the exchange between Cheah et al.

(2012) and Tomlinson et al. (2012) illustrates. But the genetics are unambiguous and

should be considered pathognomonic. A purely genetic classification of Mendelian dis-

ease is vastly preferable and — given the apparent takeover of genetics-led rather than

descriptive disease discovery, as in PPAP — may now be inevitable in any case.

Second, CRC resembles other cancers in how its Mendelian forms corroborate Knud-

son’s most famous idea. Knudson (1971) proposed that germline and somatic mutations

in the same gene might both cause retinoblastoma, though he did not explicitly gener-

alise to all cancer syndromes. Nevertheless this remarkable relationship between the rare

and the common disease has repeatedly resurfaced. The causal genes in FAP (Solomon

et al., 1987), Lynch syndrome (Mensenkamp et al., 2014), and PPAP are all mutated in

sporadic CRC. Indeed, POLE mutation, though uncommon, defines a mismatch-repair

proficient, immunogenic, hypermutant CRC tumour subset with an excellent prognosis

(Domingo et al., 2016).

The third principle is technical: disease mapping charts the course between PCR and

WGS. The extremely rapid discovery of PPAP illustrates the power of modern methods.

It’s worth observing that the hiatus in Mendelian enquiry at the turn of the millenium

in the narratives above reflects a broader preoccupation of the genetics community with

other large projects at the time, and a turning away from rare diseases more generally

(see §1.4). Available technology has both limited and directed the fashions in genetic

research.

This leads me to the fourth principle, somewhat at odds with Knudson’s insight.

Most CRC is not Mendelian. It’s not random, either: some degree of CRC risk is

heritable. And it’s not clear the extent to which Mendelian genetics can illuminate this

risk. It’s worth being pedantic here. A loose statement of the two-hit hypothesis is

that inherited and somatic mutations in the same gene will produce the same cancer.

This neither supports nor precludes the idea that germline variation affecting an entirely

separate set of genes might govern CRC risk. This possibility, alongside the individual

rarity of the syndromes and emerging array technology, spurred inquiry into the subtler
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genetics of CRC predisposition through the genome-wide association study (GWAS).

But before one can discover the genetics of heritable cancer risk, one must gain a sense

of how much there is to explain — a measurement of its heritability.

1.3 The heritability of complex traits

“For, surely, no one fails to see that the appearance and habits, and generally, the
carriage and gestures of children are derived from their parents. This would not be
the case if the characteristics of children were determined, not by the natural power of
heredity, but by the phases of the moon and by the condition of the sky.”

Cicero, De Divinatione, 2.94

Cicero’s attribution in 44 B.C. of Chaldean astrological nonsense to certain Stoic

thinkers is one of the first records of philosophical concern with twins’ mutual resem-

blance. But what he means by vis et natura gignentium is unclear, invoking and mud-

dying to modern ears that tired dichotomy of nature versus nurture, genes versus en-

vironment. We have had at our disposal for decades now an easy bypass of the issue,

which is to accept both. “The concept of heritability replaced a meaningless discussion

of whether heredity or environment is all-important” (Crow, 1971, emphasis mine).

Heritability is different for different traits, and can be measured. Mendelian traits

are monogenic and highly penetrant; continuous and complex traits are not, but can be

modeled as the sum of many small effects. As Fisher stated in 1918 (while offhandedly

inventing the statistical definition of variance), “the simplest hypothesis, and the one

which we shall examine, is that such features as stature are determined by a large

number of Mendelian factors”. This hypothesis, he concluded, “seems to fit the facts

very accurately” (Fisher, 1918).

Heritability is the proportion of phenotype variance (σ2P ) attributable to genetic

variance (σ2G). The definition of the second term is key. If we are concerned with the

similarity bewteen parent and offspring, who can share a maximum of one allele per

locus, then genetic variance refers to the additive effect of these alleles. The ratio of

additive variance (σ2A) over phenotypic variance is the “narrow-sense” heritability, h2
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(equation 1.1).

h2 =
σ2A
σ2P

(1.1)

h2 is commonly derived from twin studies using the “ACE” model, splitting pheno-

typic variance into three components: A for additive genetic input, C for environmental

inputs common to twins, and E for private environmental inputs. If rMZ is monozygotic

phenotypic correlation, and rDZ is dizygotic correlation, then

h2ACE = 2(rMZrDZ) (1.2)

Narrow-sense heritability is only one component of total genetic variance, as it does

not model interactions between loci (epistasis) and alleles (dominance). These are geno-

typic rather than allelic factors and variance in these parameters, as well as maternal and

paternal effects, all contribute to total genetic variation (equation 1.3, where σ2D and σ2I

are the partitions of genetic variance due to dominant effects and epistasis, respectively).

σ2G = σ2A + σ2D + σ2I (1.3)

The ratio of σ2G over σ2P is the “broad-sense” heritability, H2 (Dempster and Lerner,

1950). This partitions out of σ2P any environmental or covariant contributions.

When we are concerned with a binary phenotype, such as CRC case or control status,

rather than a spread of values, such as height, to what does σ2P refer? There are two

ways of modelling dichotomous phenotypic variance. The first is to simply treat the

trait as a binary variable, in which case its variance will be K(K − 1), where K is the

probability or incidence of the trait. This is undesirable, as it makes comparisons across

traits with different incidences difficult, and can obscure truly additive contributions of

genetic variance (Dempster and Lerner, 1950). Following earlier work by Wright (1926),

Lush et al. (1948) were the first to apply the second model of dichotomous phenotype

variance. This “threshold” model treats the trait as a normally distributed liability, the

sum of normally distributed environmental and genetic components. Disease manifests

when this liability passes a certain threshold value.
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1.3.1 Heritability of CRC

That sporadic CRC incidence has a genetic component is well founded. An individual

with at least one first-degree relative with CRC has a relative risk of the disease of

2.25; their relative risk remains roughly double that of the normal population if that

first-degree relative merely has adenomas (Johns and Houlston, 2001). As is surprisingly

common across traits, however, exact estimates for the heritability of CRC are few and

uncertain.

Early twin studies were small but reasonably consistent. Comparing monozygotic to

dizygotic twin concordance rates allowed Verkasalo et al. (1999) to estimate a CRC ad-

ditive genetic component explaining 35% of phenotypic variation; Ahlbom et al. (1997)

gave a higher figure of 43% in males only (they had no informative female twins). Licht-

enstein et al. (2000) used a combination of Scandinavian twin registries, including both

the Verkasalo et al. (1999) and the Ahlbom et al. (1997) cohorts, to amass some 1300

twins where at least one sibling had CRC. Assuming a total correlation between additive

genetic and shared environmental components of phenotypic variance in monozygotic

twins, they generated an estimate of the narrow-sense CRC heritability of 35%. This

estimated heritable component was slighly higher for CRC occurring before age 75.

Other estimates of CRC heritability are derived from modelling concordance be-

tween many different types of relatives in the large Swedish Family Cancer Database

(Czene et al., 2002; Hemminki et al., 2001). The database contains millions of indi-

viduals. For each type of sex-specific relationship (father-daughter, sister-sister, etc.),

concordance can be quantified by tetrachoric correlation of contingency tables, and the

liability threshold separately estimated from incidence (as explained in Lee et al., 2011).

In the most recent study, there were 860 CRC-concordant relatives, and many more dis-

parate pairs. Czene et al. (2002) produced considerably lower estimates than the earlier

twins: 12–18% for colon cancer, and 8–13% for rectal cancer narrow-sense heritability.

At first glance these estimates seem discomfortingly conflicting. But in fact their

95% confidence intervals, when reported, overlap. Lichtenstein et al. (2000) report an

additive heritability of 10–48%, which encompasses the results of Czene et al. (2002).

Nevertheless, additional updates to this figure would be welcome, especially given much



CHAPTER 1. INTRODUCTION 20

of the confused rhetoric around heritability, as discussed in chapter 7.

Having established the reality of a genetic component in sporadic CRC risk, and

armed with an imperfect estimate of the magnitude of that contribution, the task is

now to assess what particular biological changes actually underlie the disease, using

GWAS.

1.4 GWAS

1.4.1 Theory and early practice

GWAS is a complex way to answer a simple question. For a heritable trait, it interrogates

the genetic differences between those with and without the trait. An assumption of

GWAS is that, so long as their risk has a respectable genetic component, common

diseases such as sporadic CRC will be partially caused by common variation. Therefore,

GWAS examines common variant allele frequency differences between large numbers of

cases and controls.

GWAS is unlike linkage studies in that it requires no relationship information (in-

deed, relatives should not be used) and looks for correlation rather than cosegregation.

The resolution of a linkage study is limited by the number of recombination events in

kindreds; the resolution of GWAS is limited by the number of variants genotyped and

by the linkage disequilibrium (LD) structure of the population in question.

There are two immediate obstacles to successful GWAS. The first is genotyping

technology. When GWAS was in its infancy, the cost of WGS remained prohibitively

expensive. Even testing most common variants was effectively impossible. This issue

is exacerbated by the second obstacle: GWAS deals with very large numbers. For an

effective study, very many variants must be genotyped in very many people. This further

increases the cost of GWAS, and also introduces a considerable risk of false-positive

findings. Moreover, proximate common variants have correlated allele frequencies due

to LD, as Morgan (1911) predicted.

The early solution to these problems was ingenious. An immediate extension of the

Human Genome Project (Lander et al., 2001), the International Hapmap Project investi-
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gated the haplotype structure of four separate human populations: Yoruba from Ibadan,

Nigeria; Japanese inhabitants of Tokyo; Han Chinese from Beijing; and Americans with

Northwestern European ancestry from Utah (The International Hapmap Consortium

et al., 2003). As well as a tool for studying recent human evolutionary history, the

project was necessary for GWAS. Not only did it expand the cataloguing of variation

within these populations, especially of single nucleotide polymorphisms (SNPs), but the

degree of correlation between these variations enabled the first maps of recombination

landscape of the human genome (The International HapMap Consortium, 2005). Re-

combination rate is not constant over each nucleotide of the genome (Jeffreys et al.,

2001; Myers et al., 2005), nor is the work of recombination “done”, in the sense of hav-

ing had enough time to completely shuffle the deck of human genetics. As such, human

populations exhibit contiguous, coinherited haplotypes that can be “tagged” by a single

SNP lying within them. African haplotypes are shorter and more numerous, as Africa

housed the older founder population out of which all other human populations arose

(Ramachandran et al., 2005; Reich et al., 2001; Shifman et al., 2003). Early GWAS

therefore only typed and tested a subset of the ∼ 10 million common SNPs then cat-

alogued, a 500,000-strong subset that represented LD blocks across the nonrepetitive

genome. In this way, the problem of multiple testing was reduced by two orders of

magnitude, and contemporary array technology was competent to the task.

Ozaki et al. (2002) carried out the first GWAS, for myocardial infarction, having

successfully typed just 65,671 SNPs in 95 cases and 658 controls. Their published asso-

ciation was not corrected for multiple testing, and would not be considered a true result

today. It is now standard to correct association P values by the overly conservative

Bonferroni method (Johnson et al., 2010). This means that a genome-wide significant

association requires P < 5×10−8, assuming 1,000,000 independent tests. The corrected

value for Ozaki et al. (2002) would be P = 1. As a result, the study is often rather un-

fairly forgotten in favour of the first successful GWAS, associating macular degeneration

with variation at the CFH gene (Klein et al., 2005).

These first, dripwise attempts were harbingers of a great GWAS flood. As geno-

typing technology cheapened, reports proliferated exponentially. Topol et al. (2007)



CHAPTER 1. INTRODUCTION 22

declared the advent of “the genomics gold rush”: in 2010 over half of the articles in

Nature Genetics were GWASs (Ikegawa, 2012). But early GWAS was underpowered,

and had too low a resolution, especially when attempting to refine an association hit.

Ever-increasing case-control cohort sizes helped the first problem. Genotype imputation

helped the second.

1.4.2 Imputation

The logic of GWAS array design is that, knowing something of the LD stucture of

the genome, individual SNPs can stand as proxies for their surrounding, correlated,

variants. The corollary is that missing genotypes must be to some degree inferable from

surrounding SNPs. Additional genetic information can be imputed (Howie et al., 2009;

Marchini et al., 2007).

Imputation requires reference haplotypes, which will supply genotypes to the sparser

input and which therefore must come from a similar population. These can be explic-

itly phased, or estimated. This reference information was part of an updated HapMap

(The International Hapmap Consortium, 2010), which was then superseded by its suc-

cessor, the 1000 Genomes project (Abecasis et al., 2010). The 1000 Genomes project

(1000G) catalogues more rare variants in more populations, and is a common imputa-

tion backbone (Wood et al., 2013). Increasingly, however, these shared resources are

supplemented or replaced by private whole-genome sequencing (WGS), as in this thesis.

Modern methods estimate the phase of all typed SNPs in both reference and study

populations using iterations of a Markov chain Monte Carlo (MCMC) algorithm, and

then impute genotypes in the sparse study set (Howie et al., 2009). At the end of this

iterative cycling, missing genotypes are replaced by allele probabilities, with information

scores for each locus.

The great strength of imputing missing genotypes is that it allows the combined

analysis of samples originally typed on different arrays. As such, it was a crucial tech-

nology for the expansion of GWAS, because multiple small cohorts could be pooled to

provide greater statistical power. Imputation also enables the “fine-mapping” of trait-

associated loci by increasing spatial resolution, potentially improving the best tagging
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variant, or even highlighting the previously untyped causal variation itself. This second

possibility marks a discontinuity in the history of disease mapping: with imputation it is

possible (although still unlikely) to simultaneously map a disease locus and to discover

its causal variant.

Cheaper arrays, large public databases of variation, and imputation have contributed

to the enormous expansion of GWAS. As of March 2017, over 3600 GWAS papers have

been entered into the NHGRI-EBI GWAS catalogue (www.ebi.ac.uk/gwas), representing

some 36,500 associations with hundreds of traits.

1.4.3 CRC GWASs

GWAS has implicated at least 30 loci in hereditary CRC risk. Table 1.4 summarises the

state of the art, although it is merely a list of loci associated with CRC in Europeans,

and is therefore missing two kinds of information. First, since this thesis deals exclu-

sively with European genetics, I have not reported loci found in Asian-only CRC GWASs

that have not yet been replicated in Europeans (see, for example Jia et al., 2012; Zeng

et al., 2016; Zhang et al., 2014a,b). The table shows which signals have been validated

(or discovered) in multiple populations, which for the moment essentially means in both

Europeans and Asians, there being only one published CRC GWAS in another popula-

tion (the small African American set in Kupfer et al., 2014). Second, table 1.4 only shows

loci, not individual risk signals. Some loci harbour more than one risk-associated vari-

ant, whether causal or tagging. These include 10q24.2 (ABCC2, or possibly ENTPD7 ),

12q13.13 (DIP2B), 14q22.2 (BMP4 ), 20p12.3 (BMP2 ), and, as discussed at length in

chapter 3, the GREM1 locus, 15q13.3. So far only two CRC GWAS loci have been

shown to interact with environmental risk factors: the EIF3H locus SNP rs16892766,

with vegetable consumption (Hutter et al., 2012), and the GATA3 locus SNP rs4143094,

with processed meat consumption (Figueiredo et al., 2014).

It’s worth highlighting two important points. One, I am continuing an ignoble tra-

dition in supplying genes for every risk association, as though that were the end of the

matter. It’s almost professional convention at this point to provide a nearby biolog-

ical effector for reported GWAS loci or SNPs. But, especially in older papers, there

http://www.ebi.ac.uk/gwas/
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Locus Gene Reference Multi-ethnic?

1p36.22 MTHFR Hubner and Houlston (2007)
1p36.12 WNT4/CDC42 Al-Tassan et al. (2015)
1q25.3 LAMC1 Kinnersley et al. (2012)
1q41 DUSP10 Houlston et al. (2010) Jia et al. (2012); Zhang et al. (2014a)

3p22.1 CTNNB1 Schumacher et al. (2015)
3p14.1 LRIG1 Schumacher et al. (2015)
3q26.2 MYNN /TERC Houlston et al. (2010) Jia et al. (2012)
5p15.33 TERT Kinnersley et al. (2012)

6p21 CDKN1A Dunlop et al. (2012) Zhang et al. (2014a)
8q23.3 EIF3H Tomlinson et al. (2008) Zeng et al. (2016)
8q24.21 POU5F1P1 Tomlinson et al. (2007) Jia et al. (2012)
10p14 RNA5SP299 Tomlinson et al. (2008) Jia et al. (2012); Zhang et al. (2014a)
10p13 ERAP1 Al-Tassan et al. (2015)
10q25 VTI1A Wang et al. (2014a) yes, by design

10q24.2 ABCC2 Whiffin et al. (2014)
11q13.4 POLD3 Dunlop et al. (2012) Jia et al. (2012)
11q23 POU2AF1 Tenesa et al. (2008) Zhang et al. (2014a)

12p13.32 CCND2 Whiffin et al. (2014) Zhang et al. (2014b)
12q13.13 DIP2B Houlston et al. (2010) Zhang et al. (2014b)
12q24.12 SH2B3 Timofeeva et al. (2015)
12q24.22 NOS1 Schumacher et al. (2015)
14q22.2 BMP4 Houlston et al. (2008) Jia et al. (2012)
15q13.3 GREM1 Jaeger et al. (2008) Kupfer et al. (2014)
16q22.1 CDH1 Houlston et al. (2008) Kupfer et al. (2014)
16p13.2 C16orf72 Al-Tassan et al. (2015)
18q21.2 SMAD7 Broderick et al. (2007) Jia et al. (2012); Zhang et al. (2014a)
19q13.1 RHPN2 Houlston et al. (2008) Jia et al. (2012); Zhang et al. (2014a)
20p12.3 BMP2 Houlston et al. (2008) Zhang et al. (2014a)
20q13.13 PREX1 Schumacher et al. (2015) Zeng et al. (2016)
20q13.33 LAMA5 Houlston et al. (2010) Zhang et al. (2014a)
Xp22.2 SHROOM2 Dunlop et al. (2012)

Table 1.4: Summary of all reported genome-wide significant European CRC GWAS loci as of
March 2017. Only the first significant report of each locus is cited; details on fine-mapping
and splitting of the signals at various loci are provided in later sections. Genes reported are
often merely the nearest or most plausible candidates and should be viewed with suspicion.
“Multi-ethnic” means associated in Europeans and either Asians or African Americans.
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is almost no evidence linking variants to genes beyond simple proximity. Even that is

sometimes not clear-cut: the CRC risk SNPs rs4813802 and rs961253 are roughly 50

and 350 kilobases away from BMP2, respectively. Genes are mostly reported to add

interest to a GWAS paper. But some association peaks really do lie in gene deserts (the

10p14 signal, for example), and anyhow the assumption of a variant enhancer element

allele-specifically regulating its nearest gene does not fit our understanding of genetic

regulation: enhancers can and do leapfrog their neighbouring genes to affect more dis-

tant partners (Pregizer and Mortlock, 2009). Increasingly, bioinformatic databases of

correlations between variants and gene expression are able to identify the molecular

effect of GWAS associations with more finesse (The GTEx Consortium et al., 2015).

However, many older GWAS hits still lack any evidence of a functional link to their

reported target gene.

Despite that caveat, I can make a second point. There are groups of genes in the list

that are involved in similar processes: cell cycle regulators (CDC42, CCND2, CDKN1A,

DUSP10 ), telomeric proteins (MYNN, TERT, TERC ), cell adhesion molecules (PREX1,

CDH1, SHROOM2 ). These are biologically sensible groups of cancer-driving genes.

Moreover, some of these groups functionally recall the Mendelian cancer syndromes.

Variation around POLD3 increases the risk of sporadic CRC just as POLD1 mutation

causes hereditary cancer; multiple members of the BMP pathway — BMP2, BMP4,

LAMA5, and GREM1 — have CRC risk SNPs nearby, echoing the involvement of the

pathway in JPS and HMPS. The SH2B3 locus was associated with the combined trait of

endometrial and colorectal cancer in a meta-analysis of individual GWAS (Cheng et al.,

2015). Lynch syndrome provides a drive to both types of cancer; it seems that SH2B3

variation does too, with greatly reduced penetrance.

The sporadic and familial stories are particularly tightly interwoven when it comes

to GREM1. In this case the CRC risk association at the locus was found while searching

for the cause of HMPS (Jaeger et al., 2008). The hypothesis at the time was that, as

the disease was thought to be exclusive to Ashkenazim, some aspect of their shared

genetic background was amplifying the effect of a common risk SNP at 15q13.3. Jaeger

et al. (2008) tested 145 regional SNPs for association with sporadic CRC. Incorporating
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validation sets, approximately 15,000 case-controls were genotyped, and two genome-

wide significant associations with CRC obligingly appeared. The two hits were non-

independent, with the stronger signal at rs4779584 (P = 4.44 × 10−14). rs4779584

lies within the HMPS duplication found four years later. However, all HMPS sufferers

carry the protective allele in cis at this locus: their pathology is not directly related.

Nonetheless, different changes near the same gene had been shown to underlie both

syndromic and sporadic CRC predisposition.

1.4.4 Criticisms and limitations

Two initial criticisms of GWAS have become less relevant with time. The first is that

controls and cases must be exquisitely matched to avoid accidentally associating genetic

variation with some hidden features more common in one or other cohort. What this has

ended up meaning is that GWAS must correct for population structure, or risk spurious

results.

At first this was done by dividing test statistics by a constant genomic control factor,

often called the inflation factor, which can be estimated from the median χ2 statistic of

tested variants. Genomic control was proposed by Devlin and Roeder (1999), who antic-

ipated both GWAS and the problem of population structure, but not the intransigence

of geneticists: early GWAS rarely if ever took this step, instead relying on recruitment

criteria to avoid overt bias.

The assumption of a constant inflation statistic throughout the genome, though

reasonable, is unnecessary. Instead, cryptic ancestry differences can be directly visu-

alised through principal component analysis (PCA) (Price et al., 2006). This takes the

eigenvectors of a sample covariance matrix, reducing the dimensions of the data while

maximally retaining inter-sample variability. These top eigenvectors become the axes

of continuous genetic variation, and the projection of the data onto these axes reveals

population substructure. One of the most beautiful examples of this technique is the

recreation of the map of Europe created by plotting 3000 European samples along their

first two principal components (figure 1.4, Novembre et al., 2008). PCA can therefore be

used both to highlight and to remove population outliers, and also to provide genotype
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Figure 1.4: An illustration of the power of PCA from Novembre et al. (2008), showing the top
two eigenvectors separating samples by geography. Colours correspond to country of origin as
shown in the map, top right.
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and phenotype adjustment, correcting for remaining population structure when testing

for disease association. As GWAS cohorts have grown, this correction has become more

important and more widespread.

This leads to the second initial criticism of GWAS: that its relatively small sample

sizes were underpowered to detect association. While probably true to begin with, the

advent of imputation, cheapening array technology, and international consortia have

declawed this criticism for many traits. However, as I myself contend with in chapter

3, power to detect association depends on the anticipated effect size of a variant, and

on its frequency. It’s therefore easy to beg the question with this sort of critique, by

expecting to pick up risk-associated variants which are slightly rarer and less penetrant

than current cohort sizes can allow for.

We are circling a larger issue, which is the implicit disease model of GWAS. This

remains a point of contention. Most studies pay a token allegiance to the common-

disease-common-variants model of complex disease (CDCV). This is strongly related to

Fisher’s model of complex traits: a spectrum of population polymorphisms combining

additively to produce a quantitative biological outcome, which could be CRC liability.

As a statement about population genetics, this idea is necessarily bound up with as-

sumptions about selection. I discuss the validity of the CDCV model in chapter 7, and

find that it remains the best descriptor of complex trait genetics. However, a number

of frustrations about GWAS have led some to challenge the CDCV hypothesis.

These frustrations include the patchy validation of GWAS hits, especially across pop-

ulations; the lack of clear clinical utility for published results; the difficulty of attaching

biological meaning to hits; and, especially, the fact that after a decade of work and huge

financial investment, GWAS results only account for a minor proportion of phenotypic

variance. There is missing heritability.

Many of these criticisms are unfair, and many of the suggested hiding places for the

“missing heritability” are wide of the mark. As it represents a central charge against

GWAS, including work in this thesis, I will discuss the missing heritability problem at

length in chapter 7. But, accurate or not, the idea that GWAS and common variants

have failed to explain CRC and other diseases is often used to justify a search for rarer
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causative variants of intermediate effect size (Chubb et al., 2016; Gala et al., 2014;

Venkatachalam et al., 2011).

1.5 Exomes, WGS, and quasi-sporadic CRC

Rarer genetic causes of CRC cannot readily be found by GWAS arrays. By happy

coincidence, new technology emerged as the field was souring on GWAS. Many groups

have begun to search for pathogenic coding changes in whole exome sequences of patients

with early-onset CRC. These people are more likely to have a strong genetic component

of disease.

At first, exome studies were more descriptive than associative. The lack of control

exomes meant that groups could only highlight likely candidate variants. Smith et al.

(2013) exome sequenced 50 sporadic CRC patients and found mutation and loss of

heterozygosity (LoH) in FANCM, LAMB4, LAMC3, PTCHD3, and TREX2. Gylfe et al.

(2013) similarly took 96 CRC patients with at least one affected first-degree relative, and

looked for truncating mutations that also underwent LoH in tumours. UACA, PSPH,

ZNF490, and TSWG1 were identified as candidates. The defective TWSG1 always

exhibited LoH and was undetectable in 586 Sanger-sequenced controls; like GREM1,

TWSG1 is a BMP antagonist (Scott et al., 2001).

Gradually, databases of control exomes have emerged, just as in GWAS. The largest

is the Exome Aggregation Consortium (ExAC, Lek et al., 2015), which has collected over

60,000 human exomes and 7.4 million variant calls, by joint-calling many smaller sets

of exomes, including 1000G and the NHLBI GO Exome Sequencing Project (ESP6500).

Many laboratories now also have in-house control variant frequencies, allowing a more

GWAS-style comparison between rare variants.

An intermediate study mixed exome sequencing with GWAS case-control data and

discovered five new candidate-wide (but not genome-wide) significant CRC-associated

coding SNPs (Timofeeva et al., 2015). Oddly however, these SNPs, though rarer than

typical GWAS hits, were of a similar effect size, with odds ratios below 2. Most other

attempts to see strict association with one variant, hoping for a larger effect on risk,

have failed. Chubb et al. (2016) compared over 1000 case and control exomes, finding no
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significant association for individual variants, but an enrichment of damaging variants

in cases in IL12RB1, LIMK2, and POLE2, and in a “DNA replication” gene ontology

set (which also includes POLE2 ). Collapsing variants into gene blocks before comparing

case and control frequencies has also highlighted BUB1 and BUB3 (de Voer et al., 2013),

BLM (de Voer et al., 2015), FLCN (Dobbins et al., 2016), and EMR3, PTPN12, and

LRP6 (de Voer et al., 2016). This is an association strategy I discuss more in chapter

7.

These results need to be replicated, though this may be by whole-genome sequenc-

ing (WGS), the newest addition to the increasingly expensive genetics toolbox. It’s also

hoped that WGS will discover non-coding predisposition variants. The perennial prob-

lem of control cohorts has begun to be solved, not least by the WGS500 project (Taylor

et al., 2015), which is a collection of 500 whole-genome sequences of people with a wide

spread of pathological phenotypes, who can to an extent control for each other.

I haven’t seen it put in these terms, but the idea that some CRC predisposition is

caused by a few, or even singular, rare variants with moderate penetrance is a mild

rejection of the Mendelian/sporadic dichotomy constructed at the start of this thesis.

CRC cases caused by these variants would be “quasi-sporadic”, displaying neither the

monogenic high penetrance of Mendelian disease nor the additive curve of polygenic

input, subordinate in the most part to chance, that is assumed to characterise sporadic

CRC. This potential rarefaction of accounts of CRC heredity recalls previous category

refinements: of cancer in general into tissue types; of heritable CRC into named disorders

with different causes; of CRC into CMS groups. Perhaps ever-forking subsets are an

inevitable outcome of biology.

1.6 Outline of Thesis

The first half of this thesis is concerned with sporadic CRC. In chapter 3, I impute a

denser genotype array at the GREM1 locus, attempting to refine our model of local CRC

risk. I then explore the biological function of the novel association uncovered with a

mixture of bioinformatic and molecular assays. Chapter 4 performs simliar fine-mapping

at the POLD3 locus. I also examine to what extent GWAS SNPs overall impinge on
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CRC incidence, outcome, and mutation burden.

The second half of the thesis is an exploration of a set of nearly 500 UK genomes.

I describe the remapping and calling of this cohort in chapter 5, and its carriage of

mutation within genes known to cause Mendelian disease, especially Mendelian CRC

syndromes. Moreover, I ask to what extent population structure is visible in a disor-

dered, clinically recruited set of this type. Then, in chapter 6, I use a variety of filtering

strategies to search these genomes and additional whole-exome sequences for pathogenic

germline variation, looking in particular detail at MMR genes and at individuals with

available family genotypes.

Chapter 7 puts the findings of the thesis into context. In particular, I discuss the

problem of “missing heritability”, and the extent to which whole-genome sequencing is

an improvement on GWAS.



Chapter 2

Materials and methods

2.1 Ethics

All work in this thesis was performed with UK national ethical committee approval, in-

cluding patient recruitment, anonymised tissue collection, and tumour molecular analy-

sis. Individuals in this thesis had provided written informed consent for the undertaking

of genetic investigation into the cause of their disease.

In particular, CORGI recruitment and genotyping was covered by ethics council

MREC/06/Q1702/99; “Carlos” exome sequencing and VICTOR/QUASAR2 analyses

were approved by ORECB/05/Q1605/66; and “Cheadle” exome sequencing was ap-

proved by REC/04/MRE06/60.

2.2 GWAS cohorts

For the fine-mapping of colorectal cancer risk association in chapters 3 and 4, a number

of case-control datasets were used. These are listed below and referred to consistently in

the thesis by the acronyms given. The cohorts are principal component analysis (PCA)-

cleaned (see §2.7.8) and free of duplicates, related individuals, and other classification

errors. As such the numbers reported may not match those in the earliest publications

using each dataset; an accurate report of why samples were removed is given in supple-

mentary figure 1 of Dunlop et al. (2012), and supplementary figure 3 of Al-Tassan et al.

(2015), whose inclusion criteria I share.

The inclusion in all GWAS cohorts of patients with a family history of CRC and

32
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relatively early onset is both a strength and a weakness. In theory, incorporating indi-

viduals with an apparently greater genetic disease component enriches for higher effect

size variants. However, this bias also means the precise phenotypic category in question

is blurred. The genetic architecture of “truly” sporadic CRC could differ significantly

from that of quasi-Mendelian cancer.

2.2.1 LP1

London Phase 1 (LP1; Tomlinson et al., 2008) drew 888 cases from the ColoRectal Tu-

mour Gene I dentification consortium (CORGI). These 888 patients had been diagnosed

with CRC before the age of 75, and most also had family history of CRC. English hos-

pitals and genetics clinics recruited the cases, and known polyposis syndromes, Lynch

syndrome, and bi-allelic MUTYH mutations were screened out. All CORGI recruit-

ments in other data sets share these criteria.

LP1 controls were 998 partners of the recruited cases who were themselves unaffected

by colorectal cancer, lacking a family history of CRC to second-degree relative level. All

LP1 samples were genotyped using the Illumina Hap550 SNP array.

2.2.2 LP2

London Phase 2 (LP2; Tomlinson et al., 2011) cases were recruited through two ini-

tiatives: the National Study of Colorectal Cancer Genetics, and the Royal Marsden

Hospital Trust/Institute of Cancer Research Family History and DNA Registry. These

collected 2659 CRC cases (mean age at diagnosis 59.3 years) and 2798 controls (mean

age 59.8 years). All recruited participants had self-reported European ancestry. Con-

trols were the unrelated friends or spouses of the patients without history of CRC.

Genotyping was performed on Illumina iSelect and Illumina Goldengate.

2.2.3 SP1

Scotland Phase 1 (SP1; Tenesa et al., 2008) included 973 CRC cases aged less than

55 at diagnosis. Patients with known polyposis syndromes, Lynch syndrome, or bi-

allelic MUTYH mutation were excluded from the study. 998 SP1 controls were sampled



CHAPTER 2. MATERIALS AND METHODS 34

from Scottish NHS registers, matched by age (±5 years), gender, and area of residence

within Scotland. Genotyping was performed on Illumina HumanHap300 and Illumina

HumanHap240S arrays.

2.2.4 SP2

Scotland Phase 2 (SP2; Houlston et al., 2010) comprised 2007 CRC cases (mean age at

diagnosis 65.8 years) and 2075 population controls (mean age 67.9 years) from Scotland.

Cases were taken from a prospective incident CRC case series and were aged less than

80 years at diagnosis. The population-based control subjects were frequency matched

by age, gender, and area of residence within Scotland. Genotyping was performed on

Illumina iSelect and Illumina Goldengate.

2.2.5 CFR1

The Colon Cancer Family Registry 1 (CFR1; Newcomb et al., 2007) set comprised 1175

American, Canadian, and Australian familial CRC cases and 999 controls (coloncfr.org).

The cases were recruited by the Seattle Familial Colorectal Cancer Registry, the Ontario

Familial Cancer Registry, and the Australasian Colorectal Cancer Family Study. Con-

trols were from the same populations; all were of non-Hispanic white ethnicity. CFR1

genotyping was performed on Illumina Hap550.

2.2.6 CFR2

The CFR2 cohort was a further 795 cases from the Colon Cancer Family Registry,

recruited from centres in Australia, Ontario, Seattle, USC, Mayo, and Hawaii, and 2242

controls from the Cancer Genetic Markers of Susceptibility (CGEMS) studies of breast

(n = 1141) and prostate (n = 1101).

The 1141 CGEMS breast controls were from the Nurses’ Health Study, a longitudi-

nal study of cancer-free women who provided blood samples between 1989–1990 (Hunter

et al., 2007). The women were followed up for incidental disease until 2004, and geno-

typed on Illumina Hap550.

CGEMS prostate controls were from the Prostate, Lung, Colon, and Ovarian Cancer

http://coloncfr.org
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Screening Trial (Yeager et al., 2007). This trial recruited 155,000 people aged 55–74 with

no history of these cancers; 1101 men with no history of prostate cancer were genotyped

on Illumina Hap550 and used as CFR2 controls.

2.2.7 VQ58

The VQ58 GWAS set is a combination of two patient trials and separate controls. The

cases were genotyped on a combination of Illumina HumanHap300, Illumina Human-

Hap270, and Illumina Human 1.2MDuo Custom V1arrays. Controls were genotyped on

Illumina 1.2M arrays as part of the Wellcome Trust Case Control Consortium (2007).

Due to VQ58’s use in both chapter 3 and, along with clinical data from the trials, in

chapter 4, I have explained its structure in more detail below.

2.2.7.1 VICTOR

Vioxx in C olorectal Cancer Therapy: Definition of Optimal Regime (VICTOR; oncol-

ogy.ox.ac.uk/trial/victor) was a randomised controlled trial testing the selective COX-2

inhibitor rofecoxib (Vioxx) in CRC patients after therapy, to assess whether the drug

could reduce cancer recurrence (Midgley et al., 2010; Pendlebury et al., 2003).

Vioxx was withdrawn by Merck in 2004 due to its unforeseen effects on cardiovascular

risk. The drug increases the risk of heart attack and stroke, an outcome first visible in the

VIGOR study (Bombardier et al., 2000), which was part-authored by Merck employees.

The alleged misreporting of risk outcomes in Bombardier et al. (2000) led to a fierce

exchange between authors and New England Journal of Medicine editors (Bombardier

et al., 2006; Curfman et al., 2005) which spread to the courts (Plunkett v. Merck,

2005). However, Merck voluntarily withdrew the drug after again seeing increased risk

of cardiovascular pathology in their APPROVe study (Bresalier et al., 2005). This was

two years into VICTOR’s recruitment phase; the trial was immediately abandoned.

Even with a shortened treatment time, adverse cardiovascular events occurred more

frequently in the rofecoxib arm of VICTOR than would be expected by chance (Kerr

et al., 2007).

VICTOR supplied 921 CRC cases to the VQ58 set.

http://www.oncology.ox.ac.uk/trial/victor
http://www.oncology.ox.ac.uk/trial/victor
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2.2.7.2 QUASAR2

Quick And S imple And Reliable 2 (QUASAR2; oncology.ox.ac.uk/trial/quasar-2) was

a multicentre study comparing stage II and III CRC treatments: capecitabine alone, or

capecitabine supplemented with bevacizumab, a VEGF-A inhibitor.

QUASAR2 supplied 873 cases to VQ58.

2.2.8 BC58

The 2686 VQ58 controls were from two sources: the 1958 Birth Cohort (BC58), a subset

of the National Child Development Study (Power and Elliott, 2006), and the National

Blood Service, a UK blood transfusion services repository of anonymised DNA samples.

The BC58 was an epidemiological survey based on all individuals born in England,

Wales, and Scotland during one week in 1958 (www.b58cgene.sgul.ac.uk).

2.3 Validation GWAS Cohorts

2.3.1 COIN

The COIN GWAS set (Al-Tassan et al., 2015) was based on 2244 CRC cases (mean

age at diagnosis 61 years) recruited to two Medical Research Council trials designed to

assess the benefits of COntinuous versus IN termittent chemotherapy in advanced CRC:

COIN and COIN-B (Maughan et al., 2011; Wasan et al., 2014). COIN patients were

randomised into three groups: one received continuous oxaliplatin and fluoropyrimi-

dine chemotherapy, one continuous chemotherapy plus cetuximab, and one intermittent

chemotherapy. COIN-B patients all received intermittent chemotherapy but were ran-

domised between continuous and intermittent cetuximab supplement. The COIN and

COIN-B trial cases were genotyped on Affymetrix Axiom arrays.

2162 COIN GWAS controls were members of the WTCCC2 database, as in VQ58.

They were genotyped on the Affymetrix 6.0 array.

http://www.oncology.ox.ac.uk/trial/quasar-2
www.b58cgene.sgul.ac.uk/followup.php
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2.3.2 Finland

The Finnish GWAS cohort is 1172 CRC cases and 8266 cancer-free controls ascertained

through Finnish Hospitals and the Finnish Cancer Registry. Cases were genotyped

using Illumina HumanOmni 2.5M8v1; controls were genotyped on a combination of

Illumina HumanHap 670k and 610k arrays. Both were imputed on a combined reference

panel of the 1000G phase 1v3 and 3882 population-matched Sequencing Initiative Suomi

haplotypes (Orlando et al., 2016).

2.3.3 CORGIbcd

An extension of LP1, this validation cohort consisted of 562 cases and 910 controls

recruited though the CORGI study and sharing its inclusion criteria.

2.3.4 ICR

Dr. Peter Broderick of the Institute of Cancer Research (ICR) genotyped rs17816465 in

3227 CRC cases and 3613 controls.

2.3.5 CHIBCHA

The genetic study of C ommon H ereditary Bowel C ancers in H ispania and the Americas

(CHIBCHA) is a growing collection of GWAS data looking for novel CRC associations in

admixed Latin American samples. I was kindly provided by Dr. Luis Carvajal-Carmona

with PCA-corrected summary statistics for rs17816465 association in two CHIBCHA

cohorts: “Colombia” (820 cases, 822 controls) and “Mexico” (904 cases, 866 controls).

2.3.6 CORECT

The CORECT consortium collected six smaller CRC GWAS sets, one of which is a

larger version of CFR2 (§2.2.6). The six are:

1. MECC2 (1120 cases, 820 controls), from Northern Israel

2. CFR2 (1660 cases, 1393 controls), from America and Australia

3. Kentucky (1038 cases, 1134 controls), from America
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Study Cases Controls Chip Reference

ARCTIC 601 519 see below Cotterchio et al. (2005)
ASTERISK 892 947 CytoSNP Küry et al. (2007)
COLO 2&3 87 125 CytoSNP Le Marchand et al. (2001)

DACHS Set 1 1710 1708 CytoSNP Brenner et al. (2011)
DACHS Set 2 666 498 CytoSNP Vossen et al. (2011)
DALS Set 1 706 710 550/610 Slattery et al. (1996)
DALS Set 2 410 464 CytoSNP Slattery et al. (1996)
HPFS Set 1 227 230 OmniExpress Rimm et al. (1990)
HPFS Set 2 176 172 OmniExpress Rimm et al. (1990)
HPFS AD 313 345 OmniExpress Rimm et al. (1990)
MECC2 328 346 CytoSNP Kolonel et al. (2000)

NHS Set 1 391 774 OmniExpress Belanger et al. (1978)
NHS Set 2 158 181 OmniExpress Belanger et al. (1978)
NHS AD 513 578 OmniExpress Belanger et al. (1978)

PHS Set 1+2 375 389 OmniExpress Christen et al. (2000)
PLCO Set 1 533 1976 550/610 Gohagan et al. (2000)
PLCO Set 2 486 415 CytoSNP Gohagan et al. (2000)
PMH-CCFR 280 122 CytoSNP

VITAL 285 288 CytoSNP White et al. (2004)
WHI Set 1+Hip 313 1467 550/610 Hays et al. (2003)

WHI Set 2 651 816 CytoSNP Hays et al. (2003)
WHI WGS 610 309 - Hays et al. (2003)

Total 10,711 13,379

Table 2.1: The constituent cohorts of GECCO. WHI WGS is 6× WGS data, against which
the other cohorts were imputed using MACH. ARCTIC was genotyped on a mixture of the
Affymetrix GeneChip Human mapping 100K and 500K Array Set and a 10K nonsynonymous
SNP chip; CytoSNP, Illumina CytoSNP BeadChip; 550/610, Illumina 610K and 550K.

4. CPS-II (548 cases, 538 controls), from America

5. NFCCR (195 cases, 477 controls), from Newfoundland

6. Melbourne (539 cases, 469 controls), from Australia, UK, Italy, and Greece

All were genotyped on a custom Affymetrix genome-wide platform, the Axiom CORECT

Set, with ∼ 1.3 million SNPs and indels on two chips. CORECT genotypes were sub-

sequently enriched by imputation on 1000G. The membership total of CORECT was

therefore 5100 cases and 4831 controls (Schumacher et al., 2015).

2.3.7 GECCO

The Genetics and Epidemiology of C olorectal Cancer COnsortium (GECCO) coordi-

nating centre has collected 22 GWAS case-control cohorts, and allowed me access to

summary data from a meta-analysis thereof. The constituent cohorts are summarised

in table 2.1; for more detail see Hiraki et al. (2013).
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2.4 WGS cohorts

Individuals whose genomes were sequenced were, like those genotyped for GWAS, often

bearers of obviously familial, severe, or early-onset disease. This bias is less problematic

in the context of WGS. The genomes were used without assuming a single disease model

and were not considered a homogenous collection.

2.4.1 Illumina 215

The 215 individuals within the “Illumina 215” were ascertained through CORGI, and

were required to have either over 5 adenomas or CRC before age 65, or to have a first-

degree relative with these characteristics.

2.4.2 WGS500

As part of the Oxford-Illumina WGS500 project, 65 genomes of CRC patients were

whole-genome sequenced (Taylor et al., 2015). 15 such genomes were described in Palles

et al. (2013), which allowed the discovery of polymerase proofreading-associated poly-

posis.

2.4.3 HPPS

The “HPPS” set consisted of 24 whole genomes and 52 exomes. The aim of this cohort

was to sequence individuals who fulfilled WHO criteria for serrated polyposis syndrome

(SPS; Snover et al., 2010) in number of polyps if not in location or size, as this informa-

tion was often lacking. See §6.1.2. 6 genomes and 25 exomes had ≥ 5 serrated polyps

and fulfilled criterion i.; 13 genomes and 15 exomes fulfilled criterion iii. in having ≥ 20

polyps. The remaining 5 genomes and 12 exomes showed some evidence of serrated

polyposis in their family history.

2.4.4 CGI196

The Complete Genomics CRC cases (CGI196) were ascertained through CORGI. They

all had at least one first-degree relative with CRC, and had been diagnosed before
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age 55 (Whiffin et al., 2013). The genomes were sequenced and called with Complete

Genomics-exclusive software (Drmanac et al., 2009).

2.5 Exome sequences

Variant filtering in §6.2.1 made use of five collections of exome sequencing, listed in

table 2.2. These exomes were supplied as different levels of summary data, and could

not therefore be called together.

Name Samples Reference

Carlos 20 López-Garćıa et al. (2017)
Cheadle 42 Maughan et al. (2011); Smith et al. (2013)
HPPS 52 see §2.4.3
Mseq 17 Cross et al., manuscript in preparation
Oliver 107 Sieber et al. (2003)

Table 2.2: Exome sequences

2.6 Bioinformatics

2.6.1 WGS pipeline

All genotyping and quality control steps were performed according to GATK best prac-

tices at the time (Van der Auwera et al., 2013).

2.6.1.1 Remapping

The Illumina 215 genomes were originally mapped with the Isaac Aligner (Raczy et al.,

2013). The HPPS genomes had been mapped with BWA/Stampy (Li and Durbin,

2009; Lunter and Goodson, 2011), but to a reference genome distinct from the WGS500

alignments (hg19 rather than GRCh37d5). Therefore, both sets required remapping.

To achieve this, Dr Palles and I made use of an in-house pipeline written by Dr

Francesc Castro. This invokes a combination of SAMtools, BEDtools, fastqutils, BWA/S-

tampy, and the Picard suite to generate split fastq files from mapped BAMs, and then to

realign the output and deduplicate the new BAM files (see §2.6.2 for software details).
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2.6.1.2 BAM recalibration

On a per-chromosome and per-individual basis, I processed remapped BAMs with GATK

IndelRealigner using known sites from the Mills and 1000 Genomes (1000G) gold stan-

dard indels VCF and 1000G phase 1 indels VCF, after realigner target creation. (This

step is now deprecated, as HaplotypeCaller no longer requires indel realignment prior

to use). Base quality score recalibration followed, with GATK’s BaseRecalibrator con-

structing the covariation model while masking known polymorphisms present in either

of the two files above or in dbSNP 138. GATK PrintReads then adjusted the base

quality scores according to this model.

2.6.1.3 Genotyping

I used HaplotypeCaller to create gVCF-format files (which retain invariant reference

calls) with the DISCOVERY genotyping mode, a minimum phred-scaled Q score confi-

dence threshold of 10 for emission and of 30 for high-confidence calling.

2.6.1.4 Post-genotyping quality control

I combined gVCFs per-chromosome into multisample files using CombineGVCFs. I then

performed GATK-recommended quality control to recalibrate variant scores using train-

ing sets: once for SNPs, once for indels. The training sets were provided in the GATK

resource bundle. For SNPs, true sites used as training resource were the Hapmap and

Omni variants (priors of Q15 and Q12 respectively); “false” (false positive-containing)

sites used in training were the 1000G phase 1 high-confidence SNPs (prior of Q10);

and dbSNP 138 sites were considered false and not used in training, but were still used

to stratify variant metrics (prior of Q2). The annotations DP, QD, FS, SOR, MQ,

MQRankSum, ReadPosRankSum, and InbreedingCoeff were used for calculations. For

indels, the Mills and 1000G gold standard indels were considered true with a prior of

Q12, and were used in training. GATK’s ApplyRecalibration tool used the error model

defined by output recalibration and tranches files to perform VQSR in each case, keeping

tranche 99.9% and above.

I then decomposed the recalibrated VCFs into purely biallelic lists using vt in smart



CHAPTER 2. MATERIALS AND METHODS 42

Description Source Date/version

1000G alternative allele frequency www.1000genomes.org 02/05/20
ExAC alternative allele frequency exac.broadinstitute.org 0.3

ESP6500 variant frequency evs.gs.washington.edu/EVS 01/07/2014
UK10K variant frequency www.uk10k.org 22/07/2014

COSMIC accession number cancer.sanger.ac.uk/cancergenome/projects/cosmic 10/02/2014
Super duplication genome.ucsc.edu/cgi-bin/hgTables 17/11/2014

Phylo-P score genome.ucsc.edu/cgi-bin/hgTables 26/06/2013
Phastcons score genome.ucsc.edu/cgi-bin/hgTables 26/06/2013
REPMASK class genome.ucsc.edu/cgi-bin/hgTables 27/11/2014
HGMD PRO data www.biobase-international.com/product/hgmd 01/04/2014

GERP score mendel.stanford.edu/sidowlab/downloads/gerp 01/05/2011
ClinVar data www.ncbi.nlm.nih.gov/clinvar 03/02/2015

WGS500 variant frequency freeze5 27/12/2014
CGI96 variant frequency - 25/06/2016
SYSCOL ChIP-seq peaks walnut.biosci.ki.se 24/02/2016

Table 2.3: Annotations on the Tomlinson genomes. Top, public databases; bottom, annotations
from in-house databases. All UCSC-derived annotations are for human genome build 37.

mode, prior to further annotation. The one filter always applied was a maximum miss-

ingness of 25% per variant using VCFtools; further filtering and subsetting was project-

dependent.

2.6.1.5 Annotation

Annotation of the Tomlinson genomes was performed both by myself and Dr. Silvia

Salatino. The main tool was the Ensembl VEP (Variant Effector Predictor) framework

(table 2.5); nonstandard annotations and databases used are listed in table 2.3. The

SYSCOL ChIP-seq peaks were performed by members of the Taipale laboratory in the

colorectal cell line LoVo, and were pulldowns of the transcription factors CTCF, GATA2,

GATA4, GATA6, MAX, MYC, RAD21, SMAD1, and TCF7L2.

2.6.2 Software

Software used for GWAS and array work is listed in table 2.4. Software used for WGS

work is listed in table 2.5. Other generic software used in this thesis includes the

academic java applet IBS v1.02 (Liu et al., 2015a), used in figure 6.8c; and IGV v2.3.91

(Robinson et al., 2011), used in figures 6.3b and 6.4d.

The statstical software R version 3.2.2 was used throughout (R Core Team, 2012).

Packages of note used in thesis include LDheatmap (Shin et al., 2006), dplyr (Wickham
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and Francois, 2015), RColorbrewer, survival (Therneau, 2015), Gviz (Hahne et al.,

2014), genetics (Warnes et al., 2013), and hapassoc (Burkett et al., 2006).

2.6.3 Imputation

Missing genotypes were imputed using IMPUTE2 (Howie et al., 2012, , see table 2.4).

Effective population size was set at 20,000, as suggested; ten “burn-in” Monte Carlo

Markov Chain iterations were followed by twenty iterations that contributed to final

imputation probabilities (the default settings). IMPUTE2 output was then filtered on

MAF (> 1% in cases and controls), missing data proportion (≤ 0.05), and info score

(≥ 0.95).

For fine-mapping, I used a combined reference panel. Haplotypes from phase 1v3

of 1000G were combined with phased high-coverage (> 30×) whole-genome sequences

of 196 British individuals (CGI196; see §2.4.4). This addition increases imputation

accuracy (Timpson et al., 2014).

2.6.4 Association testing

The established test for association of genotype and phenotype is Pearson’s χ2 test on a

2×3 contingency table (which has two degrees of freedom; see §2.7.1). The rows on this

table are case/control status; the columns are the three possible genotypes. The table

can shrink to 2× 2 under different models, for example if one wishes to test a dominant

(AA vs Aa and aa) genotypic effect. However, this thesis only considers additive models,

a standard assumption in most GWAS and post-GWAS work.

2.6.5 CpG island definition

The CpG islands at GREM1 and KCTD10 were defined using the UCSC’s own criteria,

which are:

◦ GC content of 50% or greater

◦ Length greater than 200bp

◦ Ratio greater than 0.6 of observed number of CG dinucleotides to the expected

number on the basis of the number of Gs and Cs in the segment, as defined by
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Gardiner-Garden and Frommer (1987):

Obs/Exp CpG =
Number of CpG

Number of C×Number of G
×N (2.1)

where N is the length in nucleotides of the sequence in question.

2.6.6 Duplication mapping from BAMs

I looked for large-scale structural changes in WGS data in two ways. First, by down-

sampling VCF files to Illumina HumanOmniExpress-24 v1.0 BeadChip variants, and

converting this quasi-array data to B-allele frequency data using a modified script by

Dr. Sam Knight, which could then be examined using Illumina’s Nexus Copy Number

software (v7.0). Second, by direct calling with Pindel v0.2.4w, which takes BAM file

input.

2.6.7 ChIP-seq analysis

ChIP-seq data were analysed by Dr. Rafik Salama of the Ratcliffe laboratory follow-

ing their in-house pipeline. Briefly, this consisted of FastQC adaptor trimming and

read quality control (www.bioinformatics.babraham.ac.uk/projects/fastqc), alignment

to hg19 with BWA (Li and Durbin, 2009), sorting and duplicate marking with the

Picard tools markDuplicates and sortSAM (see table 2.5), peak calling with T-PIC

(Hower et al., 2011), and motif recognition by MEME-ChIP v4.9.0 (Machanick and Bai-

ley, 2011). Called peaks were analysed with the webtool GREAT v3.0.0 (McLean et al.,

2010) for nearby gene enrichment by ontology.

2.6.8 Linkage analysis

For the two family linkage analyses in chapter 6, I extracted genotypes from a number

of sources. The genetic data of the four members of OX2027 consisted of one whole

genome sequence, one member of CORGI (§2.2.1) genotyped on Illumina Hap550, and

two individuals genotyped on the Illumina HumanCoreExome chip. The five OX70783

cohort members divided into two genotyped by WGS, one genotyped on the Illumina

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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HumanCoreExome chip, and two genotyped on the Illumina Axiom Biobank genotyping

array.

Dr. Claire Palles had phased and imputed the three chip datasets to a reference of

1000G Phase 3 (October 2014). I therefore extracted a subset of SNPs from each using

a combination of GTOOL, PLINK, and BCFtools (§2.6.2). This subset was first defined

in CORGI as polymorphisms in Hardy-Weinberg equilibrium (P < 0.000001), with per-

sample missingness below 2%, per-variant missingness below 5%, r2 < 0.4 with other

SNPs, and imputation info score > 0.8. The intersection of this SNP list with SNPs

also imputing with info> 0.8 from the other genotyping platforms defined the variants

used to map linkage: 170,362 for OX2027, and 132,124 for OX70783. I used MERLIN to

perform a nonparametric, centimorgan-binned test of Kong and Cox LOD score (Kong

and Cox, 1997). MERLIN outputs both linear and exponential K&C LOD scores; the

exponential model was more appropriate in this thesis, where single pedigrees only were

being tested for a large increase in allele sharing, and is the statistic on which I focus.

2.7 Statistical methods

2.7.1 χ2 tests

Pearson’s χ2 test is used to describe the strength of association bewteen data categories

in contingency tables. It generates the χ2 statistic

χ2 =
n∑
i=1

(Oi − Ei)2

Ei
(2.2)

where n = the number of cells in the table, Oi = the the number of observations of

type i, and Ei = the expected frequency of type i.

The null distribution of a Pearson statistic with j rows and k columns is approxi-

mated by the chi-squared distribution with (k − 1)(j − 1) degrees of freedom, an ap-

proximation which improves with increasing sample size. Integration to the right of a

generated χ2 statistic on this null distribution provides a P value.

Pearson’s test was most commonly used in this thesis to compare allele frequencies

between cases and controls in GWAS, using PLINK (§2.6.2).
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2.7.2 Logistic regression

Logistic regression is a generalised linear regression of a variable on the natural log (the

“logit transform”) of a binary or proportional outcome. In this thesis this outcome is

mostly CRC disease status. The log of the odds of CRC is related to the number of

alleles carried, normally in an additive model, with additional independent variables

added if needed, such as age, sex, or genotype status at other loci. These regressions

can be conducted iteratively as normal. I performed logistic regression in chapters 3 and

4 using a mixture of SNPTEST (Marchini and Howie, 2010) and the statistical software

R.

2.7.3 Information criteria

For a given model, the Aikake information criterion AIC for that model is

AIC = 2k − 2ln(L) (2.3)

where k is the number of parameters, and L is maximised likelihood function of the

model. It is a formalised way of weighing goodness of fit against model complexity, which

is penalised by the 2k term: the smaller the AIC, the qualitatively better the model. In

chapter 4 this thesis additionally uses the related Bayesian information criterion, BIC

BIC = ln(n) · k − 2ln(L) (2.4)

where n is sample size. This is almost identical, but more punitively punishes parameter

inclusion.

2.7.4 Multiple testing correction

GWAS performs very many tests on the same outcome data, vastly increasing the like-

lihood of false positive associations. It’s standard to use the Bonferroni correction to

diminish this risk: the P value threshold for significance is divided by the number of

non-independent tests performed. For example, the 1,000,000 SNPs in early GWAS
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means that “genome-wide significant” has come to mean P < 5× 10−8. This threshold

is adopted here.

Ouside of GWAS, in comparisons between multiple means this thesis uses analysis

of variance (ANOVA) followed by Tukey’s honest significant difference (HSD) post hoc

test. Tukey’s HSD corrected P value is the difference between pairs of means over the

standard error of the data; the statistic has a Studentised range distribution. Tukey’s

HSD is similar to a t test, but corrects for multiple testing.

P values of expression quantitative trait loci (eQTL, §2.7.12) coefficients were cor-

rected for multiple testing by the Benjamini-Hochberg false discovery rate method, which

returns a corrected q value equal to the smallest familywise alpha (false discovery rate)

under which the uncorrected test would have been rejected.

2.7.5 Power calculations

The power of a test is the probability of that test correctly rejecting the null hypothesis

in the case of real signal. A traditional threshold for a “well-powered” test is 80%

(de Bakker et al., 2005). Power for GWAS testing was calculated using a non-central

“null” χ2 distribution (Patnaik, 1949). This distribution’s non-centrality parameter, λ,

was calculated by equation 2.5.

λ =
2r2NcaseNcont(Fcase − Fcont)

2

NF (1− F )
(2.5)

where N is sample size, F is risk allele frequency, and r2 is the LD between marker of

interest and causal variant, which I held at r2 = 1. Power calculations were performed

by modifying an R script by Damjan Vukcevic.

2.7.6 IBD

π̂ =
P (Z = 1)

2
+ P (Z = 2) (2.6)

Where P (Z = 1) and P (Z = 2) are the probabilities of two samples sharing one or

two alleles at a locus, respectively. These probabilities depend on allele frequency and

are averaged over all SNPs tested, to give π̂, a measure of relatedness between samples
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based on identity by descent (IBD) sharing. Identical twins (or duplicate samples)

will have π̂ = 1; first-degree relatives will have π̂ = 0.5; second-degree relatives have

π̂ = 0.25, and so on. IBD was calculated with PLINK 1.9 using SNPs from the Omni1M

chip in chapter 5.

2.7.7 Linkage disequilibrium

Under Mendel’s third law, genetic loci assort independently. An allele A1, at biallelic

locus A with frequency PA1 , should be totally independent of allele B1, present at B

with frequency PB1 , such that

D = PA1B1 − PA1PB1 = 0 (2.7)

Which is to say, the observed frequency of the A1B1 haplotype, PA1B1 , is identical to the

frequency one would expect by chance. In this case the loci are in “linkage equilibrium”.

Independent assortment does not hold for syntenic loci, which must be separated by

recombination, as discussed in §1.2.1. The magnitude of D when D 6= 0 therefore

quantifies the interdependence of the loci; D is the coefficient of linkage disequilibrium.

As is standard in order to allow meaningful comparisons of linkage between different

allele pairs, this thesis only reports scaled versions of D. The first is Lewontin’s D′,

which divides D by its theoretical maximum Dmax, where

Dmax =


min{PA1PB1 , PA2PB2} if D < 0

min{PA1PB2 , PA2PB1} if D > 0

(2.8)

The second is simply the square of Pearson’s correlation coefficient between the loci, r2,

where

r2 =
D2

PA1PA2PB1PB2

(2.9)

In both cases PA2 and PB2 are the frequencies of A2 and B2, the other alleles at each

locus.

D′ is a better descriptor of coinheritance and is most useful when considering hap-
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lotype structure. r2, perhaps a cruder instrument, is useful when considering how well

one genotype can substitute for another—for example, if assessing the descriptive po-

tential of a proxy SNP. The measurements tend to diverge due to allele rarity, since

allele coincidence as expressed by r2 will decrease as one allele becomes rarer, even if it

lies in total disequilibrium with a second locus.

2.7.8 PCA

Eigendecomposition of a normalised genotypic covariance matrix provides the orthogonal

basis vectors of that space, called its principal components. These eigenvectors can

be ordered by the amount of variance they explain (their eigenvalues): plotting the

covariance matrix on the largest of these axes (the first few principal components) is a

way of visualising its internal structure, as discussed in chapter 1 and shown in figure

1.4.

To perform PCA on the Tomlinson genomes in chapter 5, I used the EIGENSTRAT

software (Price et al., 2006) on SNP subsets as defined in the text. This is part of the

EIGENSOFT package; see table 2.4. Relatives were not used to calculate components,

but were projected onto the axes afterwards.

2.7.9 Clines

To establish rare variant sharing enrichment along geographic clines, I created a distance

matrix of the 238 individuals with satisfactory address estimates who were neither re-

lated nor obviously of non-British ancestry. I did this by constructing a simple xml

script to convert postcodes into longitude and latitude from the Google maps database

(maps.google.com/maps/api/geocode). I then calculated the Euclidean distance be-

tween each position using the Haversine formula:

x = sin(
π
180 lat2 −

π
180 lat1

2
)2 + cos(

π

180
lat1). cos(

π

180
lat2). sin(

π
180 long2 −

π
180 long1

2
)2

(2.10)

d = 2r × atan2(
√
x,
√

1− x) (2.11)

http://maps.google.com/maps/api/geocode/
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Where r is the radius of the Earth (using r = 6378.145km), d is the calculated distance

in km, and lati and longi are the latitude and longitude at position i.

I then calculated excess allele sharing in distance bins using the method of Walter

et al. (2015), by dividing the proportion of shared over total alleles at particular fre-

quencies (from 2–7) by the proportion of individual pairs over all pairs in each distance

bin. Counts of shared alleles between pairs were calculated using BCFtools by iterating

over all possible pairs. To make this computationally feasible I restricted the counts to

SNVs only. The significance of the distribution was assessed by regressing excess allele

sharing across frequency categories on distance bin, treated as a continuous variable.

2.7.10 Meta-analysis

I combined the summary statistics of individual studies by meta-analysis, producing a

weighted average from an augmented sample pool which was therefore better powered

to detect associations. As these summary statistics were from studies of similar popula-

tions, many PCA-corrected, I used a fixed-effects, inverse-variance method to compute

this average. This weights the ith study with the inverse of its variance, δ2i , such that

Wi =
1

δ2i
(2.12)

The estimated overall effect β from n studies is given by

β =

n∑
i=1

βiWi

n∑
i=1

Wi

(2.13)

where βi is the effect size of the ith study. The estimated overall variance δ2 is given by

δ2 =
1

n∑
i=1

Wi

(2.14)
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2.7.11 Measures of heterogeneity

Q =
n∑
i=1

Wi(β − βi)2 (2.15)

Equation 2.15 defines Cochran’s Q. Wi is the weight of the ith of n studies (see equa-

tion 2.12), βi is that study’s effect size, and β is the overall effect size. Q follows a

χ2 distribution with n − 1 degrees of freedom, allowing the generation of a P value of

heterogenity. The Q statistic is made more intuitive by deriving from it I2, the pro-

portion of meta-analysis variance that is due to “truly” heterogeneous individual effect

sizes (that is, not due to chance).

I2 =
Q− (n− 1)

Q
(2.16)

Funnel plots allow a visual inspection of inter-study heterogeneity (Egger et al.,

1997). They plot study effect size estimate against some measure of study precision,

normally standard error. Since I was interested in the difference between the effect

sizes reported by a set of smaller discovery studies and those of much larger validation

sets, I used 1
se , or precision, as my y-axis, as recommended by Sterne and Egger (2001).

Normally, an asymmetric spread of small studies (which, due to their smaller precision,

lie at the base of the curved funnel) is used to discern the underreporting of negative

results, meaning publication bias. However, funnel plot skewing more accurately reflects

heterogeneous estimates, and is agnostic to their cause.

The relationship between study size and estimate size is formally interrogated by

Egger’s test, a weighted regression of of effect size on se. Evidence for asymmetry is

taken to be significant at P < 0.1 due to low power (Egger et al., 1997). This is subtly

different from the significance of Cochran’s Q, in that it tests for size-influenced rather

than generalised heterogeneity.

2.7.12 eQTL

A quantitative trait locus (QTL) is a sequence in the genome whose variation partially

contributes to the variation in some phenotype, or “quantitative trait”. For “eQTLs”,
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this phenotype is the amount of mRNA (or protein) produced from a gene. GWAS

SNPs are more likely to be eQTLs than one would expect by chance (Nicolae et al.,

2010). It has become common to consider the overlap between GWAS loci and eQTLs

when attempting to zero in on function.

I searched for eQTLs within TCGA data with a Ruby script that corrected for copy

number variation (CNV) at each locus, as in Li et al. (2013). At each SNP position j I

regressed gene expression (E) on average copy number within or spanning that gene’s

coordinates (CNV ) at every gene (i) plus or minus 1Mb of the SNP:

Ei = CNVi + εi

I then regressed the unexplained variance in gene expression, ε, on the genotype at each

SNP (G) under an additive model, leaving residual error term ω:

εi = Gj + ωi

2.7.13 Survival tests

The Kaplan-Meier test is a nonparametric survival estimator which incorporates right-

censored data, estimating survival as a function of time (Kaplan and Meier, 1958). Two

Kaplan-Meier curves can be compared using the Mantel-Cox, or log-rank test. I used

the Kaplan-Meier survival function estimator in chapter 4. Such survival curves cannot

realistically be stratified on further covariates, however. For this, I additionally used the

Cox proportional hazards method, which assumes that covariates are multiplicatively

related to the hazard function. The hazard function (the probability of an event not

having occurred at a particular time) is related to the survival function, and does not

need to be explicitly defined in the Cox method (Cox, 1972). All survival analyses

were performed in R using the survival package. Cox proportional hazards models in

chapter 4 included age, sex, and cancer stage as covariates.
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2.8 DNA

2.8.1 DNA extraction

2.8.1.1 From cultured cells

DNA was isolated from cell cultures with the DNeasy minikit (Qiagen) according to the

manufacturer’s instructions. The concentration and quality of the extracted DNA was

assessed by quantification on the Nanodrop spectrophotometer (see §2.8.3).

2.8.1.2 From blood

Patient blood for GWAS cohorts was collected in EDTA tubes and stored at −80◦C.

After thawing the samples at room temperature, I extracted DNA using Maxwell R©16

Blood DNA Purification kits (Promega UK Ltd) according to the manufacturer’s instruc-

tions. Briefly, 420µl of blood and 230µl of elution buffer were added to each Maxwell R©16

cartridge. The Maxwell R©16 AS2000 instrument could then process 16 cartridges at a

time, extracting DNA in a 30 minute run. Extracted DNA was quantified (see §2.8.3).

2.8.1.3 From bacteria

Bacteria grown for molecular cloning (see §2.8.9) had their DNA extracted in two ways

depending on the amount of DNA required.

For smaller DNA harvests, single colonies were grown in small volumes of broth.

Their DNA was extracted using the Nucleospin Plasmid Mini prep kit (Machery-Nagel),

following the manufacturer’s instructions. The process involves alkaline cell lysis, silica

membrane adsorption in high-salt buffer, wash steps, and elution.

Mini prep kits work because DNA differentially adsorbs to silica depending on local

hydrogen bonding. When chaotropic salt levels are high, water is unlikely to disrupt

the interaction between DNA and a silica membrane; DNA will remain bound to the

membrane while impurities are washed away. After a number of these washes, the

DNA can be eluted in a low-salt buffer, which increases the hydrophobic effect at the

DNA-silica barrier and removes the DNA.
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To amplify positive clones, larger 200ml cultures were grown and processed with

Qiagen’s EndoFree Plasmid Maxi kit, according to their instructions. This kit resembles

the Mini prep, but it selectively binds DNA in an anion exchange column, rather than

to silica.

In this case, plasmid DNA binds the anion exchange resin under low salt and pH

conditions, after treatment with an endotoxin removal buffer. Impurities are removed

by medium salt washes. Finally, the DNA is eluted in a high-salt buffer and then

concentrated and desalted by isopropanol precipitation.

2.8.2 Phenol:chloroform purification of DNA

Proteins and lipids partition preferentially into an equal volume phenol:chloroform mix-

ture rather than into water; nucleic acids and salts do not. This fact allows DNA to be

extracted from cell lysate, or purified of protein or lipid contaminants.

Eppendorf phase-lock gel tubes were centrifuged at 13,000rpm for 1min. 300µl of

DNA product and 300µl of phenol:chloroform (Sigma) were added to each phase-lock

tube, vortexed, and spun at 13,000rpm for 5mins. A further 300µl phenol:chloroform

was added, spun as before, joined by 300µl of chloroform only, and centrifuged again.

The upper aqueous phase was then transferred to a fresh eppendorf, mixed with 1µl

glycogen (Roche), 270mM sodium acetate, and 66% ethanol, and incubated overnight

at −20◦C. This mixture was then spun at 15,000g for 30mins, washed with cold 70%

ethanol, and spun again at 15,000g for 5mins. The precipitated DNA was relieved of its

supernatant and resuspended in 50–100µl elution buffer (Qiagen) before quantification

(§2.8.3).

2.8.3 Nanodrop DNA quantification

The Nanodrop 2000 microvolume UV-visible spectrophotometer (ThermoScientific) was

routinely used to measure nucleic acid concentration. DNA and RNA maximally ab-

sord UV light with wavelength 260nm. After calibration with an appropriate blank

control, 1µl of sample was loaded onto the instrument’s optical pedestal and the 260nm-

wavelength light absorbed by the sample was measured. The ratio of readings at 260nm
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and 280nm gave an estimate of nucleic acid purity; a 260
280 ratio of ∼ 1.8 for DNA or ∼ 2.0

for RNA was taken to evince acceptable purity. The appropriate constant of 50 and 40

for DNA and RNA respectively was used to obtain sample concentration.

2.8.4 PCR

Sequencing and RT-PCR primers were designed using Primer3 software (Untergasser

et al., 2012). Stock primers were diluted to 100µM, with working stocks diluted at

1 : 10.

A typical 50µl PCR reaction contained 30–50ng of template DNA, 0.4pmoles of each

primer, 2mM MgCl2 (Promega), 1× Mg2+-free PCR buffer (Promega), 0.2mM of each

dNTP (Amersham), and 1 unit of Taq DNA polymerase (Bioline).

A normal thermocycler program (on PTC-255 machines, MJ Research) ran for 5mins

at 95◦C to denature DNA, and then underwent 35 cycles of 1min 94◦, 1min 55◦C, and

1min 72◦C, ending with a final 10min extension step at 72◦C. [Mg2+], additives, and

annealing temperature were varied to optimise amplifications with different primer pairs

as necessary.

2.8.4.1 KASP genotyping

KASP genotyping (kompetitive allele-specific PCR, LGC) uses competing allele-specific

fluorescence-activating primers to genotype SNPs. The competing forward primers (∼

20bp long, designed on PrimerPicker, KBioscience) differ at the position of the SNP,

and incorporate a tail sequence complementary to a distinct Förster resonance energy

transfer (FRET) casette: one primer binds a VIC-linked casette, the other a FAM-

bound sequence. Both FRET casettes are present in KASP master mix; a common

reverse primer must also be supplied. The binding and unquenching of a FAM or VIC

oligo creates wavelength-specific fluorescence corresponding to the abundance of allele-

specific amplicon. Thus, post-PCR relative FAM/VIC fluorescence, read on an ABI

7900HT Thermocyler qPCR machine, effectively genotypes the SNP.

KASP primers were diluted to 100µM and used to make an assay-ready mix, with

volumes as listed in table 2.6. Per well, a KASP PCR required the master mix detailed
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Primer Volume (µl)

Allele 1 12
Allele 2 12

Common primer 30
H2O 46

Table 2.6: Assay mix for KASP genotyping

Ingredient Volume (µl)

Assay mix 0.14
KASP 2× master mix 5

H2O 3.86

Table 2.7: Master mix for KASP PCR

in table 2.7. 9µl of master mix per well mix with the 1µl of input DNA or negative

control. An example genotyping plot, generated by post-PCR reading on 7900HT, is

shown in figure 2.1. The rs17816465 genotyping primers are listed in table 2.8.

2.8.5 SYBR

SYBR-Green Dye I binds to double-stranded DNA (dsDNA), quantifying amplification

by producing fluorescence proportional to the amount of PCR product at each ampli-

fication step of qPCR. To perform SYBR-qPCR, I mixed 10ng DNA with 10µl FAST

SYBR-Green mastermix (ThermoScientific), 300nM of forward and reverse primers, and

H2O to a reaction volume of 20µl. qPCR was carried out on the ABI 7900HT Ther-

mocycler, with 20s of 95◦C denaturation followed by 40 cycles of 1s at 95◦C and 20s at

60◦C.

To ensure that the dsDNA producing SYBR fluorescence was not from primer dimeri-

sation or nonspecific amplification, I checked each pair of SYBR primers for non-specific

PCR product formation by dissociation curve. After qPCR as described above, samples

name 5′–3′ sequence

rs17816465 A1 GAAGGTGACCAAGTTCATGCTAGGTACTTTTTATTGCAGGCTTCTGTT
rs17816465 A2 GAAGGTCGGAGTCAACGGATTGGTACTTTTTATTGCAGGCTTCTGTC

rs17816465 common GCCACACAAAGGGAGGTTTCAAGTT

Table 2.8: KASP genotyping primers for rs17816465 genotyping. A1 and A2 are allele-specific
primers which compete for the common reverse primer.
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were denatured and slowly cooled to 50◦C. An example satisfactorily sharp dissociation

peak is shown in figure 2.2.

2.8.6 Sanger Sequencing

Individual PCR amplicons were sequenced by the Sanger method using the Big Dye

Terminator v3.1 kit (Applied Biosystems). Briefly, 5µl of PCR product was incubated

with 2µl of EXOSAP-IT (Affymetrix) for 15mins at 37◦C followed by 15mins at 80◦C.

EXOSAP contains exonuclease I and alkaline phosphatase, which together digest un-

used dNTPs and primers from PCR. After this cleaning step, the sequencing reaction

proceeded on a thermocycler, using 10µl 2× BDT reagent, 0.4pmoles of forward or re-

verse primer, and 20–50ng of PCR product, made up to 20µl. This reaction consisted

of an initial 5mins denaturation step (90◦C), followed by 35 cycles of 30s at 96◦C, 45s

at 50◦C, and 4mins at 60◦C. Unincorporated dye terminators were removed with the

DyeEx 2.0 Spin kit (Qiagen) according to the manufacturer’s instructions. The purified

products were run on the ABI3730 DNA analyzer (Applied Biosystems) by the Oxford

University Zoology department sequencing service, or sent to the Source BioScience

Sanger sequencing service. Sequence traces were visualised using either A Plasmid Ed-

itor (ApE, by M. Wayne Davis), or SnapGene Viewer v3.3.3 (GSL Biotech). Primers

used for sequencing in this thesis are shown in table 2.9.

2.8.7 MSI status

The microsatellite stability of the homozygous MSH3 mutant in chapter 6 was assessed

by the Oxford Medical Genetics Laboratory at the Churchill Hospital, using Promega’s

MSI Analysis System, version 1.2, according to manufacturer’s instructions. The sample

would have been considered microsatellite unstable (MSI) if two or more of the five

mononucleotide markers (BAT-25, BAT-26, NR-24, NR-21, and MONO-27) had been

unstable.

Elevated microsatellite instability at selected tetranucleotide repeats (EMAST) sta-

tus was derived using the five primer pairs in table 2.10, where each forward primer was

HEX-tagged and sized by comparison to a 500bp LIZ-tagged internal lane standard.
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homozygotes

homozygotes

heterozygotes

NTCs

Figure 2.1: A genotyping cluster plot after KASP genotyping PCR. This example was performed
on a CORGIbcd plate with primers designed against rs17816465. Green, heterozygous samples;
blue, minor allele homozygotes; red, major allele homozygotes; black, negative controls (water).
The axes measure post-read fluorescence of VIC and FAM.

Figure 2.2: SYBR-Green primer dissociation curve showing a single, discrete peak in three
technical replicates, with no fluorescence in the negative control.
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marker location 5′–3′ primers product size

D20S82 20p12.3 GCCTTGATCACACCACTACA 246–270bp
GTGGTCACTAAAGTTTCTGCT

UT5037 chr8 TTCCTGTGAACCATTAGGTCA 145bp
GGGAGACAGAGCAAGACTC

D2S443 2p13.2–2p13.1 GAGAGGGCAAGACTTGGAAG 251bp
ATGGAAGAGCGTTCTAAAACA

D21S1436 21q21.1 AGGAAAGAGAAAGAAAGGAAGG 178bp
TATATGATGAAAGTATATTGGGGG

D9S747 9q32 GCCATTATTGACTCTGGAAAAGAC 182–202bp
CAGGCTCTCAAAATATGAACAAAAT

Table 2.10: Primers for amplifying EMAST markers.

The sizing of PCR amplicons was performed on an ABI 3730 Capillary Electrophoresis

machine by the Oxford Medical Genetics Laboratory.

2.8.8 Chromatin conformation capture

Chromatin conformation capture (3C) detects the looping together of distant regions of

DNA. Cells are cross-linked to preserve DNA topology, and their genome is sheared by

restriction enzymes. The fragments are ligated and cross-linking is reversed. In this way,

small ligation products are formed by those restriction fragments that were physically

close together in the cells: amplification across the ligation boundaries shows looping.

Cells (∼ 107.sample−1) were cross-linked in 1% formaldehyde in phosphate buffered

saline solution (PBS, Sigma-Aldrich) in situ for 10mins at room temperature. They

were transferred to ice, and cold 0.125M glycine-PBS was used to wash the cells and

to quench the residual formaldehyde. Cells were scraped into fresh glycine-PBS and

spun down at 400g. After a final PBS wash and spin, the cells were lysed in ice-cold

buffer (10mM Tris pH 7.5, 10nM NaCl, 0.2% IGEPAL, protease inhibitors (Complete

mini, Roche)) for 30mins. Lysis was completed in a Dounce column. 800g centrifugation

pelleted the nuclei, which were resuspended in 1.2× restriction enzyme buffer (Buffer

2.1, NEB). 0.3% SDS was added to lyse the nuclei and solubilise the chromatin within.

After 30mins at 37◦C this was sequestered by the addition of 2% Triton-X for another

30mins at 37◦C, before 1500U of restriction enzyme (in my case EcoRi-HF; see table

2.11) were added. After 4 hours another 1500U of restriction enzyme were added to

digest the DNA overnight.
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The restriction enzyme was inactivated by the addition of SDS (1.6%) at 70◦C for

20mins. The digest was then transferred to 50ml tubes and diluted into 8ml water

with 1% Triton-X, 1× ligation buffer (50mM Tris pH 7.5, 10mM DTT, 10mM MgCl2),

100ng.ml−1 BSA, and 1mM ATP. After an hour’s incubation at 37◦C (to quench the

SDS), 4000U ligase were added at 16◦C. 4 hours later another 4000U ligase were added,

and the ligation was left to incubate for approximately 18 hours.

The ligation reaction was warmed to room temperature over 30mins, and then 300µg

of Proteinase K (Qiagen) were added. Cross-links were reversed overnight in a 65◦C

waterbath. To reduce contamination, a 45mins 37◦C incubation with 300µg RNAse A

(ThermoScientific) followed.

The un-crosslinked DNA was then cleaned by phenol-chloroform extraction (§2.8.2)

and ethanol precipitation. The DNA pellet was resuspended in 10mM Tris pH 7.5 and re-

purified in Amicon Ultra Centrifugal Filters (0.5ml; Millipore), flushing contaminants

through with three 1×TE washes. The 3C library produced was then quantified by

both Nanodrop (see §2.8.3) and by SYBR-qPCR (§2.8.5) against known concentrations

of genomic DNA with GAPDH probes internal to restriction digestion sites. Once

3C concentration was known, the libraries could be analysed by qPCR, normalised to

crosslinking frequencies for the cloned bacterial artificial chromosome (BAC) RP11-

10I10 (BACPAC Resources), with optimised primers spanning a custom 6FAM-tagged

Taqman probe (5′-ACGACAATCTTTAAGTTTC-3′).

2.8.9 Cloning

The BAC used for 3C was grown on LB agar with 12.5µg/ml chloramphenicol at 37◦C,

the DNA extracted and expanded by Qiagen’s Maxi kit (§2.8.1.3).

All other plasmids were cloned in XL-10 Gold UltraCompetent cells (Stratagene).

The bacteria were transformed in 14ml BD Falcon polypropylene round-bottomed tubes

by adding 10µl DNA, incubating on ice for 30min, and then heat-shocking the cells

at 42◦C for 30s. After an hour of recovery in LB medium at 37◦C with agitation,

transformed bacteria were plated LB agar with 100µg/ml ampicillin.

The sequence of the cloned BAC was checked with multiple restriction digests, using
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Enzyme Catalogue number

Agei R0552L
Bglii R0144L
Bbsi R0539L

EcoRi-HF R3101M
Xmni R0194L

Table 2.11: Restriction enzymes used. All enzymes bought from New England Biotech.

the enzymes in table 2.11.

2.8.9.1 Gel electrophoresis

PCR, ChIP sonications, and cloning products were analysed using agarose gel elec-

trophoresis. The 1–2% agarose gels were stained with ethidium bromide and DNA was

run alongside a 1kb DNA ladder using Tris-Borate EDTA running buffer. Gels were

visualised on a Universal III Gel Doc (Bio-Rad).

2.9 RNA

2.9.1 RNA extraction from cultured cells

RNA was isolated from cell cultures with the RNeasy minikit (Qiagen) according to the

manufacturer’s instructions. The concentration and quality of the extracted RNA was

assessed by quantification on the Nanodrop spectrophotometer (see §2.8.3) and by gel

electrophoresis (see §2.8.9.1). Two strong bands at 5kb and 2kb corresponded to 28S

and 18S respectively, the two most abundant rRNA species. The strength and precision

of these bands was taken as a subjective indication of the quality of the less concentrated

mRNA population.

2.9.2 cDNA creation

Before reverse transcription, extracted RNA was treated with DNase I (ThermoScien-

tific) to minimise RT-PCR-confounding contamination. The DNase I was subsequently

inactivated by EDTA (ThermoScientific).

Complementary DNA (cDNA) was reverse transcribed in vitro from purified RNA
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using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) accord-

ing to the manufacturer’s instructions. Random hexamers primed the Reverse Tran-

scriptase.

2.9.3 qRT-PCR

The ABI 7900HT cycler (Applied Biosystems) threshold was manually set at 0.2 and

standard protocols were used to calculate relative expression with the ∆∆CT method

described by Livak and Schmittgen (2001), using GAPDH as an endogenous control.

Pre-prepared Taqman gene expression assays were used, which contain primer pairs

and probes optimised by Applied Biosystems. The Taqman qRT-PCR primers used

in this thesis were against GREM1 (Hs00171951), ID1 (Hs03676575), and GAPDH

(Hs99999905). A typical reaction contained, per 10µl well, 10ng of purified cDNA, 0.5µl

of 20× Taqman gene expression assay, 5µl of 2× Taqman FAST Universal Mastermix,

and H2O. Samples were run in triplicate on the 7900HT cycler for an initial 20s of 95◦C

denaturation, followed by 20 cycles of 1s 95◦C and 20s of 60◦C.

2.10 Protein

2.10.1 Western blotting

1CT cell pellets were lysed for 20 minutes on ice in RIPA buffer (Tris-Hcl 50 mM, NaCl

150mM, 0.5% sodium deoxycholate, 1% Triton-X, 0.1% SDS, 5mM EDTA, pH 7.4) with

the addition of protease inhibitors (Complete mini, Roche) and phosphatase inhibitors

if necessary (PhosSTOP, Roche). The samples were then centrifuged at full speed for 2

minutes on a tabletop centrifuge to precipitate cell debris.

Lysates’ protein concentrations were calculated using the Pierce bicinchoninic acid

(BCA) Protein Assay Kit (ThermoScientific). The stock BCA solution contains cop-

per(ii) sulfate, the Cu2+ ions of which are reduced to Cu+ in an amount proportional

to the concentration of protein present. Cu+ complexes with BCA to form a purple

product that absorbs light at 562nm. Hence, the spectrophotometric absorbance at

562nm of samples after the assay gave a measure of their protein concentration. To
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quantify this more rigourously, I used a standard curve of diluted bovine serum albu-

min. BCA reagents A and B were mixed in a 1 : 50 ratio, and 1ml was added to

diluted cell lysates for 30mins at 37◦C. 562nm-wavelength light absorbance was read on

a spectrophotometer (NovaspecII, Pharmacia Biotech). The known concentrations of

the albumin standards were used to calculate the unknown lysate concentrations, which

were then diluted in buffer to provide a constant protein load per well, normally 35µg.

Each lysate was mixed with 4× loading dye (Invitrogen) and denatured at 95◦C

for 10 minutes. Blotting followed the manufacturer’s instructions for the NuPAGE Gel

system (Invitrogen). The denatured lysates were run on a 12% NuPAGE Novex Bis-Tris

Mini Gel at 120V for roughly 2 hours, alongside a protein ladder (Spectra Multi-colour,

Fermentas). 10µl of antioxidant were added to the running buffer in the small chamber

of the gel tank. Subsequent blotting onto a PVDF membrane (Immobilon P, Millipore)

in a semi-dry tank carrying 120mA took approximately 2.5 hours.

The membranes spent 1 hour rocking at room temperature in 10% TBS-milk (Mar-

vel) or TBS-BSA to block. They were then incubated overnight in primary antibody-

containing PBS or 5% TBS-BSA at 4◦C. The primary antibodies used in this thesis were

rabbit anti-SMAD1/5/9 (Cell Signaling #9511; 1 : 1000) and mouse anti-SMAD1/5 (Bio

Matrix Research, BMR00479; 1 : 1000). After washing in TBS-tween, the membranes

were incubated for 1 hour at room temperature with the appropriate secondary antibody,

and often with an HRP-conjugated anti-actin antibody (as loading control; SantaCruz

sc-47778 HRP; 1 : 10, 000), again in PBS, TBS-milk or TBS-BSA. Secondary antibodies

used were goat anti-mouse (Dako P0447, 1 : 2000) and goat anti-rabbit (Dako P0448,

1 : 2000).

After further washes, the membranes were submerged in ECL reagents (GE Health-

care), and chemiluminescence was detected either with chemiluminescent film (GE

Healthcare) using Xograph’s Compact X4 processor, or with ChemiDoc MP Imaging

in a Universal Hood III (Bio-Rad).
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2.10.2 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) provides evidence of interaction between antibody-

bound protein and DNA fragments. I used cross-linked cells, and broke up the genomic

DNA using sonication. Throughout the immunoprecipitation I used protease inhibitors

(phenylmethylsulfonyl fluoride, PMSF, Sigma-Aldrich, and Complete mini, Roche) and

the histone deacetylase inhibitor sodium butyrate (Sigma-Aldrich) to protect against

digestion.

ChIP was performed on CRC cell lines at 70% confluence in 15cm petri dishes. The

cell lines HCD57, LS180, COLO320, SW1222, and T84 were used. 1% formaldehyde

(Sigma-Aldrich) was added to each dish of cells at room temperature, and rocked for

10mins to cross-link protein to DNA. 115mM glycine (Sigma-Aldrich) was then added

to quench the formaldehyde for 5mins. The cells were twice rinsed with 4◦C PBS sup-

plemented with 0.1% PMSF and 0.2% sodium butyrate. The cells were scraped from

their dishes into 15ml tubes and spun at 700g for 5mins, before resuspension in ice-cold

lysis buffer (1% sodium dodecyl sulfate (SDS, Sigma-Aldrich), 10mM EDTA (Invitro-

gen), and 50mM pH 8.0 Tris-HCl (Invitrogen)). After 10mins incubation, the lysed

cells were sonicated using the Bioruptor Plus (Diagenode) in 7–15 15s cycles to generate

DNA fragments of 1000–1500bp. After sonication, the cells were centrifuged at 700g

for 10mins, with a small amount of supernatant run on a 1% agarose gel to confirm

fragment size. The remaining supernatant underwent 1 : 10 dilution in dilution buffer

(1% Triton-X-100 (Sigma-Aldrich), 2mM EDTA, 20mM pH 8.0 Tris-HCl, and 150mM

sodium chloride, with Complete mini protease inhibitor, 0.1% PMSF, and 0.2% sodium

butyrate) and was then separated into aliquots: one “input” chromatin, one “no anti-

body” control, and one tube for each immunoprecipitation, to which 5µl antibody were

added. The antibodies I used in chapter 3 were anti-dimethyl-histone H3K4 (Millipore

07-030), and anti-acetyl-histone H4 (Millipore 06-866). The antibody used for ChIP-seq

in chapter 6 was mouse anti-SMAD1/5 (Bio Matrix Research BMR00479).

The antibody and control tubes were rocked overnight at 4◦C to allow adequate

antibody-protein binding. The input tube was merely kept refrigerated. The next

day, 5µl protein A dynabeads (ThermoScientific, 10001D) were added to each rocked
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tube and incubated for 4 hours. A series of 1ml ice-cold washes were performed using,

sequentially:

1. Tris/Sucrose/EDTA (TSE) I (1% Triton-X-100, 2mM EDTA, 20mM pH 8.0 Tris-

HCl, 150mM NaCl, 0.1% SDS). On/off wash.

2. TSE II (1% Triton-X-100, 2mM EDTA, 20mM pH 8.0 Tris-HCl, 500mM NaCl,

0.1% SDS). Four washes: on/off, 5mins, 2× 10mins.

3. Buffer III (0.25M lithium chloride, 1mM EDTA, 10mM pH 8.0 Tris-HCl, 1% Igepal

(Sigma-Aldrich), 1% sodium deoxycholate (Sigma-Aldrich). On/off wash.

4. 1× Tris-EDTA. Three washes: on/off, 5mins, 10mins.

Each wash buffer contained PMSF and sodium butyrate as above. A MagnaRack mag-

netic separation rack (Invitrogen CS15000) was used to retain the dynabeads between

washes.

30mins of room temperature incubation in 300µl extraction solution (1% SDS, 0.1M

sodium bicarbonate) unbound the antibody from the dynabeads. Then NaCl was added

to 0.7M and reverse cross-linking occurred overnight at 65◦C. QIAquick PCR purification

columns (Qiagen) removed the now unbound protein, leaving PCR-ready DNA.

ChIP product was quantified by SYBR-qPCR (§2.8.5) in biological and technical

triplicate, using input chromatin and the RHO promoter as negative controls.

2.11 Cell culture

2.11.1 Maintenance of cell lines

All cell culture work was performed in a class II laminar flow hood. Cell lines were

grown from frozen stocks, thawed at 37◦C, pelleted, and resuspended in the appro-

priate tissue culture medium. They then grew in incubators at 37◦C with 5% CO2.

Cells were passaged before reaching confluence; trypsin-EDTA (Invitrogen) was used to

detach them to avoid selective subculture. For cancer cell lines, the culture medium

was either Dulbecco’s Modified Eagle Medium (DMEM) with L-glutamine (Lonza),

or Roswell Park Memorial Institute 1640 (RPMI-1640) medium (Sigma-Aldrich), in
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each case supplemented with 10% fœtal bovine serum (50µg/ml FBS, Gibco) and 1%

penicillin-streptomycin (50µg/ml, Gibco).

The exception was the immortalised epithelial cell line HCEC-1CT (1CT hereafter;

Roig et al., 2010). 1CTs were grown in a low-O2 incubator in custom medium. This

consisted of, per 100ml:

◦ 100µl apotransferrin (0.002g.(ml H2O)−1)

◦ 20µl EGF (100µg.ml−1)

◦ 100µl hydrocortisone (1mg.ml−1)

◦ 500µl insulin (2mg.ml−1)

◦ 100µl sodium selenite (5µM)

◦ 100µl gentomycin sulfate (50mg.ml−1)

◦ 2000µl cosmic calf serum

◦ 77.7ml DMEM

◦ 19.4ml M-199

As soon as possible after thawing, cell subcultures undergoing log-phase growth

were returned to liquid nitrogen storage. In preparation, cells were detached and then

resuspended in a freezing medium consisting of 90% FBS, 10% DMSO.

1CT cells were treated with recombinant human BMP2 (355-BM-010, R&D Systems)

or BMP4 (314-BP-010, R&D Systems).

2.11.2 Cell counting

Cell numbers were counted in two ways. The first was to use a FastRead102 disposable

hæmocytometer (Immune Systems), using the calculation:

cells.ml−1 =
Cells counted

4× 4 grids counted
× 104

The second method was to use Invitrogen’s Countess II automated cell counter, accord-

ing to their instructions.



Chapter 3

A New Colorectal Cancer Risk-Associated

Variant Near GREM1

3.1 Introduction

3.1.1 GREM1

In 1998, Hsu et al. found a synthetic mRNA whose ventral injection into Xenopus

frog embryos caused the formation of a secondary neural axis. They named this novel

signalling gene gremlin (GREM1 in humans). The small protein it encoded was found

to bind and antagonise BMP2 in the manner of known TGF-β inhibitors noggin (NOG

in humans), chordin (CHRD), and follistatin (FST ). However, gremlin displayed no

sequence homology to these genes. Instead, it shared a cystine knot motif with the

secreted proteins Cerberus and DAN (differential screening selected gene abberative in

neuroblastoma). This novel family was called the DAN family after its founding member;

it has since grown to include NBL1 (DAN), GREM1, GREM2 (also known as PRDC),

SOST, USAG1, DAND5 (also known as COCO), and CER1 (reviewed in Nolan and

Thompson, 2014).

Some DAN family antagonists have an unpaired cysteine residue near their cys-

tine knot, which was thought to enable dimerisation by disulfide bonding, as in many

TGF-β ligands (Avsian-Kretchmer and Hsueh, 2004). The molecules studied, DAN and

GREM2, do indeed form stable dimers, but these are noncovalent. The unpaired cysteine

is not necessary for dimerisation (Kattamuri et al., 2012). Noncovalent GREM2 dimers

70
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bind their ligand in aggregating chains, with each component monomer able to bind a

BMP dimer. This both sequesters extracellular BMPs, and blocks their interaction with

type I BMP receptors (Nolan et al., 2016). It is likely that GREM1 oligomerises and

acts in the same way.

GREM1 is important in many signalling processes. Not least, it is a crucial member

of the regulatory circuitry of the developing limb bud. Early limb bud development

relies on the positive feedback loop established between an FGF4 -expressing apical

ectodermal ridge (AER) and an SHH -expressing zone of polarising activity (ZPA) on

the posterior mesenchyme. Woychik et al. (1985) generated by insertional mutagenesis a

mouse with severe limb developmental defects, termed limb deformity (ld). The ld locus

was mapped to a novel set of transcripts for the gene Formin (Woychik et al., 1990), and

showed disruption of this vital dialogue between the AER and the ZPA. Zúñiga et al.

(1999) clarified the ld pathology: not Formin, but Gremlin expression is lacking in the

posteror limb bud mesenchyme of affected mice. A Grem1 -expressing graft rescues the

phenotype. SHH in the ZPA relays its signal through GREM1, to inhibit BMPs in the

AER and to disinhibit FGF4, which in turn upregulates SHH. This allows normal limb

development.

GREM1 is also active in the human gut. The protein helps to reinforce the signalling

gradients of the colon’s crypt-villus axis. At the bottom of colonic crypts, a high-

WNT, low-BMP environment nurtures and encourages the tissue’s replenishing stem

cell population (Hardwick et al., 2004). This niche benefits from the upward diffusion

of GREM1, which antagonises pro-apoptosis, pro-differentiation BMPs. As shown in

figure 1.3, BMP signal negatively regulates intestinal stem cell renewal through SMAD

intermediates (Qi et al., 2017). The healthy crypt epithelium does not express GREM1 ;

instead, subepithelial myofibroblasts secrete the antagonist (Kosinski et al., 2007). This

can be seen by in situ hybridisation in figure 3.1.

This expression pattern becomes deranged in hereditary mixed polyposis syndrome

(HMPS). Instead of subepithelial myofibroblasts, the colon epithelium itself expresses

GREM1, in vastly increased amounts (figure 3.2, Jaeger et al., 2012). A mouse model of

this defect, overexpressing Grem1 with an intestinal epithelium driver, develops ectopic
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Figure 3.1: GREM1 is expressed exclusively by colonic subepithelial myofibroblasts in healthy
individuals. ISH from Jaeger et al. (2012)

Figure 3.2: In HMPS, GREM1 expression is ectopic and vastly increased. ISH from Jaeger et al.
(2012)
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crypts and intestinal polyps (Davis et al., 2015).

3.1.2 Previous GREM1 GWAS signals

I described in §1.4.3 how the GREM1 locus was associated with sporadic CRC risk

during the search for the HMPS mutation. The original 2008 GREM1 GWAS signal

was subsequently refined. As with any GWAS follow-up, this meant denser genotyping

and larger studies.

Three times, regional fine-mapping of association at GREM1 was performed as part

of a genome-wide sweep of CRC-associated loci. Whiffin et al. (2013) re-tested these

loci after imputing genotypes in 5626 cases and 7817 controls, using as reference a

combination of 1000 Genomes Project (1000G) phase 1 sequences and a smaller 253

“CG” panel, which was highly enriched for early-onset CRC patients. The SNPs with the

smallest P values of association after meta-analysis were taken to be the best candidates

for causal variation at each region. Near GREM1, this SNP was rs1406389 (P = 7.57×

10−12), beating the original tag rs4779584, to which it is correlated (r2 = 0.67, D′ =

0.82). In 2014, Whiffin et al. essentially repeated this analysis with an updated 1000G

reference panel. This came up with a different “best” SNP at 15q13: rs73376930 (P =

1.12× 10−11). Finally, Du et al. (2016) compared 11,900 cases and 14,311 control allele

frequencies imputed on a 1000G reference, and preferred rs2293582 (P = 10−9).

The slightly crude reporting of smaller and smaller P values is perfectly acceptable,

of course, and the two Whiffin et al. papers were in any case not particularly interested

in the GREM1 locus, having broader aims and hypotheses. But what these papers

gained in scope they somewhat lost in detail, for they ignored existing work suggesting

that the 15q13 GWAS signal derives from more than one variant.

Back in 2011, only 14 CRC-associated loci had been identified by GWAS. Three

were close to BMP pathway member genes: rs4779584, rs4444235, and rs961253 lay

near GREM1, BMP4 and BMP2, respectively. Tomlinson et al. (2011) proposed to use

BMP pathway member gene loci as candidate regions, which could be examined for more

association using a lower statistical threshold. The authors genotyped 442 SNPs around

the three genes in roughly 10,000 case-controls, filling in genotypes with imputation.
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None of the new SNPs was more strongly associated than the original tags, except for

one near GREM1. rs16969681 had a stronger signal than the incumbent rs4779584.

Had Tomlinson et al. (2011) been following the methodology of Whiffin et al. (2013,

2014), rs16969681’s improved post-validation P value (P = 5.33 × 10−8) would have

superceded the initial tag, with no further exploration. However, the authors instead

made a point of using not only base P value but also other statistics to evaluate their risk

model. In particular, in a rs16969681-rs4779584 haplotype test, the rs4779584 risk allele

remained risk-associated regardless of the other SNP’s genotype. Though the SNPs were

correlated (r2 = 0.29, D′ = 0.76), and therefore non-independent as covariates in linear

tests, it was clear that rs16969681, as well as “beating” the tag SNP to a smaller overall

P value, nonetheless also failed to fully account for the original signal. Reverse stepwise

logistic regression with other regional candidates produced a two-SNP model of GREM1

CRC risk, formed of rs16969681 and rs11632715. Both SNPs were individually strongly

associated with risk, remained independent as covariates, and produced a model with a

lower Aikake’s information criterion (AIC) than regression on rs4779584 alone.

The case for multiple causal signals at GREM1 (themselves tagged by multiple

SNPs) was thus subtle, and relied on exploratory, descriptive statistics. Perhaps it

is understandable that later CRC GWAS fine-mapping largely ignored the argument.

However, this chapter will counterargue three points. First, the case for rs16969681’s

functional effects has now been conclusively made, lending strong weight to the reasoning

of Tomlinson et al. (2011). Second, my own pursuit of similar lines of thought has led

to the discovery of a third genome-wide significant SNP in the region, providing a

demonstration of the usefulness of this approach. And third, more speculatively, I will

contend that detailed genetic deconvolution of a GWAS tag is a more reliable route to

the discovery of functional variation than more high-throughput methods. As such I

will both restate and develop the case of Tomlinson et al. (2011) in order to offer a more

accurate description of CRC risk genetics at GREM1.
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3.2 Results

3.2.1 Fine-mapping risk near GREM1

As discussed in §2.6.3, imputation fills in missing data with statistically inferred geno-

types. The variant types to impute are provided by a dense reference panel, or combi-

nation of reference panels.

In the megabase region surrounding GREM1, I imputed the genotypes of seven

case-control cohorts against a combined reference panel of 1000G (phase 1, integrated

version 3, March 2012) and 196 30×-deep genome sequences of early-onset CRC cases

(the “CGI196” panel, see §2.4.4). I used IMPUTE2 with parameters as specified in

§2.6.3. The seven cohorts are described in detail in §2.2 and summarised here in table

3.1.

Cohort Cases Controls Total

CFR1 1175 999 2174
CFR2 795 2242 3037
LP1 888 899 1787
LP2 2659 2798 5457

SP1/MD1 973 998 1971
SP2/MD2 2007 2075 4082

VQ58 1794 2686 4480

All 11,063 11,925 22,988

Table 3.1: Summary of imputed fine-mapping discovery cohorts.

After file conversion and filtering, the genotypes were tested for CRC association

by SNPTEST, conditioning on sex. These näıve tests were then meta-analysed using

META. The combined discovery cohorts had 75% power to detect associated SNPs with

control MAF= 0.2, OR = 1.15 at a genome-wide significant level (P < 5 × 10−8; see

figure 3.3).

This workflow, described in more detail in §2.6.3, deviates very little from most

standard fine-mapping protocols. Of note however are the use of a combined reference

panel enriched (presumably) for European CRC-causing variants, and a particularly

stringent info score cutoff for imputation output (info ≥ 0.9). The results of the basic

meta-analysis are shown in figure 3.4.
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Figure 3.3: Estimated power to detect SNP associations within the combined discovery cohorts
at P < 5× 10−8 given different control minor allele frequencies.
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Figure 3.4: A Locuszoom (Pruim et al., 2010) plot summarising the first association testing and
meta-analysis of the post-imputation discovery set. Each dot is a SNP; colour marks LD with
rs4779584, which is purple.
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Figure 3.5: A Locuszoom plot showing the association landscape after conditioning on rs4779584.
The second smallest P value is for rs16969681, which is marked in purple.
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The top SNP from the first association test was rs58658771 (P = 1.79 × 10−12;

I2 = 38.1%). This SNP is in strong LD with rs4779584 (r2 = 0.766, D′ = 0.932)

and represents essentially the same signal. However, instead of reporting yet another

marginal improvement as a possible candidate, I wanted to entertain the hypothesis that

rs4779584/rs58658771 tagged multiple SNPs.

The conclusion of Tomlinson et al. (2011) was that rs4779584 incompletely captured

other regional risk associations. The converse statement therefore suggested itself: that

the underlying risk signals would remain incompletely associated with CRC after con-

ditioning on rs4779584. To the degree that they were independent of rs4779584, the

contributing risk SNPs’ test statistics should remain large after conditional analysis.

I therefore used SNPTEST to test each cohort, conditioning on sex and either

rs4779584 or rs58658771. The top results are shown in 3.2. A visual summary of

the output after conditioning on rs4779584 is available in figure 3.5.

Conditioning on SNP Position (hg37) P

rs4779584
rs17816465 33156386 7.10×10−7

rs16969681 32993111 2.03× 10−5

rs16969344 32991713 6.18× 10−5

rs112503426 33155404 0.00020
rs28630996 32993860 0.00021
rs28399071 32992658 0.00023
rs7494781 32988138 0.00026
rs11632715 33004247 0.00074
rs12593365 33107990 0.00096
rs55746350 33127480 0.00096

rs58658771
rs17816465 33156386 2.06×10−6

rs16969681 32993111 7.51×10−6

rs16969344 32991713 2.48×10−5

rs28630996 32993860 8.40×10−5

rs28399071 32992658 9.48×10−5

rs16969862 32994001 0.00023
rs7494781 32988138 0.00034

rs112503426 33155404 0.00050
rs55746350 33127480 0.00114
rs12593365 33107990 0.00120

Table 3.2: Top CRC-associated SNPs following conditioning on rs4779584 or rs58658771. Im-
portantly, rs16969681’s signal remains strong.



CHAPTER 3. A NEW CRC RISK SNP 79

A key finding was that, once again, rs16969681 was partially independent of rs4779584,

and was still the best candidate for functional follow-up in its immediate region. This

finding was reported in Lewis et al. (2014), along with a raft of experimental evidence

showing the functional consequences of the SNP. I had no part in the wet lab work

reported in Lewis et al. (2014), but its conclusiveness is important for my argument, so

I have provided an incomplete summary of a few results in figure 3.6.

In short, rs16969681 lies in a region of active chromatin in GREM1 -expressing CRC

cell lines, and acts as an allele-specific enhancer in luciferase assays. The risk-associated

allele, “T”, has the higher activity (figure 3.6A).

3.2.1.1 Discovery and validation of rs17816465

As well as confirming the genetic evidence for rs16969681, the conditional analysis

highlighted a second SNP. rs17816465 was the top SNP after both conditional tests,

its P value largely unaffected by the new covariates (in the original “näıve” test,

Prs17816465 = 1.47 × 10−6, I2 = 1.1%). This P value was small enough to warrant

follow-up.

To create a large validation case-control set for rs17816465, I either manually geno-

typed or received summary data from a variety of CRC panels. The validation sets are

described in more detail in §2.6.3, and are summarised here in table 3.3.

Cohort Cases Controls Total

CORGIbcd 562 910 1472
COIN 1950 2162 4112

Colombia 820 822 1642
CORECT 5100 4831 9931
Finnish 1172 8266 9438
GECCO 10,711 13,379 24,090

ICR 3227 3613 6840
Mexico 904 866 1770

All 24,446 34,849 59,295

Table 3.3: Summary of rs17816465 validation cohorts.

Non-overlapping discovery and validation set rs17816465 tests were combined by

meta-analysis. The result is shown in figure 3.7. Some of the larger validation case-

control series, such as GECCO and CORECT, are themselves meta-analyses of many
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Figure 3.6: Highlight of evidence for rs16969681’s biological role. a, the risk-associated allele
has a significantly higher activity in luciferase enhancer assay; b, when placed upstream of
LacZ reporter in embryonic mouse, rs16969681 drives expression (blue; red in confocal image)
throughout the gut, including the epithelium; c, CDX2 or TCF7L2 ChIP is enriched for the
risk-associated allele (T, red trace denoted by arrows) in heterozygous cells; see figure 6.9. All
figures adapted from Lewis et al. (2014).
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Figure 3.7: Forest plot of combined discovery and validation sets, showing genome-wide signifi-
cant association of rs17816465 with CRC. The encoded allele is “G”, the protective allele.
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smaller studies. It is perhaps unsurprising, therefore, that the combined analysis was

significantly heterogeneous, with I2 = 51.8%. This heterogeneity of rs17816465 effect

was not present in the discovery cohorts tested. An I2 value > 25% indicates “moderate”

study heterogeneity (Higgins et al., 2003), as can also be seen in the mild asymmetry of

figure 3.8. Of note is that the largest study, GECCO, lies outside the 95% confidence

interval corresponding to its expected inverse standard error in the absence of overall

heterogeneity (figure 3.8, grey shade). Egger’s regression test for funnel plot asymmetry

returned a significant P = 0.0017, showing a systematic difference in reported effect size

depending on study size. Together, these data suggest that the moderate I2 is driven

largely by GECCO; when GECCO is excluded from the meta-analysis PEgger > 0.1.

However, for an exploratory validation test composed of studies performed with

different genotyping technologies, I2 = 51.8% is acceptable. Moreover, the meta-analysis

confirmed rs17816465’s risk signal, which became genome-wide significant (P < 5 ×

10−8).

3.2.2 Further fine-mapping at GREM1

rs16969681 is an independent, experimentally validated CRC risk SNP. rs17816465 is

genome-wide significant and largely unrelated to the tagging peak around rs4779584.

But there is still risk association captured by rs4779584 that is unaccounted for by either

SNP. Tomlinson et al. (2011) explained the residual signal by using stepwise regression

to incorporate rs11632715 into their two-SNP model. I wished to advance my account

of GREM1 -adjacent risk using a similar approach.

The problem was to construct a multiple-SNP model that improved on rs4779584 or

a correlated proxy while remaining biologically plausible, which is to say, without over-

fitting. In a way these criteria can only be judged subjectively, although the strength

of different models can be measured quantitatively. Prior to stepwise model building,

I made two assumptions. First, that rs16969681 deserved a place in any model, as its

experimental evidence was strong. Although not in an eQTL for GREM1 expression in

either TCGA or published data (see figure 3.10), the SNP’s open chromatin environ-

ment, allele-specific transcription factor binding, and nonspecific enhancement of LacZ in
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mouse gut together constitute an unusually thorough account of the SNP’s genome-wide

significant CRC association. The lack of eQTL is not incompatible with the suggestion

of Lewis et al. (2014): that the variant affects an enhancer only active in adenomas,

not in normal or carcinoma tissue; a colorectal adenoma-only eQTL at rs16969681 has

not been ruled out. It has better functional evidence than its correlates. Second, that

parameter incorporation should be heavily penalised, on the intuition that the fewer

SNPs included, the more likely the outcome to be biologically as well as statistically

meaningful.

As such, I created a panel of SNPs by taking the top (P < 10−6) remaining vari-

ants after conditioning on both rs16969681 and rs17816465. I read these “discovery”

genotypes into R as continuous allelic dosages, along with rs16969681 and rs17816465.

This fulfilled the first assumption, as it necessitated the inclusion of rs16969681 in any

model built. I then performed bi-directional stepwise logistic regression, minimising, not

on AIC, but on the “Bayesian” information criterion (BIC), which significantly more

heavily penalises parameter number. This fulfilled the second assumption.

The output model was composed of cohort, rs16969681, rs17816465, and two other

SNPs, both already discussed in §3.1.2: rs11632715 (from Tomlinson et al., 2011) and

rs73376930 (from Whiffin et al., 2014). Together, these four SNPs produced the most

parsimonious risk model as measured by BIC.

This output was encouraging, not only because both new SNPs were published

genome-wide significant hits. In addition, the two SNPs were correlated: in both my

cohorts and the 1000G CEU population, D′ = 0.87 (see figure 3.9). What’s more, they

spanned the GREM1 promoter CpG island, which lies at chr15:33,009,531–33,011,696

(Observed CpG/Expected CpG = 0.93). The positions of the four SNPs relative to

GREM1 and its CpG island are shown in figure 3.10. Together, these observations sug-

gested that rs11632715 and rs73376930 were tagging a CRC-associated GREM1 pro-

moter haplotype.
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Figure 3.9: LD between the SNPs tested for model inclusion by stepwise regression, within the
discovery cohorts of table 3.1. Top, r2; bottom, D′.
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3.2.3 Haplotypic analysis

I loaded the “best guess” (probability threshold 0.9) genotypes of the 20 SNPs in

figure 3.9 into PLINKv1.07 for haplotype association testing. After conditioning on

rs16969681 and rs17816465, an omnibus test of association at rs11632715-rs73376930

returned a significant POmnibus = 3.15× 10−5, as expected. Testing the risk-risk haplo-

type rs11632715:A-rs73376930:G against all others gave OR = 1.145 at P = 3.47×10−6.

Table 3.4 shows how obvious the haplotype frequency changes are between cases and

controls.

rs11632715 rs73376930 freqcontrols freqcases

A G 0.168 0.197
G G 0.013 0.0129
A A 0.299 0.296
G A 0.520 0.494

Table 3.4: Summary of haplotype frequencies in discovery cohort cases and controls.

There was no evidence for an independent effect of rs11632715 (P = 0.29) and only

mild evidence for the independence of rs73376930 (P = 0.0027), driven by the great

rarity of the G-G haplotype. Crucially, no omnibus association at the locus remained

after controlling for the A-G signal (P = 0.371).

In other words, the evidence was promising for a moderately rare (freq = 0.18) pro-

moter haplotype underpinning CRC risk at GREM1. I extended my analysis to include

two candidate SNPs: one 53 bases upstream of the CpG island (rs1406389, from Whif-

fin et al., 2013), one (rs1919364) within the CpG island. Due to the high LD between

these SNPs as visible in figure 3.9, this merely refined the definition of the haplotype

to rs11632715:A-rs1406389:T-rs1919364:G-rs73376930:G, a block with frequency 0.183,

OR = 1.147, and association P = 1.26 × 10−6 after conditioning on rs16969681 and

rs17816465. For both additional SNPs, it was impossible to test for independence of ef-

fect, so perfectly were they correlated with rs73376930, but controlling for A-T-G-G left

no remaining omnibus association signal (P = 0.743). In R, in a risk model containing

sex, cohort, rs16969681, rs17816465, and rs1406389, all SNP covariates were significant

at P < 1× 10−4.
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The most compelling explanation of these results is that there is a risk-associated

haplotype at the GREM1 promoter which has been tagged four times in the literature:

by Tomlinson et al. (2011) at rs11632715, by Whiffin et al. (2013) at rs1406389, by

Whiffin et al. (2014) at rs73376930, and by Du et al. (2016) at rs2293582. Of these

four interlinked genome-wide significant CRC risk SNPs, probably rs1406389 is the best

candidate for functional follow-up, as it lies closest to the promoter.

3.2.3.1 Epistatic analysis

Interaction tests are confounded by haplotypic effects and by high LD more gener-

ally (Wei et al., 2014). As such, the only sensible tests at GREM1 were between

rs17816465 and other candidates (where r2 and D′ are both considerably < 0.1). P val-

ues for this epistasis as calculated in PLINKv1.07 are shown in table 3.5; each but the

rs17816465:rs11632715 interaction was significant after Bonferroni correction, though

none comes close to the genome-wide interaction threshold of P < 1 × 10−12 (Becker

et al., 2011).

SNP A SNP B Pinteraction

rs17816465 rs11632715 0.0438
rs17816465 rs16969681 0.0109
rs17816465 rs1406389 0.0006
rs17816465 rs73376930 0.0005

Table 3.5: PLINKv1.07-generated P values for epistasis between model SNPs.

In dosage models in R, these interaction terms were sign-switched compared to their

additive covariate components.

3.2.4 Bioinformatic function search: eQTLs

To search for eQTLs, I downloaded and queried tumour and normal TCGA expression

data from colon and rectum samples, measured by both microarray and RNA sequencing.

After regressing gene expression on average copy number within or spanning each gene’s

coordinates, I then regressed the unexplained variance in gene expression on the genotype

at each SNP under an additive model. Full details are available in §2.7.12.

The underlying hypothesis of this work was that risk SNPs eventually affect gene



CHAPTER 3. A NEW CRC RISK SNP 89

SNP Gene Tissue Citation r2 with tag

rs4779584 GREM1 liver Schadt et al. (2008) 1.0
rs1258734 GREM1 blood Fehrmann et al. (2011) 0.019
rs727945 FMN1 lung Hao et al. (2012) 0.296
rs3817591 FMN1 lung Hao et al. (2012) 0.056
rs17816711 FMN1 lung Hao et al. (2012) 0.00
rs17525764 FMN1 lung Hao et al. (2012) 0.00

Table 3.6: Published eQTLs at the GREM1 locus. LD is within 1000G relative to rs4779584.

expression, so they or their tags should lie in eQTLs. A tag in LD with an eQTL would

implicate in disease risk both the locus and the gene whose expression varied.

At the GREM1 locus I tested nearby genes for eQTLs in this way, including GREM1

and FMN1, although FMN1 had only RNAseq expression data available. No gene

displayed a multiple testing-corrected significant correlation with any nearby genotype.

Figure 3.10 illustrates this, showing flat P values for eQTL with GREM1.

However, eQTLs are tissue- and even cell type-specific. There are regional eQTLs at

15q13.3 in other studies on less relevant biological backgrounds. These are summarised

in table 3.6.

3.2.5 Functional validation of rs17816465

rs17816465 is associated with CRC risk. But this could mean that it is a variant within

a functional element, changing some process directly; or it could be a secondary tag,

correlated with an untyped variant which is itself effecting the important biological

change. In the absence of a better candidate SNP for functionality, I attempted a

number of molecular assays to try to distinguish between these two possibilities. The

majority of these experiments, however, were inconclusive.

3.2.5.1 ChIP

Certain histone modifications are correlated with — or possibly control; the issue is

controversial — the activity of their surrounding DNA. In particular, the dimethylation

of lysine 4 of histone H3 (H3K4me2) is a mark of transcription factor binding (Wang

et al., 2014b), and H4 pan-acetylation (H4ac) marks active chromatin more generally,

as the modification lessens the subunit’s positive charge and therefore its hold on DNA.
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To see whether rs17816465 was overlaid by either of these marks, I performed chromatin

immunoprecipitation (ChIP), as described in §2.10.2, with anti-H3K4me2 and anti-H4ac

antibodies. This asked whether rs17816465 lay at an enhancer element active in the cell

lines I tested. These lines were chosen for their above-zero expression of GREM1 by

qRT-PCR (data not shown), and to span the possible genotypes of rs17816465, in case

of a visible allele-specific difference. They are listed in table 3.7.

Cell line rs17816465 genotype

HCD57 GG
LS180 GG

COLO320 GA
SW1222 GA

T84 AA

Table 3.7: Cell lines used for rs17816465 histone ChIP. All express GREM1 as determined by
qRT-PCR.

Each immunoprecipitation was performed in biological triplicate, and each replicate

then underwent qPCR in technical triplicate. Analysis, normalising against both input

and a negative control, was as detailed in §2.10.2. The results are shown in figures

3.11 and 3.12. Though messy, the enrichment of both marks is essentially flat across

the 9213bp probed. No consistent pattern is shared by the cell lines with identical

rs17816465 genotypes.

3.2.5.2 3C

Another common assay for SNP function is chromatin conformation capture (3C). This

tests for the proximity of restriction fragments within the 3D environment of the nucleus;

a positive result is said to indicate the “looping” together of linearly remote DNA

segments. The EcoRi-HF restriction fragment surrounding GREM1 ’s transcription start

site was my bait region. Figure 3.13 shows the degree of capture by cross-linking to

this bait region of four restriction fragments around rs17816465, as well as of the two

fragments immediately downstream of the GREM1 promoter.

Each point in figure 3.13 is the normalised average of PCR triplicates for three bi-

ological replicates in the rs17816465 heterozygous cell line, COLO320. As expected,

following crosslinking the regions immediately adjacent to the GREM1 promoter were
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Figure 3.13: 3C assay searching for rs17816465 looping to GREM1 in COLO320 cells. y-axis,
relative enrichment. Top, little to no looping is seen following crosslinking. Bottom, the un-
crosslinked negative control is also flat, even at the +1 fragment adjacent to the bait.
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enriched and amplified. However, the FMN1 intron containing rs17816465, far down-

stream, was not enriched (fragments +30–+33).

3.2.5.3 Allele-specific luciferase activity

The 2kb stretch of DNA surrounding rs17816465 was cloned by Dr. Barbara Fortini, a

collaborator in Prof. Graham Casey’s group, into the pGL3 promoter vector (Promega).

The cell lines HCT-116, which does not express GREM1, and SW480, which expresses

the gene at a low level, were transfected on at least three occasions with at least three

separate clones, with the rs17816465 element inserted in both orientations. The results

are shown in figure 3.14. In the reverse orientation only, the protective allele (G) of

rs17816465 showed allele-specific enhancer activity in both cell lines (PHCT-116 = 0.0024;

PSW480 = 0.0025). The risk-associated allele (A) enhancer activity was indistinguishable

from control.

3.3 Discussion

I have reported a new CRC risk-associated variant at the GREM1 locus, which lies

far downstream of the gene, within a FMN1 intron. This SNP does not loop to the

GREM1 promoter and does not lie in a region of regulatory chromatin in the cell lines

and conditions that I interrogated. It does, however, display allele-specific luciferase

activity.

There is additional cause to find the rs17816465 signal exciting. It is the limb defor-

mity mouse. Although most ld alleles disrupt Formin rather than Grem1, Zúñiga et al.

(2004) showed that the pathogenic change was always to disrupt Grem1 expression, by

deleting a control region within the Formin gene. This broad control region has three

areas of strong conservation, which Zúñiga et al. (2012) called human-mouse-chicken-

opossum conserved sequences 1–3 (HMCO1–3). The location of these sequences in the

human genome is shown in figure 3.15b.

Zúñiga et al. (2012) focused in particular on HMCO1 in mice, whose presence is nec-

essary and sufficient for Grem1 expression in posterior limb bud mesenchyme. HMCO1

is bound by GLI3 and is also downstream of BMP signal. It integrates the many sig-
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Figure 3.14: rs17816465 Allele-specific luciferase assay changes. a, HCT-116 cells; b, SW480
cells. Error bars represent standard deviation of the mean of four biological replicates, each
performed in triplicate.
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Figure 3.15: Conserved regions at the GREM1 locus. a, Zúñiga et al. (2012) figure highlighting
conserved regions within mouse Fmn1 ; b, the same regions overlaid on my simplified map of the
human GREM1 locus. Note that rs17816465 lies within the same intron as HMCO3.
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nalling inputs in the developing limb bud. HMCO2 and 3 were not necessary for Grem1

expression in this milieu, but could be important in other tissues or developmental

stages. rs17816465 is close to HMCO3.

The mixed molecular evidence this thesis provides does not conclusively confirm

or deny the function of rs17816465. My hypothesis for its risk signal remains that it

is a looping regulatory element, possibly related to HMCO3, that influences GREM1

expression in cis. The activity of the SNP’s locus in a luciferase enhancer assay is midly

in favour of this model, as is its significant sign-switching epistasis with other GREM1

SNPs, which could be due to the competition of multiple risk-associated regulatory

elements impeding each others’ effects on the gene. However, the 3C and histone marker

ChIP at rs17816465 described make this less likely. A more conclusive test of the

activity of rs17816465 would be to use CRISPR-Cas9 to selectively edit heterozygous

GREM1 -expressing CRC cell lines, adding or removing the risk-associated allele on

identical genetic backgrounds (as in Liu et al., 2017). Such cell lines would minimise the

confounding differences present in my work, providing superior controls for expression

analysis and histone and transcription factor ChIP. If this were successful, combinations

of CRISPR-edits could further assess the possibility of competetion between regulatory

GWAS elements at GREM1.

As well as providing another CRC risk SNP at a locus that one might reasonably have

held to be saturated with information, the case of rs17816465 is particularly interesting

as an illustration of the challenges and pitfalls of post-GWAS research. All loci will be

different, and I shall try to avoid over-extrapolation, but my work does highlight three

general principles.

The first is the tension between variant-based and model-based accounts of risk

association. Lewis et al. (2014) and the work reported above both show that by not

assuming a single causative variant at a GWAS locus, a richer biological account can

arise. Splitting a reported signal into multiple SNPs can be the right thing to do, even

though no individual SNP in that model might have as low a P value of association as

the original tag. Bioinformatic tools to assess the likely number of causal SNPs at an

association signal locus are underdeveloped (Su et al., 2009). Once a locus is identified
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and validated, I’d argue that AIC is a better test of a model than a parameter’s P

value. The counterargument to this, which is quite legitimate, is that split signals

become overfitted.

However, the case for rs4779584 capturing multiple causal SNPs is no longer merely

statistical: rs16969681 has relevant biological effects (Lewis et al., 2014). And even if not

accepted, the split signal at GREM1, first reported by Tomlinson et al. (2011), could at

least have been entertained by subsequent papers. Instead, it’s never mentioned. A non-

exhaustive list of later papers that only consider rs4779584 at the locus includes: Whiffin

et al. (2013), Whiffin et al. (2014), Zhang et al. (2014a), Timofeeva et al. (2015), Baert-

Desurmont et al. (2015), Chen and Tian (2016), and Abuĺı et al. (2016). Conversely,

Kupfer et al. (2014) corroborated separate independent signals at GREM1 in an African

American case-control cohort, although they did not successfully impute rs16969681.

Second, serial meta-analyses of many small cohorts can create unnecessarily hetero-

geneous signal. My validation of the CRC association of variation at rs17816465 had a

significant I2 = 51.8%. Larger, more consistently recruited data sets are preferable. For

this reason, the imminent delivery of cancer patient data from the UK National Health

Service’s 100,000 genomes project is welcome (Siva, 2015).

The third principle that my work on rs17816465 illustrates is the frustration of

molecular biology in a post-GWAS context. The lack of strong functional evidence at

rs17816465 is disappointing, but compatible with the SNP’s activity in untested tissue

types or under different stimuli. Individual assays are insufficient to test every CRC

GWAS candidate. What’s required is more high-throughput study designs, such as the

“proteome-wide analysis of SNPs” proposed by Butter et al. (2012) and used at CRC

GWAS loci by Liu et al. (2017). This looks for allele-specific trascription factor binding

changes to DNA elements by subjecting those elements to normal and 2H4-lysine-labeled

proteins, which can be distinguished by mass spectrometry. Although Liu et al. (2017)

focused on one interaction identified in this way, between rs1800734 and TFAP4 at

MLH1, they also reported 730 other allele-specific transcription factor binding patterns

at 116 CRC GWAS-related SNPs.

This sort of assay may help to explain the haplotypic signal in my model of GREM1
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locus risk. I have reported the inclusion of this component, represented by rs11632715

and rs73376930, due to its minimisation of AIC in stepwise regression. I hypothesise

that a (presumably single) variant lying on this haplotype is associated with CRC risk.

This variant may have been typed already, or may be an untyped indel or SNP. There

are multiple correlated candidates for function, including rs1534594, rs1406389, and

rs72360084. These SNPs are conserved, exhibit promoter histone marks in gastroin-

testinal tissue, change transcription factor binding sites, and are reported eQTLs in

Haploreg v4.1 (Ward and Kellis, 2012). A combination of GWAS fine-mapping in other

populations — whose distinct LD structure may rule out certain candidates — and

high-throughput post-GWAS assays should be performed to further clarify the GREM1

promoter variation that influences CRC formation.



Chapter 4

Germline Variants May Influence Colorec-

tal Cancer Driver Mutations

4.1 Introduction

In this chapter, I continue the fine-mapping of chapter 3, moving to the POLD3 locus.

I then explore whether the current collection of CRC GWAS risk SNPs might influence

cancer subtype or behaviour, beyond merely increasing risk of incidence.

4.1.1 POLD3

Variants near POLD3 were first associated with CRC by Dunlop et al. (2012). A meta-

analysis of five of the seven cohorts used in this thesis was followed by validation in

a number of smaller sets, including one from Japan. The combined association tests

implicated in CRC risk a SNP in a POLD3 intron, rs3824999 (P = 3.54× 10−10). This

signal has been replicated in Asian cohorts (Zhang et al., 2014a). However, Dunlop et al.

(2012) also fine-mapped the locus and found an improved signal at rs72977282, upstream

of the gene. It’s odd, and possibly bespeaks a lingering suspicion of imputation, that

rs3824999 is always described as the tag SNP at POLD3 despite the reporting of a

superior tag in the same paper.

The locus was multiply revisited, like GREM1. Whiffin et al. (2013) declared an

improved association at rs11604752 or rs11236161, depending on whether the CGI set

was combined in their imputation reference panel. These SNPs are reasonably distant

from the original hit: rs11604752 and rs11236161 are 68kb and nearly 54kb centromeric

99
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to rs3824999, respectively. Whiffin et al. (2014) then reported an indel 42kb upstream

of the gene, before Du et al. (2016) returned to the first result, naming rs72977282 as

their top SNP.

POLD3 is a subunit of DNA polymerase δ (Polδ), which synthesises DNA during

replication. Until recently it was thought that Polδ only acted on the lagging strand,

leaving leading strand synthesis to DNA polymerase ε (Pursell et al., 2007). This was

largely based on evidence from a Polδ-mutant yeast strain showing a preponderance

of lagging strand errors (McElhinny et al., 2008). However, in the absence of leading

strand repair processes this selectivity disappears, and it now seems that Poldδ is the

primary replicative enzyme, with Polε supplementing and correcting on the leading

strand (Johnson et al., 2015). In any case, POLD3 is not the catalytic subunit of

Polδ, but rather links the complex to a sliding clamp protein, PCNA. This interaction

increases the processivity of the polymerase (Rahmeh et al., 2012).

4.1.2 Polygenic risk scores

Individual GWAS SNP effects on disease incidence and outcome risk may be too small

to detect. It is therefore sensible to combine individual SNPs into overall risk scores,

most often by summing alleles weighted by their published effect sizes. These scores

have exhibited some clinical utility in breast cancer, where almost 100 risk alleles have

been uncovered by GWAS (Michailidou et al., 2015).

Mavaddat et al. (2015) constructed a weighted score of 77 SNPs, which was signif-

icantly higher in 33,673 breast cancer cases than in 33,381 controls. Individuals with

the highest 1% of risk scores were about three times as likely to get breast cancer as the

middle quintile. In a smaller case set of women given tamoxifen prevention therapy, the

88-SNP genetic risk score of Cuzick et al. (2017) was significantly associated with breast

cancer risk, especially with oestrogen receptor-positive cancer. More importantly, the

score in combination with the women’s Tyrer-Cuzick risk factor (incorporating BRCA

status, family history, and environmental risk factors; see Tyrer et al., 2004) was more

predictive than either method alone. This suggests genuine clinical utility.

Breast cancer risk is different for oestrogen receptor-positive and -negative tumours
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(Kuchenbaecker et al., 2014), which confounds attempts to determine whether the ge-

netic architecture of BRCA1/2 mutation carriers is also distinct from more sporadic

cancer (Gaudet et al., 2013). In these breast cancer subsets, polygenic risk scores re-

main predictive. GWAS risk scores accurately describe disease risk in both women and

men with germline BRCA1 and BRCA2 mutations (Kuchenbaecker et al., 2017; Lecar-

pentier et al., 2017). Since these individuals are predisposed to cancer, the measurement

of their common risk input provided by polygenic risk scores is additionally useful.

4.1.3 Association with disease outcome

Traditional GWAS looks for association between common variation and disease inci-

dence. Naturally, it’s also possible to correspond genotype to other variables, such as

cancer subtype, chemotherapy response, or survival time.

Some recent reports have found survival associations in CRC. In a small retrospective

study, Liu et al. (2015b) saw decreased disease-free survival in patients associated with

the major allele of rs2335052, independent of initial CRC stage. The SNP was not in an

eQTL for its nearest gene, GATA2. Morris et al. (2015) associated the minor allele of the

BMP4 GWAS SNP rs4444235 with a worse prognosis in 4327 CRC patients, correcting

for age, sex, Dukes stage, tumour site, and year of diagnosis. However, a number of other

reasonably well-powered studies found no multiple-testing corrected survival associations

with common variation, whether or not this variation had previously been highlighted

by GWAS (Abuĺı et al., 2013; Dai et al., 2012; Hoskins et al., 2012; Huhn et al., 2014).

One variant’s downstream biological effects, including its impact on cancer suvival,

have been extensively studied. This is the MDM2 promoter SNP rs2279744. The SNP

was first reported as a sarcoma and breast cancer risk factor, accelerating cancer forma-

tion in both the general population and in those with germline TP53 mutations, who

suffer Li-Fraumeni syndrome (Bond et al., 2004). The G allele at rs2279744 also hastens

CRC formation in women (Bond et al., 2006b; Menin et al., 2006) across ethnicities

(Wang et al., 2014b; Wo et al., 2011). The female-only effect is due to the SNP’s in-

teraction with oestrogen. The interaction is clearest in breast cancer, where rs2279744

was only associated with earlier intraductal carcinoma in women with high expression
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of oestrogen receptor. This relationship was stronger in pre-menopausal women (Bond

et al., 2006a).

MDM2 negatively regulates p53. A missense variant in TP53, rs1042522, interacts

with rs2279744 to increase cancer risk across tumour types (Wan et al., 2011). This

interaction with p53 extends to the variant’s effects on breast cancer survival. Boersma

et al. (2006) discovered a significant interaction term between rs2279744 genotype and

TP53 expression for breast cancer survival. And a Finnish group found that another

gene in the p53 network, PRKAG2, contained a variant which improved breast cancer

survival only in the context of rs2279744 minor allele presence (Jamshidi et al., 2013).

This work illustrates the fine resolution achievable in the exploration of germline effects

on cancer biology.

One additional variable relatable to germline variation is somatic mutation spectrum.

SNPs might enourage certain oncogenic mutations over others. This possibility was

recently explored by Carter et al. (2017) in nearly 7000 TCGA patients. The authors

examined 138 genes important in cancer; seventeen germline-somatic correlations were

validated. For example, variation at 19p13.3 was associated with a large increase in

PTEN somatic mutation. Oddly, some classical cancer genes, including TP53, did not

display a similar germline relationship.

4.2 Results

4.2.1 Fine-mapping risk near POLD3

I imputed genotypes at the chromosome 11 CRC risk locus as at the GREM1 locus.

The region between chr11:73,553,000–75,103,999 was imputed in the seven case-control

cohorts available against a combined reference panel of 1000G and CGI.

After filtering on info score, the top SNP at the POLD1 locus remained rs72977282,

as shown in figure 4.1. As would be expected given the similarity of cohorts to Dunlop

et al. (2012), the SNP remained genome-wide significant at P = 5.90 × 10−9. The

association signal collapsed after conditioning on rs72977282, including at the original

tag rs3824999 (figure 4.2). When modeled in R as allele dosage, a single-SNP effect
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Figure 4.1: Unconditional meta-analysed P values at the POLD3 locus. The top SNP,
rs72977282, is coloured in purple and is the reference for LD values.
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Figure 4.2: P values at the POLD3 locus after conditioning on rs72977282, showing no remaining
signal. The original tag SNP, rs3824999, is coloured in purple and is the reference for LD values.
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with sex and cohort as covariates had an almost exactly equivalent model fit (AIC =

27191.72) to a series of two-SNP models (for example rs72977282+rs3824999, where

AIC = 27190.64), but the additional covariate abolished the significance of both terms:

they were not independent signals. This was entirely in keeping with the very strong

LD between the top SNPs at the locus, which appeared moderate by r2 (figure 4.3), but

which was almost absolute when measured by D′ (figure 4.4).

This LD structure was not unique to my cohorts. The top 56 SNPs were also

in almost total LD in 1000G. The strong possibility existed, then, that there was a

haplotypic signal at POLD3.

As at GREM1, I loaded “best guess” genotypes of the 56 SNPs with P < 10−5 into

PLINKv1.07. An omnibus test of haplotypic association at rs72977282-rs3824999 gave

POmnibus = 7.6×10−4, with rs72977282:T-rs3824999:T showing a protective effect at P =

1.76×10−4 (OR = 0.924). The top SNP, rs72977282, did not have an effect independent

of this haplotype (P = 0.615); nor was there remaining signal after conditioning on the

haplotype (POmnibus = 0.589). Table 4.1 illustrates this simple block, where the risk

signal comes from rs72977282’s minor allele and rs3824999’s major allele.

rs72977282 rs3824999 freqcontrols freqcases

T T 0.517 0.497
A G 0.411 0.430
T G 0.0711 0.0727

Table 4.1: Summary of POLD3 haplotype frequencies in discovery cohort cases and controls.
The A-T haplotype was below plink’s frequency theshold of 0.001.

Unlike at GREM1, however, it was unclear where the boundaries of the associated

haplotype lie. A logistic regression on the genotypes of the 56 top “plateau” SNPs

defined a block incorporating every SNP (freq = 0.401) associated with CRC risk at

P = 7.53×10−5; if instead a sliding window tested 15-SNP haplotypes for a joint effect,

POmnibus was significant for every window. This was largely a result of the high LD

between the SNPs: all risk association lay in a large block.

I constructed a preliminary delineation of the risk haplotype by providing PLINKv1.9

with best-guess genotypes of the imputed region, estimating haplotypes using the defi-

nition of Gabriel et al. (2002). SNPs as far as 10,000kb apart were considered for coin-
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Correlations between POLD3 top SNPs

  rs11236161

  rs60085010

  rs11236164

  rs72977282

  rs7940880

  rs4944912

  rs4944913

  rs4944914

  rs4944917

  rs4944051

  rs7130839

  rs7101472

  rs4996254

  rs10899015

  rs4944052

  rs7943085

  rs7944208

  rs10501417

  rs11236173

  rs12807398

  rs11236175

  rs11236176

  rs10899018

  rs10899020

  rs10793094

  rs2117222

  rs59830047

  rs1433970

  rs2155935

  rs2298792

  rs11236178

  rs4944053

  rs3824999

  rs11236182

  rs10899023

  rs7936385

  rs12282266

  rs1051058

  rs10899024

  rs1944933

  rs11236185

  rs11236187

  rs11236188

  rs11236189

  rs12421429

  rs58659624

  rs7103197

  rs11236199

  rs11236200

  rs4420291

  rs10899029

  rs10793101

  rs76704686

  rs11825804

  rs7109940

  rs7129492

R2 Color Key

0 0.2 0.4 0.6 0.8 1

Figure 4.3: Correlation between all SNPs at the POLD3 locus with P < 10−5, within all cohorts,
by r2.
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D' between POLD3 top SNPs
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Figure 4.4: Correlation between all SNPs at the POLD3 locus with P < 10−5, within all cohorts,
by D′. The LD is almost total, suggesting a single risk haplotype.
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heritance and a lenient within-block informative fraction cutoff of 0.5 was used. These re-

laxed criteria provided the boundaries of a broad block, stretching from chr11:74,303,841–

74,381,181. This area almost exactly covers the POLD3 gene.

GWAS association is unusually uninformative at POLD3. rs72977282 tags a large

risk haplotype that spans the gene and its surroundings.

4.2.2 Bioinformatic function search: eQTLs

As at the GREM1 locus, I searched the 11q13.4 locus for eQTLs within TCGA colon and

rectum cancer samples. No significant association with POLD3 expression existed in

RNAseq or microarray data (figure 4.5). I did see one genome-wide significant RNAseq

eQTL with CHRDL2, at rs12284314 (P = 4.29×10−8). But this SNP is over a megabase

away from the GWAS signal, and is not correlated with it.

There are three published eQTLs at the region: between rs4944950 and CHRDL2

in liver (Schadt et al., 2008), and between POLD3 and rs6592574 in lymphoblastoid

cells (Fehrmann et al., 2011) and rs4944933 in liver (Innocenti et al., 2011). No SNPs

correlated with rs72977282 at r2 > 0.6 were in eQTLs reported by Haploreg v4.1 (Ward

and Kellis, 2012).

4.2.3 The impact of risk SNPs on cancer biology

It’s typical to end an association study with open-ended lists of candidate functional

variants correlated with tag SNPs, awaiting molecular validation as in chapter 3 or Lewis

et al. (2014). I wondered whether it was also possible to look for the biological effects

of risk-associated SNPs in silico.

To some extent, I had already tested this idea by searching the GWAS loci for

eQTLs, finding nothing. However, the TCGA is an imperfect resource for this search,

being largely composed of cancers. I looked at the relationship between GWAS SNP

genotype and other clinical variables available in public or in-house databases.

One such variable is recurrence-free survival time in CRC patients. High GREM1

expression is associated with a shorter recurrence-free interval in an international cohort

of all stages (n = 403; log-rank P = 0.04, figure 4.6a), and in an American stage II set
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SNP VICTOR OS QUASAR2 OS VICTOR RFS QUASAR2 RFS

rs17816465 0.76 0.38 0.14 0.34
rs1406389 0.94 0.21 0.99 0.38
rs16969681 0.13 0.53 0.17 0.84
rs72977282 0.10 0.80 0.41 0.73

Table 4.2: P values of survival tests of individual SNP scores (β×risk dosage). No individual
test was significant. OS, overall survival; RFS, recurrence-free survival.

(N = 90; log-rank P = 0.016, figure 4.6b). GREM1 expression is also significantly lower

in stage I CRC than in all other stages (ANOVA P = 0.00005; figure 4.6c). POLD3

expression, however, does not discriminate recurrence-free survival time (P = 0.26 and

0.65 in each cohort, respectively).

The public databases used for figure 4.6 do not contain genotype information. For

this, I had to turn to genome-wide imputation of the VICTOR and QUASAR2 trial

samples. In Cox proportional hazards models of overall or recurrence-free survival, with

age, stage and sex as covariates, no GWAS risk SNP from this thesis was significantly

associated with altered survival time (table 4.2).

4.2.4 Overall GWAS Risk Score

The effect of individual SNPs on cancer outcome was imperceptible. I wondered whether

an aggregate risk score composed of all known common risk modulators might show some

discriminatory power. There’s no reason to suspect this in particular: GWAS variants

were discovered because they are associated with CRC incidence, not progression, and

their effects might end at tumourigenesis. Nor is it implausible, however, that their

subtle effects on colorectal biology might persist through malignant transformation.

I compiled a list of all published independent CRC risk SNPs whose association signal

was significant in Europeans. This list is shown in table 4.3. It omits the chromosome X

SNP, rs5934683 (Dunlop et al., 2012), because the VQ58 genome-wide imputation from

which I constructed my score was autosomal only. Other reported European CRC

variants not included in the score are explained in table 4.4.

The risk score was created by summing the risk allele dose at each locus, weighted

by reported effect size (β) for every SNP. This score was normally distributed (see split
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chr Position rsID Citation

1 11856378 rs1801133 Hubner and Houlston (2007)
1 22587728 rs72647484 Al-Tassan et al. (2015)
1 183081194 rs10911251 Whiffin et al. (2014)
1 222045446 rs6691170 Houlston et al. (2010)
1 222164948 rs6687758 Houlston et al. (2010)
3 40924962 rs35360328 Schumacher et al. (2015)
3 66442435 rs812481 Schumacher et al. (2015)
3 169492101 rs10936599 Houlston et al. (2010)
5 1286516 rs2736100 Kinnersley et al. (2012)
6 36622900 rs1321311 Dunlop et al. (2012)
6 117822993 rs4946260 Schumacher et al. (2015)
8 117630683 rs16892766 Tomlinson et al. (2008)
10 8701219 rs10795668 Tomlinson et al. (2008)
10 14280702 rs12241008 Wang et al. (2014b)
10 16997266 rs10904849 Al-Tassan et al. (2015)
10 101345366 rs1035209 Whiffin et al. (2014)
10 101351704 rs11190164 Schumacher et al. (2015)
11 74300441 rs72977282 Dunlop et al. (2012) and this thesis
11 111171709 rs3802842 Tenesa et al. (2008)
12 4388271 rs3217810 Whiffin et al. (2014)
12 50539419 rs7138945 Spain et al. (2012)
12 50880216 rs7136702 Houlston et al. (2010)
12 51203371 rs1129406 Timofeeva et al. (2015)
12 111884608 rs3184504 Timofeeva et al. (2015)
12 117747590 rs73208120 Schumacher et al. (2015)
14 54410919 rs4444235 Houlston et al. (2008)
14 54560018 rs1957636 Tomlinson et al. (2011)
15 32993111 rs16969681 Tomlinson et al. (2011)
15 33004247 rs1406389 Whiffin et al. (2013) and this thesis
15 33156386 rs17816465 This thesis
16 32994756 rs9929218 Houlston et al. (2008)
16 86695720 rs16941835 Al-Tassan et al. (2015)
18 46453463 rs4939827 Broderick et al. (2007)
19 33532300 rs10411210 Houlston et al. (2008)
20 6404281 rs961253 Houlston et al. (2008)
20 6699595 rs4813802 Tomlinson et al. (2011)
20 47340117 rs6066825 Schumacher et al. (2015)
20 60921044 rs4925386 Houlston et al. (2010)

Table 4.3: The 38 SNPs used to contruct a GWAS risk score. All are significantly associated
with CRC in Europeans and all represent plausibly independent signals. The X chromosome
risk SNP rs5934683 from Dunlop et al. (2012) is not included as genome-wide imputation was
autosomal only. Compare to table 1.4.
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POLD3 CHRDL2

rs72977282

rs3824999

Figure 4.5: Absence of POLD3 eQTL around POLD3 in TCGA cancer expression data, seen by
microarray (top) or RNA sequencing (bottom). x-axis, coordinates on chromosome 11 (hg19);
y-axes, negative log of the P value of correlation between copy number-conditioned expression
value and genotype. Important SNPs are indicated; not all regional genes are shown.

rsID Citation Reason

rs16888728 Timofeeva et al. (2015) Not independent of rs16892766
rs6983267 Tomlinson et al. (2008) Not independent of rs16892766
rs3824999 Dunlop et al. (2012) Not independent of rs72977282
rs6580742 Timofeeva et al. (2015) Reported but not genome-wide significant
rs12303082 Timofeeva et al. (2015) Reported but not genome-wide significant
rs11169552 Houlston et al. (2010) Not independent of rs1129406
rs4779584 Jaeger et al. (2008) Not independent of rs16969681/rs1406389

Table 4.4: Published European CRC risk SNPs not included in the score, with justifications.
Nor were the many Asian-only SNPs included, since the clinical cohort is entirely European.
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Average GREM1
 expression

II IIII IV

R
F

S
 %

AMC-AJCCII-90 stage II survival by GREM1 level

high GREM1 expression

low GREM1 expression

P = 0.016

MVRM stage I-IV survival by GREM1 level

high GREM1 expression

low GREM1 expression

P = 0.04

a b

c

Figure 4.6: GREM1 expression correlates with survival and stage of CRC. Recurrence-free
survival in a, the Moffit-Vanderbilt-Royal Melbourne cohort, and b, the AMC-AJCCII-90 patient
set, stratified by GREM1 expression (above or below median); log-rank P values are shown. c,
GREM1 expression by stage in the MVRM cohort. Stage I expression, blue, is significantly
different to every other stage by Tukey’s HSD (largest P = 0.0017 between stages I and IV).
Notches represent 95% C.I.s around the median value.
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histograms in figures 4.7b and 4.8b; Shapiro-Wilcox test for deviation from normality

P = 0.26). It was significantly higher in CRC cases than in controls (figures 4.7b and

4.8b).

However, unlike GREM1 expression, the CRC GWAS risk score did not differentiate

survival time in either VICTOR and QUASAR2 patients (figure 4.9) or in the TCGA

cohort (figure 4.10). Although the lower-scoring median in each group had marginally

improved survival, the difference by log-rank test was not significant in any cohort.

4.2.4.1 SNV burden

I hypothesised that individuals with a higher germline predisposition to CRC might not

require the same degree of tumour driver mutation to develop full disease. To assess

whether this was the case, I used two unbiased algorithms that estimate driver status

from functional impact bias (Oncodrive-FM, Gonzalez-Perez and Lopez-Bigas, 2012) and

positional clustering (Oncodrive-CLUST Tamborero et al., 2013), respectively. These

tools are combined in the IntOGen suite (www.intogen.org; Gonzalez-Perez et al., 2013).

I loaded TCGA colon and rectal adenoma sets into IntOGen to generate two lists of

driver genes: those with multiple testing-corrected Q values for driver status score was

below 0.05 for both algorithms, and those significant in either one or the other. The

intersecting, “strict” driver list was composed of 11 genes (FBXW7, TP53, APC, KRAS,

CYHR1, PIK3CA, BRAF, TES, FAM26F, NRAS, ZNF439 ). The union, “loose” driver

list was composed of 458 genes. I then took counts of high-impact somatic mutations

within TCGA samples in each list from mutation annotation format files of 270 colon

and 116 rectal tumours. These lists were deliberately agnostic to gene familiarity; their

purpose was to filter noise from overall mutation burden.

The frequency of driver SNVs within TCGA CRC was right-skewed for both defini-

tions of “driver” (figure 4.11). I therefore plotted a log(1 + mutant drivers) transform-

normalised driver SNV count against GWAS risk score for each TCGA CRC sample with

both somatic mutation allele frequency and germline genotypes available (n = 349), pro-

ducing figure 4.12. GWAS risk score significantly anticorrelates with number of mutant

driver genes, although the slope of this relationship is small (P = 0.0145).

https://www.intogen.org/
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(a) GWAS risk allele dose in VQ58

(b) GWAS risk score in VQ58

Figure 4.7: An increased GWAS risk allele dosage and score in VQ58 cases (n = 1798) versus
controls (n = 2674). The differences in means are small but significant (Pdose = 2.97 × 10−24;
Pscore = 1.01× 10−22, t tests).
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(a) GWAS risk allele dose in CORGI

(b) GWAS risk score in CORGI

Figure 4.8: Histograms of CORGI GWAS risk allele dose and score, showing an increase in both
in cases (n = 888) compared to controls (n = 899). The differences in mean dose and score are
significant (Pdose = 5.94× 10−23; Pscore = 2.26× 10−21, t tests).
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Figure 4.9: Survival curves stratified by risk score for the two cohorts, showing no significant
differences (log-rank P value is shown).
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Figure 4.10: Kaplan-Meier curves for overall and recurrence-free survival in TCGA patients,
split by GWAS risk score. Log-rank P value is shown.

a b

Figure 4.11: Distribution of mutant drivers in TCGA colon and rectal samples. a, strict definition
(11 drivers); b, looser definition (458 drivers)



CHAPTER 4. GERMLINE INFLUENCES 117

P = 0.0145

r 
2 =  0.017 

Figure 4.12: Significant but slight correlation between CRC GWAS risk score and log(1 +
mutant drivers per individual), with a looser definition of driver gene (see text). This corre-
lation was also significant by nonparametric test (PSpearman’s = 0.0216).
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4.3 Discussion

GWAS is difficult. Chapter 3 showed the problems of split signals and of the bottleneck

of low-throughput functional molecular biology. The exploratory computational work

of this chapter reveals at least four additional challenges.

One, LD limits the resolution of fine-mapping, sometimes punitively. Imputation has

almost allowed people to forget this, but the ability to improve a signal’s P value does

not automatically translate to a refinement of that signal. The breadth of candidates at

the GREM1 promoter and (especially) throughout POLD3 illustrates this. The width

as well as the height of local manhattan plots must be taken into account, and haplotypic

models more often considered. As I argue in chapter 7, haplotypic risk association is a

plausible component of any explanation of “missing heritability”.

In particular, the possibility of a haplotypic effect at POLD3 was previously con-

sidered and rejected by Whiffin et al. (2013), despite the haplotypic test’s significance

(P = 6.1 × 10−6). Not only was the author’s own top SNP absent from this test, it

also seems that the result was rejected because the P value was larger than the P value

of association of rs3824999. But these numbers refer to different statistical questions.

Like multi-SNP models, haplotypic effects are more often genuflected at than seriously

considered. This is undesirable.

Two, bioinformatic databases are not always helpful. Because many tag SNPs are

near genes, and because gene regulatory elements also constellate these spaces, a mere

overlay of functional marks with GWAS hits is very likely to provide false-positive ex-

planations. The problem is compounded by the dynamic, tissue-specific nature of many

regulatory elements, which explains away a lack of functional correlates at other hits. If

a SNP overlaps a DHS or ChIP-seq peak, it could be meaningful; if not, then perhaps

its effect is more tissue-specific. It was not considered remotely worrying, for example,

that only 5 of 23 reported prostate cancer GWAS hits in Al Olama et al. (2014) were

at weak eQTLs in prostate TCGA data, though P values were far from genome-wide

significant. This logic is anathema to rigorous hypothesis testing. It becomes impossi-

ble to distinguish between false and true negative results when looking for allele-specific
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regulatory changes, and is another reason for the genetic evidence to take precedence.

A particular example of this in my work is the absence of a convincing eQTL at

11q13.4. This means that there is still no knockout reason to consider POLD3 the

affected gene. The risk haplotype does span POLD3, but could contain regulatory se-

quences for other regions. The telomeric CHRDL2 is a perfectly plausible candidate

(see figure 4.5). CHRDL2 binds BMPs through its von Willebrand factor type C do-

main (Zhang et al., 2007), possibly in concert with other BMP antagonists and the

modulating TWSG1, to antagonise extracellular BMP signal (Troilo et al., 2015). Pub-

lic databases of tissue-specific chromatin conformation, or much richer eQTL resources,

would both help to substantiate SNP-gene interactions, and perhaps begin to allow the

reintroduction of true negative results in genomics.

Three, the utility of GWAS variants as CRC biomarkers is not clear. My individ-

ual SNPs predicted CRC survival time in neither the TCGA nor VICTOR-QUASAR2

cohorts. A manual selection of independent inputs to a risk score fared no better. Can

GWAS help to stratify CRC patients in the clinic, as it is beginning to in breast cancer?

Four recent predictive models have explored the question. In a large patient set of

over 42,000 Scandinavians, Dunlop et al. (2013) genotyped 10 common GWAS SNPs,

including an unsplit rs4779584, and BMP2 and BMP4 variants. The authors concluded

that the discriminatory power of their model remained too weak to be helpful for indi-

vidual patients. Jung et al. (2015) used 23 SNPs in combination with age, sex, smoking

status, fasting glucose, and family history in a Korean cohort. The genetic risk score was

imperceptibly superior to traditional risk factor prediction. Similarly, Hsu et al. (2015)

constructed a risk score with 27 CRC susceptibility alleles, which provided a very modest

(but significant) increase in discriminatory accuracy over family history and risk factors

alone. Finally, Ibáñez-Sanz et al. (2017) used 21 SNPs to create an unweighted score,

never splitting loci into multiple variants, and adjusting with a propensity score com-

bining age, sex, population structure, and education level. Their combined gene and

environmental model produced an area under receiver operating characteristic curve

(AUROC, the integral of true positive against false positive classification) of 0.63. How-

ever, environmental risk factors and family history produced AUROC=0.61. In all four
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examples, therefore, the refinement by GWAS input was marginal at best.

There are protestations that when enough SNPs are added to these sorts of statistics,

their predictive power will increase, as it has for breast cancer. One report pushed

AUROC to over 0.8 (Wei et al., 2009). However, this was achieved by incorporating

interaction terms, for which there is little evidence in either CRC or breast cancer

(Ibáñez-Sanz et al., 2017; Kuchenbaecker et al., 2017).

My work in this area had no access to environmental and familial risk factor data and

so could not compare traditional and genetic risk scores. This was a major limitation.

In my favour were two other differences. First, my SNP score was based on a more

thoughtful delineation of independent signals, going beyond the simplistic LD pruning

of, for example, Ibáñez-Sanz et al. (2017). Second, I was able to interrogate more than

one outcome for association with risk score. I looked not only at case/control status but

also at survival and somatic mutation patterns. I could ask whether germline variation

at loci associated with CRC formation was also linked to CRC behaviour.

I interrogated two endpoints in particular: survival, and somatic mutation. I un-

covered no single SNP association with survival, which was perhaps unsurprising given

the absence of GREM1 or POLD3 locus survival associations in the larger Morris et al.

(2015) study. Nor was my risk score significantly associated with recurrence. As such

it appears that CRC GWAS loci are not yet sufficiently numerous to act as clinical

prognosticators. However, my score did anticorrelate with somatic driver mutation.

The relationship between germline and somatic CRC genetics has been previously

explored: Machiela et al. (2015) looked for an enrichment of somatic mutation in CRC

GWAS risk genes, but found none. However, to my knowledge this thesis is the first

report of a relationship between GWAS risk score and CRC mutation burden. It closely

resembles the recently published work in 638 TCGA breast cancer patients by Zhu et al.

(2016). The authors created a weighted polygenic risk score from 90 imputed breast

cancer GWAS risk loci, and adjusted for age at diagnosis, stage, oestrogen receptor,

and progesterone receptor status. This score had a small but significant anticorrelation

with total somatic mutation number. The authors’ correction for confounders was an

improvement on my work. An extension of my score would incorporate MSS/MSI status
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and other covariates, as in Zhu et al. (2016). It would also be interesting to discover

whether total mutation counts, as well as my driver subsets, are inversely correlated

with risk score. Neverthelss, the similarity of the results is striking.

The sometime influence on survival and driver mutation of GWAS SNPs raises the

possibility that the effects of this variation do not disappear upon transformation. This

is related to the fourth challenge of GWAS: defining the moment of risk impact during

tumourigenesis. Do GWAS SNPs mildly increase the likelihood of adenoma formation,

and then disappear? Or do they help tip the scales into full malignancy, or both? By

undertaking GWAS for association with adenoma rather than carcinoma, two groups

have attempted to unpick these questions. Carvajal-Carmona et al. (2013) found that

8 of 18 tested GWAS SNPs were also significantly associated with adenoma risk. Abuĺı

et al. (2016) genotyped more risk SNPs and saw that 14 of 30 remained significantly

associated with the new phenotype. However, the papers are mildly contradictory,

with some SNPs significant in one and flat in the other. Five loci are conclusively

associated with adenoma as well as carcinoma risk in both: MYC, POU2AF1, BMP4,

SMAD7, and 10p14 (which lies in a gene desert). The POLD3 locus was only tested

in Abuĺı et al. (2016) and was declared significantly associated with adenomas by the

authors, although its multiple testing-corrected Q value is over a standard threshold of

significance (Q = 0.054). The GREM1 SNP rs4779584 was not associated with adenoma

risk in either study. Strictly speaking one shouldn’t take this as evidence for the null,

but this could mean that the GREM1 risk impinges on colorectal biology after adenoma

formation, which is consistent with Lewis et al. (2014) and Pelli et al. (2016). More

GWAS of this kind, with more precise phenotypes punctuating CRC progression, would

be welcome.



Chapter 5

Population genetics of 461 UK genomes

5.1 Introduction

This thesis will now turn from array and imputed data to whole-genome sequencing

(WGS). The Tomlinson laboratory has accumulated a large collection of WGS data on

CRC, adenoma, and polyposis patients, some of have whom early-onset or probable

syndromic disease (see chapter 6). These samples were collected from British hospitals,

and most patients were of recent British ancestry. I unified these genomes under one

calling strategy, performed a series of quality control steps, and asked what degree of

population structure was retrospectively visible within the cumulative cohort.

The best approach to large sets of WGS data is as much as possible to combine

binary sample alignment/map (BAM) files in one joint-calling step. This improves low

frequency variant calling and is the only way to be sure of missingness levels at each

called variant. Genotype calls are stored in variant call format (VCF). However, tradi-

tional joint-calling straight from BAM collections scale poorly in terms of computational

cost, and must be repeated every time the sample cohort is expanded. These problems

are solved by using a single-sample caller which retains information about reference

genotypes, followed by a simpler merge and joint-genotyping step. This was explained

in more detail by D’Auwera (2015), who recommended the Broad Institute’s software

and pipeline, the Genome Analysis Toolkit (GATK). Using GATK tools, single-sample

calls can be stored in gVCF rather than VCF files, allowing individual distinctions be-

tween missing and reference reads to be preserved. An instant multisample joint-caller

(Platypus, Rimmer et al., 2014) and GATK are compared in this thesis.

122
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I discussed in chapter 1 the ability of principal component analysis (PCA) to reveal

cryptic population structure (see in particular figure 1.4). This has been used in other

large studies to describe recent demographic history. I will discuss three such projects:

the Genome of the Netherlands (GoNL), People of the British Isles (PoBI), and the

United Kingdom 10,000 genomes (UK10K) project. These three all postdate and com-

plement the 1000 Genomes project (1000G, §1.4.2) as catalogues of variation; the first

two were also explicitly interested in using population genetics to examine demography.

GoNL whole-genome sequenced 769 people of Dutch ancestry to a depth of 13× (The

Genome of the Netherlands Consortium, 2014). They catalogued some 7.6 million novel

SNVs, and created a superior reference panel for rare variants from their phased data.

The first principal component of their genotype covariance matrix roughly separated

North Holland from South.

PoBI used a 600,000-strong SNP array rather than WGS, and had strict recruitment

criteria: UK citizens who were genotyped were required to exhibit a geographically stable

recent family history (Leslie et al., 2015). A sampled individual must have lived in the

same rural area as all four of their grandparents. Interestingly, despite these criteria,

PCA did not reveal much population structure. The first principal component separated

out individuals from North Wales, and the second produced a small cluster of people

from Orkney or Argyle and Bute. Otherwise, all samples from the other 15 regions

of Britain clustered indistinguishably together, regardless of component axis. Leslie

et al. (2015) required phasing and hierarchical clustering with the fineSTRUCTURE

algorithm to describe finer population structure within their 2039 UK samples, and

even then England was one large undifferentiated genetic cluster.

The UK10K project collected nearly 4000 7× read depth whole genomes from two

existing longitudinal population studies, and roughly 6000 80× read depth exomes from

three disease cohorts. These collections revealed approximately 24 million novel SNVs

on top of the 1000 Genomes and GoNL projects (Walter et al., 2015). The task of

the UK10K collection was mostly imputation panel creation and association study, and

although they did assess population structure, PCA was only used to filter out non-

Europeans and was not reported to show any internal structure. The method used in
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PoBI, fineSTRUCTURE, revealed no discrete genetic clusters within UK10K. However,

very rare variants, with allele counts (AC) between 2 and 7, showed an enrichment cline

across geographic distance, with more rare allele sharing between geographically closer

samples.

The Tomlinson genomes are a post hoc collection of pathogenically selected samples

without validated or stable geographic information; they resemble the UK10K collection

more than PoBI. In this chapter I will characterise various genomic qualities of the

cohort and search for hidden geographic information within the genomes, despite their

unpromising provenance.

5.2 Results

5.2.1 Remapping and joint calling

As explained in §2.6.1.1, the 215 Illumina genomes within the Tomlinson cohort required

remapping with BWA/Stampy. This increased the mapped read number by an average

of approximately 54 million reads (P = 1.5 × 10−64) compared to the Isaac mapping,

which represents roughly 4% of the average number of reads in each BAM file.

Two of these remapped case BAM files shared a duplicate identifier and were ex-

cluded from further analysis; one was a duplicate sample with a separate identifier and

was removed; and two further Illumina samples were duplicates of CGI samples, and

were also removed. I then used the GATK pipeline to call 210 Illlumina genomes, 24

“HPPS” samples, and 65 WGS500 CRC cases (the 299 “Tomlinson genomes” here-

after), together with 144 WGS500 controls. These were individuals with extracolonic,

non-cancer phenotypes.

The final group of samples were the 203 CGI case genomes, mapped and called

with Complete Genomics-exclusive software into the masterVar format, and therefore

not amenable to remapping or calling more thoroughly. The “CGI genomes” were used

as variant frequency annotators, rather than true cases in their own right, due to this

processing constraint.

In parallel, Dr Silvia Salatino multi-sample called the Tomlinson genomes and WGS500
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controls directly from BAM files using Platypus. This allowed me to compare the two

calling strategies.

Figure 5.1 shows that GATK called more rare and fewer common SNVs and indels.

Each sample had fewer non-reference calls after GATK calling than after Platypus calling

(table 5.1). However, the combination of these two properties meant that GATK actually

called more total unique variants across the Tomlinson cohort than Platypus (32,796,566

versus 30,961,101, respectively). The average sample transition:transversion ratio in the

Platypus calls was also remarkably low, at 1.5 (compare to figure 5.2b). The larger

number of total and rare variants in the GATK calls encouraged me to continue with

this pipeline.

5.2.2 Relative identification by IBD

To properly describe variant frequencies within these sample populations I required a

precise understanding of the relatedness of included individuals. I estimated degree of

genetic identity by descent (IBD) between all cases using PLINKv1.9 on a small set

of independent (unlinked) SNPs from the Omni1M array, extracted by Platypus (see

§2.7.6). This identified three relatives within the CGI set, and ten within the other

Tomlinson genomes, whom I filtered out (see table 5.2). In each case, I made sure to

exclude the relative with the less florid phenotype according to their medical history, be

it fewer or later polyps, or later age of onset of CRC. Many of the observed IBD states

were confirmed by paper records, such as the sisters IT-4.1 and IT-4s, who share an

uncle, IT-3, whom I retained.

5.2.3 Basic metrics

Figure 5.2 shows a number of sanity-check metrics for the 289 unrelated Tomlinson

genomes called together. The sequencing is of a markedly higher quality than other,

larger cohorts such as the UK10K, with an increased average read depth (figure 5.2a)

and a reassuring transition:transversion ratio (figure 5.2b) and indel count (figure 5.2d).

The GoNL project had an average read depth of 12×, and the UK10K genomes were

sequenced at 7×. Presumably as a result of this greater read depth, Tomlinson sample
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Type GATK sample average Platypus sample average P value

Reference hom 24,487,934 20,919,375 2.7 × 10−257

Variant hom 1,449,448 1,533,259 7.8 × 10−169

Heterozygote 2,384,127 3,998,465 8.0 × 10−153

Indel 884,030.8 1,294,229.2 3.2 × 10−304

Singelton 29,104.78 29,268.57 0.95

Table 5.1: Comparison between platypus and GATK multisample calling for 299 Tomlinson
genomes. P value represents t test of true difference in means.
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Figure 5.1: A comparison of variant frequencies in the 299 Tomlinson genomes when multi-
sample called either with GATK or Platypus software. a: GATK calls more rare single nucleotide
variants, and fewer frequent SNVs than Platypus; b: a similar pattern occurs for indels.
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Sample ID Relationship

GS000004710-ASM Duplicate sample
GS00416-DNA_G06_1110_37-ASM 1st degree with GS00416-DNA_C05_1110_37-ASM

GS000003862-ASM 3rd degree with GS00416-DNA_H11

LP6005223-DNA_A01 1st degree with LP6005223-DNA_C01

LP6005223-DNA_B01 1st degree with LP6005223-DNA_D01

LP6005223-DNA_H03 2nd degree with LP6005223-DNA_D02

LP6005794-DNA_A01 1st degree with GS000003866-ASM

IT-13 1st degree with IT12

IT-14 1st degree to GS000004212-ASM

IT-4.1 1st degree with IT-4s, 2nd with IT-3, and 3rd with IT38

IT-4s 1st degree with IT-4.1, 2nd with IT-3, and 3rd with IT38

IT_CRC_7 3rd degree with IT_CRC_8

IT-2 3rd degree with IT-1

Table 5.2: People not to include in frequency calculations or PCA eigenvector calculation due
to relatedness.
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Figure 5.2: Basic metrics of 289 unrelated Tomlinson genomes. a: average depth of coverage,
which depends on the sequencing cohorts (colours defined in b). Most WGS500 samples were
sequenced at 25×, and most Illumina at 35×. b: a consistent transition/transversion ratio. c:
disparate degrees of singletons, most helpfully explained by population structure (see §5.2.6). d :
indel number was steady between samples at around 750,000.
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singleton count had a high baseline (at around 30,000 per sample) compared to either of

these collections. What stands out in figure 5.2c, however, is the handful of samples with

an order of magnitude more singelton variants, not least IT38, whose genome contains

482,383 private variants.

5.2.4 Removing individuals with known polyposis mutations

In theory, no Tomlinson sample should suffer a known polyposis syndrome besides PPAP.

In practice, the screening for inclusion was imperfect and some genomes may be from in-

dividuals with missed polyposis diagnoses. After filtering on allele missingness (< 25%)

and heterozygote alternative read depth (> 3), I searched all canonical familial CRC

genes for loss of function variants. The resulting list of variants underwent a number

of filters before samples harbouring those variants were removed from further analysis.

These were: validation by Sanger sequencing, no presence in the healthy database of

Bodian et al. (2014), ExAC allele frequency of less than 0.1%, and not an International

Society for Gastrointestinal Hereditary Tumours (InSiGHT, Thompson et al., 2014)

“variant of unknown significance”. Additionally, all polymerase exonuclease domain

mutations at positions with functional information, all APC frameshift mutations be-

fore the gene’s mutational cluster region, all InSiGHT class 5 variants, and all splice

donor and acceptor mutants were excluded. The individuals thereby removed from the

Tomlinson set are shown in table 5.3.

The missed Lynch, FAP, and JPS mutations could reflect the imperfect genotyp-

ing techniques of molecular pathology laboratories, which may look for specific, more

common mutations. But they are more likely due to conservative eligibility criteria for

genetic testing than to pure scientific error.

5.2.5 Other Mendelian mutations within the Tomlinson genomes

I wondered whether the Tomlinson genomes harboured other known Mendelian mu-

tations. This search was interesting for three reasons. First, it might have uncovered

genuine, undiagnosed disease. However, this was unlikely due to the recruitment criteria

of the sequenced cohorts. Second, it described variation in my genomes in biologically
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penetrant, loss of function-intolerant genes, and gave a sense of the frequency of this

variation. And third, it provided anecdotal evidence of variably penetrant variation even

within a tightly curated gene set.

This set was derived from Chen et al. (2016), who published a list of 874 genes

implicated in 584 moderate to severe Mendelian diseases. In their set of 589,306 genomes,

Chen et al. (2016) discovered thirteen mutant adults who did not display frank pathology.

I searched the 275 unrelated, undiagnosed Tomlinson genomes, which were anno-

tated with WGS500 control and 196 CGI allele frequencies, for variants strongly pre-

dicted to cause loss of function in the Chen et al. set. For additional confidence at

individual variants, I considered only variant effect on the canonical or best-supported

transcript at each gene, and began by filtering on dbSNP clinical annotations, looking

for “pathogenic” or “likely pathogenic” variants, and ignoring synonymous variation.

5.2.5.1 Presumed autosomal dominant variants

A number of genes associated with autosomal dominant (AD) disease harboured pathogenic

variants in the Tomlinson cohort. See table 5.4. This table does not include heterozygous

variants I manually removed because they were only reported to cause recessive disease

at their pleiotropic gene: rs104893879 at WFS1 (causing AR Wolfram syndrome; In-

oue et al., 1998); rs104894619 at PMP22 (Charcot-Marie-Tooth disease type 1A, which

is AR; Roa et al., 1993); and rs59885338 at LMNA (AR Charcot-Marie-Tooth disease

type 2B1; De Sandre-Giovannoli et al., 2002). Additionally, two Tomlinson individuals

were heterozygous for a PITX2 variant (rs6533526) which has been excluded from strict

Mendelian pathogenicity by Medina-Trillo et al. (2016) in their exploration of congeni-

tal glaucoma. These two individuals were not the same as those with mutant FOXC1,

precluding compound heterozygosity.

The fact that I was filtering on ClinVar annotation meant that new variants were

unlikely to be discovered, and this strategy could not be repeated in chapter 6 to un-

cover novel pathogenicity. As such I also used the beta VEP plugin LOFTEE (loss of

funtion transcript effect estimator, inspired by MacArthur et al., 2012), extracting high

confidence loss of function variants in the Chen et al. (2016) gene set. This selected just
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Gene Variant Associated AD disorder Reference

BEST1 rs199529046 Best vitelliform macular dystrophy Unreported variant
CRYAB rs141638421 dilated cardiomyopathy-1II Inagaki et al. (2006)
MYH7 rs45496496 dilated cardiomyopathy Hershberger et al. (2008)

rs145532615 dilated cardiomyopathy Unreported variant
KBTBD13 15:65369895:C>T nemaline myopathy-6 Unreported variant
TGFBR1 9:101908835:A>T Loeys-Dietz syndrome-1 Unreported variant

TNFRSF13B rs104894649 common variable immunodeficiency-2 Castigli et al. (2005)
rs34557412 common variable immunodeficiency-2 Castigli et al. (2005)
rs72553883 common variable immunodeficiency-2 Castigli et al. (2005)

FOXC1 rs35717904 congenital glaucoma Medina-Trillo et al. (2016)

Table 5.4: Variants in the Tomlinson genomes likely to cause AD disease. Top, variants present
only once. Bottom, variants present more than once: rs104894649 and rs34557412 AC=2,
rs72553883 AC=5, and rs35717904 AC=6.

one variant, the KBTBD13 SNV rs760102500 in LP6005794-DNA_E02. This is not the

same KBTBD13 variant as was caught by ClinVar filtering in table 5.4.

5.2.5.2 Presumed autosomal recessive variants

Recessive disease carriers were present in the Tomlinson cohort as one would expect for a

European sample group. The sickle cell trait was absent, as was the most common single

cause of familial hypercholesterolaemia in Europeans, the APOB variant rs5742904.

This SNV is rare enough that its absence is unsurprising: the rs5742904 variant allele

is present in 0.13% of NHLBI GO Exome Sequencing Project samples (ESP6500). The

most common cystic fibrosis CFTR mutation, ∆F508 (rs113993960 or rs199826652, the

variants are indistinguishable) was present at a frequency of 1 in 50, consistent with

previous measurements (de Vries et al., 1997; Estivill et al., 1997). Seven Tomlinson

genomes were heterozygous for Factor V Leiden (rs6025; Bertina et al., 1994). Four

carried ATP7B variants that cause Wilson disease (Cox et al., 2005; Loudianos et al.,

1999).

Two classically reported loci were not in the Chen et al. (2016) set, so I searched for

variants there manually. These were APOE, and the haemochromatosis gene, known

as HFE or HLAH. To genotype the APOE alleles ε2 and ε3 required phased data

and was therefore beyond my capacity. The ε4 allele, however, is defined by rs429358

genotype and was present in the Tomlinson genomes at a frequency of 11.1%. This

allele is associated with Alzheimer’s disease risk (Corder et al., 1993); the four Apoε4
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homozygotes in the Tomlinson set have a roughly 20× increased risk of the disease

(Strittmatter, 2012).

The haemochromatosis mutation, rs1800562, was present 43 times in the Tomlinson

genomes. This allele frequency is slightly higher than previous reports for Europeans

(Lucotte, 2001; Merryweather-Clarke et al., 1997), but is consistent with the possible

Celtic origin of the variant allele (Ryan et al., 1998). The Tomlinson cohort included two

rs1800562-A homozygotes, who will carry a strong susceptibility to haemochromatosis

(Feder et al., 1996), as well as to subtler effects on iron metabolism (Benyamin et al.,

2009).

The homozygous Tomlinson samples at HFE and APOE led me to search for other

individuals homozygous for presumed recessive disease-causing alleles. I used the same

filters as in §5.2.5.1. The results are shown in table 5.5. None of these variants were

caught by filtering on predictive rather than database annotations. Instead LOFTEE

isolated just four variants, in two genes (DOLK and GJB2 ), with no homozygous mu-

tants for either.

5.2.5.3 Large structural variants

I also performed a scan for larger structural variants in the set. By modifying a script

of Dr. Sam Knight, I converted read files into simulated OmniExpress array genotypes,

which could be scanned for B-allele frequency and loss of heterozygosity using Nexus.

This confirmed the presence in one Tomlinson individual of a heterozygous deletion of

the short arm of chromosome 18. See figure 5.4. No other large structural changes were

apparent.

5.2.6 Regional variation

Despite our sub-optimal recruitment criteria for the purpose, I next wondered whether

there was population structure within the genetic variation in the Tomlinson genomes,

as is seen in many of the larger cohorts discussed in §5.1. The simplest way to look for

this was with PCA.

I extracted SNPs from the genomes that were present on the Omni1M array, which
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genotypes variation specific to Europeans (The Genome of the Netherlands Consortium,

2014), and removed areas of known long-range LD, as well as the Major Histocompat-

ibility Complex, by converting the recommended coordinates from Price et al. (2008)

from build 36 to build 37 using LiftOver. I then took the same SNPs from the 1092

individuals of the 1000G phase 1 (version 3), combined the cohorts, and constructed

principal components with the EIGENSTRAT software, using all individuals but first-

and second-degree relatives, who were instead projected onto the calculated axes. As

expected, this recreated the standard global triangle of the 1000G samples (figure 5.5),

with most Tomlinson genomes fitting into the European corner.

This first PCA allowed me to identify individuals of overtly non-British recent an-

cestry, as shown in figure 5.6. Most obviously, the Tomlinson individuals included

one person of African ancestry (IT38), two Asian individuals (GS000004620-ASM and

LP6005795-DNA_H06), and a number of samples with mixed principal components, such

as the sisters sat halfway between the European and African clusters (IT-4.1 and

IT-4s). These findings are pleasing in the context of figure 5.3, as exactly those indi-

viduals with an exceptionally high number of singleton variants are those with African

ancestry by PCA.

5.2.7 Tomlinson population structure

To examine whether any British population structure might be visible within the Tomlin-

son genomes, I first removed the 13 individuals who were obviously of different ethnicity

from the first PCAs (either with or without 1000G samples included). My imperfect

proxy for ancestry was the address given for consent purposes, which I binned into the

level 1 Nomenclature of Territorial Units for Statistics (NUTS) regions: nine areas of

England, and one each for Wales, Scotland, and Northern Ireland (see figure 5.8). I also

therefore masked any individual with an address given that was not British, regardless

of PCA placement: there were 29 such samples, some of which overlapped with the

PCA outliers, for a total of 40 exclusions. I considered Guernsey (which provided two

samples) part of the UK, assigning it the “South West” NUTS region.

A PCA plot of the non-excluded 461 Tomlinson genomes is shown in figure 5.7a.
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chr18

Figure 5.4: One patient lacks an entire short arm of chromosome 18, as seen in Nexus.
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Figure 5.5: Principal component analysis of 1000G samples, coloured by population. ASW,
Americans of African ancestry; CEU, Utah Residents with Northern and Western Ancestry;
CHB, Han Chinese from Beijing; CHS, Southern Han Chinese; CLM, Colombians from Medellin;
FIN, Finnish; GBR, British in England and Scotland; IBS, Spanish Iberians; JPT, Japanese from
Tokyo; LWK, Luhya Kenyans from Webuye; MXL, Mexican ancestry from Los Angeles; PUR,
Puerto Ricans; TSI, Toscani from Italy; YRI, Yoruba from Ibandan. Note the typical three-
cornered structure, with African populations at the top left, Asian populations at the bottom
right, and Europe at the hinge.



CHAPTER 5. POPULATION GENETICS 137

−0.08 −0.06 −0.04 −0.02 0.00 0.02

−0.06

−0.04

−0.02

0.00

0.02

Principal Component 1

P
rin

ci
pa

l C
om

po
ne

nt
 2

ASW
CEU
CHB
CHS
CLM
FIN
GBR
IBS
JPT
LWK
MXL
PUR
TSI
YRI

501 genomes

IT38
IT38

IT38 IT_Met_1b

LP6005223-G01

IT_proximal

Figure 5.6: 501 Tomlinson genomes combined with 1000G individuals, projected onto the prin-
cipal components of their unrelated members. Highlighted are some ID codes of Tomlinson
genomes of obviously foreign populations.
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There is some structure here: most of the genomes cluster tightly, but a small group

of individuals from London splits to the left. However, when projected onto pricipal

component axes generated exclusively from the 1000G British samples (the “GBR”

population), these differences are small (figure 5.7b).

This implies that the Tomlinson genomes are either more homogenous in origin than

the 1000G samples, or that they have a simpler information structure. To properly

exclude a perceptible regional variation, I needed to look more closely at the dense

cluster that contained most of my samples.

I therefore reran EIGENSTRAT with 5 iterations of outlier removal with a σ thresh-

old of 6. This is a complicated way of zooming in on figure 5.7a, leaving 446 genomes.

This final plot did at first apear to have a modest West–East polarity, as figure 5.8a

shows. However, this may reflect the enrichment of Southwestern samples in the CGI

set, which cluster together compared to the other Tomlinson genomes (figure 5.8b).

5.2.8 Rare variants across geography

Obvious population structure was missing in PCA plots of the Tomlinson genomes. I

wondered whether, like in the UK10K cohort, rare variants might reflect geography in

the absence of coarser PCA clusters.

I therefore took the 238 unrelated, non-CGI samples who were not obviously non-

British and for whom some address information was available, and examined their pair-

wise allele sharing at rare variant loci. Across rare variant frequencies of 2–7 allele

counts, there was a consistent excess of rare variant sharing between sample pairs in

closer distance bins (P = 9.15× 10−7; figure 5.9).
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Figure 5.7: a, the 461 Tomlinson genomes without obvious non-British members, projected onto
their first two eigenvectors. Highlighted in red are a cluster of London samples that do not bunch
tightly with the others. The samples to the lower right have no available regional information.
b, the 461 Tomlinson genomes without obvious non-British members (blue), projected onto the
principal components of the 1000G GBR samples (black).
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Figure 5.8: Tomlinson genomes PCAs coloured by NUTS region or CGI inclusion. a, rough East–
West gradient along the cluster of Tomlinson genomes plotted against their first two principal
components. NUTS regions of the UK are coloured as shown in map, right. Grey points are of
unknown address; point shape corresponds to Tomlinson genome cohort. b, a more convincing
difference between the CGI genomes and the other cohorts within the Tomlinson set.
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5.3 Discussion

A whole genome is an overwhelmingly rich source of information; making sense of it can

be daunting. As well as introducing and filtering the genomes used in chapter 6, this

chapter makes four points of its own.

The first is a methodological argument, which has two parts. One, the GATK multi-

sample calling pipeline is superior to Platypus software. Its calling improvement is slight:

in the Tomlinson cohort GATK called marginally more rare variants overall, although

per sample it preferentially increased reference allele calls. The real advantage of the

GATK approach is that it solves the so-called “n+1” problem. Additional genomes can

be added quickly to the final multisample callset using GATK; with Platypus the whole

calling process must be repeated. Two, downstream annotative tools remain imperfect.

The individual variants examined anecdotally in §5.2.5.1 and §5.2.5.2, especially those

individually confirmed as pathogenic in the literature, were not uniformly predicted to

cause loss of function by VEP. The ∆F508 CFTR variant, for example, was predicted

to have a “moderate” effect.

Second, the very existence of some of these variants at apparently pathogenic dose

is a salutary reminder of variable allelic penetrance, and of the often murky relationship

between trait and fitness. The presence of non-colorectal pathogenic variation within

the Tomlinson genomes can be explained by placing this variation into three overlap-

ping categories. The first is late-onset phenotype. The Apoε4 homozygotes are virtually

guaranteed to develop Alzheimer’s dementia by age 80 (Corder et al., 1993), having an

odds ratio of disease of about 11 compared to ε3 homozygotes (Bickeböller et al., 1997).

But this predisposition may not have yet become clinically apparent. Similarly, the dom-

inant CRYAB variant I discovered was reported by Inagaki et al. (2006), who found the

same missense change in a 71 year old patient. This individual had developed cardiac

symptoms only after her fourth decade. Some of her siblings also had cardiomyopathy,

aged 56 and 66; two other siblings had suffered sudden cardiac death aged 60 and 72

(Inagaki et al., 2006). Another example of late-onset disease is the FOXC1 congenital

glaucoma variant. Normally this condition arises in the first decade. But the hypermor-
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phic rs35717904 was first described in a patient with unilateral glaucoma, diagnosed at

60 (Medina-Trillo et al., 2016).

The next category is of subclinical, or phenotypically bearable effects. The purest

example of this type of “Mendelian” variation in the Tomlinson genomes is the FMO3

recessive mutation. This variant produces trimethylaminuria (TMA-uria), which also

goes by “fish-odour syndrome”. People with TMA-uria cannot oxidise the foul-smelling

trimethylamine (TMA) into TMA N-oxide, and have a malodorous sweat. However, the

degree of TMA oxidation dysfunction, and of smelliness, is variable and sometimes un-

noticed. The variant I discovered, rs2266780, more than halves TMA oxidation capacity

in vitro, but only gives a “transient or mild malodour depending on environmental expo-

sures” (Zschocke et al., 1999). Another example of fully penetrant, but phenotypically

mild variation is some of the common variable immune deficiency (CVID)-causing TN-

FRSF13B mutations. In particular, Castigli et al. (2005) reported rs34557412 in three

individuals, diagnosed with CVID aged 41, 51, and 17. These people had recurrent

sinusitis and upper respiratory tract infections, but did not require immunoglobulin

replacement. Or there’s the MC1R SNPs, rs1805007 and rs1805008. Variant alleles

at these loci all but guarantee red hair colour, which is not a phenotype most would

consider medically problematic, despite an increased risk of ultraviolet light-associated

tumour risk.

However, the MC1R variants also belong in the third category, of incompletely pen-

etrant alleles. As well as red hair, variants at rs1805007/8 increase the likelihood of

pale skin, freckles, and skin damage from sun exposure (Sulem et al., 2007). But these

are semi-Fisherian, complex traits (as, in fact, is hair colour), and the two SNPs are

merely instances of a larger collection of inputs. This is also true of the APOE SNPs.

Their presence is neither necessary nor sufficient for the traits in question. An apposite

final example of this category of captured “Mendelian” disease allele is the DPYD SNV,

rs3918290. This SNV is both incompletely penetrant and pleiotropic. It unreliably

causes dihydropyrimidine dehydrogenase deficiency, a heterogeneous disorder involving

seizures, mental retardation, and motor abnormalities (Berger et al., 1984). More com-

monly, however, rs3918290 causes toxic adverse reactions to the 5-fluorouracil class of
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chemotherapy drugs. This coincidentally returns us to CRC: the 5-fluorouracil ther-

apy capecitabine is a mainstay of current CRC treatment. rs3918290 and other DPYD

variants are strongly associated with capecitabine toxicities, ranging from diarrhoea to

neutropaenia (Rosmarin et al., 2014, 2015). Unlike the AR dihydropyrimidine dehy-

drogenase deficiency, 5-fluorouracil toxicity is rs3918290 dose-dependent (Sumi et al.,

1998). Neutropaenia is such an undesirable drug reaction that Cortejoso et al. (2016)

conclude that it is cost effective to routinely genotype the variant before 5-fluorouracil

treatment.

The third argument to make from work presented in this chapter remains related

to CRC. I found mutations within known polyposis genes. In the case of PPAP genes

POLE and POLD1 this is understandable, since the disorder had not been characterised

at the time of recruitment for most individuals (Palles et al., 2013). However, there was

still a surprising degree of canonical mutation within the Tomlinson genomes. Hansen

et al. (2017) reported a similar finding in 274 familial CRC patients who had previously

screened for MMR and other CRC predisposition genes. Their cohort resembled the

Tomlinson set, and was genotyped on a custom panel of 112 known and candidate

CRC genes. In 6% of these patients lay undiscovered pathogenic mutations within

known CRC pathogenic genes. It’s not clear exactly which denominator to use for

the Tomlinson genomes, but roughly that proportion of our samples also had “known”

genetic disease. I argued in chapter 3 that known GWAS association loci might account

for more sporadic CRC heritability than we currently assume. Analogously, it’s possible

that missed mutation at known polyposis and Lynch genes causes an overestimation of

remaining unexplained Mendelian or quasi-Mendelian CRC genetics.

Fourth, despite being unplanned, unstable, and sometimes vague, the geography of

the Tomlinson genomes did eventually became visible by variant distribution. Moreover,

the 238 individuals used to create figure 5.9 were principally from within a homogeneous

PoBI region (“England”), yet had variegated rare allele sharing. This agrees with Walter

et al. (2015), who found that rare allele sharing mirrored fine-resolution local geogra-

phy, producing clines much like the Tomlinson genomes. The implications of this are

important, and were established in simulation studies by Mathieson and McVean (2012).
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Briefly, rare variant association studies will need to account for this local sharing, which

may require new statistical tools. In particular, rare variant association will inflate if

nongenetic risk is highly localised, even if the variants are binned into gene groups. This

nongenetic risk might be due to different recruitment criteria, or might reflect true local

environmental differences such as those caused by pollution. PCA does not work well as

a corrective against this inflation because the distribution of a local confounder is highly

nonlinear; the amount of PC correction required would effect too large a diminishment

of discovery power. Hence, rare variants are an excellent way to see high-resolution

population structure that we currently lack the statistical tools to correct for. They

represent a challenge to the field.



Chapter 6

Searching whole genomes for pathogenic

germline variation

6.1 Introduction

The Tomlinson genomes introduced and characterised in chapter 5 are too few and too

heterogeneous in phenotype to power rare variant association study. As such, I must

follow the example of the literature discussed in §1.5 and attempt to discover pathogenic

variation by filtering on frequency, predicted effect, and gene set. This is a retreat into

more Mendelian genetics, as I have pointed out; a retreat that I reinforce by returning

to frank linkage study, in the manner of Palles et al. (2013) and (to an extent) of Segúı

et al. (2015).

One gene set — that of mismatch repair (MMR) genes — is prompted by Lynch

syndrome pathogenesis. And one linkage study is in a pedigree suffering from serrated

polyposis syndrome (SPS).

6.1.1 Mismatch repair and Lynch syndrome

The first modern description of a hereditary cancer syndrome was made by Aldred

Warthin in 1913, following 18 years of history collation at Michigan hospitals. He

described related patients who developed cancers of “the uterus, breast, gastrointestinal

tract and mouth [. . . ] The incidence of cancer in these families is so striking that it

can be interpreted as showing an inherited susceptibility to cancer” (Warthin, 1913).

This extended family was followed for many years, latterly by Henry Lynch (Lynch

146
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and Krush, 1971), who became eponymous with the autosomal dominant predisposition

syndrome.

As discussed in §1.2, Lynch syndrome causes cancers in multiple organs, especially

the colon and endometrium, without prior polyposis. The disease was mapped and

molecularly characterised in the 90s: four genes are mutant in Lynch syndrome. These

are MLH1 (Bronner et al., 1994; Lindblom et al., 1993), MSH2 (Fishel et al., 1993;

Peltomäki et al., 1993), MSH6 (Miyaki et al., 1997), and PMS2 (Nicolaides et al.,

1994). The genes are all involved in DNA MMR.

MMR in eukaryotes is initiated by the binding to mismatch of one of two heterodimer

rings: MSH2:MSH6 or MSH2:MSH3. These then recruit another dimer, MLH1:PMS1,

and begin the process of mismatch excision and repair. The MSH2:MSH6 dimer clamps

single base pair mismatches and indels; the MSH2:MSH3 dimer instead is recruited to

double mispairs and to indels over 2bp (Srivatsan et al., 2014).

I mentioned in §1.1.1 that MLH1 promoter hypermethylation is a common cause of

MSI in sporadic cancers. There is a particular kind of MSI called “elevated microsatel-

lite instability at selected tetranucleotide repeats” (EMAST), which is [AAAG](n) or

[ATAG](n) instability. This size of error falls under the purvue of MSH2:MSH3 repair,

and correspondingly Haugen et al. (2008) found that knockdown or knockout of MSH3

causes EMAST in cell lines. Lower MSH3 expression, but not its somatic mutation,

is correlated with EMAST in CRC biopsy (Haugen et al., 2008; Plaschke et al., 2012).

Overexpression of MSH3 can also cause MSI (Marra et al., 1998).

In 2016, Adam et al. exome sequenced 102 individuals with unexplained adenoma-

tous polyposis. This revealed two unrelated females with compound heterozygous loss

of function mutations in MSH3, each with an affected sibling with the same genetics.

These mutations survived in mRNA, but knocked out the nuclear protein, and caused

an EMAST MSI mutation spectrum in their adenomas. Both individuals had extensive

extracolonic neoplastic changes, including thyroid adenomas, breast tumours, and uter-

ine growths including fibroids (Adam et al., 2016). Additionally, one patient developed a

teratoma, and the other had an astrocytoma, which is not uncommon in Lynch patients.
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6.1.2 SPS

In 1998, Vogelstein proposed the adenoma-to-carcinoma sequence: serial mutation ac-

quisitions transform adenomatous colorectal polyps into tumours (Vogelstein et al., 1988,

see §1.1). But not all polyps are adenomatous. Rather than being dysplastic — dedif-

ferentiated adenomas — or improperly developed — the mutiple ectopic tissue types of

hamartomatous polyps — some polyps can form from simple overgrowth. These are the

hyperplastic, “serrated” polyps. They are now recognised to be a family of three types.

The “serrated” epithet derives from their characteristic saw-tooth crypt corrugation

under microscopy.

The three kinds of serrated polyp are the traditional serrated, the sessile serrated,

and the hyperplastic polyp (Snover et al., 2010). Traditional serrated adenomas (TSAs)

are the rarest form. They have a left-sided preponderance and exhibit ectopic crypts,

which is reminiscent of the budding histopathology of HMPS (§1.2.3). Indeed, the

suggestion of Davis et al. (2015) is that TSAs are the sporadic analogue of HMPS.

Epithelial GREM1 overexpression creates ectopic crypts and polyposis in mice, and in

situ hybridisation and qRT-PCR show epithelial GREM1 transcription in human TSA

samples.

Hyperplastic polyps are more often seen in the left colon and rectum, are sessile or

slightly elevated, and have elongated crypts which are serrated towards the top (Aust and

Baretton, 2010). They are by far the most common serrated polyp type: roughly three

quarters of reported serrated polyps are hyperplastic (Higuchi et al., 2005). The rarer

sessile serrated polyps (or adenomas, SSAs) are, by contrast, more likely to be right-

sided, and to have warped, branching, or dilated crypts with extensive lower serration

(Aust and Baretton, 2010). Microscopically therefore the two more common serrated

polyp types are distinguishable, although on endoscopy they are easy to confuse — or

to miss altogether, since both lie flat on the colon wall (Payne et al., 2014).

In 1970, Goldman et al. reported a 42 year old male with 30 serrated polyps. The

authors claimed that they saw neoplastic change within these polyps. But this was

contrary to orthodoxy: hyperplastic polyps, as they were then exclusively known, were

“unrelated as a precursor tissue to either adenomas or carcinomas” (Lane, 1976). It has



CHAPTER 6. PATHOGENIC GERMLINE VARIATION 149

taken decades for this idea to be overturned, and for SSAs and serrated polyps more

widely to be recognised as cancer precursors. The World Health Organisation (WHO)

now defines a serrated polyposis syndrome (SPS) on the basis of three alternative criteria

(Snover et al., 2010): i.) at least five serrated polyps proximal to the sigmoid colon,

with two greater than 10mm across; ii.) any number of serrated polyps proximal to the

sigmoid colon in an individual with a first-degree relative with SPS; or iii.) at least 20

serrated polyps of any size throughout the colon.

Taken as an imperfect group, serrated polyps are in fact associated with an increased

risk of CRC (Boparai et al., 2010; Hyman et al., 2004; Leggett et al., 2001), though

the strength and nature of this association is inconsistent across what remain mostly

small prospective studies. The predisposition is shared by both first- and second-degree

relatives of those with SPS (Win et al., 2012), and is to a molecular subtype of CRC

with poor prognosis (De Sousa E Melo et al., 2013).

The historical reluctance to accept serrated polyps as conferring CRC risk may

have come from two places. First, the Vogelstein model of carcinoma formation was

dominant. It took the finding by Jass et al. (2000) of a hyperplastic polyp that was also

microsatellite unstable to nudge the orthodoxy towards accepting multiple early routes

to bowel tumour.

Second, the grouping of all types of serrated polyp — indeed, the very existence of

these categories in particular — was, and remains, complicated. I have stated that TSAs

might involve a unique, HMPS-like, tumourigenic progression compared to both tubular

adenomas and to other serrated polyp types. Whether hyperplastic and sessile serrated

polyps are on a continuum or represent different pathologies is also unclear (Bettington

et al., 2013). The two are very frequently confused by pathologists, or else the terms

are used interchangeably (Glatz et al., 2007; Khalid et al., 2009). Despite this, all three

serrated polyps remain grouped together in the current definition of SPS. Therefore, the

possibility of hyperplastic polyps being entirely benign might still mask or muddy real

risk from SSAs, as Kalady et al. (2011) imply.

Though the genetics and molecular pathway of SPS-associated CRC risk are un-

certain, the field now agrees that this risk is real and warrants the close endoscopic
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chr Gene Variant Effect

3 CTNN1B 41280814:G>A W776*
10 ABCC2 101591826:C>T R1066*

Table 6.1: High-confidence effective variants in GWAS genes. Both variants are present only
once in the combined Tomlinson genomes and exomes.

surveillance of affected patients (Edelstein et al., 2013; Hazewinkel et al., 2014). The

genetic cause of SPS is currently unknown, although two studies have claimed a role for

RNF43 (Gala et al., 2014; Taupin et al., 2015).

In this chapter, I begin by searching an expanded set of both the Tomlinson genomes

and a collection of exomes for pathogenic variation in CRC GWAS-associated and MMR

genes. Returning to the genomes alone, I ask to what degree noncoding variation can

be interrogated by searching for HMPS-like duplications, and by using ChIP-seq data

generated in a noncancerous colon cell line. I then take a more careful look at pheno-

typically precise subsets of the Tomlinson cohort, before performing preliminary linkage

study on two pedigrees with unexplained syndromic polyposis, including SPS.

6.2 Results

6.2.1 Gene subsets

The first search for pathogenic variation was not in the Tomlinson genomes alone. They

were supplemented by a collection of case exome sequences, which are catalogued in

§2.5. In total the coding sequences of 513 individuals were examined.

6.2.1.1 GWAS genes

I searched the genes within the 31 loci of table 1.4 for VEP-predicted high confidence

effect variants, filtering on heterozygote alternate allele read depth, and excluding splice

site variants tagged “low confidence” by LOFTEE. This filter left just two variants,

shown in table 6.1.

The β-catenin variant is a stop-gain mutation. It’s normally gain rather than loss of

function in β-catenin that is pathogenic, as the gene is oncogenic (see review by Basu

et al., 2016); this variant is unlikely to cause disease.
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chr Gene Variant AC Effect

1 MUTYH 45796868:TG>T 1 frameshift
1 EXO1 242052846:G>T 1 E829*
2 MSH6 48027656:A>AT 1 frameshift

48028228:CTG>C 1 frameshift
48033708:A>AATCTCCCAGAGGAAGTT 1 frameshift

3 MLH1 37067132:T>A 1 L348*
37092123:CAA>C 1 frameshift

4 RFC1 39314488:G>A 1 R423*
5 MSH3 79968072:C>T 2 R268*
7 PMS2 6048650:T>C 1 start lost
14 MLH3 75515731:G>A 1 R210*
19 POLD1 50917091:G>GGT 1 frameshift
X RPA4 96139753:AG>CT 1 E149*

Table 6.2: High-confidence effective variants in MMR genes.

This leaves the ABCC2 exon 23 arginine 1066 stop-gain mutation, which is cat-

alogued in dbSNP as rs72558199. One exome displays the variant heterozygously.

rs72558199 is rare, with the T allele present in ExAC at a frequency of 0.035%. The

variant produces a protein lacking an ATP casette and 4 membrane-spanning domains.

rs72558199 has been previously connected to disease, although not to cancer. Pacifico

et al. (2010) described two brothers with neonatal-onset Dubin-Johnson syndrome, a rare

conjugated hyperbilirubinaemia. The brothers had compound heterozygous ABCC2 loss

of function, with one rs72558199 variant allele and one rs56199535 variant allele. The

latter causes R768W missense as first described by Wada et al. (1998). The rs72558199

heterozygote my screen uncovered is therefore more likely to be another example of an

AR disease carrier, rather than the sufferer of a new colorectal syndrome.

6.2.1.2 MMR genes

The four canonical Lynch genes are all involved in mismatch repair. MMR is further

highlighted by the recent discovery by Adam et al. (2016) of a biallelic MSH3 mutation,

also affecting MMR, in an adenomatous polyposis patient. I therefore searched all

Tomlinson genomes and exomes for loss of function variants in the 23 genes of the KEGG

MMR ontology, using the same (stringent) criteria for variant effect as in §6.2.1.1. The

results are shown in table 6.2.
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Some of these alleles had been previously picked up when screening for Lynch mu-

tations as part of chapter 5. The MSH6 48033708:A>AATCTCCCAGAGGAAGTT

variant had not led to sample exclusion because it was not validated by Sanger sequenc-

ing. PMS2 6048650:T>C, catalogued as rs587779333, was Sanger validated, but is a

start-loss missense change in only some transcripts of the gene. In others it merely mod-

ifies the 5’ sequence. In the InSiGHT database it is placed into class 3 (“uncertain”),

having been reported twice before (microattribution ID 1000399).

The MUTYH heterozygote, an exome-sequenced SPS individual, axiomatically can-

not suffer the recessive MUTYH -associated polyposis (MAP), and their disease is there-

fore not explained by the frameshift.

More plausibly pathogenic are the MLH1 variants. The tyrosine 509 37092123:CAA>C

frameshift change was Sanger validated, but occurs in the nineteenth and last exon of

MLH1, is “of uncertain clinical significance” in ClinVar, and is not reported in InSiGHT.

For these reasons the individual was not removed from the Tomlinson set. However,

on closer inspection the frameshift is very similar to the InSiGHT class 5 rs786204318

(K510*). The frameshift deletion at Y509 introduces a STOP three codons later (YSL*).

Therefore 37092123:CAA>C is in fact likely to be disease-causing.

37067132:T>A resembles the ExAC leucine-348 to serine missense rs755401753, but

with a different variant allele (T rather than C). rs755401753 has been reported in In-

SiGHT (microattribution 1000245), although it was not assigned a class. But a stop-gain

is destructive to a much greater degree. This is the first report of MLH1 37067132:T>A,

which is likely to be pathogenic.

The EXO1, POLD1, and RPA4 variants are also promising. EXO1 interacts with

MLH1 and causes MSI when knocked out (Bardwell et al., 2004). The exon 16 stop gain

at glutamine 829 (chr1:242052846:G>T, rs757677420) is extremely rare in ExAC (seen

just twice, a frequency of 0.0016%). In POLD1 I found a Sanger-validated, previously

unreported frameshift in exon 19, 50917091:G>GGT. This variant lies in the gene’s

polymerase domain. Although it is uncertain what impact this has on function, similar

polymerase domain variants have been seen in other CRC patients (Dr. Claire Palles,

personal communication). In the single-exon, X chromosome gene RPA4, I report a
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double nucleotide variant (96139753:AG>CT, which shares its first alternate allele with

the rare SNV rs748956801). The first base is a synonymous change in leucine 148 of the

protein, but the second base is a stop-gain missense in glutamate 149; the overall protein

sequence of RPA4 is 261 amino acids long. These last two mutations in particular are

plausibly functional and disease-causing.

Most exciting however was the homozygous MSH3 stop-gain mutation at chr5:79968072.

This occurs in exon 5 of 24 of MSH3, turning arginine 268 to STOP.

6.2.1.3 The MSH3 homozygous mutant

The individual with two MSH3 loss of function changes is a 76 year old female with a

history of CRC and mild polyposis. In 2003, aged 62, she had excised a stage pT2, grade

3 rectal adenocarcinoma. Subsequent endoscopies revealed three tubular adenomas at

the hepatic flexure in 2009, and one caecal and one rectal tubular adenoma in 2012.

The individual is also suspected of having a ruptured mucinous pancreatic cyst, which

was last investigated in 2015. The 2003 tumour was MLH1 positive, SMAD4 positive,

β-catenin low, lacking vascular invasion, and diploid.

The homozygous MSH3 mutation was present by Sanger sequencing in both normal

and cancer tissue (figure 6.1). Somewhat unexpectedly, tumour DNA was microsatellite

stable at all mononucleotide markers tested (see §2.8.7). However, two of five tetranu-

cleotide markers were clearly unstable in tumour compared to normal DNA, as shown

in figure 6.2, making the rectal adenocarcinoma EMAST-positive.

6.2.2 Noncoding changes in Tomlinson genomes

I examined the relationship between CRC and intergenic DNA variation in the Tomlin-

son genomes in two ways. One, I asked whether any other BMP inhibitor genes might

harbour large upstream duplications in the manner of GREM1 in HMPS. Two, I com-

piled regions of colorectal BMP-responsive SMAD1/5-binding by ChIP-seq and assessed

whether rare germline mutation was enriched at these sites.

I searched all DAN family inhibitors and other genes reported to inhibit BMP ac-

tivity, as shown in table 6.3, for copy-number change using a modified script by Dr.
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cancer:

normal:

Figure 6.1: The chr5:79968072:C>T MSH3 mutation, grey stripe, in two sequencing traces from
Mseq.Ha47N DNA. Top, tumour; bottom, normal muscularis tissue DNA.
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Figure 6.2: EMAST electropherograms of MSH3 -mutant tumour and normal samples, showing
tetranucleotide instability at a, D9S747; and b, D20S82. Peaks are annotated with their mean
size in bp (top number) and their fluorescence intensity (bottom number).
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Gene Name

NBL1 Dan
GREM1 Gremlin1
PRDC Gremlin2

DAND5 Dante
SOST Sclerostin

CHRD Chordin
FST Follistatin

FSTL3 Follistatin-like 3
TWSG1 Twisted Gastrulation
VWC2 Brorin

BMPER BMP binding endothelial regulator
DKK1 Dickkopf-related protein 1

Table 6.3: Genes searched for upstream duplications. Top, DAN family. Bottom, other BMP
antagonists.

Sam Knight (§2.6.6). Only one region surrounding a target gene was positive for a large

duplication: that of BMPER, in a single sample. I ran the structural variant caller

Pindel on the corresponding BAM file. The coordinates of the purported duplication

were chr7:33129823–33187428, as shown in figure 6.3a. Thirteen reads supported this

call: ten with anchors upstream, and three with anchors downstream of the variant.

This was an underwhelming amount of evidence, especially given the large distance of

the variant from the gene of interest (∼ 760kbp from BMPER).

Nonetheless, the potential duplication deserved follow-up. The individual in question

(coded IT9) had additionally been typed on the OncoArray panel along with members

of his family. To validate the call, I loaded these data into IGV and examined LogR

ratio at the locus. Neither IT9 (figure 6.3b, top), nor his two sisters (figure 6.3b, middle

and bottom) showed evidence of structural variation in the region.

6.2.2.1 ChIP-seq

Much of the current noncoding genome has been annotated thanks to the ENCODE

consortium (The ENCODE Project Consortium et al., 2012). This expanding catalogue

of chromatin states includes transcription factor binding sites in cells of multiple human

tissues, including HCT-116 CRC cells. However, as the ENCODE consortium helped to

show, transcription factor binding is responsive to cell type and stimulus (Neph et al.,
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Figure 6.3: Putative duplication in the BMPER region. a, Nexus trace showing duplication (blue
highlight) of a region upstream of BMPER in IT9; b, the same region (red lines) in OncoArray
calls of IT9 (top) and two affected sisters (bottom two LogR traces) in IGV. No duplication is
seen.
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2012). No non-cancer colorectal cell ChIP-seq data is available through ENCODE. Nor

are binding sites currently assessed following appropriate signalling activation.

I hypothesised that regions of colorectal BMP-responsive SMAD binding might be

enriched for germline mutation within the Tomlinson set. I used the immortalised

colonic epithelial cell line 1CT (§2.11.1), treating them with 100ng/ml recombinant

human BMP2 or BMP4, or with BSA/HCl vector, for 16 hours. 1CT cells have an

intact SMAD1/5/9 signalling pathway (figure 6.4a) that responds to this concentration

of BMP2 and BMP4 (figure 6.4b–c). With the help of Chaido Stathopoulou, I provided

Dr. James Platt with treated 1CT cells in triplicate for ChIP-seq. This pulled down

the transcription factors at the promoters of known BMP-responsive genes such as ID1

(figure 6.4d).

I used merged replicate T-PIC peaks calls to leniently define SMAD1/5 binding re-

gions for each condition. Two findings were surprising. First, the ChIP-seq did not

enrich for known SMAD motifs. Second, there was little overlap between genomic peak

distribution between treatments (figure 6.5a). A peak was declared the same in two

conditions if more than 50% of its span in either call was shared with the other, us-

ing BEDtools. The plurality of peak calls for each condition was private. Using the

Standford University webtool GREAT, I saw that genes near BMP4-treated peaks alone

were enriched for gene ontology terms that included negative nodal regulation (binomial

Q = 6.9×10−5), and WNT receptor signalling involved in wound healing and epidermal

spread (binomial Q = 4.7× 10−5).

I binned rare single nucleotide variants (singletons, doubletons, and alleles with

derived frequency of 0.5–1%, 1–5%, and over 5%) in the 275 Tomlinson genomes by

presence within either control SMAD1/5 ChIP-seq peaks, or within BMP2- or BMP4-

treated peaks that did not overlap with control calls. The BMP-activated bins were not

enriched for rare variation (figure 6.5b, Kruskal-Wallis rank-sum P = 0.99; compare to

figure 5.3d).
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Figure 6.4: 1CT cells have an intact BMP signalling pathway for SMAD1/5 ChIP-seq. a, 1CT
cells express BMP-specific SMADs by RT-PCR; b and c, 1CT cells phosphorylate SMAD1/5/9
in response to 16 hours’ exposure to > 50ng/ml recombinant human BMP4 and BMP2, shown
by representative Western blot; d, IGV-visualised ChIP-seq normalised reads (top) and T-PIC-
called peaks (bottom) are present at the ID1 promoter in BMP2- (light green) and BMP4-treated
1CT cells (dark green), but not in cells treated with vector (grey). Chromosome 20:30,190,000–
30,198,000 is shown.
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Figure 6.5: No enrichment of rare variants in SMAD1/5 binding sites. a, the number of called
peaks in each treatment condition, with overlapping peaks assessed by BEDtools; b, single
nucleotide variants per base of ChIP-seq peaks in BMP2-, BMP4-, and vector-treated 1CT cells,
per variant frequency bin.
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6.2.3 Patient subsets

I next searched for high-confidence loss of function variants present in three curated non-

exclusive subgroups of the Tomlinson patient genomes. These were: those with CRC

before the age of 45 (“early onset” group, n = 63); those with ten or more adenomas

before age 40 (“multiple adenomas”, n = 18); and those with ten or more serrated polyps

before age 35 (“serrated polyposis”, n = 11). This last definition deviates from the WHO

criteria for SPS outlined in §6.1.2. As also argued by Gala et al. (2014), these criteria

are unnecessarily restrictive for candidate study, requiring both more family information

than is often available for recruited patients, and a more precise polyp categorisation

than is provided by most pathology reports, sometimes because the reports predate

modern serrated polyp subtypes. The age restriction I impose is a proxy for syndromic

disease in the absence of widespread pedigree information.

I filtered the sample subgroup variants as follows. Variants were excluded if they

lay within a superduplication alignment, REPMASK simple repeat sequence, area of

Phastcons conservation score < 0.1, or LOFTEE “low confidence” annotation. Variants

were required to be rarer than 0.1% in ESP6500 and present at allele count < 10 in

the WGS500 control genomes. Finally, I removed any variant predicted to affect 98

loss of function-tolerant genes, as determined by MacArthur et al. (2012), and retained

variants predicted by VEP to have a high probablility of functional consequence. The

resulting variants, minus olfactory receptor gene variants, are displayed in table 6.4.

Neither the multiple adenoma nor the SPS subsets relinquished sensible pathogenic

variants via this filtering strategy. BAZ2A is a gene involved in epigenetic silencing

whose overexpression predicts prostate cancer recurrence (Gu et al., 2015); although

not present in the WGS500 controls, its start-loss variant is seen 55 times in ExAC (a

0.11% frequency). The IFT57 start-loss similarly is present 240 times in ExAC (0.21%

frequency), including two homozygotes. IFT57, also known as HIPPI, is a pro-apoptosis

caspase-8 interactor and transcription factor (Datta et al., 2011). These two genes are

certainly involved in tumour-suppressive biology, but their loss of function variants are

insufficiently rare in ExAC to be plausibly causal. The other SPS high-impact variant

uncovered was in KLHDC7B, a poorly annotated gene which is not expressed in the
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chr Gene Variant Effect Sample

1 CHML rs763865507 TP332–333fs. LP6005794-DNA_C03

3 IFT57 rs112224477 start lost LP6005223-DNA_F01

4 LNX1 rs376599477 start lost LP6005912-DNA_A03

6 PGK2 rs751994592 G347fs. IT29

7 MALSU1 rs200950879 start lost LP6005795-DNA_H11

7 TRBV4-1 rs56090737 Y54* LP6005794-DNA_D09

LP6005795-DNA_E10

LP6005796-DNA_A03

12 APOBEC1 rs139646668 start lost LP6005794-DNA_F08

17 MFSD6L rs754195891 K427fs. LP6005912-DNA_A02

17 NAT9 rs377529868 start lost LP6005796-DNA_E02

20 DEFB132 rs188183503 start lost LP6005796-DNA_H05

12 BAZ2A rs201499595 start lost IT25

3 IFT57 rs112224477 start lost LP6005223-DNA_F01

22 KLHDC7B rs746113253 R180fs. LP6005223-DNA_D02

Table 6.4: High-likelihood functional variants within Tomlinson genome phenotypic subsets.
Top, early onset samples; middle, multiple adenomas group; bottom, SPS samples. Note that the
IFT57 patient is both an early onset and an SPS patient. All variants are present heterozygously;
fs., frameshift.

colorectum (Human Protein Atlas), and which has not previously been associated with

disease. Although the Tomlinson frameshift mutation is only present twice in ExAC, its

high-impact predicted function largely comes from the gene’s single-exon structure, and

it is not a good candidate for follow-up.

In the early-onset group, one “gene” was multiply deleteriously variant: the T cell

receptor β variable 4-1 block (TRBV4-1 ) used for β chain creation by V(D)J recom-

bination within the 7q34 T cell receptor cluster. It is difficult to imagine, however,

how the heterozygous loss of one portion of the T cell receptor potential coding space

might impact cancer risk. Moreover, the variant is present 80 times in ExAC (0.06%

frequency), and once in the WGS500 controls.

Like the TRBV4-1 stop-gain, two other candidate early-onset variants were present

once in the 144 WGS500 controls: the APOBEC1 start-loss (ExAC allele count = 187,

0.15%), and the DEFB132 start-loss (ExAC allele count = 23, 0.02%). Not only are they

reasonably frequent in ExAC, DEFB132 is only expressed in the testes, as are PGK2,

and MFSD6L (Human Protein Atlas). Another gene harbouring an only moderately

rare variant, NAT9, is not expressed in the colon, and is poorly functionally annotated
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(start-loss ExAC allele count = 35, 0.03%). The loss of function of all of these genes is

unlikely to be pathogenic

Two of the three remaining early-onset loss of function variants are of mild interest.

MALSU1 is expressed in all tissues; it is required for mitochondrial ribosome assembly.

Its start-loss is seen 36 times in ExAC (0.06% frequency). However, its impingement

on cancer biology is difficult to discern. The CHML loss of function frameshift is rare

(ExAC allele count=4, 0.003%), but again within an unpromising gene. The single-exon

CHML is expressed in colon, where its product geranylgeranylates Rab proteins.

The LNX1 start-loss is also rare. It is seen in ExAC 5 times, a frequency of 0.004%. It

was not present in the WGS500 controls. LNX1 encodes an E3 ubiquitin protein ligase

which is expressed in the colon and which is downregulated in gliomas (Chen et al.,

2005). Its heterozygous knockout might contribute to disease in LP6005912-DNA_A03,

and merits further investigation. However, the main result from these patient subset

searches remained that no full protein-coding gene suffered multiple losses of function

within any group.

6.2.4 Linkage analysis

Some members of the Tomlinson genomes suffered familial CRC that appeared Mendelian,

and were immediately related to individuals whose non-WGS genotypic information

was available (§2.6.8). I looked more closely at two such pedigrees, coded OX2027 and

OX70783.

6.2.4.1 OX2027

The index patient in this family is encoded IT9. This is the same proband whose

BMPER duplication I ruled out in §6.2.2. IT9 has three sisters, all with a colorectal

phenotype. IT9, who is male, presented at 50 with stage III rectal adenocarcinoma,

which later metastasised to his liver. Two of his sisters were diagnosed with CRC, with

the youngest subsequently dying of the disease, aged 44. The middle sister had two

colorectal polyps removed at age 46 and another three removed at 52. The family’s

father was diagnosed with CRC at 64.
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IT9 is married with three children. His daughter presented with colorectal polyps

at 34, and his middle son had the same aged 25. IT9’s youngest son has no reported

colorectal pathology, although this is in the absence of formal investigation.

An abridged pedigree of OX2027 is shown in figure 6.6a. The inheritance pattern

of CRC or polyposis strongly suggests a Mendelian, autosomal dominant predisposition

trait. IT9’s two deceased uncles both reportedly died of colorectal disease, but this has

not been confirmed by medical records.

The individuals in pedigree OX2027 for whom I had genetic information were IT9

and his three sisters (see §2.6.8). Nonparametric linkage analysis performed on these four

individuals revealed an area of chromosome 12q that cosegregated with disease, with the

minimum possible exponential K&C P value for this dataset, P = 0.002. Nonetheless,

LOD < 3.0. See figure 6.6b.

There was no detectable large copy number change present in the IT9 genome un-

der the LOD peak by B-allele frequency (§2.6.6). Nor were there smaller variants that

were both rare and obviously functional. I removed alleles under the peak (approxi-

mately chr12:106,000,000–110,000,000) which were present more than twice in WGS500

controls, leaving 17 variants. None were coding, and only one passed the “low” VEP

threshold for effect in any transcript. This was an upstream variant of DAO (D-Amino

Acid Oxidase), rs185813301, which alters a splice site in some transcripts. DAO is not

expressed in the human colon (Human Protein Atlas), and rs185813301 was unconvinc-

ing as a pathogenic mutation, despite its rarity (its minor allele is detected 4 times in

ExAC, a frequency of 0.008%).

I therefore used the Broad Institute tool Haploreg v4.1 to assess function of the 17

rare variants. Two SNVs in particular had reasonable regulatory potential. These were

rs61941589 (chr12:109,914,856:T>C) and rs28384416 (chr12:109,915,183:C>G) within

KCTD10 (potassium channel tetramerisation domain containing 10). Both were in

ChromHMM transcription start site states (state 1 in the core 15-state model, state 3

in the 25-state model) in colon and rectal samples, and were in gastrointestinally open

chromatin in DNase assays (Ward and Kellis, 2012).

rs61941589 is within the first intron of KCTD10. It alters both SMAD4 and SMAD1
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Figure 6.6: a, simplified pedigree of family OX2027. Half-shading indicates polyposis; full
shading indicates CRC. The number under shaded boxes corresponds to age at presentation
of the relevant phenotype, if known. IT9 is indicated by label and arrow. b, the LOD peak
at chromosome 12 in family OX2027; c, SMAD1/5 ChIP-seq peaks at the KCTD10 promoter
region.
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motifs, as catalogued by ENCODE (Kheradpour and Kellis, 2014), although it is not

under a ChIP-seq peak in BMP-treated 1CT cells (figure 6.6c). Moreover, the SNV is

an eQTL for KCTD10 expression in the GTEx database (The GTEx Consortium et al.,

2015): in transformed fibroblasts (P = 1.17× 10−7) and in subcutaneous adipose tissue

(P = 8.28 × 10−6). The minor allele is present once in WGS500 controls, but is seen

568 times in 1000G phase 1 (11%, although this frequency falls to 1% in Europeans).

rs28384416 is a 5′-UTR variant that lies directly within the KCTD10 CpG island

(chr12:109,915,132–109,915,638; Observed CpG/Expected CpG = 0.81). I saw no vari-

ant allele in WGS500 controls; the minor allele is present in 1000G phase 1 at a 3.4%

frequency, which is lower in Europeans. The base is conserved by SiPhy-omega (Garber

et al., 2009), and its alteration disrupts six TRANSFAC motifs (MAF, REST, NKX2-9,

SPI1, RAD21, and SREBP-1). It lies within a T-PIC-called SMAD1/5 peak in BMP4-

treated 1CT cells (figure 6.6c). Moreover, the SNP is bound by 14 transcription factors

in ENCODE, including RNA polymerase II in colon cancer HCT-116 cells. It modifies

the promoter of an active colorectal gene.

6.2.4.2 OX70783

The OX70783 proband, a 74 year-old male coded LP6005223-DNA_D02 and referred to

henceforth as D02, has had at least seventeen hyperplastic polyps removed on colonoscopy,

and has suffered other cancer types (one pituitary adenoma and one basal cell carci-

noma). The brother of D02 developed CRC aged 39. A simplified pedigree of OX70783

is shown in figure 6.7a. The individuals in this pedigree for whom I had genetic infor-

mation were D02 and the four oldest children of his brother (figure 6.7a, purple outline;

see §2.6.8).

The extended pedigree around D02 displays a degree of consanguineity: D02’s par-

ents are second cousins. Some individuals are of a small Canadian ethnic minority called

White Métis. Both inbreeding and small recent population size are risk factors for re-

cessive genetic disease, but the inheritance pattern of the OX70783 familial serrated

polyposis is dominant.

The SPS affection status of OX70783 members was often ambiguous due to incom-
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plete pathological information. I did not have size or location information for most

excised polyps and could not therefore conform to WHO specifications as laid out in

§6.1.2. Especially, to diagnose based on a first-degree relative with SPS (criterion ii.)

would have been unhelpful. I therefore used a lenient version of criterion i., which is to

say ≥ 5 serrated polyps.

This threshold named D02 as affected, along with his eldest niece and nephew. The

eldest niece had been whole-genome sequenced: LP6005223-DNA_H03 (table 5.2; referred

to henceforth as H03). H03 is 48 and has had 11 sessile serrated and 3 pedunculated

polyps removed on colonscopy. The nephew is 41 and has had 14 serrated polyps. The

two other nieces whose DNA was available, N1 (aged 39) and N2 (aged 37), have had

under 4 and 2 polyps, respectively, with no histopathology available. OX70783 members

undergo biennial colonoscopic screening. The two polyps of N2 were excised at age 26;

she has had no further colorectal pathology since.

Because I had access to two whole-genome sequences, and because minimum expo-

nential K&C P value was larger than for OX2027 (maximum nonparametric LOD =

0.6), I took two parallel approaches to searching for pathogenic variation in OX70783.

One, I took the intersection of the two OX70783 genomes, regardless of linkage, to re-

tain heterozygous shared variants predicted to have “high” functional effect likelihood

by VEP that were not present even once in WGS500 controls. Two, I performed linkage

analysis on the family and looked at the intersection of the two whole genomes at regions

of nominal exponential K&C significance (P ≤ 0.05), filtering on WGS500 control allele

count, which I required to be below 2, and ExAC allele count, which I required to be

below 100. Both methods converged on one candidate.

The first approach left the seven variants in table 6.5. Some of these variants are

not rare in other datasets: the NBPF1 indels are present at 5025 times in ExAC

(rs373748839) and 1912 times in ESP6500 (rs368729374), and the QPCT stop-gain

is present 64 times in ExAC.

The KLHDC7B indel was reported earlier in this chapter, in table 6.4, and is only

seen twice in ExAC. As I previously stated, the gene is poorly annotated, is not expressed

in colon, and has not been associated with disease. The MAN2B2 stop-gain is seen only
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Figure 6.7: a, an abridged pedigree of family OX70783. Half-shading indicates serrated polyposis;
full shading indicates CRC. The number under shaded boxes corresponds to age at presentation
of the relevant phenotype, if known. The proband, D02, is indicated by the black arrow. Purple
outlines and asterisks mark genotyped individuals. b, the LOD peak on chromosome 17 overlying
RNF43.

chr Gene Variant Effect

1 NBPF1 rs373748839 frameshift
1 NBPF1 rs368729374 frameshift
2 QPCT rs142847125 R133*
4 MAN2B2 rs759467902 Q354*
15 AP3B2 83332566:C>T W789*
17 RNF43 56440746:TC>T frameshift
22 KLHDC7B rs746113253 frameshift

Table 6.5: Rare, high-effect variants shared by the two OX70783 genomes. All variants are
heterozygous in both uncle and niece, and not present in 144 WGS500 controls.
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once in ExAC, but again is a gene of uncertain significance. The W789* stop-gain in

AP3B2 has not elsewhere been reported. However, the gene’s expression is confined to

the central nervous and endocrine systems.

The second method revealed multiple regions across the genome with exponential

K&C P ≤ 0.05, with no single peak as in OX2027. See, for example, the chromosome 17

linkage landscape in figure 6.7b. Eleven shared variants under LOD peaks were predicted

to have at least moderate impact by VEP, including variants in GANC, TBC1D2B,

SOS2, PKD1, CD40, GARS, NCOA3, and SFTPA2. Two moderate-effect missense

variants under LOD peaks were in striking genes. Neither was present in ExAC or in

WGS500 controls. The first was a K115E change in exon 4 of BRCA2 (rs56242644).

Mutation of BRCA2 is associated with increased risk of breast and ovarian cancer

(Antoniou et al., 2006; King et al., 2003). The second was P333A in KREMEN2, a

DKK1 receptor which blocks WNT signal by causing LRP6 endocytosis (Mao et al.,

2002). Three LRP6 mutations were implicated in CRC pathogenesis by de Voer et al.

(2016). However, neither missense was as likely an explanation of disease as the only

LOD-overlaid variant given “high” impact prediction by VEP: the undiscussed last

variant in table 6.5, chr17:56440746:TC>T.

This RNF43 frameshift replaces leucine 157 with the amino acid string LPGQWC*,

a premature STOP in exon 5 of 10. The variant is not present in ExAC. RNF43 has been

associated with SPS twice before, although disease cosegregation was not proved (Gala

et al., 2014; Taupin et al., 2015). I confirmed the presence of the mutation in D02 and

H03 by Sanger sequencing, and showed that it cosegregated with my definition of SPS in

OX70783 (figure 6.8a). This is consistent with its presence in a block of maximal K&C

exponential LOD (P = 0.05) as shown in figure 6.7b. The OX70783 RNF43 frameshift

occurs at a conserved region of the gene (figure 6.8b) within the same extracellular

domain harbouring both previously reported pathogenic changes (figure 6.8c).
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Figure 6.8: Cosegregation of mutant RNF43. a, Sanger sequence traces of OX70783 family
members, with frameshift location indicated; b, conservation of amino acid sequence in positions
121–180 from human to worm BLAST alignments, highlighting the Taupin et al. (2015) argi-
nine 132 (first grey region) and the position of the OX70783 leucine 157 frameshift (second grey
region); c, simplified structure of RNF43, showing signal peptide, PA-associated ectodomain,
helical transmembrane section (TM), and the RING-type finger motif within the cytoplasmic
portion of the protein. Below in blue are the two most common somatic alterations in colorectal
and endometrial cancers (Giannakis et al., 2014); above in black are the positions of the pre-
viously reported germline changes at arginines 113 (Gala et al., 2014) and 132 (Taupin et al.,
2015) claimed to cause SPS; in red is the position of the OX70783 mutation.
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6.3 Discussion

I have reported a number of germline genetic changes that may contribute to CRC

pathogenesis. These include two novel MLH1 variants, a POLD3 frameshift, EXO1

and RPA4 stop-gains, and an LNX1 start loss.

Three aspects of this chapter bear more thorough discussion. First, I found a new

instance of MSH3 homozygous CRC pathogenicity. Second, I reported two areas of

significant linkage with familial CRC. In one I could not precisely name the underlying

causative variant; in the other I found a new instance of RNF43 SPS association, for

the first time providing segregation analysis of the mutation. Third, I made tentative

steps into the noncoding genome. I will elaborate on each below.

The MSH3 proband is particularly interesting in the context of four other conditions.

The first is naturally the previous MSH3 mutation. The individual in this thesis has

a considerably milder phenotype than that reported by Adam et al. (2016), whose two

patients displayed thyroid, breast, uterine, and brain tumours, as well as polyposis and

CRC. By contrast, my proband had normal age of onset for CRC (62), followed by a much

milder polyposis. Although her adenocarcinoma was EMAST-positive, it was stable at

mononucleotides. This is not so much of a contradiction as it first appears: MSH3 does

not process mononucleotide lesions, and Adam et al. (2016) also saw mononucleotide

stability in their MSH3 mutant adenomas. Dinucleotide and tetranucleotide stability is

more important in this context. Haugen et al. (2008) reported a series of 117 sporadic

CRC tumours where 35 of 82 (42.6%) MSS cases exhibited EMAST. They suggested

that, rather than being truly stable at all microsatellites, MSS/EMAST tumours are

low-level MSI at non-tetranucleotide sequences; this unearths an older debate about

the accuracy of a strict MSS/MSI binary (Halford et al., 2002). It also highlights an

imperfect practice of hospital genetics laboratories: mononucleotides alone are used to

assess MSI status, because paired tumour and normal samples are not required. This

may be inappropriate.

The next two conditions to consider are Lynch syndrome, which is by definition a

dominant disease, and constitutional mismatch repair deficiency syndrome (CMMRD),
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which is recessive. Turcot et al. (1959) described a condition of primary brain tumour

combined with colorectal adenomas; “Turcot’s syndrome”, considered too restrictive a

diagnosis (Østergaard et al., 2005), has subsequently been folded into CMMRD, where

biallelic germline mutation of the Lynch genes, MSH2, MLH1, MSH6, and PMS2, causes

a mixture of haematological cancers (principally non-Hodgkin T lymphomas), brain tu-

mours (mostly high-grade gliomas), colorectal polyps and tumours, and other malignan-

cies.

CMMRD is phenotypically different to Lynch syndrome. Blood and brain cancers are

more often the first to present (Lavoine et al., 2015; Wimmer and Kratz, 2010). When it

does occur, CRC in CMMRD is more often left-sided (Durno et al., 2015; Lavoine et al.,

2015), and is not necessarily MSI (Will et al., 2007). CMMRD caused by MSH2 and

MLH1 homozygous mutation in particular rarely manifests Lynch-like cancers (Lavoine

et al., 2015). However, in some cases the overlap is clear. Gallinger et al. (2004) de-

scribed two children with homozygous MLH1 mutations who developed duodenal and

colorectal malignancies as early as 9 and 11. Will et al. (2007) reported a homozygous

400kb deletion of PMS2 which also caused a strong gastrointestinal phenotype: 10 sep-

arate carcinomas were removed as part of the proband’s panproctocolectomy at age 23.

These are striking examples of CMMRD presenting with Lynch-like pathology. Addi-

tionally, although often secondary to other cancers, many CMMRD cases do develop

Lynch-like tumours: in 92 CMMRD patients studied by Wimmer and Kratz (2010), 51

Lynch-associated tumours arose. Most exciting is the PMS2 founder mutation found in

the Quebecois Inuit of Nunavik (Li et al., 2015). This is an incompletely molecularly

penetrant de novo PMS2 splice site. Homozygotes develop Lynch-type early-onset can-

cers (astrocytoma, duodenal, stomach, and colorectal cancer), but retain residual PMS2

expression. In other words, a molecular phenotype between that of Lynch syndrome

and CMMRD produces a gross phenotype that also lies between the two.

If it is sensible to think of Lynch-like syndrome (Rodŕıguez-Soler et al., 2013), Lynch

syndrome, and CMMRD as lying on a spectrum of phenotypic severity — which is

contentious — then it’s tempting to speculate that MSH3 -related AR polyposis might

lie on the same spectrum. This would fit with previous reports of MSH3 mutation in
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endometrial cancer (Risinger et al., 1996). Possibly because of the cachet of a “new”

syndrome, Adam et al. (2016) were coy about this possibility, admitting only “some

degree of overlap with CMMRD”. The MSH3 proband in this thesis suggests that this

overlap would be at the milder end, milder still than Lynch syndrome. But this would

not be the case if the hypothesis of Adam et al. (2016) bore fruit: that the EMAST

instability seen in other tumour types should also be ascribed to MSH3 dysfunction,

and possibly to germline MSH3 mutation.

The fourth pertinent condition stretches this speculation further. MAP was discov-

ered by Al-Tassan et al. (2002), and is a recessive deficit in the DNA base excision repair

pathway. As well as polyps and CRC, MAP has been reported to produce the mild extra-

colonic phenotype of pilomatricomas, recalling CMMRD skin macules (Baglioni et al.,

2005). More importantly, MUTYH is within the MMR KEGG ontology set. MUTYH

and MSH6 physically and functionally interact (Gu et al., 2002), so MUTYH influences

both break excision and mismatch repair. Indeed, Lynch-like syndrome is enriched for

undiagnosed MAP (Castillejo et al., 2014), and there is some evidence that MUTYH

and MSH6 alleles can interact to affect CRC risk (Niessen et al., 2006), although more

recent reports dispute this (Win et al., 2015). My suggestion is that the different degree

of impingement on MMR of these different conditions might inform their severity and

spectrum of phenotypes.

This may be an unhelpful degree of taxonomic fastidiousness. Indeed, the categorical

confusions encircling Lynch syndrome are reminiscent of the blurred boundaries between

FAP, Gardner’s syndrome, and other polyposes as they were first being described, or

of the disagreements about what is and isn’t HMPS (see §1.2.4). The conclusion I

wish to draw is not a worked-out interrelationship of MMR pathologies, but rather a

petition for bottom-up disease classification. Instead of a focus on phenotype, or even

on mutant gene, it seems sensible to move towards an allele-based description of this

whole family of CRC syndromes. Within-gene variant alleles themselves should become

pathognomonic, which ironically might make it easier to spot patterns across gene set

variants. One immediate corollary is that the InSiGHT database of Lynch-causing alleles

should expand to include reports of CMMRD and MSH3 variants.
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The particular MSH3 stop-gain I report requires further research. It is important

to see the effect of the mutation on RNA and protein expression in transfected cells; I

hypothesise that the 5 exons preceding the premature STOP are not translated, leading

to no tagged expression on Western blot. Moreover, the introduction of the mutation by

CRISPR-Cas9 into MSS CRC cell lines should induce EMAST. Relatedly, I would also

like to assess dinucleotide microsatellite stability in the MSH3 -mutant tumour sample,

which I would predict to be unstable.

I will now briefly consider the results of my linkage analyses. Although among the

largest in the Tomlinson genomes, neither pedigree studied was sufficiently genotyped

to power linkage discovery at traditional levels of significance (LOD > 3). Instead, in

the manner of Palles et al. (2013), I used shared or segregating regions to narrow down

whole-genome data.

This approach yielded a cosegregating frameshift mutation in RNF43 in the SPS

family, OX70783. Like LNX1, RNF43 is an E3 ubiquitin-protein ligase. Knockout of

Rnf43 and its sister gene Znrf3 together caused rapid adenoma formation in mice, ac-

companied by β-catenin and Wnt target gene upregulation (Koo et al., 2012). HCT-116

CRC cells are RNF43 -mutant and normally WNT3A-responsive; the reintroduction of

transfected RNF43 abolished this responsiveness, and downregulated frizzled receptors

FZD1–3. RNF43 ubiquitinates frizzled WNT receptors, targeting them for degradation

(Koo et al., 2012). It competes with R-spondins to set the level of WNT responsiveness

in intestinal stem cells (Yan et al., 2017).

Gala et al. (2014) first connected RNF43 to SPS, finding two arginine 113 stop-gains

within 20 exome sequences by searching a set of 555 GWAS-related genes for strong

loss of function mutations. They were lucky to pick up the mutation by this method,

because their “GWAS” gene set was derived from the NHGRI-EBI GWAS catalogue.

RNF43 ’s presence in the catalogue is unearned: it was leniently included based on a

table of “suggestive” associations within a small Japanese pancreatic cancer GWAS,

in which one missense mutation in RNF43 (rs2257205) was associated with disease at

P = 1.6× 10−5 (Low et al., 2010). The RNF43 locus has in fact not been associated at

more reasonable P thresholds with any cancer by GWAS.
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Figure 6.9: Simplified diagram of the WNT pathway. RNF43 and R-spondins compete to set the
level of WNT responsiveness in intestinal LGR5+ stem cells (Yan et al., 2017). The β-catenin
destruction complex contains axin, APC, GSK3β. Example β-catenin cofactors are shown; many
others are omitted.

The gene is nonetheless important in CRC. It was recurrently mutant in nearly a

fifth of both TCGA and private CRC tumours sequenced by Giannakis et al. (2014).

This was also the case in endometrial cancer. Most mutation of RNF43 in both tumour

types is at glycine 659 and arginine 117; see figure 6.8c. Giannakis et al. (2014) also

determined that RNF43 truncation conferred a fitness advantage to tumour cells, was

associated with MSI, and was mutually exclusive with APC mutation. The frequent,

functional, somatic mutation of RNF43 is a better testament to the significance of

inherited changes in the gene than its spurious GWAS evidence above. It’s not clear

how many Mendelian candidate genes remain to be found, but somatic driver mutations

in those same genes in sporadic CRC would substantiate any future discoveries. Such is

the long reach of the Knudson hypothesis, as discussed in §1.2.4.
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The leucine 157 frameshift in OX70783 needs considerable molecular corroboration,

especially because of the difficulty of accurately diagnosing SPS based on incomplete

pathology reports with unsatisfying WHO criteria. I am both seeking an RNA sample

from D02 and formalin-fixed paraffin-embedded tissue from the father of H03 to assess

RNF43 expression. I presume that the effect of the mutation is that the premature

stop codon produces either a useless mRNA or residual protein, which are subsequently

degraded. Suggestions of this hypothesis include a reduction in overall RNF43 expression

on Western blot, or an allele-specific reduction in mRNA expression. This could be

tested in D02 tissue, and by transfecting cell lines with mutant and wild-type alleles.

Alternatively, the mutant protein product might persist, but function improperly. The

behaviour of transfected cell lines compared to wild-type RNF43 overexpressors would

be informative in this context: for example, it would be interesting to see whether the

OX70783 frameshift is incapable of abolishing WNT3A response in the RNF43 -null

HCT116. Ideally, I would also source tumour or serrated polyp material from the family

to search for loss of heterozygosity at the mutation. These many future experiments

notwithstanding, the OX70783 frameshift appears to provide the first multi-generational

genetic account of SPS.

The result of linkage study in pedigree OX2027 was less clear. I have suggested

that changes to the KCTD10 promoter might underlie disease. This gene is expressed

throughout the body, including in the large bowel. KCTD10 interacts with basal body

proteins at the cilium transition zone (Chih et al., 2011). More relevantly, Zhou et al.

(2005) discovered its rat orthologue by sequence similarity to two Polδ-interacting pro-

teins. In 3T3 cells, overexpressed HA-tagged KCTD10 pulled down myc-PCNA if its

C-terminal PCNA binding motif was intact (Zhou et al., 2005). The protein also pre-

cipitated myc-POLD2, the small subunit of Polδ. Both Polδ (Longley et al., 1997) and

PCNA (Goellner et al., 2014) are involved in MMR.

However, the KCTD10 promoter changes in IT9 are only a suggestion; the surer

finding is the LOD peak at the region. LOD without certain cause is not an unusual

result. In 103 CRC pedigrees, Papaemmanuil et al. (2008) found a maximal nonpara-

metric LOD of 3.01 at 3q22, with the best evidence for linkage from families segregating
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rectal CRC. After manual Sanger sequencing of 30 genes within the LOD peak, Papaem-

manuil et al. did not identify a causal variant. They hypothesised, much as I am forced

to in OX2027, that this variant or variants lay in the unannotated and therefore more

intractable noncoding genome.

ENCODE made notoriously over-grand claims about the improvement in noncoding

DNA annotation its results provided (Eddy, 2012). But the efforts of the consortium

are nevertheless necessary for understanding intergenic variants, as are experiments like

them such as my SMAD1/5 ChIP-seq. My brief account in this chapter of the pre-

liminary results from this pulldown suggests two things. First, in the great variability

of stimulus-dependent captured binding site, I reinforce the point I made in §4.3: that

the delicacy of transcription factor binding architecture makes strong negative conclu-

sions difficult. It’s possible that CRC-predisposing germline variation is not enriched

at SMAD1/5 binding sites, as my data suggest; it’s also possible that I have looked in

the wrong cell type, with the wrong dose of BMP, at the wrong time. The only way

to avoid this sort of special pleading is the furtherment of ENCODE and ENCODE-

like projects. Second, this furtherment is an essential requirement for pathogenic rare

variant searches beyond the exome, which will need to group variants by meaningful

functional categories. I return to this idea in chapter 7.



Chapter 7

Discussion

“From the nature of the case the theory is difficult if not impossible to analyze by direct
experiment, and for this reason, as well as for its impracticability, it is probable that the
hypothesis will not be favorably received by the medical profession.”

Calkins (1914), reviewing the chromosome theory of Boveri (1914).

This thesis explores the inherited risk of colorectal cancer. Its contents reflect its

timing: the work I have reported was performed after the GWAS boom of the mid

2000’s, and at the start of the large cancer sequencing projects now being undertaken.

As such, my work begins with post-GWAS fine-mapping, and ends with exploratory

and candidate-based germline whole genome sequencing. This discussion is an oppor-

tunity to explore this transition, and the relationship between older and newer genetics

modalities. In particular, whole genome sequencing is often painted as a fix to the dis-

appointments and flaws of GWAS, its antecedent technology. I will briefly recap each

chapter’s work, and then will comment on this narrative. I will argue three things. First,

that sequencing is not an upgrade of GWAS: they are complementary approaches that

in some instances can resemble each other, but in other conformations can imply quite

different models of disease. Second, many of the perceived failures of GWAS are nothing

of the sort. This requires an exploration of the untapped missing heritability that is

GWAS’s greatest alleged crime. And third, the road from genetics to biology to bedside

is long; some misconceptions about medical genetics might underlie the enthusiasm for

sequencing; and attention should turn to more precise cancer GWAS phenotyping and

high-throughput predisposition variant functional explanation.

177
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In chapter 3, I reported a novel CRC risk SNP at the GREM1 locus. I discovered

this signal, at rs17816465, by stepwise regression, and then validated it to genome-wide

significance in a collection of replication cohorts. rs17816465 lies within a FMN1 in-

tron, downstream of GREM1 ; I could provide no sure links between the SNP and the

gene, either by conformation capture or eQTL. Nor was the SNP furnished with ac-

tive chromatin marks in GREM1 -expressing cell lines. However, rs17816465 displayed

allele-specific luciferase activity, and elements within FMN1 introns have been shown to

regulate GREM1 (Zúñiga et al., 2012). I also further explored the original tag’s signal,

creating a local four-SNP model of CRC risk which probably incorporates a haplotypic

signal at the GREM1 promoter. Every component SNP in this model has indepen-

dently reached genome-wide significance. As I mentioned in chapter 3’s discussion, my

improved account of CRC risk at the GREM1 locus is the second refinement of the

15q13 GWAS signal. The first, by Tomlinson 2011, has been consistently ignored by the

subsequent literature, reflecting an irritating elision in fine-mapping papers: an ambi-

guity about whether a better tag or a better causal candidate is sought. Haplotypic or

multi-SNP models are often considered only superficially.

In chapter 4, I complemented my fine-mapping at GREM1 with additional exam-

ination of the signal at POLD3. I discovered overwhelming LD, which belies previous

fine-mapping refinements. The only sensible account of my data was a large risk hap-

lotype at POLD3, making the region fairly intractable to further genetic analysis. I

asked whether a tag of this haplotype, or GREM1 risk SNPs, might affect outcome

after tumourigenesis. No CRC risk SNP alone was associated with patient disease-free

survival time, though GREM1 expression was an unfavourable prognosticator. Indeed,

a combined score of all independent CRC GWAS risk SNPs also failed to predict survival

in VICTOR and QUASAR2. However, this score did show a significant correlation with

the degree of tumour driver gene mutation. The possibility is that GWAS SNPs bring

a precursor closer to some neoplastic threshold, reducing the precursor’s need for driver

mutation.

In chapter 5, I remapped and recalled 299 whole genomes, which I combined with

196 older samples in order to explore allele frequency distributions and potentially in-
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Quality GREM1 POLD3

Link to CRC syndrome HMPS PPAP
Somatically mutated no yes

GWAS signal yes yes
Fine-mapping possible yes no

Open chromatin partially -
“Functional” DNA at rs16969681 -

Fine-mapping to colon eQTL at promoter possible
Variant loops to promoter no -

Luciferase assay positive yes -

Table 7.1: What makes a good sporadic CRC effector candidate? A summary of evidence
provided by this thesis at two loci in favour of their influence on colorectal tumourigenesis.
“Functional” DNA means transcription factor motif or binding seen by ChIP.

formative population structure. I found that GATK was a superior multi-sample caller

compared to Platypus, and that singleton variants were more numerous in foreign sam-

ples, especially in those with African heritage. I picked up 24 individuals with undetected

or noncanonical mutations in known polyposis syndrome genes, and described the in-

cidence of non-CRC Mendelian alleles, both dominant and recessive, in the genomes.

Principal component analysis revealed little British population structure, once foreign

individuals had been removed. However, rare variant sharing showed a geographic cline.

In chapter 6, I used a number of filtering and candidate-based methods to search for

novel germline colorectal cancer predisposition genes. The two most interesting findings

here were an individual homozygous for MSH3 loss of function and a new RNF43 -

mutant SPS pedigree. MSH3 is a mismatch repair gene whose definitive involvement

in Lynch-like CRC causation has been reported just once before (Adam et al., 2016).

RNF43 has twice been attached to SPS, but never with convincing cosegregation. With

some categorical uncertainty, this thesis is the first report of such cosegregation.

All my reported work shares an interest in germline influences on CRC tumourigene-

sis. The evidence it has provided in support of various candidate genes is summarised in

tables 7.1 and 7.2. I will use this discussion as an opportunity to resist an easy account

of this thesis. My work was emphatically not a movement away from a frustrated model

of germline cancer genetics towards modern sequencing efforts. Instead, I want to pro-

vide a brief defence of the GWAS model of complex disease, to explore the potential of

whole genome sequencing, and to comment on the clinical utility of germline research.
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Quality MSH3 RNF43

Rare variant yes yes
Sanger validated yes yes

Strong functional impact predicted yes yes
Strong functional impact shown EMAST no

CRC pathway affected MMR WNT
In linkage peak no yes

Cosegregates no yes

Table 7.2: What makes a good familial mutation candidate? A summary of evidence provided
by this thesis at two loci in favour of their influence on Mendelian disease.

This medical aim is often assumed to be the erection of a complete and predictive model

of complex disease risk. As I found in chapter 4, this sort of predictive power is beyond

current GWAS results, not simply due to unknown environmental factors. In short,

there is missing heritability.

Missing heritability can be all things to all researchers (see in particular the various

positions of Eichler et al., 2010). For epigeneticists, it is a sign that a significant contri-

bution to trait biology comes from the epigenome; for exome sequencers, it implies that

rare variants of large effect remain undiscovered; for whole genome sequencers, it speaks

to the untapped dark matter of the noncoding genome, and rare variants therein; and

for holdout GWAS proponents such as this author, missing heritability most strongly

supports an infinitesimal, long tail of small effect size, common variants, which are below

current GWAS significance thresholds for want of detection power.

An epigenetic plug for the heritability gap is a particularly strange suggestion, given

the explicit absence of epigenetics from estimates of heritability. Narrow-sense heritabil-

ity (h2) calculations disregard the environmental input of epigenetics, so it’s hard to see

how epigenetics can account for unmeasured narrow-sense heritability. Doubtless DNA

methylation and other mechanisms have some role to play in explaining phenotypic vari-

ance, but they cannot fill holes in models that never expected them. It’s as irrelevant

to the issue at hand as pointing out that a good deal of phenotype will be determined

by an invariant genetic substrate that will be invisible to GWAS. Both points are true

— trivially true, even — but appear not to appreciate the genesis of a narrow-sense

heritability gap, nor to engage sensibly with the problem on its own terms.
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Superficially an additional suggestion makes almost the same mistake, which is to

incorporate interactive terms into heritability estimates. At first glance this solution is

as irrelevant as the last, since interactive terms are not part of standard narrow-sense

estimates (see §1.3, and in particular equation 1.2). However, environmental components

are explicitly accounted for in the ACE estimates of h2, whereas the additivity of genetic

input is implicitly assumed. Zuk et al. (2012) argue convincingly that this assumption

in fact inflates estimates of h2, creating a “phantom heritability” that will perpetually

frustrate researchers’ efforts. However, this position is mildly contentious. Not only

is the degree of trait epistasis difficult to measure (as admitted by Zuk et al., 2012),

but monozygous correlation coefficients are almost always double those of dizygotes, as

overwhelming additivity would predict (Polderman et al., 2015). In any case, the slight

inflation of the total h2 estimate, the target to be reached, is unlikely to account entirely

for missing heritability.

This leaves us with two non-exclusive possibilities. Either missing variation is com-

mon, or it is rare.

If it is common, why hasn’t GWAS seen it? As I illustrated in figure 3.3, GWAS

loses power to detect risk association as effect sizes and allele frequencies decrease.

The incomplete LD between typed and causal SNPs is another inbuilt limitation. It is

possible that GWAS hitherto has been underpowered to detect common variants with

small effects. Multiple lines of evidence support this contention.

First, international meta-analytical efforts combining ancestral populations have

tended to replicate single-population GWAS hits. Marigorta and Navarro (2013) meta-

analysed 299 separate GWASs for 28 traits and found consistent correlation of popula-

tion odds ratios, especially between Europeans and East Asians. Moreover, as cohort

numbers have increased, discovered hits have tended to have smaller effect sizes, but not

to be less frequent (Marigorta and Navarro, 2013).

Second, common cancer GWAS efforts other than those for CRC, which grew more

quickly into international consortia, have seen correspondingly more common variant

associations. Al Olama et al. (2014) took the number of prostate cancer-associated loci

to 100, explaining 33% of familial risk; Michailidou et al. (2015) increased the number
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of breast cancer hits from 79 to 94, which explain 16% of the heritability (although the

cause for the disparity in common heritability accessibly explained for different cancers

is not as simple as cohort sizes, as discussed in Carvajal Carmona and Tomlinson, 2016).

Third, it’s possible to pool all typed common variants to ask what degree of trait

heritability they can explain in aggregate, largely thanks to the insight of Yang et al.

(2010) that each SNP’s effect can be treated as a random, normally distributed nui-

sance parameter, allowing restricted maximum likelihood estimates of explained pheno-

typic variance. 295,000 SNPs with MAF> 0.1 explain 45% of the phenotypic variance

of height; published GWAS hits alone can account for 5% (Yang et al., 2010). This

calculation becomes more difficult for binary traits using the liability scale model of

predisposition. The details of this debate are statistically involved to an extent unnec-

essary for this thesis, and are summarised in figure 7.1. In short, in the special case of

a case-control liability score variance, rather than a randomly sampled continuous trait

such as height Z-score, two assumptions of restricted maximum likelihood no longer

hold. One is the normal distribution of the liability, which balanced case recruitment

will destroy (see figure 7.1C, bottom plot). The estimates of common heritability input

for bipolar disorder, Crohn’s, and type I diabetes by Lee et al. (2011) used a post hoc

correction for this, but not for its corollary: the skewed liability distribution induces a

correlation between genotype and environment (figure 7.1C, with example r = 0.53).

Golan et al. (2014) show that this subtle error leads to an underestimation of common

variant heritability, a bias that increases with sample size. They provided an alternative

method, of pairwise regression of genotype correlation on phenotype correlation, to im-

prove common SNP explanations of the heritability of bipolar disorder, Crohn’s, type I

diabetes, myocardial infarction, multiple sclerosis, and schizophrenia. Common variants

explained approximately 60% of the current estimates of heritability for these six traits

by Golan et al. (2014)’s method, more than previously thought. Lee et al. (2011)’s

method has also been used to estimate how much pooled common variants can explain

the heritability of CRC: all SNPs within 250kb of previously reported GWAS hits gave a

CRC heritability estimate of 1.14%; all common SNPs (MAF≤ 0.01) together increased

this to 7.42%. Two conclusions present themselves. One, a method with a downward
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bias nonetheless approaches the lower limit of our existing (and admittedly highly vari-

able, see §1.3.1) CRC heritability estimates. Two, the differences between the Golan

et al. (2014) and Lee et al. (2011) methods across multiple traits are considerably less

impressive than the difference between any of their estimates and the degree of common

heritability explained by GWAS hits, meaning much common variation remains to be

associated with disease.

There is a complementary possibility. As well as many additional undiscovered

common variant associations, loci already tagged as risk-associated might contribute

more to risk than is currently assumed. I alluded to this point in chapter 4. Haplotypic

and multi-SNP models enrich accounts of local risk association, even if the constituent

variants remain common. Yang et al. (2010) showed that a correction for the incomplete

capture of all common SNPs due to imperfect LD between typed and untyped variants

could plausibly provide the remainder of the missing heritability for height. The authors

stressed that this was merely an exploratory model, to show that common variants and

their correlates of similar frequency might form a sufficient model of height heritability.

This is a twist on the synthetic association argument for rare variants (Dickson et al.,

2010). However, Sampson et al. (2015) used the Lee et al. (2011) method to estimate the

common heritability component for 13 different cancers, and these estimates remained

static when all SNPs within 250kb of reported susceptibility loci had been removed.

I’d maintain, therefore, that although more fine-mapping and haplotypic association

modelling will be helpful at GWAS hits, the evidence suggests that a large proportion

of missing signal will come from elsewhere.

What of the case for rare variants? Despite the arguments above for untapped

common variation, it would be foolish to discount rare genetics. We can now type rare

variants in large cohorts, but these collections would have to be enormous to provide

sufficient power for individual variant association testing. The only sensible way forward

is grouped tests of, for example, all loss of function variants within genes, or, more

vaguely, gene sets. The best example I have encountered of this type of study in CRC

was performed very early, in 2004, by Fearnhead et al.. The authors manually sequenced

five candidate genes (MLH1, MSH2, APC, CTNNB1, and AXIN1 ) in 124 patients with
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multiple adenomas and 483 random controls, looking for rare coding changes. They

reported statistically significant enrichment of AXIN1 and MSH2 rare variants in cases.

But this is quite different to the design of most recent sequencing papers, and is for a trait

that is likely to be more heritable than sporadic CRC. As I’ve mentioned before, most

WGS cohorts are not balanced between cases and controls. Moreover, they rarely pool

variants in this way. But this is the sort of study design that is absolutely necessary to

supplant or supplement any common GWAS results, as articulated in Zuk et al. (2014).

If sporadic liability traits are to be explained by rare variants, we should perform pooled

rare variant association studies (RVAS), a subtype of GWAS. Indeed, many GWAS

cohorts are already of sufficient size to be well-powered to detect such variants, if they

are in gene loss of function groups, provided that selection at those alleles is not too

strong (Zuk et al., 2014). But this sort of design is not currently in favour.

Instead, WGS and exome efforts remain wedded to individual variant shortlisting

by filtering, either accompanied by linkage study, or approximating linkage with coseg-

regation analysis. These often occur within patient populations with early-onset cancer

or unnaturally many precursor lesions, as in this thesis. This study design reveals their

true purpose: to uncover new cancer syndromes or cancer syndrome-like monogenic

disorders of moderate penetrance. I have referred to this sort of trait already as quasi-

sporadic; Short et al. (2015) call them intermediate phenotypes, and they are no doubt

worth discovering. But this means that a more interesting discussion arising from the

common/rare variant debate is unfortunately dodged. For in making guesses about the

frequency distribution of causative alleles, one is accidentally saying things about the

evolutionary forces acting on those alleles, and on the trait in question. It’s one thing to

suggest that there are additional polyposis syndromes, with perhaps attenuated pene-

trance or a handful of risk-modifying distant loci. It’s another to describe the collective

genetics behind a Fisherian complex trait as overwhelmingly rare.

This is an area of inquiry with persistent disagreements, not least over the rela-

tionship between selection and allele frequency. Pritchard (2001) argued that the weak

selection at moderate effect size variants would actually increase allele frequency, by

being sufficient to halt drift to fixation, but incompetent to extinguish the allele against
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the ebb of genetic drift. Eyre-Walker (2010) disliked the assumption of Pritchard (2001)

that effect on trait and effect on fitness are uncorrelated, and proposed a coupling pa-

rameter, τ . τ is an expression of both the degree of causative variant pleiotropy, and

the contribution to fitness of the trait caused. If τ > 0 — if the effect of a trait-causing

variant is linearly related to selection — then instead most variance is contributed by

rare variants. The reasonableness of either common or rare variant models of complex

disease might rely, therefore, on how susceptible the disease is to adaptation (or more

accurately on τ). As far as this author is aware, the fitness cost of post-reproductive

sporadic cancer remains very difficult to measure, and is therefore a matter of some

speculation. “The selective disadvantage of [cancer-causing rare] variants will be min-

imal, especially in relation to the common chronic diseases of the present, which were

hardly of any significance until the recent past,” say Fearnhead et al. (2004). This

contradicts modern followers of Warthin (1913), who predicted “the running-out of a

[Lynch syndrome] family line through the gradual development of an inferior stock”.

Mancuso et al. (2015) tried to measure τ for prostate cancer causative variants,

alighting on a coupling parameter of 0.48. However, this calculation was exclusively in

African-ancestry samples, who, having avoided a number of recent population bottle-

necks, have a smaller effective population size and more rare variants compared to other

human ancestral populations. Their samples of other ancestral populations were insuf-

ficiently numerous for a reliable estimate of τ . It’s possible that quite different genetic

architecture exists for traits in different populations.

The relative contribution of rare and common variants to missing heritability re-

mains moot, although I would lean towards as infinitesimal model of common inputs

(Gibson, 2012). Happily, these competing accounts of cancer heredity are testable, by

comparison of RVAS to larger common GWAS. But most WGS experiments looking for

rare, large effect size variants will have little to say to this debate, and about complex

disease genetics more generally. It is for this reason that I say that chapters 5 and 6 (and

sequencing) are complementary to chapters 3 and 4 (and GWAS), rather than represen-

tative of a methodological improvement. They blur the boundary between Mendelian

and sporadic traits, without directly replacing GWAS-provided common inputs. Despite
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some implicit promise, current WGS norms do not elaborate on the genetic architecture

of sporadic CRC.

A partial explanation for current disfavour with common variation is that it is clin-

ically frustrating. For what can GWAS results currently provide, beyond an excess of

unexplained hits, whose biological ascertainment we remain incredibly slow at estab-

lishing, and an underwhelming patient stratifier? Even with prostate cancer’s tripling

of predisposition loci compared to CRC, a prostatic polygenic risk score predicts just

a 2.9-fold increase in risk for the top 10% scorers relative to the European population

average (Mancuso et al., 2015). Whereas rare variants resemble Mendelian mutations

in that they effect a much greater risk and tend to occur more frequently in the so-

matic setting. This makes them more enticing, especially as pharmacological targets.

A standout example of this is the discovery of PPAP. Rare variants in POLE explain

a heritability syndrome, but also define a subset of colorectal and endometrial cancers

with good prognosis (Domingo et al., 2016; Van Gool et al., 2015). This correspondence

to somatic mutation is lacking in CRC GWAS results (chapter 6, Machiela et al., 2015).

However, with the discovery of more common variants, the predictive power of poly-

genic risk scores is likely to improve (Wray et al., 2007). Moreover, the greatest benefit

of GWAS is surely the highlighting of new genes or pathways involved in tumourigenesis,

as I discussed in §1.4.3, and as allowed the discovery by Gala et al. (2014) of RNF43

mutation in SPS. Unbiased GWAS will be just as good as sequencing at producing these

candidates, if not better because it doesn’t skew cases towards more severe phenotypes.

It makes little sense to complain that GWAS has provided too few explanations of spo-

radic cancer when so many reported hits remain completely mysterious. Is rs961253

really a BMP2 SNP? What is the relationship between the haplotypic signal at POLD3

and POLD3 expression? More high-throughput post-GWAS molecular biology is nec-

essary (Stunnenberg and Hubner, 2014). Moreover, if rare variant testing does return

to associative case-control cohorts, it will require a considerably improved annotation of

the noncoding genome to attempt genome-wide testing. The category pools of variants

for RVAS need to be predicted with far more confidence than we can currently muster

(Eyre-Walker, 2010; Zuk et al., 2014). The problems of explaining a handful of ncDNA
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GWAS results are nothing in comparison. For this reason, post-GWAS should be pri-

oritised. It will complement and enable the eventual exploration of the impact of rare

noncoding variation on cancer predisposition.

In summary, the “missing heritability” debate is overblown, but not illegitimate. It’s

clear that the CDCV model is neither wrong nor exhausted of findings. Common variant

trait associations will continue to be discovered. RVAS is also likely to be informative,

and a dialogue between CDCV and RVAS GWAS will describe the genetic architecture

of sporadic disease liabilities. However, most WGS and exome sequencing papers are

not in fact engaged in exploring sporadic disease but are instead implicitly searching

for syndromic or quasi-Mendelian pathogenesis, and therefore should not use “missing

heritability” to justify themselves, as I was careful to avoid in chapter 6. Moreover,

as RVAS becomes feasibly well-powered, category bins of variation will rely on both

post-GWAS and ENCODE-like annotative projects. Therefore, WGS neither opposes

nor succeeds GWAS. The techniques cooperate.



CHAPTER 7. DISCUSSION 188

Figure 7.1: Figure from Golan et al. (2014), showing liability distributions in three study designs.
A, random sample with quantitative phenotype; B, random sample with liability phenotype; C,
case-control study with liability phenotype, causing both a suddenly bimodal liability distribu-
tion, as Lee et al. (2011) realised, and also a correlation between genetic and environmental
effects, which Lee et al. (2011) do not correct for.
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C., Pérez-Tur, J., Michon, A., Dubois, B., Ledoze, F., Thomas-Anterion, C., Pasquier, F., Puel, M.,
Demonet, J. F., Moreaud, O., Babron, M. C., Meulien, D., Guez, D., Chartier-Harlin, M. C., Frebourg,
T., Agid, Y., Martinez, M., and Clerget-Darpoux, F. (1997). Apolipoprotein E and Alzheimer disease:
genotype-specific risks by age and sex. American journal of human genetics, 60(2):439–446.

Bignold, L. P., Coghlan, B. L. D., and Jersmann, H. P. A. (2006). Hansemann, Boveri, chromosomes
and the gametogenesis-related theories of tumours. Cell Biology International, 30(7):640–644.

Bodian, D. L., McCutcheon, J. N., Kothiyal, P., Huddleston, K. C., Iyer, R. K., Vockley, J. G., and
Niederhuber, J. E. (2014). Germline variation in cancer-susceptibility genes in a healthy, ancestrally
diverse cohort: Implications for individual genome sequencing. PloS ONE, 9(4):e94554.

Boersma, B. J., Howe, T. M., Goodman, J. E., Yfantis, H. G., Lee, D. H., Chanock, S. J., and Ambs,
S. (2006). Association of breast cancer outcome with status of p53 and MDM2 SNP309. Journal of
the National Cancer Institute, 98(13):911–919.

Bombardier, C., Laine, L., Burgos-Vargas, R., Davis, B., Day, R., Ferraz, M. B., Hawkey, C. J.,
Hochberg, M. C., Kvien, T. K., Schnitzer, T. J., and Weaver, A. (2006). Response to expression
of concern regarding VIGOR study. The New England journal of medicine, 354(11):1196–9.

Bombardier, C., Laine, L., Reicin, A., Shapiro, D., Burgos-Vargas, R., Davis, B., Day, R., Ferraz, M. B.,
Hawkey, C. J., Hochberg, M. C., Kvien, T. K., and Schnitzer, T. J. (2000). Comparison of upper
gastrointestinal toxicity of rofecoxib and naproxen in patients with rheumatoid arthritis. VIGOR
Study Group. The New England journal of medicine, 343(21):1520–8, 2 p following 1528.

Bond, G. L., Hirshfield, K. M., Kirchhoff, T., Alexe, G., Bond, E. E., Robins, H., Bartel, F., Taubert,
H., Wuerl, P., Hait, W., Toppmeyer, D., Offit, K., and Levine, A. J. (2006a). MDM2 SNP309
accelerates tumor formation in a gender-specific and hormone-dependent manner. Cancer Research,
66(10):5104–5110.

Bond, G. L., Hu, W., Bond, E. E., Robins, H., Lutzker, S. G., Arva, N. C., Bargonetti, J., Bartel,
F., Taubert, H., Wuerl, P., Onel, K., Yip, L., Hwang, S. J., Strong, L. C., Lozano, G., and Levine,
A. J. (2004). A single nucleotide polymorphism in the MDM2 promoter attenuates the p53 tumor
suppressor pathway and accelerates tumor formation in humans. Cell, 119(5):591–602.

Bond, G. L., Menin, C., Bertorelle, R., Alhopuro, P., Aaltonen, L. A., and Levine, A. J. (2006b). MDM2
SNP309 accelerates colorectal tumour formation in women. Journal of medical genetics, 43(12):950–2.



BIBLIOGRAPHY 192

Boparai, K. S., Mathus-Vliegen, E. M. H., Koornstra, J. J., Nagengast, F. M., van Leerdam, M., van
Noesel, C. J. M., Houben, M., Cats, A., van Hest, L. P., Fockens, P., and Dekker, E. (2010). Increased
colorectal cancer risk during follow-up in patients with hyperplastic polyposis syndrome: a multicentre
cohort study. Gut, 59(8):1094–1100.

Botstein, D., White, R. L., Skolnick, M., and Davis, R. W. (1980). Construction of a genetic linkage
map in man using restriction fragment length polymorphisms. American journal of human genetics,
32(3):314–31.

Botteri, E., Iodice, S., Raimondi, S., Maisonneuve, P., and Lowenfels, A. B. (2008). Cigarette Smoking
and Adenomatous Polyps: A Meta-analysis. Gastroenterology, 134(2):388–395.e3.

Boveri, T. (1904). Ergebnisse über die Konstitution der chromatischen Substanz des Zellkerns. Jena,
Fischer.

Boveri, T. (1907). Die Entwicklung dispermer Seeigel-Eier. Ein Beitrag zur Befruchtungslehre und zur
Theorie des Kerns. Zellen-Studien, Heft 6.

Boveri, T. (1914). Zur Frage der Entstehung maligner Tumoren. Jena, Gustav Fischer.

Breese, M. R. and Liu, Y. (2013). NGSUtils: a software suite for analyzing and manipulating next-
generation sequencing datasets. Bioinformatics, 29(4):494–6.

Brenner, H., Chang-claude, J., Seiler, C. M., and Rickert, A. (2011). Protection From Colorectal Cancer
After Colonoscopy. JAMA, 153(1):22–30.

Bresalier, R. S., Sandler, R. S., Quan, H., Bolognese, J. A., Oxenius, B., Horgan, K., Lines, C., Riddell,
R., Morton, D., Lanas, A., Konstam, M. A., and Baron, J. A. (2005). Cardiovascular events associated
with rofecoxib in a colorectal adenoma chemoprevention trial. The New England journal of medicine,
352(11):1092–102.

Briggs, S. and Tomlinson, I. (2013). Germline and somatic polymerase ε and δ mutations define a new
class of hypermutated colorectal and endometrial cancers. The Journal of pathology, 230(2):148–53.

Broderick, P., Carvajal-Carmona, L., Pittman, A. M., Webb, E., Howarth, K., Rowan, A., Lubbe, S.,
Spain, S., Sullivan, K., Fielding, S., Jaeger, E., Vijayakrishnan, J., Kemp, Z., Gorman, M., Chandler,
I., Papaemmanuil, E., Penegar, S., Wood, W., Sellick, G., Qureshi, M., Teixeira, A., Domingo, E.,
Barclay, E., Martin, L., Sieber, O., Kerr, D., Gray, R., Peto, J., Cazier, J.-B., Tomlinson, I., and
Houlston, R. S. (2007). A genome-wide association study shows that common alleles of SMAD7
influence colorectal cancer risk. Nature genetics, 39(11):1315–7.

Bronner, C. E., Baker, S. M., Morrison, P. T., Warren, G., Smith, L. G., Lescoe, M. K., Kane, M.,
Earabino, C., Lipford, J., Lindblom, A., Tannerg̊ard, P., Bollag, R. J., Godwin, A. R., Ward, D. C.,
Nordenskj Ld, M., Fishel, R., Kolodner, R., and Liskay, R. M. (1994). Mutation in the DNA mismatch
repair gene homologue hMLH 1 is associated with hereditary non-polyposis colon cancer. Nature,
368(July 2016):258–261.

Budinska, E., Popovici, V., Tejpar, S., D’Ario, G., Lapique, N., Sikora, K. O., Di Narzo, A. F., Yan, P.,
Graeme Hodgson, J., Weinrich, S., Bosman, F., Roth, A., and Delorenzi, M. (2013). Gene expression
patterns unveil a new level of molecular heterogeneity in colorectal cancer. Journal of Pathology,
231(1):63–76.

Burkett, K., Graham, J., and McNeney, B. (2006). hapassoc : Software for Likelihood Inference of Trait
Associations with SNP Haplotypes and Other Attributes. Journal of Statistical Software, 16(2):1–19.

Burrell, R. A., McClelland, S. E., Endesfelder, D., Groth, P., Weller, M.-C., Shaikh, N., Domingo,
E., Kanu, N., Dewhurst, S. M., Gronroos, E., Chew, S. K., Rowan, A. J., Schenk, A., Sheffer, M.,
Howell, M., Kschischo, M., Behrens, A., Helleday, T., Bartek, J., Tomlinson, I. P., and Swanton,
C. (2013). Replication stress links structural and numerical cancer chromosomal instability. Nature,
494(7438):492–496.

Butter, F., Davison, L., Viturawong, T., Scheibe, M., Vermeulen, M., Todd, J. A., and Mann, M.
(2012). Proteome-wide analysis of disease-associated SNPs that show allele-specific transcription
factor binding. PLoS genetics, 8(9):e1002982.



BIBLIOGRAPHY 193

Calkins, G. N. (1914). Zur Frage der Entstehung maligner Tumoren. Science, 40(1041):1–64.

Carter, H., Marty, R., Hofree, M., Gross, A. M., Jensen, J., Fisch, K. M., Wu, X., Deboever, C., Van
Nostrand, E. L., Song, Y., Wheeler, E., Kreisberg, J. F., Lippman, S. M., Yeo, G. W., Gutkind,
J. S., and Ideker, T. (2017). Interaction landscape of inherited polymorphisms with somatic events
in cancer. Cancer Discovery, 7(4):410–423.

Carvajal Carmona, L. G. and Tomlinson, I. (2016). The Hunting of the Snark: Whither Genome-Wide
Association Studies for Colorectal Cancer? Gastroenterology, 150(7):1528–1530.

Carvajal-Carmona, L. G., Zauber, A. G., Jones, A. M., Howarth, K., Wang, J., Cheng, T., Riddell,
R., Lanas, A., Morton, D., Bertagnolli, M. M., and Tomlinson, I. (2013). Much of the genetic risk
of colorectal cancer is likely to be mediated through susceptibility to adenomas. Gastroenterology,
144(1):53–5.

Castigli, E., Wilson, S. A., Garibyan, L., Rachid, R., Bonilla, F., Schneider, L., and Geha, R. S.
(2005). TACI is mutant in common variable immunodeficiency and IgA deficiency. Nature genetics,
37(8):829–834.

Castillejo, A., Vargas, G., Castillejo, M. I., Navarro, M., Barberá, V. M., González, S., Hernández-
Illán, E., Brunet, J., Ramón Y Cajal, T., Balmaña, J., Oltra, S., Iglesias, S., Velasco, À., Solanes,
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Correns, C. (1900). G. Mendels Regel Über das Verhalten der Nachkommenschaft der Rassenbastarde.
Berichte der Deutschen Botanischen Gesellschaf, 18:158–168.
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P., Kiiski, J. I., Aittomäki, K., Khan, S., Nevanlinna, H., van Asperen, C. J., HEBON, Vaszko, T.,
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Loprinzi, C. L., Alberts, S. R., Schmoll, H., Twelves, C., Yothers, G., Sargent, D. J., Sargent, D. J.,
Green, E., Grothey, A., Alberts, S. R., Shi, Q., Renfro, L. A., Yothers, G., O’Connell, M. J., Wolmark,
N., de Gramont, A., Gray, R., Kerr, D., Haller, D. G., Guthrie, K., Buyse, M., Labianca, R., Seitz,
J. F., O’Callaghan, C. J., Francini, G., Catalano, P. J., Blanke, C. D., Andre, T., Goldberg, R. M.,
Benson, A., Twelves, C., Sirzen, F., Cisar, L., Cutsem, E. V., and Saltz, L. (2015). Survival following
early-stage colon cancer: An ACCENT-based comparison of patients versus a matched international
general population. Annals of Oncology, 26(5):950–958.

Rimm, E. B., Stampfer, M. J., Colditz, G. A., Chute, C. G., Litin, L. B., and Willett, W. C. (1990).
Validity of self-reported waist and hip circumferences in men and women. Epidemiology, 1(6):466–473.

Rimmer, A., Phan, H., Mathieson, I., Iqbal, Z., Twigg, S. R. F., Wilkie, A. O. M., McVean, G.,
and Lunter, G. (2014). Integrating mapping-, assembly- and haplotype-based approaches for calling
variants in clinical sequencing applications. Nature genetics, 46(8):912–8.

Risinger, J. I., Umar, A., Boyd, J., Berchuck, A., Kunkel, T. A., and Barrett, J. C. (1996). Mutation
of MSH3 in endometrial cancer and evidence for its functional role in heteroduplex repair. Nature
genetics, 14(1):102–5.

Roa, B. B., Garcia, C. A., Pentao, L., Killian, J. M., Trask, B. J., Suter, U., Snipes, G. J., Ortiz-Lopez,
R., Shooter, E. M., Patel, P. I., and Lupski, J. R. (1993). Evidence for a recessive PMP22 point
mutation in Charcot-Marie-Tooth disease type 1A. Nature genetics, 5(2):189–194.
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H., Holmans, P., Lee, I., Lönnqvist, J., McCarthy, S., McGuffin, P., McIntosh, A. M., McKechanie,
A. G., McQuillin, A., Morris, J., Muddyman, D., O’Donovan, M. C., Owen, M. J., Palotie, A., Parr,
J. R., Paunio, T., Pietilainen, O., Rehnström, K., Sharp, S. I., Skuse, D., St Clair, D., Suvisaari, J.,
Walters, J. T. R., Williams, H. J., Barroso, I., Bochukova, E., Bounds, R., Dominiczak, A., Durbin,
R., Farooqi, I. S., Hendricks, A. E., Keogh, J., Marenne, G., McCarthy, S., Morris, A., Muddyman,
D., O’Rahilly, S., Porteous, D. J., Smith, B. H., Tachmazidou, I., Wheeler, E., Zeggini, E., Al Turki,
S., Anderson, C. A., Antony, D., Barroso, I., Beales, P., Bentham, J., Bhattacharya, S., Calissano,
M., Carss, K., Chatterjee, K., Cirak, S., Cosgrove, C., Durbin, R., Fitzpatrick, D. R., Floyd, J.,
Reghan Foley, A., Franklin, C. S., Futema, M., Grozeva, D., Humphries, S. E., Hurles, M. E.,
McCarthy, S., Mitchison, H. M., Muddyman, D., Muntoni, F., O’Rahilly, S., Onoufriadis, A., Parker,
V., Payne, F., Plagnol, V., Lucy Raymond, F., Roberts, N., Savage, D. B., Scambler, P., Schmidts,
M., Schoenmakers, N., Semple, R. K., Serra, E., Spasic-Boskovic, O., Stevens, E., van Kogelenberg,
M., Vijayarangakannan, P., Walter, K., Williamson, K. A., Wilson, C., Whyte, T., Ciampi, A.,
Greenwood, C. M. T., Hendricks, A. E., Li, R., Metrustry, S., Oualkacha, K., Tachmazidou, I., Xu,
C., Zeggini, E., Bobrow, M., Bolton, P. F., Durbin, R., Fitzpatrick, D. R., Griffin, H., Hurles, M. E.,
Kaye, J., Kennedy, K., Kent, A., Muddyman, D., Muntoni, F., Lucy Raymond, F., Semple, R. K.,
Smee, C., Spector, T. D., Timpson, N. J., Charlton, R., Ekong, R., Futema, M., Humphries, S. E.,
Khawaja, F., Lopes, L. R., Migone, N., Payne, S. J., Plagnol, V., Pollitt, R. C., Povey, S., Ridout,
C. K., Robinson, R. L., Scott, R. H., Shaw, A., Syrris, P., Taylor, R., Vandersteen, A. M., Barrett,
J. C., Barroso, I., Davey Smith, G., Durbin, R., Farooqi, I. S., Fitzpatrick, D. R., Hurles, M. E.,
Kaye, J., Kennedy, K., Langford, C., McCarthy, S., Muddyman, D., Owen, M. J., Palotie, A., Brent
Richards, J., Soranzo, N., Spector, T. D., Stalker, J., Timpson, N. J., Zeggini, E., Amuzu, A., Pablo
Casas, J., Chambers, J. C., Cocca, M., Dedoussis, G., Gambaro, G., Gasparini, P., Gaunt, T. R.,
Huang, J., Iotchkova, V., Isaacs, A., Johnson, J., Kleber, M. E., Kooner, J. S., Langenberg, C., Luan,
J., Malerba, G., März, W., Matchan, A., Min, J. L., Morris, R., Nordestgaard, B. G., Benn, M.,
Ring, S., Scott, R. A., Soranzo, N., Southam, L., Timpson, N. J., Toniolo, D., Traglia, M., Tybjaerg-
Hansen, A., van Duijn, C. M., van Leeuwen, E. M., Varbo, A., Whincup, P., Zaza, G., Zeggini, E.,
and Zhang, W. (2015). The UK10K project identifies rare variants in health and disease. Nature,
526(7571):82–90.

Wan, Y., Wu, W., Yin, Z., Guan, P., and Zhou, B. (2011). MDM2 SNP309, gene-gene interaction, and
tumor susceptibility: an updated meta-analysis. BMC cancer, 11(1):208.

Wang, H., Burnett, T., Kono, S., Haiman, C. A., Iwasaki, M., Wilkens, L. R., Loo, L. W. M., Van
Den Berg, D., Kolonel, L. N., Henderson, B. E., Keku, T. O., Sandler, R. S., Signorello, L. B., Blot,
W. J., Newcomb, P. A., Pande, M., Amos, C. I., West, D. W., Bézieau, S., Berndt, S. I., Zanke,
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