Human Molecular Genetics, 2014, Vol. 23, No. 17 ~ 4729-4737
doi:10.1093/hmg/ddul 77
Advance Access published on April 15, 2014

Identification of susceptibility loci for colorectal
cancer in a genome-wide meta-analysis
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To identify common variants influencing colorectal cancer (CRC) risk, we performed a meta-analysis of five
genome-wide association studies, comprising 5626 cases and 7817 controls of European descent. We con-
ducted replication of top ranked single nucleotide polymorphisms (SNPs) in additional series totalling 14 037
cases and 15 937 controls, identifying a new CRC risk locus at 10q24.2 [rs1035209; odds ratio (OR) = 1.13,
P = 4.54 x 10~ '"]. We also performed meta-analysis of our studies, with previously published data, of several
recently purported CRC risk loci. We failed to find convincing evidence for a previously reported genome-
wide association at rs11903757 (2g32.3). Of the three additional loci for which evidence of an association in
Europeans has been previously described we failed to show an association between rs59336 (12q24.21) and
CRC risk. However, for the other two SNPs, our analyses demonstrated new, formally significant associations
with CRC. These are rs3217810 intronic in CCND2 (12p13.32; OR = 1.19, P = 2.16 x 10~ '°) and rs10911251
near LAMC1(1925.3; OR = 1.09, P = 1.75 x 10™8). Additionally, we found some evidence to support a relation-
ship between, rs647161, rs2423297 and rs10774214 and CRC risk originally identified in East Asians in our
European datasets. Our findings provide further insights into the genetic and biological basis of inherited
genetic susceptibility to CRC.
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INTRODUCTION

Many colorectal cancers (CRC) develop in genetically suscep-
tible individuals, most of whom are not carriers of germ-line mis-
match repair or 4PC mutations (1 —3). Genome-wide association
studies (GWAS) conducted over recent years have demonstrated
that an appreciable part of the heritable risk of CRC is attribut-
able to common, low-risk variants. These GWAS have also pro-
vided insights into the biological basis of CRC development,
highlighting the potential role of genes within the bone morpho-
genetic protein signalling pathway (BMP2, BMP4, GREM1 and
SMAD7)(4,5) and some candidate genes (e.g. CDH1/CDH3), as
well as genes not previously implicated in CRC (e.g. POLD3,
TERC, CDKNIA and SHROOM?2) (6,7).

The statistical power of individual GWAS has been limited by
the modest effect sizes of genetic variants, the need to establish
stringent thresholds of statistical significance and economic con-
straints on the number of variants that can be followed up.
Meta-analysis of existing GWAS data therefore offer the oppor-
tunity to discover additional CRC risk loci and provide further
insights into disease aetiology. In this study, we conducted a dis-
covery meta-analysis of five European GWAS datasets, fol-
lowed by validation in three independent case—control series,
enabling us to identify a novel susceptibility locus for CRC.
We also tested a set of recently reported risk SNPs, some with
statistically significant associations and others with more
limited evidence of a relationship with CRC. This analysis
refutes two of these associations and demonstrates two new
genome-wide genetic associations with CRC risk.

RESULTS

The discovery phase comprised analysis of five non-overlapping
GWAS case—control series of Northern European ancestry,
which have been previously reported (Supplementary Material,
Table S1): UK1, 890 familial colorectal tumour cases and 900
cancer-free controls from the COloRectal Gene Identification
(CORGI) consortium (7); Scotlandl, 972 early-onset CRC
cases (aged <55 years at diagnosis) and 998 population con-
trols(7); VQ58, 1794 UK cases with stage B/C CRC from the
VICTOR and QUASAR? trials, together with publicly available
data from 2686 population controls from the UK 1958 Birth
Cohort (8); CCFRI1, 1175 familial CRC cases and 999 controls
from the Colon Cancer Family Registry (CCFR) (9); and
CCFR2, 795 CRC cases from CCFR and 2234 controls from
the Cancer Genetic Markers of Susceptibility studies of breast
and prostate cancer (10,11). Samples were genotyped using pro-
prietary Illumina SNP arrays: UK1 on Hap550; Scotland1 on
Hap300 + Hap240S; VQ58 on Hap300, Hap370, Hap660 or
HaplM; CGEMS on Hap300 4+ Hap240 or Hap550; and
CCFR samples using Hap1M, Human1M-Duo or Omni-express
arrays. Quality control of genotyping was assessed as previously
described and all SNPs presented in this study passed the pre-
determined thresholds (6).

The adequacy of the case—control matching and possibility of
differential genotyping of cases and controls was assessed using
O—-0 plots of test statistics. Agc values (12) for the UK1, Scot-
land1l, VQ58, CCFR1 and CCFR2 studies were 1.02, 1.01,
1.01, 1.02 and 1.03, respectively, thereby excluding significant
differential genotyping or cryptic population substructure

(Supplementary Material, Fig. S1). Any ethnic outliers or indivi-
dualsidentified as related were excluded (Supplementary Mater-
ial, Fig. S2).

Discovery of a new CRC susceptibility SNP

Using data from the above five GWAS, we derived for each dir-
ectly genotyped SNP joint odds ratios (ORs) and confidence
intervals (ClIs) under a fixed-effects model, and the associated
P-values. In this meta-analysis, associations for all 20 estab-
lished CRC risk SNPs showed a direction of effect consistent
with previously reported studies, with eight of those loci
having a P-value of <5.0 x 10~® (Supplementary Material,
Table S2). We also identified 31 SNPs that showed good evi-
dence ofan association (i.e. P < 1.5 x 10~ *)and mapped to dis-
tinct loci that had not previously been associated with CRC risk.
This threshold for follow-up does not exclude the possibility that
other SNPs represented genuine association signals, but was
simply a pragmatic strategy for prioritizing replication.

For these 31 SNPs we conducted a replication study using a
custom array-based approach. We utilized three additional
case—control series comprising a total of 14 037 cases and 15
937 controls: UK NSCCG (National Study of Colorectal
Cancer Genetics) replication (UK3); Edinburgh replication
(Scotland3); and Swedish replication (Sweden). Genotyping
was successful for 29 of the 31 SNPs (Supplementary Material,
Table S3). In the combined analysis of discovery and replication
phases, one SNP, rs1035209, showed an association with CRC
which was genome-wide significant (P = 4.54 x 10~ '!; Fig. 1).

rs1035209 localizes to chromosome 10q24.2 (101 345
366 bp; Fig. 2A). To comprehensively analyse the 10q24.2 asso-
ciation, we imputed unobserved genotypes in the region in
GWAS cases and controls using 1000genomes data (Phase 1
integrated version 3, March 2012). We did not find substantive
evidence of stronger associations than that provided by
rs1035209 (Fig. 2A). The 320 kbregion of linkage disequilibrium
(LD) to which rs1035209 maps encompasses five transcripts,
including ABCC2/MRP2 (multidrug resistant protein 2). We
examined for relationships between rs1035209 and gender, age
at diagnosis, family history of CRC and clinico-pathological
features (tumour site, stage or microsatellite instability) through
case-only analysis, but no significant association was found
(Supplementary Material, Table S4).

Evaluation of CRC SNPs reported in Asians

Jia et al. (13) have recently identified three SNPs; rs647161
(5q31.1), rs2423279 (20p12.3) and rs10774214 (12p13.32, near
CCND?2) that had genome-wide significant associations with
CRC in East Asian populations. The same study evaluated these
SNPs in a limited number of European CRC cases and controls,
including the CCFR datasets, and found evidence of associations
for all SNPs, albeit at relatively modest levels of significance
(P =0.040, P =0.002 and P = 0.001 respectively). To test for
association of these SNPs in our data we imputed all five
GWAS datasets using the 1000 Genomes project as a reference
panel and performed a meta-analysis. We found similar modest
levels of significance (P = 0.02, P = 4.57 x 10 *and P = 0.02
respectively; Supplementary Material, Table S5) to the original
study. The nominal level of association at these loci may be
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Figure 1. Forest plot of the ORs for the association between CRC and rs1035209. Studies were weighted according to the inverse of the variance of the log of the OR
calculated by unconditional logistic regression. Horizontal lines: 95% CIL Box: OR point estimate; its area is proportional to the weight of the study. Diamond (and
broken line): overall summary estimate, with CI given by its width. Unbroken vertical line: null value (OR = 1.0).

attributed to environmental differences or differences in risk allele
frequency, specifically of rs647161, between Asians and Eur-
opeans (Supplementary Material, Table S5).

Evaluation of SNP rs11903757 previously found to be
associated with CRC in europeans

Making use of imputed data, Peters et al (14) have recently
reported a genome-wide significant association between
rs11903757 at 2q32.3 and CRC risk in a combined analysis of
European and Asian case—control series (P =3.7 x 105
P = 1.4 x 10~° in Europeans). Despite our overlapping data-
sets, with both studies including CCFR, we did not find any evi-
dence in our samples to support a relationship between
rs11903757 and CRC (P = 0.90). In a combined analysis of
data from both our study and that of Peters ez a/ (14), this SNP
association was not significant at the genome-wide threshold
(P = 1.89 x 10~ * Supplementary Material, Fig. S3).

Identification of two further CRC predisposition SNPs in
combined analysis of our data and published data

The study by Peters et al. (14) also reported non-significant, but
promising, associations (5.0 x 1077 >P>5.0x 10"%) at
rs3217810 (12p13.32), rs59336 (12q24.21) and rs10911251
(1925.3). Intriguingly, rs3217810 is intronic in the CCND2
gene close to the Asian CRC SNP rs10774214, but these two
SNPs are essentially uncorrelated (> =0.002, D' = 0.092).
We examined the robustness of the three promising associations
in a meta-analysis of our data and the published data. This ana-
lysis showed rs3217810 and rs10911251 to be CRC risk SNPs,
with both associations now attaining genome-wide significance
(P=2.16 x 10 " and P = 1.75 x 10~ ® respectively; Fig. 2B
and C and Fig. 3). In contrast we did not find any evidence to
support a relationship between rs59336 and CRC (P = 0.17,
Supplementary Material, Table S5).

eQTL analysis of the three new CRC SNPs

To gain insight into the biological basis of the associations at
rs1035209, rs3217810 and rs10911251, we analyzed publicly
available mRNA expression data from fibroblasts, lymphoblas-
toid cell lines (LCLs), T cells, adipose tissue and skin cells
(15,16). Additionally we interrogated The Cancer Genome
Atlas (TCGA) RNA-seq expression and Affymetrix 6.0 SNP
data (dbGaP accession number: phs000178.v7.p6) on 223
colonic and 75 rectal cancers using rs7075305 (> = 0.30,
D' =0.77), rs3217805 (+* = 0.19, D' = 0.87) and rs3768617
(r*=0.90, D' = 1.00) as proxies for rs1035209, rs3217810
and rs10911251, respectively. After adjustment for multiple
testing, no significant associations were seen between SNP geno-
type and expression of genes mapping to any of the three risk loci
(Supplementary Material, Tables S6 and S7).

Using HaploReg (17) and RegulomeDB (18), we examined
whether any of the SNPs or their proxies (i.e. 7 > 0.8 in 1000
Genomes CEU reference panel) lie at putative transcription
factor binding/enhancer elements and derived GERP (Genomic
Evolutionary Rate Profiling) scores to asses sequence conserva-
tion at these positions (Supplementary Material, Table S8).
rs3217810 is evolutionarily conserved (GERP score 2.97) with
the motif being shown to have GATAG6 binding in the CRC cell
line CaCo2. Intriguingly, GATAG6 expression is elevated in
CRC and has been linked to invasiveness (19,20). While
rs10911251 is not evolutionarily conserved, the correlated SNPs
rs10911205 (#* = 0.81) and rs10911211 (+* = 0.83) are con-
served (GREP scores 2.95 and 3.17, respectively), and are asso-
ciated with transcription factor binding, albeit weakly. In
addition, rs10911205 lies within an enhancer region predicted
by ChromHMM (Supplementary Material, Table S8).

Finally, we conducted pathway analysis to determine whether
any genes mapping to the three newly identified regions act in
pathways already over-represented in GWAS regions. All
genes within the LD block containing each tagSNP, or linked
to the SNP through functional experiments, were uploaded to
the NCI pathway interaction database. Pathways containing
three or more genes are shown in Supplementary Material,
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Figure 2. Regional plots of association results, recombination rates and chroma-
tin state segmentation track for (A) 10q24.2, (B) 12p13.32 and (C) 1q25.3 suscep-
tibility loci. Association results of both genotyped (triangles) and imputed
(circles) SNPs in the GWAS samples and recombination rates for rates.
—log;o P-values (y axis) of the SNPs are shown according to their chromosomal
positions (x axis). The top genotyped SNP in each combined analysis is shown as
alarge triangle and is labelled by its rsID. Colour intensity of each symbol reflects
the extent of LD with the top genotyped SNP; white (+* = 0) through to dark red
(r* = 1.0) Genetic recombination rates, estimated using HapMap Utah residents
of Western and Northern European ancestry (CEU) samples, are shown with a
light blue line. Physical positions are based on NCBI Build 37 of the human
genome. Also shown are the relative positions of genes and transcripts
mapping to the region of association. Genes have been redrawn to show the rela-
tive positions; therefore, maps are not to physical scale. The lower panel shows
the chromatin state segmentation track (ChromHMM).

Table S9. While this analysis identifies the BMP signalling
pathway as expected, the analysis also reveals multiple pathways
involving the LAMC1 and LAMC?2 genes near rs10911251 and
the regulation of nuclear beta catenin signalling pathway impli-
cating CCND2 to which rs3217810 maps.
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Figure 3. Forestplot of the ORs for associations between CRCand (A) rs3217810
and (B) rs10911251. Studies were weighted according to the inverse of the vari-
ance of the log of the OR calculated by unconditional logistic regression. Hori-
zontal lines: 95% CI. Box: OR point estimate; its area is proportional to the
weight of the study. Diamond (and broken line): overall summary estimate,
with CI given by its width. Unbroken vertical line: null value (OR = 1.0).
Summary estimates are shown for studies from Peters et al., from the three
GWAS not included in that study and a combined estimate.

DISCUSSION

Here, we have identified a novel CRC susceptibility SNP
rs1035209 at 10g24.2. By performing a combined analyses
with published data, we have also been able to show that two
promising, but formally non-significant SNP associations,
rs3217810 (12p13.32) and rs10911251 (1g25.3), are indeed
associated with CRC risk in Europeans at genome-wide
levels of significance. Additionally, we have provided evi-
dence that a previously reported association between CRC
and SNP rs11903757 does not hold in Europeans. Finally our
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data lend some support to the association of three other SNPs,
originally identified in East Asians, with CRC in European
populations.

The relationship between genetic variation near CCND2
(12p13.32) and risk of CRC was first reported in East Asians
(13), with low levels of support in Europeans. Hence, the obser-
vation that variation at this locus also impacts on risk in
Europeans at genome-wide significance thresholds provides
evidence for the generalizability of this association. Additional
studies are required to decipher the number of independent
signals of association and the functional basis of the 12p13.32
associations in different ethnic groups. We note that rs3217810
is located within an intron of CCND2 (Fig. 2). Cyclin D2 is a
member of the D-type cyclin family which plays a critical role
in cell cycle control through activation of cyclin-dependent
kinases (CDK), primarily CDK4 and CDK6 (21). Additionally
CCND2 has been shown to represses the transcriptional activity
of SMAD3. While less well studied than CCND/, over-expression
of CCND2 typifies a subset of CRC and has been reported to be
an independent predictor of survival (22-24).

The 1g25.3 association implicates variation in the gene
encoding the extracellular matrix protein laminin gamma 1
(LAMCI) which is involved in the maintenance of cell adhesion,
migration and signalling (25—-27). LAMC1 is mutated in ~8% of
CRC and differential expression linked to development of meta-
static CRC (http://www.cbioportal.org/public-portal/). We have
previously shown that variation in LAMAS5 is a determinant
of CRC risk (7) and our new observation implicates laminin
genes more generally in the aetiology of CRC. Pathway analysis
reveals integrin signalling pathways containing both LAMCI1
and LAMAS genes as over-represented in GWAS regions.

The susceptibility locus at 10q24.2 marked by rs1035209
encompasses a number of genes with a possible role in the devel-
opment of CRC including ABCC2/MRP2 amulti-drug resistance
gene influencing responsiveness to anticancer drugs (28) which
is mutated in ~7% of CRC (http://www.cbioportal.org/public-
portal/).

Since the marker SNPs at each of the risk loci are not strongly
correlated with nsSNPs, it is likely that the functional variants at
each site take the form of non-coding changes influencing gene
expression. Accepting the caveat that our eQTL analysis of CRC
was, for rs1035209 and rs3217810, dependent upon weak
proxies we found no evidence for allele-specific cis-regulation
of neighbouring genes. It is however likely that the potential
impact of common alleles on gene expression will be modest
and could occur at any time before diagnosis of CRC. Moreover,
expression differences may only be relevant to a subpopulation
of cells that provide ‘targets’ for tumour mutations.

Our failure to find any evidence to support associations
marked by rs11903757 and rs59336, or any proxy SNPs, was
despite the CCFR GWAS datasets, which we included in our
meta-analysis, previously contributing to the analysis by
Peters et al. (14). Both our study and that of Peters relied on im-
putation to recover rs11903757 and rs59336 genotypes. Hence,
the imputation fidelity is of paramount importance. Through se-
quencing, we were able to establish that imputed genotypes were
accurately recovered in our study. The study of Peters did not
include this quality control step, moreover, imputation used as
reference HapMap data derived from 30 trios, rather than the
>1000 individuals catalogued by the 1000 Genomes Project.
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Overall, the data suggest that the putative association with
CRC at this locus may be spurious.

The power of our study to detect the major common loci con-
ferring risks of 1.2 or greater (such as the 8q24 variant
rs6983267) was high. Hence, there are unlikely to be many add-
itional CRC SNPs with similar effects for alleles with frequen-
cies >0.2 in populations of European ancestry. However,
estimates of the missing heritability suggest that further variants
of'smaller effect sizes remain to be discovered. To discover these
additional common CRC risk variants, there is a requirement for
even larger scale GWAS meta-analyses in terms of both sample
size and SNP coverage, as well as an increase in the number of
SNPs taken forward to large-scale replication.

In conclusion, in this large study, we have identified a novel
susceptibility locus associated with the risk of colorectal at
10g24.2 and performed combined analyses with published
data to identify further associations at 12p13.32 (CCND2) and
1925.3 (LAMCI). These findings bring to 23 the number of inde-
pendent loci which influence CRC risk in Europeans.

MATERIALS AND METHODS

Ethics statement

Collection of blood samples and clinico-pathological informa-
tion from subjects was undertaken with informed consent and
ethical review board approval at all sites in accordance with
the tenets of the Declaration of Helsinki. Specifically: for
CORGI REC 06/Q1702/99; for SOCCS REC 11/SS/0109; for
NSCCG REC 02/0/97.

Subjects and datasets

UK (CORGI) (7) comprised 940 cases with colorectal neopla-
sia (47% male) ascertained through the Colorectal Tumour Gene
Identification (CoRGI) consortium. All had at least one first-
degree relative affected by CRC and one or more of the following
phenotypes: CRC at age 75 or less; any colorectal adenoma
(CRAQ) at age 45 or less; >3 colorectal adenomas at age 75 or
less; or a large (>1 cm diameter) or aggressive (villous and/or
severely dysplastic) adenoma at age 75 or less. The 965 controls
(45% males) were spouses or partners unaffected by cancer and
without a personal family history (to second degree relative
level) of colorectal neoplasia. Known dominant polyposis syn-
dromes, HNPCC/Lynch syndrome or bi-allelic MUTYH muta-
tion carriers were excluded. All cases and controls were of
white UK ethnic origin.

Scotland1 (COGS) (7) included 1012 CRC cases (51% male;
mean age at diagnosis 49.6 years, SD + 6.1) and 1012 cancer-
free population controls (51% male; mean age 51.0 years;
SD + 5.9). Cases were selected for early age at onset (age
<55 years). Known dominant polyposis syndromes, HNPCC/
Lynch syndrome or bi-allelic MUTYH mutation carriers were
excluded. Control subjects were sampled from the Scottish
population NHS registers, matched by age ( + 5 years), gender
and area of residence within Scotland.

VQ58 comprised 1800 CRC cases (1099 males, mean age of
diagnosis 62.5 years; SD + 10.9) from the VICTOR (29) and
QUASAR2 (www.octo-oxford.org.uk/alltrials/trials/q2.html)
trials. There were 2690 population control genotypes (1391
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males) from the Wellcome Trust Case—Control Consortium 2
(WTCCC2) 1958 birth cohort (8) (also known as the National
Child Development Study), which included all births in
England, Wales and Scotland during a single week in 1958.

The CCFRI1 data set comprised 1290 familial CRC cases and
1055 controls from the Colon Cancer Family Registry (http://
epi.grants.cancer.gov/CFR/about_colon.html) (9). The cases
were recently diagnosed CRC cases reported to population com-
plete cancer registries in the USA (Puget Sound, Washington
State) who were recruited by the Seattle Familial Colorectal
Cancer Registry; in Canada (Ontario) who were recruited by
the Ontario Familial Cancer Registry; and in Australia (Mel-
bourne, Victoria) who were recruited by the Australasian Colo-
rectal Cancer Family Study. Controls were population-based and
for this analysis were restricted to those without a family history
of colorectal cancer. The CCFR2 data set comprised a further
796 cases from the Colon Cancer Family Registry and 2236 con-
trols from the Cancer Genetic Markers of Susceptibility studies
of breast (n = 1142) and prostate (n = 1094) cancer (10,11).

UK3 (NSCCQG) (7) comprised 7562 CRC cases (59% male;
mean age at diagnosis 58 years, SD + 8.4) and 7430 controls
(39% male; mean age 58 years, SD + 10.8) ascertained
through NSCCG (National Study of Colorectal Cancer Genet-
ics) post-2005 (30).

Scotland3 comprised 3969 CRC cases recruited as part of the
SOCCS/COGS (7) studies and 6791 population controls. Con-
trols comprised unrelated cancer-free participants from Gener-
ation Scotland (http://www.generationscotland.org) (31).

The Swedish study comprised 2506 CRC patients were
recruited within a Swedish national study conducted by the
Swedish Low-Risk Colorectal Cancer Study Group. Samples
were obtained during 2004—-2009 from 14 different surgical
clinics in central Sweden. All CRC patients during the study
period were eligible for recruitment and were invited to partici-
pate. Only those too ill or too frail to consent were excluded.
Controls (n = 1716) comprised blood donors from Stockholm
and Uppsala. Fully informed consent was obtained in accord-
ance with the Swedish law concerning ethical approval of
research on human subjects (refs: 2002:489,2003:198,2010:
1213-31/4).

In all cases CRC was defined according to the ninth revision
of the International Classification of Diseases (ICD) by codes
153-154.

Sample preparation and genotyping

DNA was extracted from samples using conventional methods and
quantified using PicoGreen (Invitrogen). The VQ, UK1 and Scot-
landl GWA cohorts were genotyped using Illumina Hap300,
Hap240S, Hap370 or Hap550 arrays. 1958 BC genotyping was per-
formed as part of the WTCCC2 study on Hap1.2M-Duo Custom
arrays. The CCFR samples were genotyped using Illumina
Hap1M, Hap1M-Duo or Omni-express arrays. CGEMS samples
were genotyped using [1lumina Hap300 and Hap240 or Hap550
arrays. Genotyping quality and validity was very high in GWA
datasets, as demonstrated by genotyping duplicate samples on
orthogonal platforms which revealed 99.9% genotype concord-
ance for all samples tested (data not shown). The replication
samples were tyged using custom 32 SNP genotyping plates Open-
array (TagMan®™ OpenArray™). The SNP content was designed

based on SNP associations from analysis of GWA data, including
imputed data. After technical assay failures, the final replication
array comprised 29 SNPs (Supplementary Material, Table S3).
Additional genotyping was conducted using competitive allele-
specific PCR KASPar chemistry (LCG, Hertfordshire, UK). All
primers, probes and conditions used are available on request.
Genotypes for the Scottish control replication dataset were SNPs
genotyped on the Illumina OmniExpressExome array (only
SNPs that genotyped were included, imputed data were not
used). Genotyping quality control was tested using duplicate
DNA samples within studies and SNP assays, together with
direct sequencing of subsets of samples to confirm genotyping ac-
curacy. For all SNPs, >99% concordant results were obtained.

Quality control and sample exclusion

We excluded SNPs from analysis if they failed one or more of the
following thresholds: GenCall scores <(0.25; overall call rates
<95%; minor allele frequency (MAF) < 0.01; departure from
Hardy—Weinberg equilibrium (HWE) in controls at P < 10~*
or in cases at P < 10~ °; outlying in terms of signal intensity
or X:Y ratio; discordance between duplicate samples; and, for
SNPs with evidence of association, poor clustering on inspection
of X:Y plots. We excluded samples from analysis if they
failed one or more of the following thresholds: duplication or
cryptic relatedness to estimated identity by descent (IBD)
>6.25%; overall successfully genotyped SNPs < 95%; mis-
match between predicted and reported gender; outliers in a
plot of heterozygosity versus missingness; and evidence of non-
white European ancestry by principal component analysis
(PCA)-based analysis in comparison with HapMap samples
(http://hapmap.ncbi.nlm.nih.gov). Details of all sample exclu-
sions are provided in Supplementary Material, Figure S4.

To identify individuals who might have non-northern Euro-
pean ancestry, we merged our case and control data from all
sample sets with the 60 European (CEU), 60 Nigerian (YRI),
90 Japanese (JPT) and 90 Han Chinese (CHB) individuals
from the International HapMap Project. For each pair of indivi-
duals, we calculated genome-wide identity-by-state distances
based on markers shared between HapMap2 and our SNP
panel, and used these as dissimilarity measures upon which to
perform PCA. PCA was performed in R. The first two principal
components for each individual were plotted and any individual
not present in the main CEU cluster (i.e. >5% of the PC distance
from HapMap CEU cluster centroid) was excluded from subse-
quent analyses.

We have previously shown the adequacy of the case—control
matching and possibility of differential genotyping of cases and
controls using O—Q plots of test statistics. The inflation factor
Agc was calculated before and after imputation by dividing the
mean of the lower 90% of the test statistics by the mean of the
lower 90% of the expected values from a x* distribution with 1
d.f. Only SNPs with minor allele frequency >0.05, imputation
INFO > 0.4, P-heterogeneity > 0.01 and P-HWE > 0.01
were considered. In addition, calculations were made using the
median values of the observed and expected y* distribution but
no significant differences were seen. Deviation of the genotype
frequencies in the controls from those expected under HWE
was assessed by x” test (1 d.f.), or Fisher’s exact test where an
expected cell count was <5.
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Statistical and bioinformatic analysis

Main analyses were undertaken using R (v2.6), Stata v.11
(College Station, TX, US) and PLINK (v1.06) software (32).
The association between each SNP and risk of CRC was assessed
by the Cochran—Armitage trend test. ORs and associated 95%
CIs were calculated by unconditional logistic regression.
Meta-analysis was conducted using standard methods (33).
GWAS meta-analysis data is available from EGA (accession
number EGAS00001000759). Cochran’s Q statistic to test for
heterogeneity (33) and the / statistic to quantify the proportion
of'the total variation due to heterogeneity were calculated (34). F
values >75% are considered characteristic of large heterogen-
eity (34—36). Associations by sex, age and clinic-pathological
phenotypes were examined by logistic regression in case-only
analyses.

Prediction of the untyped SNPs was carried out using
IMPUTEV2, based on 1000genomes Phase 1 integrated version 3
reference data. Imputed data were analyzed using SNPTESTv2.3.0
to account for uncertainties in SNP prediction and meta-analysis
was performed using METAv1.4 with an information score
threshold of 0.4. To filter poorly imputed SNPs, as previously
recommended, we excluded variants having overall information
scores from SNPTESTv2.3.0 of <0.4. LD metrics were cal-
culated from 1000genomes pilot release I data and viewed
using SNAP. Where SNPs had not been catalogued, LD metrics
were calculated using in house Perl scripts using the 1000genomes
Phase 1 data. Regional association plots of LD metrics were
then plotted using SNAP. LD blocks were defined on the basis
of HapMap recombination rate and were viewed using the
Haploview software (v4.2).

Accuracy of imputation was assessed using sequence data of
200 CRC cases. The genotypes of the SNPs which passed QC
in the UK1 dataset were extracted and used for imputation of
each sample. The concordance between imputed SNPs and
those obtained from sequencing was calculated for all indivi-
duals and for those individuals that are heterozygous or homozy-
gous for the rare allele in the sequencing data. rs3217810,
rs10911251,1s59336 and rs11903757 showed strong correlation
between imputation and sequencing with 7 of 1.00, 0.99, 0.95
and 1.00 over all SNPs, respectively (Supplementary Material,
Table S10).

To explore epigenetic profiles of association signals, we used
ChromHMM (37). States were inferred from ENCODE Histone
Modification data on the CRC cell line Hctl16 (DNAse,
H3K4me3, H3K4mel, H3K27ac, Pol2 and CTCF) binarized
using a multivariate Hidden Markov Model.

We made use of HaploReg (17) and RegulomeDB (18) to
examine whether any of the SNPs or their proxies (i.e. r* >
0.8 in 1000genomes CEU reference panel) annotate putative
transcription factor binding/enhancer elements. We assessed se-
quence conservation using Genomic Evolutionary Rate Profiling
(GERP). GERP scores (— 12 to 6, with 6 being indicative of com-
plete conservation) reflect the proportion of substitutions at that
site rejected by selection compared with observed substitutions
expected under a neutral evolutionary model, based on sequence
alignment of 34 mammalian species (38). We also analyzed ex-
pression data generated from (i) fibroblasts, lymphoblastoid cell
lines (LCLs) and T cells derived from the umbilical cords of 75
Geneva GenCord individuals (15); (ii) 166 adipose, 156 LCL
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and 160 skin samples derived from a subset of healthy female
twins of the MuTHER resource (16) using Sentrix Human-6 Ex-
pression BeadChips (Illumina) (39,40).

Relationship between SNP genotype and mRNA expression

To examine for a relationship between SNP genotype and
mRNA expression we made use of Tumor Cancer Genome
Atlas (TCGA) RNA-seq expression and Affymetrix 6.0 SNP
data (dbGaP accession number: phs000178.v7.p6) on 223 colo-
rectal adenocarcinoma (COAD) and 75 rectal adenocarcinoma
tumour samples using a best proxy where SNPs were not repre-
sented directly. Association between normalized RNA counts
per-gene and SNP genotype was quantified using the Kruskal—
Wallis trend test.

Pathway analysis

To determine whether any genes mapping to the three newly
identified regions act in pathways already over-represented in
GWAS regions we utilized the NCI pathway interaction data-
base (http://pid.nci.nih.gov/index.shtml). All genes within the
LD block containing each tagSNP, or linked to the SNP
through functional experiments (MYC) were submitted as a
Batch query using the NCI-Nature curated data source.

Assignment of microsatellite instability (MSI) in colorectal
cancers

Tumour MSI status in CRCs was determined using the mononu-
cleotide microsatellite loci BAT25 and BAT26, which are highly
sensitive MSI markers. Briefly, 10 um sections were cut from
formalin-fixed paraffin-embedded CRC tumours, lightly
stained with toluidine blue and regions containing at least 60%
tumour microdissected. Tumour DNA was extracted using the
QIAamp DNA Mini kit (Qiagen, Crawley, UK) according to
the manufacturer’s instructions and genotyped for the BAT25
and BAT26 loci using *?P-labelled oligonucleotide primers.
Samples showing more than or equal to five novel alleles,
when compared with normal DNA, at either or both markers
were assigned as MSI-H (corresponding to MSI-high) (41).

URLS

The R suite can be found at http://www.r-project.org.

Detailed information on the tag SNP panel can be found at
http://www.illumina.com.

dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP.

HapMap: http://www.hapmap.org.

1000Genomes: http://www.1000genomes.org.

SNAP http://www.broadinstitute.org/mpg/snap.

IMPUTE: https://mathgen.stats.ox.ac.uk/impute/impute.html.
SNPTEST: http://www.stats.ox.ac.uk/~marchini/software/gwa
s/snptest.html.

Cancer Genome Atlas project: http://cancergenome.nih.gov.
The ENCODE Project: ENCyclopedia Of DNA Elements: http://
WWW.genome.gov.

HaploReg: http://www.broadinstitute.org/mammals/haploreg/
haploreg.php.

RegulomeDB: http://regulome.stanford.edu/.
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