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Identification of Genetic Susceptibility Loci for Colorectal Tumors in a
Genome-Wide Meta-analysis
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] ] acid binding protein 1 (most significant single nucleotide
See Covering the Cover synopsis on page 665. polymorphism: rs11903757; odds ratio [OR], 1.15 per risk
allele; P = 3.7 X 1078). We also found evidence for 3
additional loci with P values less than 5.0 X 1077: a locus
within the laminin gamma 1 gene on chromosome 1q25.3
(rs10911251; OR, 1.10 per risk allele; P = 9.5 X 1078%), a
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locus within the cyclin D2 gene on chromosome 12p13.32
(rs3217810 per risk allele; OR, 0.84; P = 5.9 X 1078), and
a locus in the T-box 3 gene on chromosome 12q24.21
(rs59336; OR, 0.91 per risk allele; P = 3.7 X 10~7). CON-
CLUSIONS: In a large genome-wide association study,
we associated polymorphisms close to nucleic acid bind-
ing protein 1 (which encodes a DNA-binding protein
involved in DNA repair) with colorectal tumor risk.
We also provided evidence for an association between
colorectal tumor risk and polymorphisms in laminin
gamma 1 (this is the second gene in the laminin family
to be associated with colorectal cancers), cyclin D2
(which encodes for cyclin D2), and T-box 3 (which
encodes a T-box transcription factor and is a target of
Wnt signaling to B-catenin). The roles of these genes
and their products in cancer pathogenesis warrant
further investigation.

Keywords: Colon Cancer; Genetics; Risk Factors; SNP.

olorectal cancer has a sizable heritable component; a
large twin study estimated that 35% of colorectal
cancer risk may be explained by heritable factors.! Over
the past several years, genome-wide association studies
(GWAS), which focus on common single-nucleotide poly-
morphisms (SNPs), successfully have discovered low-pen-
etrance loci for colorectal cancer.? ' These analyses have
highlighted genes within the known transforming growth
factor-B and Wnt signaling pathways (eg, bone morphogenetic
protein 2 & 4, SMAD?Y), as well as regions and genes not
previously strongly implicated in colorectal cancer (eg,
zinc finger protein 90, laminin alpha S, disco-interacting protein
2), thereby highlighting pathways previously not under-
stood to be involved in colorectal carcinogenesis.> 2
To identify additional common genetic risk factors for
colorectal tumors, we conducted a genome-wide scan
across 14 independent studies including nearly 28,000
subjects and follow-up evaluation of nearly 10,000 inde-
pendent subjects. We included both colorectal cancer
cases and colorectal adenoma cases. Colorectal adenoma
is a well-defined colorectal cancer precursor'® and the
majority of colorectal cancers develop through the adeno-
ma-cancer sequence.'* It has been estimated that the 10-
year cumulative rate for advanced adenoma to transition
to colorectal cancer is between 10% and 45%, depending
on age and sex.'>!51¢ Accordingly, the 2 phenotypes have
overlapping etiology.'” Inclusion of adenoma cases can
increase sample size, and hence statistical power, to iden-
tify genetic risk factors related to early events in the
adenoma-carcinoma process, during which risk factor in-
tervention strategies may offer the greatest potential ben-
efit for cancer prevention.

Materials and Methods

Study Participants

Each study is described in detail in the Supplementary
Materials and Methods section and the number of cases and
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controls as well as age and sex distributions are listed in Sup-
plementary Table 1. In brief, colorectal cancer cases were defined
as colorectal adenocarcinoma and confirmed by medical records,
pathologic reports, or death certificate. Colorectal adenoma
cases were confirmed by medical records, histopathology, or
pathologic reports. Controls for adenoma cases had a negative
colonoscopy (except for the Nurses’ Health Study and the
Health Professionals Follow-up Study controls matched to cases
with distal adenoma, which either had a negative sigmoidoscopy
or colonoscopy examination). All participants provided written
informed consent and studies were approved by their respective
institution’s Institutional Review Boards.

Genotyping

GWAS in the Genetics and Epidemiology of Colo-
rectal Cancer Consortium and the Colon Cancer Family
Registry. We conducted a meta-analysis of GWAS from 13
studies within the Genetics and Epidemiology of Colorectal
Cancer Consortium (GECCO) (10,729 cases and 13,328 con-
trols) and additional GWAS within the Colon Cancer Family
Registry (CCFR) (1967 cases and 1785 controls). Details on
genotyping, quality assurance/quality control, and imputation
can be found in the Supplementary Materials and Methods
section. Average sample and SNP call rates and concordance
rates for blinded duplicates are listed in Supplementary Table 2.
In brief, all analyses were restricted to European ancestry. Geno-
typed SNPs were excluded based on call rate (<98%), lack of
Hardy-Weinberg equilibrium in controls (HWE, P < 1 X 107%),
and low minor allele frequency (MAF). Because imputation of
genotypes is established as standard practice in the analysis of
genotype array data, we imputed the autosomal SNPs of all
studies to the Utah residents with Northern and Western Euro-
pean ancestry from the Centre d’etude du polymorphisme hu-
main (CEPH) collection (CEU) population in HapMap II (avail-
able at: htep://hapmap.ncbi.nlm.nih.gov/). Imputed SNPs were
restricted based on MAF (=1%) and imputation accuracy (R? >
0.3). After imputation and quality control (QC), a total of
2,708,280 SNPs were used in the meta-analysis of GECCO stud-
ies and CCFR. In our detailed result table (Supplementary Table
3), we list for each SNP the number of studies with directly
genotyped or imputed data and the mean imputation R% These
data show, as expected, that imputed SNPs tend to show very
similar results as SNPs that were directly genotyped if the cor-
relation is high between SNPs.

Follow-up studies. We selected the 10 most statisti-
cally significant regions (excluding known GWAS loci) based on
the P value from the GECCO and CCFR meta-analysis for
further follow-up evaluation in colorectal cancer studies in the
Asian colorectal cancer consortium and a US-based colorectal
adenoma study. Details on genotyping, quality assurance/qual-
ity control, and imputation can be found in the Supplementary
Materials and Methods section. After quality control exclusions,
2098 colorectal cancer cases and 5749 controls, and 958 colo-
rectal adenoma cases and 909 controls remained in the analysis.

Statistical Analysis

GWAS in GECCO and CCFR. Statistical analyses of
the GECCO and CCFR samples were conducted centrally at the
coordinating center on individual-level data to ensure a consis-
tent analytic approach. For each study, we estimated the asso-
ciation between SNPs and risk for colorectal cancer by calculat-
ing B values, odds ratios (ORs), standard errors, 95% confidence
intervals, and P values using logistic regression models with
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log-additive genetic effects. Each directly genotyped SNP was
coded as 0, 1, or 2 copies of the risk allele. For imputed SNPs, we
used the expected number of copies of the risk allele (the
dosage), which has been shown to provide unbiased estimates in
the association test for imputed SNPs.'8 We adjusted for age, sex
(when appropriate), center (when appropriate), smoking status
(Physicians’ Health Study only), batch effects (The french Asso-
ciation STudy Evaluating RISK for sporadic colorectal cancer),
and the first 3 principal components from EIGENSTRAT (avail-
able at: http://genepath.med harvard.edu/~reich/EIGENSTRAT.
htm) to account for population substructure. Because CCFR set
2 is a family-based study, we used a conditional logistic regres-
sion stratified by family identification while adjusting for age
and sex. When analyzing genotyped SNPs on the X chromosome
we need to account for different genotype variances between
males and females. Therefore, we used the 1 degree of freedom
modified Cochran-Armitage test'® to test for associations. This
method has been shown to have robust and powerful perfor-
mance across a wide range of scenarios.?® We used logistic
regression to model SNP X SNP interaction effects for a log-
additive model, in which the interaction term is the product of
the 2 SNPs.

Quantile-quantile plots were assessed to determine whether
the distribution of the P values in each study was consistent with
the null distribution (except for the extreme tail). We also cal-
culated the genomic inflation factor (A) to measure the overdis-
persion of the test statistics from the association tests by divid-
ing the median of the squared Z statistics by 0.455, the median
of a chi-squared distribution with 1 degree of freedom. The
inflation factor A was between 0.999 and 1.044 for individual
studies based on all SNPs including both directly genotyped and
imputed, indicating there is little evidence of residual popula-
tion substructure, cryptic relatedness, or differential genotyping
between cases and controls. This result was consistent with the
visual inspection of the study-specific quantile-quantile plots.

We conducted inverse-variance weighted, fixed-effects meta-
analysis to combine [ estimates and standard errors across
individual studies. In this approach, we weighed the 8 estimate
of each study by its inverse variance and calculated a combined
estimate by summing the weighted B estimates and dividing by
the summed weights. For imputed SNPs, it has been shown that
the inverse variance is approximately proportional to the impu-
tation quality.’® Thus, the inverse variance weighting scheme
automatically incorporates imputation quality in the meta-anal-
ysis for imputed SNPs. We calculated the heterogeneity P values
based on Cochran’s Q statistic?! and investigated sources for
heterogeneity if the P value was less than .05 for the 10 most
significant SNPs. For the most significant SNPs highlighted in
this article, we also examined recessive and unrestricted genetic
models and compared models by calculating the Akaike informa-
tion criterion. We used PLINK (available at: pngu.mgh.harvard.
edu/~purcell/plink/)?? and R (available at: http://www.r-project.
org/)?® to conduct the statistical analysis and summarized
results graphically using LocusZOOM (available at: http://csg.
sph.umich.edu/locuszoom/).2*

Follow-up studies. The 10 most significant SNPs
from the GWAS meta-analysis described earlier were analyzed in
the follow-up studies (P values from GWAS meta-analysis 2.5 X
1077 to 6.5 X 107°). For the Asian colorectal cancer follow-up
study, genotyped SNPs and dosage data of imputed SNPs were
analyzed using the program mach2dat (available at: htep://
www.sph.umich.edu/csg/abecasis/MACH/download/).?5 The as-
sociation between SNP and colorectal cancer risk was assessed
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using logistic regression with log-additive genetic effects after
adjusting for age and sex. Meta-analyses were performed using
the inverse-variance method based on a fixed-effects model, and
calculations were implemented in the METAL package (available
at: htep://www.sph.umich.edu/csg/abecasis/metal/).2¢ Because
the MAF in the Asian follow-up population was very low for
the locus on chromosome 14q23.1 (MAF, 0-0.006 in Han Chi-
nese individuals from Beijing, China), we excluded this SNP
from the follow-up evaluation in the Asian studies. Given po-
tential differences in the linkage disequilibrium structure be-
tween European and Asian descent subjects, we also included all
SNPs correlated with these 10 selected SNPs (r> > 0.5 in CEU).

For the adenoma follow-up study (all European descent), the
association between each genetic marker and risk for colorectal
adenoma was estimated by calculating ORs and 95% confidence
intervals, using a log-additive genetic model. SNPTESTv2.2.0
(available at: https://mathgen.stats.ox.ac.uk/genetics_software/
snptest/snptest.html) with the “-method score” option?” was
used for logistic regression with the frequentist test, and the
model was adjusted for age and sex.

For a combined analysis of GWAS and follow-up results, we
conducted inverse-variance weighted fixed-effects meta-analysis
to combine ORs from log-additive models across individual
studies and measured heterogeneity using Cochran’s Q statistic,
as discussed earlier.

Criterion for genome-wide significance. Based on
an increasing number of articles?® 33 providing a detailed dis-
cussion on the appropriate genome-wide significance threshold,
which all arrive at similar values in the range of 5 X 1077 to 5§ X
1078 for European populations, we decided to use a P value of
5 X 1078 as the genome-wide significance threshold. In addition,
we reported on SNPs with P values between less than 5 X 1077
and greater than 5 X 1078 as a potentially novel SNP that
merited additional follow-up evaluation.

Heritability estimates. We estimated the additive her-
itability of colorectal cancer explained by all genotyped SNPs
using the method by Yang et al’* and implemented in the
Genome-wide Complex Trait Analysis tool.3> We set the preva-
lence of colorectal cancer to 0.004, based on Surveillance, Epi-
demiology and End Results incidence and National Center for
Health Statistics mortality statistics.>® We used all genotyped
SNPs of Darmkrebs: Chancen der Verhiitung durch Screening
set Il and Diet, Activity, and Lifestyle Study set I given the sizable
sample set, different genotyping platforms, and inclusion of
both sexes (Supplementary Table 1). We also estimated the
heritability of previously and newly identified variants by using
the method of So et al.3” Furthermore, we used the method
described by Park et al®® to estimate the total number of loci
expected to be identified for colorectal cancer based on the
observed effect sizes and power for identifying the loci known
to date (Table 1 and Supplementary Table 4).

Functional annotation of findings. We conducted a
functional annotation for all tagging SNPs (and correlated
SNPs) highlighted in this article. As detailed in the Supplemen-
tary Materials and Methods section, we queried multiple bioin-
formatic databases based on the University of California, Santa
Cruz genome browser.

Results

Summary results of the GWAS meta-analysis of
GECCO and CCFR are shown in the Manhattan plot
(Supplementary Figure 1). Several of the previously iden-
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Table 1. Risk Estimates for Newly Identified SNPs Associated With Colorectal Cancer at a P Value Less Than 5 X 10~7

Chromosome Risk

SNP (gene)? allele Stage? RAF (range)° OR (95% CI) P value P heterogeneity
SNP with P < 5 X 1078
rs11903757 2932.3 C GWAS 0.16 (0.11-0.23) 1.15 (1.09-1.22) 1.38E-06
(NABP1) Asian 0.05 (0.04-0.08) 1.16 (0.95-1.41) 1.34E-01
Adenoma 0.15 1.23(1.03-1.47) 2.30E-02
Overall 1.16 (1.10-1.22)  3.71E-08 27
SNPs with P < 5 X 1077
and P> 5 X 1078
rs10911251 1925.3 A GWAS 0.57 (0.49-0.63) 1.10 (1.06-1.14) 1.34E-06
(LAMC1) Asian 0.54 (0.50-0.55) 1.09(1.01-1.17) 3.20E-02
Adenoma 0.58 1.06 (0.93-1.21) 3.66E-01
Overall 1.09 (1.06-1.13) 9.45E-08 .69
rs3217810 12p13.32 T GWAS 0.16 (0.18-0.10) 1.19(1.11-1.28) 3.40E-07
(CCND2) Asian NA NA NA
Adenoma 0.15 1.31(1.00-1.71) 5.07E-02
Overall 1.20 (1.12-1.28) 5.86E-08 91
rs3217901 12p13.32 G GWAS 0.41 (0.43-0.39) 1.10 (1.06-1.15) 1.71E-06
(CCND2) Asian 0.56 (0.54-0.58) 1.08 (0.98-1.18) 1.04E-01
Adenoma 0.42 1.08 (0.91-1.27) 3.72E-01
Overall 1.10(1.06-1.14)  3.31E-07 .51
rs59336 12924.21 T GWAS 0.48 (0.51-0.42) 1.10 (1.06-1.14) 7.64E-07
(TBX3) Asian 0.60 (0.56-0.62) 1.05 (0.94-1.18) 3.61E-01
Adenoma 0.48 1.13(0.90-1.40) 2.89E-01
Overall 1.09 (1.06-1.13)  3.67E-07 .39

Cl, confidence interval; RAF, risk allele frequency.
NOTE. Bolded entries signify combined results.

aChromosome position and build from Genome Browser based on build 37.
bGWAS (n = 12,696 cases and 15,113 controls); Asian (2098 cases and 5749 controls); adenoma (958 cases and 909 controls); overall
(15,752 cases and 21,771 controls except for rs3217810, which has 13,654 cases and 16,022 controls).

°Mean and (range) computed from respective studies.

tified GWAS SNPs were highly significantly associated
with colorectal cancer, and overall we found a nominal
significant association (P < .05) in the same direction for
16 of 18 previously identified GWAS loci (Supplementary
Table 4). After excluding previously identified regions, we
followed up the 10 most significant regions from the
GWAS meta-analysis (P = 2.5 X 1077 to 6.5 X 107
Supplementary Table 3). In 4 regions the follow-up stud-
ies showed evidence of replication with the association in
the same directions as the GWAS and an overall improved
significance level (Table 1). Of these 4 regions, 1 region
reached the conventional genome-wide significance level
at a P value less than 5.0 X 1078 in the combined analysis
(GWAS + follow-up evaluation). This region was on chro-
mosome 2q32.3 (rs11903757: OR, 1.16 per risk allele; P =
3.7 X 1078 Table 1 and Supplementary Figure 2). The
SNP showed no evidence for heterogeneity (P = .27)
across all studies. The SNP was correlated strongly (r> >
0.9) with several SNPs in the same region, which showed
similar results (Supplementary Figure 3 and Supplemen-
tary Table 3).

The other 3 regions had P values less than 5.0 X 1077
(and P > 5.0 X 1078) in the combined analysis (GWAS +
follow-up evaluation). Reporting by chromosomal posi-
tion, the first of these 3 regions was on chromosome

1q25.3. In this region, the association with rs10911251
had the lowest P value (OR, 1.09 per risk allele; P = 9.5 X
1078; Table 1 and Supplementary Figure 2), showing no
evidence of heterogeneity (P = .69) across studies. This
was correlated strongly with a large number of SNPs in
the same region showing similar allele frequencies, risk
estimates, and P values spanning across the entire laminin
gamma 1 (LAMCI) gene (Supplementary Figure 3 and
Supplementary Table 3).

The second region with P values less than 5.0 X 1077
and greater than 5.0 X 1078 was on chromosome 12p13,
within the cyclin D2 (CCND2) gene. The most statistically
significant SNP was rs3217810 (OR, 1.20 per risk allele;
P =59 X 1078 Table 1 and Supplementary Figure 2).
Furthermore, only 17.1 kb apart resides a second SNP,
rs3217901, which was not strongly correlated with
rs3217810 (r> = 0.052-0.063) and showed a slightly lower
significance level (OR, 1.10 per risk allele; P = 4.9 X 1077).
Although the risk allele frequency of rs3217810 in our
European descent studies was on average 0.16, this SNP is
very uncommon in Asian populations (0.03 in Japanese in
Tokyo, Japan, and 0.01 in Han Chinese individuals from
Beijing, China) and, hence, the follow-up evaluation of
rs3217810 did not include the Asian cases and controls.
Both SNPs were not heterogeneous across studies (P for
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heterogeneity = .51 and .91). When we included both
SNPs simultaneously in the logistic regression analysis
the significance of both SNPs was reduced (Supplemen-
tary Table 5).

The third region with P values less than 5.0 X 1077 was
in the T-box 3 (TBX3) gene on chromosome 12q24.21. The
most statistically significant SNP in this region was
rs59336 (OR, 1.09 per risk allele; P = 3.7 X 1077; Table 1
and Supplementary Figure 2). Again, we observed no ev-
idence for heterogeneity across studies (P = .39).

We investigated if the 4 regions listed earlier might be
more significant (lower P value) under a different genetic
model than the log-additive model. None of the variants
was more significant when we modeled the unrestricted,
dominant, or recessive mode of inheritance (Supplemen-
tary Table 6).

When we stratified results by colorectal adenoma and
cancer we observed stronger associations for adenoma
compared with cancer for rs11903757 at 2q32.3, similar
associations for rs3217810 and rs3217901 at 12p13/
CCDN?2 and for rs59336 at 12q24.21/TBX3, and a weaker
association for rs10911251 at 1q25.3/LAMC1 (Supple-
mentary Table 7). For previously identified loci, in partic-
ular, associations for rs16892766 at 8q23.3/EIF3H and
rs4939827 at 18q21/SMAD? tended to be stronger for
adenoma, whereas associations for other loci tended to be
similar or weaker compared with cancer (Supplementary
Table 4).

We observed no evidence for interaction between the
SNPs in the newly identified regions or with SNPs in
previously identified regions. The smallest P value for
interaction was .017 for rs59336/TBX3 and rs11632715/
15q13 and was not significant after accounting for mul-
tiple comparisons.

As popularized by Yang et al,>* we estimated that the
additive heritability of colorectal cancer explained by all
genotyped SNPs would be 14.2% (standard error, 8.2%).
The newly identified loci (Table 1) and previously identi-
fied loci (Supplementary Table 4) explained about 11% of
the additive heritability and cumulatively these newly and
previously identified loci explain 1.6% of the variation of
colorectal cancer. Based on the study by Park et al®® we
estimated that the total number of loci expected to be
identified for colorectal cancer would be between 239
and 500 if the type I error rate was between 5 X 1077
and 5 X 1078,

Discussion

In this large genome-wide scan meta-analysis and
follow-up evaluation of a total of close to 38,000 subjects,
we identified an intergenic region on chromosome 2q32.3
close to nucleic acid binding protein 1 (NABPI) that was
associated with colorectal tumor risk with P values less
than 5.0 X 1078, the conventional genome-wide signifi-
cance level. Furthermore, we identified 3 regions with P
values less than 5.0 X 1077: one on chromosome 1q31 in
LAMCI, a second on chromosome 12p13 in CCND2, and
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a third on chromosome 12q24.21 in TXB3. All showed
highly significant associations with P values less than
5 X 1077,

Our study provides strong support for an intergenic
locus on chromosome 2q32.3. The most significant SNPs
in this region are in closest proximity to the NABPI gene
(44 kb centromeric) and the gene serum deprivation response
(112 kb telomeric), which encodes for the serum-depriva-
tion response phosphatidylserine-binding protein. The
SNPs are downstream of NABPI, which also is known as
buman single-strand DNA binding protein 2 or oligonucleotide/
oligosaccharide binding fold-containing protein 2A. This protein
binds single-stranded DNA via the oligonucleotide/oligo-
saccharide binding fold domain.?® Single-stranded DNA
binding proteins are important for diverse DNA pro-
cesses, such as DNA replication, recombination, transcrip-
tion, and repair.?®-%> Cells depleted of NABPI show
hypersensitivity to DNA-damaging reagents; NABPI
participates in repair of DNA double-strand breaks and
ataxia telangiectasia mutated-dependent signaling path-
ways,® similar to the role of its homolog, NABP2 (which
is also known as human single-strand DNA binding pro-
tein 1).3° Although our functional annotation did not
provide further insights on the function of the SNPs, the
biologic data described earlier support the importance of
NABP1 with respect to genomic stability, which could
explain a link to the development of cancer.**

In addition to the genome-wide significant region we
observed 3 regions that were slightly less significant with
P values less than 5 X 1077 but greater than 5 X 1078. As
has been shown previously,** a large fraction of SNPs with
borderline genome-wide-significant associations repli-
cated when results from additional studies were added,
suggesting that further follow-up evaluation of these re-
gions is warranted. The first of these 3 regions was on
chromosome 1q31 and included correlated SNPs showing
associations that spanned across the LAMCI gene. Inter-
estingly, previous genome-wide scans of colorectal cancer
identified a different laminin gene on chromosome
20q13.33, laminin alpha S, as associated with colorectal
cancer,”!! supporting the importance of this gene family
for the development of colorectal cancer. Laminins are
extracellular matrix glycoproteins that constitute a major
component of the basement membrane in most tissues*®
and in the colon are part of the intestinal epithelial
barrier. Laminins are involved in a wide variety of biolog-
ical functions, such as regulation of cell adhesion, differ-
entiation, migration, signaling, and metastasis.*”-5° Loss
of cell-surface laminin anchoring has been found in many
cancer cells, particularly those with aggressive subtypes.>!

LAMCI is a large gene spanning 122 kb and containing
28 coding exons. rs10911251 is correlated strongly (r> >
0.8) with several other SNPs across the gene (Supplemen-
tary Figure 3 and Supplementary Table 3). Upon func-
tional annotation, we identified a potential functional
candidate (rs10911205) that is correlated strongly with
the most significant tagSNP (r> = 0.73) and located 72 kb
upstream within the first intron of LAMCI. As shown in
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the University of California, Santa Cruz Genome Browser
view (Supplementary Figure 4), rs10911205 is located
within a highly evolutionarily conserved region and, given
its close proximity to the promoter, it is possible that this
region influences gene transcription. In addition, the pat-
terns of histone modifications and DNase signals indicat-
ing accessibility for transcription factors suggest that this
variant may affect cell-type-specific enhancer activity. In
summary, given the statistical evidence, support from
functional annotation, and evidence from a previous
GWAS that identified another laminin gene to be associated
with colorectal cancer, we believe there is strong support for
the importance of LAMCI in the development of colorectal
cancer. It is of note that the biologic role of this gene family
has not yet been studied substantially in relation to colorec-
tal cancer, supporting the novelty of this finding.

A second region with P values less than 5 X 1077 was on
chromosome 12p13.32, with 2 independent SNPs both
located in the intron of CCND2, which belongs to the
highly conserved cyclin family, specifically encoding for
the protein cyclin D2. Through regulation of CDK4 and
CDKG, cyclin D2 affects the cell-cycle transition of the
G1/S phase.5>53 Furthermore, cyclin D2 interacts with
tumor-suppressor protein retinoblastoma. Recent studies
have identified CCND2 as an microRNA target gene in
different colorectal cancer cell lines.5*55 Interestingly, ge-
netic variants in CCNDI also have been related to colo-
rectal cancer®®57 and a previous GWAS identified a SNP in
CCND1 to be associated with breast cancer.®

The third region with P values less than 5 X 1077 we
identified was within the TBX3 gene, which encodes the
T-box transcription factor. TBX3 is overexpressed in sev-
eral cancers, including pancreas, liver, breast cancer, and
melanoma,*® playing multiple roles in normal develop-
ment and cancer.®® In liver cancer, TBX3 was identified as
a downstream target of the Wnt/B-catenin pathway, me-
diating B-catenin activities on cell proliferation and sur-
vival.®® The Wnt/B-catenin pathway plays a key role in
colorectal cancer development.®> TBXS, another member
of the T-Box gene family, has been suggested as an epige-
netically inactivated tumor-suppressor gene in colon can-
cer®® and provides an additional mechanism by which this
gene family may influence colorectal cancer development.

Our study adds further support for all, except 3, previ-
ously identified GWAS loci for colorectal cancer. The 3
SNPs (on chromosomes 1q41, 3q26.2, and 6p21) that did
not replicate are among the more recently identified
GWAS loci*!? and have smaller effect sizes (OR for risk
allele, =1.1) compared with the earlier GWAS findings. As
a result, larger sample sizes may be needed to fully repli-
cate these SNPs. Furthermore, it is possible that the effect
varies by environmental exposures, which may differ among
the study populations. Overall, effect sizes from our study
for previous GWAS loci tend to be weaker than in the initial
reports, which may be explained by the fact that previous
results were subject to the “winner’s curse.”*

The large sample size of our GWAS and follow-up
studies and availability of individual-level GWAS data are
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important advantages of our study. However, the study
also had limitations. To increase the sample size, we
included Asian descent subjects, who may have different
linkage disequilibrium patterns, and the SNPs analyzed
may be tagging different underlying causal variants. To
address this potential limitation we included all SNPs
correlated with the most significant SNPs, which likely
will identify any variant that genuinely is associated with
colorectal cancer risk across different ancestral groups, as
shown for other GWAS loci.®>- %% Given that genotyping
platforms only capture a subset of the genome, we used
imputation to HapMap II to obtain a better coverage of
the common variation across the genome and to generate
a common set of SNPs from the different platforms.
Because imputed SNPs tend to result in less significant
findings depending on their imputation accuracy,®® we
expect that our results provide relative conservative sig-
nificance levels.”® Similar to previous GWAS,>46-10.12 e
included colorectal adenoma as the major precursor of
colorectal cancer to improve our statistical power and to
identify genetic variants that act early in the adenoma-
cancer sequence, where adenomas and cancer have a
shared etiology. Although the inclusion of adenoma also
may add heterogeneity because adenomas will not show
an association for genetic variants that act later in the
carcinogenic process (ie, on progression from adenoma to
cancer) or for variants that act through adenoma-inde-
pendent pathways, stratified analysis may provide insights
into the mediating roles of genes within the normal to
adenoma to cancer pathway. We show that for some of
the newly and previously identified loci, associations are
stronger for adenomas compared with cancer; however,
we observed similar or weaker associations for other loci.
These results may suggest that some genes are important
in early stages of cancer development while others may be
more important for the progression from adenoma to
cancer. However, given the relatively small number of
adenoma cases (only 6.5% of the GWAS and 31% of the
follow-up cases were adenoma cases), it is important that
our findings are replicated in studies with larger numbers
of adenoma cases.

In summary, in this large study, we identified one novel
susceptibility locus associated with the risk of colorectal
tumor on chromosome 2q32.3 close to NABPI, and 3
potential loci with borderline genome-wide significant
results within LAMC1, CCND2, and TBX3. These findings
are supported by biologic plausibility, functional annota-
tion, and previous GWAS findings within the same gene
family, emphasizing the potential relevance of these genes
in the etiology of colorectal cancer.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at http://
dx.doi:10.1053/j.gastro.2012.12.020.
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Supplementary Materials and Methods

Study Populations Included in GWAS and
Follow-up Studies

GWAS in GECCO and CCFR. We describe each
study population used in the GWAS. For information on
sample sizes and demographic factors please see Supple-
mentary Table 1.

Ontario Familial Colorectal Cancer Registry. In
GECCO, a subset of the Assessment of Risk in Colorectal
Tumours in Canada from the OFCCR (Ontario Registry
for Studies of Familial Colorectal Cancer) was used. Both
the case-control study! and the OFCCR? have been de-
scribed in detail previously, as have the GWAS results.> In
brief, cases were confirmed incident colorectal cancer
cases if they were ages 20 to 74 years, residents of On-
tario, identified through comprehensive registry, and di-
agnosed between July 1997 and June 2000. Population-
based controls were selected randomly among Ontario
residents (random-digit dialing and listing of all Ontario
residents), and matched by sex and S-year age groups. A
total of 1236 colorectal cancer cases and 1223 controls
were genotyped successfully on at least one of the follow-
ing: lllumina 1536 GoldenGate assay (Illumina, Inc, San
Diego, CA), the Affymetrix GeneChip Human Mapping
100K and 500K Array Set (Affymetrix, Inc, Santa Clara,
CA), or a 10K nonsynonymous SNP chip. Analysis was
based on a set of unrelated subjects who were non-
Hispanic, white by self-report, or by investigation of ge-
netic ancestry. We further excluded subjects if there was
a sample mix-up, if they were missing epidemiologic
questionnaire data, if they were cases with a tumor in the
appendix, or if they overlapped with the CCFR. In addi-
tion, only samples genotyped on the Affymetrix Ge-
neChip SO0K Array were used to avoid coverage issues in
imputation.

The french Association STudy Evaluating RISK
for sporadic colorectal cancer. Participants were re-
cruited from the Pays de la Loire region in France be-
tween December 2002 and March 2006.* Eligibility crite-
ria for cases included being Caucasian, age 40 years or
older at diagnosis, and having no family history of colo-
rectal cancer or polyps. Cases were patients with first
primary colorectal cancer diagnosed in 1 of the 6 public
hospitals and S clinics located in the Pays de la Loire
region that participated in the study. Cases were con-
firmed based on medical and pathology reports. Controls
were recruited at 2 Health Examination Centers of the
Pays de la Loire region, and the recruitment of controls
age 70 years and older was completed in the Departments
of Internal Medicine and Hepatogastroenterology of the
University Hospital Center of Nantes, located in the same
region. Controls were eligible to participate if they were
Caucasian, age 40 years or older, and had no family
history of colorectal cancer or polyps. In the presence of
the physician, each participant filled out a standardized
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questionnaire on family information, medical history,
lifestyle, and dietary intake. Cases and controls provided
a blood sample.

CCFR. The CCFR is a National Cancer Institute-
supported consortium consisting of 6 centers dedicated
to the establishment of a comprehensive collaborative
infrastructure for interdisciplinary studies in the genetic
epidemiology of colorectal cancer.’ The CCFR includes
data from approximately 30,500 total subjects (10,500
probands and 20,000 unaffected and affected relatives
and unrelated controls). Cases and controls, age 20-74
years, were recruited at the 6 participating centers begin-
ning in 1998. CCFR implemented a standardized ques-
tionnaire that was administered to all participants and
included established and suspected risk factors for colo-
rectal cancer, which included questions on medical his-
tory and medication use, reproductive history (for female
participants), family history, physical activity, demo-
graphics, alcohol and tobacco use, and dietary factors.
The set 1 scan, which has been described previously,®
included population-based cases and age-matched con-
trols from the 3 population-based centers: Seattle, To-
ronto, and Australia. Cases were enriched genetically by
oversampling those with a young age at onset or positive
family history. Controls were matched to cases on age
and sex. All cases and controls were self-reported as
white, which was confirmed with genotype data. The set
2 scan included population-based cases and matched
controls from all 6 colon CFR centers including the Mayo
Clinic, Hawaii Cancer Registry, University of Southern
California, Fred Hutchinson Cancer Research Center,
Ontario Cancer Care, and University of Melbourne. As
with set 1, cases were enriched genetically by oversam-
pling those with a young age at onset or positive family
history. Controls were same-generation family controls.

Darmkrebs: Chancen der Verhiitung durch
Screening. This study was initiated as a large popula-
tion-based, case-control study in 2003 in the Rhine-
Neckar-Odenwald region (southwest region of Germany)
to assess the potential of endoscopic screening for reduc-
tion of colorectal cancer risk and to investigate etiologic
determinants of disease, particularly lifestyle/environ-
mental factors and genetic factors.”® Cases with a first
diagnosis of invasive colorectal cancer (International
Classification of Diseases 10 codes C18-C20) who were at
least 30 years of age (no upper age limit), German speak-
ing, a resident in the study region, and mentally and
physically able to participate in a 1-hour interview were
recruited by their treating physicians either in the hospi-
tal a few days after surgery or by mail after discharge
from the hospital. Cases were confirmed based on histo-
logic reports and hospital discharge letters after diagno-
sis of colorectal cancer. All hospitals treating colorectal
cancer patients in the study region participated. Based on
estimates from population-based cancer registries, more
than 50% of all potentially eligible patients with incident
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colorectal cancer in the study region were included. Com-
munity-based controls were selected randomly from pop-
ulation registries, using frequency matching with respect
to age (5-year groups), sex, and county of residence.
Controls with a history of colorectal cancer were ex-
cluded. Controls were contacted by mail and follow-up
telephone calls. The participation rate was 51%. During
an in-person interview, data were collected on demo-
graphics, medical history, family history of colorectal
cancer, and various lifestyle factors, as were blood and
mouthwash samples. The set 1 scan consisted of a subset
of participants recruited up until 2007, and samples were
frequency matched on age and sex. The set 2 scan con-
sisted of additional subjects who were recruited until
2010 as part of this ongoing study.

Diet, Activity, and Lifestyle Study. DALS (Diet,
Activity, and Lifestyle Study) was a population-based,
case-control study of colon cancer. Participants were re-
cruited between 1991 and 1994 from 3 locations: the
Kaiser Permanente Medical Care Program of Northern
California, an 8-county area in Utah, and the metropol-
itan Twin Cities area of Minnesota.’ Eligibility criteria for
cases included age at diagnosis between 30 and 79 years;
diagnosis with first primary colon cancer (International
Classification of Diseases for Oncology second edition
codes 18.0 and 18.2-18.9) between October 1, 1991, and
September 30, 1994; English speaking; and competency
to complete the interview. Individuals with cancer of the
rectosigmoid junction or rectum were excluded, as were
those with a pathology report noting familial adenoma-
tous polyposis, Crohn’s disease, or ulcerative colitis. A
rapid-reporting system was used to identify all incident
cases of colon cancer, resulting in the majority of cases
being interviewed within 4 months of diagnosis. Controls
from the Kaiser Permanente Medical Care Program were
selected randomly from membership lists. In Utah, con-
trols younger than 65 years of age were selected randomly
through random-digit dialing and driver’s license lists.
Controls, 65 years of age and older, were selected ran-
domly from Health Care Financing Administration lists.
In Minnesota, controls were identified from Minnesota
driver’s licenses or state identification lists. Controls were
matched to cases by 5-year age groups and sex. The set I
scan consisted of a subset of the study designed earlier,
from Utah, Minnesota, and the Kaiser Permanente Med-
ical Care Program, and was restricted to subjects who
self-reported as white non-Hispanic. The set 2 scan con-
sisted of subjects from Utah and Minnesota who were
not genotyped in set 1. Set 2 was restricted to subjects
who self-reported as white non-Hispanic and those who
had appropriate consent to post data to dbGaP.

Hawaii Colorectal Cancer Studies 2 and 3. Pa-
tients with colorectal cancer were identified through the
rapid reporting system of the Hawaii Surveillance, Epi-
demiology and End Results registry and consisted of all
Japanese, Caucasian, and native Hawaiian residents of
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Oahu who were newly diagnosed with an adenocarci-
noma of the colon or rectum between January 1994 and
August 1998.1° Control subjects were selected from par-
ticipants in an ongoing population-based health survey
conducted by the Hawaii State Department of Health
and from Health Care Financing Administration partic-
ipants. Controls were matched to cases by sex, ethnicity,
and age (within 2 years). Personal interviews were ob-
tained from 768 matched pairs, resulting in a participa-
tion rate of 58.2% for cases and 53.2% for controls. A
questionnaire, administered during an in-person inter-
view, included questions about demographics, lifetime
history of tobacco, alcohol use, aspirin use, physical ac-
tivity, personal medical history, family history of colorec-
tal cancer, height and weight, diet (Food Frequency Ques-
tionnaire), and postmenopausal hormone use. A blood
sample was obtained from 548 (71%) interviewed cases
and 662 (86%) interviewed controls. Surveillance, Epide-
miology and End Results staging information was ex-
tracted from the Hawaii Tumor Registry. In GECCO,
self-reported Caucasian subjects with DNA, and clinical
and epidemiologic data, were selected for genotyping.
Health Professionals Follow-up Study. The
HPFS (Health Professionals Follow-up Study) is a parallel
prospective study to the NHS (Nurses’ Health Study).!!
The HPFS cohort comprised 51,529 men who, in 1986,
responded to a mailed questionnaire. The participants
were US male dentists, optometrists, osteopaths, podia-
trists, pharmacists, and veterinarians born between 1910
and 1946. Participants provided information on health-
related exposures, including current and past smoking
history, age, weight, height, diet, physical activity, aspirin
use, and family history of colorectal cancer. Colorectal
cancer and other outcomes were reported by participants
or next-of-kin and were followed up through review of
the medical and pathology record by physicians. Overall,
more than 97% of self-reported colorectal cancers were
confirmed by medical record review. Information was
abstracted on histology and primary location. Incident
cases were defined as those occurring after the subject
provided the blood sample. Prevalent cases were defined
as those occurring after enrollment in the study but
before the subject provided the blood sample. Follow-up
evaluation has been excellent, with 94% of the men re-
sponding to date. Colorectal cancer cases were ascet-
tained through January 1, 2008. In 1993-1995, 18,825
men in the HPFS mailed blood samples by overnight
courier, which were aliquoted into buffy coat and stored
in liquid nitrogen. In 2001-2004, 13,956 men in the
HPFS who had not provided a blood sample previously
mailed in a swish-and-spit sample of buccal cells. Inci-
dent cases were defined as those occurring after the
subject provided a blood or buccal sample. Prevalent
cases were defined as those occurring after enrollment in
the study in 1986, but before the subject provided either
a blood or buccal sample. After excluding participants
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with histories of cancer (except nonmelanoma skin can-
cer), ulcerative colitis, or familial polyposis, 2 case-control
sets were constructed from which DNA was isolated from
either buffy coat or buccal cells for genotyping, as fol-
lows: (1) a case-control set with cases of colorectal cancer
matched to randomly selected controls who provided a
blood sample and were free of colorectal cancer at the
same time the colorectal cancer was diagnosed in the
cases; and (2) a case-control set with cases of colorectal
cancer matched to randomly selected controls who pro-
vided a buccal sample and were free of colorectal cancer
at the same time the colorectal cancer was diagnosed in
the case. For both case-control sets, matching criteria
included year of birth (within 1 year) and month/year of
blood or buccal cell sampling (within 6 months). Cases
were pair-matched 1:1, 1:2, or 1:3 with a control
participant(s).

In addition to colorectal cancer cases and controls, a
set of adenoma cases and matched controls with available
DNA from bufty coat were selected for genotyping. Over
the follow-up period, data were collected on endoscopic
screening practices and, if individuals had been diag-
nosed with a polyp, the polyps were confirmed to be
adenomatous by medical record review. Adenoma cases
were ascertained through January 1, 2008. A separate
case-control set was constructed of participants diag-
nosed with advanced adenoma matched to control par-
ticipants who underwent a lower endoscopy in the same
time period and did not have an adenoma. Advanced
adenoma was defined as an adenoma 1 cm or larger in
diameter and/or with tubulovillous, villous, or high-
grade dysplasia/carcinoma-in-situ histology. Matching
criteria included year of birth (within 1 year) and month/
year of blood sampling (within 6 months), the reason for
their lower endoscopy (screening, family history, or
symptoms), and the time period of any prior endoscopy
(within 2 years). Controls matched to cases with a distal
adenoma either had a negative sigmoidoscopy or colono-
scopy examination, and controls matched to cases with
proximal adenoma all had a negative colonoscopy.

Multiethnic Cohort study. The MEC (Multiethnic
Cohort) was initiated in 1993 to investigate the impact of
dietary and environmental factors on major chronic dis-
eases, particularly cancer, in ethnically diverse popula-
tions in Hawaii and California.’? The study recruited
96,810 men and 118,441 women aged 45-75 years be-
tween 1993 and 1996. Incident colorectal cancer cases
occurring since January 1995 and controls were con-
tacted for blood or saliva samples. The median interval
between diagnosis and blood draw was 14 months (in-
terquartile range, 10-19 mo) among cases and the par-
ticipation rate was 74%. A sample of cohort participants
was selected randomly to serve as controls at the onset of
the nested case-control study (participation rate, 66%).
The selection was stratified by sex, age, and race/ethnic-
ity. Colorectal cancer cases were identified through the
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Rapid Reporting System of the Hawaii Tumor Registry
and through quarterly linkage to the Los Angeles County
Cancer Surveillance Program. Both registries are mem-
bers of Surveillance, Epidemiology and End Results. In
GECCO, self-reported white subjects from the nested
case-control study described earlier with DNA and clini-
cal and epidemiologic data were selected for genotyping.

Nurses’ Health Study. The NHS cohort began in
1976 when 121,700 married female registered nurses age
30-55 years returned the initial questionnaire that ascer-
tained a variety of important health-related exposures.!3
Since 1976, follow-up questionnaires have been mailed
every 2 years. Colorectal cancer and other outcomes were
reported by participants or next-of-kin and followed up
through review of the medical and pathology record by
physicians. Overall, more than 97% of self-reported colo-
rectal cancers were confirmed by medical-record review.
Information was abstracted on histology and primary
location. The rate of follow-up evaluation has been high:
as a proportion of the total possible follow-up time,
follow-up evaluation has been more than 92%. Colorectal
cancer cases were ascertained through June 1, 2008. In
1989-1990, 32,826 women in NHS I mailed blood sam-
ples by overnight courier, which were aliquoted into
bufty coat and stored in liquid nitrogen. In 2001-2004,
29,684 women in NHS I who did not previously provide
a blood sample mailed a swish-and-spit sample of buccal
cells. Incident cases were defined as those occurring after
the subject provided a blood or buccal sample. Prevalent
cases were defined as those occurring after enrollment in
the study in 1976 but before the subject provided either
a blood or buccal sample. After excluding participants
with histories of cancer (except nonmelanoma skin can-
cer), ulcerative colitis, or familial polyposis, 2 case-control
sets were constructed from which DNA was isolated from
either buffy coat or buccal cells for genotyping: (1) a
case-control set with cases of colorectal cancer matched
to randomly selected controls who provided a blood
sample and were free of colorectal cancer at the same
time the colorectal cancer was diagnosed in the case; and
(2) a case-control set with cases of colorectal cancer
matched to randomly selected controls who provided a
buccal sample and were free of colorectal cancer at the
same time the colorectal cancer was diagnosed in the
cases. For both case-control sets, matching criteria in-
cluded year of birth (within 1 year) and month/year of
blood or buccal cell sampling (within 6 months). Cases
were pair matched 1:1, 1:2, or 1:3 with a control
participant(s).

In addition to colorectal cancer cases and controls, a
set of adenoma cases and matched controls with available
DNA from buffy coat were selected for genotyping. Over
the follow-up period, data were collected on endoscopic
screening practices and, if individuals had been diag-
nosed with a polyp, the polyps were confirmed to be
adenomatous by medical record review. Adenoma cases
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were ascertained through June 1, 2008. A separate case-
control set was constructed of participants diagnosed
with advanced adenoma matched to control participants
who underwent a lower endoscopy in the same time
period and did not have an adenoma. Advanced adenoma
was defined as an adenoma more than 1 cm in diameter
and/or with tubulovillous, villous, or high-grade dyspla-
sia/carcinoma-in-situ histology. Matching criteria in-
cluded year of birth (within 1 year) and month/year of
blood sampling (within 6 months), the reason for their
lower endoscopy (screening, family history, or symp-
toms), and the time period of any prior endoscopy
(within 2 years). Controls matched to cases with a distal
adenoma either had a negative sigmoidoscopy or colono-
scopy examination, and controls matched to cases with
proximal adenoma all had a negative colonoscopy.

Physicians’ Health Study. The PHS (Physicians’
Health Study) was established as a randomized, double-
blind, placebo-controlled trial of aspirin and B-carotene
among 22,071 healthy US male physicians, between 40
and 84 years of age, in 1982.1415 Participants completed 2
mailed questionnaires before being assigned randomly,
additional questionnaires at 6 and 12 months, and ques-
tionnaires annually thereafter. In addition, participants
were sent postcards at 6 months to ascertain status. From
August 1982 to December 1984, there were 14,916 base-
line blood samples collected from the physicians during
the run-in phase before randomization. When partici-
pants reported a diagnosis of cancer, medical records and
pathology reports were reviewed by study physicians who
were blinded to exposure data. Among those who pro-
vided baseline blood samples, colorectal cases were ascer-
tained through March 31, 2008, and controls were
matched on age (within 1 year for younger participants,
up to 5 years for older participants) and smoking status
(never, past, current). Cases were pair-matched 1:1, 1:2, or
1:3 with a control participant(s). Because of DNA avail-
ability, samples were genotyped in 2 batches on the same
platform at the same genotyping center at different time
points.

Prostate, Lung, Colorectal, and Ovarian Cancer
Screening Trial. The PLCO (Prostate, Lung, Colorectal
Cancer, and Ovarian Cancer Screening Trial) enrolled
154,934 participants (men and women, aged between 55
and 74 y) at 10 centers into a large, randomized, 2-arm
trial to determine the effectiveness of screening to reduce
cancer mortality. Sequential blood samples were collected
from participants assigned to the screening arm. Partic-
ipation was 93% at the baseline blood draw. In the ob-
servational (control) arm, buccal cells were collected via
mail using the swish-and-spit protocol; the participation
rate was 65%. Details of this study have been described
previously!®” and are available online (http://dcp.cancer.
gov/plco).

The set 1 scan included a subset of 577 colon cancer
cases self-reported as being non-Hispanic white with
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available DNA samples, questionnaire data, and appro-
priate consent for ancillary epidemiologic studies. Cases
were excluded if they had a history of inflammatory
bowel disease, polyps, polyposis syndrome, or cancer (ex-
cluding basal or squamous cell skin cancer). Controls
originated from the Cancer Genetic Markers of Suscep-
tibility prostate cancer scan'®!® (all male) and the GWAS
of Lung Cancer and Smoking?® (enriched for smokers),
along with an additional 92 non-Hispanic white female
controls. For the set 2 scan, cases were individuals with
colorectal cancer from both arms of the trial who were
not already included in set 1. Samples were excluded if
participants did not sign appropriate consent forms, if
DNA was unavailable, if baseline questionnaire data with
follow-up evaluation were unavailable, if they had a his-
tory of colon cancer before the trial, if they had a rare
cancer, if they were already in a colon GWAS, or if they
were a control in the prostate or lung populations. Con-
trols were frequency-matched 1:1 to cases without re-
placement, and cases were not eligible to be controls.
Matching criteria were age at enrollment (2-year blocks),
enrollment date (2-year blocks), sex, race/ethnicity, trial
arm, and study year of diagnosis (ie, controls must be
cancer free into the case’s year of diagnosis).

Postmenopausal Hormones Supplementary Study
to the CCFR. Eligible case patients included all female
residents, ages 50-74 years, residing in the 13 counties in
Washington State, reporting to the Cancer Surveillance,
Epidemiology and End Results program, who were newly
diagnosed with invasive colorectal adenocarcinoma
(ICD-O C18.0, C18.2-C18.9, C19.9, C20.0-C20.9) be-
tween October 1998 and February 2002.2! Eligibility for
all individuals was limited to those who were English
speaking with available telephone numbers, through
which they could be contacted. On average, cases were
identified within 4 months of diagnosis. The overall re-
sponse proportion of eligible cases identified was 73%.
Community-based controls were selected randomly ac-
cording to age distribution (in S-year age intervals) of the
eligible cases by using lists of licensed drivers from the
Washington State Department of Licensing for individ-
uals, ages 50-64 years, and rosters from the Health Care
Financing Administration (now the Centers for Medicare
and Medicaid), for individuals older than age 64. The
overall response proportion of eligible controls was 66%.
In GECCO, samples with sufficient DNA extracted from
blood were genotyped. Only participants who were not
part of the CCFR Seattle site were included in the sample
set.

VITamins And Lifestyle. The VITAL (VITamins
And Lifestyle) cohort comprised 77,721 Washington
State men and women aged 50-76 years, recruited from
2000 to 2002, to investigate the association of supple-
ment use and lifestyle factors with cancer risk. Subjects
were recruited by mail, from October 2000 to December
2002, using names purchased from a commercial mailing
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list. All subjects completed a 24-page questionnaire and
buccal-cell specimens for DNA were self-collected by 70%
of the participants. Subjects were followed up for cancer
by linkage to the western Washington Surveillance, Epi-
demiology and End Results cancer registry and were
censored when they moved out of the area covered by the
registry or at time of death. Details of this study have
been described previously.?? In GECCO, a nested case-
control set was genotyped. Samples included colorectal
cancer cases with DNA, excluding subjects with colorec-
tal cancer before baseline; in situ cases; (large cell) neu-
roendocrine carcinoma; squamous cell carcinoma; carci-
noid tumor; Goblet-cell carcinoid; and any type of
lymphoma, including non-Hodgkin, Mantle cell, large
B-cell, or follicular lymphoma. Controls were matched on
age at enrollment (within 1 year), enrollment date (within
1 year), sex, and race/ethnicity. One control was selected
randomly per case among all controls who matched ac-
cording to the 4 factors described earlier and for whom
the control follow-up time was greater than the follow-up
time of the case until diagnosis.

Women’s Health Initiative. The WHI (Women’s
Health Initiative) is a long-term health study of 161,808
post-menopausal women aged 50-79 years at 40 clinical
centers throughout the United States. WHI comprised a
clinical trial arm, an observational study (OS) arm, and
several extension studies. The details of WHI have been
described previously?3?* and are available online (https://
cleo.whi.org/SitePages/Home.aspx). In GECCO, set 1
cases were selected from the September 12, 2005, data-
base and comprised centrally adjudicated colon cancer
cases from the OS arm who self-reported as white. Con-
trols were first selected among controls previously geno-
typed as part of a hip fracture GWAS conducted within
the WHI OS arm and matched to cases on age (within 3
years), enrollment date (within 365 days), hysterectomy
status, and prevalent conditions at baseline. For 37 cases,
there was no control match in the hip fracture GWAS.
For these participants, we identified a matched control in
the WHI OS arm based on the same criteria. In the set 2
scan, cases were selected from the August 2009 database
and comprised centrally adjudicated colon and colorectal
cancer cases from the OS and clinical trial arms who were
not genotyped in set 1. In addition, case and control
participants were subject to the following exclusion cri-
teria: a prior history of colorectal cancer at baseline,
institutional review board approval not available for data
submission into dbGaP, and insufficient DNA available.
Matching criteria included age (within years), race/
ethnicity, WHI date (within 3 years), WHI Calcium and
Vitamin D study date (within 3 years), and randomiza-
tion arms (OS flag, hormone therapy assignments, di-
etary modification assignments, calcium/vitamin D as-
signments). In addition, they were matched by the 4
regions of randomization centers. Each case was matched
with 1 control (1:1) who met the matching criteria ex-
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actly. Control selection was performed in a time-forward
manner, selecting one control for each case first from the
risk set at the time of the case’s event. The matching
algorithm was allowed to select the closest match based
on a criterion to minimize an overall distance measure.?
Each matching factor was given the same weight. Addi-
tional available controls who were genotyped as part of
the hip fracture GWAS were included to improve power.

Follow-up Studies

In the following, we describe each study popula-
tion used in the follow-up study. For information on
sample sizes and demographic factors please see Supple-
mentary Table 1.

Asia Colorectal Cancer Consortium. The study
protocols were approved by relevant institutional review
boards at all study sites, and all included subjects pro-
vided informed consent. Sample size, genotype platform,
the number of SNPs used in imputation, and genomic
inflation factors in each of the 5 studies are presented in
Supplementary Table 8.

Shanghai study 1 and 2. Colorectal cancer cases
were derived from the Shanghai Women’s Health Study?®
and the Shanghai Men’s Health Study,”” both popula-
tion-based cohort studies that are being conducted in
urban Shanghai, China. A total of 777 pathologically
diagnosed colorectal cancer cases with DNA available
were identified in participants from the Shanghai Wom-
en’s Health Study and Shanghai Men’s Health Study and
included in this study. A total of 758 cancer-free controls
were derived from the Shanghai Women’s Health Study/
Shanghai Men’s Health Study and frequency-matched to
colorectal cancer cases by age and sex. To increase statis-
tical power, we also included 2131 community female
controls who were scanned using the Affymetrix Ge-
nome-Wide Human SNP Array 6.0 (Affymetrix 6.0) as
part of an ongoing GWAS of breast cancer.?® A total of
481 cases and 2632 controls were genotyped using Af-
fymetrix 6.0 (Shanghai Study 1). A total of 296 cases and
257 controls were genotyped using Illumina HumanOm-
niExpress BeadChip (Illumina OmniExpress) (Shanghai
Study 2).

Guangzhou study 1. This study contributed 694
cases and 972 controls. Histopathologically diagnosed
colorectal cancer cases were recruited from the Sun Yat-
Sen University Cancer Center between January 2002 and
January 2012. Healthy controls were recruited from phys-
ical examination centers of several large general hospitals
in Guangdong province communities.?® At enrollment,
controls reported no history of any cancer. All cases and
controls were self-reported Han Chinese who lived in
Guangdong Province at the time of recruitment. Blood
samples from all cases and controls were obtained as the
source of genomic DNA for the study.

Aichi study 1. This study is part of the Hospital-
based Epidemiologic Research Program at Aichi Cancer
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Center in Japan.3® All first-visit outpatients 20-79 years
of age at the Aichi Cancer Center during December 2000
to November 2005 were asked to participate in the Hos-
pital-based Epidemiologic Research Program at Aichi
Cancer Center. Of 29,736 eligible patients approached,
28,766 participated in the study, with a response rate of
96.7%. All participants completed self-administered ques-
tionnaires about their lifestyle and demographic charac-
teristics and provided blood samples. Case status was
confirmed via the Hospital-based Epidemiologic Re-
search Program at Aichi Cancer Center database and the
hospital-based cancer registry database. A total of 589
colorectal cancer cases were identified in this cohort and
497 were included in the GWAS. A total of 942 controls
without any cancer at recruitment were selected ran-
domly and frequency-matched to cases by age and sex.3!

Korean Cancer Prevention Study-ll. The Korean
Cancer Prevention Study-II included 266,258 individuals,
20-77 years of age, who visited 16 health promotion
centers nationwide from April 2004 to December 2008 in
South Korea.’> Subjects were interviewed at baseline to
obtain exposure data. Cancer diagnoses were identified
through 2008 using data from the national cancer regis-
try and hospitalization records. For the study, we selected
325 colorectal cancer patients who provided a blood
sample. Cancer-free cohort members (N = 977) were
selected randomly as controls.

Tennessee Colorectal Polyp Study. The Tennes-
see Colorectal Polyp Study was a colonoscopy-based,
case-control study conducted in Nashville, Tennessee,
from 2003 to 2011.33 Eligible participants, aged 40-75
years old, were identified from patients at the Vanderbilt
Gastroenterology Clinic and the Veteran’s Affairs Tennes-
see Valley Health System Nashville Campus. Participants
were excluded if they had genetic colorectal cancer syn-
dromes, a prior history of inflammatory bowel disease,
prevalent adenomatous polyps, or any cancer other than
nonmelanoma skin cancer. Colonoscopic procedures
were performed and reported using standard clinical pro-
tocols and all pathology diagnoses were determined by
hospital pathologists. Participants provided DNA either
before or after colonoscopy (blood and buccal samples
were collected). The analysis included only participants
of Caucasian race.

Genotyping, Quality Assurance/QC, and
Imputation

GWAS in GECCO and CCFR. We conducted a
meta-analysis of GWAS from 13 studies within the
GECCO consortium (10,729 cases and 13,328 controls)
and additional GWAS within the CCFR (1967 cases and
1785 controls). The GWAS from CCFR, which consisted
of participants from sites in the United States, Canada,
and Australia, included a population-based, case-control
set (CCFR set 1, 1171 cases and 983 controls) genotyped
using Illumina HumanlM or HumanlM-Duo,® and a
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sibling-pair set (CCFR set 2, 796 cases and 802 controls)
genotyped using Illumina Omnil. The GECCO GWAS
consisted of participants within The french Association
STudy Evaluating RISK for sporadic colorectal cancer;
Hawaiian Colorectal Cancer Studies 2 and 3; DACHS
[Darmkrebs: Chancen der Verhiitung durch Screening];
DALS; HPES; MEC; NHS; OFCCR; PHS; Postmenopausal
Hormone Study; PLCO; VITAL study; and the WHI.
Phase one genotyping of a total of 1709 colon cancer
cases and 4214 controls from PLCO, WHI, and DALS
(PLCO set 1, WHI set 1, and DALS set 1) was performed
using Illumina HumanHap 550K, 610K, or combined
Illumina 300K and 240K, and has been described previ-
ously.>* A total of 650 colorectal cancer cases and 522
controls from OFCCR were included in GECCO from
previous genotyping using Affymetrix platforms.? A total
of 5540 colorectal cancer cases and 5425 controls from
the The french Association STudy Evaluating RISK for
sporadic colorectal cancer, Hawaiian Colorectal Cancer
Studies 2 and 3, DACHS set 1, DALS set 2, the MEC,
Postmenopausal Hormone study, PLCO set 2, VITAL
study, and WHI set 2 were genotyped successfully
using Illumina HumanCytoSNP. A total of 2004 colo-
rectal cancer cases and 2244 controls from HPFS,
NHS, PHS, and DACHS set 2, as well as a total of 826
advanced adenoma cases and 923 controls from HPES
and NHS were genotyped successfully using Illumina
HumanOmniExpress.

DNA was extracted from blood samples or, for a subset
of DACHS, HPFS, MEC, NHS, and PLCO samples, and
for all VITAL samples, from buccal cells, using conven-
tional methods. All studies included 1%-6% blinded du-
plicates to monitor the quality of the genotyping. All
individual-level genotype data were managed and under-
went quality assurance and QC at the University of
Southern California (CCFR sets 1 and 2), the OFCCR, the
University of Washington Genetics Coordinating Center
(HPFS, NHS, PHS, and DACHS set 2), or the GECCO
Coordinating Center at the Fred Hutchinson Cancer Re-
search Center (all other studies). Details on the quality
assurance/QC can be found in Supplementary Table 2. In
brief, samples were excluded based on call rate, heterozy-
gosity, unexpected duplicates, gender discrepancy, and
unexpectedly high identity-by-descent or unexpected ge-
notype concordance (>65%) with another individual. All
analyses were restricted to samples clustering with the
Utah residents with northern and western European an-
cestry from the CEU population in principal component
analysis, including the HapMap II populations as refer-
ence. SNPs were excluded if they were triallelic, not as-
signed an rs number, or were reported or observed as not
performing consistently across platforms. In addition,
genotyped SNPs were excluded based on call rate (<98%),
lack of HWE in controls (P < 1 X 107%), and MAF (<5%
in set 1 for PLCO, WHI, DALS, and OFCCR; <5/number
of samples for remaining studies).
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Because imputation of genotypes is established as stan-
dard practice in the analysis of genotype array data, all
autosomal SNPs from all studies were imputed to the
CEU population in HapMap II release 24, with the ex-
ception of OFCCR, which was imputed to HapMap
IT release 22. CCFR sets 1 and 2 were imputed using
IMPUTE (available at: https://mathgen.stats.ox.ac.uk/
impute/impute.html),*> OFCCR was imputed using
BEAGLE (available at: http://faculty.washington.edu/
browning/beagle/beagle.html),*® and all other studies
were imputed using MACH (available at: www.sph.
umich.edu/csg/abecasis/MACH/tour/).?” Imputed data
were merged with genotype data such that genotype data
preferentially were selected if a SNP had both types of
data, unless there was a difference in terms of reference
allele frequency (>0.1) or position (>100 base pairs), in
which case imputed data were used. Given the high
agreement of imputation accuracy among MACH, IM-
PUTE, and BEAGLE,*® the common practice to use dif-
ferent imputation programs is unlikely to cause hetero-
geneity?® and it has become common practice to combine
results across SNPs imputed using different programs. As
a measurement of imputation accuracy we calculated R2.
Analyses of imputed data had different QC cut-off values
than those for directly genotyped SNPs discussed earlier
and were restricted to SNPs with either a MAF of 1% or
greater or an R? value greater than 0.3, with the exception
of CCFR set 2, which was restricted to SNPs with both a
MAF of 1% or greater and an R? value of 0.3 or greater.
After imputation and QC, a total of 2,708,280 SNPs were
used in the meta-analysis of the GECCO and CCFR
studies.

Follow-up studies. We selected the 10 most sta-
tistically significant regions (excluding known GWAS
loci) based on the P value from the GECCO and CCFR
meta-analyses for follow-up evaluation in colorectal can-
cer studies in Asian populations and adenoma studies in
populations of European descent.

The Asian colorectal cancer follow-up study comprised
a meta-analysis of 5 studies conducted in China, Japan,
and South Korea, including 2293 colorectal cancer cases
and 5780 controls. Cases and controls were genoty-
ped using multiple SNP arrays, including Affymetrix
Genome-Wide Human SNP Array 6.0, Affymetrix Ge-
nome-Wide Human SNP Array 5.0, Illumina Infinium
HumanHap610 BeadChip, Illumina Human610-Quad
BeadChip, and Illumina HumanOmniExpress Bead Chip.
Samples were excluded based on low call rate (<95%),
heterozygosity, unexpected duplicates, gender discrep-
ancy, and outlying population substructure. After quality
control exclusions, 2098 cases and 5749 controls re-
mained in the analysis. SNPs were excluded for low call
rate (<95%), low genotype concordance (<95%) among
positive QC samples, an MAF less than 5%, or an HWE P
value less than 1 X 107° in controls. For each of the S
studies, SNPs were imputed for autosomal SNPs that
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were present in HapMap Japanese in Tokyo, Japan+Han
Chinese individuals from Beijing, China Phase 2 release
22 using MACH.>” SNPs with an R? value greater than 0.5
were included in the analysis.

The colorectal adenoma follow-up study consisted of a
US-based GWAS of 1049 cases and 987 controls.3> DNA
extracted from blood and buccal samples were genotyped
using the Affymetrix Genome-Wide Human SNP Array
5.0. Samples were excluded based on low call rate (<95%),
heterozygosity, unexpected duplicates, gender discrep-
ancy, identity-by-descent, and outlying population sub-
structure. After quality control exclusions, 958 cases and
909 controls remained in the analysis. SNPs were ex-
cluded for low call rate (<95%), MAF less than 1%, or
HWE P value less than 1 X 107°. After quality control
exclusions, a total of 402,326 SNPs remained in the
analysis. Data were imputed to the 1000 Genomes Project
and HapMap Phase 3 using IMPUTE.> SNPs with an R?
value greater than 0.5 were included in the analysis.

Details on Functional Annotation Findings
Using Bioinformatic Databases

There are several bioinformatic tools available for
the post-GWAS functional characterization of putative
disease-causing loci through the University of California,
Santa Cruz genome browser.* Annotation of non-pro-
tein-coding regions operates under the hypothesis that
trait-associated alleles exert their effects by influencing
transcriptional levels through multiple regulatory mech-
anisms. The University of California, Santa Cruz genome
browser provides several tracks that can be used to an-
notate enhancers, promoters, insulators, and silencers*
(for details see Supplementary Table 9). Such tools help
expedite the discovery of causal variants by isolating a
few likely culprits from a large background of variants in
linkage disequilibrium with the surrogate marker (tag
SNP). Because distal enhancers often facilitate cell-type-
specific expression, it is helpful to look for evidence in a
variety of cell lines in addition to those related to the
trait. For example, the ENCODE (availble at: http://
genome.ucsc.edu/ENCODE/) transcription summary
track assayed by RNA-sequencing can be displayed as an
overlay of histograms denoting expression levels in vari-
ous tissues marked by a specific color, thus allowing
identification of cell-type-specific expression.

Similarly the histone modification tracks can provide
additional evidence for cell-specific regulatory elements
when displayed in this configuration. The methylation
and acetylation of histone proteins changes chromatin
accessibility for transcription and such marks can serve
as a powerful tool for identifying both enhancer and
promoter regions. There are 3 summary ENCODE tracks
available to detect specific chemical modifications and
were assayed in 7 different tissues using chromatin
immunoprecipitation sequencing methodology. The
H3K4mel histone mark is associated with enhancers
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downstream of transcription start sites. The H3k27Ac
histone mark is similarly thought to enhance transcrip-
tion and likely does so through the blocking of the
repressive histone mark H3K27Me3. The last histone
modification in the summary tracks, H3K4Me3, is asso-
ciated with active promoters. Additional chemical modi-
fications and cell lines are available under the Broad
Institute histone modification track for further interro-
gation.

Regulatory regions are susceptible to DNase cutting
and ENCODE has assayed this hypersensitivity in a large
collection of cell types. The precision of the DNase clus-
ter track is somewhat better than that of chromatin
modifications. Identification of evolutionarily conserved
segments, phylogenetic footprints, has been used to dis-
cover functionally important regions. However, histone
marks and DNase hypersensitivity tracks are more robust
tools for characterizing regulatory regions because these
elements are not always constrained across vertebrate
evolution. Functional hypotheses around regulatory re-
gions can be strengthened with the ENCODE transcrip-
tion factor track. By using the chromatin immunopre-
cipitation sequencing method, this track helps to identify
the alteration of transcription factor binding sites, which
potentially alter expression levels. As an example,
CCCTC-binding factor is a transcription factor that as-
sumes multiple forms and can act as an activator, a
repressor/silencer, or an insulator. When binding chro-
matic insulators, it can prevent interactions between pro-
moters and nearby enhancers or silencers. However, it
also mediates long-range chromatin looping, which can
bring enhancers in proximity of a gene’s promoter. Com-
bining the strengths and weaknesses of each of these
tracks can provide in silico evidence for regulatory func-
tion, and enables selection of strong candidates for ad-
ditional functional studies using reporter gene methods.
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Supplementary Table 1. Descriptive Characteristics of Study Populations

Age
range, Mean Female, Covariates used
Study name Other name Design Country Cases Controls y age, y % in analysis
GWAS
Association STudy Evaluating ASTERISK Case-control France 948 947 40-99 65.3 41.3 Age, sex, 3 PCAs,
RISK for sporadic batch
colorectal cancer
Colorectal Cancer Studies Hawaiian Colo2&3 Case-control United States 87 125 38-86 65.2 44.8 Age, sex, 3 PCAs
2&3
Colon Cancer Family CCFR Case-control and United States, 1967 1785 19-88 55.5 51.8 Age, sex, 3 PCAs,
Registry? sib-pair Canada, Australia center
Darmkrebs: Chancen der DACHS Case-control Germany 2376 2206 33-98 68.7 39.9 Age, sex, PCAs
Verhitung durch
Screening
Diet, Activity and Lifestyle DALS Case-control United States 1116 1174 30-79 65.2 44.9 Age, sex, 3 PCAs,
Study center
Health Professionals Follow- HPFS Cohort United States 403 402 48-83 65.2 0 age, 3PCAs
up Study
Multiethnic Cohort Study MEC Cohort United States 328 346 45-76 63.0 46.4 Age, sex, 3 PCAs
Nurses’ Health Study NHS Cohort United States 553 955 44-69 59.8 100 Age, 3 PCAs
Ontario Familial Colorectal OFCCR Case-control Canada 650 522 31-79 64.1 52.0 Age, sex, 3 PCAs
Cancer Registry
Physicians’ Health Study PHS Cohort United States 382 389 40-84 58.4 0 Age, 3 PCAs,
smoking
Postmenopausal Hormone PMH Case-control United States 280 122 50-75 64.8 100 Age, 3 PCAs
study
Prostate, Lung, Colorectal, PLCO Cohort United States 1019 2391 55-75 64.0 30.8 Age, sex, 3 PCAs,
and Ovarian Cancer center
Screening Trial
VITamins And Lifestyle VITAL Cohort United States 285 288 50-76 66.5 47.6 Age, sex, 3 PCAs
Women'’s Health Initiative WHI Cohort United States 1476 2538 50-79 67.4 100 Age, 3 PCAs,
region
Health Professionals’ Follow- HPFS Ad Cohort United States 313 345 48-81 60.7 0 Age, 3 PCAs
up Study, Adenoma
Set
Nurses’ Health Study, NHS Ad Cohort United States 513 578 44-69 57.0 100 Age, 3 PCAs
Adenoma Set
Follow-up studies
Asian Consortium, Colorectal 2098 5749
Cancer
Shanghai-1 Shanghai-1 Cohort China 474 2628 25-75 53.22 91.62 Age, sex
Shanghai-2 Shanghai-2 Cohort China 254 231 40-75 60.96 55.67 Age, sex
Guangzhou Guangzhou Case-control China 641 972 14-85 50.36 30.81 Age, sex
Aichi Aichi-1 Case-control Japan 404 942 20-79 51.34 44.65 Age, sex
Korean Cancer Prevention KCPS-I Cohort Korea 325 976 20-88 43.79 39.28 Age, sex
Study-II
Tennessee Colorectal Polyp TCPS Case-control United States 958 909 40-76 58.72 26.65 Age, sex
Study

PCA, principal component analysis.

4CCFR is a collaborating study with GECCO. The analysis of set 2 data did not adjust for PCs because of the sibling-pair study design.
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Supplementary Table 2. Details on Genotyping Platform and Quality Assurance and Quality Control

Mean
Duplicate sample SNP SNPs Mean SNP Number of imputed SNPs by R2
Genotyping concordance, call exclusions,? passing call rate,

Study platform?@ % rate, % n QC, n % <0.3 0.3-0.8 >0.8
ASTERISK 300K 100 99.97 30,446 252,176 99.95 76,043 443,302 1,856,490
Colo2&3 300K 100 99.95 40,390 258,978 99.96 71,487 445,613 1,854,778
DACHS Set 1 300K 99.9 99.93 33,588 255,208 99.90 70,989 434,295 1,869,458
DACHS Set 2 730K 100 99.84 32,159 609,115 99.85 18,551 154,813 1,865,294
DALS Set 1 550K, 610K >97¢ 99.69 34,644 516,631 99.82 20,173 180,322 1,912,832
DALS Set 2 300K 100 99.94 32,885 250,320 99.94 69,289 438,282 1,867,371
HPFS Set 1 730K 99.90 99.93 32,953 612,091 99.93 18,257 150,880 1,857,252
HPFS Set 2 730K 99.9 99.83 51,725 590,132 99.84 20,040 160,464 1,861,553
HPFS Ad 730K 100 99.86 61,201 597,470 99.86 18,610 155,527 1,861,220
MEC 300K 100 99.97 34,494 259,364 99.96 68,634 433,560 1,868,693
NHS Set 1 730K 100 99.93 47,295 628,541 99.93 17,142 147,723 1,855,814
NHS Set 2 730K 100 99.81 53,328 594,015 99.81 19,434 160,804 1,875,767
NHS Ad 730K 100 99.81 35,954 614,357 99.81 17,901 152,373 1,863,872
PHS Sets 1+2 730K 100 99.90 32,088 594,205 99.90 19,387 157,993 1,864,677
PLCO Set 1 300/240S and >97¢ 99.65 33,342 503,351 99.85 20,855 184,854 1,921,986

610K
PLCO Set 2 300K 99.90 99.80 38,655 253,702 99.90 68,059 434,769 1,870,311
PMH 300K 99.90 99.89 39,275 256,743 99.92 67,818 429,887 1,875,260
VITAL 300K 99.90 99.81 36,805 243,625 99.89 73,966 461,036 1,845,318
WHI set 1 550K, 550Kduo, >97¢ 99.60 40,276 511,251 99.77 21,655 184,833 1,914,909
610K
WHI set 2 300K 100 99.96 27,392 251,707 99.96 72,272 442,111 1,864,141

NOTE. CCFR and OFCCR had quality assurance/QC performed separately by OFCCR and CCFR investigators as documented by Zanke et al® and
Figueiredo et al.®

ASTERISK, The french Association STudy Evaluating RISK for sporadic colorectal cancer; Colo2&3, Hawaiian Colorectal Cancer Studies 2 and 3;
DACHS, Darmkrebs: Chancen der VerhUltung durch Screening; MEC, Multiethnic cohort; PMH, Postmenopausal Hormone study; VITAL, VITamins
And Lifestyle.

aAll platforms were Illumina assays, except for OFCCR, which was genotyped using Affymetrix platforms.

bDirectly genotyped SNPs were excluded for a call rate less than 98%, HWE less than 1 X 10~4, MAF less than 5 for WHI set 1, PLCO set 1,
DALS set 1, and OFCCR set 1; MAF less than 5 per number of samples for remaining studies, and if SNPs reportedly did not perform consistently
across platforms.

°Blinded duplicates were assessed across DALS set 1, PLCO set 1, and WHI set 1; exact concordance was not recorded, but all 98 pairs were
identified as having concordance greater than 97%.
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Supplementary Figure 1. Manhattan plot of the GWAS inverse-variance-weighted, fixed-effects meta-analysis, comprising 12,696 cases and
15,113 controls. The —logyo of P values for 2,708,280 SNPs plotted against physical chromosomal positions. SNPs above the blue line represent
those with a P value less than 5 X 10~7 whereas SNPs above the red line represent those with a P value less than 5 X 108, The green dots represent
previously identified loci as listed in Supplementary Table 4. Chromosome 23 is the X-chromosome. Because we do not have linkage disequilibrium
(LD) information for SNPs on the X chromosome, we only show the result of the GWAS SNP on the X chromosome but not SNPs correlated with this
GWAS SNP.
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rs10911251
Study OR 95%ClI P
ASTERISK 1.19 (1.00-1.40) 4.52e-02 ——
COLO23 1.51 (0.95-2.41) 8.46e-02
CCFR 1.07 (0.96-1.19) 2.22e-01 -
DACHS 1.13 (1.03-1.25) 7.97e-03 m
DALS 1.07 (0.95-1.21) 2.65e-01 -
HPFS 1.06 (0.86-1.30) 5.73e-01 ——
MEC 1.30 (1.00-1.69) 5.09e-02
NHS 1.07 (0.92-1.24) 3.84e-01 ——
OFCCR 1.32 (1.10-1.59) 2.76e-03 ——
PHS 1.05 (0.85-1.29) 6.58e-01 —
PMH 0.74 (0.51-1.08) 1.16e-01 ——
PLCO 1.08 (0.96-1.21) 2.19e-01 -
VITAL 1.12 (0.85-1.47) 4.37e-01
WHI 1.07 (0.97-1.19) 1.83e-01 . B
HPFS Ad 1.05 (0.83-1.31) 6.96e-01 ——
NHS Ad 1.06 (0.89-1.25) 5.28e-01 ——
GWAS 1.10 (1.06-1.14) 1.34e-06 ‘
Asian Follow-up 1.09 (1.01-1.17) 3.20e-02
Adenoma Follow—up 1.06 (0.93-1.21) 3.66e-01 ——
GWAS+Follow-up 1.09 (1.06-1.13) 9.45e-08 '
OR
Het pv=0.687

Supplementary Figure 2. Forest plot for meta-analysis results for all new findings with a P value less than 5 X 10~7 in a combined analysis of
GWAS and follow-up studies as listed in Table 1. ORs and 95% confidence intervals (95% Cls) are presented for each additional copy of the minor
allele in the multiplicative model. The grey boxes are proportional in size to the inverse of the variance for each study, and the lines visually depict the
confidence interval. Results from the fixed-effects meta-analysis are shown as diamonds. The width of the diamond represents the confidence
interval.
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rs11903757
Study OR 95%ClI P
ASTERISK 1.49 (1.09-2.04) 1.13e-02 ——
COoLO23 1.72 (0.77-3.83) 1.83e-01
CCFR 1.18 (1.01-1.37) 3.78e-02 . B
DACHS 1.25 (1.08-1.46) 3.92e-03 -
DALS 1.18 (0.98-1.43) 8.53e-02 -
HPFS 1.04 (0.78-1.38) 7.83e-01 —
MEC 0.84 (0.53-1.33) 4.57e-01 ——
NHS 1.21 (0.98-1.50) 7.23e-02 ——
OFCCR 1.17 (0.92-1.48) 1.96e-01 -
PHS 0.89 (0.67-1.19) 4.45e-01 ——
PMH 0.56 (0.30-1.02) 6.00e-02 —
PLCO 0.99 (0.83-1.19) 9.50e-01 5 =
VITAL 1.52 (0.93-2.48) 9.53e-02
WHI 1.14 (0.97-1.34) 1.04e-01 L=
HPFS Ad 1.24 (0.91-1.70) 1.70e-01 ——
NHS Ad 1.24 (0.97-1.58) 8.03e-02 ——
GWAS 1.15 (1.09-1.22) 1.38e-06 ‘
Asian Follow-up 1.16 (0.95-1.41) 1.34e-01
Adenoma Follow-up 1.23 (1.03-1.47) 2.27e-02 ——
GWAS+Follow-up 1.16 (1.10-1.22) 3.71e-08 ¢

Het pv=0.271

Supplementary Figure 2. Continued
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rs3217810
Study OR 95%ClI P
ASTERISK 1.35 (0.96-1.90) 8.90e-02 ——
COLO23 1.85 (0.71-4.79) 2.07e-01
CCFR 1.11 (0.94-1.31) 2.12e-01 -
DACHS 1.07 (0.88-1.29) 4.99e-01
DALS 1.25 (1.02-1.53) 3.45e-02 = =
HPFS 1.30 (0.89-1.88) 1.73e-01 ———
MEC 1.55 (0.93-2.57) 9.35e-02
NHS 1.09 (0.82-1.44) 5.62e-01 —=—
OFCCR 1.01 (0.69-1.47) 9.68e-01 ——=——
PHS 1.10 (0.75-1.62) 6.23e-01 ———
PMH 1.60 (0.76-3.37) 2.12e-01
PLCO 1.28 (1.06-1.54) 8.71e-03 ——
VITAL 1.25 (0.74-2.11) 4.04e-01
WHI 1.32 (1.11-1.57) 1.65e-03 M
HPFS Ad 1.10 (0.70-1.72) 6.79e-01
NHS Ad 1.03 (0.75-1.42) 8.36e-01 —=—
GWAS 1.19 (1.11-1.28) 3.40e-07 0
Asian Follow-up NA (NA-NA) NA
Adenoma Follow-up 1.31 (1.00-1.71) 5.07e-02 —.—
GWAS+Follow-up 1.20 (1.12-1.28) 5.86e-08 ¢
1 15 2 25 3
OR

Het pv=0.910

Supplementary Figure 2. Continued
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ASTERISK
COLO23
CCFR
DACHS
DALS
HPFS
MEC
NHS
OFCCR
PHS
PMH
PLCO
VITAL
WHI
HPFS Ad
NHS Ad
GWAS

Asian Follow-up

OR
1.30
1.28
1.04
1.05
112
1.30
1.36
1.02
0.92
1.22
1.24
1.04
1.18
1.16
1.05
1.21
1.10
1.08

Adenoma Follow-up 1.08

GWAS+Follow-up

1.10
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rs3217901

95%ClI
(1.07-1.58)
(0.72-2.26)
(0.94-1.16)
(0.94-1.16)
(0.98-1.27)
(1.06-1.60)
(1.01-1.84)
(0.87-1.19)
(0.74-1.14)
(1.00-1.48)
(0.82-1.89)
(0.92-1.18)
(0.84-1.58)
(1.03-1.30)
(0.84-1.32)
(1.02-1.44)
(1.06-1.15)
(0.98-1.18)
(0.91-1.27)
(1.06-1.14)

P
8.68e-03
3.96e-01
4.40e-01
3.88e-01
9.01e-02
1.06e-02
4.30e-02
8.30e-01
4.30e-01
5.24e-02
3.02e-01
5.06e-01
3.77e-01
1.07e-02
6.56e-01
3.08e-02
1.71e-06
1.04e-01
3.72e-01
3.31e-07

Het pv=0.507

Supplementary Figure 2. Continued
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Study
ASTERISK
COLO23
CCFR
DACHS
DALS
HPFS
MEC
NHS
OFCCR
PHS
PMH
PLCO
VITAL
WHI
HPFS Ad
NHS Ad
GWAS

Asian Follow-up

OR
1.07
1,13
112
1.12
1.1
1.11
1.07
1.12
1.13
0.96
1.21
1.20
1.16
0.98
1.25
1.04
1.10
1.05

Adenoma Follow-up 1.13

GWAS+Follow-up

1.09

rs59336

95%ClI
(0.93-1.24)
(0.76-1.67)
(1.01-1.25)
(1.03-1.22)
(0.98-1.25)
(0.91-1.36)
(0.86-1.33)
(0.97-1.31)
(0.93-1.36)
(0.79-1.18)
(0.88-1.66)
(1.07-1.35)
(0.72-1.88)
(0.89-1.07)
(1.00-1.57)
(0.88-1.24)
(1.06-1.14)
(0.94-1.18)
(0.90-1.40)
(1.06-1.13)

P
3.31e-01
5.39e-01
3.91e-02
6.20e-03
9.13e-02
2.92e-01
5.43e-01
1.32e-01
2.11e-01
7.14e-01
2.51e-01
2.13e-03
5.37e-01
6.21e-01
4.97e-02
6.11e-01
7.64e-07
3.61e-01
2.89e-01
3.67e-07

Het pv=0.387

Supplementary Figure 2. Continued
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Supplementary Figure 3. Regional association results for all new findings with a P value less than 5 X 1077, as listed in Table 1. The top half of
the figure shows the physical position of the SNP on the chromosome along the x-axis, and the -log10 of the meta-analysis P value on the y-axis.
Each dot on the plot represents the P value of the association for one SNP with colorectal cancer (allele test) across all studies. The most significant
SNP in the region (index SNP) is marked as a purple diamond. The color scheme represents the pairwise correlation (r?) for the SNPs across the
region with the index SNP. Correlation was calculated using the HapMap CEU data. The bottom half of the figure shows the position of the genes
across the region. These regional association plots are also known as LocusZoom plots.*!
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Supplementary Figure 3. Continued

Supplementary Table 5. Risk Estimates for the 2 Top SNPs
in 12p13.32/CCND2 When Both
Were Included Simultaneously in
the Logistic Regression Analysis

SNP OR (95% ClI) P value
Each SNP analyzed separately
rs3217901 1.10 (1.06-1.15) 1.71E-06
rs3217810 1.19(1.11-1.28) 3.40E-07

Both SNPs included
simultaneously in the
logistic regression

analysis
rs3217901 1.08 (1.03-1.13) .0008
rs3217810 1.14 (1.06-1.23) .004

NOTE. Analysis was based on the log-additive model in GWAS of
GECCO and CCFR only (12,696 cases and 15,113 controls).
Cl, confidence interval.
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GASTROENTEROLOGY Vol. 144, No. 4

Risk Estimates for New Findings With P < 5 X 10~7 Stratified by Colorectal Adenoma and
Colorectal Cancer (Log-Additive Model)

SNP Chromosome (gene) Cancer/adenoma? OR (95% CI) P value P heterogeneity
SNP with P < 5 X 1078

rs11903757 2q32.3 Cancer 1.15(1.08-1.21) 4.06E-06 .18
(NABP1) Adenoma 1.24 (1.08-1.41) 1.46E-03 1.00
Overall 1.16 (1.10-1.22) 3.71E-08 27

SNPs with P < 5 X 10~7 and

P>5 X108

rs10911251 1925.3 Cancer 1.10 (1.06-1.14) 1.41E-07 .55
(LAMC1) Adenoma 1.06 (0.96-1.16) 2.44E-01 .99
Overall 1.09 (1.06-1.13) 9.45E-08 .69
rs3217810 12p13.32 Cancer 1.20(1.12-1.29) 2.34E-07 .87
(CCND2) Adenoma 1.17 (0.97-1.41) 9.76E-02 .52
Overall 1.20 (1.12-1.28) 5.86E-08 91
rs3217901 12p13.32 Cancer 1.10 (1.05-1.14) 2.98E-06 41
(CCND2) Adenoma 1.12(1.01-1.25) 3.64E-02 .53
Overall 1.10(1.06-1.14) 3.31E-07 51
rs59336 12924.21 Cancer 1.09 (1.05-1.13) 2.21E-06 31
(TBX3) Adenoma 1.12 (1.00-1.25) 5.73E-02 44
Overall 1.09 (1.06-1.13) 3.67E-07 .39

Cl, confidence interval.

aCancer (n = 13,968 cases and 19,939 controls, except for rs3217810, which has 11,870 cases and 14,190 controls); adenoma (1784 cases
and 1832 controls); overall (15,752 cases and 21,771 controls, except for rs3217810, which has 13,654 cases and 16,022 controls).



April 2013

GENOME-WIDE SCAN FOR COLORECTAL TUMORS 807.e22

Scale 50 kbf {| hg1o
A ]
chrl: | 183,050,000] 183,100,000]
UCSC Genes (RefSeq, UniProt, CCDS, Rfam, tRNAs & Comparative Gehomics)
LAMC1 i 5355335 3 5
5 el m |
ANCT e e o
. 1 Vertebrate Conservation by PhastCons
Vertebrate Cons
0_
Layered H3K4Me1 ) 1 H3K4Mel Ma[lic (Often Found Near Regulatory Elements) on 7 cell lines fiom ENCODE ‘
G R TR N NIRRT A R RN TR (N AR (P ESRenn’ e
Layered H3K4Me3 H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE
¥ g ISSFFESNEFREENRIENNRS SRR INEENFAREEARRAEAR tEEERAn Ll L NN
—-_-_-—-_-___
rs10911205 | rs10911251 |
B \
Scale 1 kb} | hg19
chr: | 183,008,000] 183,008,500] 183,009,000| 183,000,500] 183,010,000| 183,010,500| 183,011,000|
Vertebrate Congervation by PhastCons
Vertebrate Cons
0_ M ol Ll 1. |] ull
Layered H3K4Me1 H3K4Me1 Mark (Often Found Near Regplatory Elements) on 7 cell lines from ENCODE
Layered H3K27Ac H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE
T TTLETT T hiP-seq from ENCODE ’ T
T Eactor ChiP #
DNasel Hypersensitivity by Digital DNasel from ENCODE/University of Washington
GM12878 Sig 2
K562 Sig 2
Hela-53 Sig 2
HUVEC Sig 2
AG04449 Sig 2 l
Caco-2 Sig 2
HRE Sig 2
HIPEpIC Sig 2

HUVEC Pol2 Pk

HEPG MafK IgR

Open Chromatin TFBS by ChiP-s

Transcription Factor Binding Sites by Chl

from ENCODE/Open Chrom(UT Austin)

-seq from ENCODE/Stanford/Yale/USC/Harvard

Supplementary Figure 4. ENCODE integrate regulation tracks for LAMC1. (A) University of California, Santa Cruz (UCSC) genome browser
position chr1:182,990,493-183,116,512 (build 37) containing the LAMC1 protein coding gene. The University of California, Santa Cruz gene track
shows 2 variant transcripts for LAMC1. Directly beneath the gene track is a histogram of multiple alignments of 46 vertebrate species indicating that
there are multiple conserved elements in the gene, primarily concentrated near the 5’ and 3’ regulatory regions. Conservation can help unmask
candidate variants that disrupt regulatory regions from other benign associations. The next 2 tracks are transparent overlays from 7 cell lines assayed
by the ENCODE project showing the H3K4me1 mark and the H3K4me3 mark associated with active regulatory regions. Peaks in H3K4me3 mark
are consistent with the promoter region of LAMC1, whereas H3K4Me1 indicates additional enhancer regions in the first intron. The histone marks and
pattern of transcription show coordinated, cell-type—specific activity increases in K562 (blue) and NHLF (pink) cells. (B) Focusing on the region
containing rs10911205 (chr1:183,007,443-183,011,275), we find that the SNP lies within a strong evolutionarily constrained region. Below this
track, evidence from the H3K4me1 and H3K27Ac marks are consistent with rs10911205 falling within a region of coordinated, cell-type—specific
activity, most active in K562 (blue) cells and human skeletal muscle myoblasts (green) cells. The DNase and transcription factor chromatin
immunoprecipitation sequencing (ChlP-seq) clusters shown in the last 2 tracks summarize data from a much wider range of cell lines and further
supports tissue-specific accessibility for regulatory elements in the region surrounding rs10911205. The r2 value of rs10911205 with rs10911251
was 0.862. Taken together, evidence provided by the ENCODE integrated regulation tracks is consistent with rs10911205 being a strong functional

candidate SNP for the strong rs1091

1251 association with colorectal cancer.
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Supplementary Table 8. Sample Size and Genotyping Methods Used in Asian GWAS

Genotyped After quality control Genotyping platform
Number of Inflation
Study Cases Controls Cases Controls Cases Controls SNPs? factor (A)?

Shanghai-1 481 2632 474 2628 Affymetrix 6.0 Affymetrix 6.0 502,145 1.03

Shanghai-2 296 257 254 231 Illumina lllumina 515,701 1.03
OmniExpress OmniExpress

Guangzhou-1 694 972 641 972 Illumina Illumina 250,612 1.02
OmniExpress Human610-Quad

Aichi-1 497 942 404 942 Illumina llumina 232,426 1.04
OmniExpress HumanHap610

KCPSHI 325 977 325 976 Affymetrix 5.0 Affymetrix 5.0 312,869 1.02

Overall 2293 5780 2098 5749 1.01

NOTE. Number of cases and controls differ from Supplementary Table 1 due to quality assurance/quality control exclusions.
aNumber of SNPs in autosome used for imputation in GWAS.
bGenomic inflation factor (lambda) derived from 1,636,780 imputed SNPs with MAF >0.05 and high imputation quality (RSQR >0.50), adjusted

with age, sex, and the first 10 principal components.
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Supplementary Table 9. Tools for Functional Annotation of Noncoding Variants

UCSC genome browser Genomic class

Description

Functional evidence

ENCODE transcription Transcribed region

ENCODE layered
H3K4Me1l

Nonpromoter regulatory
elements

ENCODE layered
H3K4Me3

Promoter regulatory element

ENCODE layered H3K27Ac Nonpromoter regulatory

elements

ENCODE DNase clusters Regulatory element

ENCODE Txn factor ChIP Regulatory element

ENCODE UW CTCF binding
(within the ENCODE
transcription factor
binding tracks)

Insulated element

Vertebrate multi-alignment Conserved element
and conservation

(phastCons)

Transcription levels in 7 cell
lines from ENCODE

Assayed by high-throughput
sequencing of polyadenylated
RNA

Uses ChlIP-seq method to identify
regions of DNA that interact
with the mono-methylation of
lysine 4 of the H3 histone
protein in 7 different cell lines

Actual enhancer is likely a small
portion of the broad region
marked

Uses ChIP-seq method to identify
regions of DNA that interact
with the trimethylation of lysine
4 of the H3 histone protein in
7 different cell lines

Actual regulatory element is likely
a small portion of the broad
region marked

Uses ChIP-seq method to identify
regions of DNA that interact
with the acetylation of lysine
27 of the H3 histone protein in
7 different cell lines

Actual regulatory element is likely
a small portion of the broad
region marked

Measures digital DNasel
hypersensitivity clusters in a
large collection of cell types
from ENCODE

Greater precision than histone
modifications

Transcription Factor ChIP-seq
from ENCODE is assayed by
chromatin immunoprecipitation
using antibodies for specific
transcription factors and
sequencing the precipitated
DNA

CTCF binding sites are assayed
by chromatin
immunoprecipitation using
antibodies for CTCF and
sequencing the precipitated
DNA

Multiple alignments of 46
vertebrate species

Estimates the probability that
each nucleotide belongs to a
conserved element

Variable expression in different tissues
provides evidence for
cell-type—specific regulation when
displayed as transparent overlay of
each cell line

Methylation of histone proteins changes
chromatin accessibility for
transcription

H3K4Mel is associated with enhancers
downstream of the transcription start
site

H3K4Me3 is associated with promoters
that are active or accessible for
activation

H3K27Ac enhances transcription,
possibly by blocking the spread of the
repressive histone mark H3K27Me3

This mark often is found near active
regulatory elements

Regulatory regions and promoters are
susceptible DNase cutting

Hypersensitivity is used to map
chromatin accessibility

Marks regions where transcription
factors bind DNA and exert specific
functions

Activators can recruit RNA polymerase,
repressors suppress recruitment, and
insulators block the activity of nearby
activators or repressors

CTCF can function as a transcriptional
activator, a repressor/silencer, or an
insulator

Binds chromatin insulators to prevent
interaction between promoter and
nearby enhancers or silencers

Also mediates long-range chromatin
looping, which can bring enhancers in
proximity of a gene’s promoter

Identification of evolutionarily conserved
segments of homology, potentially
identifying a functionally important
region

ChlIP-seq, chromatin immunoprecipitation sequencing; CTCF, CCCTC-binding factor; UCSC, University of California, Santa Cruz.
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