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ABSTRACT

A sizable fraction of colorectal cancer (CRC) is expected to be explained by heritable factors,
with heritability estimates ranging 12-35% from twin and family studies. Genome-wide
association studies (GWAS) have successfully identified a number of common single-nucleotide
polymorphisms (SNPs) associated with CRC risk. Although it has been shown that these CRC
susceptibility SNPs only explain a small proportion of the genetic risk, it is not clear how much
of the heritability these SNPs explain and how much is left to be detected by other, yet to be
identified, common SNPs. Therefore, we estimated the heritability of CRC under different
scenarios using Genome-wide Complex Trait Analysis (GCTA) in the Genetics and
Epidemiology of Colorectal Cancer Consortium (GECCO) including 8,025 cases and 10,814
controls. We estimated that the heritability explained by known common CRC SNPs identified in
GWAS was 0.65% (95% C1:0.3%- 1%; p= 1.11x10™*®) while the heritability explained by all
common SNPs was at least 7.42% (95% Cl: 4.71%-10.12%; p=8.13x10®): suggesting that many
common variants associated with CRC risk remain to be detected. Comparing the heritability
explained by the common variants with that from twin and family studies, a fraction of the
heritability may be explained by other genetic variants, such as rare variants. In addition, our
analysis showed that the gene x smoking interaction explained a significant proportion of the
CRC variance (p=1.26x107?). In summary, our results suggest that known CRC SNPs only

explain a small proportion of the heritability and more common SNPs have yet to be identified.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common cancers in developed countries. In the
United States the lifetime risk of CRC, is estimated to be 5.2% for men and 4.8% for women, and

CRC is the second leading cause of cancer death (1, 2).

The heritability of CRC has been studied in twin and family studies. The largest twin study
comparing monozygotic to dizygotic twins estimated that the heritability of CRC is 35%);
however, while significant this estimate had a wide confidence interval (95% CI: 10%-48%) (3).
Using the nationwide Swedish Family-Cancer Database including 9.6 million subjects, another
study estimated that the heritability of colon cancer is 13% (95% CI: 12%-18%) and the
heritability of rectal cancer is 12% (95% CI: 8%-13%) (4). Of note is that the aforementioned
estimates are for additive (or narrow sense) heritability as opposed to broad sense heritability,
which includes all non-additive effects such as gene-gene interaction, dominant effects, and copy
number variations in addition to additive effects. In this work, we will focus on estimating the
additive heritability using the same scale as the twin and the family studies to put our findings in

the context of these widely cited heritability estimates.

Genome-wide association studies (GWAS) have successfully identified many common single
nucleotide polymorphisms (SNPs) associated with CRC risk (5-19). However, it is not clear how
much heritability the identified CRC susceptibility loci can explain. In addition, as the SNPs
found by GWAS have to pass a very stringent significance threshold, there could be many SNPs
with weak effect sizes that do not pass the threshold but still contribute to the heritability.
Therefore, it is of great interest to find out the magnitude of the heritability explained by those

potential susceptibility SNPs, which will help us make informed decisions about whether to
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pursue larger sample sizes to detect those yet-to-be detected common variants in GWAS. In
addition, it will tell us whether less common and rare variants are important in explaining the
CRC heritability. Similarly, estimating the variance explained by genome-wide gene-

environment interaction (GXE) can also provide useful guidance in the search for GxE.

Yang et al (2010) proposed a method in Genome-wide Complex Trait Analysis (GCTA) to
estimate heritability based on GWAS SNPs, no matter whether they pass a certain significance
threshold or not (20). GCTA calculates the genetic similarity between subjects using all
genotyped SNPs and uses the restricted maximum likelihood approach to estimate the heritability.
In this paper, we aim to explore the CRC heritability explained by common SNPs using GCTA

in the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO).

RESULTS

To increase the precision of the heritability estimation, we grouped the sample set by genotyping
platform (300K, 550K and 730K platform). The details of the study populations are described by
platform in Table 1. There are 248,977, 508,952, and 622,887 SNPs with MAF>=0.01 on the
300K, 550K, and 730K platforms, respectively. Of the 31 known CRC susceptibility SNPs
(Supplemental Table 1), 18, 30, and 26 of the SNPs themselves or proxies (r2>0.8) were

available on the 300K, 550K, and 730K platform, respectively.

GCTA was used to estimate the CRC heritability and the results are summarized in Table 2.
CRC heritability explained by known CRC susceptibility SNPs (or their proxies) was 0.64% in

the 550K platform and 0.67% in the 730K platform. As only 18 out of 31 known CRC SNPs
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were represented on the 300K platform, the corresponding heritability was not used in the meta-
analysis. The combined (across the 550k and 730k platform) heritability estimate explained by
known loci was 0.65% with 95% CI 0.3% - 1% and p-value (p) 1.11x10™°. As fine-mapping of
GWAS SNPs has often found stronger signals for putative causal variants tagged by GWAS
SNPs and has also identified secondary independent signals we estimated the heritability
explained by the region surrounding the GWAS SNPs (250kb up and downstream). The meta-
analysis heritability estimate for these GWAS regions was 1.14% (95% CI: 0.59% - 1.69%;
p=8.13x10"®). When we expanded the SNPs to all genome-wide common SNPs (MAF>=0.01)
the estimated heritability from the meta-analysis was 7.42% (95% CI: 4.71%-10.12%;
p=6.88x10"). When stratified by cancer sites (proximal vs. distal+rectal), the estimated
heritability for proximal CRC was 10.44% (95% Cl: 5.91%-14.97%; p=2.67x10"®). For distal and
rectal CRC, the estimated heritability was 9.28% (95% Cl: 5.42%-13.14%; p=1.72x10"%). We
also used the bivariate analysis of GCTA to estimate the genetic correlation between proximal
and distal+rectal CRC using samples from the 300K platform since it is the only platform that
has large enough sample size to yield meaningful estimates. The genetic correlation was
estimated to be 0.42 (se=0.24). We also examined the variance explained by gene-environment
interaction for numerous environmental variables such as smoking, NSAIDs, Type 2 diabetes
(T2D), height, body mass index (BMI), hormone replacement therapy (HRT; estimated in
female), exercise, and intakes of alcohol, calcium, folate, fruit, vegetable, fiber and processed
meat (ProcMeat). From Table 3, it can be seen that the proportion of variance explained by the
gene x smoking interaction was 6.94% (95% Cl: 1.65%-12.23%; p= 1.26x107) in the meta-

analysis. We also observed marginally significant contributions of the gene x ProcMeat and gene
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x Folate interactions. We did not observe any variance significantly different from 0 that was

explained by interactions from other environment variables.

DISCUSSION

In this paper, we estimated the heritability of CRC under different settings using GCTA. We
found that the known CRC susceptibility SNPs identified so far by GWAS explain only a small
proportion of the CRC heritability. In contrast, the explained heritability was much larger when
considering all common SNPs together. We also found evidence that gene-environment

interaction contributes to the CRC variance.

We estimated the heritability explained by the known CRC susceptibility SNPs to be 0.65% and
the explained heritability increases to 1.14% after adding the SNPs within 250Kb of the known
CRC SNPs. This finding indicates the existence of additional or stronger signals tagged by the
GWAS SNP in the known CRC regions, which can be further explored in fine-mapping studies.
In fact, fine-mapping studies have found variants with stronger signals for other complex traits
such as type 2 diabetes, BMI, and prostate cancer (13, 21, 22). To find out whether the
heritability explained by known regions is indeed enriched with CRC association signals, we
randomly selected independent SNPs on the 550K platform that not in LD with the known CRC
SNPs but have similar MAF’s. The regions were defined in the same way as the known regions
(+/- 250KDb of the randomly selected SNPs). Then we estimated the heritability explained by the
randomly sampled regions. We replicated this process ten times and the resulting heritability
estimates ranges from 0.0001% to 0.6% with an average of 0.15%. Compared to the heritability

estimates 1.18% for known CRC regions on the 550K platform, this result demonstrates that the
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previous GWAS have (as can be expected) successfully highlighted numerous “hotspots” for

CRC risk.

Numerous previous studies have also estimated the variance explained by known CRC SNPs.
Tomlinson et al. (2008) estimated the GWAS loci accounted for 3-4% of the excess familial
CRC risk and Houlston et al. (2010) estimated the loci they identified explained ~1.5% of the
excess familial risk (6, 10). It can be seen from our estimates that the proportion of heritability
explained by known loci ranges from 5.4% (0.65% / 12%) to 1.9% (0.65% / 35%), which is
comparable to previous estimates. Another previous publication estimated the heritability
explained by 10 CRC susceptibility genes to be 1.26% on liability scale using the method
developed by Wray et al. 2007 (23, 24), which is based on MAF and effect sizes of the known
SNPs. Using the same method, we estimated the heritability explained by 31 known loci to be
1.92%, which is larger than 0.65% given by GCTA. Further investigations are needed to

elucidate the reason for the discrepancy between the two methods.

The estimated heritability explained by the genome-wide common SNPs is 7.42%. This finding
showed that known CRC SNPs only explained a small fraction of the heritability suggesting that
many more common SNPs associated with CRC risk are yet to be discovered, possibly due to
small effect sizes. Our findings agree with the previous studies of other complex traits, which
also found that the heritability explained by all common SNPs on commercially available
genotype chips is usually much larger than that by GWAS findings for a number of traits. For
example, the heritability for height explained by all common SNPs is 45% compared to 10.5%

explained by GWAS findings (25); for endometriosis, Alzheimer's disease and multiple sclerosis,
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the numbers are 26% vs <1%, 24% vs 18%, 30% vs 6%, respectively (26); for Parkinson’s

disease, it is 27% vs 3% (27).

The previous CRC heritability estimated from twin or family studies ranged from 12% to 35% (3,
4). Our estimated heritability explained by all common SNPs is 7.42%. It can be seen that part of
the CRC heritability is likely explained by other types of heritable factors, such as less common
and rare variants. However, it has been pointed out before that the heritability estimated from a
pedigree design can be biased due to non-additive genetic effects or incorrect assumption about

shared environment. So the results should be interpreted with caution.

We did not observe significant difference in heritability estimates between proximal and
distal+rectal CRC. We observed a genetic correlation of 0.42 between proximal and distal+rectal.
The correlation is both different from 0, the independence (p=0.03) and from 1, the complete
correlation (p=0.03). This finding, if replicated in independent datasets, implies that proximal

and distal+rectal CRC have correlated yet distinctive genetic components.

Speed et al (2012) has observed that GCTA could produce inaccurate heritability estimates if
there is uneven linkage disequilibrium (LD) between SNPs so they proposed a method called
Linkage-Disequilibrium Adjusted Kinships (LDAK) to correct the bias (28). We re-estimated the
CRC heritability using LDAK (Supplemental Table 2) except for the known SNPs because they
are independent with each other and LDAK will produce the same results as GCTA. It can be
seen that the results from GCTA and LDAK were mostly similar. The only exceptions were the

heritability estimates for the 730K platforms, where the LDAK estimates tend to be smaller than
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the GCTA estimates. For example, for the known regions, GCTA estimates the heritability to be
1.1% (p=4e-4) for the 730K platform, which is close to the GCTA heritability estimates for the
550K platform (1.2%; p=1e-5). However, the LDAK estimates for the 730K platform is much
smaller (0.6%) and the p-value is not significant (p=0.06) while the LDAK estimates for the
550K platform (1.3%; p=5e-5) is still similar as that of GCTA. As the 730K platform is the
densest among the three platforms used in the study, we suspect LDAK may have over-corrected
the LD and resulted in underestimation of heritability. Further investigations are needed to study
this peculiar behavior of LDAK on 730K platform. We also used LDAK to repeat the experiment
of randomly sampling regions on the 550K platform to compare with the known regions and got
similar conclusions. The LDAK heritability estimates for the randomly sampled regions range
from 0.0001% to 0.06% with an average of 0.05%, which is much less than the 1.3% explained

by the known regions.

It has long been hypothesized that the interplay between genetic and environmental factors plays
an important role in complex diseases such as CRC. Our results provide support for genome-
wide gene x smoking interaction. One should note that the proportion of variance explained by
GXE is a result of the interplay between G and E so it includes contributions from both G and E
and cannot be directly called heritability. The rule of thumb is that it takes four times as many
samples to detect an interaction as the number needed to detect a main genetic effect of
comparable effect size (29). Therefore, it is harder to detect significant GXE contributions.
Overall, the estimates from GxE were less significant compared to the additive heritability and
not as consistent across platforms. Thus the results should be interpreted with caution and

certainly merit replication in independent studies. If replicated, our results show that GXE may
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contribute a sizable fraction of CRC variability for some of the environmental variables and that

genome-wide GXE searches should be conducted in studies with very large sample sizes.

For the heritability estimation for binary traits, one common problem is that estimates from
different methods are usually not directly comparable due to the ascertainment (30). In GCTA, a
prevalence parameter needs to be specified in order to transform the estimated heritability from
observed scale to liability scale (31). In the literature, both the disease prevalence (27) and the
lifetime risk (26, 32) have been used for the purpose. In previous studies where the CRC
heritability was estimated using twins or family data, the liability threshold was computed from
the disease prevalence (3, 4). As we aimed to put our results in context with the estimates from
the family or twin studies, we based our estimates also on the disease prevalence. For
comparison, we also provided the heritability estimates based on lifetime risk in the

supplemental materials (Supplemental Table 3 and 4).

In addition to the known CRC SNPs identified from GWAS, a number of CRC familial genes
have also been found (33, 34). It was estimated that 2-5% of the CRC cases can be attributed to
those high penetrance genes leading to Lynch Syndrome, familial adenomatous polyposis and
other CRC syndromes (35-37). Note that 2-5% is not an heritability estimate. In fact as the
causal variants within CRC familial genes are very rare, the corresponding explained heritability

is hard to estimate using standard tools even if their effect sizes are very large.

As different platforms have different genomic coverage, the expected explained heritability can

also be different. To explore the impact of different coverage has on the heritability estimate, we
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down-sampled the SNPs on the 730K platform to 201,147 overlapping SNPs between 730K and
300K platforms. Using the same samples on 730K platform, the heritability explained by the
201,147 down-sampled SNPs was 9.5%, which shows very little decrease compared to the
10.6% explained by the full SNP set in 730K platform. This finding suggests that even the least
dense platform (300K) may have covered most CRC-related common SNPs so that heritability

estimates in the three different platforms are largely comparable.

A major strength of our study is the large study population with genetic data, which is essential
for calculating relatively accurate heritability estimates. Another particular strength is the
availability of a wide range of harmonized environmental variables on a large number of samples
across our studies, which makes it possible to estimate the contribution of gene-environment
interaction to CRC variability. However, there are also limitations that should be noted. We did
not use imputed data to unify the SNP set across different platforms for two reasons: first, even
though imputation provides a uniform SNP set, the imputation quality can still vary across
different platforms with higher-coverage platform having better imputation quality, which may
also cause incomparable heritability estimates across platforms; second, it has been observed in
previous studies that heritability estimates are very close using imputed and genotyped SNPs (27,

38).

In summary, we performed a comprehensive exploration of CRC heritability using large sample
sizes. Our findings suggest that the previously identified CRC associated SNPs explain a small
fraction of the heritability and the heritability explained by the undetected common SNPs is more

than 10-fold higher than the heritability explained by the known CRC SNPs. We also found that
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a fraction of the CRC heritability is unlikely to be explained by common SNPs, supporting the
ideas of expanding the search to other factors, such as structural and rare variants using whole
exome and whole genome sequencing, and epigenetic factors, among others. In addition, we
found evidence that the gene x smoking interaction explained a significant proportion of CRC
variance, which supports the potential important role of gene-environment interactions in

colorectal cancer.

MATERIALS AND METHODS

Study Participants

Each study is described in detail in the Supplemental Note. In brief, colorectal cancer cases were
defined as colorectal adenocarcinomas confirmed by medical records, pathologic reports, or
death certificate. All participants gave written informed consent and studies were approved by

their respective Institutional Review Boards.

Genotyping and QC

Detailed information on genotyping and quality control procedures has been described before (5)
and is available in the Supplementary Materials. In brief, DNA was extracted from blood
samples or for a small subset of samples, from buccal cells, using conventional methods. All
studies included 1 to 6% blinded duplicates to monitor quality of the genotyping. For studies
used for estimating CRC heritability, the genotyping was done on Illumina 300K, Illumina 550K,
combined Illumina 300K&240K, Illumina 610K, or Illumina 730K chips. Samples were
excluded based on call rate, heterozygosity, unexpected duplicates, gender discrepancy, and

unexpectedly high identity-by-descent or unexpected genotype concordance (> 65%) with
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another individual. All analyses were restricted to samples clustering with the Utah residents
with Northern and Western European ancestry from the CEPH collection (CEU) population in
principal component analysis, including the HapMap Il populations as reference. SNPs were
excluded if they were triallelic, not assigned an rs number, or were reported or observed as not
performing consistently across platforms. Additionally, genotyped SNPs were excluded based on
call rate (< 98%), lack of Hardy Weinberg Equilibrium in controls (HWE, p < 1 x 10, and

minor allele frequency.

Harmonization of environmental data

Information on basic demographics and environmental risk factors was collected by using in-
person interviews and/or structured questionnaires, as detailed previously (39-48). We carried out
a multi-step data harmonization procedure, reconciling each study’s unique protocols and data-
collection instruments at the GECCO coordinating center (Fred Hutchinson Cancer Research
Center). First, we defined common data elements (CDESs). We examined the questionnaires and
data dictionaries for each study to identify study specific data elements that could be mapped to the
CDEs. Through an iterative process, we communicated with each data contributor to obtain
relevant data and coding information. The data elements were written to a common data platform,
transformed via a SQL programming script, and combined into a single dataset with common
definitions, standardized permissible values, and standardized coding. The mapping and resulting
data were reviewed for quality assurance, and range and logic checks were performed to assess
data distributions within and between studies. Outlying samples were truncated to the minimum or
maximum value of established range for each variable. The reference time for cohort studies was

time of enrollment (WHI and PLCO) or blood draw (HPFS, NHS and PHS). Data harmonization
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was performed using SAS and T-SQL. The associations between environmental risk factors and

CRC risk were highly statistically significant in the predicted direction.

Statistical method

We used GCTA to estimate CRC heritability under various scenarios (20). First, a genetic
relationship matrix (GRM) of all pairs of samples within each platform was computed based on
all SNPs. The GRMs were then used as input for the restricted maximum likelihood analysis to
estimate the heritability explained by the selected set of SNPs, such as GWAS SNPs or all SNPs
on the platform. We adjusted for age, gender, and study. The CRC prevalence was estimated to
be 0.004 according to SEER Cancer Statistics (1). GCTA used the provided disease prevalence

to transform the estimated heritability to the liability scale.

As large sample sizes are required for accurate heritability estimates (20, 30), we grouped studies

by their genotyping platforms (Table 1). We estimated the heritability for the following scenarios:

1. Heritability explained by known GWAS SNPs for CRC. We estimated the heritability
explained by 31 autosomal SNPs that have previously been shown to be associated with
CRC risk in GWAS of European ancestry individuals (Supplemental Table 1). If a known
GWAS SNP was not on a platform, we identified a proxy SNP on the platform based on
the highest correlation (r2) with the known GWAS SNP. If no proxy SNP was found with
r2>0.8, the known SNP was not be included in the estimation.

2. Heritability explained by known GWAS regions for CRC. We estimated the heritability
explained by all variants spanning genomic regions 250-kb upstream or downstream of

the 31 known GWAS SNPs for CRC.
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3. Heritability explained by genome-wide common SNPs. We estimated the heritability
explained by all SNPs with MAF>=0.01 separately for each platform.

4. Variance explained by gene-environment interactions. GCTA also allows estimating the
variance explained by gene-environment interactions with categorized environmental
factors by including a vector of genotype-environment interaction effects in the model, so
that for the pairs of individuals in the same environment the GRM for interaction is the
same as that for genotype and for the pairs of individuals in different environments the
GRM is 0. This method has been applied to estimate the variance explained by genotype-
sex interaction for height, weight, BMI, vWF and QTi (49). For smoking, NSAIDs, T2D,
exercise and HRT, dichotomous variables were used; for processed meat, vegetable,
calcium, folate, fruit and fiber intake, study and gender specific quartiles were used;
gender specific quartiles were used for height; BMI was categorized into <18.5, 18.5 to
24.9, 25 to 30 and >30; alcohol intake was categorized into three categories nondrinker,
1-28g/d, and >28g/day. We examined the variance explained by the potential interaction

between these environmental variables and genome-wide common SNPs.

We combined the heritability estimates from the three different platform groups using inverse
variance weighting meta-analysis. The meta-analysis p-value was calculated using Fisher’s

method.
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Study Platform CaseT ControIT Female Colon Age (yrs)

No. % No. % Mean Range
300K Platform N =4312 N = 4356
Colo2&3 Illumina 300K 87 125 95 44.8 59 67.8 65.2 38-86
DACHS Set 1 Illumina 300K 1710 1708 1395 40.8 1037 60.6 68.6  33-98
DALS Set 2 Illumina 300K 410 464 414 47.4 410 100 65.4  30-79
MEC [llumina 300K 328 346 313 46.4 241 73.5 63.0 45-76
PLCO Set 2 Illumina 300K 486 415 383 42.5 320 65.8 63.6  55-75
VITAL Illumina 300K 285 288 273 47.6 215 75.4 66.5 50-76
WHI Set 2 Illumina 300K 1006 1010 2016 100 703 69.9 65.8 50-79
550K Platform N=1709 N=4214
DALS Set 1 Illumina 550K & 610K 706 710 615 43.4 702 99.4 65.0 30-79
PLCO Set 1'” [llumina 300 & 240S, 610K 533 1976 667 26.6 516 96.8 64.1 55-74
WHI Set 1 + Hip Illumina 550K, 550K duo, 610K 470 1528 1998 100 454 96.6 69.0 50-79
Fracture
730K Platform N=2004 N=2244
DACHS Set 2 IHlumina 730K 666 498 435 37.4 385 57.8 69.1 30-99
HPFS Set 1 IHlumina 730K 227 230 0 0 158 69.6 66.4  48-82
HPFS Set 2 IHlumina 730K 176 172 0 0 111 63.1 63.7 48-83
NHS Set 1 IHlumina 730K 394 774 1168 100 307 77.9 60.0 44-69
NHS Set 2 IHlumina 730K 159 181 340 100 113 76.4 59.0 44-69
PHS Set 1+2 Illumina 730K 382 389 0 0 257 76.5 59.6 40-85

TSample sizes given only for subjects clustering with HapMap CEU population in PCA (for data that has undergone QC); "Includes participants

with data downloaded from dbGaP prostate and lung studies;
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300K
Heritability(se) P

550K
Heritability(se) P

730K
Heritability(se) P

Meta

Heritability(se) P

Known
SNP/Proxy

Known Region
Genome-wide
SNP

Genome-wide
SNP (Proximal)

Genome-wide
SNP
(Distal+Rectal)

0.0678(0.0165)
7.00e-06

0.1092(0.0278)
7.00e-06

0.0885(0.0228)
3.00e-05

0.0064(0.0025)
2.00e-10

0.0118(0.0037)
1.00e-05

0.0758(0.0330)
1.00e-02

0.0997(0.0513)
3.00e-02

0.1550(0.0656)
1.00e-02

0.0067(0.0027)
2.00e-08

0.0110(0.0042)
4.00e-04

0.1064(0.0382)
3.00e-04

0.0833(0.0694)
7.00e-02

0.0779(0.0492)
3.00e-02

0.0065(0.0018) @
1.11e-16

0.0114(0.0028) *
8.13e-08

0.0742(0.0138)
6.88e-09

0.1044(0.0231)
2.67e-06

0.0928(0.0197)
1.72e-06

a. Meta-analysis does not include estimate from 300K
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Table 3. Proportion of variance explained by GxE

300K

Proportion(se) P

550K

Proportion(se) P

730K

Proportion(se) P

Meta

Proportion(se) P

Genome-wide
SNPxSmoking
Genome-wide
SNPXNSAIDs
Genome-wide
SNPxT2D
Genome-wide
SNPxProcMeat
Genome-wide
SNPxVegetable
Genome-wide
SNPxHeight
Genome-wide
SNPxBMI
Genome-wide
SNPXHRT
Genome-wide
SNPxAlcohol
Genome-wide
SNPxCalcium
Genome-wide
SNPxFolate
Genome-wide
SNPxFruit
Genome-wide
SNPxFiber
Genome-wide
SNPXxEXxcercise

0.0683(0.0315)
1.00e-02
0.0172(0.0308)
3.00e-01
0.0000(0.0450)
5.00e-01
0.0936(0.0391)
9.00e-03
0.0026(0.0351)
5.00e-01
0.0008(0.0311)
5.00e-01
0.0466(0.0318)
6.00e-02
0.0000(0.0595)
5.00e-01
0.0000(0.0342)
5.00e-01
0.0265(0.0385)
3.00e-01
0.0000(0.0620)
5.00e-01
0.0000(0.0349)
5.00e-01
0.0100(0.0600)
4.00e-01
0.0117(0.0397)
4.00e-01

0.0820(0.0675)
1.00e-01
0.0000(0.0626)
5.00e-01
0.0000(0.1507)
5.00e-01
0.0000(0.0722)
5.00e-01
0.0841(0.0936)
2.00e-01
0.0271(0.0661)
3.00e-01
0.0000(0.0721)
5.00e-01
0.0000(0.1409)
5.00e-01
0.0674(0.0810)
2.00e-01
0.0010(0.0908)
5.00e-01
0.0654(0.0897)
2.00e-01
0.0000(0.0875)
5.00e-01
0.0868(0.0932)
2.00e-01
0.0220(0.0914)
4.00e-01

0.0586(0.0825)
3.00e-01
0.0557(0.0760)
2.00e-01
0.0936(0.1135)
2.00e-01
0.0088(0.0834)
5.00e-01
0.0000(0.0872)
5.00e-01
0.0937(0.0768)
1.00e-01
0.0000(0.0796)
5.00e-01
0.3699(0.2231)
9.00e-02
0.1300(0.0811)
5.00e-02
0.1367(0.0925)
7.00e-02
0.2465(0.1287)
2.00e-02
0.0903(0.0863)
2.00e-01
0.0619(0.1643)
3.00e-01
0.0993(0.1555)
3.00e-01

0.0694(0.0270)
1.26e-02
0.0187(0.0260)
3.20e-01
0.0118(0.0403)
4.24e-01
0.0632(0.0318)
5.78e-02
0.0111(0.0308)
4.24e-01
0.0160(0.0264)
2.10e-01
0.0344(0.0273)
2.10e-01
0.0211(0.0533)
2.70e-01
0.0258(0.0293)
1.02e-01
0.0372(0.0331)
1.67e-01
0.0517(0.0474)
5.31e-02
0.0112(0.0303)
4.24e-01
0.0351(0.0482)
2.80e-01
0.0178(0.0354)
4.15e-01
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ABBREVIATIONS

CRC: colorectal cancer

GWAS: Genome-wide association studies
SNP: single-nucleotide polymorphism

MAF: minor allele frequency

GCTA: Genome-wide Complex Trait Analysis
GECCO: Genetics and Epidemiology of Colorectal Cancer Consortium
GXE: gene-environment interaction

T2D: Type 2 diabetes

BMI: body mass index

HRT: hormone replacement therapy
ProcMeat: processed meat

LD: linkage disequilibrium

CDEs: common data elements

GRM: genetic relationship matrix
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