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Abstract

Background: Genetic association studies have traditionally focused on associations between individual single nucleotide
polymorphisms (SNPs) and disease. Standard analysis ignores interactions between multiple SNPs and environmental
exposures explaining a small portion of disease heritability: the often-cited issue of “missing heritability.”

Methods: We present a novel three-step analytic framework for modeling gene-environment interactions (GEIs) between an
angiogenesis candidate-gene pathway and three lifestyle exposures (dietary protein, smoking, and alcohol consumption) on
colon cancer risk and survival. Logic regression was used to summarize the gene-pathway effects, and GEIs were modeled
using logistic regression and Cox proportional hazards models. We analyzed data from 1541 colon cancer case patients and
1934 control subjects in the Diet, Activity and Lifestyle as a Risk Factor for Colon Cancer Study.

Results: We identified five statistically significant GEIs for colon cancer risk. For risk interaction, odds ratios (OR ;) and

95% confidence intervals (CIs) were FLT1(rs678714) and BMP4(rs17563) and smoking (OR . = 1.64, 95% CI = 1.11 to 2.41 and
OR,, = 1.60, 95% CI = 1.10 to 2.32, respectively); FLT1(rs2387632 OR rs9513070) and protein intake (OR, = 1.69, 95% CI = 1.03
to 2.77); KDR(rs6838752) and TLR2(rs3804099) and alcohol (OR . = 1.53,95% CI = 1.10 to 2.13 and OR , = 1.59, 95% CI = 1.05 to
2.38, respectively). Three GEIs between TNF, BMP1, and BMPR2 genes and the three exposures were statistically significant at
the 5% level in relation to colon cancer survival but not after multiple-testing adjustment.

Conclusions: Adopting a comprehensive biologically informed candidate-pathway approach identified GEI effects on colon
cancer. Findings may have important implications for public health and personalized medicine targeting prevention and
therapeutic strategies. Findings from this study need to be validated in other studies.

Colon cancer is a multifactorial disease with well-documented
genetic and nongenetic risk factors (1). Several lines of evidence
indicate a prominent role of dietary and lifestyle factors in colon
cancer etiology including wide geographical variations in inci-
dence across countries (2) and migrant populations, especially
of Asian descent, moving from low-risk to high-risk countries
acquiring the host country’s high levels of risk (3,4). Additional

evidence comes from Japan, a country with historically one of
the lowest incidence rates of colon cancer becoming one of the
highest incidence rates in the world over several decades (1,5,6).
Although evidence on lifestyle/environmental exposures’ effects
on colon cancer survival is limited, some evidence suggests pre-
and/or postdiagnostic dietary patterns, smoking, and alcohol
consumption may have an impact on colon cancer mortality (7).
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Considerable efforts have been made to identify highly and
moderately penetrant rare variants in association with colon
cancer and, more recently, common low-penetrance risk alleles
through genome-wide association studies (GWAS), with only
modest success (8). This has reinforced the hypothesis that
the large unexplained hereditary component of colon cancer
risk referred to as “missing heritability” (by which is meant,
more correctly, “missing explanations for familial aggregation”)
may be partially explained by epistatic and/or gene-environ-
ment interactions (GEIs) (9). The standard “marginal” analysis
approach analyzes single nucleotide polymorphisms (SNPs)
one at a time. This does not take into account the possibility of
interaction between individual genetic variants and will, thus,
either fail to observe or detect only weak associations. Such an
approach ignores the inherent coordination among genes or
their proteins, which is better captured by a pathway structure
comprised of multiple genes with related biologic functions
jointly contributing to risk in different environmental contexts
(10).

It is essential to focus on a biologic pathway relevant to the
disease and environmental exposures relevant to the pathway.
One of the genetic pathways of particular interest in colon can-
cer outcomes is the angiogenesis pathway, which mediates the
process of growing of blood vessels from existing ones to sup-
port tumor growth and progression. A tumor microenvironment
with poor oxygen and nutrient supply is an important trigger of
the angiogenesis process (11). Expression of several proteins is
involved in tumor angiogenesis including the vascular endothe-
lial growth factor (VEGF), which acts as one of the most potent
angiogenic factors (12,13), and hypoxia-inducible factor 1 (HIF-1)
(14). Activation of HIF-1a signaling pathway under glucose dep-
rivation has recently been shown to lead to colon cancer cells
acquiring anti-apoptosis functions (15). We selected three envi-
ronmental exposures with evidence of associations with colon
cancer and relevant to the angiogenesis pathway: dietary pro-
tein intake, cigarette smoking, and alcohol consumption (16-18).
We hypothesized that these three environmental exposures
stimulate tumor angiogenesis under conditions of hypoxia and
hypoglycemia (19-21).

In this study we examined GEIs between the angiogen-
esis-gene pathway and the three environmental factors in
association with colon cancer risk and survival. We applied a
hypothesis-driven candidate-pathway approach that consid-
ered a gene pathway rather than individual SNPs.

Methods

The study used data from the population-based Diet, Activity
and Lifestyle as a Risk Factor for Colon Cancer study (22).
Subjects completed two in-person interview questionnaires:
1) the health and lifestyle questionnaire (eg, demographic char-
acteristics, medical history, lifestyle habits) and 2) a diet history
questionnaire adapted from the validated CARDIA diet history
(23,24). Information on stage at diagnosis, months of survival
after diagnosis, and vital status was obtained from local tumor
registries. Follow-up information was available for at least five
years for all subjects from date of diagnosis up to date of last
follow-up or death. All participants provided written informed
consent. The original and current studies were approved by
ethics committees at their respective study locations. The cur-
rent analysis included data only from participants who agreed
to use of their information for further studies (roughly 99%).
Genetic markers were genotyped using a multiplexed bead-
array assay format based on Golden Gate chemistry (Illumina
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Human Hap550k, San Diego, CA) and TagMan assay from
Applied Biosystems (Foster City, CA). The candidate angio-
genesis gene-pathway was constructed through extracted
information from three recognized web-based resources:
The BioCarta Pathways: “VEGF, Hypoxia, and Angiogenesis
Pathway”; Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway database: “VEGF Signaling Pathway”; Cell Signaling
Technologies Pathways: the “Angiogenesis Signaling Pathway”
(Supplementary Figures 1-3, available online). We searched
online gene databases and PubMed for evidence on the biologic
activity and function of the candidate genes and in relation to
tumor angiogenesis. Figure 1 shows the working pathway figure
used as a guide to the analysis.

For environmental exposure we considered long-term pro-
longed exposure patterns. Smoking status was based on regu-
lar cigarette smoking and subjects were categorized as having
20 or more pack-years, less than 20 pack-years, or having never
smoked. Long-term exposure to alcohol, based on consumption
of any type of alcoholic beverage 10 and 20 years prior to the
referent year, was categorized in two levels (none to moderate
and high alcohol consumption, cutoff was 20 gms/week for men
and 10 gms/week for women). For dietary protein we calculated
an animal/vegetable protein intake ratio and used a cutoff cor-
responding to the median of animal protein proportion of total
protein intake equivalent to 60% of total protein intake being
animal based. This resulted into two categories (low and high
animal/vegetable protein intake ratio).

Statistical Analysis

Three-Step Approach of Candidate Pathway-Based
Gene-Environment Interaction Analysis

Our approach to examining gene-environment interactions at
the pathway level, adjusting for gene and gene-gene interaction
effects, attempted to integrate biologic and logical reasoning
using a three-step analysis approach. Analysis was conducted
for colon cancer risk and colon cancer survival separately using
the same three-step procedures. Each step provided a “product”
to be used in the following steps. Step 1: For each gene in the
pathway, we summarized SNP-set interactions within the gene.
Specifically, we developed gene-specific trees (GSTs) that cap-
tured SNP-set interactions in the gene using logic regression
(25). Step 2: Epistatic interactions of genes on the pathway (gene-
gene interactions) were modeled using the GSTs from Step 1 to
develop pathway tree(s). Pathway trees represented interactions
of the genes without considering the environmental exposures
and were used as adjustment variable(s) in the GEI models of
the third step. Step 3: we modeled pathway GEIs between the
GSTs and the three environmental exposures. The pathway
genes were grouped into nine mutually exclusive subpathways
of closely related genes (eg, a gene for a protein and its receptor
genes) as illustrated in Figure 1. The GEI models were built using
backward selection; GEIs statistically significant at the 5% signif-
icance level from the subpathway summary models were jointly
tested in the final GEI model for the entire pathway. A P value
of less than .05 was considered statistically significant, and all
statistical tests were two-sided. A summary of the three steps in
the analysis approach is shown in Table 1 for colon cancer risk
and survival, respectively (see Supplementary Materials, avail-
able online, for details). To further assess the statistical signifi-
cance of GEIs adjusting for multiple testing we permuted the 0/1
values of each of the GSTs and the three environmental expo-
sures and repeated Step 3 of our analysis to test for GEIs: This
is analogous to selecting random genes and exposures with the
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Figure 1. Working figure of the angiogenesis pathway genes. BMP = bone morphogenetic proteins; EGFR = epidermal growth factor receptor; EGR2 = early growth
response 2; FLT1 = vascular endothelial growth factor receptor 1; HIF-1 = hypoxia-inducible factor 1; IGFR = insulin-like growth factor receptor; IL-1A = interleukin-1,
alpha; IL-1B = interleukin-1, beta; IL-8 = interleukin-8; IL8RA = interleukin-8 receptor, alpha; IL8RB = interleukin-8 receptor, beta; IRS1 = insulin receptor substrate 1;
KDR = vascular endothelial growth factor receptor 2; MMP = matrix metallopeptidases; NF-kB = nuclear factor of kappa light polypeptide gene enhancer in B-cells;
PDGF = platelet-derived growth factor; TIE2 = tyrosine-protein kinase receptor; TLR = toll-like receptors; TNF = tumor necrosis factor; VEGF = vascular endothelial
growth factor.

Table 1. Summary of the three-step candidate-pathway gene-environment interaction approach*®

Analysis step Interaction of interest Variable of interest Model Specific procedures Product

Colon cancer risk analysis steps

Step 1: Summarize  SNP-set interaction SNPs on each Logic regression Cross-validation to Gene-specific
gene effects within gene gene separately with logit link determine optimal trees
model size
Step 2: Summarize  Gene-gene All GSTs on the Logic regression Cross-validation to Pathway trees
pathway effects interaction within pathway with logit link determine optimal
pathway model size
Step 3: Test gene- Gene-environment a. Subpathway- Logistic Statistical Pathway GEIs
environment interaction within specific GSTXE regression significance testing
interaction pathway b. Full pathway modelt
GSTXE
Colon cancer survival analysis steps
Step 1: Summarize  SNP-set interaction SNPs on each gene Logic regression Cross-validation to Gene-specific
gene effects within gene separately fitting exponential determine optimal trees
survival models model size
Step 2: Summarize  Gene-gene All GSTs on the Logic regression Cross-validation to Pathway trees
pathway effects interaction within pathway fitting exponential determine optimal
pathway survival models model size
Step 3: Test gene- Gene-environment a. Subpathway- Cox proportional Statistical Pathway GEIs
environment interaction within specific GSTXE hazards modelt significance testing
interaction pathway b. Full pathway
GSTXE

* GEI = gene-environment interaction; GST = gene-specific tree; GSTXE = gene-specific tree-environment interaction; SNP = single nucleotide polymorphism.
1 Models adjusted for age, sex, race, study center, and pathway tree.
+ Models adjusted for age, sex, race, study center, and pathway trees, stratified by cancer stage.



same respective prevalence levels as the original genes/expo-
sures. Note that the preceding steps (Steps 1 and 2) are inde-
pendent of the GEI tests in Step 3, and therefore permuting at
Step 3 only is appropriate (26).

Results

The study included data on 1541 colon cancer case patients and
1934 control subjects. Follow-up data and vital status for use in
the survival analysis were available for only 1408 of the 1541
case patients. Overall five-year survival probability was 68.3%.
Case patients with missing follow-up belonged mainly to the
Northern California and Minnesota study centers; patients may
have moved out of state or were not able to be tracked by their
respective local tumor registry. They, however, did not differ
from case patients with follow-up information with regards to
baseline variables (age, sex, race, or cancer stage).

The angiogenesis candidate-gene pathway included a total
of 257 SNPs in 34 genes (Table 2). Results of the first two steps
of the analysis are shown in Supplementary Results (available
online). Results of the third step of the analysis modeling inter-
actions between GSTs and the three environmental exposures
are displayed in Tables 3 and 4. Overall, the magnitude of the
main effects of the statistically significant GSTs increased with
increasing levels of the three exposures.

For colon cancer risk, variants on FLT1 interacted with smok-
ing (interaction odds ratios [OR,] =1.64 and 95% confidence
intervals [ClIs] =1.11 to 2.41, P = .01) and animal protein intake
(OR; = 1.69, 95% CI = 1.03 to 2.77, P = .04); and KDR gene with
alcohol (OR ;. = 1.53, 95% CI = 1.10 to 2.13, P = .01). Interactions
between BMP4 gene smoking (OR ;. = 1.60, 95% CI = 1.10 to 2.32,
P =.01) and TLR2 gene and alcohol (OR . = 1.59, 95% CI = 1.05
to 2.38, P = .03) were statistically significant. These interactions

Table 2. Angiogenesis pathway gene list

Genes Name

Major drivers of angiogenesis

VEGFA Vascular endothelial growth factor A

FLT1 Vascular endothelial growth factor receptor 1
KDR Vascular endothelial growth factor receptor 2
HIF-1a Hypoxia-inducible factor 1, alpha

PDGF Platelet-derived growth factor

TIE2 Tyrosine-protein kinase receptor

TGFp Transforming growth factor, beta

TGFfR Transforming growth factor, beta receptor
IGF-IR Insulin-like growth factor-I receptor

Interacting inflammatory genes

NFKB1 Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1

IL8 Interleukin-8

IL8RA Interleukin-8 receptor, alpha

IL8RB Interleukin-8 receptor, beta

IL1A Interleukin-1, alpha

IL1B Interleukin-1, beta

TNF Tumor necrosis factor

MMPs Matrix metallopeptidases (MMP1, MMP3, MMP7, MMP9)

BMPs Bone morphogenetic proteins (BMP1, BMP2, BMP4,
BMPR1A, BMPR1B, BMPR2, GDF10)

TLRs Toll-like receptors (TLR2, TLR3, TLR4)

EGR2 Early growth response 2

EGFR Epidermal growth factor receptor

IRS1 Insulin receptor substrate 1

VDR Vitamin D Receptor

Table 3. Effects of gene-environment interactions statistically significant at 5% level between colon cancer gene-specific trees and environmental factors on colon cancer risk

ORINT
(95% CI)

Gene OR by env
factor (95% CI)

Control
subjects No. (%)

Case patients

PINT

No. (%)

Env factor Category

Gene OR (95%Cl)

No. (%)

Ch

Gene

Gene-specific tree

Ref
0.80 (0.50 to 1.28)
1.64 (1.11 to 2.41)

0.72 (0.55 to 0.94)
0.58 (0.40 to 0.86)

1563 (44.6)

Non
<20 PY

Smoking

0.82 (0.69 to 0.97)

417 (21.5)

276 (18.1)

13q12

FLT1

15678714 (TA or AA)

.35

668 (19.1)
1272 (36.3)
1010 (28.7)

1.16 (0.88 to 1.54)
0.40 (0.26 to 0.61)

>20 PY

Ref

Low

Animal/ vegetable

0.64 (0.51 to 0.80)

1738 (88.8)

1333 (85.6)

13q12

FLT1

152387632 (CC or CT)

protein ratio

OR

N. Sharafeldin et al.

.04

1.69 (1.03 to 2.77)

0.76 (0.59 to 0.99)

2506 (71.3)
2744 (77.0)

High
Non/

moderate

335 (17.11)
1098 (56.7)

238 (15.3)

159513070 (GG)
156838752 (TT)

Ref

1.01 (0.86 to 1.18)

Alcohol

1.11 (0.97 to 1.27)

925 (59.9)

4q11-q12

KDR

.01

1.53 (1.10 to 2.13)

1.53 (1.14 to 2.04)
0.70 (0.54 to 0.89)
0.74 (0.51 to 1.09)

819 (23.0)
1562 (44.6)

Heavy
Non

<20 PY

Ref
1.05 (0.67 to 1.65)
1.60 (1.10 to 2.32)

Smoking

0.84 (0.71 to 0.99)

1568 (80.2)

1193 (76.6)

14q22-923

BMP4

rs17563 (CC or CT)

.82
.01

668 (19.1)
1271 (36.3)
2714 (77.3)

1.12 (0.85 to 1.47)
1.08 (0.89 to 1.31)

>20 PY

Ref

Non/

moderate

Alcohol

1.20 (1.02 to 1.42)

1531 (78.2)

1257 (80.7)

4932

TLR2

153804099 (TT or TC)

40f7

1.72(1.21t02.45) 1.59 (1.05 t0 2.38) .03

798 (22.7)

Heavy

=odds

interaction; OR

environmental; INT =

*Two-sided P values were calculated using logistic regression models adjusted for age, sex, race, study center, and pathway tree. Chr = chromosome; CI = confidence interval; env

ratio; PY

pack-years.
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Table 4. Effects of gene-environment interactions statistically significant at 5% level between colon gene-specific trees and environmental factors on colon cancer survival

Gene HR by Env
Factor (95% CI)

Gene HR
(95% CI)

Case patients

Gene-

PINT

HR,, (95% CI)

No. (%)

Category

Env Factor

No. (%)

Chr

Gene

specific tree

Ref

Low 399 (27.0)  0.62 (0.41 to 0.93)

Animal/ vegetable

0.93 (0.77 to 1.14)

466 (31.5)

6p21.3

TNF

151800630 (CA or AA)

protein ratio

.02

1.74 (1.09 to 2.76)

1.07 (0.86 to 1.35)
1.12 (0.76 to 1.65)

1079 (73.0)

High
Non

Ref

614 (41.7)

Smoking

1.45 (1.13 to 1.87)

850 (58.3)

8p21

BMP1

1513257482 (GG)

OR

32

1.51 (0.68 to 3.36)
1.79 (1.03 to 3.10)

1.39 (0.68 to 2.84)
2.04 (1.37 to 3.04)
0.60 (0.28 to 1.29)
2.64 (0.57 to 11.33)

279 (19.0)
578 (39.3)
1060 (74.9)

<20 PY

902 (61.8)

154075478 (TC or CC)

.04

>20 PY
Non/moderate

Ref
7.91 (1.57 to 39.74)

Alcohol

1.09 (0.55 to 2.18)

1389 (98.7)

2933-g34

BMPR2

1512477602 (GG or GA)

.01

356 (25.1)

Heavy

107, No. 9

*Two-sided P values were calculated using Cox proportional hazards models adjusted for age, sex, race, study center, and pathway trees, baseline hazard stratified by cancer stage. Chr = chromosome; CI = confidence interval;

pack-years.

odds ratio; PY =

hazard ratio; INT = interaction; OR

environmental; HR

env =

remained statistically significant after allowing for the multiple-
testing adjustment: the results from the 1000 permutation runs
showed that only 32 runs resulted in five or more statistically
significant GEIs. Because we have found five statistically signifi-
cant GEIs in our original data analysis, our GEI findings on colon
cancer risk are unlikely to be because of chance alone.

Three GEIs of the inflammatory genes had statistically signif-
icant nominal P values in association with colon cancer survival,
each with one of the three exposures: TNF gene and animal
protein intake (P = .02), BMP1 gene and smoking (P = .04), and
BMPR2 gene and alcohol (P = .01). The permutation-based mul-
tiple testing adjustment for the colon cancer survival, however,
showed that in the 1000 permutation runs 204 runs resulted in
three or more statistically significant GEIs. Therefore, although
being biologically plausible and hypothesized a priori, the three
GEIs we identified in the original data analysis in association
with colon cancer survival did not remain statistically signifi-
cant following the multiple-testing adjustment and need to be
interpreted with caution.

Discussion

Prior to the advent of GWAS, candidate-gene studies specified
genes to be investigated a priori based on their functional signif-
icance to the disease. An approach to investigating entire path-
ways systematically, however, has been lacking, and seldom
has the biologic reasoning used for the selection of candidate
genes been carried through to the analysis (27). We developed
a novel candidate-pathway framework to assess GEIs and illus-
trated its use for colon cancer risk and survival. Our framework
emphasized the biologically informed hypothesis throughout
the process, starting from the selection of the candidate genes
and the specific lifestyle exposures, and carried the logic to the
three steps of the analysis. We started by developing GSTs that
captured biologically plausible forms of SNP-set interactions
within each gene; hence, our building blocks of gene-gene and
gene-environment analysis represented the genes rather than
individual SNPs. Our next step provided a summary of the full
pathway’s genetic effects. Because the same environmental
exposure could be interacting with different genes in the same
pathway, whether through similar or different mechanisms (28),
we dissected the pathway into mutually exclusive subpathways
involving groups of genes sharing similar or closely related
functions, guided by the working pathway figure. This grouping
allowed for genes in the subpathways to interact with all three
exposures and precluded missing potentially important GEIs.
Indeed, we observed interactions between the same environ-
mental exposure and different components of the angiogenesis-
gene pathway.

Interest in identifying GEIs in colon cancer has been on the
rise. In genome-wide settings, GEI has been examined through
genome-wide scans and/or a candidate approach focusing on
previously identified GWAS loci and known colon cancer risk/
survival factors. One GWAS that used three methods to test GEI
(a traditional case-control test, a case-only test and a two-step
method proposed by Murcray and colleagues that involves a
screening test followed by a traditional case-control test of GEI)
did not identify any genome-wide statistically significant GEIs,
yet using a candidate approach of analyzing previously reported
colon cancer GWAS susceptibility loci they identified seven nom-
inally statistically significant GEIs, one of which was between
alcohol and an SNP in CHD1 (chromosome 16g22.1) (29). Another
study that examined 10 published colon cancer GWAS loci, and
12 environmental risk factors identified a single interaction with



vegetable consumption and an SNP on chromosome 8q23.3 (30).
A third study was able to identify an interaction with overweight
and an SNP on chromosome 11g23.3 but none from the candi-
date approach (31). In contrast to focusing on previous empirical
GWAS findings as candidate genes for GEI testing, our approach
to selecting candidate genes and a pathway was based on bio-
logic relevance and a prespecified hypothesis. Despite analyzing
genes in only one pathway, we were able to identify a number of
statistically significant interactions with all three exposures on
both cancer risk and survival with the magnitude of the interac-
tion odds ratio ranging between 1.53 and 1.69 for risk and 1.80
and 7.78 for survival. We believe our findings could be extended
by focusing on more colon cancer-related pathways and their
relevant environmental exposures.

Although some evidence exists linking VEGFA gene common
polymorphisms with colon cancer (32), reported associations
with VEGF receptor genes (FLT1 and KDR) have been limited to
date (33,34). KDR is considered as the principal mediator of VEGF
angiogenesis signaling involving stimulation of endothelial cell
migration, proliferation, and survival, whereas FLT1 is believed to
have a protective role against cancer through modulating binding
of KDR to VEGF. Evidence from our analysis on statistically signifi-
cant GEIs between KDR and FLT1 and our three exposures high-
lights the important role of these receptor genes in solid tumors,
including colon cancer. Despite evidence of associations between
toll-like receptor (TLR) expression levels and colon cancer prog-
nosis, variants on TLR genes have not been identified from GWAS
and have not been targeted for investigation in association with
colon cancer. We have observed previously from a single-SNP
analysis associations between TLR genes and colon cancer risk
and survival using pACT to adjust for multiple comparisons (35).
In our interaction analysis for colon cancer risk, we identified GEI
between TLR2 and alcohol consumption. Biological plausibility of
interaction between TLR2 and alcohol is supported by an alcohol
induced inflammatory response together with the mediator roles
TLRs play in gut inflammation.

BMPs (bone morphogenetic proteins) are multifunctional
growth factors, part of the TGFB superfamily (36) recently shown
to have tumor suppressor properties (37,38). Loci on BMP4 gene
were previously identified in association with colon cancer from
a GWAS meta-analysis (39) and a fine mapping study of the BMP
pathway (40). We have previously published associations between
SNPs on BMP-signaling pathway genes and colon cancer risk,
including BMP2, BMP4, and BMPR2 (41). In this study, we identified
GEIs with BMP genes in association with colon cancer risk and sug-
gestive evidence with colon cancer survival. Our study is among
the few examining GEI in relation to colon cancer survival. In our
results, we detected three nominally statistically significant GEIs
associated with colon cancer survival, but these did not survive
the stringent permutation-based multiple-testing adjustment.

A GWAS employs an agnostic data-driven approach where
prior knowledge of SNP function is not required and most
GWASs have not investigated GEI, primarily because of lack of
data on environmental exposures (42). On the other hand, a can-
didate pathway in a candidate-gene study is based on hypoth-
eses derived from existing knowledge of the pathway as well
as genes and SNPs defining that pathway. Approaches based
on informed candidate-gene selection may be more suited to
examining GEI effects than GWAS loci. The low-penetrance
GWAS loci are harder to identify, have smaller effect sizes, and
the likelihood of them being functional variants is low: the
discovered SNPs are markers of an underlying haplotype that
includes the functional variants (42). In contrast, our candidate-
pathway approach has several advantages over an empirical
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data-driven approach: 1) candidate genes and exposures were
selected based on biologic relevance; 2) it allows for the interac-
tion of multiple SNPs within each gene, thus potentially captur-
ing the full gene effect; and 3) a multiple testing adjustment for
testing many nonhypothesized associations in GWAS may not
be required because the associations were specified a priori (40).
Furthermore, GWAS analyses that focus only on SNPs with sta-
tistically significant marginal effects will miss interactions with
variants with weak or no marginal effects.

A few limitations of our study are related to the design of the
case-control study, which suffers from inherent forms of bias
including recall bias. In this study, this was minimized by: using a
rapid-reporting system to identify case patients, conducting the
majority of interviews within four months of diagnosis, and limit-
ing the referent period of the study questionnaires to two to three
years prior to diagnosis. We obtained long-term alcohol consump-
tion and cigarette smoking history and collected extensive diet
history to capture more detail compared with self-administered
questionnaires. We considered all colon cancer case patients
and did not stratify by distal and proximal site. Because of the
large size of the GEI models, we limited the adjustment variables
to select colon cancer risk and survival predictors. Despite the
advantage of our approach that considers SNP-set interactions at
the gene level and gene-gene interactions at the pathway level,
interactions between the candidate angiogenesis pathway and
other candidate pathways were not considered. We did, however,
include both angiogenesis and angiogenesis-related inflamma-
tory genes in our candidate-gene pathway.

The GEIs detected from our analysis in association with colon
cancer outcomes emphasize the need to employ an approach
based on hypotheses when examining GEIs. The low-penetrance
markers and the environmental exposures are common in
the population, and the magnitude of the interaction is often
larger than their individual effects, thus potentially explaining
a large proportion of the risk variation in the population (43).
Furthermore, knowledge of personalized risk profiles based on
individuals’ genetic and environmental exposure patterns can
have a larger impact on behavioral modification. Despite diffi-
culties in making lifestyle and health behavior changes benefi-
cial for colon cancer prevention, evidence suggests that colon
cancer-related morbidity and mortality can be reduced through
modifications of the lifestyle risk factors and/or adhering to
screening guidelines (44). An effective discovery approach that
identifies relationships between genes and lifestyle/environ-
mental factors may present important public health and per-
sonalized medicine applications. The findings could guide the
development and testing of innovative interventions for the
primary prevention and screening of colon cancer. Specifically,
genotyping and profiling an individual’s risk based on the gene-
environment interactions could inform the design of regular
self-monitoring tools of modifiable lifestyle/health-behavioral
risk factors specific to the individual.

It is important to note that our analysis is exploratory in
nature and findings, despite being biologically plausible, need
to be validated using other studies. This would require the ini-
tial step of harmonizing environmental data across datasets. We
encourage other researchers in the field to utilize our approach
to attempt replication of the findings. We also plan to pursue
this approach ourselves.
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