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Abstract 
Gut barrier dysfunction and related inflammation are known to be associated with the development and progression of colorectal cancer (CRC). 
We investigated associations of 292 single-nucleotide polymorphisms (SNPs) from 27 genes related to endotoxins/lipopolysaccharide (LPS) 
sensing and tolerance, mucin synthesis, inflammation, and Crohn’s disease with colon and rectal cancer risks. Incident CRC cases (N = 1374; 
colon = 871, rectum = 503) were matched 1:1 to controls nested within the European Prospective Investigation into Cancer and Nutrition cohort. 
Previously measured serum concentrations of gut barrier function and inflammation biomarkers (flagellin/LPS-specific immunoglobulins and 
C-reactive protein [CRP]) were available for a sub-set of participants (Ncases = 1001; Ncontrols = 667). Forty-two unique SNPs from 19 different genes 
were associated with serum biomarkers at Punadjusted ≤ 0.05 among controls. Among SNPs associated with a gut permeability score, 24 SNPs 
were in genes related to LPS sensing and mucin synthesis. Nine out of 12 SNPs associated with CRP were in genes related to inflammation or 
Crohn’s disease. TLR4 was associated with colon cancer at the SNP level (nine SNPs, all Punadjusted ≤ 0.04) and at the gene level (Punadjusted ≤ 0.01). 
TLR4 rs10759934 was associated with rectal cancer but not colon cancer. Similarly, IL10 was associated with rectal cancer risk at an SNP and 
gene level (both Punadjusted ≤ 0.01), but not colon cancer. Genes and SNPs were selected a priori; therefore, we present unadjusted P-values. 
However, no association was statistically significant after multiple testing correction. This large and comprehensive study has identified gut 
barrier function and inflammation-related genes possibly contributing to CRC risk in European populations and is consistent with potential etio-
logical links between host genetic background, gut barrier permeability, microbial endotoxemia, and CRC development.
Keywords: single nucleotide polymorphism; gut barrier; inflammation; colorectal neoplasms; incidence

Introduction
The human gut microbiome, within the colon segments and 
rectum, contains roughly 3000 different bacterial species as 
identified and isolated in human feces [1]. The interaction be-
tween the gut microbiome and the gastrointestinal tract, an 
estimated total area of 400 m2, constitutes the body’s greatest 
exposure to the external environment [2]. The first line of de-
fense against endotoxins and foreign antigens in the gut is 
comprised of a thick inner mucus layer followed by the epi-
thelium. Maintenance of bacterial eubiosis as well as integrity 
of the gut barrier may play a crucial role in the prevention of 
several diseases impacted by these factors such as colon and 
rectal cancers (CRCs). Pathogenic bacteria (and some com-
mensals such as Bacteroides fragilis) have been observed to 
penetrate the mucus layer via degradation of glycoproteins 
[3], evolutionary advances in motility [4,5], or interfering 
with commensal triggers of mucus production [6]. Increased 
permeability of the intestinal mucosal barrier may lead to the 
translocation of viable bacteria and microbial products to 
the lamina propria and systemic bloodstream [6,7]. Exposure 
to pathogenic bacteria and pathogen-associated molecular 
patterns (PAMPs) can result in metabolic endotoxemia and 
systemic inflammation [8,9], which, in turn, can promote 
tumorigenesis via upregulation of cell proliferation, resistance 
to apoptosis, increased angiogenesis, and other mechanisms 
[10]. Chronic exposure to pathogens and subsequent inflam-
mation can further damage the function and integrity of the 
barrier [11].

The immunological barrier within the epithelium and 
lamina propria follows the physical barrier. In this layer, toll-
like receptors (TLRs) play a key role by recognizing lipo-
polysaccharides (LPS), a PAMP, and an integral part of the 
outer membrane of gram-negative bacteria cell walls [12]. 
LPS-sensing by LPS binding protein (LBP) and CD14 in the 
mucosal layer activates TLR4 which induces downstream nu-
clear factor κβ (NF-κB)-mediated production and secretion 
of pro-inflammatory cytokines [13]. Activation of the NF-κB 
signaling pathway was found to contribute to colon cancer 
development and progression via transcriptional upregulation 
of cell proliferation and angiogenesis, inhibition of apoptosis, 
and overexpression of cyclooxygenase-2, which further pro-
motes inflammation and cell proliferation [13–16].

Composition and function of the gut barrier and the de-
gree of immune response to PAMPs may be modulated by 
variations in a broad array of genes related to LPS/endotoxin 
recognition, mucin synthesis, and inflammation. Despite ex-
perimental and observational evidence of the importance of 

gut barrier integrity in association with CRC and the poly-
morphic nature of these genes, few studies have investigated 
these functional genes and respective signaling pathways in 
relation to CRC risk. Of the available studies, most had small 
sample sizes (<200 cases) in specific populations with a focus 
on minimal genes and few single nucleotide polymorphisms 
(SNPs) resulting in inconsistent findings [17–20].

The etiological roles the gut barrier and immune response 
play in CRC development may also vary by tumor molecular 
subtype, primary tumor site, and sex. Lifestyle factors that 
can alter gut microbiota and barrier function, such as phys-
ical activity, diet, smoking, and body mass index (BMI), have 
been found to be strong risk factors for colon cancer while 
a healthier lifestyle has been found to have less of an impact 
in preventing rectal cancer [21,22]. In addition, tumor site 
prevalence varies by sex with proximal colon tumors being 
more common in women and rectal tumors occurring more 
frequently in men [23].

To date, no studies have comprehensively investigated 
the individual and collective associations of gut-barrier and 
inflammatory-related genes with CRC risk alone and in com-
bination with circulating biomarkers of systemic exposure 
to PAMPs. Therefore, we investigated whether common gen-
etic variation in genes related to LPS/endotoxin recognition, 
mucin synthesis, and inflammation are related to circulating 
overall gut permeability, LPS, flagellin, and C-reactive protein 
(CRP) levels. We also investigated whether genetic variations 
at the SNP, gene and pathway level, alone and in combination 
with these circulating biomarker levels, are associated with 
CRC risk and whether these associations differ by tumor site 
and/or sex in a large Western European prospective cohort 
study.

Materials and methods
Study population
We used a case-control design nested within the European 
Prospective Investigation into Cancer and Nutrition (EPIC) 
cohort, a large prospective study with over 520,000 men 
and women aged 35–70 years enrolled from 23 centers in 
10 Western European countries (Denmark, France, Greece, 
Germany, Italy, the Netherlands, Norway, Spain, Sweden, 
and UK). The methods of the EPIC study have been described 
in detail elsewhere [24,25]. Individuals who were eligible 
for the study were from the general population of a specific 
geographical area, town, or province. Exceptions included 
the French sub-cohort, which is based on members of the 
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health insurance system or state-school employees, and the 
Utrecht (Netherlands) sub-cohort, which is based on women 
who underwent screening for breast cancer. Between 1992 
and 2000, standardized lifestyle and personal history infor-
mation, anthropometrics, and blood samples were collected 
from most participants at recruitment. Diet over the previous 
1 year was measured at baseline by validated country-specific 
dietary questionnaires developed to ensure high compliance 
and better measures of local dietary habits [24]. Blood sam-
ples were stored at the International Agency for Research on 
Cancer (IARC, Lyon, France; −196°C, in liquid nitrogen) for 
all countries except Denmark (−150°C, in nitrogen vapor) 
and Sweden (in −80°C freezers). The present analysis is based 
on participant data from all centers except for Norway (blood 
samples were only recently collected; few CRCs diagnosed 
after blood sampling), the Malmö center of Sweden (no avail-
able serum samples), and Greece (excluded from the current 
analysis due to data restriction issues). Written informed con-
sent was provided by all study participants. The EPIC study 
was approved by the Ethical Review Board of the IARC and 
the Institutional Review Board of each participating EPIC 
center. Written consent was obtained from all EPIC partici-
pants at enrollment into the study.

Cancer incidence and vital status follow-up
Cancer incidence was determined through record linkages with 
regional cancer registries (Denmark/Italy/the Netherlands/
Norway/Spain/Sweden/UK; complete up to December 2006) 
or via a combination of methods, including the use of health 
insurance records, contacts with cancer and pathology regis-
tries, and active follow-up through study subjects and their 
next-of-kin (France/Germany/Naples/Greece; complete up to 
June 2010).

Vital status follow-up (98.5% complete) was collected by 
record linkage with regional and/or national mortality regis-
tries in all countries except France and Germany, where data 
are collected through an active follow-up. Censoring dates 
for complete follow-up were between June 2005 and June 
2009 in Denmark, the Netherlands, Spain, the UK, Sweden, 
Norway, and Italy. In Germany, Greece, and France follow-up 
was based on a combination of methods, including health 
insurance records, cancer and pathology registries, and ac-
tive follow-up through study subjects and their next-of-kin. 
In these centers, the end of follow-up was defined as the last 
known date of contact, or the date of death, whichever came 
first. The last update of endpoint information occurred be-
tween December 2007 and December 2009.

Nested case-control design and participant 
selection
Case ascertainment and selection
Colorectal cancer (CRC) cases were selected among partici-
pants who developed colon (C18.0–C18.7, according to the 
ICD-10), rectum (C19–C20), and overlapping/unspecified 
origin tumors (C18.8 and C18.9). Cancers of the anus were 
excluded. CRC is defined as the combination of colon and 
rectal cancers (C18–C20).

A total of 1374 first-incident CRC cases (colon cancer = 871; 
rectal cancer = 503) were identified. The number of cases for 
analyses involving gut barrier biomarker serum levels was 
1001 because of missing or unobtainable, previously col-
lected measurements [26] (France = 5, Italy = 78, Spain = 44, 

UK = 54, The Netherlands = 29, Germany = 66, Sweden = 88, 
Denmark = 9). The number of cases for analyses involving 
inflammation serum levels was 1082 (missing: France = 7, 
Italy = 70, Spain = 40, UK = 43, The Netherlands = 21, 
Germany = 47, Sweden = 36, Denmark = 28). Nine-hundred 
and forty-six (68.9%) cases had both gut barrier and inflam-
mation serum measurements.

Control selection
Controls were selected (1:1) by incidence density sampling 
from all cohort members alive and not having a reported 
cancer at the time of diagnosis of the cases and were matched 
by age (±6 months at recruitment), sex, study center, time of the 
day at blood collection, and fasting status at the time of blood 
collection (less than 3 h, 3–6 h, and more than 6 h). Women 
were further matched by menopausal status (pre-/post-/peri-
menopausal, and unknown) and for pre-menopausal women 
phase of menstrual cycle at time of blood collection, and 
usage of postmenopausal hormone therapy at time of blood 
collection (yes/no, regardless of menopausal status). The add-
itional matching criteria for women were required for other 
studies that were being done using the same matched case-
control sets. Three control samples failed the genotyping and 
were not included in the analysis, resulting in 1371 controls. 
The number of controls for analyses involving gut barrier 
biomarker serum levels was 667 because of missing or un-
obtainable, previously collected measurements (France = 14, 
Italy = 73, Spain = 44, UK = 67, The Netherlands = 31, 
Germany = 75, Sweden = 87, and Denmark = 313) [26]. The 
number of controls for analyses involving inflammation was 
688 (missing: France = 19, Italy = 74, Spain = 43, UK = 67, 
The Netherlands = 47, Germany = 69, Sweden = 45, and 
Denmark = 319). Five-hundred and eighty-eight (42.9%) 
controls had both gut barrier and inflammation serum meas-
urements.

Serum biomarker assessment
Serum concentration measurements had been conducted pre-
viously on the cases and controls [27–30]. Consistent with 
previous literature [29], to assess systemic exposure to PAMPs, 
proxy measures for gut barrier function and permeability, 
specific immunoglobulins against LPS and flagellin were 
measured. Serum LPS- and flagellin-specific immunoglobulin 
G (IgG) and immunoglobulin A (IgA) levels were quantified 
by ELISA at Georgia State University. All intra-assay coeffi-
cients of variation were between 3.8% and 6.8%. An overall 
gut permeability score was calculated as a sum of LPS- and 
flagellin-specific immunoglobulin levels (LPS IgG + LPS 
IgA + flagellin IgG + flagellin IgA), total LPS and flagellin 
were calculated as sums of the LPS- or flagellin-specific im-
munoglobulin levels only. To assess systemic inflammation, 
CRP concentrations were quantified using a high-sensitivity 
assay (Beckman-Coulter). The intra-assay coefficients of vari-
ation were 6.0%–6.5% at various concentrations of CRP.

SNP selection, genotyping, and quality control
Genomic DNA was extracted from whole blood samples 
using conventional methods. We used the custom GoldenGate 
Universal-32 3,072-plex assay kit (Illumina, Ca, USA) to geno-
type 397 genetic variants within genes known and proposed 
to be involved with (i) endotoxin and LPS sensing (TLR4, 
TNFRSF1B, LBP, LPS tolerance, LY96, CD14, MYD88), (ii) 
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mucin encoding (ABCB1, CAMP/ZNF589, CD38, MUC1, 
MUC12, MUC17, MUC6/MUC2), and (iii) inflammation 
(ALOX5, IL10, IL10R, IL12A, IL12B, IL2/IL21, IL6, IFNG, 
TNF, IL1A/IL1B, IL8, IL18, NFKB1, RELA (p65)) [please 
see Supplementary Table 1 for a complete list of genes and 
SNPs]. In addition, from previously published GWAS studies 
[31,32], we a priori selected SNPs related to Crohn’s disease 
and their potential response to vitamin D, which has been as-
sociated with CRC risk [33]. The custom GoldenGate assay 
was designed using the Illumina online Assay Design Tool in 
May 2012. SNP genotype data-set for CEU population (Utah 
residents with Northern and Western European ancestry; 
HapMap Data Rel 28 Phase II + III, August 10, on NCBI B36 
assembly, dbSNP b126) were loaded in the Haploview pro-
gram (Broad Institute, MIT and Harvard, Cambridge, MA, 
USA) and SNPs with minor allele frequencies (MAFs) greater 
than 5% and the r2 linkage disequilibrium (LD) statistic of 
0.8 were selected as tagging SNPs (tagSNPs). Additionally, we 
searched published literature for previously reported func-
tional and regulatory SNPs in the genes of interest and in-
cluded them in genotyping irrespective of MAFs or r2 with 
other SNPs. Genotyping was performed by the Genetics 
Laboratory at Imperial College London. After excluding 105 
SNPs [65 (16.4%) that failed genotyping, 11 (2.8%) that 
failed to satisfy the Hardy–Weinberg criterion (Supplementary 
Table 1), 25 (6.3%) missing in more than 20% of genotyped 
samples, and 4 (1.0%) that were monomorphic], 292 SNPs 
were included in the analysis. All genotyping underwent 
standard quality control including concordance checks for 
blinded duplicates and examination of sample and SNP call 
rates. The lowest reproducibility frequency across 62 repli-
cate samples was 0.98. The call rate was 95% for all samples 
and 95% for all SNPs.

Statistical analysis
The associations between serum biomarkers and genetic vari-
ants (coded as 0, 1, 2 corresponding to the number of minor 
alleles) were assessed among controls using linear regression 
models adjusted for age, sex, and center. Further adjustments 
for BMI, smoking status, and physical activity did not change 
the results substantially and, therefore, were removed from 
the final mode. We used unconditional logistic regression ana-
lysis to assess the association of individual SNPs with colon 
and rectal cancer risks, adjusting for age (continuous), sex, 
and study center. Results were similar when we used condi-
tional logistic regression on 1325 complete case-matched sets. 
Heterogeneity among statistically significant estimates for 
colon and/or rectal cancer risks was assessed using a meta-
analytic approach and I² statistic. We assumed an additive 
genetic model but also tested dominant and recessive models 
as the underlying genetic model for these SNPs is unknown. 
Adjustment for BMI (continuous), smoking status (never, 
former, current smokers, missing), physical activity (active, 
moderately active, moderately inactive, and inactive), alcohol 
intake (continuous), hormone therapy, and menopausal status 
did not substantially change the results, so we did not include 
them the final statistical model. To conduct sub-analyses as-
sessing interaction by sex, we used an additive model and a 
Wald χ2 test statistic.

To examine the associations between genes (a combination 
of SNPs) and genetic pathways (a combination of genes) and 
CRC risk, we used the Adaptive Rank Truncated Product 

(ARTP) method [17] as implemented in the first step (no 
interaction) of the R package PIGE (http://cran.r-project.org/
web/packages/PIGE/index.html). This method can combine 
associations of SNPs in each gene (or from the genes in a 
pathway) to provide a P value at the gene or pathway level, 
respectively. Genetic markers in high LD (r2 ≥ 0.8) were ex-
cluded using the AdaJoint R package (https://cran.r-project.
org/web/packages/ARTP2). Analyses were conducted on all 
participants as well as among only the participants who had 
serum measurements. The results did not differ between par-
ticipants with gut barrier serum measurements and partici-
pants with inflammation serum measurements, therefore we 
chose to report the results for only the gut barrier group. To 
investigate the multiplicative interaction between the genes 
and genetic pathways with gut permeability and inflamma-
tion biomarkers on CRC risk, we used the modified ARTP 
method as implemented in the R package PIGE. We further 
assessed the association of biomarkers (per tertile) with CRC 
risk by genotype.

All statistical tests were two-sided with P-values < 0.05 
considered statistically significant (SAS software, version 
9.2; SAS Institute, Cary/NC; R, R Foundation for Statistical 
Computing, Vienna/Austria). All P-values at the SNP, gene, 
or pathway levels were corrected for multiple testing for 
the number of statistical tests being performed at each level, 
respectively, by using the false discovery rate (Benjamini–
Hochberg or BH) method [34].

Results
Baseline characteristics of cases and controls
Selected baseline characteristics of the CRC cases and matched 
controls are shown in Table 1. The mean age at blood sample 
collection of cases and controls was 58.5 years (SD: 7.2). On 
average, CRC cases had 4 years between blood collection and 
the time of diagnosis. The dataset included 871 colon cancer 
cases and 503 rectal cancer cases. Gut barrier function and 
inflammation serum biomarkers did not meaningfully differ 
between cases and controls.

SNPs, genes, and pathways
We examined associations of SNPs in genes within pathways 
relating to endotoxin and LPS sensing (genes = 7, SNPs = 78), 
mucin encoding (genes = 7, SNPs = 66), inflammation 
(genes = 14, SNPs = 133), and 15 SNPs in the intergenic re-
gions previously found to be associated with Crohn’s disease 
[31] with circulating serum biomarker levels and colon and 
rectal cancer risks.

Associations with circulating serum biomarkers
In total, 54 total (42 unique) SNPs in 19 genes and re-
gions related to LPS/endotoxins, mucins, inflammation, or 
Crohn’s disease were associated with serum biomarkers of 
gut barrier function and/or inflammation at an unadjusted 
P ≤ 0.05 among controls (Table 2). For the gut barrier per-
meability markers (LPS and flagellin), 24 (57%) of the 42 
associated SNPs were in genes related to gut barrier function 
(LPS/endotoxin sensing and mucin encoding). Nine (75%) 
of the 12 SNPs associated with CRP were in genes related 
to inflammation or associated with Crohn’s disease. None 
of these SNPs were statistically significantly associated with 
gut permeability or inflammation after BH correction. The 

http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://cran.r-project.org/web/packages/PIGE/index.html
http://cran.r-project.org/web/packages/PIGE/index.html
https://cran.r-project.org/web/packages/ARTP2
https://cran.r-project.org/web/packages/ARTP2
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Table 1. Selected baseline characteristics of incident CRC cases (overall and by tumor site) and their matched controls, the EPIC study, 1992–2003.

Baseline characteristic Controls CRC cases Colon cases Rectal cases

N = 1371 N = 1374 N = 871 N = 503

Women, n (%) 683 (49.82) 687 (50.00) 464 (53.27) 223 (44.33)
Mean age at blood collection, yrs, SD 58.50, 7.20 58.45, 7.20 58.75, 7.40 57.90, 6.80
Mean years of follow-up, yrs, SD 4.18, 2.29 4.16, 2.31 4.23, 2.25
Smoking status, n (%)a

 � Never 575 (41.94) 560 (40.76) 372 (42.71) 188 (37.38)
 � Former 445 (32.46) 462 (33.62) 291 (33.41) 171 (34.00)
 � Current 336 (24.51) 340 (24.75) 200 (22.96) 140 (27.83)
Physical activity, n (%)a

 � Inactive 181 (13.20) 200 (14.56) 127 (14.58) 73 (14.51)
 � Moderately inactive 353 (25.75) 383 (27.87) 247 (28.36) 136 (27.04)
 � Moderately active 584 (42.60) 565 (41.12) 362 (41.56) 203 (40.36)
 � Active 143 (10.43) 123 (8.95) 70 (8.04) 53 (10.54)
BMI, kg/m2, SD 26.24 (3.79) 26.73, 4.22 26.82, 4.38 26.55, 3.92
Gut barrier biomarker serum measurements, n (%) 667 (48.65) 1001 (72.85) 629 (45.78) 372 (73.96)
 � Gut permeability score, OD, SD 6.82, 2.08 6.47, 2.04 6.60, 2.02 6.25, 2.04
 � Lipopolysaccharide, OD, SD 3.37, 1.16 3.19, 1.17 3.27, 1.18 3.06, 1.14
 � Flagellin, OD, SD 3.45, 1.25 3.28, 1.21 3.33, 1.20 3.19, 1.23
Inflammation biomarker serum measurements, n (%) 688 (50.18) 1082 (78.75) 686 (49.93) 396 (78.73)
 � C-reactive protein, mg/l, SD 3.74, 6.24 4.33, 6.16 4.71, 6.65 3.67, 5.15
Country, n (%)a

 � Italy 196 (14.30) 202 (14.70) 144 (16.53) 58 (11.53)
 � France 29 (2.12) 28 (2.04) 22 (2.53) 6 (1.19)
 � Spain 142 (10.36) 146 (10.63) 101 (11.60) 45 (8.95)
 � UK 250 (18.23) 240 (17.47) 166 (19.06) 74 (14.71)
 � The Netherlands 158 (11.52) 153 (11.14) 99 (11.37) 54 (10.74)
 � Germany 169 (12.33) 179 (13.03) 110 (12.63) 69 (13.72)
 � Sweden 87 (6.35) 88 (6.40) 55 (6.31) 33 (6.56)
 � Denmark 340 (24.80) 338 (24.60) 174 (19.98) 164 (32.60)

Abbreviations: EPIC, European Prospective Investigation into Cancer and Nutrition; SD, standard deviation; CRC, colorectal cancer; BMI, body mass 
index; N, sample size; yrs, years; OD, optical density.
aPercent missing is not shown; therefore, the total percentages do not add up to 100%.

Table 2. SNPs in genes related to the gut barrier function were found to be associated (unadjusted P-value < 0.05) with gut permeability score, LPS, 
flagellin, and CRP among controls, the EPIC study, 1992–2003.

Biomarker Gene SNP N controls β (95% CI)a Pb

Gut permeability score ABCB1 rs1055302 656 −0.33 (−0.65, −0.01) 0.04
ALOX5 rs2291427 667 −0.25 (−0.49, −0.02) 0.04
ALOX5 rs7896431 641 0.24 (0.02, 0.45) 0.03
Crohn’s Diseasec rs6908425 649 −0.30 (−0.57, -0.03) 0.03
IL1A/IL1B rs419598 665 −0.30 (−0.55, −0.05) 0.02
MUC6/MUC2 rs10794288 664 −0.32 (−0.60, −0.05) 0.02
MUC6/MUC2 rs10902088 662 −0.31 (−0.59, −0.04) 0.03
MUC6/MUC2 rs41411848 663 −0.30 (−0.57, −0.02) 0.03
MUC6/MUC2 rs57737240 665 −0.29 (−0.57, −0.02) 0.04
MUC6/MUC2 rs7119740 657 −0.56 (−1.01, −0.11) 0.02
NFKB1 rs11940017 665 0.65 (0.10, 1.20) 0.02
TNF rs909253 663 −0.25 (−0.48, −0.01) 0.04

LPS ABCB1 rs1055302 656 −0.18 (−0.35, 0.00) 0.04
ABCB1 rs1858923 660 0.13 (0.01, 0.25) 0.04
ALOX5 rs10751382 657 −0.15 (−0.27, −0.02) 0.03
ALOX5 rs2291427 667 −0.15 (−0.28, −0.02) 0.02
ALOX5 rs3780914 644 −0.14 (−0.26, −0.03) 0.02
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associations for all SNPs with each biomarker are shown in 
Supplementary Table 2.

Associations with cancer risks
Colon cancer
In Table 3 the ORs for 12 statistically significant SNPs as-
sociated with colon cancer risk defined by Punadjusted < 0.05 
are shown. All nine SNPs related to endotoxins were in the 
TLR4 gene. All SNP associations with colon cancer risk are 
presented in Supplementary Table 3; no association remained 
statistically significant after BH correction.

Associations with colon cancer risk at the gene and 
pathway level are presented in Table 4. At the whole gene 

variation level, and consistent with the individual SNP-level 
findings in Table 3, TLR4 was statistically significantly as-
sociated with colon cancer risk (Punadjusted = 0.006). However, 
the association between TLR4 and colon cancer risk was not 
observed to be modified by any of the gut barrier or inflam-
mation serum biomarkers. An interaction P-value of 0.021 
was observed for MUC6/MUC2 and flagellin; this was the 
only statistically significant finding in the mucin pathway. 
Within the inflammation pathway, ALOX5 gene variation 
was associated with colon cancer risk when interacting with 
both overall circulating gut permeability and LPS alone (all 
Punadjusted ≤ 0.01). Similarly, IL10R had statistically significant 
interaction P-values for gut permeability and flagellin alone 

Biomarker Gene SNP N controls β (95% CI)a Pb

ALOX5 rs7896431 641 0.15 (0.03, 0.27) 0.01
CD14 rs2563298 666 −0.18 (−0.32, −0.05) 0.01
CD14 rs2569190 665 0.15 (0.03, 0.27) 0.02
CD14 rs2569191 651 0.14 (0.02, 0.27) 0.03
Crohn’s Disease rs6908425 649 −0.18 (−0.33, −0.03) 0.02
IL6 rs1474347 658 −0.13 (−0.26, −0.01) 0.04
IL6 rs1474348 657 −0.13 (−0.26, −0.01) 0.04
MUC12 rs6980143 662 0.14 (0.01, 0.27) 0.04
MUC17 rs10259584 639 0.25 (0.03,0.46) 0.03
MUC6/MUC2 rs10794288 664 −0.16 (−0.31, −0.01) 0.03
MUC6/MUC2 rs10902088 662 −0.18 (−0.33, −0.03) 0.02
MUC6/MUC2 rs2071174 657 −0.16 (−0.29, −0.03) 0.02
MUC6/MUC2 rs4077759 658 −0.18 (−0.31, −0.05) 0.01
MUC6/MUC2 rs41411848 663 −0.16 (−0.31, −0.01) 0.04
MUC6/MUC2 rs7119740 657 −0.26 (−0.51, −0.02) 0.04
NFKB1 rs10489113 665 −0.17 (−0.32, −0.01) 0.03
NFKB1 rs11940017 665 0.35 (0.05, 0.66) 0.02
NFKB1 rs7665090 653 0.16 (0.04, 0.28) 0.01
TNFRSF1B rs4846100 665 −0.18 (−0.30, −0.06) <0.01

Flagellin IL12B rs7709212 662 0.15 (0.01, 0.30) 0.04
IL1A/IL1B rs1143627 666 −0.14 (−0.28, −0.01) 0.04
IL1A/IL1B rs419598 665 −0.18 (−0.33, −0.03) 0.02
IL8 rs4073 657 0.16 (0.03, 0.29) 0.01
MUC6/MUC2 rs7119740 657 −0.29 (−0.56, −0.02) 0.04
TNF rs909253 663 −0.15 (−0.29, −0.01) 0.04

CRP ALOX5 rs934187 684 0.11 (0.00, 0.22) 0.04
CD38 rs3796878 680 0.19 (0.06, 0.33) 0.01
Crohn’s Disease rs17582416 687 −0.12 (−0.23, −0.01) 0.04
Crohn’s Disease rs4613763 686 0.19 (0.02,0.36) 0.03
IFNG rs1861493 677 −0.15 (−0.27, −0.03) 0.01
IFNG rs2069727 654 0.11 (0.00, 0.22) 0.04
IFNG rs971545 685 0.12 (0.01, 0.22) 0.03
IL10 rs3024505 668 −0.22 (−0.37, −0.06) 0.01
LBP rs5741812 657 −0.19 (−0.37, 0.00) 0.04
LPS tolerance rs12652669 686 −0.31 (−0.55, −0.08) 0.01
NFKB1 rs3774934 684 0.19 (0.01, 0.38) 0.04
NFKB1 rs3821958 683 −0.13 (−0.24, −0.01) 0.03

Abbreviations: SNP, single nucleotide polymorphism; LPS, lipopolysaccharide; IgG, Immunoglobulin G; IgA, Immunoglobulin A; CRP, C-reactive protein; 
EPIC, European Prospective Investigation into Cancer and Nutrition, CI, confidence interval.
aAdjusted for age at blood collection, sex, and study center.
bNot statistically significant after BH method for multiple testing correction.
cSNPs previously found in GWAS to be associated with Crohn’s disease [62].

Table 2. Continued

http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
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(all Punadjusted = 0.03). Crohn’s disease was the only pathway 
statistically significantly associated with colon cancer risk 
(Punadjusted = 0.01); however, this association was only observed 
when the pathway was considered without circulating bio-
marker interaction. No gene or pathway was statistically 
significantly associated with colon cancer risk after BH cor-
rection. All corrected P-values are shown in Supplementary 
Table 4.

Rectal cancer
Five statistically significant (Punadjusted < 0.05) SNPs were asso-
ciated with rectal cancer risk (Table 3). A SNP in the TLR4 
gene was also associated with rectal cancer but differed from 
those observed for colon cancer risk. One SNP in the inflam-
mation pathway was associated with rectal cancer (IL10). 
IL10 was also statistically significantly associated with rectal 
cancer risk when analyzed at the gene level and without any 
biomarker interaction (Punadjusted < 0.01; Table 5). Additional 
associations within the inflammation pathway included IL8 
when interacting with flagellin (Punadjusted = 0.05) and NF-κB 
when interacting with CRP (Punadjusted < 0.02). The only stat-
istically significant association with rectal cancer not within 
the inflammation pathway was an interaction of flagellin and 
CD38 (Punadjusted < 0.05). No gene associations were statistic-
ally significant after BH correction and no pathways were 
statistically significantly associated with rectal cancer risk, 
alone or with interaction of any biomarker, prior to P-value 
correction (Table 5 and Supplementary Table 4).

Exploratory Sub-analyses
We assessed SNP-level effect modification by sex and ob-
served statistically significant sex-specific differences in colon 
and rectal cancer risks among genes in the LPS/endotoxin, 
mucin, and inflammation pathways.

For colon cancer, all SNPs with statistically significant 
interaction by sex within the TNFRSF1B and LBP genes 
were associated with a decrease in risk among men and an 
increase in risk among women per every one change in a 
minor allele. LY96 was the only gene within the LPS/endo-
toxin pathway in which a SNP with statistically significant 
interaction by sex was associated with a decreased risk of 
colon cancer among women and an increased risk among 
men (Supplementary Table 5). Three SNPs in two genes were 
observed to have statistically significant interactions by sex 
in the mucin pathway (ABCB1 and MUC6/MUC2) as well 
as in the inflammation pathway (IL10 and IL2/IL21). No 
statistically significant interactions were observed in SNPs 
related to Crohn’s disease.

In the LPS-sensing pathway, we observed statistically sig-
nificant interaction for SNPs associated with rectal cancer risk 
in the TLR4, TNFRSFB1, and CD14 genes, though the dir-
ection was not consistent for men or women (Supplementary 
Table 6). IL6 and IL18 both had SNPs with statistically sig-
nificant interactions by sex associated with an increase in 
rectal cancer risk among women and a decrease in risk among 
men. There were no statistically significant interactions ob-
served for SNPs in the mucin or Crohn’s pathways.

We also stratified the gene- and pathway-level associations 
by sex to investigate any potential modifications and found 
there were notable differences among genes and pathways 
for both cancer sites. Stratified results for colon cancer risk 

are presented in Supplementary Table 7. The TLR4 gene-
level and Crohn’s disease pathway-level results observed 
for all participants remained statistically significant only 
among men. Furthermore, men had a statistically signifi-
cant interaction with gut permeability at the inflammation 
pathway level (Punadjusted = 0.043). Women were observed to 
have multiple statistically significant biomarker interactions 
with interleukin-related genes, but no interaction was ob-
served at the overall inflammation pathway level. For rectal 
cancer, women had a statistically significant interaction for 
CRP with the mucin pathway as well as statistically signifi-
cant IL6 interactions with both gut permeability and CRP 
biomarkers (Supplementary Table 8). The previously ob-
served interaction of NF-κB and CRP in association with 
rectal cancer remained statistically significant for men but 
not women.

Last, we determined if there was heterogeneity among SNP-
specific risk estimates between colon and rectal cancer sites. 
Several SNPs associated with colon cancer statistically signifi-
cantly differed from the corresponding association with rectal 
cancer. Three SNPs (rs1554973, rs1927914, rs2149356; 
all Pheterogeneity ≤ 0.04) were in TLR4 and two (rs3828309, 
rs4921466; Pheterogeneity < 0.02) were SNPs related to Crohn’s 
disease (Table 3). The only associated risk for rectal cancer 
that was statistically significantly different than the risk for 
colon cancer was for rs3024509 in IL10 (Pheterogeneity < 0.01).

Discussion
Despite the important role the gut barrier is hypothesized to 
play in the development of CRC [7,35–39], few studies have 
thoroughly investigated genetic variants related to gut bar-
rier function and subsequent immune response in relation 
to colon and/or rectal cancer risks. In this large prospective 
nested case-control study within the EPIC cohort, we inves-
tigated possible associations of these processes at the SNP, 
gene and pathway levels with colon and rectal cancer risk. 
Furthermore, we assessed whether these possible associations 
are modified by circulating biomarker levels as well as by sex 
and tumor site.

We identified SNPs in genes related to endotoxin/LPS 
sensing, mucin synthesis, inflammation, and Crohn’s disease 
associated with circulating LPS, flagellin, and/or CRP levels. 
Within the genetic variation in the mucin pathway, ABCB1 
was associated with overall gut permeability and LPS while 
MUC6/MUC2 was associated with all three gut barrier func-
tion biomarkers. ABCB1 encodes ABCB1 transporters, which 
are located in the cell membrane of the epithelium in the intes-
tine, aiding in barrier function by influencing the absorption, 
distribution, and excretion of compounds and exogenous 
toxic agents [40,41]. Both the MUC6 and MUC2 genes, lo-
cated on chromosome 11 and highly homologous [42], en-
code the secretory mucins 6 and 2 proteins, which form the 
insoluble mucous barrier to protect the epithelium [23]. Lost 
or altered function of genes in the mucin pathway could lead 
to a less effective mucin barrier and a greater prevalence of 
pathogenic bacteria interacting with the epithelium and pos-
sibly translocating to the lamina propria and systemic blood-
stream.

The activation of TLR4 signaling pathways by binding with 
LPS via LBP and CD14 can stimulate antibody production 
through the modification of B cell responses [24] and induces 

http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
http://academic.oup.com/mutage/article-lookup/doi/10.1093/mutage/geae008#supplementary-data
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pro-inflammatory cytokine production [13]. The cytokine 
production triggers the release of CRP which is considered 
a first line component of innate immune defense against bac-
terial pathogens and endotoxemia [43,44]. In line with this 
process, we found and association between SNPs in the LBP 
and LPS tolerance genes and serum CRP levels.

In our study, multiple SNPs and overall gene-wide vari-
ation in TLR4 were associated with colon cancer risk. 
Polymorphisms in TLR4 have been previously implicated 
to play a role in cancer development with a large focus on 
CRC. Slattery et al. investigated 8 SNPs in TLR4 and found 
an association for rs11536898 (OR = 0.50 [95% CI: 0.29-
0.87]; AA vs. CA/CC) with colon cancer [17]. Although we 
did not include it in our analysis, rs11536898 is in LD with 
rs10116253 which we similarly observed to be associated 
with a lower risk of colon cancer (OR = 0.84 [95% CI: 0.73–
0.96]). Several other meta-analyses and publications have 
analyzed TLR4 polymorphisms yet concluded conflicting 
results for both statistical significance and the direction of 

the associations. These inconsistencies might be due to small 
sample sizes, heterogenous study populations, and limited 
overlap in selected SNPs [45–48]. While we observed statis-
tically significant unadjusted P-values for TLR4 SNPs associ-
ated with both colon and rectal cancer risks, there appears to 
be a suggestively stronger association for colon cancer. TLR4 
has a complex role in the development and progression of 
cancer as it induces the NF-κB-mediated production and se-
cretion of pro-inflammatory cytokines, which can contribute 
to colon cancer development and progression [29,30].

At the gene level, ALOX5 was associated with colon 
cancer risk when interacting with both the overall gut perme-
ability score and LPS alone. ALOX5 encodes 5-lipoxygenase 
(5-LO) and can regulate cell death through inflammation 
and lipid peroxidation [49]. 5-LO has been observed to play 
an antitumorigenic role in various cancer cell lines [50–53]. 
Human monocytic cells incubated with LPS was associated 
with increased 5-LO expression relative to cells incubated 
without LPS.

Table 3. Statistically significant associations (unadjusted P < 0.05) of SNPs with colon and rectal cancer risks using an additive model, the EPIC study, 
1992–2003.

Gene/SNP Cases Controls OR (95% CI)a Pb Pheterogeneity
c

Colon cancer
 � Endotoxins/LPS
  �  TLR4
   �   rs10116253 859 1349 0.84 (0.73–0.96) 0.01 0.13
   �   rs11536889 870 1365 1.19 (1.01–1.40) 0.04 0.19
   �   rs1554973 853 1343 0.79 (0.68–0.91) <0.01 0.03
   �   rs1927911 854 1345 0.83 (0.72–0.95) 0.01 0.09
   �   rs1927914 860 1356 0.85 (0.75–0.97) 0.02 0.04
   �   rs2149356 820 1284 0.83 (0.72–0.96) 0.01 0.03
   �   rs2770146 718 1118 1.22 (1.05–1.41) 0.01 0.08
   �   rs7034482 832 1312 1.17 (1.02–1.34) 0.02 1.00
   �   rs7873784 865 1364 0.75 (0.63–0.89) <0.01 0.09
  �  Inflammation
 � IL12B
  �  rs4921466 758 1216 0.69 (0.53–0.89) <0.01 0.43
  �  Crohn’s diseased

   �   rs3828309 869 1369 1.18 (1.04–1.33) 0.01 0.02
   �   rs762421 868 1367 0.80 (0.70–0.90) <0.01 0.02
Rectal Cancer
 � Endotoxins/LPS
  �  TLR4
   �   rs10759934 474 1286 0.85 (0.73–0.98) 0.03 0.29
   � TNFRSF1B
   �   rs816050 502 1368 0.81 (0.67–0.98) 0.03 0.17
 � Mucins
  �  MUC6/MUC2
   �   rs11601642 502 1366 1.18 (1.02–1.38) 0.03 0.38
 � Inflammation
  �  IL10
   �   rs3024509 496 1330 0.54 (0.38–0.77) <0.01 <0.01
 � Crohn’s diseased

   � rs3197999 500 1355 0.82 (0.70–0.97) 0.02 0.45

aUnconditional logistic regression adjusted for age at blood collection, sex, and study center.
bNot statistically significant after BH method for multiple testing correction.
cP for heterogeneity by tumor site (colon vs. rectal).
dSNPs previously found in GWAS to be associated with Crohn’s disease [62].
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IL10 was associated with rectal cancer risk at both the 
SNP and gene level. This is consistent with a similar analysis 
of selenoprotein and selenium pathways and CRC risk by 
Fedirko et al. where the association of IL10 SNP rs3024509 
and rectal cancer had an unadjusted P-value of 0.014 [54]. 
Although the previous study did not find IL10 statistically 
significant at the gene level, the authors did not stratify the 
gene-level analyses by cancer site and the greater number of 
colon cancers might attenuate a possible association. Both 
Tsidilis et al. [55] and Macarthur et al. [56] found a statis-
tically significant decreased CRC risk per IL10-1082 locus 
alleles, consistent with our rectal cancer results. IL10 is an 
anti-inflammatory cytokine and negative regular of immuno-
logical responses [57] which may attenuate a chronic in-
flammatory state in the gut and thereby reduce the risk of 
tumorigenesis. Loss of IL10 is also associated with the devel-

opment of inflammatory bowel diseases, which is a known 
risk factor for CRC [35].

At the pathway level, we found SNPs related to Crohn’s 
disease to be associated with colon but not rectal cancer risk. 
Crohn’s disease does not commonly involve the rectum and 
roughly 42% of all cases are colonic Crohn’s, supporting our 
findings [58]. Crohn’s disease is hypothesized to contribute to 
cancer development due to the chronic inflammatory changes 
at the affected site [33].

Sex differences were also observed in association with 
cancer subsite development. A previous study of a healthy 
lifestyle index (HLI; composed by potentially modifiable life-
style factors) and CRC provided evidence that obesity ex-
plained the observed association between HLI and colon 
cancer for men but not for women [59]. Based on previous 
work, the authors hypothesized that inflammation and 

Table 4. P-values of pathway- and gene-level associations with colon cancer risk and interactions with circulating gut barrier function and inflammation 
biomarkers, the EPIC study, 1992–2003.a

Pathway/gene No. of 
SNPs

No. of SNPs retained 
after LDb pruning

Gene or 
pathway only

Gut permeability 
score interaction

LPS in-
teraction

Flagellin 
interaction

CRP in-
teraction

Pb Pb Pb Pb Pb

LPS pathway 78 66 0.07 0.96 0.84 0.86 0.49
CD14 5 3 0.32 0.61 0.54 0.56 0.15
LBP 21 16 0.36 0.86 0.91 0.53 0.39
LPS tolerance 3 3 0.39 0.93 0.89 0.86 0.16
LY96 8 8 0.78 0.87 0.44 0.93 0.52
MYD88 1 1 0.37 0.58 0.95 0.34 0.84
TLR4 19 15 0.01 0.32 0.27 0.27 0.46
TNFRSF1B 21 20 0.64 0.70 0.21 0.39 0.29
Mucins 66 57 0.47 0.54 0.91 0.21 0.41
ABCB1 21 18 0.77 0.96 0.99 0.81 0.36
CAMP/ZNF589 1 1 0.06 0.74 0.63 0.93 0.31
CD38 12 11 0.52 0.41 0.48 0.43 0.07
MUC1 1 1 0.32 0.75 0.94 0.56 0.51
MUC12 4 4 0.60 0.71 0.64 0.65 0.79
MUC17 5 3 0.74 0.76 0.39 0.82 0.24
MUC6/MUC2 22 19 0.83 0.08 0.28 0.02 0.39
Inflammation 133 97 0.64 0.16 0.10 0.39 0.72
ALOX5 22 11 0.89 0.01 <0.01 0.19 0.21
IFNG 7 4 0.32 0.76 0.82 0.80 0.06
IL10 13 8 0.60 0.47 0.66 0.43 0.59
IL10R 9 7 0.95 0.04 0.24 0.03 0.54
IL12A 1 1 0.33 0.13 0.45 0.08 0.62
IL12B 18 17 0.07 0.70 0.55 0.67 0.56
IL18 4 4 0.50 0.08 0.18 0.09 0.63
IL1A/IL1B 11 8 0.87 0.25 0.18 0.38 0.68
IL2/IL21 6 5 0.51 0.40 0.16 0.43 0.62
IL6 13 10 1.00 0.75 0.67 0.94 0.47
IL8 1 1 0.07 0.49 0.76 0.41 0.28
NFKB1 22 15 0.82 0.24 0.31 0.42 0.39
RELA (p65) 2 2 0.80 0.97 0.77 0.65 0.62
TNF 4 4 0.95 0.46 0.50 0.43 0.55
Crohn’s diseasec 15 15 0.01 0.78 0.45 0.82 0.22

aAdjusted for age at blood collection, sex, and study center.
bNot statistically significant after BH method for multiple testing correction.
cSNPs previously found in GWAS to be associated with Crohn’s disease [62].
Bold values indicate statistical significant of P raw < 0.05.
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oxidative stress may underlie the association in men, whereas 
hyperinsulinemia may be the potential biological mechanism 
in women [59,60]. Consistent with this theory, previous 
studies found that men had higher LPS-induced TNF-α and 
IL-1b but not IL-6 [61]. We observed a statistically signifi-
cant interaction by sex for the association of IL-6 and an 
increase in rectal cancer risk among women. In colon cancer, 
the genes with SNPs that showed different cancer risk asso-
ciations between men and women were primarily related to 
gut barrier signaling pathways. If genetic variants in genes re-
lated to gut barrier integrity result in under expression of the 
resulting proteins in men leading to the translocation of LPS, 
this would result in higher levels of pro-inflammatory cyto-
kines than women, supporting the inflammation hypothesis 
mentioned above. Furthermore, this could possibly explain 
our observations of a decrease in colon cancer risk per minor 

allele of TNFRSF1B and LBP SNPs in men, but an increase 
in women.

The strengths of our study include its prospective design, 
relatively large sample size, and high follow-up rate in the 
base cohort. In addition, the selection of pathways, genes, and 
SNPs was hypothesis driven. We used the detailed data from 
EPIC to address potential confounding by body size and other 
factors and our analyses suggested no or little confounding. 
However, we cannot altogether discount the possibility of 
residual confounding nor that changes in lifestyle habits be-
tween enrollment into the cohort and the eventual cancer diag-
nosis may have taken place. Although our study was large, the 
power was limited when conducting interaction and stratified 
analyses, especially by sex and tumor location. Due to un-
available data, we were not able to account for more detailed 
tumor molecular profiling such as microsatellite instability. 

Table 5. P-values of pathway- and gene-level associations with rectal cancer risk and interactions with circulating gut barrier function and inflammation 
biomarkers, the EPIC study, 1992–2003.a

Pathway/gene No. of 
SNPs

No. of SNPs retained 
after pruning

Gene or 
pathway only

Gut permeability 
score interaction

LPS in-
teraction

Flagellin 
interaction

CRP in-
teraction

Pb Pb Pb Pb Pb

LPS pathway 78 66 0.59 0.90 0.73 0.75 0.71
CD14 5 3 0.40 0.22 0.13 0.34 0.17
LBP 21 16 0.43 0.90 0.73 0.90 0.24
LPS tolerance 3 3 0.21 0.84 0.65 0.68 0.80
LY96 8 8 0.36 0.81 0.88 0.76 0.64
MYD88 1 1 0.59 0.97 0.75 0.71 0.70
TLR4 19 15 0.30 0.93 0.34 1.00 0.35
TNFRSF1B 21 20 0.45 0.45 0.84 0.14 0.45
Mucins 66 57 0.85 0.69 0.52 0.38 0.67
ABCB1 21 18 0.67 0.53 0.72 0.62 0.94
CAMP/ZNF589 1 1 0.22 0.85 0.37 0.64 0.12
CD38 12 11 0.48 0.20 0.44 0.05 0.43
MUC1 1 1 0.70 0.87 0.99 0.79 0.57
MUC12 4 4 0.69 0.78 0.49 0.70 0.75
MUC17 5 3 0.73 0.15 0.08 0.50 0.57
MUC6/MUC2 22 19 0.30 0.35 0.18 0.69 0.83
Inflammation 133 97 0.18 0.68 0.81 0.26 0.20
ALOX5 22 11 0.83 0.19 0.09 0.12 0.95
IFNG 7 4 0.35 0.92 0.97 0.70 0.18
IL10 13 8 0.01 0.58 0.42 0.53 0.08
IL10R 9 7 0.78 0.57 0.89 0.34 0.55
IL12A 1 1 0.84 0.21 0.36 0.22 0.60
IL12B 18 17 0.83 0.32 0.36 0.50 0.70
IL18 4 4 0.26 0.22 0.57 0.07 0.10
IL1A/IL1B 11 8 0.50 0.46 0.30 0.51 0.56
IL2/IL21 6 5 0.50 0.73 0.27 0.92 0.60
IL6 13 10 0.73 0.17 0.32 0.05 0.07
IL8 1 1 0.76 0.09 0.35 0.05 0.82
NFKB1 22 15 0.88 0.76 0.61 0.39 0.02
RELA (p65) 2 2 0.83 0.89 0.72 0.89 0.56
TNF 4 4 0.74 0.55 0.71 0.33 0.67
Crohn’s diseasec 15 15 0.33 0.71 0.57 0.46 0.99

aAdjusted for age at blood collection, sex, and study center.
bNot statistically significant after BH method for multiple testing correction.
cSNPs previously found in GWAS to be associated with Crohn’s disease [62].
P values less than 0.05 are bolded.
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We were also limited by insufficient power to consider more 
specific tumor locations within the colon and rectum. In add-
ition, none of our results retained statistical significance after 
BH correction for multiple testings. As we were limited by the 
published literature on gut barrier and inflammation genes 
at the time of gene and pathway selection for genotyping, we 
may not have included all relevant genes.

In conclusion, this study has identified possible genetic 
variations in gut barrier function and inflammatory genes 
and pathways associated with CRC risk in European popu-
lations. Repeating this investigation in a larger population is 
needed to determine if these findings are replicable. In add-
ition, experimental studies are needed to understand possible 
biological mechanisms of the suggestive associations.

Supplementary data
Supplementary Tables 1-8 are available at Mutagenesis 
Online.
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