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Abstract
Chronic inflammation has been implicated in the etiology of colorectal adenoma and cancer;
however, few key inflammatory genes mediating this relationship have been identified. In this
study, we investigated the association of germline variation in innate immunity genes in relation to
the risk of colorectal neoplasia. Our study was based on the analysis of samples collected from the
Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial. We investigated the
association between 196 tag single nucleotide polymorphisms (SNPs) in 20 key innate immunity
genes with risk of advanced colorectal adenoma and cancer in 719 adenoma cases, 481 cancer
cases and 719 controls. Logistic regression was used to estimate odds ratios and 95% confidence
intervals. After Bonferroni correction, the AG/GG genotype of rs5995355, which is upstream of
NCF4, was associated with an increased risk of colorectal cancer (odds ratio [OR] 2.43, 95%
confidence interval [95% CI] 1.73 – 3.39; P<0.0001). NCF4 is part of the NAPDH complex, a key
factor in biochemical pathways and the innate immune response. While not definitive, our
analyses suggest that the variant allele does not affect expression of NCF4, but rather modulates
activity of the NADPH complex. Additional studies on the functional consequences of rs5995355
in NCF4 may help to clarify the mechanistic link between inflammation and colorectal cancer.
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Introduction
Despite declining trends in recent years, colorectal cancer remains the third leading cause of
cancer-related deaths and is a significant public health burden. In the period from 1990 to
2007, there was an approximate 30% reduction in colorectal cancer mortality, most of which
has been attributed to advances in screening 1. Projected incidences for 2013 indicate that
142,820 men and women will be diagnosed with colorectal cancer in the United States 1.

Similar to most other complex disease traits, risk factors for colorectal cancer include a
combination of genetic (e.g., family history of colorectal cancer, familial adenomatous
polyposis, hereditary non-polyposis colorectal cancer) and lifestyle (e.g., infrequent physical
activity, obesity, low fruit and vegetable intake, alcohol and tobacco) factors 2, 3. Chronic
inflammation, arising from either immune deregulation or autoimmunity, is also a risk factor
for colorectal cancer. The association is exemplified by the relationship between
inflammatory bowel disease (IBD) and colorectal neoplasia. Crohn's disease (CD) and
ulcerative colitis (UC) represent the two most common forms of IBD 4, 5. Individuals with
these conditions are up to five times more likely to develop colorectal cancer than the
general population and risk increases with the duration of disease 6, 7. In addition, precursor
lesions such as adenomas frequently exhibit signs of inflammation 8 and studies have
demonstrated that use of non-steroidal anti-inflammatory drugs, such as aspirin, confer a
40-50% reduction in colorectal cancer risk 9, 10.

The natural history of colorectal neoplasia is characterized by a loss of homeostatic
regulatory controls and the acquisition of mutations. Chronic inflammation is linked to 20%
of all cancers and may mediate an increase in mutation rates 11. One possible contributing
factor to immune deregulation is carriage of single nucleotide polymorphisms (SNPs) in
innate immunity genes. In support of this hypothesis, results from several candidate SNP
and genome-wide association studies (GWAS) implicate SNPs in innate immunity genes
with increased risk of developing CD and UC 12-17. Moreover, recent reports found that
SNPs in innate immunity genes are associated with colon cancer risk and survival 18 and
that expression of inflammatory protein coding genes and a microRNA, miR-21, are
associated with prognosis of colon cancer 19. As the body's initial defense mechanism, the
innate immune system plays an important role in the acute response to, and modulation of,
infection. We examined 196 SNPs in 20 innate immunity genes, selected for biological
plausibility, with risk of both adenoma formation and colorectal cancer. For this purpose we
performed a nested case-control study based within the Prostate, Lung, Colorectal and
Ovarian (PLCO) Cancer Screening Trial.

Materials and methods
Participants and recruitment

The PLCO Cancer Screening Trial is a large randomized controlled trial designed to assess
the efficacy of various screening methods on the early detection and mortality of prostate,
lung, colorectal and ovarian cancer in men and women aged 55-74. Participants were
recruited from 10 screening centers throughout the US; (Birmingham, AL; Denver, CO;
Detroit, MI; Honolulu, HI; Marshfield, WI; Minneapolis, MN; Pittsburgh, PA; Salt Lake
City, UT; St. Louis, MO; and Washington, DC). The trial recruited ∼ 155,000 individuals
between 1993 and 2001. For the colorectal cancer portion of PLCO, the objective was to
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determine the efficacy of 60 cm flexible sigmoidoscopy screening exams of the distal colon
(including the descending colon, sigmoid colon, and the rectum) to reduce mortality, as has
been described in further detail elsewhere 20. In the intervention arm of the trial, exams were
conducted at study entry and then repeated at 3 or 5 years post-enrollment 21. The control
arm received usual care. Suspicious lesions detected by the sigmoidoscopy exam were
referred for follow up by the participant's primary care physician. Patient data were
subsequently tracked by expert medical personnel to identify patients who developed
pathologically verified colorectal adenoma or cancer. Cancers that were reported on the
annual questionnaire sent to all participants, or reported on any death certificates, were also
verified by a review of the medical records. Information regarding demographics, lifestyle
habits, personal and family history of cancer, was collated through a questionnaire that was
administered at study entry in both arms of the trial. Data regarding diet and alcohol were
collected from a food frequency questionnaire administered at baseline in the intervention
arm of the trial. The study was approved by the Institutional Review Boards of the National
Cancer Institute and all 10 centers. Written informed consent was obtained from each
participant.

For this case-control study, participants had to provide a blood or buccal specimen and
consent to participate in etiologic studies of cancer and other diseases. Individuals were
excluded if they had a self-reported history of colorectal polyps, UC, CD, familial polyposis,
Gardner's syndrome, or cancer (except basal cell or squamous cell skin cancer). Although
the PLCO trial recruited participants from many ethnic groups, 92% of the population in this
study was Caucasian, and as such, we restricted our analyses to this group. Our study
therefore included 481 Caucasian colorectal cancer cases and 719 adenoma cases. All
cancers and adenomas were confirmed by a review of medical records. All adenoma cases
were left-sided and considered advanced (defined as ≥ 1cm or having villous characteristics
or with high-grade dysplasia or carcinoma in situ). Seven hundred and twenty controls that
underwent a successful sigmoidoscopy exam and were found to be negative for polyps on
the left-side at the baseline screen were selected from the screening arm. One control
patient, that later developed colorectal cancer, was dropped from the analysis. Seven
adenoma cases subsequently developed colorectal cancer. The controls were matched to the
adenoma cases on gender. The advanced adenomas and controls were selected from the
screening arm of the trial; colorectal cancers were selected from both arms.

SNP Selection and Genotyping
DNA was extracted from blood using QIAamp DNA Blood Midi or Maxi kits (Qiagen,
Valencia, CA), and from buccal cells using phenol chloroform extraction. Briefly, the
adenoma, cancer and control samples were genotyped at the NCI Core Genotyping Facility
(Advanced Technology Corporation, Gaithersburg, MD) using a custom Illumina
GoldenGate Oligo Pool Assay (OPA) panel of SNPs tagging candidate innate immunity
genes and their surrounding regions. To reduce the potential for redundancy in the
information, tag SNPs were chosen for each gene (including the region 20 kb upstream and
10 kb downstream of the genes) using the Caucasian 23 population genotyped as part of the
International HapMap Project 22 and the Carlson algorithm as implemented in TagZilla 23,
with the following conditions: 1) minor allele frequency >5% in HapMap Caucasian
samples; 2) an r2 cut-off of >0.8 (assigned for inferring linkage); 3) design scores > 0.4, with
preference given to SNPs with a design score > 1.1.

For quality control, 79 replicate samples from 26 subjects were interspersed among cases
and controls. All SNPs showed >96% concordance among replicate samples. Assays with
concordance rates <90% were excluded. Assays with a Hardy-Weinberg proportion P-value
<1×10−5 among controls, or failed assay validation, were also excluded from the analysis.
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Additional genotyping for rs5995355 was carried out on 40 tissue samples for which we also
carried out gene expression profiling. DNA was isolated from buffy coat using the Qiagen
FlexiGene DNA Kit (Qiagen, Tokyo, Japan). Genotyping was performed using a Taqman
assay (Applied Biosystems, Foster City, CA) according to the supplier's instructions.

Data analysis
Tests for deviations from Hardy-Weinberg equilibrium were evaluated by calculating the
expected genotype frequencies based on known allele frequencies and then comparing them
to observed genotype frequencies using χ2 tests. Linkage disequilibrium (LD) was assessed
using Haploview 24 among controls. Differences in the characteristics of colorectal cancer
cases and controls were compared using the χ2 test for categorical values or by Student's t
test for continuous measures, as indicated. Analyses were performed using STATA version
11 software (STATA Corp, College Station, TX). All statistical tests were two-sided.

Associations between genotypes and colorectal cancer or adenoma susceptibility were
estimated by odds ratios (OR) using an unconditional logistic regression genotypic model.
These models were adjusted for gender (male/female) and age at diagnosis (continuous).
The test for trend analysis was computed using the linear contrast coefficients -1, 0, 1. An
additional model adjusted for factors known to be associated with cancer/adenoma risk was
also tested, i.e., smoking, BMI, alcohol, non-steroid anti-inflammatory drug (NSAID) use,
folate intake and family history. If there were zero individuals with a particular genotype,
the exact logistic model, which provides a better approximation of coefficients with small
samples sizes, was used. The model was adjusted for age. Although the rate of transition
from adenoma to colon cancer is similar between men and women, the prevalence of
adenomas and the incidence of colorectal cancer are greater in men than in women 25, 26.
Given these gender disparities, we also performed a series of analyses stratified by gender
for each SNP. For rs5995355, additional subgroup analyses were performed with
stratification by smoking status (current, former, never), pack-years of smoking (quartiles),
aspirin intake (irregular [< 4 per month]/regular [> 1 per week]), ibuprofen intake (irregular
[< 4 per month]/regular [> 1 per week]), aspirin or ibuprofen intake (irregular [< 4 per
month]/regular [> 1 per week]), alcohol intake (quartiles, grams/day), total folate intake
(quartiles, micrograms/day) and BMI (18-25/25-30/>30 kg/m2). A single model was fit for
each of these factors and was adjusted for age, gender, and interaction terms for rs5995355
with each level of the factor. For example, for the analysis stratified by smoking, an
interaction term was generated for rs5995355Xnever_smokers, rs5995355Xfromer_smokers
and rs5995355Xcurrent_smokers was included in the model. rs5995355 was entered as a
dominant variable. Stratum-specific odds ratios were then estimated based on linear
combinations of the model parameters using the lincom code in STATA. To test for
potential interactions between these variables and rs5995355 in colorectal cancer, we
computed P-values from a one degree of freedom likelihood ratio test comparing nested
models with and without the interaction term using the variables outlined above. Studies
with moderate sample size and a large number of comparisons can increase the probability
of generating false positive results. To limit this type 1 error, we used the Bonferroni
correction to calculate α=2.9×10−4 (α=0.05/171 SNPs). This is a fairly conservative
calculation given that all of the SNPs analyzed may not be independent of each other due to
linkage disequilibrium.

mRNA array analysis
RNA was extracted from colorectal cancer tissues using Trizol, according to the
manufacturer's instructions and analysed on the Affymetrix U133A arrays. Data was
imported and RMA normalized using Partek Genomics Suite 6.5. Gene expression profiles

Ryan et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2015 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were compared between samples with the AA and AG/GG genotypes combined using
Partek. Data has been submitted and uploaded into GEOprofiles (GSE44861).

Results
Characteristics of participants

Our study included an analysis of 196 SNPs in 20 inflammation-associated genes. Of these,
171 SNPs were successfully genotyped and analyzed; 12 failed assay validation, 3 had <
98% concordance among HapMap samples, 9 had a low call rate and 1 violated the Hardy-
Weinberg assumption (Supplemental Table 1). The completion rate for rs5995355 was 91%.
The 20 genes included in the study were ALOX12, CCL5, CRP, IL8, IL8RA/IL8RB, JAK3,
ALOX15, ALOX5, ALOX5AP, CYBA, MBL2, MIF, NCF2, NCF4, NOS2A, NOS3, RAC2,
STAT3/STAT5A, STAT5B and XOR (Supplemental Table 1). The characteristics of the cases
and controls are detailed in Table 1. The cancer cases had a significantly greater proportion
of females (41%) compared to the population controls (31.1%) (P<0.0001). In addition, they
were more likely to be older (P <0.0001) and to have higher pack-years of smoking
(P=0.028). The adenoma cases were also more likely to be older (p<0.0001), current
smokers (P<0.0001) and have had a previous family history of cancer (12.8% vs. 8.8%)
(P=0.018). In addition, adenoma cases had higher pack-years of smoking compared to
controls (P<0.0001) and were more likely to have a lower total folate intake (cases vs.
controls: 1st quartile [30.6% vs. 24%]; 4th quartile [20.2% vs. 25%]). These factors were
included in an adjusted logistic regression model.

Association between SNPs in innate immunity genes and colorectal cancer risk
In the analysis of colorectal cancer risk, one SNP was deemed statistically significant at α <
2.9×10−4 (Table 2). The AG/GG genotype of rs5995355 (A > G upstream of promoter) in
neutrophil cytosolic factor 4 (NCF4) conferred a 2.43 increased odds of colorectal cancer in
a model adjusted for age and gender (95% C.I. 1.73 – 3.39; P=2.4−7) (Table 2). A fully
adjusted model, corrected for additional co-variates including smoking status, pack-years of
smoking, family history of colorectal cancer, folate intake, alcohol and NSAID and BMI use
did not alter the risk estimate more than 10% (ORAG/GGvs. AA 2.56 [1.83 – 3.60]; P=4.0−7)
(OR minimally adjusted 2.43 vs. OR fully adjusted 2.56); therefore the minimally adjusted model
was used in subsequent analyses. Results for SNPs that were not significant following
Bonferroni correction are shown in Supplementary Table 2. When we stratified our analyses
by gender, we did not observe any significant differences between men and women
(Supplementary Tables 3 and 4).

Association between SNPs in innate immunity genes and adenoma risk
rs206811 (G >A, intron 1) in xanthine oxoreductase (XOR) was the most significant SNP
associated with risk of adenoma formation (ORAAvs. GG 1.57 [1.13 – 2.18]; p=0.007).
However, this P-value was not significant following Bonferroni correction. Supplementary
Table 5 shows analyses for SNPs and adenoma risk.

Stratified analyses of rs5995355
Previous data have highlighted the association between several lifestyle and demographic
variables with both adenoma risk and colorectal cancer formation. Moreover, certain factors
including BMI, smoking and NSAID use are known to modulate inflammation. Some of
these variables were captured in the questionnaires administered during the PLCO Cancer
Screening Trial. Therefore, to check for modification of the association between rs5995355
and colorectal cancer by these variables we performed a series of stratified analyses. Results
for rs5995355 are presented as a dominant model.
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We found that rs5995355 was associated with an increased risk of cancer in individuals who
drank up to 17 g/day of alcohol; however, a dose-related increase in risk was not observed
(Table 3). Similarly, this SNP was associated with increased risk of cancer in individuals
with low to moderate BMI, but not in those with a BMI>30. While there were differences
between some of the strata (for example alcohol, smoking and BMI), there were no
significant interactions between rs5995355 and alcohol, smoking, folate, aspirin, BMI and
family history of colorectal cancer (Table 3).

Association between rs5995355 and gene expression
rs5995355 lies upstream of NCF4, potentially within a regulatory region that could alter
NCF4 transcription. We therefore performed an expression quantitative trait (eQTL)
analysis of NCF4 expression across rs5995355 genotypes. As we did not have access to
tissue samples from the PLCO study, we performed the eQTL analysis on 49 tumor and 48
non-tumor in the NCI-MD case-control study. These samples were submitted for Affymetrix
array analysis and genotyping for rs5995355 using Taqman assays. As shown in Figure 1,
there was no difference in NCF4 expression across rs5995355 genotypes in either normal
(Figure 1A) or tumor (Figure 1B) tissue. This suggests that rs5995355 does not modulate
NCF4 expression.

We then reasoned that the SNP could be associated with colorectal cancer risk through by
modulating the function of NCF4 through its role as a scaffolding protein within the
NADPH complex. Genes that were differentially expressed between AA and AG/GG tumor
samples at p<0.05 were assessed for pathway enrichment using Ingenuity Pathway Analysis
(IPA) software (Supplementary Table 6). As shown in Figure 1C, of the top pathways
differentially regulated the majority were involved in biochemical pathways that involved
the NADPH complex, such as mitochondria signaling, cholesterol, inositol and zymosterol
biosynthesis. This suggests that the SNP may be related to colorectal carcinogenesis through
a modulation of NADPH function.

Discussion
We investigated the association of innate immunity genes and their relationship to
susceptibility of colorectal adenoma and cancer in a nested case-control study of the PLCO
Cancer Screening Trial. We observed that a SNP, rs5995355, in NCF4 was significantly
associated with risk of colorectal cancer after adjustment for both potential confounders and
multiple comparisons.

The gene product of NCF4, also known as p40phox, is a partner in the nicotinamide
dinucleotide phosphate (NAPDH) oxidase complex, a multi-component enzyme system
whose main function is the elimination of invading microorganisms 27. Specifically, NCF4
acts as a scaffold for neutrophil cytosolic factor 2 (NCF2/p67phox), neutrophil cytosolic
factor 1 (NCF1/p47phox) and RAC1. Upon infection, the complex is translocated to the cell
membrane of phagocytic cells where it partners with gp91phox and p22phox to catalyze the
production of the reactive oxygen species (ROS), both of which facilitate the eradication of
invading bacteria 28, 29.

Despite the linkage of NCF4 to an increased predisposition to Crohn's disease in recent
studies, including a GWAS (rs4821544) 30-33, a connection between this gene and colorectal
cancer has not previously been reported. The SNP identified in our study, rs5995355, is
weakly correlated in the HapMap CEU population with the CD GWAS SNP rs4821544 (D
′=1.0, r2=0.14). We did not observe an association between rs4821544 and colorectal cancer
risk in our study, though an association between this SNP and colorectal adenoma risk in
females was found. rs5995355 lies upstream of NCF4, possibly within the promoter of
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NCF4 (Supplementary Tables 4 and 5). Thus, it is possible that the SNP affects
transcription, and therefore expression, of the gene product. However, in an analysis of
NCF4 mRNA expression across samples with known rs5995355 genotypes, we did not
observe a change of expression in either tumor or normal tissue. Moreover, a recent analysis
by Muise et al. did not find evidence for modulation of NCF4 expression by rs4821544
genotypes 34.

Interestingly, the variant allele of rs4821544 has been linked to reduced ROS production in
granulocytes 35, suggesting that SNPs in NCF4 can mediate a connection to the pathogenesis
of CD through impaired NADPH function and subsequent bacterial clearance. Therefore,
although rs5995355 is a synonymous SNP, we further tested whether expression profiles,
and the pathways associated with them, were differentially affected in samples from patients
with different genotypes. We found that the most significant pathway represented from this
analysis was mitochondrial dysfunction. Moreover, the majority of top 20 pathways
differentially regulated between samples with the G allele of rs5995355 was biochemical
and involved NADPH. Notably, the genes involved in these pathways, including cholesterol
and inositol biosynthesis, were downregulated – suggesting the NADPH function was
somehow compromised in cells that carried the variant allele of the SNP. As noted,
rs5995355 is located upstream of the NCF4 promoter. As such, it in itself is unlikely to
affect either the three dimensional structure of NCF4 or its spatial ability to complex with
NCF-1/NCF-2 and RAC1. It is more likely that the SNP is in linkage disequilibrium with an
as yet unknown, causal allele.

In addition to various biochemical pathways, conservation of NADPH levels is also required
to enable redox reactions that control the levels of reactive oxygen species, which are
increased by metabolic stress. Deficiencies in assembly of the complex could leave
individuals susceptible to recurrent infections that could increase their risk of cancer. A
corollary of this argument is seen in patients with chronic granulomatous disease (CGD), a
condition that is molecularly characterized by mutations in components of the NADPH
oxidase complex that negate the ability of phagocytes to produce ROS and repel
infections 36, 37. Decreased levels of NCF4 could also diminish toll-like receptor (TLR)
activation and antigen presentation owing to inappropriate ROS generation 38, 39 and
therefore prolong the infection period. Numerous studies suggest that persistent bacterial
infections contribute to colorectal cancer risk 40, 41, thus presenting one mechanism by
which modulation of NCF4 could contribute to colorectal carcinogenesis.

An analysis of publicly-available gene expression datasets shows that expression of NCF4 is
reduced in colon cancer (Supplementary Figure 1). In addition, high expression is associated
with a reduced risk of mortality, according to Prognoscan 42, an online database that
compiles gene expression profiling and outcomes in cancer (Supplementary Figure 2) 42, 43.
This may be mediated in part through sensitivity to targeted therapies. Our analysis of
available public datasets also showed that NCF4 expression in at least 2 fold higher in
samples sensitive to treatments such as Topecan, Irinotecan, Panobinostat and Vorinostat.
Although the mechanisms that mediate disease initiation and progression are often distinct,
these findings suggest that NCF4 downregulation, or attenuation of NCF4 function, are
associated with colorectal carcinogenesis and those tumors with expression of NCF4 have a
good outcome. rs5995355, or most likely a SNP in linkage disequilibrium with it, may
diminish the activity of the NADPH complex, perturb normal biochemistry and thereby
facilitate persistent infections. Moreover, given that NCF4 SNPs have not been identified as
risk alleles in all GWAS of CD and that NCF4 specifically has been associated with perianal
CD 33, it is possible that this gene is implicated in distinct CD phenotypes and forms of
colorectal cancer.
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Our analysis did not identify any SNPs associated with adenoma risk after correction for
multiple comparisons. It is plausible that our sample size may have been a limiting factor in
this analysis. However, 7/20 SNPs in XOR were associated with adenoma risk, prior to
Bonferroni correction, indicating a potential association as a whole. At the protein level, the
gene exists as two interconvertible forms: xanthine dehydrogenase (XDH), which primarily
reduces NAD+, and xanthine oxidase (XO), which can only reduce O2

44. One of the
enzymatic roles of XOR is the bioactivation of ethanol. Indeed, alcohol toxicity and DNA
damage in the liver is mediated by XOR, and it is thought that the carcinogenic effects of
alcohol in breast cancer are mediated by this gene 45-47. In addition, recent evidence shows
that activation of alcohol by XOR is enhanced by purines 48. Thus, if a diet is rich in meat (a
good source of purines) and has a high alcohol intake, is possible that the risk-associated
effects of this SNP in both adenomas and cancer may be more pronounced. However, our
study is limited in power to assess this possibility (n=126 for those participants with a high-
meat and high alcohol diet). Therefore, the hypothesis that an association between XOR and
colorectal neoplasia is modified by an interaction with meat and alcohol intake could
theoretically be tested in a larger, appropriately powered, cohort.

Our study has both limitations and strengths. With reference to the latter, our study is based
within a prospective cancer screening trial with limited potential for recall bias for dietary
and lifestyle factors. However, as noted above, we had limited power to assess gene-
environment interactions. In addition, all adenomas in this study were left-sided and
advanced. If the left and right colon share different etiologies, the results from this section of
the study may not be generalizable to right-sided polyps. In addition, the study was
restricted to advanced polyps and thus our data may not reflect the etiology of less advanced
disease. However, advanced adenomas are more likely to progress to colorectal cancer and
therefore have greater clinical significance. Finally, although the PLCO Screening Trial,
which is US-based, recruited from many ethnic groups, our study was restricted to
Caucasians and therefore our findings may only be relevant to this population. The minor
allele frequency of rs5995355 varies significantly across ethnic groups; it is 8% in
Caucasian populations, but as high as 43% in some African populations (http://
www.ncbi.nlm.nih.gov/SNP/), suggesting that carriage of the deleterious allele at a higher
frequency in these populations could be associated with a higher risk of colorectal cancer.
However, by limiting our population to those of European ancestry, we reduced the potential
for population stratification. Another limitation of our study was the exclusion of SNPs we
previously studied in colon cancer, i.e., ALOX5 49 and MBL2 18. However, in this study we
did not see an association between the MBL2 SNPs rs920724, rs1838066 and rs930507 with
colon cancer risk, which was in agreement with our previous result 18.

In summary, we have provided evidence of an association between NCF4, an innate
immunity gene, with colorectal carcinoma risk. Chronic inflammation, which precedes
tumor development, is thought to play a distinct role in the carcinogenesis pathway
compared to tumor-associated inflammation. Indeed, given the many chronic inflammatory
disorders associated with cancer, it is plausible to think of inflammation-associated
colorectal cancer as a distinct disease, perhaps similar to how we conceive the distinction
between smoking and non-smoking associated lung cancer. When one considers that not all
chronic inflammatory conditions are associated with an increased risk of cancer, identifying
those genes and factors that do confer an increased risk of cancer will be important to both
decipher the causal pathway between inflammation and carcinogenesis. In addition, it may
highlight methods and points at which interventions will be effective. Thus, the
identification of NCF4 in this study and its association with risk of cancer, combined with
its known role in fighting off infections and association with increased risk of IBD, may
highlight an underlying biological link in the causal pathway between inflammation and
cancer. Our data suggests that the SNP, or one in which it is in linkage disequilibrium with,
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may alter functionality of the NADPH complex. Thus, additional functional studies
investigating this SNP, and other SNPs in the region, may be warranted. These associations
are promising; however additional epidemiological studies are needed to validate the
findings and comparisons between African Americans and European Americans may also be
informative given the higher frequency of the minor allele in African Americans, and their
increased incidence of colorectal cancer1. Moreover, additional functional and translational
work could help to dissect the mechanisms by which NCF4 contributes to the natural history
of colorectal neoplasia.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Novelty and impact statement

Colorectal cancer risk is modified by a SNP in NCF4, which is a member of the NADPH
complex. While this gene was associated with risk of inflammatory bowel disease, this is
the first study to link NCF4 with colon cancer. Our analysis suggests that the SNP
disrupts functionality of the NADPH complex which could impede the ability of
neutrophils to repel infectious agents. Future studies should examine the molecular
functions of this gene in more detail.
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Figure 1.
Relative mRNA expression of NCF4 in normal (A) and tumor (B) colon tissue, stratified by
rs5995355 genotype. Data are not statistically significant. Ingenuity pathway analysis (IPA)
of gene expression stratified by rs5995355 genotype. Genes differentially expressed at
P<0.05 were submitted for the IPA analysis (C).
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Table 3
Stratum-specific odds ratios for colorectal cancer risk with rs5995355 (NCF4)

Stratum 1 OR (95% C.I.) Stratum 2 OR (95% C.I.) Stratum 3 OR (95%
C.I.)

Stratum 4 OR (95%
C.I.)

Alcohol (gm/day)
GA/GG vs. AA

1st Quartile (n=234) 2.79
(1.47 – 5.32) P=0.002

2nd Quartile (n=193) 4.13
(1.89 – 9.04) P<0.0001

3rd Quartile (n=239)
2.82 (1.47 – 5.43)

P=0.002

4th Quartile (n=273)
1.37 (0.74 – 2.56)

P=0.318

Folate (μg/day) GA/
GG vs. AA

1st Quartile (n=237) 2.81
(1.49 – 5.31) P=0.001

2nd Quartile (n=255) 1.37
(0.69 – 2.73) P=0.372

3rd Quartile (n=229)
1.47 (0.77 – 2.79)

P=0.239

4th Quartile (n=218)
6.86 (3.33 – 14.16)

P<0.0001

Pack-years GA/GG
vs. AA

No use (n=433) 3.01 (1.82
– 4.96) P<0.0001

0-20 (n=274) 3.16 (1.67 –
5.97) P<0.0001

20-40 (n=162) 2.43 (1.11
– 5.36) P=0.027

40+(n=139) 1.18 (0.47
– 2.93) P=0.722

Smoking GA/GG vs.
AA

Never (n=402) 2.99 (1.81 –
4.934) P<0.0001

Former (n=454) 2.49 (1.56
– 3.97) P<0.0001

Current (n=73) 0.77
(0.27 – 2.22) P=0.631

Aspirin GA/GG vs.
AA

Irregular (n=613) 2.51
(1.69 – 3.73) P<0.0001

Low (n=109) 1.74 (0.61 –
5.03) P=0.299

Moderate (n=207) 2.95
(1.48 – 2.87) P=0.002

High (n=47) 2.58 (0.59
– 11.24) P=0.207

BMI (Kg/m2) GA/GG
vs. AA

< 18.5 (n=4) 0.34 (1.51 –
5.09) P=0.594

18.5 – 25 (n=297) 2.76
(1.51 – 5.09) P<0.0001

≥25 -30 (n=499) 2.34
(1.49 – 3.67) P<0.0001

> 30 (n=255) 2.43
(1.21 – 4.88) P=0.013

Family History GA/
GG vs. AA

No (n=884) 2.77 (1.98 –
3.86) P<0.0001

Yes (n=93) 0.95 (0.34 –
2.68) P=0.926

All data adjusted for age and gender and interaction terms for each level of the factor with rs5995355

OR denotes odds ratio

Data in italics denotes statistically significant data

Alcohol and folate intake classified based on quartile intake of controls.

Aspirin (irregular < 4/week; low 1-4/week; moderate 1/day; high 2/day)

Folate quartiles: 1st ≤ 337.4 μg/day, 2nd >337.4 μg/day/≤ 547.6 μg/day, 3rd > 547.6 μg/day/≤ 796.5 μg/day, 4th >796.5 μg/day

Alcohol quartiles: 1st ≤ 0.177 mg/day, 2nd >0.177 mg/day/≤ 2.354 mg/day, 3rd > 2.354 mg/day/≤ 15.086 mg/day, 4th > 15.086 mg/day
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