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Abstract
Objective—The metabolism of xenobiotics is complex and involves multiple steps and multiple
enzymes. Genetic variation in the genes encoding these enzymes as well as the level of exposure
to the substrates of these enzymes could alter metabolism and clearance of potential carcinogens
and thus alter cancer susceptibility. This study examined interaction effect between smoking and
two single nucleotide polymorphisms (SNPs)—CYP1A1 c.1384A>G (p.Ile462Val) and EPHX1 c.
337T>C (p.Tyr113His)—in modulating colorectal cancer (CRC) risk. The SNPs were selected a
priori based on functional significance.

Methods—In a case-only analysis, unconditional logistic regression was used to examine the
associations between smoking and each SNP and between the two SNPs in 786 patients with
nonfamilial CRC.

Results—There was significant multiplicative interaction for CRC risk between smoking and
EPHX1 c.337T>C (odds ratio [OR] = 1.37, 95% confidence interval [CI] = 1.03–1.81, P = 0.03),
particularly among smokers with a history of greater than 20 pack-years of smoking (OR = 1.52,
95% CI = 1.07–2.16, P = 0.02). In addition, there was gene-gene interaction between EPHX1 c.
337T>C and CYP1A1 c.1384A>G (OR = 1.61, 95% CI = 1.02–2.55, P = 0.04).

Conclusion—Smokers with any variant allele of EPHX1 were at increased risk for CRC, as
were individuals with any variant allele of CYP1A1 together with any variant allele of EPHX1.
Thus, the study of gene-environment and gene-gene interactions may help to identify high-risk
subgroups that can be targeted for intensive smoking cessation and CRC screening interventions.
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Introduction
Colorectal cancer (CRC) is the third most common cancer in both men and women,
representing 10% of all cancers in men and women [1]. It is also the second most frequent
cause of cancer mortality, accounting for 9% of all deaths from cancer in men and women.
An estimated 146,970 incident cases of CRC and 49,920 deaths due to CRC were expected
in the United States in 2009 [1]. Risk for CRC is influenced by both environmental and
genetic factors. Smoking is a putative risk factor for many cancers, and mounting evidence
indicates that smoking is a risk factor for CRC [2]. Genetic risk factors for CRC include the
highly penetrant but rare mutations seen in familial adenomatous polyposis (FAP) and
hereditary nonpolyposis colorectal cancer syndrome (HNPCC or Lynch syndrome), which
demonstrate a Mendelian inheritance and account for ~5% of CRC cases [3]. There is
evidence that other, more common, low-penetrance gene mutations may also be associated
with risk for CRC (reviewed in [4]).

Cigarette smoking is a widespread source of exposure to carcinogens like polycyclic
aromatic hydrocarbons (PAHs) and nitrosamines. These potentially carcinogenic substances
are metabolized by many different metabolic enzymes that vary in their expression and
activity levels due to polymorphisms in the genes encoding them. These enzymatic
variations can result in differences in the metabolism and clearance of carcinogens and
therefore modify cancer risk.

The enzyme that principally metabolizes PAHs is encoded by the CYP1A1 gene. Two single
nucleotide polymorphisms (SNPs) in CYP1A1 have frequently been examined for their
relationship to cancer susceptibility: a T>C polymorphism in the 3′-untranslated region,
which creates an MspI restriction site, and a c.1384A>G polymorphism that results in an
amino acid change from isoleucine to valine (p.Ile462Val). The process by which PAHs are
metabolized involves a phase I activation reaction in which highly reactive intermediates
with mutagenic potential are generated [5,6]. The CYP1A1 c.1384A>G SNP is associated
with increased activity of the enzyme [7] and thus increased activation and carcinogenic
potential of PAHs and the associated activated metabolites.

PAHs are also substrates for the EPHX1-encoded enzyme microsomal epoxide hydrolase,
which hydrolyzes epoxides; the metabolic process can result in both detoxified or more toxic
product [8]. Variations in EPHX1, such as non-synonymous SNPs c.337T>C (p.Tyr113His)
and c.416A>G (p.His139Arg), influence enzyme activity and may thus modulate the risk of
PAH-mediated CRC, especially in smokers. Specifically, the EPHX1 c.337T>C variant
allele is associated with reduced enzyme activity [8].

Earlier, in a retrospective study on a cohort of individuals with Lynch syndrome (individuals
with a genetic predisposition for CRC due to an inherited pathogenic mutation in one of the
DNA mismatch repair genes), we reported on the effect of polymorphisms in certain
candidate xenobiotic metabolizing genes on risk for CRC [9]. We found that the CYP1A1 c.
1384A>G and MspI variant alleles were associated with an earlier age at onset of CRC, and
the data were suggestive of an interaction between CYP1A1 c.1384A>G and EPHX1 c.
337T>C SNPs in modulating age-associated CRC risk (P for interaction term = 0.036; Wald
χ2 P = 0.044).

Since the PAHs present in cigarette smoke are metabolized by polymorphic enzymes it is
reasonable to assume that the effect of genetic background on CRC risk could be modified
by smoking. However, although gene-gene interaction was explored in our previous study
on Lynch syndrome, the sample size was too small (smoking and genotype information were
available for only 167 individuals) for examination of possible gene-environment interaction
between smoking and the metabolic gene SNPs that were found to be associated with CRC
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risk. Therefore, in the current study, we examined a series of 786 nonfamilial CRC cases to
test the hypothesis that smoking interacts with the polymorphic CYP1A1 c.1384A>G or
EPHX1 c.337T>C in influencing risk for CRC. We also used this sample of sporadic CRC
cases to validate the gene-gene interactions observed between CYP1A1 c.1384A>G and
EPHX1 c.337T>C in our previous study and to test the hypothesis that individuals with
variant alleles of both SNPs are at significantly higher risk for CRC.

Methods
Study population

The study population consisted of a series of 794 patients with histopathologically
confirmed CRC enrolled as participants in TexGen at The University of Texas M. D.
Anderson Cancer Center from April 2002 to July 2007. The TexGen research project is an
ongoing project that collects and stores biological material (blood and tissue) for future
genetic and medical research at the Texas Medical Center. TexGen enrolled all new patients
in the Gastrointestinal, Genitourinary, and Urology Centers at M. D. Anderson Cancer
Center who were age 18 years or older and consented to the study. We studied all patients
from the TexGen series with non-syndromic CRC (any patients with known hereditary or
familial CRC were excluded). Blood samples were collected in EDTA tubes at the same
time that the patient underwent venipuncture for other tests. The samples were processed on
the same day or the next day and stored at −80°C. The process for DNA extraction and
purification involved spinning the blood samples at 2800 rpm for 10 min, then 1–4 ml of
plasma was separated, leaving the buffy coat for DNA extraction. DNA was extracted on an
Autopure LS automated DNA purification instrument (Gentra Systems Inc., Minneapolis,
MN) according to the manufacturer’s instructions. The steps for purification of DNA
included lysis of red blood cells and nucleated cells, protein precipitation to pellet cellular
proteins, DNA recovery using 100% isopropanol, washing of the DNA pellet with 70%
isopropanol, and DNA hydration before storage.

The demographic and epidemiological data for the patients in this study were obtained from
the Patient History Database questionnaire. This questionnaire is a medical intake form that
all newly registered patients are required to complete at presentation to M. D. Anderson
Cancer Center. The form has been in use since December 1999, and 93% of all newly
registered patients complete the questionnaire. The form is a template that the clinician uses
to guide the primary medical evaluation, and besides eliciting smoking history, it asks for
core risk factor, family history, demographic, and quality-of-life information that the patient
self-reports. Certified clinical coding specialists abstract the data and enter them into a web-
based Oracle database. Quality control checks are performed at regular intervals. The
Institutional Review Board approved the use of TexGen samples and data for this study.

Participants were characterized at study enrollment as “never-smokers” if they had smoked
fewer than 100 cigarettes in their lifetime and as “ever-smokers” if they had smoked at least
100 cigarettes. The ever-smokers were further divided into “former smokers” and “current
smokers”. Former smokers were defined as subjects who had quit smoking at least 1 year
before their cancer diagnosis, and current smokers were defined as those who were smoking
within 1 year before their cancer diagnosis. Smoking dose was calculated in pack-years by
multiplying the number of packs of cigarettes smoked per day by the number of years of
smoking. On merging the TexGen and Patient History Database data files, we excluded 6
individuals who had incomplete smoking data, so that our final study sample consisted of
794 individuals.
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Genotyping
Genotyping for EPHX1 c.337T>C polymorphism was performed with the Taqman assay
using protocols described by the manufacturer (Applied Biosystems, Foster City, CA).
Primer and probe sequences were obtained from the National Cancer Institute’s
SNP500Cancer database (http://snp500cancer.nci.nih.gov/). The dual-384-well GeneAmp
PCR system 9700 (Applied Biosystems) was used for polymerase chain reactions (5 μl) that
included 5 ng of sample DNA, 2.5μl of 2 X Taqman genotyping master mix (Applied
Biosystems), and 900 nM for each primer and 200 nM for each probe. The polymerase chain
reaction conditions were 95°C for 10 min, followed by 50 cycles of 92°C for 30 s and 60°C
for 1 min. The reacted plates were then read using the ABI Prism 7900HT sequence
detection system, and genotypes were automatically called by the built-in software. Positive
and negative controls were used in each genotyping assay, and more than 5% of samples
were randomly selected and run in duplicates with 100% concordant results.

The CYP1A1 c.1384A>G polymorphism was not amenable to genotyping on the Taqman
platform, so genotyping was performed on a pyrosequencer (PSQ 96 System; Biotage, Inc.)
using the method described previously [9,10]. For quality control, 5% of the samples were
run as duplicates in the pyrosequencing reactions with no conflicting results.

Statistical Analysis
We estimated the genotype frequencies for CYP1A1 c.1384A>G and EPHX1 C.337T>C and
tested each SNP for Hardy-Weinberg equilibrium. A case-only design was used to examine
the interactions between smoking and each of these SNPs and also gene-gene interaction
between these two SNPs.

In a case-only analysis, it has been shown that the odds ratio (OR) for the association
between the environmental exposure and the gene is a function of the OR for the
environmental factor alone, the genotype alone, and their joint effects in a regular case-
control study [11]. Khoury and Flanders [12] have elaborated that the case-only OR can be
interpreted as the multiplicative interaction between gene and environment under the
assumption that the gene and environment are independent of each other in risk for disease.
To address the independence assumption between the genes and smoking in our study, it can
be stated that individuals do not routinely know their genetic status for CYP1A1 or EPHX1
SNPs and that neither of these genes is known to be associated with smoking behavior, so it
is unlikely that an individual’s genotype influences whether or not he or she smokes.
Another method to determine independence between exposures is to examine their
relationship in a sample of controls from the same base population as the cases, as suggested
by Piegorsch et al. [11]. A lack of association between the exposures among the controls
would indicate that the exposures are independent. Therefore, to determine whether smoking
and genotypes for each of the SNPs were independent, we examined their relationship in a
sample of 722 controls from the same base population as the cases (these were controls for a
lung cancer study at M. D. Anderson Cancer Center for whom genotyping data for the two
SNPs were available [13]), and we found no differences in genotype frequencies between
smokers and nonsmokers for either SNP (χ2 P > 0.05). Therefore, we made the assumption
that the gene and environmental exposures were independent and our interaction estimates
were valid. Similarly, in testing for gene-gene interaction, linkage disequilibrium may cause
nonindependence between the genes, which can invalidate a case-only design to measure
gene-gene interaction [14]. Since genes on different chromosomes are unlikely to be
correlated and the genes we tested are located on separate chromosomes (CYP1A1 on
chromosome 15 and EPHX1 on chromosome 1), the independence assumption for these two
SNPs was not violated.
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Unconditional logistic regression was used to estimate the case-only ORs and 95%
confidence intervals (CIs) to assess the interaction effect of smoking and each of the SNPs
and to determine the influence of interaction between the two SNPs on CRC risk. Data for
the CYP1A1 SNP were dichotomized by combining the heterozygous and homozygous
variant genotypes (AG+GG) because of the low frequency of the GG genotype. The EPHX1
SNP c.337T>C was examined in both an additive and a codominant model. The wild-type
genotypes formed the reference group. Gender, age and ethnicity were included as
covariates in the regression model as potential confounders. The interaction effects were
also examined by cancer stage (localized vs. distant) and site (colon vs. rectal). Lastly, in
stratified analyses, the gene-gene interaction was analyzed within smoker/non-smoker and
gender subgroups. All statistical analyses were performed using STATA 8.0 statistical
software (StataCorp LP, College Station, TX).

Results
Of the 794 participants, we had complete genotyping data for 786. Genotyping of the
remaining 8 samples failed for one or both SNPs, and these samples were therefore dropped
from the analysis.

Participant characteristics and genotype frequencies are presented in Table 1. The study
population was mostly non-Hispanic White (80%), and there were more men (59%) than
women. Smokers constituted 47.2% of the population, and among the smokers, about half
(50.4%) had a history of greater than 20 pack-years of smoking. Both of the SNPs were in
Hardy-Weinberg equilibrium (CYP1A1 c.1384A>G, χ2 P = 0.73; EPHX1 c.337T>C, χ2 P =
0.36).

Information about gene-environment and gene-gene interactions and CRC risk is presented
in Table 2. The case-only OR comparing the CRC risk between ever-smokers with the
variant EPHX1 c.337T>C genotypes and never-smokers with the homozygous wild-type
genotype was statistically significant (OR = 1.37, 95% CI = 1.03–1.81, P = 0.03),
suggesting the presence of an interaction between smoking and EPHX1 (Table 2). Further,
the interaction effect between EPHX1 c.337T>C and greater than 20 pack-years of smoking
was also significant (OR = 1.52, 95% CI = 1.07–2.16, P = 0.02), suggesting that the EPHX1
c.337T>C variant genotypes influence susceptibility for CRC particularly among heavy
smokers (>20 pack years). There was no evidence of a similar interaction between smoking
and CYP1A1 c.1384A>G (OR = 0.73, 95% CI = 0.46–1.14, P = 0.17).

The OR for gene-gene interaction between the two SNPs was significant for individuals with
any variant allele of CYP1A1 c.1384A>G and any variant allele of EPHX1 c.337T>C (OR =
1.61, 95% CI = 1.02–2.55, P = 0.04) and more so for individuals with the EPHX1
homozygous variant genotype (OR = 2.96, 95% CI = 1.57–5.57, P = 0.001) compared to
individuals with the homozygous wild-type genotypes of the two SNPs (referent),
suggesting the presence of an interaction between these two SNPs. Adjusting for gender, age
and ethnicity did not significantly alter any of the main effect estimates (results not shown);
therefore, the unadjusted estimates are presented (Table 2).

Although the power was limited for subgroup analyses, on stratification by smoking status,
the OR for interaction effect was statistically significant for the CYP1A1 any variant and
EPHX1 homozygous variant genotype (CC) in both never-smokers (OR = 2.67, 95% CI =
1.16–6.15, P = 0.02) and ever-smokers (OR = 3.59, 95% CI = 1.33–9.65, P = 0.01), but the
OR was much higher in ever-smokers (Table 3). The OR for interaction effect did not differ
by tumor stage or site. Similarly, there was no interaction effect between gender and either
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of the SNPs. However, in subgroup analysis by gender, a gene-gene interaction effect was
seen in males but not in females (Table 4).

Discussion
In this case-only analysis, there was evidence of departure from multiplicativity indicating a
gene-environment interaction between EPHX1 c.337T>C and smoking, particularly in
smokers with a history of greater than 20 pack-years of smoking. In addition, there was a
gene-gene interaction between CYP1A1 c.1384A>G and EPHX1 c.337T>C. Therefore, our
results suggest that (1) the impact of cigarette smoking on CRC risk is synergistically
increased among individuals who carry a variant allele of EPHX1 c.337T>C and (2)
individuals who carry variant alleles of both CYP1A1 c.1384A>G and EPHX1 c.337T>C are
more susceptible to CRC. Furthermore, in an analysis stratified by smoking status, we found
that the OR for gene-gene interaction effect was statistically significant for the EPHX1
homozygous variant genotype (CC) in both never-smokers and ever-smokers but that the
OR was higher in ever-smokers. Similarly, the OR for gene-gene interaction was significant
in males but not in females, although overall, there was no significant interaction between
gender and either of the SNPs. These results were based on a limited number of patients, but
they suggest that compared with nonsmokers with wild-type alleles for both SNPS, smokers
with variant alleles of CYP1A1 c.1384A>G and smokers with the homozygous variant
genotype for EPHX1 c.337T>C are at significantly increased risk for CRC and the gene-
gene interaction effect may be gender specific, as it was evident only in males.

In our previous study on individuals with Lynch syndrome, we found evidence for
multiplicative interaction between CYP1A1 c.1384A>G and EPHX1 c.337T>C (P for
interaction term = 0.036; Wald χ2 P = 0.044) with a greater than multiplicative hazard ratio
for the combined effect of having a variant allele of each of these SNPs (hazard ratio, 3.09,
95% CI, 1.58–6.04; P = 0.001). The purpose of the present study was to see if these findings
were replicable in cases of nonsyndromic CRC. Even though the study designs used to
obtain the interaction estimates were different (retrospective cohort versus case-only
design), the results from both studies were statistically significant.

Most of the association studies for EPHX1 and smoking in colorectal carcinogenesis have
examined colorectal adenoma as the outcome [15–18]. Of three studies with CRC as the
outcome one reported an increased frequency of the c.337C variant allele in CRC cases
compared to controls [19], one found a reduced CRC risk associated with the c.337C allele
[20] and one large case-control study found no association [21]. Similarly, there have been
conflicting results for the interaction effect between smoking and EPHX1. Ulrich et al. [18]
found that the variant EPHX1 c.337C allele increased adenoma risk among smokers and the
risk was highest among those with greater than 25 pack-years of smoking (similar to our
findings for CRC risk), whereas other studies reported reduced risk associated with the low
activity c.337C allele in the presence of smoking [15–17]. Further validation of the influence
of EPHX1 on risk of CRC in the presence of smoking may therefore be warranted.

Few studies have evaluated the association between CYP1A1 and CRC, though CYP1A1 has
been extensively evaluated in other smoking-related cancers (reviewed in [22]). Slattery et
al. examined the association between CYP1A1 c.1384A>G and smoking in risk of CRC in
1026 cases and 1185 controls and found that the individuals at highest risk for CRC were
men who were currently smoking and had any CYP1A1 variant allele. The authors
concluded that the impact of smoking on CRC risk may depend on CYP1A1 genotype [23].
Fan et al. used a case-only study similar to our own study to determine the interactions
between certain polymorphisms in metabolic enzymes and smoking in 207 Chinese patients
with CRC and found a significant gene-gene interaction between CYP1B1 1294G and
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SULT1A1 638A alleles (OR 2.68, 95% CI = 1.16–6.26) and gene-environment interaction
between CYP1B1 1294G and smoking (OR 2.62, 95% CI = 1.01–6.72) [24]. However, the
results of their study and our study cannot be compared since the polymorphisms examined
in the two studies were different.

PAHs in cigarette smoke are substrates for both CYP1A1 and EPHX1, and these two
enzymes act sequentially to metabolize PAHs. Therefore, a biological interaction effect may
exist between CYP1A1 and EPHX1. First, CYP1A1 converts benzo(a)pyrene to the active
benzo(a)pyrene 7,8 epoxide. This is then hydrated by EPHX1 to a transhydrodiol derivative,
benzo(a)pyrene 7,8 diol, a product that is less toxic [16]. However, the diol derivative is also
a primary substrate for CYP enzymes that oxidize it further to benzo(a)pyrene 7,8
dihydrodiol 9,10 epoxide (BPDE), which is highly reactive and capable of forming DNA
adducts. Therefore, these genes may interact to play a more complex role in cancer
susceptibility.

The case-only approach was appropriate for our study since it was used to validate a priori
findings of an interaction effect between two SNPs. However, a case-only study does have
the disadvantage of not allowing evaluation of the independent effect of either of the
exposures, smoking alone or the CYP1A1 and EPHX1 genotypes alone, but only allowing
evaluation of their interactions. It also does not allow assessment for departures from joint
additive effects (can only test departures from joint multiplicative effects) of the exposure
and genotype or the genotypes with each other. However, the case-only design is efficient
(smaller sample size required to assess interaction than in a case-control design) [14] and
offers less potential for misclassification of exposures.

Though both CYP1A1 c.1384A>G and EPHX1 c.337T>C are nonsynonymous SNPs and
therefore likely have functional consequences, we queried two programs (PolyPhen
[http://genetics.bwh.harvard.edu/pph/] and SIFT [http://blocks.fhcrc.org/sift/SIFT.html])
that predict the impact of an amino acid substitution on protein function to assess whether
these SNPs are potentially deleterious. Polyphen classified CYP1A1 c.1384A>G as
“benign,” and SIFT classified it as “tolerated.” EPHX1 c.337T>C, on the other hand was
classified as “possibly damaging” by Polyphen and “intolerant” by SIFT. The EPHX1 c.
337T>C SNP may therefore be important to follow up on in functional studies in CRC.

Our study was underpowered for subgroup analysis by race/ethnicity due to the low
frequency of the CYP1A1 variant genotype. The OR for interaction between CYP1A1 c.
1384A>G and EPXH1 c.337T>C (homozygous variant) lost significance when we analyzed
the non-Hispanic Whites alone (OR(EPHX1:CC genotype) = 2.2, 95% CI = 0.87–5.56, P =
0.09). However, evidence for interaction between EPHX1 c.337T>C and smoking remained
significant when the analysis was limited to non-Hispanic whites—that is, among whites,
ever-smokers with one or two copies of the EPHX1 variant c.337C allele had OR = 1.4
(95% CI = 1.05–1.97, P = 0.02) compared to never-smokers with the TT genotype. Overall,
including ethnicity as a covariate while testing for interaction, did not alter the main effect
estimates. Analyzing interaction effects in a larger sample of each ethnic subgroup may be
required to validate these findings more globally.

Our finding of evidence for a gene-gene interaction between CYP1A1 c.1384A>G and
EPHX1 c.337T>C in risk for sporadic CRC is especially meaningful, since to our knowledge
this interaction has not previously been described and since this finding validates a similar
interaction seen in our previously reported study [9] in a different study population. Future
plans for these findings would include evaluating the gene-gene and gene-environment
relationship as predictors of CRC recurrence and survival. In conclusion, while low
penetrance genes like CYP1A1 and EPHX1 may raise the cancer risk only slightly
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independently, in combination they may greatly increase cancer susceptibility. Therefore,
individuals who have multiple genetic susceptibility alleles and are smokers may be a
subgroup that could be targeted for more intensive interventions than is recommended for
the general population.
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Table 1

Case Characteristics and Genotype Frequencies

Characteristic No. (%) of Patients

Gender

 Male 466 (59.3)

 Female 320 (40.7)

Ethnicity

 Non-Hispanic White 633 (80.5)

 Hispanic 68 (8.7)

 Black 59 (7.5)

 Asian/Pacific Islander 15 (1.9)

 Other 11 (1.4)

Age, years

 Median 59

 Mean ± SD 58.4 ± 12.7

Smoking status

 Never-smoker 415 (52.8)

 Ever-smoker 371 (47.2)

 Former smoker 313 (39.8)

 Current smoker 58 (7.4)

Pack-years of smoking

 ≤20 184 (49.6)

 >20 187 (50.4)

CYP1A1 c.1384A>G

 AA 699 (88.9)

 AG 84 (10.7)

 GG 3 (0.38)

EPHX1 c.337T>C

 TT 380 (48.4)

 TC 324 (41.2)

 CC 82 (10.4)

SD, standard deviation.
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