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Abstract
Diets high in red meat are established risk factors for colorectal cancer (CRC). Carcinogenic
compounds generated during meat cooking have been implicated as causal agents. We conducted
a family-based case-control study to investigate the association between polymorphisms in
carcinogen metabolism genes (CYP1A2 -154A>C, CYP1B1 Leu432Val, CYP2E1 -1054C>T,
GSTP1 Ile105Val, PTGS2 5UTR -765, EPHX1 Tyr113His, NAT2 Ile114Thr, NAT2 Arg197Gln
and NAT2 Gly286Glu) and CRC risk. We tested for gene-environment interactions using case-
only analyses (N = 577) and compared statistically significant results to those obtained using case-
unaffected sibling comparisons (N = 307 sibships).

Our results suggested that CYP1A2 -154A>C might modify the association between intake of red
meat cooked using high temperature methods and well done on the inside and CRC risk (case-only
interaction OR = 1.53; 95% CI = 1.19-1.97; p = 0.0008) and the association between intake of red
meat heavily browned on the outside and rectal cancer risk (case-only interaction OR = 0.65; 95%
CI = 0.48-0.86; p = 0.003). We also found that GSTP1 Ile105Val might modify the association
between intake of poultry cooked with high temperature methods and CRC risk (p = 0.0035), a
finding that was stronger among rectal cancer cases.

Our results support a role for heterocyclic amines that form in red meat as a potential explanation
for the observed association between diets high in red meat and CRC. Our findings also suggest a
possible role for diets high in poultry cooked at high temperatures in CRC risk.
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Introduction
Colorectal (CRC) cancer is the third most common cancer and third leading cause of cancer
death for both men and women in the United States1. Red meat consumption has been
reported as a “convincing” risk factor for CRC in a large review conducted by the World
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Cancer Research Fund2. A meta-analysis of prospective studies published up to 2008
suggests that diets high in red meat or processed meat increase risk of CRC by about 20%3.
In contrast, no overall association was found between diets high in poultry and CRC risk3. A
few epidemiological studies, including our own, have taken into account cooking methods
and doneness levels of red meat and poultry, and suggested positive associations between
diets high in heavily browned red meat or red meat cooked using high temperature cooking
methods and CRC4-8.

Carcinogens that form during the cooking or processing of meats have been postulated as
potential culprits for the association between red meats and CRC risk. These include:
heterocyclic amines (HCAs), polycyclic aromatic hydrocarbons (PAHs) and N-nitroso
compounds (NOCs)9. High cooking temperature or prolonged duration of cooking favors the
formation of HCA9, 10. A few epidemiological studies have considered estimated levels of
HCAs from diets high in well-done red meat and overall support a role for HCAs in CRC
risk4, 6, 8, 11. PAHs are formed when meats are exposed to flames, such as when charbroiling
and grilling12, as well as during curing and processing of food with smoke13. Exposure to
NOCs can occur from exogenous sources, such as cured meats with nitrites, or from
endogenous formation due to nitrosating agents that react with amines derived from red
meat9, 14, 15. The relative contribution of each of these three carcinogens to CRC is still
uncertain.

Most absorbed dietary HCAs and PAHs are metabolized in the liver but are also transported
back to the intestines via the bile acids and can be locally activated in the colon16. N-
nitrosamines can be directly activated in human colon17. HCAs, PAHs, and NOCs require
metabolic activation before they can react with macromolecules. These carcinogens, can
also be detoxified and excreted, thus diminishing the amount of DNA damage induced by
them. These metabolic reactions are carried out by specific combinations of Phase I and
Phase II enzymes both in the liver and the colon. These enzymes vary in their metabolic
activity in the human population; hence, it is biologically plausible to hypothesize that the
inheritance of specific allelic variants of metabolizing genes may influence CRC risk.
Whereas some epidemiological studies that focused on polymorphisms in Phase I and Phase
II enzymes support this, overall results are inconclusive18, 19. However, studies on the role
of key polymorphisms in some of these enzymes jointly with meat intake, considering
cooking practices and/or level of doneness, find overall support for the hypothesis that
variation in metabolic enzymes might modify the effect of diets high in red meat11, 20-27.
However, few of these studies investigated potential interactions between these enzymes and
diets high in poultry taking into account cooking methods23, 24. Furthermore, most of these
studies have focused on only a few of the most relevant metabolic enzymes.

In this study, we investigated the role of polymorphisms in genes encoding seven enzymes
that play key roles in the metabolism of the three main meat-induced carcinogens: CYP1A2
(HCA activation16), CYP1B1 (HCA28 and PAH29 activation), CYP2E1 (NOC activation30),
GSTP1 (HCA, PAH, and NOC detoxification31), EPHX1 (PAH activation29), PTGS2 (also
known as COX-2, HCA1 and PAH32 activation) and NAT2 (HCA activation33). We
considered their overall association with CRC risk and their potential modifier role on the
effect of diets high in red meat or poultry, taking into account cooking practices and
doneness levels. All these SNPs were chosen based on their known impact on protein
function and previous reports on their role on CRC risk.
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Materials and Methods
Study Subjects

We conducted a family-based case-control association study with subjects recruited from the
USC Consortium of the Colon Cancer Family Registry (Colon-CFR)34. Briefly, incident
cases with CRC (probands) were recruited through the population-based registries affiliated
with one of the component centers of the USC consortium34. Unaffected siblings and
cousins in the family of the probands were enrolled, siblings were selected as controls.
Preference was given to older and same-sex controls. Details on the ascertainment and
eligibility criteria used by the USC Consortium have been published34. All subjects signed a
written informed consent approved by the Institutional Review Board of each institution,
donated a blood sample, and completed a risk factor questionnaire that provided
demographic data, diet, physical activity and other life style factors. In our analyses we
included affected probands (n=577) and unaffected siblings (n=362), for a total of 307
sibships, recruited between 1997-2002, as we previously described7.

Exposure Assessment
Meat exposure was assessed using data from the baseline risk factor questionnaire used by
all Colon CFR sites7, 34. Briefly, we included variables that captured servings per week of
red meat (beef, steak, hamburger, prime rib, ribs, veal, lamb, bacon, pork, pork in sausages
or venison) or poultry (chicken, turkey, fowl), and servings per week of red meat or poultry
cooked by pan-frying, oven broiling, grilling or barbecuing (henceforth referred to as “high
temperature methods”). Individuals were also asked about the level of doneness of red meat
from inside (red, pink, brown) and the level of doneness of red meat or poultry from outside
(lightly, medium or heavily browned) when red meat or poultry was cooked by pan-frying,
oven broiling, grilling or barbecuing. All questions were referred to two years before cancer
diagnosis of the proband.

Genotyping methods
Genomic DNA was extracted from peripheral blood lymphocytes and Taqman assays from
Applied Biosystems (Foster City, CA) were used to determine the following SNPs: CYP1A2
-154A>C (rs762551), CYP1B1 Leu432Val (rs1056836), CYP2E1 -1054C>T (rs2031920),
GSTP1 Ile105Val (rs1695, previously rs947894), PTGS2 5UTR -765 (rs20417), EPHX1
Tyr113His (rs1051740), NAT2 Ile114Thr (rs1801280), NAT2 Arg197Gln (rs1799930) and
NAT2 Gly286Glu (rs1799931). Approximately 6% of the sample was randomly selected for
repeated analysis. Call rates were >96% and we had 100% concordance between all
duplicate samples.

Statistical analyses
Analyses of gene main effects—We found no statistically significant differences
between the observed genotypic frequencies among Caucasian unaffected siblings (82.6% of
all siblings) and those expected under HWE, compared using chi-square tests. Proband –
unaffected sibling comparisons were conducted using 1: N matched conditional logistic
regression. For gene main effect analyses we estimated odds ratios (ORs) and 95%
confidence intervals (CI) for each genotype and per variant allele assuming a log-additive
mode of action. Given that most of our matched siblings were older and the same gender of
the probands, we did not further adjust age and gender in the final models.

The NAT2 predicted phenotype (slow/fast) was generated based on the three NAT2 SNPs-
Ile114Thr (rs1801280), Arg197Gln (rs1799930) and Gly286Glu (rs1799931). These
polymorphisms define different NAT2 alleles which have been characterized for their
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impact on protein function35, 36, and were inferred using haplotype probabilities estimated
using the Expectation-Maximization algorithm37. In agreement with the existing
classification38, we classified carriers of two copies of the fast haplotype as ‘”fast” and
carriers of all other haplotypes as “slow” phenotype.

Gene x Exposure analyses—Given that we had data and samples available for 577
probands, but only 307 of these had siblings available for case-unaffected sibling
comparisons, to maximize statistical power we tested for gene-environment interactions
using all 577 probands using case-only analyses. Proband-unaffected sibling analyses were
done to corroborate results and are presented as supplementary analyses. Provided that the
prevalence of the gene variants is independent of the exposure, ORs obtained from a case-
only analysis can be used as estimates of interaction ORs (IOR)39. We tested this
assumption of independence by testing the association between polymorphism frequencies
and dietary exposures among the cousins of the probands, which are more representative of
the underlying population than the unaffected siblings, and found no statistically significant
associations. We created dichotomous exposure variables of meat intake using the median
among cousins (N = 355), as we previously described7, 34. We tested for GxE interactions in
proband-only analyses using unadjusted unconditional logistic regression models with the
dichotomized exposure as the outcome variable and the 6 individual SNPs and NAT2
predicted phenotype as the independent variables. To confirm our significant case-only GxE
ORs, we compared them to IORs computed using proband-unaffected siblings. We tested
for interactions on a multiplicative scale using conditional logistic regression models that
included an interaction term between dichotomous variables for each exposure and gene
variables. In both probands-only and proband-sibling analysis, we assumed a log-additive
mode of action.

For analyses of gene x meat interactions, we evaluated the potential confounding effect of
relevant selected variables (age at interview, gender, history of Crohn’s disease, ulcerative
colitis, irritable bowel syndrome, diverticulitis, diabetes, high cholesterol, marital status,
folate supplements, weight 2 years before interview and at age 20, height, years lived in the
USA, BMI, aspirin/ibuprofen use, physical activity, fruits and vegetables per week, level of
education, income and smoking status). Adjustment for these potential confounders did not
change any of the ORs for the main exposure or gene variables by greater than 10%. Hence,
they were not included in final gene-environment interaction models. For 87.5% of the
subjects, we also had dietary data obtained with an FFQ34 for total energy intake, total
protein and total saturated fat intake. Among these subjects, we considered these variables as
potential confounders of meat intake variables and found no evidence that they changed risk
estimates by more than 10%; therefore, they were not included in our final models.

Analyses of heterogeneity by tumor sub-sites—For analyses of gene main effects
and GxE interactions by tumor sub-sites we collapsed the site of 11 tumor ICD codes into
two groups: colon cancer (ICD-O-2 C180-C188, n=351) and rectal cancer (ICD-O-2 C199,
C209, n = 151), excluding from analyses cases with ICD code ICD-O-2 C189 (large
intestines, not otherwise identified). We lacked tumor sub-site information for 75 probands.
For proband-only analyses of G-E interactions, we tested for heterogeneity across tumor site
by adding the tumor site variable and the product term between genotype and tumor site.
Likelihood ratio tests from comparing nested models were used to assess statistical
significance. For proband-sib analyses, we tested for heterogeneity of the gene main effects
across anatomical sub- sites by assigning to each control the same code for tumor site as the
associated proband. We test for heterogeneity in the effect of genotype or exposure by tumor
sub-site by adding a product term between the gene or exposure and tumor site variable in
the logistic regression model; thus allowing their log-OR to differ and testing the null
hypothesis that the log-OR did not vary by tumor site. Furthermore, we examined 3-way
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interaction by adding the product term of genotype, exposure and tumor site in the
conditional logistic regression model.

To account for multiple testing we applied the Bonferroni correction. We present
uncorrected ORs and CIs and indicate whether they were or not compatible with chance
after Bonferroni correction. Tests of gene main effects are corrected for testing 7 variables
(6 SNPs and one predicted phenotype), as are all GxE interaction tests for each exposure
variable. All tests were two-sided and all analyses were done using the statistical software
STATA version 11 (STATA Corporation, College Station, TX).

Results
Table 1 shows the demographic characteristics and meat consumption pattern of all
individuals in our study. The mean age of probands and unaffected siblings were 60 and
59.3 respectively. Among probands, approximately 70% of the cancers were located in the
colon and 30% were located in the rectum. Men were more likely to have rectal cancer.

Carcinogen metabolism gene polymorphisms and colorectal cancer risk
We estimated per allele ORs assuming a log-additive mode of action and did not find any
statistically significant associations for either of the 6 polymorphisms’ variant alleles or the
NAT2 predicted fast phenotype (Table 2). However, we observed a positive association
between the GSTP1 Ile/Val genotype and CRC risk (OR = 1.67; 95% CI = 1.05-2.66) and a
similar but non-statistically significant association for the Val/Val genotype (OR = 1.59;
95% CI = 0.96-1.86). In light of these findings we estimated the association between one or
two copies of the GSTP1 Ile105Val Val allele which showed that carriers of the Ile/Val or
Val/Val genotypes had approximately 70% increased CRC risk compared to individuals
carrying Ile/Ile genotype (OR = 1.66, 95%CI = 1.05-2.63, p = 0.03). This association
seemed slightly stronger for rectal cancer (OR = 2.42, 95%CI = 0.91-6.45) than colon cancer
(OR = 1.63, 95%CI = 0.92-2.88), albeit the test of heterogeneity did not reach statistical
significance (p = 0.099). We did not find evidence of heterogeneity by tumor sub-site for
any of the other 5 SNPs and NAT2 predicted phenotype.

Carcinogen metabolism genes polymorphisms, red meat and colorectal cancer risk
Previously, we reported that intake of more than 3 servings of red meat per week was
associated with an 80% increased risk of CRC (OR = 1.8; 95% CI = 1.3-2.5), and a similar
intake of red meat cooked by pan-frying, oven-broiling or grilling was associated with a
60% increase of risk (OR = 1.6; 95% CI = 1.1-2.2) 7. We examined possible gene-
environment interactions between all 6 SNPs, along with the estimated NAT2 predicted
phenotype, and the following meat intake variables: number of servings of red meat per
week, number of servings of red meat cooked by high temperature (pan-fried, oven-broiled,
barbecued or grilled) per week, level of doneness of red meat on the outside (light-medium
brown/heavily browned-blackened), and level of doneness of red meat in the inside (rare-
medium/well-done).

Using proband-only analyses we found evidence that the NAT2 predicted phenotype
modified the effect of total red meat intake on CRC risk, as we observed that carriers of the
fast NAT2 phenotype were less likely to have diets higher in red meat compared to carriers
of the slow phenotype (proband-only interaction OR = 0.47; 95% CI = 0.26-0.85; p =
0.013). This finding did not differ when considering subsites determined by tumor location
(colon versus rectum), and did not remain statistically significant after applying a Bonferroni
correction. Similarly, when considering total red meat cooked by high temperature methods
and all cases combined, we observed evidence that the NAT2 predicted phenotype modified
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the association between intake of more than 3 servings per week and risk of CRC (proband-
only interaction OR= 0.34; 95% CI = 0.17-0.68; p = 0.002)(Table 3). This finding remained
statistically significant after Bonferroni correction. Again, we did not observe heterogeneity
by tumor sub-type for this interaction. When considering colon and rectum cases separately,
we observed opposite modifying effects of CYP1A2 -154A>C on the association between
high intake of pan-fried, oven-broiled or grilled red meat and rectal cancer (OR = 1.37,
95%CI = 0.83-2.25; p = 0.218) and colon cancer (OR = 0.65, 95%CI = 0.47-0.90; p = 0.01)
(heterogeneity test for colon vs. rectal cancer = 0.014) (Table 3). However, this finding was
compatible with chance after Bonferroni correction. A comparison of these interaction ORs
with those obtained from proband-sibling analyses showed little support for these
interactions (data not shown).

When considering red meat level of doneness, we found statistically significant evidence
that the effect of doneness on the inside of red meat on risk of CRC was modified by
CYP1A2 -154A>C (proband-only interaction OR = 1.54; 95% CI = 1.19-1.98; p = 0.001)
(Table 3). This finding remained statistically significant after Bonferroni correction. This
interaction was slightly stronger among rectal cancer cases (OR = 1.81; 95% CI = 1.09-3.01;
p = 0.023) than colon cancer cases (OR = 1.40; 95% CI = 1.02-1.91; p = 0.039); however
this difference by tumor site did not reach statistical significance (heterogeneity test colon
versus rectum p = 0.396). We found that this polymorphism also modified the effect of level
of doneness on the outside of red meat, albeit only among rectal cancer cases (proband-only
interaction OR = 2.27; 95% CI = 1.32-3.92; p = 0.003), but not colon cases (interaction OR
= 0.76; 95% CI = 0.54-1.08; p = 0.121) (heterogeneity test for colon vs rectal cancer p =
0.0008)(Table 3). Again, this finding remained statistically significant after Bonferroni
correction.

When we compared the results of red meat level of doneness and CYP1A2 -154 A>C
obtained from proband-only analyses to those obtained from proband-sibling analyses we
found interaction ORs of similar magnitude, which provided additional support for the
previously observed interactions, albeit statistical power was lower so estimates did not
reach significance (supplementary Table 1). Specifically, for the interaction of CYP1A2
-154A>C and red meat level of doneness on the inside among all CRC cases we observed an
interaction OR of similar magnitude to the one observed among proband-only analyses
(interaction OR = 1.35; 95% CI = 0.82-2.21; p = 0.237). Similarly, when considering level
of doneness on the outside of the meat, among rectal cancer cases we observed an
interaction OR of similar magnitude to the one observed among proband-only analyses
(interaction OR = 3.16; 95% CI = 0.85-11.7; p = 0.086), and comparable estimates for the
heterogeneity of colon vs. rectal cancer (p for heterogeneity = 0.154)(supplementary Table
1).

Carcinogen metabolism genes polymorphisms, poultry and CRC risk
We tested gene-environment interactions between the six SNPs and estimated NAT2
predicted phenotype and the following poultry variables: servings of pan-fried, oven-broiled,
or grilled poultry per week and level of doneness of poultry on the outside (light-medium
brown/heavily browned-blackened). When considering all tumors combined and using
proband-only analyses, our results suggested GSTP1 Ile105Val may modify the association
between pan-fried, oven-broiled or grilled poultry intake and risk of CRC (interaction OR =
0.65, 95%CI = 0.49-0.87, interaction p = 0.0035) (Table 4). This finding remained
statistically significant after Bonferroni correction. This interaction was slightly stronger
among rectal cancer cases (test of heterogeneity colon versus rectum p = 0.043). Further
examination of this gene-exposure interaction in proband-sibling analysis showed
interaction ORs of similar magnitude as those observed with proband-only analyses
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(interaction OR = 0.56; 95% CI = 0.31-1.01; p = 0.054)(supplementary Table 2). These
analyses also supported a slightly stronger effect among rectal cancer cases (interaction OR
= 0.36; 95% CI = 0.11-1.14; p = 0.082), although the heterogeneity test (colon versus
rectum) was not statistically significant (p = 0.709) (supplementary Table 2). When
considering poultry doneness level, we did not find evidence of effect modification for any
either of the six SNPs or NAT2 predicted phenotype when considering all cancer sites
combined, and no evidence of differential effects by tumor site.

Discussion
We investigated the role of polymorphisms in seven metabolic enzymes that are relevant for
the activation or detoxification of carcinogens formed in meats. These polymorphisms were
selected due to their known impact on protein function, and due to the key roles these
enzymes play in the metabolism of the main carcinogens formed in cooked red meats and
poultry. Nevertheless, we cannot ignore that in our study we have conducted many different
comparisons and some of these findings might be false positives due to chance. When taking
into account Bonferroni corrections for multiple testing, and the comparison of IORs from
proband-only analyses to those obtained from proband-sibling analyses, we found our
strongest and most consistent findings were the modifier role of CYP1A2 -154A>C on the
effect of red meat level of doneness on the inside on CRC risk and on the outside of red
meat on rectal cancer risk, and the modifier role of GSTP1 Ile105Val on the effect of diets
high in poultry cooked at high temperature on CRC risk. Overall, results were generally
stronger for rectal than colon cancer.

The observed allelic frequencies of the SNPs we investigated were comparable to those
previously reported40. We did not find strong evidence for an association between any of the
six SNPs and the NAT2 predicted phenotype and CRC risk. However, our results suggest
that the CYP1A2 (-154A>C) SNP might modify the association between inside or outside
level of doneness of red meat and CRC risk, with results suggesting an overall stronger
effect for rectal cancer. Among individuals carrying the C allele, we found an approximately
30% increased risk associated with diets high in red meat well-done on the inside with no
such association among individuals carrying A allele. Furthermore, our results suggested
that among carriers of the C allele, diets high in red meat heavily browned on the outside
might increase rectal cancer risk, but not colon cancer risk. CYP1A2 is an inducible phase I
metabolizing enzyme and it plays a key role in the metabolism of HCAs16. The CYP1A2
(-154A>C) polymorphism is common among Caucasians41 and it may explain the reported
variation in CYP1A2 inducibility42. The A allele is associated with higher enzymatic
activity compared to the protein coded by the C allele42. Therefore, an effect modification of
this SNP on the effect of HCAs on CRC risk is plausible. Our results suggest that the
carcinogenic effects of diets high in red meat well done on the inside or outside would be
greater in individuals carrying one or two copies of the C (slower) allele than individuals
carrying two copies of the A (faster) allele. HCAs formation in red meat is a function of
temperature and cooking time, and it is known to accumulate in meats cooked at high
temperatures for longer periods of time, such as those heavily brown on the outside. Once
absorbed in the colon, HCAs are rapidly transported to the liver where they can serve as
substrates for N-oxidation by CYP1A2, or N-glucuronidation by UGT enzymes, or they can
be converted to sulfamyl-HCAs. Sulfamyl-HCAs and HCA-N-glucuronides can be excreted
back into the intestines via the bile acids, where they can be converted back into parent
HCAs, which can undergo further activation into reactive species directly in the colon and
rectum43. Therefore, it is possible that slower activation of HCAs in the liver by CYP1A2
might contribute to more or longer availability of HCAs in the colorectum, by the above
mentioned mechanisms. This could explain our finding of stronger effects of red meat
heavily browned among individuals who carry a slower CYP1A2 allele. The finding of a
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stronger, or exclusive effect modification on the rectum might be explained by the fact that
distal parts of the large intestine are more likely to encounter higher concentrations of the
carcinogenic exposures due to increased water absorption along the colon 44. Recently, we
have reported a similar finding for red meat level of doneness among carriers of
polymorphisms in the XPD gene7.

In our interpretation of the CYP1A2 findings we cannot ignore that this enzyme is also able
to locally metabolize NOCs in colon, even though CYP2E1 and CYP3A4 are considered the
primary enzymes responsible for NOCs hydroxylation30. Hydroxylated forms of NOCs can
react and induce DNA damage45. However, the existing evidence suggests that exposure to
NOCs would occur via high intake of red meat, regardless of cooking method14, 15. In our
results, we do not observe evidence of effect of modification of CYP1A2 on total red meat
intake. The effect modification seems to be most relevant for red meat heavily browned on
the outside. Therefore, our findings seem to implicate HCAs more strongly than NOCs. Red
meat heavily browned on the outside could also accumulate PAHs, if the meat is grilled or
barbecued with flames. The fact that CYP1A2 plays a more central role in HCA than in PAH
metabolism offers less support for a role of PAHs in the association between red meat
heavily browned and rectal cancer risk.

In support of our findings, one previous study by Le Marchand and colleagues reported that
the combination of the CYP1A2 and NAT2 predicted phenotypes, assessed using a caffeine-
based test, exert interactions with well-done red meat, only among ever smokers20. To best
compare our findings to those of Le Marchand et al, we also investigated a potential effect
modification by smoking of the observed interaction between CYP1A2 and well-done meat
on the inside, analyses we consider exploratory given the sample size of our study. Similarly
to Le Marchand et al20, we observed that the CYP1A2 x well-done meat interaction was
restricted to ever smokers (interaction OR = 2.1; 95% CI = 1.42-3.06; p = <0.001) and
absent among never smokers (interaction OR = 1.1; 95% CI = 0.76-1.66; p = 0.557)(case-
only CYP1A2 x smoking status interaction p = 0.027). In contrast, two recently published
studies investigating the CYP1A2 -154A>C SNP did not find evidence that this SNP
modified the relationship between red meat or doneness level of red meat and CRC22, 46.
Possible explanations for the discrepancy between our study and these previous ones might
include differences in meat variable definitions, and lack of stratification by tumor sub-site
in these previous studies. In our study findings were stronger for rectal cancer.

We also found a statistically significant interaction between the GSTP1 Ile105Val and diets
high in pan-fried, oven-broiled or grilled poultry. Altogether, our results suggest that diets
high in poultry cooked using high temperature methods associated with increased CRC risk
only among carriers of the Ile allele. This effect modification seemed stronger for rectal
cancer cases. HCAs are known to accumulate in poultry cooked at high temperature47. GSTs
are a supergene family of Phase II metabolism genes, that catalyze the binding of a large
number of electrophiles to the sulfhydryl group of glutathione48, 49. Carcinogens formed in
meats cooked at high temperatures, such as HCAs and PAHs, become electrophilic after
activation; therefore, GSTs become crucial in their detoxification process. Experimental
studies suggest that proteins coded by the Ile allele have reduced enzyme activity compared
to those coded by the Val allele50, which has been reported to have approximately up to 3-
fold activity towards PAH bay-region diol epoxides 51. Therefore, our findings are plausible
as they indicate that among subjects who carry the less efficient GSTP1 enzyme, diets high
in poultry cooked at high temperatures might have a more detrimental effect on CRC risk
due to deficient excretion of activated carcinogens. To our knowledge, this is the first study
to report a modifier role of GSTP1 in the relationship between cooked poultry intake and
CRC risk.
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We did not find any evidence of effect modification related to red meat or poultry intake for
the polymorphisms we investigated in EPHX1, CYP1B1, CYP2E1, and PTGS2 enzymes. In
contrast, one study suggested that CYP1B1 variants significantly interacts with red meat
doneness intake22 and another study reported a modifier role for a CYP2E1 insertion variant
on the association between processed meats and rectal cancer21.

The use of proband-only analysis allowed us to maximize statistical power by using data
from all available probands regardless of the availability of siblings. Analyses of proband-
sibling pairs allowed us to internally validate our results using a family-based design that
eliminates the need for gene-exposure independence in addition to confounding by
population admixture. However, our study has a few limitations. First, our sample size was
not large enough for detecting gene-environment interactions of small effects, which we
may have missed. In particular, sample size was smaller for analyses by tumor sub-site.
Secondly, we did not consider direct measures of carcinogens but instead we considered
information from the questionnaire with respect to the frequency of meat intake and the
meat-cooking methods, which indirectly captures the formation of the carcinogens. Lastly,
we only considered SNPs presumed to impact protein function based on prior knowledge,
rather than a comprehensive tag SNP-based approach that would capture most of the genetic
variation in each gene. Therefore, we cannot discard a role for the genes for which we report
no associations with overall CRC risk.

In conclusion, our findings suggest that diets high in red meat well-done on the inside or
outside may increase CRC risk, particularly rectal cancer, presumably through the formation
of HCAs. Furthermore, our results indicate that diets high in poultry cooked at high
temperature might also be detrimental for CRC risk, perhaps through the formation of PAHs
or HCAs.
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Novelty Statement

This study examines polymorphisms in seven enzymes that participate in the metabolism
of three carcinogens associated with red meat and poultry intake and reports on their
association with colorectal cancer risk and possible gene-environment interactions. Few
studies have investigated the role of poultry on colorectal cancer risk taking into account
cooking practices and relevant metabolic enzyme polymorphisms.
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Impact Statement

Chemical carcinogens that form in red meat and poultry cooked using high temperature
methods may be relevant contributors to colorectal carcinogenesis. Their effect may be
modified by genetic variants in carcinogen metabolism genes, which would thus
modulate the colorectal cancer risk associated with diets high in red meat and poultry
intake.
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Table 2

Carcinogen metabolism SNPs, NAT2 phenotype and CRC risk

Gene Probands Siblings OR (95%CI) P

CYP1A2 -154A>C

 AA 164 184 1ref

 AC 117 144 0.90 (0.58-1.39) 0.624

 CC 24 29 0.86 (0.37-1.97) 0.717

per allele C OR* 0.91 (0.63-1.31) 0.621

allelic frequency among Caucasian C allele = 27%

CYP1B1 Leu432Val

 Leu/Leu 86 118 1ref

 Leu/Val 139 151 1.43 (0.91-2.26) 0.121

 Val/Val 75 81 1.51 (0.81-2.84) 0.196

per allele Val OR* 1.25 (0.92-1.71) 0.158

allelic frequency among Caucasian Val allele = 46%

CYP2E1 -1054C>T

 CC 277 329 1ref

 CT 26 26 1.30 (0.62-2.72) 0.492

 TT 0 0 - -

per allele T OR* 1.30 (0.62-2.72) 0.492

allelic frequency among Caucasian T allele = 2.6%

GSTP1 Ile105Val

 Ile/Ile 127 171 1ref

 Ile/Val 137 144 1.67 (1.05-2.66) 0.029

 Val/Val 38 43 1.59 (0.80-3.16) 0.183

per allele Val OR* 1.34 (0.96-1.86) 0.087

allelic frequency among Caucasian Val allele = 31%

EPHX1 Tyr113His

 Tyr/Tyr 167 188 1ref

 Tyr/His 108 141 0.92 (0.58-1.48) 0.745

 His/His 28 29 1.30 (0.61-2.78) 0.497

per allele His OR* 1.07 (0.75-1.51) 0.711

allelic frequency among Caucasian His allele = 28%

PTGS 2 -765G>C

 GG 207 238 1ref

 GC 87 111 0.78 (0.49-1.24) 0.295

 CC 11 10 1.21 (0.39-3.74) 0.735

per allele C OR* 0.88 (0.59-1.33) 0.556

allelic frequency among Caucasian C allele = 18%

NAT2 phenotype

 Slow 281 320 1ref
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Gene Probands Siblings OR (95%CI) P

 Fast 20 35 0.51 (0.24-1.10) 0.079

*
per allele OR assuming a log-additive model
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