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Abstract
Heterocyclic aromatic amines formed in cooked meat may be an underlying mechanism for

the red meat-colorectal cancer (CRC) association. These compounds require bioactivaction

by N-acetyltransferase 2 (NAT2). An interaction effect between red meat consumption and

NAT2 in increasing CRC risk has been inconsistently reported in whites. We investigated

this interaction in two populations in which the high-activity rapid NAT2 phenotype is 10-

and 2-fold more common than in whites. We meta-analyzed four studies of Japanese

(2,217 cases, 3,788 controls) and three studies of African Americans (527 cases, 4,527

controls). NAT2 phenotype was inferred from an optimized seven-SNP genotyping panel.

Processed and total red meat intakes were associated with an increased CRC risk in Japa-

nese and in both ethnic groups combined (P’s� 0.002). We observed an interaction

between processed meat intake and NAT2 in Japanese (P = 0.04), African Americans (P =

0.02), and in both groups combined (P = 0.006). The association of processed meat with

CRC was strongest among individuals with the rapid NAT2 phenotype (combined analysis,

OR for highest vs. lowest quartile: 1.62, 95% CI: 1.28–2.05; Ptrend = 8.0×10−5), intermediate

among those with the intermediate NAT2 phenotype (1.29, 95% CI: 1.05–1.59; Ptrend =

0.05) and null among those with the slow phenotype (Ptrend = 0.45). A similar interaction

was found for NAT2 and total red meat (Pinteraction = 0.03). Our findings support a role for

NAT2 in modifying the association between red meat consumption and CRC in Japanese

and African Americans.
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Introduction
Colorectal cancer (CRC) is a leading cause of cancer mortality worldwide, with approximately
1.4 million new cases and 694,000 disease-specific deaths in 2012[1]. In non-western countries
and particularly in Asia, as more people adopt a high-energy diet and low physical activity that
are part of the “western” lifestyle, the incidence of CRC has been increasing, with the highest
incidence rates currently being reported from Japan. Red meat and processed meat consump-
tion are established risk factors for CRC [2–5]. One hypothesized mechanism for this associa-
tion is through exposure to heterocyclic aromatic amines (HAAs), which are formed when
meat is cooked at high temperature for a long duration [6–8].

N-acetyltransferase 2 (NAT2) has been shown to play a critical role in the bioactivation of
HAAs. N-hydroxylated HAA metabolites are substrates for O-acetylation primarily by NAT2
to form the reactive N-acetoxy species which bind to DNA. N-acetylation activity can be deter-
mined by dosing subjects with a substrate, such as isoniazid, sulfamethazine or caffeine, and
measuring urinary metabolites [9]. More than 25 genetic polymorphisms have been identified
for NAT2 that can affect the catalytic activity of NATs toward HAAs. Several genotyping pan-
els have been used to classify NAT2 genotypes and infer phenotype. A panel of seven SNPs for
NAT2 have been shown to be optimal [10,11], although a single SNP (rs1495741) has been sug-
gested to be adequate for NAT2 in Europeans [12].

The frequency of the slow NAT2 phenotype varies markedly across populations, from
approximately 5% in Canadian Eskimos, to 10% in Japanese, 50% in Europeans and 90% in
North Africans [13]. It is notable that populations with the highest frequencies for the rapid
acetylation phenotype also have the highest CRC incidence rates in the world (Native Alaskans
and Japanese Americans), and those with the lowest rapid acetylation phenotype frequencies
have very low CRC rates (e.g., in North Africa)[1,14]. Moreover, the raising trends in colon
cancer incidence and mortality in Japan have closely paralleled the increase in red meat intake
with a 20 year lag [15]. An ecological study showed that NAT2 phenotype significantly
improved the international correlation that exists between country-specific meat consumption
and CRC incidence [16]. A number of studies have suggested a stronger association between
CRC or its precursor, adenoma, and red meat consumption among individuals with the rapid
NAT2 phenotype [17–22], although not consistently [23–26]. This lack of consistency could be
due to multiple aspects of study heterogeneity, such as differences in inferring NAT2 activity
from genotype, study population, sample size, and in analysis strategies (e.g. grouping the
intermediate and rapid phenotypes for Europeans, a population with a low frequency for the
rapid phenotype).

We report on the modifying effect of NAT2 on the association of red meat intake on the
risk of colorectal cancer in a genome-wide association study (GWAS) conducted in Japanese
and African Americans. These two populations have high rates of CRC and a frequency of
rapid acetylator phenotype which is 10- and 2-fold greater than in whites, respectively.

Results
The Japanese samples included 2,217 CRC cases and 3,788 controls from the Multiethnic
Cohort study (MEC), the Fukuoka Colorectal Cancer Study (Fukuoka), the Japan Public
Health Center cohort study (JPHC) and the Nagano Colorectal Cancer Study (Nagano). The
African American samples included 527 cases and 4,527 controls from the MEC, the University
of North Carolina Rectal Cancer Study (UNC) and the Prostate, Lung, Colorectal and Ovarian
Cancer Screening (PLCO) Trial. Characteristics of study participants are shown by ethnic/
racial group and study in Table 1. The frequency of the rapid NAT2 phenotype varied across
studies from 46.4% to 48.4% in Japanese and from 6.5% to 10.7% in African Americans,
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consistent with previous studies [27]. NAT2 levels were not significantly associated with CRC
in each population or when the two were combined (P’s> 0.19, S1 Table).

The study-specific cut-points for creating the 4-level meat variables are shown in S2 Table.
Greater intakes of processed meat, red meat without processed meat and total red meat were
all statistically significantly associated with CRC risk in Japanese and when the Japanese were
combined with African Americans (Ptrend � 0.0051) (Table 2). In African Americans alone, the
associations were of the same direction but with P-values> 0.05, partly reflecting the relatively
small number of cases in this group. The odds ratio (OR) for each quartile increase in pro-
cessed meat level was 1.10 [95% confidence interval (CI): 1.05, 1.16] in Japanese (Ptrend =
0.0002), 1.02 (95% CI: 0.93, 1.13) in African Americans (Ptrend = 0.62) and 1.09 (95% CI: 1.04,
1.14) in the combined analysis (Ptrend = 0.0004). The association for red meat without pro-
cessed meat was similar but of somewhat lesser magnitude (Table 2). No within-ethnic group
heterogeneity across studies was observed (Phet’s> 0.39). Similarly, no heterogeneity was
detected by study design (prospective vs. case-control studies) (Phet’s>0.24). There was weak
evidence for between-ethnic group heterogeneity (I2 = 44%) for the association between pro-
cessed meat and CRC, but not for the other two meat variables. Adjusting for additional risk
factors in these data did not materially change the results (S3 Table), except that the between-
ethnic group heterogeneity was weakened (I2 = 8%) for the association between processed
meat and CRC.

Table 1. Characteristics of study subjects.

Japanese African American

Fukuoka Nagano JPHC MEC MEC PLCO UNC

No. of Cases 662 105 653 797 342 76 109

No. of Controls 749 102 640 2297 4328 94 105

Total 1411 207 1293 3094 4670 170 214

Female (%) 37.0 35.7 48.1 45.2 34.4 52.9 45.8

Age (year) 59.5 (10) 59.4 (8.8) 61.2 (9.2) 69.6 (8.5) 68.9 (8.2) 65.5 (5.5) 62.5 (10.1)

BMI (kg/m2) 23.2 (3.1) 23.2 (2.9) 23.8 (3) 24.7 (3.7) 28.1 (4.9) 29.7 (6.4) 30.1 (6.7)

Ever smoker (%) 59.3 49.8 39.6 52.5 66.9 62.4 58.4

Regular aspirin use (%) 5 na na 38 62 56 72

Processed meat intake (g/day) 8.0 (9.5) 7.0 (9.6) 3.2 (3.5) 16.6 (15.0) 20.6 (22.1) 24.6 (22.9) 29.6 (52.5)

Red meat without processed meat (g/day) 43.0 (30.1) 45.4 (43.1) 15.3 (11.8) 37.2 (27.2) 40.0 (37.5) 49.4 (43.4) 52.5 (45.1)

Total red meat intake (g/day) 51.0 (34.4) 52.3 (46.8) 18.5 (13.3) 53.8 (38.1) 60.6 (52.4) 74.1 (58.2) 82.2 (78.1)

Folate from foods (mcg/day) 399 (146) 449 (293) 307 (117) 337 (186) 373 (243) 351 (169) na

Folate from foods and supplement (mcg/day)(DFE) na na na 608 (471) 606 (496) 529 (348) 606 (277)

Calcium from foods (mg/day) 693 (272) 606 (396) 440 (257) 637 (306) 732 (436) 799 (453) 780 (384)

Calcium from foods and supplement (mg/day) na na na 973 (632) 906 (550) 924 (566) 870 (455)

Dietary fiber (g/day) 15.3 (5.8) 14.6 (11.9) 7.7 (3.1) 22.2 (11.3) 24.5 (14.9) 22.1 (11.6) 20.8 (10.0)

NAT2 Phenotype

Slow (%) 10.3 8.2 9.7 10.1 15.7 15.3 14.0

Intermediate (%) 43.3 45.9 41.9 43.4 73.6 78.2 77.1

Rapid (%) 46.4 45.9 48.4 46.4 10.7 6.5 8.9

Abbreviations: Fukuoka: the Fukuoka Colorectal Cancer Study; Nagano: the Nagano Colorectal Cancer Study; JPHC: Japan Public Health Center-Based

prospective study; MEC: Multiethnic Cohort Study; PLCO: Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial; UNC: The North Carolina

Rectal Cancer Study.

Values are means (standard deviations) unless specified otherwise.

doi:10.1371/journal.pone.0144955.t001
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The risk estimates for these associations also did not materially change in analyses restricted
to colon cancer or rectal cancer for the Japanese studies, which were large enough to allow for
such subsite-specific analyses. For example, the OR for processed meat was 1.09 (95% CI: 1.03,
1.16, P = 0.003) for colon cancer and 1.14 (95% CI: 1.06, 1.23, P = 0.001) for rectal cancer.

We observed a statistically significant interaction between processed meat and NAT2 phe-
notype on the risk of CRC in Japanese (Pinteraction = 0.044), in African Americans (Pinteraction =
0.018) and in both ethnic groups combined (Pinteraction = 0.006) (Table 3). In the Japanese, the
effect of processed meat was strongest in subjects with the rapid NAT2 phenotype (OR for the
highest to lowest quartile: 1.61, 95% CI: 1.26, 2.06; Ptrend = 1.8×10−4). The corresponding OR
for Japanese with the slow NAT2 phenotype was 1.06 (95% CI: 0.63, 1.79); Ptrend = 0.70). In
African Americans, for whom the number of cases was much smaller, processed meat was not
significantly associated with CRC in any NAT2 subgroup (all Ptrend > 0.05). Nonetheless, an
interaction effect was observed between quartile of processed meat and NAT2 level (Pinteraction
= 0.018). Results in the analysis combining both Japanese and African Americans for processed
red meat resembled those in the Japanese with weak between-ethnic group heterogeneity (I2 =
49.7%). The interaction between total red meat and NAT2 was also significant when both eth-
nic groups were combined (Pinteraction = 0.03). Total red meat intake was associated with CRC
risk in both the rapid and intermediate NAT2 categories (Ptrend = 0.003 and 0.015, respectively)
but not in the slow NAT2 category (Ptrend = 0.53). Since we did not find a statistically signifi-
cant interaction between NAT2 and red meat without processed meat (Pinteraction’s> 0.17), the
interaction between total red meat and NAT2 on CRC risk in the combined analysis was
mostly reflective of that between processed meat and NAT2. The interactions between NAT2
and red meat did not differ by study design (prospective vs case-control) (Phet’s> 0.47).

In a sensitivity analysis, the OR estimates for the meat variables within each NAT2 category
did not change materially (<12%) after adjustment for additional CRC risk factors in the Japa-
nese, although the p-values for the interactions between NAT2 and processed meat changed
from 0.044 to 0.075 (S4 Table). In subsite analyses in the Japanese, the interactions between
processed meat and NAT2 was statistically significant for colon cancer (P = 0.04) but not for
rectal cancer (P = 0.41), although the ORs for processed meat within NAT2 category in each
subsite analysis were similar to those for colorectal cancer (changes<9%).

Table 2. Association (odds ratios and 95% confidence interval) betweenmeat intakes and colorectal cancer.

Cases Controls Quartile 1 Quartile 2 Quartile 3 Quartile 4 Ptrend I2 (%)

Processed meat

Japanese 2186 3736 1.0 1.02 (0.88, 1.19) 1.11 (0.95, 1.30) 1.38 (1.17, 1.62) 0.0002

African American 466 4356 1.0 1.26 (0.94, 1.69) 1.03 (0.76, 1.39) 1.16 (0.85, 1.57) 0.62

Combined 2652 8092 1.0 1.07 (0.93, 1.23) 1.09 (0.95, 1.25) 1.32 (1.14, 1.53) 0.0004 44

Red meat without processed meat

Japanese 2186 3736 1.0 1.12 (0.96, 1.32) 1.14 (0.97, 1.33) 1.27 (1.08, 1.49) 0.006

African American 466 4356 1.0 1.34 (1.00, 1.82) 1.21 (0.9, 1.64) 1.18 (0.87, 1.59) 0.40

Combined 2652 8092 1.0 1.17 (1.02, 1.34) 1.15 (1.00, 1.33) 1.24 (1.08, 1.44) 0.0051 0

Total red meat

Japanese 2186 3736 1.0 1.18 (1.00, 1.38) 1.11 (0.95, 1.30) 1.33 (1.13, 1.57) 0.002

African American 466 4356 1.0 1.59 (1.18, 2.14) 1.31 (0.97, 1.76) 1.28 (0.95, 1.73) 0.21

Combined 2652 8092 1.0 1.26 (1.09, 1.45) 1.15 (1.00, 1.32) 1.32 (1.15, 1.52) 0.001 0

Adjusted for age, sex, BMI (continuous), the first 4 principal components and study separately in the Japanese and AA.

Sample sizes were reduced due to missing values in meat intakes.

doi:10.1371/journal.pone.0144955.t002
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Table 3. Association of meat intake with colorectal cancer, stratified by NAT2 phenotypes.

Group NAT2 Cases Controls Quartile 1 Quartile 2 Quartile 3 Quartile 4 Ptrend

Processed meat Japanese S 213 380 1.0 0.89 (0.55,
1.44)

1.07 (0.66,
1.72)

1.06 (0.63,
1.79)

0.70

(Pinteraction = 0.044) I 944 1613 1.0 0.91 (0.72,
1.14)

0.97 (0.77,
1.23)

1.27 (0.98,
1.64)

0.10

R 1029 1743 1.0 1.19 (0.95,
1.50)

1.26 (1.01,
1.59)

1.61 (1.26,
2.06)

0.00018

African American S 82 677 1.0 0.77 (0.38,
1.57)

0.68 (0.34,
1.35)

0.44 (0.19,
1.01)

0.051

(Pinteraction = 0.018) I 344 3216 1.0 1.46 (1.03,
2.05)

1.07 (0.75,
1.52)

1.34 (0.94,
1.91)

0.32

R 40 463 1.0 0.99 (0.32,
3.01)

1.83 (0.64,
5.17)

1.78 (0.62,
5.13)

0.18

Combined S 295 1057 1.0 0.85 (0.57,
1.26)

0.92 (0.62,
1.36)

0.83 (0.53,
1.29)

0.453

(Pinteraction = 0.006, I2 =
49.7%)

I 1288 4829 1.0 1.05 (0.87,
1.28)

1.00 (0.82,
1.22)

1.29 (1.05,
1.59)

0.053

R 1069 2206 1.0 1.18 (0.95,
1.48)

1.28 (1.03, 1.6) 1.62 (1.28,
2.05)

8x10−5

Red meat without processed
meat

Japanese S 213 380 1.0 1.01 (0.62,
1.65)

1.11 (0.66,
1.86)

1.08 (0.65,
1.79)

0.71

(Pinteraction = 0.22) I 944 1613 1.0 1.02 (0.80,
1.30)

1.15 (0.90,
1.46)

1.20 (0.93,
1.54)

0.10

R 1029 1743 1.0 1.27 (1.00,
1.60)

1.15 (0.91,
1.46)

1.41 (1.11,
1.80)

0.014

African American S 82 677 1.0 0.60 (0.27,
1.31)

0.76 (0.38,
1.52)

0.65 (0.31,
1.33)

0.32

(Pinteraction = 0.55) I 344 3216 1.0 1.72 (1.20,
2.44)

1.43 (1.00,
2.03)

1.43 (1.00,
2.05)

0.12

R 40 463 1.0 0.91 (0.35,
2.38)

0.87 (0.32,
2.36)

0.79 (0.30,
2.12)

0.64

Combined S 295 1057 1.0 0.87 (0.58,
1.32)

0.97 (0.64,
1.46)

0.91 (0.60,
1.38)

0.789

(Pinteraction = 0.17, I2 = 0) I 1288 4829 1.0 1.20 (0.98,
1.47)

1.23 (1.01,
1.50)

1.27 (1.04,
1.56)

0.026

R 1069 2206 1.0 1.24 (0.99,
1.56)

1.14 (0.91,
1.43)

1.37 (1.09,
1.73)

0.023

Total red meat Japanese S 213 380 1.0 1.56 (0.95,
2.56)

1.09 (0.65,
1.85)

1.19 (0.72,
1.95)

0.79

(Pinteraction = 0.075) I 944 1613 1.0 1.12 (0.88,
1.43)

1.06 (0.83,
1.34)

1.25 (0.97,
1.61)

0.14

R 1029 1743 1.0 1.16 (0.92,
1.46)

1.18 (0.93,
1.48)

1.48 (1.17,
1.88)

0.0021

African American S 82 677 1.0 0.79 (0.37,
1.70)

0.96 (0.48,
1.89)

0.50 (0.23,
1.08)

0.14

(Pinteraction = 0.17) I 344 3216 1.0 1.78 (1.25,
2.53)

1.47 (1.03,
2.10)

1.56 (1.09,
2.21)

0.04

R 40 463 1.0 2.38 (0.91,
6.21)

0.78 (0.24,
2.50)

1.39 (0.51,
3.80)

0.97

Combined S 295 1057 1.0 1.28 (0.84,
1.93)

1.04 (0.69,
1.58)

0.92 (0.60,
1.40)

0.534

(Pinteraction = 0.030, I2 = 0) I 1288 4829 1.0 1.30 (1.06,
1.59)

1.17 (0.96,
1.43)

1.35 (1.10,
1.65)

0.015

R 1069 2206 1.0 1.21 (0.96,
1.51)

1.16 (0.92,
1.45)

1.47 (1.17,
1.86)

0.003

S: Slow; I: Intermediate; R: Rapid

Adjusted for age, sex, BMI (continuous), the first 4 principal components and study separately in the Japanese and African Americans.

Pinteraction was from a Wald test and was verified by a likelihood ratio test within each ethnic group.

doi:10.1371/journal.pone.0144955.t003
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It was reported that in Caucasians, rs1495741 predicts the NAT2 phenotype inferred
from the 7-SNP panel well, with sensitivity and specificity for using the genotype AA to
assign the NAT2 slow phenotype of 99% and 95%, respectively [12]. Similarly in our data,
high prediction accuracy was observed in Japanese but not in African Americans (S5 Table).
The corresponding sensitivity and specificity was 96.8% and 98.9% in Japanese and 97.1%
and 70.5% in African Americans. The agreement rate, i.e. the proportion of subjects with
the AA, AG or GG genotype who are inferred to the same slow, intermediate or rapid NAT2
phenotype category by both methods, was 95.8% in Japanese and 67.7% in African
Americans.

Discussion
In this large study of Japanese and African Americans, two populations at high risk for CRC
and with a high and intermediate frequency of NAT2 rapid phenotype, respectively, we
observed a statistically significant interaction between processed meat intake and NAT2 activ-
ity in each population, and with total red meat intake in both populations combined. The inter-
actions for processed meat and total red meat appeared to be dose-dependent since their
associations with CRC were strongest among individuals with the rapid NAT2 phenotype,
intermediate among individuals with the intermediate NAT2 phenotype, and non-significant
among those with the slow NAT2 phenotype.

N-acetyltransferases (NATs) are thought to play a critical role in the genotoxicity of HAAs.
N-hydroxylated HAAmetabolites are substrates for O-acetylation primarily by NAT2 to form
the reactive N-acetoxy species which bind to DNA. As a result, cancer risk may be particularly
elevated in individuals who are rapid acetylators. A number of case-control and prospective
studies have suggested an increased risk of colorectal cancer for individuals with the rapid acet-
ylator status, assessed by phenotyping or genotyping. However, meta-analyses of the literature
on NAT2 acetylator status (considered as rapid/intermediate vs. slow genotype or phenotype)
have typically not confirmed this association [28–30]. Our study was also consistent with a lack
of main effect for NAT2 on CRC risk.

Consistent with our results, interactions were suggested in a number of previous studies
between intake of red meat, well-done meat or HAA and NAT2 acetylator status on the risk of
colorectal neoplasia [17–22]. However, other studies, some with large sample sizes, failed to
replicate this interaction between meat intake and NAT2 on colorectal cancer or adenoma risk
[23–26].

Unfortunately, adding to the difficulty in interpreting past data, only a few studies and no
meta-analysis or pooled analyses have reported risk estimates specifically for rapid acetylators
(homozygous for the NAT2�4 allele) (the subset expected to be at the greatest risk), as grouping
intermediate with rapid acetylators has been the norm, probably because most past studies
were conducted in whites, a population with a low frequency of rapid NAT2 phenotype. A
power computation suggests that the replication (with 80% power) of an interaction effect of
the magnitude observed among Japanese in our study in a European-descent population would
require about 6,000 cases and as many controls. The largest analysis to date [26], which com-
bined 9 studies restricted to populations of European ancestry to examine the interaction
between red meat intake and NAT2 on the risk of CRC exceeded this sample size (8,290 cases
and 9,115 controls) and did not detect any significant interaction. It is possible that the modify-
ing effect of NAT2 on the association between red meat intake and CRC is population-specific
due to differences in cooking practices and, thus, HAA intake across populations and/or other
modifying factors. On-going efforts to develop biomarkers of long term exposure to HAAs
may be useful in clarifying these population differences [31].

Red Meat,NAT2 and Colorectal Cancer Risk
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In addition to its large sample size and the ability to distinguish the three NAT2 phenotypes
in our analysis, the current study presents a number of strengths. We were able to harmonize
exposure variables collected from various populations and differing study instruments, which
allows for more robust and generalizable findings. We were also able to consider multiple risk
factors for CRC as potential confounders, ensuring the independence of the observed effects.

Some study limitations deserve consideration. There was variation in the comprehensive-
ness of the dietary data used in this analysis which required that we used study-specific quan-
tiles because of differences in methodology across studies. This is exemplified in JPHC for
which we used the baseline data, which were collected using a ~50 items food-frequency ques-
tionnaire. We note that the follow-up survey in JPHC used a more detailed questionnaire
(~150 items), similar to the one used in the Nagano Study, and yielded similar intake values as
in the Nagano study [32], confirming that the intake variation in our data was most likely due
to instrument differences and not to selection bias. Moreover, not all studies included here
attempted to quantify HAA intake based on meat cooking method and doneness level. So we
were unable to consider well-done meat or HAA intakes in our analyses. We also limited our-
selves to arguably the single most important enzyme involved in the metabolism of HAAs.
However, inter-individual variation in the activity of the other genes in this pathway would be
more likely to dilute than to create spurious effects in the analyses conducted here.

In conclusion, this large study provides substantial support for a role of NAT2 in modifying
the association between intake of red meat and, particularly, processed meat and colorectal
cancer risk in Japanese and African Americans, two populations at high risk for this disease.
Lowering consumption of red meat, especially processed meat, may be an effective approach
for CRC prevention in these and other populations with a high frequency of the rapid NAT2
phenotype.

Methods

Subjects, genotypes and quality control
The Japanese samples included 2,217 CRC cases and 3,788 controls from the Multiethnic
Cohort study (MEC), the Fukuoka Colorectal Cancer Study (Fukuoka), the Japan Public
Health Center cohort study (JPHC) and the Nagano Colorectal Cancer Study (Nagano). The
African American samples included 527 cases and 4,527 controls from the MEC, the University
of North Carolina Rectal Cancer Study (UNC) and the Prostate, Lung, Colorectal and Ovarian
Cancer Screening (PLCO) Trial. Details on study design, genotyping and quality control proce-
dures can be found in previous publications [33,34]. Information on basic demographics and
lifestyle factors was obtained from in-person interviews and/or self-administered structured
questionnaires. All participating studies were approved by their respective Institutional Review
Board (University of Hawaii, Japan National Cancer Center, University of Kyushu, University
of North Carolina, US National Cancer Institute) and had participants sign a consent form.
The present GWAS study was approved by the University of Hawaii Human Studies Program.

Briefly, Japanese subjects were genotyped with the Illumina 1M-Duo or the Illumina
660W-Quad array and African Americans on the Illumina 1M-Duo or the Illumina Omni
2.5M arrays. Samples were excluded for low call rates, gender mismatch or being an ethnicity
outlier or a close (� 2nd degree) relative to another subject. In addition, studies or subjects
missing age, gender or body mass index (BMI) were excluded. Genotyped SNPs were excluded
based on call rates, concordance rates among duplicate pairs, deviation from Hardy-Weinberg
equilibrium among controls, Mendelian errors in family trios or poor clustering quality.

Compared to our previous report searching for genetic susceptibility variants for CRC [33],
we restricted the present analysis to studies that included both cases and controls, because
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including studies without controls would generate differential distributions of “environmental”
factors (due to differences in questionnaires and measurement error) across studies and could
bias the associations between “environmental” variables and disease.

Predicted NAT2 activity
NAT2 acetylation phenotype was inferred from a 7-SNP genotyping panel: G191A (R64Q,
rs1801279), C282T (rs1041983), T341C (I114T, rs1801280), C481T (rs1799929), G590A
(R197Q, rs1799930), A803G (K268R, rs1208) and G857A (G286E, rs1799931), as recom-
mended previously [10,11]. Except for G590A (R197Q, rs1799930) and G857A (G286E,
rs1799931) in the Japanese data (both imputed with R2 = 1), the other SNPs were genotyped in
both ethnic groups. Haplotype phasing was performed with BEAGLE [35], using the 1000
Genomes Project (phase 1, release 3) East Asians as reference panels for the Japanese data, and
Europeans and Africans as reference panels for the African American data. Individuals with
two, one and no “rapid” alleles (NAT2�4, NAT2�11A, NAT2�12A, B, C and NAT2�13) were
assigned to the “rapid”, “intermediate” and “slow”NAT2 phenotype category, respectively.
Rs1495741 was genotyped in both ethnic groups.

Statistical Analysis
The Japanese and African American studies were analyzed separately. Logistic regression was
used to test for the main effects of NAT2, intakes of processed meat, red meat without pro-
cessed meat, and total red meat, and the interactions between NAT2 and the meat intake vari-
ables on CRC risk, adjusting for age, sex, study, BMI and the first 4 principal components of
genetic ancestry to control for population stratification. NAT2 was modeled both as a linear
term (rapid /intermediate/slow). Meat intakes were grouped into 4 categories based on study-
specific quartiles defined from the distributions among cases to maximize power. Interaction
between NAT2 activity (slow = 1; intermediate = 2; rapid = 3) and meat intake quartiles (from
1 to 4) was tested using a cross-product interaction term. The p-values fromWald test for
interactions within each ethnic group were verified by likelihood ratio test (LRT). Stratified
analyses by NAT2 phenotype were performed to interpret interaction effects. Results in the
Japanese and African American studies were combined in meta-analyses using a fixed-effect
model and I2 was calculated to assess between-ethnic group heterogeneity [36].

In sensitivity analyses, we examined heterogeneity of the main effects for the meat variables
by study within population (Japanese or African Americans) with the LRT. In both ethnic
groups, we checked whether the main effects of the meat variables were modified by the addi-
tional adjustment for other risk factors [pack-years of smoking (0,<20,�20), calcium and
folate intakes (from foods only for the Japanese and from foods and dietary supplements for
the African Americans, based on data availability) and dietary fiber intake], where dietary fac-
tors were categorized into study-specific tertiles. In the Japanese data, where sample size was
larger, we also checked whether the interactions between NAT2 and meat intakes were modi-
fied by this additional adjustment. In Japanese, the main effects of red meats and the interac-
tion between NAT2 and red meats were also examined by anatomical subsite (colon vs.
rectum).

It was reported that, in Caucasians, rs1495741 alone predicted the NAT2 phenotype
inferred from the 7-SNP panel with high accuracy. We compared the agreement of the NAT2
phenotypes inferred from rs1495741 alone with those inferred from the 7-SNP panel with 3×3
contingency table, separately in Japanese and African Americans.

All analyses were performed with R 3.0 (The Comprehensive R Archive Network http://
www.r-project.org/). All tests were 2-sided and used a significance level of 0.05.

Red Meat,NAT2 and Colorectal Cancer Risk

PLOS ONE | DOI:10.1371/journal.pone.0144955 December 18, 2015 8 / 11

http://www.r-project.org/
http://www.r-project.org/


Supporting Information
S1 Table. Associations between NAT2 and colorectal cancer in Japanese, African Ameri-
cans and when the two groups were combined.
(DOCX)

S2 Table. Study-specific cut-points for 4-category red meat intake.
(DOCX)

S3 Table. Association (odds ratios and 95% confidence interval) between meat intake and
colorectal cancer, with adjustment for additional risk factors.
(DOCX)

S4 Table. Association of meat intake with colorectal cancer in Japanese, stratified by NAT2
phenotype, with adjustment for additional risk factors.
(DOCX)

S5 Table. Correlation between rs1495741 genotype and inferred 7 SNP-based NAT2 phe-
notype in the Japanese and African American studies.
(DOCX)

Author Contributions
Conceived and designed the experiments: LLM HW. Performed the experiments: HW LLM.
Analyzed the data: HW LRW. Contributed reagents/materials/analysis tools: MI CAH SK
TOK SIB ST LLM. Wrote the paper: HWMI CAH SK LRW TOK SIB ST LLM.

References
1. Forman D, Bray F, Brewster DH, GombeMC, Kohler B, Piñeros M, et al. (2013) Cancer Incidence in

Five Continents. Lyon: International Agency for Research on Cancer.

2. Alexander DD, Cushing CA (2011) Red meat and colorectal cancer: a critical summary of prospective
epidemiologic studies. Obes Rev 12: e472–493. doi: 10.1111/j.1467-789X.2010.00785.x PMID:
20663065

3. Alexander DD, Miller AJ, Cushing CA, Lowe KA (2010) Processed meat and colorectal cancer: a quan-
titative review of prospective epidemiologic studies. Eur J Cancer Prev 19: 328–341. doi: 10.1097/
CEJ.0b013e32833b48fa PMID: 20495462

4. World Cancer Research Fund AIfCR (2007) Food, nutrition, physical activity, and the prevention of can-
cer: a global perspective. Washington DC: AICR.

5. Larsson SC, Wolk A (2006) Meat consumption and risk of colorectal cancer: a meta-analysis of pro-
spective studies. Int J Cancer 119: 2657–2664. PMID: 16991129

6. Cross AJ, Sinha R (2004) Meat-related mutagens/carcinogens in the etiology of colorectal cancer.
Environ Mol Mutagen 44: 44–55. PMID: 15199546

7. Williams CD, Satia JA, Adair LS, Stevens J, Galanko J, Temitope OK, et al. (2010) Associations of red
meat, fat, and protein intake with distal colorectal cancer risk. Nutr Cancer 62: 701–709. doi: 10.1080/
01635581003605938 PMID: 20661817

8. Sugimura T, Sato S (1983) Mutagens-carcinogens in foods. Cancer Res 43: 2415s–2421s. PMID:
6682010

9. Butler MA, Lang NP, Young JF, Caporaso NE, Vineis P, Hayes RB, et al. (1992) Determination of
CYP1A2 and NAT2 phenotypes in human populations by analysis of caffeine urinary metabolites. Phar-
macogenetics 2: 116–127. PMID: 1306111

10. Doll MA, Hein DW (2001) Comprehensive human NAT2 genotype method using single nucleotide poly-
morphism-specific polymerase chain reaction primers and fluorogenic probes. Anal Biochem 288:
106–108. PMID: 11141315

11. Deitz AC, Rothman N, Rebbeck TR, Hayes RB, ChowWH, ZhengW, et al. (2004) Impact of misclassifi-
cation in genotype-exposure interaction studies: example of N-acetyltransferase 2 (NAT2), smoking,
and bladder cancer. Cancer Epidemiol Biomarkers Prev 13: 1543–1546. PMID: 15342459

Red Meat,NAT2 and Colorectal Cancer Risk

PLOS ONE | DOI:10.1371/journal.pone.0144955 December 18, 2015 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144955.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144955.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144955.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144955.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144955.s005
http://dx.doi.org/10.1111/j.1467-789X.2010.00785.x
http://www.ncbi.nlm.nih.gov/pubmed/20663065
http://dx.doi.org/10.1097/CEJ.0b013e32833b48fa
http://dx.doi.org/10.1097/CEJ.0b013e32833b48fa
http://www.ncbi.nlm.nih.gov/pubmed/20495462
http://www.ncbi.nlm.nih.gov/pubmed/16991129
http://www.ncbi.nlm.nih.gov/pubmed/15199546
http://dx.doi.org/10.1080/01635581003605938
http://dx.doi.org/10.1080/01635581003605938
http://www.ncbi.nlm.nih.gov/pubmed/20661817
http://www.ncbi.nlm.nih.gov/pubmed/6682010
http://www.ncbi.nlm.nih.gov/pubmed/1306111
http://www.ncbi.nlm.nih.gov/pubmed/11141315
http://www.ncbi.nlm.nih.gov/pubmed/15342459


12. García-Closas M, Hein DW, Silverman D, Malats N, Yeager M, Jacobs K, et al. (2011) A single nucleo-
tide polymorphism tags variation in the arylamine N-acetyltransferase 2 phenotype in populations of
European background. Pharmacogenet Genomics 21 231–236. doi: 10.1097/FPC.
0b013e32833e1b54 PMID: 20739907

13. Ellard GA (1976) Variations between individuals and populations in the acetylation of isoniazid and its
significance for the treatment of pulmonary tuberculosis. Clin Pharmacol Ther 19: 610–625. PMID:
773583

14. Miller BA, Kolonel LN, Bernstein L, Young JJL, Swanson GM,West D, et al. (1996) Racial/Ethnic Pat-
terns of Cancer in the United States 1988–1992, National Cancer Institute. Bethesda, MD.

15. Kono S (2004) Secular trend of colon cancer incidence and mortality in relation to fat and meat intake in
Japan. Eur J Cancer Prev 13: 127–132. PMID: 15100579

16. Ognjanovic S, Yamamoto J, Maskarinec G, Le Marchand L (2006) NAT2, meat consumption and colo-
rectal cancer incidence: an ecological study among 27 countries. Cancer Causes Control 17: 1175–
1182. PMID: 17006723

17. Welfare MR, Cooper J, Bassendine MF, Daly AK (1997) Relationship between acetylator status, smok-
ing, and diet and colorectal cancer risk in the north-east of England. Carcinogenesis 18: 1351–1354.
PMID: 9230278

18. Kampman E, Slattery ML, Bigler J, Leppert M, Samowitz W, Caan BJ, et al. (1999) Meat consumption,
genetic susceptibility, and colon cancer risk: a United States multicenter case-control study. Cancer
Epidemiol Biomarkers Prev 8: 15–24. PMID: 9950235

19. Lilla C, Verla-Tebit E, Risch A, Jager B, Hoffmeister M, Brenner H, et al. (2006) Effect of NAT1 and
NAT2 genetic polymorphisms on colorectal cancer risk associated with exposure to tobacco smoke
and meat consumption. Cancer Epidemiol Biomarkers Prev 15: 99–107. PMID: 16434594

20. Nothlings U, Yamamoto JF, Wilkens LR, Murphy SP, Park SY, Henderson BE, et al. (2009) Meat and
heterocyclic amine intake, smoking, NAT1 and NAT2 polymorphisms, and colorectal cancer risk in the
multiethnic cohort study. Cancer Epidemiol Biomarkers Prev 18: 2098–2106. doi: 10.1158/1055-9965.
EPI-08-1218 PMID: 19549810

21. Voutsinas J, Wilkens LR, Franke A, Vogt TM, Yokochi LA, Decker R, et al. (2013) Heterocyclic amine
intake, smoking, cytochrome P450 1A2 and N-acetylation phenotypes, and risk of colorectal adenoma
in a multiethnic population. Gut 62: 416–422. doi: 10.1136/gutjnl-2011-300665 PMID: 22628494

22. Chan AT, Tranah GJ, Giovannucci EL, Willett WC, Hunter DJ, Fuchs CS. (2005) Prospective study of
N-acetyltransferase-2 genotypes, meat intake, smoking and risk of colorectal cancer. Int J Cancer 115:
648–652. PMID: 15700302

23. MurtaughMA, Ma KN, Sweeney C, Caan BJ, Slattery ML (2004) Meat consumption patterns and prepa-
ration, genetic variants of metabolic enzymes, and their association with rectal cancer in men and
women. J Nutr 134: 776–784. PMID: 15051825

24. Budhathoki S, Iwasaki M, Yamaji T, Sasazuki S, Takachi R, Sakamoto H, et al. (2015) Dietary heterocy-
clic amine intake, NAT2 genetic polymorphism, and colorectal adenoma risk: the colorectal adenoma
study in Tokyo. Cancer Epidemiol Biomarkers Prev 24: 613–620. doi: 10.1158/1055-9965.EPI-14-
1051 PMID: 25604583

25. Barrett JH, Smith G, Waxman R, GooderhamN, Lightfoot T, Gamer RC, et al. (2003) Investigation of
interaction between N-acetyltransferase 2 and heterocyclic amines as potential risk factors for colorec-
tal cancer. Carcinogenesis 24: 275–282. PMID: 12584178

26. Ananthakrishnan AN, Du M, Berndt SI, Brenner H, Caan BJ, Casey G, et al. (2015) Red meat intake,
NAT2, and risk of colorectal cancer: a pooled analysis of 11 studies. Cancer Epidemiol Biomarkers
Prev 24: 198–205. doi: 10.1158/1055-9965.EPI-14-0897 PMID: 25342387

27. Sabbagh A, Darlu P, Crouau-Roy B, Poloni ES (2011) Arylamine N-acetyltransferase 2 (NAT2) genetic
diversity and traditional subsistence: a worldwide population survey. PLOS One 6: e18507. doi: 10.
1371/journal.pone.0018507 PMID: 21494681

28. Brockton N, Little J, Sharp L, Cotton SC (2000) N-acetyltransferase polymorphisms and colorectal can-
cer: a HuGE review. Am J Epidemiol 151: 846–861. PMID: 10791558

29. Liu J, Ding D, Wang X, Chen Y, Li R, Zhang Y, et al. (2012) N-acetyltransferase polymorphism and risk
of colorectal adenoma and cancer: a pooled analysis of variations from 59 studies. PLOS One 7:
e42797. doi: 10.1371/journal.pone.0042797 PMID: 22905173

30. Zhang L, Zhou J, Wang J, Liang G, Li J, Zhu Y, et al. (2012) Absence of association between N-acetyl-
transferase 2 acetylator status and colorectal cancer susceptibility: based on evidence from 40 studies.
PLOS One 7: e32425. doi: 10.1371/journal.pone.0032425 PMID: 22403658

31. Turesky RJ, Liu L, Gu D, Yonemori KM, White KK, Wilkens LR, et al. (2013) Biomonitoring the cooked
meat carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine in hair: impact of exposure, hair

Red Meat,NAT2 and Colorectal Cancer Risk

PLOS ONE | DOI:10.1371/journal.pone.0144955 December 18, 2015 10 / 11

http://dx.doi.org/10.1097/FPC.0b013e32833e1b54
http://dx.doi.org/10.1097/FPC.0b013e32833e1b54
http://www.ncbi.nlm.nih.gov/pubmed/20739907
http://www.ncbi.nlm.nih.gov/pubmed/773583
http://www.ncbi.nlm.nih.gov/pubmed/15100579
http://www.ncbi.nlm.nih.gov/pubmed/17006723
http://www.ncbi.nlm.nih.gov/pubmed/9230278
http://www.ncbi.nlm.nih.gov/pubmed/9950235
http://www.ncbi.nlm.nih.gov/pubmed/16434594
http://dx.doi.org/10.1158/1055-9965.EPI-08-1218
http://dx.doi.org/10.1158/1055-9965.EPI-08-1218
http://www.ncbi.nlm.nih.gov/pubmed/19549810
http://dx.doi.org/10.1136/gutjnl-2011-300665
http://www.ncbi.nlm.nih.gov/pubmed/22628494
http://www.ncbi.nlm.nih.gov/pubmed/15700302
http://www.ncbi.nlm.nih.gov/pubmed/15051825
http://dx.doi.org/10.1158/1055-9965.EPI-14-1051
http://dx.doi.org/10.1158/1055-9965.EPI-14-1051
http://www.ncbi.nlm.nih.gov/pubmed/25604583
http://www.ncbi.nlm.nih.gov/pubmed/12584178
http://dx.doi.org/10.1158/1055-9965.EPI-14-0897
http://www.ncbi.nlm.nih.gov/pubmed/25342387
http://dx.doi.org/10.1371/journal.pone.0018507
http://dx.doi.org/10.1371/journal.pone.0018507
http://www.ncbi.nlm.nih.gov/pubmed/21494681
http://www.ncbi.nlm.nih.gov/pubmed/10791558
http://dx.doi.org/10.1371/journal.pone.0042797
http://www.ncbi.nlm.nih.gov/pubmed/22905173
http://dx.doi.org/10.1371/journal.pone.0032425
http://www.ncbi.nlm.nih.gov/pubmed/22403658


pigmentation, and cytochrome P450 1A2 phenotype. Cancer Epidemiol Biomarkers Prev 22: 356–364.
doi: 10.1158/1055-9965.EPI-12-1206 PMID: 23329727

32. Takachi R, Tsubono Y, Baba K, Inoue M, Sasazuki S, Iwasaki M, et al. (2011) Red meat intake may
increase the risk of colon cancer in Japanese, a population with relatively low red meat consumption.
Asia Pac J Clin Nutr 20: 603–612. PMID: 22094846

33. Wang H, Burnett T, Kono S, Haiman CA, Iwasaki M, Wilkens LR, et al. (2014) Trans-ethnic genome-
wide association study of colorectal cancer identifies a new susceptibility locus in VTI1A. Nat Commun
5: 4613. doi: 10.1038/ncomms5613 PMID: 25105248

34. Wang H, Haiman CA, Burnett T, Fortini BK, Kolonel LN, Henderson BE, et al. (2013) Fine-mapping of
genome-wide association study-identified risk loci for colorectal cancer in African Americans. HumMol
Genet 22: 5048–5055. doi: 10.1093/hmg/ddt337 PMID: 23851122

35. Browning SR, Browning BL (2007) Rapid and accurate haplotype phasing and missing data inference
for whole genome association studies using localized haplotype clustering. Am J HumGenet 81:
1084–1097. PMID: 17924348

36. Higgins JP, Thompson SG (2002) Quantifying heterogeneity in a meta-analysis. Stat Med 21: 1539–
1558. PMID: 12111919

Red Meat,NAT2 and Colorectal Cancer Risk

PLOS ONE | DOI:10.1371/journal.pone.0144955 December 18, 2015 11 / 11

http://dx.doi.org/10.1158/1055-9965.EPI-12-1206
http://www.ncbi.nlm.nih.gov/pubmed/23329727
http://www.ncbi.nlm.nih.gov/pubmed/22094846
http://dx.doi.org/10.1038/ncomms5613
http://www.ncbi.nlm.nih.gov/pubmed/25105248
http://dx.doi.org/10.1093/hmg/ddt337
http://www.ncbi.nlm.nih.gov/pubmed/23851122
http://www.ncbi.nlm.nih.gov/pubmed/17924348
http://www.ncbi.nlm.nih.gov/pubmed/12111919

