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Abstract

Background: Tobacco smoking and red meat consumption are some of the known risk factors associated with
the development of oesophageal cancer. N-acetytransferases (NAT1 and NAT2) play a key role in metabolism of
carcinogenic arylamines present in tobacco smoke and overcooked red meat. We hypothesized that NAT1 and
NAT2 genetic polymorphisms may influence the risk of oesophageal cancer upon exposure to environmental
carcinogens.

Methods: Single nucleotide polymorphisms (SNPs) in the NAT1 and NAT2 genes were investigated by genotyping
732 cases and 768 healthy individuals from two South African populations to deduce the acetylator phenotype
(slow, intermediate or rapid) from the combination of the genotyped SNPs.

Results: The 341 CC genotype (rs1801280) was significantly associated with a reduced risk for oesophageal cancer in
the Mixed Ancestry population (OR = 0.31; 95% CI 0.11-0.87). The NAT2 slow/intermediate acetylator status significantly
increased the risk among cigarette smokers in the Black population (OR = 2.76; 95% CI 1.69-4.52), as well as among
alcohol drinkers in the Mixed Ancestry population (OR = 2.77; 95% CI 1.38-5.58). Similarly, the NAT1 slow/intermediate
acetylator status was a risk factor for tobacco smokers in the Black population (OR = 3.41; 95% CI 1.95-5.96) and for
alcohol drinkers in the Mixed Ancestry population (OR = 3.41; 95% CI 1.70-6.81). In a case-only analysis, frequent red
meat consumption was associated with a significantly increased cancer risk for NAT2 slow/intermediate acetylators in
the Mixed Ancestry population (OR = 3.55; 95% CI 1.29-9.82; P = 0.019), whereas daily white meat intake was associated
with an increased risk among NAT1 slow/intermediate acetylators in the Black population (OR = 1.82; 95% CI 1.09-3.04;
P = 0.023).

Conclusions: Our findings indicate that N-acetylation polymorphisms may modify the association between
environmental risk factors and oesophageal cancer risk and that N-acetyltransferases may play a key role in
detoxification of carcinogens. Prevention strategies in lifestyle and dietary habits may reduce the incidence of
oesophageal cancer in high-risk populations.
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Background
Oesophageal squamous cell carcinoma (OSCC) is the most
common histological subtype of oesophageal cancer in de-
veloping countries and the main cause of cancer death in
Southern Africa, with incidence and mortality rates ap-
proximately 7-fold higher among men and 4-fold higher
among women than those in Northern Africa [1]. The
prevalence of oesophageal cancer varies widely between
different regions of South Africa, with exceptionally high-
incidence rates recorded in the Black African populations
of KwaZulu-Natal and the Eastern Cape [2]. The wide geo-
graphical variation in incidence of OSCC is most likely due
to both genetic and environmental factors [3]. A number
of epidemiological studies have pointed to tobacco smok-
ing and alcohol consumption as major environmental risk
factors for OSCC [4-6], and recent studies have also re-
ported a significant association between red meat intake
and an increased risk of oesophageal cancer [7,8].
Heterocyclic amines (HCAs) and nitrosamines are among

the major arylamine carcinogens present in tobacco smoke
and overcooked meat [9,10]. In humans these compounds
are metabolized by the Phase I and Phase II xenobiotic me-
tabolizing enzymes. The N-acetyltransferases (NATs) are
the main phase II xenobiotic metabolizing enzymes in-
volved in either detoxification or activation of arylamines,
depending on the nature of the substrate and the organ in-
volved [11]. The human NATs are encoded by two genes,
NAT1 [HGNC:7645; Ensembl:ENSG00000171428] and
NAT2 [HGNC:7646; Ensembl:ENSG00000156006], sepa-
rated by 170 kb on chromosome 8p21.3 − 23.1 [12].
Single nucleotide polymorphisms (SNPs) in the NAT1

and NAT2 genes alter the enzyme activity and are classi-
fied into rapid, intermediate or slow acetylators [13]. The
relationship between NAT2 polymorphisms and NAT2
acetylation activity has been widely investigated and a
strong genotype-phenotype correlation exists [14]. The
common SNPs in the coding region of the NAT2 gene,
191G>A, 341T>C, 590G>A, and 857G>A (referred to as
NAT2*14, NAT2*5, NAT2*6, and NAT2*7 alleles respect-
ively) lead to a significant decrease in acetylation activity
compared to the wild-type allele (NAT2*4), and are thus
designated as slow acetylator alleles [15]. A recent study
reported that genotyping of these SNPs is sufficient to
predict the NAT2 acetylator status with high accuracy
[16]. The NAT2*5, NAT2*6, and NAT2*7, and NAT2*14 al-
leles were observed at frequencies of 20%, 15%, 1.7%, and
2.5% in the South African Black population, respectively
[17]. The relationship between NAT1 polymorphisms and
NAT1 acetylation activity, on the other hand, has been
poorly investigated with inconsistent genotype-phenotype
correlation for SNPs that lie outside the coding region
[18]. The NAT1 polymorphisms in Black South Africans
are solely represented by NAT1*4 (wild-type), NAT1*10,
and NAT1*3 alleles, with frequencies of 49%, 50%, and 1%,
respectively [19]. The NAT1*10 allele, inferred by the sim-
ultaneous presence of two SNPs (1088T>A and
1095C>A) within the 3’-UTR of the NAT1 gene, leads to
an alteration of the consensus polyadenylation signal and
is associated with a significantly increased acetylation ac-
tivity compared to the wild-type allele [20]. The NAT1*3
allele is inferred by the sole presence of 1095C>A, and
does not result in a significantly elevated acetylation activ-
ity compared to the wild-type allele [18].
The NAT1 and NAT2 polymorphic variants may influ-

ence the metabolism of arylamine carcinogens and modu-
late the individual susceptibility to cancer upon exposure to
environmental risk factors [21]. Genetic polymorphisms in
the NAT1 and NAT2 loci have been associated with suscep-
tibility to bladder, colon and rectal, breast, head and neck,
lung and prostate cancers (reviewed in [22]). However,
more consistent results were observed when the polymor-
phisms were investigated in association with environmental
exposure [23]. Previous studies have reported conflicting
results with regard to the role of NAT1 and NAT2 polymor-
phisms in oesophageal carcinogenesis [24-29].
We believe that genetic polymorphisms associated with

low N-acetylation activity may lead to an impaired deacti-
vation of arylamine carcinogens making subjects with slow
or intermediate acetylator status more susceptible to en-
vironmental or dietary carcinogens than those with the
rapid acetylator status. This study investigated the role of
NAT1 and NAT2 functional polymorphisms as independ-
ent risk factors for OSCC and as modifiers of the associ-
ation between environmental risk factors and OSCC in
two indigenous populations of South Africa.

Methods
Study group
The study group included 1500 South African subjects
subdivided into 463 OSCC patients and 480 control in-
dividuals from the Black population, and 269 OSCC
patients and 288 control individuals from the Mixed An-
cestry population. The Black individuals were mostly
Xhosa speakers residing in the Western Cape Province
of South Africa. The Mixed Ancestry individuals in the
Western Cape is an admixed population that originated
about 300 years ago from the union of different ethnic
groups, receiving ancestral contribution from the indigen-
ous Khoisan, sub-Saharan Africans, Europeans, Indonesians
and Malaysians [30].
All patients selected for the study were histologically di-

agnosed with squamous cell carcinoma of the oesophagus,
recruited between 2000 and 2012 from Groote Schuur
and Tygerberg Hospitals in Cape Town. The control
group included healthy volunteers with no history of any
cancer and no familial history of oesophageal cancer. They
were frequency matched to cases for geographical loca-
tion, ethnicity, sex, and age. Because oesophageal cancer is
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a disease of middle-age or the elderly, the minimum age
of control individuals set for the study was 50. However,
the control group had a higher proportion of individuals
below the age of 60, while the patients were mostly over
the age of 60. As a result, the mean age of the patients
was approximately three years higher than that in control
individuals in both the Black and Mixed Ancestry popula-
tion groups (Table 1).
Ethics approval was obtained from the joint University

of Cape Town/Groote Schuur Hospital Research Ethics
Committee and the University of Stellenbosch/Tygerberg
Hospital Ethics Committee. Written informed consent
was obtained from all study participants.

Definition of variables
The study participants completed a standard question-
naire to collect demographic (i.e. ethnicity, origin, lan-
guage, age, gender), lifestyle (i.e. smoking history, alcohol
consumption), and dietary (i.e. frequency and type of meat
intake) information.
The smoking habits were reported as smoking of

cigarettes, hand-rolled cigarettes, and pipes (all of which
referred to as ‘cigarettes’ in the text). Smoking is a qualita-
tive variable and subjects were classified as current
smokers (currently smoking at recruitment or stopped
smoking not earlier than one year prior to recruitment),
former smokers (smoked regularly at some point in their
lives for at least six months or quitted smoking at least
one year prior to recruitment), or never smokers (never
smoked). Current and former smokers were also asked to
report the number of cigarettes smoked per day and sub-
jects were grouped into those who smoked <10 cigarettes/
day and those who smoked ≥10 cigarettes/day.
Alcohol consumption status was defined according to

the frequency of alcohol (wine or beer) consumed per week
and subjects were subdivided into those who consumed
more than one litre of wine/beer per week and those who
consumed less than one litre of wine/beer per week.
The study participants were also asked to report their

average intake of red and white meat, fish, vegetables, and
fried food and grouped into those who consumed each
food category less than three times per week and those
who consumed them (almost) daily. Red meat included
beef, veal, pork, lamb, and offal. White meat included
chicken, turkey, and duck. Data on food consumption was
not available for control individuals, and only 299 Black
patients and 158 Mixed Ancestry patients (out of 463 and
269 total patients, respectively) provided information
about meat, fish, vegetables, and fried food intake.

Isolation and purification of DNA
Peripheral blood samples were collected from each sub-
ject enrolled in the study and stored at −20°C prior to
DNA extraction. Genomic DNA was extracted using a
standard protocol [31]. All DNA samples were diluted to
a final concentration of 20 ng/μl in 96-well plates and
stored at −20°C until genotyping.

SNP selection and genotyping
Genotyping was determined blinded as to case-control
status and environmental exposure of study participants.
Four NAT2 SNPs; 191G>A (rs1801279), 341T>C

(rs1801280), 590G>A (rs1799930), and 857G>A (rs1799931),
were genotyped by TaqMan allele discrimination assay.
Each reaction was carried out in a 2.5 μl volume contain-
ing 1X Universal PCR Master Mix, 1X Drug Metabolism
Genotyping Assay Mix (Applied Biosystems), and 20 ng of
DNA. The thermal cycling conditions consisted of an
initial denaturation step at 95°C for 10 min, followed by
50 cycles of denaturation at 92°C for 15 sec and annealing/
extension at 60°C for 90 sec. The amplification reaction
and fluorescence measurement was performed in a Roche
LightCycler 480 II, and genotypes were assigned using SP4
1.5.0 software (Roche). Five NAT2 alleles were identified:
NAT2*4 (wild-type), NAT2*5, NAT2*6, NAT2*7 and
NAT2*14 (slow acetylator alleles). The acetylator pheno-
type was determined as follows: (i) subjects with two
NAT2*4 alleles were classified as “rapid” acetylators; (ii)
subjects with any combination of two slow acetylator al-
leles were “slow” acetylators; (iii) subjects with one
wild-type allele and one slow acetylator allele were
“intermediate” acetylators. Individuals carrying alleles
deducing either slow or intermediate acetylator status
were merged into one group, referred to as NAT2
“slow/intermediate” acetylators, and compared to rapid
acetylators (NAT2*4/*4).
Two NAT1 SNPs; 1095C>A (rs15561) and 1088T>A

(rs1057126), were determined by TaqMan assay as previ-
ously described [32]. We used a three-probe system to
genotype the two variants simultaneously in a single re-
action. This was necessary because the 1088/1095 SNPs
are too close to each other to use the conventional two-
probe TaqMan assay. Primers and hybridization probes
were designed according to the recommendations by
Roche Diagnostics Inc. [see Additional file 1]. 1X Univer-
sal PCR Master Mix (Applied Biosystems) was used as
PCR solution and primers, probes, and DNA were added
to final concentrations of 300 nM, 100 nM, and 8 ng/μl,
respectively. The amplification reaction was carried out in
a Roche LightCycler 480 II instrument with an initial hold
step at 95°C for 10 min followed by 40 cycles of a two-
step reaction (92°C for 15 s, 60°C for 1 min). Three NAT1
alleles were identified: NAT1*4 (wild-type), NAT1*3 and
NAT1*10 (rapid acetylator allele). Individuals with both
1095C>A and 1088T>A were referred to as NAT1*10
carriers, and those with only 1095C>A were NAT1*3
carriers. Subjects were classified as slow, intermediate,
or rapid acetylators if they had zero, one, or two copies



Table 1 Characteristics of the population study and effect of tobacco smoking, alcohol consumption, and red meat intake on OSCC risk

Black Mixed Ancestry

Demographic/risk factors Variables Controls (%) Cases (%) OR (95% CI)a P-value Controls (%) Cases (%) OR (95% CI)a P-value

Gender Males 235 (49) 229 (49) 178 (62) 177 (66)

Females 245 (51) 234 (51) 110 (38) 92 (34)

Age Mean (SDb) 56.7 (15.0) 59.6 (10.7) 57.7 (14.3) 60.7 (10.3)

Tobacco smoking Never smokers 258 (54) 181 (39) 1 (Ref) 62 (22) 15 (6) 1 (Ref)

Smokersc 222 (46) 280 (60) 1.79 (1.39-2.33) <0.0001 226 (78) 250 (93) 4.57 (2.53-8.27) <0.0001

Unknown 0 (0) 2 (0.4) 0 (0) 4 (1)

Total cigarettes/day 0 258 (54) 181 (39) 1 (Ref) 62 (21) 15 (6) 1 (Ref)

<10 137 (28) 179 (39) 1.86 (1.39-2.49) <0.0001 118 (41) 85 (31) 2.98 (1.59-5.59) 0.001

≥10 73 (15) 95 (20) 1.85 (1.29-2.66) 0.001 90 (31) 160 (59) 7.35 (3.95-13.6) <0.0001

Unknown 12 (2) 8 (2) 18 (6) 9 (3)

Alcohol drinking Non-drinkers 201 (42) 175 (38) 1 (Ref) 115 (40) 51 (19) 1 (Ref)

Drinkersd 278 (58) 286 (62) 1.18 (0.91-1.53) 0.211 172 (60) 215 (80) 2.82 (1.92-4.15) <0.0001

Unknown 1 (0.2) 2 (0.4) 1 (0.3) 3 (1)

Tobacco smoking + alcohol drinking Never smokerse 257 (53) 180 (39) 1 (Ref) 62 (21) 15 (6) 1 (Ref)

Smokers/non-drinkers 41 (8) 33 (7) 1.15 (0.70-1.89) 0.583 75 (26) 37 (14) 2.04 (1.02-4.06) 0.042

Smokers/drinkers 181 (38) 247 (53) 1.95 (1.49-2.55) <0.0001 150 (52) 213 (79) 5.87 (3.22-10.7) <0.0001

Unknown 1 (0.2) 3 (0.6) 1 (0.3) 4 (1)

Red meat intake 3 times/week or less − 261 (56) − 108 (40)

Daily or almost daily − 37 (8) − 50 (19)

Unknown − 165 (36) − 111 (41)

White meat intake 3 times/week or less − 151 (33) − 75 (28)

Daily or almost daily − 148 (32) − 82 (30)

Unknown − 164 (35) − 112 (42)

Fish 3 times/week or less − 289 (62) − 146 (54)

Daily or almost daily − 9 (2) − 11 (4)

Unknown − 165 (36) − 112 (42)

Vegetables 3 times/week or less − 243 (52) − 54 (20)

Daily or almost daily − 53 (11) − 101 (37)

Unknown − 165 (36) − 114 (42)
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Table 1 Characteristics of the population study and effect of tobacco smoking, alcohol consumption, and red meat intake on OSCC risk (Continued)

Fried food 3 times/week or less − 291 (63) − 135 (50)

Daily or almost daily − 5 (1) − 20 (7)

Unknown − 167 (36) − 114 (42)
aCrude odds ratio was calculated.
bSD = standard deviation of the mean.
cSmokers = current and former smokers.
dDrinkers = light to heavy alcohol drinkers.
eNever smokers (including drinkers and non-drinkers).
Ref = reference allele.
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of the NAT1*10 allele, respectively. Individuals with
either zero or one copy of NAT1*10 allele were merged
into one group, referred to as NAT1 “slow/intermedi-
ate” acetylators, and compared to rapid acetylators
(NAT1*10/*10).
Statistical analysis
Genotype counts among controls were tested for devi-
ation from Hardy-Weinberg Equilibrium using the Chi-
Square test with one degree of freedom [33].
The genetic association analyses were performed as-

suming a multiplicative genetic model for any risk allele
or risk category. Where sample sizes were sufficiently
large, we tested for differences in frequency distribution
between cases and control individuals using Pearson’s
Chi-Square (χ2) test of association. Crude odds ratio
(OR), adjusted odds ratio, 95% confidence interval (95%
CI), and P-value for association were estimated for the
tested allele or category. The adjustment of the OR
for potential confounders such as age, gender, tobacco
smoking, and alcohol consumption was computed by
using multivariate conditional logistic analysis [the dis-
ease status (case/control) was checked against each poly-
morphism (GG/GA/AA) for all the cases and controls
used in the study by considering also other variables
such as smoking, alcohol consumption, age and sex]. All
reported P-values are two-sided and a P-value <0.05 was
considered as significant. A conservative P-value thresh-
old of 0.0042 (=0.05/[2x6]) was used to assess the signifi-
cance of association applying Bonferroni correction for
multiple testing of the six genotyped SNPs in the two
populations.
Case-only analyses were performed to evaluate the

interaction between the acetylation polymorphism and
meat consumption by testing for frequency of red and
white meat intake (<3 times per week/almost daily).
All statistical analyses were performed using SPSS 19

software package (SPSS, Chicago, IL). Linkage disequilib-
rium and haplotype analyses were performed on the
control groups using Haploview [34]. The pairwise link-
age disequilibrium was measured by variables DI and r2.
Pearson’s χ2 was used to test for differences in haplotype
distribution between patients and control individuals
using UNPHASED [35].
Results
Demographic details and environmental exposure
The distribution of demographic details and lifestyle fac-
tors among cases and control individuals enrolled in the
study is shown in Table 1. The percentages of tobacco
smokers, alcohol drinkers, and of subjects that consumed
red meat, fried food, and vegetables daily were higher in
the Mixed Ancestry group than in the Black group, while
no significant difference was observed for daily consump-
tion of white meat and fish.
Tobacco smoking was associated with a significantly

increased risk of OSCC among both the Black (OR =
1.79; 95% CI 1.39-2.33; P < 0.0001) and Mixed Ancestry
(OR = 4.57; 95% CI 2.53-8.27; P <0.0001) individuals. In
the Mixed Ancestry group, the risk associated with to-
bacco smoking increased with the number of cigarettes
smoked per day, with a 2.98-fold higher risk (95% CI
1.59-5.59; P = 0.001) among those smoking <10 ciga-
rettes/day, and a 7.35-fold higher risk (95% CI 3.95-
13.66; P < 0.0001) among those smoking ≥10 cigarettes/
day, compared to never smokers. No cumulative effect
of tobacco smoking on OSCC risk was observed in the
Black group.
A higher proportion of alcohol drinkers was observed

among patients compared to control individuals in both
ethnic groups, although the difference was significant
only in the Mixed Ancestry group (OR = 2.82; 95% CI
1.92-4.15; P < 0.0001). The analysis of the combined effect
of tobacco smoking and alcohol consumption showed a
significantly higher OSCC risk for smokers who drank al-
cohol (‘smokers/drinkers’) compared to ‘never smokers’
(including drinkers and non-drinkers) among both Black
(OR = 1.95; 95% CI 1.49-2.55; P < 0.0001) and Mixed
Ancestry (OR = 5.87; 95% CI 3.22-10.71; P <0.0001) indi-
viduals. No increased risk was observed for ‘smokers/non-
drinkers’ in the Black group (P = 0.583), while only a weak
association was detected in the Mixed Ancestry group
(OR = 2.04; 95% CI 1.02-4.06; P = 0.042).
Linkage disequilibrium analysis
The results of the linkage disequilibrium analysis (LD)
and Hardy-Weinberg equilibrium tests in the two South
African populations showed that the distribution of ge-
notypes for each SNP in the control groups were in
Hardy-Weinberg equilibrium (P > 0.05; see Additional
file 2). The NAT1 1088T>A and 1095C>A SNPs oc-
curred at high frequency (MAF ≥ 0.401) and were in
complete LD in both ethnic groups (DI = 1.0). For the
NAT2 SNPs, only 341T>C (NAT2*5) and 590G>A
(NAT2*6) were present at relatively high frequencies
(MAF ≥ 0.214) and strong LD (DI = 1.0) existed between
these two polymorphisms in both population groups. Link-
age disequilibrium of 857G>A (NAT2*7) and 191G>A
(NAT2*14) with other SNPs was not considered because of
the low frequency of these two polymorphic variants in
both population groups (MAF ≤ 0.063). No significant LD
was observed between SNPs in the NAT1 locus and the
two most common SNPs in the NAT2 locus (341T>C and
590G>A) in either ethnic group, thereby forming two main
LD blocks, Block 1 (including NAT1 SNPs) and Block 2
(including NAT2 SNPs), as shown in Figure 1.



Figure 1 Linkage disequilibrium between NAT1 and NAT2 SNPs in Black and Mixed Ancestry South Africans. Plots show r2 and D’ values
for pairwise LD between NAT1 and NAT2 variants in the South African Black and Mixed Ancestry population groups. The left triangle in each plot
represents NAT1 SNPs, while the right triangle represents NAT2 SNPs. Colour intensity of squares (black to white) indicates the strength of LD
(high to low) by D’, while numbers within squares refer to r2 values for pairwise SNPs. D’ and r2 refer to different statistical methods to measure
linkage disequilibrium between alleles; r2 is preferred to predict one allele given the other, whereas D’ is mainly used to assess recombination
patterns such as haplotype blocks. Linkage disequilibrium analysis was carried out in control groups by using Haploview [34].

Matejcic et al. BMC Cancer  (2015) 15:150 Page 7 of 14
NAT1 and NAT2 polymorphisms, environmental exposure,
and OSCC risk
A significant association was detected among carriers of
the 341 CC variant genotype (NAT2*5/*5) compared to
carriers of the wild-type (341 TT) genotype (OR = 0.31;
95% CI 0.11-0.87; P = 0.026) in the Mixed Ancestry
population, with a borderline association in the Black
population (OR = 0.55; 95% CI 0.30-0.99; P = 0.05)
(Table 2). The NAT2 341 C allele (NAT2*5) was associ-
ated with a reduced risk for OSCC in the Mixed Ances-
try group (OR = 0.57; 95% CI 0.38-0.87; P = 0.010), while
no significant association was found in the Black group
(OR = 0.82; 95% CI 0.64-1.06; P = 0.132; see Additional
file 3). However, none of the associations observed in
the Mixed Ancestry population had significance below
the Bonferroni corrected P-value of 0.0042.
The distribution of NAT2 acetylator phenotypes (rapid,

intermediate, and slow acetylators) between cases and
control individuals was significantly different in the
Mixed Ancestry group, while no significant difference
was observed in the Black group, even when intermediate
and slow acetylators were merged into one group and
compared with the rapid acetylators (Table 3). For the
Mixed Ancestry individuals, the NAT2 slow/intermediate
acetylators were at reduced risk of OSCC compared with
rapid acetylators (OR = 0.44; 95% CI 0.27-0.70; P = 0.001),
while the NAT1 slow/intermediate acetylator status was
not a risk factor for OSCC (OR = 0.85; 95% CI 0.43-1.68;
P = 0.638). For the Black individuals, the ORs were 0.78
(95% CI 0.55-1.11; P = 0.166) for NAT1 slow/intermediate
acetylators and 0.82 (95% CI 0.54-1.23; P = 0.333) for
NAT2 slow/intermediate acetylators compared to their re-
spective rapid acetylator groups.
The effect of NAT1 and NAT2 acetylator phenotypes on

the association of tobacco smoking and alcohol consump-
tion with OSCC risk was investigated by case-control ana-
lysis (Tables 4 and 5).
In the Black group, smoking was associated with a sig-

nificantly increased risk of OSCC for the NAT2 slow/inter-
mediate acetylators, with an OR of 2.76 (95% CI 1.69-4.52;
P < 0.0001) among smokers compared to never smokers,
while tobacco smoking was not a risk factor for the NAT2
rapid acetylators (OR = 2.58; 95% CI 0.80-8.25; P = 0.111;
Table 4). Similarly, the smoking-associated risk for OSCC
was significantly higher for NAT1 slow/intermediate acety-
lators (OR = 3.41; 95% CI 1.95-5.96; P < 0.0001), whereas
no significant association was observed for NAT1 rapid
acetylators (OR = 1.71; 95% CI 0.73-4.04; P = 0.218;
Table 5). However, heterogeneity testing for NAT2 slow/
intermediate acetylators vs rapid acetylators (I2 = 0%; P =
0.917) and for NAT1 slow/intermediate acetylators vs rapid
acetylators (I2 = 42.9%; P = 0.185) indicated that smoking
might increase the risk for OSCC in Black subjects regard-
less of their acetylator status. The effect of NAT1 and
NAT2 polymorphisms on the smoking-associated risk of
OSCC was not evaluated in the Mixed Ancestry group be-
cause of the extremely low number of non-smokers in this
group.
The alcohol-related risk of OSCC in the Mixed Ances-

try population was significantly increased for NAT1
slow/intermediate acetylators (OR = 3.41; 95% CI 1.70-
6.81; P = 0.001) and NAT2 slow/intermediate acetylators



Table 2 Genotype frequency of NAT2 and NAT1 polymorphisms and association with OSCC in Black and Mixed Ancestry South Africans

Black Mixed Ancestry

Gene SNP Polymorphism Controls (%) Cases (%) OR (95% CI)a P-value Controls (%) Cases (%) OR (95% CI)a P-value

NAT2 590G>A G / G 296 (62.3) 257 (57.2) 1 (Ref) - 172 (59.7) 159 (60.0) 1 (Ref) -

(NAT2*6) G / A 155 (32.6) 163 (36.3) 1.20 (0.85 - 1.69) 0.299 105 (36.4) 93 (35.1) 0.69 (0.39 - 1.21) 0.192

rs1799930 A / A 24 (5.0) 29 (6.4) 1.46 (0.72 - 2.94) 0.291 11 (3.8) 13 (4.9) 1.30 (0.34 - 4.91) 0.697

341T>C T / T 247 (52.1) 237 (53.0) 1 (Ref) - 130 (45.1) 147 (55.7) 1 (Ref) -

(NAT2*5) T / C 179 (37.8) 178 (39.8) 0.97 (0.69 - 1.36) 0.856 125 (43.4) 101 (38.2) 0.59 (0.34 - 1.04) 0.069

rs1801280 C / C 48 (10.1) 32 (7.1) 0.55 (0.30 - 0.99) 0.05 33 (11.5) 16 (6.1) 0.31 (0.11 - 0.87) 0.026

857G>A G / G 471 (98.9) 440 (98.2) 1 (Ref) - 265 (92.0) 237 (90.5) 1 (Ref) -

(NAT2*7) G / A 5 (1.0) 7 (1.6) 0.95 (0.19 - 4.77) 0.948 23 (8.0) 24 (9.2) 1.32 (0.54 - 3.23) 0.548

rs1799931 A / A 0 (0) 1 (0.2) − 0 (0) 1 (0.4) −

191G>A G / G 417 (87.6) 402 (90.1) 1 (Ref) - 275 (95.5) 244 (92.8) 1 (Ref) -

(NAT2*14) G / A 58 (12.2) 41 (9.2) 0.78 (0.46 - 1.33) 0.364 13 (4.5) 18 (6.8) 1.46 (0.48 - 4.49) 0.508

rs1801279 A / A 1 (0.2) 3 (0.7) − 0 (0) 1 (0.4) −

NAT1 1088T>A T / T 89 (19.2) 100 (22.8) 1 (Ref) - 106 (37.3) 81 (31.4) 1 (Ref) -

(NAT1*10) T / A 219 (47.3) 196 (44.7) 0.77 (0.50 - 1.18) 0.226 128 (45.1) 130 (50.4) 1.64 (0.90 - 2.98) 0.103

rs1057126 A / A 155 (33.5) 142 (32.4) 1.07 (0.67 - 1.70) 0.781 50 (17.6) 47 (18.2) 1.57 (0.73 - 3.40) 0.249

1095C>A C / C 86 (18.6) 95 (21.7) 1 (Ref) - 97 (34.1) 69 (26.7) 1 (Ref) -

(NAT1*10, NAT1*3) C / A 220 (47.5) 198 (45.2) 0.79 (0.51 - 1.23) 0.299 130 (45.8) 138 (53.5) 1.83 (0.99 - 3.39) 0.054

rs15561 A / A 157 (33.9) 145 (33.1) 1.10 (0.69 - 1.75) 0.681 57 (20.1) 51 (19.8) 1.78 (0.82 - 3.84) 0.143

Samples with unknown genotype are not shown.
aOdds ratio was adjusted for age, gender, tobacco smoking, and alcohol consumption status; odds ratio was not calculated for subgroups with low sample size.
*Indicates the allele for each of the genes.
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Table 3 Distribution of NAT1 and NAT2 acetylation polymorphisms and association with OSCC in the Black and Mixed
Ancestry populations

Black Mixed Ancestry

Gene Acetylator status Controls (%) Cases (%) OR (95% CI)a P-value Controls (%) Cases (%) OR (95% CI)a P-value

NAT2 Rapid 87 (18) 90 (19) 1 (Ref) 49 (17) 57 (21) 1 (Ref)

Intermediate 231 (48) 192 (41) 0.77 (0.50-1.20) 0.248 124 (43) 113 (42) 0.47 (0.28-0.80) 0.004

Slow 155 (32) 161 (35) 0.88 (0.56-1.39) 0.588 115 (40) 91 (34) 0.40 (0.24-0.68) 0.001

Unknown 7 (1) 20 (4) 0 (0) 8 (3)

Slow + intermediate 386 (82) 353 (79) 0.82 (0.54-1.23) 0.333 239 (83) 204 (78) 0.44 (0.27-0.70) 0.001

NAT1 Rapid 155 (32) 142 (31) 1 (Ref) 50 (17) 47 (17) 1 (Ref)

Intermediate 219 (46) 196 (42) 0.72 (0.49-1.05) 0.084 128 (44) 130 (48) 1.04 (0.50-2.17) 0.908

Slow 89 (18) 100 (22) 0.94 (0.59-1.48) 0.781 106 (37) 81 (30) 0.64 (0.29-1.37) 0.249

Unknown 17 (3) 25 (5) 4 (1) 11 (4)

Slow + intermediate 308 (66) 296 (68) 0.78 (0.55-1.11) 0.166 234 (82) 211 (81) 0.85 (0.43-1.68) 0.638
aOdds ratio was adjusted for age, gender, tobacco smoking, and alcohol consumption status.
Ref = reference allele.
NAT2 rapid = NAT2*4/*4.
NAT2 intermediate = NAT2*4/*5, NAT2*4/*6, NAT2*4/*7, or NAT2*4/*14.
NAT2 slow = any combination of NAT2*5, NAT2*6, NAT2*7, and NAT2*14.
NAT1 rapid = NAT1*10/*10.
NAT1 intermediate = NAT1*10/*4 or NAT1*10/*3.
NAT1 slow = NAT1*4/*4, NAT1*4/*3, or NAT1*3/*3.
*Indicates the allele for each of the genes.
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(OR = 2.77; 95% CI 1.38-5.58; P = 0.004), whereas no in-
creased risk was observed for alcohol drinkers who were
either NAT1 rapid acetylators (OR = 0.80; 95% CI 0.19-
3.44; P = 0.764) or NAT2 rapid acetylators (OR = 2.43;
95% CI 0.65-9.15; P = 0.188). However, heterogeneity
testing for NAT2 slow/intermediate acetylators vs rapid
acetylators (I2 = 0%; P = 0.864) suggested that alcohol
may be a significant risk factor for OSCC in both NAT2
acetylator groups, while substantial heterogeneity be-
tween the NAT1 acetylator phenotypes (I2 = 68.1%; P =
0.077) suggested thatNAT1 acetylator status may modify
the alcohol-associated risk of OSCC among Mixed An-
cestry individuals. In the Black population, the acetyl-
ation polymorphism had no effect on the association
between alcohol intake and OSCC risk (Tables 4 and 5).
A case-only analysis was performed to investigate the

interaction of NAT1 and NAT2 acetylator phenotypes with
meat consumption on susceptibility to OSCC. In the Mixed
Ancestry patients, daily intake of red meat was significantly
more frequent amongNAT2 slow/intermediate acetylators
than among NAT2 rapid acetylators (OR = 3.55; 95% CI
1.29-9.82; P = 0.019), whereas no significant difference was
observed among Black patients (OR = 1.67; 95% CI 0.61-
4.58; P = 0.316; Table 4). No interaction between NAT1
acetylator phenotypes and red meat consumption was ob-
served among either Black patients (OR = 0.93; 95% CI
0.43-2.0; P = 0.851) or Mixed Ancestry patients (OR = 1.32;
95% CI 0.49-3.55; P = 0.586). We also observed a statisti-
cally significant interaction between daily consumption of
white meat and the NAT1 slow acetylator status in Black
patients (OR = 1.82; 95% CI 1.09-3.04; P = 0.023), while
such interaction was not significant in Mixed Ancestry pa-
tients (OR = 1.58; 95% CI 0.68-3.67; P = 0.288; Table 5).
Discussion
We determined the distribution of the NAT1*3, NAT1*4,
NAT1*10, NAT2*4, NAT2*5, NAT2*6, NAT2*7, and
NAT2*14 alleles in the Black and Mixed Ancestry popu-
lations of South Africa, accounting for the majority of
the NAT1 and NAT2 alleles observed in Black South
Africans and Caucasians [19].
The overall frequency of the NAT2 slow acetylator alleles

in Black Xhosa and Mixed Ancestry healthy individuals
(57.2% and 61.5%, respectively) was similar to that previ-
ously reported in the Black Tswana and Mixed Ancestry
populations from South Africa (59% and 54%, respectively)
[19,36]. The allele frequency of NAT1*10 observed in Black
Xhosa (57.1%) was similar to that previously reported in
Black Tswana (50.5%), whereas the frequency in Mixed
Ancestry individuals (40.1%) was closer to that observed
in Black South Africans than that of UK Caucasians
(18.7%) [19].
The high LD observed between 341T>C (NAT2*5) and

590G>A (NAT2*6) in both South African populations has
also been reported in a Northern Indian population [26].
Although studies reported a strong LD between NAT1*10
and NAT2*4 in Caucasians [37,38], we found no signifi-
cant LD between NAT1 and NAT2 alleles in South
Africans.



Table 4 Association of NAT2 acetylator phenotype with OSCC risk upon exposure to environmental risk factors in Black and Mixed Ancestry South Africans

NAT2 rapid acetylators NAT2 slow/intermediate acetylators

Population Risk factors Variables Controls Cases OR (95% CI)a P-value Controls Cases OR (95% CI)a P-value

Black

Tobacco smoking Never smokers 49 39 1 (Ref) 206 132 1 (Ref)

Smokersb 38 51 2.58 (0.80-8.25) 0.111 180 220 2.76 (1.69-4.52) <0.0001

Tot cigarettes/day 0 49 39 1 (Ref) 206 132 1 (Ref)

≤9 23 31 2.23 (0.67-7.36) 0.189 112 143 3.27 (1.93-5.54) <0.0001

≥10 13 19 3.79 (0.92-15.7) 0.066 58 72 2.49 (1.34-4.62) 0.004

Alcohol drinking Non-drinkers 34 39 1 (Ref) 164 127 1 (Ref)

Drinkersc 53 51 0.94 (0.34-2.62) 0.903 221 224 0.91 (0.59-1.41) 0.675

Red meat intaked 3 times/week or less − 55 − 198 1 (Ref)

Daily or almost daily − 5 − 31 1.67 (0.61-4.58) 0.316

White meat intaked 3 times/week or less − 33 − 113 1 (Ref)

Daily or almost daily − 27 − 117 1.28 (0.72-2.29) 0.397

Mixed Ancestry

Tobacco smoking Never smokers 8 2 1 (Ref) 54 12 1 (Ref)

Smokersb 41 53 − − 185 191 − −

Tot cigarettes/day 0 8 2 1 (Ref) 54 12 1 (Ref)

≤9 22 25 − − 96 58 − −

≥10 16 27 − − 74 129 − −

Alcohol drinking Non-drinkers 15 9 1 (Ref) 100 41 1 (Ref)

Drinkersc 34 47 2.43 (0.65-9.15) 0.188 138 162 2.77 (1.38-5.58) 0.004

Red meat intaked 3 times/week or less − 31 − 75 1 (Ref)

Daily or almost daily − 5 − 43 3.55 (1.29-9.82) 0.019

White meat intaked 3 times/week or less − 20 − 51 1 (Ref)

Daily or almost daily − 16 − 66 1.80 (0.81-4.02) 0.149

Samples with unknown acetylator status are not shown.
Ref = reference allele.
aOR was adjusted for age, gender, smoking and alcohol consumption status; OR was not calculated for subgroups with low sample size.
bSmokers = current and former smokers.
cDrinkers = light to heavy alcohol drinkers.
dCase-only analysis has been performed for red meat intake due to lack of data from control individuals.
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Table 5 Association of NAT1 acetylator phenotype with OSCC risk upon exposure to environmental risk factors in Black and Mixed Ancestry South Africans

NAT1 rapid acetylators NAT1 slow/intermediate acetylators

Population Risk factors Variables Controls Cases OR (95% CI)a P-value Controls Cases OR (95% CI)a P-value

Black

Tobacco smoking Never smokers 84 61 1 (Ref) 166 109 1 (Ref)

Smokersb 71 81 1.71 (0.73-4.04) 0.218 142 186 3.41 (1.95-5.96) <0.0001

Tot cigarettes/day 0 84 61 1 (Ref) 166 109 1 (Ref)

≤9 45 50 1.80 (0.72-4.53) 0.208 87 123 3.96 (2.19-7.13) <0.0001

≥10 24 31 2.06 (0.73-5.84) 0.174 45 57 2.97 (1.47-5.99) 0.002

Alcohol drinking Non-drinkers 66 53 1 (Ref) 130 112 1 (Ref)

Drinkersc 89 89 1.17 (0.52-2.59) 0.707 177 182 0.87 (0.54-1.40) 0.570

Red meat intake d 3 times/week or less − 81 − 168 1 (Ref)

Daily or almost daily − 12 − 23 0.93 (0.43-2.0) 0.851

White meat intaked 3 times/week or less − 56 − 87 1 (Ref)

Daily or almost daily − 38 − 104 1.82 (1.09-3.04) 0.023

Mixed Ancestry

Tobacco smoking Never smokers 17 1 1 (Ref) 43 14 1 (Ref)

Smokersb 33 46 − − 191 194 − −

Tot cigarettes/day 0 17 1 1 (Ref) 43 14 1 (Ref)

≤9 17 24 − − 101 58 − −

≥10 11 20 − − 77 133 − −

Alcohol drinking Non-drinkers 21 12 1 (Ref) 93 39 1 (Ref)

Drinkersc 29 35 0.80 (0.19-3.44) 0.764 140 170 3.41 (1.70-6.81) 0.001

Red meat intaked 3 times/week or less − 22 − 81 1 (Ref)

Daily or almost daily − 7 − 42 1.32 (0.49-3.55) 0.586

White meat intaked 3 times/week or less − 16 − 56 1 (Ref)

Daily or almost daily − 13 − 66 1.58 (0.68-3.67) 0.288

Samples with unknown acetylator status are not shown.
Ref = reference allele.
aOR was adjusted for age, gender, smoking and alcohol consumption status; OR was not calculated for subgroups with low sample size.
bSmokers = current and former smokers.
cDrinkers = light to heavy alcohol drinkers.
dCase-only analysis has been performed for red meat intake due to lack of data from control individuals.
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This study confirmed previous findings on the associ-
ation between tobacco smoking and a high risk of OSCC
in the Black and Mixed Ancestry populations from
South Africa, as well as a cumulative risk associated with
the number of cigarettes smoked per day in the Mixed
Ancestry population [4]. Alcohol consumption was an
independent risk factor only in the Mixed Ancestry
population, but no association was observed in the Black
Xhosa population, which is in agreement with the results
from a previous study conducted in the same ethnic
groups [4]. We also confirmed the previously reported
combined effect of alcohol consumption and tobacco
smoking on the enhanced oesophageal cancer risk in
Black South Africans [39]. Furthermore, tobacco smok-
ing, alcohol consumption, and frequent red meat intake
were more prevalent in the Mixed Ancestry population
than in the Black population, indicating that Mixed An-
cestry South Africans may be more exposed to environ-
mental carcinogens than Black South Africans.
The NAT2 341T>C (NAT2*5) polymorphism and NAT2

slow/intermediate acetylator status were associated with a
significantly reduced risk of OSCC in the Mixed Ancestry
population. Because NAT2*5 is a slow acetylator allele and
NATs are able to activate arylamine carcinogens to reactive
intermediates [11,15], the NAT2 slow acetylator status may
result in an enzyme with impaired N-acetylation capacity,
possibly leading to reduced production of reactive interme-
diates and ultimately preventing DNA damage and carcino-
genesis. NAT2*5 is the most frequent NAT2 allele in the
South African population, and has the greatest reduction in
acetylation activity among NAT2 slow acetylator alleles
[40]. These findings may explain why the association with
OSCC was observed among the NAT2*5 allele carriers and
not among subjects carrying other NAT2 slow acetylator
alleles. A recent study in a Chinese population found the
CC genotype of the NAT2 rs1565684 T >C polymorphism
to be associated with a borderline significantly increased
risk for OSCC (OR= 1.77; 95% CI 0.97–3.21; P = 0.063).
Although this variant has been reported to be functional
and in LD with another important NAT2 polymorphism
(rs4345600; r2 = 0.845) in the Han Chinese, the etiology of
NAT2 rs1565684 on oesophageal carcinogenesis is still un-
known [41]. In accordance with a previous study on
oesophageal adenocarcinoma [29], we found no statistically
significant association between NAT1 polymorphisms
(NAT1*10 and *3) and OSCC risk in both South African
populations.
When we evaluated the association between the NAT1

and NAT2 acetylator phenotypes and OSCC risk in con-
junction with environmental exposure, the risk associated
with tobacco smoking and alcohol intake appeared to be
higher among slow/intermediate acetylators than among
rapid acetylators, although this difference was not signifi-
cant. The lack of a significant association between smoking
and alcohol intake with OSCC among rapid acetylators is
probably due to the small sample size of these subgroups
and the resulting low statistical power to detect significant
associations. The interaction of the NAT1 and NAT2 poly-
morphisms with tobacco smoking or red meat intake is
likely to be due to the role of NATs in the metabolism of
HCAs and nitrosamines, which are the most relevant car-
cinogen in tobacco smoke and overcooked meat [9,10].
Our finding of an interaction between NAT1 acetylator sta-
tus and white meat intake in the Black population is in
agreement with a study showing that heat-treated poultry
products have significant amounts of HCAs based on
the cooking methods and conditions [42]. Furthermore,
a previous cohort study reported a significant positive
association between poultry intake and oesophageal
adenocarcinoma risk [43]. Slow and intermediate acety-
lators may be unable to detoxify carcinogenic metabo-
lites efficiently; therefore, an impaired detoxification of
HCA- and nitrosamine-derived metabolites may explain
the greater risk of OSCC associated with low N-acetylation
activity upon exposure to environmental carcinogens. How-
ever, no study to date has biologically demonstrated that
low N-acetylation activity leads to an impaired deactivation
of arylamine carcinogens in humans.
A recent cohort study identified statistically significant

positive associations of both heme iron (HR = 1.67; 95%
CI 1.05–2.68; P = 0.022) and processed red meat intake
(HR = 2.27; 95% CI 1.33–3.89; P = 0.004) with oesophageal
adenocarcinoma [44]. Heme iron is an organic form of
iron and is mainly provided by red meat. It has been dem-
onstrated that heme iron specifically contributes to car-
cinogenesis by increasing oxidative stress or by catalysing
endogenous formation of nitroso-compounds [45,46].
Thus, the N-nitrosation induced by heme iron may in-
crease the level of nitrosamines in humans and ultimately
contribute to oesophageal carcinogenesis in slow/inter-
mediate acetylators [44].
We observed that NAT1 and NAT2 acetylator pheno-

types modify the alcohol-associated risk of OSCC in the
Mixed Ancestry population. Ethanol from alcoholic bever-
ages can cause local irritation of the upper gastrointestinal
tract and can act as solvent for tobacco-related carcino-
gens, facilitating their uptake through the oesophageal
mucosa [47]. Furthermore, studies in vitro and in vivo re-
ported that acetaldehyde, a metabolite of ethanol oxida-
tion, has direct mutagenic and carcinogenic properties on
human tissues [48]. A previous study did not find a modu-
lating effect of NAT2 polymorphisms on the association
between alcohol consumption and OSCC risk [26]; how-
ever, another study suggested a direct role of NAT2 in the
metabolism of alcohol-derived carcinogens [49]. Impair-
ment of aldehyde dehydrogenase 2 (ALDH2), a major en-
zyme involved in alcohol metabolism, has been associated
with acetaldehyde-derived DNA damage in the oesophagus
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following alcohol ingestion [50]. It is therefore possible
that the alcohol-associated risk of OSCC observed among
slow/intermediate acetylators in the Mixed Ancestry
population may occur by a similar mechanism.
This study assessed the role of NAT1 polymorphisms

on susceptibility to OSCC, the interaction of NATs with
alcohol and meat consumption on OSCC risk, and the
role of NATs on cancer susceptibility in African popula-
tions. A limitation of the study was the lack of data for
control individuals with regard to red and white meat in-
take and the cooking and preparation methods of the
meat. Therefore, some caution must be taken when
drawing interpretations of the results on the association
between meat consumption and oesophageal cancer risk.

Conclusions
In conclusion, we provide evidence of tobacco smoking,
alcohol consumption, and meat intake as independent risk
factors for OSCC in South Africa. The main finding of this
study is that NAT1 and NAT2 polymorphisms may modu-
late the risk of OSCC upon exposure to environmental
risk factors in two indigenous populations of South Africa,
indicating that NATs play a key role in detoxification of
carcinogens responsible for the initiation of oesophageal
cancer. Our findings may offer opportunities to adopt pre-
vention strategies in lifestyle and dietary habits aimed at
reducing the exposure to environmental risk factors and
at preventing the occurrence of oesophageal cancer in
high-risk populations of South Africa.

Additional files

Additional file 1: Primers and fluorogenic probes for NAT1*10 and
NAT1*3 allele determination by TaqMan assay.

Additional file 2: Linkage disequilibrium analysis for NAT1 and
NAT2 SNPs in Black and Mixed Ancestry South Africans.

Additional file 3: Allele frequency of NAT2 and NAT1
polymorphisms and association with OSCC in Black and Mixed
Ancestry South Africans.

Abbreviations
NATs: N-acetyltransferases; OSCC: Oesophageal squamous cell carcinoma;
HCAs: Heterocyclic amines; SNPs: Single nucleotide polymorphisms;
LD: Linkage disequilibrium.

Competing interests
The authors declare they have no competing interests.

Authors’ contributions
MM collected samples and data, conceived and designed the study, carried
out the molecular genetic experiments, and wrote the manuscript. MV
performed the statistical analysis and helped to draft the manuscript. YW
analyzed the data and helped to perform the genetic association analysis.
MIP participated in the design of the study and coordinated the work. All
authors read and approved the final manuscript.

Acknowledgments
This work was supported by the International Centre for Genetic Engineering
and Biotechnology (ICGEB), the South African Medical Research Council and
the University of Cape Town. MM is a recipient of an ICGEB postdoctoral
fellowship. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Received: 2 September 2014 Accepted: 20 February 2015
References
1. Jemal A, Bray F, Forman D, O'Brien M, Ferlay J, Center M, et al. Cancer

burden in Africa and opportunities for prevention. Cancer. 2012;118:4372–84.
2. Sammon AM. Carcinogens and endemic squamous cancer of the oesophagus

in Transkei, South Africa. Environmental initiation is the dominant factor;
tobacco or other carcinogens of low potency or concentration are sufficient for
carcinogenesis in the predisposed mucosa. Med Hypotheses. 2007;69:125–31.

3. Hendricks D, Parker MI. Oesophageal Cancer in Africa. IUBMB Life.
2002;53:263–8.

4. Dandara C, Li DP, Walther G, Parker MI. Gene-environment interaction: the
role of SULT1A1 and CYP3A5 polymorphisms as risk modifiers for squamous
cell carcinoma of the oesophagus. Carcinogenesis. 2006;27:791–7.

5. Islami F, Fedirko V, Tramacere I, Bagnardi V, Jenab M, Scotti L, et al. Alcohol
drinking and esophageal squamous cell carcinoma with focus on light-
drinkers and never-smokers: a systematic review and meta-analysis. Int J
Cancer. 2011;129:2473–84.

6. Steevens J, Schouten LJ, Goldbohm RA, van den Brandt PA. Alcohol
consumption, cigarette smoking and risk of subtypes of oesophageal and
gastric cancer: a prospective cohort study. Gut. 2010;59:39–48.

7. Keszei AP, Schouten LJ, Goldbohm RA, van den Brandt PA. Red and
processed meat consumption and the risk of esophageal and gastric cancer
subtypes in The Netherlands Cohort Study. Ann Oncol. 2012;23:2319–26.

8. O’Doherty MG, Cantwell MM, Murray LJ, Anderson LA, Abnet CC, FINBAR
Study Group. Dietary fat and meat intakes and risk of reflux esophagitis,
Barrett’s esophagus and esophageal adenocarcinoma. Int J Cancer.
2011;129:1493–502.

9. Turesky RJ. Formation and biochemistry of carcinogenic heterocyclic
aromatic amines in cooked meats. Toxicol Lett. 2007;168:219–27.

10. Jakszyn P, Agudo A, Ibáñez R, García-Closas R, Pera G, Amiano P, et al.
Development of a food database of nitrosamines, heterocyclic amines, and
polycyclic aromatic hydrocarbons. J Nutr. 2004;134:2011–4.

11. Hein DW. Molecular genetics and function of NAT1 and NAT2: role in aromatic
amine metabolism and carcinogenesis. Mutat Res. 2002;506–507:65–77.

12. Hickman D, Risch A, Buckle V, Spurr NK, Jeremiah SJ, McCarthy A, et al.
Chromosomal localization of human genes for arylamine N-
acetyltransferase. Biochem J. 1994;297:441–5.

13. Hein DW, Doll MA, Fretland AJ, Leff MA, Webb SJ, Xiao GH, et al. Molecular
genetics and epidemiology of the NAT1 and NAT2 acetylation polymorphisms.
Cancer Epidemiol Biomarkers Prev. 2000;9:29–42.

14. Taja-Chayeb L, González-Fierro A, Miguez-Muñoz C, Trejo-Becerril C,
Cruz-Hernandez Ede L, Cantu D, et al. Acetylator status and N-acetyltransferase 2
gene polymorphisms; phenotype-genotype correlation with the sulfamethazine
test. Pharmacogenet Genomics. 2011;21:894–901.

15. Fretland AJ, Leff MA, Doll MA, Hein DW. Functional characterization of
human N-acetyltransferase 2 (NAT2) single nucleotide polymorphisms.
Pharmacogenetics. 2001;11:207–15.

16. Hein DW, Doll MA. Accuracy of various human NAT2 SNP genotyping
panels to infer rapid, intermediate and slow acetylator phenotypes.
Pharmacogenomics. 2012;13:31–41.

17. Adams CH, Werely CJ, Victor TC, Hoal EG, Rossouw G, van Helden PD. Allele
frequencies for glutathione S-transferase and N-acetyltransferase 2 differ in
African population groups and may be associated with oesophageal
cancer or tuberculosis incidence. Clin Chem Lab Med. 2003;41:600–5.

18. Zhu Y, States JC, Wang Y, Hein DW. Functional effects of genetic polymorphisms
in the N-acetyltransferase 1 coding and 3' untranslated regions. Birth Defects Res
A Clin Mol Teratol. 2011;91:77–84.

19. Loktionov A, Moore W, Spencer SP, Vorster H, Nell T, O'Neill IK, et al. Differences
in N-acetylation genotypes between Caucasians and Black South Africans:
implications for cancer prevention. Cancer Detect Prev. 2002;26:15–22.

20. Wang D, Para MF, Koletar SL, Sadee W. Human N-acetyltransferase 1 *10
and *11 alleles increase protein expression through distinct mechanisms
and associate with sulfamethoxazole-induced hypersensitivity. Pharmacogenet
Genomics. 2011;21:652–64.

http://www.biomedcentral.com/content/supplementary/s12885-015-1105-4-s1.docx
http://www.biomedcentral.com/content/supplementary/s12885-015-1105-4-s2.docx
http://www.biomedcentral.com/content/supplementary/s12885-015-1105-4-s3.docx


Matejcic et al. BMC Cancer  (2015) 15:150 Page 14 of 14
21. Zang Y, Doll MA, Zhao S, States JC, Hein DW. Functional characterization of
single-nucleotide polymorphisms and haplotypes of human N-acetyltransferase
2. Carcinogenesis. 2007;28:1665–71.

22. Agúndez JA. Polymorphisms of human N-acetyltransferases and cancer risk.
Curr Drug Metab. 2008;9:520–31.

23. Nöthlings U, Yamamoto JF, Wilkens LR, Murphy SP, Park SY, Henderson BE,
et al. Meat and heterocyclic amine intake, smoking, NAT1 and NAT2
polymorphisms, and colorectal cancer risk in the multiethnic cohort study.
Cancer Epidemiol Biomarkers Prev. 2009;18:2098–106.

24. Morita S, Yano M, Tsujinaka T, Ogawa A, Taniguchi M, Kaneko K, et al.
Association between genetic polymorphisms of glutathione S-transferase P1
and N-acetyltransferase 2 and susceptibility to squamous-cell carcinoma of
the esophagus. Int J Cancer. 1998;79:517–20.

25. Shibuta J, Eto T, Kataoka A, Inoue H, Ueo H, Suzuki T, et al. Genetic
polymorphism of N-acetyltransferase 2 in patients with esophageal cancer.
Am J Gastroenterol. 2001;96:3419–24.

26. Jain M, Kumar S, Lal P, Tiwari A, Ghoshal UC, Mittal B. Association of genetic
polymorphisms of N-acetyltransferase 2 and susceptibility to esophageal
cancer in north Indian population. Cancer Invest. 2007;25:340–6.

27. Lee JM, Lee YC, Yang SY, Shi WL, Lee CJ, Luh SP, et al. Genetic
polymorphisms of p53 and GSTP1, but not NAT2, are associated with
susceptibility to squamous-cell carcinoma of the esophagus. Int J Cancer.
2000;89:458–64.

28. Malik MA, Upadhyay R, Modi DR, Zargar SA, Mittal B. Association of NAT2
gene polymorphisms with susceptibility to esophageal and gastric cancers
in the Kashmir Valley. Arch Med Res. 2009;40:416–23.

29. Wideroff L, Vaughan TL, Farin FM, Gammon MD, Risch H, Stanford JL, et al.
GST, NAT1, CYP1A1 polymorphisms and risk of esophageal and gastric
adenocarcinomas. Cancer Detect Prev. 2007;31:233–6.

30. de Wit E, Delport W, Rugamika CE, Meintjes A, Möller M, van Helden PD,
et al. Genome-wide analysis of the structure of the South African Coloured
Population in the Western Cape. Hum Genet. 2010;128:145–53.

31. Gustafson S, Proper JA, Bowie EJ, Sommer SS. Parameters affecting the yield
of DNA from human blood. Anal Biochem. 1987;165:294–9.

32. Doll MA, Hein DW. Rapid genotype method to distinguish frequent and/or
functional polymorphisms in human N-acetyltransferase-1. Anal Biochem.
2002;301:328–32.

33. Rodriguez S, Gaunt TR, Day IN. Hardy-Weinberg equilibrium testing of
biological ascertainment for Mendelian randomization studies. Am J
Epidemiol. 2009;169:505–14.

34. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of
LD and haplotype maps. Bioinformatics. 2005;21:263–5.

35. Dudbridge F. Likelihood-based association analysis for nuclear families and
unrelated subjects with missing genotype data. Hum Hered. 2008;66:87–98.

36. Meyer D, Parkin DP, Seifart HI, Maritz JS, Engelbrecht AH, Werely CJ, et al.
NAT2 slow acetylator function as a risk indicator for age-related cataract
formation. Pharmacogenetics. 2003;13:285–9.

37. Smelt VA, Mardon HJ, Sim E. Placental expression of arylamine N-acetyltransferases:
evidence for linkage disequilibrium between NAT1*10 and NAT2*4 alleles
of the two human arylamine N-acetyltransferase loci NAT1 and NAT2.
Pharmacol Toxicol. 1998;83:149–57.

38. Cascorbi I, Roots I, Brockmöller J. Association of NAT1 and NAT2 polymorphisms
to urinary bladder cancer: Significantly reduced risk in subjects with NAT1*10.
Cancer Res. 2001;61:5051–6.

39. Pacella-Norman R, Urban MI, Sitas F, Carrara H, Sur R, Hale M, et al. Risk
factors for oesophageal, lung, oral and laryngeal cancers in black South
Africans. Br J Cancer. 2002;86:1751–6.

40. Hein DW, Doll MA, Rustan TD, Ferguson RJ. Metabolic activation of
N-hydroxyarylamines and N-hydroxyarylamides by 16 recombinant
human NAT2 allozymes: effects of 7 specific NAT2 nucleic acid substitutions.
Cancer Res. 1995;55:3531–6.

41. Wang L, Tang W, Chen S, Sun Y, Fan Y, Shi Y, et al. N-acetyltransferase 2
polymorphisms and risk of esophageal cancer in a Chinese population. PLoS
One. 2014;9:e87783.

42. Skog K, Solyakov A. Heterocyclic amines in poultry products: a literature
review. Food Chem Toxicol. 2002;40:1213–21.

43. González CA, Jakszyn P, Pera G, Agudo A, Bingham S, Palli D, et al. Meat
intake and risk of stomach and esophageal adenocarcinoma within the
European Prospective Investigation into Cancer and Nutrition (EPIC). J Natl
Cancer Inst. 2006;98:345–54.
44. Jakszyn P, Luján-Barroso L, Agudo A, Bueno-de-Mesquita HB, Molina E,
Sánchez MJ, et al. Meat and heme iron intake and esophageal adenocarcinoma
in the European Prospective Investigation into Cancer and Nutrition study. Int J
Cancer. 2013;133:2744–50.

45. Tappel A. Heme of consumed red meat can act as a catalyst of oxidative
damage and could initiate colon, breast and prostate cancers, heart disease
and other diseases. Med Hypotheses. 2007;68:562–4.

46. Cross AJ, Pollock JR, Bingham SA. Haem, not protein or inorganic iron, is
responsible for endogenous intestinal N-nitrosation arising from red meat.
Cancer Res. 2003;63:2358–60.

47. Seitz HK, Stickel F, Homann N. Pathogenetic mechanisms of upper
aerodigestive tract cancer in alcoholics. Int J Cancer. 2004;108:483–7.

48. Salaspuro M. Acetaldehyde as a common denominator and cumulative
carcinogen in digestive tract cancers. Scand J Gastroenterol. 2009;44:912–25.

49. Chen C, Ricks S, Doody DR, Fitzgibbons ED, Porter PL, Schwartz SM.
N-Acetyltransferase 2 polymorphisms, cigarette smoking and alcohol
consumption, and oral squamous cell cancer risk. Carcinogenesis.
2001;22:1993–9.

50. Yukawa Y, Ohashi S, Amanuma Y, Nakai Y, Tsurumaki M, Kikuchi O, et al.
Impairment of aldehyde dehydrogenase 2 increases accumulation of
acetaldehyde-derived DNA damage in the esophagus after ethanol ingestion.
Am J Cancer Res. 2014;4:279–84.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study group
	Definition of variables
	Isolation and purification of DNA
	SNP selection and genotyping
	Statistical analysis

	Results
	Demographic details and environmental exposure
	Linkage disequilibrium analysis
	NAT1 and NAT2 polymorphisms, environmental exposure, and OSCC risk

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	References

