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Abstract

Background. Toxic compounds are detoxified by several xenobiotic metabolizing enzymes such as N-acetyl-
transferase 2 (NAT2). The role for NAT2 genetic polymorphisms in different malignancies risk has been the sub-
ject of numerous studies. In the current study we investigated the association of genetic NAT2 variants or their
corresponding acetylator phenotypes with bladder cancer risk. The relationship between NAT2 genotype/pheno-
type and smoking status was also evaluated as potential risk factor of urinary bladder cancer. Material and me-
thods. As few data on the association between genetic polymorphisms of NAT2 and bladder cancer are available
in the Algerian population, we performed an extensive identification of NAT2 variants in 175 bladder cancer pa-
tients and 189 healthy controls by direct PCR sequencing of the coding region. Results. Thirteen previously
described SNPs were identified in this study; only T341C and G590A were associated with increased risk of
bladder cancer (P  < 0.05). NAT2 slow acetylator phenotype is at higher risk (OR = 2.45, 95% CI = 1.41–4.35) with
the greatest risk noted for the allele NAT2*5. When combined to smoking status, T341C and G590A SNPs were
of significant correlation with bladder cancer risk (P  < 0.05) among non smokers. A correlation that increased
among smokers. However, a relationship emerged only when smoking habit was considered between C345T,
C481T and A803G SNPs and bladder cancer risk (P  < 0.05). Our study showed a strong interaction between
NAT2 slow acetylator phenotype and smoking (P  = 7.20e!6). Conclusions. These findings provided evidence of
an additive effect between smoking status and NAT2 slow acetylation in influencing bladder cancer risk.

Key words: single nucleotide polymorphisms, smoking, phenotype, urinary bladder cancer, N-acetyltransferase 2
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Introduction

Worldwide, bladder cancer is recognized as the tenth
most common cancer, with statistical data showing
549 393 newly diagnosed cases and 199 922 cancer-
related deaths for both genders in 2018 (Ferlay et al.,
2018). In North African men, bladder cancer is the third
most frequent cancer after liver and lung cancers, and
twelfth in women with an annual incidence rate of
14.3/100 000 in men and 3.2/100 000 in women. In Al-
gerian men, bladder cancer is the first most common ge-
nitourinary malignant disease accounting for an inci-
dence rate of 13/100 000 person- years and a mortality
rate of 5.8/100 000 person-years (Ferlay et al., 2018).

Tobacco smoking and occupational exposure to aro-
matic amines are identified to be the most important
risk factors for this disease (Freedman et al., 2011; Chu
et al., 2013), but other lifestyle, environmental, as well
as hereditary factors have also attracted interest, sug-
gesting individual susceptibility to bladder carcinogene-
sis (Cohen et al., 2000; Chu et al., 2013).

Toxic compounds such as 4-aminobiphenol, acrolein,
and oxygen free radicals contained in tobacco and other
aromatic amines are also known to be present in several
industrial compounds, especially those used in farming,
chemical plants, rubber industry, painting, and textiles
(Dolin, 1992; Viel et al., 1995; Ward et al., 1996; Car-
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reón et al., 2010; Pira et al., 2010; Tsai et al., 2011).
These compounds have been identified as group I car-
cinogens by the International Agency of Research on
Cancer (Sanderson et al., 2007; Tao et al., 2012; Pesch
et al., 2013). These substances as well as various poly-
cyclic aromatic hydrocarbons have been reported to be
carcinogenic to urinary bladder (Garcia-Closas et al.,
2005; Tao et al., 2012). 

These compounds act by forming an adduct with
human DNA, thus exerting their carcinogenic effect and
subsequently leading to the development of bladder can-
cer (Tao et al., 2012). The bladder urothelium like many
other tissues, expresses various enzymes, for example,
N-acetyltransferase 2 (NAT2), that help in metabolizing
xenobiotic substances (Inatomi et al., 1999; Khedhiri
et al., 2010; Tao et al., 2012). This detoxifying enzyme
catalyzes the N-acetylation reaction of exogenous che-
micals present in diet, cigarette smoke, and environment
(Sanderson et al., 2007; Song et al., 2009; Rihs et al.,
2011; Di Pietro et al., 2012; Guaoua et al., 2014). 

Humans present wide inter-individual variability with
regard to NAT2 enzyme activity, which is caused by
mutations in NAT2 gene (Di Pietro et al., 2012; Guaoua
et al., 2014), a gene mapped to the human chromosome
8p22 having an open reading frame of 870 bp (Di Pietro
et al., 2012). 

Till date, over 25 polymorphisms have been detected
in the NAT2 coding region among the populations of
different ethnic origins (Hein, 2002; Di Pietro et al.,
2012). These genetic variations in the NAT2 gene affect
the enzyme activity and result in the formation of three
different NAT2 phenotypes: fast, intermediate, and slow
acetylators (Sanderson et al., 2007; Song et al., 2009;
Guaoua et al., 2014).

Thirty-six allelic variants of NAT2 gene have been
reported, and each allele is classified as fast or slow
depending on the combination of different single nucleo-
tide polymorphisms (SNPs) present in its coding region
(Khedhiri et al., 2010; Di Pietro et al., 2012). NAT2  *4
allele is defined as the wild-type allele and has been asso-
ciated with the fast acetylation phenotype (Hein et al.,
2000a; Walker et al., 2009; Toure et al., 2012). Indivi-
duals homozygous for rapid NAT2 acetylator alleles are
classified as rapid acetylators, those homozygous for
slow NAT2 acetylator alleles as slow acetylators, and
those possessing one rapid and one slow NAT2 acetyla-
tor alleles as intermediate acetylators (Hein, 2006).

Many studies have analyzed the relationship between
NAT2 slow acetylation phenotype and risk of bladder
cancer (Vatsis et al., 1995; Hein, 2002; García-Closas
et al., 2005; Sanderson et al., 2007). However, results
were controversial at the level of individual studies,
which may be explained by the differences in exposure
to bladder carcinogens and ethnicity, as well as varia-
tions in the relative number of cases and statistical
power limitations in various studies (Moore et al., 2011;
Selinski et al., 2013; Zhu et al., 2015). In the present
study, we first identified NAT2 variants among 364
subjects through complete sequencing of the NAT2 co-
ding region. Then, we evaluated the association between
polymorphisms within the gene and their corresponding
acetylator phenotypes and bladder cancer risk. Finally,
we assessed the combined effect of NAT2 genotypes
and smoking status on susceptibility to bladder cancer. 

Materials and methods

Subjects

The study population comprised 175 patients and
189 controls. Bladder cancer patients diagnosed with the
disease during the period 2014!2016 at the Urology De-
partments of Daksi Renal Clinic and Central Hospital
University of Constantine and Tizi-Ouzzou cities, Al-
geria, were included in the study.

All subjects were from the northern region of Algeria,
with an age range between 24 and 90 years. All the blad-
der cancer cases, including 165 males and 10 females,
were confirmed by clinical histopathology and staged
according to the Tumor-Node-Metastasis (TNM) classi-
fication system of the Union International Contre le
Cancer (UICC, 1997). Tumors were graded according to
the World Health Organization 1973 classification. The
control group included healthy individuals without a fa-
mily history of cancer who were approximately matched
for gender proportion, geographic origin, and age range
to those in the case group. 

After obtaining informed consent from the partici-
pants, a detailed questionnaire was administered to both
cases and controls to obtain study information. 

DNA extraction

Blood samples were obtained from the peripheral
veins of each participant using a veno jet-system (Te-
rumoTM, France) and collected in a vacutainer EDTA
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tube (Dutscher, France). Genomic DNA was extracted
from leukocytes using standard NaCl extraction method
according to the protocol suggested by Miller and co-
workers (1988). The quality of DNA obtained by the re-
commended method was evaluated by determining
A260/A280 ratio using a NanoDrop spectrophotometer
(Thermo Scientific, France). DNA samples were stored
at !20EC until further analyses.

PCR amplification and sequencing analysis

A fragment of length 771 bp spanning the coding re-
gion of NAT2, was amplified by Polymerase Chain Re-
action (PCR) using the following specific primers: F: CA
TGGAGTTGGGCTTAGAGG and R: GGGTGATACAT
ACACAAGGGTTT. The reference fragment of NAT2
gene was taken from Ensembl Genome Browser data-
base (ID: ENSG00000 156006).

The amplification reaction (PCR) was carried out in
20 μl of total reaction mixture containing 2 μl (20 ng) of
template DNA, 4 μl (0.2 mM) of dNTPs, 1.2 μl (0.3 μM)
each of Oligo F and Oligo R, 2 μl of 1 × buffer, 0.2 μl
(0.05 U/μl) of Taq Hotstar (QIAGEN, Germany) and
9.4 μl of H2O. 

PCR amplification was carried out using a Master-
cycler pro thermocycler (Eppendorf, France) as follows:
an initial heat activation step at 95EC for 15 min, fol-
lowed by 35 cycles of denaturation at 94EC for 1 min, an-
nealing at 56EC for 30 s and extension at 72EC for
1 min, and finally an extension cycle was performed at
72EC for 10 min. The quality of the obtained PCR frag-
ments was assessed by analyzing them on a 1.5% agarose
gel. Afterward, the PCR products were purified by using
ExoSAP-IT reagent (GE HEALTHCARE, France), which
involved the addition of 2 μl of ExoSAP to 5 μl of PCR
product. This purification procedure was carried out in
two steps and performed by using Mastercycler pro
(Eppendorf, France): first step at 37EC for 15 min fol-
lowed by a second step at 80EC for 15 min. The purified
PCR products (10!15 ng of DNA) were then utilized to
perform double-stranded sequencing reaction in the pre-
sence of the aforementioned primers using the Big Dye
Terminator version 3.1 cycle sequencing kit (Applied
Biosystems, France). The sequencing reactions were
carried out using a Mastercycler pro (Eppendorf, Fran-
ce) under the following cycling conditions: initial de-
naturation at 96EC for 1 min, and 25 cycles at 96EC for
20 s, 50EC for 15 s, and 60EC for 4 min. The amplicons

were directly sequenced using an ABI 3130 XL automa-
ted DNA sequencer (Applied Biosystems, France). The
sequenced products were analyzed using Sequencher
v5.0 software.

Statistical analysis

The characterization and designation of the sequen-
ced alleles were performed using the NAT2  allele no-
menclature published in 1995 (Vatsis et al., 1995).

All the statistical analyses were performed using the
R software version 3.2.1. The genotypic and allelic fre-
quencies of the NAT2 polymorphisms within the two
populations were estimated by direct counting method.
Chi-square test or Fisher’s test was used to calculate the
odds ratios (ORs) with the corresponding 95% confi-
dence interval (95% CI) to determine the association be-
tween NAT2  gene polymorphisms or corresponding
acetylator phenotypes and susceptibility to bladder can-
cer, as well as to assess the outcomes following their ad-
ditive interactions with smoking status. Significance was
set at P -value less than 0.05. 

Results

Subject characteristics 

The characteristics of the study population are given
in Table 1. As expected, cases and controls appeared to
be adequately matched for age and gender with 92.57%
males in the case group versus 88.89% males in the con-
trol group (P = 0.28). The mean ages were 59.57 ± 16.56
and 60.83 ± 14.87 years for the cases and controls res-
pectively (P = 0.60). Smoking was more widespread
among patients with bladder cancer (69.71%) than
among controls (40.21%), considering that controls were
taken randomly (P = 2.78e!8).

According to the TNM staging of bladder cancer,
patients were classified into non-muscle-invasive (Ta
= 20.57% and T1 = 47.43%) and muscle-invasive (T2
= 22.86% and T3 = 9.14%) groups. We also classified the
patients according to their cancer grade into three
groups: well differentiated (G1 = 18.86%), moderately
differentiated (G2 = 24%) and poorly differentiated (G3
= 57.14%). 

Genotypic and allelic frequencies of NAT2 SNPs 
and their association with bladder cancer risk

A total of 13 different SNPs have been identified du-
ring the sequencing analysis of the NAT2  coding region 
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Table1. General characteristics of the bladder cancer patients and controls subjects

Characteristics Patients %
(n = 175)

Controls %
(n = 189) OR (CI 95%) P -value

Gender

Males 162 (92.57%) 168 (88.89%) 0.28 b

Females 13 (7.43%) 21 (11.11%)

Age (years)

< 50 35 (20%) 42 (22.22%)

$ 50 140 (80%) 147 (77.78%) 0.60 a  

Cigarette smoking

Never or former smokers 53 (30.29%) 113 (59.79%)

Current smokers 122 (69.71%) 76 (40.21%) 3.42 (2.21!5.28) 2.78 e!8 a

Grade

G1 33 (18.86%)

G2 42 (24%)

G3 100 (57.14%)

TNM stage

Ta 36 (20.57%)

T1 83 (47.43%)

T2 40 (22.86%)

T3 16 (9.14%)

  a – Chi-square test; b ! Fisher test

among the bladder cancer patients and controls repre-
senting the Algerian population (Table 2). All those
SNPs have been previously described in various studies
(Boukouvala, 2016) and no new mutation was identified
in this study. The allelic and genotypic frequencies and
their calculated ORs are presented in Table 2. 

Among the 13 SNPs, T341C and G590A polymor-
phisms have shown statistically significant association
with bladder cancer risk in the patients possessing he-
terozygous genotype (OR = 2.36, 95% CI = 1.44!3.86 and
OR = 2.58, 95% CI = 1.52!4.37, respectively) or mutant
homozygous genotype (OR = 2.54, 95% CI = 1.47!4.38
and OR = 2.67, 95% CI = 1.62!4.40, respectively). How-
ever, no significant association was observed between the
risk of bladder cancer and the occurrence of SNPs G191A,
C282T, C345T, C481T, and A803G for genotypic and
allelic distributions.

The genotypic and the allelic distributions of C403G
and G857A SNP variants in the bladder cancer patients
were not significantly different from those of the control

group (P = 0.16 and P = 0.8, respectively), and the num-
ber of individuals carrying these two polymorphisms was
too small (six patients and two controls for C403G SNP,
seven patients and nine controls for G857A SNP). 

Finally, no evidence has been registered in cancer
patients and controls for the presence of NAT2  A434C,
C638T, G838A, and A845C SNPs.

Frequencies of predicted phenotypes 
and their association with bladder cancer risk

Based on the consensus nomenclature of NAT2 alle-
les (Vatsis et al., 1995; Hein et al., 2000b; Boukouvala,
2016), a total of eight previously described alleles have
been identified among patients and controls (NAT2 *4,
NAT2 *5, NAT2 *6, NAT2 *7, NAT2 *12, NAT2 *13,
NAT2 *14, and NAT2 *18); moreover, each allele is cha-
racterized by specific SNP, for example, the SNPs
T341C, G590A, and G191A are characteristic of the
alleles NAT2 *5, NAT2 *6, and NAT2 *14, respectively.
Combination of different SNPs for NAT2 *4 wild-type
allele, and combination of SNPs for other alleles identi-
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fied in our study are presented in Table 3. Furthermore,
different combinations of these alleles were used to
predict the acetylation phenotype for all the individuals
of our study population (Table 4).

In total, out of 175 patients and 189 controls, 85.71%
of patients and 70.90% of controls were predicted to be
slow acetylators, whereas the rapid/intermediate acetyla-
tors were identified in 14.29% and 29.10% of patients
and controls, respectively (Table 4). 

As presented in Table 4, when compared to the re-
ference group (rapid/intermediate acetylators), the slow
acetylation phenotype was associated with an increased
risk for bladder cancer (OR = 2.45, 95% CI = 1.41!4.35,
P = 0.0009).

When studied separately, the slow acetylators
NAT2 *5/5 and NAT2 *5/6 were significantly associated
with the development of bladder cancer (OR = 2.91, 95%
CI = 1.55!5.45, P = 0.0008 and OR = 3.19, 95% CI
= 1.55!6.68, P = 0.0008, respectively). 

Effect of smoking status and genetic polymorphisms 
of NAT2 on bladder cancer risk

The stratification of patients and controls according
to NAT2  genotypes and tobacco consumption (reference
group: non-smokers harboring the wild-type genotype for
each of the studied SNPs) revealed a significant associa-
tion between NAT2  T341C and G590A variants and
bladder cancer risk, for both non-smokers and smokers.
The risk was found to be escalated in smokers (OR
= 7.50, 95% CI = 3.37!17.77, P = 3.49e!8 and OR
= 13.41, 95% CI = 4.91!40.11, P = 5.06e!9 for hetero-
zygous and homozygous NAT2  T341C variant; OR
= 5.60, 95% CI = 2.74!11.81, P = 2.67e!7 and OR = 7.29,
95% CI = 3.46!15.91, P = 7.78e!9 for heterozygous and
homozygous NAT2 G590A variant).

A significant association has been observed between
other mutations of NAT2 (C345T, C481T, and A803G)
and bladder cancer risk among smokers possessing non-
mutant homozygous genotype (OR = 2.69, 95% CI
= 1.49!4.85, P = 0.0009; OR = 2.81, 95% CI = 1.40!5.78,
P = 0.002 and OR = 2.25, 95% CI = 0.94!5.47, P = 0.004,
respectively), heterozygous genotype (OR = 3.16, 95% CI
= 1.67!6.10, P = 0.0001; OR = 4.77, 95% CI = 2.03!11.61,
P = 0.0001; and OR = 2.69, 95% CI = 1.30!5.67, P
= 0.004, respectively), and mutant homozygous genotype
(OR = 4.11, 95% CI = 2.09!8.29, P = 1.15e!5; OR = 6.55,
95% CI = 2.83!15.86, P = 9.72e!7; and OR = 3.66, 95% CI

= 1.54!9.06, P = 0.001, respectively). This association
was not observed in the non-smokers group (Table 5).

In contrast, no significant association has been re-
gistered between the risk of bladder cancer and the
NAT2 polymorphisms G191A, C282T, C403G, A434C,
C638T, G838A, A845C, G857A among smokers and non-
smokers (Table 5). 

Association and stratification analysis between the pre-
dicted acetylation phenotype, smoking status, and blad-
der cancer risk

The risk of bladder cancer related to the NAT2
acetylation phenotype was further investigated by strati-
fication of smoking (Table 6). The results showed no
significant association between the patients and controls
for the rapid/ intermediate acetylation phenotype among
smokers group (P = 0.46).

In contrast, the slow acetylation phenotype has been
associated with an increased risk of bladder cancer in
the smokers group (OR = 6.77, 95% CI = 2.67!18.93,
P = 7.20e!6); however the association was not significant
in the case of non-smokers group (P = 0.52). 

Discussion

The prevalence of bladder cancer was found to be
high in Algeria. There has been an alarming increase in
the number of newly diagnosed year after year; in the
recent decades, the incidence of bladder cancer increa-
sed from 2.2 to 8.7 per 100 000 persons (Hamdi Cherif
et al., 2010; Hamdi Cherif et al., 2014). Various previous
epidemiological studies on humans showed the presence
of a relationship between the NAT2 genotype and its
acetylation profile with the increased risk of urinary
bladder cancer (Garcia-Closas et al., 2005; Song et al.,
2009; Pesch et al., 2013). The lack of sufficient know-
ledge regarding the profile of the acetylator phenotype
in the Algerian population is a short coming that may
affect the success of treatment. It is well-known that
Arylamine N- acetyltransferases play an important role
in the detoxification of xenobiotic compounds such as
therapeutic drugs. It has been reported that clinical con-
sequences in drugs therapies are applied differently for
slow and rapid acetylators (Meisel, 2002).

The sequencing of the NAT2 coding region, revealed
that only T341C and G590A polymorphisms have been
significantly associated with an increased risk of bladder
cancer in the tested population. This result is partially in 
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Table 2. Genotypic and allelic frequencies of NAT2 SNPs and their association with bladder cancer risk

SNP Genotypes 
and alleles

N [%]
P -value OR CI (95%)

patients controls

rs 1801279 G191A

GG 125 (71.43) 146 (77.24) 1.00 (reference)

GA 21 (12.00) 13 (06.89) 0.10 b 1.88 b 0.85!4.27

AA 29 (16.57) 30 (15.87) 0.77 b 1.12 b 0.61!2.06

G 271 (77.43) 305 (80.69)

A 79 (22.57) 73 (19.31) 0.28 a 1.05 a 0.78!1.41

rs1041983 C282T

CC 110 (62.86) 126 (66.67) 1.00 (reference)

CT 35 (20.00) 32 (16.93) 0.41 a 1.25 a 0.72!2.15

TT 30 (17.14) 31 (16.40) 0.72 b 1.10 b 0.63!1.94

C 255 (72.86) 284 (75.13)

T 95 (27.14) 94 (24.87) 0.48 a 1.12 a 0.80!1.56

rs 1801280 T341C

TT 44 (25.14) 85 (44.97) 1.00 (reference)

TC 77 (44.00) 63 (33.34) 0.0006 a 2.36 a 1.44!3.86

CC 54 (30.86) 41 (21.69) 0.0007 a 2.54 a 1.47!4.38

T 165 (47.14) 233 (61.64)

C 185 (52.86) 145 (38.36) 9.17e!5 a 1.80 a 1.34!2.41

rs 45532639 C345T

CC 87 (49.72) 125 (66.14) 1.00 (reference)

CT 45 (25.71) 36 (19.05) 0.02 a 1.79 a 1.07!3.01

TT 43 (24.57) 28 (14.81)

C 219 (62.57) 286 (75.66)

T 131 (37.43) 92 (24.34) 0.18 a 0.55 a 0.22!1.27

rs12720065 C403G

CC 169 (96.57) 187 (98.94) 1.00 (reference)

CG 6 (03.43) 2 (01.06) 0.16 b 3.30 b 0.58!33.95

GG 0 (00.00) 0 (00.00)

C 344 (98.29) 376 (99.47)

G 6 (01.71) 2 (00.53) 0.16 b 3.27 b 0.58!33.37

rs72554616 A434C

AA 175 (100.00) 189 (100.00) 1.00 (reference)

AC 0 (00.00) 0 (00.00)

CC 0 (00.00) 0 (00.00)

A 350 (100.00) 378 (100.00)

C 0 (00.00) 0 (00.00)

rs1799929 C481T

CC 71 (40.57) 95 (50.26) 1.00 (reference)

CT 54 (30.86) 48 (25.40) 0.1 a 1.50 a 0.91!2.47

TT 50 (28.57) 46 (24.34) 0.14 a 1.45 a 0.87!2.40

C 196 (56.00) 238 (62.96)

T 154 (44.00) 140 (37.04) 0.05 a 1.33 a 0.99!1.79

rs1799930 G590A

GG 50 (28.57) 97 (51.32) 1.00 (reference)

GA 56 (32.00) 42 (22.22) 0.0003 a 2.58 a 1.52!4.37

AA 69 (39.43) 50 (26.46) 0.0001 a 2.67 a 1.62!4.40

G 156 (44.57) 236 (62.43)

A 194 (55.43) 142 (37.57) 1.55e!6 a 2.06 a 1.53!2.77
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rs138707146 C638T

CC 175 (100.00) 189 (100.00) 1.00 (reference)

CT 0 (00.00) 0 (00.00)

TT 0 (00.00) 0 (00.00)

C 350 (100.00) 378 (100.00)

T 0 (00.00) 0 (00.00)

rs 1208 A803G

AA 46 (26.28) 55 (29.10) 1.00 (reference)

AG 82 (46.86) 83 (43.92) 0.51a 1.18 a 0.71!1.94

GG 47 (26.86) 51 (26.98) 0.73 a 1.10 a 0.63!1.92

A 174 (49.71) 193 (51.06)

G 176 (50.29) 185 (48.94) 0.71 a 1.05 a 0.78!1.41

rs 563935 G838A

GG 175 (100.00) 188 (99.47) 1.00 (reference)

GA 0 (00.00) 1 (00.53)

AA 0 (00.00) 0 (00.00)

G 350 (100.00) 377 (99.74)

A 0 (00.00) 1 (00.26)

rs 56054745 A845C

AA 173 (98.86) 189 (100.00) 1.00 (reference)

AC 2 (01.14) 0 (00.00)

CC 0 (00.00) 0 (00.00)

A 348 (99.43) 378 (100.00)

C 2 (00.57) 0 (00.00)

rs179931 G857A

GG 168 (96.00) 180 (95.24) 1.00 (reference)

GA 7 (04.00) 9 (04.76) 0.8 b 0.83 b 0.25!2.57

AA 0 (00.00) 0 (00.00)

G 343 (98.00) 369 (97.62)

A 7 (02.00) 9 (02.38) 0.8 b 0.83 b 0.26!2.55

a – Chi-square test; b ! Fisher test

agreement with the study of Brokmoller et al. (1996)
comprising 374 cases and 373 controls from Germany,
where T341C but not G590A SNP was associated with
bladder cancer risk. It has been reported that mutations
at these two positions result in the production of non-
synonymous SNPs that subsequently lead to a significant
reduction in the NAT2 protein activity due to protein
degradation (Hein, 2006; Zang et al., 2007; Selinski
et al., 2013; Boukouvala, 2016). Furthermore Zang et al.
(2007) and Walraven et al. (2008) demonstrated that
both T341C and G590A SNPs are associated with a re-
duction in N- and O-acetylation capacity in different bac-
terial and eukaryotic expression systems. 

On the other hand, no association has been found be-
tween the NAT2 polymorphisms G191A, C282T, C345T,
C481T, and A803G and bladder cancer risk in our study
population. Similar results were observed in a meta-ana-

lysis conducted by Selinski et al. (2013). This may be ex-
plained by differences in the nature of the SNPs and the
mechanism by which they affect the NAT2 enzyme acti-
vity. Actually, it has been reported that C282T and C481T
SNPs are synonymous changes and seem to exert no ef-
fect on NAT2 acetylation capacity or protein stability
(Zang et al., 2007; Selinski et al., 2013; Boukouvala,
2016). It has been shown that G191A, C345T, and A803G
SNPs are missense mutations that cause amino acid chan-
ges in a mature protein (Walraven et al., 2008; Toure
et al., 2012; Boukouvala, 2016). Polymorphisms C345T
and A803G seem to have no functional effect on NAT2
enzyme, in contrast to the G191A SNP which has been
associated with reduced catalytic activity (Toure et al.,
2012; Selinski et al., 2013; Boukouvala, 2016).

NAT2 G191A SNP variant presents equal allelic and
genotypic distributions between the controls and pa-
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Table 3. Nature of NAT2 alleles identified in the study population

G191A C282T T341C C345T C403G C481T G590A A803G G838A A845C G857A

NAT2*4 G C T C C C G A G A G

NAT2*5 C

*5A C T

*5B C T G

*5C C G

*5D C

*5E C A

*5G T C T G

*5J T C A

*5K T C

*5 (341+590+803) C A G

*5 (341+345) C T

NAT2*6 A

*6A T A

*6B A

*6C T A G

*6E T A

*6F A G

*6I T A A A

*6J T A A

*6L T T A

*6N T T A

*6 (282+590+838) T A A

*6 (590+857) A A

*6 (481+590+857) T A A

NAT2*7 A

*7A A

*7B T A

*7C T G A

NAT2*12 G

*12A G

*12B T G

*12 (282+481+803) T T G

NAT2*13 T

*13A T

*13 (282+838) T A

NAT2*14 A

*14A A

*14B A T

*14D A T A

*14G A T G

*14 (191+282+838) A T A

NAT2*18 C
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Table 4. Nat 2 genotypes and predicted phenotypes frequencies in patients vs controls subjects

Predicted phenotype Patients [%] Controls [%] P -value OR (CI 95%)

NAT2 *5/*5 slow 53 (30.29) 40 (21.16) 0.0008 a 2.91 (1.55!5.45)

NAT2 *5/*6 slow 41 (23.43) 28 (14.81) 0.0008 b 3.19 (1.55!6.68)

NAT2 *5/*7 slow 03 (01.71) 04 (2.12)

NAT2 *5/*14 slow 02 (01.14)   00 (00.00)

NAT2 *6/*6 slow 15 (08.57)   30 (15.87)

NAT2 *6/*7 slow 00 (00.00) 02 (1.06)

NAT2 *7/*14 slow 00 (00.00) 02 (1.06)

NAT2 *6/*14 slow 17 (09.71) 03 (1.59)

NAT2 *14/*14 slow 19 (10.86)   25 (13.23)

Total slow 150 (85.71) 134 (70.90) 0.0009 a 2.45 (1.41!4.35)

NAT2 *4/*6 intermediate 02 (01.14)   10 (5.29)

NAT2 *4/*7 intermediate 01 (00.57) 00 (00.00)

NAT2 *4/*14 intermediate 02 (01.14)   09(4.76)

NAT2 *5/*12 intermediate 04 (02.29)   12 (6.35)

NAT2 *5/*13 intermediate 00 (00.00)   02 (1.06)

NAT2 *6/*12 intermediate 00 (00.00)   03 (1.59)

NAT2 *6/*13 intermediate 01 (00.57)   03 (1.59)

NAT2 *4/*5 intermediate 12 (06.86)   09 (4.76)

NAT2 *4/*4 rapid 00 (00.00)   02 (1.06)

NAT2 *4/*12 rapid 01 (00.57)   01 (0.52)

NAT2 *12/*13 rapid 00 (00.00)   02 (1.06)

NAT2 *13/*14 rapid 01 (00.57)   02 (1.06)

NAT2 *14/*18 rapid 01 (00.57) 00 (00.00)

Total rapid/intermediate 25 (14.29) 55 (29.10) 1 (Reference)

a – Chi-square test; b ! Fisher test

tients and does not show an association with urinary
bladder cancer in our population study. This non-asso-
ciation can be explained by the very low number of pa-
tients harboring the change compared with those carry-
ing the wild-type NAT2 genotype (Table 2), despite the
fact that G191A variant is more frequent in Africans
(Hein, 2006; Sabbagh et al., 2008). 

Our results also showed no association with bladder
cancer risk for C403G and G857A SNPs. This may be
related to the less number of subjects carrying these
SNPs in our population study (Table 2). Patin et al.
(2006) and Teixeira et al. (2007) suggested that the
NAT2 C403G SNP may or may not alter the enzyme acti-
vity depending on the population it is expressed in. On
the other hand, the G857A polymorphism has been

identified by Toure et al. (2012) as a substrate-depen-
dent inactivating mutation and has been found to be
more frequent in South India and Korea than in the
other tasted populations (Hein, 2006).

The remaining SNPs (A434C, C638T, G838A, and
A845C) were absent in both patients and controls. This
can be interpreted by the fact that the nature and fre-
quency of the NAT2  polymorphisms vary remarkably be-
tween the populations of different ethnic origins. In this
context, it has been demonstrated by Patin et al. (2006)
and Teixeira et al. (2007) that these four SNPs occur at
a low frequency in some populations like Brazilian and
Sub-Saharan African populations and may or may not
alter the NAT2  acetylation activity. 
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Table 5. Nat2 polymorphisms and bladder cancer risk stratified by smoking

Non-smokers Smokers

Patients
[%]

Controls
[%]

P -value OR (CI 95%)
Patients

[%]
Controls

[%]
P -value OR (CI 95%)

G191A

GG 50 (94.34) 70 (61.95) 1 (reference) 75 (61.48) 76 (100.00) 0.18 a 1.38 (0.85!2.23)

GA 3 (05.66) 13 (11.50) 0.10 b 0.32 (0.05!1.27) 18 (14.75) 0 (00.00)

AA 0 (00.00) 30 (26.55) 29 (23.77) 0 (00.00)

C282T

CC 30 (56.60) 50 (44.25) 1 (reference) 80 (65.57) 76 (100.00) 0.05 b 1.75 (0.97!3.17)

CT 10 (18.87) 32 (28.32) 0.15 b 0.52 (0.19!1.28) 25 (20.49) 0 (00.00)

TT 13 (24.53) 31 (27.43) 0.43 b 0.70 (0.28!1.63) 17 (13.94) 0 (00.00)

T341C

TT 12 (22.64) 52 (46.02) 1 (reference) 32 (26.23) 33 (43.42) 0.0003 b 4.15 (1.78!10.19)

TC 19 (35.85) 30 (26.55) 0.02 b 2.71 (1.08!7.08) 58 (47.54) 33 (43.42) 3.49e!8 b 7.50 (3.37!17.77)

CC 22 (41.51) 31 (27.43) 0.008 b 3.04 (1.24!7.77) 32 (26.23) 10 (13.16) 5.06e!9 b 13.41 (4.91!40.11)

C345T

CC 47 (88.68) 95 (84.07) 1 (reference) 40 (32.78) 30 (39.47) 0.0009 b 2.69 (1.49!4.85)

CT 4 (07.55) 10 (08.85) 1 b 0.80 (0.17!2.99) 41 (33.61) 26 (34.21) 0.0001 b 3.16 (1.67!6.10)

TT 2 (03.77) 8 (07.08) 0.5 b 0.50 (0.05!2.68) 41 (33.61) 20 (26.32) 1.15e!5 b 4.11 (2.09!8.29)

C403G

CC 52 (98.11) 113 (100.00) 1 (reference) 117 (95.90) 74 (97.37) 3.54e!8 a 3.43 (2.21!5.32)

CG 1 (01.89) 0 (00.00) 5 (04.10) 2 (02.63) 0.04 b 5.37 (0.84!58.11)

GG 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

A434C

AA 53 (100.00) 113 (100.00) 1 (reference) 122 (100.00) 76 (100.00) 2.78e!8 a 3.42 (2.21!5.28)

AC 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

CC 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

C481T

CC 20 (37.73) 50 (44.25) 1 (reference) 51 (41.80) 45 (59.21) 0.002 b 2.81 (1.40!5.78)

CT 23 (43.40) 32 (28.32) 0.1 b 1.78 (0.79!4.05) 31 (25.41) 16 (21.05) 0.0001 b 4.77 (2.03!11.61)

TT 10 (18.87) 31 (27.43) 0.6 b 0.80 (0.29!2.09) 40 (32.79) 15 (19.74) 9.72e!7 b 6.55 (2.83!15.86

G590A

GG 20 (37.73) 74 (65.49) 1 (reference) 30 (24.60) 23 (30.26) 2.37e!5 b 4.76 (2.17!10.74)

GA 10 (18.87) 12 (10.62) 0.02 b 3.04 (1.02!9.03) 46 (37.70) 30 (39.48) 2.67e!7 b 5.60 (2.74!11.81)

AA 23 (43.40) 27 (23.89) 0.003 b 3.12 (1.40!7.08) 46 (37.70) 23 (30.26) 7.78e!9 b 7.29 (3.46!15.91)

C638T  

CC 53 (100.00) 113 (100.00) 1 (reference) 122 (100.00) 76 (100.00) 2.78e!8 a 3.42 (2.21!5.28)

CT 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

TT 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

A803G

AA 20 (37.74) 35 (30.97) 1 (reference) 26 (21.31) 20 (26.32) 0.004 b 2.25 (0.94!5.47)

AG 20 (37.74) 43 (38.06) 0.69 b 0.81 ( 0.35!1.87) 62 (50.82) 40 (52.63) 0.004 b 2.69 (1.30!5.67)

GG 13 (24.52) 35 (30.97) 0.39 b 0.65 (0.25!1.62) 34 (27.87) 16 (21.05) 0.001 b 3.66 (1.54!9.06)
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G838A

GG 53 (100.00) 113 (100.00) 1 (reference) 122 (100.00) 75 (98.68) 2.09e!8 a 3.46 (2.24!5.35)

GA 0 (00.00) 0 (00.00) 0 (00.00) 1 (01.32)

AA 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

A845C

AA 53 (100.00) 113 (100.00) 1 (reference) 120 (98.36) 76 (100.00) 4.45e!8 a 3.36 (2.17!5.19)

AC 0 (00.00) 0 (00.00) 2 (01.64) 0 (00.00)

CC 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

G857A

GG 51 (96.23) 108 (95.58) 1 (reference) 117 (95.90) 72 (94.74) 4.86e!8 a 3.44 (2.20!5.36)

GA 2 (03.77) 5 (04.42) 1 b 0.84 (0.07!5.39) 5 (04.10) 4 (05.26) 0.4 b 0.63 (0.17!2.27)

AA 0 (00.00) 0 (00.00) 0 (00.00) 0 (00.00)

a – Chi-square test; b ! Fisher test

With regard to phenotype, the results show that slow
acetylators are most frequent in the Algerian population
(85.71% for patients vs 70.90% for controls) and that
NAT2*5 is the most represented allele (Table 4). These
findings are in accordance with those reported by Gua-
oua et al (2014) for Moroccan population. Furthermore,
we registered a strikingly significant association between
slow acetylator phenotypes and bladder cancer risk, con-
sistent with several previous studies (Garcia-Closas
et al., 2005; Gu et al., 2005; Rothman et al., 2007; Song
et al., 2009; Moore et al., 2011; Pesch et al., 2013). Ad-
ditionally, it has been reported that the balance between
activation and detoxification of carcinogens affects the
extent of DNA damage that occurs in the cells (Safarine-
jad et al., 2013). Individuals possessing a NAT2 slow
acetylation phenotype are less efficient in detoxifying the
arylamines and other environmental carcinogens. The
metabolites of arylamines are transported through the
circulatory system and are absorbed into the bladder
epithelium. The metabolic activation results in the acqui-
sition of carcinogenic properties through the formation
of DNA adducts that may eventually lead to the develop-
ment of bladder cancer (Zang et al., 2004).

Interestingly, some slow acetylator phenotypes sho-
wed a significant association with bladder cancer risk,
such as those corresponding to NAT2 *5/5 and
NAT2 *5/6 genotypes (Table 4). This finding has been
confirmed by several earlier studies which showed that
urinary bladder cancer risk was higher in the individuals
possessing NAT2 *5 allele, and proposed enhanced pro-
tein degradation as the mechanism for the reduced

amounts of NAT2 protein and activity (Brockmoller
et al., 1996; Okkels et al., 1997; Zang et al., 2004; El De-
soky et al., 2005). 

The classification of patients and controls according
to the NAT2 polymorphisms and smoking status showed
that NAT2  T341C and G590A SNPs displayed a strong
correlation with bladder cancer risk, an association that
exhibited an increasing trend with cigarette consump-
tion (Table 5).

C403G, A434C, C638T, G838A, A845C, and G857A
SNP variants of NAT2 have shown an association with
the homozygous wild-type genotype for each variant only
in tobacco smokers (Table 5). Our findings confirm that
cigarette smoking is the predominant risk factor for
bladder cancer (OR = 3.42, 95% CI = 2.21!5.28), as
shown previously in Table 1 and as observed in other
published data (Brennan et al., 2000; Zeegers et al.,
2004). Moreover, for a long time, carcinogens found in
tobacco have been implicated in bladder cancer etiology
among smokers (Probst-Hensch et al., 2000). On the
other hand, besides the large number of NAT2 poly-
morphisms reported, polymorphisms in other genes
such as N-acetyltransferase 1 (NAT1 ) and glutathione
S-transferases M1 and T1 (GSTM1 and GSTT1 ) can
also alter the ability of xenobiotic enzymes to metabolize
carcinogens (Khedhiri et al., 2010).

No association was registered for the G191A and
C282T SNPs with bladder cancer risk in non-smokers
(Table 5). However, association of these SNPs with the
bladder cancer risk in smokers could not be estimated
because of their rare occurrence within the control group.
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Table 6. Association of the predicted phenotype, smoking status and the bladder cancer risk

Predicted
phenotypes

No-smokers Smokers

patients
[%]

controls
[%] P-value OR

(CI 95%)
patients

[%]
controls

[%] P-value OR
(CI 95%)

Rapid/intermediate 8 23 1 (reference) 17 32 0.46 1.51 (0.51–4.80)

Slow 45 90 0.52 1.43 (0.56–4.01) 105 44 7.20e!6 6.77 (2.67–18.93)

Also, no association has been noted between the
NAT2 -C345T, C481T, and A803G SNPs and bladder
cancer susceptibility in non-smokers; however, in the
smoker category, these polymorphisms have shown
a remarkable association with the development of blad-
der cancer (Table 5). This could be explained by the fact
that the joint effects of NAT2 polymorphisms and smo-
king status exhibit a strong biological effect and increase
the risk of bladder cancer (Garcia-Closas et al., 2005).

In this study, we also showed that the NAT2 slow-
acetylator phenotype was significantly associated with
bladder carcinogenesis among smokers (Table 6). This
gene-environment interaction has strong biological effect
on NAT2 enzyme activity because slow acetylators are
unable to detoxify the aromatic amines rapidly by
N-acetylation. Moreover, tobacco is considered to be the
first source of exposure to aromatic amines, which are
suspected to be the primary carcinogens for bladder
cancer in cigarette (Tao et al., 2012). Our findings are in
agreement with several previous studies (Brockmoller
et al., 1996; Hein, 2006; Moore et al., 2011). Further-
more, many other studies provided evidence for the fact
that the NAT2 slow acetylation phenotype interacts with
tobacco smoking as a function of exposure intensity ra-
ther than exposure duration (Lubin et al., 2007; Yuan
et al., 2008; Moore et al., 2011). It has been suggested
that among the slow acetylators, detoxification of aryl-
amines present in cigarette smoke may became satura-
ted at higher smoking intensity, thus minimizing the
effect of NAT2 detoxification to a greater extent in slow
acetylators (Lubin et al., 2007; Moore et al., 2011). 

Conclusions

NAT2 T341C and G590A SNPs are found to be risk
factors for bladder cancer. NAT2 slow acetylator pheno-
type is associated with higher risk of bladder cancer,
with the greatest risk observed for the allele NAT2*5
harboring the NAT2 T341C SNP.

We also found that tobacco smoking interacts additi-
vely with NAT2  T341C and G590A SNPs in influencing
thebladder cancer risk. Moreover, NAT2  C345T, C481T,
and A803G SNPs were associated with bladder cancer
risk only in patients of the smokers group. 

Furthermore, our analysis provides strong evidence
for the fact that smoking increases the risk of bladder
cancer in NAT2 slow acetylators.      

Our findings support the need for the conductance of
future studies on the potential gene!gene and gene!en-
vironment interactions among larger sample sizes.
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