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Abstract

Aim. Theoretically, individuals with a NAT2 rapid

acetylator genotype are exposed to a higher risk of

developing colorectal cancer. We attempted to study this

relationship. Material and methods. We evaluated a group

of 70 patients with sporadic colorectal cancer and 40 controls.

We calculated the relative risk for patients homozygous for

the normal allele NAT2*5C, NAT2*5A, NAT2*6B, NAT2*7B,

for heterozygous patients and for patients homozygous for

the mutant allele. Results. We found an increased risk for

patients with a rapid acetylator genotype to develop

colorectal cancer. Rapid acetylators, homozygous negative

or heterozygous for the NAT2*5C, NAT2*5A  and NAT2*6B

mutations have an increased risk of colorectal cancer

compared to homozygous positive patients.The analysis of

the NAT2*5C genotype shows that the majority of the cases

are at stage pT3 for rapid acetylators, 41 cases (74.54%),

compared to slow acetylators, where the majority of cases

are at stage pT4, 10 cases (66.66%) (p<0.05). The genotype

with a rapid acetylator phenotype of the NAT2*5C,

NAT2*5A and NAT2*7B variants was most frequently

associated with Dukes stage B. The NAT2*5C, NAT2*5A

and NAT2*7B gene variants with a slow acetylator pheno-

type were most frequently associated with Dukes stage C.

Conclusions. Rapid acetylators, homozygous negative or

heterozygous for the NAT2*5C, NAT2*5A and NAT2*6B

mutations have a higher risk of colorectal cancer compared

to positive homozygotes. Rapid acetylators have earlier

stages of colorectal cancer and a better prognosis than slow

acetylators, who are diagnosed in more advanced stages.
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Introduction

The majority of environmental factors require activation

before interacting with DNA and causing its alteration (1).

The NAT2 gene encodes an enzyme with a detoxification

role, N-acetyltransferase 2. N-acetyltransferase 2 is an

isoenzyme of N-acetyltransferase which is most frequently

present in the liver and the intestinal mucosa (2-4). The

substrate for the activity of N-acetyltransferase 2, involved

in colorectal carcinogenesis, is mainly represented by

heterocyclic amines and polycyclic aromatic hydrocarbons,

such as PhIP (2-amino-1-methyl-6-phenyl-imidazol [4,5-b]

pyridine) from cooked or smoked meat (5, 6) and cigarette

smoke (7-10).

The polymorphism of N-acetyltransferase 2 was

discovered in 1954, by observations on peripheral neuritis

in patients with tuberculosis treated with isoniazid (11). The

variability in the resistance to the toxic effects of isoniazid

and subsequently, in the response to the administration of

other substances, allowed the population to be divided in

rapid acetylators, intermediate acetylators, and slow

acetylators (12), representing the acetylator phenotype. This

variability has been subsequently attributed to the NAT-2

gene polymorphism (13,14), representing the acetylator

genotype.

In order to test the acetylator phenotype, the best

method used is the measurement of caffeine excretion

rate (15,16), a good genotype/phenotype correlation

being usually reported (17,18). However, this as well as

other methods for the evaluation of the phenotype can

be influenced by drugs (19,20), liver or kidney diseases

(21), foods or even surgery (22,23), which can lead to false

results. This is why a genetic study of the NAT2 gene is

required.

Three genes have been described: NAT1, which encodes

N-acetyltransferase 1 (located in particular extrahepatically

(19), NAT2, encoding N-acetyltransferase 2, and a NATP

pseudogene. All are located on the short arm of chromosome

8, at locus 22-8p22 (24,25). The evaluation of the acetylator

genotype also allows a classification in rapid and slow

acetylators based on DNA amplification using the method
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described by Bell (26). Seven mutations have been identified

in the encoding exon of the NAT2 gene, which influence the

acetylator type. The NAT2*4 variant (allele) presents none

of these mutations and is considered the wild variant of the

gene, being the most frequent in many ethnic groups,

including Caucasians and Africans (17,19). NAT2*4 is

expressed by the rapid acetylator phenotype (27, 28). The

presence of mutations, in the homozygous form, determines

the slow acetylator phenotype (18, 29-33), NAT2*5 –

NAT2*18 variants.

There are no systematic studies on the relationship

between the NAT2 genotype and the histological type or

the stage of colorectal cancer. Hardingham (34), in a group

of 100 patients, and Hubbard (35), in a group of 275 patients,

showed no relationship with the Dukes stage.

The aim of the study

Individuals with a NAT2 rapid acetylator phenotype are

exposed to higher amounts of carcinogens, resulting from

the action of the enzyme NAT2 on environmental

procarcinogens, and consequently they have a higher risk

of developing colorectal cancer. We studied this relationship

in Caucasian subjects from the Transylvanian area, a

homogeneous population who has a diet rich in fried red

meat, which results in an additional amount of heterocyclic

amines. We investigated the presence of colorectal cancer

in rapid acetylators compared to a control group, and the

relationship of NAT2 genotype with histological type and

staging, in  order to evaluate its prognostic role.

Material and methods

Patient selection

We studied a group of 70 patients with sporadic colorectal

cancer, operated in the Surgical Clinic III Cluj (October 2003

– May 2005), randomly selected. The main  inclusion criterion

was histologically confirmed colorectal cancer. Exclusion

criteria: personal or family history of familial adenomatous

polyposis or hereditary non-polyposis cancer; a history of

inflammatory bowel disease.

The control group consisted of 40 patients admitted to

Surgical and Medical Clinic III from Cluj, having symptoms

requiring colonoscopic investigation (rectal hemorrhage,

transit disorders), selected at random, matched for age and

gender. The selection criteria were: age over 50 and

performance of total colonoscopy, which did not reveal

colorectal lesions except diverticula and hemorrhoids. The

exclusion criteria for controls: personal or family history of

familial adenomatous polyposis or hereditary non-polyposis

cancer; a history of inflammatory bowel disease; a history

of colorectal surgery; non-performance of total colonoscopy.

The controls’ diagnosis was irritable bowel syndrome (23

cases), functional constipation (10 cases), gallstone disease

(4 cases) and diverticular disease (3 cases).

Data collection

Data collection was prospective. The follow-up record

of these cases included data related to the underlying

disease and the exposure to environmental factors: fried red

meat (more than 4 days a week), smoking (at least 15 cigaret-

tes a day over the past 5 years). The data were collected by

specially trained resident doctors who, at the time of

biological sampling, required the written consent of the

patients.

The data related to the histopathological examination,

staging, postoperative evolution, genotyping results, etc.

were introduced as they became available.

Sampling. DNA extraction. Identification of NAT2

gene variations

Peripheral blood samples were taken from all patients in

vacutainer tubes containing EDTA. These were stored at

-20oC.

DNA was extracted from peripheral blood leukocytes.

For both groups:

- identification of mutation T341C: NAT2*5C  was done

by sequencing;

- identification of mutation C481T: NAT2*5A was done

by sequencing, the PCR-RFLP technique and SSCP (single

strand conformation polymorphism) method;

- identification of mutation G590A: NAT2*6B was done

by sequencing, enzymatic digestion and the SSCP method;

- identification of mutation G857A: NAT2*7B was done

by sequencing and the PCR-RFLP method.

Statistical analysis

In order to analyze the relationship between the NAT2

genotypes and the risk of sporadic colorectal cancer, we

used the chi square or Fisher test. We calculated the relative

risk for patients homozygous for the normal allele NAT2*5C

(T341C), NAT2*5A (C481T), NAT2*6B (G590A), NAT2*7B

(G857A), for heterozygous patients with one normal allele

and one mutant allele, and for patients homozygous for the

mutant allele. We also calculated the relative risk for

patients with a rapid acetylator and slow acetylator

phenotype. Relative risk was expressed as odds ratio (OR)

with 95% CI. The NAT2 genotype was classified in two

categories: rapid acetylators (patients homozygous for the

normal allele or patients with one normal and one mutant

allele) and slow acetylators (patients homozygous for the

mutant allele).

Results

The characteristics of the studied groups are presented

in Table I.

The NAT2 genotypes: NAT2*5C (T341C), NAT2*5A

(C481T), NAT2*6B (G590A), NAT2*7B (G857A) were

studied for the 70 patients with colorectal cancer and the 40

controls. In all cases, we found that heterozygous and

homozygous negative variants (normal variants - wild allele)

for mutations were more frequent in the colorectal cancer

group, consequently rapid acetylator genotypes were more

frequent in patients with colorectal cancer than in controls

(Table II).
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Table I Characteristics of the studied groups

Characteristics

Tumor location

Right colon, no. (%)

Left colon, no. (%)

Rectum, no. (%)

Age group  (years)

50- 59, no. (%)

60- 69, no. (%)

> 70 years, no. (%)

Age (years) ±SD

Median age

Gender

Women, no. (%)

Men, no. (%)

Smoking

Current smokers, no. (%)

Non-smokers, no. (%)

Fried meat consumption

Cases

(n=70)

13 (18.57)

33 (47.14)

24 (34.28)

25 (34.28)

21 (30)

25 (35.71)

65.78 ± 9.55

64.5

37 (52.85)

33 (47.14)

21 (30)

49 (70)

50 (71.42)

Controls

(n=40)

-

-

-

11 (27.5)

13 (32.5)

16 (40)

65.25 ± 10.6

63

25 (62.5)

15 (37.5)

8 (20)

32 (80)

18 (45)

in type distribution between the two groups, only 17.14%

homozygous slow acetylators in the cancer group compared

to 40% in the control group.

In order to analyze the relative risk for each variant, we

considered homozygous patients as the reference group

(Table III).

Rapid acetylators, homozygous negative or

heterozygous for the NAT2*5C, NAT2*5A and NAT2*6B

mutations have an increased risk of colorectal cancer

compared to homozygous positive patients. The statistical

study shows a significantly increased risk for NAT2*5C

and NAT2*6B heterozygotes.

The NAT2*7B mutation showed different results. The

risk of colorectal cancer decreased to 0.86 for negative

homozygotes and to 0.34 (p<0.01) for heterozygotes.

NAT2*7B homozygotes, although rapid acetylators, have a

higher risk of developing colorectal cancer.

We studied the risk of colorectal cancer in relation to

NAT2 mutations separately for colon cancer and rectal

cancer. The NAT2 rapid acetylator phenotype significantly

increased the risk of rectal cancer compared to the control

group. The rapid acetylator phenotype for the NAT2*5C,

Table II Distribution of NAT2 gene variants: fast vs slow acetylator status  in patients with sporadic colorectal cancer and

control group

Table III Risk of sporadic colorectal cancer OR- odds ratio- relative risk; 95% CI- confidence interval; p- statistical significance

means p< 0.05; the reference is considered the homozygous positive genotype

Variant

NAT2*5C (T341C)

NAT2*5A (C481T)

NAT2*6B (G590A)

NAT2*7B (G857A)

Geno-

type

T T

TC

CC

CC

CT

T T

GG

GA

AA

GG

GA

AA

Colorectal cancer

n (%)

26 (37.14)

29 (41.42)

15 (21.42)

27 (38.57)

31 (44.28)

12 (17.14)

24 (34.28)

28 (40)

18 (25.71)

32 (45.71)

8 (11.42)

30 (42.85)

Controls

n (%)

13 (32.5)

14 (35)

13 (32.5)

14 (35)

10 (25)

16 (40)

13 (32.5)

15 (37.5)

12 (30)

15 (37.5)

4 (10)

21 (52.5)

Comments

Homozygous negative

Heterozygous

Homozygous positive

Homozygous negative

Heterozygous

Homozygous positive

Homozygous negative

Heterozygous

Homozygous positive

Homozygous negative

Heterozygous

Homozygous positive

Acetylator

phenotype

Rapid

Rapid

Slow

Rapid

Rapid

Slow

Rapid

Rapid

Slow

Rapid

Rapid

Slow

Variant

NAT2*5C (T341C)

NAT2*5A (C481T)

NAT2*6B (G590A)

NAT2*7B (G857A)

Geno-

type

T T

TC

CC

CC

CT

T T

GG

GA

AA

GG

GA

AA

OR

1.61

1.88

1.0

1.74

1.74

1.0

1.61

1.88

1.0

0.86

0.34

1.0

95% CI

0.9-2.87

1.05-3.34

-

0.97-3.1

0.97-3.1

-

0.9-2.87

1.05-3.34

-

0.5-1.46

0.06-0.28

-

p

0.1

0.03

-

0.05

0.05

-

0.1

0.03

0.58

<0,01

Comments

Homozygous negative

Heterozygous

Homozygous positive

Homozygous negative

Heterozygous

Homozygous positive

Homozygous negative

Heterozygous

Homozygous positive

Homozygous negative

Heterozygous

Homozygous positive

Phenotype

Rapid

Rapid

Slow

Rapid

Rapid

Slow

Rapid

Rapid

Slow

Rapid

Rapid

Slow

Our results showed an increased risk for patients with a

rapid acetylator genotype to develop colorectal cancer. The

NAT2*5A variant presents the greatest difference
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NAT2*5A, NAT2*6B, NAT2*7B  mutations is associated

with a risk of 4.69, 2.34, 6.89 (highest risk in the studied

variants), 1.51, respectively, for rectal cancer in men. Similar

results have been obtained for women, the rapid acetylator

phenotype for the NAT2*5C, NAT2*5A, NAT2*6B,

NAT2*7B mutations being associated with a risk of 3.67,

2.47, 8.35 (highest risk in the studied variants), 1.78,

respectively, for rectal cancer. In all cases p<0.01.

We found a risk of colon cancer in men with a rapid

acetylator phenotype significantly increased for the

NAT2*5C, NAT2*5A, and NAT2*6B variants, 2.17, 8.56

(highest risk in the studied variants), 7.72, respectively. In

all these cases p was <0.01. In the case of the NAT2*7B

variant, we found a low risk of colorectal cancer, 0.62 (p=0.33).

In the women with a rapid acetylator phenotype, we

found an increased risk of colon cancer for all NAT2 variants:

NAT2*5C, NAT2*5A, NAT2*6B, and NAT2*7B, 3.78, 3.78,

11.67 (highest risk in the studied variants), 1.25, respectively.

In all these cases p was <0.01.

The rapid acetylator phenotype for the NAT2*5C,

NAT2*5A, and NAT2*6B variants most frequently causes

left colon cancers. The NAT2*7B variant with a rapid

acetylator phenotype is more frequently associated with

rectal cancer.

We analyzed the relationship between the NAT2

genotype and the  pT stage of the colorectal cancer, using

the Dukes classification modified by Astler and Coller

(MAC) (Table IV). The analysis of the NAT2*5C genotype

shows that the majority of the cases have been at stage

Table IV Relationship of the NAT2 genotype with the pT stage

Variant

NAT2*5C (T341C)

NAT2*5A (C481T)

NAT2*6B (G590A)

NAT2*7B (G857A)

Genotype/

phenotype

TT/TC rapid

CC slow

CC/CT rapid

TT slow

GG/GA rapid

AA slow

GG/GA rapid

AAslow

T 1

n (%)

6 (10.9)

0

6 (15.79)

0

3 (5.78)

3 (16.66)

4 10

2 (6.66)

T 2

n (%)

6 (10.9)

0

6 (15.79)

0

5 (9.61)

1 (5.6)

4 (10)

2 (6.66)

T 3

n (%)

41 (74.54)

5 (33.33)

38 (65.51)

8 (66.66)

34 (65.38)

12 (66.66)

26 (65)

20 (66.66)

T 4

n (%)

2 (3.66)

10 (66.6)

8 (2.91)

4 (33.33)

10 (19.23)

2 (11.08)

6 (15)

6 (20)

p*

0.000

-

-

-

-

-

-

*p calculated for pT3 vs. pT4, significant when p<0.05

pT3 for rapid acetylators, compared to slow acetylators,

where the majority of cases have been at stage pT4 (p<

0.05).

Regarding the relationship between the NAT2 genotype

and the stage of the disease using the Dukes-MAC

classification, we found that the genotype with a rapid

acetylator phenotype of the NAT2*5C, NAT2*5A and

NAT2*7B variants was most frequently associated with

Dukes stage B. The NAT2*5C, NAT2*5A and NAT2*7B

gene variants with a slow acetylator phenotype were most

frequently associated with Dukes  stage C. So, rapid

acetylators have earlier colorectal cancer stages

(predominantly B, 47-52% of cases) than slow acetylators

(predominantly in stage C, 46-53%), statistically significant

values for the NAT2*5C and NAT2*7B variants. In the case

of NAT2*6B variant, we found the predominance of stage C

for all genotypes (Table V).

The NAT2 genotype relationship with the histological

differentiation degree (G) of the tumor showed (with the

exception of NAT2*7B genotype) a predominance (not

statistically significant) of moderately differentiated forms

G2 in rapid acetylators and of poorly differentiated forms G3

in slow acetylators (Table VI).

Discussion

NAT2 is an enzyme with an important role in detoxi-

fication, and also in the activation of food and cigarette

Table V Relationship of the NAT2 genotype with the stage of colorectal cancer (Dukes- MAC)

Variant

NAT2*5C (T341C)

NAT2*5A (C481T)

NAT2*6B (G590A)

NAT2*7B (G857A)

Genotype/

phenotype

TT/TC rapid

CC slow

CC/CT rapid

TT slow

GG/GA rapid

AA slow

GG/GA rapid

AA slow

D

n (%)

5 (9.09)

6 (40)

8 (13.8)

3 (25)

6 (11.54)

5 (27.78)

8 (20)

3 (10)

C

n (%)

15 (27.27)

8 (53.33)

17 (29.31)

6 (50)

20 (38.46)

3 (16.66)

9 (22.5)

14 (46.66)

B

n (%)

29 (52.72)

1 (6.67)

27 (46.55)

3 (25)

24 (46.15)

6 (33.33)

19 (47.5)

11 (36.67)

A

n (%)

6 (10.92)

0

6 (10.34)

0

2 (3.85)

4 (22.23)

4 (10)

2 (6.67)

p*

0.006

0.055

-

-

0.019

*p calculated for B vs. C, significant for p<0.05
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smoke procarcinogens. Results in the literature regarding

its relationship with colorectal cancer are contradictory.

According to some authors, the rapid acetylator phenotype

represents a risk factor for colorectal cancer (36-40). The

highest mean risk is reported by Tamer, with an OR of 3.03.

We found the highest risk value of 1.88 in rapid acetylators

heterozygous for the NAT2*5A and NAT2*6B variants. Other

studies (8, 41-44)) show no relationship between the NAT2

polymorphism and colorectal cancer (Table VII).

Regarding the tumor location and the NAT2 genotype,

Jong (45), who reviews six studies published in the literature

on a total of 2,118 cases, establishes that the rapid acetylator

phenotype is most frequently associated with left colon

cancer: 1070 (50.51%). In our patients, the most frequent

location of tumors in rapid acetylators was also in the left

colon.

Among the studied mutations, only the NAT2*5C rapid

acetylator phenotype presented a higher risk for rectal cancer

than for colon cancer, OR=4.69, compared to OR=2.17, and

only in men, the other variants showing a higher risk for

colon cancer.

The carcinogenesis in colorectal cancer is determined

by the interaction between the polymorphism of some genes

and environmental factors (46-48). Multiple genes involved

in sporadic colorectal carcinogenesis have been discovered,

genes with no significant hereditary transmission, which is

why they have been defined as low penetrance genes (49-

51), many of these encoding enzymes that act on various

metabolic pathways. The variants of the NAT2 gene could

represent biological markers for colorectal cancer (52).

Table VII Published studies of NAT2 genotype in patients with colorectal carcinoma

Author

Lee 1998 (36)

Gil 1998 (37)

Frazier 2001 (38)

Tamer 2004 (39)

Kiss 2004 (40)

Slattery 1998 (41)

Katoh 2000 (42)

Butler 2001(43)

Tiemersma 2002 (44)

Barrett 2003 (8)

Genotype

Rapid

Rapid

Rapid

Rapid

Rapid

Rapid

Rapid

Rapid

Rapid

Rapid

Cases/Controls

216/187

114/201

86/-

125/82

500/500

1624/ 1963

103/ 122

219/ 200

102/537

500/ 500

OR

1.90

2.04

2.96

3.03

2.39

1.07

1.19

0.97

<1

0.89

Comments

More frequently right colon

-

HNPCC

Higher risk for diet rich in red meat

-

-

-

Sporadic CRC

Sporadic CRC

Sporadic CRC

There are no studies that analyze the prognostic role of

NAT2 gene variants. We attempted to assess it by the

association with the pT stage and the Dukes-MAC stage.

Our results suggest a prognostic significance of the

mutations in this gene when analyzing rapid and slow

acetylators separately.

We found that rapid acetylators, although at a higher

risk for colorectal cancer than slow acetylators, have more

frequently less advanced pT stages at diagnosis than slow

acetylators and, perhaps the most important aspect of the

study, they have a better prognosis than slow acetylators,

more frequently diagnosed in earlier Dukes-MAC stages. A

possible explanation would be that rapid acetylators are

more sensitive and develop more rapidly mutations that

result in cancer, while in slow acetylators, exposure to

carcinogenic factors is prolonged and would result in more

severe mutations associated with more aggressive forms.

As our studied groups are small, these findings must be

treated cautiously.

The current ethnic heterogeneity in the era of

mondialization, as well as the different exposures to

environmental factors related to the economic development,

could explain the sometimes contradictory results reported

by different authors (19). The ethnic differences regarding

NAT2 variants could also be one of the causes of the

different cancer incidence in various populations (19).

In order to accurately describe the relationship between

the polymorphism of the NAT2 gene and colorectal cancer,

studies on larger populations are required, which should

take into consideration all the variables listed above:

Table VI Relationship of the NAT2 genotype with the tumor differentiation degree (G)

*p calculated for G2 vs. G3, significant when p<0.05

Variant

NAT2*5C (T341C)

NAT2*5A (C481T)

NAT2*6B (G590A)

NAT2*7B (G857A)

Genotype/

phenotype

TT/TC rapid

CC slow

CC/CT rapid

TT slow

GG/GA rapid

AA slow

GG/GA rapid

AA slow

G1

n (%)

8 (14.54)

2 (13.34)

8 (13,8)

2 (16.67)

6 (11.53)

4 (22.23)

6 (15)

4 (13.34)

G2

n (%)

27 (49.09)

4 (26.66)

28 (48,27)

3 (25)

25 (48.07)

6 (33.33)

16 (40)

15 (50)

G3

n (%)

19 (34.54)

7 (46.66)

19 (32,75)

7 (58.33)

20 (38.46)

6 (33.33)

15 (37.5)

11 (36.66)

G4

n (%)

1 (1.83)

2 (13.34)

3 (5,18)

0

1 (1.94)

2 (11.11)

3 (7.5)

0

p*

0.122

0.087

0.322

-
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association with other mutations, exposure to environmental

factors, ethnic and demographic peculiarities (53-55).

Conclusions

Rapid acetylators, homozygous negative or

heterozygous for the NAT2*5C, NAT2*5A and NAT2*6B

mutations have a higher risk of colorectal cancer compared

to positive homozygotes. Rapid acetylators have an earlier

stages of colorectal cancer and a better prognosis than

slow acetylators, who have more advanced stages at

diagnosis.

References

1. Freedman A. Somatic alterations and metabolic polymorphisms.

IARC Sci Pub1999; 37-50.

2. Windmill KF, Gaedigk A, de al Hall PM, Samaratunga H, Grant

DM, McManus ME. Localization of N-acetyltransferases

NAT1 and NAT2 in human tissues. Toxicol Sci 2000;54: 19–

29.

3. Ilett KF, Ingram DM, Carpenter DS, et al. Expression of

monomorphic and polymorphic N-acetyltransferases in human

colon. Biochem Pharmacol 1994;47:914-917.

4. Turesky RJ, Lang NP, Butler MA, Teitel CH, Kadlubar FF.

Metabolic activation of carcinogenic heterocyclic aromatic

amines by human liver and colon. Carcinogenesis 1991;

12:1839-1845

5. Pande JN, Pande A, Singh SP. Acetylator status, drug metabolism

and disease. Natl Med J India 2003;16:24-26.

6. Layton DW, Bogen KT, Knize MG, Hatch FT, Johnson VM,

Felton JS. Cancer risk of heterocyclic amines in cooked foods:

an analysis and implications for research. Carcinogenesis

1995;16: 39-52.

7. Giovannucci E.  An updated review of the epidemiological

evidence that cigarette smoking increases risk of colorectal

cancer. Cancer Epidemiol Biomarkers Prev 2001;10:725–731.

8. Barrett JH, Smith G, Waxman R, et al. Colorectal Cancer Study

Group. Investigation of interaction between N-acetyl-

transferase 2 and heterocyclic amines as potential risk factors

for colorectal cancer. Carcinogenesis 2003;24:275-282.

9. Patrianakos C, Hoffmann D. Chemical studies on tobacco

smoke. LXIV. On the analysis of aromatic amines in cigarette

smoke. J Anal Toxicol 1979;3:150-154.

10. Manabe S, Tohyama K, Wada O, Aramaki T. Detection of a

carcinogen, 2-amino-1-methyl-6-phenylimidazo [4,5-b]

pyridine (PhIP) in cigarette smoke condensate. Carcinogenesis

1991;12: 1945-1947.

11. Hughes HB, Biehl JP, Jones AP, Schmidt L H. Metabolism of

isoniazid in man as related to the occurrence of peripheral

neuritis. Am Rev Tuberc 1954;70:266-273.

12. Jenne JW. Partial purification and properties of the isoniazid

transacetylase in human liver. Its relationship to the acetylation

of p-aminosalicylic acid. J Clin Investig 1965;44:1992-2002.

13. Evans DA, White TA. Human acetylation polymorphism. J Lab

Clin Med 1964;63:394-403.

14. Weber WW, Hein DW. Clinical pharmacokinetics of isoniazid.

Clin Pharmacokinet 1979;4:401-422.

15. Butler MA, Lang NP, Young JF, et al. Determination of CYP1A2

and NAT2 phenotypes in human populations by analysis of

caffeine urinary metabolites. Pharmacogenetics 1992;2:116–

127.

16. Grant DM, Tang BK, Kalow W. A simple test for acetylator pheno-

type using caffeine. Br J Clin Pharmacol 1984;17:459-464.

17. Grant DM, Hughes NC, Janezic SA, et al. Human acetyl-

transferase polymorphisms. Mutat Res 1997;376:61-70.

18. Cascorbi I, Roots I. Pitfalls in N-Acetyltransferase 2 genotyping.

Pharmacogenetics 1999;9:123-127.

19. Hein DW, Doll MA, Fretland AJ, et al. Molecular genetics and

epidemiology of the NAT1 and NAT2 acetylation poly-

morphisms. Cancer Epidemiol Biomarkers Prev 2000;9:29-

42.

20. Vesell ES, Gaylor DW. Limitations of probit plots in pharmaco-

genetics: requirement of genetic analyses to test hypotheses

based on graphical methods. Pharmacogenetics 1995;5:18-23.

21. Evans DA. N-acetyltransferase. Pharmacol Ther 1989;42:157-

234

22. Bulovskaya LN, Krupkin RG, Bochina TA, Shipkova AA,

Pavlova MV. Acetylator phenotype in patients with breast

cancer. Oncology 1978;35:185-188.

23. Welfare MR, Bassendine MF, Welfare MR, Daly A.K. Caffeine

phenotyping in patients with familial adenomatous polyposis

may shed light on sporadic colon cancer and acetylator status.

Gut 1996;38:153.

24. Blum M, Grant DM, McBride W, Heim M, Meyer UA. Human

arylamine N-acetyltransferase genes: isolation, chromosomal

localization, and functional expression. DNA Cell Biol

1990;9:193-203.

25.  Hickman D, Risch A, Buckle V, et al. Chromosomal localization

of human genes for arylamine N-acetyltransferase. Biochem J

1994;297:441-445.

26. Bell DA, Taylor JA, Butler MA, et al. Genotype/phenotype

discordance for human arylamine N-acetyltransferase (NAT2)

reveals a new slow-acetylator allele common in African-

Americans. Carcinogenesis 1993;14:1689-1692

27. Hirvonen A. Polymorphic NATs and cancer predisposition.

IARC Sci Pub 1999;251–270.

28. Cascorbi I, Drakoulis N, Brockmoller J, Maurer A, Sperling K,

Roots I. Arylamine N-acetyltransferase (NAT2) mutations and

their allelic linkage in unrelated Caucasian individuals: correlation

with phenotypic activity. Am J Hum Genet 1995;57:581-

592.

29. Deguchi T. Sequences and expression of alleles of polymorphic

arylamine N-acetyltransferase of human liver. J Biol Chem

1992; 267:18140-18147.

30. Blum M, Demierre A, Grant DM, Heim M, Meyer UA. Molecular

mechanism of slow acetylation of drugs and carcinogens in

humans. Proc Natl Acad Sci USA 1991;88:5237-5241.

31. Hickman D, Risch A, Camilleri JP, Sim E. Genotyping human

polymorphic arylamine N-acetyltransferase: identification of

new slow allotypic variants. Pharmacogenetics 1992; 2: 217-

226.

32. Lin J.J, Han CY, Link B K, Hardy S. Slow acetylator mutations

in the human polymorphic N-acetyltransferase gene in 786

Asians, blacks, Hispanics, and whites: application to metabolic

epidemiology. Am J Hum Genet 1993;52:827-834.

Acknowledgement

This study was financed through a VIASAN grant; code

VIASAN 363, project manager Dr. Lucia Procopciuc.



NAT2 gene polymorphism and colorectal cancer 353

33. Ferguson RJ, Doll MA, Rustan TD, Gray K, Hein DW. Cloning,

expression, and functional characterization of two mutant

(NAT2 191 and NAT2 341/803) and wild-type human

polymorphic N-acetyltransferase (NAT2) alleles. Drug Metab

Dispos 1994;22:371-376.

34. Hardingham JE, Butler WJ, Roder D et al. Somatic mutations,

acetylator status, and prognosis in colorectal cancer. Gut

1998;42:669-672.

35. Hubbard AL, Harrison DJ, Moyes C, Wyllie AH, Cunningham

C, Mannion E, Smith CA. N-acetyltransferase 2 genotype in

colorectal cancer and selective gene retention in cancers with

chromosome 8p deletions. Gut 1997;41:229-234.

36. Lee EJ, Zhao B, Seow-Choen F. Relationship between

polymorphism of N-acetyltransferase gene and susceptibility

to colorectal carcinoma in a Chinese population.

Pharmacogenetics 1998;8:513-517.

37. Gil JP, Lechner MC. Increased frequency of wild-type arylamine-

N-acetyltransferase allele NAT2*4 homozygotes in Portuguese

patients with colorectal cancer. Carcinogenesis 1998;19:37-41.

38. Frazier ML, O’Donnell FT, Kong S, et al.  Age-associated risk

of cancer among individuals with N-acetyltransferase 2 (NAT2)

mutations and mutations in DNA mismatch repair genes. Cancer

Res 2001;61:1269-1271.

39. Tamer L, Ercan B, Ates NA, et al. N-acetyltransferase 2 gene

polymorphism in patients with colorectal carcinoma. Cell

Biochem Funct 2004 (Published Online: 22 Dec 2004).

40. Kiss I, Nemeth A, Bogner B, et al. Polymorphisms of

glutathione-S-transferase and arylamine N-acetyltransferase

enzymes and susceptibility to colorectal cancer. Anticancer

Res 2004;24:3965-3970.

41. Slattery ML, Potter JD, Samowitz W, Bigler J, Caan B, Leppert

M. NAT2, GSTM-1, cigarette smoking, and risk of colon cancer.

Cancer Epidemiol Biomarkers Prev 1998;7:1079-1084.

42. Katoh T, Boissy R, Nagata N, et al. Inherited polymorphism in

the N-acetyltransferase 1 (NAT1) and 2 (NAT2) genes and

susceptibility to gastric and colorectal adenocarcinoma. Int J

Cancer 2000:1;85:46-49.

43. Butler WJ, Ryan P, Roberts-Thomson IC. Metabolic genotypes

and risk for colorectal cancer. J Gastroenterol Hepatol 2001;

16:631-635.

44. Tiemersma EW, Kampman E, Bueno de Mesquita HB, et al.

Meat consumption, cigarette smoking, and genetic susceptibility

in the etiology of colorectal cancer: results from a Dutch

prospective study. Cancer Causes Control 2002;13:383-

393.

45. de Jong MM, Nolte IM, te Meerman GJ, et al. Low-penetrance

genes and their involvement in colorectal cancer susceptibility.

Cancer Epidemiol Biomarkers Prev 2002;11:1332-1352.

46. Wu AH, Paganini-Hill A, Ross RK, Henderson BE. Alcohol,

physical activity and other risk factors for colorectal cancer: a

prospective study. Br J Cancer 1987;55:687-94.

47. Chen J, Stampfer MJ, Hough HL et al. A prospective study of

N-acetyltransferase genotype, red meat intake, and risk of

colorectal cancer. Cancer Res 1998;58:3307-3311.

48. de Kok TM, van Maanen JM. Evaluation of fecal mutagenicity

and colorectal cancer risk. Mutat Res 2000;463:53-101.

49. Houlston R, Crabtree M, Phillips R, Crabtree M, Tomlinson I.

Explaining differences in the severity of familial adenomatous

polyposis and the search for modifier genes. Gut 2001;48:1-

485.

50. Smith G, Stanley LA, Sim E, Strange RC, Wolf CR. Metabolic

polymorphisms and cancer susceptibility. Cancer Surv

1995;25:27-65.

51. Caporaso N, Landi MT, Vineis P. Relevance of metabolic

polymorphisms to human carcinogenesis: evaluation of

epidemiologic evidence. Pharmacogenetics 1991;1:4-19.

52. Loktionov A, Watson MA, Stebbings WS, Speakman CT,

Bingham SA. Plasminogen activator inhibitor-1 gene

polymorphism and colorectal cancer risk and prognosis. Cancer

Lett 2003;189:189-196.

53. Ferraz JM, Zinzindohoue F, Lecomte T, et al. Impact of GSTT1,

GSTM1, GSTP1 and NAT2 genotypes on KRAS2 and TP53

gene mutations in colorectal cancer. Int J Cancer 2004;110:183-

187.

54. Chen K, Jiang QT, He HQ. Relationship between metabolic

enzyme polymorphism and colorectal cancer. World J

Gastroenterol 2005;11:331-335.

55. He LJ, Yu YM, Qiao F, Liu JS, Sun XF, Jiang LL. Genetic

polymorphisms of N-acetyltransferase 2 and colorectal cancer

risk. World J Gastroenterol 2005;11:4268-4271.




