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Abstract

N-acetyltransferase (NAT) 2 is an essential polymorphic enzyme involved in the metabolism of various xenobiotics, including
potential carcinogens. The individual differences in the NAT2 metabolic capacity are caused by allelic variants of the NAT2 gene
which are determined by a pattern of single nucleotide polymorphisms (SNPs) resulting in slow (SA), intermediate (IA) or rapid
acetylator (RA) phenotypes. Highly penetrant germline mutations in mismatch repair (MMR) genes are the cause of the disease in
hereditary nonpolyposis colorectal cancer (HNPCC). There is no strict correlation between the type of germline mutation in MMR
genes and the HNPCC phenotype, but age of tumor onset (AO) in HNPCC has been associated at least in part with different variants
in apoptosis-related genes. To clarify the potential modifying role of the NAT2 acetylator status in HNPCC, we performed a
multicenter study in 226 individuals with colorectal cancer carrying exclusively pathogenic germline mutations in MSH2 or MLH]I.
We did not observe any significant difference in the NAT2 acetylator status frequency between HNPCC patients and 107 healthy
controls (P=0.156), and between MLHI and MSH2 mutation carriers (P=0.198). Multivariate Cox regression analysis revealed
that male patients had a significantly increased risk to develop CRC compared to females during any interval (P =0.043), while the
NAT?2 acetylator status (P=0.447) and the mutated gene (MLH1 or MSH2) (P=0.236) were not risk factors for AO. The median
AO in HNPCC patients was 39 years in patients with RA as well as with SA status (P=0.347). In MLHI mutation carriers, the
median AO was 38 years in RA and 36 years in SA status patients (P=0.901), whereas in MSH2 mutation carriers, the median AO
was 39 years in RA and 42 years in SA status patients (P=0.163). Log-rank test revealed a significantly lower age of CRC onset in
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male compared to female HNPCC patients (P =0.0442). These data do not support the hypothesis that the NAT2 acetylatorship acts

as a modifying factor on AO in HNPCC-associated CRC.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

N-acetyltransferase (NAT) 2 is an essential poly-
morphic enzyme involved in the metabolism of various
xenobiotics, including potential carcinogens like
aromatic and heterocyclic amines [1]. The individual
differences in the NAT2 metabolic capacity are caused
by allelic variants of the NAT2 gene (chromosome
8p22), which are determined by a pattern of single
nucleotide polymorphisms (SNPs). The allelic variants
result in slow (SA), intermediate (IA) or rapid
acetylator (RA) phenotypes. While the NAT2*4 allele
(wild-type) encodes the RA phenotype, other alleles
(NAT2*5-7 and rare alleles) encode the SA or IA
phenotype [2]. Although a recent meta-analysis
including 36 studies and more than 13,000 CRC cases
had shown that the NAT2 RA phenotype is associated
with an increased CRC risk [3], the data of numerous
related studies and meta-analyses remain controversial.

Hereditary nonpolyposis colorectal cancer
(HNPCC) is caused by highly penetrant germline
mutations, especially in the mismatch repair (MMR)
genes MLH1, MSH2, MSH6 or PMS2 [4-12]. In
HNPCC, there is an increasing cumulative risk of
CRC with aging, an incomplete mutation penetrance
and no strict correlation between the type of the
mutation in MMR genes and the phenotype. This
suggests that modifying genes acting as additional risk
factors are involved in the carcinogenesis and the age of
tumor onset [13—18]. However, only two studies to date
have investigated the role of NAT2 acetylatorship and
its potential association with AO in HNPCC, with
controversial results. To clarify the role of the NAT2
acetylator status in HNPCC, we performed a multi-
center study in 226 individuals with CRC carrying
exclusively pathogenic mutations in MLH1 or MSH2.

2. Material and methods
2.1. Patients

Peripheral blood samples of 226 HNPCC patients
with CRC who carried a pathogenic germline mutation

in MLH1 or MSH2, consecutively registered at the
university hospitals of the German HNPCC Consortium

in Bonn, Dresden, Munich-Regensburg, Heidelberg,
Duesseldorf, and the Austrian HNPCC centre in
Vienna, were selected for NAT2 genotyping. These
226 HNPCC patients originated from 204 families
(mean: 1.11 members, range 1-3 members). All
patients described here were carriers of germline
mutations in either MSH2 (108 patients) or MLH1
(118 patients), predicted to be pathogenic due to their
nature as protein truncating small insertions/deletions,
large genomic rearrangements, nonsense or splice-site
mutations. All patients gave informed consent for study
participation. 107 anonymous healthy blood donors
from the Dresden Regional Blood Center served as
controls. The scientific studies within the German
HNPCC consortium were approved by the local ethics
committee in each of the participating centers.

2.2. NAT2 Genotyping

We have employed an assay based on the Light-
Cycler® (Roche Molecular Systems) technique to
screen for the NAT2 SNPs, which determine NAT2
allelic variants. Template DNA amplification was
performed with realtime PCR, and fluorescence
resonance energy transfer (FRET) technology was
applied to facilitate the online melting-curve analysis
of oligonucleotide probes bound to the target SNPs.
After LightCycler PCR, hybridization probes in
combination with the LightCycler DNA Master

Table 1
Primers used for PCR
SNP Primers
C282T F: 5'-GTCACACGAGGAAATCAAATGC-3'
R: 5'-TCCTTCCCAGAAATTAATTCTAG-3’
C341T F: 5-GTCACACGAGGAAATCAAATGC-3'
R: 5'-TCCTTCCCAGAAATTAATTCTAG-3’
C481T F: 5-TGCATTTTCTGCTTGACA-3’
R: 5-GTTGGGTGATACATACACAA-3'
G590A F: 5-TGCATTTTCTGCTTGACA-3’
R: 5'-GTTGGGTGATACATACACAA-3’
A803G F: 5-TGCATTTTCTGCTTGACA-3’
R: 5'-GTTGGGTGATACATACACAA-3’

G857A F: 5-TGCATTTTCTGCTTGACA-3'
R: 5'-GTTGGGTGATACATACACAA-3’

F, forward; R, reverse.
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Table 2
Hybridizyation probes used for SNP detection

SNP Hybridization probes

282 5-GGTATTTTTACATCCCTCCAGTTAA-X-3'
5'-LC 640-ATACAGCACTGGCATGGTTCACCTTCTC-
p-3'
341 5'-CAGGTGACCACTGACGGCAGGAATTACAT-X-3'
5'-LC705-TCGATGCTGGGTCTGGAAGCTCCTCCC-p3'
481  5'-GCATTTTCTGCTTGACAGAAGAGAGAGGA-X-3'
5'-LC 640-TCTGGTACCTGGACCAAATCAGGA-p-3'
590  5-GACGTCTGCAGGTATGTATTCATAGACT-
CAAAAT-X-3/
5'-LC 705-TCAATTGTTCGAGGTTCAAGCGT-p-3'
803  5-AAGAGGTTGAAGAATTGCTGAAAAATATATT-
TAA-X-3'
5'-LC 640-TTCCTTGGGGAGAAATCTCGTGC-p-3'
857  5'-ACCTGGTGATGAATCCCTT-X-3'
5'-LC 705-CTATTTAGAATAAGGAACAAAA-
TAAACCCTTG-p-3'

X, fluorescein labelled; LC 640, LC Red640 labeled; LC 705, LC 705
labeled.

Hybridization Probes Kit (Roche Diagnostics) were
used. PCR primers and hybridization probes were
synthesized by TIB Molbiol (Berlin, Germany) and
Metabion (Martinsried, Germany), respectively. Primer
and hybridization probe sequences are shown in Tables
1 and 2. PCR was performed in a total volume of 20 pm
in glass capillaries. The reaction mixture used in each
PCR consisted of 50 ng of genomic DNA, 2 pl of each
primer (5 umol/l), 2 ul of the LightCycler FastStart
DNA Master Hybridization Probes Kit reagent, 1.5 pl
of each hybridization probe (1.5 pmol/l), and 1.6 pl of
MgCl, (25 mmol/l). After 10 min of initial denaturation
at 94°C and 2 min at 95°C, 45 PCR cycles were
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performed with 5s of denaturation at 94 °C and 20 s
(for SNPs 282, 341, 481, 857)/15 s (for SNPs 590, 803)
of annealing at 50 °C (for SNPs 282, 341)/52 °C(for
SNPs 481, 590, 803, 857) with a 25 s (for SNPs 282,
341, 481, 857)/20 s (for SNPs 590, 803) extension at
72°C. The PCR and the melting procedures were
detected online with the LightCycler. The generated
melting curves enabled a clear-cut differentiation
between homozygous wild-type (w/w), homozygous
variant (v/v) and heterozygous wild-type/variant (w/v)
samples, as previously described (Fig. 1) [19].

Although it has been shown that the determination of
the SNPs at bp 282 and 341 is sufficient for prediction
of the NAT2 phenotype in Caucasians [20], SNPs at bp
481, 590, 803 and 857 were included in the analysis.
The resulting pattern of the SNPs allowed the
distinction between the NAT2*4 allele (confering the
RA phenotype) and the groups of NAT2*5 (including
alleles A, B, and C), NAT2*6 and NAT2*7 alleles, all of
which confer the SA phenotype. Homo- or hetero-
zygous carriers of the NAT2*4 allele were phenotypi-
cally classified as RA [2].

2.3. Statistical analysis

NAT2 acetylator frequencies were compared
between patients and controls and between MLH1 and
MSH?2 mutation carriers using the x> test. The age of
onset of CRC was analysed by the Kaplan—Meier
(product-limit) method. The log-rank test was applied
to compare the age of onset between different groups.
Multivariate Cox regression analysis was used to
evaluate the independent effect of gender, the location
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Fig. 1. Principle of genotyping of SNPs by LightCycler amplification with melting curve analysis with SNP-specific hybridization probes. w/w,
homozygous wild-type; w/v, heterozygous wild-type/variant; v/v, homozygous variant; c, control.
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of the MMR gene mutation (MSH2 or MLH1) and the
NAT?2 acetylator status on age of onset. P-values below
0.05 were considered significant. All statistical analyses
were performed using SPSS 10.0.7 (SPSS Inc.,
Chicago, IL, USA).

3. Results

NAT?2 allele genotype frequencies and frequencies of
rapid (RA) and slow acetylators (SA) are shown in
Tables 3 and 4, respectively. We did not observe any
significant difference in the NAT2 acetylator status
frequency among HNPCC patients and 107 healthy
controls (P=0.156, Table 4), nor between MLH1 and
MSH?2 mutation carriers (P=0.198, Table 5).

Multivariate Cox regression analysis revealed that
male patients had a significantly increased risk to
develop CRC compared to females at any interval (P =
0.043), while the NAT2 acetylator status (P=0.447)
and germ-line mutations in MLH1 or MSH2 (P=0.236)
were not risk factors. The median AO was 39 years in
patients with RA (95% CI 37-41) as well as with SA
status (95% CI 37-41) (P=0.347; Fig. 2). In MLH1
mutation carriers, the median AO was 38 years in RA
(95% CI 36-40) and 36 years in SA status patients
(95% CI 32-40; P=0.901), whereas in MSH2 mutation
carriers, the median AO was 39 years in RA (95% CI
35-43) and 42 years in SA status patients (95% CI 40—
44: P=0.163). Log-rank test revealed a significantly
lower age of CRC onset in male compared to female
HNPCC patients (P =0.0442) (Fig. 3). The median AO
in male patients was 38 years (95% CI 35-41), and
the median AO in female patients was 39 years (95% CI
37-41).

4. Discussion

We analyzed the role of the NAT2 acetylator status
in HNPCC and performed a multicenter study in 226
individuals with CRC carrying exclusively pathogenic
germline mutations in MLH1 or MSH2. We did not
observe any significant difference in the NAT2
acetylator status frequency between 226 HNPCC
patients and 107 healthy controls and between MLH1
and MSH2 mutation carriers. The median AO did not
differ between carriers of RA (39 years) and SA (39
years). Our RA / SA frequency (36.7/63.3%) was not
statistically different (P=0.083) from another large
Caucasian population (42.6/57.4%) [21].

Published data regarding the influence of the NAT2
acetylatorship on the risk of CRC are controversial.
Although a pooled analysis revealed an association

between the risk for CRC and the RA status based on
NAT?2 phenotype, the analysis of single NAT2 genotype
studies detected neither an association between CRC
risk and presumed RA status overall, nor in subgroup
analyses for ethnicitiy, gender, and tumor localisation
[22]. The risk for colorectal cancer associated with RA
status was increased in the majority of studies but was
only statistically significant in three small studies based
on phenotyping in a pooled analysis [23]. A meta-
analysis published in 2002 did not support the
hypothesis that NAT2 acetylatorship alone is an
important risk factor for colon cancer [24]. In addition,
two large case-control studies with more than 1500
cases with CRC each showed no significant association
of NAT?2 variants alone with colon cancer risk [25,26].
However, a recent meta-analysis published in 2005
which included 36 studies and more than 13,000 cases
revealed a significantly increased risk for CRC in NAT2
RA phenotype [3]. Whereas only the NAT2 acetylator-
ship genotype and/or phenotype has been correlated in
most studies with CRC risk, some others included an
exposure assessment with mode and quantity of meat
consumption, diet and smoking in the analyses [25-32].
In addition, combinations of the NAT2 acetylatorship
with variants in other low penetrance or potentially

Table 3
Results of NAT2 genotyping

NAT? alleles Patients n (%) Controls n (%)

444 11 (4.9) 6 (5.6)
#4/55A 0 (0) 1(0.9)
#4/+5B 40 (17.7) 23 (21.5)
#4/%5C 1(0.4) 0 (0)
*4/%6 24 (10.6) 17 (15.9)
*4/%7 7@3.1) 1(0.9)
RA 83 (36.7) 48 (44.9)
*5A/45A 0 (0) 0 (0)
*5A/%5B 5(2.2) 1(0.9)
*5A/%5C 0 (0) 0 (0)
*5A/%6 3(1.3) 0 (0)
*5A/%7 0 (0) 0 (0)
*5B/%5B 37 (16.4) 17 (15.9)
*5B/*5C 11 (4.9) 1 (0.9)
*5B/%6 57(25.2) 29 (27.1)
*5B/*7 6 2.7) 1(0.9)
*5C/%5C 0 (0) 0 (0)
*5C/*6 2(0.9) 1 (0.9)
*5C/*7 0 (0) 0 (0)
*6/%6 18 (8.0) 8 (7.5)
*6/+7 3(1.3) 1(0.9)
#7/47 1(0.4) 0 (0)

SA 143 (63.3) 59 (55.1)

RA, rapid acetylators; SA, slow acetylators.
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Table 4
Data analysis and results of NAT2 phenotyping in HNPCC patients
and controls

HNPCC Healthy P-value
patients controls
All 226 107
RA (%) 83 (36.7) 48 (44.9) 0.156
SA (%) 143 (63.3) 59 (55.1)
Sex
Male (%) 137 (60.6) 56 (52.3)
Female (%) 89 (39.4) 51 (47.7)
MMR gene mutated
MLHI (%) 118 (52.2)
MSH2 (%) 108 (47.8)
Median age (years) of
CRC onset (range) 39 (13-67) 37 (19-68)*

RA, rapid acetylators; SA, slow acetylators; MMR, mismatch repair;
CRC, colorectal cancer.

* Age.
Table 5
NAT?2 phenotyping in mismatch repair gene mutation carriers
RA n (%) SA n (%) P-value
MLHI1 mutation carriers 48 (40.7) 70 (59.3) 0.198
MSH2 mutation carriers 35(32.4) 73 (67.6)

RA, rapid acetylators; SA, slow acetylators.

modifying genes, such as NAT1, GSTM-1, GSTT-1,

CYP1A1 have been investigated [25,26,28,29,33-36].
Concerning AO, one study showed a significant

association between the NAT2 SA status and early AO

Patients (n=226)
1.2

in 275 colon cancer patients [37]. Details about the
family history or the molecular cause of CRC were
available solely in a few studies [33—-35,38], suggesting
that patients with sporadic CRC were investigated in
the majority of those. Concerning familial CRC, neither
age at diagnosis of colorectal adenomas nor occurrence
of extra-intestinal tumors differed significantly between
genotypes at the NAT2 and GSTM1 loci in 411 patients
with familial adenomatous polyposis (FAP) [39],
whereas another study of 151 FAP patients showed a
significant association between more severe disease and
the presence of NAT2 RA alleles [40].

The first study related to modifying genes in
HNPCC was published in 1998 and analysed the role
of NAT1, GSTM1 and GSTT1 alleles in 37 Finish
HNPCC kindreds comprising 114 mutation-carriers
with HNPCC-associated tumors, 90 of them presenting
with CRC. The genotype frequencies were similar in
mutation carriers and noncarriers. In a subset of
patients, NAT1%10" as well as GSTM1 and GSTT1
null genotypes were associated with younger AO. The
combined null genotype of GSTM1 and GSTT1 was
associated with proximal colon tumors [13]. NAT2
acetylatorship in HNPCC was analysed in a Swiss study
with 52 MLH1 and MSH?2 carriers with different types
of cancer including CRC and 26 unaffected mutation
carriers. The SA status was found significantly more
prevalent in the group of affected mutation carriers
when compared to the group of unaffected mutation
carriers. The mean age at diagnosis did not significantly

1.0 -

0.8 |

0.6 |

Probability

0.4 1

o RA (n=83)

10 20 30

40 50 60 70

Age of tumor onset (years)

Fig. 2. Kaplan—Meier analysis: Age of CRC onset in HNPCC patients with rapid (RA) and slow acetylator (SA) status in NAT2 (P=0.347). SA,

slow acetylators; RA, rapid acetylators.
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Fig. 3. Kaplan—Meier analysis: age of CRC onset in male and female HNPCC patients (P=0.0442).

differ between patients with RA (43.9 years) and SA
(43.3 years) status [14]. One study published in 2001 by
Frazier et al. investigated the age-associated risk of
cancer among individuals with NAT2 mutations and
germline mutations in DNA MMR genes including 86
mutation carriers in MLH1, MSH2 and PMS1, 48 of
them with CRC [18]. A significant difference between
RA and SA carriers was observed neither for CRC risk
nor for the time of CRC onset. However, when
individuals were stratified by single NAT2 polymorph-
isms, a significantly increased risk for CRC and all
cancers was found among NAT2*5 heterozygotes (22
out of 48 CRC patients) and NAT2*7 heterozygotes (6
out of 48 CRC patients) in multivariate analysis. In our
study, which comprised 226 carriers of a pathogenic
MSH?2 or MLH1 germline mutation and CRC, we have
found neither a significant difference of RA and SA
status frequencies in HNPCC patients and controls nor
in MLH1 and MSH?2 mutation carriers. We did find that
15 out of 226 (6.6%) CRC patients were heterozygous
and one patient was homozygous mutant at the NAT2*7
locus compared to 3 out of 107 (2.8%) controls, albeit
this difference was not statistically significant (P=
0.149). In the study of Frazier et al., the median AO for
the six NAT2*7 heterozygotes with CRC was decreased
compared to 42 homozygous NAT2*7 wild-type
patients. We found no significant correlation between
the NAT2*7 genotype and AO (P=0.453). However,
analysis of one single SNP in NAT2 does not allow a
clear cut assignment of the NAT2 phenotype, hence the
interpretation of these results on the functional level is

difficult. Nevertheless, an acetylator-phenotype inde-
pendent effect of the NAT2*7 variant as a risk factor for
CRC and early age of tumor onset cannot be excluded.
In summary, we conclude that the NAT2 acetylator
status is neither a risk factor nor a genetic modifier of age
of CRC onset in Caucasians who carry pathogenic
MLH1 or MSH2 germline mutations. We deem
necessary that further genotype-phenotype correlations
include numerous genetic variants as well as dietary
factors in multivariate analyses in extended, molecularly
and clinically well-characterised population of patients,
which may lead to a more detailed risk assessment.
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