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Novel Structure of the CYP2D6 Gene that Confuses
Genotyping for the CYP2D6*5 Allele
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Summary: We encountered DNA samples which showed a positive product using a long PCR-based
method for the detection of CYP2D6*5, indicating deletion of the entire CYP2D6 gene, but the samples
did not show a band related to CYP2D6*5 in either Xbal- or EcoRI-RFLP analysis. To achieve geno-
typing with accuracy, we performed a further genetic analysis to clarify the discrepancy. An unknown
1.6-kb insert was identified in a region downstream from the CYP2D6 stop codon where a specific
primer was designed for long-PCR analysis for CYP2D6*5 genotyping. This finding suggested that the
CYP2D6 gene might not be deleted in the samples even if a positive product was detected by the long-
PCR method. Furthermore, the allelic frequency of this type was found to be approximately 0.3% (4 het-
erozygous/771 samples) in a Japanese population. In conclusion, we found a novel structure of the
CYP2D6 gene, which might lead to incorrect genotyping for CYP2D6*5. Although the long PCR-based
strategy for the detection of CYP2D6*5 has been widely used due to its usefulness and convenience, we
recommend caution when adopting this method and propose re-evaluating the method for detecting

CYP2D6"5.

Key words: CYP2D6; genetic polymorphism; CYP2D6*5; genotyping

Introduction

CYP2D6 metabolizes many clinically important
drugs, including antidepressants, neuroleptics, B-block-
ers and antiarrhythmics.? Individuals with an impaired
ability to metabolize various probe drugs for CYP2D6,
such as debrisoquine and sparteine, are classified as
poor metabolizers (PM). There are important
interethnic differences in the frequency of PMs. In
Caucasian populations, the frequency of PMs is 5-10%,
quite high in comparison with the frequencies (0-4%)
observed in Chinese and Japanese.? The homozygous
presence of defective CYP2D6 alleles, such as
CYP2D6*4 and CYP2D6%*5, results in a lack of
CYP2D6 enzymatic activity. CYP2D6*5 is the most
frequent of the PM-related alleles in the Japanese
population. Therefore, it is necessary to detect the allele
in the genotyping of CYP2D6. Southern blot analysis
with a CYP2D6cDNA probe has been performed to
detect the CYP2D6*5 allele because the CYP2D6 gene

does not exist on the allele. However, this method is
time-consuming and requires relatively large amounts
of genomic DNA from each subject. Therefore, a
long-PCR based assay with specific primers was needed
and has been used in pharmacogenetic studies on
CYP2D6 substrates. Several sets of primers have been
reported.’?

In our laboratory, a long-PCR based assay was
adopted with two different sets of primers, primers D1
and D2 (primers D1/D2)? and primers 13 and 24
(primers 13/24)® for strict analysis (Fig. 1A). Two
fragments, 6.0 kb and 3.5 kb, indicative of the presence
of the CYP2D6*5 allele, are amplified by long-PCR,
both with primers D1/D2 and with primers 13/24,
respectively. Recently, we encountered DNA samples
that showed different results using the two sets of
primers in the above-mentioned method for CYP2D6*5
screening. That is, a positive product was obtained by
long-PCR analysis with primers 13/24, but not with
primers D1/D2. We have identified four samples out of
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Sm2-1,-2 : homozygous CYPZD6™5
M1 : A- Hind II-digested marker

M6 : A- Sty I-digested marker

Methods for detecting CYP2D6"5 and identifying unknown fragments

A) Two methods of detecting CYP2D6*5 using long-PCR: Two sets of primers are usually used for CYP2D6*5 in our laboratory. Arrows show
specific primers (primers 13/24 and primers D1/D2). The CYP2D6*5 allele could be screened rapidly. A gray box indicates the 3.4-kb region which
is almost completely identical downstream of both CYP2D7 and CYP2D6. The 3.4-kb homologous region downstream of CYP2D7 is divided into
0.6-kb and 2.8-kb regions by an insertion of about 1.6 kb. B) Different results using two sets of primers: We identified a sample whose results from
the two sets of primers were not consistent. The 3.5-kb product was detected despite a negative finding for the 6.0-kb product. We have observed
this in four out of 771 samples so far. C) Southern blot analysis of genomic DNA with EcoRI using the CYP2D6cDNA probe: The 13.0-kb
fragment, indicating deletion of the CYP2D6 gene, was not detected from the three samples positive for the 3.5-kb PCR product. However, an
unknown 11-kb fragment was detected. From the three samples, two novel alleles were detected by EcoRI-RFLP analysis. Snl showed unknown
11.0-kb band in addition to 15.1-kb, 9.4-kb, and 8.8-kb bands. The other two samples, Sn2 and Sn3, showed a 13.7-kb band suggestive of
CYP2D6*36(*10C) or CYP2D7BP located between CYP2D7 and CYP2DS6.

over 700 samples. To achieve accurate genotyping, we
attempted to resolve the discrepancy by using a step by
step genetic analysis.

Methods

Samples: All subjects in the study were healthy
males who had enrolled for some clinical trials. The
protocol for studies of metabolizing enzymes was
approved by the local ethics committee, and the study
was performed according to public ethics guidelines
for human genome/gene analysis research in Japan.
Written informed consent for genetic analysis was

obtained from each subject. Genomic DNA was isolated
from the peripheral lymphocytes of subjects using the
QIAGEN Blood kit (QIAGEN, Tokyo, Japan).
Detection of CYP2D6*5: Two different sets of
primers, primers D1/D2% and primers 13/24% were
adopted for the detection of CYP2D6*5 (Table 1)
(Fig. 1A). The reaction mixture contained 1.1 mM Mg
(OAc),, 1*XL buffer II (Applied Biosystems, Tokyo,
Japan), 0.2 mM of each dNTP, 3 pmol of each primer,
75 ng of genomic DNA and 1 U of rTth DNA poly-
merase (Applied Biosystems, Tokyo, Japan), with a
total volume of 25 uL. The reaction profile was 35 cycles
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Table 1. Primers used in the current investigation

Primer name Sequence

For the detection of CYP2D6*5

2D6 DI 5'-GCCACTCTCGTGTCGTCAGCTTT-3’
2D6 D2 5'-GGCATGAGCTAAGGCACC-3'

2D6 13 5'-ACCGGGCACCTGTACTCCTCA-3'
2D6 24 5'-GCATGAGCTAAGGCACCCAGAC-3/
For new structure

2D6 15 5'.CGTCTAGTGGGGAGACAAAC-3’
2D6 24 5’-GCATGAGCTAAGGCACCCAGAC-3/

For sequencing
Forward primer
13f pCR2.1-TOPO vector primer

2D6 15-2 5'.CTCATCACCAACCTGTCATC-3’
2D6 15-3 5'-TCTAATGTACAATAAAGCAA-3
2D6 15-4 5'-TGTCAGTCAGCCCTGGATGT-3’
2D6 13 5'-ACCGGGCACCTGTACTCCTCA-3’
2D6 13-2 5'-AGGTGCTAAGCCCCTCACTG-3/
2D6 13-3 5'-CCCCTGACCAGTGACGAGTT-3"
2D6 13-4 5'-TCCTTGCTCTGCCATTACCC-3’
Reverse primer

13r pCR2.1-TOPO vector primer

2D6 24-2 5'-TTAGGTTTAGGTGTTGACAG-3'
2D6 24-3 5'-GCCCAGTCTGCCCTCTTATT-3/
2D6 24-4 5'-AAGTTGCTGCGTATCCATCT-3'
2D6 24-5 5'-GCTGCCTGTTTCTACTTTGC-3/
2D6 b-657 5'-GAGCCAAACAAGTGTCCT-3/
2D6 13RA 5¢-TGAGGAGTACAGGTGCCCGGT-3’
2D6 13RA-2  5'-AAATACACCAATCAGCACTC-3’
2D6 13RA-3  5'-AATCAGCAGGATGTGGGTGG-3/

of 30 sec at 94°C, 30sec at 66°C and 5 min at 68°C.
PCR products were separated by electrophoresis in
1.0% agarose.

Southern blot analysis; EcoR I-RFLP and Xba
I-RFLP analysis was carried out with CYP2D6¢cDNA as
a probe using the DIG system (Roche, Tokyo, Japan).?
In addition, BamH I was also used for Southern blot
analysis to obtain additional information on the
CYP2D6 gene structure.

Approach using long-PCR for a novel gene structure:
Primers 15 and 24 were used to amplify a region down-
stream of CYP2D6 containing a putative inserted
sequence (Table 1). The reaction mixture contained
1.1mM Mg (OAc),, 1*XL buffer II (Applied
Biosystems, Tokyo, Japan), 0.2 mM of each dNTP, 7.5
pmol of each primer, 75 ng of genomic DNA and 1 U of
rTth DNA polymerase (Applied Biosystems, Tokyo,
Japan), with a total volume of 25 uL.. The reaction
profile was 35 cycles of 30 sec at 94°C, 30 sec at 60°C
and 5 min at 68°C. PCR products were separated by
electrophoresis in 1% agarose.

Sequencing analysiss The PCR product obtained
using the primers 15/24, which contains the unknown
sequence, was purified with a QIAquick Gel Extraction
Kit (QIAGEN, Tokyo, Japan) and was cloned using a
TOPO TA Cloning Kit (Invitrogen, Tokyo, Japan).

Sequencing was performed for the plasmid using a
BigDye Terminator Cycle Sequencing FS Ready
Reaction Kit (Applied Biosystems, Tokyo, Japan), with
the primers listed in Table 1. An ABI PRISM310
Genetic Analyzer (Applied Biosystems, Tokyo, Japan)
was used for sequencing.

Results and Discussion

Southern blot analysis of genomic DNA. was per-
formed with Xba I or EcoR 1 using the CYP2D6cDNA
probe to confirm the CYP2D6 gene structure. The two
Xba 1 fragments we have detected most frequently are
29 kb and 44 kb. The Xba I 29-kb fragment contains the
two pseudogenes CYP2D8 and CYP2D7 in addition to
the CYP2D6 gene, DNA samples carrying the Xba 1
29-kb band show three bands of 15.1 kb, 9.4 kb, and 8.8
kb, indicating CYP2D7P/AP, CYP2D6, and CYP2DS8,
respectively, when digested by EcoR 1.” In the present
study, we encountered an unknown 11.0-kb band in
addition to the 15.1-kb, 9.4-kb, and 8.8-kb bands
obtained by EcoR I-RFLP analysis, although a 13-kb
band, suggestive of CYP2D6*5, was not detected.

Firstly, we analyzed three DNA samples from which
we had obtained positive products by long-PCR with
primers 13/14, but not with primers D1/D2. The three
samples were named ‘Snl’, ‘Sn2’ and ‘Sn3’, respectively
in this paper (Figs. 1B and C). From the three samples,
we found unknown 11.0-kb band in addition to 15.1-kb,
9.4-kb, and 8.8-kb bands by EcoR I-RFLP analysis,
without the 13-kb band suggestive of CYP2D6*5. In
addition, two samples, Sn2 and Sn3, showed a 13.7-kb
band suggestive of CYP2D6%36(*10C) or CYP2D7BP
located between CYP2D7 and CYP2D6. Consistent
with the EcoR I 13.7-kb band, the Xba 1 44-kb band
was detected in the samples.®”

Furthermore, BamH 1 was used for Southern blot
analysis to elucidate the cause of the 11.0-kb band. As a
result of BamH I-RFLP, one sample, Snl, showed
4.9-kb, 1.7-kb, 2.2-kb and 1.9-kb bands in addition to
6.6-kb and 4.1-kb bands. Panserat ef al. reported that
6.6-kb and 4.1-kb bands, suggestive of CYP2D7 and
CYP2D6, respectively, were usually detected by BamH
I-RFLP.'® When a nucleotide substitution exists at the
BamH 1 recognition site in the CYP2D7 or CYP2D6
gene, either 4.9-kb and 1.7-kb bands or 2.2-kb and
1.9-kb bands are detected instead of the 6.6-kb or
4.1-kb band, respectively. This result suggests that at
least two CYP2D7 genes and two CYP2D6 genes exist.
Sn1l appeared to have only the 29-kb band as detected by
Xba 1-RFLP probably due to the limited sensitivity
although a 30.6-kb band was expected to be detected
for the novel allele. BamH I-RFLP and Xba I-RFLP
analysis suggested that the gene structure of the sample
had two CYP2D7-CYP2D6 alleles. In other words, the
sample did not have the CYP2D6*5 allele, although a
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Fig. 2. Analysis for a novel gene structure

Sni, Sn2: Novel type

Swi: normal type

Smti : heterozygous CYP2D6™5
Sm2 : homozygous CYP2D6"5
M : A - Sty I-digested marker

A) Hypothesis of a novel gene structure: From the novel type of allele, an 11-kb fragment was detected by EcoRI analysis and a positive product
was amplified by long-PCR with primers 13/24 but not primers D1/D2. B) Detection of the insertion in the novel allele: Primer 15 is a specific
primer located in intron 8 of CYP2D6. If an inserted sequence exists, a 5.8-kb PCR product will appear. C) Confirmation of the PCR product
related to the novel allele by electrophoresis: Both the 4.2-kb and 5.8-kb products were amplified from the samples. Neither products were
amplified from the homozygote for CYP2D6*5. In addition, only a 4.2-kb product was amplified from the heterozygote for CYP2D6*5. The
5.8-kb product was directly sequenced by use of the primers listed in Table 1.

positive product was detected by the long-PCR with
primers 13/24.

Based on these results, we hypothesized that an
approximately 1.6-kb fragment was inserted into a
region downstream of the CYP2D6 gene and it created a
novel EcoR I 11-kb fragment (Fig 2A). To confirm this
hypothesis, we designed a new specific primer set
(primer 15/24) with which the PCR product containing
the inserted sequence would be amplified by long-PCR
(Fig. 2B). As expected, two bands, 4.2 kb and 5.8 kb,
were amplified using primers 15 and 24, and the results
were confirmed by sequencing analysis (Fig. 2B and 2C)
(Table 1). Finally, we identified the chimeric sequence
comnsisting of exon 9 of CYP2D6, the region down-
stream from CYP2D7 and the region downstream from

CYP2D6 in that order. We confirmed the sequence
where primer 13 could anneal in the region downstream
from CYP2D7 in the chimeric sequence. This was why
the positive product was obtained by long-PCR with
primers 13/24. On the other hand, primers D1/D2
worked properly in the detection of CYP2D6*5 because
primer D1 was designed based on exon 9 of CYP2D?7.
We also confirmed that false-positive PCR products
were detected by long-PCR with primers reported by
Hersberger et al.” because the primer was designed
based on the same region as primer 13.

The breakpoint related to CYP2D6*5 was seen in the
5.8-kb fragment from the chimeric allele. The 3.5-kb
PCR product from this chimeric allele was similar to
that from CYP2D6*5. Therefore, we estimated that a
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novel breakpoint is present upstream from the sequence
where primer 13 anneals. It was also suspected that this
chimeric allele was made from a gene conversion
between the CYP2D6*5 allele and wild-type allele at a
region immediately downstream from the CYP2D6 stop
codon. We, however, could not specify the novel
breakpoint because of the high homology between
CYP2D6 and CYP2D7.

A total of 771 samples have been assessed by long-
PCR with the two sets of primers, 13/24 and D1/D2, so
far. One sample was detected in addition to the three
samples demonstrated above. Therefore, the frequency
of the novel allele was estimated to be approximately
0.3% in the Japanese population. After we had demon-
strated the estimated structure of this novel allele,'?
Ishiguro et al. independently reported the presence of
the EcoR I-11kb fragment in one Japanese subject.'?
Their observation (n= 1) is probably consistent with our
findings. The frequencies in other ethnic groups should
be examined as well.

With respect to the activity of CYP2D6, the effect of
the novel allele could not be evaluated clearly because
all four subjects were heterozygous for the allele and no
phenotyping test could be conducted. Furthermore, all
of them were determined as CYP2D6*10/*10 by the
general genotyping procedure reported previously.? It,
however, seems to us that this is not the null-allele of
CYP2D6, such as CYP2D6*5, because the coding
region of CYP2D6 exists although this remains to be
proven. Thus, it is necessary to characterize the allele
with further phenotyping.

Overall, long-PCR analysis is a useful and convenient
method to detect CYP2D6*5. In fact, this strategy for
the detection of CYP2D6*5 has been widely used as a
standard since Steen ef al. first reported the method.? At
the moment, the primers provided by Johansson ef al.?
can be used to avoid a miscall for CYP2D6™5 due to its
novel structure, although the set of primers is less
sensitive than the set provided by Steen et al., and the
product related to CYP2D6*36 could be simultaneously
detected by the set of primers as a different product
from CYP2D6*5.'® As a new typing strategy, a
TagMan-based assay was used to detect CYP2D6*5'
although the system has not yet been used in a Japanese
population.

In conclusion, we strongly recommend that at least
two sets of primers, designed at different positions,
be used for the detection of CYP2D6%*5. However,
another typing strategy for CYP2D6*5, superior to the
long-PCR method, will be needed to make accurate
decisions.
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CYP2A6 is the main enzyme that catalyzes nicotine into cotinine.
Interindividual differences in nicotine metabolism result at least partially
from polymorphic variation of CYP2A6 gene. In this study, we evaluated the
influence of CYP2A6 polymorphisms on clinical phenotypes of smoking, such
as smoking habit and withdrawal symptoms. Japanese smokers (n=107)
were genotyped for CYP2A6*1, *4 and *9. Consistent with the previous
reports, CYP2A6 genotypes have a tendency to correlate with the number of
cigarettes per day and with daily intake of nicotine. Interestingly, CYP2A6
high-activity group (CYP2A6*1/*1, *1/*9, *1/%4, *9/*9) smoked the first
cigarette of the day earlier than low-activity group (CYP2A6*4/*9, *4/*4),
indicating more remarkable nicotine dependence. Furthermore, nicotine
withdrawal symptoms were more serious in smoking cessation in CYP2A6
high-activity group. Collectively, CYP2A6 genotypes are related with nicotine
dependence, influencing smoking habits and withdrawal symptoms in
quitting smoking. It is proposed that individualized smoking cessation
program could be designed based on CYP2A6 genotypes.

The Pharmacogenomics Journal (2006) 6, 115-119. doi:10.1038/sj.tpj.6500348;
published online 10 January 2006
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Introduction

Smoking is one of the most important risk factors for serious diseases, including
cancers, chronic obstructive pulmonary diseases and cardiovascular diseases. It is
strongly recommended that smokers should cease smoking for good health.
However, there is an interindividual diversity in the difficulties in quitting
smoking, mainly due to nicotine dependence. Therefore, to carry out smoking
cessation program effectively, individual status of smoking should be estimated
and, more importantly, predicted, based on nicotine dependence.

Nicotine is metabolized to cotinine, an inactive metabolite, principally by
CYP2A6." Several CYP2A6 gene polymorphisms have been identified so far, and
three alleles, *1, *4 and *9, are shown to be the major polymorphisms in
Japanese. CYP2A6*1 is a wild-type allele with normal enzyme activity. CYP2A6*4
is a whole deletion type of the CYP2A6 gene.>3 CYP2A6*9 has a single-nucleotide
polymorphism in TATA box, T-48G substitution, which impairs the transcrip-
tional activities® and, consequently, its enzymatic activity.>® It has been clearly
demonstrated that the pharmacokinetics of nicotine is influenced by CYP2A6
polymorphisms.
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In the present study, as pharmacokinetic changes in
plasma nicotine concentration are considered to be related
with craving for nicotine,” we hypothesized that CYP246
polymorphisms might affect smoking status. And we
evaluated the relation between CYP2A6 genotypes and
smoking habits, including nicotine withdrawal symptoms,
from the point of view of nicotine dependence. The data
presented here provide insights into individualized smoking
cessation program based on CYP2A6 genotypes.

Resulis

First, we confirmed the relationship between the CYP246
genotypes and the number of cigarettes in the subjects
analyzed in the present study (Figure 1a). In vivo enzymatic
activity of nicotine metabolism decreases in order,
CYP2A6*1/%1, *1/%9, *1/%4, *9/*9, *4/%9 and *4/*4.> CYP2A6
genotype, which determines the enzyme activity in vivo, had
a tendency to be associated with the number of cigarettes
smoked per day, as reported previously.5'° Next, the
amounts of dajly nicotine intake were also examined. As
shown in Figure 1b, CYP2A6 genotype is likely to be linked
with daily nicotine intake, proposing the possible associa-
tion between CYP2A6 genotypes and nicotine dependence.

Association between CYP2A46 genotypes and smoking
habits, such as the number of the cigarettes per day and
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Figure 1 Relationship between the CYP246 genotypes and the number

of cigarettes smoked per day (a) or the amount of daily nicotine intake
(b). CYP2A6 genotypes had a tendency to be associated with the
number of cigarettes smoked per day (n=107, P=0.09) and the
amount of daily nicotine intake (n=70, P=0.06).
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the daily nicotine uptake, was statistically analyzed.
The subjects were divided into the high- and low-activity
group, based on their CYP246 genotypes, according to the
previous study.® The subjects with the *1/#1, *149, *1/4 and
*9/*9 genotypes, whose metabolic activities of nicotine
are more than 70% of those of the subjects with *1/%1, were
defined as high-activity group, whereas the subjects with the
*4/%9 and *4/*4 genotypes with less than 50% of metabolic
activities of the subjects with *1/*1 as low-activity group.
It was found that the associations of CYP2A6 genotypes
with the number of cigarettes or with the nicotine
uptake approached statistical significance (P=0.09 or 0.06,
respectively).

To evaluate nicotine dependence more directly, we
analyzed the relation between CYP2A6 genotypes and the
time to the first cigarette as described in Materials and
methods. As shown in Figure 2, proportion of subjects who
smoked the first cigarette within Smin of waking up was
significantly higher in CYP2A6 high-activity group than in
low-activity group (36.8%, n=95 and 8.3%, n=12, respec-
tively, P<0.05), suggesting that the subjects with high
CYP2A6 activity show the severer nicotine dependence than
those with low activity.

Fagerstrom Test for Nicotine Dependence (FTND) is
commonly performed to estimate nicotine dependence.
Thus, the relationship between CYP2A6 genotypes and
nicotine dependence was evaluated according to FTND.
Consistent with the results shown in Figure 2, there was
significant association between the total score of FIND and
CYP2A6 activity (3.95+1.45 in high-activity group,
3.17+0.94 in low-activity group, P<0.05) (Figure 3).

Finally, nicotine dependence was diagnosed according
to the severity of withdrawal symptoms observed during
smoking cessation. In the population of smokers who tried
to quit smoking, withdrawal syndrome was categorized into
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Figure 2 CYP2A6 genotypes were related to time to the first cigarette
of the day. The proportion of subjects who smoked the first cigarette
within 5min of waking up was calculated, as an index for nicotine
dependence. The proportion of subjects was significantly higher in
CYP2A6 high-activity group than in low-activity group. CYP2A6 high-
activity group consists of subjects carrying CYP2AG6*1/%1, *1/%9, *1/4
and *9/*9. Low-activity group consists of subjects carrying CYP2A6*4/*9
and *4/*4,



p<0.05

Total score
N
b

High activity Low activity
{n=95) (n=12)

Figure 3 CYP2A6 genotypes are associated with nicotine dependence,
analyzed by Fagerstrom Test for Nicotine Dependence. A total score for
nicotine dependence was calculated by total scores on self-reported
number of cigarettes smoked per day and time to the first cigarette of
the day. The score was significantly high in CYP2A6 high-activity group,
compared to low-activity group. Data are shown as mean+s.d.

three groups: severe, moderate and weak. The proportion of
subjects with severe withdrawal symptoms was higher in
CYP2A6 high-activity group than in low-activity group
(Figure 4a). The proportion of subjects was 50.0, 44.4 and
5.6% for severe, moderate and weak withdrawal symptoms,
respectively, in high-activity group (n=72), and 22.2, 44.4
and 33.3%, respectively, in low-activity group (n=9) (x* test;
P<0.05). Furthermore, as nicotine replacement therapy
affects the withdrawal symptoms, the degree of withdrawal
symptoms was compared in the subpopulation that tried to
quit smoking by receiving nicotine replacement therapy.
The proportion of subjects was 60.4, 37.5 and 2.1% for
severe, moderate and weak symptom, respectively, in high-
activity group (n=48), and 33.3, 16.7 and 50.0%, respec-
tively, in low-activity group (n=6) (x* test; P<0.01; Figure
4b). To clarify the association between the CYP2A6 activities
and nicotine dependence, the odds ratios (ORs) with 95%
confidence intervals (CIs) were estimated relatively to the
subjects with the weak withdrawal symptoms. In the total
subjects, the ORs (95% CIs) were 6.0 (0.97-37.12, P=0.128)
for the moderate and 13.5 (1.71-106.56, P=0.025) for the
severe, respectively. In the subpopulation, they are 54.0
(2.61-1116.96, P==0.0089) for the moderate and 43.5 (2.99-
633.62, P=0.00341) for the severe, respectively. Collec-
tively, the relation between severities of withdrawal symp-
toms and CYP2A6 genotypes is more clearly demonstrated
in this subpopulation.

Discussion

In the present study, we have demonstrated that CYP246
mutant allele with impaired or null enzyme activity was a
negative risk factor for habit of smoking, especially nicotine
dependence.
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Figure 4 Impacts of CYP2A6 genotypes on withdrawal symptoms in
the subpopulation that tried to quit smoking. Degree of withdrawal
symptoms was evaluated using a questionnaire. (a) in CYP2A6 high-
activity group, the withdrawal symptoms were significantly more serious
than the low-activity group. (b) Degree of withdrawal symptoms and
CYP2A6 genotypes in the population that tried to quit smoking by
receiving nicotine replacement therapy. Among the population that
tried to quit smoking by receiving nicotine replacement therapy, severe
withdrawal symptoms were more remarkable in CYP2A6 high-activity
group than in low activity group.

First, the number of cigarettes per day was likely to be
associated with the activity of CYP2A6. Relation between
the number of cigarettes and CYP2A6 genotype has been
analyzed in several studies, with inconsistent results. Some
studies have also shown that subjects who possessed
CYP2A6 mutant allele smoked fewer cigarettes,®° as is the
case with the present study, whereas others reported that
CYP2A6 genotypes are not associated with cigarettes con-
sumption in Japanese,}'** Chinese'® and Caucasians.’ As
smoking behavior is also influenced by environmental
factors, these conflicting results might be due to interindi-
vidual differences in the environmental factors including
lifestyles. In this study, a majority of the subjects were
working as ‘white collar workers’, so difference in environ-
mental influence was expected to be minimized.

To our knowledge, this is the first report that evaluated
the relationship between the time to the first cigarette of the
day and CYP2A6 genotypes. And it is revealed that the
subjects with high-activity alleles of CYP2A6 smoke the first
cigarette earlier than those with low activity. Importantly, as
the time to the first cigarette of the day is considered to be
influenced by nicotine dependence, it is possible that
CYP2A6 activity is related with nicotine dependence. To
address this possibility, nicotine dependence was quantified
by calculating the score on the number of cigarettes per day
and the time to the first cigarette of the day, according to
FTND score. These two items are most important factors of
FIND score,*® and are generally used in smoking cessation
program. As a result, nicotine dependence was more
remarkable in the subjects with CYPZA6 high activity than
in those with low activity.

Finally, we investigated the relationship between nicotine
withdrawal symptoms and CYP2A6 genotypes. It was
revealed that the subjects in CYP2A6 high-activity group

The Pharmacogenomics Journal
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exhibited manifest withdrawal symptoms, which are clinical
phenotypes derived from nicotine dependence in smoking
cessation. Moreover, the correlation between CYP2A46
genotypes and withdrawal symptoms is more remarkable
in subjects who received nicotine replacement therapy.
Recent studies have provided molecular and cellular aspects
of nicotine abuse. From the neuroscientific point of view,
withdrawal symptom is considered to be the process of the
nicotinic acetylcholine receptor from desensitization/inac-
tivation states to functional states.!’ Importantly, low
concentrations of nicotine cause desensitization of its
receptors. Therefore, the smokers with high CYP2A6 activity
might maintain a low level of nicotine that may inactivate a
larger number of nicotinic receptors, compared with those
with low activity. As a result, after many hours of
abstinence, an excessive number of desensitized/inactivated
nicotine receptors may begin to recover to functional states
in the smokers with high CYP2A6 activity, resulting in the
severe withdrawal symptoms.

In the process of smoking cessation, a number of smokers
receive nicotine replacement therapy. High dose of nicotine
is administered, for example, with nicotine patch, at the
starting point and the subjects gradually weaned themselves
from nicotine by reducing the dosage according to the
generalized cessation protocol. Considering that the sub-
jects with high CYP2A6 activity are prone to nicotine
dependence, it might be beneficial to individualize the
protocol for nicotine replacement therapy. Theoretically, by
reducing the dosage of nicotine more deliberately in the
subjects with high activity than in those with low activity,
the success rate in quitting smoking would be improved. At
the same time, we have also noticed the limitation of the
individualized program for smoking cessation based on
CYP2A6 genotypes alone. It is likely that other gene
polymorphisms, in addition to CYP2A6, might be involved
in nicotine dependence, because interindividual differences
were not completely canceled by classifying the subjects

based on CYP2A6 genotypes. Further investigation may be -

required to understand the genetic background of the
susceptibility to nicotine dependence.

In conclusion, we found that CYP2A6 genotypes affect
smoking habit, nicotine dependence, and withdrawal
symptoms during smoking cessation. It could be proposed
that CYP2A6 genotyping may be a novel pharmacogenomic
strategy for smoking cessation program as an individualized
health care.

Materials and methods

Subjects

This study is designed as a multicenter trial. The study
subjects consisted of 107 Japanese smokers who attended to
a clinic for their health care. The patients with life-
threatening diseases, including cancer, heart failure and
symptomatic chronic obstructive pulmonary diseases, were
excluded. All subjects gave their informed consent to
participate in this study.
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Table 1 Scoring for the degree of nicotine dependence,
analyzed by the Fagerstrom Test for Nicotine Dependence
(FIND)

Score 0 1 2 3
Number of cigarettes/day ~10 11-20 21-30 31~
First cigarette of the day (min) 61~  31-60 6-30 ~5

~ =from XX to XY,

This study was approved by the institutional review
committee of Osaka University. ’

Estimation of smoking status

All subjects were interviewed about their smoking habits
such as the number of cigarettes per day, the nicotine
content of the cigarettes, which they usually smoke, and
time to the first cigarette of the day, which is generally
accepted as a clinical index for nicotine dependence. Daily
nicotine intake was calculated by multiplying the number of
cigareties per day by nicotine content of cigarette.

The total score for nicotine dependence was calculated by
summing scores on two items that were extracted from
FTND: ‘the number of cigarettes smoked per day’ and ‘time
to the first cigarette of the day’ (Table 1).

In the subpopulation that tried to quit smoking (n==81),
the degree of withdrawal symptoms was evaluated using a
questionnaire. The degree of withdrawal symptoms was
categorized into three groups: severe, moderate and weak.

Genotyping

Genomic DNA was extracted from blood using the QlAamp
Blood Kit according to the manufacturer’s protocol (Qia-
gen). The genotyping of CYP2A6*4 was carried out by the
PCR-RFLP method, according to the previous report.'® The
primers used for the PCR were as follows: forward — CAC
CGA AGT GTT CCC TAT GCT G; reverse — TGT AAA ATG
GGC ATG AAC GCC C. Genomic DNA samples (45 ng) were
added to the 25-ul PCR mixtures that consisted of 0.2 um
each primer, PCR Gold Buffer, 2.5 mM MgCly, 0.4 mM dNTPs
and 1.25U of AmpliTag Gold DNA polymerase (Applied
Biosystems). PCR was performed with an initial step at 94°C
for Smin, followed by 40 cycles at 95°C for 5 min, at 56°C
for 1min and at 72°C for 2min, with a final extension at
72°C for 7min. The PCR product was digested with Eco81L
The digestion patterns were analyzed by electrophoresis
with 2% agarose gel. Mutation allele was identified from the
fragment with 728 bp, whereas the wild-type allele was from
that with 789 bp.

CYP2A6*9 alleles were genotyped by the allele-specific
PCR method reported previously,® with minor modification.
The primers used for the PCR were as follows: forward - GAT
TCC TCT CCC CTG GAA C, reverse-wild type: GGC TGG
GGT GGT TTG CCT TTA; reverse-mutant type — GGC TGG
GGT GGT TTG CCT TTC. The PCR reaction was performed
in 25u! PCR reaction mixtures containing 45ng genomic
DNA, 0.4uM each primer, PCR Gold Buffer, 2mM MgCl,,
0.2mmM each dNTP and 1.25U AmpliTag Gold DNA



