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Fig.2 Effects of parthenolide on antigen-induced degranulation. A IgE-
sensitized RBL-2H3 cells were incubated for 20 min in PIPES buffer contain-
ing DNP-HSA (50 ng/mL) and the indicated concentration of parthenolide.
B IgE-sensitized RBL-2H3 cells were preincubated for 60 min in medium
containing the indicated concentration of parthenolide. The cells were fur-
ther incubated for 20 min in PIPES buffer containing DNP-HSA (50 ng/mlL)
and the corresponding concentration of parthenolide. Values are the
means for four samples with the SEM shown by vertical bars. Statistical
significance: ## p<0.001 vs. the unstimulated control, ** p<0.01,
***p<0.001 vs. the stimulated control.

pressed the antigen-induced increase in [Ca?*]i levels in a con-
centration-dependent manner (© Fig.5C to F). These findings
suggested that parthenolide suppressed the antigen-induced in-
crease in [Ca®*]i levels, thereby inhibiting antigen-induced de-
granulation. Wortmannin (100 nM) also suppressed the increase
in [Ca?*]i levels almost completely (data not shown). To further
confirm that parthenolide inhibits an increase in [Ca?*]i levels,
changes in [Ca?*]i levels over time in randomly selected adherent
cells on the surface of glass-bottomed dishes were examined
with a confocal laser scanning microscope. The antigen stimula-
tion increased the level of [CaZ*]i in each adherent cell (© Fig. 6A),
but treatment with parthenolide (30 pM) almost completely sup-
pressed the antigen-induced increase in [Ca?*]i levels (© Fig. 6B).
Treatment with wortmannin (100nM) had the same effect
(OFig.6C). The calcium ionophore ionomycin (1uM) also in-
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Fig.3 Effects of parthenolide on the antigen-induced phosphorylation of
Akt. IgE-sensitized RBL-2H3 cells were preincubated for 60 min with (+) or
without (-) parthenolide (30 uM) or wortmannin (100 nM). The cells were
further incubated for 15 min in PIPES buffer containing DNP-HSA (50 ng/
mL) and the corresponding concentration of parthenolide or wortmannin.
The levels of phospho-Akt and Akt were determined by Western blotting.
Similar results were obtained in three separate sets of experiments.
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Fig.4 Effects of parthenolide on ionomycin- and A23187-induced de-
granulation. RBL-2H3 cells were preincubated for 60 min in medium con-
taining the indicated concentration of parthenolide or wortmannin. The
cells were further incubated for 15 min in PIPES buffer containing iono-
mycin (1 uM) (A), or A23187 (1 uM) (B), and the corresponding concentra-
tion of parthenolide or wortmannin. Values are the means for four samples
with the SEM shown by vertical bars. Statistical significance: # p<0.01,
###<0.001 vs. the unstimulated control, * p<0.05, ** p<0.01,

*** p<0.001 vs. the stimulated control.
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Fig.5 Effects of parthenolide on the antigen-induced increase in [Ca?*]i
levels in suspended cells. The IgE-sensitized cells were preincubated for

60 minin medium containing various concentrations of parthenolide (CtoF),
scraped off the wells, and suspended in medium. The cells were then loaded
with Fura-2 AM and stimulated with DNP-HSA (50 ng/mL), and [Ca®*]i levels
were determined with a fluorescence spectrometerin the presence of par-
thenolide. An arrow indicates when the antigen (Ag) was added.

creased [Ca?*]i levels. Treatment with parthenolide (30 pM) or
wortmannin (100 nM) suppressed the ionomycin-induced in-
crease in [Ca%*]i levels (© Fig.7A), but the early phase increase
was partially retained (© Fig. 7B and C). It was also observed in
the case of A23187 (1 uM) (Fig. 2S). Different from the result of
the antigen stimulation, the ionomycin-induced degranulation
was not completely inhibited by parthenolide (30puM)
(©Fig. 4A). This might be due to the finding that parthenolide
(30pM) did not completely inhibit the early phase increase in
[Ca?*]i levels (© Fig. 7B and C).

Parthenolide has been shown to inhibit NF-kB [10]. In addition, it
inhibited p38 mitogen-activated protein kinase (MAPK) in hu-
man monocyte-derived dendritic cells [11], and p42/44 MAPK in
rat primary microglial cells [12]. It was reported that inositol
1,4,5-trisphosphate produced by the PI3K pathway triggers an in-
crease in [Ca?*]i [13]. Our finding that parthenolide did not sup-
press the PI3K pathway (© Fig. 3) but inhibited the antigen-in-
duced increase in the level of [Ca?*]i (G Fig.5 and 6) suggested
that it acts on a pathway other than that of PI3K.

Recently, Miyata et al. [14] reported that parthenolide inhibited
the mast cell degranulation induced by an antigen but had little
effect on that triggered by a calcium ionophore. The discrepancy
might be due to the different conditions used for the preincuba-
tion with parthenolide. They also reported that parthenolide in-
hibited mast cell degranulation by preventing microtubule for-
mation [14]. We indicated that parthenolide suppressed both
antigen-induced and calcium ionophore-induced degranulation
by inhibiting an increase in the level of [Ca?*]i. As it was reported
that an increase in cytosolic calcium maintains the plasma mem-
brane’s integrity through the formation of a microtubule ring
[15], it is possible that the reduction by parthenolide of [Ca%*]i
levels contributed to the decrease in microtubule formation. Fur-
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ther study is necessary to clarify the mechanism by which par-
thenolide inhibits an increase in the level of [Ca?*]i without inter-
fering with the PI3K pathway.

Parthenolide prevents degranulation of mast cells by inhibiting
an increase in the level of [Ca?*]i. This inhibitory effect should al-
so be examined in human mast cells because there is a species-
dependent difference between these and rodent mast cells [16].

Materials and Methods

v

The culturing of rat basophilic leukemia RBL-2H3 cells (Health
Science Research Resources Bank) and sensitization with dinitro-
phenol-specific IgE were performed according to methods de-
scribed previously [17]. The sensitized cells were incubated for a
specified period in medium containing the antigen DNP-HSA
(50 ng/mL) in the presence or absence of parthenolide (purity:
> 97%; Wako). The cells were also activated by ionomycin (1 pM;
purity: > 98%; Calbiochem) or A23187 (1 uM; purity: > 98%; Cal-
biochem). The drugs were dissolved in dimethylsulfoxide
(DMSO) and added to the buffer. The final concentration of DMSO
was adjusted to 0.1% (v/v) in all groups. As a positive control, the
PI3K inhibitor wortmannin (purity: > 98%; Sigma) was used.
Cytotoxicity was determined by using 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT; Sigma) [17]. As an
index of degranulation, the level of hexosaminidase activity in
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the buffer 20 min after the stimulation and in the cells were de-
termined as described [17]. Phosphorylation of Akt was deter-
mined after separation by sodium dodecylsufate-polyacrylamide
gel (8%) electrophoresis (125 V, 2 h), by Western blotting using a
polyclonal antibody for phospho-Akt (Ser473; Cell Signaling
Technology). After heating for 30 min at 60 °C in stripping buffer
(60 mM Tris-HCl, pH 6.7, 70 mM sodium dodecylsufate, and 0.7%
[v/v] 2-mercaptoethanol), Akt was reblotted with Akt antibody
(Cell Signaling Technology) [17].

[Ca?*]i levels were determined with a fluorescence spectrometer
(F-2000, Hitachi) in cells scraped off the wells, loaded with Fura-2
AM (Wako), and stimulated with DNP-HSA (50 ng/mL). To exam-
ine changes in [Ca?*]i levels in each cell, adherent cells on the sur-
face of the glass-based dishes (Iwaki) were loaded with Fura-2
AM, and stimulated with the antigen. The changes in [Ca?*]i levels
in randomly selected cells were determined with a confocal laser
scanning microscope (Fluoview FV 100, FV10-ASW, Olympus).
Percent of hexosaminidase released is expressed as the means +
SEM for four wells in one set of experiments. The statistical anal-
ysis of the results obtained was made with Dunnett’s test. The re-
sults were confirmed with at least three independent sets of ex-
periments.

Letters

Supporting information

The effects of parthenolide on cytotoxicity (Fig.1S) and on
A23187-induced increase in [Ca?*]i levels in adherent cells
(Fig. 2S) are available as Supporting Information.
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Summary: Cytochrome P450 2A13 (CYP2A13) is a human CYP enzyme that is selectively expressed in
the respiratory tract. It plays an active role in the metabolic activation of a tobacco-specific procarcinogen.
In this study, the entire coding sequence and the exon-intron junctions of the CYP2A 13 gene obtained from
395 Japanese individuals were screened for genetic polymorphisms. Eight genetic polymorphisms were
found, of which seven gave rise to known variant alleles: CYP2A13*2, CYP2A13*3, CYP2A13*4,
CYP2A13*6, and CYP2A13*7. We identified a novel single nucleotide polymorphism (SNP), 5792T>C, in
exon 7 that caused an amino acid substitution (Ile331Thr). One of the 395 individuals included in the study
was heterozygous for the variant allele, and therefore, the frequency of the allele in the study population was

0.13%.

Keywords: CYP2A13; genetic polymorphism; SNP; Japanese

Introduction

Cytochrome P450s (CYPs) play an important role in the
metabolism of a variety of compounds, including therapeutic
agents, environmental toxicants, and chemical carcinogens.
CYP2A13 is selectively expressed in the human respiratory
tract; the highest level of expression is observed in the nasal
mucosa, followed by the tracheal mucosa, and finally the
lungs.'"® CYP2A13 plays an active role in the metabolism of
many xenobiotic compounds such as 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK), which is a major tobacco-
specific procarcinogen, and N-nitrosomethylphenylamine and
is also involved in the detoxification of carcinogens including
N,N-dimethylaniline.” Therefore, CYP2A13 may play an

important role in xenobiotic toxicity and tobacco-related
carcinogenesis in the respiratory tract and lungs.

The CYP2A13 gene is located in a CYP gene cluster on
chromosome 19.° To date, nine alleles of CYP2413 have been
identified (CYP2413*1-9).7” Genetic variations affecting
CYP2A13 enzyme function may lead to interindividual
variability in susceptibility to diseases, including lung cancer.
In the present study, we screened nine exons and exon-intron
junctions of the CYP2413 gene from 395 Japanese individuals
for genetic polymorphisms by using denaturing high-
performance liquid chromatography (DHPLC). We identified
one mnovel single nucleotide polymorphism (SNP) of the
CYP2A13 gene among the Japanese individuals included in
the study; this novel polymorphism was nonsynonymous.
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Table 1. Amplification and DHPLC conditions for CYP2A 13 SNP analysis of genomic DNA

Exon (Sg;e) Forward primer (5'-3") Reverse primer (5'-3') t:::;&](?g) CI;SI}; mlr)nl;m‘i% )
1-§! 4,817 GCTACACACTCCACCTCCCAGAAACTCCAC AGGTGTGTCTGCTAACCAGGACATGAACGG 68 25 o
12 257 AACCACCCCAGCCATCACCA CCCACCCCGTGCCACCC 60 25 60.8, 62.8
22 244 GGGGGCTGCTCCCTCTAACCA ATCCACCTGGCCACCTTCCC 60 25 61.2, 64.2
32 236 CGCCCCCTGACCTCTCTCCA AGAAAGCGCGGGTTCCCG 60 25 64.0
42 241 TGACTCTCTCCCCAACCCCCTTC GTTGTGGTAGGGGCGTCACTGG 60 25 61.6, 62.6
52 260 TGACAGCTGTCCTTCCCTTCCCA CCTGGCTTTGCACCTGCCTG 60 25 59.7, 61.7
6-9' 3,528 CCCTAGCTCAAACCCTGGTCTCTCTGAGCC TTCCTCTCATCACAGCTCCTGAAGGACATC 65 25 —
& 230 AAGAGCATGGAGAGTGAGCTTGGTCT GAGGGTCTGGGGCCCTTCACTT 60 25 60.3, 62.3
7 286 CATCCCTGCTCTAAGACCCCTAGACAC GAAGTCCCCGTAGTCTGAGTGGTGG 60 25 58.5, 60.5
82 224 CCCCCAACCTGCCTCATTACACA TGTGAGCCGTGGCCTGGC 60 25 59.4, 60.4
9? 271 GAGAGTGGGCTTCACCTTCACCC GTTTCCCTGGCCCCGCC 60 25 59.8, 61.8, 63.8

'First-round PCR. *Second-round PCR.

Materials and Methods

Human DNA samples: In the present study, DNA
samples were obtained at the autopsies of 395 diseased
patients in the Department of Pathology, Tokyo Metropol-
itan Geriatric Hospital, Tokyo, Japan, and were analyzed.
The research protocols were approved by the Ethics
Committees of the Tokyo Metropolitan Geriatric Hospital
and the Graduate School of Pharmaceutical Sciences,
Tohoku University.

Polymerase chain reaction (PCR) and DHPLC
conditions: The primer pairs used to amplify the nine
exons and the exon-intron junctions of the CYP2413 gene
are listed in Table 1. These primers were designed on the
basis of a genomic sequence reported in GenBank
(NG_000008.7). The first-round long PCR was performed
to specifically amplify exons 1-5 and 6-9 of the CYP2413
gene. Genomic DNA (10-50ng) was amplified using
LA-Taq DNA polymerase (TaKaRa, Otsu, Japan). The
PCR thermal profile consisted of an initial denaturation at
95°C for 1min; followed by 25 repetitive cycles of
denaturation at 95°C for 15s, annealing at 68°C or 65°C
for 20s, and extension at 72°C for 5min; and then a final
extension at 72°C for 7 min.

The first-round PCR products were diluted 1:500 in
water and used as DNA templates for the second round
of PCR for amplification of all the CYP2413 exons. The
amplicons for each exon were generated using AmpliTaq
Gold PCR Master Mix (Applied Biosystems, Foster City,
CA, USA). PCR for the second round comprised an initial
denaturation at 95°C for 10min; followed by 25 repetitive
cycles of denaturation at 95°C for 30's, annealing at 60°C for
30s, and extension at 72°C for 30s; and then a final
extension at 72°C for 7 min. Heteroduplexes were generated
by thermal cycling under the following conditions: 95°C
for 1min, followed by 45 temperature decrements of
1.5°C/min.

The PCR products were analyzed using the DHPLC
system WAVE (Transgenomic Inc., Omaha, NE, USA).
Amplified PCR samples (5 uL) were separated on a heated
C18 reverse-phase column by using 0.1 M triethylammoni-
um acetate (TEAA) in water and 0.1M TEAA in 25%
acetonitrile at a flow rate of 0.9 mL/min. We determined
the temperature for heteroduplex separation of a hetero-
zygous CYP2A13 fragment using the software that was
provided with the DHPLC system. The DHPLC running
conditions for each amplicon are summarized in Table 1.
The linear acetonitrile gradient was adjusted so that the
retention time of the DNA peak was-3—5 min. The resultant
chromatograms were compared with those of the wild-type
DNA. We sequenced both strands of samples in which
variants were detected using DHPLC.

To determine the linkage among the polymorphisms
identified in this study, we amplified long fragments of DNA
obtained from the individuals who were heterozygous for
both the SNPs by using PCR. The fragments were run on
gels, purified using columns, and then ligated to a pCR-XL~
TOPO vector (Invitrogen Co., CA, USA). The ligation
products was transfected into Escherichia coli, and single
colonies (each containing a plasmid with only one of the two
alleles) were collected and the plasmids were isolated, after
which the plasmid DNA was sequenced.

Results and Discussion

We found a novel SNP during this study and provide its
details below. SNP: 110224Hiratsuka013; GENE NAME:
CYP2A13; ACCESSION NUMBER: NG_000008; LENGTH:
25 bases; SEQUENCE: 5'-TCCATGAGGAGAT/CTGA-
CAGAGTGAT-3'.

DHPLC analysis showed that exons 1, 2, 3, 5, 7, and 9 in
the CYP2413 gene obtained from the 395 DNA samples
had distinct chromatographic profiles from those of the
wild-type DNA. We tested the spedificity of DHPLC for
detecting the variant allele in these exons by comparing the

Copyright © 2011 by the Japanese Society for the Study of Xenobiotics (JSSX)
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Table 2. Detected SNPs of the CYP2A13 gene in DNA samples
of 395 Japanese individuals

Nucleotide change  Location  Predicted amino acid change ~ Frequency (%)
TAG>A Exon 1 R25Q 5.57
578C>T Exon 2 R101X 0.38
579G>A Exon 2 R101Q 0.13

1634_1635insACC ~ Exon 3 133_134insT 1.7
1706C>G Exon 3 D158E 1.77
3375C>T Exon 5 R257C 5.57

5792T>C Exon 7 1331T 0.13
7465C>T Exon 9 R494C 0.25
5792T>C (lle331Thr)

Wild-type (T/T)

|

G AGGAGATTGACAGA

Variant (T/C)

G AGGAGATTGACAGA
Cc

Fig. 1. Nucleotide sequences of the CYP2A13 gene in exon 7
Although the sequences of only the sense strands are shown here,
both strands were sequenced. Arrows indicate the variant nucleo-
tide positions.

results of DHPLC with those of direct sequencing. Eight
SNPs (74G>A, 578C>T, 579G>A, 1634_1635insACC,
1706C>G, 3375C>T, 5792T>C, and 7465C>T), including
one novel SNP, were detected in the DNA samples of the
Japanese individuals included in the study (Table 2). The
novel SNP was 5792T>C in exon 7 (Fig. 1), and it resulted
in an amino acid change of Mle331Thr. Experimental
haplotype analysis by long PCR, cloning, and DNA
sequencing showed that three SNPs, 74G>A, 3375C>T,
and 5792T>C, exist in the same allele of the CYP2413 gene
(data not shown). One of the 395 individuals was
heterozygous for the novel SNP, and therefore, the
frequency of the allele in the study population was 0.13%.
The allele carrying the 74G>A, 3375C>T, and 5792T>C
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SNPs has been designated CYP2413*10. The allele frequen-

cies of CYP2413*1 (wild type), *2 (74G>A and 3375C>T),
*3 (1634_1635insACC and 1706C>Q), *4 (579G>A), *5
(7343T>A), *6 (7465C>T), *7 (578C>T), *8 (1706C>Q),
and *9 (5294G>T) were 0.916, 0.054, 0.018, 0.001, 0.000,
0.003, 0.004, 0.000, and 0.000, respectively. The sequence
of each sample was confirmed by conducting at least two
different PCR amplifications.

The novel SNP 5792T>C is located in exon 7 of the
CYP2413 gene and results in an amino acid substitution,
le331Thr. Smith et al. determined the crystalline structure
of CYP2A13,'? thus making it possible to predict precise
locations of amino acid substitution within the three-
dimensional structure. Ile331 is located at the start of the
J-helix of CYP2A13.'" Although this amino acid residue is
not located on substrate recognition sites, it is known to be
highly conserved in the CYP2 family in mammals. There-
fore, the Ile331Thr substitution is expected to alter the
catalytic properties of CYP2A13. Further studies are
required to elucidate the functional characteristics of the
novel variant allele of the CYP2413 gene.

In conclusion, we identified a novel nonsynonymous SNP
in the CYP2413 gene in Japanese individuals. This non-
synonymous SNP was 5792T>C in exon 7, and it resulted in
an amino acid substitution, lle331Thr. In addition, the allele
containing the 74G>A, 3375C>T, and 5792T>C SNPs has
been designated CYP2413*10.
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Summary: Genetic polymorphisms of enzymes involved in the metabolism of carcinogens are suggested
to modify an individual’s susceptibility to lung cancer. The purpose of this study was to investigate
the relationship between lung cancer cases in Japan and variant alleles of cytochrome P450 (CYP)
2A6 (CYP2A6*4), CYP2A13 (CYP2A13*1-*10), CYP4B1 (CYP4B1*1-*7), sulfotransferase 1Al
(SULT1A1*2), glutathione S-transferase M1 (GSTM1 null), and glutathione S-transferase T1 (GSTT1
null). We investigated the distribution of these polymorphisms in 192 lung cancer patients and in 203 age-
and sex-matched cancer-free controls. The polymorphisms were analyzed using various techniques
including allele-specific PCR, hybridization probe assay, multiplex PCR, denaturing high-performance
liquid chromatography (DHPLC), and direct sequencing. We also investigated allele and genotype
frequencies and their association with lung cancer risk, demographic factors, and smoking status. The
prevalence of the CYP2A6*4/*4 genotype in lung cancer cases was 3.6%, compared with 9.4% in the
controls (adjusted OR = 0.36, 95% Cl=0.15-0.88, P =0.025). In contrast, there was no association
between the known CYP2A13, CYP4B1, SULT1A1, GSTM1, and GSTT1 polymorphisms and lung
cancer. These data indicate that CYP2A6 deletions may be associated with lung cancer in the Japanese
population studied.

Keywords: lung cancer; CYP2A6; CYP2A13; CYP4B1; SULT1A1; GSTM1; GSTT1; genetic poly-

Copyright © 2011 by the Japanese Society for the Study of Xenobiotics (JSSX)

morphism

Introduction

Lung cancer is a major cause of cancer-related death
worldwide." In Japan, lung cancer is the most common cause
of death in the male population and the second most common
cause of death in the female population, after colon cancer.
Identifying the risk factors for lung cancer development is

essential to prevent this deadly disease. Environmental

exposure to tobacco smoke is the primary risk factor for lung
cancer.?? Tobacco smoke contains hundreds of known and
probable carcinogens that are either activated or detoxified by
xenobiotic metabolizing enzymes. In general, the metabolism
of xenobiotics consists of phases I and II. Phase I enzymes,
mainly cytochrome P450 (CYP), are typically involved in
metabolic pathways involving activation of carcinogens,
whereas phase II enzymes play a central role in detoxification.
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Human CYP2A6 and CYP2A13 are important phase I
enzymes involved in metabolizing nicotine and the metabolic
activation of tobacco-specific nitrosamines such as 4-(methyl-
nitrosamino)-1-(3-pyridyl)- 1-butanone (NNK).* CYP2A6
is mainly expressed in the human liver, whereas CYP2A13 is
selectively expressed in the human respiratory tract.>® To
date, a large number of CYP246 and CYP2413 genetic
polymorphisms and alleles have been identified (http://
www.cypalleles ki.se/). These alleles are derived from
single nucleotide polymorphisms (SNPs) in regulatory and
coding regions, deletions, insertions, and conversions.
CYP2A6 *4 is a major mutant allele associated with decreased
metabolic activity.” Several studies have elucidated the role
of the CYP246*4 allele in tobacco dependence and lung
cancer risk.*'® Similarly, the CYP2413 polymorphism
3375C>T has been correlated with a reduced risk of lung
adenocarcinoma in a Chinese population.m

CYP4B1 is primarily an extrahepatic form of P450.
CYP4B1 mRNA has been detected in the human lung and
bladder.'>® In animals, CYP4Bl1 is involved in the
metabolism of several xenobiotics such as 2-aminofluorene,
2-naphthylamine, and benzidine.'*'® To date, seven variant
alleles of CYP4BI1 have been identified in French Caucasian
and Japanese individuals. We previously reported that the
alleles CYP4BI *2 (AT881—882del, 993G>A, 1018C>T, and
1123C>T) and CYP4BI*3 (517C>T) are common in the
Japanese population.'® In particular, premature termination
of protein synthesis by the double nucleotide deletion
AT881-882del has been speculated to render the CYP4BI *2
allele non-functional. CYP4BI genotypes may have an effect
on the risk of bladder cancer;'” however, it is unclear
whether CYP4BI polymorphisms are associated with lung
cancer susceptibility.

Sulfotransferases (SULTs) appear to play an important
role in phase Il metabolism of xenobiotics, small endogenous
compounds, and procarcinogenic agents.lg"g) Some studies
have shown that genetic polymorphisms of SULTIAI are
associated with susceptibility to lung cancer. 2%

Glutathione S-transferases (GSTs) are phase II enzymes
that catalyze the conjugation of reactive intermediates to
soluble glutathione. Some GSTs are polymorphic, and
some genetic variants, such as GSTMI null and GSTTI
null, may be associated with increased susceptibility to lung
cancer.”*?® Homozygous deletions of the GSTMI and GSTTI
genes are common and result in complete loss of enzyme
activity.

We conducted a case-control study to examine the
association between the risk of lung cancer in Japanese
individuals and P450s CYP2A6 (CYP246*4), CYP2A13
(CYP2413*1-*10), CYP4B1 (CYP4BI *1-*7), sulfotransferase
1A1 (SULT1A1*2), glutathione S-transferase M1 (GSTMI
null), and glutathione S-transferase T1 (GSTTI null) poly-
morphisms. In addition, we investigated the effect of
smoking status and genetic combinations on the association

between lung cancer risk and genetic polymorphisms.

Materials and Methods

Subject selection: From February 1995 to July 2003,
1,536 autopsies were performed at the Department of
Pathology, Tokyo Metropolitan Geriatric Medical Center,
Tokyo, Japan. DNA samples from 395 of these autopsies
were analyzed in this case-control study; 192 lung cancer
cases and 203 cancer-free controls were sex- and age-
matched. The smoking status of the individuals was
retrospectively determined by reviewing medical records,
and subjects were classified as smokers (including current
smokers and ex-smokers) and non-smokers (individuals who
have never smoked in their lifetime). Research protocols
were approved by the Ethics Committees of Tokyo
Metropolitan Geriatric Hospital and the Graduate School
of Pharmaceutical Sciences, Tohoku University.

Genetic analysis: The presence of CYP246 *4 (whole
gene deletion) was determined by the two-step allele-specific
PCR assay described by Oscarson et al.® The first step
involved amplification of a region from exon 7 to approx-
imately 420bp downstream of exon 9 of CYP246 or the
CYP2A46/CYP2A7 hybrid from all individuals with or without
the deleted CYP246 gene. The reaction mixture contained
approximately 30ng genomic DNA, 0.5 pM of each primer
(2AE7F, 5-GGCCAAGATGCCCTACATG-3’; 2A6RI1,
5-GCACTTATGTTTTGTGAGACATCAGAGACAA-3),
0.25mM dNTPs, LA Taq polymerase (TaKaRa, Otsu,
Japan), and 2x GC Buffer I (TaKaRa) in a total reaction
volume of 16 puL. The thermal cycling conditions were
as follows: 95°C for 1min; followed by 30 cydes of
denaturation at 95°C for 15s, annealing at 60°C for 20s,
extension at 72°C for 3min; and a final extension at 72°C
for 7min. The PCR product was then used as a template in
the second step, in which the deleted CYP246 gene was
detected. PCR amplification was performed with 0.5 pL of
the first PCR product, 0.25 uM forward primer (2A6ESF,
5-CACTTCCTGAATGAG-3/, or 2A7ESF, 5'-CATTTCC-
TGGATGAC-3'), 0.25puM reverse primer (2A6R2, 5'-
AAAATGGGCATGAACGCCC-3"), and 2x Amplitaq Gold
PCR Master Mix (Applied Biosystems, Foster City, CA,
USA) in a total volume of 20 pL. Thermal cycling conditions
involved an initial denaturation at 95°C for 10 min; followed
by 16 cycles of denaturation at 95°C for 30s, annealing
at 56°C for 30s, extension at 72°C for 2min; and a final
extension at 72°C for 7min. Amplified products were
analyzed by electrophoresis in 1% agarose gel. The presence
of a CYP2A-specific 1181-bp product amplified with the
2A6E8F/2A6R2 primer pair indicated the presence of wild-
type CYP246 (defined as CYP246 non*4 allele in this study).
The product amplified from the primer pair 2A7ESF/2A6R2
indicated a CYP246 deletion (CYP246 *4), and the presence of
the product in both reactions from one individual indicated
heterozygosity.

CYP2413 genotypes were determined by our previously
described assay.zs’ Long PCR was performed in the first
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round to amplify exons 1-5 and 6-9 of the CYP2413 gene
using 10-50ng of genomic DNA and LA-Taq DNA
polymerase (TaKaRa). The thermal cycling consisted of an
initial denaturation at 95°C for 1 min; followed by 25 cycles
of denaturation at 95°C for 15, annealing at 68°C or 65°C
for 20s, and extension at 72°C for 5min; and then a final
extension at 72°C for 7min. First-round PCR products were
diluted 1:500 and used as templates for the second round
of amplification for all CYP2413 exons. The amplicons for
each exon were generated using AmpliTaq Gold PCR
Master Mix (Applied Biosystems). Second-round PCR
comprised an initial denaturation at 95°C for 10min;
followed by 25 cycles at 95°C for 30, annealing at 60°C for
30s, and extension at 72°C for 30s; and then a final
extension at 72°C for 7 min. Heteroduplexes were generated
by thermal cycling under the following conditions: 95°C
for 1min, followed by 45 temperature decrements of
1.5°C/min. PCR products were analyzed with the DHPLC
system WAVE (Transgenomic Inc., Omaha, NE, USA). This
involved separating PCR products (5 uL) on a heated C18
reverse-phase column using 0.1M triethylammonium
acetate (TEAA) in water and 0.1M TEAA in 25%
acetonitrile at a flow rate of 0.9 mL/min. The temperature
for heteroduplex separation of a heterozygous CYP2413
fragment was determined with the WAVE software, and
the linear acetonitrile gradient was adjusted so that the
retention time of the DNA peak was 3—5 min. The resultant
chromatograms were compared with those of wild-type
DNA, and both DNA strands were sequenced for samples in
which variants were detected.

CYP4B1*1 (wild-type), CYP4B1*2  (AT881-882del,
993G>A, 1018C>T, and 1123C>T), CYP4B1*3
(517C>T), CYP4B1™*5 (993G>A), CYP4B1*6 (517C>T and
1033G>A), and CYP4BI*7 (AT881-882del, 993G>A, and
1018C>T) were also genotyped by the hybridization probe
assay described by Sasaki et al.'” Analysis of the distribution
of the five polymorphisms (517C>T, AT881-882del,
993G>A, 1033G>A, and 1123C>T) allowed the character-
ization of six different CYP4BI alleles.

SULTIAI*] (Wild-type) and SULTIAI*2 (638G>A) were
genotyped by a hybridization probe assay. The PCR
mixtures contained 3mM MgCl,, 0.5 uM each of the PCR
primers, 0.4uM of LC Red 640-labeled hybridization
probes, 0.2uM fluorescein isothiocyanate (FITC)-labeled
hybridization probes, 1puM LightCycler DNA Master
Hybridization Mix (Roche Diagnostics Inc., Mannheim,
Germany), and approximately 30ng of genomic DNA in a
final volume of 10 uL. The thermal profile consisted of 30s
of initial denaturation at 95°C, followed by 45 cycles at 95°C
for 1, annealing at 50°C for 5, and extension at 72°C for
5s. The analytical melting program involved melting
the PCR products at 95°C for 30s and at 40°C for 30s,
followed by increasing the temperature to 80°C at a
ramp rate of 0.2°C/s, with continuous fluorescence data
collection.

GSTM1 and GSTTI null (whole gene deletion) were
identified by a multiplex PCR assay described by Abdel-
Rahman et al.?® Genomic DNA (10-50 ng) was amplified in
a 20-pL reaction mixture containing 0.25 uM of each of the
GSTM1 and GSTTI primers. Exon 7 of the CYPIAI gene
was co-amplified as an internal control. Thermal cycling
conditions comprised denaturation at 95°C for 10min; 30
cycles of denaturation at 95°C for 30s, annealing at 62°C
for 30s, and extension at 72°C for 30s; and a final extension
at 72°C for 7min. PCR products from co-amplification of
the GSTMI, GSTTI, and CYPIAI genes were analyzed by
electrophoresis in 2% agarose gel. The GSTMI and GSTTI
genes were detected by the presence or absence of a 215-bp
(corresponding to GSTMI) or a 480-bp band (corresponding
to GSTTI).

Statistical analysis: We evaluated the frequency
distribution of patient characteristics, including sex, age,
and smoking status, between the lung cancer cases and
controls with the chi-squared and unpaired t-tests. Hardy-
Weinberg equilibrium (HWE) was tested separately for each
genotype in the cases and controls. The crude odds ratio
(crude OR) and 95% confidence interval (95% CI) were used
as estimates of the relative risk. The adjusted OR was
calculated using binominal logistic regression to control for
sex, age, and smoking status. A two-tailed P value < 0.05
indicated statistical significance. All statistical analyses were
performed with Dr. SPSS software (Ver. 11.0.1).

Results

Cases and controls were classified according to sex, age,
smoking status, and histological types of lung cancer
(Table 1). The mean ages at the time of death were
80.3 £ 7.9 years in lung cancer patients and 80.3 + 7.7
years in the cancer-free controls (P = 0.991). There were
no statistically significant differences in sex distribution
between the two groups (67.2% male cancer patients versus
69.0% male control patients, P = 0.705). More smokers
were present in the cancer group compared with the control
group (70.3% smokers among the cancer patients versus
51.7% smokers among the controls, P < 0.001). Of the 192
cancer patients, 41.7% had adenocarcinoma (AC), 24.5%
had squamous cell carcinoma (SQCC), 21.4% had small-cell
carcinoma (SCC), and 12.4% had other types of lung
cancer.

The genotype distributions of CYP246, CYP2413, CYP4BI,
SULTIAL, GSTMI, and GSTTI in lung cancer cases and
controls are summarized in Table 2. The frequency of
CYP246"4/ 4 in cancer cases was significantly lower than
that in the controls (adjusted OR =0.36, 95% CI=
0.15-0.88, P=0.025). Although the distribution of
CYP2413*1/*2 (9.4%) and *1/*3 (3.1%) in cancer cases
was lower than that in the controls (12.3% and 3.9%,
respectively), there was no significant association with lung
cancer risk. In addition, the CYP4B1, SULTIAI, GSTMI, and
GSTT1 genotypes were not associated with lung cancer risk.
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Table 1. The characteristics of subjects who had lung cancer
(cases) and those not having cancer (controls)

Characteristic (niaslegz) (:o:t;glss) P-value
Gender, n (%)

Male 129 (67.2) 140 (69.0)

Female 63 (32.8) 63 (31.0) 0.705°
Mean age, n (SD) 80.3 (7.9) 80.3 (7.7) 0.991%
Smoking status, n (%)

Non-smolkers 39 (20.3) 78 (38.4)

Smokers s 03 wsely o0

No information 18 (9.4 20 (9.9
Histological type

AC 80 (41.7)

sQcc 47 (24.5)

SCC 41 (21.4)

ASQC 4.0

LCC 1(0.5

Unknown 7 (3.6)

AC + 8QCC + SCC 1 (0.5

SQCC + SCC + ASQC 1(0.5)

AC +5QCC FRVRY

AC +SCC 1(0.5)

AC + Unknown 2(1.0)

$QCC + scC 3(1.6)

AC, adenocarcinoma; SQCC, squamous cell carcinoma; SCC, small-cell
carcinoma; ASQC, adenosquamous cell carcinoma; LCC, large cell carcinoma;
SD, Standard deviation.

“Chi-squared test, “unpaired ¢ test,

Table 3 summarizes the relationship between the CYP246
and CYP2413 genotypes among lung cancer cases and
controls, stratified by smoking status. There was a statisti-
cally significant association between smokers carrying
CYP246*4/*4 and lung cancer risk (OR =0.32, 95%
Cl=0.10-0.99, P=0.049). ORs were not calculated
for non-smokers carrying CYP2413*1/*2 and *1/73, as
the frequency was O in cancer cases. There was no
statistically significant association between the CYP4BI,
SULTIAI, GSTMI, and GSTTI genotypes stratified by
smoking status and lung cancer risk (data not shown).
When stratifying by histological type, no significant
association was found for any of the analyzed polymorphisms
and lung cancer risk (data not shown).

Discussion

In this study, we observed that polymorphism of the
CYP246 gene, but not of the CYP2413, CYP4B1, SULTIAI,
GSTMI, or GSTTI genes, was associated with decreased risk
of lung cancer in the Japanese population studied.
Defective CYP246 alleles have been associated with both
increased and decreased risks of lung cancer in different

ethnic groups. A Chinese lung cancer study suggested that

the presence of the defective allele CYP246 *4 increases lung
cancer risk.'” In contrast, a Japanese lung cancer study
suggested that the presence of the CYP246 *4 allele decreases
the risk of lung cancer.” The results of our study were
consistent with the latter study. CYP2A6 is responsible for
the metabolic activation of NNK, one of the components
of tobacco smoke. Reducing the production of ultimate
carcinogens may lead to decreased DNA damage and
reduced cancer development. This hypothesis was supported
by a statistically significant association between smokers
carrying CYP246*4/*4 and lung cancer risk.

To the best of our knowledge, this is the first case-control
study evaluating the relationship between CYP2413 genetic
polymorphism and lung cancer risk in the Japanese
population. CYP2A13 is highly active in the metabolic
activation of several carcinogens. Thus, we speculated that
reduction in enzymatic activity observed in the CYP2413*2
(74G>A and 3375C>T) allelic variant could provide some
protection against xenobiotic toxicity. Wang et al. reported
that Chinese individuals carrying the variant CYP2413 allele
(3375CT or TT) have a reduced risk of lung adenocarcinoma
in relation to light tobacco smoking, but protection against
lung squamous cell carcinoma was not observed.'?
Timofeeva et al. found no significant association between
CYP2A13 polymorphisms and lung cancer risk in Caucasian
patients.z’” We also did not find significant association
between the variant CYP2413 allele and lung cancer.
Interestingly, none of the non-smokers with lung cancer
had the CYP2A13*2 or *3 alleles (Table 3). In non-
smoking individuals with low carcinogenic activity caused by
CYP2413 polymorphisms, the risk of lung cancer in the
population may be much lower than that in smokers with
CYP2A13 wild-type genotypes.

The effect of CYP4BI polymorphisms on susceptibility of
lung cancer has not previously been investigated. Our study
is the first to provide evidence that CYP4BI polymorphisms
may not be associated with lung cancer risk. Our previous
study indicated that CYP4BI genotypes may affect bladder
cancer risk.'” Thus, the effect of the CYP4BI polymorphism
may differ among human organs with respect to cancer
development.

Since SULT1A1 catalyzes the sulfation of numerous
carcinogenic and mutagenic compounds such as heterocyclic
and aromatic amines and polycyclic aromatic hydrocarbons,
it was suggested that the reduction in enzymatic activity
observed in SULT1A1 *2 could affect the risk of lung cancer;
however, the association between SULTIAI"2 and lung
cancer risk was not statistically significant in this study.
Nevertheless, Liang et al. conducted a study on 805
individuals with cancer and 809 control subjects in China,
and demonstrated that the lung cancer risk was elevated
among individuals with the SULTIAI*2 allele.”” The reason
for the discrepancy between our results and Liang’s is
unknown but may be related to differences in ethnicity,

sample size, or environmental carcinogen exposure.
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Table 2. Genotype and allele frequencies of CYP2A6, CYP2A13, CYP4B1, SULT1A1, GSTM1, and GSTT1 polymorphisms among
cases and controls and their association with lung cancer

Genotypes Cases, n (%) Controls, n (%) C(;x;(:/: (C)I}}‘ A‘?;;Zd C?)Rb
CYP246
non*4/nen*4 122 (63.5) 118 (58.1) 1.00 1.00
nen*4/*4 63 (32.8) 66 (32.5) 0.92 (0.60-1.42) 0.93 (0.61-1.43)
*4/*4 7 (3.6) 19 (9.4) 0.36 (0.14-0.88)" 0.36 (0.15-0.88)"
Allcles
non "4 307 (79.9) 302 (74.4) 1.00
4 77 (20.1) 104 (25.6) 0.73 (0.52-1.02)
CYP2413
*1/%1 163 (84.9) 166 (81.8) 1.00 1.00
*1/*%2 18 (9.4) 25 (12.3) 0.73 (0.39-1.40) 0.75 (0.39-1.44)
*1/*3 6 (3.1) 8 (3.9 0.76 (0.26--2.25) 0.77 (0.26-2.27)
Rare genotypes” 5(2.6) 4 (2.0) — —
Alleles
*1 355 (92.4) 369 (90.9) 1.00
*2 18 (4.7) 25 (6.2) 0.75 (0.40-1.40)
*3 6(1.6) 8 (2.0) 0.78 (0.27-2.27)
CYP4B1
1771 52 (27.1) 48 (23.6) 1.00 1.00
*1/*2 67 (34.9) 61 (30.0) 1.01 (0.60-1.71) 1.00 (0.59~1.70)
*1/3 23 (12.0) 32 (15.8) 0.66 (0.34—1.29) 0.65 (0.33-1.27)
*2/*2 19 (9.9) 20 (9.9) 0.88 (0.42—1.84) 0.88 (0.42-1.84)
*2/*3 14 (7.3) 16 (1.9) 0.81 (0.36-1.83) 0.80 (0.35-1.81)
*3/*3 7 (3.6) 7(3.6) 0.92 (0.30-2.83) 1.00 (0.32-3.14)
Rare genotypes' 10 5.2) 19 9.4) — —
Alleles
1 200 (52.1) 202 (49.8) 1.00
*2 122 (31.8) 121 (29.8) 1.02 (0.74-1.40)
*3 52 (13.5) 64 (15.8) 0.82 (0.54-1.24)
SULTIAl
"1/ 120 (62.5) 132 (65.0) 1.00 1.00
*1/*2 70 (36.5) 68 (33.5) 1.13 (0.75-1.72) 1.12 (0.74-1.70)
*2/*2 2 (1.0 3 (1.5 0.73 (0.12-4.46) 0.76 (0.12-4.71)
Alleles
*1 310 (80.7) 332 (81.8) 1.00
*2 74 (19.3) 74 (18.2) 1.07 (0.75-1.53)
GSTM1
Present 106 (55.2) 101 (49.8) 1.00 1.00
Null 86 (44.8) 102 (50.2) 0.80 (0.54-1.19) 0.80 (0.54—1.20)
GSTT1
Present 95 (49.5) 99 (48.8) 1.00 1.00
Null 97 (50.5) 104 (51.2) 0.97 (0.66-1.44) 0.97 (0.65-1.44)

OR, odds ratio; CI, confidence interval.

P < 0.05 (vs. CYP246 non*4/non"4).

?Chi-squared test. *Binominal logistic regression analysis adjusted by sex, age, and smoking status.

Rare genotypes included: CYP2413*1/ %4, CYP2413*1/*5, CYP2413*1/*7, and CYP2413*1*10.%

‘Rare genotypes included: CYP4BI*1/*5, CYP4Bl*1/"6, CYP4B1*1/*7, CYP4BI *2/*5, CYP4B1*2/ "6, CYP4B1*2/*7, and CYP4B1*3/*7.
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Table 3. Effect of CYP2A6 and CYP2A13 genotypes by smoking status on lung cancer risk

Smokers Non-smokers
Genotypes
Cases/ controls Adjusted OR*® (95% CI) P-value Cases/ controls Adjusted OR* (95% CI) P-value
CYP246
non *4/non*4 87/52 1.00 22/53 1.00
non*4/*4 43/43 0.61 (0.35-1.05) 0.074 15/18 2.35 (0.96-5.72) 0.060
*4/*4 5/10 0.32 (0.10-0.99) 0.049 277 0.74 (0.14-4.01) 0.724
CYP2413
*1/%1 109/80 1.00 38/69 1.00
*1/*2 17/19 0.68 (0.33-1.40) 0.293 0/5 — —
*17%3 5/3 1.51 (0.35-6.58) 0.585 0/3 — —
OR, odds ratio; ClI, confidence interval.
“Binominal logistic regression analysis adjusted by sex and age.
In the present study, there was no statistically significant 1199 (2001). .
association between either the GSTMI or GSTTI genotype 4 Bao, Z., He, X. Y., Ding, X., Prabhu, S. and Hong, J. Y.:
d1 ek 0 s dliiects stadied. T Metabolism of nicotine and cotinine by human cytochrome P450
snd long ‘eneer risk:in the Japanese. subjects ‘stulied. To- 2A13. Drug Metab. Dispos., 33: 258-261 (2005).
Figueras et al. reported that 14.4% of their cancer patients 5) Su,T., Bao, Z., Zhang, Q. Y., Smith, T. ]., Hong, J. Y. and Ding,
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yoshi, N., Miyamoto, M., Umetsu, Y., Kunitoh, H., Dosaka-
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and GSTTI gene POIYmorPhlsms’ were associated with Kamataki, T.: Genetic polymorphism of CYP2A6 gene and
decreased risk of lung cancer in the Japanese population tobacco-induced lung cancer risk in male smokers. Cancer Epidemiol.
studied. However, there is an element of chance in the Biomarkers Prev., 11: 890-894 (2002). .
results in the present study because the sample size was 9 P“”edaj M., Yamazaki, H'j Saito, T., Kiyotani, K., Gyamfi, M. A.,
olaticel all. Theref. frdl dreilion: with Vepuir Sakurai, M., Dosaka-Akita, H., Sawamura, Y., Yokota, ].,
LCially y L e = .ore, st ) ge Kunitoh, H. and Kamataki, T.: Evaluation of CYP2A6 genetic
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ABSTRACT:

Artemether (AM) is one of the most effective antimalarial drugs.
The elimination half-life of AM is very short, and it shows large
interindividual variability in pharmacokinetic parameters. The aim
of this study was to identify cytochrome P450 (P450) isozymes
responsible for the demethylation of AM and to evaluate functional
differences between 26 CYP2B6 allelic variants in vitro. Of 14
recombinant P450s examined in this study, CYP2B6 and CYP3A4
were primarily responsible for production of the desmethyl metab-
olite dihydroartemisinin. The intrinsic clearance (V,./K,) of
CYP2B6 was 6-fold higher than that of CYP3A4. AM demethylation
activity was correlated with CYP2B6 protein levels (P = 0.004);
however, it was not correlated with CYP3A4 protein levels (P =
0.27) in human liver microsomes. Wild-type CYP2B6.1 and 25
CYP2B6 allelic variants (CYP2B6.2-CYP2B6.21 and CYP2B6.23-

CYP2B6.27) were heterologously expressed in COS-7 cells. In vitro
analysis revealed no enzymatic activity in 5 variants (CYP2B6.8,
CYP2B6.12, CYP2B6.18, CYP2B6.21, and CYP2B6.24), lower activ-
ity in 7 variants (CYP2B6.10, CYP2B6.11, CYP2B6.14, CYP2B6.15,
CYP2B6.16, CYP2B6.20, and CYP2B6.27), and higher activity in 4
variants (CYP2B6.2, CYP2B6.4, CYP2B6.6, and CYP2B6.19), com-
pared with that of wild-type CYP2B6.1. In kinetic analysis, 3 vari-
ants (CYP2B6.2, CYP2B6.4, and CYP2B6.6) exhibited signifi-
cantly higher V.., and 3 variants (CYP2B6.14, CYP2B6.20 and
CYP2B6.27) exhibited significantly lower V,,,,, compared with that
of CYP2B6.1. This functional analysis of CYP2B6 variants could
provide useful information for individualization of antimalarial drug
therapy.

Introduction

Malaria is a very serious problem in many countries, and there are
more than 200 million cases that result in approximately 1 million
deaths worldwide each year (World Health Organization, World
Malaria Report 2009, http://www.who.int/malaria/world_malaria_
report_2009/en/index.html). The management of malaria has tradi-
tionally relied on monotherapy with quinolines such as quinine,
mefloquine, and chloroquine. However, the widespread and excessive
use of these agents has resulted in drug resistance (Wernsdorfer, 1991;
Price and Nosten, 2001; Le Bras and Durand, 2003). In several
studies, artemisinins, unique sesquiterpene lactone endoperoxides,
have been used in areas with multidrug-resistant Plasmodium falci-
parum malaria (Woodrow et al., 2005; Gautam et al., 2009; World
Health Organization, 2010).

This work was supported by the Japan Society for the Promotion of Science
[KAKENHI 20590154] and in part by the Smoking Research Foundation.

Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.

doi:10.1124/dmd.111.040352.

Artemisinin is a natural antimalarial agent derived from the Chinese
medicinal plant Artemisia annua (Klayman, 1985). The artemisinin
derivative artemether (AM) is the most effective antimalarial drug.
AM has a fast onset of action, therapeutic efficacy against multidrug-
resistant malaria, and few side effects, although neurotoxicity has
been observed in experimental mammals (Hien and White, 1993;
Brewer et al., 1994). AM is mainly converted to dihydroartemisinin
(DHA) (Fig. 1), a desmethyl metabolite that contributes to the major-
ity of the antimalarial activity. The conversion of AM to DHA is
catalyzed by cytochrome P450 (P450) (van Agtmael et al., 1999b,c;
Navaratnam et al., 2000). However, the elimination half-life of AM is
very short, and it shows large interindividual variability in pharma-
cokinetic parameters (Na Bangchang et al., 1994; Mordi et al., 1997;
van Agtmael et al., 1999a; Lefevre et al., 2002; Ali et al., 2010;
Mwesigwa et al., 2010).

The P450 isozymes CYP2B6 and CYP3A4 are thought to catalyze
AM demethylation (Navaratnam et al., 2000). In contrast, it has been
reported that CYP2D6 and CYP2C19 make no major contribution to
this reaction (van Agtmael et al., 1998), and the role of other P450s
remains unclear. CYP2B6 plays a major role in the biotransformation
of several therapeutically important drugs, including cyclophosph-

ABBREVIATIONS: AM, artemether; DHA, dihydroartemisinin; P450, cytochrome P450; ART, artemisinin; LC, liquid chromatography; MS/MS,

tandem mass spectrometry.
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DEMETHYLATION OF ANTIMALARIAL ARTEMETHER BY CYP2B6 VARIANTS

CYPs

OCH 3 OH

Artemether (AM) Dihydroartemisinin (DHA)

FiG. 1. Metabolic pathway of artemether to dihydroartemisinin by P450 enzymes.

amide, bupropion, selegiline, efavirenz, nevirapine, and methadone
(Roy et al., 1999; Hesse et al., 2000; Hidestrand et al., 2001; Salonen
et al., 2003). Many genetic polymorphisms in the CYP2B6 gene have
been reported, and these are thought to be responsible for interindi-
vidual and interethnic differences in responses to CYP2B6 substrate
drugs [Zanger et al., 2007; Human Cytochrome P450 (CYP) Allele
Nomenclature Committee, 2008; Mo et al., 2009]. In the case of
chemotherapy using cyclophosphamide, the increasing enzymatic ac-
tivity of CYP2B6 variants can be associated with the increased blood
concentration of the active metabolite of the drug, resulting in a
heightened risk of side effects (Xie et al., 2003, 2006; Nakajima et al.,
2007).

Several functional analyses of CYP2B6 variant proteins, using an in
vitro expression system, have been reported. Watanabe et al. (2010)
characterized the functional relevance of many CYP2B6 variants,
including CYP2B6.1 to CYP2B6.28, using 7-ethoxy-4-trifluorometh-
ylcoumarin and selegiline as substrates, and reported that CYP2B6.8,
CYP2B6.11, CYP2B6.12, CYP2B6.13, CYP2B6.15, CYP2B6.18,
CYP2B6.21, CYP2B6.24, and CYP2B6.28 were inactive with regard
to these compounds. These results were consistent with those of a
number of in vitro studies using bupropion as a substrate. In contrast,
CYP2B6.16, CYP2B6.19, and CYP2B6.27 exhibited activity toward
7-ethoxy-4-trifluoromethylcoumarin and inability to detect selegiline
metabolism. Several researchers have reported that these CYP2B6
variants exhibited decreased protein expression/activity when bupro-
pion was used as the CYP2B6 substrate (Lang et al., 2004; Klein et
al., 2005; Wang et al., 2006; Rotger et al., 2007). These results suggest
that some allelic variants of CYP2B6 are associated with a substrate-
dependent decrease in the catalytic properties of the enzyme. To date,
there have been no reports of functional characterization of CYP2B6
variants in relation to AM demethylation activity.

In this study, we performed an in vitro analysis of 14 P450s (CYP1A1,
CYP1A2,CYPIBI, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, CYP2EL, CYP2J2, CYP3A4, CYP3AS, and CYP4All) to
identify isoforms responsible for AM demethylation and evaluated func-
tional differences among 26 CYP2BG6 allelic variants (Fig. 2).

Materials and Methods

Chemicals. AM, DHA, and artemisinin (ART) were purchased from Tokyo
Chemical Industry Corporation (Tokyo, Japan). Recombinant CYPIAI,
CYP2A6, CYP2B6, CYP2CS, CYP2D6, CYP2J2, and CYP4A11 Supersomes
were purchased from BD Biosciences (Woburn, MA). CYP1A2, CYP2C9,
CYP2E1, CYP3A4, and CYP3AS Baculosomes were purchased from Invitro-
gen (Carlsbad, CA). NADPH was obtained from Oriental Yeast (Tokyo,
Japan). Protease Inhibitor Cocktail Set IIl was purchased from Merck Chem-
icals (Darmstadt, Germany). Methanol (CH;OH) and acetonitrile (CH;CN) of
LC-mass spectrometry grade were obtained from Kanto Chemical (Tokyo,
Japan). Ammonium formate (HCOONH,) and formic acid (HCOOH) of LC-
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mass spectrometry grade were obtained from Wako Pure Chemical Industries
(Tokyo, Japan). ;

DHA stock solution (5 mM) was prepared in CH;CN/H,O [50:50 (v/v)],
and working solutions (1.0, 2.0, 5.0, 10, 25, 50, 100, and 200 uM) were
prepared from the stock solution. These solutions were further diluted in 50
mM potassium phosphate buffer, pH 7.4, and the final calibration curves were
obtained with 0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 10, and 20 uM solutions. Working
solutions (100 ul) were prepared in 1.5-ml plastic tubes, and 100 pl of
CH,OH, 5 pl of internal standard (ART at 100 uM), and 100 ul of H,O were
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Fic. 2. Structures of CYP2B6 alleles characterized in this study. The nine exons are
indicated by numbered boxes. Some promoter and intronic polymorphisms are not
shown.
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added. The resulting mixture was vortexed. After centrifugation at 12,000g for
10 min, 80 pl of the supernatant was transferred to a new plastic tube and
passed through a filter (pore size: 0.2 um; YMC Co., Ltd., Kyoto, Japan).
Subsequently, 10 ul of the filtered solution was injected into the liquid
chromatography-tandem mass spectrometry (LC-MS/MS) system for analysis.
All peaks were integrated automatically by Xcalibur software (Thermo Fisher
Scientific, Waltham, MA). Levels of DHA were calculated from the calibration
curves by the ratios of their peak areas to that of ART. An eight-point
calibration curve was plotted for DHA concentration (0.1, 0.2, 0.5, 1.0, 2.5,
5.0, 10, and 20 pM).

Sample Preparation for Analysis of Specific Activity. AM demethylation
activity was determined by measurement of the formation of DHA, according
to the method of Asimus and Ashton (2009), with minor modifications. AM
stock solution (50 mM) was prepared in CH;CN/H,O [50:50 (v/v)], and a
working solution (500 uM) was prepared by dilution of the stock solution in
potassium phosphate buffer, pH 7.4. The incubation mixture contained AM as
a substrate (1 and 50 uM), recombinant P450 enzymes (CYP1A1, CYPIA2,
CYPIB1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, CYP2J2, CYP3A4, CYP3AS5, and CYP4A11; 0.5 pmol) or human
liver microsomes (50 pg), 0.5 mM NADPH, 5 mM MgCl,, and 50 mM
potassium phosphate buffer to a final volume of 90 pl. After preincubation (3
min at 37°C), the reaction was started by addition of NADPH. Reactions were
performed for 30 min and terminated by the addition of 100 ul of methanol.
Then, 5 pl of internal standard (ART at 100 uM) and 100 ul of H,O were
added. The resulting mixture was vortexed. After centrifugation at 12,000g for
10 min, 80 ul of the supernatant was transferred to a new plastic tube and
passed through a filter (pore size: 0.2 uwm; YMC). Then, 10 pl of the filtered
solution was injected into the LC-MS/MS system for analysis. All peaks were
integrated automatically by Xcalibur software. Levels of DHA were calculated
from the calibration curves by using the ratios of their peak areas to that of
ART. Formation of DHA was in the linear range between 10 and 60 min and
30 and 50 pg of microsomal protein.

Sample Preparation for Analysis of Kinetic Parameters of CYP2B6 and
CYP3A4. AM stock solution (50 mM) was prepared in CH,CN/H,O [50:50
(v/v)], and working solutions (0.25, 0.50, 1.25, 2.5, 5.0, 12.5, and 25 mM) were
prepared by dilution of the stock solution. These solutions were diluted with 50
mM potassium phosphate buffer, pH 7.4, and the final calibration curves were
obtained with 0.5, 1.0, 2.5, 5.0, 10, 25, 50, and 100 uM. CYP2B6 and
CYP3A4 activity was evaluated using the concentration ranges 0.5 to 50 and
2.5 to 100 uM, respectively. Samples were prepared as described above.

Determination of DHA and ART Using Online Column-Switching LC-
MS/MS. Levels of DHA were determined by the LC-MS/MS method de-
scribed by Huang et al. (2009), with minor modifications. A Nanospace SI-2
LC system, comprising an LC pump, autosampler, column oven maintained at
40°C, and on-line degasser (Shiseido, Tokyo, Japan), was used. The on-line
column-switching valve system consisted of an automated switching valve
(six-port valve) connected to pump A and pump B. Pump A was connected via
the switching valve to the trap column, a CAPCELL PAK C18 SG II (10 X 2
mm id., 3-um particle size) (Shiseido, Tokyo, Japan), and pump B was
connected via the switching valve to the analytical column, a Sunfire C18 (150
mm X 2.1 mm i.d.,, 3.5-pm particle size) (Waters, Milford, MA). The outlet of
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the analytical column was connected to the mass spectrometer via a divert
valve.

Sample loading. A 10-pl aliquot of sample was injected onto the trap
column using pump B with the switching valve in position 1. Impurities on the
trap column were eluted to waste using 0.1% HCOOH-H,O/CH,CN [5:95
(v/v)] at a flow rate of 200 pl/min for 4 min. Concurrently, initial flow was
maintained by pump A at 200 pl/min with 10 mM HCOONH,-H,O (adjusted
to pH 4.1 using HCOOH)-0.1% HCOOH-CH,;CN [20:80 (v/v)] via the ana-
lytical column.

Sample elution. At 4 min, the switching valve was switched to position 2 to
allow the purified DHA and ART to be eluted from the trap column onto the
analytical column and subsequently into the mass spectrometer. Isocratic flow
was maintained by pump B at a rate of 200 pl/min for 11 min. Concurrently,
the flow from pump A was passed through the trap column and diverted
directly to waste. At 11 min, the switching valve was switched back to position
1, and the configuration of the online column switching system reverted back
to that in the initial conditions (described for the sample loading above). A
divert valve was used to divert the LC effluent to waste during the first 4.5 min
and last 0.5 min of the chromatographic run. The total run time was 11 min.

Quantification analyses by MS were performed in the selected reaction
monitoring mode because of the high selectivity and sensitivity of selected
reaction monitoring data acquisition, in which the transitions of the precursor
ion into the product ion were monitored: m/z 302 — 145 and 302 — 267 for
DHA and m/z 300 — 151 and 300 — 209 for ART. The optimized parameters
for MS are as follows: positive heated electrospray ionization voltage, 3 kV;
heated capillary temperature, 300°C; sheath gas pressure, 50 psi; auxiliary gas
setting, 20 psi; and heated vaporizer temperature, 300°C. Both the sheath and
auxiliary gases were nitrogen. The collision gas was argon at a pressure of 1.5
mTorr. The LC-MS/MS system was controlled by Xcalibur software, and data
were also collected with this software. The retention times of DHA and ART
were 7.0 and 7.5 min, respectively.

Liver Specimens. Human liver specimens were obtained from the Human
and Animal Bridging Research Organization (HAB) in Chiba, Japan, using
frozen human livers (most of the donors were white). Microsomes were
prepared from these specimens using differential centrifugation. Research
protocols were approved by the ethics committees of the Graduate School of
Pharmaceutical Sciences, Tohoku University (Sendai, Japan).

Expression of CYP2B6 Variant Proteins in COS-7 Cells. CYP2B6 variant
proteins were expressed in COS-7 cells as described by Watanabe et al. (2010).

Determination of Protein Expression Levels by Immunoblotting. West-
emn blotting was performed according to standard procedures, with 10%
SDS-polyacrylamide gel electrophoresis, and 30-pg microsomal fractions
were loaded into each lane. Recombinant CYP2B6 Supersomes reagent (BD
Gentest) was coanalyzed as the standard on each gel and used to quantify the
CYP2B6 protein. The CYP2B6 protein was detected using the antihuman
CYP2B6 antibody (BD Gentest) and horseradish peroxidase-conjugated goat
anti-rabbit 1gG (Dako Denmark A/S, Glostrup, Denmark). CYP3A4 Baculo-
somes reagent (Invitrogen) was coanalyzed as the standard on each gel and
used to quantify the CYP3A4 protein. The CYP3A4 protein was detected using
the antihuman CYP3A4 antibody (Nosan, Yokohama, Japan) and horseradish
peroxidase-conjugated goat anti-rabbit 1gG (Dako Denmark A/S). Immuno-

FiG. 3. AM demethylation activity of 14 P450 isozymes. The con-
centration of AM was 50 uM. Each number corresponds to a P450
subtype. Results are presented as the mean % S.D. in triplicate.
N.D., not detectable (activities were lower than 0.22 pmol - min ™" -

pmol P4507").
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Fic. 4. The Michaelis-Menten curves for the demethylation of AM with recombi-
nant CYP2B6 and CYP3A4.

blots were developed using the SuperSignal West Dura Extended Duration
Substrate (Thermo Fisher Scientific). Chemiluminescence was quantified us-
ing a lumino-imaging analyzer (LAS-1000; Fujifilm, Tokyo, Japan) and Im-
ageJ software (National Institutes of Health, Bethesda, MD).

Sample Preparation for Analysis of Kinetic Parameters of CYP2B6
Variants. Microsomal fractions (50 pg) obtained from COS-7 cells were used
for evaluation of the activity of CYP2B6 variants. Samples were prepared as
described above.

Statistical Analysis. Apparent K, and V, . parameters were determined
using nonlinear regression analysis. All data are the mean * S.D. in triplicate.
Statistical analyses of enzymatic activities and kinetic parameters were per-
formed by analysis of variance using the Dunnett method. P = 0.05 was
considered significant.

Results

AM Demethylation by Recombinant Human P450s. The activ-
ities of AM demethylation were measured in 14 recombinant human
P450 enzymes (CYP1A1, CYP1A2, CYPIB1, CYP2A6, CYP2B6,
CYP2C8, CYP2CY, CYP2C19, CYP2D6, CYP2El1, CYP2)2,
CYP3A4, CYP3AS, and CYP4All) at 1 and 50 uM substrate con-
centrations. The lower concentration used was intended to approxi-
mate the plasma AM concentrations reported to be clinically relevant
(0.3-1 uM) (Ali et al., 2010). At 1 uM AM, AM demethylation
activities of recombinant CYP2B6 and CYP3A4 were 6.61 and 2.50
pmol - min~" - pmol P4507", respectively. Under the lower substrate
conditions used in this study, DHA was not formed by the other P450
isoforms with the exception of CYP2B6 and CYP3A4. At a higher
concentration (50 uM), AM was principally metabolized by CYP2B6,
followed by CYP3A4. A low rate of demethylation was observed for
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CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2J2, and CYP3AS;
CYP1A1, CYPIBI1, CYP2A6, CYP2C8, CYP2ElL, and CYP4All
were inactive (Fig. 3).

Kinetics of AM Demethylation by CYP2B6 and CYP3A4. The
kinetics of AM demethylation were investigated for each of recom-
binant enzymes CYP2B6 and CYP3A4 by Michaelis-Menten plots
(Fig. 4). Apparent K, V.., and V_ /K values for CYP2B6 were
estimated to be 1.95 uM, 17.9 pmol - min~" - pmol P450 ', and 9.19
wl - min~ ' - pmol P450 !, respectively; those for CYP3A4 were 8.24
M, 12.3 pmol - min "' -+ pmol P450"", and 1.49 wl - min~"' - pmol
P4507", respectively, demonstrating a higher K,, and lower V.,
which resulted in an approximately one-sixth V. /K, value for
CYP3AA4 relative to that for CYP2B6.

Comparison of AM Demethylation Activities (at 50 uM AM) to
Immunoquantified CYP2B6 and CYP3A4 Protein Levels in 13
Human Liver Microsomes. As shown in Fig. 5, AM demethylation
activity in 13 human liver microsomes was correlated with immuno-
quantified CYP2B6 content (P = 0.548, P = 0.004) but not with
immunoquantified CYP3A4 content (+* = 0.109, P = 0.272).

Enzymatic Properties for AM Demethylation by Wild-Type
and 25 Variant CYP2B6s. The demethylation activities of wild-type
and 25 variant microsomal CYP2B6 proteins were determined using AM
(50 pM) as a substrate (Fig. 6). For CYP2B6.8, CYP2B6.12,
CYP2B6.18, CYP2B6.21, and CYP2B6.24, no AM demethylation ac-
tivity was detected. The enzymatic activity of CYP2B6.3 could not be
calculated because its expression level could not be determined by
immunoblotting. CYP2B6.10, CYP2B6.11, CYP2B6.14, CYP2B6.15,
CYP2B6.16, CYP2B6.20, and CYP2B6.27 exhibited significantly de-
creased activities compared with that of wild-type CYP2B6.

The Michaelis-Menten kinetics for AM demethylation were de-
termined for CYP2B6.1, CYP2B6.2, CYP2B6.4, CYP2B6.5,
CYP2B6.6, CYP2B6.7, CYP2B6.9, CYP2B6.10, CYP2B6.13,
CYP2B6.14, CYP2B6.17, CYP2B6.19, CYP2B6.20, CYP2B6.23,
CYP2B6.25, CYP2B6.26, and CYP2B6.27. The kinetic parameters
are summarized in Table 1. The estimated kinetic parameters,
apparent K, V,.... and V_  /apparent K, for AM demethylation
by CYP2B6.1 were 3.10 puM, 36.0 pmol * min~' - pmol
CYP2B6 ™', and 12.4 ul - min™' - pmol CYP2B6 ', respectively.
The V.. values for CYP2B6.14, CYP2B6.20, and CYP2B6.27
were significantly decreased, whereas those for CYP2B6.2,
CYP2B6.4, and CYP2B6.6 were significantly increased, relative to
that for the wild-type enzyme.

Discussion

In this study, we have determined the human P450 enzymes re-
sponsible for AM demethylation. Among 14 human P450s, CYP2B6

Fic. 5. Comparison of AM demethylation ac-
tivities (at 50 uM AM) to immunoquantified

13 human liver microsomes. Correlation coef-
ficients (+*) obtained in these cases are shown.
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FiG. 6. AM demethylation activity of CYP2B6
proteins expressed in COS-7 cells. The concen-
tration of AM was 50 pM. Each number cor-
responds to CYP2B6 variant proteins. Results
are presented as the mean * S.D. in triplicate.
*, P << 0.05 compared with CYP2B6.1. N.D.,
not detectable.

*
*
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CYP2B6 variant proteins expressedin COS-7 cells

has the highest intrinsic activity for AM demethylation, followed by
CYP3A4. In the kinetic parameter analysis, the affinity of CYP2B6
was 4-fold higher than that of CYP3A4, and the V,, /apparent K, of

 CYP2B6 was 6-fold higher than that of CYP3A4. These results

suggest that AM demethylation is likely to be mainly catalyzed by
CYP2B6 in the liver. The contribution of CYP2B6 to AM demethyl-
ation by human liver microsomes was further substantiated by show-
ing a correlation to CYP2B6 protein content (#* = 0.548). However,
van Agtmael et al. (1999b,c) have reported that administration of AM
with grapefruit juice, a CYP3A4 inhibitor, increased the blood con-
centration of AM and DHA but not their elimination half-life. Thus,
CYP3A4 in the small intestine might also play an important role in the
metabolism of AM.

CYP2B6 is a genetically polymorphic enzyme (Zanger et al., 2007;
Arenaz et al., 2010). In vitro functional characterization of polymor-
phically expressed CYP2B6 variants revealed that CYP2B6.4 and
CYP2B6.6 increased AM demethylation activity, whereas CYP2B6.8,
CYP2B6.11, CYP2B6.12, CYP2B6.14, CYP2B6.15, CYP2B6.16,
CYP2B6.18, CYP2B6.20, CYP2B6.21, CYP2B6.24, and CYP2B6.27
exhibited no activity or decreased activity. These alterations were
consistent with those of previous in vitro studies performed using
bupropion, 7-ethoxy-4-trifluoromethylcoumarin, and selegiline as
CYP2B6 substrates (Lang et al., 2004; Klein et al., 2005; Wang et al.,
2006; Rotger et al, 2007, Watanabe et al., 2010). However,
CYP2B6.2 exhibited increased AM demethylation activity, and the
activity of CYP2B6.13 was similar to that of wild-type CYP2B6.1.
There have been several reports that CYP2B6.2 exhibited no func-
tional differences compared with CYP2B6.1 (Jinno et al., 2003;

Watanabe et al., 2010) and that CYP2B6.13 had no metabolic activity
toward 7-ethoxy-4-trifluoromethylcoumarin and selegiline (Watanabe
et al., 2010). These results suggest that these CYP2B6 variants show
substrate-dependent changes in the catalytic properties of the enzyme.

Gay et al. (2010) recently determined the crystal structure of
CYP2B6, allowing the prediction of precise locations within the
three-dimensional structure at which amino acid substitutions occur.
They suggested that the K262R substitution on the G/H loop is
assembled into a hydrogen-bonding network with His252, Thr255,
Asp263, and Asp266 and is involved in protein stability. In this study,
the AM demethylation activities of CYP2B6.12 (G99E) and
CYP2B6.24 (Q476D) were not detectable. In the CYP2B6 protein
structure, the Gly99 and GIn476 residues are located in substrate
recognition site 1 and 6, respectively. These amino acid changes may
reduce the affinity of CYP2B6 for AM. However, a number of amino
acids with altered AM demethylation activity are located far from
substrate recognition sites. Indeed, the apparent K, values of AM
demethylation were not significantly different among the CYP2B6
variants (Table 1). We hypothesize that the functional effects of these
variants are transduced via long-range hydrogen-bonding networks or
through subtle differences in the placement of secondary structural
elements. In addition, most of the amino acid substitutions that abol-
ished enzymatic activity are conserved among human P450s and are
therefore critical for CYP2B6 activity.

This is the first study to functionally analyze CYP2B6 genetic
variants with respect to AM demethylation activity. If CYP2B6 has a
significant role in the metabolism of AM in vivo as well as in vitro,
individuals with poor CYP2B6 metabolism might have higher plasma

TABLE 1
Kinetic parameters of AM demethylation by CYP2B6 proteins expressed in COS-7 cells

Results represent the mean £ S.D. of triplicate determinations.

Variants Apparent K, Vs Vima/Apparent K, Via/Apparent K, Ratio
M pmol = min™! + pmol CYP2B6™! wl < min~1 « pmol CYP2B6™! % CYP2B6.1

CYP2B6.1 310 = 1.1 36.0 % 5.67 124 £ 4.11

CYP2B6.2 429 £2.7 64.4 £ 3.92% 18.8 £9.19 129
CYP2B6.4 2.73 £ 045 70.6 £ 9.29* 26.0 =242 223
CYP2B6.5 6.87 + 6.8 19.8 + 3.06 891 £11.3 24.8
CYP2B6.6 672 £ 30 150 % 15.9* 242 +6.84 192
CYP2B6.7 280+ 1.4 50.1 £123 19.2 + 4.65 154
CYP2B6.9 444 = 1.7 33.1 £5.20 8.38 = 3.94 64.2
CYP2B6.10 1.93 % 0.68 17.0 = 5.03 9.98 +5.05 53
CYP2B6.13 733 £ 4.1 18.2 £ 554 293 #1.73 213
CYP2B6.14 506 £ 5.8 7.06 = 1.63* 6.70 £ 9.40 12.0
CYP2B6.17 2.17 =040 212 2473 944 £ 245 84.0
CYP2B6.19 8.06 = 8.9 36.9 £21.9 7.38 £6.15 394
CYP2B6.20 647 = 9.8 9.85 = 2.22% 8.79 7,22 131
CYP2B6.23 1.91 £ 0.72 314 £7.71 176 £ 593 142
CYP2B6.25 204 %19 25.7 £17.31 21.6 = 15.7 108
CYP2B6.26 55034 37.3 £ 6.04 10.1 £ 8.13 58.4
CYP2B6.27 4.50 £ 0.98 10.6 % 6.16* 259+ 182 20.2

* P < 0.05 compared with CYP2B6.1.
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