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Abstract

Individualization of drug therapy through genetic testing would maximize the effectiveness of
medication and minimize its risks. Recent progress in genetic testing technologies has been remarkable, and
they have been applied for the analysis of genetic polymorphisms that regulate drug responses. Clinical
application of genetic information to individual health care requires simple and rapid identification of
nucleotide changes in clinical settings. We previously reported a novel DNA diagnostic method for
detecting single nucleotide polymorphisms (SNPs) using competitive allele-specific short oligonucleotide
hybridization (CASSOH) with an immunochromatographic strip. We have developed the method further in
order to incorporate an enzyme-linked immunosorbent assay (ELISA) into the final detection step; this

Abbreviations: CASSOH, competitive allele-specific short oligonucleotide hybridization; ELISA, enzyme-linked
immunosorbent assay; SNP, single nucleotide polymorphism; mtDNA, mitochondrial DNA; NAT2, N-acetyltransferase
2; PCR-RFLP, polymerase chain reaction-restriction fragment length polymorphism; PCR-SSCP, polymerase chain
reaction-single strand conformational polymorphism; FITC, fluorescein isothiocianate; HRP, horseradish peroxidase;
TMB, 3,%,5,5'-tetramethylbenzidine.
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enables multiple SNP detection. Special ELISA chips have been fabricated so that disposal of buffer waste
is not required and handling procedures are minimized. This method (CASSOH-ELISA) has been
successfully applied for the detection of clinically important SNPs in drug metabolism, such as N-
acetyltransferase 2, NAT2*6 (590G>A) and NAT*7 (857G>A), and mitochondrial DNA (1555A>G). It
would also facilitate point-of-care genetic testing for potentially diverse clinical applications.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Genotyping; Single nucleotide polymorphism; Pharmacogenetics

1. Introduction

Single nucleotide polymorphisms (SNPs) are the most common type of genetic variations
found in individuals. Clinical application of pharmacogenetic SNPs information is important in
customizing the species of the drug and providing optimal dosage and schedule for individual
patients. Pharmacogenetics involves determination of genetic polymorphisms that influence drug
exposure levels. Specifically, increased toxicity or altered efficacy can result from variations in a
gene that encodes an important drug-metabolizing enzyme. Alterations in genes that are known
to influence the drug response and/or toxicity include SNPs at the loci for N-acetyltransferase 2
(NAT2) [1-3] and mitochondrial DNA (mtDNA) [4].

N-Acetyltransferase 2 (NAT2) exhibits hereditary determined polymorphism, and the
individual phenotypes can be classified as rapid, intermediate, or slow acetylators according
to their acetylation activity [1]. NAT2 metabolizes many drugs, including isoniazid,
procainamide, and polycyclic amines such as several sulfonamides and hydralazines [5]. The
relationship between polymorphic acetylation of isoniazid and procainamide by NAT2 and
idiosyncratic drug toxicity has been well-documented [6]. This polymorphism shows racial
differences; in the Caucasian population, nearly 50% are slow acetylators, whereas this
frequency is only 10% in the Japanese population [7-9]. Among all the NAT2 allelic variants
that have been identified [10], 3 variants (NAT2*5 (341T>C), NAT2*6 (590G>A), and NAT2*7
(857G>A)) were shown to account for the majority of the slow acetylator genotype in Japanese
subjects [9,11].

It has been reported that the administration of aminoglycoside antibiotics is likely to cause
irreversible perceptive deafness in humans with an SNP at the 1555th base (A to G) in the 12S
rRNA gene in mtDNA [4]. Aminoglycosides basically inhibit the synthesis of bacterial protein:
however, in cases where the 1555th base is altered from A to G in the mtDNA in normal
humans, the sequence shares a similar three-dimensional structure with bacterial 16S rRNA.
Further, the site that originally does not have affinity becomes a target for aminoglycosides and
protein synthesis involved in the mitochondrial electron transfer system, and oxidative
phosphorylation is suppressed. As a result, ATP production decreases and hair cells in the
internal ear show dysfunction [12]. Thus, it is necessary to perform routine genetic testing prior
to aminoglycoside administration and promote counseling for mtDNA (A1555G) subjects to
avoid side effects.

Prior to drug treatment, it is extremely desirable to use bedside genotyping methods to
identify drug responders or nonresponders as well as patients with increased risk of toxicity.
Numerous SNP detection methods have been developed, including PCR-RFLP, allele-specific
PCR [13], PCR-SSCP [14], oligonucleotide ligation assay [15], TagMan PCR [16-18], Invader
assay [19,20], pyrosequencing [21], microarrays [22], and matrix-assisted laser desorption/
ionization-time of flight mass spectrometry [23]. However, these methods require either
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cumbersome laboratory procedures or high-tech instrumentation for high-throughput analysis.
None of these procedures are readily performed in local clinical laboratories in which molecular
biology expertise is unavailable.

Matsubara and Kure [24] and our group [25] have recently developed a novel DNA
diagnostic method for detecting SNPs using competitive allele-specific short oligonucleotide
hybridization (CASSOH) with an immunochromatographic strip. The discrimination of a one-
base mismatch is achieved by employing unusually short oligonucleotide probes (11-17 mer),
which would reduce the reassociation of mismatched hybrids by a factor of two, thereby
providing unsurpassed reliability and reproducibility. However, at present, the production of
immunochromatographic strips (DNA detection test strips™ (Roche)) has been discontinued. In
this study, we have devised a method for incorporating an enzyme-linked immunosorbent assay
(ELISA) into the final detection step; this enables multiple SNP detection.

2. Materials and methods
2.1. Isolation of DNA from human blood

The local ethics committee of Tohoku Pharmaceutical University and Tohoku University
Hospital approved the study, and all blood donors provided written, informed consent. DNA was
isolated from K,EDTA-treated anticoagulated peripheral blood using a DNA Extractor WB-
Rapid kit (Wako Pure Chemical Industries, Osaka, Japan) or a QlAamp DNA Mini Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s instructions.

2.2. Oligonucleotides

The nonlabeled primers were synthesized by Fasmac, Inc. (Atsugi, Japan). The fluorescein
isothiocyanate (FITC)-labeled primer and biotin-labeled probe were synthesized by Nihon Gene
Research Laboratories, Inc. (Sendai, Japan).

2.3. CASSOH assay

The CASSOH assay for the detection of polymorphisms of NAT2 (NAT2*6 (590G>A) and
NAT2*7 (857G>A)) and mitochondrial DNA (1555A>G) was carried out according to the
method described by Matsubara and Kure [24] and our group [25] with minor modifications.
The principle of the method is illustrated in Fig. 1. A target sequence containing an SNP site was
amplified by PCR using a pair of PCR primers, one of which was labeled with FITC at its 5'-
end. The PCR reaction mixture also contained two sets of hybridization probes. One set was
used for the detection of the variant type nucleotide sequence and consisted of an
oligonucleotide containing the variant type sequence labeled with biotin at its 3’-end and an
unlabeled oligonucleotide containing the wild sequence (reaction 1). The second set consisted of
an oligonucleotide containing the wild sequence labeled with biotin at its 3’-end and an
unlabeled oligonucleotide containing the variant type sequence (reaction 2). All hybridization
probes were designed on the strand opposite to the FITC-labeled PCR primer. Table 1 presents a
summary of the primers and probes used.

The PCR reaction was carried out in a mixture containing 10mM Tris—HCI (pH 8.3), 50mM
KCl, 1.5mM MgCl,, 250uM each dNTP, 1 uM PCR forward primer, 1 uM PCR reverse primer,
600nM biotinylated probe, 3puM unlabeled competing probe, 1.25 U Ex Tag DNA polymerase
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Reaction 1 Reaction 2
Forward primer Forward primer
P —_ ?EP Variant DNA P —_ ?‘I\‘JP Variant DNA
A. A
Variant probe Reverse primer Wild probe Reverse primer
(biotinylated) (biotinylated)
Competmg Competmg
wild probe PCR variant probe PCR
¥ S y S
e e
wozs-c | () 1 ®
—® @
on ELISA chip l d:) on ELISA chip l @

Anti-biotin antibody

, Anti-FITC antibody

Antl biotin antibody No visible signal

Formation of
visible signal

Fig. 1. CASSOH assay with the ELISA chip. Analysis of variant DNA using reaction 1 (left) for the detection of a variant
sequence or reaction 2 (right) for the detection of a wild-type sequence. Closed triangles indicate an SNP site. F,
fluorescein isothiocyanate (FITC) labeling; B, biotin labeling; HRP, horseradish peroxidase; TMB, 3,3/,5,5'-
tetramethylbenzidine.

(Takara, Otsu, Japan), and 0.04-100ng of genomic DNA in a total volume of 25uL.. The PCR
reactions were performed in a BIO-RAD iCycler (Hercules, CA, USA) under the following
cycling conditions: denaturation at 94 °C for 3 min followed by 35 cycles of denaturation at 98 °C
for 10s, annealing at 55°C for 30s, and extension at 72°C for 30s, and, finally, successive
incubations at 72 °C for 3min, 98 °C for 3min, 65°C for 1 min, 55°C for 1 min, 45°C for 1 min,
35°C for 1min, and 25°C for 1 min.

2.4. ELISA chip detection

As shown in Fig. 2, 50 uL of the block solution (1% casein in phosphate buffer (pH 7.2)) was
pipetted onto the ELISA chip (Toyobo Co., Fukui, Japan). The ELISA chip uses a porous
membrane filter (glass-fiber, 8mm in diameter) immobilized anti-biotin antibody (IgG) on the
top of the chip. The inside of the chip is filled with the absorbent pad which can hold a solution
to approximately 400pL. A mixture of 20puL. of the PCR reaction mixture plus 20puL of the
horseradish peroxidase (HRP)-labeled anti-FITC antibody solutions (DAKO, Glostrup, Den-
mark) was pipetted onto the ELISA chip. Following incubation for 4min, 80uL of the wash
solution (10mM phosphate buffer, 0.2% Tween 20) was pipetted onto the chip. After incubation
for 1 min, 80puL of the wash solution was again pipetted onto the chip. Incubation for 1 min was
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Table 1
Sequences of PCR primers and hybridization probes
Gene (allele) Forward primer Reverse primer
PCR primers
NAT2 (¥6) 5 -ttggaaacattaactgacattcttgag-3’ 5 -FITC-tgtggttataaatgaagatgttggagac-3'
NAT2 (*7) 5 -agggtatttttacatccctecagtt-3' 5'-FITC-ggtagagaggatatctgatagcacataagt-3’
mtDNA 5'-cccaaactgggattagatacce-3' 5'-FITC-ttagctcagageggtcaagttaag-3'
Gene Substitution Detection of wild-type sequence Detection of variant sequence
(allele) Biotinylated Competing Biotinylated Competing

wild probe variant variant wild

probe probe probe

Hybridization probes

NAT2 (*6) 590G>A 5'-aacctcGaacaa-Bio-3'  5'-gaacctcAaacaa-3’ 5'-gaacctcAaacaa-Bio-3' 5'-aacctcGaacaa-3
NAT2 (*7) 857G>A 5'-tgatgGatceet-Bio-3  5'-gtgatgAatcect-3'  5'-gtgatgAatcect-Bio-3' 5’ -tgatgGatccet-3'
mtDNA 1555A>G  5'-aggagAcaagtcg-Bio-3' 5'-aggagGeaagtc-3' 5'-aggagGceaagtc-Bio-3’ 5 -aggagAcaagtcg-3’

Underlined nucleotides indicate targeted substitutions.
FITC, fluorescein isothiocyanate; Bio, biotin.

followed by pipetting 40uLl. of a substrate solution containing 3,3’,5,5 -tetramethylbenzidine
(TMB) onto the chip. The HRP-labeled anti-FITC antibody, FITC-labeled PCR products, and

biotin-

chip,

labeled probe complexes were further trapped by the anti-biotin antibody on the ELISA
resulting in a visible blue signal after 10min. The genotype of the specimen was

determined by the presence or absence of the blue signal in reactions 1 and 2.

3. Results

Fig. 3 shows representative results for NAT2*6 (590G>A), NAT2*7 (857G>A), and mtDNA
(1555A>G) using the CASSOH-ELISA. False positive or false negative signals were not

An

HRP-labeled anti-

PCR Sol. FITC antibody Sol.
20 uL 20 pL
: : Diagnosis
&=
ti- blotm antibody +

\Y

Porous filter
Absorbent pad g @

- |
Block Sol. Wash Sol. Wash Sol. TMB Sol.
50 ulL 80 uL 80 ub 40 pl

Fig. 2. Procedure for CASSOH with ELISA chips.
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Hybridization probe: Wt Mt Wit Mt Wit Mt

NAT2*6 T
(590G>A) y

Genotypes:

NAT2#%7
(857G>A)

Genotypes:

mtDNA
(1555A>G)

Genotypes: A G

Fig. 3. Genotyping by CASSOH assay with ELISA chips. Detection of the NAT2*6 (590G>A), NAT2*7 (857G>A), and
mtDNA (1555A>G) polymorphisms. Wt, detection probe for wild type; Mt, detection probe for variant type.

observed. A 100% match was observed in the genotyping results of the 590G-homozygotes,
heterozygotes, and 590A-homozygotes of NAT2; the 857G-homozygotes, heterozygotes, and
857A-homozygotes of NAT2; and the 1555A-homoplasmy and 1555G-homoplasmy of mtDNA.
Although signal intensities of the wild-type probes and variant probes in a heterozygous sample
of NAT2*6 were slightly different, no false negative signals were observed under the conditions.
To estimate the precision and reproducibility of the assay, sclected samples (n=3-17) of a
known genotype were analyzed in duplicate. The genotype of all samples was tested by
sequencing and CASSOH-ELISA, and identical results were obtained by the two methods (data
not shown). Test results on the ELISA chip were stable for at least 60 min at room temperature
(data not shown).

4. Discussion

The employment of the ELISA chip enabled low-tech detection of SNP, which is suitable for
point-of-care DNA diagnosis in clinical settings. Advantages of the CASSOH-ELISA assay are
that electrophoresis and disposal of buffer waste are not required and handling procedures are
minimized. Although the ELISA chip cannot be purchased from other company except for the
Toyobo Co., the ELISA part of this method can be carried out using a conventional ELISA plate.
If the ELISA chip or palate is applied with samples, washed and detected blue signals
automatically, SNP detection should be easier from the present way. One disadvantage of the
ELISA chips in comparison with the immunochromatographic strip [24,25] is the number of
steps required to complete the assay, which could increase the likelihood of carryover
contamination. Sensitivity of the ELISA chip method was as high as that of the
immunochromatographic strip method.
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Primer design and reaction conditions were remarkably similar for the three different
diagnostic tests. Therefore, the method may be readily applied to the detection of any SNP of
interest, although empirical optimization of probe is required for each application. Especially, the
length of an optimal wild-type probe may be different from that of an optimal mutant probe due
to different base compositions.

The CASSOH-ELISA assay may be used for point-of-care genetic diagnosis for
potentially diverse clinical application. For example, there is increasing evidence for the
role of genetic polymorphisms in determining drug disposition and drug response and, thus,
susceptibility to adverse drug reactions. Several SNPs that alter the rate of drug metabolism
have been described in the genes of various drug-metabolizing enzymes, including CYP2C9,
CYP2C19, CYP2D6, N-acetyltransferase 2, dihydropyrimidine dehydrogenase, and thiopurine
methyltransferase [26]. Prospective bedside genotyping to identify poor drug metabolizers
would allow individualization of drug therapy and thereby maximize efficacy and minimize
toxicity.

5. Simplified description of the method and its future applications

In this research, we have developed a CASSOH-ELISA genotyping method for SNPs that are
particularly important for the identification of drug responders or nonresponders and patients
with increased risk of drug toxicity. This method is rapid and simple and should be suitable for
routine clinical genotyping.
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Abstract

There is wide individual variation in drug responses and adverse effects. As the main causes of the variation in drug responses, attention has
focused on the genetic polymorphisms that encode metabolic enzymes regulating pharmacodynamics and receptors modulating the affinity with
the responsive sites. Tailor-made drug therapy analyzes genetic polymorphisms involved in drug responses before drug administration and
selects drugs and doses suitable for the individual genetic background. Establishment of tailor-made drug therapy is expected to contribute to
medical economy by avoiding wasteful drug administration. To promote such medical practice, it is necessary to use simple genetic testing that is
clinically convenient. Currently, genetic testing using real-time PCR has been frequently employed at laboratories with its clinical application
anticipated. As to the many genes involved in drug responses, to date, the application of patient genetic information to tailor-made drug therapy
has been achieved at the practical level. Information on pharmacogenetics will be a critical factor in medical practice in the near future.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There is wide individual variation in the pharmacody-
namics of the administered drugs, effectiveness, and the
appearance rates of adverse effects, and they are regulated by
functions of the liver, kidneys, and heart, age, gender,
circadian rhythm, diet, concomitantly administered drugs,
and healthy foods. Recently, genetic polymorphism has
drawn attention as one of such factors [1]. In particular, a
single nucleotide polymorphism (SNP) of DNA is thought to
produce a variation in drug responses and has become a
representative research target in pharmacogenetics. In some
cases, a difference in only one nucleotide results in a several-
to ten-fold increase in maximum drug concentrations in the
blood and frequent incidences of unexpected critical adverse
effects. Today, it is anticipated that such genome information
will be used to provide safer and more efficient tailor-made
medicine for patients. If patient genome information is
investigated before drug administration and appropriate
drugs, doses, and administration timing can be predicted, a
minimum drug dose will yield the maximum effect with the
minimum side effects. If such medical practice is available,
low efficiency in selecting drugs on a trial and error basis and
drug administration as symptomatic therapy in cases of the
emergence of side effects are expected to greatly change,
which will contribute to medical economy. To date, poly-
morphisms of genes encoding drug metabolism enzymes,
drug transporters, and drug receptors, which are involved in
drug responses, have been reported and in some of them the
association between pharmacodynamics and drug efficacy
has been clarified [1,2].

In the future the expansion of tailor-made medicine using
genome information, the development of simple and rapid
genetic testing will be critical. Especially in the case of
outpatients, unless results are returned within some tens of
minutes to a few hours after the order of genetic testing,
genome information cannot be used for prescription on the
same day. Recently, new systems have been developed to
detect genetic polymorphisms involved in drug responses in
about 30 min to 2 hours by using real-time PCR.

In this review, we summarize the recent information on
genetic polymorphisms involved in drug responses and
demonstrate recent genetic testing including real-time PCR,
the clinical application of tailor-made drug therapy, and the
impact on medical economy.

2. Target genes of pharmacogenetics

2.1. P450 enzymes

A number of enzymes are involved in drug metabolism,
and cytochrome P450 (CYP, P450) is regarded as the most
important enzyme involved in drug metabolism, because
many drugs are the substrate for the enzyme. P450 forms a
superfamily consisting of a variety of molecules, and almost
20 kinds of enzymes involved in drug metabolism have been
confirmed in humans (http://drnelson.utmem.edu/
CytochromeP450.html). Of them, CYP3A4, CYP2D6,
CYP2C9, CYP2C19, CYP2B6, and CYP1A2 play the most
critical role in drug metabolism, and account for more than
90% of drugs metabolized by P450 [1,3]. P450 enzymes
involved in the metabolism of the drugs currently available in
medical practice are shown in Table 1. These molecules have
proven genetic polymorphisms (Table 2), and a number of
reports have shown the association between drug responses
and genetic polymorphisms, in particular, as to CYP2D6,
CYP2C9, and CYP2C19. Updated information can be found
on the Human CYPallele Nomenclature Website (http://
www.imm.ki.se/cypalleles). Phenotypes of P450 are divided
into the extensive metabolizer (EM) that shows regular
metabolic capacity and the poor metabolizer (PM) that shows
low metabolic capacity. The PM phenotype carrying gene
alterations on both alleles is inherited in an autosomal
recessive manner. In addition, the categorization includes
the intermediate metabolizer (IM) that shows the metabolic
capacity between the PM and the EM, and the ultra-rapid
metabolizer (UM) that shows higher metabolic capacity than
the EM.

2.1.1. CYP2D6

In cases with CYP2D6, 5—-10% of Caucasians are the
PMs that have little enzymatic activity [4]. The frequency of
the PM has racial diversity and the frequency of the
CYP2D6 PM is less than 1% in Mongolian-origin races
including Japanese [5,6]. Metabolism is delayed in a variety
of drugs in the PM, and even the same drug dose is more
likely to cause side effects, because plasma concentrations
of the drug last longer at higher than normal levels. For
example, in cases with the CYP2D6 PM, tricyclic anti-
depressants cause arrthythmia and thirstiness at higher rates
[7]. To date, almost 50 genetic polymorphisms for CYP2D6
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Table |
Substrates of drug-metabolizing enzymes
Enzymes Substrates
CYP1A2 Antidepressants amitriptyline, clomipramine, fluvoxamine, imipramine
Miscellaneous clozapine, cyclobenzaprine, estradiol, haloperidol, mexiletine,
naproxen, olanzapine, ondansetron, propranololriluzole, ropivacaine, tacrine,
theophylline, verapamil, R-warfarin, zileuton, zolmitriptan
CYP2B6 Chemotherapeutic agents cyclophosphamide, ifosfamide
Miscellaneous alfentanil, bupropion, efavirenz, ketamine, methadone, nevirapine, propofol, tamoxifen,
CYP2C9 Anticoagulants S-warfarin
Sulfonylureas glibenclamide, glimepiride, glipizide, tolbutamide,
NSAIDs celecoxib, diclofenac, ibuprofen, mefenamic acid, meloxicam, naproxen, piroxicam, suprofen
Antidepressants amitriptyline, fluoxetine, imipramine
Antihypertensives irbesartan, losartan
Miscellaneous fluvastatin, nateglinide, phenytoin, rosiglitazone, tamoxifen, torsemide
CYP2C19 Benzodiazepines diazepam
Antidepressants amitriptyline, clomipramine, imipramine
Proton pump inhibitors lansoprazole, omeprazole, pantoprazole, rabeprazole
Miscellaneous carisoprodol, citalopram, cyclophosphamide, hexobarbital, indomethacin, S-mephenytoin,
mephobarbital, nelfinavir, nilutamide, phenobarbitone,
phenytoin, primidone, progesterone, proguanil, propranolol, teniposide
CYP2D6 Antiarrhythmics amiodarone, aprindine, encainide, finexiletine, idocaine, lecainide, Isparteine, propafenone,
N-propylajmaline
Opiates codeine, dextromethorphan, dihydrocodeine, ethlmorphine, hydrocodone, norcodeine,
oxycodone, tramadol
Antihypertensives alprenolol, carvedilol, bufuralol, bunitrolol, bupranolol, debrisoquine, guanoxan, indoramin,
S-metoprolol, propranolol, timolol
Antidepressants amiflamine, amitriptyline, brofaromine, citalopram, clomipramine, desipramine,
desmethylcitalopram, fluoxetine, fluvoxamine, imipramine, maprotiline, minaprine, moclobemide,
nortriptyline, paroxetine, tomoxetine, trimipramine, venlafaxine
Antipsychotics chlorpromazine, clozapine, haloperidol, perphenazine, risperidone, sertindole, thioridazine,
zuclopentixol
Miscellaneous cinnarizine, dolansetron, methoxyamphetamine, methoxyphenamine, metoclopramide, nicergoline,
ondansetron, phenformin, promethazine, tamoxifen, tolterodine, tropisetron
CYP3A4 Immune modulators cyclosporine, tacrolimus
Benzodiazepines alprazolam, diazepam, midazolam, triazolam
Ca channel blockers amlodipine, diltiazem, felodipine, lercanidipine, nefedipine, nisoldipine, nitrendipine, verapamil
Chemotherapeutic agents busulfan, docetaxel, etoposide, irinotecan, paclitaxel, tamoxifen, vinblastine, vincristine
HMG-CoA reductase inhibitors atorvastatin, cerivastatin, lovastatin, simvastatin
Estrogens, corticosteroids estradiol, hydrocortisone, progesterone, testosterone
Macrolide antibiotics clarithromycin, erythromycin
Protease inhibitors indinavir, nelfinavir, ritonavir, saquinavir
Antihistamines astemizole, chlorpheniramin, terfenadine
Miscellaneous buspirone, cisapride, cilostazol, cocaine, dapsone, dextromethorphan, domperidone, fentanyl,
finasteride, imatinib, lidocaine, methadone, nateglinide, pimozide, ondansetron, quinine, salmeterol,
sidenafil, sirolimus, trazodone, zaleplon, zolpidem
TPMT Chemotherapeutic agents mercaptopurine, thioguanine
Immune modulators azathiprine
DPD Chemotherapeutic agents carmofur, doxifluridine, 5-fluorourasil, tegafur
NAT2 isoniazid, hydralazine, procainamide, sulfamethoxazole
UGTI1AL bilirubin, irinotecan
COMT levodopa

have been reported (http://www.imm.ki.se/cypalleles). Of
them, CYP2D6*3, CYP2D6*4, and CYP2D6*5 are the
major genetic polymorphisms involved in the PM of
Caucasians [8]. More than 90% of the PMs in Caucasians
are ascribable to these three genetic polymorphisms. More-
ovet, the existence of CYP2D6*10, a genetic polymorphism
of the IM that shows lower CYP2D6 metabolic capacity but
not as low as the PM, has been identified [9]. This genetic
polymorphism is markedly prevalent in Japanese and
Chinese.

2.1.2. CYP2C9

CYP2C9 is involved in the metabolism of an anti-
epileptic agent phenytoin and an anticoagulant warfarin. To
date, 12 CYP2C9 variant alleles have been reported (http:/
www.imm.ki.se/cypalleles). Of these, a decrease in activity
was confirmed in cases with CYP2C9*3 by the expression
system using COS cells and yeast and in vivo tests on the
normal volunteers and patients whose genetic polymor-
phisms were known [10,11]. For example, in cases with
phenytoin, oral clearance decreased to one quarter in the
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Table 2
Pharmacogenetics of drug-metabolizing enzymes (P450)

Gene Genotypes  Major allelic Phenotypes: Frequency
variants Caucasian Asian
(Japanese)
CYPI1A1 *1—*11
CYP1A2  *1-*14 *1F, *2, *3,
*4, %5, *6
CYPI1BI *1—*26
CYP2A6  *1-*17 *2, ¥4, *7,
*9, *10
CYP2A13  *]1-*9
CYP2B6 *¥1-*15
CYP2C8 *]1—*5
CYP2C9 *¥1-*13 *3 EM: 97%
PM: 3%
CYP2C19 *1-*16 *2, *3 EM: 94-98% EM: 80%
PM: 2—6% PM: 20%
CYP2D6  *]-*51 *2xN, *3, *4, EM: 90-97% EM: 99%
*5, *6, *10, *17
PM:3-10% PM: 1%
CYP2E1 *-*7 *2, *3, *4
CYP2J2 *1—*7
CYP2RI *-*2
CYP2S1 *1—*3
CYP3A4  *1-*19 *4, *5, *6
CYP3A5  *1-*10 *3, *6
CYP3A7  *1

CYP3A43  *1-*3
CYP4BI *1-*7

A description of the alleles can be found on the human cytochrome
P450 allele nomenclature committee home page (http://www.imm.ki.se/
CYPalleles/).
EM=extensive metabolizer; IM=intermediate metabolizer; PM=poor
metabolizer.

subjects with homozygous polymorphism for CYP2C9*3
[12]. Oral clearance for (S)-warfarin decreased to less than
half in the subjects with heterozygous polymorphism for
CYP2C9*3 (CYP2C9*1/*3) and to less than 10% in the
patients with homozygous polymorphism for CYP2C9*3
[13].

2.1.3. CYP2C19

CYP2C19 is an enzyme involved in the hydroxylation
of the S form of an anti-epileptic agent mephenytoin, and
also in the metabolism of a series of proton pump
inhibitors such as omeprazole. The PM for CYP2C19 is
found in about 20% of Japanese and about 3% of
Caucasians [14]. To date, 15 variant alleles responsible
for the PM for CYP2C19 have been identified (hitp://
www.imm.ki.se/cypalleles), and almost all PMs in Japa-
nese are ascribable to the two genetic polymorphisms
CYP2C19%*2 and CYP2C19*3. Omeprazole concentrations
in the blood after oral intake of omeprazole were
significantly different in each genetic polymorphism for
CYP2C19, and the concentration in the blood 10 h after
the intake in the PM was comparable to the peak
concentration in the EM [15]. When the area under the
plasma concentration—time curve was compared, the PM

was reported to be different from the EM by about 13
times [16].

2.2. Non-P450 enzymes

2.2.1. Dihydropyrimidine dehydrogenase (DPYD)

Dihydropyrimidine dehydrogenase (DPD) is a rate-
limiting enzyme for the metabolism of an anticancer drug
5-FU, and more than 85% of administered 5-FU is
metabolized by DPD. The gene encoding DPD is called
DPYD, and 13 genetic polymorphisms have been reported
[17,18]. In particular, the genetic polymorphism that
decreases DPD activity has been reported to be DPYD*2
with a polymorphism at the splicing recognition site [19].
Administration of 5-FU to the patients with decreased
DPD activity increases the adverse events such as
leukocytopenia, stomatitis, diarrhea, nausea and vomiting,
and cerebellum disorder [20].

2.2.2. Thiopurine S-methyltransferase (TPMT)

Thiopurine S-methyltransferase (TPMT) is involved in
the detoxification and metabolism of an anti-leukemia drug
6-mercaptoprine (6-MP) and an immunosuppressant aza-
thioprine. In Caucasian infant patients with acute myeloid
leukemia, those who carried TPMT*2, TPMT*3A,
TPMT*3B, or TPMT*3C showed significantly higher
concentrations of the 6-MP metabolite in the red blood
cells. In addition, a dose reduction or termination of the
administration was reported to be necessary in all patients
due to the adverse effects such as myelosuppression [21].

2.2.3. N-acetyltransferase 2 (NAT2)

An individual variation in N-acetylation activity of an
anti-tuberculosis drug isoniazid has been reported to be
ascribable to the genetic polymorphism for N-acetyltrans-
ferase 2 (NAT2). NAT2 is categorized into the rapid
acetylator (RA), the intermediate acetylator (IA), and the
slow acetylator (SA) according to the acetylation activity.
The frequency of the SA is about 50% in Caucasians and
about 10% in Japanese [22,23]. To date, more than 10
variant alleles have been identified (http://www.louisville.
edu/medschool/pharmacology/NAT.html), and three
genetic polymorphisms NAT2*5, NAT2*6, and NAT2*7,
but not NAT2*4 (wild type alleles), are responsible for
almost all SAs in Japanese [23]. Drug-induced hepatitis
by isoniazid occurs more than twice in the SA for NAT2
than in the RA [24,25].

2.2.4. Other non-P450 enzymes

Other than the above-mentioned enzymes for drug
metabolism, genetic polymorphisms for UDP-glucuronic
acid transferase (UGT) 1A1 [26], glutathione-S-transferase
(GST) [27], and thymidylic acid synthase (TS) [28] are
thought to be responsible for the individual variation in
drug responses. The relation between these genes and
drug responses is shown in Table 3.



