Original article 103

Genotyping and haplotyping of CYP2C19 functional alleles

on thin-film biosensor chips

Kaori Nakamoto?, Judith R. Kidd®, Robert D. Jenison®, Curtis D. Klaassen?,
Yu-Jui Yvonne Wan?, Kenneth K. Kidd® and Xiao-bo Zhong?

Objectives Numerous functional polymorphisms in the
CYP2C19 gene have been identified; some alleles (e.g.
CYP2C19*2 and CYP2C19*3) are associated with poor
metabolism of CYP2C19 substrate drugs. Studies have
found that the proportion of poor metabolizers, explained
by CYP2C19*2 and CYP2C19*3, varies from less than 50%
to more than 90% of poor metabolizers. Therefore,
phenotype—-genotype correlation studies should cover
more than CYP2C19*2 and CYP2C19*3. A broader
coverage, however, requires an easy-to-use and high-
throughput genotyping platform. This broader coverage
should also include the recently identified functional allele,
CYP2C19*10, which involves a nucleotide change adjacent
to the altered nucleotide change in CYP2C19*2. The
currently used restriction fragment length polymorphism-
based method for genotyping CYP2C19*2 cannot
distinguish between CYP2C19*2 and CYP2C19*10. We aim
to develop a simple platform that can genotype all
CYP2C19 functional alleles.

Methods We have developed a thin-film biosensor chip
platform to genotype 16 exonic CYP2C19 variants,
including two sets of two adjacent single nucleotide
polymorphisms and 12 single single nucleotide
polymorphisms, using a ligation strategy.

Results We demonstrate that this is a rapid, accurate, and
inexpensive method for genotyping CYP2C19 variants
using individual’s genomic DNA samples. We further

Introduction

CYP2C19, a member of the cytochrome-P450 enzyme
superfamily, is a monooxygenase that metabolizes a wide
variety of drugs, including anticonvulsants (S-mepheny-
toin and diazepam) [1,2], antidepressants (barbiturates,
citalopram, and imipramine) [3-5], antimalarial drugs
(proguanil) [6,7], proton pump inhibitors (e.g. omepra-
zole) [8], B-adrenergic blockers (e.g. propranolol) [9],
and HIV-protease inhibitors (e.g. nelfinavir) [10]. On the
basis of the metabolic rates for the drugs, individuals are
classified as extensive metabolizers (EM), intermediate
metabolizers (IM), and poor metabolizers (PM). PMs
have a much lower ability than average to oxidize these
drugs and they may experience undesirable adverse
effects at standard dosages, such as decreased awareness
after administration of diazepam [2].
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demonstrate that this genotyping platform can be used to
construct a haplotype structure of the CYP2C19 variants
in a population, and to assign a haplotype combination

to each individual on the basis of his/her genotype
results.

Conclusion This assay can be applied in
pharmacogenomic studies in both basic research and
clinical laboratories.

It is also an ideal technology for pharmacogenomic
tests in both developed and developing countries.
Pharmacogenetics and Genomics 17:103-114 © 2007
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The frequency of CYP2C19 PMs is different in various
ethnic populations and ranges from 2 to 5% in individuals
of European ancestry [11,12], 4 to 7.5% in people of
African descent [12-14], 13 to 20% in East Asians
[12,15], and 38 to 79% in Pacific Islanders [16].
Numerous functional alleles have been identified
[11,17-21] and named by the Human Cytochrome-
P450 (CYP) Allele Nomenclature Committee (http:/
www.imm.ki.se/CYPalleles/). The most common variants
or PM alleles are named as CYP2C19*2 series of *2A,
*2B, and *2C and contain a variant that is a splice
defective mutation in exon 5, with a G— A nucleotide
change at 681 of cDNA sequence [single nucleotide
polymorphism (SNP) ID in the National Council of
Bioinformatics SNP database is rs4244285) [11]. This
change alters the reading frame of the mRNA starting
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with amino-acid 215 and produces a premature stop
codon 20 amino acids downstream, which results in a
truncated, nonfunctional protein. Another common PM
allele (CYP2C19*3) has a G— A mutation at position 636
of exon 4 (rs28399504), which also creates a premature
stop codon [17]. Other null variants include a mutation
(rs28399504) in the initiation codon (CYP2C19%4)
[18], a mutation in the stop codon (stop491Cys)
(CYP2C19*12) [19], and a splice mutation in intron 5
(CYP2C19*7) [20]. Numerous synonymous and nonsy-
nonymous polymorphisms have also been identified,
including a T'— C nucleotide change at 50 in the cDNA
sequence, resulting in a Leu— Pro amino-acid change
(CYP2C19*14), an A—>C (rs17882687) at 55 resulting
in an Ile->Leu (CYP2C19*15), a G—->C at 276
(rs17878459) resulting in a Glu—Asp (CYP2C19*2B),
a T—>C at 358 resulting in a Trp —Arg (CYP2C19*8), a
G—A at 395 resulting in an Arg—GIn (CYP2C19%6),
a G—A at 431 (rs17884712) resulting in an Arg— His
(CYP2C19*9), a G—A at 449 resulting in an Arg— His
(CYP2C19*11), a C—Tat 680 (rs6413438) resulting in a
Pro— Leu (CYP2C19*10), an A— G at 991 (rs3758581)
resulting in an Ile—Val (CYP2C19*1B), and a C—>'T
at 1228 (rs17879685) resulting in an Arg— Cys
(CYP2C19*13) [18,20,21]. Most nonsynonymous alleles
produce allelic proteins showing lower enzyme activity
than the common protein by in-vivo or in-vitro assays
[11,17-22]. Tt should be noted that there are two pairs of
adjacent polymorphisms existing in the CYP2C19 gene at
680C - T (rs6413438) and 681G — A (rs4244285), and at
990C—-T (rs3758580) and 991A— G (rs3758581). Link-
age disequilibrium between 681G and 990C, and
between 681A and 990T are observed in several popula-
tions [19].

Homozygotes of the *2/*2 and *3/*3 or heterozygotes of
the *2/*3 are associated with PM for drugs dependent on
CYP2C19 metabolism, such as S-mephenytoin [23-25],
omeprazole [26], and proguanil [15,27-29]. Frequencies
of these two alleles have been established in global-wide
populations, for example: in Africa (Ethiopia [23],
Tanzania [13,30], Egypt [31], South Africa, and
Zimbabwe [32]); Middle East (Israel [33,34] and Turkey
[35]); Europe (Italy [36] and Russia [25,37]); South Asia
(India [38,39] and Thailand [40]); East Asia (China
[41,42], Korea [24,26], and Japan [43]); Australia [27]
and Pacific Islands (Papua New Guinea [44] and Vanuatu
[16]); North America (European Americans [45,46],
African-Americans [12,46], Mexican—-Americans [46]);
and South America (European ancestry in Bolivia [47]).
Some studies showed that *2 and *3 could explain more
than 90% PM phenotypes [26,41,42], but other studies
indicate that *2 and *3 could explain less than 50% of
PMs [30,38,46]. Additional defective alleles that have
been found to contribute to PM of S-mephenytoin
include CYP2C19*4 [18] and CYP2C19*5 [20], but their
frequencies in different populations have not been

established. To fully understand the genetic mechanism
of CYP2C19 in PMs, all known functional variants need
to be studied simultaneously in individuals from a set of
global populations. Such studies would require a high-
throughput genotyping platform with relatively low costs.

In this report, we describe development of thin-film
biosensor chips for genotyping 16 CYP2C19 exonic
variants (Fig. 1), including the two pairs of adjacent
SNPs at 680/681 and 990/991. Ten out of the 16 poly-
morphisms have been characterized to have no or
decreased CYP2C19 activity by in-vivo or in-vitro assays
[11,17-21]. Because of their high sensitivity, ease-of-use,
low cost, and optical characteristics, thin-film biosensor
chips have been used in point-of-care doctor’s offices for
rapid detection of infectious pathogens, such as respira-
tory virus of influenza A and B [48], and sexually
transmitted pathogens such as Chlamydia [49], Gonorriea,
and Streptococcus B [50]. We have applied this platform for
high-throughput genotyping of SNPs [51] and micro-
satellite polymorphisms [52]. Details of the experimental
procedure for genotyping 16 CYP2C19 exonic variants,
including the two pairs of adjacent SNPs, are described in
this report. Accuracy of genotyping on thin-film biosensor
chips is validated by comparison with the HapMap
database and a previously studied population of
Mexican—Americans. Application of high-throughput geno-
typing and haplotyping of CYP2C19 variants is demon-
strated in a European—American population. The advantages
of this system compared with other commercial CYP2C19
genotyping platforms are also discussed in this report,
specially focusing on its potential application in clinical
pharmacogenomic tests in hospitals.

Methods

Human participants

Twelve HapMap DNA samples were used for validating
genotyping accuracy; one African YRI family trio (child
NA18500, father NA18501, and mother NA18502); one
European-American CEU family trio (maternal grand-
mother NA06985, mother NA06991, and maternal grand-
father NA06993); three independent Chinese Han CHB
individuals (NA18524, NA18526, and NA18529), and
three independent Japanese JPT individuals (NA18940,
NA18942, and NA18943). The genomic DNAs were
purchased from Coriell Cell Repositories (Camden, New
Jersey). A Mexican—American population (# =70) was
also used in this study for validating genotyping accuracy.
These DNA samples were collected by another research
project on pharmacogenomics of CYP enzymes in
Mexican-Americans [46]. Samples of European-Amer-
icans (7 =85) were used for genotyping and haplotyping
of CYP2C19 exonic variants. This population sample has
been used in our global population studies (sample
SA000020C in ALFRED, http://alfred.med.yale.edu).
Studies on these human participants were approved by
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the Human Subjects Committee of the University of
Kansas Medical Center.

Genotyping on thin-film biosensor chip

Sixteen exonic CYPZC19 SNPs, including 12 single SNPs
and two pairs of adjacent SNPs, were selected from the
Human Cytochrome-P450 (CYP) Allele Nomenclature.
They are located in all exons except exon 6 (Fig. 1).
Target DNA molecules for each exon were amplified by
polymerase chain reaction (PCR). PCR primers were
designed based on the following criteria to make the PCR
reactions uniform: (i) product size was 120-250 bp with
about 50-150 bases of flanking sequences in both
directions around the SNP site and (ii) annealing
temperature was about 60°C for the PCR reaction. The
best primer sets were selected by DS Gene Software,
version 1.5 (Accelrys, Cambridge, UK). The primer
sequences and PCR product size for each exon are listed
in Table 1. The selected primer sequences were
synthesized by Invitrogen (Carlsbad, California, USA).
Single or multiplex PCR reactions were performed at
cycling conditions of 95°C for 15 min, 40 cycles of 94°C

for 155, 60°C for 155, and 72°C for 30 s, followed by 72°C
for 5 min, using Go Taq Polymerase provided by Promega
(Madison, Wisconsin, USA).

For each single SNP, three oligonucleotide probes were
synthesized. A pair of allele-specific P-1 oligos, differing
only in their 3'-terminal nucleotide sequence, have 40
nucleotides complementary to the corresponding target
sequences on one side of the SNP, and an additional 10-
dA residue at their 5’-ends, which constitutes a ‘spacer’.
The 5'-terminal nucleotide is modified with an aldehyde
group, allowing covalent attachment to the chip surface
containing a layer of hydrazine groups [51]. A second
oligonucleotide probe (biotin-P2) with 20 nucleotides
complementary to the other side of the SNP, and
immediately adjacent to the SNP nucleotide, carries a
biotin at the 3’ end for detection, and a phosphate at its 5’
end for ligation. For the two adjacent SNPs, four allele-
specific P-1 oligos were synthesized with different
combinations of the last two nucleotides, one for the
common sequence, one for the single variant at the last
base, one for the single variant at the second to the last

Fig. 1
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1A-G GTG initiation codon None rs28399504 [18]
50 T—C 17 L—>P [19]
55 A—»C 19 1L rs17882687 [19]
276 G—>C 92 E—-D None rs17878459 [21]
358 T—>C 120 W—-R None Decrease [21]
395 G—>A 132 R—>Q None None [21]
431 G—>A 144 R—H Decrease rs17884712 [19]
449 G—>A 150 R—H [19]
636 G—>A 212 W—X None rs4986893" [11]
680 C—T 227 P—L Decrease rs6413438" [19]
681 G—>A Splicing defect None rs4244285" [11]
990 C—T 330 V-V rs3758580" [11]
991 G—-A 331 V-l Normal rs3758581" [11]
1228 C—>T 410 R—>C rs17879685 [19]
1297 C—>T 433 R->W None None [20]
1473 A—C 491 stop—C Unstable [19]

*SNPs are genotyped by the HapMap project.

Location of the 16 selected exonic variants in the CYP2C19 gene.
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Table 1 Oligonucleotide sequences of capture probe (P1), detection probe (P2), synthetic targets and PCR primers

Nucleotide change in cDNA sequence

Oligonucleotide sequence

(a) Adjacent SNPs
Exon 5 (PCR product: 213 bp)
Forward primer
Reverse primer
680-681 P1-CG
680-681 P1-TG
680-681 P1-CA
680-681 P1-TA
680-681 P2
680-681 target for P1-CG
680-681 target for P1-TG
680-681 target for P1-CA
680-681 target for P1-TA
Exon 7 (PCR product: 163 bp)
Forward primer
Reverse primer
990-991 P1-CA
990-991 P1-TA
990-991 P1-CG
990-991 P1-TG
990-991 P2
990-991 target for P1-CA
990-991 target for P1-TA
990-991 target for P1-CG
990-991 target for P1-TG
(b) Single SNP
Exon 1 (PCR product: 202 bp)
Forward primer
Reverse primer
1 P1-A
1 P1-G
1 P2
1 target for P1-A
1 target for P1-G
50 P1-T
50 P1-C
50 P2
50 target for P1-T
50 target for P1-C
55 P1-A
55 P1-C
55 P2
55 target for P1-A
55 target for P1-C
Exon 2 (PCR product: 146 bp)
Forward primer
Reverse primer
276 P1-G
276 P1-C
276 P2
276 target for P1-G
276 target for P1-C
Exon 3 (PCR product: 226 bp)
Forward primer
Reverse primer
358 P1-T
358 P1-C
358 P2
358 target for P1-T
358 target for P1-C
395 P1-G
395 P1-A
395 P2
395 target for P1-G
395 target for P1-A
431 P1-G
431 P1-A
431 P2
431 target for P1-G
431 target for P1-A
449 P1-G
449 P1-A
449 P2
449 target for P1-G
449 target for P1-A
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AATTACAACCAGAGCTTGGC

TGTTGATGTCCATCGATTCTTG
ALD-AAAAAAAAAAAATATGCAATAATTTTCCCACTATCATTGATTATTTCCCG
ALD-AAAAAAAAAAAATATGCAATAATTTTCCCACTATCATTGATTATTTCCTG
ALD-AAAAAAAAAAAATATGCAATAATTTTCCCACTATCATTGATTATTTCCCA
ALD-AAAAAAAAAAAATATG CAATAATTTTCCCACTATCATTGATTATTTCCTA
Phosphate-GGAACCCATAACAAATTACT-biotin -
GTAATTTGTTATGGGTTCCCGGGAAATAATCAATGATAGT
GTAATTTGTTATGGGTTCCCAGGAAATAATCAATGATAGT
GTAATTTGTTATGGGTTCCTGGGAAATAATCAATGATAGT
GTAATTTGTTATGG GTTCCEG GAAATAATCAATGATAGT

TGTTCCATTTCTCTCCTTTTCC

ATGTATCTCTGGACCTCGTG
ALD-AAAAAAAAAAGTCTTGTCAGCTAAAGTCCAGGAAGAGATTGAACGTGTCA
ALD-AAAAAAAAAAGTCTTGTCAGCTAAAGTCCAGGAAGAGATTGAACGTGTTA
ALD-AAAAAAAAAAGTCTTGTCAGCTAAAGTCCAGGAAGAGATTGAACGTGTCG
ALD-AAAAAAAAAAGTCTTGTCAGCTAAAGTCCAGGAAGAGATTGAACGTGTE
Phosphate-TTGGCAGAAACCGGAGCCCC-biotin
GGGGCTCCGGTTTCTGCCAATGACACGTTCAATCTCTTCCT
GGGGCTCCGGTTTCTG CCAAT_TACACGTI’CAATCTCTTCCT
GGGGCTCCGGTTTCTGCCAACGACACGTTCAATCTCTTCCT
GGGGCTCCGGTTTCTGCCAACAACACGTTCAATCTCTTCCT

AGGCACACACACTTAATTAGC

ATCACTGGGAGAGGAGTAGG
ALD-AAAAAAAAAAGCAAGCTCACGGTTGTCTTAACAAGAGGAGAAGGCTTCAA
ALD-AAAAAAAAAAGCAAGCTCACGGTTGTCTTAACAAGAGGAGAAGGCTTCAG
Phosphate-TGGATCCTTTTGTGGTCCTT-biotin -
AAGGACCACAAAAGGATCCATTGAAGCCTTCTCCTCTTGTT
AAGGACCACAAAAGGATCCACTGAAGCCTTCTCCTCTTGTT
ALD-AAAAAAAAAATTGTGGTCCTTGTGCTCTGTCTCTCATGTTTGCTTCTCCT
ALD-AAAAAAAAAATTGTGGTCCTTGTGCTCTGTCTCTCATGTTTGCTTCTCCC
Phosphate-TTCAATCTGGAGACAGAGCT-biotin -
AGCTCTGTCTCCAGATTGAAAGGAGAAGCAAACATGAGAGA
AGCTCTGTCTCCAGATTGAAGGGAGAAGCAAACATGAGAGA
AAAAAAAAAAGTCCTTGTGCTCTGTCTCTCATGTTTGCTTCTCCTTTCAA
AAAAAAAAAAGTCCTTGTGCTCTGTCTCTCATGTTTGCTTCTCCTTTCAC
Phosphate-TCTGGAGACAGAGCTCTGGG-biotin -
CCCAGAGCTCTGTCTCCAGATTGAAAGGAGAAGCAAACATG
CCCAGAGCTCTGTCTCCAGAGTGAAAGGAGAAGCAAACATG

CTCTGTATTTTGGCCTGGAAC

TGCACACCTACCAAATCCTC
ALD-AAAAAAAAAAATATGAAGTGGTGAAGGAAGCCCTGATTGATCTTGGAGAG
ALD-AAAAAAAAAAATATGAAGTGGTGAAGGAAGCCCTGATTGATCTTGGAGAC
Phosphate-GAGTTTTCTGGAAGAGGCCA-biotin -
TGGCCTCTTCCAGAAAACTCCTCTCCAAGATCAATCAGGGC
TGGCCTCTTCCAGAAAACTCETCTCCAAGATCAATCAGGGC

CAGTGTCAGCTTCCTCTTTC

TATGTTCACCCACCCTTGG
ALD-AAAAAAAAAACTCTTCCTGTTAGGAATCGTTTTCAGCAATGGAAAGAGAT
ALD-AAAAAAAAAACTCTTCCTGTTAGGAATCGTTTTCAGCAATGGAAAGAGAC
Phosphate-GGAAGGAGATCCGGCGTTTC-biotin -
GAAACGCCGGATCTCCTTCCATCTCTTTCCATTGCTGAAAA
GAAACGCCGGATCTCCTTCCGTCTCTTTCCATTGCTGAAAA
ALD-AAAAAAAAAAGATGGAAGGAGATCCGGCGTTTCTCCCTCATGACGCTGCG
ALD-AAAAAAAAAAGATGGAAGGAGATCCGGCGTTTCTCCCTCATGACGCTGCA
Phosphate-GAATTTTGGGATGGGGAAGA-biotin -
TCTTCCCCATCCCAAAATTCCGCAGCGTCATGAGGGAGAAA
TCTTCCCCATCCCAAAATTCTGCAGCGTCATGAGGGAGAAA
ALD-AAAAAAAAAATGCGGAATTTTGGGATGGGGAAGAGGAGCATTGAGGACCG
ALD-AAAAAAAAAATGCGGAATTTTGGGATGGGGAAGAGGAGCATTGAGGACCA
Phosphate-TGTTCAAGAGGAAGCCCGCT-biotin -
AGCGGGCTTCCTCTTGAACACGGTCCTCAATGCTCCTCTTC
AGCGGGCTTCCTCTTGAACATGGTCCTCAATGCTCCTCTTC
ALD-AAAAAAAAAAGGAAGAGGAGCATTGAGGACCGTGTTCAAGAGGAAGCCCG
ALD-AAAAAAAAAAGGAAGAGGAGCATTGAGGACCGTGTTCAAGAGGAAGCCCA
Phosphate-CTGCCTTGTGGAGGAGTTGA-biotin - -
TCAACTCCTCCACAAGGCAGCGGGCTTCCTCTTGAACACGG
TCAACTCCTCCACAAGGCAGTGGGCTTCCTCTTGAACACGG



Table 1 (continued)

Genotyping CYP2C19 alleles on biosensor chips Nakamoto et al.

107

Nucleotide change in cDNA sequence

Oligonucleotide sequence

Exon 4 (PCR product: 179 bp)
Forward primer
Reverse primer
636 P1-G
636 P1-A
636 P2
636 target for P1-G
636 target for P1-A
Exon 8 (PCR product: 141 bp)
Forward primer
Reverse primer
1228 P1-C
1228 P1-T
1228 P2
1228 target for P1-C
1228 target for P1-T
Exon 9 (PCR product: 294 bp)
Forward primer
Reverse primer
1297 P1-C
1297 P1-T
1297 P2
1297 target for P1-C
1297 target for P1-T
1473 P1-A
1473 P1-C
1473 P2
1473 target for P1-A
1473 target for P1-C

CTGTGATCCCACTTTCATCC

CAGGAAGCAAAAAACTTGGC
AAAAAAAAAAAAAATTGAATGAAAACATCAGGATTGTAAGCACCCCCTGG
AAAAAAAAAAAAAATTGAATGAAAACATCAGGATTGTAAGCACCCCCTGA
Phosphate-ATCCAGGTAAGGCCAAGTTT-biotin B
AAACTTGGCCTTACCTGGATCCAGGGGGTGCTTACAATCCT
AAACTTGGCCTTACCTGGATTCAGGGGGTGCTTACAATCCT

GGGCACAACCATATTAACTTCC

GCTGAGAAAGGCATGAAGTAG
ALD-AAAAAAAAAAAACAACAAAGAATTTCCCAACCCAGAGATGTTTGACCCTC
ALD-AAAAAAAAAAAACAACAAAGAATTTCCCAACCCAGAGATGTTTGACCCTT
Phosphate-GTCACTTTCTGGATGAAGGT-biotin B
ACCTTCATCCAGAAAGTGACGAGGGTCAAACATCTCTGGGT
ACCTTCATCCAGAAAGTGACEAGGGTCAAACATCTCTGGGT

CTCACAGTTACACATGAGGAG

TTGGACCAGAGGAAAGAGAG
ALD-AAAAAAAAAAAGGAGTAACTTCTCCCTATGTTTGTTATTTTCAGGAAAAC
ALD-AAAAAAAAAAAGGAGTAACTTCTCCCTATGTTTGTTATTTTCAGGAAAAT
Phosphate-GGATTTGTGTGGGAGAGGGC-biotin -
GCCCTCTCCCACACAAATCCGTTTTCCTGAAAATAACAAAC
GCCCTCTCCCACACAAATCCATTTTCCTGAAAATAACAAAC
ALD-AAAAAAAAAATGTCCCGCCCTTCTATCAGCTGTGCTTCATTCCTGTCTGA
ALD-AAAAAAAAAATGTCCCGCCCTTCTATCAGCTGTGCTTCATTCCTGTCTGC
Phosphate-AGAAGCACAGATGGTCTGGC-biotin -
GCCAGACCATCTGTGCTTCTTCAGACAGGAATGAAGCACAG
GCCAGACCATCTGTGCTTCTGCAGACAGGAATGAAGCACAG

PCR, polymerase chain reaction; SNP, single nucleotide polymorphism.
Underlines indicate SNP sites.

base, and one for the double variant sequence. To test
genotyping specificity, oligonucleotide targets (40-mer)
perfectly matched for each P1 and P2 probe combination
were also synthesized. The P1, P2, and target sequences
are listed in Table 1. The synthesized P1 oligos were
diluted to 100 umol/l in 0.1 mol/l phosphate buffer, pH
7.8. A P1 working solution of 1pmol/l in 0.1 mol/l
phosphate buffer, pH 7.8, and 10% glycerol was pre-
pared for each P-1 probe before spotting. The thin-
film biosensor chips were purchased from Inverness
Medical-Biostar (Louisville, Colorado, USA) (http://
www.biostar.com/). A 10cm diameter wafer costs $33.
Each wafer was cut into ~150 7 x 7mm? chips. P1-
working solution (20 nl) was spotted on a 7 x 7mm? chip
surface in an 8 x 8 dot format on a wafer, by a BioDot PC-
controlled dispense arrayer AD3200. After the spotted
chips were incubated in a humidity-controlled chamber
for at least 2 h, the chips were washed with 0.1% sodium
dodecyl sulfate in water and then air dried. Each of the
spotted chips was transferred into an 8 x 8 mm? well in a
96-well microtiter plate, and fixed by double-sided tape.
A standard operating procedure for genotyping SNPs on
the printed biosensor chips as previously described [51]
was applied with a slight modification. An arrayed chip
was assembled into a square well of a 96-well microtiter
plate for hybridization. A ligation reaction was carried out
in the microtiter plate well containing an arrayed chip. A
reaction solution (100 pl) contained 100 femtomoles of
each relevant PCR amplicon for the 16 CYP2C19 SNPs,

10 nmol/l P-2 probe (one for each SNP), and 5units of
mutant Ampligase in a buffer of 20 mmol/l Tris-HCI, pH
8.3, 25 mmol/l KCI, 10 mmol/l MgCl,, 0.5 mmol/l NAD,
0.01% Triton X-100, 10% formamide, and 5 mg/ml alka-
line-treated casein (ATC). The ligation reaction was
incubated for 20 min at 62°C. All 96 chips in a 96-well
plate were processed simultaneously. After a stringent
wash (3 times in 0.01 mol/l NaOH at room temperature
and 3 times in 0.1 x SSC), the chips were incubated with
an antibiotin horse-radish peroxidase (HRP) conjugate
(Jackson ImmumoResearch Lab, West Grove, Pennsylva-
nia, USA; 1pg/ml in 5 x SSC buffer containing 5 mg/ml
ATC) for 10 min, and the chips were rinsed with 0.1 x
SSC. One hundred microliter of a precipitate-generating
HRP substrate 3,3/,5,5 tetramethyl benzidiene (BioF¥x,
Owings Mills, Maryland, USA) was added to each chip
and incubated for 5 min, rinsed in ddH,0, and air dried.
Signal images were captured by a black—white digital
camera. Genotypes were manually recorded on the basis
of the signal’s position for each pair of capture probes.

Analysis of haplotypes by statistical tools

Genotypes generated by the thin-film biosensor chips
were saved in a linkage format file and uploaded into
HAPLOT (Yale University, New Haven, Connecticut,
USA), a software package for graphical illustration of
linkage disequilibrium (LLD) blocks, haplotype frequency,
and haplotype-tagging SNPs for multiple populations
[53]. Four different block partition algorithms are
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incorporated into HAPLOT to generate (LLD) block
structure, on the basis of LD measure D’ (confidence
interval) [54], the four-gamete test [55], the solid spine
of LD [56], and LD measure 7° (Kidd %) [53].
Frequencies of common and less common alleles,
genotypes of homozygous common allele, homozygous
less common allele, and heterozygous, frequency of
observed heterozygous and predicted heterozygous geno-
types, and Hardy—Weinberg test were determined and
calculated for each variant by the HAPLOT software
package. LD blocks were defined by using the Kidd 7°
partition algorithms. Haplotypes were generated through
the program HAPLO [57], which implements the EM
algorithm [58].

Results

Genotyping of two-adjacent SNPs on thin-film
biosensor chips

Although two-adjacent SNPs do not frequently occur,
they occasionally exist in the human genome, for
example, at the loci of 580-581 and 990-991 in the
CYP2C19 ¢DNA sequence. Most platforms for genotyp-
ing a single SNP may not be able to distinguish easily the
four possible allelic combinations of two adjacent SNPs.
For example, the restriction fragment length polymorph-
ism-based SNP genotyping platform relies on recognition
of polymorphic sequences by restriction enzymes. At least
three or four different enzymes are required to recognize
each combination of the two adjacent polymorphic
nucleotides. In some situations, it is not possible to find
appropriate restriction enzymes. For example at 580-581
of CYP2C19, a Smal site is present in the common allele
CYP2C19*1 (TCCCGGGAAC). Many previous studies
identified the CYP2C19*2 allele as failure to be digested
by Smal based on the de Morais’ method [11]. The Smal
enzyme, however, cannot recognize the variant allele at
position 580 (TCCTGGGAAC), the variant allele at
position 581 (TCCCAGGAAC), nor the double-variant
allele (TCCTAGGAAC). Thus, CYP2C19*2 alleles de-
fined by Smal digestion may not be all CYP2C19*2, but a
mixture of different sequences with different functional
consequences. Allele-specific primers for PCR amplifica-
tion can identify the presence of two variants at two
adjacent SNPs by using different strands as PCR
templates in two separate amplification reactions. But
this assay cannot distinguish whether the two adjacent
variants occur on the same chromosome or on different
chromosomes. In the present study, a ligation strategy is
used to detect haplotype status of two adjacent SNPs in a
single step on thin-film biosensor chips (Fig. 2a). Four
capture probes (P1), differing at the last two nucleotides
at their 3’ terminals, are immobilized on the thin-film
biosensor chip surface by their 5 modified nucleotide
[51]. When a reaction solution, containing a biotin-
labeled detection probe (P2), a synthetic single-stranded
oligonucleotide (target) with a specific sequence per-
fectly matched to one of the capture probes, and a

thermostable DNA ligase (Ampligase), is applied on the
chip surface, the biotinylated P2 is only ligated to the P1
probe, which has a sequence perfectly matched to the
target. The last two nucleotides are very critical for the
ligation by a thermostable ligase. After a stringent wash
with NaOH to remove all noncovalently binding mole-
cules, followed by a color-signal-generation procedure, a
positive signal was observed at the position where the
biotinylated P2 probe is immobilized to the P1 probe that
is perfectly matched to the target at both sites.
Specificity for genotyping two adjacent SNPs of
CYP2C19 580C—-T-581G—>A and 990C—-'T991A—-G
is robustly achieved by this strategy. The P1, P2, and
synthetic targets (see Table 1) were synthesized by
Invitrogen. The P1 probes were arrayed on a thin-film
biosensor chip surface in duplicate by a BioDot PC-
controlled dispense arrayer AD3200 (Fig. 2b top panel).
The synthetic targets were applied on a chip surface for
allele-specific ligation. In a test experiment, specificity
was perfect at a ligation condition with 10% formamide at
62°C (Fig. 2b).

Genotyping of 16 functional CYP2C19 SNPs on thin-film
biosensor chips

Our thin-film biosensor chip simultaneously genotypes
the 16 exonic CYP2C19 SNPs (list in Fig. 1), including
two pairs of adjacent SNPs at 580-581 and 990-991, and
12 single SNPs. The capture P1 probes were arrayed in
duplicate in a format of 8 dots per row x 8 dots per
column on a 7 x 7mm? chip (Fig. 3, left panel). Ligation
specificity for each SNP was tested by applying a pool of
synthetic single-stranded oligonucleotide targets. As
expected, only perfectly matched probes showed positive
signals (Fig. 3, right top panel). To further verify
genotyping accuracy on this platform from a human
participant, we performed a genotyping comparison with
the HapMap database using 12 selected HapMap
samples (three from each population of CEU, CHB,
JPT, and YRI). Of the 16 selected exonic CYP2C19
polymorphisms, 10 are included in the NCBI SNP
database, of which five have been genotyped by the
HapMap project, including rs4986893 (636 G—A),
1s6413438 (680 C-T), r1s4244285 (681 G-A),
rs3758580 (990 C—-T), and rs3758581 (991 G—A).
Genotypes of the five SNPs (including both of the pairs
of adjacent SNPs) were generated by the Illumina Bead—
Array platform using allele-specific primers for PCR in
the HapMap project. Two sets of primers were used to
detect the adjacent SNPs using opposite strands as PCR
templates. The genotypes of the 12 HapMap samples
were downloaded from the HapMap database and listed
in Table 2. In our thin-film biosensor chip genotyping
platform, target molecules from each participant were
prepared by single or multiplex PCR amplification. The
amplified targets were applied to the chip surface to
generate genotypes by an allele-specific ligation reaction.
An image of the signals on each chip was captured by a

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Genotyping CYP2C19 alleles on biosensor chips Nakamoto et a. 109
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(a) A strategy for detecting two-adjacent SNPs in the CYP2C19 gene on thin-film biosensor chip using a thermostable DNA ligase. (b) Images
show detection specificity for the two adjacent SNPs using synthetic single-stranded oligonucleotides as the targets. SNP, single nucleotide
polymorphism; TMB, 3,3',5,5’ tetramethyl benzidiene; HRP, horse-radish peroxidase; Ppt, precipitate.

black-white digital camera and is shown in the right
panel of Fig. 3. A 100% concordance of the genotypes of
the five SNPs was obtained by the two methods,
indicating that high genotyping accuracy is obtained by
the ligation-based genotyping platform on the thin-film
biosensor chip. It is worth pointing out that in sample
NA18524 (a Chinese), three markers, rs4244285,
rs3758580, and rs3758581, are listed as heterozygous in
the HapMap database, but it is not possible to distinguish
what haplotypes of the two-adjacent SNPs at rs3758580
and rs3758581 (990-991) exist in this sample based on
the genotyping results. Our chip image, however, clearly
shows haplotype status, indicating 990T-991G on one
chromosome and 990C-991A on the other chromosome.
In addition to heterozygous rs4244285 and rs3758580 in
sample NA18502 (a mother in a family trio of Yoruba), a
heterozygous 55A/C is also identified by the thin-film
biosensor chip. This set of data shows linkage disequili-
brium between 681G and 990C and between 681A and
990T. To further validate genotyping accuracy on thin-

film biosensor chips, we genotyped the 16 SNPs in 70
Mexican—American samples that have been genotyped
previously for CYP2C19*2 and CYP2C19*3 using the
restriction fragment length polymorphism method [46].
Again, there was 100% concordance by the two methods.

Haplotyping of CYP2C19 in an European-American
population

To further demonstrate application of the thin-film
biosensor chip to analyze haplotype structure of
CYP2C19 exonic variants in a population, we genotyped
the 16 CYP2C19 exonic variants in a sample of 85
European—-Americans. The genotype results were up-
loaded into HAPLOT and the genotyping data are
summarized in Table 3 with allele frequencies and
genotype frequencies. All allele frequencies are in
Hardy-Weinberg equilibrium. A strong LD block was
found that covers the entire CYP2C19 gene using Kidd 7*
block partition algorithm. Six haplotypes were identified
by the EM algorithm and presented in Fig. 4a with blue
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Genotyping of the 16 CYP2C19 exonic variants on thin-film biosensor chips. Left panel: positions of the capture probes for each single nucleotide
polymorphism (SNP) arrayed in duplicate. Right panel top row: targets are a pool of synthetic single-stranded oligonucleotides. Pool a: common
alleles for all SNPs; pool b: less common alleles for the 12 single SNP together with 680T-680G and 990T-991G; pool c: less common alleles for
the 12 single SNP together with 680C-680A and 990C-991A; pool d: less common alleles for the 12 single SNP together with 680T-680A and
990T-991A. Right panel row 2-4: targets are a pool of polymerase chain reaction products from each HapMap sample.

Table 2 Genotypes of five CYP2C19 SNPs in the 12 selected HapMap samples downloaded from the HapMap database

HapMap sample rs4986893 636 G—A rs6413438 680 C—T rs4244285 681 G—A rs3758580 990 C—-T rs3758581 991 G—A

NA06985 GG CC GG CC GG
NA06991 GG CcC GG CC GG
NA06993 GG CcC GG CC GG
NA18524 GG CC GA CcT GA
NA18526 GG CcC GG CC GG
NA18529 GG CC GG CcC GG
NA18940 GG CC GA CcT GG
NA18942 GG CC GG CC GG
NA18943 GA CcC GA CcT GG
NA18500 GG CcC AA T GG
NA18501 GG CC GA CcT GG
NA18502 GG CC GA CcT GG

SNP, single nucleotide polymorphism.

boxes, and red boxes representing common alleles and (12.2%), 4 (4.7%), and 5 (2.6%) all have the splice variant

less common alleles, respectively. The dominant haplo-
type is haplotype 1 (72.3%) with the common variants at
all loci, which corresponds to CYP2C19*1 in CYP allele
nomenclature and has normal CYP2C19 enzyme activity.
Haplotype 2 (5.9%), corresponding to CYP2C19*1C, has
one nucleotide change from G to A at 991. Although this
variant results in an amino-acid change from Val to Ile at
331, in-vivo experiments showed that this change does
not alter CYP2C19 enzyme activity [19]. Haplotypes 3

caused by 681A and thus should have no enzyme activity.
A synonymous substitution at 990 (T allele) is strongly
associated with the 681A allele. Two nonsynonymous
alleles are also associated with the 681A allele in
haplotype 4 (276 C) and haplotype 5 (449 A). The close
approximations to the alleles listed by the CYP Allele
Nomenclature Committee are given in Fig. 4 of the
haplotypes. Haplotype 3 corresponds to CYP2C19*2A
and haplotype 4 corresponds to CYP2C19*2B, but
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Table 3 Genotypes of the CYP2C19 exonic alleles in European-American samples

Position in cDNA 1 50 55 276 358 395 431 449 636 680 681 990 991 1228 1297 1473
sequence
Common allele A T A G T G G G G C G C G C C C
Less common allele G C C C C A A A A T A T A T T T
Allele frequency (%)
Common allele 98.8 100 100 953 100 100 971 100 100 100 794 79.4 92.9 100 100 100
Less common allele 1.2 0 0 4.7 0 0 2.9 0 0 0 206 20.6 71 0 0 0
Genotype
Homo common allele (n) 84 85 85 77 85 85 80 85 85 85 55 55 73 85 85 85
Homo less common 1 0 0 0 0 0 0 0 0 0 5 5 0 0 0 0
allele (n)
Heterozygous (n) 0 0 0 8 0 0 5 0 0 0 25 25 12 0 0 (o]
Observed heterozygosity 0 0 0 9.4 0 0 5.9 0 0 0 294 29.4 141 0 0 0
(%)
Predict heterozygosity 2.3 0 0 9.0 0 0 5.7 0 0 0 327 327 13.1 0 0 0
(%)
Hardy—Weinberg 0.14 0.67 1.0 0.19 0.19 040
P-value®

®Probability based on an exact test with 10000 simulations.
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(a) Haplotypes of the 16 CYP2C19 exonic variants in a European-American population and the corresponding CYP nomenclature alleles. (b) Groups
of genotypes explained as the possible combination of two haplotypes for the European-American individuals and predicted CYP2C19 phenotypes.
EM, extensive metabolizers; IM, intermediate metabolizers; PM, poor metabolizers.

haplotype 5 has no allele nomenclature yet. Only one  size of 85 unrelated individuals, the common haplotypes
sample was found in this population, which carries  of these SNPs should be correct and their frequencies are
homozygous haplotypes 6 (CYP2C19*4). With a sample reasonably accurate for an European-American sample.
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The less frequent haplotypes and their frequencies,
however, need to be verified in additional samples,
especially because of likely heterogeneity among the
ancestral European populations. On the basis of the most
probable combination of two of the estimated haplotypes,
the 85 European—-Americans can be assigned to 10
genotypes (Fig. 4b). These genotypes predict 63.5%
EM, 29.4% IM, and 7.1% PM, similar to other reports
[11,12].

Discussion

We report here a rapid, accurate, and inexpensive method
using optical thin-film biosensor chips for the detection
of 16 CYP2C19 exonic variants, including both single and
two adjacent SNPs. In addition to their presence at
680C—->T-681G—»A and 990C—->T-991G—A in the
CYP2C19 gene, two adjacent SNPs also occur in other
CYP450 genes, for example, 85C—>A-86G—-C in
CYP2B6 (*17) [59], 1075A—C-1076T—-C in CYP2C9
(*3/*%4) [60], 1757C—>T-1758G - T, 1846G - A-1847G - A,
1978C—T-1979T - C in CYP2D6 (*2L/*8, *4/rs11568728,
and *2C/*20) [61,62]. Therefore, a simple procedure
that can detect both single and two adjacent SNPs is
necessary for genotyping these CYP alleles. By using a
ligation strategy with a highly selective thermostable
ligase (Ampligase), we have demonstrated that the thin-
film biosensor chip assay can detect both single and two
adjacent SNPs in a single step with good specificity.

Pharmacogenomics is likely to change our current
practice of medicine into personalized medicine. Drug
therapy will be optimized to provide better efficacy,
greater safety, and fewer side effects for each individual.
This new generation of medicine is expected to become
routine in the next 10-20 years, but it will require
breakthroughs in research, education, and clinical prac-
tice. One of the most important requirements is simple,
inexpensive, and easy-to-use pharmacogenomic assays for
clinical laboratories in hospitals and point-of-care doctor’s
offices. EU and US Food and Drug Administration have
approved the first pharmacogenomic test AmpliChip
P450 test’ produced by Roche Diagnostics (Basel,
Switzerland), which is a microarray-based platform
analyzing 29 polymorphisms and mutations for the
CYP2D6 gene and two exonic variants for the CYP2C19
gene [63]. This platform requires instruments for PCR
amplification, DNA hybridization, and fluorescent-image
scanning. Costs for the chip and reagents per sample are
in the range of $400 to $500. Another commercially
available pharmacogenomic platform is TagMan Drug
Metabolism Genotyping Assays provided by Applied
Biosystems (Foster City, California, USA). This assay
uses the TagMan platform and can detect about 2000
variants in more than 220 drug metabolizing genes,
including 17 variants for the CYP2C19 gene. A TagMan
instrument system is required. The cost of reagents per

sample per variant is about $0.40. Here, we have
demonstrated an alternative platform for genotyping
functional P450 alleles on thin-film biosensor chips. This
assay is extremely robust, exhibits high flexibility, can be
adapted for low throughput or moderate-to-high through-
put requirements, and most importantly, is less expensive
than the AmpliChip P450 test, TagMan Drug Metabo-
lism Genotyping Assays, and other high throughput
alternatives. On the basis of an analysis for 1536
genotypes of the 16 CYP2C19 SNPs in 96 samples (one
microtiter plate), cost for reagents and materials is ~15
cents per sample per SNP (a total $216/1536 genotypes),
which includes $107 for isolation of genomic DNA from
96 samples using Invitrogen ChargeSwitch gDNA Mini
Tissue Kit; $15 for 576 PCR reactions (six single or
multiplex PCR per sample for 96 samples) using Go Taq
PCR kit from Promega; $3 for oligonucleotide synthesis of
P1 and P2 by Invitrogen ($80 for one set, enough for more
than 10000 reactions); $21 for thin-film biosensor chips
from Inverness Medical-Biostar; $36 for Ampligase
Thermostable DNA ligase from Epicentre Technologies;
$10 for Anti-biotin-HRP from Jackson Immuno Research
Laboratory and HRP substrate 3,3,5,5 tetramethyl
benzidiene from BioFox; $24 for PCR plates, 96-well
microtiter plate, tips, and tubes. Genotyping results can
be obtained within a single day from sample collection.
The results are visible to the unaided human eye and do
not require any image-reading instrument. Once the
chips are printed, this assay can be applied for
pharmacogenomic tests in any research or clinical
laboratory with basic molecular biology facilities (PCR
machines and water bath). We have demonstrated that
this platform is applicable in a field study in Africa
(Zambia) on macrophage migration inhibitory factor
genotypes with malaria-infected patients [52], indicating
this is an ideal platform in developing countries that lack
modern high-throughput genotyping instruments.

Using European—American DNA samples as an example,
we have demonstrated how to use the thin-film biosensor
chip to genotype the 16 CYP2C19 exonic variants in this
population and how to construct haplotypes or alleles of
the exonic variants using statistical tools. This strategy
allows one to determine how genetic variants organize as
haplotypes or alleles in a population, and to determine
phase of adjacent two SNP haplotypes in a single step. If
more than one functional variant is identified in an
individual, this strategy allows us to determine whether
the variants are located on the same chromosome or on
different chromosomes. This is very important because
different combinations of two haplotypes can have
different effects on CYP2C19 function. For example in
genotype group 4 (Fig. 4b), eight individuals have been
identified as heterozygous at three loci (276 G/C, 681
G/A, and 990 C/T). The 276 C variant results in an
amino-acid change reducing CYP2C19 activity, the 681 A
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variant causes a splicing variant and produces a truncated
protein with no CYP2C19 activity, and the 990T is a
synonymous polymorphism. If 276 C and 681 A are
located on the same chromosome, these individuals have
one chromosome with normal sequences and another
chromosome with two mutant sequences. Therefore,
they should be CYP2C19 IM. If 276 C and 681 A are on
different chromosomes, both copies of the CYP2C19
gene will produce a CYP2C19 enzyme with reduced or no
activity. These individuals should be CYP2C19 PM. On
the basis of the most likely combination of the two
haplotypes, we can assign these individuals into the group
of Genotype 4, heterozygous for haplotype 1 and
haplotype 4, and predict that they have an intermediate
metabolizer phenotype. This finding is a clear example of
how haplotype data can have more predictive power than
genotype data on individual SNPs.

Not only do exonic variants affect protein structure and
function, variants in 5'-upstream (promoter and 5'-UTR),
3-downstream (3’-UTR), and introns can affect trans-
cription, translation, and protein processing. Therefore,
the combination of all variants ultimately determines the
phenotypes. Recently, a C—T SNP at -806 in the
CYP2C19 promoter region (*17) was identified [64]. The
less common allele T increases transcription activity of
the CYP2C19 enzyme. Individuals with homozygous T/T
allele have higher metabolic ratio of omeprazole than
those with C/C or C/T. Future studies should include this
allele and other genetic variants in all different portions
of the CYP2C19 gene, and determine functional effects
of the genetic variants on CYP2C19 phenotype. With
such information, a comprehensive pharmacogenomic
test for genotyping and haplotyping of multiple genetic
variations in various portions of the CYP2C19 gene will
provide prediction of the effect of a combination of
genetic alterations on drug metabolism, guiding physi-
cians in the selection of appropriate dosages. The thin-
film biosensor chip for genotyping CYP2C19 variants will
be one of the platforms for such pharmacogenomic tests.
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