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Purpose: We sought to determine the genotype frequencies for
cytochrome p450 enzyme 2C19 variant alleles both in the US pan-
ethnic population and various US ethnic groups and to establish the
frequency of clinically actionable genotypes.

Methods: Analytical results were obtained from 1,396 consecutive
samples submitted for cytochrome p450 enzyme 2C19 genotyping
tests and stored in a proprietary database. This database was queried
and genotypes and predicted phenotypes established. Anonymized
samples were obtained from specimens submitted for cystic fibrosis
genotyping that contained ethnicity information. Samples from 357,
149, and 346 individuals self-identified as white, African American,
and Hispanic, respectively, were analyzed. In addition, 342 anony-
mized samples submitted for Ashkenazi Jewish panel testing were
analyzed.

INTRODUCTION

The cytochrome p450 enzyme 2C19 (CYP2C19) is responsi-
ble for metabolizing a large number of commonly prescribed
medications such as omeperizol, clopidogrel, phenytoin, imip-
ramine, indomethacin, and warfarin.' Clopidogrel is a prodrug
that is converted to its active form by CYP2C19. The enzyme
has several common loss of function alleles and a single gain
of function allele. Several articles have reported an increase
in adverse outcomes in both poor and intermediary metabo-
lizers treated with standard doses of clopidogrel.*"” Two large
meta-analyses have confirmed these findings.'®*

A promoter variant *17 causes increased CYP2C19 activity
and is classified as an ultrarapid metabolizer allele.”® A study
has demonstrated an increase in hemorrhagic complications
in patients who carry the ultrarapid metabolizer allele *17.
Subsequently, several studies including a large meta-analysis have
confirmed that the *17 allele is a gain-of-function allele associ-
ated with increased activity of clopidogrel and increased risk of
hemorrhagic events for patients treated with standard doses of
clopidogrel.?** Estradiol is also metabolized by CYP2C19. In a
case-control study of 1,015 patients with breast cancer, women
who were taking hormone replacement therapy for more than
10 years and carried a *17 CYP2C19 allele had a decreased risk
of breast cancer (odds ratio = 0.57).* Women not taking hor-
mones had a more modest reduction (odds ratio = 0.77%).%

Results: Significant ethnic differences were observed in the frequen-
cies of the *17 ultrarapid allele among the various groups studied. In
the pan-ethnic population, 3.8% of tested patients were classified as
ultrarapid metabolizers, 24% as extensive metabolizers heterozygous
for a*17 ultrarapid allele, 27% as intermediate metabolizers, and 3.5%
as poor metabolizers. Using stringent criteria, 7.3% of individuals
would have clinically actionable genotypes. In addition, we detected
two individuals with a haplotype of *2/*17 and a single individual
with a haplotype of *4/*17 indicating that the *17 hypermetabolic
allele can occur on a *1, *2, or *4 background.
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Although a few studies have failed to replicate the associa-
tion of CYP2C19 loss of function alleles with adverse out-
comes while on clopidogrel therapy,” two large meta-analyses
have confirmed the association.'® The Food and Drug
Administration (FDA) added a “box warning” to clopidogrel
recommending that genetic testing for CYP2C19 variants be
considered when placing a patient on clopidogrel therapy.*
The warning states, “Based on literature data, patients with
genetically reduced CYP2C19 function have lower systemic
exposure to the active metabolite of clopidogrel and dimin-
ished antiplatelet responses, and generally exhibit higher car-
diovascular event rates following myocardial infarction than
do patients with normal CYP2CI19 function”* The warning
specifically cites individuals with poor metabolizer status as
being at risk for poor outcomes.

A detailed discussion of the data leading to these recommen-
dations is beyond the scope of this article. An excellent review
can be found authored by the American College of Cardiology
Foundation Task Force of Clinical Expert Consensus docu-
ments and the American Heart Association.*

There is, as yet, no evidence-based consensus on appropri-
ate clinical interventions for various CYP2C19 genotypes.
Some have suggested alternative medications could be used
for poor metabolizers** and dosage reduced for carriers and
homozygotes for ultrarapid alleles. A multicenter trial with
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411 patients determined that increasing the clopidogrel dose
in CYP2C19 intermediate metabolizers overcame their resis-
tance to clopidogrel when measured by platelet reactivity
monitoring.”® However, a pilot study showed no correlation
between platelet reactivity testing and CYP2C19 genotyping
for patients on clopidogrel therapy. However, this study had
only 41 patients.® We must await large-scale clinical trials
to fully answer whether platelet reactivity testing, CYP2C19
genotyping, or a combination of both will be the best guide to
clopidogrel dosing.

Several studies have examined the frequency of various
CYP2C19 alleles worldwide. These include Brazil,** Iran,***
East Asia,*® Ghana,* United States Ashkenazi Jews,* Greece,*!
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Mexican Americans,* Bolivia,” Israel,* Malaysia,*® Egypt,*
and whites of European descent.”” However, these studies were
limited to a small number of deficiency alleles and did not
include the *17 gain-of-function allele.

It is important for geneticists to be aware of this FDA recom-
mended use of genotype testing and the expected frequencies
of clinically actionable genotypes. In this study, we genotyped
852 consecutive unselected anonymized patient samples sub-
mitted for cystic fibrosis genotyping who had provided their
ethnicity and 342 samples submitted for Ashkenazi Jewish
panel testing. We then tabulated the results of 1,396 consecu-
tive genotypes submitted for CYP2C19 testing to our clinical
laboratory.

Table 1 CYP2C19 genotype, phenotype, and allele frequencies for various ethnicities

Genotype Phenotype White African American Hispanic Ashkenazi Jewish
*1/*1 Extensive 149 58 200 159
x4+ *17 Extensive? 97 46 56 74
*1/*2 Intermediate 65 18 67 69
*2/*2 Poor 9 3 6
*1/*4 Intermediate 2 0 0 2
*1/*8 Intermediate 2 1 0 1
*1/*9 Intermediate 0 3 0 0
*1/*10 Intermediate 0 0 1 2
*1/*12 Intermediate 0 1 0 2
UEN*+ 1717 Ultrarapid 15 5 8 9
*2/*8 Poor 1 0 0 0
*2/*9 Poor 0 1 0 0
*2/*10 Poor 1 0 0
/%2 +*17 Undetermined® 16 3 10 14
/%4 +*17 Undetermined® 0 13
/x4 4+ *17/*17 Undetermined® 0 0 1
*1/*8 + *17 Undetermined® 1 0 0 0
*1/*9 + *17 Undetermined® 0 4 0
Allele
*1 Extensive (wt) 464 (0.66) 185 (0.63) 524(0.75) 468 (0.70)
*1+*17 Ultrarapid 127 (0.18) 56 (0.19) 72 (0.10) 92 (0.13)
*2 Deficiency 84(0.12) 36(0.12) 73(0.10) 81(0.12)
*4 Deficiency 2 (0.003) 0 0 3(0.0045)
*8 Deficiency 3(0.004) 1(0.003) 0 1(0.0015)
*9 Deficiency 0 4(0.013) 0 0
*10 Deficiency 0 1(0.003) 1(0.0014) 2(0.0030)
*12 Deficiency 0 1(0.003) 0 2 (0.0030)
*4 4 %17 Deficiency 0 0 0 1(0.0015)
Undetermined® Undetermined® 17 (0.024) 7(0.024) 11(0.016) 18(0.027)
Total deficiency Deficiency 89 (13%) 43 (15%) 74 (10%) 89 (13%)

a*1/%17 are classified as extensive metabolizers but are at higher risk for hemorrhagic complications while on standard doses of clopidogrel. As these patients are double
heterozygotes for the *17 allele and a deficiency allele, it is impossible to determine the haplotype without performing family studies. <This individual has one allele that
contains the *1 + *17 and therefore an ultrarapid allele and one allele that is *4 + *17 and therefore a deficiency allele. It is not possible to predict the eventual phenotype

from the genotype data.
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Table 2 Predicted phenotype for various ethnic groups

African Ashkenazi
Predicted White American Hispanic Jewish
phenotype (n=357) (n=149) (n = 346) (n =342)
Extensive 149 (42%) 58 (39%) 200(58%) 159 (46%)
metabolizer
(*1/%1)
Extensive 97 (27%) 46(30%) 56 (16%) 74 (22%)
metabolizer
(*1/*17)
Ultrarapid 15(4.2%) 5(3.3%) 8(2.3%) 9(2.6%)
metabolizer
*1/*17/*17
Intermediate 69(19%) 23(15%) 68 (20%) 76 (22%)
metabolizer
*1/(*2-10,%12)
Poor 10(2.8%) 10(6.7%) 3(0.87%) 6(1.8%)
metabolizer
(*2-10,*12)/
(*2-10,*%12)
Indeterminant 17 (4.8%) 7(4.7%) 11(3.2%) 18(5.3%)
metabolizer
(see text)

MATERIALS AND METHODS

Patient samples

We request ethnicity information for all patients submitting
samples for cystic fibrosis testing. We receive this information
approximately 60% of the time. Samples of isolated DNA from
patients who have supplied ethnicity are anonymized and frozen
for future ethnic distribution studies. All identifying information
is stripped other than the ethnicity of the sample. Similarly, sam-
ples submitted for Ashkenazi Jewish panel testing are stripped
of identifiers and stored for future analysis. This procedure has
been approved by the Western Institutional Review Board.

All genotyping data from our clinical CYP2C19 assay are stored
contemporaneously in a proprietary database. This database
does not contain ethnicity information. As we do not provide
residual risks for patients, ethnicity is not required for clinical
testing. This database was queried for genotyping results.

Sample preparation

Genomic DNA was prepared from peripheral blood specimens
on a 9604 BioRobot or a M96 BioRobot (Qiagen, Valencia, CA)
according to manufacturer’s instructions. The average concen-
tration of an extracted DNA sample is 15-50 ng/uL.

CYP2C19 assay

Until recently, our CYP2C19 assay analyzed the deficiency
alleles *1-*4 and the ultrarapid metabolizer allele *17. We have
developed an expanded panel assay that detects the *1-*10,
*12, and *17 alleles. This expanded panel was used to analyze
the ethnic groups.

Multiplex single-nucleotide primer extension reaction
Six gene regions containing the CYP2C19 variants, which

include fragments from the promoter, exons 3-5, and exon 9,
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were amplified from patient genomic DNA samples in a sin-
gle multiplex polymerase chain reaction reaction. Extension
primers to detect CYP2C19*2 through CYP2C19*10,
CYP2C19%12, and CYP2C19*17 were included in the multi-
plex single-nucleotide primer extension reaction.

Statistical analysis
Statistical analysis was performed using the Fisher exact test.

RESULTS

Table 1 represents the ethnic-specific genotyping data for
357 white, 149 African American, 346 Hispanic, and 342
Ashkenazi Jewish patients. Ethnic differences are clearly appar-
ent with whites (18%) and African Americans (19%) having
nearly twice the rate of the *17 ultrarapid allele than either
Hispanics or Ashkenazi Jews. However, statistical significance
was reached only for Hispanic versus white (P = 0.00043) and
Hispanic versus African American (P = 0.0022). All four races
had similar allele frequencies for *2, the most common defi-
ciency allele, and no statistically significant differences were
observed. Hardy-Weinberg equilibrium was observed for *2
and *17 in all races. There were insufficient numbers of other
alleles for analysis. Our observation for the allele frequencies
of ¥1, 2, *3, and *15 in US Ashkenazi Jews was similar to that
reported previously.*

Predicted phenotypes

The nomenclature for pharmacogenetics can be confusing and
CYP2C19 is no exception. The accepted predicted phenotypes
for CYP2C19 define homozygous normal (*1/*1) individuals as
extensive metabolizers, heterozygous individuals for a *1 and
deficiency allele as intermediate metabolizers, and homozygotes
for a deficiency allele as poor metabolizers. The nomenclature is
not yet standardized for carriers of the *17 ultrarapid metabo-
lizer allele. Pharmacokinetic analyses have determined a large
overlap between individuals with the *1/*1 genotype and a sin-
gle *17 allele.”* Others consider carriers of a single or two *17
alleles to be ultrarapid metabolizers.”® For the purposes of this
article, we will classify homozygotes for *1 who carry a single
*17 as extensive metabolizers with *17. Individuals with two *17
and no deficiency alleles are classified as ultrarapid metabolizers.
There is literature demonstrating an increased risk of hemor-
rhagic complications for individuals who carry one or two *17
alleles.?®?! Only individuals homozygous for *17 are classified
as ultrarapid metabolizers. Therefore, we must distinguish two
subtypes of extensive metabolizers, those who are homozygous
*1 and those who are compound heterozygotes for *1 and *17.
The observation of an individual homozygous for the *17 vari-
ant and heterozygous for *1 and *4 demonstrates that in this
individual the *17 allele is in cis with a *4 allele. This haplotype
has been previously described in an Ashkenazi Jewish patient
and was classified as CYP2C9*4B.*® Of note is that the patient
we observed with the *4B allele is also an Ashkenazi Jew. Also of
note is that the *3 allele was not detected in our series. This allele
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Table 3 CYP2C19 genotype frequencies from 1,396 con-
secutive analyses in a pan-ethnic tested population

Predicted

Allele 1 Allele 2 *17 phenotype Number Frequency

*1 *1 Extensive 576 41%
metabolizer

*1 *1 *17 Extensive 336 24%
metabolizer

*1 *2 Intermediate 277 20%
metabolizer

*1 *2 *17 Indeterminate 83 6.0%
metabolizer

#1 #1 *17/*17  Ultrarapid 53 3.8%
metabolizer

*2 *2 Poor 37 2.6%
metabolizer

*1 *3 Intermediate 13 0.93%
metabolizer

*2 *3 Poor 10 0.72%
metabolizer

*1 *4 *17 Indeterminate 4 0.29%
metabolizer

*1 *4 Intermediate 3 0.21%
metabolizer

“2 *4 Poor 2 0.14%
metabolizer

*1 *2 *17/*17  Indeterminate 1 0.07%

“2 “2 *17 Indeterminate 1 0.07%

is the predominant allele in Asians, so it is not surprising that it
was not observed in a series that excluded Asians.

Table 2 is a summary of the predicted phenotypes for the
ethnic groups tested. None of the differences are statistically
significant. Poor metabolizers are at the highest risk for adverse
outcomes while on clopidogrel therapy; 2.8% of whites, 6.7% of
African Americans, 0.87% of Hispanics, and 1.8% of Ashkenazi
Jews are in this high-risk group. Ultrarapid metabolizers have
the highest risk for hemorrhagic complications while on clopi-
dogrel therapy: 4.2% of whites, 3.3% of African Americans, 2.3%
of Hispanics, and 2.6% of Ashkenazi Jews are at the highest risk
for hemorrhagic complications. Limiting consideration to these
two highest groups means that 7% of whites, 10% of African
Americans, 3.1% of Hispanics, and 4.4% of Ashkenazi Jews will
have clinically actionable results from CYP2C19 testing.

Results from pan-ethnic testing

Table 3 summarizes the data from 1,396 pan-ethnic tests sub-
mitted for analysis. Poor metabolizers account for 3.5% of
individuals, and ultrarapid metabolizers account for 3.8% of
individuals, consistent with the ethnic-specific observations
(see earlier).

Of note are two individuals who have an allele consist-
ing of *2 in cis with *17; one who is homozygous for *17 and
heterozygous for *1/*2 and a second who is homozygous for
*2 and heterozygous for *17. This allele can be classified as
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CYP2C19*2B. We have found a total of three individuals carry-
ing a *17 allele in cis with a deficiency allele.

DISCUSSION

The CYP2C19 genotype of an individual is only one factor in
determining an individual’s response to clopidogrel. Several
reports have failed to find a correlation between the results of
platelet reactivity testing and CYP2C19 genotype. However,
results of platelet reactivity testing can vary with respect to
methodology used, drug absorption, and other, as yet undefined
factors. Further studies will be needed to determine whether
CYP2C19 genotyping alone, platelet function testing alone, or a
combination of both will lead to optimum patient care.

There was sufficient accumulated evidence regarding the
correlation of CYP2C19 poor and intermediate metabolizer
phenotypes with adverse outcomes for the FDA to place a “box
warning” in the package insert informing clinicians of the avail-
ability of genetic testing. Subsequently, a series of publications
demonstrated an increased risk for hemorrhagic complications
for patients who were carriers or homozygous for the ultrarapid
metabolizer allele *17.2%° Our data demonstrate that there are
no statistically significant differences in the frequency of poor
metabolizer alleles among self-described whites, Hispanics,
African American and Ashkenazi Jews. However, Hispanics
have a statistically significant lower frequency of the *17 allele
than either whites or African Americans.

Our data also demonstrate that the *17 variant can occur on
a *1, *2, or *4 haplotype. In patients who are heterozygous for
a loss of function allele and *1 and also heterozygous for *17, it
is not possible to predict their phenotype because the *17 allele
could be in cis with either the wild type or deficiency allele.
This is an important consideration when such individuals are
encountered during clinical testing. For these patients, platelet
function studies would be necessary to predict the phenotype.

If we only consider individuals with poor or ultrarapid pheno-
types to have clinically actionable genotypes, 7.3% of tested indi-
viduals have results that could influence clinical decision making.
If we expand the criteria to include *17 heterozygotes almost one
third of patients would have clinically actionable results. Until
more data are published, we cannot determine what CYP2C19
genotype results would be considered “actionable” and must
leave that determination to the treating physicians.

The CYP2C19 genotype of an individual is only one factor in
determining an individual’s response to clopidogrel. There are
conflicting data in the literature regarding the correlation
of CYP2C19 genotyping data and platelet reactivity testing.
A complete discussion of these data is beyond the scope of
this article.”* Several reports have failed to find a correlation
between the results of platelet reactivity testing and CYP2C19
genotype. However, results of platelet reactivity testing can vary
with respect to methodology, drug absorption, and other, as yet
undefined factors. Further studies will be needed to determine
whether CYP2C19 genotyping alone, platelet function testing
alone, or a combination of both will lead to optimum patient
care.
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