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Introduction
The CYP2C19, CYP2D6 and PON1 genes encode for three different 

drug-metabolizing enzymes of clinical interest, which represents the 
major metabolic pathway for a variety of prescription drugs [1-3]. 
Individuals who carry one or two loss of function alleles in the CYP2C19, 
CYP2D6 and PON1 loci are at increased risk for drug-induced adverse 
events (e.g., antidepressants and atypical antipsychotics) and/or 
unresponsiveness (e.g., pro-drugs such as clopidogrel and tamoxifen)  
[1,4-13]. Accordingly, it is becoming increasingly clear that many 
patients will benefit from previous knowledge of their individual 
genotypes before initiating a therapy with such drug products. This 
assessment provides an opportunity to improve health standards in the 
medically underserved population of Puerto Rico to areas of medical 
need with potential disparities of care, notably including cancer, 
cardiovascular disease and mental illness. In addition, genotyping 
information of polymorphisms of pharmacogenetic value are a 
great resource for translational clinical science in global populations 
to develop personalized healthcare algorithms. Strikingly, such 
information is not yet fully available for Puerto Ricans.

The highly admixed structure and trichotomous ancestry of Puerto 
Ricans was early described by our group, after analyzing data from an 
array of 384 SNPs in 222 cardiometabolic and neuroendocrine genes 
[14,15]. The analysis revealed that each subject in the Puerto Rican 
population was a ‘genetic mosaic’, with contributions from each of 
these three clusters (i.e., Caucasians, Africans and Amerindians), but in 

widely different proportions. This admixture pattern gives rise to many 
combinatorial genotypes that impacts important pharmacological, 
biochemical and physiological pathways. Since such a rich repertoire 
of combinatorial genotypes is not present in traditional studies with 
more homogenous populations, we strongly believe that admixed 
populations (e.g., Hispanic Puerto Ricans) have the potential to be a 
better resource to develop DNA-guided algorithms for the treatment of 
different medical conditions  [14,15].

This cross-sectional study was aimed at determining prevalence 
of major CYP2C19, CYP2D6 and PON1 allelic variants in genomic 
DNA samples derived from Puerto Rican newborns. Comprehensive 
genotyping of these functional polymorphisms in pharmacokinetic 
genes of interest has not yet been examined in the admixed Puerto 
Ricans. We also ascertained how they compare to other reference 
parental populations, given the heterogeneous ethno-geographic 

Abstract
Objective: This cross-sectional study was aimed at determining the allele frequencies for the CYP2C19*2, 

CYP2C19*3, CYP2D6*10 and PON1 (rs662) polymorphisms in the Puerto Rican population. The CYP2C19, CYP2D6 
and PON1 genes are known to be associated with functional changes in drug metabolism and activation. Individuals 
carrying the aforementioned polymorphisms are at a higher risk of suffering from drug-induced adverse events and/
or unresponsiveness from a variety of drugs that includes antidepressants, atypical antipsychotics and antiplatelet 
compounds. Information on the frequency of these polymorphisms is more commonly found on homogeneous 
populations, but is scarce in highly heterogeneous populations like Hispanics, as in the case of Puerto Ricans. 

Method: Genotyping was carried out in 100 genomic DNA samples from dried blood spots supplied by the 
Puerto Rican Newborn Screening program using Taqman® Genotyping Assays. 

Results: The Minor Allele Frequencies (MAF) obtained were 9% for CYP2C19*2 and CYP2D6*10, 50% for 
PON1 (rs662), while the CYP2C19*3 variant was not detected in our study. Furthermore, Hardy Weinberg equilibrium 
analysis was assessed as well as a comparison between Puerto Rico and other reference populations using a Z-test 
for proportions. 

Conclusion: The observed allele and genotype frequencies on these relevant pharmacogenes in Puerto Ricans 
were more closely related to those early reported in two other reference populations of Americans (Mexicans and 
Colombians).
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heritage of Puerto Ricans. The study generated valuable data from the 
genetic background of Puerto Ricans by identifying and characterizing 
the allele and genotype frequency distributions for these clinically 
relevant polymorphisms in genes encoding drug-metabolizing 
enzymes, which provided substantial knowledge about expected inter-
individual variability in response to some anti-cancer, antidepressant 
and cardiovascular drugs.

Materials and Methods
100 genomic DNA were extracted and purified from dried-blood 

spotted on “Guthrie” filter cards, by using the GENTRA Generation 
DNA Purification Kit (QIAGEN Inc., Valencia, CA). DNA was 
quantified in the Nano Drop Spectrophotometer. Working DNA stock 
samples were stored at -20ºC.

Genotyping assay

Genotyping of two major allelic variants (i.e., rs4244285 & 
rs4986893) on the CYP2C19 locus, one major variant (i.e., rs1065852) 
on the CYP2D6 locus and the PON1 rs662, also known as the Q192R 
variant allele, were carried out on peripheral leukocyte DNAs by using 
Taqman®-based SNP genotyping assay (Applied Biosystem). DNA 
amount ranged from 14 to 20 ng. The real time PCR reactions took 
place in 96 or 48-well plates run in the Applied Biosystems Step One 
Plus Real Time PCR system. Cycling parameters were: 30 seconds at 
60°C, 10 minutes at 95°C, 50 cycles of 15 seconds at 92°C and 1 minute 
at 60°C, and a final step of 30 seconds at 60°C.

Statistical analyses

The 95% Confidence Intervals (CI) for allele and genotype 
frequencies were calculated according to the method of Newcombe and 
Altman [16]. Data were used for comparing the frequency distributions 
of observed genotypes in our study cohort to the frequencies published 
in available databases for various non-Hispanic populations  [17] using 
z-test for independent proportions. Departure from Hardy-Weinberg 
equilibrium (HWE) was tested under the null hypothesis of the 
predictable segregation ratio of specific matching genotypes (p>0.05) 
by use of the χ2 goodness-of-fit test or alternatively a binomial test if 
frequencies are lower than 5%.

Results
This research represents a non-interventional, cross-sectional, 

pharmacogenetic study of genomic DNA samples provided by the 
Puerto Rico Newborn Screening Program (PRNSP) in order to 
determine the frequency distribution of selected polymorphisms, 
namely, PON1 (rs662), CYP2D6*10, CYP2C19*2 and CYP2C19*3 in the 
Puerto Rican newborn population (Table 1 for SNP’s information). The 
collected samples, which were provided as dried blood spotted on filter 
(Guthrie) cards are representative of the different geographic regions 
of the Island of Puerto Rico. Indeed, these samples were selected from 
all Puerto Rico hospitals with birthing facilities following a controlled, 
stratified-by-region, random sampling procedure that took into 
consideration the regional birthrates of the Commonwealth of Puerto 
Rico, as documented on the 2004 National Birth Registry. The samples 
were analyzed using the Taqman® genotyping assays. This type of 
sample has been successfully used previously for SNP genotyping with 
Taqman® genotyping assays [16]. Although 100 unrelated specimens 
were initially selected for conducting the study, the CYP2C19*2 was 
evaluated in 99 samples, CYP2C19*3 in 96 samples and PON1 SNP was 
evaluated in 99 samples. One hundred genotyping results are reported 
for CYP2D6*10.

CYP2C19 locus

The minor allele frequency (MAF) of CYP2C19*2 was 9% (Figure 
2). No significant deviation from Hardy-Weinberg equilibrium was 
found, according to the goodness-of-fit χ2-test (χ2=0.12, p>0.05). 
The genotyping results for the CYP2C19*2 allele showed that 83 out 
of 99 genomic DNA samples tested (84%) were found to be G/G 
and, therefore, homozygous for the wild-type allele; another 15 DNA 
samples (15%) were single carrier for the allelic variant*2 (i.e., A/G, 
heterozygous); whereas, only one DNA sample (1%) was homozygous 
(A/A) for this clinically relevant polymorphism (Figure 1).

We compared this result with other populations (i.e., data taken 
from the Hap Map project and 1000 Genomes Phase I project for the 
America population) [17]) and found that the calculated frequency of 
carriers in the target population was lower than that in the reference 
populations. The East Asian population showed the higher frequency 
(i.e., 27%), and was found to be significantly different from the Puerto 
Rican population (p<0.001, Z-score: 4.85) (Figure 2). The African, 
European and American population presents a frequency of 14%, while 
the Puerto Rican samples from the 1000 Genomes project showed an 
allele frequency of 13% [17].

PON1 Locus

The PON1 (rs662) polymorphism was found to be very frequent 
in our samples with a surprisingly 50% of carriers for the variant allele 
(Figure 1). The genotype results for rs662 in the analyzed samples was 22 
were C/C (homozygous for the common allele), 55 C/T (heterozygous) 
and 22 T/T (homozygous for the variant allele) as shown in figure 1. 
The T/T homozygous individuals were associated with lower plasma 
clopidogrel concentration and lower platelet inhibition in Caucasian 
[1]. When compared to other populations, the minor allele frequency 
(T) in Puerto Ricans was among the highest with 50%, second to 
European with 71%. Next, with lower minor allele frequencies are the 
East Asia population with a 36%, and the African population with 
28% (Figure 2). The allele frequency distribution of the PON1 rs662 
polymorphism in this study cohort was found to meet Hardy Weinberg 
equilibrium (χ2=1.22, p>0.05, Figure 1). The observed prevalence for 
this variant is consistent with reports in 126 Latin America inhabitants 
(Mexicans and Colombians; 1,000 Genomes Phase I selection) and 58 
Mexican descendants who reside in Los Angeles, California (HapMap-
MEX; HapMap project dataset, release#28, Phase II+III), where 
the PON1 minor allele frequencies were estimated to be 47% and 
50%, respectively, as well as the 55 Puerto Rican samples in the 1000 
Genomes project (48%) [17].

CYP2D6 Locus

Our findings in CYP2D6*10 polymorphism (100C>T missense, 
rs1065852, Pro34Ser) in Puerto Ricans suggested that the variant 
rs1065852 (T) allele is rare among Puerto Rican newborns, with 
an estimated MAF of 9% (Figure 2). No significant departure from 
HWE was found (χ2=2.11, p>0.05). The genotyping results for this 

Gene SNP
DNA

Change
AA

Change
CYP2C19*2 rs4244285 A/ G Splicing Defect
CYP2C19*3 rs4986893 A/G Stop Codon

PON1 rs662 C/T Q>R
CYP2D6*10 rs1065852 C/T P>S

AA stands for amino acid.
Table 1: SNPs information.
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thrombosis in patients worldwide [18,19]. Accordingly, this anti-platelet 
drug was selected in 2002 as the preferred P2Y12 receptor antagonist by 
the American College of Cardiology and American Heart Association 
(ACC/AHA), whose guidelines recommend it for the treatment of ACS 
or myocardial infarction with ST-segment elevation (STEMI)  [19-
21]. Since a significant number of Puerto Rican patients qualify for 
clopidogrel therapy based on medical needs, the generic transition in 
2012 (i.e., patent expired in May 2012) will increase eligible patients 
and, therefore, the amount of non-responders is expected to skyrocket. 
For this reason, we firmly believe that pharmacogenetic testing for 
functional CYP2C19 polymorphisms (e.g., CYP2C19*2; *3), and 
perhaps for the PON1 Q192R variant, has proven useful in identifying 
responders versus non-responders within the Puerto Rican population 
of patients undergoing PCI  [1,2,5,6,19,22].

In a previous study [23], genotyping analyses using both a RFLP-
PCR method and a physiogenomic (PG)-array through Illumina 
BeadArrayTM technology revealed a slightly higher CYP2C19*2 minor 
allele frequency in Puerto Ricans of 14%. In addition, the frequency of 
CYP2C19*2 carriers in the cohort of 99 Puerto Rican newborns tested 
in the current survey was 16% (i.e., 15% carriers and 1% homozygotes 
for the variant). Figure 1 contrasts with an earlier observed frequency 
of 26% of CYP2C19*2 carriers (i.e., 24% carriers and 1% homozygotes 
for the variant) in the same population [23]. However, the difference 
between these genotype frequencies were not statistically significant 
(p=0.09). It is known that the prevalence of CYP2C19 poor metabolizers 
(PM) in Caucasians and Africans ranges from 2 to 5%, whereas it is 
~15% in Asians, and that the most common loss-of-function variant 
is the CYP2C19*2 polymorphism, which accounts for 75-83% of the 
defective alleles in PMs. CYP2C19*2 is inherited as an autosomal co-
dominant trait; therefore, drug responsiveness in heterozygotes (*1/*2) 
lies somewhere between the responsiveness in individuals with the 
*1/*1 genotype and those with the *2/*2 genotype. Accordingly, based 
on identified CYP2C19 genotypes, 83 individuals can be categorized as 
extensive metabolizers, 15 intermediate metabolizers (IM) (e.g., *1/*2), 
and one poor metabolizer (e.g., *2/*2). We think that the observed high 
degree of admixture in Puerto Ricans is responsible for the slightly lower 
frequency of PMs found in our study cohort as compared to Europeans 
(i.e., 1-2% versus expected 2-5%), although not significant difference 
in the frequency of CYP2C19*2 were found between both populations 
(p=0.15). If we take all three genes into account, our findings suggested 
that Puerto Ricans are more closely related to the American population 
(Mexican ancestry in Los Angeles, CA; Colombian in Medellin), which 
is also highly admixed, and secondly to Africans due probably to their 
strong influence on the genetic backgrounds of Puerto Ricans.

In contrast, the CYP2C19*3 rare variant was not found in any of 
the 96 samples analyzed for this polymorphism (i.e., all the samples 
were of wild type genotype for this SNP). This is consistent with our 
previous report in this population [23], where we could not detect 
any carriers or individual homozygous for this rare polymorphism, 
confirming that the frequency for the CYP2C19*3 allele is lower than 
that for the CYP2C19*2 allele in the Puerto Rican population. The 1000 
Genomes project Phase I reports the East Asian population with a 5% 
minor allele frequency, nevertheless, the rare variant of CYP2C19*3 was 
not found in the rest of the populations tested, including the Puerto 
Rican samples. In this regard, we cannot rule out that other CYP2C19 
rare variants (e.g., CYP2C19*4, *8, and *17) may be present, including 
unknown alleles with reduced or absent enzymatic activity.

Gene HOMOZYGOUS WT

HOMOZYGOUS RARE

HETEROZYGOUS

VARIANTS

CYP2C19*2 83 1 15

CYP2C19*3 96 0 0

CYP2C 19*2 Genotype

CYP2D6*10 Genotype

PON1 Genotype

Homozygous (G-G)
Heterozygous (A-G)
Homozygous (A-A)

Homozygous (C-C)
Heterozygous (C-T)
Homozygous (T-T)

Homozygous (C-C)
Heterozygous (C-T)
Homozygous (T-T)

Gene HOMOZYGOUS WT
HOMOZYGOUS RARE

HETEROZYGOUS

 

Gene HOMOZYGOUS WT HOMOZYGOUS RARE 
VARIANTS HETEROZYGOUS 

CYP2C19 *2 83 1 15 
CYP2C19 *3 96 0 0 

PON1 22 22 55 
CYP2D6*10 84 2 14 

Figure 1: Pie charts illustrating the genotyping results (i.e., common 
homozygous, heterozygous, variant homozygous) for CYP2C19*2, PON1 
Q192R (rs662), CYP2D6*10 polymorphisms in a sample representing the Puerto 
Rican population. A chart corresponding to CYP2C19*3 is not shown since we did 
not found the polymorphism in the samples analyzed.

SNP showed that 84% of genomic DNA samples tested were found to 
be homozygous for the wild-type allele (C/C); 14% of DNA samples 
were heterozygous (C/T); whereas, only two DNA samples (2%) were 
homozygous (T/T) for this SNP (Figure 1).

By comparing this result with those reported for other populations 
in the 1000 Genomes Phase 1 databases [17], we found that the 
calculated frequency of T carriers in Puerto Ricans (9%) were lower 
than those obtained in the 55 samples submitted to the 1000 Genomes 
Project (20%) and to those of other reference populations such as 
Europeans, East Asians and Americans. Significant differences were 
found between Puerto Ricans and either Europeans or East Asians, as 
determined by comparison for proportions using Z-tests (p ≤ 0.001, 
Z-score: 3.22; and p<0.001, Z-score: 9.52, respectively, Figure 2). 
Indeed, both East Asian and European populations showed the highest 
frequencies of the T allele (i.e., 52% and 20%, respectively), followed 
by Americans with 16%. It is worth noticing that in the case of the East 
Asian population the non-ancestral allele (T) is the more frequent. 
However, the minor allele frequency (MAF) for the T allele reported in 
the African population was 9%, the same T allele frequency observed in 
our study population (Figure 2).

Discussion
We have performed the HWE test in order to ensure that the 

observed allele and genotypes proportions are in equilibrium in the 
study population (i.e., across generations). It is particularly important 
because DNA specimens in this survey were collected from Puerto 
Rican newborns and it might be erroneously assumed that the reported 
frequencies for polymorphisms on all the three loci are only valid 
for newborns. In doing so, we can provide statistical validity of these 
frequencies for the entire population of Puerto Rico, despite of being 
computed by data collected from newborns only.

CYP2C19 locus

Clopidogrel have demonstrated to be highly effective at preventing 
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Minor Allele Frequency (MAF) and Population Comparison

Puerto Rico

MAF MAF MAF MAF MAF p valuep valuep valuep value

Africa Europe East Asia America

Gene

CYP2C19*2      0.09(A)            0.14(A)       0.154         0.14(A)      0.155          0.27(A)        0                     0.14(A)      0.285

CYP2D6*10      0.09(A)            0.09(A)       0.977         0.20(A)      0.001          0.48(G)        0                     0.16(A)      0.133

PONI                 0.50(T)            0.28(T)       0                0.29(C)      0                 0.36(T)        0.013              0.50(T)       1 

rs4244285 and rs662 population data was retrieved from the Hap Map #28 Project. African data is composed from individuals of African ancestry in Southwest USA; 
Luhya in Webuye, Kenya; Maasai in Kinyawa, Kenya; Yoruba in Ibadan, Nigeria. Europe: Utah residents with N & W European ancestry from the CEPH collection; 
Toscans in Italy. East Asia: Han Chinese in Beijing, China; Chinese in Metropolitan Denver, Colorado; Japanese in Tokyo, Japan. America: Mexican ancestry in Los 
Angeles, California. rs4986893 and rs1065852 population data was retrieved from the 1000 Genomes Phase I Project: African data is composed from individuals 
of African ancestry in Southwest USA; Luhya in Webuye, Kenya; Yoruba in Ibadan, Nigeria. Europe: Utah residents with N & W European ancestry from the CEPH 
collection; Finnish in Finland; British in England and Scotland; Iberian populations in Spain; Toscans in Italy. East Asia: Han Chinese in Beijing, China; Han Chinese 
South; Japanese in Tokyo, Japan. America: Colombian in Medellín, Colombia; Mexican ancestry in Los Angeles, California [17].
Figure 2: Minor Allele Frequency (MAF) corresponding to genetic polymorphisms on CYP2C19*2, PON1 and CYP2D6 loci in Puerto Ricans and 4 other reference 
populations. Comparison between Puerto Ricans and other reference populations using a Z-test for proportions is shown. 5% significance level was selected. A graph 
corresponding to CYP2C19*3 is not shown since we did not found the polymorphism in the samples analyzed.
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Cytochrome P450 isoenzyme 2C19 (CYP2C19) is one of the 
principal hepatic enzymes involved in the bio-activation of the 
antiplatelet pro-drug clopidogrel (i.e., Plavix® and generic versions), 
but also contributes to the metabolism of many clinically relevant 
drugs such as antidepressants, benzodiazepines, mephenytoin, and 
some proton pump inhibitors. Like many other CYP450 superfamily 
members, the CYP2C19 gene is highly polymorphic, having more than 
25 known variant alleles ( http://www.cypalleles.ki.se/cyp2c19.htm). 
Patients who suffer from acute coronary syndromes (ACSs) and carry 
at least one of these two common loss-of-function SNPs, CYP2C19*2 
(splicing defect, c.681G>A; rs4244285) and CYP2C19*3 (stop codon, 
c.636G>A; rs4986893), are at a higher risk of cardiovascular events after 
being treated with clopidogrel, especially in those with a percutaneous 
coronary intervention (PCI). This clopidogrel resistance has been 
reported to be present in ~25-50% of the population [4,18, 24]. 
Clopidogrel resistance is an emerging clinical entity with potentially 
severe consequences such as recurrent myocardial infarction (MI), 
stroke, or death.

PON1 locus

In a previous analysis using the PG-array through Illumina 
BeadArrayTM technology, our group observed an overall allele frequency 
for this PON1 polymorphism in Puerto Ricans that was 45% [25].

Clopidogrel resistance is multi-factorial, but this patient’s reduced 
capacity to produce the necessary levels of active metabolite in order 
to block platelet activation has also been previously associated with 
genetic variants on the PON1 locus (accounts for ~12% variability)  
[1,2,5,6,25]. The PON1 Q192R (rs662) polymorphism have been 
suggested to account for up to 72% of clopidogrel response variability 
in individuals of European ancestry [1,25]. However, no evidence of 
significant association between genetic variants in the PON1 locus 
and individual platelet response to clopidogrel was found in a group 
of related healthy subjects of Amish descent  [5,25]. Unfortunately, 
the use of an already available, rapid and reliable genetic test for the 
identification of clopidogrel resistance in Hispanic Puerto Ricans is still 
pending [25].

CYP2D6 locus

CYP2D6 product is a key enzyme for the metabolism of about 20-
25% of prescribed drugs, including antipsychotics, antidepressants (e.g., 
selective serotonin reuptake inhibitors), antiarrhythmic, analgesics, and 
anticancer drugs such as tamoxifen (Nolvadex®), an estrogen-receptor 
modulator that has been widely used for the treatment of patients with 
hormone-dependent breast cancer [8]. There is a large inter-subject 
and inter-ethnic variability in drugs metabolism through the CYP2D6 
pathway, which can be explained largely by genetic polymorphisms 
affecting the enzyme’s function and expression. Earlier reports suggest 
that the CYP2D6*10 (100C>T, rs1065852) variant is associated with 
either an IM or PM status and, therefore, a higher risk of adverse 
effects or non-response to pro-drugs such as tamoxifen [8,26]. The PM 
phenotype is characterized by complete absence of CYP2D6 enzyme 
activity, a metabolic status that is found in approximately 7-10% of 
Caucasians but in less than 1% of Asians [9,27,28]. The CYP2D6*10 is 
a major variant in Asians, and is associated with diminished CYP2D6 
activity resulting from an unstable, partially functioning enzyme. 
Approximately 50% of East Asians carry this T allele [29,30]; whereas, 
in Caucasians it is carried by only 2%  [30-32]. On the other hand, there 

have been some controversies in the interpretation of the association 
analyses of CYP2D6 genotypes and the efficacy of tamoxifen [8,33,34]. 
In a previous study, CYP2D6*10/*10 was found to be associated 
with significantly lower steady-state plasma concentrations of active 
tamoxifen metabolites (i.e., 4-hydroxy-N-desmethyltamoxifen, a.k.a. 
endoxifen, and 4-hydroxytamoxifen), and the authors reasoned that it 
could possibly influence the clinical outcome of tamoxifen treatment in 
Asian breast cancer patients [7]. They also claimed that CYP2D6*10/*10 
was significantly more frequent among non-responders (100% vs. 50%, 
p=0.0186) and their CYP2D6 genotype status affected the time to 
progression.

The wild type (normal) base at this nucleotide position is C. The 
T variant indicates the presence of a non-wild type CYP2D6 variant, 
which also occurs in many different variants. The most common 
variant in which it appears in is CYP2D6*10, where it is the defining 
SNP, as well as the CYP2D6*4 haplotype (i.e., the most common variant 
among Caucasians). While it is not possible for this polymorphism to 
identify one particular haplotype, all the variants in which it appears 
have reduced or no CYP2D6 activity.

Accordingly, and based on identified CYP2D6*10 genotypes in 
this survey, 84 individuals can be categorized as extensive metabolizers 
(i.e., C/C carriers), 14 as IMs (i.e., C/T), and two PMs (T/T). Again, 
we strongly believe that the substantial admixture degree among 
Puerto Ricans, and particularly in this case, the significant contribution 
of African ancestry to the current genetic pool of Puerto Ricans, is 
responsible for the relative lower frequency of the T allele found in our 
study cohort as compared to Europeans (i.e., 9% versus expected 20%).
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