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Abstract
Backgrounds—Admixture is of great relevance to the clinical application of pharmacogenetics
and personalized medicine, but unfortunately these studies have been scarce in Puerto Ricans.
Besides, allele frequencies for clinically relevant genetic markers in warfarin response (i.e.,
CYP2C9 and VKORC1) have not yet been fully characterized in this population. Accordingly, this
study is aimed at investigating whether a correlation between overall genetic similarity and
CYP2C9 and/or VKORC1 genotypes could be established.

Methods—98 DNA samples from Puerto Ricans were genotyped for major CYP2C9 and
VKORC1 polymorphisms and tested on a physiogenomic (PG)-array to infer population structure
and admixture pattern.

Results—Analysis affirmed that Puerto Ricans are broadly admixed. A genetic distance
dendrogram was constructed by clustering those subjects with similar genetic profiles. Individual
VKORC1 and CYP2C9 genotypes were visually overlaid atop the three dendrogram sectors.
Sector-1, representing Amerindian ancestry, showed higher VKORC1-1639G>A variant frequency
than the rest of the population (p=0.051). Although CYP2C9*3 allele frequencies matched the
expected HapMap values, admixture may explain deviations from published findings regarding
VKORC1-1639G>A and CYP2C9*2 allele frequencies in sector-3.
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Conclusions—Results suggest that the observed inter-individual variations in ancestral
contributions have significant implications for the way each Puerto Rican responds to warfarin
therapy. Our findings provide valuable evidence on the importance of controlling for admixture in
pharmacogenetic studies of Puerto Rican Hispanics.
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Introduction
In January 2010, the U.S. Food and Drug Administration (FDA) revised the warfarin label to
include pharmacogenomic dosing recommendations based on CYP2C9 and VKORC1 gene
polymorphisms. Accordingly, there is a need to translate this guidance into public health
impact based on the prevalence of combinatorial genotypes predicting dose adjustments in
substantial segments of the population with cardiovascular morbidity. To date, few studies
have ventured to determine whether a need exists for admixture-matching to improve the
accuracy and quality of clinical pharmacogenetic in heterogeneous populations, such as
Puerto Ricans.

Several single nucleotide polymorphisms (SNPs) in the gene of the major protein Vitamin K
epoxide reductase complex subunit 1 (VKORC1) have been associated with a deficiency in
vitamin-K dependent clotting factors, resulting in either increased sensitivity to warfarin or
warfarin resistance [1–3]. Five haplotypes have been found to commonly occur in the
general population [3]. Two of these haplotypes (H1 and H2) are typically grouped together
and associated with lower warfarin dose requirements (haplotype A, sensitivity), whereas
another 3 haplotypes (H7, H8 and H9) have been associated with higher warfarin dose
requirements (haplotype B, resistance) [3,4]. According to most studies, VKORC1
haplotypes account for approximately 25% of the warfarin dose variability [5].

Among genes affecting warfarin response, the first to be identified was CYP2C9 [6].
CYP2C9 encodes the cytochrome P450, subfamily IIC, polypeptide 9, an enzyme
responsible for metabolizing the S-enantiomer of warfarin [7]. At least 6 SNPs of CYP2C9
have been found that may influence enzyme activity and subsequently account for slower
metabolism [7]. Studies show that the CYP2C9*2 (Arg144Cys, C430T SNP at exon 3) and
CYP2C9*3 (Ile359Leu, A1075C SNP at exon 7) variants have 12–70% and 5% of the
enzyme activity of the wild-type allele, respectively [8]. These alleles can cause alterations
in initial warfarin dose sensitivities, delays in achieving a stable maintenance dose, and
increased risk of serious or life-threatening bleeding complications [5,9]. The warfarin dose
required to maintain a stable INR decreases in the presence of one or more of the low-dose
warfarin alleles [10–11]. In univariate analyses, CYP2C9 genotype alone appears to account
for approximately 15–20% of the overall variability in warfarin dose [5,12–14].

The prevalence of CYP2C9 polymorphisms varies across different ethnic groups [13–16].
VKORC1 variants have also been widely studied in a variety of ethnic populations [3–5,17–
19]. Clinical data and observations reveal that Caucasian patients require warfarin doses 31–
40% greater than those required by Asian patients [5]. Since deficient CYP2C9 genotypes
are not as common in Asians as they are in Caucasians, VKORC1 variations likely explain
the observed inter-ethnic differences in dosing requirements. Some evidence indicates that
Africans, African-Americans and in all probability the admixed populations of Hispanics in
the American continent, have a high incidence of haplotypes that have not yet been
described and have unknown functions [5,19].
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Due to its remarkable heterogeneity and trichotomous ancestral genetic admixture, the
Puerto Rican population may significantly differ from other earlier pharmacogenetically
characterized populations with respect to the frequency, distribution and combination of
allelic variants in genes associated with drug response and diseases [20]. Recently, we have
published a physiogenomic analysis to infer structure and ancestry in the Puerto Rican
population [21]. The Puerto Rican sample was found to be broadly heterogeneous, with
three main clusters reflecting the historical admixture from Amerindian, African, and
European ancestors. Our results matched previously published estimations of Puerto Rican
admixture that were ascertained using more traditional ancestral genetic markers [22–24].
The study provided a set of 384 physiologically informative SNPs from 222 cardio-
metabolic and neuro-endocrine genes that can be used to facilitate the translation of genome
diversity into personalized medicine and control for admixture in Puerto Ricans [21]. The
observed large variance in admixture proportions suggested that this population is ideal for
admixture matching studies.

Admixture is of great relevance to the clinical application of pharmacogenetics and
personalized medicine, but unfortunately these studies have been scarce. As physiogenomic-
guided multi-gene models are developed to predict drug response, the range of possible
allelic combinations in the Puerto Rican population is certain to exceed that in populations
without admixture. In addition, the allele frequencies for both the CYP2C9 and VKORC1
gene markers in this population have not been fully characterized. Accordingly, in an effort
to investigate whether a correlation between overall genetic similarity and CYP2C9 and/or
VKORC1 genotypes could be established, 98 DNA samples were sent from Puerto Rico to
the Laboratory of Personalized Health (LPH) at Genomas, Inc (Hartford, CT) to be
genotyped. This work provides valuable evidence on the importance of controlling for
admixture in pharmacogenetic studies of Puerto Rican Hispanics.

Methods
Human genomic DNA samples (40–60 ng/μl) were extracted and purified from existing
dried blood spots on Guthrie cards supplied by the Puerto Rico Newborn Screening Program
(PRNSP), where >95% of Puerto Rican newborns are screened for common hereditary
diseases. Accordingly, this survey (protocol #A4070107) was exempt from IRB review
under FDA and OHRP guidelines based on category 4, 45CFR46.118. A controlled
stratified-by-region random sampling protocol was followed, taking into consideration the
percentage of birth at each region around the Puerto Rican Island based on the 2004 national
register of total births.

The extracted genomic DNA samples were first genotyped using Tag-It Mut detection
technology on Luminex® 100-xMAP™ platform, targeting 12 combined polymorphisms in 2
genes known to have a major effect on warfarin variability [25], namely VKORC1 and
CYP2C9. Table 1 depicts relevant aspects of these 12 SNPs genotyped: 5 alleles in CYP2C9
and 7 alleles in VKORC1, apart from the corresponding wild types. Once the samples were
genotyped for SNPs on these two warfarin-related genes, samples were genotyped on a
physiogenomic (PG) array detecting 384 SNPs from 222 cardio-metabolic and neuro-
endocrine genes spanning their entire genome [21,26,27]. Careful manual analysis was
performed on the alignments underlying the genotype calls using GenCall 6.1.3.24 and 50
SNPs with even a slight degree of uncertainty about calling accuracy were not included in
the analysis, leaving 332 SNPs from 196 genes. Genotyping was accomplished using
Illumina® BeadArray™ technology [28]. Analysis of the results using the Structure v2.2
software package was used to cluster those subjects with similar genetic profiles [29–31]. A
detailed explanation of the analytics underlying the clustering of the samples as well as a full
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list of the genes and SNPs in the PG array is provided in our physiogenomic analysis study
[21].

Test for deviations from Hardy-Weinberg equilibrium (HWE) were performed. Departure
from HWE were estimated under the null hypothesis of the predictable segregation ratio of
specific matching genotypes (p>0.05) by use of χ2 goodness-of-fit test with one degree of
freedom.

Results
Results are represented graphically with a genetic distance dendrogram (Fig. 1), similar to a
phylogenetic tree. Those individuals who had many similar polymorphisms were grouped
together in one “sector” while those with whom they had very few similarities lie on the
other side of the “tree’; greater distances denoting lesser degrees of common ancestry. To
determine if there are relationships between genetic clusters defined by Strucutre analysis
[21] and warfarin-related genotypes, we superimposed the individual warfarin genotypes for
CYP2C9 and VKORC1 on the dendrogram. Figures 1-Panel A and B represent less than 98
patients due to incomplete combinatorial genotyping data in some patients during the initial
physiogenomic array (PG Array) analysis which precluded definitive assignment to any of
the 3 Structure clusters. Furthermore, only those samples with strong associations with any
one of the three clusters were included in the superimposition analysis seen in Figure 1,
yielding 52 subjects.

By previous analyses, the dendrogram sectors 1, 2 and 3 in Figure 1 correspond to
Amerindian, Caucasian, and West African heritage, respectively [21]. For the 52 cases with
warfarin genotypes, the VKORC1-1639 G allele frequency was 69/104 or 66%, whereas the
A allele frequency was 35/104 or 34%. Statistical analyses to compare each sector to the
overall allelic ratios, revealed that sector 1 (left-most portion of the genetic distance
dendrogram in Fig. 1, Panel A), showed a lower frequency of VKORC1 -1639 G, than the
rest of the population (50% compared to an expected 70%). (p=0.051). Sectors 2 and 3 in
Figure 1, Panel A, show -1639 G allele frequencies of 73% and 68%, respectively. There is
a low frequency of 8–22% for VKORC1 -1639 G allele in Asian populations [4,15]. The low
G allele frequency of 50% in sector 1 is not as low as expected for a population of purely
Asian ethno-geographic origin, no surprise given the heterogeneity of the Puerto Rican
population.

Sector 3 is associated with African heritage [16,21]. The HapMap VKORC1 -1639 G
frequencies for African people are 98% for the Yoruba people of Nigeria (YRI) and 89% for
African Americans in Southwest US (ASW), the latter a population with greater chance for
admixture. The present study reports a VKORC1 -1639 G frequency of 68% in sector 3,
consistent with the possible interpretation that the Puerto Rican population reflects an even
greater admixture with Caucasian and Asian populations than ASW. Similarly, the slightly
inflated G allele frequency of the primarily Caucasian sector 2 may be explained by
increased admixture with the African population.

With respect to the CYP2C9 gene (Fig. 1-Panel B), the *2 allele frequencies were 0%, 7.7%
and 18.8% in sectors 1, 2 and 3, respectively. The results are complex when comparing
CYP2C9 allele frequencies of the 3 dendrogram sectors (1 – Amerindian; 2- Caucasian; 3 –
West African) with the HapMap and other published values. In sector 1, there were no
instances of the *2 allele which is consistent with the HapMap report of a 0% CYP2C9 allele
frequency for the Han Chinese of Beijing [16]. Furthermore, the CYP2C9 *2 allele
frequency in sector 2 was 7.7% compared to 10% for Caucasian residents of Utah
documented in the HapMap database [16]. However, in sector 3 the CYP2C9 *2 allele
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frequency was 18.8%, considerably higher than the HapMap CYP2C9 *2 allele frequency of
0% for the Nigerian YRI population and the 2.2% rate reported by Limdi et al. [32] for
African-Americans.

Greater admixture and heterogeneity in the Puerto Rican population as compared to the
African-American population or certainly the Yoruba population allow for the presence of
the six *2 alleles observed in the 16 individuals in sector 3 (Fig. 1-Panel B) to have come
from partial European ancestry, as no individual in that sector was of purely West-African
descent [21]. The observed trend may also be an artifact of chance given the small sample
size. The reported CYP2C9*3 allele frequencies of 11.1% for sector 1, 7.6% for sector 2 and
0% for sector 3 compare to the expected HapMap values of 5%, 6% and 0%, respectively.
No statistically significant deviations from HWE were found with respect to the distribution
frequencies of both VKORC1 and CYP2C9 polymorphisms.

Discussion
Since no departures from HWE were observed and considering that our study cohort is
island-wide, chosen by a controlled, stratified-by-region, representative sampling from the
Puerto Rican population, we can expect the observed frequencies of the VKORC1 and
CYP2C9 polymorphisms to be representative for the rest of this population. The Puerto
Rican population is a three-way admixed population that experienced migration, which
might lead us to expect increased heterozygosity. However, such deviations from HWE
quickly subside within a single generation under the assumption of random mating. The size
and geography of Puerto Rico do not favor isolated subpopulations, and social stratification
is likewise not excessive. Considering that the primary admixing events (Spanish settlement
for Caucasian influx and the slave trade for African admixture) are many generations past,
observing no overt deviations from HWE stands to reason.

We previously demonstrated that the left-most portion of the dendrogram (sector 1) is
associated with a cluster representing proportionally greater Amerindian ancestry (Han
Chinese in origin based on HapMap database) [21]. The link between the Amerindians and
the Asians originates with the “Bering Strait” theory [33]. It is known that the “A” allele is
the most common in Asians, thus, the increased prevalence of this allele in sector 1 of the
dendrogram is consistent with our assignment of sector 1 as primarily of Amerindian
descent. Further investigation into the geographic and ethnic origin of the samples in this
cluster must be conducted as part of a validation study; should a significant association be
observed future studies will incorporate admixture-matching in order to probe variations in
warfarin response across different genotypes (i.e., stratification of the Puerto Rican
population). The uniqueness of the frequency distribution of the VKORC1 haplotypes in the
Amerindians as compared to Asian, African, and European populations has previously been
postulated by Perini et al. [34]. However, given the vast diversity of Amerindians across
different Latino-American populations, available data should not be interpreted as
representative of other groups. They found that two Brazilian Amerindian populations (i.e.,
Kaingang and Guaranies) comprise high proportions of individuals carrying VKORC1
haplotypes requiring reduced warfarin doses [34].

Recent investigation into the genetic structure of the African continent has revealed a high
resolution map of genetic diversity within Africa [35]. This study shows clear genetic
differences in varying regions of the continent, a finding that may be responsible for the
observed difference in the variant CYP2C9 allele frequency in the Afro-Caribbean
population as compared to the African-American and Yoruba populations. An online
database that documents 34,940 trans-Atlantic slave ship voyages from 1514 to 1866 reveals
that there is indeed a difference in principal port of departure between ships that
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disembarked in the Greater Antilles and those that arrived in the United States [36]. Table 2
shows the principal locations of departure for the 25,569 voyages departing from Africa and
arriving in the Americas.

It is well-known that population-stratifying factors are potential confounders and might be a
serious concern in pharmacogenetic association studies of candidate gene to complex traits,
including drug response. Perini et al. [37] demonstrated that due to the highly admixed
nature of Brazilians, self-reported race was not a reliable predictor of calculated warfarin
dose. What proved useful, however, was a precise knowledge of individual admixture so as
to place the patient on a continuum between “black” and “white”. The benefits of the
continuum model were verified in a separate Brazilian study illustrating the impact of
population structure on the GNB3 825C>T polymorphism [38]. Finally, Perini et al. [37]
found that warfarin dosing algorithms derived from European, North-American, African-
American and Japanese population studies performed poorly when applied to the Brazilian
population, suggesting either a need for separate dosing algorithms for each admixed and
heterogeneous population, or, admixture–matching of individuals so as to elucidate their
proportional ancestries. Our research team is conducting a study of pharmacogenetic
warfarin dosing algorithms in Puerto Rican patients on the island and the mainland US. It
will be interesting to learn how well dosing algorithms based on CYP2C9 and VKORC1
variants perform in the Puerto Rican population.

These findings further substantiate the argument for admixture as a critical covariant in
dosing algorithms for heterogeneous populations. Due to a lack of sufficient data in this
population, we believe that the clinical benefit of knowing an individual’s genotype before
initiating warfarin treatment in admixed Puerto Ricans is still an open question. A recent
paper by the International Warfarin Pharmacogenetics Consortium developed a multi-
ethnic warfarin dosing algorithm, but only included 24 Hispanics [39].

These results and further investigations involving warfarin-related clinical outcomes in
Puerto Ricans build upon earlier findings published by Suarez-Kurtz et al. [20], who
predicted a significant impact of genetic admixture on pharmacogenomics in the American
continent. These authors concluded that a variable mosaic genome paradigm, which
envisages the genome of any particular individual as a unique mosaic of variable haplotype
blocks, has considerably higher explanation and predictive power for the populations of the
Americas. Therefore, any extrapolation of pharmacogenomic data from well-defined ethnic
groups such as Caucasians and Asians might be plagued with uncertainty due to the
interethnic admixture in the Puerto Rican population. Admixed populations such as Puerto
Ricans pose a greater challenge because it might be difficult to find a matching control for
an individual with diverse ethnic origins; therefore, we will be forced to rely on multivariate
adjustment models. That is, rather than allocate the subject to a single stratum in the
analysis, it is desirable to construct a covariate for each stratum, giving the corresponding
ancestral proportion derived from clustering analysis and then include these covariates as
adjustment variables in a multiple logistic regression model [40].

Since each individual genome in an admixed population is composed of ancestry mosaics, it
provides an opportunity to unravel the genetic and environmental components of warfarin
response. In the context of admixture ancestry matching, if a response allele is more
common in one of the ancestral populations, then responders will share a greater level of
ancestry from that population around the locus as compared with non-responders. In future
studies, we expect to generate a detailed admixture map in the Puerto Rican population at
very high resolution using all 1.2 million SNPs from a total genome (TG) array. Admixture
studies at this resolution afford delineation of candidate genes for pharmacogenetic traits
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related not only to warfarin’s outcomes, but also to other cardiovascular conditions of high
prevalence in Hispanics.

Fundamental information on human genome variation in the Hispanic populations is still
lacking, potentially exacerbating healthcare disparities. In contrast, gathering such baseline
information by conducting pharmacogenomic studies in admixed populations like Puerto
Ricans could serve to advance DNA-guided personalized medicine in the Hispanic people of
the US, a fast-growing and highly heterogeneous group where conventional ethno-
geographic classification is imprecise. We hypothesize that genetic admixture studies in
Puerto Ricans will result in a rich repertoire of combinatorial genotypes for key
pharmacological pathways of warfarin response, rendering this population a better resource
to develop DNA-guided dosing algorithms for the clinical management of warfarin.
However, this long-term goal is unlikely to be attained if a population-based paradigm that
clusters Hispanics into one racial entity emerges as the standard of “personalized medicine”
as opposed to actual personalized therapy tailored to the individual’s genetic characteristics.
Accordingly, it must be based on the recognition of inherent genetic individuality, rather
than relying on inter-ethnic differences in the frequency of polymorphisms that affect the
pharmacokinetics (e.g., CYP2C9) and targets (e.g., VKORC1) of drugs such as warfarin.
This is particularly significant in admixed populations, in which the substructure created by
inter-ethnic crosses further increases the fluidity of racial and/or ethnic labels [41].
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Figure 1.
Panel A: Individual VKORC1(1639 G→A) genotypes, overlaid on the genetic distance
dendrogram for the samples from the Puerto Rican population (dendrogram taken from
previously published physiogenomic population analysis[21]). Green color represents G/G
genotype; whereas, blue and red colors are for the G/A and A/A genotypes, respectively. P-
values were calculated by a chi-squared test comparing observed allele frequencies with
expected frequencies given the overall allelic ratios. The VKORC1 SNP 1639 G→A is in
high linkage disequilibrium with haplotype A[3], which has been associated with a
significant decrease in the warfarin dose per allele.
Panel B: Individual CYP2C9 genotypes overlaid on the genetic distance dendrogram for the
samples from the Puerto Rican population (dendrogram taken from previously published
physiogenomic population analysis [21]). Green color represents wild-type *1/*1 genotype;
blue color denotes *1/*2 and red colors indicates the *1/*3 genotype. The yellow rectangle
highlights the one *1/*6 genotype observed. P-values were calculated by a chi-squared test
comparing observed allele frequencies within the sector with expected frequencies given the
overall allelic ratios.
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