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Coumarins are widely prescribedworldwide, and inMexico acenocumarol is the preferred

form. It is well known that despite its efficacy, coumarins show a high variability for

dose requirements. We investigated the pharmacogenetic variation of 110 genes in

patients receiving acenocumarol using a targeted NGS approach. We report relevant

population differentiation for variants on CYP2C8, CYP2C19, CYP4F11, CYP4F2, PROS,

and GGCX, VKORC1, CYP2C18, NQO1. A higher proportion of novel-to-known variants

for 10 genes was identified on 41 core pharmacogenomics genes related to the PK (29),

PD (3), of coumarins, and coagulation proteins (9) including,CYP1A1, CYP3A4, CYP3A5,

and F8, and a low proportion of novel-to-known variants on CYP2E1, VKORC1, and

SULT1A1/2. Using a Bayesian approach, we identified variants influencing acenocumarol

dosing on, VKORC1 (2), SULT1A1 (1), and CYP2D8P (1) explaining 40–55% of dose

variability. A collection of pharmacogenetic variation on 110 genes related to the PK/PD

of coumarins is also presented. Our results offer an initial insight into the use of a targeted

NGS approach in the pharmacogenomics of coumarins in Mexican Mestizos.

Keywords: coumarins, acenocumarol, pharmacogenomics, Mexican Mestizo, population differences, targeted

sequencing

INTRODUCTION

Anticoagulants such as warfarin, acenocumarol, and phenprocoumon act as inhibitors of
vitamin K reducing enzymes, which regenerate vitamin K, a cofactor for several clotting
proteins. Acenocumarol is the coumarin of choice in Europe and Latin America (Ufer,
2005). The heterogeneity in coumarins efficacy, safety, and dosing has been partly explained
by clinical, demographic, and genetic parameters. Several polymorphisms on CYP2C9,
VKORC1, and CYP4F2 can account for about 40–50% on coumarin dose differences
(Scott et al., 2014). However, most studies have been performed for warfarin and in
populations other than Mexican. Acenocumarol (4-nitrowarfarin) is the most commonly
prescribed oral coumarin in the public health care system in Mexico. In contrast to
warfarin, the more potent isomer, S-acenocumarol, is rapidly eliminated and the drug’s
therapeutic effect is most likely due to R-acenocumarol. The R isomer is metabolized by
several members of the cytochrome P-450 family including, CYP2C9, CYP2C19, CYP2C8,
CYP2C18, CYP3A4, CYP1A1, and CYP1A2 (Tassies et al., 2002; Ufer, 2005). Hence, genetic
variation on genes coding for these proteins should putatively influence acenocumarol dosing.
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The collection of pharmacogenetic variation in Mexican
populations is still scarce (Fricke-Galindo et al., 2016). Reports
indicate that some of the actionable markers on VKORC1 and
UGT1A1 present significant population differences (Bonifaz-
Peña et al., 2014), suggesting the existence of variants with
distinctive allele frequency in these populations potentially
influencing drug response.

Endeavors are currently ongoing to amass a more
comprehensive picture of the pharmacogenetic variation in
MexicanMestizos. Here, we investigated genetic variation in over
100 genes by targeted NGS in patients receiving acenocumarol,
including genes involved in general pharmacokinetics and
pharmacodynamics, vitamin K recycling, and coagulation
proteins, these latter also potentially affecting acenocumarol
response (Allan et al., 2005; Harrington et al., 2008; Carcao et al.,
2015; Tong et al., 2016). Clinical and genetic data were used to
develop an algorithm to explain dose variability in this group of
patients.

Genomic data analyses provided with a collection of
pharmacogenetic variation for this population. This approach
hints to toward the consideration of multiple variants to assess
acenocumarol dosing for an individualized dose assessment.

MATERIALS AND METHODS

Participants and DNA extraction. The National Institute of
Cardiology in Mexico City prescribes acenocumarol on a regular
basis mostly after stroke, stent implants, or for thrombosis. A
hundred and fifty patients treated with acenocumarol between
2006 and 2010 were surveyed and monitored for acenocumarol
efficacy through at least three consecutive INRmeasurements. Of
these, 103 blood samples were available for DNA extraction using
the DNeasy Blood & Tissue kit (Qiagen, Valencia CA, USA) from
a routine blood sample in EDTA-Vacutainer collection tubes,
sample characteristics are depicted in Table 1. All participants
gave written informed consent according with the Declaration
of Helsinki. The project was reviewed and approved by The
Research and Ethics Committees at The National Institute of
Cardiology and The National Institute of Genomic Medicine
(INMEGEN) Mexico City, project approval 25/2016/I.

Next Generation Sequencing
We investigated coding, 25 bp of adjacent introns, and 5′ and 3′

UTR regions of 110 genes related to general pharmacogenomics
including core pharmacokinetics and pharmacodynamics targets
in 100 DNA samples. We selected these genes according to
the general PGx and the PK/PD of acenocumarol by searching
the available literature using the keywords, pharmacogenetics,
pharmacogenomics, acenocumarol, coumarin pharmacokinetics,

Abbreviations: AIC, Akaike information criteria; BIC, Bayesian information

criterion; DIC, deviance information criterion; FDR, false discovery rate; Fst,

fixation index as a measure of genetic variance; GLM, generalized linear model;

BMI, body mass index; INR, international normalized ratio based on prothrombin

time; LD, linkage disequilibrium; MAF, minor allele frequency; NGS, next

generation sequencing; PD, pharmacodynamics; PharmGKB, pharmacogenomics

knowledge base; PK, pharmacokinetics; SNV, single nucleotide variant; SNP, single

nucleotide polymorphism.

TABLE 1 | Patient demographics.

Males Females P-value

N 46 54

Age (y) 54 (17−84) 56 (26−85) >0.05

Weight (kg) 76 (54−121) 64 (37−90) <0.05

Height (m) 1.7 (1.5−1.8) 1.5 (1.4−1.7) <0.05

INR 2.8 (2.1−3.4) 2.8 (2.0−3.9) >0.05

Dose (mg/wk) 15.4 (3.2−56) 15.0 (4.0−52) >0.05

Mo under treatment 12 (4−60) 13 (6−56) >0.05

and pharmacodynamics (van Leeuwen et al., 2008; Soria
et al., 2009; Whirl-Carrillo et al., 2012; Tong et al., 2016).
Regions of interest were captured using a Haloplex custom
Target Enrichment System (Agilent Technologies, Santa
Clara, CA, USA) defined for 150 × 2 paired-end reads, in
a panel size of 1.1Mbp. In addition, we included a set of
360 ancestry informative markers (AIMS) to assess genetic
admixture using SNPs from the HapMap database for CEU
and YRI populations, and Natives from Mexico (Galanter
et al., 2012). Sequencing libraries were generated according to
the manufacturer’s protocol (version D.5, May 2013). Briefly,
all 100 DNA samples (225 ng) were digested with 8-paired
restriction enzymes, fragmentation pattern was analyzed in a
2100 Biolanalyzer (Agilent Technologies). DNA fragments were
hybridized with the Haloplex synthetic probes, adapters were
ligated followed by PCR amplification for library enrichment.
Library quality for fragment size and molarity was also
performed using 2100 Biolanalyzer information. Samples were
pooled and sequenced in a Genome Analyzer II (Illumina,
San Diego, CA, USA) according to the manufacturer’s
instructions. Targeted genes are listed in Supplemental
Table ST1.

Bioinformatic and Statistical Analyses
Sequence reads were processed according to the Broad Institute
recommended best practices workflow and the Genome Analysis
ToolKit (GATK) (Acland et al., 2013; Van der Auwera et al.,
2013). Briefly, paired-end reads were trimmed to remove
adapters and low quality regions using Trimmomatic (Bolger
et al., 2014), reads with an average Q ≤ 30 were discarded,
followed by elimination of reads shorter than 36 nucleotides.
Mapping and alignment of sequencing reads were performed
with BWA, Samtools, and Picard using the hg19 human genome
reference (dbSNP build 137) (McKenna et al., 2010). Base quality
score calibration and single nucleotide variant (SNV) calling were
assessed using GATK v3.3. Variants were confirmed visually in
the integrative genomic viewer, IGV (Robinson et al., 2011), and
their functional impact was annotated using SnpEff, and ranked
as low, moderate, modifier, or high (Sherry et al., 2001; Cingolani
et al., 2012; Exome Variant Server1).

The data analysis toolset, PLINK was used to determine
descriptive statistics, allele frequencies, Hardy-Weinberg, and

1Exome Variant Server. [updated 2014/01/02/10:04:37]. Available online at: http://

evs.gs.washington.edu/EVS
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population differentiation, this latter was assessed by determining
the measure of genetic variance in this subpopulation relative to
population variance in other continental groups using the FST
statistic. A threshold value of P < 0.05 after FDR was considered
as statistically significant (Purcell et al., 2007).

Pharmacogenetic Model
We utilized a Bayesian statistical approach to incorporate genetic
variants to an algorithm for acenocumarol dose estimation
(Sebastiani et al., 2009; Chen et al., 2012). The rejection of the
null hypothesis (lack of association between acenocumarol dose
and genetic variants) was based on probabilities of stochastic
computations of Markov Chain Monte Carlo methods (MCMC).
Also, we tested the association between dose and all SNV alone or
in combination including those previously identified via single-
SNP analysis (P > 0.05, FDR). We considered 4614 SNPs and
815 variant interactions for model development. This strategy
allows for the identification of independent genetic variants or
those that depend on each to influence dose variation. Variants
were considered with a MAF <0.95 and >0.05, and interactions
between variants within the same gene with frequencies <0.9
and >0.10, i.e., that two or more variants in a gene may have
adding or balancing effects on the dose. First, we used a Bayesian
Generalized Linear model for variable selection to obtain the
posterior probability of a gene variant affecting acenocumarol
dose, then we used Bayes Factors, a form of Bayesian hypothesis
tests, to prioritize a set of models, and then we evaluated the
selected models through Deviance Information Criterion (DIC),
a measure of model selection related to AIC and BIC criteria,
commonly used in Bayesian hierarchical models. Briefly, for the
former, we used a gamma likelihood function with logarithmic
link function, variance τ and mean conforming to Equation (1),
where v1,j and v2,j represent binary variables for each genotype
of a SNPj, refers to interactions between variants, G is a set of
genes g, and ng the number of SNPs in g; vr,jg represents genotype

r of SNP j in gene g, and β
r1,r2
jg ,kg

represents the effect size of

genotypes vr1 ,jg and vr2 ,kg ; Ij and Ij,k are binary variables for the
inclusion or exclusion of SNPs and SNP interactions, and xi and
αi represent m non-genetic covariates including age, sex, BMI,
and height.

log
(

E
[

y
∣

∣θ
])

= c+

m
∑

i

αixi +

n
∑

j

Ij(β1,jv1,j+ β2,j v2,j)

+
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ng
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Ijg ,kg (β
1,1
jg ,kg
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1,2
jg ,kg

v1,jg v2,kg

+ β
2,1
jg ,kg

v2,jg v1,kg + β
2,2
jg ,kg

v2,jg v2,kg ) (1)

Where, τ ∼ Gamma (λ, κ), c ∼ Normal (0, τ 2µ), c ∼

Normal (0, τ 2µ), βj.k ∼ Laplace(0, τ 2β ), β
r1, r2
jg ,kg

∼ Laplace (0, τ 2β ),

Ij ∼ Bernoulli(π), Ijg ,kg ∼ Bernoulli(π), π ∼ U(a, b), and

αi ∼ Normal(0, τ 2α)
Next, we standardized clinical variables for mean zero and

unitary variance, and using JAGS 4.1.0 and R 3.2,0 we obtained
MCMC from the posterior distribution. We ran five chains of

110,000 iterations each, including a burn-in period of 10,000
iterations and random initial values, convergence was verified
via the Gelman-Rubin statistic R̂ < 1.2, followed by a series
of Bayes Factors to condition on the presence or absence
of variants, branching them into a decision tree, as part of
the pharmacogenetic model development. Further details on
the model development were included in Supplemental Table
ST2.

RESULTS

Demographic characteristics stratified by sex are presented
in Table 1. Bioinformatic analyses revealed 5108 variants in
110 genes in 100 DNA samples with an average depth of
250x and >98% coverage, but a wide range was registered
depending on the gene (30x−600x, 80–100%). These 110 genes
represent less than 1% of the coding genome, approximately
25% of a pharmacogenome, more than half of the Coriell
reference list for pharmacogenomics, and include >20% of
actionable pharmacogenetic markers listed by CPIC (Pratt et al.,
2010; Relling and Klein, 2011). After quality control, variant
calling, and annotation, 4290 SNVs were utilized for statistical
analyses (ST3). There was a complete agreement between
genotypes of variants assessed by NGS and allele discrimination
performed for CYP2C9∗2,∗3, and ∗5, CYP4F2 rs2108622, and
VKORC1 rs9934438. Admixture analysis with 314 ancestry
informative markers showed an average population structure
of 50–92% Mexican Native and 6–54% Caucasian (CEU), all
individuals showed less than 5% of Sub-Saharan African (YRI)
admixture.

Of these 4290 SNVs, 28% have not been reported before
(1237 without an rs identifier) and 274 of these novel
variants had a minor allele frequency (MAF>1%). On average,
each individual showed 908 SNVs, 534 heterozygous and
374 homozygous, of which 258 were present per individual
(Table 2). Four-hundred and seven variants in 65 genes did not
suffice the equilibrium of Hardy-Weinberg (9.8%, Supplemental
Table ST4).

Variants were classified by SNPEff according to their to their
in-silico functional impact as high, moderate, modifier, or low
(Cingolani et al., 2012). We listed a total of 36 known SNVs (27
heterozygous and 9 homozygous) with a high functional impact
(Table 2 and ST3). These resequencing descriptive statistics seem
to compare to other reports (Waldron, 2016).

Pharmacogenetic Variation
The FST statistic was assessed to evaluate genetic differentiation
between Mexican Mestizos and three major continental
populations, Chinese Han from Beijing (CHB), Yoruba from
Ibadan, Nigeria (YRI), and Europeans from Utah, USA (CEU)
utilizing the 1000 genomes database. YRI showed the largest
differentiation with 377 variants with a FST value above 0.25,
followed by CEU (51 variants with FST > 0.25), and CHB
(32 variants with FST > 0.25, ST5). FST >0.25 values were
identified for variants on several genes related to the coagulation
cascade or coumarin metabolism. For example, when comparing
to Caucasians we found high population differentiation for
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TABLE 2 | Summary of NGS genetic variation.

N Observations

Total SNVs 4,290 in 100 individuals

SNVs per individual 908 534 heterozygous, 374 homozygous

Coding 3,335

UTRs 471

Non coding 484

Known SNVs 3,053 650 per individual (384 heterozygous and 266 homozygous)

Novel SNVs 1,237 258 per individual (150 heterozygous and 108 homozygous)

Novel SNVs MAF>1% 274 Present in 56 genes including 19CYPs, 3 UGTs, SULT1A2

Heterozygous SNVs 2,463 1660 known and 803 novel

Heterozygous, high impact 27 8 novel variants on 8 genes including CYP3A4 and CYP2B6, and 19 known variants in 9 CYPs, 2 UGTs,

SULT1A1, and 5 coagulation proteins

Heterozygous, moderate impact 325 106 novel in 56 genes including 12 CYPs, 5 UGTs, and SULT1A2, 219 known variants in 69 genes, including, 14

CYPs, 6 UGTs, and SULT1A2

Total homozygous 1,110 Known and novel variants

Homozygous, high impact 9 Present on 4 CYPs, including, CYP2B6 POS.4151213, CYP2C9 rs114071557, and on UGT2B7

Homozygous, moderate impact 129 36 novel variants in 25 genes (7 CYPs, 3 UGTs) including CYP4F2 POS15996832, CYP2D6 POS42522724, and

93 known variants in 33 genes (12 CYPs, 5 UGTs, and 5 drug targets)

HGVS, Human Genome variation society nomenclature; C, coding region; P, protein. The 1000 Genomes Project Consortium et al. (2015). POS indicates the position on the chromosome

for novel variants.

variants on CYP2C8, CYP2C19, CYP4F11, CYP4F2, PROS,
and GGCX. Comparing to CHB, differences arose on CYP2C8,
VKORC1, 2C18, NQO1, and for YRI differences were observed
on major CYPs, FMOs, F13B, F8, PROS, and SERPINA10
among others (ST5). Allele frequency comparisons between
Mexicans from the 1000 genome project (MXL) and those in
this study showed similar FST values for most variants, except for
CYP2C18 rs2281889, CYP2C8 rs1891071, CYP4F2 rs309319, and
CYP4F11 rs11086013, for which we observed FST values between
0.15 and 0.33.

We analyzed allele frequency variation for 30 major
pharmacogenes and 10 genes related to the coagulation
cascade. The largest number of variants per gene was observed
on SULT1A1, CYP2E1, CYP1B1, CYP3A4, CYP3A5, F5, and
F11. Interestingly, CYP1A2, CYP3A4, CYP3A5, CYP1A6, F11,
F13B, and F8 showed a large proportion of novel variants
compared to known variants. Genes with significantly fewer
variants were, CYP1A3, CYP1A5, CYP1A9, and F9, the three
former did not show any novel variants (ST3). Next, we
assessed the presence of known and novel variant considering
a MAF >5% and a predicted functional impact as high
or moderate in these genes. For known variants, we list
7 with a high predicted functional impact, 2 on UGTs
and one on SULT1A1, CYP2C9, CYP2C19, and CYP2C8
(Table 3).

Novel variants were observed on 37 of these 40 genes
in counts from 1 on UGT1A1, to 23 on CYP3A5, 25 in
F5, and 26 in F8. Of these, 2 showed a high functional
impact predicting a stop codon on CYP3A4 and CYP2B6, a
moderate impact was reported for 16 variants on 14 genes
(Table 3). The proportion of novel-to-known variants and its
functional impact for these pharmacogenes is represented in
Figure 1.

Acenocumarol Pharmacogenetic Model
We developed a pharmacogenomic model to predict
acenocumarol dose, using a Bayesian approach that included all
SNP variants and the interaction among those on the same gene.
We fitted the Bayesian GLM through five MCMC chains where
genetic variants were prioritized by their posterior inclusion
probability. The higher the posterior probability of a variant,
the larger its influence on dose. Figure 2 shows a hierarchical
tree indicating an ordered relevance of variants from VKORC1,
CYP2D8P, and SULT1A1, followed by those on CYP4F12, F13B,
and F8, Values of posterior probability for all variants are listed
in ST7 and ST8.

The dosing algorithm accounted for age, sex, weight, and
height. The interaction between VKORC1 variants rs8050894
and rs9934438 which are in LD (R = 0.492), showed the
highest posterior inclusion probability (mean, 0.96), followed by
a novel variant, on CYP2D8P (POS42547668), and variants on
SULT1A1 rs11648192, and CYP2C8 rs1058932, and rs2275620.
Unfortunately, pharmacogenetic variant VKORC1 rs9923231 did
not pass NGS quality controls thus, it was not modeled, but it
is in complete LD with rs9934438, which was included in these
analyses (Rieder et al., 2005).

Final model evaluation, we used R to implement the series
of Bayes Factors as described in Supplemental Table ST2 with a
cut-off value, cj = 3 + mj, where mj is the number of variants
conditioned to be absent from the model, and 3 as a minimum
cut-off value based on Harold Jeffrey scale of interpretation for
Bayes Factors (Baldi and Long, 2001). We selected two models
according to the lowest DIC values, the first one included SNVs
interactions, VKORC1 rs8050894 and rs9934438 and variants
on SULT1A1 and CYP2D8P (ST7). The second model excluded
variant interactions. Modeled variants and clinical parameters
(age, sex, weight, and height) explain up-to 55.9% of dose
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TABLE 3 | Novel and known variants on relevant pharmacogenes at MAF > 5%.

Gene Chr ID Predicted functional impact HGVS_C HGVS_P

UGT1A10 2 rs200144439 High c.1533C>A p.Tyr511*

UGT2B7 4 rs11935951 High c.−159+1G>T Intron/splicing

CYP2C19 10 rs28399504 High c.1A>G p.Met1?

CYP2C9 10 rs114071557 High c.1A>G p.Met1?

CYP2C8 10 rs181982392 High c.1198G>T p.Glu400*

SULT1A1 16 rs144422872 High c.307C>T p.Arg103*

NOVEL VARIANTS

Gene Chr Position Predicted functional impact HGVS_C HGVS_P

F5 1 169530002 Moderate c.376G>T p.Ala126Ser

F10 13 113803697 Moderate c.1333C>T p.Arg445Cys

UGT1A10 2 234676866 Moderate c.1076G>T p.Gly359Val

UGT1A10 2 234676884 Moderate c.1094C>A p.Ala365Asp

SULT1A2 16 28603787 Moderate c.473C>A p.Thr158Asn

CYP3A5 7 99250198 Moderate c.1231C>T p.Pro411Ser

CYP3A4 7 99358497 Moderate c.1361T>C p.Leu454Pro

CYP3A4 7 99365982 High c.665C>A p.Ser222*

CYP3A4 7 99377662 Moderate c.118G>T p.Gly40Trp

CYP2C19 10 96522531 Moderate c.69C>A p.Ser23Arg

CYP2C8 10 96800713 Moderate c.896T>A p.Phe299Tyr

CYP2C8 10 96802829 Moderate c.967G>T p.Val323Phe

CYP2E1 10 135352449 Moderate c.1463G>T p.Cys488Phe

CYP1A2 15 75042614 Moderate c.535C>A p.Leu179Met

CYP4F2 19 15996832 Moderate c.1017G>T p.Trp339Cys

CYP2B6 19 41518213 High c.975C>A p.Tyr325*

CYP2D6 22 42522724 Moderate c.1346C>A p.Ala449Asp

NQO1 16 69745184 Moderate c.520A>C p.Ser174Arg

POS, position on the chromosome for novel variants. p.Met1?, change in the translation of the initiation codon with unknown effect. *Insertion of a termination codon.

variation for this study group. Values of high density intervals
(HDI) are presented considering for 95% posterior probability
(ST7 and ST8). The addition of additional variants to the
model increased DIC values significantly which translates into a
decreasing impact on acenocumarol dose (Table 4).

Pharmacogenetic Model Considering
Variant Interactions
Ln Dose = −0.6935–0.0071∗age (y) + 0.0035∗weight (kg) –
0.1136 (if male) + 1.0709∗height (m) – 0.213 (if VKORC1
rs8050894 is C/G and rs9934438 is G/A) – 0.719 (if VKORC1
rs8050894 is G/G and rs9934438 is A/A) + 0.899 (if CYP2D8P
POS.42547668 is T/C) + 0.203 (if SULT1A1 rs11648192 is C/T).
Variance explained 55.9%.

Pharmacogenetic Model without Variant
Interactions
Ln Dose= −0.5846 – 0.0069∗age (y) + 0.0045∗weight (kg) –
0.0945 (if male) + 0.9795∗height (m) – 0.239 (if VKORC1
rs9934438 is G/A) – 0.529 (if VKORC1 rs9934438 is A/A) +

1.092 (if CYP2D8P POS. 42547668 is T/C) + 0.188 (if SULT1A1
rs11648192 is C/T). Variance explained 40.0%.

Finally, we used these models to recalculate acenocumarol
dose in patients with an INR 2–3 receiving a stable dose.

Pharmacogenetic dose calculations approached given
acenocumarol doses for all INR-sable patients (P > 0.05)
except for one patient, R4 who needed 5.4 mg/day, and models
estimated 2.47 mg/day. All individual dose estimations were
listed in ST9.

DISCUSSION

Here, we investigated pharmacogenetic variation in 110 genes by
targeted NGS in patients treated with acenocumarol.

Novel Variants
Genetic variation analyses showed that the presence of novel
variants varied widely among genes. For example, the largest
number of novel variants (≥20) was observed on CYP3A4,
CYP3A5, SULT1A1, GGCX, F11, F5, F8, and F9. High functional
impact variants were present on CYP2B6 (MAF, 50%), CYP2C8
(MAF 1%), CYP3A4 (MAF 8%), F5 (MAF 2%), and VKORC1
(MAF 1%). These are relevant for its allele frequency, the dozens
of drugs theymetabolize, and because their impact predicts a stop
codon. CYP2B6 and CYP3A4 are among the most polymorphic
genes thus, it is not surprising the presence of relevant novel
variants. Similarly, for VKORC1 population differentiation has
been previously reported and the presence of a novel variant
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FIGURE 1 | Proportion of novel and known variants. Functional impact determined in-silico is depicted in white for low impact, light gray for modifier, dark gray for

moderate impact, and black for high impact.

with a high functional impact may be in part, a consequence of
this stratification (Bonifaz-Peña et al., 2014). Novel variants on
major metabolizing genes, CBR1, CYP1A2, CYP3A4, CYP3A5,
P2RY2, and UGT1A6 represented 40–50% of novel and known
variants, suggesting that the collection of variation on these genes
is probably not yet complete in Mestizos. Other metabolizing
genes,CYP1B1, CYP2C18, CYP2C19,UGT1Amembers, CYP2E1,
SULT2B1, and SULT1A1 showed a low proportion of novel-
to-know variants (Figure 1). This may not necessarily mean
that genetic variation is complete for these genes. For example,
SULT1A1 presented 63 known and 19 novel variants ranking this
gene as second with the largest number of variants.

Also, we confirmed population differences previously
reported with an Fst > 0.19, on VKORC1 rs9934438 and
four variants on UGT2B15 when comparing to YRI and CHB
(Bonifaz-Peña et al., 2014). Differences between Mestizos
and CEU were observed for UGT2B15, CYP2E1, CYP1A2,
CYP4F2, UGT2B7, F12, and F12 (ST5). Interestingly, a few
variants showed an Fst > 0.20 between Mestizos from this
study and Mexicans from Los Angeles (MXL) from the 1000
genome project, on CYP2C8, CYP2C18, and CYP4F2 relevant
for the pharmacokinetics of coumarins, phenytoin, vitamin K,

and lipids. Allele frequencies of all variants are listed on ST6.
Observations on these relevant pharmacogenes highlight the
need to for a cautious implementation of pharmacogenomics in
Mexican Mestizos.

We developed a pharmacogenetic model to estimate
acenocumarol dose testing over four thousand variants. The
model considered relevant variants on, SULT1A1, CYP2D8P, and
VKORC1. For the latter gene, variants, rs8050894 and rs9934438,
are well-known pharmacogenetic markers of coumarin dosing
with the highest PharmGKB level of evidence. The interaction
of these SNPs has already been reported as part of a haplotype
(CG vs. TA) that aids to classify patients into high and low dose
requirements (Rieder et al., 2005).

Interestingly, the model did not associate variants on
CYP4F2 or CYP2C9 with acenocumarol dose (Table 4). Maybe
because CYP4F2 (rs2108622) has a lower impact (Danese et al.,
2012), and R-acenocumarol is metabolized by several CYPs
other than CYP2C9. Moreover, reported variants that impair
CYP2C9 activity are present in low frequency in Mexican
Mestizos (Villegas-Torres et al., 2015). Instead, we observed dose
association with variants on SULT1A1 and CYP2DP8. CYP2D8P
is a pseudogene in the CYP2D cluster comprising CYP2D6,
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FIGURE 2 | Hierarchical tree of variants influencing acenocoumarol dose. The

parent node (solid lines) represent gene variants from which other variants

depend for acenocouumaorl dose estimation, i.e., all probability statement in

that branch are conditioned to the probabilistic event of the parent node (gene)

Iparent = 1, dashed lines indicate that the parent node was conditioned to

zero, Iparent = 0. The number on each line represents the Bayes Factor for

the following branched off node; given the cut-off values. For visualization

purposes, we did not condition on CYP2D8P, which was strongly associated

with high-dose values (≥40 mg/wk) in 3 of the 6 patients receiving high doses.

Nevertheless, both frequentist and Bayesian hypothesis testing suggested a

strong association to coumarin dose for this variant (P-value < 0.05 and

Bayes Factor > 100, respectively).

CYP2D7P, and CYP2D8P the former known to metabolize
around 25% of all prescribed drugs. This cluster seems to have
rapidly evolved due to environmental adversity with ethnic
differences (Heim and Meyer, 1992). Wang et al identified a
CYP2D6 transcription enhancer in theCYP2D cluster supporting
the consideration of variants outside the CYP2D6 loci for
functional genotyping (Wang et al., 2015). We identified a new
variant on CYP2D8P POS.42547668, 26 Kbp upstream CYP2D6,
and although there is no xenobiotic metabolism reported for
this pseudogene, we can speculate that this variant is in LD
with another one affecting gene expression or drug metabolism.
The inclusion of many variants to dissect a pharmacogenetic
phenotype is becoming more common as it increases our
knowledge in paths and network interactions not previously
considered (Cruz-Correa et al., 2017; Oliveira-Paula et al., 2017).

Our model is similar to others in that it includes typical
clinical variants (age, sex, weight, and height), a dose prediction
around 50% confidence, and the inclusion of VKORC1 as the
primary determinant of acenocumarol dose. And even though we
report VKORC1 rs9934438 vs. VKORC1 9923231 this latter, most
commonly studied (Zhang et al., 2015; Tong et al., 2016) these are
in complete LD. Finally, dose assessment using this model closely
approached the dose received to achieve an INR 2–3, except
for patient R4. Therefore, we delved into the genetic variability
of this sample observing 20 heterozygous and 9 homozygous
variants, these latter on SULT1A1, FGB, CDH12, KCNJ6, CBR3,
andCYP2E1.However, this variation does not necessarily explain
a lack of dose prediction. We can speculate that it is the presence

TABLE 4 | Pharmacogenomic model parameters.

Genotype µ HDI Bayes

Factora

MODEL 1

Intercept – 0.884 0.72 to 1.03 >900

SULT1A1, rs11648192 C/T 0.203 0.06 to 0.33 91.3

CYP2D8P, POS42547668 T/C 0.899 0.54 to 1.27 >900

VKORC1, rs8050894,

rs9934438

C/G, G/A −0.213 −0.37 to−0.06 >900

VKORC1, rs8050894,

rs9934438

G/G, A/A −0.719 −0.97 to−0.48 >900

Age – −0.102 −0.17 to−0.04 23.48

Weight – 0.047 −0.05 to 0.15 2.61

Height – 0.110 0.01 to 0.22 22.08

Sex – −0.124 −0.33 to 0.05 6.41

MODEL 2

Intercept – 0.929 0.752 to 1.107 >900

SULT1A1, rs11648192 C/T 0.188 0.042 to 0.335 46.5

CYP2D8P, POS42547668 T/C 1.092 0.709 to 1.481 >900

VKORC1, rs9934438 G/A −0.235 −0.399 to−0.061 >900

VKORC1, rs9934438 A/A −0.529 −0.784 to−0.246 >900

Age – −0.099 −0.171 to−0.018 13.63

Weight – 0.061 −0.037 to 0.17 2.37

Height – 0.097 −0.021 to 0.211 10.54

Sex – −0.098 −0.313 to 0.092 3.43

aThe Bayes Factor corresponds to a hypothesis test with H0 :β = 0 and H1 :β = µ,

where β is the coefficient andµ is the posterior mean. HDI is the high-density interval forµ.

of multiple variants on certain genes that affects several steps
of the pharmacodynamics or pharmacokinetics and thus, drug
efficacy.

We acknowledge the size and closed patient group studied
retrospectively in individuals that were already assigned a dose by
trial and error, not allowing for a prospective use of the genetic
information. These observations will require confirmation and
replication. We provide a list of 20 variants in 18 genes ordered
by its impact on acenocumarol dose around the PK/PD of
coumarins and the biochemistry of the coagulation cascade.

Our results offer an initial insight to the use of a
genomic approach in pharmacogenetics showing that the advent
of next generation sequencing may offer an alternative to
identify and utilize individual variation to potentially explain a
pharmacological relevant phenotype (Cheng et al., 2015). Future
endeavors should focus on confirming these observations in a
larger population.

As of June 2017, there are under a dozen reported studies of
NGS in Mexican populations (NBCI), here, we present a list of
variants in 110 pharmacogenes in Mexican Mestizos providing
population information for allele frequency, differentiation from
other continental groups and phenotype associations, which may
complement the current catalog of pharmacogenomic variation
in different populations.
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