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Abstract

Accuracy of warfarin dose prediction algorithms may be improved by including data from
diverse populations in genetic studies of dose variability. Here, we surveyed single nucleotide
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polymorphisms in vitamin K-related genes for association with warfarin dose requirements in

two admixed Latino populations in standard-principal component adjusted and contemporary-local
ancestry adjusted regression models. A total of 5 variants from vitamin K-related genes/pathways
were associated with warfarin dose in both cohorts (p<0.0125) in standard models. Local ancestry-
adjusted analysis unveiled 35 associated variants with absolute effects ranging from g = 9.04
(£2.23) t0 39.18 (+10.89) per ancestral allele in the discovery cohort and p = 6.47 (¥2.02) to 17.82
(£6.83) in the replication cohort. Importantly, we demonstrate the technical validity of the Tractor
model in cohorts with admixed ancestry from three founder populations and bring attention to

the technical hurdles obstructing the inclusion of diverse, especially admixed, populations in
pharmacogenomic research.
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Introduction

The anticoagulant drug, warfarin, although commonly used worldwide, continues to result
in a high frequency of adverse effects. To better predict a warfarin user’s therapeutic
window, dose prediction algorithms have been developed based on genetic, demographic,
and clinical variables. The more potent S-isomer of warfarin is primarily metabolized

by CYP2C9 and genetic variants that reduce CYP2C9 function are known to result

in reduced warfarin dose requirements. Similarly, warfarin’s mechanism of action is
inhibition of vitamin K epoxide reductase (VKORCL1) and genetic variants that increase
abundance of VKORCL1 protein result in reduced warfarin dose requirements. Derivation
of pharmacogenomic dose prediction algorithms, which currently predict no more than
60% of the variability in warfarin stable dose; even in homogenous, well-represented-
in-research populations!; may benefit from the inclusion of previously overlooked
populations, such as many Latino populations?. Pharmacogenetics (PGx) research suffers
from biases created by exclusion of non-European populations®#. Furthermore, recent
studies have shown increased representation of ancestrally diverse populations is beneficial
for discovering novel loci and addressing health disparities®’. This inclusion bias has

the potential to widen already existing health disparities during downstream algorithm
creation and clinical implementation. It is therefore critically important to undertake genetic
studies in underrepresented populations, including Latino populations, so that benefits of
optimal pharmacogenomic dosing in historically excluded individuals can be appropriately
examined. Ultimately this work encourages equal opportunity to benefit from warfarin PGx
dosing.

Beyond a staggering underrepresentation in genomics studies at large, a statistical hurdle
prevents increased representation even when Latino participants enroll to a genomics study®.
Study participants that do not match closely with widely used reference genomes are

often excluded prior to downstream statistical analysis to decrease risk of false positive
associations with population rather than phenotype®. Although it is possible that persons
identifying as Latino are largely of European descent, due to the unique colonialist history of
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Latin America, individuals identifying as Latino likely have admixed ancestry of European
and Native American or African ancestors. Diverse populations increase power to detect
SNP associations on a surface level by increasing the pool of possible participants in
research studies. Diverse populations also allow researchers to glean information based

on the varying relatedness of individual genomes. Traditional mechanisms to account for
population level genetic variation during statistical testing include adjusting for principal
components (i.e. measures of dimensionality) in the regression model, however, this

method is statistically expensive and largely an artifact of the data used to generate

the componentsi®. Innovative, methods, such as Tractor, that leverage local ancestry, or
chromosome-level ancestry, are being developed to encourage the inclusion of diverse
populations in genomic analyses!1-13. Leveraging individual level ancestries of mosaic
populations, we incorporate local ancestry information into our statistical model to facilitate
the inclusion of admixed participants of a diverse population in our association analysis with
consideration for population stratification.

Warfarin anticoagulation functions by inhibiting the vitamin K cycle of the host to

reduce blood clotting ability. The required vitamin K hydroquinone is then lacking for
carboxylation and consequent activation of vitamin K-dependent proteins within the clotting
cycle. Because of this pathway, vitamin K is also commonly used as a reversal agent in

the event of over anticoagulation with warfarinl4. Additionally, warfarin initiation may
come with education regarding the need for consistent intake of green leafy vegetables!®.
Given the close relationship of warfarin with vitamin K, we focused our genome wide
analysis specifically on single nucleotide polymorphisms (SNPs) in genes within vitamin K
pathways.

Here, we survey single nucleotide variant associations with warfarin dose in two Latino
populations. Further, we examine genomic signals in vitamin K genes that may be relevant
to warfarin dosing when considering local ancestry throughout the genome via the Tractor
regression model1. With this workflow, we attempt to address the systematic exclusion

of admixed participants in warfarin genetic research and validate an alternative method to
adjustment with principal components which may be increasingly underpowered in smaller
research populations.

Study Populations

Discovery Cohort—DNA specimens were collected from participants in an observational
cohort study (ClinicalTrial.gov Identifier NCT02972385)16. Warfarin users (n = 154) with

a stable dose were recruited during their usual warfarin management appointments at
Banner University Medical Center and EI Rio Community Clinics in Tucson, Arizona, USA
between October 2016 and March 2020. Participants were over 18 years of age, self-reported
Hispanic or Latino ethnicity and were on a stable dose of warfarin. Stable warfarin dose

was defined as consistent dose for at least two consecutive study visits. Inability to give
informed consent was the only exclusion criteria. This study included a mouthwash sample
collected at the time of enrollment and a retrospective electronic medical record review, and
thus no patients were withdrawn or lost to follow-up. All research activities involving human
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participants in this study were approved by the Institutional Review Boards at the University
of Arizona (#1608762767) in August 2016. Written informed consent was obtained from all
participants prior to study enrollment.

Replication Cohort—This is a follow-up analysis of DNA specimens that were

collected from participants in an observational cohort study (ClinicalTrial.gov Identifier
NCTO01318057). A full description of the cohort and original study have been previously
described!’. Briefly, warfarin treated participants (n = 255) were recruited from the
Veteran’s Affairs Caribbean Healthcare system-affiliated anticoagulation clinic in San Juan,
Puerto Rico. Participants self-identified as Caribbean Hispanic Puerto Ricans, were over

21 years old and on a stable warfarin dose defined as consistent dose for at least three
consecutive study visits. The portion of the cohort with full genome-wide genetic results
(Infinium™ Human Omni Xpress BeadChip by Illumina, San Diego, CA, USA) and clinical
data available (n = 96) was analyzed here.

Genetic Assays and Quality Control of Genomic Data

Discovery Cohort—The participants in the discovery cohort provided a mouthwash
sample for genotyping. Mouthwash samples were processed for genomic DNA extraction
using a Puregene Blood Core Kit (QIAGEN Inc., Venlo, Limburg) according to
manufacturer’s instructions. DNA samples were genotyped using an Illumina (Illumina,
San Diego, CA, USA) MEGAFX array which contains 2 036 060 SNPs, at VANTAGE
(Vanderbilt Technology for Advanced Genomics, Nashville, TN).

Quality control of the genome-wide variants in the discovery cohort was performed using
PLINK 1.918 and the plinkQC package (version 0.3.4)19 in R (version 4.0.2)20. pPlinkQC
acts as a wrapper for the PLINK program allowing for interactive quality control in the
RStudio environment. Due to the cohort being case-only and having admixed ancestries,
departure from Hardy-Weinberg equilibrium was estimated under the null hypothesis of
the predictable segregation ratio of specific matching genotypes with a liberal alpha value
(p>1x10710). In admixed populations especially, an inflation of heterozygote SNPs could
be due to recent population substructure?! instead of genotyping error which is typically
the reason these variants are filtered?2. Monomorphic sites were removed. Per-marker and
per-individual missingness were set to 10% to allow for maximum data prior to imputation,
as it has been shown that filtering prior to imputation has little effect on imputation of
common variants23. Samples were also removed due to relatedness, failed sex check, or
outlying weekly warfarin doses. Finally, scripts to check the quality of the data and to
prepare for imputation were implemented. The checkVVCF.py (https://github.com/zhanxw/
checkVVCF) and McCarthy Group Tool for 1000G Imputation (https://www.well.ox.ac.uk/
~wrayner/tools/) scripts were implemented prior to imputation with the Trans-Omics for
Precision Medicine (TOPMed) imputation server. Non-SNPs, SNPs that did not align to
the reference genome, and duplicate sites were removed. A total of 867 125 variants

was subsequently used to impute additional variants using the TOPMed freeze8 reference
panel in the TOPMed imputation server (https://imputation.biodatacatalyst.nhlbi.nih.gov/#!).
Pre-phasing was performed using Eagle v2.424 and imputation via minimac42® within the
TOPMED server. Imputed variants with quality R? = 0.01 (the most accurately imputed 1%
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of variants) were kept for further analysis, giving a final number of 12 046 918 variants
before filtering based on vitamin K pathway-related genes, and 103 277 after filtering.

Replication Cohort—The participants in the replication cohort provided a blood sample
for genotyping. Processing for genomic DNA extraction using a QlAamp DNA Blood Maxi
Kit (QIAGEN Inc., Venlo, Limburg) according to manufacturer’s instructions. DNA samples
were genotyped using an Illumina (Illumina, San Diego, CA, USA) Infinium™ Human
OmniExpress-24 v1.2 BeadChip which contains 713 599 SNPs.

Quality control of the genome-wide variants in the replication cohort was performed using
PLINK 1.9. Samples and individuals with missingness greater than 10% were removed in
addition to those with a minor allele frequency lower than 1%. A total of 649 437 variants
was subsequently used to impute additional variants in the TOPMed imputation server in the
same manner as in the discovery cohort. A final number of 4 593 221 before filtering based
on vitamin K pathway-related genes, and 31 505 after filtering, was used in further analyses.

Local and Global Ancestry Estimation

We used default parameters with one iteration in RFMIX v2 (https://github.com/slowkoni/
rfmix) to estimate local ancestry per chromosome in the discovery and replication cohorts2®,
Native American (Karitiana, Maya, Pima, Surui; n = 46) retrieved from the Human
Genome Diversity Project (HGDP)?7, and European (IBS; n = 107) and African (YRI; n

= 108) populations retrieved from 1000 Genomes28 were merged to serve as reference.
Global ancestry estimates were derived from an updated /a;_global.py script from https://
github.com/armartin/ancestry_pipeline2%. We then surveyed local ancestry throughout the
genome and at important warfarin pharmacogenes including Cytochrome P450 family 2
subfamily C member 9 (CYP2C9), Vitamin K epoxide Reductase Complex subunit 1
(VKORC1), Cytochrome P450 Family 4 Subfamily F Member 2 (CYP4F2), NAD(P)H
Quinone Dehydrogenase 1 (MQOJ), and y-glutamyl carboxylase (GGCX). Differences in
proportions of the cohort with a specific ancestry at each pharmacogene were descriptively
tested for statistical significance using the fableby function from the arsenal package in
R30, In these analyses, individuals whose local ancestry was assigned to more than one
population within the gene of interest were excluded. Finally, principal components were
visualized to increase confidence in ancestry estimates using ggplot2 in R3L,

Statistical Analyses

Patient baseline characteristics were summarized as counts and percentages or mean and
standard deviation (sd) for categorical and continuous variables, respectively. Hypotheses
were tested with chi-square goodness of fit test for equal counts for categorical variables
using chisqg.test and t-test for continuous variables with oneway.test using the tableone
package in R32,

Given low sample sizes in both the discovery and replication cohorts, we limited our
genome-wide scan to variants in genes in vitamin K pathways. We performed a KEGG
(Kyoto Encyclopedia of Genes and Genomes) search for the terms “menaquinone”
and “phylloquinone” to pull all genes from four pathways: Ubiquinone and other
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terpenoid-quinone biosynthesis, Vitamin digestion and absorption, Biosynthesis of cofactors
(hsa01240), and Metabolic pathways (hsa01100)33. Uniprot was then used to translate
KEGG gene nomenclature to ensembl34. Finally, biomart (version 2.44.4) was employed

to retrieve a list of gene start and end positions for use in sub-setting the genome-wide
data3®. A full list can be found in Table S1.

In our primary analysis, linear regression models were adjusted with the top three principal
components as covariates to account for population stratification, without controlling for
local ancestry. Tractor was then used to calculate ancestral minor allele dosages at each SNP
position and inform associations with warfarin dose in a series of secondary analyses!. The
Tractor model employed tests each variant for an association with following model:

Y = by + byx1 + bpxp + b3x3 + bax4 + bsxs5 + bgxg... + byx)

where x1 and x» (0,1,2) represent the count of haplotypes of the first and second ancestries
at the locus in question for each individual, x3-x5 (0,1,2) represent the count of risk

alleles coming from each ancestry, and xg-Xy are other covariates such as age, body size,

an estimate of global ancestry, and so on. The model presented here is for a 3-way

admixed population. Each regression was principal component-adjusted and performed with
PLINK1.918 —linear or local ancestry-adjusted with a Tractor model and performed in

Hail (https://github.com/hail-is/hail)38. Minor allele frequency cutoffs of 5% and a Hardy
Weinberg cutoff of 2< 1x107% were implemented in every regression, and analyses included
only SNPs in vitamin K genes (n = 1589).

A SNP was further explored when it reached < 0.0125 (0.05/4 KEGG pathways) in

both cohorts with effects on warfarin dose in the same direction. P-values from tests of
Hardy Weinberg equilibrium were extracted from PLINK1.9 using --hardy using an exact
test37. These liberal replications were then examined for their association with warfarin
dose after adjustment for variables described in the International Warfarin Pharmacogenetics
Consortium (IWPC) model: age, height, weight, genotypes at VKORCI1 and CYP2C9,
amiodarone use and enzyme inducer use. Enzyme inducers surveyed here were phenytoin,
carbamazepine, rifampin, and rifampicin38. Genotypes were derived from rs9923231 for
VKORCI and from rs1799853 and rs1057910 for CYP2C9*2and *3, respectively. IWPC
adjusted linear models were run with /min R. All code for this analysis has been made
available at github.com/karneslab/warf_latinx_local_vitk.

Characterization of the study populations

After removing seven participants to greater than 10% missing data, two to cryptic
relatedness, three to sex/gender mismatches, and one with therapeutic dose greater than
four standard deviations above the mean suggesting non-compliance, our analysis included
a discovery cohort of 141 self-reported Latino individuals recruited from Tucson, Arizona,
USA and a replication cohort of 96 individuals recruited from San Juan, Puerto Rico.
Baseline characteristics of each cohort are reported in Table 1. The discovery cohort
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contained more women (43% versus 1%, P£< 0.001) and included a younger population,
with more variation in age, (62.8 [standard deviation (sd) 16.8] years versus 69.2 [sd

10.0] years in Tucson and San Juan, respectively, £=0.001). Body surface area was

lower with more variation in the discovery cohort (1.9 [sd 0.3] versus 2.0 [sd 0.2] m?

in Tucson and San Juan, respectively, £=0.004). A minority of the participants had
variant allele copies for either CYP2C9*2or CYP2C9*3(18.8% and 20.8% in Tucson
and San Juan, respectively, = 0.83). Notably, none of the participants could be classified
as “CYP2C9Poor Metaholizers” by the system derived via the Clinical Pharmacogenetics
Implementation Consortium (CPIC)3°. VKORCI1-1639G>A A allele carriage was variable
between cohorts, with 53.9% (AA: 27.7%, GA: 52.5%) in the discovery cohort and 35.2%
(AA: 13.5%, GA: 46.9%) in the replication.

Global ancestry estimates differed between cohorts, as shown in Figure 1. Both cohorts,
however, were found to have appreciable European ancestry proportions (60.1% in Tucson
and 75.9% in San Juan), as shown in Table 1. Local ancestry was visualized throughout the
entire genome of each study participant. One example of this genome-wide local ancestry
visualization from each cohort can be found in Figure S1. We additionally surveyed local
ancestry at warfarin-impacting pharmacogenes VKORCI and CYP2C9 (Table 2). Forty and
67 percent or more of the individuals in the Tucson and San Juan cohorts, respectively,

were observed to have only European ancestry for the entire length of both CYP2C9and
VKORCI. Local ancestry estimates for warfarin pharmacogenes CYP4F2, GGCX, and
NQOI1 showed little similarity between cohorts (with the exception of GGCX) but were
similar within each cohort (Table S2). Local ancestry at warfarin pharmacogenes, in general,
was reflective of the slight increase in global European ancestry in the replication cohort.
Results from principal components analyses corroborate global ancestry results, as displayed
in Figure S2.

Associations of vitamin K gene variants across the genome with stable warfarin dose

Results of the primary, principal components adjusted linear regression analyses are shown
in Figure 2. A total of five variants from vitamin K genes in metabolic pathways, and
cofactor and terpenoid-quinone synthesis pathways were associated with warfarin dose in
both cohorts, with the same direction of effect, at a significance threshold of £<0.0125
(Table 3). The variants showing the strongest significance overall were located in the

intron of well-known warfarin impacting gene, VKORCI (vitamin K epoxide reductase
complex 1). Variants in VKORCI showed negative associations with warfarin dose while all
other associations were positive (Figure S3). After adjustment for known covariates, most
replicated variant associations with warfarin dose were inconsistently statistically associated
with warfarin dose between cohorts (Table 3).

We then performed local ancestry adjusted regressions in both cohorts (Figure 3). Local
ancestry adjusted regressions uncovered 35 variants in five different genes with relationships
on warfarin dose with statistically significant absolute effect sizes ranging from p = 9.04
(£2.23) to 39.18 (+£10.89) per ancestral allele in the discovery cohort and from p =

6.47 (£2.02) to 17.82 (£6.83) in the replication cohort, as summarized in Table 4. All
statistically significant replications, except those in VKORC1, were pulled from African
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local ancestry estimates. Notably, Tractor models portions of the genome resembling
different reference populations separately. Many variants meeting our replication criteria
showed a statistically insignificant relationship with warfarin dose in the two populations
where neither association nor replication were observed. For example, variation in the
MGAT1 gene is statistically associated with warfarin dose only in the African local
ancestry estimates. Plotting the associations in the entire cohort illustrates how traditional
linear models may miss many of the observed signals (Figure S4). Our results suggest
that comparing portions of the genome with high ancestral similarity uncovers variation
that would be missed when analyzing all portions of the genome simultaneously. After
adjustment for other known warfarin dose influencing variables (e.g. age, body size)
using the IWPC prediction model, no variants outside of VKORCI showed a statistically
significant association with warfarin dose. A full data table of results can be found in Table
S3.

Discussion

Two geographically, ethnically, and ancestrally distinct Latino warfarin-taking cohorts were
investigated for association between SNPs in vitamin K-related genes and warfarin dose
requirements. Our analysis highlights a promising, and novel, method for identifying
phenotypically-related variants in ancestrally diverse cohorts, both in terms of current
genomes and recent historical admixture. We identified variants in the VKORCI gene in
both our primary and secondary analyses, highlighting the validity of the Tractor model for
future research on genetic predictors in non-European patients.

Little is known regarding the impact of genomic variants on warfarin dose requirements

for populations that may be described as Latino. A single genome-wide association study
of warfarin stable dose in a Brazilian cohort corroborated warfarin associations in variants
of CYP2C9and VKORCI*0. While a Brazilian population may, or may not, be described
at Latino, the cohort surveyed exhibits ancestral admixture from three founder populations
with a majority of the genome representing European reference genomes (>75% in Parra et.
al., and >68% here, on average). Given the ancestral admixture of the Brazilian population
and other Latino populations, principal components were employed to control for global
ancestral estimates in previous analyses. Our comparable analysis provides further evidence
for the association of VKORCI polymorphisms on warfarin dose. Intronic VKORC1
variants rs9934438 and rs8050894 were significantly associated in both of our tested
cohorts, regardless of allele frequencies differences. Principal components, however, can
dramatically decrease the power of an analysis and may have led to filtering out important
relationships with strict statistical thresholds.

Tractor has yet to be applied to a 3-way admixed (with significant ancestral portions from
three founder populations) cohort, nor has it been used in pharmacogenomic research,

to date. It is imperative to note the need for comparable ancestry proportions when
assessing more than one admixed population. As shown in Figure 1, the only appreciable
ancestry proportion that was comparable between the replication and discovery cohort was
the section that aligned with European ancestry. Thus, although including a seemingly
comparable 3-way admixed replication cohort, we had low power to interrogate portions
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of the ancestry that aligned with American or African ancestry. Unrealistic effect sizes and
statistical artifacts can be seen throughout our Tractor analyses (Figure 3), specifically in
lower proportion ancestral segments (i.e. African ancestral proportions), highlighting the
need for larger cohorts overall to balance the ever-growing number of SNPs and ancestral
identities. The only vitamin K pathway variants that were implicated by both our primary
and secondary analyses are located in VKORCI. Although the associations of warfarin dose
with genes presented in this analysis are preliminary, Tractor was able to identify known
warfarin associated VKORCI variants while retaining all study participants, regardless of
admixture, and gaining information from the haplotypes of the cohort.

The disparate ancestries of the cohorts draws attention to a key importance of how we in
the U.S. categorize individuals as Latino, especially in warfarin dose prediction research.
Latin American populations, as mentioned previously, have a unique history of European
colonization, which has led to the admixture of many Indigenous American people’s
genomes with those of the colonizing Europeans and enslaved Africans they brought to the
Americas. This admixture highlights challenges for the current Clinical Pharmacogenetics
Implementation Consortium guideline for warfarin dosing which discriminates between
patients with [West] African ancestry and non-African ancestry#L. For example, should any
amount of African ancestry require an individual to obtain additional genotyping prior to
benefiting from PGx dosing? Further, does the patient’s African ancestry need to be recent
to be relevant, i.e., do Latino patients with colonial admixture events from the 1500s require
additional genetic testing or will knowledge of recent African ancestry be a proxy for
African ancestry.

More broadly, the classification of individuals as Latino for prediction of phenotypic
outcomes is largely uninformative. Individuals identifying as Latino may be as diverse as
humans themselves given that the definition of Latino employs an expansive geographical
region, Latin America. The region of the Americas where colonizers spoke Latin-derived
languages encompasses an expansive land mass where a person of nearly any ancestral
background may reside. The definition of Latino is not interchangeable with Hispanic,
since Spain has colonized many countries worldwide in its imperialist history, apart from
countries in the Americas, and this would imply that the language spoken by the person is
biologically meaningful in some way.

Additional limitations of this analysis, apart from those discussed above, include the low
sample sizes in both surveyed cohorts. Even with restriction to vitamin K-related genes
our analyses were highly underpowered to make statistically-guided decisions in the face
of multiple comparisons adjustments. Some false negative observations are thereby likely
in our results due to these low sample sizes. However, future studies using this approach
in admixed populations with larger sample sizes have the potential to discover novel
variation influencing warfarin dose variability. Ancestry estimates, both local and global,
are inherently biased due to the reference genomes employed for their creation being
European centered*2. The outcome variable, weekly warfarin dose, is also vulnerable to
collection biases due to the potential for patient non-adherence, which was not addressed
in this study. Finally, our manuscript did not include data regarding the use of novel oral
anticoagulants (NOACSs), which may be preferred in many clinical scenarios. NOACs may
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be an appropriate alternative to warfarin considering observations of high variability in
warfarin dose*3 and risk for warfarin-related intracranial hemorrhage*4. Given the long track
record of warfarin use in clinical practice, its affordable cost, and limited clinical utility

of NOAC:s in special populations (children, renal impairment, elderly, mechanical heart
valves), warfarin is likely to continue to be preferentially used over NOACs in a substantial
proportion of patients.

Conclusions

We surveyed the vitamin K-related genome for single nucleotide variants associated with
stable warfarin dose in two Latino populations. To address population stratification, we
compared Tractor, which takes the local ancestry at each variant into consideration while
modeling, to standard principal components adjusted models. Variants in the intron of
VKORCI were shown to be in association with warfarin stable dose in both analyses,
demonstrating the statistical validity of the Tractor model. However, further results of this
study are highly descriptive due to low sample sizes. Our analysis highlights the disparate
ancestral proportions spanning populations that are both socially classified as Latino and
the care that should be taken when making demographic classifications for pharmacogenetic
testing.
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Study Highlights
What is the current knowledge on the topic?

Pharmacogenetic variants affect warfarin stable dose without doubt. Studies have shown
increased representation of ancestrally diverse populations is beneficial for discovering
novel loci and addressing health disparities.

What question did this study address?

This study aimed to survey the genomes of two populations of patients who identify as
Hispanic or Latino with the intention of addressing a lack of warfarin pharmacogenomic
research in this population.

What does this study add to our knowledge?

This study validates the local ancestry adjusted regression model, Tractor, in

a 3-way admixed population, thereby lowering the barrier to inclusion in

warfarin pharmacogenomic research. We confirm the association of known warfarin
pharmacogene, VKORCI, using Tractor and highlight the novel statistical methodology
of including patients with admixed genomes with minimal loss of statistical power.

How might this change clinical pharmacology or translational science?

Our study challenges the current clinical recommendation to treat differentially based on
West African Ancestry to consider the impact of this guideline on patients who identify
as Hispanic or Latino and consequentially have a high probability of genomic signatures
that resemble multiple reference ancestral populations.
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Ancestry Proportion

Page 15
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Figure 1.
Global ancestry proportions per individual in the A) discovery and B) replication cohort

as produced by RFMix_v2 when using references from Europeans of the Iberian Peninsula
(Purple), Africans of Yorubaland (Yellow), and Indigenous Americas (from multiple ethnic
groups, Green) as reference. The x-axis represents individuals while the y-axis represents
proportions of each ancestry which are shown in contrasting colors.
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Tucson, Arizona, USA (n = 141)
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Figure 2.
Manhattan plots of linear regression significance values from vitamin K-pathway related

variants on warfarin dose in the A) discovery and B) replication cohort. The x-axis
represents chromosomal location while the y-axis represents significance of the association
(=log1o[p value]). Each dot is a variant tested for an association with stable warfarin dose
and the color of each dot represents the effect size of the association where blue and red
colors are negative and positive effects, respectively.
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Figure 3.
Manhattan plots of vitamin K pathway-related variants in linear regression associations for

individuals with appreciable amounts of ancestry representing A) European people of the
Iberian Peninsula, B) Africans of Yorubaland, and C) Indigenous Americans. Results from
the discovery cohort are shown on the left and replication on the right for each ancestry.
The x-axis represents chromosomal location while the y-axis represents significance of
the association (—logyg[p value]). Each dot is a variant that was tested for an association
with stable warfarin dose and the color of that dot represents the effect size of the
association where blue, purple and red colors represent negative, neutral, and positive
effects, respectively.
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Table 1.
Subject Characteristics.
Tucson, AZ  SanJuan, PR P—valuea

Participants (n) 141 96
Warfarin dose (mg/week) (mean (SD)) 33.84 (15.67)  32.25(11.64) 0.397
BSA (m?) 1.90 (0.31) 2.01(0.22) 0.004
Age (years) 62.77 (16.75)  69.18 (10.00) 0.001
Male Gender (n (%)) 81 (57.4) 95 (99.0) <0.001
European Global Ancestry b 0.60(0.12) 0.76 (0.11) <0.001
Amiodarone Users 6(4.3) 1(1.0) 0.297
Enzyme Inducer Users ¢ 539 1(1.0) 0.433
CYP2C9 Intermediate Metabolizer d 26 (18.8) 20 (20.8) 0.834
VKORC1%(%) <0.001

G/G 28 (19.9) 38 (39.6)

G/IA 74 (52.5) 45 (46.9)

AIA 39 (27.7) 13 (13.5)

Page 18

a . . ] . . . . .
Hypotheses were tested with chi-square goodness of fit test for equal counts for categorical variables using chisg.test() and t-test for continuous

variables with oneway.test() using the tableone package in R

European ancestry was derived using individuals from the Iberian Peninsula as reference

Enzyme Inducers surveyed include: phenytoin, carbamazepine, rifampin and rifampicin

d . . B -
rs1799853 and rs1057910 were surveyed to proxy CYP2C9*2and *3. Metabolizer status was derived following the current Clinical

Pharmacogenetics Implementation Consortium Guideline for Warfarin. No participants in either cohort carried CYP2C9variants on both alleles,

thus there are no poor metabolizers to report.

61VKOR‘C]-]6.3196‘>A (rs9923231) was surveyed to proxy metabolizer status at VKORCI1

AZ indicates Arizona; PR, Puerto Rico; mg, milligrams; SD, standard deviation; BSA, body surface area; m2, meters squared; CYP2C9,
Cytochrome P450 family 2 subfamily C member 9; VKORC, Vitamin K epoxide Reductase Complex subunit 1
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Table 2.

Local Ancestry at CYP2C9 and VKORCL1

Gene Copiesa Tucson, AZ (n=141) SanJuan, PR (n=96) Total (n =237) P—valueb
EUR <0.001
0 28 (20.3%) 8 (8.4%) 36 (15.5%)
1 55 (39.9%) 23 (24.2%) 78 (33.5%)
2 55 (39.9%) 64 (67.4%) 119 (51.1%)
AMR <0.001
cypaco 0 58 (42.0%) 87 (91.6%) 145 (62.2%)
1 56 (40.6%) 6 (6.3%) 62 (26.6%)
2 24 (17.4%) 2 (2.1%) 26 (11.2%)
AFR <0.001
0 131 (94.9%) 70 (73.7%) 201 (86.3%)
1 7 (5.1%) 21 (22.1%) 28 (12.0%)
2 0 (0.0%) 4 (4.2%) 4 (1.7%)
EUR <0.001
0 23 (17.3%) 4 (4.4%) 27 (12.1%)
1 54 (40.6%) 21 (23.1%) 75 (33.5%)
2 56 (42.1%) 66 (72.5%) 122 (54.5%)
AMR <0.001
VKORCL 0 59 (44.4%) 88 (96.7%) 147 (65.6%)
1 52 (39.1%) 3 (3.3%) 55 (24.6%)
2 22 (16.5%) 0 (0.0%) 22 (9.8%)
AFR <0.001
0 129 (97.0%) 69 (75.8%) 198 (88.4%)
1 4 (3.0%) 18 (19.8%) 22 (9.8%)
2 0 (0.0%) 4 (4.4%) 4 (1.8%)

a. ... . o . .
Copies indicates the haploid count of ancestrally similar segments at a given gene and copies are denoted for each ancestral reference used

bHypotheses were tested with chi-square goodness of fit test for equal counts per cohort with tableby() from the arsenal package in R

Page 19

AZ indicates Arizona; PR, Puerto Rico; CYP2C9, Cytochrome P450 family 2 subfamily C member 9; VKORCZ, Vitamin K epoxide Reductase
Complex subunit 1; EUR, Europeans of the Iberian Peninsula and Spain; AMR, Indigenous American (multiple ethnic groups); AFR, Africans of

Yorubaland

Clin Pharmacol Ther. Author manuscript; available in PMC 2024 March 01.



Page 20

Steiner et al.

wnosuod sanauabodewreyd uLepeM [BUOITRUIBIUL ‘DdAI PUB ‘Sjusuodwod [ediduld ‘Od ‘T Hungns xa|dwod aselonpal apIxoda M UIWENA ‘TOHOMA ‘aselajsuesljAsaured:y swaH J0}oe4 A|quiassy
asepIXO D aWOoIY201AD ‘0T XOD ‘9 JaquIs| Ajile ureyD WNIpaA aseIBYIUAS W0D-|A0Y ‘QINSIV ‘10018 plepuels ‘3S ‘wnuigijinb3 Biaquispn ApseH ‘IMH ‘wsiydiowAjod apnoajonu ajbuis sajealpul NS

payealjdas osfe sem ‘abexjui) a19|dwod ul ‘(2626T9S1) <”._.”wmm8.ﬁmm“odso§

GZT0°0 > d se pazirewwns si GZT0"0 Ueyl ssa] anjea-d e ‘sjapow paisnipe DdAAI Ut o ul abexoed siels ay) wody ()W) Yum pue ‘6" THINITd JO Jeaul]-- UM Paiss) a1am mmmmﬁog\fu

'asN J92NPUl SWAZUS pue 8sN aUOJBPOIWR EIZAAD PUR TDHOMA e sadAlouab ‘ybiam ‘1ybiay ‘abe oy paisnipe atem sjppow DdMI meE:om_m uonoipaid asop DdMI

31 Ul papn|oul sa|geLIeA ay) 1oy Juawisnipe 1oy spuels DdMI pue ‘siusuodwod jedioutid 8a1yy doy ays Joy Juswisnipe 1oy spuels Dd a1aym ‘ynsal paulIno ay1 paonpoud 1ey) uoissaibal ay) 01 siayal _%o_\,_Q

wnuqinba ur uoneindod e 1oy pa1oipaid asoy wody Juatayip Apueaiiubis Jou ale sa1ouanbaiy adAloush paalasqo reyy sisayrodAy [jnu ayl sj1e 6 TN Ul %Ec..m

- - OdMI uenfues
- - OdMmI  uoson
e-0Tx0T'Y  (S09'T%) LeLv— Od  uengues 01’0
o-0Tx8LT  (¥08'T¥) TT0'6- Od  uosonp 190 (8EVPeEB6S!) V:9:LGGE60TEITIUD TOHOMN
¢-0Tx0€'C (¥6'TF) 60°9-  OdMI  uent ues
9T°0 (62°6¥) ¢r'L-~  OdMI  uosany
g-0Tx9E'€ (e£9'17) 26'7- Od  uengues 150
o-0Tx9T  (eV/'T¥) GYL'8- Od  uosony 180  (¥68050851) V:0:88T€60TEITIUD TOHOMN
800 (Lzz¥) 80y OdMI  uenc ues
¢-0T*G6'8 WSTF T¥  OdMI  uosanL
¢-0Tx95'S (600'2F) 90L°S Od  uenr ues 4 40)
e-0Tx0T'Y (Tz'2¥) vsv'9 Od  uosonl ¢-0TX08'T  (€28LOTTSI) O:V:¥8SGL0ZHT:LTIUD 0IX00
¥0'0 (T5'€¥) &L OdMI  uent ues
800 (L2 vLy  OdMmI  uosany
g-0Txv.L'8 (r€9'eF) LEL°6 Od  uenf ues 220
¢ 0Tx627  (66L€%) €0°TT od  uoson| 007  plEVEOSI) VIOIZISOZSEOTN ) ory 051507 pazuieweryon SOl
MV ggr)ezsroaya PN poyon MM dNS auso

siuerlen parejal-Aemuyred M ulwellA Jo sasAjeue Arewid wouy 190] pajedljday

‘€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Clin Pharmacol Ther. Author manuscript; available in PMC 2024 March 01.



Page 21

Steiner et al.

Author Manuscript

180 (eLzP o €50 dn3 Jopeil  uosonL
OTXTTT  (98'€¥) TO'0T e\ lopgel]  uengues 0T
e-0TXGC'S  (¢6'6¥) €T'8C G8°0 A4V Jopeil  U0SONL  GZ0  1:D'8289Z/PLTTI0  dZLv2dO/EN3AN
2-0Tx18'8 (9zz9) 6€ - OdMI  uenf ues
060 (e5'TF) 20 - OdMI  uosonp
6.0 (61°9%) 29T 1VN 1010811 UENf ueS
080 (Tre¥) ¥8°0- 8L°0 1VN Jopeil  uosony
2-0Tx/8'6 (19°2¥%) 97— dn3 J0)0RI]  UeN( UeS
-0Tx¢89  (18¢F) LT'S- 680 dn3 jopell  uoson|
y—0Tx9Z'L (9v'¥¥) £9°'GT H4v JooBJL  uenpues  €T0
y=0Tx¥0'C (ce¥) 1ETE LE0 d4v  JopRIL UosoNL  ZT0 ONViEL992208TISIY0 TIVOW
LS50 (sT'2¥) ez1- - OdMI  uen( ues
850 (' 1¥) L20- - JdMI  uosony
8.0 (7'01¥) 68'2- 1VN Jojoell  uen( ues
2L0 (e9eveT 660 1WN Jopeil  uosony
€80 (9z°29) sv0- dn3 101081 UBN( UES
o (rzz¥) 18'1- 660 dn3 Jopeil  uosony
—0TxyT'T (T'v¥) 6501~ q4v J0)oeI]  Uenr ues 120
y=0TxLLY  (68°0T¥) 86'8E— 00T ¥4y Joperl  uosonp  ggp  pO-L-e9Ere0SLTiwd 5
660 (18'2¥) 50'0- - OdMI  uen( ues
€L0 (9v'19) 150 - OdMI  uosonp
¢—0TXTE'S (LevF) 62T 1VN J0joel]  uenfr ues
100 (25'8%) 02T TL°0 1WN Jopeil  uosony
900 (zv'T1F) 29'12- an3 1010811 UeNf ues
82°0 (Lvrv¥) 18- G6°0 N3 Jopeil  uosonL
910 (v6'2¥) 12— e looel]  uenpues  TZ'0
8T°0 (€5°2F) vhe- 88°0 ¥4y dopeil  uosony  grig 4V DOBCOVSSOTIW IV
M geneaswaya PP fnsouy oPPON pioyep  qFMH gdNS au39

Ansaoue [eda0] 10} Bunsnlpe sasAjeur H ulWelA spIM-awousb Arepuodass Wwoly 190] pajedljdey

‘v alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Clin Pharmacol Ther. Author manuscript; available in PMC 2024 March 01.



Page 22

Steiner et al.

SUOITRI0SSE JUBLIEA Palesl|dal JO a|ge) [Ny 8y} 10} ZS B1qel 89S ‘payestjdal osfe abexul] ul (§z=U) SIUBLIEA [BUOIIPPY

4

G0'0 > d Se paziewiwins si GO'Q Uy ss8) anfea-d e ‘sjapow paisnipe DdMI Ul Y ui abexoed sjels ayi wody (Jw| yum pue ‘sjapow J03aed] ul [leH wody ()Baaur) 66e’1y yim paiss a1am momoﬁoa\fm

suoireindod 8ouaIaJal UBILIBWY Pue ‘Ueadoin3 ‘UBdLYY WS ‘110Y0d dWWOUB Woly paziewwns s YoIym J:y:€/99Z208T 51U 1daoxs ‘1I0y02 sawouss) 000T Ul 8]8|[e souaiayal Jo Aouanbaly 8|8y

Y

's|[ea Ansaoue |e20] 0y paisnipe atem
S|apowW J0108I] "8sn J8onpul sWAZUS pue asn aUOJEPOIWE ‘GIZ4AD PUR TOHOMA 1e sadAiousl ybiem yBiay ‘abe 1oy paisnlpe aiam sjapow DI 7lopow uoissalBal 10108l 8yl Aq Aissoue [e20] 40}

1uaLIsN{pe 10§ SPUEIS JOJEIL PUE gaWLILIOBIR UONDIPaId 350p DI AU} Ul PApNIoUI Sa|gelieA au) 10} JuaLLISNIpE 10} SPUEIS DI I3UM JNSal Paul|ino aul paonpoud Jeu) uoissaiBal auj o) siajal 13PON,

wnugijinba ur uoirejndod e 1oy paioipald asoy wouy Juasaylp Apueaiyiubis Jou ale sarouanbaiy adAjoush pantasqo ey sisayiodAy [inu ayl sjia1 6 TYUId ul Aptey--

q

e1d'784Dyo ul uonisod fewosouionyd,

g~0Tx0€C (v6'T¥) 60°9— - JdMI  uenr ues
910 (6299 zvL- - OdMI  uosonp
120 (TZ'9¥) 96'9 1WN Joyeil  uen ues
-O0TX€LT  (RTe¥) e5L- 950 L¥N J0J0BIL  UOSONL
¢—0Tx9V'T (z¥) 85'9- dn3 lojoei]  uenp ues
s—0T*T19'8 (e2'2¥) ¥0'6- 090 un3 lopel]  uosony
050 (8e'e¥) 8T~ EEN lopell  uencues 150
€10 (89'L%) 81T~ 7.0 e jopeiy  uosony  Jgo  yO O"B0SVOTTIEITW TOHOMA
890 (692H TT'T - OdMI  uenf ues
160 (Ly'1¥) 9T'0- - OdMI  uosonp
LS50 (29'2%) ve'v- 1VN Jojoeil  uen( ues
980 (ev'e¥) z90- 6.0 1¥N lopell  uosony
€50 (z6'2¥) €8'1- dn3 Jopel]  Uen[ ues
060 (2929 1€°0 190 dn3 10)0BIL  U0SINL
z-0Tx.0'T (e8'9%) 28'LT y4v J0joeI]  uen[ ues 590
g-0Tx20€  (69'TTF) TE'GE 68°0 4V 10J0BIL  UOSONL T 1:0:506T62F7:8TIUD GVIS8IS
—0TxS2'T (80z¥) €9 - JdMI  uenr ues
60 (9519 TT°0 - OdMI  uosonp
290 (e8'9¥) 9e€ 1WN Joyeil  uenr ues
620 (LzeF) sre- €L0 1¥N lopell  uosony
2—0Tx69'6 (yzzP oLe dn3 1091 UBN[ UeS
MM (ggmamswaya pPPMHME nsouy oPPON iogen oM gdNS auso

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Clin Pharmacol Ther. Author manuscript; available in PMC 2024 March 01.



Page 23

Steiner et al.

pSPUBJEANIOA JO SUBOLY 44V ‘(sdnoib
21Uy ajdn|nwy) sueduswy snouabipu] ‘YN ‘UredS pue ensuluad Ueliag| ayy Jo sueadoin3 ‘YN3J ‘WniJosuod sonauabodewseyd uLeem [eUOITRUIBIUL ‘DdAI ‘T HuNgns xa|dwod asejonpal apixoda M

UIWENA ‘TOHOMA ‘G aselajsuen|Alels-g‘z-eyd)y splulweinaN-1A180v-N-eydly 81S ‘Gv/58.LS ‘aushopnasd g Jaquisw ‘1 Ajiweygns ‘g Ajiwey 4oidssal 1010840 47/ VZHO ‘€ aseplulweInaN ‘SN
‘aseJajsueyjAulwesoon|bjA180e-N-z' T—-g u18101dodk|B-(-g'T-0) |ASOUURIN ‘TLV/OMN T 9SRUOXSH ZXH ' 9seuly| a1ejAusapy ‘#/V/ ‘1o41a prepuels ‘IS ‘wsiydiowAjod apnosjonu ajbuls sayealpul NS

SUOITRI0SSE JUBLIEA pajesljdal JO 8|qe) [INg 8y} J0) ZS 8]qel 89S ‘paredtjdal osfe abexul| ul JueLieA [euonippe mcoQ

SUOIIRID0SSE JURLIeA patedl|dal Jo 3|ge) |INs 8yl 4o} ZS dlgel 89S “paledl|dal osfe abexul) ul (y=u) siuelea _mco:_nu,qm

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Clin Pharmacol Ther. Author manuscript; available in PMC 2024 March 01.



	Abstract
	Introduction
	Methods
	Study Populations
	Discovery Cohort
	Replication Cohort

	Genetic Assays and Quality Control of Genomic Data
	Discovery Cohort
	Replication Cohort

	Local and Global Ancestry Estimation
	Statistical Analyses

	Results
	Characterization of the study populations
	Associations of vitamin K gene variants across the genome with stable warfarin dose

	Discussion
	Conclusions

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

