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VKORC1 and Novel CYP2C9 Variation Predict Warfarin
Response in Alaska Native and American Indian People

Lindsay M. Henderson', Renee F. Robinson?, Lily Ray?, Burhan A. Khan®, Tianran Li*, Denise A. Dillard®, Brian D. Schilling®, Mike
Mosley?, Patricia L. Janssen®, Alison E. Fohner®, Allan E. Rettie’, Kenneth E. Thummel', Timothy A. Thornton* and David L. Veenstra®*

Alaska Native and American Indian (AN/AI) people have unique pharmacogene variation that may affect warfarin disposition
and therapeutic response. We performed targeted genotyping for cytochrome P450 (CYP)2C9, vitamin K epoxide oxidase re-
ductase complex subunit 1 (VKORCT), CYP4F2, CYP4F11, and gamma-glutamyl carboxylase (GGCX) variants in AN/Al people
receiving warfarin. The primary outcome was stable warfarin dose, defined as one dose, and associated international nor-
malized ratio within the target range, at least 6 months after starting therapy, with two matching doses at least 2 weeks
apart. Genotype—phenotype relationships were assessed by multivariate regression analysis, adjusted for self-reported her-
itage, age, gender, and concurrent statin use. VKORC1 genotype explained 34% of dose variability, with VKORC1 -1639G>A
and 7173C>T associated with a 1.7 mg/day (P = 1.4e-05) dose reduction. Additionally, CYP2C9 N218/ was suggestively signifi-
cant (P = 0.077), with heterozygotes requiring 1.1 mg/day less than reference individuals. Self-reported heritage was signifi-
cantly associated with dose, largely driven by differences in the diagnostic VKORCT allele frequencies among AN/AI people.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
VKORC1, CYP2C9, GGCX, and CYP4F2 are pharma-
cogene-encoding enzymes that have been associated
with altered warfarin disposition and pharmacological
response, but none of these genes have been studied
in warfarin-treated patients in the AN/Al community,
challenging implementation of pharmacogenetic-
guided warfarin dosing in this population.

WHAT QUESTION DID THIS STUDY ADDRESS?

[VIThis study investigated whether inheritance of known
and novel variants in CYP2C9, VKORC1, GGCX, CYP4F2,
and CYP4F11 affects the dose of warfarin required to
achieve a therapeutic INR in the AN/AI population.

The oral vitamin K antagonist warfarin (Bristol-Myers Squibb
Company, Princeton, NJ) is used to prevent stroke in patients
with atrial fibrillation and for secondary prevention of venous
thromboembolism. Despite newer treatment options, such
as the direct oral anticoagulants, warfarin remains a main-
stay in anticoagulation therapy and is the most frequently
prescribed anticoagulant in the United States.? Warfarin
therapy requires intensive monitoring and dose titration due
to its narrow therapeutic index and wide interindividual (up
to 30-fold) response, due in part to genetic variation, as well
as clinical, demographic, and environmental factors.*

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
[VIVKORC1 genotype explains a higher percent of warfa-
rin dose variability in the AN/AI population than that ob-
served in other world populations, and the novel CYP2C9
N218I coding variant meaningfully lowers warfarin dose
requirement.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
[v]Prospective pharmacogenetic screening for VKORC1
and CYP2C9 variation could help guide initial dose se-
lection to improve the warfarin safety and efficacy in this
underserved population.

Although variation in vitamin K oxidoreductase complex
1 (VKORCT), cytochrome P450 (CYP)2C9, CYP4F2, and
gamma-glutamyl carboxylase (GGCX) genes have all been
associated with the warfarin dose needed to achieve a com-
mon degree of anticoagulation response,®™ these findings
are based largely on alleles and associated frequencies dis-
covered in populations with limited ethnic/racial heteroge-
neity (i.e., white, Asian, and African American) and may not
be generalizable to other, less studied populations, such as
the indigenous people of North America.'®™" In that regard,
we recently reported the discovery within the indigenous
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population of Alaska (Alaska Native and American Indian
(AN/AI)) of common, novel coding variation in the CYP2C9
gene (M1L and N218l) predicted to decrease CYP2C9
enzyme function.’ We also observed relatively high fre-
quencies of known function-altering VKORC1 (—-1639G>A)
and CYP4F2 (*3, V433M) alleles in some but not all AN/AI
subgroups. These data warrant further investigation to un-
derstand their clinical impact on warfarin therapy in AN/AI
people. Variation in CYP4F11 was included for testing, as
the gene product can also catalyze vitamin K catabolism.®
Thus, the goal of this project was to determine whether in-
heritance of CYP2C9, VKORC1, CYP4F2, CYP4F11, and
GGCX gene variants, particularly novel variants in an AN/AI
population, affect the dose of warfarin required to achieve
a therapeutic international normalized ratio (INR) in order
to better understand the significance of genetic testing to
guide warfarin therapy for the AN/AIl population and poten-
tially other indigenous peoples of North America.

METHODS

Setting

The Southcentral Foundation (SCF), a tribally owned and
operated regional health corporation, provides prepaid
healthcare services to 65,000 AN/Al customer-owners. The
Anchorage Service Unit and Cook Inlet Region Villages
served by the SCF are comprised of both urban and
rural areas, including Anchorage, the Matanuska-Susitna
Borough, and 76 outlying villages (most with fewer than 500
residents). It provides primary care services to 46% of the
AN population in the Anchorage Service Unit at six SCF
primary care clinics on the Alaska Native Medical Center
campus where participant recruitment took place.

Study participants

Between 2011 and 2013, a representative convenience
sample of 118 AN/Al customer-owners, > 18 years of age,
receiving warfarin therapy at SCF, were recruited, and con-
sent obtained by research staff members at SCF’s primary
care clinics. Study participants completed a short demo-
graphic questionnaire (self-reported gender, date of birth,
and self-reported heritage). Consented customer-owners
were then provided two small, sterile swabs to collect ep-
ithelial cheek cells for DNA analysis of CYP2C9, VKORCT,
CYP4F2, CYP4F11, and GGCX gene variations. Swabs were
then placed in sterile tubes and were stored at —80°C until
genotyping analysis.

Study design

The Alaska Area institutional review board and the SCF and
Alaska Native Tribal Health Consortium tribal review boards
approved work conducted at SCF on the Alaska Native
Medical Center campus. The University of Washington in-
stitutional review board approved the overall research proj-
ect, as University of Washington is the academic home of
the grant funding this research (Pharmacogenetics in Rural
and Underserved Populations) and its principal investiga-
tors. The National Institute of General Medical Sciences
and the Indian Health Service granted a Certificate of
Confidentiality for protection of customer-owner informa-
tion, and the respective Alaska Area institutional review
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board approved forms for written consent prior to initiat-
ing research. Community-based participatory research at
SCF and the Center for Alaska Native Health Research were
used to develop research questions.

This retrospective cohort study was conducted at one an-
ticoagulation clinic based in Anchorage, Alaska. Customer-
owner care for this study was managed by a credentialed
anticoagulation pharmacist with physician oversight. A
standardized approach aided by commercial anticoagu-
lation software was used, and follow-up averaged a little
more than 2 weeks. All customer-owners < 65 years of age
received the same initial dose, 5 mg/day, with subsequent
dose adjustments made based on INR results.

Customer-owners’ medical records were retroactively
queried by the SCF Data Services Department staff for
specific data elements (i.e., International Classification of
Diseases, Ninth Revision, codes and diagnoses, purpose,
and explanation of the data queried). For elements extracted
prior to October 1, 2011, the Legacy electronic medical re-
cord system Resource Patient Management System was
used, and for dates on or later than October 1, 2011, the
Cerner electronic medical record system was used. Data ab-
stracted included dates of warfarin initiation/stabilization and
indication for treatment (deep vein thrombosis, pulmonary
embolism, pulmonary hypertension, atrial fibrillation/flutter,
cardiomyopathy, left ventricular dilation, stroke, postortho-
pedic variables, valve replacement, bleeding events, and
thromboembolic events). Comorbidities recorded included
chronic liver disease, heart disease, diabetes, valve replace-
ment, stroke, anemia, kidney dysfunction, ulcers, hyperlip-
idemia, and cancer, as well as the use of medications known
to interact with warfarin. The following demographic/back-
ground variables that may impact dose of warfarin or likeli-
hood of bleeding events were also collected: gender, age,
heritage, height, and weight. Password-protected electronic
databases were used to store customer-owner question-
naire and medical record information.

To account for population substructure within the SCF
cohort, customer-owners were asked for self-reported tribal
affiliation. Customer-owners classified as AN included the
following tribes: Inupiaq, Athabascan subgroups, Tlingit,
Tsimshian, Haida, Eyak, Aleut/Unangan, Central Yup’ik,
Cup’ik, and Sugpiag/Alutiiq. Customer-owners also were
given the option of choosing affiliation with multiple tribes in
the lower 48 states of the United States and were classified
as Al. Due to the small sample size, we intentionally grouped
these customer-owners by their shared heritage and geo-
graphic proximity for data analysis, although we acknowl-
edge that each tribe has its own unique culture and history.

Genotyping methods and linkage disequilibrium
calculations

Genomic DNA from buccal swabs was extracted using a
QIAamp DNA Blood Midi/Maxi kit (Qiagen, Valencia, CA).
Quality and concentration of DNA were determined using
a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE). Population-relevant single nucleotide
variations (SNVs) and small insertions/deletions were iden-
tified previously through gene resequencing in 188 AN/AI
customer-owners in partnership with SCF in Anchorage,
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Alaska."? DNA samples from the current study participants
were genotyped for the novel and known variants of in-
terest using the Fluidigm Platform (South San Francisco,
CA), as previously reported.'? This included eight SNVs in
CYP2C9, four in CYP4F2, one in CYP4F11, two in VKORCI1,
and two in GGCX. Samples with overall call rates below
95% were removed from further analysis. Of all DNA sam-
ples genotyped, nine were excluded from further analysis
due to call rates below 95%. The no-call rate was 0.4%.
Allele frequencies and pairwise linkage disequilibrium were
calculated using Haploview version 4.2 software.'* All SNVs
identified were tested for deviations from Hardy-Weinberg
equilibrium using a X2 test. Allele frequency results were
compared with previously reported AN/AI sequencing re-
sults from SCF customer-owners."?

Outcomes

The outcome variable for this study was stable therapeutic
warfarin dose (mg/day), which was ascertained from avail-
able clinical data and prescription records from January
2000 to June 2017. Stable warfarin dose was defined in
two ways: (INR-based) the dose of warfarin required to
achieve an INR within the target range, at least 6 months
after starting warfarin therapy, with two matching doses,
at least 2 weeks apart; or (consecutive, non-INR-based)
two matching consecutive doses at least 6 months after
starting warfarin therapy and at least 2 weeks apart. The
INR was considered in therapeutic range if it was mea-
sured to be within the target range for a given indication.
For example, if the target INR was 2.0-3.0, then the first
INR result between 2.0 and 3.0, and at least 6 months
after initiating therapy, was defined as within range. Once
the customer-owner was determined to reach their stable
warfarin dose, his/her maintenance dose was recorded,
allowing for comparison by various genotypes in warfarin
pharmacogenes.

Statistical analysis

Customer-owners were included in two groups based on
available clinical data: INR-based stable warfarin dose and
consecutive (non-INR-based) dose. All customer-owners
included in the INR-based cohort were also included in the
consecutive cohort. For each cohort, associations between
pharmacogenetics and pharmacodynamics were evaluated
with a univariate and multivariate linear regression models
using RStudio version 1.0.143 (RStudio, Boston, MA). To
account for heteroscedasticity, robust SEs were calculated
using the Imtest package in R. Covariates included in the
International Warfarin Pharmacogenetics Consortium phar-
macogenetic dosing algorithm were considered; however,
no customer-owners in this analysis were using CYP2C9
inducers concurrently and the races in the International
Warfarin Pharmacogenetics Consortium algorithm (Asian,
black, or white) were not used,'® and instead we used her-
itage (AN or Al). Height and weight were collected at the
time of genotyping; however, this may not correspond to
the same height and weight that a customer-owner was at
the time of reaching stable warfarin dose, so body mass
index (BMI) was not included in the multivariate regression
model.
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We elected to include age, gender, and heritage in the
multivariate regression model a priori, as these demo-
graphic variables have been shown to influence warfarin
dose across many world popula‘cions.15 The potential con-
founding effects of the concurrent use of CYP2C9 inhibitors
(amiodarone, fluconazole, and disulfiram), statins (simvas-
tatin), or antibiotics on warfarin dose were also evaluated.
Concurrent medication classes were added to the model
one at a time to assess potential confounding effects on
warfarin dose and were included in the multivariate re-
gression model if the medication was used by at least 10
customer-owners in the study population and if the co-
variate significantly impacted warfarin dose. The primary
analysis assessed associations between single SNVs and
INR-based stable warfarin dose adjusting for age, gender,
AN or Al heritage, and concurrent statin use in a multivariate
regression model. For SNVs that included reference, hetero-
zygote, and homozygous variant observations, an additive
model was used for genotype.

Secondary analysis of the data was conducted, testing
for associations with a combination of impaired function
CYP2C9 variants as well as adjusting for SNVs found to
be significantly associated with stable warfarin dose in the
primary analysis model, allowing for detection of stronger,
independent signals from other variants potentially associ-
ated with dose. The primary and secondary analyses were
repeated in the consecutive (non-INR-based) stable warfa-
rin dose cohort. Bonferroni adjusted P values were used to
correct for multiple testing of five independent tests of the
five candidate loci of interest. The SCF team independently
validated the statistical analysis by reviewing and running all
R code. Any discrepancies in interpretation were discussed
among the team and consensus was reached.

RESULTS

A total of 118 AN/AI customer-owners at SCF receiving
warfarin therapy were enrolled in this study. Figure 1 de-
picts the number of customer-owners included in the final
analysis, and Table 1 describes study participant char-
acteristics and stable warfarin dose. The primary INR-
based stable warfarin dose definition (dose required to
achieve an INR within the target range, at least 6 months
after starting warfarin therapy, with two matching doses,
at least 2 weeks apart) included 50 customer-owners in the
genotype—phenotype analysis, with 43 AN and 7 Al indi-
viduals. The secondary non-INR-based warfarin dose defi-
nition (two matching consecutive doses 6 months after
starting warfarin therapy, and at least 2 weeks apart) in-
cluded 78 customer-owners, with 68 AN and 10 Al individ-
uals. The average stable warfarin dose (5.0 vs. 4.9 mg/day)
and range (1.7-13.0 vs. 1.5-12.5 mg/day) were similar be-
tween the INR-based dose definition and the consecutive
(non-INR-based) dose definition cohorts (Table 1).

The multivariate regression analysis model controlled for
age, gender, self-reported heritage, and concurrent statin
use. We elected to include age, gender, and heritage in the
model a priori, although only age and heritage were found
to be significantly associated with stable warfarin dose by
univariate regression analysis (Table 2). Statins were the
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Genotyped AN/AI customer-owners
receiving warfarin therapy
n=118

Excluded individuals not receiving
warfarin for chronic therapy (6 months)

INR-based stable dose definition
* 1 dose that achieves an INR in target range
6 months after starting warfarin therapy

* 2 matching doses, at least 2 weeks apart
n=250

Non-INR-based stable dose definition

* 2 matching consecutive doses 6 months
after starting warfarin therapy, and at least 2
weeks apart

n=78

Figure 1 Flow diagram depicting the number of customer-owners included and excluded in this study and the primary (international
normalized ratio (INR)-based) and consecutive (non-INR-based) stable warfarin dose definition cohorts. Al, American Indian; AN,

Alaska Native.

Table 1 Comparison of customer-owner characteristics and warfarin dose in the INR-based and consecutive (non-INR-based) stable warfarin

dose definition cohorts

Variable

INR-based stable dose cohort (n = 50)

Consecutive stable dose cohort (n = 78)

Demographics

Alaska Native, no. (%) 43 (86.0)
American Indian, no. (%) 7 (14.0)
Men, no. (%) 29 (58.0)
Age, mean (SD), years 57.9 (14.9)
BMI, mean (SD) 30.6 (7.6)
Indication for warfarin, no. (%)
Cardiomyopathy/left ventricular dilation 1(2.0
Deep vein thrombosis 8 (16.0)
Pulmonary hypertension 22 (44.0)
Stroke 1(2.0
Concomitant medications, no. (%)
CYP2C9 inhibitor 2 (4.0)
CYP2C9 inducer 0(0.0)
Statin (simvastatin) 13 (26.0)
Antibiotic 4 (8.0)
Stable warfarin dose, (mg/day)
Mean 5.0
Median 4.3
Range 1.7-13.0

68 (87.2)

10 (12.8)

45 (57.7)
59.6 (15.0)
30.7 (6.9)

4(5.1)
10 (12.8)
35 (44.9)

3(3.8)

BMI, body mass index; CYP, cytochrome P450; INR, international normalized ratio.

only medication class included in the multivariate regression
model, as they were associated with a 1.7 mg/day decrease
in warfarin dose (P <0.01) and > 10 customer-owners in
the cohort were using simvastatin concomitantly (Table 2).
There were not enough observations of CYP2C9 inhibitors
or antibiotics to include these medications in the regression
model (Table 1).

The results of the analysis adjusting for age, heritage, gen-
der, and concurrent statin use are shown in Table 3. Among
the INR-based stable warfarin dose cohort of 50 customer-
owners, VKORC1 -1639G>A and VKORC1 1173C>T were

significantly associated with stable dose, decreasing the
dose required to achieve therapeutic INR by 1.7 mg/day
per allele (t-test of coefficients, unadjusted P = 1.4e-05,
Bonferroni adjusted P = 7.0e-05; Table 3). This relationship
remained significant when only AN customer-owners were
included in the analysis (Bonferroni adjusted P = 3.3e-04).
VKORC1 -1639G>A and 1173C>T were in full linkage dis-
equilibrium (Figure S1), and, thus, their effect size is the
same. VKORCT1 genotype explained 34% of warfarin dose
variability (R? in the AN/AI population at SCF. The mean
stable dose by VKORC1 -1639G>A reference (wildtype),
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Table 2 Effects of clinical and demographic factors on stable
warfarin dose by univariate linear regression analysis

Trend in univariate linear

Covariate P value regression

Heritage P <0.049 —2.4 mg/day for AN

Age P <0.008 -0.05 mg/day for increase of
1 yearin age

Gender P <0.30 +0.72 mg/day for men

Statin P <0.013 —1.67 mg/day with concurrent

statin use

Heritage, age, gender, and statin use were all included in the multivariate
regression model to assess genotype-dose associations.
AN, Alaska Native.

was significantly lower than reference individuals (3.7 vs.
5.1 mg/day, P =0.005) by univariate regression analy-
sis (Figure 2b). Other variants identified, GGCX-intron14,
CYP4F2 g72220026G, CYP4F2*3, CYP4F11 R276C,
and CYP2C9*2 and *3, were not significantly associated
with warfarin dose requirement in the INR-based cohort.
CYP2C9*8, CYP2C9*11, CYP2C9*14, CYP2C9 P279T, and
GGCXG421A variant alleles were not present in this cohort,
and CYP2C9 M1L, CYP4F2 SpliceCG, and CYP4F2 G185V,
which had been detected previously in the AN/AI popula-
tion of Alaska,' had too few observations of variant alleles
in the study population to accurately assess their effect on
warfarin dose. Although the combination of CYP2C9 M1L

Table 3 Effect of genotype on stable warfarin dose in the INR-based cohort using multivariate regression analysis (adjusting for age, heritage,
gender, and concurrent statin use) as well as univariate regression analysis for comparison

Trend with stable warfarin dose

(significance) Allele
significance # frequency in
Multivariate # # Homozygote AN/Al at SCF

Variant (rs ID) analysis Univariate analysis Reference = Heterozygotes variants (%)

VKORCT1 -1639G>A -1.7 mg/day -2.1 mg/day 9 25 16 59.7°

(rs9923231) (P =1.4e-05% (P = 1.3e-06%)

VKORC1 1173C>T -1.7 mg/day -2.1 mg/day 9 25 16 59.7°

(rs9934438) (P =1.4e-05% (P = 1.3e-06%)

CYP2C9*2 (rs1799853) +0.43 mg/day +0.78 mg/day 42 7 0 5.2
(P=0.58) (P =0.50)

CYP2C9*3 (rs1057910) -0.14 mg/day +1.3 mg/day 44 4 0 3.4
(P=0.91) (P=0.072)

CYP2C9 M1L (rsNA) -0.16 mg/day +0.16 mg/day 49 1 0 1.0
(P=0.78) (P =0.66)

CYP2C9 N218I (rsNA) -1.1 mg/day -1.4 mg/day 47 3 0 1.4
(P=0.077) (P =0.005%

GGCX-intron14 (rs11676382) —0.06 mg/day —-0.68 mg/day 44 6 0 3.8
(P=0.93) (P=0.43)

CYP4F2 g72220026G -0.02 mg/day —-0.02 mg/day 22 21 7 31.0

(rs2189784) (P =0.95) (P =0.95)

CYP4F2*3 (rs2108622) -0.44 mg/day -0.65 mg/day 23 22 5 31.5
(P=0.31) (P =0.16)

CYP4F2 Splice CG (rsNA) -3.5 mg/day -3.0 mg/day 48 2 0 1.4

(P =3.0e-08?% (P = 3.0e-09%

CYP4F2 G185V (rs3093153) +1.7 mg/day +1.4 mg/day 47 2 1 2.2
(P=0.22) (P=0.37)

CYP4F11 R276C (rs8104361) +1.1 mg/day +1.0 mg/day 42 7 1 9.1
(P=0.22) (P=0.23)

Al, American Indian; AN, Alaska Native; CYP, cytochrome P450; GGCX, gamma-glutamyl carboxylase; INR, international normalized ratio; SCF, Southcentral

Foundation; VKORC1, vitamin K oxidoreductase complex 1.

®The P value remains significant after adjusting for multiple testing using Bonferroni correction. Variant allele frequency from an AN/Al population at SCF is
included for comparison (Fohner et al.‘z). CYP2C9*8, CYP2C9*11, CYP2C9*14, CYP2C9 P279T, or GGCXG421A variant alleles were not present in the INR-
based dose cohort. The reported allele frequency is for the variant allele, an alternative allele to the reference allele, which is defined by the global population.
°The variant allele frequency in the AN/Al population is the major allele for the VKORC1 —1639G>A and 1173C>T.

heterozygote, and homozygous variant genotype was 7.5,
5.2, and 3.2 mg/day, respectively, by univariate regres-
sion analysis (P <0.05 for each genotype comparison;
Figure 2a). CYP2C9 N218I genotype was suggestively as-
sociated with stable warfarin dose, with customer-owners
carrying one copy of the N218/ allele requiring 1.1 mg/day
lower warfarin dose, compared with individuals carrying two
reference alleles (t-test of coefficients, P = 0.077; Table 3).
The mean stable dose for CYP2C9 N218I heterozygotes

Clinical and Translational Science

or N218I heterozygotes compared with reference individ-
uals was not significantly associated with stable warfarin
dose, the average effect trended in the expected direc-
tion by univariate analysis (-0.99 mg/day, P = 0.070) as
well as by multivariate regression analysis (-0.89 mg/day,
P =0.13). No additional SNVs were found to be signifi-
cantly associated with dose in a secondary analysis that
adjusted for the low-dose associated VKORC1 gene vari-
ants in the multivariate regression model. The combination
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Figure 2 Effect of (a) vitamin K epoxide oxidase reductase
complex subunit 1 (VKORCT) and (b) cytochrome P450 (CYP)2C9
N218/ genotype on warfarin dose, assessed by univariate
regression analysis in the international normalized ratio-based
cohort. *Denotes P < 0.05 and **P < 0.01 by t-test of coefficients.

of VKORC1 -1639G>A and CYP2C9 N218lI, as well as age,
gender, and statin use in the multivariate regression model,
explained 44% of the variation in the therapeutic warfarin
dose in the INR-based dose definition cohort (adjusted
R? =0.38).

Interestingly, AN customer-owners required a significantly
lower daily warfarin dose to achieve therapeutic INR (4.6 mg/
day), compared with those of Al heritage (7.0 mg/day; t-test of
coefficients, P = 0.049; Figure 3). However, this was well ex-
plained by a substantial difference in the diagnostic VKORC1
allele frequencies in these heritage groups, with heritage
losing statistical significance in the multivariate regression
model when evaluating the gene-dose effect from VKORCT1.
The minor allele frequency (MAF) of the low-dose associated
VKORC1 —-1639G>A variant was 61.6% in the AN population,
compared with 28.6% in Al customer-owners in this study
cohort.

Analysis of the consecutive (non-INR-based) warfa-
rin dose definition in 78 customer-owners showed simi-
lar statistical trends. VKORC1 -1639G>A and VKORC1
1173C>T remained significantly associated with a lower
warfarin dose requirement (P < 0.05), as was CYP2C9
N218I (P < 0.05; Table 4). Although not found to be as-
sociated with warfarin dose in the INR-based cohort,
GGCX-intron14 was suggestively associated (P = 0.087)
with lower warfarin dose, compared with reference in the
consecutive dose definition cohort. Again, CYP2C98,
CYP2C9*14, and CYP2C9 P279T variant alleles were
not present, whereas CYP2C9*11, CYP2C9 M1L, GGCX
G421A, and CYP4F2 SpliceCG had too few observa-
tions of variant alleles to accurately assess their effect on
dose. CYP4F2 g72220026G, CYP4F2*3, CYP4F2 G185V,
CYP4F11 R276C, and CYP2C9*2 and *3 did not seem to
be associated with warfarin dose requirement. No addi-
tional SNVs were found to be significantly associated with
dose in a secondary analysis that adjusted for the low-
dose associated VKORCT1 gene variants in the multivari-
ate regression model.
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Figure 3 Effect of self-reported heritage on warfarin dose,
assessed by univariate regression analysis in the international
normalized ratio-based cohort. The Alaska Native (AN) subgroup
includes the following tribes: Inupiag, Athabascan subgroups,
Tlingit, Tsimshian, Haida, Eyak, Aleut/Unangan, Central Yup’ik,
Cup’ik, and Sugpiaqg/Alutiig. The American Indian (Al) subgroup
includes participants affiliated with tribes in the lower 48 states.
*Denotes P < 0.05 by t-test of coefficients, compared with the
AN subgroup.

DISCUSSION

Warfarin, widely used to prevent thromboembolic events
and stroke, has been the focus of many pharmacogenetic
studies; however, there are few data specifically address-
ing the clinical implications of genetic variation in the AN/
Al populations.’®'! To our knowledge, this is the first study
to evaluate genotype—phenotype associations for warfarin
pharmacogenes with stable warfarin dose in an AN/AI pop-
ulation. Results of this retrospective study suggest that: (i)
VKORCT1 genotype is strongly associated with stable war-
farin dose in the AN/AI population, explaining 34% of the
variability in a therapeutic warfarin dose (R2), somewhat
higher than that seen in other populations worldwide; (ii) AN
people require a lower warfarin dose than Al people on av-
erage, explained by a difference in the diagnostic VKORC1
allele frequencies; (iii) the novel CYP2C9 variant, N218I, low-
ers warfarin dose requirement to a clinically meaningful de-
gree. The combination of VKORC1 -1639G>A and CYP2C9
N218l, as well as age, gender, and statin use, explained
44% of the variation in the therapeutic warfarin dose, es-
tablishing the clinical validity of pharmacogenetic associ-
ations in this population. Other factors for consideration of
clinical utility at SCF include cost, access to genetic testing,
and impact of the current empirical approach to warfarin
dosing when many of the customer-owners live in remote
communities throughout the state.

The significantly lower warfarin dose in AN compared with
Al customer-owners was well explained by a higher frequency
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Table 4 Effect of genotype on stable warfarin dose in the consecutive (non-INR-based) cohort using multivariate regression analysis (adjusting
for age, heritage, gender, and concurrent statin use) as well as univariate regression analysis for comparison

Trend with stable warfarin dose
(significance)

# Allele frequency
Multivariate # # Homozygote in AN/Al at SCF
Variant (rs ID) analysis Univariate analysis  Reference  Heterozygotes Variants (%)
VKORCT1 -1639G>A -1.8 mg/day -1.8 mg/day 14 43 21 59.7°
(rs9923231) (P =1.6e-08?%) (P =8.1e-08?)
VKORC1 1173C>T -1.8 mg/day -1.8 mg/day 14 43 21 59.7°
(rs9934438) (P =1.6e-08?% (P =8.1e-08?)
CYP2C9*2 (rs1799853) +0.16 mg/day +0.15 mg/day 68 9 0 5.2
(P =0.80) (P =0.83)
CYP2C9*3 (rs1057910) —-0.46 mg/day +0.03 mg/day 69 7 0 3.4
(P=0.61) (P=0.97)
CYP2C9*11 (rs28371685) -1.0 mg/day +0.07 mg/day 77 1 0 0.0
(P =0.29) (P=0.79)
CYP2C9 M1L (rsNA) +0.37 mg/day +0.50 mg/day 7 1 0 1.0
(P=0.47) (P =0.06)
CYP2C9 N218lI (rsNA) —1.1 mg/day —1.3 mg/day 75 3 0 1.4
(P =0.014) (P =0.001%)
GGCX-intron14 (rs11676382) -1.2 mg/day —-1.3 mg/day 69 9 0 3.8
(P =0.087) (P =0.039)
GGCX G421A (rsNA) +0.25 mg/day +0.05 mg/day 76 1 0 0.6
(P=0.61) (P=0.84)
CYP4F2 g72220026G +0.27 mg/day +0.22 mg/day 35 32 1 31.0
(rs2189784) (P =0.40) (P=0.53)
CYP4F2*3 (rs2108622) -0.25 mg/day -0.35 mg/day 35 36 6 31.5
(P=0.48) (P =0.34)
CYP4F2 Splice CG (rsNA) —-2.3 mg/day —-2.2 mg/day 74 3 0 1.4
(P =1.2e-04% (P =3.7e-06?%)
CYP4F2 G185V (rs3093153) +0.72 mg/day +0.63 mg/day 73 4 1 2.2
(P =0.49) (P=0.57)
CYP4F11 R276C (rs8104361) +0.57 mg/day +0.58 mg/day 63 14 1 91
(P=0.35) (P =0.34)

Al, American Indian; AN, Alaska Native; CYP, cytochrome P450; GGCX, gamma-glutamyl carboxylase; INR, international normalized ratio; SCF, Southcentral

Foundation; VKORCH1, vitamin K oxidoreductase complex 1.

*The P value remains significant after adjusting for multiple testing using Bonferroni correction. Variant allele frequency from an AN/Al population at SCF is
included for comparison (Fohner et al.'). CYP2C9*8, CYP2C9*14, or CYP2C9 P279T variant alleles were not present in the consecutive (non-INR-based) dose
cohort. The reported allele frequency is for the variant allele, an alternative allele to the reference allele, which is defined by the global population.

The variant allele frequency in the AN/Al population is the major allele for the VKORC1 -1639G>A and 1173C>T.

of the low-dose associated VKORC1 alleles (-1639G>A
and 7773C>T) in the AN heritage group. Although heritage
was associated with stable warfarin dose in a univariate re-
gression model, it was no longer a statistically significant
adjustment in the multivariate regression model when evalu-
ating the additive gene-dose effect from VKORC1. BMI be-
tween the two heritage groups did not greatly differ, with the
mean BMI for the AN and Al customer-owners being 30.7
and 30.5, respectively. Racial/ethnic differences in drug re-
sponse can arise from multiple nongenetic factors (e.g., diet
and environment), but in the case of warfarin it would seem
that VKORC1 variation is the predominant determinant.

The percent of warfarin dose variability explained by
VKORCT1 genotype has previously been shown to differ by
race, due to differences in VKORC1 MAFs across racial
groups. The low-dose VKORCT1 alleles were found in the
highest frequency in East Asian populations and associ-
ated with a lower average dose requirement than popula-
tions of European or African origin.”'® The VKORCT1 alleles
were also significantly associated with a decrease in dose for
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both European Americans and African Americans, but with a
greater effect in Europeans who had a higher frequency of the
VKORCT1 variant allele, compared with African Americans.'”
The relatively small sample size likely reduced our abil-
ity to find significant associations with the well-established
CYP2C9 variants (i.e., *2 and *3), although we did find that
the CYP2C9*3 allele was associated with a lower warfarin
dose requirement: 0.14 mg/day for INR-based stable dose
and 0.46 mg/day for the consecutive (non-INR-based) sta-
ble dose definition. In the absence of more definitive data,
we hypothesize that those alleles would have the expected
effect (reduced dose requirement) on average in the SCF
population. Although CYP2C9*2 and *3 are predictive of a
lower warfarin dose in other world populations, they have
low MAFs in the AN/Al populations of Alaska (5.2 and 3.4%,
respectively, Fohner et al.12), and so their contribution to sta-
ble warfarin dose in this population is likely to be minor.
Novel variants unique to the AN/AI populations, such
as CYP2C9 M1L or N218I, may be more important to
consider. Although only three AN customer-owners were



heterozygous for CYP2C9 N218l, the change is predicted to
be disruptive to CYP2C9 enzyme function, as it resulted in
a lower warfarin dose in both the INR-based and consecu-
tive stable warfarin dose cohorts. Unpublished findings from
our research team support a causal association, with the re-
combinant N278/ variant enzyme purified from Escherichia
coli exhibiting ~ 70% reduction in intrinsic clearance to the
major 7-hydroxy and 6-hydroxy warfarin metabolites, com-
pared with wildtype CYP2C9 protein (McDonald et al., un-
published results, 2018).

The CYP4F2*3 allele has been associated with reduced
hepatic concentrations of the CYP4F2 enzyme, decreas-
ing vitamin K catabolism,'® and was, therefore, expected
to confer an increase in stable warfarin dose requirement.
This was not the case. Possible reasons for deviation
from the expected result include uncontrolled dietary ef-
fects (e.g., consumption of vitamin K-rich foods) or possi-
bly a difference in the penetrance of the CYP4F2*3 allele
because of other uncontrolled genetic and regulatory
factors.®

With regard to the significant covariates, statins have
been shown to decrease the stable warfarin dose require-
ment, although it is unclear how they may be involved in the
causal pathway of warfarin response. Possible explanations
are that they inhibit organic anion transporter 2 mediated
uptake of warfarin into hepatocytes® or that they affect the
composition of lipoproteins that facilitate the trafficking of
vitamin K into and out of hepatocy’ces.21 As expected, in-
creasing age was significantly associated with a reduction in
warfarin dose requirement, reflecting a variety of anatomic
and biochemical changes that occur with aging and that can
affect drug disposition and response.?? The lack of a signif-
icant association with gender may be attributed to its small
effect size and the relatively small sample size of the study,
as a causal relationship is expected based on the bulk of the
published literature.

The main limitation of this study is the relatively small
number of customer-owners included in the primary anal-
ysis; however, a small sample size is inherent to the study
population. There are ~ 113,000 AN/Al people living in
Alaska,?® with only a fraction of those receiving warfarin
anticoagulation therapy. Nonetheless, it is important to
conduct studies such as ours, with its inherent limitations,
to enhance the knowledge base, guide future research,
and support the introduction of precision medicine, where
appropriate, for this historically underserved population.
The primary INR-based stable dose definition was selected
to allow for a more rigorous dose tied to therapeutic INR,
increasing precision, but it also reduced the sample size
appreciably, decreasing the study’s power. By excluding
customer-owners who were not receiving warfarin chron-
ically (at least 6 months), we likely excluded individuals
being treated for deep venous thrombosis and pulmonary
embolism, as these indications typically require 3 months
of warfarin therapy, whereas atrial fibrillation or mechanical
valves require life-long prophylaxis treatment. This allowed
for the analysis of customer-owners receiving chronic war-
farin therapy instead of the initial dosing period, in which
the warfarin dose is often unstable,?* and during which in-
dividuals carrying CYP2C9*2 or *3 variant alleles require
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additional dose adjustments and take longer to achieve
a stable, therapeutic warfarin dose.® However, a conse-
quence of the small study sample size is also that there
were fewer Al customer-owners included in the study, so
most of the observed variation is due to the AN popula-
tion. More Al customer-owners are needed to inform on
MAFs specific to the Al population and their effect on
warfarin dose. To address this limitation, we included the
consecutive (non-INR-based) stable dose definition in an
effort to include more customer-owners, and Al individu-
als, in the final study analysis. The observation of a higher
mean therapeutic warfarin dose in customer-owners of Al
heritage, compared with AN, in both the INR-based and
consecutive dose cohorts is consistent with years of clin-
ical experience by the SCF anticoagulation team. Future
work should aim to analyze the effect of genetic variation
across the different tribes in the lower 48 states, rather
than grouping them together under Al heritage.

In conclusion, in an AN/Al population, VKORC1 -1639G>A
was significantly associated with a lower stable warfarin
dose, and a novel CYP2C9 gene variant (N218/) was sugges-
tively associated with a clinically relevant lower dose. These
findings could potentially be incorporated into pharmaco-
genetic screening to help guide dose selection to improve
warfarin safety and efficacy for this rural population. These
observations and marked differences in allele frequencies
found in AN/AI subgroups12 compels further investigation in
order to better understand the role of genetic variation in
warfarin therapy outcomes and potentially optimize person-
alized medicine for this underserved population. The AN/AI
population must be adequately represented in pharmacoge-
netic studies that assess genotype—phenotype associations
in order to potentially inform on the dosing of medications
with established clinical associations with pharmacogene
variation, especially narrow therapeutic index substrates,
such as warfarin.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website
(www.cts-journal.com).

Figure S1. Linkage disequilibrium (LD) in the VKORCT locus for
rs9923231 (-1639G>A) and rs9934438 (1173C>T) SNVs in all 118
genotyped customer-owners from SCF. A was 1.0 for this variant pair.
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