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Abstract

Objectives—Pharmacogenetic testing is projected to improve health outcomes and reduce the
cost of care by increasing therapeutic efficacy and minimizing drug toxicity. American Indian and
Alaska Native (AlI/AN) people historically have been excluded from pharmacogenetic research
and its potential benefits, a deficiency we sought to address. The vitamin K antagonist warfarin is
prescribed for prevention of thromboembolic events, although its narrow therapeutic index and
wide inter-individual variability necessitate close monitoring of drug response. Therefore, we were
interested in variation in CYP2C9, VKORC1, CYP4F2, CYP4F11, and GGCX, which encode
enzymes important for the activity of warfarin and synthesis of vitamin K dependent blood
clotting factors.

Methods—We resequenced these genes in 188 AI/AN people in partnership with Southcentral
Foundation (SCF) in Anchorage, AK and 94 Yup'ik people living in the Yukon-Kuskokwim Delta
of southwest Alaska to identify known or novel function-disrupting variation. We conducted
genotyping for specific SNPs in larger cohorts of each study population (380 and 350,
respectively).
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Results—We identified high frequencies of the lower-warfarin dose VKORC1 haplotype
(-1639G>A and 1173C>T) and the higher-warfarin dose CYP4F2*3 variant. We also identified
two relatively common, novel, and potentially function-disrupting variants in CYP2C9 (M1L and
N218I), which, along with CYP2C9*3, CYP2C9*2 and CYP2C9*29, predict that a significant
proportion of Al/AN people will have decreased CYP2C9 activity.

Conclusions—Overall, we predict a lower average warfarin dose requirement in AI/AN
populations in Alaska than that seen in non-Al/AN populations of the US, a finding consistent
with clinical experience in Alaska.

Keywords

indigenous populations; underserved populations; Coumadin; cytochrome P450; individualized
therapy; personalized medicine

INTRODUCTION

Genetic variation affects the pharmacokinetics and pharmacodynamics of medical drugs by
altering enzyme and transporter expression and function, resulting in differences in drug
efficacy and safety between individuals [1-5]. The prevalence and frequency of genetic
variation affecting pharmacologic response is diverse across racial and ethnic populations
[6-8]. As a result, populations that are rarely included in medical research, such as American
Indian and Alaska Native (AlI/AN) people, are less likely to benefit from genome-based,
personalized, drug therapy [6-8]. Thus, pharmacogenetic research in these understudied
populations is needed to improve both the selection of drugs and their dosages, and to
reduce the number of adverse effects [6-8].

The incidence of stroke is disproportionately high in AN communities, with AN people
more likely to be affected by stroke at an earlier age than other populations [9-11] and death
rates due to stroke being approximately 20% greater than for individuals in other racial and
ethnic groups in the United States [9]. An oral vitamin K antagonist, warfarin, is used to
prevent thromboembolic events, but it has a narrow therapeutic index and is affected by
wide inter-individual and inter-ethnic dose variability (up to 20-fold), requiring intensive
dose management to prevent adverse bleeding events, which can be difficult when patients
live in remote communities [12-15].

Over the last 7 years, the average stable anticoagulation dose used in long-term care (> 22
weeks of treatment) for the AI/AN people receiving drug therapy at Southcentral Foundation
(SCF) in Anchorage, AK was found to be lower than the average for other sites in North
America and Europe, using the same DAWN AC Anticoagulation Management Software
(4S Information Systems Ltd., Cumbria, England). For a target INR of 2.5, with a mean INR
of 2.0 to 3.0, the average dose at SCF was 4.5 mg/day, with a percent time within INR of
69.7%. For all other locations, the average dose was 4.9 mg/day, with a percent time within
INR of 73.0% [16]. These differences in dose may be attributed to inter-individual and inter-
ethnic differences, including differences in dietary vitamin K consumption, drug-drug
interactions, age, body surface area, gender, concurrent health conditions (e.g., diabetes),
and genetic polymorphisms [17-20].
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To explore the sources of this reported lower dose among Al/AN people, we characterized
the variation in 5 genes that have been associated with altered warfarin response. These
include the genes that encode the following enzymes: 1) the pharmacological target of
warfarin (VKOR), which reduces vitamin K-epoxide to its active form; 2) the major
cytochrome P450 enzyme that clears (S)-warfarin (CYP2C9); 3) two enzymes that
catabolize vitamin K (CYP4F2 and CYP4F11); and 4) the y-carboxylase that activates
vitamin K-dependent clotting factors (e.g., Factors 11, VII IX and X) (GGCX). It is estimated
that by combining knowledge of VKORC1, CYP2C9, and CYP4F2 genotypes with readily
accessible clinical factors, including age, gender, and body mass index (BMI), more than
60% of the variance in warfarin dosage can be explained in European-American populations
[21].

To assess novel variation in CYP2C9, VKORC1, CYP4F2, CYP4F11, and GGCX, each gene
was resequenced in a sample of AI/AN study participants. Population frequencies were
determined for alleles that had been previously associated with the dose of warfarin in other
populations and for novel non-synonymous alleles that were discovered during
resequencing. We hypothesized that there could be novel, function-disrupting variation or
higher frequencies of known gene variants in this population that could reduce warfarin dose
requirement and impact bleeding/thrombotic risk.

METHODS

Setting

As of 2012, 106,260 AI/AN people live in Alaska, with approximately 1/3 living in more
densely populated areas such as Anchorage, Fairbanks, and Juneau, and 2/3 living primarily
in rural communities with populations of 50 to 1000 people, with many of the communities
accessible only by air or water [22]. Geographic isolation leads to substantial portions of
AIl/AN people in Alaska being medically under-served and having considerable health
disparities compared to other populations [22].

Southcentral Foundation (SCF), a tribally owned and operated regional health corporation,
provides pre-paid healthcare services to 58,000 AlI/AN patients, who are considered
“customer-owners” of SCF. The Anchorage Service Unit (ASU) served by SCF is
comprised of both urban and rural areas, including Anchorage, the Matanuska-Susitna
Borough, and 60 outlying villages (most with fewer than 500 residents). It provides primary
care services to ~55% of the total AN population at 6 SCF primary care clinics on the
Alaska Native Medical Center (ANMC) campus. Tertiary care is provided at the 150-bed
ANMC hospital, which is co-owned and co-managed by SCF and Alaska Native Tribal
Health Consortium (ANTHC).

The Center for Alaska Native Health Research (CANHR) is based at the University of
Alaska Fairbanks. CANHR has an ongoing genetic research partnership with 11 of the 58
rural communities in the Yukon-Kuskokwim River Delta (Y-K Delta) that are served by the
Yukon-Kuskokwim Health Corporation (YKHC). The YKHC is based in Bethel and
provides healthcare to about 23,000 Yup'ik people. CANHR collaborates with Yup'ik
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communities in community-based participatory research focused on understanding,
preventing, and reducing health disparities.

Institutional Review Board (IRB) Approval

The Alaska Area Institutional Review Board (IRB), and the SCF and ANTHC tribal review
boards approved work conducted at SCF on the ANMC campus. The YKHC Executive
Board of Directors and the University of Alaska Fairbanks IRB approved the work
conducted in the Y-K Delta by CANHR. The University of Washington (UW) IRB
approved the overall research project, as UW is the academic home of the grant funding this
research (Pharmacogenetics in Rural and Underserved Populations) and its principal
investigators. The National Institute of General Medical Sciences and the Indian Health
Service granted a Certificate of Confidentiality for protection of participant information, and
the respective Alaska IRBs approved forms for written consent prior to initiating research.
Research questions were developed through community based participatory research at SCF
and CANHR.

Study Participants

A convenience sample of study participants (n = 380) was obtained through recruitment by
research staff members at SCF's primary care clinics. Any AI/AN person =18 years of age
and receiving care at SCF was eligible to participate in the study. Surveys collected self-
reported gender, date of birth, and tribal affiliation. A representative subset (n=188) was
used for resequencing of CYP2C9, VKORCL1, CYP4F2, CYP4F11, and GGCX genes.

A convenience sample of 350 residents of the Y-K Delta, =18 years of age, was recruited
using written and oral advertisement during research-focused community visits by the
CANHR research personnel. All CANHR participants self-identified as Yup'ik. A subset of
94 individuals was chosen for targeted resequencing of CYP2C9, VKORC1, CYP4F2,
CYP4F11, and GGCX; because all participants were recruited from the same communities,
these 94 individuals were selected from the set of 350 individuals on the basis of being
unrelated according to either pedigree-based kinship coefficients obtained from available
genealogical information [23] as well as empirical kinship coefficients calculated using the
KING (kinship-based inference for GWASSs)-robust method [24] for sample individuals with
genome-wide SNP genotyping data available.

Specimen Processing and Storage

Buffy coats were extracted from blood that was collected into EDTA-coated tubes (BD
Vacutainer® CPT™), centrifuged (900 x g, 15 min) at room temperature, incubated with
Puregene RBC Lysis Solution for 10 minutes, and centrifuged again (1800 x g, 10 min) at
room temperature. White blood cells from CANHR samples were then re-suspended in 10
mL Puregene Cell Lysis Solution until DNA purification. At CANHR, genomic DNA was
isolated using the Gentra Puregene kit (Qiagen, Valencia, California, USA) prior to
shipment to UW investigators. White blood cells from SCF samples were washed in
phosphate-buffer saline (1X PBS), centrifuged again (800 x g, 6 min) at room temperature,
then re-suspended in PBS and frozen (-=80°C) until shipped to UW investigators for DNA
isolation. Genomic DNA from the samples of SCF participants was isolated using a
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QlAamp DNA Blood Midi/Maxi kit (Qiagen, Valencia, California, USA). Quality and
concentration of DNA were determined using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Wilmington, Delaware, USA).

Gene Resequencing Methods

Exons, 50-100 base pairs into each adjacent intronic region, 1000-4000 base pairs in the 5’
flanking region, and 150-300 base pairs into 3" flanking regions were resequenced using
PCR amplicons ~500-600 bp in size, with amplicons containing overlapping segments of
~150 bp to validate primer binding sites and to prevent allele-specific amplification [25].
The PCR primers were standardized with a universal M13-tailed PCR sequence, and used in
conventional Sanger sequencing reactions using BigDye chemistry under standard
conditions and separated on an ABI 3730 DNA analyzer (Life Technologies, Grand Island,
NY, USA). Chromatograms were analyzed using Phrap software (UW, Seattle, Washington,
USA) for base calling and quality assignment, and Consed software (UW) was used for
assembly and editing [26]. Single nucleotide polymorphisms (SNPs) and small insertions/
deletions were identified through pairwise comparison of chromatogram peak heights/
intensities using the PolyPhred program (version 5.0; UW) [27, 28], which produces
chromatograms averaging greater than 500 bp and averaging a Phred quality greater than 40
(corresponding to a 1/10,000 probability of incorrect base assignment) [29]. Data were
verified using second-strand confirmation. Automated scripts were used to map variants
onto the intron—exon gene structure. For the CYP2C9 and VKORC1 haplotype analysis, sites
were based on human reference sequence AL359672.

Coding variants CYP2C9 M1L, N218I, and P279T (CYP2C9*29) were analyzed for
PolyPhen2 and Grantham scores to predict the phenotypic effect of the amino acid change
on enzyme function [30, 31].

Genotyping Methods

We genotyped DNA samples from all study participants for novel coding variants identified
through resequencing and for those variants, both intronic and coding, that have published
phenotypes. This included 9 SNPs in CYP2C9, 3 SNPs in VKORC1, 6 SNPs in CYP4F2, 2
SNPs in CYP4F11, and 3 SNPs in GGCX. DNA samples were pre-amplified following
Fluidigm's (South San Francisco, CA) Specific Target Amplification protocol to increase
available template DNA. TagMan SNP Genotyping Assays (Applied Biosystems, Inc.) were
run on 96.96 Dynamic Genotyping Arrays (Fluidigm) according to the BioMark™ 96.96
Genotyping protocol. Dynamic Arrays were primed and loaded on the Fluidigm HX and
thermal cycled on the Fluidigm FC1 controller following pre-set programs in the
instruments. End-point fluorescence was read on a BioMark™ Real-Time PCR System
(Fluidigm) and analyzed using SNP Genotyping Analysis software (Fluidigm). Samples
with overall call rates below 95% were removed from further analysis. Of DNA samples
selected for genotyping, 22 from the SCF cohort were excluded due to call rates below 95%.
For samples from participants included in both sequencing and genotyping, concordance
between calls for the 2 methods was over 99.5%.
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Population Substructure Analysis

Genealogical information for the participants from the CANHR sample set (Yup'ik residents
of the Y-K Delta in western Alaska) were used to calculate pairwise kinship coefficients
between each participant [23]. Using these pedigree relationships, allele frequencies and
confidence intervals in the CANHR dataset were calculated according to the best linear
unbiased estimator (BLUE) of allele frequency [32] to account for the non-independence of
these samples resulting from family structure. This adjustment appropriately weights
correlated genotypes based on kinship coefficients.

For participants from SCF, neither pedigree nor genome-wide marker information was
collected, so this kinship adjustment could not be calculated. To account for population
substructure within the SCF cohort, participants were asked for self-reported tribal
affiliation. Participants were grouped based on geographic and language similarities of these
affiliations, clustered based on linguistic studies by Krauss [33, 34]. These regions are
Northern (Inupiag), Interior (Athabascan subgroups), Southeastern (Tlingit, Tsimshian,
Haida, Eyak), Southwestern (Aleut/Unangan), and Western (Central Yup'ik, Cup'ik,
Sugpiag/Alutiiq). Participants also were given the option of choosing affiliation with
multiple groups and affiliation with tribes in the lower 48 states of the US, which resulted in
7 total subgroups of participants. All subgroups are represented in the SCF cohort, with each
individual subgroup comprising no more than 17% of the total. Between subgroups of study
participants at SCF, Analysis of Variance (ANOVA) was performed at SNPs with known
phenotypic effects, with a significance threshold of 0.05.

Comparisons with Other Populations

Population frequencies were compared to the 1000 Genomes Database, which documents
the distribution of common genetic variants in geographically and historically diverse
populations [35]. The populations used for comparison were Admixed American (AMR),
African (AFR), Asian (ASN), and European (EUR). Confidence intervals for allele
frequencies were calculated based on the number of individuals included in the 1000
Genomes Database for each SNP, as accessed on September 17, 2014.

Statistical Analysis

RESULTS

Allele frequencies were compared using RStudio version 0.97.551 (RStudio, Inc., Boston,
MA) and Haploview 4.2 software [36]. All SNPs identified were tested for deviations from
Hardy-Weinberg equilibrium using a y?-test. Pairwise linkage disequilibrium (LD) was
calculated using Haploview 4.2 software [36]. The r2 values were used to determine the LD
between all non-monomorphic SNPs. The LD display was generated using Haploview 4.2
software [36].

Resequencing for SNP Identification

The exons and bordering intronic regions of the 5 genes CYP2C9, VKORC1, CYP4F2,
CYP4F11, and GGCX were resequenced in 94 CANHR participants and 188 SCF
participants to identify any novel population-specific variation. All SNPs identified in the
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SCF and CANHR samples are listed in Supplemental Table 1. Novel SNPs not found in the
1000 genomes database as of November 5, 2014 are labeled rsNA, as they do not have rs
numbers.

For CYP2C9, 33 SNPs were identified in the samples from SCF participants, including 2
novel SNPs. In the samples from CANHR participants, 25 SNPs were identified, including
the same 2 novel SNPs. One novel SNP predicted a non-synonymous change from
asparagine to isoleucine at amino acid 218 (N218lI allele). The other was discovered in the
first codon, resulting in a change from methionine to leucine (M1L allele). The sequencing
chromatograms identifying N218I are found in Supplemental Figure 1 and those for M1L are
found in Supplemental Figure 2. This M1L SNP was found at frequency of 9.7% (+/- 4.3%)
of chromosomes in the 94 CANHR samples subjected to resequencing. M1L was also
identified in the samples from SCF participants, though at a lower frequency of 1.0% (+/-
0.7%). A known SNP, rs182132442, resulting in a proline to threonine substitution at amino
acid 279 (CYP2C9*29) is not well characterized and was found in the CANHR cohort only
[37]. PolyPhen and Grantham scores predicted a deleterious effect on protein function for all
3 variants [30, 31, 38]. The M1L variant had a PolyPhen score of 0.904, predicting a severe
effect on protein function based on likely truncation. The N218I variant had a Grantham
score of 149 and the CYP2C9*29 variant had a Grantham score of 38, predicting severe
effects due to chemical dissimilarities of the affected amino acids.

For VKORC1, 10 SNPs were identified in resequencing the samples from SCF participants.
Of these, 3 were novel synonymous changes. Only 2 SNPs were identified in the CANHR
participants, neither of them novel. While the —1639 SNP differentiating the major VKORC1
haplotypes was assessed, the 1173 base was outside of the sequencing range, though both
sites were assessed in subsequent genotyping.

For CYP4F2, 34 SNPs were identified in the samples from SCF participants, with 4 of those
being novel. One of these novel SNPs changed the splice site of exon 1 (exon+splice allele).
Within the CANHR participants, 22 SNPs were identified, with the only novel SNP being
the exon+splice.

For CYP4F11, 28 SNPs were identified in the samples from SCF participants, including 5
novel SNPs. One SNP that was novel at the time of sequencing, but has since been named
rs199657164, predicted a glycine to arginine change at amino acid 12 (G12R allele). One of
these five novel SNPs found in the samples from SCF participants predicted a coding
change from asparagine to aspartic acid at amino acid 285. In the CANHR participants, 25
SNPs were identified, including 4 novel SNPs, 3 of which were also in with the samples
from SCF participants.

Resequencing of GGCX identified 21 SNPs in the samples from SCF participants. These
SNPs included 3 novel SNPs, including a predicted alanine to glycine change at amino acid
421 (A421G allele). Of the SNPs identified in the samples from SCF participants, 11 of
those were identified in the samples from CANHR participants, including 1 of the novel
SNPs. No unique SNPs were identified in the CANHR cohort that were not found in the
SCF cohort.
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Genotyping for Population Frequencies

A summary of the characteristics of study participants for whom we recovered DNA
producing = 95% genotyping call rates is presented in Table 1. Genotyping at specific SNPs
was performed to verify the findings from resequencing and to establish better estimates of
population frequencies (Table 2). The SNPs chosen for genotyping either are SNPs that have
a published phenotype, or are non-synonymous SNPs that were discovered during
resequencing. Allele frequencies of the samples from the CANHR cohort were adjusted for
the kinship between study participants using BLUE [32]. All SNPs were in Hardy-Weinberg
equilibrium.

Of the 9 SNPs genotyped in CYP2C9, 6 were previously known alleles (*2, *3, *8, *11,
*13, *14, and *29) and 2 were the M1L and N218I novel non-synonymous SNPs identified
in resequencing. The frequencies of the *29 allele and both novel variants M1L and N218lI
were significantly higher (p < 0.05) in the CANHR cohort, and the frequency of CYP2C9*2
was higher in samples from SCF participants. All other SNPs, with the exception of the
CYP2C9*3 allele, were found at frequencies below 1% of alleles in both cohorts.

Of the 3 SNPs related to VKORC1 activity, 2 are the SNPs that differentiate the major
haplotype groups and typically are seen in complete linkage disequilibrium [39, 40]. The
other (rs28940302) predicts a substitution of leucine for valine at amino acid 29 (V29L) and
has been associated with warfarin resistance [41]. The V29L variant was found at less than
1% in both cohorts. Both SNPs designating the major VKORC1 haplotype associated with
lower warfarin dose were found at significantly higher frequencies in the CANHR cohort
than in the SCF cohort (p < 0.05). The VKORCL1 and CYP2C9 diplotypes of the CANHR
and SCF cohorts are reported in Table 3 and predict phenotypes for warfarin metabolism.

At the CYP4F locus, 6 previously identified alleles were assessed, as well as 2 novel non-
synonymous changes. The CYP4F2*3 (V433M rs2108622) allele was found at significantly
lower frequency in the SCF cohort than in the CANHR cohort. However, the frequency of
this variant was high in both populations and the frequency in the CANHR cohort was one
of the highest reported for a population to date — similar to the 53.2% reported in the Saudi
Avrabian tribal subgroup of the Kuwaiti population [42]. Samples from SCF participants had
a significantly higher frequency of the CYP4F2*2 allele (W12G rs3093105) than the
samples from CANHR participants. The same was true of the CYP4F2 M519L (rs3093200)
substitution, the CYP4F2 amino acid 185 change from glycine to valine (G185V rs3093153),
and the CYP4F11 amino acid 276 change from arginine to cysteine (R276C rs8104361).

The 2 GGCX SNPs described previously [43-45] were both found at significantly different
frequencies in the SCF and CANHR cohorts (p < 0.05). The SNP rs11676382 was less
common in the samples from CANHR participants, and the missense SNP (rs699664) was
less common in the samples from SCF participants.

Linkage Disequilibrium

Linkage disequilibrium (LD) was calculated between every non-monomorphic SNP in each
gene. For CYP2C9, LD was low between all SNPs, in both the SCF and CANHR cohorts. In
the VKORCL1 gene, the 1173C>T (rs9934438) and —1639G>A (rs9923231) SNPs, which

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fohner et al.

Page 9

differentiate the 2 major haplotypes of VKORCL1, were in tight LD in both the samples from
SCF participants (r2 = 0.96) and the samples from CANHR participants (r2 = 0.97).

At the CYP4F locus (Figure 1), the samples from both SCF and CANHR participants show
moderate levels of LD between the rs2108622 and rs2189784 SNPs. The samples from SCF
participants show moderate LD between the rs2108622 (*3 allele) and the rs3093105 (*2
allele). LD was low between all other SNPs.

The SNPs in GGCX were not in LD.

Allele Frequency Comparison Between AN Regional Subgroups

While the samples in the CANHR cohort all were collected from participants living in the
Y-K Delta and self-reporting Yup'ik ancestry, many of the participants in the SCF cohort
self-identify with tribes historically distributed throughout Alaska but now live in
Anchorage or make visits there for healthcare. The allele frequencies of the genotyped SNPs
were determined for each of the self-identified regional subgroups of Alaska (Table 2).
Because subgroup frequencies could not be adjusted for population substructure, the
frequency variance is expected to be slightly larger than presented here, but the frequency
estimate should not be greatly affected. Based on ANOVA results, SCF subgroups had
significantly different allele frequencies at the VKORC1 —1639, VKORC1 1173, and
CYP4F2*3 loci.

Allele Frequency Comparison to Other Populations

Comparisons to the 4 main continental groups of the 1000 Genomes Database are presented
in Table 4 [35]. Generally, the frequencies of variant alleles CYP2C9*2 and CYP2C9*3
were low in the samples from SCF participants by global comparison and even lower in the
samples from CANHR participants. For VKORC1, the frequency of the lower warfarin dose
associated AT haplotype (A at rs9934438 and T at rs9923231) was high in the SCF cohort
(~60%) and higher in the CANHR cohort (~80%), though both frequencies were higher than
in the EUR and AMR and lower than in the ASN populations. At the CYP4F2 locus, the
frequency of the CYP4F2*3 SNP was higher in both the SCF and CANHR cohorts than in
any of the 1000 Genomes Database populations. The allele frequency of CYP4F2*2 in the
CANHR cohort was low compared to the 1000 Genomes Database populations, whereas that
of the SCF cohort was similar to the EUR, AMR, and ASN populations. For GGCX, the
variant allele frequencies in the SCF and CANHR cohorts were similar to the 1000
Genomes Database populations.

DISCUSSION

The most significant new findings in the AN subpopulations studied were (1) the presence
of two, previously unreported, relatively high frequency coding variants in the CYP2C9
gene (M1L and N218I) in most, but not all, regional subgroups; (2) a high frequency of the
low warfarin dose associated non-coding variants in the VKORC1 gene, especially in the
Yup'ik population living in the Y-K Delta; and 3) a relatively high frequency of the higher
warfarin dose associated CYP4F2*3 variant in some, but not all, regional subgroups. These
results are generally consistent with an observed requirement of lower warfarin doses to
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achieve target INR values in an AI/AN population receiving healthcare in Anchorage, in
comparison to that for the non-indigenous population of the US [16].

The identification of relatively common, novel, potentially function-disrupting variants in
CYP2C9 illustrates how pharmacogenetic discoveries made from studies of “representative”
world populations do not always capture variation that could be important for other,
historically geographically isolated populations, such as the AN people. Population-specific
pharmacogenetic studies are necessary to guide anticoagulation therapy in the AI/AN
community if clinical testing becomes standard of care and is to be implemented effectively.
A prime example is the ATG to TTG change in the first codon of the CYP2C9 gene
(resulting in a predicted methionine to leucine substitution at amino acid position 1) that
would be expected to adversely affect mMRNA translation and protein synthesis. Although we
have not yet confirmed the phenotype of this variant, M1L is predicted to disrupt MRNA
translation, by alteration of the first codon. Similar disruption of codon 1 (M1V or M1L) in
other genes is associated with a highly penetrant, loss of function phenotype [46-49].
Indeed, the extremely rare M1V variant of CYP2C9 (CYP2C9*36) was recently described in
a Chinese population, and its recombinant expression was found to result in low
accumulation of the variant enzyme relative to wild-type in COS cells [50].

The novel asparagine to leucine substitution at amino acid 218 was also predicted to have a
deleterious effect on CYP2C9 enzyme function. N218I is located between helices F and G in
an area of the enzyme known to be important for catalytic activity [51]. To our knowledge,
no protein variant at this position has been prepared and tested for function, but the
neighboring, inter-helical, Q214L variant is CYP2C9*28, which expressed well in COS-7
cells, but exhibited no detectable S-warfarin 7-hydroxylation activity [52].

Another known, but little studied variant, a proline to threonine change at position 279 is
predicted to reduce the catalytic function of CYP2C9. The CYP2C9 P279T variant
(CYP2C9*29) resides between the H and I helices of CYP2C9 [51], and has been found at
low frequencies in Japanese and Chinese populations [37, 50]. The recombinant enzyme
expressed well in mammalian cells and exhibited a ~30% reduction in tolbutamide
hydroxylation activity relative to wild-type [50]. A more detailed kinetic analysis of S-
warfarin 7-hydroxylation found no difference in K, compared to wild-type CYP2C9 and a
~50% decrease in Vmax, similar to that found for CYP2C9*2 [52], which is an established
risk factor for warfarin sensitivity.

Combined with the known, functionally important CYP2C9 loss of function coding variants
(*2 and *3 alleles), these novel potentially loss of function variants were found at a
frequency that ranged from 9.5% in the Northern to 14.8% in the Interior AN subgroups.
Importantly, individuals carrying CYP2C9*2 and *3 alleles are at increased risk of major
bleeding events following the initiation for warfarin therapy [53]. If relying on variants
identified in European populations, the much lower frequencies of *2 and *3 in AN
populations, especially in the Yup'ik population, compared to European populations would
underestimate overall CYP2C9 coding variation. Novel CYP2C9 variants (M1L and N218I)
first identified in this paper, and a relatively new variant (P279T), may confer a similar risk
in AN subgroups. Thus, while the exact composition of CYP2C9 coding variation differs
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between the AN regional subgroups and other populations globally, the overall impact of
these changes on warfarin dose requirement and bleeding risk could be the same.

Variation seen in the VKORC1 gene is also likely to have a significant effect on warfarin
dose requirement in regional AN subgroups. This is especially true for the Yup'ik people of
the Y-K Delta, for whom we observed the highest frequency of the low dose haplotype.
Although the specific mechanism is unknown, these non-coding SNPs are consistently
associated with reduced gene transcription and protein expression, and with lower warfarin
dose requirements in other populations [54, 55].

Although CYP4F2 variation is thought to contribute less to inter-individual differences in
warfarin dose requirement than do variation in CYP2C9 and VKORCL, it may have a greater
generalized impact on warfarin dose requirements in several AN regional subpopulations
because of the observed relatively high frequency of the *3 allele. The CYP4F2*3 variant is
associated with reduced metabolic clearance of vitamin K, increased vitamin K levels, and
increased warfarin dose [56, 57]. It would be expected to counteract to some degree the
effect of the reduced function CYP2C9 and VKORCL1 variants on average dose requirement,
although a given individual could fall anywhere along a wide continuum of warfarin dose
sensitivity based on overall genetic constitution. Selective pressure may have acted on the
CYP4F2 gene to conserve vitamin K as a result of inconsistent access to greens (e.g.,
traditional tundra greens, beach greens) throughout the year. Alternatively, it could be the
result of a founder effect, with ancestral blocks of DNA preserved over time. Of particular
relevance is the recent report of reduced bleeding risk following variation in vitamin K
consumption in individuals carrying the CYP4F2*3 allele who receive long-term warfarin
therapy [53]. If changes in vitamin K consumption and accumulation in the body affect the
risk of a major bleeding event in individuals receiving warfarin, the relatively high
frequency of the CYP4F2*3 allele may provide some resiliency against that adverse event.
Indeed, in a recent study of vitamin K homeostasis in Yup'ik people of the Y-K Delta, we
found significantly higher levels of plasma vitamin K; in individuals carrying 1 or 2 copies
of the CYP4F2*3 allele, in comparison to those homozygous for the reference CYP4F2*1
allele (unpublished observations).

Variation in GGCX and CYP4F11 is not expected to have implications for warfarin therapy
in the AN subpopulations. While genes were sequenced to look for novel SNPs, none were
discovered at a frequency expected to affect enzyme function at a population level. Known
variation in these genes has not been associated with warfarin dose or response.

We sought to identify and characterize variation in 5 genes associated with warfarin dose
requirement and drug response in two cohorts of AN people. This study is the first to partner
with a diverse population to systematically sequence these genes to identify population-
specific variation. Furthermore, by genotyping these and other SNPs relevant for warfarin
response in cohorts of AN subgroups, we have established robust population frequencies
that can be used to guide patient care. Although this study does not have information on
drug dose or bleeding events for participants or functional studies on novel variation, based
on known genotype-phenotype relationships, our phenotypic predictions of these genetic
findings are well supported.
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The presence of novel CYP2C9 gene variants and relatively high frequencies of variant
alleles in the VKORC1 and CYP4F2 genes support our hypothesis that pharmacogenetic
research in understudied populations is needed and suggests the possibility of significant
associations with warfarin dose requirement and bleeding risk in the AN subpopulations.
Warfarin is still the drug of choice for chronic therapy in the prevention of thromboembolic
events for at-risk individuals receiving health care at SCF and YKHC. Although treatment is
challenging for all of the reasons that apply to other populations [12-15], major bleeding risk
associated with alternative direct thrombin inhibitors and the absence of an antidote for
those drugs is a deterrent to changing treatment in patients who often have restricted access
to emergency care because of geographic isolation. Thus, the findings we report may
advance the development of genetic tests for optimizing the initiation of warfarin therapy
and for identifying individuals at increased risk of major bleeding events during chronic
therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Linkage Disequilibrium (L D) in the CYP4F locusfor all non-monomor phic SNPsin the
participants from a) SCF and b) CANHR sample sets, by r2 measure

Pairwise comparisons illustrate low LD between most SNPs. The rs2189784 and rs2108622
SNPs are found in tighter LD in the samples from CANHR participants than in the samples
from SCF participants. These patterns illustrate the effects of potential founder effects and
population isolation, resulting in differences in genetic patterns found in regional subgroups
of Alaska. Variant pairs with LD scores closer to 100 were more often inherited together
than not. Scores were calculated with Haploview version 4.2. Haplotype blocks determined
by confidence intervals.

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 July 01.

CYP4F2SpliceCG

~N

CYP4F11G12R



Page 18

Fohner et al.

0s€
0€
99
67
09
[44
S8
LE
65€

G8T
0¢
G€
144
LE
9¢
SS
0¢

veC

S9T
1)

LT
149

[BlIOL Soewed SN

HHNVO
8i Jamo
a|dniniA
UIBISOMN
UI31SaMYINos
UJ31SeaYIN0S
UIBYLON
Jolau|

40s

uolendodgns  uoire|ndod

‘Papn|oul 81am palsa)l So|3||e || 10} 81kl |89 9466 < paydeal BuidAlousb woym oy suediorued AjuO ‘seniie[iwis a1sInbul] pue uoibal
a1ydesBoab Aq paasn|d ‘uoneljiye [eqrn palodal-yas Ag paiyisse]d alam syuedionied 49S “suoyod Apnis padAiouab Jo sanstisideseyd alydeibowaq

Author Manuscript

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 July 01.



Page 19

(L29-€18) (zeL-1'59) (922 -769) (T'€9 - €°6h) (e'v9-62h) (€TL-699) (§69-22v)  (€€9-T99) (608-9'71)
00§ €9 789 A2 9'€g T%9 TS 1'65 8Ll L 2 1€2€266  6E9T—
(L29-¢€18) (zeL-¥s9) (9°2L-2'69) (6€9-T'9Y) (€¥9-6Ch) (6TL-529) (Ty9-€T7)  (£€9-199) (L08-vL)
00§ €9 789 0'sS 9'€g L9 128 165 GLL v 9 8Evre66  €LTT
(9€-00) (€0-0
00 00 00 00 2T 00 00 10 00 1L 9 Z0eovesz  I6ZA
(0c=u)gy BMOT (9G=ujo[dNNN (Br=U) UM (09=U)URKSSM UINoS (Zy=U)URKes yIN0S (G8=U) UBUIION (/€=U) IoTelu| (6G6=U)40S (0SE=U)dHNVD TeA Jd Rqunusi 3Sp[v
TOHOMNA

(ze-071) 16.2d
00 00 00 00 00 00 00 00 12 Vv O Zvheerest 6T

(0€-0) (r'z-0) Lr-10) (§0T-€0) (€z-50) (e5-v72)
00 00 0T 80 00 v'Z 'S v'T 8¢ L v VN 18T2N

(92-0 (0€-0) (rz-0) (8€-0) (T¥-0 L1-¢0) (18-57)
00 60 0T 80 00 8T 7T 0T €9 v 1 VN TN

(Tot

(esT-€T) (T2-70) -LT) (92-0) (82-0) (98-0) Ly-172 (ze-0T1)
€8 o€ 00 6'S 9€ A %7 v'e 12 2 Vv 0T6/G0T  16S€l €x
Mgsed
00 00 00 00 00 00 00 00 00 L O G89T/E82 TTx
(05-0) (e0-0) 705TY
LT 00 00 00 00 00 00 70 00 v 9 ¥6T006. 8x

(oot

(esT-€7) (ev-0) (80T-¥'7T) -9T) (92T-97) (T2-T7) (§0T-€0) (89-9€) (20-0) orrTY
€8 81T 19 8'S Tl T¥ 'S A €0 L 2 €5866/T x
(g€-0) HSZTY
00 00 00 00 T 00 00 00 00 v 9 6818552/ YTx
(ge-0 do61
00 00 00 00 T 00 00 00 00 o) 1 /81855¢L €T
(0c=uygy Mo (oG=U)[dNNIN (BY=U) UM (09=U)URFeM UINOS (cy=U) UleKes yIN0S (G8=U)UBUIION {/e=U) Jorlelu| (6Ge=U)d40S (0S€=U)dHNVD TeA By Jequnusi SPIV
60ZdAD

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 July 01.

Fohner et al.

'sasayiualed ul Aouanbauly sjaye uoneindod anuy syl 10) S|RAIBIUI BOUBPILUOID 9456 YlIM ‘sabruaaiad ul papiodal
aJe sarousnbald “pasi| (JeA) 818]e JueLieA 8y Jo si Aousnbaly parioday ‘1dNSOP Wols paurelqo (Jay) ais|e sousiasey (€T-2 suwnjod) sdnoibgns feuoiBal ojul papiAIp pue (9 uwinjod) [elo) ul pajussald ale
sjuedionJed ajdures 405 ay L “wJoyeld BuidAioual wbIpINi4 sy Buisn pauIILIep St ‘BXSe|Y 40 SLoY0d NV/IV HHNWO Pue 405 ayi Ul s3[3|[e JUBLIBA XO9D pue ‘TOHOMA ‘24¥dAD ‘602dAD 40 ddusjensld

¢ ?olgel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 20

Fohner et al.

9TV - '81) (065 - 9'%¢) (685 - 1'6€) (€26-17T2) (62€-L¥1) (5'sv - 6°0€) (9Tr-902) (v6E-12€) (625 - €'SY)
0°0¢ 8'ey 0'6Y z'6C 8'€z 7'8¢e T'1€ 6'SE 16V v 9 799669 OSzed
(ev-0) (L's-0) (zt1-0)
00 8T 00 00 vz 00 00 90 00 2 9 VN  VIZhO
(esT-€71) (Ls-0) (08-2T) (82-90) (Ls-0) Ly-10) (g0T-€0) @s-v72) (L0-0
€8 L2 Ty 47 v'e vz 'S 8¢ €0 9 O 78£9.9TT
(0e=uygy oMo (9G=U)o|dnNN (Gr=U)UBBIM (09=U) UBKOM (INOS (Zp=U) UBEKes yInos (G8=U) UBUIION {/e=uU) lorelu] [(6Ge=U)40S (0GE=U)dHNVD TeA Pd Bqunusi Sp[V
X099
(92-0) (0e-0) (z-0) (2'5-0) (T7-0) (ST1-20) (9z-20) dzTo
00 60 0T 80 vz 00 v'T 80 LT 9 2 VN TTdv
(0ve-921) (T2-70) (z2r-070) (r91-2°9) (@yT-¥72) (9TT-9%) (g2T-11) (@11-020) (z0-0 09/24
€€z 9€ T 80T €8 9L 89 T6 €0 v 9 T9EV0T8 E4
(9z-0 (0€-0) (se-0) 8z-0 (r'91-0€) (e2-50) T-10) 908011ds
00 60 0T 00 1 T L'6 v'T L0 9 o] VN =14
(9.T-v2) (0€T-0%€) (80T-T) (¢zz1-82) (51E-2°€T) (zsT-09) (ove-81) (e€T-L8) (T5-€2) OZIM
00T 08 19 g/ 922 90T 29T 0TI L'E 9 L S0TE60E A%/
(82-0 €v-0 (0€-0) (82-90) (8€-0 (98-0) (ee-171) (90-0 AS8TO
€€ 8T 0T Y 00 8T v x4 €0 L 9 €5T€60E 414
(T9z-¢2) (Lov-5€2) (z'sv-292) (r'0€ - ¥'ST) (L'6v - 6'82) (Lev-¢€62) (9T7-902) (6v€-1'82) (L¥S-2'Ly) INEEVA
19T 43 L'Se 622 €'6¢ g9 T1¢ §'TE 6'0S 1 o] 2298012 ex2dp
(0€T-7'0) (96-271) (ze-0) (z-0) (2'-0) (8€-0) (#'9-0) (6€-5T) T6TSW
L9 'S TT 80 vz 8T Le LT 00 v 2 002€£60€ =14
9Ty - ¥'81) (09 - v'6T) (Tvv - €62) (09¢ - 0°02) (T2v-1722) (ZTr-022) (Tov-¢61) (Fve-9'12) (zev-6'se)
0°0€ 112 L'vE 0'82 T'2E TV 1'62 0Te 9'6¢ v 9 7816812 414
(0c=u)gy M0 (9G=U)oidNNN (eY=U) UM (09=U) UBKeM UINoS (cy=U)UlKes yIN0S (G8=U)UBUIION (/€=U) lorelu| (6Ge=U)d40S (0GE=U)dHNVD TeA IBd Bqunusl] SPIV
dvdAD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 July 01.



Page 21

Fohner et al.

‘SIUBLIRA 6DZdAD Usamiag g ou Bulwnsse ‘sadAlouab
16/2d pue ‘I18TZN “TTIAl 8} PUB Ex ‘T ‘T« 6DZdAD pue 'sadAiojdey TOHOMA 8s0p moj pue ybiy Bulureiuod-6e9T- pue £/ TT PIAISSHO WO Paye[ndjed a1am 62ZdAD Pue TOUOMA 40 sadAioldia

65€ T z T 6 9 T 0z e | 182 [e10L
95 0 T 0 T T 0 S L Tv | (09/09) snobAzowoy asop ybiH
6.1 T 0 T S T T 01 ST GvT | (09/1V) snobAzols)ay ssop moT
veT 0 T 0 € 4 0 S o1 10T | (Lv/LV) snobAzowoy asop moT
0L | €x/€x | €«Cx | 1BTZN/Cx | IBTZN/Tx | TUN/Tx | /2w | €x/Tx | Cx/Tx | Tw/Tx

8dA10(d1p 62ZdAD 8dA10(dIp TOHOMA

sapuenbe 14 adAlodig 40S

0S¢ € 4 €1 12 rag T 1 2| e [e10L
14 0 T 0 T 4 0 4 T LT | (09/209) snobAzowoy asop ybIH
20T 0 T 1 9 €1 T € 0 LL | (09/LV) snobAzoseiey asop mo
(444 € 14 zt (14 14 0 9 T €ST | (Lwv/Lv) snobAzowoy ssop moT
oL | TTWEx | TON/TTIN | 62«Tx | IBTEN/Tx | TTA/Tx | 2x@x | €x/Tx | TofTx | To/Tx

adAo01d1p 602dAD adA10(dip TOHOMA

sepuenbs 14 8dA101dIg YHNYD

"S185e1Bp 40S puR YHNWD 3yl Ul 8S0p ULleLIeA 19348 01 umouy| sadArojdip palolpaid Jo satousnbai4
g€9l|qelL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 July 01.



Page 22

Fohner et al.

'G9-9G:T6Y-2T0Z a4NeN "sawouab uewny Z60'T Woiy uoneLeA onauab Jo dew pajesfajul uy “[e 19 ‘v uoIny ‘Yo siseaaqy ‘D 10alold mmEo:moN

"TT-80€:62:T00Z S SPIOY 219]9NN "UOeLIeA 2133uaf Jo aseqerep IGDN aul :dNSAP ‘[ 18 ‘IN AOPOJOUM ‘HIAl PIeM ‘LS ALisys T

‘aseqelep sawouab 00T 8y wolj (4N3J) ueadoing
pue ‘(NSV) ueisy ‘(44V) uedly ‘(HINV) Uedliawy paxiwpy aiam uosiiedwod 1oy pasn suoneindod ayJ ‘[eAI81Ul 92UBPIJUOI %,G6 Bulpnjoul ‘aa)e JueLieA ayl jo abejuadlad se pariodal ase salouanbaly

(e'6e-52€)6'5e  (8'9c-0'62)6'2€ (2€L-0G9)T69 (OVE-9ve)e6c (625-€GW) T6F (V'6E-1'2E) 6'GE 1 2 799669  OSzeY
(Lot-29)L8 0 (eT-090 (Tg-g1)¢€e (Lo-0) €0 (zs-va)8e 9 O 78£9.9TT

86/ [A] 6y ¢9€ 00Z 8TL S9|9][e JO JaquinN

dan3 NSV REN HNVY "HNYD 305 SPIVWelleA Sp[[vedlelepy Bqunusl  Sp[v

X099

(00g - v'ee) s9¢ (e6-19) ¢, (cee-e6e)e6r (L'9g-T8T)v'ee (Lo-0)€0 (ct-007186 v 9 TOEYOT8  O9/2Y TTdY

(8T - Z'€T) 8'GT (€6-T9) 2L (8L-z02)0ve (9T2-8€T) LLT (ts-e2)Le  (€€T-L9)0TT 2 v GOTEBOE  DTZTM 2«24V

(r'6-99) 62 0 (ov-c1)9¢ (G9-€2 vy (90-0) €0 (ee-T1)CC v o] €5TE60E NS8O 24

(goe-1ve)eLe (s€Cc-€LT)90C (01T-09)58 (zec-8€2)58 (LvS-2Lv) 605 (6E-1'82)STE L 2 72980TC  WEEVA ExcdY

(Gov-g6e)oer (20e-0€2) 99z (L2e-Lve)L'8c (89r-99€) LTy (2ev-6'GE) 96  (vvE-9'22) O'TE v 9 ¥8.681¢ =14

85. 2.8 z6v 29 002 8TL S3|3|[e 4O JSqUINN

an3 NSV g4V JAVY YHNVD 305 SPIVIWElBA Sp[yeolelpy Bqunusi SPIv

4dAD

(9ev-99e) Tor (0v6-968)87T6 (L8-€¥)G9 (067-88€)6Er (6°08-9v2)8LL (€€9-T'9S) L'6G 1 o) TEZEC66  6EIT—

(9ev-99¢e) Tor (0v6-968)87T6 (L8-€¥)G9 (067-88€)6ey (L08-¥'v.)GLL (€€9-T'9S) L'65 v 9 8EVYEE6  €LTT

86/ ¢LS 414 29€ 00Z 8T. S9|9][e JO JaquinN

an3 NSV EEN JAV "HNYD 305 SPIEIEIEA SP[lVeolRepY Bqunusi Spv

TOHOMA

(8L-vv)T9 (95-v2)ov  (€T-0)90 (c8-ve)8s (ce-0mTC Uy-TOVE 2 V  0TBLSOT  7I6SEl Ex

(ovt-o0m)eet  (L0-0)€0 (0€-90)8T (8ST-06)¥2T  (L0-0)€0 (89-9¢€)¢CS 1 2 €G866LT  OYPTH 2«

85/ 2.8 z6Y 29 00L 8T. $3|3|[e JO JSQUINN

an3 NSV SE] JAVY YHNVD 305 SPIEIEIEA SP[ENDWRPY BqUNUSI SPIv

602dAD

', 3seqerep sawiouab 0oOT ay1 wo.y suoiendod eqolb 01 SLIOY0I YHNWVD pue 498 Jo salouanbaly sjaje Jo uosuedwo)

v alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 July 01.



