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ABSTRACT

BACKGROUND

The management of warfarin therapy is complicated by a wide variation among patients
in drug response. Variants in the gene encoding vitamin K epoxide reductase com-
plex 1 (VKORC1) may affect the response to warfarin.

METHODS

We conducted a retrospective study of European-American patients receiving long-term
warfarin maintenance therapy. Multiple linear-regression analysis was used to deter-
mine the effect of VKORC1 haplotypes on the warfarin dose. We determined VKORC1
haplotype frequencies in African-American, European-American, and Asian-American
populations and VKORCI messenger RNA (mRNA) expression in human liver samples.

RESULTS

We identified 10 common noncoding VKORC1 single-nucleotide polymorphisms and
inferred five major haplotypes. We identified a low-dose haplotype group (A) and a high-
dose haplotype group (B). The mean (+SE) maintenance dose of warfarin differed sig-
nificantly among the three haplotype group combinations, at 2.7+0.2 mg per day for A/A,
4.9£0.2 mg per day for A/B, and 6.2+0.3 mg per day for B/B (P<0.001). VKORC1 haplo-
type groups A and B explained approximately 25 percent of the variance in dose. Asian
Americans had a higher proportion of group A haplotypes and African Americans a
higher proportion of group B haplotypes. VKORC1 mRNA levels varied according to the
haplotype combination.

CONCLUSIONS

VKORC1 haplotypes can be used to stratify patients into low-, intermediate-, and high-
dose warfarin groups and may explain differences in dose requirements among patients
of different ancestries. The molecular mechanism of this warfarin dose response ap-
pears to be regulated at the transcriptional level.
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OUMARIN-BASED ANTICOAGULANT
drugs are the definitive treatment world-
wide for the long-term prevention of
thromboembolic events. In 2003, a total of 21.2
million prescriptions were written for the oral an-
ticoagulant warfarin (a derivative of coumarin) in
the United States alone.! However, management of
warfarin therapy is challenging in two respects:
first, a safe and effective stabilization dose must
be determined during the early months of therapy,
and second, maintenance doses must be adjusted
to compensate for changes in patients’ weight, diet,
disease state, and concomitant use of other medi-
cations. In addition, studies indicate that genetic
factors affect outcomes, despite adjustment for
these factors. Specifically, patients with the com-
mon, functionally defective *2 and *3 allelic vari-
ants of the cytochrome P-450 enzyme 2C9 (CYP2C9)
require significantly lower maintenance doses,
have longer times to dose stabilization, and are at
higher risk for serious and life-threatening bleed-
ing than are patients without these variants.2 Such
warfarin sensitivity is easily rationalized because
CYP2C9 is responsible for the metabolic clear-
ance of the more pharmacologically potent S-enan-
tiomer of warfarin.3
In contrast to genetically determined cases of
warfarin sensitivity, such as those described above,
are rare cases of warfarin resistance. A potential
pharmacodynamic mechanism underlying warfarin
resistance has been elucidated with the recent dis-
covery of the warfarin target gene, which encodes
vitamin K epoxide reductase complex 1 (VKORC1).*>
This complex recycles reduced vitamin K, which is
essential for the post-translational gamma-car-
boxylation of vitamin K-dependent clotting fac-
tors II (prothrombin), VII, IX, and X. Several rare
mutations that lead to amino acid changes in the
VKORC1 protein have been discovered in warfarin-
resistant patients but not in the general popula-
tion,* suggesting that coding-region variants of
VKORC1 are extremely detrimental and that they
probably do not explain the typical variability in war-
farin dose (2 to 10 mg per day) among individual
patients. Recently, a single, noncoding polymor-
phism was found to be associated with warfarin
dose across the normal dose range,® suggesting that
other regulatory polymorphisms in VKORC1 might
influence the pharmacodynamic response to war-
farin.
The purpose of this study was to determine
whether other polymorphisms in noncoding re-

gions or their unique haplotype combinations con-
tribute to the variability in the maintenance dose of
warfarin. Additional goals were to probe popula-
tion-specific differences in warfarin dose require-
ments and to investigate the molecular mechanisms
underlying significant VKORC1 effects.

METHODS

PATIENTS

The study was approved by the human subjects re-
view committees of the University of Washington,
Seattle, and Washington University, St. Louis. All the
patients who participated in the study provided writ-
ten informed consent.

The primary study population, from the Uni-
versity of Washington Medical Center, consisted of
the same patients previously studied to assess the
association between CYP2C9 variants and anticoag-
ulation-related outcomes.? Patients were recruited
from pharmacist-run anticoagulation clinics affili-
ated with the center. Inclusion criteria were a con-
firmed date of the initial exposure to warfarin, cur-
rent anticoagulation therapy, and an age of 18 years
or older. Exclusion criteria were Asian or African
descent (36 patients), management by telephone
rather than in person (185), absence of verbal and
written consent (5), absence of a blood specimen
(3), and absence of a confirmed date of initial expo-
sure to warfarin (11). A total of 186 patients from
this population were eligible for the study.

The secondary patient population consisted of
patients 18 years of age or older whose warfarin
therapy was managed at one of the anticoagulation
clinics affiliated with Barnes—Jewish Hospital at
Washington University Medical Center, as previous-
ly described.” Exclusion criteria for this popula-
tion were non-European ancestral origin (139 pa-
tients) and absence of verbal and written consent
(17 patients). We prospectively followed 47 patients
who had recently begun warfarin therapy until they
were taking their maintenance dose. A total of 368
patients from this population were eligible for the
study.

COLLECTION OF CLINICAL DATA

Collection of data from the primary patient popula-
tion consisted of a review of inpatient and outpa-
tient medical records. Two trained abstractors col-
lected data with the use of standardized abstract
forms. The anticoagulation database of the Univer-
sity of Washington Medical Center was used to ob-
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tain information on the international normalized
ratio (INR), daily warfarin dose, and use of prescrip-
tion drugs and over-the-counter drugs. The daily
maintenance dose of warfarin was defined as the
dose at three consecutive clinic visits at which the
INR measurement was within therapeutic range.
The electronic medical-records database of the Uni-
versity of Washington Medical Center was used to
obtain information on bleeding events, coexisting
conditions, and demographic variables. Blood sam-
ples were collected from patients during regularly
scheduled office visits.

Data from the secondary patient population
were collected by means of structured patientinter-
views, as previously described in detail,” from 2001
to 2004. In brief, patients provided a 5-ml blood
sample, demographic and dietary information, a
comprehensive list of prescription and over-the-
counter drugs, and access to information about
their warfarin doses and INR measurements.

POPULATION-SPECIFIC DNA DIVERSITY PANELS
DNA panels consisting of samples from Ameri-
can persons of European, Asian, or African descent
were purchased from the Coriell Cell Repository
(http://locus.umdnj.edu/nigms). The Asian-Amer-
ican panel consisted of samples from 96 persons
from the HD100CHI set (Han People of Los An-
geles), 10 from the HD13 set (Southeast Asians),
7 from the HD32 set (Chinese), and 7 from the HD0O7
set (Japanese). Samples from 96 European-Amer-
ican persons were selected from the HD100CAU
set and from 23 European-American persons
from the parental generation of the families in the
Centre d’Etude du Polymorphisme Humain collec-
tion (http://pga.gs.washington.edu/data/sample_
description.html). Samples from 96 African-Ameri-
can persons were selected from the HD100AA set.

To explore the functional mechanism of the
variability in warfarin dose, we measured VKORC1
messenger RNA (mRNA) levels in human liver spec-
imens selected from a tissue bank maintained by
the University of Washington School of Pharmacy.
Basic demographic information on the individual
organ donors and methods of tissue procurement
have been reported previously.®° All 53 liver speci-
mens used in this study came from European-Amer-
ican donors.

DNA AND mRNA ANALYSES
Because the VKORC1 gene was identified only re-
cently as the gene encoding the primary warfarin-
sensitive component of vitamin K epoxide reduc-

tase,®> limited information on polymorphisms
within this gene was available. We therefore car-
ried out DNA sequence analysis across the entire
genomic region (approximately 11 kb) in samples
from our primary patient population to catalogue
single-nucleotide polymorphisms (SNPs) compre-
hensively and to establish the haplotype structure
of the VKORC1 gene. All clinical samples from the
primary patient population were subjected to
sequence analysis across the extended genomic
sequence, which included 5 kb in the upstream
promoter region, 4.2 kb of intragenic (intron and
exon) sequence, and 2 kb of the 3' downstream re-
gion. Ten common SNPs were identified, at posi-
tions 381, 861, 2653, 3673, 5808, 6009, 6484,
6853, 7566, and 9041 of the VKORC1 reference se-
quence (GenBank accession number AY587020).

The population-specific diversity samples (Eu-
ropean American, African American, and Asian
American) were genotyped for the 10 common SNPs
identified in the European-American clinical pop-
ulation, with the use of the same method of se-
quence analysis. In the secondary patient popula-
tion, four informative SNPs (at positions 861, 5808,
6853, and 9041) were genotyped to differentiate
haplotypes H1, H2, H7, H8, and H9, according to
the genealogic tree shown in Figure 1.

Total RNA and DNA were extracted from hu-
man control liver specimens with Trizol reagent.
RNA was reverse-transcribed to yield complemen-
tary DNA with the use of poly-dT primers (as de-
scribed in the Supplementary Appendix, available
with the full text of this article at www.nejm.org).
Quantitative polymerase-chain-reaction analysis
was performed (also as described in the Supple-
mentary Appendix). DNA extracted from liver
samples was genotyped at each of the 10 common
VKORC1 SNPs by DNA resequencing (as described
above). Haplotypes were inferred, and each sample
was classified as one of three haplotype group com-
binations (A/A, A/B, or B/B, as described in the Sup-
plementary Appendix).

STATISTICAL ANALYSIS
All SNPs identified were tested for deviations from
Hardy—Weinberg disequilibrium with the use of
a chi-square test. The significance level for all sta-
tistical tests was set at P<0.05. Haplotypes for each
individual sample were estimated with use of the
PHASE program (version 2.0),'° and independent
runs were performed for clinical and population-
specific samples from each population studied.
We performed multiple linear-regression analy-
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Figure 1. Effect of VKORC1 Haplotype Combination
on Clinical Warfarin Dose.

As shown in the upper panel, common haplotypes

(H1, H2, H7, H8, and H9) were clustered with use of the
UPGMA method (unweighted pair group method with
arithmetic mean); they formed two distinct evolutionarily
distant groups, designated A (comprising H1 and H2)
and B (comprising H7, H8, and H9). Eight single-nucleo-
tide polymorphisms (SNPs) are labeled at the nodes of
the tree, and four SNP sites (shown in boldface) were
used to discriminate between each branch and to distin-
guish groups A and B. Asterisks indicate correlated SNP
sets that were significantly associated with warfarin dose.
Group A was associated with a low warfarin dose and
group B a high warfarin dose. As shown in the middle
panel, patients in the primary population were genotyped
and assigned a VKORC1 haplotype combination (A/A, A/B,
or B/B). The patients were further classified according to
CYP2C9 genotype (the wild type or either the *2 or *3
variant). The total numbers of patients having a group A
combination, a group B combination, or both were 182
(all patients), 124 (wild-type CYP2C9), and 58 (variant
CYP2C9). Four patients could not be assigned either to
group A or to group B. As shown in the bottom panel, 357
patients from the replication sample were genotyped and
grouped as were those in the primary patient population;
233 had wild-type CYP2C9 and 124 variant CYP2C9. The
asterisks in the bottom two panels denote P<0.05 for the
comparison with combination A/A and the daggers
P<0.05 for the comparison with combination A/B.

The T bars represent standard errors.

or B/B) and CYP2C9 genotype (wild-type or variant).
Other than the grouping of patients according to
CYP2C9 genotype, no other adjustment for clinical
covariates was used. After the overall chi-square test
for differences among the three groups had been
performed, pairwise comparisons of groups were

2288

sis of the log-transformed maintenance dose, with
all patient covariates initially considered. Signifi-
cant covariates contributing to warfarin dose were
age, sex, use or nonuse of amiodarone, use or non-
use of losartan, and CYP2C9 genotype. The effect
size associated with each predictor was calculated
as the percentage of the variation in warfarin dose
explained by the predictor, divided by the total vari-
ance in the regression model.

Genealogic trees were constructed on the basis
of the number of differences between haplotypes
and with use of the UPGMA clustering method (un-
weighted pair group method with arithmetic mean).
The Kruskal-Wallis test, a distribution-free analy-
sis of variance, was used to assess differences in
the warfarin maintenance dose among patients ac-
cording to their haplotype combination (A/A, A/B,
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carried out with use of the asymptotic normality of
the total ranks within each group. We applied the
Bonferroni correction for each of the three compar-
isons (A/Avs. A/B, A/Bvs. B/B, and A/Avs. B/B).

Data on liver mRNA expression were analyzed
after log transformation, and the overall test for
group differences was performed by analysis of vari-
ance. Pairwise comparisons between groups for sig-
nificance were performed with the use of Tukey’s
Studentized range test. Significance levels were set
at P<0.05. Additional information on the statistical
methods used is provided in the Supplementary
Appendix.

RESULTS

We found 28 VKORC1 noncoding SNPs in the pri-
mary population (comprising 186 patients) and a
single heterozygous, nonsynonymous SNP in the
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coding region (genomic position G5432T, encoding
Ala41Ser). The patient heterozygous for this poly-
morphism had the highest overall maintenance
dose of warfarin among the patients in the primary
population (15.5 mg per day) and was excluded
from the other analyses. No other previously report-
ed coding-region SNPs were identified.* Of the 28
noncoding SNPs, 10 occurred at a frequency of
greater than 5 percent. No deviations from the ex-
pected population genotype proportions (predict-
ed by Hardy—Weinberg equilibrium) were detected
at these common SNP sites.

Individual tests of each SNP and adjustments
for significant covariates revealed that seven SNPs
(atpositions 381, 3673, 5808, 6484, 6853, 75606, and
9041) were significantly associated with the war-
farin dose (P<0.001); the strength of the associa-
tion between the warfarin dose and the other three
SNPs (at positions 861, 2653, and 6009) was less
significant (P=0.01, P=0.02, and P=0.02, respec-
tively). Of the seven highly significant SNPs, five
(at positions 381, 3673, 6484, 6853, and 7566) were
strongly correlated with one another (linkage dis-
equilibrium r2>0.9), and two others (at positions
5808 and 9041) were not correlated with any other
SNP in this region. Stepwise regression analysis
identified the five highly correlated SNPs as those
that were most predictive of the approximately 25
percentvariance in warfarin dose. In the same analy-

sis, the CYP2C9 genotype accounted for 10 percent
of the variance in warfarin dose.

The 10 common SNPs were used to infer VKORC1
haplotypes from the primary sample and the three
diversity samples, yielding nine haplotypes (H1
through H9). These, in turn, were used to assign
haplotype pairs to each patient or member of a di-
versity panel. We identified five common haplotypes
(those with >5 percent frequency) in the primary
sample: H1, H2, H7, H8, and H9 (Table 1).

In the multiple linear regression analysis adjust-
ed for clinically important covariates, four of the
five common haplotypes were found to be indepen-
dently associated with the warfarin dose (P<0.05)
(Table 1). We identified two haplotypes (H1 and H2)
associated with a low warfarin dose requirement
(2.9 and 3.0 mg per day) and two haplotypes (H7
and H9) associated with an increased requirement
(6.0 and 5.5 mg per day). Results obtained with the
use of a generalized linear-score model for haplo-
types were similar, as were the results of secondary
analyses that excluded the 24 patients receiving
amiodarone.

The genealogic tree showing the relationship
among the five common haplotypes indicates the
emergence of two distinct, highly divergent haplo-
type groups (Fig. 1). We designated these groups
A (comprising haplotypes H1 and H2) and B (com-
prising H7, H8, and H9) and were able to assign

Table 1. VKORC1 Haplotype Frequency and Effect on Warfarin Dose among 186 European-American Patients.*
Mean Maintenance
Haplotype Dose among
Identification Haplotype Frequency of Haplotype Homozygous Patients
Code Sequence in Primary Patient Population (95% Cl)i: P Value
pfOpOftiOH no. ofpersons mg/day

H1 CCGATCTCTG 0.12 43 2.9 (2.2-3.7) <0.0001
H2 CCGAGCTCTG 0.24 88 3.0 (2.5-3.6) <0.001
H3 CCGGTCCCCG 0.01 2 NA NA
H4 CCGGTCCGTG <0.01 1 NA NA
H5 TCGAGCTCTG <0.01 NA NA
Hé6 TCGGTCCGCG 0 0 NA NA
H7 TCGGTCCGCA 0.35 132 6.0 (5.2-6.9) <0.001
H8 TAGGTCCGCA 0.08 28 4.8 (3.4-6.7) 0.76
H9 TACGTTCGCG 0.21 77 5.5 (4.5-6.7) 0.05

* Cl denotes confidence interval, and NA not analyzed.

T For each haplotype sequence, the single-nucleotide polymorphisms are listed in sequential order along the VKORC1
gene, at positions 381, 861, 2653, 3673, 5808, 6009, 6484, 6853, 7566, and 9041.

I Analyses were adjusted for age, sex, use or nonuse of amiodarone, use or nonuse of losartan, and CYP2C9 genotype.
The mean warfarin dose among all the patients was 5.15 mg per day (95 percent confidence interval, 4.78 to 5.51).
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haplotype group combinations to 182 patients. Ac-
cording to the regression analysis, this higher-order
clustering showed that group A contained the hap-
lotypes associated with a low dose of warfarin and
group B the haplotypes associated with a high dose
of warfarin. As shown in Figure 1, a minimal SNP
set composed of four SNPs (at positions 861, 5808,
6853, and 9041) distinguished each of the groups
and haplotypes at the terminal ends of this tree.
Patients were assigned a VKORCI1 haplotype
group combination (A/A, A/B, or B/B) and then
grouped according to CYP2C9 genotype (the wild
type in 124 patients and the *2 or *3 variation in
58). In this analysis, we made no other adjustments
for clinical covariates. The warfarin maintenance
dose differed significantly among the three VKORC1
haplotype combinations, at 2.7+0.2 mg per day for
AJA, 4.9£0.2 mg per day for A/B, and 6.2+0.3 mg
per day for B/B (P<0.001), both within the entire
primary patient population and among the patients
who were not carriers of CYP2C9 functional vari-
ants (Fig. 1). In the primary population, the overall
mean maintenance dose of warfarin (5.1+0.2 mg
per day) and range of maintenance doses were typ-
ical of those that have been reported in other clinical
studies.” The average INR was approximately 2.5
and did not differ significantly among the patients
classified according to VKORC1 haplotype combi-
nation (lowest P value=0.22) (data not shown).
We carried out a replication study involving a
larger, independent population of warfarin-treated
European-American patients. We genotyped these
patients using the four informative SNP sites that
resolved the five common haplotypes. Haplotypes
were inferred, major haplotype combinations as-
signed, and patients subclassified according to
CYP2C9 genotype in the same manner as those in
the primary patient population (Fig. 1). These data
have been deposited in the Pharmacogenetics and
Pharmacogenomics Knowledge Base (accession
number PS204853). Stepwise regression analysis
indicated that VKORC1 and CYP2C9 genotypes ac-
counted for 21 percent and 6 percent, respectively,
of the variance in warfarin dose. For all 357 patients
in whom a VKORC1 haplotype could be assigned,
there was a significant additive effect: warfarin dos-
es were 3.2+0.2 mg per day for the A/A combina-
tion, 4.4£0.1 mg per day for A/B, and 6.1+0.2 mg
per day for B/B (P<0.05 for the comparisons be-
tween A/A and A/B and between A/B and B/B). We
observed a similar additive effect with significant
differences between combinations among the 233

patients with wild-type CYP2C9. The average INR
among these patients was also approximately 2.5
and was not significantly different between any of
the haplotype combinations.

The five haplotypes predictive of the warfarin
dose accounted for 99 percent and 96 percent of the
total haplotypes in the European-American clini-
cal and diversity populations, respectively; there
was no significant difference between these pop-
ulations in the distribution of the two major hap-
lotype groups (group A, 35 percentvs. 37 percent,
respectively; group B, 64 percentvs. 58 percent). The
five common haplotypes within the European-
American population accounted for only 62 percent
of the more diverse African-American haplotypes
(Table 2). The African-American and Asian-Ameri-
can populations showed significant differences in
the frequencies of groups A and B when compared
with the European-American population (P<0.001).
The frequency of group A haplotypes (predictive of
alow warfarin dose) was significantly higher in the
Asian-American population (89 percent) and low-
er in the African-American population (14 percent)
than in the European-American population (37 per-
cent) (P<0.001 for both comparisons).

To explore the mechanism of the association be-
tween warfarin doses and VKORCI polymorphisms,
we assayed VKORC1 mRNA levels in human liver tis-
sue and also determined the major VKORCI haplo-
type group (A/A, A/B, or B/B) of each tissue speci-
men. A graded and highly significant gene-dose
effect was evident (P=0.002). mRNA levels in the
B/B (high-dose) group were about three times as
high as those in the A/A (low-dose) group (P<0.05)
(Fig. 2).

DISCUSSION

In our primary study population, we found that
approximately 25 percent of the variance in war-
farin dose was explained by the VKORC1 haplotype
alone. Independent verification of a genetic associ-
ation is critical for determining its validity and im-
portance,** so we replicated the association in a sec-
ond clinical population, in which 21 percent of the
variance was explained by the VKORC1 haplotype.
Since CYP2C9 explained 6 to 10 percent of the vari-
ability in these two patient samples, the VKORC1
genotype appears to be the most important genet-
ic factor determining variability in warfarin dose: in
both clinical populations its effect was approxi-
mately three times that of the CYP2C9 genotype.
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Table 2. Distribution of VKORC1 Haplotypes in European-American, African-American, and Asian-American
Populations.
Haplotype
Identification Code Haplotype
or Group Sequence Frequency of Haplotype in American Populations*
European (N=119)  African (N=96)7 Asian (N=120)7
proportion (number of haplotypes)
Haplotype distribution
H1 CCGATCTCTG 0.12 (28) 0.07 (14) 0.89 (213)
H2 CCGAGCTCTG 0.26 (61) 0.06 (12) 0
H7 TCGGTCCGCA 0.21 (49) 0.42 (30) 0.10 (25)
H8 TAGGTCCGCA 0.14 (34) 0.01 (2) 0
H9 TACGTTCGCG 0.24 (56) 0.06 (11) 0
Other haplotypes — 0.04 (10) 0.38 (73)x 0.01 (2)
Group distribution
Group A (H1, H2) — 0.37 (89) 0.14 (26) 0.89 (213)
Group B (H7, H8, H9) — 0.58 (139) 0.49 (93) 0.10 (25)
Total of groups A and B — 0.96 (228) 0.62 (119) 0.99 (238)

* The total number of haplotypes analyzed is twice the number of persons assessed.
T There were significant differences between the African-American and European-American populations and between the
Asian-American and European-American populations, both in terms of haplotype (P<0.001) and in terms of group distri-

bution (A or B) (P<0.001).
1 The haplotypes consisted largely of H3 and H6.

We found that haplotypes of VKORCI are no
more informative than a single segregating SNP
chosen from among those at positions 381, 3673,
6484, 6853, and 7566. This finding is consistent
with data from a previous study that also showed
an association between a SNP in intron 1 of
VKORC1 (C1173T, the SNP at position 6484 in the
current study) and the warfarin dose.® However,
our results explain a larger portion of the interin-
dividual variations in warfarin dose (21 to 25 per-
cent, vs. 14 percent in the previous study) and in-
dicate that VKORC1 has a proportionally larger effect
than CYP2C9. (Our results show a threefold effect of
VKORC1 variants when compared with CYP2C9 vari-
ants *2 and *3, whereas the previous study report-
ed that CYP2C9 had a greater effect than VKORC1.)
Furthermore, only 2 of our 10 SNPs have been stud-
ied previously.®

Evidence from various clinical and population
studies suggests that persons of Asian, European,
and African ancestry tend to require, on average,
lower, intermediate, and higher doses of warfarin
(approximately 3.0, 5.0, and 6.5 mg per day, respec-
tively).”*2"** Because group A haplotypes predict-
ed the low-warfarin-dose phenotype and were rela-
tively common in the Asian-American population,

it is likely that the association between ancestral
origin and dose is, in part, an effect of the VKORC1
haplotype. Conversely, the prevalence of group B
haplotypes was relatively high in the African-Ameri-
can population, potentially giving rise to the in-
creased dose requirement in this population.

The more diverse distribution of haplotypes
among African Americans is consistent with the
higher genomic sequence diversity found in popu-
lations of African descent.*> ¢ These population-
specific haplotype differences may be due to demo-
graphic effects, such geographic selective pressures,
migration, or population bottlenecks and have
been observed for other medically relevant genes,
such as ADRB2.'” Additional studies involving pa-
tients of African and Asian descent who are receiv-
ing warfarin will be required to confirm the associ-
ations between VKORCI haplotype and warfarin
dose in these populations, including the influ-
ence of haplotypes other than those of groups A
and B.

The associations between the A haplotype and
reduced mRNA expression and between the B hap-
lotype and increased mRNA expression parallel
the effect of these haplotypes on warfarin dose, as
would be predicted by a simple, noncompetitive
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Figure 2. Correlation between VKORC1 Haplotype
Groups and VKORC1 mRNA Expression.

Levels of VKORCI mRNA expression were significantly
correlated with haplotype group (P=0.002). All experi-
mental data were normalized to levels of expression of
glyceraldehyde-3-phosphate dehydrogenase mRNA and
scaled relative to the level of expression in the A/A group
(average, 1.49). Six samples in the A/A group, 22 in the
A/B group, and 25 in the B/B group were analyzed. Relative
expression levels are presented as means; the T bars repre-
sent standard deviations. The asterisk denotes P<0.05 for
the comparison between haplotype groups A/A and B/B.

model of enzyme inhibition by this anticoagulant.*®
We hypothesize that the level of VKORCI mRNA is
directed by each haplotype and determines the lev-
el of protein synthesis of the vitamin K epoxide re-
ductase complex, which in turn accounts for dif-
ferences among these patients in their warfarin
maintenance-dose requirements. The primary SNP
candidates that explain this effect would be those
that designate the major haplotype split (the SNPs
at positions 381, 3673, 6484, 6853, and 7566) and
predict the warfarin maintenance dose. We mapped
these SNPs to homologous regions in rats, mice,
and dogs to identify potentially conserved, non-
coding sequences that encompass these sites. Only
two SNPs (at positions 6484 and 6583) from the
informative group are conserved; they flank exon 2
but fall outside the canonical regions required for
exon splicing. Presumably, these regions act as reg-
ulatory sequences that may bind transcription-
factor-binding sites, but additional studies will
be required to elucidate the mechanism underly-
ing altered VKORC]1 transcription.

The merits of genotyping before or during
treatment involving drugs such as warfarin, irino-
tecan, and thiopurine — the effectiveness of which
depends on genetic variants of CYP2C9 (and now
VKORC1), UGT1A1, and TPMT, respectively — is an
area of active debate between regulatory authorities
and the clinical community.*® Recently published
guidelines suggest initial warfarin doses of 5 to
10 mg per day,?° but our results suggest that this
strategy may expose patients with the A/A VKORC1
haplotype, who require a low dose of warfarin, to
unnecessarily high doses of drug. Because the ini-
tial warfarin dose is already individualized accord-
ing to other clinical data and the dose subsequently
adjusted according to the anticoagulation status, it
could be inferred that VKORCI and CYP2C9 geno-
typing may not provide a clinically significant im-
provement over current practice. However, in our
retrospective? and prospective2! studies, we found
a significant effect of CYP2C9 variants on a variety of
anticoagulation-related outcomes, despite individ-
ualized dosing and frequent monitoring in a spe-
cialized anticoagulation clinic at an academic med-
ical center.* The current data strongly suggest that
analysis of VKORCI should be an essential compo-
nent of prospective studies aimed at investigating
the value of genotyping for warfarin therapy. In
addition, they provide the detailed genetic informa-
tion necessary to ensure that such studies are de-
signed appropriately.
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