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Summary

Warfarin and other 4-hydroxycoumarin-
based oral anticoagulants targeting vitamin
K 2,3-epoxide reductase complex subunit 1
(VKORC1) are administered to humans, mice
and rats with different purposes in mind — to
act as pesticides in high-dosage baits for kill-
ing rodents, but also to save lives when ad-
ministered in low dosages as antithrombotic
drugs in humans. However, high-dosage war-
farin used to control rodent populations has
resulted in numerous mutations causing war-
farin resistance. Currently, six single mis-
sense mutations in mice, 12 distinct missense
mutations in rats, as well as compound het-
erozygous or homozygous mutations with up
to six distinct missense mutations per Vkorc1
allele have been described. Warfarin resis-
tance missense mutations for human
VKORC1 have also been found world-wide,
but differ characteristically from those in ro-
dents. In humans, 26 distinct mutations have
been characterized, but occur only rarely
either in heterozygous or, even rarer, in
homozygous form.

In this review, we summarize the known
VKORC1 missense mutations causing warfarin
and other 4-hydroxycoumarin drug resistance,
identify genomics databases as new sources
of data, explore possible underlying genetic
mechanisms, and summarize similarities and
differences  between warfarin  resistant
VKORC1 variants in humans and rodents.
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Schliisselworter

Genetik,  Vitamin-K-2,3-epoxid-Reductase-
Komplex Untereinheit 1, VKORC1, Warfarin-
resistenz

Zusammenfassung

Warfarin und andere 4-Hydroxycumarin-ba-
sierte orale Antikoagulanzien, die VKORC1
(Vitamin-K-2,3-epoxid-Reductase-Komplex
Untereinheit 1) inhibieren, werden bei Men-
schen und den Nagern Maus und Ratte ange-
wandt: als Rodentizid in hoher Dosierung
und als antithrombotische Substanzen beim
Menschen in niedriger Dosierung. Bald nach
der Hochdosisanwendung bei Nagern kam es
zu Resistenzen, die durch Mutationen in
VKORCT hervorgerufen werden. Zurzeit sind
6 Missense-Mutationen bei Mausen, 12 Mis-
sense-Mutationen bei Ratten, einschlieBlich
compound heterozygoter oder homozygoter
Mutationen mit bis zu 6 Missense-Mutatio-
nen pro Vkorc1-Allel bekannt. Ebenfalls wur-
den weltweit 26 Warfarin-resistente Missen-
se-Mutationen beim Menschen im VKORCT-
Gen in heterozygoter, selten in homozygoter
Auspragung beschrieben.

In dieser Ubersicht fassen wir die
VKORC1-Missense-Mutationen zusammen,
die zur Resistenz gegen Warfarin und andere
4-Hydroxycumarine fiihren. Des Weiteren be-
richten wir (iber VKORCT-Varianten in ge-
nomischen Datenbanken, Mechanismen der
Resistenzentwicklung und vergleichen die zu
Warfarin-Resistenz fiihrenden VKORC1-Vari-
anten beim Menschen und bei Nagern.
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Vitamin K cycle, VKORC1
and its inhibition by 4HC

Since the middle of the 20 century, war-

farin and similar synthetic derivative 4-hy-

droxycoumarins (4HC) have been used

both as

o rodenticides, to control wild rat and
mouse populations that cause extensive
world-wide oeconomic loss (1, 2) and
pose serious human health risks (2-4),

e therapeutic drugs for prophylaxis and
treatment of human thrombotic dis-
eases (5-7).

Design of these drugs was based on dicou-
marol, a naturally occuring compound re-
sulting from the microbial metabolism of
coumarins that are abundant in sweet
clover and grasses used as livestock feeds
(8). Observations that spoiled feeds were
responsible for dramatic haemorrhaging
and death in livestock in the north-central
USA and Canada in the early 20 century
ultimately led to the discovery of dicouma-
rol and its application in high dosage as a
rodenticide and, in low dosage, as an oral
anticoagulant for human use (9).

For humans, attaining optimal thera-
peutic dosage for warfarin and other 4HC
oral anticoagulant (OAC) drugs is compli-
cated by both
o a narrow therapeutic window (too low

dosage leading to ineffective antithom-

botic therapy or too high dosage leading
to potentially serious bleeding compli-
cations) and

o interpatient variabilities in pharma-
codynamics (due to genetically defined
expression levels and/or mutational
polymorphism of VKORCI) and phar-
macokinetics due to

- genetically  defined  metabolic

enzyme polymorphisms and

- combination of comedications and

- dietary vitamin K level.
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Two enzymes essential for the
vitamin K cycle

Initially, as vitamin K was already known to
be essential for physiological blood coagu-
lation (10), studies of laboratory rats by
Matschiner, Bell and colleagues revealed
that the vitamin undergoes oxidation (11).
Several insightful studies by Bell & Mat-
schiner in the early 1970s revealed that vit-
amin K is cycled between reduced and oxi-
dized forms in vivo to enable coagulation
and that warfarin blocks the conversion of
oxidized vitamin K to the reduced form
(12-14). Based on these cumulative results,
Bell coined the term vitamin K-epoxide
cycle (shortened by popular usage to vit-
amin K cycle) to summarize the cyclic
reuse of vitamin K in carboxylation of
thrombin, one of a number of vitamin
K-dependent (VKD) clotting factors.(15)
In addition to recognizing that warfarin
specifically inhibits reduction of vitamin K
2,3-epoxide - the oxidized form of the vit-
amin - Bell also hypothesized a general re-
lationship between enzymatic oxidation of
vitamin K to the 2,3-epoxide form and car-
boxylation of VKD clotting factors. Fur-
thermore, it was found that the microsomal
fraction (i.e., isolated intracellular mem-
branes) prepared from liver tissue posesses
all the distinct enzymatic activities that
comprise the vitamin K cycle (17, 18) in-
cluding
o y-glutamyl carboxylation concomitant
with epoxidation of vitamin K (16),
o reduction of vitamin K 2,3-epoxide to
vitamin K quinone, and
o reduction of vitamin K quinone to
vitamin K hydroquinone..

Suttie and coworkers provided evidence
that y-glutamyl carboxylation and vitamin
K epoxidation were coupled, possibly cata-
lyzed by a single enzyme (19). In 1991, a
single enzyme catalyzing both reactions
was isolated and its gene identified (GGCX
encoding the human y-glutamyl carboxy-
lase) (20, 21). In 2004, an additional vit-
amin K cycle enzyme was discovered by
identification of its respective gene
(VKORCI encoding the human vitamin K
2,3-epoxide reductase complex subunit 1;
NCBI Gene ID: 79001; located at chromo-
some 16: 31102175 - 31106276) (22, 23)
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that catalyzes both VKOR and VKR reac-
tions and is inhibited by warfarin (24).

Independent genetic approaches were
used by two research groups to identify
VKORCI. One approach was based on
positional cloning to identify candidate
proteins that display warfarin-sensitive
VKOR activity (22). The locus for com-
bined vitamin K-dependent clotting factor
deficiency type 2 (VKCFD2, OMIM
#607473), was first mapped to a 20 Mb re-
gion of the 16p12-q21 locus (25). This re-
gion is orthologous to a locus for warfarin
resistance on chromosome 1 in rats and on
chromosome 7 in mice (26-28). The search
was narrowed to a 4 Mb region on the
short arm of human chromosome 16 by
hypothesizing that allelic mutations in the
orthologous genes could cause warfarin re-
sistance in rodents and man (OMIM
#122700). This region included 129 pu-
tative or annotated human genes. Using
DNA of patients from two independently
diagnosed families with VKCFD2 and
from four warfarin resistant probands,
genes were systematically screened and one
gene of unknown function was found to be
mutated. The gene extended over 5126
base pairs and comprised three exons and
encoded a protein of 163 amino acids with
a calculated relative molecular mass of
about 18 kDa. Interestingly, the VKORC1
mutation (VKORCI:p.Arg98Trp) respon-
sible for the life-threatening VKCFD2
bleeding pathology was identified in the
same article. In homozygous individuals
this results in lowered VKOR activity (22,
29). Without treatment, antigen levels and
activities of all VKD clotting factors drop
to hyperanticoagulated levels and result in
bleeding. However, it was discovered that
high, life-long supplementation with oral
vitamin K completely restores VKD pro-
tein activities, apparently via a bypass path-
way that directly reduces vitamin K qui-
none to the hydroquinone form (30).

The second approach to identify the
VKORCI gene used siRNA gene knock-
down to scan the region of chromosome 16
to which VKCFD2 and warfarin resistance
had been mapped, but limited the candi-
date genes to just thirteen predicted to en-
code membrane-intrinsic proteins (23).
Subsequently, each of the encoded candi-
date genes was knocked-down in cultured

A549 cells that are known to constitutively
express robust warfarin-sensitive VKOR
activity. Just one candidate gene knock-
down resulted in cells with substantially lo-
wered VKOR activity, identifying the re-
sponsible gene. Ultimately, the putative
gene from both approaches was confirmed
by cloning and expression in a human cell
line with low constitutive VKOR activity
and, finally, assessing for warfarin-sensitive
VKOR activity. Together, the enzymatic ac-
tivities of GGCX and VKORCI are suffi-
cient to drive the vitamin K cycle.

Substitutes for VKORC1 as
vitamin K 2,3-epoxide and
vitamin K reductases

Other enzymes including the flavoprotein
NAD(P)H:quinone reductase (NQO1, for-
merly named DT-diaphorase) have been
historically implicated in catalyzing the
quinone to hydroquinone reduction step of
the vitamin K cycle under certain non-
physiological or disease conditions.(31) A
VKORCI paralog enzyme, VKORCILI,
was also identified and found to catalyse
the same two enzymatic activities in vitro
as VKORCI, but results from a study of
VKORC1 knock-out mice showed that
VKORCIL1 cannot substitute for the
physiological function of VKORCI with
respect to blood coagulation in vivo (32,
33). Recently, investigations of cell biologi-
cal function and in vitro enzymatic activity
of VKORCIL1 strongly suggest that
VKORCILI may be the hypothetical by-
pass enzyme responsible for vitamin K qui-
none reduction when VKORCI activity is
low due to low expression level or in-
hibition by warfarin and that it may pro-
vide essential VKOR activity in extra-
hepatic tissues and organs in the absence of
VKORCI function (34).

Variation of 4-hydoxy-
coumarin response

Warfarin binds to and directly inhibits the
VKORCI enzyme and, thus, interrupts the
vitamin K cycle by preventing VKORC1
from catalyzing VKOR activity (22, 23).
Surprisingly, little is understood about the
molecular mechanism of wafarin action
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and there is a complete lack of information

about the location and nature of the warfa-

rin binding site on VKORCI (35, 36).

However, informative reviews summarize

various aspects of warfarin pharmacology

for average patients successfully treated by

oral anticoagulant therapy. Specific topics

include

o pharmacogenetics (37, 38),

o phamacokinetics (39-41),

o pharmacodynamics (42, 43),

¢ loading and maintenance dosing algo-
rithms (44-46),

e interactions with comedications and
dietary supplements (47-50), and

e management of patients with warfarin
hypersensitivity (51-56).

Approximately 30 proteins known to be in-
volved in regulating the vitamin K cycle
and systemic availability of vitamin K, war-
farin and other 4-hydroxycoumarin OAC
drugs have been studied for linkage of
polymorphisms with warfarin dosage
requirement (57, 58). Of these, genome-
wide association studies (GWAS) have
reached sufficient statistical power to re-
veal that only three - VKORCI, CYP2C9
and CYP4F2 - are the major pharmaco-
genetic determinants of warfarin dosage
(59-61).

Increased expression level for one addi-
tional protein - the intracellular chaperone
calumenin (CALU) which modulates
y-glutamyl carboxylase and VKOR activity
levels — was found to have an inhibitory ef-
fect on turnover of the vitamin K cycle.
However, warfarin  dosage-associated
CALU polymorphisms appear to primarily
affect ethnic blacks with associated minor
allele frequency (MAF) of up to 14-15%,
while Caucasian and Asian populations ex-
hibit a MAF of <0.5% (62).

Despite the best wafarin dosing algorithms
explaining up to 70% of warfarin dosage
variance in humans, a priori genetic testing
has not yet become common practise.

However, VKORCI genotyping is increas-
ingly used for patients who do not ad-
equately respond to currently used warfa-
rin loading algorithms and often reveals
coding region polymorphisms that are

© Schattauer 2014

known to be associated with human warfa-
rin resistance phenotypes.

SNPs in VKORC1

The VKORCI gene has been the target of
intense basic biomedical research to ex-
plain warfarin susceptibility and resistance
since its discovery in 2004. Only a year
later, non-coding region single nucleotide
polymorphisms (SNPs) affecting VKORC1
expression levels were found to be associ-
ated with warfarin dosage requirement (42,
43). Subsequent studies investigated regu-
latory polymorphisms in the human
VKORCI gene by in vitro expression and
chromatin immunoprecipitation (ChIP)
assays and established that, while tran-
scription and mRNA processing were not
affected, reduced mRNA expression was
specifically associated with both c.-
1639G>A (rs9923231) and g.1173C>T
(rs9934438) allelic variants in liver, but not
in heart or lymphocytes (63, 64).

Recently, a study of a South Indian co-
hort of 136 patients stably anticoagulated
with warfarin was designed to assess con-
tributions of VKORCI and CYP2C9 SNPs
to warfarin dosage variation (65). Unex-
pectedly, the authors found four patients
(3%) with dosages consistent with warfarin
resistance (warfarin dosages of 49-84 mg/
week at stable, therapeutic INR values
maintained over 2-12 months), but with
VKORClI:c-1639G>A which typically re-
duces warfarin dosage requirement by
~25% for each allele present compared
with patients with two G alleles (i.e., com-
pared with wild-type VKORCI *1/*1
haplotype). Interestingly, the four warfarin
resistant patients were found to carry a
novel single nucleotide insertion at
VKORClI:c.-1586insG. Furthermore, al-
though not specifically stated in the pre-
print of the article, the authors have con-
firmed that each of the four warfarin resis-
tant patients is heterozygous for the
VKORCI:c-1639G>A, c.-1586insG haplo-
type and that no previously reported
coding region missense mutations could be
detected after sequencing all three exons
and flanking regions (personal communi-
cation by Dr. Tanuj Shukla, 10 August
2013).

Using in silico transcription factor bind-
ing site analysis, the authors hypothesize
that the insertion, which occurs just 53
bases downstream from the
VKORCl:c.-1639G>A functional promoter
region polymorphism, may possibly affect
the binding of a transcription activator (or,
we suggest, alternatively might prevent
binding of a transcription inhibitor), but
this point remains to be further clarified.

Although a number of seemingly non-
genetic clinical factors including age, body
weight, comedication and dietary vitamin
K status account for up to 20% of inter-
individual dosage variation among patients
on stable oral anticoagulant therapy, one
vary recent study of a Japanese patient co-
hort (n=202) receiving stable anticoagu-
lation therapy using warfarin has found a
correlation between warfarin  dosage
requirement, the dietary level of vitamin K,
and the occurrence of the 5-UTR
VKORClI:c.-1639G polymorphism which
occurs in only a minority of Asian patients
(the majority of Asian individuals have a
homozygous VKORCl:c.-1639A genotype)
(66). The authors of this study concluded
that CYP2C9 genotype does not play a role
in dietary vitamin K influence on thera-
peutic warfarin dosage requirement, but
that the presence of a single
VKORCl:c.-1639G allele is a statistically
significant factor (p < 0.028) attenuated by
low vitamin K intake compared with medi-
um and high intake after adjustment for
covariates (3.4 vs. 5.0 vs. 4.0 mg/d, respect-
ively). This possible genetic linkage be-
tween VKORCl:c.-1639 genotype and die-
tary vitamin K level requires further confir-
mation in world-wide OAC patient cohorts
to determine if the association generally
holds and if it can possibly explain a sig-
nificantly greater fraction of interindivid-
ual OAC dosage variability among thera-
peutically anticoagulated patients.

In addition to VKORCI non-coding re-
gion polymorphisms, previously investi-
gated polymorphisms in cytochrome P450
isoenzymes were also found to be respon-
sible for interindividual differences in war-
farin metabolism and systemic clearance
(67-70). With regard to CYP2C9, homo-
zygous wild-type (*1/%1) is the best warfa-
rin metabolizer, while all other CYP2C9
haplotypes exhibit various degrees of
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reduced warfarin metabolism (typically
due to missense mutations that lower or
even abolish CYP2C9 activity relative to
that of the wild-type enzyme), meaning
that lowered warfarin dosages are necess-
ary for patients with these polymorphisms
due to lower metabolic clearance of warfa-
rin and, thus, in order to prevent elevated
drug levels and potential bleeding risk. In-
dependent of CYP2C9 haplotype, the
VKORClI:c.-1639 haplotype alone is re-
sponsible for between ~2-fold (e.g., for
CYP2C9%1/*10r*2) and ~8-fold interindi-
vidual differences in therapeutic warfarin
dosage (e.g., for CYP2C9*1/*3 or
CYP2C9*2/*20r*3).(43, 71) Other non-
coding region SNPs (intron 1,
VKORCI:g.1173; 3-UTR, VKORCI:g.3730;
7 SNPs significantly associated with warfa-
rin dosage requirement) (42) are in linkage
disequilibrium with ¢.-1639 (71, 72).
Together, VKORCI and CYP2C9 haplo-
types have a major influence on determin-
ing therapeutic anticoagulation dosage and
haplotyping have greatly improved thea-
peutic efficacy and safety for patients tak-
ing warfarin (71, 73-75).

Thus, combined SNP variations in both
CYP2C9 and VKORCI haplotypes are re-
sponsible for up to 14-fold difference in pa-
tient dosage requirement when all addi-
tional patient factors affecting warfarin do-
sage are considered (e.g., 0.5-2 mg/d for
homozygous ~ CYP2C9*3  with  any
VKORCl:c.-1639 haplotype compared to
5-7 mg/d for homozygous wild-type (*1)
CYP2C9 haplotype with homozygous or
heterozygous VKORClI:c.-1639G haplo-

type) (71).

Distribution of VKORC1 haplotypes

A recent study of the evolutionary develop-
ment and relationships among human
VKORCI haplotypes, based on analysis of
seven non-coding region SNPs, provides
insight into the main genetic determinant
of 4HC anticoagulant response (76). In ad-
dition to six haplotype groups accounting
for ~50% of the human population and
closely related to the ancestral haplotype,
the single variant haplotype that includes
the VKORCI:c.-1639G>A SNP common
among Asian populations was found to
have arisen by strong positive selection of

Hémostaseologie 2/2014

VKORCI and 24 nearby genes comprising
a ~0.5 Mb locus on chromosome 16. Ac-
cordingly, the Asian haplotype and, specifi-
cally, the VKORCl:c.-1639G>A SNP in the
5" promotor region have been shown to be
associated with reduced VKORCI tran-
scription and 4HC oral anticoagulant sen-
sitivity which apparently spread through
East Asian populations by a nearly com-
plete selective sweep . However, due to
strong linkage disequilibrium among
VKORCI and three neighboring genes
within a 45 kb region of the larger selected
locus, the study could not conclude if
VKORCI or one of the three other genes
was the target of the strong positive selec-
tion (76). However, the authors were able
to use maximum likelihood methods to es-
timate  that  the  East  Asian
VKORCl:c.-1639G>A  selective  sweep
began ~181 generations ago which is, as-
suming an average human generation time
of 25 years, equivalent to ~4500 years ago.

VKORC1 missense mutations
associated with OAC resistance

Since the 1960s, heritable autosomal domi-
nant mutations of a warfarin resistance
locus have been documented in wild rats
and mice with initial reports coming from
the UK and Denmark, respectively (77, 78).
Similarly, patients from three families with
heritable autosomal dominant warfarin re-
sistance were firstly described between
1964 and 1985 (79-81). The three index
patients required 6.5-fold, 11.2-fold and
7.0-fold increased warfarin dosage, relative
to average warfarin-susceptible patients, to
reach a stable therapeutic INR and had 18
relatives over two generations, 7 relatives
over three generations, and one child (ond
generation), respectively, who had the
same extended prothrombin time pheno-
type consistent with hereditary warfarin re-
sistance (82). Since then, various oper-
ational definitions of warfarin resistance in
humans have been suggested including
1. the inability of oral anticoagulant ther-
apy to bring the prothrombin time (as-
sessed as INR) to the adequate levels of
anticoagulation when administered at
or near equivalent to the normally rec-
ommended doses (83);

2. a more generalized, quantitative defini-
tion based on normalized dosage
thresholds for each of the four oral anti-
coagulants currently used world-wide
equal to two-fold the mean therapeutic
dosages for patients with combined
non-VKORCI*2 (homozygous
VKORClI:c.-1639G) and homozygous
wild-type CYP2C9 (CYP2C9*1*1) al-
leles, but without missense mutations in
VKORC1, who achieved stable antico-
agulation INR values (84); and, more re-
cently,

3. a statistical definition based on thera-
peutic dosages greater than subpopu-
lation mean dosages +two-fold the
population dosage standard deviation
(i.e., mean dosage +2) for each of 18
warfarin metabolism genotypes defined
by all the possible combinations of
VKORClI:c.-1639(G ~ or A) and
CYP2C9:*X*Y(for X=1,2,3 and Y=1,2,3)
for large study populations (85).

The discovery that single nucleotide poly-
morphisms in the coding region of the
VKORCI gene, responsible for single
amino acid missense mutations in the
VKORCI enzyme, are associated with war-
farin resistance in humans and rodents is
intimately tied to the discovery of the
VKORCI gene itself (22). Since then, war-
farin resistance in wild rodent populations
has been the thematic material of a dis-
tinctly separate literature from that report-
ing on and investigating human warfarin
resistance. In the remainder of this article
we summarize and compare what is cur-
rently understood about the similarities
and differences in the genetics of warfarin
resistance in humans and rodents.

Human VKORC1 missense mutations

In humans, a large number of SNPs result-
ing in different spontaneous VKORCI mis-
sense mutations have been discovered
through genotyping patients with excep-
tional clinical resistance to OAC therapy
(> Tab. 1). Altogether, 209 cases of warfa-
rin resistance have been published to date
and include a total of 26 individual
VKORCI missense mutations associated
with moderate to extreme or total warfarin
resistance based on reported OAC drug
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Tab. 1 Comprehensive data for human VKORC1T missense mutations associated with warfarin resistance including all literature reports as of 11 April 2013.
mutation  nucleotide patient(s) ID (sex, age)  weekly dose* INR VKORC1 c.-1639 CYP2C9 ethnicity  reference
Ala26Pro ¢.76G>C patient 4 (f, 20) 700 F 140 W 1.1,1.2 *1*1 African Bodin et al. 2008
Ala26Thr c.76G>A 1 (m, 39) 42 P (aborted) 1,0 GG 1" Morrocan ~ Watzka et al.

2011
Leu27Val ¢.79C>G (m, 41) 420 F (aborted), 49W  3-4.5 st *2*3 Bengali Peoc’h et al.
2009
His28GIn c.84C>T 2 (m, 79) 69 P m 2.2 st *3a*3a GG 1" German Watzka et al.
2011
Val29Leu c.85G>T patient C (m, 57) 100 W st GG Lithuanian  Rost et al. 2004
(f, 24) 210 W >2.0 Caucasian  Huff et al. 2005
3 (m, 67) 180 P 2.0-3.0st *1*4a GG 1" Swiss Watzka et al.
2011
Ala34Pro c.100G>C 1 (m, 74) 189 W 2.2 st GG Harrington et al.
2011
Asp36Gly  c.107A>G 0(f? 140 W 2.5-3.0st *3b*3b GG *1*2 Russian Watzka et al.
2011
Asp36Tyr  c.106G>T  (f 41) 75W 3,0 *1*11 Afro-Italian  D'Ambrosio et
al. 2007
(f. 42) 185 W st *1*3 11 Israeli Loebstein et al.
(m, 60) 140W st *1*4 *1*1 ALY
(f, 84) 138W st *1*4 1"
(f, 53) 135W st *1*4 *1*2
(m, 53) 123W st *1*2 1"
(f, 34) 123W st *1*3 11
(m, 55) 80W st *1*2 *1*3
1 patient >140 W *1*2,30r Sephardic  Scott et al. 2008
4 Jewish
49 patients >140 W *1*2,30r Ashkinasic
4 Jewish
1 patient >140 W 11
39 patients 19 *1%1,13 *1%2,7 <------me- (CYP2C9 non-Jewish  Aklillu et al.
*1*3 data to Ethiopian 2008
left)
3 patients no *2,3,4 11
patient 1 (f, 45) 315F 49A, 98 W 1.2,15,2 *1*2 Ashkenasic  Bodin et al. 2008
mother of patient 1 (f, 45) Jewish
father of patient 1 (f, 45)
subject 8 (m, 54) 175-245W st 111 Harrington et al.
2008
4 (f, 39) 50 P 2.2 st *1x*3a GG *1*1 German Watzka et al.
5(m, 7) 140W 20-25st *1y*3b GG *1*1 Afro-Ameri- 2011
can
6 (m, 56) 47 P 2.6 st *1x*4a GG 11 Russian
7 (m, 71) 51 P m 2.5 st *1x*4a GG *1*1
8 (f, 66) 80 W (aborted) 1,2 GG 1"
9 (f, 47) 140 W 2.5st *1x*4a GG *1*1 Turkish
3 unrelated patients 49.7-84.7 (mean 70.0) st *1*1 GA Caucasian  Shuen et al.
w 2012
© Schattauer 2014 Hémostaseologie 2/2014
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Tab. 1 Continued

mutation  nucleotide patient(s) ID (sex, age)  weekly dose* INR VKORC1 c.-1639 CYP2C9 ethnicity reference
Asp36Tyr  ¢.106G>T 1 paediatric patient (f, 2.2) 51 W (15.4 mg/wkis 3.3 st GG non-*2,*3 Moroccan  Moreau et al.
11kg, 0.50m? normal child dosage, 2013
based on 0.2 mg/kg/
day)
patient 1 (MAF 0.025) 98 W st GG 11 Egyptian Shahin et al.
patient 2 87.5W st GG *1x  Cohot 2013
patient 3 84 W st GA 11
patient 4 77TW st GG 11
patient 5 70W st GA 11
patient 6 45.5W st GG 11
patient 7 385W st GA *1*1
patient 8 245W st GA 11
patient 9 245W st GA *1*1
patient 10 21W st GA *3*3
1 patient (MAF 0.060) st Kenyan
3 patients st cohort
5 patients (MAF 0.060) st Sudanese
5 patients (MAF 0.030) st Saudi
Arabian
3 sequenced patients 36+3 A (pop. mean st Spanish Anton et al.
14+6 A) cohort 2013
11 genotyped patients mean 22 A st (3949 total)
Alad1Ser c121GT  (2,?) 109W st non-Asian/  Rieder et al.
non-African 2005
Val45Ala c.134T>C patient D (m, ?) ~complete resistance” GG German Rost et al. 2004
W
Ser52Leu c.155C>T patient 2 63 P (aborted) <2.0 *1*1 *1*3 Dutch Schmeits et al.
2010
Ser52Trp c.155C>G 11 (f, 58) 69 P 2.0-2.2st *3a*4a GG *1*1 German Watzka et al.
2011
Val54leu  c.160G>C  patient 6 (m, 79) 420 F, 56 A, 70 W 1.3,1.2, *1*1 Caucasian  Bodin et al. 2008
1.2
subject 9 (m, 81) 245-266 W st *3/*1 Harrington et al.
9ii-son of subject 9 Al
Ser56Phe  c.167C>T 12 (f, 55) 105 P (aborted) 1,2 *3a*3a GG *1*1 German Watzka et al.
2011
Arg58Gly  c¢.172A>G  patient E (m, 80) 220-250 P st GG Norwegian  Rost et al. 2004
brother 1 of patient E (m,  220-250 P st
82)
brother 2 of patient E (m,  220-250 P st
87)
patient YH (complete di-  no thrombotic - Han Wang et al. 2008
ploid genome sequenced)  condition Chinese
Trp59Arg c.175T>C (m, 79) 126-147 P 2.5-3.5 st non-*2,*3 Caucasian ~ Wilms et al.
2008
patient 1 84 A, 63 P (aborted) 1,4 *1*2 non-*2,*3 Dutch Schmeitz et al.
patient 3 56A, 63 P (aborted) 1,3 *1% non-*2,*3 2010
Hamostaseologie 2/2014 © Schattauer 2014
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Tab. 1 Continued
mutation  nucleotide patient(s) ID (sex, age)  weekly dose* INR VKORC1 c.-1639 CYP2C9 ethnicity  reference
Trp59Cys c177G>T 14 (m, 42) 74 P, s (aborted) 1,0 *3a*3a GG *1*1 German Watzka et al.
Tpsoleu  176G>T 13 (m, 55) 105 P (aborted) 12 GG *1% franian 201
Val66Gly c.197T>G 18 (m, 51) 54 P 2.0st *3a*4a GG *1*2 German
Val6bMet  c.196G>A  (f, 64) >175W 1.7-2.2 Afro-Carri-  Harrington et al.
bean 2005
patient 3 (m, 69) 140 W 3, st 11 Caucasian  Bodin et al. 2008
patient 5 (f, 46) 245 W 3.4 st *1*1 Caribbean
subject 2 (f, 68) 135-175 W st *1/*3 Harrington et al.
subject 5 (m, 78) *3/%4 200
subject 6 (f, 71) 168-245 W st *3/*3
subject 11 (m, 51) 210-294 W st *1/*1
15 (m, 46) 63 P (aborted) 1.2 *3a*4a GG *1*1 Austrian Watzka et al.
16 (£ 51) 72P0,m 23st *1b*1b GG *1*1 Afro- 201
17 (£, 56) 294W 25t (*1b*1b) GG *1*1 Caniiezen
patient 1 (2, ?) Afro-Brazi-  Orsi et al. 2010
patient 2 (2, ?) lian
relative of subjects 2 & 3 224W st Harrington et al.
2011
1 patient (f, cohort 23-45) W 2.0-3.0 Black Mitchell et al.
from 113 patient cohort South- 2011
1 individual (2, ?) from no therapy - African
100 person control group
Gly71Ala  ¢212G>C 19 (m, 48) 42 P, r a f (aborted) 1.2 *3b*4a GG 11 German Watzka et al.
Asn77Ser  c230A>G 20 (f 28) 63 P (aborted) 16 *3a*4b GG *1*3 2ull
Asn77Tyr  c229A>T 21 (m, 50) 175W; 73 P 3.0 st GG *1*3
lle123Asn  ¢.368T>A 22 (f, 68) 147 P (aborted) 1.4 *3b*4a GG 11
Leu128Arg ¢.383T>G  patient F (?,?) ~complete resistance” GG British Rost et al. 2004
W
(m, 63) 315W, 210 P, 84 A, 1,0 Bodin et al. 2005
560 F
(m, 77) 245W 1,5 Irish Ainle et al. 2008
patient 2 (m, 75) 560 F 70A,210P, 350 1.2,-,1, *1*1 Caucasian  Bodin et al. 2008
W 1.2
subject 4 (m, 80) 105-140 A st *3/*3 Harrington et al.
4ii-sister of subject 4 A
4iii-daughter of subject 4
subject 15 (m, 75) 280 W (aborted) *2/*3
1 sequenced patient 36 A (pop. mean 14+6 st Spanish Anton et al.
A) cohort 2013
Tyr139His  c.415T>C 23 (m, 63) 63 P (aborted) 1 *2b*3b  GA *1*1 German Watzka et al.
2011

All mutations are heterozygous unless indicated with +/+ for homozygous. Patient IDs are indicated as in the original references. INR: International Normalized
Ratio; st: stable therapeutic anticoagulation was achieved at the indicated INR value and dosage (mg/week). CYP2C9 and VKORC1 indicate respective haplo-

types, ¢.-1639 indicates the determined VKORC1:c.-1639G>A SNP status where the A variant is associated with ~50% reduction of mRNA with respect to that
of the G variant. OACs: A, acenocoumarol; F, fluindione; acenocoumarol; P, phenprocoumon; W, Warfarin.
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Tab. 2 Additional human VKORC1 missense mutations from clinical laboratories, whole genome and

exome sequencing projects

mutation  nucleotide  NCBI dbSNP clinical reference, data source
identifier significance

Pro8Ser €.22C>T rs200328478 unknown 1000 Genomes

Gly19Ser c.55G>A rs151165999 unknown NHLBI-ESP3

Ala32Glu c.95C>A rs111897490 unknown HGSC - Baylor College of Medicine

Asp36Tyr'2  c.106G>T2 1561742245 unknown

Pro60Leu¥?  c.179C>TY?2  not assigned unknown

Gly62Val c.185G>T rs200917074 unknown NHGRI/NIH The ClinSeq Project

His68Arg ¢.203A>G rs201044348 unknown 1000 Genomes

His68Pro €.203A>C not assigned unknown

His68Tyr €.202C>T rs145273772 unknown NHLBI-ESP3

Leu70Val €.208C>G rs202194968 unknown 1000 Genomes

Pro83Leu'? ¢.248C>TY2 157200749 unknown Tennessen et al. 2012 (NHLBI-NHGRI
Exome Sequencing Project)

Leu111Pro  ¢.332T>C rs201545927 unknown 1000 Genomes

Val112Met  ¢.334G>A rs199740609 unknown CSAgilent ClinSeq project1

Asp130Glu  ¢.390T>G rs183024280 unknown 1000 Genomes

Val143Met  c.427G>A not assigned unknown Tennessen et al. 2012 (NHLBI-NHGRI
Exome Sequencing Project)

Arg151GIn  c.452G>A rs199952041 unknown Center for Statistical Genetics,

University of Michigan

V2:VKORC1T mRNA splice isoform 2 variant; SNPs. 1population includes 662 participants of European
descent from the ClinSeq project, all of whom have undergone whole-exome sequencing.
2AGI_ASP_population, PCR amplification of genomic DNA were analyzed by DNA sequencing. 3Data is
derived from population cohorts participating in the NHLBI Exome Sequencing Project. For a list of
participants see the program website (https://esp.gs.washington.edu/drupal/).

dosages phenotypes (22, 42, 84-94). Addi-
tionally, two naturally occurring VKORCI
missense mutations (VKORC1:p.Asp38Tyr,
p-Argl51Gln) are associated with normal
warfarin sensitivity (63), while 13 missense
mutations have been confirmed through
clinical reports or sequencing projects
where there is currently no information
concerning warfarin sensitivity or resis-
tance phenotype (»Tab. 2 ).

The VKORCI:p.Asp36Tyr mutations
that appear to be fixed in some geographi-
cally isolated (bottlenecked) populations
including Israeli (Ashkenazim and Sep-
hardim), Non-Jewish Ethiopian, European
Ashkenazim Jewish, Russian, Egyptian, Ke-
nyan, Sudanese and Spanish populations,
have reached large enough minor allele fre-
quencies to be considered standing variants
in these populations and occur homo-
zygously in some individuals (95, 96).
However, several individual cases of iso-
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lated heterozygous VKORCI:p.Asp36Tyr
individuals in the USA (one each Afro-
American and Caucasian), Turkey and
Germany also point to independent de
novo events. Another warfarin resistance-
associated mutation VKORC1:p.Val66Met,
appears from literature reports to be fixed
in Afro-Brasilian, Afro-Carribean and
black South African populations. Some
Caucasian, Irish and Spanish individuals
with this mutation likely represent de novo
events. With the exception of these two
VKORC1 mutations, the remaining 24
warfarin resistance-associated mutations
appear to be isolated reports, suggesting
they are all de novo mutations.
Interestingly, three silent coding-region
SNPs have been reported for human
VKORCI that include amino acid residues
Argl2, Cys43 and Leu120.(43, 97) Of these,
the Argl2Arg and Leul20 Leu polymor-
phisms have recently been shown to result

in small, but statistically significantly elev-
ated therapeutic acenocoumarol dosages
(85).

Vkorc1 missense mutations in mice

For the Western European Mus musculus
domesticus mouse species, only six single
Vkorcl missense mutations have been
found to be causative for warfarin and
other 4HC rodenticide resistance
(> Tab. 3) (98-101). Two of these alter the
native Trp59 to either Leu or Ser, while
mutations in Glu37 and Arg58 lead to loss
of formal charge - all three positions lo-
cated in the large extramembraneous loop.
Two  further missense  mutations,
Leul28Ser and Tyr139Cys, appear to com-
prise the most often mutated residues and
are located in two adjacent intermembrane
a-helices near the vitamin K 2,3-epoxide
binding site. Interestingly, since 2011, there
have been reports of warfarin resistant
mice with compound heterozygous mis-
sense mutations reported in Western Eu-
rope that include one Leul28Ser allele and
either Leu124Gln or Tyr139Cys on the sec-
ond Vkcorl allele (»Tab. 4, bottom-most
four entries representing 12 sequenced
specimens) (101). Another unusual devel-
opment involving multiple mutations in
Vkeorl alleles of Mus musculus domesticus
was first documented in 2009, whereby a
combination of three missense mutations
(Argl2Trp, Ala26Ser, Ala48Thr) together
with a single coding region silent polymor-
phism (Glu37Glu), occur with other mu-
tations including the formerly-reported
single missense mutations Leul28Ser and/
or Tyr139Cys, but also together with novel
missense mutations including Arg58Gly,
Arg61Leu, and also various combinations
of these (»Tab. 4, entries above the bot-
tom-most four entries, except for the top-
most entry).

For rodents, Vkorcl missense mutation
arise due to selective pressure by exposure
to 4HC anticogulant rodenticides. Histori-
cally, rodent OAC resistance has been
studied by field sampling, establishment of
outcrossed and homozygous crossbred
strains, and subsequent challenge with ad-
ministered 4HC pesticides to provide com-
plementary data on Vkorcl function, geno-
types, phenotypes and associated bio-
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chemical appraisal of 4HC resistance
(102-108). Warfarin  resistance was
assessed in animals by either survival of a
no-choice feeding regimen with warfarin
(and/or other 4HC based rodenticides) or
by measurement of prothrombin time (PT)
before and after administration of rodenti-
cide.

Recently, acquired resistance to warfarin
and other 4HC-based rodenticides was re-
cently reported by Song et al. (2011),
whereby an entire VKORCI allele was in-
troduced as part of a large ~20 Mb chro-
mosomal region into the European house
mouse species (Mus musculus domesticus)
by mating with the closely related Algerian
species (Mus spretus) and natural back-
crossing of interspecific hybrid offspring
with the European species through a pro-
cess called introgressive hybridization
(100). This combination of mutations had
been previously reported by Rost et al. for
wild European mice collected from the
Westphalia region in Germany prior to
2009, and futher reported by Pelz and col-
leagues from widely spread regions
throughout Germany by 2012 (99, 101).
Algerian mice exhibit a warfarin resistance
phenotype even through they are not
under 4HC rodenticide selection pressure.
Transfer of the M. spretus Vkorcl allele
confers strong resistance to warfarin and
second generation superwarfarin rodenti-
cides for European mice with the intro-
gressed allele (100). M. spretus is known to
be allopatric with M. m. domesticus
throughout southern Spain where the two
species hybridized under selection pressure
from warfarin use.

As new missense mutations are gen-
erally believed to be coupled with fitness
and viability costs, additional compensa-
tory mutations may arise to offset the in-
itial suvival deficits. It appears that mice
have possibly three sources for acquiring
compensatory genetic adaptation of initial
warfarin resistance mutations - firstly, by
acquiring novel, random missense mu-
tations; secondly, by accumulation of mis-
sense mutations already present in the
wild-type genetic background as standing
variants with minor allele frequencies in
populations of the original species; and
thirdly, by adaptive introgression of the
wild-type standing variation of multiple

© Schattauer 2014

Tab. 3 VKORC1 single missense mutations associated with warfarin resistance in Mus musculus sp.;

see legend for Table 1

mutation nucleotide  genotyped  geographic region reference
individuals
Glu37Gly c.110A>G 12 Germany  Berlin Rost et al. 2009
1 Lower Saxony
12 Berlin Pelz et al. 2012
Arg58Gly c.172C>G 13 Westphalia Rost et al. 2009
13 Sassenberg Pelz et al. 2012
9 Germany Song et al. 2011
Trp59Leu +/- c.176G>T 5 Germany  Ahlen Pelz et al. 2012
Trp59Leu +/+ 7
Trp59Leu 1 Germany Song et al. 2011
Trp59Ser +/- c.176G>C 1 Germany  Saarbriicken Pelz et al. 2012
Trp59Ser +/+ 1
Leu128Ser +/+ €.383T>C 6 UK, York (CSL) Pelz et al. 2005
Leu128Ser 17 Germany  Rhineland Rost et al. 2009
1 Bochum Pelz et al. 2012
2 Bonn
" Dresden
5 Gelsenkirchen
6 Kalkar
27 Cologne
1 Linen
64 Magdeburg
2 Neumiinster
1 Oer-Erkenschwick
16 Saarbriicken
15 Stuttgart
" Wesseling
1 Switzerland, Ecublens
1 Azores, Terceira
1 Germany Song et al. 2011
5 UK
Tyr139Cys +/+ c.416A>G 4 UK, Reading (MHR) Pelz et al. 2005
Tyr139Cys 1 Germany, Rhineland Rost et al. 2009
1 Azores, Terceira Island
8 Germany  Altenpleen Pelz et al. 2012
1 Bonn
12 Ennigerloh
27 Switzer- Bern
1 land Zirich
15 Azores Terceira
5 Sao Miguel
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Tab. 4 VKORC1 compound missense mutations associated with warfarin resistance in Mus musculus sp.

mutations nucleotides genotyped geographic region reference
individuals
Arg12Trp, Ala26Ser, (Glu37Glu), Ala48Thr ¢.34C>T, €. 76G>T, (€. 111A>G), c.142G>A wild-type Algeria, Song et al. 2011
Mus spretus Western Mediterranean

Arg12Trp, Ala26Ser, Ala48Thr €.34C>T, ¢.76G>T, c.142G>A 2 Switzerland, Ziirich Pelz et al. 2012
Arg12Trp, Ala26Ser, (Glu37Glu), Ala48Thr €.34C>T, ¢.76G>T, (c.111A>G), c.142G>A 2 Spain Song et al. 2011
Arg12Trp, Ala26Ser, (Glu37Glu), Ala48Thr, ¢.34C>T, €. 76G>T, (c.111A>G), c.142G>A, 2 Germany, Westphalia Rost et al. 2009
hgflias alEzEl 1 Spain Song et al. 2011

7

4 Germany
Arg12Trp, Ala26Ser, Ala48Thr, Arg61Leu €.34C>T, ¢.76G>T, ¢.142G>A, c.182G>T 1 Germany Datteln Pelz et al. 2012

13 Dortmund

1 Frankfurt/Main

6 Hamm

3 Linen

3 Switzer-  Ziirich
Arg12Trp, Ala26Ser, Ala48Thr, Arg61Leu, €.34C>T, ¢.76G>T, c.142G>A, ¢.182G>T, 1 land Bern
Tyr139Cys c.416A>G 1 7tirich
Arg12Trp, Ala26Ser, Ala48Thr, Leu128Ser €.34C>T, ¢.76G>T, ¢.142G>A, ¢.383T>C 4 Germany Stuttgart
Arg12Trp, Ala26Ser, Ala48Thr, Tyr139Cys €.34C>T, ¢.76G>T, c.142G>A, c.416A>G 1

1 Switzer-  Bern

1 land " Zirich
Arg12Trp, Ala26Ser, Ala48Thr, Arg61Leu, €.34C>T, ¢.76G>T, ¢.142G>A, ¢.182G>T, 3 Germany Hamm
Leu128Ser €.383T>C 1 Liinen
Arg12Trp, Ala26Ser, (Glu37Glu), Ala48Thr,  ¢.34C>T, ¢.76G>T, (c.111A>G), c.142G>A, 7 Westphalia Rost et al. 2009
Arg58Gly, Arg61Leu €.172C>G, ¢.182G>T
Arg12Trp, Ala26Ser, Ala48Thr, Arg58Gly, €.34C>T, ¢.76G>T, ¢.142G>A, c.172C>G, 1 Bochum Pelz et al. 2012
Arg61Leu c.182G>T 7 Sassenberg
Arg12Trp, Ala26Ser, (Glu37Glu), Ala48Thr,  ¢.34C>T, €.76G>T, ¢.142G>A, (c.147A>G), 1 Achim
Arg58Gly, Arg61Leu, Leu128Ser €.218G>T, c.383T>C 1 T E—

Berg

Ala26Ser, (Glu37Glu), Ala48Thr, Arg61Leu c.76G>T, (c.111A>G), c.142G>A, c.182G>T 1 Spain Song et al. 2011
Leu124GlIn, Leu128Ser ¢.371T>A, ¢.383T>C 2 Germany Kalkar Pelz et al. 2012
Leu128Ser, Tyr139Cys €.383T>C, c.416A>G 2 Bochum

4 Saarbriicken

4 Azores, Terceira

All silent polymorphisms are indicated in parentheses; see legend for Table 1; * warfarin-resistant wild-type reference species M. spretus (first line entry); wild-type
M. m. musculus and M. m. domesticus are both warfarin-senstive reference species.

coding and non-coding variants from a re-
lated, but distinctly unique, species (100,
109). One can consider introgression of a
wild-type gene with multiple coding vari-
ants from one species to another as essen-
tially passing a pre-optimized cassette of

Hémostaseologie 2/2014

initial and compensatory mutations that
confer adaptive advantage of immediate
benefit. Such an advantage is proposed by
Song et al. to have likely arisen from the de-
velopment of mutations that increased af-
finity for dietary vitamin K as the original

habitat of M. spretus is known to have only
very low dietary sources of vitamin K.
Thus, they hypothesize that, while M. spre-
tus Vkorcl sequence differences arose due
to selection for high vitamin K affinity due
to low dietary vitamin K, the actual sur-
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Tab. 5 VKORC1 single missense mutations associated with warfarin resistance in Rattus sp. (silent polymorphisms in parentheses); see legend for Table 1.

mutation nucleotide genotyped  strain (reference) geographic reference
individuals region
(reference sequence) reference SNPs: many wild-type Rattus Germany Rost et al.
(c.36G, €.123G, c.268A, ¢.294G, norvegicus 2004
¢.321C, c.4110)
(Arg12Arg), lle90Leu, (Ile107lle, (c.36G>A), c.268A>T, (c.321C>A, Rattus Japan Tanaka et
Thr137Thr) cA11C>T) rattus al. 2012
(Arg12Arg, Alad1Ala), lle90Leu, (c.36G>A, c.123G>A), c.268A>T, Rattus China, Guangdong  Wang et
(Arg98Arg, lle107Ile, Thr137Thr) (c.284G>A, c.321C>A, c.411C>T) losea province al. 2008
Arg33Pro €.98G>C 2 wild, trapped in known or UK, Nottingham- Rost et al.
suspected resistance area shire 2009
Arg33Pro ¢.98G>C 7 Japan, Aomori Tanaka et
al. 2013
Arg35Pro c.104G>C 6 USA, Chicago Rost et al.
Arg35Pro, (Ile82lle) ¢.104G>C, (7) 8 2009
Ser56Pro +/+ ¢.166T>C 1 wild resistant assessed by Germany, Miinster-  Pelz et al.
SerS6Pro +/- C166TSC 1 BCR land/Emsland 2005
Phe63Cys, (Ile82lle) c.188T>G 15 wild, trapped in known or UK, Cambidge/ Rost et al.
suspected resistance area Essex 2009
Glub7Lys c.199G>A 6 Japan
1le90Lev, (lle107lle, Thr137Thr) €.268A>T, (c.321C>A, c.411C>T) 5 Indonesia
(Arg12Arg), lle90Leu, (Leu94Leu, (c.36G>A), c.268A>T, (2, c.321C>A, 3 USA, Santa Cruz
lle107lle, Thr137Thr, Ala143Ala) c411C>T,?)
11e90Leu, (Ile1071le, Thr137Thr) €.268A>T, (c.321C>A, ¢.411C>T) 1 Azores, Terceira
1le90Levu, (Leu94Leu, lle107lle, C.268A>T, (2, ¢.321C>A, c411C>T, ?) 1
Thr137Thr, Ala143Ala)
Leu120GIn ¢.359T>A 2 HH, Hampshire resistant UK, Hampshire Pelz et al.
(Greaves & Cullen-Ayres 2005
1988)
Leu120GIn +/- €.359T>A 2 HB1, Berkshire resistant UK, Berkshire
Leu120GIn +/+ c.359T>A 2 HB2, Berkshire resistant
(Hussain 1998)
Leu120GIn c.359T>A 26 wild, trapped in known or Belgium, Demer Baert et al.
suspected resistance area river catchment 2012
Leu128GIn +/+ c.383T>A 2 HS, Scottish resistant UK, Scottland Pelz et al.
(Greaves & Ayres 1973) 2005
Leu128GIn €.383T>A 2 wild, trapped in known or UK, Lancashire Rost et al.
suspected resistance area 2009
Tyr139Cys c.416A>G 10 Rw (Kohn & Pelz 1999) Gemany, Rost et al.
Miinsterland 2004
Tyr139Cys c.416A>G 1 wild susceptible (Kohn & Pelz -
1999)
Tyr139Cys +/+ c.416A>G 12 wild resistant (Thijssen &Pelz) -
Tyr139Cys +/- CA16A>G 4 -
Tyr139Cys +/- c.416A>G 2 wild resistant assessed by UK, Yorkshire Pelz et al.
Tyr139Cys C416A>G e, BEE Denmark i
Tyr139Cys c.416A>G 281 Germany, Minster-
Tyr139Cys c.416A>G 5 wild susceptible assessed by land/Emsland
BCR
© Schattauer 2014 Hémostaseologie 2/2014
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Tab. 5 Continued

mutation nucleotide genotyped  strain (reference) geographic reference
individuals region

Tyr139Cys c.416A>G 1 wild, trapped in known or UK, Norfolk Rost et al.

Tyr139Cys c.416A>G 1 e UK, Gloucestershire AT

Tyr139Cys c.416A>G 9 Hungary, Maglod

(Ile82lle), Tyr139Cys (?), c.416A>G 1 UK, Norfolk

(Ile82lle), Tyr139Cys (?), c.416A>G 2 UK, Lincolnshire

(Ile82lle), Tyr139Cys (?), c.416A>G 1 Hungary, Békés

Tyr139Phe +/+ c.416A>T 1 wild resistant assessed by Belgium, Flanders  Pelz et al.

Tyr139Phe +/- CA16AST 13 B AR

Tyr139Phe +/+ CA16A>T 5 France, Burgundy

Tyr139Phe c.416A>T 6 wild, trapped in known or Korea, Seoul Rost et al.
suspected resistance area 2009

Tyr139Phe C416A>T 81 Belgium, East & Baert et al.

West Flanders 2012

Tyr139Ser +/+ c.416A>C 2 HW, Welsh resistant UK, Wales Pelz et al.
(Greaves & Ayres 1969) 2005

Tyr139Ser c.416A>C 2 wild, trapped in known or UK, Shropshire Rost et al.

Ala143Val, (Ser103Ser, lle107lle,  c.428C5T, (2, c321C>A, c411C>T) 2 B L [T 2009

Thr137Thr)

vival advantage for the M. spretus Vkorcl
allele introgressed into M. m. domesticus is
the pleiotropic effect of reduced affinity for
warfarin binding that effectively confers
warfarin resistance as a survival advantage
in regions where 4HC pesticides are used
(100).

Vkorc1 missense mutations in rats

In three Rattus species distributed world-
wide, 12 distinct single missense mutations
in Vkorcl have been demonstrated to
cause warfarin resistance (P Tab. 5) (22,
98, 99, 110, 111). Interestingly, only one of
these 12 missense mutations is found to
cause warfarin resistance in mice -
Vkorcl:p.Tyr139Cys (»Tab. 1).

For these three species (R. norvegicus
native to Europe, R. rattus native to Japan,
R. losea native to Southeast Asia and
China), compound Vkorcl missense mu-
tations have been reported (P Tab. 6) (98,
99, 112, 113). In France and South Korea
compound Vkorcl missense mutations
comprising Tyr139Phe together with
Arg35Pro and Ala21Thr, respectively, have
been reported. In the UK, compound
Vkorcl missense mutations comprising
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Phe63Cys together with either Ala26Thr or
Tyr39Asn were found. Another compound
heterozygous mutation involved the vari-
ants Leu128GIn and Tyr139Cys in another
region of the UK (»Tab. 6, bottom-most
entry). As  Arg35Pro,  Phe63Cys,
Leul28Gln, Tyr139Cys and Tyr139Phe are
among the known rat single missense mu-
tations responsible for warfarin resistance,
we are temped to speculate that Ala21Thr,
Ala26Thr and Tyr39Asn may be compen-
sating mutations acquired to fine tune
Vkorcl enzymatics after the initial adaptive
mutations arose (P Tab. 6, entries 4-7 from
top). Interestingly, comparison of wild-type
Vkorcl primary protein sequences for the
three rat species shows that Leu90 is a
wild-type residue common to R. rattus and
R. losea, both species native to Asia, while
1le90 is the respective wild-type residue in
R. norvegicus (»Tab. 6, top three entries in
grey-shaded box). By far the largest
number of multiple mutations associated
with warfarin resistance in wild rats in-
cludes the Vkorcl:p.lle90Leu variant
(> Tab. 6, entries 8-20 from top). Also,
wild-type warfarin-resistant R. losea from
China were found to have an additional
Arg58Gly mutation (»Tab. 6, entries

8-10), while a resistant rat of unidentified
species found in Argentina had both
Trp59Arg and Ile90Leu (P> Tab. 6, entry
11). Japanese R. rattus specimens with war-
farin resistance (P Tab. 6, entries 12-16)
were found to have Ala41Thr, Ala41Val,
Arg61Trp, Leu76Pro or both Arg61Trp and
Leu76Pro. Similarly, warfarin-resistant R.
losea specimens found in Indonesia had
either Ile141Val, Ala143Val or both of these
mutations in addition to the native Leu90
(> Tab. 6, entries 18-20). Finally, warfarin
resistant rats found in the Azores, where
the native species is R. novegicus, had both
lle90Leu and Valll2Leu mutations
(»>Tab. 6, entry 17). Interestingly, silent
coding region polymorphisms were also
detected at Leu94, Ile107, Thr137 and
Alal43 suggesting two possible scenarios
for acquisition of this combination of
coding region and non-coding region vari-
ants. The first possibility is that specimens
of R. rattus or R. losea may have invaded R.
norvegicus natural habitats world-wide, es-
tablishing additional warfarin resistance
mutations in new geographic areas. A re-
cent study by Lack et al. supports this hy-
pothesis, but also gives evidence that black
rat taxa (R. tanezumi, R. rattus I, R. rattus
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Tab. 6 VKORC1 compound missense mutations associated with warfarin resistance in Rattus sp.

mutations nucleotides genotyped  strain (reference) geographic reference
individuals region
(reference sequence) reference SNPs: many wild- Rattus Germany Rost et al.
(c.36G, ¢.123G, c.268A, ¢.294G, type norvegicus* 2004
¢.321C, c.4110)
(Arg12Arg), lle90Leu, (Ile1071le, Thr137Thr)  (c.36G>A), c.268A>T, (c.321C>A, Rattus Japan Tanaka et al.
cA11C>T) rattus ™ 2012
(Arg12Arg, Alad1Ala), lle90Leu, (Arg98Arg,  (c.36G>A, c.123G>A), c.268A>T, Rattus China, Guang- Wang et al.
1le107Ile, Thr137Thr) (c.284G>A, c.321C>A, c.411C>T) losea™ dong province 2008
Ala21Thr, Tyr139Phe C.61G>A, c.416A>T 1 wild, trapped in known Korea, Seoul Rost et al.
Ala26Thr, Phe63Cys, (Ileg2lle) C.76G>A, .188T>G, (2) 1 or suspected resistance ;¢ copridges 2009
area
Essex
Arg35Pro +/-, Tyr139Phe -/+ ¢.104G>C, c.416A>T 1 wild resistant assessed  France, Burgundy Pelz et al.
by BCR 2005
Tyr39Asn, Phe63Cys, (Ile82lle) c.115T>A, ¢.188T>G, (?) 1 wild, trapped in known UK, Cambridge/  Rost et al.
or suspected resistance Essex 2009
area
(Arg12Arg, Alad1Ala), Arg58Gly, Ile90Leu, c.172C>G 29 wild warfarin-resistant ~ China, Guang- Wang et al.
(Arg98Arg, lle107lle, Thr137Thr) Rattus losea dong province 2008
(Arg12Arg, Alad1Ala), Arg58Gly, Ile90Leu, c.172C>G 6
(Arg98Arg, lle107lle, Thr137Thr)
(Arg12Arg, Alad1Ala), Arg58Gly, Ile90Leu, c.172C>G, (7) 1
(Cys96Cys, Arg98Arg, lle107Ile, Thr137Thr)
(Arg12Ag), Trp59Arg, lle90Leu, (Leu94Leu, (?), c.175T>A, c.268A>T, (2,2, 2, ?) 7 wild, trapped in known Argentina, Rost et al.
1le107Ile, Thr137Thr, Ala143Ala) or suspected resistance Buenos Aires 2009
area
(Arg12Arg), Alad1Thr, lle90Leu, (lle107lle, (c.36G>A), c.121A>G, c.268A>T, 16 warfarin-resistant by~ Japan, Osaka Tanaka et al.
Thr137Thr) (c.321C>A, c411C5T) PT, APPT, HPT Rattus 2012
(Arg12Arg), Ala41Val, lle90Leu, (Ile107lle,  (c.36G>A), ¢.122T>C, ¢.268A>T, 17 Eliich Japan, Niigata-
Thr137Thr) (c.321C5A, c411C5T) Gunma-Fukuoka
(Arg12Arg), Arg61Trp, 1le90Leu, (lle107Ile, (c.36G>A), c.181T>C, c.268A>T, <38t Japan, Tokyo area
Thr137Thr) (c.321C>A, c.411C>T)
(Arg12Arg), Leu76Pro, lle90Leu, (lle107lle, (c.36G>A), ¢.227C>T, €.268A>T, <44t
Thr137Thr) (c.321C>A, c.411C>T)
(Arg12Arg), Arg61Trp, Leu76Pro, lle90Leu, (c.36G>A), .181T>C, ¢.227C>T, 2-37t
(Ile1071le, Thr137Thr) C.268A>T, (c.321C>A, c.411C>T)
1le90Leu, (Leu94Leu, lle107Ile), Val112Leu, €.268A>T, (2, 7), ¢.334G>T, (2, ?) 2 wild, trapped in known Azores, Terceira  Rost et al.
(Thr137Thr, Ala143Ala) or suspected resistance 2009
lle90Leu, (Ile107lle, Thr137Thr), lle141Val  €.268A>T, (2, 2), c.421A>G 6 area Indonesia
11e90Leu, (Ser103Ser, lle1071le, Thr137Thr), c.268A>T, (2,?,7), c.421A>G 5
Ala143Val
1le90Leu, (Ser103Ser, lle107Ile, Thr137Thr), C.268A>T, (2, 2, ?), c.421A>G, 1
lle141Val, Ala143Val c421A>G
Leu128GIn +/-, Tyr139Cys -/+ €.383T>A, c.416A>G 1 wild resistant assessed Uk, Yorkshire Pelz et al.
by BCR 2005

Silent polymorphisms indicated in parentheses; see legend for Table 1; * warfarin-senstive wild-type reference species (entries 1-3); tSequencing results reported
38 Arg61Trp- and 44 Leu76Pro-bearing indviduals, but some were compound heterozygotes.
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IV) have already hybridized with other
Rattus species on six continents (2). By
analyzing gene sequences for mitochon-
drial cytochrome b, two nuclear genes and
nine microsatellite loci, the authors suggest
that significant hybridization has already
occurred between R. tanezumi to R. rattus
in the USA and from R. tanezumi, to R. rat-
tus IV in Asia. Additionally, there is micro-
satellite evidence for unidirectional intro-
gression from both R. rattus I and R. rattus
IV to R. tanezumi and that introgression
has occurred to such an extent in the USA
and parts of Asia that they were unable to
detect any nuclear genetic signal for R.
tanezumi. Thus, we venture to speculate
that adaptive introgression among Asian
and Western rat species may have played a
role in the development in warfarin resis-
tance in Western species. Further study
and comparison of the fully sequenced
Vkorcl genes of Western and Asian
species, including 5-UTR, introns and
3’-UTR flanking regions will be required to
test this hypothesis.

Comparision of VKORC1/Vkorc1
missense mutations

To summarize the distribution of warfarin
resistance-associated ~ VKORC1/Vkorcl
mutations of the 26 human, 22 rat and 13
mouse substitutions, there is a total of 37
positions in the protein primary sequences
(nearly one-quarter of the amino acid resi-
dues) where naturally occuring warfarin
resistance mutations have been found ac-
cross species. These positions are obseved
to cluster in the predicted large ER lumenal
loop (assuming the 4TMH topology) and
topologically adjacent regions of predicted
TM helices 1, 3 and 4 (Fig. 4 of Watzka et
al. 2011) (84).

Compared to the 26 distinct VKORCI
single missense mutations associated with
warfarin and other 4HC oral anticoagulant
resistance in humans, there are relatively
few rat and mouse 4HC rodenticide-as-
sociated Vkorcl single missense mutations
(ten and six, respectively). Thus, the vast
majority of the single missense mutations
appear to be species-specific in humans,
mice and rats. Strikingly, of the OAC resis-
tance missense mutations that are common
among these mammalian species, four mu-
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tated residue positions are shared among
all three species (Ala26, Trp59, Leul28 and
Tyr139). Humans and mice share only one
mutated residue (Arg58) associated with
warfarin resistance. Similarly mice and rats
share just one warfarin resistance mutation
(Arg61). Humans and rats share three mu-
tated positions (His28, Ala41, Ser56).

Selection pressure and pleiotropy in
rodents

With respect to singly occurring rat Vkorcl
missense mutations, there is evidence that
at least some warfarin resistance-associated
mutations (e.g., Leul28Gln and Tyr139Ser)
actually confer an increased dietary vit-
amin K requirement and which, in turn,
cause decreased fitness in the absense of
4HC rodenticides. Whether VKOR enzy-
matic efficiency (i.e., enzymatic ,fitness®)
is improved by the warfarin-resistance mu-
tations is a theme that had previously been
examined by Lasseur and coworkers in a
carefully performed series of Vkorcl enzy-
matic studies of resistant rat and mouse
strains (114-116). Interestingly, Czogalla et
al. recently showed that most of the human
warfarin-resistant mutations are associated
with inceased VKOR enzymatic activity
compared to that of the wild-type enzyme
(117).

Sources of warfarin
resistance genetics data

In collecting compehensive data for this re-
view, we also included data from publicly
available genomics databases and clinical
repositories with entries for both non-
coding polymophisms as well as coding re-
gion missense mutations. Specifically, we
used the NCBI databases dbSNP, dbVar,
OMIM, and ClinVar (»www.ncbi.nlm.
nih.gov/). While some databases indicate
that some of the human polymorphisms
have clinical significance, the overwhel-
ming majority of the entries from either
whole genome-sequencing or exomic se-
quencing projects reflect individuals who
do not suffer clinical thrombotic symptoms
and who have never been prescribed OAC
therapy and for whom no VKORCI phe-
notypes are known.

The NCBI Database for Short Genetic
Variations (dbSNP) currently includes 161
human SNPs for VKORCI, although
among these only five of 26 known warfa-
rin resistance missense mutations are rep-
resented. Additionally, 34 Rattus norvegicus
SNPs are included in dbSNP. Ten are non-
coding region polymorphisms, five are
silent coding region polymorphisms
(Argl2Arg, Ile82Ile, Ser103Ser, Alal43Ala,
Thr137Thr), and 19 are warfarin resis-
tance-associated ~ missense  mutations
(Ala21Pro, Ala26Pro, Arg33Pro, Arg35Pro,
Tyr39Asn, Ser56Thr, Trp59Arg, Phe63Tyr,
Glu67GlIn, Ile90Leu, Leu94lle, lle107Met,
Vall12Met, Leul20GIn, Leul28Gln,
Tyr139Phe, Ile141Leu, Prol54Leu,
Alal43Glu). We could confirm, for
example, that the Ile90Leu mutation, corre-
sponding to the wild-type residue Leu90 in
Asian rat species R. losea and R. rattus, has
been found in R. norvegicus under the
dbSNP entry rs66459383. For Mus muscu-
lus there are currently 139 SNPs and small
insertions (<10 bp) listed in the dbSNP.

The NCBI database for genomic struc-
tural variation (dbVar) currently includes
only a few entries including two insertions
and one copy number variation in human
VKORCI, and one mobile element inser-
tion in mouse Vkorcl. Structural variants
are reported in the chromosome 16 region
including VKORCIof J. Craig Venter’s di-
ploid  genome  (esv1077864  and
esv1138521, both are insertions ~3 kbp
3-UTR to VKORCI) (118). Additional
variants to the Venter genome set from
Levy et al. 2007, including several addi-
tional completed human genomes, re-
ported an additional single gene copy
number gain of 629 bp occurring in the
3’-UTR flanking region of VKORCI.(119)
The mobile element insertion esv628164 in
the second Vkorcl intron of the species M.
m. domesticus has not yet been functionally
investigated.(120) Unexpectedly, we were
able to link a genomics reference for the
VKORCL1:p.Arg58Gly warfarin resistance
missense mutation to a literature reference
of a study by Wang et al. 2008 (see their
Supp. Table S11) in which the diploid ge-
nome sequence of one Asian individual
was presented (121). This patient has no
history of thrombotic disease or other
known genetic diseases, has not ever been
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treated with OACs, but carries the warfarin
resistance mutation. To our best know-
ledge, this is the first documentation for an
Asian individual with a warfarin resistance
mutation (see Table 1; also indexed as
HGMD entry: CM040501). Among medi-
cal practisioners and communities, it has
been speculated that the rather obvious
lack of Asian OAC patient reports of high
warfarin dosage requirements probably
due to the common knowledge that Asias
require the lowest dosages world-wide and
so physicians may be afraid to try substan-
tially increasing dosage for fear of causing
severe bleeding and possible death.

In the Online Mendelian Inheritance in
Man (OMIM, »http://omim.org/), the
entry #122700 for COUMARIN RESIS-
TANCE surprisingly does not lead to any
linked VKORCI genotype/phenotype data.
However, an alternative entry,
*608547.VITAMIN K EPOXIDE REDUC-
TASE COMPLEX, SUBUNIT 1; VKORC1,
does list warfarin-associated missense mu-
tations, but is very outdated and includes
only the original four human warfarin re-
sistance missense mutations reported by
Rost et al. in 2004 (22).

Finally, NCBI ClinVar is a new database
launched in early 2013 that is intended to
eventually supersede dbGAP, dbSNP and
dbVar. Current entries for VKORCI
number only 14, among which are only five
of the 26 missense mutations associated
with human warfarin resistance.

Conclusion

In this review, we aimed to summarize the
current knowledge of warfarin resistance
mutations, especially addressing similari-
ties and differences between warfarin and
other OAC resistance-associated VKORC1
/Vkorcl missense mutations in human, rat
and mouse populations. With only two ex-
ceptions (VKORC1:p.Asp36Tyr,
VKORCI:p.Val66Met), human OAC resis-
tance-associated missense mutations, likely
due to de novo mutations, represent ex-
tremely rare events.

Mouse and rat populations appear to
acquire OAC resistance by 4HC pesticide
selection pressure through either single or
multiple Vkorcl missense mutations on

© Schattauer 2014

one or both Vkorcl alleles. Potential mech-
anisms include de novo mutations, selec-
tion of standing variants, and adaptive in-
trogression of complete VkorcI alleles from
distinctly different species. We hope to
have shed some light on the subject of
comparative genetics of warfarin resistance
among humans, mice and rats, and that
awareness araised will lead to future studies
of similarities and differences between
human and rodent VKORCI1 /Vkorcl
mutations and the mechanisms underlying
them.
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