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Background: Effective involvement of VKORCI1L1 in vitamin K epoxide reductase activity, target of vitamin K antagonists

(VKAS), is still unclear.

Results: VKORCI1L1 is not inhibited by VIKKAs and catalyzes VKOR activity in extrahepatic tissues.
Conclusion: During long term anticoagulation the limited unwanted side effects of VKAs are due to VKORCI1LI.
Significance: Potential pharmaco-toxicologic effects of specific VKORCI1L1 inhibitors should be assessed.

Vitamin K is involved in the y-carboxylation of the vitamin
K-dependent proteins, and vitamin K epoxide is a by-product of
this reaction. Due to the limited intake of vitamin K, its regen-
eration is necessary and involves vitamin K 2,3-epoxide reduc-
tase (VKOR) activity. This activity is known to be supported by
VKORCI1 protein, but recently a second gene, VKORCILI,
appears to be able to support this activity when the encoded
protein is expressed in HEK293T cells. Nevertheless, this pro-
tein was described as being responsible for driving the vitamin
K-mediated antioxidation pathways. In this paper we precisely
analyzed the catalytic properties of VKORC1L1 when expressed
in Pichia pastoris and more particularly its susceptibility to vita-
min K antagonists. Vitamin K antagonists are also inhibitors of
VKORCI1L], but this enzyme appears to be 50-fold more resis-
tant to vitamin K antagonists than VKORCI. The expression of
Vkorcl1ll mRNA was observed in all tissues assayed, i.e. in
C57BL/6 wild type and VKORC1-deficient mouse liver, lung, and
testis and rat liver, lung, brain, kidney, testis, and osteoblastic cells.
The characterization of VKOR activity in extrahepatic tissues dem-
onstrated that a part of the VKOR activity, more or less important
according to the tissue, may be supported by VKORC1L1 enzyme
especially in testis, lung, and osteoblasts. Therefore, the involve-
ment of VKORCI1L1 in VKOR activity partly explains the low sus-
ceptibility of some extrahepatic tissues to vitamin K antagonists
and the lack of effects of vitamin K antagonists on the functionality
of the vitamin K-dependent protein produced by extrahepatic tis-
sues such as matrix Gla protein or osteocalcin.

Vitamin K-dependent y-glutamyl carboxylase (GGCX)>
converts glutamate to a carboxylated glutamate (Gla) of a lim-
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ited number of protein called vitamin K-dependent proteins
(VKDPs) (Fig. 1). These proteins correspond either to proteins
involved in the coagulation process, coagulation factor II, VII,
IX, and X and protein C, S, and Z synthesized in the liver or to
proteins produced by extrahepatic tissues such as osteocalcin
(OC) (1), matrix Gla protein (MGP) (2), periostin 1 (3), Gas6
protein (4), and Gla-rich protein (5).

The extent of the y-carboxylation is crucial for these pro-
teins. y-Carboxylated MGP is a major inhibitor of vascular cal-
cification whereas the undercarboxylated form is inactive (6).
On the other hand, undercarboxylated OC appears to act as a
hormone produced and secreted by the bone and targeting the
pancreas to increase insulin production (7, 8) whereas carbox-
ylated OC accumulates in the bone and binds strongly and
selectively to hydroxyapatite in an association in which the
y-carboxyglutamyl side chains interact directly with the min-
eral surface.

Whereas GGCX produces Gla residues in the substrate pro-
tein, the co-substrate of GGCX, vitamin K hydroquinone (vit
KH?2), is oxygenated into vitamin K 2,3-epoxide (vit K>O) (9)
(Fig. 1). Because the dietary intake of vitamin K (vit K) is limited,
vit K>O must be recycled to vit KH2 before it can be reused. In
this way, one molecule of vit K can assume approximately 500
carboxylation reactions (10). This reaction is catalyzed by the
vitamin K epoxide reductase (VKOR) activity. This activity is
inhibited in a noncompetitive manner by vitamin K antagonists
(VKAs) (11) (Fig. 1). In 2004, two groups simultaneously described
the gene VKORCI (12, 13), which encodes the VKORC]1 protein.
The recombinant VKORCI protein expressed either in HEK293T
cells (12) or in baculovirus (14) or in Pichia pastoris (15, 16) effec-
tively catalyzes the VKOR activity and is inhibited by VKAs.

In vivo, VKAs actively inhibit VKORCI in the liver and thus
limit the y-carboxylation of hepatic VKDPs, resulting in an

VKA, vitamin K antagonist; VKDP, vitamin K-dependent protein; vit KH2,
vitamin K hydroquinone; vit K>0, vitamin K 2-3 epoxide; VKOR, vitamin K
epoxide reductase; VKORC1, vitamin K epoxide reductase complex subunit
1; VKORC1L1, VKORC1-like 1.
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FIGURE 1. The vitamin K cycle.

intense anticoagulant effect. Surprisingly, limited side effects
such as arterial calcifications or modifications in energetic
metabolism were observed in human (17, 18) although these
VKAs are used extensively worldwide. The number of dis-
pensed outpatient prescriptions for warfarin increased by 45%,
from 21 million in 1998 to nearly 31 million in 2004 (19). Nev-
ertheless, arterial calcifications were observed in human only
after many years of VKA treatment (20, 21). In laboratory ani-
mals, ectopic calcifications were observed in mice ApoE '~
treated by warfarin (20). Similarly, OC depletion in bone was
observed consecutively to the use of warfarin (22, 23). Never-
theless, the dose of warfarin used in both studies was com-
pletely disproportionate compared with the therapeutic dose
used in human medicine. Indeed, the dose was, respectively,
~60 mg/kg/day and ~77 mg/kg/day whereas the human posol-
ogy is 5 mg/human per day, which is about 0.1 mg/kg/day. In
rats, a similar dosage, 0.08 mg/kg/day, is sufficient to obtain
50% mortality due to excessive bleeding if repeated for 90 days.
As a consequence, extrahepatic tissues seem to present a low
susceptibility to VKA compared with liver. Pharmacokinetics
or limited entry in cells could be considered as an explanation of
this phenomenon. A limited susceptibility of VKOR activity to
VKAs could be another explanation.

Until 2011, VKORCI1 protein was considered as the only
protein supporting VKOR activity. Nevertheless, vertebrate
genomes include two paralogous enzymes, VKORCI1 and
VKORCI1-like 1 (VKORCI1L1), likely resulting from a gene
duplication of an early common VKOR ancestor. In 2011,
Westhofen et al. demonstrated that the VKORCILI gene
encodes a protein able to reduce vit K>O to vit K when
VKORCILI is expressed in HEK293T cells (24). Nevertheless,
this VKOR activity was described to present a low enzymatic effi-
ciency. Westhofen et al. suggested that this enzyme preferably
reduced vit K to vit KH2. Therefore, VKORC1L1 was proposed to
be responsible for driving vitamin K-mediated intracellular anti-
oxidation pathways critical to cell survival by generating vit KH2
(24), a potent biological antioxidant, without considering its
involvement in the y-carboxylation of VKDPs. The aim of this
study was to determine whether VKORC1L1 may assume VKOR
activity in extrahepatic tissues and thus rescue VKOR activity in
the absence or inhibition of VKORCI protein.
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EXPERIMENTAL PROCEDURES

Animals—Male OFA Sprague-Dawley rats (9 weeks old) and
male C57BL/6 mice were obtained from a commercial breeder
(Charles River, L’arbresles, France) and acclimated for a mini-
mal period of 5 days. Food and water were available ad libitum.
VKORCI1 knock-out male mice (25) were obtained from the
Institute of Transfusion Medicine and Immunohematology
(Frankfurt, Germany). Mice were maintained alive for 9 weeks
by daily oral administration of vit K;. Depending on the weight
of the mice, they received a dose between 50 mg/kg body weight
(newborns) and 5 mg/kg body weight for the adult mice. Rats
and mice were killed by decapitation. Liver, lung, kidney, brain,
and testis were removed quickly and used immediately for RNA
extraction.

Osteosarcoma Cell Culture—The rat osteosarcoma cell lines
ROS 17/2.8 were a generous gift from Merck and were used
between passages 4 and 8. Cells were grown in 75-cm? culture
plates (Falcon, VWR International, Strasbourg, France) with
DMEM (Invitrogen) supplemented with 10% (v/v) heat-inacti-
vated fetal bovine serum (Perbio Science, Brébieéres, France)
and 100 units/ml penicillin/streptomycin (Invitrogen). The cul-
tures were incubated at 37 °C in a humidified atmosphere of
95% air and 5% CO,. Cells were subcultured twice a week.
When grown to confluence, cells were harvested and resus-
pended in RNAprotect Cell Reagent (Qiagen) for RNA extrac-
tion or in Hepes-glycerol buffer (50 mm Hepes, pH 7.4, contain-
ing 20% glycerol) for preparation of cell by sonication.

Total RNA Extraction and cDNA Synthesis—Total RNA was
extracted from five different tissues (liver, testis, lung, brain,
and kidney) first with TRIzol reagent (Invitrogen) and then by
using the SV Total RNA Isolation System (Promega). For each
tissue or cell culture, three separate RNA extractions were
made. RNA concentration and purity were analyzed using a
UV-160A spectrophotometer (Shimadzu, Roucaire, France),
measuring spectral absorption at 260 and 280 nm. cDNA tem-
plates were synthesized from 100 ng of total RNA in a final
volume of 20 ul containing 500 pmol of oligo(dT),s and 200
units of Moloney murine leukemia virus reverse transcriptase
(Invitrogen) according to the manufacturer’s protocol.

Quantitative Real-time PCRs—Quantitative real time-PCRs
were performed with the MX3000P qPCR Machine (Strat-
agene) using primers for Vkorcl, VkorclL1, Ggcx, or Ngol.
Primer sequences for Vkorcl amplification were 5'-TCCCGC-
GTCTTCTCCTCT-3' (forward) and 5'-CGTCCCCTCAAG-
CAACCTA-3' (reverse). Primer sequences for Vkorc1l1 ampli-
fication were 5'-CGAGCCAAACAGTGTCTTTGGACTTA-3’
(forward) and 5'-TGTGGTGACGCAGATGATGCAA-3’
(reverse). Gapdh was used as a housekeeping gene. Sequences
of the Gapdh primers were as follows: 5'-CAGAACATCATC-
CCTGCATC-3’ (forward) and 5'-CTGCTTCACCACCTTC-
TTGA-3" (reverse). The housekeeping gene was amplified
under the same conditions used for the amplification of the
target genes. Briefly, in a final volume of 20 ul, 5 ng of cDNA
was added to an optimal amplification reaction mixture con-
taining 5X HOT BIOAmp Evagreen® qPCR Mix (Biofidal,
Vaux-en-Velin, France) and a 200 nMm concentration of each
primer. Thermal cycling was as follows: activation of the HOT
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BIOAmp® DNA polymerase at 95 °C for 15 min and 40 cycles of
amplification (95 °C for 30 s, 60 °C for 40 s, and 72 °C for 30 s).
To determine the specificity of amplification, analysis of prod-
uct melting was conducted after the 40 cycles of amplification:
amelting curve was obtained by increasing the temperature at a
rate of 0.01 °C/s from 60 to 95 °C. In these conditions, Vkorcl
and Vkorcl1ll amplification efficiencies were similar (respec-
tively, 101 and 99%) and allowed the comparison of their rela-
tive expression. The point at which the PCR product is first
detected above a fixed threshold, the thermal cycle threshold
(C,), was determined for each sample in duplicate, and the aver-
age Ct of duplicate sample was calculated. To determine the
quantity of the target gene-specific transcripts present in differ-
ent tissues relative to the control, their respective Ct values
were normalized by subtracting the Ct value obtained from the
Gapdh control (rCt = Ct target — Ct control), and the relative
concentration was determined using 2",

Plasmid Constructions—Human and rat VKORCI and
VKORCI1L1 coding sequences fused with a c-myc tag via a flex-
ible (GGS); in its 3'-extremity was optimized for heterologous
expression in yeast and synthesized by GenScript (Piscataway,
NJ). Synthesized nucleotide sequences included EcoRI and Xbal
restriction sites at their 5'- and 3'-extremities, respectively. These
nucleotide sequences were subcloned into pPICZ-B (Invitrogen)
and sequenced on both strands.

Heterologous Expression in P. pastoris—Heterologous expres-
sions of VKORC1 and VKORC1L1 proteins were performed in
P. pastoris as described previously (15, 16). pPICZ-VKORC1 or
VKORCILLI vectors were individually transformed into the P.
pastoris SMD1168 yeast strain using the P. pastoris Easy Comp
Transformation kit (Invitrogen). Transformants were selected
on YPD plates (1% (w/v) yeast extract, 2% (w/v) peptone, 2%
(w/v) dextrose) containing 100 ug/ml zeocin (Invitrogen). The
cells were grown in BMGY medium (1% (w/v) yeast extract, 2%
(w/v) peptone, 100 mM potassium phosphate, pH 6.0, 1.34%
(w/v) yeast nitrogen base, and 1% (v/v) glycerol). Expression
was induced by methanol (1%, v/v) for 48 h at 30 °C in a rotary
shaker (200 rpm). Yeast cells were collected by centrifugation
(3000 X g for 10 min) and immediately frozen at —20 °C.

Subcellular Fractionation of Recombinant Yeast Cells—Yeast
microsomes were prepared from thawed yeast cells by differen-
tial centrifugation. Briefly, yeast cells were resuspended in 50
mMm phosphate buffer, pH 7.4, containing 1.15% (w/v) KCL
Yeast cells were broken with zircon beads using Dispermat®
LC30 (VMA-GETZMANN) (15 min at 3500 rpm) continuously
at4 °Cand further submitted to differential centrifugation. The
100,000 X g pellet corresponding to the membrane fraction was
resuspended by Potter homogenization in Hepes glycerol
buffer (50 mm Hepes, 20% glycerol, pH 7.4). Protein concentra-
tions were evaluated by the method of Bradford using bovine
serum albumin as a standard. Microsomes were frozen at
—80 °C and used for kinetic analysis.

Immunoblot Analysis—Expression level quantification of
VKORCI1 and VKORCI1LI1 proteins in microsomal fractions
was determined by Western blotting as described previously
(16). Microsomal proteins were separated on 12% SDS-poly-
acrylamide gel electrophoresis, transferred onto Immobilon-P
membranes, and probed with anti-c-myc antibodies (Invitro-
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gen). The resulting immunocomplexes were visualized using
alkaline phosphatase-conjugated anti-mouse immunoglobu-
lins as secondary antibodies and a 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium solution. Quantification of
the stained bands was performed by densitometry using the
Scion Image software. The relative intensity of the signal was
correlated with the quantity of microsomal proteins. The rela-
tion was linear from 0 to 50 ug for microsomal proteins.

To evaluate the expression level of VKORCI1 and VKORCIL1
proteins, the expression of wild type human VKORC1 was des-
ignated as the basal expression. For the quantification of rat
VKORCI or human VKORCI1L1 or rat VKORCILI, the same
unique pool of yeast microsomes containing human VKORC1
was used. Therefore, its expression factor was by definition
1. The expression level of rat VKORC1 or human or rat
VKORCIL1 was evaluated by comparison with the expression
of human VKORCI. For this purpose, various amounts (from 0
to 20 pg) of microsomal proteins containing human VKORC1
and various amounts (depending on the expression level) of
microsomal proteins containing rat VKORC1 or human or rat
VKORCILI were analyzed on the same Western blot. Two lin-
ear relations (relative intensity = a X quantity of microsomes
loaded) were obtained, the first one for microsomes containing
human VKORCI (characterized by a specific slope a™V<©*<"),
the second one for microsomes containing rat VKORC1 or
human or rat VKORC-1L1 (characterized by a slope a**®").
The ratio a'"8/g"V <R allowed us to determine the expres-
sion factor characterizing the expression level of rat VKORC1
or human or rat VKORCILI in the microsomal fraction com-
pared with the expression level of the human VKORCI.

VKOR Activity Assays and Kinetics—Microsomal VKOR
activity was assayed as described previously (15, 16). Briefly,
standard reactions were performed in 200 mm Hepes buffer, pH
7.4, containing 150 mm KCl, 1 mm dithiothreitol, 0.25 to 2
g'liter " of total proteins containing membrane VKORCI1. The
reaction was started by the addition of vit K;>O solution in 1%
Triton X-100 and incubated at 37 °C for 30 min. In these con-
ditions, the reaction was linear according to the time of incu-
bation and the quantity of incubated proteins. After incubation
at 37 °C for 30 min, the reaction was stopped by adding 4 ml of
iced 1:1 isopropyl alcohol/hexane solution. After centrifugation
at 5000 X g for 10 min, the hexane layer was removed and dried
under nitrogen. The dry residue was immediately dissolved in
0.2 ml of isopropyl alcohol, and the reaction product was ana-
lyzed by liquid chromatography-mass spectrometry.

The LC-APCI/MS/MS used was a 1100 Series LC/MSD ion
Trap VL with an atmospheric pressure chemical ionization
(APCI) interface and a LCMS Chemstation software from Agi-
lent Technologies (Palo Alto, CA). Chromatographic separa-
tion was performed using a SunFire reverse phase C8 column
(4.6 mm X 150 mm, 5 um; Waters) with a mobile phase of
methanol, 0.1% acetic acid (95:5) in isocratic conditions. The
column temperature was 45 °C. The flow rate in the LC column
was 1 ml/min. The injection volume was 20 ul. The tempera-
ture of the autosampler tray was set to 5 °C, and the samples
were protected from the daylight. Detection was by MS/MS
with atmospheric pressure chemical ionization source in posi-
tive mode. Nebulizer pressure was set to 60 psi, dry gas temper-
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FIGURE 2. Analysis of expression of VKORC1, VKORC1L1, GGCX, and
NQO1 mRNA in 9-week-old-male OFA Sprague-Dawley rats. Total RNA
(100 ng) isolated from liver, lung, kidney, brain, and testis was used to quan-
tify by real-time PCR mRNA expression of the four enzymes involved in the
vitamin K cycle. Each data point represents the mean of four animals *+ S.D.
(error bars). Three separate determinations were made for each animal.

Lung

ature to 350 °C, dry gas flow to 5 liters/min, and vaporizer tem-
perature to 400 °C. Capillary voltage was set to 4000 V, corona
needle to 4000 nA, and CID to 1 V. Collision gas in the trap was
helium with a pressure of 0.6 * 10~ ® mbar. Identification criteria
for vit K, are the retention time (tr = 4.1 min) and the product
ion 451 — 187 (m/z (+) = 187). Identification criteria for vit
K;>O0 are the retention time (tr = 3.4 min) and the product ion
467 — 307 (m/z (+) = 307). Linearity and accuracy were tested
from 25 to 2000 ng/ml (n = 20). The response was linear
throughout the concentration range tested with a coefficient of
correlation (r*) above 0.99. Accuracy was between 80 and 120%
of the theoretical concentrations.

K., Vinaw and K; values were obtained from at least three
separate experiments performed on two different batches of
protein. The estimation of K, and V. values was achieved by
the incubation of at least nine different concentrations of vit
K>O (from 0.003 to 0.2 mMm) to the standard reaction. Incuba-
tions were performed in duplicate. Data were fitted by nonlin-
ear regression to the Michaelis-Menten model using the R-fit
program.

To evaluate the inhibiting effect of warfarin on VKOR activ-
ity, K; was determined after the addition of various concentra-
tions of anticoagulant to the standard reaction in the presence
of increasing amounts of vit K>O (from 0.003 to 0.2 mm) using
anticoagulant concentrations from approximately 0.05 to 20X
K. Data were fitted by nonlinear regression to the noncompet-
itive inhibition model v = (V,./(1 + (I/K}))) * (S/(K,, + S))
using the R-fit program.

ax

RESULTS

Vkorcl and Vkorclll mRNA Distribution in Rat Tissues—
The presence of mRNA for Vkorcl or Vkorclll was assessed by
real-time PCR in various tissues (i.e. liver, lung kidney, brain,
and testis) from 9-week-old male OFA Sprague-Dawley rats.
Fig. 2 shows patterns of the expression of mRNA encoding both
enzymes but also the other enzymes involved in the vitamin K
cycle (i.e. GGCX and NQO1) in these tissues. The presence of
Vkorcl, Vkorclll, Ggcx, and Ngol mRNA was systematically
detected in all of the tissues screened in this study. As expected,
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FIGURE 3. Evolution of VKORC1 and VKORC1L1 in different rat tissues as a
function of age. Total RNA (100 ng) isolated from liver, lung, kidney, brain,
and testis was used to quantify by real-time PCR mRNA expression of Vkorc1
and Vkorc1l1. Each data point represents the mean of four animals = S.D.
(error bars). Three separate determinations were made for each animal.

Vkorcl was strongly expressed in the liver. In the other tissues,
its expression was much lower (i.e. 4- to 8-fold lower in the
kidney/lung/testis and 30-fold lower in the brain). Vkorc1l1 was
also detected in all the tissues. Nevertheless, the levels of
Vkorcl1ll expression were much more uniform between tissues
with variations from 1 to 7 and between. Because PCR efficien-
cies for Vkorcl and Vkorclll are identical, comparison of
Vkorcl and Vkorclll expression levels was possible. In liver,
expression of Vkorcl mRNA was highly predominant (i.e.
10-fold higher) compared with Vkorclll mRNA expression
(Fig. 2). In lung and kidney, Vkorcl was a little more expressed
than Vkorclll, whereas in brain and testis Vkorcl was a little
less expressed than Vkorclll (Fig. 2). Expression of VKORC1
and VKORC1L1 mRNA was almost not influenced by the age
(Fig. 3).

Vkorcl and Vkorclll mRNA Distribution in Rat Osteosar-
coma Cell Lines ROS 17/2.8—Because OC, a crucial VKDP
involved in bone metabolism and glucose homeostasis, is
secreted by osteoblasts, the expression of the enzymes involved
in vitamin K cycle was explored in cells with phenotype of
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DMEM supplemented with 10% FBS and 100 units/ml penicillin/streptomy-
cin. Total RNA isolated from ROS cells was used to quantify by real-time PCR
mRNA expression for the four enzymes involved in the vitamin K cycle and for
OC and alkaline phosphatase (ALP). Each data point represents the mean of
four different cultures of ROS 17/2.8 cells = S.D. (error bars). Three separate
determinations were made for each culture.
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FIGURE 5. Analysis of VKORC1L1 expression in different tissues of adult
male VKORC1-deficient mice compared with wild type mice. Total RNA
(100 ng) isolated from liver, lung, kidney, brain, and testis was used to quan-
tify by real-time PCR mRNA expression of Vkorcl and Vkorc1l1 enzymes
involved in the vitamin K cycle. Each data point represents the mean of three
animals = S.D. (error bars). Three separate determinations were made for
each animal.

osteoblast-like, ROS 17/2.8. This phenotype was confirmed by
the detection of mRNA encoding the alkaline phosphatase and
OC (Fig. 4). In these cells, the presence of mRNA for all of the
enzymes involved in the vitamin K cycle (ie. VKORCI,
VKORC1-L1, GGCX, and NQO1) was detected whatever the
number of passages was (from 4 to 8) (Fig. 4). Vkorc1ll mRNA
were little more expressed than Vkorcl mRNA, as described in
rat testis.

VKORCI1L1 mRNA Expression Is Not Modified in VKORCI1-
deficient Animals—Expression of Vkorclll mRNA was
assessed in VKORC1 knock-out mice compared with wild type
mice (Fig. 5). In wild type mice, Vkorcl and Vkorclll were
expressed in liver, lung, and testis, and their distribution was
similar to that described above for rats. In liver, expression of
Vkorc1 mRNA was highly predominant (i.e. 5-fold higher) com-
pared with Vkorcill. In lung, Vkorcl was a little more
expressed than Vkorcll1.In testis Vkorcl was less expressed
than Vkorcill. In VKORCI1-deficient mice, Vkorclll expres-
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TABLE 1

Apparent kinetic parameters toward vit K;>0 and inhibition con-
stants toward warfarin obtained for yeast microsomes expressing
recombinant VKORC1 or VKORC1L1 proteins

To determine the VKOR activity, standard reactions were performed in 200 mm
Hepes buffer, pH 7.4, containing 150 mm KCI and 0.25-2 grliter ™' microsomal
proteins expressing membrane wild type or mutant VKORC1. The V, .. values
determined at saturating concentration of vitamin K epoxide substrate were evalu-
ated after normalization of the recombinant protein expression level by immuno-
quantification by Western blotting as described under “Experimental Procedures.”
Each data point represents the mean = S.D. of three individual determinations.

Protein K, Vinax Vinax! K,ps K;
JnYs pmolmin~tmg™ ! nlmin'mg! M
total protein total protein
hVKORC1 215*42 74=*05 344 1.8 0.2
hVKORCIL1 24.1*+3.0 20.7*0.9 859 52.0*3.0
rVKORC1 19.6 1.6 266.7 =88 13607 0.6 = 0.04
rVKORC1L1 35.0=*3.0 168 %05 480 326 £19

sion was unchanged compared with wild type mice, whereas
Vkorcl mRNA was effectively not expressed.

VKORCILI, an Enzyme Highly Resistant to Vitamin K Anta-
gonists—To assess the functional properties of VKORCIL1
enzymes, human and rat VKORCI1L1 proteins were overex-
pressed in P. pastoris, as described for human and rat VKORC1
(15, 16). All of the recombinant proteins were efficiently
expressed in microsomes of P. pastoris with the same expected
molecular mass of ~20-kDa. Depending on the expressed
protein, the levels of expression in the microsomal fraction
were different. Because recombinant human and rat
VKORC1 and VKORCILI proteins were expressed as
c-myc-fused proteins, quantification of each recombinant
protein in membrane fractions was performed by Western
blotting using anti-c-myc antibodies compared with the
expression of recombinant human VKORCI, as described
under “Experimental Procedures” (16). Depending on the
expressed protein, the expression factor comprised between
0.3 to 2.5 compared with the expression of recombinant
humanVKORCI1 in yeast microsomes.

As shown previously, VKORCIL1 proteins were able to
reduce vit K>O in vit KH2 (24). The reaction rates of recom-
binant human and rat VKORCI1L1 toward vit K;>O followed
the Michaelis-Menten model, allowing the determination of
kinetic parameters (Table 1). V., values indicated in this table
are V.. calculated after normalization of the expression by
immunoblot analysis. The K,, values of recombinant
VKORCILI1 enzymes were similar to those of the recombi-
nant VKORC1 enzymes. Except for the recombinant rat
VKORC], the V. values of all of the recombinant enzymes
(i.e. hVKORC1, hVKORCILI1, and rVKORCI1L1) were also
similar (Table 1).

For human and rat VKORCI1L1 proteins, susceptibility to
VKA was determined using warfarin, a VKA largely used in
human medicine. Warfarin was able to inhibit the VKOR activ-
ity catalyzed by VKORCI1L1 enzymes, but with concentration
much stronger than those used to inhibit the VKORC1-depen-
dent activity (Fig. 6). Modeling of the data using noncompeti-
tive equation gave a correct fit (Fig. 6), as described for
VKORCI1 enzymes (15, 16), allowing the determination of K;
parameters (Table 1). VKORCIL1 enzymes were 30—-50-fold
more resistant to the action of warfarin than VKORC1
enzymes.
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FIGURE 7. Analysis of VKOR activity in liver and testis of male VKORC1-
deficient mice compared with wild type mice. VKOR activity was evaluated
in the presence of 200 um of K,;>0 in the presence of 0 or 100 um warfarin.
Results are expressed as percentages of activity compared with wild type
mice liver or testis. Above bars are indicated the specific activities
(pmol-min~'smg ™" of total protein) determined in the corresponding tissue.

VKORCIL1, an Enzyme Catalyzing VKOR Activity in Some
Tissues—Because Vkorclll transcripts were significantly
detected in testis and not detected in liver of VKORC1-defi-
cient mice, VKOR activity was evaluated in both tissues using a
saturating concentration of vit K, >O (Fig. 7). VKOR activity in
VKORCI1-deficient mice liver microsomes was almost unde-
tectable (i.e. 0.9 pmol'min~'*mg ™' of total proteins) and repre-
sented only 2.9% of VKOR activity measured in liver of wild
type mice. On the contrary, VKOR activity in VKORC1-defi-
cient mice testis microsomes was clearly detected (i.e. 4.1
pmol'min~'*mg ™' of total proteins) and represented 35% of the
total activity measured in testis of wild type mice (Fig. 7). This
activity was almost totally inhibited by 100 um warfarin.
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Susceptibility to Vitamin K Antagonists Depends on the
Tissue—Because transcripts corresponding to VKORC1 and
VKORCILI1 were detected in rat liver, lung, kidney, brain, and
testis, the presence of VKOR activity was assessed in these
organs using a saturating concentration of vit K,>O (Fig. 8).
VKOR activity was detected in all of the tissues, with the highest
activity detected in liver, then in testis, kidney, brain, and lung.
However and surprisingly, VKOR activity in testis was only
2-fold lower compared with liver. Comparative susceptibility to
VKA of the VKOR activity detected in these different tissues
was assessed using warfarin. In the presence of 0.78 um warfa-
rin, the percentage of residual VKOR activity was different
between tissues. In liver, 0.78 um warfarin inhibited 70% of the
total VKOR activity whereas in testis, the same concentration
of warfarin inhibited only 30% of the total VKOR activity, sug-
gesting a different susceptibility to VKA among tissues. To
explore this hypothesis further, VKOR activity in the different
tissues was evaluated with increasing concentrations of vit
K,;>O (from 0 to 200 uM) in the presence of different concen-
trations of warfarin. Figs. 6 and 7 show the results obtained,
respectively, in liver and testis. In liver, 0, 0.20, 0.78, and 6.25 um
warfarin was used to inhibit the VKOR activity (Fig. 9). The
experimental results obtained in liver were perfectly fitted by
nonlinear regression using the noncompetitive inhibition
model and the K, and K; parameters determined for recombi-
nant rat VKORCI (i.e. 19.6 and 0.6 um). In testis, 0, 0.78, 6.25,
and 25 uM warfarin was used to inhibit the VKOR activity (Fig.
10). As described in liver, warfarin inhibited the VKOR activity
in a noncompetitive manner. Nevertheless, it was not possible
to fit by nonlinear regression the experimental results obtained
in testis using the noncompetitive model and the K,, and K;
parameters determined for recombinant rat VKORC1, corre-
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FIGURE 9. Inhibition by warfarin of VKOR activity in liver of male OFA
Sprague-Dawley rats. VKOR activity versus vit K, >0 (from 0 to 200 um) was
determined in the presence of four different concentrations of warfarin incu-
bated with rat liver microsomes. Each data point represents the mean *+ S.D.
(error bars) of two determinations. The experimental results were fitted by
nonlinear regression using the noncompetitive inhibition model, and the K,
and K; parameters were determined for recombinant rat VKORC1 (i.e. 19.6 and
0.6 uMm).

sponding to an exclusive expression of VKORCI (Fig. 104). In
the same way, it was not possible to fit these experimental
results considering an exclusive expression of VKORC1L1 (Fig.
10B). The only way to fit the experimental results perfectly was
to consider in testis a mixed expression of VKORCI and
VKORCILI and to optimize the percentage of the VKOR activ-
ity catalyzed by VKORC1 and the percentage of the VKOR
activity catalyzed by VKORCILI. The best fit was obtained in
testis for a ratio of 45% of the VKOR activity supported by
VKORCI and 55% supported by VKORC1L1 (Fig. 10C). Table 2
presents the percentages of the VKOR activity supported by
VKORCI and VKORCILI in testis, but also in the other tissues
considered in this study (i.e. lung, kidney, and brain) and in ROS
17/2.8 cells.

DISCUSSION

VKORCI1L1 Also Supports VKOR Activity—VKORC1 and
VKORCIL1 were described to be able to catalyze the VKOR
activity that corresponds to the reduction of vit K>O gener-
ated during the y-carboxylation of VKDPs, in vit K (12, 13, 24).
Therefore, in this study, we expressed human and rat
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VKORCILI as c-myc-fused proteins in the same expression
system which previously allowed us to characterize completely
the rat and human VKORCI and all their spontaneous mutants
(15, 16). It was thus possible to compare the catalytic efficien-
cies (V,,,.x/K,,,) of VKORC1L1 proteins with those of VKORC1
proteins. Rat VKORCI1LI catalyzes the reduction of vit K>O in
vit K with a catalytic efficiency 30-fold lower than that of rat
VKORCI1 whereas human VKORCILLI is able to catalyze this
reaction with a catalytic efficiency 2-fold higher than that of
human VKORC], suggesting an important role of VKORC1L1
in human.

VKORCILI Is an Enzyme Resistant to VKA—VKOR activity
is specifically inhibited by VKA such as warfarin. VKORCI pro-
tein was demonstrated to be strongly inhibited by VKA. On the
other hand, the susceptibility of VKORCI1L1 enzyme to these
molecules was not clearly characterized. In this study, the
reduction of vit K>O in vit K catalyzed by human or rat
VKORCIL1 was shown to be widely less susceptible to VKA
than that catalyzed by VKORCI proteins. Indeed, 30 —50-fold
more anticoagulants are necessary to inhibit VKORCIL1 com-
pared with VKORCI. Despite this particular property of
VKORCILI1 compared with VKORC], its involvement in the
recycling of vitamin K was never considered. In the following,
the natural resistance of VKORCI1L1 to VKA is used to estimate
the involvement of VKORCIL1 in VKOR activity in the differ-
ent tissues.

VKORCIL1 Does Not Support VKOR Activity in the Liver—In
liver our results demonstrate the quasi-exclusive participation
of VKORCI in the VKOR activity. Indeed, expression of
Vkorc1l1 mRNA in the liver is negligible compared with that of
Vkorcl mRNA (~10-fold lower). Moreover, inhibition of the
VKOR activity in liver by warfarin perfectly follows a noncom-
petitive inhibition model involving the exclusive participation
of VKORCI. Finally, in VKORC1-deficient mice liver, VKOR
activity is almost undetectable. These results are in agreement
with the phenotype described for Vkorcl ™/~ mice. Homozy-
gous Vkorcl ™'~ mice die in 2-20 days after birth by extensive
bleeding due to a total deficiency of the y-carboxylation of the
clotting factors in liver (25), confirming the exclusive involve-
ment of VKORCI in the liver.

VKORCILI Is Involved in VKOR Activity in Extrahepatic
Tissues—Unlike the VKDPs involved in the coagulation pro-
cess, which are synthesized in the liver, the VKDPs involved in
the other physiological processes are produced by extrahepatic
tissues. It is thus necessary to differentiate the VKOR activity
detected in liver and the VKOR activity detected in extrahepatic
tissues. In this study, we show clearly that VKOR activity is
systematically detected in extrahepatic tissues. In lung where
the presence of MGP was described previously (26 —28) and in
kidney where the presence of the urinary prothrombin frag-
ment 1 was described (29, 30), VKOR activity is, respectively, 5-
and 4-fold lower than that of liver. In testis where MGP is also
expressed (data not shown), this activity is only 2-fold lower
compared with liver. In osteosarcoma cell lines which are
known to produce OC, another VKDP, VKOR activity was also
detected in this study.

In the extrahepatic tissues considered herein (i.e. lung, kid-
ney, testis, brain, osteoblastic cells) expression of Vkorcl
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FIGURE 10. Inhibition by warfarin of VKOR activity in testis of OFA Sprague-Dawley rats. VKOR activity versus vit K, >0 (from 0 to 200 um) was determined
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considering a mixed expression of VKORC1 and VKORC1L1 in testis by nonlinear regression using the noncompetitive inhibition model, the catalytic param-
eters of recombinant rVKORC1 and rVKORC1L1. The best fit was obtained in testis for a ratio of 45% of the VKOR activity supported by VKORC1 and 55%

supported by VKORC1L1.

TABLE 2

VKOR activity supported by VKORC1L1 enzyme in different tissues of
male OFA Sprague-Dawley rats

Percentages of the VKOR activity catalyzed by VKORC1 or VKORCILI were eval-
uated by inhibition of the VKOR activity by warfarin at varying concentrations of vit
K,>0 and by modeling of the experimental results by nonlinear regression using
the noncompetitive inhibition equation, the respective K, and K, values determined
for recombinant VKORC1 and VKORCILI proteins and considering a mixed
expression of VKORC1 and VKORCILI in the tissue.

ROS
VKOR activity Liver Lung Kidney Brain Testis 17/2.8
% % % % % %
Supported by VKORCIL1 4 22 1 9 55 69
Supported by VKORC1 96 78 99 91 45 32

mRNA is systematically much lower than that detected in liver.
On the other hand, expression of Vkorc1/1 mRNA is equivalent,
even superior to that detected in the liver. As a consequence,
expression of Vkorc1ll mRNA in some tissues such as testis is
more elevated than that of Vkorcl mRNA. Antibodies against
VKORCILI being unavailable, the effective expression of
VKORCILI protein was evaluated by the characterization of
the VKOR activity in these extrahepatic tissues. In testis
of VKORCI1-deficient mice, VKOR activity is still detected
despite the knock-out of the Vkorcl gene. This demonstrates
the involvement of another enzyme, certainly VKORCI1LI, able
to catalyze the reduction of vit K;>O to vit K. In mouse testis
this enzyme catalyzes 35% of the total VKOR activity detected
in wild type mice testis and seems to be inhibited by high con-
centration of warfarin. In rat tissues, to evaluate the part of the
VKOR activity catalyzed by VKORCI1L1, an inhibition profile of
the VKOR activity by warfarin was performed. In rat testis,
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inhibition of VKOR activity by warfarin follows a noncompeti-
tive inhibition model (V. different but K, similar) as
obtained for liver. Nevertheless, and contrary to the liver, the
modeling of the results by nonlinear regression using the non-
competitive inhibition equation and the VKORC1 kinetic
parameters was absolutely not possible. The same modeling
using the VKORCILI kinetic parameters was also not possible.
Only a noncompetitive inhibition model with a mixed expression
of VKORC1 and VKORCIL1 allowed us to fit the data perfectly
and thus, estimate the parts of the VKOR activity supported by
VKORCI enzyme (~45%) and by VKORCI1L1 enzyme (~55%). A
similar approach was realized for the other tissues or cells. In lung
and osteoblastic cells ROS 17/2.8, VKOR activity is also a mixed
activity supported by VKORCI1 (i.e. respectively, 78 and 32%, in
lung and ROS 17/2.8 cells) and VKORCI1LI (i.e. respectively, 22
and 68%, in lung and ROS 17/2.8 cells).

Differences in phenotypes were observed between Vkorcl '/~
mice (25) and Ggex ™/~ mice (31), despite the central positions
of VKORC1 and GGCX in the vitamin K cycle. Ggex knock-out
leads to massive embryonic lethality (31), whereas Vkorcl
knock-out does not (25). Spohn et al. suggested that these dif-
ferences in phenotype may be due to a complete deficiency of
the vy-carboxylation in Ggcx ™/~ animals, whereas a partial
y-carboxylation of VKDP not involved in coagulation, but
involved in other physiological processes, would be rescued by
another pathway in VkorcI ™'~ animals (25). In this study, we
clearly demonstrated that VKORCI1LI is able to support VKOR
activity and may constitute an alternative pathway to VKORC1
in some tissues in Vkorcl '~ animals.
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Warfarin Resistance of Extrahepatic Tissues May Be Explained
by VKORCILI—During long term anticoagulation therapy,
effects on VKDPs involved in coagulation process are observed
whereas effects on VKDPs produced in extrahepatic tissues are
not apparent or quite difficult to observe. Indeed, to induce
arterial calcification by warfarin in rats, excessive doses of anti-
coagulants widely superior to the therapeutic doses were used
in the various studies previously published (20, 32, 33). Price et
al. (33) had to treat rats twice a day with 150 mg/kg warfarin
(~4000-fold higher than the therapeutic dose used in human
medicine) to induce rapid calcification of the elastic lamellae in
the media of major arteries and in aortic heart valves. In other
soft tissues known to also express MGP at a high rate, no calci-
fication was observed in the different studies. When rats were
treated with a warfarin dose given once every 24 h, a complete
absence of artery calcification was noted (22, 23, 34, 35). Some
of these studies described a depletion of OC in bone consecu-
tively to the inhibition of y-carboxylation of this VKDP (22, 23,
35, 36). Nevertheless, these various experiments were per-
formed in rats receiving a vitamin K-depleted diet, and under-
carboxylated OC in plasma and OC in bone are considered as
very good markers of the deficiency in vit K. It is thus very
difficult to interpret these experiences. Finally, the only in vivo
study easily interpretable and close to human therapeutic con-
ditions is the study performed on healthy nonhuman primates
by Binkley et al. (37). In this study, adult male rhesus monkeys
received 1.5 mg/day menadione in the diet and 0.15 mg/kg/day
warfarin (i.e. corresponding approximately to 2-fold the dose
routinely used in human) during a 30-month period. The Inter-
national Normalized Ratio of these animals increased from 0.7
to 2.5-3.5. On the other hand, long term warfarin anticoagula-
tion almost did not affect serum OC. Circulating undercar-
boxylated OC was described to be able to stimulate secretion of
insulin and to increase tissues susceptibility to insulin (7, 8) and
to influence male fertility (38). During long term anticoagula-
tion therapy in human, modifications of glucose homeostasis or
fertility were not reported.

In this study, we demonstrate that when VKORCILI is
expressed in a tissue, a higher concentration of anticoagulant is
needed in this tissue to obtain the same inhibition than that
observed in liver where only VKORCI is expressed. Therefore,
we postulate that during a long term anticoagulation therapy,
vit K in some extrahepatic tissues such as testis is still recycled
by VKORCI1L1, avoiding unwanted side effects by allowing the
synthesis of VKDP not involved in the coagulation process, but
involved in other physiological processes such as OC, MGP, or
Gas6.
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