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Abstract
Recently, we confirmed that in human aortic valve interstitial cells (HAVICs) isolated from
patients with aortic valve stenosis (AVS), calcification is induced in high inorganic phosphate
(high-Pi) medium by warfarin (WFN). Because WFN is known as a vitamin K antagonist,
reducing the formation of blood clots by vitamin K cycle, we hypothesized that vitamin K
regulates WFN-induced HAVIC calcification. Here, we sought to determine whether WFN-
induced HAVIC calcification in high-Pi medium is inhibited by menaquinone-4 (MK-4), the
most common form of vitamin K> in animals. HAVICs obtained from AVS patients were
cultured in a-Modified Eagle’s Medium containing 10% FBS, and when the cells reached
80%—90% confluency, they were further cultured in the presence or absence of MK-4 and
WEN for 7 days in high-Pi medium (3.2 mM Pi). Intriguingly, in high-Pi medium, MK-4
dose-dependently accelerated WFN-induced HAVIC calcification and also accelerated the
calcification when used alone (at 10 nM). Furthermore, MK-4 enhanced alkaline phosphatase
(ALP) activity in HAVICs, and 7 days of MK-4 treatment markedly upregulated the gene
expression of the calcification marker bone morphogenetic protein 2 (BMP2). Notably, MK-
4-induced calcification was potently suppressed by two pregnane X receptor (PXR) inhibitors,
ketoconazole and coumestrol, and, conversely, PXR activity was increased weakly, but in a
statistically significant and dose-dependent manner, by MK-4. Lastly, in physiological-Pi
medium, MK-4 increased BMP2 gene expression and accelerated excess BMP2 (30 ng/mL)-
induced HAVIC calcification. These results suggest that MK-4, namely vitamin K2 accelerates

calcification of HAVICs from AVS patients like WFN via PXR-BMP2-ALP pathway.

Keywords: Aortic valve stenosis; Pregnane X receptor; Calcification; Warfarin;

Menaquinone-4; Vitamin Ko
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Significance Statement
For AVS induced by irreversible valve calcification, the most effective treatment is surgical
aortic or transcatheter aortic valve replacement, but ~20% of patients are deemed unsuitable
due to its invasiveness. For effective drug treatment strategies for AVS, the mechanisms

underlying aortic valve calcification must be elucidated. Here, we show that MK-4 accelerates

WFN-induced calcification of AVS-patient HAVICs in high-Pi medium,; this effect is

mediated by PXR-BMP2-ALP signaling, which could be targeted for novel drug development.
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Introduction
Aortic valve stenosis (AVS) is the most frequent adult heart-valve disease in ageing societies
(Olivetti et al., 1994; Roberts et al., 2005); AVS prevalence is >4.6% in people over 75 years
old worldwide (Nkomo et al., 2006; Stewart et al., 1997). Calcified aortic valves are
characterized by massive fibrotic thickening of valve leaflets and extensive focal ectopic
calcification (Mohler et al., 2004). The most effective treatment for AVS induced by
irreversible valve calcification is surgical aortic valve replacement, which is extremely
invasive (ITung et al., 2003), or transcatheter aortic valve replacement (TAVR), which is used
for high-risk patients (Hu et al., 2012). However, approximately 20% of AVS patients are
deemed unsuitable for valve replacement because of its invasiveness (van Geldorp et al.,
2009). Thus, the development of effective medical drug-treatment strategies is essential, and
this requires the elucidation of the detailed mechanism of aortic valve calcification.

For preventing and treating thromboembolic and embolic complications after surgical

valve replacement or atrial fibrillation, anticoagulant therapy is necessary (Ageno et al., 2012).

The most commonly prescribed postoperative anticoagulation drug is warfarin (WFN), but
long-term WFN administration has been widely shown to induce valvular calcification
(Palaniswamy et al., 2011; Yamamoto et al., 2012), and hyperphosphatemia in particular has
been reported to accelerate WFN-induced valvular calcification (Palaniswamy et al., 2011).
Notably, our recent study demonstrated that in high inorganic phosphate (high-Pi) medium,
WEN induces the ectopic calcification of human aortic valve interstitial cells (HAVICs)
obtained from AVS patients, but not non-AVS patients, through the pregnane X receptor
(PXR)-bone morphogenetic protein 2 (BMP2)-alkaline phosphatase (ALP) pathway at the

cellular level (Yu et al., 2019).
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WEFN, a widely recognized vitamin K antagonist, reduces the formation of blood clots by
inhibiting the vitamin K cycle for the biosynthesis of coagulation factors II, VII, IX, and X
(Stafford et al., 2005). WFN inhibits vitamin K epoxide reductase, an enzyme complex
responsible for the recycling of vitamin K in the liver (Ansell et al., 2004; Rost et al., 2004).
WEN was reported to promote aortic valve calcification by inhibiting vitamin K-dependent
matrix Gla protein (MGP) (Schurgers et al., 2007), a 10-kDa secreted protein synthesized by
vascular smooth muscle cells that functions through 5 calcium-ion-binding y-carboxyglutamic
acid (Gla) residues. Moreover, MGP was reported to inhibit vascular and valvular
calcification by sequestering BMP2 and downregulating BMP signaling (Yao et al., 2010).
Our previous work which demonstrated that the knockdown of MGP induces the
spontaneously calcification of HAVICs also supported the important role of BMP2 in aortic
valve ectopic calcification (Chiyoya et al., 2018). Therefore, we hypothesized that vitamin K
suppresses WFN-induced HAVIC calcification and thus could be used as a therapeutic agent
for AVS.

We previously reported that WEFN induces aortic valve calcification through the PXR
pathway (Yu et al., 2019), and other recent studies showed that PXR is activated by WFN and
also by vitamin K2 (Rulcova et al. 2010; Tabb et al., 2003). PXR is a master regulator of
xenobiotic metabolism, and elucidation of PXR activity is critical for understanding the
mechanisms underlying several diseases, including inflammation (Ichikawa et al., 2006; Li et
al., 2013). Furthermore, vitamin K2 can enhance collagen accumulation through PXR,
resulting in bone formation (Tabb et al., 2003). However, the effect of vitamin K2 on WFN-
induced calcification remains unknown.

In previous studies, we confirmed that a high Pi concentration (3.2 mM) induces HAVIC

calcification through the activation of ALP without any accompanying changes in the
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expression of various calcification-related genes, such as BMP2 and Runx2 (Nomura et al.,
2013; Seya et al., 2016). Here, we investigated the effect of vitamin K2 on WFN-induced
calcification and the mechanism by which vitamin K> affects aortic valve calcification.
Contrary to our expectations, vitamin Ko, like WFN, was found to promote calcification of
HAVICs extracted from AVS patients by accelerating BMP2 expression and ALP activity.
Furthermore, investigation of the molecular mechanism of vitamin Kz-induced HAVIC
calcification revealed critical roles of the PXR-BMP2 pathway in aortic valve ectopic

calcification.

Materials and Methods

Materials

The following reagents were from commercial sources: a-Modified Eagle’s Medium (o-
MEM), Nacalai Tesque (Kyoto, Japan); fetal bovine serum (FBS, Biofluids™) and penicillin
and streptomycin (Gibco™, Gaithersburg, MD, USA), Invitrogen (Carlsbad, CA, USA);
menaquinone-4 (MK-4), WFN, and other analytical-grade reagents, including ketoconazole,
coumestrol, phosphonoformic acid (PFA), and dimethyl sulfoxide (DMSO), Wako Pure
Chemicals (Osaka, Japan); collagenase type V, dorsomorphin, SB239063, and U-0126,
Sigma-Aldrich (St. Louis, MO, USA); SN-50 and BMS345541, Cayman Chemical (Ann
Arbor, MI, USA); and Power SYBR® Green PCR Master Mix, TOYOBO (Osaka, Japan). All
primers used for quantitative real-time PCR (qPCR) were obtained from Fasmac (Kanagawa,
Japan). All chemicals used were of the highest purity commercially available. All solutions
were freshly prepared and were of sufficiently high concentrations to allow addition of only
very small volumes to the culture medium. In all experiments, the final DMSO concentration

in the culture medium was 0.1%, which produced no effect on the cells or assays.
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HAVIC isolation and culture

Human aortic valves used in the study were obtained from six patients with AVS who
underwent surgical aortic valve replacement at Hirosaki University Hospital (Aomori, Japan).
The mean age of the patients was 64.3 + 5.8 y (three males; age: 67.7 = 4.2 y and three
females; age: 61.0 = 11.1 y). The mean serum Pi level of the patients immediately before
aortic valve replacement was as high as 4.8 + 0.4 mg/dL (male: 5.4 + 0.4 mg/dL and female:
4.3 + 0.4 mg/dL). There was no significant difference between females and males in age or
serum phosphate level. The plaque lesions and calcification exhibited similar morphology and
pathology across both sexes. All patients provided written informed consent, and the study
was approved by the Institutional Review Board of Hirosaki University Hospital and
conformed to the principles outlined in the Declaration of Helsinki.

Human aortic valve specimens were gently cut into small pieces (2 £ 1 mm) and washed
with a-MEM containing 10% FBS, after which HAVICs were isolated by means of treatment
with collagenase type V (1 mg/mL), with the minced valve specimens being incubated for 2 h
at 37°C in the presence of 95% Oz and 5% CO2. HAVICs were cultured in a-MEM containing
10% FBS, 100 U/mL sodium penicillin G, and 100 pg/mL streptomycin, and after the cells
reached 80%—-90% confluency, they were further cultured in the presence or absence of MK-4

for 7 days. The medium was replenished every 3 or 4 days (Seya et al., 2016).

Identification and evaluation of calcification
HAVICs were seeded into 12-well plates and grown for 3 days (until 80%—-90% confluency)
and then were further cultured for 7-21 days with or without MK-4 (10 nM) and/or WFN (1

uM) in medium containing phosphate (Pi) at normal (1 mM) or high (3.2 mM) medium for 7
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days or excess BMP2 (30 ng/ml) in normal Pi medium (1 mM) for 21 days. The degree of
calcification was measured using Alizarin Red S dye; the dye-stained cells were examined
under a microscope equipped with a digital camera (Canon, Tokyo, Japan), and the amount of
the dye released from the extracellular matrix after incubation in 100 mM aqueous cetyl-

pyridinium chloride solution was spectrophotometrically quantified by measuring the 550-nm

absorbance (Stanford et al., 1995).

ALP activity assay

HAVICs were seeded into 12-well plates and grown for 3 days (until 80%—-90% confluency)
and then were further cultured for 7-21 days in the presence or absence of MK-4 (10 nM).
Proteins were collected from the cells on days 0, 7, and 21 by using a cell-lysis buffer
containing 80 pL of 0.05% Triton X-100, and ALP activity was measured using a LabAssay

ALP Kit from Wako Pure Chemicals (Osaka, Japan).

Measurement of gene expression

Total RNA was isolated from HAVICs by using a QuickGene RNA Cultured Cell kit S
(Promega, Fitchburg, WI, USA). An aliquot of the total RNA was reverse-transcribed into
cDNA by using random primers. For real-time PCR analysis, cDNA was amplified (on a
CFS™ Real-Time System; Bio-Rad, Hercules, CA, USA) using this protocol: initial
denaturation at 95°C for 1 min, followed by 40 cycles of amplification at 95°C for 15 s and
60°C for 1 min. The 20-pL reaction volume included 3 pL of a 1:4 dilution of the first-strand
reaction product, 0.3 pL of 10 uM forward and reverse primers, 2.9 uL of pure water, and 5
pL of SYBR qPCR reagent. The primers used for ALP, BMP2, PXR, CYP3A4, CYP2C9, and

glyceraldehyde 3-phosphate dehydrogenase (G3PDH) genes (Table 1) were designed using
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NCBI Primer BLAST (The National Center for Biotechnology Information, Bethesda, MD,
USA). Amplification of the housekeeping gene G3PDH served as a normalization standard.
Real-time PCR data were represented as cycle threshold (Ct) levels and normalized by the
7-AACt

individual G3PDH control Ct values. Relative gene expression was calculated using the

method (Livak et al., 2001).

Western blotting analysis of phospho-Smad1/5/8

Cytoplasmic extracts were obtained by lysing cells in 20 mM Tris-HCI, pH 7.4, containing
0.05% Triton X-100. After measuring protein concentrations by using the Pierce Quantitative
Colorimetric Peptide Assay (Thermo Scientific, Waltham, MA, USA), 0.2 pg of each protein
sample was separated on Bolt® Bis-Tris Plus 4%—-12% [MES] SDS-PAGE gels (ATTO Co.,
Tokyo, Japan), and then the proteins were transferred to PVDF membranes by using an
iBlot™ Dry Blotting System (Thermo Scientific). The membranes were incubated with
primary antibodies [anti-phospho-Smad1/5/8, 1:500 (Merck, Darmstadt, Germany); anti-
Smad1/5/8, 1:500 (Cayman Chemical, Ann Arbor, MI, USA); anti-f-actin, 1:1000 (Santa
Cruz Biotechnology, Dallas, TX, USA)] and then with Alexa Fluor 680 goat anti-rabbit or
anti-mouse secondary antibody by using an iBind™ Western System (Thermo Scientific).
Proteins were detected using an Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE,

USA).

Effects of various drugs on MK-4-induced calcification of HAVICs
Cells were seeded into 12-well plates, cultured for 3 days (until 80%—-90% confluency), and
pretreated for 1 h with inhibitors of Smad1/5/8 phosphorylation (dorsomorphin, 3 pM),

nuclear factor kappa-B (NF-«B) p65 subunit translocation into the nucleus (SN-50, 10 uM),

10
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IKK (inhibitor of NF-kB kinase subunit beta) (BMS-345541, 10 uM), or MAP Kinase
signaling (U-0126, 10 uM; SB239063, 3 uM); subsequently, the cells were treated with MK-4
(10 nM) for 7 days. On day 7, we examined alterations in calcification and ALP activity and

measured gene expression by using real-time PCR.

PXR activity assay

IB0700 PXR (NR112), a human PXR reporter assay system (1x96-well format assay), was
obtained from Indigo Biosciences (State College, PA, USA). PXR reporter cells were
prepared using INDIGO’s proprietary CryoMite™ process, with and without MK-4 included

at various concentrations, and PXR activity was measured after culturing the cells for 24 h.

Statistical analysis

All statistical analyses were performed using KyPlot 5.0 software (Kyenslab, Tokyo, Japan).
Group comparisons were performed by using ANOVA with the Student—-Newman—Keuls post
hoc correction procedure. Values are presented as means + SEM; P < 0.05 was considered

statistically significant.

Results

Effect of MK-4 on WFN-induced HAVIC calcification in high-Pi medium

To ascertain whether MK-4 inhibits the WFN effect on HAVIC calcification, HAVICs
obtained from AVS patients were cultured for 7 days in high-Pi medium (3.2 mM P1i) in the
presence or absence of MK-4 (3—100 nM). MK-4 at >1 uM triggered cell death in HAVICs.
WEFN induced aortic valve calcification in the high-Pi medium (Figure 14), and, contrary to

our expectation, MK-4 potently accelerated WFN-induced HAVIC calcification (Figure 1B):

11
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MK-4 alone did not induce HAVIC calcification, but MK-4 dose-dependently accelerated
HAVIC calcification and almost reached a plateau at 10 nM by WFN when cultured in high-Pi
medium, as shown by the positive staining of the cells by Alizarin Red S (Figure 1B). We
used 10 nM MK-4 in our subsequent experiments which was most suitable concentration.
Spectrophotometric quantification results obtained using Alizarin Red S dye showed that MK-
4 accelerated the calcification in a statistically significant manner in the presence of high Pi
(Figure 1C). These data suggested that HAVICs provided by AVS patients have high
sensitivity to MK-4, as they are to WFN, and thus MK-4 exposure results in the calcification

of these cells in high-Pi medium.

Mechanism of MK-4-induced HAVIC calcification

We investigated the mechanism by which the calcification of AVS-patient HAVICs is induced
by MK-4 in high-Pi medium. When HAVICs reached 80%—-90% confluency, they were further
cultured for 7 days in the presence or absence of MK-4 (10 nM), and in these cells, MK-4-
induced calcification in high-Pi medium was eliminated by treatment with PFA, an inhibitor
of sodium-dependent Pi symporter 1 (PiT-1) (Figure 24).

To clarify the molecular mechanism underlying the observed effect, we measured
BMP2 gene expression and ALP activity during MK-4-induced HAVIC calcification in high-
Pi medium. After HAVICs were cultured with MK-4 (10 nM) in high-Pi medium for 7 days,
BMP2 gene expression and ALP activity were both increased significantly (Figure 2B, C). In
our previous study, we confirmed that, in HAVICs, tumor necrosis factor-a stimulates BMP2
expression via the activation of transcription factor, NF-kB, and then BMP2 produced induces
Smad1/5/8 phosphorylation, resulting in ALP activation and then HAVIC calcification (Yu et

al., 2011). Thus, we furthermore investigated the effects of the Smad1/5/8 phosphorylation

12
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inhibitor dorsomorphin (3 pM) and NF-kB inhibitor SN-50 (10 uM) to confirm whether MK-
4 induces HAVIC calcification through the NF-kB-BMP2-ALP pathway. We found that
dorsomorphin, but not SN-50, attenuated HAVIC calcification by MK-4 in high-Pi medium
(Figure 2D). Moreover, two inhibitors of the MAP Kinase pathway, U-0126 (ERK inhibitor,
10 uM) and SB239063 (p38 Kinase inhibitor, 3 pM), failed to inhibit the MK-4-induced
calcification of HAVICs from AVS patients (data not shown). These results indicated that

MK-4 accelerates HAVIC calcification through the BMP2-ALP pathway in high-Pi medium.

Inhibitory effect of PXR inhibitors on HAVIC calcification by MK-4 in high-Pi medium
We next investigated the mechanism upstream of BMP2 expression after the stimulation of
HAVICs by MK-4. Intriguingly, in HAVICs, PXR activity was increased weakly but in a
statistically significant and dose-dependent manner by MK-4 (Figure 34). The average ECso
of MK-4 was 6.2 nM. To confirm that PXR produces an effect and to examine how PXR
functions in MK-4-induced calcification of HAVICs obtained from AVS patients, we used two
inhibitors to alter PXR activity: ketoconazole, an antagonist of the nuclear receptor PXR
(Duret et al., 2006); and coumestrol, which inhibits PXR by binding to activation factor-2
region, a transcriptional coregulator (Wang et al., 2008). Either ketoconazole or coumestrol
strongly suppressed HAVIC calcification induced by MK-4 in high-Pi medium (Figure 3B);
this result was supported by the quantification performed using Alizarin Red S dye (Figure 3C,
D).

MK-4-induced BMP2 gene expression and ALP activity in HAVICs in high-Pi medium
were also potently inhibited in the presence of either ketoconazole or coumestrol (Figure 44,

B), and Smad1/5/8 phosphorylation was also suppressed by coumestrol (Figure 4C). These

13
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data suggested that MK-4 induces calcification of HAVICs from AVS patients through the

PXR-BMP2-ALP pathway.

BMP?2 gene expression induced by MK-4 in HAVICs from AVS patients

To confirm whether BMP2 gene expression is induced by MK-4 alone in HAVICs, we
measured BMP2 expression in cells cultured in o-MEM containing Pi at the physiological
concentration. In HAVICs cultured for 3 days in the presence of MK-4 (10 nM), BMP2 gene
expression was notably induced, and this induction was markedly inhibited in the presence of
coumestrol (Figure 54). We further confirmed that MK-4 treatment increased ALP activity
and that this was also inhibited by coumestrol (Figure 5B).

To confirm the role of BMP2 in this calcification pathway, we induced HAVIC

calcification by adding excess BMP2 (30 uM) in the presence or absence of MK-4 in a-MEM:

excess BMP2 induced calcification in HAVICs cultured for 21 days, MK-4 accelerated the
BMP2-induced HAVIC calcification, and the effect of MK-4 was inhibited by coumestrol (10
uM) (Figure 5C). Similarly, BMP2-induced ALP activation was accelerated in the presence of
MK-4, and this was again inhibited by coumestrol (Figure 5D). These results suggest that
MK-4 can stimulate BMP2 gene expression through PXR and induce HAVIC calcification in

the presence of high concentrations of both Pi (3.2 mM) and BMP2 (30 uM).

Discussion

Recently, we demonstrated that WFN increases valve calcification by accelerating BMP2
expression and then ALP activation through PXR in high-Pi medium (Yu et al., 2019). WFN
is widely recognized to exert an anticoagulant effect by inhibiting the transformation of

vitamin K>, and vitamin K> has also been reported to activate PXR (much like WFN) and thus

14
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regulate the differentiation of osteocytes (Tabb et al., 2003). Vitamin K supplementation was
also reported to promote the progression of aortic valve calcification (Brandenburg et al.,
2017). Conversely, vitamin K intake was recently shown to prevent the acceleration of
vascular calcification in patients receiving WFN treatment (Caluw¢ et al., 2016). Thus, the
role of vitamin K> in vascular and valvular calcification remains debated. In this study, we
sought to clarify the effect of vitamin K2, namely MK-4, on WFN-induced HAVICs

calcification in high-Pi medium.

Interestingly, we found here that MK-4 augmented WFN-induced calcification and
further MK-4 alone promoted HAVIC calcification in high-Pi medium and that BMP2 gene
expression, Smad1/5/8 phosphorylation, and ALP activity were markedly upregulated in high-
Pi medium together with the activation of PXR. We further confirmed that phosphonoformic
acid (PFA, inhibitor of PiT-1) and dorsomorphin (inhibitor of Smad1/5/8), but not SB239063
(inhibitor of MAPK) or SN-50 (inhibitor of NF-kB), suppressed calcification and ALP
activation induced by MK-4 in high-Pi medium. We previously confirmed that PFA inhibits
high-Pi-induced HAVIC calcification (Yu et al., 2019). BMP2 is known to stimulate the
transcription factors Smad1/5/8 and then activate ALP through the expression of calcification-
related genes (Yu et al., 2011). In our previous study, the most abundantly expressed
calcification-related gene was DIx5 (Yu et al., 2011). From these results, we conclude that
MK-4, like WFN, induces HAVIC calcification in high-Pi medium through the PXR-BMP2-
ALP pathway. We showed previously that SR12813, a selective agonist of PXR, also
accelerated HAVIC calcification in high-Pi medium together with the enhancement of BMP2
gene expression and ALP activity (Yu et al., 2019). However, the relationship between PXR

activation and BMP2 expression remains unclear.
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To ascertain whether PXR activation by MK-4 induces BMP2 expression, we
pharmacologically investigated the MK-4 effect in normal-Pi medium: inclusion of MK-4
alone in 3 days culture in normal-Pi medium weakly but significantly induced BMP2
expression and ALP activation, and both effects were strongly suppressed in the presence of
the PXR inhibitor coumestrol. In normal-Pi medium, although MK-4 alone cannot induce the
HAVIC calcification, MK-4 significantly promoted excess BMP2 (30 ng/mL)-induced
HAVIC calcification which was potently inhibited by coumestrol. These results indicate that
in normal-Pi medium, MK-4 creates a calciotropic condition by BMP2 expression in HAVICs
via PXR activation. We propose that the acceleration of ALP activation by MK-4 through the
PXR-BMP2 pathway and the increase in Pi intake through PiT-1 additively and/or

synergistically induce HAVIC calcification (Figure 6).

PXR, a key regulator of the detoxification of xeno- and endo-biotics, activates various
cytochrome P450 enzymes, particularly CYP3A4 (Hakkola et al., 2018). We confirmed here
that MK-4 did not alter PXR gene expression, but in high-Pi medium, MK-4 accelerated the
expression of CYP344, a main detoxification enzyme and a target gene of PXR, but not
CYP2C9 (Supplementary material online, Figure S1). CYP2C9 is recognized as the enzyme
responsible for the metabolic clearance of WFN (Sconce et al., 2005). These findings support
our result showing that MK-4 accelerates WFN-induced calcification of HAVICs isolated
from AVS patients (Figure 1B). Furthermore, this increment of CYP3A44 expression in high-Pi
medium suggests one possibility that PXR activated induces BMP2 expression, resulting in
HAVICs calcification. However, both WFN and SR12813 strongly downregulated CYP344

gene expression (Yu et al., 2019). Evangelista et al. have reported that in cardiac tissue,
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CYP3A44 is rarely expressed (Evangelista et al., 2013). One possibility suggested by these
results is that MK-4 and WFN regulate the promoter activity of CYP344 through distinct
mechanisms in HAVICs. In future work, we will investigate the effects of the aforementioned
compounds on PXR-induced CYP3A4 gene expression in HAVICs by using hepatocytes as a
positive control, with the aim being to elucidate the detailed molecular mechanism of HAVIC

calcification through PXR in the aortic valve.

Vitamin K2 and WFN exhibit structural similarity, featuring a naphthoquinone skeleton
and a coumarin skeleton, respectively. WFN exerts an anticoagulant effect and prevents
thrombus formation by irreversibly and strongly inhibiting the activities of two enzymes in
the vitamin K metabolic cycle: vitamin K-dependent epoxide reductase and vitamin K
quinone reductase. Intriguingly, in docking analysis (Tsuji et al., 2015), both MK-4 and WFN
were found to bind to PXR at the same site. We hypothesize that the conformational change
induced by the binding of WFN, MK-4, and SR12813 to PXR promotes BMP2 expression,
which results in the ectopic calcification of the aortic valve (Supplementary material online,

Figure S2).

We have three limitations in this study. Firstly, we could not demonstrate here how PXR
activation stimulates BMP2 expression. PXR has been reported to upregulate BMP2
expression in rat hepatic cells (Roques et al., 2013). PXR is known to exert its transcriptional
regulatory functions by forming a heterodimer with retinoic X receptor (RXR). RXR also has
been reported to upregulate BMP2 expression in mice (Nallamshetty et al., 2013). In the
future, we will investigate the detailed molecular mechanism of PXR- or PXR/RXR-induced

BMP2 expression. Secondly, we have not demonstrated the role of the identified pathway
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through in vivo investigation. Various inhibitors of this pathway could represent candidate
drugs for blocking aortic valve ectopic calcification. Thus, in upcoming studies, we will
investigate whether rat aortic valve calcification induced by high-Pi or high BMP expression

is accelerated in the presence of WFN, MK-4, and/or PXR activator such as SR12813 and

then investigate the effects of various PXR, BMP2, and/or ALP inhibitors as therapeutic drugs.

Thirdly, we used HAVICs but not mesenchymal undifferentiated cells for our investigations.
We recently observed in calcified aortic valves that mesenchymal undifferentiated cells were
abundant; expressed the surface markers CD73, CD90, and CD105; lacked CD34 and CD45
expression; and showed enhanced sensitivity to the induction of calcification (Nomura et al.,
2013). Currently, we are investigating the separation conditions that are appropriate for
isolating these undifferentiated cells from HAVICs while also maintaining high viability of
the undifferentiated cells. In the future, these undifferentiated cell populations in HAVICs
should be investigated to determine the physiological and pathophysiological roles of WFN

and MK-4.

In summary, we demonstrated that vitamin Ko, i.e., MK-4, increased PXR activity dose-
dependently to accelerate aortic valve calcification by elevating BMP2 expression and ALP
activity in high-Pi condition. In docking analysis, we firstly demonstrated that not only MK-4
but also WFN can bind to PXR in the same site. These results should help clarify and propose
a newly mechanism of drug-induced aortic valve calcification in hyperphosphatemia. In
clinically, many of chronic kidney disease patients induce hyperphosphatemia which lead to
AVS by continuously hemodialysis. Our data suggests a possibility that the development of

new prevention method of AVS in hyperphosphatemia, targeting PXR.
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Figure Legends
Figure 1 Effect of menaquinone-4 (MK-4) on warfarin (WFN)-induced HAVIC calcification
in high inorganic phosphate (high-Pi) medium. HAVICs were cultured in a-MEM containing
10% fetal bovine serum (FBS), and at 80%—-90% confluency (day 0), the cells were further
cultured for 7 days in high-Pi medium (3.2 mM Pi). (4) Representative images of Alizarin
Red S staining of AVS-patient HAVICs cultured in the presence or absence of WFN (1 pM).
Phosphonoformic acid (PFA, 0.1 mM), a selective inhibitor of the Pi transporter PiT-1, largely
inhibited HAVIC calcification induced by WFN in high-Pi medium. (B) Typical images of
Alizarin Red S staining of HAVICs after WFN-induced calcification in high-Pi medium in the
presence or absence of MK-4 (0—100 nM). (C) Typical images from day 7 of Alizarin Red S
staining (upper images) of AVS-patient HAVICs and quantification of the Alizarin Red S
staining after cetyl-pyridinium chloride extraction. The amount of released dye was quantified
by measuring the absorbance at 550 nm. All ratios were normalized to untreated control
values on day 7. White bar: untreated cells; black bar: cells treated with high Pi (3.2 mM);
light-blue bar: cells treated with WFN (1 uM) in normal Pi (1.0 mM); blue bar: cells treated
with WEN (1 uM) in high Pi; light-red bar: cells treated with MK-4 (10 nM) in normal Pi; red
bar: cells treated with MK-4 in high Pi; orange bar: cells treated with WFN and MK-4 in high
Pi. Bars represent means + SEM (n = 5). One-way ANOVA with Tukey's multiple

comparisons test.

Figure 2 AVS-patient HAVIC calcification induced by MK-4 in high-Pi medium. HAVICs
from AVS patients were cultured in a-MEM containing 10% FBS, and at 80%—-90%
confluency (day 0), the cells were further cultured for 7 days. (4) Typical images from day 7

of Alizarin Red S staining (upper images) of AVS-patient HAVICs and quantification of the
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Alizarin Red S staining after cetyl-pyridinium chloride extraction. The amount of released dye
was quantified by measuring the 550-nm absorbance. All ratios were normalized to untreated
control values on day 7. White bar: untreated cells; black bar: cells treated with high Pi (3.2
mM); light-blue bar: cells treated with PFA (0.1 mM) in normal Pi (1.0 mM); light-red bar:
cells treated with MK-4 (10 nM) in normal Pi; red bar: cells treated with MK-4 in high Pi;
blue bar: cells treated with MK-4 and PFA in high Pi. Bars represent means = SEM (n = 5).
One-way ANOVA with Tukey's multiple comparisons test. () BMP2 gene expression and (C)
ALP activity in HAVICs from AVS patients were measured on day 7. All ratios were
calculated versus the control group on day 0. Relative gene-expression levels were determined
by normalizing measured values to those obtained for the housekeeping gene G3PDH
(glyceraldehyde 3-phosphate dehydrogenase). White bar: untreated cells; black bar: cells
treated with high Pi (3.2 mM); light-red bar: cells treated with MK-4 (10 nM) in normal Pi
(1.0 mM); red bars: cells treated with MK-4 and high Pi. Bars represent means = SEM (n (B)
=5, n (C) =4). One-way ANOVA with Tukey's multiple comparisons test. (D) HAVIC
calcification induced by MK-4 in the presence or absence of Smad1/5/8 phosphorylation
inhibitor dorsomorphin (Dorso) or NF-kB inhibitor SN-50 in high-Pi medium. Quantification
on day 7 of Alizarin Red S staining after cetyl-pyridinium chloride extraction. The amount of
released dye was quantified by measuring the 550-nm absorbance. All ratios were normalized
to the control value on day 7. White bar: untreated cells; red bar: cells treated with 10 nM
MK-4 and high Pi (3.2 mM); light-cyan blue bar: cells treated with high Pi and 3 pM
dorsomorphin (Dorso), an inhibitor of Smad1/5/8 phosphorylation; cyan blue bar: cells treated
with high Pi, MK-4, and 3 uM Dorso; light-green bar: cells treated with high Pi and 10 pM
SN-50, an NF-«B inhibitor; green bar: cells treated with high Pi, MK-4, and SN-50. Bars

represent means = SEM (n = 5). One-way ANOVA with Tukey's multiple comparisons test.
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Figure 3 AVS-patient HAVIC calcification induced by MK-4 in high-Pi medium is
suppressed by inhibitors of pregnane X receptor (PXR). (4) Stimulation of PXR
transcriptional activity in a mammalian PXR reporter cell line. The dose-titration of MK-4 (3—
30 nM) shows that MK-4 increased PXR activity in a dose-dependent manner. The average
ECso of MK-4 was 6.2 nM. Data represent means + SEM (n = 3). One-way ANOVA with
Tukey's multiple comparisons test. “P < 0.05, versus effect of 3 nM MK-4 on PXR activity.
(B-D) HAVICs from AVS patients were cultured in a-MEM containing 10% FBS, and at
80%—-90% confluency (day 0), the cells were further cultured for 7 days. The panels show
representative images from day 7 of Alizarin Red S staining (B) and quantification of Alizarin
Red S staining after cetyl-pyridinium chloride extraction in the presence or absence of two
PXR inhibitors, 30 uM ketoconazole (KE, C) or 10 uM coumestrol (CO; D). The amount of
released dye was quantified by measuring the absorbance at 550 nm. All ratios were
normalized to the untreated control value on day 7. White bar: untreated cells; light-red bar:
cells treated with 10 nM MK-4; black bar: cells treated with high Pi (3.2 mM); red bar: cells
treated with high Pi and MK-4; light-cyan blue bar: cells treated with 30 uM ketoconazole
(KE; C) or 10 uM coumestrol (CO; D), two PXR inhibitors; light-green bar: cells treated with
KE (C) or CO (D) in high Pi; light-purple bar: cells treated with KE (C) or CO (D) in the
presence of MK-4 in high Pi. Bars represent means + SEM (n = 3). One-way ANOVA with

Tukey's multiple comparisons test.

Figure 4 MK-4-induced BMP2 expression and ALP activation in HAVICs in high-Pi medium
is suppressed by PXR inhibitors. HAVICs from AVS patients were cultured in a-MEM

containing 10% FBS, and at 80%—90% confluency (day 0), the cells were further cultured for
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7 days. (A) BMP2 gene expression and (B) ALP activity in HAVICs were measured on day 7
in the presence or absence of two PXR inhibitors, 30 uM ketoconazole (KE) or 10 uM
coumestrol (CO). All ratios were calculated versus the control group on day 0. Relative gene-
expression levels were determined by normalizing measured values to those obtained for
G3PDH. White bar: untreated cells; light-red bar: cells treated with 10 nM MK-4; black bar:
cells treated with high Pi (3.2 mM); red bar: cells treated with high Pi and MK-4; light-cyan
blue bar: cells treated with high Pi, MK-4, and 30 uM KE; light-green bar: cells treated with
high Pi, MK-4, and 10 uM CO. Bars represent means + SEM (n (A) = 6, n (B) = 4). One-way
ANOVA with Tukey's multiple comparisons test. (C) Western blotting analysis of Phospho-
Smad1/5/8 (P-Smad, upper images), Smad1/5/8 (Smad, middle images), and B-actin (lower
images) expression on Day 1 in HAVICs isolated from patients with AVS. Band intensity of
P-Smad1/5/8 was normalized relative to Smad1/5/8 levels. Lane 1: nontreated cells; lane 2:
cells treated with 10 nM MK-4; lane 3: cells in high-Pi medium (3.2 mM P1i); lane 4: cells
treated with MK-4 in high Pi; lane 5: cells treated with MK-4 in high Pi in the presence of 10
puM CO. Values are means + SEM (n = 3). One-way ANOVA with Tukey's multiple

comparisons test.

Figure 5 MK-4 induces BMP2 gene expression and activates ALP in AVS-patient HAVICs.
(4) Real-time PCR analysis of BMP2 mRNA expression and (B) measurement of ALP
activity in AVS-patient HAVICs following 3 days of culture in the presence or absence of
MK-4/CO at physiological Pi concentration (1.0 mM). All ratios were calculated versus the
control group on day 0. Relative gene-expression levels were determined by normalizing
measured values to those obtained for G3PDH. White bar: untreated cells; light-red bar: cells

treated with 10 nM MK-4; light-green bar: cells treated with 10 uM CO; green bar: cells
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treated with MK-4 in the presence of CO. Bars represent means = SEM (n (A) =5, n (B) =4).
One-way ANOVA with Tukey's multiple comparisons test. (C and D) AVS-patient HAVIC
calcification induced by excess BMP2 (30 uM) in the presence or absence of MK-4 (10 nM)
or coumestrol (10 uM, CO). Quantification on day 21 of (C) Alizarin Red S staining after
cetyl-pyridinium chloride extraction and (D) ALP activity. The amount of released dye was
quantified by measuring the absorbance at 550 nm. All ratios were normalized to the untreated
control value on day 7. Light-blue bar: untreated cells; blue bar: cells treated with 30 uM
BMP2; light-green bar: cells treated with 10 uM CO; light-red bar: cells treated with 10 nM
MK-4; red bar: cells treated with BMP2 in the presence of MK-4; green bar: cells treated with
BMP?2 in the presence of MK-4 and CO. Bars represent means = SEM (n (C) = 6, n (D) =5)

One-way ANOVA with Tukey's multiple comparisons test.

Figure 6 Proposed mechanism of AVS-patient HAVIC calcification induced by MK-4.
Arrows: pathways supported by the data obtained in this study. MK-4 accelerates BMP2 gene
expression through PXR or PXR/RXR heterodimer; the produced BMP2 activates BMP
receptor (BMPR), which, in turn, stimulates the expression of calcification-related genes such
as DIx5 and Runx2 through Smad1/5/8 in an autocrine and/or paracrine manner, and this
results in ALP activation (Yu et al., 2011; Holleville et al., 2007). Ultimately, ALP activation
by MK-4 through the PXR-BMP2 pathway and the increase in Pi intake through PiT-1

additively and/or synergistically induce HAVIC calcification.
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Table 1 Primers used for quantitative real-time PCR

GenBank
Gene Sequences (5'-3")
Accession No.

ALP NM_000478 Forward: agaaccccaaaggcttcttc

Reverse: cttggcttttccttcatggt

BMP?2 NM_001200 Forward: cggactgcggtctectaa

Reverse: ggaagcagcaacgctagaag

PXR NM_001065 Forward: gcttcagaaaaccacctcagaca

Reverse: caataatgccggtactggttcttc

CYP3A44 AF182273 Forward: cacaaaccggaggccttttg

Reverse: ggtgaaggttggagacagca

CYP2C9 NM_000771 Forward: ggccatgctggttctcaaaa

Reverse: ctcaagtaactctaacactcacc

G3PDH NM_002046 Forward: tgcaccaccaactgcttage

Reverse: ggcatggactgtggtcatgag
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Figures

Figure 1
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