
Abstract. Vitamin K2 (VK2) is an anti-proliferative agent
toward a variety of cancer including hepatocellular carcinoma
(HCC). Because the growth inhibitory effect of VK2 to
HCC has not been established yet, we investigated it in HCC
cells in vitro. VK2 inhibited growth of Hep3B, but not of
HepG2, HLF, and Huh6. VK2 induced the cell cycle arrest at
the G1 phase and involvement of apoptosis was suggested
because the sub-G1 fraction appeared in flow cytometric
analysis and nuclear condensation and fragmentation
appeared after VK2 treatment. VK2 activated extracellular
signal-regulated kinase (ERK)1/2 in a mitogen-activated
ERK-regulating kinase (MEK)-dependent manner in Hep3B
and Huh6, but not in HepG2 and HLF. When ERK1/2 was
inhibited by U0126, apoptosis by VK2 in Hep3B, but not in
Huh6, was significantly enhanced. However, Western blot
analysis revealed that neither apoptosis induction by VK2
nor enhancement of apoptosis by U0126 was mediated by
caspase activation. These data demonstrated that VK2
induced apoptosis and activated the MEK/ERK1/2 signaling
pathway in a cell-type specific manner, and a MEK inhibitor
could augment the cell death in these cells.

Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer-
related death in the world. Intensive chemotherapy including
intrahepatic administration has been applied for patients with
advanced HCC, however, the prognosis of these patients is

not favorable. Therefore, the development of new drugs for
the treatment of advanced HCC is expected to improve the
prognosis of these patients.

Vitamin K (VK) is an essential vitamin existing in three
different forms including phylloquinone (VK1) in green leafy
vegetables, menaquinone (VK2) produced by the intestinal
flora, and menadione (VK3), a synthetic VK congener. The
physiological function of VK is a cofactor of the enzyme
Á-glutamyl-carboxylase, which converts glutamate (Glu)
residues into Á-carboxy glutamate (Gla). Since VK2 has a
pivotal role in bone formation (1), VK2 is widely used as a
therapeutic drug for osteoporosis in Japan.

It was recently reported that VK2 significantly prevented
the development of HCC when applied in the treatment of
the patients with liver cirrhosis (2) and suppressed the
recurrence of HCC after curative treatment (3). In addition,
VK2 has been demonstrated to exert an anti-proliferative
action toward a variety of cancer cells including lung
carcinoma (4), acute myeloid leukemia cells (5), and HCC
cells (6,7). However, the mechanisms by which VK2 inhibit
the growth of HCC cells are undefined.

Extracellular signal-regulated kinase (ERK)1/2 is a
signaling molecule relevant to chemoresistance to a variety
of drugs (8). In this study, we found that VK2 inhibited the
growth of HCC cells and activated the mitogen-activated
ERK-regulating kinase (MEK)/ERK1/2 signaling pathway
in a cell-type specific manner. A MEK inhibitor sensitized
HCC cells to VK2, demonstrating MEK/ERK1/2 as resistant
molecules to VK2.

Materials and methods

Materials. VK2 was kindly provided by Eisai Co., Ltd. (Tokyo,
Japan) and dissolved in ethanol as a vehicle. A phospho-
rylation-independent antibody for ERK1/2 was purchased
from Stressgene Biotechnologies Corp. (Victoria, Canada).
An antibody specific for ERK1/2 phosphorylated at the
Thr202/Tyr204 residues, an anti-ß-actin antibody, and Hoechst
33258 were purchased from Sigma (St. Louis, MO, USA).
A mitogen-activated ERK-regulating kinase (MEK) inhibitor,
U0126, was purchased from Calbiochem-Novabiochem Corp.
(San Diego, CA, USA) and dissolved in DMSO as a vehicle.
Anti-caspase-3 and caspase-9 antibodies were purchased from
Cell Signaling Technology (Beverly, MA, USA). Secondary
anti-mouse and anti-rabbit horseradish peroxidase antibodies
were purchased from Amersham Pharmacia Biotechnology
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(Piscataway, NJ, USA). Des-Á-carboxyprothrombin (DCP)
levels produced by HCC cells were measured by LUMIPULSE
(Eisai Co., Ltd.).

Cell lines and tissue culture. Hep3B, HepG2, HLF, and
Huh6 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) (Invitrogen Corp., Carlsbad, CA, USA),
supplemented with 10% fetal bovine serum (Cosmo Bio-
technology, Tokyo, Japan) and penicillin/streptomycin (Cosmo
Biotechnology) at 37˚C in a 5% CO2 incubator.

Cell viability. Cell viability was assessed by modified 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays (Cell Counting Kit-8, Dojindo Corp., Kumamoto,
Japan) following the supplier's protocol. Briefly, cells were
grown in 96-well plates at 37˚C in a 5% CO2 incubator and
treated with the compounds. After 10 μl of reagent was
added, OD450 was measured by a microplate reader (Dade
Behring, Deerfield, IL, USA). Control samples always
contained 0.1% ethanol and/or DMSO. The experiments
were repeated at least six times and data were expressed as
the mean ± SD.

Hoechst 33258 staining. Cells grown in 8-well slides (Nalgen
Nunc International, Rochester, NY, USA) were fixed in
methanol/acetic acid (3:1) solution for 15 min, washed with
phosphate-buffered saline (PBS) for 5 min three times, and
stained with Hoechst 33258 solution for 20 min under
light-protected conditions. The cells were observed under a
fluorescent microscope.

Flow cytometry. The cell pellets treated with VK2 were
washed with PBS containing 1% fetal bovine serum, fixed in
70% ethanol, stained with 0.5 mg/ml propidium iodide
(Sigma) containing 3 Kunitz RNase (Nippon Gene Co., Ltd.,
Tokyo, Japan), and then analysis was performed with a flow
cytometer (EPICS-XL, Beckman Coulter Inc., Miami, FL,
USA).

Total protein preparation and Western blotting. Total protein
preparation from cells and Western blotting were performed
as described previously (9). Briefly, cells were lysed in radio
immune precipitation (RIPA) buffer (Upstate, Lake Placid,
NY, USA) supplemented with 1 mM sodium orthovanadate,
1 mM phenylmethylsulfonyl fluoride (PMSF), and a protease
inhibitor mixture tablet (Roche Diagnostics, Basel,
Switzerland) for 10 min on ice. Total protein samples (10 μg)
were separated on a sodium lauryl sulfate (SDS)-
polyacrylamide gel (PAGE) and transferred to a poly-
vinylidene difluoride (PVDF) membrane (Immobilon-P,
Millipore, Bedford, MA, USA). After the membranes were
blocked in 5% non-fat milk (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) in TBST (10 mM Tris, 150 mM
NaCl, pH 8.0, and 0.1% Tween-20) for 1 h at room
temperature, they were probed with primary antibodies
overnight at 4˚C, washed three times in TBST, incubated with
anti-mouse or anti-rabbit horseradish peroxidase (HRP)
antibody in TBST for 1 h at room temperature. The signals
were visualized by a chemiluminescence solution (ECL,
Amersham Pharmacia Biotechnology).

Statistical analysis. Data were expressed as the mean ± SD.
The data of MTT assays were analyzed using the paired t-test
to assess differences between experimental groups. Statistical
significance was inferred at p<0.05.
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Figure 1. Effects of VK2 on the proliferation of human liver cancer cells. (A)
After Hep3B, HepG2, HLF, and Huh6 cells were treated with 1x10-4 M VK2
for 96 h, the cellular growth was examined by MTT assays. OD450 at each
time-point was expressed as percentage of untreated cells containing 0.1%
ethanol as a vehicle. These experiments were repeated six times and data are
expressed as the mean ± SD. (B) Des-Á-carboxyprothrombin (DCP) levels of
supernatant and cellular homogenate in HCC cells were demonstrated.

Figure 2. Effects of VK2 on the proliferation of Hep3B cells. (A) MTT assays
were performed after Hep3B cells were treated with escalating doses (1x10-7,
1x10-6, 1x10-5, and 1x10-4 M) of VK2 for 96 h. (B) MTT assays were per-
formed after Hep3B cells were treated with 1x10-4 M VK2 for 24, 48, 72, and
96 h. OD450 at each concentration and time point was expressed as percentage
of untreated cells containing 0.1% ethanol as a vehicle. These experiments
were repeated six times and data are expressed as the mean ± SD.
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Results

Effects of VK2 on the proliferation of liver cancer cells. First,
we evaluated the effect of VK2 on the proliferation of human
HCC cells cultured under 10% serum. The growth of HepG2,
HLF, and Huh6 was not significantly modulated by the
treatment of 1x10-4 M VK2 for 96 h when compared to un-
treated cells containing a vehicle (0.1% ethanol) (Fig. 1A).

In contrast, the proliferation of Hep3B cells producing DCP
(Fig. 1B), resulting from an acquired post-translational defect
in the vitamin K-dependent carboxylase system in HCC
(10), was significantly inhibited ~75% by VK2 (Fig. 1A). The
growth inhibitory effect of VK2 on Hep3B cells was mostly
in dose- and time-dependent manner (Fig. 2). When similar
experiments were conducted under serum-free conditions,
the results were mostly indistinguishable from the above
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Figure 3. Flow cytometric analysis of human liver cancer cells after treatment with VK2. Flow cytometric analysis was performed after Hep3B cells were treated
with 1x10-4 M VK2 for 24, 48, 72, and 96 h (A). Control cells contained 0.1% ethanol as a vehicle. Similar experiments were conducted in HLF (B), Huh6 (C), and
HepG2 (data not shown) cells. Cellular fraction in G1, S, and G2/M phases after 96 h of the VK2 treatment was summarized as bar graphs.
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(data not shown). These data indicate that VK2 inhibited the
growth of HCC cells in a cell-type specific manner
independently of DCP status.

Effects of VK2 on the cell cycle and apoptosis. We next
evaluated the effect of VK2 on the cell cycle machinery in
HCC cells. Flow cytometric analysis revealed that the cell
cycle was blocked at the G1 phase after 72 h of the VK2
treatment in Hep3B cells. In addition, the sub-G1 fraction, a

hallmark of apoptosis, was observed after 48 h of the 1x10-4 M
VK2 treatment in a time-dependent manner in Hep3B cells
(Fig. 3A). In contrast, neither the cell cycle arrest nor the
sub-G1 fraction was observed in HLF (Fig. 3B), Huh6
(Fig. 3C), and HepG2 (data not shown) cells.

Induction of apoptosis was confirmed by nuclear mor-
phology after HCC cells were treated with VK2. VK2 induced
nuclear shrinkage, condensation, and fragmentation, which
are indicative of apoptosis, in Hep3B cells (Fig. 4A). In
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Figure 4. Nuclear morphology of human liver cancer cells after treatment with VK2. Hoechst 33258 staining was performed after Hep3B (A) and HepG2 (B)
cells were treated with 1x10-4 M VK2 for 96 h. Apoptotic cells are indicated by arrows. Original magnification, x400. (C) Western blot analysis was
performed in Hep3B cells treated with 1x10-4 M VK2. We employed two types of anti-caspase-3 antibodies, detecting both full-length (35 kDa) and cleaved-
form caspase-3 (17 kDa) (top panel) and only cleaved-form caspase-3 (Asp175, 17 kDa) (second panel). Activated caspase-9 was detected by anti-caspase-9
antibody recognizing both full-length (47 kDa) and cleaved-form caspase-9 (35 kDa) (third panel). Cell lysates from Daudi cells treated with interferon-·

served as a control (lane 7).
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contrast, apoptosis was not induced in HepG2 (Fig. 4B),
HLF, and Huh6 cells (data not shown). These data revealed
that growth inhibition of Hep3B cells by VK2 was mediated
by induction of apoptosis.

We further evaluated the involvement of caspases in
VK2-induced apoptosis in Hep3B cells. We did not observe
significant cleavage of caspase-3, an executioner caspase, or
caspase-9, an initiator caspase, after treatment with VK2
(Fig. 4C). Cell death induced by VK2 was not reversed by
pretreatment with 20 μM Z-VAD-FMK, a pan-caspase inhibitor
(data not shown). These data indicate that VK2 induced
apoptosis in Hep3B cells without activation of caspases.

Roles of ERK1/2 on the VK2-induced apoptosis. Since
ERK1/2 and AKT have been linked to the regulation of
cellular growth, apoptosis, and chemoresistance (8), we
investigated how these signaling molecules are regulated
by VK2 in HCC cells. ERK1/2 activity was significantly
enhanced by the treatment with 1x10-4 M VK2 in Hep3B
cells, peaking after 48 h (Fig. 5A). ERK1/2 activation by
VK2 was observed in dose-dependent (Fig. 5B) and MEK-
dependent manner (Fig. 5C). ERK1/2 activation by VK2 was
recapitulated in Huh6 cells, but not in HLF (Fig. 5D) and
HepG2 (data not shown) cells. AKT activity of these HCC
cells was not significantly modulated after treatment with
VK2 (data not shown).

To ascertain a role of ERK1/2 activation by VK2 in Hep3B
cells, MTT assays, flow cytometric analyses, and Hoechst
33258 staining were performed after pretreatment with U0126,
a MEK inhibitor. Treatment with U0126 alone inhibited
the growth of Hep3B cells about 80% compared to the
control cells containing vehicle (Fig. 6A), implying that basal
ERK1/2 activity was necessary for the growth of Hep3B
cells. When the cells were pretreated with U0126 for 30 min
followed by VK2 for 96 h, the cell death was enhanced in an
additive manner (Fig. 6A). Flow cytometric analyses
revealed that pretreatment with escalating doses of U0126
enhanced the sub G1 fraction induced by VK2 (Fig. 6B).
Hoechst 33258 staining demonstrated nuclear condensation
and fragmentation after pretreatment of Hep3B cells with
U0126 (Fig. 6C). Enhancement of VK2-induced apoptosis
by U0126 was not mediated by activation of caspases,
because Western blot analysis revealed no active products
of caspase-3 and caspase-9 after pre-treatment of Hep3B
cells with escalating doses of U0126 followed by VK2 (Fig.
6D). In Huh6 cells revealing ERK1/2 activation by VK2
(Fig. 5D), pretreatment with U0126 did not sensitize Huh6
cells to VK2 when evaluated by MTT assays, flow cytometric
analysis, and Hoechst 33258 staining (Fig. 6E). These results
demonstrate that roles of ERK activation by VK2 are distinct
depending on the cell type.

Discussion

Anti-proliferative action of VK2 has been reported in a variety
of cancer cells including lung carcinomas (4), acute myeloid
leukemia cells (5), and HCC cells (6,7). However, the
mechanisms by which VK2 inhibited the growth of these
cancer cells are largely unknown. Our present study demon-
strated that VK2 inhibited the growth of HCC cells via
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Figure 5. ERK1/2 activation by VK2 in human liver cancer cells. Activation
of ERK1/2 was evaluated after treatment of HCC cells with VK2 by Western
blot analysis employing a phosphorylation-specific antibody of ERK1/2.
The membranes were reprobed with antibodies of total ERK1/2 and ß-actin
as loading control. (A) Hep3B cells were treated with 10-4 M VK2 for 24,
48, 72, and 96 h and Western blotting was performed with indicated anti-
bodies. (B) Hep3B cells were treated with escalating doses of VK2 (1x10-7,
1x10-6, 1x10-5, and 1x10-4 M) for 48 h and Western blotting was performed
with indicated antibodies. (C) Western blot analysis was performed including
Hep3B cells pretreated with escalating doses of U0126 (5, 10, 25, and 50 μM)
before administration of 1x10-4 M VK2 for 48 h. (D) HLF and Huh6 cells
were treated with 10-4 M VK2 for 24, 48, and 72 h and Western blotting was
performed with indicated antibodies.
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induction of apoptosis in a cell type-specific manner. Because
tumor vitamin K content has a critical role in the synthesis
of DCP (11), we evaluated whether the secretion of DCP
was correlated to the sensitivity of HCC cells to VK2. Although
a limited number of cell lines was analyzed, the anti-
proliferative effect of VK2 appeared to be independent of
the secretion of DCP, because the growth inhibitory effect
of VK2 was not ubiquitously observed in DCP-producing
cells, concordant with a previous report (6).

Plasma concentration of VK2 achievable in human is about
10-5 M (12). In the present study, the growth inhibitory effect
of VK2 was observed when a higher concentration (10-4 M)
of VK2 was exposed to the cells for a long period (96 h), and
was limited to a subset of HCC cells. These results suggest
that anti-proliferative action of VK2 in HCC cells may be
relatively weak and may be observed in limited HCC cells.
For clinical application of VK2 in patients with HCC, dosing
with higher VK2 concentration must be considered.

Next, we examined the mechanisms by which HCC cells
resisted VK2. ERK1/2 is a signaling molecule involved in
the regulation of cell survival (13) and sensitivity to chemo-
therapeutic agents (8) either in a positive (14) or in a negative

(15) manner depending on the cellular context. We observed
that VK2 activated ERK1/2 in Hep3B and Huh6 cells.
ERK1/2 activation by a VK analogue, Cpd5, in Hep3B cells
has been reported (16), demonstrating a positive role of
ERK1/2 activation in growth inhibition. On the contrary, we
found that U0126, a MEK inhibitor, enhanced apoptosis in
Hep3B cells revealing that the MEK/ERK molecules as
resistant factors against VK2-induced apoptosis, and that
U0126 did not sensitize Huh6 cells to VK2. Thus, the roles
of activated ERK1/2 could be complicated and distinct
depending on the cellular context.

Caspases are established players of apoptosis in various
models, however, increasing recent evidence demonstrated
induction of apoptosis without caspase activation (17). In our
model, induction of apoptosis was indicated in Hep3B cells
after treatment with VK2 and apoptosis was augmented by
abrogation of U0126, however, we did not observe activation
of caspases, suggesting that caspase-independent pathways
are involved in these situations.

To sensitize cancer cells to VK2, combinatory treatment
with cisplatin and imatinib mesylate has been challenged
in lung cancer cells (4,18). Since our results demonstrated
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Figure 6. Effects of a MEK inhibitor on the cellular growth and apoptosis in human liver cancer cells. (A) MTT assays were conducted after Hep3B cells were
treated with 10 μM U0126, 1x10-4 M VK2, and pretreated with 10 μM U0126 for 30 min followed by 1x10-4 M VK2 for 96 h. OD450 was expressed as
percentage of untreated cells containing 0.1% ethanol and DMSO as vehicles. These experiments were repeated six times and data are expressed as the mean
± SD. (B) Flow cytometric analysis was performed after Hep3B cells were treated with 1x10-4 M VK2 alone and pretreated with escalating doses of U0126 (5,
10, 25, and 50 μM) for 30 min followed by 1x10-4 M VK2 for 96 h. (C) Hoechst 33258 staining was performed after Hep3B cells were pretreated with 50 μM
U0126 for 30 min followed by 1x10-4 M VK2 for 96 h. Apoptotic cells are indicated by arrows. Original magnification, x400. (D) Western blot analysis was
performed utilizing Hep3B cells pretreated with escalating doses of U0126 (5, 10, 25, and 50 μM) before administration of 1x10-4 M VK2 for 48 h and probed
with anti-caspase-3 antibodies, detecting both full-length (35 kDa) and cleaved-form caspase-3 (17 kDa) (top panel), detecting only cleaved-form caspase-3
(Asp175, 17 kDa) (second panel), and anti-caspase-9 antibody recognizing both full-length (47 kDa) and cleaved-form caspase-9 (35 kDa) (bottom panel). Cell
lysates from Daudi cells treated with interferon-· served as a control (lane 9). (E) MTT assays (top panel), flow cytometric analysis (middle panel), and Hoechst
33258 staining (bottom panel, original magnification, x400) were performed after Huh6 cells were pretreated with 10 μM U0126 for 30 min followed by 1x10-4 M
VK2 for 96 h. In MTT assays, OD450 was expressed as percentage of untreated cells containing 0.1% ethanol and DMSO as vehicles.
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that HCC cells were relatively resistant to VK2, and U0126
accelerated cell death in a limited HCC cell lines, a combinatory
treatment with a MEK inhibitor and VK2 may benefit some
patients with HCC. In addition, identification of new target
molecules responsible for the resistance to VK2 is important
for clinical application of VK2 in patients with HCC.
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