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Abstract. Vitamin K2 (VK2) has a growth inhibitory effect
on various types of cancer cells in vitro, and its efficacy has
been demonstrated in clinical applications in a number of
patients with leukemia and hepatocellular carcinoma. In this
study, the effect of cell growth inhibition and apoptosis
induction and the concomitant use of an anticancer agent by
VK2 (menaquinone: MK4), on gastric cancer cell lines were
examined. When 4 kinds of gastric cancer cells (KATO III,
MKN7, MKN74 and FU97) were exposed to MK4, the cell
growth was inhibited in an MK4 dose-dependent manner.
Morphologically, apoptosis induced by MK4 was recognized
in FU97, but only a slight number of apoptotic images was
recognized in other cell lines. On the contrary, in all the cell
lines, the percentage of APO2.7 positive cells increased
significantly in the MK4-treated group as compared to the
controls. Caspase-3 activity increased significantly in KATO
III and FU97 as compared to the controls, while no significant
differences were noted in MKN7 or MKN74. Moreover, in
all the cell lines, the percentage of GO/G1-phase cells (~70%
in KATO III and FU97, and 280% in MKN7 and MKN74)
increased in comparison to the controls, suggesting that cell-
cycle arrest had occurred. All of the gastric cancer cell lines
were given MK4 in different concentrations and two kinds of
anticancer agent, with the result that cell growth was inhibited
by the anticancer agent in a dose-dependent manner when it
was given with MK4 in concentrations of up to 10 M. In
conclusion, our results demonstrate that the effect of MK4 on
apoptosis and cell-cycle arrest differs in differentiated (MKN7,
MKN74) and undifferentiated (KATO III, FU97) gastric
cancer cell lines, and that MK4 alone or with anticancer
agents has an antitumor effect on gastric cancer cell lines.
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Introduction

There are 13 types of vitamin K-dependent proteins in the
human body, including blood coagulant factors (II, VII, IX
and X factors), anticoagulant factors (protein C, protein S) and
bone protein (osteocalcin, matrix Gla protein) (1). Vitamin K
(VK) acts as a coenzyme that reacts to modify a specific
residual radical of glutamic acid found along the amino end
of these precursor proteins into y-carboxy glutamic acid (Gla
conversion). Of the 3 types of VK, VK1 (phytonadione) and
VK2 (menaquinone) are found in nature and VK3 (menadione)
is synthesized chemically (1). For a long time after it was dis-
covered in 1929, VK was regarded as an essential nutrient for
hemostasis. In the 1980's, it was evident that VK3 has the
ability to inhibit cell growth and to induce apoptosis, but it
has not yet been applied clinically because of its hepatic
toxicity.

VK2 is named menaquinone (MK)-n according to the
number (n) of isoprenoid radicals that make up its side chain,
and 14 of these (MK1-MK14) are found in nature. In recent
years, it has been reported that VK2 has a cell growth
inhibitory effect and a differentiation inducing effect against
tumor cells of various leukemias and hepatocellular
carcinomas (2-12). The mechanisms of these antitumor
effects are believed to differ from Gla conversion of amino
acids, but the details have not yet been elucidated. Clinically,
there are also a number of reports on the efficacy of VK2
against such things as myelodysplastic syndrome, leukemia
and hepatocellular carcinoma (13-16). Generally speaking,
the strength of this growth inhibitory effect is found to be in
the sequence: VK3, VK2 and VK1 (7,9,11). In several
reports, the antitumor effect of VK3 was lost by adding
catalase and, for this reason, it is suspected that VK3 damages
cancer cells by influencing the oxidation-reduction cycle. On
the contrary, the antitumor effect of VK2 is not inhibited by
catalase, so it is conjectured that the action mechanisms of
the two are different (9,17,18). An antitumor effect is also
reported for the VK2 side chains, geranylgeraniol (GGO) and
geranylfarnesol (GFO) (3,12,19). In examining the effects of
VK2, the influences of side chains must also be considered.

There are a number of reports on the antitumor effect of
VK2 against leukemia cells and hepatocellular carcinoma
cells, but virtually no studies have been done on the effect
against gastric cancer cells. In the present study, therefore, an
oral vitamin K2 drug (menaquinone-4: MK4), which is widely
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used as a therapeutic agent against osteoporosis, was used for
in vitro examination of the influence of VK2 on 4 kinds of
gastric cancer cells lines in terms of cell growth inhibition,
apoptosis induction and the effects of the concurrent use of
anticancer drugs. MK4 differs from anticancer drugs in that
it produces few serious side effects. Its safety for long-term
intake by the elderly has been established (20), and it is
expected to be effective in cancer treatment or chemo-
prevention.

Materials and methods

Reagents. VK2 (menaquinone-4: MK4) was synthesized and
supplied by Eisai Co. Ltd. (Tokyo, Japan).

Cell lines. All cell lines originated from human gastric cancer
tissues. KATO III (signet ring cell carcinoma), MKN7 (well-
differentiated tubular adenocarcinoma), MKN74 (moderately-
differentiated tubular adenocarcinoma, liver metastasis) and
FU97 (poorly-differentiated adenocarcinoma, AFP production)
cells were provided by the Japanese Collection Research
Bioresources Cell Bank (Tokyo, Japan). KATO III cells were
cultured in RPMI-1640 medium with Eagle's minimal essential
medium and 10% FBS. MKN7 and MKN74 cells were
cultured in RPMI-1640 medium with 10% FBS. FU97 cells
were cultured in Dulbecco's modified Eagle's medium (4.5 g/
glucose) with 10% fetal calf serum and 10 mg/l insulin. All
cells were cultured in an atmosphere of 5% CO, in air at 37°C.

Growth inhibitory effects of MK4. After the cell count was
adjusted to 1x10* cells/100 1 and MK4 was added in various
concentrations, specimens were placed on a 96-well tissue
culture plate (BD Biosciences, Bedford, MA, USA) and
incubated for 96 h. A cell counting kit (Dojindo Laboratories,
Kumamoto, Japan) was used to determine the surviving cell
count after 96 h. Cells cultivated under the same conditions
but without the addition of MK4 were taken as controls,
and the percentage of cells as opposed to the controls was
calculated as the relative cell number.

Morphological appearance of gastric cancer cells treated with
MKH4. A control group and a group to which 50 uM of MK4
had been added were prepared and the cell morphology, 96 h
after incubation, was observed. KATO III were suspended
cells, and a specimen was created by adhering the cells to a
preparation using Shandon Cytospin 2 (Shandon, Pittsburgh,
PA, USA). The cell morphology was then observed under
Giemsa staining. MKN7 were adhesive cells and those
cultivated on chamber slides underwent Giemsa staining
without modification and were examined microscopically.
MKN74 and FU97 were adhesive cells and the morphology
of those cultivated on chamber slides was observed under a
phase contrast microscope. In addition, cells were treated
with trypsin and separated, and individual cell morphologies
were observed.

Flow cytometric detection of apoptotic cells using APO2.7
monoclonal antibody (mAb). Cells undergoing apoptosis were
assessed by flow cytometry using APO2.7 mAb. The cells
were washed twice with PBS containing 5% FBS. Then,
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1x103 cells suspended in 0.5 ml of PBS containing 5% FBS and
0.02% NaN; were incubated with one or two of the following
mAb for 30 min at 4°C; the mouse FITC-conjugated mAb,
APO2.7 (clone 2.7 A6A3) for detecting 7A6 antigen expressed
by cells undergoing apoptosis, was obtained from Immunotech
(Marseille, France). Immunofluorescence was analyzed by
flow cytometry using an EPICS XL2 flow cytometer (Coulter
Japan, Tokyo, Japan). The percentage of APO2.7 positive
cells in gastric cancer cells with 50 M of MK4 was counted
and compared with controls.

Assessment of caspase-3 activity in MK4-induced apoptosis.
Caspase-3 activity was examined by flow cytometry using a
substrate reagent kit containing PhiPhiLux-G6D2, a rhodamine-
containing specific substrate with amino-acid sequence
treatment (Oncolmmunin, College Park, MD, USA). Briefly,
the cells treated with/without MK4 were washed with PBS
and incubated with a substrate reagent at 37°C for 60 min.
The fluorescence of the profluorescent substrate cleaved by
activated caspase-3 was analyzed by flow cytometry at the
FL2 channel of a BD instrument with excitation at 488 nm.
Caspase-3 activity in gastric cancer cells with 50 M of MK4
was measured and compared with controls.

Cell-cycle analysis. Cells were fixed and stained with a solution
containing 1% propidium iodide (Sigma), 100 ¢ g/ml digitonin,
0.01% NaNj;, 200 ug/ml RNase (Sigma) and 2.5% FCS for
10 min at room temperature. Cells were analyzed by flow
cytometry, and the populations of the GO/G1, S, and G2/M
phases were calculated using a cell-cycle analysis program,
MultiCycle AV (Phoenix Flow Systems, San Diego, CA,
USA).

Effect of combined treatment of anticancer drugs with MK4.
Two anticancer agents, 5-fluorouracil (5-FU; Kyowa Hakko
Kogyo Co., Tokyo, Japan) and docetaxel (TXT; Sanofi
Aventis, Paris, France), were added together with MK4 at
various concentrations to culture medium containing 4 kinds
of gastric cancer cell and incubated for 96 h. The surviving
cell count was determined using a cell counting kit (Dojindo
Laboratories). Cells cultivated under the same conditions but
without the addition of MK4 were taken as controls, and the
percentage of cells as opposed to the controls was calculated
as the survival rate. Results were calculated from the mean
values and the standard deviation (SD) of data on 5 plates.

Statistical analysis. All data are shown as mean + SD.
Comparisons between two groups were assessed using the
Student's t-test. A p-value of less than 0.05 was considered to
indicate a statistically significant difference.

Results

Growth inhibitory effects of MK4. We examined the growth
of 4 kinds of gastric cancer cells in the presence of various
concentrations of MK4 and estimated IDs,. As shown in Fig. 1,
a 96-h exposure to MK4 in all cell lines resulted in inhibition
of cell growth in a dose-dependent manner. IDy, were 35 uM
in KATO III, 50 M in MKN7, 25 yM in MKN74 and 35 yuM
in FU97, respectively.
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Figure 1. Growth inhibition of gastric cancer cell lines in the absence or presence of various concentrations of MK4.
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Figure 2. Morphological changes after 96-h exposure to MK4. (A) KATO
III (Giemsa staining), (B) MKN7 (upper, phase contrast microscopic view;
lower, Giemsa staining), (C) MKN74 (the same as MKN7) and (D) FU97
(the same as MKN?7) (original magnification, x400).
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Figure 3. Flow cytometric detection of MK4-induced apoptosis. (A) Representative results of cells undergoing apoptosis using APO2.7 mAb. Numbers are
the percentages of cells positive for APO2.7 mAb. (B) Summarized results of cells undergoing apoptosis using APO2.7 mAb.

Morphological appearance of gastric cancer cells treated
with MK4. We examined the microscopic appearance of
gastric cancer cells after 96-h treatment with MK4 compared
with controls. KATO III underwent Giemsa staining. Because
KATO III are suspended cells that originate from signet ring
cell carcinoma, they contain mucus in their interior when the
cells mature. It was noted that, in the MK4-treated group, the
percentage of cells with mucus in their interior diminished in
comparison to the controls. Nevertheless, virtually no findings
were recognized as being indicative of apoptosis, such as
apoptotic bodies, nuclear shrinkage or fragmentation (Fig. 2A).

MKN7 was propagated on preparation and observed. In a
slightly enlarged image from phase contrast microscopy, it
was found that control group cell lines grew confluently, while
cell growth in the MK4-treated group was clearly inhibited.
Under Giemsa staining, nuclear fragmentation was observed
in only a small number of cells in the MK4 group. Overall,
however, there were no findings indicative of apoptosis and
only a decrease of N:C ratio was noted (Fig. 2B).

In observations of MKN74 under phase contrast micro-
scopy, there was cell luster and thickness in the control group
and regions where some of the cells stratified and grew. In
the MK4-treated group, however, changes in the granular
condition of cytoplasm were recognized and the impression
was gained that the cytoplasm is thin. Under Giemsa staining,
in the MK4-treated group, as in MKN74, no findings indicative
of apoptosis were evident, and a decrease of N:C ratio was
noted in many of the cells (Fig. 2C).

In observations of FU97 under phase contrast micro-
scopy, as in the case of MKN74, the cells were found to be
growing with luster and thickness. Under Giemsa staining,
the individual cell morphology became irregular compared to
the control group and the apoptotic body was markedly
recognized, indicating MK4-induced apoptosis (Fig. 2D).

Flow cytometric detection of apoptotic cells using APO2.7
monoclonal antibody. APO2.7 is a novel monoclonal antibody
which is raised against the 38-kDa mitochondrial membrane
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Figure 4. Flow cytometric detection of caspase-3 activity. (A) Representative results. (B) Summarized results.

protein (7A6 antigen) specifically expressed by cells under-
going apoptosis. In all gastric cancer cells, the percentage of
APO?2.7 positive cells was significantly increased after a 96-h
exposure to MK4 compared with controls (Fig. 3).

Assessment of caspase-3 activity in MK4-induced apoptosis.
MK4 (50 pM) was added to 4 kinds of gastric cancer cell and
caspase-3 activity was measured after 72 h. In KATO III and
FU97, caspase-3 activity increased significantly as compared
to the controls, but no significant difference was recognized
in MKN7 and MKN74 (Fig. 4).

Cell-cycle analysis. MK4 (50 and 100 M) were added to
4 kinds of gastric cancer cell and the cell cycle was analyzed
after 48 h. In all of the cancer cells, the percentage of GO/G1-
phase cells was elevated compared to the controls, suggesting
that cell-cycle arrest had occurred (Fig. 5). The percentage of
GO/G1 phase was about 70% in KATO III and FU97, while it
was 80% or more in MKN7 and MKN74.

Effect of combined treatment of MK4 with anticancer drugs.
To 4 kinds of gastric cancer cell, 25, 50 and 100 pM of MK4
were added together with 5-FU of various concentrations and
survival cell counts were calculated. For all the cancer cells,
with 5-FU concentration of up to 10 pg/ml, cell growth was
inhibited in a dose-dependent manner in the MK4-added group
as compared to the controls. At a 5-FU concentration of over
10 pg/ml, no differences in survival cell count were recognized
in any of the cancer cell types (Fig. 6). Similarly, with a
docetaxel concentration of up to 10 pxg/ml, cell growth was
inhibited in a dose-dependent manner in the MK4-added group
as compared to the controls. At a docetaxel concentration
of over 10 ug/ml, no differences in survival cell count were
recognized in any of the cancer cell lines (Fig. 7).

Discussion

We set out to determine whether VK2 has antitumor effects,
including the inhibition of cell growth, the induction of
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Figure 5. Cell-cycle analysis of gastric cancer cell lines in the absence or presence of various concentrations of MK4.
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Figure 6. Effect of combined treatment of 5-fluorouracil (5-FU) plus MK4 on gastric cancer cell proliferation.

apoptosis and the enhanced effect of combined treatment cancer were used: KATO III (signet ring cell carcinoma),
with anticancer drugs on gastric cancer cells. In the present ~MKN7 (highly-differentiated ring gland carcinoma), MKN74
study, the following 4 kinds of cells arising from human gastric ~ (liver metastasis strain) and FU97 (AFP-producing gastric
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Figure 7. Effect of combined treatment of docetaxel (TXT) plus MK4 on gastric cancer cell proliferation.

cancer strain). MK4 was added at various concentrations and,
after cells had been incubated for 96 h with 10 xM or more
of MK4, cell growth inhibition in a dose-dependent manner
was recognized in each of the cell lines. The IDy, of these cell
lines ranged from 25 to 50 #M, and these concentrations were
slightly higher than the 1Dy, of leukemia cells, hepatocellular
carcinoma cells or other cancerous tumors (5,7). It was thus
shown that MK4 is effective also in gastric cancer cells.
Miyazawa et al reported that MK4 caused apoptotic changes
including morphological narrowing of HL-60 cells or nuclear
fragmentation, but with HL-60-bcl-2, where bcl-2 is
expressed excessively, apoptosis did not take place and the
differentiation inducing effect acting cytostatically was
manifested (5). In this study, apoptosis was markedly induced
in FU97 but, in the other cell lines, virtually no apoptotic
changes were noted, although an induction of differentiation
was exhibited. However, APO2.7 positive cells increased
significantly in all of the cell lines and, in KATO III and
FU97, activation of caspase-3 was recognized, indicating that
apoptosis does occur in some of these cells. These findings
suggested that there might be differences in the morphological
mode of expression, depending on the type of cancer. On the
other hand, Shibayama-Imazu et al reported that, in similar
examinations of 2 kinds of gastric cancer cell (KATO III,
NUGC-2), growth inhibition was recognized in each cell type
with GGO but, with MK4, there was virtually no inhibitory
effect (12). Yet, because their investigation covered only two
cases and there are no other reports on MK4 in relation to
gastric cancer cells, further studies are required.

Although the mechanism of cell growth inhibition by VK2
is little understood, it is brought about mainly by apoptosis
and the induction of cell-cycle arrest. With regard to apoptosis,
Nishimaki e al and Miyazawa et al reported that, with MDS
or leukemia cells, a decrease of Bcl-2 expression by VK2 was
recognized, together with the strengthening of BAX expression,
depolarization of mitochondria membrane potential and
activation of caspase-3, all of which indicated that apoptosis
induction is suppressed significantly by caspase inhibition
(4,5). Shibayama-Imazu et al reported that, with TYK-nu
ovarian cancer cells, caspase-3 activity increased from the
second day of exposure to VK2, and increases of DNA frag-
mentation and apoptotic cells were noted from the third day
(12). In the present study, the APO2.7 used for detecting
apoptotic cells by flow cytometry was a monoclonal antibody
that reacts to 7A6 antigen, a mitrochondrial membrane protein.
Because cells in the late stage of apoptosis shrink and are not
detected by flow cytometry, APO2.7 identifies apoptotic cells
at a relatively early stage (14,21). In the present study, an
exposure to 50 uM of MK4 resulted in a statistically significant
increase in the percentage of APO2.7 positive cells in each of
the four cell lines as compared to controls. On the other hand,
it was extremely interesting that caspase-3 activity increased
significantly in KATO III and FU97 compared to controls,
but that no significant increase was recognized in MKN7 or
MKN74. Clinically, signet ring cell carcinoma is an un-
differentiated gastric cancer that stores mucus in the cytoplasm,
and infiltrating growth and peritoneal seeding are its special
characteristics (22,23). AFP-producing gastric cancer is a


https://www.spandidos-publications.com/10.3892/ijmm.17.2.235
https://www.spandidos-publications.com/10.3892/ijmm.17.2.235

242

special type of gastric cancer and synchronous or metachronous
liver metastasis occurs in about 60% of such patients (24-26).
Both KATO IIT and FU97 are derived from these cancers with
a poor prognosis. On the contrary, tubular adenocarcinoma is
a differentiated gastric cancer, and expansive growth and
liver metastasis are its distinguishing characteristics, but its
prognosis is relatively good (22). Although detailed mech-
anisms are obscure, these results indicate that the difference
in caspase-3 activity between differentiated gastric cancer
cell lines and undifferentiated gastric cancer cell lines might
be due to a difference in the apoptosis inducing capacity of
MK4, depending on the special features of the cell strains.

With regard to cell-cycle arrest by VK2, Miyazawa et al
reported that, with HL-60 leukemia cells and HL-60-bcl-2
cells, significant increases of GO/G1 phase and p27KP! a
cyclin-dependent kinase inhibitor, were manifested by MK4
exposure (5). Otsuka et al reported that, with PRF/PLC/5 and
HepG2 hepatocellular carcinoma cells, protein kinase A
(PKA), which regulates AP-2, USF-1, CREB and other tran-
scription factors, becomes active under MK4 exposure (10).
AP-2 and USF-1 are factors that inhibit tumor growth and
metastasis (27,28), and it is also known that PKA induces
cell-cycle arrest, not only of G1 phase but also G2/M phase
(29-31). Hitomi et al reported that, when using a mouse
model in which PLC/PRF/5 hepatocellular carcinoma cells
had been transplanted subcutaneously, administration of
MK4 at 400 yM/day manifested a significant inhibition of
tumor growth as compared to controls (11). They also pointed
out that there was a significant decrease in cyclin D1 and Cdk4
but not p16 in the models, and that such results suggested
that G1 arrest of the cell cycle was induced by MK4. In our
study, an increase of GO/G1 phase was observed in all four
cell lines by exposure to 50 and 100 M of MK4 as compared
to the controls, suggesting that G1 arrest of the cell cycle
occurred. GO/G1 phase was approximately 70% in KATO III
and FU97 but 80% or more in MKN7 and MKN74. These
findings indicated that, as in the case of apoptosis, the influence
of MK4 on the cell cycle varies between differentiated and
undifferentiated gastric cancer cells.

Chemotherapy is one option for the treatment of advanced
or recurrent cancer but, occasionally, it must be stopped
because of side effects. This arises from the fact that many
anticancer drugs damage not only tumor cells but normal cells
as well. VK2, on the contrary, has virtually no side effects,
its safety has been established and it exhibits an antitumor
effect. Sakai et al reported that when MK4 and camptothecin,
an anticancer drug, are used concurrently in human myeloid
leukemia cells, extensive differentiation is induced as compared
to when VK2 or capmtothecin are administered independently
(2). Yokoyama et al reported that concurrent use of imatinib
and VK2 in small cell lung cancer cell lines significantly
induced apoptosis (32). In the present study, MK4 of various
concentrations and two kinds of anticancer drug were admin-
istered to 4 gastric cancer cell lines and survival cell counts
were determined. In each of the cancer cell lines, cell growth
was inhibited in a dose-dependent manner by concomitant
use of MK4 and an anticancer drug at up to 10 uM. These
results indicate that such combinations can be used clinically
and that the side effects of anticancer drugs can possibly be
reduced by lowering dosages.
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