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Valproic acid cooperates with hydralazine to augment
the susceptibility of human osteosarcoma cells
to Fas- and NK cell-mediated cell death
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Abstract. We investigated the effects of valproic acid (VPA), a
histone deacetylase inhibitor, in combination with hydralazine,
a DNA methylation inhibitor, on the expression of cell-surface
Fas and MHC-class I-related chain molecules A and B (MICA
and B), the ligands of NKG2D which is an activating receptor
of NK cells, and on production of their soluble forms in HOS,
U-2 OS and SaOS-2 human osteosarcoma cell lines. We also
examined the susceptibility of these cells to Fas- and NK cell-
mediated cell death. VPA did not increase the expression of Fas
on the surface of osteosarcoma cells, while hydralazine did, and
the combination of VPA with hydralazine increased the expres-
sion of cell-surface Fas. In contrast, the combination of VPA
with hydralazine did not increase the production of soluble Fas
by osteosarcoma cells. Both VPA and hydralazine increased the
expression of cell-surface MICA and B in osteosarcoma cells,
and their combination induced a greater increase in their expres-
sion. VPA inhibited the production of both soluble MICA and
MICB by osteosarcoma cells while hydralazine produced no
effect. Both VPA and hydralazine enhanced the susceptibility
of osteosarcoma cells to Fas- and NK cell-mediated cell death
and the combination of VPA with hydralazine further enhanced
the effects. The present results suggest that combined admin-
istration of VPA and hydrazine is valuable for enhancing the
therapeutic effects of immunotherapy for osteosarcomas.
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Introduction

Tumor cells express MHC class I-related chain molecules A
and B (MICA and B) on their cell-surface, which are ligands of
the NKG2D receptor which is expressed on the cell-surface of
cytotoxic immune cells, such as natural killer (NK), y6* T and
CD8" afp* T cells (1,2). The binding of the NKG2D receptor
to its ligands activates NK and yd* T cells, and co-stimulates
tumor antigen-specific CD8* afy* T cells (1,2). Tumor cells also
express the cell surface receptor Fas (CD95/APO-1), and its
binding of the Fas ligand expressed on the cell-surface of NK
cells or cytotoxic T cells induces the death of tumor cells (3-5).
Thus, both the NKG2D-MICs and Fas-Fas ligand systems play
important roles in the cytotoxicity of immune cells. However,
tumor cells produce both soluble Fas and soluble MICs and
escape from attack by cytotoxic immune cells.

The soluble Fas, which lacks the transmembrane domain
of cell-surface Fas, is produced by alternative splicing of the
Fas gene transcript (6,7) and inhibits the binding of cell-surface
Fas to the Fas ligand of cytotoxic immune cells (6,8). Soluble
MICs, which are produced by the proteolytic cleavage of their
extracellular domain by proteases (1,9-11), interfere with the
binding of MICs on the surface of tumor cells to NKG2D recep-
tors on the surface of cytotoxic immune cells, and the binding of
soluble MICs to NKG2D receptors down-regulates the NKG2D
receptors on the surface of cytotoxic immune cells (1,11-14).
Therefore, an increase in the expression of Fas and MICs on the
surface of tumor cells, and a decrease in the production of their
soluble forms by tumor cells enhance the susceptibility of tumor
cells to cytotoxic immune cells.

The gene expression in tumor cells is altered by both genetic
and epigenetic events, and epigenetic modifiers, such as a
histone deacetylase (HDAC) inhibitor and a DNA methylation
inhibitor, have been shown to suppress the growth of tumor
cells and alter their gene expression profiles (15,16). Several
studies have demonstrated that HDAC inhibitors stimulate
the expression of cell-surface MICA and MICB in a variety
of tumors, enhancing the susceptibility of tumor cells to NK
cell-mediated cytotoxicity (17-21). These agents also enhance
the expression of cell-surface Fas (22,23), and increase the
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susceptibility of tumor cells to Fas-mediated cell death (24-27).
Deoxyazocytidine, a DNA methylation inhibitor, also has
been reported to up-regulate the expression of Fas on colon
and prostatic cancer cells, and to sensitize colon cancer cells
to Fas-mediated cell death (28). Furthermore, Tang et al (29)
have shown that deoxycytidine increased the cell-surface MICB
expression on HEK293T and HepG2 cells and sensitized them
to NK cell-mediated cytotoxicity. Thus, the use of an HDAC
inhibitor alone or DNA methylation inhibitor alone has been
shown to enhance the susceptibility of tumor cells to cytotoxic
immune cells. However, the effects of their combination have
not yet been investigated.

We have previously shown that valproic acid (VPA), a
histone deacetylase inhibitor, does not increase the expres-
sion of Fas on the cell-surface of human osteosarcoma cells,
but sensitizes them to Fas-mediated cell death and decreases
their production of soluble Fas (27). Furthermore, we have
shown that VPA increases the expression of MICA and B on
the cell-surface of human osteosarcoma cells, sensitizes them
to NK cell-mediated cell death and decreases their produc-
tion of soluble MICA and MICB (21). In the present study, we
investigated the effects of a combination of VPA and a DNA
methylation inhibitor on the expression of Fas and MICA and B
on the cell-surface of osteosarcoma cells, their susceptibility to
Fas- and NK cell-mediated cell death, and their production of
soluble Fas and soluble MICA and MICB. We adopted VPA and
hydralazine as a representative histone deacetylase inhibitor and
DNA methylation inhibitor, respectively (15,30), because VPA
and hydralazine are currently being used for the treatment of
epilepsy and mood disorders (30,31) and for anti-hypertensive
therapy (32), respectively, without serious side effects.

Materials and methods

Reagents and antibodies. Sodium valproate was purchased
from Wako (Osaka, Japan), hydralazine hydrochloride was from
Sigma-Aldrich (St. Louis, MI, USA), the PE-conjugated anti-
human Fas mouse monoclonal antibody (IgG,) was from BD
Pharmingen (San Jose, CA, USA), the PE-conjugated anti-human
MICA and B mouse monoclonal antibody (IgG,,) was from R&D
Systems (Minneapolis, MN, USA), the agonistic anti-human Fas
mouse monoclonal antibody (IgM) (CH-11) was from MBL
(Nagoya, Japan), and the purified anti-human NKG2D mouse
monoclonal antibody (IgG,) and control mouse IgM, IgG, and
IgG,,,, were purchased from BioLegend (San Diego, CA, USA).

Cells. U-2 OS human osteosarcoma cells and human natural
killer NK-92 cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA), and HOS and
Sa0OS-2 human osteosarcoma cells were purchased from Riken
BRC Cell Bank (Tsukuba, Japan). The HOS cells were cultured
in Eagle's minimum essential medium (Invitrogen, Carlsbad,
CA, USA), and the U-2 OS and SaOS-2 cells in McCoy's 5SA
modified medium (Invitrogen). All these media contained 10%
fetal bovine serum (FBS) (MP Biomedical, Morgan Irvine, CA,
USA), penicillin (100 U/ml) and streptomycin (100 pg/ml). The
NK-92 cells were cultured in minimum essential o medium
(Invitrogen) containing 0.2 mM inositol, 0.1 mM 2-mercap-
toethanol, 0.02 mM folic acid, 17 mM sodium bicarbonate,
12.5% horse serum (Invitrogen), 12.5% FBS and 100 U/ml

recombinant human interleukin 2 (Peprotech, Rock Hill, NJ,
USA). All cells were cultured in a humidified atmosphere of
5% CO, in air at 37°C.

Cell growth. HOS and U-2 OS cells (1x10° cells per well), and
Sa0S-2 cells (2x10° cells per well) were seeded in 96 well-
tissue culture plates containing 100 ul of medium in each well.
After 24 h (day 0), VPA (1.0 mM), hydralazine (10 uM) or a
combination of both agents was added to the medium, and the
cultured for another 7 days with a medium change on day 3.
The number of viable cells in each well was estimated using a
CellTiter 96° AQ,.,., One solution cell proliferation assay kit
(Promega, Madison, WI, USA), according to the manufacturer's
instructions.

Flow cytometric analysis. HOS, U-2 OS and SaOS-2 cells were
seeded at 2, 2 and 4x10° cells/dish, respectively, in 6 cm-tissue
culture dishes containing 4 ml of medium per dish. After 24 h
(day 0), VPA (1.0 mM), hydralazine (10 #M) or a combination
of both agents was added to medium, and the cells were cultured
for another 7 days, with a medium change on day 3. After the
culture, cells were detached from the dishes, and their expres-
sion of membrane-bound Fas and membrane-bound MICA
and B was analyzed by a flow cytometric analysis, as described
previously (21,27). The percentages of membrane-bound Fas-
and MICA and B-positive cells were determined by the flow
cytometric analysis, and the effects of VPA, hydralazine or the
combination were evaluated by determining the ratio of the
percentage of positive cells in treated cultures to the average
percentage of positive cells in untreated cultures.

Enzyme-linked immunosorbent assays (ELISAs) . HOS, U-2 OS
and Sa0S-2 cells were seeded at 1, 1 and 2x10° cells/dish,
respectively, in 10 cm-tissue culture dishes containing 5 ml of
medium per dish. After 24 h (day 0), VPA (1.0 mM), hydrala-
zine (10 uM) or a combination of both agents was added to the
medium, and the cells were cultured for another 7 days, with
a medium change on day 3. After being cultured, the medium
was collected for an assay of the soluble Fas, soluble MICA and
soluble MICB levels using ELISA systems for human soluble
Fas, MICA and MICB (R&D Systems) and a microplate reader
(Bio-Rad, Tokyo, Japan). The effects of VPA, hydralazine and
the combination were evaluated by determining the amount of
the soluble forms of the proteins per 10* viable cells in treated
cultures as a percentage of the average value in untreated
cultures.

Cell death induced by an agonistic anti-Fas antibody. HOS,
U-2 OS and SaOS-2 cells were seeded at 2, 2 and 4x10* cells/
dish, respectively, in 6 cm-tissue culture dishes containing
4 ml of medium per dish. After 24 h (day 0), VPA (1.0 mM),
hydralazine (10 M) or a combination of both agents was added
to the medium, and cells were cultured for another 7 days, with
a medium change on day 3. After the culture, the dishes in each
group (control, VPA, hydralazine or VPA and hydralazine) were
divided into 2 groups, the media in all dishes were removed, and
the cells were washed with medium without VPA or hydralazine
two times. Then, one group received medium with 100 ng/ml of
an agonistic anti-human Fas mouse monoclonal antibody (IgM)
(CH-11), and the other group received medium with mouse IgM
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as a control. The cells were cultured for another 16 h, and the
number of viable cells per dish was determined by the trypan
blue exclusion test. The effect of the agonistic anti-Fas antibody
on cell death was evaluated by expressing the number of viable
cells per dish after treatment with the agonistic anti-Fas anti-
body as the percentage of the average number of viable cells per
dish after treatment with IgM.

Cytotoxicity assay. The NK cell cytotoxicity against the
target cells (HOS, U-2 OS and SaOS-2 osteosarcoma cells)
was analyzed using a CytoTox-Fluor™ Cytotoxicity Assay kit
(Promega), according to the manufacturer's instructions. The
osteosarcoma target cells (T) were cultured in medium with or
without VPA (1.0 mM), hydralazine (10 M) or a combination
of both agents for 7 days. Then, the NK cell cytotoxicity assay
was carried out by incubating these cells with NK-92 effector
cells (E) at various T:E ratios (1/20-1/5) for 3 h at 37°C. In
blocking experiments, the NK-92 cells were cultured in medium
with 1.0 ug/ml of the purified anti-human NKG2D antibody for
16 h before incubating them with the target cells. The number
of dead cells was estimated by measuring the activity of prote-
ases in the medium which were released from dead cells. The
protease activity in the medium that was released spontaneously
from target cells, and the total maximum protease activity
released from all target cells by treatment with 1% Triton X-100
was also determined. The percentage of target cells killed by
NK-92 cells was calculated as follows: 100 x (sample protease
activity-spontaneously released protease activity)/(total protease
activity-spontaneously released protease activity).

Methylation-specific restriction enzyme digestion PCR.
Sa0S-2 cells were cultured in medium with or without 1.0 mM
VPA, 10 uM hydralazine or a combination of both agents for
7 days, with a medium change on day 3. The genomic DNA of
cells was extracted using a Wizard® SV genomic DNA purifi-
cation system (Promega). An aliquot of each extracted DNA
sample was digested by methylation-sensitive Hpall or the
methylation-insensitive Mspl restriction enzyme (New England
Biolabs, Beverly, MA, USA). After digestion, each DNA sample
was amplified by PCR using Ex Taq DNA polymerase (Takara
Bio Inc., Ohtsu, Shiga, Japan) and the following primers: sense,
5'-ACGAACCCTGACTCCTTCCT-3' and antisense, 5'-AG
CTTCCCCAACTCCGTACT-3' for the Fas promoter region
(-386 to -30); sense, 5'-GAGCCGGTTTAATGGGGCGG-3'
and antisense, 5'-CAGAAAATGGGGAGCACGCG-3' for the
MICA promoter region (-420 to -184); sense, 5-AAGGA
ACAAGCCAGTGAGAG-3' and antisense, 5-AACCCGTGG
AAATTTAGTCA-3' for the MICB promoter region (-437 to
-64). The initial denaturation and final extension of PCR were
done at 95°C for 5 min and at 72°C for 5 min, respectively, and
the amplification conditions of the PCR were 35 cycles at 95°C
for 30 sec, 57°C for 30 sec, and 72°C for 45 sec for the Fas,
MICA and MICB promoter regions. The amplified fragments
were resolved by electrophoresis on 2.0% agarose gels, and
were detected by ethidium bromide staining.

Statistical analysis. The data are presented as the means + SEM.
The data from 3 or more groups were analyzed by the two-tailed
Dunnett's t-test for multiple comparisons. A P-value <0.05 was
considered to be significant.
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Figure 1. The effects of VPA, hydralazine and their combination on cell
growth. Osteosarcoma cells were cultured in medium with or without 1.0 mM
VPA, 10 uM hydralazine (Hy) or a combination of both agents for 7 days. Each
bar indicates the mean + SEM of 16 wells. “P<0.03, significant difference.

Results

Growth of osteosarcoma cells. VPA at 1.0 mM inhibited the
growth of the three osteosarcoma cell lines (HOS, U-2 OS and
Sa0S-2 cells) by about 25-30% on day 7 in culture. However,
hydralazine at 10 uM showed no significant effect on their
growth, and did not decrease the cell number any further when
used in combination with VPA (Fig. 1).

The expression of Fas on the surface of osteosarcoma cells.
A flow cytometric analysis showed that cell-surface Fas was
expressed in 17, 18 and 51% of HOS, U-20S and SaOS-2 cells
cultured in the control medium for 7 days, respectively. Fig. 2A
shows the effects of VPA (1.0 mM), hydralazine (10 M) and
their combination on the expression of cell-surface Fas after
7 days of culture. VPA showed no significant effect on the
expression of cell-surface Fas in any of the three cell lines, but
hydralazine increased the expression of cell-surface Fas in HOS,
U-20S and SaOS-2 cells about 2-, 2- and 1.4-fold, respectively.
The combination of the agents led to further augmentation of the
expression of cell-surface Fas by these cells, leading to increases
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Figure 2. The effects of VPA, hydralazine and their combination on the expression of cell-surface Fas and Fas-mediated cell death. Osteosarcoma cells were
cultured in medium with or without 1.0 mM VPA, 10 uM hydralazine (Hy) or a combination of both agents for 7 days. (A) The expression of cell-surface Fas
was analyzed by flow cytometry, and is shown as the ratio of a percentage of positive cells in treated cultures to the average percentage of positive cells in control
cultures. Each bar indicates the mean + SEM of 4 flow cytometric profiles. "P<0.03, significant difference. (B) Fas-mediated cell death. On day 7 of culture, culture
dishes were divided into 2 groups, and the medium was exchanged for fresh medium containing an agonistic anti-Fas antibody (IgM) or control IgM. After 16 h,
the number of viable cells per dish was determined. The number of viable cells is shown as the percentage of the average number of cells in culture with the control
IgM. Each bar indicates the mean + SEM of 4 dishes. "P<0.05, significant difference.

in HOS, U-20S and SaOS-2 cells about 3.2-, 5.3- and 1.8-fold,
respectively (Fig. 2A).

Cell death induced by the agonistic anti-Fas antibody.
Osteosarcoma cells were cultured under various conditions for
7 days. On day 7, the medium was replaced with fresh medium
containing an agonistic anti-Fas antibody (IgM) or control
IgM, and after culture for 16 h, the number of viable cells was
determined (Fig. 2B). VPA alone and hydralazine alone both
significantly enhanced the Fas-mediated cell death of the three
osteosarcoma cell lines, and the combination of VPA and
hydralazine further augmented the Fas-induced cell death of
HOS and U-2 OS cells.

Secretion of soluble Fas by osteosarcoma cells. The osteosar-
coma cells were cultured for 7 days under various conditions,
and the amount (ug per 10* viable cells) of soluble Fas secreted

in the medium during the last 4 days (from day 3 to 7) was
estimated (Fig. 3). VPA significantly decreased the amount
of soluble Fas secreted by HOS, U-2 OS and SaOS-2 cells by
10-20%, while hydralazine significantly increased it by 30-50%.
The combination of VPA and hydralazine did not significantly
change the amount of soluble Fas secreted by any of the osteo-
sarcoma cell lines.

The expression of MICA and B on the surface of osteosarcoma
cells. Osteosarcoma cells were cultured under various condi-
tions for 7 days, and the cell-surface expression of MICA and B
was examined by flow cytometry (Fig. 4A). Cell-surface MICA
and B were expressed in 5.3, 8.1 and 2.8% of HOS, U2-OS and
Sa0S-2 cells, respectively. VPA increased the expression of
MICA and B on the cell-surface of HOS, U-20S and SaOS-2
cells about 2.5-, 5.5- and 5.7-fold, respectively, while hydrala-
zine increased the expression about 3.5-, 1.5- and 2.3-fold,
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Figure 3. The effects of VPA, hydralazine and their combination on the
secretion of soluble Fas. Osteosarcoma cells were cultured in medium with
or without 1.0 mM VPA, 10 yM hydralazine (Hy) or a combination of both
agents for 7 days, with a medium change on day 3. The amount of soluble Fas
accumulated in the medium during the last 4 days in culture was measured,
and the amount of soluble Fas per 10* viable cells was determined. The value
was expressed as a ratio to the average amount of soluble Fas per 10* viable
cells in control cultures. Each bar indicates the mean + SEM of 8 dishes.
"P<0.05, significant difference.

respectively. Hydralazine further enhanced the VPA-induced
expression of MICA and B on the cell-surface of HOS and
Sa0S-2 cells.

NK cell-mediated cytotoxicity. The three osteosarcoma cell
lines were cultured under various conditions for 7 days, and
their susceptibility to the cytotoxicity of NK-92 cells, an NK
cell line, was examined (Fig. 4B). VPA alone or hydralazine
alone increased the susceptibility of all three cell lines to
the NK-92 cells. The combination of VPA and hydralazine
further increased the cytotoxicity, and pretreatment of the
NK-92 cells with an NKG2D-blocking antibody completely
prevented the cytotoxic activity of NK-92 cells against the
osteosarcoma cells treated with the combination of VPA and
hydralazine.

Secretion of soluble MICA and B. The amount (per 10* viable
cells) of soluble MICA or MICB (Fig. 5) in the medium of

osteosarcoma cells during the last 4 days of a 7-day culture
(from day 3 to 7) was estimated. VPA significantly decreased
the amounts of both soluble MICA and MICB in the culture
media of all osteosarcoma cell lines, but hydralazine both
alone or in the presence of VPA showed no significant effect
on the amount of soluble MICA and MICB.

The effect of the methylation status of the Fas, MICA and
MICB gene promoters. After 7 days of culture, the DNA was
extracted from SaOS-2 cells. The DNA samples were digested
with Hpall, a methylation-specific restriction enzyme, and the
promoter regions of Fas, MICA and MICB were amplified
by PCR (Fig. 6). Hydralazine, but not VPA, demethylated the
promoter region of the Fas gene. On the other hand, the exam-
ined promoter regions of the MICA and MICB genes were not
methylated, and we did not observe any effect of hydralazine
on the DNA methylation of these promoter regions. VPA
(1.0 mM), but not hydralazine, exerted activity as a histone
deacetylase inhibitor, as previously reported (21,27) (data not
shown).

Discussion

VPA inhibited the growth of osteosarcoma cells and their secre-
tion of soluble Fas and soluble MICA and MICB, and increased
the susceptibility of the osteosarcoma cells to Fas- and NK cell-
mediated cell death. These results confirmed the results of our
previous reports (21,27), which showed that VPA increased the
acetylation of histones, and that Trichostatin A, another histone
deacetylase inhibitor, exerted effects similar to those of VPA,
suggesting that the effects of VPA can be ascribed to its actions
as a histone deacetylase inhibitor.

Hydralazine increased the expression of Fas and MICA
and B on the surface of osteosarcoma cells. Petak et al (28)
have shown that deoxyazocytidine, another DNA methylation
inhibitor, down-regulates the methylation of the p53-binding
region of the Fas gene of colon cancer cells, and up-regulates
the expression of Fas on their cell-surface, sensitizing them
to Fas-mediated cell death. In the present study, hydralazine
demethylated the promoter region of the Fas gene of osteo-
sarcoma cells. Therefore, the effect of hydralazine on the
expression of Fas seems to be due to its action as a DNA meth-
ylation inhibitor. Furthermore, Tang et al (29) have shown that
deoxyazocytidine induced demethylation at the MICB promoter
region of HEK293T and HepG2 cells, up-regulated MICB on
their cell-surface, and sensitized the cells to NK-cell-mediated
cell death. In the present study, hydralazine showed the same
effects as deoxyazocytidine with regard to the expression of
MICA and B and the sensitization to NK cells. However, the
promoter regions of MICA and MICB, which contain many
potential regulatory elements and sites (35), were not methyl-
ated in our osteosarcoma cells. Therefore, the mechanism by
which hydralazine increased the expression of MICA and B is
still unknown. However, it is possible that hydralazine increased
the expression of MICA and B through enhancement of the
expression of transcription factors as a result of its inhibition of
DNA methylation.

In the present study, VPA and hydralazine cooperated to
increase the expression of Fas and MICA and B on the surface
of osteosarcoma cells, and these effects were greater than those
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Figure 4. The effects of VPA, hydralazine and their combination on the expression of cell-surface MICA and B and NK cell-mediated cell death. Osteosarcoma
cells were cultured in medium with or without 1.0 mM VPA, 10 uM hydralazine or a combination of both agents for 7 days. (A) The expression of cell-surface
MICA and B was analyzed by flow cytometry using an antibody that recognizes both MICA and MICB, and is shown as the ratio of a percentage of positive cells in
treated cultures to the average percentage of positive cells in control cultures. Each bar indicates the mean = SEM of 4 flow cytometric profiles. “P<0.03, significant
difference. (B) NK cell-mediated cell death. On day 7 of culture, osteosarcoma cells (target cells, T) and NK-92 cells (effector cells, E) were incubated for 3 h at
various ratios. In blocking experiments, the NK-92 cells were incubated with an anti-NKG2D antibody for 16 h prior to incubation with the osteosarcoma cells cul-
tured with VPA and hydralazine. Each point indicates the mean + SEM of 8 samples. **“P<0.05, significant difference compared to the values of control cultures.

exerted by VPA or hydralazine alone. The cooperation of VPA
and hydralazine seems to be ascribed to augmented transcrip-
tion of the Fas gene caused by both the demethylation of the
Fas promoter region and histone deacetylation. In addition,
VPA and hydralazine cooperated to increase the susceptibility
of osteosarcoma cells to NK cell-mediated cytotoxicity. Since
the NK cell-mediated cytotoxic activity was abolished by
pretreatment of the NK cells with an NKG2D receptor blocking
antibody, this increase in activity was ascribed to the increased
MICA and MICB induced by VPA and hydralazine although
the mechanism of their cooperation is unknown.

VPA sensitized osteosarcoma cells to Fas-mediated cell
death without increasing the expression of their cell-surface
Fas. It was previously reported that FR901228, a histone
deacetylase inhibitor, sensitized human osteosarcoma cells
to Fas-mediated cell death (24,25). Both FR901228 and VPA
have been shown to down-regulate the expression of FLIP,

an inhibitor of Fas-mediated activation of caspase-8 (25,26),
which is likely involved in the sensitization of human osteo-
sarcoma cells to Fas-mediated cell death. Hydralazine alone
also sensitized osteosarcoma cells to Fas-mediated cell death,
and hydralazine in combination with VPA produced a greater
effect compared to hydralazine or VPA alone. The effect of
hydralazine seems to be partly due to its augmentation of the
expression of cell-surface Fas, but other unknown actions of
hydralazine on the Fas-mediated cell death pathway may be
involved.

Hydralazine increased both the expression of cell-surface Fas
and the production of soluble Fas. Since soluble Fas is produced
by alternative splicing of the Fas gene transcript (6,7), this effect
of hydralazine seems to be associated to its augmenting effect
on the expression of cell-surface Fas. On the other hand, VPA
decreased the production of soluble Fas with no significant
effect on the expression of the cell-surface Fas. Furthermore,
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Figure 5. The effects of VPA, hydralazine and their combination on the production of soluble MICA and MICB. Osteosarcoma cells were cultured in medium
with or without 1.0 mM VPA, 10 uM hydralazine or a combination of both agents for 7 days, with a medium change on day 3. The amount of soluble MICA and
MICB accumulated in the medium during the last 4 days was measured, and the amount of soluble MICA or MICB per 10* viable cells was determined. The value
was expressed as a ratio to the average amount of soluble MICA or MICB per 10 viable cells in control cultures. Each bar indicates the mean + SEM of 8 dishes.

"P<0.05, significant difference.
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Figure 6. The effects of VPA, hydralazine and their combination on the meth-
ylation of the promoter regions of the Fas, MICA and MICB genes. SaOS-2
cells were cultured in medium with or without 1.0 mM VPA, 10 M hydrala-
zine or a combination of both agents for 7 days. DNA from cells was extracted
and digested with a methylation-sensitive (Hpall) or methylation-insensitive
(Mspl) restriction enzyme, and the promoter regions of the Fas, MICA and
MICB genes were amplified by PCR. The band in lane 6 indicates the amplified
product of the promoter region of the MICA or MICB gene without treatment
with either of the restriction enzymes.

VPA inhibited the hydralazine-induced increase in the produc-
tion of soluble Fas although VPA with hydralazine cooperated
to increase the cell-surface Fas. Therefore, the effect of VPA on
the production of soluble Fas may be ascribed to its effect on
the alternative splicing of the Fas gene transcript, although the
mechanism(s) remain unknown.

Hydralazine showed no significant effect on the produc-
tion of soluble MICA and MICB, while VPA decreased their
production. Soluble MICA and B are produced by the proteo-
lytic cleavage of cell-surface MICA and MICB by proteases,
including matrix metalloproteinases (MMPs) (9,10), and
human osteosarcomas have been reported to produce MMP-2
and -9 (33,34). Since it has been reported that HDAC inhibitors
including VPA down-regulate the activity of MMPs in gastric,
thyroid and lung cancer cells (36-38), the inhibitory effect of
VPA on the production of soluble MICs may be ascribed to its
inhibitory action on the activity of MMPs. This possibility is
now under investigation.

VPA inhibited the growth of osteosarcoma cells, but
hydralazine had no significant effect on their growth. Although
hydralazine was reported to inhibit the growth of human
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cervical cancer cells (39), Chavez-Blanco et al (40) reported that
the growth of 7 human tumor cell lines of different origins were
inhibited by VPA (1.0 mM) but not by hydralazine (10 xM), and
that hydralazine, in combination with VPA, produced further
inhibitory effects in only 2 of the 7 cell lines. Therefore, it is
likely that the inhibitory effect of hydralazine on the growth of
cells varies depending on tumor types.

The present study showed that VPA and hydralazine cooper-
ated to increase the expression of Fas and MICA and B on the
surface of human osteosarcoma cells, and sensitized them to
Fas-mediated and NK cell-mediated death. They also decreased
the production of soluble MICA and B by osteosarcoma cells.
Therefore, a combination of VPA and hydralazine may be
valuable for augmenting the efficiency of immunotherapy for
osteosarcomas.
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