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Vorinostat (suberoylanilide hydroxamic acid, SAHA) represents a new class of highly potent
histone deacetylase (HDAC) inhibitors that cause growth arrest, differentiation, and apop-
tosis of many tumor types in vitro and in vivo. RUNX3, a gastric tumor suppressor, is
epigenetically silenced in gastric cancer cells. This study investigates the role of RUNX3
in vorinostat-induced suppression of gastric cancer cell growth. RUNX3 was up-regulated by
vorinostat in gastric cancer cell lines not expressing RUNX3. In terms of cell viability, the
mean ICs of vorinostat in RUNX3-negative cells was significantly lower than that seen in
RUNZX3-positive cells, indicating that the former are more sensitive to vorinostat in terms of
growth arrest than are RUNX3-positive lines. The mechanism underlying this difference was
found to be reactivation of RUNX3 expression by vorinostat and concomitant increase in
acetylated histone H3 in the promoter region of RUNX3. Using three RUNX3-negative cell
lines, we determined the contribution of RUNX3 reactivation to growth inhibition and
induction of apoptosis following treatment of cells with vorinostat and found that up-
regulated RUNX3 was significantly responsible for tumor suppressive activities.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

suggests that aberrant chromatin remodeling represents the
major mechanism of transcriptional gene silencing. Chroma-

Cancer is caused by accumulation of genetic and epigenetic
changes in the somatic genome, resulting in aberrant
expression of altered gene products or down-regulation of
regulatory gene products [1]. Epigenetic events, recently
recognized as critical in the development of cancer, are
heritable alterations in gene expression occurring without
changes in the DNA sequence. Such changes occur throughout
in all stages of tumorigenesis, including the early phases, and
are increasingly recognized as major mechanisms involved in
silencing tumor suppressor genes [2]. Growing evidence

tin remodeling is controlled by opposing activities of histone
acetylation and deacetylation [3,4]. Deacetylation of histones
leads to compact nucleosomes and condensed chromatin,
which is inaccessible to the transcriptional machinery and
other DNA-binding proteins. Many tumor suppressor genes,
such as p15M%# p16Mk4a p21w¥ TP53 and Rb, exhibit a cluster
of CpG dinucleotides called CpG islands around promoter
regions. In many cancer cells, CpG islands near tumor
suppressor genes are highly methylated and recruit histone
deacetylases to silence gene expression. Transcription is
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initiated by local inhibition of HDAC and concomitant
activation of histone acetylation in a chromatin segment.
When the balance is shifted towards acetylation, the nucleo-
some structure opens, followed by unfolding of DNA, which
facilitates transcription by enabling access to transcription
factors.

Epigenetic changes can be reversed by small molecules,
which are promising reagents for cancer chemotherapy.
HDAC inhibitors (HDACIs) are a novel class of chemother-
apeutic agents initially identified by the ability to reverse
malignant phenotypes of transformed cells. They have been
shown to activate differentiation programs, inhibit the cell
cycle, and induce apoptosis in numerous tumor-derived cell
lines [4]. Several classes of HDAC inhibitors have been
identified, including (1) short chain fatty acids, e.g., butyrates,
(2) hydroxamic acids, e.g., trichostatin A (TSA) and vorinostat,
(3) cyclic tetrapeptides, and (4) benzamides [5-7]. Among
them, vorinostat represents a new class of highly potent HDAC
inhibitors that promote growth arrest, differentiation, and/or
apoptosis in many tumor types in vitro and in vivo. Vorinostat
is currently in Phase I & Phase Il clinical trails, and encouraging
results have been reported in treating hematological malig-
nancies and solid tumors [3,8,9].

Three Runt-related (RUNX) genes, RUNX1, RUNX2 and
RUNX3, encode the DNA binding subunit of a heteromeric
transcription factor, polyomavirus enhancer binding protein 2
(PEBP2)/core binding factor (CBF). These genes together with a
related gene, CBFB/Pebpb2, which encodes the non-DNA
binding subunit, are both developmental regulators and are
important in human cancers or experimentally-induced
mouse tumors [10]. RUNX1 and RUNX2 regulate haematopoi-
esis and osteogenesis, respectively [11]. RUNX3 was identified
as a strong gastric tumor suppressor candidate involved in 40—
60% of gastric malignancies. Loss of RUNX3 activity is due
mainly to hemizygous deletions and epigenetic gene silencing
[12]. More recently, mistargeting of RUNX3 to the cytoplasm
has been recognized as an alternative mechanism in target
gene inactivation. Inactivation of RUNX3 by hemizygous
deletion and silencing combined with inactivation by mis-
localization of the protein suggest that RUNX3 is inactivated in
more than 80% of gastric cancer cases [13].

One mutation in RUNX3, RUNX3 (R122C), was found in a
gastric cancer patient [12]; this mutation results in a protein
defective in activating p21WAFYCP! which is defective in
activating p21WAFYCP! in cooperation with TGF-B-activated
SMAD [14]. Mutations in RUNX3 are rare; nonetheless it is
critical to determine the role of RUNX3 in cancer genesis, since
epigenetic changes affect multiple genes, and it is difficult to
assess whether RUNX3 is the one that contributes to
tumorigenesis. More recently, loss-of-function mutations in
RUNX3 were observed in two cases of bladder cancer, although
epigenetic silencing of RUNX3 also occurs in these cancers.
Significant inactivation of RUNX3 by cytoplasmic sequestra-
tion and DNA methylation has also been reported in breast
cancer [16]. Finally, RUNX3 is reportedly inactivated by
methylation in many other cancers, including colorectal,
lung, prostate, and liver cancers [17-20].

Our previous work demonstrated that a histone deacety-
lase inhibitor, trichostatin A, either alone or in combination
with a DNA methyltransferase inhibitor, 5'-aza-2'-deoxycyti-

dine, reactivated RUNX3 in gastric cancer-derived cell lines
that do not express RUNX3. Exogenous RUNX3 in a gastric
cancer-derived cell line strongly inhibited tumor growth in
nude mice, while exogenous RUNX3 (R122C) lacked such
activity [10,12]. These observations suggest that HDAC
inhibitors are attractive candidates for use in controlling
gastric cancer cell growth [12].

In this study, we examine the ability of vorinostat to
reactivate RUNX3 expression in gastric cancer-derived cell
lines and evaluate the role of RUNX3 as a tumor suppressor.

2. Materials and methods
2.1. Cell culture

Human gastric cancer cell lines MKN28, MKN74, NUGC-3, AGS,
Kato III, MKN1, MKN45, SNUS5, and SNU16 were obtained from
the American Type Culture Collection (Rockville, MD), cul-
tured in RPMI 1640 (Gibco-BRL Grand Island, NY) supplemen-
ted with 10% FBS and antibiotics (100 U of penicillin/ml and
100 pg streptomycin/ml) (Invitrogen), and grown at 37 °C in a
5% CO, atmosphere. SNU16 is a gastric cancer cell line
expressing RUNX3 at a relatively high level. We usually use the
level of the expressed RUNX3 in this cell line as a standard of
the amount of RUNX3 in RUNX3 expressing cells [12,13].
Vorinostat was kindly provided by Aton Pharma Inc., a
subsidiary of Merck & Co. Inc.

2.2. Plasmids

pcDNA-Flag-RUNX3 (1-187), a dominant negative form of
RUNX3, and pEF-Bos-Flag-RUNX3 antisense were generated in
our laboratory [13].

2.3.  Cell growth inhibition assays

Vorinostat was dissolved and diluted in DMSO (10 mM stock
solution). Gastric cancer cells were seeded in triplicate in 24-
well dishes at a density of 2 x 10* cells/well, allowed to attach
overnight, and the medium was replaced with medium
containing the appropriate concentration of vorinostat (0,
2.5, 5, or 7.5 pM). Cell number was determined by counting
using a hemocytometer at various times after initiation of
vorinostat treatment, and cell viability was assessed by trypan
blue dye exclusion.

To examine the effect of vorinostat on proliferation, cell
growth was monitored in a 96-well plate format using the Cell
Proliferation MTT Assay (Roche Applied Sciences, Cat
#1465007) based upon metabolic cleavage of a tetrazolium
salt to a colored formazan product. Briefly, 1.0 x 10* cells/well
were seeded in 96-well plates in serum-containing medium
and treated with 1-10 uM vorinostat for 72 h. MTT was added
to each well following the manufacture’s instruction. After
incubation for 4 h at 37 °C, a solubilization solution was added,
and the color reaction was quantified using the Ultramark
Microplate Imaging System (Bio-Rad) at 550nm with a
reference filter of 690 nm. Three independent MTT assays
were performed to determine the standard deviation. ICsgs
were defined based on the vorinostat concentration required
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to reduce the estimated cell number by 50% relative to
untreated controls.

2.4.  Apoptosis assay

Vorinostat-induced apoptosis was measured by a colorimetric
assay using a cell death ELISAP™S kit (Roche Applied Science,
Indianapolis, IN, Cat #1774425) to quantitate in vitro levels of
cytoplasmic histone-associated DNA fragments, an indicator of
apoptosis. After vorinostat treatment, cells were lysed torelease
cytoplasmic histone-associated DNA fragments, and absor-
bance (ABS) was read at405 nm with areference filter of 490 nm.
ABS was positively correlated with increased apoptosis. The
data are reported as a percentage of untreated controls.

2.5.  Cell cycle analysis

Flow cytometry analyses were performed using a FACScan
flow cytometry system (Becton Dickinson, San Jose, CA) as
described [21]. Briefly, cells were washed with PBS, fixed in 50%
ice-cold ethanol/PBS for 30 min on ice, washed again with PBS,
and resuspended and incubated in PI solution (70 uM
propidium iodide, 38 mM sodium citrate, 20 ng/ml RNase A)
for 30 min at 37 °C. Data were subsequently analyzed using
winMDIv2.8 software.

2.6. RNA isolation and Tagman quantitative PCR

Total RNA was extracted from cell lines using an RNeasy mini-
Kit (Qiagen, Valencia, CA). cDNA synthesis was performed with
2 pg total RNA using an oligo (dT);s primer (Roche) and
Transcriptor Reverse Transcriptase using the primer system
(Roche Applied Sciences). Assays-on-demands™ for RUNX3 is
Hs00231709_ml and for GAPDH is Hs00242386_ml. PCR ampli-
fication was performed using a 7000 Sequence Detection
System (Applied Biosystems) under the following conditions:
stage 1, 95 °C for 10 min, followed by 45 cycles of stage 2 at 95 °C
for 15 s and 60 °C for 1 min. Relative levels of each mRNA were
normalized to levels of GAPDH mRNA using 7000 Real Time PCR
System Sequence Detection Software (Applied Biosystems).

2.7.  SDS-PAGE and Western blotting

MKN?28 cells (0.5 x 107 to 1.0 x 107) were cultured as described
below without and with 1-7.5 pM vorinostat for 4-24 h. For
histone preparation, cells were harvested and washed with
PBS and resuspended in 1 mlice-cold lysis buffer (10 mM Tris-
HC], pH 6.5, 50 mM sodium bisulfite, 1% Triton X-100, 10 mM
MgCl,, 8.6% sucrose) before homogenization with two dounce
strokes. Nuclei were pelleted at 700 rpm in a Beckman GS-6R
centrifuge for 5 min and washed 3 times with 1 ml of lysis
buffer. The final wash was performed with 1 ml of Tris-EDTA
solution (10 mM Tris-HCI, pH 7.4, 13 mM EDTA). Nuclei were
then pelleted and resuspended in 100 ul of ice-cold water.
Sulfuric acid was added to the samples to a final concentration
of 0.2 M, and then samples were vortexed and incubated on ice
for 1 h. Samples were centrifuged at 15,000 x g for 10 min at
4°C, and the supernatant was precipitated with 1ml of
acetone overnightat —20 °C. Precipitated protein was collected
by centrifugation at 15,000 x g for 10 min at 4 °C, air dried, and

resuspended in 50-100 pl of water. Protein concentrations of
lysates and histone preparations were determined using the
Bio-Rad Protein Assay kit with BSA as the standard. Proteins
(1-25 pg) were denatured at 100 °C in loading buffer for 10 min
and electrophoresed on 12% polyacrylamide gels. After
electrophoresis, samples were transferred onto nitrocellulose
(0.45 pm) in buffer containing 0.25 M Tris-base (pH 8.3), 1.86 M
glycine, and 20% methanol for 2h at 4°C. To verify equal
protein loading, a parallel protein gel was run and stained with
Coomassie blue G250. For Western blotting, PVDF membranes
were incubated in PBS plus 3% milk for 30 min at room
temperature. That buffer was replaced with PBS plus 3% milk
containing the specific rabbit polyclonal antiserum diluted
1:1000 and then incubated at 4 °C for 16 h. Samples (nuclei
treated or untreated with vorinostat) were kept on ice for
30 min before centrifugation at 15,000 x g for 10 min at 4 °C.
The following antibodies were used: rabbit anti-human
acetylated histone H3 and rabbit anti-human acetylated
histone H4 (Upstate Biotechnology, Upstate, NY). PVDF
membranes were washed in distilled water and then
incubated in PBS containing 3% milk and a 1:5000 dilution
of goat anti-rabbit horseradish peroxidase for 2h at room
temperature. Blots were washed in distilled water, rinsed, and
subjected to the enhanced chemiluminescence detection
reaction, according to the manufacturer’s instructions (Amer-
sham Pharmacia Biotechnology, Amersham, Bucks, UK).

2.8. Chromatin immunoprecipitation PCR: ChIP-PCR

Chromatin immunoprecipitation was performed using the
acetyl-histone H3 and H4 immunoprecipitation (ChIP) Assay
Kit (Upstate Biotechnology, Upstate, NY), following the man-
ufacturer’s instructions. Briefly, after culturing MKN28 cells
with or without 2.5 pM vorinostat for 12 h, formaldehyde was
added to crosslink histones to DNA. Cells were harvested and
sonicated in SDS lysis buffer to shear DNA to approximately
200-500 bp. Lysates were then collected for immunoprecipita-
tion. Toreduce non-specific background, a 50% slurry of salmon
sperm DNA/protein A agarose was added to the lysate. After
brief centrifugation, immunoprecipitation of supernatant
proteins was performed with antibodies to human acetyl H3
at 4 °C with agitation. Subsequently, the slurry was added to
form a protein A agarose/antibody/histone complex, and the
histone complex was eluted in elution buffer (1% SDS, 0.1 M
NaHCOs). Recovery of DNA from histones was achieved by
proteinase K digestion, phenol/chloroform extraction, and
ethanol precipitation. Pellets were dissolved in appropriate
buffer and used for PCR using four pairs of primers targeting
RUNX3 sequences in the region from —2821 bp of the promoter
region to +2267 downstream of the transcription start site.
Those pairs were: A (—2821 to —2686): 5'-agg tgg aaa ttg gga aca
agc tag cc-3' (sense), 5'-ag aca aac cga tgg ctt tgt gtc aaa-3’
(antisense); B (—1187 to —1047): 5'-tgt ttt tca aag agc cac agg ccg
cc-3' (sense), 5'-ggg agt ctc cta ggg acc cta agt ag-3' (antisense); C
(+450to +567): 5'-gtt ccg ttt tggatg cge cct gca-3' (sense), 5'-ca aaa
ccc catccgcecc att tcc gea-3' (antisense); D (+2137 to +2267): 5'-ggt
ggt ggc att ggg gga cgt gce gga-3' (sense), 5'-gtc gtt gaa cct gge cac
ctg gtt ctt-3' (antisense). The resulting amplicons were
approximately 110-140bp long and were visualized on 2%
agarose gels following ethidium bromide staining.
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3. Results

3.1.  Effects of vorinostat on gastric cancer-derived cell lines
in vitro

RUNX3 expression in gastric cancer cells was examined in our
previous studies [12,13]. In 40-50% of the gastric cancer cases,
RUNX3 was silenced by hypermethylation of the promoter
region and in additional 40% cases RUNX3 was inactivated by
protein mislocalization. To examine vorinostat cytotoxicity,
11 human gastric cancer cell lines were cultured in the
presence of increasing concentrations of vorinostat (0-10 uM)
for 3 days, and proliferation of gastric cancer cells was
measured using an MTT Assay. The ICs, of the mean of the six
RUNX3 negative cell lines was 3.10, whereas that in 5 RUNX3
expressing cells was 5.76. Four cell lines, MKN1, MKN45, SNU1
and SNUS5, were particularly resistant to vorinostat, and
MKN45 was highly insensitive to vorinostat (ICso > 8 uM)
(Fig. 1). RUNX3-negative gastric cancer cells were more
sensitive to vorinostat treatment than were RUNX3-positive
cells, with a few exceptions (Fig. 1), suggesting that RUNX3
may be reactivated by vorinostat treatment.

3.2 Reactivation of transcriptionally silenced RUNX3 by
vorinostat

Three gastric cancer cell lines—MKN28, MKN74, NUGC-3—
which do not express RUNX3 due to hypermethylation of CpG
islands in the promoter region, were selected for vorinostat
treatment. Vorinostat at 2.5-7.5 uM effectively reactivated
RUNX3 expression in these lines within 24 h, and quantitative
RT-PCR showed that RUNX3 transcripts peaked at around 48 h
(Fig. 2). Levels of reactivated RUNX3 RNA were highestat 7.5 pM
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Fig. 1 - Proliferation of and toxicity to gastric cancer cells
following vorinostat treatment. The mean ICs, of RUNX3
non-expressing gastric cancer cells (3.2 + 1.54 pM, n = 6,)
was lower than that of the RUNX3-expressing cells

(5.9 £ 2.77 pM, n = 5), a statistically significant difference
(p < 0.05). ICGso was defined as the vorinostat concentration
at which a 50% reduction in cell viability was seen
compared to untreated controls after 3 days of treatment.
Cell growth was monitored in a 96-well plate format using
the Cell Proliferation MTT Assay. Bars represent standard
deviations (+S.D.) based on three independent
experiments.
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Fig. 2 - Dose- and time-dependent reactivation of RUNX3
following treatment with vorinostat. The MKN28 line was
treated with 0 pM (DMSO)-10 pM vorinostat for 24-72 h,
total RNA was isolated, and cDNA was synthesized as
described in Section 2. RUNX3 transcripts were measured
by real time PCR. MKN28 cells or cells plus DMSO vehicle
served as controls. SNU16, a RUNX3-expressing gastric
cancer cell line, served as a positive control. Three
independent experiments were carried out, and the mean
value representing levels of RUNX3 transcripts from a
typical experiment is indicated.

vorinostat and the maximum level of mRNA was about 30% of
that observed in SNU16, a line expressing RUNX3 [12]. This
observation is consistent with our earlier studies showing that
another histone deacetylase inhibitor, trichostatin A, effec-
tively reactivates RUNX3 expression in gastric cancer cells [12].

3.3.  Accumulation of acetylated histones following
vorinostat treatment

Since vorinostat inhibits histone deacetylase, cells treated
with vorinostat are predicted to show elevated levels of
acetylated histones. Western blotting of MKN28 cell nuclear
lysates with antibodies to acetylated histones H3 and H4
showed that vorinostat increased acetylation of histones in
both a time- and dose-dependent manner (Fig. 3a and b).
Time-course analysis showed significant accumulation of
acetylated histones within 4h, peaking at around 24h.
Treatment of MKN28 cells with various concentrations of
vorinostat (0-7.5 pM) indicated incremental accumulation of
acetylated histone H3 and H4. No further increase was
observed at concentrations greater than 5 pM.

3.4.  Accumulation of acetylated histones in chromatin
associated with RUNX3 following vorinostat treatment

Chromatin immunoprecipitation PCR (ChIP-PCR) was per-
formed to determine whether reactivation of RUNX3 was
associated with the inhibition of HDAC activity in gastric
cancer cells. Four pairs of primers complementary to RUNX3—
from the upstream promoter region to downstream of the
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Fig. 3 - (a and b) Vorinostat stimulates histone acetylation in a dose- and time-dependent manner. MKN28 cells were treated
with 2.5 pM vorinostat for the indicated times (a) or treated with the indicated concentrations of vorinostat for 12 h (b). Cells
were harvested, and histones were prepared as described in Section 2. Histone acetylation was detected by Western
blotting with antibodies against acetylated H3 and H4. The top panel shows acetylated histone H3, the middle panel contains
acetylated histone H4, and the bottom panel shows a Coomassie blue-stained gel of total histones extracted from cells. (c)
Vorinostat-induced accumulation of acetylated histone H3 or H4 in chromatin associated with RUNX3. The top panel is a
schematic representation of RUNX3 indicating the location of four primer pairs used for PCR amplification in ChIP assays.
Chromatin fragments from cells cultured with and without vorinostat (5 uM) for 12 h were immunoprecipitated with an
antibody to acetylated histone H3 in MKN28 cells. The bottom panel shows ChIP assays prepared using anti-diacetylated H3

or rabbit normal IgG.

transcriptional start site—were used (see Section 2). ChIP-PCR
analysis indicated a remarkable increase in levels of PCR
products from vorinostat-treated cells, compared with the
same region from untreated cells (Fig. 3c), suggesting that
RUNX3is one of the reactivated genes in response to vorinostat
induction.

3.5.  Inhibition of proliferation of gastric cancer-derived
cells by vorinostat

Since RUNX3 expression is associated with inhibition of cell
growth, we examined the effect of vorinostat on cell
proliferation. After addition of vorinostat to cell cultures,
the number of live cells was determined by a trypan blue
exclusion assay. No difference was observed between cells
stably transfected with vector only and parental cells which
had never been transfected with any vectors following
treatment with vorinostat (data not shown). We observed
that vorinostat induced a significant cell growth inhibition
(Fig. 4). Because vorinostat could re-activate several genes in
addition to RUNX3, we examined the extent of the contribution
of re-activated RUNX3 to growth inhibition by comparing
proliferation of MKN28 and MKN74, two lines stably trans-

fected with pcDNA-Flag-RUNX3 (1-187), which encodes a
dominant negative form of RUNX protein, in the presence of
vorinostat. Vorinostat significantly inhibited growth of MKN28
and MKN74 lines, but expression of the dominant negative
form of RUNX3 reduced its growth inhibitory activity (Fig. 4a
and b). These results suggest that re-activated RUNX3
significantly contributes to growth inhibitory effects induced
by vorinostat.

Proliferation was also compared between NUGC-3 cells
with or without stably transfected RUNX3 antisense cDNA
following treatment with vorinostat. This antisense construct
is specific for RUNX3 and does not interfere with RUNX1 or
RUNX2 activity. Treatment with RUNX3 antisense also
significantly reduced the growth inhibitory effect of vorinostat
(Fig. 4c).

3.6. RUNX3 contributes to induction of apoptosis following
vorinostat treatment

HDACSs reactivate many genes, particularly tumor suppres-
sors, that are silenced by hypermethylation of promoter
regions [22,23]. Vorinostat has been shown to inhibit cell
growth and induce apoptosis in several cancer cell lines [4].
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Fig. 4 - Effects of vorinostat on gastric cancer cells in vitro. Cells (MKN28, MKN74, or NUGC-3) were treated with vorinostat at
the following concentrations: 0 (control) (®); 2.5 pM vorinostat (A); 5 pM vorinostat (V). Cells transfected with a pcDNA-
RUNX3 dominant negative plasmid (MKN28 DN and MKN74 DN) or pEF-Bos-RUNX3 antisense cDNA (NUGC-3 AS). In the
control experiments, cells were transfected with either pcDNA-Flag or pEF-Bos-Flag (MKN28 F, MKN74 F, and NUGC-3 F).
Cells were treated with vorinostat at the following concentrations: 2.5 puM (A); 5 pM (7). Cells were counted at indicated
times using a hemocytometer, and the number of viable cells was determined by trypan blue exclusion. Data are presented

as means = S.E. of triplicate values from a typical experiment.

Although induction of apoptosis or cell cycle arrest by
vorinostat could be due to effects of more than one reactivated
gene, we evaluated the contribution of RUNX3 to vorinostat-
induced apoptosis. Apoptosis observed in MKN28 and MKN74
cells stably expressing a dominant negative form of RUNX in
the presence of various concentrations of vorinostat is shown
in Fig. 5. Vorinostat induced apoptosis in those cells in dose-
dependent manner (Fig. 5a and b, dotted line). Interestingly, at
3-5 uM vorinostat, induction of apoptosis was significantly
reduced in the presence of the dominant negative form of
RUNX3 (Fig. 5a and b, solid line), strongly suggesting that
reactivated RUNX protein(s) significantly contribute to induc-

tion of apoptosis. Consistent with this result, induction of
apoptosis by vorinostat was also significantly suppressed in
the NUGC-3 line stably transfected with RUNX3 antisense
cDNA (Fig. 5¢). These results establish that RUNX3 contributes
significantly to induction of apoptosis following re-activation
by vorinostat.

3.7.  Cell cycle analysis of vorinostat-treated gastric cancer
cell lines

Because HDACIs can affect both cell proliferation and cell
survival, we assessed the effect of vorinostat treatment on the
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Fig. 5 - Assessment of apoptosis in response to vorinostat
treatment. MKN28, MKN74, and NUGC-3 lines transfected
with pcDNA-Flag RUNX3 dominant negative, pEFBOS-Flag
RUNX3 antisense cDNA (O), or pcDNA-Flag or pEFBos-Flag
vectors (@) were treated with (0-10 pM vorinostat) for 24 h.
Apoptosis was measured using a cell death ELISAP™ kit
(Roche Applied Science), following the manufacturer’s
instructions. The x-axis indicates vorinostat
concentration, and absorbance (ABS) on the y-axis
represents the relative apoptosis as a percentage of
untreated controls. Bars represent standard deviations of
three independent experiments.

cell cycle and asked if RUNX3 played a role in this process.
MKN28, MKN74, and NUGC-3 and these lines stably trans-
fected with pcDNA-Flag-RUNX3 (dominant negative) or pEF-
BOS-Flag-RUNX3 (anti-sense cDNA) were cultured with 0-
7.5 uM vorinostat for 0-72 h and subjected to flow cytometric
analysis. Cells transfected with mock plasmids pcDNA-Flag or

PEF-BOS-Flag displayed the same cell cycle distribution
pattern as parental cells (data not shown). Time-course
analysis showed that treatment with 5 uM vorinostat induced
G2/M arrest at 24 h in all lines. However, the percentage of G2/
M cells in MKN28 and NUGC-3 decreased rapidly at 48h,
concomitant with a rapid increase in the percentage of
apoptotic cells (Sub-G1), and movement of cells through G2/
M phase may precede apoptosis (Fig. 6a and c). In contrast to
MKN28 and NUGC-3 cells, MKN74 cells remained in G2/M
arrest in a dose-dependent manner until 72 h, as indicated
(Fig. 6b). Our observations are consistent with the idea that
vorinostat’s effect on cell cycle progression is cell type specific
[24].

Restoration of RUNX3 expression by vorinostat treatment
was abolished in cells transfected with either dominant
negative RUNX3 or RUNX3 antisense cDNA. FACS analysis
revealed that the percentage of apoptotic cells was markedly
reduced in these cells compared with mock controls. On the
other hand, loss of RUNX3 expression appeared to increase the
percentage of cells in GO/G1 and G2/M in lines MKN28 and
MKN74 in dose- and time-dependent manner (Fig. 6a and b),
whereas the only remarkable increase in the GO/G1 percentage
was observed in line NUGC-3 (Fig. 6¢c). Our observations
suggest that RUNX3 plays a role in vorinostat-mediated cell
cycle changes, and the presence of RUNX3 likely promotes
apoptosis of arrested cells. As demonstrated in Fig. 6a-c,
vorinostat induced dose-dependent apoptosis of gastric
cancer cells. However, a remarkable reduction in the number
of apoptotic cells was observed if RUNX3 re-expression was
inhibited. These observations are consistent with data
obtained in separate apoptotic assays (Fig. 6a—c) and indicate
that RUNX3 contributes significantly to gastric cancer cell
apoptosis in response to vorinostat.

4, Discussion

In this study, we evaluated the potential contribution of
RUNX3 to cell growth inhibition and apoptosis when cell lines
lacking RUNX3 expression were treated with vorinostat.
Vorinostat induced accumulation of acetylated histones in
RUNX3 chromatin, an increase associated with up-regulation
of RUNX3 in three cell lines examined. As expected, vorinostat
induced cell cycle arrest and apoptosis. Inhibition of RUNX3
function by either a dominant negative form of RUNX protein
or antisense RUNX3 significantly reduced growth and apop-
tosis inhibitory activities of vorinostat, suggesting that of all
genes potentially reactivated by vorinostat, RUNX3 contributes
significantly to the process. These findings indicate that
growth inhibition of human gastric cancer cells by vorinostat
may be due in part to rescue of expression of the major gastric
tumor suppressor RUNX3.

How the dominant negative form of RUNX3 (1-187)
interferes with RUNX3 function and possibly that of RUNX1
and RUNX is not clear. RUNX3 (1-187) contains the DNA
binding domain but lacks the trans-activation domain and
other important functions associated with the C-terminus.
Since such truncated proteins bind DNA more readily than the
full-length protein, RUNX3 (1-187) could compete with full-
length RUNX proteins for DNA binding [25]. Recently, we
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observed that exogenous RUNX3 (1-187) is localized in the
cytoplasm of some gastric cancer-derived cells. Thus such a
truncation of exogenous RUNX3 could anchor endogenous
RUNX3 to the cytoplasm by an unknown mechanism, thereby
inactivating it [13]. In any event, complete inactivation of
RUNX3 is not expected by either of the two mechanisms.
Inactivation of RUNX3 by antisense DNA also is likely partial.
Thus our observation that these loss-of-function molecules
reverse the inhibitory effect of vorinostat up to about 30% is
quite significant. These results emphasize the importance of
RUNX3 among tumor suppressor genes presumed to be
reactivated by vorinostat. Reactivation of RUNX3 in gastric
cancer cells, therefore, may have significant therapeutic
effect. It is worth emphasizing that RUNX3 is inactivated by
epigenetic silencing in 40-60% of gastric cancer cases.
Reactivated RUNX3 inhibits cell growth and promotes apop-
tosis. In most cases, reactivated RUNX3 lacks mutation [12]. In
fact, RUNX3 is frequently inactivated in many types of cancer,
including the major ones, by promoter methylation. Some
evidence suggests that RUNX3 inactivation occurs at very early
stages of gastric and breast cancers [12,16]. If so, these
observations overall suggest that HDAC inhibitors are poten-
tially useful for chemoprevention of several types of cancer.

DNA methylation and histone modification represent two
epigenetic events [26]. A growing number of studies demon-
strate synergy of HDAC inhibitors and DNMT inhibitors in
reactivating tumor suppressor genes and their potential

anticancer activities [27,28]. The DNMT inhibitor 5-aza-2'-
deoxycytidine (5-aza-CdR) induces terminal differentiation or
senescence of cancer cells in leukemia and lung cancer. A
combination of 5-aza-CdR and HDAC inhibitors reportedly
produced a synergistic reaction on tumor suppressor genes
p15°PENZE and p16°PXN24 35 well as the cancer-related gene
TIMP3 and the DNA repair gene MLH1 [29,30]. Consistent with
these reports, our previous work demonstrated that combin-
ing 5-aza-CdR with the HDAC inhibitor TSA very efficiently
induced RUNX3 re-expression [12]. Based on this observation,
future work will examine a potential cooperative effect of
vorinostat and 5-aza-CdR on reactivation of silenced RUNX3 in
order to determine if such a strategy could increase efficacy
against gastric cancer and reduce toxicity.

RUNX proteins are among numerous targets of the TGF-8
superfamily [31]. TGF-B has been shown to cause cell cycle
arrest by inhibiting Cdk activities and thereby inducing
expression of the Cdk inhibitor p21WAFYCP1 [32 33], HDAC
inhibitors cause cell cycle arrest at GO/G1 or G2 in several types
of cancer cell through selective up-regulation of p21WAF/CIP1
[2,34-36]. Our data demonstrate that vorinostat induced G2/M
arrestin the gastric cancer cell lines examined. Reactivation of
RUNX3 increased the number of cells arrested in G2/M in
response to vorinostat (Fig. 6a—c). Indeed, we have shown that
p21WAFL/CIPL g transcriptionally induced by RUNX3 in gastric
epithelial cells in cooperation with Smads [14]. Therefore,
vorinostat likely induces p21WAFY/CP! by reactivating RUNX3.
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It is widely accepted that chemotherapeutic drugs can
induce cell death by activating one of two major apoptotic
pathways: the death receptor pathway and the intrinsic
mitochondrial pathway. Several groups have provided evi-
dence that vorinostat mediates apoptosis in various cell lines
via a novel mechanism involving activation of an intrinsic
death pathway by promoting caspase-independent cleavage
and activation of Bid [37,38]. Our data suggest that loss of
RUNX3 expression results in remarkably reduced apoptosis.
We recently reported that RUNX3 induces apoptosis of gastric
epithelial cells by activating expression of a Bcl-2 family
protein, Bim, a proapoptosis gene, by two different mechan-
isms: by inducing Bim in collaboration with Smads in a TGF-B-
dependent manner [39] and by activating Bim transcription in
a TGF-B-independent manner through interaction of RUNX3
with the forkhead factor, FoxO3a [40]. RUNX3 may directly
trigger the mitochondrial apoptotic program by up-regulating
Bim in response to vorinostat.

Vorinostat reportedly inhibits tumor cell growth in various
animal models [3,41], although the detailed mechanisms are
not known. Our study demonstrates that vorinostat induces
re-expression of a major gastric tumor suppressor RUNX3, and
reactivation of RUNX3 contributes significantly to inhibition of
gastric cancer cell growth in vitro. Using an established RUNX3
(—/-) cancer model, analogous in vivo studies are now possible.
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