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Abstract
Purpose The histone deacetylase inhibitor, suberoylanilide
hydroxamic acid (SAHA), enhances cisplatin [cis-diam-
mine dichloroplatinum (II)] (CDDP)-induced apoptosis in
the oral squamous cell carcinoma (OSCC) cell line by com-
plex, multifunctional mechanisms. We investigated the role
of endoplasmic reticulum (ER) stress in the enhancing
eVect of SAHA on CDDP, compared with the ER stressor
thapsigargin.
Methods We chose OSCC cell line HSC-3 to ascertain the
mechanism of SAHA-enhanced cytotoxicity among various
cell lines. HSC-3 cells were incubated with CDDP/SAHA
for 48 h, followed by the assessment of cell chemosensitiv-
ity to CDDP with MTT and TUNEL assays. Western blot
analysis was used to detect the expressions of ER-related
molecules, and Xow cytometry was used to monitor caspase
activity.
Results Treatment with CDDP/SAHA potently induced
apoptosis in HSC-3 cells with a signiWcant increase in
caspase-4 and -12 functions. For example, 60% of cells
became apoptotic after 48 h of treatment with CDDP/
SAHA. In addition, SAHA alone rapidly induced sustained
phosphorylation of eukaryotic translation initiation factor-2
(eIF2)�, which is up-regulated during ER stress. Inhibition

of ER stress by salubrinal, an inhibitor of eIF2� dephosphoryl-
ation, abrogated SAHA’s enhancement of CDDP cytotoxicity.
Levels of phospho-Akt are decreased in SAHA-treated
cells, and this is in turn associated with increased activity of
protein phosphatase 1 (PP1) by SAHA, the phosphatase
upstream of Akt.
Conclusion These data indicate that up-regulation of spe-
ciWc-ER stress-associated events is an integral part of the
mechanism by which SAHA enhances CDDP-induced
apoptosis, and PP1 up-regulation followed by Akt dephos-
phorylation plays an important role in SAHA-enhanced
CDDP apoptosis.
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Introduction

Despite the recently reported decrease in the overall death
rate from cancer, the estimated survival rate and number of
deaths from head and neck cancer, including the oral cav-
ity, oropharynx, larynx, hypopharynx, and nasopharynx,
remain virtually unchanged [1]. Chemotherapy is especially
active in oral cavity cancers and so the development of a
chemotherapeutic strategy with tumor speciWcity to
decrease drug side eVects and/or to increase anti-tumor
eYcacy is urgently required. Cisplatin [cis-diammine
dichloroplatinum (II)] (CDDP) and its analogues are partic-
ularly useful in the treatment of late-stage oral squamous
cell carcinoma (OSCC), and are included in the standard
chemotherapy treatment for this disease [2]. It is believed
that DNA platination and the subsequent induction of apop-
tosis is the primary cytotoxic mechanism of CDDP,
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although the mechanism whereby these DNA adducts kill
cells is not fully understood. Unfortunately, signiWcant lev-
els of resistance in OSCC cells occur rapidly following
CDDP treatment, resulting in failure to increase survival
when administered as monotherapy or in combination with
surgery or radiotherapy [3].

In the last few years, our research has aimed to establish
a theoretical base for the enhancement of CDDP-induced
apoptosis by epigenetic agents in human OSCC cells. We
have reported that the histone deacetylase (HDAC) inhibi-
tor, suberoylanilide hydroxamic acid (SAHA, generic name
Vorinostat), was capable of enhancing apoptosis in
CDDP-treated OSCC cells [4]. SAHA was the Wrst HDAC
inhibitor to be approved by the US Food and Drug Admin-
istration for cutaneous T-cell lymphoma in 2006. These
results demonstrated that intracellular-reduced glutathione
plays a key role in governing SAHA-dependent enhance-
ment of CDDP-induced apoptosis; however, it seems likely
that other crucial mechanisms may be required to mediate
the enhancement of CDDP-induced apoptosis by SAHA.
An additional mechanism by which CDDP can cause apop-
tosis is known to be through the endoplasmic reticulum
(ER) stress pathway [5]. There is currently strong interest
in assessing whether the mechanism of SAHA enhance-
ment involves potentiation of the ER stress response.

Apoptotic cell death can be initiated by extrinsic (recep-
tor-mediated) or intrinsic (organelle-mediated) signaling
pathways. Recently, it has been shown that disturbances in
ER homeostasis lead to an evolutionarily conserved cell
response (ER stress) [6]. Prolonged ER stress impairs the
protective mechanisms designed to promote correct folding
and to degrade faulty proteins, ultimately leading to orga-
nelle dysfunction and apoptotic cell death [7]. ER homeo-
stasis can be disrupted by numerous factors, including the
accumulation of unfolded and misfolded proteins, calcium
depletion, glucose deprivation, accumulation of free cho-
lesterol, and viral infection [8, 9]. Recent reports suggested
that HDAC inhibitors have been reported to induce the
accumulation of misfolded proteins [10, 11]; therefore,
HDAC inhibitors represent yet another class of chemother-
apeutic drugs, which can trigger ER stress-induced apopto-
sis of tumor cells by causing the accumulation of misfolded
proteins.

Many cellular components with nucleophilic sites, such
as DNA, RNA, proteins, membrane phospholipids, cyto-
skeletal microWlaments, and thiol-containing molecules,
react with CDDP, where only approximately 1% of the
intracellular CDDP reacts with nuclear DNA to yield a
variety of adducts that include interstrand and intrastrand
DNA cross-links and DNA-protein cross-links [12]. There
is evidence that other cellular targets may also be involved
in drug cytotoxicity. Recent studies showed that CDDP
cytotixicity is involved in the ER stress response in both

cancer cells [5] and normal kidney proximal tubule cells
[13]. CDDP increased caspase-12 cleavage (ER stress-spe-
ciWc) in head and neck cancer cells [14]. In CDDP-induced
apoptosis of melanoma cells, calpain, independent of Ca2+

imbalance, is activated upstream of eVector caspases and
plays a major role in cell death [15]. Activation of the
unfolded protein response (UPR) is involved in the resis-
tance of melanoma cells to CDDP, and this is associated
with 78-kDa glucose-regulated protein (GRP78)-mediated
inhibition of the activation of caspase-4 and -7. In either
case, these results provide new insights into the apoptotic
mechanisms of CDDP.

Although DNA lesions have been presumed to be the
predominant mechanism for CDDP-induced cytotoxicity,
apoptosis can also be initiated through the ER stress path-
way. Here, we investigate damage to the ER after CDDP
treatment combined with SAHA, compared with each
alone. Our results revealed that CDDP/SAHA induced
atypical ER stress responses in OSCC cells, providing
novel insights into the SAHA-mediated enhancement of
anti-tumor activity by CDDP.

Materials and methods

Reagents

Cisplatin [cis-diammine dichloroplatinum (II)] (Nippon
Kayaku, Tokyo, Japan) was used in this study. SAHA was
obtained from ALEXIS (Lausen, Switzerland). Etoposide
(VP16) and valproic acid (VPA) were purchased from
Sigma (St. Louis, MO). ER stressors, thapsigargin (TG),
and tunicamycin (TM) were purchased from Calbiochem
(La Jolla, CA). ER stress inhibitor, salubrinal (Sal), calpain
inhibitor SJA6017 (SJA), c-Jun NH2 terminal kinase (JNK)
inhibitor SP600125 (SP), nuclear inhibitor of protein phos-
phatase-1 (NIPP-1), and phosphoinositide 3-kinase (PI3K)
inhibitor LY294002 (LY) were purchased from Calbio-
chem. Inhibitors of the mitochondrial permeability transi-
tion pore, cyclosporin A (CsA) and bongkrekic acid (BA)
were obtained from Biomol (Plymouth Meeting, PA) and
Calbiochem, respectively. All other chemicals used in this
study were commercially available.

Caspase inhibitors

Inhibitors of pan-caspase (z-VAD-fmk), caspase-3 (z-DEVD-
fmk), caspase-4 (z-LEVD-fmk), and caspase-12 (z-ATAD-
fmk) were purchased from MBL (Nagoya, Japan). Cells
were pretreated with 20 �M of these inhibitors for 1 h at
37°C before each treatment. A DMSO control was also
included as a control for the given concentration of each
inhibitor.
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Cell lines and cell culture

HSC-3 cells, HSC-4 cells (mutant-type p53, human oral
squamous cell carcinoma), A549 cells (wild-type p53,
human non-small-cell lung adenocarcinoma), and MCF-7
cells (wild-type p53, human breast cancer) were obtained
from the Cell Resource Center for Biomedical Research
(Institute of Development, Aging and Cancer, Tohoku
University, Japan). Cells were cultured in RPMI 1640 medium
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum, 100 units/ml penicillin, and 100 �g/ml streptomycin
(Invitrogen, Carlsbad, CA). Cells were maintained in a
humidiWed atmosphere of 95% air and 5% CO2 at 37°C.

Cell viability assays

Cell viability was evaluated by the trypan blue exclusion
assay and then the cytotoxic eVects of drugs were
determined using an MTT (WST-8) colorimetric assay kit
(Dojindo, Kumamoto, Japan) as previously described [4].
IC20 values that cause 20% cell-growth inhibition were
determined after 48-h treatments.

Measurement of intracellular caspase activity

Intracellular caspase-4 activity was measured using the
labeled substrate LEVD-p-nitroanilide (pNA) (MBL).
Extracts from cells stimulated with the indicated agents were
assayed, and absorbance was measured at 405 nm in a
microplate reader. Intracellular caspase-12 activity was mea-
sured using FITC-ATAD-fmk (Abcam, Cambridge, MA).
The inhibitor binds irreversibly to activated caspases,
enabling measurement of active caspase within the cell.
Labeled cells were analyzed by Xow cytometry to determine
the percentage of intracellular active cells for caspase-12.

TUNEL assay

Apoptotic cells were assayed by the TUNEL method using
the Mebstain apoptosis kit direct (MBL) for Xow cytomet-
ric analysis (FACSCalibur; Becton-Dickinson, San Jose,
CA).

Protein phosphatase activity

Protein phosphatase 1 (PP1) activity was analyzed using
p-nitrophenyl phosphate (pNPP) as a colorimetric phospha-
tase substrate (AnaSpec, San Jose, CA). According to the
manufacturer’s instructions, whole cell protein was
extracted, and equal amounts of proteins were incubated
with pNPP reaction mixture for 1 h at room temperature.
Stop solution was added, and absorbance was measured at
405 nm in a microplate reader.

Western blotting

Whole or nuclear proteins were analyzed by Western
blotting. Rabbit polyclonal anti-GRP78 antibody was
purchased from AnaSpec. Rabbit polyclonal anti-GRP94,
anti-phospho-eIF2� (Ser51), and anti-total-eIF2� antibodies
were purchased from Cell Signaling (Danvers, MA). Goat
polyclonal anti-GADD34 antibody was obtained from
Abcam. Mouse monoclonal anti-�-actin antibody was pur-
chased from BioVision (Mountain View, CA). HRP-conju-
gated secondary antibodies, sheep anti-mouse and donkey
anti-rabbit antibody (GE Healthcare, Piscataway, NJ), and
mouse anti-goat antibody (Assay designs, Ann Arbor, MI)
were used.

Statistical analysis

Data are given as the mean § SE. Multiple comparisons
were made by ScheVe’s test. P values <0.05 were regarded
as signiWcant.

Results

Enhancement of CDDP-induced apoptosis by SAHA

To further characterize SAHA-mediated apoptotic
enhancement [4], several cell lines were treated for 48 h
with CDDP in the presence of SAHA, and analyzed by the
TUNEL method that measures DNA fragmentation. When
two cell lines (HSC-3 and MCF-7) were treated with
CDDP/SAHA, the level of apoptosis showed signiWcant
enhancement among the cell lines tested (Fig. 1a). In addi-
tion, HSC-3 cells were treated with CDDP in the presence
of another HDAC inhibitor, VPA, and evaluated for apop-
totic cells. The average percentage of apoptotic cells was
higher in cultures treated with CDDP/SAHA together, com-
pared with CDDP/VPA (Fig. 1b).

To compare with ER stress-induced apoptosis, HSC-3
cells were treated with CDDP in combination with the rep-
resentative ER stressors, TG, and TM. ER stress can be
experimentally induced by treating cells with TG, which
depletes intracellular calcium stores or TM, which inhibits
protein glycosylation. Although the stressor alone did not
induce apoptosis signiWcantly, treatment with stressor TG
was shown to enhance CDDP-induced apoptosis as well as
CDDP/SAHA treatment (Fig. 1c).

Role of ER-associated caspases in CDDP/SAHA-induced 
apoptosis

To conWrm the involvement of ER stress in the response of
HSC-3 cells to CDDP/SAHA, we analyzed caspase-4
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and -12 activities, which are causally involved in triggering
apoptosis under ER stress. Human ER-speciWc caspase-4
was activated after CDDP/SAHA treatment, as expected
(Fig. 2a). FITC-labeled small-molecule inhibitor of the
active caspase-12 was used to measure caspase-12 cleavage
after treatment with CDDP/SAHA. Using Xow cytometry,
we observed that CDDP/SAHA caused ER stress-induced
apoptosis (caspase-12 cleavages) that contributed to cellu-
lar apoptosis (Fig. 2b). Notably, after treatment with SAHA
alone there were signiWcant increases in caspase-12 activity
(Fig. 2c), indicating its cleavage into active caspase-12,
usually induced by ER stress.

Next, we used speciWc caspase inhibitors to conWrm the
caspases involved in the induction of apoptosis by CDDP/
SAHA. HSC-3 cells were pretreated for 1 h with a pan-
caspase inhibitor or inhibitors of caspase-3, -4, -8, -9, or
-12, followed by the treatment with CDDP/SAHA or
CDDP/TG (Fig. 2d) for 24 h before TUNEL staining. The
broad-spectrum caspase inhibitor z-VAD-fmk almost com-
pletely inhibited apoptosis induced by CDDP/SAHA
(Fig. 2d). Caspase-12 (z-ATAD-fmk) and -4 (z-LEVD-
fmk) inhibitors substantially inhibited CDDP/SAHA-induced
apoptosis, whereas higher inhibitory eVects against CDDP/
TG-induced apoptosis were observed in each inhibitor. By

Fig. 1 Enhancement of CDDP-induced apoptosis by SAHA. a Cancer
cell lines (5 £ 105 cells/well) were treated with 5 �g/ml CDDP for
48 h with or without SAHA (IC20: 1.5–6.0 �M), followed by TUNEL
assay. Results are expressed as the mean intensity of Xuorescence
(MIF) of triplicate experiments. b HSC-3 cells were treated with
CDDP for 48 h in the presence or absence of SAHA (1.5 �M) or VPA
(1 mM), followed by TUNEL assay. Percentages of apoptosis cells
treated with each alone were 5.9 § 0.7% (SAHA) and <0.1% (VPA).
c HSC-3 cells were treated with CDDP for 24 h in the presence or
absence of TG (0.2 �M) or TM (2 �g/ml), followed by TUNEL assay.
Percentages of apoptosis in each alone were 0.8 § 0.3% (TG) and
1.7 § 0.9% (TM). Results represent the mean § SE of triplicate exper-
iments. *P < 0.01 compared to CDDP alone

Fig. 2 Role of ER-associated caspases in CDDP/SAHA-induced
apoptosis. a–c HSC-3 cells were treated with CDDP or SAHA (5 �M
or indicated doses) for 24 h. Intracellular caspase activities were mea-
sured using LEVD-pNA for caspase-4 (a, c) and FITC-ATAD-fmk for
caspase-12 (b, c). Caspase-4 activity is expressed as OD405 (a) or rela-
tive values (c). Caspase-12 activity is expressed as MIF (b) or relative
MIF (c). d Cells pretreated for 1 h with each caspase inhibitor (20 �M)
or DMSO alone (vehicle) were treated for 24 h with CDDP/SAHA or
CDDP/TG, and evaluated by TUNEL assay. CDDP/SAHA or CDDP/
TG treatments are expressed as 100, respectively, and the eVect of each
caspase inhibitor is shown as a relative ratio. Results are expressed as
the mean § SE of triplicate experiments. P < 0.05 compared to CDDP/
SAHA (#) or CDDP/TG (*)
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contrast, the addition of inhibitors of caspase-8 (z-IETD-
fmk) or caspase-9 (z-LEHD-fmk) had only small eVects on
the induction of apoptosis by CDDP/SAHA (data not shown).
The caspase-3 inhibitor slightly inhibited apoptotic cell
death at the 24-h time point in response to CDDP/SAHA or
CDDP/TG. These data suggest that synergistic death
induced by CDDP/SAHA is dependent on ER-associated
caspase activation as well as CDDP/TG.

Inhibition of CDDP/SAHA-induced apoptosis by salubrinal

To verify the signiWcance of the role played by mitochon-
dria in CDDP/SAHA-induced apoptosis, HSC-3 cells were
pretreated with the classical blockers of mitochondrial per-
meability transition pores, CsA and BA, resulting in the
inhibition of both mitochondria depolarization and cyto-
chrome c release. The results in Fig. 3a and b indicate that
the mitochondrial pathway accounts only partially for
CDDP/SAHA- and CDDP/TG-induced apoptosis, suggest-
ing that additional mechanisms are also involved. Both
the �-calpain inhibitor SJA6017, and the JNK inhibitor
SP600125 signiWcantly reduced apoptotic rates in cells
treated with CDDP/TG, but neither inhibitor induced a
reduction in cells treated with CDDP/SAHA. Taken
together, these results imply that the induction of apoptosis
with CDDP/SAHA is caused by calpain-independent
caspase-12 activation.

We examined the eVect of PP1 inhibitors on CDDP/
SAHA-induced apoptosis. The speciWc eIF2� phosphatase
inhibitor, Sal, and a nuclear inhibitor of PP1, NIPP1, were
used. Salubrinal, but not NIPP1 treatment signiWcantly
abolished the apoptosis observed after treatment with
CDDP/SAHA (Fig. 3a) or CDDP/TG (Fig. 3b). Inhibition
of CDDP/TG-induced apoptosis by Sal exceeded that by
z-VAD-fmk, indicating that the enhanced apoptosis by
CDDP/SAHA was due primarily to ER stress-induced
apoptosis because Sal is speciWc to the inhibition of ER
stress-induced cell death; however, CDDP/SAHA-induced
apoptosis was attributable to atypical ER stress distinct
from the classic ER stress inducer TG. We also assessed the
eVect of Sal on other DNA-damaging agent. HSC-3 cells
treated for 24 h with etoposide (10 �M)/SAHA (Fig. 3c) or
etoposide/TG (Fig. 3d) in the presence of Sal showed no
inhibition of apoptotic eYciency.

Expression of ER-associated molecules in CDDP or SAHA 
stimulation

Exposure to CDDP or SAHA for various time periods
revealed that protein levels of ER stress markers, GRP78
and GRP94, were signiWcantly increased in TG- and TM-
treated cells, but not in CDDP- or SAHA-treated cells
(Fig. 4a). Furthermore, we tested the expression and

phosphorylation levels of eIF2 known to be involved in
translation initiation. As shown in Fig. 4b, exposure to
SAHA alone resulted in the rapid phosphorylation of
eIF2�, an event that was sustained over the ensuing 24 h. In
contrast, no major changes were detected in eIF2� total
protein levels.

Activation of PP1 by SAHA treatment

We measured PP1 activity in HSC-3 cell lysates treated
with SAHA and/or Sal. As shown in Fig. 5a, SAHA treat-
ment increased phosphatase activity in a time-dependent
manner, and the addition of Sal decreased phosphatase
activity at 3-h incubation. Taken together, these results
clearly demonstrated that SAHA enhancement of the
CDDP apoptotic eVect on OSCC cells was in part due to

Fig. 3 Inhibition of CDDP/SAHA-induced apoptosis by salubrinal. a,
b HSC-3 cells pretreated for 1 h with salubrinal (Sal, 50 �M), NIPP-1
(2.5 pM), SJA6017 (SJA, 50 �M), SP600125 (SP, 50 �M), cyclospor-
ine A (CsA, 0.25 �M) or bongkrekic acid (BA, 0.25 �M) were treated
for 24 h with CDDP combined with 1.5 �M SAHA (a) or 0.2 �M TG
(b), followed by TUNEL assay. Results represent the mean § SE of
triplicate experiments. *P < 0.05 compared to CDDP/SAHA or
CDDP/TG. c, d Cells were pretreated for 1 h with Sal, followed by
treatment of VP16 (10 �M) combined with SAHA (c) or TG (d) for
24 h. Percentages of apoptosis cells were determined
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the activation of PP1 activity induced by SAHA treatment.
To show that there was a relationship between the up-regu-
lation of PP1 and down-regulation of Akt phosphorylation,
HSC-3 cells were treated for 4 h with SAHA alone.
Dephosphorylation of Akt was observed by treatment with
SAHA or PI3K inhibitor LY294002 (Fig. 5b). There was
no decrease in total Akt after either treatment. Finally, Akt
phosphorylation was down-regulated by SAHA, which was
accompanied with an increase in phospho-eIF2� by SAHA
(Fig. 4b).

Discussion

In this work, we investigated the involvement of ER stress
in the initiation of apoptosis elicited by CDDP/SAHA com-
bination, because cell death is conspicuous in cells that
have encountered insurmountable ER stress. First, we com-
pared the eVect of CDDP/SAHA on four cancer cell lines
originating from diVerent organs containing wild-type or
mutant-type p53. CDDP/SAHA together induced a higher
level of apoptosis in HSC-3 and MCF-7 cells compared
with other cell lines tested (HSC-4 or A549). There was no
parallel between SAHA and p53 status in CDDP-induced
apoptosis. We observed a signiWcant increase in the phos-
phorylation of eIF2� and caspase-4 and -12 functions in
HSC-3 cells that demonstrated enhancement of CDDP-
induced cytotoxicity by SAHA. Our data demonstrating
that VPA is much less potent as an HDAC inhibitor than
SAHA (mM vs. �M, respectively) was, in part, attributable

to the inability to access the zinc cation in the HDAC active
site pocket, which is pivotal to deacetylation catalysis [16,
17]. In addition, the eVects of SAHA diVer from those
elicited by classical ER stress inducers (TM and TG) in that
SAHA are not associated with the activation of calpain
and JNK.

Fig. 4 Expression of ER-associated molecules in CDDP or SAHA
stimulation. a, b HSC-3 cells were treated with CDDP (5 �g/ml),
SAHA (5 �M), TG (2 �M) or TM (2 �g/ml) for 48 h for GRP78 and
GRP94 (a), and for 6 h for eIF2� (b). Total or nuclear cell extracts were
prepared, and equal amounts of extracts were loaded for Western
blotting analysis. �-actin was used as a loading control

Fig. 5 Activation of PP1 and dephosphorylation of Akt by SAHA.
a HSC-3 cells were treated with SAHA (5 �M) with or without Sal
(50 �M). Whole cell proteins were extracted, and equal amounts of
extracts were incubated with pNPP reaction mixture for 1 h. Results
represent OD405 values. b Cells were cultured for 4 h with or without
SAHA (1.5 and 5.0 �M) or LY294002 (LY, 30 �M), and Wxed to mea-
sure total and phosphorylated Akt. Results represent the mean § SE of
triplicate values of OD450. *P < 0.05 compared to the untreated control
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It is noteworthy that for drugs such as CDDP and some
other alkylating agents, UPR induction leads to enhanced
drug sensitivity. By contrast, the DNA-damaging topoiso-
merase II inhibitor etoposide, which also disrupts mito-
chondrial activity, does not induce apoptotic signaling in
ER stress in cells. The ER takes part in initiating apoptosis
through diVerent mechanisms, which may activate caspase-
12 [7, 18]. Intracellular calcium increment causes the acti-
vation of �-calpain followed by caspase-12 activation.
Apoptosis induced by CDDP/SAHA has been shown to
involve the activation of caspase-12, although the human
caspase-12 gene contains severe mutations which preclude
its function as a regular caspase [19]. We attempted
combined treatment of CDDP/SAHA-treated cells with
BAPTA-AM (a chelator of intracellular Ca2+); however,
the combined treatment by itself had a cytotoxic eVect on
HSC-3 cells. Unlike CDDP/TG stimulation, �-calpain
inhibitor was not eVective in CDDP/SAHA stimulation,
suggesting that ER stress markers and ER-mediated cell
death signaling pathways are not always altered to the same
extent. This result further suggests that, in our model,
mechanisms other than Ca2+-imbalance and calpain activa-
tion are mainly involved in CDDP/SAHA-induced apopto-
sis, which could cause apoptosis directly or through
unknown intermediates.

Recently, a human colon cDNA library was screened
using the sequence of mouse caspase-12 as a probe, and it
was found that caspase-4 is a human candidate of ER-
dependent caspase [20]. Caspase-4 on the ER is supposed
to function in ER stress-induced apoptosis similarly to
caspase-12. Treatment with caspase-4 inhibitor signiW-
cantly increased resistance to CDDP/SAHA- or CDDP/TG-
induced cell death. It is possible that both caspases-12 and
-4 are involved in our experimental model using human
OSCC cells. Because the A549 cell line is capable of
undergoing ER stress-induced apoptosis through caspase-
12 cleavage when treated with other agents [21], the low
apoptotic eYciency observed following treatment with
CDDP is not due to an intrinsic defect in this pathway in
this cell line. Cyclosporin A and BA (mitochondrial perme-
ability transition pore inhibitors) did not display signiWcant
inhibition of CDDP/SAHA-induced apoptotic cell death.
Further studies, however, are required to clarify the
involvement of mitochondria during the CDDP/SAHA-
induced apoptosis of HSC-3 cells.

ER stress involves the phosphorylation of eIF2� on Ser51

by ER-localized kinases [22]. The inactivation of RNA-
dependent protein kinase-like ER kinase (PERK) or the
inhibition of eIF2� phosphorylation has been found to pro-
mote ER stress-mediated apoptosis [23, 24]. In contrast, ER
stress can also potently induce apoptosis by inducing pro-
apoptotic genes in response to ER stress [25, 26]. Salubri-
nal inhibits the PP1-mediated dephosphorylation of eIF2�

but not the dephosphorylation of many other PP1 substrates
in the cell [27]. Indeed, we observed that Sal inhibits the
activity of serine/threonine phosphatase PP1 induced by
SAHA, and protect cells against apoptotic stimuli (CDDP/
SAHA) related to ER stress. SAHA induced eIF2� phos-
phorylation, and enhanced the apoptotic potential of
CDDP. HDAC inhibitors (SAHA and TSA) facilitate the
dephosphorylation of Akt by altering the dynamics of
HDAC-PP1 complexes and increasing the association of
PP1 with Akt [28]. It was also observed that TG treatment
caused a decrease in phospho-Akt levels in human renal
carcinoma Caki cells [29]. Akt activation, which is medi-
ated through phosphorylation, maintains a survival signal
that protects cells from apoptosis by phosphorylating
pro-apoptotic proteins, such as caspase-9, Bad, and the cell
regulatory protein GSK3� [30]. A recent study also showed
that inactivation of PI3K/Akt is important in ER stress-
induced apoptosis, where TM induces cell death, suppress-
ing Akt activity by lowering its protein expression level
[31]. It is becoming accepted that an important cause of
CDDP resistance relates to aberrant functioning of the
apoptotic mechanism in cancer cells with Akt-regulated
survival pathways [32]; therefore, suppression of Akt phos-
phorylation may be an important mechanism associated
with CDDP/SAHA-induced apoptotic cell death. This his-
tone-independent mechanism provides a potential basis to
account for the anti-neoplastic activities of these agents in
growth inhibition and apoptosis induction. SP600125
blocked apoptosis induced by CDDP/TG, but not CDDP/
SAHA, indicating that JNK activation plays an important
role in initiating classical ER stress-mediated apoptosis
[33].

Although CDDP remains a vital mainstay of chemother-
apy, the incidences of recurrence and platinum resistance
lead to poor survival rates for head and neck cancer
patients, and underscore the need to develop eVective mod-
ulators of platinating agents. In this study, we have shown
that SAHA enhances the eYcacy of CDDP by activating
the atypical ER stress pathway to increase apoptosis, where
SAHA acts as an ER-stress mediator and apoptosis
enhancer. Further investigation will yield information about
the targets of CDDP and SAHA in this pathway.
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