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Abstract
Interferon-c (IFN-c) induced cell death in five oral squamous
cell carcinoma (SCC) lines. Cell death was specific to IFN-c
treatment and did not occur with either IFN-a or TNF-a. IFN-c
did not induce typical apoptotic phenotype in cells , such as
morphological changes and DNA ladder formation. Caspase-3
was partially activated by IFN-c. Protein levels of molecular
chaperones were examined in cells treated with IFN-c. Among
these, levels of heat shock protein 27 (Hsp27) were
specifically reduced upon IFN-c treatment of oral SCC cells.
Recombinant clones overexpressing Hsp27 were more
resistant to IFN-c-induced cell death than parent cells.
Conversely, cells expressing a dominant-negative mutant of
Hsp27, in which three serine residues (15, 78 and 82) were
replaced by glycine, were hypersensitive to the effects of IFN-
c and exhibited a typical apoptotic phenotype. Pretreatment of
cells with IFN-c enhanced apoptotic cell death induced by
cisplatin. Our data suggest that IFN-c suppresses Hsp27
expression in oral SCC cells and blocks the inhibitory effects
of this molecular chaperone on apoptotic cell death. More-
over, IFN-c initiates the transition of oral SCC cells to the
proapoptotic and/or aborted apoptotic state. Hsp27 plays a
crucial role in the inhibition of apoptosis of oral SCC cells.
Our findings highlight the importance of employing IFN-c in
combination with certain anticancer drugs as treatments for
oral cancer. We suggest that Hsp27 plays a significant role in
the IFN-c-induced sensitization of oral SCC cells to anticancer
drugs.
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Introduction

Interferon-g (IFN-g) is considered a likely candidate for

combination therapy in anticancer drug regimes. For example,

IFN-g enhances the cytotoxicity of cisplatin, a widely used

potent anticancer drug,1 against human ovarian cancer cell

lines.2 Our group is interested in the molecular mechanism of

synergism between anticancer drugs and IFN-g. IFNs either

induce or enhance apoptosis because of inhibition of protein

synthesis, which occurs through the activation of both the

dsRNA-activated protein kinase (PKR) and the 20, 50-

oligoadenylate synthetase/ribonuclease L system.3–6 Re-

cently, we reported the augmentation of Verotoxin-induced

apoptosis in oral squamous cell carcinoma (SCC) lines

treated with IFNs, in particular IFN-g.7 Although oral SCC

cells underwent cell death when treated with IFN-g alone,

typical apoptotic phenotypes, such as DNA ladder

formation, were not observed. In this report, we focus on

elucidating the role of molecular chaperones in IFN-g-induced

cell death and augmentation of apoptosis in oral SCC

cells. Molecular chaperones are ubiquitous and highly

conserved proteins, which participate in protein folding,

assembly, transport to particular subcellular compartments

and degradation.8 Most chaperones are induced when

cells are exposed to stressful conditions such as heat,

chemical agents, accumulated denatured proteins and

reactive oxygen species. Molecular chaperones are also

known as heat shock proteins (HSP) or stress proteins.

Generally, high levels of HSP are found in various types

of tumors suggesting a possible role for chaperones in

tumor cell survival and malignancy.9–11 Molecular chaperones

act as survival proteins. A number of studies indicate

that HSP, such as Hsp70 and Hsp27, inhibits the apoptotic

signaling pathway at various points (reviewed in Creagh

et al.,9 Samali and Orrenius,12 and Xanthoudakis and

Nicholson13). Here, we describe a novel downregulation

of Hsp27 expression in response to IFN-g treatment of oral

SCC cells. Hsp27 possibly contributes to promoting the

proapoptotic state and/or aborted apoptosis14 in these oral

SCC cells.
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Results

Effects of IFN-a, IFN-c and TNF-a on SCC cell
viability

Changes in cell viability upon treatment with IFN-a, IFN-g or
TNF-a were determined using the formazan-formation assay
(Figure 1). Closely similar results were observed by other
assay systems, such as trypan blue dye exclusion and gentian
violet staining (data not shown). While IFN-g dramatically
reduced oral SCC cell viability, this had no effect on the cervix
adenocarcinoma cell, HeLa. IFN-a had less effect on oral SCC
cell viability and TNF-a had no effect at all. After 24 or 48 h of
IFN-g treatment, a significant level of cell death was observed
(Figure 1). The time required by IFN-g to induce cell death was
determined. As shown in Figure 2, observed levels of cell
death with 4 h exposure of IFN-g were similar to those of
overexposure times. Therefore initiation of cell death signal
probably completes within the first few hours of exposure to
IFN-g.

IFN-g-induced cell death did not result in typical apoptotic
phenotypes, such as DNA fragmentation (Figure 3) and
morphological changes. Figure 4 displays data of electron
microscopic observation. Some of the OSC70 cells treated
with IFN-g showed morphology similar to that of untreated
cells as control, and the others had marginal chromatin
condensation in the nuclei, to a slight extent, but neither cap
formation nor nuclear fragmentation as typical apoptotic
figures were recognized. In addition, there were occasional
cells with abundant lysosomes containing electron dense
granules in the cytoplasm, suggesting any cytotoxic change of
tumor cell due to the treatment of IFN-g. However, these cells
had intact cell membranes and many microvilli, showing no
necrotic characteristic but rather live contact with neighboring
cells. These results indicate that IFN-g-induced cell death is
not representative of typical apoptosis. To further characterize
the IFN-g-induced cell death, we determined the activation of
caspase-3, an effector caspase of apoptosis that is proteo-

Figure 1 IFN-g, but neither IFN-a nor TNF-a, induces cell death in oral SCC
cells. SCC cell lines [OSC70 (’), OSC19 (&), OSC20 (K), OSC30 (m) and
OSC40 (W)] and HeLa cells (8) were cultured in the presence of 1000 IU/ml of
IFN-g (a), 1000 IU/ml of IFN-a (b) or 10 ng/ml of TNF-a (c). Cell viability of the
treated cells was determined by the formazan-formation assay in triplicate, and is
expressed as relative values (mean7S.D.) to nontreated control

Figure 2 Time dependency for induction of cell death to IFN-g exposure.
OSC70 cells were cultured in the presence of 1000 IU/ml IFN-g for initial 4 h (J),
12 h (B) 24 h (W) and 72 h (&) , and then in normal medium. Cell viability of
the treated cells was determined by the formazan-formation assay at 24, 48 and
72 h in triplicate. The results are expressed as relative values (mean7S.D.) to
nontreated control

Figure 3 IFN-g-induced cell death does not show DNA fragmentation. OSC70
cells were treated with 1000 IU/ml IFN-g for various times or with 64 pg/ml
Verotoxin-2 (VT-2) for 48 h as a control experiment for apoptotic cell death. The
extracted DNA was applied to electrophoresis on a 1.5% agarose gel and stained
with ethidium bromide
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lytically activated in cells undergoing apoptosis,25,26 during
IFN-g treatment. Caspase-3 activation was determined using
two approaches, detection of active caspase-3 fragments by
Western blotting and enzymatic activity using Ac-DEVD-p-NA
as a substrate. Active caspase-3 fragments (p19 and p17)
were observed on IFN-g treatment. However, the amounts of
active fragments were considerably lower than those gener-
ated by treatment with the apoptosis-inducing agent, cisplatin
(Figure 5a). IFN-g-induced caspase-3 activity was estimated
by comparison with that in cell lysates treated with granzyme
B, a direct activator of caspase-3 by proteolysis.27,28

Caspase-3 was weakly, but significantly, activated by IFN-g
(Figure 5b). The activation was specific for caspase-3,
because it was inhibited by addition of an inhibitor, Ac-
DEVD-CHO. The results suggest that IFN-g effectively
induces the apoptotic signal to the point of partial caspase-3
activation, but not to the extent of causing typical apoptotic cell
death.

Protein levels of molecular chaperones in oral SCC
cells during IFN-c treatment

We examined the mechanism by which molecular chaper-
ones, some of which function to modulate apoptotic
events,9,12,13 contribute to IFN-g-induced cell death. Protein
levels of molecular chaperones in cells were determined by

Western blotting. Among the various molecular chaperones,
including those from cytosol and endoplasmic reticulum,
Hsp27 levels were specifically and dramatically reduced by
IFN-g. However, IFN-a and TNF-a had little effect on Hsp27
expression. Results from OSC70 cells are shown in Figure 6.
On IFN-g treatment of OSC70, Hsp70 levels were also slightly
decreased, while Hsp27 expression was more rapidly and
dramatically suppressed. This specific decrease in Hsp27
was observed in most SCC cells tested, but not in HeLa cells
(Figure 7). Among the oral SCC cells, OSC70 and OSC19,
which are more sensitive to the effects of IFN-g (Figure 1a),
revealed a more significant decrease in Hsp27 levels.

Role of Hsp27 in IFN-c-induced cell death

To clarify the role of Hsp27 in IFN-g-induced cell death, we
established recombinant clones stably overexpressing hu-
man Hsp27. Representative clones were designated OSC70-

Figure 4 Electron micrographs of OSC70, untreated cells as control (a) and
cells at 72 h after treatment with IFN-g (1000 IU/ml) (b)

Figure 5 Caspase-3 activation in IFN-g-treated OSC70 cells determined by
cleavage of procaspase-3 (a) and enzymatic activity of caspase-3 (b). OSC70
cells were treated with 1000 IU/ml IFN-g for various times. (a) Cell lysate
prepared from the treated cells was analyzed by Western blotting using
anticaspase-3 antibody. Procaspase-3 (32 kDa) and active caspase-3 fragments
(19 and 17 kDa) formed by cleavage of the procaspase-3 were detected by the
antibody. For a positive control for caspase-3 activation, OSC70 cells were
treated with 3mg/ml of cisplatin for 18 h. (b) Caspase-3 activity in the cell lysate
was determined by using Ac-DEVD-pNA as a substrate. The experiment was
performed in triplicate, and the value is expressed as mean7S.D. The specificity
of caspase-3 activity was confirmed by inhibition in addition of caspase-3
inhibitor, Ac-DEVD-CHO. A positive control for caspase-3 activity was prepared
by treating OSC70 cell lysate with granzyme B
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27.1, OSC70-27.2 and OSC70-27.3 (derived from OSC70),
and OSC19-27.1, OSC19-27.2 and OSC19-27.3 (derived
from OSC19). The Hsp27 expression of the parent cells and
their clones was determined by Western blotting as shown in
Figure 8b (OSC70 and its clones) and Figure 8e (OSC19 and
its clones). The clones expressed 5- to 12-fold more Hsp27
than parent OSC70 cells and 8- to 15-fold more Hsp27 than
parent OSC19 cells. The phosphorylated form of Hsp27 also
increased in a proportional manner. This observed increase in
Hsp27 appeared to be because of products derived from the
exogenous Hsp27 gene and not induction by stress stimula-
tion caused by exogenous gene expression, since levels of
Hsp70 in the clones were not significantly different from those
in the parent cells. The Hsp27-overexpressing clones
displayed resistance to cisplatin-induced apoptosis (data not
shown), consistent with earlier reports.29–31 Moreover, these
recombinant constructs were significantly more resistant to
IFN-g-induced cell death than control cells (Figure 8a and d).
The overexpressed exogenous Hsp27 in the transfectants
also decreased during IFN-g treatment, but the protein levels
in the treated transfectants were still more than those in
untreated control cells (Figure 8c and f).

We additionally established recombinant OSC70 clones
stably expressing a dominant-negative mutant of Hsp27,
Hsp27-Gly. In the Hsp27-Gly mutant, three serine residues

(Ser-15, -78 and -82) that function as phosphorylation
sites.23,32 are substituted with glycine residues.21–23,33 Phos-
phorylation of Hsp27 is induced by various extracellular stimuli
and contributes to the structural organization of the protein.32

The chaperone activity of Hsp27 is regulated by its incorpora-
tion into a large oligomeric complex. Phosphorylation of the
three Hsp27 serine residues negatively regulates the forma-
tion of the large oligomer.32 These Hsp27 mutants containing
alternative residues in place of serine became phosphorylated
and exhibited a different structural organization pattern. For
example, mutants containing substituted glycine or aspartic
acid residues appeared to be monomeric or small oligomeric
structures with corresponding molecular weights of less than
200 kDa, as estimated by gel filtration chromatography. In
contrast, another Hsp27 mutant containing substituted ala-
nine residues formed a much larger complex of more than
400 kDa.33 The amounts of other HSPs, such as Hsp70, and
the phosphorylated form of Hsp27 did not alter in the
recombinant clones compared to parental cells (Figure 9a).
This suggested that exogenous Hsp27-Gly should specifically
overexpress in these clones, however, endogenous Hsp27
levels should not be influenced by expression of the
exogenous gene. Furthermore, gel filtration on Superose 6
revealed that the larger oligomer containing endogenous
Hsp27 and exogenous Hsp27-Gly was not observed in
OSC70 clones expressing Hsp27-Gly (Figure 9b). Therefore,

Figure 6 Protein levels of molecular chaperones in OSC70 cells during
treatment with IFN-a or IFN-g. OSC70 cells were treated with IFN-a (1000 IU/ml)
or IFN-g (1000 IU/ml). The resulting cells were lysed, and the soluble protein
(5 mg protein per lane) was separated by SDS–PAGE and quantified by Western
blotting using the specific antibodies. Actin was used as control for protein
loading

Figure 7 Protein levels of Hsp27 and Hsp70 in oral SCC cells and HeLa cell
during IFN-g treatment. The cells were treated with IFN-a (1000 IU/ml) or IFN-g
(1000 IU/ml) for 24 or 48 h. The resulting cells were lysed, and the soluble protein
(5 mg protein per lane) was applied to SDS–PAGE and the Western blotting using
the specific antibodies. Actin was used as control for protein loading
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the Hsp27-Gly mutant in OSC70 cells should have a
dominant-negative effect on the formation of large oligomers
which have chaperone activity. The chromatographic beha-
viors of Hsp27 in the parent cells and the Hsp27-Gly
transfectants were not significantly changed during IFN-g
treatment, except that total amounts of Hsp27 were de-
creased (data not shown).

Hsp27-Gly-expressing OSC70 clones were hypersensitive
to IFN-g (Figure 10a) and cisplatin (Figure 10b) compared to
control cells, OSC70 and mock-transfected OSC70. In
addition, DNA fragmentation data show that cells expressing
Hsp27-Gly exhibit typical apoptotic phenotypes (Figure 10c).

Activation of caspase-3 in these cells was also greater than
that in parent cells, as ascertained by the formation of active
caspase-3 fragments (p19 and p17) (Figure 10d) and
caspase-3 enzymatic activity (Figure 10e). These results
indicate that the structural organization of Hsp27, specifically
the ability to form large oligomers, involved in its inhibitory
activity cell death. According to lines of evidence, Hsp27 in
oral SCC cells plays a critical role in the negative regulation of
apoptotic cell death. IFN-g stimulates the cell death signal via
its inhibitory effect of Hsp27, although not sufficiently to cause
complete apoptotic cell death. In oral SCC cells, IFN-g
downregulates protein levels of Hsp27, and therefore possibly
promotes the proapoptotic state by partially activating
caspase-3 (Figure 5). Our findings suggest that typical
apoptotic cell death occurs by the suppression of residual
Hsp27 activity following IFN-g treatment in the dominant-
negative mutant, Hsp27-Gly.

Synergistic activity of cisplatin and IFN-c on
apoptotic cell death in oral SCC cells

Our results indicate that IFN-g promotes the proapoptotic
state in oral SCC cells. To confirm this, we examined the
synergistic effect of IFN-g and cisplatin treatment on apoptotic
cell death. The degree of apoptosis was estimated from DNA

Figure 8 Suppression of IFN-g induced cell death by overexpression of Hsp27
in OSC70 (a, b and c) and OSC19 (d, e and f). The expression plasmid encoding
human Hsp27 was transfected to OSC70 and OSC19. Clones stably expressing
Hsp27 were then selected. The results of representative clones are shown.
OSC70-mock and OSC19-mock indicate transformants of control plasmid. (a and
d) Cell viability during IFN-g treatment. Used symbols: OSC70 (J), OSC70-
mock (W) OSC70-27.1 (K), OSC70-27.2 (m) and OSC70-27.3 (’) (panel a),
and are OSC19 (J), OSC19-mock (W) OSC19-27.1 (K), OSC19-27.2 (m)
and OSC19-27.3 (’) (panel d). The cells were treated with 1000 IU/ml IFN-g for
various times. Cell viability of the treated cells were determined by the formazan-
formation assay. The experiments were carried out in quadruplicate, and the
value was expressed as mean7S.D. * Indicates significant difference (Po0.01)
from OSC70-mock. (b and e) Protein expression of Hsp27, phosphorylated
Hsp27 (Ser15) and Hsp70 in the clones was determined by Western blotting. The
Hsp70 expression was used as a control for this experiment. (c and f) Changes of
Hsp27 protein levels in the parent cells and the Hsp27-overexpressing
transfectants during IFN-g treatment were determined by Western blotting

Figure 9 Establishment of OSC70 clones stably expressing a dominant-
negative mutant Hsp27-Gly. Protein expression of Hsp27 (and Hsp27-Gly),
phosphorylated Hsp27 and Hsp70 determined by Western blotting (a), and
oligomeric status of Hsp27 and Hsp27-Gly in an OSC70 clone expressing Hsp27-
Gly (OSC70-dn27.3) determined by gel filtration chromatography (b). The
expression plasmid encoding mutant Hsp27 gene, in which phosphorylation sites
Ser-15, -78 and -82 residues, were converted to Gly, was transfected to OSC70,
and clones stably expressing the mutant Hsp27-Gly were selected. Results for
representative clones, OSC70-dn27.1, OSC70-dn27.2 and OSC70-dn27.3, and
a transformant of control plasmid (OSC70-mock) are shown. (a) Protein levels of
Hsp27-Gly and endogenous Hsp27 were detected by Western blotting using the
anti-Hsp27 antibody. Levels of phosphorylated Hsp27 and Hsp70 were
determined. (b) Cell lysates from OSC70 and OSC70-dn27.3 were applied to
a Superose 6 column. Elution profile of anti-Hsp27 antibody-reactive materials,
wild-type Hsp27 and Hsp27-Gly, were detected by Western blotting using anti-
Hsp27 antibody. Elution positions of molecular weight standards (bovine
thyroglobulin (670 000), g-globulin (158 000) and chicken ovalbumin (44 000))
are shown at the top of the figure
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fragmentation, which was determined by BrdU-containing
DNA fragments release from BrdU-labeled cells. As shown
previously7 and in Figure 3, IFN-g treatment did not result in
significant DNA ladder formation. However, pretreatment with
IFN-g dramatically enhanced cisplatin-induced DNA ladder
formation. This synergism was observed at cisplatin concen-
trations of 0.3–1 mg/ml in OSC70, and at a concentration of
3mg/ml in OSC19 cells (Figure 11), but not in HeLa cells (data
not shown).

Discussion

Numerous oral SCC cell lines are highly sensitive to IFN-g-
induced cell death. SCC cells treated with IFN-g underwent
severe growth arrest, followed by death. This type of cell death
was not observed in the other cell lines tested, including HeLa
(Figure 1), amnion cell line FL and monocytic cell line U937
(data not shown). IFN-g-treated cells did not display typical
apoptotic phenotypes. However, IFN-g-treatment augmented
apoptotic cell death caused by certain inducers, including
Verotoxin 7 and cisplatin (Figure 11). The apoptotic pathway
executioner factor, caspase-3,25,26 is significantly activated by
IFN-g in oral SCC cells, although not to a major degree, since
IFN-g-induced caspase-3 activity is much lower than that in

positive controls treated with granzyme B (Figure 5). These
results collectively suggest that the apoptotic signal is
transduced by IFN-g. However, we postulate that some
factor(s) inhibit this signal transduction, consequently prevent
typical apoptosis.

Certain HSPs, such as Hsp70 and Hsp27, act as
suppressors of apoptotic cell death (reviewed in Creagh et
al.,9 Jolly and Morimoto10, Samali and Orrenius,12 Xanthou-
dakis and Nicholson13 and Beere and Green26). Recent
reports show that abrogation of Hsp70 expression by using
antisense oligonucleotides triggers apoptotic cell death in
human SCC34 and breast cancer cells.35 In this study, we
demonstrated that the protein levels of Hsp27 in SCC cells are
specifically reduced by IFN-g treatment. However, expression
of other molecular chaperones was not affected. IFN-g-
induced decrease in Hsp27 and cell death was not observed
in any other cell lines tested, including HeLa. We therefore
propose that Hsp27 plays a crucial role in the inhibition of
apoptotic cell death in SCC cells. Moreover, clones stably
overexpressing Hsp27 were significantly resistant to the
effects of IFN-g (Figure 8). We additionally examined the
effects of mutant Hsp27-Gly, in which three serine residues
are substituted for glycine, on IFN-g-induced cell death. The
Hsp27-Gly mutant acts as a dominant-negative form of its

Figure 10 OSC70 clones stably expressing a dominant-negative mutant Hsp27-Gly are hypersensitive to IFN-g. Results for representative clones are shown. The
clones are OSC70 (J), OSC70-mock (W), OSC70-dn27.1 (K), OSC70-dn27.2 (m) and OSC70-dn27.3 (’) as shown in Figure 9. Cell viability during IFN-g (1000 IU/
ml) treatment (a) and during cisplatin (0.3mg/ml) treatment (b). DNA fragmentation (c), cleavage of procaspase-3 (d), and enzyme activity of caspase-3 (e) of the Hsp27-
Gly-expressing clones were determined during treatment with 1000 IU/ml IFN-g. (a) Cell viability was determined by the formazan-formation assay. The experiments were
carried out in quadruplicate, and the value was expressed as mean7S.D. * Indicates significant difference (Po0.01) from OSC70-mock. (c) DNA fragmentation was
determined 36 h after the addition of IFN-g. The extracted DNA was applied to 1.5% agarose gel electrophoresis and stained by ethidium bromide. (d and e) Cleavage of
procaspase-3 and caspase-3 activity were determined 18 h after the addition of IFN-g or cisplatin (3 mg/ml) determined by Western blotting and colorimetric assay using
Ac-DEVD-pNA as a substrate, respectively, as shown in Figure 5. In panel d, lanes 1, 2 and 3 indicate untreated control, IFN-g treatment and cisplatin treatment,
respectively. In panel e, a positive control for caspase-3 activity was cell lysate treated with granzyme B
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wild-type counterpart.21,22,33 Hsp27 is regulated at both
transcriptional and post-transcriptional levels. In the latter,
Hsp27 is phosphorylated in response to various cytokines and
growth/differentiation factors and during periods of cellular
stress, such as heat shock and oxidative stress23 by MAPKAP
kinase 2/3.36,37 Phosphorylation of Hsp27 negatively regu-
lates the protein structural organization (i.e. oligomerization),
its function as a molecular chaperone and, consequently, its
protective activity against oxidative stress and TNF-a.32 Bruey
et al38 showed that amino acids 51–88, which include the
latter two of the three phosphorylatable serine residues, of
Hsp27 comprise one of the regions necessary for cytochrome
c binding and consequent inhibition of caspase activation.
However, the Hsp27-Gly mutant cannot be phosphorylated, is
not incorporated into large oligomeric complexes and prob-
ably disrupts the large oligomer containing endogenous
Hsp27 (Figure 9b). Thus, the Hsp27-Gly is structurally similar
to phosphorylated Hsp27, as similar as a mutant Hsp27-
S15D,S78D,S82D in which substituted aspartic acid residues
mimic phosphoserine residues and act in a dominant-negative
manner against the functional Hsp27 complex.32 Hsp27-Gly-
expressing cells lack both molecular chaperone activity of

Hsp27 and protection against oxidative stress.22,33 In our
experiments, recombinant SCC clones expressing Hsp27-Gly
were highly sensitive to IFN-g and exhibited the typical
apoptotic phenotypes. Furthermore, IFN-g-induced caspase-
3 activation in cells expressing Hsp27-Gly was much higher
than that in the parent cells (Figure 10d,e). These data
suggest that the suppression of caspase-3 activation fails to
occur in the presence of the dominant-negative mutant of
Hsp27. In other words, the structural organization (i.e. larger
complex formation) of Hsp27 controlled by its phosphorylation
is essential for the suppression of oral SCC cell apoptosis.
IFN-g appears to promote the transition of oral SCC cells to a
proapoptotic state and decrease in Hsp27 probably contri-
butes to this response. However, IFN-g alone does not induce
typical apoptosis. Residual Hsp27 following IFN-g treatment
may inhibit full activation of caspase-3 and typical complete
apoptosis. In addition to multiple functions in negative
regulation of apoptosis, Hsp27 plays other important roles in
the cell, such as organization of the actin cytoskeleton.39,40 In
the mitochondrial (receptor-unmediated) apoptotic pathway,
three Hsp27-regulated mechanisms have been reported.
These include the inhibition of reactive oxygen species
formation, increase in cellular levels of glutathione,41,42

interactions with cytochrome c released from mitochon-
dria38,43 and inhibition of caspase-3 activation via direct
interactions.44 In the death receptor-mediated pathway,
Hsp27 inhibits Fas-induced Daxx and Ask1-dependent
apoptosis.45 However, the specific role of Hsp27 in oral
SCC cells is currently unclear.

To our knowledge, transcription of Hsp27 is controlled by
heat shock elements and estrogen-responsible elements, as
revealed by studies on the murine gene.46 However, the
molecular mechanism responsible for the IFN-g-dependent
decrease in Hsp27 is yet to be revealed. However, in RNA
levels and transcriptional activity of the Hsp27 decreased
during IFN-g treatment. It seemed to be non-specific, because
other control mRNAs, such as actin, and SV40 promoter
activity were also decreased (data not shown). This should be
due to that IFN-g strongly arrests the growth of oral SCC cells.
Our results suggest that the decrease in levels of Hsp27
protein induced by IFN-g is specific to oral SCC cells. In other
cell lines, such as the human monocytic U937, Hsp27
expression is upregulated on IFN-g treatment (data not
shown). This cell type-specific regulation of Hsp27 expression
is currently under investigation.

Overexpression of Hsp27 correlates with increased resis-
tance to certain anticancer drugs.29–31 Our findings (Figure 8)
are in agreement with these earlier reports. Several studies,
although not all, indicate that Hsp27 is preferentially ex-
pressed in certain types of malignant tumor [reviewed in
Jättelä47,48 and Arrigo49]. Our experiments well explain that
high levels of Hsp27 in tumor cells are associated with poor
prognosis and, consequently, significantly reduced survival of
cancer patients. In contrast, oral SCC cells that express lower
levels of Hsp27 are more sensitive to the apoptotic stimuli. In
oral SCC cells, IFN-g downregulates Hsp27 expression and
therefore promotes cells to a proapoptotic state and/or
aborted apoptosis. According to Leist and Jäättelä,14 aborted
apoptosis represents a subgroup of necrosis-like pro-
grammed cell death. A typical apoptosis program is initiated,

Figure 11 Augmentation of cisplatin-induced apoptosis by IFN-g pretreatment
in OSC70 and OSC19. The BrdU-labeled cells were either pretreated with
1000 IU/ml IFN-g for 4 h or left untreated. After removal of IFN-g, various
concentrations of cisplatin were added and cells were incubated for an additional
24 h. The resulting supernatant containing the apoptotic cells was collected, and
DNA fragmentation was determined by quantifying soluble BrdU-containing DNA
fragment using ELISA. The experiments were performed in quadruplicate. The
values are expressed as mean7S.D.
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blocked at the level of caspase activation and finally
terminated by alternative routes. IFN-g alone does not induce
apoptosis, probably because it does not completely terminate
Hsp27 expression and function. This study at the molecular
level supports the potential therapeutic benefits of a treatment
strategy combining IFN-g with other anticancer drugs, such as
cisplatin. Additionally, Hsp27 may be a useful maker of
sensitivity to anticancer drugs in oral SCC.

Materials and Methods

Cell lines and culture

Human oral SCC lines (OSC19, OSC20, OSC30, OSC40 and OSC70) 7

were established from metastatic oral squamous carcinomas as described
previously.15–17 OSC40 was derived from the oral floor, while other cell
lines were obtained from the tongue. OSC19 and OSC30 were derived
from moderately differentiated SCC, and OSC20, OSC40 and OSC70
were obtained from well-differentiated SCC. HeLa was obtained from
American-type culture collection (Rockville, MD, USA). All cells were
cultured in RPMI-1640 supplemented with 10% heat-inactivated fetal
bovine serum in 5% CO2 at 371C.

Cytokine treatment and determination of cell
viability

Cells were treated with 1000 IU/ml IFN-g (Genzyme, Cambridge, MA,
USA), 1000 IU/ml IFN-a (Serotec, Oxford, UK) or 10 ng/ml TNF-a
(Genzyme). The viability of treated cells was determined with the
formazan-formation assay using the cell counting kit-8 (DOJINDO
Laboratories, Kumamoto, Japan).

Electron microscopy

OSC70 cells treated with IFN-g (1000 IU/ml) for 72 h were processed for
electron microscopy, along with untreated OSC70 as a control. A total of
106 cells for each sample were fixed with 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 30 min at 41C and
postfixed with 1% OsO4 in the same buffer for 1 h at 41C. After
dehydration, embedding in Epon, ultrathin-sectioning and staining with
uranyl acetate and lead citrate, samples were examined in a JEOL
1200EX.

Western blotting

Mouse monoclonal antibodies to Hsp27 (clone G3.1), Hsp60 (LK-1),
Hsp70 (C92F3A-5), Hsp90 (AC88), calnexin (AF18), calreticulin (FMC 75)
and KDEL (10C3; for detecting Grp78 and Grp94), rat monoclonal
antibodies to Hsc70 (1B5) and CCTa (84a) and rabbit polyclonal antibody
to Hsp40 were purchased from StressGen (Victoria, BC, Canada). Sheep
polyclonal antibody to phospho-Hsp27 (Ser15) was purchased from
Upstate Biotechnology (Lake Placid, NY, USA). Rabbit polyclonal antibody
to caspase-3 was purchased from Pharmingen (San Diego, CA, USA).
Mouse monoclonal antibody to actin (C4) was from Chemicon (Temecula,
CA, USA).

Cells were lysed with a solution containing 1% Nonidet P-40, 120 mM
NaCl, 1 mM dithiothreitol, 10% glycerol, 5 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride, 1 mM Na3VO4, 1 mM NaF and 20 mM HEPES-NaOH, pH
7.5, and lysates were centrifuged at 5000� g for 10 min at 41C.
Supernatants were collected, and protein concentrations were determined

by the method of Bradford18 using bovine serum albumin as a standard.
Sodium dodecylsulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
and Western blotting were performed as described previously.19,20

Alkaline phosphatase-conjugated anti-immunoglobulin (Ig) antibodies and
tetrazolium bromochloroindolyl phosphate/nitro blue tetrazolium were
used as secondary antibody and developing substrate, respectively, for
the Western blotting. Alkaline phosphatase-conjugated anti-sheep Ig
antibody was purchased from Chemicon.

Plasmids and establishment of stable
transformants

Expression plasmids harboring human Hsp27 cDNA and the Hsp27-Gly
gene (pKSm157882) were produced as previously described.21,22 The
pKSm157882 plasmid was generously provided by Dr. LA Weber.23 This
construct contains the mutant Hsp27 gene in which the codons for Ser-15,
Ser-78 and Ser-82 are converted to the glycine-coding sequence by site-
directed mutagenesis. Expression vectors were constructed using the
cytomegalovirus promoter (pRc/CMV, Invitrogen, San Diego, CA, USA).

Transfection of the expression plasmid into target cells was performed
using SuperFect Reagent (QIAGEN, Hilden, Germany) according to the
manufacturer’s instructions. Stably expressed clones were selected and
maintained in culture medium containing geneticin at concentrations of
800mg/ml (for OSC70) or 200 mg/ml (for OSC19). Transformants of pRc/
CMV were also established and used as a control experiment. Wild-type
and mutant Hsp27, Hsp27-Gly, protein expression was confirmed by
Western blotting using the mouse monoclonal anti-Hsp27 antibody (clone
G3.1) as above.

Gel filtration

Cell extracts were prepared as described in the Western blotting section,
and applied to a Superose six column (1� 30 cm) (Amersham Pharmacia
Biotech, Uppsala, Sweden) equilibrated with phosphate-buffered saline.
Chromatography was performed at 1 ml/min with an FPLC system
(Amersham Pharmacia Biotech). Fractions (1 ml each) were collected, and
aliquots were analyzed by Western blotting as described.

Induction and determination of apoptotic cell death

Cisplatin [cis-platinum(II)diamine dichloride] (Sigma-Aldrich, St. Louis,
MS, USA) and Verotoxin (Shiga toxin)-2 (Nacalai Tesque, Kyoto, Japan)
were employed apoptosis inducers.

To determine the extent of apoptosis, DNA fragmentation was
quantified using the Cellular DNA Fragmentation ELISA kit (Roche
Diagnostic, Mannheim, Germany). This assay system is based on the
determination of solubilized 5-bromodeoxyuridine (BrdU)-containing DNA
fragments from BrdU-labeled cells undergoing apoptosis. DNA fragmen-
tation in apoptotic cells was also determined by agarose electrophoresis
using a protocol described previously.7,24

Enzymatic activity of caspase-3

Caspase-3 activity in cell lysate was determined with a colorimetric assay
kit (MBL, Nagoya, Japan). The principle of this method is the monitoring of
p-nitroaniline (pNA) release from a caspase-3 substrate, Ac-DEVD-pNA.
The background control was prepared by adding the caspase-3 inhibitor,
Ac-DEVD-CHO (Peptide Institute Inc., Osaka, Japan), to cell lysate at a
concentration of 10 mM. As a positive control for caspase-3 activation, cell
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lysate were treated with 5 ng/ml granzyme B (Calbiochem, San Diego, CA,
USA) at 371C for 1 h. Enzymatic activity was calculated at an absorbance
of 405 nm.

Effect of IFN-c pretreatment on apoptotic cell death

Cells cultured in 96-well plates were labeled with 10 mM BrdU for 2 h. After
washing, 1000 IU/ml IFN-g was added and cells were incubated at 371C
for 4 h. Following the removal of IFN-g, various concentrations of cisplatin
(dissolved in dimethylsulfoxide; 10 mg/ml stock solution) were added and
cells were incubated for 24 h. The resulting cell supernatant was collected
and applied to the Cellular DNA Fragmentation ELISA kit. Significant DNA
fragmentation was not observed in residual adhering cells. The extent of
apoptosis (i.e. the apoptosis index) was expressed as absorbance at
450 nm.

Statistical analysis

Results are expressed as mean7S.D. Significant difference between two
mean values was determined by unpaired t-test.
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