
Abstract. Development of new molecular target therapeutic
agents is expected to improve clinical outcome, ideally with
efficacy in both single and combined treatment modalities.
Because of the potential for affecting multiple signaling
pathways, inhibition of the molecular chaperone heat shock
protein 90 (Hsp90) may provide a strategy for enhancing tumor
cell radiation sensitivity. Therefore, we have investigated the
effects of Hsp90 inhibitor 17-Allylamino-17-demethoxygel-
danamycin (17-AAG) on radiation sensitivity of human tumor
cells in vitro. We evaluated the effects of 17-AAG using oral
squamous cell carcinoma (OSCC) cell lines (HSC2, HSC3
and HSC4), including two types of SAS cells with a wild-type
(SAS/neo), or a mutated p53 status (SAS/Trp248). Apoptosis
and clonogenic survival were examined after exposure of
the cells to radiation. For mechanistic insight, we analyzed
cell cycle, several signaling factors and molecular markers
including Akt, Raf-1, p38 MAPK, Cdc25B, Cdc25C, Cdk2
and p21. Treatment of OSCC cell lines with 17-AAG resulted
in cytotoxicity and, when combined with radiation, enhanced
the radiation response. However, the responses depended
on p53 status. 17-AAG enhanced the radiation sensitivity
significantly and induced apoptosis in the SAS/neo cell which
has a wild-type p53. But the radiation sensitizing effect of
17-AAG was limited in the SAS/Trp248 cell which has a
mutated p53. We also measured the total levels of several
prosurvival and cell cycle signaling proteins. Akt, Raf-1 and
Cdc25C expression were down-regulated in 17-AAG-treated
cells. These data indicate that 17-AAG inhibits the proliferation
and enhances the radiation sensitivity of human OSCC cells in
various levels. However, enhancement of radiation sensitivity
by the Hsp90 inhibitor depended on p53 status. Therefore,

Hsp90 therapy combined with radiation might synergize with
conventional therapies in patients with wild-type p53. 

Introduction

The clinical outcome of oral cancer is expected to improve
with the development of new molecular target therapeutic
agents, on their own and in combination with existing treatment
modalities. We specifically focused on the molecular chaperone
heat shock protein 90 (Hsp90). Hsp90 is a unique chaperone
and has been implicated in maintaining the conformation,
stability and function of key client proteins involved in signal
transduction pathways related to proliferation, cell cycle
progression, and apoptosis. Hsp90 is also involved in malignant
phenotype characteristics, including invasion, angiogenesis
and metastasis (1,2). In addition to signaling proteins such as
steroid hormone receptors, Src family kinases and certain
cyclin-dependent kinases, Hsp90 client proteins also include
proteins associated with the radiation response, such as Akt
and Raf-1 (3,4). Hsp90 expression is up-regulated in tumors
such as oral cancer, implying tumor cells may be preferentially
affected by Hsp90-targeted therapies (5,6). Therefore, Hsp90
represents a potentially attractive target for specific molecular
anticancer agents.

17-AAG has significant anticancer properties; in fact,
current clinical trials are investigating it as a sole treatment
(7,8). This agent disrupts the association of Hsp90 with client
proteins by occupying the nucleotide-binding site of Hsp90,
thereby preventing binding of Hsp90 with ATP and profoundly
affecting the composition of Hsp90-containing multimolecular
chaperone complexes (9-11). Interestingly, tumor cells increase
Hsp90 levels, and many cytoprotective and prosurvival path-
ways are functionally stabilized by Hsp90 (5,6,12). 17-AAG
induces proteasomal degradation of a subset of Hsp90 client
proteins involved in signal transduction and oncogenes known
to be involved in transformation; however, these compounds
have little effect on the untransformed counterparts of malig-
nant tissues (13-16). Collectively, these findings suggest that
targeting Hsp90 will preferentially destroy abnormal cells and
spare normal tissue. 

While the molecular cell survival mechanism after radiation
exposure has not been completely elucidated, it is clear
that the DNA repair, cell cycle checkpoint activation and
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apoptosis pathways are related to radiation response. Multiple
independent and interacting processes can regulate radiation-
induced cell death since control over a variety of signaling
pathways is related to radiation response. Current efforts to
develop strategies for enhancing tumor radiation sensitivity
have focused on agents that target a single molecule. However,
assuming that a combined process determines radiation
sensitivity, a more effective approach would be to target
multiple radiation response regulatory molecules. Recent
reports showed that the Hsp90 inhibitor enhances the radiation
sensitivity of human tumor cell lines (17-19). Therefore, we
hypothesized that Hsp90 inhibition by 17-AAG might increase
radiation-induced tumor cell death. 

The effect a specific molecule has on radiation response
often depends on the genetic background of the tumor cell,
for example p53 (20,21). Tumor cells with an altered p53 are
more sensitive than cells expressing wild-type p53 (22,23).
Thus, using two OSCC cell lines, one with a wild-type and
the other with mutated p53 status, we evaluated how 17-AAG
effects the radiation response. In addition, we analyzed several
prosurvival signaling factors or molecular markers, including
Akt1, Raf-1 and p38 MAPK expression.

Materials and methods

Immunohistochemical analysis. Hsp90 expression was assessed
in histological sections of OSCC tissues. Twenty tumor
specimens were fixed in 10% neutral-buffered formalin. After
embedding in paraffin, 5-μm sections were cut and mounted.
Sections were then dried, de-paraffinized and rehydrated.
After quenching endogenous peroxidase activity and blocking
non-specific binding sites, slides were incubated at 4˚C
overnight with 1:100 dilution of primary antibody directed
against Hsp27, Hsp70, and Hsp90 (Santa Cruz Biotech, Santa
Cruz, CA). Immunostaining was performed using the Envision
system (Dako, Japan) according to the manufacturer's
instructions. Peroxidase activity was visualized by applying
diaminobenzidine chromogen containing 0.05% hydrogen
peroxidase. The sections were then counterstained with
hematoxylin, dehydrated, cleared and finally mounted. 

Cell culture, 17-AAG treatment, and radiation. OSCC cells
(HSC2, HSC3, HSC4, SAS/neo, SAS/Trp248) and HaCaT
were grown in Ham/F12: Dulbecco's modified Eagle's medium
(1:1) (Gibco-BRL, Gaithersburg, MD, USA) supplemented
with 10% heat-inactivated (56˚C, 30 min) calf serum. HSC2,
HSC3 and HSC4 cells were obtained from Japanese Collection
Research Bioresourses, and SAS/neo and SAS/Trp248 cells
were obtained from Dr T. Ohnishi (Nara Medical University)
(24). Medium was supplemented with penicillin (100 units/ml)
and streptomycin (100 μg/ml). All cells were plated at densities
of 2x105 cells/100-mm dish, grown in a humidified 5% CO2

incubator at 37˚C, and passaged at 75% confluence. 17-AAG
(A-1256: A.FG. Scientific Inc., San Diego, CA, USA) was
dissolved in DMSO to yield 10-mM stock solutions and then
stored at -80˚C. Agents were added to the growth medium of
designated cells to achieve specific molar concentrations,
after which they were returned to 37˚C. Corresponding
volumes of DMSO vehicle were added to designated sham
controls in each experiment. 

Western blot analysis. Primary antibodies against Hsp27,
Hsp70, Hsp90 and actin were obtained from Santa Cruz
Biotech, while antibodies against Akt 1, Raf 1 and p38/MAPK
were obtained from Cell Signaling Technology (Beverly, MA).
Control and 17-AAG (100 nM)-treated cells were irradiated
with 4 Gy and cells were lysed after a 12-h incubation period.
To analyze the effects of 17-AAG (100 nM) and/or radiation
(4 Gy) on signal transduction pathways and cell cycle related
proteins, OSCC cells were lysed in buffer (1X PBS, 1%
Nonidet-P 40, 0.5% sodium deoxycholate, deoxycholate
and 0.1% SDS) containing protease, 0.1 M NaF, 10 mg/ml
leupeptin (Sigma, Tokyo, Japan), 0.1 mg/ml trypsin inhibitor
(Sigma, Tokyo, Japan), 0.1 mg/ml aprotinin (Sigma, Tokyo,
Japan) and 50 mg/ml PMSF (Sigma). Following sonication
and incubation on ice for 30 min, the supernatant was collected.
Protein concentrations were determined using a DC protein
assay kit (Bio-Rad Laboratories, Hercules, CA). The lysates
were centrifuged, and proteins (25 μg) were subjected to
electrophoresis on Tris-glycine SDS polyacrylamide gels. After
blotting onto PVDF-membrane (Bio-Rad Laboratories), non-
specific binding sites were blocked using milk and incubations
with primary antibodies were carried out overnight in Tris-
buffered saline at 4˚C. Once washed, proteins were detected
using enhanced chemiluminescence (Amersham Corporation,
Arlington Heights, IL) according to the manufacturer's instr-
uctions. Equal extract loading was confirmed using actin
expression, and expression levels were quantified using a
densitometric analyzer. 

Cell proliferation assays. To address potential dose-dependent
effects on cytotoxicity, OSCC cells were treated with increasing
concentrations of 17-AAG and analyzed using cell proliferation
assays. After replicate plating a known number of single cells
from each cell line into 12-well culture plates, the anti-
proliferative effect of 17-AAG and/or radiation on the growth
profile of each OSCC cell line was examined. Twenty-four
hours later, 100 nM 17-AAG was added to one cell group.
Control and 17-AAG-treated cells were then irradiated with a
single dose of 4 Gy within 30 min of adding 17-AAG. Cells
were harvested using trypsinization and counted with a
hematocytometer (Kayagaki Irika Kogyo, Tokyo, Japan).

Clonogenic survival assay. Eight hundred cells were plated
in triplicate in 35-mm tissue culture dishes. After 48 h, 17-AAG
(100 nM) was added to the medium of one group of cells.
Control and 17-AAG-treated cells were then irradiated with
various doses (2, 4, 6, 8, or 10 Gy) using a linear accelerator
(MBR.1520R, Hitachi Medico, Tokyo) at a source-to-target
distance of 50 cm, within 30 min. Cell medium was changed
to medium without 17-AAG 24 h after radiation and incubated
for ~10 days, allowing for colony formation. The colonies
were fixed, stained with a solution of crystal violet and then
enumerated. The survival fractions were calculated as a ratio
of plating efficiencies for treated and untreated cells. These
experiments were repeated at least three times. The linear
quadratic model (17) was used to fit the cell survival data to
the following equation: Ln [survival fraction (SF)] = -·D - ßD2,
where D represents radiation dose (Gy) and · and ß correspond
to the individual data. The parameters of · and ß were calc-
ulated for each curve.
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Detection of apoptosis. Assays for apoptosis detection and
measurement were performed according to the manufacturer's
instructions (Annexin V-FITC Apoptosis Detection kit; Onco-
gene Research, San Diego, CA). Briefly, phosphatidylserine
is located on the cytoplasmic surface of the cell membrane in
viable cells. However, apoptosis-induced alterations in phos-
pholipid organization result in cell surface externalization
of phosphatidylserine, where it can be detected with the
anticoagulant Annexin V. Annexin V-FITC conjugate and
propidium iodide were used in a flow cytometric method to
distinguish between early apoptotic and necrotic or late
apoptotic cells. SAS/neo and SAS/Trp248 cells were plated
at a density of 5x105 cells/dish, incubated for 24 h, treated
with 17-AAG, and exposed to radiation. Cells were washed
with PBS to remove the drug, fresh medium was added, and
then allowed to recover in the incubator for designated time

intervals after treatment. Spent media was collected on ice, in
which attached cells were trypsinized and resuspended. Cells
(500,000) were transferred to a microcentrifuge tube, incubated
with media-binding reagent and Annexin V-FITC, and centri-
fuged at 900 rpm for 5 min at 4˚C. Cell media was removed
and resuspended in binding buffer and propidium iodide.
Samples were kept on ice in the dark until flow cytometry
processing. Data from 10,000 events were collected on a
Coulter Epics XL Flow Cytometer (Coulter Corp., Miami,
FL) and analyzed using CellQuest/ModFit software. 

Statistical analysis. All calculations were performed using
the statistical computer program Statview 5.1 (Avacus, NC).
The differences among treatment groups were examined by
One-way ANOVA or Student's t-test. The differences in
each cell cycle phase between each treatment were evaluated
using the Mann-Whitney test. For each analysis, p<0.05 was
considered statistically significant.

Results

Expression of HSP90 proteins in OSCC tissues and OSCC
cell lines. Normal epithelium was negative for Hsp90, while
the cytoplasm of squamous cell carcinoma was positive and
18 out of 20 OSCC cases expressed Hsp90 (Fig. 1A). OSCC
cell lines expressed Hsp27, Hsp70 and Hsp90 in high levels,
and low protein expression was noted through Western blot
analysis in the normal keratinocyte cell line, HaCaT (Fig. 1B).

17-AAG augments cell growth inhibition by radiation and
enhances radiosensitivity in vitro. 17-AAG is a dose-dependent
inhibitor of cell growth in OSCC cell lines (HSC2, HSC3,
HSC4, SAS/neo and SAS/Trp248), in vitro. Inhibition of cell
growth occurs in response to increased dosages from 50 to
300 nM 17-AAG for 24 h (Fig. 2). The effect of combined
radiation and 17-AAG treatment was tested on OSCC cell
line growth, where 17-AAG suppressed cell growth in a
time-dependent fashion.
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Figure 1. Expression of Hsp90 proteins in OSCC tissues and OSCC cell lines. A, immunohistochemical staining of Hsp90 in oral squamous cell carcinoma.
Positive staining is seen in the cytoplasm of cancer cells (original magnification x100). B, Western blot analysis of Hsp27, Hsp70 and Hsp90 protein expression
in normal keratinocyte cell line HaCaT and oral squamous cell carcinoma cell lines.

Figure 2. Dose-dependent growth inhibition effects of 17-allylamino-17-
demethoxygeldanamycin (17-AAG) in OSCC cell lines. Survival curves for
OSCC cell lines after treatment with 17-AAG are based on the results of cell
proliferation assays, after continuous drug exposure for 48 h. Shown are the
mean ± SD values from a minimum of three independent experiments.
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An inhibitory growth effect was observed in the SAS/neo
cell line when 17-AAG (100 nM) and radiation (4 Gy) were
combined. However, we did not find such an addictive effect
with the combination of 17-AAG and radiation in HSC2,
HSC3, HSC4 and SAS/Trp248 cell lines (Fig. 3). The effects
of 24 h 17-AAG-pretreatment on the radiation response of
SAS/neo and SAS/Trp248 cells were observed using a clono-
genic cell survival assay. After 17-AAG-treatment (100 nM),
cells were exposed to radiation doses as indicated (2, 4, 6, 8

or 10 Gy). Colonies were stained and scored 10 days later,
and the surviving fraction was plotted against the radiation
dose (Gy). Curves were normalized to account for drug-induced
cytotoxicity. The radiation dose required to cause a 10% (D10)
survival fraction for each cell line decreased (p<0.05) in the
presence of 17-AAG (SAS/neo, 3.4 to 1.0 Gy; SAS/Trp248,
6.0 to 4.1 Gy). Thus, the addition of 17-AAG enhanced the
radiation sensitivity of both cell lines by 3.4- to 1.5-fold,
respectively (Fig. 4, Table I). 
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Figure 3. Additive growth inhibition by a combination of radiation and 17-AAG in the OSCC cell line. Known numbers of single cells were plated into
culture dishes in Ham F12: Dulbecco's modified Eagle's medium containing 10% FBS. After 24 h, 100 nM 17-AAG was added to the medium of 17-AAG-
treated cells. Control and 17-AAG-treated cells were irradiated with a single dose of 4 Gy within 30 min of the addition of 17-AAG, as described in Materials
and methods. Cancer cell lines were treated with 17-AAG (100 nM), radiation (RT; 4 Gy), or a combination. Shown are the mean ± SD values from three
independent experiments.

Figure 4. Clonogenic survival of two OSCC cell lines (SAS/neo and SAS/
Trp248) treated with radiation (RT) alone and in combination with 17-AAG
(100 nM). Cells (800) were plated in triplicate in 35-mm tissue culture
dishes. After 48 h, 100 nM 17-AAG was added to the medium of 17-AAG-
treated cells. Control and 17-AAG-treated cells were irradiated with various
single radiation doses (2, 4, 6, 8 or 10 Gy) as described in Materials and
methods. Radiation sensitivity (D10) improved by 1.5- to 3.4-fold with the
addition of 17-AAG.

Figure. 5. Apoptosis induction with 17-AAG and/or radiation treatment RT.
SAS/neo and SAS/Trp248 cells were treated with 17-AAG (100 nM) and
exposed to radiation (4 Gy). Cells were harvested 24 h after exposure and
Annexin V-FITC was added to the cell suspension followed by incubation at
room temperature for 15 min in the dark. Samples were kept on ice in the
dark and analyzed by flow cytometry using Cell Quest and ModFit software.
Ten thousand events were collected for analysis. 
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17-AAG induced programmed cell death in SAS/neo cell line.
To address the mode of cell death induced by 17-AAG,
SAS/neo and SAS/Trp248 cells were treated as described
above and assayed for apoptosis. Cells were then treated with
17-AAG alone (100 nM) and/or radiation (4 Gy). Twenty-four
hours after exposure, programmed cell death was measured
using an Annexin V-FITC apoptosis detection protocol.

Exposure to 17-AAG alone increased apoptosis to ~8.3%,
while radiation exposure alone indicated about 2.1% apoptosis
at 4 Gy of radiation in the SAS/neo cell line (Fig. 5). When
cells were treated with 17-AAG and radiation, SAS/neo cell
line apoptosis was observed at 17.0%. Apoptosis in the SAS/
Trp248 cell line, however, was not observed with 17-AAG
alone or in combination with radiation, suggesting variable
p53 status.

Effects of 17-AAG and/or radiation on multiple signaling
pathways and cell cycle regulation. 17-AAG is directed toward
a specific molecular target (Hsp90) and simultaneously inhibits
multiple signaling pathways that cancer cells depend on for
growth and survival. Therefore, we examined a series of
signaling pathways using a combination of antibodies against
such signaling factors. Through Western blot analysis we
observed expression of proteins from pathways expected
to be susceptible to 17-AAG. Although radiation and/or
17-AAG did not significantly affect p38/MAPK expression,
24 h 17-AAG (100 nM) alone or in combination with radiation
(4 Gy) induced significant suppression of Akt and Raf-1 in
both SAS/neo and SAS/Trp248 cells (Fig. 6).

Discussion

New molecular target therapeutic agents inhibit specific
intracellular factors in tumor cells and provide promising
anticancer therapies. Recent efforts to develop agents that
enhance tumor cell radiation sensitivity have focused on
finding a specific molecule involved in regulating the cellular
radiation response. There are numerous examples in which
targeting a selected radiation response-associated molecule
affects the radiation sensitivity of some tumor cell lines, but
not others (25-27). Thus, it would seem that the effectiveness
of target-based radiation sensitizers against solid neoplasms
would be significantly constrained by intratumor heterogeneity.

In an attempt to increase the probability of enhanced tumor
radiation sensitivity, we explored a multi-targeted approach
using radiation sensitization, focusing on Hsp90 inhibition
and its client proteins. 

17-AAG represents agents that alter the intracellular
function of multiple signaling factors shown to up-regulate
prosurvival pathways (9,28), including those that protect tumor
cells from radiation cytotoxicity (29,30). Additional evidence
has shown that altering the functionality of intracellular Hsps,
either via thermal stress or exposure to non-steroidal anti-
inflammatory agents, sensitizes tumor cells to therapeutic
radiation cytotoxicity (31,32). Through binding to the catalytic
subdomain of Hsp90, 17-AAG also alters the chaperone
functionality of key Hsps (1,2,5). Therefore, it is plausible
that 17-AAG, through abrogation of prosurvival pathways
and alteration of Hsp90 conformation, may increase tumor
cell death when combined with radiation. 

In vitro tumor models using OSCC cell lines demonstrate
that 17-AAG inhibited cell proliferation in a dose-dependent
manner. 17-AAG (100 nM) induced significant radiation
sensitivity in SAS/neo cells that have wild-type p53 protein.
In the other OSCC cell lines (HSC2, HSC3, HSC4 and
SAS/Trp248), which have mutant-type p53 protein, 17-AAG
inhibited cell growth; however, there was no significant
enhancement of radiation sensitivity. Previous studies have
shown that Hsp90 inhibitors, geldanamycin and 17-AAG,
enhance in vitro the radiation sensitivity of cell lines from a
variety of human tumors (33-35). This report evaluated human
carcinoma cell lines that have wild-type p53 protein which
enhance radiation sensitivity.

The mechanism of 17-AAG cytotoxicity and radiation
sensitization is likely complex, involving multiple pathways
including those related to programmed cell death and cell
cycle regulation. Previous reports have described cellular p53
status in relation to radiation sensitivity (22,36). The present
study analyzed the effects of 17-AAG on the growth and
clonogenic survival of human OSCC cell lines with differing
p53 status. We have confirmed that 17-AAG could induce
p53-dependent apoptosis in SAS/neo cells after radiation;
however, these agents hinder apoptosis induction in SAS/
Trp248 cells. 17-AAG (100 nM) decreased the expected
clonogenic survival of SAS/neo and SAS/Trp248 by >3.4
and 1.5-fold that after radiation, respectively. According to
our experimental model, in contrast to independent p53
alterations, 17-AAG does not appear to be a radiation sensitizer
of OSCC cells' mutant p53. Thus, our results concur with
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Figure 6. Effect of 17-AAG on the subcellular distribution of Akt, Raf-1 and
p38 MAPK. Control or 17-AAG-treated (100 nM) OSCC cells (SAS/neo and
SAS/Trp248) were irradiated (RT) with 4 Gy. After a 24-h incubation period,
cells were lysed as described in Materials and methods. Lysates were then
processed for immunoblotting using antibodies directed against DNA-PKcs,
Ku70, and Ku86 as described above.

Table I. Radiation survival parameters for SAS/neo and
SAS/Trp248 combined with 17-AAG.
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell lines SF2 D10

–––––––––––––––––––––––––––––––––––––––––––––––––
SAS/neo 0.45 3.4

SAS/neo + 17AAG 0.06 1.0

SAS/Trp248 0.67 6.0

SAS/Trp248 + 17AAG 0.34 4.1
–––––––––––––––––––––––––––––––––––––––––––––––––
SF2, survival fraction at 2 Gy. D10, dose to give SF of 10%.
–––––––––––––––––––––––––––––––––––––––––––––––––
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previous experiments that have shown that Hsp90 antagonist
therapies reactivate mutant p53, making it incompatible (37).
Others report that Hsp90 is required for both stabilization
and reactivation of mutated p53, but it is not required for
maintaining wild-type p53 (37). 

Many cancer cells retain wild-type p53 and have persevered
extensive DNA damage without undergoing apoptosis. On the
other hand, cells whose p53 functions are disrupted lose their
capacity to undergo p53-driven apoptosis (38). Based on the
distinct p53 status of these SAS cell lines, we investigated to
what extent apoptosis was involved in cell death after radiation,
and if it was enhanced by 17-AAG. The OSCC cell lines with
mutant p53 appeared to be resistant to radiation-induced
apoptosis, and 17-AAG could not modify this apoptosis
induction. In SAS/Trp248 cell lines that express mutated
p53, apoptosis induction was totally abolished. Only the
combination of 17-AAG and radiation triggered programmed
cell death, inducing apoptosis in SAS/neo cell lines with wild-
type p53. 17-AAG inhibits cell proliferation, consequently
inducing radiation-treated SAS/ neo cells into G2/M. However,
17-AAG inhibits SAS/Trp248 cell proliferation and retards
the release from G0/G1 after radiation.

Based on our findings, Hsp90 therapy can be integrated
with conventional therapies in patients with wild-type p53.
The findings also demonstrate the importance of the precise
characterization of the interaction between p53 mutants and
stress proteins, which may shed valuable information on the
fight against cancer via the p53 tumor suppressor pathway.

Although there are a considerable number of other Hsp90
client proteins, this study focused on the effects 17-AAG has
on the levels of Akt, Raf-1, and P38 MAPK. These proteins
are of particular interest because their inhibition has been
associated with enhanced radiation sensitivity in some systems
(3,4,25,39,40). In both cell lines which have differing p53
status, Akt and Raf-1 were significantly reduced by 17-AAG.
However, radiation and/or 17-AAG did not significantly affect
the expression of p38/MAPK and Akt-1. To what extent a
reduction in these proteins (Akt and Raf-1) contributes to
enhanced radiation sensitivity is still unclear. There was
no difference in protein reduction between SAS/neo and
SAS/Trp248 cell lines, although there was a discrepancy in
enhancement of radiation sensitivity. Therefore our findings,
which concur with previous reports (4,25,26), suggest that
the radiation sensitivity effects of Raf-1 and Akt may depend
on cell type.
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