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Heat shock protein (Hsp) 90 is a key regulator of a variety of oncogene
products and cell-signaling molecules, and the therapeutic benefit
of its inhibition in combination with radiation or chemotherapy has
been investigated. In addition, hyperthermia has been used for many
years to treat various malignant tumors. We previously described a
system in which hyperthermia was induced using thermosensitive
ferromagnetic particles (FMP) with a Curie temperature (Tc = 43°C) low
enough to mediate automatic temperature control, and demonstrated
its antitumor effect in a mouse melanoma model. In the present
study, we examined the antitumor effects of combining a Hsp90
inhibitor (geldanamycin; GA) with FMP-mediated hyperthermia.
In cultured B16 melanoma cells, GA exerted an antitumor effect
by increasing the cells’ susceptibility to hyperthermia and reducing
expression of Akt. In an in vivo study, melanoma cells were
subcutaneously injected into the backs of C57BL/6 mice. FMP were
then injected into the resultant tumors, and the mice were divided
into four groups: group I, no treatment (control); group II, one
hyperthermia treatment; group III, GA alone; and group IV, GA with
hyperthermia. When exposed to a magnetic field, the temperature
of tissues containing FMP increased and stabilized at the Tc. In group
IV, complete regression of tumors was observed in five of nine mice
(56%), whereas no tumor regression was seen in groups I–III. Our
findings suggest that inhibition of Hsp90 with hyperthermia increases
its antitumor effect. Thus, the combination of FMP-mediated, self-
regulating hyperthermia with Hsp90 inhibition has important implica-
tions for the treatment of cancer. (Cancer Sci 2009; 100: 558–564)

Hyperthermia is used in the treatment of tumors because
tumor cells are more sensitive to temperature in the range of

42–45°C than are normal tissue cells.(1–4) Still higher temperatures
(up to 56°C) lead to widespread necrosis, coagulation, or
carbonization in a process called ‘thermoablation’. Hyperthermia
has an advantage over thermoablation in that it has fewer
side effects, and its use, alone and in combination with
chemotherapy or radiation, in the treatment of a wide variety of
malignant tumors has been investigated in both experimental
animals and in patients.(5) The most commonly used method
of heating in clinical settings is capacitive heating using a
radiofrequency electrical field.(4,6,7) The great advantage of
capacitive heating is that it is non-invasive. However, this
method can cause excessive heating of the fat layer and is not
suitable for site-specific hyperthermia because it is difficult to
selectively heat only the local tumor region to the intended
temperature without also damaging normal tissue. This is
because as the electrical field energy is conducted through the
normal tissue, it is imperfectly transduced to heat in a manner
reflecting the specific rates of absorption by the tissues, which

are dependent on their specific electrical properties (e.g. permittivity
and resistance).

To overcome the disadvantages of capacitive heating for the
treatment of tumors, attempts have been made to use inductive
heating with magnetic nanoparticles.(8–17) When placed within a
magnetic field, ferromagnetic materials develop an electrical
current and generate heat due to hysteresis loss.(18) Heating
through magnetic induction using a thermosensitive material is
able to produce highly localized hyperthermia in deep-seated
tumors. However, precise control of the temperature has proven
to be a difficult and complicated challenge. To address that
challenge, we developed thermosensitive ferromagnetic particles
(FMP) that produce sufficient amounts of heat through production
of eddy currents, and to have a Curie temperature (Tc) low
enough to mediate self-regulated temperature control. The Tc is
a transition point at which a material loses its magnetic properties,
which causes current flow, and thus heat production, to cease.(19,20)

A low Tc (43°C) can enable automatic temperature control
throughout a tumor because the self-regulating nature of the
thermosensitive materials will correct for local variations in heat
loss due to blood perfusion. Moreover, because the average
diameter of our FMP is approximately 100 μm, they can be
directly injected into any tumor site, either percutaneously or
using a fiberscope (e.g. for tracheal or gastrointestinal tumors),
after which the FMP will remain at the injected site because
they are larger than blood capillaries and lymphatic vessels.(21)

This feature makes this method minimally invasive, as it is
possible to administer repeated hyperthermia treatments after a
single injection. In an earlier experiment, we used a mouse
melanoma model to demonstrate the antitumor effect of self-
regulating, FMP-mediated hyperthermia.(22)

The heat shock protein (Hsp) family includes a group of
molecular chaperones that appear to play important roles during
protein folding(23) and conformational maturation.(24,25) Among
those, Hsp90 is crucially involved in the function and stability of
many oncogene products and cell-signaling molecules. The Hsp90
inhibitor geldanamycin (GA) strongly binds to the N-terminal
ATP binding site of Hsp90,(26,27) which prevents ATP binding
and completion of client protein refolding, thereby disrupting
its chaperone function(28–30) for steroid hormone receptor,(31) p53,(32)

oncogenic tyrosine kinases (including v-src),(33) serine/threonine
kinases (including Raf-1),(34) and the signal transduction kinases
ErbB-2(30) and serine/threonine kinase Akt. Akt regulates cell survival
via phosphorylation of multiple substrates involved in the

3To whom correspondence should be addressed. 
E-mail: hsaito@doc.med.akita-u.ac.jp

mailto:hsaito@doc.med.akita-u.ac.jp


 Ito et al. Cancer Sci | March 2009 | vol. 100 | no. 3 | 559
© 2009 Japanese Cancer Association

regulation of apoptosis. For example, it inhibits apoptosis by
regulating the transcriptional activity of both nuclear factor-κB(35,36)

and members of the Forkhead transcription factor family,(37) and
by phosphorylation (inhibition) of the pro-apoptotic mediators
caspase-9(38) and BAD (a Bcl-2 homolog).(39,40) That these molecules
can be recovered from heterocomplexes containing Hsp90
suggests that destabilization of protein–Hsp90 multimolecular
complexes causes several important signaling proteins to undergo
rapid degradation via the ubiquitin-dependent proteasomal
mechanism.(29,41)

The expression of hsp90 is upregulated in tumors compared
with normal tissue,(42,43) and tumor cells are particularly sensitive
to Hsp90 inhibition.(44) Furthermore, the ability of a Hsp90
inhibitor to enhance the radiosensitivity of tumor cells(45–47) and
the anticancer effect of chemotherapy(48) has been reported in a
multicenter phase I clinical trial.(49–52) But whereas the function of
Hsp90 as a chaperone during heat stress and its role in mediating
thermotolerance during hyperthermia therapy is generally
recognized, the effect of Hsp90 inhibition on the cellular response
to hyperthermia has not been fully investigated.

In the present study, we examined the effect of an Hsp90
inhibitor, GA, on the thermosensitivity of melanoma cells
in vitro and in vivo. Our findings suggest that the combined use
of self-regulating, FMP-mediated hyperthermia with Hsp90
inhibition is a potentially useful approach to the treatment of
some cancers, including melanoma.

Materials and methods

Tumor cell line and reagent. Mouse B16 melanoma cells (Stra-
tagene, La Jolla, CA, USA) were cultured in Dulbecco’s
modified Eagle’s medium (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum and antibiotics
(100 U/mL penicillin G, 100 μg/mL streptomycin, and 2 mg/mL
amphotericin B) at 37°C under an atmosphere of 5% CO2, 95%
air. Confluent cells were detached with Hank’s balanced salt
solution (pH 7.4) containing 0.05% trypsin and 5 mM ethylene-
diaminetetraacetic acid (Life Technologies, Grand Island, NY,
USA) and subcultured.

Geldanamycin (Alexis Biochemicals, Lausen, Switzerland), a
specific Hsp90 inhibitor, was dissolved in dimethyl sulfoxide
(Kanto, Tokyo, Japan) to a concentration of 10 mM and stored
in the dark at –20°C. For experimentation, the GA stock solution
was diluted to the desired concentration in medium immediately
before use.

Cell viability assay. Cell viability was evaluated using a CellTiter
96 Aqueous One Solution Cell Proliferation Assay Kit (Promega,
Madison, WI, USA), which is a colorimetric assay for measuring
numbers of viable cells. Briefly, B16 melanoma cells were cultured
nearly to confluence in 96-well, flat-bottomed microplates (Cellstar,
Greiner-Bio-One, Frickenhausen, Germany). The cells were then
incubated in medium containing GA (0.2 μM) for 16 h at 37°C,
after which they were heated at 43°C for 30 min. The cells were
incubated in the presence of GA for an additional 8 h. The GA-
containing medium was then removed, the cells were washed
with phosphate-buffered saline (PBS; pH 7.4), and fresh drug-
free medium was added. Thereafter, CellTiter 96 Aqueous One
Solution reagent was added to the wells, and the absorbance at
490 nm was measured 1 h later using a fluorescence microplate
reader (Genios; Tecam, Salzburg, Austria). For each treatment
group, the numbers of viable cells were normalized to the
numbers of untreated control cells and reported as percentage
viability. Each experiment was carried out five times.

TUNEL analysis. We used Terminal deoxynucleotidyl transferase
mediated dUTP Nick End Labeling (TUNEL) analysis to assess
the effect of GA on hyperthermia-induced apoptosis among
melanoma cells. Nearly confluent cells were cultured for 16 h at
37°C in 24-well, flat-bottomed microplates containing plastic

coverslip inserts (Celldesk LF; Sumitomo Bakelite Company,
Tokyo, Japan) in medium with or without 0.2 μM GA. Thereafter,
the cells were heated at 43°C for 30 min and incubated for an
additional 1 h at 37°C. The medium was removed, and the cells
were washed with PBS and fixed with 4% formalin in PBS.
Apoptotic cells were detected using an Apop Tag Peroxidase In Situ
Apoptosis Detection kit (S7100; Intergen Company, New York, NY,
USA) in which 3-amino-9-ethylcarbazole served as the colorant.
After staining, 10 randomly selected high-power (×400) fields
were observed in each slide, and apoptotic cells were counted.

Western blotting. Expression of Akt or Hsp90 was evaluated by
western blotting. Briefly, 1 h after carrying out the hyperthermia
assay with or without 0.2 μM GA, the cultured B16 melanoma
cells were washed three times with PBS and then lysed by
incubation for 30 min on ice in 400 μL lysis buffer (20 mM
Tris-HCl pH 7.4, 0.15 M NaCl, 0.1% sodium dodecylsulfate, 1%
sodium deoxycolate, 1% Triton-X100, 5 mM ethylenediamine-
tetraacetic acid) containing a protease inhibitor cocktail tablet
(Complete Mini; Roche, Mannheim, Germany). The resultant
soluble cell extract was centrifuged for 10 min at 10 000g, after
which the supernatant was collected, boiled in Laemmli sample
buffer (2% sodium dodecylsulfate, 10% glycerol, 100 mM
dithiothreitol, 60 mM Tris-HCl pH 6.8, 0.001% bromphenole
blue), and subjected to 10% polyacrylamide gel electrophoresis.
The separated proteins were electrophoretically transferred to
a polyvinylidene difluoride (PVDF) membrane (Immobilon-P;
Millipore, Bedford, MA, USA), blocked for 1 h with 1% gelatin in
Tris-buffered saline (TBS) containing 0.2% Tween 20, and
probed using rabbit anti-Akt antibody (1:250 dilution; Rockland,
Gilbertsville, PA, USA) or anti-Hsp90 antibody (1:500 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA, USA). After three
washes with 0.2% Tween 20-TBS, the blots were incubated for
1 h with horseradish peroxidase-conjugated donkey anti-rabbit IgG
(1:10 000 dilution; Chemicon International, Temecula, CA, USA),
again washed three times with 0.2% Tween 20-TBS, visualized with
enhanced chemiluminescence (ECL) (Amersham, Buckinghamshire,
UK), and exposed to RX-U X-ray film (Fuji, Tokyo, Japan),
which was developed using an SRX-101 automatic processor
(Konica, Tokyo, Japan). The 60-kDa protein was considered to
be Akt. Using National Institutes of Health image software, the
results were normalized to the baseline optical densities obtained
with untreated cells.

Animal model. Female 6-week-old C57BL/6 mice were purchased
from Japan SLC (Hamamatsu, Japan) or Charles River Japan
(Yokohama, Japan). To prepare tumor-bearing animals, cell
suspensions consisting of approximately 1.0 × 106 melanoma cells
in 100 μL PBS were injected subcutaneously into the backs of
C57BL/6 mice. After approximately 10 days, the melanoma nodules
had grown to approximately 5 mm in diameter and were used for
experimentation. Tumor diameters were measured every 2 days, and
their sizes were determined by applying the following formula:

Tumor size = 0.5 × (length + width, in mm).

Animal experiments were carried out according to the principles
laid down in the ‘Guide for the Care and Use of Laboratory
Animals’ prepared under the direction of the Office of the Prime
Minister of Japan.

Injection of FMP and induction of tumor hyperthermia. We pre-
viously demonstrated our ability to induce hyperthermia
magnetically using FMP with a Tc (43°C) low enough to mediate
automatic temperature control.(22) In the present study we used
FMP (average diameter 100 μm; TDK Corporation, Tokyo, Japan)
composed of Fe2O3, CuO, ZnO, and MgO (49:7:30:14 mol%,
respectively) and created a magnetic field (600 A, 188 kHz) using
a horizontal coil (diameter 10 cm, two turns) with an induction
heating system (Hot Shot 5; Ameritherm, Scottsville, NY, USA).

After the melanoma nodules had grown to approximately
5 mm in diameter, mice were anesthetized by intraperitoneal
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injection of pentobarbital (30 mg/kg bodyweight), and approxi-
mately 500 mg FMP in 500 μL PBS was injected into the center
of each nodule using a syringe with a 21-gauge needle. The
mice were then divided into four groups of 9–10 mice each:
group I mice were left untreated (control group); group II mice
were administered a single 30-min hyperthermia treatment; group
III mice were administered GA (1 mg/kg intraperitoneally in a
final volume of 100 μL);(53) and group IV mice were administered
GA 4 h after a single hyperthermia treatment.

In every experiment, each mouse was anesthetized by intra-
peritoneal injection of pentobarbital and placed inside the coil
such that the tumor was positioned at the center of the coil.

To determine whether hyperthermia induces apoptosis within
tumors, on day 20 after injecting the FMP three mice from each
of groups I to IV were killed, and the tumors were removed,
fixed in 10% neutral buffered formalin for 18 h at 4°C, and
embedded in paraffin. After preparing 3-μm sections, the TUNEL
method was used to identify apoptotic cells using an Apop Tag
Peroxidase In Situ Apoptosis Detection kit, followed by nuclear
counterstaining with hematoxylin. After staining, ten random
fields (three mice in each group, total 30 fields in each group)
under constant magnification (×400) were observed, and the
percentage of apoptotic cells was evaluated.

Statistics. Group data are expressed as mean ± SD. The statistical
significance of differences among groups was assessed using
one-way anova with Scheffe’s multiple comparison tests.
Differences in survival rates were analyzed using the log-rank
test in Stat View 5.0 (Macintosh, Barkeley, CA, USA).

Results

Inhibition of Hsp90 induces thermosensitization of melanoma
cells. To assess GA-induced modulation of the effect of
hyperthermia on cultured melanoma cells, we used cell viability
assays to examine cell viability. We found that in the absence of
hyperthermia, cell viability in the presence GA was 83.5 ± 10.1%
and hyperthermia alone was 79.3 ± 14.0%, which was significantly
higher than the 50.9 ± 12.1% viability seen when cells were exposed
to GA + hyperthermia (P < 0.05) (Fig. 1). GA thus increased
hyperthermia-induced cell death by a factor of 1.68 ± 0.23.

Effect of inhibiting the Hsp90 signal transduction pathway.
Expression of Akt, which is a client protein of Hsp90, was

evaluated by western blotting using anti-Akt antibody. Exposing
melanoma cells to GA or hyperthermia alone led to a reduction
in Akt levels, whereas the combination of GA + hyperthermia
abolished expression of Akt protein completely (Fig. 2a). The
expression of Hsp90 increased after hyperthermia with or
without GA treatment. Although the level of Hsp90 with GA
alone was slightly increased compared to the baseline, this
might be a compensatory increase in response to inhibition by
GA. Figure 2(b) shows the relative levels of Akt expression in
cells treated with GA, hyperthermia, or GA + hyperthermia
normalized to the basal Akt levels seen in untreated control cells.
When administered together, GA and hyperthermia reduced
expression of Akt by 81% compared to the control.

Hyperthermia and GA induce apoptosis. To determine whether
the increase in thermosensitivity induced by GA reflected an
increased incidence of apoptosis, the TUNEL method was used
to identify apoptotic cells among cultured melanoma cells. We
found that the incidence of apoptosis was significantly increased
when cells were treated with GA (44.0 ± 16.5 vs 76.2 ± 20.0
apoptotic cells per high-powered field). Moreover, the incidence
of apoptosis induced by GA + hyperthermia was significantly
greater than that induced by hyperthermia alone, confirming that
the effect of hyperthermia was enhanced by GA (Table 1).

Effect of GA in combination with FMP-mediated hyperthermia in a
mouse melanoma model. The schematic diagram in Figure 3
illustrates our experimental system. Tumor-bearing mice were
anesthetized by intraperitoneal injection of pentobarbital, after
which each was placed such that the tumor was positioned at the
center of the coil. When FMP previously injected into the tumor
were exposed to the magnetic field, the temperature within the
tumor increased sharply, reaching Tc within approximately
7 min, and was then maintained in the vicinity of Tc with little

Fig. 1. Geldanamycin (GA) sensitizes cultured melanoma cells to
hyperthermia (HT). Cells were incubated with GA (0.2 μM) for 16 h at
37°C, exposed to 43°C or 37°C for 30 min, and then incubated for
an additional 8 h at 37°C. The cell viabilities were normalized to
that of untreated control cells. Symbols depict mean ± SD of five
measurements. *P < 0.05 versus control.

Fig. 2. (a) Western blotting analysis of the individual and combined
effects of hyperthermia (HT) and geldanamycin (GA) on Akt expression
in cultured melanoma cells. (b) Akt levels were normalized to the
control level obtained with untreated cells. Measurements were carried
out five times in each. *P < 0.05 versus control.
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deviation during the entire period of exposure to the magnetic
field (Fig. 4). Rectal temperature remained at around 37°C
throughout the exposure period, although it did increase slightly.
Thus, our hyperthermia system using FMP appears able to mediate
selective, localized heating of the tumor without affecting
healthy tissue.

Figure 5 shows the time courses of tumor growth in the four
treatment groups. No tumor regression was seen in groups I
(control; no treatment), II (hyperthermia alone), or III (GA alone).
By contrast, in group IV, which received GA + hyperthermia,
tumor growth was significantly suppressed (P < 0.05). Indeed,
complete regression of the tumor was observed in five of nine
mice treated (56%).

To determine whether the effect of hyperthermia reflects an
increased incidence of apoptosis, tumors were removed from
another set of three mice in groups I–IV, and the TUNEL method
was used to identify apoptotic melanoma cells (Fig. 6). We
found that the incidence of apoptosis was significantly greater in
tumors from group IV mice (109.6 ± 31.1%) than in those from
group I mice (14.6 ± 4.4%) (Table 2). Immune cells, such as natural
killer cells or lymphocytes, would infiltrate the area surrounding
apoptotic cells; however, this is difficult to identify using only
TUNEL staining with nuclear counterstaining. Apoptosis should
have occurred shortly after the treatment; however, it was still
observed well after the treatment, associated with some necrosis

Fig. 4. Hyperthermia induced using ferromagnetic particles (FMP) in vivo.
FMP were injected directly into subcutaneous B16 melanoma tumors in
mice, after which the mice were exposed to a magnetic field for
30 min. Tumor (�) and rectal (�) temperatures were measured using a
ceramic thermocouple. Symbols represent mean ± SD of five mice.

Table 1. Incidence of TUNEL positivity in the four experimental groups

Group
TUNEL-positive cells (apoptotic 

cells/high-powered field)

Control 10.3 ± 5.7
Hyperthermia alone 53.9 ± 9.6*
Geldanamycin alone 44.0 ± 16.5*
Geldanamycin + hyperthermia 76.2 ± 20.0**

The data depict mean ± SD.
*P < 0.05 versus control.
**P < 0.05 versus hyperthermia alone.

Fig. 3. System for induction of ferromagnetic
particle (FMP)-mediated hyperthermia. FMP were
injected into the tumor and exposed to a
magnetic field (600 A, 188 kHz) created using a
horizontal coil in an induction heating system. In
some experiments tumor and rectal temperatures
were measured continuously during exposure to
the magnetic field using a ceramic thermocouple
and recorded on a computer system.

Fig. 5. Time courses of tumor growth in groups I (�; control, n = 10), II (�;
one hyperthermia treatment, n = 10), III (�; geldanamycin treatment
alone, n = 10), and IV (�; geldanamycin + hyperthermia, n = 9). Symbols
depict mean ± SD. *P < 0.05 versus group I (control).
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at the center of the tumors. We speculate that the initial treatment
of hyperthermia and GA induced apoptosis, and this anticancer
effect led to secondary factors. Hyperthermia is thought to
decrease the vascular density in tumors, which indicates the
suppression of nutritive blood vessel neogenesis in tumors, and
direct damage of blood vessels may be involved in the induction
of apoptosis and necrosis.(54) We speculate that the initial treat-
ment induced apoptosis, and then this affected ischemia resulting
from destruction of the tumor vessels or inhibition of new vessel
formation, thereby making the cells more vulnerable to apoptosis.
Actually, a remnant tumor was examined in group IV (not complete
regression [CR] mice because the tumors had disappeared), and
the incidence of apoptosis was seen to be greater.

The survival rates among tumor-bearing mice observed for a
period of 40 days are shown in Figure 7. In groups I (control),
II (hyperthermia alone), and III (GA alone), all of the mice died
within approximately 30 days as a result of pulmonary metastases
and enlargement of the tumor at the inoculation site. On the
other hand, survival was significantly prolonged in group IV
mice (GA + hyperthermia combination treatment) such that four
mice remained alive at the end of the 40-day observation period.

Discussion

Hyperthermia is an important part of cancer treatment; however,
hyperthermia alone often fails to eliminate advanced-stage
tumors. This failure is likely a result of inherent thermotolerance

mediated by Hsp family proteins. In fact it is generally recognized
that Hsp90 induces thermotolerance through its chaperone activity
during hyperthermia therapy. Nonetheless, the effect of inhibiting
Hsp90 on thermotolerance and the susceptibility of tumor
cells to hyperthermia has not been fully investigated.

We previously described a treatment system in which hyper-
thermia is magnetically induced using FMP. The system was
designed to produce heat through production of eddy currents
and to have a Tc of only 43°C, low enough to mediate automatic
temperature control. We were further able to show that the
hyperthermia induced with this system exerted an antitumor
effect in a mouse melanoma model. This implies that FMP-
mediated hyperthermia selectively heated the tumor tissue, and
that accurate control of tumor temperature could be achieved by

Fig. 6. The TUNEL method was used to identify
apoptotic melanoma cells, which stained red in
groups (a) I, (b) II, (c) III, and (d) IV 20 days after
ferromagnetic particle injection. The incidence of
apoptosis among the target tumors was significantly
greater in (d) group IV than in (a) group I.
Magnification, ×400.

Table 2. Incidence of TUNEL positivity in the tumor in four
experimental groups

Group
TUNEL-positive cells (apoptotic 

cells/high-powered field)

Control 14.6 ± 4.4
Hyperthermia alone 50.8 ± 12.4*
Geldanamycin alone 32.4 ± 13.4*
Geldanamycin + hyperthermia 109.6 ± 31.1**

The data depict mean ± SD.
*P < 0.05 versus control.
**P < 0.05 versus hyperthermia alone.

Fig. 7. Survival rates among tumor-bearing mice observed for a period
of 40 days after injection of ferromagnetic particles (FMP): �, group I
(n = 10); �, group II (n = 10); �, group III (n = 10); and �, group IV
(n = 9). Survival in group IV was significantly prolonged compared to
the other groups (P < 0.05 versus all other groups).
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setting an appropriate Tc. In the present study, we used GA to
assess the effect of inhibiting Hsp90 on the thermosensitivity of
melanoma cells and the feasibility using a novel combination
therapy composed of FMP-mediated, self-regulating hyperthermia
and Hsp90 inhibition for the treatment of malignant melanoma.
We found that treating cultured melanoma cells with GA
increased their thermosensitivity and reduced the expression of
Akt. Moreover, when mice bearing melanomas were administered
a single treatment with GA + hyperthermia, more than half
(56%) showed complete regression of the tumor. This suggests
that inhibiting Hsp90 enhances susceptibility to hyperthermia,
thereby increasing its antitumor effect.

Geldanamycin is a novel antiproliferative agent that inhibits
Hsp90 activity by binding to its N-terminal ATP binding site.(26)

Hsp90 interacts with a variety of client proteins, many of which
are involved in mitogenic and survival signaling, and plays a
key role in the maintenance of their proper conformation.(55)

Simultaneous depletion of one or more of these client proteins
likely contributes to the antitumor activity of Hsp90 inhibitors.(56)

The fact that Hsp90 inhibitors affect multiple signaling pathways
also makes them attractive potential therapeutic agents for the
treatment of malignant tumors. In that regard, it has been shown
that an important feature of the initiation of apoptosis is down-
regulation of Akt, a critical mediator of cell survival known to
associate with Hsp90.(57–59) The mechanisms by which Akt promotes
cell survival include phosphorylation, and thus inactivation, of
pro-apoptotic proteins such as BAD, caspase-9, and members of
the Forkhead family of transcription factors. In addition, Akt
appears to be involved in the activation of pro-survival signaling
such as that in the nuclear factor-κB pathway. Akt, which is a
client protein of Hsp90, can be recovered from heterocomplexes
containing Hsp90, suggesting that destabilization of protein–Hsp90
multimolecular complexes by treatment with GA causes these
client proteins to undergo rapid degradation via the ubiquitin-
dependent proteasomal mechanism,(29,41) resulting in decreased
Akt levels in cells. In the present study, we examined the effect
of an Hsp90 inhibitor (GA) on the cellular levels of Akt during
hyperthermia and found that the GA-induced decline in Akt
levels was exacerbated by hyperthermia and correlated with an
increased incidence of apoptosis. Thus, Hsp90 inhibition appears
to enhance the effect of hyperthermia on the incidence of
apoptosis. In general, heat shock results in a rapid but transient
increase in Akt phosphorylation; however, Akt expression did
not increase with hyperthermia alone in the present study. We
speculate that the transiently increased phosphorylation of Akt
might not be due to an increase in overall protein production at
this time point. Furthermore, according to the cell proliferation
assay (Fig. 1), cell viability was decreased 8 h after hyperther-
mia. This means that cell death, including apoptosis, has already
occurred by 8 h after hyperthermia. Cell death may occur
through a variety of mechanisms; it is possible that hyperthermia

might affect the upstream Akt signal-transduction pathway,
resulting in slight downregulation of Akt. Meanwhile, the cellular
level of Akt almost disappeared (Fig. 2b) with GA + hyperthermia
treatment, although cell viability remained at approximately
50% of the control (Fig. 1). This might be influenced by the
protective effect of hyperthermia increasing the expression of
other Hsp (e.g. Hsp72), which may render the tumor cells
hyperthermia resistant.

Using tumor-bearing mice, we observed that the combined
use of the Hsp90 inhibitor GA with our hyperthermia system(22)

exerted a significant antitumor effect. But although tumor growth
was suppressed by treatment with GA + hyperthermia, the hepatic
toxicity of GA may have diminished the beneficial effect,(60)

although we did not confirm this histologically. Data from ongoing
phase I trials have already indicated that several GA derivatives,
including 17-allylamino-17-demethoxygeldanamycin, are well
tolerated in adults with refractory solid tumors at doses that
modulate Hsp90 client protein levels in lymphocytes.(51) Our
findings thus provide preclinical support for a novel approach to
anticancer treatment involving the use of a Hsp90 inhibitor in
combination with hyperthermia. It would be of great interest to
know whether similar beneficial effects could be obtained with
17-allylamino-17-demethoxygeldanamycin in combination with
hyperthermia in our animal model.

An intriguing aspect of using a Hsp90 inhibitor as a thermo-
sensitizing agent is the different effects in normal and tumor
cells. In a phase I clinical trial, Hsp90 inhibition was well tolerated
in patients, even though Hsp90 is also present in normal cells.
This might be because Hsp90 inhibitors bind to Hsp90 with
100-times greater affinity in tumor cells, where Hsp90 is in an
activated state as a part of the multichaperone complex.(43)

Furthermore, Hsp90α, but not the β isoform, is expressed
extracellularly and binds to matrix metalloproteinase 2, thereby
activating its enzyme activity and enhancing the invasiveness of
tumor cells.(61) Inhibition of extracellular Hsp90α reduces both
matrix metalloproteinase 2 activity and invasiveness, suggesting
that the therapeutic effect of Hsp90 inhibition may reflect both
a reduction in the invasiveness of tumor cells and an increase in
thermosensitivity.

In summary, our findings suggest that Hsp90 inhibition sensitizes
cancer cells to hyperthermia and that a novel combination of
FMP-mediated local hyperthermia and Hsp90 inhibition is a
potentially effective approach to anticancer treatment.
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