
Heat Shock Transcription Factor 1-activating Compounds
Suppress Polyglutamine-induced Neurodegeneration
through Induction of Multiple Molecular Chaperones*

Received for publication, December 26, 2007, and in revised form, July 14, 2008 Published, JBC Papers in Press, July 16, 2008, DOI 10.1074/jbc.M710521200

Nobuhiro Fujikake‡1,2, Yoshitaka Nagai‡1,2,3, H. Akiko Popiel‡2, Yuma Okamoto‡2, Masamitsu Yamaguchi§,
and Tatsushi Toda‡

From the ‡Division of Clinical Genetics, Department of Medical Genetics, Osaka University Graduate School of Medicine,
Suita, Osaka 565-0871, Japan and the §Department of Applied Biology, Kyoto Institute of Technology,
Sakyo-ku, Kyoto 606-8585, Japan

Many neurodegenerative diseases includingAlzheimer, Parkin-
son, and polyglutamine (polyQ) diseases are thought to be caused
by protein misfolding. The polyQ diseases, including Huntington
diseaseandspinocerebellarataxias (SCAs), arecausedbyabnormal
expansions of the polyQ stretch in disease-causing proteins, which
triggermisfoldingof theseproteins, resulting in their depositionas
inclusion bodies in affected neurons. Although genetic expression
of molecular chaperones has been shown to suppress polyQ pro-
teinmisfolding and neurodegeneration, toward developing a ther-
apy, it is ideal to induce endogenous molecular chaperones by
chemical administration. In this study,we assessed the therapeutic
effects of heat shock transcription factor 1 (HSF1)-activating com-
pounds, which induce multiple molecular chaperones, on
polyQ-induced neurodegeneration in vivo. We found that oral
administration of 17-(allylamino)-17-demethoxygeldanamycin
(17-AAG) markedly suppresses compound eye degeneration and
inclusion body formation in aDrosophilamodel of SCA. 17-AAG
also dramatically rescued the lethality of the SCA model (74.1%
rescue) and suppressed neurodegeneration in a Huntington dis-
easemodel (46.3% rescue), indicating that 17-AAG is widely effec-
tive against various polyQ diseases. 17-AAG induced Hsp70,
Hsp40, and Hsp90 expression in a dose-dependent manner, and
the expression levels correlated with its therapeutic effects. Fur-
thermore, knockdown of HSF1 abolished the induction of
molecular chaperones and the therapeutic effect of 17-AAG,
indicating that its therapeutic effects depend on HSF1 acti-
vation. Our study indicates that induction of multiple molec-
ular chaperones by 17-AAG treatment is a promising thera-
peutic approach for a wide range of polyQ diseases and
possibly other neurodegenerative diseases.

The accumulation and deposition of misfolded proteins in
the brain has been recognized as a common molecular patho-
genesis of various neurodegenerative diseases includingAlzhei-
mer disease, Parkinson disease, amyotrophic lateral sclerosis,
and the polyglutamine (polyQ)4 diseases, and hence these dis-
eases are called protein misfolding diseases (1). Indeed, most
genetic mutations responsible for these diseases produce
mutant proteins that are prone to be misfolded. These facts
strongly indicate that protein misfolding commonly occurs
as the initial step in the pathogenic cascade of neurodegen-
erative diseases, and hence protein misfolding is considered
to be a common therapeutic target for these neurodegener-
ative diseases.
The polyQ diseases are a group of inherited neurodegenera-

tive diseases includingHuntington disease, various types of spi-
nocerebellar ataxia (SCA1, 2, 6, 7, and 17 and SCA3/MJD), den-
tatorubral-pallidoluysian atrophy, and spinobulbar muscular
atrophy, all of which are caused by expansions of the polyQ
stretch to greater than 35–40 repeats in each disease-causing
protein (2, 3). These expanded polyQ stretches cause misfold-
ing of the disease-causing proteins, leading to their pathogenic
interactions with themselves (aggregation) or other cellular
proteins, resulting in their deposition and recruitment as inclu-
sion bodies in affected neurons (1). The pathogenic interactions
ofmisfolded polyQproteinswith other cellular proteins such as
transcription factors, proteasome subunits, and cytoskeletal
proteins have been reported to cause dysfunction of these pro-
teins, eventually leading to neuronal dysfunction (4–6).
Although therapeutic approaches against the dysfunction of
each of these cellular proteins have been proposed to date, such
as histone deacetylase inhibitors to improve transcriptional
dysregulation (7), their therapeutic effects were limited because
polyQ-induced neuronal dysfunction results from the dysfunc-
tion of multiple cellular proteins (2). In contrast, misfolding of
the polyQ protein is likely the initial event in the pathogenic
cascade, and hence suppression of protein misfolding is
expected to inhibit a wide range of multiple downstream
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events, resulting in the most effective suppression of neuronal
dysfunction.
Molecular chaperones are known to suppress protein mis-

folding by synergistically assisting misfolded proteins in the
refolding process, as well as newly synthesized proteins in the
folding process. For example, Hsp70 has been reported to act in
concert with Hsp40 to suppress misfolding of various polyQ
proteins in vitro, resulting in suppression of their aggregation
(8, 9). In a Drosophilamodel of the polyQ diseases, co-expres-
sion of Hsp70 and Hsp40 has been reported to synergistically
suppress misfolding of the polyQ protein, resulting in remark-
able suppression of polyQ-induced neurodegeneration,
although expression of Hsp70 or Hsp40 alone exhibits weaker
suppression (10–12). Furthermore, genetic expression of
Hsp70 or Hsp40 alone is known to cause cytotoxicity to
unstressed cells, which is not observed when both chaperones
are co-expressed (10, 13), suggesting that the balance of the
amounts of molecular chaperones is important for their proper
function (14). In addition, expression of other molecular chap-
erones such as Hsp90, Hsp105, and Hsp27 is also reported to
suppress polyQ-induced cytotoxicity in cell culture models
(15–17). Based on these results, expression of multiple molec-
ular chaperones is expected to synergistically suppress polyQ-
induced neurodegeneration and to have low cytotoxicity to
unstressed cells.
Expression of molecular chaperones upon exposure to vari-

ous types of cellular stress is known to be regulated by heat
shock transcription factor 1 (HSF1). Under unstressed condi-
tions, HSF1 is localized in the cytosol and is inactivated in a
protein complex including Hsp90 (18). Upon exposure to
stress, HSF1 dissociates from the Hsp90 protein complex,
translocates into the nucleus, and binds to the heat shock ele-
ment in the promoter region of various molecular chaperone
genes to simultaneously induce their expression (19). Activa-
tion of HSF1 is regulated through various post-translational
modifications such as phosphorylation, as well as alternative
splicing (20, 21). In fact, HSF1 is phosphorylated in response to
heat shock stress in HeLa cells and induces multiple molecular
chaperones such as Hsp70 and Hsp40, which confer tolerance
against heat shock stress on the cells (22, 23). Furthermore,
expression of a constitutively active mutant of HSF1, which
lacks the regulatory domain that binds to the Hsp90 protein
complex, has been reported to suppress polyQ proteinmisfold-
ing through induction ofmolecular chaperones (24). Therefore,
HSF1 has been considered to be an attractive therapeutic target
for the polyQ diseases.
Although genetic expression of molecular chaperones and a

constitutively active mutant of HSF1 ameliorates polyQ-in-
duced phenotypes in vivo (11, 12, 24), delivery of exogenous
genes into the human brain is extremely limited. As a next step
toward developing a therapy, it is ideal to pharmacologically
induce endogenousmolecular chaperones by administration of
small chemical compounds, instead of to express exogenous
genes. Interestingly, some compounds are known to activate
HSF1 and to induce multiple endogenous molecular chaper-
ones even under unstressed conditions (25). These include
Hsp90 inhibitors, which dissociate HSF1 from the Hsp90 pro-
tein complex, and protein kinase C activators, which promote

the phosphorylation of HSF1, both leading to activation of
HSF1 (18, 26).
In this study, we investigated the therapeutic effects of

administration of various HSF1-activating compounds on
polyQ-induced neurodegeneration in vivo. We here show that
oral administration of 17-(allylamino)-17-demethoxygeldana-
mycin (17-AAG), a derivative of geldanamycin, markedly sup-
presses polyQ-induced neurodegeneration inDrosophilamod-
els of two polyQ diseases through induction of multiple
molecular chaperones. Our study indicates the potential of
HSF1-activating compounds as therapeutic candidates for a
wide range of polyQdiseases aswell as other neurodegenerative
diseases.

EXPERIMENTAL PROCEDURES

Fly Stocks and Treatment—Flies were cultured and crossed
under standard conditions at 25 °C. Transgenic fly lines bearing
the UAS-MJDtr-Q27, UAS-MJDtr-Q78, UAS-Htt-Q128, or
gmr-GAL4 transgene have been described previously (27, 28).
The transgenic fly line bearing the elav-GAL4 transgene was
obtained from the Bloomington Drosophila Stock Center. The
MJDtr-Q27 and MJDtr-Q78 fly lines express a truncated form
of the MJD protein with the indicated number of glutamines
(MJDtr-Q27 and MJDtr-Q78 proteins, respectively), and the
Htt-Q128 fly line expresses an N-terminal fragment of the
huntingtin protein with 128 glutamines (Htt-Q128 protein),
under the control of the GAL4-UAS system. For the MJDtr-
Q78 flies, the W line showing weak and the S line showing
strong phenotypes were used (27). The chemical compounds to
be tested were dissolved in ethanol, further diluted in water,
and thenmixedwith InstantDrosophilamedium (CarolinaBio-
logical Supply Company, Burlington, NC). 17-AAG was pur-
chased from Biomol Research Laboratories (Plymouth Meet-
ing, PA); geldanamycin (GA) and radicicol (RA) were from
Sigma-Aldrich; celastrol (CL) was from Merck; and sodium
butyrate (SB) was from Nacalai Tesque (Kyoto, Japan). Gera-
nylgeranylacetone (GGA) supplemented with 0.2% �-tocoph-
erol was kindly provided by Eisai Co. (Tokyo, Japan). These
compounds were used for flies at the following concentrations:
17-AAG, GA, and RA (50 nM, 500 nM, 5 �M, and 50 �M); CL (1
�M, 10 �M, and 100 �M); SB (10 mM); and GGA (1 nM, 10 nM,
100 nM, and 40 mM). These compounds at the above concen-
trations did not affect the viability and fertility of the MJDtr-
Q78 flies. For heat shock treatment, crawling third instar larvae
were incubated at 37 °C for 15 min and recovered at 25 °C for
1 h.
Microscopy, Histology, and Immunohistochemistry—To eval-

uate the therapeutic effects of HSF1-activating compounds on
compound eye degeneration in the MJDtr-Q78S flies, light
microscopic images of the compound eye morphologies of
1-day-old adult flies were taken using a stereoscopic micro-
scope model SZX9 (Olympus, Tokyo, Japan). To assess the
therapeutic effects of HSF1-activating compounds on photore-
ceptor degeneration in the Htt-Q128 flies, heads of 1-day-old
Htt-Q128 flies treated with 17-AAG, GA, or RA (5 �M) were
fixed in 2% paraformaldehyde and 2.5% glutaraldehyde and
embedded in Epon. Compound eyes were sectioned at 1 �m
and stained with 0.5% toluidine blue. Microscopic images were
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taken using a fluorescence microscope model DMR (Leica
Microsystems, Wetzlar, Germany) with a CCD camera model
DC500 (LeicaMicrosystems), and the average number of rhab-
domeres/ommatidium was calculated. The percentage of res-
cue of photoreceptor degeneration was calculated by dividing
the difference in the number of rhabdomeres between the
17-AAG-treated and untreated Htt-Q128 flies by the decrease
in the number of rhabdomeres in the untreated Htt-Q128 flies.
The number of rhabdomeres/ommatidium was counted in 20
ommatidia/fly, and at least 100 ommatidia were assessed for
each condition except for SB treatment (60 ommatidia). The
data are expressed as the means � S.E.
For immunohistochemical analysis, eye discs of the MJDtr-

Q78W flies treated with 17-AAG (1.5 �M) were dissected from
crawling third instar larvae and fixed in 4% paraformaldehyde.
The eye discs were immunostained with a rat monoclonal anti-
hemagglutinin (HA) antibody (clone 3F10; Roche Applied Sci-
ence) at 1:100 dilution as the primary antibody to detect the
MJDtr-Q78 protein and Alexa 546-conjugated anti-rat IgG
antibody (Invitrogen) at 1:2000 dilution as the secondary anti-
body. The images were taken using a confocal laser scanning
microscope model LSM510 (Carl Zeiss, Oberkochen, Ger-
many). The anteroposterior width of the eye disc area with cells
containing inclusion bodies of the MJDtr-Q78 protein (Wi; see
Fig. 5F) and that of the area with cells containing the diffusely
distributed MJDtr-Q78 protein (Wd; see Fig. 5F) were meas-
ured using National Institutes of Health Image software. The
ratio of Wi/Wd in each eye disc was calculated to evaluate the
degree of inclusion body formation. At least seven discs were
analyzed for each treatment condition. The data are expressed
as the means � S.E.
Fly Survival Analyses—To examine the therapeutic effects of

17-AAG on the survival rate during development to adults of
flies expressing the MJDtr-Q78 protein in the nervous system,
we crossed flies homozygous for the UAS-MJDtr-Q78S trans-
genewith flies bearing the elav-Gal4 driver transgene in trans to
the balancer chromosome (CyO). 50% of the progeny are
expected to bear both the elav-Gal4 driver and theUAS-MJDtr-
Q78S transgenes (MJDtr-Q78S flies), which express theMJDtr-
Q78 protein, whereas 50% of the progeny are expected to bear
theUAS-MJDtr-Q78S transgene andCyO (control flies), which
do not express theMJDtr-Q78 protein. The ratio of theMJDtr-
Q78S flies to the control flies was calculated by dividing the
number of emerging flies not bearing CyO (MJDtr-Q78S flies)
by that of emerging flies bearing CyO (control flies) to evaluate
the survival rate of the MJDtr-Q78S flies during their develop-
ment to adults. The percentage of rescue of the lethality was
calculated by dividing the difference in the survival rate
between the 17-AAG-treated and untreated MJDtr-Q78S flies
by the decrease in the survival rate of the untreated MJDtr-
Q78S flies. At least 100 flies were scored for each treatment
condition, and the experiments were repeated three times. The
data are expressed as the means � S.E.
Western Blot Analyses—To assess the effect of 17-AAG on

the expression level of the MJDtr-Q78 protein, 10 heads of the
MJDtr-Q78S flies treatedwith 17-AAG (5�M)were lysed in 100
�l of Laemmli sample buffer and then centrifuged at 17,000� g
for 10 min at 25 °C. The resultant supernatants were separated

on a 10% polyacrylamide gel and then transferred onto Immo-
bilon-Pmembranes (Millipore, Billerica,MA). Themembranes
were incubated overnight with either a ratmonoclonal anti-HA
antibody (clone 3F10; Roche Applied Science) at 1:2000 dilu-
tion to detect the MJDtr-Q78 protein or a sheep polyclonal
anti-tubulin antibody (Cytoskeleton Inc., Denver, CO) at
1:4000 dilution. Horseradish peroxidase (HRP)-conjugated
rabbit anti-rat Igs antibody (DakoCytomation, Glostrup, Den-
mark) or HRP-conjugated rabbit anti-sheep Igs antibody
(DakoCytomation) were used at 1:5000 dilution as secondary
antibodies. To detect the HSF1 protein in transfected Schnei-
der line 2 (SL2) cell lysates, a mousemonoclonal anti-Myc anti-
body (clone 9E10; Invitrogen; 1:2000 dilution) and HRP-conju-
gated rabbit anti-mouse Igs antibody (DakoCytomation; 1:5000
dilution) were used. The HRP was detected using SuperSignal
West Pico Chemiluminescent Substrate (Pierce).
RT-PCRAnalyses—Total RNAwas purified fromwhole bod-

ies or eye-antennal discs of crawling third instar larvae of the
MJDtr-Q78S flies and control flies expressing the GAL4 activa-
tor protein alone using the RNeasyMini Kit (Qiagen) according
to the manufacturer’s instructions and was reverse transcribed
with random hexamer primers.We performed PCR analyses of
Hsp70, Hsp40, and Hsp90 mRNAs with the following primers:
Hsp70-F, 5�-AGCCGTGCCAGGTTTG-3� and Hsp70-R,
5�-CGTTCGCCCTCATACA-3�; Hsp40-F, 5�-CATAAAG-
CAGCCCGTGTAGC-3� and Hsp40-R, 5�-AGATGTTGAG-
GCACCGATTC-3�; and Hsp90-F, 5�-CGATTAAGCGAC-
CAGTCGAA-3� and Hsp90-R, 5�-AAACGACAACTGCTC-
TTGAATG-3�. As an internal control, mRNA of rp49
(ribosomal protein 49), a housekeeping gene, was also analyzed
with the primers rp49-F, 5�-AGCGCACCAAGCACTTCATC-
CGCCA-3� and rp49-R, 5�-GCGCACGTTGTGCACCAGGA-
ACTTC-3�. The RT-PCR products were separated on a 3% aga-
rose gel and visualized by ethidium bromide staining. For
precise quantification, real time quantitative PCR was per-
formed with the above primers and Premix Ex Taq (Takara,
Shiga, Japan) using ABI PRISM 7900 HT (Applied Biosystems,
Foster City, CA). The relative abundance of each mRNA was
calculated by normalizing to rp49 mRNA according to the
manufacturer’s instructions. To compare the expression levels
of each mRNA, the ratio of each mRNA/rp49 mRNA of the
17-AAG-treated MJDtr-Q78S flies expressing the MJDtr-Q78
protein alone or co-expressing the HSF1 RNAi was divided by
that of the untreated MJDtr-Q78S flies. The experiments were
repeated at least three times. The data are expressed as the
means � S.E.
Vector Construction and Generation of Transgenic Fly Lines—

For expression of theHSF1 protein, a DNA fragment coding for
dHSFa, the major alternatively spliced isoform of Drosophila
HSF1 (21), tagged with a c-Myc epitope was inserted into the
pUAST vector, to generate the pUAS-HSF1 vector. For the
HSF1 knockdown experiment, the pUAS-HSF1-RNAi vector
harboring inverted repeats corresponding to the third to fifth
exon of the HSF1 cDNA separated by the second intron of the
HSF1 gene was constructed according to the strategy for splice
activated RNAi. To establish HSF1 RNAi fly lines, the pUAS-
HSF1-RNAi vector was injected into fly embryos by standard
procedures.
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Cell Culture andTransfection—SL2 cells, whichwere derived
from late stage fly embryos, were cultured in Schneider’s insect
medium (Sigma-Aldrich) supplemented with 10% fetal calf
serum at 25 °C. To evaluate the efficiency of RNAi-mediated
HSF1 knockdown, SL2 cells were co-transfected with the
pUAS-HSF1 vector along with either the pUAS-HSF1-RNAi or
pUAST empty vector, as well as the pAct5C-GAL4 vector as a
driver using Effectene transfection reagent (Qiagen) according
to the manufacturer’s instructions. The cells were harvested
48 h after transfection, and the cell lysates were subjected to
Western blot analyses.

RESULTS

17-AAG Treatment Suppresses polyQ-induced Neurodegen-
eration in Drosophila—To evaluate the therapeutic effects of
HSF1-activating compounds, which induce multiple endoge-
nous molecular chaperones, on polyQ-induced neurodegen-
eration, we chose the following five compounds. GA, a benzo-
quinone ansamycin anti-tumor antibiotic, specifically inhibits
the activity of Hsp90, a negative regulator of HSF1, resulting in
activation of HSF1 (18). 17-AAG, a derivative of GA, shares the
property to inhibit Hsp90 but has less cytotoxicity than GA
(29). RA, an antifungal macrolactone antibiotic, also inhibits
the activity of Hsp90 (30). CL, a potent anti-inflammatory com-
pound, activates HSF1 through unknown mechanisms (31).
GGA, an anti-ulcer agent, activates protein kinase C, leading to
the phosphorylation and activation of HSF1 (26).We employed
Drosophila polyQ disease models to analyze the therapeutic
effects of oral administration of the above compounds, because
Drosophila melanogaster has been shown to be a useful in vivo
model to study polyQ-induced neurodegeneration (27, 28).We
administered the aboveHSF1-activating compounds bymixing
them in culture food to the transgenic fly line MJDtr-Q78S,
which expresses the MJDtr-Q78 protein in the eye under the
gmr promoter, resulting in severe compound eye degeneration
(27).
Treatment with the HSF1-activating compounds revealed

that 17-AAG is most effective against polyQ-induced com-
pound eye degeneration (Figs. 1 and 2). 17-AAG treatment at
concentrations of 500 nM, 1.5�M, and 5�M strongly suppressed
polyQ-induced compound eye degeneration (Fig. 2, C–E),
whereas treatment at 50 nM showed a moderate therapeutic
effect (Fig. 2B). However, 17-AAG treatment at 50 �M unex-
pectedly failed to improve compound eye degeneration in the
MJDtr-Q78S flies (Fig. 2F), indicating that the therapeutic
effect of 17-AAG is dose-dependent at least up to 5 �M. Treat-
ment with GA at concentrations of 500 nM and 5 �M also
showed modest suppression of polyQ-induced compound eye
degeneration (Fig. 1C), whereas treatment at 50 nM and 50 �M

did not (data not shown). Treatment with RA at concentrations
ranging from 50 nM to 5 �M was also effective against polyQ-
induced compound eye degeneration (Fig. 1D). However, treat-
mentwith eitherCL (1 to 100�M) orGGA (10�M to 40mM) did
not show any detectable changes (Fig. 1, E and F). Compared
with the therapeutic effects of SB, a histone deacetylase inhibi-
tor, which was previously reported to suppress polyQ-induced
neurodegeneration (7), 17-AAG showed a remarkably greater

improvement of polyQ-induced compound eye degeneration
(Fig. 1, B and G).
To examinewhetherHSF1-activating compounds are widely

effective against various polyQ diseases, we administered
17-AAG,GA, andRA to the transgenic fly lineHtt-Q128,which
expresses the Htt-Q128 protein in the eye under the gmr pro-
moter, resulting in progressive photoreceptor degeneration
(28). The loss of photoreceptor neurons in the Htt-Q128 flies
can be quantitatively evaluated as a decrease in the number of

E
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B

17-AAG

F

GGA

A

vehicle

G

SB

RAGA

C D

FIGURE 1. 17-AAG treatment suppresses compound eye degeneration in
the MJDtr-Q78S flies. Light microscopic images of the compound eye mor-
phologies of 1-day-old MJDtr-Q78S flies treated with various HSF1-activating
compounds. A, untreated MJDtr-Q78S flies show severe compound eye
degeneration. B, notably, treatment with 17-AAG (1.5 �M), an HSF1-activating
compound, strongly suppressed compound eye degeneration in the MJDtr-
Q78S flies. C and D, treatment with GA (5 �M, C) or RA (5 �M, D) moderately
suppressed compound eye degeneration. E and F, treatment with neither CL
(100 �M, E) nor GGA (40 mM, F) showed any detectable changes in compound
eye degeneration. G, treatment with SB (10 mM), a histone deacetylase inhib-
itor used as a positive control, weakly suppressed compound eye degenera-
tion. Fly genotype is gmr-GAL4/�; UAS-MJDtr-Q78S/�.

A B C

D E F

1.5 µM

50 nM

5 µM

500 nM17-AAG (-)

50 µM
FIGURE 2. 17-AAG suppresses polyQ-induced compound eye degenera-
tion in a dose-dependent manner. Light microscopic images of the com-
pound eye morphologies of 1-day-old MJDtr-Q78S flies treated with various
concentrations of 17-AAG. A, untreated MJDtr-Q78S flies. B–F, 17-AAG treat-
ment at concentrations of 500 nM (C), 1.5 �M (D), and 5 �M (E) strongly sup-
pressed compound eye degeneration in the MJDtr-Q78S flies, whereas treat-
ment at 50 nM (B) showed modest suppression. However, 17-AAG treatment
at 50 �M (F) failed to improve compound eye degeneration in the MJDtr-Q78S
flies. These data indicate that 17-AAG treatment up to 5 �M suppresses polyQ-
induced neurodegeneration in a dose-dependent manner. Fly genotype is
gmr-GAL4/�; UAS-MJDtr-Q78S/�.

HSF1-activating Compounds Suppress Polyglutamine Toxicity

SEPTEMBER 19, 2008 • VOLUME 283 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 26191



rhabdomeres in each ommatidium (Fig. 3,B andG), which nor-
mally has seven rhabdomeres (Fig. 3A).We found that 17-AAG
treatment markedly suppresses photoreceptor degeneration,
resulting in an increase in the number of rhabdomeres/omma-
tidium from 4.6 � 0.3 to 5.7 � 0.1 in the Htt-Q128 flies (Fig. 3,
C andG), corresponding to a 46.3� 5.5% rescue (Fig. 3H). Treat-

ment with GA and RA modestly increased the number of rhab-
domeres in theHtt-Q128 flies to5.1�0.2 (22.8�8.3%rescue)and
to 5.1� 0.2 (22.0� 8.5% rescue), respectively (Fig. 3,D, E,G, and
H), which were similar levels to SB treatment (29.8 � 10.5% res-
cue) (Fig. 3, F–H), although the suppression was not statistically
significant. Among the HSF1-activating compounds tested,
17-AAG was the most effective against photoreceptor degenera-
tion in theHtt-Q128 flies (Fig. 3H), consistentwith their therapeu-
tic effects in theMJDtr-Q78S flies (Fig. 1). These data indicate that
17-AAG widely suppresses eye degeneration induced by various
polyQ proteins.
We next examined whether 17-AAG suppresses polyQ-in-

duced neurodegeneration broadly within the nervous system,
because various regions of the nervous system are widely affected
in human patients. Expression of the MJDtr-Q78 protein within
the nervous system under the elav promoter significantly
decreased the survival rate of flies during their development to
adults, because of neurodegeneration (46.2 � 14.4%; Fig. 4),
whereas expression of theMJDtr-Q27 protein, which has a nor-

+ RA

Htt-Q128
+ vehicle + 17-AAGControl Htt-Q128

B CA

Htt-Q128
+ SB

Htt-Q128
E F

Htt-Q128
+ GA

D

ve
hi

cl
e

17
-A

A
G

G
A

R
ha

bd
om

er
es

G

R
A

**
6

5

4

/ O
m

m
at

id
iu

m

SB

Pe
rc

en
t r

es
cu

e 
(%

)

17
-A

A
G

G
A

R
A

*
*

60

20

40

0

H

SB

FIGURE 3. 17-AAG suppresses degeneration of photoreceptor neurons in
the Htt-Q128 flies. A–F, toluidine blue-stained sections of the eyes of 1-day-
old Htt-Q128 flies treated with various HSF1-activating compounds (5 �M).
Expression of the Htt-Q128 protein caused progressive photoreceptor
degeneration, resulting in loss of rhabdomeres in each ommatidium (B),
whereas flies expressing the GAL4 activator protein alone (Control) showed
normal structures of ommatidia (A). Notably, 17-AAG remarkably suppressed
photoreceptor degeneration in the Htt-Q128 flies (C). GA (D) and RA (E) mod-
erately suppressed photoreceptor degeneration. SB, used as a positive con-
trol, also showed moderate suppression (F). Fly genotypes are gmr-GAL4/�;
UAS-Htt-Q128/� (B–F) or gmr-GAL4/� (A). G, the average number of rhab-
domeres/ommatidium in the Htt-Q128 flies treated with various HSF1-acti-
vating compounds. 17-AAG significantly suppressed photoreceptor degen-
eration, resulting in an increase in the number of rhabdomeres/ommatidium
from 4.6 � 0.3 to 5.7 � 0.1. GA, RA, and SB modestly increased the number of
rhabdomeres to 5.1 � 0.2, to 5.1 � 0.2, and to 5.3 � 0.3, respectively. H, the
percentage of rescue of photoreceptor degeneration in the Htt-Q128 flies by
treatment with HSF1-activating compounds. 17-AAG most effectively res-
cued photoreceptor degeneration in the Htt-Q128 flies (46.3 � 5.5%) as com-
pared with GA, RA, and SB (22.8 � 8.3, 22.0 � 8.5, and 29.8 � 10.5% respec-
tively). The data are expressed as the means � S.E. (n � 3). *, p � 0.05; **, p �
0.01 (Student’s t test).
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FIGURE 4. 17-AAG increases the survival rate of the MJDtr-Q78S flies dur-
ing their development to adults. The survival rates during the development
to adults are shown of flies expressing the MJDtr-Q78 protein within the nerv-
ous system treated with 17-AAG. The ratio of the MJDtr-Q78S flies to the
control flies was calculated by dividing the number of emerging flies not
bearing CyO (MJDtr-Q78S flies) by that of emerging flies bearing CyO (control
flies) to evaluate the survival rate of the MJDtr-Q78S flies. Expression of the
MJDtr-Q78 protein significantly decreased the survival rate (46.2 � 14.4%),
whereas the MJDtr-Q27 protein did not cause any significant changes
(105.2 � 12.6%). Notably, 17-AAG treatment significantly increased the sur-
vival rate of the MJDtr-Q78S flies (86.0 � 9.8%), corresponding to a 74.1 �
16.5% rescue of the lethality. The data are expressed as the means � S.E. (n �
3). *, p � 0.05 (Student’s t test). Fly genotypes are elav-GAL4/UAS-MJDtr-Q78S
(MJDtr-Q78S) or elav-GAL4/UAS-MJDtr-Q27 (MJDtr-Q27).
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mal-length polyQ stretch, did not cause any significant changes
(105.2 � 12.6%). We found that 17-AAG treatment signifi-
cantly increases the survival rate of the MJDtr-Q78S flies
(86.0 � 9.8%; Fig. 4), corresponding to a 74.1 � 16.5% rescue of
the lethality. These data indicate that 17-AAG is effective
against polyQ-induced neurodegeneration broadly within the
nervous system, and its efficiency is not limited to compound
eye degeneration. We therefore conclude that 17-AAG, an
HSF1-activating compound, is effective against neurodegen-
eration in Drosophilamodels of various polyQ diseases.
17-AAG Suppresses Inclusion Body Formation of the polyQ

Protein without Affecting Its Expression Level—To evaluate the
effect of 17-AAG onmisfolding of the polyQ protein, we exam-
ined polyQ inclusion body formation upon 17-AAG treatment
in aDrosophila polyQ diseasemodel.Misfolded polyQ proteins
are known to form aggregates and to eventually accumulate as
inclusion bodies not only in human patients but also in Dro-
sophilamodels (27, 28). Immunostaining of the eye discs of the
MJDtr-Q78W fly larvae, which express theMJDtr-Q78 protein
under the gmr promoter, revealed numerous inclusion bodies
(Fig. 5A, arrows) in the region posterior to the morphogenetic
furrow (arrowhead), as reported previously (27).We found that
the MJDtr-Q78W flies treated with 17-AAG have significantly
fewer inclusion bodies as compared with the untreated flies
(Fig. 5, A and B, arrows). Upon higher magnification, the num-
ber and sizes of inclusion bodies in theMJDtr-Q78W flies were
clearly reduced by 17-AAG treatment (Fig. 5,C andD), suggest-
ing that 17-AAG suppresses polyQ inclusion body formation.
For quantification of the effect of 17-AAG on inclusion body
formation, we evaluated the anteroposterior width of the eye
disc area with cells containing inclusion bodies (Fig. 5F, Wi).
The ratio of the area with inclusions to the area with diffuse
distribution of the MJDtr-Q78 protein (Wi/Wd) has been
shown to gradually increase with disease progression (32),
because terminal differentiation of cells and hence expression
of the protein begin in the posterior end of the eye discs and
spread toward the anterior. We found that 17-AAG treatment
significantly decreases the Wi/Wd ratio in the eye discs of the
MJDtr-Q78W flies from 0.84 � 0.04 to 0.59 � 0.05 (Fig. 5E).
These data indicate that 17-AAG delays inclusion body forma-
tion of the MJDtr-Q78 protein. In addition, the intensity of the
diffusely distributed MJDtr-Q78 protein in the 17-AAG-
treatedMJDtr-Q78W flies was similar to that in untreated flies
(Fig. 5, A and B), suggesting that the delay in inclusion body
formation by 17-AAG treatment is not due to a reduction in the
expression level of the MJDtr-Q78 protein.
To further confirm that 17-AAG treatment does not affect

the polyQ protein expression level, we evaluated MJDtr-Q78
protein expression byWestern blot. We found that the expres-
sion level of the MJDtr-Q78 protein in the 17-AAG-treated
MJDtr-Q78S flies was similar to that in untreated flies (Fig. 5G).
These data suggest that 17-AAG suppresses polyQ inclusion
body formation by suppression of protein misfolding rather
than by the reduction of the polyQ protein expression level.
Therapeutic Effects of 17-AAG on polyQ-induced Neurode-

generation Correlate with the Induction Levels of Molecular
Chaperones—To confirm whether the therapeutic effects of
17-AAG on polyQ-induced neurodegeneration depend on

FIGURE 5. 17-AAG suppresses inclusion body formation of the MJDtr-
Q78 protein without affecting its expression level. A–D, confocal
microscopic images of eye-antennal discs of third instar larvae of the
MJDtr-Q78W flies treated with 17-AAG (1.5 �M), stained with an anti-HA
antibody to detect the MJDtr-Q78 protein. Lower (�200, A, B) and higher
(�630, C, D) magnification images are shown. Eye portions (posterior) are
to the right, and antennal portions (anterior) to the left. The arrowheads
indicate morphogenetic furrows. The 17-AAG-treated MJDtr-Q78W flies
(B and D) have significantly fewer inclusion bodies (arrows) as compared
with the untreated flies (A and C). E and F, quantitative analyses of the
effects of 17-AAG on inclusion body formation. Schematic representation
is shown of an eye disc, in which inclusion bodies (red) are formed in the
area where the MJDtr-Q78 protein is expressed (gray in F, right). The ratio
of the anteroposterior width of the area with cells containing inclusion
bodies (Wi) to that of the area with cells containing the diffusely distrib-
uted MJDtr-Q78 protein (Wd) was calculated. The ratio of Wi/Wd was sig-
nificantly decreased by 17-AAG treatment from 0.84 � 0.04 to 0.59 � 0.05
(E). The data are expressed as the means � S.E. (n � 7). *, p � 0.01 (Stu-
dent’s t test). Fly genotype is gmr-GAL4/�; �; UAS-MJDtr-Q78W/�.
G, Western blot analyses of the MJDtr-Q78 protein in the MJDtr-Q78S flies
treated with 17-AAG using an anti-HA antibody to detect the MJDtr-Q78
protein (upper panel) and an anti-tubulin antibody (lower panel). 17-AAG
did not affect the expression level of the MJDtr-Q78 protein. Fly geno-
types are gmr-GAL4/�, UAS-MJDtr-Q78S/� (MJDtr-Q78S), or gmr-GAL4/�
(control, Cont).
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induction of molecular chaperones, we assessed their expres-
sion levels upon 17-AAG treatment. We examined the expres-
sion levels of Hsp70, Hsp40, and Hsp90 mRNAs in the
17-AAG-treated MJDtr-Q78S fly larvae by RT-PCR analyses,
because these molecular chaperones are reported to suppress
polyQ-induced cytotoxicity (11, 12, 16). We found that
17-AAG treatment up to 5 �M induces expression of Hsp70,
Hsp40, and Hsp90 mRNAs in the MJDtr-Q78S flies, whereas
treatment at 50 �M does not (Fig. 6A). For precise quantifica-
tion of the increases in the mRNA levels of these Hsps, we
performed real time quantitative RT-PCR analyses. We found
that the expression levels of Hsp70 mRNA in the MJDtr-Q78S
flies are significantly increased by 17-AAG treatment at con-
centrations ranging from 50 nM to 5 �M in a dose-dependent
manner (50 nM, 4.53-fold; 500 nM, 29.04-fold; and 5 �M, 60.87-
fold; Fig. 6B), although the levels of induction are not as robust
as heat shock treatment (Fig. 6B,HS). However, 17-AAG treat-
ment at 50 �M did not induce expression of Hsp70 mRNA at
all (0.64-fold), which is consistent with the lack of a thera-
peutic effect on polyQ-induced neurodegeneration (Fig. 2F).
We also found that 17-AAG treatment up to 5 �M induced
expression of Hsp40 mRNA in a dose-dependent manner (50
nM, 1.41-fold; 500 nM, 1.53-fold; and 5 �M, 2.20-fold; Fig.
6C), whereas treatment at 50 �M did not. The expression
levels of Hsp90 mRNA were also increased by 17-AAG treat-
ment up to 5 �M in a dose-dependent manner (50 nM, 1.77-
fold; 500 nM, 1.98-fold; and 5 �M, 2.42-fold; Fig. 6D) and were
similar to that upon heat shock treatment (2.71-fold; Fig.

6D). 17-AAG treatment at 50 �M slightly induced expression
of Hsp90 mRNA (1.47-fold). Taken together, we conclude
that 17-AAG treatment up to 5 �M induces multiple molec-
ular chaperones in a dose-dependent manner and that their
expression levels correlate with the therapeutic effects of
17-AAG on polyQ-induced neurodegeneration.
Therapeutic Effects of 17-AAG on polyQ-induced Neurode-

generation Are Mediated by HSF1 Activation—We next deter-
mined whether the therapeutic effects of 17-AAG on polyQ-
induced neurodegeneration through induction of multiple
molecular chaperones are mediated by HSF1 activation. For
this purpose, we examined whether RNAi-mediated knock-
down of endogenous HSF1 affects the therapeutic effects of
17-AAG on the MJDtr-Q78S flies. We first designed a double-
stranded RNA construct against HSF1 (HSF1 RNAi) and eval-
uated its efficiency ofHSF1 knockdown inDrosophila SL2 cells.
SL2 cells were co-transfected with expression vectors for the
HSF1 protein and HSF1 RNAi, and the cell lysates were sub-
jected toWestern blot analysis. In the cells transfected with the
HSF1 vector alone, we found that the HSF1 band appears as a
doublet, probably because of phosphorylation, as reported pre-
viously (Fig. 7A,middle lane). In contrast, theHSF1 proteinwas
hardly detected in the cells co-transfectedwith theHSF1 vector
and the HSF1 RNAi vector (Fig. 7A, right lane), indicating that
this HSF1 RNAi construct almost completely knocks down
expression of the HSF1 protein. Accordingly, we established
transgenic HSF1 RNAi flies expressing this HSF1 RNAi con-
struct under the gmrpromoter and confirmed that these flies do
not show any detectable phenotypes in their compound eyes
(data not shown). We then crossed these HSF1 RNAi flies with
the MJDtr-Q78S flies to evaluate the effects of HSF1 knock-
down on 17-AAG treatment. Notably, knockdown of endoge-
nous HSF1 almost completely abolished the therapeutic effect
of 17-AAG on compound eye degeneration in theMJDtr-Q78S
flies (Fig. 7, D and E). The level of compound eye degeneration
in the 17-AAG-treated MJDtr-Q78S flies co-expressing the
HSF1 RNAi was similar to that in the untreated MJDtr-Q78S
flies (Fig. 7,B andE). These data indicate that endogenousHSF1
is essential for the therapeutic effects of 17-AAG on polyQ-
induced neurodegeneration. However, we cannot exclude the
possibility that knockdown of HSF1 simply masks the thera-
peutic effects of 17-AAG independently of affecting the induc-
tion of molecular chaperones, because HSF1 knockdown itself
slightly enhances polyQ-induced compound eye degeneration
in the MJDtr-Q78S flies (Fig. 7C), consistent with a previous
report (33).
To further confirm whether the therapeutic effects of

17-AAG depend on HSF1-mediated induction of molecular
chaperones, we examined the expression level of Hsp70mRNA
in the 17-AAG-treated MJDtr-Q78S flies co-expressing the
HSF1 RNAi. We performed quantitative RT-PCR analyses
using eye-antennal discs of the fly larvae, because the HSF1
RNAi construct is expressed only in the eye discs under the gmr
promoter. We confirmed that 17-AAG treatment significantly
induces expression of Hsp70 mRNA in the eye-antennal discs
of theMJDtr-Q78S fly larvae (2.37-fold; Fig. 7F) aswas observed
in their whole bodies (Fig. 6). Notably, knockdown of endoge-
nous HSF1 dramatically decreased the expression level of

FIGURE 6. 17-AAG induces expression of molecular chaperones in a dose-
dependent manner. A, RT-PCR analyses of Hsp70, Hsp40, and Hsp90 mRNAs
expressed in third instar larvae of the MJDtr-Q78S flies treated with 17-AAG
(50 nM, 500 nM, 5 �M, or 50 �M). Flies expressing the GAL4 activator protein
alone (Cont) exposed to heat shock (HS) were used as a positive control. The
rp49 mRNA was also analyzed as an internal control. B–D, real time quantita-
tive RT-PCR analyses of Hsp70, Hsp40, and Hsp90 mRNAs expressed in the
MJDtr-Q78S fly larvae. Treatment with 17-AAG up to 5 �M induced expression
of Hsp70 (B), Hsp40 (C), and Hsp90 (D) mRNAs in a dose-dependent manner
(60.87-, 2.20-, and 2.42-fold at 5 �M, respectively). The results shown are from
representative experiments. The data are expressed as the means � S.E. (n �
3). Fly genotypes are gmr-GAL4/�, UAS-MJDtr-Q78S/� (MJDtr-Q78S), or gmr-
GAL4/� (control).
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Hsp70 mRNA in the 17-AAG-treated MJDtr-Q78S fly larvae
(0.68-fold; Fig. 7F), which was similar to that in the untreated
MJDtr-Q78S flies. These data indicate that endogenousHSF1 is
required for induction of molecular chaperones by 17-AAG
treatment, and we therefore conclude that the therapeutic
effects of 17-AAG on polyQ-induced neurodegeneration
depend onHSF1-mediated induction ofmolecular chaperones.

DISCUSSION

Recently, many neurodegenerative diseases including
Alzheimer disease, Parkinson disease, amyotrophic lateral scle-
rosis, and the polyQ diseases are thought to be caused by pro-
teinmisfolding, and hence suppression of proteinmisfolding by
molecular chaperones is considered to be a common therapeu-
tic approach for these neurodegenerative diseases (14). In fact,
genetic expression of Hsp70, a molecular chaperone, has been
shown to suppress neurodegeneration in cell culture and ani-
mal models of Parkinson disease, amyotrophic lateral sclerosis,
and the polyQ diseases (34–36). Furthermore, induction of
multiple molecular chaperones including Hsp70 and Hsp40 by
genetic expression of a constitutively activemutant ofHSF1 has
been shown to be more effective against amyotrophic lateral
sclerosis and the polyQ diseases compared with expression of
Hsp70 alone (24, 37). As a next step toward developing a ther-
apy, we evaluated the therapeutic effects of pharmacological
induction of multiple endogenous molecular chaperones by
HSF1-activating compounds in Drosophila models of the
polyQ diseases. In this study, we show that 17-AAG treatment
successfully suppresses neurodegeneration through induction
of Hsp70, Hsp40 and Hsp90 in a Drosophila model of SCA3/
MJD, one of the polyQ diseases (Figs. 1, 2, 4, and 6). 17-AAG
also significantly suppressed neurodegeneration in a model of
Huntington disease, another polyQ disease (Fig. 3), indicating
that 17-AAG is widely effective against various polyQ diseases.
In addition, 17-AAG clearly reduced inclusion bodies com-
posed of misfolded polyQ proteins (Fig. 5), consistent with pre-
vious reports showing that co-expression of Hsp70 together
with Hsp40 synergistically suppresses polyQ inclusion body
formation (8, 38). Moreover, induction of Hsp70 by GA treat-
ment has been reported to suppress neurodegeneration in a
Drosophila model of Parkinson disease (39). Induction of
molecular chaperones by treatmentwith arimoclomol, which is
also known to activate HSF1, has been reported to suppress
neurodegeneration in a mouse model of amyotrophic lateral
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FIGURE 7. RNAi-mediated knockdown of HSF1 abolishes the therapeutic
effect of 17-AAG on compound eye degeneration in the MJDtr-Q78S
flies. A, Western blot analyses of the HSF1 protein expressed in SL2 cells
co-transfected with expression vectors for the HSF1 protein and HSF1 RNAi,
using the anti-Myc antibody to detect the HSF1 protein (upper panel) and the
anti-tubulin antibody (lower panel). Co-expression of the HSF1 RNAi almost
completely knocks down expression of the HSF1 protein. B–E, light micro-
scopic images of the compound eye morphologies of the 17-AAG (5 �M)-
treated MJDtr-Q78S flies expressing the MJDtr-Q78 protein alone (D) or co-
expressing the HSF1 RNAi (E). Untreated MJDtr-Q78S flies expressing the

MJDtr-Q78 protein alone (B) or co-expressing the HSF1 RNAi (C) are also
shown. Co-expression of the HSF1 RNAi almost completely abolished the
therapeutic effect of 17-AAG on compound eye degeneration in the MJDtr-
Q78S flies. Fly genotypes are gmr-GAL4/�, UAS-MJDtr-Q78S/�, �/� (B and
D) or gmr-GAL4/�, UAS-MJDtr-Q78S/�, and UAS-HSF1-RNAi/� (C and E).
F, real time quantitative RT-PCR analyses of Hsp70 mRNA expressed in the
eye-antennal discs of the 17-AAG (5 �M)-treated MJDtr-Q78S fly larvae co-
expressing the HSF1 RNAi or expressing the MJDtr-Q78 protein alone. Flies
expressing the GAL4 activator protein alone (control, Cont) exposed to heat
shock (HS) were used as a positive control. Co-expression of the HSF1 RNAi
decreased the expression level of Hsp70 mRNA in the 17-AAG-treated MJDtr-
Q78S fly larvae from 2.37- to 0.68-fold. The experiments were repeated at
least four times except for control flies. The results from representative exper-
iments are shown for control flies. The data are expressed as the means � S.E.
(n � 3). *, p � 0.01 (Student’s t test). Fly genotypes are gmr-GAL4/�, UAS-
MJDtr-Q78S/� (MJDtr-Q78S), gmr-GAL4/�, UAS-MJDtr-Q78S/UAS-HSF1-
RNAi (MJDtr-Q78S/HSF1 RNAi), or gmr-GAL4/� (Cont).
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sclerosis (40). Therefore, treatment with HSF1-activating com-
pounds to induce multiple endogenous molecular chaperones
is a promising therapeutic approach for the polyQ diseases as
well as other neurodegenerative diseases.
We show that 17-AAG is the most effective agent against

polyQ-induced neurodegeneration in Drosophila among the
HSF1-activating compounds we studied (Fig. 1). In addition to
17-AAG, GA, and RA also showed weaker suppression of
polyQ-induced neurodegeneration, consistent with previous
reports showing that GA and RA suppress polyQ protein mis-
folding in vitro (41). On the other hand, GGA was not effective
against polyQ-induced neurodegeneration in this study,
although it has been reported tomitigate the neurological pheno-
types of a mouse model of spinobulbar muscular atrophy (42).
GGA has recently been demonstrated to activate HSF1 by inhib-
iting the chaperone activity of Hsp70 (43), whichmay account for
the lack of its therapeutic effect in our study. Importantly,
17-AAG has been shown to be less toxic than GA (29), which
shows hepatotoxicity, and 17-AAG is currently being tested in
clinical trials for the treatment of human cancer patients (44).
In addition, intraperitoneal injection of 17-AAG into mice has
been reported to inducemultiplemolecular chaperones in their
spinal cord (45). Taken together, 17-AAG is the most promis-
ing therapeutic candidate for the polyQ diseases among the
HSF1-activating compounds.
17-AAG has been reported to mitigate the neurological phe-

notypes of a mouse model of spinobulbar muscular atrophy by
degradation of the mutant androgen receptor protein, an
Hsp90 client protein, via its Hsp90 inhibitor activity, rather
than by induction of molecular chaperones (45). In addition,
Hsp90 inhibitors such as GA and RA have been reported to
accelerate degradation of the mutant androgen receptor pro-
tein even in HSF1 knock-out cells (46), further supporting the
possibility that the therapeutic effects of theseHsp90 inhibitors
are not mediated by activation of HSF1 in the case of spinobul-
bar muscular atrophy models. Therefore, the effectiveness of
Hsp90 inhibitors has been considered to be limited to spinob-
ulbarmuscular atrophy so far. In contrast, we show that knock-
downofHSF1 abolished the induction ofmolecular chaperones
and therapeutic effect of 17-AAG on polyQ-induced neurode-
generation in a Drosophila model of SCA3/MJD (Fig. 7), indi-
cating that the therapeutic effect of 17-AAGdepends onHSF1-
mediated induction of molecular chaperones and not on
degradation of themutantMJDprotein (Fig. 5G). Furthermore,
we show that 17-AAG is also effective against neurodegenera-
tion in a Drosophilamodel of Huntington disease (Fig. 3), con-
sistent with a recent report showing that 17-AAG suppresses
misfolding of the mutant huntingtin protein without its degra-
dation (47). Therefore, we conclude that 17-AAG is effective
against a wide range of polyQ diseases throughHSF1-mediated
induction of molecular chaperones.
In this study, we evaluated the therapeutic effects of HSF1-

activating compounds on polyQ-induced neurodegeneration
in vivo.We found that oral administration of 17-AAGmarkedly
suppresses polyQ-induced neurodegeneration in Drosophila
models of two polyQ diseases through HSF1-mediated induc-
tion of multiple molecular chaperones. Therefore, we conclude
that 17-AAG is a promising therapeutic candidate for the

polyQ diseases as well as other neurodegenerative diseases
caused by protein misfolding.
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