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A Screen for Enhancers of Clearance Identifies Huntingtin as
a Heat Shock Protein 90 (Hsp90) Client Protein™
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Background: Molecular chaperones assist in the folding of metastable proteins implicated in neurodegenerative diseases.
Results: Huntingtin is a heat shock protein 90 (Hsp90) client protein.
Conclusion: Hsp90 inhibition-mediated degradation of soluble mutant huntingtin is independent of a cellular heat shock

response.

Significance: Mechanisms targeting Hsp90 chaperone function may provide new treatments for Huntington disease.

Mechanisms to reduce the cellular levels of mutant huntingtin
(mHtt) provide promising strategies for treating Huntington dis-
ease (HD). To identify compounds enhancing the degradation of
mHtt, we performed a high throughput screen using a hippocam-
pal HN10 cell line expressing a 573-amino acid mHtt fragment.
Several hit structures were identified as heat shock protein 90
(Hsp90) inhibitors. Cell treatment with these compounds reduced
levels of mHtt without overt toxic effects as measured by time-
resolved Forster resonance energy transfer assays and Western
blots. To characterize the mechanism of mHtt degradation, we
used the potent and selective Hsp90 inhibitor NVP-AUY922. In
HdhQ150 embryonic stem (ES) cells and in ES cell-derived neu-
rons, NVP-AUY922 treatment substantially reduced soluble full-
length mHtt levels. In HN10 cells, Hsp90 inhibition by NVP-
AUY922 enhanced mHtt clearance in the absence of any detectable
Hsp70 induction. Furthermore, inhibition of protein synthesis
with cycloheximide or overexpression of dominant negative heat
shock factor 1 (Hsf1) in HdhQ150 ES cells attenuated Hsp70 induc-
tion but did not affect NVP-AUY922-mediated mHtt clearance.
Together, these data provided evidence that direct inhibition of
Hsp90 chaperone function was crucial for mHtt degradation rather
than heat shock response induction and Hsp70 up-regulation. Co-
immunoprecipitation experiments revealed a physical interaction
of mutant and wild-type Htt with the Hsp90 chaperone. Hsp90
inhibition disrupted the interaction and induced clearance of Htt
through the ubiquitin-proteasome system. Our data suggest that
Htt is an Hsp90 client protein and that Hsp90 inhibition may pro-
vide a means to reduce mHtt in HD.

Huntington disease (HD)? is a progressive neurodegenera-
tive disease characterized by brain atrophy and motor, cogni-
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tive, and psychiatric symptoms. Patients also suffer from mus-
cle atrophy, weight loss, and metabolic disturbances. HD is
caused by the expansion of a trinucleotide repeat resulting in an
elongated glutamine stretch close to the N terminus of the hun-
tingtin (Htt) protein (1). The length of the polyglutamine
expansion correlates with disease onset (2). The dominant
mode of inheritance supports the hypothesis that the extended
polyglutamine stretch confers a toxic gain of function to hun-
tingtin, possibly due to structural changes of the mutant pro-
tein, and aberrant interactions with different cellular pathways.
Multiple potential pathogenic mechanisms of mutant hunting-
tin (mHtt) have been proposed, including proteasome impair-
ment, mitochondrial dysfunction, transcriptional dysregula-
tion, impaired intracellular transport, and cell death induced by
the formation of toxic aggregates containing N-terminal mHtt
fragments (2—4). Reversal of inducible mHtt overexpression,
RNA interference, and antisense oligonucleotide studies have
all demonstrated amelioration of HD-like symptoms upon
reduction of mHtt expression levels (5—8). Therefore, mecha-
nisms to reduce the cellular load of the disease-causing mHtt
protein, such as via enhancement of its clearance and degrada-
tion, represent promising therapeutic strategies.

Heat shock proteins play an important role in protein folding
and quality control. In the context of polyglutamine diseases,
such as HD, heat shock protein 70 (Hsp70; Hspala/b), Hsp40
(Dnajb1), and Hsp90 (Hsp90aal and Hsp90ab1) have been the
subject of several studies. Elevation of Hsp70 levels has been
found to be neuroprotective in several animal models (9). For
instance, Hsp70 overexpression suppressed neuropathology
and improved motor function in a spinocerebellar ataxia mouse
model (10). Furthermore, Hsp70 and Hsp40 attenuated assem-
bly of polyglutamine proteins into amyloid-like fibrils (11, 12).

Hsp90 comprises about 1-2% of total cellular protein (13). It
uses ATP hydrolysis to fold and maturate client proteins and
interacts with more than 20 co-chaperones (13, 14). Notably,
Hsp90 is described to preferentially bind to partially folded
intermediates, suggesting a role in the maturation of metastable
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proteins late in their folding pathway (13, 15, 16). Currently,
more than 200 Hsp90 clients have been identified, including a
range of oncogenic proteins (17). Hsp90 inhibitors, such as the
geldanamycin derivatives 17-allylamino-17-demethoxygel-
danamycin and 17-dimethylaminoethylamino-17-demethoxy-
geldanamycin as well as other structural classes, including
NVP-AUY922, are in clinical development as cancer therapies
(17, 18). Pharmacological inhibition of Hsp90 induces a heat
shock response (HSR) after release of the transcription factor
heat shock factor 1 (Hsf1) from the Hsp90 chaperone complex.
Hsfl in turn induces the expression of other heat shock pro-
teins, such as Hsp70 (9, 13). Induction of Hsp70 after Hsp90
inhibition using geldanamycin inhibited mHtt exon 1 protein
aggregation (19), whereas loss of Hsp70 exacerbated pathogen-
esis in a mouse model of HD (20).

We conducted a high throughput screen aimed at identifying
molecules that enhance degradation or clearance of soluble
mHtt. Among the hits identified that reduced mHtt levels with-
out overt toxic and nonspecific effects, we discovered a single
class of compounds possessing a known mechanism of action,
Hsp90 inhibition. Unexpectedly, an HSR induced after Hsp90
inhibition was not required for the degradation of soluble mHtt.
We provide evidence that mutant and wild-type Htt are client
proteins of Hsp90 and that the chaperoning function of Hsp90
is critical for maintaining the stability of mHtt in different cel-
lular systems. Pharmacological inhibition of Hsp90 destabilizes
mHtt and facilitates its clearance through the ubiquitin-protea-
some system (UPS).

EXPERIMENTAL PROCEDURES

High Throughput Screening—The screen was conducted in a
1536-well format as described previously (21). PicoGreen
(Invitrogen, P11495; 1:1200) and caspase 3/7 (Promega, G8091)
assays to exclude putative toxic compounds were performed
according to instructions from the manufacturers.

Cell Lines—HN10-Htt cell lines were cultured as described
(22). mHtt expression was induced by the addition of 750 nm
RSL1 to the growth medium. Mouse embryonic stem (ES) cells
expressing a 1000-amino acid fragment or full-length mHtt
(Q145) from the ROSA26 locus and HdhQ150 ES cells (23) were
cultured in 3i-medium (24). Neurons were derived from ES
cells as described (25). HEK293T cells were cultured in DMEM
supplemented with Glutamax (Invitrogen, 32430) and 10% fetal
calf serum.

Transient Transfections—Transfections of HEK293T and
HN10 cells with plasmids/siRNAs were done using Lipo-
fectamine 2000 (Invitrogen, 11668-019). The plasmids used
were human Htt573Q72/pER (CMV promoter), hemagglutinin
(HA)-tagged ubiquitin/pSG5 (SV40 promoter), HSF-1 domi-
nant negative/pcDNA5 (26), and GFP/pLL3.7 (CMV pro-
moter). For siRNA transfections, HN10-573Q72 cells (10°
cells in 500 ul) were seeded into 24-well dishes containing 50 ul
of siRNA stock solutions in Opti-MEM (Invitrogen) and 50 ul
of transfection reagent (Lipofectamine diluted 1:50 in Opti-
MEM), and the cells were cultured for 48 h. Mixtures of siRNAs
targeting mouse Hsp90aal and Hsp90ab1 (Qiagen; final con-
centration of each siRNA, 12.5 nm) or negative control siRNAs
(Ambion AM4611 and AM4613; 25 nm) were used (Hsp90sil:
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Hsp90aal, 5'-cccgtgaaatgctgcaacaaa; Hsp90abl, 5'-aacaaagaa-
gatcaaagagaa; Hsp90si2: Hsp90aal, 5'-cagaaagaatttggtcaagaa;
Hsp90abl, 5'-ccgcaagaacatcgtcaagaa).

Western Blot and Antibodies—Cells were harvested and lysed
in ice-cooled lysis buffer (phosphate-buffered saline (Invitro-
gen, 14190), 1% Triton X-100), containing protease inhibitors
(Roche Applied Science Complete, 11836145001). Lysates were
kept onice for 15 min before centrifugation for 10 min at 13,000
rpm at 4 °C. The BCA assay (Thermo Scientific, 23227) was
used for protein quantification. Samples were diluted in
NuPAGE loading buffer (Invitrogen, NP0007 and NP0009) and
heated for 10 min at 95 °C. The samples (ES cells, 15 pg; HN10
cells, 10 ug) were loaded onto 4—12% NuPAGE Bis-Tris gels or
3-8% Tris acetate gels (Invitrogen, NP0335 and EA03752).
Semidry protein transfer (Ancos, LV8428062) to PVDF mem-
branes (Millipore, Immobilon-P PVH00010) was performed in
NuPAGE transfer buffer (Invitrogen, NP0006-1) for 1 hat 15V,
and the membrane was then incubated for 1 h in 20 mm Tris-Cl,
137 mm NaCl, pH 7.6, 0.1% Tween 20, 5% (w/v) dried milk.
Incubation with primary antibodies was done overnight (o/N)
at 4 °C before secondary horseradish peroxidase-conjugated
goat anti-mouse (Chemicon, AP127P) or goat anti-rabbit anti-
bodies (Jackson ImmunoResearch Laboratories, 111-035-144)
were applied for 1 h. The ECL reagent (GE Healthcare) was used
for protein visualization. Densitometric quantification of
Western blots was done from x-rays using the Image] software
(signals were normalized to tubulin). The following primary
antibodies were used: 2B7 (anti-Htt; custom production by
NanoTools, Freiburg, Germany), MW1 (anti-poly(Q); Devel-
opmental Studies Hybridoma Bank; Ref. 27), Hsp90 (Stressgen,
SPS-771 and SPA-830), Hsp25 (Stressgen, SPA-801), Hsp40
(Stressgen, SPA-400), Hsp70 (Stressgen, SPA-810), Hsfl
(Stressgen, SPA-901), a-tubulin (Abcam, ab28037), Akt (Cell
Signaling Technology, 9272), phospho-Akt (Cell Signaling
Technology, 9275), ubiquitin (Millipore, MAB1510), p23
(Alexis, ALX-804-023), and HA (Roche Applied Science,
12CA5).

Co-immunoprecipitation—HN10 and ES cells were lysed
(Dounce homogenizer) in ice-cold IP lysis buffer (20 mm Tris-
HCI, pH 7.4, 50 mm NaCl, 5 mm MgCl,, 1 mm EDTA, 20 mm
sodium molybdate, 4 mm sodium orthovanadate, 0.02% Non-
idet-P40, Roche Applied Science Complete protease inhibi-
tors). The samples were left on ice for 15 min and centrifuged
for 10 min at 13,000 rpm at 4 °C. 150 ul of lysate (~150 ug of
protein) were incubated o/N with 2 ug of Hsp90 or p23 anti-
body. Afterward, the samples were incubated for 30 min with 15
pl of protein G-Sepharose 4 fast flow beads (GE Healthcare,
17-0618-01) and subsequently washed three times with lysis
buffer and once in lysis buffer containing 20 mm Hepes, pH 8.0.
NuPAGE loading buffer was added to the dried beads, and the
samples were heated for 10 min at 95 °C.

Compounds—NVP-AUY922 was synthesized at Novartis (10
mM stock solution in dimethyl sulfoxide (DMSO)). Proteasome
inhibitors epoxomicin and MG132 (Calbiochem, 324800 and
474790), cycloheximide (Sigma-Aldrich), and RSL1 (New Eng-
land Biolabs) were used.

Ubiquitination Assay—HN10 and HEK293T cells were tran-
siently transfected with HA-ubiquitin and Htt573Q72 plas-
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mids. After 24 h, the medium was replaced, and the cells were
treated o/N with Hsp90 and/or proteasome inhibitors. Two
days after transfection, the cells were lysed in 50 mm Hepes, pH
8.0, 250 mm NaCl, 5 mm EDTA, 0.1% Nonidet-P40, Roche
Applied Science Complete protease inhibitors), and aliquots
(~500 ug of total protein) were incubated o/N with 5 ug of
anti-Htt 2B7 antibody and subsequently for 30 min with 15 ul
of protein G-Sepharose 4 beads. HA-ubiquitin immunoprecipi-
tation was done using an anti-HA magnetic bead kit (WMACS
HA, Miltenyi Biotec).

Time-resolved Forster Resonance Energy Transfer (TR-
FRET)—Assays were performed as described previously (21,
28, 29). Briefly, cells were lysed in PBS, 1% Triton X-100 and
incubated at room temperature for 30 min with shaking.
Then, 5 ul of lysate (HN10 cells, 2 ng; ES cells, 5 nug) were
transferred to alow volume plate (Greiner Bio-One, 784080),
and 1 pl of antibody mixture added. For detection of
Htt573Q72 expressed from the HN10 cell line, the antibod-
ies 2B7-terbium (Tb)/B1-d2 (intact Htt573Q72) or 2B7-Tb/
MW1-d2 (total Htt573Q72) were used. mHtt expressed from
HdhQ150 cells was measured with 2B7-Tb/MW1-d2. Fluo-
rophore labeling of antibodies was performed by CisBio Bio-
assays (Parc Marcel Boiteux, France). TR-FRET measure-
ments were done after 1-h incubation at room temperature
using an EnVision reader (PerkinElmer Life Sciences; exci-
tation, 320 nm, time delay, 100 ms; integration time, 400 ms).
Values (means from at least three experiments £S.D.; dupli-
cate or triplicate determinations) are expressed as the ratio
between the emissions at 665 and 620 nm; background sig-
nals (antibodies in lysis buffer) were subtracted. The ¢ test
was used to assess significance.

RESULTS

High Throughput Screen Identifies Hsp90 Inhibitors as
Enhancers of Mutant Huntingtin Degradation—QOur aim was to
identify mechanisms to reduce cellular levels of soluble mHtt.
To this end, screening of the Novartis compound library (~2 X
10° compounds) was performed using a mouse hippocampal
HN10 cell line expressing an inducible 31 epitope-tagged, 573-
amino acid N-terminal fragment of human Htt with 72 gluta-
mine residues (Htt573Q72) as described (22). This cell line does
not produce readily detectable mHtt aggregates. Soluble mHtt
levels were measured using a sensitive, homogeneous TR-FRET
assay (21, 29). Toxic compounds and structures that interfered
with the TR-FRET assay readout were excluded as described
(21). Compounds affecting mHtt levels by inhibition of the
inducible expression system were identified in HN10 cells
expressing Gaussia luciferase from the expression vector as
used for mHtt (not shown). The remaining hits were then
selected for further validation (Fig. 14). Compounds reducing
mHtt protein levels were confirmed in concentration-response
curves, and effects were compared with readouts for cytotoxic-
ity, such as caspase 3 activation and DNA fragmentation (Fig.
1B). After review of the chemical structures, it became apparent
that several hits, comprising different structural classes, had
previously been characterized to act by a common mechanism
of action, ATP competitive inhibition of Hsp90. Hsp90 inhibi-
tory activity of compounds identified from the screen was con-
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FIGURE 1. High throughput screening identifies Hsp90 inhibitors as mod-
ulators of mHtt degradation. A, visualization of primary screen data for
compounds with known mode of action. The Hsp90 inhibitor compounds are
labeled. The dotted line denotes the cutoff used for hit selection (3 X S.D.). B,
examples of profiles of three different Hsp90 inhibitor structures identified
from the screen by biochemical (upper panel) and Western blot analyses
(lower panel). TR-FRET detection of the entire Htt573Q72 fragment was done
with the antibody combination (2B7-Tb and 81-d2) binding to the N-terminal
17 amino acids of Htt and to the C-terminal B1 tag, respectively (intact Htt).
MW?1-d2 binds to the poly(Q) region of mHtt and in combination with 2B7-
Tb detects N-terminal mHtt fragments (total Htt). DNA fragmentation
(PicoGreen) and caspase 3 activation assays were done to assess cytotoxicity.
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firmed in radicicol binding assays as described (not shown)
(30). The compounds caused a concentration-dependent
reduction of the Htt573Q72 protein expressed in the HN10 cell
line without overt cytotoxic effects as measured by TR-FRET
and Western blot readouts (Fig. 1B).

For further characterization of the mechanism of mHtt clear-
ance after Hsp90 inhibition, we used a potent and selective
Hsp90 inhibitor compound, NVP-AUY922, that had been
described previously (31, 32). In a manner similar to the Hsp90
inhibitors shown in Fig. 1B, NVP-AUY922 concentration-de-
pendently reduced Htt573Q72 protein levels. Application of 30
nM or higher concentrations to HN10-Htt573Q72 cells signifi-
cantly reduced mHtt protein as evidenced by Western blots and
quantified using TR-FRET (p < 0.001; Fig. 2, A and B). The
expression of endogenous wild-type Htt in HN10 cells was also
reduced, however with lower efficacy (Fig. 24). NVP-AUY922
treatment reduced the levels of phosphorylated Akt and to a
lesser extent of the non-phosphorylated form as expected for an
Hsp90 client protein (14). Interestingly, in HN10 cells, NVP-
AUY922 did not induce expression of Hsp70 protein, an estab-
lished marker for the HSR after Hsp90 inhibition (Figs. 2, A and
B, and 44) (9, 13). The observed potency of NVP-AUY922 cor-
related well with IC,, values of 8 and 21 nm at Hsp90« and
Hsp90p, respectively, from binding experiments (32). Destabi-
lization of soluble mHtt could induce the formation of aggre-
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FIGURE 2. Pharmacological and genetic Hsp90 inhibition induces mHtt
degradation. HN10-Htt cell lines were cultured for 3 days in medium con-
taining 750 nmRSL1 to induce Htt expression. The cells were then treated with
NVP-AUY922 as indicated in RSL1-containing medium (A and C; “steady
state”; harvested after 24 h) or in medium without RSL1 to turn off inducible
Htt expression (B and D; “washout”; harvested after 16 h). A and B, Western
blots (upper panels) and TR-FRET quantifications (lower panels) of NVP-
AUY922 effects in HN10-Htt573Q72 cells. C and D, NVP-AUY922 effects on
HN10 cells co-expressing mutant (Htt573Q72) and wild-type (Htt572Q25)
fragments. Because the TR-FRET assay lacks the ability to detect only wild-
type Htt, quantification was done by densitometry (lower panels). E,
siRNA-mediated down-modulation of Hsp90 decreases Htt573Q72 in HN10
cells. Induced cells were transfected with different siRNA mixtures targeting
Hsp90aal and Hsp90ab1 (Hsp90si1/2) and control siRNAs (Neg_si1/2) as
described under “Experimental “Procedures.” The signals were normalized to
Neg_si1; mHtt and Hsp90 were quantified by TR-FRET (2B7-Tb and MW1-d2)
and densitometry, respectively. **, p < 0.001; *, p < 0.01; n = 3. Error bars
denote S.D. Endog., endogenous; pAkt, phosphorylated Akt.

gates. However, we did not observe aggregates in the gel slots
after NVP-AUY922 treatment (supplemental Fig. S1).

To assess the selectivity of the effect over wild-type Hitt, the
Hsp90 inhibitor was applied to an HN10 cell line expressing
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both the mutant (Htt573Q72) and the wild-type (Htt573Q25)
Htt fragments. NVP-AUY922 treatment affected both mutant
and wild-type forms; however, the decline of mHtt appeared
somewhat more pronounced compared with the wild-type
fragment (Fig. 2, C and D).

To rule out the possibility that the observed effects of NVP-
AUY922 on Htt degradation were mediated by interference
with the inducible expression system, cells were cultured in
medium without the inducer ligand RSL1 from the time of
Hsp90 inhibitor application onward (Fig. 2, B and D). Removal
of RSL1 turns off inducible Htt transcription. Also under these
conditions, Htt573Q72 protein clearance was significantly
enhanced compared with DMSO vehicle treatment (p < 0.001),
suggesting that NVP-AUY922 acts at the Htt protein but not at
the RNA level.

Transfection of HN10-Htt573Q72 cells with mixtures of
siRNAs targeting both cytoplasmic Hsp90 isoforms (Hsp90aal
and Hsp90abl) substantially reduced Hsp90 protein levels
compared with control siRNAs (Fig. 1E). This led to a concom-
itant decrease of Htt573Q72 protein, thus demonstrating that
non-pharmacological inactivation of Hsp90 by siRNAs also
reduced cellular levels of mHtt (Fig. 1E).

We extended our studies to knock-in HdhQ150 ES cells
expressing full-length mHtt (Fig. 3). As observed for the HN10
cell line, the presence of NVP-AUY922 reduced both mutant as
well as wild-type Htt as shown by Western blots with mHtt-
(MW1) and pan-selective Htt antibodies (2B7; Fig. 3A). The
MWT1 antibody binds to expanded poly(Q) only and does not
detect wild-type mouse Htt (29). NVP-AUY922 induced a
strong up-regulation of Hsp70 in ES cells (Figs. 2 and 3) in
contrast to HN10 cells. Lysates were analyzed at different time
points after initiating treatment (Fig. 3B). A concentration of
0.3 uM NVP-AUY922 caused a significant reduction of mHtt
compared with control-treated cells after 36 h (p < 0.01; Fig.
3B). To investigate the effect of Hsp90 inhibition on full-length
human mHtt in a neuronal context, mouse ES cells expressing
mHtt were differentiated into neurons as described (25). NVP-
AUY922 concentration- and time-dependently reduced mHtt
protein levels as measured by Western blot and TR-FRET (Fig.
3C). As observed with HdhQ150 ES cells, NVP-AUY922 caused
a concentration-dependent induction of Hsp70 protein expres-
sion (Fig. 3C).

Inhibition of Hsp90 Chaperone Function Rather than Induc-
tion of Heat Shock Response Is Critical for NVP-AUY922-in-
duced Degradation of Soluble mHtt—Pharmacological Hsp90
inhibition can facilitate protein degradation either through dis-
ruption of the Hsp90 chaperone-client protein complex or indi-
rectly via Hsfl-mediated induction of other heat shock pro-
teins, such as Hsp70 and Hsp40. We noted a lack of Hsp70 and
Hsp25 (HspbI) induction after NVP-AUY922 treatment in the
HN10 cell line used in the primary screen (Fig. 44), suggesting
that the HSR is not essential for the degradation of soluble mHtt
after Hsp90 inhibition. Application of a 0.3 uM concentration of
the protein synthesis inhibitor cycloheximide to HN10 cells for
24 h did not block NVP-AUY922-induced mHtt degradation
(Fig. 4B). Similarly, cycloheximide did not affect mHtt degrada-
tion in HdhQ150 cells but completely abolished Hsp70 induc-
tion (Fig. 4C). Furthermore, overexpression of dominant nega-
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FIGURE 3. NVP-AUY922 application reduces levels of full-length mHtt in HdhQ150 ES cells and in ES cell-derived neurons. HdhQ150 ES cell (heterozy-
gous) Western blot data for mHtt and selected marker proteins after o/N application (A) or application of 0.3 um NVP-AUY922 for different time frames (B) are
shown. B, lower panel, quantification of mHtt by TR-FRET (2B7-Tb and MW1-d2; *, p = 0.012; **, p = 0.006 versus DMSO at time points; n = 3). C, ES cells
expressing full-length mHtt with 145 glutamine residues were differentiated into neurons and cultured for 14 days. NVP-AUY922 at the different concentra-
tions indicated was applied o/N or for the indicated time points. Upper panel, Western blots; lower panel, quantification of mHtt by TR-FRET (2B7-Tb/MW1-d2).
*,p = 0.002; **, p < 0.001 (versus DMSO; n = 3). Error bars denote S.D. pAkt, phosphorylated Akt.

tive Hsfl (Hsf1-DN) (26) in HdhQ150 cells attenuated Hsp70
induction but did not block mHtt degradation induced by
NVP-AUY922 (Fig. 4D). The data suggested that Hsp90 inhibi-
tion-mediated degradation of soluble mHtt was independent of
Hsp70 induction.

Mutant and Wild-type Htt Are Client Proteins of Hsp90—Co-
immunoprecipitation experiments were performed on Htt-ex-
pressing HN10 cells treated for 4 h with 0.3 um NVP-AUY922
or DMSO (Fig. 5, A and B). An antibody directed against Hsp90
co-immunoprecipitated Htt573Q72 as well as the Hsp90 co-
chaperone p23 (33) from lysates of DMSO but not from NVP-
AUY922-treated cells (Fig. 5A). Likewise, Htt573Q72 and
Hsp90 were co-immunoprecipitated by p23 antibodies from
lysates of DMSO but not from NVP-AUY922-treated cells (Fig.
5A). Pharmacological Hsp90 inhibition promotes dissociation
of p23 from the Hsp90-client protein complex (33), and thus
the absence of co-immunoprecipitation after compound treat-
ment provided a control for Hsp90 inhibition by NVP-AUY922.
Hsp90 antibody also co-immunoprecipitated the wild-type Htt
(Htt573Q25) fragment and endogenous full-length wild-type
Htt from HN10 cells (Fig. 5B). Hsp90/mHtt interaction was also
observed in lysates from ES cells expressing either an N-termi-
nal 1000-amino acid fragment or full-length mHtt (Fig. 5C).
Again, the molecular interaction was disrupted after Hsp90
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inhibitor treatment. In summary, the co-immunoprecipitation
data suggested that mutant and wild-type Htt are client pro-
teins of Hsp90 and that inhibition of Hsp90 chaperoning activ-
ity led to destabilization and subsequent degradation of Htt.

Hsp90 Inhibition Facilitates mHtt Degradation through
Proteasome—To further investigate the mechanisms of mHtt
clearance after Hsp90 inhibition, HN10-Htt573Q72 and
Htt573Q25 cells were treated with NVP-AUY922 at different
concentrations in the presence or absence of the proteasome
inhibitor epoxomicin. The clearance of the wild-type
Htt573Q25 was attenuated by epoxomicin (Fig. 6A4). In con-
trast, Htt573Q72 degradation was not significantly affected by
epoxomicin when applied alone, suggesting that mHtt nor-
mally is not effectively cleared through the proteasome (Fig.
6A). However, in the presence of NVP-AUY922, epoxomicin
treatment partially attenuated Htt573Q72 degradation. We
postulate that mHtt, in contrast to wild-type Htt, became a
substrate for the UPS only when released from the Hsp90
complex.

To further investigate degradation kinetics, HN10-
Htt573Q72 and Htt573Q25 cells were cultured for 3 days in
medium containing a 750 nMm concentration of the mHtt
expression-inducing ligand RSL1. Subsequently, the cells were
cultured in non-inducing medium (washout) in the presence or
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FIGURE 4. Degradation of mHtt after Hsp90 inhibition does not require
induction of Hsp70. A, Western blot analysis of the expression of heat shock
proteins in lysates from HN10-Htt573Q72 (HN10) and HdhQ150 cells. In con-
trast to HdhQ150 cells, 0.3 um NVP-AUY922 does notinduce Hsp70 and Hsp25
in HN10 cells. Band C, application of 0.3 um cycloheximide for 24 h to HN10 (B)
or HdhQ150 cells (C) does not abolish mHtt degradation induced by 0.3 um
NVP-AUY922 (24-h application; control, DMSO; n = 4). HN10-Htt573Q72 cells
were cultured in medium without expression inducer ligand RSL1 from the
time of compound addition onward (washout). In HdhQ150 cells, 0.3 um
cycloheximide abolishes Hsp70 induction. D, transient overexpression (36 h)
of Hsf1-DN in HdhQ150 cells attenuates NVP-AUY922-induced Hsp70 induc-
tion (*, p < 0.01 versus GFP; n = 3) but does not affect mHtt degradation (**,
p < 0.001 versus DMSO; n = 6). B-D, upper panels, mHtt TR-FRET and Hsp70
quantifications; lower panels, Western blots. Error bars denote S.D. a.u., arbi-
trary units; Cycloh., cycloheximide.

absence of 5 uM NVP-AUY922 and/or 50 nM epoxomicin.
Again, Hsp90 inhibition by NVP-AUY922 facilitated both
mutant and wild-type Htt degradation, which was partially
attenuated by proteasome inhibition (Fig. 6B).

Ubiquitination of mHtt Is Increased upon Hsp90 Inhibi-
tion—Proteasomal degradation requires protein polyubiquiti-
nation. We failed to conclusively demonstrate ubiquitination of
the Htt573Q72 fragment expressed from the Htt-HN10 cell
lines probably due to limited detection sensitivity (not
shown). Therefore, we switched to a transient expression
system. Plasmid constructs expressing HA-tagged ubiquitin
and Htt573Q72 were transiently transfected into HN10 cells.
The cells were then treated overnight with NVP-AUY922 in the
presence or absence of the proteasome inhibitor epoxomicin.
Immunoprecipitation was conducted with antibodies directed
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FIGURE 5. Mutant and wild-type Htt interact with Hsp90 chaperone com-
plex. Induced Htt-expressing HN10 cell lines (A and B) or ES cells (C) were
incubated for 4 h with 0.3 um NVP-AUY922 or DMSO in medium without
expression inducer ligand RSL1 (washout). Immunoprecipitation (/P) was
done using the antibodies as indicated. Whole cell lysates (Lysate) were
loaded as a control. A, Hsp90 and p23 antibodies co-immunoprecipitate
Htt573Q72 from HN10 cells; the interaction is abolished by NVP-AUY922. B,
Hsp90 antibody co-immunoprecipitates Htt573Q72 and Htt573Q25 frag-
ments as well as endogenous wild-type Htt from HN10 cells co-expressing
mutant and wild-type fragments. C, Hsp90 antibody co-immunoprecipitates
mHtt from ES cell lines expressing either a full-length (fl) or a 1000-amino acid
N-terminal fragment transgene (7000aa) with 145 glutamine residues. NVP-
AUY922 or DMSO application was for 4 h. Note that full-length transgenic
mHtt (f) migrates close to wild-type Htt endogenously (endog.) expressed
from the cells and that there is a nonspecific band at the size of the 1000-
amino acid fragment detected with Htt antibody 2B7.

against HA and Htt (Fig. 7). Proteasome inhibition revealed
basal levels of mHtt ubiquitination that increased in the pres-
ence of Hsp90 inhibition, supporting the conclusion that Hsp90
inhibition triggered Htt ubiquitination (Fig. 7). Qualitatively
similar data were obtained with Htt573Q72 expressed in
HEK293 cells using the proteasome inhibitor MG132 (supple-
mental Fig. S2).

DISCUSSION

We identified Hsp90 inhibitors as enhancers of mHtt degra-
dation from a high throughput compound screen. The screen
was aimed at exploring mechanisms that reduce cellular levels
of soluble mHtt as this would be expected to lead to a reduction
of the total cellular pool of mHtt, including aggregates and
other, potentially toxic intermediate forms of mHtt. Treatment
with NVP-AUY922 reduced mHtt levels in different cell types,
including ES cell-derived neurons (Figs. 2 and 3).
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inhibitor epoxomicin, or a combination of the two was applied o/N. Immuno-
precipitation (IP) was performed using anti-HA (Roche Applied Science,
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To investigate a possible selective effect on mHtt, an HN10
cell line co-expressing both mutant (Htt573Q72) and wild-type
(Htt573Q25) forms was analyzed. NVP-AUY922-induced
reduction of both mutant and wild-type Htt was somewhat
more efficacious at mHtt (Fig. 2, C and D). Similarly, in
HdhQ150 cells, both mutant and wild-type full-length Htt were
affected by Hsp90 inhibitor treatment (Fig. 3). However, sub-
stantially lower protein expression levels of mutant compared
with wild-type Htt prohibited a meaningful quantification of
NVP-AUY922 effects in this cell line. Co-immunoprecipitation
experiments did not provide evidence of Hsp90 binding prefer-
ence for mutant versus wild-type Htt (Fig. 5B). However, it is
tempting to speculate that the difference observed in terms of
proteasome sensitivity for wild-type and mutant Htt in the
absence of Hsp90 inhibitors (Fig. 6) may be caused by a differ-

1412 JOURNAL OF BIOLOGICAL CHEMISTRY

ence in affinity for Hsp90. In summary, it is evident that Hsp90
inhibition by NVP-AUY922 enhanced the clearance of both
mutant and wild-type Htt (Figs. 2, 3, 5, and 6). Genetic inacti-
vation of both Htt alleles is lethal during development, demon-
strating essential functions of wild-type Htt (34). Therefore, the
value of mechanisms targeting both mutant and wild-type Htt
remains questionable. However, siRNA and antisense oligonu-
cleotide approaches targeting both mutant and wild-type Htt
ameliorated HD-like symptoms and did not produce overt side
effects in animal models (7), suggesting that a concomitant
decrease of both mutant and wild-type Htt may be beneficial in
HD.

Disruption of the Hsp90-client complex facilitates protea-
somal degradation of client proteins (13). Hsp90 inhibitors also
induce a stress response via Hsf1, leading to induction of other
heat shock proteins, such as Hsp70 and Hsp40. This can medi-
ate an indirect clearance of protein aggregates especially via
Hsp70-dependent E3 ubiquitin ligases (9, 13). We identified
Hsp90 inhibitors in a screen using an Htt573Q72-overexpress-
ing hippocampal HN10 cell line. In this cell line, mHtt, how-
ever, was reduced after Hsp90 inhibitor treatment in the
absence of any detectable Hsp70 induction (Figs. 2 and 4). In
contrast, the Hsp70 antibody used readily detected a strong
induction of Hsp70 after NVP-AUY922 treatment of mouse
HdhQ150 cells and in mouse ES cell-derived neurons (Figs. 3
and 4). In support of the HN10 cell data, a previous study on rat
primary hippocampal neurons documented a lack of Hsfl and
Hsp70 induction after heat shock in contrast to several other
neuronal cell types investigated (35). Inhibition of protein syn-
thesis with cycloheximide or overexpression of dominant neg-
ative Hsfl attenuated Hsp70 induction in HdhQ150 cells but
did not inhibit NVP-AUY922-induced mHtt degradation (Fig.
4), demonstrating that disruption of the Hsp90-client protein
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complex, rather than Hsp70 induction, facilitated mHtt clear-
ance. Studies on the androgen receptor mutated in spinobulbar
muscular atrophy further support the notion that destabilizing
the Hsp90-client protein complex can induce clearance of poly-
glutamine proteins independently of an HSR. 17-Allylamino-
17-demethoxygeldanamycin-induced clearance of mutant
androgen receptor appeared to be uncoupled from Hsp70 as
only limited amounts of Hsp70 and Hsp40 were induced in vivo
(36). Furthermore, the Hsp90 inhibitor 17-dimethylaminoeth-
ylamino-17-demethoxygeldanamycin enhanced proteasomal
clearance of mutant androgen receptor even when Hsp70
induction was blocked by siRNAs (37). Moreover, Hsp90 inhi-
bition blocked the formation of mutant androgen receptor
aggregates in Hsfl knock-out mouse embryonic fibroblasts that
cannot induce Hsp70 and Hsp40 (38). In summary, the data
provide strong evidence that the mechanism of Hsp90 inhibi-
tor-mediated degradation of soluble mHtt is the disruption of
the Hsp90-mHrtt client protein complex. Of note, a recent study
has revealed an impairment of the HSR in HD mouse models
(39). Our data suggest that the HSR is not essential for Hsp90-
mediated degradation of soluble mHtt.

Co-immunoprecipitation revealed a physical interaction of
mutant and wild-type Htt with the Hsp90 chaperone complex
(Fig. 5), and pharmacological inhibition of Hsp90 induced Htt
degradation (Figs. 1-4 and 6). Thus, considering established
criteria for Hsp90 clients (13), our data support the conclusion
that mutant and wild-type Htt are client proteins of Hsp90. In
the absence of Hsp90 inhibitor, clearance of wild-type
Htt573Q25 but not of mutant Htt573Q72 was dependent on
the activity of the proteasome, suggesting that association to
the Hsp90 complex may protect mHtt from proteasome-de-
pendent degradation (Fig. 6A). However, proteasome inhibi-
tion partially attenuated the clearance of mHtt after NVP-
AUY922 treatment (Fig. 6), demonstrating that degradation
through the UPS is facilitated after release of mHtt from the
Hsp90 chaperone complex. In support of this degradation path-
way, mHtt ubiquitination was increased after Hsp90 inhibition
(Fig. 7). Possibly, Hsp90-associated mHtt remains protected
from the intervention of ubiquitin ligases, thereby explaining
why mHtt becomes a substrate for UPS degradation only when
dissociated from the Hsp90 complex. Nevertheless, in the pres-
ence of NVP-AUY922, mHtt degradation was only partially
attenuated by proteasome inhibition. This may provide evi-
dence for additional, yet to be elucidated, epoxomicin-inde-
pendent cellular degradation pathways of mHtt. The cellular
mechanisms of mHtt degradation and a possible contribution
of altered UPS functionality to disease pathology are still under
debate. Although some studies reported an impairment of the
UPS, others concluded that mHtt does not lead to proteasomal
dysfunction (40-43). In the transgenic R6/2 model of HD,
which is characterized by rapid disease progression, protea-
some activity was not altered compared with wild-type mice
(44).

In conclusion, our data show that clearance of soluble mHtt
in different cellular systems, including ES cell-derived neurons,
can be induced via Hsp90 inhibition. mHtt is stabilized by the
Hsp90 chaperone complex, and pharmacological inhibition
facilitates mHtt release and proteasomal degradation. This
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effect is independent of a general HSR and Hsp70 induction.
Because Hsp90 inhibition is expected to influence a variety of
client proteins, it is currently uncertain whether targeting
Hsp90 is selective enough to provide a means for therapeutic
intervention in HD. However, further investigation of Hsp90
inhibitors and of mechanisms targeting Hsp90 co-chaperone
functions in HD are warranted.
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