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ABSTRACT

Aggregation of a-synuclein (asyn) is a hallmark of sporadic and
familial Parkinson’s disease (PD) and dementia with Lewy bod-
ies. Lewy bodies contain asyn and several heat shock proteins
(Hsp), a family of molecular chaperones up-regulated by the
cell under stress. We have previously shown that direct expres-
sion of Hsp70 and pharmacological up-regulation of Hsp70 by
geldanamycin, an Hsp90 inhibitor, are protective against asyn-
induced toxicity and prevent aggregation in culture. Here, we
use a novel protein complementation assay to screen a series
of small-molecule Hsp90 inhibitors for their ability to prevent
asyn oligomerization and rescue toxicity. By use of this assay,
we found that several compounds prevented asyn oligomeriza-

tion as measured by decreased luciferase activity, led to a
reduction in high-molecular-mass oligomeric asyn, and pro-
tected against asyn cytotoxicity. A lead compound, SNX-0723
(2-fluoro-6-[(3S)-tetrahydrofuran-3-ylamino]-4-(3,6,6-trimethyl-
4-ox0-4,5,6,7-tetrahydro-1H-indol-1-yl)benzamide) was deter-
mined to have an ECg, for inhibition of asyn oligomerization
of approximately 48 nM and was able to rescue asyn-in-
duced toxicity. In vivo assessment of SNX-0723 showed
significant brain concentrations along with induction of brain
Hsp70. With a low ECg,, brain permeability, and oral avail-
ability, these novel inhibitors represent an exciting new ther-
apeutic strategy for PD.

Cytoplasmic depositions of a-synuclein (asyn) aggregates
are a major component of Lewy bodies (Spillantini et al.,
1997), the characteristic inclusions observed in both sporadic
and familial cases of Parkinson’s disease (PD) and related
disorders. Point mutations in the asyn gene (Polymeropoulos
et al., 1997; Kriiger et al., 1998; Zarranz et al., 2004), as well
as gene duplication and multiplication of the asyn gene locus
(Singleton et al., 2003), can lead to asyn deposits and toxicity,
although the mechanism of this process is unclear. However,
recent evidence implicates a prefibrillar, oligomeric species of
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asyn as a vital toxic intermediate in the process of neurode-
generation (Conway et al., 2000; Uversky et al., 2001; Volles
and Lansbury, 2003; Dedmon et al., 2005; El-Agnaf et al.,
2006; Danzer et al., 2007; Outeiro et al., 2008). If oligomeric
species of asyn are toxic, an important therapeutic strategy
would be to reduce rates of oligomerization or oligomer levels,
thereby potentially rescuing asyn-induced cell death and pre-
venting disease progression.

In general, protein misfolding and aggregation can be pre-
vented by the machinery of the molecular chaperone system.
Hsp70, in particular, is up-regulated as part of a stress
response to protein misfolding and aggregation and protects
against misfolded asyn-induced toxicity and neurodegenera-
tion by refolding pathogenic species of asyn and/or directing
the misfolded species toward proteasomal or lysosomal deg-

ABBREVIATIONS: asyn, a-synuclein; PD, Parkinson’s disease; S1, asyn-hGLuc(1); S2, asyn-hGLuc(2); Hsp, heat shock protein; HSF-1, heat
shock factor 1; GA, geldanamycin; 17-AAG, 17-(allylamino)-17-demethoxygeldanamycin; 17-DMAG, 17-dimethylaminoethylamino-17-deme-
thoxy-geldanamycin; PK, pharmacokinetic; PAGE, polyacrylamide gel electrophoresis; ELISA, enzyme-linked immunosorbent assay; bPCA,
bioluminescent protein complementation assay; SNX-0723, 2-fluoro-6-[(3S)-tetrahydrofuran-3-ylamino]-4-(3,6,6-trimethyl-4-oxo-4,5,6,7-
tetrahydro-1H-indol-1-yl)benzamide; SNX-2112, 4-[6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-yl]-2-[(trans-4-

hydroxycyclohexyl)jamino]benzamide.
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radation (Klucken et al., 2004; McLean et al., 2004; Auluck et
al., 2005; Dedmon et al., 2005; Shin et al., 2005; Tetzlaff et
al., 2008) We and others have previously shown that Hsp70
interacts with overexpressed asyn in in vitro H4 neuroglioma
cells (Klucken et al., 2004; Shin et al., 2005), in Drosophila
(Auluck et al., 2005), and in Masliah line D mouse models
(Klucken et al., 2004) in a neuroprotective manner by de-
creasing higher-molecular-mass asyn species as well as res-
cuing asyn-induced toxicity.

Hsp90 is a molecular chaperone involved in the folding,
stabilization, and binding of many client proteins, and is
believed to be critical for maintaining the integrity of many
signaling cascade pathways in response to cellular stress and
perturbations of the pathways by aberrant expression and/or
mutation (Schulte and Neckers, 1998; Xiao et al., 1999).
Inhibition of Hsp90 chaperone activity results in activation of
heat shock factor-1 (HSF-1) and subsequent activation of
protective stress-induced HSPs such as Hsp70 (Dickey et al.,
2005; Fujikake et al., 2008).

Geldanamycin (GA), a naturally occurring Hsp90 inhib-
itor, has been found to up-regulate Hsp70 and is cytopro-
tective in many assays of misfolded protein-related toxicity
(McLean et al., 2004; Fujikake et al., 2008). GA itself
cannot cross the blood-brain barrier and has considerable
toxicity in cancer trials (Waza et al., 2006; Fujikake et al.,
2008). 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG)
and 17-dimethylaminoethylamino-17-demethoxy-geldana-
mycin (17-DMAG) are much less toxic derivatives of GA that
are blood-brain barrier permeable (Waza et al., 2006; Fu-
jikake et al., 2008), but they have been difficult to formulate,
have limited oral availability, or cause varying degrees of
hepatotoxicity in clinical cancer trials, presumably because of
the reactivity of the chemical core (Chiosis and Tao, 2006;
Cysyk et al., 2006; Okawa et al., 2009).

SNX-2112 represents a class of novel, orally available,
nonchemically reactive, and potent Hsp90 inhibitors that
exhibit excellent antitumor activity in vitro and in vivo
(Chandarlapaty et al., 2008; Okawa et al., 2009). In this
study, we screened a group of synthetic, orally active, small-
molecule Hsp90 inhibitor compounds in this drug class in an
in vitro model of asyn oligomerization and toxicity and for
brain penetration. These compounds are chemically dissimi-
lar to GA and derivatives. We show that novel Hsp90 inhib-
itors can rescue asyn-induced toxicity and decrease oligomer-
ization in vitro in a dose-dependent manner at a lower dose
than 17-AAG. In vivo pharmacokinetic (PK) and pharmacody-
namic studies also indicate that members of this class of Hsp90
inhibitors have good brain absorption and excellent oral bio-
availability, thus making them good candidates for further
evaluation. Together, these data provide important preclinical
information that validates inhibition of Hsp90 as a strong ther-
apeutic strategy in Parkinson’s disease and other neurodegen-
erative disorders linked to protein misfolding.

Materials and Methods

Plasmids

Syn-Lucl (S1) and Syn-Luc2 (S2) were generated, as described pre-
viously (Outeiro et al., 2008), by subcloning asyn into the Not1/Clal
sites of humanized Gaussia luciferase constructs provided by Dr. Ste-
phen Michnick of the University of Montreal (Remy and Michnick,
2006). The Hsp70 and wild-type asyn (pSI-WTsyn) plasmids used in

this study have been described previously (Klucken et al., 2004). Full-
length Gaussia luciferase cDNA was provided by Dr. Bakhos Tannous
of the Massachusetts General Hospital (Tannous et al., 2005).

Cell Culture and Transfection

Human H4 neuroglioma cells (HTB-148; American Type Culture
Collection, Manassas, VA) were maintained in OPTI-MEM growth
media with 10% fetal bovine serum (both from Invitrogen, Carlsbad,
CA) and incubated at 37°C in 5% CO, conditions. H4 cells were
plated to 80 to 90% confluence 16 to 24 h before transfection. They
were transfected by use of Superfect (QIAGEN, Chatsworth, CA)
according to the manufacturer’s protocol. Equimolar plasmid ratios
for all constructs were used.

Toxicity Assay

Toxicity was measured 24 h after transfection by use of the Tox-
ilight cytotoxicity assay kit (Lonza, Rockland, ME) according to the
manufacturer’s instructions.

Gaussia Luciferase Protein Complementation Assay

H4 neuroglioma cells were cotransfected with S1 and S2 in 96-well
plates as described above. At 24 h after transfection, existing cell
media were replaced with serum-free, phenol red-free Opti-MEM
(Invitrogen). The cell-permeable substrate, native Coelenterazine
(Prolume Ltd, Pinetop, AZ) was resuspended in methanol to 1 mg/ml
and dispensed per well by an automated plate reader, the Wallac
1420 Victor2 (PerkinElmer Life and Analytical Sciences, Waltham,
MA) to a final concentration of 20 pM. The signal generated from
substrate-enzyme interaction was integrated over 2 s before mea-
surement at 480 nm.

Enzyme-Linked Immunosorbent Assay for asyn

a-Synuclein concentration was quantified using enzyme-linked im-
munosorbent assay (ELISA) according to the manufacturer’s instruc-
tions (Invitrogen). In brief, a monoclonal antibody specific for asyn was
coated onto the wells and asyn binds simultaneously to the immobilized
monoclonal (capture) antibody and to the solution phase rabbit poly-
clonal (detection) antibody specific for asyn. After washing, a horserad-
ish peroxidase-labeled anti-rabbit IgG (anti-rabbit IgG-horseradish per-
oxidase) is added which binds to the detection antibody to complete the
four-member sandwich. After incubation and washing, substrate solu-
tion is added and absorbance is read at 450 nm. The absorbance is
directly proportional to the concentration of asyn present in the original
specimen. aSyn concentration was determined by plotting sample ab-
sorbances against standards with use of GraphPad Prism fitting soft-
ware (four parameter algorithm).

Native and Denatured PAGE

H4 cells were plated in 60-mm or 100-mm tissue culture dishes
and transfected 18 to 24 h later with use of the transfection proce-
dures described above. Twenty-four hours after transfection, sam-
ples were harvested in 4°C lysis buffer. All samples were lysed with
detergent-free lysis buffer containing protease inhibitors (50 mM
Tris/HCI, pH 7.4, 175 mM NaCl, 5 mM EDTA, pH 8.0).

For denatured SDS-PAGE, samples were sheared with a 27-gauge
1-ml syringe 3 to 4 times and centrifuged for 2 min. The supernatant
was then boiled in 2X Tris glycine sample buffer (Invitrogen) con-
taining B-mercaptoethanol (Sigma-Aldrich, St. Louis, MO) for 5 min
at 100°C, and then run in SDS-containing buffer on 10-well 10 to
20% Tris glycine gels (Invitrogen).

For native blots, samples were harvested 24 h after transfection in
the detergent-free lysis buffer detailed above. The supernatant was
then mixed with 2X SDS-free native Tris glycine sample buffer and
run on 4 to 12% Tris glycine gels. For both denatured and native
blots, protein concentrations were determined before electrophoresis
by use of the bicinchoninic acid protein assay, and 30 pg of each
sample was loaded in per lane.



After electrophoresis, gels were transferred to polyvinylidene di-
fluoride membrane (PerkinElmer Life and Analytical Sciences) and
blocked in 5% milk in Tris-buffered saline containing Tween 20
(TBS-T) for 1 h at room temperature or overnight at 4°C. Membranes
were immunoblotted with primary antibodies (mouse anti-alpha
synuclein, 1:1000; BD Biosciences, San Jose, CA; rabbit anti-Gaussia
luciferase, 1:1000, Prolume Ltd.; rabbit anti-Hsp70, 1:10,000, Stress-
Gen/Assay Designs, Ann Arbor, MI) for 2 h at room temperature or
overnight at 4°C. After three TBS-T washes, membranes were incu-
bated in horseradish peroxidase-conjugated secondary antibodies
(1:2000). Immunoblots were analyzed by use of the enhanced chemi-
luminescence detection system (GE Healthcare, Little Chalfont,
Buckinghamshire, UK).

Pharmacological Treatments In Vitro

Pretreatment. H4 cells were plated into 96-well plates and
treated 6 to 8 h later with 500 nM 17-AAG or 10 nM to 10 pM
synthetic Hsp90 inhibitors, followed by transfection of S1 and S2 16
to 24 h later.

Cotreatment. H4 cells were plated into 96-well plates, trans-
fected with S1 and S2 16 to 24 h later, and then immediately treated
with 500 nM 17-AAG or 10 nM to 10 pM synthetic Hsp90 inhibitors.

pcDNA 3.1+ vector was used as a control for Hsp70 plasmid
transfections, and dimethyl sulfoxide was used as a control for drug
treatments.

Pharmacokinetics and Pharmacodynamics

The in-life part of the animal studies was conducted at Washing-
ton Biotech (Columbia, MD). For each time point, three animals were
sacrificed and samples collected. For pharmacokinetic studies, SNX-
0723 was administered by oral gavage at 10 mg/kg to female
Sprague-Dawley rats weighing 160 to 190 g. Samples were collected
at 0, 3, 6, 12, and 24 h. Each animal was immediately necropsied.
Brain and lung tissues were collected and flash-frozen. All specimens
were stored at —80°C. Extracts from 40 to 100 mg of brain and lung
tissue were prepared with a glass Dounce in 100% acetonitrile con-
taining an internal standard. The extracts were centrifuged and a
10-pl aliquot of the supernatant was injected directly into the liquid
chromatography-tandem mass spectrometry system [4000 QTRAP
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(Applied Biosystems, Foster City, CA)] with Shimadzu HPLC (Co-
lumbia, MD). Tissue concentrations were calculated from the sample
response ratios and tissue masses. Pharmacokinetic parameters
were determined by use of the WinNonlin software package (Phar-
sight Corporation, St. Louis, MO).

For pharmacodynamic studies, SNX-0723 was administered by
oral gavage at 10 mg/kg to each of three female Sprague-Dawley rats
weighing 160 to 190g. Samples were collected at 0, 1, 3, 6, 12, and
24 h. Lysates were prepared with modification to the Meso Scale
Discovery multiarray total Hsp70 assay kit protocol. Brain tissue
was homogenized in 1:6 wt/vol of complete lysis buffer using a glass
Dounce on ice. Protein concentration was determined by use of the
bicinchoninic acid protein assay (Pierce, Rockland, IL). Hsp70 levels
were measured according to kit protocol by use of the SI6000 SEC-
TOR imaging instrument (Meso Scale Discovery, Gaithersburg, MD).

Results

To examine the effect of novel compounds on asyn oligomer-
ization and toxicity we have developed a bioluminescent protein
complementation assay (bPCA). In this strategy, asyn is fused
to nonbioluminescent amino-terminal or carboxyl-terminal
fragments of Gaussia princeps luciferase (Remy and Michnick,
2006) that can reconstitute when brought together by asyn-
asyn interactions (Outeiro et al., 2008), thus providing a read-
out of asyn oligomerization (Fig. 1, A and B). With use of this
assay, cotransfection of Syn-Lucl (S1) and Syn-Luc2 (S2) re-
sults in reconstituted luciferase activity more than 5-fold above
background (Fig. 1C), indicative of asyn dimer and oligomer
formation. Furthermore, like untagged asyn (Klucken et al.,
2004) and asyn fluorescent protein complementation pairs
(Outeiro et al., 2008), cotransfection of S1 and S2 results in
significant asyn-induced cytotoxicity (Fig. 1D). It is noteworthy
that, although we have previously shown that cotransfection of
asyn and synphilin-1 results in the formation of intracellular
inclusions (McLean et al., 2002; Shin et al., 2005), the oligo-
meric forms described herein remain soluble and do not lead to
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macroscopic aggregate formation (Outeiro et al., 2008; Tetzlaff
et al., 2008).

We have previously demonstrated that overexpression of
Hsp70 or pharmacological up-regulation of Hsp70 with GA
can prevent asyn aggregation into cell inclusions (McLean et
al., 2004). We now examined the effect of Hsp70 on asyn
oligomerization in our asyn PCA assay by overexpressing
Hsp70 or treating with the Hsp90 inhibitor 17-AAG. H4 cells
were either pretreated (16—18 h before transfection) or co-
treated (at time of transfection) with 17-AAG, or cotrans-
fected with Hsp70. Both pretreatment and cotreatment with
17-AAG prevented asyn oligomerization (85 + 8.3 and 59 *+
9.5%, respectively) (Fig. 2, A and B), as did cotransfection
with Hsp70 (50 = 13.7%). Although pretreatment with 17-
AAG resulted in a significant decrease in monomeric protein
levels (Fig. 2C), which could also account for the decrease in
luciferase activity (Fig. 2A), cotreatment with 17-AAG did
not significantly reduce protein levels (Fig. 2D) even though
it significantly decreased luciferase activity (Fig. 2B). These
data suggest that multiple mechanisms, including degrada-
tion and refolding, may be at play. To quantify the amount of
asyn in cells after 17-AAG treatment and Hsp70 coexpres-
sion we used an asyn-specific ELISA and found that there
was no significant decrease in asyn levels after cotreatment
of 17-AAG and coexpression of Hsp70 (Fig. 2E). Furthermore,

in accord with our previous studies (McLean et al., 2004),
pretreatment of 17-AAG was found to be effective in rescuing
asyn-induced toxicity (Fig. 2F).

Because 17-AAG and GA have limited central nervous sys-
tem bioavailability and as ansamycins have the potential for
problems with chemical reactivity and oral bioavailability, we
next screened a novel series of highly selective synthetic Hsp90
inhibitors for their effect on asyn oligomerization and toxicity.
These compounds were discovered de novo from a library de-
signed for targeting purine-binding proteins that, such as
Hsp90, have binding sites for purine cofactors such as ATP.
They represent a novel and specific chemical platform for
Hsp90 inhibition, because they are unrelated to all known
Hsp90 inhibitors including 17-AAG, radicicol, and the purine-
based analogs (Rodina et al., 2007). This novel series of small-
molecule inhibitors of Hsp90 are highly selective and do not
bind to other purine-binding proteins (Barta et al., 2008; Chan-
darlapaty et al., 2008; Rice et al., 2008; Okawa et al., 2009).

We tested a panel of 10 Hsp90 inhibitors in the asyn PCA
assay that were selected for chemical properties predicted to
favor brain penetration. H4 neuroglioma cells were plated in
the 96-well plate format, pretreated with 500 nM each inhib-
itor, and transiently transfected with S1 and S2. Twenty-four
hours after transfection, cells were assayed for luciferase
activity in an automated plate reader to determine the effect
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of the inhibitors on asyn oligomerization as measured by
reconstituted luciferase activity. It is noteworthy that a wide
range of effectiveness in preventing asyn oligomerization
was observed (Fig. 3A), with several compounds preventing
asyn oligomerization by more than 75% (from 68 + 20.52 to
82.64 = 2.53%). Four of the most effective compounds, SNX-
8891, SNX-3113, SNX-3723, and SNX-0723, were selected for
further cotreatment screening whereby H4 cells were trans-
fected with S1 and S2 and then treated with 500 nM inhib-
itors (Fig. 3B). All four of the inhibitors (Fig. 3, C-F) also
prevented asyn oligomerization in this treatment paradigm.
As a control for all compound treatments, we determined
that full-length Gaussia luciferase activity was not affected
by Hsp90 inhibitor treatment (not shown).

Hsp90 inhibition is thought to be therapeutically effective by
specifically degrading misfolded or mutated client proteins that
contribute to disease pathology. To determine whether this

class of Hsp90 inhibitors was targeting asyn for degradation,
we treated S1/S2 transfected cells (pre- and cotreatment para-
digms) with 17-AAG, SNX-8891, SNX-3113, SNX-3723, and
SNX-0723 and examined asyn protein levels via both native
and denatured Western blot 24 h after transfection. It is note-
worthy that both high-molecular-mass and monomeric forms of
S1 and S2 were almost completely degraded by four of the five
Hsp90 inhibitors tested after pretreatment (Fig. 4A), whereas
levels of the housekeeping gene GAPDH (Fig. 4A) were intact.
By contrast, cotreatment was more selective with some de-
crease in high-molecular-mass asyn species evident, especially
with SNX-0723 (Fig. 4B). It is noteworthy that SNX-3113
seemed to shift the asyn species from high molecular mass to
monomers, suggesting that refolding mechanisms could be at
play. As expected, pre- and cotreatment with Hsp90 inhibitors
also resulted in concomitant increase of Hsp70 levels by 6- to
8-fold and 2- to 3-fold, respectively (Fig. 4, A and B).
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To determine whether the effect of the Hsp90 inhibitors
occurred in a dose-dependent manner, we selected a lead
compound, SNX-0723, which prevented asyn oligomerization
by 82.6%, and performed a dose-response experiment. H4
cells were pretreated with 10 nM to 1 pM SNX-0723 and
assayed for luciferase activity 24 h after transfection. These
data yielded a dose-response curve that places the EC;, for
inhibition of asyn oligomerization by SNX-0723 at approxi-
mately 48.2 nM (Fig. 5A).

To determine whether SNX-0723 treatment was simulta-
neously able to rescue asyn-induced toxicity, we examined
cytotoxicity levels after asyn overexpression and SNX-0723
treatment. In agreement with SNX-0723’s ability to prevent
oligomerization, it was also effective in preventing asyn-
induced toxicity by up to 40% (Fig. 5B) at doses of 100 to 500
mM. It is noteworthy that SNX-0723 was also effective in
preventing asyn-induced toxicity from overexpression of
wild-type, untagged asyn (Fig. 5C).

The selectivity of SNX-0723 was profiled on over 120 dif-
ferent receptors, enzymes, and transporters in the CEREP
BioPrint panel and 36 different kinases by use of the Invitro-
gen Kinase Selectivity panel. SNX-0723 showed nanomolar
potency at inhibiting Hsp90 (IC;, = 14 nM), inducing Hsp70
(IC5, = 31 nM), and decreasing expression of several known
Hsp90 client proteins: Human epidermal growth factor re-
ceptor 2 (IC5, = 9.4 nM), ribosomal protein s6 (pS6) (IC;, =
13 nM), and protein kinase R-like endoplasmic reticulum
kinase (IC5, = 5.5 nM). At 10 pM, no inhibition above 30%
was observed for any of the kinases profiled. In addition,
broad receptor profiling revealed micromolar potency at the
GABA, receptor (IC5;, = 23 pM), the melatonin 2 receptor
(IC50 = 2.4 pM), the CYP2C19 enzyme (IC;, = 53 nM); and

3113) with a concomitant 2- to 3-fold
up-regulation in Hsp70 after Hsp90 in-
hibition. Representative blots from n =
3 of each condition.

weak binding activity was also observed for phosphodiester-
ase 11 (47% at 10 pM).

Pharmacokinetic and Pharmacodynamic Assess-
ment of Hsp90 Inhibitors. Many currently available
Hsp90 inhibitors, including 17-AAG, will not be useful as
therapies for neurodegenerative disorders such as Parkin-
son’s disease because of low solubility and limited central
nervous system and oral availability (Chiosis and Tao, 2006).
Regardless, several studies now support Hsp90 as an impor-
tant target for PD therapeutics. In vivo pharmacokinetic
studies were performed to determine whether SNX-0723 has
the potential to be active and brain-permeable. Rats orally
dosed with 10 mg/kg SNX-0723 were found to reach maximal
brain concentrations 6 h after oral dosing with almost com-
plete clearance by 24 h (Fig. 6A). To validate that the PK
properties for SNX-0723 were relevant, a pharmacodynamic
evaluation was performed assessing Hsp70 induction in the
brain. These studies reveal that SNX-0723 causes a 5-fold
induction of Hsp70 in rat brain after a single oral dose of 10
mg/kg (Fig. 6B). These PK and pharmacodynamic data sup-
port the potency and brain permeability of this class of Hsp90
inhibitors, making them viable compounds for in vivo valida-
tion or further derivation.

Discussion

Many neurodegenerative diseases such as PD, dementia
with Lewy bodies, Alzheimer’s disease, amyotrophic lateral
sclerosis, and polyglutamine diseases are thought to be
caused by misfolding and subsequent accumulation of toxic
proteins (Waza et al., 2006; Fujikake et al., 2008). Direct
up-regulation of HSF-1 and Hsp70, as well as pharmacolog-
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Fig. 5. SNX-0723 prevents asyn oligomerization and rescues asyn-in-
duced toxicity in a dose-dependent manner. A, H4 cells were treated with
10 nM to 10 uM doses of SNX-0723 and assayed for luciferase activity
24 h after transfection. SNX-0723 prevents asyn oligomerization in a
dose-dependent manner with an EC;, of 48.2 nM. n = 4. B, SNX-0723
rescues asyn-induced toxicity in a dose-dependent manner. n = 3; #*, p <
0.01; =#%, p < 0.001. C, SNX-0723 also rescues toxicity induced by over-
expression of wild-type, untagged asyn. n = 4; *, p = 0.05.

ical induction by Hsp90 inhibitors in cell culture and animal
models, are protective against toxicity induced by pathogenic
proteins, ameliorate abnormal transgenic phenotypes in fly
and murine models, and suppress protein aggregate forma-
tion in several models of neurodegeneration (Dickey et al.,
2005; Fujikake et al., 2008).

Hsp90 inhibitors such as 17-AAG and radicicol have been
shown to have neuroprotective effects similar to direct HSF-1
and Hsp70 up-regulation (Auluck et al., 2005; Waza et al.,
2006), but also have limited oral bioavailability and blood-
brain barrier permeability (Chiosis and Tao, 2006; Taldone et
al., 2008). 17-AAG is currently in phase II trials as an anti-
tumor compound (Heath et al., 2005; Ramanathan et al.,
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2005) and is neuroprotective in preclinical models of Hun-
tington’s disease and spinocerebellar ataxias (Waza et al.,
2006; Fujikake et al., 2008). Furthermore, Hsp90-CHIP com-
plexes can target and selectively degrade phosphorylated
tau-protein implicated in Alzheimer’s disease (Petrucelli et
al., 2004), and Hsp90 inhibitors are also neuroprotective
against toxicity caused by A aggregation (Ansar et al., 2007)
as well as existing and induced oxidative toxicity (Xiao et al.,
1999; Ouyang et al., 2005).

PD is characterized by dopaminergic cell loss in the sub-
stantia nigra and the presence of Lewy bodies composed of
aggregated asyn and heat shock proteins among other pro-
teins. We and others have shown that Hsp90 inhibition may
play an important role in PD synucleinopathies, where in-
creasing evidence implicates a prefibrillar asyn species as
the toxic moiety, by protecting against asyn-induced toxicity
(McLean et al., 2004; Auluck et al., 2005). In this study we
used a bioluminescent protein-fragment complementation
assay to study prefibrillar, oligomeric asyn species. In accord
with our previously described fluorescent PCA (Outeiro et al.,
2008), no macroscopic aggregates of asyn were observed un-
der these conditions; instead, prefibrillar, intermediate asyn
species were present. The manipulations measured by the
PCA assay were therefore directed toward a range of oligo-
meric, preaggregate asyn species.

Like geldanamycin, both 17-AAG and the novel Hsp90
inhibitors decreased asyn oligomerization and toxicity. At
lower doses SNX-0723 was more effective at rescuing asyn-
induced toxicity than 17-AAG (i.e., 100 nM compared with
500 nM), suggesting greater therapeutic potential. However,
the data presented herein demonstrate that Hsp70 overex-
pression, 17-AAG treatment, and the novel Hsp90 inhibitors
had a greater effect on asyn oligomerization than on toxicity
rescue. There are several possible explanations for the ob-
served differential effects observed including the fact that
other species of asyn, or other interacting proteins, that are
not directly measured by the PCA assay or affected by the
inhibitors, may contribute to asyn-induced toxicity. This sug-
gests that multiple facets contribute to neurodegeneration in
PD and raises the possibility that oligomeric asyn may not
represent the only toxic moiety. Indeed, although our own
data support oligomeric species as a toxic species, they do not
do so conclusively.

We have previously established that pharmacological up-
regulation of Hsp70 with GA pretreatment protects against
asyn-induced toxicity and leads to degradation of higher-
molecular-mass asyn (McLean et al., 2004). In line with
previous data, we demonstrate here that a novel series of
brain-permeable Hsp90 inhibitors can prevent asyn oli-
gomerization in a dose-dependent manner and concomitantly
rescue asyn-induced toxicity by potentially refolding and/or
degrading asyn. In accord with our previously published
studies, significant rescue of asyn-induced toxicity is only
observed by use of a pretreatment paradigm, even though
decreased oligomerization occurs with a cotreatment para-
digm. The reason for this phenomenon is unclear, but it is
possible that specific species of asyn may have to be amelio-
rated before significant rescue is achieved and that pretreat-
ment achieves this more effectively than cotreatment.

Current therapies for PD relieve symptoms by restoring
levels of dopamine in the brain, but with several side effects,
including decreased impulse control, hallucinations, in-
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creased risk of cardiovascular side effects, and drug-induced
dyskinesia after prolonged treatment (Jankovic and Stacy,
2007; Moller et al., 2008). SNX-0723 exhibits promising PK
properties, including robust brain concentration and induc-
tion of Hsp70 in rat brains. It is orally available and reaches
maximal brain concentrations at 6 h after oral dose, sug-
gesting it could be taken as a therapeutic oral regimen.
Although it is uncertain what the side effects of prolonged
Hsp90 inhibition will be, the data here support further
investigation in vivo to determine whether Hsp90 inhibi-
tion can rescue asyn-induced cell death in animal models.
These novel compounds represent a potential alternative
to existing therapeutics, which treat the symptoms of the
disease rather than the underlying cause. They specifically
induce Hsp70 in vitro as well as in vivo, possess a chemically
distinct scaffold with good target specificity, and are orally
available. They rescue asyn-induced toxicity while prevent-
ing oligomerization, suggesting a consistent therapeutic effect
that is capable of targeting the accumulation and resulting
cytotoxicity associated with asyn in PD. Taken together, these
data suggest that these novel compounds may represent an
exciting new neuroprotective therapeutic strategy for PD.
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