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Parkinson’s disease (PD), a progressive neurodegenerative disease characterized by bradykinesia, rigidity, and resting tremor, is the
most common neurodegenerative movement disorder. Although the majority of PD cases are sporadic, some are inherited, including
those caused by leucine-rich repeat kinase 2 (LRRK2) mutations. The substitution of serine for glycine at position 2019 (G2019S) in the
kinase domain of LRRK2 represents the most prevalent genetic mutation in both familial and apparently sporadic cases of PD. Because
mutations in LRRK2 are likely associated with a toxic gain of function, destabilization of LRRK2 may be a novel way to limit its detri-
mental effects. Here we show that LRRK2 forms a complex with heat shock protein 90 (Hsp90) in vivo and that inhibition of Hsp90
disrupts the association of Hsp90 with LRRK2 and leads to proteasomal degradation of LRRK2. Hsp90 inhibitors may therefore limit the
mutant LRRK2-elicited toxicity to neurons. As a proof of principle, we show that Hsp90 inhibitors rescue the axon growth retardation
caused by overexpression of the LRRK2 G2019S mutation in neurons. Therefore, inhibition of LRRK2 kinase activity can be achieved by
blocking Hsp90-mediated chaperone activity and Hsp90 inhibitors may serve as potential anti-PD drugs.
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Introduction
Parkinson’s disease (PD) is a common neurodegenerative move-
ment disorder characterized clinically by bradykinesia, rigidity,
and resting tremor and pathologically by the loss of dopaminer-
gic neurons in the substantia nigra and the formation of Lewy
bodies (Moore et al., 2005; Hardy et al., 2006). Although the
majority of cases are sporadic, dominantly inherited mutations in
�-synuclein and leucine-rich repeat kinase 2 (LRRK2) and reces-
sively inherited mutations in parkin, DJ-1, and PINK1 have been
linked to rare familial forms of PD. Mutations in LRRK2 have
been linked to both familial and apparently sporadic forms of PD

(Paisan-Ruiz et al., 2004; Zimprich et al., 2004; Farrer et al., 2005;
Skipper et al., 2005). The LRRK2 protein, also known as Darda-
rin, contains multiple functional domains, including a LRR do-
main, a GTPase domain, a kinase domain, and a WD40 domain
(Mata et al., 2006), may likely function as both an active GTPase
and kinase (Greggio et al., 2006; Smith et al., 2006; Guo et al.,
2007; Li et al., 2007; West et al., 2007). The most common muta-
tion in LRRK2 is the G2019S substitution at the conserved Mg 2�-
binding motif within the kinase domain (Goldwurm et al., 2005;
Bonifati, 2006), which likely increases the kinase activity of
LRRK2 (Greggio et al., 2006; Smith et al., 2006; Jaleel et al., 2007;
Luzon-Toro et al., 2007). Furthermore, mutant forms of LRRK2
are toxic, and the toxicity depends on LRRK2 having kinase ac-
tivity. Because specific kinase inhibitor, which would potentially
block mutant LRRK2 toxicity, are not yet available (Greggio and
Singleton, 2007), alternative strategies might be more immedi-
ately useful as a potential therapeutic strategy for PD.

Here, we develop a novel approach to regulate the stability of
LRRK2 via inhibiting the chaperone activity of heat shock protein
90 (Hsp90). Hsp90 is known to regulate the stability and activity
of various signaling proteins, including protein kinases (Pearl
and Prodromou, 2006). Two recent in vitro experiments have
showed that LRRK2 forms a complex with Hsp90 via its kinase
domain (Gloeckner et al., 2006; Dachsel et al., 2007). As an ex-
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tension of these previous observations, we found that Hsp90 co-
immunoprecipitated with LRRK2 in vivo from brain tissues. Fur-
thermore, we demonstrated that inhibition of Hsp90 chaperone
activity dramatically destabilized and increased the proteasome-
mediated degradation of both endogenous and G2019S mutant
LRRK2 in neurons. Our findings suggest that Hsp90 may serve as
a useful target to suppress the accumulation and pathogenic ac-
tivity of LRRK2 mutations. As a proof of principle, we showed
that the treatment of Hsp90 inhibitor rescued the axon growth
retardation defect caused by overexpression of the LRRK2
G2019S mutation in neurons, suggesting that Hsp90 inhibitors
are valid therapeutic candidates for treatment of LRRK2-related
PD.

Materials and Methods
Generation of LRRK2 G2019S conditional transgenic mice. To develop a
conditional LRRK2 G2019S transgenic mouse model, a cDNA fragment
encoding the C-terminal hemagglutinin (HA)-tagged G2019S mutant
LRRK2 protein was inserted into the mouse prior protein (pPrP)–tetP
gene expression vector (a gift from Dr. David Borchelt, University of
Florida, Gainesville, FL), which is controlled by the tetracycline-
responsive promoter (tetP) (Jankowsky et al., 2005). The LRRK2 expres-
sion construct was then purified and microinjected into fertilized oocytes
derived from C57BL6/J mice. The founder mice were crossed with wild-
type (WT) C57BL6/J mice to produce the F1 generation. The F1 LRRK2
G2019S mutant mice were mated with calcium/calmodulin-dependent
kinase II (CaMKII)–tTA mice (Mayford et al., 1996) to achieve high
expression of LRRK2 in forebrain regions, including the olfactory bulb,
striatum, hippocampus, and cortex. With the tet-off system, the expres-
sion of human LRRK2 was almost completely (�90%) suppressed after
feeding the mouse with doxycycline (Dox)-treated pellets for 4 weeks
(data not shown).

Immunoprecipitation. Mouse forebrains were dissected out and ho-
mogenized in sucrose buffer [0.32 M sucrose, 1 mM NaHCO3, 1 mM

MgCl2, 0.5 mM CaCl2, and protease inhibitor mixture (Roche, Indianap-
olis, IN) and phosphatase inhibitor cocktail (Pierce, Rockford, IL)]. Pro-
tein extracts (1 mg) were used for immunoprecipitation (IP), which were
diluted in 1000 �l of cold IP buffer (20 mM HEPES, pH7.5, 1% NP-40,
5% glycol, 150 mM NaCl, 1 mM DTT, 1 mM PMSF, protease inhibitor
mixture, and phosphatase inhibitor cocktail) and then incubated with 20
�l of HA matrix (anti-HA antibody-conjugated agarose beads; Roche)
for 3 h at 4°C. The beads were washed with cold IP buffer six times and
then eluted with 20 �l of triethylamine buffer (100 mM, pH 11). The
eluted samples were neutralized by 5 �l of Tris-HCl (1 M), pH 7.4, and
then size fractioned by SDS-PAGE. For immunoprecipitation from hu-
man embryonic kidney-293 (HEK-293) cells, cells were homogenized in
cold IP buffer, and 500 �g of protein was used for immunoprecipitation
using HA matrix as described previously. The beads were boiled in the
SDS-PAGE sample buffer for 5 min, and the supernatants were size frac-
tioned by SDS-PAGE.

Silver staining and mass spectrometry. The LRRK2-binding proteins
isolated by HA affinity purification was visualized by silver staining using
the Silver Quest Silver Staining kit (Invitrogen, Carlsbad, CA) according
to the instructions of the manufacturer. Visible protein bands were ex-
cised from the silver-stained gel and cut into 1 mm pieces. Proteins were
identified by mass spectrometry performed by the Taplin Biological Mass
Spectrometry Facility at Harvard Medical School (Boston, MA). A total
of 14 Hsp90�-related peptides and 5 Hsp90�-related peptides were
identified.

Western blot. Neurons and HEK-293 cells were lysed in 20 mM HEPES,
pH 7.4, 0.5% Triton X-100, 2% SDS, protease inhibitor mixture, and
phosphatase inhibitor cocktail. Protein was size fractioned by 4 –12%
NuPage BisTris-PAGE (Invitrogen) using 3-(N-morpholino)-
propanesulfonic acid running buffer (Invitrogen) and transferred to
polyvinylidene difluoride membranes. Antibodies specific for LRRK2
(1:1000, JH5514), Hsp90 (1:3000; BD Biosciences Transduction Labora-
tories, Lexington, KY), cell division cycle 37 (Cdc37) (1:1000; BD Bio-

sciences Transduction Laboratories), Hsp70 (1:3000; BD Biosciences
Transduction Laboratories), HA (1:1000; Roche), �-synuclein (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA), and �-actin (1:3000; Sigma)
were used in this study. The enhanced chemiluminescence method was
used to visualize the bound antibodies.

Cell culture and treatment. Procedures for primary cultured cortical
and hippocampal neuron cultures from postnatal day 1 pups and for
HEK-293 cells were as described previously (Cai et al., 2005; Lai et al.,
2006; Wang et al., 2008). When indicated, proteasome, lysosome, and
protein synthesis inhibitors were preincubated with cells before treat-
ment of Hsp90 inhibitors and kept in the culture medium. Geldanamy-
cin (GA) (Sigma) and MG132 (Sigma) were dissolved in DMSO. Chlo-
roquine (Sigma) was dissolved in water. PU-H71 and PU-DZ8 were
dissolved in PBS buffer.

LRRK2 expression constructs and transfection. The C-terminal HA-
tagged wild-type and G2019S mutant LRRK2 cDNA were cloned into the
pPrP–tetP tetracycline-regulated gene expression vector as indicated
above. The cytomegalovirus (pCMV)–reverse tetracycline transactivator
(rtTA) vector is a gift from Dr. Hermann Bujard (University of Heidel-
berg, Heidelberg, Germany). FuGene6 reagent (Roche) was used for cell
transfection as suggested by the manufacturer. Dox (Sigma) was added
into culture medium at the final concentration of 250 ng/L to turn on the
LRRK2 expression in pPrP–tetP–LRRK2 and pCMV–rtTA cotransfected
cells. In the PU-H71 dose-dependent study, HEK-293 cells were trans-
fected with constructs for 24 h and then treated with different concen-
tration of PU-H71 for 24 h. To disrupt the LRRK2–Hsp90 complex,
culture cells were exposed to 1 �M GA for 4 h and then homogenized for
immunoprecipitation.

Pulse chase. HaloTag Interchangeable Labeling technology (Promega,
Madison, WI) was used to study the stability of LRRK2 protein. Wild-
type and G2019S mutant LRRK2 cDNA were cloned into the HaloTag
pHT2 vector. After transfection with HaloTag wild-type or G2019S mu-
tant LRRK2 vector for 36 h, HEK-293 cells were pulse-labeled with 5 �M

HaloTag TMR Biotin ligand (Promega) in DMEM plus 10% FBS for 3 h.
After washing three times with PBS, cells were chased in DMEM plus
10% FBS in the presence or absence of 1 �M PU-H71 for the indicated
time. Cell were lysed in 20 mM Tris-HCl, pH 7.5, 10 mM NaCl, 1mM

Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM �-glycerophosphate, 1 mM Na3VO4, 1 mg/ml leupeptin, and
protease inhibitor cocktail (Roche). The biotin-labeled LRRK2 was cap-
tured by streptavidin-coated particles and Magnesphere Paramagnetic
particles (Promega) for 2 h at 4°C and then washed three times with PBS
containing 150 mM NaCl and 1% Triton X-100 and once with PBS only.
Biotinylated LRRK2 was eluted by heating in SDS-PAGE sample buffer
for 5 min at 95°C. Proteins were resolved on SDS-PAGE gel and detected
by immunoblot using Halo antibody (Promega).

RNA extraction and reverse transcriptase-PCR. Total RNA was ex-
tracted using RNAeasy Mini kit according to the instructions of the man-
ufacturer (Qiagen, Valencia, CA). Reverse transcriptase (RT)-PCR was
performed using SuperScript III first-strand synthesis system for RT-
PCR (Invitrogen). RNase-treated cDNA was used for real-time PCR us-
ing SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA)
in an ABI Prism 7700 Sequence Detection system. The cDNA of �-actin
was used as an internal control. The following primers were used for
LRRK2 (5�-AGCAGGACAAAGCCAGCCTCA-3� and 5�-GATGGCA-
GCATTGGGATACAG-3�) and �-actin (5�-CGTTGACATCCGT-
AAAGACC-3� and 5�-GCTAGGAGCCAGAGCAGTAA-3�).

Quantification of axonal outgrowth. Hippocampal neurons were fixed
after 2 d in culture and probed with TuJ1, a monoclonal neuron-specific
antibody against �III-tubulin. The images were captured using a Zeiss
(Thornwood, NY) confocal microscope (LSM 510 META), and the
lengths of axons were measured by using the segmented line function of
NIH ImageJ software. In each experimental group, the lengths of axons
were represented as a mean of axons from 50 –100 neurons sampled from
two to three randomly selected microscopic fields of three to four inde-
pendent cultures.

Statistical analysis. Data on drug-dose dependency and LRRK2 half-
life (t1/2) were analyzed by nonlinear regression analysis using GraphPad
Prism 4.0 (GraphPad Software, San Diego, CA). The IC50 values were
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expressed as mean � 95% confidence intervals (CIs). Statistical signifi-
cances were determined by comparing datasets of different groups using
F test of the best-fit values for three parameters (logIC50, top and bot-
tom). Statistical analysis of axon length was performed using the Stat-
View program (version 5.0; SAS Institute, Cary, NC). Data are presented
as means � SEM. Statistical significances were determined by comparing
means of different groups using ANOVA, followed by Fisher’s PLSD test.

Results
LRRK2 forms a complex with Hsp90 in vivo
To investigate how the G2019S mutation in LRRK2 causes neu-
ronal dysfunction in vivo, we generated a conditional transgenic
mouse model in which the expression of C-terminal HA-tagged
human LRRK2 was under the control of a tetracycline-responsive
regulator. The expression of mutant LRRK2 protein was detected
in the forebrain after having been crossed with CaMKII–tTA
transgenic mice (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). Using a HA affinity column, we
purified LRRK2-associated protein complexes from transgenic
mouse brains to identify any proteins that might interact with
mutant LRRK2 in vivo. Proteins specifically present in mutant
mouse brains, including LRRK2 and a pair of proteins with an
apparent molecular weight of �90 kDa, were identified by silver
staining (Fig. 1A). Mass spectrometry revealed that these 90 kDa
proteins were two splice variants of Hsp90: Hsp90� and Hsp90�.
The appearance of Hsp90 in the LRRK2-containing protein com-
plex was further confirmed by immunoblot analysis with an
Hsp90-specific antibody after immunoprecipitation of HA-
tagged LRRK2 from transgenic mouse brains (Fig. 1B). This ob-
servation that LRRK2 forms a complex with Hsp90 in vivo is
consistent with previous in vitro studies (Gloeckner et al., 2006;
Dachsel et al., 2007).

Hsp90 functions in concert with a set of cochaperones that

link Hsp90 to distinct classes of client proteins (Pearl and Pro-
dromou, 2006). The mammalian homolog of the yeast cell cycle
control protein Cdc37 acts as a kinase-specific target subunit for
Hsp90. Cdc37 was also coimmunoprecipitated with LRRK2 (Fig.
1C). Other cochaperones, including Hsp70, Hsp70/Hsp90-
organizing protein (HOP), and p23, however, did not show the
same interaction with LRRK2 (Fig. 1D, 2A).

Hsp90 inhibitor disrupts the formation of the
LRRK2/Hsp90 complex
The chaperone activities of Hsp90 are ATP dependent. GA, which
interferes with the association of Hsp90 and ATP, specifically
inhibits Hsp90 chaperone activity in cells (Chiosis et al., 2004).
To examine whether the formation of the LRRK2/Hsp90 com-
plex depends on Hsp90 chaperone activity, we immunoprecipi-
tated LRRK2 from LRRK2-transfected HEK-293 cells after a
short treatment with GA (1 �m). We found that treatment of GA
effectively disrupted the coimmunoprecipitation of both WT and
G2019S mutant LRRK2 with endogenous Hsp90 and Cdc37 in
HEK-293 cells (Fig. 2). These data demonstrate that the forma-
tion of the LRRK2/Hsp90 complex is dependent on the chaper-
one activity of Hsp90. Interestingly, more constitutive heat shock
protein 70 (Hsc70) was pulled down with LRRK2 after treatment
of GA. Because Hsc70 is involved in protein folding, the dissoci-
ation of LRRK2 with the Hsp90-mediated chaperone complex
likely results in misfolding of LRRK2 and more binding of LRRK2
with Hsc70-mediated chaperone complex.

Inhibition of Hsp90 reduces the steady level of LRRK2
expression in cell lines
Hsp90 is known to regulate the function and stability of many
protein kinases (Sreedhar et al., 2004). To investigate whether the
activity of Hsp90 is required for the stability of LRRK2, we trans-
fected WT and G2019S mutant LRRK2 into HEK-293 cells and
treated the transfected cells with Hsp90 specific inhibitor PU-
H71 at different doses. Similar to GA, purine-scaffold derivative
PU-H71 also disrupts the association of Hsp90 with ATP, result-
ing in inhibition of Hsp90 chaperone activity (Rodina et al.,

Figure 1. LRRK2 complexes with Hsp90 in LRRK2 G2019S mutant transgenic mouse brains.
A, Silver staining of purified LRRK2-containing protein complexes from LRRK2 G2019S trans-
genic (G2019S) mouse brains. Protein bands seen in LRRK2 G2019S but not in ntg mouse brain
samples were subjected to mass spectrometry analysis. LRRK2 and Hsp90 chaperone proteins
were selectively identified in LRRK2 immunoprecipitates. B–D, LRRK2 was immunoprecipi-
tated with HA matrix from G2019S and ntg mouse brains, and the immunoprecipitates (IP) were
blotted with antibodies against Hsp90, Cdc37, and Hsp70. Hsp90 and Cdc37, but not Hsp70,
were coimmunoprecipitated with LRRK2 from mouse brain extracts. Mr, Molecular weight; WB,
Western blots.

Figure 2. Hsp90 inhibitor disrupts the LRRK2/Hsp90 complex. A, HEK-293 cells transfected
with either WT or G2019S mutant LRRK2 were treated with Hsp90 inhibitor GA (�) or vehicle
(�) for 1 h, lysed, immunoprecipitated with HA matrix, and then subjected to Western blot
analysis with antibodies against Hsp90, LRRK2, Cdc37, p23, HOP, and Hsc70. B, The expression
of Hsp90, LRRK2, Cdc37, p23, HOP, and Hsc70 in cell extracts was revealed by Western blot
analysis with antibodies against Hsp90, Cdc37, p23, HOP, and Hsc70. LRRK2 was detected by the
anti-HA antibody. IP, Immunoprecipitates; Mr, molecular weight.
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2007). Furthermore, whereas GA activity could be modulated by
a reductive environment in the cell, resulting in effects that are
not a direct consequence of Hsp90 inhibition (Kelland et al.,
1999), PU-H71 is not metabolically sensitive to the cellular envi-
ronment (Rodina et al., 2007). Both G2019S (Fig. 3A) and WT
LRRK2 (Fig. 3B) displayed a comparable sensitivity to PU-H71-
mediated Hsp90 inhibition in HEK-293 cells (Fig. 3C)
(IC50-G2019S of 130.0 nM vs IC50-WT of 112.0 nM, n � 4; p � 0.86).
Similar results were also obtained when WT and G2019S LRRK2-
transfected HEK-293 cells were treated with GA and another
Hsp90 inhibitor, PU-DZ8 (data not shown).

To investigate whether Hsp90 inhibitors generally suppress
the overall steady level of protein expression in cells, we examined
the expression of human �-synuclein A53T in transfected HEK-

293 cells after treatment with 500 nM GA. Consistent with previ-
ous observations (Auluck and Bonini, 2002; Klucken et al., 2004;
Auluck et al., 2005; Flower et al., 2005), the steady level of
�-synuclein expressed in transfected HEK-293 cells was not af-
fected by Hsp90 inhibition (Fig. 3D).

Inhibition of Hsp90 reduces the steady level of mutant and
endogenous LRRK2 in cultured neurons
To investigate whether the activity of Hsp90 is required for the
stability of LRRK2 in neurons, we examined the expression of
LRRK2 in primary cultured cortical neurons derived from non-
transgenic (ntg) and LRRK2 G2019S mutant pups after treatment
with Hsp90-specific inhibitors. Treatment of neurons with GA
suppressed the steady levels of both mutant and endogenous
LRRK2 expression in both a dose-dependent (Fig. 4A) and time-
dependent (Fig. 4B) manner. It appears that the exogenous
G2019S LRRK2 was more sensitive to GA treatment than endog-
enous protein (Fig. 4C) (IC50-G2019S of 4.7 nM, 95% CI of 1.6 –13.6
nM vs IC50-endogenous of 37.2 nM, 95% CI of 11.8 –117.5 nM, n � 4;
p � 0.05). Similarly, the suppression of LRRK2 expression was
also observed when neurons were treated with PU-H71 (Fig. 4D)
(IC50-G2019S of 26.9 nM, 95% CI of 8.3– 87.2 nM vs IC50-endogenous

of 387.0 nM, 95% CI of 144.9 –1000 nM, n � 4; p � 0.0001). The
increased sensitivity of G2019S mutation to Hsp90 inhibition is
likely a result from the greater expression of mutant LRRK2 in
neurons (supplemental Fig. 1B, available at www.jneurosci.org as
supplemental material). In line with this notion, heterologous
expression of WT and G2019S LRRK2 in HEK-293 cells had a
comparable sensitivity to Hsp90 inhibition (Fig. 3C). These ob-
servations suggest that the alteration of the apparent IC50 of
Hsp90 inhibitors is attributable to increased expression levels

Figure 3. Hsp90 inhibitors suppress the steady level of LRRK2 but not �-synuclein expres-
sion in HEK-293 cells. A, B, Western blot analysis of LRRK2 expression in HEK-293 cells trans-
fected with G2019S mutant (G2019S) (A) and WT LRRK2 after treatment with the indicated
doses of Hsp90 inhibitor PU-H71 for 24 h (B). C, Dose–response curve of overexpressed wild-
type (filled triangles) and G2019S mutant (open triangles) LRRK2 protein treated with PU-H71.
D, Western blot analysis of �-synuclein A53T expression in transfected HEK-293 cells treated
with vehicle (DMSO) or 500 nM GA for 24 h. Mr, Molecular weight.

Figure 4. Hsp90 inhibitors suppress the steady level of mutant and endogenous LRRK2 in
neurons. A, B, Western blot analysis of LRRK2 expression in primary cultured cortical neurons
derived from LRRK2 G2019S transgenic (G2019S) and littermate nontransgenic pups (endoge-
nous) after treatment of indicated doses of Hsp90 inhibitor GA for 24 h (A) or 10 nM GA for
indicated time points (B). C, D, Dose–response curves of endogenous (filled triangles) and
G2019S mutant (open triangles) LRRK2 protein treated with GA (C) or PU-H71 (D). LRRK2 was
detected by a LRRK2 polyclonal antibody, JH5514 (Biskup et al., 2006). Mr, Molecular weight.
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rather than an LRRK2 mutation. Nonetheless, lower concentra-
tions of GA and PU-H71 could be used to selectively suppress the
expression of G2019S mutant but not endogenous LRRK2 pro-
tein in neurons derived from LRRK2 transgenic mice.

To investigate whether Hsp90 inhibitors interfere with the
transcription of the LRRK2 gene, the expression of mutant and
endogenous LRRK2 messenger RNA was quantified by real-time
RT-PCR in vehicle- and GA-treated neurons. No significant dif-
ference between expression of mutant and endogenous LRRK2
messenger RNA was found (data not shown), suggesting that
Hsp90 inhibitors suppress the LRRK2 expression via inhibition
of the chaperone activities of Hsp90 rather than interference with
the transcription of LRRK2.

Hsp90 regulates the stability of LRRK2
To investigate whether Hsp90 plays a role in maintaining the
stability of LRRK2 in cells, we examined the t1/2 of both WT and
G2019S mutant LRRK2 proteins in transfected HEK-293 cells
after treatment with 1 �M PU-H71 (Fig. 5A). The t1/2 for un-
treated WT and G2019S mutant LRRK2 were comparable (Fig.
5B,C) (t1/2-WT of 8.66 h, 95% CI of 5.22–25.30 h vs t1/2-G2019S of
8.51 h, 95% CI of 4.94 –30.81 h; r 2 � 0.96; n � 2). Meanwhile, the
t1/2 of WT and G2019S mutant LRRK2 proteins in PU-H71-
treated cells were significantly reduced compared with vehicle-
treated cells (Fig. 5B,C) (t1/2-WT of 0.75 h, 95% CI of 0.49 –1.59 h
vs t1/2-G2019S of 0.83 h, 95% CI of 0.54 –1.73 h; r 2 � 0.95; n � 2).
These data demonstrate that Hsp90 is critical for maintaining the
stability of both WT and mutant LRRK2 in cells.

The Hsp90 inhibitor-induced suppression of LRRK2
expression is mediated by the proteasome-dependent protein
degradation pathway
Hsp90 client proteins tend to be degraded via the proteasome-
dependent pathway during chaperone inhibition (Goryunov and
Liem, 2007). Concordantly, the GA-induced suppression of mu-
tant and endogenous LRRK2 was selectively blocked by a protea-
some inhibitor, MG132, but not the lysosome inhibitor chloro-
quine in neurons (Fig. 6A,B). These observations demonstrate
that LRRK2, like other Hsp90 client proteins, are stabilized by
Hsp90 against proteasome-mediated protein degradation.

Hsp90 inhibitor rescues the axonal outgrowth deficits of
neurons expressing the LRRK2 G2019S mutation
A previous report indicates that LRRK2 is involved in maintain-
ing the extension and branching of neurites (MacLeod et al.,
2006). Mutant LRRK2, particularly the G2019S mutation but not
wild-type LRRK2, causes neurite shortening via a potential
autophagy-mediated pathway (Plowey et al., 2008). Consistent
with this observation, we recently found that neurons derived
from LRRK2 G2019S transgenic mouse brains also displayed re-
tarded axonal outgrowth during neuron morphogenesis (C. Xie,
unpublished data). To determine whether Hsp90 inhibitors are
capable of rescuing the axonal growth deficit in LRRK2 G2019S
transgenic neurons by suppressing mutant LRRK2 expression,
we treated the neurons with PU-H71 immediately after they were
plated onto culture dishes. We used PU-H71 at 40 nM, which
significantly suppressed the expression of mutant LRRK2 but had
a minimal effect on endogenous LRRK2 (Fig. 4D). The length of
axons, the longest neurites, of vehicle-treated mutant neurons
(G2019S) was significantly shorter than that of ntg littermate
controls after 2d in culture (Fig. 7A,B,E) (lengthG2019S of 68.30 �
2.73 �m, n � 79 vs lengthntg of 93.75 � 4.87 �m, n � 48; p �
0.001). PU-H71 significantly increased the length of axons of

mutant neurons compared with treatment with vehicle (Fig.
7D,E) (lengthG2019S/H71 of 112.47 � 7.04 �m, n � 45; p � 0.001).
As a positive control, treatment with Dox, which suppresses the
expression of mutant LRRK2 through the tetracycline responsi-
ble regulator, also rescued the axon growth defect of mutant neu-
rons (Fig. 7C,E) (lengthG2019S/Dox of 96.58 � 4.09 �m, n � 62;
p � 0.001). In contrast, no significant alteration of axon length
was detected in vehicle-, Dox-, and PU-H71-treated nontrans-

Figure 5. Hsp90 regulates the stability of LRRK2. A, WT and G2019S mutant LRRK2 proteins
were pulse labeled with biotinylated Halo ligand and chased at indicated time intervals in the
presence or absence (control) of 1 �M PU-H71. B, C, Time courses of the decay of biotinylated
WT (B) and G2019S mutant (C) LRRK2 proteins in the presence or absence (control) of Hsp90
inhibitor PU-H71. Mr, Molecular weight.
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genic neurons (Fig. 7F). These results demonstrate that Hsp90
inhibitors can ameliorate mutant LRRK2-elicited loss of axonal
outgrowth.

Discussion
Mutations in LRRK2 are causative for both familial and appar-
ently sporadic forms of PD (Farrer et al., 2005; Hardy et al., 2006).
Because mutations in LRRK2 are likely associated with a toxic
gain of function, destabilization of LRRK2 presents an attractive
way to limit its detrimental effects in neurons. Here, we have
shown that inhibition of Hsp90 chaperone function dramatically
decreases the stability of LRRK2 in cell lines and primary neuro-
nal cultures via a proteasome-mediated protein degradation
mechanism, suggesting that Hsp90 may serve as a useful target for
suppressing the accumulation and pathogenic activity of PD-
related LRRK2 mutations in neurons. Indeed, treatment of neu-
rons with an Hsp90 inhibitor rescued the axon growth retarda-
tion defect caused by overexpression of the LRRK2 G2019S
mutation.

Hsp90 and Cdc37 contribute to the stabilization, activation,
and/or translocation of client protein kinases, such as Src family
tyrosine kinase and the serine/threonine kinase Raf and MEK
(mitogen-activated protein kinase kinase) (Pearl and Prodro-
mou, 2006). Although its physiological substrates remain to be
determined, LRRK2 is likely an active serine/threonine protein
kinase (Greggio et al., 2006; Smith et al., 2006; Guo et al., 2007; Li
et al., 2007; West et al., 2007). The G2019S substitution at the
kinase domain (Goldwurm et al., 2005; Bonifati, 2006) likely in-
creases the kinase activity of LRRK2 (Greggio et al., 2006; Smith
et al., 2006; Jaleel et al., 2007; Luzon-Toro et al., 2007). In line
with previous in vitro observations (Gloeckner et al., 2006;
Dachsel et al., 2007), we found that Hsp90 and Cdc37 formed a
complex with LRRK2 in vivo. Furthermore, we demonstrated
that inhibition of Hsp90 chaperone activities caused the dissoci-
ation of LRRK2 with Hsp90/Cdc37 chaperone complex and
shifted LRRK2 to Hsc70 and other chaperone proteins linked to
the proteasome degradation pathway. Therefore, the chaperone
activity of Hsp90 is critical for maintaining the stability of LRRK2
in cells. Because of the existence of sequence polymorphism be-
tween mouse and human LRRK2 (Paisan-Ruiz et al., 2004; Zim-
prich et al., 2004), mouse and human LRRK2 may potentially
function differently. In our study, we tested the role of Hsp90 on
the stability of both human LRRK2 (wild-type or the G2019S
mutation overexpressed in cell lines and neurons) and mouse
LRRK2 (endogenous LRRK2 in neurons). We found that inhibi-
tion of Hsp90 activity led to degradation of both human and
mouse LRRK2, which is independent of the origin of LRRK2
protein.

Because inhibition of Hsp90 chaperone function dramatically
decreases the stability of LRRK2 in cells, Hsp90 may serve as a
valid therapeutic target for treatment of PD via suppression of
mutant LRRK2 accumulation and related pathogenic activities in
neurons. In fact, a large number of natural and synthetic Hsp90
inhibitors have been developed for cancer therapy, and some are
already in clinical trials (Solit and Rosen, 2006). In tumor cells,
inhibition of Hsp90 chaperone activity leads to a selective degra-
dation of signaling molecules, including protein kinases that are
involved in cell proliferation, cell cycle regulation, and apoptosis
(McDonald et al., 2006). Additionally, several Hsp90 inhibitors
have also been shown to successfully ameliorate neuropatholog-
ical abnormalities in mouse models of neurodegenerative dis-
eases (Waza et al., 2006; Dickey et al., 2007; Luo et al., 2007).
Moreover, the Hsp90 inhibitor GA prevents �-synuclein-

Figure 7. PU-H71 rescues the axonal growth deficit of neurons derived from LRRK2 G2019S
mutant mice. A–D, Representative images of hippocampal neurons derived from nontrans-
genic (A) and LRRK2 G2019S transgenic (C, D) pups treated with vehicle (Veh), doxycycline
(Dox), or PU-H71 for 2 d and visualized by immunostaining of �III-tubulin antibody. Scale bar,
100 �m. E, F, Bar graphs of axon length of LRRK2 G2019S (E) and nontransgenic (F ) neurons
after 2 d in culture. Data are presented as means � SEM. *p � 0.0001.

Figure 6. Hsp90 inhibitor-induced suppression of LRRK2 expression is mediated by the
proteasome-dependent protein degradation pathway. A, B, Western blot analyses of LRRK2
protein in primary cultured cortical neurons derived from LRRK2 G2019S mutant (A) and ntg (B)
pups after treatment with Hsp90 inhibitor GA in the presence or absence of the proteasome
inhibitor MG132 (MG) or the lysosome inhibitor chloroquine (Ch). LRRK2 was detected by an
LRRK2 polyclonal antibody, JH5514. Mr, Molecular weight.
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mediated toxicity in several animal models through upregulation
of Hsp70 chaperone activity, which prevents the formation of
�-synuclein aggregates (Auluck and Bonini, 2002; Klucken et al.,
2004; Auluck et al., 2005; Flower et al., 2005). Therefore, Hsp90
inhibitors may ameliorate the cytotoxicity induced by these two
PD-related dominant mutations.

A main concern for Hsp90 inhibition is the lack of specificity
for the affected proteins or cells. Indeed, among the three Hsp90
inhibitors we tested, none of them showed specificity for the
LRRK2 G2019S mutation, although we have shown that exoge-
nous LRRK2 was more susceptible to Hsp90 inhibition than the
endogenous LRRK2 in neurons. However, progress has been
made to develop Hsp90 inhibitors that display selectivity to ab-
errant proteins and cells. For example, PU-H71 has been shown
to be more effective in suppressing Hsp90 activities in tumor cells
compared with normal cells (Rodina et al., 2007). Therefore, it is
of interest to screen more Hsp90 inhibitors that display selectivity
to mutant LRRK2. In addition, it will be interesting to postulate
whether Hsp90 inhibitors can prevent any pathological or behav-
ioral phenotypes in LRRK2 G2019S mutant transgenic mice. We,
however, have not detected any obvious neuropathological ab-
normalities or motor dysfunctions in LRRK2 mutant mice to
date (12 months of age) (X. Lin, unpublished data). Therefore, it
is premature to test any efficacy of Hsp90 inhibition in these
mice. Nonetheless, because of the drastic effect of Hsp90 inhibi-
tion on the expression of LRRK2, Hsp90 inhibitors are likely to be
able to rescue the pathological and behavioral phenotypes caused
by overexpression of mutant LRRK2 in mice. Together, our find-
ings establish a novel function of Hsp90 in regulating the stability
of LRRK2, suggesting that Hsp90 inhibitors are valid therapeutic
candidates for treatment of both �-synuclein and LRRK2-related
PD.
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