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Huntington disease (HD) is a fatal hereditary neurodegenera-
tive disease caused by an expansion of the polyglutamine
(polyQ) stretch in huntingtin (htt). Whereas the pathological
significance of the expanded polyQ has been clearly established
and a tremendous effort to develop therapeutic tools forHDhas
been exerted, there is yet no effective cure. Whereas many mol-
ecules able to reduce the polyQ accumulation and aggregation
have been identified, including several Rho kinase (ROCK)
inhibitors, it remains very important to determine the mecha-
nism of action of the potential drugs. ROCK inhibitors, includ-
ing Y-27632 were reported to decrease aggregation of htt and
androgen receptor (AR) through ROCK1 and protein kinase
C-related protein kinase-2 (PRK-2). A downstream effector of
ROCK1, actin-binding factor profilin, was shown to inhibit the
mutant htt aggregation but not AR by direct interaction. We
found that the anti-aggregation effect of ROCK inhibitors was
not limited to the mutant htt and AR and that Y-27632 was also
able to reduce the aggregation of ataxin-3 and atrophin-1 with
expanded polyQ. These results suggested that in addition to the
mechanism reported for htt and AR, there might also be other
common mediators involved in the reduced aggregation of dif-
ferent polyQ proteins. In this study, we show that Y-27632 not
only reduced the mutant htt aggregation by enhancing its deg-
radation, but surprisingly was able to activate the main cellular
degradation pathways, proteasome, and macroautophagy. We
also show that this unique effect was mediated by ROCK1 and
ROCK2.

Huntington disease (HD)3 is a dominantly transmitted neu-
rodegenerative disorder involving the basal ganglia and cere-

bral cortex that typically strikes in midlife, where survival from
onset to death averages 17–20 years. Its prevalence is around
5–10 cases per 100,000 worldwide, which makes it one of the
most common inherited neurodegenerative disorders. The
characteristic symptoms of HD are involuntary choreiform
movements, cognitive impairment, mood disorders, and
behavioral changes that are chronic and progressive over the
course of the illness. The underlying gene defect was proved to
be a CAG repeat encoding polyglutamine (polyQ) in exon 1 of a
348-kDa protein named huntingtin (htt) (1, 2). In the unaf-
fected population, the number of CAG repeats varies from 6 to
34 while repeats of 36 or more define an HD allele. The varia-
bility of the pathological alleles is quite wide, ranging from36 to
121 repeats, displaying an inverse correlationwith onset age (3).
Endogenous wild-type htt was shown to be essential for the

normal development and health of the individual, but its
mutated form confers a toxic gain-of-function (4). In 1997,
polyQaggregateswere reported in the brains of transgenicmice
and in the postmortem brains from patients with HD in the
form of nuclear inclusions (5, 6).
Several models have been proposed to explain the mecha-

nismbywhich themutant htt causes neuronal degeneration (7),
for example impairment of transcription and gene expression
(8–11), impairment of axonal transport and synaptic transmis-
sion (12–14), suppression of energy metabolism (15, 16), and
induction of apoptosis (17). Although controversial, mutant htt
has also been proposed to impair the ubiquitin proteasome sys-
tem (UPS) (18–21). Despite enormous progress in elucidating
the molecular pathology of HD, the prognosis for patients has
improved little since the first description of this disease, thus no
effective treatments for HD patients have been developed.
Rho-associated kinases (ROCKs) are Ser/Thr protein

kinases, which were found to be downstream targets of the
small GTPase RhoA GTPase (22–24). In the mammalian sys-
tem, ROCKs consist of two isoforms. ROCK1 (ROK�,
p160ROCK) is located on chromosome 18 and encodes a 1,354-
amino acid protein (22). ROCK2 (ROK�), is located on chro-
mosome 12 and contains 1,388 amino acids (25).
The ROCKs are important regulators of cell growth, migra-

tion, and apoptosis via control of actin cytoskeletal assembly.
They regulate cell contraction through serine-threonine phos-
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phorylation of adducin, ezrin-radixin-moesin (ERM) proteins,
LIMkinase,myosin light chain phosphatase (MLCP), andNa/H
exchanger 1 (NHE-1) (25, 26). RhoA/ROCK was shown to reg-
ulate the intracellular localization and phosphorylation of
phosphatase and tensin homolog (PTEN), and RhoA/ROCK-
mediated phosphorylation of PTEN is required for the phos-
pholipid phosphatase activity of PTEN that antagonizes PI3K-
mediated Akt signaling (27).
The RhoA/ROCK pathway was also reported to be impli-

cated in the A�42 processing (28). Using APPswe-expressing
Neuro2a mouse neuroblastoma cells, it was demonstrated that
ROCK modulates shedding of sAPP� induced by statins. Con-
stitutively active ROCK mutant attenuated sAPP� shedding
from both untreated and statin-treated cells, whereas a ROCK
mutant without kinase activity activated sAPP� shedding (29).
Calorie restriction (CR)-induced SIRT1 expression promotes
�-secretase activity, sAPP� generation, and diminishes A�
generation by neurons from Tg2576 mice and CHO cells
expressing APPswe. This effect of SIRT1 appears to be depend-
ent on ROCK1 (30). The inhibition of ROCK activation was
reported to be also an efficacious approach for the treatment of
acute ischemic stroke (31).
Blocking the RhoA/ROCKpathway has been shown tomark-

edly inhibit the polyQ protein aggregation and decrease its tox-
icity in cellular and Drosophilamodel of HD (32). ROCK1 and
protein kinase C-related protein kinase-2 (PRK-2) have been
identified to be the mediators of aggregation inhibition by
Y-27632 (33). Moreover, a downstream effector of ROCK1,
actin-binding factor profilin, was reported to inhibit themutant
htt aggregation by direct interaction via its polyproline-binding
domain (34). Unlike htt, the inhibition of the mutant androgen
receptor (AR) aggregation by profilin was not mediated by
direct interaction (34).
We tested the effect of Y-27632 on several proteins with

expanded polyQ and it was able to efficiently reduce the aggre-
gation of these proteins. In addition to htt and AR, the tested
proteins included mutant full-length and truncated ataxin-3
and full-length atrophin-1 with expanded polyQ (Fig. 1).
Therefore in this study we investigated whether there might be
a commonmechanism bywhich the chemical ROCK inhibition
leads to the reduced polyQ aggregation. We found that
enhanced degradation of expanded polyQ protein largely con-
tributes to this effect. Surprisingly, bothmajor degradation sys-
tems, UPS and macroautophagy (hereafter referred to as auto-
phagy), appeared to be activated by ROCK inhibition, and
involved in reducing the polyQ aggregation.

EXPERIMENTAL PROCEDURES

Materials—The ROCK inhibitors Y-27632, HA1077, and
H89were obtained from Sigma. H-1152, propidium iodide (PI),
and the autophagy activator, rapamycin (35) were fromCalbio-
chem. Fluorescent nucleic acid stain Hoechst 33258 was from
Molecular Probes. MG-132 (Z-Leu-Leu-Leu-aldehyde) was
from Wako Chemicals and 3-methyladenine (3MA) was from
Sigma.
Mouse monoclonal antibody specific for N-terminal of hun-

tingtin (EM48) and rat monoclonal anti-�-tubulin antibodies
were from Chemicon. Anti-LC3, anti-GFP, and anti-RFP anti-

bodies were from MBL and anti-ubiquitin antibody was from
DAKO. Mouse monoclonal anti-ROCK1 and anti-ROCK2
antibodies were purchased from BD Transduction Laborato-
ries and anti-ATG5 antibody was kindly provided by Dr.
Mizushima. All other chemicals were from Sigma or Nacalai
tesque unless otherwise specified.
Plasmids—Plasmids encoding the truncated N-terminal of

human huntingtin (tNhtt) with 16, 60, and 150 glutamine
repeats were introduced in pEGFP-N1 vector as previously
described (36). The construction of plasmids encoding
human truncated or full-length ataxin-3 containing 130Q (in
pEGFP-N1 vector) was described previously (37). Human
androgen receptor with 23Q (AR23Q) was amplified from
human brain cDNA library by PCR using a set of primers BglII-
AR-Fw (5�-AAAAGATCTATGGAAGTGCAGTTAGGGCT-
3�) and SalI-AR-Rv (5�-AAAAAAGTCGACCTGGGTGTGG-
AAATAGATGG-3�), cleaved by BglII and SalI, and introduced
into the BglII-SalI sites of the pEGFP-C1 vector (EGFP-
AR23Q). The CAG repeat tract of EGFP-AR23Qwas expanded
via a method previously described (38). A primer set, BglII-
AR-Fw and MmeI-AR-exp-Rv (CATCCTCACCCTGCTGCT-
GCTCCAACTGCCTGGGG) was used to amplify the 5�-cod-
ing sequence including the CAG repeat tract. Another primer
set, MmeI-AR-exp-Fw (AGGCCGCGAGCGCAGCACCTTC-
CGACGCCAGTTTG) and AR-630Rv (TCTCCCGCTGCTG-
CTGCCTT)was used to amplify theCAG tract and its 3�-flank-
ing region. These two fragments were digested byMmeI (New
England Biolabs), gel-purified, and treated with T4 DNA ligase
to connect them at their CAG repeat tracts. The ligated frag-
mentwas gel-purified and amplified by PCRusing BglII-AR-Fw
and AR-630Rv primers, and digested by BglII and AflII. The
resulting fragment was ligated with EGFP-AR. By two cycles of
expansion, EGFP-AR45Q and EGFP-AR99Q were obtained.
The N terminus fragment of AR99Q, was amplified by PCR
using primers BglII-AR-Fw and SalI-AR-396Rv (AAAAAAGT-
CGACGACGCAACCTCTCTCGGGGT), cleaved by BglII and
SalI, and subcloned into the BglII-SalI sites of the pEGFP-C1.
EGFP-DRPLA construct encoding atrophin-1 with Gln-71 was
described previously (39) andwas kindly provided byDr.Masao
Yamada. To prepare pcDNA3.1-tNhtt-60Q-EGFP for transient
transfection, tNhtt-polyQ-EGFP fragment was cut from pIND-
tNhtt-polyQ-EGFP (40) with HindIII-XbaI digestion, and the
resulting fragment was inserted into pcDNA3.1-v5/His plas-
mid. Themonomeric red fluorescence protein (mRFP) (41) and
the ubiquitinated (Ub) Discosoma Red fluorescent protein
(dsRed)2/N1 plasmids (42) were previously described.
Cell Culture andTreatment—Mouseneuroblastoma (Neuro2a;

N2a) cells lines stably transfected with inducible expression of
tNhtt-16Q-EGFP, tNhtt-60Q-EGFP, tNhtt-150Q-EGFP, and
tNhtt-150Q-NLS-EGFP, which express a cDNA encoding htt
exon 1 containing 16, 60 or 150 CAG repeats and fused with
EGFP and eventually nuclear localization signal (NLS) (43),
were previously established using the ecdysone-inducible
mammalian expression system (Invitrogen) (36, 40). Neuro2a
and mouse embryonic fibroblasts (MEFs) were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% heat-inactivated fetal bovine serum (Sigma),
100 units/ml penicillin, and 100 �g/ml streptomycin (Invitro-
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gen) at 37 °C in an atmosphere containing 5% CO2 and 95% air.
Neuro2a cells were induced to express tNhtt-polyQ with 1 �M
ponasterone A (ponA, Invitrogen) and differentiated to neuro-
nal phenotypewith 5mMN6,2�-O-dibutyryladenosine-3�,5�-cy-
clic monophosphate sodium salt (dbcAMP) (Nacalai tesque).
The differentiation status of the Neuro2 cells treated with
dbcAMP is shown in supplemental Fig. S1. Except for the chase
experiments, the cells were incubated with drugs at the time of
differentiation and induction. MEFs were induced to
ATG5(�/�) phenotypewith 10 ng/ml doxycycline for 5 days as
previously described (44).
Cells were transfected when they reached about 70–80%

confluence. Transfection by Lipofectamine 2000 (Invitrogen)
was done in accordance to the manufacturer’s protocol in
24-well plates. Cells were used for experiments at indicated
times after transfection.
Cell Death Assay—For quantification of cell death, 5 �g/ml

each of Hoechst 33342 and PI were added to differentiated and
induced Neuro2a cultures incubated with ROCK inhibitors.
After 10 min at 37 °C, the PI-positive cells were quantified with
ArrayScan (Cellomics).
RNA Interference—Each sense and antisense template short

hairpin RNA (shRNA) for ROCK1 and ROCK2 was purchased
from Operon, annealed and ligated into pSilencer1.0 vector
with U6 promotor according to the manufacturer’s instruc-
tions (Ambion). The target sequences were as follows:
ROCK1, 5�-AAGTAGTGACATTGATACTAG-3�; ROCK2,
5�-AACAATAGAGATCTACAAGAT-3�. The plasmids con-
taining shRNA were sequence-verified. Plasmids were trans-
fected intoNeuro2a cells using Lipofectamine 2000. Ater 2 days
of silencing, cells were induced.
ArrayScanQuantification—For the inclusions (visible aggre-

gates) quantification, cells were grown in 24-well plates for
indicated periods, fixed in 4% paraformaldehyde, washed, and
incubated with Hoechst 33258 at 1:1000 dilution in PBS. Cells
were analyzed with ArrayScan�VTI High Content Screening
(HCS) Reader using Target Activation BioApplication (TABA).
TABA analyzes images acquired with an HCS Reader and pro-
vides measurements of the intracellular fluorescence intensity
and localization on a cell-by-cell basis.
In each well, more than 10,000 cells were counted and quan-

tified for the presence of the inclusions. Nuclei stained by
Hoechst 33285 provided the autofocus target and a count gave
the exact number of the quantified cells. The screening itself
consisted of two scans using Hoechst and fluorescein isothio-
cyanate (for GFP) fluorescence. First, the number of inclusions
was calculated when fluorescent spots of at least 5 pixels (mag-
nification 20� for cytoplasmic and 40� for nuclear aggregates)
and an averageGFP intensity ofmore than 1500were labeled as
inclusions. Nuclei were then defined as the objects of interest
and their number determined. The percentage of the cells with
inclusions was then calculated. The reliability of the inclusion
quantification by ArraScan was validated by test-counting of
inclusions by eyes (supplemental Fig. S2). The number of
mRFP- or Ub-dsRED-positive cells and fluorescent intensity
was quantified by single scan by detecting the red fluorescence
of each cell in the perinuclear region within a distance of 3
pixels from the nucleus. When the average intensity exceeded

50, the cell was considered mRFP/Ub-dsRED-positive. Scan-
ning was performed with three or four times in each experi-
mental condition. Data were generated from the quantification
of more than 250,000 cells in each experimental set-up.
TaqMan Reverse Transcriptase-PCR (RT-PCR)—Total RNA

and cDNAs were prepared from Neuro2a cells as described
previously (45). The TaqMan primer and probe sets were
designed and synthesized based on Primer Express Software
(Applied Biosystems). The nucleotide sequences of the primers
for EGFP were as follows: forward 5�-AGCAAAGACCCCAA-
CGAGAA-3�, reverse 5�-GGCGGCGGTCACGAA-3�, Taq-
Man probe 5�-CGCGATCACATGGTCCTGCTGG-3�; Taq-
Man RT-PCR was performed as described previously (46). All
values obtained were normalized against the levels of �-actin
using the following primers: forward 5�-TCTTTGCAGCTCC-
TTCGTTG-3�, reverse 5�-ATCGTCATCCATGGCGAAC-3�,
TaqMan probe 5�-CGGTCCACACCCGCCACC-3�.
Chase Experiments—To determine whether soluble tNhtt-

polyQ degrades faster in the presence of ROCK inhibitors,
chase experiments were performed. Neuro2a cells were first
differentiated and induced to express tNhtt-polyQ for 24 h in
case of 16Q and 60Q and 16 h in case of 150Q cells. Thereafter,
ponA was removed, the cells were washed, and incubated in a
medium containing dbcAMP (for maintaining differentiation
status) with either water (control) or ROCK inhibitors at 20 �M
concentration for 4 or 5 days. Medium was replaced every 2
days with the same concentration of the drugs, and cells were
collected everyday. The cells were subsequently lysed, and the
levels of tNhtt-polyQ analyzed using Western blotting.
Western Blot Analysis—Cells were washed twice with ice-

cold PBS, scraped, and resuspended in lysis buffer (0.5% Triton
X-100 in PBS, 0.5mMphenylmethylsulfonyl fluoride, Complete
protease inhibitor mixture (Roche Applied Sciences). After
incubating on ice for 30min lysates were briefly sonicated. Pro-
tein concentrations were determined according to the method
of Bradford using Bio-Rad protein assay reagent (Bio-Rad).
Equal amounts of protein were boiled for 5 min in 2� SDS-
sample buffer and then separated by 5–12% gradient SDS-
PAGE and electrophoretically transferred to a polyvinylidene
difluoride (polyvinylidene difluoride) membrane. The mem-
branes were blocked in 5% skim milk in 0.05% Tween
20/Tris-buffered saline (TBS-T) and then incubated with
primary antibody (dilutions in accordance with manufactur-
er’s recommendations) overnight at 4 °C. The membranes
were washed three times in TBS-T and incubated for 1 h with
horseradish peroxidase-conjugated secondary antibody
(dilution 1:5000). Immunoreactive proteins were detected
with enhanced chemiluminescence reagents (Amersham
Biosciences).
Filter Trap Assay (FTA)—FTAwas performed using a Hybri-

Dot manifold (Bio-Rad) and cellulose acetate membrane filter
with a pore size of 0.2 �M (Advantec). The cell lysates were
prepared as for Western blotting. The same amount of protein
from each experimental condition was diluted to 100 �l of PBS
with 2% SDS and applied to the membrane. Soluble proteins
were removed by vacuum suction while the SDS-resistant
aggregates stayed trapped.Wells were washed three times with
2% SDS/PBS, and suction was maintained for 20 min to allow
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thorough and complete trapping of
SDS insolublematerial. Membranes
were subsequently blocked with 5%
skimmilk, and immunostainingwas
performed.
In Vitro UPS Activity Assay—

Neuro2a cells were transfected with
ROCK1 and/or ROCK2 shRNA and
2 days later, 10 �M MG-132 was
added. Eighteen hours later, cells
were collected, and 5 �g of total
protein from each lysate was pipet-
ted to 96-well plate and 100 �l of
fluorogenic UPS substrate I (tryp-
sin-like activity) or II (peptidyl glu-
tamyl peptide hydrolase (PGPH)-
like activity) (Calbiochem). Plates
were placed in the Arvo MX 1420
Multilabel Counter (Perkin Elmer),
and absorbance was detected at
460 nm.
Statistical Analysis—Weused the

unpaired Student’s t test for com-
parison between two samples. One-
way ANOVA Fisher‘s test followed
by Tukey‘s HSD test or two-way
ANOVA test with pairwise contrast
were performed using XLSTAT or
Partek Genomic Solution Software.
The statistical significance was
confirmed by the non-parametric
Mann-Whitney test where indi-
cated.We considered the difference
between comparisons to be signifi-
cant when p� 0.05 for all the statis-
tical analyses.

RESULTS

ROCK Inhibitors Inhibit PolyQ
Aggregation—First, we investigated
whether the effect of Y-27632 on
polyQ aggregation is limited to htt
and AR or if it is also able to inhibit
the aggregation of other polyQ-con-
taining proteins. We found that
beside htt and AR, Y-27632 de-
creased the aggregation of trun-
cated and full-length ataxin-3 and
atrophin-1 in a dose-dependent
manner (Fig. 1). To test whether the
polyQ aggregation is decreased by
moreROCK inhibitors orwhether it
is a specific effect of Y-27632, we
examined four different drugs
inhibiting ROCK. The ArrayScan
analysis revealed that all of them
were able to decrease the polyQ
aggregation in 150Q and 150Q-NLS
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Neuro2a cells after 1 or 2 days of dif-
ferentiation and induction in adose-
dependent manner (Fig. 2, A–D).
The 150Q-NLS cell line was exam-
ined after 2 days because the nuclear
inclusion formation sufficient for
ArrayScan analysis did not appear
earlier. Y-27632, H-1152, and
HA1077 were very efficient in both
cell lines, while H89 did not have so
strong effect after 2 days of treat-
ment. These results were confirmed
by Western blot, as shown in a rep-
resentative Western blot in Fig. 2E
for Y-27632 and H-1152. Next, we
examined the effect of Y-27632 on
the polyQ-mediated cytotoxicity.
After 3 days of 150Q and 150Q-
NLS expression in Neuro2a cells,
Y-27632 was able to decrease the
percentage of propidium iodide-
positive cells in both cell lines (Fig.
2F). These data confirmed the
inhibitory effect of ROCK inhibitors
on polyQ aggregation and polyQ
cytotoxicity.
Y-27632 Decreases the Level of

PolyQ Protein—Because the de-
crease in insoluble form of polyQ on
gel top was not accompanied by an
increase in the monomeric polyQ
protein (Fig. 2E), we investigated
the rate of htt expression. In 16Q
Neuro2a cells, treatment with
Y-27632 did not have significant
effect on the protein level after 8, 12,
and 24hof induction (Fig. 3,A andB
(left panel)). On the other hand, the
level of 150Q protein decreased
drastically when cells were incu-
bated with the drug (Fig. 3, A and B
(right panel)). The TaqMan real-
time PCR showed no difference at
the transcriptional level between
treated and untreated cells (Fig. 3C).
Y-27632 Enhances the Expanded

PolyQ Degradation by UPS and
Autophagy—We performed a set of
chase experiments to investigate

FIGURE 1. Y-27632 reduced aggregation of different proteins with expanded polyQ. Neuro2a cells were plated into 24- (for ArrayScan analysis) or
12-well plates (for Western blot analysis), transfected and 4-h later differentiated and treated with Y-27632. A, C, E, G, and I, ArrayScan analyses of the
inclusion formation in Neuro2a cells transfected by plasmids coding different polyQ-containing proteins and treated with increasing concentrations of
Y-27632 (10, 20, and 50 �M). Y-27632 reduced the inclusion formation of all tested proteins in a dose-dependent manner. Bars represent the relative
mean values � S.D. from three independent experiments. 0 �M values represent the control conditions (0 �M � 1). *, p � 0.05; **, p � 0.005; ***, p �
0.001. B, D, F, H, and J, Western blot analyses showed that Y-27632 reduced the levels of soluble and insoluble (gel top) forms of all tested proteins with
expanded polyQ in a dose-dependent manner. A, and B, tNhtt-60Q, 24 h after transfection. C, and D, AR with 99Q, 24 h after transfection. E, and F,
truncated ataxin-3 (trATX-3) with 130Q, 24 h after transfection. G and H, full-length ataxin-3 (FL ATX-3) with 130Q, 48 h after transfection. I, and J, DRPLA
protein (atrophin-1) with 71Q, 48 h after transfection.

FIGURE 2. ROCK inhibitors decrease the cytoplasmic and nuclear polyQ aggregation and toxicity
in 150Q and 150Q-NLS Neuro2a cells. Cells were plated into 24- (for ArrayScan analysis) or 12-well
plates (for Western blot analysis). On the following day, cells were differentiated with 5 mM dbcAMP and
induced with 1 �M ponA for different time periods as indicated in the figure and below. Cells were fixed
with 4% PFA and nuclei stained with Hoechst 33258. A, composite image generated by ArrayScan (20�
magnification) shows a clear decrease in polyQ aggregation in 150Q Neuro2a cells after 24 and 48 h by 20
�M Y-27632. B–D, ROCK inhibitors Y-27632, H-1152, HA1077, and H89 significantly decreased the inclusion
formation rate in 150Q N2a cells 24 h (B) or 48 h (C) after induction and treatment and in 150Q-NLS N2a
cells 48 h (D) after induction and treatment in dose-dependent manner. E, 150Q Neuro2a cells were plated
into 12-well tissue culture plates, and the next day the cells were differentiated with 5 mM dbcAMP,
induced with 1 �M ponA, and treated with Y-27632 or H-1152. Cells were collected 24-h later and pro-
cessed for immunoblot analysis using anti-GFP and anti-�-tubulin antibodies. Western blot analysis
showed a reduction of the soluble and insoluble 150Q in Neuro2a cells by Y-27632 and H-1152 treatment
in a dose-dependent manner. F, cell death in 150Q and 150Q-NLS Neuro2a cells. Cells were plated into
24-well tissue culture plates, and the following day, the cells were differentiated, induced, and treated
with 20 �M Y-27632. After 3 days, PI and Hoechst 33258 were added to the medium in final concentrations
of 5 �g/ml. Cells were incubated for 10 min at 37 °C before ArrayScan analysis was performed. Y-27632
reduced the PI-positive cells by 31% in 150Q and 36% in 150Q-NLS Neuro2a cells (n � 3) as compared with
untreated cells. Bars in B–D represent the relative mean values � S.D. from four different experiments. The
control value of 1 represents the control conditions with no ROCK inhibitor added to the cells. *, p � 0.05;
**, p � 0.005; ***, p � 0.001; p � 0.05 by non-parametric Mann-Whitney test for significant data
by ANOVA.
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the mechanistic platform of the decreased expression of
expanded htt. First, we induced the expression of htt in the16Q
and 60Q Neuro2a cells for 24 h, and after ponA removal, we
collected the cells every 24 h. Y-27632 increased the turnover of
expanded polyQ protein about 2.5 times compared with the
control cells and markedly reduced the aggregation (Fig. 4, A
andB). In case of 150Q, the effect on soluble formof the protein
was not obvious, but the SDS-insoluble material was signifi-
cantly decreased upon Y-27632 treatment (Fig. 4, D–F). This
effect of Y-27632 was specific for expanded polyQ, because the
levels of normal protein in 16QNeuro2a cells were not affected
(Fig. 4, G and H). Moreover, the drug was able to efficiently
inhibit the accumulation of polyubiquitinated proteins after
day 2 of the experiment (Fig. 4A (bottom panel) andC) suggest-
ing the preservation of the UPS function. This data indicated
that Y-27632 enhanced the degradation of mutant htt with
expanded polyQ.

Next we examined which of the
main degradation pathways is
involved. We blocked autophagy
and the UPS with 10 mM 3-methy-
ladenine (3MA) and 10 �M
MG-132, respectively (Fig. 5). The
inhibition of the UPS, but not of
autophagy, alleviated the effect of
the drug on the soluble polyQ levels.
Aggregation inhibition was partly
abated when the cells were treated
with 3MA or MG-132. When we
blocked both pathways, the effect of
Y-27632 on the soluble polyQ pro-
tein levels and aggregation was
almost completely eliminated as
observed using FTA (Fig. 5, A–C)
and ArrayScan analysis (Fig. 5, D
and E). To confirm this observation,
we induced the ATG5(�/�) geno-
type in MEF 5–7 cells with doxycy-
cline to block autophagy (Fig.
5F). After 5 days, the cells were
transfected with 150Q-EGFP and
treated. The effect of Y-27632 on
polyQ aggregation was eliminated
only upon the absence of autophagy
(ATG5(�/�) cells) and treatment
with 10 �M MG-132 (Fig. 5, F and
G). These results confirmed that the
effect of Y-27632 on polyQ turnover
is mediated by both the UPS and
autophagy.
Y-27632 Increases the Activity of

UPS and Autophagy—To investi-
gate how the degradation systems
are modulated by Y-27632, we first
examined UPS activity using tran-
sient transfection of ubiquitin-
dsRED (Ub-dsRED) and mRFP as a
control. Y-27632 reduced the accu-

mulation of Ub-dsRED inNeuro2a cells while it did not have an
effect on mRFP levels (Fig. 6, A and B). When the UPS was
blocked with MG-132, the levels of Ub-dsREDmore than dou-
bled over that of the control cells, and the effect of Y-27632 fell
(Fig. 6, A and B). Quantification of the Ub-dsRED- or mRFP-
positive 16Q, 60Q, and 150Q Neuro2a cells by ArrayScan re-
vealed that Y-27832 treatment significantly reduced the num-
ber of Ub-dsRED-positive cells as well as average fluorescent
intensity, while it had no effect on cells transfected with mRFP
(Fig. 6,C andD). These results showed that Y-27632was able to
activate the UPS in Neuro2a cells lacking mutant protein and
that it alleviated the UPS block caused by expanded polyQ in
60Q and 150Q Neuro2a cells.
During autophagy, the cytosolic form of microtubule-as-

sociated protein 1 light chain 3 (LC3-I) is conjugated to
phosphatidylethanolamine (PEA) to form LC3-PEA conju-
gate (LC3-II), which is recruited to autophagosomal mem-

FIGURE 3. Y-27632 decreases the levels of htt with expanded polyQ without affecting the transcription.
16Q and 150Q Neuro2a cell were plated into 12-well plates. On the following day, cells were differentiated,
induced, and treated with 20 �M Y-27632 for different time periods as indicated in the figure. Cells were
collected, and total RNA for quantitative TaqMan RT-PCR or proteins for immunoblot analysis were prepared.
A, representative Western blot showing the htt protein levels in 16Q and 150Q Neuro2a cells at different time
points after induction and treatment using anti-GFP and anti-�-tubulin antibodies. B, quantification of band
intensities of the anti-GFP immunoblots representing soluble forms of the proteins for 16Q (left panel) and
150Q Neuro2a cells (right panel) collected from three independent experiments. Levels of 16Q protein showed
no significant difference between untreated and Y-27632-treated cells. Levels of soluble 150Q were signifi-
cantly reduced upon Y-27632 treatment starting 12 h after induction. Data were normalized using �-tubulin.
C, quantitative TaqMan RT-PCR analysis of the 16Q- (left panel) and 150Q-EGFP (right panel) mRNA levels
showed no significant transcription alterations by 20 �M Y-27632 treatment at any time point in three inde-
pendent experiments. Data were normalized using actin mRNA levels. Values in B and C are mean � S.D. *, p �
0.05; **, p � 0.005.
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branes. Thus, lysosomal turnover of the autophagosomal
marker LC3-II reflects autophagic activity (47). Y-27632
treatment of Neuro2a cells resulted in increased LC3-II/
LC3-I ratio as observed by Western blot analysis (Fig. 6, E
and F). The presented data suggested that Y-27632 is able to
activate UPS and autophagy in Neuro2a cells.
ROCK1 and/or ROCK2 Knockdown Caused Activation of

Degradation Systems—Knockdown of ROCKs in 150Q
Neuro2a cells by shRNA resulted in reduction of polyQ aggre-
gation (Fig. 7,A and B). ROCK1 silencing had stronger effect as
compared with ROCK2 on visible aggregate formation (Fig.
7B). Although the knockdown of ROCK2 significantly
decreased the amount of visible aggregates, we did not observe
a marked decrease in insoluble fraction of 150Q on the gel top,
probably becausemany of the large aggregateswere removedby
centrifugation during cell lysate preparation (Fig. 7A). Treat-
ment with 20 �M Y-27632 produced additional effect at all
knockdown conditions, suggesting that ROCKs are not the only
targets of Y-27632 with antiaggregational activity.
Next, we investigated whether ROCKs influence the activity

of the UPS and autophagy. The autophagy activity increased
only when both isoforms of ROCK were silenced. Knockdown
of a single ROCK had no effect on LC3-I to LC3-II conversion
(Fig. 7, A and C). In vitroUPS activity analysis revealed that the
knockdown of ROCKs activated the UPS (Fig. 7, D and E). The
knockdown of ROCK1 significantly increased the trypsin-like
activity, and that of ROCK2 increased the PGPH-like activity of
theUPS. These results confirmed the involvement of ROCKs in
the regulation of the cellular degradation pathways.

DISCUSSION

While the effect of Y-27632 on polyQ aggregation was previ-
ously identified in a screening study (32), the involvement of
ROCKs was not confirmed until more recently (33, 34). In one
of these reports, ROCK1 and PRK-2 were reported to be the
effectors of Y-27632 in polyQ aggregation inhibition (33). The
second study showed that the inhibition of profilin phosphoryl-
ation at Ser-137 by ROCK1 enhanced the direct binding of pro-
filin to the polyproline region of htt. This interaction may
sequester htt or stabilize it in a less aggregation-prone confor-
mation. ROCK inhibitorswere able to reduce the aggregation of
AR as well, although the G-actin binding ability of profilin
rather than direct interaction with AR appeared to be impor-
tant (34).
In this report, we report on a novel effect of the ROCK inhib-

itor Y-27632 enhancing the clearance of mutant htt. We inves-
tigated the impact of Y-27632 on htt, AR, ataxin-3, and atro-
phin-1 with expanded polyQ and found a profound reduction
of polyQ aggregation following Y-27632 treatment in all tested
proteins. We hypothesize that in addition to previously pub-
lished facts there might be yet unknown common mechanism
responsible for this effect.
Therefore we investigated how mutant htt is processed after

treatment with ROCK inhibitors, and found that the enhanced
clearance of the expanded polyQ protein significantly contrib-
uted to the reduced polyQ aggregation. The levels ofmutant htt
fell markedly especially during the early phases after the induc-
tion of 150Q Neuro2a cells (Fig. 3). This change was not a con-

sequence of modified transcription, since the TaqMan analysis
showed no difference between the control and Y-27632-treated
cells.
To investigate whether the decreased levels were caused by a

higher turnover of the polyQ protein, we performed a set of
chase experiments, which confirmed the enhanced degradation
of htt (Fig. 4). Blocking of either the UPS or autophagy by
MG-132 and 3MA, respectively, did not reverse the effect of
Y-27632 completely. UPS inhibition suppressed the effect of
the drug on the soluble form of 150Q and partially on the insol-
uble form. Autophagy inhibition had similar effect on the insol-
uble form of 150Q while the soluble form remained almost
unchanged. Only simultaneous blockage of bothmain degrada-
tion systems reversed the effect of Y-27632 on both forms of
150Q (Fig. 5). When we overexpressed Ub-dsRED in wild type,
150Q, 60Q, or 16Q Neuro2a cell lines and treated them with
Y-27632, the accumulation of Ub-dsRED markedly decreased
as compared with untreated cells, suggesting the increased
activity of the UPS (Fig. 6). Treatment of Neuro2a cells with
Y-27832 caused enhanced conversion of LC3-I to LC3-II which
suggested increased autophagy activity (Fig. 6). Our data show
that the promotion of mutant htt degradation contributed in
great extent to aggregation inhibition by Y-27632.
Reducing the intracellular levels of the mutant protein is the

goal of many therapeutic approaches for polyQ diseases. This
can be achieved by enhancing its degradation. The degradation
of misfolded and damaged proteins by the UPS is essential to
maintaining protein quality control, and the malfunctioning of
theUPS has been linked to several neurodegenerative disorders
(48). Mutant htt is a substrate of the UPS, but the presence of
expandedpolyQ inhibits theUPS,which results in further accu-
mulation of htt (19–21, 41). We recently reported two drugs,
amiloride and benzamil, as able to activate the UPS and
enhance the clearance of mutant htt to reduce polyQ aggrega-
tion and toxicity in both the cellular and mouse models of HD
(49). As well, attempts to increase the autophagic clearance of
mutant htt resulted in reduced htt toxicity. Reports on several
small molecules with therapeutic potential for HD activating
autophagy, including rapamycin and lithium have been pub-
lished (35, 50, 51). To the best of our knowledge, Y-27632 is the
first chemical compound that is capable of enhancing bothUPS
and autophagy activity, though the effect on autophagy
appeared weaker.
To investigate the direct involvement of ROCKs in the

Y-27632 effect, we silenced ROCK1 and/or ROCK2. Surpris-
ingly, both isoforms were able to reduce polyQ aggregation
though the effect of ROCK1 appeared stronger (Fig. 7). Y-27632
had an additional effect in all knockdown conditionswhich is in
agreement with the recent study identifying PRK-2 as another
Y-27632 target (33). On the other hand, the effect of ROCK2
shRNA contradicts the study, which showed ROCK2 ineffec-
tive in inhibiting aggregation (33). This can be a consequence of
using different methods for the aggregation detection. While
the authors of the previous report utilized fluorescence reso-
nance energy transfer (FRET), we counted visible aggregates
using ArrayScan, or used immunoblotting (WB, FTA) to detect
insolublematerial. Further work will be necessary to clarify this
discrepancy.
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As well, identification of downstream effectors of ROCKs
influencing degradation pathways will be necessary for the
development of more effective therapies. ROCK regulates the

activities ofmany target proteins by its kinase activity. Through
some proteins, such as themyosin light chain (MLC), it induces
actomyosin contraction which is an important step in cytoskel-
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etal rearrangements (52). ROCK phosphorylates LIM kinases
enhancing their activity, and the subsequent phosphorylation
of cofilin proteins blocks their F-actin-severing activity (53–
55). Another ROCK substrate, collapsin response mediator
protein-2 (CRMP-2), is also involved in the regulation of
cytoskeletal reorganization (56, 57). Taken together, ROCK
activation leads directly to a number of actin-myosin-mediated
processes including cell motility, adhesion, phagocytosis, neu-
rite retraction, and smooth muscle contraction. These ques-
tions are thus raised: how does the cytoskeleton affect the activ-

ity of UPS and/or autophagy? Which of the ROCK targets are
involved in this process?
We have observed that chemical ROCK inhibition efficiently

disrupted aggresome formation in Neuro2a cells both in the
presence and absence of htt with expanded polyQ (data not
shown). Aggresome formation is a cellular response when UPS
is overloaded by the production of aggregation-prone mis-
folded proteins (58) or UPS is chemically inhibited (59). ROCK
has also been reported as a regulator of intracellular redistribu-
tion of lysosomes in invasive tumor cells (60), as we observed in

FIGURE 4. Y-27632 enhances the degradation of htt with expanded polyQ. 16Q, 60Q, and 150Q Neuro2a cells were plated into 12-well plates and 1-day later
differentiated with dbcAMP and induced with ponA. After 24 h in 16Q and 60Q cells and 16 h in 150Q Neuro2a cells, expression of htt polyQ was shut down by
ponA removal, and cells were treated with 20 �M Y-27632 for the time periods indicated in the figure. Cells were collected and processed for immunoblot
analysis using EM48, anti-GFP, anti-�-tubulin, or anti-ubiquitin antibodies. A, Western blot and FTA analysis of the chase experiment in 60Q Neuro2a cells
showed enhanced degradation of soluble 60Q (anti-GFP) and reduced accumulation of the insoluble form of the protein (EM48; FTA) upon treatment with
Y-27632. The top panel displays the experimental design of the chase experiments in 60Q and 16Q Neuro2a cells. B, densitometric quantification of a Western
blot confirmed significant augmentation of soluble 60Q degradation in cells treated with Y-27632 comparing to untreated cells. C, quantification of ubiquitin
immunoreactivity showed no accumulation of polyubiquitinated proteins in Y-27632-treated cells in contrast to untreated cells. D, Western blot and FTA
analysis of the chase experiment in 150Q Neuro2a cell line revealed reduced accumulation of the insoluble form of the protein (anti-GFP, gel top in Western
blot; EM48, FTA) by Y-27632 treatment. The top panel displays the experimental design of the chase experiment in 150Q Neuro2a cells. E, densitometric
quantification of the soluble 150Q levels (anti-GFP, Western blot) revealed no significant difference between treated and untreated cells. F, quantifi-
cation of the SDS-insoluble (aggregated) 150Q (EM48, FTA) exhibited a marked increase of the insoluble protein clearance in Y-27632-treated cells.
G, Western blot analysis of the chase experiment in 16Q Neuro2a cell line. H, densitometric quantification revealed no difference of 16Q degradation
between treated and untreated cells. All data were normalized using �-tubulin. All presented values are mean � S.D. from three independent experi-
ments. *, p � 0.05; **, p � 0.005.

FIGURE 5. Inhibition of UPS and/or autophagy ameliorates the effects of Y-27632. A, 150Q Neuro2a cells were plated into 12-well plates. On the following
day, cells were differentiated, induced, and treated with different combinations of 20 �M Y-27632, 10 �M MG-132, and 10 mM 3MA. Cells were collected 24 h
later, and Western blot and FTA analysis were performed using anti-GFP, anti-�-tubulin, and EM48 antibodies. B, quantification of the 150Q band intensities in
Western blot revealed that the inhibition of UPS but not that of autophagy ameliorated the effect of Y-27632 on soluble protein. C, densitometric quantification
of FTA showed that the combination of the UPS and macroautophgy blockage was necessary to abolish the effect of Y-27632 on the accumulation of the
insoluble form of 150Q. Inhibition of each of the degradation pathways separately ameliorated only partly the effect of Y-27632. Densitometric data were
normalized using �-tubulin. D, 150Q Neuro2a cells were treated as described above and processed for the ArrayScan analysis. Compound images generated
by ArrayScan show the effect of degradation pathways block on Y-27632-mediated polyQ aggregation. E, ArrayScan analysis quantification supported the data
obtained by FTA analysis. F, MEF 5–7 cells were treated with 10 ng/ml doxycycline for 5 days to knockdown Atg5 and inhibit autophagy. To demonstrate the
UPS inhibition by 10 �M MG-132 (MG), cells were transfected with ubiquitinated dsRED (Ub-dsRED) or mRFP and treated with MG for 1 day. Western blot analysis
using anti-Atg5 antibody showed almost complete absence of Atg5 protein (in complex with Atg12) in doxycycline-treated cells. Anti-LC3 immunoblot
revealed the consequent lack of autophagy activity in these cells. The levels of polyubiquitinated proteins and Ub-dsRED increased in cells treated with MG,
while mRFP levels remained unchanged. G, untreated and doxycycline-treated MEF 5–7 cells were plated into 6-well plates and next day transfected with
tNhtt-150Q-EGFP. Cells were then treated with 20 �M Y-27632 or 0.2 �M rapamycin and/or 10 �M MG-132 for 24 h. ArrayScan analysis confirmed that only the
simultaneous inhibition of both UPS and autophagy negated the effect of Y-27632 (in dox �/Atg5- cells treated with MG-132 (MG)). Rapamycin, an mTOR
inhibitor, activates autophagy and was used as a control. Bars represent the relative mean values � S.D. from three independent experiments. The control value
of 1 represents the control conditions without Y-27632 (B, C, and E) or without Y-27632 and rapamycin treatment (G). *, p � 0.05; **, p � 0.005; ***, p � 0.001.
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Neuro2a cells (data not shown). The treatment ofNeuro2a cells
with Y-27632 hindered subcellular spreading of the lysosomes
and promoted recruitment of the lysosomes in the perinu-
clear region. It is not clear however, if this redistribution
contributes to the activation of autophagy, a matter still
under investigation.
Another possible link between ROCKs and autophagy is the

involvement of ROCKs inAkt signaling (27). Akt activationwas

shown to inhibit the mTOR-dependent autophagy activity in
some cell lines including Neuro2a (61–63). Moreover, one
recent study identified an actin-related protein (Arp2) to be a
link between the actin cytoskeleton and autophagic machinery
(64).
The downstream substrates responsible for degradation

machinery activation are unknown and are the subjects of fur-
ther investigation. Thismay potentially lead to identification or

FIGURE 6. Y-27632 increases the UPS and autophagy activity. A, wild type Neuro2a cells were plated into 12-well plates. On the following day, cells were
transfected with mRFP or Ub-dsRED and 4-h later differentiated and treated with 20 �M Y-27632 and/or 10 �M MG-132 for additional 24 h. Cells were then
processed for immunoblot with anti-RFP and anti-�-tubulin. B, Western blot quantification confirmed that Y-27632 significantly decreased the levels of
Ub-dsRED but not mRFP. C and D, 150Q, 60Q, and 16Q Neuro2a cells were plated into 24-well plates and transfected in a similar manner as described in A. Four
hours later, the cells were differentiated, induced, and treated with drugs. ArrayScan analysis revealed that the percentage of Ub-dsRED-positive cells (C) and
average red fluorescence in the cells (D) decreased in Y-27632-treated cells. Y-27632 had no effect on mRFP fluorescence. E, wild type Neuro2a cells were plated
into 6-well plates, and 1-day later, cells were left untreated or treated with 20 �M Y-27632 for 24 h and processed for Western blot analysis of the LC3 conversion.
F, densitometric quantification confirmed that Y-27632 significantly increased the conversion of LC3 representing increased autophagic activity in the treated
cells. Bars in B and F represent the relative mean values � S.D. from three independent experiments. The control value of 1 represents the control conditions
without Y-27632 treatment. Bars in C and D represent mean values � S.D. from three independent experiments. *, p � 0.05; **, p � 0.005; ***, p � 0.001.

FIGURE 7. Knockdown of ROCK1 and/or ROCK2 reduces polyQ aggregation and activates the main degradation pathways in 150Q Neuro2a cells.
150Q Neuro2a cells were plated into 12-well plates and 1-day later transfected with different combinations of pSil vector, ROCK1 (R2) and ROCK2 (R2)
shRNA (�mRFP as the transfection marker). After 4 h, the cells were differentiated for 48 h, then induced, and eventually treated with 20 �M Y-27632.
Cells were processed 24 h later for Western blot or ArrayScan analysis. A, immunoblot using anti-GFP, anti-ROCK1, anti-ROCK2 antibodies showed
decreased levels of 150Q (especially the soluble form) upon ROCKs silencing. LC3 conversion was enhanced only in the absence of both ROCKs.
B, ArrayScan analysis showed a significant reduction of 150Q inclusion formation by ROCKs silencing. Y-27632 treatment had an additional affect in all
ROCK knockdown conditions. C, quantification of the band intensities of LC3 blots revealed enhanced conversion of LC3 when both ROCK isoforms were
knocked down. D and E, ROCKs knockdown was implemented in a similar manner as described above. After 2 days, cells were left untreated or treated
with 10 �M MG-132 (for assay control) and incubated for 18 h. Cell lysates were then prepared for in vitro UPS activity assays. Knockdown of ROCK1
caused activation of trypsin-like activity, while ROCK2 appeared to be responsible for the PGPH activity of the UPS. The y axis represents the absorbance
at 460 nm. Bars in B, D, and E represent mean values � S.D., and bars in C represent the relative mean values � S.D. from three independent experiments.
The control value of 1 in C represents the control cells transfected with empty pSil vector. *, p � 0.05; **, p � 0.005; ***, p � 0.001.
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development of more potent and specific inhibitors providing
effective treatment for polyQ-related diseases.
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