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Y-27632, an inhibitor of the Rho-associated kinase ROCK, is a therapeutic lead for Huntington disease
(HD). The downstream targets that mediate its inhibitory effects on huntingtin (Htt) aggregation and toxicity
are unknown. We have identified profilin, a small actin-binding factor that also interacts with Htt, as being a
direct target of the ROCK1 isoform. The overexpression of profilin reduces the aggregation of polyglutamine-
expanded Htt and androgen receptor (AR) peptides. This requires profilin’s G-actin binding activity and its
direct interaction with Htt, which are both inhibited by the ROCK1-mediated phosphorylation of profilin at
Ser-137. Y-27632 blocks the phosphorylation of profilin in HEK293 cells and primary neurons, which main-
tains profilin in an active state. The knockdown of profilin blocks the inhibitory effect of Y-27632 on both AR
and Htt aggregation. A signaling pathway from ROCKI1 to profilin thus controls polyglutamine protein
aggregation and is targeted by a promising therapeutic lead for HD.

Huntington disease (HD) and spinobulbar muscular atrophy
(SBMA) cause devastating neurodegeneration. HD derives
from an expanded CAG codon repeat that produces an elon-
gated polyglutamine tract in the huntingtin (Htt) protein, and
SBMA derives from an elongated tract in the androgen recep-
tor (AR) (19, 23). A toxic, aggregation-prone conformation is
favored by the expanded polyglutamine tract but does not
always occur in cells, implying a role for additional protein
interactions (11, 50). The basic mechanisms that influence in-
tracellular polyglutamine protein aggregation and toxicity are
not well understood. There is no effective therapy for any
polyglutamine disease, and thus a better understanding of fun-
damental mechanisms that might be targeted by new drugs is
crucial.

Protein aggregation plays an important role in the cytotox-
icity of polyglutamine proteins such as AR and Htt and is
associated closely, but not invariably, with inclusion formation.
Inclusions are macromolecular structures that represent an
adaptive cellular response to large quantities of misfolded pro-
teins (25, 38, 46). We previously developed a quantitative assay
to detect intracellular aggregation and inclusion formation that
is based on fluorescence resonance energy transfer (FRET)
(36). We used this system to identify multiple biologically active
small molecules that reduce intracellular AR and Htt aggregation
and toxicity (10, 36). One lead compound, Y-27632, an inhibitor
of the Rho-associated kinase ROCK (47), reduced AR and Hitt
aggregation in cultured cells and Htt-mediated neurodegenera-
tion in Drosophila melanogaster (36). We recently validated
ROCK and another Rho-associated kinase, PRK2, as being in-
tracellular targets of Y-27632 that regulate polyglutamine aggre-
gation (43). Here, we have investigated the molecular mechanism
of ROCK inhibition and, in doing so, have elucidated a novel
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signaling pathway, from ROCKI to the actin-binding factor pro-
filin, which regulates polyglutamine aggregation.

MATERIALS AND METHODS

Reagents. Protease inhibitor cocktail tablets (Complete Mini, catalog number
11-836-153-001, and Complete Mini EDTA free, catalog number 11-836-170-
001) were purchased from Roche Diagnostics. An ECL Plus Western blotting
detection kit (catalog number RPN2132) was purchased from GE Healthcare.
Phosphatase inhibitor cocktail 1 (catalog number P2850) was purchased from
Sigma. Control small interfering RNA (siRNA) (catalog number sc-37007),
profilin-1-specific siRNAs (catalog number sc-36316), and profilin-1/profilin-2a-
specific sSiIRNAs (catalog number sc-44045) were purchased from Santa Cruz
Biotechnology. Profilin-1-specific siRNAs contain three different sequences: GU
GUCCUGGUUGGCAAAGA, CACGGUGGUUUGAUCAACA, and CCCC
AUACCCCUUAUUGCU. Profilin-1/profilin 2a siRNAs contain four different
sequences: two targeting profilin-1 (GCAAAGACCGGUCAAGUUU and CA
CGGUGGUUUGAUCAACA) and the other two targeting profilin-2a (GUA
GAGCAUUGGUUAUAGU and CCAGGGACAUUCCAUCAUU). Lyso-
phosphatidic acid (LPA) was purchased from Sigma.

Constructs. cDNAs encoding ARN127(Q65) or Htt exon 1 fused to cyan
fluorescent protein (CFP) or yellow fluorescent protein (YFP) (36) were sub-
cloned from p6R (36) into the backbone of pEYFP.N1 (Clontech) to drive
expression under the cytomegalovirus promoter. For bacterial expression, gluta-
thione S-transferase (GST)-ARN127(Q25) YFP was cloned into the pGEX-4T-1
vector (Amersham Biosciences). pGEX-Htt exon 1 (Q20 or Q53) constructs
were provided by Paul J. Muchowski (31). Human His—profilin-1 (wild type [wt],
S137A, and S137D) was PCR amplified and cloned into the bacterial expression
vector pRK172. For expression in HEK293 cells, human profilin-1 was PCR
amplified and cloned into pcDNA3.1. Mutations at Ser-137 were introduced into
the PCR primers, and others were introduced by QuikChange mutagenesis
(Stratagene). Human profilin-2a was PCR amplified and cloned into the gWIZ
blank vector. For expression in primary neurons, profilin-1 (wt versus mutants)
and Htt exon 1(Q72) YFP were cloned into vector pCAGGS (provided by
Robert Edwards) to drive expression under the chicken B-actin promoter.
pCAG-ROCK1(wt) or pPCAG-ROCKI1(KDIA) was provided by Shuh Narumiya
(20). pXJ40-ROCK2 was provided by Thomas Leung (24).

Cell culture and transfection. HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium-5% fetal bovine serum (FBS) and transfected as
described previously (10, 36). For LPA treatment and phospho-profilin-1 detec-
tion, primary basal ganglion neurons were dissected from embryonic day 14 rat
embryos and maintained in Dulbecco’s modified Eagle’s medium-10% FBS for
4 days prior to use. For effects of profilin on aggregation, primary cortical
neurons were dissected from embryonic day 19 rat embryos and electroporated
with Htt exon 1(Q72) YFP and profilin-1 (wt versus mutants) using a rat neuron
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Nucleofector kit (catalog number DPG-1003; Amaxa). They were cultured in
Neurobasal medium (Gibco) supplemented with 1% FBS, 2% B27, and 2 mM
Glutamax for 4 days prior to use.

FRET measurements and calculations. FRET measurements were made as
described previously (10). The relative FRET/donor ratio was calculated as
follows: relative FRET/donor ratio = [(FRET/donor)a — (FRET/donor)b]/
(FRET/donor)b, where a represents cells cotransfected or treated with aggrega-
tion modulators and b represents control cells untreated or cotransfected with
empty vector or control siRNAs.

Protein expression and affinity purification. pGEX constructs were trans-
formed into Rosetta(DE3) (Novagen) or Sure competent cells (Stratagene).
Cells were grown at 37°C until an optical density at 600 nm of 0.6 to 0.9 was
reached and induced with 0.5 mM IPTG (isopropyl-B-p-thiogalactopyranoside)
at 30°C for 5 h. Cells were lysed by sonication in phosphate saline buffer, and
lysate was mixed with glutathione-Sepharose beads (Amersham Biosciences) at
4°C for 2 h. Beads were washed and eluted with 50 mM Tris-HCI (pH 8.0)
containing 10 mM reduced glutathione. pRK172/His-profilin (wt, S137A, and
S137D) was transformed into Rosetta(DE3) cells and induced with 0.5 mM
IPTG at 30°C for 5 h. The lysate was sonicated and bound to Ni-nitrilotriacetic
acid agarose (Qiagen) at 4°C for 2 h. Beads were washed and eluted with 250 mM
imidazole. Proteins were dialyzed against a solution containing 50 mM Tris-HCl
(pH 7.4), 100 mM NaCl, 0.2 mM ATP, 5% sucrose, and 0.5 mM dithiothreitol
(DTT) for in vitro kinase assays or against a solution containing 10 mM Tris-HCl
(pH 8.0), 1 mM EDTA, and 1 mM DTT for pull-down assays.

Immunoprecipitation and pull-down assays. For coimmunoprecipitation of
endogenous actin with Myc-profilin, HEK293 cells were lysed in a solution
containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1% Triton X-100, and
protease inhibitor cocktail (Roche). Cleared lysates were mixed with anti-mouse
immunoglobulin G (IgG) beads (Sigma) bound with mouse anti-Myc antibody.
After 2 h of mixing at 4°C, beads were washed with lysis buffer and analyzed by
Western blotting using anti-Myc and antiactin antibodies. For interactions be-
tween GST-Htt exon 1 and profilin, Htt exon 1 was immobilized on glutathione-
Sepharose and incubated with bacterial lysate or HEK293 cell lysate. Beads were
washed with phosphate-buffered saline-1 mM EDTA-0.1% Tween 20 and ana-
lyzed by Coomassie blue staining and Western blotting against profilin. For
interactions between His-profilin and Htt exon 1, Hisg-profilin was immobilized
on Ni-nitrilotriacetic acid agarose and mixed with bacterial lysate containing
GST-HA-Htt exon 1 (Q25). Beads were washed with phosphate-buffered saline
and analyzed by Coomassie blue staining and Western blotting against Htt. For
immunoprecipitation of phospho-profilin, HEK293 cells were lysed with a solu-
tion containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 50 mM NaF, 1%
Triton X-100, and protease inhibitor cocktail. The cleared lysate was incubated
with anti-rabbit IgG beads (Sigma) bound with rabbit antiphosphoserine anti-
body. After 2 h of mixing at 4°C, beads were washed with a solution containing
50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 50 mM NaF, and 1% Triton X-100 and
analyzed by Western blotting against the Myc tag.

In vitro kinase assay. Immunoprecipitated Myc-ROCKI1(wt) or Myc-
ROCKI1(KDIA) was mixed with 50 ng/pl Hisg-profilin (wt or S137A) in 25 pl
kinase reaction buffer (25 mM Tris-HCI [pH 7.4], 4 mM MgCl,, 3.6 mM EDTA,
1 mM DTT, 0.1 uM calyculin A [Calbiochem], phosphatase inhibitor cocktail 1
[Sigma], 50 uM arachidonic acid [Sigma], 80 .M cold ATP, 20 uM [y->*P]ATP
[5 nCi; Perkin-Elmer]) for 60 min at 30°C. Reactions were stopped with sodium
dodecyl sulfate (SDS) sample buffer and analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) and autoradiography.

Antibodies. Commercial primary antibodies purchased were as follows: mouse
anti-Myc tag (catalog number sc-40; Santa Cruz), mouse anti-Htt (MAB5374,
clone mEM48; Chemicon), rabbit anti-actin (catalog number sc-1616-R; Santa
Cruz), rabbit anti-phosphoserine (AB1603; Chemicon), and mouse anti-tetra-His
(catalog number 34670; Qiagen). Secondary antibodies used for Western blotting
include alkaline phosphatase-conjugated secondary antibodies (catalog number
A3562; Sigma) and horseradish peroxidase-conjugated secondary antibodies
(NA9340V for anti-rabbit and NA931V for anti-mouse antibodies; Amersham
Biosciences). Mouse true blot secondary antibody was purchased from eBio-
science. Secondary antibody-conjugated agarose beads used for immunoprecipi-
tation are anti-mouse IgG-agarose (catalog number A6531; Sigma) and anti-
rabbit IgG immunoprecipitation beads (catalog number 00-8800-25;
eBioscience). A rabbit polyclonal antibody (P3490) selective for phospho-Ser-
137 of profilin was raised using a synthetic phosphopeptide [Ac-CMASHLRR
(pS)QY-OH] derived from the C terminus of human profilin-1 and affinity
purified by New England Peptide, Inc. Polyclonal antibodies against profilin-1
and -2a were generated by Open Biosystems (Huntsville, AL) by injecting the
linear peptides KCYEMASHLRRSQY and KAYSMAKYLRDSGF, respec-
tively, conjugated to keyhole limpet hemocyanin into rabbits. Serum was purified
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with an affinity column containing the respective profilin peptide. A polyclonal
antibody against the N-terminal portion of profilin-1 was purchased from Cell
Signaling.

RESULTS

Profilin inhibits polyglutamine aggregation. ROCK is a key
player in actin cytoskeleton remodeling. It does so via phos-
phorylating several well-known targets, including LIM kinase
(reviewed in references 1, 32, and 37). LIM kinase is activated
by ROCK (26, 34, 45) and in turn phosphorylates cofilin at
Ser-3 to inactivate cofilin’s filamentous (F) actin-severing and
-depolymerizing activity (reviewed in reference 3). We coex-
pressed constitutively active (S3A) or inactive (S3E) forms of
cofilin with polyglutamine-expanded peptides derived from the
first 127 amino acids of AR [ARN127(Q65) CFP/YFP] or the
first exon of Htt [Htt exon 1(Q72) CFP/YFP] in HEK293 cells.
Western blot analysis suggested an approximately twofold in-
crease in levels of cofilin upon overexpression (data not
shown). We quantified aggregation via FRET. Cofilin(S3A)
increased the aggregation of both AR and Htt, whereas
cofilin(S3E) suppressed AR aggregation and had no effect on
Htt aggregation (Fig. 1A). These effects indirectly implicated
the actin cytoskeleton in polyglutamine aggregation but were
contrary to those expected if cofilin were the key secondary
downstream target of ROCK mediating its effect.

We next focused on profilin, an actin binding protein previ-
ously identified as being an Htt-interacting protein in yeast
two-hybrid and in vitro binding assays (17) and which was
recently reported to ameliorate polyglutamine toxicity in cells
and Drosophila (5). It is generally believed that profilin pro-
motes F-actin polymerization by exchanging the adenosine nu-
cleotide on G actin and facilitating its addition to growing
filament ends (51), although contradictory data regarding its
effect on intracellular F-actin content have been reported (40,
54). Two major profilin isoforms with similar biochemical
properties exist: profilin-1 and profilin-2a (51). Profilin-1 is
expressed in most tissues, whereas profilin-2a is largely re-
stricted to the brain (52). We cotransfected HEK293 cells with
increasing amounts of profilin-1 or profilin-2a along with
ARN127(Q65) CFP/YFP or Htt exon 1(Q72) CFP/YFP.
Transfection achieved a twofold increase in profilin-1 levels;
endogenous profilin-2a is expressed at very low levels in these
cells (data not shown). Both isoforms dose-dependently inhib-
ited AR and Htt aggregation (Fig. 1B and C) and reduced the
number of microscopically visible inclusions (Fig. 1D). All sub-
sequent experiments were performed using profilin-1 unless
otherwise stated.

Inhibition of Htt aggregation by profilin requires direct
interaction. Profilin has been reported to directly interact with
Htt (17). We confirmed this via GST pull-down assays. Purified
GST-Htt exon 1(Q25) bound recombinant profilin from bac-
terial lysate, whereas GST or GST-ARN127(Q25) did not (Fig.
2A). We observed a similar result using HEK293 cell lysates
containing transfected profilin (Fig. 2B). Previously reported
data suggest that profilin directly binds polyproline motifs sim-
ilar to those found in Htt (51). Cocrystals of profilin and
polyproline peptides (27, 28), along with mutagenesis studies,
indicate that the polyproline binding site of profilin is in a
hydrophobic patch formed by both the amino- and carboxy-
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FIG. 1. Profilin inhibits AR and Htt aggregation in cultured HEK293 cells. (A) HEK293 cells were cotransfected with constitutively active
cofilin(S3A) or inactive cofilin(S3E) with Htt exon 1(Q72) CFP/YFP or ARN127(Q65) CFP/YFP. Aggregation was measured by FRET, and the
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FIG. 2. Inhibition of Htt aggregation by profilin requires direct interaction. (A) Sepharose-bound GST, GST-ARN127(Q25) YFP, or GST-Htt
exon 1(Q25) was mixed with bacterial lysate containing His-profilin. GST-Htt exon 1(Q25) interacted with His-profilin, whereas GST and
GST-ARN127(Q25) YFP did not. (B) Sepharose-bound GST, GST-Htt exon 1(Q20), or GST-Htt exon 1(Q53) was mixed with HEK293 cell lysate
containing profilin. GST-Htt exon 1(Q53) bound 85% less profilin than GST-Htt exon 1(Q20). Asterisks indicate two bands nonspecifically reacting
with the anti-profilin antibody. (C) Sepharose-bound GST or GST-Htt exon 1(Q25) was mixed with HEK293 cell lysate containing profilin(wt) or
the polyproline binding mutants (H133S and W31F). Profilin(wt) bound GST-Htt exon 1(Q25), and the two mutants did not. (D) HEK293 cells
were transfected with untagged (first lane) or Myc-tagged profilin (wt, H133S, or W31F). Cell lysate was immunoprecipitated using an anti-Myc
antibody, followed by Western blotting against actin. Polyproline binding-deficient profilin mutants bound amounts of actin similar to those of
profilin(wt). (E) Profilin (wt, H133S, or W31F) was cotransfected into HEK293 cells with Htt exon 1(Q72) CFP/YFP or ARN127(Q65) CFP/YFP.
Relative aggregation was measured by FRET. Both mutants inhibited ARN127(Q65) aggregation comparably to profilin(wt) but were significantly
less effective in inhibiting Htt exon 1(Q72) aggregation (%, P < 0.0005; **, P < 0.005 [unpaired ¢ test]). Error bars represent the SEM.

terminal helices (4, 30). We tested whether profilin might uti- confirmed that these mutations eliminated profilin’s interac-
lize this region to interact with Htt by introducing two point tion with Htt exon 1 (Fig. 2C) but had no effect on its inter-
mutations, W31F and H133S, that each block the interaction of action with G actin (Fig. 2D). When overexpressed in HEK293
profilin with its polyproline ligand (4, 35). GST pull-downs cells, each mutation reduced profilin’s ability to inhibit Htt

effects were expressed as relative values as described in Materials and Methods. Cofilin(S3A) increased the aggregation of both Htt exon 1(Q72) and
ARN127(Q65), whereas cofilin(S3E) had little effect on Htt exon 1(Q72) aggregation (**, P < 0.005 by paired ¢ test) and decreased ARN127(Q65)
aggregation. Error bars represent the standard errors of the means (SEM). (B and C) HEK293 cells were cotransfected with Htt exon 1(Q72) CFP/YFP
or ARN127(65) CFP/YFP and increasing amounts of profilin-1 (which will subsequently be referred to as profilin, unless otherwise stated) (B) or
profilin-2a (C). Relative aggregation was measured by FRET. Both profilin isoforms dose-dependently reduced aggregation. Error bars represent the
SEM. (D) HEK293 cells were cotransfected with Htt exon 1(Q72) YFP or ARN127(Q65) YFP and profilin-1. Cells were cultured for 2 days, fixed, and
analyzed using fluorescence microscopy. Profilin-1 reduced the number of inclusions formed by both Htt exon 1(Q72) YFP and ARN127(Q65) YFP.
Profilin-2a had the same effect (data not shown). Representative images (magnification, X10) are shown.
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FIG. 3. Actin binding by profilin is required to inhibit polyglutamine aggregation. (A) Myc-tagged profilin(wt) or profilin(Y59A) was immu-
noprecipitated from HEK293 cells, and coprecipitated actin was detected by Western blotting. Untagged profilin was used as the negative control
(first lane). Profilin(Y59A) failed to bind actin. IP, immunoprecipitation. (B) Sepharose-bound GST or GST-Htt exon 1(Q25) was incubated with
HEK293 cell lysate containing profilin(wt) or profilin(Y59A). Both profilin proteins bound Htt exon 1 comparably. (C) HEK293 cells were
cotransfected with profilin(wt) or profilin(Y59A) with Htt exon 1(Q72) CFP/YFP or ARN127(Q65) CFP/YFP. Relative aggregation was measured
by FRET. Profilin(wt) reduced the aggregation of Htt exon 1(Q72) and ARN127(Q65), whereas profilin(Y59A) partially reduced Htt exon 1(Q72)
aggregation (#x%, P < 0.0005 by unpaired ¢ test) and increased ARN127(Q65) aggregation. Error bars represent the SEM.

exon 1(Q72) CFP/YFP aggregation by approximately 50%
(Fig. 2E). However, neither mutation affected profilin’s ability
to reduce ARN127(Q65) CFP/YFP aggregation (Fig. 2E).
Thus, the inhibition of Htt aggregation by profilin is based in
part on a direct interaction.

Actin binding by profilin is required to inhibit polyglu-
tamine aggregation. Profilin has well-defined actin binding ac-
tivities, and analyses of actin/profilin cocrystals (42) and mu-
tagenesis (41, 53) have defined a crucial residue (Tyr-59)
within its actin binding domain. Profilin(Y59A) cannot bind
actin in vitro (41, 53). We confirmed this in cultured HEK293
cells by coimmunoprecipitation (Fig. 3A). Profilin(Y59A) in-
teracted with Htt exon 1 comparably to the wild-type form
(Fig. 3B), but its ability to inhibit Htt exon 1(Q72) CFP/YFP
aggregation was reduced by 50%, and it actually increased the
aggregation of ARN127(Q65) CFP/YFP (Fig. 3C). These ex-
periments demonstrate that the binding of G actin by profilin
is essential for its inhibition of AR aggregation but is only
partially required for profilin’s inhibition of Htt aggregation,
which also requires a direct interaction.

ROCKI1 phosphorylates profilin at Ser-137. In a previously
reported study, Y-27632 treatment increased the isoelectric fo-

cusing point of profilin-2a, suggesting a decrease in its overall
phosphorylation level and a possible link to ROCK (7). However,
this study left uncertain whether profilin is a direct target of
ROCK, and if so, what the specific phosphorylation site is. Se-
quence analysis of profilin revealed a potential ROCK phosphor-
ylation consensus site near the C terminus: "*> RRSQY"*’ (bold-
face indicates the phosphoserine targeted by ROCK1) (22, 37,
45). Ser-137 of profilin can be phosphorylated by protein kinase C
in vitro (44, 48). However, no physiological protein kinase has yet
been assigned for profilin, nor has its regulation by phosphoryla-
tion at any residue been demonstrated. Thus, we first tested
whether ROCK phosphorylates profilin at Ser-137 in vitro.
ROCKI(wt) (the ubiquitously expressed ROCK isoform) or its
kinase-dead mutant, ROCK1(KDIA) (20), was immunoprecipi-
tated from HEK293 cells and incubated with recombinant profi-
lin. Radiolabeling with [y->*P]ATP revealed the phosphorylation
of profilin by ROCK1(wt) but not by ROCK1(KDIA) (Fig. 4A).
Profilin(S137A) incorporated approximately 40% less **P than
did profilin(wt) (Fig. 4A), indicating that ROCK1 phosphorylates
Ser-137, in addition to other sites, in vitro.

Next, we tested for intracellular ROCK-induced phosphor-
ylation of profilin at Ser-137. We expressed Myc-tagged pro-
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FIG. 4. ROCKI phosphorylates profilin at Ser-137 in vitro and in vivo. (A) Immunoprecipitated Myc-tagged ROCK1(wt) or ROCK1(KDIA)
was mixed with profilin(wt) or profilin(S137A) in an in vitro kinase assay and analyzed by autoradiography and Western blotting. While the
kinase-dead ROCK1(KDIA) caused little **P incorporation into profilin, ROCK1(wt) phosphorylated profilin(wt) and, to a 40% lesser extent,
profilin(S137A) (average of three experiments) (*, P < 0.05 by unpaired ¢ test). Error bars represent the SEM. (B) Myc-tagged profilin(wt) or
profilin(S137A) was cotransfected into HEK293 cells with ROCK1, ROCK2, or pcDNA3 and treated with or without 50 uM Y-27632 for 24 h.
Immunoprecipitation was performed with a phosphoserine-specific antibody (P-Ser) or normal IgG (control [Ctrl]), followed by Western blotting
for the Myc tag. No profilin(wt) bound to the P-Ser antibody without ROCK1, whereas ROCK1 overexpression increased binding, which was
inhibited by Y-27632. Profilin(S137A) failed to bind the P-Ser antibody regardless of ROCKI overexpression. ROCK2 overexpression did not
increase the binding of profilin(wt) to the P-Ser antibody but increased the binding of profilin(S137A).

filin(wt) or profilin(S137A) in HEK293 cells with or without
ROCKI1 or ROCK2 (an isoform highly expressed in brain),
followed by immunoprecipitation with an anti-phosphoserine
antibody and Western blotting with an anti-Myc antibody. We
observed very little immunoprecipitation of profilin in the ab-
sence of ROCK1 or ROCK2 (Fig. 4B). The coexpression of
ROCKI1 increased the amount of profilin bound by the anti-
phosphoserine antibody, and this effect was blocked by the
ROCK inhibitor Y-27632 (Fig. 4B). No immunoprecipitation
of profilin was induced by ROCK2 overexpression, suggesting
that an isoform-specific relationship might exist between
ROCKI and profilin-1, which are expressed together in most
tissues. No immunoprecipitation of profilin(S137A) was ob-
served, regardless of ROCK1 overexpression (Fig. 4B). Unex-
pectedly, more profilin(S137A) was immunoprecipitated upon
ROCK?2 overexpression, suggesting that other sites might be
more accessible to ROCK2 (but not ROCK1) phosphorylation
when Ser-137 is mutated. Regardless, these data strongly sug-
gested that ROCKI1 regulates profilin via phosphorylation at
Ser-137.

ROCK is a well-known effector of the small GTPase RhoA
(1, 32, 37). To evaluate how Rho/ROCK signaling impacts the
phosphorylation of endogenous profilin, we created a poly-
clonal phospho-specific antibody against p-Ser-137 of profilin
(P3490). P3490 recognized both endogenous and exogenously
expressed profilin in HEK293 cells by Western blotting (Fig.
5A). Its reactivity was sensitive to treatment of samples with
alkaline phosphatase, indicating its preference for phospho-
profilin (Fig. 5B). Indeed, P3490 preferentially recognized the
phosphomimetic profilin(S137D) versus the phospho-resistant
profilin(S137A) (Fig. 5C). It also recognized bacterially ex-
pressed wild-type profilin, indicating a low level of reactivity
with unphosphorylated profilin (Fig. 5C). P3490 reactivity with
HEK?293 cell lysate overexpressing ROCKI1 increased by two-
fold, and this was blocked by Y-27632 treatment (Fig. 5SD).
LPA, a known activator of RhoA, increased P3490 reactivity by
~58% without changing the total levels of profilin, and this
effect was also blocked by Y-27632 treatment (Fig. 5SE). Next,
we tested for the presence of the Rho/ROCK/profilin signaling
pathway in primary cultured neurons. The treatment of these
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This was inhibited by Y-27632.

cells with LPA increased profilin phosphorylation at Ser-137 by
~60%, and Y-27632 treatment blocked this effect (Fig. 5F).
Taken together, these results indicate a signaling pathway in
which Rho/ROCK signaling increases profilin phosphorylation
at Ser-137 in both neural and nonneural cells.
Phosphorylation at Ser-137 negatively regulates profilin. To
evaluate the effect of phosphorylation at Ser-137 on profilin
functions, we expressed Myc-tagged wild-type, phospho-resis-
tant (S137A), or phosphomimetic (S137D) profilin mutants in
HEK293 cells and compared their interactions with endoge-
nous G actin by coimmunoprecipitation. Under low-salt con-
ditions (50 mM NacCl), all three proteins bound a similar
amount of G actin (Fig. 6A). However, under high-salt condi-
tions (500 mM NacCl), profilin(S137A) bound ~50% more G

actin than profilin(wt), whereas profilin(S137D) bound ~30%
less (Fig. 6A). We next tested whether phosphorylation at
Ser-137, which is near the polyproline binding region, would
inhibit profilin’s interaction with Htt. Recombinant His-tagged
profilin(wt) and profilin(S137A) bound equal amounts of
GST-Htt exon 1, whereas profilin(S137D) failed to bind (Fig.
6B). These data suggested that phosphorylation at Ser-137
reduces profilin’s affinity for G actin and blocks its interaction
with Hitt.

Next, we coexpressed profilin(wt), profilin(S137A), or
profilin(S137D) with ARN127(Q65) CFP/YFP or Htt exon
1(Q72) CFP/YFP in HEK293 cells. Profilin(S137D) failed to
inhibit AR aggregation and was only partially effective in re-
ducing Htt aggregation (Fig. 6C). In contrast, profilin(S137A)
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was as effective as the wt protein (Fig. 6C). Next, we coex-
pressed Htt exon 1(Q72) YFP with either an empty vector or
profilin constructs (wt, S137A, and S137D) in primary cultured
rat embryonic cortical neurons. After 4 days, we counted the
number of inclusions formed by Htt exon 1(Q72) YFP. As we
observed in HEK293 cells, profilin(wt) or profilin(S137A) each
reduced the number of inclusions, whereas the S137D mutant
did not (Fig. 7). Thus, phosphorylation at Ser-137 reduces
profilin’s antiaggregation activity in primary neurons as it does
in nonneural cells. Taken together, these data imply that while
unphosphorylated profilin suppresses polyglutamine aggrega-
tion, ROCK1 promotes aggregation by phosphorylating and
inactivating profilin. Moreover, profilin functions in both neu-
ral and nonneural cells.

Profilin is required for Y-27632 activity. It remained possi-
ble that the effects of Y-27632 on polyglutamine aggregation
might result from blocking the phosphorylation of other
ROCK targets. Thus, we tested whether profilin is required to
mediate the inhibitory effect of Y-27632 on polyglutamine ag-

gregation. We transfected HEK293 cells with two different
pools of siRNAs: one targeting human profilin-1 alone and the
other targeting both profilin-1 and profilin-2a. A scrambled
siRNA sequence was used as a negative control. Western blot-
ting showed different extents of profilin-1 knockdown by the
two siRNA pools: ~50% by profilin-1-specific siRNAs and
~95% by profilin-1/profilin-2a siRNAs (Fig. 8A). Profilin-1/
profilin-2a siRNAs also knocked down endogenous profilin-2a
expression by 90%, whereas profilin-1 siRNAs did not (Fig.
8A). Following the first round of transfection with siRNAs
alone, cells were transfected again with the same siRNAs along
with ARN127(Q65) CFP/YFP or Htt exon 1(Q72) CFP/YFP.
Profilin-1-specific siRNAs did not significantly affect the basal
aggregation of either ARN127 or Htt exon 1, while profilin-1/
profilin-2a-specific siRNAs increased the aggregation of both
proteins (Fig. 8B).

We next assessed the effect of profilin knockdown on the
activity of Y-27632 as an aggregation inhibitor. Despite a min-
imal effect on basal aggregation, profilin-1 siRNAs inhibited
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the Y-27632 effect on ARN127 aggregation by 46% and Htt
exon 1 aggregation by 80% compared to cells transfected with
the control siRNA (Fig. 8C). Thus, profilin is required for the
inhibitory effect of Y-27632 on aggregation. The knockdown of
profilin-1 and -2a together inhibited the Y-27632 effect on
ARN127 aggregation by 63% and slightly increased Htt exon 1
aggregation in response to the compound (Fig. 8C). Taken
together with the preceding experiments, these data place pro-
filin directly downstream from ROCK signaling in its regu-
lation of polyglutamine aggregation. They suggest a model
in which ROCK1-induced phosphorylation at Ser-137 inhib-
its profilin’s binding to G actin and Htt and thus simulta-

neously reduces profilin’s ability to block AR and Htt ag-
gregation (Fig. 9).

DISCUSSION

Y-27632 is a therapeutic lead for HD and SBMA. It dimin-
ishes AR and Htt aggregation in cultured cells and reduces Hitt
exon 1 toxicity in vivo (36). In this work, we have elucidated a
signaling pathway that mediates these effects in neural and
nonneural cells. We find that ROCKI1, under the control of
Rho-GTPase, phosphorylates the actin regulatory factor pro-
filin at Ser-137, and this inactivates profilin as an aggregation
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and disrupts its direct interaction with Htt. In combination, this inac-
tivates profilin as an inhibitor of Htt aggregation. In both cases,
Y-27632 blocks the phosphorylation of profilin by ROCKI1, which
restores profilin’s ability to bind G actin and Htt and its antiaggrega-
tion activity. For both AR and Htt, phosphorylation at Ser-137 could
also affect other unknown functions of profilin (broken lines) that are
important for its antiaggregation activity.

inhibitor. Phosphorylation at Ser-137 modestly interferes with
profilin’s binding to actin, which is required for the maximal
inhibition of both AR and Htt aggregation. Phosphorylation at
Ser-137 also blocks profilin’s interaction with Htt, which is
necessary for profilin’s maximal inhibition of Htt aggregation.
The knockdown of profilin strongly reduces the inhibitory ef-
fect of Y-27632 on AR and Htt aggregation. Taken together,
these data suggest that profilin is directly downstream of
ROCKI, and the Rho/ROCK/profilin signaling pathway con-
stitutes an important therapeutic target. More effective inhib-
itors of ROCK and other enzymes that modulate profilin phos-
phorylation at Ser-137 may prove to be effective HD therapies.
In contrast to profilin, cofilin, an actin-severing and -depo-
lymerizing factor, increases AR and Htt aggregation. These
data, combined with the known activities of ROCK as an
actin-remodeling factor, suggest that the actin cytoskeleton
might somehow play a role in regulating the aggregation pro-
cess. This is supported by recent observations that the inhibi-
tion of actin polymerization pharmacologically or by the de-
pletion of Arp2 promotes intracellular Htt aggregation (29).
The precise mechanism by which the actin cytoskeleton influ-
ences polyglutamine aggregation awaits further study.
Profilin, a novel target of ROCK and an aggregation inhib-
itor with dual mechanisms. ROCK regulates myriad cellular
processes including smooth-muscle contraction, cell adhesion
and migration, cytokinesis and mitosis, and axon growth. These
functions are largely attributed to its reorganization of the
actin cytoskeleton, and many of the responsible downstream
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targets have been identified (reviewed in references 1, 15, 32,
33, and 37). In this work, we have identified the actin binding
protein profilin as being a novel ROCKI1 target. We propose a
mechanism whereby the phosphorylation of profilin at Ser-137
reduces its affinity for G actin, and thus actin remodeling by
profilin might be downregulated by ROCKI1 phosphorylation.
Our data also imply that ROCK1 phosphorylation may affect
profilin’s interaction with other polyproline-rich proteins (in
addition to Htt), many of which are known actin binding fac-
tors (51).

Our data suggest that profilin uses at least two separable
mechanisms to inhibit AR and Htt aggregation: G-actin bind-
ing and polyproline binding. Based on mutagenesis studies,
profilin’s ability to reduce AR aggregation appears to depend
entirely on its ability to bind G actin, whereas this only partially
accounts for its effects on Htt. Profilin also uniquely interacts
with Htt (via its polyproline binding region) to reduce Hitt
aggregation. This interaction may sequester Htt or stabilize it
in a less aggregation-prone conformation. The expanded poly-
glutamine tract interferes with this interaction. This may, at
least in part, explain the importance of the polyproline tract in
Htt aggregation and toxicity. Indeed, a recent study in yeast
suggested a protective role for the Htt polyproline tract, pos-
sibly mediated by its interaction with certain cellular factors
(9). Our studies, however, do not exclude the possibility that
other functional aspects of profilin might also be important for
its antiaggregation activity: although the phosphomimetic mu-
tant of profilin is only modestly affected in G-actin binding, it
is completely inactive in suppressing AR aggregation (Fig. 5).
Thus, phosphorylation at Ser-137 may alter profilin’s interac-
tion with other ligands (e.g., phosphatidylinositol-4,5-bisphos-
phate binding) in addition to G actin and polyprolines (Fig. 9).

Mechanism of a therapeutic lead. The development of ef-
fective treatments for HD and other polyglutamine diseases
will likely depend on a basic understanding of their therapeutic
mechanisms of action. Multiple compounds have now demon-
strated efficacy in mouse models of HD, such as minocycline
(6, 49), creatine (2, 13), coenzyme Q (12, 39), cystamine (8,
21), and histone deacetylase inhibitors (14, 16, 18), but opti-
mization of these compounds may be difficult because the
specific mechanisms by which they inhibit Htt toxicity are still
unknown. The work described here suggests a molecular mech-
anism for Y-27632 as a therapeutic lead: the inhibition of
ROCKI-mediated phosphorylation of profilin at Ser-137. We
have recently observed that the antiaggregation effect of
Y-27632 is mediated in part by PRK2 inhibition (43). It is of
future interest to investigate whether PRK2 also phosphoryl-
ates profilin at Ser-137 to regulate its activity. It is unknown
whether a ROCK inhibitor might some day show efficacy in
HD or SBMA patients; however, the elucidation of a signaling
pathway inhibited by the compound, and a molecular model
that makes predictions for its activity, may greatly improve the
prospects for devising a mechanism-based therapy.
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