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Many key cellular functions, such as cell motility and cellular differentiation are
mediated by Rho-associated protein kinases (ROCKs). Numerous studies have
been conducted to examine the ROCK signal transduction pathways involved in
these motile and contractile events with the aid of pharmacological inhibitors such
as Y-27632. However the molecular mechanism of action of Y-27632 has not
been fully deﬁned. To assess the relative contribution of these Rho effectors to the
effects of Y-27632, we compared the cytoskeletal phenotype, wound healing and
neurite outgrowth in cells treated with Y-27632 or subjected to knockdown with
ROCK-I, ROCK-II or PRK-2- speciﬁc siRNAs. Reduction of ROCK-I enhances
the formation of thin actin-rich membrane extensions, a phenotype that closely
resembles the effect of Y-27632. Knockdown of ROCK II or PRK-2, leads to the
formation of disc-like extenstions and thick actin bundles, respectively. The effect
of ROCK-I knockdown also mimicked the effect of Y-27632 on wound closer
rates. ROCK-I knockdown and Y-27632 enhanced wound closure rates, while
ROCK-II and PRK-2 were not appreciably different from control cells. In neurite
outgrowth assays, knockdown of ROCK-I, ROCK-II or PRK-2 enhances neurite
lengths, however no individual knockdown stimulated neurite outgrowth as
robustly as Y-27632. We conclude that several kinases contribute to the global
effect of Y-27632 on cellular responses. Cell Motil. Cytoskeleton 64:97–109,
2007. ' 2006 Wiley-Liss, Inc.
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INTRODUCTION

The Rho-associated protein kinases (ROCKs) are
downstream effectors of Rho GTPase that function in
numerous physiologic processes. ROCK is a serine/threonine kinase with two isoforms (p160ROCK/ROCK-I/
ROCKb, and ROCK-II/ROKa). ROCKS are ubiquitously expressed in rat tissue [Riento and Ridley, 2003]
where they phosphorylate multiple downstream substrates including MLCII and MLC phosphatase consequently affecting a number of cellular processes including retrograde actin ﬂow [Kimura et al., 1996]. ROCK
proteins have been implicated in processes as varied as
cardiomyocyte hypertrophy [Kuwahara et al., 1999],
smooth muscle contraction [Yoshii et al., 1999], axonal
regeneration [Hirose et al., 1998; Fournier et al., 2003],
' 2006 Wiley-Liss, Inc.

tumour invasion [Itoh et al., 1999] and wound healing
[Parizi et al., 2000]. The contribution of ROCK to these
processes has been studied with the aid of pharmacological inhibitors including HA-1077, H-1152P and most

Contract grant sponsor: CIHR; Contract grant number: MOPS 68970.
*Correspondence to: Craig A. Mandato, Department of Anatomy and
Cell Biology, McGill University, 3640 University Street, Montreal,
Quebec H2A 2B2, Canada. E-mail: craig.mandato@mcgill.ca
Received 20 April 2006; Accepted 15 August 2006
Published online 28 September 2006 in Wiley InterScience (www.
interscience.wiley.com).
DOI: 10.1002/cm.20168

98

Darenfed et al.

commonly, Y-27632. The synthetic compound, Y-27632
((+)-(R)-trans-4-(1-aminoethyl)-N-(4 pyridyl)cyclohexanecarboxamide) was ﬁrst discovered by Yoshitomi Pharmaceutical Industries. Y-27632 inhibits ROCK by competing with its ATP binding site [Ishizaki et al., 2000],
and has been broadly used to ascribe function to ROCKII. It has been considered as a potential therapeutic agent,
however the molecular mechanism of action of Y-27632
has not been fully deﬁned.
Y-27632 induces inhibition of smooth muscle contraction, MLC phosphorylation in neutrophils and stress
ﬁbers in Swiss 3T3 ﬁbroblasts at submicromolar concentrations (107–105 M) [Uehata et al., 1997; Fu et al.,
1998; Niggli, 1999; Yoshii et al., 1999] and is most commonly used at a concentration of 10 lM in vitro. In addition to ROCK-II, Y-27632 also inhibits ROCK-I and
protein kinase C-related protein kinase (PRK-2) [Vincent
and Settleman, 1997] at a concentration of 10 lM
[Davies et al., 2000]. PRK-2 is an effector target of both
Rho and Rac GTPases and regulates actin cytoskeletal
organization [Vincent and Settleman, 1997]. Further a
number of other kinases including CaMKII, PKC,
cAMP-dependent kinase and myosin light chain kinase
(MLCK) are inhibited at higher concentrations of Y27632 (50 lM), which may be attained by in vivo delivery paradigms [Davies et al., 2000; Narumiya et al.,
2000; Tamura et al., 2005]. Consequently, the use of
these pharmacological inhibitors does not clearly establish speciﬁc contributions for target kinases, with distinct
physiological roles. For example, recent reports indicate
different phenotypes in ROCK-I and ROCK-II null mice.
Loss of ROCK-II induces growth retardation and fetal
death, while ROCK-I knockout mice showed alterations
in the eyelid closure [Thumkeo et al., 2003, 2005;
Shimizu et al., 2005]. In vitro studies have shown that
ROCK-I in contrast to ROCK-II is essential for the formation of focal adhesion and stress ﬁbers in rat embryo
ﬁberblast cells [Yoneda et al., 2005]. PRK2 has been
shown to regulate cytoskeletal dynamics by affecting
actin stress ﬁber formation [Vincent and Settleman,
1997] and cell-cell adhesions [Calautti et al., 2002].
Therefore, ROCK–I, ROCK-II and PRK-2 may have distinct contributions to the effects of Y-27632. This is an
important issue for the design of therapeutic reagents
with optimized potency and speciﬁcity.
To assess the relative contribution of these Rho
effectors to the effects of Y-27632, we compared cytoskeletal phenotype, wound healing and neurite outgrowth in cells treated with Y-27632 or subjected to
knockdown with ROCK-I, ROCK-II or PRK-2- speciﬁc
siRNAs. Knockdown of ROCK-I enhances the formation
of thin actin-rich membrane extensions, a phenotype that
closely resembles the effect of Y-27632. Knockdown of
ROCK II or PRK-2, leads to the formation of disc-like

lamellepodia and thick actin bundles, respectively. The
effect of ROCK-I knockdown also mimicked the effect
of Y-27632 on wound closer rates. Wound closure rates
were enhanced by ROCK-I and Y-27632 treatment, but
were not altered by ROCK-II or PRK-2 knockdown.
Intriguingly, the effect of ROCK-I and Y-27632 on
wound closure is associated with a distinct microtubule
phenotype. In neurite outgrowth assays, knockdown of
ROCK-I, ROCK-II or PRK-2 enhances neurite lengths,
however no individual knockdown stimulates neurite
outgrowth as robustly as Y-27632. We conclude that
several kinases contribute to the global effect of Y27632 on cellular responses. Furthermore, various kinases targeted by Y-27632 may contribute to different
degrees in each cell type. This is an important consideration in developing speciﬁc therapeutics tailored to distinct cellular responses and diseases.
MATERIALS AND METHODS
Antibodies and Reagents

Monoclonal antibodies against ROCK-I, ROCK-II
and cortactin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), BD Biosciences (San Diego,
CA) and Upstate (Charlottesville, VA) respectively.
Anti-bIII tubulin was purchased from Covance (Berkeley, CA) and mouse anti-a tubulin from Sigma (St.
Louis, MO). A polyclonal antibody against PRK-2 was
purchased from Cell Signalling Technology (Beverly,
MA) and mouse monoclonal anti-GAPDH from RDI
Research Diagnostics Inc. (Flanders, NJ). Alexa-488
goat anti-mouse and goat anti-rabbit, Alexa-546 phalloidin were from Molecular probes (Carlsbad, CA). Y27632 was purchased from Calbiochem (La Jolla, CA).
Cell Culture

NIH 3T3 mouse ﬁbroblasts (ATCC No. CRL1658) were cultured in D-MEM high glucose medium
supplemented with 10% bovine calf serum containing
antibiotics (Invitrogen Life Technologies, Carlsbad, CA)
and incubated at 378C/5% CO2.
Primary Cell Culture and Neurite Outgrowth Assay

Cerebellar neuron cultures were prepared as described previously [Hsieh et al., 2006]. Brieﬂy, postnatal
day 8 (P8) mouse cerebella were dissected, enzymatically dissociated with 0.25% trypsin/1 mM EDTA, and
mechanically triturated. Neurons were cultured for 6 h
on 0.01% poly-L-lysine-(Sigma, St. Louis, MO) coated
plates in Sato media (D-MEM containing 0.1 lg/ml
L-thyroxine, 0.08 lg/ml tri-iodothyronine, and N2 supplement). After 6 h in culture, neurons were transfected
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with siRNA (as described below) or treated with 10 lM
Y-27632. Twenty-four hours later, cells were trypsinized
and re-plated on 24-well and 96-well plates coated with
poly-L-lysine. After 24 h, cells in 24-well plates were
harvested for protein expression analysis and parallel
cultures in 96-well plates were ﬁxed with 4% PFA/0.1 M
PO4 for neurite outgrowth analysis. For neurite outgrowth assays, cultures were stained with bIII tubulin
antibody. Neurite outgrowth lengths per cell were
assessed using Image J software as described previously
[Fournier et al., 2003]. Data were acquired from three independent experiments, each performed in triplicate.
siRNAs Design and Transfection

siRNAs duplexes corresponding to the target
sequence for mouse ROCK-I (GCAAAGAGAUUGUUAGAAU), ROCK-II (CAAUGAAGCUUCUUAGUAA), PRK-2 (GGAAAGUUACAACAGAUAA) and
for scramble negative control (SiControl Non-Targeting
siRNA 1 and 2) were synthesized by Dharmacon (Lafayette, CO). Transfection of siRNAs (50 nM) was performed using Lipofectamine 2000 reagent and OptiMEM
medium according to the manufacturer’s instructions
(Invitrogen Life Technologies, Carlsbad, CA). Cells
were plated in antibiotic-free media 24 h prior to the
transfection. For immunoﬂuorescence staining, cells
were plated at 1 3 104/well onto 12 mm glass coverslips
pre-coated with 0.01% poly-L-lysine (Sigma, St. Louis,
MO). BLOCK-iT ﬂuorescent oligo (Invitrogen Life
Technologies, Carlsbad, CA) was used as a control for
transfection efﬁciency. Cells were then incubated for 48 h
before analyzing for the target gene knockdown. For
Y-27632 experiments, cells were cultured for 24 h and
the Y-27632 compound was added to culture media at a
concentration of 10 lM for 3 h before immunostaining.
Scratch-Wound Assay

Polarized migration of NIH 3T3 ﬁbroblasts was
assessed using the scratch-wound assay. Cells were
seeded at a density of 3 3 104 onto 12 mm glass coverslips pre-treated with 0.01% poly-L-lysine. Transfection of
siRNAs directed against ROCK-I, ROCK-II or PRK-2
was performed as describe above. Conﬂuent monolayers
were obtained after 48 h post-transfection and wounded
by scraping the coverslip using a tungsten needle. After
wounding, cells were immediately washed with growth
medium and pictures of the wounds were taken at 0 min
and after 3 h. For Y-27632 experiments, cell were plated
at a density of 8 3 104 and grown to conﬂuence for 24 h
before wounding. Wounded monolayers were washed
then incubated with growth medium containing Y-27632
at a concentration of 10 lM for 3 h. To assess the effect
of Y-27632 treatment and siRNA down regulation of Rho
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kinases on cytoskeleton organization, cells were ﬁxed 3 h
after wounding and labelled for F-actin and a-tubulin.
Measurement of Wound Closure

Images were collected with a monochrome Retiga
Exi Non-cooled CCD digital camera (Q IMAGING; BC,
Canada) mounted on an Axiovert 200 inverted microscope with a 103 phase contrast objective (Gottingen,
Germany) using Northern Eclipse Digital Image software
(Empix Imaging; ON, Canada). Images were obtained at
the initial time (t ¼ 0) of wounding and then at t ¼ 3 h
post-wounding. The mean wound width was calculated
using Image J software. Wound width measurements were
collected from three positions of the same wound. Two
wounds in the same well were measured and averaged as
one measurement. Data are expressed as a percentage of
t ¼ 0 wound width to normalize variability in wounding
from well to well and experiment to experiment. All results reported are from three independent wells from three
independent experiments.
Immunoﬂuorescent Staining
and Statistical Analysis

Cells were ﬁxed with 4% paraformaldehyde/5%
sucrose in phosphate-buffered saline (PBS) for 30 min,
then permeabilized with 0.1% TritonX-100 solution in
PBS for 5 min and blocked in 2% BSA (Fisher Scientiﬁc,
Pittsburgh, PA) for 1 h. The following antibodies were
used: mouse anti-ROCK-I (1 : 200), mouse anti-ROCKII (1 : 200), rabbit anti-PRK-2 (1 : 100), mouse anti-a
tubulin (1 : 200), mouse anti-bIII tubulin (1:200) and
anti-cortactin (1 : 100). Primary antibodies were detected
with Alexa-ﬂuor conjugated goat anti-rabbit or antimouse antibodies (1 : 1000) (Alexa-488 or 546). Alexa546 phalloidin (1 : 200) and DAPI (1 : 10,000) were
included with the secondary antibodies to stain for actin
ﬁlaments and nuclei respectively. Cells were mounted
using GelTol mounting medium (Fisher Scientiﬁc) and
ﬂuorescence images were obtained using a confocal
microscope LSM-510 with 603 objective lens (Leica,
Zeiss). Each experiment was performed three times in
duplicate. NIH image was used to measure cytoskeletal
features observed in the experiments. Cytoskeletal features described in the results section as ‘‘disc-like extensions’’ were summed if they were between 1–2 lm2 and
had a relative ﬂuorescence intensity greater than 80%
and ‘‘long thin extenstion’’ were summed if they had a
diameter less then 2 lm and extended longer than
20 lm. For each treatment, more than 300 cells (based
on Dapi staining) were counted for the experiments performed in triplicate and the data is presented in features/
cell 6 S.D. Standard student t-tests were preformed to
determine the signiﬁcance.
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SDS Page and Western Blot Analysis

Cells were lysed on ice for 30 min in sample
buffer. Protein concentration was determined using the
BCA assay (BCA Proteins Assay kit, Pierce). Proteins
(60 lg) were separated on 7.5% SDS poly-acrylmide
gels and transferred to nitrocellulose membranes. Membranes were blocked in TBS containing 5% (w/v) of
dried milk for 1 h at RT, and then incubated with the primary antibodies: mouse anti-ROCK-I (1 : 100), mouse
anti-ROCK-II (1 : 1000) or Rabbit anti-PRK-2 (1 : 500).
Rabbit anti-GAPDH (1 : 50,000) was used as a control for
protein loading. After incubation with peroxidase-conjugated goat anti-mouse (1 : 2000) or anti-rabbit (1 : 2000)
secondary antibody for 1 h at room temperature, and proteins bands were detected by using an enhanced chemiluminescence (ECL) (Amersham Biosciences, Piscataway, NJ).

RESULTS
Knockdown of ROCK-I, ROCK-II and PRK-2
Induces Distinct Effects on Cytoskeleton
Organization in Fibroblasts

To compare the effect of Y-27632 to the effects of
knocking down Rho effector kinases we ﬁrst assessed the
effects of speciﬁc siRNAs on cytoskeletal morphology in
NIH 3T3 cells. siRNA duplexes were designed to speciﬁcally target ROCK-I, ROCK-II and PRK-2. Transfection of
siRNA duplexes into NIH 3T3 ﬁbroblasts mediated speciﬁc
knockdown for each kinase without affecting the expression
of other Y-27632-targets (Fig. 1). Robust siRNA transfection efﬁciency was veriﬁed by examining uptake of an oligonucleotide coupled to a ﬂuorescent probe (data not
shown). Effective knockdown of siRNA targets was also
conﬁrmed by immunoﬂuorescence (Fig. 2). When ROCK-I
expression was reduced in NIH 3T3 cells the actin morphology, as determined by phalloidin staining, exhibited long
thin extensions that coincide with the disassembly of stress
ﬁbres (Fig. 2A). The phalloidin stain was distinct from nontransfected cells or those cells transfected with scrambled
siRNA. The actin phenotype in these cells included peripheral actin organization and characteristic stress ﬁber formation (Figs. 2A–2C). In cells with decreased ROCK-II protein, we identiﬁed a distinct actin phenotype of membrane
rufﬂes and small (approximately 1–2 lm) disc-like extensions at the cell periphery (Fig. 2B inset; arrowheads). A
decrease in stress ﬁbers was also apparent (Fig. 2B). Knockdown of PRK-2 led to the formation of thick cables of Factin (Fig. 2C).
To further investigate these distinct morphological
actin phenotypes, siRNA-treated cells were stained for
the actin-binding protein cortactin. Cortactin staining in
cells with reduced ROCK-I showed diffuse cellular
staining and concentrated staining at the rufﬂing leading

Fig. 1. Veriﬁcation of siRNA speciﬁc knockdown of ROCK-I,
ROCK-II and PRK-2. Western blot analysis with anti-ROCK-I antibody, anti-ROCK-II antibody or anti-PRK-2 antibody indicates speciﬁc decreases in expression of ROCK-I, ROCK-II and PRK-2 protein
in ﬁbroblasts transfected with isoform speciﬁc siRNA compared to
non-transfected cells.

edges (Fig. 3; arrows). Diffuse cellular staining was also
noted in the ROCK-II knockdown cells, as well as positive staining of the small disc-like structures (Fig. 3;
arrowheads).
When ROCK-I and ROCK-II were knocked down,
long thin processes, disassembly of stress ﬁbers and formation of abundant small disc-like extensions were
observed (Fig. 4A). Following treatment of 10 lM Y27632, cells showed long processes and disassembly of
stress ﬁbers similar to the effects of ROCK-I depletion
(Fig. 2A). Small disc-like structures were observed
(Fig. 4A; arrowheads); however these were much less
prevalent than in ROCK-II knockdown (Fig. 4B). These
data indicate that under proliferation conditions, ROCKI, ROCK-II and PRK-2 activities distinctly regulate actin
organization in NIH 3T3 ﬁbroblasts and that the major
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Fig. 2. Reduced levels of ROCK-I, ROCKII and PRK-2 result in distinct actin phenotypes. Fibroblasts were transfected with speciﬁc siRNA against ROCK-I (A), ROCK-II
(B) or PRK-2 (C) or scrambled non-targeting
siRNAs duplexes, and stained with the corresponding antibody, rhodamine-phalloidin and
DAPI. ROCK-1 knockdown (A) causes the
formation of long thin ﬁlamentous actin-positive extensions (arrows) that coincide with the
disassembly of stress ﬁbres. Cells transfected
with Rock-II siRNA (B) form small disc-like
structures (inset; arrowheads) that appear
coincident with stress ﬁbres loss. PRK-2
knockdown (C) causes the formation of thick
irregular actin cables (asterisks) and stress
ﬁbers (double arrows) similar to those found
in untransfected cells (scale bar ¼ 20 lm).
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Fig. 3. siRNA mediated ROCK-I and ROCK-II knockdowns produce distinct cytoskeletal features that are cortactin positive. Fiberblasts transfected with siRNAs directed against ROCK-I
and ROCK-II were stained with Alexa 568-phalloidin and anti-cortactin antibody. Arrows indicate cortactin staining in the leading edge rufﬂes of cells with decreased ROCK-I. Arrowheads
show cortactin positive staining of small disc-like structures present in cells transfected with siRNA against ROCK-II (scale bar ¼ 20 lm).
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Fig. 4. The effect of Y-27632 on actin morphology is similar to the
ROCK-I knockdown. A. Fibroblasts co-transfected with siRNAs
directed against ROCK-I and ROCK-II display long thin processes
(arrows), disassembly of stress ﬁbers, and an abundance of small disclike extension (arrowheads). Fibroblasts incubated for 3 h in the presence of Y-27632 (10 lM) display thin cytoplasmic extensions similar

to those seen in the ROCK-I knockdown (arrows; Fig. 2A). Notably there were fewer small disc-like structures (arrowhead; scale
bar ¼ 20 lm). B. Graphical representation of distinct actin phenotypes. Data is shown as number of distinct morphological features per
cell (mean 6 s.d; an asterisk indicates P < 0.05).

effect of Y-27632 treatment phenocopies the effect of
ROCK-I knockdown.

changes were subsequently assessed. ROCK-I knockdown in ﬁbroblasts induced morphological changes in
migrating cells at the leading edge. These cells were
highly elongated and showed a distinct reorganization of
microtubules into thick bundles directed toward the
wound edge (Fig. 5A, arrow). This was distinct from
control cells which showed an even wound border with
substantially fewer cells migrating into the wound site.
The ROCK-I phenotype is consistent with an increase in
cell polarity that promotes cell migration [Magdalena
et al., 2003]. Coincident with a change in polarity,

Effect of Y-27632 on Cell Migration
in a Wound Healing Assay

To assess the relative contribution of Y-27632-targets in a functional context, we studied cellular dynamics in a scratch wound assay. ROCK-I, ROCK-II and
PRK-2 siRNAs were transfected into NIH 3T3 ﬁbroblasts and 48 h later cells were subjected to a scratch
wound. Cell migration and associated cytoskeletal

Fig. 5. Distinct effects of Rock-I, Rock-II and PRK-2 down regulation
on cytoskeleton reorganization during wound closure. A. Fibroblasts
were transfected with ROCK-I, ROCK-II, PRK-2 or scrambled non-targeting siRNAs duplexes. Arrowheads show microtubule bundling in
Rock-I knockdown cells. Arrows indicate membrane rufﬂes and small
disc-like structures at the leading edge of migrating cells transfected with
Rock-II siRNA. Cells transfected with PRK-2 siRNA show no difference
when compared to non-targeting siRNAs duplexes. B. Fibroblasts

co-transfected with ROCK-I and ROCK-II siRNAs show additive effects
including microtubule bundling (arrows) and disc-like structures (arrowheads) at the leading edges. Cells wounded in the presence of Y-27632
(10 lM) exhibit microtubule bundling (arrows) similar to the phenotype
with ROCK-I knockdown. C. Graphical representation of wound closure
rates for siRNA-transfected and Y-27632-treated cells (n ¼ 6; an asterisk
indicates P < 0.01).
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Figure 5. (Continued.)
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wound closure measurements increased from 35% closure to 57% closure 3 h after injury in cells with
decreased level of ROCK-I compared to non-transfected
or scrambled siRNA transfected cells. In contrast,
decreasing ROCK-II protein levels within cells led to the
formation of small disc-like extensions at the leading
edge, but had no signiﬁcant effect on wound closure
rates (Fig. 5A; arrowheads). A weak effect on microtubule bundling was observed when the ROCK-II levels
were diminished. Cells transfected with siRNA directed
against PRK-2 had no detectable changes with respect to
microtubule organization (Fig. 5A) and analysis of
wound closure rate showed no effect on cell migration
relative to control cells (Fig. 5C).
Upon knocking down both ROCK-I and ROCK-II
proteins, long microtubule bundles were present and
small disc-like structures were induced in the migrating
cells at the leading edge, indicative of an additive effect
of ROCK-I and ROCK-II isoforms. Increased cell migration was also observed when both proteins were reduced
(Figs. 5B and 5C). The migration rate was comparable to
the case when ROCK-I activity was reduced (56% versus
57%), indicating that ROCK-II down regulation has
no additive effect on wound closure rates under these
conditions.
Following treatment with Y-27632 for 3 h, cells at
the wound edges became highly elongated and assembled microtubules into tight bundles structures oriented toward the cell-free area of the wound (Fig. 5B); a
phenotype similar to the ROCK-I knockdown. Analysis
of wound closure rates indicates accelerated migration of
cells treated with the Y-27632 inhibitor (Fig. 5C). These
observations suggest that, under migration conditions
following a scratch wound, the Y-27632 inhibitor has a
selective inhibitory action on the ROCK-I isoform.
Molecular Characterization of the Effect
of Y-27632 on Neurite Outgrowth

To evaluate the relative contribution of ROCK-I,
ROCK-II and PRK-2 to the Y-27632 effects in a different physiological context, we studied neurite extension
in primary neurons. Dissociated P8 mouse cerebellar
neurons were transfected with speciﬁc siRNAs and then
subjected to an 18-h neurite outgrowth assay. Western
blot analysis indicated reduction in ROCK-I, ROCK-II
(Fig. 6A) and PRK-2 (data not shown) protein expression
in siRNA transfected neurons after 48 h. Speciﬁc downregulation of ROCK-I, ROCK-II or PRK-2 promoted
neurite extension by *50% compared to control cells
(Fig. 6B). Treatment with Y-27632 promoted neurite
elongation to a greater extent (86%; Fig. 6C). Combinatorial treatment with ROCK-I and ROCK-II siRNAs did
no have an additive effect on neurite outgrowth
(Fig. 6C). This indicates that ROCK-I, ROCK-II and

PRK-2 all contribute to basic mechanisms underlying
neurite extension. However, siRNA-mediated knockdown of the Rho effectors fails to account for the full
effects of Y-27632.
Together our results indicate that ROCK-I, ROCKII and PRK-2 play distinct roles in different cell types,
and that the speciﬁc molecular targets of Y-27632 may
differ in distinct cell types and distinct physiological
contexts. Further we ﬁnd that ROCK-I appears to play a
major role in the regulation of microtubule-based cell
movement and polarity, while ROCK-II may be required
for modulating actin dynamics.
DISCUSSION

Y-27632 has been used in multiple assays to implicate ROCK-II in various cellular processes [Ai et al.,
2001; Worthylake and Burridge, 2003; Kaneko et al.,
2005]. It has been suggested as a potential therapeutic
avenue for various traumas and pathologies. However its
full mechanism of action has not been deﬁned. Y-27632
targets the highly conserved kinase domain of ROCK,
which does not distinguish between ROCK-I and
ROCK-II isoforms and further targets PRK-2. Herein we
show that ROCK-I, ROCK-II and PRK-2 have distinct
effects on actin and microtubule cytoskeleton and that
the relative contribution of these kinases to the effects of
Y-27632 treatment differ in different cell types and cellular processes.
ROCK-I, ROCK-II and PRK-2 Have Distinct
Effects on the Cytoskeleton

ROCK-I and ROCK-II have different effects on the
actin cytoskeleton. When ROCK-I is reduced cells
extended long thin processes, whereas ROCK-II knockdown results in the induction of small disc-like, cortactin-positive extensions. These observations are consistent
with a previous study describing differing roles for
ROCK-I vs ROCK II in focal adhesion and stress ﬁber
formation [Yoneda et al., 2005]. Yoneda et al. [2005]
demonstrated that ROCK-I, although less abundant in
the cell, is more important then ROCK-II in stress ﬁber
formation; while ROCK-II acts as a counter balance to
regulate actin bundling and focal adhesion sites. Our data
strengthens the argument that, under speciﬁc stimuli,
ROCK-I and ROCK-II activities regulate actin dynamic
through the coordination of distinct signalling pathways.
PRK-2 also has distinct effects on the actin cytoskeleton. siRNA knockdown induced assembly of thick
actin cables under proliferation condition. This ﬁnding
differs from a previous reporting that expression of a catalytic inactive form of PRK-2 causes a loss in actin stress
ﬁbers in 3T3 ﬁbroblasts [Vincent and Settleman, 1997].
This difference raises the possibility that the kinase-
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Fig. 6. ROCK-I, ROCK-II and PRK-2 mediate neurite outgrowth inhibition in mouse primary neurons. A. Western blot analysis of dissociated neurons transfected with ROCK-I and ROCK-II show a reduction in respective protein levels when compared to cells transfected
with control siRNA. B. Representative images of neurons transfected
with siRNAs or treated with Y-27632 and immunostained with

bIII-tubulin antibody. C. Quantiﬁcation of neurite outgrowth of
siRNA transfected or Y-27632-treated cells. Data are expressed as a
total neurite length per cell and normalized to control outgrowth for
each experiment. The means represent an average of three independent experiments performed in triplicate.

deﬁcient PRK-2 mutant may disrupt actin stress ﬁbers by
disrupting additional protein-protein interactions. Further, PRK-2 contains different protein-protein interactions domains including SH domain and a leucine zipper
motif [Vincent and Settleman, 1997].

Contributions of Y-27632 Targets in Cell Motility

To study the contribution of Y-27632 substrates to
cell migration we used a cell wound assay. Following
treatment with Y-27632 the morphology of the cells at
the wound edges were elongated, characterized by long
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thick bundles of microtubules oriented toward the
wound. Y-27632 enhanced wound closure rates by 67%.
This effect was similar to cells transfected with siRNA
directed against ROCK-I. ROCK-II promoted the formation of actin-rich disc-like structures, but did not modify
the microtubule cytoskeleton and did not accelerate
wound closure. PRK-2 knockdown also failed to affect
wound closure rates. Together this data suggests that Y27632 likely promotes cell migration in a wound healing
assay by inhibiting ROCK-I function. The enhanced
migration may be mediated through the microtubule cytoskeleton rather than via actin rearrangements or
through other downstream effectors of ROCK-I, such as
myosin-2 or coﬁlin.
Several lines of evidence suggest that the Rho
signalling pathway plays a critical role in the regulation
of microtubule reorganization in various systems
[Gundersen, 2002; Wittmann and Waterman-Storer,
2005; Grigoriev et al., 2006]. Downstream Rho effectors
including ROCKs and mDia, have been reported to regulate microtubules dynamics [Palazzo et al., 2001; Amano
et al., 2003]. Furthermore, other reports have revealed a
Rho-dependent Rac activation signalling cascade that is
mediated by mDia, that is antagonized by ROCK [Tsuji
et al., 2002]. Changes in ROCK activity alter the organization of microtubules by modulating the phosphorylation state of microtubule stabilizing/destabilizing proteins, which in turn leads to changes in microtubules
bundling [Hirose et al., 1998; Piddini et al., 2001; Ward
et al., 2002]. However, in these studies, no clear distinction
was established between the two ROCK isoforms in the
modulation of microtubule dynamics. Our results suggest
that ROCK-I may play a predominant role in the regulation
of microtubules dynamic during cell migration.
ROCK-I, ROCK-II and PRK-2 Mediate Neurite
Outgrowth Inhibition

Studies in neuronal cell have established that Rho
GTPases modulate neuronal protrusions, an important
process for guidance and synaptic plasticity [Sarner
et al., 2000; Yamaguchi et al., 2001; Aoki et al., 2004].
Rac and Cdc42 positively regulate neurite outgrowth,
whereas Rho inhibits neurite elongation [Yamaguchi
et al., 2001]. Further, Y-27632 promotes neurite outgrowth on both permissive and inhibitory substrates
[Dergham et al., 2002; Fournier et al., 2003]. Our data
provided evidence that speciﬁc down regulation of
ROCK-1, ROCK-II or PRK-2 protein in mouse neurons
induces neurite outgrowth compared to the controls.
However, Y-27632 was more efﬁcient than any individual knockdown and effects of ROCK-I and ROCK-II
were not additive. The ability of Y-27632 to promote
neurite outgrowth has been attributed to its ability to
affect myosin light chain and myosin light chain phos-

phatase phosphorylation, and subsequent actomyosin
contractility. Indeed, NGF induces neurite outgrowth
through the inhibition of RhoA/Rho kinase signalling
pathway, resulting in MLC phosphatase-dependent MLC
phosphorylation [Fujita et al., 2001].
The ability of ROCK-I, ROCK-II and PRK-2 siRNAs to promote neurite extension suggests that all three
kinases may co-operatively regulate substrate/s that limit
neurite outgrowth. Loss of ROCK-I, ROCK-II or PRK-2
may reduce the inhibition of molecular targets that promote neurite extension. The failure of ROCK-I and
ROCK-II to have an additive effect suggests that they
limit neurite outgrowth through a common mechanism.
However, their inability to compensate for one another
suggests that the kinases co-operate to sufﬁciently phosphorylated targets required to limit neurite outgrowth.
Notably, the growth promoting effect of Y-27632 is
more robust than siRNA-mediated knockdown of
ROCK-I, ROCK-II or PRK-2. This may reﬂect the ability of Y-27632 to target additional substrates in neurons
that limit neurite outgrowth; however we cannot rule out
the possibility that pharmacologic inhibition is simply
more robust than the siRNA-mediated knockdown.
CONCLUSIONS

Our results suggest that ROCK-I, ROCK-II and
PRK-2, three targets known to be inhibited by Y-27632
mediate distinct cell type-dependent effects on the actin
and microtubule cytoskeleton. The effects of Y-27632
may be differentially attributed to inhibition of ROCK-1,
ROCK-II or PRK-2 in different cell types and/or different assays. This is an important consideration in the
mechanistic interpretation of data acquired with classical
Rho-associated kinase inhibitors.
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