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Abstract

Neurite formation involves coordinated changes between the
actin cytoskeleton and the microtubule network. Rho GTP-
ases are clearly implicated in several aspects of neuronal
development and function. Indeed, RhoA is a negative regu-
lator of neurite outgrowth and its effector Rho-kinase mediates
the Rho-driven neurite retraction. Considering that RhoE/
round protein (Rnd3) acts antagonistically to RhoA and it is
also able to bind and inhibit rho kinase-l (p160ROCK) —
ROCK-I, it is tempting to speculate a role of RhoE in neurite
formation. We show for the first time that, in the absence of
nerve growth factor (NGF), RhoE induces neurite-like out-
growth. Our results demonstrate that over-expression of RhoE
decreases the activity of RhoA and reduces the expression of
both ROCK-l and the phosphorylated myosin light chain

The nervous system functions as a highly organized neuronal
network based in specific pattern of connections between
neurons. Neurites extend from the cell body, branching to
form a complex tree-like structure that receives and processes
inputs from other neurons (Govek efal. 2005). The
outgrowth of neurites involves coordinated changes between
the actin cytoskeleton and the microtubule network.

Rho GTPases are a family of proteins implicated in several
cellular functions as actin cytoskeleton organization and
microtubule dynamics (Heasman and Ridley 2008). Most
Rho proteins act as molecular switches, cycling between an
active, GTP-bound conformation and an inactive, GDP-
bound conformation. However, there are several atypical
members, as the round (Rnd) proteins, that are predominantly
GTP-bound and therefore are considered constitutively
activated. RhoE/Rnd3 is a member of the Rnd subfamily
that acts antagonistically to RhoA (Riento et al. 2005a) and
induces stress fiber disassembly (Guasch et al. 1998; Nobes
et al. 1998). RhoE inhibits RhoA signalling via inactivation
of RhoA, by binding to p190 GTPase-activating protein for
Rho (RhoGAP) and reducing the RhoA-GTP levels (Wen-
nerberg et al. 2003), and/or regulating the RhoA effector, rho
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phosphatase (MLCPp). Conversely, over-expression of either
active RhoA or ROCK-I abolishes the RhoE-promoted neurite
outgrowth, suggesting that RhoE induces neurite-like forma-
tion through inhibition of the RhoA/ROCK-| signalling. We also
show that Rac and Cdc42 have a role in RhoE-induced neurite
outgrowth. Finally, the present data further indicate that RhoE
may be involved in the NGF-induced neurite outgrowth in
PC12 cells, as depletion of RhoE by siRNA reduces the
neurite formation induced by NGF. These findings provide
new insights into the molecular mechanism implicated in
neuronal development and may provide novel therapeutic
targets in neurodegenerative disorders.
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rho kinase-I (p160ROCK), RhoA, RhoE/Rnd3.
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kinase-I (pl60ROCK), ROCK-I (Riento et al. 2003). It has
recently been proposed that phosphorylation of RhoE by
ROCK-I forms part of a feedback mechanism to regulate
RhoA signalling (Komander e al. 2008). RhoE binds to and
inhibits ROCK-I, preventing the phosphorylation of its
downstream target, myosin light chain phosphatase (MLCP)
(Riento et al. 2003), and RhoE itself is regulated by ROCK-I
mediated phosphorylation on multiple sites (Riento et al.
2005b). This small GTPase is regulated at the level of gene
expression (Hansen ef al. 2000; Ongusaha et al. 2006),
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phosphorylation and protein degradation (Riento et al.
2005b).

Increasing evidences indicate that the Rho family of
proteins play an important role in several aspects of neuronal
development, including neurite outgrowth and differentia-
tion, axon pathfinding, and dendritic spine formation and
maintenance (Govek ez al. 2005). Rho activation causes the
collapse of the growth cone and neurite retraction, and
activation of Rac and Cdc42 induces the formation of
lamellipodia and filopodia at the growth cone (Negishi and
Katoh 2002), regulating dendritic branch dynamics and
growth. Other Rho GTPases, such as Rnd 1 and 2, play a role
in neurite formation and retraction. Rnd1 induces neurite
extension (Ishikawa et al. 2003) by a Rac-dependent mech-
anism involving disruption of cortical actin filaments (Aoki
et al. 2000). Rnd2 promotes dendrite branching in PC12
cells and primary hippocampal neurons via its effector
Rapostlin (Fujita et al. 2002). However, the effects of RhoE/
Rnd3 on neuronal development and the underlying molecular
mechanisms have not yet been investigated.

Here, we have examined the role of RhoE/Rnd3 in
neuronal differentiation in PC12 cells. This cell line is a
useful model system for studying neuronal differentiation
and signal transduction. Treatment of these cells with nerve
growth factor (NGF) results in growth arrest and the
formation of neurites resembling that of sympathetic neurons
(Greene and Tischler 1976). Our results show that RhoE by
itself stimulates neurite-like outgrowth in PCI12 cells,
through the inhibition of the RhoA/ROCK-I signalling
pathway. We further demonstrate that Rac and Cdc42 play
a role in RhoE-induced neurite formation.

Material and methods

Cell culture

Rat pheochromocytoma PC12 cells were purchased from European
Collection of Cell Cultures. Cells were cultured in RPMI (Roswell
Park Memorial Institute) medium containing 10% heat-inactivated
horse serum, 5% foetal bovine serum, 1% glutamine and 1%
penicillin—streptomycin, all purchased from Gibco-Invitrogen (Pais-
ley, UK) and cultured under humidified conditions in 95% air and 5%
CO, at 37°C. Tissue culture plates and coverslips were coated with
collagen type IV (Sigma-Aldrich, Steinheim, Germany) for at least
6 h and then left to dry in the incubator the day before being used. To
induce differentiation of PC12 cells, they were seeded at a density of
1 x 10° cells/mL on collagen-coated plates, and cultured in complete
medium to allow them to settle. Then the medium was replaced with
RPMI (Roswell Park Memorial Institute) supplemented with 1%
horse serum (serum-reduced medium) and cells were starved for
18 h. Stimulation of PC12 cells was performed by addition of NGF-
2.5S (Sigma-Aldrich) at a final concentration of 100 ng/mL.

Transient transfection of PC12 cells

PC12 cells were seeded on collagen-coated glass coverslips
(12 mm) in 24-well plates at a density of 2.5 x 10° cells/well and
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cultured for 15-18 h so that the cells were 90-95% confluent at the
time of transfection. Cells were transfected with LipofectAMINE
2000 (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Briefly, cells were incubated in normal growth
medium without antibiotics. 2 pL. of LipofectAMINE 2000 were
mixed with the plasmids of interest (0.8 pg of DNA) and incubated
for 20 min at room temperature, whereupon complexes were added
to each well. Transfected cells were fixed 48 h after transfection and
examined for neurite outgrowth. Cells were transfected with vectors
expressing the following proteins: green fluorescent protein (GFP)
(pQBI25, Quantum Biotechnologies, Montreal, Canada), wild-type
RhoE (pCMVS5-RhoE) (Guasch et al. 2007), constitutively active
RhoA (pEXV3-V14RhoA), constitutively active ROCK-I, aROCK-
I, (p)CAG-ROCK-A1), an inactive mutant of ROCK-I, iROCK-I
(pCAG-ROCK-AS) (Ishizaki et al. 1997) and constitutively active
Racl (pEXV3-VI2Racl). pEXV3-VI14RhoA and the ROCK-I
constructs were kindly provided by Dr Anne Ridley and Dr Shuh
Narumiya, respectively. For immunoblot studies, 8 pg of pCMV5-
FLAG-RhoE together with 0.8 pg of GFP were used. In the case of
cotransfection experiments, double immuno-stainning (anti-myc and
anti-flag) was performed to check for single- and double-transfected
cells. Double immuno-labeled quantification gave high percentages
of cotransfected cells. Results were: Wt-RhoE + ROCKI-Al =
92.89% + 25.05, Wt-RhoE + ROCKI-A5 = 73.07% + 6.06, Wt-
RhoE + V14RhoA = 87.91% + 17.59 and Wt-RhoE + V12Racl =
99.41% + 32.25.

RhoE knock-down

To suppress endogenous RhoE expression, we used a pool of the
following oligonucleotides (siGENOME SMARTpool siRNA from
Dharmacon Research, Inc., Lafayette, CO, USA): GGCAGACUC-
CUGUGUCAUA, CAAAGCGGAUUUCACACAU, AAUCGA-
CACACAAAGAAUA, GUGAAAUGCAAGAUAGUAG. The
non-targeting control was also purchased from Dharmacon. PC12
cells were transfected with LipofectAMINE 2000 (Invitrogen)
following the manufacturer’s protocol with 200 pmol of siRNA
together with 0.8 pg of GFP and then siRNA-transfected cells were
stimulated with NGF 8 h after transfection and analyzed 96 h after
transfection.

Western blotting

PC12 cells were washed with phosphate-buffered saline (PBS) and
lysed for 30 min on ice in cold lysis buffer [1% NP40, 20 mM Tris—
HCI, pH 8, 130 mM NaCl, 10 mM NaF, 10 pg/ml aprotinin, 40 uM
leupeptin, 1 mM dithiothreitol (DTT), 1 mM Na3;VO, and 10 mM
phenylmethylsulfonyl fluoride (PMSF)]. Total cell lysates were
clarified by centrifugation at 13 500 g for 15 min at 4°C. Next,
equal amounts of proteins were resolved on sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) 12% gels, trans-
ferred to polyvinylidene fluoride (PVDF) membranes (Immobilon-P,
Millipore, Billerica, MA, USA) and blocked for 1 h with non-fat
milk 5% in Tris-buffered saline (TBS) containing 0.1% Tween 20
(T-TBS) to prevent non-specific binding. After blocking, blots were
incubated for 2 h at room temperature or at 4°C overnight with the
primary antibodies diluted in blocking solution. The following
antibodies were used: anti-RhoE (1 : 2000, Upstate, Lake Placed,
NY, USA), anti-Racl (1 : 15 000, clone 23A8, Upstate), anti-RhoA
(1 : 750, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), anti-
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Cdc42 (1 : 250, Santa Cruz Biotechnologies), anti-pMLCP/phos-
pho-myosin light chain phosphatase (MYPT1) (1 : 400, Thr696
Upstate), anti-ROCK-I [1 : 100, C-19, Santa Cruz (sc-6055)], anti-
ROCK-I [1 :400, H-85, Santa Cruz (sc-5560)], anti-paxillin
(1 : 30 000, BD Transduction Laboratories, Lexington, KY, USA),
anti-Neurofilament 68 (1 : 1000, Sigma-Aldrich), anti-actin
(1:2000, Sigma-Aldrich), anti-N-Wasp (1 :200, Santa Cruz
Biotechnologies), anti-Wave (1 : 1000, Santa Cruz Biotechnolo-
gies), anti-pCofilin (1 : 1000, Santa Cruz Biotechnologies), anti-
p190-B  RhoGAP (1 :500, Cell Signalling Technology, Inc.,
Danvers, MA, USA) and anti-Rho GDIa (1 : 100, Santa Cruz
Biotechnologies) and anti-PI3 Kinase p85 (1 : 1000, Cell Signal-
ing). After three washes with T-TBS, blots were incubated for 1 h at
room temperature with the following horseradish peroxidase-
conjugated anti-IgG antibodies: anti-mouse (1 : 1000, Santa Cruz
Biotechnologies) for RhoE, Racl, RhoA, paxillin, and N68, anti-
rabbit (1 : 20 000, Sigma-Aldrich) for Cdc42, pMLCP/phospho-
myosin light chain phosphatase (MYPT1), ROCK-I (H85), actin,
N-Wasp, Wave and PI3K, and anti-goat (1 : 20 000, Sigma-Aldrich)
for ROCK-I (C19). Finally, blots were developed using the
enhanced chemiluminescent system ECL Plus (Amersham Pharma-
cia Biotech, Little Chalfont, UK).

RhoA, Rac1 and Cdc42 activity assays

The Rho Activation Assay Kit (Minambres et al. 2006) and the
Rac1/Cdc42 Activation Assay Kit (both from Upstate) were used
according to the manufacturer’s instructions. PCI12 cells were
seeded at a density of 2.5 x 10° cells/60 mm dish, cultured for
18 h and transfected with wt-RhoE for 48 h. Lysates were
incubated with either 10 pg of Rac/Cdc42 Assay Reagent (PAK-
1 PBD, agarose) for Racl and Cdc42 or 40 pg of Rho Assay
Reagent (Rhotekin Rho-Binding Domain, agarose) for RhoA.
Proteins retained on the beads were resolved on sodium dodecyl
sulfate—polyacrylamide gel electrophoresis 12% gels. Bound Rho
proteins were detected by western blot using the anti-RhoA, anti-
Racl, or anti-Cdc42 antibodies. The amount of GTP-bound protein
was normalized relative to the total amount of RhoA, Racl or
Cdc42 in the cell lysates, respectively. Every pull-down assay was
repeated 4-6 times.

Immunofluorescence

PC12 cells were seeded on collagen-coated glass coverslips
(12 mm) in 24-well plates at a density of 2.5 x 10° cells/well and
transfected with the appropriate construct along with the GFP
expressing plasmid. Forty-eight hours after transfection, cells were
fixed and permeabilised as previously described (Guasch et al.
2003). Neurofilament N200 was detected by using the anti-
Neurofilament 200 antibody (1 : 400, Sigma-Aldrich) followed by
incubation with Cy3-conjugated donkey anti-rabbit IgG (1 : 200,
Jackson Immuno-Research, West Grove, PA, USA). Actin was
detected by incubating cells for 45 min with 0.1 pg of tetramethyl
rhodamine isothiocyanate (TRITC)-labelled phalloidin per ml
(Sigma). Cells were mounted in Mounting medium (Dakocytoma-
tion, Carpinteria, CA, USA). Confocal images were acquired with a
Leica TCS SP2 AOBS (Leyca Microsystems Heidelberg GmbH,
Mannheim, Germany) inverted laser scanning confocal microscope
using a HCXPLAPOIibd.BL 63.0 x 1.40 oil objective for immuno-
fluorescence and a HCXPLAPOcs 40.0 x 1.25 oil uv objective for
phase-contrast images. The excitation wavelengths for fluoro-
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chromes were 488 nm (argon laser) for GFP and 561 nm (DPSS
laser) for tetramethyl rhodamine isothiocyanate (TRITC). Two-
dimensional pseudo colour images (255 colour levels) were gathered
with a size of 1024 x 1024 pixels. Confocal images were acquired
using the same settings and analyzed with the MetaMorph image
analysis software (Universal Imaging Corporation TM, Molecular
Devicer, Downingtown, PA, USA).

Neurite outgrowth analysis

For quantification of various parameters of neurite outgrowth,
fluorescent images from a Zeiss microscope (Axioskop 2) were
taken, and morphological measurements were performed using the
MetaMorph software (Universal Imaging). A neurite was defined as
a process that measured at least the length of one cell body and
stained positively for neurofilament protein. Total length of neurites
is defined as the sum of the neurite length per cell. Finally, cells with
different neurite numbers (none, one, two or more than two) were
scored as a percentage of the total number of transfected cells. At
least 100 cells were counted in each experiment, and the
experiments were repeated 4—6 times, therefore, no less than 400
cells were analysed in each experiment.

Statistical methods

Data are shown as the mean + standard error. Student’s r-test for
unpaired variables was used to test for differences elicited by RhoE
expression and differences were considered statistically significant
at p < 0.05.

Results

RhoE induces neurite-like outgrowth in PC12 cells
It is known that PC12 cells differentiate in response to NGF
and show neurite outgrowth similar to that of sympathetic
neurons. Our investigation started when we realized that
NGF-stimulated PC12 cells showed a 3.5-fold increase in the
protein levels of RhoE (Fig. 1a). This prompted us to examine
whether the small GTPase RhoE was involved in neuronal
differentiation. For this purpose, PC12 cells were cotrans-
fected with an expression vector containing a Flag-tagged
wild type RhoE together with a plasmid expressing the GFP.
Transfected cells were visualized in green and actin was
detected by phalloidin staining (red). As illustrated in Fig. 1b,
PC12 cells transfected with the GFP plasmid alone as a
control, showed a rounded morphology, like that of untrans-
fected cells. However, transfection of the wild type RhoE
protein resulted in an increase in the number of cells showing
neurite-like outgrowth, in the absence of NGF. We also
quantified the number of neurites per cell as well as the total
length of these processes per cell. Figure 1c¢ shows that over-
expression of RhoE significantly increased those parameters.
To further confirm the implication of RhoE in neurite
outgrowth, we used RhoE siRNA to knock-down the
endogenous RhoE protein. Western blot analysis of several
experiments indicated that PCI2 cells transfected with
control siRNA (200 pmol) for 96 h did not show different
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Fig. 1 RhoE promotes the formation of neurite-like processes in PC12
cells. (a) NGF increases the levels of RhoE protein in PC12 cells. (b)
Neurite-like formation in RhoE-transfected cells. Confocal images
showing PC12 cells transfected only with a plasmid expressing GFP to
identify transfected cells or together with a plasmid expressing wt-
RhoE. Panels show actin staining with phalloidin and GFP expression.
Neurite definition was specified in Mat. and Met. (c) RhoE-transfected
cells show an increase in the number of neurites per cell as well as in
the total length of the neurites. (d) Inhibition of RhoE expression re-
duces the neurite formation induced by NGF in PC12 cells. RhoE
expression levels were analyzed by western blotting in cells trans-
fected with control siRNA and RhoE siRNA at different conditions.
Quantification of the RhoE knockdown after 96 h of transfection with
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either control or RhoE siRNA (both at 200 pmol) was performed. The
graph displays the number of cells with neurites and the total length of
the processes in cells transfected with either control or RhoE siRNA
and stimulated with NGF for 3-4 days. (e) RhoE increases the
expression of both neurofilaments N68 and N200. Cells transfected
with RhoE show an increase in the N68 protein levels. A representa-
tive western blot and the quantification of the results are shown.
Confocal images showing both GFP and RhoE transfected cells
stained for the neurofilament N-200 are also shown. Mean + SEM is
shown for a total of 8—10 western blots and 4-6 experiments in neurite
analysis. *p < 0.05, **p < 0.01 and ***p < 0.001 in a Student’s t test.
Bars, 20 pum.
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RhoE levels, whereas transfection with RhoE siRNA low-
ered endogenous protein levels by 65% (Fig. 1d). Cells were
then transfected with either RhoE siRNA or control siRNA
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and then stimulated with NGF for 3—4 days to promote the
formation of neurites. Our results show that depletion of
RhoE by RhoE siRNA in PCI12 cells caused a reduction in
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the NGF-stimulated neurite outgrowth, suggesting that RhoE
is involved in the process of neurite extension.

To study whether this effect of RhoE is related to neuronal
differentiation, we investigated the expression of both the
neurofilament N68 and N200, which are intermediate
filaments associated with differentiation. RhoE-expressing
cells showed an increase in the levels of N68, as assessed by
western blotting analysis. In addition, RhoE-induced neurite-
like processes also contain the neurofilament N200, as
detected by immunofluorescence (Fig. le). These results
suggest that RhoE promotes the formation of neuritic
processes which correlates with the induction of differenti-
ation-associated neurofilament proteins.

Signalling induced by RhoE in PC12 cells

To investigate the involvement of other Rho GTPases in the
RhoE-mediated neurite-like outgrowth, we studied the
expression levels of several proteins in PC12 cells. For this
purpose, cells were transfected with the Flag-RhoE expres-
sion vector and the expression of several proteins was
analysed by western blotting (Fig. 2a). As RhoE induces
disassembly of the actin cytoskeleton and associated focal
adhesions (Guasch ef al. 1998), we first investigated the
effect of RhoE over-expression on the protein levels of
paxillin, a marker of focal adhesions. We found that RhoE
expressing cells showed a decrease in the content of paxillin,
in agreement with our previous results in other cell types
(Guasch et al. 2007).

As RhoE opposes RhoA, at least in part, by binding to and
inhibiting ROCK-I from phosphorylating its downstream
target MLCP (Riento et al. 2003), we also investigated the
effect of RhoE over-expression on these two proteins.
Figure 2a shows that PC12 cells transfected with RhoE
showed a decrease in the expression levels of ROCK-I.
Furthermore, this decrease was observed by using the C-19
antibody, which recognizes the C-terminus of ROCK-I, and
by using the H-85 antibody, which binds to an internal region
of ROCK-], as previously demonstrated in cortical astrocytes
(Minambres et al. 2006). In addition, we observe that RhoE
expressing PC12 cells showed a decrease in the phosphory-
lation of MLCP. Our results also show that RhoE over-
expression induced a decrease in the expression levels of
RhoA and Cdc42. More importantly, a decrease in the GTP
form of RhoA, Rac and Cdc42 was detected in cells
transfected with RhoE (Figs 3a and 5a), which reflects the
activation state of these three small GTPases. Our results
further show that RhoE induced a decrease in the phosphor-
ylated Cofilin, an actin depolymerising factor which is
associated with neurite extension.

It is well established that the NGF stimulates the formation
of neurites in neuronal cell lines (Negishi and Katoh 2002),
and this effect occurs through the modulation of Rho
GTPases. However, it has also been demonstrated that there
is a spatio-temporal regulation of the induction of Rac/Cdc42
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activity by NGF (Aoki et al. 2004). Therefore, we decided to
study the effect of NGF on the Rho proteins in our
experimental conditions. We first assessed that PC12 cells
stimulated with NGF for 4 days induced extension of
neurites (Fig. 1a) and then observed a decrease in RhoA
expression levels (Fig. 2b), in line with the known effect of
RhoA on neurite retraction (Govek ef al. 2005). We also
examined the involvement of the Rho signalling pathway by
studying the levels of ROCK-I and MLCPp. NGF-stimulated
PC12 cells showed a decrease in ROCK-I levels, as
measured with both the C-19 and the H-85 antibodies. In
addition, there was a decrease in the phosphorylation of
MLCP. Our results also show that NGF induced a decrease in
Cdc42 expression levels and an increase in the expression of
the Rac protein. Finally, PC12 cells treated with NGF
showed a dephosphorylation of Cofilin, as expected for a
mediator of neurite extension. All these results indicate that
RhoE and NGF stimulate similar signalling pathways related
to Rho GTPases.

RhoE regulates neurite-like outgrowth via inhibition of the
RhoA/ROCK-I signalling pathway
To further investigate whether RhoE-induced neurite out-
growth affects the RhoA signalling, we first measured the
activation of RhoA in RhoE transfected PC12 cells by using a
pull-down assay. This assay makes use of the rhotekin Rho-
binding domain as a glutathione S-transferase (GST) fusion
protein which specifically binds to and isolates the GTP-
bound RhoA. Expression of RhoE in PC12 cells resulted in a
decrease of the amount of GTP-bound RhoA protein (Fig. 3a).

These results suggest that RhoE-induced neurite out-
growth is accompanied by a suppression of RhoA activation.
We also asked whether coexpression of wild-type RhoE and
constitutively active RhoA would abolish the RhoE-pro-
moted neurite development. Fig. 3b shows that in PC12 cells
cotransfected with Flag-RhoE and V14RhoA the number of
neurite bearing cells was significantly decreased. To further
confirm this effect, the number of neurites per cell and the
total length of these processes were also quantified in cells
expressing both RhoE and V14RhoA (Fig. 3¢). Our results
indicate that constitutively active RhoA suppressed most of
the neuritic processes induced by RhoE in these cells. We
also wondered whether RhoE reduced the levels of GTP-
RhoA through pl190GAP, as previously demonstrated (Wen-
nerberg et al. 2003). Western blot analysis showed no
significant differences on the pl190GAP levels between
control and RhoE transfected cells (Fig. 3d), suggesting that
this protein does not appear to be involved in the RhoE-
induced inactivation of RhoA. Similarly, no changes were
detected on the expression levels of Rho-GDI, when
comparing control and RhoE transfected cells.

As Rho-kinase is a major downstream target of RhoA
and we had observed that RhoE induced a decrease in the
levels of ROCK-I in PC12 cells (Fig. 2a), we decided to
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Fig. 2 RhoE and NGF affect the Rho signalling pathway. (a) RhoE
over-expression alters the signalling of other Rho GTPases. Neuronal
cells expressing RhoE show a decrease in Paxillin, RhoA, ROCK-I,
MLCPp, Cdc42 and pCofilin. PC12 cells were transfected with
wt-RhoE together with a plasmid expressing GFP for 48 h. A repre-
sentative western blot from lysates of transfected cells is shown.
Quantification of the levels of each protein is also shown. (b) NGF

further investigate whether this kinase was involved in the
RhoE-induced neurite-like outgrowth. For this purpose,
PC12 cells were transfected with an expression vector
encoding a constitutively active C-terminally truncated
ROCK-I, ROCKI-A1 (Ishizaki et al. 1997), together with
the Flag-RhoE expressing vector. The expression of this
ROCK-I mutant (active ROCK-I, aROCK-I) in PC12 cells
was detected by western blot analysis (Fig. 4). Our results
show that expression of aROCK-I completely abolished the
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induces alterations in the Rho signalling pathway. PC12 cells were
treated with NGF for 4 days and western blotting analysis was per-
formed. NGF induced a decrease in RhoA, ROCK-I, MLCPp, Cdc42
and pCofilin protein levels. Mean + SEM is shown for a total of 8-10
different experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 in a
Student’s t-test.

RhoE-stimulated neurite-like development, as revealed by
counting the number of neurites bearing cells (Fig. 4). This
effect was also observed when the total length of neurites
per cell was analyzed as well as when the number of
processes per cell was counted (Fig. 4). In addition, PC12
cells were also transfected with a ROCK-I-truncated
mutant, ROCKI-AS, that closely corresponds to the kinase
domain and is considered inactive (Ishizaki et al. 1997,
Minambres et al. 2006), together with the wild type RhoE
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Fig. 3 RhoA is involved in the RhoE-induced neurite-like outgrowth.
(a) Over-expression of RhoE in PC12 cells inactivates endogenous
RhoA. Cells were transfected with either GFP alone or together with
wt-RhoE for 48 h. Activated RhoA was pulled down by TRBD (Rho-
binding domain from Rhotekin) on beads and analyzed by western
blotting. GTP-RhoA was normalized relative to the total amount of
RhoA. Quantification of the results is also shown. (b) Constitutively
active RhoA inhibits the formation of neurites induced by RhoE. Cells

protein. The inactive ROCK-I (iROCK-I) did not alter the
RhoE-induced neurite-like outgrowth, as observed by the
number of cells with dendrites (Fig. 4). The same
observation was found when the total length of neurites

© 2010 The Authors

were transfected with either wt-RhoE alone or together with V14RhoA
and neurites were counted, as specified in Material and methods. (c)
Constitutively active RhoA decreases the number of neurites per cell
and the total length of the processes. (d) Over-expression of RhoE
does not affect either p190GAP or RhoGDI expression levels, as de-
tected by western blotting analysis. Mean + SEM is shown for a total
of 4-6 experiments. *p < 0.05, **p < 0.01 and **p < 0.001 in a
Student’s t-test.

and the number of neurites per cell were counted. All these
results suggest that RhoE induces neurite-like outgrowth
through the inhibition of the RhoA/ROCK-I signalling
pathway.
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Involvement of Rac/Cdc42 in the RhoE-induced
neurite-like outgrowth

To examine whether the Rac/Cdc42 activity is required for
RhoE to induce neurite-like outgrowth in PCI12 cells, we
measured the amount of GTP-bound Rac/Cdc42 in RhoE-
transfected cells using a pull-down assay. Our results show
that transient expression of wild type RhoE in PCI2 cells
resulted in a decrease in both the endogenous GTP-Rac and
GTP-Cdc42 (Fig. 5a). To further study the involvement of
these Rho GTPases, we also performed coexpression exper-
iments of wt-RhoE and constitutively active Rac. PC12 cells
cotransfected with wt-RhoE + V12Racl showed a decrease
in the number of cells with neurites and in the number of
neurites per cell (Fig. 5b and c), but we did not observe any
significant variation in the total length of the processes
(Fig. 5¢).

We also examined the effect of RhoE on effectors that are
specific for each GTPase, N-Wasp (for Cdc42) and Wave (for
Rac), which have been implicated in neurite extension and
spine formation (Takenawa and Suetsugu 2007). RhoE
expressing cells showed a decrease in both the levels of N-
Wasp and Wave, as detected by western blotting analysis
(Fig. 6). In addition, we studied the effect of RhoE on PI3K,
a molecule that has been involved in Rac activation in PC12
cells (Nusser et al. 2002). Over-expression of RhoE induced
a decrease in the levels of PI3K protein (Fig. 6). All of these
data together suggest that RhoE promotes inactivation of Rac
and Cdc42 when inducing neurite-like formation in PC12
cells and also suggest that Rac is probably involved in the
process of neurite initiation.

Discussion

Rho proteins play essential roles in the remodeling of
neuronal protrusions important for guidance and synaptic
plasticity (reviewed in (Govek et al. 2005). Rnd proteins,
which include Rnd1, Rnd2 and Rnd3/RhokE, are atypical Rho
members that are considered constitutively active (Chardin
2006). The functions of Rnd proteins have been studied in
several cell types and they antagonize the action of RhoA in
the actin cytoskeleton organization. It has been shown that in
neurons RhoA stimulates neurite retraction whereas Rnd1 is
involved in neurite extension (Ishikawa et al. 2003) and
Rnd2 induces dendrite branching (Fujita er al. 2002).
However, the effects of RhoE/Rnd3 on neuronal develop-
ment and its associated molecular mechanism have not yet
been investigated. Here, we show that RhoE stimulates
neurite-like outgrowth in PC12 cells, in the absence of NGF,
through inhibition of the RhoA/ROCK-I signalling pathway.
In addition, we have observed that Rac and Cdc42 have a
role in this effect.

In the present study, we demonstrate for the first time that
RhoE by itself not only induces an increase in the number of
neurite bearing cells but also in the number of neurites per cell

© 2010 The Authors

and in the length of the processes. Our results further support
the implication of RhoE in neurite extension because depletion
of RhoE with siRNA reduces the formation of neurites induced
by NGF in PC12 cells. In agreement with these data, a recent
study shows that modulation of RhoE/Rnd3 by some drugs is
likely to be associated with changes in dendritic branching and
neurite outgrowth (Marie-Claire et al. 2007). Other Rnd
proteins have also been shown to be involved in different
aspects of neuronal development. Rnd1 has been shown to
promote spine elongation but it does not increase the number
of spines in neurons, suggesting that Rnd1 promotes elonga-
tion of pre-existing protrusions but does not initiate new
protrusions (Ishikawa e al. 2003). Rndl also induces pro-
cesses formation in PC12 cells, but neurofilaments were not
detected in these processes (Aoki et al. 2000). In this regard,
our results demonstrate that RhoE not only increases the
neurofilament N68 expression levels, but also induces the
number of N200-positive neurites. However, we have noticed
that the RhoE-induced neurite-like extensions are not as long
as the ones stimulated by NGF. This fact suggests that RhoE is
able to stimulate neurite-like outgrowth in the absence of NGF,
but other pathways are likely to be required for the final
extension of the developing neurites.

It is known that RhoA has a negative role in neurite
formation (Govek et al. 2005). Because RhoE acts antago-
nistically to RhoA in several cellular events (Chardin 2006),
it was tempting to hypothesize that the RhoA/ROCK
signalling pathway was involved in the RhoE-induced
neurite-like outgrowth. Indeed, our findings show that
over-expression of RhoE in PCI12 cells suppressed the
endogenous activation of RhoA. This is in line with many
studies showing that RhoA inactivation allows for the
extension of dendrites, as demonstrated in several model
systems including neurons from Drosophila (Lee et al.
2000), Xenopus (Li et al. 2000) and mouse (Ahnert-Hilger
et al. 2004). Our results also show that expression of a
constitutively active mutant of RhoA decreased the number
of cells with neurites induced by RhoE. Moreover, the active
version of RhoA induced a reduction in both the length of the
extensions and in the number of neurites induced by RhoE.
These findings suggest that RhoA inactivation is involved in
the RhoE-induced neurite-like outgrowth. Interestingly, it has
recently been proposed that the mechanism of RhoE over-
expression forms part of a feedback loop to regulate RhoA
signalling (Komander et al. 2008). Indeed, we have recently
shown that over-expression of RhoE in astroglial cells
induced a decrease in RhoA levels (Guasch et al. 2007). We
have also found that RhoE over-expression does not affect
the p190GAP levels, suggesting that p190GAP does not
seem to be implicated in the reduction of GTP-RhoA levels
induced by RhoE. Therefore, other RhoE effectors may be
responsible for this RhoA inactivation.

To further support the abovementioned hypothesis, we
investigated the effect of RhoE on ROCK-I, a major target of
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Fig. 4 Effect of ROCK-l expression on RhoE-induced neurite-like
outgrowth. PC12 cells were transfected with wt-RhoE alone or to-
gether with either active ROCK-I (aROCK-I) or inactive ROCK-I (iR-
OCK-I) for 48 h. The expression of these two mutants was detected by
western blotting analysis. Active ROCK-I prevents the formation of
neurites induced by RhoE, whereas inactive ROCK-I does not block

RhoA which has been demonstrated to be involved in Rho-
mediated neurite retraction (Amano et al. 1998; Hirose et al.
1998). Our results show a reduction in the expression levels
of ROCK-I when RhoE was over-expressed in PC12 cells. In
addition, expression of active ROCK-I inhibited the RhoE-
induced neurite outgrowth whereas the inactive ROCK-I did
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the RhoE-induced processes formation. Quantification of neurites was
performed as indicated in Material and methods. Total length of neu-
rites and number of processes per cell are also shown. Mean + SEM
is shown for a total of 4-6 different experiments. *p < 0.05 and
**p < 0.001 in a Student’s t-test.

not affect the extension of processes stimulated by RhoE.
These results indicate that ROCK-I inhibition is required for
RhoE-induced neurite outgrowth. In agreement with these
findings, it has been shown that constitutively active Rho-
kinase promoted the retraction of neurites induced by several
factors (Katoh e al. 1998; Da Silva et al. 2003). Our results
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Fig. 5 Effect of RhoE on Rac and Cdc42 GTPases. (a) RhoE reduces
the activation of both Rac and Cdc42. PC12 cells were transfected
with GFP alone or together with wt-RhoE for 48 h. Activated Rac and
Cdc42 were normalized relative to their total amount of these GTP-
ases. A representative western blot of each pull-down as well as
quantification of the results are shown. (b) Constitutively active Rac1
inhibits the formation of neurites induced by RhoE. Cells were trans-

are also in line with other studies where Rho-kinase
inhibition rescued the stimulation of neurite elongation in
hippocampal neurons (Da Silva et al. 2003). Interestingly,
recent studies point to an inhibition of ROCK as a strategy to
induce neurite outgrowth and stem cell neuronal differenti-
ation (Dottori et al. 2008; Pacary et al. 2008).

Our results show that in the absence of NGF RhoE
decreased the activation of both Rac and Cdc42, suggesting
that inactivation of these GTPases may be involved in the
RhoE-induced neurite outgrowth. We have also observed that
over-expression of VI12Rac + RhoE reduced the neurite
outgrowth induced by RhoE alone. This coexpression not

© 2010 The Authors

fected with either wt-RhoE alone or together with V12Rac1 and neu-
rites were counted, as specified in Material and methods. (c)
Constitutively active Rac decreases the number of neurites per cell but
it does not affect the total length of the processes. Mean + SEM is
shown for a total of 4—6 different experiments. *p < 0.05, **p < 0.01
and ***p < 0.001 in a Student’s ttest.

only reduced the number of cells with neurites but also
decreased the number of neurites per cell. In addition, we
have demonstrated that RhoE over-expression induced a
decrease of PI3K, a molecule that activates Rac in PC12 cells
(Nusser et al. 2002). Taken together, in the absence of NGF
Rac activation does not seem to be involved in the RhoE-
induced neurite outgrowth. Accordingly, our results show
that the expression of active Rac + RhoE did not cause an
additive effect on the length of the neurites when compared
to RhoE alone.

We also observe a RhoE-induced reduction of two
effectors, N-Wasp and Wave, which have been previously
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involved in neurite extension and spine formation (Takenawa
and Suetsugu 2007). In agreement with these findings, we
have recently demonstrated that RhoE reduces Rac expres-
sion in primary astrocytes (Guasch et al. 2007) and several
studies have shown a role of Rac as a negative regulator of
neurite extension (Allen ez al. 2000; Fournier et al. 2003).
Our results also agree with previous studies where active
mutants of Cdc42 do not produce neurites (Daniels et al.
1998; Katoh et al. 2000) and decrease dendrite number and
length (Ruchhoeft et al. 1999), and they are also consistent
with studies showing that a Cdc42 knock-down does not
affect the number and length of minor processes (Schwam-
born and Puschel 2004). Differences in species, cell types
and age of cells or organisms used may account for the
different roles of Rac and Cdc42 in neurite extension (Govek
et al. 2005). RhoE may also inactivate these two GTPases
through either downstream effectors of RhoE or by direct
binding to Rac/Cdc42 GAPs, as it has been demonstrated for
p190 RhoGAP (Wennerberg et al. 2003).

Finally, our results further support the notion that RhoE
is involved in the NGF-induced neurite outgrowth in PC12
cells. Indeed, knock-down of RhoE decreases the neurite
extension induced by NGF in these cells. In addition, we
show that NGF increases the levels of RhoE and also
stimulates a similar pattern of the Rho signalling pathway
to that obtained by RhoE over-expression. However, over-
expression of RhoE does not change the TrkA levels (data
not shown), suggesting that this kinase is not downstream
of the RhoE signalling. Our findings also demonstrate that
RhoE reduces the levels of phsphorylated Cofilin similarly
to what has been demonstrated in NGF-stimulated PC12
cells (Meberg ef al. 1998). However, given the tight
regulation of the pathways implicated in neurite initiation
and outgrowth, other signals are likely to be involved in
this process.
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How does RhoE induce neurite-like outgrowth? It has
been proposed that the effect of RhoA and Rho-kinase on
neurite retraction is probably caused by an increase in the
actomyosin contractility (Govek et al. 2005). Activation of
Rho-kinase contributes to this contractility by direct phos-
phorylation of MLC (Amano et al. 1996) and also by
inhibition of MLCP through its phosphorylation (Kimura
et al. 1996). Our findings show that ROCK-I is implicated in
the RhoE-induced neurite formation and also that RhoE
induces a decrease in the phosphorylation levels of MLCP,
which would contribute to a decrease in the MLC phos-
phorylation. Therefore, a decrease in the cortical actomyosin
force would facilitate the neurite-like extension induced by
RhoE. In this regard, it has previously been shown that NGF
and C3 treatment of PC12 cells decreases MLC phosphor-
ylation (Jalink et al. 1994). Rho-kinase is also necessary for
lysophosphatidic acid (LPA)-induced MLC phosphorylation
in neuronal cells (Hirose et al. 1998). In addition, previous
studies have shown that RhoE directly binds to and inhibits
ROCK-I, preventing it from phosphorylating MLCP and thus
leading to reduced actomyosin contractility (Riento et al.
2003). This signalling pathway may also contribute to the
extension of the processes induced by RhoE in PC12 cells. In
conclusion, we demonstrate that RhoE by itself induces
neurite-like outgrowth in PC12 cells through inhibition of the
RhoA/ROCK signalling pathway. The modulation of the
RhoE signalling pathway may have a significant impact in
injury within the nervous system and may provide a novel
candidate for neurodegeneration therapy.
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