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The Rho family of small GTPases has been implicated in cytoskeletal reorganization and subsequent mor-
phological changes in various cell types. Among them, Rac and Cdc42 have been shown to be involved in neurite
outgrowth in neuronal cells. In this study, we examined the role of RhoG, another member of Rho family
GTPases, in nerve growth factor (NGF)-induced neurite outgrowth in PC12 cells. Expression of wild-type RhoG
in PC12 cells induced neurite outgrowth in the absence of NGF, and the morphology of wild-type RhoG-
expressing cells was similar to that of NGF-differentiated cells. Constitutively active RhoG-transfected cells
extended short neurites but developed large lamellipodial or filopodial structures at the tips of neurites. RhoG-
induced neurite outgrowth was inhibited by coexpression with dominant-negative Rac1 or Cdc42. In addition,
expression of constitutively active RhoG elevated endogenous Rac1 and Cdc42 activities. We also found that the
NGF-induced neurite outgrowth was enhanced by expression of wild-type RhoG whereas expression of domi-
nant-negative RhoG suppressed the neurite outgrowth. Furthermore, constitutively active Ras-induced neurite
outgrowth was also suppressed by dominant-negative RhoG. Taken together, these results suggest that RhoG
is a key regulator in NGF-induced neurite outgrowth, acting downstream of Ras and upstream of Rac1 and
Cdc42 in PC12 cells.

In the developing nervous system, neurite outgrowth is an
essential process underlying the formation of the highly spe-
cific pattern of connections between neurons. The outgrowth
of neurites toward their proper targets is guided by the growth
cone in response to several kinds of environmental cues (22).
Growth cones advance through cyclical extension of filopodia
and lamellipodia, and their shapes are largely determined by
the organization of the actin cytoskeleton (46).

The Rho family of small GTPases has been implicated in the
reorganization of the actin cytoskeleton and subsequent mor-
phological changes in various cell types (13, 17). Like other
GTPases of the Ras superfamily, they serve as molecular
switches by cycling between an inactive GDP-bound state and
an active GTP-bound state. Activation of the Rho family pro-
teins requires GDP-GTP exchange catalyzed by various gua-
nine-nucleotide exchange factors (GEFs), and their activation
is regulated by GTPase-activating proteins (GAPs), which
stimulate the intrinsic GTPase activities of the G proteins. In
addition, guanine-nucleotide dissociation inhibitors inhibit the
exchange of GDP for GTP and might also serve to regulate the
association with membranes (40). Presently, at least 14 mam-
malian Rho family proteins have been identified: RhoA, -B,
and -C, Rac1, -2, and -3, Cdc42, Rnd1, -2, and -3, RhoD, TC10,
RhoH/TTF, and RhoG. Among them, the functions of Rho,
Rac, and Cdc42 have been extensively characterized. In fibro-
blasts, the activation of Rho leads to formation of actin stress
fibers and assembly of focal adhesions (34), whereas the acti-
vation of Rac and Cdc42 induces formation of lamellipodia
and filopodia, respectively (32, 35). Recently, there has been
an accumulation of evidence for the role of Rho family pro-
teins in the regulation of the cytoskeleton required for neurite

extension and retraction. Studies on neuronal cell lines have
shown that Rac and Cdc42 are involved in the formation of
lamellipodia and filopodia of the growth cone, respectively,
and that they are required for the outgrowth of neurites. On
the other hand, Rho is required for the collapse of the growth
cone and the retraction of neurites (12, 19, 23, 39). Further-
more, Rho family proteins are also involved in axon and den-
drite formation in various types of neurons (1, 26, 36, 48), and
defects in the regulation of these GTPase activities have been
reported to affect the development of the nervous system (21,
27, 28, 52).

Rat pheochromocytoma PC12 cells have been used as a
model system for neuronal differentiation and neurite out-
growth. After stimulation with nerve growth factor (NGF),
they stop growing and begin to extend neurites. It is well
known that the binding of NGF to its tyrosine kinase receptor,
Trk, activates a Ras-dependent extracellular signal-regulated
kinase pathway which leads to neuronal differentiation (7, 45,
47, 50). Indeed, constitutively active Ras mutants can induce
morphological differentiation in PC12 cells (2, 33). Recent
studies have shown that Rho family proteins Rac and Cdc42
play critical roles in the regulation of the cytoskeletal changes
required for neurite outgrowth in response to NGF in PC12
cells (6, 8, 24). However, the mechanisms involved in the reg-
ulation of Rac and Cdc42 activities during neurite outgrowth in
PC12 cells have not yet been elucidated.

RhoG was first identified as the product of a growth-stimu-
lated gene from fibroblasts (49). In fibroblasts, constitutively
active RhoG produces both Rac1- and Cdc42-dependent mor-
phological and cytoskeletal changes: the formation of mem-
brane ruffles, lamellipodia, filopodia, and microvilli (4, 11).
Functions of RhoG in various cell types other than fibroblasts
have not yet been examined, although RhoG mRNA expres-
sion was detected in a wide variety of tissues (49). Here, we
have examined the role of RhoG in neuronal differentiation in
PC12 cells. We have shown that RhoG induces neurite out-
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growth through the activation of Rac1 and Cdc42. Further-
more, RhoG is involved in the NGF-induced neurite out-
growth acting downstream of Ras.

MATERIALS AND METHODS

Construction of expression plasmids. Mammalian expression vector pEF-BOS
was kindly provided by S. Nagata (Osaka University). Human Rac1 was obtained
as described previously (14). cDNA for H-Ras was obtained from Health Science
Research Resources Bank (Osaka, Japan). The coding sequence for human
RhoG (49) was obtained by reverse transcription-PCR (RT-PCR) from HEK293
cells using primers 59-CCCGGATCCCAGAGCATCAAGTGCGTGGTG-39,
containing a BamHI site, and 59-GCCGAATTCCAGGGTCACAAGAGGATG
CAG-39, containing an EcoRI site. The coding sequence for human Cdc42 (43)
was obtained by RT-PCR from HL-60 cells using primers 59-ACAAAATTATT
GGATCCCCGCAGACAATTAAGTGTGT-39, containing a BamHI site, and
59-CTTTAGTTTGAATTCAACATTGCTTTTAGT-39, containing an EcoRI
site. The PCR products were cloned into the pCR2.1 vector (Invitrogen) and
sequenced completely. RhoGV12, RhoGA37, RhoGV12A37, RhoGN17, Rac1V12,
Rac1N17, Cdc42V12, Cdc42N17, and RasV12 were generated by PCR-mediated
mutagenesis (16). BamHI/EcoRI sites were used to fuse coding sequences for
wild-type RhoG and all mutant RhoG proteins in-frame with a sequence in
pEF-BOS encoding an initiating methionine followed by the Myc epitope tag
sequence (wild-type RhoG, RhoGV12, RhoGA37, RhoGV12A37, RhoGN17, wild-
type Rac1, and Rac1V12) or the hemagglutinin (HA) epitope tag sequence
(Rac1N17, wild-type Cdc42, Cdc42V12, Cdc42N17, and RasV12) at the NH2 ter-
minus. cDNA for a variant of the Aequorea victoria green fluorescent protein
(GFP) was obtained from pEGFP-C1 (Clontech) and inserted into mammalian
expression vector pcDNA3 (Invitrogen).

The coding sequence for the Cdc42/Rac interactive binding (CRIB) domain of
rat aPAK (amino acids 70 to 150) (29) was obtained by RT-PCR from PC12
cells, using primers 59-AAGGGATTCAAGGAGCGGCCAGAGATTTCT-39,
containing a BamHI site, and 59-GAAGAATTCTAATCTTAAGCTGACTTA
TCT-39, containing a stop codon followed by an EcoRI site. The PCR product
was subcloned into the BamHI/EcoRI sites of pGEX-4T-2 (Amersham Pharma-
cia Biotech) and confirmed by DNA sequencing. The CRIB domain of aPAK
was then expressed in Escherichia coli as a fusion protein with glutathione
S-transferase (GST-CRIB), purified on glutathione-Sepharose beads, and iso-
lated from the beads with 16 mM reduced glutathione. The purified proteins
were dialyzed with 25 mM Tris-HCl (pH 7.5)–1 mM MgCl2–0.2 mM dithiothre-
itol–5% glycerol and stored at 280°C.

Cell culture and transfection. PC12 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 5% fetal bovine serum, 10% horse serum,
4 mM glutamine, 100 U of penicillin/ml, and 0.2 mg of streptomycin/ml under
humidified conditions in 95% air and 5% CO2 at 37°C. For transfection, cells
were seeded onto poly-D-lysine (Sigma)-coated glass coverslips (circular, 13 mm
in diameter) in 24-well plates at a density of 2.5 3 104 cells/well and cultured for
18 h. Then cells were transfected with 0.8 mg of total DNA using Lipofectamine
2000 (Life Technologies Inc.) according to the manufacturer’s instructions. Cells
were fixed 48 h after transfection. In some experiments, cells were differentiated
with 50 ng of NGF (Promega Corporation)/ml in serum-free DMEM after
transfection.

Immunofluorescence microscopy. All steps were carried out at room temper-
ature, and cells were rinsed with phosphate-buffered saline (PBS) between each
step. At various times, transfected PC12 cells on coverslips were fixed with 4%
paraformaldehyde–PBS for 15 min. After residual formaldehyde had been
quenched with 50 mM NH4Cl–PBS for 10 min, cells were permeabilized in 0.2%
Triton X-100–PBS for 10 min and incubated with 10% fetal bovine serum in PBS
for 30 min to block nonspecific antibody binding. For detection of cells express-
ing Myc-tagged or HA-tagged small G proteins, cells were incubated with anti-
Myc monoclonal antibody 9E10 (0.5 mg/ml) or anti-HA monoclonal antibody
12CA5 (0.4 mg/ml) (Boehringer Mannheim Corp.), respectively, in PBS for 1 h,
followed by incubation with a rhodamine-conjugated goat anti-mouse immuno-
globulin G (IgG) (Chemicon International Inc.) in PBS (1:500 dilution) for 1 h.
For coexpression of Myc-tagged and HA-tagged small G proteins, the expressed
Myc-tagged small G proteins were visualized using a rabbit polyclonal anti-Myc
antibody (MBL; 1:500 dilution), followed by a fluorescein isothiocyanate-conju-
gated goat anti-rabbit IgG (Chemicon International Inc.; 1:250 dilution). Actin
filaments were stained with Alexa 488-conjugated phalloidin (Molecular Probes)
in PBS (0.5 U/ml) for 1 h. Cells on coverslips were mounted in 90% glycerol
containing 0.1% p-phenylenediamine dihydrochloride in PBS and examined us-
ing a Nikon Eclipse TE300 microscope and a Nicon Plan Fluor 40 by 0.60 or 60
by 0.70 objective.

Measurement of endogenous Rac1 and Cdc42 activity. Measurement of Rac
and Cdc42 activity was performed according to the modified method of Benard
et al. (3). PC12 cells were seeded in 60-mm-diameter culture dishes at a density
of 2 3 106 cells/dish and cultured for 18 h. Then cells were transfected with 4.8
mg of total DNA using Lipofectamine 2000. Thirty-six hours after transfection,
cells were serum starved in serum-free DMEM for 12 h and then lysed for 5 min
with ice-cold cell lysis buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 2 mM
MgCl2, 1% Nonidet P-40, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmeth-

ylsulfonyl fluoride, 1 mg of aprotinin/ml, 1 mg of leupeptin/ml) containing 4 mg of
GST-CRIB. Cell lysates were then centrifuged for 5 min at 10,000 3 g at 4°C, and
the supernatant was incubated with glutathione-Sepharose beads for 30 min at
4°C. After the beads had been washed with the cell lysis buffer, the bound
proteins were eluted in Laemmli sample buffer and separated by sodium dodecyl
sulfate (SDS)–12.5% polyacrylamide gel electrophoresis. The separated proteins
were electrophoretically transferred onto a polyvinylidene difluoride membrane
(Millipore Corporation). The membrane was blocked with 3% low-fat milk in
Tris-buffered saline and then incubated with a mouse monoclonal anti-Rac1
antibody (Transduction Laboratories; 1:1,000 dilution) or a rabbit polyclonal
anti-Cdc42 antibody (Santa Cruz Biotechnology, Inc.; 1:100 dilution). The Rac1
and Cdc42 antibodies were detected using horseradish peroxidase-conjugated
goat anti-mouse (1:3,000 dilution) and anti-rabbit (1:2,000 dilution) IgG anti-
bodies (DAKO), respectively, and an ECL detection kit (Amersham Pharmacia
Biotech).

Northern blot analysis. Total RNA from PC12 cells was isolated using an
Isogen RNA isolation kit (Nippon-gene, Tokyo, Japan), and 15 mg of total RNA
was separated by electrophoresis on a 1.5% agarose gel and transferred onto a
nylon membrane (Biodyne; Pall Biosupport Division). The membrane was hy-
bridized at 65°C for 15 h in a mixture containing 63 SSC (13 SSC is 0.15 M NaCl
and 0.015 M sodium citrate), 0.5% SDS, 53 Denhardt’s solution, 100 mg of
denatured salmon sperm DNA/ml, and a 32P-labeled probe (2 3 106 cpm/ml)
encoding rat RhoG isolated from rat brain by RT-PCR. The membrane was then
washed twice in 23 SSC and twice in 23 SSC–1% SDS at 65°C. The membrane
was dried and autoradiographed with an X-ray film for 2 days. The same filter
was rehybridized with a 32P-labeled probe encoding mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) isolated by RT-PCR (37). The mRNA
level of RhoG was normalized to that of GAPDH mRNA by using National
Institutes of Health Image software.

RESULTS

Expression of RhoG induces neurite outgrowth in PC12
cells. To examine whether RhoG was involved in the regula-
tion of neuronal cell morphology, Myc epitope-tagged wild-
type RhoG and various RhoG mutants were transfected into
PC12 cells. Transfected cells were identified by cotransfection
with GFP, and their morphologies were compared to that of
control cells expressing GFP alone. The morphology of undif-
ferentiated PC12 cells was not affected by the expression of
GFP alone (Fig. 1A, a and b). However, transfection of wild-
type RhoG into PC12 cells dramatically induced neurite out-
growth even in the absence of NGF (Fig. 1A, c and d, and B).
Wild-type RhoG-transfected cells extended two or three neu-
rites per cell, and some of them had long neurites (more than
5 cell body diameters in length). This morphological change
was similar to that induced by NGF treatment (see Fig. 6A).
Cells transfected with the constitutively active RhoG mutant,
RhoGV12, also extended neurites (Fig. 1B), but their neurites
were clearly distinct from those of wild-type RhoG-transfected
cells. RhoGV12-transfected cells had short neurites (about 1
cell body diameter in length) and developed large lamellipo-
dial (Fig. 1A, e and f) or filopodial (Fig. 1A, g and h) structures
at the tips of neurites. On the other hand, transfection of
RhoGA37, which contains an F37A substitution in the effector
region of wild-type RhoG, induced no significant morpholog-
ical change in PC12 cells (Fig. 1A, i and j). In this experiment,
similar expression levels of the wild type and RhoG mutants
were detected by immunofluorescence and immunoblotting
using an anti-Myc antibody (data not shown).

Activation of Rac1 and Cdc42 is required for neurite out-
growth by RhoG. It is known that Rho family GTPases Rac and
Cdc42 are required for neurite outgrowth induced by NGF in
PC12 cells (6, 8, 24). To examine whether neurite outgrowth
induced by wild-type RhoG required activation of Rac and
Cdc42, we cotransfected the cells with wild-type RhoG and
dominant-negative Rac1 (Rac1N17) or Cdc42 (Cdc42N17).
Both Rac1N17 and Cdc42N17 suppressed the wild-type RhoG-
induced neurite outgrowth (Fig. 2).

To examine whether the activation of Rac1 and Cdc42 was
located in the downstream signaling pathway of RhoG in PC12
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cells, we measured the amounts of GTP-bound Rac1 and
Cdc42 in RhoGV12-transfected cells using the GST-CRIB do-
main of aPAK, which specifically binds to Rac and Cdc42 in
their active GTP-bound states (3). Transient expression of
RhoGV12 in PC12 cells significantly increased the amounts

FIG. 1. Effect of expression of wild-type RhoG and various RhoG mutants
on PC12 cell morphology. (A) PC12 cells were transiently cotransfected with an
expression vector encoding GFP and an empty vector (vector; a and b) or an
expression vector encoding Myc epitope-tagged wild-type RhoG (RhoGwt; c and
d), RhoGV12 (e to h), or RhoGA37 (i and j). At 48 h after transfection, cells were
observed under the phase-contrast microscope (a, c, e, g, and i). Transfected cells
were identified by the fluorescence of GFP (b, d, f, h, and j). Arrows (e and g),
large lamellipodial (e) and filopodial (g) structures at the tips of neurites. The
results shown are representative of three independent experiments. Bar, 25 mm.
(B) Quantification of neurite outgrowth induced by various RhoG mutants. At
48 h after transfection, cells were stained with an anti-Myc antibody, and posi-
tively stained cells were assessed. Cells with neurites were defined as cells that
possessed at least one neurite more than 1 cell body diameter in length, and
results are percentages of the total number of transfected cells. At least 100 cells
were assessed in each experiment, and data are the means 6 standard errors of
triplicate experiments.
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of endogenous GTP-bound Rac1 (2.9-fold) and Cdc42 (3.0-
fold), compared to the amount produced by control vector-
transfected cells (Fig. 3). Transient expression of wild-type
RhoG slightly increased the level of GTP-bound Rac1 (data
not shown). On the other hand, expression of RhoGV12A37,
which contains an F37A substitution in the effector region of
RhoGV12, had little effect on the cellular amount of GTP-
bound Rac1 (1.2-fold) or Cdc42 (0.97-fold). Expressed RhoGV12

was not affinity precipitated by GST-CRIB of aPAK (data not
shown), consistent with a previous report using a yeast two-
hybrid system (11). Previous studies have shown that the acti-
vation of Rac1 is located in the downstream signaling pathway
of Cdc42 in fibroblasts (32, 38). However, no detectable in-
crease in the amount of GTP-bound Rac1 was induced by the
expression of constitutively active Cdc42, Cdc42V12, in PC12
cells, although actin reorganization and morphological change
were observed in the Cdc42V12-expressing cells (Fig. 4A, c and

d). Therefore, it is unlikely that RhoG regulates Rac1 activity
through the activation of Cdc42 in PC12 cells.

We next examined whether expression of Rac1, Cdc42, or
both was able to induce neurite outgrowth in PC12 cells. Ex-

FIG. 2. Inhibition of RhoG-induced neurite outgrowth by Rac1N17 and
Cdc42N17. (A) PC12 cells were cotransfected with an expression vector encoding
Myc-tagged wild-type RhoG and an empty vector (a) or a vector encoding
HA-tagged Rac1N17 (b) or Cdc42N17 (c). At 48 h after transfection, cells were
fixed and stained with an anti-Myc antibody. Expression of HA-tagged Rac1N17

and Cdc42N17 was also detected with an anti-HA antibody (data not shown). The
results shown are representative of three independent experiments. Bar, 25 mm.
(B) Quantification of the effect of Rac1N17 and Cdc42N17 on RhoG-induced
neurite outgrowth. At 48 h after transfection, cells were costained with anti-Myc and
anti-HA antibodies, and positively stained cells were assessed as described in the
legend to Fig. 1. Cells transfected with GFP were used as a control. Data are the
means 6 standard errors of triplicate experiments. RhoGwt, wild-type RhoG.

FIG. 3. RhoGV12 activates endogenous Rac1 and Cdc42 in PC12 cells. PC12
cells were transiently transfected with an empty expression vector (vector) or an
expression vector encoding RhoGV12 or RhoGV12A37. At 36 h after transfection,
cells were serum starved for 12 h. The cell lysates were incubated with GST-
CRIB, and the amounts of GTP-bound Rac1 and Cdc42 were determined by
immunoblotting using a monoclonal antibody against Rac1 (A, top) and a rabbit
polyclonal antibody against Cdc42 (B, top), respectively. Total amounts of Rac1
(A, middle) and Cdc42 (B, middle) in cell lysates and expression of Myc-tagged
RhoGV12 and RhoGV12A37 (bottom) are also shown. In this experiment, about
20 to 30% of total cells were transfected with RhoGV12 or RhoGV12A37. The
anti-Rac1 antibody used in this experiment is cross-reactive with expressed Myc-
tagged RhoGV12 but not with RhoGV12A37 (A, arrow). The results shown are
representative of three independent experiments that yielded similar results.
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pression of constitutively active forms of Rac1 and Cdc42 as
well as their wild types failed to induce neurite formation in
PC12 cells (Fig. 4). Instead, cells expressing Rac1V12 became
flattened with ruffles (Fig. 4A, a and b) and Cdc42V12-express-
ing cells produced large numbers of very short spikes around
the cell periphery (Fig. 4A, c and d).

Involvement of RhoG in NGF-induced neurite outgrowth.
To examine whether PC12 cells expressed RhoG, we first tried
to detect RhoG mRNA by Northern blot analysis. As shown in
Fig. 5, PC12 cells expressed RhoG. RhoG mRNA accumulated
in response to NGF, followed by induction of neurites with a
lag period of several hours. On the other hand, the level of
RhoG mRNA was not significantly altered by serum stimula-
tion, contrary to a previous report that RhoG mRNA was
induced by serum stimulation in CCL39 fibroblasts (49). This
discrepancy may be due to the use of different types of cells.
Therefore, we next examined the role of RhoG in NGF-in-
duced neurite outgrowth.

After transfection with wild-type RhoG and various RhoG

mutants, PC12 cells were treated with NGF, and 48 h later the
morphologies of the transfected cells were examined. Expres-
sion of wild-type RhoG significantly enhanced the NGF-in-
duced neurite outgrowth (Fig. 6A, a and b): the population of
the cells with long neurites (exceeding three or five times the
length of the cell body) was two- to threefold greater than that
of control cells transfected with an empty vector (Fig. 6B). On
the other hand, expression of the dominant-negative RhoG,
RhoGN17, inhibited NGF-stimulated neurite outgrowth (Fig.
6A, e and f). The constitutively active RhoG, RhoGV12, abro-
gated NGF-induced neurite outgrowth, and neurites of cells
expressing RhoGV12 were very short and highly branched com-
pared to those of untransfected cells (Fig. 6A, c and d). As the
result, both RhoGN17 and RhoGV12 mutants decreased the
population of the cells bearing long neurites (Fig. 6B). How-
ever, the expression of RhoGV12 or RhoGN17 had no signifi-
cant effect on the viability of the cells compared to that of
control cells (data not shown), indicating that overexpression
of RhoG mutants did not have any toxic effect. In this exper-

FIG. 4. Effects of Rac1 and Cdc42 expression on PC12 cell morphology. (A) PC12 cells were transiently transfected with an expression vector encoding Myc-tagged
Rac1V12 (a and b) or HA-tagged Cdc42V12 (c and d) or were cotransfected with Myc-tagged Rac1V12 and HA-tagged Cdc42V12 (e and f) or with Myc-tagged wild-type
Rac1 (Rac1wt) and HA-tagged wild-type Cdc42 (Cdc42wt) (g and h). At 48 h after transfection, cells were fixed and stained with anti-Myc (a, e, and g) and anti-HA
(c, f, and h) antibodies or with Alexa 488 phalloidin to visualize filamentous actin (b and d). The results shown are representative of three independent experiments.
Bar, 25 mm. (B) Quantification of effects of Rac1 and Cdc42 expression on neurite outgrowth. At 48 h after transfection, cells were costained with anti-Myc and anti-HA
antibodies, and positively stained cells were assessed as described in the legend to Fig. 1. Cells transfected with GFP were used as a control. Data are the means 6
standard errors of triplicate experiments.
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iment, RhoGN17 could not completely suppress the NGF-in-
duced neurite outgrowth (Fig. 6B). This reason might be that
RhoGN17 was not efficiently expressed in PC12 cells and that
the expression level of RhoGN17 was very low in a large num-
ber of RhoGN17-transfected cells (data not shown). Cells ex-
pressing RhoGA37 normally produced neurites in response to
NGF (Fig. 6A, g and h), but RhoGA37 exhibited a weak inhib-
itory effect on the ability of NGF to extend long neurites (Fig.
6B). It is possible that a RhoG protein containing the F37A
mutation in the effector loop has no ability to bind to its
effector and to act as a competitive inhibitor of endogenous
RhoG with its GEFs.

Involvement of RhoG in RasV12-induced neurite outgrowth.
In PC12 cells, the activity of Ras has been known to be re-
quired for NGF-induced neurite outgrowth and the expression
of constitutively active Ras is sufficient for inducing the out-
growth of neurites (2, 33). Therefore, we next examined wheth-
er RhoG was also involved in the Ras-induced neurite out-
growth. Expression of the constitutively active Ras mutant,
RasV12, induced neurite outgrowth (Fig. 7A, a and b, and B).
When cells were cotransfected with RhoGN17 and RasV12,
RhoGN17 suppressed RasV12-induced neurite outgrowth (Fig.
7A, c and d, and Fig. 7B). On the other hand, expression of
RhoGN17 alone had no effect on PC12 cell morphology (data
not shown) and also had no ability to induce neurite outgrowth
(Fig. 7B).

DISCUSSION

In PC12 cells, NGF induces cell differentiation into the neu-
ronal phenotype through the activation of Ras (2, 33, 45).
However, the molecular mechanisms regulating the cytoskel-
etal changes necessary for neurite outgrowth are still largely
obscure. Recent studies have shown that the activity of Rac
and Cdc42, members of the Rho family of small GTPases, is
required for NGF-induced neurite outgrowth (6, 8, 24). In the
present study, we examined the function and signal transduc-
tion of another member of the Rho family of small GTPases,
RhoG, in PC12 cells. Wild-type RhoG and constitutively active
RhoG had the ability to induce neurite outgrowth in PC12

cells, and, furthermore, NGF-induced neurite outgrowth re-
quired RhoG. These results demonstrate that RhoG plays a
critical role in neurite outgrowth in PC12 cells. The ability of
constitutively active RhoG to extend neurites in length was
lower than that of wild-type RhoG, while constitutively active
RhoG developed large lamellipodial or filopodial structures at
the tips of neurites. These structures would enhance cell-sub-
stratum adhesion and inhibit the long extension of neurites.
Considering that constitutively active RhoG induces the strong
activation of Rac1, unlike wild-type RhoG, too much RhoG
signal might be deleterious to neurite outgrowth and the mod-
est activation of Rac1 and Cdc42 by wild-type RhoG would
lead to long extension of neurites. Consistent with this, wild-
type RhoG enhanced NGF-induced neurite outgrowth but
constitutively active RhoG abrogated it, suggesting that mod-
est activation of RhoG signaling may be required for neurite
extension induced by NGF.

In fibroblasts, expression of constitutively active RhoG
caused morphological and cytoskeletal changes that were de-
pendent on Rac1 and Cdc42 activity (4, 11). In the present
study, we have shown that RhoG-induced neurite outgrowth
was inhibited by dominant-negative Rac1 and Cdc42 and that
constitutively active RhoG increased the levels of endogenous
GTP-bound forms of Rac1 and Cdc42. On the other hand, the
effector loop RhoG mutant, RhoGA37, neither induced neurite
outgrowth nor activated Rac1 and Cdc42. These results dem-
onstrate that Rac1 and Cdc42 are located in the downstream
signaling pathway of RhoG and that RhoG induces neurite
outgrowth through activation of Rac1 and Cdc42. On the other
hand, NGF is known to induce neurite outgrowth through the
activation of Ras, and a study of N1E-115 neuroblastoma cells
indicated that Rac1 and Cdc42 act downstream of Ras during
neurite outgrowth (39). We also found that RhoG acted down-
stream of Ras. Therefore, these results suggest that RhoG
links Ras signaling to Rac1 and Cdc42 activation in the process
of neurite outgrowth in neuronal cells and that RhoG is a key
regulator of the NGF-induced neurite outgrowth acting down-
stream of Ras and upstream of Rac1 and Cdc42. In contrast to
RhoG, which is able to induce neurite outgrowth, a pair con-
sisting of wild-type Rac1 and Cdc42 or constitutively active

FIG. 5. mRNA level of endogenous RhoG in PC12 cells. (A) Total RNA (15 mg) isolated from serum-starved PC12 cells treated with 50 ng of NGF/ml for the
indicated times or from cells growing in serum-containing medium was subjected to Northern blot analysis with a cDNA probe for RhoG, as described in Materials
and Methods. The same membrane was rehybridized with a GAPDH cDNA probe. Arrows, hybridized bands for RhoG and GAPDH. The positions of 18S and 28S
rRNAs are indicated. (B) Quantification of changes of the RhoG mRNA level and the percentages of cells with neurites after NGF stimulation. The level of endogenous
RhoG mRNA (a) is normalized to that of GAPDH mRNA and expressed as fold increases over the value for serum-starved cells at 0 min. Cells with neurites (b) were
defined as the cells that possessed at least one neurite more than 1 cell body diameter in length. At least 100 cells were assessed in each experiment, and data are the
means 6 standard errors of triplicate experiments.
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FIG. 6. Effect of expression of various RhoG mutants on NGF-induced neu-
rite outgrowth. (A) PC12 cells were transfected with an expression vector en-
coding Myc-tagged wild-type RhoG (RhoGwt; a and b), RhoGV12 (c and d),
RhoGN17 (e and f), or RhoGA37 (g and h) and then treated with 50 ng of NGF/ml
for 48 h. Cells were fixed and stained with an anti-Myc antibody (a, c, e, and g)
to identify transfected cells. The morphology of the cells was visualized by
filamentous actin staining with Alexa 488 phalloidin (b, d, f, and h). The results
shown are representative of three independent experiments. Bar, 25 mm. (B)
Length distribution of NGF-induced neurites in various RhoG mutant-express-
ing PC12 cells. PC12 cells were transfected with an empty vector (vector) or
vectors encoding various RhoG mutants. At 48 h after transfection, cells were
stained with an anti-Myc antibody, and positively stained cells were assessed. In
this experiment, a vector encoding GFP was cotransfected to visualize tips of
neurites. Cells with neurites exceeding 1-, 3-, or 5 times the length of the cell
body were scored as a percentage of the total number of transfected cells. At
least 100 cells were assessed in each experiment, and data are the means 6
standard errors of triplicate experiments.
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Rac1 and Cdc42 could not produce neurites from the cells,
indicating that activation of both Rac1 and Cdc42 is not suf-
ficient for inducing neurite outgrowth in PC12 cells. A possible
explanation for this inconsistency is that neurite outgrowth
might require not only an increase in Rac1 and Cdc42 activities
but also their appropriate localization to the sites where neu-

rites are formed and extend and that RhoG might function to
activate and appropriately localize Rac1 and Cdc42 in contrast
to the overexpression of both constitutively active Rac1 and
Cdc42, which causes unpolarized morphological changes.

How does RhoG control the activity of Rac1 and Cdc42? In
this study, we demonstrate that RhoG increases cellular GTP-
bound forms of Rac1 and Cdc42, suggesting that downstream
effectors of RhoG are the regulators of Rac1 and Cdc42 ac-
tivities. It has of course been shown that RhoG does not
directly interact with PAK, POR1, and WASP, the best-known
effectors of Rac and Cdc42, to regulate the reorganization of
the actin cytoskeleton (11). The activation of Rac1 and Cdc42
is regulated by a variety of proteins, such as GEFs, GAPs,
and guanine-nucleotide dissociation inhibitors, and Rac1 and
Cdc42 might be downstream targets of RhoG. Until now, po-
tent effectors of RhoG that specifically bind to the GTP-bound
form of RhoG have not yet been identified. Our present study
focused on the downstream signaling pathway of RhoG, in-
cluding its effectors, involved in the activation of Rac1 and
Cdc42 during neurite outgrowth in PC12 cells. However, we

FIG. 7. Effect of RhoGN17 on RasV12-induced neurite outgrowth. (A) PC12
cells were cotransfected with an expression vector encoding HA-tagged RasV12

and an empty vector (a and b) or a vector encoding Myc-tagged RhoGN17 (c and
d). At 48 h after transfection, cells were fixed and costained with anti-HA (a and
c) and anti-Myc (b and d) antibodies. The results shown are representative of
three independent experiments. Bar, 25 mm. (B) Quantification of the effect of
RhoGN17 on RasV12-induced neurite outgrowth. At 48 h after transfection, cells
were costained with anti-Myc and anti-HA antibodies, and positively stained cells
were assessed as described in the legend to Fig. 1. GFP-transfected cells were
used as a control. Data are the means 6 standard errors of triplicate experi-
ments.
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cannot rule out the possibility that activated RhoG directly
binds to and titrates some Rac or Cdc42 GAP, leading to an
increase in the amount of cellular GTP-bound Rac1 and
Cdc42, and that most of the expressed wild-type RhoG might
be GTP bound and might also titrate a Rac or Cdc42 GAP,
resulting in neurite outgrowth.

Next, how is the activity of RhoG regulated during neurite
outgrowth in response to NGF? One good candidate is the Vav
family proteins, members of the Dbl family of GEFs for the
Rho family GTPases (5). The GDP-GTP exchange activity of
Vav family proteins is stimulated by the tyrosine phosphoryla-
tion of the GEFs, and their tyrosine phosphorylation actually
occurs in response to the activation of tyrosine kinase recep-
tors, including NGF receptor TrkA (30). The Vav family has at
least three known members in mammalian cells (Vav, Vav-2,
and Vav-3) (15, 20, 31), and, among them, Vav-2 and Vav-3
display GEF activity for RhoG in vitro (31, 42). Unlike Vav,
whose expression is restricted mostly to hematopoietic cells,
Vav-2 and Vav-3 are ubiquitously expressed, including expres-
sion in PC12 cells (31, 41). Therefore, Vav-2 or Vav-3 might be
involved in the activation of RhoG to induce neurite outgrowth
downstream of NGF signaling pathways in PC12 cells. In ad-
dition to the Vav family, Trio, another Dbl family of GEFs, has
been shown to preferentially catalyze GDP-GTP exchange on
RhoG in vitro, and Trio-induced morphological and cytoskel-
etal changes in fibroblasts were shown to be suppressed by
dominant-negative RhoG (4), suggesting that Trio acts as a
GEF for RhoG in vivo. Trio was first identified as a protein
associated with the transmembrane tyrosine phosphatase LAR
(9), which is involved in the regulation of neural tissue devel-
opment in mice (51). Although the function of mammalian
Trio remains obscure, current evidence suggests that Trio is
involved in axonogenesis and growth cone motility (25, 44).
Therefore, Trio is another candidate for an activator of RhoG
involved in neurite outgrowth in PC12 cells.

Our results suggest that RhoG is a signal transducer from
Ras to Rac1 and Cdc42, leading to neurite outgrowth. Ras is a
multifunctional regulator of neuronal functions (18). The ac-
tivity of Ras is required for cell survival as well as morpholog-
ical changes (10). In contrast to Ras, RhoG, expressed in either
its wild-type or constitutively active form, could not protect
PC12 cells from apoptosis induced by serum starvation (un-
published observation). Therefore, RhoG does not participate
in Ras-mediated cell survival signaling, while RhoG is involved
in Ras-mediated morphological changes through activation of
Rac1 and Cdc42. On the other hand, we cannot exclude the
possibility that dominant-negative RhoG titrates some Rac
and Cdc42 GEFs common to all three GTPases. The use of
RhoG-specific inhibitors such as the RhoG-binding domain of
RhoG-specific effectors would be one of the best approaches to
address this issue, although potent effectors of RhoG have not
yet been identified.

Finally, Rac1 and Cdc42 have been demonstrated to be
involved in axonogenesis, axonal pathfinding, and dendritic
formation in various types of neurons (21, 27, 28, 36, 48). A
previous study examining the tissue distribution of RhoG
mRNA expression demonstrated that RhoG mRNA was sig-
nificantly expressed in brain (49). Considering that RhoG is
able to extend neurites acting upstream of Rac1 and Cdc42 in
PC12 cells, it is conceivable that RhoG participates in the
regulation of axon and dendrite formation upstream of Rac1
and Cdc42 during nervous system development. Production of
a polyclonal antibody against rat RhoG is currently in progress
in our laboratory, and we will examine the distribution of
RhoG proteins in the rat nervous system in future studies.

Further investigations are necessary to understand the role of
RhoG in the nervous system.
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