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Small guanine nucleotide-binding proteins of the Ras and Rho (Rac, Cdc42, and Rho) families have been
implicated in cardiac myocyte hypertrophy, and this may involve the extracellular signal-related kinase (ERK),
c-Jun N-terminal kinase (JNK), and/or p38 mitogen-activated protein kinase (MAPK) cascades. In other
systems, Rac and Cdc42 have been particularly implicated in the activation of JNKs and p38-MAPKs. We
examined the activation of Rho family small G proteins and the regulation of MAPKs through Rac1 in cardiac
myocytes. Endothelin 1 and phenylephrine (both hypertrophic agonists) induced rapid activation of endoge-
nous Rac1, and endothelin 1 also promoted significant activation of RhoA. Toxin B (which inactivates Rho
family proteins) attenuated the activation of JNKs by hyperosmotic shock or endothelin 1 but had no effect on
p38-MAPK activation. Toxin B also inhibited the activation of the ERK cascade by these stimuli. In transfec-
tion experiments, dominant-negative N17Rac1 inhibited activation of ERK by endothelin 1, whereas activated
V12Rac1 cooperated with c-Raf to activate ERK. Rac1 may stimulate the ERK cascade either by promoting the
phosphorylation of c-Raf or by increasing MEK1 and/or -2 association with c-Raf to facilitate MEK1 and/or
-2 activation. In cardiac myocytes, toxin B attenuated c-Raf(Ser-338) phosphorylation (50 to 70% inhibition),
but this had no effect on c-Raf activity. However, toxin B decreased both the association of MEK1 and/or -2 with
c-Raf and c-Raf-associated ERK-activating activity. V12Rac1 cooperated with c-Raf to increase expression of
atrial natriuretic factor (ANF), whereas N17Rac1 inhibited endothelin 1-stimulated ANF expression, indicat-
ing that the synergy between Rac1 and c-Raf is potentially physiologically important. We conclude that
activation of Rac1 by hypertrophic stimuli contributes to the hypertrophic response by modulating the ERK
and/or possibly the JNK (but not the p38-MAPK) cascades.

Cardiac myocytes are terminally differentiated cells. How-
ever, agonists such as endothelin 1 (ET-1) or the a-adrenergic
agonist phenylephrine (PE) stimulate hypertrophic growth of
these cells in the absence of further cell division (55). This
response is characterized by an increase in cell volume, in-
creased myofibrillogenesis, and changes in gene expression
(e.g, reexpression of fetal genes such as atrial natriuretic factor
[ANF]). The signaling pathways utilized are probably mani-
fold, but small (21-kDa) guanine nucleotide-binding proteins
(G proteins) of both the Ras and Rho (Rho, Rac, and Cdc42)
families have been strongly implicated in the regulation of this
response (16). Many of the effects of these proteins are prob-
ably mediated through the mitogen-activated protein kinases
(MAPKs) (2, 40, 62). These kinases are the final components
of three-tiered cascades in which MAPK kinase kinases phos-
phorylate and activate MAPK kinases, which in turn phosphor-
ylate and activate the MAPKs. Of the three best-characterized
subfamilies, the extracellular signal-regulated kinases (ERKs)
are generally implicated in the regulation of growth responses

of the cell, whereas the c-Jun N-terminal kinases (JNKs) and
p38-MAPKs are more usually associated with cellular re-
sponses to stresses (17, 26). We have previously shown that
ET-1 and PE activate all three MAPK subfamilies in cardiac
myocytes, with the activation of the ERK cascade being par-
ticularly powerful (8–10, 13, 15). All three MAPK subfamilies
have been implicated in the regulation of cardiac myocyte
hypertrophy, but there is considerable debate as to which are
physiologically relevant in this response (55, 56).

Like all small G proteins, members of the Ras and Rho
families act as molecular switches within the cell (2, 40, 62). In
the GDP-bound form, they are inactive, and they are acti-
vated by the exchange of GDP for GTP, a reaction which is
catalyzed by guanine nucleotide exchange factors (GEFs).
GTPase-activating proteins enhance the innate GTPase ac-
tivity of small G proteins, returning them to the inactive
state. Ras is localized to the plasma membrane, and one of
the effects of Ras-GTP is to bind to c-Raf, a MAPK kinase
kinase for the ERK cascade, translocating it to the plasma
membrane for activation. Full activation of c-Raf requires
phosphorylation of Ser-338 and Tyr-341 (41). c-Raf phos-
phorylates and activates the MAPK kinases MEK1 and
MEK2, which phosphorylate and activate the MAPKs ERK1
and ERK2. Other effectors of Ras include phosphatidylino-
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sitol 3-kinase (PI3K) and Ral-GDS (62). The Rho family is
less well characterized. Rac1 and Cdc42 are both implicated
in the activation of JNKs and p38-MAPKs (2, 40), an effect
which may be mediated through p21-activated kinases
(PAKs) (3, 19). PAKs may also regulate the ERK cascade by
either increasing c-Raf(Ser-338) phosphorylation (37) or
MEK1 and/or -2 association with c-Raf (22, 23). Consistent
with this, transfection experiments in dividing cells have
shown that Rac1 and Cdc42 can cooperate with Raf to
activate ERKs and induce transformation (22, 23, 36, 57).
Rho, Rac1, and Cdc42 all regulate cytoskeletal organization
and cell shape in dividing cells (2, 40). Rho promotes stress
fiber formation, Rac1 is necessary for the formation of la-
mellipodia, and Cdc42 is required for the formation of filo-
podia.

In cardiac myocytes, Ras, RhoA, and Rac1 have all been
implicated in the hypertrophic growth response, mediating
both the morphological changes and the changes in gene ex-
pression (16, 55). At least some of the effects of Ras on gene
expression involve signaling through Raf (24, 25, 59), although
other mediators are probably also involved (24). RhoA may act
through the Rho-dependent kinase ROK (33). Here we have
studied the activation of Rac1 in cardiac myocytes. We show
that Rac1-GTP increased following stimulation with hypertro-
phic agonists and that this contributes to ERK activation in
these cells. Furthermore, although Rho family proteins are
involved in the stimulation of ERKs and JNKs, activation of
p38-MAPK is mediated through an alternative pathway(s) in
cardiac myocytes. We also show that although Rho family
small G proteins regulate c-Raf(Ser-338) phosphorylation in
cardiac myocytes, this has no effect on the overall activity of
c-Raf, and that the principal input from Rac1 into the ERK
cascade is at the level of MEK1 and/or -2.

MATERIALS AND METHODS

Myocyte culture. Myocytes were dissociated from the ventricles of neonatal
Sprague-Dawley rat hearts as previously described (7, 34) and were plated in
10% horse serum and 5% fetal calf serum for 18 h, at a density of 350 cells/mm2

for the transfection experiments involving ANF reporter gene expression or
1.4 3 103 cells/mm2 for other experiments.

Small G protein affinity binding assays. Serum was withdrawn from myocyte
cultures for 24 h before use. Myocytes were exposed to agonists with or without
pretreatment (1 h) with toxin B (10 ng/ml). The affinity binding assays were
performed as previously described (12) using glutathione S-transferase (GST)
fusion proteins with the Cdc42 and Rac1 interactive binding (CRIB) domain
from PAK1B (for the study of Rac1 or Cdc42) or the Ras-binding domain of
c-Raf (for the study of Ras). Vectors for these proteins were gifts from J. G.
Collard (The Netherlands Cancer Institute) and J. L. Bos (University of
Utrecht). For the study of RhoA GTP loading, a GST fusion protein was pre-
pared containing residues 7 to 89 of murine rhotekin. The proteins were ex-
pressed and the affinity binding assays were carried out as previously described
for Ras-GTP (12). Samples were immunoblotted using antibodies for Ras or
Rac1 (1/1,000; Transduction Laboratories), Cdc42, or RhoA (1/1,000 or 1/100,
respectively; Santa Cruz Biotechnology), using polyclonal secondary and tertiary
antibodies, with detection by enhanced chemiluminescence as described previ-
ously (12). Scanning densitometry was used for semiquantitative analysis of the
data.

Phosphorylation of MAPKs. Serum was withdrawn from myocyte cultures for
24 h before use. Myocytes were exposed to agonists with or without pretreatment
(1 h) with toxin B (10 ng/ml). Extracts were prepared, and phosphorylated and
total MAPKs were analyzed by immunoblotting as described previously for
p38-MAPKs (15). Proteins were detected using MAPK and phospho-MAPK
primary antibodies (1/1,000, New England Biolabs) and horseradish peroxidase-
conjugated secondary antibodies and were visualized by enhanced chemilumi-

nescence. Scanning densitometry was used for semiquantitative analysis of the
data.

Transient transfection. Myocytes were transfected overnight using the calcium
phosphate technique (27). Plasmids encoding Rho family proteins were from
J. Downward (Imperial Cancer Research Fund, London, United Kingdom) and
A. Hall (University College, London, United Kingdom). For studies of inhibitory
Rho family proteins and ERK phosphorylation, cells were transfected with c-
Myc-tagged ERK2 (ERKMyc, 10 mg, in pEXV3) and N17Rac1 (10 mg, in pRK),
N19RhoA (10 mg, in pcDNA3), N17Cdc42 (10 mg, in pRK) or, as a control, pRK
(10 mg). For studies of constitutively activated Rho family proteins, myocytes
were transfected with ERKMyc (10 mg, in pEXV3) and a total of 10 mg of two of
the following: V12Rac1 (5 mg, in pEXV3), V14RhoA (5 mg, in pEXV3), DN-Raf
(5 mg, in pEXV3), or pEXV3 (5 mg). Cells were washed, incubated for 24 h in
serum-free medium, and exposed to ET-1 (100 nM, 5 min). They were washed
twice in phosphate-buffered saline and extracted into immunoprecipitation
buffer (14) containing 1% Triton X-100. Extracts were clarified (5 min, 10,000 3
g), and the supernatants were incubated with 10 ml of 9E10 c-Myc antibody
(Santa Cruz Biotechnology) (2 h, 4°C) and then with protein G-Sepharose (20 ml,
50% suspension in immunoprecipitation buffer, 1 h, 4°C). Immunoprecipitates
were washed and analyzed by immunoblotting with antibodies to phosphorylated
ERK. Parallel blots were performed and probed with rabbit anti-c-Myc antibod-
ies (Santa Cruz Biotechnology) (1/1,000 dilution).

Luciferase expression vectors and the b-galactosidase expression vector
pON249 were gifts from K. R. Chien, University of California, San Diego (39).
For studies with V12Rac1, myocytes were transfected with the ANF-luciferase
expression vector pANF(-638)LD59 (3 mg) and pON249 (1 mg) and with a total
of 4 mg of two of the following: V12Rac1 (2 mg), V14RhoA (2 mg), or pEXV3
backbone vector (2 mg). Cells were washed and incubated in the absence or
presence of ET-1 (100 nM, 48 h) and were then extracted and assayed for
luciferase and b-galactosidase (27).

Phosphorylation and activation of c-Raf and association with MEK. Myocytes
were deprived of serum for 24 h and exposed to ET-1 with or without pretreat-
ment with toxin B (10 ng/ml, 1 h). Cells (4 3 106) were scraped into 150 ml of
buffer A (20 mM Tris-HCl [pH 7.4], 2 mM EDTA, 100 mM KCl, 5 mM NaF, 0.2
mM Na3VO4, 2 mM microcystin, 10% [vol/vol] glycerol, 1% [vol/vol] Triton
X-100, 0.5% [vol/vol] 2-mercaptoethanol, 10 mM benzamidine, 0.2 mM leupep-
tin, 0.01 mM trans-epoxy succinyl-L-leucylamido-[4-guanidino]butane, 0.3 mM
phenylmethylsulfonyl fluoride) and were centrifuged (10,000 3 g, 5 min). The
supernatants were incubated (1 h, 4°C) with monoclonal c-Raf antibodies (1 mg;
Transduction Laboratories) prebound to protein G-Sepharose (30 ml of a 1:1
slurry in buffer A). The supernatants were boiled with sample buffer (0.33 M
Tris-HCl [pH 6.8], 10% [wt/vol] sodium dodecyl sulfate, 13% [vol/vol] glycerol,
133 mM dithiothreitol). Immunoprecipitates were washed with buffer A (3 times,
750 ml) and were boiled with sample buffer. To determine c-Raf(Ser-338) phos-
phorylation, samples were immunoblotted with antibodies that were for total
c-Raf (1/1,000) or were selective for phospho(Ser-338)-c-Raf (41). To assess
c-Raf association with MEK1 and/or -2, samples were immunoblotted with an-
tibodies that recognize both isoforms. To determine c-Raf or c-Raf-associated
ERK-activating activity, immunoprecipitates were washed with 300 ml of buffer
B (30 mM Tris-HCl, 0.1 mM EGTA [pH 7.5] containing 0.1% [vol/vol] 2-mer-
captoethanol, 0.03% Brij 35, 10 mM magnesium acetate, 20 mM n-octyl b-D-
glucopyranoside, 200 mM ATP) and were resuspended in 30 ml of buffer B.
Assays were initiated by the addition of 0.2 mg of GST-MEK1 or GST-ERK2
(11) for determination of c-Raf activity or c-Raf-associated ERK-activating ac-
tivity, respectively. Following incubation (20 min, 30°C), assays were placed on
ice and were terminated by the addition of sample buffer (12 ml). Samples (25 ml)
were immunoblotted with antibodies selective for phosphorylated MEK or phos-
phorylated ERK.

RESULTS

Activation of Rac1 and RhoA by G protein-coupled receptor
agonists in cardiac myocytes. Using an affinity binding assay
with the CRIB domain from PAK1B as a probe for Rac1-GTP,
we investigated GTP loading of Rac1 in cardiac myocytes (Fig.
1A and B). A significant Rac1-GTP signal was detected in
unstimulated cells, but 100 nM ET-1 (Fig. 1A) or 100 mM PE
(Fig. 1B) induced a two- to threefold increase. Within 5 s, both
agonists detectably increased Rac1-GTP loading, which was
maximal by 15 s. We also investigated the GTP loading of
RhoA using the Rho-binding domain from rhotekin to purify
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RhoA-GTP. ET-1 induced a significant (approximately five-
fold) increase in RhoA-GTP in cardiac myocytes with maximal
stimulation within 15 to 30 s (Fig. 1C). PE stimulation of
RhoA-GTP was less than that induced by ET-1 (Fig. 1D).

Inhibition of MAPK activation by toxin B. Toxin B glucosy-
lates and inactivates Rho family proteins but not Ras family
proteins (32, 52). We confirmed that this occurred in myocytes
using affinity binding assays. Exposure of myocytes to 10 ng of
toxin B/ml for up to 2 h had no effect on myocyte morphology
or contractility (results not shown), and pretreatment with
toxin B (10 ng/ml, 1 h) inhibited basal and ET-1-stimulated
GTP loading of Rac1 and RhoA (Fig. 2A and B, upper panels).
Basal Cdc42 GTP loading was also inhibited (Fig. 2C, upper
panel). The signal for total Rac1 protein was essentially abol-
ished by toxin B (Fig. 2A, lower panel), although total RhoA or
Cdc42 was unaffected (Fig. 2B and C, lower panels). Whatever
the reason for this difference, it is clear that Rac1, RhoA, and
Cdc42 were all inactivated by toxin B. To confirm that this
regimen selectively inhibited signaling through Rho family
small G proteins and that any effects were not due to general

toxicity, we examined the effects of toxin B on
Ras-GTP-loading. Toxin B had no effect on ET-1-induced
Ras-GTP, although there was some increase in basal Ras-GTP
loading (Fig. 2D and E).

Rac1 and Cdc42 are implicated in the activation of JNKs
and p38-MAPKs (2, 40). Although JNKs and p38-MAPKs are
activated primarily by cellular stresses (e.g., hyperosmotic
shock), we have shown that ET-1 also activates these MAPKs
in cardiac myocytes (10, 15). We assessed the effects of toxin B
on the activation of JNKs and p38-MAPKs by immunoblotting
with antibodies selective for the dually phosphorylated (acti-
vated) forms of these kinases. The incubation times for these
and subsequent experiments on MAPK activation are times at
which they are maximally activated in cardiac myocytes (8, 10,
13, 15). Toxin B inhibited activation of JNKs in cardiac myo-
cytes exposed to either hyperosmotic shock (0.5 M sorbitol)
(Fig. 3A) or 10 nM ET-1 (Fig. 3B) but had no effect on the
activation of p38-MAPKs (Fig. 3C and D). Thus, although
JNK activation by these stimuli requires Rho family proteins,

FIG. 1. Stimulation of Rac1-GTP and RhoA-GTP in cardiac myocytes. Myocytes were exposed to 100 nM ET-1 (A and C) or 100 mM PE (B
and D) for the times indicated. Rac1-GTP (A and B) or RhoA-GTP (C and D) was isolated by affinity binding assays and detected by
immunoblotting (upper panels). Total Rac1 or total RhoA was also immunoblotted to ensure comparable loading (middle panels). Rac1-GTP and
RhoA-GTP were quantified by scanning densitometry and were expressed relative to total Rac1 and RhoA (lower panels). Results are means 6
standard errors of the means (SEM) for three (RhoA-GTP) or four (Rac1-GTP) separate myocyte preparations.
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activation of p38-MAPKs in cardiac myocytes is mediated
through alternative mechanisms.

Regulation of ERK activation by ET-1 through small G
proteins of the Rho family. In cardiac myocytes, the ERK
cascade is potently activated by ET-1 (8, 9, 13). We examined
the effects of toxin B on the activation of the ERK cascade by
ET-1 using antibodies selective for the phosphorylated forms
of MEK1 and/or -2 and ERK1 and -2 for immunoblotting.
ET-1 stimulated the activation of MEK1 and/or -2 and ERK1
and -2 in the concentration range of 1 to 100 nM (Fig. 4A and
B). ET-1 (100 nM) stimulated maximal activation of ERK, as
demonstrated by the complete shift of ERK2 to a band with
reduced mobility (i.e., the phosphorylated form), whereas
stimulation by 10 nM ET-1 was approximately 50% of the
maximum (Fig. 4B, bottom panel). Toxin B significantly inhib-
ited the activation of MEK1 and/or -2 and ERK1 and -2 in-
duced by 10 nM ET-1 (Fig. 4C and D). However, in cardiac
myocytes exposed to 100 nM ET-1, which promotes maximal
activation of ERKs (Fig. 4B), the inhibition of MEK1 and/or -2
activity did not reach statistical significance (Fig. 4E) and there
was no inhibition of ERK1 and -2 activation (Fig. 4F). These
data indicate that Rho family proteins may contribute to stim-
ulation of the ERK cascade by ET-1, particularly in the context
of submaximal stimulation.

In further studies, cardiac myocytes were transfected with
plasmids encoding c-Myc-tagged ERK2 (ERKMyc) and domi-
nant-negative (N17Cdc42, N17Rac1, N19RhoA) or activating

(V12Rac1, V14RhoA) mutants of Cdc42, Rac1, or RhoA. Fol-
lowing immunoprecipitation, the activation of ERKMyc was
assessed by immunoblotting. Parallel blots were probed with
antibodies to c-Myc to assess ERKMyc protein expression, and,
following densitometric analysis, the amount of phospho-
ERKMyc was corrected for total ERKMyc. ET-1 (100 nM)
increased the activation of ERKMyc by .20-fold (Fig. 5A).
N17Cdc42 had no effect on this response, but ERKMyc activa-
tion was suppressed by N17Rac1 or N19RhoA (.75%). Nei-
ther V12Rac1 nor V14RhoA alone nor in combination had any
effect on ERKMyc activation, although DN-Raf (constitutively
activated c-Raf) increased activation of ERKMyc to a degree
similar to that caused by 100 nM ET-1 (Fig. 5B and C).
V12Rac1 synergized with DN-Raf to increase ERKMyc activa-
tion, but V14RhoA did not enhance the response to DN-Raf
(Fig. 5B and C). The effects of the inhibitory and activating
mutants more clearly implicate Rac1 in the modulation of the
ERK cascade than Cdc42 or RhoA. The inhibition of ET-1-
stimulated ERK activation by N19RhoA suggests that RhoA
may also be required for ERK activation. However, since
V12RhoA had no effect, either alone or in combination with
DN-Raf, the role of RhoA in the activation of the ERK cas-
cade may be permissive.

Toxin B inhibition of the ERK cascade is mediated at the
level of MEK rather than c-Raf. The transfection experiments
clearly implicated Rac1 in the potentiation of ERK activation,
whereas the effects of V14RhoA and N19RhoA were not con-

FIG. 2. Toxin B inactivates Rac1, RhoA, and Cdc42 but not Ras. Myocytes were untreated (controls) or were exposed to 100 nM ET-1 for 15 s
with or without pretreatment with toxin B (ToxB) (10 ng/ml, 1 h). GTP loading of Rac1 (A), RhoA (B), Cdc42 (C), or Ras (D) was determined
by affinity binding assays and detected by immunoblotting (upper panels). Total Rac1, RhoA, Cdc42, or Ras was also immunoblotted (lower
panels). GTP loading experiments for Rac1, RhoA, and Cdc42 were repeated with similar results. Ras-GTP loading was examined in five
separate myocyte preparations. (E) Ras GTP loading was analyzed by scanning densitometry. Results are means 6 SEM for five separate myo-
cyte preparations.
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sistent. Previous studies have indicated two potential mecha-
nisms in which Rac1 and Cdc42 may promote activation of the
ERK cascade. One possibility is that Rac1 and Cdc42 activate
PAKs which can phosphorylate c-Raf on Ser-338 (37), one of
two residues required for full activity (41). This was investi-
gated following immunoprecipitation of c-Raf by immunoblot-
ting with an antibody selective for the Ser-338 phosphorylated
form of the protein and by assessing c-Raf activity using GST-

MEK1 as a substrate. Phosphorylation of GST-MEK1 was
measured by immunoblotting with phospho-MEK antibodies.
Toxin B (10 ng/ml, 1 h) significantly inhibited the basal level of
c-Raf (Ser-338) phosphorylation (51% 6 7%, n 5 7, P ,
0.001) and the increase in phospho(Ser-338)-c-Raf induced by
10 nM or 100 nM ET-1 (64% 6 5%, n 5 4, P , 0.005, or 69%
6 14%, n 5 4, P , 0.05, respectively, for myocytes exposed to
ET-1 for 1 min) (Fig. 6A and B). Despite the inhibition of

FIG. 3. Toxin B inhibits phosphorylation of JNKs but not of p38-MAPKs induced by ET-1 or hyperosmotic shock. Myocytes were unstimulated
(controls) or were exposed to 0.5 M sorbitol (Sorb) (A and C) or 10 nM ET-1 (B and D) with or without pretreatment with toxin B (ToxB) (10
ng/ml, 1 h) for 0 or 30 min in the case of JNKs or for 0, 3, or 10 min in the case of p38-MAPKs. (A and B) Extracts were immunoblotted for
phosphorylated (activated) JNKs (Phospho-JNKs) or total JNKs. The upper arrow on each blot indicates the 54-kDa JNKs, whereas the lower
arrow indicates the 46-kDa JNKs. (C and D) Extracts were immunoblotted for phosphorylated (activated) p38-MAPKs (Phospho p38-MAPK) or
total p38-MAPKs. Blots were analyzed by scanning densitometry (A to D, lower panels) Results are means 6 SEM for three or four separate
myocyte preparations. p, P , 0.001 relative to hyperosmotic shock in the absence of toxin B (unpaired two-tailed t test).
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FIG. 4. Toxin B inhibits activation of the ERK cascade induced by ET-1. (A and B) Myocytes were unstimulated (control) or were exposed to
1, 10, or 100 nM ET-1 for 5 min. (C to F) Myocytes were exposed to 10 nM ET-1 (C and D) or 100 nM ET-1 (E and F) for 0 or 3 min with or
without pretreatment with toxin B (ToxB) (10 ng/ml, 1 h). (A, C, and E) Extracts were immunoblotted for phosphorylated MEK1 and -2
(Phospho-MEK1/2) or total MEK1 and -2. (B, D, and F) Extracts were immunoblotted for phosphorylated ERK1 and -2 (Phospho-ERK1/2) or
total ERK1 and -2. The upper arrow on each blot indicates ERK1, whereas the lower arrow indicates ERK2. (A to F, lower panels) Blots were
analyzed by scanning densitometry. Results are means 6 SEM for three (A and B) or four (C to F) separate myocyte preparations. p, P , 0.01
relative to ET-1 in the absence of toxin B (unpaired two-tailed t test).
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c-Raf(Ser-338) phosphorylation, there was no effect of toxin B
on the stimulation of c-Raf activity by ET-1 (Fig. 6C), suggest-
ing that phosphorylation of Ser-338 is not limiting for c-Raf
activation in cardiac myocytes. These data indicate that the
inhibitory effect of toxin B on the ERK cascade is not mediated
at the level of c-Raf.

An alternative mechanism which may account for the input
from Rac1 to the ERK cascade is through PAK-dependent
phosphorylation of Ser-298 of MEK (22). This potentially in-
creases its association with c-Raf, facilitating its activation. In
cardiac myocytes exposed to 10 nM ET-1, toxin B attenuated
the amount of MEK1 and/or -2 associated with c-Raf (Fig. 6D)
and the c-Raf-associated ERK-activating activity (presumably
MEK1 and/or -2) (Fig. 6E). In myocytes exposed to 100 nM
ET-1, toxin B had no significant effect on the association of
MEK1 and/or -2 with c-Raf (Fig. 6F). These data suggest that
Rac1 promotes activation of the ERK cascade by increasing
the association of MEK1 and/or -2 with c-Raf and are consis-
tent with the lack of any effect of V12Rac1 alone on ERK
activation and the synergistic effect of V12Rac1 with DN-Raf
(Fig. 5C and D). This mechanism appears to be significant in
the context of submaximal stimulation of the pathway, which
may well be the situation in vivo.

Regulation of ANF expression by Rac1. We examined wheth-
er the synergy observed between Rac1 and c-Raf with respect
to the ERK cascade is reflected in a physiological response of
the cardiac myocyte. One facet of cardiac myocyte hypertrophy
is the reexpression of ANF (55). We therefore examined the
expression of an ANF-luciferase reporter gene following trans-
fection with V12Rac1 (Fig. 7). We also examined the effect of
V12RhoA. ET-1 (100 nM) induced a large (.10-fold) increase
in ANF expression, whereas DN-Raf stimulated a smaller (;5-
fold) increase, consistent with previous studies (25). V12Rac1
or V12RhoA alone increased ANF expression approximately
twofold and, in combination, had an additive effect (four- to
fivefold stimulation). However, V12Rac1 or V14RhoA had a
synergistic effect on ANF expression when transfected in com-
bination with DN-Raf, resulting in a response similar to that
seen with 100 nM ET-1. These results are consistent with a role
for Rac1 and RhoA in the upregulation of ANF expression.

DISCUSSION

Activation of Rac1. Although experiments using transient
overexpression have shown that Rho family proteins are rec-
ognized as key regulators of many intracellular systems, the
recent development of affinity binding assays selective for the
GTP-bound small G proteins has made it possible to study
the activation of endogenous proteins. We used a GST fu-
sion protein with the CRIB domain from PAK1B to assay
Rac1-GTP and a GST fusion protein with the Rho-binding
domain from rhotekin to assay RhoA-GTP. Such assays have
been performed to demonstrate Rac-GTP loading in dividing

FIG. 5. Regulation of ERK phosphorylation by Rho family pro-
teins. (A) Myocytes were transfected with ERKMyc and inhibitory mu-
tants of Rho family proteins. Following exposure to ET-1 (100 nM,
5 min), ERKMyc was immunoprecipitated and immunoblotted with
antibodies to phosphorylated ERK (upper panel). Parallel blots were
stripped and probed with an antibody to the c-Myc tag (lower panel).
The experiment was repeated on three separate occasions with similar
results. (B) Myocytes were transfected with ERKMyc, DN-Raf, and/or
activated mutants of Rho family proteins. When applicable, exposure
to ET-1 (100 nM) was for 5 min. ERKMyc was immunoprecipitated and
immunoblotted with antibodies to phosphorylated ERK (upper panel).
Parallel blots were reprobed with an antibody to the c-Myc tag (lower
panel). The experiment was repeated on four separate occasions with

similar results. (C) Blots shown in panel B were analyzed by scanning
densitometry, and the amount of phospho-ERKMyc was adjusted for
total ERKMyc protein. Results are means 6 SEM for four separate
myocyte preparations. p, P , 0.05 relative to DN-Raf alone (unpaired
two-tailed t test).
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FIG. 6. Toxin B inhibits c-Raf(Ser-338) phosphorylation but not c-Raf activity and attenuates MEK1 association with c-Raf in myocytes
exposed to 10 nM ET-1. Myocytes were unstimulated or exposed to 10 nM ET-1 (A, C, D, and E) or 100 nM ET-1 (B and F) for the times indicated,
and c-Raf was immunoprecipitated from myocyte extracts. (A and B) c-Raf immunoprecipitates were immunoblotted with antibodies selective for
phospho(Ser-338)-c-Raf (upper blots) or total c-Raf (lower blots). Blots were analyzed by scanning densitometry (bar graphs). Results are means 6
SEM for four separate myocyte preparations. p, P , 0.05, relative to unstimulated myocytes in the absence of toxin B (unpaired two-tailed t test).
P , 0.05 relative to myocytes exposed to ET-1 in the absence of toxin B (unpaired two-tailed t test). (C) c-Raf activity was determined using
GST-MEK1 as the substrate. Phosphorylation of GST-MEK1 was assessed by immunoblotting with antibodies selective for phospho-MEK1 and/or
-2 (upper panel). Blots were analyzed by scanning densitometry (lower panel). Results are means 6 SEM for three separate myocyte preparations.
(D and F) c-Raf immunoprecipitates were immunoblotted for total MEK1/2 (upper panels) or for c-Raf (lower panels). (E) c-Raf immunopre-
cipitates were assayed for associated ERK-activating activity using GST-ERK2 as substrate. Phosphorylation of GST-ERK2 was assessed by
immunoblotting with antibodies selective for phospho-ERK1 and -2 (upper panel). Parallel blots were probed with antibodies to total ERK1 and
-2 (lower panel). The experiments were repeated with three separate preparations of myocytes with similar results. IgG, immunoglobulin G.
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cells (4, 50, 61) and during the chemotactic response of neu-
trophils (1, 5). Here we showed that Rac1-GTP is readily
detected in unstimulated cardiac myocytes but that levels are
rapidly (in ,5 s) increased by the heterotrimeric G protein-
coupled receptor agonists ET-1 and PE (Fig. 1A and B). Al-
though the increase in Rac1-GTP was only two- to threefold,
this is of the same order as that reported for other cell types (5,
61). ET-1 also stimulated a significant increase in RhoA-GTP,
although the response to PE was less pronounced (Fig. 1C and
D). The time course for the stimulation of RhoA-GTP ap-
peared slower than that of Rac1-GTP, with maximal activation
within 15 to 30 s.

The mechanisms involved in Rac1 activation are not clear. It
is proposed that Ras activation of PI3K leads to production of
phosphatidylinositol 3,4,5 trisphosphate, which is required for
Rac1 activation (28, 47). Recent data further indicate that
phosphatidylinositol 3,4,5 trisphosphate may recruit a complex
containing Sos1 (which has GEF activity for both Ras and Rac)
to the membrane where it facilitates exchange of GDP for
GTP (45, 51). Our studies would not be inconsistent with this
model, since ET-1 and PE stimulate similar increases in Ras-
GTP in cardiac myocytes (12). However, it should be noted that
Rac1-GTP loading is extremely rapid, and our results would not
be incompatible with the alternative proposal that Gi bg sub-
units may stimulate the exchange factor Ras-GRF to increase
exchange of GDP for GTP on Rac1 directly (20, 38, 42). Other
studies of Rac1 activation indicate that the chemotactic pep-
tide, f-MetLeuPhe, which acts through Gi-coupled receptors,
and bradykinin, which signals through Gq-coupled receptors,
increase Rac-GTP in neutrophils and COS cells, respectively
(1, 5, 61). ET-1 is known to signal through both Gq- and Gi-
coupled receptors in cardiac myocytes (29), but it was not pos-
sible to determine whether Rac1-GTP was Gi dependent, since
pretreatment with pertussis toxin increased basal Rac1-GTP
levels (results not shown). The PI3K inhibitor LY294002 also
increased levels of Rac1-GTP, and since we observed only a

two- to threefold increase in Rac1-GTP (Fig. 1), it was not pos-
sible to determine whether PI3K was involved in this response.

Regulation of MAPK activation by Rac1. Rac and Cdc42 are
recognized as regulators of the JNK and p38-MAPK cascades
(23, 43, 44), an effect which is probably mediated through
PAK(s) (3, 19). However, transfection studies indicate that
Rac1 can synergize with Raf to activate MEK and ERK and
can induce transformation of dividing cells (22, 23, 36, 57).
These effects are probably also mediated through PAKs. The
majority of these conclusions have been derived from trans-
fection experiments, and while such experiments are useful in
establishing which signaling pathways are probably active in
cells, overexpression of signaling intermediates may activate or
inhibit pathways which would not occur with specific agonists
and/or in specific cell types. We therefore used toxin B to
examine the role of endogenous Rho family proteins in cardiac
myocyte signal transduction. Although toxin B may have sec-
ondary or nonspecific effects, its effects on small G proteins
were selective for the Rho family (Fig. 2A to C) and the
stimulation of GTP loading of Ras by ET-1 was unaffected by
toxin B pretreatment (Fig. 2D). Toxin B attenuated the phos-
phorylation (activation) of MEK1 and/or -2 and ERK1 and -2
induced by 10 nM ET-1 (Fig. 4C and D), consistent with a role
for Rho family proteins in the potentiation of ERK signaling in
these cells. The effects of toxin B were less apparent at higher
concentrations of ET-1 (100 nM) (Fig. 4E and F), indicating
that (as might be expected) as the degree of Raf activation
increases, there is a reduced requirement to potentiate the
response. This suggests that the potentiation of ERK signaling
in cardiac myocytes through Rac1 is likely to be significant in
the context of submaximal ERK stimulation, a situation which
may be more representative of the physiological situation in
the heart. It is probable that the lesser effect of toxin B on ERK
phosphorylation is due to the amplification inherent in the
MAPK cascades. Toxin B also attenuated MEK1 and/or -2
phosphorylation induced by hyperosmotic shock or by platelet-
derived growth factor (results not shown), suggesting that Rho
family small-G-protein signaling to the ERK cascade may be a
universal mechanism operating within cardiac myocytes, rather
than a receptor-specific effect.

Studies in other laboratories have identified two possible
mechanisms whereby Rac1 or Cdc42 can promote activation of
the ERK cascade through PAK. Full activation of c-Raf re-
quires its recruitment to the membrane by binding to Ras-GTP
(62) and phosphorylation of both Ser-338 and Tyr-341 (41).
PAK can phosphorylate Ser-338 (37). Our experiments indi-
cate that such a pathway may operate in cardiac myocytes,
since toxin B significantly inhibited c-Raf(Ser-338) phosphor-
ylation in unstimulated cells and following exposure to ET-1
(Fig. 6A and B). However, this had no effect on c-Raf activity
(Fig. 6C), suggesting that in the context of the cardiac myocyte,
phosphorylation of Tyr-341 may be the limiting factor and that
any effect of PAK on Ser-338 phosphorylation has little impact
on activation of the ERK cascade.

Alternatively, Rac1 signaling through PAK may not activate
the ERK cascade directly. Rather, PAK-mediated phosphory-
lation of MEK1 in its c-Raf-binding domain (Ser-298) may
promote the association of MEK1 with c-Raf, thus increas-
ing the efficiency of MEK1 activation (22, 23). Our data are
more consistent with this model. Our transfection experiments

FIG. 7. Regulation of the ANF promoter by Rho family proteins
and Raf. Myocytes were transfected with ANF-luciferase reporters
(ANF-LUX). Cells were exposed to 100 nM ET-1 (48 h) or were
cotransfected with backbone vector, V12Rac1, V14RhoA, or DN-Raf
(in pEXV3) alone, or in combination. Extracts were assayed for lucif-
erase activity. Results are expressed relative to backbone vector alone
and are means 6 SEM for five separate myocyte preparations.
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clearly show that Rac1 only potentiates ERK activation since,
although N17Rac1 attenuated ERK activation by ET-1 (Fig.
5A), V12Rac1 alone had no effect on ERK activation and only
promotes ERK activation in the context of cotransfected DN-
Raf (Fig. 5B and C). Furthermore, toxin B suppressed the
association of MEK1 and/or -2 with c-Raf in unstimulated
myocytes and following stimulation with 10 nM ET-1 (Fig. 6D,
upper panel), and this was associated with decreased ERK-
activating activity (Fig. 6E, lower panel). However, in myocytes
exposed to 100 nM ET-1, toxin B appeared to have no effect on
MEK association with c-Raf (Fig. 6F). Presumably, with an
increased proportion of total c-Raf having been activated, the
interaction between MEK and c-Raf is no longer limiting. It is
possible that phosphorylation of c-Raf(Ser-338) could affect its
association with MEK. However, toxin B inhibited phosphor-
ylation of c-Raf(Ser-338) in myocytes exposed to 100 nM ET-1
(Fig. 6B) but had no effect on MEK association with c-Raf at
this concentration (Fig. 6F), suggesting that other factors (such
as phosphorylation of Ser-298 of MEK1) are more important.

In addition to attenuating the ERK response, toxin B also
inhibited JNK phosphorylation (Fig. 3A and B) but had no
effect on the phosphorylation of p38-MAPKs (Fig. 3C and D)
induced by either ET-1 or hyperosmotic shock. This contrasts
with published transfection studies, which indicate that Rac or
Cdc42 can activate either subfamily of the MAPKs (23, 43),
and may reflect additional constraints within the cell (e.g.,
binding to scaffolding proteins) which are not apparent when
studying overexpressed proteins.

Involvement of Rho family proteins in cardiac hypertrophy.
There is currently considerable debate regarding the intracel-
lular signaling mechanisms which regulate the hypertrophic
response in cardiac myocytes (54–56). Stimulation of ERKs
was proposed to promote hypertrophy, since they are strongly
activated by hypertrophic agonists (8, 9, 13), and activation of
the ERK cascade stimulates the changes in gene expression
characteristic of this response (27, 58). Furthermore, inhibition
of the ERK cascade using the MEK-selective inhibitor U0126
suppresses the hypertrophic response induced by ET-1 in car-
diac myocytes (63). ERK activation alone may be insufficient
to promote the complete hypertrophic response, since p38-
MAPKs and JNKs have also been implicated (55, 56). However,
it should be noted that hypertrophic agonists activate JNKs and
p38-MAPKs only relatively weakly, compared with their activa-
tion by cellular stresses (10, 15), and that cellular stresses (e.g.,
oxidative stress) induce apoptosis rather than hypertrophy (18).

The Rho family of small G proteins has become the focus of
considerable attention in relation to cardiac myocyte hypertro-
phy because of their involvement in cytoskeletal reorganization
(2, 40). RhoA and Rac1 both appear to be required for myo-
cyte hypertrophy, since inhibitory mutants diminish the re-
sponse to PE and activating mutations induce a hypertrophic
pattern of gene expression (30, 33, 48, 49, 60). However, ex-
periments with inhibitory mutants should be interpreted with
care since these proteins may bind to and inhibit GEFs for
other small G proteins (21). In the case of Rac1, it is generally
assumed that at least some of the effects are mediated through
JNKs and/or p38-MAPKs. Our data indicate that, particularly
at the relatively low agonist concentrations that might be ex-
pected in vivo, some of the effects of Rac1 on hypertrophy may
be attributable to an input into the ERK cascade (Fig. 4 to 6). In

addition, toxin B inhibited phosphorylation of JNKs but not phos-
phorylation of p38-MAPKs (Fig. 3), indicating that while some of
the hypertrophic effects of Rho family proteins may be medi-
ated through JNKs, it is unlikely that p38-MAPKs are involved.

In our studies of ANF expression, we found that V14RhoA
or V12Rac1 alone slightly increased ANF-luciferase and to-
gether induced a response similar to that induced by DN-Raf
(Fig. 7). However, in combination with DN-Raf, V14RhoA or
V12Rac1 synergistically stimulated ANF-luciferase (Fig. 7).
The effects of V12Rac1 and DN-Raf are compatible with the
synergistic effect of these proteins on ERK phosphorylation,
although it must be considered that the effects may not be
entirely due to this. In contrast to V12Rac1, V14RhoA had no
effect on ERK phosphorylation either alone or in combination
with V12Rac1 or DN-Raf, suggesting that its effects on ANF-
luciferase may be mediated through a different mechanism.
One of the effects of RhoA is to activate the transcription
factor, SRF, although the mechanism(s) involved is not under-
stood (2). Since the ANF promoter contains two high-affinity
SRF binding sites (53) in addition to a low-affinity site (31), it
is possible that RhoA regulates ANF through SRF.

It is of note that Rac1-GTP was readily detected in unstimu-
lated myocytes (Fig. 1) and that prolonged exposure (up to
12 h) of cardiac myocytes to toxin B results in their detachment
from each other and from the tissue culture surface (results not
shown). These data suggest that, whether or not Rho family
proteins are directly involved in cardiac hypertrophy, activated
small G proteins may play a vital role in the maintenance of
myocyte morphology. This would be consonant with other
studies which indicate that activation of Rac is a key compo-
nent of the survival response of fibroblasts exposed to insulin
(6) and that Rac may function to suppress Ras-induced apo-
ptosis (35, 46). The role of Rac in cardiac myocyte survival
awaits further investigation.
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