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As do cytokine receptors and receptor tyrosine kinases, G protein-coupled receptors (GPCRs) signal to
Janus kinases (Jaks) and signal transducers and activators of transcription (STATs). However, the early
biochemical events linking GPCRs to this signaling pathway have been unclear. Here we show that GPCR-
stimulated Rac activity and the subsequent generation of reactive oxygen species are necessary for activating
tyrosine phosphorylation of Jaks and STAT-dependent transcription. The requirement for Rac activity can be
overcome by addition of hydrogen peroxide. Expression of activated mutants of Rac1 is sufficient to activate
Jak2 and STAT-dependent transcription, and the activation of Jak2 correlates with the ability of Rac1 to bind
to NADPH oxidase subunit p67phox. We further show that GPCR agonists stimulate tyrosine phosphorylation
of STAT1 and STAT3 proteins in a Rac-dependent manner. The tyrosine phosphorylation of STAT3 is biphasic;
the first peak of phosphorylation is weak and correlates with rapid activation of Jaks by GPCRs, whereas the
second peak is stronger and requires the synthesis of an autocrine factor. Rho also plays an essential role in
the induction of STAT transcriptional activity. Our results highlight a novel role for Rho GTPases in mediating
the regulatory effects of GPCRs on STAT-dependent gene expression.

Janus kinases (Jaks) are a small family of cytoplasmic ty-
rosine kinases that were initially identified as essential compo-
nents of interferon receptor signaling (30, 56). It is now known
that all cytokine receptors induce the tyrosine phosphorylation
and activation of Jaks and that Jak activity is required for most
cytokine responses. The Jak family consists of four members:
Jak1, Jak2, and Tyk2, which are expressed ubiquitously, and
Jak3, which is primarily found in hematopoietic cells (30, 73).
Stimulation of cells with cytokines induces receptor oligomer-
ization and brings about the local aggregation of associated
Jaks, resulting in their activation by trans phosphorylation.
Activated Jaks in turn phosphorylate the receptor cytoplasmic
tails on tyrosine, providing docking sites for recruitment of
specific signal transducers and activators of transcription
(STATs) via their SH2 domain. Jaks then phosphorylate the
recruited STAT proteins on tyrosine, inducing their dimeriza-
tion and translocation to the nucleus, where they bind to target
DNA sequences (12). The Jak/STAT signaling pathway regu-
lates a wide variety of biological responses, including develop-
ment, differentiation, cell proliferation and survival, immune
response, and oncogenesis (32).

Other families of cell surface receptors also activate the Jaks
and STATs. Early studies have shown that the G protein-
coupled receptor (GPCR) agonists thrombin and angiotensin
II (Ang II) stimulate tyrosine phosphorylation of Jaks and
STATs and induce STAT DNA binding activity in target cells
(7, 42, 53). These findings have now been substantiated and

extended to other members of the GPCR family (21, 33, 41, 43,
52, 65, 70). However, unlike cytokine receptors, the cascade of
events by which GPCRs activate the Jak/STAT pathway re-
mains poorly understood. It has been reported that Jak2 phys-
ically associates with the Ang II AT1 receptor and STAT fac-
tors upon agonist binding (3, 42). The interaction of Jaks with
chemokine receptors and with the platelet-activating factor
receptor was also documented (41, 43, 65). In the case of the
AT1 receptor, the association of Jak2 appears to be dependent
on the motif YIPP present in the cytoplasmic tail of the re-
ceptor (3). However, this motif is not conserved in any of the
other GPCRs known to associate with Jaks, raising questions
about the significance of this observation. Available evidence
indicates that Jak2 must be catalytically active to associate with
the Ang II AT1 receptor and to recruit STATs to the receptor
(2, 4). A kinase-inactive form of Jak2 with a mutation in sub-
domain VIII fails to associate with the receptor and to activate
STAT1 following Ang II stimulation (2). These observations
imply that autophosphorylation of Jaks occurs prior to their
recruitment to the GPCR and is an obligatory step for subse-
quent signaling.

Recent work has implicated reactive oxygen species (ROS)
in the activation of the Jak/STAT pathway (55, 60). ROS are
produced in response to cytokines and growth factors, and
function as second messengers in many cellular responses (19).
A major source of ROS is the membrane-bound NADPH
oxidase complex, which is present in phagocytic cells and in
many other cell types (5). The activity of the phagocyte
NADPH oxidase is regulated by the small GTPase Rac (8, 9),
suggesting that Rho family GTPases may contribute to the
activation of the Jak/STAT pathway.

Here we show using a combination of bacterial toxins and
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dominant interfering mutants that Rac activity is necessary for
activation of Jaks and STATs by GPCRs. The activation of
Jaks is dependent on ROS generation and the requirement for
Rac can be overcome by addition of oxidants. Expression of an
activated mutant of Rac1 is sufficient to activate Jak2 and
STAT-dependent transcription. Furthermore, we show that
Rho is essential for transcriptional activation of STATs by
GPCR agonists but does not contribute to Jak activation or
STAT tyrosine phosphorylation. These findings identify Rho
GTPases as components of a novel pathway that link GPCRs
to activation of Jak/STAT signaling.

MATERIALS AND METHODS

Reagents, antibodies, and plasmids. Ang II was purchased from Hukabel
Scientific. Thrombin, dithiothreitol (DTT), N-acetyl-L-cysteine, diphenylene io-
donium (DPI), sodium orthovanadate, and actinomycin D (ActD) were from
Sigma-Aldrich. Clostridium difficile toxin B, Clostridium botulinum C3 trans-
ferase, and platelet-derived growth factor BB (PDGF-BB) were from Calbio-
chem. The Clostridium sordellii toxins LT82 and LT9048, Iota toxin, and the
fusion toxin Iota-C3 were purified as previously described (50). Rabbit polyclonal
antibodies to Jak1 (sc-7228), Jak2 (sc-294), Tyk2 (sc-169), STAT1 (sc-346),
STAT2 (sc-839), STAT4 (sc-486), STAT5 (sc-836), STAT6 (sc-981), phospho-
STAT1(Tyr701) (sc-7988-R), phospho-STAT4(Ser721) (sc-16317), and phos-
pho-STAT5a/b(Ser726) (sc-12893) were from Santa Cruz Biotechnology. Poly-
clonal antibodies to phospho-Jak1(Tyr1022/Tyr1023), phospho-Jak2(Tyr1007/
Tyr1008), and phospho-STAT1(Ser727); anti-human interleukin-6 (IL-6)
receptor neutralizing antibody; gamma interferon (IFN-�); and recombinant rat
IL-6 were from BioSource International. Anti-phospho-Tyk2(Tyr1054/Tyr1055),
anti-phospho-STAT3(Tyr705), anti-phospho-STAT3(Ser727), anti-phospho-
STAT5(Tyr694), and anti-phospho-STAT6(Tyr641) antibodies; anti-phospho-
p44/42 mitogen-activated protein kinase (Thr202/Tyr204) monoclonal antibody
(MAb) E10; and anti-STAT3 MAb 7D1 were from Cell Signaling Technology.
The anti-Myc MAb was prepared in-house from 9E10 hybridoma-producing
cells. The pGL3-2xIFP53GAS-luc reporter plasmid was kindly provided by A.
Koromilas (Lady Davis Research Institute) and has been described previously
(69). pEFBOS expression vectors encoding Jak2 and Jak2�VIII were kind gifts
of D. Wojchowski (Pennsylvania State University) (74). The C3 expression vector
pEF-Myc-C3 was a gift from R. Treisman (Imperial Cancer Research Fund
Laboratories [29]). The pRK5 expression vectors for Myc-tagged RhoAL63,
RhoAN19, Rac1L61, Rac1N17, Cdc42L61, and Cdc42N17 and effector loop
mutants of Rac1L61 were generously provided by N. Lamarche (McGill Univer-
sity) and have been described elsewhere (39). The bacterial expression plasmid
for recombinant glutathione S-transferase (GST)-Pak1 fusion protein was kindly
provided by N. Lamarche.

Cell culture and transfections. Rat vascular smooth muscle cells (SMC) were
cultured and synchronized by serum starvation as described previously (58).
COS-7 cells were grown in Dulbecco’s modified Eagle’s medium (Dulbecco’s
MEM) supplemented with 10% fetal bovine serum. They were synchronized by
incubation for 20 to 24 h in serum-free Dulbecco’s MEM–Ham’s F-12 medium

FIG. 1. GPCR agonists stimulate Jak activity and STAT-dependent
transcription in vascular SMC. (A) Quiescent rat vascular SMC were
stimulated or not (Control) with thrombin (1 U/ml) or Ang II (100

nM) for 3 min. The activation of Jaks was monitored by immunoblot-
ting of total lysate proteins with phospho-specific antibodies to activa-
tion loop tyrosine residues (pYpY). Expression levels of Jak1, Jak2,
and Tyk2 were analyzed by reprobing the membrane with isoform-
specific antibodies. Results are representative of five experiments.
(B) Vascular SMC were transfected with pGL-2xIFP53GAS-luc re-
porter plasmid. After 24 h, the cells were serum starved for 48 h and
stimulated with Ang II or thrombin for 24 h. The activity of luciferase
was measured and normalized to that of �-galactosidase. (C) Vascu-
lar SMC were transfected with the pGL-2xIFP53GAS-luc reporter
together with 500 ng of pcDNA3, pEF-BOS-Jak2, or pEF-BOS-
JAk2�VIII. Serum-starved cells were stimulated with Ang II or throm-
bin, and luciferase activity was measured. The luciferase data are
presented as increase over unstimulated control and represent the
means of triplicate determinations (error bars, standard errors). (B
and C) Results are representative of three independent experiments.
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containing 15 mM HEPES (pH 7.4), 0.1% bovine serum albumin, and trans-
ferrin. HeLa cells were grown in MEM supplemented with 10% fetal bovine
serum. Vascular SMC grown in 24-well plates were transiently transfected with
expression plasmids using the FuGENE 6 transfection reagent (Roche Molecu-
lar Biochemicals). Subconfluent COS-7 cells cultured in 60-mm-diameter dishes
were transfected with a total of 6 �g of DNA using Lipofectamine reagent (Life
Technologies).

Immunoblot analysis. Cell lysis and immunoblot analysis were performed as
described previously (58). Immunoblotting with phospho-specific antibodies was
carried out according to the manufacturer’s specifications.

Reporter gene assays. For STAT-dependent reporter gene assays, vascular
SMC seeded in 24-well plates were cotransfected with 500 ng of pGL-2x3IFP53-
GAS-luc reporter construct, 300 ng of pcDNA3.1-His/LacZ, and various
amounts of indicated constructs. The total DNA amount was kept constant at 1.2
�g with empty vector. After 24 h, the cells were serum starved for 48 h and
stimulated with GPCR agonists for 24 h prior to harvest. For experiments with
activated Rho GTPases, the cells were harvested after serum starvation for 18 h.
The cells were washed with ice-cold phosphate-buffered saline and scraped in
130 �l of lysis buffer (50 mM Tris-HCl, [pH 7.8] 1 mM DTT, 1% Triton X-100).
Luciferase activity (100 �l of extract) was assayed by addition of 100 �l of
luciferase buffer (125 mM Tris-HCl [pH 7.8], 25 mM MgCl2, 5 mM ATP) and
100 �l of luciferine solution (277 �g/ml, 5 mM KH2PO4 [pH 8]) using the
AutoLumat LB 953 (Berthold). Transfection efficiency was normalized by mea-
suring �-galactosidase activity using a spectrophotometric assay.

Small GTPase activation assays. The recombinant GST fusion protein of Pak1
(residues 56 to 272) was expressed in Escherichia coli and purified on glutathi-
one-agarose beads as described previously (54). Vascular SMC were washed
twice with phosphate-buffered saline and lysed in buffer G (25 mM HEPES [pH
7.5], 150 mM NaCl, 5% Igepal CA-630, 50 mM MgCl2, 5 mM EDTA, 10%
glycerol, 1 mM sodium orthovanadate, 10�4 M phenylmethylsulfonyl fluoride,
10�6 M leupeptin, 10�6 M pepstatin A) for 30 min at 4°C. Total lysate proteins
(600 �g) were incubated for 1 h at 4°C with 10 �g of GST-Pak1 (for Rac and
Cdc42 assays) bound to glutathione-agarose beads in a total volume of 800 �l.
The beads were washed three times with lysis buffer, and the eluted proteins were
resolved by sodium dodecyl sulfate-gel electrophoresis. The amount of active
GTP-loaded small GTPase bound was analyzed by immunoblotting using the

following primary antibodies: monoclonal anti-Rac antibody (1 �g ml�1) and
rabbit polyclonal anti-Cdc42 antibody (2 �g ml�1) (Upstate Biotechnology).

RESULTS

Activation of Jak/STAT signaling by GPCRs in vascular
SMC. We examined the ability of representative GPCRs to
activate Jak family members in normal rat vascular SMC. The
activation of Jaks was monitored by immunoblotting with
phospho-specific antibodies to the activation loop tyrosine res-
idues (18, 20, 73). Treatment of cells with the GPCR agonists
thrombin and Ang II resulted in the rapid activation of Jak1,
Jak2, and Tyk2 (Fig. 1A). To determine whether thrombin and
Ang II stimulate STAT transcriptional activity, we used a spe-
cific STAT-responsive reporter construct (pGL-2xIFP53GAS-
luc) containing two copies of the IFN-� activating sequence
(GAS) element upstream of a �-globin minimal promoter (69).
As shown in Fig. 1B, both GPCR agonists stimulated STAT-
dependent transcription in vascular SMC, to an extent compa-
rable to epidermal growth factor and PDGF-BB stimulation
(data not shown). To evaluate the contribution of Jak2 in
mediating the activation of STATs by GPCRs, we cotrans-
fected the STAT-responsive luciferase reporter together with
expression vectors for wild-type Jak2 or a catalytically inactive
form of the kinase (Jak2�VIII) into vascular SMC. Expression
of wild-type Jak2 potentiated STAT activation by Ang II,
whereas the Jak2 interfering mutant completely abolished the
effect of Ang II and thrombin (Fig. 1C). These observations
suggest that Jak2 is required for the transcriptional activation
of STATs by GPCRs in vascular SMC.

FIG. 2. GPCRs stimulate tyrosine and serine phosphorylation of STAT1 and STAT3 in vascular SMC. Quiescent vascular SMC were stimulated
with thrombin or Ang II for the indicated times. The activation of STAT1 (A) and STAT3 (B) was monitored by immunoblotting of total lysate
proteins with phospho-specific antibodies to the C-terminal tyrosine of STAT1 (Tyr701) and STAT3 (Tyr705). Serine phosphorylation of STAT1
and STAT3 was monitored by immunoblotting with phospho-specific antibodies to Ser727. The expression levels of STAT1 and -3 were analyzed
by reprobing the membrane with isoform-specific antibodies. Results presented are representative of three experiments.
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We next examined the regulation of individual STAT family
members by GPCR agonists. The activation of STATs was
monitored by antiphosphotyrosine immunoblotting of the pre-
cipitated protein or by immunoblotting with phospho-specific
antibodies to the C-terminal tyrosine that mediates dimeriza-
tion (23, 26, 28, 59, 68, 72, 73). Immunoblot analysis with

isoform-specific antibodies revealed that vascular SMC express
all members of the STAT family (data not shown). Addition of
Ang II induced the activating tyrosine phosphorylation of
STAT1 (Tyr701) and STAT3 (Tyr705) in these cells (Fig. 2).
Although Ang II was previously reported to increase tyrosine
phosphorylation of STAT2 (37), we were unable to detect its

FIG. 3. Activation of Jaks by GPCRs is dependent on the production of ROS. (A) Quiescent vascular SMC were pretreated or not for 30 min
with the antioxidant N-acetyl-L-cysteine (NAC) (30 mM) or DTT (30 mM) and then stimulated with Ang II for 3 min. (B) Quiescent cells were
pretreated or not for 1 h with the NADPH oxidase inhibitor DPI (10 �M) and stimulated with Ang II or thrombin for 3 min. (C) Quiescent cells
were incubated with 250 �M H2O2 for the indicated times. (D) Quiescent cells were incubated with 500 �M vanadate for the indicated times. The
activation of Jaks was monitored by immunoblotting of total lysate proteins with phospho-specific antibodies to activating tyrosine residues. Results
are representative of at least three independent experiments.
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phosphorylation in vascular SMC, nor were we able to detect
that of STAT4, STAT5, or STAT6 (data not shown). On the
other hand, thrombin increased the tyrosine phosphorylation
of STAT3 but not of STAT1 (Fig. 2). Control experiments
using different cytokines and peroxyvanadate as stimuli con-
firmed that each individual STAT can be activated in these
cells. Interestingly, we observed that the kinetics of STAT1 and
STAT3 activation by GPCRs is different. Ang II-induced ty-
rosine phosphorylation of STAT1 has a rapid onset and is
maintained for at least 2 h after stimulation (Fig. 2A). In
contrast, GPCR-mediated tyrosine phosphorylation of STAT3
shows a biphasic profile. There is a rapid but transient peak of
phosphorylation that reaches a maximum between 3 and 6 min
and returns to basal levels by 15 min, followed by a second and
stronger peak that appears at 60 min and persists for at least
2 h (Fig. 2B). The extent of STAT3 activation by GPCR ago-
nists was comparable to that seen in response to epidermal
growth factor treatment (data not shown).

In addition to their phosphorylation on activating tyrosines,

certain STAT isoforms are also regulated by phosphorylation
of a C-terminal serine residue within the motif P-(M)-S-P (13).
The functional consequence of STAT serine phosphorylation
remains controversial. In some cases, mutation of this serine to
alanine was found to reduce the transcriptional activity of
STATs, whereas other reports suggested that it contributes to
full transcriptional activation (13, 38, 67). We therefore exam-
ined the phosphorylation of these serine residues in STAT1
and STAT3 using phospho-specific antibodies. Treatment with
Ang II rapidly increased the phosphorylation of STAT1 on
Ser727, which persisted during the 2 h of stimulation (Fig. 2A).
Thrombin also promoted Ser727 phosphorylation of STAT1,
despite the fact that it does not significantly affect tyrosine
phosphorylation. Similarly, both agonists stimulated phosphor-
ylation of STAT3 on Ser727 with kinetics comparable to those
for STAT1 (Fig. 2B).

Activation of Jaks by GPCRs is dependent on the generation
of ROS. Recent studies have implicated ROS as integral com-
ponents of the signaling mechanisms leading to activation of

FIG. 4. Rho GTPases are required for activation of the Jak/STAT pathway by GPCRs. (A to D) Quiescent vascular SMC were pretreated or
not for 3 h with C. difficile toxin B (5 ng/ml) and then stimulated with Ang II, thrombin, or H2O2 for the indicated times. The activation of Jaks
(A), STAT1 (B), and STAT3 (C and D) was monitored by immunoblotting of total lysate proteins with phospho-specific antibodies to activating
tyrosine residues. (B to D) Ser727 phosphorylation of STAT1/3 was assessed by immunoblotting with phospho-specific antibodies. (E) Vascular
SMC were transfected with pGL-2xIFP53GAS-luc reporter plasmid. Serum-starved cells were pretreated or not for 6 h with toxin B (0.5 ng/ml)
and then stimulated with Ang II or thrombin for 24 h. The activity of luciferase was measured and normalized to that of �-galactosidase. Data are
expressed as increase over unstimulated control and represent the means of triplicate determinations (error bars, standard errors). (A to E) Results
are representative of three independent experiments. (F) Phase-contrast micrographs showing the effect of toxin B on the morphology of vascular
SMC. (G) Quiescent cells were pretreated or not with toxin B and then stimulated with Ang II or thrombin for 5 min. The activating
phosphorylation of Erk1/Erk2 was monitored by immunoblotting of lysate proteins with a phospho-specific antibody. (H) Quiescent vascular SMC were
pretreated or not with toxin B and then stimulated with IFN-� for 15 min. The activation of Jak1 and STAT1 was monitored as described above.
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FIG. 5. Rho is necessary for the transcriptional activation of STATs by GPCRs. (A) Quiescent vascular SMC were pretreated or not for 3 h
with C. difficile toxin B (5 ng/ml) or for 48 h with C. botulinum C3 transferase (20 �g/ml). (B) Quiescent cells were pretreated or not for 24 h with
Iota toxin subunit Ib (7 �g/ml), Iota toxin (Ia and Ib) (each subunit, 7 �g/ml), or Iota-C3 fusion protein (7 �g of Ia-C3 and Ib/ml). The cells were
then stimulated with Ang II or thrombin for 3 min. The activation of Jak2 was monitored by immunoblotting of lysate proteins with a
phospho-specific antibody to activating tyrosine residues. (C to E) Quiescent cells were pretreated or not for 24 h with Iota-C3 fusion protein, and
then stimulated with Ang II or thrombin for the indicated times. The activation and serine phosphorylation of STAT1 (C) and STAT3 (D and E)
were monitored by immunoblotting with phospho-specific antibodies. (F) Vascular SMC were transfected with pGL-2xIFP53GAS-luc reporter
plasmid. Serum-starved cells were pretreated or not for 48 h with C3 transferase (10 �g/ml) or for 6 h with Iota-C3 fusion toxin, and then stimulated
with Ang II or thrombin for 24 h. The activity of luciferase was measured and normalized to that of �-galactosidase. (G and H) Vascular SMC
were transfected with the pGL-2xIFP53GAS-luc reporter together with 500 ng of pEF-Myc-C3 transferase (G) or pRK5-MycRhoAN19 (H).
Serum-starved cells were stimulated with Ang II or thrombin for 24 h, and luciferase activity was measured. Luciferase data are presented as
increase over unstimulated control and represent the means of triplicate determinations (error bars, standard errors). (A to H) Results are
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representative of three independent experiments. (i) Vascular SMC were transfected with pGL-2xIFP53GAS-luc reporter plasmid. Serum-starved
cells were pretreated or not with Iota-C3 fusion toxin, and then stimulated with IFN-� for 6 h. The activity of luciferase was measured and
normalized to that of �-galactosidase. (J) Vascular SMC were transfected with the GAS reporter together with 500 ng of pRK5-MycRhoAN19.
Serum-starved cells were stimulated with IFN-� for 6 h, and luciferase activity was measured. Results are representative of three experiments.
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the Jak/STAT pathway (55, 60). Of interest, the GPCR ago-
nists Ang II and thrombin have been shown to increase pro-
duction of ROS via a membrane-bound NADPH oxidase sys-
tem present in vascular SMC (25, 49). We therefore tested
whether ROS generation is an essential step in the activation
of Jaks by GPCRs. Pretreatment of vascular SMC with the
antioxidants N-acetyl-L-cysteine and DTT was found to mark-
edly inhibit Ang II-stimulated Jak1, Jak2, and Tyk2 activation
(Fig. 3A). Incubation with DPI, a potent inhibitor of flavin-
containing enzymes, similarly prevented the activation of Jaks
by Ang II and thrombin (Fig. 3B). This effect was specific, since
DPI did not interfere with IFN-� signaling (data not shown).
One mechanism by which ROS may regulate protein kinase
activity is through reversible inactivation of protein tyrosine
phosphatases following oxidation of their catalytic cysteine res-
idue (14). This effect of ROS can be mimicked by hydrogen
peroxide (10, 14). To test this idea, we exposed vascular SMC
to H2O2 and analyzed the activation state of Jaks. Addition of
H2O2 caused a rapid and robust activation of all three Jak
isoforms (Fig. 3C). Consistent with these observations, inhibi-
tion of protein tyrosine phosphatase activity with vanadate also
significantly increased Jaks activity (Fig. 3D). Together, these
results suggest that ROS are both necessary and sufficient for
activation of Jaks upon stimulation of vascular SMC by
GPCRs.

Small GTPases of the Rho family are required for activation

of the Jak/STAT pathway by GPCRs. Rho family GTPases are
key components of signaling pathways that control cytoskeletal
organization, cell proliferation, and gene expression (8, 64).
Notably, Rac1 has been implicated recently in the regulation of
STAT3 transcriptional activity (17, 61). The Rac proteins are
also known to regulate the catalytic activity of the NADPH
oxidase complex (8, 9). All these observations prompted us to
examine the role of Rho GTPases in the regulation of the
Jak/STAT pathway. We used C. difficile toxin B, a bacterial
toxin that selectively glucosylates Rho, Rac, and Cdc42
GTPases and inhibits their function by preventing GTP bind-
ing (1, 51). Incubation of vascular SMC with toxin B com-
pletely blocked the activation of Jak1, Jak2, and Tyk2 in re-
sponse to the GPCR agonists Ang II and thrombin (Fig. 4A,
left and middle columns). Importantly, treatment of cells with
toxin B did not prevent the activation of Jak family members by
H2O2 (Fig. 4A, right column). This result is consistent with the
idea that ROS act downstream of Rho GTPases.

Incubation with toxin B suppressed Ang II-induced tyrosine
phosphorylation of STAT1 and markedly attenuated its phos-
phorylation on Ser727 in vascular SMC (Fig. 4B). The toxin
also prevented GPCR-stimulated tyrosine phosphorylation of
STAT3 but did not affect the phosphorylation of the protein on
Ser727 (Fig. 4, C, and D). We next evaluated the consequences
of inhibiting Rho GTPases function on the transcriptional ac-
tivation of STATs. As shown in Fig. 4E, incubation with toxin
B completely suppressed the induction of STAT-dependent
transcription by GPCR agonists. Bacterial toxins interfering
with small GTPases are known to provoke dramatic changes in
cell morphology (51). To ascertain that C. difficile toxin B was
working effectively, we always tested its effect on the morphol-
ogy of vascular SMC. As expected, incubation with C. difficile
toxin B caused dramatic changes in morphology, leading to cell
rounding and appearance of retraction filaments (Fig. 4F).
However, under these conditions, toxin B had no effect on
the activation of extracellular signal-regulated kinase 1/2
(ERK1/2) mitogen-activated protein kinases by Ang II and
thrombin (Fig. 4G). Furthermore, incubation with the bacte-
rial toxin did not interfere with IFN-�-stimulated Jak1 activa-
tion or STAT1 tyrosine phosphorylation (Fig. 4H), confirming
the specificity of its effect on GPCR signaling. Taken together,
these data suggest that small GTPases of the Rho family are
necessary for activating phosphorylation of Jak and STAT iso-
forms and for the resulting induction of STAT-dependent tran-
scription in response to GPCR engagement.

Rho is required for transcriptional activation of STATs by
GPCRs. We next attempted to define the specific roles of Rho,
Rac, and Cdc42 in mediating the activation of Jak/STAT sig-
naling by GPCRs. Since individual Jak family members appear
to be similarly regulated by GPCRs and Rho GTPases and
because of the essential role of Jak2 in the transcriptional
activation of STATs, we only monitored the activity of Jak2 in
subsequent experiments. It has been previously reported that
stimulation of vascular SMC with Ang II or thrombin activates
Rho (57, 71). To evaluate the specific contribution of Rho
proteins in Jak2 regulation we used C. botulinum C3 trans-
ferase, which ADP-ribosylates Rho at Asn41 and inhibits its
translocation to the membrane (1, 51). Incubation of vascular
SMC with C3 transferase failed to prevent Jak2 activation by
GPCR agonists, whereas under similar experimental condi-

FIG. 6. GPCR agonists activate Rac but not Cdc42 in vascular
SMC. (A and B) Quiescent vascular SMC were stimulated with Ang II
or thrombin for the times indicated. The activity of Rac1 (A) and
Cdc42 (B) was determined by measuring the amount of GTP-loaded
protein bound to GST-Pak as described in Materials and Methods.
Control assays were carried out by incubating lysates of unstimulated
cells with either GTP�S (positive control) or GDP (negative control)
for 15 min at 25°C prior to incubation with GST-Pak1 beads. Results
are representative of three experiments.
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tions exposure to toxin B completely abolished enzyme activity
(Fig. 5A). To confirm these results, we used a fusion Iota-C3
toxin made by combining the binding subunit for Iota toxin
(Ib) with a chimeric Ia-C3 transferase. This fusion toxin only
exhibits C3 enzymatic activity and is internalized more rapidly
and efficiently into cells via the Ib binding protein (51). We
found that neither Ib alone, Iota toxin (Ia plus Ib), nor Iota-C3
fusion toxin affected Jak2 activation by Ang II or thrombin
(Fig. 5B). Incubation with Iota-C3 toxin also failed to inhibit
GPCR-stimulated tyrosine phosphorylation or Ser727 phos-
phorylation of STAT1 and STAT3 (Fig. 5C to E).

Surprisingly, incubation of vascular SMC with C3 trans-
ferase or Iota-C3 fusion protein blocked the induction of
STAT-dependent transcription in response to both GPCR
agonists (Fig. 5F). Consistent with this result, transfection of a
dominant-negative mutant of Rho isoforms, RhoAN19, or
Myc-tagged C3 transferase together with the STAT-dependent
reporter completely abolished the transcriptional activation of
STATs by GPCRs (Fig. 5G and H). In contrast, incubation of
cells with Iota-C3 toxin or expression of RhoAN19 failed to
inhibit STAT transcriptional activation induced by IFN-� (Fig.
5I and J). These results provide strong evidence for the specific
involvement of Rho in the transcriptional activation of STATs
by GPCRs.

Rac is required for activation of Jaks and STATs by GPCRs.
The observation that toxin B but not C3 transferase inhibits
activation of Jak2 and STAT1/3 by GPCRs point at the in-
volvement of Rac and/or Cdc42 in this process. To address this
hypothesis, we first determined whether GPCR agonists could
activate Rac and Cdc42 in vascular SMC. Stimulation with Ang
II or thrombin caused a significant increase in GTP loading of
Rac, as measured by association of the GTPase to the CRIB
(Cdc42/Rac-interactive binding) domain of Pak1 (Fig. 6A).
However, we were not able to detect any significant activation
of Cdc42, which is well expressed in vascular SMC (Fig. 6B).
Control experiments with GTP�S confirmed that the Cdc42
assay, is working effectively.

We then exploited the use of two other bacterial toxins to
examine the contribution of Rac and Cdc42 in signaling to
Jaks. Lethal toxin (LT) from C. sordellii strain 82 (LT82) glu-
cosylates and inactivates Rac, Ras, Rap, Ral, and to a lesser
extent R-Ras proteins, whereas LT from strain 9048 inactivates
Rac, Cdc42, Ras, and (weakly) Rap and R-Ras proteins (1, 16,
51). Exposure of vascular SMC to either LT82 or LT9048
completely suppressed the activating tyrosine phosphorylation
of Jak2 (Fig. 7A) and STAT1/3 (Fig. 7B to D) upon stimulation
with Ang II or thrombin. The two toxins also eliminated the
stimulatory effect of GPCRs on Ser727 phosphorylation of
STAT1 and STAT3 (Fig. 7B to D). We next tested the effect of
the toxins on STAT transcriptional activity. Incubation of cells
with low concentrations of LT82 and LT9048 markedly re-
duced the induction of STAT-dependent transcription by
GPCR agonists (Fig. 7E). The results with the bacterial toxins
are summarized in Table 1. To confirm the involvement of Rac
and Cdc42, we cotransfected the STAT-dependent reporter
together with dominant-negative mutants of Rac1 and Cdc42
in vascular SMC. Expression of Rac1N17 or Cdc42N17 com-
pletely blocked the stimulatory effect of GPCR agonists on
STAT-dependent transcription (Fig. 7F). However, the finding
that both Rac1 and Cdc42 interfering mutants block STAT

activity should be interpreted with caution, since the guanine
nucleotide exchange factors that are inactivated by these mu-
tants may regulate both Rac and Cdc42 isoforms (34, 64).

As observed with C. difficile toxin B, the LTs induced pro-
found morphological changes in vascular SMC (Fig. 7G). How-
ever, incubation with the toxins had no effect on PDGF-BB-
induced tyrosine phosphorylation of the PDGF receptor and of
other downstream effectors (data not shown). Furthermore,
the LTs did not interfere with the stimulatory effect of IFN-�
on Jak1 and STAT1 tyrosine phosphorylation (Fig. 7H) or
STAT-dependent transcription (Fig. 7I), confirming their spec-
ificity. Similarly, overexpression of Rac1N17 and Cdc42N17
failed to inhibit IFN-�-induced STAT-driven transcription
(Fig. 7J). We conclude from these results that Rac (and pos-
sibly Cdc42) is required for activation of Jaks and induction of
STAT-dependent transcription by GPCRs.

Activation of Jak2 and STAT-dependent transcription by
Rac and Rho. The results presented above indicate that Rho
GTPases are essential components of the pathway linking
GPCRs to the activation of Jaks and STATs. We next wished
to determine whether activation of Rho family members is
sufficient to modulate Jak/STAT signaling. For these experi-
ments, COS-7 cells were cotransfected with Jak2 and expres-
sion vectors encoding activated forms of RhoA, Rac1, or
Cdc42, and the activating phosphorylation of Jak2 was ana-
lyzed by immunoblotting. Expression of active RhoAL63 had
little effect on Jak2 phosphorylation, whereas the activated
Rac1L61 and Cdc42L61 proteins markedly increased Jak2 ac-
tivity (Fig. 8A). We also evaluated the effect of Rho GTPases
on STAT activity in vascular SMC. Expression of increasing
amounts of all three activated GTPases was found to signifi-
cantly induce STAT-dependent transcription in serum-starved
cells (Fig. 8B).

To further dissect the molecular mechanisms underlying the
action of Rac on the Jak/STAT pathway, we analyzed the effect
of effector loop mutants of Rac1 on the activity of Jak2. In-
troduction of the Y40C mutation into the effector loop of Rac
disrupts its interaction with CRIB-containing proteins, such as
Pak and WASP, but does not interfere with binding to
NADPH oxidase subunit p67phox or ROK. The F37A mutation
blocks ROK interaction, while the Y40K mutation inhibits the
interaction of Rac with Pak and p67phox but not with ROK (39)
(Fig. 9A). Expression of Y40C- or F37A-substituted Rac1L61
in COS-7 cells significantly enhanced Jak2 tyrosine phosphor-
ylation (Fig. 9A). In contrast, the Y40K mutant, which has lost
interaction with p67phox, was no longer able to activate Jak2.
Consistent with the idea that Rac mediates GPCR-induced
production of ROS, which in turn activate Jaks, we found that
incubation of transfected COS-7 cells with DTT (Fig. 9B) or
DPI (Fig. 9C) prevented Jak2 activation by Rac1Q61L. These
results provide additional support for the idea that Rac regu-
lates the Jak/STAT pathway through activation of the NADPH
oxidase and production of ROS.

Sustained activation of STAT3 by GPCRs requires synthesis
of an autocrine factor. It has been recently suggested that Rac1
induces STAT3 activation by an indirect mechanism involving
the autocrine production and action of IL-6 (17). In their
study, the authors also observed that Rac1-mediated activation
of STAT3 is sensitive to SOCS3 (suppressor of cytokine sig-
naling 3), a known inhibitor of gp130 signaling (46). In the
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present study, we found that GPCR agonists activate STAT3 in
a biphasic manner. The first peak of activation is weak and
transient and correlates with the activation of Jaks by GPCRs.
In contrast, the second peak of activation is stronger and sus-

tained, suggesting a possible requirement for the synthesis of
an autocrine factor. To test this hypothesis, we first examined
the effect of the transcriptional inhibitor ActD on GPCR-
induced STAT3 tyrosine phosphorylation. Pretreatment of vas-

FIG. 7. Role of Rac and Cdc42 in Jak2 activation and induction of STAT-dependent transcription by GPCRs. (A) Quiescent vascular SMC
were pretreated or not for 4 h with C. sordellii LT82 (5 �g/ml) or LT9048 (5 �g/ml), and then stimulated with thrombin or Ang II for 3 min. The
activation of Jak2 was monitored by immunoblotting of lysate proteins with a phospho-specific antibody. (B to D) Quiescent cells were pretreated
or not for 4 h with LT82 or LT9048 and then stimulated with Ang II or thrombin for the indicated times. The activation and serine phosphorylation
of STAT1 (B) and STAT3 (C and D) were monitored by immunoblotting with phospho-specific antibodies. (E) Vascular SMC were transfected
with pGL-2xIFP53GAS-luc reporter plasmid. Serum-starved cells were pretreated or not for 4 h with LT82 or LT9048, and then stimulated with
Ang II or thrombin for 24 h. The activity of luciferase was measured and normalized to �-galactosidase. (F) Vascular SMC were transfected with
the pGL-2xIFP53GAS-luc reporter together with 500 ng of pRK5-MycRac1N17 or pRK5-MycCdc42N17. Serum-starved cells were stimulated with
Ang II or thrombin, and luciferase activity was measured. Luciferase data are presented as increase over unstimulated control and represent the
means of triplicate determinations (error bars, standard error). (A to F) Results are representative of three independent experiments. (G) Phase-
contrast micrographs showing the effects of LT82 and LT9048 on the morphology of vascular SMC. (H) Quiescent cells were pretreated or not
with LT82 or LT9048 and then stimulated with IFN-� for 15 min. The activation of Jak1 and STAT1 was monitored as described above.
(I) Vascular SMC were transfected with the GAS reporter, and treated or not with LT82 or LT9048. Serum-starved cells were then stimulated with
IFN-� for 6 h, and luciferase activity was measured. (J) Vascular SMC were transfected with the GAS reporter together with 500 ng of
pRK5-MycRac1N17 or pRK5-Cdc42N17. Serum-starved cells were stimulated with IFN-� for 6 h, and luciferase activity was measured. Results
are representative of three experiments.
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cular SMC with ActD completely abolished the late peak of
STAT3 activation, but not the first peak (Fig. 10A). This result
is consistent with the idea that long-term activation of STAT3
is dependent on synthesis of a novel ligand and/or receptor.

Thrombin and Ang II were previously reported to induce
IL-6 expression in vascular SMC (27, 55, 63). To verify the
possibility that IL-6 mediates the long-term activation of
STAT3 through an autocrine loop, we tested the effect of a

FIG. 7—Continued.
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neutralizing antibody to the human IL-6 receptor. The anti-
body did not affect stimulation of STAT3 tyrosine phosphory-
lation by either Ang II or thrombin (Fig. 10B). However, these
findings should be interpreted with caution, since the neutral-
izing antibody may not recognize the rat IL-6 receptor. IL-6
also failed to activate STAT3 in vascular SMC, indicating that
the concentration of receptor is limiting (data not shown). We
next asked whether the IL-6 receptor neutralizing antibody
could inhibit thrombin-induced STAT3 activation in a human
cell line. The antibody effectively abolished the activation of
STAT3 by thrombin in HeLa cells (Fig. 10C). However, IL-6
only weakly activated STAT3 in these cells. Together, our
findings strongly suggest that late and sustained activation of
STAT3 by GPCRs is dependent on the autocrine production of
a ligand by a Rac-dependent mechanism. IL-6 appears to be a
likely candidate.

DISCUSSION

As with cytokine receptors, agonist stimulation of GPCRs
results in tyrosine phosphorylation and activation of Jak and
STAT family members. To date, several different GPCRs have
been reported to activate the Jak/STAT pathway (7, 21, 33,
41–43, 52, 53, 65, 70). However, the mechanism by which
GPCRs activate this signaling pathway remains largely un-
known. Here, we demonstrate for the first time that the small
GTPases Rho and Rac are required for transcriptional activa-
tion of STATs by GPCRs. Previous studies have shown that
Rho is activated by a wide variety of GPCR agonists, including
Ang II and thrombin in vascular SMC (57, 71). Although much
less is known about the regulation of Rac and Cdc42 by this
receptor family, agonists like formylmethionyl-Leu-Phe or
sphingosine-1-phosphate have been shown to activate Rac and
Cdc42 in their target cells (6, 48). In this study, we observed
that Ang II and thrombin increase GTP loading of Rac, but not
Cdc42, in vascular SMC. Inhibition of Rac function with toxin
B and LTs, or by expression of dominant-negative Rac1 pro-
tein, was found to suppress the activating phosphorylation of
Jaks and STATs and the induction of STAT-dependent tran-
scription in response to GPCRs. Consistent with findings by
others (17, 61), expression of activated Rac1 was sufficient to
enhance the phosphorylation of Jaks and the transcriptional

FIG. 8. Activation of Jak2 and STAT-dependent transcription by
Rho GTPases. (A) COS-7 cells were transfected with pEF-BOS-Jak2
(250 ng) together with 250 ng of pRK5-MycRhoAL63 (left panel),
pRK5-MycRac1L61 (middle panel), or pRK5-MycCdc42L61 (right
panel). The cells were serum starved for 24 h and the activation of Jak2
was monitored by immunoblotting of total lysate proteins with a phos-
pho-specific antibody to activating tyrosine residues. Expression level
of Jak2 and Rho GTPases was analyzed by immunoblotting with anti-
Jak2 and anti-Myc antibodies, respectively. (B) Vascular SMC were
transfected with the pGL-2xIFP53GAS-luc reporter together with in-
creasing amounts (from 50 to 400 ng) of pRK5-MycRhoAL63, pRK5-
MycRac1L61 or pRK5-MycCdc42L61. The cells were serum starved
for 18 h and luciferase activity was measured. Results are representa-
tive of three independent experiments.

TABLE 1. Substrate selectivity of different bacterial toxins and their effects on activation of Jaks and STATs by GPCRs

Toxin

Inhibitiona of:

Rho Rac Cdc42 Ras Ral Rap Jak2 (YY1007/
1008)

STAT1
(Y701)

STAT1
(S727)

STAT3
(Y705)

STAT3
(S727)

STAT
transcriptional

activity

C. difficile
toxin B

�� �� �� � � � �� �� � �� � ��

C. sordellii
LT82

� �� � �� �� �� �� �� �� �� �� ��

C. sordellii
LT9048

� �� �� �� �/� � �� �� �� �� �� ��

C. botulinum
C3 transferase

�� � � � � � � ND ND ND ND ��

Iota Ib � � � � � � � ND ND ND ND �
Iota Ib � Ia � � � � � � � ND ND ND ND �
Ib � Ia-C3 �� � � � � � � � � � � ��

a Symbols: ��, strong inhibition; �, moderate inhibition; �, no inhibitory effect; �/�, weak inhibition; ND, not determined.
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activity of STATs. We also showed that blocking the function
of endogenous Rho with C3 transferase or dominant-negative
RhoA prevents the transcriptional activation of STATs by
GPCR agonists, without interfering with Jak activity or STAT
phosphorylation. Collectively, our results lead to a working
model in which the small GTPases Rac and Rho act in concert
to mediate the regulatory effects of GPCRs on STAT-depen-
dent gene expression (Fig. 11). While activated Rac1 and
RhoA can signal independently, both are necessary for maxi-
mal transcriptional activation of STATs.

In addition to its well-described action on the actin cytoskel-
eton, Rac is also a known regulator of the NADPH oxidase, a
multisubunit enzyme complex of phagocytic cells that catalyses
the production of superoxide (5, 8, 9). Rac interacts with cy-
tochrome b to regulate the initial transfer of electrons from
NADPH to flavin adenine dinucleotide and binds to the
p67phox subunit to induce the subsequent electron transfer to
molecular oxygen (15). Similar NADPH oxidase-like enzymes
have been found in a variety of cells of mesodermal origin,

including vascular SMC, and Rac has been implicated in the
generation of ROS by growth factors and cytokines in these
cells (5, 62). The results presented here suggest the existence
of a linear signaling pathway, Rac-NADPH oxidase-ROS, that
links GPCRs to Jak activation in vascular SMC (Fig. 11). This
model is supported by the following observations. (i) GPCR
agonists activate Rac in vascular SMC, and Rac is both neces-
sary and sufficient for Jak activation. (ii) Treatment with anti-
oxidants or with the NADPH oxidase inhibitor DPI inhibits
Jak activation by GPCR agonists and also by activated Rac1.
(iii) Exposure to H2O2 activates the three Jak isoforms ex-
pressed in vascular SMC and bypasses the requirement for Rac
activity. (iv) The effector loop mutation Y40K in the activated
form of Rac1 (Rac1L61-Y40K), which prevents the interaction
of Rac with p67phox, is also unable to activate Jak2. It is note-
worthy that many GPCRs known to activate the Jak/STAT
pathway have also been shown to induce the formation of
ROS; in addition to the receptors for Ang II and thrombin,
these include the platelet-activating factor, bradykinin, �1-ad-

FIG. 9. Effect of Rac1 effector loop mutants on Jak2 activity. (A) COS-7 cells were transfected with pEF-BOS-Jak2 (100 ng) together with 250
ng of the indicated mutants of Rac1. The cells were serum starved for 24 h, and the activation of Jak2 was monitored by immunoblotting with a
phospho-specific antibody. Expression levels of Jak2 and Rac were analyzed by immunoblotting with anti-Jak2 and anti-Myc antibodies, respec-
tively. (B and C) Same as panel A, except that COS-7 cells were treated for 1 h with DTT (30 mM) or DPI (10 �M) prior to harvesting. Results
are representative of three independent experiments.
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renergic, and endothelin-1 receptors (22, 24, 47, 66). The path-
way described here appears specific to GPCR signaling, since
activation of Jak1 by the cytokine IFN-� was not influenced by
inhibition of Rac or the NADPH oxidase.

The exact mechanism by which ROS production leads to
activating phosphorylation of Jaks remains to be clarified, but
one likely possibility is through inhibition of tyrosine phospha-
tase activity. Early reports have shown that treatment of cells
with oxidants or SH-alkylating agents induces rapid tyrosine
phosphorylation of numerous receptor tyrosine kinases, by
preventing their dephosphorylation by tyrosine phosphatases
(36). This occurs by reversible oxidation of a redox-sensitive
cysteine residue present in the active site of these enzymes (10,
11, 14, 40). Interestingly, among the tyrosine phosphatases
shown to be inactivated by oxidants are PTP-1B (40) and

SHP-1 (11), two enzymes that were also found to negatively
regulate Jak/STAT signaling (31, 45). Thus, the generation of
ROS may transiently inactivate tyrosine phosphatases and
switch the equilibrium towards autophosphorylation of Jak
tyrosine kinases. In support of this idea, we observed that
addition of vanadate rapidly increases activating tyrosine phos-
phorylation of Jak family members in vascular SMC.

Our study also revealed that Rho is required for maximal
transcriptional activation of STATs by GPCRs. This action of
Rho is specific, since incubation of cells with Iota-C3 toxin or
expression of RhoAN19 failed to inhibit STAT transcriptional
activation induced by the cytokine IFN-�. However, Rho ac-
tivity is dispensable for Jak activation and for activating ty-
rosine phosphorylation or Ser727 phosphorylation of STAT1/3
by GPCR agonists. We also observed that a dominant-negative

FIG. 10. Evidence that late-phase activation of STAT3 is mediated by an autocrine factor. (A) Vascular SMC were treated or not with ActD
(5 �g/ml) for 60 min and then stimulated with Ang II or thrombin for the times indicated. Activation of STAT3 was monitored by immunoblotting
of lysate proteins with a phospho-specific antibody. (B) Quiescent vascular SMC were incubated for 60 min in the absence or presence of a
neutralizing antibody to IL-6 receptor, prior to stimulation with Ang II or thrombin. Activation of STAT3 was monitored as described above.
(C) Growth-arrested HeLa cells were incubated or not with the IL-6 receptor antibody and then stimulated with thrombin for 2 h. Activation of
STAT3 was monitored as above. Results are representative of three experiments.
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RhoA mutant does not block STAT-dependent transcription
induced by activated Rac1L61, indicating that RhoA is not
downstream of Rac (data not shown). Additional studies are
clearly warranted to establish the precise mechanism by which
Rho regulates STAT transcriptional activity.

Another important finding of this study was the observation
that GPCR agonists stimulate tyrosine phosphorylation of
STAT3 in a biphasic manner. A rapid but transient peak of
tyrosine phosphorylation is followed by a much stronger and
sustained phase of activation. The first peak correlates well
with the transient activation of Jaks by GPCRs. Both the early
and late activation phases of STAT3 are dependent on Rac
(and possibly Cdc42) activity. The rapid activation of STAT3
by Ang II was previously reported to be sensitive to inhibition
of NADPH oxidase (55). In contrast, we found that late acti-
vation of STAT3 is not significantly inhibited by DPI in vascu-
lar SMC (data not shown). These results suggest that long-
term activation of STAT3 may involve an effector of Rac
distinct from the NADPH oxidase complex. We also provide
evidence of the involvement of an autocrine factor in mediat-
ing the late effects of GPCRs on STAT3. One likely candidate
for this factor is the cytokine IL-6. Previous work has shown
that Rac1 induces STAT3 activation through the production
and autocrine action of IL-6 in HeLa cells (17). In agreement
with these findings, a neutralizing IL-6 receptor antibody abol-
ished the stimulatory effect of thrombin on late activation of
STAT3 in HeLa cells. The IL-6 receptor antibody failed to
inhibit GPCR-mediated STAT3 activation in vascular SMC,

but this may be explained by the fact that the antibody is raised
against the human form. We did not detect any effect of IL-6
on STAT3 in vascular SMC, indicating that expression of the
receptor is probably limiting. Indeed, the mRNAs for the IL-6
receptor and gp130 subunits were not detected in vascular
SMC (35, 44). However, it is still possible that GPCR activa-
tion stimulates the production of both IL-6 and its receptor.
Consistent with this idea, Faruqi et al. showed that expression
of RacV12 induces the expression of both IL-6 and IL-6 re-
ceptor in HeLa cells (17).
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