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Critical Role of Serum Response Factor in Pulmonary
Myofibroblast Differentiation Induced by TGF-b

Nathan Sandbo1, Steven Kregel1, Sebastien Taurin1, Sangeeta Bhorade1, and Nickolai O. Dulin1

1Section of Pulmonary and Critical Care Medicine, University of Chicago, Chicago, Illinois

Transforming growth factor-b (TGF-b) is a cytokine implicated in
wound healing and in the pathogenesis of pulmonary fibrosis. TGF-b
stimulates myofibroblast differentiation characterized by expres-
sion of contractile smooth muscle (SM)-specific proteins such as
SM–a-actin. In the present study, we examined the role of serum
response factor (SRF) in the mechanism of TGF-b–induced pulmo-
nary myofibroblast differentiation of human lung fibroblasts (HLF).
TGF-b stimulated SM–a-actin expression in HLF, which paralleled
with a profound induction of SRF expression and activity. Inhibition
of SRF by the pharmacologic SRF inhibitor (CCG-1423), or via
adenovirus-mediated transduction ofSRF short hairpinRNA(shSRF),
blocked the expression of both SRF and SM–a-actin in response
to TGF-b without affecting Smad-mediated signaling of TGF-b.
However, forced expression of SRF on its own did not promote
SM–a-actin expression, whereas expression of the constitutively
transactivatedSRF fusionprotein(SRF-VP16) wassufficient to induce
SM–a-actin expression, suggesting that both expression and trans-
activation of SRF are important. Activation of protein kinase A (PKA)
by forskolin or iloprost resulted in a significant inhibition of SM–
a-actin expression induced by TGF-b, and this was associated with
inhibition of both SRF expression and activity, but not of Smad-
mediated gene transcription. In summary, this is the first direct
demonstration that TGF-b–induced pulmonary myofibroblast dif-
ferentiation is mediated by SRF, and that inhibition of myofibroblast
differentiation by PKA occurs through down-regulation of SRF
expression levels and SRF activity, independent of Smad signaling.

Keywords: transforming growth factor-b; serum response factor;

myofibroblast; protein kinase A; Smad

Idiopathic pulmonary fibrosis (IPF) is a progressive, fatal
disease characterized by parenchymal fibrosis and structural
distortion of the lungs. There is currently no effective treatment,
and novel targets of pharmacologic intervention need to be
identified. Alveolar fibroblasts, under stimulation by transform-
ing growth factor (TGF)-b, respond by altering their gene
expression profile, with de novo expression of cytoskeletal and
contractile proteins normally found within smooth muscle cells
(1, 2), resulting in a phenotype that is in an intermediary state
between fibroblasts and smooth muscle cells, termed the
myofibroblast (3, 4). Smooth muscle (SM)–a-actin, a contractile
protein incorporated into stress filaments, is an accepted marker
for myofibroblast differentiation.

TGF-b, a cytokine implicated in the pathogenesis of both
experimental pulmonary fibrosis and human disease (5–8), is

a well-established inducer of myofibroblast differentiation. At
the cellular level, TGF-b is known to signal through trans-
membrane receptor serine/threonine kinases, phosphorylating
and activating its canonical signaling intermediates, receptor-
activated Smad proteins (Smad2/3), leading to their heterotri-
merization with common-mediator Co-Smad (Smad4), nuclear
accumulation of the complex, and activation of Smad-binding
elements (SBEs), which modulate the transcription of target
genes (9, 10). Previous studies in cultured lung fibroblasts have
implicated SBEs in mediating TGF-b–induced SM–a-actin
promoter activation (11–13), while others have implicated a
TGF-b control element (TCE) activated by Sp1/3 transcription
factors and regulated by Kruppel-like factors (14–16). In addi-
tion, it was shown that the cAMP-elevating agonist, prostaglandin
E2, attenuates TGF-b–induced pulmonary myofibroblast differ-
entiation without affecting Smad signaling (17, 18).

In vascular smooth muscle cells (VSMC), SM-gene transcrip-
tion is controlled primarily through the binding of serum re-
sponse factor (SRF) to its target cis-elements, the CArG boxes
(CC(AT)6GG) within the promoter regions of most SM genes
(19). SRF activation is commonly induced by G protein–coupled
receptor agonists such as endothelin-1 (20), which, as we showed
previously, is a powerful stimulator of SM gene expression in
VSMC (21). Furthermore, we also showed that SRF activity is
highly sensitive to regulation by protein kinase A (PKA) in
VSMC (21). However, the role of SRF in TGF-b–induced
myofibroblast differentiation remains obscure. Previous studies
employing CArG mutagenesis of mouse SM–a-actin promoter
(16), or decoy CArG oligonucleotides (22), did not suggest an
absolute requirement of CArGs for TGF-b–induced SM-actin
transcription in lung fibroblasts. These data contrast with the
evidence for a CArG requirement for activation of SM–a-actin
expression by TGF-b in an rat fibroblast cell line (23).

Given these conflicting observations, we sought to (1)
examine the role of SRF in TGF-b–induced pulmonary myofi-
broblast differentiation by using pharmacologic and siRNA
approaches, and (2) test whether SRF regulation by PKA may
explain the inhibition of TGF-b–induced myofibroblast differ-
entiation by cAMP-elevating agents.

MATERIALS AND METHODS

Isolation and Primary Culture of Human

Pulmonary Fibroblasts

Tissue samples from explanted lungs from patients undergoing lung
transplantation for pulmonary fibrosis were obtained and placed in
Dulbecco’s modified Eagle’s medium (DMEM). Alveolated lung was
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minced, washed in PBS, and plated onto 10-cm plates in growth media
containing DMEM supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/ml streptomycin, 250 ng/ml amphotericin B, and
100 U/ml penicillin. Expanded populations of fibroblasts were sub-
sequently subcultured after 4 to 5 days, resulting in the development of
a homogenous fibroblast population. All primary cultures were used
from passage 5–10, and grown on plastic. In all experiments, cells were
serum-deprived overnight in DMEM containing 0.1% bovine serum
albumin (BSA) and 2 mM L-glutamine before stimulation with
agonists.

Transient DNA Transfection and Adenovirus-Mediated

Gene Transduction

Transient DNA transfections were performed using LipofectAMINE-
PLUS reagent (Invitrogen) following the standard manufacturer’s
protocol. Adenovirus-mediated gene transduction was performed by
incubating cells with desired adenoviruses (100 plaque-forming units
[pfu] per cell) in the medium containing 0.1% BSA, as described
previously (24).

DNA and Other Reagents

The plasmid for wild-type SRF was provided by Dr. Julian Solway
(University of Chicago, Chicago, IL). The plasmid for a constitutively
active SRF-VP16 chimeric protein, in which the C-terminal trans-
activation domain of SRF was replaced by the trans-activation domain
of the viral co-activator VP16 (25), and the plasmid for the chimeric
protein GAL4-VP16, were kind gifts from Dr. Joseph Miano (Univer-
sity of Rochester, Rochester, NY). The firefly luciferase reporter for
the rat 2764 base pairs SM–a-actin promoter was a kind gift from
Dr. Sem Phan (University of Michigan, Ann Arbor, MI) and was
described previously (13). The firefly luciferase reporter driven by two
copies of CArG elements (SRF-Luc) was used previously (21, 26–28).
The firefly luciferase reporter driven by four copies of Smad-binding
elements (SBE-Luc) was provided by Dr. Bert Vogelstein and was used
previously (24). The plasmid for the thymidine kinase promoter
(TK)-driven renilla luciferase was from Promega (Madison, WI).
Recombination-deficient adenovirus expressing short hairpin RNA
against SRF (Ad-shSRF), or the control adenovirus expressing shRNA
against GFP (Ad-shGFP), were kindly provided by Dr. Joseph Miano
(University of Rochester) and were described previously (29). CCG-1423
was obtained from Cayman Chemical (Ann Arbor, MI). Anti-VASP
antibodies and TGF-b were from EMD Biosciences (Gibbstown, NJ).
Forskolin (FSK) was from Fisher Bioreagents (Fair Lawn, NJ). Anti-
bodies against b-actin and SM–a-actin were from Sigma (St. Louis, MO).
SRF and Smad4 antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). Phospho-Smad2 and Smad2 antibodies were from Cell
Signaling (Danvers, MA).

Western Blotting

After stimulation of quiescent cells with desired agonists, cells were
lysed in RIPA buffer containing 25 mM HEPES (pH 7.5), 150 mM
NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 2 mM EGTA, 10%
glycerol, 1 mM NaF, 200 mM Na-orthovanadate, and protease inhib-
itors (1 mg/ml leupeptin, 1 mg/ml aprotinin, 1 mM PMSF). The lysates
were cleared from insoluble material by centrifugation at 20,000 3 g
for 10 minutes, boiled in Laemmli buffer, subjected to polyacrylamide
gel electrophoresis, and analyzed by Western blotting with 0.5 mg/ml
primary desired primary antibodies, followed by 1:3,000 dilution of
HRP-conjugated secondary antibodies (EMD), and developed by an
enhanced chemilumeniscence (ECL) reaction (Pierce, Rockford, IL).

Luciferase Reporter Assay

Subconfluent cells were grown in 24-well plates were co-transfected
with desired firefly luciferase reporter plasmid (500 ng/ml), and 20 ng/ml
TK-Renilla luciferase plasmid. Cells were placed in growth media
overnight, and then serum-starved for 24 hours, followed by stimula-
tion with the desired agonists for the relevant times. Cells were then
washed with phosphate-buffered saline and lysed in protein extraction
reagent. The lysates are assayed for firefly and Renilla luciferase
activity using the Promega Dual luciferase assay kit (Promega). To

account for differences in transfection efficiency, firefly luciferase
activity of each sample is normalized to Renilla luciferase activity.

Statistical Analysis

All the data represents the results of at least three independent
experiments. Quantitative data were analyzed by the Student t test,
and values of P , 0.05 were considered as statistically significant.

RESULTS

Figure 1A shows a profound induction of SM–a-actin expres-
sion by TGF-b in serum-starved human pulmonary fibroblasts,
with no change in housekeeping b-actin, indicative of myofi-
broblast differentiation. Interestingly, SRF, which is thought to
be ubiquitously expressed, has extremely low-level expression
in resting pulmonary fibroblasts, but its expression is profoundly
induced by TGF-b with a time course similar to that of SM–
a-actin induction. In this respect, quiescent pulmonary fibro-
blasts differ dramatically from vascular smooth muscle cells,
which express SRF abundantly in the basal state (data not
shown). Importantly, TGF-b–induced SRF expression was
associated with an increase of SRF activity, as assessed by
SRF-luciferase reporter driven by two CArG elements (Figure
1B). This suggests that TGF-b may stimulate SRF-dependent
gene transcription by (1) up-regulating SRF expression and (2)
stimulating SRF trans-activation.

Figure 1. Transforming growth factor (TGF)-b–induced expression of
smooth muscle (SM)–a-actin is accompanied by expression and

activation of serum response factor (SRF). (A) Human lung fibroblasts

were grown to subconfluence, serum-starved overnight, and stimu-
lated with 2 ng/ml TGF-b for the indicated times. The cell extracts were

analyzed by Western blotting with antibodies against SM–a-actin, SRF,

or b-actin as indicated. (B) Subconfluent human lung fibroblasts cells

were transfected with SRF-firefly luciferase reporter (SRF-luc) along with
thymidine kinase-driven renilla luciferase (TK-RL) control reporter and

serum-starved overnight, followed by stimulation with vehicle (C) or

2 ng/ml TGF-b for 24 hours. The activity of firefly luciferase (SRF-Luc)

was then measured in cell lysates and normalized to the activity of renilla
luciferase (TK-RL). Data represent the results of three experiments per-

formed in triplicate.
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To examine if SRF was required for SM–a-actin expression
in response to TGF-b, we first used the recently described
pharmacologic inhibitor of SRF, CCG-1423 (30). As shown in
Figure 2A, CCG-1423 pre-treatment resulted in a complete
inhibition of TGF-b–induced SM-a-actin expression. CCG-1423
also inhibited SRF protein expression in response to TGF-b,
which is consistent with the previously reported role of SRF in
the induction of its own gene transcription (31, 32). In contrast,
CCG-1423 did not affect the expression of Smad2, Smad4, or
b-actin (Figure 2A), nor of TGF-b–induced Smad2 phospho-
phorylation (Figure 2B), suggesting that regulation of TGF-
b–induced SM–a-actin expression by CCG-1423 is independent
of a canonical Smad signaling.

To further investigate the potential requirement of SRF for
SM–a-actin expression, we used an SRF knockdown approach
by adenovirus-mediated expression of short hairpin RNA
against SRF (Ad-shSRF). As shown in Figure 3, transduction
of human pulmonary fibroblasts with Ad-shSRF, but not with
control Ad-shGFP, resulted in an efficient knockdown of SRF
expression without affecting the expression of Smad2, Smad4,

or b-actin. Importantly, the knockdown of SRF was associated
with a complete inhibition of SM–a-actin expression in response
to TGF-b. Together, the results shown in Figures 2 and 3
strongly suggest that SRF expression and/or activity is required
for TGF-b–induced myofibroblast differentiation.

Given the parallel induction of SRF and SM–a-actin by
TGF-b (Figure 1) and the dependence of SM–a-actin expres-
sion on SRF in response to TGF-b (Figures 2 and 3), we sought
to determine whether forced overexpression of SRF was
sufficient to drive SM–a-actin expression. Due to limitations
in DNA transfection into primary cultured human pulmonary
fibroblasts, we used the HT-1080 fibrosarcoma cell line, which
permits a high efficiency of transient transfection and also
expresses low levels of SRF under the basal state. To discrim-
inate between endogenous and the ectopic SRF, we used GFP-
tagged SRF cDNA. As shown in Figure 4, ectopic expression of
GFP-SRF failed to increase SM–a-actin protein levels in HT-
1080 cells. In contrast, expression of the constitutively active
chimeric protein SRF-VP16, in which the C-terminal transcrip-
tion activation domain of SRF was replaced by the transcription
activation domain of the viral co-activator VP16 (25), induced
SM–a-actin expression (Figure 4). This effect of SRF-VP16 was
specific to SRF, as expression of the GAL4-VP16 chimeric
protein (containing the transcription activation domain of VP16,
but not the GAL4 DNA-binding domain, which does not interact
with the SRF target cis-element CArG box) did not induce SM–
a-actin expression (Figure 4). These data suggest that SRF ex-
pression on its own is not sufficient for SM–a-actin expression,
but that trans-activation of SRF is also required. Interestingly,
while SRF-VP16 potently promoted SM–a-actin expression, it
did not significantly induce the expression of endogenous SRF
(Figure 4), suggesting that additional mechanisms may be re-
quired for SRF gene transcription.

Figure 3. Down-regulation of SM–a-actin expression by SRF knock-

down. Subconfluent human lung fibroblasts were transduced with

recombination-deficient adenovirus expressing short hairpin RNA
against SRF (Ad-shSRF), or with control adenovirus expressing shRNA

against GFP (Ad-shGFP) in 0.1% bovine serum albumin for 48 hours,

followed by stimulation of cells with 2 ng/ml TGF-b for an additional

48 hours. The cell extracts were analyzed by Western blotting with
antibodies against SRF, SM–a-actin, Smad2, Smad4, or b-actin as

indicated.

Figure 2. Down-regulation of SM–a-actin and SRF expression by
pharmacologic SRF inhibitor, CCG-1423. (A) Serum-starved human

lung fibroblasts were pretreated with 10 mM CCG-1423 for 1 hour,

followed by stimulation with 2 ng/ml TGF-b for 48 hours. The cell

extracts were analyzed by Western blotting with antibodies against
SM–a-actin, SRF, Smad2, Smad4, or b-actin as indicated. (B) Serum-

starved human lung fibroblasts were pretreated with 10 mM CCG-1423

for 1 hour, followed by stimulation with 2 ng/ml TGF-b for indicated

times. The cell extracts were analyzed by Western blotting with
antibodies against phospho-Smad2 (Ser465/Ser467), total Smad2 or

b-actin as indicated.
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We have previously reported that SRF activity and SM–
a-actin expression induced by G protein–coupled agonists, such
as endothelin-1 or extracellular ATP, are highly sensitive to
regulation by protein kinase A (PKA) in vascular smooth
muscle cells (21, 26). Therefore, we examined whether PKA
regulates TGF-b–induced expression of SRF and SM–a-actin in
human pulmonary fibroblasts. Figure 5A shows that stimulation
of PKA by an activator of adenylyl cyclase, FSK, resulted in
a profound inhibition of TGF-b–induced expression of SRF and
SM–a-actin in human pulmonary fibroblasts, without having an
effect on b-actin expression. FSK had no effect on TGF-
b–induced Smad2 phosphorylation (Figure 5B), whereas its
effectiveness in PKA activation was confirmed by phosphory-
lation of the PKA substrate, vasodilator-stimulated phospho-
protein VASP (33), as determined by electrophoretic mobility
shift of phosphorylated VASP (Figure 5B), which is mediated
by PKA (21). Furthermore, the stable prostacyclin analog,
iloprost, which signals via the prostanoid receptors to activate
PKA (34), had a similar inhibitory effect on TGF-b–induced
SM–a-actin and SRF expression (Figure 5C).

To further define the transcriptional control of SM–a-actin
expression by PKA, we used the SM–a-actin promoter (2764
base pair) luciferase reporter that contains both SRF-binding
sites (CArG boxes) and SBE (13). As shown in Figure 6A,
TGF-b induced a 3-fold induction in luciferase activity, which
was abolished by FSK treatment. This suggests that regulation
of SM–a-actin expression by PKA occurs at the level of gene
transcription. Furthermore, FSK blocked TGF-b–induced acti-
vation of the SRF-luciferase reporter driven by two CArG
elements (Figure 6B), without affecting activation of SBE-
luciferase reporter by TGF-b (Figure 6C). Together, these data
strongly suggest that inhibition of TGF-b–induced SM–a-actin
expression by PKA occurs via suppression of SRF expression
and activity, but not of Smad-dependent gene transcription.

DISCUSSION

The first important observation from our studies is that stimu-
lation of pulmonary fibroblasts with TGF-b leads to a profound
induction of SRF expression (Figure 1). Relatively low levels of
SRF are present under serum-starved conditions, but after 24 to
48 hours of treatment with TGF-b, SRF expression is induced to

Figure 4. SRF overexpression is not sufficient on its own to drive SM–

a-actin expression. HT-1080 cells were transfected with empty vector
or with cDNAs for control vector (pcDNA3.1), GFP-tagged wild-type

SRF, constitutively active SRF-VP16 fusion protein, or the GAL4-VP16

fusion protein for 48 hours. The cell extracts were analyzed by Western

blotting with antibodies against SRF, SM–a-actin, or b-actin as in-
dicated. Note that SRF antibodies against C-terminus of SRF do not

recognize SRF-VP16, because the C-terminal trans-activation domain of

SRF was replaced by the trans-activation domain of the viral co-

activator VP16 (25).

Figure 5. Inhibition of TGF-b–induced SM–a-actin and SRF expression

by cAMP-elevating agents. (A) Serum-starved human lung fibroblasts

were pretreated with 10 mM forskolin (FSK) for 15 minutes, followed by

stimulation with 2 ng/ml TGF-b for 48 hours. The cell extracts were
analyzed by Western blotting with antibodies against SRF, SM–a-actin,

or b-actin as indicated. (B) Serum-starved human lung fibroblasts were

pretreated with 10 mM FSK for 15 minutes, followed by stimulation

with 2 ng/ml TGF-b for 30 minutes. The cell extracts were analyzed by
Western blotting with antibodies against phospho-Smad2 (Ser465/

Ser467), total Smad2, vasodilator stimulated phosphoprotein (VASP),

or b-actin as indicated. Electorphorectic mobility shift of VASP occurs
with its phosphorylation by PKA (21). (C) Serum-starved human lung

fibroblasts were pretreated with 10 mM Iloprost (Ilo) for 15 minutes,

followed by stimulation with 2 ng/ml TGF-b for 48 hours. The cell

extracts were analyzed by Western blotting with antibodies against
SRF, SM–a-actin, or b-actin as indicated.
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levels that are more typical of quiescent smooth muscle cells.
This up-regulation temporally correlates with the induction of
SM–a-actin expression, suggesting a link between these two
events. Our observations are consistent with previous in vivo
studies using rat model of bleomycin-induced pulmonary fibro-
sis, in which SRF expression was increased in parallel with
induction of SM–a-actin–positive myofibroblasts (35).

Several possibilities exist for the mechanism of TGF-
b–induced SRF expression, including transcriptional control.
The SRF promoter mutagenesis studies by Spencer and Misra
(31) established the CArG dependency of SRF induction by

serum. Our data show that in HT1080 cells, the isolated trans-
activation of SRF via overexpression of SRF-VP16 has a negli-
gible effect on the expression of endogenous SRF, while
inducing a profound induction of SM–a-actin expression (Fig-
ure 4). These data, and the results of other studies, suggest that
additional mechanisms may be required for transcription of
SRF, including Sp1, Egr-1, and CCAATT-binding elements
(32). Given that TGF-b can recruit Sp1 (16), it is possible that
the initial transcription of SRF by TGF-b could occur through
Sp1. On the other hand, analysis of the 59 untranslated region of
SRF gene predicts with high probability the presence of
putative SBE upstream of CArG boxes (our unpublished
observation), suggesting that TGF-b can also recruit canonical
Smad signaling for SRF promoter activation. Therefore, it is
possible that an initial induction of SRF expression by TGF-b
(not necessarily through CArGs) may then subsequently drive
the SRF promoter by newly synthesized (and transactivated)
SRF in a positive feedback manner. Finally, post-translational
regulation may also play a role, as in our additional experiments
removal of TGF-b after 48 hours of exposure resulted in much
faster disappearance of SRF protein than of SM–a-actin,
suggesting that SRF is less stable. Similarly, Misra and col-
leagues have observed extensive phosphorylation of SRF (36),
which may affect its stability. These possibilities are currently
under investigation in our laboratory.

The second important conclusion of this study is that TGF-
b–induced differentiation of pulmonary myofibroblasts is de-
pendent on inducible SRF expression (Figures 2 and 3).
However, using the HT-1080 fibrosarcoma cell line, we also
show that SRF expression is not sufficient on its own for SM–
a-actin induction, and SRF trans-activation is required (Figure
4). While it is prudent to be cautious when extrapolating the
results from cancer cell lines to those obtained from primary
cultures, we chose to use the HT1080 cell line to facilitate the
transfection of SRF and SRF-VP16 into a sufficient percentage
of cells to evaluate their functional effect. Second, while it does
not recapitulate certain phenotypic characteristics of differen-
tiated myofibroblasts (low proliferative capacity), it does serve
as a useful model to study inducible contractile gene expression
and SRF expression, as it maintains low levels of these proteins
in the basal state, similar to the primary cultures of human lung
fibroblasts.

The accepted mechanism of SRF activation by serum or G
protein–coupled receptors involves RhoA activation and mod-
ulation of actin dynamics (37–39). Published data suggest a role
for RhoA (40) in mediating TGF-b–induced myofibroblast
differentiation as well, which we have confirmed using a specific
Rho kinase inhibitor (data not shown). Given the delayed effect
of TGF-b–induced activation of SRF and SM–a-actin (Figure
1A), the presence of an intermediate step requiring the
synthesis and release of other mediators may be also possible.
Sphingosine 1-phosphate, which is produced in response to
TGF-b (40) and known to stimulate RhoA and SRF (41), could
be one such mediator. Additional potential mechanisms may
include TGF-b–induced Smad3/SRF interaction (12), or de-
creased interaction between inhibitory Smad7 and SRF (42).

Finally, our data suggests that SRF may be an important
target for a negative regulation of pulmonary fibroblast differ-
entiation, which could be of potential therapeutic importance.
Other investigators have shown that PGE2 elicits its antifibrotic
effect via elevation of cAMP, and this effect is independent of
Smad signaling (17, 18). Our observations also show Smad-
independent regulation of SM-a-actin expression by agents
which signal via elevation of cAMP (FSK and iloprost), and
more importantly, suggest that this occurs through inhibition of
SRF (Figures 5, 6). The mechanism by which cAMP inhibits

Figure 6. PKA regulates TGF-b–induced SM–a-actin promoter activa-

tion through inhibition of SRF, but not of Smad-binding elements
(SBE). Human lung fibroblasts were transfected with luciferase reporters

for 2764 base pairs (A) SM–a-actin promoter, (B) SRF-luciferase

reporter, or (C) SBE-luciferase reporter, along with thymidine kinase-

driven renilla (TK-RL) control reporter. Serum-starved cells were pre-
treated with 10 mM FSK for 15 minutes, followed by stimulation with

2 ng/ml TGF-b for 24 hours. The activity of luciferase was then measured

in cell lysates and normalized to the activity of renilla. Data represent

the results of at least three experiments performed in triplicate (*P ,

0.05).
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SRF activity is not completely understood. Our previous studies
have shown that cAMP inhibits SRF activity in VSMC through
activation of protein PKA (21, 26). It is known that PKA may
phosphorylate RhoA (43), suggesting potential mechanism for
SRF regulation through inhibition of RhoA. Second, our pre-
vious results (21) and present data (Figure 5B) show phosphor-
ylation of vasodilator-stimulated phosphoprotein (VASP) by
PKA. Given that VASP promotes actin polymerization and
SRF activation (44), and given that phosphorylated VASP is
unable to bind actin filaments (45), VASP could provide an
additional mechanism for regulation of SRF by PKA. Third,
SRF itself can be phosphorylated by PKA (46), potentially
suggesting a direct regulation of SRF by PKA. Finally, cAMP
has been shown more recently to stimulate cAMP-activated
exchange protein Epac (47) that may also regulate the profi-
brotic features of myofibroblasts such as collagen synthesis (48),
and proliferation (49, 50), suggesting the potential for PKA-
independent regulation of SRF and/or SM–a-actin expression
by cAMP. These possibilities are being examined in our
laboratory.
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