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The stimulation of platelet-derived growth factor
(PDGF) receptors shifts vascular smooth muscle (VSM)
cells toward a more proliferative phenotype. Thrombin
activates the same signaling cascades in VSM cells,
namely the Ras/Raf/MEK/ERK and the phosphatidyli-
nositol 3-kinase (PI 3-kinase)/Akt pathways. Nonethe-
less, thrombin was not mitogenic, but rather increased
the expression of the smooth muscle-specific myosin
heavy chain (SM-MHC) indicative of an in vitro re-dif-
ferentiation of VSM cells. A more detailed analysis of the
temporal pattern and relative signal intensities re-
vealed marked differences. The strong and biphasic
phosphorylation of ERK1/2 in response to thrombin cor-
related with its ability to increase the activity of the
SM-MHC promoter whereas Akt was only partially and
transiently phosphorylated. By contrast, PDGF, a po-
tent mitogen in VSM cells, induced a short-lived ERK1/2
phosphorylation but a complete and sustained phospho-
rylation of Akt. The phosphorylated form of Akt physi-
cally interacted with Raf. Moreover, Akt phosphoryl-
ated Raf at Ser259, resulting in a reduced Raf kinase
activity and a termination of MEK and ERK1/2 phospho-
rylation. Disruption of the PI 3-kinase signaling pre-
vented the PDGF-induced Akt and Raf-Ser259 phospho-
rylation. Under these conditions, PDGF elicited a more
sustained MEK and ERK phosphorylation and increased
SM-MHC promoter activity. Consistently, in cells that
express dominant negative Akt, PDGF increased SM-
MHC promoter activity. Furthermore, expression of
constitutively active Akt blocked the thrombin-stimu-
lated SM-MHC promoter activity. Thus, we present evi-
dence that the balance and cross-regulation between the
PI 3-kinase/Akt and Ras/Raf/MEK signaling cascades de-
termine the temporal pattern of ERK1/2 phosphoryla-
tion and may thereby guide the phenotypic modulation
of vascular smooth muscle cells.

Vascular smooth muscle cells determine blood pressure and
flow-through modulation of the vascular tone. The contractility
depends on the expression of proteins such as smooth muscle
�-actin and smooth muscle myosin, and their expression levels
vary depending on developmental and/or differentiation stage.

During progression of vascular diseases or vascular injury fol-
lowing balloon dilatation, the release of growth factors such as
PDGF,1 epidermal growth factor, or IGF has been shown to
increase the smooth muscle cell proliferation and migration
(1–3). This de-differentiation is characterized by a decreased
expression of contractile proteins.

Following ligand binding, tyrosine kinase receptors undergo
dimerization which allows transphosphorylation at multiple
tyrosine residues. The intracellular signal transduction in-
volves direct interaction of effector molecules via specific do-
mains, e.g. Src homology 2 domains and phosphotyrosine-bind-
ing domains. More than 10 different Src homology 2 domain-
containing molecules have been shown to bind to different
autophosphorylation sites in the PDGF receptors, including
signal transduction molecules with enzymatic activity like
phosphatidylinositol 3-kinases (PI 3-kinases), phospholipases
C�, or Src as well as adaptor molecules such as Grb2 and Shc
(4). Binding of Grb2/Sos or Shc in turn activates the small
GTP-binding protein Ras which couples to the Raf/MEK/ERK
cascade. The cellular response of receptor tyrosine kinase sig-
naling is influenced by the strength and the duration of
ERK1/2 phosphorylation. Depending on the cellular context,
either proliferation or differentiation may result (5). Other
signaling cascades initiated by PDGF receptors and their po-
tential cross-talk is currently under extensive investigation.
Phosphorylated tyrosine residues (Tyr740 and Tyr751) on the
PDGF �-receptor recruit the PI 3-kinases � and � to the plasma
membrane via docking of the common p85 regulatory subunit
(6, 7). Upon activation, the lipid kinase activity of PI 3-kinases
catalyzes the formation of PI(3,4,5)-P3, a well defined plasma
membrane anchor for the pleckstrin homology domains of
3-phosphoinositide-dependent kinase I and protein kinase
B/Akt (8). The plasma membrane recruitment exposes Akt to
subsequent activation by 3-phosphoinositide-dependent kinase
I and related kinases that phosphorylate Akt at Thr308 and
Ser473 (9). Akt is a major participant in growth factor-mediated
transcription and promotes cell survival by inhibiting apopto-
sis. These processes appear to involve phosphorylation and
inactivation of several targets including Bad (10), forkhead
transcription factors (11), and caspase-9 (12). Recent reports by
Rommel et al. (13) and Zimmerman and Moelling (14) demon-
strated that Akt negatively regulates the Ras/Raf/MEK/ERK
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pathway via phosphorylation and inactivation of Raf at Ser259.
Both PDGF and thrombin receptors qualitatively engage

phospholipases C, ERKs, and PI 3-kinases. Nonetheless, in
VSM cells, these agonists exert virtually opposite effects re-
garding the phenotypic modulation. Whereas thrombin via pro-
tease-activated receptors and G�� released from activated Gi

proteins up-regulates the expression of contractile proteins,
PDGF treatment exerted no differentiating effect. Vice versa,
thrombin stimulation was without significant mitogenic poten-
tial, while PDGF almost reconstituted the proliferative effect of
serum. To evaluate the contribution of the MAP kinase and PI
3-kinase pathways to the phenotypic modulation of VSM cells,
we studied the coupling of PDGF and thrombin receptors to the
Ras/Raf/MEK/ERK and the PI 3-kinase/Akt cascades and their
cross-regulation. Our results demonstrate that PDGF and
thrombin activate both pathways but exerted substantial dif-
ferences in signal intensity and their kinetic patterns. Bio-
chemical analysis revealed an interaction between Akt and Raf
in PDGF-stimulated VSM cells that modulates the late-phase
ERK1/2 phosphorylation. Abrogation of the PI 3-kinase/Akt
signaling changed the PDGF-induced proliferative response in
VSM cells toward enhanced expression of contractile proteins.

EXPERIMENTAL PROCEDURES

Materials—Culture media and trypsin were purchased from Life
Technologies. Fetal calf serum and phosphate-buffered saline were
obtained from Biochrom. Radiochemicals were from PerkinElmer Life
Sciences. The anti-Raf monoclonal antibody was purchased from Trans-
duction Laboratories. Unless otherwise stated, all other antibodies
were from New England Biolabs. LY294002, wortmannin, recombinant
growth factors PDGF-BB, IGF-I, and epidermal growth factor were
obtained from Calbiochem, and recombinant GST-MEK-His6 was from
Upstate Biotechnology. All other reagents were obtained from Sigma.

Cell Culture, Transient Transfections, and Reporter Assays—Pri-
mary cultures of VSM cells from newborn rats were established as
previously described (15). Cells were grown in minimal essential me-
dium supplemented with 10% fetal calf serum (complete medium, CM),
2% tryptose phosphate broth, penicillin (50 units/ml), and streptomycin
(50 units/ml). In all experiments, cells from passages 10–15 were used.
Growth arrest was induced in a serum-free quiescent medium (QM)
containing 1% (w/v) bovine serum albumin and 4 mg/ml transferrin
instead of serum. Prior to agonist application, cells were maintained in
QM for 48–72 h.

The transcriptional regulation of SM-1/SM-2 was assessed with a
chloramphenicol acetyltransferase (CAT) reporter gene expressed un-
der the control of the myosin heavy chain promoter (nucleotides �1346
to �25, pCAT-1346) as described (16). For transient transfection as-
says, cells were seeded into 6-well plates at a density of 7.5 � 104

cells/well (60–80% confluency) and growth arrested in QM for 48 h
prior to transfection. Transient transfections were performed in tripli-
cates with 1 �g of plasmid DNA and 10 �l/well Superfect transfection
reagent (Qiagen) for 5 h. After 36–48 h, cell lysates were prepared
using the CAT Enzyme Assay System (Promega). CAT activities were
normalized to the protein concentration of each sample as measured by
the BCA assay. Transfection of a promoterless CAT construct served as
a baseline indicator, allowing all other promoter constructs to be ex-
pressed relative to promoterless activity.

Immunostaining—VSM cells were grown to confluency on Nunc
Chamber Slides (Nalge Nunc International). After fixation in 1% for-
maline in phosphate-buffered saline, smooth muscle �-actin was de-
tected by using a monoclonal primary antibody (1:150; Sigma) and a
fluorescein isothiocyanate-conjugated goat anti-mouse secondary anti-
body (1:40, Dianova). Representative visual fields were photographed in
an epifluorescence microscope (Nikon Diaphot) applying a fluorescein
isothiocyanate filter set (Chroma).

Immunoblotting Procedures—VSM cells were directly lysed in Lae-
mmli buffer containing 10 mM dithiothreitol. Proteins were separated
on polyacrylamide gels and electroblotted to nitrocellulose membranes.
Akt, ERK1/2, MEK, or Raf were separated on 10% gels and probed with
affinity purified polyclonal anti-phospho-Akt, phospho-ERK1/2, phos-
pho-MEK, and phospho-Raf or with anti-Akt, -ERK1/2, MEK (New
England Biolabs), and -Raf antibodies (Transduction Laboratories) to
confirm equal loading of the gels. Primary antibodies were detected
with a horseradish peroxidase-coupled secondary antibody (1:2000,

New England Biolabs) using a chemiluminescence substrate (Lumiglo,
New England Biolabs).

RNase Protection Assay—RNA isolation, generation of DNA tem-
plates, and hybridization conditions were described previously (17). The
Maxiscript and RPA II kits from Ambion were used for RNase protec-
tion assays. In brief, 10 �g of total RNA was hybridized with radiola-
beled probes overnight at 42 °C. Non-hybridized fragments were di-
gested with RNase A/T1. The remaining protected fragments were
separated by denaturing (8% urea) polyacrylamide gel electrophoresis
and exposed to Amersham Hyperfilm at �80 °C for 2–24 h. Bands were
excised and counted in a liquid scintillation counter. Equal loading was
controlled by hybridization with a rat glutaraldehyde-3-phosphate de-
hydrogenase probe.

Raf Kinase Assay—VSM cells were serum starved for 48 h in serum-
free medium. After stimulation, cells were lysed in RIPA buffer (14),
and Raf protein was immunoprecipitated with an anti-Raf monoclonal
antibody (Transduction Laboratories) as described previously (14). In
vitro kinase assays were performed by incubating the immunocom-
plexes in 30 �l of kinase buffer containing 1 �g of recombinant GST-
MEK-His6 (Upstate Biotechnology) and 10 �Ci of [�-32P]ATP in kinase
buffer for 30 min at 30 °C. Proteins were separated by SDS-PAGE, and
their phosphorylation was visualized and quantified with a phospho-
rimaging system (Fuji Bas-1500).

Immunoprecipitation—VSM cells were lysed in a 0.25% Nonidet P-40
containing lysis buffer as described previously (14). Cleared lysates
(350 �g of protein in 800 �l) were immunoprecipitated overnight at 4 °C
with 2 �g of monoclonal anti-Raf-1 antibodies (Transduction Laborato-
ries) coupled to suspended Protein A-coupled Sepharose beads (Sigma).
The pelleted beads were washed three times in 400 �l of lysis buffer.
Immunoprecipitates were boiled in SDS-Laemmli buffer and subjected
to Western blot analysis with anti-Raf (Transduction Laboratories),
anti-Akt and anti-phospho-Akt antibodies (New England Biolabs).

RESULTS

Mitogenic Signaling of PDGF Fails to Up-regulate the Ex-
pression of Contractile Proteins in VSM Cells—We have re-
cently demonstrated that serum, in addition to its mitogenic
properties, increases the expression of contractile proteins in
neonatal rat vascular smooth muscle (VSM) cells (18). To eval-
uate the proliferative effects of serum, PDGF, and thrombin,
VSM cells were cultured in serum-free QM supplemented with
the respective agonist. The initial cell counts were assessed at
the beginning of the experiment (day 0, Fig. 1A) and every
following day. To account for potential degradation of the ago-
nists, media were replaced every day. Whereas cell counts
remained almost constant in QM, doubling rates in the pres-
ence of serum were about 1.5 days. Unlike thrombin (1 unit/
ml), PDGF-BB (10 ng/ml) was a powerful mitogen that recon-
stituted about 80% of the serum-mediated cell proliferation
(Fig. 1A).

The abundant expression of the contractile protein SM-�-
actin in VSM cells cultured in serum-containing medium (Fig.
1B), however, was not maintained when serum was replaced by
PDGF (10 ng/ml; Fig. 1C). The quantitative analysis of SM-�-
actin steady-state expression applying RNase protection as-
says confirmed that SM-�-actin transcripts are highly abun-
dant in VSM cells maintained in serum-containing CM
compared with serum-starved (QM) controls. Re-exposure to
serum increased the SM-�-actin steady-state expression within
24 h by 15-fold, whereas PDGF failed to significantly up-regu-
late the SM-�-actin expression within up to 3 days (Fig. 1, D
and E).

PDGF Induces a Transient Phosphorylation of ERK1/2 but a
Sustained Phosphorylation of Akt—To define signaling path-
ways involved in PDGF-induced mitogenesis, we analyzed the
activation of ERK1/2 and Akt, a downstream effector of the
PDGF-induced PI 3-kinase signaling. Addition of PDGF (10
ng/ml) to serum-starved VSM cells led to a complete ERK1/2
phosphorylation which peaked within 5–10 min and returned
to baseline levels at 30–60 min (a representative example of at
least three independent experiments showing similar results is
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shown in Fig. 2). Equivalent results were obtained when ly-
sates were probed for activated MEK applying phospho-specific
anti-MEK antibodies (data not shown). Probing the same cell
lysates with phospho-S473-Akt antibodies revealed a strong
PDGF-induced Akt phosphorylation. Of note, antibodies raised
against the amino acids 466–479 of Akt preferentially recog-
nized the unphosphorylated state and consistently showed
weaker signals when their epitope was phosphorylated at
Ser473. The almost complete mobility shift of Akt in response to
PDGF stimulation correlates with the reduction of anti-Akt
signal intensities and gives a means for a semi-quantitative
analysis of the phosphorylation state of Akt. In between 10 min
and 1 h, the PDGF-induced Akt phosphorylation was almost
complete (n � 12) and gradually declined within the following
2 h (Fig. 2). Thus, the phosphorylation of ERK1/2 appeared to
decline when Akt is activated.

On the other hand, thrombin stimulation resulted in similar
early phosphorylation of ERK1/2, but additionally induced a
delayed second-phase ERK1/2 phosphorylation. Regarding
Akt, thrombin exerted only a weak and transient phosphoryl-
ation as compared with the PDGF-stimulated samples that
were processed on the same blot (Fig. 2). To estimate the
phosphorylated, slower migrating fraction of ERK1/2 and to

ensure equal loading of the lanes, blots were reprobed with
antibodies detecting total ERK1/2. A comparable extent and
kinetic pattern of Akt- and ERK1/2 phosphorylation was
achieved when VSM cells were challenged with IGF-I (10 ng/
ml). The addition of epidermal growth factor (10 and 100 ng/
ml), however, led to a more transient phosphorylation of Akt
(data not shown).

Because cross-regulation of the PI 3-kinase/Akt and Ras/Raf/
MEK/ERK cascades has been shown to influence proliferation
or differentiation of myoblasts and HEK 293 cells by an Akt-
dependent association and phosphorylation of Raf (13, 14), we
analyzed whether Raf and Akt physically interact in VSM cells.
Serum-starved VSM cells were stimulated with PDGF for 15
and 60 min, and Raf was immunoprecipitated from cell lysates
applying anti-Raf-1 antibodies. Western blotting of the immu-
noprecipitates with anti-Akt antibodies revealed an increased
interaction between Akt and Raf after 15 and 60 min of
PDGF-BB stimulation (Fig. 3). The relative weak signals may
be due to a specific interaction of the Ser473-phosphorylated
form of Akt that is poorly recognized by the antibody. The
anti-Raf-1 immunoprecipitates was, therefore, repeated and
probed with anti-phospho-Akt antibodies. Indeed, after PDGF
treatment, Ser473-phosphorylated Akt could be co-immunopre-
cipitated with anti-Raf-1 antibodies (Fig. 3). Thus, as a conse-
quence of PDGF receptor signaling, the PI 3-kinase/Akt and
Raf/MEK/ERK cascades interact at the level of Akt and Raf.
The functional consequence of this interaction was therefore
investigated.

Akt-Raf Cross-talk Suppresses the Raf Kinase Activity and
Phosphorylation of MEK and ERK1/2—The PDGF-induced
Akt phosphorylation is most likely due to PI 3-kinases that are
docked and activated by the tyrosine-phosphorylated receptor.

FIG. 1. Effects of serum and PDGF on vascular smooth muscle
cell growth and phenotype. A, rat neonatal VSM cells were main-
tained in serum-free QM (open circles) and were then re-exposed to
either serum (closed circles) or QM supplemented with PDGF-BB (10
ng/ml, closed triangles) or thrombin (1 unit/ml, closed squares) for the
indicated times. Cells were counted every day in a Neubauer counting
chamber. The depicted mean � S.E. were calculated from at least eight
separate counts. B and C, immunofluorescence analysis of smooth mus-
cle-specific �-actin expression in VSM cells maintained either in serum
containing CM (B) or in QM containing 10 ng/ml PDGF-BB (C). The
pictures are representatives of three independent experiments showing
similar results. D and E, RNase protection assay of smooth muscle-
specific �-actin steady-state mRNA expression in VSM cells. The cells
were maintained in CM, starved in QM for 48 h, and then either
re-exposed to CM (D) or stimulated with PDGF-BB (10 ng/ml; E) for the
indicated number of days. The protected fragments of the full-length
probe (P) correspond to the expected size of 191 nucleotides. Each lane
was loaded with 10 �g of total RNA, and hybridization with a glutar-
aldehyde-3-phosphate dehydrogenase (GAPDH) probe confirmed the
equal loading (data not shown).

FIG. 2. Time course of PDGF- and thrombin-mediated phos-
phorylation of Akt and ERK1/2. Serum-starved VSM cells were
stimulated with 10 ng/ml PDGF-BB or 1 unit/ml thrombin for the
indicated times (in minutes). Whole cell lysates were subjected to SDS-
polyacrylamide gel electrophoresis and electroblotted. Activated Akt
and ERK1/2 were detected with phospho-S473-specific anti-Akt (p-Akt)
and anti-phospho-ERK1/2 (p-ERK1/2) antisera, respectively. Aliquots
of the same lysates were probed with antibodies detecting total Akt and
ERK1/2 to demonstrate equal loading and phosphorylation-induced
mobility shifts. The experiments shown are representative of three
independent experiments with similar results. The reduced Akt signal
intensities after stimulation with PDGF presumably reflect a preferen-
tial recognition of the unphosphorylated epitope by antibodies raised
against amino acids 466–479 of Akt. Note the correlation between the
almost complete mobility shift of Akt, and the reduction of the total Akt
signal that coincides with the appearance of a phospho-S473-Akt signal.
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To analyze whether the interaction between phospho-Akt and
Raf affects the phosphorylation-state of Raf, MEK, and ERK in
living VSM cells, we studied the temporal phosphorylation
pattern of these molecules in the absence and presence of the
PI 3-kinase inhibitor LY294002 (20 �M). Aliquots of cell lysates
were first probed with phospho-S473-Akt and Akt antibodies
demonstrating a more than 80% reduction of the PDGF-in-
duced Akt phosphorylation by LY294002 (Fig. 4A). Consistent
with the findings shown in Fig. 2, thrombin induced a weak Akt
phosphorylation at the 10-min time point that was sensitive to
the PI 3-kinase inhibitor. At later time points, Akt phosphoryl-
ation was not detectable irrespective of the absence or presence
of LY294002. A second set of aliquots from the same cell lysates
were probed for phospho-S259-Raf and total Raf. After 10, 30,
and, most strikingly, after 60 min of PDGF stimulation, the
Ser259 phosphorylation of Raf was less intense in samples from
VSM cells that were pretreated with LY294002 compared with
controls without pretreatment. Since it is known that phospho-
Ser259 serves a docking site for the inhibitory 14-3-3 protein, PI
3-kinase/Akt signaling may thereby reduce Raf kinase activity.
By contrast, the thrombin induced moderate increase in Ser259

phosphorylation of Raf was further increased in the presence of
the PI 3-kinase inhibitor (Fig. 4B). At the level of MEK, the
PDGF-induced phosphorylation was prolonged in the presence
of LY294002, particularly after 60 min, suggesting an altered
Raf kinase activity. The enhanced late-phase MEK phospho-
rylation was of importance since the resulting ERK1/2 phos-
phorylation was comparable to the peak signals induced by
thrombin (Fig. 4, C and D). Similar results were obtained in a
second experiment and in two additional experiments applying
wortmannin (100 nM) instead of LY294002 (data not shown).
The marked effect of PI 3-kinase inhibition on ERK1/2 and
MEK phosphorylation in conjunction with an increased Ser259

phosphorylation of Raf points to a regulatory role of PI 3-ki-
nase/Akt on the Raf kinase activity.

We therefore determined the in vitro Raf kinase activity by
co-incubating immunoprecipitated Raf protein and recombi-
nant GST-MEK in the presence of [�-32P]ATP. The formed
[32P]GST-MEK was separated by SDS-PAGE, blotted, and vi-
sualized by autoradiography (Fig. 5A). The recovery of Raf was
assessed by immunoblot analysis of the precipitates (Fig. 5A).
In the absence of LY294002, the PDGF-induced Raf activity
increased about 2-fold (n � three independent experiments) as
compared with unstimulated cells at 10 min, 1.4-fold at 30 min,

and returned to baseline at 60 min (Fig. 5B). In contrast, in the
presence of LY294002, Raf activity was about 1.5-fold at 3–10
min, but further increased to 1.7-fold at 30 min and 1.9-fold at
45–60 min (n � 6). Thus, the PI 3-kinase/Akt pathway atten-
uates the Raf kinase activity and the resulting phosphoryla-
tions of MEK and ERK in PDGF-stimulated VSM cells.

The role of PI 3-kinase signaling on the activity of the PDGF
and thrombin mediated activity of the Ras/Raf/MEK/ERK cas-
cade was further analyzed by monitoring the extended time
course of ERK1/2 phosphorylation in the presence of different
concentrations of LY294002. The pretreatment of VSM cells
with 20 or 50 �M LY294002 led to a slightly delayed but
long-lasting ERK phosphorylation as compared with solvent-
pretreated cells (Fig. 6A). Similar alterations in ERK1/2 kinet-
ics were obtained when VSM cells were pretreated with 100 nM

wortmannin (data not shown). Thus, by inhibiting PI 3-ki-
nases, the PDGF-induced, short-lived ERK1/2 phosphorylation
kinetic was converted into a sustained ERK1/2 activity which is
almost comparable to the kinetic of ERK1/2 phosphorylation in
response to thrombin (0.1 unit/ml) treatment (Fig. 6B). At 50
�M concentrations, LY294002 diminished the thrombin-in-
duced ERK1/2 phosphorylation, an effect that is consistent
with the observed PI 3-kinase-dependent increase in Ser259

phosphorylation of Raf (Fig. 4B).
Inhibition of PI 3-Kinases Results in a PDGF-induced Differ-

entiation of VSM Cells—Considering that a sustained ERK1/2
phosphorylation in response to thrombin was a prerequisite for
the agonist-induced de novo synthesis of SM-MHC (18), one
may speculate that after disruption of the PI 3-kinase signal-
ing, PDGF-induced phenotypic modulation of VSM cells may
shift toward differentiation. This hypothesis was addressed by
transient transfection of a CAT-reporter construct expressed
under the control of the �1346 nucleotide promoter region of
the SM-MHC gene (pCAT-1346). VSM cells maintained in QM

FIG. 3. PDGF-induced association of phospho-Akt and Raf-1.
Whole cell lysates were prepared from VSM cells maintained in serum-
free medium (QM) or stimulated with PDGF (10 ng/ml) for the indicated
time (in minutes). Lysates were subjected to immunoprecipitation with
an anti-Raf-1 antibody (2 �g). Immunoprecipitates were recovered with
protein A-coupled Sepharose beads, washed, and separated by 10%
SDS-PAGE. The co-precipitated Akt was detected either with anti-Akt-
or anti-phospho-S473-Akt antibodies. Note the reduced affinity of anti-
Akt to its phosphorylated epitope amino acids 466–479 as shown in Fig.
2. The recovery of immunoprecipitated Raf is shown in the lower panels
by probing blots with anti-Raf antibodies. The mobility shift following
PDGF stimulation represents the phosphorylation of Raf. FIG. 4. Effect of LY294002 on the phosphorylation pattern of

Akt, Raf, MEK, and ERK in PDGF- and thrombin-stimulated
cells. VSM cells were treated with LY294002 (20 �M, LY) or its solvent
as indicated. After 30 min, cells were stimulated with PDGF-BB (10
ng/ml) or thrombin (1 unit/ml) for the indicated times (in min). For each
time point, aliquots of cell lysates were separated on SDS-PAGE and
probed for the phosphorylated forms of: A, Akt (phospho-S473); B, Raf
(phospho-S259); C, MEK (phospho-S217/221); or D, ERK1/2 (phospho-
T202/Y204). Equal loading and mobility shifts are demonstrated with
antibodies detecting the respective total proteins. Note that PDGF- and
thrombin-treated samples were loaded on the same gel allowing a direct
comparison of signal intensities. The experiment shown is representa-
tive of two experiments showing similar results.
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showed an about 4-fold increased CAT activity as compared
with controls transfected with a promoterless pCAT-basic vec-
tor. Under these conditions, the addition of PDGF for 36 h did
not further increase the promoter activity (Fig. 7A). However,
the pretreatment with LY294002 (50 �M) for 30 min prior to the
addition of 10 ng/ml PDGF resulted in a more than 2-fold
increase in CAT activity as compared with the absence of the PI
3-kinase inhibitor (n � 6). Similar results were obtained with
wortmannin (100 nM). In the absence of PDGF, neither
LY294002 nor wortmannin alone were sufficient to increase
the promoter activity (data not shown).

To further substantiate that the effect of PI 3-kinase inhibi-
tion on the PDGF-induced SM-MHC promoter activity is me-
diated via Akt, genetically encoded modulators were applied.
VSM cells were co-transfected with pCAT-1346 and different
amounts of expression plasmids encoding dominant negative
Akt (K179A mutant). In all co-transfection experiments, the
total amount of transfected plasmid DNA was kept constant (1
�g/well) by addition of promoterless pCAT-basic. The CAT ac-
tivity in PDGF-stimulated VSM cells was concentration depen-
dently increased by coexpression of dominant negative Akt
(Fig. 7B) corroborating the results with PI 3-kinase inhibitors.
Thus, in PDGF-stimulated VSM cells, inhibition of PI 3-kinase/
Akt extended ERK1/2 activity and up-regulated the SM-MHC
promoter activity.

Conversely, constitutively active Akt should disrupt the dif-
ferentiating signal of thrombin stimulation. The coexpression
of Akt N-terminal fused to the myristoylation/palmitylation

motif from the Lck tyrosine kinase (19) concentration depen-
dently disrupted the thrombin-induced promoter CAT activa-
tion by more than 90% (Fig. 7C) similar to the action of domi-
nant-negative Raf (18). These data demonstrate that sustained
Raf/MEK/ERK signaling correlates with in vitro re-differenti-
ation of VSM cells and is negatively controlled by the PI 3-ki-
nase/Akt-pathway. Consistent with the hypothesis that the
expression of contractile proteins may be controlled by a sus-
tained ERK activation irrespective of the kind of the input
signal, permanent activation of protein kinases C by phorbol
12-myristate 13-acetate (1–100 nM) induced a sustained
ERK1/2 activation and increased the SM-MHC promoter activ-
ity in a concentration-dependent fashion up to the 2.3-fold at 10
nM (data not shown). Similarly, heterologous expression of con-
stitutively active Raf (C-terminal fragment) increased the SM-
MHC promoter activity by about 2-fold (data not shown).
Hence, expression of contractile proteins in VSM cells is in-
creased either by ligands inducing a sustained ERK activation
or by suppression of PI 3-kinase/Akt that blocks sustained
signaling through the Ras/Raf/MEK/ERK cascade at the level
of Raf.

DISCUSSION

In neonatal rat VSM cells, serum treatment induces prolif-
eration but also increases the expression of contractile pro-
teins. Although the serum components PDGF and thrombin
activate similar signal transduction pathways, they have a
divergent impact on mitogenesis and differentiation. Our re-
sults in VSM cells demonstrate that the balance of the PI
3-kinase/Akt and Ras/Raf/MEK/ERK activation corresponds to
the proliferative and differentiating potential of the respective
agonist. The PI 3-kinase-dependent activation of Akt results in
an interaction with Raf that is accompanied by a phosphoryl-
ation at Ser259, a decrease in Raf kinase activity, and subse-
quent reduced MEK and ERK1/2 phosphorylation. Thrombin

FIG. 5. PI 3-kinase-dependent modulation of the PDGF-in-
duced Raf activity. VSM cells were preincubated with LY294002 (20
�M) or its solvent (0.05% Me2SO) for 30 min and then stimulated with
10 ng/ml PDGF-BB for the indicated time (in min). The Raf kinase
activity was assessed by immunoprecipitation of Raf-1 and coincubation
of [�-32P]ATP and recombinant GST-MEK protein as a substrate. A,
phosphorylated GST-MEK was separated by SDS-PAGE and assessed
with a phosphorimaging system. The equal recovery of immunoprecipi-
tated Raf was confirmed by applying anti-Raf-1 antibodies. Experi-
ments were repeated three times with similar results, and a represent-
ative example is shown. B, statistical analysis of all experiments. The
photon-induced luminescence of each sample was quantified and ex-
pressed as a fold induction of basal activity. The bars depict mean �
S.E. of three independent experiments for each time point.

FIG. 6. PI 3-kinase inhibition augments the PDGF-induced
late-phase ERK phosphorylation. A, whole cell lysates were pre-
pared from VSM cells after treatment with different concentrations of
LY294002 (added 30 min prior to agonist addition) and subsequent
stimulation with PDGF (10 ng/ml for the indicated time in min). Phos-
phorylated ERK1/2 was detected as described in the legend to Fig. 2. B,
comparative data for the thrombin (1 unit/ml)-induced temporal pat-
tern of ERK1/2 phosphorylation with and without LY294002 pretreat-
ment are given in the lower panel. Aliquots of the same lysates were
probed with antibodies detecting total ERK1/2 demonstrating the equal
loading (data not shown). Representative data of three to five independ-
ent experiments are shown.
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induced a partial and temporary phosphorylation of Akt that
was not sufficient to suppress the late-phase ERK activation.
By contrast, the PDGF-induced strong and persistent phospho-
rylation of Akt inactivates Raf which terminates the coupling
to MEK and ERK. Disruption of the PI 3-kinase/Akt signaling
augmented the PDGF-induced Raf kinase activity resulting in
a sustained ERK1/2 phosphorylation and subsequent activa-
tion of the SM-MHC promoter.

Both, receptor tyrosine kinases and G-protein-coupled recep-
tors activate at least three common signaling modules: (i) PLC
isoforms that increase the cytosolic [Ca2�]i concentration and
activate protein kinases C, (ii) the ERK class of MAP kinases,
and (iii) the PI 3-kinase/Akt pathway. The balance of signal
intensities, kinetics, and potential cross-regulations between
these pathways may define the direction of phenotypic modu-
lation in VSM cells. PDGF and thrombin induced a comparable
extent and duration of [Ca2�]i transients (18). Similarly, both

receptors initiated a rapid and almost complete phosphoryla-
tion of ERK1/2 as deduced by mobility shifts of protein bands
when whole cell lysates were analyzed with anti-ERK1/2 anti-
bodies. At later time points, however, a second-phase ERK1/2
phosphorylation was only detectable when cells were stimu-
lated with thrombin. More strikingly, Akt was only weakly and
transiently phosphorylated by thrombin treatment, whereas
PDGF induced a robust and long-lived Akt phosphorylation.
This differential kinetic pattern of Akt activation may be due to
the different equipment of the cells with various PI 3-kinase
isoforms. There is a large body of evidence that G-protein-
coupled receptors via G�� subunits are capable of activating
the �- and �-isoforms of class I PI 3-kinases (20–23). Receptor
tyrosine kinases couple to PI 3-kinase � (24, 25) and, in syner-
gism with G��, activate PI 3-kinase � (26).

The weak and short-lived Akt phosphorylation in response to
thrombin treatment may rely on a reduced availability of G��
subunits. RGS3 has been demonstrated to limit G��-dependent
activation of both Akt and ERK1/2 by virtue of its GAP activity
for G�i subunits and subsequent reassociation of the GDP-
bound G�i and G�� (27). Alternatively, Akt may be more rap-
idly dephosphorylated by ceramide-sensitive (28) or other pro-
tein phosphatases. This open question is currently addressed
by monitoring the translocation of phosphoinositide 3,4,5-P3-
sensitive pleckstrin homology domains. The GFP-fused pleck-
strin homology domains of Akt and GRP1 (29) may be valuable
tools for this attempt.

Fig. 8 depicts a model of the PDGF- and thrombin-induced
signaling to the PI 3-kinase/Akt and Ras/Raf/MEK/ERK cas-
cades that includes a negative cross-regulation of Raf by acti-
vated Akt. The coupling to PI 3-kinases and subsequent Akt
phosphorylation upon PDGF stimulation elicits a strong and
persistent signal that remained detectable for several hours.

FIG. 7. PI 3-kinase/Akt negatively regulate the PDGF-induced
SM-MHC promoter activity. A, VSM cells were transfected with a
�1346 nucleotide SM-MHC promoter-CAT fusion construct (pCAT-
1346) and then serum-starved for 36 h. Following pretreatment with
the indicated concentrations of LY294002 or wortmannin for 30 min,
cells were incubated in the presence of serum-free medium (QM, white
bar) or QM supplemented with 10 ng/ml PDGF-BB (black bars). B, to
test for the functional role of Akt in the PDGF-mediated SM-MHC
promoter induction, VSM cells were co-transfected with 0.5 �g/well
pCAT-1346 and the indicated amounts of dominant negative Akt ex-
pression constructs (d.n. Akt). The total amount of plasmid DNA was
kept constant (1 �g/well) with promoterless pCAT-basic. C, VSM cells
were co-transfected with pCAT-1346 and the indicated amounts of
constitutively activate Akt (c.a. Akt) and then stimulated with 1 unit/ml
thrombin. Cells were lysed 36 h after agonist application and analyzed
for CAT activity. Depicted CAT activities were normalized for protein
concentrations and compared with the CAT activity of cells transfected
with a reporter gene construct lacking the SM-MHC promoter. Bars
represent the mean � S.E. of at least five independent transfection
experiments.

FIG. 8. Schematic diagram of the PDGF- and thrombin-medi-
ated regulation of ERKs. PI 3-kinase-dependent sustained Akt acti-
vation following ligand binding of PDGF �-receptors inhibits Raf kinase
activity and suppresses MEK and subsequent late phase ERK activa-
tion. The short-lived Akt activity following stimulation of a protease-
activated receptor fails to inhibit Raf kinase activity. The G��-induced
activation of the Ras/Raf/MEK cascade results in a second-phase ERK
phosphorylation required for the enhanced expression of contractile
proteins. PDGF �-R, PGDF �-receptor; PAR, protease-activated recep-
tor; PI 3-kinases�,�,�, �-, �-, and �-subtypes of phosphatidylinositol-3-
kinase; p-Akt, activated (S-473-phosphorylated) Akt; p-ERK, phospho-
rylated p42/p44-forms of extracellular signal related kinase.
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Since an interference of the Ras/Raf/MEK/ERK and PI 3-ki-
nase/Akt cascades has been demonstrated and previously at-
tributed to direct interaction and inhibitory phosphorylation of
Raf by Akt (13, 14), we studied the role of this cross-regulation
for the PDGF-mediated signaling in VSM cells. Indeed, the
strong phosphorylation of Akt coincided with an association
with c-Raf and its phosphorylation at Ser259 (Figs. 3 and 4), a
critical position for the intrinsic Raf kinase activity (30). Fur-
thermore, our data demonstrate the PI 3-kinase dependence of
Akt and Raf activities and its inhibitory consequence on MEK
and ERK1/2 phosphorylation. Consistent with the idea that a
prolonged ERK activity is necessary and sufficient to up-regu-
late the expression of contractile proteins, the shift of the
balance toward sustained Raf/MEK/ERK signaling adds a dif-
ferentiating potential to a well accepted mitogen in VSM cells.
In agreement with the hypothesis that the mitogenic signal
may rely on the inhibitory cross-regulation of the Ras/Raf/
MEK/ERK cascade by Akt, overexpression of Akt has been
shown to override the NGF-induced growth arrest and to in-
hibit the differentiation of PC12 cells (31). Moreover, the ob-
served PI 3-kinase/Akt-mediated termination of late-phase
ERK1/2 phosphorylation may serve as a mechanistical expla-
nation for the temporal pattern of short-lived ERK1/2 phospho-
rylation followed by a more delayed PI 3-kinase activity that is
critical for the PDGF-induced progression of the cell cycle from
G1 to S (32).

Besides the inactivating phosphorylation through Akt, Raf
isoforms underlie various further modulating input signals. An
alternative termination signal is given by the docking of p120-
Ras-GAP to the activated PDGF �-receptor. Although becom-
ing phosphorylated at the ligand-bound PDGF �-receptor, it is
not certain whether the phosphorylation of p120-Ras-GAP af-
fects its GTPase accelerating activity at the downstream effec-
tor Ras. In p120-Ras-GAP knock-out mice, however, PDGF-BB
treatment has been demonstrated to enhance and prolong the
phosphorylation of ERK2 (33). In transfection experiments ap-
plying mutated PDGF �-receptors, the single readdition of the
p120-Ras-GAP docking site Tyr771 largely suppresses the
PDGF-induced mitogenis by silencing PLC-� (34). The addi-
tional finding that phosphorylated p120-Ras-GAP disrupts the
ability of Src to promote the phosphorylation of PLC-� (35)
offers an unexpected and Ras-independent role of this signaling
molecule in the supramolecular signaling complex of the recep-
tor tyrosine kinase. The possible role of p120-Ras-GAP for the
PDGF-induced mitogenic signaling in VSM cells, however, re-
mains to be clarified.

Besides c-Raf, other Raf isoforms may transmit the late-
phase ERK phosphorylation. In PC12 cells, the NGF-induced
early ERK phosphorylation via Ras and c-Raf is followed by a
second wave ERK phosphorylation via activated Rap1 which
forms a stable complex with B-Raf (36). This alternative path-
way to promote a long-lived activation of ERKs, however, is
equally sensitive to negative regulation by Akt (37). Indeed,
overexpressed Akt overrides the NGF-induced growth arrest
and blocks the neurite outgrowth in PC12 cells (31). The pro-
tein kinase A-mediated inhibitory phosphorylations of Raf (38–
40) or the Ras-dependent activation of Raf by protein kinases C
(41, 42) assemble to a complex picture of signal integration at
the level of Raf.

The thrombin-induced re-differentiation of VSM cells corre-
lates with activation of ERK and can be mimicked by the
heterologous expression of an activated Raf mutant. The de-
gree of excess activation of the Raf/MEK/ERK kinase cascade is
critical to cell survival since transfection of highly active Raf
mutants led to detachment of cells indicative of a toxic effect
(data not shown). The S259A replacement of Raf used in this

study interferes with binding of 14-3-3 (43) and may keep Raf
in a open conformation. Previous studies have been shown that
S259A-Raf is about 2.5-fold more active than the wild-type
molecule (30), an effect that is sufficient to increase the expres-
sion of SM-MHC in VSM cells (18). Similarly, activation of
endogenous Raf by stimulating receptor tyrosine kinases with
IGF, epidermal growth factor, or NGF revealed an about 2–3-
fold activation of the Raf kinase activity (44, 45). In PDGF-
stimulated VSM cells, PI 3-kinase inhibition increased the
late-phase Raf activity by about 2-fold, an effect that was
sufficient to generate a prolonged ERK1/2 phosphorylation.
Moreover, the appearance of a more sustained activation of
ERKs closely correlated with the gain of SM-MHC promoter
activation in response to PDGF stimulation. It is tempting to
speculate that, by reducing the PI 3-kinase/Akt-mediated neg-
ative input into the Raf kinase, the balance of PDGF-induced
signaling pathways now resembles that seen after thrombin
stimulation. The outcome of the cells may therefore be shifted
toward differentiation. These findings correlate with each
other in terms of the activation of Raf and ERK1/2, the degree
of the induction of the biological response, and the behavior of
the activated Raf mutants.

Hayashi et al. (46) found that the induction of PI 3-kinase
activity through IGF or insulin is essential to maintain the
differentiated phenotype of embryonic gizzard smooth muscle
cells when cultured on laminin (46). In these cells IGF-I failed
to activate ERK1/2, JNK, or p38 MAP kinase. In vascular
smooth muscle cells, however, several reports and our findings
demonstrate that IGF-I stimulates MAP kinases and promotes
proliferation and migration of vascular smooth muscle cells (47,
48). In contrast to our results with VSM cells, the maintenance
of the differentiated state of the visceral smooth muscle was
attributed to the IGF-I-induced PI 3-kinase activity (46). Al-
though their concept was extended to freshly isolated aortic
smooth muscle cells (49), the lack of a biochemical character-
ization of the processes precludes the comparison of these data
with our results. Consistent with the role of Akt to override
growth arrest in PC12 cells, PI 3-kinase signaling results in
growth and oncogenic transformation in a variety of cell types
(50, 51). The puzzling finding that PI 3-kinase signaling exhib-
its both differentiation or proliferative and even oncogenic po-
tential may rely on differential effects of PI 3-kinase isotypes,
cell-specific expression of their effector molecules, and down-
stream integration with other coincident signaling mecha-
nisms. Besides its lipid kinase activity, class I PI 3-kinases
directly bind to Ras (52), but only PI 3-kinase � has been shown
to be directly stimulated by Ras-GTP (53). On the other hand,
PI 3-kinase � has been shown to decrease the GTPase activity
of Ras (54). Thus, the sequential activation of these signaling
molecules is still under debate. The counteracting phosphati-
dylinositol-3-phosphatase PTEN is widely accepted to mediate
growth arrest (55) and was initially characterized as a tumor
suppressor molecule (56). In agreement with this concept, our
data point to a role of PI 3-kinase/Akt to promote the PDGF-
mediated growth and de-differentiation of VSM cells. The sus-
tained ERK1/2 phosphorylation and/or the absence of PI 3-ki-
nase activation may serve the appropriate signal to induce
growth arrest and differentiation. Pharmacological or genetic
modulation of the balance between signaling cascades may
therefore serve as a target to propagate the differentiated state
of vascular smooth muscle.
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