
Differential effect of simvastatin on various signal transduction
intermediates in cultured human smooth muscle cells

Pascale Ne`gre-Aminoua,*, Monique van Ercka, Rick E.W. van Leeuwena, John G. Collardb,
Louis H. Cohena

aTNO Prevention and Health, Gaubius Laboratory, Zernikedreef 9, P.O. Box 2215, 2301 CE Leiden, The Netherlands
bThe Netherlands Cancer Institute, Division of Cell Biology, 1066CX Amsterdam, The Netherlands

Received 12 May 2000; accepted 14 September 2000

Abstract

The underlying mechanism of the antiproliferative effect of S (simvastatin), a HMG-CoA reductase inhibitor, in vascular smooth muscle
cells (SMC) is still poorly understood. In the present study, we used synchronized human SMC, isolated from left interior mammary artery,
as anin vitro model to test the effects of S on platelet-derived growth factor (PDGF)-induced DNA synthesis, extracellular-regulated kinase
1/2 (ERK1/2), p38/stress-activated protein kinase 2 (SAPK2), RhoA and Rac1 activation. ERK1/2 phosphorylation was triggered within 2
min of PDGF stimulation (early G1 phase) and was blocked by PD98059, a specific inhibitor of the ERK1/2 pathway, which also strongly
inhibited PDGF-induced DNA synthesis (IC50 5 10 mmol/L). PDGF quickly induced p38 phosphorylation (early G1 phase) and SB203580,
a specific inhibitor of the p38/SAPK2 pathway, also blocked PDGF-induced DNA synthesis (IC50 5 0.3 mmol/L). Translocation to the
plasma membrane of small GTPases, such as RhoA and Rac1, could not be detected within 15 min of stimulation with PDGF or
lysophosphatidic acid (LPA) (early G1 phase), but occurred after 24 hr of PDGF stimulation (late G1/S phase). S inhibited PDGF-induced
DNA synthesis (IC50 5 3.5mmol/L), and this effect was dependent on intracellular mevalonate, farnesyl pyrophosphate, and geranylgeranyl
pyrophosphate availability. The critical time period for the reversal of the S effect by mevalonate comprised both the early and late G1 phase
of the SMC cycle. PDGF-induced ERK1/2 phosphorylation and PDGF-induced p38 phosphorylation were not markedly affected by S during
the whole G1 phase. However, S treatment blocked the PDGF- and LPA-induced membrane translocation of RhoA that occurred during the
late G1/S phase. In the case of Rac1, the same process was also inhibited by S treatment. We concluded from these results that, in SMC, the early
events associated with ERK1/2 and p38 signal transduction pathways, recruited for PDGF-mediated DNA synthesis, were insensitive to S action,
whereas the mevalonate-dependent, posttranslational modification of RhoA and Rac1 molecules, required for PDGF-induced membrane translo-
cation, was blocked by this drug. These results suggest that the antiproliferative effect of S can be explained not only by the blockage of
RhoA-mediated signaling events but also by Rac1-mediated signaling events. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

SMC are normally present in a relatively quiescent state
in the blood vessel wall. However, a proliferative response

is observed in the case of arterial injury following percuta-
neous transluminal coronary angioplasty or during the pro-
cess of atherosclerosis. Among the various mitogens in-
volved in SMC growth, PDGF interacts with specific SMC
receptors, which ultimately leads to DNA synthesis and cell
proliferation involving signal transduction proteins such as
PKC [1], Ras, Rac, and the MAPK family [2]. Ten members
of this family have thus far been identified in mammalian
cells [3]. Two of these, MAPK1/ERK1 and MAPK2/ERK2,
are known to be activated by growth factors with a tyrosine
kinase receptor such as PDGF. In contrast, the other MAPK
family members are strongly activated by stress signals and
proinflammatory cytokines and, thus, are frequently referred
to as SAPKs. The occurrence of an inflammatory response
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in atherosclerotic lesions involving cellular immune pro-
cesses is now well documented [4]. The precise role of SMC
proliferation in atherosclerosis and the question as to
whether intimal SMC contribute to the pathogenesis and
progression of vascular lesions are today under debate [5].
Since the stability of the plaque seems to be directly related
to its SMC content and inversely related to its macrophage
content [4], inhibition of SMC proliferation may not be
desirable in the context of plaque stabilization.

Statins, cholesterol-lowering drugs, are extensively used
for the prevention and treatment of atherosclerosis [6,7].
The antiproliferative effect of these drugsin vitro has been
associated with the lowering of the cellular content of me-
valonate, an intermediate of the cholesterol biosynthesis
pathway [8]. This compound is the precursor of FPP and
GGPP, isoprenoid intermediates that are important for the
posttranslational modification of a variety of proteins [9],
including Ras, Rho, and Rac. We previously observed, in
cultured human SMC, that the antiproliferative effect of S
was accompanied by a decrease in the farnesylation of
newly synthesized Ras [10]. This fact, together with the
observation that S could inhibit PDGF-induced DNA syn-
thesis in synchronized SMC [10,11], led us to analyze
Ras-mediated ERK1/2 activation in these cells. Moreover,
very little information on the activation of stress/inflamma-
tory pathways by PDGF has been available until now. Stim-
ulation of quiescent cells with growth factors has been
shown in many cases to induce rapid organization of the
actin cytoskeleton, the regulation of this process by Rac and
Rho being dependent on the cell type [12]. In Swiss 3T3
fibroblasts, Rho activation was found to be responsible for
stress fibre assembly, whereas membrane ruffling was me-
diated through Rac activation [12]. Recently, isoprenylation
of RhoA and its membrane translocation was shown to
coincide with cell cycle progression in rat thyroid cells [13]
and in human SMC [15]. These facts led us to investigate
the effect of PDGF on DNA synthesis, ERK1/2 phosphor-
ylation, p38/SAPK2 phosphorylation, and RhoA and Rac1
activation in synchronized, quiescent human SMC. The
effect of S on all these processes was analyzed during early
and late G1 phase so as to gain more insight into the
mechanism of action of S in blocking SMC proliferation.

2. Materials and methods

2.1. Materials

S was kindly provided by Sankyo Co. The drug was in
the open sodium salt form and kept at220° as a 10 mM
stock solution (in 100% ethanol) for up to 2 weeks.
SB203580 was from Alexis Corp. PD98059 and SB203580
were kept at220° as 100 mM (in 100% DMSO) and 100
mM (in 100% ethanol) stock solutions, respectively.
[3H]Thymidine (specific radioactivity of 70–86 Ci/mmol)
was purchased from Amersham. GGPP, FPP, Mev, phos-

phatidylcholine, and LPA were purchased from Sigma. Re-
combinant, human PDGF B/B, polyclonal peroxydase-con-
jugated, anti-rabbit immunoglobulin G (anti-rabbit IgG–
POD), and protease inhibitor cocktail tablets (Complete™)
were from Boehringer Mannheim B.V. Rabbit polyclonal
immunoglobulin G anti-ERK1/2 (anti-ERK1/2), rabbit
polyclonal immunoglobulin G anti-RhoA (anti-RhoA), and
polyclonal peroxydase-conjugated, anti-mouse immuno-
globulin G (anti-mouse IgG–POD) were from Santa Cruz
Biotechnology. Rabbit polyclonal anti-phosphorylated p38
(anti-phospho p38) and PD98059 were from New England
Biolabs Inc. Mouse polyclonal immunoglobulin G anti-
Rac1 (anti-Rac1) was from Transduction Lab. The GST–
PAK-CD fusion protein was generated and used as previ-
ously described [14].

2.2. SMC cultures

Human SMC were isolated from left interior mammary
artery explants obtained from patients undergoing bypass
surgery. Vascular specimens, discarded after the operation,
were kindly provided by the Department of Thorax Surgery
of the Leiden University Medical Center according to the
rules of the local ethical committee. The cells were cultured
as previously described [10]. SMC cultures were used
within 6 passages in this study. The average doubling time
was 2.5 days.

2.3. Preparation of liposomes of isoprenoids

Liposomes containing a mixture of dipalmitoylphos-
phatidylcholine (3.6 mg) and either GGPP or FPP (200mg)
were prepared according to Hiraiet al. [13]. They were kept
at 4° until use.

2.4. DNA synthesis

After trypsinization, SMC were seeded (25,000 cells/2.5
cm2 well) in serum-poor Dulbecco’s modified Eagle’s me-
dium (DMEM), containing 0.4% fetal bovine serum, for
65–70 hr to obtain quiescent, synchronized cells. After this
“growth arrest” period, cells were preincubated with S,
Mev, isoprenoids, PD98059, SB203580, or control medium
and stimulated, as indicated in the figure legends. Cells were
further processed for determination of DNA synthesis ac-
tivity by a [3H]thymidine incorporation assay, as previously
described [10].

2.5. Measurement of membrane translocation by
subcellular fractionation

The detailed protocol of this technique is described in
Hirai et al. [13]. Cells (200,000 cells/10 cm2 well; 2 wells/
sample) were made quiescent, as described above, incu-
bated further, and stimulated as described in the figure
legends. They were then washed in ice-cold PBS, disrupted
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by incubation (30 min, 4°) in hypotonic buffer (5 mM
Tris–HCl, 5 mM NaCl, 1 mM CaCl2, 2 mM EGTA, 1 mM
MgCl2, 2 mM dithiothreitol; pH 7.0) containing a mixture
of protease inhibitors, and separated into membrane-associ-
ated and cytosolic fractions by centrifugation (100,000g, 1
hr at 4°). The volume of each fraction was adjusted to
comparable values, diluted in SDS–PAGE buffer, and spe-
cific proteins contained in the membrane-associated frac-
tions were detected by Western blotting.

2.6. Western blot analysis

After trypsinization, SMC (200,000 cells/10 cm2 well)
were made quiescent, as described above, further incubated,
and stimulated as described in the figure legends. Cells were
then lysed in SDS–PAGE buffer and processed for SDS–
PAGE analysis. Only in the case of ERK1/2 detection, were
phosphorylated and non-phosphorylated forms of the pro-
teins separated by electrophoretic migration on an 8.4%
polyacrylamide gel. All other proteins were resolved on
pre-cast 10% polyacrylamide mini-gels (Gradipore Ltd.).
Proteins were transferred onto polyvinylidene fluoride
membranes (0.45mm; Millipore Corp.). The membranes
were first shaken for 1 hr in TBS (20 mmol/L of Tris, 136
mmol/L of NaCl, pH 7.6) containing 0.25% Tween 20 and
5% non-fat, protein-enriched milk (Protifar™), then incu-
bated with anti-ERK1/2 (1/3000 dilution in TBS/Tween,
overnight at 4°), anti-phospho p38 (1/5000 dilution in TBS/
Tween/milk, overnight at 4°), anti-RhoA (1/500 dilution in
TBS/Tween, overnight at 4°), or anti-Rac1 (1/500 dilution
in TBS/Tween, overnight at 4°), followed by an incubation
with an anti-rabbit IgG–POD (1/1000 dilution in TBS/
Tween, 1 hr at room temperature) or with an anti-mouse
IgG–POD (1/2000 dilution in TBS/Tween, 1 hr at room
temperature). When the anti-phospho p38 antibody was
used, 0.5 mmol/L of vanadate was present in all incubations
to prevent phosphatase activity. The immunoreactive pro-
teins were visualized by chemiluminescence using a perox-
idase enzymatic reaction (enhanced chemoluminescence
kit, Amersham). In some cases, the intensity of each specific
band was quantified by densitometry after scanning of the
exposed film. Unless otherwise specified, the results of 1
experiment, representative of a series of 3–4 experiments,
are shown.

2.7. Rac activation assay

The detailed protocol of this technique is described in
Sanderet al. [14]. Cells (200,000 cells/10 cm2 well; 3
wells/sample) were made quiescent, as described above,
further incubated, and stimulated as described in the figure
legends. They were then washed in ice-cold PBS, lysed in
the presence of a mixture of protease inhibitors (Com-
plete™), and then centrifuged for 5 min at 13,000g at 4°.
Aliquots were taken from the supernatant to compare the
amounts of total Rac1 among the samples. The supernatant

was incubated with bacterially produced GST–PAK-CD
fusion protein bound to glutathione-coupled Sepharose
beads at 4°, for 1 hr. The protein/fusion protein/bead com-
plex was washed 3 times in an excess of lysis buffer, eluted
in SDS-containing Laemmli buffer, and then analyzed for
bound Rac1 molecules (GTP-bound Rac1) by Western blot-
ting.

2.8. Statistical analysis

Quantitative results are given as means6 SD. For sta-
tistical evaluation, the results were analyzed by means of a
Student’s t-test. Differences were considered statistically
significant at valuesP . 0.05.

3. Results

3.1. Inhibition of PDGF-induced DNA synthesis in
synchronized HSMC by simvastatin and specific inhibitors
of MAPK and SAPK pathways

In synchronized SMC, PDGF-induced DNA synthesis
was inhibited by S in a concentration-dependent manner
(IC50 5 3 mmol/L; Figs. 1A,B and 2C). This inhibitory
effect was fully overcome by the presence of Mev during
the whole period of S incubation, during the first 10 hr, and
during the time interval of 10–20 hr after PDGF addition
(values not statistically different from control value after
PDGF stimulation,P . 0.05) (Fig. 1A). When Mev was
present only before PDGF addition or during the last 6 hr of
PDGF addition, no overcoming effect was observed (Fig.
1A). There is, therefore, a critical time period, comprising
both early and late G1 phase, when PDGF-stimulated cells
require Mev for DNA synthesis to proceed. Incubation of
FPP- or GGPP-containing liposomes during the whole pe-
riod of S treatment prevented its inhibitory effect on PDGF-
induced DNA synthesis (values not statistically different
from control value after PDGF stimulation,P . 0.05)(Fig.
1B), suggesting that the mode of action of S takes place
through inhibition of both farnesylation and geranylgerany-
lation of signal transduction protein(s), probably at various
steps of the G1 phase. When FPP or GGPP alone was used,
FPP did not prevent the S effect (Fig. 1B), probably because
this compound is less hydrophobic than GGPP and is not as
well taken up by the cell in such a state.

In order to block the ERK1/2 pathway, we used
PD98059, a specific inhibitor of MAPK kinase 1 and (to a
lesser extent) MAPK kinase 2 activation. This compound
inhibited PDGF-induced DNA synthesis in a concentration-
dependent manner (IC50 5 10 mmol/L) (Fig. 2A). Similarly,
SB203580, a specific inhibitor of p38/SAPK2 substrate ac-
tivation, even more strongly inhibited PDGF-induced DNA
synthesis in a concentration-dependent manner (IC50 5 0.3
mmol/L) (Fig. 2B). Moreover, up-regulation of PKC by
PMA, which induced a partial phosphorylation of ERK1/2
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(Fig. 3A) but no phosphorylation of p38 (Fig. 3B), was not
able to trigger DNA synthesis (Fig. 3C). These data taken
together indicate that both the ERK1/2 and p38/SAPK2
pathways must be recruited for DNA synthesis to proceed.

3.2. Absence of effect of simvastatin on the activation of
ERK1/2 by PDGF

In order to further investigate whether the inhibitory
effect of S on PDGF-induced DNA synthesis was mediated
through its interference on the ERK1/2 pathway, we ana-
lyzed ERK1/2 phosphorylation patterns in PDGF-stimu-
lated SMC. As shown in Fig. 4A, a 10-min incubation with
PDGF induced a strong activation of ERK1/2. This process
was already attenuated after 2 hr and very moderately sus-
tained up to 24 hr after PDGF addition (non-phosphorylated
and phosphorylated forms both present). S treatment inhib-
ited neither the early induced nor long-lasting ERK1/2
phosphorylation (Fig. 4A).

Since the PDGF concentration used in our experiments
was quite high (20 ng/mL) and could stimulate DNA syn-
thesis up to 20-fold in quiescent HSMC, we investigated
whether ERK1/2 stimulation could occur at much lower

PDGF concentrations and whether, under these less extreme
conditions, S could block this process. PDGF-induced
ERK1/2 phosphorylation was total and complete at concen-
trations as low as 2 ng/mL (Fig. 4B), whereas the induction
of DNA synthesis by PDGF followed a typical concentra-
tion-dependent pattern with a maximal effect at concentra-
tions higher than 20 ng/mL (Fig. 4C). S failed to inhibit
ERK1/2 phosphorylation at all PDGF concentrations tested.
In contrast, the amplitude of the effect of PD98059, a
specific inhibitor of the ERK1/2 pathway, was inversely
proportional to PDGF concentration (Fig. 4B).

3.3. Absence of effect of simvastatin on the activation of
p38/SAPK2 by PDGF

Since PDGF-induced DNA synthesis was inhibitable by
SB203580, a specific inhibitor of p38/SAPK2 substrate ac-

Fig. 1. Inhibition of PDGF-induced DNA synthesis by simvastatin in
synchronized SMC. Influence of mevalonate (A) and of isoprenoid com-
pounds (B) on the simvastatin inhibitory effect. Cells were preincubated
with S for 25 hr, PDGF (20 ng/mL) added, and DNA synthesis measured
26 hr later. Incubations were performed in the absence or presence of Mev
(100 mM), FPP- or GGPP-containing liposomes (1FPPlip,1GGPPlip, 5
mM), or medium (1med) for the indicated lengths of time. Each assay was
performed in triplicate. Bars depict SD of a typical experiment. Fig. 2. Comparison of the inhibitory effect of PD98059 (A), SB203580 (B),

and simvastatin (C) on PDGF-induced DNA synthesis, in synchronized
SMC. Cells were preincubated with PD98059 or SB203580 for 1 hr or with
S for 25 hr, at the indicated concentrations. PDGF (20 ng/mL) was then
added and DNA synthesis measured 26 hr later. The data were expressed
in % of control [control value, PDGF added (A): 29,2616 6,654 dpm/well;
control value, PDGF added (B): 14,0776 1,360 dpm/well; control value,
PDGF added (C): 8,2436 230 dpm/well]. Each assay was performed in
triplicate. Bars depict SD of a typical experiment.
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tivation (see Fig. 2B), we investigated the effect of this
growth factor on the activation of p38 by detecting the
phosphorylated form of the enzyme with a specific anti-
body. P38 phosphorylation was strongly induced by PDGF
at concentrations as low as 2 ng/mL (Fig. 5C). As shown in
Fig. 5, A and B, this process was triggered during the early
G1 phase (2–10 min after PDGF addition), followed by
inactivation and re-activation during the late G1 phase. S
(2-hr pretreatment, 10mM) failed to inhibit p38 phospho-
rylation during the early G1 phase (Fig. 5, A and B) and
even seemed to sustain it during the late G1/S phase of the
cell cycle. The same results were obtained with a 24-hr
pretreatment with S (not shown). Measurement of total p38
levels by Western blotting using an anti-p38 antibody indi-
cated that the total amount of this protein was not affected
by S treatment (not shown).

3.4. Inhibition of PDGF-induced membrane translocation
of RhoA and Rac1 by simvastatin

Protein prenylation is essential for the attachment of
small GTPases to the plasma membrane and for their sub-
sequent membrane translocation, a crucial step for the ac-
tivation of their respective signal transduction pathways.
The membrane translocation of RhoA and Rac1 was as-
sessed by measuring the amount of these proteins in the

membrane-associated fraction obtained after subcellular
fractionation. In quiescent cells (3 days in serum-poor me-
dium), the level of RhoA translocated to the membrane was
quite high and was not increased by LPA or PDGF, after 15
min of stimulation (Fig. 6A). A 2-hr pretreatment with 10
mM S did not remarkably affect the levels of translocated
RhoA during this time period (early G1 phase; Fig. 6A).
When the amounts of membrane-associated RhoA were
measured 24 hr later (4 days in serum-poor medium), a
much lower background signal was observed (Fig. 6A).
After 24 hr of incubation with LPA or PDGF, a high level
of membrane translocation was observed and S treatment
entirely blocked this process (Fig. 6A).

The high level of membrane-associated Rac1 detected in
quiescent cells (3 days in serum-poor medium) was not
noticeably increased by LPA or PDGF after 15 min of
stimulation (Fig. 6B). However, S reduced the levels of
Rac1 translocation in cells stimulated with LPA for 15 min
(Fig. 6B). As observed with RhoA, a much lower background

Fig. 3. Influence of PMA on ERK1/2 phosphorylation (A), p38 phosphor-
ylation (B), and DNA synthesis (C). Quiescent cells were preincubated
with PDGF (20 ng/mL) or PMA (at the indicated concentrations) for 10
min. The reaction was then terminated and the samples processed for
Western blotting, as described in Figs. 4A and 5B, or for measurement of
DNA synthesis, as described in Fig. 1.

Fig. 4. Time-course of PDGF-induced ERK1/2 phosphorylation (A); in-
fluence of PDGF concentration on ERK1/2 phosphorylation (B) and on
DNA synthesis (C), in synchronized SMC. Effect of simvastatin and
PD98059 on these processes. (A and B) Quiescent cells were preincubated
in the absence or presence of S for 25 hr, at the indicated concentrations.
PDGF was then added for 10 min, or the indicated times, and at 20 ng/mL,
or the concentrations indicated. The reaction was terminated by lysing the
samples in SDS–sample buffer, and the proteins were separated by SDS–
PAGE and immunolabeled by Western blotting using anti-ERK1/2. (C)
Cells were incubated with PDGF at the indicated concentrations and DNA
synthesis was measured 26 hr later. Each assay was performed in triplicate.
Bars depict SD. ERK1, ERK2: ERK1/2 non-phosphorylated forms;
ERK1-P, ERK2-P: ERK1/2 phosphorylated forms.
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signal was observed in cells incubated for 4 days in serum-poor
medium. A 24-hr incubation with LPA or PDGF strongly
induced Rac1 translocation to the membrane, a process
blocked by S treatment. All the observed inhibitory effects of
S were counteracted by the presence of Mev in the incubation
medium, indicating that they are related to Mev depletion and
posttranslational modification of the proteins analyzed.

3.5. Influence of simvastatin on the levels of GTP-bound
Rac1 after PDGF stimulation

Since Rac1 is a known activator of p38 and no inhibitory
effect of S was detected on p38 activation (Fig. 5A), we
tested the possibility that soluble, GTP-bound Rac1 could
account for p38 activation in the presence of S. We mea-
sured the levels of GTP-bound Rac1 in synchronized SMC
using a GST–PAK fusion protein with a binding domain
(CRIB domain:CD) for GTP-bound Rac1 (Fig. 6C). No
specific effect of PDGF was detected on Rac1 activation,
probably due to high background levels of GTP-bound
Rac1, possibly in part cytosolic, in quiescent cells. How-
ever, when quiescent cells were preincubated for 24 hr with
S and further incubated, in the presence of S, with PDGF or

medium, the levels of GTP-bound Rac1 decreased dramat-
ically, indicating that p38 activation occurring in the late G1
phase is independent of this parameter.

4. Discussion

We observed in synchronized, cultured human SMC that
S is able to inhibit PDGF-induced DNA synthesis in a
concentration-dependent manner (IC50 5 3 mmol/L). Al-
though it was previously reported that the growth of S-
treated cells can be restored by Mev, geranylgeraniol, and
farnesol [11,15], the direct effect of geranylgeraniol on
various cellular mechanisms [16–18] makes it difficult to

Fig. 5. Time-course of PDGF-induced p38 phosphorylation (A and B);
influence of PDGF concentration on p38 phosphorylation (C), in synchro-
nized SMC. Effect of simvastatin on these processes. Quiescent cells were
preincubated in the absence or presence of S (10mM) for 2 hr. PDGF was
then added for 10 min, or the indicated times, and at 20 ng/mL, or the
concentrations indicated. The samples were then processed as described in
Fig. 4, except that anti-phospho p38 was used. (A) Average curve from 2
independent experiments after quantification by densitometry of specific bands
obtained in Western blots (as shown in B). p38-P: p38 phosphorylated form.

Fig. 6. Influence of PDGF and LPA on the membrane translocation of
RhoA (A) and Rac1 (B) in synchronized HSMC. Comparison with the
influence of PDGF on the levels of GTP-bound Rac1 (C). Effect of
simvastatin on these processes. (A and B) Quiescent cells were pretreated
for 2 hr with medium, S (10mM), or S (10mM) and Mev (200mM). Cells
were then incubated with medium, LPA (100mM), or PDGF (20 ng/mL)
for 15 min or 24 hr. The reaction was stopped by lysing the cells in
hypotonic buffer, and the total cell lysate was separated in membrane-
associated and cytosolic fractions by high-speed centrifugation. The vol-
ume of each fraction was adjusted to comparable values, and proteins from
the membrane-associated fractions were analyzed by Western blotting with
anti-RhoA (A) or anti-Rac1 (B). (C) Quiescent cells were pretreated for 24
hr with medium or S (10mM). Cells were then incubated with medium or
PDGF (20 ng/mL) for 24 hr. After stopping the reaction, cells were
processed for the Rac1 activation assay and GTP-bound Rac molecules
were analyzed by Western blotting with anti-Rac1.
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rely on the use of this compound to analyze isoprenylation
pathways specifically. By using FPP and GPP, which are
directly used for farnesylation or geranylgeranylation of
cellular proteins, we demonstrated that both compounds,
when incorporated into liposomes, prevented the inhibitory
effect of S on PDGF-induced DNA synthesis, suggesting
that in human SMC, both farnesylation and geranylgerany-
lation of transduction protein(s) are necessary for G1/S cell
cycle transition. In contrast, in rat thyroid cells, Hiraiet al.
observed that only GGPP-, and not FPP-, containing lipo-
somes could rescue statin-induced G1 arrest [13]. More-
over, we observed that the critical time period during which
PDGF-stimulated HSMC require Mev for DNA synthesis to
proceed encompasse the early G1 as well as the late G1
phase of their cell cycle. In contrast, in the case of human
fibroblasts [19], this critical time period is present only
during the late G1 phase of the cell cycle, implying that the
involvement of various isoprenylated proteins in signal
transduction pathways leading to cell cycle progression
might be of varying importance depending on the cell type.

We showed in human SMC that both stimulation of the
ERK1/2 pathway (blocked by PD98059) and the p38/
SAPK2 pathway (blocked by SB203580) are required for
PDGF-induced DNA synthesis. Indeed, PKC activation by
PMA, which stimulates ERK1/2 but not p38 phosphoryla-
tion, does not trigger DNA synthesis in quiescent SMC.
However, we cannot exclude the possibility that PMA alone
failed to induce ERK1/2-sustained phosphorylation, a nec-
essary step for progression into G1 phase and DNA synthe-
sis. By expressing a dominant-negative ras gene in vascular
smooth muscle cells, Iraniet al. [20] showed that Ras
activation is essential for SMC proliferation. We have pre-
viously shown that treatment with S results in a decrease in
farnesylation of the newly synthesized Ras in exponentially
growing human SMC [10]. However, we observed in the
present study that this treatment did not inhibit PDGF-
induced ERK1/2 phosphorylation at any PDGF concentra-
tion (Fig. 4B). Moreover, neither immediate (10 min after
stimulation) nor sustained (up to 24 hr after stimulation)
phosphorylation of ERK1/2 was blocked by S (Fig. 4A),
indicating that its inhibitory effect on PDGF-induced DNA
synthesis was not the result of a concomitant blockage of
ERK1/2 activation at any time during the G1 phase. In
addition, a 2-hr preincubation with S was sufficient to block
PDGF-induced DNA synthesis in quiescent human SMC
(results not shown), suggesting that depletion of the pool of
the de novosynthesized, farnesylated Ras is probably not
sufficient to suppress the signal-transducing activity of sta-
ble proteins such as Ras. It is generally admitted that p38/
SAPK2 is strongly activated by proinflammatory cytokines
and environmental stress [21,22]. In our study, we observed
in human SMC that p38 phosphorylation was not only
stimulated by stress factors such as LPS or hyperosmolarity
(not shown), but also by mitogenic agents such as PDGF
(Fig. 5). Accordingly, it was recently reported that growth
factors could induce p38/SAPK2 activation in airway SMC

[23] and endothelial cells [24]. We demonstrated in human
SMC that the recruitment of the p38/SAPK2 pathway by
PDGF was necessary for its mitogenic effect, since it was
blocked by SB203580, a specific inhibitor of p38/SAPK2
substrate activation. However, S treatment did not markedly
affect p38 activation at any time during the G1 phase of the
PDGF-induced cell cycle (Fig. 5A).

During reorganization of actin cytoskeleton and/or cell
migration, the recruitment of the p38/SAPK2 pathway was
demonstrated in canine SMC [25] and human endothelial
cells [24]. The Rho GTPase family, which includes RhoA,
RhoB, Rac1, and Cdc42, plays a key role in these processes
[12]. In particular, the involvement of RhoA in growth
factor-induced cell cycle progression was described recently
in rat [26] and human SMC [15]. Moreover, Rac1 was
shown to be required in PDGF-stimulated migration [27,28]
and cyclic strain stress-stimulated proliferation [28] of vas-
cular SMC. These proteins are isoprenylated, and gera-
nylgeranylation in particular is important for cellular local-
ization while targeting these Rho GTPases to the cellular
membrane [29,30]. In our model system, the membrane
translocation of Rho A occurred during the late G1 phase of
the cell cycle and was strongly inhibited by S treatment,
probably due to the blockage of its posttranslational modi-
fication. In contrast with a previous observation in Swiss
3T3 fibroblasts [31], we observed that Rac1 translocation
was also induced by LPA in human SMC and, more inter-
estingly, by PDGF. S strongly inhibited membrane translo-
cation and GTP binding of Rac1 during the late G1 phase.
Consequently, the antiproliferative effect of S can be related
not only to the inhibition of RhoA-mediated signaling
events, but also to the inhibition of Rac1-mediated signaling
events occurring during the late G1 phase. This is the first
time, to our knowledge, that the inhibitory effect of S on
PDGF-induced membrane translocation of Rac1 has been
described in vascular human SMC. Rac1 is a known acti-
vator of p38 and, paradoxically, blockage of its membrane
translocation had no influence on p38 activation in our
model system. However, it is important to note that p38
activation is a very early event (peak 2–10 min after PDGF
addition) and that Rac1 translocation is a long-lasting event
(high levels 24 hr after PDGF addition). These results sup-
port the concept that early membrane translocation of Rac1,
insensitive to S, leads to strong p38 activation, and that
long-lasting membrane translocation of Rac1, blocked by S,
does not influence p38 phosphorylation but rather other
unknown pathways leading to cell proliferation. In human
SMC, the effectors of Rac1 involved in the PDGF-mediated
signaling pathway are not yet known. However, Rho is a
good candidate, and, whether growth factors act through
Rac to stimulate a Rho-dependent response (i.e. formation
of actin stress fibers) [32], or Rac signaling is able to
antagonize Rho activity directly at the GTPase level [33], is
still controversial. Moreover, the type of interaction might
be strongly dependent on the cell type analyzed [12]. It will
be of interest to investigate this matter in more detail in
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human SMC. In view of these results, it is crucial to under-
line that the net effect of PDGF on SMC is the result of a
complex interaction of various signal transduction pathways
involved in actin reorganization, migration, and prolifera-
tion. The study of the molecular cross-talk of Rho and Rac
activation by growth factors will be of great importance in
light of the inhibitory effect of S on SMC proliferation.
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