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1 Tight control of cellular growth is essential to ensure normal tissue patterning and prevent
pathological responses. Excessive vascular smooth muscle cell (VSMC) proliferation is associated
with the pathophysiology of atherosclerosis and restenosis post-angioplasty. Thus, drug targeting of
pathological VSMC growth may be a suitable therapeutic intervention in vascular proliferative
diseases.

2 In the present study, we investigated the mechanisms underlying VSMC growth arrest induced by
the pharmacological agent PCA-4230. Addition of PCA-4230 to cultured VSMCs blocked the
induction of cyclin D1 and cyclin A expression normally seen in serum-restimulated cells. Moreover,
PCA-4230 inhibited cyclin-dependent kinase 2 (CDK2) activity and abrogated hyperphosphorylation
of the retinoblastoma (Rb) gene product. Similarly, PCA-4230-dependent growth arrest of
transformed cell lines correlated with reduced level of cyclin D1 protein and inhibition of CDK2
activity. Consistent with these ®ndings, PCA-4230 repressed serum-inducible cyclin A promoter
activity, and overexpression of either cyclin D1 or E2F1 e�ciently circumvented this inhibitory
e�ect. Importantly, adenovirus-mediated overexpression of E2F1 restored S-phase entry in PCA-
4230-treated VSMCs, demonstrating that PCA-4230 represses cyclin A gene expression and VSMC
growth via inhibition of the cyclin D1/E2F pathway.

3 Because of its ability to inhibit the growth of human VSMCs and transformed cell lines, future
studies are warranted to assess whether PCA-4230 may be a suitable therapeutic intervention for the
treatment of hyperproliferative disorders, including cardiovascular disease and cancer.
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Introduction

Cell cycle progression is controlled by several cyclin-
dependent kinases (CDKs) that associate with regulatory
subunits called cyclins (Nurse, 1994; Morgan, 1995). Active

CDK/cyclin holoenzymes are presumed to hyperphosphor-
ylate the retinoblastoma (Rb) gene product and the related
pocket proteins p107 and p130. The interaction among

members of the E2F family of transcription factors and
individual pocket proteins is a complex regulatory event that
determines whether E2F proteins function as transcriptional

activators or repressors (Helin & Harlow, 1993; Weinberg,
1995; Dyson, 1998; Mayol & GranÄ a, 1998; Lavia & Jansen-
Durr, 1999). It is accepted that phosphorylation of pocket
proteins from mid G1 to mitosis is involved in the

transactivation of genes with functional E2F-binding sites.
The genes activated by E2F include several growth and cell-
cycle regulators (i.e., c-myc, Rb, p34cdc2, cyclin E, cyclin A),

as well as genes encoding proteins that are required for
nucleotide and DNA biosynthesis (i.e., DNA polymerase a,
histone H2A, proliferating cell nuclear antigen, thymidine

kinase) (Lavia & Jansen-Durr, 1999).
Excessive proliferation of vascular smooth muscle cells

(VSMCs) is considered a key event in the pathophysiology

of vascular proliferative diseases (Ross, 1993; Bauters &
Isner, 1997; AndreÂ s, 1998). In the adult organism, at
homeostasis, VSMCs are found in a `contractile' phenotype

characterized by the expression of a unique repertoire of
di�erentiation markers and an extremely low proliferation
index (Owens, 1995). Numerous observations have suggested
that VSMCs in primary atheromas and restenotic lesions

have changed to a `synthetic' state in which they can
respond to di�erent growth factors and cytokines that
induce cellular hyperplasia (Campbell & Campbell, 1990;

Ross, 1993). Therefore, drug targeting of pathological
VSMC growth may be a suitable therapeutic intervention
in vascular proliferative diseases.
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PCA-4230 is a dihydropyridine derivative showing antith-
rombotic activity that has long lasting although reversible
e�ects (Gutierrez Diaz et al., 1992; Ortega et al., 1993). A

recent study demonstrated the ability of PCA-4230 to
reversibly inhibit serum-inducible proliferation of cultured
rat VSMCs (del Rio et al., 1997). However, neither the
mechanism underlying the antimitogenic e�ect of PCA-4230

on VSMCs, nor its e�ect on the proliferation of human
VSMCs have been reported. In the present study we
demonstrate that PCA-4230 suppresses cyclin A gene

transcription and VSMC proliferation via inhibition of the
cyclin D1/E2F1 pathway. We also show that PCA-4230
inhibited, in a dose-dependent manner, the growth of human

VSMCs and transformed cell lines.

Methods

Cell culture, flow cytometry and 3H-thymidine
incorporation

Human VSMCs were isolated from saphenous vein (Pickering
et al., 1992). E19P cells (gift from C. Shanahan, Addenbroo-

ke's Hospital, Cambridge, U.K.) were obtained from explant
cultures of embryonic day 19 aorta from Fisher rats. These
cells express SM22a, calponin and SM-a-actin mRNAs.

Human cancer cell lines MCF7 (breast adenocarcinoma) and
U2OS (primary bone osteosarcoma) were purchased from
American Type Culture Collection (Manassas, VA, U.S.A.).

Primary mouse embryonic ®broblasts transformed with the c-
Myc oncoprotein were generated as previously described
(Perez-Roger et al., 1999). VSMCs were maintained in M199
medium supplemented with 10% FBS. For serum starvation,

VSMCs were maintained for 3 days in 0.5% FBS/M199.
Transformed cell lines were maintained in Dulbecco's
modi®ed Eagle's medium (DMEM) containing 10% FBS.

Cultures were maintained at 378C (95% air and 5% CO2).
PCA-4230 (2(1, 1, 3-trioxo-2, 3-dihydro-1, 2-benzisothia-

zol-2-yl)ethyl 2, 6-dimethyl-5-(ethoxycarbonyl)-4-methyl-1, 4-

dihydropyridincarboxylate) (gift from M.P. Ortega, Labor-
atorios Alter, Madrid, Spain) was dissolved in dimethyl
sulphoxide (DMSO) and immediately used at a dilution
giving a ®nal concentration of 0.1% DMSO. Control cells

were treated with 0.1% DMSO. Media were changed daily
throughout the experiments. For ¯ow cytometric analysis,
PCA-4230 or vehicle was administered to starvation-

synchronized cells 1 ± 2 h before serum restimulation and
throughout the 16 h of serum treatment. Flow cytometric
analysis was performed as previously described (Sylvester et

al., 1998).
For experiments with adenovirus encoding for E2F1 or b-

galactosidase (provided by J.R. Nevins, Duke University

Medical Center, NC, U.S.A.), cells were seeded in 6-well
dishes (256103 cells/well) and were maintained in 10% v v71

FBS. Two days later, cells were starvation-synchronized and
harvested for FACS analysis, or were pretreated with DMSO

or 50 mM PCA-4230 followed by 16 h of serum restimulation.
When indicated, starved cells were infected with adenovirus
at di�erent multiplicities of infection (MOI) during the last

8 h prior to serum restimulation.
To assess the e�ect of PCA-4230 on DNA synthesis in

MEF-Myc cultures, cells were seeded in 12-well dishes at a

density of 606103 cells/well in 10% FBS/DMEM supple-
mented with vehicle or PCA-4230. The following day, cells
were treated for 2 h with 1 mCi ml71 of 3H-thymidine

(Amersham Pharmacia, Little Chalfont, U.K.). The amount
of 3H-thymidine incorporated into DNA was determined by
precipitation with trichloroacetic acid and scintillation
counting.

Western blot analysis, immunoprecipitation and immune
complex kinase assays

Cells were lysed in ice-cold lysis bu�er (20 mM HEPES bu�er
[pH 7.5], 10 mM EGTA, 40 mM b-glycerophosphate, 1% w

v71 NP-40, 2.5 mM MgCl2, 2 mM orthovanadate, 1 mM

DTT, 1 mM phenylmethyl sulfonyl ¯uoride, 10 mg ml71

aprotinin and 10 mg ml71 leupeptin). Following centrifuga-

tion at 15,0006g for 20 min at 48C, supernatants were
recovered. Western blot and CDK2 assays were performed as
previously described (Chen et al., 1997) using the following
dilutions of primary antibodies: anti-CDK2 (sc-163, 1/250),

anti-cyclin A (sc-751, 1/100), anti-cyclin D1 (sc-450, 1/100),
anti-cyclin E (sc-481, 1/250), anti-p27 (sc-528, 1/1000), and
anti-p21 (sc-397, 1/250) (Santa Cruz Biotechnology, Santa

Cruz, CA, U.S.A.). Rb was detected using a 1/1000 dilution
of monoclonal antibody 3C8 (Wen et al., 1994).

For phosphatidylinositol 3-kinase (PI3K) assay, lysates

containing 1 mg of total protein were immunoprecipitated
with 0.5 mg of anti-PI3K antibody (anti-p85a, sc-423, Santa
Cruz Biotechnology). The reaction was started by mixing the

immunopellet with 25 ml of a cocktail containing 20 mg L-a-
phosphatidylinositol (Avanti Polar Lipids, Alabaster, AL,
U.S.A.), 100 mM [g-32P]ATP (10 mCi) and 40 mM ATP in
25 mM HEPES [pH 7.4]; 10 mM MgCl2 and 0.5 mM EGTA.

After 20 min the reaction was stopped by addition of 400 ml
of chloroform-methanol (1 : 2 in 1% HCl), plus 125 ml of
chloroform and 125 ml of 10 mM HCl. Samples were

centrifuged brie¯y and the lower organic phase was removed
and washed once with 500 ml of methanol: 100 mM HCl plus
2 mM EDTA (1 : 1). The organic lower phase was extracted,

dried under vacuum and resuspended in 30 ml of chloroform.
Samples were applied to silica gel thin-layer chromatography
plates (Merck, Darmstadt, Germany). The chromatography
was developed with 1-propanol: 2N acetic acid (65 : 35 v v71),

dried and visualized by autoradiography. The amount of
radioactivity incorporated into L-a-phosphatidylinositol
phosphate was quanti®ed in a Phosphoimager.

Transient transfections assays

E19P cells seeded into 6-well dishes were transiently
transfected with Superfect as recommended by the manu-
facturer (Quiagen, Santa Clarita, CA, U.S.A.) (1 : 2 DNA:-

Superfect ratio). The luciferase reporter plasmid driven by the
human cyclin A promoter region from 7924 to +245 (gift of
Sobczak-TheÂ pot, INSERM, France) has been described
previously (Henglein et al., 1994). Final DNA concentration

in experiments involving cotransfected expression vectors for
cyclin D1 and E2F1 driven by the cytomegalovirus promoter
(gift of K. Walsh, St. Elizabeth's Medical Center of Boston,

MA, U.S.A.) was equalized by adding empty vector. To
correct for di�erences in transfection e�ciency, luciferase
activity was normalized relative to the level of alkaline
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phosphatase activity produced from cotransfected pSVAPAP
plasmid (Henthorn et al., 1988). Luciferase and alkaline
phosphatase activities were measured as previously described

(AndreÂ s et al., 1995).

Results

PCA-4230 inhibits the proliferation of cultured VSMCs
and transformed cell lines

We ®rst examined the e�ect of PCA-4230 on the kinetics of
proliferation of cultured VSMCs. E19P cells, an established

cell line of rat embryonic aorta VSMCs, and primary cultures
of human VSMCs were maintained in high-mitogen media.
Addition of PCA-4230 reduced cell number in a dose-

dependent manner over a period of 4 ± 6 days in culture
(Figure 1A). For example, when compared to control cultures
at the latest time points investigated, 5 mM PCA-4230
decreased the number of E19P cells and human VSMCs by

25 and 21%, respectively, whereas 50 mM PCA-4230 reduced

E19P and human VSMC number by 85 and 74%,
respectively.
We next performed ¯ow cytometry to analyse the e�ect of

PCA-4230 on cell cycle pro®les. After pretreatment with
vehicle or PCA-4230, starvation-synchronized cells were
restimulated with medium containing 10% FBS and vehicle
or PCA-4230. Analysis after 16 h of serum restimulation

disclosed a dose-dependent inhibition of S-phase in E19P
cells treated with PCA-4230 (Figure 1B). Likewise, under
conditions where serum-restimulation markedly increased S-

phase entry of human VSMCs, 50 mM PCA-4230 completely
blocked this response (Figure 1C). Thus, PCA-4230-depen-
dent inhibition of rat and human VSMC growth is associated

with G0/G1 arrest.
The e�ect of PCA-4230 on the growth of transformed cell

lines was also investigated. Addition of PCA-4230 to the

culture media reduced in a dose-dependent manner the
number of MCF7 cells (human breast adenocarcinoma),
U2OS cells (human osteosarcoma), and mouse embryonic
®broblast transformed with the proto-oncogene c-Myc

(MEF-Myc) (Figure 2A,B). The inhibitory e�ect of PCA-

Figure 1 PCA-4230 inhibits serum-inducible proliferation of rat and human VSMCs. Results represent the mean+s.e.mean of
three independent measurements. (A) The rat E19P cell line and primary human VSMCs were plated into 6-well dishes and
maintained with medium containing 10% FBS plus vehicle or PCA-4230. Cells were trypsinized at di�erent times and cell number
was determined with a haemocytometer. (B, C) Cells were starved for 3 days in medium containing 0.5% FBS. After pretreatment
with vehicle or PCA-4230, cells were stimulated with 10% FBS plus vehicle or PCA-4230. Cells were harvested for FACS analysis
after 16 h of serum stimulation.
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4230 on the growth of MEF-Myc cells correlated with a
marked reduction in 3H-thymidine incorporation (Figure 2C).
In agreement with previous studies (del Rio et al., 1997),

PCA-4230-treated cultures resumed growth if drug treatment
was discontinued (data not shown).

Effects of PCA-4230 on the expression and activity of key
cell cycle regulatory proteins

To gain insight into the mechanisms underlying PCA-4230-

dependent inhibition of cell proliferation, we investigated the
e�ect of this drug on the activity of CDK2, a key positive
regulator of the G1/S transition. Concentrations of PCA-

4230 that caused growth arrest markedly reduced CDK2
activity in serum-stimulated VSMCs and MEF-Myc cells
(Figure 3A). In contrast, PI3K activity in VSMCs exposed to

20 and 50 mM was 89 and 96% of that seen in control cells,

respectively (Figure 3B). Consistent with these ®ndings, PCA-
4230 did not a�ect the phosphorylation status of the PI3K
substrate Akt (data not shown). Collectively, these results

indicate that PCA-4230 may act speci®cally to block certain
signalling pathways involved in mitogen-induced cell growth.

We next sought to examine by Western blot analysis the
e�ect of PCA-4230 on key components of the cell cycle

machinery (Figure 4). As expected, serum restimulation of
starvation-synchronized VSMCs led to a transient induction
of cyclin D1 protein expression that showed maximum levels

at 8 h and was followed by the upregulation of cyclin A at
16 h (Figure 4A, lanes 1, 3, 5 and 7). Addition of PCA-4230
markedly inhibited serum-inducible cyclin D1 and cyclin A

expression (Figure 4A, lanes 2, 4, 6 and 8). Neither serum
restimulation nor PCA-4230 treatment a�ected signi®cantly
the expression of cyclin E and CDK2 (Figure 4A). Thus, the

remaining CDK2 activity in PCA-4230-treated cells might
result from cyclin E-containing CDK2 holoenzymes. PCA-
4230-dependent inhibition of the level of cyclin D1 protein
was also seen in MEF-Myc cells (Figure 4B).

Progression through the mammalian cell cycle requires the
hyperphosphorylation of Rb by active CDK/cyclin holoen-
zymes (Helin & Harlow, 1993; Weinberg, 1995; Dyson, 1998;

Mayol & GranÄ a, 1998). Consistent with its inhibitory e�ect
on CDK2 activity and the reduction in cyclin D1 protein,
PCA-4230 abrogated the hyperphosphorylation of Rb

normally seen in serum-restimulated VSMCs (Figure 4,
compare lanes 1, 3, 5, 7 and 2, 4, 6, 8). Therefore, growth
arrest of PCA-4230-treated cells is associated with inhibition

of the kinase activity of CDK2 and repression of Rb
hyperphosphorylation. Since CDK2 activity and Rb hyperho-
sphorylation are negatively regulated by speci®c CDK
inhibitors (CKIs) (Elledge & Harper, 1994; Peter &

Herskowitz, 1994; GranÄ a & Reddy, 1995; Morgan, 1995),
we considered the possibility that members of this family of
growth suppressors might underlie the growth inhibitory

e�ect of PCA-4230. However, growth arrest in cells exposed
to PCA-4230 did not correlate with increased expression of
the CKIs p21 and p27 (Figure 4C,D).

Figure 2 PCA-4230 inhibits proliferation of transformed cells. Cells
were maintained in medium containing 10% FBS plus vehicle or
PCA-4230. Results represent the mean+s.e.mean of three indepen-
dent measurements. (A) U2OS and MCF7 cells were plated in 6-well
dishes. After 3 days, cells were trypsinized and cell number was
determined with a haemocytometer. (B) MEF-Myc cells growing on
6-well dishes were trypsinized at di�erent times and cell number was
determined with a haemocytometer. (C) E�ect of PCA-4230 on the
incorporation of 3H-thymidine into MEF-Myc cells (see Methods for
details).

Figure 3 PCA-4230 inhibits CDK2 activity. Subcon¯uent E19P and
MEF-Myc cells maintained in 10% FBS were treated for 15 h with
vehicle or the indicated amounts of PCA-4230. (A) Cell lysates were
assayed for CDK2 activity using histone H1 as substrate. (B) PI3K
activity in E19P lysates using L-a-phosphatidylinositol as substrate.
PIP: L-a-phosphatidylinositol phosphate.
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PCA-4230 inhibits serum-inducible cyclin A promoter
activity

Hyperphosphorylation of Rb is necessary to induce tran-
scriptional activation of E2F-dependent target genes that are
required for DNA synthesis (Helin & Harlow, 1993;

Weinberg, 1995; Dyson, 1998; Mayol & GranÄ a, 1998). Since
PCA-4230 inhibited Rb hyperphosphorylation (Figure 4), a
series of experiments were performed to examine the e�ect of

PCA-4230 on transcriptional activation of the cyclin A gene,
a known E2F-regulated gene which is induced by serum in
VSMCs (Sylvester et al., 1998). To this end, E19P cells were

transiently transfected with a luciferase reporter gene driven
by the cyclin A gene promoter. These experiments demon-
strated the ability of PCA-4230 to abrogate, in a dose-

dependent manner, serum-inducible cyclin A promoter
activity in starvation-synchronized cells (Figure 5A). Like-
wise, addition of PCA-4230 to asynchronously growing E19P
cells inhibited in a dose-dependent manner cyclin A promoter

activity (Figure 5B). These results suggest that PCA-4230-
dependent inhibition of cyclin A gene expression is achieved,
at least in part, at the transcriptional level.

Ectopic overexpression of cyclin D1 and E2F1 overrides
the inhibitory effect of PCA-4230 on cyclin A promoter
activity and S-phase entry

The results of our Western blot analysis and transient
transfection assays suggested that PCA-4230-dependent

transcriptional repression of cyclin A gene expression and
growth arrest is due, at least in part, to inhibition of the
cyclin D1/E2F pathway. Further evidence in support of this

model was provided by rescue experiments in which the
luciferase reporter gene driven by the cyclin A gene promoter
was cotransfected with either cyclin D1 or E2F1 expression
vectors. In agreement with previous studies demostrating the

ability of cyclin D1 and E2F1 to induce transcription from
the cyclin A gene promoter in ®broblasts (Schulze et al.,
1995; Rudolph et al., 1996; Zerfass-Thome et al., 1997; Lavia

& Jansen-Durr, 1999), overexpression of cyclin D1 and E2F1
increased cyclin A promoter activity by 4 fold in serum-
stimulated VSMCs (Figure 6A,B, respectively; compare gray

bars). While PCA-4230 repressed cyclin A promoter activity
in control cells, ectopic overexpression of either cyclin D1
(Figure 6A) or E2F1 (Figure 6B) e�ciently overcame the

inhibitory e�ect of PCA-4230.
We next wanted to ascertain whether ectopic overexpres-

sion of E2F1 could overcome PCA-4230-dependent growth
arrest. For these studies, we used a replication-defective

adenovirus encoding for E2F1 (Ad-E2F1). Consistent with
the results of Figure 1B, 50 mM PCA-4230 blocked the
induction of S-phase normally seen in serum-restimulated

E19P cells, and infection with Ad-E2F1, but not control
adenovirus encoding for b-galactosidase (Ad-bgal), overcame
in a dose-dependent manner PCA-4230-induced growth

arrest (Figure 7). Taken together, these results suggest that
PCA-4230 represses cyclin A promoter activity and cell
proliferation through inhibition of the cyclin D1/E2F1
pathway.

Figure 4 Western blot analysis of cell cycle regulatory proteins in PCA-4230-treated cells. Control cultures were exposed to
vehicle. (A, C) E19P cells were starvation-synchronized for 3 days in medium containing 0.5% FBS. One-and-a-half hours before
serum-restimulation, 50 mM PCA-4230 was added and treatment continued throughout the period of serum restimulation. The
antibody used in each blot is shown. pRb: hypophosphorylated Rb; ppRb: hyperphosphorylated Rb. (B) Cyclin D1 expression in
asynchronously growing MEF-Myc cells. (D) p27 expression in asynchronously growing MCF7, U2OS and E19P cells.
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Discussion

In this study we have examined the molecular mechanisms
underlying cellular growth arrest by the pharmacological

agent PCA-4230. Our results show that PCA-4230 is a potent
inhibitor of serum-inducible S-phase entry in cultures of both
rat and human VSMCs. This agent also inhibited the growth

of human and murine transformed cells. Potential mechan-
isms underlying PCA-4230-dependent growth arrest include:
(i) inhibition of cyclin D1 and cyclin A protein expression; (ii)

abrogation of CDK2 activity and blockade of Rb hyperpho-
sphorylation; and (iii) transcriptional repression of cyclin A
gene expression. Neither PI3K activity nor cylin E and
CDK2 protein levels were a�ected by PCA-4230. Moreover,

PCA-4230 failed to inhibit CDK2 activity when added
directly to kinase reactions (data not shown), demonstrating

that the inhibitory e�ect of this agent was not due to a direct

interaction with CDK2. These results indicate that PCA-4230
blocks speci®cally certain signalling pathways involved in
cellular proliferation.

We considered the possibility that members of the CKI
family of growth suppressors might contribute to PCA-4230-
dependent growth arrest. However, increased expression of

the CKIs p21 and p27 was not seen in PCA-4230-treated
cells. In contrast, tranilast, a compound with proven clinical
e�cacy for treating postangioplasty restenosis (Holmes et al.,

2000; Tamai et al., 1999), inhibited CDK2/CDK4 activity
and Rb hyperphosphorylation by a mechanism that may
depend upon increased expression of p21 (Takahashi et al.,
1999).

The complex interactions between Rb and members of the
E2F family of transcription factors play an important role in

Figure 5 PCA-4230 inhibits serum-inducible cyclin A promoter activity in VSMCs. E19P cells were cotransfected with 2 mg of a
luciferase reporter gene driven by the human cyclin A promoter and 0.5 mg of a control plasmid encoding for alkaline phosphatase.
Results are expressed as the ratio luciferase/alkaline phosphatase. Bars represent the mean+s.e.mean of three independent
transfections. Control cells were treated with vehicle. Results are referred to the activity seen in control untreated cells (=100%).
(A) Transfected cells were maintained in 0.5% FBS for 2 days. Cells were then harvested to determine basal cyclin A promoter
activity in serum-starved cells (®rst bar), or were pretreated for 2 h with vehicle or PCA-4230 and then serum-restimulated
overnight. (B) Cells were maintained in 10% FBS throughout the experiment.

Figure 6 Ectopic overexpression of either cyclin D1 or E2F1 can overcome the inhibitory e�ect of PCA-4230 on cyclin A
promoter activity. Cells were treated as in Figure 5, except that cultures were maintained throughout the experiment in 10% FBS
with vehicle or with 50 mM PCA-4230. Results are expressed as the ratio luciferase/alkaline phosphatase. Bars represent the
mean+s.e.mean of three independent transfections. Results are referred to the activity seen in control untreated cells (=100%).
Cells were cotransfected with CMV-Cyclin D1 (0.1 mg per transfection, A), or with CMV-E2F1 (0.2 mg per transfection, B).
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the regulation of cell cycle progression (GranÄ a & Reddy,

1995; Dyson, 1998). It is accepted that hyperphosphorylation
of Rb by active G1 CDK/cyclin holoenzymes disrupts Rb/
E2F interactions thus allowing transcriptional activation of
E2F-dependent target genes (i.e., cyclin A, p34cdc2, cyclin E).

Thus, inhibition of both cyclin D1 expression and CDK2
activity may account for the blockade of serum-inducible Rb
hyperphosphorylation in PCA-4230-treated VSMCs. Accu-

mulation of hypophosphorylated Rb would in turn hinder the
accumulation of `free E2F', thus preventing cyclin A gene
expression and formation of active CDK2/cyclin A com-

plexes. In this regard, we have recently shown that E2F is an
important component of the signalling cascade that links Ras
activity to cyclin A transcription in VSMCs (Sylvester et al.,

1998). Because disruption of cyclin A function inhibits S-
phase entry (Girard et al., 1991; Pagano et al., 1992; Zindy et
al., 1992), and its overexpression accelerates the G1-to-S
transition (Resnitzky et al., 1995; Rosenberg et al., 1995),

cyclin A expression appears to be rate limiting for cellular
proliferation. Therefore, repression of cyclin A gene tran-
scription may contribute to PCA-4230-dependent inhibition

of VSMC proliferation.
To ascertain that PCA-4230 does indeed inhibit cyclin A

gene expression and VSMC proliferation through inhibition

of the cyclin D1/E2F pathway, we performed rescue

experiments by overexpressing cyclins D1 and E2F1. Our
results demonstrate that ectopic overexpression of either
cyclin D1 or E2F1 e�ciently overcame the inhibitory e�ect of
PCA-4230 on cyclin A promoter activity. Moreover,

adenovirus-mediated overexpression of E2F1 restored DNA
synthesis in PCA-4230-treated VSMCs. These results suggest
that PCA-4230 represses cyclin A promoter activity and

VSMC proliferation through inhibition of the cyclin D1/
E2F1 pathway.
Abnormal VSMC proliferation is an important component

of the response to vascular injury, particularly during in-stent
restenosis (Ross, 1993; Bauters & Isner, 1997; Libby &
Tanaka, 1997). We have previously shown that VSMC

proliferation in response to arterial injury in rat and human
arteries correlated with the induction of CDK2 and cyclins
(Kearney et al., 1997; Wei et al., 1997). Importantly, gene
therapy strategies targeting CDK2 and E2F function and Rb

hyperphosphorylation have proven e�cient at preventing
vascular proliferative diseases in animal models (reviewed in
AndreÂ s, 1998; Braun-Dullaeus et al., 1998) and human

bypass-graft atherosclerosis (Mann et al., 1999). Previous
studies have demonstrated that PCA-4230 has platelet
aggregation inhibitory activity and in vivo antithrombotic

Figure 7 Adenovirus-mediated overexpression of E2F1 restores S-phase entry in PCA-4230-treated VSMCs. E19P cells were
maintained for 3 days in 0.5% FBS. Cells were then harvested for FACS analysis to determine basal activity (®rst bar), or
pretreated with vehicle or 50 mM PCA-4230 followed by 16 h of stimulation with 10% FBS. When indicated, starved cells were
infected with replication-defective Ad-E2F1 or Ad-bgal at di�erent multiplicities of infection (MOI) during the last 8 h of serum
starvation. Results represent the mean+s.e.mean of three experiments.
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activity (Gutierrez Diaz et al., 1992; Ortega et al., 1993;
Sunkel et al., 1988). Our in vitro studies show that inhibition
of the cyclin D1/E2F pathway by PCA-4230 is e�ective at

suppressing the growth of human VSMCs and cancer cells.
Because PCA-4230 was well tolerated when administered to
healthy volunteers (Cillero et al., 1991), future studies are
warranted to assess whether PCA-4230 may be a suitable

pharmacological agent for the treatment of hyperproliferative
disorders, including cardiovascular disease and cancer.
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