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Abstract

Vascular smooth muscle cell (VSMC) proliferation after
arterial injury is important in the pathogenesis of a number
of vascular proliferative disorders, including atherosclerosis
and restenosis after balloon angioplasty. Thus, a better un-
derstanding of the molecular mechanisms underlying
VSMCproliferation in response to arterial injury would
have important therapeutic implications for patients with
atherosclerotic vascular disease. The p21 protein is a nega-
tive regulator of mammalian cell cycle progression that
functions both by inhibiting cyclin dependent kinases
(CDKs) required for the initiation of S phase, and by bind-
ing to and inhibiting the DNApolymerase 8 co-factor, prolif-
erating cell nuclear antigen (PCNA). In this report, we show
that adenovirus-mediated over-expression of human p21 in-
hibits growth factor-stimulated VSMCproliferation in vitro
by efficiently arresting VSMCsin the G1 phase of the cell
cycle. This p21-associated cell cycle arrest is associated both
with significant inhibition of the phosphorylation of the reti-
noblastoma gene product (Rb) and with the formation of
complexes between p21 and PCNAin VSMCs. In addition,
we demonstrate that localized arterial infection with a p21-
encoding adenovirus at the time of balloon angioplasty sig-
nificantly reduced neointimal hyperplasia in the rat carotid
artery model of restenosis. Taken together, these studies
demonstrate the important role of p21 in regulating Rb
phosphorylation and cell cycle progression in VSMC, and
suggest a novel cytostatic gene therapy approach for reste-
nosis and related vascular proliferative disorders. (J. Clin.
Invest. 1995. 96:2260-2268.) Key words: restenosis * gene
therapy * adenovirus * vascular smooth muscle cells * cell
cycle

Introduction
Vascular smooth muscle cells (VSMCs)' play a critical role in
the normal and pathological responses of the arterial wall to
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injury ( 1). VSMCsare normally present in the arterial tunica
media in the resting (GO) state where they regulate vascular
tone and blood flow. Arterial injury leads to the proliferation
of medial VSMCs and their subsequent migration from the
media to the intima, where they proliferate and elaborate extra-
cellular matrix ( 1-3 ). While this VSMCproliferative response
is important in arterial wound healing, it also plays an important
role in the pathogenesis of a number of cardiovascular diseases,
including atherosclerosis and restenosis which occurs in 30-
50% of patients following percutaneous transluminal coronary
angioplasty (PITCA) (2-5). Molecular approaches designed
to inhibit VSMCproliferation by targeting specific cell cycle
regulatory pathways could both further elucidate the pathogene-
sis of vascular proliferative disorders and lead to the rational
design of novel gene-based therapies for these diseases.

Previous studies have demonstrated that many growth fac-
tors can stimulate the proliferation of VSMCsin vitro and in
vivo (4-8). However, the nuclear cell cycle regulatory mecha-
nisms that govern the proliferative responses of VSMCs to
growth factor stimulation and arterial injury have remained
largely unknown. Wehave recently demonstrated that the reti-
noblastoma gene product (Rb) is an important negative regula-
tor of VSMCproliferation (9). In resting (GO/Gi) VSMCs,
Rb is present in the unphosphorylated form and, in that form,
is a potent inhibitor of VSMCcell cycle progression. Phosphor-
ylation (and inactivation) of Rb in response to growth factor
stimulation is required for VSMCto traverse the GI/S check-
point of the cell cycle and proliferate. Consistent with these
findings, localized infection of the arterial wall with an adenovi-
rus encoding a constitutively active nonphosphorylatable form
of Rb significantly reduced medial VSMCproliferation and
restenosis in two animal models of balloon angioplasty (9).

Although these previous studies clearly demonstrate the im-
portance of Rb in controlling VSMCcell cycle progression, the
molecular pathways that regulate Rb phosphorylation in VSMC
remain unknown. Previous work in other cell types has sug-
gested that the formation of cyclinD/cyclin-dependent kinase
(CDK) complexes with serine/threonine kinase activity is re-
quired for both Rb phosphorylation, and for. the ability of cells
to traverse the GI/S checkpoint of the cell cycle (10-15).
Moreover, cyclinD/CDK complexes can phosphorylate Rb in
vitro leading to the suggestion that these complexes may di-
rectly regulate the phosphorylation and activity of Rb in re-
sponse to growth factor stimulation ( 14, 15 ). The kinase activi-
ties of the cyclinD/CDK complexes can themselves be nega-
tively regulated by several different molecules including p16,
p21, and p27 (16-23). p21, also known as Cip 1 (CDK-inter-
acting protein) (17), Sdil (senescent cell-derived inhibitor)
(19), and WAFI (wild-type p53-activated fragment) (20), is
an important inhibitor of cell cycle progression in fibroblasts
and also plays a critical role in protecting cells against certain
types of injury. For example, UV-induced DNAdamage leads
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to the induction of p53 which, in turn, activates transcription
of p21, resulting in cell cycle arrest and DNArepair prior to S
phase-dependent chromosomal replication (24-26). Although
p21 monomers can associate with active cyclinD/CDK com-
plexes in proliferating fibroblasts (27), over-expression of p21
in such fibroblasts has been shown to potently inhibit the in
vitro kinase activity of these cyclin/CDK complexes and to
arrest these cells in the G1 phase of the cell cycle (17-20, 27)
Thus, it has been suggested that p21 may inhibit cell cycle
progression by inhibiting the cyclinD/CDK-dependent phos-
phorylation of Rb (17-20, 27). However, to date this effect
has not been demonstrated directly in mammalian cells. In addi-
tion to its ability to inhibit the kinase activities of cyclin/CDK
complexes, p21 has also been reported to bind to and inhibit
the activity of the DNApolymerase 6 co-factor, PCNA(28-
30). Recent studies have suggested that different regions of the
p21 protein are required for its CDK and PCNA inhibitory
activities (30). Thus, p21 appears to inhibit cell cycle progres-
sion by at least two independent molecular mechanisms.

The cytostatic and cytoprotective activities of p21 led us to
consider the hypothesis that forced over-expression of p21
might represent a novel means of modulating the pathologic
proliferative response of VSMCsto arterial injury. In the studies
described in this report, we have demonstrated that adenovirus-
mediated over-expression of p21 inhibits VSMCproliferation
in response to serum stimulation in vitro. Moreover, we have
shown that this effect is associated with a complete inhibition
of Rb phosphorylation and with the formation of p21/PCNA
complexes in the cells programmed to overexpress p21. Finally,
localized infection of the arterial wall at the time of balloon
angioplasty with a replication-defective adenovirus encoding
p21 markedly inhibited restenosis in the rat carotid artery model
of vascular injury. Taken together, these studies demonstrate
the important role of p21 in regulating VSMCproliferation in
vitro and in vivo, and suggest that adenovirus-mediated overex-
pression of p21 may represent a novel cytostatic gene therapy
approach for restenosis and related vascular proliferative disor-
ders.

Methods

Construction and purification of recombinant adenoviruses. Adp2l and
AdlacZ are El- and E3-deleted replication-defective adenovirus vectors
derived from Ad5 sub360. Adp2l contains the human p21 cDNA (18)
under the transcriptional control of the human elongation factor-la
(EFla) gene promoter (31) and the human 4F2 heavy chain gene
transcriptional enhancer (32). AdlacZ contains the bacterial lacZ gene
under the transcriptional control of the chicken fi-actin gene promoter
and the cytomegalovirus transcriptional enhancer (33). Both viruses
were prepared and grown as high titer stocks in 293 cells as described
previously (9). All virus stocks were purified by centrifugation in dis-
continuous CsCl gradients and dialyzed against a Hepes-buffered saline
solution (9).

Cell culture and infection. Isolation and infection of primary rat
aortic VSMCs were performed as described previously (9, 34) For
measurements of cell proliferation, DNAsynthesis, and cell cycle analy-
sis passage 3 VSMCswere incubated in serum-free medium for 48 h
before infection with either Adp2l or AdlacZ. This protocol results in
70-90% of the cultured cells accumulating in G0/GI phases of the cell
cycle as assessed by propidium iodide staining and FACSanalysis (9).
24 h after infection, Adp2l- or AdlacZ-infected cells were stimulated
to proliferate by incubation in growth medium (45% DME, 45%Hams
F-12, and 10% FBS) [GIBCO BRL, Grand Island, NY) (9). To assay
[3H]thymidine incorporation, VSMCswere pulse-labeled for 4 h in

growth medium containing methyl-3H thymidine (1 ttCi/ml, 2 Ci/mmol;
Amersham, Arlington Heights, IL) as described (9, 35). Each experi-
ment was performed in triplicate in 6-well tissue culture plates (Falcon,
Franklin Lakes, NJ).

Propidium iodide staining and FACSanalysis. VSMCswere fixed
overnight at 40C with 75% ethanol and stained for 30 min at room
temperature with propidium iodide (50 /ug/ml). Cells were analyzed
with a Becton Dickinson FACScan and CellFit software. A total of 4.
x 104 cells were counted for each sample.

Balloon angioplasty and adenovirus infection of rat carotid arteries.
Adult male Sprague-Dawley rats were housed and cared for according
to NIH guidelines in the Carlson animal facility of the University of
Chicago. Localized infection of balloon-injured rat carotid arteries was
performed as described previously (9). Briefly, Sprague-Dawley rats
were subjected to balloon angioplasty of the left commoncarotid artery
using a 2 French Fogarty catheter (36). Immediately following injury,
2 x 109 PFU of Adp2l or AdlacZ in a total volume of 0.2 ml was
instilled into a 1-cm segment of the distal common carotid artery for 5
min using a 24-gauge intravenous catheter.

Immunoprecipitation and immunoblot analyses. For immunoblot
analysis of p21 expression in cultured cells, cell lysates were prepared
as described previously (9, 37) and 100 kug total protein from each
sample was fractionated by SDS-PAGEin 15% gels and subjected to
immunoblot analysis using a rabbit polyclonal a-p21 antibody (Phar-
mingen, San Diego, CA) ( 1:1,000 dilution). A peroxidase-labeled, goat
a-rabbit antiserum (1:3,000 dilution) (GIBCO BRL) was used in con-
junction with the ECL chemiluminescence system (Amersham) for de-
tection of bound primary antibody. For detection of p21 /PCNA com-
plexes in VSMCs, quiescent (GO/GI) primary rat aortic VSMCswere
infected for 24 h with 40 PFU per cell of AdlacZ or Adp2l, stimulated
to proliferate by incubation for 24 h in medium containing 10% FCS,
and cell lysates were prepared in Tween lysis buffer (50 mMHepes,
pH = 7.5, 150 mMNaCl, 2.5 mMEGTA, 1 mMEDTA, 0.1% Tween-
20) (1.5 x 106 cells in 1 ml of lysis buffer). Cell lysates were pre-
cleared by incubation at 4°C for 1 h with 100 utl of protein A-sepharose
beads (Pharmacia), mixed with 1 /il of rabbit polyclonal a-p21 antibody
(Pharmingen), and incubated at 4°C for 60 min. The resulting beads
were washed three times in Tween lysis buffer, added to pre-cleared
infected cell lysates containing 700 jHg of protein as determined with a
commercially available kit (Pierce, Rockford, IL) and incubated for 60
min at 4°C with gentle rocking. The beads were washed three times
with Tween lysis buffer and the immunoprecipitated proteins were re-
leased by boiling in SDS-PAGEloading buffer, fractionated by electro-
phoresis in 15% denaturing SDS polyacrylamide gels and subjected to
immunoblot analyses using a polyclonal rabbit a-p21 antibody ( 1:1,000
dilution) (Pharmingen) or a mouse a-PCNA mAb (1:100 dilution)
(Santa Cruz, Santa Cruz, CA) as described above. For assessment of
p21 expression in adenovirus-infected rat carotid arteries, arterial seg-
ments were harvested 4 d following balloon angioplasty and adenovirus
infection as described (9). Two arterial segments infected with Adp2l
and 2 segments infected with AdlacZ (60 mg total wet weight for each
pair) were immediately placed in 200 jul of ice-cold homogenization
buffer (100 mMNaCl, 1 mMEDTAand 20 mMTris (pH 8.0), 1 mM
iodoacetamide, 0.23 mMPMSF, 77 1LM aprotinin, 1 liM leupeptin, 0.7
,uM pepstatin A, and 77 ptM benzamidine). After brief homogenization
with a polytron homogenizer (5 s X 3) on ice, 200 IL of 2X SDS-
PAGEloading buffer (37) was added to each sample. 200 ,g of total
protein from each sample was subjected to immunoblot analysis as
described above using the a-p21 polyclonal antibody.

For assessment of Rb expression, passage 3 VSMCs cells were
incubated in serum-free medium for 96 h, infected with adenovirus as
described above and, 24 h after infection, were stimulated to proliferate
by incubation in growth medium. Cell lysates were prepared as described
previously (9, 37) and protein corresponding to 5 X 105 cells from
each sample was fractionated by electrophoresis in 7.5% SDSpolyacryl-
amide gels and subjected to immunoblot analysis using an a-Rb mono-
clonal antibody (1:200 dilution) (Pharmingen) and a peroxidase-la-
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beled, goat a-mouse IgG antiserum (1:2000 dilution) (Gibco/BRL) in
conjunction with ECL chemiluminescence system (Amersham).

Histological assessment of restenosis. Rat carotid arteries were har-
vested 20 d after balloon injury and adenovirus infection as described
previously (9). 5-pm sections from paraffin-embedded arteries were

stained with hematoxylin and eosin and the neointimal and medial
boundaries were determined on coded slides by an investigator blinded
to the experimental conditions. Areas and ratios were determined by
digital planimetry of tissue sections using the Image Pro-Plus image
analysis system (Fryer Co, Chicago, IL). The I/M ratios were measured
from six sections of each artery subjected to balloon angioplasty and
adenovirus infection. The mean of these determinations was used to
calculate the I/M cross-sectional ratios for each animal.

Statistical analysis. All values are expressed as mean±SEM. Statis-
tical analyses were performed using Sigmaplot software (Jandel Scien-
tific, Corte Madere, CA) on a Macintosh Power PC 8100 computer.
The Student's t test was used to evaluate differences between the experi-
mental groups.

Results

Over-expression of p2] inhibits VSMCproliferation and cell
cycle progression in response to growth factor stimulation in
vitro. To directly test the effects of over-expression of p21 on

cell cycle progression in VSMCs, we constructed a replication-
defective adenovirus, Adp2l, that contains the human p21
cDNA (18) under the transcriptional control of the cellular
elongation factor la gene promoter (31) and the 4F2 heavy
chain gene enhancer (32) (Fig. I A). We have demonstrated
previously that infection of primary cultured VSMCwith 20-
40 plaque-forming units (PFU) per cell of such adenovirus
vectors results in the transduction of > 90% of cultured VSMCs
(9). To precisely define the levels and time course of p21
expression following infection with this virus, quiescent (GO/
GI) primary rat aortic VSMCswere infected with 20 PFU per

cell of either Adp2l or a control virus, AdlacZ that encodes
the bacterial ,8-galactosidase enzyme (33). Cell lysates pre-

pared 24-48 hours after infection were subjected to immunoblot
analysis using a polyclonal antibody reactive with human p21.
Adp21-infected VSMCsexpressed markedly elevated levels of
p21 as compared to both uninfected and AdlacZ-infected con-

trol cells (Fig. 1 B). High levels of p21 expression were ob-
served within 24 hours of infection and the levels of p21 expres-

sion increased further between 24 and 48 h after infection (data
not shown). Of note, in some experiments, both uninfected and
AdlacZ-infected cell lysates displayed low levels of expression
of a 21kD protein that co-migrated with in vitro translated hu-
man p21 (Fig. 1 B). This may reflect cross-reactivity of the
polyclonal a-human p21 antibody with the endogenous rat
p21 expressed in these cells. In addition, all of the cell lysates
contained a faint nonspecific band of slower mobility that cross-

reacted with the polyclonal a-p2 I antiserum. From these experi-
ment we concluded that Adp21 can be used to program high-
level p21 expression following infection of quiescent VSMCs
in vitro.

To determine the effects of over-expression of p21 on

growth factor-stimulated VSMCproliferation in vitro, primary
rat VSMCwere made quiescent by incubation for 48 h in serum

free medium. This treatment reproducibly results in 70-90%
of the cultured VSMCsbecoming arrested in the GO/GI phases
of the cell cycle as assayed by propidium iodide staining and
FACS analysis (9). The quiescent VSMCwere infected with
10, 20, or 40 PFU per cell of Adp2 1, and then stimulated to
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Figure 1. Expression of p21 in VSMCsand rat carotid arteries following
infection with Adp2l. (A) Schematic representation of Adp2l. Adp2l
contains the human p21 cDNA (p21) under the transcriptional control
of the human Elongation Factor la promoter (EFla Pr) and the human
4F2 heavy chain transcriptional enhancer (4F2 Enh). Adenovirus map
units are shown below each map. (B) Expression of p21 after infection
of cultured rat aortic SMCs with Adp21. Cell lysates were prepared
from cultured primary rat aortic SMCs48 h after infection with 20 PFU
per cell of Adp21 or the AdlacZ control virus or from uninfected VSMCs
and subjected to immunoblot analysis using an a-p21 antiserum. (C)
Expression of p21 after Adp2l infection of balloon-injured rat carotid
arteries. Immediately after balloon angioplasty, rat carotid arteries were
infected with 2x 109 PFU of Adp2l or AdlacZ. Lysates of the arteries
were prepared 4 d after infection and subjected to immunoblot analysis
using an a-p21 antiserum. In vitro translated (IVT) p21 protein was
included on the immunoblots in B and C as a marker. The positions of
the p21 bands are indicated with arrows.

proliferate by exposure to medium containing 10% fetal calf
serum (FCS). Control cells were infected with 40 PFU per cell
of AdlacZ. As shown in Fig. 2 A, the AdlacZ-infected cells
proliferated rapidly during the first 48 h after serum stimulation,
undergoing approximately two doublings. In contrast, infection
with Adp2l resulted in dose-dependent reductions in VSMC
proliferation. At both the 24 and 48 h time points, each of the
Adp21-infected cell cultures (10, 20, and 40 PFU per cell)
demonstrated significantly less proliferation than the control
AdlacZ-infected cells (P < 0.02). Infection with 40 PFU per
cell of Adp2l resulted in a 60% reduction in VSMCprolifera-
tion during the 48 hours after growth factor stimulation (P
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Figure 2. Inhibition of VSMCproliferation following infection with
Adp2l. (A) Replicate cultures of quiescent, serum-starved, rat aortic
SMCswere infected with different amounts of Adp2l (open symbols)
or AdlacZ (closed circles) and then stimulated to proliferate by incuba-
tion in 10% FCS. Cells were harvested 0, 24, and 48 h after serum-

stimulation and cell numbers determined using a hemocytometer. Cell
viability as assessed by trypan blue exclusion was > 97%in all cultures
at the end of the experiment. The data is shown as mean±SEM. Error
bars are included on each data point but on some points are too small
to be visualized. (B) Replicate cultures of quiescent, serum-starved
primary rat aortic SMCswere infected with either Adp2l (open sym-

bols) or AdlacZ (closed circles) and then serum-stimulated as described
in A. Cells were pulse-labeled for 4 h with [3H] thymidine and harvested
0, 24, and 48 h after serum-stimulation. The data are shown as mean

[3H] thymidine incorporated±SEM. Error bars are included on each data
point but in some cases are too small to be visualized. (C) Replicate
cultures of quiescent, serum-starved primary rat aortic SMCswere in-

< 0.0001) (Fig. 2 A). Importantly, > 97%of both the AdlacZ-
and Adp2l-infected cells were viable at the end of these experi-
ments as determined by trypan blue exclusion (data not shown).
Thus, the inhibition of cell proliferation observed after Adp2l
infection reflected a cytostatic as opposed to a cytotoxic effect.

If the observed decrease in proliferation produced by over-
expression of p21 reflected its capacity to inhibit the kinase
activities of cyclinD/CDK complexes, the Adp2l-infected
VSMCsshould be arrested in the GI phase of the cell cycle.
This hypothesis was tested directly using two different experi-
mental approaches. First, we measured DNAsynthetic activity
([3H]thymidine incorporation) after growth factor stimulation
of both Adp2l- and AdlacZ-infected primary rat aortic SMCs
(Fig. 2 B). Infection with Adp2l resulted in statistically sig-
nificant (P < 0.05), dose-dependent reductions in [3H]-
thymidine incorporation which paralleled the decreased prolifer-
ative activity of these cells. Infection with 40 PFU/cell of
Adp2l led to a > 70% reduction in growth factor-stimulated
[3H] thymidine incorporation as compared to the AdlacZ-in-
fected control cells at 48 h (P < 0.001) (Fig. 2 B). In a second
set of experiments, quiescent VSMCswere infected with 40
PFU/cell of Adp2l or AdlacZ, and stimulated to proliferate by
incubation in 10% FCS. Cell cycle progression was assayed by
propidium iodide staining and FACSanalysis (Fig. 2 C). Before
serum stimulation (0 h) 72% of the AdlacZ- and 71% of the
Adp2l-infected VSMCswere in the GO/GI phases of the cell
cycle. After 24 h of serum stimulation, 60% of the AdlacZ-
infected cells had progressed into the G2/M + S phases of the
cell cycle (i.e., only 40% remained in GO/GI). In contrast,
69% of the Adp2l infected cells remained in GO/GL. Thus,
Adp21 infection resulted in a 15-fold reduction in cell cycle
progression during the first 24 h of serum stimulation. Similar
results were observed 48 hours after serum stimulation. How-
ever, by this time point, the AdlacZ-infected cells were no
longer synchrously dividing and many cells had traversed an
entire cell cycle making precise quantitation of these samples
difficult. Taken together, these results demonstrated that over-
expression of p21 arrests VSMCsin GI, before entry into the
S phase of the cell cycle.

Over-expression of p21 inhibits the growth factor-stimu-
lated phosphorylation of Rb in VSMCs. It has previously been
suggested that one of the mechanisms by which over-expression
of p21 might inhibit cell cycle progression is by interfering
directly with the cyclinD/CDK-mediated phosphorylation of
Rb (17-20, 27). Although previous studies have shown that
p21 can inhibit the cyclin/CDK dependent phosphorylation of
Rb in vitro (17), a similar effect has not been demonstrated
directly in mammalian cells. To test the effects of over-expres-
sion of p21 on Rb phosphorylation in response to growth factor
stimulation, quiescent (GO/GI) primary rat VSMCswere in-
fected with 40 PFU per cell of either Adp2l or AdlacZ, and
then stimulated to synchronously enter and traverse the cell
cycle by exposure to 10%FCS. The expression and phosphory-
lation of Rb after serum-stimulation was assessed by immu-

fected with 40 PFU/cell of either Adp2l or AdlacZ and then serum-

stimulated for 24 h as described in A. Cells were stained with propidium
iodide and analyzed by FACS with a Becton Dickinson FACScan and
CellFit software.
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Figure 3. Over-expression of p21 inhibits Rb phosphorylation in growth
factor stimulated VSMCs. Passage 3 primary rat aortic SMCswere

arrested in the GO/GI stages of the cell cycle by incubation in serum-

free medium, infected with 40 PFU per cell of AdlacZ or Adp2l, and
24 h later stimulated to proliferate by incubation in medium containing
10% FCS. Cells were harvested 0, 24, and 48 h after serum-stimulation
and cell lysates subjected to immunoblot analysis with an a-Rb mAb
as described previously (9). Unphosphorylated (Rb) and phosphory-
lated forms of Rb (Rb phs) are shown by arrows to the left of the
autoradiogram.

noblot analysis of whole cell extracts (Fig. 3). As described
previously, quiescent VSMCscontain only unphosphorylated
Rb (9). Serum stimulation, which results in the rapid progres-
sion of VSMCs into the S phase of the cell cycle (9), was

associated with the concomitant, progressive phosphorylation of
Rb both in uninfected VSMC(data not shown) and in VSMCs
infected with AdlacZ (Fig. 3). This finding was consistent with
previous observations that have demonstrated an important role
for Rb in regulating VSMCproliferation in response to growth
factor stimulation (9). In contrast, infection of the quiescent
VSMCswith Adp2l completely inhibited the growth factor-
stimulated phosphorylation of Rb. Even 48 h after serum stimu-
lation, the preponderance of Rb in these cells remained in the
unphosphorylated state (Fig. 3). These results demonstrated
directly that over-expression of p21 results in decreased phos-
phorylation of Rb in vivo. When taken together with our previ-
ous finding that unphosphorylated Rb inhibits VSMCcell cycle
progression at the GI /S checkpoint of the cell cycle (9), they
suggested that the ability of p21 to inhibit VSMCproliferation
in response to growth factor stimulation reflects, at least in part,
its ability to inhibit the cyclin/CDK-mediated phosphorylation
of Rb.

A physical association between p21 and PCNA in Adp2J
infected VSMCs. In addition to its ability to inhibit the kinase
activities of cyclinD/CDK complexes, p21 can bind to and
inhibit the activity of the DNApolymerase 6 co-factor, PCNA
(28-30). Inhibition of PCNA-dependent DNAsynthesis may
therefore reflect a second mechanism by which p21 inhibits
cell cycle progression. Recent studies have demonstrated that
different regions of the p21 protein are involved in binding to
CDKs and PCNA, thereby suggesting that p21 may inhibit cell
cycle progression by at least two distinct molecular mechanisms
(30). To test directly whether overexpression of p21 in VSMCs
results in the formation of p21 /PCNA complexes, quiescent rat
aortic SMCswere infected with 40 PFU per cell of Adp2l or

AdlacZ and then stimulated to proliferate for 24 h by incubation
in medium containing 10% FCS. Lysates prepared from these
infected cells were immunoprecipitated with an a-p21 antibody
and the immunoprecipitates subjected to immunoblot analyses
with either a-p21 (Fig. 4, left) or a-PCNA (Fig. 4, right)
antibodies. Consistent with our previous experiments, (Fig. 2A)
p21 was immunoprecipitated from the Adp2l-infected but not
from the AdlacZ-infected VSMCs (Fig. 4, left panel). More
importantly, PCNAwas co-immunoprecipitated with p21 from
Adp2 1-infected but not from AdlacZ-infected VSMClysates

7 CL

21 kD- *4- p21

IP: a-p21
Immunoblot: a-p21

-o- PCNA
3YkD -

a-p21
a-PCNA

Figure 4. A physical association between p21 and PCNAin Adp2l-
infected VSMCs. Quiescent (GO/GI) primary rat aortic smooth muscle
cells were infected with 40 PFU per cell of Adp2l or AdlacZ. 24 h
after infection, cells were stimulated to proliferate by incubation in
medium containing 10% FCS. Cell lysates prepared 24 h after stimula-
tion were immunoprecipitated with an a-p21 antibody and the resultant
immunoprecipitates were subjected to immunoblot analysis with a-p21
(left) or a-PCNA (right) antibodies. PCNAwas co-immunoprecipitated
with p21 in the Adp2l- but not in the AdlacZ-infected VSMCs. Size
markers in kD are shown to the left of each autoradiogram.

(Fig. 4, right panel). Thus, p21 forms complexes with PCNA
following Adp2l infection of VSMCs.

Over-expression of p21 inhibits neointimal hyperplasia in
the rat carotid artery injury model of restenosis. The rat carotid
artery balloon injury model represents a well-characterized,
highly reproducible vascular proliferative disorder that is depen-
dent on VSMCproliferation and migration (9, 36, 38-40).
Previous studies using this model have demonstrated that medial
VSMCproliferation begins within 2 days of arterial injury,
reaching a peak within 4 d. By 20 d after balloon angioplasty,
nearly all of the injured arteries develop a stable neointimal
lesion and demonstrate no evidence of VSMCproliferation in
either the neointima or the media of the vessel wall (9, 36,
38-40).

To determine directly the effects of p21 over-expression on
neointima formation, rat carotid arteries were subjected to bal-
loon angioplasty and immediately infected with 2 x 109 PFU
of either Adp2l or AdlacZ. Wehave previously demonstrated
that this protocol results in the transduction of > 70% of the
medial VSMCin the injured arterial segment (9). To demon-
strate over-expression of recombinant p21 in these experiments,
injured arterial segments were harvested 4 d after infection and
crude lysates prepared from these arteries were assayed for p21
expression by immunoblot analysis. As seen in Fig. 1 C, arteries
infected with Adp2l expressed markedly elevated levels of p21
as compared to the AdlacZ-infected arteries. Immunoblots from
the AdlacZ- and Adp21-infected arteries contained equivalent
levels of a second band of slower mobility. This band did not
represent native rat p21 because native rat p21 migrates with
identical mobility to human p21 in our SDS-PAGEconditions
(see Fig. 1 B). However, it may represent a denatured form of
rat p21 or, alternatively non-specific binding of the antibody
reagents used in these immunoblots.

In a second series of experiments, rat carotid arteries were
subjected to balloon angioplasty and immediately infected with
2 x 109 PFU of either Adp2l or AdlacZ. Arteries were har-
vested 20 d after balloon injury and restenosis, as determined by
the neointima/media (I/M) area ratio, was assessed by digital
planimetry. Carotid arteries from the AdlacZ-infected control
arteries displayed an I/M ratio of 1.01±0.04 (n = 5). In con-
trast, infection with Adp2l resulted in an I/M ratio of 0.54±0.11
(n = 6), a 46% reduction as compared to the AdlacZ control
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Several experiments were performed to asses:

localized arterial infection with Adp2l. First, n(

Figure 5. Inhibition of neointima formation by Adp2l infection following balloon angi-
oplasty in the rat carotid artery injury model. (A-D) Representative photomicrographs of
rat carotid arteries 21 d following balloon injury and infection with 2 x 109 PFU of AdlacZ
(A and B) or Adp2l (C and D). Arrows denote the internal elastic lamina which separates
the medial and intimal layers of the arterial wall. The bars are equivalent to 640 MtM in A
and C and to 50 OMin B and D. (E) Neointima formation in Adp2l- and AdlacZ-infected
rat carotid arteries 20 d after balloon angioplasty. Immediately following balloon injury,
rat carotid arteries were infected with 2 x 109 PFU of either the AdlacZ control virus (n
= 5) or Adp2l (n = 6). 20 d after injury, the cross-sectional areas of the neointima and
media were measured by digital planimetry in representative sections of the injured vessels.
The data are shown as mean±SEM. An asterisk signifies difference (P < 0.001) as com-

pared to AdlacZ-infected vessels.

fection with a formed by an independent pathologist did not reveal any evi-
in p21 at the dence of gross or microscopic tissue pathology in the Adp2l-
ction in neoin- infected rats. Moreover, serum electrolytes, renal and liver func-
SMCprolifer- tion tests, complete blood counts and clotting parameters were

all normal 20 days after balloon angioplasty and Adp2l infec-
s the safety of tion (data not shown). Finally, as shown in Figs. 5, C and D
ecropsies per- there was no evidence of localized arterial inflammation, necro-
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sis or aneurysm formation in the Adp21-infected arteries 20 d
after balloon angioplasty.

Discussion

Mammalian cells have evolved a set of specific and distinct
molecular responses to pathologic stimuli. Somecells including
VSMCs, fibroblasts, and lymphocytes proliferate in response to
injury and foreign pathogen invasion. In other cases, such as
UV-induced DNAdamage or exposure to steroids, these same
cells can undergo cell cycle arrest and even apoptotic cell death.
Although largely adaptive, these responses to injury are in some
cases pathological, leading to a variety of human diseases. Thus,
for example, dysregulated cell proliferation has been associated
with both autoimmune disease (41) and malignancy (42). Simi-
larly, inappropriate apoptotic cell death may be associated with
a variety of neurodegenerative disorders (43). In the case of
VSMCs, unregulated cell proliferation in response to arterial
injury has been implicated in the etiology of a variety of vascu-
lar proliferative diseases including atherosclerosis and resteno-
sis following balloon angioplasty (2-5).

The plasticity of injury responses in a single cell type sug-
gested to us that it might be possible to manipulate these re-
sponses by over-expressing specific molecules involved in regu-
lating these pathways. In the studies described in this report,
we have shown that over-expression of one such molecule, the
cyclin/CDK inhibitor, p21 can fundamentally alter the prolifer-
ative responses of VSMCs to growth factors in vitro and to
arterial injury in vivo. Adenovirus-mediated over-expression of
p21 arrested VSMCsin GI, and significantly decreased VSMC
proliferation. These growth inhibitory effects were associated
both with an inhibition of Rb phosphorylation in these cells
and with the formation of p21 /PCNA complexes. In addition,
adenovirus-mediated over-expression of p21 in the arterial wall
at the time of balloon angioplasty significantly inhibited neoin-
tima formation in the rat carotid artery model of restenosis.
These findings have a number of basic scientific and therapeutic
implications.

Previous studies have demonstrated important roles for two
tumor suppressor genes, p53 and Rb in negatively regulating
VSMCproliferation in vitro and in vivo (9, 44). It is also
known that p53 can activate transcription of p21 in several cell
types (20, 24, 25) Moreover, over-expression of p21 can di-
rectly inhibit the kinase activities of cyclinD/CDK complexes
and the activity of PCNAin vitro (17-20, 27). When taken
together with our finding that over-expression of p21 (a) leads
to the formation of p21 /PCNA complexes, (b) inhibits Rb phos-
phorylation, and (c) inhibits cell cycle progression in VSMCs,
these findings define a distal regulatory pathway for VSMC
proliferation in response to growth factors and arterial injury
(Fig. 6). Future studies designed to examine how specific
growth factor receptors modulate this cell cycle regulatory path-
way in VSMCsshould allow the construction of a complete
map of the pathways leading from cell-surface receptors to
nuclear cell cycle regulatory molecules in these cells.

In addition to defining the molecular pathways underlying
VSMCproliferation, our findings also have clinical significance.
Coronary artery disease (CAD) due to atherosclerosis is the
leading cause of morbidity and mortality in the United States.
PTCA remains a mainstay of therapy for symptomatic CAD,
with more than 400,000 procedures expected in 1995 in the
United States alone. While the procedure is initially successful
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Figure 6. The distal cell cycle regulatory pathway in VSMC. Schematic
illustration of a portion of the regulatory pathway controlling the GI to
S transition of the cell cycle in VSMC. p53 is known to upregulate p21
transcription. p21 inhibits the kinase activity of the cyclinD/CDK com-
plexes. cyclinD/CDK complexes in their active forms phosphorylate
(P) and inactivate the retinoblastoma protein (Rb). In its unphosphory-
lated form, Rb inhibits (11) VSMCsfrom traversing the GI to S check-
point of the cell cycle. p21 also binds to the DNApolymerase 6 co-
factor, PCNAand inhibits its activity.

in relieving arterial stenoses in the vast majority of patients,
clinically significant restenosis continues to complicate the pro-
cedure in up to 40% of cases (2-5). Numerous pharmacologic
strategies including antiplatelet agents, anticoagulants, angio-
tensin-converting enzyme inhibitors and cytotoxic agents have
failed to significantly reduce the rate of restenosis following
PTCA(45-49). Recently, a number of gene based therapies for
restenosis have been described (9, 39, 40, 50-52). Adenovirus-
mediated transfer of the herpes simplex virus thymidine kinase
gene (HSV-tk) followed by the systemic administration of gan-
ciclovir has been shown to inhibit restenosis in both the rat and
pig models of arterial injury (39, 40, 52). Although effective,
there are several disadvantages of this cytotoxic approach as
compared to cytostatic gene therapy using p21. First HSV-tk
therapy involves the induction of VSMCdeath which is associ-
ated with concomitant intravascular inflammation and the poten-
tial for medial necrosis and aneurysm formation. In addition,
this approach requires systemic ganciclovir therapy, which has
been associated with neutropenia, thrombocytopenia, and ven-
tricular arrhythmias in humans (53, 54). Biopolymer-mediated
delivery of antisense oligonucleotides directed to c-myb or
PCNAand cdc2, have also both been reported to inhibit neointi-
mal hyperplasia in the rat carotid artery injury model (50, 51).
However, recent studies have suggested that antisense oligonu-
cleotides may cause degradation of multiple RNAspecies and
have important non-specific effects on intracellular and cell
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surface proteins (55-57). In addition, antisense oligonucleo-
tides may be subject to significant batch-to-batch variability and
to date it has been impossible to efficiently deliver antisense
oligonucleotides to the vascular wall using nonviral, catheter
mediated approaches (55-57). Finally, adenovirus mediated
over-expression of a non-phosphorylatable constitutively active
form of Rb (HAL\Rb) has also been shown to significantly
reduce restenosis in both the rat carotid and pig iliofemoral
artery models of balloon angioplasty (9).

A cytostatic gene therapy approach using catheter-mediated
delivery of Adp2l offers a clinically applicable, effective and
non-toxic treatment for vascular proliferative disorders. The de-
gree of inhibition of restenosis achieved by Adp2l gene transfer
in our studies (46%) was comparable to that achieved with
over-expression of HALARb (9), as well as with HSV-tk gene
transfer with systemic ganciclovir therapy (39, 40, 52), and the
intraluminal delivery of antisense oligonucleotides (50, 51).
Furthermore, administration of Adp2l was not associated with
significant inflammatory responses nor with clinical toxicity in
the present study. From a clinical standpoint, the fact that Adp2l
appears to inhibit two proliferative pathways (cyclin/CDKs and
PCNA) may make it a more potent cytostatic agent than Ad-
HAARb. On the other hand, the more pleiotropic activities of
Adp2l may result in more undesirable side effects in vivo. It
is also possible that co-administration of Adp2l and AdHAARb
may prove to be more efficacious than the administration of
either virus alone. The resolution of these questions will await
the results of further pre-clinical trials which are currently in
progress. Finally, because cyclin/CDK kinases are important
regulators of proliferation in a wide variety of cell types, adeno-
virus mediated over-expression of p21 may prove useful for the
treatment of other human diseases associated with dysregulated
cell proliferation. Similarly, the finding that over-expression of
both p21 and Rb can be used to provide effective cytostatic
gene therapy suggests that other cell cycle regulatory molecules
such as p15 or p27, either alone, or in combination may repre-
sent useful cytostatic gene therapy reagents.
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