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Vascular smooth muscle cell (SMC) proliferation in response to injury is an important
etiologic factor in vascular proliferative disorders such as atherosclerosis and restenosis
after balloon angioplasty. The retinoblastoma gene product (Rb) is present in the un-
phosphorylated and active form in quiescent primary arterial SMCs, but is rapidly inac-
tivated by phosphorylation in response to growth factor stimulation in vitro. A replication-
defective adenovirus encoding a nonphosphorylatable, constitutively active form of Rb
was constructed. Infection of cultured primary rat aortic SMCs with this virus inhibited
growth factor—stimulated cell proliferation in vitro. Localized arterial infection with the virus
at the time of balloon angioplasty significantly reduced SMC proliferation and neointima
formation in both the rat carotid and porcine femoral artery models of restenosis. These
results demonstrate the role of Rb in regulating vascular SMC proliferation and suggest
a gene therapy approach for vascular proliferative disorders associated with arterial injury.

The arterial wall is a complex multicellular
structure and is important in the regulation
of inflammation, coagulation, and regional
blood flow (1). Vascular SMC:s are located
predominantly in the arterial tunica media
and are important regulators of: vascular
tone and blood pressure. These cells are
normally maintained in a nonproliferative
state in vivo (1,.2). Arterial injury results in
the migration of SMCs into the intimal
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layer of the arterial wall, where they prolif-
erate and synthesize extracellular matrix
components. This neointimal SMC prolif-
erative response has been implicated in the
pathogenesis of atherosclerosis (2). In addi-
tion, arterial injury after percutaneous bal-
loon angioplasty of the coronary arteries
results in neointimal SMC proliferation and
clinically significant restenosis in 30 to 50%
of patients (3). Many growth factors induce
the proliferation of vascular SMCs in vitro
and in vivo (3, 4). This redundancy in
growth factor signaling pathways has led to
the suggestion that effective cytostatic ther-
apies for vascular proliferative disorders
should target nuclear cell cycle regulatory
pathways rather than more proximal signal
transduction molecules (5).

The Rb protein inhibits cell cycle pro-
gression in many mammalian cell types (6,
7). For example, in resting (G,) peripheral
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blood T cells, Rb is unphosphorylated and,
in this state, binds to and inactivates a set of
cellular transcription factors, .including E2F
and Elf-1, that are required for cell cycle
progression (8). After T cell activation, Rb
is rapidly phosphorylated and the Rb-E2F
and Rb-Elf-1 complexes are thereby dis-
rupted (8, 9). The release of these transcrip-
tion factors is associated with progression
through the G,/S checkpoint of the cell
cycle and subsequent T cell proliferation.
Given its important role in regulating cell
cycle progression, we reasoned that Rb
might also be an important regulator of
vascular SMC proliferation.

To study the expression and regulation
of Rb in vascular SMCs, we arrested cul-
tured primary rat aortic SMCs in the G,/G,
phase of the cell cycle by incubating them
in serum-free medium for 96 hours and then
induced the cells-to proliferate by exposing
them to 10% fetal bovine serum (FBS). The
expression and phosphorylation of Rb were
assessed by immunoblot analysis of whole
cell extracts. After serum withdrawal,
>85% of the cultured SMCs were arrested
in G, or G, of the cell cycle as assayed by
propidium iodide staining and fluorescence-
activated cell sorting analysis (10). These
quiescent cells contained exclusively un-
phosphorylated Rb (10). Serum stimulation
of the cells was associated with their pro-
gression into the S phase of the cell cycle,
and the concomitant, progressive phosphor-
ylation of Rb during the first 24 hours after
stimulation (10).

To test directly the role of Rb in regu-
lating cell cycle progression in SMCs, we
constructed a replication-defective adeno-
virus vector, AdARb (11), that encodes a
nonphosphorylatable, constitutively active
form of human Rb (HAARb) containing a
10-amino acid, NH,-terminal epitope tag
from the influenza hemagglutinin molecule
(12). In this vector, transcription of the Rb
gene is controlled by the cellular elongation




factor—la gene promoter (13) and the 4F2
heavy chain (14) gene enhancer (15). The
constitutively active HAARb protein has
been shown previously to inhibit E2F- and
Elf-1-dependent transcription in P19 cells
(12) and T cells (8), respectively. In an
initial series of experiments, we demonstrat-
ed that the replication-defective adenovirus
could be used to transduce >90% of cul-
tured primary rat aortic SMCs in vitro (10),
and that infection of these cells with
AdARDb, but not with the AdlacZ control
virus (11, 16), resulted in the expression of
a 107-kD protein that reacted with both

anti-hemagglutinin and anti-Rb antibodies
as detected by immunoblot analysis (10).
To determine the effect of overexpres-
sion of HAARb on growth factor-stimu-
lated SMC proliferation in vitro, we ex-
posed quiescent rat aortic SMCs to AdARb
[20 plaque-forming units (PFU) per cell]
and then stimulated the cells to proliferate
by incubating them in medium containing
10% FBS (17). Control cultures were in-
fected with AdlacZ or were left uninfected
before serum stimulation. Serum induced
rapid proliferation of the uninfected or Ad-
lacZ-infected SMCs (Fig. 1A); during the

Fig. 1. Effect of AdARD infection A 309B
on cultured primary rat aortic ? —
SMC proliferation. (A) Effect of ~_° E '
AdARD infection on SMC num- & ] .z 204 /
ber. Replicate cultures of quies- = ¢ <
cent, serum-starved rat aortic é 2 ¢
SMCs were infected with AdARb 3 | 2
(©O) or AdlacZ (@), or were leftun- 5 4 2 101
infected (V), and then stimulated © / o+ B ] .
to proliferate by incubation in 10% 1 !/0* o /o ot
FBS (17). Cells were harvested 0, a1 ol 8—
24, and 48 hours after serum 0 12 24 36 48 0 12 24 36 48
stimulation and cell numbers

Time (hours) Time (hours)

were determined with a hemocy-
tometer. Cell viability, as as-

sessed by trypan blue exclusion, was >97% in all cultures at the end of the experiment (70). Data are
means = SEM (n = 3). (B) Effect of ADARD infection on SMC DNA synthesis. Replicate cultures of
quiescent, serum-starved primary rat aortic SMCs were infected with either AAARb or AdlacZ, or were left
uninfected, and then stimulated with serum as in (A). Cells were labeled for 4 hours with [2H]thymidine and
harvested 0, 24, and 48 hours after stimulation (77). Data are means + SEM (n = 3). *P < 0.01, *P <
0.001 versus uninfected and AdlacZ-infected cells.
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Fig. 2. HAARD expression in balloon-injured rat carotid
arteries in vivo after local infection with AJARDb. (A) RT-
PCR analysis. The left carotid arteries of adult Sprague-
Dawley rats were injured with a balloon catheter (78) and
infected with either AdBgl (a replication-defective control
adenovirus that does not encode a recombinant protein)
(22) or AJARD (71). Five days after infection, these ves-
sels and the contralateral uninfected carotid arteries (CU)
were assayed for the recombinant HAARb mRNA by
RT-PCR and Southern blot analysis (23). Each RNA sam-
ple was subjected to first-strand complementary DNA
synthesis in the presence (+) or absence (—) of RT, fol-
lowed by PCR. Negative control reactions contained wa-
ter instead of arterial RNA (H,0). A 466—base pair (bp)
band corresponding to the expected size of the PCR
product was detected only in the AdARb-infected carotid
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first 48 hours after stimulation, these cells
underwent approximately two doublings. In
contrast, infection with AdARb inhibited
SMC proliferation by >90% (Fig. 1A).
Both the AdlacZ- and AdARb-infected cells
were >97% viable at the end of the exper-
iment as determined by trypan blue exclu-
sion (10). Thus, the lack of proliferation of
AdARb-infected cells represented cell cycle
arrest as opposed to cell death.

Serum stimulation of both uninfected
and AdlacZ-infected SMCs was associated
with marked increases in [*H]thymidine in-
corporation during the first 24 to 48 hours
(Fig. 1B). In contrast, infection with
AdARbD inhibited [*H]thymidine incorpora-
tion by >90% in these cells, consistent
with the hypothesis that overexpression of
HAARb arrests SMC proliferation before
entry into the S phase of the cell cycle.

Two established animal models of reste-
nosis were used to determine if AJARb
could inhibit vascular SMC proliferation
after arterial injury in vivo. The rat carotid
artery injury model represents a well-char-
acterized, reproducible vascular prolifera-
tive disorder that is dependent on SMC
migration and proliferation (5, 18). Balloon
angioplasty of the porcine femoral artery
produces a neointimal lesion that has been
used as a model of human vascular prolifer-
ative disease (19, 20). Both the size and
structural organization of the porcine vessel
closely resemble those of human coronary
arteries (19, 20).

arteries (upper panel) and only in reactions that included

RT. The quality of the PCR assay was ensured by subjecting all samples in
parallel to RT-PCR with oligonucleotide primers complementary to mouse
B-actin mRNA. A 934-bp band corresponding to the expected size of the
amplified B-actin PCR product was observed in each of the RNA reactions that
included RT (lower panel). (B through E) Immunochistochemical analysis of
HAARD expression in cultured cells and rat carotid arteries after infection with

SCIENCE e« VOL. 267 -

27 JANUARY 1995

AdARD (24). (B and C) Human 293 cells were infected with 20 PFU of the AdBgl
control virus (B) or AAARD (C) per cell and stained with a mAb to HA. (D and E)
The left carotid arteries of adult Sprague-Dawley rats were injured by dilatation
with a balloon catheter (78) and infected with 2 x 10° PFU of either AdBgl (D) or
AdARD (E) for 5 min. Five days after injury and infection, carotid arteries were
fixed in situ and sections were stained with a mAb to HA.
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We and others have previously demon-
strated that replication-defective adenovirus
vectors can be used to program high levels of
expression of reporter genes, such as the
alkaline phosphatase gene or lacZ, in a large
number of medial vascular SMCs in the
balloon-injured rat carotid, rabbit coronary,
and porcine femoral arteries (20-22). To
demonstrate in vivo gene transfer of HAARb
after AdARD infection, we injured rat carot-
id arteries by balloon angioplasty and then
exposed them for 5 min to 2 X 10° PFU of
AdARDb (23). Five days after infection, ca-

Fig. 3. Inhibition of necintima formation by AdARb
infection after balloon injury of the rat carotid ar-
tery. (A) Effect of local expression of HAARb on
vascular SMC DNA synthesis. Rat carotid arteries
were injured with a balloon catheter (78) and ex-
posed to either vehicle (V) (n = 5), the AdBgl
control virus (n = 4), or AdARb (n = 5) (25). Ani-
mals were injected subcutaneously four times at
12-hour intervals with BrdU beginning 24 hours
after carotid artery injury. Three days after injury,
the carotid arteries were removed and stained
with a mAb specific for BrdU (25). Total nuclei and
BrdU-positive nuclei were counted in the media of
the injured vessel wallls. Values are means + SEM.
(B) Effect of local expression of HAARb on
neointima formation in balloon-injured rat carotid
arteries. Immediately after balloon injury (78), rat
carotid arteries were exposed to vehicle (n = 9), or
2 % 10° PFU of AdBgl (n = 10) or AdARD (n = 10)
(26). Twenty days after injury, the carotid arteries
were removed and the cross-sectional areas of
the neointima and media were measured by digital
planimetry (26) in representative sections of in-
jured vessels. Values are means + SEM. (C) Re-

rotid arteries were assayed for HAARb ex-
pression by both reverse transcriptase—poly-
merase chain reaction (RT-PCR) analysis
(23) and immunohistochemistry with a
monoclonal antibody (mAb) specific for the
hemagglutinin (HA) epitope tag (24).
HAARb RNA was detected by RT-PCR in
the AdARb-infected carotid arteries, but not
in the control AdBgl virus—infected or con-
tralateral uninfected carotid arteries (Fig.
2A). In addition, >70% of the medial vas-
cular SMC:s in the AdARb-infected arteries
contained HAARD protein localized in the
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constitution of the endothelial cell layer in AdARb-infected rat carotid arteries. Rat carotid arteries were
injured with a balloon catheter and infected with AJARbD as in (B). Twenty days after injury, the arteries
were removed and stained with a mAb to von Willebrand factor (24). In all experiments, slides were coded
and all determinations were performed by an observer blinded to the experimental conditions.

Fig. 4. Inhibition of

>

neointima formation by
AdARDb infection after
balloon angioplasty in a
porcine femoral artery in-
jury model. (A) The il-
iofemoral arteries of do-
mestic Yorkshire pigs
were injured for 5 min by

0.7 4

0.6

Neointima/media

balloon angioplasty as
described (20) and in-
fected for 20 min via a
double balloon catheter (20) with 10'° PFU of the
control AdBgl virus (n = 8 arteries) (22) or ADARD
(n = 8 arteries) (71). Twenty-one days after injury,
arteries were excised, fixed in formalin, and
stained with hematoxylin and eosin (20). The
cross-sectional areas of the neointima and media
were measured by digital planimetry in represen-
tative sections of injured vessels exposed to
AdBgl or AdARb as described (26). Values are
means = SEM. (B and C) Representative pho-
tomicrographs of porcine femoral arteries 21 days
after balloon injury and infection with AdBgl (B) or
AdARD (C). Arrows, the internal elastic lamina that
separates the medial and intimal layers of the ar-
terial wall.
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nucleus, as detected by dark brown nuclear
staining with the anti-HA mAb (Fig. 2E).
No nuclear staining was seen in AdBgl-
infected carotid arteries (Fig. 2D). More-
over, similar nuclear staining was observed
in >90% of cultured human 293 cells in-
fected with AdARb (24) (Fig. 2C) but was
not apparent in 293 cells infected with the
AdBgl control virus (Fig. 2B). These exper-
iments thus demonstrated efficient transfer
of the HAARDb gene into medial vascular
SMCs as a result of AdARD infection imme-
diately after balloon injury.

To determine the effects of HAARD ex-
pression on restenosis, we subjected rat ca-
rotid arteries to balloon angioplasty and
immediately exposed them to 2 X 10° PFU
of either AdARDb or the control AdBgl virus
(25, 26). A third set of arteries was treated
with vehicle alone. Two assays were used to
measure SMC proliferation in vivo. First, to
determine directly the numbers of prolifer-
ating medial SMCs, we labeled AdARD-
infected and control arteries with 5’-bro-
modeoxyuridine (BrdU) 1 to 3 days after
balloon injury (5, 25, 27). Control experi-
ments with balloon-injured uninfected ar-
teries demonstrated that medial SMC pro-
liferation was maximal within 4 days after
injury, with as many as 40% of the medial
SMC:s labeled with BrdU (10). As expect-
ed, neointimal SMC proliferation showed a
slightly delayed time course, with ~90% of
the neointimal SMCs staining with BrdU 6
days after balloon injury (10). Approxi-
mately 45% of the medial SMCs in the
vehicle-treated or AdBgl-infected arteries
were labeled with BrdU 1 to 3 days after
balloon injury (Fig. 3A). In contrast, infec-
tion with AdARbD resulted in a 67% de-
crease in BrdU-stained medial cells (P <
0.006). These results suggested that local-
ized arterial infection with AdARb at the
time of balloon angioplasty efficiently in-
hibited the proliferation of medial SMCs
before these cells had migrated into the
neointima.

In a second series of experiments, reste-
nosis, as determined by the neointima-to-
media area ratio (5, 18, 19, 27), was mea-
sured 20 days after balloon injury in the rat
carotid model. Uninfected and AdBgl-in-
fected arteries showed ratios of 1.4 * 0.1 and
1.2 = 0.1, respectively (Fig. 3B). In contrast,
the AdARb-infected arteries showed a 42%
decrease in the neointima/media area ratio
(0.7 £ 0.1, P < 0.001) relative to AdBgl-
infected controls and a 50% decrease relative
to uninfected control arteries. Thus, overex-
pression of HAARD after adenovirus-mediat-
ed in vivo gene transfer at the time of injury
resulted in significant reductions in both
vascular SMC proliferation and restenosis in
the rat carotid artery model of balloon an-
gioplasty. To determine the effects of
AdARD infection on the endothelial cell



layer of carotid arteries after balloon angio-
plasty, we removed the arteries 20 days after
injury and stained them with a mAb to von
Willebrand factor (an endothelial cell mark-
er) (Fig. 3C) (24). An intact endothelial cell
layer was demonstrated by the red staining
lining the luminal surface of the artery. This
efficient reconstitution of the endothelial
cell layer in the AdARb-infected, injured
arterial segment may reflect the transient
nature of adenovirus-mediated recombinant
gene expression in vivo (20, 22) or the
repopulation of the injured vessel segment
by endothelial cells that had migrated from
arterial sites located outside of the adenovi-
rus-infected segment.

To demonstrate that the reduction in
restenosis in the rat carotid artery model was
not species- or model-dependent, we also
tested the effects of AJARD infection in the
porcine femoral artery model of restenosis. A
double balloon catheter was used to infuse
10'° PFU of either AdBgl or AJARD into a
localized segment of the femoral artery im-
mediately after balloon angioplasty (20).
Twenty-one days after balloon angioplasty,
the AdBgl-infected arteries showed a
neointima/media area ratio of 0.68 * 0.05
(Fig. 4A). The neointima/media area ratio in
AdARb-infected arteries (0.36 * 0.07) was
decreased by 47% (P < 0.003) relative to
that of the AdBgl-infected controls. Thus,
AdARDb infection significantly reduced
neointima formation in two different animal
models of restenosis.

Previous studies have demonstrated in-
flammatory responses and clinical toxicity
associated with the in vivo administration
of replication-defective adenovirus vectors
(28). However, in our experiments, local-
ized arterial infection with AdARb did not
result in increased vascular inflammation or
cell necrosis relative to vehicle-treated or
AdBgl-treated control arteries (Fig. 4, B
and C). Moreover, serum electrolytes, liver
function tests, complete blood counts, and
clotting parameters were all normal in rats
20 days after intra-arterial infusions of
AdARb (10). Pigs locally infected with
AdARDb showed a small decrease in serum
phosphate relative to control, saline~treated
animals (7.7 * 0.4 mg/dL versus 8.8 + 0.8
mg/dL, respectively); the reason for this
decrease remains unclear. Necropsies of the
AdARb-treated rats and pigs did not reveal
significant organ inflammation or patholo-
gy (10). Thus, with the exception of mild
hypophosphatemia, localized vascular infec-
tion with AJARb did not result in signifi-
cant toxicity in two mammalian species.

We have demonstrated that adenovirus-
mediated gene transfer of a constitutively
active form of Rb is sufficient to inhibit
vascular SMC proliferation and neointima
formation significantly in two animal mod-
els of restenosis. Previous studies have sug-
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gested that antisense oligonucleotides di-
rected to c-Myb or to proliferating cell nu-
clear antigen (PCNA) and Cdc2 transcripts
also may be effective inhibitors of restenosis
in vivo (5). In addition, three recent studies
have demonstrated a reduction in restenosis
as a result of in vivo transfer of the herpes
simplex virus thymidine kinase (HSV TK)
gene to the arterial wall followed by the
systemic administration of ganciclovir (20,
29). The inhibition of restenosis produced
by intravascular infection with AJARD in
our study (50%) is comparable to that seen
after intraluminal administration of anti-
sense oligonucleotides to PCNA and Cdc2
transcripts (5) as well as to that observed
after HSV TK gene transfer and systemic
ganciclovir treatment in both the rat and
pig models (20, 29). However, from a ther-
apeutic standpoint, the use of localized
AdARDb infection has several advantages
over antisense oligonucleotide approaches
or cytotoxic therapies such as HSV TK
gene transfer and systemic ganciclovir treat-
ment. First, recent studies have suggested
that the growth inhibitory effects of anti-
sense oligonucleotides may, in many in-
stances, reflect nonspecific activities of
these agents, including their ability to cause
degradation of multiple RNA species and
their ability to bind to intracellular and cell
surface proteins in a sequence-nonspecific
manner (30). Some of these nonspecific
activities may vary markedly between dif-
ferent preparations of the same oligonucle-
otide (30). In addition, it has been difficult
to deliver antisense oligonucleotides stably
and efficiently to the vessel wall with the
use of percutaneous catheter-mediated ap-
proaches in the absence of viral vectors or
extravascular biodegradable matrices (5). In
this regard, it is important that we have
demonstrated the efficacy of intraluminal
AdARbD infection in two animal models of
restenosis in experiments performed in two
laboratories with different batches of
AdARb. Our observation that AdARb in-
fection inhibits medial vascular SMC pro-
liferation as early as 1 to 3 days after injury
suggests that this virus can inhibit resteno-
sis before the proliferating medial SMCs
have migrated into the neointima of the
injured arterial segment. Moreover, unlike
cytotoxic protocols such as those involving
the HSV TK gene (20, 29), cytostatic ther-
apy with the Rb gene has the potential
advantage of arresting cell cycle progression
without inducing cell death or inflamma-
tion in the vessel wall. Of equal impor-
tance, our approach does not require sys-
temic ganciclovir therapy, which has been
associated with neutropenia, thrombocyto-
penia, and ventricular arrhythmias in hu-
mans (31).

The classical tumor suppressor genes,
p53 and Rb, have each been shown to play
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important roles in regulating cell cycle pro-
gression “in several mammalian cell types
(5-7, 32). Moreover, recent evidence sug-
gests that p53-dependent G, arrest of cell
cycle progression is mediated, at least in
part, through Rb or Rb-like proteins (33).
The inactivation of Rb or p53, either by
mutation or by viral oncoproteins, results in
unregulated proliferation and tumorigenesis
in both animals and humans (34, 35). We
have now demonstrated that Rb also plays a
critical role in regulating the proliferation
of vascular SMCs, both in response to
growth factor stimulation in vitro and to
injury in vivo. These results suggest signif-
icant parallels between the molecular
mechanisms that underlie carcinogenesis
and those responsible for human vascular
proliferative disorders such as atherosclero-
sis and restenosis. In this regard, in vivo
gene transfer of constitutively active nega-
tive regulators of the cell cycle into various
cell types may prove efficacious for the
treatment of a variety of human diseases
associated with uncontrolled cellular prolif-
eration.
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Molecular Basis of the cauliflower
Phenotype in Arabidopsis

Sherry A. Kempin,* Beth Savidge,” Martin F. Yanofsky

Genetic studies demonstrate that two Arabidopsis genes, CAULIFLOWER and
APETALAT1, encode partially redundant activities involved in the formation of floral mer-
istems, the first step in the development of flowers. Isolation of the CAULIFLOWER gene
from Arabidopsis reveals that it is closely related in sequence to APETALAT. Like
APETALA1, CAULIFLOWER is expressed in young flower primordia and encodes a
MADS-domain, indicating that it may function as a transcription factor. Analysis of the
cultivated garden variety of cauliflower (Brassica oleracea var. botrytis) reveals that its
CAULIFLOWER gene homolog is not functional, suggesting a molecular basis for one of

the oldest recognized flower abnormalities.

In Arabidopsis, the genes that determine an
early event of flower development, the spec-
ification of floral meristem identity, include
CAULIFLOWER (CAL), APETALAI
(API), and LEAFY (LFY) (I, 2). In apl
single mutants, sepals are replaced by leaf-
like organs, and petals generally fail to ini-
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tiate (3). Axillary floral meristems arise at
the base of these leaf-like organs, producing
secondary flowers that resemble the pheno-
type of the primary apl mutant flower (Fig.
1B). When the apl mutation is combined
with mutations in CAL, cells that would
normally constitute a floral meristem instead
behave as an inflorescence meristem, giving
rise to additional meristems in a spiral phyl-
lotaxy (2). The resulting cauliflower pheno-
type has an extensive proliferation_ of meri-
stems at each position that in wild-type




