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Abstract

Cardiovascular disease represents a major clinical problem affecting a significant proportion of the

world’s population and remains the main cause of death in the UK. The majority of therapies

currently available for the treatment of cardiovascular disease do not cure the problem but merely

treat the symptoms. Furthermore, many cardioactive drugs have serious side effects and have narrow

therapeutic windows that can limit their usefulness in the clinic. Thus, the development of more

selective and highly effective therapeutic strategies that could cure specific cardiovascular diseases

would be of enormous benefit both to the patient and to those countries where healthcare systems

are responsible for an increasing number of patients. In this review, we discuss the evidence that

suggests that targeting the cell cycle machinery in cardiovascular cells provides a novel strategy for

the treatment of certain cardiovascular diseases. Those cell cycle molecules that are important for

regulating terminal differentiation of cardiac myocytes and whether they can be targeted to

reinitiate cell division and myocardial repair will be discussed as will the molecules that control

vascular smooth muscle cell (VSMC) and endothelial cell proliferation in disorders such as athero-

sclerosis and restenosis. The main approaches currently used to target the cell cycle machinery in

cardiovascular disease have employed gene therapy techniques. We will overview the different

methods and routes of gene delivery to the cardiovascular system and describe possible future

drug therapies for these disorders. Although the majority of the published data comes from animal

studies, there are several instances where potential therapies have moved into the clinical setting

with promising results.

Introduction

Diseases of the heart or circulatory system remain the major cause of death in the UK
and USA, being responsible for 245 000 (40%) of deaths in the UK (British Heart
Foundation statistics 2003) and 1 415 000 deaths in America during 2000 (Heart and
Stroke Statistical Update, American Heart Association 2002). Furthermore, more than
61 million people in the USA are thought to have one or more types of cardiovascular
disease (Heart disease and stroke statistics, American Heart Association 2003).
Current drug therapies offer some relief from symptoms but rarely do they provide a
cure. As the cellular mechanisms responsible for many of these diseases become more
clearly understood, it might be possible to design therapeutic strategies that target
specific intracellular molecules as an approach for the treatment of such disorders.

One intracellular process that is highly conserved and regulated in all eukaryotic
cells is the cell cycle. Certain components of the machinery that drive the cycle are
altered in several cardiovascular diseases making them potential targets for drug
therapy. In this article we will overview the mammalian cell cycle and describe those
cardiovascular diseases that occur, at least in part, as a result of aberrations in normal
cell cycle control. Finally, we will describe how components of the cell cycle machinery
are being targeted by gene therapy in cardiovascular cells as an alternative form of
treatment for such disorders.

The mammalian cell cycle

The normal mammalian cell cycle is a highly conserved process that is divided into five
distinct phases viz. three Gap phases (G0, G1 and G2), DNA synthesis (S) and mitosis
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(M-phase), that itself is sub-divided into karyokinesis
(nuclear division) and cytokinesis (cell division) (Figure 1).

In G0, cells are quiescent and display minimal mRNA
and protein syntheses. Following a mitogenic stimulus,
such cells re-enter the cell cycle and move into G1
(Figure 1). During G1, specific mRNAs and proteins are
synthesised that are required for DNA synthesis. There is
a checkpoint in late G1, called the restriction (R) point
and once a cell traverses this point it is committed to a
round of DNA replication and, in the majority of cases,
cell division. DNA replication occurs in S-phase and is
followed by G2 where additional mRNAs and proteins
are made in preparation for mitosis. Immediately before
the onset of M-phase there is an additional checkpoint
where the replicated DNA is checked and any cells con-
taining incompletely replicated or damaged DNA are pre-
vented from entering mitosis. Mitosis or M-phase
comprises five distinct phases viz. prophase, prometa-
phase, metaphase, anaphase and telophase. It represents
the final stage of the cell cycle where the nucleus under-
goes division (karyokinesis) followed by cytokinesis where
the mother cell divides into two daughter cells.

Cell cycle regulatory molecules

The progression of a cell around the cell cycle is tightly
regulated by the sequential expression, activation, inacti-

vation and degradation of specific cell cycle regulatory
molecules (Figure 1).

One group of molecules that is important for controlling
progression around the cell cycle comprises the cyclin±cyclin-
dependent kinase (CDK) complexes (Li & Brooks 1999).
These complexes comprise a regulatory cyclin sub-unit and
a catalytic CDK sub-unit. Different cyclins bind to different
CDKs at specific stages of the cell cycle, thereby regulating
cell cycle progression. Eight cyclins have been described to
date, all of which are synthesised and destroyed at specific
points during each cell cycle (Glotzer etal 1991; Pines &
Hunter 1995). They all share homology in a 150-bp region,
known as the cyclin box, that contains the binding domain for
specific CDKs (Kobayashi etal 1992; Lees & Harlow 1993).

At least eight CDK molecules have been described and,
unlike their cyclin partners, the expressions of the CDK
molecules remain relatively constant throughout the cell
cycle. Full activation of a particular cyclin±CDK complex
involves a series of events including cyclin binding, phos-
phorylation of specific serine residues (Ser161 in CDK2) that
is achieved by the CDK-activating kinase, and dephosphor-
ylation of specific residues (Thr14 and Tyr15) that are
achieved by members of the CDC25 protein phosphatase
family. A number of in-vivo substrates for cyclin±CDK
complexes have been described, including cyclin A, histones
and the retinoblastoma (pRb)-family of pocket proteins
(see below) (Li & Brooks 1999 for review).
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Figure 1 The mammalian cell cycle. Cyclin-dependent kinase (CDK) and cyclin complexes are positive regulators of the cell cycle. Cyclin

D±CDK4 or cyclin D±CDK6 complexes (or both) are activated in early G1 followed by cyclin E±CDK2 in the late G1±S phase. These events

coordinate the G1 and S phases. Cyclin B±CDC2 complexes control the G2±M transition. Inhibitors known as inhibitor of cyclin-dependentkinase

4 (INK4), CDK-interacting protein/wild-type p53-activatedfragment (CIP/Waf-1) and kinase-inhibitory protein (KIP) proteins negatively regulate

the CDK±cyclin complexes. INK4s (p14, p15, p16, p18 and p19) inhibit the action of CDK4 and CDK6 complexes, whereas p21CIP, p27KIP1 and

p57KIP2 are ubiquitous and can inhibit CDK4, CDK6, CDK2 and CDC2 complexes. Molecules such as the E2F transcription factors and p21

control the G1±S transition at the restriction (R) point. It takes approximately 24 h for an average cell to complete one round of the cell cycle.
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A number of proteins act downstream from the cyclin±
CDK complexes and many have been shown to be critical
for controlling cell cycle progression. Of particular import-
ance is the E2F family of transcription factors, which
forms complexes with hypophosphorylated forms of the
pRb-family of pocket proteins (comprising pRb, p107 and
p130) (La Thangue 1994; Nevins et al 1997; Nevins 1998).
These pocket proteins bind to, and sterically hinder tran-
scriptional activity of, the E2F±DP complex, thereby
enabling the E2F transcription factors to act as repressors
of gene transcription. Phosphorylation of the pocket pro-
tein component of the E2F±pocket protein complex by
cyclin D±CDK4(CDK6) complexes in the G1 phase of the
cycle leads to dissociation of the phosphorylated pocket
protein and E2F leading to E2F-mediated transactivation
of promoters of genes necessary for S phase progression
(e.g. dihydrofolate reductase, cyclin E and cyclin A) (La
Thangue 1994; Nevins et al 1997; Nevins 1998; Figure 2).
E2F comprises a family of at least six transcription factors
that play a pivotal role in the G1±S phase transition of the
cell cycle (Dyson 1998). Structurally and functionally, the
E2F transcription factors can be divided into three main
categories: E2Fs 1±3 that bind to pRb and are believed to
be involved in proliferation; E2F-4 and E2F-5 that bind
preferentially to p130 or p107 (or both) and are believed
to play a role in differentiation; and E2F-6 that has been
described as a transcriptional repressor (Trimarchi & Lees
2002). The E2F transcription factors need to heterodimer-
ise with a DP partner protein for full transcriptional
activity, of which two mammalian forms have been
described, namely DP-1 and DP-2 (Rogers et al 1996).
Transcriptional activity of the various E2F members is
regulated at different phases of the cell cycle by the pRb
pocket proteins and the formation of such complexes
occurs at distinct phases of the cell cycle suggesting a
role for E2F in regulating events beyond G1- to S-phase
progression. Thus, in quiescent cells, E2F/p130 complexes
predominate whereas E2F/p107 and E2F/pRb complexes
persist through the G1±S transition in proliferating cells
(Moberg et al 1996).

The activity of the cyclin±CDK complexes, and conse-
quently cell cycle progression, is regulated negatively by
the cyclin-dependent kinase inhibitors (CDKIs), that com-
prise the INK4 (e.g. p14, p15INK4B, p16INK4A, p18INK4C

and p19INK4D) and CIP/KIP (e.g. p21CIP1, p27KIP1 and
p57KIP2) families (reviewed in Pines et al 1997; Brooks et al
1998). The CDKIs are regulated by degradation which
occurs in a cyclin±CDK complex-dependent manner.
For example, the up-regulation of cyclins A and E and
their subsequent binding to their CDK partners leads to
the enhanced phosphorylation of negative regulators of
the cell cycle leading to their destruction. Phosphorylation
of the CDKIs targets them for polyubiquitination fol-
lowed by degradation via the proteasome complex.

The importance of components of the cell cycle
machinery in controlling cellular proliferation and growth
makes them ideal targets for developing novel therapeutic
strategies aimed at treating proliferative diseases. In the
following sections, we will overview some of the delivery
methods that are available for introducing DNA and

genetic material that target the cell cycle machinery in
cardiovascular cells.

Delivery of therapeutic DNA to treat various
cardiovascular diseases

The term cardiovascular disease encompasses a number of
clinical disorders, which in turn involve a wide variety of
cell types, including cardiac myocytes, endothelial cells
and vascular smooth muscle cells (VSMCs). Although
the development of a gene-therapy-based strategy to
treat a particular cardiovascular disease initially will rely
on the identification of the genetic component(s) under-
lying the observed disease state, success of the gene ther-
apy application will depend on efficient delivery of the
therapeutic DNA to the specific cell type affected and
also on subsequent expression of that introduced DNA
in the target cell(s).

A variety of different DNA delivery methods are avail-
able for gene therapy applications and these can broadly
be divided into two general categories: viral-based vectors
and non-viral delivery methods. Both viral-based and
non-viral delivery systems have advantages and disadvan-
tages, which affect their suitability for different gene ther-
apy applications (Bicknell & Brooks 2002a).
Considerations such as the efficiency of gene transfer,
characteristics of the cell type targeted (dividing or non-
dividing cell population), the duration of therapeutic gene
expression required and overall safety will influence the
choice of delivery method selected. Both viral and non-
viral methods of DNA delivery have been employed suc-
cessfully in gene therapy applications that target the
cardiovascular system. The most commonly used methods
in human gene therapy trials for cardiovascular diseases
utilise adenoviral-mediated gene delivery and non-viral
naked DNA gene transfer.

Viral vectors for gene delivery into
cardiovascular cells

Viral vectors provide a powerful means for delivering
therapeutic DNA to target cells and are widely used in
gene therapy protocols. In viral vectors, all viral genes
involved in viral pathogenesis and viral replication are
deleted to ensure vector safety. Additionally, non-essential
genes can be deleted to increase the size of therapeutic
DNA that can be accommodated within the viral vector
(see Bicknell & Brooks (2002a) for review).

Adenoviral-mediated gene delivery is a well-charac-
terised process that has been used widely in gene therapy
trials, including protocols that target the cardiovascular
system. One advantage of using recombinant adenoviruses
is that they efficiently transfer therapeutic DNA to both
dividing and non-dividing cells and a wide variety of cell
types are susceptible to adenovirus infection (Figure 3).
The expression of the adenovirus-expressed therapeutic
DNA is transient and, therefore, suitable for the treatment
of acute conditions or one-off therapeutic applications,
such as preventative therapy to inhibit neointimal formation
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following balloon angioplasty. Repeated administration
of adenoviral vectors may induce an undesirable host
immune response (Byrnes et al 1995, 1996; Yang et al
1996a, b; van Ginkel et al 1997). The stimulated host
immune response not only reduces the time the therapeutic
DNA will be expressed in targeted cells but may even
worsen the patient’s condition, promoting progression of
the disease state that the viral therapy was employed to
treat. For example, the use of adenovirus-mediated gene
therapy to target the vasculature might result in a detri-
mental inflammatory response, vascular cell activation

and neointimal hyperplasia, as a result of the low level
expression of viral genes retained in the adenovirus vector
(Newman et al 1995). Studies have demonstrated that
deletion or inclusion of certain adenovirus genes can over-
come this problem. For example, the inclusion of the E3
region of the adenovirus genome, which encodes genes
that specifically reduce the immune response of the host
to infected cells, significantly decreases arterial wall
inflammation and neointima formation associated with
arterial adenoviral-based gene delivery (Wen et al 2001).
Similarly, deletion of both the E1 and E4 regions of a
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Figure 2 E2F activity during the cell cycle. The E2F family of transcription factors comprises at least six distinct proteins that heterodimerise

with DP proteins. In G0 and early G1, the E2F family of transcription factors are bound to one of three hypophosphorylated pocket proteins

Ð retinoblastoma (pRb), p107 and p130 (A). Binding of E2F to a pocket protein maintains the transcription factor in an inactive state.

Following mitogenic stimulation, cyclin D±CDK4 hyperphosphorylates the pRb±E2F complex (B) and causes the two components to

dissociate leaving free E2F that is able to transactivate a variety of cell cycle regulatory genes, including cyclins E and A (C). pRb is

subsequently dephosphorylated during M-phase and reassociates with E2F complexes during G0 (A).

574 Katrina A. Bicknell et al



recombinant adenovirus vector decreased endothelial cell
activation, inflammation and reduced adenovirus-induced
neointimal hyperplasia compared with recombinant ade-
noviruses lacking the E1 region only (Qian et al 2001).

The route of administration of the therapeutic recom-
binant adenovirus is particularly important and varies
depending upon the location of the cell being targeted
(Figure 4). When used to target the cardiovascular system,
adenoviral-based gene delivery is commonly delivered by
intracoronary infusion or direct injection into the area of
interest. Care must be taken when choosing the method of
administration to obtain the optimal therapeutic effect.
For example, although successfully used in many clinical
trials, Wright et al (2001) demonstrated that myocardial
gene delivery in rabbits was barely detectable following
administration of recombinant adenovirus via intracoron-
ary infusion. Efficiency of gene transfer was improved
after some modifications, such as increasing venular pres-
sure with pulmonary artery occlusion and arteriolar pres-
sure with occlusion of the aorta; however, these
modifications would be detrimental if implemented clini-
cally (Wright et al 2001). In addition, delivery of the thera-
peutic adenovirus via a catheter-based method might
inactivate the virus thus administered if the virus and
catheter were not biocompatible (Marshall et al 2000).

In view of the potential problems arising from adeno-
virus-mediated gene delivery to the vasculature, other

viral delivery methods may prove more appropriate.
DNA delivery mediated by adenovirus-associated virus
(AAV) is a less characterised delivery method but offers
many advantages over other viral delivery methods.
Although therapeutic AAV viral stocks are technically
difficult to produce for clinical administration, AAV is
able to infect both dividing and non-dividing cells, no
host immune response is stimulated and the therapeutic
DNA is integrated into the genome of the target cells
allowing long-term expression of the therapeutic DNA
(Figure 3) (Fisher et al 1997; Jooss et al 1998; Miller et al
2002). In the cardiovascular system, AAV-mediated gene
transfer has been used successfully to express vascular
endothelial growth factor (VEGF) in cardiac myocytes,
which resulted in secretion of VEGF and promoted
endothelial cell proliferation (Maeda et al 2000).

Retrovirus-mediated gene transfer is another well-
characterised DNA delivery method and recombinant ret-
roviruses have been used successfully in many clinical trials,
although not as commonly as adenovirus vectors in the
cardiovascular system. First-generation retroviral vectors
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were based on a modification of the Moloney murine leu-
kaemia virus (MMLV) and limited DNA transfer to divid-
ing cells only (Miller et al 1990; Roe et al 1993; Lewis &
Emerman 1994). The use of lentivirus-based vectors, such as
human immunodeficiency virus (HIV), has overcome this
limitation, since these viruses are able to infect both dividing
and non-dividing cells (Lewis & Emerman 1994; Naldini
et al 1996). Modification of the HIV virus, using techniques
such as pseudotyping, has broadened the host range of the
HIV-based vector and thus allowed infection in cell types
not expressing the CD4 receptor, notably in cardiac myo-
cytes (Reiser et al 1996; Mochizuki et al 1998). However,
development of HIV-based delivery systems accentuates the
importance of vector safety and genetic stability of the
recombinant virus. Risk of recombination events allowing
the production of replication-competent virus must be com-
pletely eliminated to ensure HIV-based vector safety.
Retroviral vectors randomly integrate the therapeutic
DNA into the genomic material of the target cell (Figure
3). This characteristic allows for long-term expression of the
therapeutic DNA, which would be of benefit in the treat-
ment of chronic conditions such as hypertension. However,
random integration of the therapeutic DNA in targeted
cells may result in the disruption of other essential genes
and, thus, might further disturb normal cellular functions.

Non-viral gene delivery methods for the
cardiovascular system

Non-viral delivery methods are generally considered to be
less efficient but much safer than viral-based gene delivery
methods. Due to their improved safety profile, much effort
is being invested in improving the efficiency of non-viral
DNA delivery methods. However, it has been suggested
that high efficiency gene transfer is not always necessary
to ensure the desired therapeutic effect; high transfer effi-
ciency is only required if the gene product remains inside
the original targeted cell. If the therapeutic gene product is
secreted and a paracrine effect is observed, lower transfec-
tion efficiencies may be acceptable (Losordo et al 1994).

Wolff and colleagues (1990) were the first to demon-
strate that DNA transfer was observed following direct
injection of naked plasmid DNA into myoblasts (Figure
4). The utility of this delivery technique was demon-
strated by Lin and colleagues (1990), who showed that
direct injection of naked plasmid DNA into the left ven-
tricle resulted in transfer and expression of the introduced
DNA in adult cardiac myocytes. Interestingly, improved
DNA uptake was observed when naked DNA was
directly injected into ischaemic muscle compared with
normal muscle (Takeshita et al 1996). This observation
is particularly relevant to cardiovascular gene therapy,
suggesting that this DNA delivery method could be read-
ily employed to treat conditions such as myocardial
ischaemia. The use of transoesophageal echocardio-
graphic guidance in the clinical application of this
method allows direct injection into the myocardium via
a less invasive procedure (Figure 5) (Esakof et al 1999).
Gene transfer and subsequent gene expression following

naked DNA administration is dependent upon the volume
of the injected dose and not upon the amount of DNA
injected (Gal et al 1993). Following administration, some
distribution of DNA from the original site of injection is
observed, although gene expression remains relatively loca-
lised, suggesting that this method can be used to target
regions with relatively high specificity (Rauh et al 2001).

Modifications of this simple naked DNA delivery
method have been investigated to improve the efficiency
of DNA transfer. These modifications include the use of
ultrasound radiation (with or without echocontrast
agents), pressure, hydrodynamic force or in-vivo electro-
poration following direct DNA injection (Liu et al 1999;
Mann et al 1999a; Lawrie et al 2000; Nakano et al 2001;
Taniyama et al 2002). The application of ultrasound
radiation immediately following naked DNA injection
enhances DNA uptake and gene expression (Lawrie et al
2000; Taniyama et al 2002). Moreover, the use of ultra-
sound radiation in the presence of echocontrast agents
increases the efficiency of DNA transfer even further
(Lawrie et al 2000; Taniyama et al 2002). In the cardio-
vascular system, ultrasound exposure significantly
enhances the transfer and expression of injected naked
DNA following in-vivo vascular gene delivery in rabbit
femoral arteries when compared with naked DNA alone
or with DNA/lipofection-mediated gene transfer
(Amabile et al 2001). Another modification of the naked
DNA transfer method has been employed in the gene
therapy-based cytokine treatment of viral myocarditis.
In this study, in-vivo electroporation was employed,
following DNA injection, to enhance the transfer and expres-
sion of an inhibitory cytokine DNA (Nakano et al 2001).

Naked DNA transfer requires the direct injection of
DNA into the target tissue, such as the myocardium, via
surgical or less invasive catheter-based methods
(Kornowski et al 2000). The development of stents that
allow the controlled release of DNA from a polymer
coating has increased the potential applications of this
non-viral delivery method (Figures 4 and 5). Such DNA
controlled-release stents have been used successfully to
deliver DNA into porcine coronary arteries (Klugherz
et al 2000) and a taxol-coated stent is being evaluated in
human clinical trials to minimise in-stent stenosis.

Liposomes are often used as carriers to enhance plas-
mid DNA uptake since, in many cases, the liposome±
DNA complexes enter target cells more efficiently and
increase the stability of the DNA administered (Figure 5).
Although this method has been used in gene therapy
trials to treat conditions such as cystic fibrosis (Caplen
et al 1995; Noone et al 2000), it is not readily adaptable
for DNA delivery into the cardiovascular system.
However, the Haemagglutinating Virus of Japan (HVJ)-
artificial viral envelope±liposome method has been used
successfully in cardiovascular-targeted gene delivery in
animal models (Figure 5). The combination of HVJ-
viral protein, liposomes and therapeutic DNA enhances
the stability and efficiency of transfer of therapeutic oli-
godeoxynucleotides (ODNs), even following intraluminal
administration (Morishita et al 1994a,b; Saeki et al 1997).
No adverse systemic effects have been reported, no dis-
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semination of the DNA into any other organs is detected,
and the therapeutic action of the delivered DNA is effec-
tive for many weeks following HVJ±liposome adminis-
tration. In cardiovascular gene therapy, the HVJ±
liposome method has been used ex-vivo to deliver
CDK2 antisense and E2F decoy ODNs into cardiac
allografts (Kawauchi et al 2000) and in-vivo to deliver
E2F decoy ODNs or antisense ODNs targeting CDK2,
CDC2, proliferating-cell nuclear antigen (PCNA) and
cyclin B1 (Morishita et al 1993, 1994a, b, 1995).

Targeting gene therapy to specific
cardiovascular cell types

A number of approaches can be taken to improve the
delivery or expression of therapeutic DNA in specific
cardiovascular cell types or regions of the vasculature.

The tropism of recombinant adenovirus-mediated gene
delivery vectors is determined by specific viral coat fibres
and these can be modified to target adenovirus infection to
receptors more common in cell types associated with the
cardiovascular system (Wickham et al 1997; Kibbe et al
2000). For example, a recombinant adenovirus serotype 5
(Ad5) expressing the fibre protein of the adenovirus sero-
type 16 (Ad16) demonstrates an improved transduction
rate in VSMCs and endothelial cells (Havenga et al 2001).
Recently, Li et al (2002) have defined a non-viral gene
delivery system that targets ¬v­ 3 and ¬5­ 1 integrins that
are expressed on proliferating VSMCs and are strongly
induced by TGF­ 1. These investigators linked a 15-amino
acid RGDNP-containing peptide from American pit viper
venom to a Lys(16) peptide as vector (named molossin-
vector), and complexed this with either lipofectamine or a
fusogenic peptide for delivery of luciferase or ­ -galactosi-
dase reporter genes to primary cultures of human, rabbit
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and rat VSMCs. Pre-incubation of VSMCs with transform-
ing growth factor-­ 1 for 24 h, but not with platelet-derived
growth factor-BB, interferon-®, tumour necrosis factor-¬
nor the protein kinase C activator, phorbol myristate acet-
ate, increased ¬v­ 3 and ¬5­ 1 expressions on VSMCs and
enhanced gene delivery of molossin-vector. Thus, ­ -galac-
tosidase activity increased from 35 § 5% (controls) to
75 § 5% after TGF­ 1 treatment and luciferase activity
increased 4-fold over control values. Potential use of this
system in vessel bypass surgery also was examined in an
ex-vivo rat aortic organ culture model after endothelial
damage. Thus, the molossin-vector system delivered
­ -galactosidase to VSMCs into the vessel wall that remained
for up to 12 days post-transfection. Therefore, the molossin
vector system might have clinical applications for delivery of
anti-proliferative genes in certain vasculoproliferative dis-
eases where TGF­ 1 levels are known to be elevated.

The use of cell-type specific promoters provides
another means of controlling expression of the introduced
therapeutic gene into target cells. Use of a cell type specific
promoter ensures that the therapeutic DNA is only
expressed in the target cell type. For instance, the smooth
muscle (SM)-specific SM22 alpha promoter and SM-
myosin heavy chain enhancer have been used to express
a transgene only in VSMCs (Ribault et al 2001).
Endothelial cell specific expression can be achieved using
the fms-like tyrosine kinase 1 (FLT-1) promoter to drive
adenovirus-mediated transgene expression (Nicklin et al
2001), whereas cardiac myocyte specific gene expression
can be achieved using the alpha myosin heavy chain
(¬-MHC) gene promoter (Molkentin et al 1996; Gupta
et al 1998). Indeed, development of a recombinant AAV,
which uses the ¬-MHC promoter to drive gene expression,
has been used to obtain long-term cardiac myocyte speci-
fic gene expression in-vivo (Aikawa et al 2002).

Targeting the cell cycle machinery in
cardiovascular cells

Gene transfer to cardiac myocytes
Myocardial regeneration. The majority of the mass of
the heart comprises cardiac myocytes such that 70±80% of
the myocardium is composed of cardiac muscle despite the
fact that myocytes constitute only ¹25% of the total cell
number (Olivetti et al 1980). Mammalian cardiac myo-
cytes proliferate normally during foetal and early neonatal
development, whereas the ability of the vast majority of
myocytes to divide ceases shortly after birth such that
subsequent growth of the adult heart occurs by an
increase in myocyte size (cardiac hypertrophy) (Brooks
et al 1998; Poolman & Brooks 1998). The exact timing of
this cell cycle withdrawal varies from species to species
such that myocyte cell cycle withdrawal in the human
heart occurs at approximately 3±6 months after birth,
whereas in the rodent heart, cell cycle withdrawal occurs
at birth (mouse) or 3±4 days after birth (rat) (Claycomb
1975, 1992; Li et al 1996; Soonpaa et al 1996; Poolman &
Brooks 1998; Huttenbach et al 2001). In healthy adult
myocardium, no evidence of cell division is observed.

However, in damaged myocardium, such as in the border
zone surrounding a myocardial infarct, a very small pro-
portion of cardiac myocytes (<0.1%) demonstrate the
ability to undergo cell division (Beltrami et al 2001). This
lack of regenerative potential presents serious clinical pro-
blems following myocardial infarction since the heart is
unable to repair itself by replacing damaged myocytes;
instead, scar tissue develops that severely compromises
pump function and can lead to heart failure and death.
Developing gene therapies that will re-initiate controlled
cell division in those healthy cells that surround an
infarcted zone might lead to improved prognosis for
patients post-infarct. A number of alternative approaches
have been undertaken to repair the heart in animal models
following myocardial infarction, including the use of stem
cell technology and cell transplantation (Leor et al 1996;
Murry et al 1996; Taylor et al 1998; Tomita et al 1999;
Menasche et al 2001; Orlic et al 2001a, b).

The growth potential of cardiac myocytes is reflected in
the expression of certain cell cycle molecules. For exam-
ple, in foetal and neonatal cardiac myocytes, high levels of
expression and activity of the positive regulators of the cell
cycle are observed, including E2F transcription factors,
cyclin D1, cyclin E, cyclin A, cyclin B, CDK2, CDK4/6
and CDC2, consistent with a proliferating cell population
(Brooks et al 1997b; Li & Brooks 1999). Furthermore, low
levels of the CDK inhibitors, p21 and p27, were observed
(Brooks et al 1998; Poolman et al 1998). An investigation
of the cell cycle profile of these cells by flow cytometry
further verified their proliferative capacity (Poolman et al
1998). In contrast, a reversal of these expression patterns
is observed in adult cardiac myocytes such that the expres-
sion and activity of the positive regulators of cell cycle
progression are low whereas the negative regulators are
elevated (Brooks et al 1997b; Poolman et al 1998). Flow
cytometric analysis also confirmed the cell cycle arrest
observed in adult cardiac myocytes, since no cells were
detected in S phase, 85% of cells were arrested in G1 and
the remaining cells were blocked in G2/M (Li et al 1998).
Thus, targeting the regulators of cell cycle progression in
cardiac myocytes using a gene therapy approach might
provide a means of re-initiating cell division in those
healthy cardiac myocytes that surround an infarcted zone.

Viral delivery of DNA has been achieved in cardiac
myocytes, confirming the possibility of using this as a
therapeutic approach. Thus, adenovirus-mediated over-
expression of E2F1 in cardiac myocytes in-vitro has been
shown to result in a partial reactivation of the cell cycle in
infected myocytes, leading to S-phase entry and subse-
quent progression into the G2 phase, where myocytes
become arrested (Kirshenbaum et al 1996; Agah et al
1997). However, no progression through mitosis was
achieved by this approach. Over-expression of E2F1 in
cardiac myocytes can be detrimental since it leads to
apoptosis although this process can be prevented by co-
administration of insulin-like growth factor 1 (IGF-1)
(von Harsdorf et al 1999). Additionally, over-expression
of cyclin D1 in the hearts of transgenic mice resulted in a
concomitant increase in the expression of CDK4, CDK2
and PCNA, DNA synthesis and multinucleation in the
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adult mouse heart (Soonpaa et al 1997). Transgenic mice
over-expressing c-myc in the heart displayed mild devel-
opmental hyperplasia but cardiac myocytes eventually
ceased cell division (Jackson et al 1991). Similarly, p27
null mice also demonstrated an increased number of
cardiac myocytes in the adult mouse heart suggesting
that this molecule acts as part of the timing mechanism
that controls myocyte cell cycle exit (Poolman et al 1999).
Other recent studies from our laboratory have shown that
over-expression of cyclin B1 in neonatal cardiac myocytes
extends the proliferative potential of these cells (Bicknell
& Brooks 2002b). Thus, cyclin B1 increased myocyte cell
number 1.5±2 fold in both 3-day-old and 5-day-old rat
cardiac myocytes when transfected into these cells com-
pared with cells transfected with vector alone. Taken
together, these studies suggest that targeting certain
cell cycle molecules in cardiac myocytes might prove
useful in gene therapy aimed at the re-initiation of
myocyte cell division to repair the myocardium post-
infarct.

Heart failure. In response to increases in cardiac load,
cardiac myocytes undergo hypertrophy. This process can
be compensatory, such as in response to exercise or
acute stresses (e.g. pregnancy-induced hypertension), or
decompensated, which can lead to heart failure. During
pressure-overload-induced left ventricular hypertrophy
(LVH) in the rat, a partial reactivation of the myocyte
cell cycle is observed with a significant population of
cardiac myocytes passing through the G1±S phase tran-
sition, undergoing DNA synthesis and accumulating in
the G2 phase of the cell cycle (Li et al 1998). Consistent
with reactivation of cell cycle progression in LVH, the
activity and expression of G1-acting D-cyclins, D2 and
D3, and their associated catalytic partners, CDK4 and
CDK6, were significantly, but transiently, up-regulated
in cardiac myocytes when compared with sham-operated
controls (Li et al 1998). Additionally, a transient
decrease in the expressions of the CDK inhibitors, p21
and p27, was observed during the development of LVH
(Li & Brooks 1997). The reactivation of certain compon-
ents of the cell cycle machinery during the development
of hypertrophy (especially the G1±S-phase machinery)
highlights the potential of targeting specific cell cycle
molecules to block decompensated hypertrophy and
heart failure in a gene therapy strategy. One such
approach has targeted the G1-acting CDK inhibitor,
p16INK4a. Thus, adenovirus-mediated expression of p16
in cardiac myocytes reduced hypertrophy both in-
vitro and in-vivo (Nozato et al 2001). Recent data
from our laboratory has shown that inhibition of E2F
transcription factors with a peptide sequence designed to
block E2F:DP heterodimerisation abrogates the hyper-
trophic response (Vara et al 2001). These observations
highlight the importance of the cell cycle regulators that
regulate the G1±S transition in the development of
hypertrophy and identify these molecules as potential
targets in the treatment of decompensated hypertrophy.

Gene transfer to endothelial cells
Endothelial cells play a key role in promoting angiogen-
esis and in limiting vascular disease pathogenesis. Physical
injury to the endothelium, endothelial dysfunction and the
resulting inflammatory response are major contributors to
the development and pathogenesis of atherosclerosis
(Ross & Harker 1976; Ross et al 1977, Ross 1993, 1999).
In normal blood vessels, endothelial cells are quiescent
and non-proliferative since their growth is limited by
cell±cell contact inhibition. However, following vascular
injury, such as occurs with balloon angioplasty, or during
angiogenesis, endothelial cells undergo a rapid burst of
proliferation. Gene therapies targeting the endothelium
have many clinical applications, including the enhance-
ment of repair to damaged endothelium or therapeutic
angiogenesis to promote revascularisation in ischaemic
tissues, such as is present in peripheral artery disease
(Isner et al 1995, 1996; Baumgartner et al 1998) and myo-
cardial ischaemia (Losordo et al 1998). For example,
acceleration of endothelial healing that follows vascular
injury can inhibit the formation of restenotic lesions
(Asahara et al 1995). Furthermore, gene therapy strategies
that target specific components of the cell cycle machinery
for the treatment of myocardial disease have considerable
therapeutic potential in the treatment of diseases such as
myocardial ischaemia, angina and maladaptive cardiac
hypertrophy. For example, secretion of VEGF from car-
diac myocytes infected with VEGF-expressing adenovirus
enhances endothelial cell-mediated angiogenesis in myo-
cardial ischaemia and can improve exercise tolerance in
patients with angina (Rosengart et al 1999). Under-
standing the role that the cell cycle machinery plays in
these conditions will aid the design and implementation of
such therapies.

The proliferative capacity of endothelial cells is clearly
reflected in the expression and activity of cell cycle mole-
cules. Thus, contact-inhibited endothelial cells possess low
levels of CDK2 and CDC2 activity (Chen et al 1997). In
addition, low levels of cyclin A protein expression and
high protein levels of the CDK inhibitor, p27, are
observed (Chen et al 1997). Other studies have shown
that, at the mRNA level, quiescent endothelial cells
express relatively high levels of CDK4, low levels of cyclin
D1 and CDK2 and barely detectable levels of cyclin A,
cyclin E, CDC2 and E2F1 (Zhou et al 1993, 1994; Abe
et al 1994; Hori et al 1994; Yoshizumi et al 1995). In con-
trast, proliferative endothelial cells possessed high levels
of CDK2 activity, high levels of cyclin A expression and
low levels of the CDK inhibitor, p27 (Chen et al 1997).
Stimulation of quiescent endothelial cells with growth
factors results in an increase in the mRNA expressions
of genes encoding cyclin D1, CDK2, cyclin A, cyclin E,
cyclin B, CDC2, and E2F1. In addition, an increase in
CDK2 and CDC2 kinase activity was observed, consistent
with cell cycle re-entry and a proliferative phenotype
(Zhou et al 1993, 1994; Hori et al 1994). The protein
expression level of cyclin E and CDK2 was not altered
in proliferating or contact-inhibited endothelial cell cul-
tures, although the activity of this complex was modulated
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by its association with p27 in contact-inhibited cells (Chen
et al 1997). Similarly, endothelial cell proliferation is
modulated by the regulation of the association of p21
with CDK2 or CDK4 by Akt-dependent phosphorylation
(Rossig et al 2001).

Gene therapy approaches that have targeted the
endothelium include expression of molecules such as
VEGF and fibroblast growth factor (FGF). Ex-vivo
transfer of murine VEGF to endothelial progenitor cells
(EPC) promoted the proliferation, adhesion and incor-
poration of these cells into endothelial cell monolayers,
which supplemented the function of endothelial cells resi-
dent in the vasculature (Asahara et al 1997; Iwaguro et al
2002). Clinically, VEGF gene therapy as been shown to
promote angiogenesis (Isner et al 1996; Baumgartner et al
1998; Losordo et al 1998; Rosengart et al 1999); however,
in animal models, VEGF has also been implicated in the
development of arteriosclerosis by recruiting and activat-
ing monocytes (Zhao et al 2002). Therefore, when target-
ing the cardiovascular system, care must be taken in the
design of the therapeutic approach to reduce the potential
for adverse effects in the different types of cells involved.
Targeting other molecular targets, such as certain cell
cycle regulators, might overcome these concerns.

Several groups have targeted the cell cycle machinery in
endothelial cells in gene therapy approaches using animal
models. Inhibition of cell cycle progression in endothelial
cells, using antisense ODNs against PCNA and CDC2 has
been shown to preserve normal endothelial function in
genetically engineered vein grafts in rabbits (Mann et al
1997). In addition, targeting PCNA and CDC2 with anti-
sense ODNs resulted in normal endothelial function and
inhibition of neointimal formation in vascular grafts
in-vivo (Mann et al 1995). Adenovirus-mediated expres-
sion of the CDK inhibitor, p27, that inhibits endothelial
cell proliferation, DNA synthesis and migration in-vitro,
resulted in an inhibition of angiogenesis, hind limb blood
flow and capillary density in an animal model of hind limb
ischaemia (Goukassian et al 2001). In addition, expression
of a chimeric inhibitory molecule comprising the CDK
inhibitors, p16 and p27, suppressed endothelial cell pro-
liferation as well as VSMC growth (Lamphere et al 2000).
Clearly, these studies demonstrate the potential for gene
therapy approaches that target the cell cycle machinery in
endothelial cells for the treatment of a variety of cardio-
vascular diseases.

Gene transfer to vascular smooth muscle cells
Over three-quarters of all patients with cardiovascular
disease suffer from coronary heart disease, stroke or per-
ipheral vessel disease (Heart and Stroke Statistical
Update, American Heart Association 2002). Each of
these diseases involves the narrowing of blood vessels
leading to compromised blood flow to heart muscle,
brain or the extremities. Current therapies involve meth-
ods that increase blood flow to the ischaemic area(s) and
thus control the symptoms of the disease. Surgical inter-
vention is often required, such as bypass surgery, angio-
plasty or stenting. Although these interventions do
improve prognosis for the patient, it is possible for re-

occlusion of the vessel to occur within 1±6 months post-
intervention (Lincoff et al 1994; Eltchaninoff et al 1998;
Serruys et al 1998). VSMC hyperproliferation contributes
significantly to the narrowing of vessels in most of these
disorders and there is growing clinical evidence that mod-
ulating the cell cycle machinery in these cells might be
a suitable therapeutic approach in vasculoproliferative
diseases.

Atherosclerosis and vasculoproliferative
diseases

The most common cause of vasculoproliferative disease is
the narrowing or stenosis of a blood vessel(s) due to the
development of an atheromatous lesion (Braunwald et al
2001). Diets that are rich in cholesterol and saturated fat
lead to the accumulation of small lipoprotein particles in
the intima of the vessel (Nievelstein et al 1991; Kruth,
1997). These lipoproteins bind to proteoglycans in the
intima and become modified by oxidation and glycation.
These modifications are thought to increase the perme-
ability of the endothelial monolayer to low-density lipo-
protein (LDL) (Herrmann et al 1994; Rong et al 1998).
There then follows an increase in expression of adhesion
molecules, such as vascular cell adhesion molecule-1
(VCAM-1), on the surface of the endothelial cells that
line the vessel, causing monocytes and lymphocytes to
dock and enter the vessel wall (Cybulsky et al 1991). The
monocytes gorge on the LDL and become foam cells.
Foam cells release cytokines such as PDGF that cause
proliferation of VSMCs and the formation of connective
tissue (Gordon, et al 1987). At this time, VSMCs migrate
from the media into the intima. The result is an elaborate
extracellular matrix, formed in a growing atherosclerotic
plaque that develops into a fibrous capsule surrounding a
lipid-rich core (Ross 1993).

The production of an atherosclerotic plaque takes
place over many years, during which the patient remains
asymptomatic. Eventually, when the narrowing becomes
greater than 60%, symptoms such as anginal pain begin to
emerge. In certain instances, no symptoms are observed
until the patient suffers a myocardial infarction that
occurs after a thrombotic event resulting from the rupture
or erosion of a plaque. Currently vasculoproliferative dis-
ease is managed in one of three ways: conventional drug
therapy; coronary artery bypass grafting (CABG), or per-
cutaneous transluminal coronary angioplasty (PTCA),
with or without a stent.

Conventional drug therapy
The majority of drugs used to treat the symptoms of
angina act by correcting the imbalance between the supply
and demand for oxygen. This is achieved by reducing
heart rate, contractility or left ventricular wall tension.
The first choice for treatment of anginal pain is nitrates,
beta-blockers and calcium antagonists. Nitrates and cal-
cium antagonists dilate arteries leading to increased cor-
onary flow and improved oxygen supply. Beta-blockers
slow the heart rate and thereby reduce oxygen demand. In

580 Katrina A. Bicknell et al



addition, most patients receive anti-coagulant therapy,
such as low-dose (75 mg daily) aspirin, to prevent subse-
quent myocardial infarction. Although these treatments
alleviate many of the symptoms associated with the dis-
ease, they do not offer a permanent solution to the pro-
blem and often other interventions have to be used.

Surgical intervention
CABG was one of the earliest procedures developed to
treat vascular disease and remains one of the most com-
mon operative procedures undertaken today (reviewed in
Braunwald et al 2001; Chaubey et al 2001). The saphenous
vein or the left internal mammary artery are most com-
monly used in CABG and are connected to the ascending
aorta, which are then grafted to the coronary artery(ies)
distal to the diseased segments, thereby bypassing the
occluded vessel. Although the left internal mammary
artery is the conduit of choice, it can only be used for
grafting one vessel (often the left anterior descending
artery). In patients that require multiple bypasses, various
lengths of saphenous vein are used (Grace et al 1993).

More recently, PTCA has been employed for myocar-
dial revascularisation in areas of stenosis. The term PTCA
incorporates balloon angioplasty, stenting and other tech-
nologies, including atherectomy, intravascular ultrasound
and some laser methods. Balloon angioplasty was intro-
duced in 1979 (Gruntzig et al 1979) and trials in the 1980s
and 1990s showed that results compared favourably with
medical therapies and coronary surgery. The procedure
involves introducing a catheter with a terminal balloon
into the diseased and occluded vessel over a fine guide-
wire (Figure 6). Inflation of the balloon dilates the artery
and, in the majority of cases, leads to restoration of nor-
mal blood flow. More recently, an improved method has
been developed, where during balloon catheterisation a
stent is inserted which acts as a scaffold holding the vessel
open (Figure 6). The advent of drug-eluting stents (e.g. the
rapamycin-eluting stent (J&J)) has improved the outcome
of this procedure and has led to a significant reduction in
the number of CABG procedures (Sousa et al 2001a, b).

All of the above interventions provide relief from
angina and other symptoms of coronary artery disease.
However, all procedures can fail due to re-occlusion, or
restenosis, of the vessel. Restenosis involves the thickening
of the intimal layer of a vessel, which is due to the pro-
liferation and migration of VSMCs. This causes a con-
centric narrowing of the luminal opening with no central
lipid core. Restenosis occurs in 30±40% of vessels at 6±7
months after PTCA but with coronary stenting this is
reduced to 20% (Eltchaninoff et al 1998). However, the
stent itself can cause additional problems since it can
produce a proliferative reaction that leads to re-occlusion
of the affected vessel, called in-stent stenosis. The number
of patients presenting with in-stent stenosis is increasing
such that more than 20% of patients who receive a stent
are likely to be affected within 3±6 months of treatment
(Eltchaninoff et al 1998). One of the major mechanisms
responsible for both restenosis and in-stent stenosis is
hyperproliferation of vascular smooth muscle cells
(VSMCs). Thus, approaches to target VSMC prolifera-

tion or promote VSMC apoptosis (or both) offer thera-
peutically viable treatment regimes.

Since VSMC proliferation is a major component of
most vasculoproliferative disorders, it follows that the
molecules of the cell cycle would be ideal targets for the
development of new therapeutics. Recently, a number of
pre-clinical and clinical studies have been initiated that
target the cell cycle machinery as a potential therapy for
vascular disease.

Classical drug therapy as a means of targeting the cell
cycle machinery. Rapamycin (sirolimus) is a macrolide
lactone immunosuppressant used to prevent renal trans-
plant rejection. Rapamycin acts by binding to the FK506
binding protein (FKBP12) causing inhibition of TOR
kinase and p70S6 Ser/Thr kinase activity (see Oldham &
Hafen 2003 for review). The net result of rapamycin treat-
ment is an increase in the concentration of the CDKI
molecule, p27, that leads to the inhibition of pRb phos-
phorylation and cyclin/CDK activity and a block in cell
cycle progression at the late G1±S phase (Marx et al 1995;
Sun et al 2001). Migration of VSMCs is inhibited both
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Figure 6 The process of balloon angioplasty. An occluded vessel is

visualised using echoradiography (1). A guide wire is inserted into the

coronary artery, usually via the femoral artery (2). A balloon catheter

is passed over this wire (3) and inflated (4). This causes the vessel to

enlarge and decreases the size of the plaque (5). At this time, a wire

mesh or stent can also be inserted which holds the vessel open after

balloon deflation (5). The catheter then is removed along with the

balloon leaving an un-blocked vessel with or without a stent (6).
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in-vitro and in-vivo by rapamycin (Poon et al 1996). In-vivo
evidence exists in pigs that were dosed orally with rapamy-
cin for 7 days before removal of their aortas. The migratory
potential of VSMCS was examined by determining their
ability to move out of the aortic tissue into the surrounding
area in a tissue culture dish. Significantly less cells were
observed outside the explants cultured from rapamycin-
treated pigs when compared with controls (Poon et al
1996). Similar experiments with p27 knockout mice showed
that the rapamycin-induced reduction in VSMC migration
is decreased in the absence of p27 (Sun et al 2001).

In both rats transplanted with a femoral artery allo-
graft and in a porcine balloon angioplasty model, treat-
ment with rapamycin caused a reduction in the
development of arteriopathy and an inhibition of neointi-
mal hyperplasia (Gregory et al 1993; Gallo et al 1999).

The rapamycin-induced reduction in proliferation is
also associated with an increase in p27 expression
(Roque et al 2000). However, studies on p27 knockout
mice have shown that neointimal hyperplasia is decreased
in both wild type and knockout mice (Roque et al 2001).
This suggests that different signalling pathways are
involved and the precise mechanisms of action of rapamy-
cin within the cell still remain to be elucidated.

The encouraging results from animal experiments have
led to clinical trials for rapamycin to prevent in-stent stenosis.
As there is a high risk of short- and long-term complications
with systemic use of immunosuppressive drugs, novel meth-
ods for drug delivery have been explored. The development
of a rapamycin-eluting stent, which delivers the drug locally
to the vessel wall, has proved successful in reducing in-stent
stenosis in a porcine angioplasty model (Suzuki et al 2001)
and several clinical trials have since been initiated. Two
separate trials using sirolimus-coated BX Velocity stents
have been initiated in angina patients (Rensing et al 2001;
Sousa et al 2001a). No neointimal hyperplasia or restenosis
was observed by 8 months post-angioplasty and, in a follow
up of 45 patients, no restenosis was seen one year after
treatment (Sousa et al 2001b).

Another promising drug that has been coated onto
stents is paclitaxel. Paclitaxel (Taxol) targets the cell
cycle indirectly by causing the polymerisation of tubulin,
leading to the formation of abnormally stable and non-
functional microtubules (Schiff & Horwitz 1980).
Paclitaxel can induce cell cycle arrest at the G0/G1 and
at the G2/M borders (Donaldson et al 1994). Studies have
shown that paclitaxel inhibits VSMC proliferation and
migration in-vitro (Sollott et al 1995; Axel et al 1997),
whereas in-vivo administration of paclitaxel after balloon
angioplasty in a rat model also causes an inhibition of
VSMC proliferation and restenosis (Sollott et al 1995).
In-vivo studies using stents to locally administer paclitaxel
have also resulted in reduced neointimal growth in rabbit
(Drachman et al 2000; Herdeg et al 2000) and in pig mod-
els (Heldman et al 2001), and a number of successful
clinical trials have been initiated using this drug to treat
restenosis. The ELUTES and TAXUS trials used pacli-
taxel-coated stents to produce a significant reduction in
restenosis after 6 months (Kandzari et al 2002) and other

longer-term trials (e.g. PATENCY Trial) are ongoing
(Kandzari et al 2002).

Docetaxel is another microtubule polymerising agent
that has superior antiproliferative properties to paclitaxel
(Garcia et al 1994). Local delivery of this drug effectively
inhibited neointimal hyperplasia even after a single low-
dose in a rabbit balloon injury model (Yasuda et al 2002).
The dose produced ng mL¡1 levels in plasma, which is well
below the levels required to produce toxic side effects and
thus it might be a more effective alternative to paclitaxel
for use in man.

Initial trials of these drugs suggest that they are extremely
useful in the treatment of restenosis and in-stent stenosis.
However, much larger and longer-term trials are needed
to establish their success and to demonstrate that all the
potential toxic side effects of rapamycin and taxol have
been overcome by using this localised delivery system.
Nevertheless, drug-eluting stents have the potential of
revolutionising the treatment and long-term prognosis of
patients who present with atherosclerosis or restenosis in
the future.

Intensive screening by drug companies has revealed a
series of chemical inhibitors of the CDKs. These agents
generally target the ATP site on CDK molecules and
inhibit the protein directly (Gray et al 1999). CVT-313
and flavopiridol are examples of these inhibitors. CVT-
313 is a potent CDK2 inhibitor that can reversibly inhibit
the proliferation of rat, mouse and human fibroblasts
(Brooks et al 1997a). In a rat model of balloon angioplasty
the carotid artery was infused with CVT-313 solution
immediately after balloon injury. A 70% reduction in
neointimal thickening was observed in those animals trea-
ted with CVT-313 when compared with those that had
undergone angioplasty but had received no drug (Brooks
et al 1997a). Flavopiridol inhibits VSMC proliferation in
culture and also reduces neointimal formation in rat car-
otid arteries after balloon injury by 35±39% (Ruef et al
1999). However, this response was obtained after oral
administration and not localised treatment, as with
CVT-313, but the doses used are known to be safe in man.

Other drugs that were until recently thought to be
unrelated to cell cycle progression have also shown a
reduction in VSMC hyperplasia due to specific effects on
cell-cycle molecules. For example, doxazosin is an ¬-adre-
nergic receptor antagonist that inhibits VSMC prolifera-
tion by reducing phosphorylation of the retinoblastoma
protein and blocking the G1±S transition in-vitro
(Kintscher et al 2000). Another class of drugs that has
been found to have an unexpected effect on the cell cycle
are the non-steroidal anti-inflammatory drugs (NSAIDs)
(Marra et al 2000; Brooks et al 2003). It has been observed
that high doses of salicylates cause cell cycle arrest in
VSMCs post-S-phase whereas non-salicylate NSAIDs,
such as ibuprofen, sulindac and indometacin, inhibit
VSMC proliferation at the G1±S border (Brooks et al
2003). The doses that cause these effects, although within
the normal pharmacological range, are quite high for
long-term use. The utilisation of a NSAID-coated stent
might overcome this problem.
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Recent work has demonstrated that inhibition of the
ubiquitination/ proteasome pathway using the specific
proteasome inhibitor, MG132, causes a reduction in
VSMC proliferation in-vitro and in-vivo (Meiners etal
2002). Several cell cycle molecules are affected by this path-
way, as this is a major regulatory mechanism used to
control protein expression and it is likely that this inhibitor
might also have direct effects on the cell cycle machinery.

As with all drug treatments, the potential for adverse
side effects and toxicity is a particular problem, especially
when therapy may have to be long-term, as in the treatment
of vascular disease. Directly targeting specific molecules of
the cell cycle machinery by gene therapy may provide a
more safe and effective method of controlling smooth
muscle cell proliferation in vasculoproliferative disease.

Targeting the cell cycle machinery using gene
therapy for the treatment of
vasculoproliferative disease

Targeting positive regulators of the cell cycle
CDKs and cyclins. The expression and activity of
CDK2 and CDC2 has been inhibited using antisense
phosphorothioated ODNs to elicit a sustained inhibition
of neointima formation following balloon angioplasty in
rats (Morishita et al 1994a, b; Suzuki et al 1997). In these
studies, ODNs were transfected using a HVJ±liposome
complex that was delivered intraluminally. Gene expres-
sion persisted for up to 2 weeks after transfection.
Balloon-injured vessels that received the anti-CDK2
ODNs had 60% less neointima formation after 2 weeks,
whereas vessels treated with both CDC2 and CDK2 at the
same time showed near complete inhibition of neointimal
formation (Morishita et al 1994a, b).

The cyclins have also been targeted for the treatment of
vascular disease. Cyclin G1 has been blocked in VSMCs
in-vitro using antisense retroviral constructs whose
expression leads to an arrest in cellular proliferation
(Zhu et al 1997). Using the same construct in an in-vitro
tissue injury model and in a balloon-injured rat carotid
artery model caused a significant reduction in neointima
formation (Zhu et al 1997).

In more recent studies, the effects on restenosis of a
collagen-targeted retroviral vector containing a mutant
cyclin G1 construct were examined. Restenosis was inhib-
ited for at least one month in balloon-injured rat arteries
(Xu et al 2001). Interestingly, there was no evidence of
necrosis or an inflammatory reaction in the area treated,
which often can prove problematical with some viral
approaches (Bicknell & Brooks 2002a).

A similar vector has been developed containing a
matrix-targeting component combined with a tissue-tar-
geting motif (Gordon et al 2001). This latter motif is a
sequence found in von Willebrand factor that serves to
localise and concentrate the vector in vascular lesions.
Expression of the mutant cyclin G1 was increased in the
walls of damaged arteries in a balloon-injured rat model
by using this targeted vector and neointimal formation
was decreased significantly (Gordon et al 2001).

Short-term treatment applied at the time of PTCA
appears to be sufficient to inhibit restenosis completely
and not to just delay its occurrence. Thus, a short delivery
period of a few weeks post-PTCA may be sufficient pre-
ventative treatment for restenosis and in-stent stenosis.

The E2F transcription factors. The E2F family of tran-
scription factors comprises a family of at least six distinct
members (E2F 1±6) that heterodimerise with a DP protein
(Dyson 1998; Trimarchi & Lees 2002). To transactivate
genes, the E2Fs bind to a cis element within the promoter
region of several cell-cycle genes (TTTCGCGC) and acti-
vate them. This cis element is 8-bp long and is common to
all E2Fs (Hiebert et al 1989).

Inhibition of E2F transcription factors has proved to
be one of the most successful gene therapy strategies used
to date to treat vasculoproliferative disease. A strategy has
been developed whereby a decoy ODN with high affinity
to E2Fs has been introduced into target cells, where it
binds to the E2F consensus sequence in the cis element
and inhibits E2F binding. In-vitro and in-vivo experi-
ments have shown that VSMC proliferation is inhibited
significantly after transfection of this E2F decoy ODN
sequence (Morishita et al 1995) and, more recently, the
E2F decoy strategy has been used in clinical trials during
CABG surgery Ð the PRoject of Ex-vivo Vein graft
Engineering via Transfection (PREVENT) study (Mann
et al 1999b). After removal from the leg or arm, vein grafts
were placed in a solution containing the E2F decoy ODN.
Using a pressure-mediated transfection procedure, E2F
ODNs were introduced into vein-grafts ex-vivo for about
10 min before grafting into the patient. A total of 41
patients were recruited and randomly assigned to 3 groups
as follows: an untreated control group; E2F-decoy-treated
group or scrambled ODN-treated group. At 12 months
there were seven restenotic lesions observed out of the
twelve that underwent CABG. However, at 12 months in
the E2F-decoy treated group there was no critical stenosis
observed (Mann et al 1999b).

The above method provides several advantages over
current therapies. For instance, it does not involve viral
particles being introduced into the patient, thereby minimis-
ing the risk of developing an immune reaction to the new
vein. In addition, the patient only has to undergo a routine
surgical procedure and not any new experimental techni-
que. More recently, E2F-decoy treatment of veins used in a
rabbit model of CABG has produced resistance to neointi-
mal hyperplasia and atherosclerosis even during a high
cholesterol diet (Ehsan et al 2001). Thus, E2F is a useful
cell cycle target for preventing restenosis and in-stent
stenosis and for reducing the failure rates of CABG surgery.

Targeting negative regulators of the cell cycle

CDKIs. Negative regulators of the cell cycle, such as the
CIP/KIP proteins, p21 and p27, and the INK4 protein,
p16, play a role in regulating VSMC proliferation both
in-vitro and in-vivo (Tanner et al 2000). One study has shown
that an adenoviral fusion gene containing p27 and p16 led
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to a decrease in VSMC proliferation in-vitro superior to
that of the individual genes (Lamphere et al 2000). This
p27±p16 fusion gene also caused a significant decrease in
restenosis when used after injury in a rabbit model of
angioplasty (Tsui et al 2001). Using an approach similar
to that used in man, the virus was delivered using a
catheter into porcine arteries directly following balloon
angioplasty (Tsui et al 2001). A 50±60% reduction of
neointimal thickening occurred using this model, with no
apparent toxicity. This approach may suggest a useful way
in which gene therapy vectors could be administered
locally, eliminating the need for full systemic delivery
and thereby minimising side effects.

The p27±p16 fusion gene is thought to work by inhibit-
ing the activity of CDK4/cyclin D, CDK2/cyclin E and
CDK2/cyclin A. However, in the in-vivo study, the p27±
p16 fusion gene was only compared with a backbone
adenovirus and not to an adenovirus containing p27 or
p16 alone. In fact, in-vitro kinase assays showed that the
activity of the p27±p16 fusion gene could not be distin-
guished from that of p27 alone (Tsui et al 2001). Other
work has shown that p16 only has a small effect on VSMC
proliferation, whereas p27 and p21 alone can inhibit
neointimal formation (Tanner et al 2000). This work sug-
gests that CDK2 activity is pivotal for VSMC prolifera-
tion since p16 does not inhibit CDK2 (see earlier),
therefore the role of p16 is limited and it only has a partial
effect (Tanner et al 2000).

Other experiments also have shown that p21 and p27
can directly regulate VSMC proliferation. Thus, adeno-
virus over-expression of p21 inhibits growth factor-stimu-
lated VSMC proliferation in-vitro by causing a G1 arrest
(Chen et al 1997). In-vivo studies using localised infection
with p21 adenovirus at the time of balloon angioplasty
significantly reduced neointimal proliferation in both rat
(Chen et al 1997) and porcine (Yang et al 1996c) models of
restenosis. In addition, adenoviral infection of p27 inhib-
ited restenosis in a porcine vascular injury model by 51%
(Tanner et al 2000).

Taken together this evidence demonstrates that over-
expression of p21, p27 or both in VSMCs causes signifi-
cant arrest in the G1 phase of the cell cycle. These two
molecules, and the pathways that stimulate their expres-
sion, remain promising therapeutic targets for controlling
vasculoproliferative diseases.

p53. The tumour suppressor protein, p53, has been
examined as a potential target for inhibiting VSMC pro-
liferation. Studies have suggested that lack of p53 in
VSMCs might be responsible for the pathogenicity of
restenosis (Speir et al 1994; Zhou et al 1996). Samples
from human atherectomies from restenosic lesions were
shown to have a high proportion of cytomegalovirus
(CMV) DNA (Speir et al 1994). CMV is thought to induce
the expression of immediate early genes that lead to aboli-
tion of p53 activity, and this might be an important risk
factor for restenosis (Zhou et al 1996).

Expression of p53 causes inactivation of the G1-phase
CDK/cyclins by it stimulating expression and activation of

p21. In experiments using the HVJ±liposome-mediated
gene transfer method, p53 over-expression led to an inhib-
ition of VSMC proliferation both in-vitro and in-vivo
(Yonemitsu et al 1998). Adenovirus-mediated gene transfer
of p53 into sections of balloon-injured rat carotid artery
caused a significant decrease in neointimal formation
(Scheinman et al 1999b). In further studies, it was observed
that p53 might cause this decrease by stimulating apoptosis
in these cells (Scheinman et al 1999a) although Yonemitsu
and colleagues (1998) had earlier reported that over-expres-
sion of wild-type p53 in VSMCs did not significantly
increase apoptosis. Treatment of human aortic VSMCs
with antisense ODNs against p53 showed that a lack of
p53 is sufficient to promote cell growth (Aoki et al 1999).
In contrast, other groups have shown that dominant nega-
tive p53 does not inhibit VSMC growth, but leads to a
decrease in apoptosis (Bennett et al 1998).

In normal VSMCs there is little p53 activity whereas in
VSMCs obtained from human atherosclerotic plaques
there is an increased sensitivity to p53-mediated apoptosis,
which may cause plaque rupture (Bennett et al 1997). A
study of human VSMCs obtained from restenotic and
in-stent stenotic sites demonstrated an enhanced response
to p53. Thus, restenotic VSMCs were far more sensitive to
p53 induction than normal VSMCs when treated with
irradiation or with cytotoxic drugs (Scott et al 2002).
Thus, it is feasible that basal levels of p53 are essential
for a successful outcome following angioplasty.

Also p53 might be important for preventing neointimal
formation in vein by-pass grafts. Comparison of wild-type
and p53 null mice showed a significant increase in neoin-
timal hyperplasia in p53 null mice (Mayr et al 2002).
Apoptosis also was significantly reduced in VSMCs from
p53 nulls and aortic VSMCs from these mice showed a
higher rate of proliferation and migration. Expression of
p53 seems to be crucial in the prevention of lesion develop-
ment in vein-grafts as well as in restenosis. This appears to
be due to its ability to induce apoptosis, limit proliferation
and migration (Bennett et al 1998; Yonemitsu et al 1998;
Aoki et al 1999).

gax. Activation of p21 occurs both by p53-dependent
and p53-independent mechanisms. One p53-independent
mechanism that leads to the activation of p21 involves the
gax homeodomain gene. The over-expression of gax
causes an increase in the association of p21 with CDK2
and a subsequent decrease in CDK2 activity (Smith et al
1997). Local delivery of the gax gene in an adenovirus
vector following balloon angioplasty in the rat carotid
artery caused up to a 63% reduction in neointima forma-
tion (Smith et al 1997) and up to a 56% reduction in a
rabbit model of vessel thickening (Maillard et al 1997).
Adenoviral gax over-expression in a more complex
model of vascular injury in the rabbit inhibited neointimal
hyperplasia and lumen loss. This model closely mimics
clinical angioplasty procedures since the rabbits used
were fed on a high cholesterol diet such that stented
arteries became atheromatous (Maillard et al 2000).
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The retinoblastoma pocket proteins (pRb, p107 and
p130). During cell cycle progression, p53 acts in har-
mony with the E2F transcription factors and the retinoblas-
toma (pRb) pocket proteins (Figure 2) to regulate cell cycle
progression. pRb can also cause apoptosis in VSMCs
(Bennett et al 1998). Thus, human plaque VSMCs were
found to have a lower ratio of phosphorylated to hypopho-
sphorylated pRb than normal VSMCs (Bennett et al 1998).
Since hypophosporylated pRb sequesters E2F transcription
factors and inhibits proliferation (Figure 2), it is not surpris-
ing that in plaque VSMCs there is a lower level of E2F
transcriptional activity (Bennett et al 1998). In these cells,
the lower rates of VSMC proliferation are thought to occur
as a consequence of decreased phosphorylation of pRb.
Thus, suppression of pRb (and p53) is required for these
cells to actively proliferate and not to apoptose (Bennett
et al 1998). This hypothesis was confirmed in a study where
both p53 and pRb were reduced using antisense ODN
transfection (Aoki et al 1999). p53 inhibition alone
increased the number of cells by reducing apoptosis but
pRb antisense ODN treatment alone had little effect.
However, co-transfection of both pRb and p53 caused an
increase in VSMC proliferation as well as reducing apop-
tosis (Aoki et al 1999).

Adenoviral pRb2/p130 transfer at the localised site of
angioplasty in the rat carotid artery model caused inhib-
ition of restenosis and VSMC proliferation (Claudio et al
1999). This was shown to occur as a result of an increased
ability of p130 to bind and sequester members of the E2F
family of transcription factors.

Finally, adenoviral transfer of an E2F±Rb fusion pro-
tein gene causes an inhibition of neointimal hyperplasia
when delivered locally in balloon-injured rat carotid
arteries (Wills et al 2001). The fusion of Rb to E2F causes
an irreversible repression of E2F activity and the expres-
sion of this fusion gene limits restenosis.

Summary

In this review, we have discussed the evidence that supports
components of the cell cycle machinery serving as viable
therapeutic targets for the treatment of various cardiovas-
cular diseases. Clinical trials already are underway for cer-
tain diseases, primarily those that target the cell cycle
machinery in VSMCs to treat restenosis and in-stent steno-
sis. Considering the impact that cardiovascular disease has
on the healthcare budgets of the western world, it is impera-
tive that we continue to search for novel therapeutic stra-
tegies for the treatment of these diseases. The cell cycle
machinery offers such an alternative approach and, con-
sidering it already has been successful in some disease set-
tings, including cancer and certain cardiovascular diseases,
it is likely to form a focus for drug discovery in the future.
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