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1. ABSTRACT

Vascular smooth muscle cell proliferation plays a
major role in the development of numerous vascular
pathologies. Understanding the molecular mechanisms that
regulate smooth muscle cell proliferation is therefore
essential for the development of new therapies for the
treatment of these pathologies. Skp2 is an F-box protein
component of the SCF? ubiquitin-ligase that controls
cellular proliferation by regulating the ubiquitination and
degradation of several cell-cycle regulatory proteins,
including the cyclin-dependent kinase inhibitor, p27<"".
This review discusses the recent literature on the function
and regulation of Skp2 in smooth muscle cells, which is
emerging as a key player in the control of smooth muscle
cell proliferation during vascular disease.
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2. INTRODUCTION

The idea that vessel injury stimulates VSMC
proliferation and neointima formation was originally
proposed by Russell Ross in his ‘Response to Injury’
hypothesis (1, 2). Subsequent work amply confirmed that
proliferation of locally-derived vascular smooth muscle
cells (VSMCs) plays a major role in the development of
numerous vascular pathologies characterized by neointimal
thickening, including atherosclerosis, pulmonary artery
hypertension and peripheral vascular disease (3, 4). VSMC
proliferation is also a key factor limiting the long term
success of veins used as arteriovenous fistulas, coronary or
peripheral vein-grafts (5-7) and balloon angioplasty with or
without stent implantation. In healthy adult arteries, VSMC
have an extremely low rate of proliferation, existing in a



Role of Skp2 in VSMC proliferation

differentiated, contractile state where their main role is to
regulate vessel tone. However, experimental vessel injury
dramatically elevates VSMC proliferation and this
contributes to the high rates of restenosis after angioplasty
and stenting observed clinically (8, 9). Most importantly,
these concepts encouraged the development ‘drug-eluting
stents’ or DES, which elute anti-proliferative agents
designed to block VSMC proliferation. DES markedly
reduces angiographic and clinical restenosis rates (10, 11).
However, the use of currently-available DES is associated
with a statistically significant increased risk of acute stent
thrombosis attributed to delayed endothelialisation,
probably as a result on the non-discriminatory anti-
proliferative effects of the agents used on endothelial
proliferation (12, 13). After three years, late stent
thrombosis was associated with a significantly increased
mortality rate in one landmark study (14). The problems of
DES and our inability so far to extend the anti-proliferative
treatment strategy to other vascular pathologies highlights
the need for a more detailed understanding of the molecular
mechanisms governing VSMC proliferation during
neointima formation. A primary goal is to enable the
development of more cell-selective therapies to treat these
pathologies without causing adverse events.

3. p27%""! PUTS THE BRAKE ON PROLIFERATION

Anyone who has cultured VSMC in a dish will
know that these cells can be induced to proliferate rapidly
simply with the addition of a growth factors. There is
immediate activation of signal transduction pathways,
leading ultimately to phosphorylation of the extracellular
receptor-related kinases ERK1/ERK2 (15, 16) and cell
cycle progression. Progression through the G; phase of the
cell-cycle is controlled by cyclin D and E, which associate
and activate their catalytic partners, the cyclin-dependent
kinases (cdk4 and cdk2 respectively) (17). Active CDKs
hyper-phosphorylate retinoblastoma protein (Rb), leading
to its inactivation and release of E2F transcription factor
(see Figure 1) (17). In turn, this initiates S-phase specific
gene expression and progression through the G, restriction
point, beyond which proliferation becomes mitogen
independent. The activity of the cyclin:cdk complexes is
also subject to negative regulation by the Cip/Kip (p21°*!,
p275P! and p575%) and Ink (p15™NKe p16INKd 1 gINKde
and pl9™%)  families of  cyclin-dependent kinase
inhibitors (CKIs). The levels of these inhibitors are
typically down-regulated in mid-G1, thus relieving the
inhibition of CDK activity (18). Important growth factors
for VSMC include platelet derived growth factor (PDGF)
(19), basic fibroblast growth factor (bFGF) (20) and
thrombin (21).

Although VSMC in culture rapidly respond to
mitogens by proliferating, this is not the case for those in
their natural environment in the vessel wall. VSMC in
intact healthy vessels are refractory to growth factor
stimulation unless a concomitant injury is also present (16,
22-24). The clearest demonstration of this comes from
organ culture studies comparing intact pieces of artery with
isolated VSMC. In these studies, serum stimulation, which
potently stimulates proliferation in isolated smooth muscle
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cells, fails to elicit any proliferation in the intact artery
segments (16, 22). This occurs despite almost identical
activation of ERK1/2, up regulation of cyclin-dependent
kinase subunits and cyclin D and E proteins in both artery
segments and isolated cells (16). Importantly, cdk
complexes remain inactive in intact artery but not in
isolated cells. This is associated with constitutively
elevated levels of the cyclin dependent kinase inhibitor
p275P! suggesting that an inability to down-regulate this
inhibitor is an important mechanisms restraining VSMC
proliferation and maintaining quiescence in healthy
uninjured vessels. The implication is that down-regulation
of p27¥P' is a prerequisitt for VSMC proliferation.
Consistent with this, immunohistochemical staining studies
show reduced levels of p27%"', concomitant with increased
VSMC proliferation, in response to vessel injury (25).
Forced expression of p27"' in these injured vessels
potently suppresses VSMC proliferation and inhibits
neointima formation in vivo (26). Furthermore, mice
lacking p275"®" are larger than their wild-type counterparts,
display a generalised hyper-proliferative phenotype,
organomegaly, exaggerated atherosclerosis and increased
VSMC proliferation and neotimima formation after vessel
injury (27-30). Taken together, these observations
indicated a major role for p27*"" in maintenance of VSMC
quiescence and the induction of VSMC proliferation after
vessel injury.

4. SKP2 PROMOTES p27“?! UBIQUITINATION AND
DEGRADATION

The identification of p27%"' as an important
negative regulator of the cell cycle focussed attention on
the mechanisms controlling its levels. Research in mid-
1990’s established that p27%P! in several cell types is
largely regulated by its rate of degradation rather than
modulation of p275P! gene transcription or translational
(31). The mRNA and translational rates remain relatively
constant in mid to late G1 phase, whereas the protein levels
of p27%! are rapidly down regulated. Furthermore, low
levels of p27%"! in rapidly proliferating cells are associated
with increased p275P! ubiquitination and proteasome
inhibitors can block p27%P' down regulation, implying a
central role for the Ubiquitin Proteasome System (UPS) in
p27%P! regulation (31). The cell-cycle periodicity of
numerous other cell-cycle proteins is controlled in a similar
manner by the UPS and their degradation is often
dependent on phosphorylation by a CDK (32). This
prompted the question whether p27%"P" degradation is also
dependent on its phosphorylation. Using site-specific
mutagenesis, Vlach et al demonstrated that p27<P'
degradation is in fact dependent on it association with
active cyclin E:cdk2 and its phosphorylation on Thr187
(33). In this model, phosphorylation of p27<%"! on Thr 187
triggers covalent ligation of multiple ubiquitin proteins via
the action of UBC3, which targets p27*?" for degradation at
the proteasome.

Around the same time, an independent line of
research identified a 45kD protein that interacted with the
cyclinA cdk2 complex (34). This protein was termed S
phase kinase associated protein 2 (Skp2) and was quickly



Role of Skp2 in VSMC proliferation

Mitogens

|
,.

\,k

 —

INACTIVE

Figure 1.

hS

CDK

24

INACTIVE

S phase specific
gene expression

fw..
5

Proteasomal

degradation of
21 and p27

!

f

\

A
v

£

r

2.4
Cyclin
D.E

@

ACTIVE
[
— @

@

Regulation of G1 phase of the cell-cycle by Skp2. VSMC in healthy vessels exist in a quiescent Gy state but enter

the cell-cycle in response to vascular injury or insult. Progression through the G, phase of the cell-cycle is regulated primarily by
the cyclin-dependent kinases (cdk 2/4). Cdk activation is dependent complex formation with D and E type cyclins, synthesis of
which is induced by growth factor stimulation. Cdk:cyclin complex activity is also subject to negative regulation by the cyclin
dependent kinase inhibitors (such as p21“P! and p27%P!) the levels of which are down regulated in mid- to late- G; by SCFS?
dependent ubiquitination and subsequent degradation by the proteasome. CDK-dependent phosphorylation of CDKIs enhances
their ubiquitination by SCFS*?. Active cyclin:cdk complexes hyper phosphorylate and inactivate retinoblastoma (Rb) protein.
This is a critical step in transition through the G; restriction point R, triggering release of transcription factors such as E2F1 that

promote expression of genes required for S-phase.

identified as a member of the large F-box family of proteins
that are all components of Skp-Cullin-F-box family of E3
ubiqutin-ligase complexes (35). Initial studies showed that
Skp2 was unable to directly modulate cdk activity but that
its inhibition with neutralising antibodies or antisense
oligonucleotides resulted in growth arrest via an unknown
mechanism (34). Since SCF complexes act together with
UBC3 and preferentially ubiquitinate phosphorylated
substrate proteins, it was not long before Skp2 was
identified as a key factor responsible for promoting
ubiquitination and subsequent degradation of p27%"! by the
proteasome during late-G; (36). More recently, it was
shown that the Skp2-dependent ubiquitination of p27*®'
requires the accessory protein Cksl, which binds to Skp2
and increases its affinity for phosphorylated p27-"".

5. THE SCF%*? UBIQUITIN LIGASE

E3 ubiquitin ligases can be classified into two
families, those based on HECT (Homologous to the E6-AP
Carboxyl Terminus)-domain proteins and those based on
RING (Really Interesting New Gene)-domain proteins.
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Many of the RING-ligases contain a cullin (Cul) protein,
so-called because the proteins ‘cull’ i.e. selectively degrade
certain cellular proteins. The cullin-containing Cul-RING-
ligases (CRLs) represent the largest family of E3 ligases
and have been implicated in the degradation of numerous
proteins with functions in cell signalling, gene transcription
and cell-cycle regulation. Several sub-families of CRLs
have been identified in mammals but the best characterised
are the Skp-Cul-F-box (SCF) ubiquitin ligases. As their
name suggest, these are multi-subunit ligases consisting of
a Cull backbone, which binds the RING-domain protein
Rocl/Rbx1 at its C-terminus and an adaptor protein Skp1 at
its N-terminus (see Figure 2). Rocl/Rbx allows
recruitment of the E2 enzyme UBC to the ligases, while
Skp1 serves to bridge the gap between the cullin backbone
and a substrate-specificity subunit represented by one of a
family of sixty nine F-box proteins of which Skp2 is a
member. The interaction between Skpl and the F-box
protein occurs via a conserved F-box motif of ~40 amino
acids that was first identified in cyclin F, hence the name F-
box protein (Bai 1996). F-box proteins also contain
additional protein-interaction domains, which allow
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Structure of the SCFS*? E3 ubiquitin-ligase. The SCF (Skp1-Cull-F-box) E3 ubiquitin -ligase is composed of

invariable subunits of Skp1, Cull and Rbx1/Rocl and a variable F-box protein component that functions as a substrate specificity
factor. In SCF*™, the F-box protein component is represented by Skp2. Cull forms the backbone of the ligase, binding Skp1 at
it N-terminus and the RING-domain protein Rbx1/Rocl at its C-terminus. Skpl functions as an adaptor protein that recruits F-

box proteins such as Skp2 via interactions with their F-box domains.

Rbx1/Rocl is essential for recruitment of UBC E2-

ubiquitin conjugating enzyme which is required for transfer of activated ubiquitin to the substrate protein. Ubiquitination of
p27%P! by SCF**? requires cdk-dependent phosphorylation of p27"! on Thr-187. In addition, ubiquitination of p27%®! requires

the accessory protein cks1 (CDK1 subunit 1).

recruitment of proteins destined for ubiquitination to the
SCF-ligase. The identity of these additional substrate
specificity domains allows the F-box proteins to be divided
into three sub-families or classes: FBXW, FBXL and
FBXO, depending on whether the proteins contain WDA40,
leucine rich repeat (LLR) or ‘other’ substrate-specificity
domains respectively (37). Skp2 contains an LLR motif and
hence is also referred to as FBXLI1. Although 69
mammalian F-box proteins have been identified to date, the
vast majority of these remain ‘orphans’ that have no known
binding partners apart from SKP1. The small number of F-
box proteins that have well-established binding partners
includes FBXL1 (Skp2) (36), FBXL3 (38), FBXL5 (39)
FBXL6 (40), FBXW1 (B-TRCP1) (41), FBXW7 (42, 43),
FBXW8 (44), B-FBXWI11 (B-TRCP2), FBXO04 (45, 46),
FBXO7 (47).

6. SKP2 TARGETS MULTIPLE PROTEINS FOR
DEGRADATION

The best characterised Skp2 ‘substrate” is p27<",
degradation of which appears to mediate many of the
biological functions of Skp2. Ubiquitination of p27%"! can
be reconstituted in vitro by addition of purified Skp2,
together with other components of the SCF ligase and an
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UBC, while inhibition of Skp2 in cultured cells with
dominant-negative mutants or antisense oligonucleotides
prevents p27P' degradation and results in G1 growth
arrest. Consistent with these in vitro observations,
homozygous genetic deletion of the Skp2 gene in mice also
results in elevation of p275"®! levels and is associated with
reduced size, markedly enlarged nuclei with polyploidy and
multiple centrosomes, reduced growth rate and increased
apoptosis. Importantly, almost all of these phenotypic
abnormalities present in Skp2 -/- mice are rescued in Skp2 -
/-; p275P' /- doubly deficient mice, indicating that p27<P'
represents the most important target for Skp2 (48, 49).

Notwithstanding the above, a common feature of
F-box proteins is that they each target more than one
protein for ubiquitinylation and degradation. Consistent
with this other protein targets of Skp2 have been identified
and may contribute to the biological functions of Skp2
(reviewed in detail elsewhere (50)). These include several
cell cycle (p21°P', p27%P! p57%P2 cyclin E) and
transcriptional regulators (FOXO1, TOBI1, c-Myc, E2F).
Many of these are targeted for degradation between late-G;
and G, phases, the window in which Skp2 levels are
elevated in rapidly cycling cells (see Figure 3). Many of
these substrates are also tumour suppressor proteins (see
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Skp2 targets multiple substrates for degradation during G1 and S phase. The window of Skp2 protein expression

during the cell-cycle is illustrated by the shaded region. Proto-oncogenic SCF™ substrates are indicated above the cell-cycle line
and tumour suppressor substrates and indicated below the line. The position and length of the boxes indicates the approximate
timeframe of SCF*?-mediated degradation of that substrate protein. Shaded boxes indicate substrates whose levels have been

shown to be elevated in Skp2 -/- MEFs.

Figure 3) and their degradation by Skp2 in late G;-S phase
is thought to be an important mechanism relieving their
inhibitory effects on cell-cycle progression, either by
permitting CDK activation or by permitting changes in
gene expression patterns required for S-phase progression.
The degradation of many of these substrate proteins around
the G, and S phase boundary underlines the important role
played by Skp2 in controlling S-phase entry.

Interestingly, not all of the identified Skp2
substrates are growth inhibitors. For example, cyclin E is
targeted for degradation by Skp2 in late S-G, phase of the
cell cycle and this is disrupted in Skp2 -/- MEFs, indicating
that Skp2 may also play an important function in
controlling the periodicity and timing of key cell-cycle
regulatory proteins. Skp2 also promotes ubiquitination and
degradation of the proto-oncogene c-Myc. Interestingly,
this ubiquitination of c-Myc by Skp2 appears to promote c-
Myc transcriptional activity, suggesting Skp2-mediated
ubiquitination acts as a ‘licensing’ mechanism linking c-
Myc activity to its degradation (51). This suggests a
second type of mechanism through which Skp2 controls
cell growth. As cells progress through G; phase, Skp2 not
only promotes degradation of growth-inhibitors such as
p27%P! but also transiently promotes c-Myc-dependent
gene expression. Skp2 has also been reported to control
ubiquitination of E2F1 during S and G, phases of the cell
cycle (52). Degradation of E2F1 by Skp2 in late S phase is
thought to be important for correct S-phase exit and entry
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into G,. It is tempting to speculate that Skp2-dependent
ubiquitination of E2F1 may also play a role in enhancing
E2F1 activity, in a similar manner to c-Myc.

Taken together, these observations show
convincingly that Skp2 plays a central role in controlling
cell-cycle progression, in large part by coordinating the
degradation and activity of several G;-S phase regulators.

7. SKP2 CONTROLS VSMC PROLIFERATION AND
NEOINTIMA FORMATION

) The importance of Skp2 as a key regulator of
p275Pl degradation suggests its involvement in the
initiation of VSMC proliferation following vascular injury
or inflammation. Less obviously, our laboratory
hypothesised that VSMC quiescence in healthy arteries,
which is associated with constitutively elevated levels of
p27! (16), is due to a deficiency in Skp2 expression. In
support of this hypothesis, in vitro and in vivo experiments
demonstrated that Skp2 protein and mRNA expression is
undetectable in healthy uninjured arteries, even though
growth factors are present (53).This suggested that lack of
Skp2 explained the inability of VSMC in these arteries to
degrade p27""' and enter the cell cycle. In effect, the
'brake' on proliferation was locked on. Consistent with this,
we showed that forced expression of Skp2 in healthy
arteries drives S phase entry both ex vivo and in vivo (53,
54). Similar experiments in quiescent fibroblasts
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demonstrated that forced expression of Skp2 alone can
drive S-phase entry, even in the absence of growth factors.
Forced expression of Skp2 was associated with increased
p27""" degradation and cdk activation (55) and over
expression of p27<"! blocked S-phase entry induced by
Skp2. This unusual trait of a single gene being able to
drive cells all the way from quiescence (G,) into S-phase is
shared by only a few other gene products; it underlines the
importance of the Skp2-p27%"P' pathway in controlling
release from quiescence and cell-cycle entry.

These observations imply that up regulation of
endogenous Skp2 levels should be required for induction of
VSMC proliferation following vascular injury. Indeed,
balloon injury to the rat carotid artery stimulates a dramatic
and rapid increase in Skp2 mRNA and protein levels in the
medial VSMCs and in cells of the developing neointimal
lesion at later time points, in a pattern that is both
temporally and spatially associated with smooth muscle
cell proliferation (54).  Moreover, this increase in
endogenous Skp2 levels by vessel injury appears to be
essential for the proliferative response since adenovirus-
mediated gene transfer of F-box deleted dominant negative
mutants of Skp2, effectively blocked injury-induced
degradation of p27%"' and VSMC proliferation. More
importantly, Skp2 inhibition in this way leads to
development of significantly smaller neointimal lesions,
presumably due to the early inhibition of VSMC
proliferation. This data indicates that injury induced Skp2
expression is an essential contributor to VSMC
proliferation and lesion development, whereas the effects of
over expression of Skp2 described above demonstrates this
pathway is sufficient to drive proliferation. To address this
question, our laboratory used adenoviral-mediated gene
transfer to restore Skp2 expression to uninjured but de-
endothelialised rat carotids in vivo. Gently de-
endothelialisation on its own does not induce significant
levels of medial smooth muscle cell proliferation or Skp2
expression. However, exogenous expression of Skp2 in
these vessels is able to trigger p27"P' degradation and
increase smooth muscle cell proliferation to levels similar
to those induced by balloon-injured vessels. Hence Skp2 is
both necessary and sufficient for induction of smooth
muscle cell proliferation and neointimal lesion formation.
A further confirmation of the importance of Skp2 in lesion
development comes from experiments in Skp2 ” mice,
which develop significantly smaller lesions after carotid
ligation than their wild-type counterparts (27). Taken
together, these observations highlight the role of Skp2 in
triggering release from quiescence and driving smooth
muscle cell proliferation in response to vessel injury.

8. MULTIPLE PATHWAYS REGULATE SKP2
EXPRESSION

8.1. Skp2 protein stability

The importance of Skp2 as a regulator of
smooth muscle cell proliferation raises the question of how
Skp2 itself is regulated. The levels of many cell-cycle
regulators fluctuate during the cell-cycle, being controlled
by waves of stabilization and ubiquitin-mediated de-
stabilisation; this appears also to apply to Skp2. In rapidly
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cycling cells, Skp2 levels are elevated in mid-G; phase and
remain elevated until late G,, when Skp2 levels begin to
subside as cells enter M phase. These changes in Skp2
levels appear to be brought about by changes in the half-life
of the Skp2 protein and rather than modulation of Skp2
mRNA expression. In 2004, two independent studies
demonstrated that destabilisation of Skp2 in M and early
G phases is mediated by a second ubiquitin-ligase termed
anaphase promoting complex/cyclosome (APC/C) in
association with its activator cdhl (56 , 57). APC™™
mediated degradation of Skp2 in M and early G; phase is
probably important for efficient M phase progression and
the timing of S phase entry. In this model, increased levels
of Skp2 in mid-G1 required inactivation of APC*", which
is thought to come about by phosphorylation of Cdhl and
interaction with the inhibitory protein Emil, which
accumulates in G; (58, 59). In this way, inactivation of
APC™™! controls the timing of S-phase entry by regulating
the accumulation of Skp2. Whether suppression of APC*"!
mediate degradation is also an important step in exit from
quiescence (Gp) and entry into Gy is not clear. This may be
mediated by yet another ubiquitin-ligase based on a Cull
core (56). For example, interference with Cull function by
antisense oligonucleotides results in stabilisation of Skp2 in
quiescent cells, whereas a recombinant Cull based ligase
can catalyse Skp2 ubiquitination in vitro. This suggests
that Cull ligases may be involved in suppression of Skp2 in
quiescent G cells as well as collaborating with Skp2 in late
G; to promote degradation of Skp2 substrates, thus
allowing S phase entry (56).

Changes in Skp2 mRNA and protein
expression, which appear largely independent of cell-cycle
periodicity, are also important mechanisms regulating cell
growth during physiological and pathological conditions.
Perhaps the most evident are the examples of elevated
expression of Skp2 mRNA and protein observed in
numerous human tumours and the associated decrease in
p275"P! levels (60-63). Skp2 mRNA and protein expression
is also dramatically elevated during physiological
transitions for quiescence to cell proliferation, including
after vascular injury (27). Modulation of Skp2 expression is
therefore an important mechanism controlling cell
proliferation during both physiological and pathological
processes.

8.2. Growth Factors

Numerous mitogenic and anti-mitogenic
signalling pathways have been shown to modulate Skp2
expression (64). Growth factors clearly play a role in
driving increased Skp2 levels in mid-G1 phase (36, 53, 54).
In most cell types growth this occurs through stabilization
of Skp2 protein rather than changes in Skp2 transcription or
mRNA expression (65). This is mediated, at least in part,
through activation of the PI3-kinase and ERK signalling
pathways (64, 66, 67) (see Figure 4). Treatment of cells
with pharmacological inhibitors of these kinases leads to G,
growth arrest associated with increased levels of p27%iP!
and reduced levels of Skp2. How growth factor stimulation
controls Skp2 is only just beginning to be understood. A
recent study demonstrated that phosphorylation of Skp2 on
residue Ser 72 in response to activation of the PI3-
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Figure 4.  Multiple signals control Skp2 expression. Low expression of Skp2 mRNA and protein contributes towards VSMC
quiescence in healthy vessels. Growth factors increase the stability of Skp2 protein by inhibiting the activity of APC**"! and Cull
based E3 ubiquitin-ligases that target Skp2 for ubiquitination and degradation. Additional stimuli that promote Skp2 gene
transcription are also required before Skp2 protein levels are elevated. Vascular injury and/or inflammation promote remodelling
of the vascular ECM composition and compliance. This activates ECM-dependent signalling pathways that result in increased
Rho GTPase activity and actin stress-fibre formation, both of which are essential for Skp2 gene transcription and G, progression.
ECM-dependent Skp2 transcription is mediated at least in part by the NFATcl transcription factor. Endothelial-derived
prostacyclin and its second messenger cAMP inhibit VSMC Skp2 expression by inhibiting Rho GTPase-mediated actin
polymerisation. Inflammatory cytokines and activation of Notch signalling also promotes Skp2 transcription by activating NF-
kB and Notch/CSL transcription factors that bind and activate the Skp2 promoter. In some cell types Skp2 transcription is
elevated in late-G. This is mediated by the GA-binding protein (GABP) transcription factor and via a Skp2 auto-induction loop
where Skp2 itself promotes activation of E2F1 transcription factor (via cyclin:icdk complex activation and Rb hyper-
phosphorylation) which can bind and activate the Skp2 promoter.

Kinase/Aktl pathway blocks the interaction of APC™™ provides a direct mechanism linking growth factor
with Skp2, thereby preventing Skp2 degradation (68). This stimulation to Skp2 stabilisation in late G;. Other less
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direct mechanisms have also been suggested to play a role.
Mitogenic and ERK-dependent stimulation of Skp2 levels
has been reported to be, at least partially, a secondary event
to up regulation of Cyclin D; (64). Silencing of cyclin D,
induction in embryonic fibroblasts limits the increase in
Skp2, while ectopic expression of cyclin D, restores Skp2
mRNA and protein expression in ERK inhibited cells,
suggesting that activation of cyclin Dy:cdk 4 plays a role
(64). Whether this mechanism contributes to Skp2 up
regulation in smooth muscle cells is less clear. Mitogenic
stimulation of intact arteries fails to increase Skp2 levels,
despite robust ERK activation and induction of cyclin Dy
(16) implying that additional signals are also required. The
lack of Skp2 mRNA expression in healthy arteries probably
explains the refractory nature of the resident VSMC to
mitogen stimulation. Without Skp2 mRNA to translate
there is no Skp2 protein to be stabilised in response to
growth factor stimulation.

8.3. Cyclic nucleotides

The endothelium secretes several small
molecules involved in the regulation of vessel tone and
homeostasis. Prominent amongst these is the prostanoid,
prostacyclin (PGI,), the major product of cyclooxygenase
(COX) catalysed metabolism of arachidonic acid. PG,
maintains vessel homeostasis by inhibiting platelet
activation, promoting vessel relaxation, inhibiting VSMC
proliferation and promoting a differentiated non
proliferative smooth muscle cell phenotype (69). These
effects are mediated by binding of PGI, to the seven trans-
membrane prostacyclin receptor (IP), which primarily
couples to adenylate-cyclase, leading to increased synthesis
of the second messenger, 3'-5'-cyclic adenosine
monophosphate (cAMP). Reduced synthesis of prostacyclin
by injured or dysfunctional endothelium is thought to
promote injury-induced smooth muscle cell proliferation
since genetic deletion of the prostacyclin receptor in mice
leads to increased smooth muscle cell proliferation and
neointima formation in response to vessel injury (70).
Intracellular levels of cAMP rapidly decrease in response to
mitogen stimulation (71) while agents that elevate cAMP
levels inhibit smooth muscle cell proliferation both in vitro
(72, 73) in response to mitogens and in vivo after vascular
injury (74). Interestingly, these anti-mitogenic effects of
cAMP are highly cell-type specific. Paradoxically,
numerous studies demonstrate pro-proliferative effects of
elevated cAMP in other cell-types (75, 76), including
endothelial cells (77). In smooth muscle cells and
fibroblasts, both PGI,-mimetics and elevated cAMP levels
block Gl to S phase progression, associated with an
increase in p27*"' levels and reduced activity of cyclin
E:cdk2 complex (54, 78, 79). Inhibition of cyclin D;
expression may also play a role in some cell types (73, 79,
80) but not in others (78). However, deletion of the p27<""
gene completely abrogates the inhibitory effects of the PGI,
mimetic cicaprost in both MEFs and vascular smooth
muscle cells, indicating that p27%P' represents a major
downstream target mediating PGI,-induced growth arrest
(78). Signals for cAMP-elevation result in increased p27%" !
levels largely due to potent inhibition of Skp2 transcription
and protein stability in both cell types (54, 78). Inhibition
of this Skp2-dependent degradation of p27"! appears to be
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a major mechanism underlying the anti-mitogenic effects of
prostacyclin mimetics and other cAMP-elevating stimuli
since ectopic expression of Skp2 prevents the increase in
p27%"P! and restores normal cell-cycle progression (54, 78).
Consistent with this, treatment of injured vessels in vivo
with the adenylate cyclase activator, Forskolin, inhibited
expression of Skp2, elevated p27"P' levels, inhibited
smooth muscle cell proliferation and blocked neointimal
lesion development (54).

The mechanisms underlying cAMP-dependent
regulation of Skp2 expression are only partially understood.
In smooth muscle cells, cAMP-elevating agents induced a
stellate-morphology associated with a dramatic loss of actin
stress fibres, reorganisation of the actin cytoskeleton and
dissolution of focal adhesions (81, 82). Similar
morphological ~ changes and actin  cytoskeleton
reorganisations have been observed in several other cell
types in response to elevated cAMP (83), suggesting that
cytoskeleton reorganisation may play a functional role in
cAMP anti-mitogenesis. Many studies have demonstrated a
critical role for cytoskeleton organisation for G; to S phase
progression (84) and members of the Rho GTPase have
been implicated in this (85, 86). Expression of
constitutively active Rho GTPase mutants promotes S-
phase entry in Swiss 3T3 cells whereas dominant-negative
mutants block it (85). In smooth muscle cells, RhoA and
Rac; activity are stimulated by mitogens in vitro and Rac;
is activated by vessel injury in vivo (81, 82), while
inhibition of RhoA or Rac, induces G, arrest, associated
with elevated levels of p275"', reduced expression of Skp2
and G, cyclins (82, 85, 87-89). Elevated cAMP levels also
inhibit the activity of both RhoA and Rac; in smooth
muscle cells (81, 82) (see Figure 4) and ectopic expression
of constitutively active RhoA or Rac; mutants completely
prevents cAMP-induced cytoskeleton reorganisation,
inhibition of Skp2 and growth arrest. The downstream
targets of these Rho GTPases involved in the regulation of
Skp2 are not clear. Several studies have implicated
signaling via CRIB-domain effector proteins such as PAK
in Rac;-dependent cell-cycle progression, possibly via
regulation of cyclin D; (90, 91) However, Rac; mutations
that selectively disrupt signalling to these downstream
CRIB-domain effectors have no effect on Skp2 expression
(82), while effectively blocking the expression of Cyclin
D;. Importantly, these mutations also do not dramatically
affect Racj-dependent actin polymerisation (91-93).
Interestingly, Skp2 appears to be dependent on a different
subset of Rac;-effector proteins that are directly involved in
actin-polymerisation (82). This suggests that Rho GTPases
control G, progression by controlling expression of Skp2
and Cyclin D, via divergent downstream pathway, with
Skp2 being dependent on actin-polymerisation.

8.4. The extracellular matrix

Interactions with the native vascular
extracellular matrix contribute towards the maintenance of
vascular smooth muscle cell quiescence (16) (94, 95).
Increased proliferation in response to injury or
inflammation occurs concomitantly with phenotypic
modulation of smooth muscle cells from a contractile
differentiated state into a synthetic phenotype, both of
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which are dependent on the composition of the ECM (96).
Several components of the vascular ECM, including
laminin and polymerised collagen, promote a differentiated
smooth muscle phenotype and suppress, or at least do not
support, proliferation (97) (98). Cells grown on these
matrices in vitro display reduced S-phase entry associated
with an increase in p27<"' levels and a decrease in Skp2
mRNA and protein expression (15) (53), suggesting that
the native vascular ECM may suppresses proliferation by
inhibiting Skp2 expression. Consistent with this, smooth
muscle cells liberated from these suppressive effects by ex
vivo enzymatic digestion with collagenase rapidly acquire
the ability to express Skp2, degrade p27%""' and proliferate
in response to mitogen stimulation (53) (16). Vascular
injury or inflammation induces expression of endogenous
matrix degrading metalloproteinases (MMPs) capable of
degrading of these non-permissive ECM components (99)
(100) (101). At the same time, smooth muscle cells
increase secretion of new growth-permissive ECM
components, such as vitronectin and fibronectin (96) (102).
Expression of fibronectin is increased in atherosclerosis
lesions (103) (104) restenosis after angioplasty (105) and
transplant arteriopathy (106). Together, these processes
remodel the vascular ECM so that it is supports rather than
inhibits proliferation. For example, smooth muscle cells
cultured on a fibronectin rich matrix display enhanced Skp2
expression and cycle entry (102) (53). Cells deprived of
these permissive ECM interactions by suspension culture
do not transcribe the Skp2 gene, resulting in elevated
p275P" levels and G, arrest (65) (53). Importantly, ectopic
expression of Skp2 rescues p27°P' degradation and cell-
cycle progression in these cells, implying that Skp2 is a
major target for adhesion-dependent mitogenic signalling
(65).

These pro-mitogenic effects of ECM
components such as fibronectin are mediated via integrin
receptors which activate signal transduction pathways
involved in cell growth. Smooth muscle cells interact with
fibronectin and vitronectin via alpha 5 beta 1 and alpha v
beta 3 integrins, respectively. An important signalling
pathway for these integrin receptors appears to be the
ability to activate focal adhesion kinase (FAK) (107),
which has been implicated in adhesion-dependent growth
control (108).  Early work using dominant-negative
mutants of FAK indicated that this was mediated by FAK-
dependent regulation of Cyclin D, transcription (109),
although more recent studies show that FAK activation also
promotes Skp2 protein stabilisation (53) (110). Consistent
with this, FAK activation appears to be associated with
increased Skp2 expression, being low in healthy arteries
but increased after vessel injury in vivo or by culture of
smooth muscle cells in vitro (53). How FAK regulates
Skp2 expression is not clear. Several key studies have now
established that FAK promotes cell growth by permitting
sustained ERK activation in response to mitogens (108).
Cyclin D, expression and G;-S phase progression are both
dependent on sustained ERK activity (111). Whether this
mechanism contributes towards Skp2 expression is not
clear. In embryonic fibroblasts, the reduction in Skp2
expression after ERK inhibition is completely reversed by
ectopic Cyclin D, expression (64), suggesting that ERK-
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dependent Skp2 regulation is not direct but secondary to
Cyclin D, regulation. However, this is likely to be only part
of the mechanism. In these cells, Cyclin D; modulates Skp2
mRNA expression while in smooth muscle cells FAK only
appears to regulate Skp2 protein stability, with no effect on
Skp2 transcription. Furthermore, Skp2 transcription is
clearly adhesion-dependent in several cell types, implying a
role for additional adhesion-dependent but FAK-
independent pathways.

It is now well recognised that Rho family
GTPases play a role in adhesion-dependent cell
proliferation (85, 88, 89, 91, 112). Just as Rho GTPase
members mediate actin cytoskeleton organisation in
response to growth factor stimulation, recent studies also
implicate them in formation of specific actin structures in
response to adhesion and spreading on an ECM. For
example, Rho GTPases have been implicated in adhesion-
dependent formation of actin-stress fibres, focal complexes,
lamellipodia and activation of downstream effector proteins
such as PAK (113) (114) (115) (116). Rho GTPase mediated
actin-polymerisation appears to be an important event in
adhesion-dependent growth control.  Dominant-negative
mutants of Rho GTPases inhibit Skp2 expression (82, 117) and
G-S phase progression while constitutively active mutants are
able to rescue Skp2 expression and in cells forced into
suspension (82, 117). Consistent with this, direct disruption of
the actin cytoskeleton integrity or organisation with agents
such as cytochalasin D or by preventing cell spreading also
inhibits Skp2 expression and induces Gl arrest (82, 117).
Clearly, the cytoskeleton is a critical regulator of the cell cycle
but how the cytoskeleton controls Skp2 is unknown. Recent
studies suggest that generation of cytoskeleton tension may be
the critical factor. The level of mechanical tension within the
cytoskeleton is determined by multiple factors: (i) the
fractional force generated by the actin-myosin II contractile
apparatus (118, 119) (ii) the rigidity or compliance of the
ECM, and (iii) any tensional forces transmitted through the
tissue or substratum to the cell (120-123). Several studies
using a variety of different experimental models have now
demonstrated that generation of cytoskeleton tension is a
prerequisite for G-S phase progression. For example, cells
grown on low-density ECM molecular coating densities or
on micro-fabricated ECM-coated adhesive islands that
restrict cell spreading, a pre-requisite for generation of
cytoskeleton tension, fail to enter S-phase despite activation
of ERK signalling (124). Growth arrest in these cells occurs
due to an inability to up regulate cyclin D; and Skp2
expression (117). In contrast, cells grown of ECM-
densities or on adhesive islands that permit spreading
readily enter the cell-cycle in response to mitogens (121,
124).  Pharmacological inhibition of acto-mysosin II-
generated tension results in potent G1 arrest (125, 126).
Lastly, experiments in which cells are cultured on matrices
of different rigidities or compliance demonstrate that S-
phase entry is enhanced by more rigid, less compliant
substrata (127-129). Quiescence induced by a these soft
compliant matrices is also associated with increased p27<'
levels and reduced expression of Skp2 (130). This indicates
that Skp2 expression is not only adhesion-dependent but
also determined by the composition and the local tension
present in the ECM.
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Taken together these studies establish a central
role for the cytoskeleton and intracellular tension in G;-S
phase control, at least in part by controlling the expression
of Skp2. The cytoskeleton appears to act biosensor of the
cells readiness to proliferate, integrating multiple singles
such as ECM composition and tension, growth factor
signals, which can increase intracellular tension by directly
activating Rho GTPases, and signals from cyclic-
nucleotides, which antagonise formation of a tensed
cytoskeleton.

8.5. Transcriptional regulation

Analysis of the Skp2 upstream regulatory
sequences reveal the presence of a TATA-less promoter
with several cross-species conserved transcription factor
binding elements implicated in the regulation of the Skp2
gene in various cell types. The first transcription factor
show to positively regulate the Skp2 promoter was GA-
Binding protein (GABP), which binds to a consensus
element in the proximal promoter in a cell-cycle dependent
manner, enhancing Skp2 transcription in S phase (131).
Later, others (132, 133) showed that E2F, which is
activated in late Gl phase in response to CDK hyper
phosphorylation and inactivation of Rb, also contributes
towards increased S-phase Skp2 transcription (133).
Activation of Skp2 expression in this way indicates the
existence of an auto induction loop that has the potential to
regulate S phase by promoting p27*%"! degradation and,
thereby, the activation of cyclin E-Cdk2, phosphorylation
of Rb and release of E2Fs, ultimately leading to further
stimulation of Skp2 transcription. However, the
contribution of this auto-induction loop to increased Skp2
expression in vascular smooth muscle cells is not clear,
since S-phase entry, and hence E2F activation, in these
cells is not associated with a significant increase in Skp2
mRNA levels, in contrast to that observed in MEFs or NIH
3T3 cells (53, 131, 133). In smooth muscle cells and
several other cell types, Skp2 transcriptional regulation is
ECM-dependent (53) (65) (117). The mechanisms
underlying this regulation are only just beginning to be
elucidated. = Recent work by Jiang and colleagues
demonstrated that ECM tension-dependent Skp2 mRNA
expression in bladder and vascular smooth muscle cells is
at least in part due to up regulation of the transcription
factor NFATcl1 and its binding to a consensus element in
the proximal Skp2 promoter. Cells grown on relaxed
collagen gels fail to express NFATc1 and Skp2 and arrest
in G, in contrast to cells cultured on tensed collagen gels.
Tension dependent expression of Skp2 and induction of
smooth muscle cell proliferation also occur in vivo in
response increased bladder wall tension after bladder
ligation (130).  Whether similar mechano-regulatory
mechanisms control Skp2 expression during in stent
restenosis, arterialisation of vein grafts and graft failure,
hypertension or atherosclerosis is currently unknown but
seem likely. Skp2 transcription in VSMC is also associated
with a modulation into a synthetic proliferative phenotype
(53). Since smooth muscle cell differentiation status is
largely dependent on ECM composition and tension, a
common mechanism may underlie this pattern of
regulation. Recent evidence suggests that serum response
factor (SRF) may play a role in coupling Skp2 expression
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to VSMC phenotypic modulation. SRF is a widely
expressed transcription factor involved in the regulation of
smooth muscle cell differentiation marker genes such as
smooth muscle a-actin, calponin-1 and transgelin, but also
the expression of immediate early genes such as c-fos and
Egr-1 and cellular proliferation (134-136). Since SRF is
ubiquitously expressed, cell-type specific and signal
specific gene expression patterns are determined by several
SRF co-factors. Knock-down of SRF in mice impairs
vascular recruitment and function of smooth muscle cells
(137) but also induces G cell cycle arrest associated with
reduced Skp2 expression (138). This suggests the existence
of a mechanistic link coupling smooth muscle cell
phenotypic modulation to increased proliferative capacity
via increased Skp2 expression. How this is achieved is not
yet clear but may again be mediated by modulation of the
actin cytoskeleton since SRF silencing results in loss of
actin-stress fibres (138)

Notch receptors (Notch receptors: 1 to 4) and
ligands (Delta, Serrate and Jagged) are transmembrane
proteins that have also been implicated in regulation of
VSMC phenotypic modulation and proliferation during
vascular disease (139, 140). Following cleavage by
presenilin, Notch intracellular domains translocate to the
nucleus where they interact with the CSL (CBF1,
Suppressor of Hairless, Lag-1) family of transcription
factors to modulate the expression of Notch target genes
that regulate cell fate decisions. For example, levels of
active Notch 1 and 3 are inversely related to expression of
smooth muscle differentiation marker genes while ectopic
expression of constitutively active Notch 1 and 3 inhibits
expression of these genes, thus promoting phenotypic
modulation (139). Ectopic expression of active Notch 1 and
3 also promotes smooth muscle cell proliferation (140).
Although there is limited data on regulation of Skp2 by
Notch signalling in smooth muscle cells, this regulation has
been observed in several other cell types. For example,
Notch activation in 3T3 fibroblasts enhanced Skp2
transcription by binding of Notch/CSL complexes to a
consensus element in the proximal Skp2 promoter (141).
This is increase in Skp2 transcription underlies the pro-
proliferative effects of Notch activation since Skp2
silencing  prevents  Notch-dependent G;-S  phase
progression (141). Similar effects have also been observed
in lymphoblastic leukaemia cell lines where Notch 1
activation promotes Skp2 transcription and enhanced S
phase entry (142). This suggests that Notch activation may
also play a key role in coupling Skp2 transcription smooth
muscle cell phenotypic modulation.

The identification of several nuclear factor-kappa
B (NF-kB) elements in the proximal Skp2 promoter region
suggests that Skp2 may represent an important target for
pro-inflammatory mitogenic signals. NF-kB transcription
factors play an important role in the transcription of
inflammation related genes in response to a variety of
stimuli (e.g. interleukin 1, tumour necrosis factor, and
lipopolysaccharides) (143). NF-kB has also been
implicated in the control of VSMC cell growth (144) (145)
by directly controlling transcription of cell-cycle regulatory
genes (144, 146). Activation of NF-kB occurs rapidly after
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vessel injury or in response to vessel inflammation and has
been directly implicated in promoting VSMC proliferation
and lesion development (147). For example, gene transfer
of I kappa B alpha, the endogenous inhibitor of NF-kB,
results in G, arrest associated with elevated levels of
p27%"P! and inhibition of neointimal lesion development in
vivo (145, 148). Recent data indicates that these pro-
mitogenic effects of NF-kB may be mediated by direct
binding of NF-kB subunits to the Skp2 proximal promoter
(146). In U20S osteosarcoma cells, binding of p52 NF-kB
subunits to the Skp2 promoter can be detected by
chromatin-immunoprecipitation assays while siRNA-
mediated silencing of these NF-kB subunits inhibits Skp2
expression (146) (149). Although regulation of Skp2 by
NF-kB has not yet been demonstrated in VSMC, the link
with NF-kB suggests that Skp2 may represent an important
mediator of cell proliferation in response to vessel
inflammation.

9. SCF*" AS A DRUG
CARDIOVASCULAR DISEASE

TARGET IN

The ubiquitin-proteasome system (UPS) plays a
critical role in the regulation of normal cell growth by
controlling the degradation of numerous cell-cycle
regulatory proteins. Because of this, the UPS has emerged
as an attractive of pharmacological target for the
development of novel anti-proliferative therapies, despite
its apparent lack of specificity. In 2003, the proteasome
inhibitor ~ bortezomib  (Velcade ™  Millennium
Pharmaceuticals, Inc) was the first in a new class of drugs
approved by the Food and Drug Administration for treating
multiple myeloma, demonstrating the efficacy of UPS
targeting drug therapies.  Several studies have also
demonstrated positive effects of proteasome inhibition in
animal models of cardiovascular disease. For example,
potent anti-inflammatory effects of low dose proteasome
inhibition have been observed in vitro and in vivo, possibly
via inhibition of NF-kB activation and anti-oxidative
effects (150, 151).  Other beneficial effects include
inhibition of intimal smooth muscle cell hyperplasia,
reduced macrophage infiltration, increased apoptosis (152)
and inhibition of endothelial dysfunction (153). However, it
is not all good news. ApoE-deficient mice treated with
Velcade develop a more rupture-prone plaque phenotype
(154). Numerous undesirable ‘side-effects’ have also been
reported in patients receiving proteasome-inhibition
therapy, including reduced left ventricular ejection fraction
(155), anaemia, neutropenia, thrombocytopenia,
neuropathy, nausea, diarrhoea and fever (156). These
adverse effects may result from inhibition non-proteasome
targets but are just as likely to be due to specific inhibition
of the wide-ranging functions of the UPS, in which case
new structurally diverse proteasome inhibitors would not
be expected to be any better. One approach to overcome
these problems may be to target specific components of the
UPS, such as SCF™ E3 ligases, which only target a
limited number of proteins for degradation, may be more
attractive targets. In theory, these E3-ligase inhibitors
should be highly specific drugs, allowing finer control over
specific cellular processes without the undesirable ‘side-
effects’ of global proteasome inhibition. However, no E3
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inhibitor has yet reached the clinic. This may be because
targeting E3 ligases is more difficult than targeting classical
enzymes with discreet active sites. SCF*? inhibitors would
need to target protein-protein interactions, which are
traditionally thought to be much harder than active-site
inhibition. This scepticism may come from early
unsuccessful attempts to find inhibitors of SH2 domain
protein interactions. These difficulties probably relate to the
nature of the protein:protein interaction interface. In SH2
domain surface is flat, with no pocket or protein cavity into
which a small molecule can be fitted. However, this is not
the case for all protein interaction interfaces. Protein
interactions interfaces which have a protein cavity of
suitable size, housing a key residue that is essential for the
interaction and with which a small molecule can interact may
well be susceptible to these types of inhibitors. Using high
throughput screening, several studies have now successfully
identified small molecule inhibitors of protein protein
interactions (157, 158). In 2004 Vassilev and co workers from
Hoffmann-La Roche, Inc based at Nutley, New Jersey, USA
described a new class of drugs termed the Nutlins that could
block the interaction between the Mdm?2 ubiquitin-ligase and
its substrate p53 (159). This landmark study demonstrated for
the first time that small molecules that disrupt protein protein
interactions can inhibit ubiquitin-ligases. More recently, high
throughput screening has identified a small molecular inhibitor
(termed Compound A or CpdA) that blocks the recruitment of
Skp2 to the SCF ligase (158). CpdA blocks p275P!
ubiquitination and degradation in vitro and induces cell-cycle
arrest in multiple myeloma cell lines, indicating that Skp2
inhibition is a real possibility.

Only with more research will it become clear if
SCFSkP? targeting molecules will be effective therapies for
treating restenosis or even vein graft failure, and more
importantly if they would be better than existing therapies
such as rapamycin or paclitaxel eluting stents. One concern
may be that SCFS**? inhibition would suffer from the same
problems of existing anti-proliferative drugs, namely
inhibition of proliferation in most cell types, including re-
growing endothelial cells. One alternative strategy may be
to target components of signalling pathways that control
Skp2 expression, and hence cell proliferation, in a cell-type
specific manner (160). The prostacyclin-cAMP-Rho
GTPase pathway is probably a good candidate since it
negatively controls Skp2 and proliferation in VSMC but
not in endothelial cells. Furthermore, activation of this
pathway using a prostacyclin analogue cicaprost blocked
VSMC proliferation in a p27""'-dependent manner, while
rapamycin remains anti-mitogenic even in p27-P'-null
cells, suggesting that this pathway highly specifically
blocks VSMC proliferation in a p27%! dependent manner
(1el).

Inhibition of SCF3* in these ways will unleash
the powerful growth suppressive activity of p27"" and is
likely to represent a promising strategy for treating vascular
proliferative diseases, such as in stent restenosis and late
vein graft failure. More research is now needed to fully
realise the true therapeutic potential of ubiquitin-ligase and
Skp2 inhibition based therapies for the treatment of
cardiovascular disease.
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