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Caldesmon as a Therapeutic Target for Proliferative Vascular Diseases
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Abstract: Caldesmon is a negative regulator of cell proliferation, migration, and metalloproteinase release. Caldesmon
function is regulated by multiple kinases, targeting multiple phosphorylation sites. Recently, overexpression of caldesmon
has been shown to inhibit neointimal formation after experimental angioplasty, suggesting that caldesmon may be a poten-

tial therapeutic target for proliferative vascular diseases.
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INTRODUCTION

Proliferative vascular diseases such as atherosclerosis and
restenosis are characterized by inflammation-induced vascu-
lar smooth muscle cell proliferation, and migration from the
media to intima [1-3]. In addition, metalloproteinase release
by vascular smooth muscle cells is essential for the degrada-
tion of extracellular matrix, a necessary step for the invasion
of vascular smooth muscle cells from the media to intima [4-
7]. Caldesmon, a calcium-calmodulin and actin-binding pro-
tein found most abundantly in smooth muscle cells, is a
negative regulator of cell proliferation, cell migration, and
metalloproteinase release (Fig. 1). Caldesmon stabilizes the
actin cytoskeleton by multiple molecular mechanisms, in-
cluding protection of filamentous actin against severing by
gelsolin, inhibition of actomyosin interaction, and inhibition
of Arp2/3-mediated actin polymerization [8]. Furthermore,
multiple kinases regulate the inhibitory function of caldes-
mon by targeting multiple sites (Table 1). This brief review
summarizes findings that suggest caldesmon expression and
caldesmon phosphorylation may be potential targets for the
treatment of proliferative vascular diseases.

VASCULAR SMOOTH MUSCLE CELL PROLIF-
ERATION AND MIGRATION IS A CENTRAL PROB-
LEM IN PROLIFERATIVE VASCULAR DISEASES

Vascular smooth muscle cells normally function as the
contractile component of blood vessels in the regulation of
vascular resistance and blood flow. However, under patho-
physiological conditions such as atherosclerosis and resteno-
sis, vascular smooth muscle cells undergo dedifferentiation
to become a proliferative, non-muscle-like phenotype, which
proliferate and migrate from the media towards the intima [9,
10]. For example, in atherosclerotic human aorta, prolifera-
tive vascular smooth muscle cells in the subendothelial in-
tima express non-muscle protein isoforms of actin, caldes-
mon, and vinculin [10]. In addition, proliferative vascular
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Fig. (1). Caldesmon is a negative regulator of vascular smooth
muscle cell proliferation, migration, and podosome/invadopodia
formation, all of which are critical mechanisms underlying prolif-
erative vascular diseases. Multiple caldesmon kinases phosphory-
late caldesmon at multiple residues at the amino and carboxyl ter-
mini, thereby, attenuating the inhibitory function of caldesmon.

smooth muscle cells release metalloproteinases for the deg-
radation of their surrounding extracellular matrix in order to
migrate out of the media to invade the intima [11, 12]. Met-
alloproteinases may also potentially cause plaque destabili-
zation in atherosclerotic arteries. Therefore, cell prolifera-
tion, cell migration, and metalloproteinase release are the
fundamental processes underlying proliferative vascular dis-
eases. These three processes, despite their differences in
regulation, all utilize actin cytoskeletal reorganization as a
common mechanism. For example, cell division requires
dynamic reorganization of the actin cytoskeleton during cy-
tokinesis; and cell migration requires dynamic actin polym-
erization and depolymerization [13]. Similarly, cellular re-
lease of metalloproteinases is regulated by podosomes and
invadopodia, which are actin cytoskeletal, focal adhesion-
like structures [14, 15]. Podosomes are filamentous actin
cytoskeletal columns arising from the ventral surface of a
cell. A large number of signaling and structural proteins are
concentrated at the core and ring of podosome columns, as-
sociated with the release of metalloproteinases at the bottom.
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Podosomes are dynamic structures that reorganize constantly
over time and space. Monocyte-derived cells such as macro-
phages and osteoclasts utilize podosomes exclusively for the
organization of filamentous actin and metalloproteinase re-
lease in extracellular matrix invasion and remodeling. Inva-
dopodia are ventral protrusions of invasive tumor or trans-
formed cells, associated with the release of metalloprotein-
ases for the degradation of extracellular matrix. Recent stud-
ies have documented the formation of podosomes and inva-
dopodia in both primary and immortalized vascular smooth
muscle cells [16-20].

CALDESMON IS A NEGATIVE REGULATOR OF
CELL PROLIFERATION, MIGRATION, CONTRAC-
TILITY, AND METALLOPROTEINASE RELEASE

Caldesmon is a calcium-calmodulin, and actin-binding
protein found most abundantly in smooth muscle cells. In
mammalian cells, caldesmon is expressed in two isoforms by
differential transcription of a single gene [21-23]. The higher
molecular-weight isoform (h-caldesmon) is expressed in
differentiated, contractile smooth muscle cells, whereas the
lower molecular-weight isoform (I-caldesmon), lacking the
central region, is expressed in proliferative vascular smooth
muscle cells, and non-muscle cells [24-28]. As an exception,
mouse T-lymphoma cells express h-caldesmon, and utilize
the molecule in the regulation of receptor capping [29]. Ac-
tin-binding domains of caldesmon are located predominantly
at the carboxyl terminus, whereas myosin-binding domain of
caldesmon is located at the amino terminus of the molecule.
Since the major functional domains of caldesmon are located
at the two ends of the molecule, the two isoforms of caldes-
mon, with or without the central region, appear to perform
similar functions in cells [30, 31].

Caldesmon stabilizes the actin cytoskeleton by multiple
molecular mechanisms, which include: a) protection of fila-
mentous actin against severing by gelsolin, b) inhibition of
actomyosin interaction, and c) inhibition of Arp2/3-mediated
actin polymerization. Ishikawa et al. [32, 33] were the first to
report that caldesmon, by potentiating the effect of tropomy-
osin, protects actin filaments against severing by gelsolin,
and also enhances tropomyosin-mediated annealing of gel-
solin-severed actin fragments. Based on these findings, they
further discovered the dissociation of caldesmon from the
actin cytoskeleton during mitosis, and showed that cdc2
kinase-dependent caldesmon phosphorylation is the underly-
ing mechanism [34-38]. The functional significance of cald-
esmon phosphorylation in mitosis was further confirmed by
Yamashiro ef al. [39], who showed that expression of mutant
caldesmon lacking cdc2 kinase-dependent phosphorylation
sites delayed M-phase entry and inhibited cytokinesis in
CHO cells. Altogether, these studies established the func-
tional significance of cdc2 kinase-dependent caldesmon
phosphorylation in the regulation of cytokinesis during cell
division. Recently, Kordowska et al. [40] showed that cald-
esmon phosphorylation at the Ser497 and Ser527 sites by
both cdc2 kinase and Erk1/2 MAPK was critical for the dis-
assembly of actin stress fibers and post-mitotic spreading in
non-muscle and vascular smooth muscle cells.

Gelsolin plays a critical role in the assembly of podo-
somes and motility in monocyte-derived cells such as osteo-
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clasts, which utilize podosomes instead of focal adhesions
for attachment to and degradation of the extracellular matrix
in bone remodeling. Gelsolin deficiency has been shown to
block podosome assembly by osteoclasts, resulting in the
increase of bone mass in gelsolin-null mice [41]. Caldesmon
protects the actin filament against severing by gelsolin [42],
which may be a mechanism by which caldesmon regulates
the assembly of podosomes in vascular smooth muscle cells
[19, 43].

Caldesmon is found most abundantly in smooth muscle
cells [44], and inhibits actomyosin interactions [45]. Al-
though it is generally recognized that phosphorylation of the
20,000 dalton myosin light chain is the central mechanism of
smooth muscle contraction, it has been hypothesized that
caldesmon may be an additional thin filament-based regula-
tory mechanism of smooth muscle contraction [46]. The va-
lidity of this hypothesis remains controversial. An alternative
hypothesis is that caldesmon-dependent inhibition of acto-
myosin contractility may decrease mechanical stress at the
focal adhesions, thereby inducing the disassembly of focal
adhesions [9]. This alternative hypothesis appears to be sup-
ported by the finding that caldesmon overexpression inhibits
the formation of focal adhesions and cell motility in non-
muscle cells [47]. Caldesmon interacts directly with the ac-
tin-binding protein cortactin [48], but the physiological func-
tion of this interaction has not been elucidated. Caldesmon
inhibits the binding of Arp2/3 complex to actin, thereby in-
hibiting Arp2/3-mediated actin nucleation and polymeriza-
tion [49]. Arp2/3 complex initiates the branching of actin
filaments, an essential process for the formation of mem-
brane protrusions such as lamellopodia, filopodia, podosomes,
and invadopodia [13]. Kaverina et al. [18] have demon-
strated the essential role of Arp2/3-mediated actin polymeri-
zation in the formation of podosomes in vascular smooth
muscle cells. Eppinga et al. [50] have demonstrated the es-
sential role of caldesmon phosphorylation by PAK for the
formation of lamellopodia in non-muscle cells [50]. The in-
hibitory effect of caldesmon on the formation of podosomes
and lamellopodia may be explained, in part, by the inhibitory
effect of caldesmon on Arp2/3-mediated actin polymeriza-
tion.

CALDESMON PHOSPHORYLATION BY MULTIPLE
KINASES

As shown in Table 1, multiple kinases phosphorylate
caldesmon, thereby attenuating the inhibitory effect of cald-
esmon on multiple cellular processes (Fig. 1). Dephosphory-
lation of caldesmon is catalyzed by protein phosphatase(s),
but relatively little has been published on caldesmon phos-
phatases, except that one caldesmon phosphatase has been
identified as a type 2A protein phosphatase [51]. As shown
in Table 1, majority of the caldesmon kinases phosphorylate
sites at the actin-binding carboxyl terminus of caldesmon,
which may lead to the detachment of caldesmon from F-
actin, and removing the inhibitory effect of caldesmon [52,
53]. Among the six caldesmon kinases shown in Table 1,
cdc2 kinase, Erk1/2 MAPK, and PAK have been well docu-
mented as regulators of caldesmon function on the actin cy-
toskeleton. For example, cdc2 kinase-dependent phosphory-
lation of caldesmon is essential for the normal progression of
cytokinesis during mitosis of non-muscle cells [39]. Since
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Table1. Caldesmon Kinases
Kinase # Sites C or N Terminus Cell or Tissue References
CaM Kinase II 2 Cand N Duck Gizzard [61]
8 Cand N Turkey Gizzard [60]
Casein Kinase II 1 N Chicken Gizzard [66, 68]
2 N Chicken Gizzard [67]
1 N Duck Gizzard [65]
Cdc2 Kinase 5 C Chicken Gizzard [54]
7 C Rat Non-Muscle [38]
Erk1/2 MAPK 2 C Bovine Aorta [55]
2 C Chicken Gizzard [56]
2 C Pig Carotid Artery [57]
2 C Rat A7r5 [19]
PAK 2 C Chicken Gizzard [58]
2 C CHO-K1 [50]
PKC 8 Unknown Chicken Gizzard [62]
3 C Chicken Gizzard [64]
3 C Duck Gizzard [61]
3 C Pig Stomach [63]

Abbreviations: CaM Kinase II - Calmodulin-dependent kinase 1I; MAPK — Mitogen-Activated Protein kinase; PAK — P21-Activated Kinase; PKC — Protein Kinase C.

proliferative vascular smooth muscle cells are functionally
similar to non-muscle cells, cdc2 kinase may play an impor-
tant role in proliferative vascular diseases. Cdc2 kinase-
dependent phosphorylation of h-caldesmon has been demon-
strated in chicken gizzard smooth muscle [54], but the
physiological function of cdc2 kinase in differentiated smooth
muscle remains unknown.

Erk1/2 MAPK and PAK-dependent caldesmon phos-
phorylation have been observed in both differentiated and
proliferative smooth muscle cells [19, 50-58]. Since Erk1/2
MAPK is a substrate of PKC, and caldesmon is an inhibitor
of actomyosin interactions, it has been hypothesized that the
PKC/Erk1/2 MAPK/caldesmon phosphorylation cascade is a
regulatory mechanism of smooth muscle contraction [46].
The validity of this hypothesis remains controversial. Recent
findings suggest that Erk1/2 MAPK and PAK-dependent
caldesmon phosphorylation regulate the formation of podo-
somes and invadopodia in vascular smooth muscle cells,
leading to the release of metalloproteinase release and ex-
tracellular matrix degradation [19, 20, 59]. Altogether, avail-
able data suggest the alternative hypothesis that a physio-
logical function of caldesmon in vascular smooth muscle
cells is stabilization of the actin cytoskeleton against cell
proliferation and migration.

The two caldesmon kinases, CaM kinase II and PKC, are
unique among the multiple caldesmon kinases, as shown in

Table 1, in being activated by Ca*" and diacylglycerol, re-
spectively, which are second messengers for activating
smooth muscle contraction. CaM kinase II phosphorylates
both the actin-binding carboxyl and myosin-binding amino
termini of caldesmon in differentiated smooth muscle cells
[60, 61], and therefore may regulate the tethering of actin
and myosin filaments for cell contractility and migration. As
shown in Table 1, PKC phosphorylates up to eight sites in
caldesmon [62], of which only three sites have been identi-
fied at the carboxyl terminus of caldesmon in differentiated
smooth muscle cells [61, 63, 64]. It is noteworthy that PKC
activates Erk1/2 MAPK, and therefore may indirectly phos-
phorylate the Erk1/2 MAPK-dependent sites on caldesmon
[46]. Recently, one study suggests that the PKC/Erkl1/2
MAPK/caldesmon phosphorylation cascade regulates podo-
some size and lifetime in vascular smooth muscle cells [19].
Casein kinase II phosphorylates up to two sites at the my-
osin-binding amino terminus of caldesmon in differentiated
smooth muscle cells [65-68]. Given the recent recognition
that caldesmon regulates actin cytoskeletal dynamics, it may
be worthwhile investigating the function of CaM kinase II,
PKC, and casein kinase II in the regulation of vascular
smooth muscle proliferation, migration, and metalloprotein-
ase releases (Fig. 1).

Table 1 reveals the tremendous redundancy in the regula-
tion of caldesmon phosphorylation by multiple kinases,
whereas Fig. (1) highlights the function of caldesmon as a
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common mechanism for the regulation of the three essential
cellular processes underlying proliferative vascular diseases.
Thus, caldesmon appears to be well positioned as a molecu-
lar target for the treatment of proliferative vascular diseases.

CALDESMON AS A THERAPEUTIC TARGET FOR
PROLIFERATIVE VASCULAR DISEASES

Gene delivery of anti-proliferative proteins to the site of
arterial injury has been proposed as a therapeutic approach to
proliferative vascular diseases [69]. The unique function of
caldesmon as a negative regulator of the three essential proc-
esses underlying proliferative vascular diseases (Fig. 1) sug-
gests that gene delivery of caldesmon to the site of arterial
injury is a potential therapeutic approach to the treatment of
proliferative diseases such as restenosis. It is noteworthy that
ectopic expression of caldesmon has been shown to regulate
the formation of podosome/invadopodium in cancer cells,
and suppress cancer invasion [70]. Recently, overexpression
of l-caldesmon has been shown to suppress cell growth and
survival of vascular smooth muscle cells, and inhibit neoin-
timal formation after experimental angioplasty [71]. These
encouraging findings suggest that overexpression of caldes-
mon by gene delivery may be a potential therapeutic ap-
proach to proliferative vascular diseases such as atheroscle-
rosis and restenosis.

The incorporation of pharmacologic antagonists of cell
cycle proteins into vascular stent is becoming a standard in
the prevention of vascular restenosis after angioplasty [72].
Similarly, drug-eluted stents loaded with anti-inflammatory,
anti-migratory, anti-proliferative drugs have been used suc-
cessfully for maintaining the patency of coronary arteries
after angioplasty [73-77]. Accordingly, the incorporation of
modulators of caldesmon phosphorylation, for example, cald-
esmon kinase inhibitor(s) or caldesmon phosphatase activa-
tor(s), into drug-eluted stents may be a novel approach to
suppressing vascular restenosis. It is noteworthy that topical
application of antisense cdc2 oligonucleotide has been shown
to suppress neointimal smooth muscle accumulation in rat
carotid artery [78]; however, it is not clear how much cald-
esmon contributed to the suppression. Relatively specific
inhibitors of Casein Kinase II and Erk1/2 MAPK are avail-
able, which include U0126 and PD098059 for Erk1/2 MAPK
[79], and TBB for Casein Kinase II [80]. Similarly, relatively
specific PKC isoform-specific inhibitors are available, which
include Go6976 for targeting conventional PKC-o, and
LY333531 for targeting the PKC-B [81]. Small-molecule
inhibitors have been developed to target PAK1 at the ATP-
binding (CEP-1347) and cdc42-binding (Emodin) sites;
however, the potency and specificity of these inhibitors are
relatively low [82]. Commonly used CaM Kinase II inhibi-
tors such KN-92 and KN-93 are relatively non-specific.
However, discovery of the endogenous CaMK II inhibitor,
CaM-KIIN, has led to development of tatCN21, a cell-
permeable tat-fusion peptide that appears to be CaMK II-
specific [83]. Cdc2 Kinase is a member of the family of cy-
clin-dependent kinases, which have been targeted for cancer
treatment. However, available inhibitors of cyclin-dependent
kinases are generally non-selective. For example, AZ703 and
NU6102 inhibit both Cdc2 Kinase and cdk2 with similar
potencies [84]. The existence of multiple caldesmon kinases,
as shown in Table 1, suggests a high degree of redundancy in

Chi-Ming Hai

the phosphorylation of caldesmon. Therefore, simultaneous
targeting of multiple caldesmon kinases may be necessary to
regulate caldesmon phosphorylation in the treatment of pro-
liferative vascular diseases.
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