Current Topics in

Biochemical
R esearch

Vol. 16, 2014

Review

Calponin: A mechanical tension-modulated regulator of

cytoskeleton and cell motility
Rong Liu and J.-P. Jin*

Department of Physiology, Wayne State University School of Medicine, 540 E. Canfield Street, Detroit,

MI 48201, USA.

ABSTRACT

Calponin is an actin filament-associated regulatory
protein expressed in smooth muscle and multiple
types of non-muscle cells. Three isoforms of
calponin are identified in vertebrate species. The
structure-function relationship of calponin has been
extensively investigated in terms of the regulation
of smooth muscle contractility, in which its
function was established as an inhibitor of actin-
activated myosin ATPase. Besides modulating
smooth muscle myofilaments, calponin also regulates
the function of actin cytoskeleton with effects on
cellular activities, such as adhesion, migration,
division and differentiation. More recent studies
demonstrated that calponin’s gene expression and
protein turnover are both regulated by mechanical
tension in correlation with its function as a
stabilizer of the actin cytoskeleton and a regulator
of cell motility. This finding also provides a novel
system to study the interaction between extracellular
mechanical environment and cellular functions.
Summarizing recent research progresses, this review
focuses on the role of calponin and its isoforms in
mediating responses of cytoskeleton and cell
motility to mechanical tension with examples for
their functions in different cell types.
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ABBREVIATIONS

bFGF, basic fibroblast growth factor; CH domain,
calponin homology domain; CMV, cytomegalovirus;
ERK, extra-cellular regulated kinase; F-actin, filament
actin; GPI, glucose 6 phosphate isomerase; HES-1,
hairy and enhancer of split 1; MAPK, mitogen-
activated protein kinase; MEK, mitogen activated
protein/extracellular signal regulated kinase; NCC,
neural crest cell; PC-M, metastatic prostate cancer
cell lines; PKC, protein kinase C; RBP, recombining
binding protein suppressor of hairless.

INTRODUCTION

Calponin is an actin filament-associated regulatory
protein, expressed in smooth muscle and many
non-muscle cell types. It has evolved into three
isoforms in vertebrate species encoded by three
homologous genes: CNN1, CNN2 and CNN3 [1, 2].
Comeparisons of cDNA and the deduced protein
sequences of the calponin isoforms demonstrated
their highly conserved primary structure, indicating a
functional similarity of the three isoforms as actin
filament associated regulatory proteins. On the
other hand, the three calponin isoforms are
differentiated in the C-terminal segment that is a
variable region primarily responsible for their
structural differences. The differences in charged
residues in the C-terminal variable region determine
the overall charge of the calponin isoforms: hl-
calponin encoded by CNNL1 is basic, h2-calponin
encoded by CNN2 is neutral, and h3-calponin
encoded by CNN3 is acidic [3-6]. The evolutionary
lineage among vertebrate calponin isoforms
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shown in Fig. 1 reveals a pattern in which each of
the isoforms is more conserved among species
whereas the three isoforms have been distinctly
diverged in all vertebrate species.

The three calponin isoforms exhibit different patterns
of cell type-specific expression (Table 1), reflecting
their functional diversities corresponding to the
specific cellular environment and/or activity in
different cell types. H1-calponin is the first
calponin identified with abundance in smooth
muscle cells [7]. The function of hl-calponin has

been extensively studied and characterized with a
role in regulating the interaction between actin
filament and myosin during smooth muscle
contraction [8]. H2-calponin plays a role in regulating
cell proliferation and migration via modifying
actin cytoskeleton in both smooth muscle and
many non-muscle cells, such as fibroblasts,
epithelial and endothelial cells. H3- (acidic)
calponin is found in the brain, with expression in
neurons [9], astrocytes [10], and glial cells [11], in
the actin cytoskeleton with a proposed role in the
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Fig. 1. Evolutionary lineage of calponin isoforms. The phylogenetic tree was constructed using the Jotun Hein
method of DNAStar MegAlign program to align the amino acid sequences of representative mammalian, avian,
amphibian and fish h1, h2 and h3 isoforms of calponin. The degrees of evolutionary divergence are indicated by the
lengths of lineage lines. GenBank/EBI Data Bank accession numbers for the calponin isoforms analyzed are: human
h1-calponin, D17408; human h2-calponin, NM_004368; human h3 (acidic) calponin, S80562; mouse hl1-calponin,
L49022; mouse h2-calponin, Z19543; mouse h3 (acidic) calponin, NM_028044; chicken hl-calponin, M63559;
chicken h2-calponin, CD218934 and BG710992; chicken h3 (acidic) calponin, XM_422326; Western clawed frog
h1-calponin, NP_998841.1; Western clawed frog h2-calponin, NP_001015796.1; Western clawed frog h3 (acidic)
calponin, NP_989257.1; African clawed frog hl-calponin, NP_001080753.1; African clawed frog h2-calponin,
NP_001085014.1; African clawed frog h3 (acidic) calponin, NP_001080482.1; Atlantic salmon h1-calponin,
NP_001139857.1; Atlantic salmon h2-calponin, NP_001133873.1; Atlantic salmon h3 (acidic) calponin, NP_001133337.1;
Guppy hl-calponin, XP_008413565.1; Guppy h2-calponin, XP_008431663.1; Guppy h3 (acidic) calponin,
XP_008436465.1; Zebra fish h2-calponin, NP_998514.1; Zebra fish h3 (acidic) calponin NP_001019244.1. It is worth
noting that one allele of amphibian Cnnl in GenBank is given as Cnn2. Therefore, amphibian Cnnl and Cnn2 gene
sequences and evolutionary diversity requires further confirmation.
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Table 1. Tissue distribution of calponin isoforms.

Tissue or cell type CNN1 CNN2 CNN3 References
Smooth muscle + + + [7]
[3]
[136]
Neuronal tissue - + + [9]
[91]
Fibroblasts - + + [24]
[108]
Myoblasts - - + [14]
Trophoblasts - - + [15]
Epithelial cells - + + [23]
[108]
Endothelial cells - + - [26]
Macrophages - + - [27]

Current literature has documented that CNN1 encoding hl-calponin is
specifically expressed in smooth muscle cells; CNN2 encoding h2-calponin is
expressed in both smooth muscle and many non-muscle cells; and CNN3
encoding acidic calponin is expressed in smooth muscle cells, fibroblast,
epithelial cells, neuronal tissues and trophoblast.

plasticity of neural tissues [12, 13]. It is also
present in embryonic trophoblasts and myoblasts
with functions in cell fusion [14, 15].

Although calponin is an abundant protein present
in many cell types, its physiological function is
not well established. Based on recent research
progress, this focused review summarizes the
diversity of calponin isoforms, cell type-specific
expression of isoform genes, biochemical properties,
the function of calponin in regulating actomyosin
interactions, and transcriptional and proteolytic
regulations in responses to mechanical tension.
Other than broadly outlining all published calponin
studies, we have put an emphasis on the novel
mechanoregulation of calponin and its functional
effects on cell adhesion, migration, proliferation
and phagocytosis.

Three calponin isoform genes and their
tissue-specific expression

Although amino acids sequence analysis for the
evolutionary divergence clearly demonstrated that
each of the calponin isoforms is well conserved in

the mammalian, avian, amphibian and fish classes,
the three isoforms of calponin have significantly
diverged among the vertebrate species studied to
date (Fig. 1). This feature may reflect adaptations
to differentiated cellular functions and tissue
environments [1].

The majority of previous structural and functional
studies of calponin were obtained from experiments
using chicken gizzard calponin. Sequence homology,
physical properties, and immunological cross
reactivity indicate that chicken gizzard calponin
is equivalent to mammalian hl-calponin encoded
by CNN1 gene. The expression of hl-calponin is
considered to be specific in differentiated smooth
muscle cells and up-regulated during postnatal
development [16-18], consistent with a role in
contractile function. Nonetheless, h1-calponin has
also been found to express in cultured human
glomerular mesangial cells [19], myofibroblasts
[20] pancreatic precursor cells [21] and Sertoli
cells [22]. Although its function in the multiple
cell types is not fully understood, it is predicted
to relate to the regulation and function of the
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actin cytoskeleton. It is interesting that the
expression of hl-calponin in pancreatic precursor
cells is decreased as the cells differentiate into
insulin-producing cells, while over-expression of
h1-calponin suppressed cell differentiation [21].

The expression of h2-calponin shows a broad
tissue and cell type distribution, including developing
and remodeling as well as adult mature smooth
muscles [17], epidermal keratinocytes [23], fibroblasts
[24], lung alveolar cells [25], endothelial cells
[26], and white blood cells of myeloid lineage
[27]. These cell types can be classified as cell
types that are either physiologically under high
mechanical tension (e.g., smooth muscle, epithelial
and endothelial cells), with high rates of proliferation
(e.g., fibroblasts and myeloid blood cells), and/or
active migration (e.g., fibroblasts and macrophages).
Therefore, the tissue distribution of h2-calponin
implies its potential role in cytoskeleton activities
and cell motility, especially cellular interactions
with the extracellular mechanical environment.

H3-calponin, also named acidic calponin according
to its acidic isoelectric point, is found in smooth
muscle [3] and some non-muscle cells [9]. Unlike
hl-calponin, h3-calponin has little effect on
actomyosin Mg?*-ATPase activity and does not
cause actin filaments bundling at the same
condition as hl-calponin does [28]. H3-calponin
was detected in the brain with a potential function
in regulating actin filaments during neuronal
remodeling [29]. Recent studies found expression
of h3-calponin in embryonic trophoblasts [15] and
skeletal muscle myoblasts [14] with an interesting
role in cell fusion during embryonic development
and myogenesis. Mice with systemic knockout of
hl-calponin [30] or h2-calponin [27], or double
knockout of h1 and h2 calponins (our unpublished
results) survive to adulthood and are fertile.
However, systemic knockout of h3-calponin in
mice results in prenatal lethality (our unpublished
results). Therefore, the function of h3-calponin is
apparently critical to embryonic development,
which merits further investigation.

Structure and biochemical functions of calponin

Current knowledge of the structure-function
relationship of calponin was largely learned from
studies on hl-calponin in smooth muscles. lllustrated

in Fig. 2, the primary structure of calponin contains
an N-terminal calponin homology (CH) domain
conserved in all three isoforms and many other
proteins, a middle region containing actin-binding
sites and a C-terminal variable region. CH domains
have been found as tandem repeats in proteins
with functions including actin cross-linking to cell
signaling and are proposed to be either autonomous
actin binding motifs or to serve as regulatory
structure [31]. However, the single CH domain in
calponin does not determine the modes of calponin
binding to F-actin [32]. CH domain of calponin
was found to bind to extra-cellular regulated
kinase (ERK) 1 and 2, suggesting a function in
ERK signaling of smooth muscle and non-muscle
cells [33].

A significant amount of calponin was found to co-
localize with the cytoskeletal actin filaments [34].
A large collection of evidence illustrated the role
of calponin as an actin binding protein that functions
as a stabilizer of actin filaments. Calponin binds to
actin through two binding sites that are conserved
in the three isoforms (Fig. 2). They share common
binding regions on actin, amino acid residues 18-28
and 360-372, but only binding to the 18-28 site
results in a reduction in F-actin depolymerization,
correlative to the fact that the amino acid 18-28
region also determines the release of ATP from actin
[35]. Consistently, it induced actin polymerization,
caused bundling of actin filaments [36], and inhibited
actin-myosin interactions. The C-terminal segment
of calponin has an inhibitory effect on association
with actin filament by altering the function of the
second actin-binding site. Removal of the inhibitory
C-terminal segment resulted in increased binding
and bundling activities. Domain-swap experiments
demonstrated that the C-terminal segment of
h2-calponin decreased cytoskeletal association in
all three isoforms, whereas the tail segment of
h1-calponin had little effect [37].

Biochemical studies demonstrated that h1-calponin
inhibits the actin-activated Mg-ATPase of smooth
muscle myosin [38, 39, 40] and the movement of
actin filaments over immobilized myosin heads
[41, 42]. In cultured cells lacking endogenous
calponin, transfective expression of h2-calponin
resulted in increased resistance of actin filaments
to cytochalasin B, indicating increased stability
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Fig. 2. Structural alignment and comparison of calponin isoforms. (A) This illustration summarizes the primary
structure outlines of the three calponin isoforms. The conserved CH domain (residues 29-129 in hl-calponin) is
encoded by exons 2, 3 and 4. While the three isoforms are largely conserved in the N-terminal and middle regions,
they are significantly different in the C-terminal region. The different length and amino acid sequences of the
C-terminal segment determine the size and charge differences of the calponin isoforms. The total number of amino
acids (AAs) and isoelectric point of the three isoforms of human, mouse and chicken are presented. (B) The
structural map summarized from chicken hl-calponin illustrates the structural and functional domains of calponin.
The N terminal CH-domain, the middle region containing two actin-binding sites and three repeating sequence
motifs, and the C-terminal variable region are identified. The second actin-binding site and the regulatory
phosphorylation site Ser;;5 and Thryg, are located in repeat 1 and conserved residues are found in repeats 2 and 3.
Amino acid sequences of the two actin-binding sites in the three isoforms and the three repeating motifs of
h1-calponin are listed.

of the actin skeleton [24]. H2-calponin co-localizes
with tropomyosin in actin stress fibers, contributing
to the stabilization effect [24].

In addition to its high binding affinity for F-actin
[7, 38] and cross-linking of actin filaments [43],
in vitro protein binding studies have documented
that calponin also binds to tubulin [44, 45],
microtubules [46], Ca?*-calmodulin [7, 8],
tropomyosin [47, 48], myosin [49, 50], regulatory

light chain of myosin [51], desmin [52, 53, 54],
caldesmon [55], caltropin [56], gelsolin [57, 58],
HSP90 [59, 60], and phospholipids [61, 62].

Three conserved repeating sequence motifs of
27 amino acids each are found in all three
isoforms of calponin next to the C-terminal
variable region. The first repeating motif contains
one of the two actin-binding sites and residues
Sery;7s and Thrg, that are phosphorylated by
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protein kinase C (PKC) (Fig. 2). Besides in vitro
phosphorylation studies, direct associations of
calponin and PKCa and PKCg have been found in
smooth muscle cells [63 64, 65, 66]. Calmodulin-
dependent kinase Il and Rho-kinase are also found
to phosphorylate calponin at Ser;;s and Thryg
in vitro [67, 68]. Dephosphorylation of calponin is
catalyzed by type 2B protein phosphatase [69, 70].
Phosphorylation of Ser;;s reduces calponin’s
inhibition of actomyosin ATPase [71]. This regulatory
function is supported by the observation that
phosphorylation of Ser;;s decreases the binding
affinity of calponin for F-actin [72]. It has been
observed that calponin is transiently phosphorylated
in contracting smooth muscle cells [73, 74] and
concomitant with the production of tension. This
phosphorylation site and flanking sequences are
conserved in all three calponin isoforms. Therefore,
Ser,7s may also be a regulatory site in h2- and
h3-calponins.

The structure-function relationships of calponin
are summarized in Fig. 2. The role of phosphorylation
in regulating the physiological function of calponin
has been controversial. Despite clear evidence for
the phosphorylation regulation of the biochemical
function of calponin established in in vitro studies,
phosphorylated calponin is not readily detectable
in vivo or in living cells under physiological
conditions [75]. Therefore, the cellular dynamics
and mechanisms for phosphorylation to regulate
the function of calponin remain to be established.

Calponin in smooth muscle cells

H1-calponin is the first calponin isoform identified
and abundantly expressed in mature smooth
muscle cells [7]. Despite the in vitro experimental
evidence that suggests a role of calponin in
regulating the contractile function of smooth
muscle actin filaments [76, 74], the largely normal
phenotypes of hl-calponin gene knockout mice
demonstrated that the loss of hl-calponin did not
abolish the contractility of smooth muscle [30].
This outcome was consistent with earlier observations
that vascular smooth muscle of adult Wistar
Kyoto rats, which naturally lacks hl-calponin, is
contractile although with a decreased sensitivity
to norepinephrine activation [77, 78]. This non-
essential but regulatory role of hl-calponin was
further demonstrated by the observation that

matrix metalloproteinase-2 proteolysis of hl-
calponin in endotoxemic rats resulted in vascular
hypocontractility to phenylephrine [79]. These
data indicate that hl-calponin plays a modulator
role in the function of smooth muscle actin filaments.

Early notions suggested that hl-calponin functions
in smooth muscle thin filament analogously of
troponin in striated muscle thin filament by
inhibiting actomyosin interactions [7, 80, 81].
More recent studies have suggested that hl-
calponin also takes part in stress fiber stabilization
and facilitates agonist-induced signal transduction
and contractility in smooth muscle by acting as an
adaptor protein for ERK1/2 and PKCa/e in
differentiated smooth muscle cells [33, 82, 83,
84]. During force development, the cytoskeletal
structure of smooth muscle cells undergoes
reorganization, including a loss of actin fibers
accompanied with translocation of actin to
podosomes [85, 86], an event mediated by PKC
[87, 88]. H1l-calponin co-localizes with and
stabilizes actin stress fiber in resting smooth
muscle cells, but disassociates from actin and
redistributes to podosome in response to PKC
during contraction. Down-regulation of hl-
calponin results in both loss in actin stress fiber
and decreased response to PKC agonist with cell
contraction and podosome formation, indicating
that calponin is necessary for the stability of actin
cytoskeleton and the disruption of the contractile
apparatus blocks subsequent contraction and
cytoskeletal remodeling [83].

H2-calponin is also expressed in smooth muscle
cells. Significant amounts of h2-calponin are
found in growing smooth muscle tissues such as
embryonic stomach and urinary bladder as well as
uterus during early pregnancy [17]. The expression
of h2-calponin decreases to low levels in
quiescent adult smooth muscle cells while the
expression of hl-calponin increases [17]. Forced
expression of h2-calponin inhibited the division
and proliferation of smooth muscle cells [17],
indicating a function in regulating smooth muscle
growth. This observation is consistent with later
findings that h2-calponin is expressed at high
levels in non-muscle cells with a role in regulating
cell proliferation [2]. Taking together, h2-calponin
may contribute to different functions in smooth
muscle cells from that of hl-calponin by
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regulating non-contractile cytoskeleton activities
such as cell proliferation and migration in developing
and remodeling smooth muscle [17].

H3-calponin is also expressed in smooth muscle
cells [3] but the regulation and function remain to
be investigated.

Calponin in non-muscle cell motility

Whereas hl-calponin is exclusively expressed in
differentiated smooth muscle cells, h2-calponin
and h3-calponin are expressed also in multiple
non-muscle cell types [1, 2]. H2-calponin has
been detected in epithelial cells such as HEK293
cells [89], epidermal keratinocytes [24, 25],
endothelial cells [26], fibroblasts [24] and blood
cells of myeloid lineage including peripheral
monocytes and macrophages [27]. The abundant
presence of h2-calponin in such multiple cell
types implies that h2-calponin plays a function
that is common in smooth muscle and a broad
range of non-muscle cells to regulate activities
of the actin cytoskeleton.

The dynamics of actin cytoskeleton plays a
critical role in cell motility-based functions, such
as cell adhesion, migration, proliferation, and
phagocytosis. Rearrangement of actin filaments is
essential for cells to maintain shape, to migrate, to
divide, to secrete cellular products and to engulf
objects during phagocytosis [90]. As an actin
filament-associated regulatory protein, h2-calponin
stabilizes the actin skeleton as a negative regulator
to balance motility-based cellular activities.

An in vivo study found that h2-calponin mRNA is
present in protrusions at the leading edge of
migratory neural crest cell (NCC). As actin-driven
formation of polarized cell protrusions is important
for NCCs migration, Cnn2 knockdown resulted in
NCC randomized outgrowth of protrusions and
migration defects, accompanied with central stress
fiber formation with reduced peripheral actin
network [91].

More studies have investigated the function of
calponin in regulating the actin-cytoskeleton in
cell types with different biological features [24-27].
For example, a study on the role of h2-calponin
in macrophages [27] showed a higher rate of
proliferation and faster migration of h2-calponin-
null mouse macrophages than that of h2- calponin-
positive wild type cells. Moreover, the knockout

of h2-calponin gene significantly increased
macrophage phagocytotic activity. The results
were consistent with earlier biochemical studies
showing that calponin functions as an inhibitor of
actomyosin interaction [67]. The results indicate
that h2-calponin is an inhibitor of cell proliferation,
migration and phagocytosis, suggesting a novel
mechanism to modulate the function of macrophages
in immune responses and the treatment of
inflammatory diseases.

Interestingly, another study showed that h2-calponin
played variable roles in cell matility in endothelial
cells, in which force-expression of h2-calponin
enhanced cell migration and anti-sense h2-calponin
RNA reduced chemotaxis of human umbilical vein
endothelial cells in culture [26]. The observation that
calponin expression was positively related to the
degree of cytoskeleton activity is opposite to the
inhibitory effects on cell motility in many other
cell types studied. A hypothesis is that a proper
level of h2-calponin might be critical to maintain
the physiological balance of cell maotility and
different cell types may have different internal set
points, in which the requirement for the balancing
activity of calponin is different. This hypothesis is
worth further investigation.

H2-calponin in cellular mechanoregulation

With a primary function in stabilizing actin
cytoskeleton, the expression of h2-calponin gene
and the degradation of h2-calponin protein are
both regulated by mechanical tension built in the
cytoskeleton [24, 25]. There are multiple experimental
evidences that support this hypothesis: The
expression of h2-calponin was significantly increased
in cells cultured on high versus low stiffness
substrates that produce high or low traction force
and cytoskeleton tension in the cells [24]. This
regulation is demonstrated at both protein and
MRNA levels [25]. The expression of h2-calponin
in NIH/3T3 cells was decreased when cytoskeleton
tension was reduced after blebbistatin inhibition
of the myosin Il motors [25].

At the protein level, a rapid and selective
degradation of h2-calponin occurs in lung tissues
after a short period of deflation [25]. This low
cytoskeleton tension-induced degradation of
h2-calponin in collapsed lung could be prevented
by air inflation to maintain tension applied to the
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alveolae in post mortem mouse lung [25]. The
tension-dependent stability of h2-calponin was
further confirmed in monolayer cells cultured on
expanded elastic membrane by its rapid degradation
after a reduction of the dimension of the cultural
substrate to acutely reduce cytoskeleton tension [25].

To further demonstrate the mechanical tension
regulation of h2-calponin gene expression,
transfective expression of h2-calponin using a
cytomegalovirus promoter behaved independently
of the stiffness of culture substrate [24]. This
result suggested that a Cnn2 promoter-specific
transcriptional regulation is the primary determinant
for the regulation of h2-calponin expression in
response to mechanical signals. Our recent study
investigated the regulatory elements in the 5’-
upstream region of mouse Cnn2 gene promoter
for their roles in the responses to substrate
stiffness [89]. The results revealed that a binding
site for transcriptional factor HES-1 (hairy and
enhancer of split 1) mediates a low tension-
induced repression of the transcription of Cnn2
gene. Deletion or mutation of the HES-1 site in
Cnn2 promoter abolished the mechanical regulation
and resulted in a substrate stiffness independent
high level of transcriptional activity [89].
Corresponding to the down-regulation of h2-
calponin, the level of HES-1 increased in cells
cultured on soft gel substrates in comparison with
that in cells cultured on hard gels [89]. HES-1 is
known to function downstream of the Notch-RBP
J signaling pathway [92], which has been
suggested to mediate cellular mechanoregulations
[93, 94]. Consistently, Notch inhibitor increased,
whereas Notch activator decreased, h2-calponin
expression in a mechanical tension-dependent
manner [89].

The mechanical tension-regulated expression of
Cnn2 gene and the function of h2-calponin in
stabilizing actin cytoskeleton present a novel
system to study cellular mechanoregulation. When
sensing mechanical stimuli, the cytoskeleton, as a
dynamic tensegrity network, rearranges and
redistributes to reduce the overall stress [95]. At
the same time, the force signal is transmitted into
the nuclei to modulate adaptive gene expressions
[96]. In this regulation, the level of h2-calponin
gene expression is high at high cytoskeleton
tension to make actin cytoskeleton more stable
and vice versa. At the post-transcriptional level,

h2-calponin is down-regulated by low tension-
induced specific proteolysis [25], which decreases
F-actin stability and in turn decreases the tension
signal transduced into and sensed by the cell,
resulting in a repression of h2-calponin gene
transcription to further maintain equilibrium of a
low level of h2-calponin in the cell. Adding to this
hypothesis, recent studies showed that binding
of calponin confers increased flexibility of actin
filaments, allowing actin networks to withstand a
higher maximal strain before failing [97, 98].

Regulation and function of h2-calponin in
specific cell types

With a universal role in stabilizing actin cytoskeleton
under mechanoregulation, h2-calponin is found in
many different cell types. Therefore, h2-calponin
may participate in diverse motility-related cellular
functions as a mechanoregulatory protein.
Experimental evidence has been obtained in the
following cell types with different biological
features and mechanical tension environments.

H2-calponin in smooth muscle cells

H1-calponin is abundantly expressed in quiescent
adult smooth muscle with a function in the fine-
tuning of smooth muscle contractility [1]. But in
growing smooth muscle tissues, the expression of
h1-calponin was lower, which is accompanied by
significant levels of h2-calponin expression. The
high level expression of h2-calponin in developing
and growing smooth muscles suggests a function
of h2-calponin in smooth muscle cell proliferation.

Over-expression of h2-calponin inhibits the rate
of cell proliferation [17]. The over-expressed
h2-calponin was concentrated around dividing
nucleus co-localizing with actin stress fibers. This
phenotype corresponds to a significant increase in
the number of bi-nuclei cells indicating an inhibition
of cytokinesis [17]. As smooth muscle cell is a
cell type that retains remarkable plasticity [99],
the function of h2-calponin in regulating cytoskeleton
function during cell division presents a potentially
novel mechanism of controlling smooth muscle
cell proliferation.

It is well established that vascular smooth muscle
cells switch phenotype from contractile to
synthetic during vascular remodeling such as that
in the pathogenesis of atherosclerosis. Synthetic
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smooth muscle cells secrete cytokines and express
cell adhesion molecules during inflammatory
processes [100], migrate into necrotic lesions,
proliferate and form atherosclerosis plaques [101].
Through inhibiting smooth muscle cell proliferation
and migration, h2-calponin may play a role in
regulating the development and progression of
atherosclerosis and other pathological conditions
involving vascular remodeling. On the other hand,
the function of h2-calponin in smooth muscle
cell proliferation, migration and differentiation is
not fully understood and more detailed studies
are needed.

H2-calponin in fibroblasts

A significant level of h2-calponin is found in
fibroblasts [24]. H2-calponin inhibits fibroblast
motility and thus is potentially a potent regulator
in fibroblast functions. Fibroblast is an essential
cell type involved in tissue remodeling. Taking
skin wound healing process as an example,
residential fibroblasts in the dermis migrate into
damaged tissue space, proliferate and excrete
matrix molecules to form granulation [102].
Fibroblasts in normal connective tissue do not
contain actin stress fibers [103, 104]. When
fibroblasts enter the wound space, they experience
mechanical tension, which causes them to
assemble stress fibers, i.e., bundles of polymerized
actin filaments [105, 106]. The anchoring of
fibroblasts to culture dish, which is a high stiffness
substrate, builds up high intracellular tension, and
induces h2-calponin expression, whereas h2-
calponin subsequently increases the stability of
stress fiber fibroblasts [24]. The development of
stress fibers in fibroblasts and the cellular
interaction with extracellular matrix are essential
in wound repair and closure [107, 108]. Therefore,
it is logical to speculate that mechanical tension-
regulated expression of h2-calponin plays a role in
the functions of fibroblasts during tissue repair
and remodeling via effecting on the stability and
function of actin filaments.

H2-calponin in macrophages and inflammation

Macrophages play major roles in inflammatory
processes, such as wound healing, inflammatory
bowel disease, rheumatoid arthritis, and arterial
atherosclerosis [109-111]. Migrating into the affected

tissue environment, macrophages differentiate
into the M1 phenotype during the early stage of
inflammation and secrete a variety of inflammatory
mediators that promote inflammatory responses.
Later, the phenotype of macrophages shifts to the
M2 type that produces anti-inflammatory cytokines
and facilitates the resolution of inflammation and
tissue repair [112]. Phagocytosis, a key function
of macrophages and possibly an activity inducing
the M2 phenotype, is crucial to the homeostatic
clearance of dead and apoptotic cells and other
inflammatory materials. Promoting phagocytosis
function is considered an active therapeutic
approach to resolving inflammation [113, 114].
The deletion of h2-calponin in macrophages of
Cnn2 gene knockout mice resulted in more dynamic
actin cytoskeleton, consistent with increased
macrophage migration and phagocytosis, which
are features of the M2 phenotype [27]. This effect
provides a novel mechanism to control macrophage
function via regulating the expression level and/or
activity of h2-calponin.

It has been demonstrated that in an anti-glucose-6-
phosphate isomerase (GPI)  serum-induced
inflammatory arthritis mouse model, the removal
of h2-calponin in macrophages significantly
attenuated the severity of inflammation (our
unpublished results). The enhanced migration and
phagocytotic capacity of macrophages may facilitate
the clearance of autoimmune complexes as well as
promote M1 to M2 phenotype transition, leading
to the resolution of inflammation. Based on the
observed beneficial effects of h2-calponin-null
macrophages on attenuating the development of
inflammatory arthritis, modulation of h2-calponin
expression and/or function in macrophages may
be explored for applications in the prevention and
treatment of other inflammatory diseases.

H2-calponin in cytoskeleton stability and cell
adhesion-junction integrity

H2-calponin expresses at significant levels in
epithelial cells, for example epidermal keratinocytes
and lung alveolar cells [24, 25]. The expression of
h2-calponin gene in these cell types is positively
dependent on cell adhesion to culture substrate
and substrate stiffness. In the mean time, decreases
in cellular tension induce significant and selective
degradation of h2-calponin protein in lung
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alveolar cells [25]. With the demonstrated role of
h2-calponin in stabilizing the actin cytoskeleton
[24] and cell adhesion [115], h2-calponin may
play regulatory functions in epithelial cell adhesion-
junction integrity, a hypothesis that is worth
investigating.

Different from the effects observed in fibroblasts,
epithelial cells and macrophages, knockdown of
h2-calponin gene expression down-regulated the
migration of endothelial cells, whereas over-
expression of h2-calponin enhanced endothelial
cells migration and subsequently vascular
development, and facilitated wound healing [26].
It is known that MAPK/ERK signaling pathway
plays a role in the regulation of endothelial cell
migration [116, 117], which is crucial in basic
fibroblast growth factor (bFGF)-stimulated
endothelial cell migration [118]. Lowering h2-
calponin expression in endothelial cells caused a
blunting of bFGF-stimulated endothelial cell
migration, suggesting that h2-calponin in endothelial
cells is involved in MAPK signaling via the
function of bFGF. H2-calponin may also
participate in MAPK pathways upstream of or
at the MEKZ1/2 level, as observed in MEK1/2
inhibitor studies [26]. The observation of h2-
calponin’s role in facilitating rather than inhibiting
endothelial cell migration leads to a hypothesis
that an optimal level of h2-calponin activity for
balancing cell motility versus cytoskeleton stability
may vary among different cell types.

While endothelial cell migration is a critical
function in many physiological and pathological
processes involving angiogenesis, formation of
adhesion junctions is essential for endothelial
cells to maintain structural integrity of the vessel
wall as a physiological barrier. Impairment of
endothelial cell junctions occurs in many
inflammatory processes. Extensive reorganization
of the actin cytoskeleton is required during early
stages of adhesion junction formation [119], and
stabilizing actin cytoskeleton might be beneficial
in maintaining the structure of adhesion junctions.
Blood shear stress is considered an initial factor
for endothelial dysfunction and the pathogenesis
of atherosclerosis. As h2-calponin expression
level is regulated by outside-in mechanical tension
signals and h2-calponin is capable of changing
cellular activities by modulating cytoskeleton

functions, the role of endothelial h2-calponin
in the pathogenesis of atherosclerosis is worth
investigating.

Diminished expression of calponin in
malignant cells and the effect of mechanical
environment on cancer metastasis

Tumor cells derived from various calponin-positive
cell types, e.g., carcinomas originating from
epithelial cells, showed a unanimous phenotype of
decreased expression of calponin. For example,
calponin expression is significantly lower in
leiomyosarcoma cells than that in normal smooth
muscle cells [120]. Reduced levels of h1-calponin
were found in hepatocellular carcinoma [121],
renal angiomyolipoma [122], mammary simple
carcinomas [123], papillary carcinomas [124],
basal cell-like breast carcinoma [125], metastatic
basal cell carcinomas [126], and prostate cancer
[127, 128, 129].

Tumor metastasis requires that tumor cells
migrate from the primary site, escape from the
vasculature, invade and form secondary tumors at
novel sites. These processes depend to a large
degree on cytoskeletal remodeling. Reduced levels
of calponin expression correlate with alterations
in actin cytoskeleton stability in tumor cells [120].
The level of hl-calponin in human osteosarcoma
cells is positively correlated with the prognosis
[130]. H1-calponin knockout mice had an early
onset of cartilage formation and ossification and
accelerated healing of bone fractures [131],
suggesting that calponin may inhibit tumor cell
invasion and growth. Transfective expression of
calponin in human fibrosarcoma, leiomyosarcoma,
synovial sarcoma and osteosarcoma cells significantly
reduced anchorage-independent growth and
in vivo tumorigenicity, which supports its function
as a tumor suppressor [132, 133, 134]. We
recently demonstrated that a metastatic prostate
cancer cell line PC3-M showed much lower level
of h2-calponin than its parental cell line PC3,
corresponding to faster rates of cell proliferation
and migration. Substrate adhesion of PC3 and
PC3-M cells was positively correlated to the level
of h2-calponin and the adhesion of PC3-M exhibited
a higher dependence on substrate stiffness. The
effects of h2-calponin on cell proliferation,
migration and substrate adhesion were also seen in
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normal versus cancerous primary prostate cells.
Transfective over-expression of h2-calponin in
PC3-M cells effectively inhibited cell proliferation
and migration. The results suggest that the diminished
expression of h2-calponin in prostate cancer cells
increases cell motility, decreases substrate adhesion,
and promotes adhesion on high stiffness substrates
[115].

It is worth noting that we recently reported that
h2-calponin is potentially a serum marker for the
early detection of breast cancer [135], opening a
novel field of translational calponin research.

CONCLUSION

In summary, three isoforms of calponin are
encoded by three separate genes in vertebrates
with tissue-specific expressions in smooth muscle
and non-muscle cells to function as regulators of
the actin cytoskeleton. Mechanical tension sensitive
expression of h2-calponin gene provides a unique
model for investigating the molecular mechanisms
of cellular regulation by mechanical force.
Understanding the relationships between mechanical
tension and the dynamics as well as stability of
actin cytoskeleton will lay a foundation for the
development of novel approaches to control a
broad range of cell motility-based functions from
smooth muscle contraction to cell migration during
development and tissue remodeling to inflammatory
process to myogenesis and cancer metastasis.
Whereas calponin’s function may differ in different
cell types, the regulation of calponin function at
their gene expression, posttranslational modification
and degradation provides attractive molecular
targets for controlling actin cytoskeleton activity
and cell motility related phenotypes. The selective
targeting at an effector molecule like calponin
to selectively effect on cell motility-based functions
and dysfunctions would be a novel approach to
the development of therapeutic strategies for
wound healing, chronic autoimmune diseases,
atherosclerosis, and cancer metastasis. Therefore,
further investigations are merited in order to better
understand the specific function and regulation of
calponin isoforms in various cell types.
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