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Directed cell migration is a key event in embryogen-
esis, progenitor cell homing, growth of vessels and
nerve fibres, inflammatory response and reparation of
tissue injuries [1]. The direction of migration is deter-
mined by chemoattractant gradient (growth factors,
cytokines and other extracellular stimuli), localization
of their receptors at the leading edge of the cell, and
also by existence of free space, as it happens during cell
migration to a wound or a scratch at the cell monolayer.

The action of chemoattractants is realized through
the variety of common intracellular mechanisms, which
are not completely understood. To migrate, the cell
undergoes a cyclic process of protrusion formation at
the leading edge, protrusion attachment to substrate,
cytoplasmic influx into them, detachment and tail
retraction by cytoskeleton contraction [2]. It is gener-
ally accepted that it is the dynamics of cell leading edge
that contributes to migration rate for the most part. Sig-
nal from chemoattractant, bound to the receptor, is
transduced by cascade pathways to the proteins, which
regulate actin polymerization at primary adhesion com-
plexes of lamellopodium, the narrow leading strip at the
edge of foliate lamella.

The growth of actin filaments towards the cell center
is accompanied by the outward membrane growth to
the opposite side and protrusion formation [3]. Pool of
monomeric actin in lamella is made up by depolymer-
ization of free ends of actin fibers under the action of
cofilin, providing necessary recirculation of actin [4, 5].

The protrusion activity of lamellopodia depends on
the number of focal adhesion contacts, concentration
and accessibility of actin monomers, and also on the
rate of assembling/disassembling of actin fibers [6]. All
of these factors are regulated by actin-binding proteins.
At the same time the activity of these proteins is under
receptor control. Increasing of the number of actin
polymerization sites and of forming actin fibers is pro-
vided by nucleating activity of formins and branching
activity of Arp2/3 [7, 8]. Regulation of monomeric
actin pool results from alteration of cofilin depolymer-
izing activity and also from profilin activity that blocks
monomeric actin [9].

Proteins that mediate polymerization, depolymeriza-
tion and actin fiber stability, represent a separate and het-
erogeneous group [10]. Generally, they are capping or
laterally interacting proteins that alter polymerization
rate, accessibility to cofilin. They also combine actin
fibers into depolymerization-resistant stress-fibers or
actin network. The multifunctional protein caldesmon is
one of them. It interacts with actin, myosin and tropomy-
osin, and is also targeted by several receptor-activated
cascades that regulate its activity [11]. In addition to sta-
bilization of polymeric actin and alteration of its
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mechanical properties [12], caldesmon inhibits actomy-
osin ATPase, therefore it may inhibit the tail retraction
during cell movement.

Caldesmon is thought to be involved in regulation of
cell migration [13, 14]. However, detailed mechanisms
of its activity remain unclear. Caldesmon has been
found to affect strength of cell adhesion [15], podo-
some formation [16], organization of cortical cytoskel-
eton [17] and stability of actin fibers [18]. It also regu-
lates activity of the other actin-binding proteins, such as
gelsolin and tropomyosin [19], fascin [20], Arp2/3 [21],
which indirectly alter dynamics of intracellular actin. At
the same time, the role of caldesmon in regulating the rate
of cell movement has not been yet demonstrated.

Intracellular activity of caldesmon is determined by
its binding to actin, in turn regulated by phosphoryla-
tion [22, 23]. We and others earlier found that increased
chemotaxis is associated with MAP-kinase activation
and caldesmon phosphorylation [17, 24], which reduces
its binding to cytoskeleton [25]. Phosphorylation also
regulates caldesmon activity in podosomes [26], corti-
cal cytoskeleton [27], and stress-fibers [14].

Because phosphorylation inhibits the critical activity
of caldesmon, we anticipated that knocking down
caldesmon expression in cells would functionally repro-
duce its effects. Therefore, here we investigated the
effect of decreased caldesmon expression on cell motil-
ity and state of actin cytoskeleton at the leading edge of
migrating cells.

MATERIALS AND METHODS

 

Suppression of caldesmon expression by RNA-
interference in HeLa 1469 cells.

 

 Human HeLa 1469 lin-
ear epithelial cells were cultured at 37

 

°

 

C and 5% CO

 

2

 

 in
DMEM medium, containing 10% fetal calf serum (FCS)
(Hyclone, USA), 2 mM glutamine, 100 U/ml penicillin,
100 

 

µ

 

g/ml streptomycin.
To produce cells with stably decreased caldesmon

expression the HeLa 1469 cells were transduced with
lentiviral particles, bearing construct pSIH-CopGFP-
HlshRNA (SBI, California) with inserted sequence of
interfering RNA (shRNA) to the region of caldesmon
gene (or luciferase gene in the case of control construct)
and the sequence of green fluorescent protein (GFP)
under the regulation of the common promoter. The
appearance of GFP fluorescence in the transduced cell
indicated the expression of the corresponding shRNA
in this cell. The transduction efficiency was evaluated
by flow cytometry using GFP fluorescence.

Caldesmon expression level in cells was measured
by immunoblotting with antibody recognizing all
caldesmon isoforms and followed by densitometry. All
the experiments were made independently of one
another with two HeLa 1469 populations deficient in
caldesmon that were obtained as a result of two inde-
pendent transductions. The data of two independent
experiments were similar.

 

Electrophoresis and immunoblotting.

 

 Cells were
grown up to confluence. The medium was removed,
cells were washed with phosphate buffer saline (PBS),
containing 5.2 mM Na

 

2

 

HPO

 

4

 

, pH 7.4, 150 mM NaCl,
then cells were lysed in twofold-concentrated sample
buffer for electrophoresis (Laemmly method [28]) and
were boiled for 5 min. Protein extracts were quantified
using Shaffner-Weissmann method with amide black
[29]. Proteins were resolved by 10–12% sodium lauryl
sulfate-polyacrylamide gel electrophoresis (under 160 V
voltage, 0.1% sodium laurylsulfate, Sigma, USA) by
Laemmly method [28]. The quantity of applied samples
was normalized using glyceraldehyde-phosphate-dehy-
drogenase (GAPDH) content in the samples. Immunob-
lotting was performed using 0.45 

 

µ

 

m pore size PVDF
membranes (Millipore, USA) as described [30]. For fol-
lowing caldesmon and GAPDH detection protein extracts
were transferred in buffer, containing 0.025 M Tris,
0.192 M glycine, pH 8.3, 20% ethanol, 0.02% sodium
laurylsulfate, pH 8.3 (transfer time 1 h, current strength
350 mA).

In this study we used primary earlier described rab-
bit polyclonal antibodies to caldesmon [31]. Primary
mouse antibodies specific to GAPDH were kindly pro-
vided by D.V. Serebryanaya (the laboratory of Immu-
nochemistry, Faculty of Biology, Moscow State Uni-
versity (MSU)). In this study we also used secondary
antibodies specific to mice IgG and rabbit IgG, conju-
gated with horseradish peroxidase, and enhanced
chemiluminescence detection kit for immunoblots (Amer-
sham, USA). Quantitative analysis was performed using
Image J software (Scion Inc., USA).

 

Cell stimulation and immunocytochemical stain-
ing of actin.

 

 Control Hela 1469 cells and cells with
decreased caldesmon expression were cultured till 40–
50% confluent monolayer formed at the cover-slip, then
cells were deprived in the medium containing 0.1%
FCS for 4 h and had been incubated in 30% FCS-con-

 

1 2 3

 

Caldesmon

GAPDH

 

Fig. 1. 

 

The efficiency of suppression of caldesmon expres-
sion in HeLa 1469 cells by RNA-interference. The results of
immunoblotting of lysates equal in total protein quantity are
presented: lane 

 

1

 

—lysate of non-transduced cells of human
epithelial cell line HeLa 1469, lane 

 

2 

 

and 

 

3

 

—lysate of con-
trol HeLa 1469 cells, expressing luciferase shRNA and
expressing caldesmon shRNA correspondingly that were
prepared 72 h after transduction. The upper range shows the
membranes, stained with caldesmon-specific antibodies,
the lower range shows the same membranes, stained with
GAPDH-specific antibodies as a control of equal total pro-
tein quantity in different lanes.
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taining medium. The cells were washed once with
phosphate buffer saline (37

 

°

 

C) and treated for 15 min
with 3.7% paraformaldehyde, 0.2% glutaraldehyde,

0.1% Triton X-100 solution in buffer for fixation
cytoskeleton proteins (CPFB), containing 10 mM MES,
150 mM NaCl, 5 mM EGTA, 5 mM sucrose, 5 mM
MgCl

 

2

 

, pH 6.1. Then cells were washed twice with
CPFB buffer and incubated in CPFB buffer without
sucrose, containing 0.5 mg/ml NaBH

 

4

 

. Cells were
washed with PBS and stained with TRITC-conjugated
falloidin specific to actin in accordance to manufac-
turer’s instructions (P1951, Sigma, USA). The fluores-
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Fig. 2. 

 

Caldesmon influence on the actin stress-fiber formation in HeLa 1469 cells after their stimulation with serum. The quantity
of polymeric actin was measured in control and caldesmon-deficient cells before and after their stimulation with falloidin, conju-
gated with fluorescent label as described in “Materials and Methods.” The mean value (

 

n 

 

= 30) 

 

±

 

 standard deviation (a) and repre-
sentative photographs of stained cells (b) are presented.

 

(c) (d)

(‡) (b)

 

Fig. 3. 

 

Caldesmon influence on the rate of directed cell
migration to the zone of monolayer injury. Phase-contrast
pictures (10-fold enlargement) of monolayer of the control
cells (a and c) and caldesmon-deficient cells (b and d) after
the monolayer injury are presented: (a, b) immediately after
the injury, (c, d) 12 h after the injury.

 

(‡) (b)

 

Fig. 4. 

 

Changes in actin cytoskeleton structure at the lead-
ing edge of migrating cells after the suppression of caldes-
mon expression. Polymeric actin staining with TRITC-con-
jugated falloidin in the control (a) and the caldesmon-defi-
cient (b) cells, migrating from left to right to the scratch area
are presented. The arrows show the arranged bundles of
actin filaments, localized at right angle to the membrane at
the leading edge of the control cells and non-arranged actin
filament conglomerates at the leading edge of the caldes-
mon-deficient cells. 
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cent signal of TRITC-conjugated falloidin was regis-
tered with Zeiss Axiovert 200M microscope, equipped
with CCD-camera AxioCam. Images were analyzed using
Axiovision 3.1 software and Adobe Photoshop 6.0.

 

Quantitative image processing and quantitative
analysis.

 

 The quantity of actin in filaments in the cells,
pre- and post-stimulated with serum, and also in the
cells actively migrating to a scratch zone were mea-
sured using MetaMorph Offline 7.1.7.0 software. The
borders of the analyzed cell were selected and the mean
minimal value of staining density in this region was
assessed that was considered as base value below. The
area of actin fibers that had the value of staining density
more than twice the base level, was measured. The
quantity of actin stress-fibers in cells was assessed as
the ratio of stress-fiber area to the common area of the
cell. Statistical analysis was carried out using Microsoft
Excel 5.0 software.

 

Wound healing assay.

 

 Equal number of control or
caldesmon-deficient cells HeLa 1469 was plated at
plastic Petri dishes (or at cover-slips-depending on the
experiment), so that 24 h after incubating cell culture
took the form of 95% confluent monolayer. A scratch in
cell monolayer was made by a sterile pipette tip (diam-
eter 0.5 mm) and the culture medium was renewed. Cell
migration to the scratch zone at the plastic dishes was
observed and photographs of the same regions of the
scratch were made every 15–30 min during 12 h after
the cell monolayer injury. For this aim we used Zeiss
Axiovert 200M microscope, equipped with CCD-cam-
era AxioCam and box, in which general incubation
conditions were provided (37

 

°

 

C and 5% CO

 

2

 

). The
degree of scratch “healing” was assessed as ratio of
scratch square 12 h after the injury to that immediately
after the injury.

When cover-slips were used, cells were incubated
for 4 h after monolayer injury, then cells were fixed and
probed with actin antibody as described above. The
area occupied by actin filaments was measured in those
cells that were located at the scratch edge and were first
to fill up the injury zone.

RESULTS

 

Suppression of caldesmon expression in HeLa
1469 cells.

 

 HeLa 1469 cells express mainly low-molec-
ular isoform of non-muscle caldesmon. Using the len-
tiviral transduction in these cells we obtained the cell
population, where 99% cells stably expressed caldes-
mon shRNA and reporter protein GFP, which presence
was detected with flow cytofluometry. In these cells
endogenic caldesmon was significantly reduced com-
paring with non-transduced cells and with the cells,
expressed the control shRNA (Fig. 1). 95% decrease of
caldesmon expression comparing to the base level had
occurred 72 h after transduction and stayed at low level
during the time of experiments with that cell population
(three weeks). We did not detect compensatory increase

in expression of high-molecular smooth muscle caldes-
mon isoform.

 

Caldesmon takes part in stress-fiber formation
during cell stimulation. 

 

We discovered, that decrease
of intracellular caldesmon content did not lead to the
remarkable changes in actin filament structure and
localization in HeLa 1469 cells. The area occupied by
stress-fibers in control and caldesmon-deficient cells
did not differ and amounted to 18% of the total cell area
(Fig. 2a). To test whether caldesmon is involved in the
reorganization of actin cytoskeleton induced by
chemoattractant we stimulated control and caldesmon-
deficient cells with serum. In control cells serum
caused remarkable accumulation of stress-fibers that
tended to peripheric and circular, but not edge localiza-
tion (Fig. 2b). Total quantity of fibers increased from 18
to 29% of cell area (Fig. 2a). However, such reorgani-
zation did not occur in cells with decreased level of
caldesmon expression (Fig. 2b) and the area of fiber
actin did not change in this cells. Thus, caldesmon
appears to be involved inn actin stress fiber formation
during cell stimulation.

 

Caldesmon inhibits cell migration.

 

 Using wound
healing assay we tested whether caldesmon affects the
rate of cell migration into empty area of injured mono-
layer. We found that the cells with lower caldesmon
expression filled up injured area more efficiently (Fig. 3d)
than the control cells (Fig. 3c). Analysis of 24 views in
2 independent experiments showed that suppression of
caldesmon expression resulted in acceleration of cell
migration to the injury more than by 25%. To exclude
the possibility that it occurs because of increased pro-
liferation of the caldesmon-deficient cells (which could
have happened over 12 h experiment), we also analyzed
the growth rate of the cells of either population and did
not find any differences (data not shown).

 

Caldesmon organizes actin at the leading edge of
migrating cells.

 

 Since in nonpolarized cells caldesmon
binds cytoskeleton evenly in the whole cell, we studied
its influence on actin in polarized cells that actively
migrate to the zone of monolayer injury. Short bundles
of actin filaments, localized perpendicular to the mem-
brane, were found in the zone of protrusion activity of
the control cells (Fig. 4a). There were almost no such
structures in the caldesmon-deficient cells, and actin
was localized in chaotic manner in the narrow zone
near the leading edge membrane (Fig. 4b). These differ-
ences were observed only in polarized cells facing free
area, but not in the cells of inner layers that did not have
free space for migration. In addition, the total amount
of polymeric actin was reduced in the external caldes-
mon-deficient cells, comparing to that of the control
cells. The area occupied by actin filaments in these cells
accounted for 13% of the whole cell area versus 19% in
the control cells. Thus, in contrast to the nonpolarized
cells caldesmon organizes actin mainly at the leading
edge of the directly migrating polarized cells.
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DISCUSSION

In the present study we show that caldesmon func-
tions in cell as an actin organizer. It provides for actin
assembly into large filamentous structures located dif-
ferently depending on cell polarization. It is important
that this effect is observed during cell stimulation and
isn’t seen in resting cells. The caldesmon-deficient cells
migrated to the monolayer scratch faster than control
cells, suggesting a role for caldesmon in regulation of
actin dynamics at the leading edge of directly migrating
cells.

In previous studies attempts have been made to
reveal mechanisms of caldesmon activity in cells using
overexpression or knocking down expression of this
protein. However, there were no direct experiments
studying caldesmon effect on the rate of cell migration.
The available data suggest that caldesmon regulates
assembly of large actin structures that play mechanical
role in locomotion and contractile activity. In endothe-
lium caldesmon was found important for the assembly
of the stress-fiber ring, which contraction regulates
endothelium permeability [17]. In smooth cells caldes-
mon plays a role in formation of dense actin core of
podosomes—special structures involved in invasion
[16, 26, 32]. Caldesmon participates in the reorganiza-
tion of actin filaments in human trabecular meshwork
cells [33]. Consistent with these observations, our data
suggest that caldesmon assembles actin filaments and
inhibits directed cell migration (Fig. 2).

Although the molecular mechanism of caldesmon
function in cell requires further studies, it is likely to
involve polymerization and bundling of actin filaments
[13], alteration of actin filament nucleation and the fil-
ament branching [21], protection from fragmentation,
for instance by gelsolin [19]. The joint result of all of
these effects would be an increase in the length of actin
filaments and number of their lateral aggregates, result-
ing in reduction of monomeric actin pool and short sin-
gle fibers. The opposite changes are observed upon
decrease in caldesmon intracellular content (Figs. 2b, 4).

The mechanism that couples changes in actin
dynamics to cell motile activity is also unclear. The
transient increase of caldesmon level in fibroblasts by
caldesmon cDNA transfection reduced stress fiber con-
traction and weakened adhesion [15]. These data are
consistent with inhibition by caldesmon of actomyosin
ATPase and reciprocal relation between the stress-fiber
tension and the strength of adhesions [34]. On the other
hand, reduced adhesion strength is associated with
increased rate of migration [2], and therefore the reduc-
tion of intracellular caldesmon content would lead to
the reinforcement of adhesion strength and to the
decrease of the migration rate. Since the migration rate
wasn’t measured for cells with increased caldesmon
expression [15], the mechanism by which caldesmon
affects the migration rate remains presently uncertain.
Our finding that cell migration increases when caldes-
mon content is reduced does not conform the above

mechanism. In addition, the rate of adhesion apparently
is not changed in caldesmon deficient cells (Kudrya-
shova T.V., unpublished observation). Altogether, these
data argue against possibility that caldesmon affects the
rate of migration through the regulation of the adhesion
contact strength.

Our results suggest another mechanism of coupling
the cytoskeletal effects of caldesmon to altered cell
migration rate. That caldesmon promotes actin assem-
bly indicates the reduction of the monomeric actin pool
in the cell. We suggest that this slows down and/or
inhibits actin turnover in the lamellopodium and
reduces protrusion rates at the leading edge. It is note-
worthy that marked actin assembly by caldesmon
occurs in the lamellopodia of the actively migrating
polarized cells. This does not happen when caldesmon
expression is decreased (Fig. 4). In contrast, in non-
polarized cells caldesmon recruits actin into filaments
evenly throughout the cell (Fig. 2). This indirectly sug-
gests that caldesmon is redistributed in the cell in
response to chemoattractant during directed migration.
This is consistent with numerous data, consistent with
intracellular caldesmon activity being under receptor
control and regulated by with phosphorylation. Phos-
phorylation dynamics of caldesmon in the cell corre-
lates with changes in motility activity [27, 35]. Thus,
caldesmon phosphorylation appears to be the likely
mechanism to transduce signal from the receptor, acti-
vated by chemoattractant, to the cell motile machinery.
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