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Glucocorticoids (GCs) play important roles in numerous cel-
lular processes, including growth, development, homeostasis,
inhibition of inflammation, and immunosuppression. Here we
found that GC-treated human lung carcinomaA549 cells exhib-
ited the enhanced formation of the thick stress fibers and focal
adhesions, resulting in suppression of cellmigration. In a screen
for GC-responsive genes encoding actin-interacting proteins,
we identified caldesmon (CaD), which is specifically up-regu-
lated in response toGCs. CaD is a regulatory protein involved in
actomyosin-based contraction and the stability of actin fila-
ments. We further demonstrated that the up-regulation of CaD
expression was controlled by glucocorticoid receptor (GR). An
activated form of GR directly bound to the two glucocorticoid-
response element-like sequences in the human CALD1 pro-
moter and transactivated the CALD1 gene, thereby up-regulat-
ing the CaD protein. Forced expression of CaD, without GC
treatment, also enhanced the formationof thick stress fibers and
focal adhesions and suppressed cell migration. Conversely,
depletion of CaD abrogated the GC-induced phenotypes. The
results of this study suggest that the GR-dependent up-regula-
tion of CaD plays a pivotal role in regulating cell migration via
the reorganization of the actin cytoskeleton.

Glucocorticoids (GCs)2 strongly affect numerous biological
processes, including cell growth, development, homeostasis,
inhibition of inflammation, and immunosuppression (1–4).

Because of their pharmacological properties, they have been
widely used to treat inflammatory and autoimmune diseases (5,
6). They are also potent chemotherapeutic agents formalignant
lymphoma, advanced prostate cancer, and some other solid
cancers (7–9). Since their discovery, our insight into themolec-
ularmechanisms of GC functions has grown considerably. Glu-
cocorticoid receptor (GR) is critical for transduction of the GC
signal (10, 11) and is mainly located in the cytosol when not
bound by ligands. Upon ligand binding, GR translocates into
the nucleus, binds to the cognate DNA element (GC response
element, GRE) within the promoter regions of target genes, and
then activates or represses their transcription (10). Despite the
many reports on the biological effects ofGCs, their effect on cell
motility has been little studied.
Cell migration is an essential cellular process for embryogen-

esis, organogenesis, immune response, andwound healing (12).
It is also involved in various pathological events, such as cancer
progression (13, 14). During invasion and metastasis, cancer
cells dissociate from the primary tumor foci and invade distant
target tissues (13).Theseprocessesdependoncancer-cellmotility.
Cell migration is regulated by complex changes in the cytoskele-
ton, particularly in the actin cytoskeleton, which plays key roles in
controlling cell migration andmorphology (12, 15, 16).
Caldesmon (CaD) is an actin-, tropomyosin-, and calmodu-

lin-binding protein (17, 18). Two isoforms with different
molecular weights (Mr), generated from a single gene by alter-
native splicing, have been identified as follows: high Mr CaD
(h-CaD; 120–150 kDa) and low Mr CaD (l-CaD; 70–80 kDa)
(18, 19). h-CaD is exclusively expressed in smooth muscle cells
(SMCs), but l-CaD is widely expressed in non-muscle cells (18).
h-CaD is a component of smooth muscle thin filaments and
regulates their contraction via inhibition of the actin-myosin
interaction (20, 21). l-CaD has an alternative function for sta-
bilizing actin filaments in non-muscle cells, in addition to reg-
ulating contraction (22, 23). In non-muscle cells, l-CaD is
located along stress fibers, membrane ruffles, and lamellipodial
extensions (24–26). Overexpression of l-CaD leads to the reor-
ganization of the actin cytoskeleton that correlates with
decreased cell motility in several cell lines (26–28). In SMCs
and some fibroblasts, transcription of the caldesmon (CALD1)
gene ismainly dependent on serum-response factor (SRF) (29–
31). It had been reported previously that CaD expression is
induced by GC stimulation (32, 33). However, the molecular
mechanism underlying the GC-induced expression of CaD
remained unknown for a decade.
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Here we showed that GCs suppress the migration of lung
carcinoma cells, which showed marked enhancement of thick
stress fiber formation and focal adhesion assembly, in a Rho-
independent manner. By screening for GC-responsive genes
that encode actin-interacting proteins, we identified CaD as
being specifically responsive to GCs.We found that theCALD1
gene is transcribed GR-dependently. Furthermore, increased
expression of CaD was closely correlated with the suppression
of cell motility. These results indicate that CaD plays a pivotal
role in cell migration in response to GCs, and will shed light on
the mechanisms underlying the effects of GCs.

EXPERIMENTAL PROCEDURES

Materials—Phenol red-free Dulbecco’s modified Eagle’s
medium (DMEM), dexamethasone (DEX), cortisol (hydrocor-
tisone), progesterone, �-estradiol, and aldosterone were pur-
chased from Sigma. Fetal bovine serum (FBS) and geneticin
were obtained from Invitrogen. To remove endogenous ste-
roids from FBS, it was treated with charcoal-dextran (Sigma)
before use (34). Cycloheximide (CHX), cytochalasin D (cytD),
and blebbistatin were obtained from Merck. Testosterone,
RU486, RU28318 potassium salt, and mitomycin C were
obtained from TCI, Cayla Tocris, and Nacalai Tesque, respec-
tively. Anti-CaD antibody was prepared and purified as
described previously (35). The following primary antibodies
were purchased: mouse anti-�-tubulin (T9026), mouse and
rabbit anti-FLAG (F1804, F7425), and mouse anti-vinculin
(V9131) were from Sigma; mouse anti-RhoA (sc-418), rabbit
anti-GAPDH, (sc-25778), rabbit anti-GR (sc-8992), rabbit anti-
SRF (sc-335), goat anti-ROCK2 (sc-1851), and rabbit anti-p-
cofilin1 (Ser-3) (sc-12912-R)were fromSantaCruz Biotechnol-
ogy; mouse and rabbit anti-GFP (A-11120, A-11122) were from
Invitrogen; rabbit anti-ROCK1 (4035S), rabbit anti-phospho-
myosin light chain 2 (Ser-19) (3671), rabbit anti-myosin light
chain 2 (3672), and rabbit anti-profilin1 (3237) were from Cell
Signaling Technology; mouse anti-mDia1 (610848) and mouse
anti-cofilin1 (612144) were from BD Transduction Laborato-
ries; and mouse anti-non-muscle heavy chain myosin (ab684)
were from Abcam. The secondary antibodies, horseradish per-
oxidase-conjugated donkey anti-rabbit IgG (NA934) and
horseradish peroxidase-conjugated sheep anti-mouse IgG
(NA931), were purchased from GE Healthcare.
Cell Culture—The human lung carcinoma cell line A549

(National Institutes of Health Science) was cultured in phenol
red-free DMEM supplemented with 10% FBS and antibiotics in
a 37 °C incubator with 5% CO2.
Expression Vectors and Transfection—The coding region of

human glucocorticoid receptor � (GR�) was amplified by PCR
using cDNA from A549 cells as a template. To prepare a con-
stitutively active formofGR�, the ligand-binding domain of the
carboxyl terminus (525–777) was deleted (GR�C) (36). The
FLAG tag sequence was fused to the 3� end of the coding
sequences of GR and GR�C by PCR. The fragments were
inserted into the mammalian expression vector pCS2(�)
(Invitrogen). A549 cells were transiently transfected with these
expression vectors using the Lipofectamine 2000 or Lipo-
fectamine LTX transfection reagent (Invitrogen). To establish
stable cell lines expressing GFP, GFP-CaD, or GR�C-cFLAG,

A549 cells were transfected by retroviral infection, using a ret-
roviral gene delivery and expression system. The pLNCX2-
GFP, pLNCX2-GFP-CaD, and pLNCX2-GR�C-cFLAG plas-
mids were constructed by inserting the coding sequence of
enhanced GFP, GFP-CaD (37), or GR�C-cFLAG into the
pLNCX2 plasmid (Clontech). Using the BD Retro-X Universal
Retroviral Expression System (Clontech), amphotropic retrovi-
ral particles were produced by GP2–293 packaging cells. A549
cells were infected with the retrovirus in the presence of 4
�g/ml Polybrene for 24 h. The infected cells were cultured with
1000 �g/ml Geneticin (Invitrogen), and the drug-resistant cells
were selected.
RNA Interference—Small interference RNAs (siRNA) for

human CaD (CaD siRNA1, sequence was not supplied,
sc-29880, Santa Cruz Biotechnology; and CaD siRNA2, tar-
get sequence, CAGATAGGTATCAATATGTTT, Qiagen),
human GR (target sequence, GAGGATCATGACTACGCT-
CAA, Qiagen), human SRF (target sequence, CCGCGTGAA-
GATCAAGATGGA, Qiagen), and a control (sc-37007, Santa
Cruz Biotechnology) were purchased. The cells were trans-
fected with the siRNAs using Lipofectamine RNAiMAX trans-
fection reagent (Invitrogen), cultured for 1 day, and then used
in subsequent assays.
Immunofluorescence Microscopic and Time-lapse Image

Analyses—Cells grown on coverslips were fixed with 4% form-
aldehyde and 4% sucrose in phosphate-buffered saline (PBS) for
30 min at room temperature and then permeabilized in block-
ing solution (0.2% Triton X-100, 0.2% bovine serum albumin,
10% normal goat serum in PBS). The cells were incubated with
diluted primary antibody in Can Get Signal Immunostain
(Toyobo), followed by the secondary antibody as indicated. To
visualize actin filaments, Alexa488-, Alexa568-, or Alexa350-
conjugated phalloidin (Invitrogen) was added to the secondary
antibody solution. For nuclear staining, Hoechst 33342 or pro-
pidium iodide (Invitrogen) was used. For cytochalasin D treat-
ment, cells were treatedwith 0.2�McytD for 20min. For Triton
extraction, cells were treated with 0.1%Triton X-100 in PBS for
3 min at room temperature before fixation. Samples were
observed under the IX70 inverted fluorescence microscope
(Olympus). Three-dimensional images were obtained using the
LSM 5 PASCAL laser scanning microscope (Carl Zeiss). For
time-lapse image analysis, A549 cells were observed under an
Axiovert 200Mmicroscope (Carl Zeiss). For cell motility assay,
the images ofmigrating cellswere captured over a 5-h spanwith
intervals of 5 min. For cell contraction assay, the images were
captured over a 1.5-h span with intervals of 3 min. The frames
showing migrating cells were captured manually, and the
parameters were analyzed using the DIAS (Soll Technologies,
Inc) and ImageJ software.
Migration Assay—The migration assay was performed in

24-well Transwell chambers (BD Biosciences) with a polyeth-
ylene terephthalate membrane (8.0-�m pore size). The cells
were treated with DEX or other steroids for 48 h. Dimethyl
sulfoxide (DMSO) was used as the vehicle. To avoid artifactual
data from cell proliferation, the cells were pretreated with 10
�g/mlmitomycinC for 2 h. The cells were suspended in serum-
freeDMEMand plated in a Transwell chamber (2.5� 104 cells/
well). The lower chamber was filled with DMEM containing
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10%FBS.The indicated drugswere added to both the upper and
lower chambers. After 24 h to allowmigration to occur, the cells
on the upper side of the filters weremechanically removed. The
cells that had migrated to the lower side were fixed with 4%
formaldehyde, stained with hematoxylin-eosin, and counted
under a light microscope.
Cell Contraction Assay—Cells were starved with serum-free

DMEM for 18 h, and then stimulated with an equal volume of
pre-warmed DMEM containing 10% FBS (final concentration:
5%) under phase-contrast microscope. For blebbistatin treat-
ment, 10 �M blebbistatin was treated for 30 min prior to serum
stimulation. Cell areas at the indicated time points were calcu-
lated, and reduction in cell area over time was used as the cri-
terion for cell contraction (38, 39).
Quantitative Real Time PCR (Real Time qPCR)—The total

RNA was extracted from A549 cells using TRIzol reagent
(Invitrogen) and reverse-transcribed with MultiScribe reverse
transcriptase (Applied Biosystems). The cDNA was amplified
with gene-specific primer pairs using SYBR GreenER qPCR
SuperMix Universal reagent (Invitrogen). The primer
sequences used in this study are listed in supplemental Table

S1. The quantities measured by real
time PCR were normalized to the
GAPDH expression level in each
sample.
Western Blot Analysis—The cells

were rinsed with PBS followed by
lysis in SDS sample buffer. The
lysates were separated by electro-
phoresis in 10–15% polyacrylamide
gels, and the separated proteins
were transferred onto a nitrocellu-
losemembrane. Themembranewas
incubated with primary antibody
diluted in 5% nonfat dry milk in
Tris-buffered saline containing
0.1% Tween 20 (TBS-T), followed
by the appropriate horseradish per-
oxidase-conjugated secondary anti-
body, as indicated. ImageJ software
was used to quantify the band inten-
sity, and the value was normalized
to the �-tubulin expression level in
each sample. To determine Rho
activity, Rho binding domain
(RBD)-agarose pulldown assay was
performed using a Rho activation
kit (Upstate Biotechnology, Inc.),
according to the manufacturer’s
instructions. A549 cells were cul-
tured with vehicle or 1 �M DEX for
24 h, quickly washed with ice-cold
PBS, and then lysed in lysis buffer.
Equal volumes of cell lysates were
incubated with 30 �l of GST-RBD
beads for 45 min at 4 °C. The bound
Rho protein was eluted by SDS-
sample buffer. The proteins in the

samples from the RBD beads, and the total cell lysates were
separated by SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane. The amount of RhoA protein was ana-
lyzed by Western blot using anti-RhoA antibody.
Reporter Assays—The HeLa-type promoter region of the

human CALD1 gene (�1908 to �207) was amplified by PCR
and cloned into pGL3-basic. The reporter construct for the
fibroblast-type promoter region of the humanCALD1 genewas
described previously (31). For the mutant constructs, several
substitutions were introduced into the twoGRE-like sequences
in the fibroblast-type promoter as follows: for GRE-like 1, TGT-
TCACTTAGCATGGA3TTTTAACTTAACATGGA; for
GRE-like 2, AGAGCAGTGTGTATTC3AAAGAAGTGT-
ATATTC. A549 cells were transfected with these constructs
and pGL3-�-gal for normalization of the transfection effi-
ciency. In some experiments, cells were co-transfected with
pCS2(�)hGR�C-cFLAG. Twenty four h after the transfection,
the cells were lysedwith Passive Lysis buffer (Promega), and the
luciferase and �-galactosidase activities were measured using
the luciferase assay system (Promega) and luminescent�-galac-
tosidase detection kit II (Clontech), respectively.

FIGURE 1. Effects of steroid hormones on cell migration and the actin cytoskeleton in A549 cells. A, effects
of steroid hormones on cell migration. A549 cells were cultured with the indicated steroid hormones for 48 h
and treated with mitomycin C for 2 h preceding the assay. Migration toward FBS in the presence of the steroids
was measured in a Transwell migration chamber (mean � S.D., **, p � 0.01 compared with vehicle; n.s., not
significant). B, effect of steroid hormones on the actin cytoskeleton. A549 cells were treated with 1 �M of each
steroid for 48 h and stained with phalloidin (red in merged image) and anti-vinculin antibody (green in merged
image). Bar, 50 �m. C, effect of DEX on Rho activity. The Rho activity was determined by RBD-beads pulldown
assay as described under “Experimental Procedures.” The amounts of total and GTP-RhoA protein were
detected by Western blot with anti-RhoA antibody. The amounts of Rho downstream effectors, ROCK1, ROCK2,
mDia1, cofilin 1, phospho(Ser-3)-cofilin 1, MLC2, phospho(Ser-19)-MLC2, and profilin were also analyzed by
Western blot analysis using their corresponding antibodies.
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Chromatin Immunoprecipitation
(ChIP) Assay—The ChIP assay was
performed using a chromatin
immunoprecipitation kit (Upstate
Biotechnology, Inc.) according to
the manufacturer’s instructions.
A549 cells were cultured with vehi-
cle or 1 �M DEX for 2 h. The cells
were fixed with formaldehyde, and
the DNA and bound proteins were
cross-linked. ChIP assays were per-
formed by co-precipitating the
DNA-protein complexes with anti-
GR� antibodies or rabbit control
IgG (Santa Cruz Biotechnology).
The promoter region (�94 to �47)
of the human CALD1 gene, which
contains the two GRE-like se-
quences, was amplified from the
prepared DNA samples using the
primer pair TCCCGACTGTAAA-
CATAGGGGATA and ACAGCC-
AGAGAGCAAGCAG (fragment
size, 141 bp). The GRE-containing
promoter region (�1233 to �1073)
of the GC-responsive serum and
glucocorticoid-inducible kinase 1
(SGK1) gene was amplified using
the primer pair CTCACGTGTTC-
TTGGCATGG and GGAGGGG-
GCGGAAATAAAAG (fragment
size, 160 bp) as a positive control
(40). The promoter region (�777 to
�516) of the GC-unresponsive
GAPDH gene, which does not con-
tain GREs, was also amplified, using
the primer pair GATTGTCTGCC-
CTAATTATC and CAGGCAAA-
GGCCTAGGAG (fragment size,
261 bp). The amplified products
were run on an agarose gel, and the
ethidium bromide-stained DNA
bands were photographed.
DNA-bindingAssay—HumanGR�-

c-FLAG was synthesized using the
TNT high yield in vitro transcrip-
tion/translation system (Promega)

FIGURE 2. CaD is specifically up-regulated by GCs and localizes along thick stress fibers. A, effects of DEX on the expression profiles of actin cytoskeletal
genes. Real time qPCR of cDNAs made from A549 cells. The mRNA expression levels of actin-interacting proteins (CaD, tropomyosin 1, tropomyosin 2, fascin 1,
filamin A, p34Arc, p21Arc, vinculin, zyxin, talin 1, paxillin, �-actinin 1, cortactin 1, �1-catenin, �1-integrin, �1-integrin, gelsolin, profilin 1, cofilin 1, �-actin, and tubulin
�1a) are shown. The data were obtained from three independent experiments (mean � S.D., *, p � 0.05; ***, p � 0.001). B, GCs induced the up-regulation of the
CaD protein in A549 cells. The cells were incubated with cortisol (CS) or dexamethasone (DEX) at the indicated concentrations for 48 h. The expression levels of
CaD, �-tubulin, and GAPDH were determined by Western blot analysis. The CaD protein levels were quantified using ImageJ and normalized to �-tubulin
expression. (mean � S.D., *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with vehicle). C, confocal images of DEX-induced reorganization of the actin
cytoskeleton. Vehicle- or DEX-treated A549 cells were stained with phalloidin (green) and propidium iodide (PI) (red). Bar, 50 �m. D, DEX-induced reorganization
of the actin cytoskeleton. Vehicle- or DEX-treated A549 cells were stained with anti-CaD antibody (green in merged image) and phalloidin (red in merged
image). Bar, 50 �m. E, DEX-induced stress fiber formation. Vehicle- or DEX-treated A549 cells were pretreated with 0.1% Triton X-100 in PBS and fixed, followed
by staining with anti-CaD (red in merged image) and anti-non-muscle myosin heavy chain (green in merged image) antibodies. Bar, 50 �m. Areas within the
insets are shown at higher magnification (right panels, Bar, 10 �m).

FIGURE 3. GR antagonist, RU486, blocks DEX-induced up-regulation of CaD expression. A549 cells
were incubated with vehicle or 1 �M DEX for the indicated times, and the expression levels of CaD mRNA
(from real time qPCR) (A) and CaD protein (from Western blot) (B) are shown (mean � S.D., **, p � 0.01, ***,
p � 0.001; n.s., not significant). C, A549 cells were pretreated with CHX for 2 h and incubated with vehicle
or 1 �M DEX for 24 h in the presence of CHX. CaD mRNA was measured by real time qPCR. D and E, A549
cells incubated with 1 �M DEX in the presence of 10 �M RU486 or 10 �M RU28318. The expression of CaD
mRNA (after 24 h (D); from real time qPCR) and CaD protein (after 48 h (E); from Western blot) are shown
(mean � S.D., ***, p � 0.001). F, effect of RU486 or RU28318 on cell migration assayed in Transwell
migration chambers. A549 cells were incubated with a combination of 1 �M DEX and 10 �M RU486 or
RU28318 (mean � S.D., ***, p � 0.001). G, A549 cells were incubated with a combination of 1 �M DEX and
10 �M RU486 or 10 �M RU28318 for 48 h and stained with anti-CaD antibody (green in merged image) and
phalloidin (red in merged image). Bar, 50 �m.
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and precleared with Dynal Dynabeads M280 streptavidin
(Invitrogen). The oligonucleotides for CaDGRE1 (biotin-GGGA-
TATGTGTTCACTTAGCATGGACTTCT and AGAAGTC-

CATGCTAAGTGAACACATAT-
CCC), CaDGRE1mut (biotin-GGGA-
TATGTTTTAACTTAACATGG-
ACTTCT and AGAAGTCCATG-
TTAAGTTAAAACATATCCC),
CaDGRE2 (biotin-TATTGAATAGA-
GCAGTGTGTATTCGGCTGC and
GCAGCCGAATACACACTGCTC-
TATTCAATA), and CaDGRE2mut
(biotin-TATTGAATAAAGAAGT-
GTATATTCGGCTGC and GCAG-
CCGAATATACACTTCTTTATT-
CAATA) were annealed and used as
affinity probes. The synthesized
proteins were incubated with 1 �g
of biotinylated DNA fragment in
DNA-binding buffer (20 mM
HEPES-KOH, pH 7.9, 80 mM KCl, 1
mM MgCl2, 0.2 mM EDTA, 0.5 mM
dithiothreitol, 10% glycerol, 0.1%
Triton X-100, 50 �g/ml herring
sperm DNA, 1% protease inhibitor
mixture (Nacalai Tesque)) at 4 °C
for 1.5 h. The Dynabeads were
then added to the reaction mix-
tures, which were incubated at
room temperature for 1 h. After
three washes with DNA-binding
buffer, SDS-sample buffer was
added to the Dynabeads mixture
for SDS-PAGE.

RESULTS

Glucocorticoids Suppress Cell
Migration and Reorganize the Actin
Cytoskeleton in a Rho-independent
Manner—We first examined the
effects of GCs on cell migration and
morphology. To exclude the effects
of any endogenous steroids in FBS,
we removed them by charcoal treat-
ment (34) and used phenol red-free
DMEM. The cells were treated with
each steroid at 1 �M for 48 h and
exposed to mitomycin C for 2 h
before the assay to prevent the effect
of steroids on cell proliferation. In
our preliminary experiments, we
confirmed that mitomycin C inhib-
its cell proliferation but not cell via-
bility during this assay. Among the
steroids examined, cortisol and syn-
thetic glucocorticoid DEX potently
suppressed the motility of human
non-small cell lung carcinomaA549

cells. Mineralocorticoid, aldosterone, and sex steroids, includ-
ing testosterone, progesterone, and �-estradiol, did not induce
significant changes in cell migration (Fig. 1A). Phalloidin stain-

FIGURE 4. GR up-regulates the expression of CaD in A549 cells. A, effect of GR or SRF depletion on the
DEX-induced up-regulation of CaD expression. A549 cells transfected with control siRNA, GR siRNA, or SRF
siRNA were incubated with vehicle or 1 �M DEX for 48 h. The expression levels of GR, SRF, and CaD were
measured by Western blot analysis. B, CaD mRNA expression in the GR- or SRF-depleted cells was measured by
real time qPCR (mean � S.D., **, p � 0.01). C, effect of the expression of GR�C on the CaD mRNA level in A549
cells transiently transfected with pCS2�GR�C-cFLAG or the empty vector. The cells were incubated for 24 h.
The CaD mRNA levels were measured by real time qPCR (mean � S.D., ***, p � 0.001). D, expression levels of
CaD and GR�C in GFP- or GR�C-cFLAG-expressing A549 cells after incubation with vehicle or 1 �M DEX for 48 h.
E, cell morphology and CaD localization in GFP- and GR�C-expressing A549 cells stained with anti-GFP or
anti-FLAG (green in merged image), anti-CaD antibodies (red in merged image), and phalloidin (blue in merged
image). Bar, 50 �m.
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ing revealed the formation of prominent, straight, thick stress
fibers incortisol- andDEX-treatedA549cells, butnosuchactin-
dependent cytoskeletal changes were seen in cells treated with
the other steroids (Fig. 1B). Cortisol andDEXalso enhanced the
formation of focal adhesions, which were peripherally located
at both ends of the stress fiber arrays, as visualized by anti-
vinculin antibody staining (Fig. 1B). Because out of the cell lines

examined, A549 cells showed the
most prominent changes in the
actin cytoskeleton in response to
GC treatment (data not shown), we
used A549 cells in the following
experiments and chose DEX as a
representative GC.
Small GTPases act as a molecular

switch by shuttling between the
GDP-bound inactive and the GTP-
bound active forms, and they regu-
late cell motility and adhesion
through the remodeling of the actin
cytoskeleton (41, 42). In particular,
the Rho pathway positively controls
stress fiber formation and focal
adhesion assembly (41, 42). We
examined the possible involvement
of Rho and its downstream mole-
cules in response to DEX. However,
DEX treatment did not affect the
Rho activity as measured by a pull-
down assay using RBD (Rho binding
domain) beads, by examining the
expression levels of the Rho down-
stream effectors ROCK1, ROCK2,
and mDia1, or by evaluating the
phosphorylation levels of cofilin and
myosin light chain (MLC) (Fig. 1C),
suggesting that the DEX-induced
enhancement of thick stress fiber
formation and focal adhesion
assembly is independent of the Rho
signaling pathway.
Glucocorticoids Specifically En-

hance the Expression of Caldesmon—
We then screened the mRNA
expression profiles of major actin-
interacting proteins in response to
DEX using real time qPCR and
found that only the CaD mRNA
increased (Fig. 2A). Furthermore,
cortisol and DEX increased the
expression of CaD protein dose-de-
pendently (about 3.0-fold, maxi-
mum) (Fig. 2B). Because DEX has a
higher affinity for GR than cortisol
(43), DEX induced CaD expression
more strongly.
Whereas the untreated control

cells showed only the thin stress
fibers located at the cell periphery and the localization of actin
filaments within the lamellipodia, GC treatment induced for-
mation of the straight, thick stress fibers across the cell bodies
(Fig. 2C). CaD was diffusely distributed in the cytoplasm and
localized to the lamellipodia in the control cells, but showed
dense accumulations along the thick stress fibers in the DEX-
treated cells (Fig. 2D). The stress fibers are composed of con-

FIGURE 5. Identification of the GC-responsive region in the human CALD1 promoter. A, reporter assay was
performed with the human fibroblast-type (�964 to �101) and HeLa-type (�1908 to �207) CALD1 promoters
in A549 cells co-transfected with the luciferase reporter plasmid and pGL3�-gal plasmid. The cells were incu-
bated with vehicle or 1 �M DEX for 24 h. The luciferase activities were normalized to the �-galactosidase activity
(mean � S.D., ***, p � 0.001). B, effect of GR or MR antagonists on the fibroblast-type CALD1 promoter activity
(mean � S.D., **, p � 0.01, ***, p � 0.001). C, effect of GR or SRF depletion on the fibroblast-type CALD1
promoter activity (mean � S.D., **, p � 0.01; ***, p � 0.001). D, luciferase activities in A549 cells co-transfected
with reporter plasmids and the pCS2�GR�C-cFLAG plasmid were measured after a 24 h incubation (mean �
S.D., **, p � 0.01). E, schematic diagram of deletion and mutation constructs of the CArG element or GRE-like
sequences in the human fibroblast-type CALD1 promoter. F, GR�C-responsiveness of the promoter activities of
a series of reporter constructs (mean � S.D., **, p � 0.01; ***, p � 0.001; n.s., not significant).
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tractile elements and �-actinin, which are responsible for cell
contraction and for exerting tension on the stress fibers (44–
46). The non-muscle myosin heavy chain was distributed along
the thin actin fibers in control cells, but accumulated along the
DEX-induced thick stress fibers in a periodic pattern (Fig. 2E).
Compared with CaD, which was distributed entirely along the
thick stress fibers, the non-muscle myosin heavy chain in DEX-
treated cells was located only along the central portion of the
fibers and was absent at the periphery, so the co-localization of
CaD and non-muscle myosin heavy chain were restricted
within the central portion of the fibers. Together, these results
suggest that the suppression of cell migration by GCs is closely
associated with amarked enhancement of thick stress fiber for-
mation and focal adhesion assembly via the up-regulation of
CaD expression.
Glucocorticoid Receptor Directly Activates Caldesmon

Expression—We next investigated the molecular mechanism
underlying the GC-dependent CaD expression. Using real time
qPCR, we performed a time course analysis of CaD mRNA
expression during DEX treatment and found that CaD mRNA
increased after DEX treatment with a peak at 6–12 h, and then
gradually decreased thereafter (Fig. 3A). Increased levels of
CaD protein were first detected 6 h after DEX treatment, and
the up-regulated expression was sustained for more than 48 h
(Fig. 3B). To determine whether the DEX-induced up-regula-
tion of CaDmRNA requires de novo protein synthesis, the cells
weretreatedwithapotent translationinhibitor,CHX.TheDEX-
dependent increase of CaD mRNA was apparent even in the
presence of CHX (Fig. 3C), indicating that novel protein syn-
thesis was not required.
We then examined the involvement of GR in the DEX-in-

duced up-regulation of CaD. A potent GR antagonist, RU486,
but not a selectivemineralocorticoid receptor (MR) antagonist,
RU28318, completely blocked the DEX-induced up-regulation
of CaD (Fig. 3, D and E). RU486 also abolished both the DEX-
dependent thick stress fiber formation and its suppression of
cell migration (Fig. 3, F andG). These results suggest that GR is
a critical regulator of CaD expression. We confirmed this find-
ing by depletingGR inA549 cells transfectedwithGR siRNA. In
cells depleted of GR, the DEX-induced up-regulation of CaD
wasmarkedly reduced (Fig. 4,A andB).We previously reported
that the CALD1 gene is transactivated by the myocardin or
myocardin-related transcription factor (MRTF)/SRF pathway
in SMCs and fibroblasts (29, 31). However, depletion of SRF did
not alter the DEX-induced up-regulation of CaD in A549 cells
(Fig. 4, A and B), indicating that this pathway is not involved in
the CaD response to DEX. On the other hand, forced expres-
sion of a constitutively active GR, GR�C (36), up-regulated the
CaD mRNA levels (Fig. 4C). Furthermore, A549 cells, which
stably express GR�C under control of the cytomegalovirus-
immediate early promoter, showed increased expression of the
CaD protein compared with GFP-expressing control cells (Fig.
4D). Because of up-regulation of the cytomegalovirus promoter
activity in the retrovirus vector by GC (supplemental Fig. S1),
the expression levels of both GFP and GR�C increased in
response toDEX. BecauseGR�C is a truncated form ofGR that
lacks its carboxyl terminus, we confirmed that it translocated
into the nucleus without its ligand (Fig. 4E). The GR�C-ex-

pressing cells exhibited CaD-linked thick stress fiber formation
without DEX as compared with GFP-expressing cells (Fig. 4E).
Taken together, these results suggest that the DEX-induced
up-regulation of CaD expression is mediated through GR.
GCs Transactivate the CALD1 Gene via the Two GRE-like

Sequences within Its Promoter Region—To elucidate the
detailed transcriptional regulation of the CALD1 gene by GR,
we analyzed the human CALD1 promoter in a luciferase
reporter assay.We previously reported that the humanCALD1
gene has two alternative promoter regions, referred to as the
HeLa-type and fibroblast-type promoters (47). We compared
theDEX responsiveness of the two promoter regions. Although
both the promoter constructs responded to DEX stimulation
(Fig. 5A), the activity of the fibroblast-type promoter in A549
cells was stronger than that of theHeLa-type one.We also com-
pared the expression levels of the two species of CaDmRNA by
reverse transcription-PCR, using three primer sets as follows:
one each for the fibroblast- and HeLa-type CaD mRNAs and
one to assay the total CaD mRNAs. We found the fibroblast-
type transcripts to be more abundant than the HeLa-type ones
(supplemental Fig. S2). There was also a correlation between
the levels of fibroblast-type and total CaD transcripts with
respect to GC responsiveness and the CaD expression pattern
after DEX treatment. These results suggest that the reporter
assay correctly reflects the activities of the two endogenous
CALD1 promoters and that the fibroblast-type CALD1 pro-
moter is responsible for the GC-induced up-regulation of CaD.

FIGURE 6. GR binds to the GRE-like sequences in the human CALD1 pro-
moter in vivo and in vitro. A, ChIP assay of A549 cells treated with vehicle or
1 �M DEX for 2 h. The cell extracts were subjected to ChIP using the anti-GR
antibody. The DNA fragments of the CALD1 promoter region containing the
two GRE-like sequences were amplified by PCR. The SGK1 and GAPDH pro-
moter regions were used as the positive and negative controls, respectively.
B, DNA-binding assay of GR to GRE-like sequences. Each biotinylated DNA
fragment containing a GRE-like sequence was incubated with in vitro-trans-
lated GR protein and collected on streptavidin beads. The DNA fragments
with mutated GRE-like sequences were also used to ascertain the binding
specificity of GR. DNA-bound GR was detected by Western blot with anti-GR
antibody.
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We therefore used the reporter assay to analyze the fibro-
blast-type promoter region. The fibroblast-type promoter was
activated about 2.5-fold by DEX treatment, and RU486 blocked
this activation (Fig. 5B). GR depletion also abolished the DEX-
dependent promoter activation (Fig. 5C). Transient transfec-
tion of GR�C strongly enhanced the promoter activity bymore
than 5-fold (Fig. 5D). These results support the hypothesis that
the responsiveness of the promoter construct to GR�C pre-
cisely mimics the up-regulation of CaD expression induced by
GC.
To identify the GC-responsive cis-elements within the fibro-

blast-type CALD1 promoter region, we analyzed a series of
truncated promoter constructs or constructs bearing point
mutations (Fig. 5E). Compared with the long promoter frag-
ment (�982 to �101), a short one (�322 to �101) showed
slightly reduced promoter activity, but the activation rate was
not compromised (Fig. 5F). Mutation of the CArG element
(�297 to �288), which is a pivotal cis-element for SRF-medi-
ated transcription of the CALD1 gene, did not affect the pro-

moter activity. However, mutation of the two GRE-like
sequences near the transcriptional start site (GRE1, �68 to
�52; GRE2, �6 to �10), which are conserved among mamma-
lian species (supplemental Fig. S3), did alter the reporter activ-
ity. Constructs withmutations in either GRE1 or GRE2 showed
decreased responsiveness to GR�C. A double-mutated con-
struct, with point mutations in both of the GRE-like sequences,
completely abolished the GR�C responsiveness (Fig. 5F). A
similar result was obtained in response to DEX stimulation
(data not shown). These results indicate that GR enhances the
CALD1 promoter activity via GRE1 and GRE2.
To examine the GR binding to GRE1 and GRE2 in vivo, we

performed a chromatin immunoprecipitation (ChIP) assay.
Fragments of the CALD1 promoter containing GRE1 or GRE2
were successfully amplified from only DEX-treated, but not
untreated, samples (Fig. 6A), suggesting that GR binds to the
two GRE-like sequences in response to DEX in vivo. We also
confirmed that GR translocated into the nucleus of the A549
cells upon DEX stimulation (data not shown). We further

FIGURE 7. Effect of forced expression of GFP-CaD on the actin cytoskeleton. A, forced expression of GFP-CaD. The expression levels of GFP-CaD, control GFP,
and endogenous CaD in A549 transfectants were analyzed by Western blotting with anti-CaD or anti-GFP antibody. B, effect of DEX on the actin cytoskeleton
of A549 cells stably expressing GFP or GFP-CaD. The cells were stained with anti-GFP (green in merged image) and anti-CaD (red in merged image) antibodies
and phalloidin (blue in merged image). Bar, 50 �m. C, effect of forced expression of GFP-CaD on stress fiber stability to cytochalasin D (cytD). GFP- or
GFP-CaD-expressing A549 cells were incubated with vehicle or 1 �M DEX for 48 h. The cells were treated with or without 0.2 �M cytD for 20 min, and stained with
anti-GFP antibody and phalloidin. Bar, 50 �m. D, effect of DEX on focal adhesion assembly of A549 cells stably expressing GFP or GFP-CaD. The cells were
stained with anti-GFP (green in merged image) and anti-vinculin (red in merged image) antibodies and phalloidin (blue in merged image). Bar, 50 �m.
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examined GR binding to the promoter by an in vitro DNA-
binding assay. Biotinylated GRE1 or GRE2 oligonucleotides
were incubated with in vitro-translated GR protein and har-
vested with streptavidin beads. As shown in Fig. 6B, GR bound
to both GRE1 and GRE2. The affinity of GR for mutated GRE1
was greatly reduced, and it was abolished for mutated GRE2.
Taken together, these results indicate that GR binds directly to
the two GRE-like sequences within the CALD1 promoter and
transactivates the CALD1 gene.
Caldesmon Suppresses Cell Migration via the Enhance-

ment of Thick Stress Fiber Formation and Focal Adhesion
Assembly—We examined whether the forced expression of
exogenous CaD could mimic the effects of GCs on the reorga-
nization of the actin cytoskeleton and cell migration. We pre-
paredA549 cells stably expressingGFP-CaD (Fig. 7A). The total
amounts of CaD (endogenous CaD plus GFP-CaD) in non-
DEX-treatedGFP-CaD-expressing cells were�2.5-fold greater
than in the GFP-expressing cells. The expression level of GFP-
CaD also increased in response to DEX (about 2.5-fold) (Fig.
7A) as that of GFP-expressing cells, because of up-regulation of
the promoter activity in the retrovirus vector by GC (supple-
mental Fig. S1). In the GFP-CaD-expressing cells, we observed
the straight, thick stress fibers that lie across the cell body, as
seen with GC treatment. GFP-CaD accumulated along the
thick stress fibers regardless of DEX treatment (Fig. 7B). CaD
stabilizes actin filaments by protecting them from actin-sever-
ing proteins (48, 49) and actin-depolymerizing agents (23). The
thick stress fibers formed in both GFP-CaD-expressing and
DEX-treated cells were stable against the actin-depolymerizing
agent cytochalasin D (Fig. 7C). Focal adhesions were also
enhanced in GFP-CaD-expressing cells (Fig. 7D). Consistent
with the enhanced stress fiber formation and focal adhesion
assembly having a major effect on cell migration, in the GFP-
CaD-expressing cells, migration was greatly reduced compared
with that of the GFP-expressing cells, even in the absence of

DEX (Fig. 8A). We further exam-
ined the effect of up-regulated CaD
on actomyosin-based cell contrac-
tion. The contractile activity was
reduced in both DEX-treated and
GFP-CaD-expressing cells, similar
to that seen in the cells treated with
myosin II ATPase inhibitor bleb-
bistatin. These results suggest that
up-regulatedCaDalso inhibits acto-
myosin-based contractile activity in
vivo (Fig. 8B). Thus, the forced
expression of exogenous CaD mim-
icked the effect of DEX treatment
on the reorganization of the actin
cytoskeleton and on cell migration.
We next examined the effect of

CaDdepletion on cellmigration and
the actin cytoskeleton. Two differ-
ent siRNAs for human CaD effec-
tively depleted the CaD protein in
A549 cells (Fig. 9A). The depletion
of CaD blocked the DEX-induced

thick stress fiber formation (Fig. 9B and supplemental Fig. S4).
The depletion of CaD also abolished suppression of cell migra-
tion (Fig. 9C), although theCaD-depleted cells showed no obvi-
ous changes in cell migration in the absence of DEX. These
loss-of-function experiments therefore support the idea of a
pivotal role for CaD in DEX-induced thick stress fiber forma-
tion and suppression of cell migration. Conversely, expression
of GFP-CaD rescued the effects of depleting the endogenous
CaD. Because the target sequence of CaD siRNA2 is located in
the 3�-untranslated region of the human CaD mRNA, it can
deplete only the endogenous CaD, but not GFP-CaD, which
lacks the 3�-untranslated region (Fig. 9D). The endogenous
CaD-depleted, GFP-CaD-expressing cells showed an�1.5-fold
increase in the total amounts of CaD (GFP-CaD only) (Fig. 9D),
formed the stress fibers (supplemental Fig. S5), and exhibited
the modestly reduced migratory activity (Fig. 9E).
We further analyzed the spontaneous cell motility in these

transfectants. DEX-treated or untreated cells were plated on
culture dishes and observedwith orwithoutGC treatment. The
speeds of migrating cells were calculated using DIAS software,
by tracing the paths of individual cells in time-lapsemovies (Fig.
10,A and B). DEX treatment significantly slowed themigration
speeds of cells expressing GFP or transfected with control
siRNA (Fig. 10, C and D). The GFP-CaD-expressing cells
showed slower migration without DEX (Fig. 10C), but the
migration speeds of theCaD-depleted cellswere hardly affected
by DEX (Fig. 10D). We compared the migration speeds of the
various transfectants by cumulative plots, and we found that
DEX treatment increased the number of slower migrating cells
compared with the control cells (Fig. 10, E and F). The forced
expression of GFP-CaD mimicked the DEX-induced increase
in slower migrating cells (Fig. 10E). By contrast, CaD depletion
abolished the slower migration induced by DEX (Fig. 10F).
These results suggest that both the reorganization of the actin

FIGURE 8. Effects of forced expression of GFP-CaD on cell migration and contraction. A, effect of forced
expression of GFP-CaD on cell migration. The migration activity of GFP- or GFP-CaD-expressing A549 cells was
measured in a Transwell migration chamber with or without 1 �M DEX. (mean � S.D., *, p � 0.05; ***, p � 0.001).
B, effect of forced expression of CaD on serum-induced cell contraction. GFP- or GFP-CaD-expressing A549 cells
were treated with vehicle or 1 �M DEX for 48 h. The cells were starved with serum-free DMEM for 18 h and then
stimulated with DMEM containing FBS for 80 min. Cell contraction was determined from reduction in cell area
after serum stimulation (mean � S.E.). (GFP-expressing cells: vehicle, n 	 54; DEX, n 	 39; blebbistatin, n 	 39.
GFP-CaD expressing cells: vehicle, n 	 36). Bar, 50 �m.
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cytoskeleton and themigratory activity of A549 cells depend on
the expression levels of CaD.

DISCUSSION

GC-dependent Transcription of the CALD1 Gene—GCs are
reported to regulate the transcription of numerousGC-respon-
sive genes, such as SGK1 (serum- and glucocorticoid-inducible
kinase 1), IL-2R� (interleukin-2 receptor �), and proopiomela-
nocortin (10). However, few GC-responsive cytoskeletal genes

are known. Although CaD expres-
sion was reportedly induced by GC
stimulation and involved in the
remodeling of the actin cytoskele-
ton (32, 33), its molecular mecha-
nism and biological function
remained largely unclear. In this
study, we clearly demonstrate a GC-
dependent transcriptional mecha-
nism for theCALD1 gene. The tran-
scriptional regulation of the CALD1
gene has been analyzed mainly in
SMCs because of the abundance of
CaD in these cells. The SMC-spe-
cific transcription of the CALD1
gene is regulated by the coordina-
tion of a transcriptional triad com-
posed of the SRF and Nkx
homeobox andGATA transcription
factors (30). Myocardin is a recently
identified co-factor for SRF-medi-
ated transcription of the cardiac and
smooth muscle-restricted genes
(49), and the Rho-MRTFs-SRF
pathway in normal fibroblasts
transactivates the actin cytoskeletal
genes, including the CALD1 gene
(31, 50). GR- and SRF-knockdown
experiments show that the GC-in-
duced CaD expression solely
depends on GR but not on SRF
(Figs. 3–5). These results indicate
that the MRTF/SRF pathway is not
required for GC-induced transacti-
vation of the CALD1 gene in A549
cells. Our ChIP and DNA-binding
assays reveal that GR directly binds
to the two GRE-like sequences in
the human fibroblast-type CALD1
promoter (Fig. 6). Because theGRE1
and GRE2 sequences are highly
conserved among mammalian
species (supplemental Fig. S3), the
GC-dependent transcription of the
CALD1 gene through the GRE-like
sequences may be a commonmech-
anism among mammalian species.
GC abnormalities cause various

dysfunctions (1, 3, 51). GCs are also
reported to be essential for the organogenesis of highly GC-
responsive tissues, such as brain, lung, spleen, and liver,
although the sensitivity to GCs differs substantially among
these tissues (52, 53). Indeed, A549 cells, which originated from
lung epithelium, exhibit the most potent DEX responsiveness
with respect to the up-regulation of CaD of several cell lines
examined. The relatively low basal expression of CaD in A549
cells accentuates the DEX-induced up-regulation of CaD
expression, but DEX responsiveness is less significant in cells

FIGURE 9. Effects of CaD depletion on the actin cytoskeleton and cell migration. A, depletion of CaD
expression using siRNA. A549 cells were transfected with CaD siRNAs or control siRNA, and incubated with
or without 1 �M DEX for 48 h. The expression levels of CaD protein were detected by Western blot analysis.
B, effect of CaD depletion on the formation of stress fibers in response to DEX. The cells were stained with
anti-CaD antibody (green in merged image) and phalloidin (red in merged image). Bar, 50 �m. C, cell
migration of CaD-depleted cells was measured in a Transwell migration chamber with or without 1 �M DEX
(mean � S.D., ***, p � 0.001). D, GFP-CaD expression counteracts the effects of endogenous CaD deple-
tion. GFP- and GFP-CaD-expressing A549 cells transfected with CaD siRNA2 were incubated with or with-
out 1 �M DEX. CaD siRNA2 repressed the expression of endogenous CaD, but not of exogenous GFP-CaD,
which lacked the siRNA target, the 3�-untranslated region. E, cell migration of CaD siRNA2-transfected
GFP-CaD- or GFP-expressing cells in a Transwell migration chamber with or without 1 �M DEX. (mean �
S.D., *, p � 0.05; **, p � 0.01; ***, p � 0.001; n.s., not significant).
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with an abundance of CaD, such as SMCs (data not shown).
Therefore, CaD-mediated inhibition of cell migration by GCs
might be predominant in cells that expressCaDat relatively low
levels before stimulation. Our data support the idea that the
CaD-mediated suppression of cell migration and the reorgani-
zation of the actin cytoskeleton may be involved in both the
development of GC-responsive tissues and pathogenic pro-
cesses within them.
GC-induced Up-regulation of Caldesmon Expression Sup-

presses Cell Migration via the Reorganization of the Actin

Cytoskeleton in a Rho-independent
Manner—Although the role of CaD
in smooth muscle contraction is
well studied so far (18), our under-
standing with respect to its role in
non-muscle cells has been meager.
Our present results indicate that the
CaD-mediated suppression of cell
migration is directly linked to the
enhancement of thick stress fiber
formation and focal adhesion
assembly. The stress fibers include
the structural and contractile cyto-
architecture for cell morphology
and motility (44–46). The focal
adhesions provide attachment sites
for the cell to the substratum and
link to the stress fibers (54). For
example, the disruption of stress
fiber formation and/or their main-
tenance by inhibitors of actin
polymerization or myosin II
ATPase disrupts the focal adhesions
(45). In untreated A549 cells, the
actin bundles are present in the cell
periphery, and the thin stress fibers
are distributed throughout the cell
body. In contrast, the stress fibers
formed in GC-treated cells are long
and thick, and traverse the intracel-
lular space to be anchored at both
ends by enhanced focal adhesions
(Figs. 1 and 2).
CaD has a dual function in regu-

lating the actin cytoskeleton, via its
control of actomyosin contractility
(20, 21) and the stabilization of actin
filaments (22, 23). CaD is also
thought to have an actin filament
bundling/cross-linking activity in
vitro (17, 55). The straight, thick
stress fiber formation mediated by
up-regulated CaD may be mainly
due to its actin filament-stabilizing
and bundling/cross-linking activi-
ties. Actually, thick stress fibers
formed in CaD up-regulated cells
are more stable against cytochalasin

D (Fig. 7C and supplemental Fig. S4). The focal adhesion assem-
bly might be promoted by the CaD-linked thick stress fibers,
because of the interdependency between stress fibers and focal
adhesions.
Cells migrate by lamellipodial extension, and the transient

attachment of lamellipodia at the leading edge and their retrac-
tion and detachment at the rear require dynamic remodeling of
the actin cytoskeleton (12, 15). The stress fibers and focal adhe-
sions are generally assumed to supply the contractile force for
the turnover of cell adhesions at the rear (15). However, their

FIGURE 10. Effect of forced expression or depletion of CaD on cell motility. A, cell motility was analyzed by
tracing cell movement in time-lapse images, using DIAS software. GFP- or GFP-CaD-expressing A549 cells were
incubated with vehicle or 1 �M DEX for 48 h, and representative centroid tracks of the cells are shown (25-min
intervals for 5 h). Bar, 100 �m. B, A549 cells transfected with CaD siRNAs (CaD siRNA1 or CaD siRNA2) or control
siRNA were incubated with vehicle or 1 �M DEX for 48 h, and representative centroid tracks of the cells are
shown (25-min intervals for 5 h). Bar, 100 �m. C, migration speeds of GFP- or GFP-CaD-expressing A549 cells
were calculated from the cell tracks (GFP-expressing cells: vehicle, n 	 24; DEX, n 	 27. GFP-CaD-expressing
cells: vehicle, n 	 26; DEX: n 	 19) (mean � S.D.). D, migration speeds of CaD-depleted A549 cells calculated
from the cell tracks (control siRNA: vehicle, n 	 22; DEX, n 	 20. CaD siRNA1: vehicle, n 	 37; DEX, n 	 46. CaD
siRNA2: vehicle, n 	 21; DEX, n 	 27) (mean � S.D.). E, cumulative percentage plots of the migration speeds of
GFP- and GFP-CaD-expressing A549 cells. GFP-expressing cells (F); GFP-CaD-expressing cells (�); -DEX (vehi-
cle), solid lines; �DEX, dashed lines. F, cumulative percentage plots of the migration speeds of CaD-depleted
and control A549 cells. Control siRNA-transfected cells (F); CaD siRNA1-transfected cells (�); CaD siRNA2-
transfected cells (�); -DEX (vehicle), solid lines; and �DEX, dashed lines.
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roles in cell motility are controversial. It has been well docu-
mented that Rho signaling plays a crucial role in cell migration
via stress fiber and focal adhesion formation. Stimulation by
several chemoattractants such as vascular endothelial growth
factor, basic fibroblast growth factor, SDF-1� (stromal cell-de-
rived factor 1�), and endothelin-1 promote cell motility via the
activation of Rho and its downstream effectors (56–59). Rho
activates mDia1, ROCKs, and their downstream effectors,
LIMKs, which phosphorylate and inactivate cofilin, leading to
the enhancement of actin polymerization. The Rho/ROCK
pathway is also involved in the myosin-linked regulation of
force generation. Activated ROCKs phosphorylate MLC and
inhibit myosin phosphatase. Thus, the increased phosphoryla-
tion ofMLC activates the actin-myosin interaction, resulting in
the facilitation of cell motility (60, 61). In contrast, we demon-
strated in this study that the GC-induced suppression of cell
migration is closely linked to the enhancement of thick stress
fiber formation and focal adhesion assembly via up-regulated
CaD (Figs. 1, 2, and 7–9). Because the Rho, cofilin, and MLC
activities in A549 cells are not altered by DEX treatment, the
effects of GC are independent of the Rho/ROCK pathway in
this system (Fig. 1). In fact, the forced expression of GFP-CaD
mimics the GC-induced reorganization of the actin cytoskele-
ton and suppression of cell migration without DEX treatment
(Figs. 7 and 8). In addition, although CaD stabilizes the stress
fibers at the cell periphery of DEX-treated A549 cells, it is also
co-localizes with non-muscle myosin along the central region
of the thick stress fibers (Fig. 2E). Because CaD negatively reg-
ulates actomyosin contractility (20, 21), up-regulated CaDmay
also play a crucial role in inhibiting the generation of stress
fiber-based contractile force (Fig. 8). Taken together, these
results suggest that the CaD-induced stabilization of stress
fibers and inhibition of contractile force generation by stress
fibers lead to the suppression of cell migration through a Rho-
independent pathway.
Yemelyanov et al. (62) reported that GR expression is mark-

edly decreased in prostate cancers and that the restoration of
GR expression in cancer cells suppresses the progression of the
malignancy. We recently reported that CaD negatively regu-
lates the formation of invadopodia/podosomes, which are
dynamic cell adhesion structures involved in cancer cell inva-
sion (37). The forced expression of CaD inhibits invadopo-
dium/podosome formation, leading to suppression of the inva-
sive activity of cancer cells (63). Thus, CaD appears to be a
potent suppressor of cancer cell invasion. Taken together with
the literature, our present results suggest that the increased
expression of CaD induced by GCs could provide a novel ther-
apeutic strategy for blocking some cases of cancer cell invasion.
Our findings may also contribute to a deeper understanding of
the physiological functions of GCs in cell motility.
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