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The tumor-suppressive role of p53 at the level of tumor initiation is well documented. It has also been shown
previously that p53 acts against tumor progression/metastasis. However, its role in modulating cell migration
and invasion leading to metastasis is poorly understood. In this study, using vascular smooth muscle cells and
NIH 3T3 fibroblast cells, we have shown that p53 potently suppresses Src-induced podosome/rosette formation,
extracellular matrix digestion, cell migration, and invasion. The overexpression of exogenous wild-type p53 or
the activation of the endogenous p53 function suppresses, while the short hairpin RNA-mediated knockdown
of p53 expression or the blocking of its function exacerbates, Src-induced migratory and invasive phenotypes.
We have also found that p53 expression and function are downregulated in cells stably transformed with
constitutively active Src that exhibit aggressive invasive properties. Lastly, p5S3 upregulates the expression of
caldesmon, an actin-binding protein that has been shown to be an inhibitor of podosome/invadopodium
formation. The ability of p53 to suppress Src phenotypes in transformed cells was largely abolished by
knocking down caldesmon. This study reports a novel molecular mechanism (caldesmon), as well as a
structural basis (podosomes/rosettes), to show how p53 can act as an anti-motility/invasion/metastasis agent.

p53 is one of the most important tumor suppressors and
executes its tumor-suppressive role through well-established
mechanisms such as cell cycle arrest/repair, apoptosis, and
senescence (4, 8, 10, 33, 45). About one-half of tumor cells
have somewhat compromised p53 function (29). The loss of
pS3 function is also implicated in the evolution of highly inva-
sive/metastatic cancers (25, 32, 34, 40). However, relatively
little is known about the roles of p53 in cell migration and
invasion, the other defining characteristics of invasive cancer
cells (46). Recently, p53 has been shown to prevent Cdc42-
dependent filopodium formation in fibroblast cells (19) and to
negatively modulate RhoA-dependent cell polarization and
amoeboid cell movement (18).

Podosomes and invadopodia are dynamic cellular protru-
sions found in different cell types and are associated with cell
motility and cellular invasion (21, 35, 52, 55). Cells trans-
formed with Src typically express protrusions that possess char-
acteristics akin to both podosomes and invadopodia (2, 35);
they either exist as individual podosomes or, by unknown
mechanisms, aggregate to form rings of podosomes, known as
rosettes (1). The very ability of these structures not only to
provide cells with mechanical thrust/propulsion but also to
cause extensive extracellular matrix (ECM) degradation led
them to be perceived as one of the most important appendages
of migratory/invasive cells, especially in the context of meta-
static cancer cells (11, 51, 52, 56). However, the formation of
these structures involves extensive cytoskeletal reorganization
(22, 35).

Caldesmon is a calmodulin- and actin-binding protein (48)
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whose roles in modulating the dynamics of the actin cytoskel-
eton and contractility during cell movement are well docu-
mented (23, 26). We and others (14, 24, 39) have recently
shown that caldesmon negatively regulates the formation of
podosomes and rosettes by vascular smooth muscle cells
(SMC) transformed with Src. Caldesmon expression is down-
regulated in transformed cells and cancer cells (43, 47, 49) and
is inversely correlated with metastatic frequency in malignant
melanoma (30). In addition, caldesmon is implicated in the
suppression of cancer cell invasion (57). These reports suggest
an anti-migratory/invasive role of caldesmon in cancer cells.
However, very little about the regulation of caldesmon expres-
sion in normal and cancer cells is known.

Here, we report a novel mechanism through which p53 ex-
ercises potent anti-invasive functions by suppressing podo-
some/rosette formation and cell invasion via the upregulation
of caldesmon expression. We have used rat aortic SMC and
NIH 3T3 fibroblast cells stably transduced with SrcY527F as
study models. Both cell types produce prominent rosettes of
podosomes, providing an ideal background for studying the
effects of pS3 on the migratory/invasive phenotypes.

MATERIALS AND METHODS

Plasmid constructs/shRNAs. The gene for constitutively active Src
(SrcY527F), described earlier (58), was subcloned from pBabe vector into
pWZL-Hygro retroviral vector (37) using BamHI-Sall. Wild-type (wt) murine
p53 was described previously (12). A wt caldesmon expression plasmid (express-
ing enhanced green fluorescent protein [EGFP]-wt caldesmon) was generated as
described earlier (14). The short hairpin RNAs (shRNAs) were generated using
a mir-30-based design described previously (44). For the cloning and expression
of shRNAs, either a regulated TMP or a constitutive LMP vector system (Open
Biosystems) was used. Every ShRNA sequence was chosen such that it targets
both rat and mouse transcripts. Two shRNAs each for p53 (rat, NM_030989, and
mouse, NM_011640) and caldesmon (rat, NM_013146, and mouse, NM_145575)
were generated. The target/sense sequences used for designing shRNAs were as
follows: for p53, 5'-GTC(A/T)GGGACAGCCAAGTCTGT-3' and 5'-CG(T/C)
GCCATGGCCATCTACAAG-3'; and for caldesmon, 5'-GGAGAATTCATGA
CCCACAAA-3" and 5'-GGAACCTCTGGGAAAAGCAAT-3'. The degener-
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acy shown on p53 shRNA target sequences is for the rat and mouse genes,
respectively.

Different promoter-luciferase gene constructs containing the p53 response
elements for the genes MDM2, BAX, and PUMA were a generous gift of M.
Oren, Weizmann Institute of Science, Rehovot, Israel.

Cell culturing and retroviral transduction. Primary rat aortic SMC, NIH 3T3
cells, and A7r5 vascular SMC were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal bovine se-
rum (HyClone) and 1% penicillin G-streptomycin sulfate (Invitrogen). All cell
lines were grown at 37°C in the presence of 5% CO,. Retroviral infections were
carried out as described previously (15). Infected SMC and NIH 3T3 cell lines
were selected with 5 pg/ml of puromycin (Sigma), 100 wg/ml of hygromycin
(Sigma), and 1 mg/ml of neomycin (Sigma) wherever applicable.

Antibodies, chemical inhibitors, and other reagents. Antibodies to Src (05-
185), B-PIX (AB3829), matrix metalloproteinase 2 (MMP2; MAB13405), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; MAB374) were pur-
chased from Millipore, antibodies to p53 (2524 and 9282) and p53 phosphory-
lated at Ser'> (9284) were from Cell Signaling, those to MDM2 (M4308) and
vinculin (V9131) were obtained from Sigma-Aldrich, the antibody to phosphor-
ylated cortactin Y421 (pYCTN; 44-854G) was from Biosource, and that to
caldesmon (610661) was from BD Biosciences. The Src inhibitor PP2 was from
Calbiochem. The p53 inhibitor pifithrin-a (PFA), phorbol-12,13-dibutyrate
(PDBu), and the genotoxic drug doxorubicin (Adriamycin) were purchased from
Sigma-Aldrich.

Immunofluorescence imaging. Cells were plated at a density of 1 X 10* to 2 X
10* cells per 12-mm-diameter glass coverslip (Fisher Scientific), which was pre-
coated with 5 wg/ml fibronectin (Roche Applied Science). Subsequent processing
of the cells and imaging were performed as described previously (14, 53) using
the primary antibodies mentioned above and secondary Alexa Fluor 488- and
Alexa Fluor 568-conjugated antibodies (Molecular Probes). Actin staining was
performed by using Alexa Fluor 350-phalloidin (Molecular Probes) or tetra-
methyl rhodamine isocyanate (TRITC)- or fluorescein isothiocyanate-phalloidin
(Sigma). Confocal images were taken on a Leica TCS-SP2 RS scanning laser
confocal microscope equipped with a plan apochromatic 100X, 1.40-numerical-
aperture oil immersion lens objective. Images were processed using ImageJ
software (NIH). Epifluorescent images were captured using a Zeiss Axiovert
S$100 microscope equipped with a plan neofluar 63X or 40X 0.75-numerical-
aperture lens objective, a high-performance charge-coupled device camera
(Cooke SensiCam), and the Slidebook image analysis software (Intelligent Im-
aging Innovations). A cell was classified as forming podosomes if at least two
punctate actin structures of at least 0.5 wm in diameter were present.

ECM digestion. ECM invasion assays were performed as described previously
(54). A cell was classified as invasive if at least one digested cavity was created in
the migration path of the cell through the TRITC-fibronectin matrix. A mini-
mum of 150 cells from each of three separate experiments were used for assess-
ing cell invasion, and 30 cells were used for the calculation of the area of
digestion. The area of digestion was determined by measuring the number of
black pixels of a digestion image with Image Pro Plus 6 software and then
converting the area in pixels into square micrometers.

‘Wound-healing cell migration assays. Cells were seeded at densities of 1 X 10°
to 2 X 10° on Delta-T dishes (Bioptechs) in normal growth medium. Once cells
reached 100% confluence, the medium was replaced with DMEM lacking phenol
red and containing HEPES (Invitrogen), supplemented with 10% fetal bovine
serum or bovine growth serum (HyClone), for 1 h. Cells were then scratched
using a 10-pl pipette tip and immediately taken for imaging. The dishes were
layered with heavy mineral oil (Sigma) and kept at 37°C by using a ATC3 culture
dish microobservation temperature control system (Bioptechs). Images were
captured every 10 min for 15 h on a Zeiss Axiovert S100 microscope equipped
with a plan neofluar 5X objective. Cell speed and distance were determined by
tracking the number of pixels traveled using ImageJ software (NIH) and then
converting the data into micrometers traveled.

Boyden chamber invasion assay. A Matrigel invasion assay (BD Biosciences)
was performed as recommended by the manufacturer. Cells (2.5 X 10%) in 500 pl
of serum-free DMEM were added to Matrigel inserts (8-pm-pore screens con-
taining Matrigel) and control inserts (8-pm-pore screens without Matrigel), and
the inserts were incubated for 22 h at 37°C in 5% CO,. Invaded cells were fixed
with 1.6% paraformaldehyde for 5 min, washed in phosphate-buffered saline, and
stained with DAPI (4',6-diamidino-2-phenylindole). The membranes were then
cut out of the inserts and placed under a 12-mm coverslip with 20 pl of mounting
medium (Dako). Cells in 10 different fields from both the control inserts and the
Matrigel inserts were counted using a Zeiss Axiovert S100 microscope equipped
with a plan neofluar 10X objective. To assess the percent invasion, the number
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of cells counted on Matrigel inserts was divided by the number of cells counted
on the control inserts and multiplied by 100.

Western blot analyses. Total cell proteins were prepared by lysing cells in
sodium dodecyl sulfate (SDS) sample buffer (60 mM Tris-HCI, pH 6.8, 10%
glycerol, 2% SDS, and 100 mM dithiothreitol) and boiling the lysate for 5 min.
For Western blotting, 20 to 50 pg of total cell protein was separated on SDS-10
to 15% polyacrylamide gel electrophoresis gels and transferred onto polyvinyl-
idene difluoride membranes (Millipore). We measured the levels of GAPDH to
verify the loading of equal amounts of the different samples. The primary anti-
bodies used were as mentioned above. Specific horseradish peroxidase-labeled
secondary antibodies (Amersham, United Kingdom) were used, and signals were
detected using enhanced chemiluminescence reagent (Millipore).

Semiquantitative reverse transcription-PCR (RT-PCR) assay. Total RNA
from cells was prepared using the reagents from a GeneElute kit according to the
instructions of the manufacturer (Sigma). The pool of first-strand cDNAs was
synthesized with a RevertAid H Minus first-strand synthesis kit (Fermentas)
using total RNA as the template and random/oligo(dT) primers. The primers
used for the PCR amplification of rat and mouse BAX genes (13), PUMA genes
(41), and GAPDH genes (16) were described previously. The primers used for
the amplification of rat and mouse MDM2 genes were as follows: 5'-AGGAGA
TGTGTTTGGAGTCCC-3" and 5'-CTCAGCGATGTGCCAGAGTC-3'. We
measured the levels of the GAPDH mRNAs to verify the amplification and
loading of equal levels from the different samples.

Dual-luciferase assay. For the luciferase assay, cells were plated at 0.5 X 10°
to 1.5 X 10° cells per well in 24-well plates. Cells were transfected using the
Lipofectamine Plus reagent system (Invitrogen) with 250 ng of the firefly lucif-
erase reporter plasmid under the control of different p53 target gene promoters
and 25 ng of the Renilla luciferase reporter plasmid under the control of the
housekeeping B-globin gene promoter. Additional treatments of the cells are
indicated wherever applicable. Cells were harvested 48 h posttransfection for
analysis using a dual-luciferase assay kit (Promega, Madison, WI). Samples were
read using an Lmax microplate luminometer (Sunnyvale, CA) in 96-well-plate
format, and data acquisition was done by using SoftmaxPro software.

RESULTS

Constitutively active Src induces the formation of podo-
somes and rosettes and suppresses endogenous p53 in vascu-
lar SMC and NIH 3T3 cells. To investigate the role of p53 in
cell migration and invasion, we have generated smooth muscle
and NIH 3T3 cell lines stably expressing constitutively active
Src (SrcY527F) via retroviral transduction. Cells expressing
empty vector (Fig. 1A and B) displayed prominent stress fibers
with no podosomes, while close to 100% of the SrcY527F-
expressing cells produced F-actin-staining podosomes and ro-
settes (Fig. 1C and D). Podosomes exist either as individual
dots or, in about 20% of the cells, as aggregates to form intense
actin-staining rosettes as described previously (1). As reported
before (6, 9, 35), confocal microscopy confirmed that podo-
somes, which comprise vertical actin columns containing
pYCTN, vinculin, and B-PIX (Fig. 1C to F and insets), were
also associated with extensive ECM degradation and enhanced
cell migration and invasion (see Fig. 3).

We then asked if Src induces the formation of podosomes
and rosettes by suppressing the p53 functions. Unlike most
cancer cell lines, the cell lines used for this study express
endogenous functional p53. This feature allows us to examine
whether the stable expression of SrcY527F affects the func-
tional status of the endogenous p53. As shown in Fig. 1G and
H, SMC or NIH 3T3 cells expressing high levels of the Src
activation marker pYCTN (7) displayed reduced nuclear p53
staining, which is indicative of the transcriptionally active form
of p53. Of note, the levels of pYCTN directly correlated with
the numbers of podosomes and rosettes borne by the cells and
inversely correlated with the levels of nuclear p53 (see Fig. S1
in the supplemental material). This finding is consistent with
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FIG. 1. The stable expression of SrcY527F induces podosome/invadopodia, with the concomitant downregulation of endogenous p53. (A to F)
Stable lines of SMC (A, C, and E) and NIH 3T3 cells (B, D, and F) expressing empty vector (control) (A and B) or SrcY527F (C to F) were
established. Cells were cultured on fibronectin-coated coverslips overnight and immunostained for pYCTN (red) or stained with fluorescein
isothiocyanate-phalloidin for F-actin (green) (A to D) or phalloidin for F-actin (blue), -PIX (red), and vinculin (green) (E and F). Cell images
were taken using a scanning laser confocal microscope. Insets (C to F) are x/z profiles and were taken at the line drawn through the cell in each
respective panel. Each z axis is 4.6 pm in depth. Scale bars represent 20 pm. (G and H) Immunofluoresence microscopy analysis of SMC and NIH
3T3 cells stably expressing SrcY527F (SMC-SrcY527F and 3T3-SrcY527F) was performed. Cells were labeled with combinations of pYCTN (red)
and p53 (green) antibodies. Scale bars represent 20 pum. Cells with altered p53 expression are indicated by white arrowheads. (I) Western blotting
analysis carried out with the lysates from SMC and NIH 3T3 cells transduced with either empty vector (control) or SrcY527F expression constructs.
The proteins probed for are as shown, and GAPDH was used as a loading control. (J) A semiquantitative RT-PCR technique was applied using
total cellular RNA preparations from SMC lines treated as indicated. The relative abundance of p53 target gene transcripts is shown. House-
keeping GAPDH gene transcript levels were used as amplification and loading controls. (K) Promoter-luciferase activity assay conducted using
SMC stably transduced with either empty vector or SrcY527F expression constructs. Relative luciferase activities from different promoters (as
indicated) in SrcY527F-expressing cells were plotted against control cell activities (set at 1). The error bars represent standard deviations of results
for three replicates, and * indicates a P value of <0.05 for the comparison to data for the respective controls.
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Western blot analyses that showed a reduction in the levels of
p53, as well as those of its target protein MDM2, in SMC and
NIH 3T3 cells transduced to express SrcY527F (Fig. 1I). Fur-
thermore, the cellular mRNA levels for bona fide p53 target
genes, namely, MDM2, BAX, and PUMA (3, 28, 38), in
SrcY527F-expressing cells were also downregulated compared
to those in non-Src-expressing (vector control) derivatives of
SMC (Fig. 1J), thus suggesting suppressed p53 function in the
cells. Additionally, the mRNA levels, in most cases, were found
to be comparable to the control levels when Src function was
inhibited by PP2, indicating the alleviation of the Src-mediated
suppression of p53 (Fig. 1J). In addition, we carried out lucif-
erase reporter assays in a dual-luciferase assay system using
constructs containing promoters of known p53 target genes,
MDM?2, BAX, and PUMA. As shown in Fig. 1K, the relative
luciferase activities for all the promoters in cells transduced
with SrcY527F were significantly reduced compared to those in
control cells. These data are indicative of the definite suppres-
sion of endogenous p53 by Src and suggest that the suppression
of p53 may be a prerequisite for Src-induced invasive pheno-
types.

p53 inhibits the Src-induced formation of podosomes and
rosettes. Next, we asked whether a gain or loss of p53 function
may affect the ability of cells transduced with SrcY527F to
produce podosomes and rosettes. The enhancement of p53
function in cells with a stable SrcY527F background was
achieved either by the overexpression of wt murine p53 or by
treatment with the p53-activating drug doxorubicin (50). As
shown in Fig. 2C and D, cells overexpressing wt p53 were
marked by strong nuclear p53 staining and highly reduced
numbers of podosomes compared to those displayed by
SrcY527F-only control cells (cells without enhanced p53 func-
tion). Similarly, activating endogenous p53 by doxorubicin en-
hanced p53 translocation to the nucleus and inhibited the
SrcY527F-induced formation of podosomes and rosettes in
both SMC and NIH 3T3 cells (Fig. 2E and F; also see Fig. S2A
in the supplemental material). Of note, the suppressive effect
of p53 on rosette structure was more severe than that on
dot-shaped individual podosomes. This observation is consis-
tent with the finding that either the overexpression of wt p53 or
doxorubicin treatment reduced the percentage of rosette-pro-
ducing cells among SMC by over twofold and that among NIH
3T3 cells by fourfold (Fig. 2L and M). To attenuate p53 func-
tion, we either knocked down p53 expression with p53-target-
ing shRNAs (herein designated shp53) or inhibited p53 func-
tion with the chemical inhibitor PFA (31), which binds to p53
and interferes with its DNA-binding ability. The stable expres-
sion of one of the shRNAs, shp53-1, induced the knockdown of
p53 expression in both cell types by over 70% (Fig. 2K) and
was used for subsequent studies. As shown in Fig. 2G to J, the
knockdown of p53 expression by shp53 or the inhibition of p53
activity by PFA led to a significant decrease in actin stress
fibers, accompanied by a marked increase in the number of
rosettes produced per cell. These effects were further illus-
trated by a considerable increase in the percentage of rosette-
producing cells as a result of the siRNA-mediated knockdown
of p53 or treatment with PFA (Fig. 2L and M; also see Fig.
S2A in the supplemental material).

Thus, p53 suppresses the ability of cells transformed with
SrcYS527F to produce podosomes and rosettes, known to be
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involved in extensive matrix degradation and invasiveness (17,
35). We have also observed a similar effect of p53 on the
number of podosomes and rosettes per cell (see Fig. S2B and
C in the supplemental material). In keeping with the above-
described observations, Western blot analyses revealed that
the ectopic expression of wt pS3 indeed suppressed the levels
of pYCTN and MMP?2 induced by SrcY527F (see Fig. S2D in
the supplemental material), which is also indicative of reduced
podosome/rosette levels and/or activity.

These results, taken together, suggest strongly that p53 acts
as a potent antagonist of Src-induced podosome/rosette for-
mation in both SMC and NIH 3T3 cells.

p53 suppresses Src-induced ECM degradation, cell inva-
sion, and cell migration. It has been reported previously that
the Src-induced formation of podosomes increases the ability
of the cells to degrade and invade the ECM (17). This finding
prompted us to investigate whether the effect of p53 on
SrcY527F-induced podosome formation correlates with ECM
degradation, cell invasion, and cell migration. As shown in Fig.
3A to F, K, and L, the overexpression of wt p53 or the activa-
tion of p53 with doxorubicin resulted in a significant reduction
in the area of ECM degradation for both cell types. It is
noteworthy that cells with higher levels of nuclear p53 expres-
sion (Fig. 3C and D) were associated with minimal or no ECM
digestion. In contrast, the shRNA-mediated knockdown of p53
expression or the blocking of p53 function with PFA (Fig. 3G
to J, K, and L) enhanced the SrcY527F-induced degradation of
fibronectin substrates, which directly correlated with an in-
crease in podosome/rosette formation in these cells as shown
before (Fig. 2; also see Fig. S2 in the supplemental material).
This effect also correlated with the reduced level of MMP2
seen (see Fig. S2D in the supplemental material) as a result of
overexpressed wt p53.

Next, we examined whether p53’s suppressive effect on Src-
induced podosome formation also affected the invasiveness of
the cells and/or cell movement. In an invasion assay using
Matrigel substrates, we found that the overexpression of wt
p53 effectively suppressed the Src-induced invasive phenotype.
On the other hand, the knockdown of p53 with shp53 signifi-
cantly increased the Src-induced invasiveness of both cell types
(Fig. 3M). Cell movement was evaluated using wound-healing
assays in which the speed of wound closure was measured. As
shown in Fig. 3N, the stable expression of SrcY527F alone
increased the speed of migration of the wound front, and the
speed was further enhanced by the shp53-mediated knock-
down of p53 but significantly attenuated by the overexpression
of p53. These results indicate that increased pS53 activity sup-
presses the Src-induced formation of podosomes and corre-
lates with a reduction of ECM degradation, invasion of Matri-
gel, and cell migration.

pS3 induces the expression of caldesmon, an actin-binding
protein known to inhibit podosome formation. We asked
whether p53 regulates the remodeling of the cytoskeleton by
regulating the expression of the ubiquitous actin-binding pro-
tein caldesmon, which is well documented to stabilize actin
stress fibers and act as a podosome antagonist (14, 39). As
shown in Fig. 4A, SMC and NIH 3T3 cells stably expressing
pS3-targeting shRNAs had reduced expression of p53, with a
concomitant reduction of caldesmon expression. On the other
hand, we also examined the effect of the activation of endog-
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FIG. 2. p53 is a suppressor of Src-induced podosomes/invadopodia. (A to J) SMC and NIH 3T3 cells stably expressing SrcY527F (SMC-
SrcY527F and NIH-3T3-SrcY527F) were treated as indicated. Cells either underexpressing p53 (those treated with shp53) or overexpressing wt
p53 are indicated by white arrowheads. (K) SMC and NIH 3T3 cell lines were retrovirally transduced with either empty vector (control) or two
shRNAs designed against rat/mouse p53 targets. Selected cell populations were subjected to Western blot analysis to probe the levels of p53
protein. (L and M) A minimum of 100 individual cells of each type in three separate experiments were counted to determine the percentage of
cells of each type bearing at least one rosette. Scale bars represent 20 wm. Error bars represent standard deviations of results from three separate

experiments. * indicates a P value of <(.05.

enous p53 by doxorubicin on caldesmon expression (Fig. 4B).
Western blot analyses show that with the increase in p53 func-
tion, as indicated by the increased levels of p53 phosphorylated
at Ser'® as well as p53-inducible MDM2 protein levels, there

was a corresponding increase in caldesmon levels. Since doxo-
rubicin is known to activate a number of other proteins in-
volved in the DNA damage response pathway, we wanted to
establish that the doxorubicin-induced caldesmon was due spe-
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SrcY527F (SMC-SrcY527F and NIH-3T3-SrcY527F) were treated as indicated. These cells were cultured on gelatin-coated coverslips layered with
TRITC-fibronectin (TRITC-Fn) for 20 h. Cells either underexpressing p53 (those treated with shp53) or overexpressing wt p53 are indicated by
white arrowheads. Scale bars represent 20 pwm. (K and L) A quantitative approach to determine the area of ECM digestion for each cell type was
taken. For 30 cells of each type the areas of digestion, in square micrometers, in the migration paths of the cells after 7 h were measured. (M) SMC
or NIH 3T3 cells expressing the indicated constructs were examined to determine their abilities to invade Matrigel. The number of cells that
migrated through the screen were counted, and the percent invasion was determined by dividing the number of invaded cells (Matrigel inserts)
by the number of migrated cells (control inserts). (N) SMC or NIH 3T3 cells stably transduced with the indicated expression constructs were
subjected to a scratch wound-healing assay. Time-lapse movies of SMC and NIH 3T3 cells were analyzed to determine the average migration speed
of the wound front, in micrometers per hour. Error bars represent standard deviations of results from three separate experiments. P values were
determined using a two-sided, equal-variance Student ¢ test. * indicates a P value of <0.05.
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FIG. 4. p53 induces the expression of caldesmon. (A) SMC and NIH 3T3 cells were stably transduced with either vector control or shp53-1
expression constructs and subjected to Western blot analysis. Caldesmon protein levels directly correlate with the p53 levels in the cells. GAPDH
was used as a loading control. (B) Induction of caldesmon as a result of the activation of endogenous p53. Cell lysates were prepared from primary
SMC either treated with a fixed dose of the p53-activating drug doxorubicin (ADR; 500 ng/ml) for different durations as indicated or treated with
different doses of doxorubicin and p53 inhibitor PFA as indicated. Cellular caldesmon levels, p53 levels and activity, and p53-inducible MDM?2
protein levels were detected through Western blotting using antibodies as indicated. The GAPDH protein level was used as a loading control.
Ser'>-p53, p53 phosphorylated at Ser'. (C to H) Immunofluorescence study showing that enhanced p53 leads to a concomitant increase in
caldesmon-stained stress fibers in SMC (C, E, and G) and NIH 3T3 cells (D, F, and H) transduced with SrcY527F (SMC-SrcY527F and

NIH-3T3-SrcY527F). Cells with altered p53 status are indicated by white arrowheads. Scale bars represent 20 pwm.

cifically to activated p53. As shown in Fig. 4B, the p53-specific
inhibitor PFA almost completely abolished the increased
caldesmon expression induced by doxorubicin in SMC.

To further validate these observations, immunofluorescence
microscopic images of cells with an SrcY527F background and
either wt p53 overexpression or doxorubicin treatment are
shown in Fig. 4C to H. Cells with higher levels of nuclear p53
staining, as a result of either the overexpression of wt p53 (Fig.
4C and D) or treatment with doxorubicin (Fig. 4E and F),
consistently showed prominent caldesmon-decorated stress fi-
bers. Doxorubicin treatment of cells stably expressing wt pS3
further enhanced the nuclear localization of pS3 and led to a
matching increase in caldesmon-decorated stress fibers (Fig.
4G and H).

These results show that caldesmon expression correlates di-
rectly with the transcriptional function of p53 (Fig. 4 and Fig.
5B), suggesting that caldesmon may be a transcriptional target
of p53. In addition, pS3 promotes stress fiber stability (Fig. 4),
suppresses podosome formation (Fig. 2), and attenuates cell
migration/invasion (Fig. 3), likely by upregulating the expres-
sion of caldesmon.

p53 suppresses Src-induced podosome formation by the up-
regulation of caldesmon. We investigated if the upregulation
of caldesmon by p53 may play a role in the p53-mediated

inhibition of Src-induced podosome formation and the mani-
festation of the invasive phenotype. First, we showed that
SrcY527F suppressed caldesmon expression in SMC and NIH
3T3 cells, in agreement with data previously reported (39, 49)
(Fig. 5A). However, the expression of wt p53 in the cells with
the SrcY527F background restored the caldesmon protein and
mRNA levels fully in SMC and partially in NIH 3T3 cells (Fig.
5A and B). These results suggest that the Src-mediated sup-
pression of cellular p53, as we have shown (Fig. 1), may result
in the downregulation of caldesmon.

Next, we wanted to know whether the upregulation of
caldesmon expression by p53 may play a role in p53-mediated
suppression of the Src-induced formation of podosomes in
general and rosettes in particular. In agreement with data in
previous reports (14, 57) and as shown in Fig. 5, the overex-
pression of EGFP-caldesmon in SMC and 3T3 cells in an
SrcYS527F background reduced, not only the overall percent-
age of rosette-producing cells, but also the ability of these cells
to form rosettes in a manner similar to that caused by the
overexpression of wt p53 (Fig. 5D, E, and J). We designed two
shRNAs targeting rat/mouse caldesmon transcripts and ana-
lyzed the level of knockdown through Western blotting as
shown (Fig. 5C). The suppressive effect of wt pS3 was largely
abolished by the knockdown of caldesmon by shRNAs (Fig.
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FIG. 5. p53 suppresses podosomes through the upregulation of caldesmon. (A and B) Immunoblot (A) and semiquantitative RT-PCR (B) analyses
detecting the levels of caldesmon protein and mRNA in the cell lines as indicated. GAPDH was used either as a protein loading control (A) or as an RT-PCR
amplification control (B). (C) Two shRNAs were designed to target both rat and mouse caldesmon (Cald) mRNAs. Retroviral vectors expressing the sShRNAs
shcaldesmon-1 and shecaldesmon-2 were stably introduced into both cell lines, along with empty vector as a control. The Western blot shows the siIRNA-mediated
knockdown of caldesmon in SMC and NIH 3T3 cells. (D to I) Effects of caldesmon on SrcY527F-induced podosome formation. The expression of wt caldesmon
strongly suppresses Src-induced podosomes (D and E). The expression of wt caldesmon also reverses the phenotypic aggravation caused by p53 knockdown in
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with TRITC-labeled fibronectin was determined (K). The data were plotted relative to those for control cells expressing only SrcY527F. Error bars represent
standard deviations of results from three separate experiments. Black asterisks denote P values of <0.05 for the comparison to data for cells expressing SrcY527F
only, and red asterisks represent P values of <(.05 for the comparison to data for cells expressing SrcY527F and wt p53.
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SH, I, and J). It is of note that the shRNA knockdown of
caldesmon produced numerous podosomes and multiple ro-
settes, even in cells that expressed high levels of p53 (Fig. 5 H
and I). In contrast, the overexpression of EGFP-wt caldesmon
suppressed the formation of podosomes and rosettes, even in a
p53 knockdown background (Fig. SF and G). We further in-
vestigated whether the induction of caldesmon expression by
p53 also affects ECM degradation. As shown in Fig. 5K, the
knockdown of caldesmon in both SrcY527F-expressing SMC
and SrcY527F-expressing NIH 3T3 cells overexpressing wt p53
promoted ECM digestion. In contrast, the expression of GFP-
caldesmon in shp53-treated cells reduced ECM degradation
strongly in Src-expressing NIH 3T3 cells but slightly in Src-
expressing SMC. These results strongly indicate that caldes-
mon expression is a dominant downstream effector of p53 in
determining the ability of cells to form podosomes/rosettes and
digest ECM.

p33 also plays a role in phorbol ester-induced podosome
formation. Lastly, we asked whether podosome formation in-
duced by an agonist other than Src may also involve p53 sig-
naling. We chose PDBu-induced podosome formation in A7r5
vascular SMC as a study model (27). As shown in Fig. S3 in the
supplemental material, and in agreement with data in previous
reports (14, 27), PDBu induced podosome formation in A7r5
SMC. The inhibition of Src by PP2 significantly suppressed the
ability of PDBu to induce podosomes, consistent with previous
data that protein kinase C « activates Src and induces podo-
some formation via AFAP-110 (20). The enhancement of p53
activity by doxorubicin also suppressed PDBu-induced podo-
some formation, although to a lesser extent than Src inhibition.
Together, these data suggest that PDBu-induced podosome
formation also acts, at least partly, via the suppression of p53
by Src.

DISCUSSION

Cell migration/invasion and uncontrolled cell proliferation
are two defining features, not only of cancer cells, but also of
vascular SMC in atherosclerosis. The involvement of p53 in
cell migration/invasion has been reported only recently (46),
although its roles in the deregulation of cell proliferation, by
comparison, have been widely studied and documented (4, 10,
33, 45). It was our goal in this study to investigate if p53 plays
arole in Src-induced cytoskeleton remodeling and cell invasion
in NIH 3T3 cells, as well as SMC. We have provided strong
evidence that, as illustrated in Fig. 6, p53 is a potent suppressor
of the Src-induced formation of podosomes and rosettes (Fig.
2) and the associated ECM degradation and cell invasion and,
either directly or indirectly, Src-induced cell migration (Fig. 3).
Lastly, we have identified caldesmon, a known antagonist of
podosome formation, as a novel, downstream effector of p53
(Fig. 4 and 5). It is well known that the upregulation of p53
occurs in cells in response to the stress of oncogene activation,
presumably as a defense to curb uncontrolled cell proliferation
(5, 36). Interestingly, we found that cells stably expressing high
levels of SrcY527F expressed low levels of p53 (Fig. 1). Our
data suggest that persistent and permanent stress encountered
by cells stably transformed to express SrcY527F is able to
suppress pS3 expression, resulting in an invasive phenotype, as
observed in normal and cancer cells (19, 25, 32, 34, 40, 46). We
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FIG. 6. Schematic representation of signaling from Src to podo-
somes involving p53 and caldesmon. Src induces podosomes/
rosettes and suppresses p53, which induces the podosome antago-
nist caldesmon.

have also found that the promigratory/invasive effects of Src in
the SrcY527F-expressing cell lines can be overcome by the
overexpression of wt p53 or the activation of p53 by doxoru-
bicin (Fig. 3). These results, taken together, indicate that Src
acts upstream of and is antagonistic to pS3 expression and that
the ability of Src to induce an invasive phenotype hinges on its
ability to suppress p53. The mechanism by which Src sup-
presses pS3 is not clear at present. One promising pathway
involves the Src activation of Stat3, which in turn suppresses
p53 expression (42).

Our finding that p53 suppresses the migratory/invasive phe-
notype raises an important question: does p53 regulate the
expression of proteins known to be involved in cytoskeletal
remodeling and/or the regulation of the dynamics of podosome
formation? Caldesmon is a likely candidate that is known to
stabilize actin stress fibers and regulate actomyosin-mediated
contractility (23, 26). It has been shown recently to be a potent
suppressor of podosome formation (14, 24) and, like p53, is
downregulated in many cancer cells (43, 47, 49). Our data
clearly show that caldesmon expression correlates directly with
the transcriptional function of p53 (Fig. 4 and 5A), suggesting
that caldesmon may be a transcriptional target of p53.

It has been shown previously that small interfering RNA-
mediated knockdown of caldesmon alone does not induce po-
dosome formation in the absence of stimulation by Src or
PDBu (39). This result is in line with the present finding that
pS3 deficiency alone is required but not sufficient to induce the
formation of podosomes and the associated invasive pheno-
type without Src stimulation. These data indicate that Src and
p53/caldesmon together and independently target a wide spec-
trum of downstream effectors in concert to produce the nec-
essary cytoskeletal structures/functions, such as focal adhesion/
cell adhesion, stress fibers/cell contraction, and MMP
secretion/ECM digestion, which are required for the migratory
and invasive phenotypes. In agreement with this conclusion are
reports that p53 also prevents Cdc42-dependent formation of
filopodia and cell spreading (19) and RhoA-ROCK-dependent
amoeboid cell migration (18). Additionally, we have also seen
that the overexpression of wt p53 strongly suppresses Src-
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induced lamelopodium formation in the breast cancer cell line
MCEF7 (data not shown). Interestingly, our preliminary data
also show that the PDBu induction of podosome formation in
AT7r5 SMC may also act by suppressing p53 (see Fig. S3 in the
supplemental material). This possibility is consistent with find-
ings that protein kinase C a, via AFAP-110, activates Src (20),
which as demonstrated in this study, can suppress p53. Further
studies, however, are required to explore this interesting hy-
pothesis.

In conclusion, we have shown a novel function of p53 in the
inhibition of the Src-induced formation of podosomes and
rosettes and the associated invasive phenotype in both NIH
3T3 cells and vascular SMC. We have also demonstrated that
pS3 may act by upregulating caldesmon. Although ample evi-
dence indicates that podosomes play a critical role in ECM
digestion and cell invasion (35), it is not clear whether podo-
somes may have any effect directly on cell migration. Further
experiments will be required to determine whether the sup-
pression of Src-induced cell migration and podosome forma-
tion by p53 act in series or in parallel. This study adds to our
understanding of the role of p53 in regulating cell migration/
invasion relevant to physio-/pathological events such as angio-
genesis, metastasis, and atherosclerosis.
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