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Cell invasion of the extracellular matrix is prerequisite to
cross tissue migration of tumor cells in cancer metastasis, and
vascular smooth muscle cells in atherosclerosis. The tumor
suppressor p53, better known for its roles in the regulation
of cell cycle and apoptosis, has ignited much interest in its
function as a suppressor of cell migration and invasion. How
p53 and its gain-of-function mutants regulate cell invasion
remains a puzzle and a challenge for future studies. In recent
years, podosomes and invadopodia have also gained center
stage status as veritable apparatus specialized in cell invasion.
It is not clear, however, whether p53 regulates cell invasion
through podosomes and invadopodia. In this review, evidence
supporting a negative role of p53 in podosomes formation in
vascular smooth muscle cells will be surveyed, and signaling
nodes that may mediate this regulation in other cell types will
be explored.

Introduction

There is ample evidence to indicate that the tumor suppres-
sor p53 and its mutants are key players in the regulation of cell
migration and invasion in human cancer cells. Relatively little is
known, however, whether p53 acts by regulating the formation
of podosomes and invadopodia in cell invasion. There are excel-
lent recent reviews on p53 in the regulation of cell invasion'?
and on the biology of podosomes and invadopodia.®’? In this
review, I will describe some recent work on (1) the roles of p53 in
cell migration and invasion in general; (2) evidence that supports
a role for p53 in suppressing podosomes formation in vascular
smooth muscle cells; and (3) nodes that can potentially mediate
p53 regulation of podosomes and invadopodia in other cell types.

Regulation of Cell Migration and Invasion of Cancer
Cells by p53 and its Gain-of-Function Mutants

Since its discovery over 30 years ago by Lane and Crawford,"
and Linzer and Levine," p53 is arguably the most widely studied
tumor suppressor that functions mainly as a transcription fac-
tor, but also has transcription-independent roles (for review, see
Lane and Levine®). Point mutations clustered mostly within the
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DNA-binding domain occur in about 50% of all human cancers.
Many p53 mutants (mutp33) not only lose their wild-type func-
tion as a tumor suppressor, they acquire a gain-of-function in cell
migration and invasion, often by inhibiting the closely related
isoforms, p63 and p73.% In cancers expressing wild-type p53
(wtp53), its function is usually compromised due to deregulation
of its regulatory pathways.?

In unstressed cells, p53 is kept at a low level by Mdm?2, an E3
ubiquitin ligase, which targets p53 for degradation. In response
to a variety of stresses, such as DNA-damage, p53 levels are
increased substantially due to Mdm?2 inhibition, and the p53
protein is stabilized to form active homo-tetramers. Forming a
complex with a number of transcriptional cofactors, p53 induces
DNA repair, cell cycle arrest, senescence, or apoptosis depending
on the severity of the damage, a protective mechanism neces-
sary to ensure that defective genes are not passed on to the next
generation.

It is becoming clear that p53 plays crucial roles in the regu-
lation of many cellular functions other than cell cycle-related
pathways.! Among the more recently discovered functions,
wtp53 and mutp53 are involved in the regulation of cell migra-
tion and invasion in cancer cell metastasis.> A survey of p53-reg-
ulated human genes reveals many regulators of cell migration
and invasion, including proteins involved in endothelial-mesen-
chymal-transition (EMT) and the extra cellular matrix (ECM)
composition and invasion, growth factor receptors, and adhesion
signaling.»'®"” Some of these migration and invasion regulators
have been identified as direct transcriptional targets of wtp53 or
mutp53, as well as indirect effectors of p53, forming nodes of a
network of positive and negative feedback pathways.

Does p53 Suppress Cell Invasion by Inhibiting the
Formation of Podosomes and Invadopodia?

Podosomes and invadopodia

Podosomes and invadopodia, often collectively called inva-
dosomes, are actin-based membrane protrusions employed by
mesenchymal cells in adhesion and invasion."? It has been shown
that location of the N-WASP/WASP upstream activators, Nckl
and Grb2, may provide molecular distinction between invado-
podia and podosomes.® They are sites of integrin-ECM contacts
and signaling that are crucial for the recruitment and secretion
of matrix metalloproteinases (MMPs) for ECM degradation,
hence invasion. Podosomes are dynamic structures with lifetimes
ranging from 2—10 min. They are formed spontaneously in cells
of hematopoietic origin such as macrophages, osteoclasts, and
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Pro-podosomes

Anti-podosomes

Figure 1. The anti- and pro-podosome pathways staged by p53 and Src,
respectively, in vascular smooth muscle cells. p53 and Src play antagonis-
tic roles in the regulation of podosome formation. The mechanism regu-
lating the p53-Src interplay is not fully understood. Recent data suggest
that p53 suppresses podosome formation by upregulating caldesmon,
PTEN, and miR-143/145, which in turn, inhibit pro-podosome signaling
nodes downstream of Src. Thus, caldesmon inhibits Arp2/3-mediated
actin polymerization or stabilizes actin-stress fibers; PTEN antagonizes
PI(3,4,5)P, and PI(3,4)P, formation and inhibits RhoGTPases; miR143/145
suppresses fascin, PKCe, and PDGFRa in the pro-podosome pathways.
p53 also acts by downregulating the expression of Src and its down-
stream effectors, such as STAT3 and Akt. Red and green arrows represent
inhibition and activation relationship, respectively.

dendritic cells. Growth factors, such as PDGF and EGF, induce
podosomes in many cell types, including vascular smooth muscle
cells, endothelial cells, and epithelial cells. In Src-transformed
fibroblasts and vascular smooth muscle cells, podosomes aggre-
gate to form rosettes where individual podosomes are connected
by contractile actin-stress fibers. Similar, but morphologically
distinct structures found in metastatic cancer cells are called
invadopodia. They are fewer in number per cell, generally have
longer lifetimes, and are more invasive than podosomes. Apart
from their distinct structures, podosomes and invadopodia share
many common molecular components, including actin-binding
proteins such as Arp2/3, N-Wasp, cortactin, caldesmon, cofilin,
and fascin; focal adhesion molecules such as talin, FAK, PAX,
and integrin, as well as many signaling kinases and phosphatases.

p53 suppresses Src-induced podosome formation in vascular
smooth muscle cells

We have shown that p53 and Src are mutually antagonistic in
podosome/rosette formation and ECM invasion in rat vascular
smooth muscle cells and fibroblasts.”” Expression of exogenous
wtp53 or activation of endogenous p53 inhibits Src-induced
podosome formation by upregulating the expression of the PTEN
tumor suppressor and suppressing the pro-invasion Src-effector,
STAT?3. In contrast, shRNA-knockdown of p53 exacerbates the
Src-induced invasive phenotype.?® Furthermore, p53 upregulates
the expression of caldesmon, an actin-binding protein that local-
izes to podosomes and inhibits their formation.?** Reciprocally,
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constitutively active Src (StcY527F) suppresses p53 and caldes-
mon expression, but enhances STAT3 expression, resulting in the
formation of podosomes/rosettes, and invasive phenotypes.?*

Caldesmon is an actin- and Ca**-calmodulin-binding pro-
tein; its expression in vascular smooth muscle cells is changed
from the heavy (h-caldesmon) to the light (I-caldesmon) iso-
form during the switch from the differentiated to synthetic and
migratory phenotype in atherosclerosis.?*** It is well documented
that caldesmon stabilizes actin-stress fibers and inhibits myosin
II-contractility in the absence of Ca?*-calmodulin. Thus, calde-
smon may act as a negative regulator of podosome formation®*°
by stabilizing stress fibers and/or by inhibiting Arp2/3-mediated
actin polymerization.?” This is consistent with finding that calde-
smon expression is repressed in some invasive cancer cells and
Src-induced cells, but enhanced by wtp53 in smooth muscle
cells;* and caldesmon was identified as a possible p53 transcrip-
tion target by chromatin-immunoprecipitation (ChIP) analysis."”

Quintavalle et al.?® have recently shown that PDGF-induced
podosome formation in smooth muscle cells requires Src-
mediated downregulation of miR-143/145, likely via suppression
of p53. They have identified two potential p53-binding sites at
the promoter region encoding miR-143/145, suggesting that they
are possible p53 transcriptional targets. In cancer cells, however,
p53 activity promotes post-transcriptional maturation of miR-
143 and -145,% suggesting that p53 upregulation of miR-143/145
can be transcriptional or post-transcriptional, dependent on
the cell type. Quintavalle et al.?® further identified PDGFRa
and PKC-¢ as negative targets of miR-143 and fascin as a miR-
145 target, and showed that both PKC-¢& and fascin localized
to podosomes. In cancer cells, fascin stabilizes actin bundles
in invadopodia.®® These findings add to our understanding of
smooth muscle cell migration and invasion in atherosclerosis
because miRNA143/145, like caldesmon, are key regulators of
the switch of vascular smooth muscle cells from a contractile to
a motile and proliferative phenotype.® Thus, miR-143/145 are
excellent candidates to mediate p53 function in the regulation of
podosomes, although evidence supporting a direct link remains
to be established.

Src provides a major link between p53 and podosome
signaling

Results obtained from studies on vascular smooth muscle cells
clearly point to Src as the key player that connects p53 and podo-
some signaling.?*?"%¥ This is probably not surprising since Src is
recognized as a central hub in invadosome signaling that leads
to activation of phosphoinositide 3-kinase (PI3K) activity, and
many Src-substrates are involved in the biogenesis of podosomes
and invadopodia.>?*3 The precise mechanism that regulates the
interplay between p53 and Src remains to be determined, how-
ever. Since Src has not been identified as a p53 transcriptional
target, nor p53 a substrate of Src, they most likely act indirectly
on each other through the PTEN, PI3K-Akt, STAT3, PKC path-
ways, or miR-143/145 as illustrated in Figure 1.

Src-PI3K-Akt and p53-PTEN

PTEN, a lipid-phosphatase that antagonizes the formation of
PI(3,4,5)P, and P(3,4)P,, has been verified as a positive tran-
scription target of p53.'° Upregulation of PTEN by p53 would act
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to inhibit the Src-PI3K-Akt pro-podosome pathway. Moreover,
PTEN possesses a protein—phosphatase activity that appears to
play a role in cell migration.*** Recently, PTEN has been shown
to inactivate Src by dephosphorylating the critical Y416 site in
the activation loop.*® On the other hand, the PI3K-Akt has the
potential to downregulate p53 activity because mitogen activa-
tion of PI3K and Akt has been shown to result in phosphoryla-
tion of Mdm?2, allowing it to translocate to the nucleus, where it
enhances p53 degradation and reduces its transcriptional activ-
ity.”” Although we have shown a good correlation between Src-
induced activation of Akt and podosome formation in smooth
muscle cells, how Akt promotes podosome formation is not clear.
To this end, it is critical to identify Akt substrates involved in the
regulation of podosome signaling,.

Sre-STAT3 and p53

Phosphorylation of the oncogenic transcription factor, STAT?3,
by Src, can lead to its translocation to the nucleus, where STAT3
inhibits p53 transcription activity by binding to its promoter.>®%
In reverse, wtp53, but not mutp53, has been reported to suppress
the activity of STAT3, thus creating a mutual negative feedback
loop.* Thus, promotion of podosome formation by Src may be
mediated by STAT3, and it is important to identify other down-
stream effectors of STAT3 that may contribute to podosome for-
mation for a better understanding of its role in cell invasion.

Sre-PKC and p53

Interaction between the ECM and integrin-av upregu-
lates PKCa and suppresses p53 in melanoma cells by promot-
ing the exit of p53 from the nucleus when cells are grown in a
3-D collagen matrix.*" This is in line with the notion that Src,
in collaboration with PKC, plays a major role in regulating the
assembly of invadopodia in response to integrin stimulation via
mechanotransduction.*

Potential Mediators of p53-Suppression
of Podosomes and Invadopodia in Normal
and Cancer Cells

Numerous proteins have been identified that have some type
of link to either p53 or to invadosomes. Interestingly, a subset of
these nodes has connections to both p53 and invadosomes, and
may provide important links between p53 and invadosomes, as
summarized in Table 1. In most cases though, evidence has yet
to be found to show that these nodes actually act as mediators
in p53-invadosome signaling, and thus, represent excellent pros-
pects for future studies.

Extracellular matrix proteins and MMPs

It is well documented that the composition and rigidity of the
ECM play a crucial role in controlling the number, lifetime, and
invasiveness of invadosomes, which are considered as mechano-
sensors.®!*4244 For example, liver microvascular endothelial cells
produce podosomes constitutively and can be modulated by
matrix stiffness.” Density of gelatin substrates correlates positively
with an increase in the number and ECM-degrading capacity of
invadopodia in breast cancer cells via myosin II-dependent con-

tractility and tension.“® Forced expression of wtp53, not mutp53,
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in p53-null mouse fibroblasts results in a significant decrease in
fibronectin in the ECM, matrix fibrils, and the number and size
of focal contacts.”” This is consistent with the finding that wtp53
downregulates fibronectin expression in different cell lines;*®
however, the physiological significance and mechanism by which
p53 may regulate the ECM structure remain to be established.

Podosomes and invadopodia degrade ECM proteins using
mainly three members of the MMPs, MT1-MMP (MMP-14),
MMP-2, and MMP-9.9-! How these MMPs are recruited and
secreted by podosomes and invadopodia is not fully understood,
although recent studies have offered some answers. Using human
bronchial epithelial cells, Xiao et al. have shown that the atypi-
cal PKC{ regulates the recruitment of MMP-9 to phorbo-ester-
induced podosomes for its release and activation, perhaps via the
MEK/ERK and JNK pathways.”** Wiesner et al.”® have iden-
tified Rab5a, Rab8a, and Rabl4 of the RabGTPase family as
major regulators of MT1-MMP trafficking of primary human
macrophages. Most recently, Monteiro et al.’* showed that exo-
cytosis of MT1-MMP through late endosomes occurs at invado-
podia, requiring the WASP- and Scar-homolog protein, WASH,
and the exocyst complexes. In human umbilical vein endothelial
cells, p190 RhoGAP plays an important role in the regulation of
MMP2 activation, as well as cell-surface presentation of MT1-
MMP expression.”’

In a study to investigate the effects of key tumor suppressors
on cancer progression, Delassus et al. studied the effects of rais-
ing the cellular level of wtp53 on the mRNA expression of MMPs
in several invasive cancer cells.”® In PC-3 human prostate cancer
cells, raising wep53 level suppresses mRNA expression of MMP-2
and MT1I-MMP by about 60- and 20-folds, respectively, over
control cells. However, p53 has little effect on MMP-2 and MT1-
MMP expression in MDA-MB-231 human breast cancer cells,
but upregulates MMP-2 expression in human ovarian cancer
cells. These results offer insights into the complexity of the p53—
MMPs regulation in different cancer types, most likely involving
multiple signaling pathways, which may be upregulated in some
cancers and downregulated in others.

Focal adhesion and associated proteins

Communication between focal adhesions and the ECM via
integrin is important for cell survival, cell motility, and invasion.
Adhesion signaling is a key factor in invadopodia maturation,
resulting in the recruitment and exocytosis of MMPs and ECM
degradation.’

Integrins

Integrins are transmembrane adhesion proteins that belong
to a family comprising 18 a and eight B subunits, which form
24 distinct heterodimers.**® The B1 integrin subunit, which
constitutes the largest integrin subfamily, promotes metastasis in
a number of tumor models through poorly understood mecha-
nisms. It has been shown that a3B1 and a6l integrins local-
ize to the core of invadopodium in highly metastatic melanoma
cells.””-¢! More recently, Beaty et al. have shown that B1 integrin
is required in MDA-MB-231 breast cancer cells for invadopodia
maturation via its interaction with the tyrosine kinase Arg, which
phosphorylates cortactin at Y-421 and releases it from cofilin.
This leads to generation of cofilin-dependent actin barb ends and
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Table 1. Potential mediators of p53 regulation of invadosomes formation and cell invasion

Interactions with p53* Effects of nodes
Nodes with connections on invadosome
Protein sub-groups to both p53 and Transcriptional Non-transcriptional Effects of nod.es formation and/
invadosomes lation by p53 Ition by p53 on p53 expression . ]
regulation by p regualtion by p and/or activity or cell invasion
Fibronectin 1(48) | (47) NA 1 (42,45, 46)
ECM proteins and
MMPs MT1-MMP | (55) NA NA 1 (50, 53, 54)
MMP-2 | or 1 (55) NA NA 1 (49)
Integrin | (63,64) 1 by mutp53 (65,66) | 41,67) 1 (56,59-62)
Supervillin NA NA L (71) 1(70); | (69)
Focal adhesion and 1 (73, 74);
associated proteins FAK L7 NA 1 (78,79) | (75,76)
. ) 1 (89);
Calpain NA NA | (90-92) 1(85-87)
EGFR | (16) NA | (95) 1(5)
Growth factors and MET | (16,98) NA | (98) 16
receptors PDGF 1 (99) NA | (100, 101) 1(28)
TGF-B NA NA 1 (103) 1(102)
Src NA 1 (19, 20) 1 (19,20, 21) 1 (6,20,21,28)
PTEN 1(16) NA NA | (20, 34)
Signaling molecules
PKCe NA | (28) NA 1 (28)
STAT3 NA | (40) | (38,39) 1 (20)
1(107,109-111);
Cdc42 NA 1(113) NA 1(112)
1 (3,123,126); 1 by (110,118,119,
RhoA NA mutps3 (124) NA 122); | (120-122)
Rho GTPases and RhoC 1(108,125,128) 1(125) NA | (127)
regulators of actin B
polymerization Rac NA 1 (132,133) NA t (12(?’2123?’311?”’ !
RhoE (Rn3) 1 (134) 1(134) NA 1 (135)
Caldesmon 1(17,21,24) NA NA | (25,26)
Fascin NA | (28) NA 1 (30)
miRNAs miRNA-143/145 1 (28) 1(29) NA | (28)

Protein nodes are listed as functional sub-groups that have been shown to have connections to both p53 and invadosomes. They represent potential
mediators of p53-dependent downregulation of cell invasion via podosome and invadopodia formation in cancer and vascular smooth muscle cells.
*Listed here are references (in brackets) that have provided evidence for three different modes of interaction between protein nodes and p53: (1) proteins
as transcriptional targets of p53; (2) post-transcriptional protein expression and activity regulated by p53; and (3) effect of proteins on p53 expression and
stability, providing a potential feedback loop. NA, evidence not available to my knowledge; |, downregulation; 1, upregulation.

cortactin-N-WASP-Arp2/3-dependent actin branching in inva-
dopodia maturation and MMP secretion.®

Although there is no evidence that integrin is a transcription
target of p53, there are convincing data showing that p53 down-
regulates integrin signaling. For instance, pharmacological activa-
tion of p53 by Nutlin-3a inhibits the expression of integrin a5p1,
the fibronectin receptor that determines malignant properties of
colon carcinoma.® In contrast, inhibiting p53 function using the
chemical inhibitor, PFT-a, increases the expression of 31-integrin
and promotes cell migration in endothelial cells.* This is consis-
tent with the finding that mutp53 promotes cell motility and
invasion via enhanced Bl-integrin recycling,” and trafficking
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of integrin and EGFR that depend on the Rab-coupling protein
and inhibition of p63.° There are also data showing that integ-
rin suppresses p53 activity. For example, when highly expressed,
the a5 integrin subunit compromises temozolomide-induced p53
activity in human glioblastoma cells.” Similarly, integrin-av in
a collagen 3-D matrix suppresses p53 activity by upregulating
PKCa, facilitating p53 translocation from the nucleus to the
cytoplasm in melanoma cells.! In view of these findings, it is rea-
sonable to speculate that p53 suppresses invadopodia maturation
and ECM degradation by downregulating integrin, especially the
B1 subunit. Moreover, there appears to be a bilateral p53-integrin
negative feedback loop in cell migration and invasion regulation.
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Supervillin

Supervillin is a member of the villin/gelsolin family of actin—
cytoskeleton organizing proteins. It is a multi-domain protein
that interacts with F-actin, MLCK, activated myosin IIA, Tks5,
and cortactin.®® It has been shown recently that supervillin
decreases podosome lifetimes in primary macrophages involv-
ing myosin II-associated contractility.” Interestingly, supervil-
lin localizes preferentially to successor podosomes and promotes
their turnover, consistent with the observation that podosome
numbers are inversely correlated with supervillin protein lev-
els. However, in MDA-MB-231 breast cancer cells and in Src-
COS-7 cells, overexpression of supervillin induces the loss of
focal adhesion function and increases the number of invado-
podia and podosomes per cell.”” These data suggest that super-
villin has multiple or even opposite roles in the formation and
turnover of podosomes and invadopodia that are cell type- and
context-dependent, probably through its interaction with differ-
ent podosomal proteins such as Tks5, and cortactin at different
points of the lifecycle of podosomes.

It is not known whether p53 regulates supervillin expression
or function. However, supervillin isoform-1 and -4 suppress p53
expression to increase survival of U20S osteosarcoma and HeLa
cells.”t Whether supervillin also negatively affects p53 expres-
sion in cell invasion and invadosomes formation is not known
and requires further studies.

FAK

FAK is a non-receptor tyrosine kinase, originally identified as
a Src substrate that localizes to focal adhesions. FAK is critical
for normal cell motility, adhesion, and cell cycle progression,
and for tumor invasion and survival.”> Autophosphorylation of
FAK at Y397 causes its interaction with Src and the p83 subunit
of PI3K, targets it to focal adhesion, and promotes cell motil-
ity. Src phosphorylation at Y576 and Y577 fully activates FAK.
The activated Src/FAK complex mediates the phosphorylation
of many focal adhesion proteins, including p130Cas.

FAK is required for the assembly of podosome rosettes in
Src-transformed fibroblasts and carcinoma cells by suppressing
RhoA and ROCK activity and formation of vimentin interme-
diate filaments, and by promoting p130Cas phosphorylation.
However, it is dispensable for formation of individual dot
shaped podosomes.”” PYK2, another member of the FAK fam-
ily, is essential for podosome belt formation as well as for bone
resorption in osteoclasts.” FAK is present in invadopodia and
is essential for invadopodia activity in response to signals con-
veyed by ECM-rigidity via a myosin II-FAK-p130Cas pathway.*
Interestingly, FAK is not required for invadopodia formation in
some cell types. Thus, siRNA-knockdown of FAK has no effect
on invadopodia formation and ECM degradation, and overex-
pression of FAK actually suppresses invadopodia formation in
KM12C colon cancer cells.”” In breast cancer cells, FAK acts as a
negative regulator of invadopodia formation, while depletion of
FAK induces invadopodia formation.”

p53 has been shown to bind to the FAK promoter and inhibit
its transcriptional activity in vitro and in vivo in metastatic
breast and colon cancer cells.”” Recently, it has been shown
that FAK can be translocated to the nucleus where it promotes
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Mdm2-mediated p53 degradation through its N-terminal
FERM domain.”®” These recent results suggest that there exists
a mutual negative feedback loop involving FAK and p53.

Calpain

The calpain family of Ca?*-dependent thiol-proteases plays a
crucial role in the regulation of the dynamics of cell migration and
invasion.®® There is good in vitro evidence that calpain is involved
in the turnover of focal adhesions by fragmentation of its compo-
nents such as talin,*' FAK,® paxillin,*® vinculin, and B-integrin;®¢
and the degradation of cortactin in podosomes.® Calpain may also
play a role in cell invasion by promoting the turnover of podosomes
8¢ and osteoclasts.”” In myeloid cells, WASP pro-
motes calpain-dependent protein degradation during podosome

in dendritic cells

disassembly.®® In contrast, calpain-mediated fragmentation of the
Src antagonist, PTP1B, results in the activation of Src-induced
invadopodia formation in breast cancer cells.®” Thus, dependent
on the cell type, calpain appears to be able to promote the turnover
or formation of podosomes and invadopodia.

There are reports suggesting that calpain may play a role in
regulating p53 stability and protein expression, although there
is no evidence that calpain is a p53 transcription target. p53 has
been shown to be a calpain substrate in vitro,” and inhibition of
calpains by calpastatin, the physiological inhibitor, leads to an
increase in p53 expression in MCF7 human breast cancer cells.”!
More recent data have shown that semaphorin 3A-induced
growth cone collapse in hippocampal neurons may be medi-
ated by calpain degradation of p53, leading to the activation of
ROCK and actin cytoskeleton remodelling.”? Whether calpain
may play a role in p53-mediated regulation of cell invasion and
podosomes/invadopodia signaling is not known and requires
further studies.

Growth factor receptors

Growth factor receptors and integrin are key signal transduc-
ers relating outside-in signals crucial for invasion and forma-
tion of invadosomes. Activated by their cognate growth factors,
these receptors act on signaling nodes such as PI3K-AKT, Src,
RhoGTPases, PKC, and ERKs.’ Epidermal growth factor recep-
tor (EGFR), hepatocyte growth factor receptor (MET), and
transforming growth factor o (TGF-a) have been validated
experimentally as p53-regulated genes.'®

EGER is overexpressed in many human cancers, e.g. it is over-
expressed in more than 60% of human lung cancer,” and both
mutp53 and EGFR are overexpressed in advanced stage colorec-
tal cancer patients.”® In primary lung tumors, p53 suppresses
EGER indirectly by upregulation of desmocollin 3, a member of
the desmosomal cadherin family.”> The ANp63 isoform of p53
induces EGFR in pancreatic cancer.”

MET is overexpressed in p53-deficient tumor cells in mice
and Li-Fraumeni patients.” Recently, Hwang et al.”® showed
that wtp53 downregulates MET in ovarian epithelial cells either
indirectly by activating miR-34 or directly by suppressing MET
promoter activity.

PDGF, which is the most potent chemoattractant of vascular
smooth muscle cells, has been shown also to induce podosome
formation after prolonged activation of its receptor.”®* PDGFRf
expression is suppressed by p53 and p73 that bind directly to its
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promoter.”® Silber et al. have shown recently that the p53 tar-
get, miR-34a, is downregulated by PDGFRa in glioblastoma
and in reciprocal, PDGFRa is a negative target of miR-34a.!%
Interestingly, transactivation of monomeric PDGFRa sup-
presses p53 expression and induces prolonged activation of Akt
in fibroblasts.'!

TGF-B stimulates EMT leading to cell invasion and invado-
podia formation in cancer cells. This is mediated by Hic-5, a focal
adhesion protein, and RhoC.!*? Phosphorylation of p53 by MAPK
promotes its interaction with TGF-B-activated Smad2/3, forming
a complex that regulates some TGF[ target genes.!”® Ras-activated
mutp53 form a ternary complex with Smad and p63, thus inhibit
ing the normal protective function of p63.!*

RhoGTPases

The Rho family of small GTPases are key regulators of actin
cytoskeleton, cell cycle progression,'” and the formation of inva-
dosomes.!”!"” There are some 20 members of the Rho family,
which are subdivided into the classical subclass, including cdc42,
Rac, RhoA, and RhoC, and the atypical subclass of constitutively
active members such as the Rnd family (Rnd1,2,3 [RhoE]). p53
plays an important role in the regulation of expression and activi-
ties of a number of Rho members, hence cytoskeleton organiza-
tion and cell invasion.'%®

Cdc42

Of all the RhoGTPases, Cdc42 seems to be the major regulator
of podosomes and invadopodia biology in a variety of cell types.'”
In vascular endothelial cells, podosome formation is induced by
constitutively active cdc42 (V12Cdc42), but is not associated
with a migratory nor with a proliferative phenotype.'”'* In meta-
static cancer cells, cdc42 acting downstream of EGFR is required
for invadopodia formation by recruiting N-WASP to Arp2/3 at
the actin polymerization sites by the adaptor protein Nckl and
the WASP-interacting protein, WIP.""! In human macrophages,
cdc42 localizes to the core of podosomes; however, microinjection
of constitutively active cdc42, V12Cdc42, induces the disassem-
bly of podosomes."? These results suggest that an optimal level of
cdc42 activity is critical for the maintenance of steady-state podo-
some population and function in invasion.

While there is no evidence that cdc42 is a direct p53 transcrip-
tional target, overexpression of wtp53 or activation of endogenous
p53 in mouse embryonic fibroblasts suppresses cdc42-induced
filopodia formation and prevents cell polarization; in contrary,
p53-deficient cells form constitutive filopodia.'?® It is conceivable
that p53 may act by controlling PI3K-dependent formation of PIPs
that in turn regulate GEFs or GAPs of cdc42. While cdc42 is a
promising candidate in mediating p53 effects on podosomes/inva-
dopodia signaling, detailed mechanisms require further studies.

RhoA

RhoA expression is critical for cell migration, invasion, and
cancer metastasis,'”""“1"” but its role in the formation of podo-
somes and invadopodia is less clear. Active RhoA has been found
to be necessary for podosome formation in fibroblasts, osteoclasts,
and endothelial cells.""*"'®!" However, limiting RhoA activity pro-

120 and acti-

motes Src-induced podosome formation in fibroblasts,
vated RhoA can inhibit podosome formation by activating myosin

IT contractility and stress fiber stabilization.'”! Furthermore, either
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inhibition or excess RhoA activity blocks podosome formation in
macrophage-derived multinucleated cells.'** These data echo what
have been observed with cdc42, underscoring the importance of
activity level of these Rho members in podosome regulation.

There is a general consensus that loss of wtp53 leads to upreg-
ulation of RhoA activity and activation of its main effector, Rho
kinase (ROCK), in a number of cell types.? Thus, inhibition of
RhoA-ROCK activities by p53 may provide a mechanism by
which p53 downregulates podosome formation. In addition, by
suppressing RhoA and ROCK, p53 may also inhibit ROCK-
dependent amoeboid migration.!” This is consistent with the
report that mutp53, acquiring a gain-of-function, promotes
amoeboid migration by activating RhoA-ROCK."** How p53
regulates RhoA-ROCK is not clear, however. Their interaction
is most likely indirect, perhaps via RhoGEF and RhoGAD, since
transcription of RhoA is regulated by the Myc transcription fac-
tor, not p53.'” Alternatively, p53 acting via its transcription tar-
get, miR-31, can suppress RhoA expression.'?¢

RhoC

RhoC is a crucial regulator of tumor cell invasion and it is
highly upregulated at the mRNA level in invasive tumor cells.
Recent studies have shown that RhoC plays a critical role in inva-
dopodia formation.'” RhoC is activated by pl90RhoGEF in areas
surrounding invadopodia, leading to activation of ROCK and
LIM kinase, phosphorylation and inactivation of cofilin result-
ing in the inhibition of actin polymerization. In the core of the
invadopodium, RhoC is inhibited by pl90RhoGAD, resulting in
activation of cofilin and focused actin polymerization and protru-
sion.'”” Interestingly, RhoC and LIM kinase2 (LIMK2) are posi-
tive p53 transcriptional targets.!”®!#%128 It is tempting to speculate
that upregulation of RhoC, LIMKI and LIMK2 by p53 would
lead to cofilin phosphorylation, inhibition of actin polymeriza-
tion, and invadopodia formation.

Rac

Rac, one of the key regulators of actin cytoskeleton structures
and a downstream effector of PDGF, has been shown to be a pro-
moter of podosomes and invadopodia formation in a number of
cell types. Racl promotes Src-induced podosome formation in
aortic smooth muscle cells,'” and expression of the dominant
negative N17Racl inhibits VEGF-induced podosome forma-
tion in endothelial cells.’® Interestingly, microinjection of either
N17Racl or activated Racl leads to disassembly of podosomes in
macrophages.'*"?' Wheeler et al. showed that macrophages from
Rac2”" mice do not form podosomes; however, Racl, not Rac2, is
required for ECM invasion, suggesting a distinct role of Racl and

Rac2 in podosome formation and maturation.'!

Although Rac is not a transcription target of p53, Guo et al.'*
showed that deletion of p53 in MEF cells results in elevated activi-
ties of PI3K and Racl, without affecting their protein expression,
leading to a significant increase in cell migration.!® This finding
suggests that enhanced capacity of cell migration induced by loss
of p53 may be mediated by upregulation of the PI3K pathway that
acts upstream of Racl.

RhoFE (Rnd3)

The atypical RhoE (Rnd3) is constitutively active due to a very
low GTPase activity. It was identified as a positively regulated
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p53-target gene that inhibits ROCK-1-mediated apoptosis, thus
acting as an antagonist to p53 in cell survival signaling.’** Most
recently, Georgess et al. have shown that RhoE is required for
maintaining fast actin turnover in podosomes during osteoclasts
migration and bone resorption, and RhoE activates cofilin by
inhibiting its ROCK-mediated phosphorylation.’®> This is consis-
tent with findings that p53 upregulates Notchl leading to inhibi-
tion of ROCK1/2.%¢ Together, these data show that upregulation
of RhoE by p53 results in ROCK inhibition that may lead to either
cell survival or podosome formation in different cell context and
cell types. Interestingly, this would suggest that RhoE may func-
tion as an antagonist rather than a mediator of p53-suppression of
podosome formation.

In sum, there is good evidence suggesting that members of the
Rho family, especially cdc42, RhoA, RhoC, and Racl, could be
important mediators of p53 downregulation of podosome/inva-
dopodia formation. These data also reflect the complexity of Rho
members in podosomes and invadopodia signaling that involves
tightly regulated cross-talk among members, optimal expres-
sion and activity levels, and timely subcellular localization. p53
can potentially regulate Rho members by directly affecting their
transcription, e.g. RhoC and RhoE; by regulating transcription
of miRNAs such as miR-31, miR-21, and miR-138 that target
RhoA, RhoB, and RhoC, respectively;'®® or by controlling the
expression of GEFs and GADPs via the PI3K pathways.' Future
work is needed to determine how different Rho members act
on similar or different targets, and how they are coordinated to
mediate p53-associated suppression of cell invasion and podosome
formation.

Perspective and Conclusion

Exciting data have appeared in the literature in recent
years strongly suggesting that wtp53 and its mutants play cru-
cial roles in the regulation of invasion of cancer cells and vascu-
lar smooth muscle cells, implicating their involvement in cancer
metastasis and atherosclerosis. Many unresolved questions
remain to be addressed concerning the underlying mechanisms.
For example, how are p53-mediated regulation of cell cycle
progression, cell migration, and invasion coupled and coor-
dinated? Does p53 suppress cell invasion by inhibiting EMT,
podosomes, and invadopodia, and/or amoeboid type of inva-
sion? Do gain-of-function of p53 mutants promote cell invasion
via upregulation of podosomes and invadopodia formation? On
the technical side, it is important to ask how overexpression
or knockdown of p53 in cell models may affect cell survival/
death and cell invasion, and to address their cause-and-effect
relationship.
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