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Abstract 

Cell migration and invasion are essential physiological processes required for the 

growth and development of all multicellular organisms. However, they have also been 

implicated in the pathogenesis of certain vascular system diseases and invasive cancers. 

In this study, we investigate two proteins involved in cell proliferation and survival 

signaling, p53 and Stat3, which have been found misregulated in atherosclerosis and 

cancer, to establish what effect they have on the development of Src-induced invasive 

phenotypes in aortic vascular smooth muscle cells (VSMC) and NIH 3T3 fibroblasts.   

  In the first stage of this experiment, we investigated the tumor suppressor p53. 

Once believed to act primarily as a regulator of the cell cycle, DNA repair, senescence 

and apoptosis, current evidence suggests that p53 can also regulate cell migration and 

invasion. For our study, we stably transduced VSMC and NIH 3T3 fibroblasts with 

constitutively active Src (SrcY527F) to generate invasive cell lines with pronounced 

podosome and rosette formation. We established for the first time that p53 suppresses 

Src-induced podosome and rosette formation, extracellular matrix degradation, cell 

migration and invasion in these cells. We also present novel data showing that p53 

suppresses these invasive phenotypes, at least in part, by up-regulating the expression of 

caldesmon, an actin binding protein which stabilizes stress fibers and inhibits podosome 

and rosette formation.   

  In the second part of this study, we show that Stat3, a pro-survival and pro-

metastatic transcription factor, is required downstream of Src for the promotion of 

invasive phenotypes in VSMC and NIH 3T3 fibroblasts. Interestingly we have also 
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shown for the first time that Stat3 can localize to podosomes and rosettes in these cells. 

The exact physiological reasoning for this localization, however, remains to be 

determined.    

  This study provides strong evidence suggesting that mutual antagonism between 

the anti-invasive ‘p53-caldesmon’ and pro-invasive ‘Src-Stat3’ pathways dictates the 

outcome of Src-induced invasive phenotypes in VSMC and NIH 3T3 fibroblasts. 
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Chapter 1 

INTRODUCTION 

1.1 Cell Migration and Invasion 

Cell migration and invasion are vital processes required for physiological tasks, 

such as immune surveillance, tissue regeneration and repair, wound healing and 

angiogenesis (1,2). However, they have also been linked to the pathogenesis of vascular 

system diseases, such as atherosclerosis and restenosis (3,4) and also invasive and 

metastatic cancers (5-7). Understanding the essential mechanisms of cell migration and 

invasion is therefore critical to understanding the pathology of these profound and often 

fatal diseases.  

1.2 Migration and Invasion in Physiological and Pathological Conditions 

1.2.1 Angiogenesis 

Angiogenesis, the formation of new branches of blood vessels from pre-existing 

ones, is a well studied physiological process that is involved in growth and development 

during pregnancy as well as wound healing (5,8). Tissues require blood vessels to 

provide a steady supply of oxygen and nutrients and to aid in the removal of harmful 

waste products that can build up and become toxic.  Angiogenesis relies heavily on the 

invasive and migratory properties of endothelial cells. It is initiated by the secretion of 

growth factors with angiogenic properties such as vascular endothelial growth factor 

(VEGF), transforming growth factor-α (TGF-α), basic fibroblast growth factor (bFGF) 

and platelet derived growth factor (PDGF). These growth factors signal to endothelial 
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cells within the lumen of pre-existing blood vessels (9,10) which can then produce 

invasive structures such as podosomes and invadopodia and secrete matrix 

metalloproteinases (MMPs). This allows the cell to digest the basal lamina and migrate 

out into the interstitial space surrounding the vessel (11).  As division of these interstitial 

endothelial cells proceeds, the lumen of a new vessel is created, followed by the 

formation of a new basement membrane that encases it. This new vessel can now fuse 

with a pre-existing vessel allowing for the flow of blood (9,11).    

  Angiogenesis has also been found to be a critical step in the pathogenesis of 

cancer. Tumors, both primary and secondary, require blood vessels to continue to grow 

and develop (8,12). Without direct blood supply tumors generally can only reach 

diameters around 2mm (~ 10
6 
cells). By secreting growth factors with angiogenic 

properties, tumors can induce the formation of new blood vessels that invade the tumor 

and nourish it. The tumor can then receive the oxygen and nutrients it requires and 

remove waste, allowing it to continue to grow and develop (8). This proximity to nearby 

blood vessels also facilitates migration of cancerous cells into the bloodstream and 

subsequently metastasis to new areas of the body. Proteins that inhibit angiogenesis, such 

as endostatin and angiogenin, as well as antagonists of specific growth factor receptors 

are therefore being studied as potential therapeutic tools in the fight against cancer (13).  

1.2.2 Cancer metastasis 

Cancer is a profoundly complicated and very often fatal disease that is 

characterized by uncontrolled cell growth, replication and ultimately tumor formation. It 
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can sometimes include the spread of abnormal cells from their primary origins to other 

secondary areas of proliferation within the body, a process known as metastasis (12). All 

cancers seem to involve genetic abnormalities that effectively lead to the misregulation of 

cancer promoting oncogenes, such as the non-receptor tyrosine kinase Src and signal 

transducer and activator of transcription 3 (Stat3) (14-16), or tumor suppressors such as 

p53 (17-19). This leads to abnormal regulation of signals involved in cell proliferation, 

survival and migration. During carcinogenesis, cells acquire a propensity to rapidly 

proliferate that is self-sufficient and independent of external signals, while at the same 

time they also become increasingly insensitive to anti-growth and apoptotic signals (12).     

As mentioned previously, angiogenesis is required in order for a tumor to become 

larger and self-sustaining. Malignant or cancerous tumor cells can also change their 

attachment to surrounding cells (20) and degrade and remodel the extracellular matrix 

(ECM) (2), allowing them to break loose from the other tumor cells and their 

microenvironment. This allows them to enter the circulatory system, either through the 

bloodstream or the lymph system, to travel to other areas of the body and begin to 

proliferate (12). Other non-cancerous cells, such as macrophages, have also been shown 

to aid in the process of metastasis through the secretion of pro-invasive growth factors 

(21). The migratory and invasive phenotypes involved with metastatic cancer cells are 

believed to involve specialized invasive structures known as podosomes and invadopodia 

(5,6,22).  

1.2.3 Atherosclerosis 
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Atherosclerosis is a common form of cardiovascular disease which is 

characterized by a narrowing of the arteriole lumen due to the buildup of atherosclerotic 

plaque (23).  It is the most common cause of heart attacks and strokes and is responsible 

for approximately 75% of deaths related to cardiovascular disease each year. The buildup 

of plaque is caused by the progressive deposition of lipids, cells and ECM material on the 

inner layer of the arteriole wall, called the intima. This leads to chronic inflammation, 

which can act alone or in combination with a blood clot, to cause partial or complete 

blockage in the flow of blood through the arteries leading to cardiac arrest or stroke (24).  

  Atherosclerosis is actually an inadvertent consequence of the inflammatory 

response our body uses to protect against tissue damage and infection (24,25). Arterial 

inflammation caused by infection or tissue damage leads to the production of chemokines 

and leukocyte adhesion molecules and subsequent recruitment of T-cells and monocytes, 

which can eventually differentiate into macrophages. Macrophages can endocytose 

considerable amounts of cholesterol from lipoproteins such as low-density lipoprotein 

(LDL), which in some circumstances can accumulate on the intimal layer of the artery. 

These macrophages accumulate on the artery wall and form an early fatty streak (25). 

The disease progresses as macrophages continue to accumulate and the secretion of 

multiple growth factors and cytokines leads to the proliferation of invasive VSMC that 

migrate from the vessel media into the intima. VSMC secrete additional ECM and also 

internalize cholesterol further enlarging and hardening the growing plaque. As it 

continues to expand the lumen becomes increasingly narrow, often leading to ischemia.  
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Figure 1- 1. Two dimensional fibroblast-like migration model 

(A) The protrusive actin rich structures formed at the leading edge of migrating cells 

include among other things, filopodia and lamellipodia: lamellipodia being a broad 

protrusive branched F-actin network and filopodia being slender protrusions consisting of 

cross linked F-actin bundles. Stress fibers, which are anchored to the substratum through 

focal adhesions provide a means of contractile force which the cell requires in order to 

move. (B) A full cycle of fibroblast-like migration involves protrusion of the leading 

edge, adhesion with the substratum, acto-myosin mediated contraction of the cell body 

along stress fibers, followed by de-adhesion and retraction of the trailing edge.  
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Complete blockage of coronary arteries can lead to cardiac arrest while occlusion of 

arteries which bring blood to the brain can lead to stroke (23-25).   

1.3 The two-dimensional model of fibroblast-like cell migration.  

Fibroblast-like cell motility/migration in a 2-dimensional setting (Fig. 1-1) is a 

repetitive multistep process beginning with polarization of the cell and protrusion of the 

cell membrane in the direction of migration (Fig. 1-1 A). These protrusive leading edge 

structures include filopodia and lamellipodia which differ functionally, structurally, and 

morphologically though all are driven by dynamic changes in the actin cytoskeleton. 

These changes are often regulated by members of the RhoGTPase family such as RhoA, 

Rac1 and Cdc42 (16,26-30). Once migration has begun and a protrusion has been formed 

the leading edge can adhere to the ECM through the formation of focal adhesions (Fig. 1-

1 B). Contraction of the cell body along stress fibers and de-adhesion of the trailing edge 

are the final steps of a migration cycle and allow the cell to propel itself forward and 

initiate another cycle of migration (26,31,32). However, in three dimensional 

microenvironments, in order to migrate and invade into other tissues cells must either a) 

resort to amoeboid-like motility or b) digest, degrade and remodel the ECM which 

encompasses them. Amoeboid-like motility is a rounded bleb-associated form of 

migration, which allows cells to squeeze through small pores in the ECM, independently 

of proteolysis (33). Cells that cannot squeeze through these small gaps, however, must 

find alternative ways to migrate and invade to other areas of the body. In order to achieve 
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this, many cells form specialized invasive structures such as podosomes, invadopodia and 

rosettes (Fig. 1-2 B to D) (2,5,6).  

1.4 Cell migration and the actin cytoskeleton 

Cell migration and invasion are highly integrated and dynamic processes. They 

rely heavily on the actin cytoskeleton and actin associated proteins such as Arp2/3, N-

WASP, cortactin and caldesmon which help regulate the formation of newly polymerized 

actin rich structures within the cell (26,27,34). Some of the most important actin based 

structural components involved in migration and invasion include stress fibers, focal 

adhesions, filopodia, lamellipodia (Fig. 1-1 A), podosomes, invadopodia and rosettes 

(Fig. 1-2). When available, G-actin monomers can polymerize into F-actin filaments in 

either a branched or bundled form.  For example actin branching at the leading edge is 

involved in the formation of lamellipodia, dorsal ruffles, podosomes and invadopodia 

while actin bundling is required for the formation of filopodia as well as stress fibers 

(2,5,6,26-28,31,34-36).  

1.4.1 Podosomes, Invadopodia and Rosettes: Structure and Function 

  Podosomes and invadopodia (Fig. 1-2 B to D) are dynamic actin-rich ventral 

membrane protrusions that form adhesions with the substratum and act as sites of focal 

ECM degradation and remodeling (2,3,5,6,35-37). The formation of these two structures 

are regulated by many of the same protein signals, including those from Src family 

kinases (38-41), epidermal growth factor (EGF) (42), PAK1 (3) and certain RhoGTPase 

family members (43,44), and both have analogous general protein  
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Figure 1- 2. Focal adhesions, podosomes, invadopodia and rosettes 

(A) Stable crosslinked actin stress fibres (green) anchor the cell to the ECM/substratum 

through the formation of focal adhesions (orange) allowing the cell to generate the 

contractile force required for motility.  (B and C) Podosomes and invadopodia are 

adhesive structures that are also capable of focal degradation of the ECM. Both are 

comprised of a rich branched actin core (green) which is surrounded in some part by a 

ring of focal adhesion proteins (orange) such as vinculin, paxillin and talin. Invadopodia 

are described as having longer lifetime, a higher capacity to degrade the ECM and are 

more penetrative than podosomes. Typically podosomes appear under light microscopy 

as punctate dots but can amalgamate into higher order ring like structures called rosettes. 

(D) VSMC stimulated with PDBu and labeled with β-actin-GFP show the formation of 

podosome/invadopodia and rosettes. Inset shows the cross sectional view of a 

podosome/rosette. Scale bar represents 20µm. (Figure 1-2 A to C is a redrawn and 

modified version of Figure 2 from M. Gimona et al. 2005 EMBO reports - 

 Vol.6, No.10 – Page 924) 
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compositions. Both structures are comprised of a core of branched actin and several actin 

related proteins such as N-WASP (4), Arp2/3 (3), cortactin (45,46) and caldesmon 

(43,47). This branched actin column is surrounded by a ring of focal adhesion proteins 

such as vinculin, paxillin and talin, which interact with integrins and mediate attachment 

to surrounding cells or the ECM (3,48). Both podosomes and invadopodia are also 

associated with the secretion of ECM degrading MMPs (2,5,6,46,49). The inherent 

similarities between the structures and functions of podosomes and invadopodia and the 

existence of hybrid states between the two has lead to a lot of discussion as to what the 

appropriate nomenclature should be when defining these structures (2,48).   

One of the first proposed distinguishing factors had to do with the cell types each 

of these structures were found in. Podosomes were initially discovered in macrophages 

and osteoclasts, but have also been shown to form in endothelial cells, fibroblasts and 

VSMC when stimulated with certain growth factors, cytokines, kinases or the phorbol 

ester PDBu (50). Invadopodia, on the other hand, were initially discovered in v-Src 

transformed fibroblasts and are now thought to form primarily in invasive cancer cells 

(2,5,6,35,51).  Other key distinguishing factors include differences in lifetime, location, 

membrane extension, and the ability to degrade the ECM.  Invadopodia, on average, have 

lifetimes in the order of hours, while podosomes are thought to have lifetimes in the order 

of minutes. They are also believed to degrade a greater portion of ECM on average than 

podosomes, due to longer lifetimes and more prolonged secretion of MMPs. Furthermore, 

they are thought to protrude from the ventral surface of the cell and penetrate deep into 
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the degraded ECM, unlike podosomes which remain largely inside the cell 

(1,2,5,6,35,36,52).  

Transformation of VSMC and fibroblasts with active Src leads to the formation of 

podosomes and invadopodia with hybrid properties (1,2,4,51). These formations can also 

form higher order structures defined as rosettes. Rosettes are ring like adhesive and 

degradative structures that have been shown to resemble invadopodia in that they have an 

increased propensity to digest the ECM and exhibit longer lifetimes than podosomes (2).  

1.4.2 Caldesmon: an integral component of the actin cytoskeleton and an important 

regulator of podosome/rosette formation and cellular invasiveness  

As mentioned previously, caldesmon is a well known actin binding protein 

(47,53) that has been shown to stabilize stress fibers and inhibit Arp2/3 mediated 

branched actin polymerization as well as actomyosin ATPase contractile activity, thereby 

inhibiting cell motility (47,54,55). Furthermore, over expression of caldesmon has been 

shown to suppress podosome and rosette formation in VSMC and in certain cancer cells 

(47,56-58). The expression of caldesmon in some cancer cells, however, has been found 

to be down regulated and this has been shown to correlate with increased cancer cell 

migration, invasion and metastasis (57-62). A deeper understanding of how exactly 

caldesmon expression is regulated in both normal and cancer cells is therefore still 

required.  
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1.5 Oncogenes and Tumor Suppressors and their roles in disease, cell migration and 

invasion  

1.5.1 Src kinase stimulation leads to the induction of invasive phenotypes 

  Src, a proto-oncogenic non-receptor tyrosine kinase, is known to play a major role 

in regulating cell proliferation and differentiation. Its activation has also been shown to 

induce migratory and invasive phenotypes (Fig. 1-3) in a variety of cell types including 

VSMC and NIH 3T3 fibroblasts (4,43,51,63,64). Src leads to the activation of the 

RhoGTPase Cdc42, which initiates extensive dynamic cytoskeletal rearrangements that 

effect cell migration, invasion and ECM digestion (Fig. 1-3 B and C) (2,37,51,65). 

Growth factor, cytokine, and hormone signaling and the formation of cell adhesions have 

all been shown to lead to the downstream activation of Src (63,64). Once activated, Src 

phosphorylates a number of pro-motility substrates including kinases such as focal 

adhesion kinase (66), cell signaling proteins like Stat3 and Stat5B (14,15,67,68) or 

cytoskeletal proteins such as cortactin (37,45).  Src has also been shown to be an 

important regulator of proteins involved in the formation of podosomes, such as the actin 

related protein cortactin (40), as well as the large scaffolding protein Tks5/Fish (38,39). 

Tks5/Fish recruits AFAP-110, cortactin and p190RhoGAP, which are essential for 

podosome formation as well as localized down regulation of RhoA (69). Src has also 

been shown to act downstream of protein kinase C (PKC) and Cdc42 in the process of 

podosome formation in endothelial cells (70)   

 Misregulation of Src activity has been observed in a variety of cancers and is 

generally correlated with high mortality rates (71,72). In certain cancers, Src activity  
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Figure 1- 3. Src induces podosome, invadopodia and rosette formation and increased ECM 

digestion 

(A) Domain structure of Src kinase. In its inactive state Src is phosphorylated at residue 

Tyrosine527 and auto inhibits itself by binding to its SH2 domain, thereby concealing its 

kinase domain. Mutation of this residue to a phenylalanine allows for exposure of 

Tyrosine417 which can become phosphorylated leading to constitutive Src activation. 

This leads to phosphorylation of downstream targets involved in migration and invasion 

such as caldesmon, cortactin and certain members of the Stat family and eventually to the 

formation of podosomes and rosettes. (B to E) VSMC transfected with either empty 

control vector (B and D) or SrcY527F (C and E) are stained for the presence of actin 

(red) and caldesmon (green) or actin (red) and cortactin (green) respectively to visualize 

the formation of podosomes/rosettes. Inset images show x/z cross-sectional views of Src-

induced podosomes and are taken at the thin white line in the respective frame. Scale bar 

represents 20 µm. (F and G) VSMC stained for actin (green) are shown on a matrix of 

TRITC-fibronectin (red). Cells transfected with empty control vector (F) show no signs 

of digestion while those transfected with SrcY527F show extensive degradation of the 

ECM (black areas). Scale bar represents 20 µm. 
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has actually been shown to become upregulated as cancer cells begin to become 

metastatic (72). It is possible to transform cells such as fibroblasts (14) and VSMC (43) 

with the introduction of a constitutively active mutant form of Src, in which a regulatory 

tyrosine residue has been mutated to a phenylalanine (SrcY527F). Introduction of this 

mutation prevents binding between the regulatory domain and the Src homology 2 (SH2) 

domain and constitutively exposes the kinase domain of Src. Transient transfection or 

stable retroviral infection of VSMC and NIH 3T3 fibroblasts cells with SrcY527F 

induces migratory and invasive phenotypes, including the formation of podosomes and 

rosettes, as well as increased rates of migration, invasion and ECM degradation.  

  Though a fair amount of information exists regarding Src's ability to regulate 

these migratory/invasive phenotypes it is still unclear whether or not other major cancer 

players are involved in this pathway. Possible links may involve anti-metastatic tumor 

suppressors, such as p53 or certain members of the proto-oncogenic signal transducer and 

activator of transcription (Stat) family, which are activated by Src, and have been shown 

to effect cell cycle progression and migratory/invasive phenotypes in various cell types 

(14,15,41,44,73-77).  

1.5.2 The role of proto-oncogenic Stat3 in disease and migration  

Stat proteins regulate many aspects of cell growth, survival and differentiation 

and have also been more recently shown to effect motility, migration and invasion in 

some cases (15,78,79). They are a 7-member family of latent cytoplasmic transcription 

factors which require phosphorylation for activation and nuclear retention. The most  
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Figure 1- 4. The involvement of Stat3 in cell migration and invasion 

 (A) Stat3 is a multidomain transcription factor consisting of an N-terminal domain 

(NTD), a coiled-coil domain (CC), DNA binding domain (DBD), Src homology 2 

domain (SH2) and a transactivation domain (TA). Stat3 becomes activated via 

phosphorylation at residue Tyrosine705 (Y705) by either receptor or non-receptor 

tyrosine kinases such as JAK and Src respectively. (B) The effects of Stat3 on cell 

migration and invasion can be classified as being either cytoplasmic transcription 

independent or nuclear transcription dependent. Activated Stat3 monomers can form 

dimers and translocate to the nucleus where it has been shown to induce the transcription 

of invasion related proteins such as MMPs and RhoU. However it may also remain as an 

activated monomer and has been found in this form localized to focal adhesions in breast 

and ovarian cancer cells. Furthermore it can remain unphosphorylated in the cytoplasm 

and in this form has been shown to bind to stathmin a known destabilizer of microtubule 

formation. (Figure 1-4 B has been redrawn and modified from Figure 1 of Gao and 

Bromberg Sci. STKE 2006 – Vol.2006, No. 343 – Page 2)  
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common kinase which targets Stat proteins is Janus Kinase (JAK), a tyrosine kinase 

which is found constitutively associated to transmembrane cytokine and growth factor 

receptors. Often dysregulation of this pathway is observed in primary tumors and can 

lead to immunosuppression, enhanced tumor survival and increased rates of angiogenesis 

(15,78,80,81). Extracellular binding of ligands, such as growth factors or cytokines, 

induces activation of intracellular JAK resulting in its auto-phosphorylation and 

phosphorylation of specific tyrosine residues along the receptor. Unphosphorylated 

cytoplasmic Stat proteins are recruited to the receptor and bind to the phosphotyrosine 

(pY) residues via their SH2 domain.  Once bound to the receptor, Stat monomers are 

phosphorylated by kinases such as JAK at specific tyrosine residues which facilitates Stat 

dimerization, allowing the transcription factor to be translocated to the nucleus 

(15,80,81). In more recent studies it has been shown that Stat activation by non receptor 

tyrosine kinases such as c-Src or proto-oncogenic v-Src is also possible (14,79).  

  The constitutive activation of Stat proteins, in particular Stat3 and Stat5B, has 

been linked to many diverse human cancer cell lines and clinical tumors including breast, 

prostate, head and neck carcinomas and is generally correlated with poor prognosis 

(75,77,82-85). Interestingly, it has also been suggested in a recent study that the 

cholesterol lowering drug Pravastatin can prevent aortic atherosclerosis in ApoE 

knockout mice by attenuating interleukin-6 activity via Stat3 downregulation (86). 

Furthermore, it has been shown that Stat3 and Stat5B enhance v-Src mediated 

transformation of NIH 3T3 fibroblast cells and myeloid cells, respectively, promoting v-



 

18 

 

Src induced growth, cell cycle progression and cell motility (14-16,67). It is also 

interesting to note that phosphorylated Stat5B has been found localized to podosomes in 

Hck transformed fibroblasts (41). Though there are many similarities between these two 

proteins with regards to their effects on proliferation, survival, migration and invasion, 

for the sake of this study we focused specifically on Stat3. 

Stat3 has been found to play multiple roles (Fig. 1-4) in migrating cells and is 

involved through either cytoplasmic transcription independent functions or nuclear 

transcription dependent functions (15). Recently, Stat3 was shown to regulate the heat 

shock protein 27 (Hsp27) – fibroblast growth factor-2 (FGF-2) axis which facilitated 

thrombin induced VSMC motility and growth (87).  In ovarian cancer cells, active Stat3, 

phosphorylated at tyrosine residue 705, has been shown to transcriptionally activate the 

expression of MMP 1, 2 and 10 (15,88,89) which promote cell migration and invasion by 

contributing to the degradation and remodeling of the ECM. In a similar fashion, Stat3 

has been shown to induce the expression of RhoU, an atypical RhoGTPase, which is 

constitutively bound to GTP, in immortalized fibroblasts and HEK-293 cells. RhoU has 

been shown to stimulate the formation of filopodia, dissolve stress fibers and localize to 

focal adhesions and Src-induced podosomes, leading to an overall up regulation of cell 

migration (44).  Stat3 has also been shown to promote invasiveness through its role in 

epithelial-mesenchymal transition, a process in which cells detach from their neighbors 

and invade other tissues (20,90). Furthermore, tyrosine-phosphorylated Stat3 in certain 

ovarian and breast cancers has been found to localize to cytosolic pseudopodial 
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protrusions and focal adhesions in migrating cells. In focal adhesions, Stat3 interacts with 

phosphorylated paxillin and focal adhesion kinase (FAK) and requires paxillin and Src 

for its localization to these structures (77). Finally, Stat3 has also been found to interact 

directly with the microtubule and actin cytoskeleton by binding and inhibiting the 

microtubule destabilizing factor stathmin (91,92), and regulating Rac1 (93), respectively.  

1.5.3 The role of the tumor-suppressor p53 in disease and migration  

 p53, famously dubbed the "guardian of the genome" (94), is one of the most well 

established and potent tumor suppressors, having compromised function in approximately 

half of all human tumor cells (95-98). Originally discovered in 1979 (99-101), it has since 

been found to exert its tumor-suppressive force in the cell through the regulation of the 

cell cycle, DNA repair, apoptosis, senescence and through the inhibition of angiogenesis 

(102-107). Though much of the information regarding p53 has focused on its role in the 

pathogenesis of cancer it has also been shown to play a fundamental role in the 

development of atherosclerosis. Previous studies have shown activation of endogenous 

p53 is enhanced in atherosclerotic plaques, likely brought on by DNA damage. In this 

setting p53 was found to regulate growth, cell senescence and apoptosis of VSMC and 

was shown to suppress the development of atherosclerosis (108) 

 As shown in Figure 1-5, once activated by cellular stresses such as DNA damage 

or UV-radiation p53 can affect the transcription of several important regulatory proteins 

such as BAX, PUMA and p21, which affect the aforementioned processes (102). p53 is 

also  
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Figure 1- 5. The involvement of p53 in cell survival, migration and invasion 

Cellular stresses such as radiation or DNA damage can lead to the activation of the well 

established tumor suppressor and transcription factor, p53. Once activated p53 can then 

bind to the promoter and effect the expression of a number of target genes, including 

PUMA, BAX, p21 and MDM2 which have been shown to affect cell cycle arrest, DNA 

repair, senescence and apoptosis. Transcription of MDM2 also provides p53 with the 

ability to regulate itself as MDM2 targets p53 for degradation.  It is well established that 

p53 effects cell cycle arrest, senescence, apoptosis and DNA repair however recent 

studies also suggest that p53 may play a role in regulating cell migration and invasion in 

certain cases as well. 
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capable of regulating its own expression and activity, and is believed to do so by directly 

transcribing MDM2, an E3 ubiquitin ligase that targets p53 for degradation. Interestingly, 

this negative feedback relationship between p53 and MDM2 has been recently shown to 

be even more complex than previously believed, as an N-terminal region of MDM2 was 

found to directly bind p53, leading to upregulation of p53 mRNA translation. This 

protein-mRNA interaction effectively suppressed the ability of MDM2 to upregulate the 

ubiquitination and degradation of p53, further enhancing the p53 protein expression 

(109). Furthermore, an explosion of recent evidence has shown that p53 can affect the 

regulation of numerous microRNAs (miRNA). miRNA are single stranded RNA 

molecules which have been found to play an important role in the regulation of gene 

expression. miRNA are non-coding RNAs that are complimentary to specific mRNA 

targets and studies have shown that they can act as both positive and negative regulators 

of p53 expression (110).  

   Recent evidence suggests that in addition to its role in regulating the cell cycle and 

DNA repair, p53 may also be able to regulate cell migration and invasion. Studies have 

shown that p53 directly affects cell migration and invasion by regulating the RhoGTPases 

Cdc42 and RhoA which have been shown to effect filopodia formation and cell 

polarization respectively (111-113).  

 Interestingly, evidence suggests that p53 and Stat3 may be able to act in a mutually 

antagonistic fashion. In human prostate cancer cells expressing constitutively active 

Stat3, p53 has been shown to regulate Stat3 phosphorylation and DNA binding activity 
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(114). In contrast, in v-Src transformed 3T3 cells activated Stat3 has been shown to  

inhibit p53 expression by binding to its promoter and in certain human cancer cells, 

siRNA mediated knockdown of Stat3 leads to increased p53 expression (115).  As these 

two proteins are misregulated in a variety of pathological situations, including cancer and 

atherosclerosis, it will be interesting to see whether a balance exists that determines not 

only the fate of cell survival/death but also whether a given cell will become more motile 

and invasive.  

1.6 Specific Objectives and Hypotheses 

For this study, we used VSMC and NIH 3T3 fibroblasts stably transduced with a 

constitutively active mutant of Src (SrcY527F) as study models as they have been shown 

to be invasive and also produce numerous podosomes and rosettes. Our objective is to 

use this background for studying the effects of Stat3 and p53 on migratory and invasive 

phenotypes and to determine any downstream targets that may also be involved. We 

hypothesize that these two proteins will have opposing effects on Src-induced invasive 

phenotypes, with Stat3 promoting them and p53 suppressing them. We also hypothesize 

that a mutually antagonistic relationship between the pro-invasive ‘Src-Stat3’ pathway 

and anti-invasive p53 decides the final outcome of Src-induced invasive phenotypes in 

VSMC and NIH 3T3 cells.  

The specific objectives of this study are as follows: 

A) To establish the effect p53 and Stat3 have on Src-induced podosome/rosette 

formation, ECM digestion, cell migration and invasion.  
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B) To investigate the mechanism by which p53 and Stat3 regulate Src-induced 

invasive phenotypes in VSMC and NIH 3T3 fibroblasts.    

C) To determine whether or not p53 and Stat3 are mutually antagonistic in 

VSMC and NIH 3T3 cells stably transduced with SrcY527F and confirm that 

this affects the invasiveness of these cells. 
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Chapter 2 

MATERIALS & METHODS 

2.1 Plasmid constructs/Oligonucleotides/shRNAs 

Constitutively active Src (SrcY527F) as described earlier (40) was subcloned 

using BamHI-SalI from pBabe vector to pWZL-Hygro retroviral vector (116). Wild type 

murine p53 (wtp53) (117) was generated as previously described (43). The expression 

construct for wtStat3 (MRN1768-98078699) was acquired from Open Biosystems. 

Mutations were introduced to this cDNA construct using the Quikchange II XL site 

directed mutagenesis kit (Stratagene) and the following target (sense) sequence was used 

to generate a previously described (78) constitutively active mutant of Stat3 (ca-Stat3)   

Stat3A661C/N663C (5'- TGGGCTATAAGATCATGGACTGTACCTGCATCCTGGT 

ATCCCCACTGG-3'), whose activity does not require phosphorylation at tyrosine 

residue 705. 

  Any shRNAs used in this study were generated using the mir-30 based design 

method as previously described (118) and were designed to target both mouse and rat 

transcripts unless otherwise mentioned. A regulatable constitutive TMP vector system, 

under the control of the Tetracycline Transcriptional Activator plasmid, was used for 

cloning and expression purposes (43).  The following target (sense) sequences were used 

in the design of shRNAs for Stat3 and p53: shStat3-1 (5’GCAGGTATCTTGAGAAG 
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CCAA-3’), shStat3-2 (5’- GAGCTGCACCTGATCACCTTA-3’), shp53-1 (5’-GTC 

(A/T)GGGACAGCCAAGT CTGT-3’);  shp53-2 (5’-CG(T/C)GCCATGGCCATC 

TACAAG-3’).  Promoter-luciferase constructs for BAX, MDM2, p21 and PUMA a 

generous gift of M. Oren, Weizmann Institute of Science, Rehovot, Israel.  

2.2 Cell culture 

Primary smooth muscle cells (SMC) were isolated from the thoracic aorta of 

juvenile male Wistar rats by enzymatic digestion as previously described (119). SMC and 

immortalized mouse NIH 3T3 fibroblasts were cultured for no more than 10 passages in 

high glucose DMEM (Invitrogen, Burlington, ON) supplemented with 1% penicillin 

G/streptomycin sulphate (1% P/S) (Invitrogen, Burlington, ON) and 10% fetal bovine 

serum (FBS) (HyClone). They were grown and maintained in an incubator at 37
o
C and 

5% CO2 and were routinely cultured at sub confluent levels (~80-90%). Any subsequent 

post-transfection and post-infection selection on cell lines was performed using the 

following antibiotics: 100-200 µg/ml Hygromycin (Roche Applied Science, Laval, QC), 

1 mg/ml of Neomycin (Sigma-Aldrich, Oakville, ON) and 5 µg/ml of Puromycin (Fisher 

Scientific, Whitby, ON) wherever applicable. Doxycycline (Sigma-Aldrich, Oakville, 

ON) was used as a means of regulating transcriptional activation of the TMP vector via 

control over the Tetracycline Transcriptional Activator plasmid.   

2.3 Retroviral transductions and transient transfections 

For transient transfections, VSMC and NIH 3T3 control and SrcY527F cells were 

maintained in DMEM 10% FBS 1% P/S prior to being cultured. They were then plated 
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independently in 6 well dishes at a density of 5 × 10
4 
cells per well or in 24 well dishes 

on glass coverslips coated with 5 μg/mL human fibronectin (FN) at a density of 1 × 10
4
 

cells per well. After 24 hours of incubation at 37
o
C and 5% CO2 the cells were then 

transfected with the appropriate DNA in serum free DMEM for 4 hours using 

Lipofectamine plus reagent as recommended in the manufacturers protocol (Invitrogen). 

For 6 well dishes, cells were transfected with 0.5 μg of the DNA of interest (eg. wtStat3, 

ca-Stat3) and 0.5 μg pEGFP (BD Biosciences, Palo Alto CA) as a transfection marker. 

For 24 well dishes, cells were transfected with 0.2 μg of the DNA of interest and 0.2 μg 

pEGFP . Control cells in 6 and 24 well dishes were transfected with 0.5 μg and 0.2 μg of 

pEGFP, respectively. After an incubation period of 24-48 hrs at 37
o
C and 5% CO2 the 

cells in 24 well dishes were fixed, permeabilized and stained as described earlier. Those 

in 6 well dishes were cultured and treated with the appropriate antibiotics or 

inhibitors/activators for further experimentation.  

           Phoenix amphotropic retroviral packaging cells were plated in 100 mm tissue 

culture plates, grown in DMEM 10% FBS 1% P/S and incubated at 37
o
C and 5% CO2 

until they reached a confluency of ~60%. They were then subjected to CaPO4 transfection 

with 20 μg of the appropriate retroviral DNA construct and incubated for 20 hours. 10 

mM sodium butyrate was then added to the cells for a period of 12 hr after which a 

change to fresh media was made. 24 hours prior to infection VSMC or NIH 3T3 were 

plated in T-25 cell culture dishes at a density of 3.5 × 10
5
 cells per dish. Viral supernatant 

was harvested from Phoenix amphotropic cells 48 hours post-transfection and an 
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infection mixture was created containing 1 mL FBS, 2 mL DMEM 10% FBS 1% P/S, 7 

mL viral supernatant and 4 μg/mL polybrene. 5 ml of this infection mixture was added to 

the appropriate T-25 dish and this was repeated 3 times over the course of 18 hours. 24 

hours after the final infection was made to the VSMC or NIH 3T3 cells the media was 

replaced with fresh DMEM 10% FBS 1% P/S. Any subsequent selections were 

performed 20 hr later with the appropriate antibiotics. 

2.4 Antibodies, dyes and chemical inhibitors/activators 

The primary antibodies used in this study during immunofluorescence microscopy 

and western blotting were acquired from the following companies: Stat3 (9132), pY705-

Stat3 (9138S), p53 (2524 and 9282) and Phospho-Ser
15

-p53 (9284) were obtained from 

Cell Signaling. Stat3 (ab69513) was purchased from Abcam. GFP (AB3080), Src (05-

185) and GAPDH (MAB374), were acquired from Millipore.  MDM2 (M4308) and 

paxillin (P1093) were procured from Sigma-Aldrich. Finally, pY421-cortactin (pYCTN) 

(44-854G) was obtained from Biosource while caldesmon (610661) was purchased from 

BD Bioscience. The secondary antibodies used in this study were: Alexa Fluor 350-, 

Alexa Fluor 488- and Alexa Fluor 568-conjugated antibodies (Molecular Probes, Eugene, 

OR). In cases where actin was stained, Alexa Fluor 350-phalloidin (Invitrogen, 

Burlington, ON), fluorescein isothiocynate (FITC)-phalloidin (Sigma-Aldrich, Oakville, 

ON), or tetramethyl rhodamine isothiocynate (TRITC)-phalloidin (Sigma-Aldrich, 

Oakville, ON) were added along with the secondary antibodies. In cases where a nuclear 

stain was required DAPI (Invitrogen, Burlington, ON) was used along with the secondary 
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antibodies. Western blot analysis was performed using the primary antibodies cited above 

in combination with specific anti-mouse and anti-rabbit horseradish-peroxidase-

conjugated secondary antibodies (Millipore, Temecula, CA). These antibodies were 

applied in a 3% bovine serum albumin (BSA) in phosphate buffered saline (PBS) 

solution.   

            The following chemical inhibitors and activators were used in this study: Src-

inhibitor AG-1879 (PP2) (Calbiochem, San Diego, CA), p53-inhibitor Pifithrin-α (PFA) 

(Sigma-Aldrich, Oakville, ON) and doxorubicin, a genotoxic drug and p53 activator 

(Sigma-Aldrich, Oakville, ON). 

2.5 Immunofluorescence imaging 

1 x 10
4
 to 2 x 10

4
 cells in regular growth media, under the appropriate antibiotic 

selection, were seeded on 12-mm-diameter glass coverslips (Fisher Scientific, Whitby, 

ON) pre-treated for two hours with 5µg/ml human fibronectin (Roche Applied Science, 

Laval, QC) and incubated overnight at 37
o
C and 5% CO2. Any cells which had adhered 

to the coverslips were then fixed for five minutes in 1.6% paraformaldehyde, 

permeabilized for five minutes with 0.2% Triton-X100 and rinsed with PBS prior to 

immunofluorescent staining. Coverslips were then treated with mouse or rabbit primary 

antibodies for one hour in 3% bovine serum albumin in PBS to prevent any non-specific 

binding events. After rinsing with PBS again secondary antibodies and any other dyes 

used were introduced for one hour in order to complete the staining process. The stained 

coverslips were then rinsed with PBS and sterilized water and fixed to glass slides with 
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5µl mounting medium (Dako) for viewing. Epifluorescent images were acquired with a 

Zeiss AxiovertS100 microscope outfitted with a plan NeoFluar 40X/0.75-numerical-

aperature lens objective or 63X/1.40-numerical-aperature oil immersion lens objective, a 

high-performance charge-coupled device camera (SensiCam) and Slidebook software 

(Intelligent Imagining Innovations). Confocal images were captured using a Leica TCS-

SP2 RS scanning laser confocal microscope outfitted with a 63X/1.40 or 100X/1.40-

numerical-aperature oil immersion lens objective. Multiple Z-plane images were captured 

(0.5 µm per slice) for each image allowing for cross-sectional analyses wherever 

applicable. The images were processed and analyzed further using ImageJ image analyses 

software (NIH). Cells were considered to be forming podosomes if at least two actin-rich 

punctate structures 0.5µm or greater in width were present per cell. Cells were considered 

to be forming rosettes if at least one actin-rich congregation of podosomes were present 

per cell. For statistical analysis, at least 100 cells from three independent experiments 

were counted for each cell type. Standard deviations were then calculated and a two 

tailed student t-test was performed to determine if there was significance of p < 0.05 

between cell types. 

2.6 ECM Digestion assays 

Coverslips were layered with a thin coat of 2.5% (w/v) gelatin supplemented with 

2.5% (w/v) sucrose, air-dried and crosslinked using 1% gluteraldehyde before being 

stained for 2 hours with TRITC-labeled fibronectin. After washing with ethanol and PBS 

cells were seeded on these coverslips at a density of 10
4
 in normal growth media and 
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incubated at 37 °C and 5% CO2 for a period of 7 hours to allow for digestion. Subsequent 

processing, imaging and analysis of the coverslips was performed as previously 

described. A cell was classified as invasive if one or more digested cavities were formed 

in the TRITC-fibronectin labeled matrix along the migration path of that cell. The area of 

digestion was determined in pixels and converted to µm
2
 using Image Pro Plus 6 

software. A minimum of 30 cells from each of three independent experiments were 

assayed. Standard deviations were then calculated and a two tailed student t-test was 

performed to determine if there was significance of p < 0.05 between cell types. 

2.7 Scratch induced Wound-Healing and Random Motility assays 

NIH 3T3 and VSMC were seeded at a density of 2 x 10
4
 to 3 x 10

4
 in Delta-T 

dishes (Bioptechs) containing normal growth media and allowed to reach 100% 

confluence for wound healing assays and ~30-40% for the random motility assay. 

Normal growth media was then replaced with clear DMEM absent of phenol-red and 

supplemented with HEPES as well as 10% FBS (Hyclone), and allowed to equilibrate at 

37
o
C and 5% CO2. After 2 hours the dishes were connected to a Bioptechs ΔTC3 culture 

dish micro-observation temperature control system, allowing for the dishes to be kept at 

37
 o
C throughout the imaging process. At this time for the wound healing assays a 10µl 

pipette tip was used to scratch the confluent cell layer, generating a wound of uniform 

width across the dish. The dishes were then layered with heavy mineral oil (Sigma-

Aldrich, Oakville, ON) to prevent media evaporation and imaging commenced 

immediately.  We used a Zeiss AxiovertS100 microscope outfitted with a Plan-NeoFluar 
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5X/0.15 objective lens for imaging the wound healing assay and a 10X/0.30 objective 

lens for imaging the random motility assay. Images were taken once every 10 minutes 

over a period of 15 hours. A minimum of 20 cells from each of three independent 

experiments was tracked using ImageJ software (NIH) to determine the average speed of 

individual cells. A minimum of ten separate wound width measurements from each of 

three independent experiments were taken using Slidebook software to assay the speed of 

the closing wound front in the wound healing assay. Distances given in pixels were then 

converted to µm traveled and subsequently to velocities in µm/hour by dividing by the 15 

hour time period. Standard deviations were then calculated and a two tailed student t-test 

was performed to determine if there was significance of p < 0.05 between cell types.  

2.8 Boyden Chamber invasion assays 

Matrigel invasion assays (BD Bioscience, Palo Alto, CA) were performed as 

suggested by the manufacturer. In brief, 2.5x10
4
 cells were seeded in Matrigel (8 µm pore 

screen coated in Matrigel) and control (8µm pore screen without Matrigel) inserts 

containing 500 µl of serum-free DMEM. Inserts were then placed in wells containing 

500µl of FBS supplemented normal growth media and incubated for 22 hours at 37 °C 

and 5% CO2. Upon completion the inserts were gently wiped with a Q-tip to remove any 

loose or dead cells from the membrane surface and then fixed with 1.6% 

paraformaldehyde, treated with 0.2% Triton-X-100 washed with PBS and stained with 

DAPI and FITC-phalloidin. The membranes were then excised from the inserts and 

placed under 12 mm glass coverslips on glass slides in 20 µl of mounting media (Dako). 
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10 separate fields were counted from each of three independent experiments for both 

Matrigel and control inserts using a Zeiss AxiovertS100 microscope outfitted with a Plan-

NeoFluar 10X/0.30 objective lens. Percent invasion was calculated by dividing the 

number of cells that had invaded the Matrigel insert by the number of cells which had 

invaded the control insert and multiplying by 100. Standard deviations were then 

calculated and a two tailed student t-test was performed to determine if there was 

significance of p < 0.05 between cell types.  

2.9 Western blot analyses 

Total cell populations, which had undergone the appropriate antibiotic selection 

for approximately one week prior, were collected and pelleted for each condition, then 

lysed by boiling for 5min in 2X-SDS sample buffer (60mM TrisHCl. pH6.8, 10% 

glycerol, 2%SDS and 100mM DTT). 20-50µg of total cellular protein in solution was 

then loaded onto 10-15% SDS-PAGE gels, separated under electric current and 

subsequently transferred to PVDF immobilon membranes (Millipore, Temecula, CA) 

overnight.  Immunoblot analysis was performed using the primary antibodies cited above 

in combination with specific anti-mouse and anti-rabbit horseradish-peroxidase-

conjugated secondary antibodies (Millipore, Temecula, CA). Chemiluminescent signals 

were detected on film using an enhanced chemiluminescence reagent (Millipore/Perkin 

Elmer). Digital images of the exposed films were captured using a desktop scanner and 

densitometry was performed using Image Pro Plus 6 software. Levels of GAPDH were 
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monitored to ensure equal loading of the different samples and to control for errors 

associated with cell lysis. 

2.10 Semi-quantitative Reverse Transcription-PCR (RT-PCR) Assay  

Total cellular RNA was isolated from cells using the GeneElute
TM

 kit (Sigma) 

using the protocol suggested by the manufacturer. Using this RNA template, 

random/oligo-dT primers and the Revert Aid H Minus First Strand Synthesis Kit 

(Fermentas) a pool of first strand cDNA was synthesized. The following primers were 

used to PCR amplify mouse and rat BAX (120), MDM2 (43), PUMA (121) and GAPDH 

(122) as previously described. In order to verify equal loading of the different samples we 

measured the levels of the GAPDH mRNA as a control.  

2.11 Dual-Luciferase Assay 

  VSMC SrcY527F and NIH 3T3 SrcY527F cells stably transduced with shStat3-1 

and shStat3-2 were seeded in a 24 well dish at a density of 10
5
 cells per well and 

incubated for 24 hr at 37
o
C and 5% CO2. Using Lipofectamine plus reagent (Invitrogen) 

we transfected the cells with 250 ng of the firefly-luciferase reporter plasmid under the 

control of different p53 target gene promoters and 25 ng renilla-luciferase reporter 

plasmid under the control of the housekeeping β-globin gene promoter. 48 hr post 

transfection we performed the assay using a dual-luciferase assay kit (Promega, Madison, 

WI). Samples were read using SoftmaxPro software and an Lmax microplate 

luminometer 96-well plate (Sunnyvale, California). 
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Chapter 3 

RESULTS 

Acknowledgement of Contributions: 
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completed without the hard work of all of these individuals.    

 

3.1 Stable expression of a constitutively active mutant of Src induces 

podosome/rosette formation and suppresses endogenous p53 activity and function in 

VSMC and NIH 3T3 fibroblasts 

Our lab and others have previously shown that introduction of a constitutively 

active mutant of Src (SrcY527F) can induce invasive phenotypes in rat aortic VSMC and 

NIH 3T3 fibroblasts (40,123). In general these invasive phenotypes were characterized 

by increased podosome/rosette formation, ECM digestion, cell migration and invasion. In  
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Figure 3- 1. Stable expression of SrcY527F in SMC and NIH 3T3 fibroblasts induces 

podosome/rosette formation and downregulation of endogenous p53 expression and 

function 

SMC (A, C and E) and NIH 3T3 fibroblasts (B, D and F) stably expressing empty vector 

(control) (A and B) or SrcY527F (C to F) were cultured on fibronectin coated coverslips 

overnight and immunostained for pYCTN in conjunction with FITC-phalloidin actin 

staining (A to D) or p53 immunostaining (E and F) the following day. Insets (C and D) 

are x/z profiles which were taken at the thin white line drawn through the cell in each 

respective panel. Each z-axis is 4.6 m in depth. Cells with enhanced Src and reduced 

p53 expression are indicated with white arrows. Scale bars represent 20 m.  (G) Western 

blot analysis of cell lysates from SMC and NIH 3T3 cells stably expressing empty vector 

(control) or SrcY527F. The proteins probed for are as indicated. GAPDH was used as an 

equal loading control. (H) Semi-quantitative RT-PCR was performed using total cellular 

RNA which had been isolated from SMC lines stably expressing empty vector (control) 

or SrcY527F. The relative abundance of RNA transcripts of p53 target genes MDM2, 

BAX, and PUMA is shown. GAPDH was used as a loading and amplification control. 

Src inhibitor PP2 was used at a concentration of 4nM. (I) A promoter-luciferase activity 

assay was performed using SMC stably transduced with either empty vector (control) or 

SrcY527F expression constructs. Relative luciferase activities from different p53 

inducible promoters (as indicated) in SrcY527F expressing cells were plotted against the 

equivalent activities from control cells (set to 1). Error bars represent standard deviations 

calculated from three separate experiments. * indicates a P value of <0.05. (Figure 3-1 

has been modified from UK Muhkopadhyay, et al. Mol. Cell. Biol 2009 – Vol.29, No. 11 – 

Page 3090) 
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Figure 3-1. 
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order to study the effect of p53 on cell migration and invasion we first generated invasive 

cell lines by retrovirally transducing VSMC and NIH 3T3 cells with either empty control 

vector or SrcY527F expression constructs as previously described (40). Cells stably 

expressing the control vector were found to have prominent stress fibers and did not form 

podosomes/rosettes (Fig. 3-1 A and B). In contrast, nearly 100% of the cells which had 

been transduced with SrcY527F produced F-actin and pYCTN rich podosomes and 

approximately 20% formed at least one rosette (Fig. 3-1 C to F and Fig. 3-2).  

Next we examined whether stable expression of Src leads to the suppression of 

endogenous p53 expression in VSMC and NIH 3T3 cells.  As shown in Figure 3-1 E 

and F, stable expression of SrcY527F in VSMC and NIH 3T3 cells, as indicated by 

enhanced immunostaining of the Src activation marker pYCTN, correlates with increased 

podosome/rosette formation and reduced nuclear p53 staining. This finding is supported  

by Western blot analysis which shows that stable expression of SrcY527F leads to 

downregulation of the expression of p53 and the p53 inducible target protein MDM2, 

when compared to cells expressing empty control vector (Fig. 3-1 G). To determine 

whether p53 function was also suppressed by Src we first performed semi-quantitative 

RT-PCR using total RNA isolated from VSMC and found that the mRNA levels of p53 

target proteins MDM2, BAX and PUMA are reduced in SrcY527F transduced cells 

compared to control cells containing only empty control vector (Fig. 3-1 H). Treatment 

of VSMC-SrcY527F cells with the Src inhibitor PP2  was found to restore the mRNA 

levels of these p53 inducible genes, suggesting that Src-mediated suppression of p53 had 
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been alleviated. Src-mediated suppression of p53 function was further confirmed using a 

luciferase promoter activity assay. As shown in Figure 3-1 I, the relative luciferase 

activity for p53 inducible target genes MDM2, BAX and PUMA was significantly 

reduced in VSMC cells stably expressing SrcY527F compared to control cells.  

Taken together, this data definitively shows that constitutive activation of Src 

leads to the suppression of endogenous p53 expression and function. Furthermore, this 

data suggests that suppression of p53 may be required for Src-mediated induction of 

invasive phenotypes in VSMC and NIH 3T3 fibroblasts.   

3.2 p53 suppresses Src-induced podosome and rosette formation in VSMC and NIH 

3T3 fibroblasts. 

Next, we investigated whether gain or loss of p53 function affects the ability of 

SrcY527F-transduced VSMC and NIH 3T3 fibroblasts to produce podosomes/rosettes. 

For gain of function studies we either activated endogenous p53 with the genotoxic drug 

doxorubicin (124) or we over expressed exogenous wtp53 (Fig. 3-2 C to F). Over-

expression of exogenous wtp53 or activation of endogenous p53 in the cells caused some 

cells to exhibit intense nuclear p53 staining (~20% of cells in wtp53 condition and 

~100% of cells with doxorubicin treatment) and lead to the suppression of Src-induced 

podosome/rosette formation (Fig. 3-2 L and M).  

  Loss of function studies regarding p53 involved either stable shRNA mediated 

knockdown of p53 or inhibition of endogenous p53 with PFA (125), a chemical inhibitor 

that can bind p53 and interfere with its ability to bind DNA (Fig.  3-2 G to J). Loss of  



 

39 

 

 

 

 

 

 

Figure 3- 2. p53 is a potent suppressor of Src-induced podosome and rosettes 

 (A-J) Stable SrcY527F expressing SMC and NIH 3T3 were treated as indicated and 

stained accordingly. (K) Western blot analysis was performed on SMC and NIH 3T3 cell 

lines that were retrovirally transduced with either empty vector (control) or one of two 

shRNAs which were designed to target both rat/mouse p53. (L) For SMC we examined 

both the percentage of cells forming at least one rosette and the percentage of cells 

forming greater than 50 individual podosomes. (M) In a similar fashion we examined 

NIH 3T3 fibroblasts however we lowered the criteria for individual podosomes to 10 or 

more. For each cell type no less than 100 cells from three individual experiments were 

counted. Scale bars represent 20 µm. Error bars represent standard deviation from the 

three individual experiments. * indicates a p value < 0.05 compared to SrcY527F control 

cells. (Figure 3-2 has been modified from UK Mukhopadhyay, et al. Mol. Cell. Biol 2009  

– Vol.29, No. 11 – Page 3092) 
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Figure 3-2. 
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p53 function, by shRNA-mediated knockdown or inhibition by PFA, lead to a significant 

increase in podosome/rosette formation (Fig. 3-2 L and M) and a concomitant decrease 

in actin stress fiber formation. As shown in Figure 3-2 K, stable expression of either of 

two different shRNAs targeted to p53 did in fact cause a significant knockdown of p53 

expression in both cell types with shp53-1 being slightly more effective. GAPDH was 

used in this experiment as a loading control.   

  Combined, these results suggest that p53 acts as a potent antagonist towards Src-

induced podosome/rosette formation in both SMC and NIH 3T3 cells.  

3.3 p53 suppresses Src-induced ECM degradation, cell invasion, and cell migration 

Since Src-induced podosome/rosette formation has previously been shown to 

correlate with increased digestion and remodeling of the ECM (126) we decided to 

investigate whether p53 could also suppress Src-induced ECM degradation, cell 

migration and invasion. As shown in Figure 3-3 C to F, in both cell types, ectopic 

overexpression of wtp53 or activation of endogenous p53 with doxorubicin resulted in a 

significant reduction in Src-induced ECM digestion in vitro. In contrast, knocking down 

p53 expression with shRNA or inhibiting p53 function with PFA lead to a considerable 

increase in digestion area (Fig. 3-3 G to J).  

  p53 is now linked to the suppression of podosome/rosette formation (Fig. 3-2) 

and ECM digestion (Fig. 3-3 A to L). Next, we performed a Matrigel invasion assay to 

examine whether or not p53 could also suppress Src-induced cell invasion in vitro. This 

experiment showed that over-expression of wtp53 had a suppressive effect on cell  
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Figure 3- 3. p53 suppresses Src-induced ECM digestion, Matrigel invasion and cell 

migration in vitro 

(A-J) SMC and NIH 3T3 cells stably expressing SrcY527F were treated as indicated. 

Cells were seeded on gelatin-coated coverslips labeled with TRITC-fibronectin and 

incubated for 20 hours prior to imaging. Scale bars represent 20 µm. (K-L) To quantify 

the levels of digestion 30 cells for each cell type were measured for the area of digestion 

in µm
2
 in the migration path of the cell after 7 hours.  (M) SMC or NIH 3T3, expressing 

the appropriate constructs as labeled, underwent a Matrigel invasion assay to determine 

their ability to invade in vitro. Percent invasion was calculated by dividing the number of 

cells which had invaded into the Matrigel inserts by the number of cells that had migrated 

through the control insert. At least ten individual fields of cells were counted in 3 

separate experiments (N) A scratch induced wound healing assay was performed on SMC 

or NIH 3T3, stably transduced with expression constructs as labeled.  15 hour time lapse 

videos of SMC and NIH-3T3 cells, were analyzed to determine the average migration 

speed of the wound front in µm/hour. No less than 10 wound measurements were made 

both at the start and at the end of the videos. Error bars represent standard deviations 

from three separate experiments. * indicates a p value < 0.05 compared to vector control 

cells while * indicates a p value < 0.05 compared to SrcY527F cells. (Figure 3-3 has 

been modified from UK Mukhopadhyay, et al. Mol. Cell. Biol 2009 publication – Vol.29, 

No. 11 – Page 3093) 
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Figure 3-3. 
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invasion in vitro while shRNA-mediated knockdown of p53 lead to a significant increase 

in the percentage of cells that invaded the Matrigel substrate compared to the control 

(Fig. 3-3 M).   

 Finally we examined the effect of p53 on cell migration rates in VSMC and NIH 

3T3 fibroblasts using a scratch induced wound-healing assay. Using the wound front as a 

guide we determined that stable expression of wtp53 in SrcY527F transduced cells 

caused a significant reduction in the rate of wound closure. Stable expression of shp53 

however had the opposite effect as it lead to increased migration rates in both cell types 

(Fig. 3-3 N).  

3.4 Suppression of Src-induced invasive phenotypes in VSMC and NIH 3T3 cells 

involves p53-mediated induction of caldesmon expression 

Once we had established that p53 did indeed suppress invasive Src-phenotypes in 

these cells, we decided to investigate how exactly it might be doing this. Previous studies 

have shown that the RhoGTPases Cdc42 and RhoA can act downstream of p53 in 

promoting cytoskeletal rearrangements and migration (112,113,127,128). However, these 

p53-RhoGTPase pathways were not linked in any way to podosome/rosette formation 

and increased cellular invasiveness. We decided to focus on the possibility that p53 may 

regulate remodeling of the actin cytoskeleton in VSMC and NIH 3T3 fibroblasts by 

regulating the expression of caldesmon, a ubiquitous actin and calmodulin binding 

protein which has been previously shown by our lab and others to inhibit 

podosome/rosette formation and to stabilize actin stress fibers (47,58). In this manner, we  
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Figure 3- 4. p53 induces caldesmon expression in SMC and NIH 3T3 fibroblasts 

 (A) SMC and NIH 3T3 fibroblasts were stably transduced with empty vector (control) or 

shp53-1 and subjected to Western blot analysis. p53 protein levels were found to directly 

correlate with caldesmon levels in these cells. GAPDH was used as a control to ensure 

equal loading of cell lysates. (B) Activation of endogenous p53 by doxorubicin leads to 

the induction of caldesmon expression in a dose and duration dependent manner. SMC 

cells were treated with either a fixed dose of doxorubicin (500 ng/ ml) for different 

durations or with different doses of doxorubicin as indicated. 20mM PFA, a p53 

inhibitor, was added after 16 hours of 500ng/ml doxorubicin treatment to determine 

whether p53-induced caldesmon expression could be suppressed. Western blot analysis 

was subsequently used to investigate the cellular protein levels of caldesmon, p53, Ser
15

-

p53 and p53-inducible MDM2. GAPDH protein level was used as loading control. (C-F) 

Overexpression of wtp53 or activation of endogenous p53 with doxorubicin in SMC and 

NIH 3T3 fibroblasts stably transduced with SrcY527F inhibits podosome/rosette 

formation and enhances caldesmon associated stress fiber staining. Cells with enhanced 

p53 staining are indicated with arrowheads (white).  (G) Western blot analysis using cell 

lysates from SMC and NIH 3T3 cells treated as indicated. The levels of caldesmon were 

probed for and GAPDH was used as an equal loading control. (H) Semi-quantitative RT-

PCR analysis was performed using total RNA isolated from SMC and NIH 3T3 cells 

treated as indicated. The relative levels of caldesmon were investigated and GAPDH was 

used as an equal loading and amplification control. (Figure 3-4 has been modified from 

UK Muhkopadhyay, et al. Mol. Cell. Biol 2009 - Vol.29, No. 11 – Page 3094 & 3095) 
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Figure 3-4. 
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chose to stably express shp53 in VSMC and NIH 3T3 fibroblasts and found that 

successful shRNA mediated knockdown of p53 expression was associated with a 

reduction in caldesmon expression (Fig. 3-4 A). GAPDH was used in these experiments 

to ensure equal loading of cell lysates. Next we activated endogenous p53 in VSMC with 

doxorubicin to see what effect this might have on caldesmon expression (Fig. 3-4 B). We 

found that in a dose and duration dependent manner activation of p53 lead to increased 

phospho-Ser
15

-p53 and MDM2 protein levels and a concomitant increase in caldesmon 

levels. To ensure this effect was due solely to the activation of p53 we treated the cells 

with 20mM PFA after 16 hours of 500ng/ml doxorubicin and found that this significantly 

abrogated the doxorubicin-mediated increase in p53, MDM2 and caldesmon expression.   

  Immunofluorescent imaging of cells either over-expressing wtp53 or treated with 

doxorubicin in a SrcY527F background are shown in Figure 3-4 C to F. Over-expression 

of wtp53 (Fig. 3-4 C to D) resulted in enhanced p53 nuclear staining, increased stress 

fiber formation and a concomitant decrease in podosome/rosette formation. This effect 

was similar but more prominent in SrcY527F cells treated with doxorubicin alone (Fig. 

3-4 E to F).  

  To further elucidate the relationship between p53 and caldesmon we studied how 

stable expression of SrcY527F and overexpression of wtp53 effected caldesmon 

expression. First, we confirmed that SrcY527F suppressed caldesmon expression in 

VSMC and NIH 3T3 cells as previously reported (58,61) (Fig. 3-4 G to H). When we 

introduced wtp53 into these cells however caldesmon protein and mRNA levels were 
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drastically enhanced (Fig. 3-4 G to H). Though our evidence shows caldesmon 

expression directly correlates with p53 transcriptional activity further experimentation 

must take place to determine whether or not caldesmon is actually a direct transcriptional 

target of p53.  

  Taken together these results suggest that p53 promotes stress fiber stability (Fig. 

3-4), suppresses podosome/rosette formation (Fig. 3-2) and attenuates cell 

migration/invasion (Fig. 3-3) likely by up-regulating the expression of caldesmon.  

3.5 Stat3 promotes Src-induced podosome and rosette formation in VSMC and NIH 

3T3 fibroblasts. 

In order for Src to induce invasive phenotypes it must suppress p53 and the anti-

invasive ‘p53-caldesmon’ pathway. There are two ways in which it can do this; it may 

inhibit p53 directly using its kinase activity or it may activate an intermediate pathway 

that can suppress the expression or function of p53. In the latter fashion, evidence has 

shown that Src can suppress p53 by activating Stat3, which has been previously shown to 

bind to the p53 promoter thereby down regulating its expression in v-Src 3T3 fibroblasts 

(115). Numerous studies have also pointed to Stat3 as a regulator of cell migration and 

invasion (73-76,82,87,88,129) leading us to speculate that Stat3 may play a role in 

regulating Src-induced invasive phenotypes in VSMC and NIH 3T3 fibroblasts. 

Primary rat aortic SMC and NIH 3T3 fibroblasts, which do not typically form 

podosomes/rosettes without the appropriate stimulation were stably infected with a 

SrcY527F expression construct. The stable addition of SrcY527F in these cells leads to  
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Figure 3- 5. Stat3 is a promoter of SrcY527F-induced podosome and rosette formation in 

SMC and NIH 3T3 fibroblasts 

 (A) SMC and NIH 3T3 fibroblasts stably expressing SrcY527F have elevated levels 

of active Stat3 (pY705-Stat3) but not total Stat3 as determined by Western blot analysis. 

GAPDH was used to ensure equal loading of all cell lysates. (B) SMC- and NIH 3T3-

SrcY527F cells were retrovirally transduced with one of two shStat3 constructs designed 

to target both rat and mouse species. shRNA mediated knockdown of Stat3 lead to a 

moderate down-regulation of Stat3 protein levels in both cell types. GAPDH was again 

used as a loading control. (C-L) SrcY527F cells were treated as indicated and all 

constructs were co-expressed with GFP as an infection marker. Subsequently these cells 

were stained for either Stat3 (C, D, G, H, I, J, K, L) or GFP (E, F) in combination with 

TRITC- or FITC-phalloidin actin staining. Retroviral infection of stable SrcY527F cells 

with shStat3 is indicated by GFP expression or a reduction in the level of Stat3 staining 

(E-H). This also correlated with a decrease in podosome and rosette formation in both 

cell types (M, N). Overexpression of Stat3 in SrcY527F cells using wtStat3 or ca-Stat3 

constructs is marked by increased total and nuclear Stat3 staining (I-L), and an increase 

in the number of podosomes and rosettes formed per cell (M, N). Scale bars represent 20 

μm. No less than 100 individual cells from three separate experiments were analyzed for 

each cell type to determine the percentage of cells bearing at least one rosette and a pre-

established minimum high-density limit of podosomes (>50 podosomes for SMC and >10 

podosomes for 3T3).  Error bars represent standard deviation from three separate 

experiments. * indicates a p value < 0.05 compared to SrcY527F control cells.  
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Figure 3-5. 
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increased levels of active phosphorylated Stat3 (pY705-Stat3) as seen in Figure 3-5 A. 

Introduction of SrcY527F also induced extensive podosome/rosette formation, enhanced 

nuclear Stat3 staining and lead to a notable decrease in stress fiber formation in these 

cells (Fig. 3-5 C and D).  

      To determine whether Stat3 is required for Src-induced podosome and rosette 

formation we first transduced SMC- and NIH 3T3-SrcY527F cells with two different 

shRNAs (shStat3-1 and shStat3-2) targeting mouse/rat Stat3. Subsequent Western blot 

analyses revealed a moderate knockdown of Stat3 proteins in both cell types as shown 

Figure 3-5 B. Though moderate, this knockdown was enough to cause a significant 

reduction in the ability of these cells to form podosomes and rosettes (Fig. 3-5 E to H). 

This is explained by the fact that the population of Stat3 knockdown cells is a 

heterogeneous mixture in which cells exhibit various levels of Stat3 knockdown and high 

levels of Stat3 knockdown commonly induced cell death. During Western blotting, the 

total population of cells was considered, meaning we investigated the effect of Stat3 

knockdown on the population as a whole. In immunofluorescence studies, however, we 

were able to select cells for analysis which were exhibiting extensive, but not lethal, 

levels of Stat3. From here, we moved on to investigate the effect that Stat3 over 

expression had on podosome/rosette formation in these cells by introducing either 

wtStat3 or ca-Stat3 and found that both caused modest yet significant increases in 

podosome/rosette formation (Fig. 3-5 I to L). Finally, we looked at whether over 

expression of Stat3 could induce the formation of these invasive structures in the absence 
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of constitutively active Src. We stably expressed these constructs in SMC and NIH 3T3 

fibroblasts lacking SrcY527F and found that these cells were unable to form podosomes 

and rosettes (data not shown).  

3.6 Stat3 and pY705-Stat3 are found localized to podosomes/rosettes in SMC and 

3T3 Src cells 

Surprisingly, during the course of our investigation into the effect of Stat3 

knockdown and over expression on Src-induced podosome/rosette formation we found 

that Stat3 colocalized with actin at these structures (Fig. 3-6 A to H). In order to 

substantiate that this result was not due to bleed through from intense actin staining we 

excited each fluorophore separately in its own channel. To confirm that these were indeed 

podosomes/rosettes we took x/z cross-sectional image slices (compiled into insets) and 

also looked at other well-known markers of these invasive structures including Src, 

pYCTN and paxillin (Fig. 3-6 B to D and F to H). To ensure that this localization was 

not due to non-specific binding of our primary antibody we used both mouse and rabbit 

pan-Stat3 primary antibodies. Finally we wanted to establish if the Stat3 found at 

podosomes/rosettes was the active form or not. Using a primary antibody specific to 

pY705-Stat3 we verified that active Stat3 is indeed found at sites of podosome/rosette 

formation (Fig. 3-6 A and E). In a similar fashion, pYStat5 has been found localized to 

podosomes in Hck transformed fibroblasts (41). Combined this evidence seems to 

support the idea that Stat3 translocates to Src-induced podosomes/rosettes however the  

exact physiological reasoning for this remains unclear. 
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Figure 3- 6. Stat3 and pYStat3 colocalize to podosomes and rosettes along with actin and 

several podosome marker proteins in SMC and NIH 3T3 cells. 

 (A-H) Stable SrcY527F expressing SMC and NIH 3T3 cells were stained for actin and 

Stat3 and one other protein of interest. Immunofluorescence revealed that Stat3 

colocalized to podosomes/rosettes along with 350-Phalloidin stained F-actin. Two species 

of Stat3 antibody, rabbit (A-C, E-G) and mouse (D, H), were used to ensure that 

localization was not due to non-specific binding of the primary antibody. To confirm that 

these structures were indeed podosomes/rosettes we also immuno-stained for other well-

known markers of their formation such as pY421-Cortactin (D, H), Src (B, F) and 

paxillin (C, G). To determine what form of Stat3 was localizing at podosomes/rosettes we 

also stained for pY705-Stat3 (A, E) and found that it to localized to these structures. 

Insets (A-H) showing x/z cross-sectional profiles were taken at the indicated locations 

(thin white lines) in the associated panels. Each z-axis is 5.0 µm in depth. Scale bars 

represent 20 µm. 
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Figure 3-6. 
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3.7 Stat3 promotes Src-induced ECM digestion, invasion and migration in vitro 

Now that we knew that Stat3 promoted the formation of Src-induced 

podosomes/rosettes we decided to look at what effect Stat3 knockdown had on two other 

important characteristics of invasive cells; the ability to digest the ECM and the 

propensity to invade. SMC- and NIH 3T3-SrcY527F cells have been previously shown to 

digest the ECM (Fig. 3-3 A and B) and be highly invasive (Fig. 3-3 M) in two separate 

in vitro assays. Since Stat3 seems to effect podosome/rosette formation and is also a well 

known up regulator of MMP 1, 2 and 10 (15,88,89) it is not surprising that digestion of 

TRITC-fibronectin labeled gelatin was significantly reduced in both cell types when 

Stat3 was knocked down (Fig. 3-7 A to I). Cells that are GFP positive, stably express 

shStat3, which correlated with reduced levels of Stat3 and reduced digestion of the ECM 

in vitro. We then performed a Matrigel invasion assay and found that knockdown of Stat3 

also leads to a significant reduction in Src-induced invasion in vitro (Fig. 3-7 J).    

  Next we studied the effect that Stat3 knockdown had on cell migration. We first 

performed scratch induced wound healing assays on SMC and NIH 3T3 stably expressing 

SrcY527F and shStat3 (Fig. 3-7 K). Knockdown of Stat3 in these cells lead to a 

significant decrease in the rate of individual cell migration (data not shown) as well as the 

rate of wound closure. As it has been shown that the cell-to-cell contacts can influence 

total Stat3 levels in NIH 3T3 fibroblasts (130), we performed a random motility assay to 

ensure that the effect of Stat3 knockdown on migration rate was reproducible in sub- 

confluent cells (Fig. 3-7 L). In this assay knockdown of Stat3 caused a similar reduction 

in the migration rate. SMC were much less dynamic and mobile in this assay than their  
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Figure 3- 7. shRNA mediated knockdown of Stat3 in SMC and NIH 3T3 fibroblasts 

suppresses Src-induced ECM digestion, matrigel invasion and cell migration in vitro 

 (A-H) SMC and NIH 3T3 stably expressing SrcY527F were retrovirally transduced with 

empty vector control or shStat3. These two populations of cells were then mixed in a one 

to one ratio. Cells that had been infected with either shStat3-1 (A-D) or shStat3-2 (E-H) 

also expressed GFP (A, B, E, F) as a marker of infection and this was found to correlate 

with reduced levels of Stat3. This mixture was later seeded on gelatin-coated coverslips 

layered with TRITC-fibronectin and incubated for 7 hours. Scale bars represent 20 µm. 

To determine the area of average ECM digestion for individual cells a minimum of 30 

GFP positive cells from each of three separate experiments were analyzed. Images were 

taken of digestion areas (black spots) along the migration path of a given cell and were 

converted from pixels to area measurements (µm
2
) using Slidebook Pro software. Stat3-

knockdown as indicated by GFP expression (A, B, E, F) or reduced Stat3 staining (C, D, 

G, H) was correlated with decreased ECM digestion in both cell types (I). (J) Knockdown 

of Stat3 in SrcY527F cells leads to reduced matrigel invasion in both cell types. To 

determine the percent invasion the number of cells that had invaded the matrigel insert 

was divided by the number of cells that had migrated through the membrane of the 

control insert. (K) Using these same cells a scratch induced wound healing assay was 

performed on a confluent layer of cells to determine the rate of wound closure and 

therefore directional migration. 15 hour time lapse videos were taken and analyzed. A 

minimum of 10 measurements from the wound were taken at the beginning and the end 

of the video and this was repeated three times for each cell type. (L) Using NIH 3T3 cells 

we then performed a 15 hour random motility assay to look at the effect of Stat3 

knockdown on Src-induced migration in sub-confluent cell populations. 20 individual 

cells were counted per video and this was repeated a minimum of 3 times for each cell 

type. In both cases, Src-induced migration was suppressed in cells expressing shStat3. 

Error bars represent standard deviations from three separate experiments. * indicates a p 

value < 0.05 relative to SrcY527F control cells. 
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Figure 3-7. 
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NIH 3T3 counterparts preventing us from drawing any real conclusions about the effect 

of Stat3 knockdown and the role of confluence in this case.  

Taken together this evidence strongly suggests in addition to its role in podosome 

and rosette formation that Stat3 is required for Src-induced up regulation of ECM 

digestion, invasion and migration in SMC and NIH 3T3 fibroblasts.  

3.8 Stat3 promotes Src-induced invasive phenotypes by suppressing the anti-

invasive p53-caldesmon pathway  

We have previously shown that Src induces invasive phenotypes in VSMC and 

NIH 3T3 cells at least in part by suppressing the anti-invasive p53-caldesmon pathway 

(Fig. 3-4). It has also been previously shown by others that activated Stat3 can suppress 

the expression of p53 in v-Src transformed 3T3 fibroblasts by binding to the p53 

promoter (115). For these reasons we decided to investigate whether Stat3 was required 

downstream of Src for the suppression of the p53-caldesmon pathway, with our studies 

focusing primarily on VSMC. We first confirmed that introduction of Src leads to 

increased nuclear Stat3 levels in both VSMC and NIH 3T3 cells (Fig. 3-8 A and B) and 

that this typically correlates with reduced levels of p53 (both total and nuclear) (Fig. 3-8 

C and D).  This visual evidence lends support to our hypothesis that Src and Stat3 work 

together in promoting invasive phenotypes by suppressing the expression of p53.  To 

confirm that this is indeed what is happening we knocked down Stat3 in VSMC stably  

expressing SrcY527F and analyzed the effect that this had on the expression and activity 

of p53. As previously shown, stable shRNA mediated knockdown of Stat3 in VSMC  
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Figure 3- 8. Src suppresses the anti-invasive ‘p53-caldesmon’ pathway by activating Stat3 

(A-B) SMC and NIH3T3 cells stably transduced with SrcY527F were immuno-stained 

and imaged to study the relationship between Src and Stat3. White arrows indicate cells 

with enhanced cytoplasmic Src and nuclear Stat3 activity. (C-D) Stat3 and p53 

expression was then compared. White arrows point toward cells with contrasting nuclear 

levels of Stat3 and p53 staining. DAPI was used to establish the exact location of the 

nuclei. Scale bars represent 20 m. (E-K) shRNA-mediated knockdown of Stat3 in SMC-

SrcY527F cells correlates with increased expression and function for p53 and caldesmon. 

(E) Western blot analysis showing increased expression levels for p53 and caldesmon in 

SrcY527F cells stably expressing one of two shStat3 expression constructs. MDM2 is 

used as a measure of downstream p53 activity and GAPDH is used as a equal loading 

control. (F) To confirm that the activity of p53 had gone up in these cells we isolated total 

mRNA and performed semi-quantitative RT-PCR to study the expression of some well 

known p53 inducible proteins including p21, BAX, and PUMA. GAPDH was used as a 

loading/amplification control. Knockdown of Stat3 was shown to have a positive effect 

on the expression of these three p53 inducible proteins. (G) A relative luciferase promoter 

activity assay was performed on SMC SrcY527F cells stably expressing either empty 

vector (control) or shStat3. Promoters of p53-inducible genes p21, MDM2, BAX and 

PUMA were subcloned into firefly-luciferase reporter plasmids. Expression of these 

plasmids was compared to renilla-luciferase reporter plasmid under the control of the 

housekeeping -globin gene promoter. Error bars represent the standard deviations of 

three replicate measurements and * indicates a p value <0.05 when compared to 

respective SrcY527F control cells. (H-K) SMC SrcY527F cells in which Stat3 had been 

knocked down (H, J) or over expressed (I, K) were immuno-stained as indicated and 

imaged. Stat3 knockdown, as indicated by GFP positive cells, leads to increased p53 

staining, decreased podosome/rosette formation and increased stress fiber formation. 

Overexpression of wtStat3 in SMC SrcY527F as indicated by GFP positive cells had the 

opposite effect. The scale bar represents 20 m.  
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Figure 3-8. 
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SrcY527F cells causes a moderate reduction in Stat3 levels (Fig. 3-5 B). Knockdown of 

Stat3 though moderate did however coincide with an increase in the expression levels of 

p53, caldesmon and MDM2, a well-established marker of p53 expression (Fig. 3-8 E). 

We then looked at what effect knocking down Stat3 had on p53 function by performing 

both RT-PCR (Fig. 3-8 F) and a dual luciferase activity assay (Fig. 3-8 G). Stat3 

knockdown caused a reduction in the mRNA levels and promoter activity of several well-

known p53 target proteins including p21, BAX, MDM2 and PUMA. Taken together this 

data suggests that Stat3 can suppress both the expression and activity of p53 in VSMC 

SrcY527F cells. 

 Next, we knocked down or over expressed Stat3 in SMC-SrcY527F and used  

immunofluorescence to visualize what effect this had on p53 and caldesmon expression 

and function (Fig. 3-8 H-K).  shRNA-mediated knockdown of Stat3 as indicated by GFP 

positive staining correlates with enhanced nuclear p53 staining, decreased 

podosome/rosette formation and increased stress fiber formation. Over expression of 

Stat3, as indicated by GFP positive cells on the other hand had the opposite effect. 

3.9 Expression of a constitutively active mutant of Stat3 abrogates p53-mediated 

suppression of Src-Induced invasive phenotypes 

  SMC- and NIH 3T3-SrcY527F fibroblasts were stably transduced with either 

wtp53 alone or with wtp53 in combination with a constitutively active mutant of Stat3 

(Stat3A661C/N663C) (78),whose activity did not rely on phosphorylation at tyrosine 

residue 705 (ca-Stat3) to investigate whether or not this could ablate p53-mediated  
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Figure 3- 9. Introduction of ca-Stat3 in SrcY527F cells over-expressing wtp53 reverses the 

suppressive effect of p53 on Src-induced invasive phenotypes  

(A-F) SMC and NIH 3T3 cells were treated as indicated and subjected to 

immunostaining. (A) Overexpression of wtp53 in SrcY527F expressing cells leads to the 

attenuation of Src-induced podosome and rosette formation. These SrcY527F+wtp53 

cells were then transfected with a constitutively active mutant of Stat3 (ca-Stat3) that is 

GFP positive. (C-F) Transfection of this construct into Src+wtp53 cells restored high 

density podosome/rosette formation as can be seen in both GFP positive cells and in cells 

with enhanced Stat3 staining. Scale bars represent 20 μm. (G) To quantitate this effect we 

analyzed a minimum of 100 individual cells from three separate experiments for each cell 

type. Invasive cells were characterized by the formation of at least one rosette or high-

density podosome formation (>50 podosomes for SMC and >10 podosomes for 3T3). (H) 

These same cells were then seeded on TRITC-fibronectin labeled gelatin-coated 

coverslips and incubated for 7 hours. A minimum of 30 individual cells were analyzed 

from three separate experiments for each cell type. Digested areas along the migration 

path of a given cell were quantified in µm
2
 and it was determined that introduction of ca-

Stat3 reversed p53-mediated suppression of Src-induced ECM degradation. (I) in vitro 

migration rates were determined with a scratched induced wound healing assay. A 

minimum of 10 measurements were taken at both the beginning and end of the 15 time 

lapse video to establish the rate of the closing wound front. Introduction of ca-Stat3 into 

Src+wtp53 cells caused a significant reversal of p53-mediated suppression of Src-induced 

cell migration. (J) A matrigel invasion assay was performed to study in vitro invasive 

potential. A minimum of ten separate fields from three different experiments were 

assayed for each cell type. Percent invasion was determined by dividing the number of 

cells that invaded the matrigel insert by the number of cells that had migrated through the 

control insert. Error bars represent standard deviation from three separate experiments. * 

indicates a p value < 0.05 between SrcY527F cells and Src-wtp53 cells. * indicates a p 

value < 0.05 between SrcY527F+wtp53 cells and Src+wtp53+caStat3 cells. 



 

63 

 

 

 

 

Figure 3-9. 
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suppression of invasive Src-phenotypes (Fig. 3-9). Introduction of exogenous wtp53 to 

SrcY527F cells caused a significant reduction in podosome/rosette formation, ECM 

digestion, invasion and the rate of wound healing, just as we had seen previously (Fig. 3-

2 and 3-3). Cells in which ca-Stat3 was introduced are labeled with GFP and show 

increased total/nuclear Stat3 levels compared to those simply expressing SrcY527 and 

ectopic wtp53 (Fig. 3-9 C to F). These ca-Stat3 cells also form a significantly higher 

number of podosomes and rosettes per cell than the SrcY527F+wtp53 cells (Fig. 3-9 G). 

This correlates with increased in vitro ECM digestion (Fig. 3-9 H) and invasion (Fig. 3-9 

I) as well as cell migration in a scratch induced wound healing assay (Fig. 3-9 J). This 

evidence suggests that exogenous over-expression of ca-Stat3 can limit the suppression 

of Src induced invasive phenotypes by p53 in SMC and NIH 3T3 cells. 

Next we wanted to investigate if expression of ca-Stat3 could also limit 

endogenous p53 mediated suppression of Src-induced invasive phenotypes. We 

transfected SMC- and NIH 3T3-SrcY527F fibroblasts with ca-Stat3 and GFP (as a 

transfection marker) or just with GFP as a control. We then activated endogenous p53 in 

the cells with doxorubicin. As you can see in Figure 3-10 activation of endogenous p53 

lead to a significant suppression of Src induced podosome/rosette formation and ECM 

digestion. In cells containing ca-Stat3 there was a marked increase in the ability of these 

cells to form podosomes/rosettes (Fig. 3-10 C to H) and to digest the ECM (Fig. 3-10 I). 

It seems that introducing ca-Stat3 significantly impairs the ability of endogenous p53 to 

suppress the invasive phenotypes generated by Src. This evidence suggests that  
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Figure 3- 10. Introduction of ca-Stat3 in SrcY527F cells limits the suppressive effects of 

endogenous p53 on Src-induced invasive phenotypes 

 (A-F) SMC and NIH 3T3 cells were treated as indicated and subjected to immuno-

staining. (A, B) Activation of endogenous p53 by doxorubicin in SMC and NIH 3T3 

stably expressing SrcY527F significantly impaired Src-induced podosome/rosette 

formation. (C-F) Activation of endogenous p53 in SrcY527F cells previously transfected 

with GFP positive ca-Stat3 had a far less significant effect on Src-induced 

podosome/rosette formation. Both GFP positive cells and those with enhanced nuclear 

Stat3 staining are shown to have increased numbers of podosomes/rosettes. Scale bars 

represent 20 μm. (G) A minimum of 100 cells from three separate experiments were 

counted for each cell type to quantify these observations. (H) After similar treatment of 

SrcY527F and SrcY527F+caStat3 cells with doxorubicin an in vitro ECM digestion assay 

was performed. Cells were seeded on gelatin coated coverslips labeled with TRITC-FN 

and incubated for 7 hours. A minimum of 30 individual cells were examined from three 

separate experiments for each cell type. Digested areas along the migration path of a 

given cell were quantified in µm
2
. Transfection of SrcY527F cells with ca-Stat3 limited 

p53-mediated suppression of Src-induced ECM degradation. * indicates a p value < 0.05 

between SrcY527F cells and SrcY527F cells treated with doxorubicin. * indicates a p 

value < 0.05 between SrcY527F cells treated with doxorubicin and SrcY527F+caStat3 

cells treated with doxorubicin. 
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Figure 3-10. 
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constitutively active Stat3 aids Src in overcoming p53-mediated suppression of invasive 

phenotypes due to an inability of p53 to down regulate Stat3 activity. 

3.10 p53 activation suppresses functional Stat3 levels and activity in a mutually 

antagonistic fashion.  

Previous studies involving human breast and prostate cancer cells have shown 

that p53 can down regulate Stat3 activity and DNA binding (114,131) suggesting that p53 

and Stat3 may behave as mutual antagonists. We therefore decided to investigate whether 

this is what is happening in VSMC and NIH 3T3 fibroblasts. As shown in Figure 3-11 A 

and B, activation of endogenous p53 with doxorubicin in SMC and NIH 3T3 cells stably 

expressing SrcY527F+wtp53 leads to increased suppression of Src-induced 

podosome/rosette formation and a concomitant increase in stress fiber formation. Cells 

with significantly increased nuclear p53 levels typically had reduced levels of nuclear 

Stat3. In contrast, when these cells were treated with PFA which binds and inhibits 

endogenous p53 they formed numerous podosomes/rosettes and were found to have 

increased nuclear Stat3 staining compared to those treated with doxorubicin (Fig. 3-11 C 

and D) suggesting that p53 activity plays a role in down regulating active Stat3 levels.  

To establish that p53 does in fact act in a mutually antagonistic fashion towards 

Stat3 we first treated SMC and NIH 3T3 fibroblasts with doxorubicin in a duration 

dependent manner and found that over the course of 16 hours of treatment activation of 

endogenous p53 lead to the down regulation of pY705-Stat3 and the up regulation of  

caldesmon (Fig. 3-11 E).  
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Figure 3- 11. Activation of endogenous p53 with doxorubicin or overexpression of wtp53 

leads to Stat3 deactivation and suppression of invasive Src-phenotypes 

 (A-B) Activation of endogenous p53 with doxorubicin in SMC and NIH 3T3 cells 

retrovirally transduced with wtp53 further suppressed podosome/rosette formation and 

stabilized stress fibers. Cells with enhanced p53 activity are shown to correlate with low 

staining levels of active nuclear Stat3. (C-D) Inhibition of p53 activity in these cells with 

PFA however rescued Src-induced podosome/rosette formation and caused the 

dissolution of stress fibers. Cells treated with PFA were typically found to have increased 

nuclear Stat3 staining as well. Scale bars represent 20 m. (E) SMC and NIH 3T3 cells 

were treated with doxorubicin in a duration dependent manner for up to 16 hours and 

subsequently analyzed using Western blotting. Progressive activation of endogenous p53 

in these cells was found to lead to downregulation of active Stat3 (pY705-Stat3) and 

caldesmon levels. GAPDH was used to ensure equal loading of all cell lysates.  (F) SMC 

and NIH 3T3 cells were stably infected as indicated with empty vector (control), 

SrcY527F or SrcY527F and wtp53 expression constructs. Upon addition of SrcY527F we 

see increased levels of total Src and pY705-Stat3 with a concomitant decrease in MDM2 

compared to control cells. When wtp53 was introduced to SrcY527F cells we see 

downregulation of total Src and pY705-Stat3 and an increase in the expression of 

MDM2. MDM2 was used as a means of monitoring p53 activity. GAPDH was used as a 

loading control. (G) Semi-quantitative RT-PCR of these same cells was performed to 

investigate the effect of Src and wtp53 on the expression of MMP1, a transcriptional 

target of active Stat3. Introduction of SrcY527F initially upregulates MMP1 mRNA 

expression, which was subsequently suppressed with stable addition of ectopic wtp53. 

GAPDH was used as an equal amplification and loading control.  
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Figure 3-11. 
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We then took these cells and stably transduced them with SrcY527F or 

SrcY527F+wtp53 and analyzed the effect that this had on the expression levels of 

pY705-Stat3 (Fig. 3-11 F). Introduction of Src initially leads to an increase in the levels 

of pY705-Stat3 as expected. Subsequent infection with wtp53 however leads to a down 

regulation in these levels. During Western blotting, p53 activity was monitored using the 

p53 inducible protein MDM2.  

Following this we performed RT-PCR to monitor the activity of Stat3 in these 

cells (Fig. 3-11 G). We decided to focus on the mRNA levels of MMP1, a known 

transcriptional target of Stat3 (15,89) and found that after the initial introduction of Src 

there is a noticeable increase in MMP1 levels. However, SrcY527F cells stably 

expressing ectopic wtp53, as indicated by enhanced MDM2 expression, show a reduction 

in MMP1 suggesting downregulation of Stat3 activity.   

Taken together, this information suggests that p53 suppresses Src in VSMC by down 

regulating the level of active/functional Stat3. In a mutually antagonistic fashion Src-

activated Stat3 was previously shown to suppress the activity of p53 in these cells. It is 

therefore possible that the balance between the pro-invasive Src-Stat3 pathway and anti-

invasive p53-caldesmon pathways determines the outcome of Src-induced invasive 

phenotypes in VSMC and NIH 3T3 cells (Fig. 3-12). 
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Chapter 4 

DISCUSSION 

4.1 p53 suppresses Src-induced invasive phenotypes by inducing the expression of 

caldesmon  

Src is a well-known proto-oncogenic non-receptor tyrosine kinase, which has 

been found over expressed or constitutively active in a variety of aggressive and invasive 

cell types. Src-induced invasive phenotypes are characterized by increased 

podosome/rosette formation, ECM digestion, cell migration and invasion (Fig. 1-3, 3-1, 

3-2, 3-3) (2,4,40,51,63-65,123).  In this study, we present novel data showing that the 

tumor suppressor p53 plays an important downstream role in suppressing Src-induced 

podosome/rosette formation (Fig. 3-2) and cellular invasiveness (Fig. 3-3) in VSMC and 

NIH 3T3 cells. Previous studies, which have linked p53 function directly to cell 

migration, have largely focused on its ability to regulate the RhoGTPase family members 

Cdc42, Rac1 and RhoA (112,113,127,128,132,133). In this study, we provide novel 

evidence which shows that p53-mediates this suppression of Src, at least in part, by 

inducing the expression of the ubiquitous actin binding protein caldesmon (Fig. 3-4). 

Caldesmon regulates migration and invasion by stabilizing stress fibers and inhibiting 

contraction and branched actin polymerization (47,54,55). It has also been previously 

shown to suppress podosome/rosette formation in VSMC (47) and its down-regulation in 

certain cancer cell systems has been associated with increased migration and invasion 

(57-62).  
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  Together, this suggests that the anti-invasive p53-caldesmon axis plays a key 

regulatory function in determining the outcome of Src-induced invasive phenotypes in 

VSMC and NIH 3T3 cells. In order to better understand this process a promoter binding 

study will need to be performed to determine if p53 is inducing the expression of 

caldesmon directly or through an intermediate.   

4.2 How exactly does Src suppress the ‘p53-caldesmon’ pathway and induce 

invasive phenotypes? 

In order for Src to induce invasive phenotypes in VSMC and NIH 3T3 cells it 

must overcome the suppressive anti-invasive activity of p53. Previous studies have 

shown that the Src effector protein, Stat3, can suppress p53 expression and function in v-

Src transformed 3T3 fibroblasts (115). We decided to investigate whether Stat3 could 

also affect p53 expression and function in VSMC stably expressing SrcY527F and 

whether this correlated with a decrease in the expression/activity of caldesmon and 

promotion of Src-induced invasive phenotypes. We provide solid and novel evidence 

which shows that Src suppresses the ‘p53-caldesmon’ pathway and promotes invasive 

phenotypes in VSMC by activating Stat3 (Fig. 3-5, 3-8). In this manner, shRNA-

mediated knockdown of Stat3 was shown to lead to the upregulation of p53 and 

caldesmon expression and activity. On the other hand, introduction of wtStat3 in VSMC-

SrcY527F cells was found to stimulate podosome/rosette formation and the dissolution of 

stress fibres.  
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One limitation that we ran into when upregulating and knocking down p53 and/or 

Stat3 in cells already expressing SrcY527F is that they become very sensitive with 

regards to cell survival and proliferation. For instance, stable expression of shStat3 or 

wtp53 in our SrcY527F expressing cells often lead to increased cell death and reduced 

rates of proliferation. In contrast, stable expression of shp53, wtStat3 and ca-Stat3 

typically had the opposite effect. For these reasons, it was important to pay special 

attention during culturing or analysis of the cells. If a cell line was found to no longer be 

viable it was replaced with a fresh sample of the appropriate stable cell line.     

4.3 Stat3 promotes Src-induced invasive phenotypes in VSMC and NIH 3T3 cells.  

Though Stat3 is better known for its roles in regulating cell proliferation and 

survival, it has also garnered notable attention for its ability to regulate cell migration and 

invasion in a variety of cell types. However, exactly how Stat3 regulates cell migration 

and invasion remains largely unknown. Stat3 has been previously shown to regulate 

migration in keratinocytes, mouse embryonic fibroblasts and keloid-derived fibroblasts 

(91,134) and has been found to promote tumor invasion and metastasis in various cancer 

systems (75,77,88,89,135). These data suggest that
 
regulation of cell migration and 

invasion are fundamental functions
 
of Stat3 in both physiological and pathological 

conditions. This data is consistent with our finding that Stat3 is a required downstream 

effector of Src for the promotion of ECM digestion, cell migration and invasion (Fig. 3-

7).  

  Previous studies have been limited in number but suggest that Stat3 may affect 
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cell migration and invasion, at least in part, by affecting the microtubule and actin 

cytoskeletons. In this capacity, it has been shown to bind and inhibit the microtubule 

destabilizer stathmin (15,91) and has also been shown to regulate Rac1 (93). Stat3 has 

also been shown to induce the expression of RhoU, which localizes to focal adhesions in 

fibroblasts and to Src-induced podosomes in osteoclasts (44). RhoU is an atypical 

RhoGTPase that affects the actin cytoskeleton and cell motility by stimulating filopodia 

and stress fiber formation. In similar fashion, we can now include Stat3s suppression of 

the anti-invasive p53-caldesmon pathway to the list of ways in which Stat3 upregulates 

migration. Furthermore, Stat3-mediated promotion of ECM digestion and cellular 

invasion comes as no surprise, as Stat3 has been shown in several separate studies to 

directly induce the expression of MMPs 1, 2 and 10 (15,88,89). Our findings provide 

further support to previous studies which have linked the pro-invasive activities of Src 

and Stat3 and shown that both are heavily involved in migration and invasion.  

   In this experiment however, we have also presented novel data showing that Stat3 

promotes the formation of Src-induced podosomes/rosettes in VSMC and NIH 3T3 cells 

(Fig. 3-5), at least in part by regulating the anti-invasive ‘p53-caldesmon’ pathway (Fig. 

3-8).  

4.4 Stat3 promotes podosome/rosette formation in VSMC and NIH 3T3 cells stably 

expressing SrcY527F 

  Src-induced podosome/rosette formation has been shown to occur in a variety of 

normal and cancerous cell types. We conclude in this experiment, for the first time, that 
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Stat3 is a required downstream effector of Src for the formation of these structures in 

VSMC and NIH 3T3 cells (Fig. 3-5). shRNA mediated knockdown of Stat3 in VSMC 

and NIH 3T3 cells stably expressing Src was found to significantly impair 

podosome/rosette formation. In contrast, overexpression of Stat3 in these cells, with 

wtStat3 or ca-Stat3, lead to small but significant increases in the formation of these 

invasive actin rich structures. It should be noted that Stat3 could not induce 

podosome/rosette formation in the absence of Src. In this manner, introduction of wtStat3 

or ca-Stat3 into control VSMC and NIH 3T3 cells did not induce podosome/rosette 

formation.  Stat3-mediated promotion of Src-induced podosome/rosette formation is a 

novel and interesting finding. In this study, we have shown that Stat3 can suppress the 

‘p53-caldesmon’ pathway (Fig. 3-8), which we have shown negatively regulates the 

formation of these structures. Stat3 may also regulate other important proteins involved 

in podosome/rosette formation, either in a nuclear transcription dependent or cytoplasmic 

transcription independent fashion.  

Surprisingly, up until this point, there has only been one other study which has 

looked into the possibility that Stat3 is involved in podosome formation and this study 

just so happens to contradict our findings. In 2009, a group from the University of 

Maryland, published a study titled GRIM-19 inhibits v-Src-induced cell motility by 

interfering with cytoskeletal restructuring (136). They proposed that GRIM-19 acts as a 

tumor suppressor, by directly suppressing Stat3 transcriptional activity in v-Src 

transformed 3Y1 fibroblasts. In contrast to our study, they used v-Src transformed 3Y1 
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fibroblasts. They knocked down Stat3 using shRNA and concluded that it was not 

required downstream of Src for podosome formation and that it could not reverse the 

effect of GRIM-19 overexpression in these cells.   

4.5 Stat3 and pY705-Stat3 localize to podosomes and rosettes in VSMC and NIH 

3T3 cells.  

One major novel finding we have made in this study, is that in addition to 

promoting the formation of podosomes/rosettes in VSMC and NIH 3T3 cells, Stat3 was 

also found, using both rabbit and mouse pan-Stat3 antibodies, localized to these 

structures, alongside other markers of their formation including actin, Src, pYCTN and 

paxillin (Fig. 3-6). In a similar manner, Stat3 has been found localized to focal adhesions 

in breast and ovarian cancer cells (77). The physiological significance of Stat3 

localization at podosomes/rosettes remains to be determined. However, it is not 

surprising that Stat3 is found localizing at sites of focal adhesion to the surrounding 

micro-environment, as numerous studies have shown that Stat3 signaling is tightly linked 

to the integrin adhesion network (90).   

  Previous studies have also shown that the activated form of Stat5B (pY-Stat5B), 

another pro-invasive member of the Stat family of proteins, which is often associated 

with Stat3, is found localized to podosomes in mouse embryonic fibroblasts and chronic 

myeloid leukemia cells expressing constitutively activated Hck, a well-known Src family 

kinase (41). For this reason, we investigated further and found that in a similar manner 

pY705-Stat3 also localizes to Src-induced podosomes/rosettes in VSMC and NIH 3T3 
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cells (Fig. 3-6). It is unlikely that the phosphorylated versions of these proteins are 

actively recruited to sites of podosome/rosette formation. It seems more plausible that 

these pro-invasive cytoplasmic Stat proteins are being translocated to podosomes and 

rosettes, which are sites of adhesion to the ECM, in their inactive states. Once at these 

structures they may then become activated and aid in relaying signals from the outside of 

the cell to the nucleus. It may be possible that inactive cytoplasmic Stat3 translocates to 

sites of podosome/rosette formation, where it can be subsequently activated by associated 

Src family kinases. Once activated, it can translocate to the nucleus, where it has been 

shown to transcribe podosome related proteins, such as MMPs (15,88,89) and RhoU (44). 

It is now also known, from novel findings in our study, that it can translocate to the 

nucleus, where it can inhibit the expression and activity of both p53 and caldesmon.  

  We have also shown in this investigation that introduction of wtStat3, which 

requires phosphorylation by Src for its activation, was just as effective as ca-Stat3 at 

promoting Src-induced podosome/rosette formation and ECM digestion (Fig. 3-5). These 

observations, along with Stat3’s localization to podosome/rosette structures, indicate a 

possible physical or structural role for activated Stat3 in the formation of these invasive 

structures, which is independent of its transcriptional activity.  

4.6 Overexpression of endogenous and exogenous p53 leads to downregulation of 

pY705-Stat3 levels in VSMC and NIH 3T3 cells 

In this study, we have established that in VSMC and NIH 3T3 fibroblasts  

upregulation of p53, either exogenously (wtp53) or endogenously (activation with 
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doxorubicin), leads to the suppression of Stat3 phosphorylation and activity (Fig. 3-11) in 

the same fashion as it has been shown to do in DU145 human prostate cancer cells 

(114,131).  

In order for p53 to deactivate Stat3, it must induce the expression or activity of a 

protein tyrosine phosphatase. In preliminary studies, we chose to focus on the dual 

specificity phosphatase and tensin homologue deleted on chromosome (PTEN). PTEN is 

a known transcriptional target p53 which is best known for its lipid phosphatase activity 

in vivo.  However, it has also been shown in HeLa cells to negatively regulate the 

activation of Stat3, via its protein phosphatase activity in vitro (137).  

PTEN is a well known tumor suppressor, which has been found to be inactive or 

deleted in numerous forms of advanced and metastatic cancers (138-140). It is a unique 

protein which has no other family members, so the effect of its loss is often profound, 

ultimately leading to genomic instability and misregulation of numerous pathways critical 

to the pathogenesis of cancer (138-141). Shown to function as a dual specificity 

phosphatase in vitro, it is believed that it acts primarily as a lipid phosphatase in vivo with 

PIP3 as its main physiological substrate (139,140).  PTEN is best known as an antagonist 

of the PI3K/Akt pathway, which has been shown to regulate cell cycle arrest/repair, 

apoptosis, growth, proliferation and motility.  However, in vitro studies have also 

provided evidence which suggests that PTEN may affect migration and invasion 

independent of the PI3K/Akt pathway.  For example, PTEN has been shown to inhibit the 

production, secretion and activity of Stat3-inducible MMP2 (142,143). PTEN has also 
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been recently shown to suppress the activity of the Src family kinase Fyn, thereby 

affecting glioma migration (144). Furthermore, it has been reported that PTEN is capable 

of interacting with and dephosphorylating FAK thereby inhibiting cell migration, 

spreading and focal adhesion formation (139,140,145,146).  

  Interestingly, PTEN can also affect the cell cycle and survival through well 

known interactions with p53 (138-140). For example, PTEN enhances p53 transcriptional 

activity and provides it protection from ubiquitinylation and degradation by MDM2 

through direct binding interactions as well as through downregulation of the PI3K/Akt 

pathway. PTEN is also a transcriptional target of p53, creating a positive feedback loop 

that further protects p53 from MDM2 degradation (138-140,147).   

It is of great interest and importance then to see if PTEN can act downstream of 

p53 in regulating cell migration and invasion by dephosphorylating active Stat3 directly. 

Preliminary studies in our lab have been encouraging. In this manner, doxorubicin-

mediated activation of endogenous p53 has been found to correlate with increased levels 

of PTEN, decreased levels of py705-Stat3 and increased p53-caldesmon expression in 

VSMC and NIH 3T3 cells. Furthermore, shRNA mediated knockdown of PTEN has been 

found to upregulate the formation of podosomes/rosettes in these cells. Further 

experimentation must be performed to corroborate this preliminary evidence.  

Interestingly, introduction of ca-Stat3 into VSMC and NIH 3T3 cells stably 

expressing Src and overexpressing p53 exogenously (Fig. 3-9) or endogenously (Fig. 3-

10), limited the p53-mediated suppressive effect on podosome/rosette formation. As 
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mentioned before, ca-Stat3 is commonly associated with invasive and metastatic cancers. 

Expression of ca-Stat3 which is unable to be de-phosphorylated may provide a way for 

invasive cells to by-pass the anti-invasive regulation of p53. 

4.7 Summary and Conclusion 

Previous studies have focused primarily on the opposing roles that p53 and Stat3 

play in regulating cell proliferation and survival during the development of diseases such 

as cancer and atherosclerosis. Less attention has been paid to the effect of these proteins 

on cell migration and invasion. We originally hypothesized that Stat3 and p53 would also 

have opposing effects on Src-induced invasive phenotypes in VSMC and NIH 3T3 cells, 

with Stat3 promoting them and p53 suppressing them. Furthermore, we theorized that 

these two proteins could mutually antagonize each other and that balance is what dictates 

the outcome of invasive Src-phenotypes.  

We first present novel data, showing that p53 can suppress Src-induced invasive 

phenotypes by enhancing caldesmon expression (43). However, it remains to be 

elucidated whether p53-mediated induction of caldesmon expression occurs directly or 

indirectly through an intermediate. We conclude from our findings, that in order for Src 

to overcome p53-mediated suppression and induce invasive phenotypes it activates Stat3, 

which inhibits the expression and activity of p53-caldesmon. In this study, we also 

confirmed and corroborated previous reports showing that Stat3 promotes Src-induced 

invasive phenotypes and in doing so determined two novel functions for Stat3 in VSMC 

and NIH 3T3 cell migration and invasion: 1) Stat3 promotes Src-induced  
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Figure 3- 12. The model 

Schematic representation of signaling from Src to migration/invasion involving Stat3, 

p53 and caldesmon. A balance between the pro-invasive Src-Stat3 pathway and the anti-

invasive p53-caldesmon pathway dictates the outcome of Src-induced invasive 

phenotypes in SMC and NIH 3T3 fibroblasts. 
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podosome/rosette formation, and 2) Stat3 and pY705-Stat3 can be found localized to 

these structures. Interestingly, we have also shown in this study that p53 is capable of 

suppressing the level of active Stat3 in VSMC and NIH 3T3 cells. It remains to be 

determined exactly how p53 is accomplishing this, although we believe it is likely 

through the induction of a protein tyrosine phosphatase such as PTEN. Introduction of a 

constitutively active mutant of Stat3 which is not subject to p53-mediated deactivation 

limited the suppression of Src-induced invasive phenotypes. Finally, our study shows for 

the first time that p53 and Stat3 do in fact behave in a mutually antagonistic fashion in 

VSMC and NIH 3T3 cells. This occurs downstream of Src and upstream of caldesmon 

(Fig. 3-12) and thereby influences the other trademark characteristic of invasive cells; the 

ability to migrate and invade into other areas of the body.   

   We conclude that a balance between the pro-invasive ‘Src-Stat3’ and anti-

invasive ‘p53-caldesmon’ pathways ultimately determines the outcome of Src-induced 

podosome/rosette formation, ECM digestion, cell migration and invasion in VSMC and 

NIH 3T3 cells (Fig. 3-12).  

Taken together, our findings shed novel light on the regulation of migration and 

invasion in the pathophysiology of cancer and atherosclerosis.  For instance, we have 

shown that constitutive activation of Stat3, which occurs commonly in aggressive 

cancers, limits the ability of p53 to suppress invasive phenotypes. Another common 

hallmark of cancer cells is the loss of p53. It may be that in the absence of p53, Src and 

Stat3 activity remains unchecked, allowing the cell to transform into a more invasive 
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state. This could provide invasive and aggressive cancer cells with the ability to by-pass 

the anti-invasive regulation of p53. The role of these proteins in regulating 

atherosclerosis is more confusing. Previous studies have shown that p53 suppresses 

atherosclerosis and regulates the proliferation and growth of VSMC during the 

development of the disease (108). Interestingly, recent studies have also shown that Stat3 

activity is upregulated in the aortic adventitia during early phases of atherosclerosis (86). 

It is possible that in addition to regulating survival and proliferation in VSMC, p53 could 

suppress the activity of Stat3, thereby inhibiting the migratory and invasive phenotypes 

which are required for the development of atherosclerosis. When the balance is tipped in 

the favor of Stat3, however, these cells may develop invasive phenotypes and migrate to 

the site of plaque development.  

4.8 Future Directions 

4.8.1 Does p53 induce the expression of caldesmon directly or through an intermediate? 

In this study, we have shown that p53 can suppress Src-induced phenotypes in 

VSMC and NIH 3T3 fibroblasts by upregulating the expression of caldesmon (43) 

However, our study did not conclude whether this induction of caldesmon expression was 

direct or indirect. Therefore, it will be of interest in the future to study whether or not p53 

can directly bind to the promoter of caldesmon and induce its expression or whether p53 

is acting through an intermediate. Preliminary promoter binding studies, in which the 

caldesmon promoter sequence was compared to known p53 DNA binding sequences, has 

revealed that there are 3 possible binding sites within the caldesmon promoter. The next 
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step in this investigation will be to clone the caldesmon promoter into the firefly-

luciferase reporter construct and do a dual luciferase activity assay in cells stably 

expressing either empty vector control or wtp53 to see if this upregulates the expression 

of caldesmon reporter constructs.  

4.8.2 Are there any undiscovered downstream transcriptional or binding targets of p53 or 

Stat3 that can regulate Src-induced invasive phenotypes? 

We concluded from this study, that caldesmon acts as a novel downstream target 

of p53 in regulating Src-induced podosome/rosette formation and migration/invasion in 

VSMC and NIH 3T3 cells. Previous studies have also shown that p53 can affect 

migration and invasion by regulating certain RhoGTPase family members 

(112,113,127,128). Stat3 on the other hand has been shown to induce the expression of 

MMPs (89,135) and RhoU (44). Stat3 has also been shown to directly bind to the 

microtubule destabilizer stathmin (15,91) as well as Rac1 and -Pix (93), two proteins 

associated with podosome formation and directional migration. 

With increasing information regarding the roles of Stat3 and p53 in regulating cell 

migration/invasion, future studies will need to establish whether there are any other novel 

downstream binding or transcriptional targets that have yet to be established. Future 

studies will need to investigate known transcriptional targets or will require meticulous 

database searching, to determine any possible unknown transcriptional targets 

downstream of both p53 and Stat3. To determine whether any novel binding partners 
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exist, yeast-two-hybrid assays and co-immunopreciptation experiments could be 

performed. 

4.8.3 What is the physiological significance of Stat 3 localization to podosomes?  

The localization of Stat3 and pY705-Stat3 at podosomes/rosettes in VSMC and 

NIH 3T3 cells stably expressing SrcY527F is a novel and rather interesting discovery. 

However, this finding is not all that surprising as Src-activated Stat3 has been shown to 

localize to focal adhesions in ovarian cancer cells (77) and Stat5 has been found localized 

to podosomes in Hck-transformed fibroblasts (41). The exact physiological significance 

of Stat3 localization at sites of podosome/rosette formation remains to be elucidated. We 

believe it is likely that inactive cytoplasmic Stat3 is being translocated to sites of 

podosome/rosette formation in these cells where it can become activated and relay signals 

from the outside of the cell to the nucleus. Further investigation into the role of Stat3 in 

regulating podosome/rosette formation must be performed to truly answer this question 

and experiments involving mutated constructs of Stat3 may help us in this manner.  

Establishing how Stat3 is being translocated to sites of podosome/rosette is also 

important and may be determined using live cell imaging of cells transfected with GFP-

Stat3 constructs and stimulated transiently with PDGF or Src. This could help us 

understand the dynamics of Stat3 localization to podosomes/rosettes and determine what 

state it is being translocated in, active or inactive.  

In future studies, it will also be interesting to investigate what effect knocking out 

Stat3 has on Src-induced podosome/rosette formation in VSMC and NIH 3T3 cells. Will 
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podosomes and rosettes still form? What effect will this have on migration and invasion? 

By rescuing Stat3 in these cells, we can also determine whether the effect of Stat3 on 

podosome and rosette formation is of a correlative or a cause-effect nature.    

4.8.4 How does p53 deactivate Stat3? 

We have shown that p53 downregulates active Stat3 levels in VSMC and NIH 

3T3 cells. In order to accomplish this task, p53 may induce the expression of a protein 

tyrosine phosphatase. We have begun investigating the dual specificity phosphatase 

PTEN as a possible suspect. Preliminary studies, involving VSMC cells, suggest that p53 

does in fact upregulate PTEN and this correlates with a concomitant reduction in the 

levels of active Stat3, increases in p53-caldesmon expression and suppression of Src-

induced podosome/rosette formation. FRET experiments were performed to determine if 

there was a direct interaction between Stat3 and PTEN, however, results have been 

inconclusive up to this point. There is always the possibility that this effect is indirect, as 

it has been shown through the PTEN/AKT/mTOR/Stat3 pathway (148), or that p53 

upregulates the expression of another protein tyrosine phosphatase, or another pathway, 

which can also affect Stat3 activity. Further experimentation must be carried out to 

determine just exactly how p53 can suppress Stat3 activity in VSMC and NIH 3T3 cells. 
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