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ABSTRACT
Vascular smooth muscle cell migration is a significant contributor to many aspects of
heart disease, and specifically atherosclerosis. Tissue damage in the arteries can result in
the formation of a fatty streak. Smooth muscle cells (SMC) can then migrate to this site
to form a fibrous cap, stabilizing the fatty plaque. Since cardiovascular disease is the
leading cause of death in developed countries, this function of SMC is an essential area of
study.
The formation of lamellipodia and circular dorsal ruffles were studied in this project
as indicators that cell migration is occurring. The roles of the proteins p53, Rac,
caldesmon and PTEN were investigated with regards to these actin-based structures.
The tumour suppressor p53 is often reported to cause apoptosis, senescence or cell
cycle arrest when stress is placed on a cell, but has recently been shown to regulate cell
migration as well. It was determined in this project that p53 could inhibit the formation
of both lamellipodia and circular dorsal ruffles. It was also shown that this could occur
directly through an inhibition of the GTPase Rac. Previous studies have shown that p53
can upregulate caldesmon, a protein which is known to bind to and stabilize actin
filaments while inhibiting Arp2/3-mediated branching. It was confirmed that p53 could
upregulate caldesmon, and that caldesmon could inhibit the formation of lamellipodia and
circular dorsal ruffles. The phosphorylation of caldesmon by p21-associated kinase
(PAK) or extracellular signal-related kinase (Erk) was shown to effectively reverse the
ability of caldesmon to inhibit these structures. The role of phosphatase and tensin
homologue deleted on chromosome 10 (PTEN) was also studied with regards to this
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signalling pathway. PTEN was shown to inhibit lamellipodia and circular dorsal ruffles
through its lipid phosphatase activity.
It was concluded that p53 can inhibit the formation of lamellipodia and circular dorsal
ruffles in vascular SMC, and that this occurs through Rac, caldesmon and PTEN.
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CHAPTER 1
INTRODUCTION
1.1 Atherosclerosis
Cardiovascular disease is the leading cause of death in developed countries. Risk
factors such as high plasma levels of low-density lipoprotein (LDL) cholesterol, free
radicals, hypertension and genetics, promote the inflammatory disease atherosclerosis (1).
Inflammation of the arteries occurs initially in response to tissue damage. The injury to
the arteries causes the production of cytokines and growth factors. Cytokines attract
monocyte-derived macrophages and T-lymphocytes to the site, forming the earliest type
of lesion, the fatty streak (2). If the inflammatory response cannot efficiently remove
offending agents, it will also promote the remodelling of smooth muscle cells and their
migration to the site, forming the intermediate lesion (1, 3). The lesion can then become
enlarged and restructured, and covered by a fibrous cap. This plaque may intrude into the
arteriole lumen and affect blood flow, resulting in stroke or ischemia of the heart, brain
and extremities (1, 2, 4). Advanced lesions can result in plaque rupture, leading to
thrombosis and myocardial infarction (1).
The proliferation and migration of vascular smooth muscle cells plays an important
role in many aspects of atherosclerosis. Smooth muscle cells (SMC), are the first cells
present in artery sites that will become plaques. They have been found to secrete the
cytokines that attract monocytes, and can prevent the monocytes from apoptosis (5, 6).
SMC`s can further aid in plaque formation due to their LDL and VLDL cholesterol
receptors and their ability to produce the accumulation of extracellular matrix related to
the lesion (7-9). As the main cell type in fibrous plaques, their proliferation and
1

migration is significant to determine the characteristics of the lesion, such as the plaque`s
stability and chance of rupture (10). One fracture of the plaque is enough to cause it to
become dislodged, and travel through the arteries, leading to further difficulties such as
myocardial infarctions (11). Therefore, the study of smooth muscle cell migration is
essential to the understanding and prevention of cardiovascular disease.
1.2 Smooth muscle cell migration
Cell migration can occur when a cell gains the ability to degrade its surrounding
extracellular matrix and migrate to different areas of the body. This movement requires
the cell to use actin-rich structures such as podosomes, invadopodia, filopodia,
lamellipodia, circular dorsal ruffles and stress fibres. Another common example of this
migration occurs during tumour metastasis, where tumour cells have the ability to invade
adjacent tissues and are transported through the circulatory system (12).
The migration of a cell requires that it undergo a series of basic steps. Initially the
filopodia will detect a stimulus from chemoattractants or nutrients in the surrounding
environment of the cell. The cell will extend in the direction of the stimulus and will
form new adhesions at its leading edge. Myosin II will work to help stress fibres
contract, causing the cell body to move forward, and finally the adhesions at the trailing
end of the cell will disassemble to complete the motion (13). This process is shown in
Figure 1-1.
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Figure 1-1: Cell migration model. A diagram representing the migration of a cell. (13).
First, filopodia extend to detect a chemoattractant. The lamellipodia then move forward
and create adhesions that connect the extracellular matrix to the actin cytoskeleton. The
cell contracts to move its body forward as focal adhesions at the trailing edge of the cell
disassemble.
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1.3 Structures and functions
Cell migration requires the use of actin-rich structures. Two important structures
involved in cell migration, that will be the focus of this project, are lamellipodia and
circular dorsal ruffles, which can be seen in Figure 1-2.
1.3.1 Lamellipodia
Lamellipodia are actin protrusions with branched, sheet-like structures (14). They are
located at the leading edge of the cell, as seen in Figure 1-3. They move forward in a
wave-length motion, adhering to the substrate to move the cell forward. The protrusive
action of lamellipodia is generated by actin treadmilling (15). The proteins cofilin and
profilin enhance the protrusions by increasing the rate of actin depolymerisation while
enhancing the assembly of actin at the barbed end of the filaments (16, 17). The
branched actin structure of lamellipodia occurs in response to the Arp2/3 complex, which
binds pre-existing actin filaments and creates nucleation cores for the polymerization of
new actin filaments (18, 19). The Arp2/3 complex is activated by the VCA domains of
Wiskott-Aldrich syndrome proteins (WASP), which act downstream of Cdc42 and Rac
(20). The WASP proteins most responsible for activating Arp2/3 in lamellipodia are the
WAVE proteins (21). It has been shown that the proteins IRSp53 may bind Rac1 and
WAVE2 to form a complex that promotes membrane ruffling (22). Cortactin is known to
localize at the leading edges of membrane ruffles and is able to bind the Arp2/3 complex
through its N-terminal domain. It can also bind to and activate WASP proteins, in order
to aid in the regulation of lamellipodia (23).
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1.3.2 Circular dorsal ruffles
A high correlation has been found between sites producing lamellipodia and sites
forming circular dorsal ruffles in cultured cells in vitro (24). Circular dorsal ruffles are
actin-based structures forming along peripheral cell edges, directly on the dorsal plasma
membrane, as indicated in Figure 1-3 and Figure 1-4. Unlike lamellipodia, they occur
transiently, as a single wave, across a cell's surface (25). They have been recorded to
develop, lift, and contract within 5-30 minutes (26). The main function of circular dorsal
ruffles is in the initiation of motility in a static cell, but they may also play roles in
macropinocytosis, matrix degradation, and polarity (25). Circular dorsal ruffles have
been reported to selectively sequester and internalize a large percentage of receptor
tyrosine kinases, without the need for traditional coat proteins such as clathrin (27). This
requires dynamin, a GTPase required for endocytosis, and cortactin, which is involved in
the recruitment of Arp2/3. Once the receptor tyrosine kinases are internalized, a
signalling cascade promoting cell migration can occur. They have also recently been
implicated in the internalization of integrins through macropinocytosis, allowing integrins
from disassembled focal adhesions to move to newly forming focal adhesions at the
leading edge of the cell (28). The rapid assembly and disassembly of dorsal ruffles is
essential for the initiation of cell motility (29).
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Figure 1-2: Lamellipodia, filopodia and circular dorsal ruffles. A representation of
the locations and appearances of lamellipodia, filopodia, and circular dorsal ruffles on the
cell. Lamellipodia consist of branched actin and form along the cell periphery. Filopodia
are bundled actin protrusions that are also located at the leading edges of the cell.
Circular dorsal ruffles form directly on the dorsal plasma membrane and occur transiently
(26).
6

A

B

Figure 1-3: PDGF-induced lamellipodia and circular dorsal ruffles (A) A
representation of lamellipodia on a rat vascular smooth muscle cell after treatment with
20ng/mL PDGF for 20min. The cells were stained for the presence of actin (red) and
cortactin (green). Cortactin was stained due to its ability to localize to lamellipodia. (B)
A representation of circular dorsal ruffles on a rat vascular smooth muscle cell after
treatment with 20ng/mL PDGF for 20min. The cells were stained for the presence of
actin (red) and cortactin (green). Cortactin was stained due to its ability to localize to
circular dorsal ruffles.
7

Figure 1-4: Confocal images of a circular dorsal ruffle. A view of a circular dorsal
ruffle on a rat vascular smooth muscle cell from the x-axis, y-axis and z-axis (shown as
an insert). The circular dorsal ruffle was stimulated using 20ng/mL PDGF for 20min.
The cell was stained for the presence of actin (red), and cortactin (green). The nucleus
was stained using DAPI (blue). The arrow points to the circular dorsal ruffle which is
located around the nucleus. The x/z cross-sectional views of the circular dorsal ruffle are
shown as inset images and were taken at the thin white line in the respective frame. The
circular dorsal ruffle is shown to be located on the dorsal side of the cell, as confirmed by
the inset images. The scale bar represents 10µm.
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1.4 Regulation of lamellipodia and circular dorsal ruffles in cell migration
1.4.1 Rho-GTPases
The regulation of lamellipodia and circular dorsal ruffles is dependent on the presence
of a group of proteins known as Rho-GTPases, which are small G-proteins involved in
regulating the polymerization of actin and the organization of the cytoskeleton (30).
RhoA is responsible for controlling the formation of stress fibres, Cdc42 is responsible
for controlling filopodia formation, and Rac is responsible for controlling lamellipodia
and ruffle formation (31). Cdc42 may aid in chemotaxis and cell polarity, which has
been shown using macrophage cells that randomly move in the absence of Cdc42.
However, the absence of Rac has been shown to block all of the cell movement (32).
GTPases are able to bind proteins when they are in an active state, meaning that they are
bound to GTP. This binding creates a conformational change in the targeted protein, to
cause its activation. GTP hydrolysis causes the GTPase to be bound to GDP, and
therefore inactive. GTPases are controlled by GEFs (guanine nucleotide exchange
factors), GAPs (GTPase activating proteins), and GDIs (guanine nucleotide dissociation
inhibitors). GEFs catalyze GDP release to return the GTPase to its active state, GAPs
accelerate GTPase activity, and GDIs stabilize the inactive state by keeping the GTPases
bound to GDP (31). This can be visualized in Figure 1-5.
The GTPases that will be the focus of this project is Rac, due to its ability to control
membrane ruffling. The basic pathway demonstrating the formation of lamellipodia and
circular dorsal ruffles as a result of the activation of Rac is shown below:
Rac → Wave → Arp2/3 complex → lamellipodia/dorsal ruffles
9

Figure 1-5: The relationship between GTPase, GDP, GTP, GEF, and GAP. (33).
The GTPase is active when bound to GTP and inactive when bound to GDP. GEF can
catalyze GDP release, GAP can accelerate GTPase activity and GDI can stabilize the
inactive site by keeping the GTPase bound to GDP.
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Rac has the ability to activate the Arp2/3 complex to form lamellipodia and circular
dorsal ruffles through Wave. Arp2/3 and Wave are important promoting factors for the
nucleation of the new actin structures (26, 31).
RhoGTPases have been shown to be targeted to cell membranes by posttranslational
modifications, and can then interact with the membrane though a C-terminal
geranylgeranyl lipid modification (30, 34, 35). This leads to the induction of actin
polymerisation and Arp2/3 mediated branching that produces lamellipodia and ruffling at
the cell periphery.
1.4.2 Platelet derived growth factor (PDGF)
Rac has been shown to be required, but not sufficient to produce circular dorsal ruffles
(29). So, to study the formation of dorsal ruffles, PDGF will be used as a way to
stimulate Rac. PDGF has been shown to promote cell migration through the formation of
circular dorsal ruffles (25). It has been reported that Rac is activated due to the effect of
PDGF on Src, a tyrosine kinase known to be activated in many cancer cells. Src can
phosphorylate Abl, which phosphorylates GEF, promoting the GTP loading of Rac (25).
PDGF interacts with the cell surface receptor PDGFR to activate the signalling pathway
shown below.

PDGF

Lamellipodia/
Circular Dorsal Ruffles

Rac

11

1.4.3 The tumour suppressor p53
Several recent studies have shown a link between p53 and cell motility. p53 has been
reported to inhibit Rac activity (36, 37) and has been shown to regulate lamellipodia (31).
p53 is encoded by the TP53 gene and has been reported to be altered in about 50% of
cancer cells, usually due to missense mutations at the DNA binding domain (38). Low
levels of p53 are maintained in unstressed cells due to regulation by proteolysis and
degradation. When stress occurs on the cell, such as DNA damage, oncogene activation,
hypoxia or an infection, the half-life and conformation of p53 can drastically change.
Inhibition of p53 occurs through its binding to mdm2, an oncoprotein, transcriptionally
activated when levels of p53 increase (39). The stabilization of p53 occurs through the
binding of p19 either to mdm2 or p53, preventing the interaction between mdm2 and p53
(12). This works as a negative feedback loop where p53 induces the expression of the
mdm2 gene (40). The stabilization of p53 can also occur through the formation of a
complex with PTEN (41). p53 can be added to the pathway shown above representing
the relationship between PDGF and Rac.
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PDGF

Rac

p53

Lamellipodia/
Circular Dorsal Ruffles
In this pathway, p53 is shown to inhibit Rac activity.
1.4.4 Caldesmon
The overexpression of p53 has been shown to be linked to an upregulation of
caldesmon (CaD), a protein which has been shown to be repressed in a number of cancer
and transformed cells (42, 43). Caldesmon is encoded by the CALD1 gene, and
alternative splicing causes the protein to exist as high molecular mass caldesmon (h-CaD)
and low molecular mass caldesmon (l-CaD). Vascular smooth muscle is composed of
approximately 75% h-CaD and 25% l-CaD. When dedifferentiation occurs and the cell
exits the extracellular matrix, h-CaD is degraded and only l-CaD is expressed (44), so lCaD is being studied in this project. The C-terminal of caldesmon contains binding sites
for actin, tropomyosin, and calmodulin, as well as sites that can be phosphorylated by the
kinases Erk/MAPK and PAK.
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Caldesmon is capable of stabilizing actin filaments by inhibiting Arp2/3 mediated
polymerization and branching of actin filaments (45). The ability of caldesmon to affect
cell motility, though the regulation of membrane ruffling, depends on the balance of the
inhibitory, released and activated states of caldesmon (46). The phosphorylation of
caldesmon by a serine/threonine kinase such as Erk/MAPK or PAK, can reverse the
inhibition and allows caldesmon to be regulated specifically, affecting the formation of
actin-based structures (46). It has been shown that Erk and PAK contribute equally
toward the regulation of cell motility (44), but their specific effects on lamellipodia and
circular dorsal ruffle formation have yet to be determined.
1.4.5 MAPK/Erk
Erk is an extracellular signal-related kinase and is part of the mitogen-activated
protein kinase (MAPK) family. It has been shown to be activated through the Ras-RafMEK pathway when stimulated with growth factors (47, 48). Once Erk is activated, it
moves to the nucleus, where it may phosphorylate some actin cross-linking proteins,
possibly affecting cell migration (47). Caldesmon contains Erk phosphorylation sites in
the C-terminus, at Ser462, Ser497, Thr468 and Thr491, in rat l-CaD. The cross-linking
ability of caldesmon is lost when phosphorylated by Erk (49), which has been shown to
affect the regulation of lamellipodia (46). The effects of caldesmon phosphorylation by
Erk on circular dorsal ruffles will be studied as well.
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Figure 1-6: Erk and PAK phosphorylation sites on caldesmon. A representation of
the C-terminal of rat l-caldesmon, indicating the positions of the Erk and PAK
phosphorylation sites, and their proximities to the calmodulin binding domains (CBD1
and CBD2). Erk phosphorylation sites are located at S462, T468, T491, and S497. Pak
phosphorylation sites are located at S452 and S482.
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CBD= calmodulin
binding domain

1.4.6 p21-associated kinase (PAK)
PAK is another serine/threonine protein kinase, which has been shown to be
stimulated by the Rho-GTPase Rac (30, 50). Many studies have linked PAK to cell
migration. PAK has been reported to regulate lamellipodia (51), colocalize with actin in
circular dorsal ruffles, and significantly increase PDGF-induced macrophinocytosis (52).
Caldesmon has PAK phosphorylation sites at Ser452 and Ser482 at the C-terminal, in rat
l-CaD. PAK may be phosphorylating caldesmon, to regulate lamellipodia and circular
dorsal ruffle formation, affecting cell migration.

PDGF

p53

Rac

Caldesmon
Lamellipodia/
Circular Dorsal Ruffles
Caldesmon has been added to the previous pathway. In this model, p53 promotes the
transcription of caldesmon, causing it to stabilize actin filaments and thus prevent the
formation of lamellipodia and circular dorsal ruffles.
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1.4.7 Phosphatase and tensin homologue deleted on chromosome 10 (PTEN) and the
PI3K/Akt pathway
PTEN, like p53, has been found to be often mutated in cancer cell lines (53). It is an
important tumour suppressor due to the fact that there are no other known phosphatases
that can replace it in the cell (41). It can be classified as a pro-apoptotic lipid
phosphatase and acts as a phosphatidylinositol phosphate (PIP) phosphatase, specific for
the 3-position of the inositol ring (54). PTEN has the ability to antagonize PI3K. The
balance between PTEN and PI3K (phosphoinositide 3-kinase) determines the levels of
PIP3 (phosphatidylinositol 3,4,5-phosphate) present at the plasma membrane, which
binds to the PH domain of Akt, leading to its recruitment and activation (41, 55-57). Akt
is a serine/threonine kinase, and an oncoprotein, which has been shown to promote
PDGF-stimulated cell motility (58) and to phosphorylate Rac (59). An increase in PIP3
results in enhanced recruitment of Akt to the membrane, so when PTEN hydrolyzes PIP3
to PIP2 (phosphatidylinositol 4,5-phosphate), less Akt is active. Akt has been shown to
inhibit pro-apoptotic proteins (40). Through an upset to the balance, PTEN mutations
have been shown to increase the action of Akt kinase, activating a series of signaling
pathways and affecting negative feedback loops. For example, Akt has been found to
phosphorylate mdm2, causing it to translocate to the nucleus, inhibiting p53. An
additional role of PTEN is its capacity to bind to p53, existing in a positive feedback
loop, where an increase in p53 leads to higher PTEN levels (60). Through the formation
of a complex between p53 and PTEN, p53 is protected from ubiquitinylation and
degradation, and may have increased binding to DNA (61).
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The ability of PTEN to act as both a protein phosphatase and a lipid phosphatase is a
current topic of debate. The role of PTEN in the PIP3 and Akt pathway, is due to its role
as a lipid phosphatase and does not require use of its protein phosphatase activity (62).
PTEN has been reported to exist in three states, a ‘lipid active’ state which interacts with
membranes, a ‘soluble active’ state that can use protein substrates and an inactive state
(63). However, no significant substrates for the protein phosphatase activity have been
identified (62). It was shown in glioblastoma cells that both the protein and lipid
phosphatase activities were required to inhibit migration, but either alone was sufficient
to inhibit proliferation (62). The effects of both the lipid and protein phosphatase abilities
of PTEN will be studied in regards to lamellipodia and circular dorsal ruffle formation.
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PTEN has been added to the previous pathway. In this model, p53 directly promotes the
transcription of PTEN. This alters the balance between PTEN and PI3K, causing PIP3
levels to drop and therefore the inhibition of Akt. The end result is an inhibition of Rac.
In the proposed pathway above, Rac lies downstream of the PTEN and Akt/PI3K
pathway, however it is possible that Rac is actually upstream of Akt (58).
1.5 Objectives
To determine the relationship between p53 and PDGF-induced circular dorsal ruffle and
lamellipodia formation
Does p53 have an effect on PDGF-induced circular dorsal ruffling and lamellipodia? If
so, is this effect:
1)
2)
3)
4)

Through a direct inhibition of Rac?
Downstream through upregulation of caldesmon?
Through PTEN inhibition of the Akt pathway?
A combined effect of the three scenarios?

1.6 Hypothesis
I hypothesize that p53 has an inhibitory effect on PDGF-induced lamellipodia and
circular dorsal ruffling. This inhibition occurs through a combination of a direct
inhibition of Rac, an upregulation of caldesmon, and an upregulation of PTEN’s lipid
phosphatase activity, affecting the Akt pathway.
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Figure 1-7: The hypothesized signalling pathway regulating the formation of
circular dorsal ruffles and lamellipodia during cell migration. Regulation may be
occurring through a direct inhibition of Rac by p53 as shown in the first pathway. p53
may upregulate caldesmon to inhibit circular dorsal ruffles and lamellipodia as shown in
the second pathway. p53 may also upregulate PTEN to inhibit both phenotypes through
Akt as shown in the third pathway.
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CHAPTER 2
MATERIALS AND METHODS
I created all cell lines, and performed all experiments, unless indicated otherwise.
2.1 Plasmid constructs, shRNA, and siRNA
Wild-type murine p53 (wtp53) was generated as previously described (64). The
expression construct for wild-type PTEN (wtPTEN) (MMM1013-7511653) was
purchased from Open Biosystems.
All short hairpin RNAs (shRNAs) were generated using a mir-30-based design
method, which has been previously described (65). A TMP or LMP vector system (Open
Biosystems) was used for the cloning and expression of the shRNAs (42). Each shRNA
sequence could target both rat and mouse transcripts. Two shRNAs were generated for
p53 (rat NM_030989 and mouse NM_011640). The target/sense sequences used to
design the shRNAs were 5’-GTC(A/T)GGGACAGCCAAGTCTGT-3’ and 5’CG(T/C)GCCATGGCCATCTACAAG-3’ (42). Two shRNAs were generated for
caldesmon (rat NM_013146 and mouse NM_145575). The target/sense sequences used
to design the shRNAs were 5’-GGAGAATTCATGACCCACAAA-3’ and 5’GGAACCTCTGGGAAAAGCAAT-3’ (42). Two shRNAs were generated for PTEN
and the target/sense sequences used to design the shRNAs were 5’GAGATCGTTAGCAGAAAGAAAA-3’ and 5’-CCACAGCTAGAACTTATCAA-3’
(66)
Rat caldesmon GFP was generated in a pEGFP C1 vector (Clontech). Mutations of
the C-terminal PAK phosphorylation sites were made by Robert Eves, which created
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GFPCaldAA (S453A and S482A) and GFPCaldDD (S452D and S482D). Mutations of
the C-terminal Erk phosphorylation sites were made by Robert Eves, which created
GFPCald4A (S462A, T468A, T491A, and S497A) and GFPCald4D (S462D, T468D,
T491D, and S497D).
Mutations for the C124SPTEN mutant, G129EPTEN mutant and Y138LPTEN mutant
were made using the QuikChange II XL site-directed mutagenesis kit (Stratagene), as
previously described (66).
An siRNA sequence with a 3’dTdT overhang targeting Rattus norvegicus l-caldesmon
cDNA was generated as previously described (67). The sequence targets nucleotides
1120-1138 of sequence 5’ (GUGCUUCACUCCUAAAGGC)d(TT). Negative control 1
FAM-labelled siRNA was used, which does not correspond to any sequence in the
human, rat or mouse genomes (Ambion) (67).
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 (68). SMC were
cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen),
supplemented with 1% penicillin G/streptomycin sulphate (1%P/S) (Invitrogen) and 10%
bovine growth serum (BGS) (HyClone). Cells were grown in an incubator at 37ºC in the
presence of 5% CO2. Cells were maintained at sub confluent levels (approximately 8090%). Post-infection selection on cell lines was performed using 5µg/mL of Puromycin
(Fisher Scientific) or 1mg/mL Neomycin (Sigma-Aldrich), based on cell type.
2.3 Creation of stable cell lines
23

To create stable cell lines, phoenix amphotropic retroviral packaging cells were plated
in 6 well dishes at a density of 300 000 cells/well and SMC were plated in 6 well dishes
at a density of 50 000 cells/well. Both cell types were grown in DMEM 10%BGS 1%P/S
and incubated at 37ºC and 5% CO2 overnight. Phoenix cells were transfected with
4µg/well of the appropriate DNA in serum free DMEM for 3-4 hours using the
Lipofectamine 2000 reagent, following the manufacturer’s protocol (Invitrogen). After
24 hours, viral supernatant was harvested from phoenix cells and combined with an
infection mixture containing 300µL BGS, 3µL polybrene and 700µL DMEM 10%BGS
1%P/S. This infection mixture was added to the SMC in the 6 well dishes. The infection
was repeated twice more, with approximately 24 hours between infections. The media on
the SMC was replaced with DMEM 10%BS 1%P/S, and selections were performed after
24 hours, using the appropriate antibodies.
2.4 Transient transfections
Glass coverslips (Fisher Scientific) were coated with 5µg/mL human fibronectin
(Roche Applied Science) and placed in 24 well plates for two hours. SMC in DMEM
10%BGS 1%P/S were plated at a density of 10 000 cells/well. After 24 hours of
incubation, the cells were transfected with 0.8µg/well of the appropriate DNA in serum
free media, following the Lipofectamine 2000 protocol (Invitrogen). After four hours,
the media was changed to DMEM 10%BGS 1%P/S.
2.5 Pifithrin α/ Doxorubicin treatment
Glass coverslips (Fisher Scientific) were coated with 5µg/mL human fibronectin
(Roche Applied Science) and placed in 24 well plates for two hours. SMC in DMEM
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10%BGS 1%P/S were plated at a density of 10 000cells/well. After 24 hours of
incubation, the media on the cells was switched to serum free media and the cells were
incubated for an additional 24 hours. The p53 inhibitor, pifithrin α (PFA) (20µM)
(Sigma-Aldrich) or the genotoxic drug doxorubicin (Adriamycin) (500ng/mL) (SigmaAldrich) was added to the wells and incubated for 24 hours (42).
2.6 PDGF treatment
The media on plated cells, including those which had been transfected or treated with
pifithrin α/doxorubicin, was first changes to serum free media. After approximately 24
hours of incubation, 20ng/µL PDGF-BB (Sigma-Aldrich) diluted in serum free media
was added to the coverslips. After 20min of incubation, the cells were immediately fixed,
permeabilized, and stained.
2.7 Antibodies and dyes
The following primary antibodies were used in this study during immunofluorescence
microscopy and western blotting: c-myc (Sigma-Aldrich), cortactin 4F11 (Millipore),
PTEN (9559) (Cell Signalling), GFP (AB3080) (Millipore), Glyceraldehyde-3-Phosphate
(GAPDH) (MAB374) (Millipore), caldesmon (610661) (BD Biosciences), and MDM2
(M4308) (Sigma-Aldrich). Alexa Fluor 350-, Alexa Fluor 488- and Alex Fluor 568conjugated antibodies (Molecular Probes) were used as secondary antibodies. When
actin was stained, tetramethyl rhodamines isothiocynate (TRITC)-conjugated phalloidin
(P1951) (Sigma-Aldrich) was added along with the secondary antibodies. To stain the
nucleus, 4’,6-Diamidino-2-phenylindole (DAPI) (D3571) (Invitrogen), was added along
with the secondary antibodies. Western blotting was performed using the primary
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antibodies cited above as well as specific anti-mouse and anti-rabbit horseradishperoxidase conjugated secondary antibodies (Millipore). For immunofluorescence
staining, antibodies were applied in a 3% bovine serum albumin (BSA) in phosphate
buffered saline (PBS) solution. For western blotting, primary antibodies were applied in
3% BSA in Tris buffered saline (T-TBS) solution and secondary antibodies were applied
in a 3% BSA in 5% milk-T-TBS solution.
2.8 Immunofluorescence imaging
Cells previously plated on coverslips in 24 well dishes, transfected and treated with
PDGF, were fixed for five minutes with 1.6% paraformaldehyde and rinsed with PBS.
The cells were permeabilized for five minutes with 0.2% Triton-X100 and rinsed three
times with PBS. 3% BSA in PBS was added to the coverslips for 20 minutes to prevent
non-specific binding. The coverslips were then treated with the appropriate mouse or
rabbit primary antibodies in 3% BSA in PBS for one hour. They were rinsed three times
with PBS and then the appropriate secondary antibody was added for one hour. The
coverslips were washed again, rinsed with sterilized water and fixed to glass slides with
4µL of the mounting medium Dako.
Epifluorescent images were taken of the coverslips 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 (Cooke SensiCam) and Slidebook image analysis software
(Intelligent Imaging Innovations). Confocal images were taken using a Leica TCS-SP2
RS scanning laser confocal microscope outfitted with a 63X/1.40 or 100X/1.40-
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numerical-aperature oil immersion lens objective. Several Z-plane images were taken to
allow for cross-sectional analyses. Image J image analysis software (NIH) was used to
analyze and adjust the images.
Microscopy was used to analyze the presence of lamellipodia and circular dorsal
ruffles on SMC. The amount of each cell’s perimeter displaying lamellipodia (i.e.: 025%, 25-50%, 50-75%, or 75%-100%) and the percentage of cells displaying circular
dorsal ruffles was recorded. For statistical analysis, approximately 100 cells from each of
three or more independent experiments were counted for each cell type. Standard
deviations were calculated and the significance between cell types was determined using
a two tailed student t-test.
2.9 Western blot
SMC were first selected with the appropriate antibodies. Total cell populations were
washed with PBS, collected and 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 2X SDS sample buffer was loaded onto 10% SDS-PAGE gels and
separated under electric current. This was transferred to PVDF immobilon membranes
(Millipore). Immunoblotting was performed using the primary and secondary antibodies
described previously. Chemiluminescent signals were detected on film using an
enhanced chemiluminescence reagent (Millipore). The exposed films were scanned into
a computer and densitometry was performed on the digital images using Image Pro Plus 6
software. GAPDH was used as a loading control to make sure the various samples were
loaded equally and to control for error.
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CHAPTER 3
RESULTS
PART 1: REGULATION OF LAMELLIPODIA AND CIRCULAR
DORSAL RUFFLES BY p53
3.1 PDGF stimulates the formation of lamellipodia and circular dorsal ruffles in
smooth muscle cells
Vascular smooth muscle cells were isolated from the thoracic aorta of male Wistar rats
and used for all of the experiment conducted as part of this project. The smooth muscle
cells (SMC) were starved for approximately 24 hours with serum-free media and treated
with platelet derived growth factor (PDGF), which is a known stimulator of cell
migration involving the formation of lamellipodia and circular dorsal ruffles (25).
Circular dorsal ruffles are known to assemble and disassemble over a period of 5-30
minutes (26), so the cells were treated with various concentrations of PDGF for 5min,
10min, 15min, 20min, 25min, or 30min. It was determined that the highest percentage of
SMC displayed circular dorsal ruffles when treated with 20ng/mL PDGF for 20min, so
this was used for all of the experiments. After treatment with PDGF, SMC were fixed
and immunostained. At least 100 SMC were analyzed for each trial and approximately
five trials were conducted for each experiment. The presence of lamellipodia and circular
dorsal ruffles was determined based on the staining of cortactin, due to its incorporation
into the branched actin structure occurring in both phenotypes. SMC were examined and
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Figure 3-1: The presence of lamellipodia after PDGF treatment
Rat vascular smooth muscle cells were treated with 20ng/mL PDGF for 20min. The cells
were stained for the presence of actin (red) and cortactin (green). Cortactin was stained
due to its ability to localize to lamellipodia. The cells formed lamellipodia along their
peripheral edges and were classified based on the amount of their perimeters that
displayed lamellipodia as indicated. The scale bar represents 10µm.
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Figure 3-2: The presence of circular dorsal ruffles after PDGF treatment
Rat vascular smooth muscle cells were treated with 20ng/mL PDGF for 20min. The cells
were stained for the presence of actin (red) and cortactin (green). Cortactin was stained
due to its ability to localize to circular dorsal ruffles. The scale bar represents 10µm.
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were recorded as having 0-25%, 25-50%, 50-75% or 75-100% of their perimeter
displaying lamellipodia, as shown in Figure 3-1. They were also analyzed for the
presence of circular dorsal ruffles, as shown in Figure 3-2. The circular dorsal ruffles
were confirmed to be located on the dorsal side of the cell using confocal images. The
x/z cross-sectional views of the SMC showed that the cortactin localizing to the ruffle
was located above the nucleus, which was stained with DAPI. This image was shown
previously in Figure 1-4.
3.2 The activation of p53 inhibits the formation of lamellipodia and circular dorsal
ruffles
The tumour suppressor p53 has recently been shown to play a role in the regulation of
cell migration (12, 69). I hypothesized that p53 could affect vascular SMC migration by
inhibiting the formation of lamellipodia and circular dorsal ruffles. The activity of p53
was first altered to determine its effects on these actin-based structures. Pifithrin-α (PFA)
was used to inhibit the activity of p53 because it is known to bind to the DNA-binding
domain of p53, preventing its actions as a transcription factor. Doxorubicin (Doxo),
which causes double-stranded breaks in DNA, was used to activate p53. SMC were
treated with PFA (20µM) or doxorubicin (500ng/mL) and incubated for 24hours. The
cells were serum starved overnight and then treated with PDGF. The inhibition of p53
activity using PFA resulted in an increase in the percentage of cells displaying
lamellipodia on greater than 50% of their perimeter and an increase in the percentage of
cells displaying circular dorsal ruffles compared to control cells that were not treated with
PFA or doxorubicin. The activation of p53 by doxorubicin resulted in a decrease in the
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Figure 3-3: p53 activation by doxorubicin promotes the formation of lamellipodia
and circular dorsal ruffles
SMC were treated with either pifithrin-α (PFA) or doxorubicin (doxo), and then
stimulated with PDGF. The cells were stained for the presence of actin (red) and
cortactin (green). Cortactin was stained due to its ability to localize to lamellipodia and
circular dorsal ruffles. Activation of endogenous p53 by PFA caused the percentage of
cells displaying lamellipodia on >50% of their perimeter and displaying circular dorsal
ruffles to decrease compared to the control, as indicated in the first row. Treatment with
doxorubicin to decrease the activation of endogenous p53 caused an increase in the
percentage of cells displaying both phenotypes, as shown in the second row. The scale
bar represents 10µm.
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percentage of cells displaying both phenotypes compared to control cells (Figure 3-3 and
Figure 3-5B). The results were found to be significant based on a standard t-test. This
demonstrates that activated p53 inhibits lamellipodia and circular dorsal ruffles.
3.3 p53 inhibits the formation of lamellipodia and circular dorsal ruffles
To further investigate the role of p53 in the regulation of lamellipodia and circular
dorsal ruffles, stable cell lines were created for SMC with an overexpression of p53
(wtp53), knockdowns of p53 (shp53-1 and shp53-2), and a vector control. Lysates were
taken of total cell populations and analyzed on a Western Blot. It was determined that
levels of p53 were increased in the wtp53 cells and reduced in the shp53-1 and shp53-2
cells compared to the control (Figure 3-5A). Mdm2, which is an ubiquitin ligase and a
direct target of p53 transcriptional activities, was used to indirectly indicate the levels of
p53 on the Western Blot. Both proteins act together in a negative feedback loop (39).
p53 antibodies were initially used to directly indicate p53 levels, but a lot of nonspecific
interactions occurred resulting in the appearance of smeared bands on the Western Blot.
The stable cell lines were serum starved overnight and then treated with PDGF. The
shRNA knockdown of p53 resulted in an increase in the percentage of cells displaying
lamellipodia on greater than 50% of their perimeter and an increase in the percentage of
cells displaying circular dorsal ruffles compared to the vector control. The
overexpression of p53 (wtp53) resulted in a decrease in the percentage of cells displaying
both phenotypes (Figure 3-4 and Figure 3-5B). All results were found to be significant
based on t-tests. It was concluded that p53 can inhibit the formation of lamellipodia and
circular dorsal ruffles.
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Figure 3-4: p53 inhibits the formation of lamellipodia and circular dorsal ruffles
SMC were treated with 20ng/mL PDGF for 20min. The cells were stained for the
presence of actin (red) and cortactin (green). Cortactin was stained due to its ability to
localize to lamellipodia and circular dorsal ruffles. The overexpression of p53 (as
indicated by wtp53) caused a decrease in the percentage of cells displaying lamellipodia
on greater than 50% of their perimeter and displaying circular dorsal ruffles. The
knockdown of p53 using shRNAs (as indicated by shp53-1 and shp53-2) caused an
increase in the percentage of cells displaying both phenotypes. The scale bar represents
10µM.
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Figure 3-5: p53 inhibits the formation of lamellipodia and circular dorsal ruffles
(A) A Western blot using lysates from total cell populations of SMC with an
overexpression or knockdown of p53 as indicated. As p53 levels increase in the cell, the
levels of the protein mdm2 are increased in response (39), so mdm2 is used as an
indicator of p53 levels. GAPDH was used as a loading control. (B) SMC were treated
with 20ng/mL PDGF for 20min. The knockdown of p53 by shRNAs (shp53-1 and
shp53-2) or the decreased activation of p53 by pifithrin-α (PFA) resulted in a significant
increase in the percentage of cells displaying lamellipodia on >50% of their perimeter
and displaying circular dorsal ruffles. An overexpression of p53 (wtp53) or increased
activation of p53 by doxorubicin (doxo) resulted in a significant decrease in the
percentage of cells displaying lamellipodia on >50% of their perimeter and displaying
circular dorsal ruffles. An asterisk represents a p-value of less than 0.05, indicating
significance.
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3.4 p53 inhibits the formation of lamellipodia and circular dorsal ruffles through
Rac
The GTPase Rac is known to induce the formation of lamellipodia and circular dorsal
ruffles, so I hypothesized that p53 may regulate these structures though Rac. The
constitutively active form of Rac (RacL61) and the dominant negative form of Rac
(RacN17) were used for this section. The stable cell lines created for wtp53, shp53-1,
shp53-2 and the vector control were transiently transfected with RacL61 or RacN17 and
incubated for 24 hours. They were then serum starved and treated with PDGF. The cells
were stained for c-myc, which is an epitope tag for Rac. This allowed only the
transfected cells to stain green, so that only these cells would be examined for the
presence of lamellipodia and dorsal ruffles. It was found that the transfection of RacL61
into the SMC caused a significant increase in the percentage of cells displaying
lamellipodia on greater than 50% of their perimeter in all of the cell lines, compared to
the control cells. The transfection of RacN17 into the cells significantly decreased the
presence of lamellipodia in all of the cell lines compared to the controls (Figure 3-6A).
Similar results were seen for circular dorsal ruffles where the transfection of RacL61 into
the SMC resulted in an increase in the percentage of cells displaying circular dorsal
ruffles compared to the controls. Interestingly, RacN17 suppressed the formation of
circular dorsal ruffles in all of the SMC (Figure 3-6B). Based on these results it was
concluded that Rac regulates lamellipodia and circular dorsal ruffles downstream of p53.
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Figure 3-6: Rac regulates lamellipodia and circular dorsal ruffles downstream of
p53
SMC with an overexpression or knockdown of p53 were transfected with a dominant
negative Rac (RacN17) or a constitutively active Rac (RacL61) and then treated with
20ng/mL PDGF for 20min. (A) Control, wtp53 shp53-1, and shp53-1 SMC displayed
decreased lamellipodia when transfected with RacN17 and increased lamellipodia when
transfected with RacL61. (B) Control, wtp53 shp53-1, and shp53-1 SMC displayed
decreased circular dorsal ruffles when transfected with RacN17 and increased circular
dorsal ruffles when transfected with RacL61. An asterisk represents a p-value of less
than 0.05, indicating significance.
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PART 2: REGULATION OF LAMELLIPODIA AND CIRCULAR
DORSAL RUFFLES BY CALDESMON
3.5 p53 upregulates caldesmon
Previous studied have shown a link between p53 and caldesmon expression (42).
Caldesmon is a protein that can bind to and stabilize actin stress fibres, while
destabilizing branched actin filaments through the inhibition of the Arp2/3 complex (46).
Therefore, it provides a possible mechanism through which p53 could regulate
lamellipodia and circular dorsal ruffles. In order to verify the relationship between p53
and caldesmon, a Western Blot was performed using lysates from total cell populations of
the wtp53, shp53-1, shp53-2 and control cell lines. GAPDH was used as a loading
control. The blot showed that when p53 was overexpressed (wtp53), the levels of
caldesmon were increased in the cells compared to the control. A knockdown of p53
using shRNAs (shp53-1 and shp53-2) caused the levels of caldesmon in the cells to
decrease compared to those in the control (Figure 3-7). This confirmed that p53 can
upregulate caldesmon.
3.6 Caldesmon inhibits the formation of lamellipodia and circular dorsal ruffles
The role of caldesmon in the regulation of lamellipodia and circular dorsal ruffles was
the next area of interest. Stable cell lines were created for SMC in which caldesmon had
been knocked down using shRNAs (shCald-1 and shCald-2). Lysates were taken of total
cell populations and analyzed on a Western Blot. The staining of the levels of caldesmon
in the cells showed that the shRNA was effective in knocking down the levels of
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Figure 3-7: p53 upregulates caldesmon
A Western blot using lysates from total cell populations of SMC with an overexpression
or knockdown of p53 as indicated. Caldesmon levels in the cells increased when p53 was
overexpressed in the SMC (wtp53) compared to a vector control. Caldesmon levels
decreased when p53 was knocked down using shRNAs (shp53-1 and shp53-2) compared
to a vector control. GAPDH was used as a loading control.
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caldesmon compared to the vector control (Figure 3-9A). The stable cell lines were
serum starved overnight and then treated with PDGF. The shRNA knockdown of
caldesmon resulted in an increase in the percentage of cells displaying lamellipodia on
greater than 50% of their perimeter and an increase in the percentage of cells displaying
circular dorsal ruffles compared to the control (Figure 3-8 and Figure 3-9B). These
results indicated that caldesmon can inhibit lamellipodia and circular dorsal ruffles in
SMC.
One potential problem associated with stably transfected shRNA is that the cells may
overcompensate for the levels of the transfected proteins over their lifetimes. To verify
the role of caldesmon in the regulation of circular dorsal ruffles obtained using shRNAs,
transiently transfected siRNAs were used. Both the control (NegsiRNA) and CaldsiRNA
were transfected along with green fluorescent protein (GFP), so that it was known when
they were transfected into a cell. Only the cells that were fluorescing green were counted
to determine statistics for this experiment. An example is shown in Figure 3-10A. SMC
were first transfected with CaldsiRNA or the control and incubated for 24 hours. They
were then treated with PDGF. It was determined that the knockdown of caldesmon using
siRNA caused an increase in the percentage of cells displaying circular dorsal ruffles
compared to the control, another confirmation that caldesmon is able to inhibit circular
dorsal ruffles (Figure 3-10B).
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Figure 3-8: Caldesmon inhibits the formation of lamellipodia and circular dorsal
ruffles
SMC were treated with 20ng/mL PDGF for 20min. The cells were stained for the
presence of actin (red) and cortactin (green). Cortactin was stained due to its ability to
localize to lamellipodia and circular dorsal ruffles. The knockdown of caldesmon using
shRNAs (as indicated by shCald-1 and shCald-2) caused an increase in the percentage of
cells displaying lamellipodia on >50% of their perimeter and displaying circular dorsal
ruffles compared to the control. The scale bar represents 10µM.
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Figure 3-9: Caldesmon inhibits the formation of lamellipodia and circular dorsal
ruffles
(A) A Western blot using lysates from total cell populations of SMC with an
overexpression or knockdown of caldesmon as indicated. GAPDH was used as a loading
control. (B) SMC were treated with 20ng/mL PDGF for 20min. The knockdown of
caldesmon by shRNAs (shCald-1 and shCald-2) resulted in a significant increase in the
percentage of cells displaying lamellipodia on >50% of their perimeter and displaying
circular dorsal ruffles. An asterisk represents a p-value of less than 0.05, indicating
significance.
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Figure 3-10: Caldesmon inhibits the formation of circular dorsal ruffles
Caldesmon was knocked down in SMC using siRNA (CaldsiRNA) and the cells were
treated with 20ng/mL PDGF for 20min. (A) The cells were stained for the presence of
actin (red) and GFP-tagged caldesmon (green). CaldsiRNA was shown to be effective in
lowering levels of caldesmon in transfected cells compared to the control (NegsiRNA), as
shown by lighter green staining. The scale bar represents 10µm. (B) The knockdown of
caldesmon by siRNA significantly increased the percentage of cells displaying circular
dorsal ruffles compared to the control (NegsiRNA). An asterisk represents a p-value of
less than 0.05, indicating significance.
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3.7 PAK or Erk phosphorylation of caldesmon increases circular dorsal ruffle
formation
Rat l-caldesmon has PAK and Erk phosphorylation sites which were previously shown
in Figure 1-6. The phosphorylation of caldesmon has been shown to prevent the binding
of caldesmon to actin, and therefore may affect the formation of actin-based structures.
Four different caldesmon mutations were used to determine the effects of PAK and Erk
phosphorylation of caldesmon on the formation of circular dorsal ruffles. These included
CadAA, where the two PAK phosphorylation sites of caldesmon are mutated from serine
to alanine, and Cad4A, where the four Erk phosphorylation sites of caldesmon are
mutated from serine to alanine. In both of these cases, caldesmon will not be
phosphorylated due to the lack of serine at the phosphorylation sites, so I hypothesized
that caldesmon will remain bound to actin and will prevent the branching necessary for
the formation of circular dorsal ruffles. Two other mutations that were used were
CadDD, where the two PAK phosphorylation sites of caldesmon are switched to aspartic
acid, and GFPCad4D, where the four Erk phosphorylation sites of caldesmon are
switched to aspartic acid. These would both mimic a constitutively phosphorylated
caldesmon, and I hypothesized that this would cause caldesmon to dissociate from actin
and there would be more circular dorsal ruffles formed. All of the caldesmon constructs
were tagged with GFP to determine which cells were transfected. Therefore only the
cells that were fluorescing green were counted for statistical analysis. The cells were
transfected with the caldesmon mutants and incubated for 24 hours before the PDGF
treatment. The location of caldesmon in the cells was notable. The caldesmon which
was not phosphorylated by PAK (GFPCadAA) appeared to localize to the circular dorsal
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ruffles which were visualized by the staining of cortactin. The PAK-phosphorylated
caldesmon (GFPCadDD) did not appear to localize to the dorsal ruffles and seemed
spread out over the cytoplasm of the cell. This can be seen in Figure 3-11. Similar
results were seen for Erk phosphorylation. The caldesmon that could not be
phosphorylated by Erk (GFPCad4A) localized to the circular dorsal ruffles, while the
Erk-phosphorylated caldesmon did not, as seen in Figure 3-12. This suggests that the
phosphorylation of caldesmon may inhibit its binding to actin to regulate circular dorsal
ruffles. Statistical analysis of the SMC showed that the overexpression of caldesmon
(GFPCadwt) resulted in a significantly lower percentage of cells displaying circular
dorsal ruffles compared to control cells, but when caldesmon was phosphorylated by
PAK or Erk there was a significantly higher percentage of cells displaying circular dorsal
ruffles (Figure 3-13). This leads to the conclusion that the ability of caldesmon to inhibit
the formation of circular dorsal ruffles is reversed when caldesmon is phosphorylated by
PAK or Erk.
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Figure 3-11: PAK-phosphorylated caldesmon does not localize to circular dorsal
ruffles.
SMC were transfected with GFP-tagged Cadwt (wild-type caldesmon), CadAA
(caldesmon that cannot be phosphorylated by PAK), or CadDD (mimicking a caldesmon
that is constitutively phosphorylated by PAK), and treated with 20ng/mL PDGF for
20min. The cells were stained for the presence of actin (red) and GFP-tagged caldesmon
(green). CadAA localizes to dorsal ruffles. CadDD does not localize to dorsal ruffles
and appears to be spread over the body of the cell. The scale bars represent 10µm.
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Figure 3-12: Erk-phosphorylated caldesmon does not localize to circular dorsal
ruffles.
SMC were transfected with GFP-tagged Cadwt (wild-type caldesmon), Cad4A
(caldesmon that cannot be phosphorylated by Erk), or Cad4D (mimicking a caldesmon
that is constitutively phosphorylated by Erk), and treated with 20ng/mL PDGF for 20min.
The cells were stained for the presence of actin (red) and GFP-tagged caldesmon (green).
Cad4A localizes to dorsal ruffles. Cad4D does not localize to dorsal ruffles and appears
to be spread over the body of the cell. The scale bars represent 10µm.
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Figure 3-13: PAK or Erk phosphorylation of caldesmon increases the presence of
circular dorsal ruffles
SMC were transfected with GFP, GFPCadwt (wild-type caldesmon), GFPCadAA
(caldesmon that cannot be phosphorylated by PAK), GFPCadDD (mimicking caldesmon
phosphorylated by PAK), GFPCad4A (caldesmon that cannot be phosphorylated by Erk),
or GFPCad4D (mimicking caldesmon phosphorylated by Erk). When caldesmon was
phosphorylated by PAK or Erk there was a significant increase in the percentage of cells
displaying circular dorsal ruffles. An asterisk represents a p-value of less than 0.05,
indicating significance.
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PART 3: REGULATION OF LAMELLIPODIA AND CIRCULAR
DORSAL RUFFLES BY PTEN
3.8 PTEN inhibits the formation of lamellipodia and circular dorsal ruffles
PTEN is known to be upregulated by p53 (60). It was the next protein studied in this
project because PTEN is a tumour suppressor but its role in the regulation of lamellipodia
and circular dorsal ruffles in the migration of vascular smooth muscle cells was unknown.
Stable cell lines were created for SMC in which PTEN had been overexpressed
(wtPTEN), and in which PTEN had been knocked down using shRNAs (shPTEN-1 and
shPTEN-2). Lysates were taken of total cell populations and analyzed on a Western Blot.
The level of PTEN was increased in the wtPTEN cells and decreased in the shPTEN-1
and shPTEN-2 cells, as shown on the blot (Figure 3-15A). The stable cells then
underwent PDGF treatment. The overexpression of PTEN in SMC resulted in a
significant decrease in the percentage of cells displaying lamellipodia on greater than
50% of their perimeter and in the percentage of cells displaying circular dorsal ruffles.
The knockdown of PTEN resulted in a significant increase in the percentage of cells
displaying both phenotypes compared to a control (Figure 3-14 and Figure 3-15B). It
was concluded that PTEN inhibits lamellipodia and circular dorsal ruffles.
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Figure 3-14: PTEN inhibits the formation of lamellipodia and circular dorsal ruffles
SMC were treated with 20ng/mL PDGF for 20min. The cells were stained for the
presence of actin (red) and cortactin (green). Cortactin was stained due to its ability to
localize to lamellipodia and circular dorsal ruffles. The overexpression of PTEN (as
indicated by wtPTEN) caused a decrease in the percentage of cells displaying
lamellipodia on greater than 50% of their perimeter and displaying circular dorsal ruffles.
The knockdown of PTEN using shRNAs (as indicated by shPTEN-1 and shPTEN-2)
caused an increase in the percentage of cells displaying both phenotypes. The scale bar
represents 10µM.
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Figure 3-15: The lipid phosphatase activity of PTEN inhibits the formation of
lamellipodia and circular dorsal ruffles.
(A) A Western blot using lysates from total cell populations of SMC with an
overexpression or knockdown of PTEN as indicated. GAPDH was used as a loading
control. The mutants of PTEN, C124S (phosphatase dead), G129E (lipid phosphatase
dead), and Y138L (protein phosphatase dead) all increased levels of PTEN when
transfected into the cells. (B) SMC were treated with 20ng/mL PDGF for 20min. The
overexpression of PTEN (as indicated by wtPTEN) resulted in the percentage of cells
displaying lamellipodia on greater than 50% of their perimeter and displaying circular
dorsal ruffles to significantly decrease compared to the control. When PTEN was
knocked down using shRNAs (as indicated by shPTEN-1 and shPTEN-2), was
phosphatase dead or was acting as a protein phosphatase only (having lost its lipid
phosphatase activity), both phenotypes significantly increased compared to the control.
When PTEN was acting as a lipid phosphatase only (having lost its protein phosphatase
activity), the levels of lamellipodia and circular dorsal ruffles were comparable to the
control. An asterisk represents a p-value of less than 0.05, indicating significance.
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3.9 The lipid phosphatase activity of PTEN is responsible for the inhibition of
lamellipodia and circular dorsal ruffles
PTEN is capable of acting as both a protein phosphatase and a lipid phosphatase, and
both roles have been shown to be important in the regulation of cell migration (70). Both
activities are involved in different signalling pathways in SMC. A significant role of the
lipid phosphatase activity of PTEN involves the regulation of the PI3K/Akt pathway. To
determine which activity of PTEN was responsible for the regulation of lamellipodia and
circular dorsal ruffles, four different mutants of PTEN were used. The C124SPTEN
construct was phosphatase dead, the G129EPTEN construct had lost its lipid phosphatase
activity but was still capable of acting as a protein phosphatase, and the Y138LPTEN
construct had lost its protein phosphatase activity but was still able to act as a lipid
phosphatase (62, 71). Stable cell lines were created expressing these mutants. Total cell
populations were lysed and analyzed on a Western Blot to ensure that the SMC were
efficiently transfected when creating the cell lines. The blot demonstrated that the levels
of PTEN were increased in the C124SPTEN, G129EPTEN and Y138LPTEN cell lines
compared to the vector control cells (Figure 5-15A). This was to be expected as the
SMC retain their endogenous PTEN but the levels of the transfected PTEN mutants are
high enough to overpower the normal levels of PTEN. When PTEN was phosphatase
dead (C124SPTEN), there was a significant increase in the percentage of cells displaying
lamellipodia on greater than 50% of their perimeter and percentage of cells displaying
circular dorsal ruffles. The PTEN that had lost its lipid phosphatase activity but retained
its protein phosphatase activity (G129EPTEN) showed similar results where there was an
increase in the percentage of cells displaying both phenotypes. This increase was not
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significantly different from the increase seen for the C124SPTEN cells. However, when
PTEN lost its protein phosphatase only, having retained its lipid phosphatase activity
(Y138LPTEN), the percentage of cells displaying lamellipodia and circular dorsal ruffles
was comparable to the control cells (Figure 5-15B). This indicates that the protein
phosphatase activity is not required for the regulation of these actin-based structures. It
was concluded that that PTEN inhibits lamellipodia and circular dorsal ruffles thought its
lipid phosphatase activity.
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CHAPTER 4
DISCUSSION
4.1 What is the significance of p53 in the regulation of lamellipodia and circular
dorsal ruffle formation during smooth muscle cell migration?
The transcription factor and tumour suppressor p53 has been shown to be mutated in
more than 50% of cancer cells. p53 is upregulated in response to stress, such as the DNA
damage caused by the generation of reactive oxygen species. This can lead to the
activation of several pro-apoptotic proteins and cell cycle regulators (72), resulting in
apoptosis, senescence or cell cycle arrest (73, 74). Several recent studies have indicated
that p53 can play an additional role involving the regulation of cell migration in the
response to stress. p53 was initially thought to have this function due to its ability to
regulate several genes involved in cell morphology and motility. These include genes
encoding smooth muscle α-actin, HGF (hepatocyte growth factor), VEGF (vascular
endothelial growth factor) and matrix metalloproteinase-1 (75-78). p53 has also been
shown to inhibit cdc42-mediated filopodia formation and to play a role in the regulation
of lamellipodia (31, 79). These facts led to the hypothesis that p53 could play a role in
the inhibition of lamellipodia and circular dorsal ruffling, as a mechanism to regulate
smooth muscle cell migration. It was determined in this project that p53 could inhibit the
formation of both of these phenotypes (Figure 3-2, Figure 3-3, Figure 3-4 and Figure 35). This inhibition could be occurring directly, or as a result of the ability of p53 to
enhance the transcription of other regulatory proteins, such as caldesmon and PTEN. A
diagram representing the signalling pathway controlling the formation of lamellipodia
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Figure 4-1: Signalling pathway overview.
A representation of the regulation of lamellipodia and circular dorsal ruffles in
vascular smooth muscle cell migration, indicating all of the proteins that will be
examined in the discussion of this project. When the cell is stimulated by PDGF, Src is
activated and the formation of lamellipodia and circular dorsal ruffles is promoted
through the PI3K/Akt signalling pathway. p53 was found to oppose this pathway, by
inhibiting the formation of these structures through an inhibition of Rac and through an
upregulation of caldesmon and PTEN.
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and circular dorsal ruffles during smooth muscle cell migration is shown in Figure 4-1.
Stimulation by PDGF can activate Src which promotes the formation of lamellipodia and
circular dorsal ruffles through the PI3K/Akt signalling pathway. p53 was found to
oppose this pathway, through an inhibition of Rac, as well as through an upregulation of
caldesmon and PTEN.
4.2 How is Rac involved in the inhibition of lamellipodia and circular dorsal ruffles
by p53?
p53 is known to inhibit the activity of the Rho GTPase Rac (36, 37). Rho-GTPases
include a family of proteins involved in regulating the polymerization of actin and the
organization of the cytoskeleton (30). Rac functions to specifically regulate the
formation of lamellipodia and circular dorsal ruffles, unlike other Rho-GTPases (80).
PDGF can stimulate the formation of these actin-based structures by activating Src, a
tyrosine kinase that can phosphorylate Abl. The oncogene Abl can then phosphorylate
GEFs, which activate Rac by promoting its GTP loading (25). The activation of Rac has
been shown to be essential for cell migration to occur (81). Rac regulates cell migration
by binding to and activating WAVE (82). WAVE can then activate the Arp2/3 complex
to promote the branching of actin and to form lamellipodia and circular dorsal ruffles (21)
(Figure 4-2).
This information makes Rac a likely mechanism through which p53 could regulate the
formation of these phenotypes. It was determined in this project that Rac lies
downstream of p53. Rac was shown to increase the formation of PDGF-induced
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Figure 4-2: PDGF stimulates the formation of lamellipodia and circular dorsal
ruffles through Rac
PDGF (platelet-derived growth factor) can activate Src, which can phosphorylate Abl.
Abl activates Rac. Rac binds to and activates Wave, which activates the Arp2/3 complex.
This complex promotes the actin branching required for the formation of lamellipodia
and circular dorsal ruffles.
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lamellipodia and circular dorsal ruffles whether there were higher or lower levels of p53
in the cell compared to control cells (Figure 3-6). If Rac were upstream of p53, the
overexpression of p53 in the cells would have inhibited the formation of lamellipodia and
circular dorsal ruffles. It was therefore determined that p53 inhibits both actin-based
structures through the GTPase Rac.
4.3 How is caldesmon involved in the regulation of lamellipodia and circular dorsal
ruffles by p53?
Caldesmon was shown to be upregulated by p53 in this project (Figure 3-7) as well as
in previous work conducted by our lab (42), so caldesmon is likely a transcriptional target
of p53. The formation of lamellipodia and circular dorsal ruffles in vascular smooth
muscle cells was determined to be inhibited by caldesmon (Figure 3-8, Figure 3-9 and
Figure 3-10). Caldesmon has been shown to bind to f-actin in its elongated form to
stabilize actin stress fibres and to destabilize actin branching through competition with
Arp2/3. This results in the inhibition of these phenotypes.
4.4 How were PAK and Erk phosphorylation able to regulate the inhibition of
circular dorsal ruffles by caldesmon?
PAK (p21-associated kinase) and Erk (extracellular related kinase) have been shown
to work independently and additively to regulate cell migration (44). It has been reported
that both of these proteins can affect the structure and function of caldesmon through
phosphorylation. When caldesmon is phosphorylated at specific sites in the C-terminal
region, it loses its actin binding capacity (49, 83). Smooth muscle cells containing
mutants of the different phosphorylation sites of caldesmon were used in this project to
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determine the effects of PAK and Erk phosphorylation on the formation of circular dorsal
ruffles. It was first determined that when caldesmon was phosphorylated by PAK (as
mimicked by the GFPCadDD SMC) or phosphorylated by Erk (as mimicked by the
GFPCad4D SMC), it no longer localized to the circular dorsal ruffles (Figure 3-11 and
Figure 3-12). These mutations also resulted in an increase in the percentage of cells
displaying circular dorsal ruffles compared to control cells (Figure 3-13). This likely
occurred because caldesmon was no longer bound to the F-actin at the sites of Arp2/3
induced branching, so could not regulate the actin branching. In contrast, when
caldesmon was not phosphorylated by PAK or Erk (as mimicked by the GFPCad4A and
GFPCadAA SMC), it localized to the circular dorsal ruffles (Figure 3-11 and Figure 312). This is consistent with the theory that caldesmon can bind to and stabilize actin
stress fibres when it is not phosphorylated. Oddly, these mutations of PAK and Erk
phosphorylation sites did not significantly inhibit the formation of circular dorsal ruffles
even though there was an increase in the localization of caldesmon to actin (Figure 3-13).
This result is likely related to fact that the ability of caldesmon to affect membrane
ruffling depends on the balance of the inhibitory, released and activated states of
caldesmon (46). The phosphorylation needs to be reversible in order for caldesmon to
properly exert its inhibitory actions and for actin to remain stabilized (83). Another study
has suggested that PAK phosphorylation increases the binding of caldesmon to F-actin,
suppressing podosomes formation (84). This conflicting result demonstrates the need for
more research in this area.
PAK and Erk have been shown to play other roles in the regulation of cell migration
as well. For example, PAK phosphorylation of caldesmon has been shown to be a factor
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in the regulation of podosomes (84) and has been shown to enhance the formation of
lamellipodia while regulating macropinocytosis (51). Erk has been shown to inhibit
actin-crosslinking proteins other than caldesmon, such as EPLIN (47). The ability of
PAK and Erk to affect all of these actin-based structures is likely due to their functions in
various signalling pathways related to the regulation of cell migration.
PAK is reported to be located downstream of Rac in signalling pathways related to
cell motility (25, 50) (Figure 4-3A). Erk has been shown to be activated in response to
growth factor stimulation through the Ras/Raf/Mek signalling pathway (48). In this
pathway, PDGF can activate Ras and Ras-GTP then binds to Raf, promoting its
movement to the plasma membrane (85). At the membrane, Raf is activated and can
phosphorylate Mek. Mek then activates MAPK/Erk through phosphorylation (86)
(Figure 4-3B).
PAK and Erk phosphorylation sites are located in the C-terminal region of rat lcaldesmon and are in close proximity to the calmodulin binding domains. The location of
these domains is relevant to the findings in this project because calmodulin is known to
bind to caldesmon when in the presence of calcium, and to affect actin polymerisation.
Similarly to PAK and Erk phosphorylation, the binding of Ca2+-calmodulin to caldesmon
reverses the ability of caldesmon to bind to and stabilize actin (87). The relationship
between calmodulin and caldesmon has also been shown to inhibit the acto-myosin
ATPase activity of caldesmon (88). This ATPase activity is essential for smooth muscle
cell contraction, and its absence prevents the contraction needed to move the cell body
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Figure 4-3: The regulation of the formation of lamellipodia and circular dorsal
ruffles though PAK and Erk
(A) Rac activates PAK to enhance the formation of lamellipodia and circular dorsal
ruffles. (B) PDGF stimulation can cause the activation of Ras. Ras-GTP then binds to
Raf, promoting its movement to the plasma membrane. Raf is activated and can
phosphorylate Mek. Mek activates MAPK/Erk through phosphorylation. This can
induce the formation of lamellipodia and circular dorsal ruffles.
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forward when migrating. PAK has also been shown to regulate contraction through the
phosphorylation of caldesmon (89). The location of PAK and Erk phosphorylation sites
near the calmodulin binding domains of caldesmon is beneficial because caldesmon can
be regulated whether or not the level of calcium is changing in the cell. Calmodulin must
have calcium present to bind to caldesmon, so PAK and Erk phosphorylation present an
alternate route to regulate the formation of circular dorsal ruffling during cell migration.
Interestingly, it has been shown that PAK phosphorylation reduces the binding of
calmodulin to caldesmon and that the binding of calmodulin to caldesmon can partially
inhibit PAK phosphorylation (89). This suggests that the balance between PAK, Erk and
calmodulin can determine the regulation of vascular smooth muscle cell migration.
4.5 What role did PTEN play in the inhibition of lamellipodia and circular dorsal
ruffles by p53?
The PTEN gene has been shown to be transactivated by p53 (60), and this project
demonstrates that PTEN is another important regulator of lamellipodia and circular dorsal
ruffles. PTEN is able to act as a lipid phosphatase and can dephosphorylate PI(3,4,5)P3
(phosphatidylinositol 3,4,5-phosphate) to PI (4,5)P2 (phosphatidylinositol 4,5-phosphate)
at the plasma membrane (54). PIP3 is capable of binding to the PH-domain of Akt, to
recruit Akt to the membrane (55-57). Akt can then be activated through phosphorylation
at the T-loop by phosphoinositide dependent kinase 1 (PDK1) and phosphorylation at its
hydrophobic motif (90). Therefore, when PTEN dephosphorylates PIP3, there is less
active Akt at the membrane of the cell. Rac lies downstream of this pathway (31, 91), so
the prevention of Akt activation would decrease Rac activity, leading to the inhibition of
lamellipodia and circular dorsal ruffles (Figure 4-4). This explains the result that PTEN
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Figure 4-4: PTEN inhibits the formation of circular dorsal ruffles and lamellipodia
PTEN can act as a lipid phosphatase to dephosphorylate PIP3 to PIP2. PI3K
phosphorylates PIP2 to PIP3. PIP3 binds to Akt to recruit it to the plasma membrane.
Akt is phosphorylated by PDK1 and can activate the GTPase Rac. Rac can induce the
formation of circular dorsal ruffles and lamellipodia.
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can inhibit the formation of lamellipodia and circular dorsal ruffles through its lipid
phosphatase activity, as determined in this project (Figure 3-14 and Figure 3-15).
When PTEN lost its protein phosphatase activity but retained its lipid phosphatase
activity in SMC, the percentage of cells displaying lamellipodia on greater than 50% of
their perimeter and the percentage of cells displaying circular dorsal ruffles was similar to
the vector control. It would be expected that the amount of lamellipodia and circular
dorsal ruffles formed would be similar to the cells expressing wtPTEN (overexpressed
PTEN). The difference could indicate that the other functions of PTEN, such as its
protein phosphatase activity, are playing a small role in the regulation of these actin based
structures, but not significantly and not to the extent of the lipid phosphatase activity.
However, the protein phosphatase activity of PTEN may have a greater responsibility in
the regulation of the formation of other structures involved in smooth muscle cell
migration. For example, both phosphatase activities have been shown to play a role in
podosome formation and invasion in smooth muscle cells (70). It has also recently been
shown that PTEN is able to dephosphorylate Src through its protein phosphatase activity,
resulting in the inhibition of Src and its ability to induce cell migration (92).
4.6 What are the clinical implications?
The study of vascular smooth muscle cell migration is essential to generate better
treatments for heart disease, and specifically atherosclerosis. Smooth muscle cells have
various functions that differ throughout the progression of heart disease. Atherosclerosis
begins as tissue damage occurs in the arteries. This initially leads to inflammation and
the formation of a fatty streak consisting of macrophages and T-lymphocytes (2).
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Smooth muscle cells then migrate to the fatty streak to form the intermediate lesion (3).
As the lesion becomes enlarged, the smooth muscle cells become reorganized to form the
fibrous cap that stabilizes the fatty plaque. p53 has been shown to inhibit vascular
smooth muscle cell migration and this project has been conducted to report the specific
role of p53 in the regulation of the formation of lamellipodia and circular dorsal ruffles.
p53 has been shown to inhibit both actin-based structures directly, as well as through the
proteins caldesmon and PTEN. p53, caldesmon and PTEN could therefore be used as
targets to control the vascular smooth muscle cell migration involved in atherosclerosis.
However, the ability to treat atherosclerosis depends on the time at which these proteins
are targeted.
The fatty steak is relatively small when it is initially formed after the inflammation
associated with an injury to the arteries. At this stage, it would be beneficial to prevent
the migration of SMC to the streak, so that a larger plaque does not form. This is
necessary because a larger plaque could block the artery to a greater extent. The
accumulation of smooth muscle cells would cause there to be less space in the arteriole
lumen for the blood to pass, interfering with blood flow from the heart (1, 2). In this
case, the heart would need to work harder to pump blood. Ischemia of the brain and
extremities could also occur (4).
Alternatively, the migration of SMC may actually be helpful to prevent further
complications associated with heart disease during later stages of atherosclerosis. A
larger plaque associated with later stages would not be stable due to its high lipid
concentration. It is possible that the fatty plaque could rupture, with its components
moving down the artery and blocking blood flow completely. This would result in
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thrombosis and myocardial infarction (1). Consequently, SMC migration should be
promoted in later stages of atherosclerosis because the accumulation of cells could form a
fibrous cap to stabilize the plaque. p53, PTEN or caldesmon could then be targeted in a
way to promote cell migration. Further research is still needed to determine at which
stages it is advantageous to regulate these proteins in smooth muscle cells to best prevent
the consequences associated with heart disease.
4.7 Summary and Conclusions
The tumour suppressor p53 is well known as a regulator of apoptosis, senescence and
cell cycle arrest, but is now known to have inhibitory effects on cell migration as well.
The exact mechanisms of this process are as yet unknown. This project aims to explain a
model through which p53 can regulate lamellipodia and circular dorsal ruffles in vascular
smooth muscle cells. These structures are important indicators that cell migration is
occurring.
4.7.1 p53 inhibits the formation of lamellipodia and circular dorsal ruffles
The first goal was to determine the role of p53 in the regulation of lamellipodia and
circular dorsal ruffles. The knockdowns of p53 using shRNAs (shp53-1 and shp53-2)
and the inhibition of the activity of p53 using the chemical pifithrin-α (PFA) caused an
increase in the percentage of cells displaying lamellipodia on greater than 50% of their
perimeter and in the percentage of cells displaying circular dorsal ruffles compared to
control cells. The overexpression of p53 (wtp53) or the activation of p53 using the
chemical doxorubicin caused a decrease in the percentage of cells displaying both
phenotypes. This lead to the conclusion that p53 inhibits lamellipodia and circular dorsal
74

ruffle formation. The role of the GTPase Rac in the signalling pathway was investigated,
since it is known to regulate both of these structures. The overexpression of a
constitutively active form of Rac (RacL61) in the smooth muscle cells resulted in an
increase in the percentage of cells displaying lamellipodia and circular dorsal ruffles
whether p53 was overexpressed or knocked down. When the dominant negative form of
Rac (RacN17) was overexpressed in the cells, the percentage of cells displaying both
phenotypes was decreased compared to control cells. This was also not affected by the
level of p53 in the cells. It was therefore determined that Rac lies downstream of p53 in
the signalling pathway. p53 inhibits the formation of lamellipodia and circular dorsal
ruffles through the GTPase Rac (Figure 4-5).
4.7.2 p53 inhibits the formation of lamellipodia and circular dorsal ruffles through
caldesmon. PAK and Erk phosphorylation of caldesmon can reverse this inhibition
Next the role of caldesmon in the regulation of lamellipodia and circular dorsal ruffles
in smooth muscle cells was examined. Western blots showed that p53 could effectively
upregulate caldesmon, so caldesmon lies downstream of p53 in the signalling pathway.
When caldesmon was knocked down using shRNAs (shCald-1 and shCald-2) there was
an increase in the percentage of cells displaying lamellipodia on greater than 50% of their
perimeter and in the percentage of cells displaying circular dorsal ruffles compared to
control cells. This experiment was repeated using siRNA and similar results were found.
It was concluded that caldesmon can inhibit the formation of lamellipodia and circular
dorsal ruffles. Due to the presence of PAK and Erk phosphorylation sites in the Cterminal region of caldesmon, the ability of these kinases to regulate circular dorsal
ruffles was investigated. The mutation of the PAK or Erk phosphorylation sites to
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Figure 4-5: p53 inhibits the formation of lamellipodia and circular dorsal ruffles
through Rac
A summary of the experimental resulted presented in Chapter 3. It was concluded that
p53 can inhibit the GTPase Rac, leading to the inhibition of the formation of lamellipodia
and circular dorsal ruffles.
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Figure 4-6: Caldesmon inhibits the formation of lamellipodia and circular dorsal
ruffles
A summary of the experimental results presented in Chapter 4. p53 can upregulate
caldesmon and caldesmon can inhibit the formation of lamellipodia and circular dorsal
ruffles in smooth muscle cells. This inhibition is reversed when caldesmon is
phosphorylated by PAK or Erk.
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aspartic acid (to mimic a constitutively phosphorylated caldesmon) resulted in an increase
in the presence of circular dorsal ruffles on the cells. This resulted in the conclusion that
the phosphorylation of caldesmon by PAK or Erk can reverse its inhibitory effects on
circular dorsal ruffle formation (Figure 4-6).
4.7.3 p53 regulates lamellipodia and circular dorsal ruffles through PTEN. The
lipid phosphatase activity of PTEN is responsible
The third section of this project focussed on the function of PTEN in the regulation of
lamellipodia and circular dorsal ruffles by p53. The overexpression of PTEN in vascular
smooth muscle cells caused a decrease in the percentage of cells displaying lamellipodia
on greater than 50% of their perimeter and the percentage of cells displaying circular
dorsal ruffles, while the knockdown of PTEN using shRNAs (shPTEN-1 and shPTEN-2)
resulted in an increase in the percentage of cells displaying both phenotypes compared to
control cells. It was concluded that PTEN can inhibit lamellipodia and circular dorsal
ruffles in SMC. Next, the involvement of both the protein phosphatase and lipid
phosphatase activities of PTEN were investigated with regards to the regulation of these
actin-based structures. When PTEN was phosphatase dead or had lost its lipid
phosphatase activity only, there was in increase in lamellipodia and circular dorsal ruffles
compared to control cells. However, when PTEN lost its protein phosphatase activity
only, there was a similar percentage of cells displaying both phenotypes compared to
control cells. It was therefore concluded that PTEN can inhibit the formation of
lamellipodia and circular dorsal ruffles through its lipid phosphatase activity (Figure 47).
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Figure 4-7: PTEN inhibits the formation of circular dorsal ruffles and lamellipodia
through its lipid phosphatase activity
A summary of the experimental results presented in Chapter 5. PTEN inhibits the
formation of lamellipodia and circular dorsal ruffles in vascular smooth muscle cells.
This involves the lipid phosphatase activity of PTEN which is known to inhibit Akt.
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Overall it was shown in this project that p53 can inhibit the formation of lamellipodia
and circular dorsal ruffles in vascular smooth muscle cells directly through an inhibition
of Rac, as well as indirectly though an upregulation of caldesmon and through PTEN’s
lipid phosphatase activity.
4.8 Future Directions
The signalling pathway described in this project depicts a general mechanism that can
be used in vascular smooth muscle cells to regulate the formation of the lamellipodia and
circular dorsal ruffles required for migration. Several intermediates may exist between
the proteins listed in the pathway, and many connections could be made between this
pathway and other similar routes that have been shown to control cell invasion and
motility.
4.8.1 Which isoform of Akt is responsible for the regulation of lamellipodia and
circular dorsal ruffles?
One intermediate that could be further investigated is the oncoprotein Akt. PTEN was
shown to inhibit the formation of both lamellipodia and circular dorsal ruffles through its
lipid phosphatase activity. This activity is known to reverse the effects of PI3K that lead
to Akt activation. Akt is a current topic of debate in research related to cell migration
because it exists in three isoforms, Akt1 (α), Akt2 (β), and Akt3 (γ). All three consist of
an N-terminal PH domain, a catalytic domain, and a C-terminal regulatory tail domain.
Althought Akt is known to be a promoter of cell migration, there is conflicting evidence
for which isoform is responsible. Akt2 has been shown to be overexpressed in both
ovarian and pancreatic cancers (93, 94) and Akt3 has been reported to be overexpressed
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in breast cancer (95). Akt1 is known to be rapidly recruited to the leading edges of
migrating cells, where it can regulate growth and survival (58, 96). However, Akt2 has
been shown to be a negative regulator of Rac and PAK signalling, and it was discovered
that there is an increase in dorsal ruffling when Akt2 is knocked out in mouse embryonic
fibroblast (MEF) cells (97). More research needs to be conducted to determine which
isoforms are responsible for the regulation of lamellipodia and circular dorsal ruffles
downstream of PTEN, in vascular smooth muscle cells. This could be done by knocking
down the different Akt isoforms in the cells to visualize the resulting effects on the
formation of these structures.
4.8.2 How do circular dorsal ruffles internalize growth factors?
Another current topic of interest in the field of cell migration involves the function of
circular dorsal ruffles. These ruffles are thought to initiate cell motility through the
internalization of receptor tyrosine kinases, without the need for traditional coat proteins
such as clathrin (27). However, little evidence exists for this theory. It would be
interesting to tag growth factors such as PDGF or receptors,and to visualize their
internalization into circular dorsal ruffles. Time-lapse imaging could be used to
determine the mechanism through which this internalization occurs. A recent study
demonstrated that integrins can be internalized into circular dorsal ruffles by
marcopinocytosis after stimulation with growth factors. This allows the integrins from
disassembling focal adhesions at the back of the cell to move to the newly forming focal
adhesions at the leading edge of the cell during migration, without the need for clathrin or
caveolin (28). This study lends further proof that circular dorsal ruffles may be used to
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initiate cell motility and could provide a mechanism through which other proteins are
internalized into the cell.
The pathway presented in this project demonstrates a role for p53 in the inhibition of
lamellipodia and circular dorsal ruffles. It would be interesting to study other actin-based
structures involved in cell migration, such as podosomes, filopodia and focal ahesions, to
determine if they can be regulated by a similar pathway involving p53, caldesmon and
PTEN. It would be useful to study the role of this pathway in the regulation of the
migration of other types of cells as well. Conducting additional experiments, such as a
Boyden chamber migration assay or a wound healing assay, would also aid in the
understanding of the ability of p53, caldesmon and PTEN to regulate smooth muscle cell
migration. This project shows new insight into the treatment of atherosclerosis, but
additional research may deem these signalling pathways to be applicable to other
physiological conditions as well.
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