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ABSTRACT

Background: Vascular smooth muscle cell migration and accumulation in response to
growth factors extensively contribute to the development of intimal thickening within the
vessel wall. Cumulative evidence has shown that actin cytoskeleton polymerization and
rearrangement are critical steps during cellular spreading and migration. Integrin-linked
kinase, an intracellular serine/threonine kinase, is a cytoplasmic interactor of integrin beta-
1 and beta-3 receptors and has been reported to regulate cell-cell and/or cell-extracellular
matrix interaction, cell contraction, extracellular matrix modification, and cell spreading
and migration in response to various stimuli. However, the regulatory role of ILK during
vascular smooth muscle cell migration and the importance of integrin signaling in

occlusive vascular diseases have not yet been elucidated.

Results: In the present study, we report that integrin-linked kinase controls mouse aortic
smooth muscle cell migration in response to platelet-derived growth factor. We have also
identified p38 mitogen activated protein kinase as a downstream signaling pathway of the
integrin-linked kinase that regulates platelet-derived growth factor- induced actin

polymerization and smooth muscle cell migration.

Conclusion: This study provides new insight into the potential therapeutic value of
modulating integrin signaling in an attempt to block or delay smooth muscle cell

migration and the progression of vascular diseases.
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Chapter 1.  Introduction

1.1. Atherosclerosis

Atherosclerosis or the hardening of the arteries is a proliferative and inflammatory disease of the arterial
wall. It is a disease of muscular arteries, starting with endothelial dysfunction followed by vascular
inflammation, buildup of cholesterol, lipids, cellular debris and calcium within the intima of the vessel
wall. This accumulation results in plaque formation, vascular remodeling, acute and chronic luminal

obstruction, abnormalities of blood flow and diminished oxygen supply to target organs.

Atherosclerosis is the underlying cause of potentially fatal diseases such as coronary artery disease (CAD),
abdominal aortic aneurysms, heart failure, and stroke. It is the primary cause of mortality in both men and
women in Unites States and the secondary cause of mortality in Canada following cancer. The prevalence
of the disease is rapidly increasing in the developing countries, and as people in developed countries live

longer it is expected to be the leading cause of death worldwide by the next decade.

1.1.1. Plaque formation

Injury to the intimal layer of the artery caused by trauma, surgery, infection (by Chlamydia or
viruses), toxins (such as tar produced by the burning of tobacco and other plant material) or turbulent
flow at bifurcations leads to the formation of plaques, which are regions of thickening on the inner
lining of the artery. How then do the plaques form? Injured endothelial cells have increased low
density lipoprotein (LDL) receptor expression as well as increased adherence to monocytes,

macrophages and T cells. At sites of turbulence, where there may be relative anoxia, increased



quantities of LDL cross the endothelium of an artery into its wall and are modified by oxidation.
When LDL level is high and the endothelium is damaged (by smoking, hypertension, oxidation,
glycation, etc) circulating monocytes and T-cells are attracted to the site of injury crossing the
endothelial layer to enter the sub-intimal space. Here the monocytes take up oxLDL and become
macrophages. The macrophages ingest the oxLDL from the tissue fluid in large quantities and load
their cytoplasm with cholesterol droplets and become foam cells making them less mobile.
Accumulation of foam cells leads to the formation of fatty streaks seen in the arterial wall, the earliest

visible atherosclerotic lesion. T cells are also recruited to the lesion, propagating inflammation.

On the other hand, release of growth factors such as platelet derived growth factors (PDGF) in the
injured area causes migration of smooth muscle cells (SMCs) from the media into the fatty streak
region in the sub-endothelial space. In the intima, migrated vascular SMCs proliferate and synthesize
connective tissue; these processes of migration, division, and synthesis, which collectively are
referred to as intimal proliferation (buildup), cause thickening of the intima. This response, which is
clearly part of an inappropriate activated tissue repair process, leads to the development of the mature
atheromatous lesion. The collagen produced by fibroblasts is laid over the foam cells, which undergo
either necrosis or apoptosis. This result in the formation of a pool of extracellular cholesterol trapped
beneath a fibrous cap. As these plaques grow, they accumulate scar (fibrous) tissue and abundant
calcium. Hence, the plaques are often hard, which is why atherosclerosis is sometimes referred to as
"hardening of the arteries”. The shoulder of the atheromatous lesion where the fibrous cap joins the
normal arterial wall continues to be active, and it is here that active foam cell formation continues as
the lesion advances across the inner surface of the artery. Progression of atherosclerosis leads
extensive plaques and narrows the blood vessel lumen, endangering the blood supply to target organs.

The fibrous plaque is vulnerable to rupture and therefore capable of producing acute coronary



syndrome.

1.2. Vascular structure

The artery consists of three structural components:

R/

« Tunica adventitia is the outermost layer of arterial wall and consists of collagen fibers and

elastic tissue it carries the blood and nerve supply to the artery itself.

« Tunica media is the middle layer of arterial wall and the thickest. It is comprised of smooth
muscle (oriented around the vascular wall in charge of controlling vascular tone), connective

tissue and elastic tissue.

« Tunica intima is the inner layer of the arterial wall, it is in direct contact with blood and regulates
homeostasis, thrombosis, vascular tone and permeability and it too consists of three layers. The
innermost is the layer of endothelial cells. In the middle, the tunica intima contains a thin sub-
endothelial layer of fine areolar tissue (connective tissue made up largely of interlacing fibers),

and the outermost layer is a thin membrane of connective tissue.

Understanding the mechanism that governs smooth muscle migration under disease conditions is
important to cardiovascular medicine. Our objective was to study how smooth muscle cells build
up along blood vessel walls, a process that represents a crucial step in the development of

atherosclerotic plaques.
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1.2.1.Vascular smooth muscle cells (VSMC) in disease

VSMC are located in the tunica media of arteries. They are highly elongated, and aligned circularly in
and act as a functional unit to maintain vascular tone and thus are responsible for controlling regional
and general blood flow and blood pressure. VSMCs respond to signals from the autonomic nervous
system (e.g Norepinephrine) and are responsive to autacoids and hormones (e.g Nitric oxide;

Angiotensin II, estrogen) as well as physical stimuli (i.e. pressure or stretch).

During the progression of vascular disease VSMC undergo phenotypic changes from a stable
contractile state to a more proliferative and invasive state. SMCs in developing blood vessels

proliferates rapidly and express low levels of smooth muscle contractile proteins and synthesize a



variety of extracellular matrix (ECM) proteins including elastin and collagen. Fully differentiated
SMCs in mature blood vessels are geared almost exclusively to contraction; they synthesize ECM
components at much reduced levels but retain the ability to increase this synthesis following vascular

injury.

In response to a variety of atherogenic stimuli including extracellular matrix, cytokines, shear stress,
reactive oxygen species, and lipids, SMCs can switch between the “contractile” and “synthetic”
phenotypic states. VSMCs predominantly express proteins involved in the contractile function such as
smooth muscle myosin heavy chain (SM-MHC) or smooth muscle -actin (SM-A). However, SMCs
found in the intima express lower levels of these proteins; have a higher proliferative index and a
greater synthetic capacity for extracellular matrix, proteases, and cytokines [50-51]. This phenotypic
modulation involves loss of contractile function, most likely due to a reduction and disorganization of
myosin-containing thick filaments, and is associated with an increase in synthetic organelles
responsible for increased production and secretion of extracellular matrix proteins. These “synthetic”
SMCs migrate and proliferate more readily than “contractile” SMCs and can synthesize up to 25 to 46
times more collagen [50]. In addition, they express a greater proportion of VLDL, LDL, and
scavenger receptors allowing more efficient lipid uptake and foam cell formation. Therefore,
transition to the “synthetic” state facilitates many of the pathogenic roles of SMCs. Plaque formation
is initiated largely due to migration and subsequent proliferation of VSMC in the sub-intimal space in
response to circulating growth factors and inflammatory cytokines. Under these conditions calcium
homeostasis is altered and the frequency of apoptotic cell death is increased. This together with the
accumulation of foam cells results in vessel wall hardening, thickening, and remodeling. Therapeutic
approaches targeting any of the above mechanisms in VSMCs could be effective in the treatment of

vascular disease.



1.3. Actin polymerization and vascular smooth muscle cell migration

Smooth muscle cell migration occurs during development, in response to injury and during
atherogenesis. Vascular injury occurs clinically after angioplasty, vascular stent implantation, or organ
transplantation. In diseased or injured tissues, there are more cells in the intima mainly due to cell

migration.

Cellular migration is regulated via a complex interaction between growth factors that attach to their
cognate receptors, trans-membrane integrins that bind to the components of extracellular matrix, and
mechanical stress, all of which cooperatively induce polymerization and reorganization of the actin
cytoskeleton. These events are coordinated by mechanisms involved in assembly or disassembly of
local adhesion sites, transient changes in actin filaments dynamics, and formation of discrete

structures such as stress actin fibers, membrane ruffles, lamellipodia, and filopodia [11-13].

In order to migrate from the media to the sub-intima, VSMCs need to extend lamellipodia toward
the stimulus via actin polymerization, detach the trailing edge by degrading focal contacts, and
generate force by myosin II in the body of the cell to propel the cell forward [49]. Actin
polymerization is a key step in migration. Regulation of actin polymerization allows cells to
control their shape, to move, divide, secrete, and phagocytose. In addition, actin filaments provide
strength, connections to neighboring cells and the extracellular matrix, paths for intracellular

transport, and a scaffold for generating force.

Briefly, the actin network is continuously regenerated by new polymerization at the leading edge

and depolymerization at the back of the lamellipodia. Cofilin is a member of the ADF (actin-



depolymerizing factor) protein family. Cofilin plays an essential role in the rapid turnover of actin
filaments and actin-based cytoskeletal reorganization by stimulating depolymerization and severance
of actin filaments. The LIM kinase (LIMK) family, which includes LIMK 1 and 2, are serine protein
kinases involved in the regulation of actin polymerization and microtubule disassembly. Activation
of LIM kinase leads to the phosphorylation and inhibition of cofilin, which prevents

depolymerization of actin.

1.3.1. Platelet derived growth factor (PDGF)

The initiation and progression of intimal thickening in arterial walls is largely due to migration and
subsequent proliferation of VSMCs in the sub-intimal space in response to various stimuli including
oxidized low density lipoprotein (oxLDL), circulating growth factors such as PDGF , and
inflammatory cytokines, tumor necrosis factor (TNF)-a, and interleukin-1 (IL-1) [1, 2]. Of these,
PDGF, a growth factor released by VSMCs, endothelial cells, and platelets, has been reported as the
most potent inducer of SMC migration within the injured area of the vascular wall. PDGF is a
heparin-binding growth factor composed of polypeptide chains that can be assembled into
homodimers (PDGF-AA, -BB) or heterodimer (PDGF-AB) structures and bind to two related cell-
surface receptors with tyrosine kinase activity, PDGF receptor a (alpha) and B (beta) [3-5]. In the last
few years two additional homodimers PDGF-CC and PDGF-DD were also discovered [6-9]. The
PDGFs are inactive as monomers. The synthesis of PDGF isoforms is carefully regulated, and their
action on receptors is modulated by interaction with components in the matrix as well as with soluble

binding proteins.

PDGF induces reorganization of the actin filament system and stimulates chemotaxis, i.e., a directed



cell movement within a gradient of PDGF [10]. PDGF binding to its cognate receptors results in
dimerization, and subsequent auto-phosphorylation of specific tyrosine residues outside the kinase
domain, creating a docking site for Src Homology 2 (SH2) domain-containing signaling proteins. All
three isoforms of PDGF have shown to induce contraction in a variety of isolated blood vessels with
PDGF-BB having the greatest efficacy [52]. This contraction is associated with a rise in intracellular
calcium and is blocked by the inhibitors of tyrosine kinases. PDGF binding to its cognate receptor
results in activation of multiple signaling pathways in vascular SMCs, including
phosphatidylinositol 3-kinase (PI3K / Akts), Protein Kinase A (PKA), Src, Ras and mitogen-
activated protein kinases (MAPK) . These signaling cascades are involved in cell growth,
proliferation, survival, and migration. MAPKSs play the major role in stress-induced cellular
responses, including cell proliferation, survival, or apoptosis. Three members of MAPKs family, p38
MAPK, c-Jun NH2-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK) 1/2 are
known to participate in vascular diseases via differential molecular mechanisms and are new

therapeutic targets for treatment of vascular diseases [23].

1.3.1.1. PDGF receptor: a class of receptor tyrosine kinase

The PDGF receptors (PDGFR) are classified as receptor tyrosine kinases (RTK). RTKs are high affinity
cell surface receptors for many polypeptide growth factors, cytokines, and hormones. The intracellular
C-terminal region displays the highest level of conservation and comprises catalytic domains
responsible for the kinase activity of these receptors, which catalyses receptor auto-phosphorylation and
tyrosine phosphorylation of RTK substrates. Kinase enzymes that specifically phosphorylate tyrosine
amino acids are termed tyrosine kinases. Two types of PDGFRs have been identified: a-type and B-type

PDGFRs. The a-type binds to PDGF-AA, PDGF-BB, PDGF-AB, and PDGF-CC whereas the B-type



PDGFR binds with high affinity to PDGF-BB, PDGF-DD, PDGF-CC and PDGF-AB. The most
significant direct role (i.e. cell-autonomous) of B-type PDGFR is to mediate responses that involve cell
migration rather than proliferation [28]. Activation of the 3 isoform of PDGFR (PDGFR- Bf) is coupled
via phosphatidylinositol 3-kinase (PI3K) and phospholipase C (PLC) to changes in myoplasmic

calcium, hydrolysis of Phosphatidylinositol 4,5-bisphosphate (PIP2), and activation of MAPK [54].

PDGF binds to PDGFRs ligand binding pocket located within the second and third immunoglobulin
domains. Upon activation by PDGF, these receptors dimerize, and are "switched on" by auto-
phosphorylation of several sites on their cytosolic domains, which serve to mediate binding of
cofactors and subsequently activate signal transduction. A large number of Src Homology-2 (SH2)
domains containing proteins including PI3K, PLC-y, the tyrosine phosphatase SHP-2, Ras GTPase
activating protein (Ras-GAP), Grb2, Grb7, Nck, and the Src family of tyrosine kinases have been
shown to bind to cytoplasmic tails of PDGF receptors activating various downstream signaling

proteins involved in cell growth, proliferation, survival, and migration [10].

1.3.2. Integrins

In blood vessels shear stress and stretch are important activators of integrins and signal transduction
pathways. Integrins are transmembrane protein receptors that link the cytoskeleton to the extracellular
matrix (ECM) and have signaling as well as adhesive roles. Integrins mediate cell-cell and cell-matrix
interaction and communication, providing intracellular (‘outside-in’) and extracellular (‘inside-out”)
signaling essential for VSMC migration in atherosclerosis. They transduce information from the
ECM to the cell as well as reveal the status of the cell to the outside, allowing rapid and flexible

responses to changes in the environment. These tranduction functions of integrins require interaction



of integrin cytoplasmic domains with cellular proteins.

Cell-matrix interaction via integrins is essential for embryonic development, survival, adhesion,
proliferation, differentiation and migration of cells. Integrins are a group of non- covalently
associated heterodimers containing two distinct chains, called o and B subunits. The cytoplasmic tail
of the B subunit binds directly to cytoskeletal proteins (actin filament) that associate with signaling
molecules (figure 1.5.). The extracellular domains of the integrins mediate cell adhesion to
extracellular matrix and basement membrane components. Ligand binding to the extracellular integrin
domain induces conformational changes and integrin clustering which leads to the activation of

signaling cascades and recruitment of multi-protein complexes to focal adhesions [55].

Integrins have been classified according to their § subunits, which may associate with different o
subunits. B1 and B3 integrins are expressed in mouse aortic SMCs. Members of the B1 -integrin
family mainly mediate binding of VSMCs to the extracellular matrix proteins collagen I (al B1 and a2
B1 integrin) and fibronectin (a5 B1 integrin). VSMC spreading and differentiation is impaired in mice
when the B1 integrin gene is inactivated, additionally, VSMC proliferation is increased leading to

postnatal lethality [57].

Cell adhesion through integrins leads to ligand-independent phosphorylation of several different growth-
factor receptors including those for PDGF, fibroblast growth factor (FGF), vascular endothelial growth
factor (VEGF), hepatocyte growth factor (HGF) and epidermal growth factor (EGF). Integrins lack
enzymatic activity, therefore, in order to transduce signals they interact with cellular proteins that have
kinase activity. Hence, integrins transmit signals through a variety of intracellular protein kinases and

adaptor molecules such as integrin linked kinase (ILK),focal adhesion kinase (FAK), particularly interesting

10



new cysteine-histidine rich protein (PINCH) and non-catalytic (region of) tyrosine kinase adaptor protein-2
(Nck2) [53]. Through these molecules, integrin signaling interacts with RTKs signaling to regulate cell

survival, proliferation, adhesion, migration, cell shape and differentiation.

1.3.2.1. “outside-in” and “inside out” signals

Integrins integrate the extracellular and intracellular environment of the cell through bidirectional
signaling in specialized focal contact regions. The inactive integrin has a bent over conformation,
while in the fully activated state the globular ligand binding domains extend out maximally from the
cell surface. Binding of ligands by extracellular domains may generate conformational changes that
affect interaction of integrins with intracellular cytoskeletal and signal proteins. VSM cell migration
depends on integration of both soluble signals acting from the outside in and on the changes in matrix
attachment via activation of integrins from inside out [55]. The affinity of integrins for extracellular

ligands is regulated by cell signals.

Outside-in signaling is induced by extracellular ligand binding that produces intracellular signaling
responsible for regulating various cell function such as proliferation, survival and migration. In
contrast, inside-out signaling typically involves the activation of signaling pathways via growth
factor receptor activation, consequently affecting integrin affinity /clustering, which enables rapid
changes in cytoskeletal reorganization that critically influence cell shape, cell adhesion and

migration, growth and survival.
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14. Focal adhesion complex

In blood vessels shear stress and stretch are important activators of integrins and signal transduction
pathways. Upon integrin-mediated cell adhesion to ECM, a massive reorganization of the actin
cytoskeleton occurs, resulting in the formation of focal adhesions. Many proteins, including catalytic
proteins such as ILK and focal adhesion kinase (FAK) and structural proteins are recruited to these
focal adhesions in response to cell adhesion, which leads to morphological changes that contribute to

cell spreading, migration, and cell signaling.

The primary sub-cellular structures that mediate the regulatory effects of ECM adhesion on cell
behavior are the focal adhesions (FAs). These macromolecular complexes are large, elongated, flat
structures that mediate cell anchorage to ECM by physically coupling integrins to the contractile actin
cytoskeleton. Mechanical load applied to integrin ligands causes the assembly and growth of focal
contacts and activation of FAK and MAP kinases. FA complex also serves as an important transducer
of extracellular signals to control many aspects of cell morphology and behavior ranging from

migration and proliferation to apoptosis.

FAs are limited to clearly defined ranges of the cell, at which the plasma membrane closes to within
15nm of the ECM substrate. FAs are in a state of constant flux: proteins associate and disassociate
with it continually as signals are transmitted to other parts of the cell. FA is comprised of cytoskeletal
proteins (e.g. tensin, vinculin, paxillin, a-actinin, parvin/actopaxin and talin), tyrosine kinases (e.g.
Src, FAK, PYK2, Csk and Abl), serine/threonine kinases (e.g. ILK, PKC and PAK), modulators of

small GTPases (e.g. ASAPI1, Graf and PSGAP), tyrosine phosphatases (e.g. SHP-2 and LAR PTP) and



other enzymes (e.g. PI 3-kinase and the protease calpain II). These macromolecules can contain over a
100 different proteins. Under normal conditions, FA remains stationary with respect to the
extracellular matrix, and the cell uses this as an anchor on which it can push or pull itself over the

ECM. In moving cells however, FA stability is diminished [60].

The dynamic assembly and disassembly of focal adhesions plays a central role in cell migration. The
composition and the morphology of the FA changes during cell migration; In motile cells, focal
adhesions are being constantly assembled and disassembled as the cell establishes new contacts at the

leading edge, and breaks old contacts at the trailing edge of the cell.

Integrin-mediated adhesions can undergo dynamic changes in structure and molecular properties from
dot like focal complexes to stress-fiber-associated focal contacts, which are capable of maturing to
form fibronectin, bound fibrillar adhesions. These changes are driven by mechanical force generated
by the actin- and myosin containing contractile machinery of the cells, or by external forces applied to

the cells, and regulated by matrix rigidity [59].

1.4.1. Integrin linked kinase (ILK)

Integrin-linked kinase (ILK) is a serine-threonine protein kinase and scaffolding protein mainly looked at in

cancer models. It is involved in cell growth and survival, proliferation, migration and invasion, motility and

contraction, vascular development and tumor angiogenesis. ILK is a key signaling molecule acting
downstream of integrin receptors in response to extra cellular matrix signals, transducing inside-out and

outside-in signals by directly connecting to the cytoplasmic domain of B1 or 3 integrins in the plasma

membrane (PM), as well as directly connecting to the actin cytoskeleton. Genetic studies have revealed that
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the adaptor molecule ILK is essential for integrin function in vivo. ILK is also an important regulator of
actin organization and it plays a critical role in cell migration. ILK gene knockouts in mice, flies, and
worms result in early embryonic lethality because of cell adhesion defects and cytoskeletal disorganization.
ILK interacts with growth factor receptors, according to various researches however; the effects of PDGF

treatment on ILK signaling appear to be cell specific.

ILK is comprised of three structurally distinct domains: a putative kinase domain at C terminus, a central
pleckstrin homology (PH)-like domain, and five ankyrin-like repeats at the N terminus. The particularly
interesting new cysteine-histidine rich protein 1 (PINCHI), binds to the Ankyrin repeats, which, in turn is
required for localization of ILK to focal adhesion. In addition, it connects ILK to other proteins, including
Nck-2, a SH2-containing adaptor protein, involved in the growth factor receptor kinase signaling pathways.
The ILK- associated phosphatase (ILKAP) also binds to the Ankyrin repeats. Phosphatidylinositole- 3,4,5-
triphosphate (PIP3) has been shown to interact with the PH sequence, this domain participates in the
regulation of the kinase activity of ILK. The binding sites of B integrins, o / f -Parvins and Paxillin lie
within the C-terminal kinase domain .ILK is a downstream substrate of Phosphoinositide 3-kinase (PI3K)
and has been demonstrated to induce the phosphorylation and activation of protein kinase B (PKB/Akt at
Ser-473), and the phosphorylation and inhibition of glycogen synthase kinase 3 (GSK3 at Ser 21/9).
Survival signal mediated by various growth factors and cytokines are dependent on the PI 3- kinase/Akt

signal transduction pathway.
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Figure 1.2. Structure of integrin-linked kinase Schematic diagram showing the different domains
and binding proteins of Integrin-Linked Kinase. Numbers indicate the amino acid residues from the

N- to C-terminus. Eke et al.,2009.

1.4.2. Integrin linked kinase in vascular smooth muscle cells

SMCs are electrically coupled by numerous gap junctions in small resistance arteries, which contract
rhythmically. Larger blood vessels appear to lack this coupling and their VSMC display asynchronous Ca®"
waves and tonic contractions. The degree of SMC contraction determines the diameter (tone) of the vessel.
Injury and vascular disease results in vascular wall remodeling which in turn decreases elasticity and hence
vascular tone. Disorganization of the smooth muscle layers and loss of VSMC contractility are features
associated with atherosclerosis and other vascular diseases. In addition to being in the cell periphery in
order to maintain a stable cell adhesion to matrix, in the quiescent differentiated SMC, ILK functions to
mediate contraction and aid the cell in exerting force on surrounding ECM fibers. ILK is localized to
myofilaments in SMCs, and it promotes contraction by directly phosphorylating myosin light chain (MLC)
or myosin light chain phosphatase (MLCP) [46-48]. ILK may also be able to induce contraction of SMCs

indirectly by phosphorylating and hence activating MLCP inhibitors including CPI-17 and PH-I [47]. ILK is
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required to organize VSMCs into the unitary smooth muscle layer and regulates VSMC contractility and
focal adhesion assembly during cell migration. Presence of ILK limits vascular constriction, thereby
facilitating normal vessel wall development. Interestingly enough, it has been shown that ILK is upstream
of Rho/Rock and is negatively regulating Rho/ROCK signaling in a variety of cell types. The RhoA effector
ROCK can phosphorylate myosin phosphatase (MLCP) target subunit 1 (MYPTT1) at Thr853 inhibiting
dissociation of the phosphatase (Pi) complex from myosin light-chain (MLC), and therefore inhibiting
relaxation. Loss of ILK causes increased VSMC contractility due to elevated MLC phosphorylation through

activation of Rho/ROCK signaling [58].
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Figure 1.3. Regulation of smooth muscle contraction. Deng J T et al. J. Biol.
Chem.2001;276:16365-16373.
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Integrins and RTKs can exchange or amplify their signaling pathways via both "Outside-in" and
“Inside-out" signaling. Integrin-ECM interactions induce the phosphorylation of key tyrosine residues
of integrin subunits such as f3which results in recruitment of signaling adaptor molecules such as
ILK. These adaptor molecules not only transmit integrin- dependent signals, but also contribute to
crosstalk with other signaling receptors including RTKs [34]. Integrin-ECM interactions significantly
amplify growth factor-mediated signaling events, which suggests that synergy between integrin and
RTK signaling could maximize biochemical responses. It is possible that multiple mechanisms may
regulate crosstalk between integrins and RTKs. Signaling cooperation between integrins and RTKs
may be the result of receptor co-clustering upon cell adhesion or growth factor stimulation. Growth
factor stimulation of RTKs or ECM-integrin interactions induces an increase in the local
concentration of integrins and RTKs at focal adhesions and at leading edges of migrating VSMCs,

such that crosstalk could occur by alteration of the intracellular localization of integrins.

ILK regulates fibroblast migration through the phosphatidylinositol-3 kinase (PI3K) [15],
osteosarcoma cell spreading and motility via Rho-associated kinase (ROCK) [16], and mammary
epithelial cell migration through the guanine nucleotide exchange factor a-PIX [17]. There is also
growing evidence on the cooperation between PDGF receptor and integrins in regulating cellular
survival and adhesion [18-20]. However, little is known about the existence of cross-talk between
ILK and PDGF signaling in vascular smooth muscle cells and the probable regulatory role of ILK
during PDGF-induced SMC migration. In the present study, we have examined the potential function
for ILK as an upstream protein regulating the migratory response to PDGF in a primary mouse aortic
SMC culture. We have also characterized one downstream pathway that mediates the regulatory role

of ILK in modulating actin polymerization and SMC migration.
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1.5. Mitogen activated protein kinase (MAPK) signaling

Intracellular mitogen-activated protein kinase (MAPK) signaling cascades are serine/threonine-specific
protein kinases that are activated by diverse stimuli ranging from mitogens , cytokines, growth factors,
neurotransmitters, hormones, cellular stress, and cell adherence. They regulate various cellular activities,
such as gene expression, mitosis, differentiation, proliferation, migration and cell survival/apoptosis. There
are three main families of MAPKs that exist in mammalian species, grouped by their structures and
functions: the extracellular signal-regulated protein kinases (ERKs), the p38 MAPK, and the c-Jun NH2-

terminal kinases (JNKs).

ERK signaling is activated by growth factors and cytokines and it is generally involved in stimulating cell
growth. The JNK and p38 signaling pathways are activated by growth factors, pro-inflammatory cytokines
such as tumor necrosis factor (TNF)-a and interleukin (IL)-1B or in response to cellular stresses such as
genotoxic, osmotic, hypoxic, or oxidative stress. These two pathways can be responsible for both cell

growth and cell death, depending on the activating stimuli and cellular context.

In response to arterial injury there is a local release of ligands such as endothelin-1 (ET-1), angiotensin II
(Angll) and thrombin, growth factors (GFs), and cytokines that bind to transmembrane receptors. These
receptors include G protein-coupled receptors (GPCRs), RTKs and cytokine receptors that activate
intracellular signaling proteins such as G proteins (Gq/11) and the Grb2/SOS complex. Intracellular MAPK
cascades are in turn activated and ultimately leads to VSMC migration into the intima and proliferation,

resulting in neointima formation.
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Figure 1.4. Model of smooth muscle cell migration and proliferation in neointima formation after

vascular injury. Muslin J A. 2008.
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The cross talk between PDGF and integrin pathways

ECM PD\CjF Integrin

p1 or B3 o
W W W W W W W~ - w

' ¥ ¥ ¥ Y Y Y Y Y ¥ [ Y ' ¥ Y Y Y

SRR RET

oot K

o, o00° R Actin
Cytosol ’:,-.':.'.’.0-:' e Re-organization
Cell
Migration

Figure 1.5. Cross talk between PDGF receptor and integrin receptor. Following injury, SMC
migratory response to various stimuli begins with the activation of cell surface receptors followed by
remodeling events that involve focal adhesion complex and filament actin remodeling. Q. What is the

role of ILK in PDGF induced VSMC migration?



1.6. Hypothesis and aims

1.6.1. Research rationale

The two main questions to be addressed in this thesis are:

1. What is the intermediary role of ILK, if any, in PDGF induced vascular smooth muscle

migration?

2. Ts there any cross talk between the ILK pathway and MAPK signaling pathway.

1.6.2. Hypothesis and objectives

Our hypothesis is:

Integrin-link kinase functions as a downstream mediator of PDGF to control vascular smooth muscle

cell migration.

Our objectives are:

1. To characterize the potential regulatory role of integrin-linked kinase in growth

factor-induced smooth muscle cell migration.

2. To determine if ILK regulates anyone of the three members of MAPK family;
JNK, P38 MAPK and Erk 1/2.
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Experimental design
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Figurel. 6. Experimental design. For this study primary mouse aortic SMCs were used largely
because techniques for genetic manipulation are more fully developed in the mouse than in any other
mammalian species. RNA interference, adenoviral vectors and inhibitors were used to modulate the
signaling pathways. ILK expression was inhibited by ILK-siRNA and increased by wild type-1LK.

Inhibition of ILK kinase activity was done using E395K mutant of ILK. Following the above
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manipulations, the non control cells cultures were later treated with PDGF. VSMC cultures were used
to measure cell migration using two methods: (1) transwell Boyden chamber migration assay or (2)

wound healing assay.

In addition, cell lysates were used in western blotting and kinase assay to measure protein expression
and protein phosphorylation or activation. Cell viability was measured using a non-radioactive cell

proliferation assay (MTS)- a colorimetric assay that measures mitochondrial activity.

Actin cytoskeleton was stained using phallodin to view actin polymerization in presence and absence

of p38 MAPK inhibitor, ILK siRNA and PDGF-BB treatment.
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Chapter 2. Materials and methods

2.1. Isolation and preparation of primary mouse vascular SMC culture

A vascular smooth muscle cell culture was established from the aortae of ILK fl/fl (floxed/floxed) mice
by a modification of an enzymatic dispersion technique described previously (61). Adult male mice
were euthanized in accordance with ethical guidelines set out by the University of British Columbia
animal care committee. The thoracic aorta was removed, washed in MCDB-131 medium (Sigma-
Aldrich, Oakville, ON, Canada) containing 10% serum and penicillin /streptomycin, and cleaned of
excess adventitial connective tissue. The tissue was then minced and placed in 0.5 mg/mL collagenase
II (Worthington Biochemical Corp., Lakewood, NJ). The tissue was incubated at 37°C for 2 to 3 hours
with regular pipetting to disperse cells. Liberated cells were pelleted, resuspended in 1 mL MCDB-131
containing 10% FBS, and seeded into a 60 mm tissue culture dish. Cells were grown in Dulbecco's
modified Eagle's medium supplemented with 10% heat-inactivated newborn calf serum (Invitrogen,
Burlington, ON) at 37°C, in a humidified incubator in 5% CO2. Penicillin G (100 pg/ml) and
streptomycin (100 pg/ml ) (Invitrogen) were added to all culture media. Passage 8-13 of SMCs was

used for all experiments. SMCs were grown to confluence, trypsinized, and sub-cultured at a density of

1.0 x 10" cells/cm”. Sub-confluent (60-80%) cultures were used for all experiments. ILK recombinant
adenoviral constructs were kind gifts from Dr. Hyo-Soo Kim (Seoul National University Hospital,
Korea). Adenoviral constructs for recombinant p38 MAPK and constitutively active forms of MKK3/6

were kindly provided by Dr. Donald R. Menick (Medical University of South Carolina, USA).
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2.2. Transient transfection

For transient transfection experiments, cells were infected with adenoviruses encoding dominant
negative p38 MAPK (Ad-Dn-p38), wild type of p38 MAPK (Ad-Wt-p38), constitutively active
MKK3/6 (Ad-Ca-MKK3/6), kinase-deficient ILK (Ad-Kd-ILK), or wild type ILK (Ad-Wt-ILK) with
multiplicity of infection of 100 (MOI = 100). Following overnight incubation at 37°C, SMCs were
replenished with fresh medium. Transfection efficiency was measured by fluorescence microscopy
and Western blot analysis at 36 hours post transfection. For all experiments, transfected SMCs were

used at 36 hours post transfection.

RNA interference is a type of posttranscriptional gene silencing, and gene therapy using small
interfering RNA (siRNA). This approach is more specific in decreasing the expression of genes than
traditional inhibitors is proposed to be a novel treatment strategy in clinic for cancer treatment. Thus
for ILK RNA inhibition experiments, SMCs were transfected with 20 nM of a 21-base pair double-
stranded small interfering RNA molecule targeting the PH domain of ILK where by selectively
silencing ILK gene expression in the mouse SMC . Transfection of the cell culture with nonspecific
siRNA was done as internal control. ILK siRNA was introduced to cells using 2.5 ul of siLentFect
Transfection Reagent according to the manufacturer's protocol (Bio-Rad Laboratories, Mississauga,
ON, Canada). Twenty four hours post-transfection cells were replenished with fresh serum-containing
medium, incubated for 96 hours, and then used for various experiments. ILK silencing was determined

by Western blot of transfected lysates with an anti-ILK antibody.
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2.3.  Western blot analysis

Cells either untreated or treated with various experimental reagents were washed twice with ice-cold
PBS, and kept on ice for 15 min in lysis buffer containing 50 mM pyrophosphate, 50 mM NaF, 50 mM
NaCl, 5 mM EDTA, 5 mM EGTA, 100 uM Na3;VO,, 10 mM HEPES (pH 7.4), 0.1% Triton X-100, 10
pg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride. Cell lysates were collected by scraping and
protein concentration was determined using Bradford assay. Extracted protein (40-80 pg) was
fractionated by electrophoresis in 7% to 9% sodium dodecyl sulfate-polyacrylamide gels, transferred to
nitrocellulose membranes, and blocked with PBS containing 0.1% Tween-20 and 5% non-fat dry milk
for 1 hour. Afterward, the membrane was incubated with specific primary antibody overnight at 4°C,
followed by secondary antibody for one hour at room temperature. Immunoblots were visualized with
an enhanced chemiluminescence detection system according to the protocol of the manufacturer
(Pierce Biotechnology, Rockford, IL, USA). Densitometry analysis was performed by using the
National Institutes of Health ImagelJ software (version 1.27z). Density values for proteins were
normalized to the level for control groups (arbitrarily set to 1.0-fold). Beta-actin is a house keeping
gene shown as proof of equal loading within each lane. Experiments were performed in triplicates and

repeated three times.

2.4. ILK Kkinase assay

Kinase assay was performed using 250ug of protein lysates immunoprecipitated with 5 pg ILK
antibody and protein A Sepharose beads overnight at 4°C, while shaking. The immunocomplex was
washed twice with high salt NP-40 lysis buffer (containing 750 mM NaCl), and then three times with

wash buffer containing 50 mM HEPES pH 7.5, 85 mM KCI, 10 mM ethyleneglycol tetraacetate

26



(EGTA), 0.1% Tween 80, 1 mM Na3;VO4, 10 mM Mg,Cl. The kinase assay was performed in the

reaction buffer containing 0.5 ug ATP (250 uM ATP and 5 pCi [y -°P] ATP) and 5 g of myelin
basic protein (MBP) as substrate at 30°C for 20 minutes in a shaker-incubator. Samples were
fractionated by electrophoresis in a 12% sodium dodecyl sulfate-polyacrylamide gel, and

phosphorylation of substrate by ILK was measured by a scintillation counter autoradiography.

2.5.  Cell migration assay

Cell migration was measured using QCM™ Transwell Colorimetric Cell Migration Assay according to
the manufacturer's protocol (Chemicon International, Temecula, CA, USA). Briefly, 1 x 10° serum-
starved SMCs were loaded onto the upper well of the modified boyden chamber (with pore size of
8.0um) in the presence or absence of inhibitors while lower wells were filled with culture medium with
or without PDGF-BB (25 ng/ml). Following 12 hours incubation, non-migrating cells on the upper side
of membranes were removed by wiping with a cotton tip and rinsing, and migrated cells were counted
using colorimetric assay. Data are represented as fold change in cell migration where migratory rates

for control groups are arbitrarily set to 1.0 fold.

2.6. Wound healing assay

Sub-confluent transfected or non-transfected SMCs were grown on glass cover slips. Following
overnight serum starvation, cell cultures were scratched with a sterile pipette tip to form a wound,
washed with pre-warmed sterile PBS, and incubated with medium in the presence or absence of
inhibitors for 18-24 hours. At desired time points post injury cells were fixed and subjected to

imaging using Nikon inverted microscope and Spot digital camera.
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2.7. Cell viability assay

Sub-confluent SMCs were plated in a 24-well culture plate and treated with various doses of PDGF

for 24 hours. The CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (MTS) was used

to measure cell viability by measuring the metabolic capacity of the cells according to the

manufacturer's protocol (Promega, Madison, WI). The CellTiter 96® AQueous Assay is composed of
solutions of a novel tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron coupling reagent
(phenazine methosulfate) PMS. The conversion of MTS (a pale yellow chemical) into the aqueous
soluble formazan (dark blue) product is accomplished by dehydrogenase enzymes found in

metabolically active cells.

Metabolism in viable cells produces "reducing equivalents" such as NADH or NADPH. These
reducing compounds pass their electrons to an intermediate electron transfer reagent that can reduce
the tetrazolium product, MTS, into an aqueous, soluble formazan product. At death, cells rapidly lose
the ability to reduce tetrazolium products. The production of the colored formazan product, therefore,
is proportional to the number of viable cells in culture. This process requires active mitochondria. The

colorimetric assay can be used for either proliferation or complement-mediated cytotoxicity assays.

2.8. Actin cytoskeleton staining

Cells were grown on glass slides and subjected to various treatments. At desired timepoints cells were

fixed (3.7% formaldehyde for 15 min and 70% ethanol for 2 min). Following permeabilization in
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0.1% Triton X-100, cells were incubated with AlexaFluor 488-labelled phalloidin (Molecular Probes,
Invitrogen Detection Technologies) for 1 hour in room temperature. Glass slides were mounted and
sealed using ProLong® Gold anti-fade reagent (Molecular Probes, Invitrogen Detection

Technologies), and then imaged with Olmpus inverted microscope and Spot digital camera.

2.9. Antibodies and inhibitors

All primary antibodies used in this study were purchased from Cell Signaling. Specific MEK/ERK1/2
inhibitor U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio] butadiene) were purchased
from Cell Signaling. Specific JNK inhibitor SP600125 (Anthra[1,9-cd]pyrazol-6(2H)-one), p38
MAPK inhibitor SB202190 (4-(4-Fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl) | H-imidazole),
and platelet-derived growth factor (PDGF) were from Calbiochem. Anti-rabbit and anti-mouse
immunoglobulin G conjugated with horseradish peroxidase were purchased from Santa Cruz
Biotechnology. Concentrations used for MEK/ERK1/2 inhibitor U0126 (10 uM) was as per
manufacturer’s recommendation. Concentrations inhibitors of JNK (SP600125) and p38 MAPK

(SB202190) was 50 uM and 10 uM respectively [63].

2.10. Statistical analysis

Two-way analysis of variance (ANOVA) with multiple comparisons and paired Student's t tests were
performed. Values shown are the mean + standard deviation. A value of P < 0.05 was considered to
be statistically significant. Experiments were done in triplicates and repeated three time (n = 9) unless

otherwise stated.
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Chapter 3. Results

Q1: What is the effect of PDGF on ILK in SMC culture?

3.1. PDGTF activates integrin-linked kinase in mouse aortic SMCs

To study the effect of PDGF treatment on ILK activation, primary mouse aortic SMCs were serum-
starved overnight and then treated with 25 ng/ml of PDGF-BB for various time periods. ILK kinase
activity was measured at 0, 5, 15, 30, 60 and 120 minutes following treatment. Cell lysates were
collected and subjected to the kinase activity assay. As shown in figure 3.1., PDGF treatment
increased ILK kinase activity showing a two fold increase at 30 minutes post PDGF treatment in the
SMC culture. However, no significant effect was observed on the total ILK protein expression in the
mouse SMCs following PDGF treatment. PDGF-induced ILK kinase activity declined 60 minutes
after treatment (figure 3.1). SMC culture transfected with ILK siRNA were used as negative control
for the Kinase assay and western blot assay. To ensure the specificity of the test and as a negative
control, a group of SMCs culture was transfected with specific ILK siRNA for 96 hours. This
treatment completely abolished ILK protein expression in SMCs (figure 3.2.).As seen in the first lane
of the blot figure 3.1 ILK expression was abolished in the ILK-siRNA group (negative control) that

led to a significant decrease in ILK kinase activity in this group.

It is noteworthy that we visually monitored the morphology of SMCs transfected with ILK siRNA
for the incubation period prior to PDGF treatment (96 hours) to assure that siRNA treatment had no

cytotoxic effect on mouse SMC.
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Figure 3.1. PDGF increases ILK kinase activity in mouse aortic SMCs. Western blot showing
ILK protein expression and fold change bar graphs showing ILK Kinase activity at different time
points following PDGF-BB treatment. PDGF treatment causes an increase in the kinase activity of
ILK, having a peak at 30 min (30°) of treatment. While the ILK protein expression stays the same
throughout. Note the first column shown the results from cells that were treated with ILK siRNA to
inhibit ILK protein expression. *Kinase activity is significantly enhanced as compared to control

(absence of PDGF) (P<0.05).
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Figure 3.2. Transfection of mouse aortic SMCs with ILK siRNA for 96 hours completely blocked

ILK protein expression. Data presents three independent experiments.

Q2: What is the role of Ilk during PDGF-induced migration in VSM cells?

3.1.1. PDGF induces SMC migration through an ILK-dependent pathway

To investigate the potential function of ILK in regulation of PDGF-induced SMC migration, cells
were transfected with specific ILK siRNA, and then treated with 25 ng/ml of PDGF- BB. The
migratory response was measured using both modified Transwell Boyden chamber and wound
healing assays. It is important to keep in mind that the conditions for these two assays are different,
even though they are both used to measure cells migration. In the wound healing assay we caused
injury which triggers other cellular responses including the production of inflammatory cytokines and
growth factors. Inhibition of ILK protein expression markedly decreased SMC migration indicating

that the presence of ILK was required for transducing the migratory signal stimulated by PDGF-BB
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(figures 3.3 and 3.4).
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Figure 3.3. PDGF induces migration through an ILK dependent manner. Bar graph representing
SMC migration detected using modified Transwell Boyden chamber. Inhibition of ILK protein

expression with 20 nM ILK siRNA markedly decreased SMC migration in response to PDGF-BB.
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Figure 3.4. PDGF induces migration through an ILK dependent manner during injury. Wound
healing assay showing migration of SMC in presence or absence of ILK, 24 hours post PDFG-BB
treatment. ILK inhibition decreased the number of migrated SMCs into the site of injury in response
to PDGF-BB treatment as compared to the control group (contorl siRNA). Original magnification,

x40. Data present one of three independent experiments.

PDGEF is considered as a very potent mitogen. The observed effect of PDGF-BB on wound closure in figure
2B could be due to the effect of this growth factor on SMC proliferation and/or migration. Thus, to
determine whether the proliferatory effect of PDGF-BB had contributed to the observed increase in cell
migration, cells were treated with increasing doses of PDGF-BB for 24 hours (the maximum time required
for wound closure), and cell proliferation and migration were measured using the modified Transwell
Boyden chamber assay and MTS cell proliferation assay, respectively. Treatment of primary mouse SMCs
with 25 ng/ml of PDGF-BB significantly increased cell migration without having any noticeable effect on
SMC proliferation. To assure the accuracy of both assays and as a positive control, mouse SMC culture
were also treated with DMEM that contains 10% serum, Serum provides growth factors, hormones,

attachment and spreading factors, binding proteins, lipids, and minerals. These findings emphasized that the
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observed increase in cell migration in both assays used in this study (24 hours post injury or following
loading onto Transwell Boyden Chambers) was due to the pro- migratory, not proliferatory, effect of

PDGF-BB on mouse aortic SMC (figure 3.5).
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Figure 3.5. Effect of PDGF-BB treatment on mouse aortic SMCs migration and proliferation.
Mouse SMCs were treated with increasing doses of PDGF-BB for 24 hours and cell migration and
proliferation were measured. Cells treated with 10% serum were used as the positive control. As
shown, 25 ng/ml of PDGF-BB significantly increased SMCs migration (3 fold increase) with no
effect on cell proliferation indicating that the observed increase in cell migration is not due to the

proliferatory effect of PDGF-BB in SMC culture.
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3.1.2. ILK inhibition abolishes PDGF-induced p38 MAPK activation in mouse aortic SMC

culture

Studies in various in vitro models have shown that members of the family of the mitogen activated
protein kinases (MAPKSs) become activated and play a crucial role in regulating cell migration in
response to PDGF treatment [21-24]. However, the actual mechanisms underlying this activation and
the identity of the upstream kinases involved are not fully elucidated. Here, we first characterized the
dynamics of MAPKs family activation in response to PDGF-BB treatment in our primary mouse aortic
SMC model. In agreement with previous reports in various cell models, PDGF-BB treatment resulted in
the phosphorylation of all three members of MAPKs family, extracellular signal-regulated protein
kinase 1/2 (Erk1/2), Jun N-terminus kinase (JNK), and p38 MAPK starting around 5 minutes and with

a peak activation at 20-30 minutes post-treatment (figure 3.6.).
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Figure 3.6. Kinetics of MAPKSs activation in mouse aortic SMC culture. Western blot showing
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protein expression of the activated form of three members of MAPKs (P-Erk 1/2, P-p38, P-JNK) at
various time points following PDGF-BB treatment. Beta-Actin is a house protein used as proof of
equal loading for each lane. PDGF-BB treatment resulted in phosphorylation and activation of all
three members of MAPKs family in mouse aortic SMCs, with peak activation starting at 5 minutes
to 30 minutes post PDGF-BB treatment for P-Erk 1/2 and P-JNK. However p38 gets phosphorylated
in the presence of PDGF-BB especially at 30 minutes post treatment. Data represents three

independent experiments.

To investigate the role of each member of MAPKSs family in regulating PDGF-induced cell migration,
specific inhibitors were used to block the activation of each one at a time. SMCs were treated with
DMSO as internal control, specific MEK/Erk1/2 inhibitor (20 pM U0126), JNK inhibitor (50 uM
SP600125), and p38 MAPK inhibitor (10 uM SB202190) for two hours prior to PDGF-BB treatment
and cell migration was measured using the modified Transwell Boyden Chamber assay. Inhibition of
all members of MAPKs family markedly reduced mouse SMC migration in response to PDGF-BB

treatment (figure 3.7).
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Figure 3.7. PDGF regulates mouse SMC migration through activation of mitogen activated
protein kinases (MAPKSs).Mouse aortic SMCs were treated with specific MAPKSs inhibitors at
specified concentrations for 2 hours prior to seeding onto Transwell Boyden Chambers and PDGF-BB
treatment (25 ng/ml), as well as during the incubation period (12 hours). Cell migration was measured
at 12 hours post culture. As shown, inhibition of Erk1/2, JNK and p38 MAPK activation significantly
reduced SMC migration in response to PDGF-BB. *Significantly different from the internal control (*,

P<0.05; **, P<0.01; *** P <0.001).
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Q3: Can ILK regulate the activation of members of MAPKSs in response to PDGF?

Various components of focal adhesion complex have been shown to regulate or cross talk with
members of MAPKSs family [24]. ILK, as a key constituent of the focal adhesion complex, also plays
an important function in transducing inside-out and outside-in signals [25]. To investigate the role of
ILK in regulating MAPKSs activation in response to PDGF, SMCs were transfected with specific ILK
siRNA prior to PDGF-BB treatment. Inhibition of ILK expression with specific siRNA resulted in
significant decrease in PDGF-induced p38 MAPK phosphorylation (figure 3.8), while having no
effect on Erk1/2 and JNK phosphorylation (figure 3.9). This observation suggests that ILK presence
is necessary for PDGF-induced phosphorylation of p38 MAPK in mouse SMC. Expression of P-

ERK 1/2 and P-JNK is not affected by the absence of ILK.
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Figure 3.8. ILK inhibition abolishes PDGF-induced p38 MAPK activation in mouse aortic
SMCs. Mouse aortic SMCs were transfected with 20 nM of specific ILK siRNA and then treated with
25 ng/ml of PDGF-BB for specified time points. Cell lysates were collected to measure
phosphorylation of p38 MAPK. Inhibition of ILK protein expression markedly reduced PDGF-
induced p38 MAPK phosphorylation in mouse aortic SMCs, indicating that ILK is a regulator of
PDGF-induced p38 MAPK activation. The blot presents one of three independent experiments. The

value of P-p38 in the graph has been normalized to B-Actin (house keeping protein).
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Figure 3.9. PDGF activates ERK 1/2 and JNK through an ILK-independent pathway.Mouse
SMCs were transfected with 20nm ILK siRNA for 96 hours prior to PDGF treatment. Cell lysates
were collected to measure phosphorylation of ERK 1/2 and JNK.ILK inhibition by specific siRNA
had no detectable effect on Erk1/2 and JNK phosphorylation in response to PDGF-BB treatment in

mouse aortic SMC culture. Data presents one of three independent experiments.

3.2. ILK mediates PDGF-induced mouse aortic SMC migration through a p38

MAPK- dependent pathway

Taking into account that PDGF-BB activates both ILK and p38 MAPK in mouse aortic SMCs
(figures 3.1. and figure 3.5.), and the observation that p38 MAPK has a crucial role in PDGF-induced

cell migration (figure3.7.); we sought to determine whether ILK can also modulate the migratory
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effect of p38 MAPK activation in response to PDGF-BB. To examine this hypothesis, we utilized a
gain and loss of function approach using adenoviral constructs of ILK and/or p38 MAPK. In order to
revalidate the important role of p38 MAPK activation during the migratory response, and also to
exploit a more target-specific approach we used adenoviral vectors carrying dominant negative and
constitutively active forms of ILK and p38 MAPKs. We first infected primary mouse SMCs with
adenoviral constructs expressing either a dominant negative form of p38 MAPK (Ad-Dn-p38), a wild
type form of p38 MAPK (Ad-Wt-p38), or a GFP (Ad-GFP) protein. Western blot analysis (measuring
protein expression) and fluorescent microscopy (visualizing GFP expression) were used to evaluate

the transfection efficiency at 36 hours post transfection (figures 3.10 and 3.11).
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Control Ad-GFP
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Figure 3.10. Mouse aortic SMC morphology and transfection efficiency. Photomicrograph of
mouse aortic SMCs showing the morphology and GFP expression at 36 hours following
transfection. Sub-confluent SMCs were infected with adenoviral vector at the multiplicity of
infection of 100. Note the high level of GFP expression as well as the normal phenotype of Ad-

GFP-transfected SMCs. Original magnification, x200.
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Figure 3.11. Specificity of adenoviral vectors used shown in western blot. Over- expression of a
dominant negative form of p38 MAPK markedly increased total p38 MAPK expression while
blocking p38 MAPK 28 phosphorylation in response to 10 % fetal calf serum (FCS) treatment in
SMCs (10% serum is used as a strong activator for p38 MAPK). Also, note the considerable
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SMC Migration

increase in ILK expression level in SMCs transfected with adenoviral ILK constructs.

In concurrence with our previous observations, over-expression of a dominant negative mutant of
p38 MAPK significantly reduced PDGF-induced SMC migration (figure 3.12). Furthermore, over-
expression of a wild type form of p38 rescued SMC migration in response to PDGF-BB,
corroborating the specificity of p38 MAPK inhibition in mouse SMC culture transfected with the Ad-
Dn-p38 MAPK construct (figure 3.12). This again confirms that inhibition of p38 MAPK pathway

blocks SMC migration.
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Figure 3.12. Dominant negative form of p38 MAPK significantly decreases SMC migration in
response to PDGF. For migration assay, transfected SMCs were cultured in Transwell Boyden
Chambers in the presence or absence of 25ng/ml of PDGF-BB and cell migration was measured 12
hours post culture. Dominant negative p38 MAPK significantly decreases SMC migration in
response to PDGF-BB treatment while expression of a wild type form of p38 MAPK increases SMC
migration in response to PDGF-BB. In addition, over- expression of a wild type mutant of p38

MAPK subverted the inhibitory effect of p38 inhibition on SMC migration. Moreover, a kinase-
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deficient form of ILK (previously referred to as dominant negative ILK) which has a point mutation
(E359K — Glutamic acid to Lysine at amino acid 359) in subdomain VIII of the ILK kinase domain
which is also incapable of binding to paxillin and parvin and therefore unable to participate in
formation of the focal adhesion complex, resulted in a significant decline in PDGF-induced SMC

migration, an event that can be reversed by a wild type form of ILK (figure 3.13).
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Figure 3.13. Kinase deficient form of ILK significantly decreases SMC migration in response to
PDGF. Kinase deficient mutant of ILK significantly reduced PDGF-induced SMC migration in a
Traswell Boyden Chamber migration assay. As shown, expression of a wild type form of ILK rescued
SMC migratory response indicating the specificity of ILK inhibition by the adenoviral construct.
Finally, to establish a cause and effect association between inhibition of ILK, a downstream decrease
in p38 MAPK phosphorylation, and the subsequent decline in cell migration, we co- transfected cells
with a kinase deficient form of ILK (E359K) along with an active form of MKK3/6 (the specific
upstream activator of p38 MAPK) or a wild type form of p38 MAPK.

As shown in figure 3.14, expression of Ad-Ca-MKK3/6 significantly reversed the inhibitory effect of
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SMC Migration

ILK inhibition (Ad-Kd-ILK) in PDGF-treated SMCs. In contrast, over-expression of the wild type
p38 MAPK in SMCs already transfected with Ad-Kd-ILK, did not rescue cell migration, confirming
our previous observation that the existence of an active form of ILK was required to facilitate the p38

MAPK-mediated migratory response to PDGF-BB (figure 3.14).

P <0.05
35 1 | |
— 3.0 *
)
% 2.5 1
< 2.0 1 *
(8]
T 1.5 7
2 10
0'5 -j
0.0 -
- + + + + + PDGF-BB (25ng/ml)
- - + - - - Ad-GFP
- - - + + + Ad-Kd-ILK
- - - - + - Ad-Ca-MKK3/6
- - - - - +  Ad-Wt-ILK

Figure 3.14. ILK regulates PDGF-induced SMC migration through a p38 MAPK- dependent
pathway. Over-expression of an active form of MKK3/MKK®6 (specific upstream activators of p38
MAPK), but not a wild type form of p38 MAPK, rescued SMC migration in response to PDGF-BB
indicating that an active form of ILK is required for the initiation of a p38 MAPK-dependent

migratory response to PDGF-BB in mouse aortic SMCs.
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3.2.1. ILK and p38 MAPK regulate PDGF-induced actin cytoskeleton polymerization in

vascular SMC

Actin polymerization and re-organization is a critical step in cell motility and migration. To
characterize the role of ILK and p38 MAPK in regulating actin polymerization in response to PDGF,
cells were transfected with specific ILK siRNA (20 nM) or treated with specific p38 MAPK inhibitor
(10 uM SB202190), prior to PDGF treatment. Inhibition of ILK expression and p38 MAPK activity
significantly blocked PDGF-induced actin polymerization and re- organization in mouse SMC,
indicating a crucial role for ILK and p38 MAPK in regulation actin-mediated cell migration (figures

3.15 and 3.16).
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Figure 3.15. Inhibition of ILK expression disrupts PDGF-induced actin re-organization in
mouse SMC. Mouse SMCs were treated with either vehicle (DMSO) or with 10 uM of p38 MAPK
specific inhibitor SB202190 for 1 hour prior to PDGF treatment. Following treatment, cells were
washed and fixed and then stained for actin filaments. Inhibition of p38 MAPK markedly blocks

PDGF-induced actin polymerization and reorganization (original magnification x400).
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Figure 3.16. Inhibition of p38 MAPK disrupts PDGF-induced actin re-organization in mouse
SMC. Mouse aortic SMCs were transfected with 20 nM of specific ILK siRNA and then treated with
25 ng/ml of PDGF-BB for 20 minutes. Cells were then fixed and stained for actin filaments. Inhibition
of ILK expression in SMCs significantly reduced PDGF-induced actin polymerization and
reorganization in mouse aortic SMCs. Images are representative image of three independent

experiments (original magnification x400).

50



3.2.2. PDGF increases phosphorylation of LIMK and cofilin-induced actin

cytoskeleton polymerization in vascular SMC

Migration of SMCs depends directly on the regulated dynamics of the actin cytoskeleton. Cofilin
is essential for effective depolymerization of actin filaments. LIMK-1 inhibits the effects of
cofilin on the actin cytoskeleton by reducing the pool of active cofilin. Phosphorylation of Cofilin
by LIMK inactivates cofilin, leading to accumulation of actin filaments. LIMK-1 is involved in

cytoskeletal regulation, possibly by reducing depolymerization of actin filaments.
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Figure 3.17. PDGF induces LIMK and cofilin phosphorylation in mouse aortic SMCs. Aortic SMCs
were serum starved overnight and then treated with 25 ng/ml of PDGF- BB. Cell lysates were collected in
various time points and phosphorylation of LIMK and cofilin was measured. Data represents three
independent experiments. Treatment of mouse aortic SMCs with PDGF-BB resulted in phosphorylation and
activation of LIMK, 15 minutes post treatment; And phosphorylation and inactivation of Cofilin starting 60

minutes post treatment (figures 3.17).
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3.2.3. PDGF increases expression of Bland B3 integrins in mouse aortic SMCs

Integrins are present in different isoforms and are involved in cardiovascular physiopathology. We
have already shown that PDGF can increase ILK activity (figure 3.1). We examined whether PDGF
treatment had any effect on f1 and B3 protein expressions in our mouse aortic SMC cultures. SMCs
were treated with PDGF-BB, and cell lysates were collected at various time-points following
treatment. Western blot analysis of samples revealed (figure 3.18) that while PDGF-BB treatment
increases the expression of both these integrins especially from 15 minutes to 1 hour post PDGF
treatment; B3 integrin is expressed at a much higher level in our system. This increase in PDGF
induced integrin expression is associated with considerable raise in ILK kinase activity and slight

increase in ILK protein expression.
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Figure 3.18. PDGF increases expression of p1 and B3 integrin. PDGF-BB treatment increased
the expression of both B1 and B3 integrin in mouse aortic SMC cultures, starting around 15 minutes

post-treatment.
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To test the ‘inside-out’ response to PDGF-BB treatment and determine if ILK plays any regulatory
part in PDGF-induced increase in B1 and B3 integrins; we inhibited expression of ILK protein by
transfecting our cells with 20nM ILK siRNA and then treating the cell culture with 25ng PDGF-BB. 1
and B3 integrin expressions were observed in western immunoblot, 30 minutes post PDGF-BB
treatment. Inhibiton of ILK protein expression significantly decreased PDGF-BB induced 1 and 3
integrin expression in aortic mouse SMCs (figure 3.19). This observation confirms that ILK has an

important function in PDGF-induced increase in B1 and B3 integrins, as a molecular scaffold.
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Figure 3.19. PDGF regulates B1 and B3 integrin expression through ILK in SMCs.
Transfected or non-transfected cells were treated with PDGF-BB and cell lysis was collected at
various time-points. Inhibition of ILK expression using specific ILK siRNA resulted in

significant decrease in B1 and B3 integrin expression in SMCs.
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Chapter 4. Discussion

Under physiological conditions mechanical stretch and shear stress are important in regulating the
function of the circulatory system. Under disease conditions these same mechanosensors (which
include integrins and RTKs) may detect pathological insult and consequently activate signal
transduction pathways involving Rho GTPases (RhoA, Racl and Cdc42), MAPK (ERK1/2, JNK and
p38) and subsequent transcription factors that regulate the function of VSMC, cardiac myocytes and
platelets and are involved in VSMC migration, intimal thickening and occlusive vascular diseases.
Various cytokines, peptide growth factors, and components of the extracellular matrix (ECM) have
been characterized as pro-migratory molecules. PDGF is a very potent stimulant for SMC migration
through activation of several signaling pathways [30-32]. The signaling pathways used by PDGF
receptor stimulation In VSMC involve the stimulation of the MAPK pathway (other signaling
pathways activated by PDGF include the PI3K/Akt, protein kinase A (PKA), Src and Ras).The
MAPKSs have been divided into three major subfamilies of protein kinase: p38 MAPK, JNK, and
Erk1/2, all of which have been shown to be involved in vascular diseases and remodeling [28]. Of

these P38 MAPK and JNK cascades respond to stress stimuli.

Intracellular signals generated by growth factors and their receptor tyrosine kinases (RTKs) are
generated independently from those produced by interaction between the ECM and integrin. Many of
the interactions between integrins and growth factor receptors are unique to specific cell types and
integrins expressed, in addition; the synergy between these signals plays an important role in VSMC
migration in disease condition. Defining the mechanism by which these two signaling pathways

cooperate is essential for understanding VSMC behavior after injury and aid in finding a possible
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therapeutic target that can stop or decrease the narrowing of vascular lumen due to VSMC migration.

In the present study, we have shown that treatment of mouse aortic SMCs with PDGF-BB increased
their migration by 2 fold (figure 3.3). PDGF-BB treatment also resulted in an increase in ILK kinase
activity without affecting ILK protein expression (figure 3.1) in mouse aortic SMC culture. (figures
3.18 and 3.19). It is well known that the adhesive function of integrin receptors affects cytoskeleton
rearrangement and cell motility. Therefore, it is plausable that an increase in B1 and B3 integrins
expression contributes to the pro-migratory effect of PDGF-BB in SMC culture. However, further
investigation is required to evaluate the potential cross-talk between 1 and B3 integrins and PDGF

receptors and the significance of such events in vascular SMC migration.

Numerous studies have provided a wealth of information on the crucial regulatory role for ILK as a

protein kinase and also as a molecular scaffold and adaptor protein during cell spreading and migration

in a variety of cancer cells [13, 24]. Moreover, a recent study has shown that an increase in ILK
expression coincides with higher rate of SMC migration within the atherosclerotic plaque in ApoE -/-

mice, a reliable model that mimics the progression of atherosclerosis in humans [38].

In this study, we examined the role of ILK in cell migration, by inhibiting ILK expression (using
siRNA) or increasing ILK expression (using an adenoviral vector expressing wild type ILK).
Inhibition of ILK either by RNA interference or adenoviral vectors, significantly decreased cell
migration in response to PDGF-BB, demonstrating that ILK plays an important role in regulating

PDGF-induced vascular SMC migration in mouse aortic SMCs.

Expression of a wild type form of ILK increased SMC migration even in the absence of growth factor.
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It is noteworthy that the effect of wild type ILK in increasing SMC migration is more evident when
SMCs were treated with PDGF-BB (figure 3.13).These observations are in agreement with a previous
report by Dwivedi et al [40] that over-expression of a dominant negative form of ILK markedly

reduced intimal thickening in human saphenous vein organ culture.

The ‘kinase-deficient’ ILK mutant E359K, formally known as dominant-negative ILK , has a mutation
within the catalytic domain. Kd-ILK exhibits reduced kinase activity comparable with the wild-type
protein. In addition, this mutation (changing glutamic acid at position 359 to lysine) disrupts the
interaction and binding of ILK with two important components of focal adhesion complex, B-parvin
and paxillin (focal adhesion adapter protein involved in integrin signaling). This interaction is required
for the assembly of a functional focal adhesion complex and subsequent actin polymerization and
reorganization, and thus normal smooth muscle function [41, 42]. Over-expression of the E395K
mutant of ILK resulted in significant reduction in PDGF-induced SMC migration. The effect was fully
reversed by a wild type form of ILK (figure 3.13). These findings accentuate the crucial function of

ILK as molecular scaffold during SMC migration.

In an effort to understand how ILK mediates the pro-migratory effect of PDGF-BB in primary mouse
SMC using RNA silencing technique, we were able to show that ILK inhibition could lead to a
considerable decrease in p38 MAPK phosphorylation, while having no visible effect on Erk1/2 and
JNK phosphorylation in response to PDGF-BB treatment. Rac1 is an essential downstream protein in
ILK-induced actin filament rearrangements and cell migration [15]; furthermore, Rac 1 is thought to
regulate p38 MAPK [53]. We also demonstrated that over-expression of an active form of MKK3/6
(specific upstream activator of p38 MAPK) dramatically reversed the inhibitory effect of ILK

inhibition on SMC migration. Expression of a wild type form of p38 MAPK markedly increased SMC
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migration in the presence of PDGF-BB; however, it could not restore migratory response in cells over-
expressing a kinase deficient form of ILK. It is of importance that the latter observation supports the
view that the presence of a functional ILK is required for the initiation of a p38 MAPK-dependent
migratory response to PDGF-BB in mouse aortic SMCs (figure 5.1). Further studies are required to

characterize the precise mechanisms underlying the ILK-mediated regulation of p38 MAPK in SMCs.

Actin polymerization and reorganization is a crucial step in cell migration. We have shown that PDGF
increases actin polymerization and filament reorganization in SMCs. This event was significantly
blocked by both ILK siRNA and p38 MAPK inhibitor, confirming the importance of this pathway in
regulating SMC migration. The actual mechanism by which p38 MAPK may regulate cell migration is
not well understood. Actin polymerization and reorganization is under rigorous regulation by a group
of protein kinases and/or phosphatases that coordinate the constant turnover of actin filaments in a
stimulated cell. Among these, cofilin is a conserved actin-binding protein that enhances actin filament
reorganization through de-polymerization and severing of preexisting actin filaments [43]. It is well
known that phosphorylation of cofilin (serine 3) by LIM kinase and testicular protein kinase 2 (TESK-
2) results in deactivation of cofilin and subsequent inhibition of actin reorganization [44, 45]. In mouse
aortic SMCs, PDGF treatment resulted in rapid de-phosphorylation and activation of cofilin around 5-
15 minutes post-treatment (figure 3.17). PDGF also increased LIMK phosphorylation leading to
phosphorylation and deactivation of cofilin (figure 3.17). This feedback mechanism provides a strict
control system for cell responses to migratory stimuli such as PDGF. Our preliminary observation
suggests that p38 MAPK may control actin reorganization partly via regulating the de-phosphorylation
and consequent activation of cofilin. Further detailed studies are ongoing in our laboratory to

characterize the signaling network and downstream pathways mediating such regulatory events.
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Chapter 5. Conclusions

We were able to show that short-term treatment of mouse aortic SMCs with PDGF-BB enhances ILK
kinase activity without any effect on ILK protein expression. PDGF-BB addition also increased Beta 1
and Beta 3 integrin expression in mouse aortic SMCs. We showed that inhibition of ILK kinase
activity and protein expression results in a significant decrease in SMC migration in response to
PDGF. Furthermore, we were able to show that inhibition of p38 MAPK markedly decreases
migration of mouse aortic SMC in response to PDGF. And finally, we showed PDGF induces p38

MAPK activation in mouse SMC through an ILK-dependent pathway.

In summary, we have provided evidence that ILK is an important regulator of mouse vascular smooth
muscle cell migration in response to PDGF-BB by modulating p38 MAPK phosphorylation. To our
knowledge, this is the first report of the regulation of p38 MAPK by integrin signaling in mediating
platelet-derived growth factor-induced migration in vascular smooth muscles. A goal for future
studies might be to incorporate fluorescent markers in to ILK and other key proteins and track
redistribution within the cell in 3 dimensions during migration. For example trafficking of critical
signal transduction proteins could be followed by covalently pulse labeling epitope tags with
fluorescent substrates. These approaches may provide information highly relevant to behavior of cells
in vivo. In addition, future in vivo studies using specific small molecule inhibitors for ILK and/or p38
MAPK as well as developing transgenic animal models would provide valuable information on the
potential therapeutic value of integrin signaling, in general, and the integrin-linked kinase, in
particular, in controlling vascular smooth muscle cell migration during the progression of occlusive

vascular diseases.
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Figure 5.1. Summary: ILK regulates mouse aortic SMC migration in response to PDGF,

through modulating p38 MAPK phosphorylation. In the presence of PDGF-BB, the expression

of activated form of JINK, p38 MAPK and Erk 1/2 goes up, resulting in increased VSMC migration.



PDGEF also increases the kinase activity of ILK, which is an upstream regulator of p38 MAPK.
Inhibition of ILK expression or inhibition of ILK kinase activity inhibits the expression of P-p38,
the active form of p38 MAPK. This decrease in P- p38 causes a decrease in SMC migration. Our
experiments have shown that PDGF induces p38 MAPK activation in mouse SMC through an ILK-

dependent pathway.

60



REFERENCES

1. Schwartz SM: Smooth muscle migration in atherosclerosis and restenosis. Journal of

Clinical Investigation 1997, 100(11 Suppl):S87-89.

2. Kher N, Marsh JD: Pathobiology of atherosclerosis--a brief review. Seminarsin
Thrombosis and Hemostasis 2004, 30(6):665-672.

3. Majesky MW, Reidy MA, Bowen-Pope DF, Hart CE, Wilcox JN, Schwartz SM:PDGF ligand and
receptor gene expression during repair of arterial injury.Journal of Cell Biology 1990, 111(5 Pt
1):2149-2158.

4. Ross R: The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature 1993,
362(6423):801-8009.

5.Chen Y, Xu H, Liu J, Zhang C, Leutz A, Mo X: The c-Myb functions as a downstream target of
PDGF-mediated survival signal in vascular smooth muscle cells. Biochemical and Biophysical
Research Communications 2007, 360(2):433-436.

6. Li X, Ponten A, Aase K, Karlsson L, Abramsson A, Uutela M, Backstrom G, Hellstrom M, Bostrom
H, Li H et al: PDGF-C is a new protease-activated ligand for the PDGF alpha-receptor.|[see
comment]. Nature Cell Biology 2000, 2(5):302-309.

7. LaRochelle W, Jeffers M, McDonald WF, Chillakuru RA, Giese NA, Lokker NA, Sullivan C,
Boldog FL, Yang M, Vernet C et al: PDGF-D, a new protease activated growth factor. Nature Cell
Biology 2001, 3(5):517-521.

61



8. Gilbertson DG, Duff ME, West JW, Kelly JD, Sheppard PO, Hofstrand PD, Gao Z, Shoemaker K,
Bukowski TR, Moore M et al: Platelet-derived growth factor C (PDGF-C), a novel growth factor
that binds to PDGF alpha and beta receptor. Journal of Biological Chemistry 2001, 276(29):27406-
27414.

9. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, Alitalo K, Eriksson U: PDGF-D is a
specific, protease-activated ligand for the PDGF betareceptor.Nature Cell Biology 2001, 3(5):512-
516.

10. Heldin CH, Westermark B: Mechanism of action and in vivo role of plateletderived growth

factor. Physiological Reviews 1999, 79(4):1283-1316.

11. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, Parsons JT, Horwitz
AR: Cell migration: integrating signals from front to back. Science 2003,
302(5651):1704-17009.

12. Hall A: Rho GTPases and the actin cytoskeleton. Science 1998, 279(5350):509-514.

13. Mitra SK, Hanson DA, Schlaepfer DD: Focal adhesion kinase: in command and control of cell

motility. Nature Reviews Molecular Cell Biology 2005,6(1):56-68.

14. Hannigan GE, Leung-Hagesteijn C, Fitz-Gibbon L, Coppolino MG, Radeva G, Filmus J, Bell JC,
Dedhar S: Regulation of cell adhesion and anchorage dependent growth by a new beta 1-integrin-

linked protein kinase. Nature1996, 379(6560):91-96.
15. Qian Y, Zhong X, Flynn DC, Zheng JZ, Qiao M, Wu C, Dedhar S, Shi X, Jiang BH: ILK mediates

actin filament rearrangements and cell migration and invasion through PI3K/ Akt/Racl

signaling. Oncogene 2005, 24(19):3154- 3165.

16. Khyrul WA, LalLonde DP, Brown MC, Levinson H, Turner CE: The integrin linked kinase

62



regulates cell morphology and motility in a rho-associated kinase-dependent manner. Journal of

Biological Chemistry 2004, 279(52):54131-54139.

17. Filipenko NR, Attwell S, Roskelley C, Dedhar S: Integrin-linked Kkinase activity regulates Rac-
and Cdc42-mediated actin cytoskeleton reorganization via alpha-PIX. Oncogene 2005,
24(38):5837-5849.

18. Ahlen K, Rubin K: Platelet-derived growth factor-BB stimulates synthesis of the integrin
alpha 2-subunit in human diploid fibroblasts. Experimental Cell Research 1994,
215(2):347-353.

19. Kirchberg K, Lange TS, Klein EC, Jungtaubl H, Heinen G, Meyer-Ingold W,
Scharffetter-Kochanek K: Induction of beta 1 integrin synthesis by recombinant platelet- derived

growth factor (PDGF-AB) correlates with an enhanced migratory response of

human dermal fibroblasts to various extracellular matrix proteins. Experimental Cell

Research 1995, 220(1):29-35.

20. Sundberg C, Rubin K: Stimulation of betal integrins on fibroblasts induces PDGF

independent tyrosine phosphorylation of PDGF beta-receptors. Journal of Cell Biology
1996, 132(4):741-752.

21. Troussard AA, McDonald PC, Wederell ED, Mawji NM, Filipenko NR, Gelmon KA, Kucab JE,
Dunn SE, Emerman JT, Bally MB et al: Preferential dependence of breast cancer cells versus
normal cells on integrin-linked kinase for protein kinase B/Akt activation and cell survival.

Cancer Research 2006, 66(1):393-403.

22. Esfandiarei M, Suarez A, Amaral A, Si X, Rahmani M, Dedhar S, McManus BM:Novel role for
integrin-linked kinase in modulation of coxsackievirus B3 replication and virus- induced

cardiomyocyte injury.Circulation Research 2006, 99(4):354-361.

23. Legate KR, Montanez E, Kudlacek O, Fassler R: ILK, PINCH and parvin: the tIPP of integrin

63



signalling. Nature Reviews Molecular Cell Biology 2006, 7(1):20-31.

24. Hannigan G, Troussard AA, Dedhar S: Integrin-linked kinase: a cancer therapeutic target

unique among its ILK. Nature Reviews Cancer 2005, 5(1):51-63.

25. Edwards LA, Shabbits JA, Bally M, Dedhar S: Integrin-linked kinase (ILK) in combination
molecular targeting. Cancer Treatment and Research 2004, 119:59- 75.

26. Lundberg MS, Curto KA, Bilato C, Monticone RE, Crow MT: Regulation of vascular smooth
muscle migration by mitogen-activated protein kinase and calcium/calmodulin- dependent
protein kinase II signaling pathways. Journal of Molecular and Cellular Cardiology 1998,
30(11):2377-2389.

27. Matsumoto T, Yokote K, Tamura K, Takemoto M, Ueno H, Saito Y, Mori S: Platelet- derived
growth factor activates p38 mitogen-activated protein kinase through a Ras- dependent pathway
that is important for actin reorganization and cell migration. Journal of Biological Chemistry
1999, 274(20):13954-13960.

28.Zhan Y, Kim S, Izumi Y, Izumiya Y, Nakao T, Miyazaki H, Iwao H: Role of JNK, p38, and ERK
in platelet-derived growth factor-induced vascular proliferation, migration, and gene expression.
Arteriosclerosis, Thrombosis and Vascular Biology 2003, 23(5):795-

801.

29. Huang C, Jacobson K, Schaller MD: MAP kinases and cell migration. Journal of Cell
Science 2004, 117(Pt 20):4619-4628.

30. Koyama N, Morisaki N, Saito Y, Yoshida S: Regulatory effects of platelet derived growth
factor-AA homodimer on migration of vascular smooth muscle cells. Journal of Biological

Chemistry 1992, 267(32):22806-22812.

64



31. Jawien A, Bowen-Pope DF, Lindner V, Schwartz SM, Clowes AW: Platelet derived growth
factor promotes smooth muscle migration and intimal thickening in a rat model of balloon

angioplasty. Journal of Clinical Investigation 1992, 89(2):507-511.

32. Buetow BS, Tappan KA, Crosby JR, Seifert RA, Bowen-Pope DF: Chimera analysis supports a
predominant role of PDGFR beta in promoting smooth muscle cell chemotaxis after arterial
injury. American Journal of Pathology 2003, 163(3):979-984.

33. Mawatari K, Liu B, Kent KC: Activation of integrin receptors is required for growth factor-
induced smooth muscle cell dysfunction. Journal of Vascular Surgery 2000,
31(2):375-381.

34. Comoglio PM, Boccaccio C, Trusolino L: Interactions between growth factor receptors and
adhesion molecules: breaking the rules. Current Opinion in Cell Biology
2003, 15(5):565-571.

35.TuY, Li F, Goicoechea S, Wu C: The LIM-only protein PINCH directly interacts with
integrin-linked kinase and is recruited to integrin-rich sites in spreading cells. Molecular and

Cellular Biology 1999, 19(3):2425-2434.

36. Campana WM, Myers RR, Rearden A: Identification of PINCH in Schwann cells and
DRG neurons: shuttling and signaling after nerve injury. GLIA 2003, 41(3):213-223.

37.Janji B, Melchior C, Vallar L, Kieffer N: Cloning of an isoform of integrinlinked kinase (ILK)
that is upregulated in HT-144 melanoma cells following TGF-betal stimulation. Oncogene 2000,
19(27):3069-3077.

38. Friedrich EB, Clever YP, Wassmann S, Werner N, Bohm M, Nickenig G: Role of integrin-linked
kinase in vascular smooth muscle cells: regulation by statins and angiotensin II. Biochemical and

Biophysical ResearchCommunications 2006, 349(3):883-889.

65



39. Ho B, Hou G, Pickering JG, Hannigan G, Langille BL, Bendeck MP: Integrin linked kinase in
the vascular smooth muscle cell response to injury. American Journal of Pathology 2008,
173(1):278-288.

40. Dwivedi A S-NG, George SJ.: Regualtion of cell-matrix contacts and betacatenin signaling in
VSMC by integrin-linked kinase: implications for intimal thickening. Basic Res Cardiol 2008,
103(3):244-256.

41. Yamaji S, Suzuki A, Sugiyama Y, Koide Y, Yoshida M, Kanamori H, Mohri H, Ohno S,
Ishigatsubo Y: A novel integrin-linked kinase-binding protein, affixin, is involved in the early

stage of cell-substrate interaction. Journal of Cell Biology 2001, 153(6):1251-1264.

42. Nikolopoulos SN, Turner CE: Integrin-linked kinase (ILK) binding to paxillin LD1 motif
regulates ILK localization to focal adhesions. Journal of Biological Chemistry 2001,
276(26):23499-23505.

43. Condeelis J: How is actin polymerization nucleated in vivo? Trends in Cell Biology
2001, 11(7):288-293.

44. Toshima J, Toshima JY, Takeuchi K, Mori R, Mizuno K: Cofilin phosphorylation and actin
reorganization activities of testicular protein kinase 2 and its predominant expression in
testicular Sertoli cells. Journal of Biological Chemistry 2001, 276(33):31449-

31458.

45. Arber S, Barbayannis FA, Hanser H, Schneider C, Stanyon CA, Bernard O, Caroni P:
Regulation of actin dynamics through phosphorylation of cofilin byLIM-kinase. Nature
1998, 393(6687):805-809.

46. Deng JT, Van Lierop JE, Sutherland C, Walsh MP. Ca**-independent smooth muscle
contraction. a novel function for integrin-linked kinase. J Biol Chem. 2001;276:16365-16373.
66



47. Deng JT, Sutherland C, Brautigan DL, Eto M, Walsh MP. Phosphorylation of the myosin
phosphatase inhibitors, CPI-17 and PHI-1, by integrin-linked kinase. Biochem J.
2002;367:517-524.

48. Muranyi A, MacDonald JA, Deng JT, Wilson DP, Haystead TA, Walsh MP, et al.
Phosphorylation of the myosin phosphatase target subunit by integrin-linked kinase. Biochem J.
2002; 366:211-216.

49.Gerthoffer WT. Mechanisms of vascular smooth muscle cell migration. Circ Res 2007;
100:607-621.

50. Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth muscle cell

differentiation in development and disease. Physiol Rev. 2004; 84: 767-801.

51. Campbell JH, Campbell GR. The role of smooth muscle cells in atherosclerosis. Curr
Opin Lipidol. 1994; 5: 323-330.

52. Sachinidis A., Locher R., Hoppe J. and Vetter W. The platelet-derived growth factor isomers,
PDGF-AA, PDGF-AB and PDGF-BB, induce contraction of vascular smooth muscle cells by
different intracellular mechanisms. FEBS Lett.1990; 275: 95-98.

53. Lal H, Verma SK, Foster DM, Golden HB, Reneau JC, Watson LE, Singh H, Dostal DE .
Integrins and proximal signaling mechanisms in cardiovascular disease. Front Biosci.

2009; 14:2307-2334.

54. Bornfeldt KE, Raines EW, Graves LM, Skinner MP, Krebs EG, Ross R. Platelet-derived growth
factor. Distinct signal transduction pathways associated with migration versus proliferation. Ann

N'Y Acad Sci. 1995; 766: 416-430.

55. Schoenwaelder SM, Burridge K. Bidirectional signaling between the cytoskeleton and

67



integrins.Curr Opin Cell Biol. 1999;11:274 -86.

56. Eke I, Hehlgans S, Cordes N. There’s something about ILK. Int J Radiat Biol. 2009;
85(11):929-36.

57. Abraham S, Kogata N, Fassler R, Adams RH.. Integrin b1 subunit controls mural cell adhesion,
spreading, and blood vessel wall stability. Circ Res. 2008; 102: 562-570.

58. Kogata N, TribeRM, Féssler R, Way M, Adams RH. Integrin-linked kinase controls vascular
wall formation by negatively regulating Rho/ROCK-mediated vascular smooth muscle cell

contraction. Genes Dev.2009; 23(19):2278-83.

59. Chen CS, Alonso JL, Ostuni E, Whitesides GM, Ingber DE. Cell shape provides global control of
focal adhesion assembly. Biochem Biophys Res Commun. 2003;307:355-361.

60. Worth DC, Parsons M. Adhesion dynamics: Mechanisms and measurements. Int J] Biochem Cell

Biol. 2008;40(11):2397-409

61. Ray JL, Leach R, Herbert JM, Benson M. Isolation of vascular smooth muscle cells from a

single murine aorta. Methods Cell Sci 2001; 23: 185-8.

62. Dai JM, Syyong H, Navarro-Dorado J, Redondo S, Alonso M, van Breemen C, Tejerina T. A
comparative study of alpha-adrenergic receptor mediated Ca(2+) signals and contraction in

intact human and mouse vascular smooth muscle. Eur J Pharmacol. 2010;629 (1-3):82-8.

63. Croons V, Martinet W, Herman AG, Timmermans JP, De Meyer GR. The protein synthesis
inhibitor anisomycin induces macrophage apoptosis in rabbit atherosclerotic plaques through

p38 mitogen-activated protein kinase. J Pharmacol Exp Ther. 2009; 329(3):856-64.

68


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Croons%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martinet%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herman%20AG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Timmermans%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22De%20Meyer%20GR%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Pharmacol%20Exp%20Ther.');

Appendix A: List of publications and abstracts

This thesis contains work that has been published in:

Esfandiarie M, Yazdi SA,Gray V, Dedhar S, Van Breemen C.Integrin-linked Kkinase
functions as a downstream signal of platelet-derived growth factor to regulate actin

polymerization and vascular smooth muscle cell migration. BMC Cell Bio. 2010:11:16

Published Abstracts:

Abdoli Yazdi S, Esfandiarei M and Cornelis van Breemen. Integrin-Linked Kinase as a
regulator of vascular Smooth Muscle cell migration. UBC Department of Pharmacology and

Therapeutics annual research day. June 2010, Vancouver, Canada.

Esfandiarei M, Abdoli Yazdi S, and Cornelis van Breemen. Mapping the pathway regulating

vascular smooth muscle cells migration: From PDGF to actin cytoskeleton. 7" International

Conference of Pathways, Networks, and Systems Medicine. June 2009, Corfu, Greece.

Esfandiarei M, Abdoli Yazdi S, and Cornelis van Breemen. Integrin-linked kinase regulates
aortic smooth muscle cell migration in response to platelet-derived gwoth factor through a p38
MAPK-dependent pathway. UBC Department of Pharmacology and Therapeutics annual research

day. June 2008, Vancouver, Canada.

69



Esfandiarei M, Abdoli Yazdi S, and Cornelis van Breemen. Platelet-derived growth factor
regulates smooth muscle cell migration through a integrin-linked kinase dependent

mechanism. American Society for Pharmacology and Experimental Therapeutics, April 2008,

San Diego, USA.

70



Appendix B: UBC biohazard approval certificate

The University of
British Columbia
UBC
W Biohazard Approval Certificate

PROTOCOL NUMBER: B09-0250

INVESTIGATOR OR COURSE DIRECTOR: Cornelis Van Breemen

DEPARTMENT: Anesthesiology, Pharmacology & Therapeutics

PROJECT OR COURSE TITLE: Calcium Oscillation in Vascular Smooth Muscle Cells
APPROVAL DATE: January 28, 2010 START DATE: January 1, 2010
APPROVED CONTAINMENT LEVEL: 1

FUNDING TITLE: Calcium oscillations in vascular smooth muscle
FUNDING AGENCY: Canadian Institutes of Health Research (CIHR)

UNFUNDED TITLE: N/A

The Principal Investigator/Course Director is responsible for ensuring that all research or
course work involving biological hazards is conducted in accordance with the University
of British Columbia Policies and Procedures, Biosafety Practices and Public Health
Agency of Canada guidelines.

This certificate is valid for one year from the above start or approval date
(whichever is later) provided there are no changes. Annual review is required.

A copy of this certificate must be
displayed in your facility.

Office of Research Services

102, 6190 Agronomy Road,
Vancouver, V6T 173
Phone:604-827-5111
FAX: 604-822-5093

71



