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ABSTRACT

This study investigated whether heat shock protein-60 (Hsp60) modulates
nuclear protein import (NPI) to promote vascular smooth muscle cell (VSMC)
proliferation and atherosclerotic development. Rat VSMCs were treated with
oxidized low density lipoprotein (oxLDL), which increased Hsp60 expression, NPI
machinery expression, and cell proliferation versus controls. Overexpression of
cytosolic Hsp60 induced VSMC proliferation and enhanced NPI. Conversely, Hsp60
knockdown followed by oxLDL treatment did not increase NPI, NPI machinery or
proliferating cell nuclear antigen (PCNA), a marker of cell proliferation. Co-
immunoprecipitation showed that at high intracellular levels, Hsp60 interacts with
Ran, a protein involved in NPI. Plaques obtained from hypercholesterolemic rabbit
aortas showed that Hsp60, PCNA and Nup62 expression were elevated during
plaque growth and returned to baseline during plaque stabilization. Thus,
intracellular Hsp60 enhances NPI and VSMC proliferation through a chaperone and
signaling mechanism, processes that may contribute to atherosclerotic

development.
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CHAPTER I: REVIEW OF LITERATURE

1. CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) remains the leading cause of mortality in the
world!l. CVD encompasses both acute and chronic injuries or pathologic processes
that affect the cardiovascular system, which includes blood vessels and the heart.
Major categories of CVD include ischemic heart disease, cerebrovascular disease,
peripheral vascular disease, cardiomyopathies, as well as cardiac arrhythmias and
infections.

Ischemic heart disease (IHD) is the leading cardiovascular cause of morbidity
and accounts for almost half of CVD related deaths worldwide®2. IHD involves
alterations in the function of blood vessels that supply the metabolic needs of the
heart. Specifically, these vessels become narrowed due to the accumulation of fatty
plaques in the vessel wall. This process is known as atherosclerosis, which is the
pathophysiologic mechanism that leads to IHD.

As plaques grow, they reduce blood flow to the heart and can lead to
ischemia. Cardiac ischemia occurs when blood supply to the heart becomes
inadequate to meet its metabolic demands3. In advanced stages of atherosclerosis,
vulnerable plaques may rupture, leading to formation of a blood clot and the total
blockage of blood flow to the heart*. When blood flow to the heart is stopped for a
prolonged period, it results in death to the portion of the heart muscle supplied by
that blood vessel, which is known as a myocardial infarction (MI)3. This event

initiates structural remodeling of the heart muscle and blood vessels, which



eventually leads to heart failure. Heart failure is a clinical syndrome that results
from the inability of the heart to pump sufficient blood to tissues to meet their
metabolic demands or the inability of the heart to accommodate blood returning
from the body>.

Cardiovascular diseases have a multitude of etiologies and are the result of
complex interactions between modifiable and non-modifiable risk factors. Non-
modifiable risk factors include age, sex, and genetic factors®-8. Modifiable risk
factors include smoking, high body mass index, sedentary lifestyle,
hypercholesterolemia, diabetes, and hypertension?°. Interventions that target these
modifiable risk factors have the potential to lower the incidence of cardiovascular

disease.

2. PATHOGENESIS OF ATHEROSCLEROSIS

2.1. Overview

Atherosclerosis is a chronic inflammatory disease* that leads to progressive
narrowing and stiffening of arteries due to the build-up of lipids, inflammatory cells,
and extracellular matrix in the intimal layer?. The intima, also known as the sub-
endothelial space, is the area between the endothelium and the underlying medial
layer of smooth muscle cells?0.

The development of atherosclerotic plaque is initiated through an injury to
the endothelial layer of an arterial vessel caused by stimuli such as

hypercholesteremia, smoking, hypertension1-13. This injury leads to endothelial



activation, which allows infiltration of low density lipoprotein (LDL) particles from
the circulation into the sub-endothelial space!?14. Activation of the endothelium
also stimulates expression of cell surface adhesion molecules and secretion of
chemotactic molecules to attract monocytes and lymphocytes to the injury
site410,12,13,

LDL trapped in the sub-endothelial space is modified through oxidation to
become oxidized LDL (oxLDL), which can further activate the endothelium#*10.14.15,
Monocytes recruited to the site of endothelial injury migrate into the sub-
endothelial space where they differentiate into macrophages!%12. These
macrophages express scavenger receptors for oxLDL and are normally involved in
its elimination from the vessell%16. However, uptake of excessive oxLDL causes
transformation of macrophages into a foam cell phenotypel%17.18, Foam cells form
the lipid core of the plaque and, along with other pro-inflammatory macrophages,
secrete cytokines (e.g. tumour necrosis factor alpha (TNF-a) and interleukin-1f (IL-
1B)), proteolytic enzymes (e.g. matrix metalloproteinases (MMPs)), and growth
factors (e.g. platelet derived growth factor (PDGF))*12.17,

Cytokines recruit more immune cells and growth factors promote growth
and proliferation of immune cells within the lesion*1°. If the immune system is
unable to resolve the inflammatory stimuli, the inflammatory response will proceed
unchecked*. The pro-inflammatory environment stimulates migration of vascular
smooth muscle cells (VSMCs) from the medial layer to the intimal layer where local
growth factors stimulate VSMC proliferation (see Figure 1)#1217.19, VSMCs in the

intimal layer secrete extracellular matrix (ECM) proteins (e.g. collagen and elastin)



to form a fibrous cap that helps stabilize the plaque*1217. At this point, the lesion
begins to bulge into the vessel lumen, narrowing the area for blood flow*17.

As immune cell recruitment continues in the core of the plaque, there is
defective removal of apoptotic macrophages/foam cells leading to necrosis and
release of intracellular lipids to form a necrotic core??. Both macrophages and the
necrotic core promote breakdown of the fibrous cap through release of proteolytic
enzymes and the stimulation of VSMC apoptosis0. Advanced atherosclerotic lesions
with a thin fibrous cap, large necrotic core, and high level of inflammation are more
vulnerable to rupture?!. When a vulnerable plaque ruptures, the pro-coagulant and
pro-thrombotic factors in the inflamed tissue are released into the blood, leading to

platelet aggregation, thrombosis of the vessel, and tissue ischemia?021,
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Figure 1. Stages in the development of atherosclerotic lesions.

The normal muscular artery and the cell changes that occur during disease progression to
thrombosis are shown. a, The normal artery contains three layers. The inner layer, the
tunica intima, is lined by a monolayer of endothelial cells that is in contact with blood
overlying a basement membrane. In contrast to many animal species used for
atherosclerosis experiments, the human intima contains resident smooth muscle cells
(SMCs). The middle layer, or tunica media, contains SMCs embedded in a complex
extracellular matrix. Arteries affected by obstructive atherosclerosis generally have the
structure of muscular arteries. The arteries often studied in experimental atherosclerosis
are elastic arteries, which have clearly demarcated laminae in the tunica media, where
layers of elastin lie between the strata of SMCs. The adventitia, the outer layer of arteries,
contains mast cells, nerve endings and microvessels. b, The initial steps of atherosclerosis
include adhesion of blood leukocytes to the activated endothelial monolayer, directed
migration of the leukocytes into the intima, maturation of monocytes (the most numerous
of the leukocytes recruited) into macrophages, and their uptake of lipid, yielding foam cells.
¢, Lesion progression involves the migration of SMCs from the media to the intima, the
proliferation of resident intimal SMCs and media-derived SMCs, and the heightened
synthesis of extracellular matrix macromolecules, such as collagen, elastin, and
proteoglycans. Plaque macrophages and SMCs can die in advancing lesions, some by
aptopiosis. Extracellular lipid derived from dead and dying cells can accumulate in the
central region of a plaque, often denoted the lipid or necrotic core. Advancing plaques also
contain cholesterol crystals and microvessels. d, Thrombosis, the ultimate complication of
atherosclerosis, often complicates a physical disruption of the atherosclerotic plaque.
Shown is a fracture of the plaque’s fibrous cap, which has enabled blood coagulation
components to come into contact with tissue factors in the plaque’s interior, triggering the
thrombus that extends into the vessel lumen, where it can impede blood flow. Reprinted by
permission from Macmillan Publishers Ltd: Nature, P Libby, PM Ridker, and GK Hansson.
Progress and challenges in translating the biology of atherosclerosis, 473(7347): 317-325,
© 2011.



2.2. OxLDL and atherosclerosis

Lipoproteins (LPs) are carrier proteins composed of varying amounts of
lipids (cholesterol esters, phospholipids, triglycerides) and apolipoproteins. LPs
regulate lipid metabolism and facilitate lipid transport between tissues. LPs are
made by the liver and secreted as very low density lipoproteins (VLDL), which are
converted to LDL in the blood stream10. LDL is responsible for cholesterol
deposition in the tissues, which is mediated through extracellular receptor mediated
endocytosis?2. LDL particles can be subject to modifications such as oxidation,
glycation, aggregation, association with proteoglycans, or incorporation into
immune complexes#*1>. Oxidation of LDL, in particular, has been found to be
important in the pathogenesis of atherosclerosis*151823,

Data from cell lines and animal models demonstrate a pro-atherogenic role of
oxLDL through its effects on macrophages, endothelial cells (ECs), and VSMCs?23. In
atherosclerotic animal models, the data suggests antioxidant treatment, which has
been shown to inhibit oxidation of LDL, impedes the development of atherosclerotic
plaques?3. In cohort studies, higher levels of oxLDL have been associated with more
cardiovascular events?3. Randomized clinical trials show that although anti-
oxidants do not reduce cardiovascular events in healthy populations, they can
benefit high-risk patients?3. Instead, statin therapy is the single most effective
intervention against atherothrombosis, underscoring the importance of cholesterol
in the pathogenesis of atherosclerosis!4.

A proposed mechanism of the role of oxLDL in atherosclerosis is as follows:

hypercholesterolemia is a risk factor for atherosclerosis and is associated with



chronically elevated LDL levels in the plasma component of blood!8. High plasma
LDL levels increase lipid delivery to endothelial cells and eventually overwhelm
their capacity to metabolize endocytosed lipoproteins?4. This leads to retention of
large amounts of LDL within the ECM in the sub-endothelial space of the vessel
wall?4. The ECM acts a scaffold, facilitating progressive oxidation of LDL through
interactions with lipoxygenases, reactive oxygen species (ROS), peroxynitrite, and
myeloperixodase, resulting in the generation of a variety of oxLDL species2425.
OxLDL particles cannot enter cells through normal LDL receptors!8. Under
inflammatory conditions in the vascular wall, ECs, VSMCs, and macrophages express
scavenger receptors, which allow them to internalize oxLDL molecules and mediate
changes in cellular signalling!8. Oxidized LDL retained in the vessel wall can cause
endothelial activation through pro-inflammatory signaling molecules, like nuclear
factor kappa B (NF-kB)10.1419,

As macrophages are responsible for removing injurious stimuli, they function
to remove oxLDL from the vessel wall!8. OxLDL internalization and processing by
macrophages promotes a pro-inflammatory phenotypel8. Dysregulated oxLDL
uptake by macrophages results in formation of lipid-laden foam cells and
development of fatty streaks!8. OxLDL also acts as a chemotactic stimuli for
monocytes and induces proliferation of macrophages!423.

In later stages of atherosclerotic development, oxLDL stimulates VSMC
migration from the medial layer and their subsequent proliferation at the intimal
layer1823, In vitro treatment of rabbit VSMCs with a high dose of oxLDL induces cell

proliferation?6-2°. In addition, oxLDL augments the effects of other pro-atherogenic



stimuli, including Chlamydia pneumonia (Cpn) infection and mechanical stretch on
rabbit VSMC proliferation?627. Treatment of cultured human coronary artery SMCs
with oxLDL stimulated cell proliferation and migration in a dose dependent
fashion30. Other studies showed that higher concentrations of oxLDL can cause
VSMC apoptosis in vitro31:32,

There was also early evidence that more extensively oxidized LDL results in
apoptosis and mildly oxidized LDL leads to cell proliferation33. A subsequent study
showed that mildly oxidized LDL triggers apoptosis indicating that the degree of
LDL oxidation does not have differential effects on VSMCs34. Therefore, the amount
of oxLDL in the vessel wall and the disease stage could influence whether oxLDL
induces VSMC apoptosis or proliferation.

OxLDL can also stimulate macrophage and EC apoptosis as part of the
formation of a vulnerable plaque?1-23. Thus, oxLDL is involved in various stages of
atherosclerotic plaque development including activation of ECs, macrophage

transformation into foam cells, and VSMC migration and proliferation!8.

2.3. VSMCs and atherosclerosis

VSMCs reside in the medial layer of the vessel wall, where they regulate
blood pressure by altering the lumenal diameter in response to changes in shear
stress and chemical mediators353¢. However, unlike adult skeletal or cardiac muscle
cells, mature VSMCs have phenotypic plasticity, which allows them to respond to
vascular injury37:38, The phenotypic conversion of VSMC has important implications

in atherogenesis.



2.3.1. VSMC phenotypes in the vessel wall

Mature VSMCs in the vasculature can dynamically adapt their structure and
function in response to the changes in their extracellular environment3¢. They can
differentiate into a contractile phenotype or de-differentiate into a synthetic
phenotype38. In the medial layer of a mature vessel, there is a mixed population of
smooth muscle cells, which exist in a phenotypic continuum between contractile
and synthetic states3°.

Contractile VSMCs in the arterial media have a negligible rate of proliferation,
very little synthetic activity, and express a subset of contractile proteins, ion
channels and signalling molecules that regulate contractile function3>536.3840,
Contractile proteins (i.e. smooth muscle myosin heavy chain (SM-MHC) and smooth
muscle alpha-actin (a-SMA)) can be used as markers of VSMCs and their relative
levels reflect the extent of differentiation3®.

In cell culture most VSMCs are in the contractile phenotype*!, but can
undergo phenotypic switching in response to chemical stimuli, such as growth
factors#*2-4>, In vivo models of atherosclerosis demonstrate heterogeneous patterns
of smooth muscle cell (SMC) marker expression within lesions, which change
throughout disease progression#®. Specifically, intimal VSMCs have decreased SMC
marker expression relative to medial VSMCs#748. Taken together, the in vivo and in
vitro results suggest that intimal cells are derived from medial VSMCs that have
undergone phenotypic switching and have migrated to the intima3®.

Recent in vivo lineage studies show a proportion of medial SMCs undergoing

phenotypic conversion during atherogenesis exhibit macrophage markers (e.g.



CD68)#4950 and enhanced pro-inflammatory markers®!. In addition, the majority of
these macrophage-like cells do not express VSMC markers such as a-SMA, but
express markers of mesenchymal stem cells (e.g. stem cell antigen 1 (Scal)) and
myofibroblasts (e.g. PDGF receptor)#°. This raises the concept of a progenitor
population of SMCs that proliferate and accumulate in the core of plaques38.
However, there are also studies suggesting that not all cells expressing SMC markers
are indeed SMCs in origin*%. One hypothesis is that these could be hematopoietic
stem cells (myeloid cells)>2, as myeloid-derived SMCs exist both in mice>? and
human plaques®*. Other studies show evidence that myeloid cells do not
differentiate into SMCs in ApoE null mice5>5>¢. A recent lineage study in ApoE null
mice lesions showed that myeloid cells do indeed make up a small proportion of the
SMC-marker expressing population>l. Therefore, within atherosclerotic plaques
medial SMCs can transdifferentiate into macrophage-like cells and myeloid cells
may also become smooth muscle-like cells#050.51,

Macrophage-like or synthetic VSMCs exhibit both beneficial and detrimental
characteristics for atherosclerotic progression3®. These cells produce ECM proteins
and have enhanced responsiveness to mitogenic stimuli*?. VSMC proliferation and
ECM production lead to the formation of a fibrous cap, which helps stabilize the
plaque from rupture and prevents thrombotic complications#0.

In response to atherogenic stimuli (e.g. 0xLDL), synthetic VSMCs also
produce pro-inflammatory mediators such as IL-13 and TNF-a38. These cytokines
act through auto- and paracrine mechanisms to potentiate the inflammatory

cascade. They mediate changes in local ECM structure, specifically the replacement
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of collagen IV with collagen [ and fibronectin38. These changes in ECM composition
help drive phenotypic conversion of contractile VSMCs to a synthetic state3. IL-1f3
participates in a positive feedback loop which leads to an increase in scavenger
receptors (e.g. LOX1) for oxLDL38. This leads to increased lipid accumulation and
eventually VSMC-derived foam cells>’. TNF-a upregulates NF-xf3, a pro-
inflammatory transcriptional regulator, which increases expression of adhesion
molecules (e.g. VCAM and ICAM), MMPs, and chemokines (e.g. CXCL1, MCP1)38.
Collectively these mediators enhance the recruitment of monocytes and medial SMC
to the plaque core. MMPs secreted by synthetic VSMCs also promote degradation of
the fibrous cap, which eventually leads to plaque rupture>8-60. Hence, synthetic
VSMCs are crucial for early vessel wall repair but drive plaque destabilization in

advanced lesions with high levels of inflammation and oxLDL.

2.3.2. Regulation of VSMC phenotype and proliferation

SMC phenotype is regulated by the complex interaction of environmental
signals from growth factors, ECM interactions, mechanical forces, atherogenic
stimuli (i.e. modified lipids, ROS, cytokines), and cell-cell interactions3¢61. These
extracellular signals modulate transcription factor®? and micro RNA (miR)61.63
expression to alter SMC marker gene expression.

The best characterized model for intracellular regulation of SMC-selective
genes involves the transcriptional co-activators serum response factor (SRF),
myocardin, and myocardin related transcription factors (MRTF)6164, These factors
bind CArG sequences in the promoter sequences of SMC marker genes (e.g. SM-MHC,

a-SMA) to drive transcription of these genes®>66. Myocardin deficiency in ApoE null
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mice results in increases in inflammatory pathway signalling and VSMC conversion
to a macrophage-like phenotype®2.64,

In cultured VSMCs treated with atherogenic growth factors and oxidized
phospholipids, Kruppel-like factor 4 (KLF4), ETS Domain-containing protein 1 (ELK-
1) and histone deacetylases (HDACs) cooperatively silence SMC marker genes
through binding of G/C-rich repressor elements in the promoters of these genes,
thereby preventing SRF-myocardin transcriptional activation®’-71. SMC-specific
conditional knockout of KLF4 led to reduced numbers of SMC-derived macrophage-
like cells, significant reductions in lesion size, and increased plaque stability*°.
Hence, KLF-4 is a key transcriptional regulator of phenotypic conversion of VSMC
towards a macrophage-like state as part of atherosclerotic plaque development*°.

Expression of miRs are controlled by extracellular signals (i.e. transforming
growth factor beta (TGF-3) and PDGF) that modulate SMC phenotype switching61.63.
In response to these signals, different groups of miRs are expressed: one that
promotes the contractile phenotype and another that promotes the synthetic
phenotype as well as migration and proliferation of SMCs72. miR143 /145 promotes
VSMC differentiation to the contractile phenotype through inhibition of
transcriptional repressors (i.e. KLF4 and ELK-1) of SMC-marker genes’3-75. In
addition, induction of miR-21 can promote VSMC differentiation’¢. Myocardin-
induced inhibition of VSMC proliferation is thought to be mediated through
induction of miR-177. In contrast, miR 221 and miR-146a both promote de-

differentiation to a synthetic phenotype and VSMC proliferation’879.
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The most highly characterized environmental signalling molecules that
regulate VSMC phenotype are PDGF and TGF-336. PDGF, a mediator released by
activated vascular cells, promotes a synthetic phenotypic through downregulation
of SMC markers*44> as well as stimulation of VSMC migration and proliferation80:81,
TGF-B and homolog bone morphogenetic protein (BMP) promote SMC marker gene
expression and differentiation to the contractile phenotype8283.

VSMC in the medial layer of the vessel wall synthesize and are surrounded by
an ECM composed of collagen, elastin, proteoglycans, and glycoproteins84. ECM
proteins are connected to VSMCs through extracellular receptors called integrins
that interact differently with certain ECM proteins to modulate VSMC
responsiveness to specific growth factors. ECM protein composition within the
vessel wall differs between healthy versus atherogenic conditions.

In a healthy vessel wall, the ECM is rich in laminin and collagen IV, which
suppress phenotypic switching38, maintaining VSMCs in a contractile phenotype
with reduced sensitivity to mitogenic stimuli#?. A pro-inflammatory environment
within the vessel wall leads to re-constitution of the ECM with collagen |,
osteopontin, syndecan-4, and fibronectin38. Through differential interaction with
integrins these ECM components collectively mediate phenotypic conversion and
induce VSMC growth38,

ECM component production by VSMC is regulated by specific growth factors
and cytokines (e.g. IL-1f3 and TNF-a)38. Moreover, de-differentiated VSMCs increase
production of MMPs3¢, which have an important role in ECM remodelling. In a

chronically damaged vessel wall, MMPs are abundant in the sub-intimal space®> and
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degrade ECM proteins (mainly collagen)8¢-88 and liberate growth factors to facilitate
phenotypic conversion as well as migration and proliferation89-91.

The vessel wall is subjected to a variety of physical and chemical stressors
that influence VSMC proliferation. Physical stresses are hemodynamic factors within
the vessel wall, including shear stress and hydrostatic pressure*!. Wall shear stress
varies depending on the nature of blood flow. In an endothelial cell/VSMC co-culture
system, low shear stress (associated with slow flow in vivo) stimulates VSMC
phenotypic switching and proliferation via endothelial release of PDGF41.69.92,
Conversely, high shear stress (associated with laminar flow in vivo) inhibits
proliferation but induces apoptosis through endothelial-derived nitric oxide41.93.94
and miRs (e.g. miR143/145)959, Interestingly, proliferation is inhibited when
cultured VSMCs are directly subjected to shear stress®’. Thus, under normal
hemodynamic conditions there is a homeostatic balance between VSMC
proliferation and apoptosis in the vasculature*l.

This balance is disrupted in vascular pathologies such as hypertension and
atherosclerosis where there are aberrant mechanical forces on the vessel wall?89°,
High blood pressure produces sufficient wall force to mechanically stretch VSMCs
and prolonged cyclic mechanical stretch can stimulate VSMC proliferation in
vitro100.101, [n addition, experimental models of hypertension show an increased
VSMC mass in the vessel wall indicative of VSMC proliferation102103, In
atherosclerosis, the neointimal layer protrudes into the vessel lumen, which

disturbs blood flow patterns#l. This produces areas of reduced flow and low shear
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stress downstream of the lesion, leading to increased VSMC proliferation in these
areas*1,104,

Several chemical stressors present in atherosclerotic lesions, including
oxLDL2829 hypoxial%5, ROS106.107 and heat shock proteins (Hsps)1%8, can directly
stimulate VSMC proliferation.

In conclusion, VSMCs assume varying roles throughout the different stages of
atherosclerotic development®l. VSMC phenotypic conversion, migration, and cell
proliferation represent key processes in the transformation of fatty streaks into
fibrous-capped plaques. In advanced lesions, the balance of VSMC migration and

proliferation with VSMC senescence and apoptosis influences plaque stability40.

3. CELLULAR STRESS RESPONSES

The cellular stress response is a reaction to any form of damage that pushes
the cell out of its homeostatic set point19°. When exposed to environmental
stressors, cells can mount an adaptive response to promote survival or in the face of
more severe damage initiate controlled cell death!10. Some of the protective
mechanisms include the heat shock response, unfolded protein response, DNA
damage response and oxidative stress responsell0. Proteins in these stress-
response pathways are conserved across human, yeast, bacterial, and archaeal
genomes, underscoring their importance in protecting cells from environmental
stressors109. Impairment in the function of these pathways may contribute to

pathology, such as atherosclerosis.
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3.1. Heat shock response

The heat shock response is defined as the activation of a subset of genes
which were previously inactive or expressed at low levels, in response to mild
hyperthermia or other stresses!!l. This phenomenon was first described in 1962,
when Ritossa discovered a unique puffing pattern on the chromosomes of salivary
gland cells in Drosophila subjected to an elevated temperature!!2. Puffs are
chromosomal sites of rapid RNA synthesis and thus represent regions of gene
activation!13114, [t was subsequently found that the puffs induced by heat shock
treatment were associated with the expression of a new family of proteins, now
called heat shock proteins (Hsps)113. In addition to elevated temperature, other
stressors including oxidative stress, heavy metals, bacterial and viral infections have
been shown to turn on the heat shock response and induce the expression of

Hsps115116,

3.1.1. Heat shock proteins

Hsps are a family of evolutionarily conserved chaperone proteins that are
induced in response to a variety of stress stimuli to attenuate cellular damage and
promote survivalll’. These chaperones protect cells in the face of proteotoxic stress
by facilitating proper folding or refolding of proteins to prevent protein
aggregation18. Beyond their role in the stress response, Hsps have several roles in
maintaining cellular homeostasis including, regulation of protein breakdown119.120,
cell signaling pathways!21.122, and intracellular protein trafficking123124, as well as
regulation of apoptotic pathways11>117.125 Hsps are named according to their

molecular weight and are divided into the following sub-families based on their
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amino acid constitution and function: Hsp110, Hsp90, Hsp70, and Hsp40; small
Hsps; and human chaperonins (Hsp60/Hsp10, TRiC)126.

The Hsp70 and Hsp90 families have critical roles in cellular proteostasis and
exhibit similar structural properties'18127. In humans some Hsp70 and Hsp90
family members are constitutively expressed, while other members have low basal
expression and are induced under stress conditions!18.126.128 These chaperones
primarily function in the cytosol and the nucleus, but both families also have
isoforms that localize to the mitochondria and endoplasmic reticulum?18127,129,130,

Hsp70 functions include facilitating the folding of newly synthesized
polypeptide chains, re-folding of misfolded proteins to prevent their aggregation,
movement of proteins across intracellular membranes, and control of proteins
involved in cell signaling and apoptosis118123.131-133 Hsp9(0 mediates the folding,
activation, transport, and degradation of proteins involved in cell cycle regulation,
cellular signaling, and apoptosis127.133-135,

Hsp70 and 90 share similar structural motifs, both possessing an ATP-binding
domain as well as binding domains for client proteins and regulatory co-
chaperones!36-138, The chaperone activity of these proteins is ATP dependent such
that ATP and ADP-bound forms assume different conformations to enable the
binding of different substrates!3°-141. Thus, the configuration and corresponding
function of both protein families is dependent on their ATPase activity, which can be
modulated by co-chaperones (e.g. Hsp70-Hsp40; Hsp70/Hsp90 organizing protein,
Hop; Hsp110-Hsp70)127.141.142 and post-translational modifications (i.e.

phosphorylation and acetylation)43. For example, Hsp110 in complex with Hsp-70
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acts as a nucleotide exchanger for ADP-bound Hsp70 to cooperatively facilitate
disassembly of protein aggregates!4+.

Under physiological conditions, Hsp70 assists in the folding of nascent
polypeptides!!8 and Hsp90 facilitates their final maturation!3°. Together, Hsp70 and
Hsp90 facilitate the sequential folding and regulation of several groups of client
proteins including steroid hormone receptors!3?. Tumorigenic cells are dependent
on the Hsp70 and Hsp90 buffering systems to promote survival, making these
chaperones attractive anti-cancer targets!18.

The small Hsps (sHsps) are lower molecular weight (12-42kDa) chaperones
with a conserved a-crystallin domainl45. At baseline, most proteins in this sub-
family have low levels of expression110.146, sHsps interact with a range of client
proteins, particularly those involved in gene expression, signal transduction,
apoptosis, and cytoskeletal organization47.148, Hsp27 is a seminal family member
which is induced as part of the heat shock response in most tissues14%150, Hsp27,
like Hsp70 and Hsp90, is a pro-survival chaperonel46151, Induction of Hsp27 has
been shown to protect cells against stress-induced apoptosis51-153, In addition,
Hsp27 interacts with actin to maintain cytoskeletal integrity and promote survival
in the face of stress stimulil10.147,

sHsps are ATP-independent chaperones which form dynamic oligomeric
structures around unfolded proteins to hold these client proteins in a partially
competent state!>* until transfer to ATP dependent chaperone complexes like

Hsp70/40 to refold the protein155-157, Alternatively, sHsps can transfer unfolded
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proteins to proteasomes for degradation19120. The chaperone activity of sHsps is
regulated by phosphorylation157, temperature!>8, and pH?>°.

The chaperonin family includes Hsp60, the eukaryotic homolog of GroEL, and
its co-chaperone Hsp10 (eukaryotic homolog of GroES) as well as the TRiC protein
family!26. Hsp60 has an intracellular role as a housekeeping and stress-induced
protein chaperone that aids in the folding and maintenance of a diverse set of client
proteins!60-162. Hsp60 exhibits its chaperone activity through the assembly of 2
groups of Hsp60 monomers into a barrel-like structure containing a central core
which binds unfolded proteins163-166. Protein unfolding and re-folding within this
multimeric Hsp60 structure is ATP dependent and assisted by its co-chaperone,
Hsp10166.167,

Within the cell, the majority (80-85%) of Hsp60 is localized to the
mitochondria, with a smaller fraction (15-20%) localized to the cytosol and plasma
membranel68-170_In response to stress, mitochondrial Hsp60 redistributes into the
cytosoll’! and can be released from cells in vesicles160.172-175 Extracellular Hsp60
functions as a signaling molecule, promoting an inflammatory response through
toll-like receptor (TLR) activation of various cell types108.175-178  For example, direct
exposure of cultured VSMCs to recombinant Hsp60 promotes pro-inflammatory
cytokine release, migration, and proliferation198.176.178_ Alternatively, intracellular
increases in Hsp60 expression in response to stress can promote apoptosis or
proliferation depending on the cell type?6.27.162171179 Eor example, artificial
increases in intracellular Hsp60 protein levels through adenoviral transfection can

directly stimulate VSMC proliferation26:27.
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3.1.2. Regulation of heat shock protein expression

Heat shock protein gene expression is controlled by transcription factors
known as heat shock factors (Hsf)180. Upon stress-induced activation, these factors
bind heat shock elements (HSEs) in the promoter regions of Hsp genes to facilitate
transcription!81-184 In vertebrates there are four members in the Hsf family (Hsf1-
4)184185 Hsf1 is expressed in most mammalian tissues and is considered the master
regulator of Hsp gene expression84. In Hsf1/- mice, fibroblasts do not increase
transcription of hsp genes in response to heat shock treatment!86. Alternatively,
cells lacking the Hsf2 gene can produce a heat shock response, but with a different
complement of Hsps than cells with an intact Hsf2 genel8’. Thus, Hsf2 interacts
cooperatively with DNA-bound Hsf1 to promote transcription of a unique repertoire
of Hsp genes!8’. Hsf3 and Hsf4 are expressed only in specific tissues and their roles
are poorly characterized in mammals!84.

In the absence of stress, Hsf1 is constitutively expressed as a monomer that
lacks DNA binding activity and trans-activating capacity on HSEs116.181, However,
under basal conditions, Hsf1 can modulate the expression of non-heat shock
genes!88189 n response to proteotoxic stress stimuli, Hsf1 is rapidly activated
through a multi-step process involving homotrimerization, accumulation in the
nucleus, post-translational modification and interaction with chaperone complexes
to enable HSE binding competence and trans-activation capacity8l. DNA-bound
Hsf1l complexes initiate transcription of Hsp genes through the liberation of paused

RNA polymerase II on the the Hsp promoter regions?9°.
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There are a number of models proposed for stress-induced Hsf1
activation!6. Chaperone displacement is the most widely accepted model and is
based on negative feedback regulation of Hsf1 by stress-induced Hsps, namely
Hsp90116.191 In this model, Hsp90 directly associates with Hsf1 monomers to
constitutively repress homotrimerization!92193, In response to stress stimuli, there
is an increase in aberrantly folded proteins causing Hsp90 to dissociate from Hsf1 to
chaperone these denatured proteins!®4. This process liberates Hsfl and enables
transition of the inactive monomer into a homotrimer complex°4. An alternative
model of Hsf1 activation theorizes that Hsf1 has an intrinsic stress-sensing capacity,
which explains the rapid activation of Hsf1 at the onset of stress1¢. In vitro
experiments show monomeric Hsf1 can trimerize in response to heat shock and
other chemical stressors!?519,

Post-translational modifications (i.e. phosphorylation, sumoylation, and
acetylation) and interactions with chaperone complexes are the primary
mechanisms that modulate Hsf1 transactivation!16. Phosphorylation is an important
control mechanism of the transactivation potential of Hsf1. Although there are 19
phosphorylation sites identified on Hsf1116.197, only 2 sites induce Hsf1
transactivation198199, Interestingly, many phosphorylation events repress Hsf1
transcriptional potentiall®’. Protein kinases involved in various cell signalling
pathways, including mitogen activated protein kinases (MAPKs)?200.201 glycogen
synthase kinase 3 (GSK3)200.201 and calcium/calmodulin-dependent kinase II
(CaMKII)1?? have been shown to phosphorylate different sites on Hsf1. Hsps and

their co-chaperones have also been shown to regulate the activity of Hsf11°1. Hsp90-
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containing multi-chaperone complexes associate with trimeric Hsf1 to inhibit their
transactivation potential?02. Hsp70 and its co-chaperone Hsp40 can bind the
transactivation domain of Hsf1 to repress its transcriptional activation function?293.
Hsp expression can also be regulated by other transcription factors (e.g. NF-
kB, STAT proteins, NF-IL6, NF-Y, CREB), which are activated in response to pro-
inflammatory cytokines (e.g. TNF-q, [FN-y, IL-6). For example, TNF-a can increase
Hsp60 expression through NF-kB2%4. In addition, interferon-gamma (IFN-y)
stimulates Hsp70 and Hsp90 through signal transducer and activator of
transcription-1 (STAT1) and Hsf1 co-activation295. Interleukin-6 (IL-6) can induce
Hsp90 expression through interactions of nuclear factor IL-6 (NF-IL6) and
STAT32%, Lastly, NF-kB, nuclear transcription factor Y (NF-Y), and cAMP response
element binding protein (CREB) induce Hsp70 expression through a variety of

cooperative mechanisms that vary with cell type?%7.

3.2. Heat shock protein-60 and atherosclerosis

The pro-inflammatory environment within atherosclerotic plaques
effectively induces Hsps in vascular cells2%8. It is not surprising, then, that Hsps have
been implicated in atherosclerotic development, with certain Hsps (Hsp27 and
Hsp70) playing protective roles, while others (Hsp90 and Hsp60) are pro-
atherogenic?%8. However, experimental atherosclerotic models and clinical studies
have proven that Hsp60 is the only Hsp with the potential to directly contribute to

atherosclerotic development?%°. Hsp60 plays an important role in atherosclerosis in
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its role as an intracellular chaperone, intercellular signalling molecule, and cell

surface autoantigen.

3.2.1. Intracellular mechanisms

Within surgically excised human atherosclerotic plaques, ECs, VSMCs, and
macrophages all display positive Hsp60 staining?10. In that same study, advanced
lesions showed increased Hsp60 expression in VSMCs and lymphocytes210. ECs
subjected to shear stress in vitro and in vivo demonstrate increased Hsp60
expression?!l. Furthermore, ECs from the aortic sinus in apoE deficient mice had
high intracellular levels of Hsp60 early in the development of atherosclerosis?12. As
atherogenesis proceeded, Hsp60 was strongly expressed in the SMC-rich necrotic
core?12, In advanced, calcified plaques Hsp60 expression was not detectable?12,
These studies suggest that intracellular Hsp60 has an important role within
different vascular cells throughout atherosclerosis. In particular, intracellular Hsp60
has been suggested to promote VSMC proliferation under atherosclerotic
conditions?%8. VSMCs infected with Cpn, an atherogenic stimulus, demonstrate
increased cell proliferation, which coincides with increased Hsp60 expression!62.
Furthermore, mechanical stretch and Cpn infection each have a synergistic effect on
Hsp60 expression and VSMC proliferation in oxLDL-treated cells?627. In addition,
intracellular overexpression of Hsp60 independently stimulates VSMC

proliferation?®.
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Figure 2. Expression of Hsp60 in vascular cells within human atherosclerotic plaques

The upper panel shows endothelial cells (A), vascular smooth muscle cells (VSMCs) (C), and
macrophages (E) stained for cell-specific markers. The lower panel shows the
corresponding photos of these cells stained for Hsp60 (B, D, F). Asterisks (*) indicate the
lumen of the vessel. Arrows indicate selected double positive cells on corresponding
pictures, which demonstrate expression of Hsp60 in endothelial cells, VSMCs and
macrophages. This image was published in American Journal of Pathology, 142, R
Kleindienst, Q Xu, ] Willeit, FR Waldenberger, S Weimann, G Wick, Immunology of
Atherosclerosis. Demonstration of Heat Shock Protein 60 Expression and T Lymphocytes
Bearing alpha/beta or gamma/delta Receptor in Human Atherosclerotic Lesions, 1927-
1937, Copyright © 1993, AMERICAN SOCIETY FOR INVESTIGATIVE PATHOLOGY. Published
by ELSEVIER INC. All rights reserved.
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3.2.2. Extracellular mechanisms

Under pro-atherosclerotic conditions, damaged vascular cells can secrete
Hsp60 through exosomal pathways176:213214 which acts as an autocrine and
paracrine hormone?15216 capable of activating vascular cells through pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs)?17. For example,
chlamydial and human-derived Hsp60 can directly activate EC, VSMC, and
macrophage cellular functions that are important in atherogenesis?18. Moreover,
exposure of cultured VSMC to chlamydial and human Hsp60 stimulates cell
proliferation through a TLR-dependent mechanism108178, Thus, vascular cells
recognize extracellular Hsp60 as a danger signal that promotes inflammation?215,

Clinical studies demonstrate a strong association between Hsp60 levels in
the circulation and atherosclerotic vascular disease?19-222, Initial clinical studies
determined that elevated levels of soluble Hsp60 were associated with early
atherosclerosis?19.220, Subsequently, a large case control study showed that
increased circulating levels of Hsp60 were associated with an increased risk of

atherosclerosis?21,

3.2.3. Autoimmune mechanisms

Endothelial cells activated by atherosclerotic risk factors can express
biochemically modified Hsp60 and cell adhesion molecules on their cell
surface?09223-225 This altered membrane protein expression triggers an
autoimmune response whereby T-cells migrate to the activated endothelium and
orchestrate production of antibodies and effector T cells against autologous Hsp60.

These antibodies and T cells can have cytotoxic effects on Hsp60 expressing
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vascular cells within lesions?26-228, Soluble Hsp60 can be released from these
damaged cells?%?, whereupon it can activate vascular and immune cells to propagate
inflammation.

Human and bacterial Hsp60 have considerable sequence homology?229:230,
Consequently humans exposed to microbial Hsp60 (e.g. chlamydial Hsp60) through
infection or vaccinations develop similar cellular and humoral immunity responses
as they do when exposed to human Hsp60209.230.231 Thus, protective immunity
against microbial Hsp60 may promote cross-reactivity with autologous Hsp60 when
endothelial cells are stressed by atherogenic stimuliz09.231,

The concepts and implications of Hsp60 autoimmunity and Hsp60 cross-
reactivity by the humoral immune response are exhibited in a number of clinical
and experimental studies. In human atherosclerotic plaques, the expression of
chlamydial and human Hsp60 is associated with Hsp65 antibodies?32. Circulating
antibodies against mycobacterial Hsp65 can also react with endogenous Hsp60
expressed on the surface of endothelial cells in human plaques?33. Higher titers of
Hsp65-reactive antibodies were found in individuals with atherosclerosis as
compared to individuals without the disease?34. Furthermore, higher titers of anti-
human Hsp60 autoantibodies are correlated with advanced stages of
atherosclerosis235. Consequently, anti-Hsp65 antibody titers may be a valuable
prognostic marker for atherosclerosis?34.

In hypercholesterolemic rabbits, addition of recombinant mycobacterial
Hsp65 induces endogenous Hsp65 expression in the plaque and stimulates

production of T-cell populations against Hsp65, which drives atherosclerotic
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development?3. Indeed, effector T-cells reactive to Hsp60 are prominent in the
early development of human atherosclerotic lesions?35. Therefore, cellular immunity
to Hsp60 plays a role in the initiation of atherosclerosis, while the humoral response
to Hsp60 is responsible for disease propagation209,

In addition to its pro-inflammatory effects on T cells, Hsp60 can also have
anti-inflammatory effects through the induction and maintenance of regulatory T
cells?31.237.238 Soluble Hsp60 can activate regulatory T cells through TLR mediated
signalling pathways?23°. Regulatory T cells are able to modulate Hsp60-reactive
cytotoxic T-cell activity via anti-inflammatory cytokines and cell-cell contact?3°. This
concept has been examined in various atherosclerotic animal models. Oral and nasal
immunization of atherogenic mice with Hsp60 and small Hsp60-peptides produced
a significant reduction in atherosclerotic plaque size through increases in regulatory
T cells?240.241 [n addition, oral and nasal immunization with mycobacterial Hsp65
protects against atherosclerosis in LDL receptor deficient mice?42.243, Lastly,
subcutaneous immunization of ApoE null mice with Hsp65 attenuates the
development of atherosclerotic lesions?44. Hence, developing immune tolerance
against Hsp60 through vaccination with Hsp60 and Hsp60-derived peptides could

be a treatment strategy for atherosclerosis209.231,

4. NUCLEOCYTOPLASMIC TRAFFICKING
Within the eukaryotic cell, the nucleus is separated from the cytosol by a
double-layered nuclear membrane, known as the nuclear envelope?4>. The nuclear

envelope houses the genetic material of the cell24>. Nucleocytoplasmic trafficking
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describes the movement of molecules between the cytosolic and nuclear
compartments?46. Transport into and out of the nucleus is through proteinaceous
channels in the nuclear envelope, called nuclear pore complexes (NPCs)?47. In order
to mediate changes in gene expression, transcription factors enter and mRNAs exit
the nucleus through NPCs246.247, Thus, nucleocytoplasmic transport is integral to

both gene transcription and translation, and, therefore, survival of the cell246.248,

4.1. Structure of the NPC

The NPC is a large, dynamic channel that spans both layers of the nuclear
envelope and thereby acts as a door to the nucleus?49-251, [t is composed of multiple
copies of approximately 30 different nuclear pore proteins (also known as
nucleoporins)252. Nucleoporins (Nups) are arranged into 8 multimeric subunits that
collectively form a barrel-like structure (Figure 3)251.253, This configuration
produces an aqueous central pore through which nuclear transport complexes
translocate2°3-255, The central portion of the NPC also has channels that are believed
to allow the movement of small molecules and ions256.257,

At the cytosolic and nuclear poles of the pore, nucleoporin-derived filaments
extend into the cytosol or nucleoplasm?>>257 and can interact with proteins involved
in transport in the respective compartments?51. The cytosolic filaments contain
sequence motifs that allow them to associate with proteins involved in nuclear
import258259, The nuclear filaments are significantly longer than cytoplasmic
filaments and are connected at their distal ends to form a ring structure 257.260,261,

The distal ends of these filaments associate with the nuclear lamina, which holds
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NPCs in place within the nuclear membrane?60.262, The distal ends of nuclear
filaments can also interact with nuclear export machinery?263.

The different structural and functional properties of each substructure of the
NPC can be attributed to the presence of different nucleoporins in these regions. For
example, nucleoporin 62 (Nup62) is found in the central core of the NPC, while
Nup153 functions on the nucleoplasmic face of the NPC, and Nup358 functions on
the cytoplasmic face?64. Interestingly, certain nucleoporins can regulate gene
expression through mobilization into the nucleoplasm?265-267,

Under normal conditions, individual NPCs are anchored to the nuclear
membrane resulting in a characteristic spatial distribution?62. However, defects in
the nuclear lamina?6® or mutations in nucleoporins?6°270 can alter the distribution of

NPCs within the nuclear envelope.

4.2. Receptor mediated nuclear transport

The NPC acts as a gatekeeper for the nucleus, allowing only select
macromolecules to enter or exit. Small molecules can passively diffuse through the
NPC, whereas proteins larger than 40 kilodaltons (kDa) are actively transported
through NPCs by specialized nuclear transport receptors and their adaptor
proteins251, To be recognized by these nuclear transport receptors, proteins require
specific import or export sequences, known respectively as nuclear localization
signals (NLSs) and nuclear export signals (NESs)?>1. There are numerous nuclear
import pathways, which differ by their transport receptors and adaptor proteins as

well as the cargo proteins and nuclear localization sequences they recognize?”1.
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Nuclear
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Nucleus

Figure 3. Structure of the NPC.

The NPC is composed of cytoplasmic fibrils, aqueous central channel, rings, spokes, nuclear
fibrils, and nuclear basket. The relative distribution of Nups is also shown. Nup358, Nup62,
and Nup153, play a role in the classical nuclear protein import pathway. Reproduced by
permission from John Wiley & Sons Inc.: Genes to Cells, T Sekimoto, Y Yoneda, Intrinsic and
extrinsic negative regulators of nuclear protein transport processes, 17(7): 525-535, ©
2012 The Authors Journal compilation, © 2012 by the Molecular Biology Society of
Japan/Blackwell Publishing Ltd.
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4.2.1. Classical NPI pathway

The transport of cytosolic proteins through the NPC into the nucleus is
known as nuclear protein import (NPI)272. The classical nuclear import pathway
involves a transport receptor, importin-f3 (Imp-) and its adaptor protein, importin-
a (Imp-a) that recognizes cargo proteins containing a classical NLS (cNLS)272273, A
GTPase protein, Ras-related nuclear protein (Ran) and its accessory proteins give
the pathway directionality274275, Transporter proteins, cellular apoptosis
susceptibility protein (CAS) and nuclear transport factor-2 (NTF2) are responsible
for resetting the pathway, as they move proteins involved in import back to their
initial compartment?76.277,

The import process begins with a cytosolic protein containing a cNLS. The
cNLS consists of a small segment of positively charged amino acids??! that can exist
in either a mono-partite (PKKKRRV)278 or a bi-partite (KRPAATKKAGQAKKKK)?27?
form. cNLS motifs are recognized by the NLS-binding domain of Imp-a?80.281, This
results in a conformation change in Imp-a, which exposes its importin-§ binding
(IBB) domain to enable its association with Imp-f3 and form a heterotrimeric import
complex?82283 Imp-f3 then interacts with Phenylalanine-Glycine (FG) repeats on
nucleoporins (i.e. Nup62 and Nup153) from the NPC to translocate the import
complex across the nuclear membrane (Figure 4)275284285 This mechanism of FG-
Nup selective gating is known as the karyopherin (also known as importin)-centric,
binding affinity model of nuclear import24°.

The nucleus contains a high concentration of Ran bound to GTP (RanGTP)

relative to the cytoplasm?74286, This sets-up a RanGTP concentration gradient across
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the nuclear membrane that provides energy for nuclear import?74. Once the import
complex enters the nucleus, RanGTP binds Imp-f to facilitate its dissociation from
Imp-a and the cargo protein (Figure 4)287.288, Imp-a interacts with Nup50 to
facilitate the dissociation of the cargo protein into the nucleoplasm?89.290, Cargo-free
Imp-a assumes an autoinhibitory structure, such that the free Imp-f3 and NLS-
binding domains interact to prevent the re-association of the import complex2°1.
Imp-f is displaced from Nup50 through binding of RanGTP and CAS?71.276, Thus,
export complexes of Imp-f:RanGTP and Imp-a:CAS:RanGTP move down the RanGTP
concentration gradient through the NPC back to the cytoplasm (Figure 4)271.276.292,
On the cytoplasmic side of the nuclear membrane, there is a high
concentration of Ran bound to GDP (RanGDP) relative to the nucleus?88. This
establishes a RanGDP concentration gradient in the opposite direction of RanGTP?74,
Accessory proteins for Ran, including Ran GTPase-activating protein (RanGAP) and
Ran binding proteins (RanBPs), are localized to the cytoplasmic side of the nuclear
membrane (Figure 4)247293, Ran has low intrinsic GTPase activity?°4 and GTP
hydrolysis is inhibited when Ran is associated with Imp-f or a288295, When RanGAP
and RanBP1 interact with RanGTP they catalyze GTP hydrolysis and destabilize the
interaction between Ran and Imp-[3 or a247.295-297, This liberates Imp-f3 or a for
another cycle of nuclear import and the generation of RanGDP (Figure 4)247. In its
GDP-bound form, Ran has a low affinity for the importins, RanBPs, and RanGAP?271.
RanGDP is recognized by NTF2277.298 which is localized to the cytosolic side of the
nuclear envelope through interactions with Nups29?. NTF2 transports RanGDP down

its concentration gradient back into the nucleus (Figure 4)277:390, Upon nuclear
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import, RanGDP associates with Ran Guanine Nucleotide Exchange Factor (RanGEF)
an accessory protein that is localized to the nucleus (Figure 4)247.274, RanGEF (also
known as regulator of chromosome condensation 1, RCC1) converts Ran-GDP to
Ran-GTP3%1 to prepare Ran for another round of nuclear protein import (Figure 4).
Hence, cytoplasmic RanGAP and nuclear RanGEF are responsible for maintaining
the Ran-GTP and Ran-GDP concentration gradients that provide directionality of

importins and their cargo proteins?47.271,

4.2.2. Regulation of NPI

An important feature of selective transport of proteins into the nucleus is
that the process is dynamically regulated?’1. Regulation enables adjustment of NPI
according to cellular need?71. NPI is primarily controlled by phosphorylation48
which connects this process with a number of signalling pathways including the cell
cycle, gene expression, and the immune response?71. Other post-translational
modifications including methylation, acetylation, and sumoylation have roles in
regulating NPI?71. Modulation of intracellular localization of cargo proteins, nuclear
sequestration of transport receptors, and alterations in nuclear transport machinery

gene expression are additional mechanisms by which NPI is regulated?71.302,
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Figure 4. Mechanisms of NPI.

Cargo targeted for nuclear import have NLSs on their surface which interact with a number
of distinct importin-alpha/beta heterodimers or importin-beta isoforms directly. These
complexes are targeted to and translocated across the nuclear envelope through the NPC.
Upon reaching the nucleus, RanGTP binds to importin-beta causing a conformational change
that releases the bound cargo. The importins are then recycled to the cytoplasm as a
RanGTP-importin-beta complex or, in the case of importin-alpha, by its export carrier CAS.
The complex then dissociates in the cytoplasm after the hydrolysis of RanGTP, which is
facilitated by RanGAP at the cytoplasmic face of the NPC. RanGDP is then imported to the
nucleus by NTF2 and the guanine exchange factor RCC1 converts it to RanGTP. Reprinted
by permission from MacMillan Publishers Ltd: Gene Therapy, AP Lam, DA Dean. Progress
and prospects: nuclear import of non-viral vectors, 17(4):439-447, © 2010.
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Intra- and inter-molecular NLS masking are two of the mechanisms through
which phosphorylation can control nuclear transport3%3. NLS masking involves
modulating NLS accessibility on cargo proteins to alter Imp-a binding and dictate
whether heterotrimeric import complexes can be formed3°3. Intramolecular
masking of the NLS involves phosphorylation- or dephosphorylation-induced
conformational changes to the cargo protein, which either hides or exposes the NLS
to inhibit or promote nuclear import3%4-307. [ntermolecular masking of the NLS
occurs through direct binding of inhibitory factors to the NLS of a protein308.3%9, For
example, under baseline conditions the transcription factor NF-kB is associated with
its repressor protein, IkBa, which masks the NLS310.311 Stress-stimuli induce
phosphorylation and proteolysis of IkBa, which unmasks the NLS of NF-xB308312,
Intermolecular masking also influences nuclear transport in multi-subunit proteins
in which each subunit contains one NLS313. Oligomerization of these subunits can
increase or decrease the number of NLS copies available for Imp-a binding and
thereby affects nuclear import efficiency313.

Importin-cargo binding affinity and the activity of NPI machinery can also be
controlled by phosphorylation. The phosphorylation of amino acids adjacent to the
NLS changes the affinity of Imp-a for a NLS-containing protein314-317,
Phosphorylation and dephosphorylation of importins can modulate their ability to
interact with cargo proteins to form import complexes318319, Phosphorylation of
specific nucleoporins alters their binding affinity for Imp-3320. Mitogen-activated
protein kinases (MAPKSs) are involved in cell growth and viability pathways and can

directly mediate phosphorylation of particular Nups321.
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Another method of regulating NPI is by modulating subcellular localization of
cargo proteins and transport receptors. Cytoplasmic retention of NLS-containing
proteins can be a consequence of intermolecular NLS masking322:323. For example,
under baseline conditions Hsp90 chaperones are associated with glucocorticoid
receptors (GRs)324. This interaction inhibits binding of nuclear transport receptors
and thereby promotes cytosolic retention of GRs324 When a steroid hormone binds
the receptor, Hsp90 dissociates, enabling NLS-dependent nuclear import of the
steroid receptor and its hormone324. In contrast another molecular chaperone,
Hsp70, has been postulated to promote NPI by facilitating the association of
transport receptors with transport substrates?48325, Microtubules can facilitate
translocation of NLS-containing proteins closer to the nucleus where transport
receptors are readily available326:327, In response to stress-stimuli, Imp-a is
sequestered in the nucleus to prevent its recycling back to the cytosol and inhibit
NPI328,

Modulating the expression profile of nuclear transport machinery is another
mechanism for regulating NPI302, As different importins recognize unique sets of
cargo proteins, the presence or absence of a specific importin can determine
whether a particular cargo protein can enter the nucleus3?°. This plays a role in the
regulation of development, as different importins are expressed during different
stages of development330. Moreover, in adults the expression of certain importins
and nucleoporins can be tissue specific331-333, Different Nups also interact more
efficiently with certain importins334, meaning modulation of the expression profile

of Nups can also influence NPI335. For example, during cell proliferation there is an
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upregulation of FG-Nups (i.e. Nup62)26:27.101 which increases docking sites that are
specific for Imp-. Consequently, the expression level of Nup62 protein is
correlated with the rate of classical NP[27:29.101,

Alterations in the levels of transport receptors and accessory proteins can
directly influence the rate of NPI. Elevated levels of Imp-f3 increase the rate of
NPI336. Another study demonstrated that Imp-a, Ran, and NTF2 were the rate
limiting factors of NPI337. Furthermore, changes in expression levels of specific

import receptors and Nups has the potential to cause disease338339,

4.3. NPI and atherosclerosis

Regulation of nuclear protein import is essential for controlling intracellular
localization of signalling proteins and fine-tuning cellular responses. In response to
particular stress stimuli, NPI becomes dysregulated, which can lead to aberrant
localization of signalling mediators and pathologic cell responses33°. Pathological
changes in NPI occur through altered expression and availability of importins and
nucleoporins as well as alterations in the Ran cycle340. Atherosclerosis involves
stress stimuli induced pathologic cell responses in VSMCs, ECs, and macrophages.
There is evidence that alterations in NPI mediate pathological VSMC responses
associated with atherosclerosis33?.

A number of studies have examined nuclear protein import in VSMCs under
atherosclerotic conditions. OxLDL is a proposed stimulator of VSMC proliferation
and apoptosis, two key processes in atherosclerotic development?3. At low

concentrations or short exposure time, oxLDL stimulates VSMC proliferation
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through extracellular signal-regulated kinase 1/2 (ERK1/2) MAPK-dependent
increases in NPI via increased Nup62 expression?®. Alternatively, at higher
concentrations or longer exposure times, oxLDL inhibits VSMC proliferation and
promotes apoptosis through p38 MAPK-dependent decreases in NPI via decreased
Nup62 expression?®. In addition, at both low and high concentrations, oxLDL
stimulates nuclear localization of cell cycle regulatory proteins (i.e. cyclin and
proliferating cell nuclear antigen (PCNA)) in VSMCs?8. Thus, oxLDL induces VSMC
proliferation or apoptosis through MAPK-dependent alterations in nucleoporin
expression, which modulates the rate of nuclear import and the localization of cell
cycle regulatory proteins. Intermittent mechanical stretch, which is analogous to
high blood pressure in vivo, also stimulates VSMC proliferation through ERK1/2
MAPK increases in Nup62 and NPI101, Furthermore, subjecting VSMCs to mechanical
stretch synergistically enhanced cell proliferation, NPI, and Nup62 expression in
oxLDL treated cells?7.

Lysophosphatidylcholine (LPC) is a phospholipid component of oxLDL that
functions as an intracellular signalling molecule with mitogenic properties341.342,
LPC mediates VSMC proliferation through increased RanGAP activity and the
resultant increases in NPI343. Given that LPC mediates its mitogenic effect through
ERK1/2 MAPK activation342:343 and that RanGAP has docking sites for ERK1 /2339344,
it is postulated that increases in RanGAP activity are mediated by ERK1/2 MAPK343.
Hydrogen peroxide, a ROS generated in atherosclerotic vascular cells, inhibits NPI
and cell proliferation at least partially through cytosolic accumulation of RanGTP34>

and degradation of Nup153346. Cytosolic re-localization of RanGTP in hydrogen
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peroxide treated cells is an ERK1/2 MAPK-dependent process34>. Ceramide is a
bioactive sphingolipid present in atherosclerotic SMCs that has anti-proliferative
signalling properties347.348, Ceramide inhibits VSMC proliferation through inhibition
of NPI via cytosolic re-localization of CAS and nuclear sequestration of Imp-a347.

In a rat arterial balloon injury model, where VSMC are known to de-
differentiate, migrate, and proliferate, RanGAP expression is elevated in neointimal
cells post injury34°. When RanGAP protein expression is experimentally reduced,
VSMCs exposed to mitogens assume a more contractile phenotype and have reduced
migration and proliferation as compared to control cells34°. Thus, RanGAP
expression can be modulated to effect changes in VSMC phenotype, proliferation,
and migration.

Alterations in the components of NPI and the resulting alterations in
nucleocytoplasmic trafficking are involved in pathological VSMC cell responses in
atherosclerosis. Consequently, therapeutic targeting of proteins associated with
nuclear import could be used to modulate aberrant NPI in atherosclerosis33°.
However, it is unknown whether changes in NPI occur within vascular cells in
atherosclerotic plaques. In addition, a more complete understanding of the
intracellular mechanism by which pro-atherogenic stimuli induce changes in NPI

could provide more optimal therapeutic targets.
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CHAPTER II: RATIONALE AND HYPOTHESES

Rationale

Proliferation of VSMCs is a key a step in atherosclerotic plaque
development#0. NPI is an important cellular pathway that is modulated as part of
VSMC proliferation??. Hsp60 is a molecular chaperone that facilitates protein
folding and trafficking under stress conditions!69229, The proliferation of VSMCs is
stimulated by various stress stimuli, including oxLDL?6.27.29 which accumulates in
the subendothelial layer in atherosclerosis!8. A proposed mechanism of oxLDL-
induced VSMC proliferation involves induction of Hsp60 and an increased rate of
NPI26:27.29 OxLDL also augments the effects of other atherogenic stimuli (Cpn
infection and mechanical stretch) on VSMC proliferation, NPI, and Hsp60
expression?6.27.29, Therefore, further work is needed to understand the mechanistic
link between Hsp60 and NPI in VSMC proliferation in response to oxLDL.

Experimental atherosclerosis models and clinical samples have supported the
hypothesis that Hsp60 directly participates in the development of atherosclerotic
lesions?%9. For example, Hsp60 is expressed in vascular cells in varying quantities
throughout atherosclerotic development?19. However, it is not fully understood how
intracellular Hsp60 plays a role in atherosclerotic development in vivo. Given the
work in cell culture, which demonstrates a relationship between Hsp60 and NPI in
VSMC proliferation?¢, this merits investigation into the relationship between Hsp60
and NPI during atherosclerotic progression. NPI can be modulated through altered

expression of nuclear transport receptors and nucleoporins101.336337_ This raises the
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question of whether Hsp60 expression is related to the expression of NPI-associated
proteins (i.e. nuclear transport receptors and nucleoporins) in vascular cells in an
atherosclerotic animal model.

Thus, we plan to investigate whether Hsp60 modulates NPI via alterations in
nucleoporins and transport receptors to lead to VSMC proliferation in vitro and

promote atherosclerotic development in vivo.

Hypotheses
1. Itis hypothesized that when VSMCs are exposed to oxLDL, Hsp60 will alter

cellular proliferation by regulating NPI.

2. Itis hypothesized that nucleoporins and nuclear transport receptors for NPI will

be altered during atherosclerotic development through a Hsp60-dependent

mechanism.
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CHAPTER III: OBJECTIVES

The following objectives address the first hypothesis:

1. To determine whether oxidized LDL can induce Hsp60, augment proteins
associated with NPI, and stimulate cell proliferation in rat VSMCs.

2. To evaluate whether Hsp60 overexpression can independently stimulate VSMC
proliferation in rat VSMCs.

3. To determine the effect of Hsp60 siRNA knockdown on NPI, expression of NPI-
associated proteins, and cell proliferation in oxLDL-treated rat VSMCs.

4. To assess whether Hsp60 interacts with nuclear transport proteins under stress

conditions to regulate NPI.

The following objectives address the second hypothesis:

1. To evaluate how the expression of a proliferative cell marker, heat shock
proteins, and NPI-associated proteins vary in rabbit aortic vessels during
atherosclerotic development.

2. To determine the relationships between Hsp60 expression, NPI-associated
protein expression, and proliferative marker expression in rabbit aortic vessels

during atherosclerotic development.
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CHAPTER 1V: MATERIALS AND METHODS

Reagents

Product

Source

4-(N-Maleimidomethyl)cyclohexane-1-
carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester sodium salt

Sigma-Aldrich, Co. (St. Louis, MO)

5X siRNA Buffer

ThermoScientific (Rockford, IL)

20X Coupling Buffer, 25 ml

ThermoScientific (Rockford, IL)

Adenosine 5’-Disphosphate Sodium Salt
From Bacterial Source

Sigma-Aldrich, Co. (St. Louis, MO)

ALEXA4gs-Bovine Serum Albumin (BSA)

ThermoScientific (Rockford, IL)

Antibiotic-Antimycotic

Life Technologies Corporation (Grand
Island, NY)

Ascorbate (200uM)

Sigma-Aldrich, Co. (St. Louis, MO)

Benzamidine

Sigma-Aldrich, Co. (St. Louis, MO)

BLUeye Pre-Stained Protein Ladder

FroggaBio Inc. (North York, ON)

Bovine Serum Albumin (BSA)

Sigma-Aldrich, Co. (St. Louis, MO)

Calcium Chloride

Sigma-Aldrich, Co. (St. Louis, MO)

CellTiter 96® Aqueous Non-Radioactive Cell
Proliferation Assay

Promega (Madison, WI)

CellTiter-Glo-Luminescent Cell Viability
Assay

Promega (Madison, WI)

Clarity™ Western ECL Substrate

Bio-Rad Laboratories (Mississauga,
ON)

DAPI

Sigma-Aldrich, Co. (St. Louis, MO)

Dextrose U.S.P. (Anhydrous Granular)

Mallinckrodt Specialty Chemicals
Company (Paris, KY)

DharmaFECT® 2 Transfection Reagent

ThermoScientific (Rockford, IL)

Dimethyl sulfoxide

Sigma-Aldrich, Co. (St. Louis, MO)

Dithiothreitol (DTT)

Sigma-Aldrich, Co. (St. Louis, MO)

DSS, No-Weigh™ Format

ThermoScientific (Rockford, IL)

Dulbecco’s Modified Eagle Medium (DMEM)

Life Technologies Corporation (Grand
Island, NY)

EDTA

Sigma-Aldrich, Co. (St. Louis, MO)

EGTA

Sigma-Aldrich, Co. (St. Louis, MO)

Elution Buffer, pH 2.0

ThermoScientific (Rockford, IL)

Ethanol, 99%

Fisher Scientific (Nepean, ON)

FastCast™ Resolver A, 10%

Bio-Rad Laboratories (Mississauga,
ON)

FastCast™ Stacker A

Bio-Rad Laboratories (Mississauga,
ON)

Ferric chloride FeCl3

Sigma-Aldrich, Co. (St. Louis, MO)
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FluorSave™ Reagent 0.05% NaNj3

Merck Millipore (Billerica, MA)

Fungizone ThermoScientific (Rockford, IL)
Glycine Sigma-Aldrich, Co. (St. Louis, MO)
HEPES (1M) Life Technologies Corporation (Grand

Island, NY)

HEPES (powder form)

Sigma-Aldrich, Co. (St. Louis, MO)

HyClone™ Fetal Bovine Serum (Canada),
Standard

GE Healthcare Life Sciences HyClone

Laboratories (Logan, UT)

Insulin from bovine pancreas (10nM)

Sigma-Aldrich, Co. (St. Louis, MO)

IP Lysis/Wash Buffer

ThermoScientific (Rockford, IL)

Laemmli Sample Buffer

Bio-Rad Laboratories (Mississauga,

ON)

Leupeptin

Sigma-Aldrich, Co. (St. Louis, MO)

Luminata™ Forte Western HRP Substrate

Merck Millipore (Billerica, MA)

Magnesium Chloride

Fisher Scientific (Fair Lawn, NJ)

B-Mercaptoethanol

Sigma-Aldrich, Co. (St. Louis, MO)

MES hydrate

Sigma-Aldrich, Co. (St. Louis, MO)

Neutralization Buffer

ThermoScientific (Rockford, IL)

Non-targeting siRNA pool

GE Healthcare Life Sciences
(Mississauga, ON)

Paraformaldehyde, 16% w/v aq. Soln.,,
methanol free

Alfa Aesar (Ward Hill, MA)

PBS pH 7.2 (1X)

Life Technologies Corporation (Grand

Island, NY)

Penicillin-Streptomycin

Life Technologies Corporation (Grand

Island, NY)

Phosphate Buffered Saline

Sigma-Aldrich, Co. (St. Louis, MO)

Pierce® BCA Protein Assay Kit

ThermoScientific (Rockford, IL)

Pierce® Crosslink Magnetic IP/Co-IP Kit

ThermoScientific (Rockford, IL)

Pierce® Protein A/G Magnetic Beads

ThermoScientific (Rockford, IL)

Ponceau S Solution

Sigma-Aldrich Chemie GmbH

Eschenstr. (Taufkirchen, Germany)

Potassium Acetate

Sigma-Aldrich, Co. (St. Louis, MO)

Potassium Chloride

Fisher Scientific (Fair Lawn, NJ)

PMSF

Sigma-Aldrich, Co. (St. Louis, MO)

Protease Inhibitor Cocktail

Sigma-Aldrich, Co. (St. Louis, MO)

Rat Hspd1 siRNA

GE Healthcare Life Sciences
(Mississauga, ON)

Re-Blot Plus Strong Antibody Stripping
Solution (10X)

Merck Millipore (Billerica, MA)

SimplyBlue™ SafeStain

ThermoScientific (Rockford, IL)

Skim Milk Powder

Wal-Mart (Winnipeg, MB)

Sodium chloride, crystalline powder PDV,
99+%

Alfa Aesar (Heysham, England)

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich, Co. (St. Louis, MO)

Sodium deoxycholate

Sigma-Aldrich, Co. (St. Louis, MO)

Sodium Hydroxide Certified A.C.S.

Fisher Scientific (Fair Lawn, NJ)

Sodium pyruvate (2.5 uM)

Sigma-Aldrich, Co. (St. Louis, MO)
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Sodium selenite (1nM)

Sigma-Aldrich, Co. (St. Louis, MO)

Supersignal® West Femto
Chemiluminescent Substrate

ThermoScientific (Rockford, IL)

SuperSignal® West Pico Chemiluminescent
Substrate

ThermoScientific (Rockford, IL)

SV40 large T antigen nuclear localization

ThermoScientific (Rockford, IL)

signal
TBS BUFFER, 20X LIQUID AMRESCO® (Solon, Ohio)
TEMED Bio-Rad Laboratories (Mississauga,

ON)

TGX Stain-Free™ FastCast™ Resolver B

Bio-Rad Laboratories (Mississauga,
ON)

TGX Stain-Free™ FastCast™ Stacker B

Bio-Rad Laboratories (Mississauga,
ON)

Trans-Blot® Turbo™ 5x Transfer Buffer

Bio-Rad Laboratories (Mississauga,
ON)

TransBlot® Turbo™ Mini-size
Nitrocellulose

Bio-Rad Laboratories (Mississauga,
ON)

TransBlot® Turbo™ Mini-size Transfer
Stacks

Bio-Rad Laboratories (Mississauga,
ON)

Transferrin (5ug/mL)

Life Technologies Corporation (Grand
Island, NY)

Tris(2-carboxyethyl)phosphine
hydrochloride

Sigma-Aldrich, Co. (St. Louis, MO)

Tris-HCI

Sigma-Aldrich, Co. (St. Louis, MO)

Triton®-X-100

Fisher Scientific (Fair Lawn, NJ)

Trizma® base

Sigma-Aldrich, Co. (St. Louis, MO)

TrypLE™ Express Life Technologies Corporation (Grand
Island, NY)
Tween® 20 Fisher Scientific (Fair Lawn, NJ)

ultraPURE™ Ammonium Persulfate

Life Technologies, Inc. (Gathersburg,
MD)

Antibodies
Primary Antibody Type Host Source

Hsp60 [LK-1] Monoclonal Mouse Abcam Inc.
(Cambridge, MA)

Hsp60 (Mab11-13) Monoclonal Mouse Enzo Life Sciences,
Inc. (Farmingdale,
NY)

Hsp70/Hsc70 Polyclonal Rabbit Enzo Life Sciences,
Inc. (Farmingdale,
NY)
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Hsp90 Monoclonal Rat Enzo Life Sciences,
Inc. (Farmingdale,
NY)
Importin-a/KPNA2 Monoclonal Rabbit Abcam Inc.
[EPR11716(B)] (Cambridge, MA)
Importin- Monoclonal Mouse Abcam Inc.
B/NTF97[3E9] (Cambridge, MA)
MAb414 /Nup62 Monoclonal Mouse Covance Inc.
(Princeton, NJ)
Nup153 Monoclonal Mouse Covance Inc.
(Princeton, NJ)
Proliferating Cell Monoclonal Mouse Invitrogen
Nuclear Antigen (PCNA) Corporation
(Camarillo, CA)
Ran [EPR10791(B)] Monoclonal Rabbit Abcam Inc.
(Cambridge, MA)
Ran Monoclonal Mouse BD Biosciences
(Mississauga, ON)
Secondary Type Host Conjugate Source
Antibody
Anti-mouse IgG | Polyclonal Goat HRP Merck
Millipore
(Billerica,
Massachusetts)
Anti-mouse IgG | Polyclonal Goat HRP Abcam Inc.
(Cambridge,
MA)
Anti-mouse IgG | Polyclonal Goat Alexa488 ThermoFisher
Scientific Inc.
(Waltham, MA)
Anti-Rabbit IgG | Polyclonal Goat HRP Abcam Inc.
(Cambridge,
MA)
Anti-Rat IgG Polyclonal Rabbit HRP Sigma-Aldrich,
Co. (St. Louis,
MO)
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Methods

Procedures used in all studies

Vascular smooth muscle cell isolation and culture

Primary VSMCs were isolated from the thoracic aorta of male Sprague-
Dawley rats or male New Zealand white rabbits using an explant technique as
previously described3%. Animal care was conducted as per the Guide for the Care
and Use of Laboratory Animals published by the US National Institute of Health (NIH
Publication No. 85-23, revised 1996). The Animal Care Protocol and Review
Committee of the University of Manitoba approved this study.

Aortic rings were incubated in growth media (20% FBS, 10% fungizone, and
1% 1M Hepes in Dulbecco’s Modified Eagle’s Medium, DMEM) for 7-10 days with
media changes every 48 hours. After this time, rings were transferred to another
10cm plate and VSMCs then migrated from the aortic tissue and adhered to the
bottom of the plate. After another 5-7 days the tissue was removed to allow cells to
grow to confluency. Cells were trypsinized and seeded onto coverslips in 6 well
plates at a density of 4x10# cells/well for NPl measurement or
immunocytochemistry. Cells were seeded directly into 6 well plates at 1.5x10°
cells/well for western blotting. Alternatively, cells were seeded onto 96 well plates
at a density of 5x103 cells/well for measurement of cell proliferation or onto 10cm
plates at a density of 8.4x105 cells/plate for co-immunoprecipitation. VSMCs were
then left to adhere to plates or coverslips for 24 hours, whereupon they were

incubated in starvation media (DMEM, 5pg/ml transferrin, 1nM selenium, 200uM
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ascorbate, 10nM insulin, 2.5uM sodium pyruvate, 1% fungizone) for 72 hours to
synchronize cells prior to treatment. Notably, adenovirally-transfected cells
underwent a different sequence of events prior to treatment. Cells were
synchronized in starvation media on 10cm plates for 72 hours and then passaged
onto 96 well plates, 6 well plates, or 10cm plates where they were given 3 hours to
adhere to plates prior to infection.

Experimental treatments were adenovirally transfected human Hsp60, short
interfering RNA against Hsp60 (Hsp60 siRNA), non-targeting siRNA (also known as
scrambled siRNA), native LDL (naLDL), oxLDL, Hsp60 siRNA followed by oxLDL, or
heat shock. For the duration of all treatments, cells were placed in a Sanyo MCO-

18AIC(UV) incubator at 37°C and 5% COz unless otherwise stated.

Adenoviral transfection

Recombinant adenovirus-expressing human Hsp60 (adHsp60) or human
Hsp60 without a mitochondrial localization sequence (adHsp60m™it-) were
formulated using the AdEasy Vector System (Qbiogen), as previously described?62.
A hemagglutinin (HA) tag was added to the Hsp60 sequence to allow differentiation
between endogenous and exogenous Hsp60. The recombinant adenoviral
constructs were then transfected into QBI-293A cells, which give rise to viral
particles. The concentration of the viral stock was determined through the tissue
culture infectious dose 50 (TCIDso) method. VSMCs were treated with the
adenovirus using a multiplicity of infection (MOI) of 20, 125, 150, or 200 viral
particles/cell for 48 hours in 0.5% FBS supplemented DMEM without antibiotics.

Different MOIs were used based on the subsequent assay performed on the cells.
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Importantly, each of the different MOIs ensured transfer of the reporter gene into
100% of VSMCs in their respective experiments. An adenovirus with a green
fluorescent protein reporter gene (adGFP) was used as an infection control. An

empty adenovirus (adQBI) was used as an infection control in other experiments.

siRNA transfection

siRNA against rat Hsp60 was used to reduce Hsp60 protein expression in rat
VSMCs. Hsp60 siRNA and non-targeting siRNA was obtained commercially through
Thermo Scientific. siRNA transfection of VSMCs was performed using Thermo
Scientific DharmaFECT transfection reagents and protocol. In brief, siRNA was
combined with liposomes in FBS-free DMEM, resulting in the formation of siRNA-
containing liposome carriers. This mixture was added to 0.5% FBS in DMEM
without antibiotics to become the transfection media. The transfection media was
then added to Rat VSMCs in 6 well plates, such that the final concentration of siRNA
in each well was 25nM. A siRNA concentration of 25nM was chosen as it yielded the
highest transfection efficiency in Rat VSMCs. Rat VSMCs were treated with Hsp60

siRNA, non-targeting siRNA (negative control), or no siRNA (control) for 48 hours.

Plasma lipoprotein isolation, oxidation, and treatment

Plasma was collected from male New Zealand white rabbits fed a 0.5%
cholesterol-supplemented diet for at least 8 weeks. Low density lipoprotein (LDL)
was then isolated through sequential ultra-centrifugation, as previously
described?829351352 EDTA was added to prevent oxidation of LDL throughout the

isolation. In brief, the LDL fraction was subjected to dialysis against 0.15M NaCl and
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0.1mM EDTA (pH 7.4). Subsequently, the dialyzed LDL was sterile filtered (0.2pum
pore size) and stored at 4°C. A cholesterol assay was then performed to determine
the concentration of cholesterol.

An iron-ADP free radical producing system was used to oxidize
LDL2829351352  Specifically, 1mg/ml LDL stock was incubated with 0.05mM FeCl3
and 0.5mM ADP in sterile filtered 150mM NaCl (pH 7.4) at 37°C for 3 hours. For
nal.DL, neither FeClz nor ADP was added to the sterile filtered 150mM NaCl (pH
7.4).

Rat VSMCs were treated with 0.5% FBS in DMEM supplemented with 25 or
50pg/ml of naLLDL or oxLDL for 6 or 24 hours. The control group of VSMCs were
incubated with 0.5% FBS in DMEM without added LDL for the same time periods.
Alternatively, rat VSMCs transfected with Hsp60 or scrambled siRNA for 48 hours

were subsequently treated with oxLDL at 50pg/ml for 6 hours.

Statistical analysis

Data are represented as mean +/- standard error of the mean (SEM) unless
otherwise stated. Differences between treatment groups were evaluated by one-
way ANOVA with a Fisher least significant difference (LSD) post-hoc test with the
exception of treatment group data from the atherosclerotic rabbit study, which used
a Student-Neuman-Keuls (SNK) post-hoc test. A probability of p<0.05 was
considered statistically significant. In the atherosclerotic rabbit study, Pearson
correlation and linear regression were used to evaluate the relationship between

Hsp60 expression and PCNA or Nup62 expression.
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1. Involvement of Hsp60 in the modulation of stress-induced VSMC

proliferation

Measurement of cell proliferation

After treatment with adHsp60, adHsp60mite- or oxLLDL, VSMC number was
assessed using a colorimetric enzyme assay (CellTiter96 AQueous Non-Radioactive
Cell Proliferation Assay). This assay was based on the activity of a cytosolic enzyme
expressed in viable cells. An increase in cell number following experimental
treatment was indicative of cell proliferation. Cell proliferation was also assessed
by evaluating changes in the protein expression of proliferating cell nuclear antigen

(PCNA) through western blotting analysis.

Western blot analysis

Rat VSMCs treated with naLDL, oxLDL, Hsp60 siRNA +/- oxLDL, or scrambled
siRNA +/- oxLDL and rabbit VSMCs treated with adHsp60 or adHsp60 mito- were
subjected to western blot analysis. After treatment, cells were collected by
trypsinization, then washed and lysed in sample buffer.

For rat VSMCs, electrophoresis and western blotting were performed with
stain-free gel technology as previously described3>3-355, VSMC lysate samples were
loaded into wells of 10% or 12% TGX-stain free denaturing polyacrylamide gels at
5x104 cells/well. Proteins were separated by SDS-PAGE using a Bio-Rad gel
apparatus. Following electrophoresis, gels were irradiated with UV light to activate
binding of trihalocompound to tryptophan residues on proteins in the gel3>4. This

caused proteins on the gel to fluoresce and thereby allowed visualization of the
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quality of SDS-PAGE separation3>4. Proteins were then transferred using the Trans-
Blot Turbo Transfer System onto nitrocellulose membranes. Post-transfer images of
the membranes were taken using the stain-free imaging application on the
ChemiDoc MP. This was done to assess transfer efficiency and to show the total
protein content in each lane3%6,

Subsequently, membranes were blocked with milk and incubated with anti-
Hsp60 (Abcam) or anti-PCNA primary antibodies. HRP-conjugated anti-mouse or
anti-rabbit IgGs were used as secondary antibodies. Protein bands were visualized
on a ChemiDoc MP apparatus after application of Supersignal West Pico
Chemiluminescent Substrate, Luminata Forte Western HRP Substrate, Clarity
Western ECL Substrate, or Supersignal West Femto Maximum Sensitivity Substrate.
The density of each band was quantified using Image Lab software (Bio-Rad).
Protein expression was determined by normalizing the density of a protein band by
the total protein loaded into a given lane. The total protein content in each lane was
calculated from the post-transfer image of the membrane using Image Lab software.
This quantification method of western blot data uses the total lane density of
transferred protein on membranes, in place of housekeeping proteins, for loading
controls353:356,

For rabbit VSMCs, electrophoresis and western blotting were not performed
with stain-free technology. VSMC lysate samples were loaded into wells of 10%
denaturing polyacrylamide gels at 5x10# cells/well. Proteins were separated using
SDS-PAGE and then electrophoretically transferred onto nitrocellulose membranes.

Subsequently, membranes were blocked with milk and incubated with anti-Hsp60
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(Enzo Life Sciences) primary antibody. HRP-conjugated anti-mouse IgGs were used
as secondary antibodies. Protein bands were visualized on a Fluor-S MAX apparatus
after application of Supersignal West Pico Chemiluminescent Substrate or Luminata
Forte Western HRP Substrate. The density of each band was quantified using
Quantity One software (Bio-Rad). Protein expression in each sample was

normalized by a -tubulin loading control.

Immunocytochemistry

After transfection with adHsp60, adHsp60mito-, Hsp60 siRNA, or scrambled
siRNA, VSMCs on coverslips were washed twice with 1XPBS and fixed with 4%
paraformaldehyde for 15 minutes. Cells were then permeabilized with 0.1% Triton-
X100 in PBS and blocked with 5% milk in PBS with 0.1% Triton-X100 for 2 hours at
room temperature. Coverslips were incubated overnight at 4°C with anti-Hsp60
(Abcam) primary antibody in 1% skim milk in PBS with 0.1% Triton-X100. After
washing the cells, Alexa488-conjugated goat anti mouse IgG in 1% skim milk in PBS
with 0.1% Triton-X100 was added for 1 hour in the dark. Subsequently, the cells
were washed and incubated with DAPI for 2 minutes in the dark. Coverslips were
mounted on microscope slides using 10ul FluorSave to preserve fluorophore signal.
Stained VSMCs were visualized with a 40X objective on a Nikon TE 2000s
microscope using filters specific for DAPI or Alexa488 fluorescence. Images were
acquired using NIS Elements software (Nikon) and cell fluorescence was quantified

using this same software.
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2. Involvement of Hsp60 in the modulation of nuclear protein import during

stress-induced VSMC proliferation

Measurement of nuclear protein import

The rate of nuclear protein import was assessed using a microinjection
technique as previously described1%1. VSMCs treated with adHsp60, adHsp60mito-,
Hsp60 siRNA +/- oxLDL, or scrambled siRNA +/- oxLDL were assessed for nuclear
protein import. Following treatment, coverslips with VSMCs were removed from
wells and placed in a Leyden dish containing 2ml of pre-warmed perfusate buffer
(6mM KCI, 1mM MgC(Cl2, 1mM CaCl2, 10mM dextrose, 6mM HEPES, pH 7.4). The
Leyden dish was mounted in a microperfusion chamber to maintain the cells at
379C. An Alexa488-BSA-nuclear localization signal (NLS) fluorescent substrate was
prepared through the conjugation of Alexa488-BSA to the SV40 large T antigen NLS
(CGGGPKKKRKVED)34>, Using a Flaming/Brown micropipette puller (Sutter
Instruments, Model p-97), thin-walled glass capillary tubes (1.0 mm, 3 inch) were
separated into micropipettes for cell injection. A micropipette was loaded with the
fluorescent NLS-containing substrate and inserted into the cell cytoplasm using a
MS314 micromanipulator (Fine Science Tools) (Figure 5). The substrate was then
injected into the cell cytoplasm using a PV830 Pneumatic PicoPump (World
Precision Instruments). The micropipette was slowly removed from the cell after
injection. Images of the cell after microinjection were acquired on a confocal laser-
scanning microscope (Zeiss LSM5 Pascal). To observe the nuclear import of the

Alexa-BSA-NLS fluorescent protein in each microinjected cell, images were taken
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Figure 5. Schematic of microinjection technique used to measure NPI.

VSMCs were microinjected with a fluorescent-tagged NLS-protein marker. The
fluorescent protein marker moves from the cytoplasm into the nucleus to increase
the ratio of nuclear to cytoplasmic fluorescence over time. The pseudo-colour scale
represents level of fluorescence from 0 (black) to 255 (white) arbitrary units. Re-
used with permission from Deniset, JF. Heat Shock Protein-60 Mediated Induction of
Vascular Smooth Muscle Cell Proliferation through Nucleocytoplasmic Trafficking, JF
Deniset, M Hlavackova, TE Hedley, MN Chahine, E Dibov, and GN Pierce, © 2013.
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pre-injection and post-injection up to 30 minutes (Figure 5). Importantly, the
fluorescent BSA does not move into the nucleus over this time period without a NLS.
In addition, as this marker protein contains a classical NLS, it models the nuclear
import characteristics of all proteins using the classical nuclear import pathway.
Image | software was used to quantify the ratio of nuclear to cytoplasmic
fluorescence at each time point. To calculate nuclear to cytoplasmic fluorescence, a

cytosolic area adjacent to the nucleus and equivalent nuclear area were used.

Heat shock treatment

Rat VSMCs were heat-shocked at 429C for 1 hour and then returned to a
Sanyo MCO-18AIC (UV) incubator at 37°C and 5% CO2 for 48 hours. Control plates
remained in the same incubator at 37°C and 5% COz: for this entire duration. Both
control and heat shocked VSMCs were maintained in 2.5% FBS-supplemented

DMEM for this experiment.

Co-immunoprecipitation

Co-immunoprecipitation was performed with the Pierce Crosslink Magnetic
[P/Co-IP kit. After heat shock treatment or adenoviral transfection, Rat VSMCs were
collected and lysed with an IP Lysis/Wash buffer (Thermo Scientific Pierce). Cell
lysates were then centrifuged at 13,000g to pellet cell debris. The supernatant
containing VSMC protein was removed and subjected to a BCA protein assay to
determine protein concentration. Anti-Hsp60 (Abcam) or anti-Ran (Abcam)
antibodies (IgG isotypes) were covalently cross-linked to magnetic beads coated

with recombinant proteins capable of binding IgG. The antibody-conjugated beads
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were incubated with specific concentrations of VSMC protein samples. This was
done to separate Ran and Hsp60 proteins from the rest of the proteins in the
samples. Beads were washed to remove non-bound material and then incubated in
an elution buffer, which caused bound protein to dissociate from the antibody-
crosslinked beads. The eluted protein for each sample was collected, put into sample
buffer and then loaded into TGX-stain free gels for SDS-PAGE. Finally, the eluted
proteins were subjected to western blotting techniques to assess what proteins

were co-immunoprecipitated with Ran or Hsp60.

Western blot analysis

Co-immunoprecipitated protein samples from rat VSMCs treated with heat
shock, adHsp60, or adHsp60™it- were subjected to western blot analysis. In
addition, rat VSMCs treated with oxLDL, Hsp60 siRNA +/- oxLDL, or scrambled
siRNA +/- oxLDL were subjected to western blot analysis. Electrophoresis and
western blotting were performed with stain-free gel technology as previously
described3°3-355, VSMC lysate samples were loaded into wells of 10% or 12% TGX-
stain free denaturing polyacrylamide gels at 5x10# cells/well. Proteins were
separated by SDS-PAGE using a Bio-Rad gel apparatus. After gel activation using UV
radiation, proteins were transferred onto nitrocellulose membranes. Post-transfer
images of the membranes were taken using the stain-free imaging application on the
ChemiDoc MP. Subsequently, membranes were blocked with milk and incubated
with anti-Hsp60 (Abcam), anti-Ran (BD Biosciences), anti-Importin-q, anti-
Importin-f, anti-Nup153, or anti-Mab414 (Nup62) primary antibodies. HRP-

conjugated anti-mouse or anti-rabbit IgGs were used as secondary antibodies.

57



Protein bands were visualized on a ChemiDoc MP apparatus after application of
Supersignal West Pico Chemiluminescent Substrate, Luminata Forte Western HRP
Substrate, Clarity Western ECL Substrate, or Supersignal West Femto Maximum
Sensitivity Substrate. The density of each band was quantified using Image Lab

software (Bio-Rad).

3. Expression and relationship of Hsp60, NPI-associated proteins, and PCNA

during atherosclerotic development

Atherosclerotic rabbit model

Male New Zealand White rabbits weighing between 2.7 and 3.0 kg (Spilak
Farms) were used for this study. Upon arrival, rabbits were housed in individual
cages in temperature- and humidity-controlled rooms and were subjected to a 12-
hour light cycle. Animal care was conducted as per the Guide for the Care and Use of
Laboratory Animals published by the US National Institute of Health (NIH
Publication No. 85-23, revised 1996). The University of Manitoba Protocol
Management Review committee approved the experimental protocols of this study.
Rabbits were fed a diet containing 1% cholesterol (Ren’s Pet Depot) for 4 weeks and
then switched to a regular rabbit chow (Nutrena, Nature Wise Performance Rabbit
Formula) for an additional 0, 2, 4, 8, 16, 22, or 28 weeks. This dietary course results
in two distinct stages of atherosclerosis: a robust growth phase of atherosclerotic
plaques followed by a stabilization phase, in which plaque growth plateaus3>7.

Control rabbits were given regular rabbit chow for 12 weeks and subsequently
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terminated. Cholesterol-fed rabbits were terminated at the end of their respective
cholesterol withdrawal periods. Immediately after termination, aortas were excised
from the proximal aortic arch to the end of the thoracic aorta at the base of the
diaphragm. Aortas were then subjected to en-face analysis3°8 to determine the
proportion of luminal area covered by atherosclerotic plaques. This involved
opening the aortas longitudinally and taking digital photographs of the vessel
lumens358. Images were analyzed using Nikon imaging software (Elements). The
percentage of lesional area was calculated by dividing the area covered with lesions
by the total area of the aorta. Aortas were then stored at -80°C for western blot

analysis.

Western blot analysis

A segment of aortic tissue containing atherosclerotic lesions was excised
from each aortic arch. Aortic tissue samples were ground using liquid nitrogen and
re-suspended in RIPA buffer (50mM TrisHCI pH 7.5, 150mM NaCl, 1ImM EDTA, 1mM
EGTA, 1% Triton X-100, 0.1% SDS, 0.5% Na Deoxycholate, 1pug/ml Leupeptin, 1mM
PMSF, 1mM protease inhibitor cocktail, ImM DTT and 1mM Benzimidine). Samples
were then subjected to several freeze-thaw cycles, which consisted of flash freezing
in liquid nitrogen followed by sonication in a room temperature water bath.
Subsequently, samples were centrifuged at 14,000 rpm and the supernatant was
collected. Sample protein concentrations were determined using a BCA protein
assay kit. For these samples electrophoresis and western blotting were not
performed with stain-free technology. Proteins were separated on a 9%, 12%, or

15% polyacrylamide gel and then transferred onto nitrocellulose membranes via
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electrophoresis. Subsequently, membranes were blocked with milk and incubated
with anti-Hsp60 (Enzo Life Sciences), anti-Hsp70, anti-Hsp90, anti-PCNA, anti-Ran
(BD Biosciences), anti-Importin-f, or anti-Mab414 (Nup62) primary antibodies.

HRP-conjugated anti-mouse, anti-rabbit, and anti-rat [gGs were used as secondary

antibodies. Protein bands were visualized on a Fluor-S MAX apparatus after

application of Supersignal West Pico Chemiluminescent Substrate or Luminata Forte

Western HRP Substrate. The density of each band was quantified using Quantity
One software (Bio-Rad). Protein expression in each sample was normalized by a

total actin loading control.
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CHAPTER V: RESULTS

1. Involvement of Hsp60 in the modulation of stress-induced VSMC

proliferation

Oxidized LDL stimulates VSMC proliferation and induces Hsp60 expression

Consistent with previous work on rabbit VSMCs26-29, oxLLDL induced cell
proliferation in rat VSMCs after 24 hour treatment at a concentration of 25ug/ml
(Figure 6). This effect was not dose-dependent, as 50ug/ml oxLDL treatment for the
same duration did not stimulate VSMC proliferation (Figure 6).

Previous work also demonstrated that Hsp60 is involved in VSMC
proliferation?6.162, Thus, the effect of 25pug/ml oxLDL treatment on expression of
Hsp60 and PCNA (protein marker of proliferation) was examined (Figures 7A and
7B). After six hours of oxLDL treatment, Hsp60 expression was significantly
upregulated relative to untreated control cells (Figure 7B). In addition, PCNA
expression displayed a trend towards statistically significant elevation compared to
control samples (Figure 7A). After twenty-four hours of oxLDL treatment, Hsp60
expression returned to baseline (Figure 8B) and PCNA expression continued to
show a trend towards statistically significant elevation versus control samples
(Figure 8D). Consistent with the cell proliferation assay, elevated levels of oxLDL
did not alter Hsp60 or PCNA expression, as 50pg/ml oxLDL treatment for 6 hours

produced no significant changes in Hsp60 (Figure 8A) or PCNA (Figure 8C) levels.
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Figure 6. OXLDL stimulates VSMC proliferation.

Rat VSMC measurement in response to treatment with oxLDL at 25 or 50 pg/ml for
24 hours. Control cells were incubated in identical medium without oxLDL. Cell
number determined by optical density (OD) at 500nm. Data represented as
percentage optical density of control. *P < 0.05 versus control. Values are means +
SEM; n=8.
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Figure 7. Effect of oXLDL treatment on PCNA and Hsp60 protein expression in
VSMCs.

Western blot analysis and representative images of PCNA (A) and Hsp60 (B)
expression in rat VSMCs treated with naLDL or oxLDL at 25pg/ml for 6 hours.
Control cells were incubated in identical medium without LDL. On each Western
blot, density of a specific protein band was normalized by total protein loaded into
each lane. Normalized protein expression is represented as fold change to control
samples. The values in each graph represent the means + SEM of three independent
experimental replicates (n=3) from the same primary rat aorta explant. *P < 0.05
versus control and naLDL.
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Figure 8. Effect of oxLDL treatment for 6 or 24 hours on Hsp60 and PCNA
protein expression in VSMCs.

Western blot analysis of Hsp60 (A, B) and PCNA (C, D) expression in rat VSMCs

treated with naLDL or oxLDL at 25 or 50 pg/ml for 6 hours (A, C) or 25pg/ml for 24
hours (B, D). Control cells were incubated in identical medium without LDL. On each

Western blot, density of a specific protein band was normalized by total protein

loaded into each lane. Normalized protein expression is represented as fold change

to control samples. Values are means + SEM; n=3. *P < 0.05 versus 6 hour control
and nalL.DL at 25pg/ml for 6 hours.
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Hsp60 overexpression independently stimulates VSMC proliferation

Previous work demonstrated that Hsp60 overexpression induced cell
proliferation in rabbit VSMCs?26.162, However, the subcellular localization of Hsp60
that induced the proliferative effect was not identified. To confirm the proliferative
action of Hsp60 in rat VSMCs and to identify the subcellular localization of Hsp60
that mediates the proliferative action, adenoviral transfection was used to
overexpress two forms of Hsp60: a cytosolic form (adHsp60mite-) that lacked a
mitochondrial targeting sequence and a form that possessed the same
mitochondrial targeting sequence as endogenous Hsp60 (adHsp60). Both adHsp60
and adHsp60mite- were over expressed at similar levels (Figure 9) but with different
localization within the VSMC. Whereas the adHsp60™it>-was expressed throughout
the cytosolic compartment, adHsp60 was primarily localized to the mitochondria
(Figure 10). Both adHsp60 and adHsp60mito- were capable of a significant
stimulation of cell number as compared to enhanced green fluorescent protein

(EGFP) transfected controls (Figure 11).
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Figure 9. Hsp60 overexpression.

Western Blot analysis and representative images of Hsp60 expression in rabbit
VSMCs transfected with Hsp60 with (adHsp60) or without (adHsp60mite-) a
mitochondrial targeting sequence. Rabbit VSMCs transfected with an empty
adenovirus (adQBI) were used as an infection control. MOIs of 1:100-150 were used
for the adenoviruses. Normalized protein expression levels were represented as fold
change to control samples. Values are means + SEM; n= 4-5. *P < 0.05 vs. control
and adQBI (Student-Neuman-Keuls). Adapted with permission from Deniset, JF.
The Role of Chlamydia Pneumoniae Infection and Stress Responses in Vascular
Remodelling. 2013, University of Manitoba.
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Figure 10. Intracellular localization of overexpressed Hsp60

Rabbit VSMCs were transfected with Hsp60 with (adHsp60) or without
(adHsp60™ite-) a mitochondrial targeting sequence to induce Hsp60 overexpression.
Both forms of Hsp60 were tagged with hemagglutinin (HA) to differentiate
transfected Hsp60 from endogenous Hsp60. MOIs of 1:100-150 were used for the
adenoviruses. The figure shows representative immunocytochemistry images of HA
co-localization with mitochondrial and nuclear staining. left column: HA
expression, green; middle column: MitoTracker, red; right column: Merged
staining. all images: DAPI nuclear stain, blue. Adapted with permission from
Deniset, JF. The Role of Chlamydia Pneumoniae Infection and Stress Responses in
Vascular Remodelling. 2013, University of Manitoba.
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Figure 11. Hsp60 overexpression induces VSMC proliferation.

Rat VSMC number in response to transfection with enhanced green fluorescent
protein (EGFP) or Hsp60 with (adHsp60) or without (adHsp60™it°-) a mitochondrial
targeting sequence. Both adenoviruses were used at a MOI of 1:20. Cell number
determined by optical density (OD) at 500nm. Data represented as % EGFP. *P <
0.05 versus EGFP. Values are means + SEM; n=6.
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Hsp60 knockdown does not affect cell proliferation in VSMCs treated with oxLDL

To further confirm whether Hsp60 plays a role in VSMC proliferation, Hsp60
expression was inhibited in rat VSMCs treated with oxLDL, and the expression of
PCNA was evaluated. Intracellular Hsp60 levels were reduced using siRNA specific
for Hsp60. Immunocytochemistry demonstrated that transfection of rat VSMCs with
Hsp60 siRNA reduced Hsp60 staining as compared to control cells and cells
transfected with a non-targeting siRNA pool (scrambled siRNA) (Figure 12).
Quantification of images obtained through immunocytochemistry showed that
Hsp60 siRNA significantly reduced Hsp60 protein expression compared to
untreated control cells and scrambled siRNA transfected cells (Figure 13).
Moreover, western blotting confirmed that transfection of rat VSMCs with Hsp60
siRNA significantly knocked down Hsp60 protein expression as compared to control
and scrambled siRNA transfected cells (Figure 14). This reduction in Hsp60 levels
was preserved in rat VSMCs transfected with Hsp60 siRNA that were subsequently
treated with oxLDL for 6, 12, or 24 hours (Figures 14A, 14B, and 14C).
When Hsp60 expression was reduced through siRNA, oxLDL treatment for 6 hours
had no effect on PCNA expression levels (Figure 15). In addition, this same 6 hour
oxLDL treatment had no effect on PCNA levels in cells pre-treated with scrambled

siRNA (Figure 15).
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Figure 12. Cellular Hsp60 staining.

Representative immunocytochemistry images of Hsp60 expression (green). Rat
VSMCs were treated with scrambled siRNA (B) or Hsp60 siRNA (C) for 48 hours.
Control cells were incubated in identical medium without siRNA (A) for 48 hours.
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Figure 13. Intracellular Hsp60 expression is significantly reduced through
transfection with Hsp60 siRNA.

Quantification of cellular Hsp60 staining. Rat VSMCs were treated with scrambled or
Hsp60 siRNA for 48 hours. Control cells were incubated in identical medium
without siRNA for 48 hours. Hsp60 expression is represented as fold change in
fluorescence relative to control samples. The tissue from one rat aorta was used to
generate enough VSMCs for 3 replicates of each treatment group. For each
experimental replicate multiple fields were acquired. Each field contained 1-3 cells.
The average fluorescence for a given treatment group was calculated from 14 total
cells from the multiple fields acquired for each experimental replicate (n=14).
Values are means * SEM. *P < 0.05 versus control and scrambled siRNA; #P < 0.05
versus control.
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Figure 14. Hsp60 siRNA reduces Hsp60 expression with or without oxLDL
treatment.

Western blot analysis and representative images of Hsp60 expression in rat VSMCs
transfected with scrambled or Hsp60 siRNA with or without subsequent 50 pg/ml
oxLDL treatment (scrambled siRNA + oxLDL, Hsp60 siRNA + oxLDL) for 6 hours (A),
12 hours (B), or 24 hours (C). Control cells were incubated in identical medium
without siRNA and/or LDL. On each Western blot, Hsp60 protein band density was
normalized by total protein loaded into each lane. Hsp60 expression is represented
as fold change to control samples. Values are means + SEM; n=3. *P < 0.05 versus
control and scrambled siRNA. #P < 0.05 versus control and scrambled siRNA +

oxLDL.
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Figure 15. Hsp60 knockdown does not affect PCNA expression in oxLDL
treated VSMCs.

Western blot analysis and representative image of PCNA expression in rat VSMCs
transfected with scrambled or Hsp60 siRNA with or without subsequent 50pg/ml
oxLDL treatment (scrambled siRNA + oxLDL, Hsp60 siRNA + oxLDL) for 6 hours.
Control cells were incubated in identical medium without siRNA and/or LDL. On
each Western blot, density of a specific protein band was normalized by total
protein loaded into each lane. Protein expression is represented as fold change to
control samples. Values are means + SEM; n=3.
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2. Involvement of Hsp60 in the modulation of nuclear protein import during
stress-induced VSMC proliferation

If Hsp60 is involved in cell proliferation as demonstrated above, and if
nuclear protein import is tightly associated with cell proliferation101.339.343 then
Hsp60 may modulate nuclear protein import. This was tested through assessment of

nuclear protein import in VSMCs with altered levels of Hsp60.

Overexpression but not knockdown of Hsp60 alters NPI

To observe the effect of Hsp60 levels on nuclear protein import, NPI was
measured in VSMCs where Hsp60 was overexpressed (adHsp60, adHsp60mito-),
knocked down (Hsp60 siRNA), or knocked down in the presence of oxLDL (Hsp60
siRNA + oxLDL). Both adHsp60 and adHsp60™ito- treated VSMCs showed significant
increases in NPI compared to control cells and cells treated with scrambled siRNA,
Hsp60 siRNA, or Hsp60 siRNA + oxLDL (Figures 16 and 17B). In VSMCs treated
with Hsp60 siRNA, NPI was unchanged relative to control cells (Figures 16 and
17B). VSMCs exposed to oxLDL after pre-treatment with Hsp60 siRNA did not
exhibit alterations in NPI compared to control cells (Figures 16 and 18B). In
addition, VSMCs transfected with scrambled siRNA and then subjected to oxLDL did

not demonstrate changes in NPI relative to control cells (Figures 16 and 18B).
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Figure 16. Knockdown of Hsp60 followed by oxLDL treatment has no effect on
NPI whereas overexpression of Hsp60 stimulates NPI.

The graph represents the nuclear to cytoplasmic fluorescence 30 minutes after
microinjection of ALEXA488-BSA-NLS substrate in: untreated (control) rat VSMCs
(dark blue), rat VSMCs transfected with scrambled (red) or Hsp60 (green) siRNA,
rat VSMCs treated with 50pg/ml oxLDL for 6 hours following transfection with
scrambled (purple) or Hsp60 (teal) siRNA, and rabbit VSMCs transfected with
human Hsp60 (adHsp60, orange) or human Hsp60 without a mitochondrial
targeting sequence (adHsp60mito-, light blue) at MOIs of 1:100-1:150. *P < 0.05
versus control, scrambled siRNA, Hsp60 siRNA, and Hsp60 siRNA + oxLDL. To
calculate nuclear to cytoplasmic fluorescence for a given VSMC, the fluorescence of a
nuclear area was divided by an equivalent cytosolic area adjacent to the nucleus. For
each treatment group, the average nuclear/cytoplasmic fluorescence was
determined from 3 to 10 VSMCs (n=3-10) depending on the treatment. These
VSMCs were taken from multiple fields (1-2 cells/field) in 1 or more biological
replicates of each experimental condition. Values are means * SEM.
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Figure 17. Effect of Hsp60 knockdown and Hsp60 over-expression on rate of
NPI in VSMCs.

(A) Representative images of rat VSMCs microinjected with ALEXA488-BSA-NLS
substrate following 48 hour siRNA transfection: scrambled siRNA (e-f), Hsp60
siRNA (g-h), or untreated (control) cells (a-d). Images were taken before injection
(a), at injection (b), 10 min post-injection (c, e, g), and 30 min post-injection (d, f, h).
The pseudo-colour scale represents level of fluorescence from 0 (black) to 255
arbitrary units (white). Laser scanning settings are the same for all cells and
experiments. (B) The curve demonstrates NPI over time in control rat VSMCs (blue),
rat VSMCs transfected with scrambled (green) or Hsp60 siRNA (red), and rabbit
VSMCs transfected with human Hsp60 (adHsp60, purple) or human Hsp60 without
a mitochondrial targeting sequence (adHsp60™ito- orange). *P < 0.05 versus control,
scrambled siRNA, and Hsp60 siRNA at that timepoint; #P < 0.05 versus control and
scrambled siRNA at that timepoint; +P < 0.05 versus control at that timepoint. To
calculate nuclear to cytoplasmic fluorescence for a given VSMC, the fluorescence of a
nuclear area was divided by an equivalent cytosolic area adjacent to the nucleus. For
each treatment group, the average nuclear/cytoplasmic fluorescence was
determined from 4 to 10 VSMCs (n=4-10) depending on the treatment. These
VSMCs were taken from multiple fields (1-2 cells/field) in 2 or more biological
replicates of each experimental condition. Values are means * SEM.

76



Pre-injection

Control

HSP60 SRNA+ oxLDL
—4—Scrambled siRNA + oxLDL
Control

Scrambled
SiRNA + oxLDL

o
=
1
3
s
=
)
=
]

=

2
E
7

K.
[-%

3

[&]

2
]
a

=
=
E]

z

HSP60 SiRNA +
oxLDL

20 25
Time Post-injection (minutes)

Figure 18. Effect of Hsp60 knockdown + oxLDL treatment on rate of NPI in
VSMCs.

(A) Representative images of rat VSMCs microinjected with ALEXA488-BSA-NLS
substrate after 48 hour siRNA transfection followed by 6 hour oxLDL treatment:
untreated (control) cells (a-d), scrambled siRNA + oxLDL (e-f), Hsp60 siRNA +
oxLDL (g-h). Images were taken before injection (a), at injection (b), 10 min post-
injection (¢, e, g), and 30 min post-injection (d, f, h). The pseudo-colour scale
represents level of fluorescence from 0 (black) to 255 arbitrary units (white). Laser
scanning settings are the same for all cells and experiments. (B) The curve
demonstrates NPI over time in control rat VSMCs (red) and rat VSMCs treated with
oxLDL following transfection with scrambled siRNA (scrambled siRNA + oxLDL,
green) or Hsp60 siRNA (Hsp60 siRNA + oxLDL, blue). To calculate nuclear to
cytoplasmic fluorescence for a given VSMC, the fluorescence of a nuclear area was
divided by an equivalent cytosolic area adjacent to the nucleus. For each treatment
group, the average nuclear/cytoplasmic fluorescence was determined from 3 to 5
VSMCs (n=3-5) depending on the treatment. These VSMCs were taken from
multiple fields (1-2 cells/field) in 1 or more biological replicates of each
experimental condition. Values are means + SEM.
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OxLDL stimulates expression of nucleoporins and nuclear transport receptors

To further understand how oxLDL affects NPI as part of VSMC proliferation,
the expression of components of the nuclear import pathway was evaluated in rat
VSMCs treated with oxLDL. OxLDL treatment at 25pg/ml for 6 hours significantly
increased expression of NPC proteins, Nup62 (Figures 19A and 20A) and Nup153
(Figures 19B and 20C), relative to control and nalLLDL treated cells. This same oxLDL
treatment significantly increased expression of nuclear transport receptors, Imp-a
(Figures 19C and 21A) and Ran (Figures 19E and 22A), compared to control and
nalDL treated cells. After 24 hours of oxLDL treatment at 25ug/ml, the expression
of Nup62 (Figure 20B), Nup153 (Figure 20D), and Ran (Figure 22B) returned to
baseline, while Imp-a (Figure 21B) remained significantly elevated relative to
control. Interestingly, 50pg/ml oxLDL treatment for 6 hours resulted in a significant
elevation of Imp-f relative to control and naLDL treated cells (Figure 21C). Both
nal.DL and oxLDL treatment at 50pg/ml for 6 hours stimulated significant increases
in Nup62 expression versus control cells (Figure 20A). Thus, the effect of oxLDL
treatment on nucleoporin and nuclear transport receptor expression was primarily

observed after 6 hours at a concentration of 25pg/ml.
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Figure 19. OxLDL treatment stimulates expression of nucleoporins and
nuclear transport receptors.

Western blot analysis and representative images of nucleoporin (Nup62, A; Nup153,
B) and nuclear transport receptor (Imp-a, C; Imp-f3, D; Ran, E) expression in rat
VSMCs treated with naLLDL or oxLDL at 25pg/ml for 6 hours. On each western blot,
density of a specific protein band was normalized by total protein loaded into each
lane. Normalized protein expression is represented as fold change to control
samples. The values in each graph represent the means + SEM of three independent
experimental repeats (n=3) from the same primary rat aorta explant. *P < 0.05
versus control and naLDL.
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Figure 20. Effect of oxLDL treatment for 6 or 24 hours on nucleoporin
expression.

Western blot analysis of nucleoporin expression (Nup62, A & B; Nup153, C & D) in
rat VSMCs treated with naLLDL or oxLDL at 25 or 50 ug/ml for 6 hours (4, C) or
25pg/ml for 24 hours (B, D). On each Western blot, density of a specific protein
band was normalized by total protein loaded into each lane. Normalized protein
expression is represented as fold change to control samples. Values are means *
SEM; n=3. *P < 0.05 versus 6 hour control and naLDL at 25pg/ml for 6 hours. #P <
0.05 versus 6 hour control.
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Figure 21. Effect of oxLDL treatment for 6 or 24 hours on importin expression.

Western blot analysis of importin expression (Imp-a, A & B; Imp-f3, C & D)
expression in rat VSMCs treated with naLDL or oxLDL at 25 or 50 pg/ml for 6 hours
(A, C) or 25pg/ml for 24 hours (B, D). On each Western blot, density of a specific
protein band was normalized by total protein loaded into each lane. Normalized
protein expression is represented as fold change to control samples. Values are
means * SEM; n=3. *P < 0.05 versus 6 hour control and naLDL at 25pg/ml for 6
hours. #P < 0.05 versus 6 hour control. **P < 0.05 versus 24 hour control. ##P <
0.05 versus 6 hour control and naL.DL at 50pug/ml for 6 hours.
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Figure 22. Effect of oxLDL treatment for 6 or 24 hours on Ran expression.

Western blot analysis of Ran expression (A, B) in rat VSMCs treated with naL.DL or
oxLDL at 25 or 50 pg/ml for 6 hours (A) or 25ug/ml for 24 hours (B). On each
Western blot, density of a specific protein band was normalized by total protein
loaded into each lane. Normalized protein expression is represented as fold change
to control samples. Values are means * SEM; n=3. *P < 0.05 versus 6 hour control
and naL.DL at 25pg/ml for 6 hours.
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Hsp60 knockdown does not change nucleoporin and nuclear transport receptor
expression in VSMCs treated with oxLDL

Previous work showed that oxLDL treatment of VSMCs significantly
increased NPI?°. We demonstrated that oxLDL treatment increased expression of
nucleoporins and nuclear transport receptors (Figure 19). Thus, an inhibition of
Hsp60 expression in the presence of oxLDL treatment would be hypothesized to
block these effects. Figure 18 demonstrated that Hsp60 knockdown followed by
oxLDL treatment did not change the rate of NPI relative to controls. Table 1 shows
that Hsp60 knockdown followed by oxLDL treatment for 6 hours produced no
significant changes in the expression of nuclear pore proteins (Nup62, Nup153) and

nuclear transport receptors (Imp-a, Imp-f3, Ran).
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Table 1. OxLDL treatment in the presence of Hsp60 knockdown does not
change expression of nuclear transport receptors or nucleoporins.

Western blot analysis of nuclear transport receptor (Ran, Imp-a, and Imp-f3), and

nucleoporin (Nup62 and Nup153) expression in rat VSMCs transfected with
scrambled or Hsp60 siRNA with or without subsequent 50ug/ml oxLDL treatment

(scrambled siRNA + oxLDL, Hsp60 siRNA + oxLDL) for 6 hours. Control cells were
incubated in identical medium without siRNA and/or LDL. On each Western blot,

density of a specific protein band was normalized by total protein loaded into each
lane. Protein expression is represented as fold change to control samples. Values are
means * SEM); n=3.

Treatment

Group

(Fold vs.

Control)
Protein Scrambled | Hsp60 siRNA | Scrambled Hsp60 siRNA

siRNA siRNA + + oxLDL
oxLDL

Ran 1.47 £ 0.44 1.26 £ 0.22 1.07 £0.13 0.80 +0.22
Imp-a 1.06 £ 0.16 1.33+£0.17 1.73 £0.68 1.73+£0.88
Imp-p 1.23+£0.24 1.65+0.53 2.74 +0.51 2.37 £0.69
Nup62 1.03 £0.20 1.03+0.42 1.14 £ 0.08 1.05+0.12
Nup153 | 1.22+0.16 1.84 £ 0.24 1.16 £ 0.36 0.98 +0.22
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Induction of Hsp60 promotes interaction with Ran

Co-immunoprecipitation was used to determine whether Hsp60 interacted
with cytosolic nuclear transport proteins to regulate NPI under stress conditions.
Rat VSMCs were subjected to heat shock to induce Hsp60 expression. Hsp60 was
co-immunoprecipitated with Ran under either untreated control conditions or after
heat shock (Figure 23A). The relative amount of Hsp60 and Ran complexes was
greater in heat shocked cells than control cells (Figure 23A). Importantly, Hsp60
was not co-immunoprecipitated with other nuclear transport proteins, Imp-a or
Imp-B (Figure 23A). To confirm if increases in Hsp60 levels directly promotes its
interaction with Ran, rat VSMCs were transfected with human Hsp60 with or
without a mitochondrial targeting sequence (adHsp60 and adHsp60™ito-). In this
experiment Hsp60 was not co-immunoprecipitated with Ran in control or EGFP
treated cells (Figure 23B). Both adHsp60 and adHsp60™ito- treatment stimulated
Hsp60 co-immunoprecipitation with Ran (Figure 23B). In addition, overexpression
of cytosolic Hsp60 (adHsp60mito-) resulted in an increased amount of Hsp60 and Ran

complexes relative to adHsp60 treated cells (Figure 23B).
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Figure 23. Heat shock treatment and Hsp60 overexpression promote
interaction of Ran with Hsp60

(A) Co-immunoprecipitation was performed with Hsp60 antibody conjugated to
Pierce Protein A/G coated beads. Rat VSMCs were heat shocked at 42 degrees
Celsius for 1 hour and then were collected for co-immunoprecipitation after 48
hours. Western blot analysis was done for nuclear transport receptors (Ran, Imp-q,
and Imp-f3) and Hsp60. Ran was the only nuclear transport receptor co-
immunoprecipitated with Hsp60. (B) Co-immunoprecipitation was performed with
Ran antibody conjugated to Pierce Protein A/G coated beads. Rat VSMCs were
transfected with green fluorescent protein (GFP) or Hsp60 with (adHsp60) or
without a mitochondrial targeting sequence (adHsp60mito-) for 48 hours. A MOI of
1:125 was used for GFP and adHsp60, whereas a MOI of 1:200 was used for
adHsp60mito-. Western blot analysis was done for Hsp60 and Ran. Hsp60 was co-
immunoprecipitated with Ran.
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3. Expression and relationship of Hsp60, NPI-associated proteins, and PCNA

during atherosclerotic development

Dietary cholesterol withdrawal induces atherosclerotic plaque development

We have previously shown that prolonged cholesterol withdrawal produces
an atherosclerotic model in rabbits3>7. Male New Zealand white rabbits were fed a
high cholesterol diet for 4 weeks and then switched to regular rabbit chow for 0, 2,
4,8, 16, 22, or 28 weeks prior to termination. This dietary course induces rapid
growth of atherosclerotic plaques 0-8 weeks after cholesterol withdrawal followed
by stabilization of plaque growth from 8-28 weeks after cholesterol withdrawal

(Figure 24).
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Figure 24. Progression and plateau of aortic atherosclerotic lesions after
prolonged withdrawal from cholesterol feeding

Rabbits were fed a high-cholesterol diet for 4 weeks and then switched onto a
regular diet for 0, 2, 4, 8, 16, 22, or 28 weeks. The graph represents the percentage
of aortic lumenal area covered by atherosclerotic lesions as a function of withdrawal
time from a 4 week high-cholesterol diet. Values are means + SEM; n=7-10. *P < 0.05
versus animals fed regular diet for 4 week duration (no plaques present); tP < 0.05
versus 0 weeks of diet withdrawal. Reproduced from Am J Physiol Heart Circ Physiol,
AA Francis, JF Deniset, JA Austria, RK LaVallee, GG Maddaford, TE Hedley, E Dibrov,
GN Pierce. Effects of dietary flaxseed on atherosclerotic plaque regression,
304(12):H1743-51, 2013.
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Atherosclerotic plaque development alters the proliferative status of cells in aortic
tissue

The proliferative status of aortic cells during atherosclerotic development
was evaluated using a marker of cell proliferation, PCNA. PCNA levels were
significantly elevated during atherosclerotic plaque growth from 0-8 weeks
followed by a return to baseline at 22 weeks of cholesterol withdrawal during

plaque stabilization (Figure 25).
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Figure 25. Expression of PCNA in rabbit aortic tissue during atherosclerotic
development.

Western blot analysis of PCNA expression after 0, 2, 4, 8, and 22 weeks of
withdrawal from cholesterol feeding. Protein expression levels are normalized to
total actin and are represented as fold change to control samples. Values are means
+ SEM, n=3-4. *P < 0.05 versus 22 weeks of cholesterol withdrawal; TP < 0.05
versus 8 weeks of cholesterol withdrawal. Re-used with permission from Deniset, JF.
The Role of Chlamydia Pneumoniae Infection and Stress Responses in Vascular
Remodelling. 2013, University of Manitoba.
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Atherosclerotic plaque development induces alterations in expression of Hsps and NPI
machinery

Hsps 60, 70, and 90 had differential expression patterns during
atherosclerotic progression in this model (Figure 26). Hsp60 expression was
induced during the growth phase, with significantly elevated levels at 2 and 4 weeks
of cholesterol withdrawal relative to 8 and 22 weeks (Figure 26A). Conversely,
Hsp70 and Hsp90 both demonstrated decreased expression during the growth
phase (Figures 26B and 26C). Hsp70 expression was significantly decreased at 4-
weeks of cholesterol withdrawal compared to 22 weeks (Figure 26B). Hsp90
expression was significantly depressed at 2 and 4 weeks of cholesterol withdrawal
versus 22 weeks (Figure 26C). However, Hsp90 expression spiked at 8 weeks, with
significant elevation relative to 0, 2, and 4 weeks (Figure 26C). During the
stabilization phase (8-22 weeks after cholesterol withdrawal), Hsps 60, 70, and 90
expression normalized to control levels (Figure 26).

The expression of NPI-associated proteins (Nup62, Imp-f3, and Ran) also
followed distinct patterns during the growth phase in this model of atherosclerosis
(Figure 27). Nup62 expression was significantly elevated at 2 weeks of cholesterol
withdrawal relative to 22 weeks (Figure 27A). Nup62 then reached maximal levels
at 4 weeks of cholesterol withdrawal, with significant elevation compared to 8 and
22 weeks (Figure 27A). In contrast, Imp-3 and Ran expression remained at control
levels at 0-4 weeks of cholesterol withdrawal and then spiked to maximal levels at 8
weeks (Figures 27B and 27C). At 8 weeks of cholesterol withdrawal, Ran, but not

Imp-f levels were significantly increased compared to 0, 2, and 4 weeks of
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cholesterol withdrawal (Figures 27B and 27C). Similar to Hsps, expression of
proteins associated with NPI normalized to control levels during the stabilization

phase of atherosclerosis (8-22 weeks of cholesterol withdrawal) (Figure 27).
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Figure 26. Expression of Hsps in rabbit aortic tissue during atherosclerotic
development.

Western blot analysis of Hsp60 (A), Hsp70 (B), and Hsp90 (C) expression after 0, 2,
4, 8, and 22 weeks of withdrawal from cholesterol feeding. Protein expression levels
are normalized to total actin and are represented as fold change to control samples.
Values are means * SEM), n=3-4. *P < 0.05 versus 22 wks of cholesterol withdrawal;
1P < 0.05 vs. 8 wks of cholesterol withdrawal. Re-used with permission from
Deniset, JF. The Role of Chlamydia Pneumoniae Infection and Stress Responses in
Vascular Remodelling. 2013, University of Manitoba.
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Figure 27. Expression of NPI machinery in rabbit aortic tissue during
atherosclerotic development

Western blot analysis of Nup62 (A), Imp-f3 (B), and Ran (C) expression after 0, 2, 4,
8, and 22 weeks of withdrawal from cholesterol feeding. Protein expression levels
are normalized to total actin and are represented as fold change versus control
samples. Values are means * SEM, n=3-4. *P < 0.05 versus 22 weeks of cholesterol
withdrawal; TP < 0.05 versus 8 weeks of cholesterol withdrawal. Re-used with
permission from Deniset, JF. The Role of Chlamydia Pneumoniae Infection and Stress
Responses in Vascular Remodelling. 2013, University of Manitoba.
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Aortic levels of Hsp60 correlate with PCNA and Nup62 expression

To assess the relationship between Hsp60, nuclear transport proteins, and
the proliferative status during atherosclerotic development, correlation analysis
was performed. Since Nup62 and PCNA exhibited a similar expression pattern to
Hsp60 over the entire cholesterol withdrawal period, correlation analysis was done
using Hsp60 and these parameters (Figure 28). Hsp60 expression displayed a
strong positive correlation with both PCNA and Nup62 expression (r? = 0.3027 and

r2=0.3164, p < 0.01) (Figures 28A and 28B).
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Figure 28. Correlations of aortic Hsp60 levels with Nup62 and PCNA levels

Relationship between Hsp60 and PCNA (A), and between Hsp60 and Nup62 (B) in
rabbit aortic tissue. Re-used with permission from Deniset, JF. The Role of
Chlamydia Pneumoniae Infection and Stress Responses in Vascular Remodelling. 2013,
University of Manitoba.

96



CHAPTER VI: DISCUSSION

1. Involvement of Hsp60 in the modulation of NPI during stress-induced VSMC
proliferation

Under baseline conditions endogenous Hsp60 is distributed between the
mitochondria and the cytosol, with the majority (80-85%) functioning in the
mitochondrial68-170. When cells are exposed to stress stimuli, Hsp60 localizes to the
cytoplasml’l. We demonstrated that overexpression of cytosolic Hsp60 was
sufficient to stimulate VSMC proliferation (Figure 11). One potential mechanism by
which cytosolic Hsp60 stimulates VSMC proliferation is through inhibitory
interactions with pro-apoptotic mediators3592360, Qur results showed that in
response to a stress stimulus (oxLDL at 25 pg/ml), there was an acute spike in
Hsp60 followed by a modest but significant increase in cell number (Figures 6 and
7). Thus, acute elevation of Hsp60 levels in response to stress may allow this
protein to promote survival and growth through inhibition of pro-apoptotic
mediators.

Alternatively, previous work in our lab showed that increases in NPI are
associated increased cellular proliferation?7.29.101.343_However, it was incompletely
understood how stress-related changes in NPI were mediated during VSMC
proliferation and if Hsp60 was involved or not. This current study was the first to
show that Hsp60 is a positive regulator of NPI. Elevated levels of Hsp60 were
sufficient to increase NPI, whereas reduced levels of Hsp60 had no effect on NPI
relative to controls (Figures 16 and 17). Therefore, Hsp60 can increase NPI at high

intracellular levels but is not required for NPI at baseline.
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NPI can be regulated by a number of mechanisms including modulation of
the expression levels and localization of NPI-associated proteins328336,337,345,347,
During stress conditions, Hsp60 induction coincides with the increased expression
of nucleoporins?7.29.101, This study demonstrated that stress-mediated Hsp60
induction correlated with the increased expression of nucleoporins (i.e. Nup62 and
Nup153) and nuclear transport receptors (i.e. Imp-o, Ran) (Figure 7B, Figure 19).
Hsp60 can participate in the regulation of cell signalling pathways through post-
translational modification3¢l. This suggests that Hsp60 plays a signalling role to
increase the expression of nucleoporins and nuclear transport receptors.

We also demonstrated that at high intracellular levels, Hsp60 interacted with
cytosolic Ran (Figure 23). Hsp60 functions as a molecular chaperone that can
mediate intracellular trafficking of its client proteins3¢2. Other heat shock proteins
have the capacity to shuttle NPI-associated proteins across the nuclear envelope to
regulate their localization363. This collectively suggests that Hsp60 interacts with
cytosolic Ran (i.e. Ran-GDP) to assist with its recycling back to the nucleus and
thereby facilitate NPL

The concept of Ran re-localization to mediate changes in NPI has been
previously demonstrated34>. Czubryt et al. showed that NPI was inhibited through
re-localization of Ran to the cytosol in hydrogen peroxide-treated VSMCs345. As Ran-
GTP and Ran-GDP gradients provide energy for NPI247, redistribution of GTP or
GDP-bound forms of Ran can alter nuclear import. More efficient shuttling of Ran-

GDP into the nucleus through interactions with Hsp60 would lead to a larger pool of
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nuclear Ran-GTP through the action of RanGEF. This would increase the Ran-GTP
concentration gradient and thereby increase the capacity of the cell for NPIL

Thus, high levels of Hsp60 can mediate increases in NPI by inducing
augmented expression of NPI-associated proteins and through interaction with Ran.
Previous studies have suggested that endogenous Hsp60 mediates SMC migration
and proliferation through an extracellular mechanism!%8176, The findings in this
study support the contention that endogenous Hsp60 additionally plays an
intracellular signalling and chaperoning role to mediate increases in NPI as part of
VSMC proliferation.

On a technical note, doses of 25 and 50ug/ml of oxLDL were chosen in the
cell titer assay (Figure 6) as previous studies in rabbit VSMCs showed that an oxLDL
dose of 50pg/ml increased cell number by approximately 20%, while 25ug/ml
increased cell number by approximately 10%2°. When cell titer was assessed in rat
VSMCs, there was a significant rise in VSMC number versus control cells in response
to 25pg/ml oxLDL, whereas a concentration of 50pug/ml did not show any significant
changes relative to control cells (Figure 6). Specifically, 25ug/ml oxLDL treatment
resulted in 10% more VSMCs than control cells, while the VSMC number was 7%
higher than control cells with 50pug/ml oxLDL treatment (Figure 6). This is a
narrow window for the effect of 0xLDL on cell proliferation. Previous in vitro work
suggests that oxLDL can either cause cell proliferation?627.29 or apoptosis32364,
Therefore a lower concentration of oxLDL stimulates proliferation, while a higher

concentration of oxLDL is toxic and induces apoptosis3¢>.
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2. Expression and relationship of Hsp60, NPI-associated proteins, and PCNA
during atherosclerotic development

The role of Hsp60 in modulating components of NPI and cell proliferation
during plaque development was investigated. Although various Hsps are
considered pro-atherogenic?8, in vivo and clinical studies show that Hsp60 is the
only Hsp with a direct role in atherosclerosis??°. Hsp60 is found in VSMCs within
atherosclerotic lesions?10, however, it’s relation to cell proliferation and NPI
parameters in vivo is unknown. Thus, expression of Hsp60, NPI-associated proteins,
and a cellular proliferation marker was studied in a rabbit model employing a
cholesterol withdrawal diet that induced atherosclerotic plaque growth and
stabilization (Figure 24). There were elevated levels of PCNA, Hsp60, and NPI-
associated proteins (Ran, Imp-3, Nup62) during plaque growth, which returned to
baseline during plaque stabilization (Figures 25-27). Furthermore, during plaque
growth Hsp60 and Nup62 followed similar expression patterns (Figures 26 and 27).
Correlation analysis revealed strong associations between Hsp60 and Nup62 levels
(Figure 26B) as well as between Hsp60 and PCNA levels (Figure 26A). Previous in
vitro work demonstrated this same strong positive correlation between Hsp60 and
Nup62 levels as well as Hsp60 and PCNA levels?7.

Other heat shock proteins, Hsp70 and Hsp90, were also measured
throughout development of the atherosclerotic plaques. The expression of both
these Hsps decreased below baseline levels during plaque growth (Figure 26). This
further suggests that changes in NPI parameters and the proliferative status during

plaque growth were Hsp60-dependent and did not involve other Hsps. In addition,
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the differential expression pattern of Hsp60 compared to Hsp70 and Hsp90 (Figure
26) suggests that Hsf1 did not regulate Hsp60 induction during plaque growth.
Normally Hsf1 mediates increases in expression of Hsp60, Hsp70, and Hsp90 in
response to various stress stimulill®.

NFkB, a transcriptional mediator activated by oxLDL during
atherosclerosis38, can stimulate Hsp60 expression2%4. It is possible that NFxB,
oxLDL and many other factors in vivo may play a role in the alterations in Hsp60,
NPI-associated proteins, PCNA and, ultimately, VSMC proliferation. This study
provides in vivo evidence that Hsp60 is involved in atherosclerotic plaque

development through alteration of NPI machinery and proliferative status.

Limitations

Although these experiments demonstrate novel findings on the role of Hsp60
in VSMC proliferation and atherosclerotic development, they must be interpreted
with caution. One of the major flaws in the experimental design was the
concentration of oxLDL used in the experiments where NPI and the expression of
Hsp60, PCNA, and NPI-associated proteins were measured in VSMCs treated with
Hsp60 siRNA then oxLDL (Figures 14, 15, 16, 18 and Table 1). In all of these
experiments an oxLDL concentration of 50 ug/ml was used. This was the incorrect
dose to use because initial experiments showed that oxLDL stimulated cell
proliferation, Hsp60 induction, and increased expression of NPI-associated proteins
at a concentration of 25pug/ml, but not 50 pg/ml (Figures 6, 7 and 19).

The use of a non-proliferative dose of oxLDL (50 pg/ml) explains the lack of

response to oxLDL in the scrambled siRNA + oxLDL treatment groups in the NPI

101



assay (Figures 16 and 18) and in the measurement of Hsp60 (Figure 14) and NPI-
associated protein expression (Table 1). For example, VSMCs treated with
scrambled siRNA and then 50pug/ml of oxLDL did not exhibit an increased rate of
NPI versus controls (Figures 16 and 18), despite previous work which showed that
oxLDL treatment increased NPI2°. In addition, VSMCs treated with scrambled
siRNA followed by 50pug/ml oxLDL treatment did not demonstrate a significant rise
in Hsp60 or any of the NPI-associated proteins (Figure 14 and Table 1).

Another limitation was that a MTT assay was used to evaluate cell
proliferation (Figures 6 and 11). In this assay, cell number is quantified in response
to treatment and differences are noted relative to untreated controls. The difficulty,
however, is that this assay measures cell number but not how cells become that
number. For example, we assumed that an increased cell number in response to
oxLDL treatment meant cell proliferation (Figure 6). An alternative explanation for
increased cell number in response to treatment could be less cell death relative to
control cells. Hence, to further evaluate cell proliferation, PCNA expression levels
were measured in VSMCs.

Interestingly, VSMCs treated with a proliferative dose of oxLDL (25pug/ml)
(Figure 6) did not exhibit significantly increased PCNA expression after 6 or 24
hours versus control cells (Figures 7 and 8). Although these results are discordant
with previous studies in rabbit VSMCs, which showed that significant increases in
cell number corresponded to significant increases in PCNA expression??, they do

show a trend in PCNA expression towards significant elevation. This suggests that
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increasing the number of biological repeats in these experiments may yield

significant increases in PCNA in response to oxLDL at 25pg/ml.
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CHAPTER VII: CONCLUSION AND FUTURE DIRECTIONS

Conclusion

Previous work showed that various atherogenic stimuli (i.e. oxLDL,
mechanical stretch, and Chlamydia pneumoniae) can induce Hsp60 and/or stimulate
NPI to lead to VSMC proliferation?6.27.29101, We demonstrated that at high levels
Hsp60 stimulated an increased rate of NPI, was correlated with increased
nucleoporin and nuclear transport receptor expression, and associated with Ran.
Therefore, we conclude that Hsp60 may be directly involved in augmenting NPI as
part of the mechanism of stress-induced VSMC proliferation.

Hsp60 has been implicated in the pathogenesis of atherosclerosis?9?,
however the intracellular mechanism by which Hsp60 influences atherosclerosis is
not well characterized. We demonstrated that Hsp60 levels were related to the
expression of nucleoporins and a cell proliferation marker during atherosclerotic
plaque growth. Hence, we conclude that Hsp60 may be involved in atherosclerotic
plaque development through alteration of NPI machinery and proliferative status.

These results suggest that Hsp60 may function as a common downstream
regulator of VSMC proliferation during atherosclerotic development. Instead of
targeting individual stress stimuli, targeting Hsp60, the regulator of a common
cellular process (i.e. NPI), may be an effective therapeutic strategy to regulate

pathologic VSMC growth in atherosclerosis.
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Future Directions

This study has further elucidated the role of Hsp60 in VSMC proliferation and
atherosclerotic development, however additional studies are required to investigate
the role of Hsp60 in intracellular trafficking during VSMC proliferation, to
understand the role of the Hsp60 co-chaperone Hsp10 in VSMC proliferation, and to
determine how Hsp60 is transcriptionally regulated under stress conditions.

Hsp60 can play a role in intracellular protein trafficking362 and this study
showed that at high intracellular levels Hsp60 co-immunoprecipitated with Ran as a
potential mechanism to increase NPI (Figure 23). A future experiment could
investigate whether Hsp60 co-immunoprecipitates with Ran in VSMCs treated with
oxLDL at 25 pg/ml for 6 hours. Since previous work has shown that oxLLDL
stimulates NPI29, this future experiment would investigate whether oxLDL
stimulates NPI through the interaction of Hsp60 with Ran.

Hsp10 functions as a co-chaperone with Hsp60366 and there is evidence that
Hsp10/Hsp60 complexes have an anti-apoptotic function in vitro367. One study
showed that overexpression of Hsp10 was sufficient to protect cardiac muscle cells
from apoptosis when they were subjected to ischemia/reperfusion injury368. A
future experiment could investigate whether overexpression of Hsp10 and Hsp60
can induce VSMC proliferation and increase NPI. In addition, it may be interesting
that to test whether overexpression of solely Hsp10 can stimulate VSMC
proliferation and NPI. These experiments would provide further mechanistic

insights on how Hsp60 regulates VSMC proliferation.
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This study demonstrated that Hsp60 is the sole Hsp induced during
atherosclerotic plaque growth (Figure 26). Previous work suggested that Hsp60, 70,
and 90 are all activated in response to stress stimuli by the transcriptional regulator
Hsf1116. Future experiments could investigate whether Hsp60 expression is
increased via a Hsf1-independent mechanism during stress-induced VSMC
proliferation. For example, Hsp60 expression could be measured in VSMCs
subjected to Hsfl knockdown followed by oxLDL treatment at 25ug/ml oxLDL for 6
hours.

This work has highlighted NPI as a cellular pathway that regulates cell
growth and proliferation. Previous in vitro work in VSMCs has demonstrated that
NPI is modulated in response to proliferative stimuli27,29,101. However there are
no studies that have investigated NPI in VSMCs in vivo. Previous studies have
demonstrated a method of isolating and culturing VSMCs from atherosclerotic
plaque samples369,370. A future experiment could use our atherosclerotic rabbit
model357 to obtain plaque samples throughout the growth and plateau phases of
atherosclerosis. VSMCs could be isolated and cultured from this atherosclerotic
tissue and subjected to NPI assays. This would allow investigation of the potential
correlation between Hsp60 expression, nucleoporin expression, and NPI during
atherosclerotic development.

Lastly, there a number of experiments from this study that require repetition
with slightly altered parameters. Repeating the NPI assay and western blotting for
nuclear transport receptors, nucleoporins, Hsp60, and PCNA in VSMCs treated with

Hsp60 siRNA followed by oxLDL at 25ug/ml for 6 hours would demonstrate how
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VSMCs actually respond to a proliferative stimulus with reduced Hsp60 expression.
In addition, a cell titer assay in VSMCs with Hsp60 knockdown and oxLDL treatment
at 25pug/ml for 6 hours would confirm the effect of oxLDL treatment on VSMC
proliferation when Hsp60 is knocked down. It would also be interesting to
investigate whether a lower dose of 0xLDL could stimulate proliferation and
increase Hsp60 expression in rat VSMCs. In rabbit VSMCs, oxLDL treatment at
10pg/ml increased cell number by 10% versus untreated cells, while oxLDL at
25pg/ml increased cell number by 11% compared to control cells29. This similarity
in proliferative response between oxLDL doses of 10 and 25pug/ml in rabbit VSMCs
merits a cell titer assay with rat VSMCs subjected to oxLDL at 10 or 25pg/ml for 24
hours.

Further work to understand the role of Hsp60 in VSMC proliferation and
atherosclerosis is necessary as despite modern medication regimens and
interventions, cardiovascular disease remains the number one cause of mortality in

the world1.
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