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ABSTRACT

Atherosclerosis is a multi-factorial disease and is the major cause of death in the western
world. Numerous risk factors, including hyperlipidemia, obesity, diabetes, smoking,
hypertension, and family history increase the risk of atherosclerosis and death from
cardiovascular disease (CVD). Clinical and epidemiological studies have now shown
that hyperhomocysteinemia (HHcy) is an independent risk factor for CVD. Further, we
and others have demonstrated that HHcy accelerates atherosclerosis in apolipoprotein E-
deficient (apoE'/') mice. Although several studies have reported that homocysteine-
induced endoplasmic reticulum (ER) stress causes growth arrest and programmed cell
death (PCD) in cultured vascular endothelial cells, the cellular factors responsible for this
effect and their relevance to atherosclerosis have not been completely elucidated.
Previously, we have demonstrated that homocysteine induces the expression of T-
cell death associated gene 51 (TDAGS1), a member of the pleckstrin homology-related
domain family, in cultured human vascular endothelial cells. Transient overexpression of
TDAGS51 elicited significant changes in cell morphology, decreased cell adhesion and
promoted detachment-mediated PCD. In support of these in vitro findings, TDAGS51
expression was increased and correlated with PCD in the atherosclerotic lesions from
apoE'/ " mice fed hyperhomocysteinemic diets, compared to mice fed control diet. To
investigate the in vivo significance of TDAGS1 on atherosclerotic lesion development
and progression, knockout mice deficient in both TDAGS51 and apoE genes were

generated. Our findings show that TDAG51”/apoE™ double knockout (DKO) mice fed
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control chow diet have significantly reduced atherosclerotic lesion size, compared to age-
and sex-matched apoE” control mice. Atheroprotective function of TDAG5!1 deficiency
may be explained in part by the observation that there is a significant upregulation of
peroxisome proliferator-activated receptor v (PPAR-y) in TDAGS51-deficient (TDAG517)
cells including mouse embryonic fibroblasts (MEFs), compared to control wildtype
MEFs. Given that PPAR-y has both atheroprotective and anti-inflammatory properties,
TDAGS1 may represent a unique negative regulator of PPAR-y and its downstream gene
targets. Taken together, my findings demonstrate that TDAGS51 is a novel cellular
mediator involved in the development and progression of atherosclerosis.

In addition to its anti-atherogenic properties, I have demonstrated that TDAG51™"
MEFs have increased migratory properties following monolayer disruption or in response
to chemotaxis on fibronectin-coated Boyden chambers, compared to wildtype control
MEFs. Although TDAGS51-induced cell migration could potentially affect atherosclerotic
lesion development, our recent observations suggest that TDAGS51 may also have a role
in wound healing. Our studies have shown that dorsal skin wounds within TDAG51™"
mice healed slowly, compared to those in control mice through a mechanism involving
impaired myofibroblast differentiation. Since the underlying mechanisms of wound
healing and fibrosis are similar, it is conceivable that TDAGS51 may have role in fibrosis.

In summary, this thesis provides novel evidence that TDAGS51 is involved in the
pathogenesis of atherosclerosis and wound healing. Furthermore, TDAG51 may
represent a novel therapeutic target for attenuating atherosclerotic lesion development,

thereby reducing the risk of cardiovascular disease and its complications.
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CHAPTER 1: Introduction

1.1 General overview

Atherosclerosis is a progressive, inflammatory disease resulting from the interaction
between modified lipoproteins, monocyte-derived macrophages, T cells and cellular
elements of the arterial wall (Ross 1999; Lusis 2000; Glass and Witztum 2001). Early
atherosclerotic lesions, termed fatty streaks, consist of lipid filled macrophages within the
intima (Stary et al, 1994). Pathological studies suggest that fatty streaks are the
precursor to large or advanced lesions and that advanced lesions are observed where fatty
streaks are most common (Davies and Woolf 1993). Studies on aortas and coronary
arteries from adults show all stages of lesion formation, indicating that lesions develop
throughout adult life (Stary 1989). Indications are that it takes 10-15 years for an
advanced lesion to form. As lesions become larger and more complex, they tend to
narrow the channel of the artery and may impede blood flow, contributing to blockage of
the arteries. Atherosclerotic lesion rupture can result in formation of thrombi or blood
clots, the underlying cause of myocardial infarction and stroke.

In addition to hyperlipidemia, obesity, smoking, hypertension and diabetes,
numerous clinical studies have demonstrated that hyperhomocysteinemia (HHcy) is a risk
factor for cardiovascular disease (CVD). Although earlier studies implicated HHcy as an
independent risk factor for CVD (Boushey ef al., 1995; Refsum et al., 1998; Eikelboom

ef al., 1999; Malinow ef al., 1999; Ross 1999), several recent studies with homocysteine
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lowering supplements, including folic acid and B vitamins, did not reduce the risk factor
of established CVD (Lonn er al, 2006; Ray et al, 2007, Bonaa et al, 2006).
Nonetheless, high plasma levels of homocysteine are still considered an independent risk
factor for CVD (Bostom et al., 2006; Yang et al., 2007). In vivo studies have also
established a direct causal relationship between the induction of HHcy and the
acceleration of atherosclerosis in apolipoprotein E-deficient (apoE”) mice fed
hyperhomocysteinemic diets (Hofmann er al, 2001; Zhou et al, 2001).
Hyperhomocysteinemic apoE” mice showed increased expression of inflammatory
markers in atherosclerotic lesions and enhanced atherosclerotic lesion area and
complexity (Hofmann et al., 2001). Furthermore, dietary enrichment in B vitamin co-
factors essential for intracellular homocysteine metabolism attenuates atherosclerotic
lesion development in HHcy (McCully 1996; Loscalzo 1996; Welch and Loscalzo 1998).
Although diet-induced HHcy accelerates early plaque development and enhances plaque
fibrosis in apoE” mice, no difference in plaque size between control and
hyperhomocysteinemic mice was observed after long-term treatment (Zhou et al., 2001).
These findings imply that HHcy mediates the early stages of atherogenesis in apoE™
mice. Interestingly, Zhou et al. (2008) have recently demonstrated that diet-induced
HHcy does not contribute to atherosclerosis in C57BL/6 mice even in presence of
increased plasma LDL (low density lipoprotein) from western diet. However, HHcy
together with atherogenic diet can significantly accelerate atherosclerotic lesion

development. The findings suggest that HHecy is not an independent risk factor in
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C57BL/6 mice and additional risk factors such as elevated VLDL (very low density
lipoprotein) or inflammatory cytokines are necessary for increased atherosclerosis.

Several hypotheses have been proposed to explain the mechanism by which
homocysteine promotes atherogenesis. Because the thiol group of homocysteine readily
undergoes auto-oxidation in plasma to generate reactive oxygen species (ROS), it has
been suggested that homocysteine induces cell injury/dysfunction through a mechanism
involving oxidative stress (Starkebaum and Harlan 1986; Loscalzo 1996). This
hypothesis, however, fails to explain why cysteine, which is present in plasma at much
higher concentrations than homocysteine and is also readily auto-oxidized, does not cause
cell injury and is not considered a risk factor for CVD (Jacobsen 2000 & 2001).

We as well as others have reported that homocysteine disrupts protein folding in
the endoplasmic reticulum (ER), thereby leading to activation of the unfolded protein
response (UPR) and increased expression of several ER stress response genes, including
GRP78, GRP94, GADD153, Herp and RTP (Outinen ef al., 1998 & 1999; Kokame et al.,
1996 & 2000). These findings suggest that homocysteine acts intracellularly to elicit cell
dysfunction by adversely affecting ER homeostasis. This mechanism may result from
reductive stress or disruption of disulfides linkage similar to DTT treatment but has been
demonstrated not to be due to ER Ca”* depletion (Dickhout ef al., 2007). Homocysteine-
induced ER stress is believed to promote specific cellular responses, including lipid
biosynthesis, programmed cell death (PCD), and inflammation.  Studies have
demonstrated that homocysteine-induced ER stress increases lipid biosynthesis by

activating the sterol regulatory element-binding proteins (SREBP) (Werstuck et al., 2001;
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Colgan et al., 2007, Kammoun ef al., 2009). 1t has also been shown that homocysteine
induces PCD in cultured human vascular endothelial cells and that this effect involves
activation of the UPR (Zhang et al., 2001). Furthermore, the activation of caspase-3 or a
caspase-like protease(s) was reported to be essential for this process, a result consistent
with the ability of homocysteine thiolactone, a cyclic thioester of homocysteine
synthesized by specific aminoacyl-tRNA synthetases (Jakubowski 1997), to induce PCD
in HL-60 cells (Huang et al., 2001). Although these studies provide in vitro evidence that
homocysteine and its derivatives can promote PCD, the pro-apoptotic factors involved in
this process as well as their in vivo relevance to atherogenesis have not been identified.
Our research group has previously used mRNA differential display to demonstrate
that homocysteine alters gene expression in cultured human vascular endothelial cells
(HUVECSs) (Outinen et al., 1998 & 1999). However, a number of these differentially
expressed genes were not fully characterized. The purpose of my research project was to
identify and characterize these homocysteine-responsive genes and to determine their role
in atherogenesis. Among a number of differentially expressed cDNA fragments, a 114-
bp fragment was up regulated in HUVECs exposed to homocysteine. Northern blot
hybridization using this fragment as a probe identified a homocysteine-inducible
transcript of ~ 7 kb in HUVECs (Hossain et al., 2003). Sequence analysis in GenBank™
revealed an open reading frame (ORF) encoding T cell death associated gene 51
(TDAGS51), a member of the pleckstrin homology-related domain family having pro-
apoptotic characteristics (Park et al., 1996; Frank et al., 1999). Our studies have

demonstrated that TDAGS51 is induced by ER stress agents, including homocysteine,
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tunicamycin, thapsigargin, dithiothreitol and peroxynitrite (Hossain et al., 2003;
Dickhout ef al., 2005). TDAGS51 expression was attenuated in homozygous A/A mutant
eukaryotic initiation factor 2o (eIF2a) mouse embryonic fibroblasts (MEFs) treated with
homocysteine or tunicamycin, suggesting that phosphorylation of elF2a is required for
TDAGS51 ftranscriptional activation. Further, we have shown that transient
overexpression of TDAGS! elicited significant changes in cell morphology, decreased
cell adhesion and promoted detachment-induced PCD (Hossain et al., 2003). In support
of these in vitro findings, TDAGS51 expression was increased and correlated with PCD in
the atherosclerotic lesions from apoE'/' mice fed hyperhomocysteinemic diets, compared
to mice fed normal chow diet (Hossain et al., 2003).

The overall objective of this project was to investigate the potential cellular
function of TDAGS51 and to determine its role in atherogenesis. We have examined
whether loss of TDAGS51 attenuates the development and progression of atherosclerosis
in apoE” mice. Based on these findings, I have made several important observations.
First, the ER stress-inducible TDAGS51 protein is expressed in atherosclerotic lesion-
resident macrophages and endothelial cells, as well as being associated with apoptotic
cells within the lipid-rich necrotic core from apoE” mice fed normal chow or
hyperhomocysteinemic diets. Second, loss of TDAGS51 in apoE” mice attenuates
atherogenesis compared to age- and sex-matched apoE'/' mice fed normal chow diet.
These findings confirm our original hypothesis that TDAGS51 is a mediator of

atherosclerosis.
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Interestingly, in addition to its atheroprotective effect, our recent findings have
demonstrated that TDAG51 may have a role in wound healing. TDAG51”" mice have
decreased skin wound healing ability, compared with age- and sex-matched C57 control
mice. Also, loss of TDAG51 promotes the migration and proliferation of MEFs. In
earlier studies, we have reported that overexpression of TDAGS51 promotes detachment-
induced PCD and that TDAGS51 co-localizes with focal adhesion kinase (FAK), a
component of focal adhesion complex (FAC) (Hossain et al, 2003). It is therefore
conceivable that deficiency of TDAGS1 may affect cell adhesion and FAC organization.
In support of this, our investigations suggest that deficiency of TDAGS51 disrupts the
formation of mature FACs, thereby resulting in increased migration and proliferation of
MEFs. In addition, since we have demonstrated that TDAGS51 negatively regulates
proliferator-activated receptor y (PPAR-y) expression, this may offer an explanation for
TDAGS]1 effects on wound healing. Transforming growth factor-f; (TGF-p,) signalling,
a very important component of wound healing, is influenced by PPAR-y expression or
activation (Burgess ef al., 2005; Yokote ef al., 2006). Earlier studies have demonstrated
that increased PPAR-y expression interferes with TGF-B; signalling and thus can inhibit
the differentiation of fibroblasts to myofibroblasts (Burgess et al., 2005). Myofibroblasts
are believed to be responsible for the contraction of wound and the lack of myofibroblasts
can potentially delay the closure of wound (Hinz er al., 2007). The underlying mechanism
by which increased migration of fibroblasts contributes to decreased wound healing in

TDAG51” mice remains to be explained.  However, it is conceivable that
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hyperproliferation of fibroblasts and their lack of differentiation may create the
significant increased wound size we have observed in TDAG51" mice.

Furthermore, the atheroprotective effect from the loss of TDAGS51 can also be
explained by our observation that there is a significant increase in PPAR-y expression and
its downstream targets in cultured TDAG51" MEFs, compared to control wildtype
MEFs. Previous studies have demonstrated that PPAR-y can accelerate reverse
cholesterol transport in lesion-resident macrophages (Chawla et al., 2001; Chinetti et al.,
2001) and has both anti-inflammatory and atheroprotective properties (Lehrke and Lazar
2005). It is therefore possible that TDAGS51 negatively regulates PPAR-y expression,
thus mediating foam cell formation and atherogenesis.

Collectively, my research findings provide unique evidence that TDAGS5]1 is a
novel mediator of atherosclerosis and plays a critical role in accelerating atherosclerotic
lesion development by modulating PPAR-y expression. Further, we have identified

TDAGS51 as a novel gene involved during skin wound healing process.

1.2 Overview of atherosclerosis

Atherosclerosis is a major cause of morbidity and mortality in the western world. The
word ““atherosclerosis” is derived from Greek word “athero,” meaning porridge, and
“sclerosis,” meaning hardening. Mechanisms contributing to atherosclerosis are multiple
and complex. A number of theories, including endothelial dysfunction, dyslipidemia,
hypercoagulability and inflammation, have been implicated to explain the mechanisms

for the development and progression of atherosclerosis (Ross 1999; Lusis 2000; Glass
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and Witztum 2001; Hansson et al, 2006). Major risk factors for the development of
atherosclerosis include hyperlipidemia, hyperhomocysteinemia, smoking, hypertension,

obesity and diabetes.

1.2.1 Stages of atherosclerosis: development and progression

The morphological term for early atherosclerotic lesions is “fatty streaks™ which are
mainly composed of monocyte-derived macrophages and T lymphocytes engorged with
low-density lipoprotein (LDL)-derived cholesterol. Although LDL uptake is regulated,
oxidized forms of LDL (oxLDL) are not. Endothelium dysfunction leads to the release of
ROS species that can oxidize LDL (Yla-Herttuala et al., 1989; Rosenfeld et al., 1990;
Steinbrecher er al., 1990; Steinberg 1991). Scavenger receptors on macrophages can then
recognize and engulf oxLDL resulting in the formation of foam cells (Navab et al.,
1996).

Manifestations of the initial response to endothelial injury generally include the
appearance of specific adhesive glycoproteins, such as P- and E-selectins, on the surface
of endothelial cells and recruitment of inflammatory cells, especially monocytes and T
cells (Gerrity et al., 1985; Davies 1986; Munro and Cotran 1988). Inflammatory cells are
believed to migrate into the subendothelial space under the influence of growth
regulatory molecules and chemoattractants released by injured endothelium. Although
initial recruitment of monocytes and their subsequent differentiation into macrophages
may initially serve as a protective measure to remove cytotoxic oxLDL particles or

apoptotic cells from the subendothelial space (Faggiotto er al., 1984; Masuda and Ross
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1990; Rosenfeld ef al, 1987), the progressive accumulation of macrophages and their
uptake of oxLDL ultimately lead to the development of atherosclerotic lesions.

The transition of fatty streaks to advanced lesions is normally characterized by the
migration of smooth muscle cells toward the subendothelial space (Figure 1).
Cholesterol-laden macrophages and smooth muscle cells, morphologically recognized as
foam cells, are observed at most stages of lesion development and are key cellular
components of the atherosclerotic lesion. Overproduction of ECM proteins by
proliferating smooth muscle cells results in the development of fibrous plaques. It is
suggested that this phase of lesion development is influenced by interactions between
monocytes/macrophages and T cells, which result in cellular and humoral responses from
the chronic inflammation state (Steinberg and Witztum 1999).  Interestingly,
inflammatory cells are believed to release proteases that may degrade ECM and result in
the formation of unstable plaques and the increase risk of development of a thrombus. In
support of this, a recent study has demonstrated that overexpression of tissue inhibitor of
metalloproteinase  (TIMP)-2 inhibits atherosclerotic plaque development and
destabilization, possibly through modulating macrophage migration and apoptosis

(Johnson ef al., 2006).

1.2.2 Mechanisms of atherosclerosis
1.2.2.1 Response to endothelial cell injury hypothesis
Endothelial injury is an early feature of atherogenesis. Under normal conditions, the

endothelium functions as a permeable, nonthrombogenic and nonleukocyte-adherent
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Figure 1: Initiation and progression of atherosclerosis

Injury to the endothelium can lead to cell dysfunction. This can result in the exposure of
endothelium, leading to the recruitment of monocytes. Differentiation of monocytes into
macrophages and their subsequent uptake of lipids allow the formation of foam cells.
Activated macrophages also release inflammatory molecules that can further propagate
the lesion progression. Smooth muscle cells (SMC) migration and proliferation also take
place during that period. The continuation of this process ultimately leads to the
generation of advanced or complicated lesions having a distinct fibrous cap, lipid core

and necrotic core.

(Obtained and modified from Ross (1993) Nature 362: 802)
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barrier (Ross 1993). Atherosclerotic lesion prone areas, such as those in arterial
bifurcations, are subject to continuous hemodynamic forces (Wissler and Vesselinovitch
1983; Glagov et al., 1988; Stary et al., 1992). Alterations in hemodynamic forces can
damage arterial endothelium. It is believed that endothelial injury is repaired through
maintaining the balance between vasodilation and vasoconstriction (Ross 1993).
However, alterations of normal endothelium function by major cardiovascular risk
factors, such as hyperlipidemia, hyperhomocysteinemia, smoking, hypertension, and
diabetes, can cause endothelial dysfunction, leading to the formation of atherosclerotic
lesions (Ross 1999).

The mechanism by which cardiovascular risk factors contribute to endothelial
dysfunction is complex and heterogeneous (Davignon and Ganz 2004). In vascular
endothelial cells, endothelium-dependent responses are mediated by the release of several
diffusible substances, namely endothelium-derived relaxing factor (EDRF) and
endothelium-derived contracting factor (EDCF). To maintain vascular tone, nitric oxide
(NO) is synthesized by the endothelial NO synthase (eNOS) and is released from
vascular endothelial cells in a calcium dependent manner (Busse ef al., 1993). Reduced
NO bioavailability is a common feature in atherosclerosis (Sorescu et al., 2002). It is
believed that increased production of ROS, such as superoxide anions (O;), within
atherosclerotic lesions promotes the formation of peroxynitrite through a reaction
between available NO and ‘O, (Reiter et al., 2000). In support of this, supplementation
with L-arginine, a substrate for eNOS, attenuated atherosclerotic lesion development in

LDLR” mice, an established animal model for hypercholesterolemia (Aji et al., 1997).
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Furthermore, inhibition of eNOS with L-NA (L-nitroarginine) abrogated the beneficial
effects of L-arginine. In addition, accelerated atheroscierosis was observed in mice
deficient in both eNOS and apoE, suggesting that endothelial NO may have anti-
atherosclerotic properties (Kuhlencordt et al., 2001).

To further explain this mechanism, several earlier studies have implicated the
presence of oxygen radicals and the importance of oxidative stress in the pathogenesis of
atherosclerosis (Azumi ef al., 1999; Kalinina et al., 2002; Sorescu et al., 2002). We have
demonstrated an association between atherogenesis and peroxynitrite-induced ER stress,
a cellular stress pathway induced by the accumulation of unfolded proteins in the ER
(Dickhout et al., 2005). Importantly, human atherosclerotic lesions have elevated levels
of 3-nitrotyrosine (3-NT), a marker for in vivo peroxynitrite generation (Sucu et al.,
2003). Additional studies are however required to further understand the mechanism by
which endothelial dysfunction contributes to the development and progression of
atherosclerosis. It is conceivable that endothelial damage regulates the balance between
vasoconstriction and vasodilation, thereby initiating a series of events that can promote or
attenuate atherogenesis. However, earlier studies demonstrated that endothelial injury to
rabbits, having low levels of plasma cholesterol, produced fibrotic lesions instead of
atherosclerotic lesions similar to those in humans (Vanhoutte 1997; Helft et al., 2001).
These findings further support the concept that atherosclerosis involves more than just

endothelial injury.

1.2.2.2 Defects in lipoprotein transport and metabolism

13
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Lipid deposition in the arterial wall appears to be the major cause for atherosclerotic
lesion development. Primarily, oxidation of LDL promotes the deposition of lipid within
the subendothelial cell space. Lipid can also accumulate within the arterial wall as a
result of defects in lipoprotein transport and metabolism, thus causing injury to the
endothelium. The resulting endothelial dysfunction has been implicated in the formation
of advanced or unstable atherosclerotic lesions.

Lipids, such as cholesterol and triglycerides, are transported in plasma by
lipoprotein particles containing specific apolipoproteins (Brown and Goldstein 1986).
Triglyceride-rich lipoproteins include chylomicrons and very low-density lipoprotein
(VLDL), while cholesterol rich lipoproteins include low-density lipoprotein (LDL) and
high-density lipoprotein (HDL). Studies suggest that one of the four following defects in
lipoprotein metabolism can lead to coronary heart disease: (i) increased LDL, (ii)
decreased HDL (normally with increased in VLDL), (1) increased intermediate density
lipoprotein (IDL) and chylomicron remnants, and (iv) high levels of abnormal LDL
known as lipoprotein(a) [Lp(a)] (Breslow 1993).

ApoE, a constituent of chylomicrons, VLDL, and HDL, acts as a ligand in the
receptor-mediated clearance of these particles (Mahley 1988). ApoE has a high affinity
for the LDL receptor (LDLR) and normally dissociates from IDL. Studies show that
genetic defects in apoE can cause the accumulation of IDL, Ileading to
hypercholesterolemia (Mahley 1988). This has been associated with increased
atherosclerosis in coronary and peripheral arteries. Plasma LDL is cleared from the

circulation via the LDLR. Defects in the LDLR can result in the accumulation of plasma

14
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LDL (Brown and Goldstein 1986; Stary et al., 1992). Patients with familial
hypercholesterolemia have dysfunctional LDLR (Goldstein and Brown 1977), thereby
resulting in elevation of plasma LDL and subsequent deposition within the
atherosclerotic lesion prone areas of arterial intima.

In contrast to LDL, HDL functions to remove cholesterol from peripheral tissues
and atheromas of the artery wall and transfer them back to the liver through a mechanism
involving reverse cholesterol transport (Anderson et al, 1987, Bierman 1992).
Cholesterol uptake is mediated through interaction between adenosine triphosphate-
binding cassette transporter-1 (ABCA1) and apoA-1 (Klucken et al., 2000). Maturation
of HDL particles is modulated under the influence of enzymes, primarily lecithin
cholesterol acyltransferase (LCAT) (Rye et al., 1999). HDL cholesterol transfer into
tissue is mediated by a specific receptor, namely scavenger receptor Bl (SR-B1) (Trigatti
et al., 2000). It is therefore conceivable that a low level of plasma HDL or a deficiency
of either apoA or ABCA1 or LCAT may impair the removal of cholesterol from the
arterial wall. Although clinical studies have linked low levels of HDL with coronary
artery disease, experiments on transgenic animals have not conclusively demonstrated an
association between efficient reverse cholesterol transport and plasma level HDL. For
instance, SR-B1 deficient mice show increased plasma HDL but have severe
atherosclerosis (Trigatti et al., 2004). In contrast, overexpression of SR-BI results in
decreased plasma HDL levels due to increased uptake of HDL by the liver. This in turn

appears to be protective from atherosclerosis as a result of improvement in reverse
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cholesterol transport. Studies are now investigating the significance of the mutations in
ABCAL1 or SR-B1 in the development of atherosclerosis.

In summary, defects in cholesterol transport can cause the accumulation of lipids
in the arterial wall and are considered as causative factors in the development of
atherosclerosis. In addition, this concept has been supported by the findings that
cholesterol lowering drug, such as statins, can reduce the morbidity and mortality from
atherosclerosis in humans (Assmann ef al., 1999). The underlying mechanism behind the
progression of this disease remains unclear and the cholesterol lowering drugs do not

always reduce the risk of CVD in all the patients with atherosclerosis.

1.2.2.3 Inflammatory response in atherosclerosis
Inflammation plays a pivotal role in all stages of atherosclerosis, including initiation,
progression, and the formation of the advanced lesion (Libby 2002; Stoll and Bendszus
2006). It is believed that the initial response to endothelial injury is the recruitment of
phagocytic mononuclear cells in an attempt to remove noxious substances and repair
damaged tissue. However, subsequent uptake of oxLDL by macrophages and smooth
muscle cells leads to the formation of lipid engorged foam cells, which release a host of
cytokines that influences the development of the atherosclerotic plaque.

Early human atherosclerotic lesions, termed “fatty streaks”, are composed of
monocyte-derived macrophages and T-lymphocytes (Munro et al., 1987; Stary et al.,
1994). Although the initial inflammatory response is to repair EC injury, however,

activation of macrophages promotes inflammation through release of cytokines and
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growth factors. Inflammatory molecules, including interleukins, interferons, tumor
necrosis factor-alpha (TNF)-a, growth factors and colony-stimulating factors have been
found in all stages of human atherosclerotic lesions (Rajavashisth er al., 1990; Nilsson
1993). The atherosclerotic lesions gradually increase in size through recruitment of
inflammatory cells from the blood, leading to their subsequent differentiation. Studies
have shown that endothelial-derived adhesive glycoproteins contribute to the adherence
of mononuclear cells at the atherosclerotic lesion prone regions of the artery (Chappell et
al., 1998; liyama et al., 1999). In support of this, apoE™ mice lacking cell adhesion
molecules such as E selectin, P selectin or ICAM-1, which are known to play a role in
monocyte recruitment, do not develop significant atherosclerotic lesions (Dong et al.,
1998; Collins et al., 2000). Further, disruption in the production of monocyte
chemotactic protein 1 (MCP-1), which plays a major role in the recruitment of
macrophages and is stimulated by hypercholesterolemia (Han er al., 1999), significantly
reduces atherosclerosis in apoE” mice (Smith et al, 1995), LDL receptor-deficient
(LDLR” ) mice (Gu ef al., 1998) or apoB overexpressing mice (Gosling ef al., 1999).
During progression from fatty streak to intermediate and advanced atherosclerotic
lesions, secreted inflammatory molecules also promote the migration and proliferation of
medial smooth muscle cells (SMC) (Lusis 2000; Libby et al., 2002). In response to
inflammatory stimulus, medial SMC express enzymes that can degrade elastin and
collagen within the arterial ECM. This in turn allows the penetration of SMC through the
internal elastic laminae, and subsequently, promotes the migration of cells into the

subintimal spaces. Further, release of inflammatory molecules maintains the repetition of
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the cycle, leading to intimal thickening and development of intermediate atherosclerotic
lesions. Herein, activated inflammatory cells release inflammatory mediators, cytokines
and interleukins. This also allows the adherence and infiltration of leukocytes into the
atherosclerotic lesions (Ridker et al., 1998). At this stage, the lesion is defined as being
advanced having characteristic lipid and necrotic core covered by a fibrous cap. In
support of the involvement of inflammatory pathways in atherosclerosis, LDLR”" mice
were treated with antibody against CD40L to interrupt the signaling of
immunomodulatory molecule CD40 (Mach et al., 1998). Studies have demonstrated a
reduction in aortic atherosclerotic lesion size and its lipid content in hypercholesterolemic
mice. To further establish the importance of CD40-CD154 interaction in atherosclerosis,
apoE”" mice that are deficient in CD154, a ligand for CD40, has been generated and the
lesion development assessed (Lutgens ef al., 1999). Although there was no effect at the
early lesion development, advanced plaques in these mice were collagen-rich and stable
containing reduced lipid and macrophage content. CD154 is expressed by endothelial
and smooth muscle cells, macrophages, and T cells within human atherosclerotic lesions.
A similar finding was reported in apoE‘/ " mice lacking interferon-y receptor (IFN-yR)
(Gupta et al., 1999).

Inflammation also plays a significant role during plaque destabilization or rupture.
It is believed that plaque rupture occurs at the site of sustained inflammation, macrophage
infiltration/accumulation and apoptosis (Davies 1990). Activated T-cells stimulate the
production of proteolytic enzymes, including metalloproteinases and collagenases, from

macrophages, resulting in degradation of the fibrous cap (Schonbeck etr al, 1997).
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Activated T-cells can further produce interferon-y that may inhibit collagen synthesis by
SMC and may thus affect fibrous cap formation (Libby 2001). Collectively,
inflammation is a key event not only during development and progression of

atherosclerosis but also during plaque rupture.

1.2.3 Animal models of atherosclerosis
As early as 1908, Ignatowski reported evidence of intimal thickening and the
development of large clear cells in the aorta of rabbits fed an animal protein diet.
Although rabbits do not develop spontaneous atherosclerosis, they are highly responsive
to dietary manipulation of cholesterol and develop atherosclerosis in a short period of
time (Drobnik ef al., 2000). Further, atherosclerotic lesions in pigs, monkeys and apes
have cellular composition similar to those in human. In addition, rats and dogs do not
appear to develop spontaneous atherosclerotic lesions without extensive dietary
modifications. Herein, it is important to mention that early insights regarding the
mechanism of atherosclerosis came from research on larger animals. The pig models
showed that infiltration of monocytes was one of the early events in atherogenesis
(Gerrity 1981). The cellular events during initiation and development of atherosclerosis
were further defined in monkey and rabbit models (Faggiotto e al., 1984; Rosenfeld er
al., 1987).

To overcome the limitations in larger animals and to better understand the
mechanism and etiology of atherosclerosis, the development of mouse models of

atherosclerosis was initiated. Mice are primarily used since their genome is relatively
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easy to manipulate to assess the in vivo importance of different gene' products. Genetic
predisposition to atherosclerosis however varies depending upon strain of mice (Shih et
al., 1995). The majority of mouse strains do not develop atherosclerosis since they
present normal lipoprotein patterns. The only exception is the C57BL/6 strain of mice.
Thompson (1969) first reported the development of atherosclerosis in C57BL/6 mice fed
50% fat-containing diet for 5 weeks compared to regular diets containing 5% fat. Since
this diet causes high mortality, Paigen et al. (1985) modified the diet with 15% fat, 1.25%
cholesterol and 0.5% cholic acid. Paigen diet not only reduces high mortality rate in
C57BL/6 mice but also induces noticeable early atherosclerotic lesions, mainly fatty
streaks, within 10 weeks (Paigen ef al., 1985 & 1994). However, atherosclerotic lesions
in this mouse model are small and mainly visible within the aortic root.

In gene-targeted mouse models, genes involved in lipoprotein transport were
either deleted by homologous recombination in embryonic stem cells or cloned into the
mice germ line by transgenic techniques. These transgenic mouse models have allowed
researchers to assess the significance of these genes in the development and progression
of atherosclerosis as well in other human lipoprotein disorders. Targeted disruption of
apoE or LDLR genes or overexpression of human apoB in mice has been shown to
increase plasma VLDL and/or LDL cholesterol levels. The major transgenic mouse
models for atherosclerosis include apoE™, LDLR™, SR-B1”, and apoB overexpression
(Plump et al., 1992; Ishibashi et al., 1993; Linton et al., 1993; Trigatti et al., 1999).

In 1992, mice deficient in apoE were first reported (Plump ef al., 1992). Mice

had 4 to 5 times higher plasma cholesterol levels and shown to develop spontaneous
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atherosclerosis when fed normal chow diet (4.5% fat-containing diet). The cellular
composition (endothelial cells, macrophages, T cells, and smooth muscle cells) involved
in atherosclerosis was found to be similar to human atherosclerotic lesions (Nakashima et
al., 1994; Reddick et al., 1994). The lesion progression can also be defined over time
from fatty streak formation to complicated lesions with fibrous cap. Contrary to the diet-
induced C57BL/6 mouse model, apoE” mice presented with atherosclerotic disease
throughout the aorta. Further, the progression of lesion development can be accelerated
when apoE” mice are fed a western diet (high fat diet) instead of a normal chow diet
(Nakashima et al., 1994). However, the lipoprotein profiles in apoE'/' mice are not
similar to those in human atheroscierotic patients. In human, LDL is the major plasma
cholesterol-carrying molecule, but in apoE'/ “mice, VLDL is the carrier.

LDLR plays a major role in the clearance of plasma LDL cholesterol. Deficiency
of LDLR in humans contributes to hypercholesterolemia and accelerated atherosclerosis
(Goldstein and Brown 1974). Patients with homozygous deficiency for LDLR present
with myocardial infarctions during the second decade of life (Brown and Goldstein
1990). Interestingly, LDLR™ mice have only a 2-fold increase in plasma cholesterol
levels and do not develop atherosclerosis when fed a diet containing 10% fat (Ishibashi ef
al., 1993). In contrast, accelerated atherosclerosis (aorta, aortic root and coronary
arteries) is observed when these mice are fed a western diet (Masucci-Magoulas et al.,
1997).  Morphological analysis suggests that the lesions consist of lipid-laden

macrophages (Roselaar ef al., 1996). Advanced lesions are only observed when these
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mice are fed high fat diets over long periods of time. Importantly, lipoprotein profiles are
similar to those in human atherosclerotic patients.

ApoB is a structural constituent of several lipoprotein particles, including LDL,
VLDL, and chylomicrons, and is a ligand for receptor-mediated removal of LDL particles
from the circulation (Kane et al., 1989). Increased apoB is an important risk factor for
coronary artery disease (Young 1990). It is therefore expected that increased presence of
apoB will result in atherosclerosis in mice. Transgenic mice overexpressing apoB do not
develop atherosclerotic lesions (Linton et al., 1993), however, these mice showed
accelerated atherosclerosis when fed high cholesterol diets (Purcell-Huynh et al., 1995).
Morphological analysis has revealed that the atherosclerotic lesions in these mice consist
of macrophage foam cells.

Although the above mentioned mouse models of atherosclerosis have limitations,
apoE” and LDLR™ mouse models are now regarded as essential tools for atherosclerosis
research. It is important to mention that the progression of atherosclerosis is usually
more marked in mouse models deficient in both apoE and LDLR, compared to apoE'/ “or
LDLR™ (Ishibashi er al., 1994; Witting et al., 1999). Pathological findings from these
animal studies suggest that increased hyperlipidemia can result in extensive
atherosclerotic disease throughout the aorta. It has therefore been suggested that genetic
and dietary manupulations are effective methods to study the promotion of
atherosclerosis. Mouse models now provide a view of the development of atherosclerosis
from early (fatty streaks) to more complex lesions (acellular lipid cores, necrotic cores,

fibrous caps, and calcification).
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1.2.4 Risk factors and current management for atherosclerosis
Over the last two decades, our understanding of risk factors for atherosclerosis has been
changed significantly due to numerous clinical and epidemiological studies. The major
risk factors for atherosclerosis include age, smoking, family history, high cholesterol, low
HDL, diabetes, high blood pressure, and hyperhomocysteinemia (Frohlich er al., 2001).
Interestingly, a large worldwide case control study by Yusuf et al. (2004), representing
15152 cases and 14820 controls from 52 countries, has reported nine major risk factors
(abnormal lipids, smoking, hypertension, diabetes, abnormal obesity, psychosocial
factors, consumption of fruits, vegetables, and alcohol, and regular physical activity) for
acute myocardial infarction. Importantly, this study has suggested that similar principles
can be applied worldwide for the prevention of cardiovascular disease.

Based on the guidelines from the American Heart Association and the National
Heart, Lung, and Blood Institute’s National Cholesterol Education Program, patients can
be placed into 3 risk categories, including low, intermediate and high. The management
of the disease is based on the category in which the patients are placed. Low-risk patients
are encouraged to maintain healthy lifestyle. Plasma lipid levels of intermediate patients
are monitored over the time to assess the appropriateness of the therapy. However, most
high-risk patients are normally placed on cholesterol lowering drugs.

Since atherosclerosis is heterogeneous, there is no standard pharmacological
intervention available at present. Clinical studies however have suggested that blocking

the progression of atherosclerosis can be achieved by lowering plasma lipid
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concentrations, especially cholesterol. Lipid lowering drugs such as statins have been
shown to decrease the level of atherogenic lipoproteins, clinical complications, and
mortality from CVD (Assmann ef al., 1999). Interestingly, studies also demonstrate that
statin therapy increases the lifespan of patients with CVD (Foody et al., 2006; Mehta et
al., 2006). Increasing good cholesterol or plasma HDL levels can further reduce patients
from atherosclerotic complications. In addition, lifestyle modifications have now been
emphasized greatly in the management of atherosclerosis (Yusuf et al, 2004).
Consumption of dietary fish, vitamin C and E are correlated with a decrease in coronary
artery disease (Ballard-Barbash and Callaway 1987; Frei et al, 1988). However,
prospective clinical trials with vitamins, such as vitamin E, showed no positive effect in

patients with established atherosclerosis (Yusuf et al., 2000; Lonn et al., 2006).

1.3 Overview on T Cell Death Associated Gene 51

T cell hybridomas are widely used to study signalling processes during activation-
induced apoptosis of T cells (Ashwell er al., 1987; Ucker et al., 1989; Shi et al., 1992).
Previous studies have implicated several genes in the regulation of anti-T cell receptor
(TCR)-induced apoptosis. Primarily, anti-TCR-induced apoptosis of T cell hybridomas is
mediated by the interaction of Fas-Fas ligand (Fas L) (Brunner e al., 1995; Dhein et al.,
1995; Ju et al, 1995; Nagata and Goldstein 1995; Yang et al., 1995). In addition,
inhibition of c-myc expression has been shown to block the anti-TCR-induced apoptosis
of T cell hybridomas (Shi et al, 1992; Green et al, 1994). Studies have also

demonstrated that nur77 is essential for the induction of anti-TCR-induced apoptosis in T
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cell hybridomas (Liu ef al., 1994; Woronicz et al., 1994; Yazdanbakhsh et al., 1995).
However, these studies have not explained the underlying mechanisms as to how these
gene products interact to regulate T cell apoptosis. Park ef al. (1996) generated T cell
hybridoma mutants resistant to anti-TCR-induced apoptosis using somatic cell genetics.
Complementation studies, including screening cDNA library and transfection, facilitated
the identification of TDAGS51 as a novel gene associated with the anti-TCR-induced
apoptosis of T cell hybridomas. Subsequent studies have also shown that functional
TDAGS51 is required for Fas-mediated apoptosis in T cells (Park et al., 1996). In contrast
to this original observation, several studies have suggested that TDAGS51 promotes Fas-
independent apoptosis in numerous cell lines, including neuronal, melanoma, and
vascular endothelial cells (Gomes et al., 1999; Neef et al., 2002; Hossain et al., 2003).
Further, the association of TDAGS51 in cell growth has been suggested by the observation
that the expression of TDAGS51 is decreased in metastatic tumors (Neef er al., 2002;
Nagai et al., 2007). Interestingly, TDAGS51 may have a role in cell survival (Toyoshima
et al., 2004). It has been demonstrated that TDAGS51 mediates the anti-apoptotic effects
of insulin like growth factor I (IGF-I) in NIH3T3 cells via p38 mitogen-activated protein
kinase (MAPK) pathway. In addition, overexpression of TDAGS51 inhibits protein
biosynthesis in vitro and in vivo (Hinz et al., 2001). Using the yeast two hybrid method,
Hinz and colleagues showed the involvement of TDAGS1 in the regulation of translation
by the observation that human TDAGS5]1 protein interacts with three proteins, namely the
p66 subunit of translation initiation factor3 (elF3-p66), the ribosomal protein 1.14, and

the inducible poly(A)-binding protein (iPABP).
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1.3.1 Structural analysis of the TDAGS51 gene

Using immunohistochemical and confocal analysis using confocal microscope, previous
studies have demonstrated that TDAGS51 may be localized in the cytosol (Park et al.,
1996; Gomes et al., 1999; Neef et al., 2002; Hossain et al., 2003). However, sequence
analysis suggests that the N-terminus of TDAGS51 has a potential nuclear export signal
and a nuclear localization signal (Figure 2). It is therefore possible that, like tumor
suppressor protein p53 (Liang and Clerke 1998), TDAGS1 is a nuclear protein that
shuttles between the cytosol and nucleus. TDAGS1 also contains several distinct motifs
consisting of polyglutamine (QQ), proline-glutamine (PQ), or proline-histidine (PH)
repeats (Figure 2). Long QQ stretches are located in the N terminal region of the
TDAGS1 protein. It has been suggested that proteins with polyglutamine repeats
promote PCD in neurodegenerative diseases such as Huntington’s disease (Li et al,
1995). Previous findings also showed that proteins containing PQ repeats (McNabb and
Courtney, 1992) or PH repeats (Han ef al, 1989; Cai et al, 1994) can act as
transcriptional activators. Therefore, it was originally suggested that TDAGS51 may
function as a transcriptional activator (Park e/ al., 1996).

Immunoblot analysis using anti-TDAGS51 antibody detected a protein of
molecular mass ~ 40 kDa on SDS-PAGE gels (Hossain et al., 2003), which is different
from the predicted molecular mass of 29 kDa. This difference between the predicted and
apparent molecular mass of the TDAGS51 protein is likely due to secondary structure

resulting from the high proline, glutamine, and histidine content in the protein. Previous
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Figure 2: Sequence analysis of T Cell Death-Associated Gene 51 ORF

(A) The human TDAGS51 gene encodes 260 amino acids, including a long stretch of
glutamine (Q) residues near the N-terminus. Proline-glutamine (PQ) and proline-
histidine (PH) repeats are located near the C-terminus. TDAGS5!1 also contains an N-
terminal pleckstrin homology-like domain. Further, there is a nuclear localization signal
(NLS) and a nuclear export signal (NES) within the N-terminal domain of the protein. (B)
The figure demonstrates the amino acid sequence of TDAGS51 as color-coding,

corresponding to figure 2A.
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studies have also reported that proline-rich regions alter the protein conformation in
murine leukemia viruses (Lavillette ef al., 1998).

Sequence analysis has also revealed that TDAGS51 has significant sequence
homology to the tumor suppressor gene Ipl/Tssc3, which is located in the tumor
suppressor region of human chromosome 11 (Qian ef al, 1997; Lee et al, 1998;
Schwienbacher et al., 2000). Studies have reported that deletions in chromosome 11
containing this tumor suppressor gene promote tumorigenesis (Schwienbacher et al.,
1998; Lee et al., 1998). Based on sequence homology, TDAGS51 has been placed into a
novel pleckstrin homology-related gene family that includes Ipl/Tssc3 and Tihl (Frank et
al., 1999). Pleckstrin homology-related domains mediate protein-protein and protein-
lipid vesicle interaction in cells and are believed to be involved in cytoskeleton

organization in cells (Maffucci and Falasca 2001).

1.3.2 Function of TDAGS1

TDAGS1 was identified by its ability to complement a mouse T cell hybridoma resistant
to activation-induced cell death (AICD) (Park et al., 1996). Subsequent studies have
demonstrated that TDAGS51 is required for Fas (CD95) expression and AICD of T cells,
indicating that TDAGS51 may regulate apoptosis of T cells. Another report has shown
that protein kinase C (PKC) inhibitors block activation-induced Fas expression and PCD
in a murine T cell hybridoma (Wang et al, 1998), suggesting that PKC may be
responsible for TDAGS51-dependent regulation of Fas. However, Gomes et al. (1999)

demonstrated that TDAGS51 promotes Fas-independent PCD in rat neuronal cells.
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Consistent with this observation, TDAGS51 is not essential for Fas induction and T-cell
mediated PCD in TDAG51”" mice (Rho e al., 2001). Despite no difference in T cell
apoptosis between TDAG51” mice and wild-type mice, it has been suggested that some
known homologs of TDAGS1 may substitute for TDAGS1 in TDAGS 17" mice.

Since TDAGS1 has significant sequence homology to the tumor suppressor gene
Ipl/Tssc3 (Schwienbacher et al., 1998; Lee et al., 1998), it has been suggested that
TDAGS1 may act as a tumor suppressor or regulator of cell growth. Studies have
reported that decreased expression of TDAGS1 in metastatic melanoma correlates with
increased resistance to PCD and that constitutive overexpression of TDAGS1 increases
PCD sensitivity, thereby impairing melanoma cell proliferation (Neef er al., 2002).
Interestingly, recent findings have provided strong evidence that reduced TDAGSI
expression is important in breast cancer progression (Nagai et al., 2007).

Given that overexpression of TDAGS51 leads to dramatic alterations in cell shape
and increases detachment of cells from their appropriate matrix (Hossain et al., 2003), a
mechanism involving detachment-induced PCD or anoikis had been proposed. In
addition, the observation that TDAGS51-induced shape changes are independent of
caspase activation and occur prior to activation of cell death program further supports this
mechanism (Hossain et al., 2003). Since TDAG51 colocalizes with FAK and alters the
actin cytoskeleton (Hossain et al., 2003), it is conceivable that TDAGS51 overexpression
disrupts FAC assembly and interrupts survival signaling from the extracellular matrix
prior to activation of the cell death program. It is important to mention that TDAG51-

induced PCD in endothelial cells is both concentration- and time-dependent (Hossain e?
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al., 2003). Also, overexpression of TDAGS51 does not necessarily induce PCD in all cell
lines, including melanoma cell lines and MEFs. Overexpression of TDAG51 may
sensitize cells to PCD and additional cellular mediators or activation of cellular stress
pathways are therefore necessary to induce cell death. The primary function of TDAGS51
may be the regulation of cytoskeleton organization and cell adhesion foci. Gos et al.
(2005) have reported through microarray analysis that TDAGS51 was dramatically
upregulated by contact inhibition in a mouse fetal fibroblast cell line, ¢3H10T1/2.
Therefore, it is possible that loss of TDAGS51 promotes cell proliferation.

Although all these studies provide convincing evidence that TDAGS51 may have
roles in cell growth, cytoskeletal organization and PCD, the exact cellular function of

TDAGS]1 remains largely unknown.

1.3.3 Elucidation of TDAGS1 function by gene knockout in C57 mice

TDAG517" mice were initially generated to investigate the role of TDAG51 in T cell
apoptosis (Rho et al., 2001). Contrary to in vitro findings, it was shown that TDAGS51 is
not essential for Fas expression and T cell apoptosis in vivo. The authors reported that
there were no phenotypic differences between wildtype and TDAG51" mice. TDAG517
mice showed no differences in the lymphoid organs and also had no significant
abnormalities in the lymph nodes or spleen, compared to wildtype mice. Importantly,
white blood cell counts including T or B cells were similar. T or B cells derived from
wildtype and TDAGS51” mice did not show any differences in proliferation. Further, Fas

transcript expression in liver and other tissues did not show any differences, suggesting
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that TDAGS5]1 is not required for Fas expression in vivo. In addition, TDAGS51 did not
appear to be important in activation-induced apoptosis of T cells given that there were no
significant differences in apoptosis of T cells between wildtype and TDAG51”" mice.
These observations raised the possibility that other homologs of TDAGS51 compensate for
Fas expression and apoptosis in vivo.

Interestingly, TDAGS51 can promote heat-induced germ cell death in vivo
(Hayashida et al., 2006). Earlier studies have demonstrated that cells express heat shock
proteins (Hsps) to assist protein folding and to inhibit protein denaturation (Parsell and
Lindquist 1993; Young ef al., 2004). This adaptive response is termed a “heat shock
response” and is regulated by heat shock transcription factor 1 (HSF1) (Morimoto 1998).
HSF1 also promotes apoptosis, given that heat-induced apoptosis of spermatocytes are
inhibited in HSF1-deficient mice (Izu et al., 2004). Hayashida et al. (2006) showed that
TDAGS5]1 is a target for HSF1. TDAGS51 mRNA expression was markedly induced and
correlated with PCD in wild-type germ cells including pachytene spermatocytes in
response to heat shock. In support of this, a decrease in apoptotic germ cells was
observed in TDAG51" mice. Further, overexpression of hsps blocked the pro-apoptotic
effects of TDAGS51 (Hayashida et al., 2006). These findings imply that TDAGS51 may

have an important role in germ cell death in vivo.

1.3.4 Involvement of TDAGS5I1 in atherosclerosis
We first reported the association of TDAGS1 in the development of atherosclerosis

(Hossain et al., 2003). TDAGS51 mRNA and protein were induced in response to
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homocysteine, an independent risk factor for atherosclerosis. In addition, increased
TDAGS1 expression correlates with apoptosis within the advanced atherosclerotic lesions
from apoE™ mice fed hyperhomocysteinemic diets. In support of our findings, TDAG51
was defined as an atherosclerosis-susceptible gene (Dai ef al., 2004). In brief, using a
high-throughput transcriptional profiling approach, Dai et al. (2004) reproduced arterial
shear stress waveforms (athero-prone and athero-protective) on cultured human
endothelial cells, representing the wall shear stresses within two distinct regions of the
carotid artery. The involvement of TDAGS51 in the development of atherogenesis is
supported by the observation that the athero-prone waveform increases TDAGS51
expression in cultured human endothelial cells. Furthermore, Zhou et al (2005)
demonstrated the expression of TDAGS51 within early and advanced atherosclerotic
lesions from apoE™ mice fed normal chow diet. Additional studies are however needed
to explain the underlying role of TDAG51 in the development and progression of

atherosclerosis.

1.4 Overview of hyperhomocysteinemia and vascular disease

HHcy is defined as elevated levels of plasma homocysteine, a non-essential amino acid
and an intermediate in the metabolism of methionine (Butz et al., 1932; du Vigneaud ef
al., 1952). Since McCully proposed a link between HHcy and vascular disease in 1969,
numerous clinical studies have demonstrated that elevated level of plasma homocysteine
is an independent risk factor for atherosclerotic disease such as ischemic heart disease,

stroke, and peripheral vascular disease (Refsum et al., 1998; Eikelboom et al., 1999).
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Various studies have also associated homocystinuria with arteriosclerosis (fibrotic
thickening), narrowing of arteries, and thrombotic events (Mudd et al, 1995).
Homocystinuric patients develop intimal thickening and fibrous plaques rich in smooth
muscle cells, collagen and deposited connective tissue (Wilcken and Dudman 1992;
Refsum et al, 1998). However, lipid rich atherosclerotic lesions are less frequently
observed than arteriosclerotic fibrous lesions in the major arteries of patients suffering
from homocystinuria. Furthermore, accelerated or increased thrombotic events are
shown to cause infarction in various organs, resulting in death at very early age (Refsum
et al, 1998). Interestingly, homocysteine-induced thrombosis is linked to
thrombogenesis from endothelial dysfunction rather than changes in platelet physiology
(Welch and Loscalzo 1998). It is suggested that endothelial dysfunction alters the anti-
thrombotic phenotype of the endothelium, resulting in pro-thrombotic environment that
leads to the development of vascular injury (Welch and Loscalzo 1998).

Although severe HHcy (>100 uM) is rare, it is estimated that approximately 5-7%
of the population are mildly hyperhomocysteinemic (15 to 30 uM), and develop
premature atherosclerosis and thrombotic disease (Welch and Loscalzo 1998). Up to
40% of patients diagnosed with premature coronary artery disease, peripheral vascular
disease or recurrent venous thrombosis are reported to have mild HHcy (Refsum et al.,
1998). It is also suggested that mild HHcy may have multiple effects when combined
with other CVD risk factors, including hypercholesterolemia, hypertension, smoking, and
diabetes (Ross 1993; McCully 1996; Welch and Loscalzo 1998). It was therefore

believed that control of mild HHcy may be very important in preventing plaque
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formation and thrombosis. However, recent studies have demonstrated that
homocysteine lowering supplements combining folic acid and vitamins B6 and B12 did
not reduce the risk of major cardiovascular events or symptomatic venous
thromboembolism in patients with vascular disease (Lonn ef al., 2006; Ray et al., 2007).
Also, supplements containing B vitamins did not lower the recurrent CVD after acute
myocardial infarction (Bonaa et al, 2006). A harmful effect was suggested from
combined B vitamin treatment, and therefore, such treatment should not be recommended.
Interestingly, studies have also reported that decreasing total plasma homocysteine levels
by folic acid supplementation reduces CVD risk (Bostom et al., 2006). In addition,
population-based cohort studies in USA and in Canada have demonstrated that folic acid
fortification helps to reduce death from stroke, further implying a role of folate in the
improvement of stroke mortality (Yang et al., 2007). Although controversy still exists,
studies have continued to support an independent role for high levels of plasma

homocysteine in the development of premature vascular disease.

1.4.1 Historical perspective on hyperhomocysteinemia

In 1962, high concentrations of homocysteine were reported in the urine of two siblings,
aged 4 and 6 years, with mental retardation (Carson and Neil 1962). In the same year,
Gerritsen et al. (1962) identified increased homocysteine in the urine of a mentally
retarded infant with congenital anomalies. This new inborn error of metabolism due to
elevated homocysteine in urine was then termed homocystinuria. In 1964, deficiency of

CBS was discovered in the liver biopsy specimen from a homocystinuric patient (Madd
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et al., 1964). In the same year, widespread vascular changes and thrombosis were also
observed in homocystinuric patients (Gibson ef al., 1964).

McCully, in 1969, was the first to demonstrate a link between increased levels of
homocysteine and CVD (McCully 1969). He observed that an infant with
homocystinuria who died of a different disorder of cobalamin metabolism exhibited
widespread, severe arteriosclerosis similar to the lesions seen in CBS-deficient
homocystinuric patients. He therefore proposed that elevated levels of homocysteine,
designated hyperhomocysteinemia (HHcy), were responsible for the vascular changes
observed in these two metabolic abnormalities.

In 1976, Wilcken and Wilcken reported that the concentration of plasma
homocysteine was slightly higher in patients with coronary heart disease after a
methionine-loading test, compared to age- and sex-matched controls. To further establish
the relationship between increased homocysteine levels and CVD, patients with CBS-
deficiency were given high doses of vitamin Bg. It was demonstrated that 50% of
patients had a significant decrease in cardiovascular events (Mudd et al., 1985). These
pioneering studies by Wilcken and Wilcken (1976) and Mudd er al. (1985) led to
experimental and clinical studies demonstrating the relationship between HHcy and

CVD.

1.4.2 Overview on homocysteine
Homocysteine is normally found at relatively low concentrations within the cells,

including endothelial cells and hepatocytes (< 1 pumol/L), and in the plasma (5 to 15
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umol/L) (Ueland ef al., 1993). Homocysteine exists in several forms in plasma. Due to
the oxidizing conditions in plasma, only a small fraction (<2%) of total circulating
homocysteine exists in the reduced form. The remainder is a mixture of disulphide
derivatives, including homocysteine-homocysteine (homocystine), homocysteine-
cysteine mixed disulphide, and protein bound disulphides (Mudd et al., 2000).

In most cell types, homocysteine is metabolized intracellularly to methionine by
the remethylation pathway (Figure 3). However, it can be metabolized to cysteine by the
transsulphuration pathway in liver or kidney. Under conditions of low protein intake, the
metabolism of homocysteine is primarily via the remethylation pathway. Homocysteine
can be recycled to methionine by two distinct pathways. In the liver, homocysteine is
remethylated by betaine-homocysteine methyltransferase (BHMT) with betaine as the
methyl donor. In other tissues, remethylation of homocysteine is catalyzed by
methionine synthase (MS) where N°-methyltetrahydrofolate acts as a methyl donor and
vitamin By, is an essential cofactor. N°-methyltetrahydrofolate is produced by N°, N'°-
methylenetetrahydrofolate reductase (MTHFR) from N°, Nlo-methylenetetrahydrofolate,
which is derived from dietary folate. In the presence of excess methionine, homocysteine
enters the transsulphuration pathway, where it irreversibly condenses with serine to form
cystathionine in the presence of the vitamin Bg-dependent enzyme, cystathionine B-
synthase (CBS). Cystathionine can be further metabolized to cysteine by another vitamin
Bes-dependent enzyme, cystathionine-y-lyase. Cysteine can then be converted to sulphate
to be excreted in urine, incorporated into protein or used to generate glutathione. Studies

have shown the importance of the transsulphuration pathway in maintaining the
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Figure 3: Schematic representation of homecysteine metabolism

Homocysteine is an amino acid formed by the metabolism of methionine, an essential
amino acid derived from the diet. Homocysteine is shunted through either the
transsulphuration or remethylation pathway depending on the concentration of dietary
methionine. The transsulphuration pathway converts homocysteine to cystathionine and
cysteine which can be used in the generation of glutathione or sulphate or protein
synthesis. Homocysteine can also be converted to homocysteine thiolactone by the
editing function of aminoacyl-tRNA synthetase (AARS). Deficiencies of enzymes
[cystathionine-B-synthase (CBS), methyltetrahydrofolate reductase (MTHFR), betaine-
homocysteine methyltransferase (BHMT), methionine synthase (MS)] or cofactors

(vitamin By, or vitamin Bg) involved in homocysteine metabolism can lead to HHcy.
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intracellular glutathione pool under oxidative stress conditions (Mosharov et al., 2000;

Vitvitsky et al., 2004).

1.4.3 Studies on mouse models of hyperhomocysteinemia
Mouse models for HHcy were generated by targeting genes involved in homocysteine
metabolism and/or dietary modifications. Plasma homocysteine levels are generally
increased by dietary addition of methionine and/or depletion of B vitamins and folate, or
by targeted disruption of genes involved in homocysteine metabolism such as CBS or
MTHFR. Earlier studies on CBS-deficient mice showed developmental abnormalities
similar to those observed in human homocystinuric patients (Watanebe et al., 1995).
CBS heterozygotes have plasma homocysteine levels twice the normal levels but do not
exhibit severe developmental defects (Watanebe ef al., 1995; Weiss 2002), making them
an ideal candidate to study mild HHcy. Neither dietary nor transgenetic animal models
of HHcy develop atherosclerosis (Lang et al., 2000; Lentz et al., 2001). Instead, mice
exhibit endothelial dysfunction, which is believed to be an important factor for the
initiation of atherosclerotic lesions (Lentz et al., 2001). Studies have suggested that
HHcy is atherogenic since mice deficient in both apoE and CBS demonstrate accelerated
atherosclerosis without dietary modification (Wang et al., 2003). Also, HHcy appears to
alter hepatic and macrophage lipoprotein metabolism by enhancing uptake of modified
LDL.

Chen et al. (2001) have reported that MTHFR-deficiency may predispose mice to

accelerated atherosclerosis. These mice appear to share developmental abnormalities
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with CBS-deficient mice. Mature homozygous and heterozygous MTHFR-deficient mice
were shown to accumulate lipid in their proximal aorta, a sign of early atherosclerotic
lesions (Chen er al., 2001). These animals became the first animal model associating
mild HHcy with atherosclerotic lesion development. The lesions developed in this
model, however, were not as large as those observed in murine models of hyperlipidemic
atherosclerosis, such as LDLR- and apoE-deficient mice. Interestingly, a study by
Werstuck et al. (2001) has implicated ER stress-induced hepatic lipid accumulation
(hepatic steatosis) with HHcy in wildtype or CBS-deficient heterozygote mice. Hepatic
steatosis is a characteristic feature of homocystinuric patients as well as CBS- and
MTHFR-deficient mice.

Last several years, in vivo studies of HHcy have focused on apoE-deficient mice,
which are known to develop spontaneous atherosclerosis. Two reports by Hofmann et al.
(2001) and Zhou et al. (2001) have established a direct causal relationship between
induction of HHcy and accelerated atherosclerosis in apoE-deficient mice fed
hyperhomocysteinemic diets. These mice developed enhanced and more complexed
atherosclerotic lesions in the aorta, compared to those observed in apoE-deficient mice
fed normal chow diet (Figure 4). Interestingly, both studies used two different dietary
approaches while demonstrating similar outcome. One study used a low-fat diet that was
supplemented with methionine and deficient in folate, vitamin B;; and B¢ (Hofmann er
al., 2001), while the other used a high-fat diet supplemented with homocysteine or
methionine (Zhou et al., 2001). Hofmann ef al. (2001) demonstrated that HHcy enhances

inflammatory responses, resulting in increased expression of vascular cell adhesion
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Figure 4: Atherosclerotic plaques in apoE-deficient mice fed hyperhomocysteinemic

diets

Atherosclerotic plaques in the aortic root of apoE” mice fed normal chow (A), high
homocysteine (B) or high methionine diet (C). Lesion sizes in the
hyperhomocysteinemic mice (B,C) were significantly larger, compared with the control
mice (A). Atrophy of the tunica media and rupture of elastic membranes were often

observed (arrow in B). All sections were stained with Orcein to reveal the elastic lamina.

(Obtained and modified from Zhou et al. (2003) Atherosclerosis 168: 258)
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molecule-1 and elevated levels of tumor necrosis factor-a (TNF-a). The authors also
observed increased expression of procoagulant tissue factor and matrix
metalloproteinase-9 (MMP-9), suggesting that HHcy might not only promote
atherogenesis but also increase plaque rupture and thrombosis. In contrast, Zhou et al.
(2001) have shown that these plaques are rich in collagen and are apparently stable.
Homocysteine is believed to enhance smooth muscle cell proliferation (Majors er al.,
1997). It has been suggested that increased extracellular matrix deposition may enhance
plaque stability. Furthermore, no differences in atherosclerotic plaque size between
control and hyperhomocysteinemic mice were observed after long-term treatment (Zhou
et al., 2001). While these findings suggest that HHcy mediates early stages of
atherogenesis, additional studies are needed to verify HHcy’s role in long-term

pathogenesis.

1.4.4 Potential mechanisms linking hyperhomocysteinemia to atherosclerosis
14.4.1 Oxidative stress

It has been suggested that homocysteine-induced cell injury involves oxidative damage
because homocysteine is readily oxidized in plasma to generate ROS (Starkebaum and
Harlan 1986; Loscalzo 1996). However, the oxidative stress theory fails to explain why
cysteine, another thiol containing amino acid, which is present at approximately 25-fold
higher concentrations in plasma than homocysteine and is also readily auto-oxidized,
does not cause cell injury (Jacobsen 2000 & 2001). Findings have also shown that

homocysteine does not significantly increase the production of ROS and is largely
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involved in antioxidant and reductive cellular biochemistry (Zappacosta et al., 2001).
Based on these recent reports, this auto-oxidation mechanism has been challenged.
Studies have suggested that several types of ROS, including superoxide, hydrogen
peroxide, and hydroxyl radical, may contribute to the oxidative inactivation of
endothelium-derived nitric oxide (NO) in HHey (Lentz 2005). Homocysteine alters the
vasodilatory properties of normal endothelial cells by attenuating the production of nitric
oxide (NO) (Stamler et al., 1993). It is suggested that the protective action of NO is
compromised due to chronic exposure of the endothelial cells to HHcy. Superoxide is a
major mediator of endothelial dysfunction in hyperhomocysteinemic mice given that
dilation of cerebral arterioles to acetylcholine in Chs™* and Cbs"" mice fed a high
methionine diet has been restored toward normal by the superoxide scavenger, trion
(Dayal et al., 2004). Studies have demonstrated that superoxide anion (O;) can react
with endothelial NO (Jia et al., 1993; Duan et al., 2000) to form peroxynitrite (OONO"), a
mediator for atherosclerosis (Dickhout et al., 2005). Both O and OONO" have been
shown to contribute to the oxidative modification of tissues. The observation that
homocysteine decreases the expression of a wide range of antioxidant enzymes (Outinen
et al., 1999) and decreases NO bioavailability (Upchurch et al., 1997), raises the
possibility that homocysteine may enhance the cytotoxic effect of agents or conditions
known to generate ROS. Furthermore, homocysteine-induced oxidative stress may also

contribute to atherogenesis by other mechanisms.

1.4.4.2 Inflammation
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Since Russell Ross (1993) defined atherosclerosis as an inflammatory disease, numerous
studies have suggested that HHcy-induced inflammation contributes to the development
and progression of atherosclerosis. Expression of monocyte chemoattractant protein-1
(MCP-1) has shown to be increased in cultured human vascular endothelial cells, smooth
muscle cells, and monocytes treated with homocysteine (Poddar et al., 2001; Lusis 2001).
Intravascular MCP-1 secretion is known to enhance intimal infiltration by monocytes,
which is a critical step in the formation of foam cells and atherosclerotic plaques (Lusis
2001).  Furthermore, homocysteine-induced release of MCP-1 in monocytes and
endothelial cells occurs through activation of NF-xB, a transcription factor involved in
the inflammatory process (Collins and Cybulsky 2001). Active NF-kB, which is found in
atherosclerotic plaques, stimulates the production of cytokines, chemokines, interferons,
leukocyte adhesion molecules, hematopoetic growth factors and major histocompatibility
(MHC) class I molecules. These pro-inflammatory molecules are believed to influence
vascular inflammation, and ultimately atherogenesis (Collins and Cybulsky 2001).
Consistent with these findings, Hofmann et al. (2001) reported the in vivo activation of
NF-«xB and the expression of downstream markers in atherosclerotic lesions from apoE-
deficient mice fed hyperhomocysteinemic diets, further supporting a theory that

homocysteine promotes atherosclerosis through vascular inflammation.

1.4.4.3 The molecular targeting hypothesis
Given that homocysteine is generated intracellularly and can accumulate in cells,

Jacobsen (2000 & 2001) proposed the molecular targeting hypothesis which states that
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intracellular and extracellular homocysteine can directly interact and modulate the
activity of both large (enzymes, receptors) and small molecular (NO, glutathionine)
targets, thereby altering specific cellular processes and pathways. Nishio and Watanabe
(1997) have shown that homocysteine can decrease glutathione peroxidase activity while
increasing superoxide dismutase activity in a dose-dependent manner in cultured rat
aortic smooth muscle cells. Other studies have also shown that homocysteine can form
disulphide bonds with annexin II, resulting in the inhibition of tissue plasminogen
activator, thus decreasing the conversion of plasminogen to plasmin (Hajjar ez al., 1998).
Further, Barbato et al (2007) recently demonstrated that L-homocysteine targets
intracellular metallothionein in cultured endothelial cells by forming a mixed-disulphide
conjugate and that loss of function happens after homocysteinylation. In this study,
Barbato and colleagues provide significant evidence that intracellular targets of
homocysteine may be the main cause for endothelial dysfunction that contributes to
atherothrombotic disease. = Importantly, the findings suggest that total plasma
homocysteine levels may not be significant with regard to the pathophysiology of HHcy
given that the cytotoxic effect of homocysteine are compartmentalized in cells and tissues
(Colgan and Austin, 2007). Based on all these findings, it is believed that other cellular
targets affected by homocysteine will be identified and may further explain the

mechanisms responsible for endothelial cell cytotoxicity.

1.4.4.4 Endoplasmic reticulum stress and the unfolded protein response
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Previous reports have demonstrated that homocysteine adversely affects ER function by
disrupting protein folding in the ER, resulting in activation of the UPR and elevated
expression of several ER stress response genes, including GRP78, GRP94, GADD153,
Herp, RTP and TDAGS51 (Outinen ef al., 1998 & 1999; Kokame et al., 1996 & 2000;
Hossain ef al., 2003). Several studies have also reported that homocysteine-induced ER
stress promotes specific cellular responses, including lipid biosynthesis, PCD, and
inflammation (Werstuck et al., 2001; Zhang et al., 2001; Huang et al., 2001; Hossain et
al., 2003). Although these in vitro studies provide evidence that homocysteine has a role
in lipid biosynthesis, PCD, and inflammation, additional studies are required to explain in
vivo relevance of homocysteine in atherogenesis.

Interestingly, HHcy has been shown to accelerate atherogenesis in apoE-deficient
mice (Hofmann et al., 2001; Zhou et al., 2001), possibly involving the induction of an
inflammatory response. Previous studies have also reported NF-kB activation in cells
undergoing ER stress (Pahl er al., 1996). In addition, ER stress-mediated UPR induction
sensitizes the activation of JNK protein kinases, which can potentially result in further
inflammation and PCD (Urano et al, 2000). Further, Zhou et al (2004) have
demonstrated an association of multiple stress pathways, including ER stress, in the
development of atherosclerosis in apoE-deficient mice fed hyperhomocysteinemic diets.
Based on all these findings, homocysteine-induced ER stress may prove to be an
important mechanism that contributes to the development and progression of

atherosclerosis.
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1.5  Significance of apoptosis and ER stress in the development and progression
of atherosclerosis

Apoptosis is well documented in both animal and human atherosclerotic lesions (Isner et
al., 1995; Kockx et al., 1996; Hegyi et al., 1996). The distribution of cell death is
heterogeneous within the lesion, but is most prominent in the lipid-rich necrotic core that
contains a high density of macrophages and smooth muscle cells. PCD is rare in early
atherosclerotic lesions. However, PCD occurs as atherosclerosis progresses and increases
the risk of lesion rupture by decreasing the stability of the atherosclerotic lesion. Further,
PCD may enhance plaque thrombogenicity by increasing the number of TF-rich apoptotic
microparticles within the atherosclerotic lesion (Tedgui and Mallat 2001).

Accumulation of free cholesterol (FC) in macrophage foam cells is believed to be
an important process during atherosclerotic lesion progression (Ball et al., 1995; Tabas
2002). Feng et al. (2003) have demonstrated that FC loading in the ER of cultured
peritoneal macrophages can induce ER stress and activate the UPR, thereby resulting in
PCD. The ER regulates protein synthesis, folding and trafficking of secretory and
membrane resident proteins, as well as intracellular calcium homeostasis (Welihinda et
al., 1999). Therefore, disruption of ER function initiates a cellular stress response termed
the unfolded protein response (UPR). Interestingly, Feng et al. (2003) demonstrated a
correlation between FC accumulation and increased expression of the ER stress response
gene CHOP in advanced atherosclerotic lesion from apoE” mice. In addition, Zhou et al.
(2005) have reported UPR activation during all stages of atherosclerotic lesion

development in apoE” mice fed normal chow diet. Recently, Thorp et al. (2009)
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demonstrated reduced apoptosis and atherosclerotic lesion size in advanced
atherosclerosis of apoE'/' and LDLR™ mice lacking CHOP. Further, PCD and FC
accumulation within lesion-resident macrophages were predominantly observed in the
advanced atherosclerotic lesion, implying involvement of additional cellular mediators
and/or pathways for macrophage PCD. Herein, it is important to mention that prolonged
ER stress has been implicated with PCD observed in several other diseases, including
diabetes, chronic liver disease, Parkinson’s, and Alzheimer’s disease (Kaufman 2002;

Ron 2002).

1.5.1 Mechanism of endoplasmic reticulum stress
UPR is an integrated intracellular signaling pathway that responds to ER stress by
increasing the expression of UPR responsive genes, attenuating global protein translation
and degrading unfolded proteins (Shen et al., 2004; Schroder and Kaufman 2005). ER
stress activates three arms of the UPR, namely inositol-requiring enzyme 1 (IRE1),
activating transcription factor 6 (ATF-6) and pancreatic ER kinase (PKR)-like ER kinase
(PERK) (Figure 5). In response to ER stress, UPR activation pathways normally
facilitate the correct folding of misfolded proteins within the ER. However, if these
adaptive responses fail to relieve ER stress, the damaged cells then undergo PCD.

When unfolded proteins accumulate in the ER, it signals the dissociation of
GRP78 from these mediators, resulting in the binding of GRP78 to unfolded proteins.
PERK is then activated via dimerization and autophosphorylation. Following activation,

PERK catalyzes the phosphorylation of eukaryotic initiation factor 2a (eIF2a) (Shi et al.,

50



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

Fiocure 5 : Unfolded protein response pathways in response to ER stress in

eukaryotes

Following ER stress, ER transmembrane protein IRE-1 dimerizes and autophosphorylates
upon reicase of GRP78 to bind unfolded proteins. Endoribonuclease activity of IRE-1
cleaves mammalian XBP-1 mRNA to remove a 26-base intron. Translation of
alternatively spliced XBP-1 mRNA yields XBP-1 protein containing a novel C-terminus
that binds to ER stress response element (ERSE) promoters, increasing transcription of
ER chaperone genes. In ATF-6 pathway, ATF-6 migrates to the Golgi following GRP78
release and is cleaved by site 1 and site 2 (S1/S2) proteases. The cleaved 50-60 kDa
bZip-containing transcription factor migrates to the nucleus and binds to ERSE,
increasing transcription of ER chaperones. In PERK pathway, PERK is activated via
oligmerization and autophosphorylation following GRP78 release. PERK catalyzes the
phosphorylation of eukaryotic initiation factor-2a (elF-2a), which prevents elF-2a from
initiating translation, thereby limiting the unfolded protein load on the ER. Activation of
the PERK pathway has also been shown to mediate transcription of UPR genes involved

in the re-folding of unfolded proteins within the ER

(Obtained and modified from de Koning et al. (2003) Clinical Biochemistry 36: 434).
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1998; Harding ef al., 1999), thereby preventing global protein translation. Inhibition of
protein translation is initially considered to enhance cell survival since it decreases the
load of nascent proteins into the ER. In support of this, PERK” MEFs both failed to
inhibit protein translation and demonstrated increased cel! death when challenged with
ER stress agents (Harding et al., 2000). In addition, reduced ER stress-induced cell death
was observed when translation was blocked with cycloheximide. Significance of the
PERK pathway was further demonstrated by the observation that MEFs expressing non-
phosphorylatable elF2a (S51A) were hypersensitive to ER stress-induced cell death
(Scheuner ef al., 2001). However, mRNA encoding transcription factor ATF4 can be
translated. ATF4 protein promotes cell survival by facilitating the induction of several
genes involved in amino-acid metabolism, stress response and protein secretion (Harding
et al., 2003). It can therefore be suggested that activation of PERK is initially
cytoprotective, but later on, it favors apoptosis due to the inhibition of global translation
and the induction of the pro-apoptotic gene CHOP.

Similar to PERK, IRE1 has dual roles since it contains both a Ser/Thr kinase
domain and an endoribonuclease domain. Autophosphorylation and dimerization of
IRE1 are also initiated upon release of GRP78. Activated IRE1 cleaves the X box-
binding protein 1 (XBP-1) mRNA and translates an alternatively spliced XBP-1 protein,
a bZIP-family transcription factor (Yoshida et al., 2001; Lee et al., 2003). XBP-1 then
activates the transcription of ER stress response genes by binding to ER stress enhancer
(ERSE) and unfolded protein response elements (UPRE) (Yoshida et al., 2001). An

important target for spliced XBP-1 protein is the HSP40 family protein member, P58"*
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(Lee et al., 2003). PS5 giFK protein can relieve PERK-mediated inhibition of translation by
binding to PERK, thereby terminating UPR activation (Yan et al., 2002). It is important
to note that upregulation of P58"* protein is not an early event but it occurs following
phosphorylation of PERK and elF2a. It is not yet established whether P5 8 protein has
a pro-apoptotic role following prolonged ER stress. Similar to PERK” " mice, P58"-
deficient mice demonstrate increased apoptosis in pancreatic B-cells (Ladiges et al.,
2005). It is possible that deficiency of P58"X may lead to increase activity of PERK, and
subsequently, may result in the upregulation of both ATF4 and CHOP. However, studies
have shown that IRE1 can activate apoptotic kinase pathways, including c-Jun N-terminal
kinase (JNK) and apoptosis-signal-regulating kinase (ASK1) (Hatai ef al., 2000; Urano et
al., 2000; Nishitoh et al., 2002). This pro-apoptotic condition contributes to ER stress-
induced apoptosis.

In the presence of ER stress, ATF-6 migrates to the Golgi following release of
GRP78 and is cleaved by site 1 and site 2 proteases. The activated domain of ATF-6 then
migrates to the nucleus and induces the transcription of ER stress-induced genes,
including GRP78, GRP94, protein disulphide isomerase, and XBP-1 (Schroder and
Kaufman 2005). Although ATF-6 promotes increased transcription of XBP-1 mRNA,
endonuclease activity of IRE1 however facilitates the generation of XBP-1 protein.
Further, the ATF-6 pathway is believed to be pro-survival given that no studies show that
ATF-6 causes ER stress-induced cell death.

In summary, the temporal induction of the UPR to ER stress is pro-survival or

establishment of normal function of ER by reducing the accumulation of unfolded
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proteins. However, chronic or severe ER stress triggers the activation of three signaling
pathways, including PERK, ATF-6 and IRE], leading to apoptotic cell death. Based on
current knowledge, PERK is first activated upon UPR, followed by ATF-6. IRE1 is
believed to be the last arm of UPR and holds the key for the initiation of pro-apoptotic
signaling. Initiation phase may then lead to the activation of downstream pro-apoptotic
molecules, including CHOP, JNK or Bcl-2 member proteins. This may lead to the
activation of cysteine-dependent aspartate-specific proteases (caspases), thereby resulting
in cell death. For instance, procaspase-12 in mice and -4 in human is localized to the
cytosolic face of the ER membrane and is activated upon ER stress by IRE1-dependent

mechanisms (Nakagawa et al., 2000; Hitomi et al., 2004).

1.5.2 Mechanism of apoptosis

Unlike necrosis, apoptosis or PCD is a well-regulated event (Wyllie et al., 1980;
Thronberry and Lazebnik 1998). PCD directs cells to self-destruction following the loss
of survival signals. PCD is a genetically programmed event that is initiated by a variety
of internal or external stimuli, such as ligation of specific death receptors, radiation,
chemotherapeutic drugs, ER stress, withdrawal of growth factors or loss of matrix
attachment (Hengartner 2000; Rao er al, 2001; Frisch and Screaton 2001). Despite
differences in the initiation of PCD, the morphological and biochemical changes are very
similar: cell shrinkage and separation from neighbouring cells, change in phospholipid
content of the plasma membrane or bubble-like formations on the membrane surface,

chromatin condensation in the nucleus and protein fragmentation (Hengartner 2000). In
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the final stage, DNA is fragmented into small, membrane-wrapped “apoptotic bodies”
which are promptly endocytosed by phagocytic cells.

Caspases are implicated in the process of PCD (Alnemri ef al., 1996). In humans,
at least 14 caspases have been identified (Thronberry and Lazebnik 1998). Caspase-2, -3,
-6, -7, -8, -9, -10, and -12 play major roles in PCD, and are classified as initiators and
effectors based on their location in the protease cascade and their roles in PCD (Earnshaw
et al., 1999). Initiator caspases are activated by autocatalysis or self-cleavage and act
upstream at a “point of no return”. Effector caspases are activated by initiator caspases
and are involved downstream of the “point of no return” and cleave cellular substrates,
including DNA repair enzyme PARP (poly (ADP)-ribose polymerase) (Lazebnik et al.,
1994), caspase-activated DNase (ICAD), gelsolin and p21 activated kinase 2 (PAK2)
(Hengartner 2000).

Recruitment of caspases and their activators involves two major pathways. The
first involves the ligation of death receptors such as Fas (Fas R or CD95) and the TNF
receptor-1 (TNFR1), leading to recruitment and oligomerization of adaptor proteins such
as pro-caspase-8. Activated caspase-8 is believed to play an essential role in promoting
the caspase cascade. The second involves the release of cytochrome c from the
mitochondria into the cytoplasm. This allows the formation of a caspase-9 activating
complex. It is believed that mitochondria undergo major changes in membrane integrity,
which involve both the inner and outer mitochondrial membrane, resulting in the
dissipation of the inner transmembrane potential (Ay,) and/or the release of

intermembrane proteins such as cytochrome c¢ (Liu er al, 1996). Cytoplasmic
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cytochrome c¢ forms an essential part of the apoptosome, which is composed of
cytochrome ¢, Apaf-1, and pro-caspase-9. Assembly of the apoptosome leads to the
proteolytic self-activation of caspase-9, which then processes and activates caspase-3 (Li
et al., 1997). Caspase-3 cleaves effector substrates and results in PCD. It is also
suggested that pro-apoptotic Bcl-2 family member Bax may be involved in decreasing
inner transmembrane potential-allowing cytochrome c release (Jurgensmeier ef al., 1998).
It is reported that some pro-apoptotic Bcl-2 family proteins, including Bax, have the
ability to form ion channels and thus open pores or produce breaks in the outer
membrane, resulting in the efflux of cytochrome ¢ (Wolter et al., 1997). However, this
process can be prevented by pro-survival Bcl-2 family proteins, such as Bcl-2, Bel-xy,
which are predominantly located in the outer mitochondrial membrane (Antonsson et al.,
1997). Interestingly, the death receptor pathway and mitochondrial pathway are not
strictly separated. They are thought to communicate through Bid, a pro-apoptotic Bcl-2
family protein (Li et al., 1998; Luo et al., 1998). It has been demonstrated that activated
caspase-8 can cleave Bid, and that fragmented Bid can act on mitochondria to trigger
cytochrome c release and activate the apoptotic cascade.

In addition to the death receptor and mitochondrial pathways, anchorage-
dependent PCD [termed “anoikis” (Greek for “homelessness”)] was reported in
endothelial (Meredith et al., 1993) and epithelial cells (Frisch and Francis 1994) that
were experimentally dissociated from their ECM. Although anoikis mediates activation
of a cascade of caspases (Frisch and Screaton 2001), the underlying mechanism by which

the caspase cascade is initiated after ECM detachment is unknown. Studies have

57



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

implicated death receptors or proteins associated with death domain in triggering anoikis.
Caspase-8 and its substrate Bid are activated by cell-matrix detachment, and that
fragmented Bids are believed to play roles in cytochrome c release from mitochondria
(Ashkenazi and Dixit 1998; Muzio et al., 1998; Li et al., 1998). It has been demonstrated
that in the presence of adequate growth factors, phosphoinositide-3 kinase (PI3K)
becomes activated and phosphorylates Akt kinase, which then phosphorylates pro-
apoptotic Bcl-2 family protein BAD and sequesters it to the cytosol via protein 14-3-3
(Gross et al., 1999). However, loss of cell adhesion promotes loss of Akt function and
dephosphorylates BAD. Dephosphorylated BAD then translocates to mitochondria and
neutralizes the pro-survival activity of Bel-2 or Bel-xp protein by binding to it, resulting
in release of cytochrome ¢ and thereby activating the apoptotic cascade (Fujio and Walsh
1999; Attwell et al., 2000; Bachelder et al., 2001).

ER stress-induced PCD has also been implicated in the pathophysiology of
neurodegenerative and cardiovascular diseases (Sherman and Goldberg 2001; Kaufman
2002). Chronic or severe ER stress can contribute to the protein aggregation in the ER,
thereby signaling from pro-survival to caspase-mediated pro-apoptotic conditions.
Several molecules, including GADD153, Bax/Bak, caspase-12, and IRE1 are reported to
be associated in the ER stress-induced cell death, indicating that the ER may also regulate
apoptosis by sensitizing the mitochondria to a variety of extrinsic and intrinsic stimuli
(Rao er al, 2002; Yamaguchi ef al, 2004). In response to chronic ER stress, the
damaged cells are committed to cell death and this process is mediated by ATF4 and

ATF-6, as well as the activation of INK/AP-1/GADD153 pathway (Kim et al., 2006).
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GADD153-deficient MEFs are resistant to ER stress-induced cell death (Zinszner et al.,
1998). GADDI153 sensitizes ER stress-induced cell death through down regulation of
Bcel2 McCullough et al., 2001). The balance between GRP78 and GADD153 expression
regulates the UPR-mediated cell survival or cell death. Furthermore, earlier studies by
Nakagawa et al. (2000) have shown that caspase-12 is involved in ER stress-mediated
PCD given that mice-deficient in caspase-12 were resistant to ER stressors. It is
suggested that ER stress causes translocation of cytosolic caspase-7 to the ER surface,
resulting in the activation of caspase-12 (Rao et al, 2001). Prolonged ER stress
facilitates the movement of active caspase-12 to the cytoplasm, where it interacts with
pro-caspase-9.  Activated caspase-9 cleaves caspase-3 and activates the apoptotic
cascade. It is reported that overexpression of caspase-12 promotes PCD, which can be
blocked by a general caspase inhibitor and can also be partially inhibited by
overexpression of anti-apoptotic Bcl-2 member protein Bel-x;, (Nakagawa et al., 2000).
Interestingly, Saleh er al. (2006) demonstrated that caspase 127~ MEFs were not resistant
to ER stressors, including thapsigargin, indicating that caspase 12 may not be involved in
the ER stress-induced apoptosis. It is important to mention that the human homolog of
caspase 12 is silenced by several mutations. Additional studies are still required to

explain which caspases are involved in the ER stress-induced PCD.
1.5.3 Apoptotic cell death in the development and progression of atherosclerosis
Studies have identified apoptotic cells in animal and human atherosclerotic lesions

(Tedgui and Mallat 2001; Zhou et al., 2005). PCD plays an important role in the
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formation of the necrotic core (Bennet 1999), and it is proposed that apoptotic
macrophages and smooth muscle cells influence plaque stability. Extracellular lipid
within the necrotic core may determine the progression of plaque towards thrombosis.
SMC death weakens the fibrous cap and can result in plaque rupture. On the other hand,
apoptosis of T-lymphocytes and macrophages might be beneficial to plaque stability
because it attenuates the inflammatory response (Tedgui and Mallat 2001). The
observation that heterogeneous apoptosis of macrophages occurs within the plaque
further supports the hypothesis that some regions may be predisposed to rupture
(Kolodgie et al., 2000). Interestingly, tissue factor (TF), a key initiator of the coagulation
cascade, is highly expressed in human atherosclerotic plaques (Toschi et al., 1997).
Atherosclerotic plaques from patients with unstable angina were shown to express
increased TF activity, compared to patients with stable angina (Ardissino et al., 1997). It
is known that TF activity is dependent on phosphatidylserine (PS), a phospholipid
involved in PCD (Pei et al., 1993). Several studies have shown that PCD can contribute
to the redistribution of PS (Martin et al., 1997), thereby promoting a procoagulant
environment (Casciola-Rosen ef al., 1996).

Although it is believed that PCD increases atherosclerotic lesion development,
studies on pro-apoptotic mice models provide contradictory results. The absence of cell
cycle (p53 or Rb) or proapoptotic (Bax) genes surprisingly accelerates atherosclerotic
lesion development in apoE'/' mice (Guevara et al., 1999; Liu et al., 2004; Boesten et al.,
2006). Mice lacking both apoE and p53 show accelerated aortic atherosclerosis but no

difference in apoptotic cell death (Guevara et al, 1999). Subsequent studies by van
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Vlijmen et al. (2001) have demonstrated that macrophages deficient in p53 contribute to
enhanced aortic atherosclerosis. Herein, authors have reconstituted apoE*3-leiden mice
with p53” bone marrow and have shown increased atherosclerotic lesion size with
increased necrosis and decreased apoptosis, indicating a suppressing role for macrophage
pS3 in atherosclerotic lesion progression. In addition, deficiency of Bax, an important
pro-apoptotic protein of the Bel-2 family, resulted in accelerated atherosclerosis in apoE™
mice (Liu et al., 2004). Similar to the findings of Vlijmen et al. (2001), authors have
reported reduced macrophage apoptosis following reconstitution of LDLR™ mice with
Bax”" bone marrow, supporting a protective role of macrophage apoptosis in the
atherosclerotic lesion progression. Consistent with the findings from apoE” or Bax”
mice, deficiency of macrophage retinoblastoma (Rb), a pro-apoptotic protein, also
promotes increased atherosclerosis in apoE” mice with increased lesional macrophage
proliferation (Boesten et al., 2006). It is conceivable that deficiency of pro-apoptotic
factors, including p53, Bax or Rb, may contribute to reduced apoptotic activity in
macrophages, thus resulting in an increased atherosclerotic lesion size. Further,
macrophage apoptosis may be a mechanism to suppress lesion size. However, the role

for PCD is still unknown in atherosclerotic lesion stability and thrombogenicity.

1.6 Project hypothesis, rationale and experimental objectives
In vitro and in vivo studies have suggested that HHcy promotes endothelial cell injury
and/or dysfunction, smooth muscle cell proliferation and collagen synthesis, decreased

availability of nitric oxide production, oxidation of LDL particles, and increased
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expression of inflammatory molecules - all of which may contribute to atherosclerotic
lesion development (de Koning et al., 2003). This project was initiated in an attempt to
identify genes whose expression levels were significantly changed in cultured human
vascular endothelial cells treated with homocysteine. It was hypothesized that the
identification of such genes would greatly facilitate the investigation of how HHcy
promotes endothelial cell dysfunction and potentially atherosclerosis. While earlier
studies have 1identified several homocysteine-responsive genes involved in the
development and progression of atherosclerosis, none of these studies have identified
homocysteine-responsive pro-apoptotic genes that modulate atherogenesis.  The
discovery of such genes would be important given that the presence of apoptotic cells
within atherosclerotic lesions increases the risk of lesion rupture.

Following identification of TDAGS51 as a homocysteine-inducible, pro-apoptotic
gene, we speculated that this discovery would allow us to further explain the significance
of apoptosis in atherosclerotic lesion progression. Thus, it was hypothesized that
TDAGS1 contributes to the development and progression of atherosclerosis through its
pro-apoptotic characteristics. The overall objective of this project was to investigate the
role of TDAGS5!1 in the development and progression of atherosclerosis. Specific
objectives include (i) assessing the relationship between ER stress and TDAGS51
expression (ii) examing the cellular function of TDAGS51 and (iii) investigating the
significance of TDAGS1 in atherosclerosis.

We have provided novel evidence that overexpression of TDAGS51 induces PCD

by impairing cell adhesion and contributes to the development of atherosclerosis in apoE-
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deficient mice with diet-induced HHcy (Hossain et al., 2003). Furthermore, our findings
demonstrate that TDAGS51 (i) is induced by homocysteine through a mechanism
involving ER stress, (ii) promotes detachment-induced PCD in cells relevant to
atherosclerosis, and (iii) is increased and correlates with PCD in atherosclerotic lesions
from apoE” mice with diet-induced HHcy. In addition, we have generated mice deficient
in both TDAGS51 and apoE genes to investigate the causal relationship between TDAG51
and the atherosclerotic lesion development. We demonstrated that the loss of TDAGS51
attenuates the development and progression of atherosclerosis in apoE” mice fed normal
chow diet. As well, deficiency of TDAGS1 promotes migration and proliferation of
MEFs. Furthermore, TDAGS51 overexpression in cultured endothelial cells increases the
expression of TF, an initiator for blood coagulation. Given that apoptotic cells from
atherosclerotic lesions have increased TF activity (Toschi ef al., 1997), further studies
will be necessary to address whether there is any association between increased TF
activity and/or expression and elevated TDAG51 expression within the atherosclerotic
plaque. Taken together, our studies provide evidence that TDAG51 may have a role in
plaque growth and/or stability, thereby contributing to the development and progression
of atherosclerosis.

Despite several studies, the underlying mechanism by which TDAG51 contributes
to atherosclerosis remains to be elucidated. It is possible that loss of TDAGS51-
decreasing PCD may reduce chemotaxis of monocytes to the atherosclerotic lesions.
Further, since deficiency of TDAGS5]1 attenuates atherogenesis, one would speculate that

the primary function of TDAGS1 is to regulate apoptosis of cells relevant to
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atherosclerosis. However, this concept was contradicted by several studies demonstrating
enhanced atherosclerotic lesions in mice following loss of cell cycle or pro-apoptotic
genes, including p53, Bax or Rb in macrophages (Guevara et al., 1999; Liu et al., 2004,
Boesten et al., 2006). Interestingly, the atheroprotective role of TDAGS1 can in part be
explained by the observation that PPAR-y expression is upregulated in TDAG517 MEFs
and within atherosclerotic lesion from DKO mice. Earlier studies reported that PPAR-y
has both anti-inflammatory and atheroprotective properties (Lehrke and Lazar 2005).
Further, PPARY can enhance reverse cholesterol transport in lesion-resident macrophages
(Chawla et al., 2001; Chinetti et al., 2001) and activation of PPAR-y by pioglitazone and
rosiglitazone increases macrophage cell death in advanced atherosclerosis (Thorp ef al.,
2007). It is therefore conceivable that TDAGS51 is a unique negative regulator of PPAR-y
and its downstream gene targets.

In our working model, we propose that cardiovascular risk factors contribute to
ER stress. ER stress can then promote increased TDAGS1 expression that may lead to
increased plaque growth, decreased plaque stability and/or increased plaque
thrombogenicity - all of which may ultimately result in atherothrombosis (Figure 6).

In brief, our findings demonstrate that TDAGS51 mediates PCD, is involved in cell
migration and proliferation, and contributes to the development of atherosclerosis. This
thesis will provide further insight into the molecular mechanisms by which TDAG51 may
promote the development of atherosclerosis, thereby providing opportunities for the

development of therapeutic modalities useful in the treatment of cardiovascular disease.
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Figure 6: Working Model linking ER Stress, TDAGS51, and Atherothrombosis

Cardiovascular risk factors can cause ER stress. Increased ER stress may induce the
expression of the pro-apoptotic gene, TDAGS51, which has been shown to promote
detachment-induced programmed cell death (PCD) in cell lines relevant to
atherothrombosis. Based on our current findings, we have postulated that TDAGS51-
induced PCD may decrease plaque stability and may increase plaque thrombogenicity.
Further, TDAGS51 could potentially increase plaque growth by decreasing the expression
of PPAR-y, a transcription factor having anti-inflammatory and atheroprotective

properties. Together, all these may lead to atherothrombotic disease.
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CHAPTER 2: TDAGS1 is an ER stress response pro-apoptotic gene and a mediator

of atherosclerosis

2.1 Introduction

Studies using apoE” mouse model have established a causal association between HHcy
and accelerated atherosclerosis (Hofmann er al., 2001; Zhou et al., 2001). In earlier
studies, it was suggested that the thiol group of homocysteine may undergo auto-
oxidation to generate ROS and thus may cause cell injury or dysfunction through a
mechanism involving oxidative stress (Starkebaum and Harlan 1986; Loscalzo 1996).
This auto-oxidation hypothesis, however, fails to explain why cysteine, another thiol
containing amino acid, does not cause cell injury and is not a risk factor for CVD.
Cysteine is present in plasma at much higher concentrations than homocysteine (Jacobsen
2000 & 2001). We as well as others have demonstrated that homocysteine acts
intracellularly to disrupt protein folding in the ER, thereby resulting in the activation of
UPR and increased expression of several ER stress response genes, including GRP78,
GRP94, GADDI153, Herp and RTP (Outinen et al., 1998 & 1999; Kokame et al., 1996 &
2000). In addition, studies have reported that homocysteine-induced ER stress promotes
PCD in cultured human vascular endothelial cells through a mechanism involving
activation of the UPR and that this process requires activation of caspase 3 (Cai et al.,

2000; Zhang et al., 2001). Although these studies suggest an association between
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homocysteine and PCD, additional studies are required to identify pro-apoptotic factors
involved in this process and their importance in the development of atherosclerosis.
Herein, we have demonstrated that homocysteine induces the expression of
TDAGS51, a member of the pleckstrin homology-related domain family (Park et al., 1996;
Frank et al., 1999). Further, TDAGS51 expression was upregulated by ER stress agents,
including homocysteine, tunicamycin, thapsigargin, dithiothreitol and peroxynitrite.
Overexpression of TDAGS51 caused morphological changes, decreased cell adherence
and promoted detachment-mediated PCD. MEFs deficient in TDAGS51 demonstrated
significant resistant from ER stress-induced cell death. Consistant with these in vitro
findings, TDAGS51 expression and PCD were increased and co-localized in the
atherosclerotic lesions from apoE'/' mice having diet-induced HHcy. These observations
support our hypothesis that the ER stress-inducible gene, TDAGS51, is associated with the
development of atherosclerosis. In summary, these studies provide novel evidence that
TDAGS1 is induced by homocysteine, promotes detachment-mediated PCD, and is
associated with atherosclerotic lesion development observed in HHcy (Hossain et al.,

2003).
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2.2 Materials and Methods
2.2.1 Materials
Tissue culture flasks and dishes, 6-, 12- and 96-well tissue culture plates, plastic tubes,
disposable pipettes, needles and syringes were obtained from Becton Dickinson (Franklin
Lakes, NJ). Acrodisc® syringe filters were purchased from Pall Gelman Laboratory (Ann
Arbor, MI). Cryogenic vials were purchased from NalgeNunc International (Rochester,
NY). Microcentrifuge tubes, thin-walled PCR tubes and pipette tips were purchased from
DiaMed Lab Supplies (Mississauga, ON). Dulbecco’s modified eagle medium (DMEM),
Hank’s  balanced buffered saline, trypsin/ethylenediaminetetra-acetic  acid
(trypsi/EDTA) and penicillin/streptomycin  were obtained from GIBCO BRL
(Burlington, ON). EGM-2 medium supplemented with FBS, hydrocortisone, hFGF,
VEGF, R3-IGF-1, ascorbic acid, hEGF, GA-100 and heparin were purchased from
Clonetics (Walkersville, MD).

pL-Homocysteine, L-cysteine, L-methionine, dithiothreitol (DTT), thapsigargin,
ampicillin, kanamycin, diethyl pyrocarbonate (DEPC), B-mercaptoethanol, hydrogen
peroxide, xylene, hexane, Na-uric acid, dimethyl sulfoxide, Ponceau s solution, 3-(N-
morpholinol) propanesulphonic acid (MOPS), 4°, 6-diamidino-2-phenylinole (DAPI),
xylene cyanol FF, collagenase type 1A from Clostridium histolyticum, gelatin type B
bovine skin, bovine serum albumin fraction V (BSA), fetal bovine serum (FBS), ethidium
bromide (EtBr) and B-actin antibody were purchased from Sigma (St. Louis, MO). The
NO donor DETA-NoNoate was from Cayman, peroxynitrite donor 3-morpholino-

sydnonimine hydrochloride (Sin-1) from Dojindo (Gaithersburg, MD). Peroxynitrite was
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obtained from Calbiochem (Darmstadt, Germany). Nitrocellulose and Zeta-Probe GT
nylon membranes, bromophenol blue, Coomassie brilliant blue G-250, ammonium
persulfate (APS), prestained SDS-PAGE standards, t-octylphenoxypolyethoxyethanol
(Triton X-100), poloxyethylenesorbitan monolaurate {TWEEN-20), 30% acrylamide
solution, 1.5 M Tris-HCI buffer (pH 8.8), 0.5 M Tris-HCI buffer (pH 6.8), 10% (w/v)
SDS solution and N,N,N’,N’-tetramethylenediamine (TEMED) were obtained from Bio-
Rad Laboratories (Mississauga, ON).

Acetone, diethlylether, propan-2-ol, hydrochloric acid, glycerol, potassium
chloride, paraformaldehyde, potassium dihydrogen orthophosphate, dipotassium
hydrogen orthophosphate, potassium acetate, potassium chloride, sodium dihydrogen
orthophosphate, disodium hydrogen orthophosphate, ethylenediaminetetraacetic acid
disodium salt (EDTA), and formamide were purchased from BDH (Toronto, ON).
Chloroform, methanol and glacial acetic acid were obtained from Caledon Laboratories
(Georgetown, ON). Sodium citrate, glycine, urea, sodium dodecyl sulphate (SDS),
tris(hydroxymethyl)aminomethane (Tris) and sodium chloride were purchased from
Bioshop Canada (Burlington, ON). Formaldehyde solution (37%) and iso-propyl alcohol
were obtained from ACP Chemicals (Montreal, PQ). Buffer-saturated phenol was
obtained from GIBCO BRL. Anhydrous ethanol was purchased from Commercial
Alcohols (Brampton, ON). Sodium acetate trihydrate was obtained from EM Industries
(Darmstadt, Germany).

Restriction endonucleases, one kb DNA Ladder, T4 DNA ligase, 10X DNA ligase

buffer, DH5a™ competent cells, DM1™ competent cells, PCR SuperMix, and agarose
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were purchased from GIBCO BRL. One shot™ TOP10 cells and zeocin™ were
purchased from Invitrogen (Burlington, ON). Bacto-yeast extract, bacto-tryptone, and
bacto-agar were obtained from Difco Laboratories (Detroit, MI). [oc3 5P] dCTP (specific
activity > 3000 Ci/mmol), [0®S] dATP (specific activity > 1318.0 Ci/mmol),
Renaissance Chemiluminescence Reagents, and Kodak X-OMAT film were obtained
from Dupont/NEN (Mississauga, ON). Liquid scintillation cocktail was purchased from
Beckman Instruments (Fullerton, CA). RNase Zap was purchased from Ambion (Austin,
TX).

RNeasy total RNA Kit, QIAquick nucleotide extraction kit, QIAEX II agarose gel
extraction kit, QIAprep spin plasmid kit, QIAGEN endo-free plasmid medi kit, and
Superfect™ transfection reagent kit were purchased from QIAGEN (Valencia, CA).
Random primed DNA labeling kit was obtained from Boehinger Mannheim (Montreal,
PQ). pCR®-Blunt vector was purchased from Invitrogen (Burlington, ON). pEGFP-C1
vector was obtained from CLONTECH Laboratories (Palo Alto, CA). In situ cell death
detection kit (Fluorescein and TMR red) and cytotoxicity detection kit were obtained
from Roche Diagnostics (Indianapolis, IN).

A polyclonal antibody to TDAGS51 (anti-TDAG51) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Monoclonal antibody to Grp78/94 (anti-KDEL) was
purchased from StressGen Biotechnologies (Victoria, BC). Horseradish peroxidase
(HRP)-conjugated rabbit anti-goat, sheep anti-rabbit or goat anti-mouse IgG were
obtained from DakoCytomation (Glostrup, Denmark). Alexa™ 488- or 594-conjugated

donkey anti-mouse, donkey anti-goat and donkey anti-rabbit were obtained from
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Molecular Probes (Eugene, Oregon). PermaFluor mountant medium was obtained from
Thermo electron corporation (Pittsburgh, USA).

Primers AB19652 (5’-CTT AAG CTT CTT ATG CTG GGA GGA TGC TG-37),
AB19653 (5°-GAA TTC TAG ATC AGG CAG AGT TGG AGG TGC T-3%), L1IF (5°-
CT TAA GCT TCT GCC ACC ATG GCT CTG GAG AGT AGC GGC TGC AAA-3),
L1R (5°-G AAT TCT AGA TCA CCC CTG CCC GGG CTG TTG TTG CTG CTG-3"),
L2R (5’-G AAT TCT AGA TCA CAT CTG CAG CGT GAT CTC GGC GTT CCA-3’),
L3F (5’-CT TAA GCT TCT GCC ACC ATG GCT CCG GCC GAG CCG TCC CAA
CCC-3%), L3R (5’-G AAT TCT AGA TCA CTG CTG GGG CTG AGG CTT GGG TTG
GGG-3’), L4F (5°-CT TAA GCT TCT GCC ACC ATG GCT CAG CAC CTG GTC
CAG CAG CAG-37), L5R (5°-G AAT TCT AGA TCA GGC AGA GTT GGA GGT
GCT GCG GAG AAG-3°), L7F (5’-CT TAA GCT TCT GCC ACC ATG GCT CAC
CCG TAT CCG CAT CCA CAT-3°), WT 1 (5°-CCG CAG CAC CTC CAA CTC TGC
CTG-3%), WT 2 (5>-GTC TTC AAA TAC AAT GAA AGA GTC G-3%), TDAGS51 KO 1
(5’-AAA TGG AAG TAG CAC GTC TCA CTA GTC TCG-3") and TDAGS51 KO 2 (5°-
AGA GCA GCC GAT TGT CTG TTG TGC CCA GTC-3’) were synthesized at the
MOBIX, McMaster Institute for Molecular Biology and Biotechnology (Hamilton, ON).

All other chemicals, reagents, and materials were of the highest quality available.

2.2.2 Methods
2.2.2.1 PCR amplification of open reading frame (ORF) and functional

domains in TDAGS1
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The ¢cDNA encoding the ORF of human TDAGS51 was amplified from the EST cDNA
clone, AI589460, by polymerase chain reaction (PCR) using Vent DNA polymerase
(New England Biolabs, Mississauga, ON). The forward primer AB19652 (5’-CTT AAG
CTT CTT ATG CTG GGA GGA TGC TG-3) contained a terminal Hindlll restriction
site (underlined) prior to the initiating ATG (bold). The reverse primer AB19653 (5°-
GAA TTC TAG ATC AGG CAG AGT TGG AGG TGC T-3°) contained a terminal Xbal

restriction site (underlined) adjacent to the termination codon (bold). Parameters for the
35 cycles of PCR after denaturing once at 94°C for 3 min were as follows: denaturation
a1 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 1 min.

The functional domains of TDAGS51 (Figure 7) were PCR amplified using
SolGent Tag DNA polymerase kit (Taejeon, South Korea). Seven fragments containing
Hindl1l and Xbal restriction sites were generated using the following primers: L1F, L2R,
L3F, L3R, L4F, L5R, L7F. Parameters for the 40 cycles of PCR following one cycle of

denaturation at 94°C for 5 min were as follows: denaturation at 94°C for 20 sec,

annealing at 68°C for 40 sec, and extension at 72°C for 2 min.

2.2.2.2 DNA extraction and purification from agarose gels

Following PCR, 5 pl of 6X loading dye [25% (w/v) bromophenol blue, 25% (w/v) xylene
cyanol FF, 30% (w/v) glycerol in ddH,0] was added to 25 pl of PCR amplified DNA
samples, loaded onto 0.8% (w/v) agarose in TAE buffer [40 mM Tris-acetate, 1.0 mM
EDTA] containing ethidium bromide (0.5 pg/ml), and run for 1 h at 45-65V. After

visualizing the gel using an ultraviolet transilluminator (Ultra-Violet Products, Upland,
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Figure 7: Functional domains within the TDAG51 open reading frame (ORF)

The TDAGS1 gene encodes 260 amino acids, including a long stretch of glutamine (Q)
residues near the N-terminus, proline-glutamine (PQ) and 1€ ' repeats
are located near the C-terminus. TDAGS1 also contains a N-terminal pleckstrin
homology-like domain. Further, there is a nuclear localization signal (NLS) and a
nuclear export signal (NES) toward N-terminal of the protein. L1-L7, regions within
TDAGS]1 that will be expressed to define the functional domain(s) responsible for

detachment-induced PCD.
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CA), an image of the gel was captured using a Pharmacia gel documentation system and
VDS ImageMaster software (Pharmacia Biotech, Baie d’Urfe’, PQ). The PCR band of
expected size was cut from the agarose gel and purified using the QIAEX II agarose gel
extraction kit (QIAGEN, Valencia, CA). Briefly, the DNA was excised from the gel,
weighed, and mixed with three volumes of solublization QX1 buffer and 20 pl of QIAEX
II (silica-gel beads). Following solublization of the agarose gel slice, DNA absorbed to
the beads was pelleted by centrifugation, and washed once in a high salt buffer and twice

in an ethanol solution to remove all the non-nucleic acid impurities. DNA was then
eluted from the beads by adding 20 pl of ddH,0. The supernatant containing the purified
DNA was collected following centrifugation, analyzed by agarose gel electrophoresis,

and cloned into PCR Blunt vector, as described in section 2.2.2.3.

2223 Subcloning of TDAGS51 ORF and functional domains into pCR®
Blunt vector

Gel purified TDAG51 ORF and functional domain fragments were subcloned into pCR®

Blunt vector (Invitrogen, Burlington, ON). The ligation reaction was performed by

incubating 1 pg of pCR® Blunt vector and 5 pg of blunt ended gel purified TDAG51
fragments in 1 pl of 10X ligation buffer and in 1 pl of T4 DNA ligase at a final volume
of 10 pl at 16°C for 1 h. One shot™ TOP10 cells were transformed with the ligation
mixture and screened for colonies containing the recombinant plasmid. Briefly, 2 pl
ligation reaction mixture was mixed with 50 ul of One shot™ TOP10 cells and incubated

on ice for 30 min. The cells were heat-shocked for 45 sec at 42°C, placed on ice for 10
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min, and incubated in 250 pl of SOC medium [2% (w/v) tryptone, 0.5% (w/v) yeast
extract, 0.05% (w/v) NaCl, 2.5 mM KCl, 10 mM MgCl,, 20 mM glucose] for 1 h at 37°C
with constant shaking. Bacterial cells (20-50 pl) were plated onto low salt LB media
plates [1% (w/v) bacto-tryptone, 0.5% (w/v) bacto-yeast extract, 0.5% (w/v) NaCl, pH
7.5] containing 1.5% (w/v) bacto-agar supplemented with zeocin™ (25 pg/ml) and
incubated overnight at 37°C. Plates were stored at 4°C and zeocin'™ resistant bacterial
colonies containing recombinant plasmid DNA were isolated. Five to 10 single clear
colonies were grown overnight in 3 ml of LB media [1% (w/v) bacto-tryptone, 0.5%
(W/V) bacto-yeast extract, 1% (w/v) NaCl, pH 7.5] supplemented with zeocin™ (25
pg/ml) at 37°C shaker.

Plasmid DNA was extracted and purified from bacterial cells using the QIAprep
spin plasmid kit (QIAGEN) according to manufacturer’s instruction. Briefly, bacterial
cells from 3 ml overnight cultures were pelleted by centrifugation, resuspended in P1
buffer, lysed in P2 buffer under alkaline condition and neutralized in N3 buffer.
Following centrifugation, the supernatant was applied to a QIAprep spin column. The
spin column was then washed in PB buffer and PE buffer. Plasmid DNA absorbed to the
silica-gel membrane was eluted in 50 pl of ddH,O.

DNA isolated from minipreps was digested with Hindlll and Xbal to confirm the
size of TDAGS! inserts. Three pg of purified pCR® Blunt vector-TDAGS51 insert
plasmid DNA was incubated with 1 U of Hindlll and Xbal restriction enzymes in 1 ul of

10X REact2 with a final volume of 10 pl at 37°C for 2 h. DNA was separated on 0.8%
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agarose gels containing ethidium bromide and analyzed. Clones demonstrating the

presence of appropriate size TDAGS51 ORF or functional domain inserts were sequenced.

22.24 Construction of mammalian expression plasmids encoding pEGFP
and TDAGS]1 inserts
The pCR® Blunt-TDAGS51 insert vectors were digested with HindlIll and Xbal. The
TDAGS1 inserts were then gel-purified and cloned in frame into the HindlIl/Xbal sites of
pEGFP-C1 (CLONTECH Laboratories) generating a fusion protein of mammalian
codon-optimized enhanced GFP protein with TDAGS5! inserts linked to its C-terminus.
In brief, the ligation reaction was performed after incubating 5 pg of TDAGSI1 inserts, 1
pg of pEGFP-C1 vector, 1 pul of 10X DNA ligase buffer, and 1 ul of T4 DNA ligase at
16°C for 1 h. Following ligation, 2 pl of recombinant plasmid DNA was added with 50
pl of DM1™ competent cells, incubated on ice for 30 min, heat-shocked for 45 sec at
37°C, placed on ice for 10 min, and mixed with 950 pl of LB media. After 3 h of shaking
at 37°C, bacterial cells were plated onto LB media plates containing 1.5% (w/v) bacto-
agar supplemented with kanamycin (50 pg/ml) and incubated overnight at 37°C.
Kanamycin resistant colonies were cultured and plasmid purified as described in section
2.2.2.3. Authenticity of the plasmid containing appropriate insert was confirmed by

restriction digestion and sequencing as described in sections 2.2.2.3.

2225 Isolation of endotoxin-free plasmid DNA
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Endotoxin-free plasmid DNA was isolated using the QIAGEN EndoFree Plasmid Midi
Kit-(QIAGEN, Valencia, CA). Single colony transformed with pEGFP-C1 (designated
GFP) or pEGFP-C1-TDAGS5]1 insert plasmids were cultured overnight at 37°C in 4 ml of
LB media containing kanamycin (50 pg/ml) with constant shaking. One hundred pl of
the culture was added to 100 ml of fresh LB media supplemented with kanamycin and
incubated overnight at 37°C shaker. Cultures were harvested by centrifugation at 3000 x
g for 25 min. The bacterial peliet was resuspended in P1 buffer, lysed in P2 buffer at
room temperature for 5 min, neutralized in P3 buffer, and immediately centrifuged. The
supernatant was then mixed with ER buffer and incubated on ice for 30 min. The
solution was then applied to QIAGEN-tip 100 column equilibrated in QBT buffer and
allowed to flow through by gravity. Following washing the column in QC buffer, DNA
absorbed to the column was eluted in QN buffer. DNA was precipitated in 0.7 volume of
isopropanol, washed in endotoxin-free 70% ethanol, dried for 5-10 min, and dissolved in
endotoxin-free TE buffer. Authenticity of the insert was reconfirmed by restriction

digestion and sequencing as stated in section 2.2.2.3.

2.2.2.6 Generation of radiolabeled probes

Following gel purification, probes were labeled to high specific activity with [a-**P]
dCTP (NEN) using a Random primed DNA labeling kit (Boehringer Mannheim,
Montreal, PQ). Briefly, ddH,0 was added to 2 pg of purified DNA to make the final
volume of 9 pl, heated at 100°C for 10 min, cooled down on ice, mixed with 5 pl of 4X

reaction mixture (3 pl of a 1:1:1 mixture of dATP, dGTP, dTTP along with 2 pl of
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hexanucleotide mixture), 5 pl of [a-**P] ACTP, 1 ul of Klenow enzyme, and incubated
the mixture for 1 h at 37°C. The unincorporated nucleotides were removed using the
QIAquick nucleotide removal kit (QIAGEN, Valencia, CA). Ten volumes of PN buffer
were mixed with the labeled probe mixture, applied to the QIAquick spin column, and
centrifuged at 6000 x g for 1 min. Following washing twice in PE buffer, DNA was

eluted in 50 ul of ddH,0. Specific activity of the probe was measured using a Beckman

LS 6000LL B-counter (Beckman Instruments, Fullerton, CA).

2.2.2.7 Northern blot analysis

Preparation of total RNA

Total RNA was isolated using the RNeasy total RNA kit (QIAGEN, Valencia, CA)
according to the manufacturer’s protocol. Briefly, following treatment, cells were
washed with 1X PBS and lysed in RLT lysis buffer containing B-mercaptoethanol (14.5
M). Cell lysates were removed from the culture flasks using a rubber policeman and
homogenized with a plastic syringe fitted with a 20 gauge needle. An equal volume of
70% ethanol was added to the homogenized lysates, and the samples were applied to a
RNeasy spin column. Following a brief centrifugation (15 sec at 8,000 x g), total RNA
bound to the spin column was washed in RW1 buffer. RPE buffer was then applied to
the spin column, and centrifuged for 15 sec at 8,000 x g. After a final wash in RPE
buffer for 2 min at full speed, total RNA was eluted by pipetting 30-50 pl of diethyl
pyrocarbonate-treated water directly onto the spin column membrane and centrifuging the

samples for 1 min at 8,000 x g. Quantification and purity of the RNA was assessed by
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Aseo/Azgo absorbance, and the RNA samples with ratios above 1.6 were stored at -70°C

for further analysis.

Fractionation of total RNA and northern transfer

Total RNA (10 ug per lane) was size fractionated on 2.2 M formaldehyde/1.2% agarose
gels, transferred overnight onto Zeta-Probe GT nylon membranes in 10X SSC as
previously described (Outinen ef al., 1998 & 1999). The RNA was cross-linked to the
membranes using a stratagene UV Stratalinker™ 2400 (La Jolla, CA) before

hybridization.

Prehybridization and hybridization

Prehybridization and hybridization buffer consisted of 40% formamide, 0.12 M di-
sodium hydrogen orthophosphate, 0.25 M sodium chloride, 5% SDS, and 1 mM EDTA in
DEPC water. The Techne Hybridizer HB-1D rotisserie style hybridization oven
(MANDEL Scientific Company, Guelph, ON) was used for all hybridization and washing
procedures. Prehybridization was performed by incubating membranes with
prehybridization buffer at room temperature for 10 min. Probes were labeled as
described in section 2.2.2.6, heated at 100°C for 10 min, cooled on ice, and mixed with
10 to 15 ml of hybridization solution to obtain at least 1-3 X 10° cpm/ml. Overnight
hybridization was carried out at 43°C. The membranes were then rinsed in 2X SSC,
followed by three 15 min washes in: (i) 2X SSC/0.1% SDS, (ii) 0.5X SSC/0.1% SDS at

room temperature, and (ii1) 0.1X SSC/0.1% SDS at 43°C. Membranes were exposed to
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Kodak X-OMAT film at -70°C for 1-10 days. Following autoradiography, the
membranes were stripped by washing twice for 20 min at 100°C in a large volume of
dehybridization solution (0.1X SSC, 0.5% SDS). Membranes were then hybridized with
a cDNA fragment of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
using the same buffer and conditions as described above, to verify equal RNA loading in

each lane.

2.2.2.8 Immunoblot analysis

Total cell lysates were solublized in 4X SDS-PAGE sample buffer [0.0625 M Tris-HCI,
pH 6.8; 10% (w/v) glycerol; 20% (w/v) 10% SDS; 5% (w/v) B-mercaptoethanol; 5%
(w/v) 1% bromophenol blue]. An equivalent amount of protein lysates were separated by
electrophoresis on SDS-polyacrylamide gels under reducing conditions as described
previously (Laemmli 1970). Separated proteins were then transferred electrophoretically
onto nitrocellulose membranes using a Trans-Blot® Semi-Dry Transfer Cell apparatus
(Bio-Rad Laboratories, Mississauga, ON) at 15 V for 1 h. Nonspecific protein binding
sites were blocked overnight with TBST blocking buffer containing 5% milk [25 mM
Tris, 0.05% (w/v) Tween-20, 5% (w/v) fat free skim milk powder] in a shaker at 4°C.
After rinsing the membranes three times (15 min each) in TBST buffer containing 1%
milk, the membranes were incubated with the primary antibody (in 1X TBST buffer) for
1 h at room temperature. Following washing three times in TBST buffer containing 1%
milk, the membranes were incubated with horse radish peroxidase (HRP) conjugated

secondary antibody (in 1X TBST buffer) for 1 h. The membranes were then washed
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three times (15 min each) with 1X TBST buffer containing 1% milk. The membranes
were developed with the Renaissance Chemiluminescence Reagents as directed by the

manufacturer before exposing to the Kodak X-OMAT film.

2.2.2.9 Indirect immunofluorescence in cultured cell and tissue sections

After appropriate treatments, cells grown on coverslips were washed in 1X PBS and fixed
in cold 4% paraformaldehyde [4% (w/v) paraformaldehyde, 0.2 M NaH,PO4 0.2 M
Na,HPO4]. Cells were then washed in 1X PBS, permeablized in 0.025% Triton X-100
(1X PBS) for 10 min on ice. Following 30 min of incubation with blocking buffer (3%
BSA in 1X PBS), primary antibodies diluted in blocking buffer (1:50) were added to the
coverslips for 1 h at 4°C. The coverslips were then washed in 1X PBS and incubated
with Alexa™ 488- or 594-conjugated secondary antibody diluted in blocking buffer
(1:200) to detect primary antibody binding sites. Cells stained with normal serum or
secondary only were used to normalize for non-specific immunofluorescence and
considered as a negative control. The coverslips wére allowed to dry after washing in 1X
PBS and mounted onto slides using PermaFluor mountant medium. Immunofluorescence
was examined by epifluorescence microscopy using a Zeiss Axioskop 2 microscope.
Images were captured using CCD color video camera (Sony, Tokyo, Japan) and Northern
Exposure Image Analysis/Archival Software (Empix, Mississauga, ON). For co-
immunofluorescence studies, both primary antibodies were incubated together to specific
coverslips for 1 h following blocking the cells. After washing the coverslips in 1X PBS,

primary antibody binding sites were detected using appropriate Alexa™ 488- or 594-
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conjugated to secondary antibodies. Images were captured from mounted coverslips and
analyzed as described earlier.

A Carl Zeiss LSM510 laser-scanning confocal microscope was used to examine
immunofluorescently labeled HUVEC and HAEC to localize endogenously expressed
TDAGS51 and determine its co-localization with catalase, GRP78 and/or focal adhesion
kinase. Optical sectioning was performed throughout the depth of the cells at 1.5 pum
intervals, providing adequate special resolution to determine protein localization within
regions of the cell and co-localization with other marker proteins.

Indirect immunofluorescence was further performed on paraffin-embedded aortic
tissue sections from apoE-deficient mice fed control or hyperhomocysteinemic diets.
Tissue sections were heated at 56°C to deparaffinize and dehydrated through a graded
series of ethanol treatment (100%, 10 min; 95%, 10 min; 90%, 10 min; 80%, 10 min;
70%, 10 min). Sections were then treated in 0.3% H,O, for 30 min to inactivate
endogenous peroxidase. Following washing in 1X PBS, sections were incubated in
proteinase K (20 pug/ml) for 30 min at 37°C, rinsed in 1X PBS, and placed in blocking
buffer for 30 min. A goat polyclonal antibody to TDAGS51 diluted in blocking buffer
(1:12.5) was incubated with tissue sections for 1 h, and washed in 1X PBS. Primary
antibody binding sites were detected using Alexa™ 488-conjugated to donkey anti-goat
diluted in blocking buffer (1:400). Normal goat IgG or secondary only was used to
normalize for non-specific immunoflurescence. Sections were mounted with coverslips
using PermaFluor mounting medium. Images were captured and analyzed as described

above.
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2.2.2.10 DAPI staining of nuclear DNA

Cells grown on coverslips were washed in 1X PBS, fixed in 4% paraformaldehyde
overnight at 4°C, washed in ice cold 1X PBS, and incubated in the dark with DAPI (0.2
pg/ml) on ice for 5-10 min. The coverslips were then washed in 1X PBS, mounted onto
slides using PermaFluor aqueous mounting medium. Images were captured and analyzed

as described in section 2.2.2.9.

2.2.2.11 Transient transfection of cultured cells

Primary HUVECs or HAECs were cultured in EGM-2 medium supplemented with 2%
FBS, 50 pg/ml gentamycin, 50 ng/ml amphotericin and a mixture of growth factors as
described by the manufacturer. Transient transfections were performed using Superfect
transfection reagent (QIAGEN, Valencia, CA) according to manufacturer’s protocol.
Superfect reagent assembles DNA into compact positively charged structures and ensures
the entry of DNA into the nucleus of the cell. In short, a routine transient transfection
experiment involved the addition of purified plasmid DNA and superfect transfection
reagent mixture to 100 pl of incomplete medium (only EBM-2 medium). Following
incubation for 10 min, 700 pl of complete medium (EGM-2 medium) was added, mixed
and added to the cells previously washed in 1X PBS, and incubated at 37°C in a
humidifier with 5% CO, for 2-3 h. Complete media was then added to the cells and
incubated for time periods up to 48 h. Following transfections, coverslips were washed

in 1X PBS, fixed in 4% paraformaldehyde, dried for 10 min, and mounted onto slides
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using PermaFluor aqueous mounting medium. GFP or GFP-TDAGS51 fusion protein
expression was examined by epifluorescence microscopy using a Zeiss Axioskop 2

microscope. Images were captured and analyzed as described in section 2.2.2.9.

2.2.2.12 TdT-mediated dUTP Nick End Labeling (TUNEL) assay in cultured
cells and tissue sections

HUVECs or HAECs (4 X 10° cells per well) were grown on gelatin-coated coverslips and
transient transfections were performed as described in section 2.2.2.11 for periods up to
48 h using GFP or GFP-TDAG51 expression vectors. Both adherent and non-adherent
cells were fixed in 4% paraformaldehyde in 1X PBS at 4°C on ice, washed in 1X PBS,
and permeablized in 0.1% Triton X-100 in 0.1% sodium citrate. The TUNEL assay was
then performed using In situ cell death detection kit (Roche Diagnostics, Indianapolis,
IN) to identify DNA strand breaks (nicks) in apoptotic cells. In short, the 3’-nick ends
were labeled by incubating for 1 h with 50 pl of reaction mixture having tetramethyl-
rhodamine-dUTP and terminal deoxynucleotidyl transferase. As a result, terminal
deoxynucleotidyl transferase (TdT) catalyzes the incorporation of labeled nucleotides to
free 3°-OH DNA ends in a template-independent manner. Fixed cells in which terminal
deoxynucleotidyl transferase was omitted served as a negative control. After washing in
1X PBS, the coverslips were mounted onto slides using PermaFluor aqueous mounting
medium. Images were captured and analyzed as described in section 2.2.2.9.

Paraffin embedded apoE™ mouse tissue sections were deparaffinized as described

in section 2.2.2.9, followed by treatment with 0.3% H;0O,, and washed in 1X PBS.
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Sections were then incubated in proteinase K (20 pg/ml), washed in 1X PBS,
permeablized in 0.1% Triton X-100 in 0.1% sodium citrate, and rinsed in 1X PBS.
TUNEL assay was next performed as described above to identify apoptotic cells in tissue
sections. The 3’-nick ends were labeled by incubating fluorescence-dUTP with terminal
deoxynucleotidyl transferase. Following TUNEL staining, tissue sections were blocked
with 3% BSA (in 1X PBS) and indirect immunofluorescence for TDAGS51 was also
performed as described in section 2.2.2.9 using Alexa™ 594-conjugated to a donkey anti-
goat secondary antibody. After rinsing in 1X PBS, sections were mounted with
coverslips using PermaFluor aqueous mounting medium. Images were captured and

analyzed as described in section 2.2.2.9.

2.2.2.13 DNA fragmentation assay

HUVECs or HAECs were treated for 24 h in the absence or presence of various
concentrations of homocysteine (0.5-10 mM), 0.5 mM methionine, 0.5 mM cysteine, or
0.5 mM homocysteine. The cells (floating and adherent) were harvested by scraping,
pelleted, lysed in 20 mM Tris-HCL, 10 mM EDTA, 0.5% Triton X-100, pH 8.0, on ice
for 45 min. The nuclear pellet was collected by centrifugation and resuspended in 0.1 M
Tris-HCI, pH 8.5, 5 mM EDTA, 0.2 M NaCl, 0.2% SDS (w/v), and 0.2 mg/ml proteinase
K, at 37°C overnight. NaCl was added to a final concentration of 1.5 M, and the DNA
was ethanol-precipitated and resuspended in Tris-EDTA, pH 8.0, containing 200 mg/ml
DNase-free RNase A. Following overnight incubation at 37°C, the DNA was separated

on a 2% agarose gel and visualized under UV light after staining with ethidium bromide.
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2.2.2.14 Flow cytometry analysis

HAECs grown in 6-well plates were transiently transfected for up to 24 h with or without
pEGFP-C1 plasmids encoding regions of TDAGS51 ORF as described in section 2.2.2.11.
Without fixation, adherent and non-adherent cells were collected.  Following
centrifugation, cell pellets were diluted in 1 ml of 1X PBS. The samples were then
examined using flow cytometry to detect green fluorescence. During gating, cells
transfected with pEGFP-C1 and superfect transfection reagent were considered as
positive and negative control, respectively. Non-adherent transfected cells with green
fluorescence were considered as the cells that were in process of apoptosis. Flow
cytometry analysis was performed with a FACScan or FACSCalibur flow cytometer with

CellQuest software from BD Immunocytometry Systems (Mississauga, ON).

2.2.2.15 Generation of mouse embryonic fibroblasts (MEFs)

MEFs were prepared from C57/Bl6, TDAG51"" and TDAG51" mice using the method
described by Abboondanzo et al. (1993). Briefly, after appropriate pairing to obtain the
desired genotype, the copulatory plug was used as a marker of impregnation. Thirteen
and a half days later, the pregnant females were sacrificed to collect C57/Bl6 wildtype
(wt), TDAG51"" or TDAG51" embryos. The minced embryos were cultured in
fibroblast growth media (DMEM) and were selected for MEFs. Immunobloting was then
performed as described in section 2.2.2.8 using TDAGS51 polyclonal antibody to confirm

the genotype of the MEFs.
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PCR was also performed using DNA collected from MEFs to further confirm the
aauthenticity of the generated MEFs. In short, MEFs grown in T25 flask were washed
with 1X PBS and dissolved in lysis buffer [1M Tris-HCI pH 8.5, 0.5M EDTA, 10% SDS,
5M NaCl]. The supernatant was then collected in a microcentrifuge tube. Following
overnight incubation at 55°C with proteinase K (10 mg/ml), the samples were vortexed
and centrifuged at 1400 rpm for 20 min. To precipitate DNA, equal volumes of
supernatant and isopropanol were mixed. After drying, DNA was dissolved in TE buffer
[IM Tris-HCI1 pH 8.0, 0.5M EDTA pH 8.0]. PCR was next performed to show the
presence of wildtype and/or disrupted TDAGS51 alleles using following primers: WT 1,
WT 2, TDAGS1 KO 1, TDAGS1 KO 2. Parameters for the 40 cycles of PCR after
denaturing once at 94°C for 2 min were as follows: denaturation at 94°C for 30 sec,
annealing at 58°C for 30 sec, and extension at 68°C for 1 min. PCR amplified products

were further analyzed by agarose gel electrophoresis.

2.2.2.16 Cytotoxicity assay in cultured MEFs

The cytotoxicity detection kit (Roche Diagnostics, Indianapolis, IN) was used to measure
cell death by assaying for lactate dehydrogenase (LDH) activity. MEFs (1 X 10° cells per
well) were seeded onto 12-well plates. Following treatment with or without ER stress
agents, the supernatant was collected from each sample. Cells were then washed in 1X
PBS, lysed in 2% Triton X-100 (in H,0O), and collected into a new microcentrifuge tube.
Media from untreated cells was used as a low control, while supernatant from untreated

lysed cells was used as a high control. After several titrations, 50 pl of aliquots from
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each condition was diluted to a final volume of 100 pul in 1X PBS. The LDH activity was
measured at 492 nm using a VERSA .« tunable microplate reader (Molecular Devices,
Sunnyvale, CA) after incubating for 1 h with equal volume (100 pl) of working solution
(catalyst diaphorase and tetrazolium salt INT dye solution). In the first step, LDH
catalyzes lactate to pyruvate, where NAD" is reduced to NADH/H". In the second step,
tetrazolium salt INT is reduced to red colored formazan, where diaphorase transfers H/H"
from NADH/H®. The amount of enzyme activity correlates to the formazan formation
and is proportional to the number of lysed or dead cells. Percent cytotoxicity, which
corresponds to the percent cell death, is measured using the following formula:

Cytotoxicity (%) = ((Experimental Value —~ Low Control) / (High Control — Low Control}) X 100

2.2.2.17 Mice and dietary conditions

Female apoE'/' mice (Transgenic Alliance, Lyon, France) were backcrossed 9 generations
onto a C57BL/6 background. At 6 weeks of age, mice were divided into control groups
fed a low fat/vitamin-defined purified diet (Special Diet Services, Witham, UK) or
hyperhomocysteinemic groups fed the same diet but supplemented with either 0.09%
(w/v) p,L.-homocysteine in the drinking water or 1.4% (w/v) L-methionine in the diet. The

mice were sacrificed after 18 week on the diets.

2.2.2.18 Statistical Analysis
All experiments were performed at least 3 times in triplicate. Values are presented as

mean + standard deviation. Comparison between the means was performed using the
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unpaired Student’s 7-test. ANOVA was used for multiple comparisons among the means.

For all analyses, P<0.05 was considered statistically significant.
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2.3 Results

2.3.1 Characterization of TDAGS]1 as an ER stress-inducible gene

To examine the effect of homocysteine on TDAGS51 expression, Northern blot analysis
was performed and revealed that the steady-state mRNA levels of TDAGS51 were
increased in HUVECs by homocysteine in both a concentration- (Figure 8a) and time-
dependent (Figure 8b) manner. Induction of TDAGS51 mRNA levels correlated with an
increase in the steady-state mRNA levels of GRP78, an ER-resident chaperone
responsive to ER stress. This effect was specific for homocysteine because other
structurally similar amino acids such as methionine, cysteine and homoserine failed to
induce TDAGS51 expression (Figure 9). The ability of other ER stress inducing agents
such as DTT (Figure 9) to increase the expression of TDAG51 supports a mechanism
involving ER stress and UPR activation.

To determine whether transcriptional induction of TDAGS51 corresponds to an
increase in TDAGS1 protein, HUVECs were cultured in the absence or presence of
homocysteine and total cell lysates examined by immunoblot analysis using a polyclonal
antibody directed against TDAGS51 (Figure 10a). TDAGS1 protein was increased in
HUVEC:s following exposure to homocysteine and correlated with an increase in GRP78
protein. Consistent with these findings, TDAG51 and GRP78 protein were increased in
HAECs in a dose-dependent (50 uM to 5 mM) manner following treatment with
increasing concentrations of homocysteine for 18 hr (Figure 10b). The observation that

TDAGS51 and GRP78 protein levels were increased at physiological concentrations of 50
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Figure 8: Northern blot analysis of the steady-state levels of TDAGS1 and GRP78

mRNA in HUVEC.

(a) Dose-dependent induction in the steady-state mRNA levels of TDAGS51 and GRP78.
Total RNA isolated from HUVEC cultured in the absence or presence of increasing
concentrations of homocysteine for 4 h. (b) Time-dependent induction in the steady-state
mRNA levels of TDAGS51 and GRP78. Total RNA (10 ug/lane) isolated from HUVECs

cultured in the absence or presence of 1 mM homocysteine for the indicated time periods

up to 18 h.
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Figure 9: Induction in the steady-state mRNA levels of TDAGS1 is selective for

homocysteine and DTT.

Total RNA (10 pg/lane), isolated from HUVEC cultured for 4 h in the absence (control)
or presence of either 1 mM homocysteine, cysteine, methionine, homoserine or DTT.
Steady-state mRNA levels of TDAGS51 were detected using a radiolabelled 6-2 cDNA
probe, followed by autoradiography. The arrow indicates the migration position of
TDAGS1 mRNA transcripts. Hybridization to a GAPDH cDNA probe was used to

normalize RNA loading.
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Figure 10: Induction of TDAGS51 and GRP78 protein expression in response to

homocysteine treatments

Homocysteine increases TDAGS1 and GRP78 protein levels in HUVEC or HAEC. (A)
Total protein lysates (40 pg/lane) from HUVEC cultured in the absence or presence of 1
mM homocysteine for the indicated time periods were examined by immunoblot analysis
using antibodies to either TDAGS1 or GRP78. (B) Total protein lysates (40 pg/lane)
from HAEC cultured in the absence (control) or presence of increasing concentrations of

homocysteine for 18 h were examined by immunoblot analysis using antibodies to either

TDAGS51 or GRP78.
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to 200 uM homocysteine suggests that HAECs are more sensitive to exogenous levels of
homocysteine then are HUVECs (Outinen ef al., 1998 & 1999).

Furthermore, studies have demonstrated that UPR activation of PERK causes
phosphorylation of elF2a, which is required for the inhibition of cellular mRNA
translation and transcriptional induction of the majority of ER stress response genes,
including GRP78, GRP94 and GADDI153 (Harding et al., 2000; Scheuner et al., 2001).
To provide insight into whether TDAGS51 expression is mediated by elF2a
phosphorylation, we assessed the steady-state mRNA levels of TDAGS51 upon activation
of ER stress by homocysteine or tunicamycin in wild-type and homozygous A/A elF2a
mutant MEFs (Figure 11). Upon treatment with homocysteine and tunicamycin, steady-
state mRNA levels of both TDAGS51 and GRP78 in wild-type MEFs were attenuated in
the homozygous mutant MEFs. Furthermore, the ER-stress agent peroxynitrite in
HAECs induced ER stress/UPR activation, as indicated by increased GRP78/GRP94 and
TDAGS5T1 protein levels at 18 hr (Figure 12). Peroxynitrite treatment also induced the
phosphorylation of elF2a from 4 to 18 hr. These effects were inhibited by coincubation
with uric acid (UA), a scavenger for peroxynitrite. Further, coincubation of thapsigargin
with uric acid (UA) failed to inhibit ER stress induction in HAECs, indicating that UA is
not a general inhibitor of ER stress. Collectively, these findings provide evidence that
TDAGS1 transcriptional activation is dependent on elF2a phosphorylation and that

TDAGS]1 can be classified as an ER stress response gene.
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Figure 11: Requirement of elIF2a for TDAG51 expression in response to ER stress

Northern blot analysis of total RNA from wildtype or homozygous A/A mutant elF2a
mouse embryonic fibroblasts treated with 5 mM homocysteine (Hcy) or 10 pg/ml
tunicamycin (Tm) for the indicated time periods. TDAGS1 or GRP78 mRNA transcripts
were detected using the appropriate radiolabeled ¢cDNA probe. Hybridization to a
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA probe was used to

normalized RNA loading.
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Figure 12: ER stress is induced by Sin-1 in human aortic endothelial cells.

Total protein lysates (40 pg/lane) from HAECs cultured in indicated agents for the
indicated time periods were examined by immunoblot analysis. (A) Sin-1, an inducer of
peroxynitrite synthesis, caused ER stress/UPR activation in HAECs as indicated by
GRP78/GRP94, TDAGS51 upregulation at 18 hours and elF2« phosphorylation from 4 to
18 hours. These effects were inhibited by uric acid (UA). (B) Incubation of HAECs with
thapsigargin (200 nmol/L) caused upregulation of GRP78/GRP94, TDAGS51, and elF2a
phosphorylation. Coincubation of thapsigargin with uric acid (UA) failed to inhibit ER

stress induction. Blots were probed for 3-actin to control for protein loading.
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2.3.2  Cellular Distribution of TDAGS1

To elucidate the cellular localization of TDAGS5]1, indirect immunofluorescence confocal
microscopy was performed using anti-TDAGS51 antibodies (Figure 13a-d). TDAGS51
was primarily localized in the cytoplasm of HUVECs in vesicles of two types; large
perinuclear vesicles (Figure 13a) and smaller vesicles at the periphery of the cell (Figure
13b). Similar TDAGS51 immunostaining was observed for HAECs (data not shown).
Co-localization studies in HUVECs using antibodies to TDAGS51 and to specific cellular
marker proteins, 'including GRP78 (ER), catalase (peroxisomes) and FAK (focal adhesion
complex), revealed that TDAG51 associated with the large perinuclear vesicles co-
localized with peroxisomes (Figure 13¢) and with the smaller vesicles co-localized with
focal adhesion complexes (Figure 13d). Treatment of HUVECs with homocysteine
affected TDAGS]1 distribution (Figure 14a-¢). A 30 min treatment of HUVECs with 1
mM homocysteine resulted in reduced density of the smaller peripheral TDAGS51-
positive vesicles with the larger vesicles remaining perinuclear in distribution (Figure
14b), compared to untreated controls (Figure 14a). The typical distribution of TDAGS51
positive vesicles returned after 24 hr treatment, however, the intensity of TDAGS51
staining appeared to increase in both small and large vesicles (Figure 14c¢), a finding
consistent with our immunoblot analysis. No specific immunostaining was observed

when non-immune goat IgG was used as the primary antibody (data not shown).
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Figure 13: Co-localization of TDAGS1 with intracellular vesicles.

HUVEC grown on gelatin coated glass coverslips were fixed, permeabilized, and
immunostained with antibodies to TDAGS5]1, catalase, or focal adhesion kinase. Cells
were optically sectioned throughout their depth at 1.5-um intervals using laser-scanning
confocal microscopy. Endogenously expressed TDAGS51 protein was found to be
associated with cytoplasmic vesicles of two types: large vesicles found predominately in
the perinuclear region centrally located in the depth of the cell (4, large arrows) and
smaller vesicles that were adjacent to the cytoplasmic membrane at the periphery of the
cell (B, small arrows). C, TDAGS1 (green) in the large perinuclear vesicles co-localized
(vellow regions) with catalase (red), a peroxisome marker (large arrowheads). TDAGS1
associated with the smaller vesicles did not co-localize with catalase (small arrows). D,
the small cytoplasmic vesicles of TDAGS51 (red) co-localized with focal adhesion kinase

(green) at the cell membrane periphery (arrows). Original magnification was X630.

105



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

106



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

Figure 14: Effect of homocysteine on the cellular distribution of TDAGS1

HUVEC grown on gelatin coated glass coverslips were treated in the absence (a) or
presence of 1 mM homocysteine for 30 min (b, asterisks) or 24 h (c). Cells were then
fixed, permeabilized, and immunostained with goat polyclonal antibody against
TDAGSI1. Cells were optically sectioned throughout their depth at 1.5-um intervals using
laser-scanning confocal microscopy and these images were captured in the middle plain

of the cell. Original magnification was X630.
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2.3.3 Induction of detachment-mediated PCD following TDAGS1 overexpression
Previous studies have demonstated that homocysteine induces PCD in HUVECs through
activation of the UPR (Zhang et al., 2001). In support of these findings, homocysteine
induced a dose-dependent (50 uM to 10 mM) increase in PCD in HAECs, as measured by
DNA fragmentation (Figure 15). As a positive control, TNFa in the presence of
actinomycin D also increased DNA fragmentation. However, cysteine, methionine and
homocystine did not promote PCD in HAECs.

Given that homocysteine induces the expression of TDAGS51 and promotes PCD,
we assessed the effect of TDAGS1 overexpression on cell viability and integrity.
Expression plasmids encoding GFP or a GFP-TDAGS51 fusion protein were transiently
transfected into cultured vascular endothelial cells. To verify expression of the
recombinant proteins, immunoblot analysis was performed using antibodies specific to
TDAGS]1 or GFP (Figure 16). HUVECs and HAECs (data not shown) transfected with
the GFP-TDAGS51 expression plasmid produced a fusion protein with an apparent
molecular mass of 67 kDa which was immunoreactive for both anti-TDAGS51 and anti-
GFP antibodies, a finding consistent with the predicted fusion between TDAGS51 (40
kDa) and GFP (27 kDa). Cells transfected with the GFP expression plasmid contained
the expected 27 kDa GFP protein.

Overexpression of the GFP-TDAGS51 fusion protein caused dramatic changes in
cell morphology, including rounding up, membrane ruffling and long pseudopodial
extensions (Figure 17a, b, d), compared to cells overexpressing GFP (Figure 17¢).

Disruption of the actin cytoskeleton was also observed in the GFP-TDAG51
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Figure 15: Induction of PCD by homocysteine in HUVEC

Homocysteine induces PCD in HAEC. HAEC were cultured in the absence (0 and C) or
presence of 0.05-10 mM homocysteine (Hcy), 0.5 mM methionine (Mer), 0.5 mM
cysteine (Cys), or 0.5 mM homocystine (HH) for 24 h. As a positive control for PCD,
HAEC were treated with tumor necrosis factor-a in the presence of actinomycin D (7).
Following treatment, chromosomal DNA was isolated and separated on a 2% agarose gel,

as described under experimental procedures.
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Figure 16: Expression of GFP or GFP-TDAGS51 fusion protein in HUVEC

Total protein lysates (40 pg/lane) from cells transiently transfected for 24 h with
transfection reagent alone (control) or transfection reagent containing 2 pg of the
pEGFP-C1 (GFP) or pEGFP-C1-TDAGS51 (GFP-TDAGS51) expression plasmids were
subjected to immunoblot analysis using antibodies against GFP or TDAGS51. The
arrowheads indicate the migration position of GFP or GFP-TDAGS51 fusion protein. The

asterisk indicates the migration position of endogenous TDAGS51.
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Figure 17: Promotion of detachment-mediated PCD from overexpression of

TDAGS1

HUVEC plated on gelatin-coated coverslips were transiently transfected with 2 pg of the
pEGFP or pEGFP-TDAGS1 expression plasmids, and cells showing nuclear DNA
fragmentation were identified by TUNEL staining (TUNEL-positive cells are red in
color). 4 and B, GFP-TDAGS51-overexpressing HUVEC, 12 or 24 h post-transfection,
respectively. C, GFP-positive HUVEC, 24 h post-transfection. Also shown are adherent
GFP-TDAGS51-positive HUVEC (D) demonstrating TUNEL-positive staining (F), 12 h
post-transfection. F, merged image of D and £E. Nonadherent GFP-TDAGS51 positive
HUVEC (G) demonstrating TUNEL-positive staining (H), 24 h post-transfection, are
shown. I, merged image of G and H. Adherent GFP positive HUVEC (J) demonstrating
TUNEL-negative staining (K), 24 h post-transfection, are shown. L, merged image of J

and K. Original magnification was x630.
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overexpressing cells (data not shown). Following these changes in cell morphology,
there was clear evidence of PCD (Figure 17e¢, f) with a significant number of ceils
(P<0.001) becoming detached from the tissue culture dishes. Virtually all of the non-
adherent cells expressing GFP-TDAGS51 (Figure 17g) were TUNEL positive (Figure
17h, i). Furthermore, GFP-TDAGS51 overexpression induced the cleavage of both
procaspase-3 and PARP in HUVECs and HAECs (Figure 18). In contrast, cells
overexpressing GFP were morphologically normal (Figure 17c, ), remained adherent,
and did not undergo PCD, as measured by TUNEL staining (Figure 17k, I), caspase-3
activation and PARP cleavage (Figure 18).

To determine whether the changes in cell morphology and adherence induced by
TDAGS51 were dependent on the activation of caspases, HUVECs were pretreated with
the pan-caspase inhibitor, ZVAD, prior to transiently transfection with the GFP-TDAG51
expression plasmid (Figure 19a-c). ZVAD pretreatment did not prevent changes in
either cell morphology or loss in cell adherence. However, it inhibited TUNEL staining.
These findings indicate that TDAGS51-mediated changes in cell morphology and
adherence are not dependent on caspase activation and suggest that TDAGS51 promotes

detachment-induced PCD or anoikis.

2.3.4 Characterization of TDAGS51 functional domain(s) in detachment-induced
PCD
Sequence analysis revealed that the C-terminal region of TDAGS51 contains PQ and PH

repeats while the N-terminal region has a polyglutamine (QQ) stretch and a pleckstrin
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Figure 18: Induction of caspase 3 from overexpression of GFP-TDAGS1 fusion

protein in HUVEC or HAEC

Total protein lysates (40 pg/lane) from untreated cells (untreated) or cells transiently
transfected for 24 h with transfection reagent alone (control) or transfection reagent
containing 2 pg of the pEGFP (GFP) or pEGFP-TDAGS1 (GFP-TDAGS51) expression
plasmids were subjected to immunoblot analysis using antibodies directed against
procaspase-3 or PARP. To control for protein loading, immunoblots were reprobed with

anti-B-actin monoclonal antibody.
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Figure 19: Cell detachment prior to activation of caspases from the overexpression

of TDAGS1

HUVEC plated on gelatin-coated coverslips were transiently transfected with 2 pg of the
pEGFP or pEGFP-TDAGS5!1 expression plasmids, and cells showing nuclear DNA
fragmentation were identified by TUNEL staining. Pretreatment with pan-caspase
inhibitor, ZVAD, decreases TUNEL staining but does not prevent morphological changes
and loss of adherence in HUVEC overexpressing GFP-TDAG51. Nonadherent GFP-
TDAGS51 positive HUVEC pretreated for 18 h with 20 uM ZVAD (A4) demonstrating
TUNEL-negative staining (B), 24 h post-transfection, are shown. C, merged image of M

and N. Original magnification was x630.
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homology related domain. Previous studies have implicated that proteins with QQ, PQ or
PH repeats are important for transcriptional regulation and PCD (McNabb and Courtney
1992; Cai et al., 1994; Li et al., 1995). Further, pleckstrin homology related domains are
involved in cytoskeletal organization and PCD (Maffucci and Falasca 2001). To identify
the functional domain(s) of TDAGS51 that contribute to detachment-induced PCD, seven
deletion mutants of TDAGS51 were generated by PCR and were cloned in frame into the
Hindlll/Xbal sites of pEGFP-C1. Authenticity of the insert sizes was confirmed by
restriction digestions (Figure 20).

Furthermore, following 24 hr of transient transfection, flow cytometry was then
used to identify potential functional domain(s) of TDAGS51 that contribute to detachment-
induced PCD in endothelial cells (Data not shown: preliminary observation). Based on
the number of non-adherent green fluorescent HAECs in FACs analysis, inserts
containing QQ or pleckstrin homology related domain independently did not promote
detachment-induced PCD. Herein, fluorescence intensity was similar to GFP control
non-adherent cells. The requirement for PH domain was insignificant since the insert 1.3
(pleckstrin homology domain plus PQ repeats) or L5 (pleckstrin homology domain plus
PQ and PH repeats) demonstrated similar fluorescence intensity, compared to full length
TDAGS51 ORF. These preliminary findings suggest that the PQ domain is the important
domain of TDAGS51 for detachment-induced PCD from TDAGS51 overexpression in

HAEC.

121



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

Figure 20 : Restriction digestion of plasmids encoding functional domains of

TDAGS1 ORF.

(A) The TDAGS51 gene encodes 260 amino acids, including a long stretch of glutam:
) residues near the N-terminus, proline-glutamine (PQ) and

repeats are located near the C-terminus. Further, TDAGS51 contains pleckstrin
homology-like domain, nuclear localization signal (NLS) and a nuclear export signal
(NES) toward N-terminal of the protein. LI1-L7, regions within TDAGS1 that are
generated for functional analysis of TDAGSI.

(B) PCR amplified regions (L1-L7) of TDAGS1 ORF were subcloned into the C terminus
of mammalian expression vector having green fluorescent protein. After purification of
plasmids, restriction digestion of vectors was performed with restriction enzymes,
Hindlll and Xbal. Representation of the lanes in the agarose gel is as follows: Lane 1
(Kb ladder), Lane 2 (pEGFP-C1), Lane 3-9 (vectors with insert L1-L7), Lane 10 (vector

with TDAGS51 ORF).
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2.3.5 Protection from ER stress-induced cell death following functional deficiency
of TDAGS51

We have demonstrated that TDAGS51 is responsive to ER stress and overexpression of

TDAGS1 promotes detachment-induced PCD. To further address the role of TDAGS1 in

ER stress, wildtype and TDAGS 17~ MEFs were generated as described in section 2.2.2.15

and characterized by western blotting and PCR (Figure 21).

Loss of TDAGS51 in MEFs demonstrated protection from ER stress-induced cell
death (Figure 22), as measured by LDH release, following 24 hr treatments with
thapsigargin (500 nM) or tunicamycin (2 uM) in TDAGS 17" MEFs, compared to wildtype
MEFs. However, deficiency of TDAGS51 did not appear to block UPR activation since
there was no difference in Grp78 protein expression in TDAG517 MEFs compared to
wildtype MEFs (Figure 23). Further, loss of TDAGS51 appeared to have an effect on
GADDI153 by the observation that TDAG51” MEFs had reduced GADD153 expression
following thapsigargin or tunicamycin treatment. It is possible that TDAGS]1 is upstream
of GADDI153 in the PERK pathway. Interestingly, overexpression of TDAGS1 in
HUVECs or HAECs promoted phosphorylation of elF2a, a downstream target for PERK,

by an unexplained mechanism (Figure 24).

2.3.6 Correlation between TDAGS1 expression and PCD in atherosclerotic lesions
from apoE'/' mice having diet-induced HHcy
Consistent with our previous findings (Zhou ef al., 2001), mice fed diets supplemented

with methionine or homocysteine for 18 weeks became hyperhomocysteinemic and had
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Figure 21: Characterization of Mouse Embrvonic Fibroblasts (MEFs) from C57,

TDAG51" and TDAG51”” mice

MEFs derived from wildtype, TDAG51”" or TDAG517 mice were cultured in DMEM
media. Following collection of cell lysates, immunoblot was performed to confirm the
genotypes. In brief, total protein lysates (40 pg/lane) were subjected to immunoblot
analysis using antibodies against TDAGS51 or B-actin. Results indicate that there is a

complete loss of TDAGS1 expression in TDAGS51" MEFs and a 50% loss of TDAG51

expression in TDAG51"" MEFs.
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Figure 22: Resistance from ER stress-induced cell death in TDAG51-deficient MEFs

C57 control and TDAG517 MEFs grown on 12 well plates were treated for 24 hr in the
presence of thapsigargin (Thap), tunicamycin (TM) or etoposide (ETP). Media was
collected and cell death was then assessed by measuring the release of lactate
dehydrogenase (LDH) into the media using the Cytotoxicity Detection Kit (Roche). Data
are presented as percent cytotoxicity that corresponds to percent cell death at a given

treatment. * p <0.001 versus TDAGS1” MEFs.

127



PhD Thesis - G.M.S. Hossain

McMaster - Medical Sciences

% Cytotoxicity

(@] | o]
o o o
|

w B (&)
o o o
| I

N
o
1

10 -

Thap 500nM TM 2pg/mL
Treatments

ETP 10pM

mC57
B TDAG51-/-

128




PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

Figure 23: Deficiency of TDAGS51 does not alter unfolded protein response (UPR)

activation.

Wild type (TDAG51"") and TDAGS51-deficient (TDAG517") MEFs were treated for time
periods up to 18 hr in presence or absence of tunicamycin or thapsigargin. Total protein
lysates (40 pg/ml) were subjected to immunoblot analysis using antibodies against
GRP78 and GRP94 (anti-KDEL) or CHOP. Immunoblots were reprobed with anti-B-actin

antibodies to control for protein loading.
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Figure 24: Effect of TDAGS51 overexpression on elF2a phosphorylation

HUVEC or HAEC were transiently transfected with GFP or GFP-TDAG51 expression
plasmids for 24 h. Total protein lysates (40 pg/ml) were subjected to immunoblot
analysis using antibodies against elF2a-P or B-actin. Results indicate that TDAGS1
overexpression induces the phosphorylation of elF2a compared to GFP control.

Untreated, cells that were not transfected. Control, cells that were transfected with

Superfect transfection reagent only.
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significant increases in aortic root lesion size (Table 1). To examine the effect of HHcy
on TDAGS51 expression in atherosclerotic lesions, sections from the aortic root of apoE™
mice fed normal chow, high methionine or high homocysteine diets were immunostained
for TDAGS51. In mice fed normal chow diet, immunohistochemical staining of the aortic
wall showed that TDAGS51 was confined to the atherosclerotic lesions (Figure 25a).
However, TDAG51 immunostaining was much more intense and widely distributed
throughout the lesion and aortic wall of mice fed hyperhomocysteinemic diets (Figure
25b, ¢). Aortic root sections immunostained with non-immune goat IgG as the primary
antibody showed no detectable immunofluorescence signal within the aortic wall (Figure
25d). Increased aortic root lesion size were also observed in mice fed a high methionine
diet for 4 weeks, compared to mice fed normal chow diet (Figure 25e, f). TDAGS1
immunostaining was found predominantly within these early lesions but was increased in
mice fed high methionine diet (Figure 25f), compared to mice fed normal chow diet
(Figure 25e).

To determine whether TDAGS1 expression correlated with PCD, atherosclerotic
lesions from mice fed normal chow or hyperhomocysteinemic diets for 4 (Figure 26b) or
18 weeks (Figure 26a) were immunostained for TDAGS51 and assayed by the TUNEL
method. Compared to mice fed normal chow diet, TDAGS51 expression and PCD were
increased and co-localized to the necrotic core of lesions from mice fed high methionine
or high homocysteine diet for 18 weeks (Figure 26a). Immunocytochemical studies
suggested that the majority of TDAGS51/TUNEL positive cells within the necrotic core

were macrophages and smooth muscle cells (data not shown). However, endothelial cells
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Table 1: Total plasma homocysteine levels and atherosclerotic lesion size in apoE-

deficient mice fed normal chow or hyperhomocysteinemic diets.

Plasma homocysteine Lesion size in aortic root
Group (n) pmol/L mm?®
Control (36) 9.46+0.28 0.18+0.01
High methionine (15) 53.6+8.7* 0.28+0.03*
High homocysteine (15) 51.4+2.9%* 0.27+0.02*

Female apoE-deficient mice at 6 weeks of age were fed the indicated diet for 18 weeks.
Values are the mean+SEM.

*P<0.01 vs control group.
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Figure 25: TDAGS51 expression in the aortic root of apoE'/' mice fed normal chow

or hyperhomocysteinemic diets

Indirect immunofluorescence was performed to detect TDAGS51 in aortic root sections of
apoE"/‘ mice fed normal chow (A4), high methionine (B), or high homocysteine (C) diet
for 18 weeks. D, control section in which nonimmune goat IgG was used as the primary
antibody. Indirect immunofluorescence for TDAGS1 was performed in aortic root
sections of apoE_/_ mice fed normal chow (E) or high methionine (F) diet for 4 weeks.
Increased areas of TDAGS1 immunostaining are indicated by the arrows. Original

magnification was x100.
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Figure 26: TDAGS51 expression and PCD in atherosclerotic lesions from apoE"/_

mice fed normal chow or hyperhomeocysteinemic diets

A, identification of TDAG51 immunostaining and TUNEL-positive cells in sections from
atherosclerotic lesions of apoE_/_ mice fed normal chow, high methionine (Mef), or high
homocysteine (Hcy) diet for 18 weeks. B, TDAGS51 immunostaining and TUNEL-
positive cells in sections from atherosclerotic lesions of apoE_/_ mice fed normal chow or
high methionine (Mer) diet for 4 weeks. TUNEL-positive cells are indicated by the

asterisks. Original magnification was X200.
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positive for both TDAGS51 and TUNEL were rarely observed in the aortic root wall.
Although few TDAGS1/TUNEL positive cells were identified within the early lesions of
mice fed normal chow diet for 4 weeks (Figure 26b), there appeared to be more positive

cells in the early lesions from hyperhomocysteinemic mice.

2.3.7 Overexpression of TDAGS5I1 increases the expression of tissue factor

PCD plays a major role in atherosclerotic lesion development and increases the risk of
plaque rupture by reducing the stability of atherosclerotic lesions. PCD also enhances
plaque thrombogenicity since it increases the number of tissue factor-rich apoptotic
microparticles within the atherosclerotic lesions (Tedgui and Mallat 2001). Since
TDAGS51 is a pro-apoptotic gene, we therefore assessed whether overexpression of
TDAGS1 affected the expression of TF, the major initiator of thrombosis. We have
demonstrated that overexpression of TDAGS51 increases TF expression in HUVECs or
HAECs (Figure 27). However, future studies are necessary to better define the
association between TDAGS51 expression and TF expression/activity to further explain

potential pro-thrombotic effects of TDAGS1.
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Figure 27: Effect of TDAGS1 overexpression on TF expression

HUVEC or HAEC were transiently transfected with GFP or GFP-TDAGS51 expression
plasmids for 24 h. Total protein lysates (40 pg/ml) were subjected to immunoblot
analysis using antibodies against TF or B-actin. Results indicate that TDAGS51
overexpression increases TF protein levels in HAEC or HUVEC compared to GFP
control. Untreated, cells that were not transfected. Control, cells that were transfected

with Superfect transfection reagent only.
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2.4 Discussion

HHcy is an important and independent risk factor for the development of CVD (Boushey
et al., 1995; Refsum et al., 1998; Eikelboom et al., 1999; Malinow et al., 1999).
Previous studies have demonstrated that HHcy accelerates the development of
atherosclerosis (Hofmann et al., 2001; Zhou et al., 2001) and that homocysteine causes
ER stress, leading to growth arrest and PCD in cultured vascular endothelial cells
(Outinen et al., 1999; Huang et al., 2001; Zhang et al., 2001). Despite these findings, the
pro-apoptotic factors implicated in this process and their in vivo relevance to
atherogenesis have yet to be identified.

We now provide evidence that TDAGS51, a member of the pleckstrin homology-
related domain family (Park ef al., 1996; Frank et al., 1999; Gomes et al., 1999), is an ER
stress response gene, promotes PCD and contributes to the development of
atherosclerosis in apoE” mice having diet-induced HHcy. These findings are based on
several lines of evidence presented here. First, homocysteine induces the expression of
TDAGS51 in cultured vascular endothelial cells in a time- and dose-dependent manner.
The induction of TDAGS1 by homocysteine involves ER stress and is dependent on
elF2a phosphorylation. Second, transient overexpression of TDAGS51 causes dramatic
changes in cell morphology, decreases cell adhesion and promotes detachment-mediated
PCD. Furthermore, deficiency of TDAGS51 protects MEFs from ER stress-induced cell
death. Third, TDAGS51 expression is increased in early and mature atherosclerotic
lesions from apoE”" mice fed hyperhomocysteinemic diets, compared to mice fed a

normal chow diet. Fourth, a direct correlation between increased TDAGS1 expression
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and PCD was observed in the atherosclerotic lesions from apoE™ mice having diet-
induced HHcy. The additional observation that early and mature atherosclerotic lesions
from apoE”" mice fed hyperhomocysteinemic diets showed increased evidence of ER
stress, as measured by GRP78/94 immunostaining (Zhou et al., 2004), suggests that
TDAGS1 contributes to the development of atherosclerosis through a mechanism
involving ER stress.

HUVECs were exposed to different concentrations of homocysteine for different
durations to investigate the expression of TDAGS51. TDAGS1 expression was induced in
a dose- and time-dependent manner by homocysteine. These observations indicated that
relatively high concentrations of extracellular homocysteine (1.0 mM or greater) were
required to induce TDAGS51 mRNA levels in HUVEC, suggesting that homocysteine-
induced TDAGS51 expression requires internalization of sufficient amounts of
extracellular homocysteine to overcome the pathways through which it is metabolized
and/or excreted. While the exogenous homocysteine concentrations used are higher than
typical plasma levels, Outinen et al. (1998 & 1999) demonstrated that intracellular levels
of homocysteine are more important than plasma levels in inducing changes in gene
expression in cultured human vascular endothelial cells. Outinen et al. (1998) showed
that 1 mM extracellular homocysteine causes a 2-fold increase in intracellular levels of
homocysteine. Interestingly, cell viability was not greatly affected when endothelial cells
were exposed to high concentrations (= 1 mM) of homocysteine, a result consistent with
previous findings (Lentz and Sadler 1991; Hajjar et al., 1993; Outinen et al., 1998).

Time-dependent induction of TDAGS51 mRNA with 1 mM homocysteine further supports
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the importance of intracellular homocysteine concentrations on gene expression. An
initial increase in intracellular homocysteine concentrations at 8 hr resulted in maximum
transcript expression that was decreased by 18 hr. This decrease is likely due to the
clearance of intracellular homocysteine through metabelism and/or secretion. The

observation that 8, 40, 200 pM homocysteine did not induce TDAGS1 expression,

suggests that > 200 uM concentration of extracellular homocysteine is required to
facilitate the transport of extracellular homocysteine that could overcome intracellular
homocysteine metabolism in HUVECs. However, TDAGS51 protein expression was
upregulated in HAECs at a much lower concentration (50 to 200 pM), suggesting that
some cell lines are more sensitive to extracellular homocysteine.

Expression of TDAG51 in HUVECs was specific to homocysteine since TDAGS51
mRNA levels did not significantly change when HUVECs were exposed to the
structurally similar thiol containing amino acids cysteine and methionine. As a control,
when HUVECs were exposed to the structurally similar non-thiol containing amino acid,
homoserine, TDAGS51 transcript expression remained unchanged. The findings that other
structurally similar thiol and non-thiol containing amino acids such as cysteine,
methionine, and homoserine, also failed to induce TDAGS51 mRNA expression, clearly
supports the selectivity of TDAGS1 transcript expression for homocysteine. These
observations can be explained as follows: (i) HUVEC are more sensitive to homocysteine
than other thiol and non-thiol containing amino acid, (ii) there may be preferential
accumulation of intracellular homocysteine compared to other amino acids, and/or (iii)

HUVECs may have the ability to metabolize, utilize or eliminate cysteine, methionine
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and homoserine more efficiently than homocysteine. For example, methionine can be
incorporated into protein in addition to being metabolized to homocysteine and cysteine
(Welch and Loscalzo 1998). Therefore, under certain conditions, methionine could
potentially cause similar cellular effects as those observed with homocysteine. In
addition, the finding that the TDAGS51 transcripts were not induced by cysteine, further
supports the observation that cysteine is not an atherogenic agent even though it is
structurally similar and exists at 20-25 fold higher concentrations in plasma, compared to
homocysteine (Welch and Loscalzo 1998).

Like homocysteine, the ER stress-inducing agent DTT increased TDAGS51 mRNA
levels. This observation suggests a mechanism involving ER stress, and supports our
previous findings that homocysteine can alter the expression of genes involved in ER
stress (Outinen et al, 1998 & 1999; Werstuck et al., 2001). These findings are also
consistent with other previous reports (Park et al, 1996; Gomes et al, 1999)
demonstrating that TDAGS1 expression is induced in T cell hybridomas and neuronal
cells by other additional ER stress agents, including ionomycin and thapsigargin.
Interestingly, the finding that elevated TDAGS1 protein expression correlates with
increased GRP78 protein levels further supports a mechanism related to ER stress. In
addition, the ER stress agent peroxynitrite increases the expression of TDAGS51 and this
effect can be prevented by coincubation of peroxynitrite with uric acid, a scavenger for
peroxynitrite (Dickhout ef al., 2005). Also, TDAGS1 expression is highly upregulated by
farnesol, a pro-apoptotic and ER-stress inducible agent (Joo ef al., 2007). Collectively,

these findings provide evidence that TDAGS5]1 is an ER stress-induced gene.
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TDAGS1 is a member of a novel pleckstrin homology-related gene family that
consists of Ipl/Tssc and Tih (Frank et al., 1999). Sequence analysis has revealed that
TDAGS51 contains a central motif resembling a pleckstrin homology domain and several
distinctive C-terminal proline-glutamine and proline-histidine repeats, suggesting a role
in transcriptional regulation and/or PCD (Park et al., 1996; Gomes et al., 1999). Studies
have now demonstrated that decreased expression of TDAGS51 occurs in metastatic
melanoma and that overexpression of TDAGS1 sensitizes PCD and impairs melanoma
cell proliferation (Neef et al, 2002). However, the precise mechanism by which
TDAGS51 mediates PCD is not known. TDAGS51 has been shown in vifro to play critical
roles in the upregulation of Fas gene expression and activation-induced PCD of T cells
(Park et al., 1996). However, TDAG51™ mice express normal levels of Fas with no
impairment in T-cell PCD (Rho et al., 2001). Furthermore, TDAGS51 promotes Fas-
independent apoptosis in numerous cell lines, including neuronal, melanoma, vascular
endothelial cells (Gomes ef al., 1999; Neef et al., 2002; Hossain ef al., 2003). In support
of Fas-independent mechanism of apoptosis, we have proposed that TDAGS51 promotes
detachment-mediated PCD or anoikis. This is based on several lines of evidence. First,
overexpression of TDAG51 promotes dramatic alterations in cell shape and increases
detachment of endothelial cells from their appropriate matrix. Second, TDAGS5I1-
mediated shape changes are independent of caspase activation and occur prior to
activation of the cell death program. Previous studies have reported that caspase-

mediated cytoskeletal/shape changes are a rather rapid process (Kothakota et al., 1997).
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Currently, the underlying mechanism by which TDAGS51 overexpression induces
detachment-mediated PCD is unknown.

Based on our preliminary studies, it appears that the PQ rich domain of TDAGS51
plays dominant role in promoting detachment-mediated PCD. Our finding is consistent
with a study where it has been demonstrated that PQ rich domain of TDAG51 induces
PCD in 293 cells while pleckstrin-homology domain suppresses cell death (Hayashida et
al., 2006). Previous reports have suggested that proteins containing PQ repeats can act as
transcriptional activators (McNabb and Courtney, 1992; Park el al, 1996). This is
supported by our observation that overexpression of TDAGS51 does not promote PCD
following mutation of nuclear import signal of TDAGS1 (al-Bayati and Austin;
unpublished results). It is possible that TDAGS51 may have a role in transcriptional
regulation and may shuttle between the cytosol and nucleus.

Furthermore, experiments have shown that expression of active integrin-
dependent kinase (ILK) or Akt prevents anoikis and cell detachment down-regulates
survival functions of ILK (Fuji and walsh 1999; Atwell et al., 2000; Frisch and Screaton
2001; Bachelder er al, 2001). In addition, disruption of cell-extracellular matrix
interaction also liberates Bfm from the cytoskeleton, which subsequently binds to and
neutralizes the survival function of Bcl-2 (Puthalakath et al, 2001). Since TDAGSI
colocalizes with FAK and alters the actin cytoskeleton, it is conceivable that TDAGS51
overexpression disrupts focal adhesion complex assembly and thus interrupts survival

signalling from the extracellular matrix prior to activation of the cell death program.

147



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

In addition to its ability to decrease cell growth and to promote PCD, TDAGS51
has been reported to inhibit protein synthesis, possibly by interacting with cellular factors
involved in the regulation of protein translation (Hinz ef al., 2001). It is well established
that activation of the UPR by ER stress leads to decreased rates of protein synthesis
(Wong et al., 1993) and that this cellular process is mediated by the ER-resident kinase,
PERK (Harding et al., 1999). Once activated by ER stress signals, PERK phosphorylates
Ser51 of elF2a, thereby inhibiting cellular mRNA translation and inducing transcriptional
activation of a wide range of ER stress-inducible genes, including GRP78, GADD153
and TDAGS51 (Scheuner et al, 2001). Given that homocysteine causes ER stress, the
ability of homocysteine to increase TDAGS51 expression, activate PERK (Nonaka et al.,
2001; Ma er al, 2002) and induce elF2a phosphorylation (Ma et al., 2002) is not
surprising. In support of this, we have demonstrated that TDAGS1 overexpression
induces phosphorylation of elF2a. However, the underlying mechanism by which
TDAGS1 phosphorylates eIF2a however remains to be explained.

Previous studies have proposed that acute clinical manifestations of
atherosclerosis result from atherosclerotic lesion rupture, thereby triggering thrombus
formation and vessel occlusion (Fuster 1994; Lee and Libby 1997). PCD has been well
documented to occur in animal and human atherosclerotic lesions (Isner et al., 1995;
Kockx et al., 1996; Hegyi et al., 1996). The distribution of cell death is heterogeneous
within the lesion, being more concentrated in regions containing a high density of
macrophages and smooth muscle cells. Based on these findings, it has been suggested

that PCD increases the risk of rupture by decreasing the stability of the atherosclerotic
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lesions. Furthermore, PCD enhances thrombogenicity by increasing the number of tissue
factor-rich apoptotic microparticles within the atherosclerotic lesions (Tedgui and Mallat
2001). Given our findings that TDAGS5! expression and PCD are increased and co-
localized in the atherosclerotic lesions from apoE'/ " mice having diet-induced HHcy,
TDAGS!1 could potentially alter plaque stability and/or thrombogenicity. Indeed,
although a rare event in mice, we have documented spontaneous rupture of a coronary
plaque in mice having diet-induced HHcy (Zhou et al., 2001).

Our findings clearly demonstrate that TDAGS1 overexpression in culture vascular
endothelial cells causes dramatic changes in cell morphology, decreases cell adhesion and
promotes PCD. However, very few TDAGS51/TUNEL positive endothelial cells were
observed in early or mature atherosclerotic lesions from apoE”™ mice having diet-induced
HHcy. Because endothelial cells are increased in the circulation of patients with vascular
disease following methionine load (Hladovec et al., 1997), it is possible that the majority
of TDAG51/TUNEL positive endothelial cells may have lost their adhesive properties
and were shed into the circulation. This would be consistent with our finding that
TDAGS51 overexpression induces a loss in cell adhesion prior to PCD.

Although our studies implicate TDAGS51 as an important pro-apoptotic factor that
contributes to the development of atherosclerosis, additional cellular factors are likely to
be involved. We as well as others have demonstrated that homocysteine induces the
expression of GADD153 (Outinen ef al., 1998; Kokame ef al., 1996 & 2000; Werstuck et
al., 2001), a basic region leucine zipper transcription factor which is markedly induced in

response to a variety of cellular stresses (Ron and Habener 1992). GADD153 correlates
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with ER stress-induced cell death (Zinszner et al, 1998) and overexpression of
GADDI153 sensitizes cells to ER stress by down-regulating Bcl-2 expression and
enhancing oxidant injury (McCullough et al., 2001). In addition, overexpression of
GADD153 has been linked to the induction of PCD in 3T3 fibroblasts, keratinocytes and
HelLa cells (Maytin et al., 2001). In support of this, Feng et al. (2003) has demonstrated
increased expression of GADD153 in advanced atherosclerotic lesions from apoE'/ " mice
fed a normal chow diet. Also, Zhou ef al. (2004 & 2005) have demonstrated association
of ER stress, TDAG5]1 and atherosclerotic lesion development in apoE™ mice fed normal
chow or hyperhomocysteinemic diets. Further experimentation is needed to better
elucidate the contributions of both TDAGS51 and GADD153 to ER stress-induced PCD
and in the development of atherosclerosis.

In summary, we have established that TDAGS1 is an ER stress-induced pro-
apoptotic gene by the observation that loss of TDAGS51 protects TDAG517- MEFs from
ER stress-induced cell death. Furthermore, TDAGS51 is a novel mediator of
atherosclerosis. Our findings support an important role for TDAGS51 in promoting
detachment-mediated PCD in vitro and in vivo, and in contributing to the development of

atherosclerosis in HHcy.
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CHAPTER 3: Contribution of TDAGS51 to atherosclerotic lesion development —

studies using TDAGS51/apoE double knockout mice

3.1 Introduction

PCD is a well defined feature in animal and human atherosclerotic lesions and may play
an important role in the formation of the necrotic core (Isner et al., 1995; Kockx et al.,
1996; Hegyi et al., 1996; Bennet 1999; Tedgui and Mallat 2001). It is proposed that
apoptotic macrophages and smooth muscle cells can influence plaque stability. Further,
it is believed that PCD increases the risk of lesion rupture by decreasing the number of
viable smooth muscle cells required for collagen production (Lusis 2000; Corti et al.,
2004). The observation that heterogeneous apoptosis of macrophages occurs within
atherosclerotic lesions supports the hypothesis that some regions are predisposed to
rupture (Kolodgie et al., 2000). In addition, plaque thrombogenicity can increase since
the lesion-resident apoptotic cells express cell surface tissue factor (TF), the major
physiological initiator for blood coagulation (Tedgui and Mallat 2001). However,
apoptosis of T-lymphocytes and macrophages might be beneficial to plaque stability
because this process attenuates the inflammatory responses and the release of MMPs
(Corti et al., 2004; Tedgui and Mallat 2001). Although these studies provide evidence
that PCD influences lesion growth, stability and/or thrombogenicity, the cellular
mechanisms that mediate apoptotic cell death and their relevance to atherosclerosis are

not completely understood.
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Our earlier studies have demonstrated that TDAGS51 promotes detachment-
mediated PCD and is associated with the development of atherosclerosis in HHcy
(Hossain et al., 2003). We have further demonstrated that increased TDAGS51 expression
was correlated with PCD in the advanced atherosclerotic lesions from apoE™ mice fed
hyperhomocysteinemic diets, compared to mice fed normal chow diet. In addition, Dai et
al. (2004) reported that TDAGS51 is an atherosclerotic susceptible gene given that athero-
prone waveform increases TDAGS51 expression in endothelial cells. Our earlier studies
have shown that TDAGS5]1 is expressed in both early and advanced atherosclerotic lesions
in apoE'/ “mice fed normal chow diet (Figure 28). We have also detected the presence of
TDAGS51 within the shoulder region of the plaque from human carotid arteries (Figure
29). The current study was designed to investigate the effect of TDAGS51 deficiency on
the development and progression of atherosclerosis. To assess whether TDAGS5!1 is a
contributory factor to the development of atherosclerosis, TDAG51”" mice were crossed
with apoE™ mice, an established hyperlipidemic mouse model of atherosclerosis, to
obtain double knockout mice. Our findings have demonstrated that TDAG517/apoE™
double knockout (DKO) mice fed normal chow diet have a significant reduction in
atherosclerotic lesion size, compared to age- and sex-matched apoE'/' controls. This
observation supports our hypothesis that the deficiency of a functional TDAG51 gene
attenuates the development and progression of atherosclerotic lesions in apoE™ mice fed
normal chow diet. Thus, we have found that TDAGS5!1 is a contributory factor to
atherosclerotic lesion development in apoE'/' hyperlipidemic mice model. Furthermore,

support for this hypothesis is drawn from the significant decrease in necrotic lipid core in
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Figure 28: Expression of TDAGS1 in early and advanced atherosclerotic lesions in

apoE'/ ~_mice.

Paraffin sections from the aortic root of apoE'/ " mice either 9 (early-lesion group) or 23
(advanced-lesion group) weeks fed a normal chow diet were stained with goat polyclonal
antibody against TDAGS51. TDAGS5!1 expression was observed in intimal macrophages
(arrowhead, left panel, A) as well as macrophage foam cells in fatty streaks within the
neointima of advanced lesions (right panel, B). Staining of TDAGS51 was absent from

acellular necrotic areas. I indicates intima; M, media; and L, lumen. Bar=50 pym.

(Obtained and modified from Zhou et al. (2005) Circulation 111: 1817)
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Figure 29: TDAGS51 expression and DAPI staining in atherosclerotic lesions from a

human carotid artery.

Carotid artery specimens were acquired at the time of endarterectomy for symptomatic or
asymptomatic carotid artery disease (in collaboration with Dr. Claudio Cina of McMaster
University). Following processing, the specimens were sectioned and placed onto slides.

The tissue sections were then immunostained using antibody against TDAGS1 to detect
the presence of TDAG51 within the cellular portion of the lesions. DAPI staining further

confirmed the nuciear staining of cellular portion of the lesions.
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sections from the aortic root and total atherosclerotic lesion area by en face lipid staining
observed in the aortas of DKO mice, compared to apoE™ controls. Given that TDAG51
is an ER stress-induced pro-apoptotic gene (Hossain et al., 2003), it is conceivable that
reduced atherosclerotic lesion size in DKO mice may be due to decreased apoptosis from
the deficiency of TDAGS51. However, necrotic lipid core size of DKO mice does not
account for the attenuated lesion size, suggesting that additional factor(s) may be
involved for the reduction of lesion size observed in DKO mice.

Furthermore, epidemiological studies in humans have reported an association
between hepatic steatosis or fatty liver and cardiovascular risk factors such as
dyslipidemia, insulin resistance, and type 2 diabetes mellitus (Laakso and Lehto 1998;
Arad et al, 2001; Volzke et al., 2005; Targher and Arcaro 2007; Loria et al., 2008;
Sookoian and Pirola 2008). Hepatic steatosis is generally caused by increased influx of
fatty acid to the liver or increased de novo synthesis of liver fatty acid, leading to the
esterification of fatty acids into triglycerides. Interestingly, DKO mice fed normal chow
diet presented with increased hepatic steatosis. In addition, we have observed a
significant upregulation of peroxisome proliferators-activated receptor y (PPAR-y) in
TDAG51” mouse embryonic fibroblasts (MEFs), compared to control wildtype MEFs.
Earlier studies have shown the involvement of PPAR-y in the development of obesity,
diabetes, and cardiovascular disease (Lehrke and Lazar 2005). It is believed that the
activity of PPAR-y is modulated by direct binding of small molecules, namely PPAR-y
ligands.  Anti-diabetic drugs, thiazolidinediones (TZDs), can activate PPAR-y by

mimicking the actions of PPAR-y ligands. Clinical studies have reported the effect of
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TZDs in diabetic patients and have suggested its vascular protective effects from
improved insulin-sensitivity, decreased vascular and systemic inflammatory markers, and
reduced atherosclerosis (Verges 2004; Zhang and Chawla 2004). Additionally, studies in
mice have demonstrated that the overexpression of PPAR-y decreases atherosclerotic
lesion development and increases hepatic steatosis (Lehrke and Lazar 2005) - a
phenotype similar to that observed in mice deficient for both apoE and TDAGS51 genes.

It is therefore conceivable that the ability of TDAGS1 deficiency to decrease
atherosclerotic lesion development in apoE'/' mice may not be all due to its pro-apoptotic
characteristic. It is possible that TDAGS51 influences the transcription/translation of other
genes, including PPAR-y. Given that PPAR-y activates reverse cholesterol transport in
lesion-resident macrophages and is considered atheroprotective (Chawla ef al., 2001;
Chinetti et al., 2001; Lehrke and Lazar 2005), our findings suggest that TDAGS51 is a
contributory factor to the development of atherosclerosis through a mechanism involving

PPAR-y.
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3.2  Materials and Methods

3.2.1 Materials

Mayer’s hematoxylin and eosin and Oil red O were obtained from Sigma Aldrich.
Primers WT 1 (5°-CCG CAG CAC CTC CAA CTC TGC CTG-3%), WT 2 (5°>-GTC TTC
AAA TAC AAT GAA AGA GTC G-3’), TDAGS1 KO 1 (5°-AAA TGG AAG TAG
CAC GTC TCA CTA GTC TCG-3), TDAG51 KO 2 (5°-AGA GCA GCC GAT TGT
CTG TTG TGC CCA GTC-3%), ApoE 1 (5°-GCC TAG CCG AGG GAG AGC CG-37),
ApoE 2 (5°-TGT GAC TTG GGA GCT CTG CAG C-3°) and ApoE 3 (5’-GCC GCC
CCG ACT GCA TCT-3%) were synthesized at the MOBIX, McMaster Institute for
Molecular Biology and Biotechnology (Hamilton, ON).

All other chemicals, reagents, and materials were of the highest quality available.

3.2.2 Methods

3.2.21 Mice and dietary conditions

ApoE™ mice were obtained from the Jackson Laboratory (Bar Harbor, Maine). Two
pairs of TDAG51 heterozygous (TDAG51™) mice were a generous gift from Dr. Y.
Choi, University of Pennsylvania. ApoE”, TDAG517 or DKO mice for these studies
were generated at the Henderson Research Centre Animal facilities. After 15-, 25- or 40-
weeks on the normal chow diet, the mice were sacrificed and the tissue samples were
collected. All experimental procedures were approved by the McMaster University

Animal Research Ethics Board.

159



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

3222 Isolation of DNA for mouse genotyping

Small pieces of tail or ear were collected from mice and placed in 500 pl DNA lysis
buffer (IM Tris HCl pHS8.5; 0.5M EDTA; 10% SDS; 5M NaCl). Five microliters of
proteinase K (10 mg/ml) was added to each microcentrifuge tube and incubated overnight
at 55°C. The samples were then allowed to cool down at room temperature, vortexed and
centrifuged at 1400 rpm for 20 min. Four hundred microlitres of sample were removed
and placed into designated tubes containing 400 pl of isopropanol. After votexing, DNA
was precipitated and the supernatant was discarded. TE buffer (IM Tris-HCl, 0.5M
EDTA) was then added to the dried DNA. The DNA samples were stored at 4°C before

using for PCR.

3.2.2.3 Mouse genotyping using polymerage chain reaction
PCR was performed using collected mouse DNA to confirm the genotypes of the mice.
The following primers were used to assess the presence of wildtype and/or disrupted
TDAGS1 alleles: WT 1, WT 2, TDAGS51 KO 1 and TDAGS51 KO 2. Parameters for the
44 cycles of PCR after denaturing once at 94°C for 2 min were as follows: denaturation
at 94°C for 30 sec, annealing at 58°C for 30 sec, and extension at 68°C for 1 min.
Additional extension at 68°C for 5 min was performed before storing at 4°C. PCR
amplified products (1 kilobase pair band for wildtype TDAGS51 gene and a 400 base pair
band for disrupted TDAGS51 gene) were analyzed by agarose gel electrophoresis.

ApoE genotyping was confirmed by using the following primers: ApoE 1, ApoE

2 and ApoE 3. Parameters for the 40 cycles of PCR after denaturing DNA once at 94°C
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for 5 min were as follows: denaturation at 94°C for 20 sec, annealing at 68°C for 40 sec,
and extension at 72°C for 2 min. PCR amplified products (155 base pair band for
wildtype apoE gene and a 245 base pairs band for disrupted apoE gene) were analyzed by

agarose gel electrophoresis.

3.2.24 Approach to generate mouse model deficient in both apoE and
TDAGS5] genes
Mice deficient in both TDAGS51 and apoE were generated as described in Figure 30. In
brief, TDAG51"" mice, having C57BL/6 background, were crossed to generate TDAG51”
" mice. ApoE” mice (C57BL/6 background) were then crossed with TDAG51” mice to
obtain mice that were deficient in both apoE and TDAGS!1 genes as described in Figure
30. In each step, genotypes of the offsprings were determined by PCR analysis. To
further confirm the lack of TDAGS51 expression in DKO mice, immunoblot analysis for
TDAGS51 was performed on tissue samples. Since female DKO mice failed to breed,
male DKO mice were crossed with female apoE-deficient mice heterozygous for

TDAGST1 to obtain the desired numbers of DKO mice.

3.2.25 Immunoblot analysis
Tissue samples were homogenized and total cell lysates solublized in 4X SDS-PAGE
sample buffer. An equivalent amount of protein lysate was separated by electrophoresis

on SDS-polyacrylamide gels under reducing conditions, as described previously
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Figure 30: Schematic diasram showing generation of mice deficient in both

TDAGS1 and apoE genes.

TDAG51"" mice having C57BL/6 background were first paired to generated TDAG51"
mice (step 1). Male TDAG51” mice were then crossed with female apoE” mice
(C57BL/6 background) to obtain TDAGS51"/apoE™ mice. Male and female TDAG51™"
/apoE™" mice were next paired to generate mice deficient in both apoE and TDAGS51
genes (step 3 & 4). In each step, genotype of the mice was confirmed by PCR analysis as

described in the experimental procedures.

162



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

TDAG51"" (M) X TDAG51" (F)

Step 1:
TDAG51"; TDAG51™; TDAGS1™
Step 2: TDAG51" (M) X apoE™ (F)
TDAG51" /apoE™"
Step 3:

TDAG51" /apoE™ (M) X TDAG51" /apoE™" (F)

TDAG51" /apoE™"; TDAG51" /apoE""; TDAG51" /apoE™";
TDAG51" /apoE"™"; TDAG51" /apoE™; TDAG51"/apoE™;
TDAG51" /apoE™; TDAG51" /apoE™; TDAGS1 /apok”

Step 4:
TDAG51"/apoE™ (M) X TDAG51" /apoE™ (F)

TDAG51"/apoE™; TDAG51" /apoE
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(Laemmli ef al., 1971) and the immunoblot analysis was then performed as described in

section 2.2.2.8.

3.2.2.6 Tissue sample preparation

Following euthanization, hearts were flushed with 1X PBS and perfusion-fixed with 10%
neutral buffered formalin (Zhou et al., 2001). After removal, the hearts (including the
aortic root) were cut transversely and embedded in paraffin (Paigen et al., 1987). The
aortic root was cross-sectioned serially at 4 um intervals and collected on glass slides for
the measurement of lesion size (hematoxylin/eosin staining) and immunohistochemical
analysis. Atherosclerotic lesion area was measured using computer-assisted image
analysis equipment (Zeiss Axioskop 2 microscope, Sony 3CCD color video camera and
SigmaScan Pro from Jandel Scientific Software) and the mean plaque size was then

calculated.

3.2.2.7 Hematoxylin/Eosin staining

Following deparaffinization in xylenes, the tissue sections were treated in ethanols (100%,
70%) and in water. The sections were stained with hematoxylin for 30 sec to 3 min,
followed by rinsing in tap water and 1X PBS. After staining of the tissue sections with
working solution of eosin, the sections were dehydrated in ethanols (95%, 100%) and in
xylene, and the slides were mounted with coverslips using Permount mounting medium

(Fisher Scientific).
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3.2.2.8 Immunohistochemical analysis

Tissue sections were deparaffinized as described in section 3.2.2.7 and the endogenous
peroxidase activity was blocked with 0.5% H,0O, in methanol for 10 min. For some
antibodies, antigen retrieval was performed if necessary. After blocking with appropriate
blocking serum, the tissue sections were incubated with appropriate primary antibodies
for 1 hr. The sections were then washed in TBS buffer and incubated with appropriate
biotinylated secondary antibodies (Vector Laboratories) and streptavidin-peroxidase
(Zymed Laboratories). The sections were then washed in TBS buffer, developed in Nova
Red peroxidase substrate (Vector Laboratories) and counterstained with hematoxylin.
The sections were rinsed in tap water, dehydrated in ethanols (70%, 100%) and
transferred to xylene before mounting the slides with coverslips. Nonspecific
immunostaining was not detected in control sections. Controls consist of nonimmune

IgG as the primary antibody or the secondary antibody alone.

3.2.2.9 En face oil red O staining of mice aorta

The unopened aorta was evaluated under a dissection microscope and the atherosclerotic
plaques were easily identified in the transparent aortas. The unopened aorta was then
stained in Oil red O solution for 1 hr, followed by rinsing in 50% ethanol and distilled
water. Images of the unopened aortas were captured using a Zeiss Axioskop 2
microscope and a Sony 3CCD color video camera. Aortas were then opened

longitudinally, mounted onto slides with coverslips and the image was again captured.
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For both unopened and opened aorta, the stained area was measured as described in

section 3.2.2.6 and compared as the percentage of the total aorta.

3.2.2.10 Measurement of total cholesterol, triglyceride and glucose in mice
plasma

For the measurement of total cholesterol, concentrations of cholesterol standard (mg/dl)
were first prepared by a series of dilutions according to Infinity™  cholesterol
measurement kit (Thermo Electron Corporation, Melbourne, Australia). Duplicate, 5 pl
serum samples were then plated in a 96 well plate. After appropriate dilutions of the
serum in ddH,O, 200pl of cholesterol reagent was added to each well. Following 15 min
of incubation at room temperature, the absorbance of the wells was read at 500 nm using
a microplate reader (Molecular Devices, Union City, CA). SoftMax 3.1 program was
then used to determine the cholesterol levels of the unknown samples.

The approach to measure triglyceride or glucose levels in mice plasma was also
similar to the above described cholesterol assay (Thermo Electron Corporation). Herein,
triglyceride or glucose standard curve (mg/dl) was prepared by a series of dilutions.
Further, the absorbance of the wells was read at 500 nm or 340 nm to measure the

concentrations of triglyceride or glucose, respectively.
3.2.2.11 Measurements of lipids in tissue samples
After weighing the tissue samples, 500 pl of homogenization buffer (10 mM Hepes, 20

mM MgCl, 10 mM 2-Mercaptoethanol, 0.5% Triton X-100) was added and the samples
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were homogenized on ice. The lysates were then transferred to glass tubes and the lipids
were extracted with hexane:isopropanol (3:2). The lipids were next placed into new glass
tubes, dried down overnight in speed vacuum and resuspended in 200 pl of isopropanol.
For the measurement of protein concentration, 150 ul of aqueous phase was transferred to
an eppendorf tube. The remaining 50 pl of organic phase was dried in a glass tube and
later used for the measurement of cholesterol and triglyceride, as described in section

3.2.2.10.

3.2.2.12 Measurement of mice plasma lipid profiles using FPLC

Mouse plasma was fractionated using gel Filtration-fast Protein Liquid Chromatography
(FPLC) as described by Rigotti ef al. (1997). In brief, plasma (150 pl) was diluted with
an equal volume of elution buffer (154 mM NaCl/1 mM EDTA, pH 8) and subjected to
FPLC using two Superose 6 columns (Pharmacia) connected in series. Forty seven
fractions (0.5 ml each) were collected after the first 14 ml were eluted and the total

cholesterol in each fraction was measured as described in section 3.2.2.10.

3.2.2.13 Statistical Analysis

All experimental values are presented as mean + standard deviation. Comparison
between the means was performed using the unpaired Student’s #-test. ANOVA was used
for multiple comparisons among the means. For all analyses, P<(0.05 was considered

statistically significant.
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33 Results

3.3.1 Generation of TDAGS51/apoE double knockout mice

In our earlier studies, we demonstrated that TDAGS1 is associated with the development
of atherosclerosis ir apoE” mice (Hossain et al., 2003). Furthermore, TDAGS5]1 is
expressed in early and advanced atherosclerotic lesions from apoE'/ " mice fed normal
chow diet (Zhou et al., 2005). To further address the significance of TDAGS51 deficiency
in the development and progression of atherosclerosis, TDAG51" mice were crossed
with apoE”" mice to generate DKO mice, as described in section 3.2.2.4. Authenticity of
the generated DKO mice was confirmed by PCR and immunoblot analysis (Figure 31).
It is important to mention that TDAG51" or DKO mice did not demonstrate any
developmental abnormalities. Since male or female apoE™ mice are established model
for atherosclerosis (Daugherty 2002; Ohashi ez al., 2004), the studies were performed
using male apoE™ and male DKO mice. Interestingly, mean body weight of DKO mice
was significantly increased at 40 weeks of age, compared to apoE'/ " mice (39.2 £ 9.02

versus 32.6 + 2.56 gm, P<0.05) (Figure 32).

3.3.2 Effect of TDAGS5I1 deficiency on atherosclerotic lesion development in apoE”
mice

Apoptosis plays a significant role in the development and progression of atherosclerotic

lesions. Earlier studies have demonstrated that the functional deficiency of pro-apoptotic

genes (p53, Bax or Rb) contributes to enhanced atherosclerosis (Guevara et al., 1999; Liu

et al., 2004; Boesten et al., 2006). Since TDAGS5]1 is a pro-apoptotic gene and is
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Figure 31: Genotyping of TDAG51 and apoE genes in DKO mice.

Mouse genomic DNA was used for PCR amplification and identification of the wildtype
TDAGS] allele (1 kilo base pairs; panel A, lanes 2-5) or the disrupted TDAGS1 allele
(400 base pairs; panel B, lanes 4-7) allowing the identification of mice homozygote for
the disrupted TDAGS1 allele (panel B, lanes 6-7). PCR amplification and identification
were also used to determine if mice homozygote for the disrupted TDAGS51 allele were
homozygotic for the disrupted apoE allele (245 base pairs; panel C, lanes 6-7). Lanes 8
and 9 represent negative controls for PCR reactions (panels A-C). To reconfirm the
gerotyping results obtained by PCR, immunoblot analysis was performed on mice liver
samples (40 week; panel D). Liver from DKO mice was homogenized to prepare cell
lysates, immunoblotted with anti-TDAGS51 antibodies (panel D, lanes 1-5), and
compared to apoE”" mice liver samples (panel D, lanes 6-8). Results indicate the lack of

TDAGS51 protein (40 kDa) in the livers of DKO mice fed normal chow diet for 40 weeks.
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Figure 32: Measurement of body weight in TDAGS1/apoE-deficient and apoE'/'

control mice.

Following genotyping, DKO or apoE'/' control mice were fed normal chow diet for 25 or
40 weeks. Before sacrificing, mice were weighed using TL-420 weighing machine
(Denver Instrument Company). The results indicate that body weight of DKO mice were

significantly (P<0.05) increased, compared to apoE” control mice at 40 week of age.
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expressed within cells relevant to atherosclerosis (Hossain e al., 2003; Zhou et al., 2005),
it is conceivable that the deficiency of TDAGS1 would enhance atherosclerosis. To
examine the role of TDAGS51 in atherosclerotic lesion development, apoE'/ " control male
mice and DKO male mice were fed normal chow diet for 15, 25 or 40 weeks and the
aortic lesion development was then analyzed.

Hematoxylin/Eosin staining of the aortic root demonstrated that atherosclerotic
lesions in 40 week old DKO mice were significantly decreased, compared to apoE™
control mice (Figure 33). The mean atherosclerotic lesion size in the aortic root of 40
week DKO group was significantly smaller (1.2 + 0.34 versus 3.2 + 0.61 pum?® X 108,
P<0.05). Consistent with these findings, atherosclerotic lesions in 25 week old DKO
mice were also significantly reduced, compared to apoE” control mice (Figure 34).
Statistical analysis demonstrated that the mean atherosclerotic lesion size in the aortic
root of 25 week DKO group was markedly smaller (0.36 £+ 0.13 versus 0.77 + 0.25 pum® X
10°, P<0.05). No statistical difference was found in the mean atherosclerotic lesion size
between DKO and apoE™ mice at 15 weeks of age (0.32 + 0.25 versus 0.73 + 0.75 pum?* X
10°) (Figure 35).

To further assess the role of TDAGS1 deficiency in atherosclerosis, the total
atherosclerotic lesion size was measured by unopened and en face oil red O lipid staining.
The atherosclerotic lesion area within the whole aorta was significantly decreased in 40
week old DKO mice, compared to apoE'/ " control mice (Figures 36 and 37). Statistical

analysis further confirmed the reduced mean atherosclerotic lesion area (unopened aorta:
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Figure 33: Atherosclerotic lesion size in the aortic root of mice fed normal chow diet

for 40 weeks.

TDAGS51/apoE double knockout (DKO) mice or apoE'/' control mice were sacrificed
after 40 week on normal chow diet. Aortic root sections were stained with
hematoxylin/eosin and the images were captured as described in experimental
procedures. The representative figure demonstrates a reduction in atherosclerosis from
mice that are deficient in both apoE and TDAG51 genes (a), compared to apoE™ control
mice (b). In addition, lesion size was measured as described in experimental procedures
(¢). The results demonstrate that atherosclerotic lesion size is significantly smaller

(P<0.05) in DKO mice, compared to apoE'/' control mice at 40 week of age.
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Figure 34: Atherosclerotic lesion size in the aortic root of mice fed normal chow diet

for 25 weeks.

DKO mice or apoE'/' control mice were sacrificed after 25 week on normal chow diet.
Aortic root sections were stained with hematoxylin/eosin and the images were then
captured as described in experimental procedures.  The representative figure
demonstrates that atherosclerotic lesion size is significantly smaller in DKO mice (a),
compared to apoE” mice (b). In addition, lesion size was measured as described in
experimental procedures (c). The results demonstrate that atherosclerotic lesion size is
significantly smaller (P<0.05) in DKO mice, compared to apoE” control mice at 25

week of age.
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Figure 35: Atherosclerotic lesion size in the aortic root of mice fed normal chow diet

for 15 weeks.

DKO or apoE™ control mice were sacrificed after 15 week on normal chow diet. Aortic
root sections were then stained with hematoxylin/eosin and the lesion size was measured
as described in experimental procedures. The representative figure demonstrates no
significant difference in atherosclerotic lesion size between DKO (a) and apoE” mice (b).
In addition, lesion size was measured as described in experimental procedures (¢). The
results demonstrate that mean atherosclerotic lesion size is not significant at 15 week of

age between DKO mice and apoE™ control mice.
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Figure 36: Unopened aorta demonstrating decreased atherosclerotic lesion size in

TDAGS1/apoE-deficient mice compared to apoE‘/' control mice.

Followiqg genotyping, DKO or apoE'/' control mice were fed normal chow diet for 40
weeks. Panel A, representative oil red O stained aortas from DKO and apoE™ control
mice. Panel B, quantitative data on lesion size from the whole aortas. The results
indicate that mean atherosclerotic lesion size from the whole aortas was significantly

smaller (P<0.005) in the DKO mice, compared to apoE'/ " control mice.
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Figure 37: En face analysis demonstrating decreased atherosclerotic lesion size in

TDAGS1/apoE-deficient mice compared to apoE'/ " control mice.

Following genotyping, DKO mice or apoE” control mice were fed normal chow diet for
40 weeks. Aortas were opened as described in the experimental protocols. Panel A,
representative Oil red O stained opened aortas from DKO and apoE” control mice.
Panel B, quantitative data on lesion size from the whole opened aortas. The results
indicate that atherosclerotic lesion size from the whole opened aortas was significantly

smaller (P<0.005) in the DKO mice, compared to apoE™ control mice.
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2.9 + 1.2 versus 12 = 6.0 %, P<0.005; en face aorta: 2.0 = 0.96 versus 8.9 + 4.4 %,
P<0.005) in the aortas of 40 week old DKO mice (Figures 36 and 37).

The effect of TDAGS1 deficiency on the necrotic lipid core size was also
investigated to explain the reduced atherosclerotic lesion size in DKO mice. The mean
necrotic lipid core size in the atherosclerotic lesions of 25 week old DKO mice was
markedly decreased, compared to apoE;/ " mice (0.37 + 0.20 versus 1.8 + 0.10 um* X 10°,
P<0.05) (Figure 38). In support of this, reduced apoptosis is observed in the
atherosclerotic lesions of DKO mice as shown by TUNEL staining, compared to those in
apoE” mice (Figure 39). However, the significant reduction in necrotic core size does
not account for all the reduction in atherosclerotic lesion size for DKO mice (Table 2).
Statistical analysis demonstrates that only 35% of the reduction in atherosclerotic lesion
size is associated with the reduction of necrotic core. It is therefore possible that other
anti-atherogenic factor(s) may contribute to the remaining 65% reduction of lesion size in
DKO mice.

Furthermore, to examine the morphology or cellular components, the
atherosclerotic lesions from apoE”" and DKO mice were stained with the cell marker
proteins (antibodies against active caspase 3 (apoptotic cells), CD3 (lymphocytes),
smooth muscle actin (smooth muscle cells) or MAC-3 (macrophages) (Figure 40)). Our
results show that all the cells relevant to atherosclerosis (lymphocytes, macrophages, and

smooth muscle cells) are present within the atherosclerotic lesions of both apoE™ and

DKO mice.
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Figure 38: Mean necrotic lipid core size is decreased in TDAGS51/apoE-deficient

mice compared to apoE'/' control mice.

Following genotyping, DKO mice or apoE™ control mice were fed normal chow diet for
25 weeks. Necrotic lipid core was calculated from the cross sections of aortic root that
were stained with hematoxylin/eosin. Acellular region within atherosclerotic lesions
where no cells were identified was considered as the necrotic core. The graph
demonstrates that necrotic lipid core size is significantly smaller (P<0.05) at 25 weeks in

DKO mice, compared to apoE'/' control mice.
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Ficure 39: Effect of TDAGS1 deficiency on apoptotic cell death in advanced

atherosclerotic lesions.

Six week old DKO or apoE” mice were place on control chow diet for 40 weeks.
TUNEL and cleaved caspase-3 staining were observed in the necrotic core of advanced
lesions in DKO or apoE'/ “mice. The figure demonstrates decreased TUNEL staining in

the atherosclerotic lesions of DKO mice, compared to apoE'/ " mice.
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Table 2: Analvsis of necrotic lipid core in the aortic lesion of mice fed normal chow
diet for 25 weeks .

ApoE" mice DKO mice Difference % Reduction
Mean lesion (um?®) 7.7 X 10° 3.6 X 10° 41X 10° 53.2%
Necrotic core (um?) 1.8 X 10° 037X10° 143X10°  79.4%

Difference in mean lesion size (um?) = Mean lesion size (apoE™) - Mean lesion size
(DKO)

=77X10°-3.6 X 10°

=4.1X10

Difference in necrotic core size (ANC, pm?) = Mean NC size (apoE'/') - Mean NC size
(DKO) ‘
=1.8X10°-037X 10
=1.43X 10°

% reduction in lesion size = (4.1 X 10%/7.7 X 10°) X 100%
=53.2%

% reduction in necrotic core size = (1.43 X 10%/1.8 X 10°) X 100%
=79.4%

% of reduction in lesion size accounted for by the reduction in necrotic core size
= (A Necrotic core size/A Lesion size) X 100% = (1.43 X 10°/4.1 X 10°) X 100%
=34.8%
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Figure 40: Identification of atherosclerotic lesion components in apoE'/' and

TDAGS1/apoE double knockout mice.

Identification of macrophages (Mac-3), smooth muscle cells (SMA) and lymphocytes
(CD3) in athernsclerotic lesions from the aortic root of TDAGSI'/'/apoE'/' or
TDAGS51"/apoE” mice fed control chow diet for 15, 25 or 40 weeks. The
representative stained sections from DKO or apoE™ mice demonstrate the components of

cells relevant to atherosclerosis.
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3.3.3 Effect on total plasma lipid and glucose levels in TDAGS1/apoE double
knockout mice
Numerous studies have demonstrated that hyperlipidemia contributes to the development
of atherosclerotic lesions. The status of plasma lipids was therefore investigated using
enzymatic assays to account for the decreased atherosclerotic lesion size in DKO mice.
No difference in total plasma cholesterol and triglyceride levels was observed between
DKO and apoE™ control mice at 25 or 40 week of age (Figure 41). In addition,
lipoprotein profiles were measured using FPLC. Distribution of lipoproteins at 15 week
old apoE™ control and DKO mice was also indistinguishable (Figure 42). However,
mean plasma glucose levels in DKO mice were significantly decreased (40.0 + 8.78

versus 29.6 + 4.37 X 10" mg/dL, P<0.05) at 40 week of age (Figure 43).

3.3.4 Status of lipids in the liver of TDAGS51/apoE double knockout mice

Since apoE™ control and DKO mice did not demonstrate any difference in total plasma
cholesterol and triglyceride levels, hepatic lipid levels were assessed to explain whether
there is any difference in the uptake or synthesis of lipids. At first, mouse liver sections
were stained with hematoxylin/eosin (H&E) to examine the status of lipids in hepatocytes.
Interestingly, hepatic steatosis was observed in the livers of DKO mice at 25 or 40 week
(Figure 44). To further investigate the role of TDAGS1 in lipogenesis, the levels of
cholesterol or triglycerides were measured in the liver tissue samples. The results support
the findings from H&E staining. The mean hepatic triglyceride levels were markedly

increased in DKO mice at 40 week of age, compared to that in apoE™ mice (8.1 + 3.8
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Figure 41: Total plasma cholesterol and triglyceride levels in TDAGS51/apoE-

deficient and m)oE'/ " control mice.

Following genotyping, DKO or apoE”" control mice were fed normal chow diet for 25 or
40 weeks. Total plasma cholesterol and triglyceride levels were measured as described in
the experimental procedures. The results indicate no significant changes in total

cholesterol or triglyceride levels between DKO and apoE™ control mice.
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Figure 42: Status of lipoprotein distribution in TDAG51/apoE-deficient and apoE'/'

control mice.

Following genotyping, DKO or apoE”" control mice were fed normal chow diet for 15
weeks. Lipoprotein profiles were obtained by fast protein liquid chromatography (FPLC)
as described in the experimental procedures. The results indicate no significant changes

in lipoprotein distribution between DKO and apoE™ control mice.
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Figure 43: Total plasma glucose levels in TDAGS1/apoE-deficient and apoE"'

control mice.

Following genotyping, DKO or apoE”" control mice were fed normal chow diet for 25 or
40 weeks. Total glucose levels were measured as described in the experimental
procedures. The results indicate that glucose levels were significantly decreased

(P<0.05) in DKO mice, compared to apoE'/ " control mice, at 40 week of age.
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Figsure 44: Status of hepatic steatosis in TDAG351/apoE-deficient and apoE'/ " control

mice.

DKO or apoE™ control mice were sacrificed after 15, 25 or 40 weeks in normal chow
diet. Liver sections were then stained with hematoxylin/eosin and the image of hepatic
lipid accumulation was captured as described in the experimental procedures. The results
demonstrate hepatic steatosis in DKO mice fed normal chow diet for 25 or 40 weeks,
compared to apoE” mice. Red arrows represent hepatocytes with accumulated lipids.

Qualitative observation suggests an increased steatosis in DKO mice at 40 week of age.
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versus 3.6 = 0.9 mg/mg protein, P<0.05) (Figure 45). However, the hepatic cholesterol

levels were indistinguishable between DKO and apoE'/ " control mice.

3.3.5 Status of PPAR-y expression in TDAG51" MEFs

To understand the effect from the loss of TDAGS! on gene expression, MEFs were
generated from C57 control and TDAG517" mice as described in the experimental
procedures. Affymetrix microarray analysis was performed in C57 control and TDAGS51"
" MEFs (in collaboration with Dr. Ken Maclean of University of Colorado). Microarray
analysis demonstrated a significant increased expression of PPAR-y and its downstream
gene targets in TDAG51” MEFs (Table 3; genes with 4-fold or greater induction were
included only). Furthermore, our microarray data on the expression of PPAR-y was
confirmed by Real Time PCR analysis (in collaboration with Dr. John Capone of
McMaster University; Figure 46). Importantly, reintroduction of TDAGS1 into
TDAG517 MEFs blocked PPAR-y expression. Also, the effect from the loss of
TDAGST1 is specific to PPAR-y, since no significant difference was observed at the levels
of PPAR-a or PPAR-8 between TDAG51™" and wildtype MEFs. Previous studies have
reported that overexpression of PPAR-y in hyperlipidemic mice promotes hepatic

steatosis and also contributes to reduced atherosclerotic lesions (Lehrke and Lazar 2005).
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Figure 45: Status of hepatic cholesterol and triglyceride levels in TDAGS1/apoE-

deficient and apoE'/' control mice.

Following genotyping, DKO or apoE'/' control mice were fed normal chow diet for 15, 25
or 40 weeks. Liver samples were homogenized and the lipids were extracted as described

in the experimental procedures. Hepatic cholesterol and triglyceride levels were then
measured. The results indicate that triglyceride levels were significantly (*P<0. 05)

mncreased in DKO mice, compared to apoE'/ " control mice at 40 week of age.
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Table 3: Upregulation of genes in TDAGS51” MEFs compared to C57 control MEFs.
TDAG51" and C57 control MEFs were grown in fibroblast growth media. Following isolation of total
RNA from both cell types, the microarray was performed on Affymetrix Mouse genome 430 2.0 chips to
profile the relative expression levels of over 39,000 transcripts in TDAGS51” MEFs compared to C57
control MEFs. Approximately 1000 genes were found to be either repressed or induced at the arbitrary cut-
off level of 3-fold. Herein, the table demonstrates the genes that are induced 4-fold or greater. Results are
represented as duplicate analysis, that is, the average of two separate experiments. Also, as a control,
TDAGS51 expression was greater than 500-fold in C57 control MEFs, compared to TDAG51"" MEFs.

Genes Fold induction
PPAR-y 29
PPAR-y targets
Pyruvate carboxylase 15
Sterol regulatory element binding factor- 6
prostaglandin E synthase ‘ 12
cytosolic acyl-CoA thioesterase 1 5
mitochondrial acyl-CoA thioesterase 1 5
serine protease inhibitor 6 9.5
fatty acid binding protein 10
Very LDL receptor 5
Bcl-2 8
Hepatocyte growth factor 13
Growth and apoptosis
GAS2 6.5
melanoma inhibitory activity protein 2 22.6
Connective tissue and Osteogenesis
phosphodiesterase 10A 5
matrilin 2 (ECM component) 4.3
thymosin, beta 10 4.28
asporin (ECM component) 9.18
procollagen, type VI, alpha 1 5
decorin 34.2
proteoglycan 4 8.5
procollagen, type VII, alpha 1 226
procollagen, type VI, alpha 2 6.4
procollagen, type VI, alpha 1 4.9
cathepsin k 9.2
Cytoskeleton, cellular adhesion and cell surface proteins
Photoreceptor cadherin 5.2
protocadherin beta 20 4
astrotactin 2 57
neurofilament, medium polypeptide 16
myosin, heavy polypeptide 8, skeletal muscle, perinatal 64
Transport
solute carrier family 7 (cationic amino acid transporter, y+ system), member 3 5.6
solute carrier family 39 (iron-regulated transporter), member 1 9.9
solute carrier family 7 (cationic amino acid transporter, y+ system), member 11 | 4.3
solute carrier family 21 (prostaglandin transporter), member 2 12
plasmacytoma variant translocation 1 3
claudin 1 26
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Figure 46: Expression of PPAR-y in wildtype C57/BL6 and TDAG51”- MEFs.

Total RNA from MEFs was isolated by Qiagen RNEasy Kit according to the
manufacturer’s protocol. 2 p of total RNA was reverse transcribed with random
hexamers using M-MLYV reverse transcriptase (Invitrogen). The cDNA were then used as
templates for individual PCR reactions using gene specific primer sets designed by the

Genescript Primer Design Program (www.genescriipt.com) for mouse PPARa, v, and 6.

PCR reaction was carried out using Platinum SYBR Green PCR supermix (Invitrogen) in
an AB7900 HT Fast Real Time PCR System. Data was analyzed by standard curve
method and normalized to B-actin. Results indicate that reintroduction of TDAGSI
(pBabe/TDAGS51) into TDAG517" MEFs reduces the expression of PPAR to wildtype

levels.
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Figure 47: Schematic diagram of the various roles plaved by the macrophage (M)

within the early and late atherosclerotic lesions.

In early atherosclerosis, macrophage apoptosis attenuates lesion progression by reducing
inflammatory responses. However, lesion development can be augmented by the
macrophage through the unregulated uptake of oxidized LDL (oxLDL) via the scavenger
receptor pathway, leading to foam cell formation. Macrophage activation leads to the
secretion of proinflammatory cytokines and cytotoxic substance such as TNF-o and
peroxynitrite (ONOO"), respectively. The accumulation of free cholesterol or oxidatively
modified cholesterol loading of macrophages, including 7-ketocholesterol, also produces
cytotoxicity. As lesions progress, apoptosis generated by these processes contributes to
necrotic core formation. Further, the macrophage also counters this process of lesion
expansion through Mertk-mediated efferocytosis of apoptotic bodies (AB). This can
prevent their secondary necrosis and release of lipids and MMPs which may accelerate
the breakdown of collagen that maintains the structural integrity of the vessel wall. In
short, although macrophage apoptosis is beneficial in early lesion development but it can
be harmful in advanced lesions since this can contribute to the expansion of necrotic core,

thereby facilitating the lesions to become unstable.

(Obtained and modified from Dickhout et al. (2008) ATVB 28: 1414.)
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Figure 48: Effect of TDAGS1 deficiency on the expression of peroxiredoxin 1 in

early and advanced atherosclerotic lesions.

Six week old DKO or apoE” mice were placed on control chow diet for 25 (early) or 40
(advanced) weeks. Atherosclerotic lesions from the aortic root of DKO or apoE”" mice
were stained with antibody against peroxiredoxin 1. The figure demonstrates increased
expression of peroxiredoxin 1 within the endothelial cells of early and advanced

atherosclerotic lesions from DKO mice, compared to apoE”™ mice.

209



“dto

Early lesions

Advanced lesions

PhD Thesis - G.M.S. Hossain

McMaster - Medical Sciences

210



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

Figure 49: Effect of TDAGS1 deficiency on the expression of PPAR-y in early and

advanced atherosclerotic lesions.

Six week old DKO or apoE'/ " mice were placed on control chow diet for 25 (early) or 40
(advanced) weeks. Atherosclerotic lesions from the aortic root of DKO or apoE™ mice
were stained with antibody against PPAR-y. The figure demonstrates nuclear localization
of PPAR-y within early and advanced atherosclerotic lesions from DKO mice, compared

to apoE” mice.
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34 Discussion

PCD plays an important role in atherosclerotic lesion stability and thrombogenicity
(Tedgui and Mallat 2001). We first reported that TDAGS51 is associated with the
development of atherosclerosis in HHcy (Hossain et al, 2003). To elucidate the
significance of TDAGS51 in atherosclerosis, we generated mice that were deficient in both
the apoE and TDAGS1 genes. Our findings can be explained in few lines. First, loss of
TDAGS5] attenuates the progression of atherosclerosis in apoE” mice fed normal chow
diet, compared to apoE” control mice. Second, necrotic lipid core size was significantly
decreased in DKO mice, compared to apoE'/' control mice. Third, plasma lipid levels
and lipoprotein profiles were indistinguishable between apoE'/' and DKO mice. Fourth,
atheroprotection from the loss of TDAGS51 can in part be explained by our findings that
the expression of transcription factor PPAR~y and its downstream targets were increased
in the TDAG517" MEFs, compared to wildtype control MEFs. Further, reintroduction of
TDAGS5!1 into TDAGS51™ MEFs inhibits PPAR-y expression. Previous studies have
suggested that PPAR-y has both atheroprotective and anti-inflammatory properties
(Lehrke and Lazar 2005). It is therefore possible that the reduced atherosclerotic lesion
size in DKO mice may be due to a mechanism involving PPAR-y.

Earlier studies on the cell cycle (p53 or Rb) and pro-apoptotic (Bax) genes have
demonstrated that the functional deficiency of these genes contributes to the enhanced
atherosclerosis (Guevara et al., 1999; Liu et al., 2004; Boesten et al., 2006). Since
macrophages are found in all stages of atherosclerosis, these studies have exclusively

focused on the role of these genes in macrophage apoptosis and their significance in
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atherosclerotic lesion progression. Interestingly, decreased macrophage apoptosis was
observed within atherosclerotic lesions of these mice from the loss of these genes.
Further, the authors have reported an increased cellular proliferation within
atherosclerotic lesions of these mice. It is possible that the deficiency of p53, Bax or Rb
may affect macrophage apoptosis during early stages of lesion development. Since
macrophage apoptosis is believed to be beneficial in early stages of atherosclerosis
(Dickhout er al., 2008; review Figure 47), the functional loss of these genes in
macrophages may enhance the progression of atherosclerosis. Upon activation,
macrophages are believed to produce a large number of cytokines and growth factors that
can promote lesion development in both autocrine and paracrine manners (Frostegard et
al., 1999; Seshiah et al., 2002; Linton amd Fazio 2003). In addition, the loss of
macrophages in early stages of atherosclerosis can promote the generation of pro-
atherogenic factors, such as less production of apoE and reduced scavenging of toxic
substances (oxidized LDL). Overall, these studies suggest that macrophage apoptosis in
early atherosclerosis provides a self-defense mechanism by suppressing atherosclerosis,
and therefore, the deficiency of macrophage specific genes enhances atherosclerosis.
Further, it is possible that these genes may regulate macrophage turnover.

Contrary to early macrophage apoptosis, the late stages of macrophage apoptosis
can be harmful (Dickhout et al., 2008; review Figure 47), since macrophage apoptosis
can reduce the production of growth factors and inflammatory cytokines. Although this
process can lead to the attenuation of atherosclerosis, late macrophage apoptosis may

facilitate the development of the necrotic core, thereby making the lesions more
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vulnerable to rupture. The majority of apoptotic cells in advanced lesions are
macrophages localized near the necrotic lipid core. Seimon et al. (2009) have recently
demonstrated that the deficiency of macrophage specific p38a MAPK promotes
apoptosis and necrosis in advanced lesions. This leads to an increase in necrotic core size,
however, deficiency of macrophage specific p38a MAPK did not change overall lesion
size in apoE”" mice, compared to apoE'/ " control mice. It is possible that p38oc MAPK
plays a critical role in suppressing macrophage apoptosis in advanced lesion. Also,
activation of p38a MAPK can have both pro- or antiapoptotic effects depending on the
cellular environments (Park ef al., 2002; Devries-Seimon et al., 2005; Jinlian et al., 2007).
Taken together, these studies suggest that macrophage apoptosis in early or late stages of
atherosclerosis may not influence the size of atherosclerotic lesions, since influencing
necrotic core did not affect the overall lesion size. Further, Seimon and Tabas (2009)
have recently suggested that macrophage apoptosis limits lesion cellularity and
suppresses plaque progression in early lesions, while it promotes the development of
necrotic core in advanced lesions. The authors have also proposed involvement of
“multifactorial hits”, including ER stress, oxidative stress and apoptotic inducers, to
trigger apoptosis in advanced lesions. It has been suggested that macrophage apoptosis is
coupled with phagocytic clearance (efferocytosis) in earlier lesions. However,
macrophage apoptosis is not properly coupled with phagocytic clearance in advanced
lesions, resulting in the development of necrotic core that may ultimately contribute to

plaque rupture or thrombosis.
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Like earlier discussed genes (p53, Bax or Rb), we expected the same effect on the
lesion size of DKO mice if the effects of TDAGS51 were sorely based on its’ pro-
apoptotic characteristics. Instead, the DKO mice showed reduced atherosclerosis. It is
important to mention that we generated DKO mice that expressed functional deficiency
of TDAGSI in all tissues not just macrophages. It is therefore conceivable that the loss
of pro-apoptotic gene TDAGS51 may reduce apoptotic cell death in lesion-resident cells,
including macrophages, smooth muscle cells and lymphocytes. Less apoptosis may thus
decrease inflammatory response, resulting in a slower progressing atherosclerotic lesion.
In support of this, DKO mice fed normal chow diet have demonstrated reduced
atherosclerotic lesion and necrotic lipid core, compared to apoE'/ “mice at 25 or 40 weeks
of age. However, the reduction in necrotic core size does not fully account for the
reduction in atherosclerotic lesion size for DKO mice. The observation that the reduction
in necrotic core accounts for approximately 35% of the reduction in the lesion size,
implies that other anti-atherogenic cellular factors may contribute to the remaining ~65%
reduction of lesion in DKO mice. Although a significant difference was not observed
between apoE” and DKO mice lesion size at 15 weeks of age, the results demonstrated a
trend towards the reduction in the atherosclerotic lesion size in DKO mice. The
statistically insignificant difference in lesion size between apoE” and DKO mice was
perhaps because of lack of power of the statistical test due to small n-values (n=3 for
DKO or apoE™ groups). This observation may also indicate that the difference in lesion

development does not occur at the very early stages of atherosclerosis. TDAGS51 may
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promote apoptosis only in advanced atherosclerotic lesion when combined with other
pro-atherogenic factors found only in advanced lesions.

Interestingly, our findings that the knockout of a pro-apoptotic ER stress inducible
gene decreases lesion size in apoE'/' mouse model have recently been reproduced
independently by Thorp et al. (2009). The authors have demonstrated that deficiency of
CHOP in apoE” or LDLR™ mice reduces atherosclerotic lesion size in advanced
atherosclerosis. Importantly, CHOP and TDAGS51 are two known ER stress-induced pro-
apoptotic genes that are involved in atherosclerosis (Hossain et al., 2003; Thorp et al.,
2009). Overall, the pro-apoptotic function of TDAG51 may not be the only contributory
factor for the reduction of atherosclerotic lesion size observed in DKO mice. It is
possible that there may be decreased recruitment of macrophages within the
atherosclerotic lesions and/or increased migration of macrophages from the lesions.
Nonetheless, our findings demonstrate that the loss of TDAGS51 significantly attenuates
atherosclerotic lesion development in DKO mice fed a normal chow diet.

In our earlier studies, we have reported that TDAGS51 promotes detachment
mediated-PCD in endothelial cells (Hossain et al., 2003). Also, we have demonstrated
that pro-atherogenic molecules, including homocysteine and peroxynitrite, cause
endothelial injury and significantly upregulate the expression of the pro-apoptotic gene
TDAGS51 in endothelial cells (Hossain et al., 2003; Dickhout ef al., 2005). Based on
these findings, it is conceivable that the deficiency of TDAGS51 may directly decrease
endothelial injury, leading to reduced vessel wall inflammation. Less endothelial injury

may decrease the inflammatory response by decreasing monocyte adhesion and leukocyte
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infiltration. Recruitment and adhesion of monocytes are believed to be the initial
proinflammatory response upon endothelial injury (Ross 1993). We have not documented
any difference in endothelial function in the aortic root of DKO mice, compared to apoE’
" mice. Therefore, additional studies are required to further address whether TDAGS51
plays any role in endothelial cell function and/or injury in the atherogenic process.
However, our preliminary findings have demonstrated increased expression of
peroxiredoxin 1 (Prdx 1) in TDAG51"" MEFs (Edward and Austin: unpublished results).
Importantly, Prdx 1 was upregulated within endothelial cells of atherosclerotic lesions
from DKO mice, compared to apoE” mice (Figure 48). Earlier studies have
demonstrated that Prdx 1, an antioxidant protein, prevents excessive endothelial
activation and early atherosclerosis (Kisucka ef al., 2008). Mice deficient in Prdx 1
showed increased leukocytes rolling per min, compared to C57 control mice. Further,
Prdx 17/apoE” mice developed larger atherosclerotic lesions, compared to apoE'/ " mice.
DKO mice deficient in endothelial specific TDAGS51 would explain whether TDAGS51-
mediated endothelial dysfunction contributes to atherogenesis. Also, it will be interesting
to examine monocyte binding to endothelial cell surface in TDAGS51™ mice.
Alternatively, the attenuation of atherosclerosis in DKO mice can further be
explained by the observation that the athero-protective molecule PPAR-y is upregulated
in TDAG51" MEFs, compared to wildtype MEFs. Earlier studies have shown that

PPAR-y promotes the efflux of cholesterol within lesion-resident macrophages (Chawla

et al., 2001; Castrillo and Tontonoz 2004). Atherosclerotic mice treated with PPAR-y

ligands promoted the reduction of atherosclerotic lesion (Jiang et al., 1998; Collins et al.,
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2001; Chen et al., 2001). Interestingly, we have demonstrated a marked increase in
PPAR-y mRNA levels in TDAGS51” MEFs, compared to wildtype control MEFs (in
collaboration with Dr. John Capone). Reintroduction of TDAGS1 into TDAG51" MEFs
reduced the expression of PPAR-y to wildtype levels. Consistent with this, we have
observed an increased nuclear localization of PPAR-y within atherosclerotic lesions from
DKO mice, compared to apoE” mice fed control diets (Figure 49).

The decreased atherosclerotic lesion in DKO may perhaps be the direct effect
from increased efflux of macrophage cholesterol through scavenger receptor class B type
1 (SRB-1), ABCA1 or LXRa protein (Chawla et al., 2001; Li et al., 2004). ApoE
deficiency contributes to the impaired clearance of chylomicron, VLDL and LDL
remnants. We, however, have not observed any increase in plasma lipid levels. The
findings are consistent with previously reported studies targeting proteins involved in
macrophage cholesterol efflux. Conditional knockout of macrophage PPAR-y presented
an enhancement of atherosclerosis in LDLR” mice but did not demonstrate any
difference in the plasma lipid levels (Babaev et al., 2005). Also, peritoneal macrophages
from these mice demonstrated decreased uptake of oxidized LDL and presented no
change in cholesterol efflux or inflammatory cytokine expression. Importantly,
cholesterol efflux from macrophages contributes to very small percentage (~ 0.1%) of
total plasma lipids, and therefore, the enzymatic assays may not be as sensitive to detect
the difference in plasma lipid levels. Our preliminary results show that loss of TDAGS51
increases cholesterol efflux from peritoneal macrophages (in collaboration with Dr.

Bernado Trigatti of McMaster University). However, we do not have the data to explain
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the effect on oxLLDL uptake or the expression of inflammatory markers from the loss of
TDAGS! in peritoneal macrophages. Future studies are required to further elucidate the
role of PPAR-y in the attenuation of atherosclerosis in DKO mice.

Interestingly, DKO mice presented with hepatic steatosis — a possible pathological
change from increased PPAR-y expression. Numerous studies have reported an
association between non-alcholic fatty liver disease (NAFLD; hepatic steatosis) and
atherosclerosis (Volzke et al,, 2005; Targher and Arcaro 2007; Loria et al, 2008;
Sookoian and Pirola 2008). An epidemiological study by Volzke et al. (2005) has shown
that individuals with fatty liver are 76.8% more likely to develop carotid plaques than
those without fatty liver. Persons with hepatic steatosis were more likely to have other
atherosclerotic risk factors, including hypertension, diabetes and obesity, than those
without hepatic steatosis, this may explain the increased risk of CVD. Further,
overexpression of PPAR-y can result in the development of adipogenic hepatic steatosis
(Yu et al., 2003). It is also possible that liver scavenger receptors, including SRB-1,
hepatic lipase or LDLR may facilitate the increased lipid uptake in the liver of DKO mice.
Since hepatic triglyceride levels were increased in DKO mice, it is conceivable that
increased hepatic PPAR-y from the loss of TDAG51 may induce uptake and/or de novo
lipid synthesis in DKO mice.

In summary, we have demonstrated that the gene TDAGS1 contributes to the
development and progression of atherosclerosis. Future studies are needed to
demonstrate the exact mechanism(s) by which loss of TDAGS51 contributes to attenuated

atherosclerosis in apoE'/ " mice.
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CHAPTER 4: Role of TDAGS1 in cell migration and its potential relevance to

wound healing and atherosclerosis

4.1 Introduction

In previous chapters, we established that TDAGS51 is a novel mediator of atherosclerosis
and leads to endothelial cell death through a mechanism of detachment-mediated PCD
referred to as anoikis (Hossain et al., 2003). In these studies, we have investigated its
role in other pathological effects such as wound healing and fibrosis.

We carlier have demonstrated through indirect immunofluorescence that
endogenous TDAGS51 co-localizes with focal adhesion kinase (FAK) (Hossain et al.,
2003), a protein found within focal adhesions (FAs). FAs are critical for anchoring cells
to the extracellular matrix and are protein complexes on the plasma membrane that
interact with the actin cytoskeleton of the cells, transmembrane proteins (such as
integerins) on the cell surface and the extracellular matrix (Wozniak ef al., 2004; Romer
et al., 2006). FAs have been found to be dynamic complexes subject to assembly and
disassembly depending on cellular signaling, cell proliferation and cell migration.
Therefore, FAs are believed to be critical modulators of cell function. Given that
overexpression of TDAGS51 promotes detachment-mediated PCD and that TDAGS51 co-
localizes with FAK (Hossain et al., 2003), it was hypothesized that the deficiency of
TDAGS51 enhances cell adhesion, and therefore, may affect actin cytoskeletal

organization, cell migration and/or proliferation.
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To better understand the role of TDAGS51 in cell migration and proliferation,
MEFs deficient in TDAG51 were derived from TDAGS51™ mice and compared to wild
type MEFs. TDAG517 MEFs showed increased migration following monolayer
disruption or in response to chemotaxis on fibronectin-coated Boyden chambers. In
addition, loss of TDAGS51 promotes the proliferation of MEFs. TDAGS1-mediated
migration and proliferation can be blocked by treating TDAG51” MEFs with active B-
integrin inhibitory antibody. p,-integrins are important for attachment and binding to
fibronectin on the ECM (Brakebusch and Fassler 2005). In terms of a cellular phenotype,
migratory TDAG517 MEFs have distinct filopodial and lamellipodial extensions,
compared to migratory wild type MEFs. Laser scanning confocal microscopy
demonstrated a significant increase in F-actin stress fibers as well as increased
distribution of vinculin within the lamellipodial protrusions of TDAG51” MEFs.
Importantly, reintroduction of TDAGS51 into TDAGS 17" MEFs reversed these phenotypic
changes. Collectively, our findings suggest that the functional loss of TDAGS1 affects
cell migration and proliferation through modifying focal adhesion complex assembly and
cytoskeletal rearrangement.

Since fibroblast migration is believed to play a critical role in wound closure
(McAnulty 2007), we examined the potential role of TDAGS51 in dorsal skin wound
healing process. We observed an in vivo association between loss of TDAGS51 and skin
wound healing process. Contrary to our findings in MEFs, skin wounds within TDAGS51"
" mice appeared to heal slower than those in C57 control mice. This may be due to an

impaired differentiation of fibroblasts into myofibroblasts in TDAG51”" mice. Earlier
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studies have shown that MEF's can differentiate into either adipocytes or myofibroblasts
and the course of this differentiation process has been demonstrated to be dependent upon
PPAR-y stimulation/levels (Burgess et al., 2005; McAnulty 2007). In addition, studies
have demonstrated that upregulation of PPAR-y can inhibit differentiation of fibroblasts
into myofibroblasts (Hinz et al., 2007). Interestingly, we have observed an increased
expression of PPAR-y and an impaired differentiation of myofibroblasts in TDAG517”
MEFs, compared to wildtype MEFs. Given that myofibroblasts are essential for the
wound contraction process, it is possible that defects in myofibroblast differentiation may
thus contribute to the slower healing process observed in TDAG51” mice.

Furthermore, myofibroblasts are important in chronic inflammatory process
throughout the body since they produce components of extracellular matrix (ECM) such
as collagen (Hinz et al, 2007). It is believed that collagen contributes mechanical
strength and stability to tissues, and plays a critical role in stabilizing the development of
atherosclerotic lesions (Shah et al., 1995). Since cellular mechanism(s) involving skin
wound healing and fibrosis are similar, it can be proposed that TDAGS51 may have a role
in fibrosis. Importantly, migration of fibroblasts and its subsequent deposition of ECM
are hallmark features for both pathological processes (Wynn 2008). Although we have
not documented the presence of fibrosis in DKO mice, it can be speculated that impaired
myofibroblast differentiation could possibly affect atherosclerotic lesion size observed in
DKO mice. Fibrosis is more prevalent in human atherosclerosis, compared to that in our
apoE'/' mouse model, since human atherosclerotic lesions are acellular or fibrotic (Wynn

2007). Human blood vessels are elastic and are believed to provide a low resistance path
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for blood supply to target organs (Greenwald 2007). In response to acute inflammation,
the injured vessels are repaired rapidly and this is beneficial. However, persistent injury
from cardiovascular risk factors can contribute to the chronic inflammatory state, leading
to a sustained production of growth factors, proteolytic enzymes, angiogenic factors and
fibrogenic molecules (Wynn 2008). This process facilitates the replacement of injured
cells with connective tissues that may further stimulate the deposition of ECM
components, thereby resulting in vascular remodeling and fibrosis. Importantly, fibrotic
vessels are rigid, calcified and may be less able to absorb the forces generated by the
pulse then normal elastic vessels This may predispose unstable lesion to rupture. Taken
together, our current findings demonstrate that TDAGS51 is involved in both
atherosclerosis and wound healing. Future experiments, however, are essential to
determine whether TDAGS51 is associated with fibrosis.

In this chapter, I will provide novel evidence that TDAGS51 is a critical gene in the
pathogenesis of both wound healing and atherosclerosis perhaps through its influence on

fibroblast gene expression and differentiation state.
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4.2 Materials and Methods

4.2.1 Immunoblot analysis

Mouse embryonic fibroblasts (MEFs) were isolated as described in section 2.2.2.15.
Total cell lysates from wildtype and TDAG517" MEFs were solublized in 4X SDS-PAGE
sample buffer. Equivalent amounts of protein lysate were separated by electrophoresis
on SDS-polyacrylamide gels under reducing conditions as described previously

(Laemmli 1970). Immunoblot analysis was then performed as described in section

2.2.2.8.

4.2.2 Indirect immunofluorescence: Cell culture

To determine the status of vinculin and F-actin, wild type and TDAG51” MEFs were
grown on fibronectin-coated (10 pg/mL) coverslips, washed in 1X PBS and fixed in cold
4% paraformaldehyde at 4°C. Cells were then washed in 1X PBS, permeablized in
0.025% Triton X-100 (1X PBS) for 10 min on ice, and blocked for 30 min in blocking
buffer (3% BSA in 1X PBS). Following the blocking procedure, a mouse monoclonal
antibody against vinculin diluted in blocking buffer (1:50) was added and incubated for 1
h. The coverslips were next washed in 1X PBS and incubated with Alexa™ 488- or 594-
conjugated goat anti mouse secondary antibody diluted in blocking buffer (1:100) to
detect vinculin binding sites. Cells stained with normal serum or secondary only were
used to normalize for non-specific immunofluorescence and considered as a negative
control. Following 30 min of incubation with secondary antibody, the coverslips were

washed in 1X PBS and were incubated for 30 min with FITC conjugated phalloidin or
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rodamine conjugated pholloidin. The coverslips were then washed in 1X PBS and in
H,0, respectively. The coverslips were next mounted onto slides using PermaFluor
mounting medium. Immunofluorescence was examined by epifluorescence microscopy
using a Zeiss Axioskop 2 microscope. Images were captured using CCD color video
camera (Sony, Tokyo, Japan) and image analysis/archival software (Northern Exposure;

Empix Inc., Mississauga, ON).

4.2.3 Laser scanning confocal microscopy: Cell culture

MEFs were grown on fibronectin-coated (10 pg/mL) coverslips for laser scanning
confocal microscopy to determine co-localization of vinculin and F-actin in wild type,
TDAG51™ and TDAG51™" cells reconstituted with TDAG51 (tdko recon). As described
in section 4.2.2, coverslips were incubated with the anti-vinculin monoclonal antibody
(1:50) and phalloidin conjugated to fluorphore targeting filamentous actin (1:100). Goat
anti-mouse secondary antibody conjugated to alexa 488 (Molecular Probes, Eugene, OR)
(1:100) was used to detect vinculin binding sites. Images were collected on a Zeiss LSM
510 confocal microscope (North York, ON, CA) as described before (Hossain et al.,

2003). Images were merged to determine vinculin and F-actin co-localization.

4.2.4 Calcium phosphate transfection and retroviral infection into MEFs
293T cells (3 x 10° cells per 100 mm dish) were seeded in DMEM media (10% FBS; 1%
Glutamine solution; 1% Pen/Strep; 2% v/v of sterile 17.5 w/v glucose solution) and

calcium phosphate transfection was performed as described previously (Tang et al,
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2001). In brief, plasmids (10 pg VSV, 10 pg GP and 10 pg pBabe retroviral plasmid with
or without the open reading frame of the human TDAGS51 gene) were added to a 12 mL
falcon tube containing ddH,O (up to 500 pL) and 50 pL. of CaCl, (2.5 M). Five hundred
microliters of 2X HEBS solution (pH 7.35) was then slowly added to the solution. After
vortexing for 20 sec, the mixture was incubated at room temperature for 20-30 min and
then added drop wise to the 293T cells. Twelve hours later, fresh DMEM media was
added to the transfected 293 T cells and the cells were allowed to grow.

After forty-eight hours, medium containing viral particles was harvested and
filtered using a 10-15 mL syringe containing a 0.25-0.45 pm filter to remove cellular
debris. The media was then centrifuged at 50,000 x g for 1.5 h to pellet the viral particles.
After discarding the supematant, the pelletted viral particles were resuspended into the
desired volume of media containing polybrene (1 pg/mL). The media containing the
viral particles was then used to infect target cells, that is, C57 control and TDAG51™"
MEFs. Two hours later, fresh media was added to the infected cells. After 48 h, fresh
media was added and the infected cells were grown for 7-10 days in selection media
containing purimycin (1.5 pg/mlL). In addition, total cell lysates were collected from
these stable cell lines and were subject to immunoblot analysis as described in section

4.2.2 using an antibody against TDAGS51 to determine TDAGS51 protein expression.

4.2.5 Cell migration assays

4.2.5.1 Wounding experiments
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Wildtype C57 and TDAG51" MEFs were plated onto glass coverslips coated overnight
with 10 pg/mL fibronectin. Cells were allowed to grow to near confluence in 10% FBS
DMEM and then wounded with a 1 ml plastic pipette tip introducing a disruption into the
monolayer. After washing the cells with 1X PBS, fresh media was added to assess the
rate at which the MEFs from wild type or TDAG51” mice could migrate into the
denuded area. As described in section 4.2.2, cells were fixed in 4% paraformaldehyde,

stained for F-actin or DAPI, and imaged at the site of the wound to determine the extent

of filling at 0, 3, 8, 16 and 30 hrs.

4.2.5.2 Boyden chambers

To quantify the rate of migration, equal numbers (1x10° cells) of C57, TDAG51" or
TDAG517 MEFs were plated onto fibronectin-coated Boyden chambers. In brief, cells
were cultured in the upper chamber with 1% FBS and incubated at 37°C to allow the
cells to attach. Two hours later, DMEM media containing 10% FBS was placed in the
bottom chamber in order to initiate migration of the cells from the upper chamber.
Within 6 h, fresh media was added to maintain the concentration gradient. Following
overnight incubation, the cells were washed in 1X PBS and were fixed in 2%
paraformaldehyde for 30 min at room temperature. The cells were again washed in 1X
PBS and stained with DAPI solution for 10 min at room temperature. After removing the
cells from the upper chamber using kimwipes, the membranes facing the bottom chamber
were mounted into slides. The number of cells migrating through the membrane into the

lower side of the chamber was counted. The data represent the number of cells (stained
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by DAPI) that were counted in sampling grids from the lower side of the membrane and

are given as mean = SEM. These data were taken from 5 replicate wells for each cell

type.
4.2.6 Cell proliferation assays:
4.2.6.1 Thymidine incorporation

To examine DNA synthesis, C57 control, TDAG51"" or TDAG51” MEFs (5000 or
15000 cells per well) were seeded onto fibronectin-coated 96 well plates. Following
overnight incubation, 1 uCi of [°H]-thymidine was added to the medium of each well and
allowed to incorporate into DNA for 4 h. The cells were then placed at -80°C to block
further incorporation. After thawing the plates, the cells were harvested by transferring
them into the filter paper. The radiolabelled DNA was then quantified using a Beckman

LS 6000LL B-counter (Beckman Instruments, Fullerton, CA).

4.2.6.2 Quantitative assessment using a phosphorimager
Cell proliferation was also assessed utilizing a semi-automated system of cell counting
with ethidium bromide (ETB) based fluorescent nuclear labelling and quantification on a

Typhoon 9410 imager (Amersham) with laser excitation at 532 nm and signal collected
through a 610 nm BP30 filter. C57 wild type, TDAG51" or TDAG51” MEFs

reconstituted with TDAGS1 (tdko_recon) using the pBabe retroviral system were grown
on 24-well plates coated overnight with 10 pg/mL fibronectin. After seeding at 1x10*

cells/mL, cells were allowed to attach overnight, washed in 1X PBS and fresh medium
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(10% FBS DMEM) was added. The cells were fixed at 0, 24 or 48 hrs with 0.1%
paraformaldehyde, permeablized with 0.1% Triton-X, stained for 5 min with 5 pg/mL
ETB in PBS, washed 3X in PBS, and placed in 65% glycerol in PBS for imaging on the
Typhoon imager. Cell number was calculated by subtracting background and by
quantifying the volume intensity of ETB fluorescence using ImageQuant software
(Molecular Dynamics) as previously (Dickhout ef al., 2005). Fluorescence intensity was
fit to cell number by scaling through the ratio of fluorescence to cell number emitted
from a known number of cells.

Since active B-integrin binding to the fibronectin matrix is a critical component
of fibroblast mobility, the rat anti-mouse CD29 monoclonal antibody (B;-integrin
antibody 9EG7 clone) was also used as an inhibitory antibody to determine if the
increased rate of migration found in the TDAG517" MEFs accounted for their increased
proliferation rate. C57 wild type and TDAG51” MEFs were seeded at 1x10* cells/mL in
24-well plate coated with 10 pg/mL fibronectin. Once cells had attached to the matrix,
the medium was changed to 10% FBS DMEM with or without 1:100 dilution of integrin
B1 chain antibody clone 9EG7. Cells were fixed for ETB fluorescent quantification

procedure at times 0, 24 or 48 hrs as described previously (Dickhout et al., 2005).

4.2.7 Flow cytometry analysis
Flow cytometry was used to determine the percentage of active B-integrin binding sites
on the cell surface of C57 wild type vs TDAG51" MEFs. To measure cell surface B;-

integrin, cells were plated onto T25 flask to grow near confluency. The cells were first
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dissociated from T25 flask and were then pipetted to become single cell suspensions, that
is, to reduce cell clumping. Following addition of complete media, cells were spun down
and resuspended in 1X Hanks solution containing 2% FBS. The cells were centrifuged at
~ 200 x g and the pellet was incubated with or without rat anti-mouse CD29 monoclonal
antibody (antibody against active Pj-integrin clone 9EG7; 1:50). After 40 min of
incubation on ice, the cells were washed in 1X Hanks solution (2% FBS). The cells were
then incubated with secondary antibody (anti rat conjugated alexa 488; 1:200) against f3;-
integrin for 30 min in ice and dark. Following washing in 1X Hanks solution (2% FBS),
the cells were fixed in 1% paraformaldehyde for 30 min at room temperature. The cells
were then filtered and analyzed by flow cytometry to obtain geometric mean value.

To assess total B;-integrin, the cells were collected using cell dissociation buffer,
fixed with 1% paraformaldehyde, and permeablized with 0.025% Triton X-100. The
cells were then stained with or without rat anti-mouse CD29 monoclonal antibody (B;-
integrin antibody) as described earlier. After filtering, the cells were analyzed by flow
cytometry and the geometric mean value was obtained. The cell surface active ;-

integrin was measured by using geometric mean value and the following equation:

% cell surface active B;-integrin
= (geometric mean for cell surface active 3;-integrin / geometric mean for total

Bi-integrin) X 100%

4.2.8 Statistical analysis
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All experimental values are presented as mean + standard deviation. Comparison
between the means was performed using the unpaired student’s r-test. ANOVA was used
for multiple comparisons among the means. For all analyses, P<0.05 was considered

statistically significant.
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4.3  Results

4.3.1 Characterization of TDAGS51 protein expression in MEFs

C57 control or TDAGS51” MEFs were derived from CS7BL/6 or TDAGS51™ mice,
respectively. Western blotting indicated that there was undetectable level of TDAGS51
protein expression in TDAG51"" MEFs whereas C57 control MEFs retained TDAGS51
protein expression (Figure 50). Using pBabe retroviral vector system, overexpression or
reintroduction of TDAG51 into C57 or TDAGS517" MEFs, respectively, was achieved as
shown in purimycin selected stable cell lines expressing TDAG51 by Western blotting

(Figure 50).

4.3.2 Effect of TDAGS1 deficiency on migration and proliferation of MEFs
In earlier studies, we demonstrated that TDAGS51 promotes detachment-mediated PCD
and also co-localizes with FAC (Hossain ef al, 2003). Based on these findings, we
investigated whether the loss of TDAGS51 could affect cell adhesion, cell migration
and/or proliferation. The images obtained from wounded monolayers of wild type
control or TDAG51”" MEFs indicate that TDAG51”" MEFs show a time-dependent and
increased rate of migration into the denuded area, compared to C57 control MEFs
(Figure 51). By 30 h, TDAG51" MEFs showed a complete migration into the wounded
area under the microscope.

To support this qualitative observation, Boyden chamber experiments were
performed to obtain quantitative results. These experiments demonstrated a greater

number of TDAG517 MEFs (130 + 14.4 cells) migrating via chemotaxis from 1% FBS

233



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

Figure 50: Re-introduction of TDAGS1 protein into TDAG517 MEFs.

MEFs derived from C57 control or TDAGS51”" mice were cultured in DMEM media.
Stable cell lines were generated as described in the experimental procedures using the
pBabe retroviral system. Following collection of cell lysates, immunoblot analysis was
performed to confirm the authenticity of the generated cell lines. In brief, total protein
lysates (40 pg/lane) were subjected to immunoblot analysis using antibodies against
TDAGS5]1 or B-actin. The figure demonstrates similar levels of TDAGS51 protein between
C57 control MEFs {untreated (U) or pBabe vector (pB) treated} and TDAG51” MEFs

{infected with the retrovirus pBabe-TDAGS51 construct (pB-TD)}.
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Figure 51: Time-dependent migration of TDAG51” MEFs following wounding

MEFs derived from wildtype (TDAG51"") or TDAG51"" mice were plated onto glass
coverslips coated overnight with 10 pg/mlL fibronectin. When the cells were near
confluence, the cell layer was wounded with a 1 mL plastic pipette tip introducing a
disruption into the monolayer. After washing the cells with 1X PBS, fresh media was
added and the cells were allowed to migrate into the denuded area. The cells were then
fixed at 0, 3, 8, 16 and 30 hrs, stained with DAPI and the image was captured at the site

of the wound.
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to 10% FBS containing DMEM than C57 control (90 + 12.7 cells) or TDAG51*" (91 +
10.3 cells) MEFs (Figure 52).

Since migration and proliferation can occur together (Carragher and Frame 2004),
the effect from the loss of TDAG51 on cell proliferation was also assessed. TDAG51™
MEFs showed a significant (P<0.05) 2 to 3-fold increase rate in [H]-thymidine
incorporation, compared to wild type C57 control or TDAG51*" MEFs after a 4 h pulse
(Figure 53). This indicates that a greater percentage of TDAG517 MEFs were actively
proliferating than C57 control or TDAG51"" MEFs. In addition, ETB based fluorescent
nuclear labelling technique as described in the experimental procedures was used to
determine if this increased rate of DNA synthesis was reflected in enhanced cell number
after a given period of time. After plating at low density (1x10* cells/mL), TDAG517-
MEFs proliferated at an exponential phase by 48 h, compared to C57 control MEFs
(Figure 54). The results demonstrate an increase DNA synthesis in TDAG51" MEFs.
Further, reintroduction of TDAGS51 gene (td_recon) into TDAG517 MEFs significantly
(P<0.05) decreased cell growth and number at 48 h, compared to TDAG51" MEFs
(Figure 54). This finding indicates a direct effect of TDAG51 gene on MEF
proliferation rate.

Changes in cell adhesion are important contributor of cell migration. Earlier
studies have reported that contact inhibition contributes to increased expression of
TDAGS51 in a mouse fetal fibroblast cell line, c3H10T1/2 (Gos ef al., 2005). We
therefore examined the morphology of plated MEFs with or without TDAGS51. Our

findings demonstrated that TDAGS51”” MEFs have different morphology and distinct cell-
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Figure 52: Loss of TDAGS1 gene increases rate of migration in MEFs.

Wildtype and TDAG51”" MEFs were grown on Boyden Chamber, as described in the
experimental procedures. The experiments demonstrated a significant increase in the
migration of TDAG51”" MEFs (130+14.4 cells), migrating via chemotaxis from 1% FBS
to 10% FBS containing DMEM, compared to wildtype control (90+12.7 cells) or
TDAG51"" (91+10.3 cells) MEFs. The result is statistically significant (P<0.05) as

shown by the asterisk.
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Figure 53: Loss of TDAGS51 gene promotes MEF proliferation.

Wildtype, TDAG51"" or TDAG517 MEFs {5,000 (A) or 15,000 (B) cells per well} were
grown in 96 well plate as described in the experimental procedures. Cell lysates from
TDAGS51”" MEFs displayed a 2 to 3-fold greater beta particle emission as measured in
counts per minute (CPM) following 4 h of pulse incubation with [’H]-thymidine,
compared to wildtype C57 control or TDAG51*" MEFs. The results are statistically

significant (P<0.05) as shown by the asterisk.
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Figure 54: Loss of TDAGS51 gene increases rate of MEF proliferation.

Wildtype control or TDAG51"" MEFs were grown as described in the experimental
procedures. (A) Ethidium bromide (ETB) fluorescence obtained from C57 wildtype,
TDAG51” or TDAG51™ reconstituted with TDAGS5]1 using pBabe retroviral vector
system (tdko recon). (B) Quantification of ETB fluorescence mapped to cell number
obtained from wildtype, TDAG51” and td_recon MEFs. The data presents significantly
(P<0.05) greater cell number of TDAG51” MEFs, compared to wildtype or td_recon

MEFs at 48hrs.

243



R

PhD Thesis - G.M.S. Hossain

tdko_recon

TDAG51™"

Wildtype

0 24 48

Cell Number

160000
140000 l
120000 -
100000 -
80000
60000
40000 -

20000 -

TDAG517"

*

tdko_recon

Time (hrs)

244

McMaster - Medical Sciences

hrs



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

cell contacts, compared to wildtype MEFs (Figure 55). Reintroduction of TDAGS51 into

TDAG51"" MEFs normalizes the cell distribution pattern similar to wildtype MEFs.

4.3.3 Effect of TDAGSI1 deficiency on the phenotype of migratory MEFs

Using a Laser Scanning Confocal Microscope, images were captured at the site of the
wound to investigate the phenotype of migratory wildtype or TDAG51" MEFs.
Migrating TDAG51”" MEFs showed distinct filopodial and lamellipodial extensions,
compared to wildtype MEFs (Figure 56). Interestingly, re-introduction of TDAGS51 into
TDAG517" MEFs reversed the phenotype similar to that observed for migratory wildtype
MEFs. The expression of FACs in migratory cells was assessed by staining for vinculin,
a marker of FAC assembly. The status of stress fiber (F-actin) was also examined.
Confocal laser scanning microscopy showed that vinculin containing focal adhesions
appeared mainly on the leading edge of the cells adjacent to the wound (Figure 56A).
The migratory cells from TDAG51” MEFs appeared to contain more prominent vinculin
containing focal adhesions than wild type at the leading edges of the migratory cells
(Figure 56A). The migratory cells from TDAG517 MEFs also contain increased stress
fibers, compared to wildtype MEFs (Figure 56B). Reintroduction of TDAG51 into the
TDAG517 MEFs converted the phenotype back to wildtype (Figure 56A and 56B,
tdko_recon). It is possible that the greater density of vinculin containing focal adhesions
in the TDAG51” MEFs, combined with their increased interaction with F-actin

filaments, enhances cell migration in the TDAGS 17" MEFs.
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Figure 55: Morphological differences in MEFs with or without TDAGS51

Wildtype control or TDAGS51” MEFs were plated onto glass coverslips coated with 10
pg/mL fibronectin. Using pBabe retroviral vector system, TDAGS51""MEFs reconstituted
with TDAGS51 (tdko _recon) were grown as described above. Forty eight hours after
plating, the cells were washed with 1X PBS ‘and fixed with paraformaldehyde. The
image was then taken. The figure presents that the morphology of the confluent

TDAG517 MEFs is different, compared to wildtype control MEFs.
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Figure 56: Co-localization of vinculin and F-actin in migratory MEFs.

Wildtype control, TDAG517" or reconstituted TDAG51 (tdko_recon) MEFs were grown
to confluence on fibronectin-coated (10 pg/mL) coverslips. A wound in the monolayer
was caused by dragging a 1 mL pipette tip across the bottom of the plate to disrupt the
cell layer. Cells were labeled for vinculin (green) (A) and F-actin filaments (red) (B) and
imaged 3hrs after injury (direction of migration, arrows). Images were collected on a
Zeiss LSM 510 confocal microscope with 1 um optical section depth to determine the co-
localization of vinculin and F-actin (merged image C). The results demonstrate that
migratory TDAG51”" MEFs have distinct filopodial and lamellipodial extensions,

compared to wildtype or tdko _recon MEFs. Bar represents 10 um.
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4.3.4 Assessing the status of B; integrin in the MEFs’

Migratory cells are believed to express an increased number of active B integrin on the
cell surface (Carragher and Frame 2004). Binding of active [, integrin to its receptor,
fibronectin, facilitates cell adhesion and migration. We therefore investigated the
expression of active B-integrin on the cell surface of wildtype or TDAG51” MEFs. The
results demonstrated that TDAGS51"~ MEFs expressed a higher percentage of active B-
integrin on the cell surface (52%), compared to wild type C57 control MEFs (39%)
(Figure 57). Following inhibition of the active site of P;-integrin with the 9EG7
inhibitory antibody, TDAG51"~ MEFs grown on a fibronectin matrix demonstrated a

decrease in proliferation (Figure 58). This decrease in the rate of proliferation occurred
mainly in the exponential phase of cells grown at 48 h after plating from a low density.
The Bi-integrin inhibitory antibody (9EG7) had little effect on the growth of C57 wild
type MEFs. The effect of 9EG7 inhibitory antibody on TDAGS51” MEFs was to

normalize the pattern of growth to that observed for the wild type MEFs (Figure 58).

4.3.5 Examining the expression of genes that are involved in cell migration and
atherosclerosis from the loss of TDAGS1

Following isolation of mRNA from C57 wild type and TDAG51™" MEFs, we performed

affymetrix microarray analysis and compared the expression of 39,000 transcripts in wild

type and TDAG51” MEFs. Approximately, 34 genes were found to be induced at the

arbitrary cut off level of 4-fold (Table 3). Interestingly, we observed several genes

involved in cell migration and atherosclerosis that were upregulated in TDAG51”- MEFs,
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Figure 57: TDAG51”- MEFs express increased cell surface active B;-integrin.

Wild type control or TDAG517" MEFs were grown to near confluence in T25 flask as
described in the exi)erimental procedures. Following trypsinization, the cells were
stained with an antibody against active Bi-integrin (9EG7) to measure the cell surface B;.
integrin. The fluorescence was measured using flow cytometry after staining with
secondary antibody. To measure the total [j.integrin, cells were permeabilized and
stained with 9EG7 antibody. The figure from the flow cytometry analysis shows the
distribution of both cell types. Based on geometric mean analysis, TDAGS51"MEFs
demonstrate increased percentage of cell surface B;-integrin within total amount of ;-

integrin, compared to wild type MEFs.
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Figure 58: B;-integrin antibody (9EG?7) inhibits the proliferation of TDAG51™"

MEFs.

Wildtype or TDAGS51” MEFs (1x10* cells/mL) were grown as described in the
experimental procedures. (A) Ethidium bromide (ETB) fluorescence obtained from C57
wildtype and TDAG517" MEFs with or without B;-integrin antibody. (B) Quantification
of ETB fluorescence was mapped to cell number obtained from wildtype and TDAG51™
MEFs with or without B;-integrin antibody. Graph B shows the inhibitory effect on the
proliferation of MEFs from the incubation with B-integrin antibody. The results
demonstrate that the effect on proliferation is more prominent in TDAG51”- MEFs. The

result is statistically significant (P<0.05) as shown by the asterisk.
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compared to wildtype MEFs. Ones that show highest upregulation include PPAR-y (29-
fold), Bcl2 (78.7-fold), decorin (34.2-fold), astrotactin 2 (57-fold) and Claudin 1 (26-

fold).

4.3.6 Effect of fibroblast migration on wound healing ability in TDAG51" mice

Since loss of TDAGS51 promotes migration and proliferation of MEFs, we hypothesized
that TDAG51” mice enhance wound healing. Earlier studies have demonstrated that
migration of fibroblasts plays a major role in repairing wounds (McAnulty 2007).
However, the results showed that skin wound healing ability in TDAG51”" mice is less
efficient or slower, compared to C57 control mice (Figures 59 & 60). To explain this
observation, we examined whether there is any difference in the formation of FACs in
C57 control and TDAG51”™ MEFs. The protein pattern identified from the mass
spectrometry analysis of wild type MEFs was consistent with mature FACs (in
collaboration with Dr. Christopher McCulloch of University of Toronto; Table 4).
However, mass spectrometry analysis from TDAG517 MEFs revealed a more immature

FACs.
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Figure 59: Loss of TDAGS1 delays skin wound healing in mice.

Mice were generated and then skin wound healing experiment was performed with the
help of Dr. Jeff Dickhout. C57Bl/6 (n=10, 1 female and 9 males) and TDAG51”" (n=8, 5
females and 3 males) mice of 30-32-weeks old were generated at the Henderson animal
care facility.  The experiment was performed under gas inhalation anesthesia
(Isoflourane/oxygen mixture). A 1 cm incisional wound was made in the dorsum of the
mouse with standard surgical scalpel. The wound was a full thickness wound through all
layers of the dermis and epidermis and was closed with a single surgical suture and
allowed to heal for periods of 2, 8 or 11-day. Wound healing in TDAGS51-/- mice was
compared to that in C57B1/6 wild type mice by imaging the wounds through a Leica
surgical microscope on days 2, 8 and 11. Image analysis of wounded area was performed
from the resulting images with Image J software. The figure demonstrates scar formation
in normal C57Bl/6 wildtype mice versus mice lacking the gene TDAG51. Mice lacking
TDAGS1 showed delayed dorsal skin wound healing and decreased scar formation at

days 8 and 11 in comparison to control C57Bl/6 wildtype mice.
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Figure 60: Quantitative measurement of wound area in mice with or without

TDAGS]1.

C57Bl/6 (n=10, 1 female and 9 males) and TDAG51" (n=8, 5 females and 3 males) mice
of 30-32-weeks old was generated at the Henderson animal care facility. The experiment
was performed with the help of Dr. Jeff Dickhout as described in the legend of Figure 59.
Image analysis of wounded area was performed from the resulting images with Image J
software where region of wound was selected and quantified. The figure demonstrates
the quantification of total wound area in C57Bl/6 wildtype mice versus TDAGS]1 lacking
mice. Mice lacking the gene TDAGS51 showed a statistically significant increase in
wound area (p<0.05) at the 8 and 11 day time points versus normal C57Bl/6 wildtype
controls (C57). Statistical comparison was performed with student’s unpaired Two-tailed

T-test.
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Table 4: Tandem mass spectrometry analysis of MEFs.

C57 control and TDAG51”" MEFs were grown in fibroblast growth media. Type I collagen coated iron
beads were used to interact with the focal adhesion complex of TDAGS51” and C57 control MEFs.
Magnetic force was utilized to separate the beads from the cells and the proteins attached to the beads were
subjected to tandem mass spectometry analysis. Herein, the table compares the genes that were present
within focal adhesion complex of TDAGS5 17" and C57 control MEFs during mass spec.

C57 MEFs

TDAG51” MEFs

25kDA nuclear protein

Annexin A2

annexin Al

BC007171

Caldesfmon 1

cell division cycle 10 homolog

Colla2 protein (procollagen typel)

DEAD box 1

dead-box RNA helicase

DNA segment, Chr 3, ERATO Doi 194, expressed

eukaryotic translation elongation factor 1 a

fibronectin

fibulin 2

G kinase anchoring protein 1

hepatoma derived growth factor related protein 2

GPI-anchored membrane protein 1

Heterogeneous nuclear ribonucleo AQ

heterogeneous nuclear ribonucleoprotein AQ iso 2

Heterogeneous nuclear ribonucleo Al

High mobility group nucleosomal binding domain 1

High mobility group nucleosomal binding domain 2

Hist1h2bc hist1h2bc

Hmga2 histone 1; histone 2

Hnrpa3 protein Hnrpa 3 protein

Lamin A IC7

Lysy! oxidase

microtubule-associated protein 4

moesin

Myosin IC non-POU-domain-containing octamer binding protein
Nucleolin nucleolin

Nucleophosmin 1

nucleoplasmin 3

oly ADP-ribose polymerase 3

Poly A binding protein nuclear 1

Ribosomal protein L6

ribosome receptor isoform mRRp47

RNA binding motif protein 3

RNA binding motif protein 3

S100 calcium binding protein A10

Sept9 protein

serpine]l mRNA binding protein 1

similar polyadenylation specific factor 6

similar to histone, H3

small acidic protein

similar to splicing factor SRP20

Vimentin

THO complex 4
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4.4 Discussion

Vascular repair is a common mechanism in response to injuries by cardiovascular risk
factors. Acute injuries are repaired rapidly but recurrent injuries result in a chronic
inflammatory state. A number of cells, including endothelial cells, smooth muscle cells
(SMC) and fibroblasts, are involved in vascular remodelling. Migration and proliferation
of SMCs are important during transition from moderate to advanced atherosclerosis.
Although the functions of SMCs and endothelial cells are well defined during vascular
remodelling, relatively little is known regarding fibroblast migration in this process
(Haurani and Pagano 2007). Furthermore, the underlying cellular components that
induce migration and differentiation of fibroblasts as well as contribute to the
pathogenesis of vascular disease are incompletely understood.

In our earlier studies, we demonstrated that TDAG51 induces detachment-
mediated PCD and co-localizes with FAK (Hossain et al., 2003). We therefore
investigated whether the functional deficiency of TDAGS1 affects cytoskeletal
organization, cell migration and/or proliferation of MEFs. Our major findings can be
explained here. First, loss of TDAGS1 promotes migration and proliferation of MEFs in
a time-dependent manner. Second, TDAG51” migratory MEFs present distinct
filopodial and lamellipodial extensions, compared to wild type MEFs. Third, cell
proliferation is mediated in part through f;-integrin given that active B;-integrin antibody
significantly inhibits migration and proliferation in TDAG517"MEFs. Fourth, TDAG51

is also a critical molecule in cell differentiation since the deficiency of TDAGS51 impairs
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the differentiation of myofibroblasts, leading to slower dorsal skin wound healing in mice
(Dickhout and Austin; unpublished results).

Although our earlier findings have demonstrated a causal association between
TDAGS51 and atherosclerosis, we do not have any direct evidence to link cell migration
and atherosclerosis from the loss of TDAGS51. The significance of cell migration can be
explained in regard to reduced atherosclerotic lesions observed in DKO mice. It is
possible that deficiency of TDAGS51 in apoE” mice promotes migration of inflammatory
cells, such as macrophages and T-cells, from the atherosclerotic lesions, thus decreasing
inflammation and lesion progression. It can further be speculated that migratory
macrophages carrying LDL or VLDL can be taken up by the liver, contributing to fatty
liver but attenuated atherosclerosis as we have observed in DKO mice. In support of this,
Yamashita et al. (2002) reported that prevention of monocyte/macrophage infiltration
into atherogenesis by propagermanium, a  suppressor of monocyte/macrophage
infiltration, reduces atheroslcerosis in apoE'/ " mice. Furthermore, Seki et al. (2005)
reported that overexpression of PPAR-y inhibits the recruitment and migration of
macrophages and SMCs in the intima, leading to reduced intimal thickening observed in
hypercholesterolemic rabbits. In brief, regulated migration of atherogenic cells can have
significant affect on the development of atherosclerotic lesions.

Compared to macrophages, fibroblasts are rarely found in early atherosclerotic
lesions. As the lesions progress to the advanced stage, chronic inflammatory conditions
facilitate migration of fibroblasts to replace injured cells. Importantly, migratory

fibroblasts deposit components of extracellular matrix (ECM), such as collagen, into the
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intima of atherosclerotic artery to form a fibrous cap. Collagen maintains the mechanical
strength of lesions and plays a major role in the stability of atherosclerotic lesions (Shah
et al., 1995). Studies have demonstrated that myofibroblasts can be generated from three
primary sources, including adventitial fibroblasts, bone marrow-derived mesenchymal
progenitor and smooth muscle cells (SMCs) (Hinz ef al., 2007; Bellini and Mattoli 2007;
Michel et al., 2009). Adventitial fibroblasts play a critical role in response to injury since
they can migrate, proliferate and differentiate into myofibroblasts and secrete
procollagen-1 (Michel et al., 2009). In response to ballon injury, it has been reported that
myofibroblast proliferation was greater within the adventitia, leading to an increased
collagen turnover and matrix metalloproteinase expression (Strauss ef al., 1996). Studies
have demonstrated that fibrocytes, bone marrow-derived mesenchymal progenitors, can
differentiate into myofibroblasts and can migrate into the wound sites (Bucala et al.,
1994; Abe et al., 2001; Mori et al., 2005; Haudek et al., 2006). Further, recent studies
suggest that dedifferentiated smooth muscle cells can convert into potential
myofibroblasts by the observation that myofibroblasts can develop the capacity of
producing a long-lasting tension regulated at the level of Rho/Rho kinase-mediated
inhibition of myosin light chain phosphatase, compared to that observed in SMCs (Hao et
al., 2006; Tomasek et al., 2006).

Interestingly, affymatrix microarray analysis has revealed an upregulation of
atheroprotective molecule PPAR-y in the TDAG517 MEFs. Earlier studies have
demonstrated that increased expression of PPAR-y can impair differentiation of

myofibroblasts through inhibition of transforming growth factor $; (TGF-B;) signaling
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(Burgess et al., 2005). This inhibitory function of PPAR-y can potentially result in less
fibrosis and a less rigid blood vessel wall since there will be less deposition of collagen.
Although we have not observed fibrosis in DKO mice, we have demonstrated an
impaired myofibroblast differentiation in TDAGS 17" MEFs (Dickhout et al.; unpublished
results). Also, atherosclerotic vessels in humans are fundamentally different from mice
and are much more fibrotic (Wynn 2007). In mice, fibrosis allows the lesions to become
more stable due to formation of fibrous cap and the size of the necrotic core determines
whether the lesions will progress into prothrombotic state. As for human, years of
repeated injuries from risk factors cause the replacement of elastin with collagen. Rigid
and calcified blood vessels thus become prone to rupture. Herein, it is important to
mention one of our recent observation associating TDAGS1 and fibrosis. Our
preliminary findings demonstrate that TDAG51”" mice appeared to present less fibrosis
from acute lung injury, compared to C57 control mice.

Furthermore, microarray analysis demonstrated an increased expression of
decorin in the TDAG51”" MEFs. Decorin is a small ECM matrix proteoglycan that can
regulate cell proliferation and/or migration (Comalada et al., 2003; Kresse and Schonherr
2001). Decorin can also inhibit TGF-B; signaling by forming complexes, leading to an
impairment of myofibroblast differentiation (Jahanyar et al., 2007). Importantly, earlier
studies demonstrated that overexpression of decorin reduces inflammation and attenuates
atherosclerotic lesion progression in apoE” mice (Al Haj Zen et al., 2006). Since
increased decorin expression is observed in TDAG517 MEFs, it is possible that TDAG51

is a negative regulator of decorin. Increased decorin can inhibit TGF-B signalling in
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DKO mice, leading to decreased atherosclerotic lesions. However, the mechanisms by
which loss of TDAGS51 contribute to the upregulation of decorin in MEFs remains to be
explained. Collectively, fibroblast migration may not have a direct effect on the
attenuation of atherosclerosis observed in DKO mice since fibroblast migration is
believed to occur at advanced stages of atherosclerosis. Other afherogenic cells,
including monocytes, macrophages, lymphocytes and smooth muscle cells, are involved
in all stages of atherosclerosis. Therefore, recruitment, migration and differentiation of
these cells into lesions can have profound impact on the development and progression of
atherosclerotic lesions.

In addition to the athero-protective properties of TDAGS51, we speculated that
TDAGS51 may have a role in wound healing. Since loss of TDAGS51 promotes migration
of fibroblasts and differentiated myofibroblast can play a critical role in wound closure
process, it was hypothesized that dorsal skin wound in TDAG51™" mice would heal faster
than that in C57 control mice. Interestingly, in contrast to our assumption, loss of
TDAGS!1 significantly slows down skin wound healing ability in mice, compared to C57
control mice. Delayed wound healing was in part due to an impaired myofibroblast
differentiation in TDAG51”" mice. This has been supported by recent observations that
TDAG51” MEFs treated with TGF-B; did not differentiate into myofibroblasts
(Dickhout et al.; unpublished results). Following treatment with TGF-B;, TDAG51™
MEFs also demonstrate decreased SMAD2 phosphorylation. Earlier studies have shown
that activation of TGF-; differentiates fibroblasts and increases collagen synthesis

through phosphorylation of SMAD2/3 (Kuratomi et al., 2005; Brown et al., 2007).
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Furthermore, we have observed through protein profiling from mass spectrometry that
TDAG517 MEFs displayed fewer proteins assocaited with focal adhesion complexes,
compared to wild type MEFs. Earlier studies have demonstrated that mechanical force
increases myofibroblast differentiation with more mature focal adhesion complexes
(Wang et al., 2003). In support of this, migratory TDAG517 MEFs had distinct
filopodial and lamellipodial extensions, compared wildtype MEFs, suggesting that
TDAG517" fibroblasts are not attaching well to the fibronectin éoated matrix. Thus,
impaired wound healing in the TDAG51™ mice likely results from impaired adherence of
fibroblast and lack of subsequent myofibroblast differentiation. It is also possible that
normal contact inhibition is suppressed in TDAG517" MEFs, suggesting that deficiency
of TDAG51 may contribute to impaired adherence of fibroblasts. The underlying
mechanisms by which enhanced fibroblast migration reduces wound healing in TDAGS51"
" mice remains to be explained.

Taken together, loss of TDAG51 promotes the migration and proliferation of
fibroblasts through interaction between p;-integrin and fibronectin on the ECM.
Increased fibroblast migration may have a significant affect on atherosclerosis and wound
healing. However, future studies are needed to explain the in-dept mechanisms by which
loss of TDAGS51 impairs myofibroblast differentiation and thus contributes to the
pathogenesis of atherosclerosis and wound healing. Importantly, this will further allow

us to investigate whether TDAGS51 is involved in the pathogenesis of fibrosis.
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CHAPTER 5: Concluding discussion and future directions

5.1 Concluding remarks

This research project was initiated to identify gene(s) that were responsive to the
cardiovascular risk factor, homocysteine, using mRNA differential display technique. As
a result, I have identified TDAGS51 as a homocysteine-responsive gene. Further, we
demonstrated that TDAGS51 is an ER stress-induced pro-apoptotic gene in cultured
endothelial cells and is associated with the development of atherosclerosis in HHcy
(Hossain et al., 2003). Subsequently, we have established a causal association of
TDAGS51 in the development and progression of atherosclerosis given that loss of
TDAG5]1 attenuates the progression of atherosclerosis in apoE” mice fed a normal chow
diet. Although we have not established a definitive mechanism for the reduction of
lesion size in DKO mice, several mechanisms have been proposed in this thesis. First,
since TDAGS51 is a pro-apoptotic gene, it is conceivable that the deficiency of TDAGS1
may reduce apoptosis of cells relevant to atherosclerosis leading to reduced lesion size in
DKO mice. This has been demonstrated by the statistically significant reduction in
necrotic core size of the atherosclerotic lesions and the contribution of this reduction to
the overall reduction in lesion size. In support of this, Thorp et al. (2009) have recently
demonstrated reduced atherosclerotic lesion size in apoE” or LDLR™ mice lacking
CHOP, an ER-stress response pro-apoptotic gene. Second, since overexpression of

TDAGS1 promotes detachment-mediated PCD in endothelial cells, loss of TDAG51 may
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decrease endothelial dysfunction and apoptosis resulting in reduced inflammation and
lesion size in DKO mice. Third, since there is increased expression of PPAR-y in
TDAG51" MEFs, it is possible that deficiency of TDAGS51 may attenuate the
development and progression of atherosclerosis in DKO mice through a mechanism
involving PPAR-y. It has been reported that PPAR-y has both anti-atherogenic and anti-
inflammatory properties (Lehrke and Lazar 2005). Fourth, given that loss of TDAGS51
promotes cell migration and proliferation in MEFs, it is possible that there may be an
increased migration of macrophages from the lesions, thus contributing to attenuated
atherosclerosis in DKO miice.

The most significant finding of my research is that TDAGS51 is a novel gene
involved in the development and progression of atherosclerosis. The attenuation of
atherosclerosis from the loss of the pro-apoptotic gene TDAGS51 is in contrast to the
previously reported studies involving deficiency of cell cycle and pro-apoptotic genes,
including p53, Bax or Rb. Studies have implicated that the deficiency of macrophage
specific p53, Bax or Rb enhances atherosclerotic lesion development (Guevara et al.,
1999; Liu et al., 2004; Boesten et al., 2006). Loss of macrophage specific p38a MAPK
in apoE'/ " mice, however, does not affect lesion development, even though deficiency of
p38a MAPK promotes macrophage apoptosis and plaque necrosis in advanced lesions
(Seimon et al., 2009). Since p38a MAPK has both pro- and anti-apoptotic function
depending on the stimulus (DeVries-Seimon et al., 2005; Park et al., 2002; Wang et al.,
2007), it is possible that p38a MAPK plays a crucial role in suppressing ER stress-

induced macrophage apoptosis in advanced atherosclerosis. Further, p38a MAPK may
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not be a crucial molecule in regulating atherosclerotic lesion size. Interestingly, Thorp et
al. (2009) have recently demonstrated that functional deficiency of CHOP in apoE” or
LDLR” mice results in reduced atherosclerotic lesion sizes. Like TDAGS 1, studies have
demonstrated that CHOP is an ER stress-induced pro-apoptotic gene and promotes
apoptosis in cells relevant to atherosclerosis (Seimon and Tabas 2008).

The ability of TDAGS5]1 to decrease atherosclerotic lesion development may not
be solely due to its pro-apoptotic characteristics. Since reduction in necrotic core size
does not fully account for the reduction in lesion size, we have proposed involvement of
other factors for the attenuation of atherosclerotic lesion observed in DKO mice.
Additional factor(s), such as PPAR-y, may be associated with the reduction of lesion in
DKO mice, given that PPAR-y is atheroprotective and that its expression is increased in
TDAG51”" MEFs. Importantly, PPAR-y influence cholesterol efflux and our preliminary
results demonstrate an increased cholesterol efflux in TDAGS517 peritoneal macrophages
(unpublished results). Future studies, however, are essential to elucidate the underlying
mechanism(s) by which functional loss of TDAGS51 contributes to the reduction of
atherosclerotic lesions in DKO mice.

My findings further suggest that TDAGS51 can be an important target for anti-
atherogenic therapy. During the last-two decades, statins have been successful in the
management of cardiovascular disease. However, despite the use of statins as a first
order therapy against atherosclerosis, significant morbidity and mortality still occurs.
Identifying drugs and/or small molecules that suppress the expression/activity of

TDAGS51 may allow the opportunity to explore whether TDAGS1 can potentially be a
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relevant therapeutic target for the treatment of cardiovascular disease, especially clinical
complications such as myocardial infarction.

In addition to its atheroprotective properties, we demonstrated that TDAGS51 is a
critical molecule during wound healing. We observed that the dorsal skin wounds do not
close efficiently in TDAGS51” mice, compared to those in C57 mice. This delayed
wound healing in TDAG51” mice may in part be from an impaired differentiation of
myofibroblasts. Studies have shown that myofibroblasts play very important role in
wound healing, especially during contraction of wounds (Hinz et al., 2007). Further, it
has been suggested that PPAR-y mediates the differentiation of fibroblasts into
myofibroblasts through a cross talk influence of TGF-B1 signaling pathway. Our
observation that TDAGS517" MEFs have increased PPAR-y expression and have reduced
TGF-B1 mediated SMAD2 phosphorylation, may further explain the impaired
myofibroblast differentiation from the loss of TDAG51. The underlying mechanism(s),
however, remain to be explained how functional loss of TDAGS51 delays wound healing.

In this thesis, I have presented data suggesting that TDAGS51 is a novel mediator
of atherosclerosis. During the progression of atherosclerosis, migration of SMCs from
media is well documented (Ross 1999; Lusis 2000; Glass and Witztum 2001).
Subsequent proliferation of SMCs and their collagen deposition facilitates the formation
of fibrous cap. Studies have suggested that fibroblasts also migrate into the moderate or
advanced atherosclerotic lesions and differentiated into myofibroblasts that then release
ECM components to generate fibrous networks, providing lesion stability (Hinz et al.,

2007). Although we have demonstrated an association between TDAGS1 and skin

270



PhD Thesis - G.M.S. Hossain McMaster - Medical Sciences

wound healing, we have not observed fibrosis in apoE'/' or DKO mice. Interestingly, our
recent observation demonstrates that TDAGS517" mice are protective from acute lung
injury-induced fibrosis, compared to C57 mice. Herein, it is important to mention that
mice and human atherosclerosis are fundamentally different, especially at the advanced
stage. Fibrosis is believed to provide stability in mouse atherosclerotic lesions, including
apoE'/' or other atherogenic mouse models (Libby ef al., 1996; Rosenfeld er al., 2002).
However, fibrosis is more prevalent in humans and can cause blood vessels to become
more rigid as well as promoting lesion calcification. Over time, rigid and calcified
vessels become prone to rupture, thus leading to thrombosis. Collectively, our findings
demonstrate that TDAGS51 is involved in the pathogenesis of both atherosclerosis and
skin wound healing, however, future studies are required to suggest a definite

involvement of TDAGS51 with fibrosis.

5.2 Future directions

Future in vitro and in vivo studies are essential to further understand the function of
TDAGS1 and to investigate the mechanism(s) by which loss of TDAGS5!1 attenuates
atherosclerosis and impairs the wound healing process.

5.2.1 Specific objective 1: To further determine the effect from transplantation of
TDAG51” hematopoietic cells on atherosclerotic lesion development

Although loss of TDAGS51 attenuates atherosclerotic lesion development in apoE'/ " mice,
it is not understood whether this is a systemic or lesion specific effect. Bone marrow

transplantation experiments can be performed to explain whether attenuated
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atherosclerosis observed in DKO mice is due to the deficiency of TDAGSI in
hematopoietic cells, including macrophages and lymphocytes. Bone marrows from apoE’
” and DKO mice can be isolated as described earlier (Covey ef al., 2003). Irradiated ten-
week old female apoE™ mice should then be injected with fresh bone marrows isolated
from either apoE” or DKO mice of similar age. Genotype of recipients and donors
should be confirmed by PCR. By 24-36 weeks, the recipient mice should be sacrificed to
analyze the lesion size. This experiment will definitely explain us whether the
atheroprotective effect of TDAGS1 deficiency involves hematopoietic cells.

5.2.2 Specific objective 2: To examine TDAGS1 as a potential therapeutic target
for the treatment of cardiovascular disease

In this thesis, [ have demonstrated that TDAGS1 is causally associated with the
development and progression of atherosclerosis. High throughput screening approach of
biomolecules can be utilized to identify molecules that suppress the expression/activity of
TDAGS51. Insulin growth factor or PBA can be used to express increased or decreased
expression of TDAGS51 in NIH3T3 cell lines, respectively (Toyoshima et al, 2004;
Ozcan et al., 2006). Stable cell lines expressing TDAGS51 reporter construct can be
generated to examine the induction or suppression of TDAGS51 expression by the
biomolecules during high throughput screening process. Following identification of
several potential compounds, pharmacokinetics and pharmacodynamics studies can be
performed in mice to define the safety and doses of the compounds. A few of the
potential compounds can then be tested on apoE” mice to demonstrate attenuated

atherosclerosis during lesion progression. If any of the compounds are successful in
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preclinical studies, the drug(s) can be tested in clinical trials to assess the safety and
efficacy in human subjects following approval from FDA.

5.2.3 Specific objective 3: To further define the functional domain(s) of TDAGS1
that mediate apoptosis and cell migration

TDAGS51 has distinct regions within the open reading frame (ORF), including
polyglutamin (QQ) stretch, proline-glutamine (PQ)/prolin-histidine (PH) rich repeats,
pleckstrin homology (PH) domain. Studies have demonstrated that proteins with QQ, PQ
or PH repeats can act as a transcriptional regulator and/or activator, and can thus
contfribute to PCD and other cellular processes (Han et al., 1989; McNabb and Courtney,
1992; Cai et al., 1994; Li et al., 1995; Park el al., 1996). Herein, generation of a series of
mutants within ORF (as described in figure 20) will facilitate to explain the region(s) that
contribute to PCD and cell migration/proliferation. In addition, TDAGS51 also have
nuclear localization signal (NLS) and nuclear export signal (NES). Generation of
mutants by disrupting NLS or NES will further define whether TDAGS1 is a nuclear
protein shuttling between cytosol and nucleus. Importantly, it will allow us to understand
whether retention of TDAGS1 within cytosol will affect the cellular processes, such as
apoptosis and/or cell migration.

5.2.4 Specific objective 4: To examine the relationship among ER stress, TDAG51
expression, PCD and atherosclerosis

We earlier demonstrated that TDAGS51 is an ER stress-inducible pro-apoptotic gene and
its transcriptional activation is dependent on the phosphorylation of eIF2a (Hossain et al.,

2003). To further define the UPR pathways that regulate TDAGS51 expression, transient
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transfection experiments could be performed using plasmid encoding wildtype, mutant or
constitutively active forms of eIF2a. Constitutively active form of elF2a should increase
TDAGS5]1 expression and PCD. Since elF2a phosphorylation activates other ER stress-
inducible pro-apoptotic gene GADDI53, it will be interesting to see whether
overexpression of TDAGS51 promotes PCD in GADDI153" cells. These experiments
should further clarify which UPR pathways directly mediate TDAGS51 expression. In
addition, studies have shown that chemical chaperones, 4-phenyl butyric acid (PBA), can
reduce ER stress (Ozcan et al, 2006). Given that loss of TDAGS1 attenuate
atherosclerosis in apoE”™ mice, a future experiment can be designed to address whether
PBA treatment reduces TDAGS51 expression in cells relevant to atherosclerosis, leading
to the attenuation of atherosclerosis in apoE” and DKO mice.

5.2.5 Specific objective 5: To further investigate how TDAGS51 modulates the
expression of PPAR-y and its downstream targets

Using Affymatrix microarray analysis and real time PCR, we demonstrated that loss of
TDAGS5]1 induces expression of PPAR-y and several of its downstream targets in MEFs.
Further, reintroduction of TDAG51 into TDAG51”" MEFs reverses the effect on PPAR-y
expression, suggesting that TDAGS5]1 is a potential negative regulator of PPAR-y. Using
PPAR-responsive reporter assay system, transient transfection experiment can be
performed on wildtype and TDAG51” MEFs to examine the effect on PPAR-y targets in
presence or absence of PPAR-y specific agonists and antagonists. Herein, real time PCR
should allow us to reconfirm our findings in microarray analysis. To investigate whether

PPAR-y is regulated at transcriptional or translational level, co-transfection experiment
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can be performed using reporter gene linked to PPAR-y promoter together with TDAGS51
expression plasmids. If PPAR-y promoter activity is responsive from exogenous
TDAG51 in wildtype and TDAG517- MEFs, additional experiments such as DNA/protein
binding assays can be performed to identify the nature of regulation. In addition, an in
vivo experiment can be designed to address whether attenuated atherosclerosis observed
in DKO mice requires PPAR-y. Treatment of apoE” or DKO mice with PPAR-y
agonists should further reduce atherosclerotic lesion size since PPAR-y agonists activate
the expression of PPAR-y. Alternatively, PPAR-y antagonists should enhance the
atherosclerotic lesion size in apoE™ or DKO mice.

5.2.6 Specific objective 6: To examine whether TDAGS51 has role in macrophage
apoptosis, migration, or foam cell formation

To further understand about the underlying mechanisms by which atherosclerosis is
attenuated in DKO mice, a number of future in vitro experiments should focus attention
into the role of TDAGS51 in macrophages. Peritoneal macrophages from wildtype and
TDAG51" mice can be isolated and treated with the inducers of apoptosis to explain
whether loss of TDAGS51 protects or enhances apoptosis of macrophages. Further,
peritoneal macrophage migration experiments can be performed using Boyden Chamber
as described in section 4.2.5.2. Number of migratory cells from plated wildtype and
TDAG517" macrophages can then be counted and compared. This experiment should
explain whether migration of macrophages from the atherosclerotic lesions occurs in
DKO mice. In addition, since the atherosclerotic lesion size is attenuated in DKO mice,

it will be interesting to examine whether TDAG51”" mice macrophages accumulate less
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acetylated LDL and show enhanced cholesterol efflux, compared to macrophages from
C57 wildtype control mice. Macrophage foam cell formation can also be measured by
the uptake of acetylated lipoproteins by peritoneal macrophages (Brown et al., 1979).
Cholesterol loading and efflux assay can be performed as described previously (Chawla
et al.,2001).

5.2.7 Specific objective 7: To further investigate the role of TDAGS1 in wound
healing

We observed that loss of TDAGS51 delays skin wound healing process, perhaps through a
mechanism involving impaired myofibroblast differentiation.  Re-introduction of
TDAGS5!1 should therefore decrease wound healing time. Retroviral or adenoviral vectors
encoding TDAGS51 expression plasmids can be applied to the fresh skin wounds of
wildtype and TDAG517" mice. The healing process can be observed up to 12 days and
the images can then be compared. If TDAGS1 has a direct involvement with skin wound
healing, reintroduction of TDAGS1 should rectify the delay. Alternatively, high
throughput screen may allow for the identification of molecules that increase the
expression of TDAGS51. Skin wounds of wildtype mice can also be treated with some of
these molecules. If skin wound healing time is faster, this can further suggest a direct
involvement of TDAG51. Importantly, the compound(s) can further be investigated to
see whether there is a therapeutic potential for wound healing treatment, especially in the
reduction of scar formation.

5.2.8 Specific objective 8: To assess whether TDAGS51 is involved in fibrosis
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We earlier have shown that TDAGS51 is a mediator of atherosclerosis (Hossain et al.,
2003). Further, our recent findings demonstrated that loss of TDAGS1 promotes
fibroblast migration and delays skin wound healing in mice. Since fibroblast migration is
a hallmark feature during skin wound healing and fibrosis, we speculate that TDAG51
may have role in fibrosis. To address this issue, bleomycin-induced pulmonary fibrosis
can be introduced in wildtype and TDAG51” mice as described earlier (Hattori ef al.,
2000). If TDAGS]1 deficiency decreases fibrosis, we would expect a reduced pulmonary
fibrosis in TDAG51™ mice, compared to wildtype mice. In addition, it can be examined
whether exogenous TDAGS51 accelerates the healing within injured area of lung in
wildtype mice following infection with retroviral expression plasmids encoding TDAGS51
ORF. To further test the association between TDAGS51 and fibrosis, wildtype and
TDAG51” mice can be treated with PPAR-y agonist such as rosiglitazone. Since studies
have shown that rosiglitazone abrogates pulmonary fibrosis (Burgess et al., 2005; Wu et
al., 2009), these experiments should demonstrate whether TDAGS5]1 is associated with the

pathogenesis of fibrosis.
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