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ABSTRACT

During myocardial infarction, significant myocardial cell loss occurs in a process
termed “post-ischemic reperfusion injury”, a two-step process where the myocardium
first undergoes temporary conditions of ischemia caused by an occlusion of blood flow,
followed by the re-establishment of blood flow to the previously hypoxic myocardium. It
is believed that the excessive production of reactive oxygen intermediates, such as free
radicals and pro-oxidants, during the reperfusion process is a major contributing factor to
the observed cell death. In the present study, we sought to investigate the role of the pro-
oxidant, hydrogen peroxide (H>O.), in triggering apoptosis in H9¢2(2-1) cells, a
clonogenic cell line derived from embryonic rat heart ventricles. Treatment with H.O-
caused decreased cell viability, along with the formation of an oligonucleosomal ladder
and activation of the cysteine protease, caspase-3, hallmarks of apoptotic cell death.
Moreover, we observed that elongation factor-1 alpha (EF-1a) protein levels underwent
rapid and sustained increases upon treatment with toxic dosages of H>O,, whereas the
effect was only transient with sublethal doses. Pre-treatment with a transcriptional
inhibitor, actinomysin D did not abolish the oxidant-induced increase in EF-la, and
Northern blotting analysis revealed that EF—la mRNA levels remained steady
throughout the H,O--treatment period, suggesting that the up-regulation of EF—la is
mediated post-transcriptionally. Moreover, a protective effect against H,O, injury was
effected by transient transfection of antisense EF—la. A similar elevation in EF-la
protein levels was observed in heart tissues of transgenic mice undergoing in vivo
oxidative stress, where the gene encoding the antioxidant, manganese superoxide
dismutase (MnSOD), was inactivated by homologous recombination. As with the cell
culture system, EF-1a mRNA levels did not mimic the change at the protein level, and
remained unaltered. Thus, we demonstrate that there is a rapid up-regulation of EF—1a en
route to apoptosis initiated by an oxidative insult in vitro and in vivo, and that this

phenomenon may be a necessary early event in the induction of apoptosis.



RESUME

Lors d’un infarctus du myocarde, une perte significative de cellules
myocardiaques selon un processus a deux volets appellé “post-ischemic reperfusion
injury”. Dans un premier temps, un état temporaire d’ischemie est creé par I’occlusion du
flot sanguin suivie par le réétablissement du flot dans le myocarde. Il semble que la
production excessive de dérivé actif de ’oxygene, comme les radicaux libres et les pro-
oxydants, durant le processus de réperfusion, est un facteur majeur contribuant a
I’apparition de mort cellulaire. Dans la présente étude, nous avons investigué le role d’un
pro-oxydant, le peroxide d’hydrogéne (H;O,), dans I’'induction de !'apoptose dans un
modéle de cellules, les H9¢c2(2-1). une lignée cellulaire clonogénique dérivée de
ventricule de rat embryonaire. Le traitement a I’ H,O: cause une diminution de la
viabilité cellulaire, accompagné par la fragmentation internucléosomale de I'ADN et par
I’activation de la cysteine protéase, caspase-3, tout deux, marqueur de I’apoptose. De
plus, nous observons une augmentation rapide et soutenue de la protéine elongation
facteur-1 alpha (EF—1a) suite & une exposition a des doses toxiques de H,O». De plus, cet
effet est transitoire pour des doses subléthales. Une prétraitement des cellules avec
I'actinomycin D, un inhibiteur de transcription, n'inhibe pas l'augmentation de EF-1a par
les oxydants. L'analyse de I'ARN messager par hybridation de type Northern montre que
le niveau de EF—1a demeure constant suite au traitement par 'H>O», ce qui suggére que
la régulation positive de EF—1a a lieu a un niveau post-transcriptionnel. De plus, nous
observons un effet protecteur contre I'H,O, suite a la transfection transitoire d'un
antisense-EF—1a. Une augmentation similaire de la protéine EF—1a est observée dans les
tissues cardiaques de souris transgéniques soumis a un stress oxidatif, ou le géne codant
pour l'antioxidant, manganese superoxide dismutase (MnSOD), a été inactivé par
recombination homologue. Comme pour le systéme de culture cellulaire, le niveau de
I'ARN messager de EF-1a ne correspond pas au changement obtenu au niveau de la
protéine, demeurant inchangé. Donc, nous démontrons dans ce travail, qu'il y a une
régulation positive de EF-1a, initiée par la présence d'un stress oxydatif in vitro et in
vivo menant a l'apoptose et que ce phénomene peut €tre un évenement précoce nécessaire

a l'induction de l'apoptose.
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LITERATURE REVIEW

1. The Free Radical Hypothesis of Ischemia-Reperfusion Injury

The pathology of ischemic heart disease is initiated by thrombosis of a coronary
artery, creating an occlusion of blood flow to the myocardium. Coronary blockage results
in a reduction of oxygen supply to the heart, which, if sufficiently prolonged and severe,
can induce membrane damage, necrosis and cell loss (Jennings, 1960). Paradoxically,
while rapid reoxygenation and re-establishment of blood flow to the ischemic
myocardium is critical in preventing hypoxia-induced damage, the reperfusion event is
also capable of exacerbating damage to the myocardium (Melrose, 1955; Jennings er al.,
1974). The additional injury inflicted upon the myocardium, independent of the ischemic
event, is referred to as "reperfusion injury" (Hearse, 1977).

One of the proposed mechanisms by which reperfusion injury is effected is
through the generation of toxic reactive oxygen intermediates (ROIls) (Hess et al.. 1984).
The superoxide anion (O;") and hydrogen peroxide (H>O:) constitute the majority of ROIs
of relevance to the cell under physiological circumstances (McCord, 1985). In actuality,
however, these molecules are relatively unreactive and only damaging to cells at high
concentrations (Ferrari et al.. 1991). The primary danger associated with accumulation of
O> and H>0; is the potential for the formation of the highly unstable hydroxyl radical
(OHe), which can arise via Fenton chemistry (Fenton, 1894). When H»O» reacts with a
transition metal catalyst (Me""). the following reaction occurs, generating the hydroxyl
radical:

Me™* + H0; ——> Me™*!'+ OH™ + OHe
While copper and cobalt can participate in Fenton reactions, the high levels of
intracellular iron suggest that it serves as the predominant Fenton transition metal catalyst

in vivo (Imlay, 1988). The hydroxyl radical generated is a highly unstable molecule, and



reacts with various intracellular macromolecules at diffusion-limited rates. usually within
10 seconds and 14 A from its site of generation (Kukreja, 1992).

Under normal circumstances, the cell possesses endogenous defense mechanisms
in the form of antioxidant enzymes to respond to aberrant production of ROIs.
Superoxide dismutase (SOD) catalyzes the dismutation of the O, to H,0, which in turn

is detoxified to water by other antioxidants, such as catalase or giutathione peroxidase.

SOD catalase
0, > Oy » H,O, ————— > H,O

The premise of the ““free radical theory of reperfusion injury” is that during reoxygenation
of the myocardium, ROIs are generated at sufficiently high levels to overcome
endogenous cellular antioxidant defense mechanisms. This condition is referred to as
“oxidative stress”, which, if sufficiently severe, ultimately leads to cell and tissue damage
(McCord, 1985).

Much of the evidence implicating ROIs in the pathology of reperfusion injury has
been indirect. Supplementation of antioxidants, such as superoxide dismutase and/or
catalase, in the reperfusion medium has been shown by many (Ambrosio ef al.. 1987,
Ytrehus et al., 1987; Jolly et al., 1984; Mitsos et al., 1986; Werns et al.. 1985, 1986), but
not all groups (Forman er al.. 1988; Gallagher er al., 1986; Przyklenk et al., 1989;
Richard er al. 1988; Uraizee et al., 1987) to reduce infarct size and improve cardiac
function following reperfusion. Catalase-overexpressing transgenic mice have reduced
infarct sizes following ischemia-reperfusion as compared to non-transgenic and
transgene-negative controls (Li er al., 1997). Additionally, manganese superoxide
dismutase-knockout mice die during early post-natal development due to dilated
cardiomyopathies and ventricular wall thinning (Li er al, 1995). The first report to
directly describe heightened free radical production following reperfusion of the ischemic

myocardium was provided by Zweier and coworkers, who used electron paramagnetic
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resonance spectroscopy and electron spin trapping to quantitate an increase in free radical
concentrations, from 4.7 + 0.5 uM in control hearts to 11.4 + 0.6 uM in hearts reperfused
with oxygenated buffer for ten seconds (Zweier et al., 1987a, 1987b, 1988). Similar
evidence was later provided by several other independent groups (Kramer et al., 1987,
Baker ef al., 1988; Garlick et al.. 1987). The majority of ROI production occurs within

the first ten minutes following re-establishment of blood flow (Bolli ez al., 1990).

2. Sources of Reactive Oxygen Intermediates (ROIs) in the Reperfused Myocardium

2.0. Introduction
The actual source of ROIs following reperfusion of the myocardium remains a
controversial issue, and several sites have been postulated as sources of free radical
generation (Flitter, 1993). In the following sections, three of these mechanisms, which

have received the most attention in the literature, are reviewed (Figure 1).

2.1. Mitochondria

Under ischemic conditions, the adenine nucleotide pool is partially degraded,
limiting intracellular ADP pools (Freeman et al.. 1982). In its absence, due to a lack of
substrates for ATP generation, oxidative phosphorylation in the mitochondria is halted
and the electron carriers in the electron transport chain become fully reduced (McCord,
1988). This condition promotes leakage of electrons from the respiratory chain which
react with the oxygen in the cell, thereby generating O>". During the ischemic event, given
the low levels of O’ in the tissue, any minute, aberrant generation of free radicals caused
by this phenomenon is detoxified by the resident antioxidant defense mechanisms (Ferrari
et al., 1985). Upon reintroduction of oxygen during reperfusion, however, the electrons
which leak from the respiratory chain react with the over-abundantly available oxygen,
generating O™ at levels beyond the defense capabilities of the intracellular antioxidants

3



(Turner et al., 1980; Nohl, 1982). Consistent with this model, Ide et al., (1999) have
recently detected a 2.7-fold increase in O, production by the mitochondrial fraction of
failing hearts, concluding that ROIs generated during reperfusion could be of

mitochondrial origin.

2.2. Xanthine Dehydrogenase / Xanthine Oxidase

While the principle is vaguely evident during mitochondrial generation of ROls,
the xanthine dehydrogenase/xanthine oxidase system, as characterized by McCord, is the
classical example of the potential of an ischemic event to “prime” the ensuing damage
initiated by reperfusion (McCord, 1985). Two events occur during the ischemic event.
First, ATP is degraded into hypoxanthine, and ultimately, to xanthine (Saugstad er al.,
1980). Secondly, the enzyme xanthine dehydrogenase is converted, by a calcium-
dependent limited proteolysis, to xanthine oxidase (Granger ef al.. 1981). This modified
enzyme, instead of functioning to reduce NAD", prefers an oxygen substrate, resulting in
the generation of O;". Thus, reperfusing the ischemic myocardium supplies the molecular
oxygen used by xanthine oxidase in precipitating a burst of O,  and inducing oxidative
stress. In some studies. xanthine oxidase inhibitors, such as allinopurinol, oxypurinol or
tungsten, protect against cell loss induced by ischemia-reperfusion in cat, rodent, dog and
human systems (Werns ef al.. 1986; Wexler ef al., 1981; Johnson et al., 1974; Downey et
al., 1988). However, several negative studies in similar systems have also been reported
(Podzuweit er al.. 1986; Kehrer er al., 1987; Reimer et al.. 1985). In addition, the
distribution of xanthine oxidase seems to be highly species-specific. with undetectable
xanthine dehydrogenase or xanthine oxidase enzymatic activity in the human, rabbit and
pig myocardium (de Jorg et al., 1990). This discrepancy has been explained by the
detection of xanthine dehydrogenase and xanthine oxidase activity in the outlying
endothelial cells, suggesting that the vasculature participates in ROI generation during

reperfusion (Jarasch et al., 1986).



2.3. Activated Neutrophils

Another potential source of extracellular ROIs is from activated neutrophils. Due
to the inflammatory processes associated with myocardial infarction. neutrophils have
been shown to invade the infarct site (Mullane ef al., 1984). Neutrophils possess, as an
element of an all-purpose anti-bacterial and anti-microbial response mechanism, a
membrane-associated NADPH-dependent oxidase, which functions as an efficient
producer of O, once activated by bacteria, mitogens or cytokines, a process designated as
a “respiratory burst” (Barbior, 1978; Barbior, 1984). Romson first proposed a role for
neutrophils as a source of free radicals during the course of reperfusion, by demonstrating
that neutrophil depletion reduced infarct size to a similar extent as the administration of
antioxidants (Romson et al., 1983). Other groups have also demonstrated that leukocyte
and platelet depletion enhances cardiac function following reperfusion (Ko er al., 1991;
Simpson et al., 1988; Litt er al., 1989). Finally, anti-inflammatory compounds have also
been shown to severely limit infarct size following reperfusion (Mullane er al., 1984).
However, the controversy over the importance of neutrophils in the pathology of
reperfusion injury has been fueled by questions concerning the speed at which they arrive
at the myocardium. While Romson and coworkers demonstrated that neutrophil content
in the myocardium increases 17-fold 24-hours following reperfusion (Romson et al.,
1983). Engler reported a lack of neutrophil accumulation in the heart five hours following
ischemia (Engler et al., 1983), although irreversible damage had already been inflicted
upon the tissue. Manning showed that three hours following ischemia, the number of
neutrophils were only marginally increased, and were found primarily localized
marginated in the veins, with no detectable cells in cardiac tissues (Manning, 1988).
Thus, the apparent lack of a “cause-and-effect relationship™ between neutrophil
accumulation and tissue injury has made it difficult to assess the contribution of

neutrophils in reperfusion injury (Flitter, 1993).



Figure 1. Schematic diagram of sources of ROls in the myocardium. Three widely
studied sources of ROIs following reperfusion of the ischemic myocardium are the

endothelium. cardiac myocytes, and invading polymorphonuclear leukocytes and

neutrophils.
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3. Possible Mechanisms for Reactive Oxygen Intermediates-Induced Apoptosis

3.0. Introduction

Two distinguishable modes of cell loss occur in the myocardium following
exposure to ROIs: necrosis and apoptosis (Saikumar et al., 1998). Necrosis involves an
uncontrolled breakdown of cellular and organellar structure, resulting in cell lysis and an
inflammatory response. It occurs independent of cellular energy (Majno et al., 1995).
Apoptosis. on the other hand, is an active, adenosine triphosphate (ATP)-dependent,
gene-driven, non-inflammatory, programmed cellular destruction process (Kerr e al..
1972). Morphologically, while the former exhibits cell swelling and loss of membrane
integrity. the latter is characterized by cell shrinkage, formation of membrane-enclosed
apoptotic bodies, preservation of organelles and maintenance of membrane integrity (Yeh
et al., 1997; Haunstetter er al., 1998). Phagocytosis of the apoptotic bodies by
macrophages prevents the elicitation of an inflammatory response (Kerr et al., 1972).
Moreover, biochemically, apoptosis is characterized by fragmentation of the nuclear
DNA into integer multiples of the internucleosomal length (approximately 180 bp)
(Wyllie. 1980), and the de novo expression of a spectrum of apoptosis-specific genes
(described below in sections 3.1-3.3).

Lennon and coworkers first demonstrated that ROIs are capable of inducing
different modes of cell death in a dose-dependent manner. Excessive levels of ROIs are
capable of inducing death in lymphocytes via necrosis, whereas lower doses induce death
via apoptosis (Lennon et al., 1991). The biochemical mechanisms by which ROI-induced
apoptosis are still largely unknown (Clutton, 1997). However, with recent advances into
understanding the genetic pathways involved in apoptosis, three common signaling
pathways have emerged which may be applicable to free radical-induced apoptosis

signaling (Dragovich er al., 1998).



3.1. Mitochondria-Dependent Pathways of Apoptosis
One of the potential mechanisms by which free radicals induce apoptosis is
through mitochondria-dependent pathways. En route to apoptosis, ROIs have been shown
to induce a cascade of events at the mitochondria, which lead to programmed cell death.
These events include (i) opening of the mitochondria permeability transition pore
(MPTP). (ii) release of cytochrome c¢ from the intermitochondria matrix, and (iii)
activation of a family of apoptosis-related cysteine proteases, termed caspases (Zoratti ef

al., 1995; Halestrap et al., 1998; Cai et al., 1998; Gross et al., 1999).

3.1.1. Opening of the Mitochondrial Permeability Transition Pore (MPTP)

The mitochondria permeability transition pore (MPTP) is a megachannel
proteinaceous complex which spans the intermitochondrial matrix. It consists of several
inner and outer mitochondrial membrane proteins, including the adenine nucleotide
translocator (ANT), the voltage-dependent anion channel (VDAC), the peripheral
benzodiasepine receptor, cyclophilin D, hexokinase, creatine kinase and perhaps other
unidentified components (Zoratti et al., 1995). The MPTP functions primarily to control
the efflux of mitochondrial matrix solutes with molecular masses of <1500 Da from the
mitochondria to the cytoplasm, and to maintain a distinct mitochondrial matrix
environment from that of cytoplasm (Zamzami et al., 1998). Apoptosis induced by
exogenous administration of the the superoxide anion producer, paraquat, has been shown
to be preceeded by opening of the MPTP (Kroemer ef al, 1997), and subsequent
mitochondrial depolarization, organellar swelling and uncoupling of oxidative
phsophorylation. In addition, superoxide dismutase-knockout mice exhibited increased
loss of mitochondrial permeability associated with increased cell loss (Williams et al.,
1998), hinting at a direct role of the superoxide anion in precipitating opening of the

transition pore. The mechanism for the opening of the pore has been proposed by



Halestrap to involve oxidative stress-induced thiol modification of the ANT, which
enhances binding with the mitochondrial matrix protein, cyclophilin D, allowing the ANT
to undergo calcium-dependent conformational changes that result in the formation of a
channel (Halestrap et al., 1998). Accordingly, two distinct thiol groups on the ANT have
been implicated in the process of enhancing channel formation (Petronilli et al., 1994;

Constantini et al., 1996; Chernyak et al., 1996)

3.1.2. Mitochondrial Release of cytochrome ¢

Opening of the MPTP serves to provide a channel for expulsion of key
components of the mitochondrial electron transport chain which are necessary for
activation of several downstream apoptotic executors. In particular, the
intermitochondrial matrix protein, cytochrome ¢, has been shown to be ejected from the
mitochondria following initiation of apoptosis (Liu er al., 1996), and functions as an
essential cofactor in the activation of a family of dowstream apoptosis-related proteases,

termed caspases (Li et al., 1997).

3.1.3. Activation of caspases

The caspase family is a family of cysteine proteases that function in the final
executory pathways of programmed cell death by mediating proteolysis of a variety of
intracellular proteins at specific aspartate residues. Among the many identified substrates
are the poly(ADP-ribose) polymerase (PARP), lamin A, Ul 70 kDa small nuclear
ribonucleoprotein particle, actin, fodrin and Rb (Janicke et al., 1996; Orth et al., 1996;
Casciola-Rosen er al., 1996; Mashima er al., 1995; Martin et al., 1995; Kaufmann et al.,
1993). The first member of the caspase family, the interleukin-1B converting enzyme
(ICE, now designated caspase-1), was initially identified by homology to the pro-

apoptotic C. elegans protein, ced-3 (Yuan et al., 1993). Fourteen caspase family members
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have since been identified, and it has been shown that caspase-3 and caspase-7 are the key
effector caspases upon which most apoptotic signaling pathways appear to converge, and
that their activation represents the final end stages of apoptotic execution. Overexpression
of caspase-3 is sufficient to trigger apoptosis (Miura ef al., 1993). and caspase-3 knockout
mice exhibit an embryonic lethal phenotype due to abnormal brain formation caused by
the inability to diminish neuronal numbers during development (Kuida et al., 1996).

Caspases are synthesized as proenzymes with variable prodomains and an
enzymatic domain. Activation is initiated by post-translational cleavage within the
enzymatic domain at specific aspartate residues, yielding large and small subunits, and
subsequent association of two large and two small subunits into a heterotetrameric
complex completes activation. Removal of the prodomain is not necessary for proteolytic
activation, nor is its presence necessary for enzymatic activity (Salvesen et al., 1997;
Villa et al.. 1997). Since activation requires cleavage at specific aspartate residues, an
ability unique to the caspase family, activation can only be mediated through
autoactivation or by another caspase. Hence, the caspase family members exist in a
biochemical cascade with a specific hierarchy.

At the mitochondria, the ejected cytochrome ¢ participates in apoptosis induction
by formation of a complex with apoptosis protease-activation factor-1 (Apaf-1) and
procaspase-9, which, in a dATP- or ATP-dependent process, catalyzes the autoactivation
of caspase-9 (Li et al., 1997). Active caspase-9 subsequently activates caspase-3.
precipitating cellular destruction.

Stridh er al. (1998) and Kluck et al. (1997) have demonstrated that H,O- is
capable of inducing translocation of cytochrome ¢ from the mitochondria to the
cytoplasm following two hours of oxidative stress in Jurkat lymphocytes and T
lymphoblastoid CEM cells, respectively. In both studies, this was followed by caspase-3
activation. This observation was extended by von Harsdoft and coworkers to primary
neonatal cardiac myocytes, where mitochondrial release of cytochome ¢ and caspase-3



activation was also observed following H,O, treatment (von Harsdorft et al., 1999).
Caspase activity was also detected by Turner et al. (1998) following initiation of
apoptosis by H20: in a cardiac-derived cell line. Direct administration of pro-oxidants to
cytoplasmic extracts which do not contain mitochondria, however, does not result in
caspase activation, confirming that the activation of caspases and consequent induction of
apoptosis, as induced by free radicals, occurs through mitochondria- (and most likely,

cytochrome c-) dependent mechanisms (Hampton et al., 1998).

3.1.4. The Role of the Bcl-2 Family

Another indication that free radicals initiate apoptosis through mitochondria-
dependent pathways comes from studies of the Bcl-2 gene family (Gross er al., 1999).
The Bcl-2 proto-oncogene, the original founding member of the family, was discovered at
a chromosomal breakpoint in B cell lymphomas characterized by the frequent t(14;18)
translocation (Tsujimoto er al., 1985; Bakhshi et al., 1985). It is localized predominantly
in the outer mitochondria membrane (Hockenbery, 1990), although it has also been
detected in the endoplasmic reticulum and nuclear membrane (Chen-Levy ef al., 1990;
Monaghan er al., 1992). Its oncogenic potential derives from its ability to inhibit
apoptosis induced by several stimuli (Hockenbery er al., 1990; Jacobson et al., 1993;
Korsmeyer. 1992; McDonnell et al.., 1989).

Hockenbery and coworkers demonstrated that overexpression of the Bcl-2 gene is
capable of protecting cells against exogenous administratibn of ROIs (Hockenbery et al.,
1993). The principle mechanism by which Bcl-2 exerts its anti-apoptotic role has been
suggested to involve “guarding the mitochondrial gate” (Gross et al., 1999). Yang et al.
(1997), and Kluck er al. (1997) observed a decreased efflux of cytochrome ¢ from the
mitochondria following induction of apoptosis by DNA damaging agents in the presence

of ectopic Bcl-2 levels. Accordingly, Shimizu and coworkers reported decreased caspase-



3 activation in Bcl-2-overexpressing cells (Shimizu er al., 1996). Recently, Bcl-2 has
been demonstrated to interact directly with components of the MPTP, specifically, VDAC
and ANT. in order to regulate release of cytochrome ¢ (Marzo et al., 1998; Shimizu et al.,
1999). Thus, given the intimate relationship between the mechanism of Bcl-2 anti-
apoptotic function and the mitochondria, the ability of Bc¢l-2 to inhibit free radical-
induced apoptosis provides strong indirect evidence that pro-oxidants are capable of

mediating programmed cell death through mitochondria-dependent processes.

3.2. Fas-Dependent Pathways of Apoptosis

The Fas receptor is a member of the tumor necrosis family of receptors which
functions in transducing pro-apoptotic signals from the cell surface (Suda et al., 1993).
Binding of the receptor to the Fas ligand leads to the formation of a homotrimeric
complex of the Fas receptor. Trimerization leads to the recruitment of the intracellular
adaptor protein, Fas-associated death domain protein (FADD); the interaction is mediated
by protein-protein association via an ~80 amino acid residue stretch, morbidly named the
“death domain” (Itoh et al., 1993; Chinnaiyan et al., 1995). FADD subsequently interacts
directly with caspase-8, leading to its autoactivation (Muzio et al., 1996; Boldin et al.,
1996). This, in turn, causes activation of caspase-3 and apoptosis (Fernandes-Alnemri et
al., 1996).

FADD-knockout mice exhibit abnormal cardiac development, and FADD-null
cardiac myocytes are resistant to several apoptosis-inducing agents (Yeh et al., 1998),
confirming that the Fas-mediated pathway of apoptosis is intact and relevant in cardiac
myocyte apoptosis. Exposure to the intracellular oxidant, menadione, has been associated
with an up-regulation of the Fas receptor (Caricchio et al., 1999). And finally. reperfusion
and reperfusion-associated free radical generation has also been related to increased

levels of Fas mRNA (Tanaka er al., 1994), implicating Fas-dependent processes as a
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plausible mechanism by which oxidative stress-mediated cardiomyocyte apoptosis is
achieved.

While increased expression of the Fas receptor is well established as an early
event leading to myocardial cell loss during heart failure, less is known regarding the
expression profile of its preferred ligand, the Fas ligand. Toyozaki and coworkers found
that increased levels of soluble Fas ligand was present in the serum of patients
undergoing myocarditis, a form of myocardial inflammation akin to events associated
with reperfusion injury (Toyozaki er al, 1998). However, a separate laboratory has shown
that the increase of the receptor during heart disease in humans is not mimicked by the
ligand in all four functional stages (I through IV) of heart disease, and suggested that the
increased incidences of apoptotic death was primarily achieved by increased levels of the
Fas receptor, and not the Fas ligand (Nishigaki er al., 1997). Part of the explanation for
these contradicting results may be that expression of the Fas ligand is responsive to
specific stimuli; for example, cardiac failure associated with increased plasma
epinephrine levels was shown to be associated with increased levels of Fas ligand protein
levels, whereas normal epinephrine levels did not generate the same increase (Romeo et
al., 2000). Potentially, different hormonal imbalances during heart disease would result

in differential regulation of Fas ligand expression.

3.3. pS3-Dependent Pathways of Apoptosis

Amongst the many intracellular targets of ROIs, its ability to inflict damage on
DNA has been well documented. ROIs cause chromosome deletions, dicentrics and sister
chromatid exchanges. Moreover, ROIs attack DNA at both the deoxyribose sugar residue
and the nucleotide base. resulting in sugar fragmentation and base loss, respectively,
resulting in single stranded breaks in the DNA backbone (Imlay et al., 1988).

One of the key participants in guarding the genome and maintaining genomic
stability against DNA damage is the tumor suppressor, pS3 (Yonish-Rouach, 1996). p53
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is a nuclear-localized, sequence-specific transcriptional transactivator. The amino-
terminus of p53 functions as the transcriptional transactivation domain (Farmer et al.,
1992) and interacts directly with DNA containing the sequence 5’-
PuPuPuC(A/T)T/A)GPyPyPy-3" (El-Deiry et al.. 1992; Kem et al., 1991). The ability to
recognize damaged DNA is conferred by the carboxy-terminus (Lee er al., 1995).
Ordinarily, p53 exhibits a short half-life in vivo. In the presence of damaged DNA,
however, p53 protein levels are increased by stabilization of pre-existing p53 protein and
by up-regulation of p53 transcription (Kastan et al., 1991; Kastan et al., 1992).

The mechanisms by which DNA damage is recognized and p53 is stabilized are
not fully understood (Ashkenas et al., 1996). One proposed mechanism involves the
DNA-dependent protein kinase (DNA-PK), which consists of a 350 kDa catalytic subunit
associated with the proteins, Ku70 and Ku80. The Ku proteins bind directly to damaged
DNA, and recruit and activate DNA-PK, which then functions to phosphorylate p53
(Anderson, 1993). Phosphorylation of p53 is thought to be the key signal in conferring a
longer half-life to p53. Another potential molecule which signal to pS3 in the presence of
DNA damage is the poly(ADP ribose) polymerase (PARP). Like DNA-PK, PARP binds
directly to sites of DNA damage. and mediates an ADP-ribose transfer onto various
nuclear proteins . This function of PARP has been shown to be necessary for p53 up-
regulation following DNA damage in cell culture systems (Whitacre et al., 1995),
although its significance is still under investigation. Strangely, the capacity for p53 up-
regulation in response to DNA damage was shown to be unaltered in PARP-deficient
mice (Wang et al., 1995). Ultimately, it remains unclear as to whether these signaling
molecules reflect one pathway to p5S3 induction, or represent multiple convergent
pathways (Ashkenas et al.. 1996).

The first functional role ascribed to pS3 following DNA damage was the induction
of growth arrest at the restriction point (G1/S) of the cycle cycle, in order to allow for
DNA repair (Diller er al., 1990). This function involves activation of transcription of
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several growth arrest-associated proteins, including the cyclin-dependent kinase inhibitor,
p21 (El-Deiry et al., 1993). Alternatively, in the face of irrepairable DNA damage, p53
functions as a pro-apoptotic factor, and can induce programmed cell death. Guillouf and
coworkers demonstrated that introduction of p53 into p53-deficient cells was sufficient to
induce apoptosis (Guillouf et al., 1995). In the same study. it was revealed that both the
growth arrest and the pro-apoptotic functions of p53 were simultaneously activated, and
the two pathways existed independent of one another. This hypothesis was later
corroborated by the ability of p21-null cells to undergo p53-dependent apoptosis (Deng et
al., 1995), again suggesting a distinctness between the two pathways.

The mechanism of p53-induced apoptosis remains poorly understood. Conflicting
reports have been presented as to the dependence of p33-mediated transcriptional
activation in the execution of apoptosis. Several groups have reported the ability of cells
to undergo apoptosis in the absence of p53-induced transcriptional transactivation
(Caelles er al., 1994). Indeed, Haupt and coworkers reported the induction of apoptosis of
HeLa cells by p53 lacking the transactivation domain (Haupt er al.. 1995). However,
other groups have reported the ability of p53 to activate transcription of key pro-apoptotic
factors. Miyashita and coworkers demonstrated that pS3 functioned to up-regulate levels
of Bax, a pro-apoptotic Bcl-2 homologue (Miyashita et al., 1995). Moreover, p53 has also
been shown to down-regulate levels of the anti-apoptotic protein, Bel-2 (Hadler er al.,
1994). Given the capacity of Bcl-2 and Bax to heterodimerize (Oltvai et al., 1993), it has
been suggested that initiation of apoptosis may be controlled by the ability of p53 to
orchestrate a Bax-Bcl2 equilibrium (Miyashita er al.. 1994). Another gene whose
transcription is enhanced by p53 is Fas (Owen-Schaub et al., 1995). Thus, there is likely
considerable cross-talk between the cell surface, the mitochondria and the nucleus in the
induction of apoptosis. Finally, Polyak and coworkers have suggested that p53 supports
apoptosis by enhancing transcription of genes which serve to increase mitochondrial
generation of intracellular ROIs, allowing the elevated levels of ROIs to act in the final
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breakdown of cellular structures during the late stages of cell death (Polyak et al., 1997).
This would thus hint at the existence of a “vicious circle” in terms of free radicals and
apoptosis, where oxygen radicals can act as both the initiator of apoptotic signaling
pathways, as well as the effector molecule for mediating cellular damage (Polyak ef al.,
1997; Wyllie, 1997). A schematic representation of all three pathways is presented in

Figure 2.

4. Mechanism of Eukaryotic mRNA Translation

4.0. Introduction

Clearly. apoptosis is an active, gene-driven process, requiring de novo production
of a myriad of initiators and executioners. In support of this concept, several reports have
demonstrated that inhibition of macromolecular biosynthesis, such as inhibition of gene
transcription and mRNA translation, can function to protect against programmed cell
death (Wyllie et al., 1984; Shi et al., 1989).

The flow of genetic material from the nucleus to the synthesis of a protein from its
precursor gene consists of three distinct steps: transcription of the template DNA strand
into a complementary messenger RNA (mRNA), translation of the nucleotide sequence
genetic code of the mRNA into an immature preproprotein polypeptide, followed by post-
translational proteolysis and modification into mature, fully folded and functional
proteins. In particular, the mechanism of the second stage. mRNA translation, is mediated
by a large family of soluble protein factors. which function in three distinct stages:
initiation, elongation and termination (Merrick, 1992). In this section, an overview of the
biochemical mechanism of these three stages is provided, and the individual roles that

key individual protein factors play during the process of mRNA translation are discussed.
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Figure 2. Apoptotic pathways in the myocardium. The machinery involved in
induction of apoptotic signals and execution of cellular destruction are complex. Three
well-studied mechanisms capable of leading to apoptosis of cells in the myocardium
include (i) mitochondrial-dependent pathways, (ii) Fas- (receptor)-dependent pathways,
and (iii) p53-dependent pathways. The pathways are not completely distinct, but exhibit

limited cross-talking.
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4.1. Initiation

The primary purpose of the initiation stage is to facilitate formation of the 80S
ribosomal complex, the primary mediator of mRNA translation, at the AUG start codon
of the mRNA (Bielka, 1985). The mechanism of initiation of mRNA translation begins
by formation of the 43S pre-initiation complex, a conglomeration of a free 40S ribosomal
subunit with a variety of initiation factors (elFs). Amongst these factors are the initiation
factor-2 (elF-2), which functions to bind and recruit the first coded amino acid,
methionine, which is conjugated to a tRNA molecule (met-tRNA) and GTP to the 40s
ribosomal subunit (Nygard es al., 1980). The elF-2-met-tRNA-GTP structure is referred
to as the termary complex. The initiation factor-3 (elF-3) also associates with the
ribosomal subunit, functioning to maintain the 40S subunit in its native, free form., as
opposed to in association with the 60s ribosomal subunit (Benne et al., 1978).

The next stage involves recognition of the mRNA and association of the 40S
ribosome subunit, events mediated by initiation factor-4F (elF-4F), a complex of elF-4E,
elF-4A and elF-4G. The first of these subunits, e[F-4E, functions to recruit the entire elF-
4F complex to the mRNA by direct association with the 5’-guanosine cap of eukaryotic
mRNAs (Sonenberg et al. 1977; Grifo et al., 1983). The second subunit, elF-4A,
subsequently melts and unwinds the mRNA secondary structure by its single-stranded
RNA-dependent ATPase and helicase activity (Lawson ef al.. 1989; Ray et al., 1985).
Finally. the third subunit, elF-4G, act to recruit the 40S ribosomal subunit to the mRNA
cap based on its ability to associate with the elF-3 already complexed with the ribosome
(Hansen er al., 1982; Grifo et al. 1983). As mentioned above, the 40S ribosome. in
association with the three (and possibly more) initiation factors, localized at the 5°-

guanosine cap of the mRNA strand, comprises the 43S pre-initiation complex.
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Figure 3. Schematic representation of the eukaryotic translation initiation. [nitiation
of translation facilitates formation of the 80S ribosomal complex to the AUG start codon
of the mRNA. The elF-2-GTP-met-tRNA ternary complex associates with a free 40S
ribosomal subunit (already in complex with elF-3) forming the 43S preinitiation complex
(1). The elF-4F complex, consisting of elF-4E, e[F-4A and elF-4G, associates with the 5°-
guanosine cap of the mRNA, an interaction mediated primarily by el[F-4E (2). elF-4G
mediates association with elF-3 of the 43S preinitiation complex, recuiting the 40S
ribosome to the mRNA (3). The ribosome-initiation factor complex scans the mRNA in a
5°-3’ direction, aided by the mRINA unwinding action of elF-4A (4). Upon recognition of
the AUG start codon, GTP hydrolysis occurs (aided by elF-5), releasing the initiation
factors, allowing for association with the 60S ribosomal subunit and completing
translational initiation (5). The ribosome stands poised to begin the elongation cycle. The

diagram is adapted from Merrick. (1992).
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At this point, the pre-initiation complex “scans™ the mRNA in a 5°- to-3” direction
until detection of the AUG “start” codon by the tRNA anticodon (Kozak. 1978. 1980,
1989, 1999). Upon recognition of the start codon, the GTP of the temary complex is
hydrolyzed, an event catalyzed by elF-5, causing the release of the initiation factors from
the ribosome (Ghosh er al., 1989), and allowing for association with the 60s ribosomal
subunit. The complex, now with a sedimentation coefficient of 80s, is poised for the
elongation cycle. A schematic diagram of translation initiation is presented in Figure 3.

Formation of the 80s ribosome and hydrolysis of the ternary complex is associated
with release of a GDP-elF-2 binary complex (Begehi er al., 1982; Pain et al., 1983).
Given elF-2’s heightened affinity for GDP over GTP, a nucleotide exchange factor is
present to facilitate replacement of the GDP in favour of GTP. This role is mediated by a
factor designated initiation factor-2B (elF-2B) (Konieczny et al. 1983). Indeed,
“recharging” of elF-2, thereby permitting it to form another ternary complex, represents
the primary site of regulation of mRNA translation (Hershey, 1989). Cessation of protein
synthesis can be effected by phosphorylation of elF-2 at the serine-51 residue (Colthurst
et al., 1987). This has the effect of enhancing elF-2 association with GDP and preventing
elF-2B-mediated nucleotide exchange (Rowlands er al., 1988; Pain, 1988). Conversely.
phosphorylation of elF-2B enhances nucleotide exchange activity (Dholakia et al., 1989a.
1989b). Thus, regulation of ternary complex formation, and therefore, of mRNA

translation, can be regulated by an interplay of phosphorylation of elF-2 and elF-2B.

4.2. Elongation
Following successful intiation and recognition of the start codon, the elongation
cycle serves to recruit appropriate amino acids (complexed to tRNAs) to the ribosome in
a codon-dependent manner for transfer onto the growing polypeptide chain. According to
the “half-site” model of Moazed and Noller, the 80S ribosome contains three sites for
attachment of amino acid-tRNA complexes: the E-site is the exit site, the P-site is the
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peptidyl-tRNA site and the A-site serves to allow binding of incoming aminoacyl-tRNAs.
(Moazed er al., 1986) Elongation factor-1 alpha (EF—1a) functions to bind to and recruit
aminoacyl-tRNAs to the A-site of the ribosome in a GTP-dependent process (Nissen er
al., 1995). The structure, EF—1a-GTP-aminoacyl-tRNA, is also referred to as a ternary
complex, although it is obviously distinct from the complex with the same name involved
in initiation. Upon hydrolysis of GTP. the EF-1a-GDP complex is released from the
ribosome. An enzymatic activity associated with the peptidyltransferase center of the
large ribosomal subunit facilitates peptidyl-bond formation between the growing
polypeptide in the P-site and the newly recruited amino acid in the A-site (Nygard er al.,
1990). This results in transfer of the polypeptide from the P-site to the A-site (Nyborg er
al., 1998). Next, the elongation factor-2 (EF-2), in another GTP-dependent process,
moves the mRNA by three nucleotides to allow exposure of the next codon in the A-site,
in a process designated “translocation”™ (Hershey, 1989). This also results in the shifting
of the tRNA complexes, such that the growing peptide previously in the A-site is
translocatd to the P-site, the “empty” tRNA previously in the P-site is translocated to the
E-site. and the tRNA previously in the E-site is ejected from the ribosome (Nyborg er al.,
1998). A schematic diagram of the cycle is presented in Figure 4.

In an analogous reaction to the one involving the initiation factor, elF-2, the
EF-1a-GDP binary complex is “recharged” by the nucleotide exchange complex.
consisting of elongation factor-1P, -1y, and -18. which function to recycle the GDP-
associated “off” form of EF—1la back to its active, “on” form, EF—1a-GTP. (Riis ef al.,
1990; Janssen er al, 1988; Iwasaki er al, 1976) The cycle thus begins again by
recruitment of an EF-1a-GTP-aminoacyl-tRNA complex to the now empty A-site. A

schematic diagram of the elongation cycle is provided in Figure 4.



Figure 4. Schematic representation of the eukaryotic elongation cycle. Each
successive round of the elongation cycle functions to add one amino acid onto the
growing polypeptide chain being translated. EF-1a-GTP associates with an aminoacyli-
tRNA (aa-tRNA) forming a ternary complex (1), and recruits it to the A-site of the
ribosome (2). GTP hydrolysis occurs, resulting in release of the EF—1a-GDP binary
complex (3). A peptide bond is formed between the recruited amino acid and the growing
polypeptide chain resident in the P-site of the ribosome (4). Translocation is mediated by
EF-2 in a GTP-dependent process (5), liberating the A-site, restarting the cycle at step 2.
The EF-1a-GDP binary complex is made ready for another round of the cycle by a
nucleotide exchange. replacing the GDP with GTP. The reaction is catalyzed by the
exchange complex. EF-1By8 (7). The diagram is adapted from Merrick, (1992).
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4.3. Termination

Upon exposure of a “stop” codon (UAA, UGA. UAG) in the ribosomal A-site, a
release factor (RF) associates, in a GTP-dependent manner, with the stop codon and
catalyzes release of the peptide from the ribosome. It appears that an additional nucleotide
adjacent to the stop codon is necessary for recognition of the release factor (Konecki et
al., 1977; Tate et al., 1974). Release of the peptide causes dissociation of the ribosomal

subunits, in readiness for another round of mRNA translation.

5. Elongation Factor-1 Alpha (EF-1a)

5.0. Introduction

One of the most well characterized components of the protein synthesis machinery
is the elongation factor-1 alpha (EF-1a) (Negrutskii et al., 1998). The reason for the
disproportionate amount of information about this factor is due, in part. to its abundance
in the cell (constituting > 1% of total soluble proteins), which has made biochemical
analysis, even in the 1960°s, reasonably easy. In the following section, a detailed review
of the properties of this factor is provided. The first two parts give a historical review of
EF-la and its functional role in the cell. Next, the genetics of EF-la is considered, with
detailed analysis of the primary amino acid and nucleotide sequences, with emphasis on
functional domains within the polypeptide. The section concludes with a discussion of the

various pathways of regulation of EF-la.

S.1. EF-la Function in mRNA translation
The first elongation factor was isolated in 1963 in the prokaryotic organism, E.
Coli, as a complex of two molecules which was shown to act as a carrier of aminoacyl-
tRNAs to the ribosome during mRNA translation (Arlinghaus ef al., 1963;Nishizuka et
al., 1966). The complex, designated, elongation factor-T (for transfer) was later separated
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into temperature unstable (Tu) and temperature stable (Ts) components. EF-Tu was later
shown to be the factor which associates with GTP and aminoacyl-tRNA to form the
ternary complex, and functioned in the recruitment of the complex to the ribosome
(Miller e al.., 1970). Following association with the ribosome. the GTP is hydrolyzed to
GDP. EF-Ts, in turn, functions as a nucleotide exchange factor, “recharging” EF-Tu with
GTP, the driving force of the elongation cycle (Weissbach er al., 1970).

Moving away from the prokaryote, Schweet and coworkers then isolated purified
elongation factors from rabbit reticulocyte lysates, designated EF-1 and EF-2 (Arlinghaus
et al., 1963). Similar to the bacterial EF-T, EF-1 was also shown to be a complex of two
distinct subunits, later designated EF—-1a (equivalent to bacterial EF-Tu) and EF-1Byd
(equivalent to EF-Ts) (Ibuki et al., 1968).

The ability of the EF—la subunit to functionally substitute for EF-Tu, and to
function in mRNA translation was demonstrated in a series of experiments in the 1970’s.
Moon and Weissbach first reported the ability of EF—1a to form ternary complexes, using
a Millipore filtration system. which functioned to retain lone aminoacyl-tRNA, GTP and
EF-1la components, but allowed the passage of ternary complexes (Moon et al., 1972;
Weissbach er al.. 1973) because of their altered conformational cork-screw structure
(Nissen et al., 1995). The ability of purified ternary complexes, consisting of the EF—la
component, to function in mRNA translation was subsequently assayed by incubation
with ribosomes, poly-U tract mRNAs and radiolabelled phenylalanine-tRNA. It was
observed that the presence of the ternary complex resulted in the production of the
polyphenylalanine peptide, the coded amino acid for the UUU codon (Weissbach et al,
1973; Ibuki et al., 1968; Nolan et al., 1975). Through these experiments, the mechanism
of EF-1la action was elaborated: GTP-bound EF—1a associates with the aminoacylated
tRNA and recruits the temary complex to the ribosome. Interaction with the ribosome
promotes GTP hydrolysis and release of the EF—1a-GDP complex, which is recycled
back to EF-1a-GTP by EF-1By3, allowing for association with another aminoacyl-tRNA,
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the formation of another ternary complex and in another cycle of elongation (Ryazanov et

al., 1991).

5.2. EF-1a Function in Non-Protein Synthesis-Related Roles

Because of its abundance in the cell, and owing to the fact that its level of
expression is in molar excess of its known ligands the mRNA translation machinery,
other functions of EF—-1a unrelated to the protein synthesis pathway are being intensely
investigated. Among the best characterized of these non-canonical roles is the ability of
EF-la to function as an actin-binding and bundling-protein in Dictyostelium discoideum
(Yang et al., 1990; Dharmawardhane et al., 1991). EF-1a cross-links actin filaments into
square-packed, “checkerboard” patterns with 6.9 nm interfilament spacings. with each
“checkerboard layer” separated at 10 nm intervals (Demma er al, 1990). In vivo
immunocytochemical studies have revealed that EF-1a is co-localized at intersection
points of the actin filaments (Owens ef al., 1992). A similar role of actin bundling has
been ascribed to EF—1a in the Tetrahymena (Kurasawa et al., 1996), carrot (Yang er al.,
1993); algae (Collings er al.. 1994), rabbit (Bektas er al., 1994) and mouse (Liu et al.,
1996). Due to the peculiar nature of EF—la-mediated actin filament cross-linking and its
ability to form square-packed bundles, it has been proposed that the altered cytoskeleton
represents unique, intracellular “microenvironments”, with properties more conducive to
motility, anchorage or aminoacyl-tRNA channeling (Condeelis. 1995).

EF-1a has also been shown to affect the intracellular microtubule network, and
has been postulated to function in regulating the dynamics of microtubule stability during
mitosis. EF-1a forms complexes with a—, B—, and y—tubulin and heat shock protein 70
(hsp70), a complex mimicking the components of the mitotic spindle microtubule
organizing centers (Marchesi et al., 1993). Moreover, EF—1a has been reported to have
both microtubule destabilizing (Shiina et al., 1994) and microtubule-bundling (Durso et
al., 1994) activity. Orchestration of these two opposing effects has been proposed to be
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integral in mediating microtubule plasticity during the M phase of the cell cycle
(Condeelis, 1995; Negrutskii ef al., 1998).

Recently, EF—1a has also been suggested to be a key player during the execution
of the apoptotic pathway. Increased expression has been shown to confer increased
susceptibility to serum deprivation-induced apoptosis in mouse 3T3 fibroblasts. while
decreased expression confers decreased susceptibility (Duttaroy et al., 1998). Also,
increased expression of EF-1a mRNA levels has been detected in erythroleukemic cells
undergoing p53-dependent apoptosis, and the EF—1a gene has been suggested to be
directly activated by pS3 itself upon the activation of programmed cell death (Kato, 1999;
Kato et al.. 1997).

Other potential functions of EF—1a include participation in cellular transformation
and metastasis (Tatsuka er al, 1992; Taniguchi er al.. 1991), activation of
phosphatidylinositol-4-kinase (Yang ef al., 1993) and ubiquitin-dependent proteolysis of
N-terminus blocked proteins (Gonen ef al., 1995). The bacterial EF-Tu has recently been
reported to function as a chaperone molecule to protect against heat shock-induced
denaturation of cytosolic proteins (Caldas et al., 1998). Whether this function applies to

the eukaryotic EF-la is still unknown.

5.3. EF-la Primary Structure

Since the discovery of EF-la and the elucidation of its function(s), several
EF-1a ¢cDNAs. approximately 1.8-1.9kb in length, have been isolated and characterized
from numerous non-mammalian and mammalian species, including Artemia salina (van
Hemert ef al., 1983), Saccharomyces cerevisiae (Nagata et al., 1984), Candida albicans
(Sundstrom et al.. 1990), Stylonychia lemnae (Bierbaum et al., 1991), Dictyostelium
discoideum (Yang et al., 1990), Mucor racemosus (Linz et al., 1986), Drosophila
melanogaster (Hovermann et al., 1988), Xenopus laevis (Krieg et al., 1989), mouse (Lu er
al., 1992), rat (Ann et al., 1992), rabbit (Cavallius e al., 1992) and human (Brands et al.,
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1986; Uetsuki et al., 1989). The predicted molecular weight of the EF—-1a protein varies
between 48-52 kDa., depending on the species. Moreover, the human EF-la genomic
sequence has also been isolated from human fibroblasts. The gene consists of eight exons
and seven introns, stretching a length of approximatly 3.5 kb (Uetsuki et al., 1989). The
EF-la promoter was demonstrated to be a stronger promoter than the cytomegalovirus
(CMYV) and the adenovirus major late promoter (Mizushima ef al., 1990).

Analysis of EF-1a sequences from the isolated mammalian and non-mammalian
cDNAs reveals a high degree of conservation of the primary nucleotide and amino acid
sequences throughout evolution. For example, the primary amino acid sequence of the
human EF-la polypeptide exhibits 76% identity and 84% similarity to its most distant
eukaryotic relative, the slime mold. Human and rabbit EF-la are 100% identical
(Merrick et al., 1990). Moreover, the degree of inter-species conservation is heightened in
EF-la’s functional domains (Riis ef al., 1990). For instance, comparison of human
EF—-la sequences with its prokaryotic counterpart from E. Coli. reveals an overall 33%
identity. but a 59% identity in the GTP-binding domain. A detailed dissection of the

functional domains of EF-1a is presented in the following section.

5.4. EF—1a Functional Domains

Due to the interest in GTP-binding proteins and their role in cell signaling and
oncogenesis. among the best characterized of EF-1a’s functional domains is its GTP-
binding domain. Analysis of nine functionally different members of the GTP-binding
protein family has revealed a common motif. The consensus sequence consists of three
consensus elements, GXXXXGK, DXXG, and NKXD, with spacing requirements of
~40-80 amino acids between the three elements (Dever er al., 1987). X-ray
crystallography has shown that these sequences are capable of forming the GTP-binding
cleft, such that the first two elements form interactions with the phosphate portion of the
GTP molecule, and the third element is involved in nucleotide specifity (Jurnak et al.,
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1990; Nyborg et al., 1990). In the EF-1a peptide in particular, the GTP-binding domain
is found in the N-terminal region, ranging between amino acids 14-175, depending on the
species (Dever et al., 1987). As mentioned previously, the domain exhibits a high degree
of conservation throughout evolution, and retains complete conservation at the primary
amino acid sequence from yeast to man.

Another domain of EF-la is the EF-13-binding domain, which functions to
facilitate nucleotide exchange. Work by van Damme and coworkers have demonstrated
that a limited proteolyzed EF—1a protein lacking residues 288-461 in the C-terminus end
lacked the ability to mediate association with EF—1§ (van Damme et al., 1992). However,
3D x-ray crystallography of its bacterial homologue, EF-Tu, has shown that EF-Ts
associates extensively with the N-terminus of EF-Tu, with limited interaction with the C-
terminus (Clark er al., 1990). The conflicting reports may be due, as proposed by van
Damme et al. (1992), to alterations in conformational structure of EF-la following
removal of C-terminal regions, which affect EF—1f association at the N-terminus.

EF-1a also associates with aminoacyl-tRNAs, in order to form the stable EF-1a-
GTP-tRNA ternary complex. The ability of EF-la to interact with aminoacyl-tRNA has
been shown to reside in the N-terminal region, both by biochemical and structural studies
(van Damme et al., 1992). Especially important are residues lysine-208 and lysine-237,
which were found to be important in mediating association with tRNA (van Noort ef al.,

1984).

5.5. Non-Mammalian EF-1a Isoforms
Multiple copies of EF-la exists in several different species. In the yeast
Saccharomyces cerevisiae, two unlinked EF—1a genes are present in the genome, which
both encode for identical and interchangeable proteins (Nagata et al., 1984). The fungus
Mucor racemmous possesses three EF-1a genes (Linz er al., 1986). Again, the products
of the three genes appear to be indistinguishable, and no function has been directly
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attributed to the extra copies of EF-la. Song er al. (1987) and Pingoud et al. (1990)
have demonstrated that EF—1« gene dosage is directly proportional to translation fidelity,
suggesting that the extra copies may contribute to reducing errors associated with mRNA
translation.

In other species, EF—1la isoforms exhibit cell type-dependent or development-
dependent patterns of expression. Drosophila melanogaster possesses two distinct
EF-la-like genes. F1 and F2. which encode for two non-identical proteins that are
differentially expressed during development. F1 is a ubiquitous gene expressed in all
cells, whereas F2 is restricted to the pupal stage of development (Walldorf ef al.,. 1985).
In Xenopus laevis, there are three active EF—la genes, 42Sp50, EF~1a0, EF-1asS,
which are all expressed in early development, but only the EF-1aS isoform is present in

the adult (Dje et al., 1990).

5.6. S1, the Mammalian EF—-la [soform

In mammals, two EF—1a genes exist. The first gene, EF—1a. represents the house-
keeping gene ubiquitously expressed early in mammalian development. A second EF-1a-
like cDNA. S1, was isolated in 1991 in the rat (Ann et al., 1991), and was shown to
exhibit tissue-specific and developmental-specific expression pattern: S1 transcripts were
detected only in post-development brain, heart and skeletal muscle tissues (Lee et al.,
1992; Lee et al., 1993a). Specifically in the brain, S1 mRNA is localized to the neuronal
sub-population of the organ, and is absent in the glial compartment (Lee er al, 1993b).
Since its first identification, S1 cDNAs have also been isolated from mouse, rabbit and
man (Lee er al., 1995; Knudsen et al., 1993; Kahns et al., 1998).

S1, like EF-1a, encodes for a 50 kDa protein. It bears 72% homology with
EF-la at the primary nucleotide sequence level, and 92% identity at the amino acid level
(Lee et al., 1995). The GTP-, EF-1By-, and tRNA-binding domains present in EF—1a are
completely conserved in S1. Accordingly, Kahn et al. have demonstrated that purified S1

33



protein is capable of stimulating in vitrro mRNA translation (Kahns ef al.. 1998). Whether
S1 is able to participate in the other non-traditional roles of EF-la is, at present,

unknown.

5.7. EF-la Regulation

Regulation of EF—1a mRNA and protein expression in the cell has been a topic of
intense investigation. EF—lo expression is controlled largely by translational
mechanisms. EF-1a belongs to a family of coordinately regulated proteins whose
mRNAs bear a 5°-terminal oligopyrimidine (5°-TOP) sequence (Loreni ef al., 1993). The
5°-TOP sequence is a pyrimidine-rich stretch found in the 5’-terminal cap region of the
untranslated region in these mRNAs, and has been shown to be necessary, although in
itself insufficient, to regulate the efficiency of EF-1a mRNA translation (Levy et al.,
1991). Association of trans-binding factors to the 5°-TOP element causes redistribution
of the mRNA, either into translation-inactive mRNA-ribonucleoprotein (nRNP) pools. or
into translation-active polyribosome pools (Avni et al., 1994; Avni et al., 1997). One of
the trans-binding factors has been recently identified as the La autoantigen, a 57 kDa
RNA-binding protein implicated in translational initiation of poliovirus and
immunodeficiency viruses (Pellizzoni et al., 1996). This mode of regulation of EF-1a
expression has been shown to be involved in growth factor stimulation and development.
Upon mitogenic stimulation, mouse 3T3 fibroblasts raise intracellular EF—la protein
levels by recruitment of the pre-existing EF-loc mRNA to the actively translating
polyribosome pool (Jeffries et al., 1994). Also, dimunition of EF—1a levels in certain cell
types during Xenopus laevis development has also been associated with redistribution of
EF-la mRNA levels to the translation-inactive mRNP pool (Loreni er al, 1993).
Translation of 5°-TOP-bearing mRNAs, including EF—la, is sensitive to, and can be

inhibited by, the p70 S6 kinase inhibitor, rapamycin (Terada ef al., 1994).
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6. H9¢2(2-1) Cardiac Myoblast Cell Line

The H9c2(2-1) cardiac myoblast clonal cell line (Kimes er al, 1976) was
originally derived from embryonic rat heart ventricular tissue at 13 day gestation, using a
“selective serial passage™ technique described previously by Yaffe (1968). Using these
protocols, fibroblasts and other non-cardiac ce!ls were removed and the cardiac myoblast
sub-population was enriched by differential attachment of cells to tissue culture dishes.

H9¢2(2-1) cardiac myoblasts propagate as mononucleated myoblast cells under
normal serum conditions, and represent undifferentiated cardiac precursor cells. While
Kimes and Brandt reported that the cells can be induced to differentiate into
multinucleated myotubes by reduction of serum conditions from 10% to 1%. and that
fusion involves over 95% of cells in culture, the differentiated cells possess
morphological and biochemical characteristics of skeletal myotubes, and not cardiac
myocytes (Kimes et al., 1976). No appearance of intercalated disks or specialized gap
junctions were observed by electron microscopy, and multinucleated myotubes
reminiscent of skeletal myotubes were observed. Moreover, differentiated H9c2(2-1)
cultures possessed a skeletal muscle-specific isoform of creatine phosphokinase (Kimes
et al., 1976). However, Hoch and coworkers later reported cardiac-specific isoforms of
Ca2+/calmodulin-dependent protein kinases in differentiated H9¢2(2-1) cultures (Hoch et
al., 1998). Hescheler and coworkers have proposed that the discrepancy is caused by
dedifferentiation of these cells into a mesodermal-derived myoblast precursor induced by
adaptation of these cells to culture conditions, and thus. differentiated H9¢c2(2-1)
myocytes represent an amalgamation of both skeletal and cardiac muscle phenotypes
(Hescheler er al., 1991).

Undifferentiated H9¢c2(2-1) cultures have been used extensively as an in vitro
model of the myocardium for the study of reperfusion injury and the mechanisms
involved in cell death. Treatment with the pro-oxidant H>O, induces programmed cell
death in H9¢c2(2-1) cardiac cells with apoptosis-associated caspase activation and DNA
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fragmentation (Turner et al., 1998). Introduction of heat shock protein 70 (hsp70) has
been shown to confer protection against oxidative stress-induced cell death (Mestril ef al.,
1994; Chong et al, 1998). Similarly, inhibition of poly(ADP-ribose) synthetase activity
also protects again oxidative injury of H9¢2(2-1) cultures (Gilad ef al., 1997).

7. Manganese Superoxide Dismutase (MnSOD)-Knockout Mice

Mice lacking the antioxidant, manganese superoxide dismutase (MnSOD), were
generated by targeted disruption of exon 3 of the Sod? gene, by homologous
recombination (Li ez al., 1995). The disruption resulted in the production of a shortened
mRNA and loss of enzyme activity. Whereas heterozygous mice possessed 48.9-55%
MnSOD activity relative to wildtype littermates, MnSOD activity was undetectable in
homozygous mice. Consequently, while heterozygous animals survived with no abnormal
phenotypes, homozygous animals die within 10-15 days following birth with a dilated
cardiomyopathy, ventricular wall thinning, cardiomyocyte hypertrophy and metabolic
acidosis (Li et al, 1995). Electron micrographs indicated enlarged and swollen
mitochondria. No evidence of motor disturbances or central nervous system failures were
evident. Fibroblasts derived from MnSOD-knockout animals exhibited a heightened
sensitivity to the O, generator, paraquat (Huang er al., 1997), and MnSOD-knockout
mice exhibited increased oxidative damage to the iron-sulfur proteins in the
mitochondria, as well as an increased loss of mitochondrial permeability and heightened
incidences of cell death (Williams et al., 1998).

Heterozygous MnSOD™" mice appear unaffected by a ~50% reduction in MnSOD
activity, and no major abnormalities inflicted heterozygous animals throughout its
lifespan. Moreover, MnSOD™ pulmonary tissues exposed to hyperoxic conditions (100%
oxygen) for 75 hours or 90 hours did not develop any ultrastructural abnormalities,
suggesting that 50% MnSOD activity is sufficient for normal development, aging and
survival in a high oxygen environment (Tsan et al., 1998).
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8. Specific Aims of the Present Thesis

One of the primary focuses of Dr. Wang’s laboratory has been the study of the
intracellular roles of the elongation factor, EF—la. Given the previously reported
involvement of EF—1a in apoptotic induction, the principal aim of this project was to
study the effects of oxidative stress-initiated apoptosis on EF—la expression. To attain
this objective, two systems were employed as models of the myocardium undergoing
oxidative stress: 1) the H9c2(2-1) cardiac myoblast cell culture system following
exposure to exogenous administration of H,0,, and 2) tissue samples obtained from

MnSOD-knockout mice. The specific aims of the present thesis were to test the following

hypotheses:
i) Induction of apoptosis of H9¢2(2-1) cardiomyoblasts by administration of
H,0; is correlated with altered expression of the EF—1a protein,
i1) Abrogation of the alteration in EF-1a levels protects against H,Os-induced

cytotoxicity in H9¢2(2-1) cardiomyoblasts, and
iii)  In vivo oxidative stress, as represented in transgenic mice lacking the
antioxidant, MnSOD, is correlated with a similarly altered level of

expression of EF-la
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MATERIALS AND METHODS

Materials
The H9¢2(2-1) cardiac myoblast cell line (ATCC CRL 1446) was obtained from

the American Type Culture Collection. Dulbecco’s Modified Eagle Medium (DMEM),
heat-inactivated horse serum (HS) and fetal calf serum (FCS) were purchased from Gibco
BRL Life Technologies. Terminal transferase enzyme was purchased from Promega.
Biotin-dUTP and streptavidin-FITC was obtained from Boehringer-Mannheim. TriZol
reagent was obtained from Gibco BRL Life Technologies. Ponseau S solution was
obtained from Sigma. Protein quantification assay reagent was obtained from Bio-Rad.

All restriction enzymes were obtained from Pharmacia.

Plasmids

Plasmids containing the full length mouse EF—1a ¢cDNA (pCCD29) and the
human EF-la promoter (pEF-BOS) were generous gifts of Dr. X. Lu (U. Ottawa,
Canada) (Lu er al., 1989) and Dr. Nagata (Osaka Bioscience Institute, Japan) (Mizushima
et al., 1990), respectively. The concentration and purity of the plasmid DNA was

confirmed by spectrophotometry at 260 nm.

Antibodies
The EF-la-specific antibodies were generated and provided by Dr. A. Khalyfa
(McGill Univ.). The actin-specific antibody was purchased from Santa Cruz. Secondary

goat anti-rabbit IgG F(ab); fragments complexed to horseradish peroxidase were

purchased from Cappel.
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H9c2(2-1) cardiac myoblast cell cultures

Cell culture : Embryonic rat heart ventricle-derived H9¢2(2-1) cardiomyoblasts
were seeded in 100 mm culture dishes at a density of 250,000 cells per plate, and
maintained in DMEM supplemented with 10% heat-inactivated FCS and penicillin-
streptomycin (50 U/mL and 50 ug/mL., respectively), with media changes every two days.
The cultures were incubated at 37 °C in the presence of 5% CO,.

Induction of oxidative stress : To induce oxidative stress, the cultures were first
washed twice with serum-free DMEM, and then exposed to 35 uM, 70 uM, 140 uM,
210 uM. 350 uM, 700 uM, 1.4 mM, 2.1 mM and 3.5 mM of H,O, in serum-free DMEM
at 37°C for 24h. In one set of samples. catalase was added at a concentration of 1 U/mL.

Assessment of cell viability : Cell viability following oxidative stress was assayed

by a colorimetric assay based on the ability of the mitochondria in live but not dead cells
to convert 3-(4.5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to a blue
end product. as previously described (Carmichael er al., 1987). Following treatment. the
cultures were incubated with 2 mg/mL MTT dissolved in phenol red-free DMEM for 4 h,
followed by the addition of 0.5 mL DMSO to allow visualization of the final blue

formazon product. The optical density was measured by an ELISA plate reader at 595 nm.

DNA laddering and Terminal dUTP Nick-End Labeling (TUNEL)
DNA laddering : H9¢2(2-1) cell monolayers exposed to 700 uM H>O- for 0. 1. 2,

3 and 4 days were washed in phosphate-buffered saline (PBS) (136 mM NaCl, 2.7 mM
KCl, 8.1 mM NapHPO4, and 1.5 mM KH2PO4), and scraped. Cells were collected by
centrifugation at 6000 rpm for 1 min, and the cell pellet was lysed in 400 puL lysis buffer
(100 mM NaCl. 25 mM EDTA. 10 mM Tris pH 7.4, 0.5% SDS and 0.4 mg/mL
proteinase K) by overnight incubation at 56°C. Three phenol:chloroform (1:1) washes
were performed to remove protein contaminants, and the DNA in the aqueous layer was
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precipitated by addition of 40 uL. 5 M sodium chloride (NaCl), and 1 mL 95% ethanol.
The precipitate was resuspended in TE (10 mM Tris, ]| mM EDTA), and S pg of the
extracted DNA was separated on a 1% agarose gel containing ethidium bromide, and
visualized by UV transillumination.

Terminal dUTP Nick-End Labeling (TUNEL) : H9c2(2-1) cells were cultured in

8-chamber culture slide, followed by oxidative challenge by exposure to 175 uM, 350 uM
and 700 uM H,O- for 24 h. Following oxidative stress. the cells were fixed with 1:1
methanol : acetone for 30 min at —20°C. The cells were then subsequently rehydrated in
1x PBS at room temperature for 30 min, and incubated with 0.3 U/puL terminal
transferase and 10 uM biotin-dUTP for 1 h at 37°C in order to nick-end label fragmented
DNA. The terminal transferase reaction was stopped by addition of 300 mM sodium
chloride and 30 mM sodium citrate. The slides were washed three times with PBS, with
gentle shaking. Subsequently, the cultures were incubated with streptavidin-FITC in a
dilution of 1:15 for 30 min at 37°C, and subjected to three more washes in PBS. The

stained nuclei were visualized by fluorescence microscopy.

Fluorometric caspase assay

Caspase-3 and caspase-8 activity was measured using a fluorometric assay
modified from Nicholson et al., (1995). Control and H,O,-treated H9¢2(2-1) monolayer
cultures were washed once with PBS and gently scraped. Cells were collected by
centrifugation at 6000 rpm for 1 min, and the cell pellet was lysed by addition of 100 pL
lysis buffer (100 mM HEPES, 10% sucrose, 5 mM dithiothreitol (DTT), 0.1% NP-40.
0.1% CHAPS). Crude lysates were allowed to sit on ice for 30 min before centrifugation
at 10 000 rpm to remove insoluble elements. Ten micrograms of total soluble protein was
assayed for caspase activity based on the ability to cleave fluorophore-conjugated
peptides containing caspase-specific cleavage sites (DEVD-AFC for caspase 3, YMVD-
AMC for caspase 8). Substrate cleavage leads to release of the free fluorophores, AFC or

40



AMC. Detection and quantitation of release of the fluorophores, AFC (excitation
wavelength : 360, emission wavelength : 510) or AMC (excitation wavelength : 355 nm,
emission wavelength : 460 nm), was performed by a BioRad fluorometer. In parallel
samples, caspase-3 and caspase-8 inhibitors, Ac-DEVD-CMK and Ac-YMVD-CMK,

respectively. were added at concentrations of 5 ng/uL.

Protein Extraction

Extraction of protein from H9c2(2-1) monolavers : H9¢c2(2-1) cell monolayers
were washed with PBS and gently scraped. Cells were collected by centrifugation at 6000
rpm for 1 min, and the cell pellet was lysed by addition of 100 uL lysis buffer (100 mM
Tris-HC! pH 7.4, 50 mM EDTA pH 8.0, 10 mM NaCl, 0.1% SDS) supplemented with
protease inhibitors, aprotinin (10 ug/mL), pepstatin (1 ug/mL) and leupeptin (0.5 ug/mL),
and allowed to sit on ice for 30 min. The crude lysate was passed through a 26*® gauge
syringe. and spun down at 10 000 rpm for I min to pellet and remove the insoluble
fraction. Protein concentration was assayed by a Bio-Rad protein assay reagent, according
to manufacturer’s protocols. Loading buffer was added to the protein extract, and heated
to 100 °C for 2 min in order to fully denature proteins in preparation for electrophoresis.

Extraction of protein from tissue samples : Tissue samples were homogenized in
200 uL. homogenization buffer (300 mM sucrose, 150 mM KCI, 30 mM Tris-HCL 5 mM
MgCl2. 1.5 mM dithiothreitol (DTT), | mM EDTA and 1.5% Triton X-100) containing
four protease inhibitors (10 pg/ml aprotinin, 2 pg/ml leupeptin, 10 pg/mi pepstatin and 2
mM phenylmethylsulfonyl fluoride (PMSF)) in a homogenizer. Crude lysate was
transferred to a 1.5 mL Eppendorf tube, and allowed to sit on ice for 30 min. The lysate
was then spun down at 10 000 rpm for 1 min to pellet and remove insoluble elements,
and the supernatant was retained. Protein concentration was assayed by a Bio-Rad protein
assay reagent, according to manufacturer’s protocols. Loading buffer was added, and the
samples were heated at 100 °C for 2 min to denature proteins.
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Electrophoresis and Immunoblotting Analysis

Sodium dodecyl sulfate-polyacrylamide gel electophoresis (SDS-PAGE) was
carried out on 10-12% gels using a discontinuous Laemmli system (Laemmli, 1970). For
each assay of protein profile determination, 10 pg of total protein extract was loaded onto
SDS-polyacrylamide gels, and electrophoresed at 35 mA. Proteins were
electrophoretically transferred onto nitrocellulose support. Nitrocellulose membranes
were stained with Ponceau S solution for 10 min at room temperature in order to visualize
the total protein and the molecular weight markers, and subsequently destained with Tris-
buffered saline (50 mM Tris-HCI, 500 mM NaCl) containing 0.5% Tween-20 (TBST)
and blocked with 5% milk in TBST overnight at 4 °C. The membranes were probed with
a primary antibody specific for EF—-la or actin for 3-4 hours at room temperature in
TBST at 1:2,000 dilutions. The nitrocellulose blots were then washed three times with
TBST for ten minutes each. followed by incubation with goat anti-rabbit immunoglobulin
(IgG) conjugated to horseradish peroxidase (HRP) for one hour at room temperature in a
1:15.000. The membranes were rinsed again three times as described above.
Nitrocellulose blots incubated with HRP-conjugated secondary antibodies were
developed using enhanced chemiluminescence detection according to the manufacturer’s

protocols. and exposed to X-ray film.

Northern Blot Analysis

RNA was extracted from control and H>O;-treated H9c2(2-1) monclayers and
from tissues using the Trizol reagent, using modified manufacturer’s protocols
(Chomczynski et al.. 1987). For RNA extraction from cell monolayers, cultures were
washed with RNAse-free PBS, layered with 1 mL of Trizol reagent, and cells were
collected in 1.5 mL Eppendorf tubes by gentle scraping. For RNA extraction from tissues
samples, tissues were homogenized in 1 mL Trizol reagent in a Wheaton homogenizer,
and transferred to a 1.5 mL Eppendorf tube. The mixtures were allowed to sit at room
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temperature for 10 min to allow dissociation of nucleoprotein complexes. To induce
phase separation, 200 uL chloroform was added, followed by centrifugation at 12,000 g
for 15 min at 4 °C. The RNA-containing upper aqueous layer was collected, and subjected
to a phenol-chloroform (1:1) wash. Again, the RNA-containing upper aqueous layer was
collected, and RNA was precipitated by addition of 500 uL isopropanol, and room
temperature incubation for 30 min. The samples were centrifuged at 12,000g for 15 min.,
and the supernatant was discarded. The pellet was washed in 1 mL ice-cold 70% ethanol,
and then spun at 13 000 rpm for 10 min at 4°C. The RNA pellet was re-suspended in
RNAse-free TE pH 8.0. The concentration of the RNA solution was determined by
spectrophotometry at 260 nm, and the integrity of the RNA was confirmd by
electrophoresis through a 0.8% agarose gel containing ethidium bromide.

Northern blot analysis to detect EF—la mRNA and 18S rRNA levels was
performed according to standard protocols (Sambrook et al, 1989). Five micrograms of
cellular RNA from control and HO:-treated H9¢2(2-1) cells was separated on a
denaturing 1% formaldehyde-agarose gel and transferred onto nylon membrane support
by capillary transfer of nucleic acids. The membrane was subjected to prehybridization
for 2 h in prehybridization solution (6X SSC, 2X Denhardt’s reagent, 0.1% SDS), before
hydridization with either a radiolabelled cRNA probe specific to the EF-la 3°-
untranslated region (3°-UTR) or with a radiolabelled DNA probe specific for the 18S
rRNA for 16 h. at 42°C. The EF—la-specific cRNA probe was constructed by in vitro
transcription of a rat EF—1a cDNA in the presence of **P-UTP, as previously described
(Lee et al., 1992). The 18S rRNA-specific probe was constructed by random primed
labelling using an 18S PCR product. The filter was then washed for thirty minutes at
room temperature in 1X SSC, 0.1% SDS, followed by three washes of ten minutes at
68°C with the same solution. The membrane was then exposed to X-ray film for 24 h at —

70°C.
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Construction of Antisense EF—-1a plasmid

The EF-1a promoter-containing plasmid, pEF-BOS (Mizushima et al., 1990),
was linearized by EcoRI digestion for 2 h at 37°C. The 1.7 kb EF-1a insert was excised
from pCCD29 by digestion with EcoRI for 2 h at 37 °C. The insert was purified by a
phenol:chloroform (1 :1) wash, followed by precipitation in 0.1x SM NaCl and 2.5x 95%
EtOH. Approximately 2 :1 ratios of insert-to-linearized pEF-BOS plasmid were ligated
overnight at 14 °C using T4 ligase. Orientation of insertion of the 1.7 kb insert was tested

by digestion with Sspl.

Transient Transfection of Antisense EF—1a ¢cDNA in H9¢2(2-1) cells

DNA was introduced into H9c2(2-1) cells by calcium phosphate precipitation-
mediated transfection using protocols adapted from Sambrook er al., (1989). Fifteen
micrograms of plasmid DNA (vector alone or antisense EF—1a) were mixed with 410 pL
sterile low-TE solution (10 mM Tris pH 7.4, 5 mM EDTA pH 8.0) and 60 uL. 2M CaCl,,
the latter added dropwise, in 15 mL polypropylene round-bottom tubes. The mixture was
gently shaken. The DNA-CaCl; mixture was, then. slowly added, dropwise, atop 500 pL
2X HBS, gently shaken again, and allowed to sit at room temperature for 20 min in order
to allow formation of calcium phosphate-DNA precipitates. Then, 3.5 mL of DMEM
supplemented with 15% glycerol, and 5.5 mL of DMEM supplemented with 10% heat-
inactivated FCS was added. The mixture was again shaken gently, and allowed to sit at
room temperature for another 20 min. The resulting 10 mL solution was layered atop one
100 mm plate of H9c2(2-1) cells seeded at a density of 750,000 cells per 100 mm plate.
Alternatively, 5 mL of the mixture was layered atop two 60 mm plates of H9¢c2(2-1) cells
seeded at a density of 250,000 cells. The cultures were incubated at 37°C for 4 hrs, prior
to washing with serum-free DMEM twice, and finally, incubation with DMEM
supplemented with 10% fetal calf serum. Protein extracts were obtained, as described
previously, 48 h following transfection, and probed with EF—1la-specific antiserum, in
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order to test the efficacy of antisense inhibition of EF-la expression. Parallel transfection
of a plasmid constitutively expressing the B-galactosidase gene, followed by in situ B-
galactosidase activity detection by X-gal staining (as described below) 48 h following
transfection, was used to assess efficiency of transfection. All other assays were

performed before 72 h following transfection.

Determination of Cytoprotective Effect of Antisense EF—-1a

To determine any potential protective effects of lowered EF-la levels on
oxidative stress-induced apoptosis, a transient transfection system. described by Oral et
al. (1999), was utilized. This technique has the advantage of limiting the scope of the
assay only to those cells which have taken up the vector of interest, and overcomes the
difficulties associated with variable efficiencies of transfection. H9¢2(2-1) cells were co-
transfected with 5 ug of a constitutively active B-galactosidase gene, along with either 10
pg of a full length antisense EF-1a cDNA under the control of the EF-1a promoter, or
with 10 pg of an empty vector, by calciumn phosphate precipitation. Two days following
transfection. the cultures were left untreated or exposed to oxidative challenge by 24 h
incubation with 700 uM H,0,. Beta-galactosidase activity was then assessed in the
treated and untreated samples as follows: cell pellets were collected by gentle scraping,
followed by centrifugation at 6000 rpm for 1 min. The pellets were then resuspended in
100 pL. 0.25 M Tris-Cl pH 7.8 solution, and lysed by three cycles of freeze-thaw; rapid
freezing was conducted in dry ice dissolved in 70% ethanol, and thawing was performed
in a 37°C water bath. The crude lysate was then passed through a 28 gauge syringe, and
centrifuged at 10 000 rpm for 1 min to pellet the insoluble fraction; the supernatant was
retained. Beta-galactosidase activity was assessed in a 300 pL reaction. containing 3 pL
100x Mg buffer, 66 pL 4 mg/mL ONPG, 201 uL 0.1M sodium phosphate solution pH7.5

and 30 uL of cell extract, and incubated at 37°C for 10 min. The reaction was stopped
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with 500 pl. 1M Na:COs . and the optical density (OD) of the samples at 420 nm was

assessed by spectrophotometry. The percentage viability was calculated by the formula:

% viability = OD (420 nm) after hydrogen peroxide treatment
OD (420nm) medium control

As a confirmation, total B-galactosidase-positive cells were quantitated by direct counting
of positively-stained cells following in situ staining for p-galactosidase activity.
Monolayers were fixed with a 2% formaldehyde-0.2% glutaraldehyde solution for 5 min
at room temperature. followed by staining with 1 mg/mL X-gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside) overnight at 37 °C. The cells were examined for positive

blue staining in ten random fields using an inverted microscope.
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RESULTS

H>0; Induces Apoptosis of the H9¢2(2-1) Cardiac Myoblast Cell Line

It is well established that pro-oxidants and reactive oxygen species, such as H;O,,
are capable of inducing apoptosis in a variety of cell types, including primary cultures of
neonatal cardiomyocytes (von Harsdorft e al., 1999) and the cardiac-derived clonogenic
cell line, H9¢2(2-1) (Turner et al.. 1998). We confirm these previously reported
observations of H9c2(2-1) susceptibility to H>O:-induced cytotoxicity; in our hands.
using a colorimetric assay which detects mitochondrial respiration of viable cells in
culture, we observed significant cell death following treatment with H,O, at
concentrations in excess of 700 uM for 24 hours. Lower concentrations of H>O, (350 uM
and below) had little effect on cell mortality (Figure 5, dark bars). When the H,O,-
detoxifying antioxidant, catalase, is administered in conjunction with the H>O, in the
culture medium at a concentration of 10 U/mL, cell death was prevented. verifying a
direct role of H,O5 in induction of cell death (Figure 5, light bars). The minute signals
detected following treatment with lethal H,O, doses represent unavoidable artifacts
associated with the colorimetric cell viability assay, as it is difficult to completely remove
the initial MTT dye from the cell culture wells prior to addition of the oxidizing agent
initiating the color reaction proportional to the cell viability. Independent experiments,
using a Trypan blue dye exclusion assay. showed ~0% viable cells with all H>O> doses
above 700 uM. The results shown are representative of two separate experiments.

Apoptosis is biochemically characterized by several hallmark events, one of
which is the degradation of genomic DNA into an oligonucleosomal ladder consisting of
DNA bands representing integer multiples of the internucleosomal DNA length
(approximately 180 bp) (Wyllie, 1980). Thus, we next sought to assess whether H,O,-
induced H9c2(2-1) cell death was accompanied by the formation of such an
oligonucleosomal ladder, thereby confirming that the observed death was of an apoptotic
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nature. H9c2(2-1) cells were treated with 700 uM H,O; for four days, and the genomic
DNA was separated on an agarose gel. We observed that after two days of treatment, the
formation of a typical DNA ladder appeared, and persisted until 4 days post-treatment
(Figure 6). A sample treated with 5 mM H»O- for 4 days did not give the appearance of a
DNA ladder, presumably because the mode of cell death was of a necrotic nature.

As further confirmation of an apoptotic mode of cell death, TUNEL staining, an in
situ assay for DNA degradation, was also performed. Again, the appearance of a
significant number of nuclei containing fragmented DNA was detected only in cultures
exposed to toxic levels of H,O, (700 uM); cells exposed to lower doses showed minimal
effect, although we were still able to detect a small sub-population of cells which
possessed fragmented nuclei (Figure 7).

Apoptosis is also characterized by the activation of a family of cysteine proteases,
termed caspases, which function in the final executory stage of cell death, by mediating
proteolysis of a variety of specific cellular substrates. Thus, caspase-3 and caspase-8
activity was assayed in control and H,O,-treated H9¢2(2-1) cultures using a fluorogenic
assay. which directly measures the ability of the cellular protein extracts to proteolytically
cleave at caspase-specific cleavage sites. releasing a fluorophore. Following exposure to
toxic levels of H>0O,, significant caspase-3 activity was detected in the cellular
homogenates. The specificity of this proteolytic activity was verified by the addition of a
caspase-3 inhibitor, Ac-DEVD-CMK, in the reaction mixture. which nullified the
detected caspase-3 activity (Figure 8). Conversely, no caspase-8 activity was detectable
using the same cellular protein extracts, suggesting that caspase-8 is not activated upon
oxidative stress-induced apoptosis, and that the observed caspase-3 activity is not due to

an upstream proteolytic activation of caspase-8 (Figure 9).
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Figure 5. Mitochondrial respiration of H9¢2(2-1) cardiac myoblasts following H,O:
treatment. The ability of H9¢2(2-1) cardiac myoblast mitochondria to reduce 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to a formazon end product
following treatment with various doses of H>O, was assayed using a colorimetric assay,
as described under “Materials and Methods™. As indicated by the dark bars,
mitochondrial respiration was only affected after 24 h treatments with concentrations of
H>O- of 1400 uM and above. A small signal represents an artifact associated with the
MTT colorimetric assay. A trypan blue dye exclusion assay verified indicated ~0% cell
viability following administration of H>O; at doses above 700 uM. To confirm that H,O»
was indeed the cause of cytotoxicity in these experiments, when the antioxidant, catalase,
was added to the medium at 10 U/mL, the effect on mitochondrial respiration was
abrogated, as indicated by the light bars. The results shown are representitive of two

separate experiments.
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Figure 6. H9¢2(2-1) cell death is accompanied by formation of DNA
oligonucleosomal ladder. DNA extracted from cells treated with | mM H>O, for 0-4
days were separated on a 1.0% agarose gel, as described under “Materials and Methods”.
Note the gradual appearance of a DNA oligonucleosomal ladder beginning at 1 day
following treatment, and increasing in intensity and prominence throughout the four days
of treatment (lanes 1-5). Serum deprived mouse 3T3 fibroblasts provided a positive
control (lane 6). H9c2(2-1) cultures treated at extremely high doses sufficient to induce
necrosis, such as 5 mM H;O,, had an apparently intact DNA, identical to untreated

samples (lane 7 versus lane 1).
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Figure 7. H9¢2(2-1) cell death is accompanied by in situ DNA degradation. As an in
situ indicator of apoptosis, H9¢2(2-1) cells treated with various doses of H,O» were
TUNEL-labeled with FITC-conjugated antibodies and observed using fluorescence
microscopy. As indicated, untreated cultures and cultures exposed to concentrations of
175 uM and 350 puM H,O, (the three top panels) possessed very few apoptotic cells,
although there was a small, sub-population which was brightly labeled (arrowheads).
However, cultures treated with a concentration of 700 uM (bottom panel) possessed

predominantly apoptotic cells and numerous brightly labeled nuclei (arrows).
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Figure 8. Caspase-3 activity following induction of H9c2(2-1) apoptosis. A
fluorometric assay, based on the ability to cleave DEVD-AFC and release the AFC
fluorophore (excitation A: 360 nm, emission A: 510 nm), was used to assess caspase-3
activity in H9¢2(2-1) cardiomyoblast cell extracts at 0.5 h, 1 h, 1.5 h, 2 h and 4 h post-
H,0, treatment using a concentration of 700 uM. As indicated by the solid line, caspase-3
activity increased approximately 3.5-fold as compared to the non-treated control as a
prelude to apoptotic cell death. As indicated by the dashed line the caspase-3 inhibitor,
Ac-DEVD-CMK, added at concentrations of 5 ng/uL, completely inhibited the reaction,
confirming the specificity of the detected proteolytic activity. The results are

representitive of three separate experiments.
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Figure 9. Caspase-8 activity following induction of H9c2(2-1) apoptesis. A
fluorometric assay, based on the ability to cleave YMVD-AMC and release the AMC
fluorophore (excitation A: 355 nm, emission A: 460 nm), was used to assess caspase-8
activity in H9¢2(2-1) cardiomyoblast cell extracts at 0.5 h, 1 h, 1.5 h, 2 h and 4 h post-
H>O, treatment using a concentration of 700 uM. As indicated by the solid line, there was
negligible caspase-8 activity at all time points following oxidative stress. A similar lack
of activity was observed when the caspase-8 inhibitor, Ac-YMVD-CMK was added at
concentrations of 5 ng/uL, as indicated by the dashed line. The results are representitive

of three separate experiments.
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H,0; Induces Up-regulation of EF—1a protein

The peptide elongation factor, EF—1a, is traditionally known to participate in the
elongation step of mRNA translation. A growing number of reports, however, indicate
potential roles for EF—1la in apoptosis (Duttaroy et al., 1998; Kato et al., 1997). Thus, to
assess whether EF—1a protein levels were affected during H>O»-induced apoptosis of
H9c¢2(2-1) cells, protein extracts of control and H>O,-treated cultures were subjected to
immunoblotting analysis using an EF—-1a-specific antibody. Treatment of H9c2(2-1) cells
with varving doses of H>O; for 30 min revealed a dose-dependent up-regulation of
EF-la protein levels (Figure 10, Panel A). Actin protein levels were unaltered,
suggesting that the increase was not a global event. Densitometric analysis of EF-la
band intensity, as standardized with the actin control, is presented in Figure 10, Panel B.

That EF—1a protein was elevated following both lethal (700 uM) and sub-lethal
(350 uM) doses of H,O, prompted further studies detailing the time-course kinetics of the
EF-la up-regulation under the two conditions. In both cases, sublethal and lethal doses
of H,O: induced a rapid increase in EF—1a protein levels, with elevated protein levels
seen within just ten minutes following initiation of oxidative stress (Figure 11). By thirty
minutes, both sublethal and lethal doses had achieved the elevation of EF—la protein
levels seen in the previous figure. However, beyond the sixty minutes time-point, EF-la
levels in cells treated with a sublethal dose (350 uM) were observed to return to normal
levels (Figure 11, Panel A), while treatment with the lethal dose (700 uM) revealed more
prolonged elevated levels of EF-1a, which persisted in excess of three hours (Figure 11,
Panel B). Again, densitometric analysis also confirmed that cells treated with the lethal
700 uM H>O0, dose, unlike those treated with sub-lethal doses, have elevated EF-la
levels after three hours of treatment (Figure 10, Panels C and D, for 350 uM and 700 uM
treatment, respectively). Therefore, sustained up-regulation of EF—1a expression may act
as a necessary early event to the effecting of oxidative stress-induced H9¢2(2-1) apoptotic
death.
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Figure 10. EF-1a expression is up-regulated by H,O- treatment in a dose-dependent
manner. Panel A, Immunoblotting analysis of EF-la protein using an EF-1 a -specific
antibody, HT7, performed as described under “Materials and Methods”, revealed a dose-
dependent elevation of EF-la protein levels following thirty minute treatments of
H9¢2(2-1) cultures with increasing doses of H,0O; ranging from 50 uM to 5 mM. Panel
B, Densitometric tracing of the EF—1a band intensities from Panel A is represented

quantitatively as a graph.
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Figure 11. H,O> treatment at sub-lethal doses induces transient elevation of EF-1a
protein levels, whereas lethal doses induce sustained elevation of EF-la. Panel A, A
kinetic study of EF-la protein following treatment of H9¢c2(2-1) cultures with a sub-
lethal dose of H,O- was performed. Total cellular protein was obtained 5 min., 10 min.,
20 min., 30 min., 1 hour and 3 hours after treatment with 350 uM of H>O». and subjected
to immunoblotting with an EF-1 a-specific antibody, as described under “Materials and
Methods”. Immunoblot analysis revealed a transient up-regulation of EF-1 a protein,
with the final levels of EF-la falling back to that of the initial, control sample. Panel B,
An analagous kinetic study of EF-1 a protein following treatment of H9¢2(2-1) cultures
with the lethal dose of 700 uM H,O, using identical time points as described in Panel A
revealed a more sustained and prolonged up-regulation of EF-1 a protein levels. Panels
C & D, Densitometric tracing of the EF-1 o band intensities from Panels A & B,

standardized with an internal actin control, are represented quantitatively as a graph.
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EF-1a up-regulation is mediated post-transcriptionally

The rapidity of the response to H;O: (in both cases, effecting an increase in
EF-la protein within ten minutes) prompted investigation as to whether the up-
regulation was mediated at the transcriptional or post-transcriptional level. H9¢2(2-1)
cultures were pre-treated with a transcriptional inhibitor, actinomysin D. and/or a
translational inhibitor, cycloheximide, for thirty minutes, prior to addition of 700 uM
H-0,, in combination with either actinomysin D and/or cycloheximide for another thirty
minutes. We again witnessed the increase in EF—la protein levels when H9¢c2(2-1) were
treated with H,O; alone (Figure 12, compare lane | to lane 5). In the presence of a
translational inhibitor, cycloheximide, the H>Os-induced up-regulation of EF-la was
completely abolished (compare lane 2 to lane 6, and lane 4 to lane 8), demonstrating that
the increase in EF-la following oxidative challenge requires active protein synthesis.
However, in the presence of a transcriptional inhibitor, actinomysin D, the up-regulation
of EF-la was not suppressed (compare lane 3 to lane 7). which suggests that de novo
gene transcription is not necessary for the elevation of EF-1a protein levels, and that
such an increase is most probably effected post-transcriptionally.

Classically, gene regulation at the translational level is discernible by fluctuating
protein levels concomitant with an absence of change in the mRNA levels. Thus, to
further gain insight into the mechanism of H,O»-induced EF-1a up-regulation, Northern
blot analysis was performed to address whether any changes in EF—-la message levels
occurred at various time points following H>O; treatment. Using similar time points as
depicted in Figure 11, it was found that, unlike the protein fluctuations, the EF-la
message levels were static throughout the entirety of the three hours of oxidative stress
(Figure 13, Panel A). Densitometric analysis, depicting the EF—1a message standardized
with the internal 18S rRNA control, reinforce the Northern analysis that EF—1a message

levels did not mimic the increase observed in the protein levels (Figure 13, Panel B).



Figure 12. H;O;-induced up-regulation of EF-l1a does not require de nove gene
transcription. The effect of pre-treatment of H9c2(2-1) cultures with either
transcriptional inhibitor, actinomysin D (5 pg/mL) or protein synthesis inhibitor,
cycloheximide (50 ug/ml) on H>O,-induced elevation of EF-1a levels was examined.
There was minimal effect on EF-1 a levels by the actinomysin D and/or cycloheximide
alone (lanes 1-4). When incubated with H>O- alone, there was, again, an elevation of EF-
1 a levels (compare lane ! versus lane 5), which was abolished with pre-treatment with
cycloheximide (lane 6) or with cycloheximide and actinomysin (lane 8). However, when
H9c2(2-1) cultures were pre-treated with actinomysin D, the up-regulation of EF-1 a is

still evident (lane 7).
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Figure 13. H,O; does not alter EF-1a mRNA levels in H9¢2(2-1) cells. Panel A, Total
cellular RNA was obtained 0 min, 10 min, 20 min, 30 min, 1 hour and 3 hours after
treatment with a lethal dose of H,O; (700 uM), and processed for Northern blot analysis,
as described in “Materials and Methods”. EF-1a mRNA levels showed no significant
fluctuations. unlike those witnessed for protein levels (Figure 10). Panel B, Densitometric
analysis of EF-1A band intensity in Panel A, standardized with an internal 18S rRNA

control, are represented quantitatively as a graph.
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Indeed, three hours following oxidative challenge, there appears to be a modest down-
regulation of the EF—1a message. Regardless, this further confirms the hypothesis that
the oxidant is increasing the cellular EF-la levels by affecting the translational

mechanism.

Antisense-EF—1a confers a protective effect against oxidative stress

Decreased expression of EF—1a in H9¢2(2-1) cultures was mediated by transient
transfection of a full length antisense EF—1a cDNA. The promoter which was chosen to
drive production of the antisense EF—la transcript was the EF—1a promoter itself, and
not the cytomegalovirus promoter, since the EF-1a promoter has been reported to one of
the strongest known mammalian promoters, as assessed in promoter-reporter assays
(Mizushima et al., 1990). Thus, a plasmid bearing a full length EF-1a cDNA oriented in
the antisense direction under the control of the EF-la promoter was constructed
(designated EF-BOS-AS), and transiently transfected into H9c2(2-1) cell cultures to
mediate a specific down-regulation of total cellular EF—1a levels.

The efficacy of the transfection of the EF-BOS-AS plasmid in down-regulating
total cellular EF—1a protein levels was assessed by immunoblot analysis using an EF-1a-
specific antibody. Forty-eight hours following transfection, levels of EF—-1la protein were
significantly decreased in cultures transfected with an antisense EF—la construct, as
compared to the mock transfected control. EF—l1a levels in parallel cultures transfected
with an empty vector control were unaffected (Figure 14, Panel A). Densitometric
analysis indicated that the percentage repression of EF-1a expression was 40% (Figure
14, Panel B), consistent with the transfection efficiency, as assessed by in situ
B—galactosidase staining (Figure 14, Panel C, white arrows).

The assessment of cell viability following transient transfection of any given gene
of interest is marred by variabilities in the transfection efficiency, which results in the
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presence of different cell sub-populations in the culture i.e. those transfected, and those
not transfected. To limit the scope of the cell viability assay only to those cells which had
been successfully transfected and taken up the newly introduced plasmid. a B-
galactosidase co-transfection system was employed, as described in Oral er al. (1999). A
constitutively active CMV-f-galactosidase plasmid was co-transfected along with the
vector of interest, followed by assessing the B-galactosidase activity of the culture after
induction of apoptosis. Since dead P-galactosidase-positive cells lyse thereby leaving
viable cells attached, assaying for B-galactosidase activity of the remaining adherent cells
has been shown to be a reasonably accurate measure of cell viability, and for
determination of the cytoprotective effects of a transiently expressed gene of interest.
Thus, using this system, we next assessed cell viability of cultures transfected
with the vector alone control and with the antisense EF-1a cDNA following induction of
apoptosis at varying doses of H,O,. Again, as previously indicated in Figure 5, we
observed no effect on cell viability following exposure to H.O: levels of 350 uM and
below. However, at concentrations of 525 uM, the antisense transfected cultures
exhibited a moderate resistance to H»O>-induced cell death, as compared to cultures
transfected with an empty control vector (72.3% + 0.9%, compared to 55.5% + 9.9%).
The effect is more dramatic at the H>O, concentration of 700 uM, where again,
transfection of the antisense EF—1a c¢cDNA is able to confer resistance to cell death
(33.7% % 2.7% as compared to 27.0% * 6.1%) (Figure 15). Therefore, while the
cytoprotective effect of diminished EF—1a levels is not absolute. diminution of its surge
following H,O, expsoure does have a partial protective effect against H>O,-mediated
cytotoxicity. suggesting that the up-regulation of EF—la following oxidative stress may
have some functional physiological relevance in the initiation or execution of the

apoptotic program.
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Figure 14. Transfection of antisense-EF-la diminishes EF-la protein levels in
proportion to transfection efficiency. To prevent the up-regulation of EF-la, a full
length antisense-EF-la was transfected into H9c2(2-1) cells by calcium phosphate
precipitation. Panel A, Immunoblotting analysis of EF-1a protein levels 48 hours post-
transfection. EF-1a levels were significantly decreased in cultures transfected with an
antisense-EF-1ac cDNA (AS), relative to a mock transfected culture (MOCK) and a
culture transfected with an empty vector control (VA). Panel B, Densitometric analysis
indicates that the EF-1a band intensity following transfection is 60%. Panel C, Consistent
with the 40% reduction of total EF-la protein, in situ B-galactosidase staining revealed
approximately 30-40% transfection efficiency. Positively stained cells are indicated by

white arrows.
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Figure 15. Transfection of antisense-EF-1a confers a protective effect against H>O-.
The effects of the introduction of an antisense-EF-1a ¢cDNA on H>O,-induced apoptosis
was assayed using a transient transfection reporter-cytotoxicity assay, as described by
Oral et al. (1999). The assay normalizes cell death with transfection efficiency, limiting
the assessment of cytotoxicity only to those cells which had been successfully transfected.
We observed a dose-depenent protective effect following transfection of an antisense-EF-
la cDNA, compared to that of cells transfected with an empty vector control. At H>O2
levels below 350 uM, there was negligible effect on cell viability. However, at
concentrations of 535 pM and above, the antisense-EF-1a conferred a protective effect
against H,O,-induced cytotoxicity, relative to the vector alone control, raising cell
viability from 55.5% to 72.3% for cultures treated with 525 uM H>0,, and from 27% to
53.7% for cultures treated with 700 ptM H,0..
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EF-1a Protein Expression in MnSOD-Knockout Mice

In order to assess alterations in EF-la expression during oxidative stress in in
vivo situations, cardiac tissue samples were obtained from 14-15 day old mice in which
the gene encoding for the antioxidant, manganese superoxide dismutase. was inactivated
by homologous recombination (generous gifts of Dr. Ting-Ting Huang and Dr. Charles
Epstein). Wildtype tissues were also obtained as controls. The homozygous mutant mice
exhibit dilated cardiomyopathy, metabolic acidosis and ventricular wall thinning.
culminating in death within fifteen days following birth (Li et al., 1995).

Analysis of EF-1a levels in four wildtype animals and five homozygous mutant
animals revealed that while EF—1a levels were consistently low in four wildtype animals,
EF-la levels were elevated in three of five mutant animals (Figure 16, Panel A). This
change was confirmed by densitometric analysis where three mutant animals were
observed to possess a two-fold increase in EF-1a levels as compared to the wildtype
controls (Figure 16, Panel B).

A retrospective analysis of the precise ages of the animals revealed that the three
homozygous animals exhibiting elevated EF—1a levels shared a common age of 14 days
old, whereas the remaining two mutant animals were 15 days old. In comparison, a
mixture of 14-day old and 15-day old animals comprised the wildtype animals (Table 1).
Thus, homozygous mutant animals aged at 14 days post-birth all shared the common
characteristic of elevated EF-la levels when compared to wildtype controls, whereas
homozygous animals aged at 15 days post-birth did not exhibit a similar phenotype. A
densitometric analysis of EF-la band intensity in animals pooled based on age is

presented in Figure 17.



Figure 16. EF-1a protein expression is elevated in MnSOD-knockout mouse hearts.
Heart tissue samples were obtained from four wildtype mice and five homozygous mutant
mice whose gene encoding for MnSOD had been inactivated by homologous
recombination. All mice were aged between 14 and 15 days old. Panel A, Western
immunoblotting analysis of tissue samples using an EF-1a-specific antibody revealed low
EF-1a levels in all four wildtype controls, and elevated expression in three of five mutant

animals. Panel B, Densitometric analysis assessing EF-1a band intensity.
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Table 1. Retrospective analysis of precise mouse age in comparison to genotype and
EF-1a levels. Following Western immunoblotting analysis using an EF-la-specific
antibody, a retrospective analysis of the age of each mouse was performed and compared

to genotype and fold-increase of EF-1a protein.
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Table 1. Retrospective analysis of precise mouse age in comparison to EF-1a levels.

animal code genotype age fold increase of EF-1a
A3829 +/+ 14 days 1.00'
A3830 +/+ 15 days 1.00
A3843 +/+ 15 days 1.11
A3835 +/+ 14 days 1.45
A3828 -/- 14 days 2.06
A3837 -/- 14 days 2.02
A3845 -/~ 15 days 1.43
A3815 -/- 15 days 1.52
A3831 -/- 14 days 2.11

! the EF-1a levels of the animal A3829 (+/+) was arbitrarily designated as 1.00
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Figure 17. Densitometric analysis of EF-1a band intensity of heart samples pooled
based on age. Densitometric analysis assessing EF-la band intensity was performed
following separation of animals based on precise age. Homozygous mutant animals aged
14 days old (n=3) possessed a two-fold increase in EF-1a band intensity compared to
wildtype controls (n=4). Conversely, homozygous mutant animals aged 15 days old

(n=2) did not exhibit significantly elevated EF-la levels.
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Figure 17

Densitometric Analysis of MnSOD-Knockout
Tissue Samples (Pooled)

2.5
2.0

1.5

fold increase

1.0

0.5

0.0
+/+ -/- 14 days -/- 15 days
(n=4) (n=3) (n=2)

81



EF-1a mRNA Expression in MnSOD-Knockout Mice
EF-1a mRNA levels were assessed by Northern blot analysis and found to be

consistent in abundance in all nine animals tested (Figure 18, Panel A), again
demonstrating that fluctuations observed in EF—1a protein levels occurred independent of

mRNA changes. Confirmation of the stable mRNA levels was provided by densitometric

analysis (Figure 18, Panel B).



Figure 18. EF-la mRNA expression is not altered in MnSOD-knockout mouse
hearts. Heart tissue samples were obtained from four wildtype mice and five
homozygous mutant mice whose gene encoding for MnSOD had been inactivated by
homologous recombination. All mice were aged between 14 and 15 days old. Panel A.
Northern blot analysis of tissue samples using an EF-la-specific probe revealed no
alterations in EF-1la mRNA levels in all nine animals tested. Panel B, Densitometric

analysis assessing EF-1a band intensity.
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DISCUSSION

The potential for free radicals and pro-oxidants to induce apoptosis and reduce
cell numbers in the myocardium is of direct relevance in myocardial dysfunction,
including artherosclerosis and reperfusion injury. However, understanding of the
intracellular signaling mechanisms by which H;O» and other pro-oxidants induce the
apoptotic program remains limited. In attempts to investigate the molecular processes
underlying cardiac reperfusion injury, many investigators have turned to in vitro cell
culture models to simulate the processes involved in pro-oxidant-induced apoptosis.

Lennon and coworkers first reported that several cytotoxic agents, including
hydrogen peoxide, could induce apoptosis in a dose-dependent manner in lymphocytes
(Lennon et al., 1991). Recently, this observation was extended to primary neonatal
cardiomyocyte cultures. Concomitant with apoptosis of cardiac myocytes, ROIs also
activated cytochrome ¢ translocation from the mitochondria, caspase-3 activation and
DNA fragmentation, all hallmarks of apoptotic cell death (von Harsdorft et al., 1999).
The development of a cardiac-derived cell line by Kimes and Brandt (1976), designated
H9c2(2-1), has further facilitated the study of the mechansism of free radical-induced cell
death in the myocardium, by avoiding the demanding technical protocols and costly
expenses associated with primary cultures of neonatal cardiomyocytes.

Given previous reports indicating a role of the peptide elongation factor. EF-la,
in apoptotic proceses (Duttaroy et al., 1998; Kato et al., 1997), the current project was
undertaken to investigate the effect of oxidative stress on the expression of the peptide
elongation factor, and to assess its role in the ensuing induction of apoptosis. Two
systems were used to emulate models of the myocardium undergoing oxidative stress: 1)
the H9¢2(2-1) cardiac-derived cell line when oxidatively challenged by exposure to H,O».
and 2) cardiac tissue samples obtained MnSOD-null transgenic mice. While these two
paradigms are fundamentally dissimilar in that they represent over-abundancies of two
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different oxygen intermediates, there are also several similarities which serve as a basis
for comparison between these two models. Both MnSOD-knockout mice and catalase-
knockout mice have been shown to exhibit similar abnormal cardiac phenotypes,
including ventricular wall thinning and increased apoptotic incidences of cardiomyocytes
(Li et al., 1995). However, ultimately, neither molecules mediate their effects directly,
but rather by the generation of the hydroxyl anion, and blockage of the Fenton reactions
can ameliorate the effects of both species. In essence, both O, and H,0, reflect
intermediates in the same series of reactions, leading to the hydroxyl radical, the true
mediator of cellular damage. Therefore, insofar as these systems represent models of in
vitro and in vivo oxidative stress in the myocardium, they were used to explore the effects

of exposure to ROIs on apoptotic induction and on the expression of EF-1a.

Mechanism of Reactive Oxygen Intermediates-Induced Caspase Activation

Turner et al. (1998) previously demonstrated that the H9¢c2(2-1) cardiac myoblast
cell line can undergo apoptotic cell death when exposed to toxic levels of H>Os.
Concomitant with DNA fragmentation, caspase-3 activity was detected during the end
stages of cellular demise. The mechanism by which caspase-3 activation is achieved.
however, was not subjected to investigation. von Harsdorft et al. (1999), using primary
neonatal cardiomyocytes, reported the ejection of cytochrome c¢ as an early step to
caspase-3 activation, suggesting that the mitochondria is involved in apoptotic
executionary pathways. To complement these findings, here, we show that caspase-3
activation in H,O,-treated H9c2(2-1) cells is not accompanied by caspase-8 activity.
Thus, we define an absent role in receptor-mediated signaling pathways in apoptotic
signaling as induced by ROlIs. This could be an indication that mitochondrial-dependent
events represent the sole pathway involved in the execution of apoptosis following
exposure to ROIs. To verify such a hypothesis, caspase-9-specific and caspase-8-specific
inhibitors could be administered in culture in conjunction with H>O; to assess which
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inhibitor is capable of protecting aginst ROI-induced cytotoxicity. In theory, if the
mitochondrial-dependent apoptotic pathway represents the lone pathway functioning
following oxidative stress, caspase-9 inhibitors would be able to block apoptotic

pathways virtually completely, while caspase-8 inhibitors would have negligible effect.

Translational Control of EF—1a Expression Following Oxidative Stress

In this study, we provide evidence describing an elevation in expression of the
peptide elongation factor, EF—la. in two situations of oxidative stress, ie. following
treatment of a cardiac-derived cell line with the pro-oxidant, H>O,, and in cardiac tissue
samples obtained from mice lacking the antioxidant, MnSOD. Furthermore, we present
evidence that the mode of up-regulation is mediated post-transcriptionally, as the EF—-1a
mRNA levels remain constant under conditions of oxidative stress. Moreover, in the
H9¢2(2-1) culture system, the elevation in EF-la protein occurred without the need for
de novo gene transcription. To our knowledge, this is only the second instance in which
levels of expression of a protein have been shown to be regulated at the translational level
following oxidative stress with H>O>. Regulation of ferritin and transferrin receptor
mRNA translation has been shown previously to be regulated by altered binding
capabilities of the iron regulatory protein (IRP) to the iron response elements (IREs) in
the 5°-UTRs, following oxidative stress.

That EF—la protein levels are elevated via translational mechanisms is not
altogether surprising. The EF—1a protein belongs to a family of coordinately regulated
proteins, which includes ribosomal proteins, elongation factor-2 and insulin-like growth
factor-1, whose mRNAs bear a 5’-terminal oligopyrimidine (5°-TOP) tract in the 5°-
untranslated region (Loreni et al., 1993). The 5°-TOP, a pyrimidine-rich stretch located at
the terminal cap, functions to dictate efficiency of translation by regulating distribution of
the mRNA into translation-inactive mRNA-ribonucleoprotein pools or into translation-
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active polyribosome pools. As such, this form of gene regulation allows rapid responses,
bypassing the necessity of de novo gene transcription by simply recruiting pre-existing
mRNA to the actively translating compartment. The advantage of this phenomenon may
lie in the potential rapidity of the responses, necessary especially in the immediate early
responses seen in the initial phases of apoptosis, where a quick up-regulation of the
protein synthesis machinery is needed in order to start synthesizing apoptotic executioner
proteins. We hypothesize that this is also the case under conditions of oxidative stress,
where there is a redistribution of the EF—1a mRNA to the actively translatable pool upon
treatment with H,O-, and that this process is dependent upon the 5°-TOP sequence.

Three experiments using the H9¢2(2-1) cell culture system could be performed to
address this hypothesis. The first set of experiments would involve reporter assays by
high effiency transient transfection of a reporter gene under the control of the 5°-TOP cis-
element into H9¢2(2-1) cultures. Quantitation of the activity of the reporter gene (which
would be proportional to the efficiency at which the reporter gene product is produced)
prior to and following H>O> administration would allow for assessment of the effects of
oxidative challenge on translation of any mRNAs bearing the 5°-TOP element. In
conjunction. a second test of the role of the 5°-TOP tract would be to assess the efficacy
of the immunosuppresant, rapamycin, in inhibiting EF-la up-regulation following
oxidative stress. Rapamycin is a potent inhibitor of the p70 S6 kinase, which functions
up-stream of activation of translation of 5°-TOP-bearing mRNAs (Proud, 1996). If the
polypyrimidine tract is, indeed, the cis-element involved in mediating activation of
EF-1a translation, rapamycin should be sufficient in abrogating the increase. And finally,
assessment of EF-1a mRNA levels in separated mRNP and polyribosome pools by
Northern blot analysis would allow for the visualization of any “pool-to-pool” movement
of EF-la mRNA following oxidative challenge. Taken together, these experiments

would permit a definitive demonstration that the mechanism of EF—la up-regulation



following oxidative stress is mediated at the translational level, and is controlled by the

5°-TOP tract.

Increased EF—1a in MnSOD-Knockout Transgenic Mice

In addition to the in vitro cell culture model, elevated levels of EF—1a were also
detected in transgenic mice lacking the antioxidant, MnSOD, a system which represents
an in vivo model of oxidative stress. In comparison to four wildtype animals where EF-1a
levels were low, EF—1a was elevated in all three 14-day old homozygous animals tested
(2.06-fold increase. SD = 0.05). The effect was also present, although less significant, in
the two 15-day old homozygous animals tested (1.48-fold increase, SD = 0.06). In the
meanwhile, in all nine animals, EF-1a mRNA remained constant.

Why is the elevation of EF—1a at 14-days post-birth more pronounced than at 15-
days post-birth? The explanation may lie, in part, in the life span of the mutant animals.
Fifteen days represents the absolute maximum life span of these mice lacking the
MnSOD antioxidant, with no animals ever having been documented to survive beyond
this barrier (T.-T. Huang, C.J. Epstein, personal communication). Therefore. it may be
that such a late stage prior to death reflects the final self-destructive processes of the cell
in its extreme late stage of cell death, where all cellular components, even components of
the apoptotic machinery. are actively being destroyed. and literally everything, bar none,
is being steadfastly disassembled. On the other hand, fourteen days may represent a time
point at which apoptotic signaling pathways are still intact and apoptotic initiators and
executioners are still functioning to signal and execute pro-apoptotic signals. One such
molecule may be EF-1a, and as such, its expression may remain elevated at the earlier
time point. If such a hypothesis is correct, a corollary would be that other structural
components and housekeeping genes of the cell would also be more prone to a giobal
down-regulation in 15-day old animals in comparison to 14-day old animals. As such,
immunoblots for housekeeping genes such as actin could be performed to judge the
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effects of the 14-to-15-day transition on the diminution of such ubiquitous proteins in the
cell. Moreover, total cellular proteins could also be quantified by extraction by TCA
precipitation, and total quantities measured in order to compare total protein content in
14-day versus 15-day old animals. Again, if the effect is global and represents total and
end-stage breakdown of cellular and tissue structure. total protein content should diminish
in 15-day old tissue samples relative to its 14-day old counterpart.

Alternatively, it may be that the 14-to-15-day transition results in the loss of the
pro-apoptotic cells containing elevated EF-1a levels, and that which remains in 15-day
old mouse hearts are cells with unusually strong antioxidant capabilities able to better
resist oxidative stress. As such, these cells would be less affected by their lack of
MnSOD, not be undergoing oxidative stress, and thus, would not possess elevated EF-1a
levels. In order to test such a hypothesis, primary cultures of cardiomyocytes from [4-day
old and 15-day old hearts could be assayed for their resistance to an O>™ generator, such as
paraquat. If this theory is true, the 15-day old primary cultures would be less affected in
such an in vitro assay. Also, immunoblotting analyses on the primary cultures would be
able to test whether elevation of EF-la is altered in 14-day old versus 15-day oild

cardiomyocytes following oxidative exposure.

Speculative Roles of EF-1a in Oxidative Stress-Induced Apoptosis

So what is the role of the elevated EF-1a following oxidative stress? In fact, can
we be certain that the up-regulation is of physiological relevance at all? The ability of
diminished EF-la levels (by transfection of an antisense-EF—la) to confer a partial
protective effect against cell death argues that the increase of EF-1a abundance is a
functionally relevant one to the initiation or execution of apoptosis. That the antisense
protection is not total suggests that, not surprisingly, other factors are necessary in the
induction of apoptosis upon exposure to oxidative stress, and that EF-1a does not stand at
an upstream juncture of a single pro-apoptosis pathway. Indeed, the revelation that a
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significant population of cells in any given system undergo apoptosis regardless of the
lowered EF-la levels achieved by the antisense transfection suggests that in some cases
apoptosis can occur independent of alterations in EF-1a expression. These findings are
consistent with Duttaroy et al. (1998) who observed that mouse 3T3 fibroblasts stably
transfected with antisense EF-1a showed decreased susceptibility to serum deprivation-
induced apoptosis, while cells stably transfected with sense EF—1a showed increased
susceptibility. The lack of a total protective effect was also noted by this group.
Furthermore, others have demonstrated in a pS3-deficient erythroleukemic cell line that a
p53-dependent induction of EF—1a mRNA expression occurred prior to cell death (Kato
et al., 1997; Kato, 1999).

The question, therefore, turns to one of why EF-la is increased when cells are
dying, and what is its role? While both studies mentioned above demonstrated a need for
EF-1a in the execution of the apoptotic program, neither has been able to clarify its exact
role. Given that apoptosis is an active, gene-driven process, one possible explanation for
the observed increase in EF-1a may be to support de novo synthesis of proteins needed
to fuel apoptotic processes. Consistent with this premise is the observed delay from EF-
la protein up-regulation (maximal at 30-60 minutes post-H,O» exposure) to caspase-3
activation (maximal at 3 hours post-H>O> exposure). The rise in EF-la levels precedes
caspase-3 activity because elevated EF-la levels are needed in order to generate the
caspase enzyme, among with its many other partners in the execution of apoptosis. The
fact that EF-la can be regulated post-transcriptionally, thus allowing its rapid up-
regulation. and that caspase gene expression is regulated transcriptionally, provides the
mechanism by which this chronology of events can be possible.

Previous reports demonstrating that inhibition of macromolecular biosynthesis is
capable of preventing apoptosis in some cases lends credence to the hypothesis that EF-
la may function to generate apoptotic executioner proteins during apoptosis (Wyllie et
al., 1984; Shi et al., 1989). However, this hypothesis is confounded by the ability of
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transcriptional and translational inhibitors, such as actinomysin D and cycloheximide,
themselves, to induce apoptosis at sufficiently high doses (Martin er al., 1990) . In
addition, it has been well documented that there is a global shut-down of protein
synthesis following cerebral reperfusion, mediated by phosphorylation of the initiation
factor 2a (elF2a) (DeGracia er al., 1996). Moreover, elF-2a has also been recognized as
a substrate for caspase-3 following induction of apoptosis (Satoh er al., 1999). Since these
inhibitory measures function to prevent the formation of the 43S preinitiation complex
needed for recognition of the 5°-cap during mRNA translation at a step up-stream of
EF—-l1a function, its effects would, thus, supercede any effects of increased EF-la
abundance on mRNA translation. Therefore, while increased EF~1a following oxidative
stress may participate to some degree in the production of apoptosis-related proteins, it is
unlikely that the function of EF-1a during apoptosis is limited exclusively to protein
synthesis processes.

An alternative function of EF—-la during apoptosis which may have a profound
impact on cellular function, as proposed by Kato (1999), relates to its effects on the
cytoskeleton. Microinjection of EF—la in fibroblasts has been shown to destabilize
microtubule structures (Shiina ef al., 1994). Moreover, EF-1a’s well characterized role
in actin bundling (Demma et al., 1990; Dharmawardhane et al., 1991) could be
responsible for formation of specialized actin structures following oxidative stress, such
as stress fibres. Thus, EF-1a’s versatile position at a critical juncture between essential
housekeeping homeostatic functions, such as protein synthesis, and the regulation of cell
fluidity by cytoskeletal reorganization, has led to suggestions that EF-1a may play a part
in effecting damage to the cytoskeleton, especially to the microtubule and actin filament
networks, during execution of apoptosis. Its ability to destabilize the intracellular
cytoskeletal architecture may be a critical event in the orderly dismantling of the cell

associated with programmed cell death.



Future Prospects

From these theories emerge one key question to be resolved: What are the
cytoskeletal effects, if any, of altered expression of EF-la during oxidative stress-
induced apoptosis? And thus, would interference with the associated pro-apoptotic
function(s) of EF—1a be a viable treatment option for cardiac dysfunction?

Specific effects of EF—1la under-expression on the cytoskeletal architecture upon
apoptotic stresses can be assessed by immunocytochemical studies of intracellular actin
or tubulin distribution in H,Os-treated antisense-EF—la-transfected H9c¢2(2-1) cell
cultures, as compared to structures in transgene-negative or vector alone controls. While
the region of the EF-la peptide responsible for microtubule association and severing
have not yet been identified, a putative actin-association domain has been described
(Owens er al., 1992). Oxidative challenge of cultures transfected with an EF-1a ¢cDNA
bearing a specific disruption in this domain, followed by assessment of actin distribution
patterns by immunocytochemistry, could be performed to ascertain the importance of EF-
la-actin association during apoptosis. Furthermore, the domain necessary for the
microtubule-associated functions of EF-la can also be identified, and similar
experiments could be performed to determine the role of EF-la-mediated microtubule
modulation in apoptosis, as well.

The second question, an assessment of the efficacy of introduction of antisense-
EF-la as a viable treatment option. could be answered using gene therapy techniques.
using adenoviral carriers. One approach would be to supplement reoxygenated
reperfusion medium with antisense-EF—1a-adenoviruses, and determine whether it can
protect against reperfusion-induced infarct size and cell loss. An alternate methodology
would involve gene therapy trials on mice engineered to be constitutively subjected to in
vivo oxidative stress, such as the MnSOD-knockout mice described in this report (Li et
al., 1995). Infection of viruses bearing an antisense-EF—la which can abrogate the
oxidative stress-associated EF—la elevation can be tested on its ability to significantly
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delay mortality in these mice. Any prolongation of life beyond the expected 10-15 days of
homozygous MnSOD-null mice would be a tremendous achievement.

In the end, the results presented within this thesis represent an attempt to elucidate
one specific mechanistic aspect associated with oxidative stress-initiated apoptotic cell
death. Hopefully, better understanding of the mechanism by which EF-1a facilitates the
process of apoptosis could, therefore, allow for the development of treatment options for

reperfusion-associated myocardial infarctions by minimizing oxidative stress-induced

apoptosis.
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