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Abstract

Myocardial ischaemia is characterised by a reduction in blood flow sufficient to cause a
pathological change in myocardial function. One of the myocardial adaptive responses to
ischaemic stress involves a change in gene expression which is regulated by the
interaction of DNA binding proteins with specific DNA sequences. Identifying
intracellular signalling pathways that link the changes in the extracellular environment
during ischaemia to alterations in gene expression may provide important information on
how the myocardium adapts to ischaemic stress. Specific regulatory sequences that
interact with DNA binding proteins in response to ischaemic stress may be used as part of

a gene therapy protocol to regulate foreign gene expression in the ischaemic myocardium.

One of the aims of this study was to identify control regions that may play a role in the
myocardial response to ischaemic stress. Promoter elements have been characterised
with respect to their ability to respond to ischaemic stress in animal models of ischaemia
with reperfusion. A hybrid promoter, containing myosin heavy chain basal regulatory
sequences plus four copies of the erythropoietin HIF-1 binding site, conferred inducible
expression of a luciferase reporter gene in response to 15 minutes of ischaemia followed
by reperfusion. This induction was rapid and reversible upon reperfusion of the
ischaemic myocardium. The human skeletal a-actin (SkAct) promoter was also
investigated but showed no significant activation in response to 15 minutes of ischaemia
followed by reperfusion in rat and rabbit myocardium at the time points examined. The
SkAct promoter was further characterised by analysing the relative expression of mutant
and wild-type SkAct promoters in the rat heart after direct DNA injection. This study
indicated possible regulatory sequences that may be involved in the cardiac specific
regulation of the SkAct gene and indicated for some promoter constructs a possible

discordance between in vivo and in vitro data.
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The extent and severity of the pathological loss of function caused by myocardial
ischaemia is critically dependent on the collateral circulation perfusing the ischaemic
region. Stimulating angiogenesis in the ischaemic heart by adenovirus mediated
overexpression of angiogenic factors may offer the possibility of increasing collateral
perfusion to ischaemic areas, improving myocardial function. Adenoviral vectors are

capable of delivering foreign genes to the myocardium with high efficiency and low

toxicity. With a view to limiting the extent of myocardial ischaemia and preventing

further expansion of the ischaemic areas, the present study also aimed to develop a
potentially therapeutic adenoviral vector expressing an angiogenic factor. A replication
deficient recombinant adenovirus expressing the highly specific and potent angiogenic
factor, vascular endothelial growth factor (VEGF), was constructed. Using this viral
vector for infection of cell lines in culture, evidence was obtained of foreign expression of

the recombinant gene product.




Chapter 1

INTRODUCTION




1.1 Myocardial Ischaemia

Myocardial ischaemia is one of the most common cause of mortality in developed
societies (Mangano, 1990). The condition is characterised by a pathological alteration of
cardiac contractile, electrical or biochemical function caused by a reduction of coronary
blood flow (Hearse, 1994). The inadequate supply of substrates, particularly oxygen and
glucose, leads to a switch from aerobic to anaerobic metabolism which in turn results in a
depletion of high energy phosphates and accumulation of ADP, AMP and inorganic
phosphate (Elliott et al., 1992). The inadequate removal of metabolites, particularly H
and lactate leads to acidosis and production of highly reactive free radicals (Elliott et al.,
1992; Pierce and Czubryt, 1995). Furthermore, accumulation of potassium (K") in the
extracellular space leads to depolarisation of the myocytes and plays a crucial role in

slowing conduction and the production of arrhythmias (Harris et al., 1954).

Within minutes, myocardial ischaemia leads to a complete loss of contractile function
(Elliott et al., 1992). The loss of contractile function is accompanied by a fall in
intracellular phosphocreatine levels and a rise in the intracellular inorganic phosphate
concentration. ATP levels decline more gradually and as ATP degrades, adenosine
accumulates in the extracellular space. The metabolic changes are accompanied by an

intracellular acidosis as protons accumulate and intracellular pH falls (Elliott et al., 1992).

Clinically, three distinct injuries can arise as a result of an episode of ischaemia:
reversible contractile dysfunction with no cell death - often referred to as stunning,
irreversible contractile dysfunction with cell death - often referred to as infarction, and
arrhythmias (Ytrehus and Downey, 1993). Contractile dysfunction leads to congestive
heart failure and arrhythmias lead to non-synchronous electrical conduction in the heart,

either of which can be fatal.
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The tightly regulated ionic balance of the heart is disrupted during ischaemia and
subsequent reperfusion and evidence suggests that there are a number of possible
mechanisms by which this may happen (Poole-Wilson, 1985; Jennings and Steenbergen,
Jr. 1985; Pierce and Czubryt, 1995; Allen and Orchard, 1987). Nevertheless, calcium
(Ca2+), sodium (Na"), protons (H") and potassium (K™ all appear to play central roles.
One possible mechanism of ion redistribution during ischaemia and reperfusion (Pierce
and Czubryt, 1995) proposes that protons, generated by anaerobic metabolism,
accumulate during ischaemia and equilibrate with the extracellular fluid. Reperfusion
flushes out the extracellular protons leaving a large concentration gradient across the
plasma membrane. This gradient drives the sodium ion/proton exchanger, which
extrudes intracellular H™ in exchange for extracellular sodium ions (Na"). Consequently,
intracellular Na® levels rise. The Na'/Ca’* exchanger expels intracellular Na™ in
exchange for extracellular Ca’* leading to a build up of intracellular Ca®*. Alternatively,
intracellular Ca’* levels may rise as a result of extracellular Na' entering the cell through
Ca®" channels that become highly permeable to Na’ during ischaemia (Hess and Tsien,
1984). When extracellular Ca’" levels return during reperfusion, the Na'/Ca®" exchanger
expels intracellular Na' in exchange for extracellular O leading to Ca®* accumulation.
High levels of intracellular Ca** are toxic to the myocyte, inhibiting oxidative
phosphorylation (Kusuoka et al., 1988), activating proteases that destroy cytoskeletal
proteins, such as vinculin (Steenbergen et al., 1987) and triggering arrhythmias (Marban

et al., 1986).

Ischaemia followed by reperfusion results in the formation of highly reactive, oxygen free
radicals, including superoxide (O, "), singlet oxygen ('0,), the hydroxyl radical (OH-) and
their intermediary, hydrogen peroxide (H,0,) (Shlafer et al., 1987; Kloner et al., 1989).
Potential sources of these reactive oxygen species include the action of xanthine oxidase
on xanthine to produce O, (McCord, 1985) and the mitochondrial reduction of oxygen
by NADH dehydrogenase leading to the formation of O, and H,O, (Turrens and
Boveris, 1980). The auto-oxidation of catecholamines (Singal et al., 1980) and the
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metabolism of arachidonic acid (Kontos et al., 1980) are further sources of reactive
oxygen species. Neutrophils, activated by the complement system, also generate and
release highly reactive and cytotoxic oxygen derivatives that are destructive to the
vascular endothelium and to the cardiac myocytes (McCord and Day, 1978). Membrane
phospholipids, proteins and nucleic acids can all react with free radicals, leading to
functional alterations and structural changes which may contribute to reversible or
irreversible cell damage. Membrane characteristics are altered due to the peroxidation of
cell membrane lipids (Coetzee and Lochner, 1993) and free radical mediated oxidation of
membrane proteins, including ion channels, leads to alterations in membrane
characteristics. Low levels of oxidative stress results in transcriptional activation but
significantly higher levels of oxidative stress will induce DNA damage, especially DNA
strand breaks (Das et al., 1995).

Prolonged periods of ischaemia lead to cell death and the formation of an infarct
(Fishbein et al., 1978; Braunwald, 1987; Reimer et al., 1977). The non-contracting
myocardial infarct increases the workload for the remaining myocardium (Fishbein et al.,
1978). Since myocytes lose the ability to divide soon after birth, myocytes must adapt to
this increased workload by cell enlargement rather than cell division (Claycomb, 1975).
This increase in cellular mass is a significant component of myocardial hypertrophy.
Myocardial hypertrophy is characterised by increased protein synthesis and both
qualitative and quantitative changes in gene expression (Schiaffino et al., 1989; Takala,
1981; Komuro and Yazaki, 1993; Schwartz et al., 1993). The two major contractile
proteins of the cardiac sarcomere, the myosin heavy chains and a-actins, are selectively
induced during myocardial hypertrophy. B-Myosin heavy chain RNA levels are elevated
during hypertrophy at the expense of the a-isoform. This transition from the a-isoform to
the B-isoform improves the efficiency of contraction for an equivalent amount of work
(Alpert and Mulieri, 1982). Skeletal a-actin, which is normally only expressed during

fetal development, is re-expressed during cardiac hypertrophy to a level equivalent to the

cardiac a-actin isoform (Schwartz et al., 1986). The primary stimulus for myocardial
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hypertrophy is unclear, however, catecholamines (Bishopric and Kedes, 1991; Bishopric
et al., 1987), growth factors (Parker et al., 1990) and hormones (Nadal-Ginard and
Mahdavi, 1989) are all capable of eliciting a hypertrophic response as well as mechanical
stress, such as stretch (Komuro et al., 1991; Mann et al., 1989) or pressure overload

(Izumo et al., 1988; Schwartz et al., 1986).

1.2 Gene Expression in the Ischaemic Myocardium

Prolonged, severe ischaemia leads to cell death and the subsequent formation of an
infarct, characterised by a large area of necrosis and non-contracting scar tissue (Reimer
et al., 1977; Braunwald, 1987; Fishbein et al., 1978). Moderate levels of transient
ischaemia, however, lead to a variety of cellular adaptions including changes in gene
expression (Brand et al., 1992; Das et al., 1995). Indeed, one or more episodes of brief
ischaemia, each interrupted by brief reperfusion, have been found to paradoxically protect
the heart from subsequent sustained coronary artery occlusion (Reimer et al., 1990;
Reimer et al, 1986). This phenomenon has been referred to as ischaemic

preconditioning.

The myocardial adaptive response to ischaemic stress includes the induction of the
immediate early genes, c-fos, Egr-1, c-jun and jun-B (Brand et al., 1992). The induced
expression of these gene products is known to be involved in the trans-activation of genes
which underlie the repair processes of the reversibly damaged myocardium. Repeated
ischaemia and reperfusion episodes will induce several stress related genes including the
heat-shock protein (HSP) 27,70, and 89 genes as well as the heat-shock transcription
factor 1 (HSF1); the principal factor involved in regulating the transcription of heat shock
genes (Nishizawa et al., 1996). The antioxidant genes, Manganese-Superoxide dismutase

(Mn-SOD) and peroxisomal catalase genes (Das et al., 1993) are also induced by
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ischaemia and reperfusion and with successive ischaemic and reperfusion episodes the

enzyme activities of these antioxidative enzymes are also increased (Das et al., 1993).

B-adrenergic receptors play an important role in the myocardium and stimulation by
catecholamines leads to an increase in cardiac contractility (Czyzyk-Krzeska et al., 1994).
Myocardial ischaemia leads to a rapid increase in the number of B-adrenergic receptors in
the plasma membrane, despite the release of large, desensitising levels of catecholamines.
This increase is due, in part, to the translocation of intracellular receptors to the cell
surface. However transcription, specifically of the P,-adrenergic receptor, is also
increased (Th1Vahl et al., 1995). The angiogenesis cascade is also initiated by ischaemia
through the rapid increase in expression of the potent, endothelial specific angiogenic
factor, vascular endothelial growth factor (VEGF) (Hashimoto et al., 1994; Banai et al.,
1994). The expression of the genes encoding transforming growth factor beta (TGFB1), a
growth factor involved in the modulation of cardiac growth and differentiation
(Herskowitz et al., 1995) and the cytokines, tumour necrosis factor alpha (TNF-a),
interleukin-1 beta (IL-1B), interleukin-2 (IL-2) (Herskowitz et al., 1995) are also induced

by ischaemia with reperfusion.

Gene expression changes in the ischaemic myocardium also involve genes which further
exacerbate the deterioration of myocardial function. Endothelin-1 (ET-1), a potent
vasoconstrictor peptide, has been implicated in the pathogenesis of myocardial ischaemia
(Pernow and Wang, 1997). Ischaemia and reperfusion leads to an increase in the
synthesis and release of ET-1 and an enhanced coronary constrictor response to ET-1.
Accordingly, ET-1 antagonists have been shown to reduce ischaemia/reperfusion injury,

improving myocardial performance and coronary blood flow (Pernow and Wang, 1997).
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1.3 Gene Regulation in Myocardial Ischaemia

By virtue of the restricted tissue perfusion , ischaemia involves both inadequate supply of
substrates, notably oxygen and glucose, and inadequate removal of products of
metabolism, notably lactate, H" and K*. Individual aspects of ischaemia therefore include
hypoxia, hypoglycaemia and an altered redox status of the cell. There is evidence that
each of these components may be involved in triggering the transcriptional activation of

specific genes involved in the myocardial adaptive response to ischaemic stress.

1.3.1 Hypoxia

Hypoxia constitutes an intrinsic component of ischaemia and is known to result in the
specific up-regulation of a range of genes including transcription factors, metabolic
enzymes and growth factors (Semenza and Wang, 1992; Goldberg and Schneider, 1994;
Semenza et al., 1994; Goldberg et al., 1988). The transcriptional activation of the gene
encoding erythropoietin (EPO), a glycoprotein growth factor, by hypoxia stimulation is
mediated through cis-acting DNA sequences in the 3’ flanking region (Semenza and
Wang, 1992). A hypoxia responsive enhancer element was identified in this region and
found to bind the trans-acting factor hypoxia-inducible factor 1 (HIF-1) (Semenza and
Wang, 1992). HIF-1 binding activity is induced by hypoxia in many cell types that have
been tested, including mouse C,C,, myoblasts, rat fibroblasts and human HeLa cervical
carcinoma cells (Wang and Semenza, 1993b). In addition, the EPO enhancer that binds
HIF-1 is capable of mediating hypoxia-inducible reporter gene expression in non-EPO-
producing cells (Maxwell et al., 1993; Wang and Semenza, 1993). Several hypoxia
inducible genes contain HIF-1 binding sites, including glycolytic enzymes (Semenza et
al., 1994) and the angiogenic factor VEGF (Goldberg and Schneider, 1994).
Desferrioxamine and CoCl, will also induce HIF-1 DNA binding activity with similar
kinetics to hypoxia, suggesting the involvement of haem proteins in the O, sensing

mechanism of HIF-1 (Semenza, 1994). HIF-1 therefore appears to play a central role in
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a common hypoxia signal transduction pathway through the transcriptional regulation of

hypoxia-responsive genes.

1.3.2 Tissue Hypoglycaemia

By virtue of the restricted tissue perfusion, low glucose or regional tissue hypoglycaemia
is another intrinsic component of ischaemia. HIF-1 has also been implicated in
transcriptional activation in response to low glucose levels. The HIF-1 transcriptional
activity comprises a heterodimer composed of a 120-kDa HIF-lo subunit complexed
with a 91- to 94-kDa arylhydrocarbon-receptor nuclear translocator (ARNT) subunit, also
known as HIF-1B(Wang et al., 1995). Both HIF-1 subunits belong to the basic helix-
loop-helix (bHLH)-per-arnt-sim (PAS) protein family (Wang et al., 1995). Other
members of the bHLH-PAS family of heterodimeric transcription factors include the
arylhydrocarbon receptor (AHR) and the Drosophila proteins period (Per) and single-
minded (Sim) (Nambu et al., 1991; Hoffman et al., 1991; Crews et al., 1988; Wang et al.,
1995). Genetically modified mouse lines with a targeted disruption of HIF-1B are
incapable of responding to low oxygen or to a decrease in glucose concentration (Maltepe
et al., 1997). HIF-1, therefore appears to mediate responses to hypoglycaemia, as well as

to hypoxia.

Hypoxia and hypoglycaemia also work co-ordinately in the induction of the immediate
early gene, c-jun, in the human squamous carcinoma cell line (SiHa) (Ausserer et al.,
1994). C-jun is a major component of the inducible transcription regulation complex AP-
1 (Bohmann et al., 1987). In these cells hypoxic exposure produced increased levels of c-
jun mRNA resulting from message stabilisation in addition to transcriptional activation.
However, simultaneous deprivation of oxygen and glucose resulted in a superinduction of
c-jun message (Ausserer et al., 1994). The c-jun transcription factor is inactive until
tyrosine residues on its N-terminal are phosphorylated by c-jun N-terminal kinase

(INK1). JNKI activity has also been found to respond to ischaemia and reperfusion.
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JNK1 translocates to the nucleus during ischaemia but does not phosphorylate c-jun.
Upon reperfusion, further translocation of JNK1 is inhibited but JNK1 activity becomes
significantly increased (Mizukami et al., 1997).

The exact role of c-jun in the myocardial adaptive response to ischaemic stress is unclear.
However, a number of genes involved in the response of the myocardium to ischaemia
contain recognition sites for AP-1, the fos/jun complex, including the angiogenic factor
VEGF (Tischer et al., 1991), endothelin-1 (Kawana et al., 1995), f3,-adrenergic receptor
(Tseng et al., 1995) and TGFP (Kim et al., 1989).

1.3.3 Redox Status

Ischeamia with reperfusion is known to lead to changes in the redox state of the cell and
exerts part of its influence on altered gene expression through modification of
transcription factors. Redox regulation of DNA-binding proteins has been found to occur
for a range of transcription factors through the reversible oxidation of key cysteine
sulfhydryl groups. Such factors include AP-1 (Abate et al., 1990), Sp-1 (Ammendola et
al., 1994), Egr-1 (Huang and Adamson, 1993), p53 (Hainaut and Milner, 1993) and USF
(Pognonec et al., 1992). The reactive cysteines have been proposed to constitute redox-
sulfhydryl switches which directly regulate gene expression (Pognonec et al., 1992;
Hentze et al., 1989). In particular the binding of the transcription factors c-fos and c-jun
to the AP-1 binding site, through a leucine zipper domain, is inhibited by the sulfhydryl
oxidising agent diamide (Abate et al., 1990). Likewise, the binding of Sp-1, a member of
the zinc finger DNA-binding proteins, to its GC-rich DNA binding domain, is repressed
by oxidising agents (Wu et al., 1996).

The ability of transcription factors in particular, to respond directly to hypoxia, tissue

hypoglycaemia or redox changes in the cell is likely to represent an important adaptive

response to ischaemic stress. These responses demonstrate the presence of an
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intracellular signalling pathway that can link changes in the extracellular environment

directly to alterations in gene expression.

1.4 Models for Investigating Myocardial Ischaemia

The nature of ischaemic injury depends on the duration of the ischaemic period and the
degree of reduction in coronary flow (Applegate et al., 1990). Reperfusion of an
ischaemic area of myocardium does not necessarily restore cardiac function to pre-
ischaemic levels (Pierce and Czubryt, 1995). Ischaemia is a multifactorial process that
cannot readily be studied in the clinical setting and because of the complexity, no single
animal model will appropriately mimic the pathophysiology of human ischaemia. A
number of in vivo models have therefore been developed to study individual aspects of
myocardial ischaemia. These models fall into three general categories - permanent
ischaemia (infarct model), transient ischaemia (reperfusion model) and chronic

ischaemia.

1.4.1 Infarct Model

Infarct models involve permanent occlusion of a coronary artery branch, leading to
ischaemia of the myocardium downstream of the occlusion. This model closely simulates
the clinical model of acute myocardial infarction (Ytrehus and Downey, 1993).
Depending on the extent of collateral blood flow to the ischaemic area, different areas
may be perfused to varying degrees. Areas with no collateral blood flow become
necrotic, while regions with low collateral perfusion become permanently ischaemic.
The necrotic areas of the myocardium are known to have a detrimental effect on the
function of the surrounding myocardium, compromising both contraction and impulse

conduction (Ytrehus and Downey, 1993). The contractile dysfunction seen in this model
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allow studies into the compensatory mechanisms the heart employs to overcome the non-

contracting infarct tissue. A number of studies using the infarct model have demonstrated
that the overall composition, architecture and functioning of the heart change by a process
referred to as myocardial remodelling (Whittaker and Kloner, 1991; Pfeffer and
Braunwald, 1990; McKay et al., 1986). One of the major components of myocardial
remodelling is hypertrophy. Myocytes are terminally differentiated and as such cannot
replicate to compensate for pathological insults such as infarction. In order to adapt to
the increased workload, myocytes increase in cell size by a process referred to as
hypertrophy. Infarct models have allowed investigations into the qualitative and
quantitative changes in gene expression that are characteristic of myocardial hypertrophy

(Schiaffino et al., 1989; Takala, 1981; Komuro and Yazaki, 1993; Schwartz et al., 1993).

1.4.2 Reperfusion Model

Transient models of ischaemia involve a temporary interruption of coronary blood flow
typically of 15 minutes ischaemia to greater than 1 hour, followed by reperfusion.
Models with 15 minutes of ischaemia or less do not result in myocyte death or necrosis
(Jennings and Reimer, 1983; Reimer et al., 1983; Kloner and Braunwald, 1980). Cardiac
function may become seriously compromised during the early stages of reperfusion and
may never fully return to pre-ischaemic levels. Periods of ischaemia followed by
reperfusion can also arise during clinical conditions such as angina, coronary by-pass
surgery, angioplasty and thrombolytic drug therapy (Pierce and Czubryt, 1995).
Transient models of ischaemia are particularly useful for identifying the myocardial
processes involved in adapting to ischaemic stress, including changes in gene expression
levels (Brand et al., 1992; Das et al., 1995). Studies using transient occlusion of the
coronary artery followed by a prolonged occlusion lead to the identification of a
phenomenon known as ischaemic preconditioning. Ischaemic preconditioning
dramatically reduces infarct size after sustained ischaemia followed by reperfusion
(Reimer et al.,, 1990; Reimer et al., 1986). However, the clinical significance of this

phenomenon is unclear.
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1.4.3 Chronic Ischaemia Model

Chronic ischaemia involves reducing the perfusion of the myocardium to a level at which
myocytes are still viable but function is compromised. Clinically this model relates to
partial occlusion of a coronary artery by either an atherosclerotic plaque or blood clot
resulting in insufficient perfusion to meet the metabolic demands of the myocardium.
Chronic ischaemia models have demonstrated that as a consequence of the reduced
myocardial perfusion, oxygen consumption and contractility become depressed.
However, despite the reduced oxygen consumption and contractility, the myocardium

adapts to the subsequent metabolic demands (Fedele et al., 1988; Pantely et al., 1990).
1.4.4 Cell Culture Model

Primary cultures of isolated myocytes have also provided a valuable insight into the
myocardial adaptive response to ischaemic stress. Both neo-natal and adult myocytes can
be studied in culture, although adult myocytes are prone to dedifferentiation depending
upon the culture conditions (Ytrehus and Downey, 1993). Techniques such as patch
clamp, flow cytometry and immunofluorescence staining can all be easily applied to
isolated myocyte systems. A number of different ischaemia syndromes can be
represented using isolated cardiac myocytes depending on the experimental conditions.
Infarct, transient ischaemia and chronic models can all be paralleled using isolated
myocytes, providing further information regarding biochemical, metabolic and gene
expression adaptions to the varying ischaemic stimuli (Laderoute and Webster, 1997,

Webster et al., 1994; Webster and Bishopric, 1992).

Despite the variety of models available, a number of fundamental questions remain

unanswered particularly with respect to the molecular pathwayé involved in the

myocardial adaptive response to ischaemic stress in vivo. Characterising the role of an

individual molecular component of a signalling pathway in vivo requires, in many cases,
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the expensive and time-consuming construction of multiple transgenic lines. Gene
transfer technology allows single components of a signalling pathway to be manipulated
in specific tissues and at specific time points. Importantly, gene transfer technology may
also be directly applicable to the clinical setting as the emergence of gene therapy for the

myocardium becomes a reality.

1.5 Gene Transfer and Gene Therapy in the Myocardium

Current therapeutic strategies for the treatment of myocardial ischaemia are limited to
drug therapy and in severe cases, surgery. With the advances in gene transfer technology,
a novel therapeutic approach may be available. Whereas drug therapy is aimed at treating
the consequences of myocardial ischaemia, gene therapy may be aimed at treating both

the consequences and underlying pathogenesis of myocardial ischaemia.

In order to successfully treat myocardial ischaemia using a gene transfer strategy, three
important criteria must be met. A safe and efficient gene transfer system to deliver the
therapeutic construct must be used. Appropriate gene(s) must be identified as targets for
manipulation and crucially, the therapeutic gene(s) must be accurately regulated and
controlled. In the case of myocardial ischaemia candidate genes should be accurately and

efficiently delivered to the myocardium and only expressed during periods of ischaemia.

1.5.1 Gene Transfer Vectors

Delivering a therapeutic construct to the appropriate target cell, safely and efficiently, is
the first critical step in gene therapy. A variety of viral and non-viral methods have been

tested in the myocardium with varying degrees of success. Non-viral methods of gene
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transfer are characterised by low transfection efficiency but with little or no immune
response. Viral mediated gene transfer is characterised by high transduction efficiency
but in many cases, significant host immune reactions. The genome of the recombinant
viral vector is modified such that it cannot replicate in the host cell and contains the

expression cassette carrying the cDNA of interest.

1.5.1a Non-Viral Mediated Gene Transfer

Direct DNA Injection

Direct injection of uncomplexed plasmid DNA into both skeletal muscle and the
myocardium results in the reproducible expression of significant levels of functionally
active recombinant protein (Buttrick et al., 1992; Lin et al., 1990; Wolff et al., 1990).
Circular DNA has greater uptake efficiency than linearised DNA although only 60 -100
myocytes successfully express directly injected DNA (Wolff et al., 1990; Buttrick et al.,
1992). The reason why circular DNA has greater uptake efficiency than linearised DNA
is unclear. Transfected DNA is not integrated into the host genome but remains episomal
and reporter gene expression has been reported up to 19 months after direct injection into
mouse muscle (Wolff et al., 1990). Muscle tissue in general and the myocardium in
particular appears to be very receptive to direct DNA injection (Wolff et al., 1990). The
reason for this is also unclear, although it has been proposed that it may be due to the
transverse tubule system which is unique to skeletal and heart muscle (Kitsis et al., 1991;

Wolff et al., 1990).

Direct DNA injection has provided significant insights into cardiac-specific gene
regulation and a number of cardiac specific enhancer regions have been identified
(Prentice et al., 1994; Kitsis et al., 1991). Promoter inducibility by thyroid hormone and
the antibiotic, tetracycline, has also been demonstrated in vivo using direct DNA injection

(Fishman et al., 1994; Kitsis et al., 1991). Recently, Tsurumi et al (1996) demonstrated
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improved collateral vessel development and tissue perfusion in an animal model of

hindlimb ischaemia using direct injection of DNA encoding the angiogenic factor VEGF.

Liposome mediated Gene Transfer

Liposome mediated gene transfer systems are non-immunogenic, have low toxicity and
are biodegradable. Repeated doses can therefore be administered without increasing
toxicity. Liposome DNA complexes are characterised by low levels of transfection
efficiency with transient expression and have therefore limited use in the heart. However,
low levels of transgene expression can be detected in the heart after systemic
administration of DNA complexed with cationic liposomes and protamine sulphate (Li

and Huang, 1997).

Combining the DNA-liposome complex with the inactivated fusogenic virus,
Haemeagglutinating Virus of Japan (HVJ), significantly increases gene transfer efficiency
in the myocardium using either direct injection or coronary infusion (Aoki et al., 1997).
Compared to direct injection of plasmid DNA, direct injection of the HVJ liposome
complex exhibits significantly higher levels of reporter gene expression in the

myocardium (Aoki et al., 1997).

1.5.1b Viral Mediated Gene Transfer

Herpes Simplex Virus

The herpes simplex virus (HSV) is a large DNA virus (152 kb), capable of infecting a
variety of cell types with high efficiency (Huard et al., 1995; Coffin et al., 1996). The
HSV genome remains episomal but forms a stable DNA structure making it suitable for

long term expression (Coffin et al., 1996). HSV vectors have been proposed as the vector

of choice for gene delivery into the nervous system as they can produce long term latent
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infection of neurons (Coffin and Latchman, 1996). Nevertheless, direct injection of HSV
vectors into the myocardium results in efficient gene delivery around the site of injection

(Coffin et al., 1996).
Retrovirus

Retroviruses are RNA viruses that bind to specific receptors on the cell surface of
replicating cells through glycoproteins on the surface of the retrovirus. The viral core is
released into the cytoplasm following fusion of the cellular and virion membranes. The
viral reverse transcriptase makes a double stranded DNA copy of the virion RNA, which
is then randomly incorporated into the host genome (Gordon and Anderson, 1994).
Retroviral integration can only occur in replicating cells. Cardiac myocytes, however, are
terminally differentiated cells with little or no replicative potential and as such retroviral
integration into the chromosome cannot occur (Watanabe et al., 1986). Nevertheless,
infarcted myocardium contains replicating cardiac fibroblasts which have been
successfully transduced using retroviral gene transfer methods (Prentice et al., 1996).
Although retroviral integration provides stable long-term expression, the site of
integration in the genome is essentially random. Accurate regulation of foreign gene
products is critical if a true therapeutic benefit is to be achieved. With random
integration, accurate, reproducible levels of foreign gene expression are not possible since
different areas of the genome exert a different chromatin context on the inserted
transcription unit. Likewise, random integration near an oncogene may result in the

oncogene being inappropriately expressed and result in a malignant cell.

Adenovirus

Adenovirus is a 36 kb double stranded DNA virus and is only a minor pathogen in man
(reviewed in (Horwitz, 1990; Ring, 1997)). It has a broad host range and can infect and
direct high levels of protein expression in both proliferating and quiescent cells. The

adenovirus genome is relatively easy to manipulate and can be grown to high titers ( [t e
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10'? virus particles/ml) using current recombinant DNA techniques. Unlike retroviruses,
the adenovirus genome remains episomal and is not integrated into the host genome.
Random integration near an oncogene may result in the oncogene being inappropriately

expressed and result in a malignant cell.

Adenoviral particles gain access to the cell by receptor-mediated endocytosis (Pastan et
al., 1986; Greber et al., 1993). Fiber proteins on the surface of the adenovirus bind to an
as yet uncharacterised cell surface receptor, become engulfed into clathrin-coated pits and
internalised into an endosome. Acidification of endosomes containing adenovirus
particles results in endosome disruption (Defer et al., 1990). Endosome disruption is a
property of the viral capsid proteins and does not depend on viral gene expression (Pastan

et al., 1986). Once released, virions proceed to the nucleus to complete their life cycle.

The adenovirus life cycle operates a cascade system of gene expression. Following
infection, the pre-early gene Ela is expressed. The Ela gene products are regulatory
proteins that provide functions required for the subsequent expression of the early genes,
Elb, E2a, E2b, E3 and E4. The expression of the early genes occurs prior to DNA
replication. Late gene expression occurs after DNA replication and is driven by the major
late promoter, early activation of which is also controlled by Ela. The life cycle of
adenovirus therefore depends on the Ela pre-early gene. Viruses with a deletion of their
El sequence are unable to replicate in all cell types except those that provide El
expression in trans. The E3 region encodes proteins that are not involved in viral
replication (Kelly and Lewis, 1973). Deletion of both El1 and E3 regions of the
adenovirus genome has allowed insertion of up to 8kb of a foreign DNA sequence. In
vivo, foreign gene expression from adenoviral recombinants with intact E3 sequences
lasts significantly longer than foreign gene expression from adenoviral recombinants with
E3 sequences deleted (Poller et al., 1996). The E3 region is therefore thought to play a
role in defending the vector-infected cells from host immune responses. Retaining the E3

region may therefore be beneficial for a gene therapy regime.
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The ability to infect a wide range of cell types and direct high levels of protein expression

in non-proliferating cells whilst remaining episomal makes adenovirus an ideal candidate
for gene transfer in the myocardium. Indeed Barr et al (1994) reported high levels of
recombinant gene expression in adult rabbits up to two weeks after intracoronary
infusion. Functionally, coronary infusions of recombinant adenovirus encoding the
angiogenic factor, FGF-5, significantly improves myocardial blood flow and function in a

pig model of stress-induced myocardial ischaemia (Giordano et al., 1996).

Adenoviral vectors are not, however, without drawbacks. Many gene transfer protocols
require long term expression of the transgene. Adenovirus directed transgene expression,
however, is transient, lasting only for a few weeks (Gilgenkrantz et al., 1995). E1 deleted
recombinants cannot replicate in non-permissive cell lines. However, co-infection of a
non-permissive cell line with a wild type adenovirus would render the El deficient
recombinant replication competent by ‘donating’ El1 functions to the El deleted
recombinant. This would allow further infection of surrounding tissue and spread of the
transgene. The use of adenoviral vectors is also limited by the antigenicity against viral
proteins from both humoral and cytotoxic T-lymphocytes and possible toxicity at high
doses. The host mediated immune response is also thought to be responsible for the
transient expression of transgenes (Gilgenkrantz et al., 1995; Quinones et al., 1996).
However, Muhlhauser et al (1996) studied the safety and efficacy of adenoviral gene
transfer in the porcine heart and reported no significant immune response or ventricular
dysfunction. ~ Although adenovirus is only a minor pathogen in man, wild-type
adenovirus infections have been associated with more serious diseases including

myocarditis and pneumonitis (Henson and Mufson, 1971; Karjalainen et al., 1983).
Adeno-Associated Virus

Adeno-associated virus (AAV) is a non-pathogenic DNA virus with a number of unique
characteristics that may make it useful as a gene transfer vector (Flotte and Carter, 1995;

During, 1997). AAV has no known pathogenicity and a broad host cell range. It can
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infect non-dividing cells with high efficiency and low immunogenicity. Wild-type AAV
frequently integrate into chromosome 19 in a site specific manner and can persist in
infected cells for at least 6 months. Rep-deleted AAV vectors integrate into the host
genome in a less specific manner and may also exist in an episomal state. AAYV vectors
either injected into the wall of rat hearts or infused through a catheter in pig hearts results
in significant foreign gene expression which persists for at least 6 months with no

apparent toxicity or inflammation (Kaplitt et al., 1996).

In summary, a number of gene transfer approaches have been investigated in the heart.
Adenovirus, retrovirus, herpes simplex virus, HVJ-liposome/DNA complexes and direct
plasmid DNA injection have all demonstrated varying degrees of gene transfer efficiency.
Of the gene transfer approaches used, adenovirus mediated gene transfer has shown
significant promise. Adenovirus infects a wide range of non-dividing and dividing cell
types with very high efficiency. The adenovirus genome is relatively easy to manipulate
and can carry up to 8kb of foreign DNA. From a safety standpoint, adenovirus isonly a
minor pathogen in man and the adenovirus genome remains entirely episomal with very

low probability of random integration into the host genome.
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1.5.2 Molecular Targets for Therapeutic Intervention

Identifying appropriate genes as targets for manipulation is essential if a true therapeutic
benefit is to be achieved. Knowledge of the key molecular pathways involved in
ischaemia reperfusion injury is therefore crucial if the appropriate genes are to be
identified. Within the ischaemic myocardial region there is a population of cells that are
reversibly injured. Reperfusion within a specified period of time is capable of restoring
the majority of the jeopardised cells to a normal status. This region of cells at risk of
either reversible or irreversible damage can be described as the area at risk. Early
reperfusion must be established if the number of cells progressing from being reversibly
injured to irreversibly injured is to be reduced. However, reperfusion subjects the
myocardium to oxidative stress from highly reactive oxygen free radicals that
accumulated during the ischaemic episode (Shlafer et al., 1987; Kloner et al., 1989). This
can lead to further cell damage and death. It is therefore also important to limit the

cellular injury sustained during reperfusion.

1.5.2a Improving Vascular Supply to the Ischaemic Myocardium

Myocardial ischaemia occurs as a result of reduced coronary blood flow and leads to a
pathological alteration of cardiac contractile, electrical or biochemical function (Hearse,
1994). Collateral circulation in the heart plays a critical role in determining the extent
and severity of myocardial ischaemia (Cohen, 1995). Stimulating the growth of collateral
blood vessels perfusing ischaemic regions of the heart offers the possibility of reducing
the area at risk and limiting the extent of irreversible cellular damage that would

otherwise occur.
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Angiogenesis

Collateral vessel formation in the myocardium is controlled by a process termed
angiogenesis. Angiogenesis is a cascade process beginning with enzymatic degradation
of the basement membrane, followed by migration and proliferation of endothelial cells
toward the angiogenic stimulus and cumulates in capillary morphogenesis and maturation
(Folkman and Klagsbrun, 1987). A number of factors including, transforming growth
factor-o. (Schreiber et al., 1986), epidermal growth factor(Schreiber et al., 1986),
angiogenin (Fett et al., 1985) and prostaglandin E, (Ziche et al., 1997), are able to
promote angiogenesis in vivo but have no direct mitogenic effect on endothelial cells
(Ferrara et al., 1992). In contrast, evidence has shown that platelet derived growth factor
(PDGF), acidic fibroblast growth factor (aFGF), basic fibroblast growth factor (bFGF)
and more recently vascular growth factor (VEGF) are able to stimulate both angiogenesis
in vivo and endothelial growth in vitro and are referred to as directly acting angiogenic
factors (Thomas et al., 1985; Miyazono et al., 1987; Ishikawa et al, 1989,
Gospodarowicz et al., 1987; Ferrara et al., 1992)

VEGF as a candidate gene for gene transfer in the ischaemic myocardium

Vascular endothelial growth factor (VEGF), also known as vascular permeability factor
(VPF), is a heat stable, 45 kDa homodimeric protein with structural similarity to PIGF (~
53% amino acid identity) and more distant homology to the PDGF family (~18% to 20%,
including all eight cysteines) (Maglione et al., 1991; Keck et al., 1989; Leung et al,
1989). VEGF expression in vivo has been detected in many cell types tested including,
cardiac myocytes, smooth muscle cells and endothelial cells (Berse et al., 1992; Levy et
al., 1995; Namiki et al., 1995; Stavri et al., 1995). VEGF has two crucial advantages over
the other directly acting angiogenic factors that make it an ideal choice for revascularising
the ischaemic heart. Unlike PDGF and the FGFs, which lack a signal peptide required for

extracellular transport according to classic secretory pathways (von Heijne, 1986; Walter
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and Blobel, 1981), the N-terminal sequence of VEGF is preceded by 26 amino acids

corresponding to a typical signal sequence (Keck et al., 1989; Leung et al.,, 1989).
Furthermore, PDGF and FGF are mitogenic for a variety of cell types, other than
endothelial cells (Ross et al., 1986; Folkman and Klagsbrun, 1987) whereas VEGF is a
potent mitogen (EDs, 2-10pM) for vascular endothelial cells but is devoid of mitogenic
activity for most other cell types (Ferrara et al., 1992), the A375 M melanoma cell line

being the only known exception (Liu et al., 1995).

The expression of the serine proteases, urokinase-type and tissue-type plasminogen
activators (PA) are induced by VEGF in cultured bovine microvascular endothelial cells
(Pepper et al., 1991). VEGEF also induces the expression of metalloproteinase interstitial
collagenase in human umbilical vein endothelial cells (Unemori et al., 1992). By co-
inducing plasminogen activators and collagenase, VEGF promotes a prodegradative

environment that facilitates migration of endothelial cells toward the angiogenic stimulus.

VEGF, as well as bFGF, induce coronary microvascular relaxations in a dose-dependent
fashion. Indeed microvascular relaxations to VEGF and bFGF were significantly greater
in vessels harvested from ischaemic myocardium that is dependent on collateral perfusion
than the normal myocardium (Sellke et al, 1996). Conversly PDGF induces

concentration-dependent contraction of strips of rat aorta (Berk et al., 1986).

Molecular and Biological Properties of VEGF

VEGF exists as one of at least four different molecular species, having 121, 165, 189 and
206 amino acids respectively. (VEGF,;;, VEGF,5, VEGF g9, VEGF,() (reviewed in
(Houck et al., 1991; Ferrara et al., 1992)). The four isoforms arise through alternative
splicing of RNA rather than transcription from separate genes. The organisation of the

human VEGF gene is shown in figure 1.1. The VEGF gene consists of eight exons and

Introduction 21




its coding region has been predicted to be approximately 14 kb. VEGF is secreted from a
number of cell types, including cardiac myocytes, smooth muscle cells and a variety of
tumour derived cell lines. VEGF ;s is the predominant isoform secreted, while VEGF

has only been detected in human fetal liver cDNA libraries.

VEGF 121 Exons 1-5 8
VEGF 5 Exons 1-5 7 8
VEGF ;39 Exons 1-5 6A 7 8
VEGF 546 Exons 1-5 6A |6B 7 8

Figure 1.1 Exon-Intron splicing pattern of VEGF.

The VEGF isoforms have similar bioactivities but markedly different bioavailabilities.
VEGF,,, is a weakly acidic protein that does not bind to heparin and is secreted as a
freely soluble protein. VEGF ;s is a weakly basic protein with heparin binding properties
that is also secreted but with up to 80% remaining bound to heparin sulphate containing
proteoglycans in the extracellular matrix. VEGF,5 and VEGF,y are highly basic
proteins that bind heparin with high affinity due to the inclusion of exon 6A (see figure
1.1) which is highly enriched in basic residues. This results in these isoforms being
almost completely sequestered by heparin sulphate containing proteoglycans in the
extracellular matrix. Despite being tightly bound to heparin sulphate containing
proteoglycans in the extracellular matrix, the longer VEGF isoforms, VEGFg and

VEGF,, can be released through protease activation and cleavage. VEGF is therefore

Introduction 99



available to endothelial cells as either a freely soluble protein (VEGF,;, and VEGF 45) or
following protease action (VEGF g9 and VEGF,).

VEGF Receptors

Two tyrosine kinase receptors, fms-like tyrosine kinase-1 (flt-1) and kinase domain

region (KDR) bind VEGF with high affinity (Kaipainen et al., 1993; Quinn et al., 1993;
Terman et al., 1992). Flt-1 has slightly higher affinity (Kp ~10-20pM) for VEGF than
KDR (Kp ~75pM). Both receptors, flt-1 and KDR, have a single hydrophobic leader
peptide, a single transmembrane domain, seven immunoglobulin-like domains in the
extracellular domain and a consensus tyrosine kinase sequence that is interrupted by a
kinase insert domain. Analysis of flt-1 and KDR receptor expression in vivo indicates
that expression is tightly restricted to endothelial cells (Jakeman et al., 1992; Vaisman et
al., 1990). An alternatively spliced form of flt-1 was identified in human umbilical vein
endothelial cells and is a secreted, soluble protein, lacking the seventh immunoglobulin
domain, the cytoplasmic domain and the transmembrane sequence. This soluble flt-1
protein has been proposed as a physiological negative regulator of VEGF action,

‘sequestering’ free VEGF (Kendall and Thomas, 1993).

VEGF Regulation

The principal form of regulation of VEGF is hypoxia. VEGF expression is induced by
hypoxia in vitro and by ischaemia in vivo (Hashimoto et al., 1994; Goldberg and
Schneider, 1994; Banai et al., 1994; Banai et al., 1994; Shweiki et al.,, 1992). The
hypoxic induction of VEGF involves both transcriptional activation and an increase in
mRNA stability. Hypoxia induces VEGF steady state mRNA 25.0 + 11.4 fold in rat
primary cardiac myocytes and 12.0 + 0.6 fold in rat pheochromocytoma PC12 cells (Levy
et al., 1995b). The 5° promoter region of VEGF contains a 28bp element that has

sequence and protein binding similarities to the HIF-1 binding site within the EPO 3’
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enhancer element (Levy et al., 1995b). However, hypoxia only increases the rate of

transcription of VEGF in PC12 cells 3.1 + 0.4 fold, as demonstrated by nuclear run-off

transcription assays (Levy et al., 1995b). Such a discrepancy suggests the role of post-
transcriptional mechanisms in the hypoxic induction of VEGF expression. Measurements
of VEGF mRNA half-life indicated a 2.5 + 0.4 fold increase in mRNA stability in PC12
cells during hypoxia (Levy et al., 1996). The increase in VEGF steady state levels is
therefore due to a combination of increased transcriptional activation and an increase in

mRNA half-life.

Therapeutic Angiogenesis using VEGF

The rabbit ischaemic hind limb model is designed to simulate the ischaemia
characteristics of patients with lower extremity arterial occlusive disease. Using this
model, VEGF administered as recombinant protein significantly augments
revascularisation and muscular function in the ischaemic limb (Walder et al., 1996).
Recombinant VEGF infused in a porcine model of chronic ischaemia increased collateral
flow to ischaemic areas of the myocardium, thereby reducing the area at risk from
irreversible injury and improving cardiac function (Pearlman et al., 1995). These studies
demonstrate that the angiogenic activity of VEGF is sufficiently potent to achieve a
therapeutic benefit. The rabbit ischaemic hind limb model was also used by Tsurumi et
al (1996) to show that direct intramuscular gene transfer of plasmid DNA encoding
VEGF into the ischaemic hind limb successfully augments tissue reperfusion and
-collateral vessel development. Importantly, this study demonstrates the feasibility of
using a VEGF expressing construct to elicit a therapeutic angiogenic response in
ischaemic tissue. VEGF expression from a replication deficient recombinant adenovirus
has also been demonstrated (Muhlhauser et al., 1995). Matrigel plugs containing
recombinant VEGF adenovirus injected subcutaneously into mice elicit a potent
angiogenic response and neovascularisation of surrounding tissue (Muhlhauser et al.,

1995). The localised expression of VEGF recombinant protein from either direct DNA
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injection or adenovirus-mediated gene transfer may limit serious side effects that may be
associated with systemically administered VEGF protein. In particular, systemic VEGF
administration may promote the growth and development of latent tumours (Plate et al.,
1992; Kim et al., 1993) and proliferative retinopathy in diabetic patients (Aiello et al.,
1994).

Initial studies in man using a VEGF based therapy for the treatment of a patient with an
ischaemic right leg gave encouraging results (Isner et al., 1996). 2000ug plasmid DNA
encoding human VEGF was applied to the hydrogel polymer coating of an angioplasty
balloon and the balloon advanced into the ischaemic limb. The balloon was inflated and
the plasmid DNA transferred to the distal popliteal artery. 12 weeks after the
administration of plasmid DNA encoding human VEGF, there was an increase in the
number of collateral vessels and increased resting and maximum blood flow to the

ischaemic limb, demonstrating the therapeutic potential of VEGF based therapies in man.

1.5.2b Reducing cellular injury sustained during Ischaemia and Reperfusion

Early reperfusion of an ischaemic region is essential if the area at risk from irreversible
cellular injury is to be reduced. However, the ischaemic region is still at risk during the
reperfusion phase from a number of cellular processes resulting from the re-introduction

of molecular oxygen and other circulating elements in the blood.

Antioxidant Enzymes

One such source of cellular injury arises from free radical mediated oxidation of
membrane phospholipids, proteins and nucleic acids leading to functional alterations and

structural changes within the myocardium. The myocardium has a number of antioxidant

systems that are designed to metabolise free radicals. However, under conditions of
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excessive free radical production, such as ischaemia/reperfusion, these systems become
saturated and leave the myocardium exposed to free radical mediated oxidation. Hearts
removed from transgenic lines overexpressing the antioxidant enzymes, superoxide
dismutase or glutathione peroxidase, showed significant improvement in recovery after a
short period of ischaemia, 7 minutes and 30 minutes respectively (Chen et al., 1996;
Yoshida et al., 1996), indicating the potential of antioxidant enzymes at reducing

ischaemia/reperfusion injury.

Heat Shock Proteins

A variety of cellular stresses, including ischaemia/reperfusion, result in the induction of a
~ family of proteins called heat shock proteins (Lindquist, 1986; Ananthan et al., 1986;
Plumier et al., 1996). This ‘heat shock response’ is highly conserved across species
suggesting that these proteins serve a vital function within the cell (Donnelly et al., 1992;
Currie et al., 1993). The HSP70 family consist of both inducible and constitutively
expressed isoforms and function by binding to nascent and denatured proteins (Mestril
and Dillmann, 1995). Hearts removed from transgenic mice overexpressing the inducible
heat shock protein HSP70 show improved recovery of contractile force and contraction
rate after a 30 minute period of global ischaemia and release lower levels of creatine

kinase, an indicator of cellular injury (Marber et al., 1995; Plumier et al., 1995).

Adenosine

Adenosine has been proposed to act as a cardioprotectant in the ischaemic heart (Ely and
Berne, 1992) through activation of the A, adenosine receptor (A1AR), in particular
(Mizumura et al., 1996). AlAR activation reduces myocardial injury during global
ischaemia and improves bioenergetic and mechanical recovery in reperfused myocardium
(Zhi Qing Zha et al., 1993; Angello et al., 1991; Lasley et al., 1990). Evidence suggests,
however, that the cardioprotectant effect of adenosine in the ischaemic myocardium may

be limited by the number of A1ARs present (Rudolphi et al., 1989; Matherne et al.,
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1997). Overexpression of the A1AR in transgenic mice significantly improves functional

recovery during reperfusion after a period of global ischaemia (Matherne et al., 1997).
A1AR overexpression using a gene transfer strategy may therefore be an ideal approach
to increase the tolerance of the myocardium to the injury sustained during ischaemia and

reperfusion.

Anti-Apoptotic Genes

Programmed cell death, or apoptosis, accounts for a significant proportion of myocyte
cell death during ischaemia, and more importantly, reperfusion (Saraste et al., 1997;
Gottlieb et al., 1994; Fliss and Gattinger, 1996). Bcl-2 is an oncogenic protein that acts
by inhibiting programmed cell death through mechanisms that may involve its ability to
function both as an ion channel and as an adaptor or docking protein (Reed, 1997).
Overexpression of the anti-apoptotic gene Bcl-2 in the ischaemia/reperfused myocardium
may therefore afford significant protection from the cell death associated with ischaemia

reperfusion events.

In summary, a number of genes have been identified as possible targets for manipulation.
Early reperfusion of the ischaemic myocardium is crucial if a true therapeutic benefit is to
be achieved. One attractive possibility is to stimulate the growth of new collateral vessels
in the heart, in order to improve collateral perfusion of an ischaemic area. Several studies
have shown that the angiogenic activity of VEGF is potent enough to stimulate new
blood vessel growth and functionally improve perfusion of ischaemic muscle (Tsurumi et
al., 1996; Walder et al., 1996; Pearlman et al., 1995). A number of molecular targets
have also been identified that may reduce the cellular injury sustained during ischaemia
and reperfusion. In particular overexpression of genes encoding antioxidant enzymes,
heat shock proteins, anti-apoptotic proteins and adenosine receptors may provide a
significant  defence against the myocardial damage sustained during

ischaemia/reperfusion events.
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Nevertheless, identifying appropriate molecular targets and designing a safe, efficient
gene transfer system is not sufficient to ensure a true therapeutic benefit. Regulation of
potential therapeutic genes is absolutely essential if potentially serious side effects are to
be avoided. In the case of VEGF, unregulated production of such a potent angiogenic
factor may lead to the growth and development of latent tumours and proliferative

retinopathy in diabetic patients (Aiello et al., 1994; Plate et al., 1992; Kim et al., 1993).

1.5.3 Transgene Regulation

Accurate regulation of transferred genes is central to the success of any gene therapy
protocol. Expressing transferred genes in the wrong context will have unknown but finite
potential side effects. Furthermore, ischaemic heart disease does not involve a single
ischaemic episode followed by reperfusion but often involves regional cycles of
ischaemia punctuated by normal cardiac function. Optimal treatment would therefore
require the expression of the cardioprotective agent(s) to be restricted to the ischaemic

region, during the ischaemic episode and to remain silent at other times.

The use of tissue specific promoters, such as a-myosin heavy chain (Molkentin et al.,
1994), cardiac actin (Biben et al., 1996; Ching Yi Chen et al., 1996) or troponin C
(Prentice et al., 1994), would provide an important degree of regulation. However, these
promoters direct constitutive expression that is independent of the pathophysiological
environment. Including externally regulatable promoter elements within a tissue specific
promoter would convey further control of the transferred gene(s). The rat o-myosin

heavy chain promoter is cardiac specific and is positively regulated by thyroid hormone
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in vivo (Kitsis et al., 1991). Using this promoter construct, the expression of transferred
genes can be directly modulated by varying the thyroid hormone levels. In a clinical

situation, however, altering thyroid hormone levels, may have detrimental side effects.

A possible alternative is to regulate foreign gene expression by modulating the
concentration of an ‘activator’ compound or drug in the blood. The antibiotic tetracycline
has shown potential in this area. Intra-cardiac injections of luciferase constructs under
the control of a tetracycline responsive promoter have been shown to be rapidly and
reversibly controlled by manipulating antibiotic administration (Gossen and Bujard,
1992; Fishman et al., 1994). This system has the advantage over hormonal modulation of
transgenes in that tetracycline is a commonly used antibiotic with relatively minor side
effects. Transgene expression can also be regulated using metal-responsive enhancers.
The expression of a TGFB-1 transgene in an intracardiac graft, driven by an inducible
metallothionein promoter, was shown to be modulated by altering dietary zinc in mice
(Gou Young Koh et al., 1995). Manipulating foreign gene expression by altering
circulating levels of antibiotic or metal ion concentration allow foreign genes to be
independently and reversibly regulated. However, in the clinical situation, a pathological
state can often only be treated once the clinical symptoms appear. The progress of the
pathological state would also have to be carefully monitored to allow antibiotic or metal

ion levels to be altered if necessary.

Ideally, enhancer elements incorporated into tissue-specific promoters should respond
directly to the pathophysiological state that the therapeutic construct is targeted to and
before clinical symptoms appear. In the case of myocardial ischaemia, therapeutic genes
driven by tissue-specific promoters with enhancer elements responsive to one or more
components of ischaemia would be the ultimate goal. In this respect promoters
responsive to hypoxia, hypoglycaemia, redox stress or components of a hypertrophic

response, show promise for incorporation into regulated therapeutic vectors.
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Finally, inducible promoter systems must be have no or very low basal activity under
normal physiological conditions. Promoter systems that are highly induced but also have
relatively high basal activity may potentially lead to serious side effects. It is also
important that inducible promoter systems can return to very low basal activity as quickly
as they can be activated. Prolonged expression of a foreign gene long after the

pathological state has receded may also lead to potentially serious side effects.
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1.6 Specific Aims

The long term goal of this work is to design a safe efficient gene transfer system to
deliver an accurately regulated foreign gene targeted to the ischaemic myocardium. The
specific aims of this project are firstly to investigate the ability of promoter enhancer
constructs to respond to a transient period of myocardial ischaemia and secondly to

construct an adenoviral recombinant expressing the angiogenic factor, VEGF.

The ability of a hybrid promoter, containing tissue specific basal regulatory sequences
plus four copies of the erythropoietin HIF-1 binding site, to respond to 15 minutes of
ischaemia followed by reperfusion will be investigated. The transcriptional regulation of
the human skeletal a-actin gene will also be investigated with a view to identifying
regulatory domains within the promoter that respond to 15 minutes of ischaemia followed
by reperfusion. Finally, a functional replication-deficient adenoviral recombinant,

expressing the angiogenic factor VEGF, will be constructed.
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2.1 Manipulation of Bacterial cultures

Preparation of Competent Cells

Glycerol stocks of the E. Coli strain DH5a. were used to inoculate 10ml L-broth (1% w/v
bacto-tryptone, 0.5% w/v bacto-yeast extract, 171mM NaCl) and incubated overnight at
37°C with orbital shaking. 1ml of this overnight culture was used to inoculate 50ml of L-
broth and incubated at 37°C for 2 hours with orbital shaking. When the optical density of
the inoculated L-broth increased to 0.3, at a wavelength of 600nm, the culture was placed
on ice for 10 minutes. The cells were then pelleted by centrifugation at 3000rpm for 15
minutes at 4°C. The cell pellet was gently resuspended in 10ml transformation buffer
(TFB) (30mM KAc, 50mM MnCl,, 100mM RbCl, 15% glycerol, 10mM CaCl) and
incubated on ice for 20 minutes. The cells were pelleted as described above and gently
resuspended in 2ml TFB. The cells were then aliquoted and snap frozen on dry ice and

stored at -70°C until required for transformations.

Streaking Agar Plates

L-Agar (1% w/v bacto-tryptone, 0.5% w/v bacto-yeast extract, 171mM NaCl, 1.5% w/v
bacto-agar, 950ml water) plates were prepared by warming the agar until molten then
allowed to cool and ampicillin added to a final concentration of 10mg/ml. Molten agar
containing 10pg/ml ampicillin, for selection of clones containing plasmids with
ampicillin resistance genes, was then poured into 100mm petri dishes and allowed to set.
Sterile inoculating loops were used to take a sample of the bacterial culture and then
streaked across the agar. Loops were re-sterilised by flaming, cooled and used to streak
the previously streaked bacterial culture perpendicular to the original direction in order
that single colonies were clearly visible. This process was repeated once more. Plates

were then incubated overnight at 37°C.
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2.2 Nucleic acids

2.2.1 DNA Isolation

Small Scale DNA Purification

Wizard miniprep DNA purification system (Promega, USA) or Qiagen plasmid mini-Kits
(Qiagen, USA) were used to isolate small quantities (3-51.8) of plasmid DNA. Kits were

used as manufacturer’s recommendations.

Briefly, 1.5ml bacterial cultures were pelleted and lysed by alkaline lysis procedures.
Protein and genomic DNA precipitate was pelleted by centrifugation and the supernatant
added to a spin filter containing silica gel matrix. The spin filter was centrifuged for 1
minute and the flow through discarded. Plasmid DNA was eluted off the silica gel matrix

by addition of water or TE and the DNA recovered by centrifugation.

Large Scale DNA Purification

- Caesium Chloride Gradients

Large scale DNA isolation using caesium gradients was performed based on the method

described by Sambrook, Fritsch and Maniatis (1989).

sml LB broth containing 100pug/ml ampicillin was inoculated using a single colony
picked from a freshly streaked plate and incubated overnight, with shaking, at 37°C. The
saturated Sml culture was then used to inoculate 600ml LB broth, containing 100pul/ml
ampicillin, and incubated overnight, with shaking, at 37°C. Saturated cultures were

pelleted by centrifugation at 5000g for 5 minutes.
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Alkaline lysis was carried out as follows. The pellet was resuspended in 18ml solution 1

(50mM glucose, 10mM EDTA, 25mM Tris-HCI (pH 8)). The cells were lysed by adding
2ml freshly prepared 10mg/ml lysosyme in 10mM Tris-HCI (pH 8) to the resuspended
pellet and mixed thoroughly. The cells were then denatured with 40ml solution 2 (0.2M
NaOH, 1% SDS), the mixture gently shaken, and placed on ice for 10 minutes. DNA was
precipitated and the solutions pH neutralised by adding 30ml ice cold solution 3 (3M
potassium acetate, SM acetic acid, pH 5.4). The mixture was then gently shaken, and
placed on ice for 15 minutes. Precipitated proteins and genomic DNA was pelleted by

centrifugation at 10000rpm for 15 minutes without braking at 4°C.

The DNA was precipitated by the following procedure. The supernatant was carefully
poured through sterile gauze into a fresh centrifuge flask and the DNA precipitated by
adding 75ml (0.7-1.0 x volume) isopropanol. The DNA was allowed to precipitate for
15-30 minutes at room temperature and then pelleted by centrifugation at 10000g for 20
minutes. The supernatant was carefully poured off and the pellet rinsed with 70% ethanol
and centrifuged at 10000g for 5 minutes. The 70% ethanol was carefully removed and
the pellet allowed to dry for 5-10 minutes. The DNA pellet was then resuspended in 6ml
sterile water and once resuspended the volume was made up to exactly 7ml. 7.3g
caesium chloride was added and placed in a 30°C water bath to aid dissolving. 560pL of
10mg/ml ethidium bromide was then added and the entire solution transferred to quick
seal tubes (Beckman, USA). Tubes were topped up using mineral oil, sealed and
centrifuged at 49000 rpm for 16 hours at 20°C in a Beckman L8-55 ultracentrifuge and Ti

70 fixed angle rotor.

Caesium bands were removed as follows. The sealed tubes were clamped in a clamp
stand, above a UV transluminator, to allow visualisation of the DNA bands. A 21 gauge
needle was inserted into the top of the tube and then an 18 gauge needle inserted
immediately below the upper DNA band (nicked circular or linear DNA). A syringe was
attached to the 18 gauge needle and the upper DNA band drawn off. A second 18 gauge
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needle was then inserted immediately below the lower DNA band (closed circular

plasmid DNA), a syringe attached, and the lower DNA band drawn off.

Ethidium bromide and caesium chloride were removed as follows. To the solution of
DNA, an equal volume of water saturated butan-1-ol was added and the two phases
mixed by vortexing. The two phases were allowed to settle and then the upper pink layer
containing ethidium bromide was removed and discarded. This extraction procedure was
repeated until all the pink colour had completely disappeared from both the aqueous and
organic layers. DNA was precipitated out from the caesium chloride solution by firstly
diluting the DNA/caesium solution with 3 volumes of water and then precipitating the
DNA by adding a further 2 volumes of 100% ethanol for 15 minutes at 4°C followed by
centrifugation at 12000g for 20 minutes at 4°C. The DNA pellet was rinsed with 70%
ethanol and centrifuged at 12000g for 15 minutes at 4°C. The 70% ethanol was carefully
decanted off and the pellet allowed to air-dry at room temperature for 10-15 minutes.

The DNA pellet was resuspended in TE buffer (10mM Tris, ImM EDTA, pH 7.5-8.0).

To ensure complete removal of trace levels of caesium, the DNA solution was subjected
to dialysis. The DNA was placed into a dialysis bag(Sartorius, USA), suspended in a
beaker containing 5 litres of TE (10mM Tris, ImM EDTA) at 4°C, with constant stirring.
The TE was replaced with fresh TE every hour for 5-6 hours. The DNA was then
precipitated with one tenth volume of 3M sodium acetate (pH 5.5) and 2.5-3 volumes of
ice cold 100% ethanol. The DNA was pelleted by centrifugation at 15000 rpm for 15
minutes at 4°C. The pellet was rinsed with 70% ethanol and re-centrifuged for 15
minutes at 15000 rpm. The 70% ethanol was carefully removed and the pellet allowed to
air-dry for 10-15 minutes. The DNA pellet was then resuspended in phosphate buffered

saline (PBS) (Gibco, USA) for use in in vivo injection experiments.
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Plasmid quality and degree of supercoiling was confirmed by 1% agarose gel

electrophoreisis and the DNA concentration calculated using OD,4 measurements.

- Qiagen Maxi Kits

Large scale DNA isolation (300-500pg plasmid DNA) was performed using Qiagen maxi

DNA purification kits (Qiagen, USA) and used according to manufacturer’s instructions.

Briefly, bacterial cultures were lysed using alkaline lysis procedures. Protein and
genomic DNA precipitate was pelleted by centrifugation and the supernatant carefully
decanted into an equilibrated Qiagen filter. The supernatant solution was allowed to pass
through the filter and the flow through discarded. Plasmid DNA was eluted off the filter
and collected in a fresh tube. Purified, supercoiled plasmid DNA was then precipitated
out of solution, pelleted by centrifugation and resuspended in PBS buffer for use in in

vivo injection experiments.

2.2.2 DNA Manipulation

Ethanol Precipitation

DNA solutions were precipitated by adding one-tenth volume 3M sodium acetate (pH
5.4) and 2.5-3 volumes ice cold 100% ethanol. Precipitated DNA was pelleted by
centrifugation at 12000g for 15 minutes. Pellets were carefully rinsed with 70% ethanol,
and re-centrifuged at 12000g for 5 minutes. The 70% ethanol was carefully removed and
the DNA pellet allowed to air dry for 5-10 minutes before resuspension in an appropriate

volume of water or TE.
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Nucleic Acid Quantitation

DNA was diluted 1 in 200 or 1 in 500 in an appropriate buffer. The optical density
measured at 260nm and 280nm. A concentration of 50pg/ml of double stranded DNA

corresponds to a 260nm absorbance of 1. The purity of the DNA solution in terms of

protein contamination was estimated by calculating the 260 : 280nm absorbance ratio.

Highly purified DNA has a ratio of 1.8 (Sambrook et al., 1989).

RNA solutions were diluted in either DEPC-treated water or TE buffer made using
DEPC-treated water and the optical density measured at 260nm and 280nm. A RNA
concentration of 40pg/ml of RNA corresponds to a 260nm absorbance of 1. The purity
of the RNA solution in terms of protein contamination was estimated by calculating the

260 : 280nm absorbance ratio. Pure RNA has a ratio of 2.0 (Sambrook et al., 1989).
DNA Purification

Amicon Microcon filters

Plasmid and cDNA was purified from contaminating proteins and oligonucleotides using
microcon-EZ (Amicon, USA) spin filters as recommended by manufacturer’s guidelines.
Briefly, samples were loaded into the sample loading well and centrifuged at 12000g for
10 minutes at room temperature. The flow through was discarded and the filter unit
inverted and placed in a fresh tube. The DNA was recovered by centrifugation at 12000g
for 30 seconds to 1 minute.

Phenol/Chloroform Extraction

Phenol/chloroform extractions were performed to remove contaminating proteins and

high molecular weight DNA. An equal volume of 1:1 phenol/chloroform:TAA(24: 1) was
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added to DNA solutions, vortexed and the organic and aqueous phases separated by
centrifugation at 12000g for 5 minutes. The upper aqueous phase containing the DNA

was carefully drawn off and placed in a fresh tube.

Agarose Gel Electrophoreisis

0.6-2% agarose gels were prepared for nucleic acid separation according to size. Small
molecular weight fragments (<400bp) were separated on high percentage gels, whereas
high molecular weight fragments (>3kb) were separated on low percentage gels. All
DNA agarose gels were run in TBE buffer (89mM Tris, 839mM Boric acid, 2mM EDTA)
at 25-100V. Agarose gels contained ethidium bromide at a concentration of 0.5pg/ml.
One tenth volume of sample loading buffer, consisting of 0.25% bromophenol blue, 40%
(w/v) sucrose in water (10x buffer), was added to DNA solutions. 1kb size markers from

Gibco-BRL were included in all gels.

2.2.3 Polymerase Chain Reaction (PCR)

Unless otherwise indicated, PCR experiments were carried out using a Hybaid
‘Omnigene’ thermal cycler. Reaction mixtures were made to a final volume of 50ul and
contained amplification buffer (50mM KCl, 10mM Tris-HCI (pH 9.0), 0.1% Triton X-
100, 15mM MgCl,), 200uM of each dNTP, 1uM of each oligonucleotide primer, 0.5-1
unit Taq DNA polymerase (Gibco-BRL) and 10-50ng of DNA template.

Unless otherwise stated, all oligonucleotides (purchased from Genosys) were deprotected

and desalted and, upon arrival, resuspended in sterile water to the required concentration
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2.2.4 DNA Cloning

Restriction Digests

Restriction digests were carried out using Gibco-BRL restriction enzymes and

appropriate REACT buffers. 1ug DNA, 2pl 10x REACT buffer, 5-10 units restriction

enzyme(s). Reactions were made up to 20ul using sterile water, mixed carefully and

incubated at 37°C for 1-2 hours. Volumes were scaled up for large scale digests.

DNA Ligations

Unless otherwise stated, ligation reactions were set up as a 3:1 molar ratio of insert to
vector in order to favour insertion of the insert fragment into the vector. 10pl reactions
were set up containing 1ul 10X ligase buffer (500mM Tris-HCI pH 7.6, 100mM MgCl,,
100mM DTT, 500mg/ml BSA) and 2-3 units T4 ligase. Reactions were incubated at

16°C overnight. Control ligations were set up using linearised vector alone.

T-vector cloning (Novagen) was carried out according to manufacturer’s instructions.
The pT7Blue vector system is designed to take advantage of the single 3’ A-nucleotide
overhang that polymerases, such as Taq polymerase, leave on the PCR product (Clark,
1988). These products can be directly ligated to a vector containing compatible single T-
nucleotide overhangs (Marchuk et al., 1991). The pT7Blue vector is prepared for T-
cloning by digestion with EcoRV followed by the addition of single 3’ dT residues at
each end and is supplied in this form ready to ligate with any DNA amplified by Tagq.
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Transformation of bacterial cells

50-100 ng plasmid DNA or 5-10pl DNA ligation mixture was added to 50pl freshly
thawed DH50o competent cells and left on ice for 15-30 minutes. Cells were heat shocked
at 42°C for 1.5-2 minutes and immediately returned to ice. 500pl L-broth was added and
the reaction incubated at 37°C for 30-60 minutes. Cells were then pelleted by
centrifugation at 6000g for 2 minutes and the supernatant carefully removed. The
pelleted cells were resuspended in 100ul L-broth, spread onto agar plates containing
10pg/ml ampicillin, inverted and incubated overnight at 37°C. Colonies were visible the

following morning.

Single Colony PCR Analysis

Single colony PCR analysis was used to screen for putative ligation recombinants. Single
colonies picked from agar plates were used to innoculate 30ul sterile water. The solution
was heated to 99°C in a heating block for 5 minutes to lyse the cells, then immediately
placed on ice. Cell debris was pelleted by centrifugation at 12000g for 2 minutes. 10ul
of supernatant was used as template for PCR reactions. The PCR reactions were

performed using primer sequences that were insert specific.

2.2.5 DNA Sequencing

Cycle Sequencing Reactions

All sequencing was performed using Thermo Sequenase (Amersham) cycle sequencing

kit and used as the manufacturer recommends. Briefly, a reaction mixture was prepared

containing 2pl reaction buffer, 50-500ng DNA, 0.5-2.5 pmol primer and 8 units thermo

sequenase DNA polymerase and made up to 20ul with sterile water. 4 termination
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reactions were prepared containing 2l termination master mix and 0.5p1 of each labeled
ddNTP. The two reaction mixtures were carefully mixed together and subjected to 30-60
cycles of : denaturation, 95°C for 30 seconds, annealing, 55°C for 30 seconds and

extension, 72°C for 1 minute. 4l stop solution was then added to terminate the reaction.

Samples were denatured to 70°C for 5 minutes immediately before loading onto a vertical
6% acrylamide (19:1 acrylamide:bis-acrylamide), 7M urea, 1 x TBE, gel cast in a Bio-
Rad sequencing apparatus. Sequencing gels were run at 1600V, 50W and the temperature
maintained at 50°C. Gels were transferred onto Whatmann 3MM paper, wrapped in cling
film, and dried in a vacuum drier. Dried gels were then exposed to film overnight and

developed in an X-OGRAPH Compact X2 film developer.

2.2.6 RNA Isolation

All glassware for handling RNA was treated with diethylamine pyrocarbonate (DEPC) as
a 0.1% v/v solution to minimise degradation of RNA due to endogenous or contaminating
RNases, then autoclaved to remove traces of DEPC. Gloves were worn and freshly
sterilised tips and polypropylene tubes were used at all times to avoid RNase
contamination.

RNA isolation was carried out using RNAzol B according to manufacturer’s guidelines.

Tissue, snap frozen in liquid nitrogen, was ground up to a fine powder using a mortar and

pestel, sitting on dry ice. The mortar and pestel were removed from the dry ice and 2ml

RNAzol B was added per 100mg of tissue. The homogenate was then transfered to a

sterile eppendorf and 0.2ml chloroform added per 2ml of homogenate.
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RNA isolation from cells in culture involved removing culture media then adding 1ml

RNAzol B per 10° cells, as recommended by manufacturer. The lysate was then

transferred to a sterile eppendorf and 0.1ml chloroform added per 1ml of lysate.

Tubes containing RNA isolated from either tissue or cells in culture were shaken
vigorously for 15 seconds, put on ice for 5 minutes, and then centrifuged at 12 000g for
15 minutes at 4°C. The upper aqueous phase was then transferred to a fresh tube and an
equal volume of isopropanol added. The samples were stored on ice for a further 15
minutes then centrifuged at 12 000g for 15 minutes at 4°C. The supernatant was removed
and the RNA pellet was washed once with 0.8ml 75% ethanol by vortexing and
subsequent centrifugation for 8 minutes at 7500g at 4°C. The 75% ethanol was carefully
removed and the pellet allowed to dry for 5-10 minutes before resuspending the RNA
pellet in a suitable volume of DEPC-treated water. Aliquots were removed for optical
density measurements and agarose gel electrophoresis. Yields of total cellular RNA were

about 20pg per 2 x 10° cells, quantified as described in section 2.2.2.
In order to determine the integrity of the RNA isolated, ethidium bromide staining of the

RNA separated electrophoretically on an agarose gel revealed the ratio of 28s and 18s

RNAs was approximately constant (Dolnick and Pink, 1983)
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2.3 Gene Expression Analysis

2.3.1 cDNA Synthesis for Reverse Transcription-PCR

cDNA synthesis was performed using a kit (Clontech Advantage RT-for-PCR).

Manufacturer’s recommendations were followed throughout.

Briefly, 1pg total RNA isolated, from rat neonatal isolated cardiac myocytes or rat
neonatal hearts, was made up to 12.5ul using DEPC-treated water. 1 pl oligo dT primer
was added and the mixture denatured to 70°C for 2 minutes, then quenched rapidly on
ice. 4l 5X reaction buffer, 1ul dNTP mix (10mM each), 0.5pu1 RNAse inhibitor and 1l
MMLYV reverse transcriptase were added to the RNA/primer mixture. The reaction was
incubated at 42°C for 1 hour and then heated to 94°C for 5 minutes to stop the reaction.
The reaction was then diluted to 100ul by adding 80ul DEPC-treated water. 10ul of the
diluted cDNA was typically used as template for each 50l PCR reaction.

2.3.2 CAT assay

400p1 rat or rabbit heart homogenate supernatant was incubated at 65°C for 10 minutes to
inactivate endogenous deacetylase activity. The cell debris was pelleted by centrifugation
of samples at 12000g for 2 minutes. 300l supernatant was removed and 49pl 250mM
Tris-HCl (pH 8), 15ul Smg/ml Acetyl Coenzyme A and 9pul '‘C-chloramphenicol
(activity 0.925 MBq) added. Negative controls were prepared by replacing the heart
homogenate supernatant with sterile water. Positive controls were prepared by replacing
the heart homogenate supernatant with sterile water containing 0.01 units
chloramphenicol acetyl transferase enzyme (Promega). All samples were incubated

overnight at 37°C.
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300pl of mixed xylenes was added to each sample to terminate the reaction and the

samples vortexed for 30 seconds. Samples were then centrifuged at 12000g for 2 minutes
and the upper xylene phase carefully removed and transferred to a fresh tube. 100pul
250mM Tris-HCI (pH 8) was added to each sample which was then vortexed and
centrifuged at 12000g for 2 minutes. 200l of the xylene upper phase was carefully
removed and added to 5ml scintillant fluid for analysis of '4C-chloramphenicol
conversion on a Packard Tri-Carb 2100TR scintillation counter for 5 minutes. CAT
activity was measured as counts per minute (cpm) above background, representing the
conversion of “C-chloramphenicol to its acetylated product by chloramphenicol acetyl

transferase.

2.3.3 Luciferase assay

10p1 triton X-100 (10%) was added to 90l of heart homogenate supernatant and mixed
by vortexing. A 20ul aliquot was removed and 100pl luciferase assay substrate added
(Promega). Promega’s luciferase assay system allows for greater enzymatic turnover of
luciferase, resulting in greater light intensity that is nearly constant for measurements of
up to several minutes. Luciferase enzyme activity was measured by counting on a
luminometer (Turner Designs). Luciferase activity was measured in relative light units
(RLU), representing the oxidation of luciferin by luciferase with concomitant production

of a photon.
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2.3.4 Western Blot Analysis of Proteins

Preparation of Protein Lysates from Cell Cultures

Media was removed and cells washed twice with phosphate buffered saline (PBS). Cells
were then scraped into 4ml PBS, pelleted by centrifugation at 1000g for 10 minutes and

resuspended in 750ul water. 6.25ul 2% (w/v) deoxycholic acid and 250ul 24% (w/v)

trichloroacetic acid was added to the resuspended cells and incubated on ice for 15
minutes. Samples were centrifuged at 12000g for 5 minutes, the supernatant removed
and the pellet resuspended in 75ul 1M Tris base. 15ul was removed and the protein
concentration determined using a BioRad protein assay kit as manufacturer’s
recommendations. To the remaining volume of sample, an equal volume of SDS-sample
buffer (5.6ml water, 138ul 2-mercaptoethanol, 1ml glycerol, 250ul 1M Tris-HCI pH 6.8,
1ml 2% (w/v) bromophenol blue, 2ml 10% (w/v) SDS) was added. Samples were boiled
for 2 minutes and then placed on ice immediately prior to loading onto an SDS-PAGE

gel.

SDS-PAGE gel electrophoreisis (stacking gel method)

The SDS-PAGE gel consisted of a 10% resolving gel (pH 8.8) and a 5% stacking gel (pH
6.8). The 10% resolving gel consisted of 8.5ml buffer 1 (18.17g Tris base, 4ml 10% SDS
in 100ml, pH 8.8), 14.4ml water, 8.5ml 40% acrylamide, 2.26ml 50% glycerol. 254pul
10% ammonium persulphate and 23ul TEMED were added last. The 5% stacking gel
consisted of 5.6ml buffer 2 (6g Tris base, 4ml 10% SDS in 100ml, pH 6.8), 15ml water,
1.7ml 40% acrylamide. Finally 223pl 10% ammonium persulphate and 12ul TEMED

were added last.

An aliquot of protein sample containing 10ug protein in 15-35ul loading buffer was
loaded onto the gel and run in running buffer (3g Tris base, 14.4g glycine, 10ml 10%
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SDS made up to 1 litre with water) at 40V overnight at room temperature. Once the dye

front had run off the bottom of the gel, the apparatus was dismantled and the gel carefully

removed for blotting.

Western Blotting and Protein Detection

After the protein samples were separated on an SDS-PAGE gel, the proteins on the gel
were carefully transferred onto probind 45 membrane roll (Pharmacia Biotech cat no. 80-
1247-86) at 1 amp per hour in transfer buffer (72g glycine, 15g Tris base, 1 litre
methanol, made up to 5 litres with water) using a Hoeffer electroblotter at 4°C. The
apparatus was carefully dismantled and the membrane ‘blocked’ to aid reduction of
background signal by submerging in TBS (29.22g NaCl, 10ml 2M Tris pH 7.5, made up
to 1 litre with water) containing 5% non fat milk (NFM) for 2 hours at room temperature
on a rocking platform. The membrane was then removed and washed three times with
TBS. 100pl primary antibody (rabbit anti-human VEGF with rat VEGF cross reactivity)
was added to 10ml TBS containing 1% NFM and incubated with the membrane overnight
at 4°C on a rocking platform. The membrane was removed, washed three times in
TBS/0.1% tween and then three times in TBS. 5ul Goat anti-rabbit horseradish
peroxidase conjugate secondary antibody in 25ml 1% NFM (1:5000 dilution) was then
incubated with the membrane for 1 hour at room temp. The membrane was again

removed, washed three times with TBS/0.1% tween and six times with TBS.

Proteins bound to antibody were detected using the ECL detection kit (Amersham)
according to manufacturer’s instructions. Equal volumes of ‘detection reagents’ 1 and 2
were mixed and carefully added to a container containing the nitrocellulose membrane.
Horse radish peroxidase catalysed oxidation of luminol results in the emission of light
which subsequent exposure of the membrane to autoradiography film highlights the
appropriate band. After exposure, the membranes were then wrapped in cling film and

exposed to photographic film for varying times.
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2.4 Tissue Culture

2.4.1 Maintenance of 293 cell line

293 cells were grown in 75ml plastic falcon flasks (Nunc), maintained in modified eagles
medium (MEM) supplemented with 10% fetal calf serum (FCS), 2mM L-glutamine and
penicillin/streptomycin (100pg/ml-100IU/ml) and incubated at 37°C with 5% CO,.

Cells were maintained in sub-confluent conditions (10° cells/25ml media) by sub-
culturing every 3 days. For subculturing, growth medium was removed and the cells
washed twice with citric saline (134mM potassium chloride, 150mM sodium citrate in
sterile tissue culture grade water). Cells were incubated at 37°C for 5 minutes or until the
cells freely detached from the surface of the culture vessel upon knocking the vessel
against the palm of the hand. Cells were then resuspended in an appropriate volume of

growth medium and transferred to fresh culture vessels.

2.4.2 Maintenance of NIH 3T3 cell line

The NIH 3T3 cell line is a murine fibroblast cell line which is noted for its ease of
transfection. NIH 3T3 cells were maintained in MEM supplemented with 5% FCS, 2mM
L-glutamine and penicillin/streptomycin (100pg/ml-100IU/ml) and incubated at 37°C
with 5%CO,.

At 90% confluency, cells were passaged. Growth medium was removed, cells washed
twice with PBS (serum in the media inhibits the action of trypsin) and trypsin solution
(0.25% trypsin, 0.002% EDTA in Dulbeccos buffered saline) gently layered over the
cells. Cells were incubated for 5 minutes at 37°C with 5% CO,. 4ml PBS was then
added and the cells scraped into the PBS. Cells were pelleted by centrifugation on a

bench centrifuge at 1000g for 10 minutes. The supernatant was removed, the pelleted
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cells resuspended in fresh NIH 3T3 media and decanted into the required number of fresh

dishes.

2.4.3 Calcium Phosphate Transfection

5ug pJM17 adenoviral genome plasmid and 5pg pCA13/VEGF shuttle plasmid prepared
as described in section 2.2.1, were mixed and the volume raised to 225ul with sterile
tissue culture grade water. 25ul 2.5M CaCl, was added and mixed carefully. 250pl, 2 x
HBS (42mM HEPES, 0.274mM NaCl, 10mM KCl, 1.4mM Na,HPO,, 11mM glucose,
pH 7.1) was then added to the DNA/CaCl, solution with low speed vortexing and the
calcium phosphate / DNA precipitate allowed to form at room temperature for 45
minutes. The DNA solution was then carefully added to 293 cells (~80% confluent) ina
60mm petri dish containing 5Sml MEM supplemented with 5% FCS, 1mM glutamine and
penicillin/streptomycin (100pg/m1-100IU/ml). The cells were incubated with the calcium
phosphate transfection mix for 6-16 hours at 37°C with 5% CO,.

2.4.4 Agar Overlay

Agar overlays were performed when pure populations of adenoviral recombinants were
required. Culture media containing the calcium phosphate transfection mix was
completely removed. 2.2% w/v low melting point agarose (Sigma CAT. A-4018) was
melted in a microwave then allowed to cool until hand hot. 10ml 2 x BME (Gibco CAT.
21017), 1ml FCS and 200pl penicillin/streptomycin (100pg/ml-100IU/ml) were then
mixed, warmed to 37°C, and added to 10ml warm agarose. 4ml of agarose/media mix
was then overlayed per 60mm dish. Further agarose overlays were performed 4, 8 and 12

days after transfection to provide the cells with fresh culture media.
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2.4.5 Plaque isolation and Amplification

12-15 days after transfection, areas of cells exhibiting a cytopathic effect (cpe) (a hole in
the cell sheet bordered with cells with a rounded morphology) were identified. A
plugged pasteur pipette was used to isolate the virus released by lysed cells within the
vicinity of the cpe, and agar immediately above the cells. This was then placed in 500ul

PBS and vortexed.

Media was removed from 293 cells, ~80% confluent, and 100pul of the above supernatant
added evenly to the surface of the cells. Viral particles were allowed to infect 293 cells
for 45 minutes at 37°C with 5% CO,. Fresh 293 media (see section 2.3.1) was then
added and the cells incubated at 37°C with 5% CO, for 4-5 days. Cells infected with a

functional recombinant adenovirus showed signs of a cpe after 3-4 days.

2.4.6 Viral Lysate isolation

293 cells showing evidence of a cpe were harvested and the viral lysates isolated as
follows. Cells were scraped into the culture media and then pelleted by centrifugation at
1000g for 10 minutes in a bench top centrifuge. Pelleted cells were then resuspended in
800pl tris-saline and subjected to three freeze thaw cycles. Freeze thaw cycles involved
placing the eppendorf containing the resuspended solution in dry ice for 10 minutes
followed by a 37°C water bath for 10 minutes. Cell debris was pelleted by centrifugation
at 7000g for 5 minutes, and the supernatant carefully removed and placed in a fresh

eppendorf tube. The supernatant was then available to be used to infect cells.

2.4.7 Isolation of Viral DNA

A 340pl aliquot of supernatant was removed, 20ul proteinase K (20mg/ml), 20pl 10%
SDS and 20p] EDTA (100mM) added and incubated at 37°C to digest the protein coat of
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viral particles. This solution was then phenol chloroform extracted and the viral DNA

ethanol precipitated as described in section 2.2.2. Viral DNA was resuspended in 39ul
TE buffer with 11l RNAse (10pg/pl) and stored until required.

2.4.8 Identification of Viral recombinants

Viral DNA was analysed by restriction endonuclease digestion with HindIIl and PCR
analysis using VEGF-cDNA sequence specific primers (table 5.1), as described in

sections 2.2.4 and 2.2.3 respectively.
2.4.9 Titration of Recombinant Adenovirus

293 cells were grown in 60mm dishes to 80% confluence, at which stage the medium was
removed. 100pl of a range of adenoviral lysate dilutions (10°-10™"%) were added to the
dishes and allowed to infect for 45 minutes at 37°C with 5% CO,. Cells were then
overlayed with 3ml of agar media containing 19ml MEM medium, 1ml FCS and 5ml 3%
nobel agar. The cells were fed by repeating this procedure again at 4 days later when the
plates were examined for plaque formation. The number of plaques on dishes at each
‘dilution’ enabled the titre of the original lysate to be calculated. Titre determination was
performed according to the formula : [mean no. of plaques] x 10 x [dilution factor] = titre

(pfu/ml).
2.4.10 Infection of NIH 3T3 cells

Media was removed from the NIH 3T3 cells, 100ul of adenoviral lysate, as prepared in
section 2.4.4 was gently dropped evenly onto the cells. Viral particles were allowed to
infect cells for 45 minutes before fresh media was added. Cells were incubated for 48
hours at 37°C with 5% CO,. Cells were harvested and protein lysates prepared as

described in section 2.3.5.
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2.5 Animal Models

All DNA employed in animal models was prepared as described in section 2.2.2 and
resuspended in PBS with the concentration adjusted to 1ug/ul. The identity of the DNA
isolated was confirmed by restriction digest analysis as described in section 2.2.4.  All

surgical procedures were carried out by Dr Martin Hicks, Glasgow Royal Infirmary.

2.5.1 Rat Model of Direct DNA Injection

Anaesthesia was induced in male Sprague Dawley rats (350-450g) by intra-peritoneal
injection of a mixture of midazolam (0.075 ml of 0.5 mg/ml hypnovel (Roche) and
hypnorm 0.05ml/100g body weight) intra peritoneal. Animals were maintained under
anaesthesia with an inhaled mixture of equal concentrations of nitrous oxide and oxygen
plus 1% halothane with a 2.25ml stroke volume at 70 strokes/minute. The chest was
opened by a left thoracotamy and the pericardium removed for DNA injection. 100pg
DNA (1pg/ul) in PBS was introduc':ed_ by injection into the apex of the heart using a 27
gauge needle. Postoperative analgesia was administered (0.2mg/kg buprenorphine

intramuscular) at 30 minutes and 16 hours after the procedure.

2.5.2 Rat Model of Ischaemia with Reperfusion

Anaesthesia was induced in male Spragué Dawley rats (350-450g) with a mixture of
midazolam (0.075 ml of 0.5 mg/ml hypnovel (Roche) and hypnorm 0.05ml/100g body
weight) intra peritoneal. Animals were maintained under anaesthesia with an inhaled
mixture of equal concentrations of nitrous oxide and oxygen plus 1% halothane with a
2.25ml stroke volume at 70 strokes/minute. The chest was opened by a left thoracotamy
and the pericardium removed. The major coronary artery supplying the apex of the heart

was identified and ligated by insertion of a suture. The presence of an area of ischaemia
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was confirmed by visualisation of tissue decolourisation and by ECG. Immediately
before removing the suture, 100pg DNA (1ug/pl) in PBS was introduced by injection
into the apex of the heart using a 27 guage needle. 15 minutes after the onset of
ischaemia the suture was removed to allow the apex to be reperfused. Sham operated
animals were subjected to the same procedures but without coronary ligation.
Postoperative analgesia was administered (0.2mg/kg buprenorphine im) at 30 minutes

and 16 hours after the procedure.

2.5.3 Rabbit Model of Ischaemia with Reperfusion

Male New Zealand White rabbits (2.5-3.0 kg) were premedicated with intramuscular
Hypnorm (0.3 mg/kg; fluanisone (10mg/ml), fentanyl citrate (0.315mg/ml)) and treated
with intravenous midazolam (0.25-0.5mg/kg) to permit endotracheal intubation (size 3-
4). Animals were ventilated (0.3-0.4 I/min/kg) on a small animal ventilator with 1-2cm
H,O of positive end-expiratory pressure. Animals were maintained under anaesthesia
with an inhaled mixture of equal concentrations of nitrous oxide and oxygen plus 1%
halothane at a flow rate of 2 litres/min. The chest was opened by a left thoracotamy and
the pericardium removed for DNA injection. 100ug DNA (lpg/pl) in PBS was
introduced by injection using a 27 guage needle, firstly into the cardiac apex (three
injections) and secondly into the proximal left ventricular wall (three injections).
Postoperative analgesia was administered (0.2 mg/kg buprenorphine im) at 30 minutes

and 6-8 hours after the procedure.

Seven days after DNA injection, rabbits were subjected to a second thoracotamy for
implementation of transient myocardial ischaemia. Premedication, ventilation and
anaesthesia were performed as described above. After thoracotamy, the first obtuse
marginal artery was ligated by insertion of a suture at the midpoint between the

atrioventricular groove and the cardiac apex. The presence of an area of ischaemia was

Materials & Methods 52




confirmed by visualisation of tissue decolourisation and by ECG. After 15 minutes of
ischaemia the suture was removed to allow the heart to be reperfused. Intravenous
quinidine was administered 5 minutes before ligation to decrease the likelihood of
arrhythmias in this procedure. Ventricular arrythmias during surgery were treated with
DC shock using a defibrillator equipped with small paddles. Postoperative analgesia was
administered as described above. One to eight hours after surgery animals were
sacrificed with a lethal dose of pentobarbitol sodium and the heart excised for assays of

reporter gene expression.

2.5.4 Preparation and Analysis of Heart Homogenates

Heart tissue samples from rats and rabbits were finely chopped into 2mm’ pieces using a
scalpel blade and forceps, and placed in a 50ml round bottomed tube. 1ml homogenate
buffer (25mM gly-gly, 15mM MgSO,, 4mM EGTA, 1mM dithiothreitol) per 0.2g tissue
was added and the samples homogenised using a polytron homogeniser (Kinematica)
until all large debris had been homogenised (approximately 1 minute). Homogenised
samples were centrifuged at 12000g for 10 minutes to pellet cell debris. The supernatant
was carefully decanted into polypropylene tubes and stored at -70°C for subsequent use

in CAT and luciferase assays, as described in sections 2.3.2 and 2.3.3.
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3.1 Introduction

Myocardial ischaemia has been defined as a condition characterised by a pathological

alteration of cardiac contractile, electrical or biochemical function resulting from a
reduction of coronary blood flow (Hearse, 1994). The reduced blood supply deprives the
myocardium of substrates, notably oxygen and glucose, and allows metabolites to
accumulate. The hypoxia that results from the reduction in oxygen tension, leads to a
cascade of cellular events designed to limit the energy usage of the cell by shutting down

non-essential cell functions (Hochachka et al., 1996).

3.1.1 Hypoxia

Hypoxia is not only a signal for energy conservation but also a signal for the upregulation
of a number of genes including transcription factors, metabolic enzymes and growth
factors (Semenza and Wang, 1992; Goldberg and Schneider, 1994; Semenza et al., 1994
Goldberg et al., 1988). One of the first genes found to be upregulated by hypoxia was the
gene encoding the glycoprotein growth factor erythropoietin (EPO) (Goldberg et al.,
1988). EPO expression was found to be induced by divalent metals such as cobalt, which
can mimic the effect of ferrous iron, and by iron-chelating agents such as desferrioxamine
but not by inhibitors of mitochondrial respiration such as cycloheximide or 2-
aminopurine (Semenza et al., 1994; Wang and Semenza, 1993; Wang and Semenza,
1993; Goldberg et al., 1988). These results suggest the involvement of a haem-containing
protein as part of an oxygen-sensing pathway (Goldberg et al., 1988). Treatment with the
translational inhibitor, cycloheximide, blocks the hypoxic induction of EPO, indicating
the requirement of de novo protein synthesis (Goldberg et al., 1988). Analysis of the 3’
flanking region of the EPO gene identified a 50-nucleotide enhancer element that
conferred hypoxic induction and was found to bind the transcription factor, hypoxia-
inducible factor 1 (HIF-1) (Semenza and Wang, 1992). HIF-1 binding activity is

specifically induced by hypoxia and the induction requires de novo protein synthesis
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(Semenza and Wang, 1992). HIF-1 is a heterodimeric transcription factor consisting of
two basic helix-loop-helix subunits, HIF-1o, and HIF-1p (also known as arylhydrocarbon
nuclear translocator (ARNT)) (Wang et al., 1995). HIF-1p protein levels remain constant
under conditions of hypoxia (Kallio et al., 1997; Huang et al., 1996), however, HIF-la
protein levels and correspondingly HIF-1 DNA binding activity is markedly induced by
hypoxia (Kallio et al., 1997; Huang et al., 1996). HIF-1 is induced by hypoxia in all cell
types tested (Wang and Semenza, 1993b) and the EPO enhancer element that binds HIF-1
is capable of mediating hypoxia-inducible reporter gene transcription in non-EPO
producing cell lines (Wang and Semenza, 1993b). Several other hypoxia inducible genes,
including glycolytic enzymes (Semenza et al., 1994) and the angiogenic factor VEGF
(Goldberg and Schneider, 1994), contain HIF-1 binding sites. HIF-1, therefore, appears

to play a central role in a general oxygen sensing pathway.

3.1.2 Foreign Gene Regulation

The ability to accurately regulate foreign gene expression in the ischaemic myocardium
would be crucial for a true therapeutic benefit of gene transfer is to be achieved. The
hypoxia response element (HRE) that binds HIF-1 has been shown to confer hypoxia-
inducibility when cloned 3’ to a SV40/CAT reporter gene construct in chinese hamster
ovary (CHO) cells (Wang and Semenza, 1993b). Hypoxia-regulatable foreign gene
expression may allow potentially therapeutic genes to be expressed in the heart
exclusively during periods of hypoxia and possibly ischaemia. Incorporating hypoxia
inducible elements into a basal muscle specific promoter, such as that for a-myosin
heavy chain (MHC), cardiac a-actin (CA) or cardiac troponin C (cTnC), to create a

hybrid promoter construct, could provide a further degree of regulation.
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3.1.3 Direct DNA injection

Direct injection of naked plasmid DNA has been applied to a variety of systems,
including skeletal and cardiac muscle (Buttrick et al., 1992; Lin et al., 1990; Wolff et al.,
1990). Direct DNA injection has been successfully employed to demonstrate tissue
specificity, hormonal induction and antibiotic regulated foreign gene expression (Fishman
et al., 1994; Kitsis et al.,, 1991; Prentice et al., 1994). The promoter element of the
immediate early gene, c-fos, that responds to left ventricular pressure overload was
identified using direct DNA injection (Aoyagi and Izumo, 1993), demonstrating the
feasibility of a directly injected promoter/reporter gene construct to respond to

physiological stimuli resulting from the cellular environment.
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3.2 Results

This study was designed to investigate the possibility that hypoxia responsive enhancer
elements incorporated into muscle specific promoters can be used to regulate foreign

gene expression in response to myocardial ischaemia.

Four copies of the hypoxia responsive enhancer element (HRE), isolated from the 3’-
flanking sequence of the human erythropoietin gene (Semenza and Wang, 1992), were
cloned 5 to variety of promoter constructs and tested for hypoxia inducibility in isolated
cardiac myocytes, by Prof Keith Webster’s group, University of Miami. HREs were
cloned 5° to the promoters, o-myosin heavy chain (MHC), cardiac a-actin (CA) and
SV40. The purpose of the present study was to assess the ability of these constructs to
confer inducible expression in vivo of the reporter gene luciferase in response to a 15

minute period of myocardial ischaemia.

Initially, the rat model of ischaemia with reperfusion was employed, as described in
section 2.5.2. Briefly, male Sprague Dawley rats were anaesthetised and artificially
ventilated. The hearts were exposed and subjected to 15 minutes ischaemia followed by
reperfusion (IR) or to sham operation only. DNA promoter/reporter gene constructs were
introduced by direct injection into the cardiac apex. Hearts were removed 24 hours later

and assayed for reporter gene expression as described in section 2.5.4.

In order to take account of varying uptake efficiencies between injections, a ubiquitously
expressing construct is co-injected with the promoter construct of interest. Results are
expressed as a ratio of the promoter construct to the ubiquitously expressing construct. In
the following experiments a CAT reporter gene, under the control of a SV40 promoter, is

used to normalise for DNA uptake.
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Table 3.1 Effect of 15 mins ischaemia with reperfusion (IR) on the MHC-HRE promoter
at 24 hours in the rat heart.

Protocol : rat heart, 15 mins ischaemia with reperfusion
Time point : 24 hours

Luciferase construct : MHC-HRE / luciferase

CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE)

SHAM 1753 4888 2.8

SHAM 3513 7224 2.1

SHAM 2597 5302 2.0

SHAM 2507 4618 1.8 Mean
SHAM 1248 4968 4.0 2.26 + 0.43

SHAM 1293 1071 0.8

7 397 2047 8.2

8 2044 6950 34

9 2229 1701 0.8 Mean

0 252 1620 6.4 3.56 +1.02
1

3336 6792 2.0

Promoter activities from 11 individual experiments are shown. Hearts were injected with the plasmid DNA
constructs MHC-HRE / Luciferase and SV40 / CAT in equal ratios. Animals were then subjected to 15
minutes of ischaemia with reperfusion (IR) or to Sham operation only (SHAM), as described in section
2.5.2. Hearts were excised and assayed for reporter gene expression 24 hours post ischaemia. CAT
activities, under the control of a SV40 promoter, are shown in column 3. CAT activity is presented as
counts per minute (cpm) above background, representing the conversion of "“C-chloramphenicol to its
acetylated product by the reporter gene product chloramphenicol acetyl transferase. Luciferase activities,
under the control of the MHC-HRE promoter, are shown in column 4. Luciferase activity is presented as
relative light units (RLU) multiplied by 1000, representing the oxidation of luciferin by luciferase with
concomitant production of a photon. Ratio values in column 5 represent the Luciferase data point divided
by the CAT data point for each experiment. Ratio values allow the test promoter (MHC-HRE) to be
normalised by reference to the internal control (SV40). The mean of the ratios + standard error for the
Sham or IR procedures are shown in column 6. Statistical analysis was performed using the Students t-test

for unpaired samples.
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Table 3.2 Effect of 15 mins ischaemia with reperfusion (IR) on the SV40-HRE promoter
at 24 hours in the rat heart.

Protocol : rat heart, 15 mins ischaemia with reperfusion
Time point : 24 hours

Luciferase construct : SV40-HRE / luciferase

CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE) Ratio

1 SHAM 3897 5402 1.39

2 SHAM 3185 44 0.01 Mean

3 SHAM 266 656 2.47 1.29 + 0.71
4 IR 3660 13760 3.76

- IR 3152 5470 1.74

6 IR 3291 3317 1.01

7 IR 1093 419 0.38 Mean

8 IR 533 439 0.82 1.84 + 0.57

Promoter activities from 8 individual experiments are shown. Hearts were injected with the plasmid DNA
constructs SV40-HRE / Luciferase and SV40 / CAT in equal ratios. Animals were then subjected to 15
minutes of ischaemia with reperfusion (IR) or to sham operation only (SHAM), as described in section
2.5.2. Hearts were excised and assayed for reporter gene expression 24 hours post ischaemia. The format

and layout of this table is as table 3.1
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Table 3.3 Effect of 15 mins ischaemia with reperfusion (IR) on the CA-HRE promoter at

24 hours in the rat heart.

Protocol : rat heart, 15 mins ischaemia with reperfusion
Time point : 24 hours
Luciferase construct : CA-HRE / luciferase

CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE) Ratio
1 SHAM 1616 455 0.28
SHAM 534 83 0.16
SHAM 900 54 0.06
SHAM 8639 2362 0.27 Mean
SHAM 1318 731 0.55 0.27 + 0.08

IR 730 180 0.25
IR 1910 433 0.23 Mean
IR 382 31 0.08 0.18 + 0.05

Promoter activities from 8 individual experiments are shown. Hearts were injected with the plasmid DNA
constructs CA-HRE / Luciferase and SV40 / CAT in equal ratios. Animals were then subjected to 15
minutes of ischaemia with reperfusion (IR) or to sham operation only (SHAM), as described in section
2.5.2. Hearts were excised and assayed for reporter gene expression 24 hours post ischaemia. The format

and layout of this table is as table 3.1
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Levels of Activity from MHC-HRE, SV40-HRE and CA-HRE Promoter
Constructs at 24 hours in Sham and IR Rat Myocardium

SHAM

Promoter Activity

MHC-HRE SV40-HRE CA-HRE

Figure 3.1 The surgical procedures, injections and assays are described in section
2.5.2. Hearts were injected with either MHC-HRE, SV40-HRE or CA-HRE promoter
constructs and subjected to IR or sham procedures. Hearts were excised and reporter
gene activities assayed 24 hours after surgery. This figure summarises the data
presented in tables 3.1, 3.2 and 3.3. Promoter activity is the ratio of average levels of
reporter gene expression driven by the HRE promoter to average levels of reporter gene

expression driven by the SV40, ubiquitously expressing, promoter, with standard
errors indicated.

Results 1 61



MHC-HRE, CA-HRE and SV40-HRE promoter activities in IR and sham operated

animals are shown in figure 3.1. The MHC-HRE promoter activity at 24 hours in sham
operated animals was 2.26 + 0.43 and IR animals 3.56 + 1.02. SV40-HRE promoter
activities at 24 hours for sham and IR operated animals was 1.29 + 0.71 and 1.84 + 0.57
respectively. The CA-HRE promoter activity at 24 hours was 0.27 + 0.08 in sham
operated animals and 0.18 + 0.05 in IR operated animals. The inducibility of the SV40
basal promoter, used as a control for uptake efficiency, has been previously investigated
using this model at 1 day and shows no significant induction (H Prentice, personal
communication) No significant difference was observed for any promoter at 24 hours

between sham and IR operated animals in the rat model of ischaemia with reperfusion.

Further experiments could potentially have revealed significant differences between the
sham and IR groups. However, the data obtained indicated no significant change in
response to IR at 24 hours and further experiments were deemed likely to be
unproductive. Promoter activation in response to IR at 12 hours was investigated.
Despite significant luciferase activity above background, CAT activity levels were not
reproducibly significant (table 3.4). The luciferase reporter gene sytem is 10 to 100-fold
more sensitive than the CAT assay system and may explain the presence of luciferase

activity despite the absence of CAT activity at these short time points.

Protocol CAT (SV40) | LUC (HRE)
SHAM 66 23
IR 0 248
IR 107 445
IR 0 1634
IR 37 969

Table 3.4 CAT (CAT) and luciferase (LUC) promoter activities in rat myocardium 12 hours after DNA
injection. The surgical procedures, injections and assays are described in section 2.5. Rat hearts were
injected with 50pg SV40/CAT plasmid and 50pg MHC-HRE/luciferase plasmid. Hearts were subjected to

sham or IR procedures, excised and assayed as in table 3.1.
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It was decided that the rat model of ischaemia with reperfusion was unsuitable for

investigating the inducibility of promoters containing HRE elements in response to
ischaemia at time points below 24 hours. The sequence of events from DNA uptake
through to reporter gene expression may take several hours. Any activation of cellular
pathways by the ischaemic stimulus may therefore be complete by the time the promoter
construct is able to respond to them. Indeed, several lines of in vitro evidence suggest
that HIF-1 binding to the HRE elements during hypoxia is rapid with maximal binding
after 4 hours (Kallio et al., 1997; Huang et al., 1996; Wang et al., 1995; Wang and
Semenza, 1993). Upon re-oxygenation HIF-1 dissociation is equally rapid (Kallio et al.,
1997; Huang et al., 1996; Wang et al., 1995). A 24 hour time point may not, therefore, be
appropriate. It was clear that because of the low levels of foreign gene expression, DNA
constructs would need to be present before the onset of ischaemia to investigate time
points less than 24 hours. However, this approach would require two surgical
procedures; one to inject the DNA and one to induce ischaemia. In view of the
requirement for two surgical procedures on the same animal it was decided to use a larger
species. The rabbit model of ischaemia with reperfusion was developed employing two

thoracotamies as distinct surgical interventions.

3.2.1 Rabbit Model of Ischaemia with Reperfusion

This model has no restriction on the time points assayed because the DNA is present in
the myocardium at the onset of ischaemia. Time points from 0 minutes to days or weeks

can therefore be investigated.

The rabbit model of ischaemia with reperfusion is described in detail in section 2.5.3.
Briefly, rabbits were anaesthetised and artificially ventilated. The heart was exposed by a
left thoracotamy and DNA injected firstly into the cardiac apex and secondly into the
proximal left ventricular wall. Seven days after DNA injection, rabbits were subjected to

a second thoracotamy and the first obtuse marginal artery ligated immediately above the
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cardiac apex. Ischaemia was confirmed by visualisation of tissue decolourisation. After

15 minutes of ischaemia, the suture was removed to allow reperfusion of the apex. Hearts

were excised and assayed 1-8 hours post ischaemia.

This model has two major advantages over the previous rat model. Firstly, there is no
restriction on the time points that can be assayed. Secondly, because the rabbit heart is
physically larger than the rat heart, both sham and IR experiments can be performed in
the one heart. DNA injected into the cardiac apex is subjected to IR whereas DNA

injected into the proximal left ventricular wall remains well perfused.

In vitro results demonstrated that MHC-HRE promoter construct expression was the most
responsive to hypoxia (K. Webster, personal communication). The effect of IR on the
MHC-HRE promoter construct activity was therefore investigated using the rabbit model
of ischaemia with reperfusion at varying time points. The effect of IR on SV40 promoter

construct activity, used as a control for uptake efficiency, was also investigated.
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Table 3.5 Effect of 15 mins ischaemia with 1 hour of reperfusion on the MHC-HRE

promoter in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion
Time point : 1 hour

Luciferase construct : MHC-HRE / luciferase

CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE) Ratio

1 SHAM 7833 330 0.4

2 SHAM 4708 399 0.8

3 SHAM 1941 0.0 0 Mean

4 SHAM 4616 946 2.0 0.76 + 0.34
5 SHAM 2063 127 0.6

6 IR 1473 122 0.8

7 IR 10100 1916 1.9

8 IR 1393 81 0.6 Mean

9 IR 3590 2283 6.4 3.08 +1.24
10 IR 960 546 5.7

Observed Induction of Mean Activity : 4.1 £1.0 (p <0.05)

Promoter activities from 10 experiments are shown. Hearts were injected in the apical and proximal lateral
wall regions with the plasmid DNA constructs MHC-HRE / Luciferase and SV40 / CAT in equal ratios. 7
days after the DNA injection, a second thoracotamy was performed and the apical region of the heart
subjected to 15 minutes of ischaemia by left marginal artery ligation followed by 1 hour of reperfusion
(IR), as described in section 2.5.3. The proximal lateral wall remained perfused throughout (SHAM).
CAT activities, under the control of a SV40 promoter, are shown in column 3. CAT activity is presented as
counts per minute (cpm) above background, representing the conversion of "*C-chloramphenicol to its
acetylated product by the reporter gene product chloramphenicol acetyl transferase. Luciferase activities,
under the control of the MHC-HRE promoter, are shown in column 4. Luciferase activity is presented as
relative light units (RLU) multiplied by 1000, representing the oxidation of luciferin by luciferase with
concomitant production of a photon. Ratio values in column 5 represent the Luciferase data point divided
by the CAT data point for each experiment, multiplied by 10. The mean of the ratios * standard error for

the Sham or IR procedures are shown in column 6. Ratio values allow the test promoter (MHC-HRE) to be
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normalised by reference to the internal control (SV40). Statistical analysis was performed using a students

t-test, comparing related samples.
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Table 3.6 Effect of 15 mins ischaemia with 4 hours of reperfusion on the MHC-HRE

promoter in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion

Time point : 4 hours

Luciferase construct : MHC-HRE / luciferase
CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE) Ratio
1 SHAM 10587 401 0.38
s SHAM 12603 1165 0.92
3 SHAM 10953 1982 1.81
4 SHAM 2790 545 1.95
5 SHAM 6633 127 0.19
6 SHAM 3457 50 0.14
7 SHAM 8587 177 0.21
8 SHAM 872 o1 | 0.58
9 SHAM 2122 29 0.14
10 SHAM 1753 5 0.03
11 IR 2246 544 2.42
12 IR 14760 12350 8.37
13 IR 11514 2693 2.34
14 IR 7903 518 0.65
15 IR 4374 1978 4.52
16 IR 2436 1169 4.80
17 IR 8398 3097 3.69
18 IR 2563 482 1.88
19 IR 911 5 0.60

20 IR 839 28 0.33

Observed Induction of Mean Activity :

Mean
0.64 +£0.22

Mean
2.96 + 0.78

4.7+0.7 (p<0.001)

Promoter activities from 20 experiments are shown. Hearts were injected in the apical and proximal lateral

wall regions with the plasmid DNA constructs MHC-HRE / Luciferase and SV40 / CAT in equal ratios. 7

days after the DNA injection, a second thoracotamy was performed and the apical region of the heart

subjected to 15 minutes of ischaemia by left marginal artery ligation followed by 4 hours of reperfusion
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(IR), as described in section 2.5.3. The proximal lateral wall remained perfused throughout (SHAM). The

format and layout of this table is as table 3.5
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Table 3.7 Effect of 15 mins ischaemia with 8 hours of reperfusion on the MHC-HRE

promoter in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion

Time point : 8 hours

Luciferase construct : MHC-HRE / luciferase
CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE) Ratio
1 SHAM 1163 1276 11.0
2 SHAM 1306 392 3.0
3 SHAM 137 10 0.7
4 IR 138 94 6.8
5 IR 449 109 24
6 IR 717 13 0.2

Mean
49+ 3.1

Mean
3.1+1.9

No Significant Alteration in the Mean Activity Observed

Promoter activities from 6 experiments are shown. Hearts were injected in the apical and proximal lateral

wall regions with the plasmid DNA constructs MHC-HRE / Luciferase and SV40 / CAT in equal ratios. 7

days after the DNA injection, a second thoracotamy was performed and the apical region of the heart

subjected to 15 minutes of ischaemia by left marginal artery ligation followed by 8 hours of reperfusion

(IR), as described in section 2.5.3. The proximal lateral wall remained perfused throughout (SHAM). The

format and layout of this table is as table 3.5
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Table 3.8 Effect of 15 mins ischaemia with 4 hours of reperfusion on the MHC(-86bp)

promoter in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion
Time point : 4 hours

Luciferase construct : MHC(-86bp) / luciferase

CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE) Ratio
1 SHAM 12117 0 0
2 SHAM 1601 0 0
3 SHAM 6778 4 0.01
4 SHAM 927 0 0
5 IR 14046 28 0.02
6 IR 37091 sr 0.02
7 IR 7326 0 0
8 IR 8603 6 0.01

In this experiment all samples displayed an absence of luciferase promoter activity

Promoter activities from 8 experiments are shown. Hearts were injected in the apical and proximal lateral
wall regions with the plasmid DNA constructs MHC (-86bp) / Luciferase and SV40 / CAT in equal ratios.
7 days after the DNA injection, a second thoracotamy was performed and the apical region of the heart
subjected to 15 minutes of ischaemia by left marginal artery ligation followed by 4 hours of reperfusion
(IR), as described in section 2.5.3. The proximal lateral wall remained perfused throughout (SHAM). The
format and layout of this table is as table 3.5
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Table 3.9 Effect of 15 mins ischaemia with 4 hours of reperfusion on the SV40 promoter

in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion
Time point : 4 hours
Luciferase construct : RSV /luciferase

CAT construct : SV40/ CAT

Experiment no. | Procedure | CAT(SV40) | LUC (HRE)

SHAM 1734 273.9 6.3
SHAM 2419 374.1 6.5
SHAM 386 72.28 5.3
SHAM 1467 1555 9.4

SHAM 5594 536.1 10.4

2296 231 9.9

1594 299.6 5.3

158 22:57 7.0 Mean
982 107.2 9.2 89+1.4

5046 380.2 13.3

No Significant Alteration in the Mean Activity Observed

Promoter activities from 10 experiments are shown. Hearts were injected in the apical and proximal lateral
wall regions with the plasmid DNA constructs RSV / Luciferase and SV40 / CAT in equal ratios. 7 days
after the DNA injection, a second thoracotamy was performed and the apical region of the heart subjected
to 15 minutes of ischaemia by left marginal artery ligation followed by 4 hours of reperfusion (IR), as
described in section 2.5.3. The proximal lateral wall remained perfused throughout (SHAM). The format
and layout of this table is as table 3.5
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Levels of Activity from MHC-HRE Promoter Construct at 1, 4 and 8
hours in Sham and IR Rat Myocardium
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Figure 3.2 The surgical procedures, injections and assays are described in section
2.5.3. Hearts were injected with the MHC-HRE promoter construct. 7 days after
DNA injection, a second thoracotamy was performed and the apical region of the heart
subjected to 15 minutes of ischaemia followed by 1, 4 or 8 hours of reperfusion as
indicated on the graph. Hearts were excised and reporter gene activities assayed. This
figure summarises the data presented in tables 3.5, 3.6 and 3.7. Promoter activity is
the ratio of average levels of reporter gene expression driven by the HRE promoter to
average levels of reporter gene expression driven by the SV40, ubiquitously
expressing, promoter, injected simultaneously with the MHC-HRE construct.
Induction of luciferase gene expression by ischaemia was significantly different from
shams at 1 hour (p<0.05 (*)) and 4 hours (p<0.001 (**)) by t-test, comparing related
samples.
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Figure 3.2 illustrates the transient induction of MHC-HRE promoter activity by IR.
Luciferase activity, 1 hour after IR was increased 4.1 + 1.0 fold compared with the sham.
4 hours after IR, luciferase activity was increased 4.7 = 0.7 fold compared to sham.

Levels of luciferase activity was not significantly different 8 hours after IR than the sham

operated tissue. There was no difference in the expression of an MHC construct lacking

HREs or of the SV40-CAT construct between sham and ischaemic hearts at 4 hours. In
‘sham/sham’ control experiments, reporter gene expression levels did not differ between

the apical and base regions of the heart in the absence of the ischaemic insult.
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3.3 Discussion

The results demonstrate that four copies of the human EPO hypoxia responsive enhancer
element (HRE) linked to a basal muscle specific «-MHC promoter convey inducible
expression of a luciferase reporter gene in response to 15 minutes of ischaemia followed
by reperfusion in the rabbit heart. This response was dependent on the presence of the
HRE’s as the a-MHC promoter alone demonstrated no such induction in response to the
same ischaemic stimulus. Promoter activation, in response to ischaemia, was rapid and
transient (figure 3.2). Near maximal induction was reached 1 hour after ischaemia and
enhanced expression remained for at least 4 hours. Expression levels returned to sham

levels after 8 hours.

In vitro MHC-HRE was induced 9.2-fold after 16 hours of hypoxia in cultured neonatal
cardiac myocytes. Glucose levels in the culture media were maintained at 3mM which
corresponds to a low normal physiologic level. Expression from the MHC-HRE
promoter construct in vitro was also demonstrated to be significantly higher in C,Cy,
myocytes and neonatal cardiac myocytes than in HeLa cells, indicating that the -86 MHC

basal regulatory elements retain their tissue specificity (Prentice et al., 1997).

The magnitude and transient nature of the response induced by ischaemia is related to the
levels and binding activity of the HRE- binding transcription factor HIF-1. HIF-1 is a
heterodimeric transcription factor consisting of two basic helix-loop-helix subunits, HIF-
la and HIF-1P (also known as arylhydrocarbon nuclear translocator (ARNT)) (Wang et
al., 1995). HIF-la and HIF-1p mRNA levels remain constant and show no significant
induction with hypoxia (Gradin et al., 1996; Huang et al., 1996). HIF-1f protein levels
also remain constant under conditions of hypoxia (Kallio et al., 1997; Huang et al., 1996).
However, HIF-1a. protein levels and correspondingly HIF-1 DNA binding activity is
markedly induced by hypoxia (Kallio et al, 1997; Huang et al, 1996). The re-

introduction of oxygen to hypoxic cells leads to a rapid decline in both HIF-1a protein
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levels and HIF-1 DNA binding activity (Wang and Semenza, 1993a; Huang et al,
1996a). Hypoxia induced HIF-1 binding is also abolished by short pre-exposure to
hydrogen peroxide, which generates reactive oxygen intermediates, via blocking
accumulation of HIF-1a protein(Huang et al., 1996). HIF-1a. stability therefore depends
on the oxidative state of the cell and is rapidly destabilised in the presence of oxygen.
HIF-1 DNA binding in hypoxic cell extracts is reversibly blocked by sulfhydryl oxidation
and enhanced by addition of reduced thioredoxin (Huang et al., 1996), possibly indicating
that HIF-1 DNA binding may be dependent on the reduction of critical cysteine
sulfhydryls as is the case with AP-1, Egr-1, USF and Sp-1 (Pognonec et al., 1992; Huang
and Adamson, 1993; Ammendola et al., 1994; Abate et al., 1990).

HIF-1a is intrinsically unstable due to the presence of two PEST-rich sequences in the C-
terminal domain of the protein (Wang et al., 1995). PEST-rich sequences are amino acid
sequences rich in proline (P), glutamic acid (E), serine (S) and threonine (T) residues
(Rogers et al., 1986). PEST regions are commonly found in proteins that have very short
half-lifes (< 2 hours). However a direct link between the redox status of the cell and
PEST-rich sequences has yet to be identified. HIF-1a is also stabilised upon dimerisation
with HIF-1B (Kallio et al., 1997). Correlated with activation of DNA binding activity,
HIF-10. undergoes a conformational change that renders it more resistant to proteolytic
digestion in vitro (Kallio et al., 1997). This effect is not purely a consequence of
dimerisation since truncated HIF-1p mutants fail to induce such a change (Kallio et al.,

1997).

In summary, activation of HIF-1 binding is critically dependent on the relative abundance
of its o subunit whose levels are determined through redox-stabilisation of the HIF-la
protein (Huang et al., 1996). HIF-1B levels, however, are also critically important.
Hypoxia induced levels of HIF-1a exceed those of the constitutively expressed HIF-1,
in both HeLa and HepG2 cells (Kallio et al., 1997), thereby implicating HIF-1p as the

limiting factor in the magnitude of response to hypoxic stimulation. HIF-la. may
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therefore be responsible for the timing of the response but HIF-1p is responsible for the

magnitude of response.

The response of the HRE-MHC promoter construct to hypoxia compared to ischaemia
observed in this study is striking. 16 hours of hypoxia in vitro leads to a 9.2 fold
induction yet only 15 minutes of ischaemia leads to a 4.7 fold induction. These results
suggest that either the in vivo response to hypoxia is extremely sensitive or other
components of ischaemia may also be acting either directly or indirectly on the HIF-1
mediated induction. A reduction of coronary blood flow leads to an inadequate supply of
nutrients, particularly oxygen and glucose, and an inadequate removal of metabolites.
The ischaemic myocardium is therefore subjected to hypoxia, tissue hypoglycaemia,
acidosis, and an altered redox status. Redox regulation of HIF-1 activation has already
been established (see above). Embryonic stem cells, isolated from mouse lines with a
targeted disruption of the HIF-1B subunit fail to respond to a decrease in glucose
concentration as well as to a decrease in oxygen tension (Maltepe et al., 1997). It may be
possible, therefore, that under conditions of ischaemia, the HRE-MHC promoter
construct, is responding to both hypoxia and tissue hypoglycaemia. Co-ordinate
regulation by hypoxia and hypoglycaemia has previously been demonstrated with the
immediate early gene, c-jun, in human squamous carcinoma cells (SiHa) (Ausserer et al.,
1994). Hypoxia alone produced approximately a 5-fold c-jun mRNA induction in the
presence of glucose (Ausserer et al., 1994). Glucose deprivation in conjunction with
hypoxia produced greater than a 30-fold induction of c-jun message (Ausserer et al.,
1994). It is therefore possible that the ‘super-induction’ of the HRE-MHC promoter
construct by ischaemia, compared to hypoxia alone, is due to the combined effect of low

glucose and low oxygen that occurs during ischaemia.
The activation of promoter activity in response to ischaemia, demonstrated by these

results, was dependent on the presence of the HRE enhancer elements. Expression of the

a-MHC promoter alone was barely detectable indicating that the HRE elements not only
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confer inducibility but also increase basal levels of luciferase expression. An increase in
basal levels of expression may be as a result of independent transcription factors

interacting with the transcription complex, activating transcription.

The time course of promoter induction observed in the rabbit model may explain why no
induction was observed in the rat model. In the rabbit model, promoter activity returned
to baseline (sham) levels after 8 hours. The shortest time point at which expression could
be detected in the rat model was 24 hours. Any induction, therefore, that may have
occurred in the rat model had either receded by 24 hours or was unable to be detected by

the model system employed.

The magnitude of induction is calculated by comparing the levels of promoter activity in
the sham versus ischaemic areas of the heart. Visual signals (i.e. tissue decolourisation)
were used to confirm ischaemia in the apical region of the heart, previously injected with
DNA. However this method for establishing a region of ischaemia is not 100% accurate
and a greater degree of variability in promoter activity was often observed within
ischaemic areas by comparison to the variability within sham areas of the same heart
(tables 3.5, 3.6). Variability of promoter activity in ischaemic regions is to be expected
because ischaemia is not an ‘all or nothing’ event. Depending on the extent of collateral
blood flow to the ischaemic region, transfected cells on the periphery of the ischaemic
region may only be exposed to a slight reduction of blood flow or indeed no reduction at
all, whereas transfected cells in the central areas may be exposed to a complete cessation
of blood flow. Promoter activities would vary accordingly. The contribution of promoter
activities from ischaemic regions of the heart which may have only received a slight
reduction in blood flow, or none at all, would lead to greater degree of variability and a

decrease in the overall level of induction.
It was not possible to ensure that DNA injected into sham areas of the heart were at no

time exposed to brief interruptions in coronary flow. Indeed, the physical manipulation

of the heart required to interrupt coronary flow to the apical region of the heart would
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inevitably have led to brief alterations in coronary flow to the sham areas (Kloner et al.,

1995). Furthermore difficulty in anaesthetising the animals may have lead to periods of

general hypoxia and the physical damage caused by intramuscular injection may lead to
small local areas of reduced perfusion. It is therefore possible that the promoter activity
in the sham areas of the heart may have been increased by such stimuli. Increased
promoter activity in the sham areas compared to the IR areas, may result in the calculated
induction of promoter activity by IR to be lower than the true value. HRE-MHC
promoter activity at 1 and 4 hours may therefore be induced to a greater degree than 4.1

and 4.7-fold, respectively, recorded relative to sham areas.

The work presented here demonstrates a 4.65 fold induction of reporter gene expression
in response to ischaemia. It may be possible, however, to further manipulate and
optimise the response since in vivo erythropoietin expression is induced 1000 fold in
response to hypoxia or anaemia (Jelkmann, 1992). Incorporating HRE elements 5° and 3
to the target gene may enhance the transcriptional activation. It may also be beneficial to
overexpress the transcription factor subtypes HIF-1o and/or HIF-1p in conjunction with
the therapeutic construct that is driven by a promoter containing HIF-1 binding sites.
Overexpressing the HIF-1B subtype, in particular, may enhance the magnitude of
induction since HIF-1p levels are the limiting factor in the activation of HIF-1 DNA

binding activity (Kallio et al., 1997).

Alternatively, gene product levels may be enhanced by increasing the stability of the
mRNA message. Hypoxia increases the stability of tyrosine hydroxylase mRNA three
~ fold in the pheochromocytoma-derived PC12 clonal cell line (Czyzyk-Krzeska et al.,
1994). This effect is specific to tyrosine hydroxylase as neither B-actin, nor GAPDH
mRNAs are stabilised under the same conditions (Czyzyk-Krzeska et al., 1994). The
observed increase in mRNA half-life correlates with enhanced binding of a 66-kDa
protein to a 27 base pyrimidine-rich tract in the 3’ untranslated region of the tyrosine

hydroxylase mRNA (Czyzyk-Krzeska and Beresh, 1996). A number of other genes,
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including erythropoietin, inducible nitric oxide synthase, tumour necrosis factor a,

myoglobin and tryptophan hydroxylase also contain sequences similar to the 27 base
pyrimidine rich tract found in the 3’ untranslated region of tyrosine hydroxylase (Czyzyk-
Krzeska and Beresh, 1996). Incorporating this hypoxia inducible binding site in the 3’
untranslated region of the therapeutic gene of choice would not only increase the stability
of the mRNA message during periods of hypoxia, thereby increasing the levels of the
gene product, but also confer a further degree of hypoxia regulation to the therapeutic
gene. Accurate regulation of foreign genes is crucial in any gene transfer approach. The
ability to regulate gene product levels at both the transcriptional level and the

translational level would be crucially important.

These results demonstrate for the first time that the human EPO hypoxia responsive
enhancer element (HRE) linked to a basal muscle specific a-MHC promoter confers
inducible expression of a luciferase reporter gene in response to myocardial ischaemia. It
may therefore be possible to regulate a therapeutic gene such that its expression is
directly controlled by the pathological state it is designed to treat. The reversible nature
of the reporter gene activation in response to ischaemia also implies that the tissue levels
of a therapeutic gene product would fluctuate in accordance with the duration, frequency
and severity of the ischaemic episode. Thus the ability to control foreign gene expression
in a tissue specific and ischaemia responsive manner represents an important step forward

in gene therapy models of heart disease.
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4.1 Introduction

The myocardial adaptive response to ischaemic stress involves changes in the
transcription of a variety of genes including immediate early genes (Brand et al., 1992),
antioxidant enzymes (Das et al, 1993), growth factors (Herskowitz et al., 1995;
Hashimoto et al., 1994; Banai et al., 1994), cytokines (Herskowitz et al., 1995) and
receptors (ThlVahl et al., 1995). The cellular pathways responsible for changes in gene
expression are likely to involve components responsive to hypoxia, hypoglycaemia or the
redox status of the cell. To further elucidate potential cellular pathways that underly
responses to ischaemia with reperfusion we investigated the transcriptional response of

the skeletal at-actin promoter in an experimental model of ischaemia with reperfusion.

4.1.1 The Skeletal a-actin Gene

Human skeletal a-actin (SkAct) is a member of the highly conserved actin multigene
family, consisting of six major isoforms (Vandekerckhove and Weber, 1979). The two
striated muscle isoforms, skeletal o-actin and cardiac a-actin (CAct) and the two smooth
muscle isoforms, a-smooth and y-smoéth are found in the contractile apparatus of muscle
fibres (Vandekerckhove and Weber, 1979; Vandekerckhove and Weber, 1984). The
cytoskeletal isoforms, B and y are found in the cytoskeleton of muscle and non-muscle
cells (Vandekerckhove and Weber, 1978).  Each isoform is encoded by a separate gene
(Schwartz et al., 1993) and their expression is temporally and tissue specifically regulated
(McHugh et al., 1991).

SkAct and CAct mRNA levels accumulate during the early development of cardiac
muscle in foetal and neonatal rodent hearts (Vandekerckhove et al., 1986; Mayer et al.,
1984). In the adult heart, CAct expression remains high whereas SkAct expression is
very low or absent (Schwartz et al., 1986; Mayer et al., 1984; Vandekerckhove et al.,
1986). However, during cardiac hypertrophy, SkAct is re-expressed at levels equivalent
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to the CAct isoform (Schiaffino et al., 1989; Schwartz et al., 1986). This reversion to the

foetal programme of gene expression during cardiac hypertrophy is also seen with the
myosin heavy chains (MHC), where the B-isoform is re-expressed at the expense of the
a-isoform (Swynghedauw, 1986; Schiaffino et al., 1989; Schwartz et al., 1981). Human
ventricular myosin light chain (vMLC) is expressed in foetal and adult ventricular muscle
but not in either foetal or adult atrial muscle. However, vMLC is induced in human
atrial muscle by pressure overload which plays a role in the onset of cardiac hypertrophy
(Kurabayashi et al., 1988). This pattern of expression of different isoforms of contractile
proteins such as SkAct, B-MHC and vMLC is part of an adaptive response by the heart to
an increased haemodynamic load. Other adaptive mechanisms include an increased
number of small mitochondria and an overall increase in the rate of protein synthesis and
accumulation resulting in cardiac hypertrophy (Swynghedauw and Delcayre, 1982;
Korecky and Rakusan, 1978).

The SkAct promoter has been extensively characterised with respect to its activation
during cardiac hypertrophy (MacLellan et al,, 1994; Parker et al., 1992; Bishopric et al.,
1992; Bishopric et al., 1987). a,;-Adrenergic stimulation of isolated cardiac myocytes
induces myocardial hypertrophy, increasing cell size as measured by cell protein content
and surface area (Bishopric et al., 1987). a,-Adrenergic stimulation also leads to a
specific up-regulation of human SkAct mRNA expression (Bishopric et al., 1987). It was
subsequently shown that specific upstream promoter sequences between full length (-
2000) and 5° deleted (-1300) are required for the up-regulation of SkAct expression
during o,-adrenergic stimulated myocardial hypertrophy (Bishopric and Kedes, 1991).

B-Adrenergic stimulation of isolated cardiac myocytes leads to a specific up-regulation of
SkAct which is preceded by an induction of the immediate early genes, c-fos and c-jun
(Bishopric et al., 1992). Overexpression of c-jun, or c-fos and c-jun in cardiac myocytes
transactivates the SkAct promoter by about 5-fold. The transactivation of the SkAct

promoter by c-fos and c-jun was identified to be mediated via sequences from -153 to -
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36, and c-fos and c-jun protein was shown to bind specifically within this region
(Bishopric et al., 1992). Mutations or deletions of base pairs -153 to -36 also prevented

the functional interaction with the AP-1 complex.

Mechanisms underlying the muscle restricted transcription of the chicken SkAct (cSkAct)
gene reveal further regulatory elements (MacLellan et al., 1994; Lee et al., 1991; Lee et
al., 1992). However, differences exist between the patterns of regulation of the human
SkAct and chicken SkAct promoters. The muscle specific expression of the cSkAct gene
is determined by the competitive binding of a positive regulator, serum response factor
(SRF), and a negative regulator, YY1, to the proximal serum response element (SRE)
(Lee et al., 1992; Lee et al., 1991). SRF interacts with the cSkAct promoter through a
high affinity proximal SRE and a distal SRE, whereas YY1 binds solely to the proximal
SRE (Lee et al., 1991). The co-operative promoter binding of SRF, however, displaces
prebound YY1 and activates the cSkAct promoter (Lee et al., 1991). cSkAct promoter
activity can also be induced by transforming growth factor B (TGFP) and basic fibroblast
growth factor (bFGF) and conversely suppressed by acidic growth factor (aFGF)
(MacLellan et al., 1994; Parker et al., 1992).

SkAct mRNA levels are selectively activated by hypoxia/reoxygenation cycles (Webster
et al., 1993) and catecholamine stimulation (Meggs et al., 1992; Bishopric et al., 1987),
both of which are integral components of ischaemia. The immediate early genes c-fos
and c-jun, which are both induced by ischaemia (Brand et al., 1992), will positively
regulate SkAct, through proximal AP-1 binding sites (Bishopric et al., 1992). Indeed, the
response of the SkAct promoter to a variety of growth factors, hormones and proto-
oncogenes have been extensively characterised and a number of specific regulatory
domains subsequently identified (Parker et al., 1992; MacLellan et al., 1994; Bishopric et
al., 1992; Karns et al., 1995).
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4.1.2 Direct DNA injection

Direct DNA injection into both skeletal and cardiac muscle results in the reproducible

expression of functionally active recombinant protein (Buttrick et al., 1992; Lin et al.,

1990; Wolff et al., 1990). Using the direct injection technique, a variety of regulatory
elements responsible for tissue specificity have been identified (Kitsis et al., 1991;
Boveris and Cadenas, 1975). Direct DNA injection has also been employed to
demonstrate the hormonal modulation of the rat a.-myosin heavy chain promoter (Kitsis
et al., 1991), illustrating the potential of direct DNA injection for identifying regulatory
elements of genes expressed in the myocardium. Direct injection of DNA into
myocardium subjected to 15 minutes of ischaemia followed by reperfusion results in
reporter gene expression levels comparable to that of non-ischaemic myocardium
(Prentice et al., 1996). Evidence also shows that the tissue specificity of directly injected
promoter constructs is retained after direct DNA injection into the myocardium (Prentice

et al., 1994).

Results 2




4.2 Experimental Design

4.2.1 Alterations in Skeletal a-actin promoter activity following ischaemia with

reperfusion

This study was designed to further elucidate potential cellular pathways that underly
responses to ischaemia with reperfusion. The skeletal o-actin promoter (SkAct) was
chosen because although it is known to be a marker of hypertrophy, it is capable of
responding to components of ischaemia, namely hypoxia and catecholamine stimulation.
Furthermore, the SkAct promoter has been extensively characterised, and extensive in
vitro data on both wild type and mutated SkAct promoter sequences was available
through a collaboration with Drs Keith Webster and Nannette Bishopric. The access to
deleted and mutated SkAct promoter constructs may provide valuable information about
SkAct promoter regulation in the adult and allow comparisons between in vivo and in
vitro responses. These constructs may also potentially allow domains of the SkAct
promoter responsive to ischaemia with reperfusion to be mapped. Such domains could
then be incorporated into synthetic hybrid promoters for construction of gene delivery

vectors.

4.2.2 Transactivation of the SkAct promoter by AP-1

Cotransfection assays in cardiac myocytes demonstrated that overexpression of c-jun, or
of c-c-fos plus c-jun, transactivated the skeletal actin promoter by up to 5 fold (Bishopric
et al., 1992). Skeletal actin sequences between -153 and -36 were required for maximal
transactivation by c-fos/c-jun, and purified c-fos and c-jun were bound specifically within
this region. A direct physiological role was therefore suggested for the AP-1
transcription factor complex in regulating skeletal actin gene expression (Bishopric et al.,

1992).
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4.2.3 Regulation of SkAct promoter activity in the heart by GATA-4

SkAct expression in the heart involves the complex interaction of a number of
transcription factors. GATA-4 is a member of the GATA DNA binding family of zinc
finger proteins that interact with DNA sequence elements containing the conserved motif
5'-GATA-3’ (Arceci et al., 1993). This conserved motif was recently identified in the

promoter sequence of the human SkAct gene (N. Bishopric, personal communication).

GATA-4 is expressed early in development and its expression is restricted to the heart
and endodermally-derived tissues (Arceci et al., 1993). The a-myosin heavy chain
(MHC) gene is the major structural protein in the heart and contains two putative GATA-
binding sites in the proximal enhancer region of the gene (Molkentin et al., 1994).
GATA-4 interacts with these sites, activating cardiac-specific expression (Molkentin et
al., 1994). A number of other cardiac-specific structural genes, including B-myosin
heavy chain, atrial and ventricular myosin light chain and cardiac o-actin, also contain
putative GATA-4 binding sites, implicating GATA-4 as a major regulator of cardiac-

specific gene expression (Molkentin et al., 1994).
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4.3 Results

4.3.1 Alterations in Skeletal a-actin promoter activity following ischaemia with

reperfusion

In order to assess the inducibility of the SkAct promoter in response to ischaemia with
reperfusion (IR), the rat model of ischaemia with reperfusion was initially employed, as
described in section 2.5.2. Briefly, male Sprague Dawley rats were anaesthetised and
artificially ventilated. The hearts were exposed and subjected to 15 minutes ischaemia
followed by reperfusion (IR) or to sham operation which involves an identical procedure
but without the coronary ligation. DNA promoter/reporter gene constructs were
introduced by direct injection into the cardiac apex. Hearts were removed and assayed

for reporter gene expression one and seven days later, as described in section 2.5.4.

To take into account varying uptake efficiencies between injections, a ubiquitously
expressing SV40 construct is co-injected with the SkAct promoter construct. Results are

expressed as a ratio of the SkAct construct to the ubiquitously expressing SV40 construct.
Two SkAct promoter constructs, both driving the expression of a luciferase reporter gene,

were used. Firstly, the full length -2000 human SkAct promoter and secondly, the shorter
length -1282 human SkAct promoter.
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Table 4.1 Levels of activity from the -2000 skeletal actin promoter at 7 days in sham

and IR rat myocardium.

Protocol : rat heart, 15 mins ischaemia with reperfusion
Time point : 7 days
CAT construct : SV40/ CAT (50ug)

Luciferase construct : -2000 Skeletal actin / luciferase (S0.g)

Experiment no. | Protocol | CAT(SV40) LUC(-2000) Ratio
1 SHAM 19717 770 0.04
2 SHAM 57267 20100 0.35
3 SHAM 53235 15160 0.28
4 SHAM 41690 12420 0.30
5 SHAM 9099 1150 0.13
6 SHAM 28520 1830 0.06 Mean
7 SHAM 7413 1560 0.21 0.19 + 0.04
8 SHAM 24767 3140 0.13
9 IR 4414 660 0.15
10 IR 4165 280 0.07
11 IR 15299 580 0.04
12 IR 67069 2930 0.04 Mean
13 IR 9683 2750 0.28 0.13 + 0.04
14 IR 6028 1280 0.21

Promoter activities from 14 individual experiments are shown. Hearts were injected with the plasmid DNA
constructs -2000 Skeletal actin / Luciferase and SV40 / CAT in equal ratios. Animals were then subjected
to 15 minutes of ischaemia with reperfusion (IR) or to Sham (SHAM) operation only, as described in
section 2.5.2. Hearts were excised and assayed for reporter gene expression 7 days post ischaemia as
described in section 2.5.4. CAT activities, under the control of a SV40 promoter, are shown in column 3.
CAT activity is presented as counts per minute (cpm) above background, representing the conversion of
'%C-chloramphenicol to its acetylated product by the reporter gene product chloramphenicol acetyl
transferase. Luciferase activities, under the control of the -2000 Skeletal actin promoter, are shown in
column 4. Luciferase activity is presented as relative light units (RLU) multiplied by 1000, representing
the oxidation of luciferin by luciferase with concomitant production of a photon. Ratio values in column 5
represent the luciferase data point divided by the CAT data point for each experiment. Ratio values allow

the test promoter (-2000 Skeletal actin) to be normalised by reference to the internal control (SV40). The
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mean of the ratios + standard error for the Sham or IR procedures are shown in column 6. Statistical

analysis was performed using the Students t-test for unpaired samples.
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Table 4.2 Levels of activity from the -1282 skeletal actin promoter at 7 days in sham and

IR rat myocardium.

Protocol : rat heart, 15 mins ischaemia with reperfusion
Time point : 7 days
CAT construct : SV40/ CAT (50ng)

Luciferase construct : -1282 Skeletal actin / luciferase (50p.g)

Experiment no. | Protocol | CAT(SV40) LUC(-1282) Ratio

SHAM 171472 11260 0.14

SHAM 71525 24020 0.34

SHAM 14989 13880 0.93 Mean
SHAM 28812 14330 0.50 0.52 +0.14

SHAM 97240 68050 0.70

IR 25931 1818 0.07

IR 42925 19550 0.46

IR 36589 8291 0.23

IR 55521 31680 0.57 Mean
IR 68890 43390 0.63 0.40 + 0.09

IR 56299 26810 0.48

Promoter activities from 11 individual experiments are shown. Hearts were injected with the plasmid DNA
constructs -1282 Skeletal actin / Luciferase and SV40 / CAT in equal ratios, as described in section.
Animals were then subjected to 15 minutes of ischaemia with reperfusion (IR) or to Sham (SHAM)
operation only, as described in section 2.5.2. Hearts were excised and assayed for reporter gene expression

7 days post ischaemia. The format and layout of this table is as table 4.1.
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Levels of Activity from the -2000 and -1282 Skeletal a-actin Promoter at
7 days in sham and IR Rat Myocardium

Ll SHAM

B IR

0.6

Promoter Activity
(=]
N 2
1

o
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1

-2000 -1282

SkAct Promoter Constructs

Figure 4.1 The surgical procedures, injections and assays are described in section
2.5.2. Hearts were injected with either -2000 SkAct (-2000) or -1282 SkAct (-1282)
promoter constructs and subjected to IR or sham procedures. Hearts were excised and
reporter gene activities assayed 7 days after surgery. This figure summarises the data
presented in tables 4.1 and 4.2. Promoter activity is the ratio of average levels of
reporter gene expression driven by the SkAct promoter to average levels of reporter
gene expression driven by the SV40, ubiquitously expressing, promoter, with standard
errors indicated.
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A comparison of skeletal actin promoter activities in IR and sham operated animals at 7
days are shown in figure 4.1. No difference was observed between the mean of the ratios
for the -2000 SkAct promoter activity in the sham experiments (0.19 £ 0.04) compared to
the IR experiments (0.13 £+ 0.04). The mean of the ratios for the -1282 SkAct promoter
activity was also similar in the two groups, being 0.52 + 0.14 in the sham experiments
and 0.40 + 0.09 in the IR experiments. The inducibility of the SV40 basal promoter has

been previously investigated using this model at 7 days and is not induced (H. Prentice,

personal communication). IR has therefore no detectable effect on the activity of the

skeletal actin promoter at 7 days.

There are two possible explanations for this data. Either, IR has no effect on the activity
of the skeletal actin promoter, or the effects of IR on the activity of the skeletal actin
promoter have receded by 7 days. Ischaemia leads to a variety of responses, including an
increase in the production and release of catecholamines. Evidence shows that a-
adrenergic stimulation of cultured neonatal myocytes leads to a specific up-regulation,
over ten fold, of the mRNA for the skeletal actin gene (Bishopric et al., 1987). Indeed,
increased sympathetic nervous system activity, induced by deoxycorticosterone acetate
(DOCA) salt hypertension, up-regulates skeletal actin mRNA levels (Meggs et al., 1992).
Furthermore, hypoxia, an integral part of ischaemia, induces skeletal actin mRNA levels
in cultured neonatal myocytes (K. Webster, personal communication). In vivo, skeletal
actin mRNA levels are up-regulated in myocardial infarction-induced left ventricular
failure (Meggs et al., 1990) and aortic stenosis leads to an accumulation of skeletal actin

mRNA levels within four hours (Schiaffino et al., 1989).

Therefore in order to determine if the effects of IR on the activity of the skeletal actin

promoter occur at an earlier stage, the study was repeated using a one day time point.
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Table 4.3 Effect of IR on the induction of the -2000 skeletal actin promoter at 1 day in

the rat.

Protocol : rat heart, 15 mins ischaemia with reperfusion
Time point : 1 day
CAT construct : SV40/ CAT (50ng)

Luciferase construct : -2000 Skeletal actin / luciferase (50p.g)

Experiment no. | Protocol | CAT(SV40) LUC(-2000) Ratio
1 SHAM 839 1199 1.4
2 SHAM 523 4086 7.8
3 SHAM 1645 41650 25.3
4 SHAM 655 11300 17.3 Mean
5 SHAM 283 3929 13.9 11.5+3.7
6 SHAM 1884 6700 3.6
7 IR 277 4371 15.8
8 IR 449 4379 9.8
9 IR 580 5684 9.8
10 IR 403 11270 28.0 Mean
11 IR 1488 5686 3.8 12.2 + 3.6
12 IR 721 4336 6.0

Promoter activities from 12 individual experiments are shown. Hearts were injected with the plasmid DNA
constructs -2000 Skeletal actin / Luciferase and SV40 / CAT in equal ratios, as described in section.
Animals were then subjected to 15 minutes of ischaemia with reperfusion (IR) or to Sham (SHAM)
operation only, as described in section 2.5.2. Hearts were excised and assayed for reporter gene expression

1 day post ischaemia. The format and layout of this table is as table 4.1.
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Table 4.4 Effect of IR on the induction of the -1282 skeletal actin promoter at 1 day in

the rat.

Protocol : rat heart, 15 mins ischaemia with reperfusion
Time point : 1 day
CAT construct : SV40/ CAT (50pg)

Luciferase construct : -1282 Skeletal actin / luciferase (50p.g)

Experiment no. | Protocol | CAT(SV40) | LUC(-1282) Ratio

1 SHAM 335 2500 7.5

2 SHAM 1922 58200 30.3

3 SHAM 2284 42900 18.8 Mean

+ SHAM 1393 22000 15.8 20.8 +4.5
5 SHAM 363 11400 31.5

6 IR 2340 85000 36.3

7 IR 2953 88200 299 Mean

8 IR 1455 45100 31.0 41.3+9.0
9 IR 601 40800 67.8

Promoter activities from 9 individual experiments are shown. Hearts were injected with the plasmid DNA
constructs -1282 Skeletal actin / Luciferase and SV40 / CAT in equal ratios, as described in section.
Animals were then subjected to 15 minutes of ischaemia with reperfusion (IR) or to Sham (SHAM)
operation only, as described in section 2.5.2. Hearts were excised and assayed for reporter gene expression

1 day post ischaemia. The format and layout of this table is as table 4.1.
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Levels of Activity from the -2000 and -1282 Skeletal oi-actin Promoter at
1 day in sham and IR Rat Myocardium
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Figure 4.2 The surgical procedures, injections and assays are described in section
2.5.2. Hearts were injected with either -2000 SkAct (-2000) or -1282 SkAct (-1282)
promoter constructs and subjected to IR or sham procedures. Hearts were excised and
reporter gene activities assayed 1 day after surgery. This figure summarises the data
presented in tables 4.3 and 4.4. Promoter activity is the ratio of average levels of
reporter gene expression driven by the SkAct promoter to average levels of reporter
gene expression driven by the SV40, ubiquitously expressing, promoter, with standard

errors indicated.
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Figure 4.2 shows a comparison of SkAct promoter activities in IR and sham operated
animals. The mean of the ratios for the -2000 SkAct promoter activity was 11.5 + 3.7 for
the sham experiments and 12.2 + 3.6 for the IR experiments. The -1282 SkAct promoter
activity in the sham experiment was 20.8 + 4.5 compared to 41.3 +9.0 following IR. The
inducibility of the SV40 basal promoter has been previously investigated using this
model at 1 day and is not induced (H. Prentice, personal communication). The -2000
SkAct promoter activity shows no difference between sham and IR animals. The -1282
SkAct promoter activity shows a non-significant trend possibly suggesting an effect of

IR.

From the 9 samples tested, no clear conclusions can be drawn about the activation, if any,
of the -1282 SkAct promoter in response to IR. Any activation of the -1282 SkAct
promoter that may be present at 1 day might represent an earlier induction that is now
fading. To determine if this non-significant trend was indicative of an earlier response or

merely an experimental artefact, time points less than 1 day were investigated.

Time Point | Mean SV40/CAT activity
3 hours 0 (n=2)
8 hours 52 (n=1)
12 hours 70 (n=3)

Table 4.5 Mean CAT reporter gene activity at 3, 8 and 12 hour time points. Rat hearts were injected
with 50ug SV40/CAT plasmid as described in section 2.5.1. At the time points indicated in column 1,
hearts were excised and assayed for CAT reporter gene activity. CAT activity is presented in column 2 as
counts per minute (cpm) above background, representing the conversion of *C-chloramphenicol to its

acetylated product by the reporter gene product chloramphenicol acetyl transferase.

As table 4.5 illustrates, significant levels of reporter gene activity could not be detected at

time points less than 1 day using the rat model of ischaemia with reperfusion (see table
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4.5). Therefore, in order to overcome this problem alternative models were considered.

The rabbit model of ischaemia with reperfusion was developed and described below.

Rabbit model of Ischaemia with Reperfusion

This model has been discussed previously in section 3.2.1. Briefly, rabbits were
anaesthetised and artificially ventilated. The heart was exposed by a left thoracotamy and
DNA injected firstly into the cardiac apex and secondly into the proximal left ventricular
wall. Seven days after DNA injection, rabbits were subjected to a second thoracotamy
and the first obtuse marginal artery ligated immediately above the cardiac apex.
Ischaemia was confirmed by visualisation of tissue decolourisation. After 15 minutes of
ischaemia, the suture was removed to allow reperfusion of the apex. Hearts were excised

and assayed 1 hour post ischaemia.
As discussed in section 3.2.1, this model ensures that the injected DNA is present 7 days

before the ischaemic insult, there is no restriction on the time points that can be assayed

and both sham and IR experiments can be performed in the one heart.
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Table 4.6a Effect of 15 mins ischaemia with 1 hour of reperfusion on the -1282 Skeletal

actin promoter in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion
Time point : 1 hour

Luciferase construct : -1282 Skeletal actin / luciferase (50ug)
CAT construct : SV40/ CAT (50pg)

Experiment no. | Region CAT(SV40) | LUC(-1282) Ratio

A SHAM 6155 19 3.1 Mean
B SHAM 572 0.9 1.5 2.3
s IR 27547 236 8.6 Mean
D IR 10662 88 8.2 84

Promoter activities from 4 experiments are shown. Hearts were injected in the apical and proximal lateral
wall regions with the plasmid DNA constructs -1282 Skeletal actin / Luciferase and SV40 / CAT in equal
ratios. 7 days after the DNA injection, a second thoracotamy was performed and the apical region of the
heart subjected to 15 minutes of ischaemia by left marginal artery ligation followed by 1 hour of
reperfusion (IR), as described in section 2.5.3. The proximal lateral wall remained perfused throughout
(SHAM). CAT activities, under the control of a SV40 promoter, are shown in column 3. CAT activity is
presented as counts per minute (cpm) above background, representing the conversion of e
chloramphenicol to its acetylated product by the reporter gene product chloramphenicol acetyl transferase.
Luciferase activities, under the control of the -1282 Skeletal actin promoter, are shown in column 4.
Luciferase activity is presented as relative light units (RLU), representing the oxidation of luciferin by
luciferase with concomitant production of a photon. Ratio values in column 5 represent the luciferase data
point divided by the CAT data point for each experiment, multiplied by 1000. Ratio values allow the test
promoter (-1282 Skeletal actin) to be normalised by reference to the internal control (SV40). The mean of
the ratios + standard error for the Sham or IR regions are shown in column 6. Statistical analysis was

performed using the Students t-test for paired samples.
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Further experiments using this protocol failed to give any activity from either the CAT or

luciferase expressing constructs. The absence of reporter gene expression was identified
to have occurred at the same time as a fresh preparation of plasmid DNA was used.
Further batches of DNA were prepared using the caesium gradient method (described in
section 2.2.1) but as before they also failed to give any activity of either the CAT or
luciferase expressing constructs when injected into the rabbit myocardium. The reason
for the inactivity is unclear but may be due to contamination from the caesium gradient
purification protocol. This is discussed later. An alternative method of preparing the
DNA for injection was used. DNA prepared using Qiagen filters (described in section
2.2.1) gave reproducible levels of both CAT and luciferase reporter gene activity when
injected into the rabbit myocardium. Qiagen DNA was therefore used for the following

experiments.
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Table 4.6b Effect of 15 mins ischaemia with 1 hour of reperfusion on the -1282 Skeletal

actin promoter in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion
Time point : 1 hour
Luciferase construct : -1282 Skeletal actin / luciferase (S0u.g)

CAT construct : SV40/ CAT (50pg)

Experiment no. Region CAT(SV40) | LUC(-1282) Ratio

1 SHAM 26781 296 11.1

. SHAM 25094 276 11.0

3 SHAM 22726 234 10.3

-+ SHAM 43479 414 9.5 Mean

5 SHAM 30327 393 13.0 10.3+0.8
6 SHAM 6739 47.2 7.0

IR 27239 197 j

8 IR 25598 241 9.4

9 IR 19022 247 13.0

10 IR 24502 620 25.3 Mean
11 IR 22208 225 10.1 11.7+2.9
12 IR 24846 124 5.0

Promoter activities from 12 experiments are shown. Hearts were injected in the apical and proximal lateral
wall regions with the plasmid DNA constructs -1282 Skeletal actin / Luciferase and SV40 / CAT in equal
ratios. 7 days after the DNA injection, a second thoracotamy was performed and the apical region of the
heart subjected to 15 minutes of ischaemia by left marginal artery ligation followed by 1 hour of
reperfusion (IR), as described in section 2.5.3. The proximal lateral wall remained perfused throughout

(SHAM). The format and layout of this table is as table 4.6a.
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Table 4.7 Effect of 15 mins ischaemia with 1 hour of reperfusion on the -2000 Skeletal

actin promoter in the rabbit heart.

Protocol : rabbit heart, 15 mins ischaemia with reperfusion

Time point : 1 hour

Luciferase construct : -2000 Skeletal actin / luciferase (50pg)

CAT construct : SV40/ CAT (50ug)

Experiment no. Region CAT(SV40) | LUC(-1282) Ratio
1 SHAM 2220 54 24.3
2 SHAM 5385 331 61.5
3 SHAM 6300 236 374
4 SHAM 19128 935 48.9
3 SHAM 14200 670 47.2
6 SHAM 19191 1527 79.6
7 IR 13871 454 32
8 IR 6449 309 47.9
9 IR 4573 71 15.5
10 IR 13620 341 25.0
11 IR 15584 838 53.8
12 IR 17647 732 41.5

Mean
498 +7.8

Mean
36.1 +5.9

Promoter activities from 12 experiments are shown. Hearts were injected in the apical and proximal lateral

wall regions with the plasmid DNA constructs -2000 Skeletal actin / Luciferase and SV40 / CAT in equal

ratios. 7 days after the DNA injection, a second thoracotamy was performed and the apical region of the

heart subjected to 15 minutes of ischaemia by left marginal artery ligation followed by 1 hour of

reperfusion (IR), as described in section 2.5.3. The proximal lateral wall remained perfused throughout

(SHAM). The format and layout of this table is as table 4.6a.
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Levels of Activity from the -2000 and -1282 Skeletal a-actin Promoter at
1 hour in sham and IR Rabbit Myocardium

Promoter Activity

-2000 -1282

SkAct Promoter Constructs

Figure 4.3 The surgical procedures, injections and assays are described in section
2.5.3. Hearts were injected with either -2000 SkAct (-2000) or -1282 SkAct (-1282)
promoter constructs and subjected to IR or sham procedures. Hearts were excised and
reporter gene activities assayed 1 hour after IR. This figure summarises the data
presented in tables 4.6b and 4.7. Promoter activity is the ratio of average levels of
reporter gene expression driven by the SkAct promoter to average levels of reporter

gene expression driven by the SV40, ubiquitously expressing, promoter, with standard
errors indicated.
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-1282 SkAct promoter activities from caesium purified DNA in sham and IR areas of the
heart at 1 hour are shown in table 4.6a. Mean -1282 SkAct promoter activity was
approximately three and a half times higher in IR areas of the heart than in sham areas of
the heart. From the four samples tested no clear conclusions can be drawn, however, the
induction of SkAct promoter activity in IR areas of the heart shows a non-significant
trend. Further experiments could not be performed because DNA batches prepared using
the caesium gradient method no longer gave reporter gene expression when injected into
the rabbit myocardium. DNA prepared using Qiagen filters did, however, give reporter

gene expression. Qiagen purified DNA was therefore used for the remainder of the study.

-1282 SkAct and -2000 SkAct promoter activities using Qiagen purified DNA in sham
and IR areas of the heart at 1 hour are shown in figure 4.3. The mean -2000 SkAct
promoter activity in sham areas of the heart was 49.8 + 7.8 compared to 36.1 £59inIR
areas after 1 hour of reperfusion. The mean -1282 SkAct promoter activity in sham areas
of the heart was 10.3 + 0.8 compared to 11.7 + 2.9 in IR operated areas after 1 hour of
reperfusion. The inducibility of the SV40 basal promoter, used as an internal control, has
been previously investigated using this model at 4 hours and was not induced (see table
3.9). Promoter activities for both -2000 SkAct and -1282 SkAct were therefore not
significantly different in tissue subjected to 15 minutes of ischaemia followed by 1 hour

of reperfusion than in sham operated tissue.

The rabbit model of ischaemia with reperfusion has previously been used successfully at
1 hour to demonstrate the induction of a hybrid promoter containing myosin heavy chain
basal regulatory sequences plus four copies of the erythropoietin HIF-1 binding site (see
Chapter 3). It is therefore unlikely that this model is incapable of detecting changes in
promoter activity at 1 hour in response to 15 minutes ischaemia followed by reperfusion.
Further time points are necessary, particularly four and eight hour time points, to fully
characterise the activation characteristics of the SkAct promoter following 15 minutes of

ischaemia followed by reperfusion. The work presented here is, however, part of an
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ongoing research project and the response of the SkAct promoters four and eight hours

after IR in the rabbit heart, will be characterised by other investigators.

4.3.2 Transactivation of the SkAct promoter by AP-1

Transactivation of the SkAct promoter by c-fos and c-jun was investigated in vivo using
the rat model of direct DNA injection, as described in section 2.5.1. Expression vectors
encoding c-fos and c-jun, the main constituents of transcriptional activator protein AP-1
were co-injected with the -1282 skeletal actin luciferase construct and SV40 CAT
construct. Sham experiments consisted of -1282 skeletal actin, SV40 and non-expressing
carrier DNA. The -1282 skeletal actin luciferase construct was chosen to investigate the
transactivation of the SkAct promoter. SV40 CAT expression controls for uptake

efficiency, as with the ischaemia/reperfusion experiments.
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Table 4.8 Regulation of skeletal actin promoter activity by c-fos and c-jun in the rat

heart.

Protocol : rat heart, direct DNA injection
Time point : 2 days
DNA injected : -1282 Skeletal actin / luciferase (S0ug)
SV40 / CAT (25pg)
- CMV / ¢c-Jun (12.5ug), CMV / c-Fos (12.5ug)
or carrier DNA (25ug)

Experiment no. | Protocol CAT(SV40) | LUC(-1282) Ratio

1 SA 6642 7690 1.2

2 SA 8377 2730 0.3

3 SA 6935 4030 0.6

4 SA 12236 9550 0.8 Mean

5 SA 17696 19520 1.1 0.79 £ 0.16
6 SA +F/J 2913 1960 0.7

7 SA+F/] 4327 3740 0.9

8 SA+F/] 1608 1830 B |

9 SA+F/] 3713 3280 0.9 Mean
10 SA+F/] 5014 5820 1.2 0.94 + 0.09

Promoter activities from 10 individual experiments are shown. Sham hearts were injected with 50pg -
1282 Skeletal actin / Luciferase, 25ug SV40 / CAT and 25ug non-expressing cloning vector (SA). c-
fos/c-jun hearts were injected with 50pg -1282 Skeletal actin / Luciferase, 25ug SV40 / CAT, 12.5ug
CMV / c-jun and 12.5 pg CMV / c-Fos (SA+F/J), as described in section 2.5.1. Hearts were excised and
assayed for reporter gene expression 2 days after DNA injection. CAT activities, under the control of a
SV40 promoter, are shown in column 3. CAT activity is presented as counts per minute (cpm) above
background, representing the conversion of 1C-chloramphenicol to its acetylated product by the reporter
gene product chloramphenicol acetyl transferase. Luciferase activities, under the control of the -1282
Skeletal actin promoter, are shown in column 4. Luciferase activity is presented as relative light units
(RLU) multiplied by 1000, representing the oxidation of luciferin by luciferase with concomitant
production of a photon. Ratio values in column 5 represent the Luciferase data point divided by the CAT
data point for each experiment. Ratio values allow the test promoter to be normalised by reference to the

internal control (SV40). The mean of the ratios + standard error for the Sham or IR procedures are shown
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in column 6. Statistical analysis was performed using the Students t-test for unpaired samples.
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Transactivation of the Skeletal a-actin Promoter by c-fos and c-jun

SA+F/]

Promoter Activity

SkAct Promoter

Figure 4.4 The surgical procedures, injections and assays are described in section
2.5.1. Hearts were injected with -1282 SkAct promoter construct and either c-fos and
c-jun expressing constructs (SA + F/J) or carrier DNA (SA). Hearts were excised and
reporter gene activities assayed 2 days after injection. This figure summarises the data
presented in table 4.8. Promoter activity is the ratio of average levels of reporter gene
expression driven by the SkAct promoter to average levels of reporter gene expression
driven by the SV40, ubiquitously expressing, promoter, with standard errors indicated.
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Transactivation of the -1282 SkAct promoter by c-fos and c-jun expressing plasmids is
shown in figure 4.4. Mean -1282 SkAct promoter activity in the rat heart 2 days after
injection was 0.79 £ 0.16. Mean activity of the -1282 SkAct promoter co-injected with c-
fos and c-jun expressing constructs was 0.94 + 0.09 in rat hearts, 2 days after injection. In
this in vivo model of direct DNA injection into the rat heart, the -1282 SkAct promoter is

not transactivated by c-fos and c-jun overexpression.

4.3.3 Regulation of SkAct promoter activity in the heart by GATA-4

In order to determine the influence of GATA-4 on the regulation of SkAct expression in
the heart, full length (-2000) SkAct constructs with a mutation in the GATA-4 DNA
binding domain, were injected into the rat myocardium, as described in section 2.5.1.
Relative expression levels were compared to non-mutated full length SkAct promoter
constructs injected in the same manner. Ubiquitously expressing SV40/CAT constructs
were co-injected with either GATA mutant full length SkAct / luciferase constructs
(GATA) or non-mutated full length SkAct / luciferase constructs (Wt) to normalise for

variations in uptake efficiency.
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Table 4.9 Regulation of skeletal actin promoter activity by GATA-4 in the rat heart.

Protocol : rat heart, DNA injection
Time point : 7 days
CAT construct : SV40/ CAT (25ug)
Luciferase construct : -2000 Skeletal actin / luciferase (S0ng)
or -2000 Skeletal actin GATA mutant / luciferase (S0u.g)

Experiment no. | Protocol CAT(SV40) LUC Ratio
1 WT 50563 1650 0.03
2 WT 14690 696 0.05 Mean
3 WT 78818 2940 0.04 0.04 + 0.01
4 GATA 33989 13920 0.41
5 GATA 14131 13200 0.93
6 GATA 102107 45510 0.45
# GATA 136064 28870 0.21 Mean
8 GATA 107327 46140 0.43 0.46 + 0.10
9 GATA 122649 40120 0.33

Promoter activities from 9 individual experiments are shown. Sham hearts were injected with 50pg -2000
Skeletal actin / Luciferase and 25ug SV40 / CAT (WT). GATA hearts were injected with 50pg -2000
Skeletal actin GATA mutant / Luciferase and 25ug SV40 / CAT (GATA), as described in section 2.5.1.
Hearts were excised and assayed for reporter gene expression 7 days after DNA injection. CAT activities,
under the control of a SV40 promoter, are shown in column 3. CAT activity is presented as counts per
minute (cpm) above background, representing the conversion of “C-chloramphenicol to its acetylated
product by the reporter gene product chloramphenicol acetyl transferase. Luciferase activities, under the
control of either the -2000 Skeletal actin promoter or -2000 Skeletal actin GATA mutant promoter, are
shown in column 4. Luciferase activity is presented as relative light units (RLU) multiplied by 1000,
representing the oxidation of luciferin by luciferase with concomitant production of a photon. Ratio
values in column 5 represent the Luciferase data point divided by the CAT data point for each experiment.
Ratio values allow the test promoter to be normalised by reference to the internal control (SV40). The
mean of the ratios + standard error for the Sham or IR procedures are shown in column 6. Statistical

analysis was performed using the Students t-test for unpaired samples.
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Involvement of GATA-4 Binding Domain on Skeletal a-actin Promoter
Activity in the Rat Myocardium

0.6
B wWT

0.5 GATA mutant
0.4 1

0.3

L

Promoter Activity

0.1

SkAct Promoter

Figure 4.5 The surgical procedures, injections and assays are described in section
2.5.1. Hearts were injected with the full length SkAct promoter (WT) or the full length
SkAct promoter with a mutation in its GATA-4 binding domain (GATA mutant).
Hearts were excised and reporter gene activities assayed 7 days after injection. This
figure summarises the data presented in table 4.9. Promoter activity is the ratio of
average levels of reporter gene expression driven by the SkAct promoter to average
levels of reporter gene expression driven by the SV40, ubiquitously expressing,
promoter, with standard errors indicated.
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Regulation of skeletal actin promoter activity by GATA-4 in the rat heart is shown in
figure 4.5. Mean full length SkAct promoter activity was 0.04 £ 0.01 7 days after intra-
cardiac injection in the rat. Mean activity from the full length SkAct promoter with a
mutation in the GATA-4 binding domain was 0.46 + 0.10. The GATA mutant SkAct

promoter, therefore expressed > 10 fold higher than the non-mutated SkAct promoter.
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4.4 Discussion

4.4.1 Induction of the Skeletal a-actin promoter by ischaemia with reperfusion

Transcription of the SkAct gene is known to respond to certain components of ischaemia,
specifically hypoxia/reoxygenation cycles in vitro (Webster et al, 1993) and
catecholamine stimulation in vitro and in vivo (Bishopric et al., 1992; Meggs et al., 1992;
Bishopric et al., 1987). However, the models of ischaemia with reperfusion used in this
study demonstrate no significant activation of the SkAct promoter in response to a 15
minute ischaemic episode followed by 1 hour of reperfusion in the rabbit heart.
Likewise, the SkAct promoter was not activated in response to 15 minutes of ischaemia
followed by reperfusion for 1 or 7 days in the rat heart. A number of possible
conclusions can therefore be drawn. Firstly, the SkAct promoter may not be responsive
to ischaemia at the time points assayed. Alternatively, either the model system employed
may have been incapable of detecting any effect, or a transient 15 minute ischaemic
episode may not be sufficient to activate the SkAct promoter. The local tissue trauma
experienced during the direct DNA injection may have resulted in the instigation of local
cellular events including inflammation, remodelling and hypertrophy which is known to
be a stimulus for SkAct activation (Schwartz et al., 1986; Schiaffino et al., 1989). It is
therefore possible that the SkAct promoter was maximally activated before the IR

episode.

Preliminary data from the first 1 hour time point rabbit heart assayed, indicated an
induction of -1282 SkAct promoter activity in the IR tissue (table 4.6a). However,
subsequent experiments using fresh batches of DNA, prepared using caesium gradients
according to the same protocol (see section 2.2.1), failed to give either CAT or luciferase
reporter gene activity. Further experiments indicated that the same batch of DNA that
failed to give reporter gene activity in the rabbit, gave significant levels of reporter gene

activity when injected into the rat myocardium.

Results 2 111



When injected DNA was prepared using Qiagen filters, as described in section 2.2.1,

instead of caesium gradients, reporter gene activity in the rabbit myocardium was
observed. The degree of supercoiling which is known to be potentially important for
expression, was similar between the two methods. The absence of reporter gene activity
in later experiments with DNA isolated using caesium gradients could be due to a variety
of factors including ethidium bromide contamination. Ethidium bromide is an integral
reagent in the caesium gradient protocol but not of the Qiagen filter protocol. Ethidium
bromide intercalates DNA and is used to locate the supercoiled DNA in the tube
containing the caesium gradient, as described in section 2.2.1. Ethidium bromide
contamination may lead to extensive DNA intercalation, which may prevent the DNA

from expressing in the cell.

The study of the effect of IR on SkAct promoter activity in the rabbit myocardium at 1
hour was subsequently examined using DNA prepared with Qiagen filters. Injection of
Qiagen DNA resulted in activities that differed from the preliminary data and showed no

induction of SkAct promoter activity in IR tissue at 1 hour (see figure 4.3).

DNA injection into the myocardium is associated with tissue injury and inflammation
(Buttrick et al., 1992; Lin et al., 1990). The presence of fibrous tissue is characteristic of
the site of DNA injection and represents local inflammation and tissue trauma caused by
the DNA injection. Trace contaminants, carried over from preparing the DNA may be
responsible for this inflammatory response. Promoter activities in an environment of
local inflammation and trauma may no longer be representative of endogenous patterns of
transcriptional activity. Any such inflammatory responses that do occur would happen in
both sham and IR tissue and any induction observed between sham and IR areas would be
controlled for and therefore still stand. However, it is possible that inflammatory
responses may lead to maximal activation of the promoter, preventing any potential
induction to be observed. The presence of fibrous tissue causes additional stress to

adjacent tissues and the surrounding myocardium. SkAct expression is known to be
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activated by a number of stress-related stimuli including stretch or pressure overload and
catecholamine stimulation (Bishopric and Kedes, 1991; Mann et al., 1989; Schwartz et
al., 1986). It is possible, therefore, that the SkAct promoter may have become maximally

activated in both sham and IR tissue by contaminants in the Qiagen prepared DNA,

resulting in the apparent lack of effect of IR. Unfortunately a comparison of the possible

differences between Qiagen prepared and caesium gradient prepared DNA could not be
examined because no expression could be detected from DNA prepared using caesium

gradients.

4.4.2 Transactivation of the SkAct promoter by AP-1

No transactivation of the -1282 SkAct promoter was observed when c-fos and c-jun
expressing constructs were co-injected with the SkAct promoter construct. This is in
contrast with the published iz vitro data which reports a consistent 4-5 fold induction of a
series of SkAct promoter deletion fragments, including the -1282 SkAct promoter
(Bishopric et al., 1992). The ratio of the SkAct reporter plasmid to the c-fos and c-jun
expressing plasmids used in this study was identical to that used in the cell culture

experiments (Bishopric et al., 1992).

Following transfection in the cell culture experiments, cells were maintained in serum-
free media (Bishopric et al., 1992). The human SkAct promoter region contains serum
response factor binding sequences (Bishopric et al., 1992). The activity of the SkAct
promoter in vivo may therefore be markedly different from data obtained from in vitro
cell culture models. Furthermore, serum rapidly and transiently induces both c-fos and c-
jun levels in 3T3 fibroblasts (Herschman, 1991). Subsequently c-fos and c-jun levels will
also be substantially higher in vivo than in vitro. It is therefore possible that the SkAct
promoter activity is activated by the presence of serum and by the higher in vivo levels of
c-fos and c-jun. This may explain the discordance between the in vivo and in vitro

observations.
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4.4.3 Regulation of SkAct promoter activity in the heart by GATA-4

A full length (-2000) SkAct promoter with a mutation in the GATA-4 binding site
expressed >10-fold higher in the rat myocardium than the full length (-2000) SkAct
promoter with no mutation. In vitro, no difference in expression levels was observed
between the mutated full length (-2000) SkAct promoter and the non-mutated full length
(-2000) SkAct promoter (N. Bishopric, personal communication). GATA-4 has been
proposed as a major regulator of cardiac-specific gene expression (Molkentin et al., 1994;
Arceci et al., 1993). The present study demonstrates that mutations in the GATA-4
binding domain significantly increase the activity of the SkAct promoter. GATA-4
binding to the SkAct promoter, therefore appears to be involved in the repression of
SkAct promoter activity in the adult rat heart in vivo. In contrast, GATA-4 is known to
interact with the o-myosin heavy chain (a-MHC) GATA sites to stimulate cardiac

muscle-specific expression (Molkentin et al., 1994).

It is possible, therefore, that GATA-4 may play a role in the developmental regulation of
SkAct expression in the heart. GATA-4 is expressed in the embryonic mouse heart tube
at day seven postcoitum and remains high throughout development (Molkentin et al.,
1994). In foetal and neonatal rodent hearts, SkAct mRNA levels accumulate during the
early development of cardiac muscle (Vandekerckhove et al., 1986; Mayer et al., 1984).
However, in the adult heart SkAct expression is very low or absent (Vandekerckhove et
al., 1986; Mayer et al., 1984; Schwartz et al., 1986). The in vitro analysis of the levels of
expression of the SkAct promoter with and without a mutation in the GATA-4 binding
domain are performed using isolated rat neonatal cardiac myocytes, when,
developmentally, SkAct expression levels are high. These experiments do not show any
effect of GATA-4. The in vivo experiments presented here were performed in adult rat
hearts, when SkAct expression in the myocardium is low or absent. These experiments

appear to implicatt GATA-4 in the suppression of SkAct promoter activity. The
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developmental suppression of SkAct expression in the adult heart may therefore be due,

in part, to GATA-4 binding to the SkAct promoter.

4.4.4 General Observations

As reported by other investigators, this study demonstrates that uncomplexed plasmid
DNA injected into the myocardium reproducibly expresses significant levels of
functionally active recombinant protein (Buttrick et al., 1992; Lin et al., 1990; Wolff et
al., 1990). Direct DNA injection allows the in vivo analysis of gene regulatory elements
without the cost and time involved in generating multiple transgenic cell lines.
Expression was only observed in myocardium immediately surrounding the injection site,
however, this expression was reliably detected as early as one day and remained stable for
at least seven days after injection. This work also agrees with previous work that both
ischaemic and non-ischaemic tissue are capable of expressing injected DNA (Prentice et
al., 1996). Furthermore, both viral and cellular promoters were capable of driving high
levels of reporter gene expression. The cellular distribution of injected DNA was not
determined, however other studies using similar protocols have shown that cardiac
myocytes are the major recipients of the transferred DNA (Buttrick et al., 1992; Prentice
et al., 1996; Prentice et al., 1994; Lin et al., 1990). The mechanism by which injected
DNA is taken up by the myocardium is unclear. However, the lower efficiency of uptake
in non-muscle cell types (Wolff et al., 1990) suggests that structural features of the

muscle itself may be involved.

During early development in the rat, SkAct expression in the heart is high
(Vandekerckhove et al., 1986; Mayer et al., 1984). However, this expression is down-
regulated in the adult myocardium (Schwartz et al., 1986). Nevertheless, this work
demonstrates that a luciferase reporter gene under the control of a human SkAct promoter

reliably expresses significant levels of functionally active luciferase in the adult rat heart.
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Significant, reproducible levels of expression were detected from reporter gene constructs
driven by either a viral SV40 promoter or a cellular SkAct promoter as early as 1 day
after injection in the rats. However, the SV40 / CAT construct, but not the SkAct /
luciferase construct, expressed approximately ten-fold higher 7 days after injection than it
did 1 day after injection in both sham and ischaemic tissue (tables 4.1 to 4.4). Early
experiments conducted using SkAct / CAT constructs, as opposed to the SkAct /
luciferase constructs presented here, demonstrated a similar increase in expression levels
from day 1 to day 7 as that seen with the SV40 / CAT constructs (H Prentice, personal
communication). It therefore appears that constructs containing CAT reporter genes
express higher 7 days after injection than they do 1 day after injection. The mechanism
underlying this observation is unclear. It may relate to the secondary structure of the
promoter domains contained within these episomally expressed plasmids. Alternatively,
it may be explained in terms of reporter protein content of the transfected cells, however,
because the half-life of CAT enzyme is less than 16 hours (Gorman, 1977) this is
unlikely. Given that the mechanism of uptake of directly injected DNA and plasmid
status of the episomal DNA is not fully characterised, it may be difficult to explain this

observation definitively.

In the GATA mutant SkAct promoter study (section 4.3.3), only 25ug of SV40/CAT
plasmid was injected compared to 50pg SV40/CAT plasmid in earlier IR experiments
(section 4.3.1). However, CAT activity, 7 days after injection did not appear to change,
despite half the quantity of DNA injected. Injecting higher quantities of DNA may lead
to more inflammatory responses. Injecting 25pg of DNA may therefore lead to lower
levels of inflammation than 50pg. Lower levels of inflammation may allow higher levels

of foreign gene expression per pg.
The levels of expression of the full length (-2000) SkAct promoter compared to the

shorter length (-1282) SkAct promoter were different in the rat myocardium than in the

rabbit myocardium. Relative to SV40 CAT expression in sham hearts, the shorter length
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(-1282) SkAct promoter expressed 2-3 times higher than the full length (-2000) SkAct
promoter in the rat myocardium (see figures 4.1 and 4.2). However, in the sham areas of
the rabbit myocardium, the full length (-2000) SkAct promoter expressed 6 times higher
than the shorter length (-1282) SkAct promoter (see figure 4.3). The expression levels of
-2000 SkAct compared to -1282 SkAct in cell culture is similar to that observed in the rat
myocardium (N Bishopric, personal communication). The difference in relative
expression levels between -2000 and -1282 in the two in vivo models is probably due to a

species difference as all other injection parameters were identical.

This study highlights a number of examples where the in vivo data differs from the in
vitro data and warns against extrapolating in vitro data to the in vivo situation,
particularly when the two model systems employed involve cells at different
developmental stages. The SkAct gene is positively regulated by c-fos and c-jun in vitro
(Bishopric et al., 1992) yet the in vivo model used in this study does not demonstrate any
such regulation. Furthermore, mutating the GATA-4 binding domain in the SkAct
promoter has no effect on expression levels in vitro (N. Bishopric, personal
communication) but produces more than a 10 fold increase in reporter gene activity in
vivo. Discordance between in vivo and in vitro results in the heart has previously been
reported for a-myosin heavy chain (a-MHC) (Buttrick et al., 1993). The a-MHC gene
and 5’ deletions thereof do not express in the absence of thyroid hormone in neonatal
cardiac myocytes (Tsika et al., 1990), however, all the constructs injected into the adult
rat heart expressed in hypothyroid states (Buttrick et al., 1993). Furthermore, a-MHC
constructs containing short upstream sequences are reversibly responsive to thyroid
hormone in cell culture but remain active in vivo even in the absence of thyroid hormone

(Buttrick et al., 1993).

In summary, reporter gene expressing constructs under the control of the viral SV40
promoter or either full-length (-2000) or 5° deleted versions (-1282) of the human skeletal
a.-actin promoter were injected into the myocardium of both rats and rabbits. Significant,

reproducible levels of reporter gene expression could be detected as early as 24 hours
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after injection. At the time points assayed in the rat and rabbit models, 15 minutes of

ischaemia followed by reperfusion did not affect the activity of either the -2000 or -1282
SkAct promoter constructs. The -1282 SkAct promoter was not activated by
overexpression of c-fos and c-jun expressing constructs as had been previously reported
in vitro (Bishopric et al., 1992). A mutation in the GATA-4 binding domain of the SkAct
promoter increased the activity of the promoter at least ten-fold in the rat myocardium.
This finding is in direct contrast to the cell culture models where a mutation in the
GATA-4 binding domain does not affect the activity of the SkAct promoter (N.

Bishopric, personal communication).
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5.1 Introduction

Myocardial ischaemia is characterised by a reduction in blood flow sufficient to cause a

pathological change in myocardial function (Hearse, 1994). The extent and severity of

the pathological loss of function is critically dependent on the collateral circulation

perfusing the ischaemic region (Cohen, 1995). Indeed, guinea pigs have such a well-
developed collateral circulation that occlusion of a branch of the coronary artery cannot
induce a level of ischaemia sufficient to produce an infarct big enough to be lethal
(Schaper, 1984). Angiogenesis is defined as the growth of new blood vessels from an
established vascular network (Klagsbrun and D'Amore, 1991; Folkman and Klagsbrun,
1987). Stimulating angiogenesis in the ischaemic heart may offer the possibility of

increasing the collateral perfusion of ischaemic areas, improving myocardial function.

5.1.1 Angiogenesis

Angiogenesis is known to be a cascade process that begins with enzymatic degradation of
the basement membrane, followed by migration and proliferation of endothelial cells
toward the angiogenic stimulus and culminates in capillary morphogenesis and
maturation (Folkman and Klagsbrun, 1987). A number of factors, of both peptide and
non-peptide nature, have been identified. Epidermal growth factor, transforming growth
factor-a. (TGF-a)), TGF-B, tumour necrosis factor-o (TNF-a), angiogenin, prostaglandin
E,, and monobutyrin are all able to induce neovascularisation in vivo but have little or no
mitogenic effects on cultured endothelial cells. TGF-B and TNF-o paradoxically inhibit
cultured endothelial cell growth (Ziche et al., 1997; Fett et al., 1985; Schreiber et al.,
1986). The ability of these factors to elicit an angiogenic response in vivo is thought to
be mediated via the paracrine release of directly acting angiogenic factors. Directly
acting angiogenic factors include platelet-derived growth factor (PDGF), acidic and basic
fibroblast growth factor (aFGF, bFGF) and the highly specific regulator of angiogenesis,
vascular endothelial growth factor (VEGF) (Thomas et al., 1985; Miyazono et al., 1987,
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Ishikawa et al., 1989; Gospodarowicz et al., 1987; Ferrara et al., 1992). These factors

induce neovascularisation in vivo and are mitogenic for endothelial cells in vitro.

5.1.2 Vascular Endothelial Growth Factor

VEGEF is a 45-kDa heparin-binding dimeric glycoprotein that is mitogenic for endothelial
cells (Ferrara et al., 1992; Keck et al., 1989; Leung et al., 1989; Tischer et al., 1991;
Ferrara et al., 1991). As a directly acting angiogenic factor, VEGF has a number of
crucial advantages over other directly acting angiogenic factors that make it an ideal
choice for a strategy directed towards revascularising the ischaemic heart. The NH,-
terminal amino acid sequence of VEGF is preceded by 26 amino acids which correspond
to a classical signal sequence (Perlman and Halvorson, 1983). Cleavage of the signal
sequence generates the mature VEGF protein which is then secreted by the cell (Ferrara
et al., 1992; Leung et al., 1989). VEGF binds to the tyrosine kinase receptors, fms-like
tyrosine kinase-1 (flt-1) and kinase domain region (KDR) with high affinity (Vaisman et
al., 1990). Expression of the flt-1 and KDR receptors is restricted to endothelial cells
(Vaisman et al., 1990). VEGF exists as one of at least four isoforms, VEGF,;, VEGF s,
VEGF, g9 and VEGF, (Ferrara et al., 1992; Houck et al., 1991). VEGF 45, and in
particular, VEGF,, are diffusible after secretion, allowing their mitogenic activity to be
exerted at sites distant to their release (Ferrara et al., 1992; Houck et al.,, 1992). After
secretion, VEGF,go and VEGF,y are immediately sequestered by heparin-containing

proteoglycans in the extracellular matrix (Ferrara et al., 1992).

The therapeutic potential of VEGF for revascularisation of ischaemic muscle through
stimulation of the development of collateral vessels has been demonstrated in animal
models of peripheral and myocardial ischaemia (Takeshita et al., 1995; Bauters et al.,
1995; Takeshita et al., 1994; Pearlman et al., 1995). In a rabbit model of hindlimb
ischaemia, direct intramuscular injection of plasmid DNA encoding VEGF into the
ischaemic hindlimb muscle significantly augmented tissue reperfusion and collateral

vessel development in the ischaemic muscle (Tsurumi et al, 1996). This study
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demonstrates that despite the low transfection efficiency observed with direct injection of
plasmid DNA (Wolff et al., 1990) the angiogenic potential of VEGF is sufficient to elicit
a therapeutic angiogenic response in ischaemic muscle. The ischaemic muscle itself is
thought to have contributed to the therapeutic actions of VEGF (Tsurumi et al., 1996).
The VEGF receptor, KDR, is known to be upregulated 13-fold in endothelial cells
exposed to media conditioned by hypoxic myoblasts (Brogi et al., 1996). The ischaemic
muscle itself may therefore already have increased VEGF receptor numbers, amplifying
the impact of any given concentration of VEGF and possibly accounting for the localised
nature of the angiogenic response. The angiogenic potential of VEGF expressed from
replication deficient adenovirus has also been demonstrated using matrigel plugs
containing the recombinant adenovirus injected subcutaneously in mice (Muhlhauser et
al., 1995). Areas immediately surrounding the injection site show extensive
neovascularisation and the matrigel plugs employed for viral transfer show an increased

haemoglobin content in VEGF adenovirus injected mice.

From a safety standpoint, localised expression of VEGF using a gene transfer approach,
as opposed to systemic administration of recombinant VEGF protein, may limit the
potential detrimental effects of VEGF on proliferative retinopathy in diabetic patients and

growth and development of latent tumours (Plate et al., 1992; Kim et al., 1993).

Direct DNA injection of a VEGF expressing construct into the myocardium may, perhaps
surprisingly, have a direct clinical application. Creating transmural channels in rat hearts
using a 400-um-diameter syringe needle protects the heart from a subsequent sustained
coronary artery occlusion (Whittaker et al., 1996). It is thought that the protective effect
of creating transmural channels in the heart may due to the direct access of blood flow
from the ventricular cavity to the ischaemic tissue. Injecting plasmid DNA constructs
expressing VEGF, whilst creating transmural channels, may not require much extensive

modification of the transmural channel protocol. Significant therapeutic benefit may be

gained if the therapeutic angiogenic response, observed after direct DNA injection of a
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VEGF expressing construct in ischaemic skeletal muscle (Tsurumi et al., 1996), can be
repeated in cardiac muscle. Nevertheless, such procedures involve extensive surgical

intervention.

A number of gene transfer approaches have demonstrated high levels of foreign gene
expression in the myocardium. These include the delivery of viruses: adenovirus (Barr et
al., 1994), retrovirus (Prentice et al., 1996), herpes simplex virus (Coffin et al., 1996) or
adeno-associated virus (AAV) (Kaplitt et al., 1996)), delivery of liposome based vehicles:
haemagglutinating Virus of Japan (HVJ) / cationic liposome-DNA complexes (Goldberg
et al., 1988)) as well as gene transfer by direct plasmid DNA injection (Buttrick et al,,
1992; Lin et al., 1990).

Coronary infusion via a catheter advanced from an accessible major artery is a relatively
non-invasive procedure that provides direct access to the coronary circulation.
Adenoviral vectors delivered to the heart from a catheter placed in the coronary artery
have directed high levels of recombinant protein expression in the myocardium (Barr et
al., 1994). Gene transfer approaches using adenoviral vectors may therefore provide a

safe, non-invasive method of directing foreign gene expression in the heart.

5.1.3 Adenovirus

Adenovirus is a 36 kb double stranded DNA virus that is capable of infecting both
dividing and non-dividing cell types. Adenoviral particles enter the cell by receptor-
mediated endocytosis (Pastan et al., 1986; Greber et al., 1993). Fiber proteins on the
surface of the adenovirus bind to an as yet uncharacterised cell surface receptor, become
engulfed into clathrin-coated pits and internalised into an endosome. Once internalised,
acidification of the endosomes containing the adenovirus particles results in endosome
disruption, allowing virions to proceed to the nucleus where the adenoviral genome

remains episomal (Defer et al., 1990). The adenovirus system has a number of attractive
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features which make it ideal for in vivo applications. The adenovirus genome is relatively

easy to manipulate and can be grown to high titers (10“-1012 virus particles/ml). It has a

broad host range and can direct high levels of protein expression in both proliferating and
quiescent cells. From a safety point, adenovirus is only a minor pathogen and because
the genome remains episomal there is a low probability of random integration into the
host genome. Random integration near an oncogene may result in the oncogene being

inappropriately expressed and result in a malignant cell.

The principles of recombinant construction are based on the adenovirus replication cycle.
There are 47 serotypes of adenovirus in man alone, however, the majority of adenoviral
recombinants are based on the Adenovirus type 5 (Ad5) genome (Ring, 1997). The
genomic sequence of AdS is known and the genetic organisation and protein functions are
well characterised (Chroboczek et al, 1992). The adenovirus life cycle operates a
cascade system of gene expression, with separate prereplicative (early) and
postreplicative (late) stages, reviewed in (Horwitz, 1990; Ring, 1997). Early genes are
expressed before viral replication and late genes are expressed after viral replication. The
E1A pre-early gene is the first early gene to be transcribed and translated using the host
cell machinery. E1A is a trans-acting transcriptional regulatory factor that is necessary
for the transcriptional activation of the other early genes, E1B, E2, E3 and E4. E1A does
not bind to the DNA directly but binds to the transcription factors that are bound to the
adenoviral DNA regulatory sequences, modulating their activity. Viral DNA replication
oceurs in the nucleus where at least three viral gene products (encoded by E2A and E2B)
and four host cell gene products are required for viral replication. The expression of the
early genes leads to the rapid shut down of the host cells protein and DNA synthesis,
however, the mechanism by which this occurs is unclear. Immediately after replication
the transcription pattern changes and the late genes are expressed under the control of the
major late promoter (MLP). Late genes expressed under the control of the MLP encode

viral coat proteins and other proteins required to complete the viral life cycle.
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The entire life cycle of adenovirus is therefore critically dependent on the gene products

of the pre-early gene, E1A. Accordingly, adenoviruses lacking the E1 region are unable

to replicate. Viruses containing deletions in the El region have been employed in

methodologies directed at generating replication-deficient recombinant adenoviral
vectors. The E3 region encodes proteins that are not involved in viral replication (Kelly
and Lewis, 1973). Deletion of both E1 and E3 regions of the adenovirus genome has
allowed insertion of up to 8kb of a foreign DNA sequence. In vivo, foreign gene
expression from adenoviral recombinants with intact E3 sequences lasts significantly
longer than foreign gene expression from adenoviral recombinants with E3 sequences
deleted (Poller et al., 1996). The E3 region is therefore thought to play a role in

defending the vector-infected cells from host immune responses.

In conventional approaches to adenovirus recombinant generation, El deleted replication
deficient adenoviruses maybe propogated in the embryonic kidney cell line, 293, whose
genome constituitively expresses E1 gene products. The E1 gene products are therefore
provided in trans by the 293 cell line, allowing efficient replication of El deleted

recombinant adenoviruses.

5.2 Experimental Aim

It has been shown previously that VEGF can improve ischaemic muscle perfusion and
function in models of peripheral and myocardial ischaemia (Takeshita et al., 1995;
Bauters et al., 1995; Takeshita et al., 1994; Pearlman et al., 1995). The abilities of
adenoviral vectors to infect a wide range of cell types, including the myocardium, and to
direct high levels of protein expression in non-proliferating cells may make these vectors
suitable candidates for gene transfer in the myocardium (Horwitz, 1990; Ring, 1997; Barr
et al., 1994). The long term goal of this work is to demonstrate improved cardiac

function in models of myocardial ischaemia. To do this we aim to use a replication
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deficient recombinant adenovirus expressing VEGF to stimulate angiogenesis in
ischaemic areas of the myocardium in order to improve perfusion and prevent further
expansion of ischaemic regions. The objectives of this project are to :

Isolate and clone VEGF isoforms

Generate VEGF / Adenovirus shuttle vectors

Construct VEGF adenoviral recombinant

Successfully infect cells with the VEGF recombinant adenovirus

T S S

Demonstrate expression of VEGF protein in infected cells

Having successfully demonstrated VEGF protein expression from a recombinant
adenovirus in this project, further collaborative studies will aim to fully characterise the
angiogenic potential of VEGF with a view to improving cardiac function in models of

myocardial ischaemia.
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primers designed to contain EcoR1 and BglII restriction sites that could be used later for

cloning fragments into plasmid vectors (table 5.1).

Name

V1 sense

V2 antisense

V3 seq (R)

V4 seq (F)
V5 seq (F)

Size

34 nt

34 nt

22 nt
21 nt
21 nt

position relative to
transcription start site

-4to 14

570 to 552

180 to 158
355to 376
103 to 124

Sequence (5’ - 3°)

AGCAAGCTGTGAATTCAACCATG
AACTTTCTGCT
TAGGAATTGAAGATCTTCACCGC
CTTGGCTTGTC
GATGTCCACCAGGGTCTCAATT

ATGAGCTTCCTGCAGCATAGC
AAAGCCCATGAAGTGGTGAAG

Table 5.1 Primers used for PCR amplification and sequencing

Sequence in italics represents non-specific sequence. Sequence in bold represents restriction sites, V1

sense - EcoRl, V2 antisense - Bglll. F, forward and R, reverse indicate the orientation of the primers with

respect to the VEGF sequence

1234

-2kb

-500bp

Figure 5.2 VEGF specific PCR of cDNA synthesised from total RNA

PCR amplification using VEGF specific primers of cDNA synthesised from rat neo-nate heart, isolated rat

neo-nate cardiac myocytes and human placenta RNA, as described in section 2.2.3, wasrunona 1%

agarose gel. Lane 1 - isolated rat neo-nate cardiac myocystes, lane 2 - isolated rat heart, lane 3 - human

placenta, lane 4 - 1kb size marker.
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VEGEF cloning

PCR products, containing all three bands, from the isolated rat neo-nate cardiac myocytes
RT-PCR reaction (figure 5.2) were cloned into the pT7Blue cloning vector (Novagen) as
described in section 2.2.4. The pT7Blue vector system is designed to take advantage of
the single 3> A-nucleotide overhang that polymerases, such as Taq polymerase, leave on
the PCR product (Clark, 1988). These products can be ligated directly to a vector
containing compatible single T-nucleotide overhangs (T-cloning) (Marchuk et al., 1991).
The pT7Blue vector is prepared for T-cloning by digestion with EcoRV followed by the
addition of single 3’ dT residues at each end and is supplied in this form ready to ligate

with any DNA amplified by Taq.

Positive white colonies were picked and screened for the presence and size of insert by
single colony PCR using the VEGF specific V1 and V2 primers (table 5.1) used for the
initial PCR, as described in section 2.2.3 and 2.2.4. As all three DNA fragment sizes
were cloned in the one reaction, each individual clone had to be identified not only for the
presence of the fragment but also the size of the fragment. An alternative approach
would have been to purify DNA from each band first and then clone individual DNA
fragment sizes. However, because of the proximity of each band to the other, it was
decided to ‘shotgun’ clone all three bands and subsequently identify the size of fragment
present when screening the colonies. 100 colonies were screened. Figure 5.3 shows an

example of a single colony PCR screen of 8 colonies.
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Lf

8 -2kb

-500bp

Figure 5.3 Single colony PCR screen of potential T-vector clones
Single colony PCR of colonies arising from the cloning procedure described above using VEGF specific

primers. Lanes 1-8 - putative VEGF, lane 9 - 1kb ladder.

Figure 5.3 indicates that lanes 2, 4, 5 and 6 contain VEGF clones. Clones identified by
single colony PCR screening, such as those in lanes 2, 4, 5 and 6, were confirmed by
restriction digestion analysis using small scale plasmid DNA amplification (mini-preps)
and restriction digest protocols, as described in section 2.2.4. EcoRI and BglII restriction
enzymes were used to removed the VEGF fragment from the plasmid vector at the
specific restriction sites incorporated into the primers used for VEGF fragment

amplification (table 5.1).

VEGF Sequencing
T-vector clones containing VEGF cDNA inserts were sequenced using the

ThermoSequenase cycle sequencing kit (Amersham). 3 primers were designed from

published rat VEGF sequence in order to sequence the entire VEGF cDNA.
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Clones containing cDNA inserts that corresponded in size to the PCR products
obtained from RT-PCR (figure 5.2) were sequenced to determine the identity of the
cDNA sequence. The smallest band (<500bp) was sequenced and with reference to
published sequence (Tischer et al., 1991; Conn et al., 1990), identified to be VEGF,;.
Likewise, the middle and largest bands were sequenced and identified to be VEGF 45

and VEGF g, respectively.

Point mutations were discovered in a number of VEGF clones. An example of one

such point mutation is shown below (figure 5.4).

B A AC

G
A
C
C
T
T
C
T
T
c
A
G
G
T
G

Q H'0 QW Qe MO SISO e

L

VEGF VEGF
Clone 51 Wild Type
Sequence Sequence

Figure 5.4 VEGF sequence showing point mutations in VEGF encoding cDNA.
Putative VEGF clones were sequenced as described in section 2.2.5 and run on a 6% sequencing gel.
Sequence analysis indicates a A—T point mutation at base 178 in clone 51, as compared to wild type

VEGF sequence, results in a isoleucine to phenyl alanine amino acid change
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Sequence analysis of one particular clone, clone no. 92, revealed DNA sequence
corresponding to what may potentially be a novel splice variant of VEGF. The
sequence of this clone indicated that it contained exons 1-6 and exon 8 of VEGF
sequence and would potentially encode a mature protein with 145 amino-acids. The
sequence of this clone and comparison with other reported VEGF sequences is shown

below (figures 5.5 + 5.6).

G-A T C

G T
A G
C G
+ | EXON5 A | EXON 6
A | G
A C
X G
& T
A A ™
A : i
A G
& EXON 6 T EXON 8
y G
A
T C
G A

Figure 5.5 Novel splicing pattern of VEGF clone 92
Sequence analysis of VEGF clone no. 92 indicated sequence containing a novel exon splicing pattern of

VEGF exons 1-6 and 8, which may potentially correspond to a 145 amino acid protein
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VEGF145 | Exons1-5 6A 8
VEGF121 Exons 1-5 8
VEGF1i65 Exons 1-5 7 8
VEGF189 Exons 1-5 6A 7 8
VEGF20¢6 Exons 1-5 6A |6B 7 8

Figure 5.6 Comparison of splicing patterns of different VEGF isoforms

VEGTF subcloning into adenoviral shuttle vector

VEGF ¢s is the most abundant isoform of VEGF in the body (Ferrara et al., 1992) and
was therefore chosen as the isoform to be incorporated into the adenoviral
recombinant. A VEGF 45 clone, free of mutations in its amino acid sequence was
chosen and cloned into the adenoviral shuttle vector pCA13 (microbix). pCA13
contains an expression cassette consisting of a CMV promoter, multiple cloning site
and an SV40 poly adenylation sequence. This cassette is flanked by adenoviral
sequence allowing homologous recombination between the adenoviral shuttle plasmid

and the adenovirus genome.

VEGF 45 clone no. 52 was sub-cloned from the pT7Blue vector and ligated into the
pCA13 adenoviral shuttle vector using standard cloning procedures, as described in
section 2.2.4. The VEGF,¢s cDNA was removed from the pT7Blue vector as an
EcoRI, Xbal fragment and cloned directly into the same sites of previously digested
pCA13 plasmid. Putative clones were confirmed by restriction digestion analysis
using small scale plasmid DNA amplification (mini-preps) and restriction digest

protocols, as described in section 2.2.1 and 2.2.4. The ligated ends of the VEGF
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cDNA were sequenced to ensure there were no mutations or insertions at the join sites. A

diagram of the resulting pCA13/VEGF expression plasmid is shown in figure 5.7.

Ad 5 sequence
CMV promoter

VEGF

SV40 POL

pCA13/vegf
7561 bp

Ad 5 sequence

Figure 5.7 pCA13/VEGF expression plasmid

5.3.2 Recombinant Adenovirus construction - Overview

The experimental protocol for recombinant adenovirus construction is described in detail
in section 2.4. The method for adenoviral construction described in this section is based
on a protocol provided by Microbix and modified by Obaid Khan (personal
communication). The system relies on homologous recombination between the shuttle
plasmid, containing the gene of interest flanked by adenovirus sequence, with sequence

contained in the adenovirus genome.
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The adenovirus genome is contained in a large (~ 40kb) plasmid (pJM17) and is designed
to give low or no background of non-recombinant infectious progeny upon co-
transfection. This is due to the insertion of pBR322 DNA into the El region which
results in the size of the adenovirus genome exceeding the packaging constraints of the
adenovirus. Using pJM17, up to 5.4kb of foreign DNA can be packaged, however
recombinant viruses that contain inserts that approach the upper limit of packaging are

less stable than smaller inserts (Bett et al., 1993).

In order to transfer the gene of interest from the shuttle plasmid to an infectious
recombinant adenovirus, 293 cells are co-transfected with the circular adenovirus genome
plasmid, pJM17, and the shuttle plasmid containing the gene of interest flanked by El
adenovirus sequence. Homologous recombination takes place between the adenovirus
flanking sequence of the shuttle plasmid and the adenovirus genome plasmid (see figure
5.8, below). Successful recombination results in the gene of interest incorporated into the
adenovirus genome and this results in replacement of the entire pBR322 bacterial
sequence. This recombination event results in the adenovirus genome reducing in size
such that it can now be packaged. The recombinant adenovirus, having overcome the
packaging constraints, can now efficiently propagate in the El-complementing 293 cell
line. After amplification in 293 cells, the virus can be isolated and recombination

confirmed by restriction analysis.
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Homologous

gene of Recombination
interest /
Shuttle
plasmid
s —  Adgenome
/ i : plasmid - pJM17
Adenovirus pBR sequence
Sequence

Figure 5.8 Linear representation of the plasmids involved in homologous recombination to generate
a recombinant adenovirus. The dotted lines indicate the regions of homology between the two
plasmids that enables the pBR sequence to be replaced by the gene of interest.

5.3.3 VEGF;¢s Recombinant Adenovirus Construction

Co-transfection of the adenoviral genome plasmid, pJM17, and the pCA13/ VEGF s
shuttle plasmid into 293 cells is described in section 2.4.1. Briefly, plasmid DNA was
purified by caesium chloride gradients and RNA and protein contamination removed
by RNAse treatment, phenol chloroform extraction and ethanol precipitation steps, as
described in section 2.2.2. 293 cells were set up at 70% confluency in minimal
essential medium containing 5% fetal calf serum. DNA was transfected using
calcium/phosphate transfection methods described in section 2.4.1. After transfection,
293 cells were overlayed with agar and incubated at 37°C with 5% CO.. Successful
recombination events form plaques in the agar overlayed 293 cell monolayer. Plaques
are populations of 293 cells formed in soft agar overlay that are undergoing a
cytopathic effect due to the presence of infectious viral particles. Fresh agar,
containing media, was added to the cells every 3-4 days. 12-15 days after transfection
plaques were picked and further amplified in 293 cells as described in section 2.4.3.
Viral DNA was then isolated from the amplified viral population and recombinant

adenovirus confirmed by restriction and PCR analysis as described below.
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Identification of VEGF,¢s recombinant adenovirus

After co-transfection, three plaques were picked and further amplification by re-infecting
a 60mm petri dish containing 293 cells with each plaque was performed. Viral DNA was
then isolated from the three viral colonies and digested with HindIIl, as described in

section 2.4.6. Digested DNA was run overnight on a 1% agarose gel as shown in figure

p 48

1 23 4

3kb-

1kb-

Figure 5.9 HindIII digest of isolated viral DNA
Putative adenoviral recombinants were amplified in 293 cells and viral DNA isolated. Viral DNA was
digested with HindIII and run on a 1% agarose gel, as described in section 2.2.4. Lane 1 - 1kb ladder,

lanes 2-4 - putative VEGF recombinant adenovirus

The presence of a bands at 757bp and the absence of 2 bands at approximately 3kb in
figure 5.9 confirms that all three viral particles isolated have undergone homologous
recombination with the shuttle plasmid. The viral DNA, isolated from the three viral
colonies, was further analysed for the presence of VEGF and the absence of adenoviral

E1 sequence using PCR techniques described in section 2.2.3. A positive PCR for VEGF

Results 3 136



confirms the presence of VEGF in the adenoviral recombinant. The absence of amplified
product using E1 primers confirms that the homologous recombination event has replaced
the adenovirus E1 region which is essential for the initiation of the adenovirus life cycle.
VEGF specific and E1 specific primers were used to demonstrate the presence of VEGF
and absence of E1 respectively. PCR products were run on a 1% agarose gel as shown in

figure 5.10 below.

123456 123456

-2kb
-500bp

-2kb

-500bp

VEGF PCR E1 PCR

Figure 5.10 PCR analysis of VEGF recombinant adenovirus.

Viral DNA isolated from putative adenoviral recombinants was used as template for VEGF specific and E1
specific PCR amplification. Lanes 1-3 - putative adenoviral recombinants, lane 4 - -ve PCR control, lane 5
- VEGF plasmid, lane 6 - 1kb ladder. Lanes A-C - putative adenoviral recombinants, lane D - -ve PCR
control, lane E - wild type adenoviral DNA, lane F - 1kb ladder.

5.3.4 Expression analysis of VEGF,¢s recombinant adenovirus

Recombinant protein expression from a VEGF recombinant adenovirus was confirmed by
western blot analysis. The mouse fibroblast cell line NIH3T3 was chosen as an easily
transfected cell line that was available in the laboratory. NIH3T3 cells were set up at
50% confluency and allowed to reach exponential growth phase for 24 hours. 100pl of

either Ad VEGF s or a recombinant adenovirus expressing green fluorescent protein (Ad
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GFP) at approximately 1-5 x 10® plaque forming units(pfu)/ml was allowed to adsorb to
the NIH3T3 cells for 45 minutes. Fresh media was added and the cells incubated for 48

hours before harvesting, as described in section 2.4.8.

Protein lysates were isolated from un-infected NIH3T3 cells, Ad VEGF 45 infected and
Ad GFP infected NIH3T3 cells. The concentration of total protein in each lysate was
determined using a Biorad protein assay kit. Equal quantities (10pg) of protein lysate
were separated out according to size on an SDS-PAGE gel. The separated protein species
were then transferred onto nitrocellulose membrane and probed with a monoclonal anti-

VEGF antibody, as described in section 2.3.4. The results of the western blot are shown

in figure 5.11.

42kDa-

18kDa-

Figure 5.11 Western analysis of VEGF,¢s recombinant adenovirus expression.

Protein lysates run on a SDS-PAGE gel and blotted onto a nitrocellulose membrane were probed with an
anti-VEGF antibody. Lane 1 - un-infected NTH3T3 cells, lane 2 - Ad VEGF ¢ infected NIH3T3 cells, lane
3 . Ad GFP infected NIH3T3 cells. VEGF monomers are 18-20kDa and VEGF dimers are 42-45kDa.
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5.4 Discussion

VEGF cDNA was successfully generated, cloned and sequenced by 33P-thermo sequenase
cycle sequencing (Amersham) from cardiac myocyte mRNA isolated from rat neonates.
This cDNA was then subcloned into an adenoviral shuttle vector and used to construct a
VEGF,¢s recombinant adenovirus. The recombinant was confirmed by restriction
analysis and PCR. Expression from the recombinant was confirmed by western blot
analysis. The techniques employed here have resulted in the construction of an
infectious, replication-deficient, recombinant adenovirus containing a VEGF,¢s cDNA
under the control of a CMV promoter. The recombinant adenovirus has been further

demonstrated to express recombinant VEGF s protein in the fibroblast cell line NIH3T3.

5.4.1 VEGF cloning

PCR amplification of cDNA synthesised from RNA isolated from rat neo-nate heart,
isolated neo-nate cardiac myocytes and human placenta, resulted in three bands being
amplified. Cloning and sequencing of the bands amplified from isolated rat neo-nate
cardiac myocytes subsequently identified these bands to represent the three VEGF
isoforms, VEGF,,,, VEGF,4s and VEGF,g9. The inability to clone a VEGF,4 isoform is
consistent with published observations that indicate that VEGF,ys is only known to be

significantly expressed in human fetal liver (Houck et al., 1991).

Point mutations were observed in some of the VEGF clones. The protocol used in this
study involved the use of Taq polymerase to amplify reverse transcribed VEGF mRNA.
Taq polymerase is thought to incorrectly incorporate one base in every thousand (Gibco-
BRL, personal communication). The VEGF fragments amplified were approximately
500bp. The low fidelity of Taq polymerase may therefore be a possible source of point

mutations observed in some of the VEGF clones. Mutations may also have been
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introduced as a result of poor quality template cDNA. cDNA was synthesised from total
RNA isolated from neonatal tissue. Synthesising cDNA from a pure mRNA population
may have improved the quality of template cDNA. Recently, polymerase enzymes that
possess proof-reading activities have become widely available and would probably be the
polymerase of choice for future cloning strategies. Nevertheless, VEGF clones were

successfully isolated with wild type amino acid sequences.

Sequence analysis of clone no. 92 indicated that this clone encoded VEGF sequences
corresponding to what may prove to be a novel splice variant of VEGF. This clone
contained exons 1-6 and 8 of the VEGF gene and is predicted to encode a VEGF isoform
of 145 amino acids (VEGF,,s). Shortly after the discovery of this novel splice variant,
Poltorak et al (1997) reported the discovery of a novel VEGF ;s isoform, isolated from
cell lines derived from carcinomas of the female reproductive system. Characterisation of
VEGF, s indicated that it induced the proliferation of endothelial cells and promoted
angiogenesis in vivo. Poltorak et al further demonstrated that VEGF 45 possessed a
unique combination of biological properties distinct from those of previously
characterised VEGF species. However, Poltorak et al discussed that, to date, VEGF 45
protein expression has only been reported in the female reproductive system. The
isolation of a clone from rat neonatal heart containing sequences that correspond to
VEGF,,s requires further characterisation to determine whether or not this VEGF
sequence corresponds to mRNA species that are translated into functionally active VEGF
protein. The isolation of this clone from rat neonatal heart may prove to be the first

evidence of VEGF, s expression outside the female reproductive system.

Of the three VEGF isoforms cloned, VEGF, 45 was chosen as the isoform to be expressed
from a recombinant adenovirus because it is the predominant isoform in the body and
freely diffusable after secretion from the cell. The ability of VEGF s to diffuse away
from the point of secretion allows it to exert its angiogenic potential at sites distant to its
release. With respect to myocardial ischaemia this may allow VEGF released from non-

ischaemic, healthy cardiac myocytes to elicit an angiogenic response in ischaemic areas
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of the myocardium. VEGF,,, is also a diffusable isoform and may therefore be
appropriate for incorporation into adenoviral vectors, however with the exception of the
placenta, VEGF,,, transcript levels are lower than VEGF,ss (Ferrara et al., 1992).
VEGF, gy and VEGF,(, remain cell associated once secreted from the cell and are not

diffusable (Ferrara et al., 1992).

5.4.2 Ad VEGF,4 construction

The method used for recombinant adenovirus construction was based on a protocol
supplied by Microbix and modified by Obaid Khan (personal communication).
Transfection efficiency is of crucial importance when generating adenoviral
recombinants. The DNA used for transfection has to be of optimum quality and the 293
cells have to be at an optimal density and in an exponential growth phase. A number of
problems were encountered amplifying the large 40kb adenoviral genome plasmid, IM17.
JM17 DNA does not amplify very efficiently and is prone to recombination events
resulting in deleted, 5-10kb, fragments being isolated. The large size also makes the
plasmid susceptible to shearing and loss of the supercoiled structure. Great care had
therefore to be taken when storing and pipetting this plasmid. The plating density and
growth phase of the 293 cells was also of great importance. Several dishes of cells were
often passaged and only dishes of cells containing healthy cells at exactly the right
plating density were used. The growth rate of the 293 cells was also important. Slow
growing cells, supplemented with only 5% fetal calf serum (FCS) were the most efficient
at producing adenoviral recombinants. Cells maintained in 10% FCS tended to become
overconfluent and show signs of toxicity. Toxicity was also a major problem with the
calcium phosphate transfections. In order to form a calcium phosphate-DNA complex,
the method used to mix each reaction mixture component and the pH of the solutions
were of critical importance. Transfections into 293 cells using DOTAP transfection mix
(Boehringer Manheim), despite being less toxic, did not produce any adenoviral

recombinants. Despite scrupulously monitoring each step, the generation of adenoviral
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recombinants was not guaranteed. Nevertheless, VEGF adenoviral recombinants were,

eventually, generated.

PCR analysis of isolated viral DNA, using the gene specific V1 and V2 primers,
demonstrated the presence of VEGF (figure 5.10). Although, PCR analysis of isolated
viral DNA demonstrated the absence of a complete El1 region in the adenoviral
recombinant, feint bands corresponding to the size of this product could still be seen.
This may represent wild-type adenovirus contamination, non-specific PCR or

contamination of genomic DNA from the 293 cell line containing E1 sequences.

5.4.3 Ad VEGF,¢; expression analysis

Recombinant protein expression from the VEGFs recombinant adenovirus was
demonstrated using western analysis of Ad VEGF ¢s-infected NIH3T3 fibroblasts. It has
been shown that a wide range of cell lines and tissues express VEGF (Berse et al., 1992;
Levy et al., 1995; Namiki et al., 1995; Stavri et al., 1995). VEGF antibodies are unable
to distinguish VEGF protein from different mammalian species. The presence of VEGF
protein, derived from the adenoviral recombinant, could therefore only be eluded to by
demonstrating a higher signal in the Ad VEGF4s-infected cell extracts than in un-
infected or Ad-GFP infected cell extracts, the latter acting as a control for virally infected
cells. Figure 5.11 demonstrates significantly higher levels of VEGF protein in Ad
VEGEF ¢s-infected cell extracts than Ad-GFP infected cell extracts and in particular, un-
infected cells. The significantly higher level of VEGF signal in the Ad-GFP infected
cells compared to the un-infected cells may be due to either the adenoviral vector itself or
to the GFP protein expressed from it. Low levels of adenoviral proteins may be

expressed if cellular transcription factors are able to activate transcription from the viral

DNA. The presence of low levels of adenoviral proteins in Ad GFP infected cells may be

able to stimulate production of VEGF protein.
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5.4.4 Future Directions

The long term goal of this project is to investigate the possibility that adenoviral gene
transfer of VEGF into the ischaemic myocardium can increase collateral perfusion to
ischaemic regions of the myocardium, thereby improving myocardial performance. Gene
transfer with adenoviral vectors have shown promise in delivering high levels of foreign
gene expression in the myocardium (Guzman et al., 1993; Muhlhauser et al., 1996; Barr
et al,, 1994). VEGEF is known to increase collateral circulation in the ischaemic heart
(Banai et al., 1994a; Hariawala et al., 1996a; Pearlman et al., 1995a) and VEGF s
expressed by a recombinant adenovirus induces angiogenesis in vivo when injected

subcutaneously (Muhlhauser et al., 1995).

Gene transfer into the myocardium with replication-deficient recombinant adenovirus
vectors either by intramuscular injection or intracoronary infusion has previously been
demonstrated (Guzman et al, 1993; Muhlhauser et al., 1996; Barr et al, 1994).
Intramuscular injection of adenoviral vectors was more efficient at infecting cells in a
localised area but intracoronary infusion was less invasive (Muhlhauser et al., 1996).
With the advances in angioplasty technology, intracoronary infusions also have direct
clinical relevance. The secretable nature of VEGF (Ferrara et al., 1992; Leung et al,,
1989) suggests that only a fraction of myocardial cells need to be infected to elicit a
functional response. Indeed, despite the very low transfection rates of intramuscular
injection of plasmid DNA, plasmid DNA constructs expressing VEGF injected into
ischaemic skeletal muscle successfully augment collateral perfusion of the ischaemic
muscle (Tsurumi et al., 1996). Intracoronary infusion of VEGF adenoviral vectors may
therefore allow sufficient gene transfer to improve myocardial performance without the

injury and invasive surgical procedures associated with intramuscular injections.
Unfortunately the functional analysis of Ad VEGF s was outwith the scope of this

project. However other investigators in the group will be further characterising the Ad

VEGF,¢s. In particular, the ability of media conditioned by cells infected with Ad
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VEGF ;s to elicit a growth response of endothelial cells in culture will be an important
functional characterisation. This induction of endothelial cell growth should be reduced
and finally blocked by addition of increasing concentrations of VEGF antibody. This
experiment would demonstrate that the Ad VEGF 65 is capable of expressing functionally
active VEGF and would allow further in vivo assays of angiogenesis, such as the chick
chorioallantoic membrane (Phillis and Kumar, 1979), to be investigated (possibly in
collaboration with Prof. Struyker-Boudier, Maastricht). VEGF,¢s expressed from a
recombinant adenovirus has previously shown to elicit angiogenesis in vivo when
resuspended into matrigel plugs and injected subcutaneously into mice (Muhlhauser et
al., 1995). Furthermore, recombinant VEGF protein infused in a model of chronic
ischaemia increases collateral flow to ischaemic areas of the myocardium (Pearlman et
al., 1995). Having demonstrated the angiogenic potential of Ad VEGF s, the ability of
the Ad VEGF,¢s to functionally improve the ischaemic myocardium would then be

investigated.

Despite the potential of VEGF to improve collateral flow and tissue perfusion, the exact
mechanism(s) by which this effect is accomplished remain unclear. VEGF has a number
of diverse effects in relation to its angiogenic activity. In addition to acting as a specific
mitogen for endothelial cells (Tischer et al., 1989; Leung et al., 1989), VEGF increases
the permeability of vascular endothelium (Connolly et al., 1989), induces NO-dependent
relaxations in coronary arteries (Ku et al., 1993), stimulates the migration of monocytes
through endothelial monolayers (Clauss et al., 1996; Clauss et al., 1990) and promotes the
migration of endothelial cells (Folkman, 1995; Waltenberger et al., 1994). The
downstream intracellular signalling pathways responsible for such diverse actions are
gradually being elucidated. VEGF’s mitogenic, permeability and vasodilator actions are
all mediated through the nitric oxide/guanylate cyclase signalling cascade (Van der Zee et
al., 1997; Wu et al., 1996; Morbidelli et al., 1996; Ku et al., 1993). The mechanism by
which VEGF stimulates the migration of monocytes through endothelial monolayers has
FAK

yet to be identified. However, evidence implicates the involvement of p125", a

member of the non-receptor protein tyrosine kinase family and its putative substrate,
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paxillin, in the migration of endothelial cells in response to VEGF (Abedi and Zachary,

1997). Endothelial cell migration plays an essential role in angiogenesis and vascular

remodelling (Folkman, 1995; Waltenberger et al., 1994). As details about the potential

molecular pathways involved in the VEGF induced angiogenic response are identified, it

may become possible to further enhance VEGF’s actions.

There are a number of approaches that have been shown to potentiate the actions of
VEGF. A number of growth factors including transforming growth factor B (TGFp),
epidermal growth factor (EGF), platelet derived growth factor-BB (PDGF-BB) and basic
fibroblast growth factor (bFGF) induce the secretion of VEGF in various cell lines(Tsai et
al., 1995; Pertovaara et al., 1994). Combined administration of recombinant VEGF and
bFGF to the ischaemic hind limb of rabbits induces an angiogenic response in the
ischaemic limb that is greater than either VEGF or bFGF alone (Asahara et al., 1995).
Placenta growth factor (PIGF), a protein with 53% amino acid sequence identity to VEGF
has also been shown to potentiate the bioactivity of VEGF in vitro and in vivo (Park et al.,
1994). The mitogenic effect on endothelial cells of low, marginally efficacious
concentrations of VEGF is significantly potentiated by co-administration of PIGF in a
dose dependent manner (Park et al., 1994). In vivo, the ability of PIGF to potentiate the
effect of low concentrations of VEGF to induce extravasation of evans blue dye in the
Miles vascular permeability assay, which determines the permeability of blood vessels to
evans blue dye, is more striking than the mitogenic effect on endothelial cells in

culture(Park et al., 1994).

There are, potentially, a number of alternative approaches that may enhance the ability of
VEGF to revascularise ischaemic myocardium. Overexpressing positive angiogenic
factors such as VEGF may not be sufficient to induce angiogenesis. It may be necessary
to decrease the levels of negative angiogenic regulators such as angiostatin or
thrombospondin (Rastinejad et al., 1989; O'Reilly et al., 1994). Adenovirally-mediated
gene transfer of VEGF and receptors for VEGF is another possible approach. Modulating

the nitric oxide system, which has been shown to be involved in the mitogenic and
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vascular permeability activities of VEGF (Van der Zee et al., 1997; Wu et al., 1996;
Morbidelli et al., 1996; Ku et al., 1993), may also prove to be beneficial.
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Chapter 6

CONCLUSIONS



6.1 Myocardial Ischaemia

Myocardial ischaemia is characterised by a pathological alteration of cardiac contractile,
electrical or biochemical function caused by a reduction of coronary blood flow (Hearse,
1994). The myocardium initiates a variety of cellular pathways to adapt to the ischaemic
stress (Das et al., 1995; Elliott et al., 1992; Allen and Orchard, 1987; Kloner et al., 1989).
These adaptions include a number of structural and biochemical alterations to the
myocardium often involving changes in the levels of gene expression. Levels of
expression of a number of stress related genes are increased, including members of the
heat shock protein family whose function is thought to involve the stabilisation and
formation of intracellular protein complexes (Mestril and Dillmann, 1995). The
antioxidant genes, Manganese-Superoxide dismutase (Mn-SOD) and perioxisomal
catalase (Das et al., 1993), are also induced along with their corresponding enzymatic
activity. An increase in the level and activity of antioxidants in the cell limits the effect
of oxygen free radicals, the main source of oxidative damage (Steare and Yellon, 1995).
Reactive oxygen species can react with fatty acids, leading to lipid peroxidation of
membranes, and proteins, leading to the destruction and oxidation of amino acids,

oxidation of sulfhydryl groups and polypeptide scission (Thompson and Hess, 1986).

A complex interaction of molecular signals result in the expression of such genes as part
of the myocardial adaptive response to ischaemic stress. There is evidence that individual
components of ischaemia such as hypoxia, hypoglycaemia and changes in the redox
status of the cell may be involved in triggering the transcriptional activation of specific
genes involved in the response of the myocardium to ischaemia (Goldberg and Schneider,

1994; Laderoute and Webster, 1997; Ausserer et al., 1994; Webster et al., 1994).
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6.2 Transcriptional Activation of Genes by Ischaemia

Investigations into the inducibility of a hybrid promoter containing myosin heavy chain
basal regulatory sequences plus four copies of the HIF-1 binding site presented in chapter
3 provide insight into possible mechanisms involved in the transcriptional activation of
genes by ischaemia. The activity of a luciferase reporter gene construct was increased 4.1
and 4.7-fold after 15 minutes of ischaemia followed by 1 and 4 hours of reperfusion
respectively (figure 3.2). The timing and magnitude of the response is determined by the
rate of accumulation and activity of the hypoxia responsive element (HRE) binding factor
HIF-1, during ischaemia and reperfusion (Huang et al., 1996; Wang et al.,, 1995).
Although HIF-1 levels were not quantified in the ischaemic myocardium, previous
studies in Hep3B and HeLa cells, indicate that HIF-1 binding activity is rapidly induced
upon exposure to hypoxia (Huang et al., 1996; Wang et al., 1995). The results indicate
that HIF-1 binding activity in the ischaemic myocardium is increased and that genes with
promoter sequences containing HIF-1 binding sites are likely targets for HIF-1. Indeed,
putative HIF-1 binding sites have been identified in the promoter regions of the gene
encoding VEGF (Forsythe et al., 1996), the VEGF receptor flt-1 (Gerber et al., 1997),
inducible nitric oxide synthase (Melillo et al., 1997), o1, g-adrenergic receptor (Eckhart et
al., 1997) and several glycolytic enzymes (Semenza et al., 1996). Furthermore, the gene
products of these genes have also been shown to be positively regulated by hypoxia. The
work presented in this study therefore indicates that HIF-1 may play an important role in
the induction of several genes as part of the myocardial adaptive response to ischaemic

stress.
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6.3 Transcriptional Regulation of the Skeletal o~actin Promoter

Studies into the transcriptional response of the human skeletal a-actin (SkAct) gene in
experimental models of ischaemia with reperfusion demonstrated no significant
inductions of either the full length or 5’ deleted promoter at the time points assayed
(chapter 4). Nevertheless, the study did successfully demonstrate the ability of plasmid
DNA injected directly into the myocardium to express significant amounts of fully active

recombinant protein.

The study also highlighted important differences between similar experiments performed
in cell culture and those performed in vivo. The SkAct gene is positively regulated by c-
fos and c-jun in vitro (Bishopric et al, 1992) yet the in vivo model employed
demonstrated no such regulation (figure 4.4). Expression levels of a SkAct promoter
construct with a mutation in the GATA-4 binding domain (SkAct-mt1) is more than 10-
fold higher than the non-mutated SkAct promoter (SkAct) in vivo (figure 4.5). However,
in vitro, the two promoter constructs have similar expression levels (N. Bishopric,
personal communication). Such discordance between in vivo and in vitro data has been
previously reported for the a-myosin heavy chain (a-MHC) gene which encodes for one
of the major contractile proteins of the cardiac sarcomere (Buttrick et al., 1993). a-MHC
constructs containing short upstream sequences are reversibly responsive to thyroid

hormone in cell culture but remain active in vivo even in the absence of thyroid hormone.

Discordance between in vitro and in vivo observations may not only be due to the
physical environment of the cells, but also to the developmental origin of the cells. The
in vitro data on the transactivation of the SkAct promoter by c-fos and c-jun, the relative
expression levels of the SkAct-mtl promoter compared to the SkAct promoter and the
comparison between full length and 5’ deleted SkAct promoter constructs were all
performed in neonatal rat cardiac myocytes. However, the in vivo study, presented here

was performed in the adult rat myocardium. SkAct gene expression in the rat heart is
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known to vary throughout development (Vandekerckhove et al., 1986; Mayer et al.,
1984). During early development, SkAct and cardiac o-actin (CAct) mRNA levels

accumulate in fetal and neonatal rat hearts. However, in the adult rat heart, CAct

expression remains high whereas SkAct expression is very low or absent

(Vandekerckhove et al., 1986; Mayer et al., 1984). It is therefore possible that not only is
SkAct expression altered during development, but its transcriptional regulation may be
altered also. The different developmental origin of the cardiac myocytes as well as the
different physical environment may therefore account for the observed differences in
SkAct transcriptional regulation. This work therefore warns against extrapolating in vitro
data to the in vivo situation, particularly when the model systems employed involve

cardiac myocytes at different developmental stages.

6.4 Gene Therapy in the Myocardium

With the advances in gene transfer technology, a novel therapeutic approach to the
treatment of myocardial ischaemia may be available. Current clinical treatments involve
drug therapy and in severe cases, Surgery. Whereas drug therapy is aimed at treating the
consequences of myocardial ischaemia, gene therapy may be aimed at treating not only

the consequences but also the underlying pathogenesis of myocardial ischaemia.

Gene transfer strategies, directed at improving the contractile function of the ischaemic
myocardium, must satisfy three important criteria. A safe and efficient gene transfer
system must be used to deliver the therapeutic construct. Appropriate gene(s) must be
identified as targets for manipulation and crucially, the therapeutic gene(s) must be
accurately regulated and controlled. In the case of myocardial ischaemia candidate genes
should be accurately and efficiently delivered to the myocardium and only express

during periods of ischaemia.
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The ability of adenoviral vectors to infect a wide range of cell types, including cardiac
myocytes, and direct high levels of recombinant protein expression may make these
vectors suitable candidates for gene transfer in the myocardium (Muhlhauser et al., 1996;
Barr et al., 1994). Neither direct injection, nor intracoronary infusion of adenoviral
recombinants into porcine myocardium was associated with clinically significant side
effects (Muhlhauser et al., 1996). Evidence therefore suggests that adenoviral vectors are
capable of delivering foreign genes to the myocardium with high efficiency and low

toxicity.

Delivery of recombinant VEGF protein in a model of chronic myocardial ischaemia
results in increased collateral flow to the ischaemic areas of the myocardium, improving
cardiac function (Pearlman et al., 1995). Gene transfer of a DNA construct expressing
VEGF in a model of peripheral limb ischaemia augments ischaemic muscle perfusion and
collateral vessel development (Tsurumi et al, 1996). Adenoviral recombinants
expressing recombinant VEGF, induce neovascularisation in the skin of mice
immediately surrounding the site of injection (Muhlhauser et al., 1995). Expressing
VEGF in the heart using adenovirus mediated gene transfer may therefore lead to
increased collateral perfusion of the ischaemic myocardium and functionally improve
cardiac performance. Indeed, adenovirus-mediated gene transfer of the angiogenic factor
fibroblast growth factor 5 (FGF-5) in a porcine model of stress-induced myocardial
ischaemia, significantly improved cardiac function and blood flow (Giordano et al.,
1996). The stress-induced model involves placing an ameroid constrictor around a
branch of the coronary artery. The ameroid constrictor is hygroscopic and slowly swells,
leading gradually to complete closure of the artery with minimal infarction because of the
development of collateral vessels. Myocardial function and blood flow are normal at rest
but blood flow is insufficient to prevent ischaemia when myocardial oxygen demands
increase (i.e. during pacing of the heart). Hearts receiving adenoviral-mediated gene
transfer of FGF-5 show improved pacing-induced regional function and blood flow

(Giordano et al., 1996).
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Work presented here (chapter 5) demonstrates the construction of a functional, replication
deficient recombinant adenovirus that expresses significant levels of VEGF protein.

Evidence suggests that adenovirally-mediated gene transfer of VEGF to the ischaemic

myocardium may improve cardiac function by increasing blood flow to ischaemic areas

of the heart.

Accurate regulation of transferred genes is crucial if a true therapeutic benefit is to be
achieved. The hybrid promoter, containing myosin heavy chain basal regulatory
sequences plus four copies of the erythropoietin HIF-1 binding site (MHC-HRE),
presented in chapter 3, conferred inducible expression of a luciferase reporter gene in
response to myocardial ischaemia. This induction was rapid and reversible upon
reperfusion of the myocardium. Combining the regulatory properties of the MHC-HRE
with the adenoviral recombinant expressing VEGF may allow therapeutic levels of a
potent angiogenic factor to be expressed only in ischaemic areas of the myocardium.
Localised expression of VEGF in ischaemic areas of the heart may improve the
therapeutic potential of VEGF, and reduce the possibility of serious side effects such as
the growth and development of latent tumours (Plate et al., 1992; Kim et al., 1993). This
regulated approach may represent an important step forward in gene transfer strategies
designed to deliver highly selective therapeutic gene products to the ischaemic

myocardium safely and efficiently.
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