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Abstract

Cardiomyocyte apoptosis is an important contributory factor towards
the progression of ischaemic heart disease. Signal Transducer and
Activator of Transcription 3 (STAT3) is a transcription factor has that
been implicated in normal heart development and function. Most
interestingly, STAT3 also appears to play a role in cardioprotection,
including hypoxic preconditioning. In this thesis the levels and
activities of STAT3 were measured in response to hypoxic insult in
primary rat cardiomyocytes (RCMs) and two cardiomyocyte cell lines
(H9c2 and P19CL6 cells). P19CL6 cells were extremely sensitive to
hypoxia-induced apoptosis whereas RCMs and H9c2 cells were highly

resistant.

Apoptosis in P19CL6 cells correlated with loss of STAT3 DNA
binding, which was preceded by serine phosphorylation and followed
by loss of tyrosine phosphorylation. Treatment with LIF partially
protected P19CL6 cells from hypoxia-induced apoptosis, as did
exogenous expression of STAT3 but not a redox-insensitive STAT3
mutant (STAT3“®). Moreover, STAT3 expression rescued
mitochondrial ATP production during hypoxia whereas the redox-
insensitive mutant did not. These data indicate that the contribution of
STAT3 to cardiomyocyte survival under hypoxic stress involves the
maintenance of mitochondrial function by a redox-dependent

mechanism.

Understanding how STAT3 is regulated in cardiomyocytes will be
important for the development of therapeutic approaches for ischaemic

heart disease in the future.
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Chapter 1. Introduction

k),

Cardiovascular disease

ki kb The statistics

Cardiovascular disease (CVD) is responsible for the highest morbidity
rates worldwide, accounting for approximately 17 million deaths each
year. Ischaemic heart disease (IHD) resulted in 12.2% of total deaths in
2004 (table 1) and this figure is estimated to rise to 14.2% by 2030
(WHO, 2008). In the UK, CVD accounts for almost 191,000 deaths
each year — one in three of all deaths (Scarborough, 2010). As well as
human losses, CVD places a great financial burden on the UK and is
estimated to cost the economy £30.7 billion a year. Of the total costs of
CVD to the UK, around 47% is due to direct health care costs, 27% to
productivity losses and 26% to the informal care of people with CVD

(Scarborough, 2010).

Table 1 Top 5 causes of death worldwide. Data taken from (WHO,
2008)

Disease causing death Deaths Percent of
(Millions) total deaths

1. Ischaemic heart Disease 720 12.2

2. Cerebrovascular disease 5.7 213

3. Lower respiratory infections 42 7.1

4. Chronic obstructive pulmonary | 3.0 5.1

disease

5. Diarrhoeal diseases 0¥ At/




1.1.2 Structure and function of the heart

The heart is a powerful muscle that pumps blood throughout the body
through coordinated contraction. The heart is composed of four
chambers; two thin-walled atria that receive blood returning to the heart
and two thick-walled ventricles consisting of multiple layers of muscle
to aid contraction — pumping deoxygenated blood to the lungs and
oxygenated blood rest of the body (Selzer, 1992). The heart consists of
three layers; an inner lining (endocardium), the heart muscle
(myocardium) and the outer layer (pericardium). The endocardium
consists of a single layer of endothelial cells which lines the surface of
heart valves and the inner lining of the chambers. The subendocardial
(layer between the endocardium and myocardial) contains fibroblasts,
elastic and collagen fibres, nerves and branches of the conducting

system that are required for normal function of the heart (Selzer, 1992).

The myocardium is the thickest layer consisting of highly organised
rod-shaped branching striated muscle cells (cardiomyocytes) that are
attached to adjacent myocytes (Gregorio and Antin, 2000). Working
cardiomyocytes usually contain a single centrally located nucleus and
are rich in mitochondria - occupying ~40% of myocyte cell volume
(Figure 1.1) (Katz, 2006). A prominent and unique feature of cardiac
muscle is the presence of irregularly spaced dark bands between
myocytes. These are known as intercalated discs, and are due to areas
where the membranes of adjacent myocytes come very close together

(figure 1.1). The intercalated discs help to ‘glue’ the myocytes together



and allow an electrical connection between the cells, which is required

for contraction of the heart muscle.

W yocy te

Nucleus Intercalated
disc

Figure 1.1. Schematic representation of cardiomyocytes. Rod-shaped
branching striated muscle cells (cardiomyocytes) that are attached to adjacent
myocytes via intercalated discs.

Finally the third layer external to the myocardial layer is composed of
connective and adipose tissue through which pass the larger blood

vessels and nerve supply to the heart (Selzer, 1992).

1.1.2 What is ischaemic heart disease?

IHD is characterised by ischaemia (reduced blood supply) to the
myocardium, usually due to atherosclerosis of the coronary arteries.
Endothelial cell injury and inflammation are thought to be the first steps
in the development of atherosclerosis, which can lead to the
accumulation of lipids in the injured area of the artery (figure 1.2).

Atherosclerosis is attributed to a western life style, whereby a high fat



and salt diet are combined with low levels of physical activity, high
levels of alcohol consumption and tobacco smoking. Diet is implicated
because the deposits on arterial walls contain high levels of fat and
cholesterol; studies of both animals and humans have shown links
between dietary habits and atherosclerosis (Thorpe et al., 1996, McGill
et al., 2002). Other risk factors that are associated with the onset and
progression of atherosclerosis, include age (Stout, 1987), diabetes

(Grundy et al., 1999) and hypertension (Stamler et al., 1989).

During atherosclerosis, increased adhesion of macrophages to the
injured lipid-lined endothelial cells leads to the formation of lipid-
engorged “foam cells” and together with T lymphocytes these become
“fatty streaks”, which ultimately lead to the formation of fibrous
plaques. A coronary vessel occlusion can be caused by the formation of
arterial thrombi (blood clot), which is induced by atherosclerotic
plaques. Thrombi formation is induced by platelet adhesion and platelet
aggregation on the collagenous plaque components, followed by the
formation of thrombin and fibrin by activated coagulation (Lippi et al.,

2011).




Normal Coronary Artery

Atherosclerosis

£-Plaque

Coronary S

Artery

Coronary Artery
Occlusion

Figure 1.2. The progression of atherosclerosis. Plaque formation during
atherosclerosis can lead to occluded arteries. Image modified from
(MedicalSymptomsGuide, 2009)

The heart, like any other muscle requires an oxygenated blood supply
in order to maintain function. During a coronary vessel occlusion,
blood flow is severely restricted to the heart and myocardial tissue
becomes deprived of oxygen (hypoxia) and nutrients. Under these
conditions, the myocardial tissue is unable to function appropriately
and cardiomyocytes cease to beat. When the blood flow is restricted for
a significant period of time, the cardiomyocytes become damaged and
begin to die leading to a myocardial infarction (MI) or more commonly
known as a heart attack (Selzer, 1992). The severity of an MI depends
on three factors: the level of the occlusion in the coronary artery, the
length of time of the occlusion, and the presence or absence of
collateral circulation. The longer the period of vessel occlusion, the
greater the chances of irreversible myocardial damage distal to the
occlusion (Selzer, 1992). Antithrombotic (anticoagulants and anti-
platelet) drugs or surgical intervention can restore blood flow to the

ischaemic cardiac tissue. Although critical to re-establish cardiac



function, restoration of blood flow and oxygen can actually result in
enhanced levels of cellular damage (Eefting et al., 2004). This
phenomenon of Ischemia/reperfusion (I/R) injury has been linked to the
generation of reactive oxygen species (ROS), which in tumm lead to
tissue damage through induction of apoptosis (Zorov et al., 2006).
Principal mediators of myocardial reperfusion injury are ROS and
neutrophils, which are reintroduced by reperfusion into the previously
ischaemic cardiac tissue. Oxygen radicals are very reactive chemical
species that are capable of inducing oxidative modification of other
molecules and formed by various mechanisms, that can overwhelm
cellular defenses and induce tissue damage (discussed in more detail in
section 1.3.2) Neutrophils are also important contributors to I/R injury
by releasing ROS and proteolytic enzymes, which can directly induce

tissue damage (Duilio et al., 2001).

113 Modes of cell death

The death of a cell can be defined as an irreversible loss of plasma
membrane (Kroemer et al., 2005). Cell death is an important aspect of
normal organ development and cellular regulation and plays a role in a
wide range of physiological and pathological conditions. Three modes
of cells death have been identified which include, necrosis and

apoptosis.



1.1.3.1 Necrosis

Necrosis derived from the Greek “nekros” for corpse, is a rapid and
irreversible process that occurs when cells are severely damaged.
Necrosis is characterised by swelling of the cell and its organelles,
mitochondrial disruption and breakdown of the plasma membrane. It is
a destructive process, as the release of cellular content into the
surrounding environment can cause further damage or kill neighbouring
cells (Searle et al., 1982). There is accumulating evidence showing that
several signal transduction cascades are involved in the propagation of
necrotic cell death. In particular, the serine/threonine kinase RIP1
(Receptor-Interacting Protein 1) has been described as one of the key

mediators of necrotic cell death (Festjens et al., 2007).

1.1.3.2. Apoptosis

A third mode of cell death is apoptosis, which is an evolutionarily
conserved “programmed cell death process” and plays fundamental
roles in many biological processes including embryonic development
(Brill et al., 1999), inflammation (Haanen and Vermes, 1995) and the
development and regulation of the immune system. Kerr and colleagues
first described the loss of cells through programmed cell death looking
at ischaemic injury of rat liver (Kerr, 1965). This was later termed
apoptosis and characterised by cellular shrinkage, blebbing,
condensation of nuclear chromatin, DNA fragmentation, protein
cleavage and cytoplasmic vacuolisation (Kerr et al., 1972).
Dysregulation of apoptosis has been implicated in many diseases

(Thompson, 1995). For example, excessive apoptosis is associated with



neurodegenerative diseases such as Parkinson's or Alzheimer's diseases,
as apoptosis is thought to account for much of the cell death and the
progressive loss of neurons (Mattson, 2000). However insufficient
apoptosis may participate in carcinogenesis (Wyllie, 1997) and play a
role in the progression of many auto-immune diseases. For example, in
the case of rheumatoid arthritis, excessive proliferation of synovial cells
is thought to be due to the resistance of these cells to apoptotic stimuli

(Perlman et al., 2001).

Apoptosis is mediated by two central pathways: the extrinsic (death
receptor) pathway and the intrinsic (mitochondrial) pathway (Danial
and Korsmeyer, 2004). Successful apoptotic signaling requires the
activation of intracellular pro-caspases and the disabling of

mitochondrial function.

Caspases are aspartate-specific cysteine proteases that are highly
homologous to the c.elegans cell death gene CED-3 (Hengartner and
Horvitz, 1994). Fourteen human caspases have been identified to date
and are numbered in the order in which they were discovered. Caspases
are synthesized as inactive pro-caspases and regulated at a post-
translational level, to ensure rapid activation. Caspases are sub-divided
into upstream signaling caspases (Caspases 2, 8, 9, 10 and 11) that are
activated by dimerisation and downstream executioner caspases
(Caspases 3, 6 and 7) that are activated by proteolytic cleavage and
responsible for the proteolytic destruction to the cell (Fischer et al.,

2003).
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Figure 1.3. Apoptotic signaling pathways. The extrinsic pathway is
triggered by death receptor activation and the formation of the death-inducing
signaling complex (DISC), which initiates a signaling cascade mediated by
caspase-8 activation. Caspase-8 directly activates caspase-3 and indirectly
stimulates the release of cytochrome c from the mitochondria. Activated
caspase-3 degrades cellular proteins necessary to maintain cell survival and
integrity, leading to apoptosis. The intrinsic pathway occurs when apoptotic
stimuli triggers the release of cytochrome c from the mitochondria
(independently of caspase-8 activation). Cytochrome c interacts with Apaf-1
and caspase-9 to promote the activation of caspase-3. Various intermediary
signaling molecules and proteins inhibiting the apoptotic cascade are also
shown. Apaf-1 (apoptosis-activating factor 1), Bak (bacille Calmette—Guérin),
Bax, (BCL-2-associated x protein), Bid, (proapoptotic Bcl-2 family member),
Bim (proapoptotic Bcl-2 family member), DIABLO (direct IAP binding protein
with low PI), FADD (Fas-associated death domain protein), IAP (inhibitors of
apoptosis), Smac (second mitochondria-derived activator of caspase) tBid
(truncated beta interaction). Modified from (Mak and Yeh, 2002).

The extrinsic pathway is initiated by the binding of a death ligand
trimer to its specific cell surface receptor (Ashkenazi and Dixit, 1998).
A number of death receptors have been identified such as Fas, Tumor
Necrosis Factor Receptor 1 (TNFR1) and TNF-Related Apoptosis
Inducing Ligand Receptor 1(TRAILR1). The ligand may be an integral

membrane protein on the surface of another cell (e.g. Fas ligand) or a



soluble extracellular protein (e.g. Tumour Necrosis Factor-a). Using the
Fas death receptor as an example, the binding of Fas ligand allows the
recruitment of the adaptor protein FADD (Fas-associated via death
domain) through interactions involving death domains in both proteins
(Chinnaiyan et al., 1995). This enables the recruitment of procaspase-8,
leading to a multi-protein complex called the Death Inducing Signaling
Complex (DISC) (Kischkel et al., 1995). Complex formation leads to
the dimerisation and activation of procaspase-8 (Boatright et al., 2003).
Once activated caspase-8 cleaves and activates downstream procaspase-
3 and Bid (BH3 interacting domain death agonist), a proapoptotic Bcl-2
protein (Luo et al., 1998) that links the extrinsic and intrinsic pathways

(figure 1.3).

Procaspases are also activated through a mitochondrial-dependent
pathway (Intrinsic Pathway) through apoptotic stimuli such as oxidative
stress or DNA damage, which regulate the permeability of the
mitochondrial membrane. Changes in mitochondrial membrane
permeability allow the release of pro-apoptotic effectors such as
cytochrome ¢ (Liu et al.,, 1996). Cytochrome ¢ can directly activate
some upstream procaspases (e.g. procaspase-9) or form a multimeric
protein complex called the apoptosome by oligomerising with Apaf-1
(Apoptotic Protease Activation Factor-1). The apoptosome facilitates
the dimerisation and activation of procaspase-9, which leads to the
activation of downstream executioner caspases (Li et al.,, 1997a) and
ultimately the proteolytic destruction to the cell. The control and

regulation of these pro-apoptotic mitochondrial events occur through
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members of the Bcl-2 family of proteins (Cory and Adams, 2002)
(figure 1.3). The Bcl-2 family of proteins governs mitochondrial
membrane permeability and can either be pro-apoptotic (Bax, Bid and
Bad) or anti-apoptotic (Bcl-2 and Bclxy). It is thought that the main
mechanism of action of Bcl-2 family members is regulation of
cytochrome ¢ release from the mitochondrial via alteration of

mitochondrial membrane permeability (figure 1.3).

Cardiomyocyte apoptosis has been documented as a significant form of
cell death during I/R damage, with reports stating an apoptotic rate of
2-12% in the boarder-zone of the myocardial infarct (Ottaviani et al.,
1999, Olivetti et al., 1996). I/R injury have to been shown to activate

activates both the extrinsic and intrinsic pathways (Jeremias et al.,

2000)

114 Cardiovascular disease and cell death

Although apoptosis was first documented in 1972 by Kerr and
colleagues (Kerr et al., 1972), apoptosis in cardiomyocytes was not
reported until 1994 (Gottlieb et al., 1994). In rabbit hearts, I/R injury
was induced and apoptosis identified using TUNEL, DNA

fragmentation and electron microscopy (Gottlieb et al., 1994).

There is accumulating evidence from both animal and human studies
strongly suggesting that apoptosis occurs in various cardiovascular
diseases (Gottlieb et al., 1994, Sharov et al., 1998). Animal studies have
demonstrated that I/R injury and myocardial infarction both lead to the

onset of apoptosis in cardiomyocytes (Gottlieb et al., 1994). Gottlieb
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and colleagues identified nucleosomal ladders of DNA fragments
(approx. 200 base pairs) from ischaemic reperfused rabbit myocardial
tissue — a characteristic indicative of apoptosis (Gottlieb et al., 1994).
Also studies performed on left ventricular tissue obtained from dogs
with chronic heart failure demonstrated that loss of cardiomyocytes by
apoptosis led to the progressive deterioration of heart function.
Apoptosis was analysed using transmission electron microscopy
(morphological  characteristics of apoptosis) and in  situ
immunohistochemical labeling of nuclear DNA fragments (Sharov et
al., 1998). Apoptosis has also been identified in human studies; (Itoh et
al., 1995, Saraste et al., 1997) DNA fragmentation was described in the
infarcted myocardium using DNA electrophoresis (Itoh et al.,. 1995).
Also studies from hearts obtained at autopsy from subjects who
suffered from coronary artery thrombosis (in which reperfusion of the
occluded artery had been achieved) revealed apoptotic myocytes found
in the border zone between viable myocardium and infarcted tissue

(Saraste et al., 1997).

It is clear that apoptosis plays a critical role in the pathogenesis of
cardiovascular disease and that inhibition promises to be an important
target for potential therapies. However, more work is required to
understand the molecular mechanisms that govern these processes. For
example, although caspase inhibition has been shown to reduce the loss
of cardiomyocytes due to I/R injury in various animal models (Yaoita et

al., 1998, Laugwitz et al., 2001), it may not be completely effective in
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blocking apoptosis, due to a significant contribution of caspase-

independent apoptotic cell death (Okamura et al., 2000).

11.5 Cellular and molecular adaptations to cardiac
cell death

The heart undergoes cellular and molecular adaptations in response to
stresses associated with CVD. At the cellular level maladaptation is
associated with elevated levels of fibrosis. As cardiomyocytes are
terminally differentiated, once lost they are replaced by non-specialised
cardiac fibroblasts. In fibrosis, the excessive production of extracellular
matrix proteins alters the structure, architecture and shape of the heart.
Such changes have marked effect on ventricular contractility, valvular

function and electrical conduction (Weber and Brilla, 1991).

Myocyte cell loss also causes regional myocardial wall thinning which
impairs cardiac function. Compensatory hypertrophy occurs as an
adaptive mechanism whereby cardiomyocytes increase in size (cell
enlargement) as a mean of compensating for damaged heart tissue in
order to increase cardiac output (Sonnenblick et al., 1983). This cardiac
adaptation leads to changes in gene expression - fetal cardiac genes are
activated, including the up-regulation of fetal gene isoforms whose
products regulate cardiac contractility and calcium handling while a
down-regulation of adult isoforms is often observed (i.e., up-regulation
of B-MHC and down-regulation of a-MHC) (Iemitsu et al., 2001).
Compensatory hypertrophy has been described in pigs exposed to
chronic episodes of reversible ischaemia to induce myocyte cell loss.

Myocyte nuclear density decreased to 71%; however, the myocyte
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volume was maintained by regional compensatory hypertrophy as
manifested by a 65% increase in myocyte size (Lim et al., 1999).
Compensatory hypertrophy has also been identified in humans with
end-stage congestive heart failure due to ischaemic cardiomyopathy
(Beltrami et al., 1994, Olivetti et al., 1997). Although compensatory
hypertrophy is an initial adaptive mechanism in response to myocyte
cell loss it subsequently leads to myocardial ischaemia, heart failure

and even death (Weber, 1991).

Ischaemic preconditioning (IPC) is a phenomenon by which brief
exposures to ischaemia protect against subsequent, prolonged
ischaemia. The protective effect of IPC in the myocardium was first
demonstrated by Murry and colleagues (Murry et al., 1986). Their data
shows that brief, intermittent episodes of ischaemia (four 5 minute
circumflex coronary occlusion, each separated by 5 minute reperfusion)
have a protective effect on the myocardium that is subjected to
subsequent more prolonged ischaemic insult (40 minutes sustained
occlusion). They reported that IPC resulted in infarct sizes that were
approximately 25% of those observed in untreated hearts. The complex
signal transduction cascade of IPC has not yet been fully elucidated, but
1s known to involve activation of receptors in the plasma membrane,
which transduces signals via the activation of many kinases. Liu and
colleagues were the first to identify a signal transduction element as
part of the precondioning mechanism (Liu et al., 1991). They

discovered that stimulation of the Gj-coupled adenosine A; receptor
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was necessary to trigger IPC’s protection and an adenosine receptor
antagonist could abolish this protection. Other signal transduction
pathways implicated in this process include PI3-Kinase/AKT pathway
(Tong et al., 2000, Mocanu et al., 2002) and the JAK/STAT pathway
(section 1.2.7.1) (Xuan et al., 2001, Smith et al., 2004). Protein kinase
C (PKC) isoforms have also been shown to play a pivotal role in
mediating both the early and late phases of IPC (Yellon and Dana,
2000, Tong et al., 2000). The evidence supporting PKCS in the role of
IPC is somewhat contradictory. For example, Wang and colleagues
demonstrated that mitochondrial translocation of PKCS is related to
cardioprotection induced by IPC (Wang and Ashraf, 1999); whereas
Fryer and colleagues reported that PKC$ plays an important .role in
pharmacological-induced preconditioning but not IPC (Fryer et al.,
2001). A later study using PKC3 knockout mice demonstrated that the
cardioprotection observed in IPC is abolished in hearts lacking PKC8

(Mayr et al., 2004).

A molecular mechanism in the defence against ischaemic injury utilises
an oxygen-sensing pathway that involves the hypoxia-inducible
transcription factor 1 (HIF-1). This pathway mediates gene expression
to allow adaption to a hypoxic environment. HIF was initially identified
as a hypoxia-inducible DNA-binding activity capable of interacting
with a hypoxia response element in the 3' region of the erythropoietin
gene (Pugh et al., 1991). HIF is a heterodimer consisting of an a-

subunit and a B-subunit, which induces a variety of genes in the acute
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and chronic adaption to hypoxia. Examples include genes that regulate
angiogenesis, survival, and glycolysis (Safran and Kaelin, 2003).
Although HIF-B is ubiquitously expressed, HIF-a is tightly regulated by
oxygen through post-translational hydroxylation by oxygen-dependant
prolyl hydroxylases (PHD) and asparaginyl hydroxylases (Ivan et al.,
2001). Under normoxic conditions, HIF-a is hydroxylated at either of
two conserved prolyl residues enabling its recognition by the von
Hippel-Lindau (VHL) tumour suppressor protein, a component of the
E3 ubiquitin ligase complex that leads to the ubiquitination and
subsequent proteasome-dependent degradation of the HIF-a subunit.
Hydroxylation of an asparaginyl residue in the C-terminal
transactivation domain of HIF-a directly prevents its interaction with
the co-activator p300 from the transcription complex. Hydroxylation is
intrinsically oxygen dependent because the oxygen atom of the
hydroxyl group is derived from molecular oxygen (McNeill et al.,
2002). Under hypoxic conditions, levels of HIF-a rise, allowing its

dimerisation with HIF-B and enabling transcriptional activation.

In swine models of coronary artery occlusion, myocardial ischaemia
induces VEGF expression and collateral blood vessel development
(White et al., 1992, Banai et al., 1994). More recently, a study has used
the adenoviral (Ad) intramyocardial vascular endothelial growth factor
(VEGF)-Biss gene transfer and shown it is capable of inducing
myocardium-specific angiogenesis and arteriogenesis in both pigs and
rabbits (Lahteenvuo et al., 2009). After acute myocardial infarction,

AdVEGF-B;g increased blood vessel area, perfusion, collateral artery
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1.2

formation which induced changes towards an ischeamic-resistant

myocardial phenotype (Lahteenvuo et al., 2009).

Human patients with coronary artery stenosis (abnormal narrowing of
the coronary artery) have an impaired development of collateral
vessels. Due to the inverse correlation between infarct size and
collateral blood flow (Sabia et al., 1992) such adaptations in response to

ischaemia could determine the risk and severity of myocardial

infarction.

Signal Transducers and Activators of Transcription

1.21 Discovery
In 1992 Darnell and colleagues (Schindler et al., 1992a) identified a

91kDa protein (and an 84kDa form, lacking 39 C-terminal amino acids)
and a 113kDa protein through the study of interferon-a (IFN-a) and
IFN-y induction of transcription. The identified proteins became
tyrosine phosphorylated upon treatment of cells with IFN-a (Schindler
et al., 1992b), whereas only the 91kDa protein was also phosphorylated
in response to INF-y (Shuai et al., 1992). These proteins serve a dual
function as signal transducers and activators of transcription and were
later named accordingly in the order they were characterised. Thus, the
91kDa and 84kDa proteins were designated Signal Transducers and
Activators of Transcription 1-a (STAT1a) and STATIP respectively
and the 113kDa protein named STAT2. Due to the fact that IFN-a and

IFN-y transcriptional responses used different STATS that share ~40%
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amino acid identity with each other, it seemed plausible that additional
family members might direct the formation of distinct DNA binding in
response to other signaling(Saraste et al., 1997) molecules. STAT3 was
initially identified as the acute response factor (APRF) activated by
interleukin- 6 (IL-6) (Wegenka et al., 1993). STAT3 cDNA was cloned
a year later by Akira and colleagues (Akira et al., 1994), which
exhibited 53.5% overall homology with STAT1a ¢cDNA. The STAT3
protein was also tyrosine phosphorylated and activated as a DNA-
binding protein in response to epidermal growth factor (EGF) or IL-6
but not IFN-y (Zhong et al., 1994). STAT4 was first cloned and
characterised due to its similarity to STAT1 (52% identical) and shown
to be predominantly expressed in the spleen, thymus and testis. and is
differentially regulated during differentiation (Yamamoto et al., 1994).
STATS was originally identified as a prolactin-response factor termed
mammary gland factor (MGF) and confers the prolactin response
(Wakao et al., 1994). Later, two STAT5 homologues were identified,
named STAT5a and STATSb that were encoded by two highly related
genes and activated by IL-3, granulocyte-macrophage colony-
stimulating factor (GM-CSF) and IL-5 (Azam et al., 1995, Mui et al.,
1995). The last transcriptional family member to be identified was
STAT6, which was initially termed IL-4 STAT due to its activation by
IL-4, a cytokine secreted by activated T lymphocytes, basophils, and

mast cells (Hou et al., 1994).
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1.2.2 Structure of STATs

All STAT proteins consist of approximately 750-850 amino acids and
have several conserved domains that are critical for protein function

(figure 1.4).

ND  Coiled-coil DNA-binding Linker SH2 TAD
pY pS
STATI. NI N | [ C
pY
STAT2 N T . | 1 I
pY pS
STAT3 NI T | [ ) C
pY pS
STAT4 N I | [EE | C
pY pS .
STATSa N N | Jmm | C
pY pS
STASTSy N N | [
pY
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Figure 1.4. STAT protein family members. Schematic diagram representing
the conserved domains present in STAT proteins. N; amino-terminus, C;
carboxy-terminus, pY; phospho-tyrosine site, pS; phospho-serine site
Modified from (Yu and Jove, 2004).

1.2.2.1 The N-Domain

The N-domain is located to the amino terminus of STAT proteins and is
important for protein-protein and dimer-dimer interactions to form
tetrameric STAT molecules. Many promoters contain closely spaced
tandem STAT binding sites (~20bp apart). When two such sites are

occupied with STATSs, dimer-dimer interactions exist that are mediated
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through the N-domain (Xu et al., 1996, Vinkemeier et al., 1998).
Protein interactions between the N-terminus of STAT! and histone
acetyltransferases CBP/P300 have also been reported which may
contribute to transcriptional activation (Paulson et al., 1999). Recently
it has been reported that the N-domain of STAT1 is required for the
paracrystals formation. Cytokine-induced paracrystals prolong the
activity of STAT1 by regulating SUMO conjugation (section 1.2.5.6)

(Droescher et al., 2010).

1.2.2.2 The Coiled-Coil Domain

Adjacent to the N-domain is the coiled-coil domain. It contains four
long o-helices that enable STATSs in interact with other proteins
(Bromberg and Darnell, 2000). The coiled-coil domain mediates the
interaction of STAT1 and STAT2 with p48 (ISGF3 complex) and is
required for DNA binding and transcriptional activation (Veals et al.,
1992). STATS3 interacts with c-Jun via the coiled-coil domain to aid co-
operative transcriptional activation (Zhang et al., 1999). Also, it has
been demonstrated that the coiled-coil domain of STAT3 is also
essential for SH2 domain mediated recruitment to its receptor and
subsequent tyrosine phosphorylation. Single point mutations of
Aspl70, or to a lesser extent Lys177, diminish STAT3 receptor binding

and tyrosine phosphorylation (Zhang et al., 2000).
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1.223 The DNA-Binding Domain

The DNA binding domain contains several B-sheets and intervening
loops that determine DNA specificity (figure 1.5). All STATSs can bind
to an element similar to GAS (gamma-interferon activated sequence)
(TTNs6AA), which is probably due to the highly conserved amino acid
composition within this domain. However, DNA binding analysis using
activated STATs and synthetic oligonucleotides yielded different DNA
binding affinities between STAT members (Lamb et al., 1995). The
experiments demonstrated that spacing between the palindromic TT-
AA core influences DNA binding affinity. For example, the palindrome
TT-AA separated by 6bp resulted in selective binding of STAT6
dimers, whereas a spacing of 4bp preferentially favoured STAT3
dimers. Also DNA binding might depend on the composition of the
STAT dimers, since STAT1/STAT3 heterodimers appear to bind to
different response elements compared to STATI and STAT3
homodimers (Lamb et al., 1995). Several years later, Ehret and
colleagues described experiments in which they quantified the relative
affinity of a series of weak DNA binding sites for STAT1, STAT5a,
STATS5b and STATS6. Clear differences observed in the fine specificity
between STAT proteins are reflected amongst the natural target sites of
different STAT proteins, indicating they contribute to the selective gene

activation by these proteins (Ehret et al., 2001).
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Figure 1.5. Three-dimensional structure of STAT1 protein. The core
structure (amino acids 130-712) shows binding of a STAT1 dimer to DNA.
Various domains are indicated. Modified from (Levy and Darnell, 2002)

Mutations within the DNA-binding domain of STAT3 are associated
with the autosomal-dominant multisystem immuno-deficiency disease
known as Hyper IgE syndrome (HIES). HIES presents with elevated
serum IgE levels, dermatitis and recurrent skin and lung infections.
Minegishi and colleagues identified missence and single codon in-
frame deletions of STAT3 located in the STAT3 DNA-binding domain
of familial and sporadic cases of HIES (OMIM; 147060) (Minegishi et

al., 2007).

1.2.2.4 The Linker Domain

Carboxy-terminal to the DNA binding domain is the highly conserved
EF-hand-like linker domain consisting of approximately 100 amino

acids. The linker domain may contribute to transcriptional activity,
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since mutations in the linker region of STAT1 abolished transcriptional
responses to IFN-y (Yang et al., 1999b). More recently, de novo
mutation (Lys531Glu) in the linker domain of the STAT3 gene has also
been linked to the multisystem immunodeficiency disease - Hyper IgE

syndrome (Kim et al., 2009).

1.2.2.,5. The SH2 Domain

The Src-homology 2 (SH2) domain is a well-studied structural motif
that modulates STAT dimerisation via SH2-phosphotyrosine peptide
interactions (Shuai et al., 1994). The negatively charged phosphate on
the tyrosine residue (Y701 for STAT1 and Y705 for STAT3) located at
the C-terminal end of the SH2 domain is stablised by a pos:itively
charged arginine residue located at the N-terminal region of the SH2
domain STAT partner molecule. Mutations of either the tyrosine or
arginine residue completely abolishes STAT dimerisation (Reviewed in

(Schindler and Darnell, 1995)).

1.2.2.6 The Transcriptional Activation Domain

The carboxyl-terminal domain of all STAT proteins contains the
transcriptional activation domain (TAD), which is the least conserved
domain among STAT family members. However, STAT1, STATS3,
STAT4 all share a conserved stretch of amino acids in their C-terminal
TADs (LPMSP) that includes a phosphorylated serine residue
(described in detail in section 1.2.5.1.) that is important to achieve

maximal transcriptional activity (Wen et al., 1995, John et al., 1999,
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Decker and Kovarik, 2000). The C-terminal region is also important for
protein-protein interactions. For example, the C-terminal region of both
STAT1 and STAT2 interact with the histone acetyltransferase,
CBP/p300 (Paulson et al., 1999) and STAT! also associates with the

mini chromosome maintenance protein (MCM)-5 (Zhang et al., 1998).

1.2.3 STAT isoforms

Naturally occurring splice variants have been identified for all STAT
proteins, with the exception of STAT2. These splice variants lack
regions of the C-terminal transactivation domain. This leads to a
competitive negative effect on gene induction, counteracting the
transcriptional activation of full-length STATs. The splice variants are
known as STATIB, STAT3B, STAT4B, STATSB and STAT6B
(Schindler et al., 1992a, Caldenhoven et al., 1996, Hoey et al., 2003,
Sherman et al., 1999, Wang et al., 1996) and can be generated by two
distinct mechanisms: alternative mRNA splicing and proteolytic
processing. STAT3B is generated from alternative splicing, which
arises from the alternative-splice acceptor sties in exon 23, which
differs from STAT3a by the lack of 50 amino acids from the C-terminal
domain (Schaefer et al., 1995). In the case of proteolytic processing,
STATS is truncated at the transactivation domain (Azam et al., 1995).
Cr;lthepsin G has been identified as the protease that cleaves full length
STATS (STATSo) to generate a C-terminally truncated form in

immature myeloid cells (Lee et al., 1999), however there is some
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controversy over whether this cleavage occurs in vivo (Garimorth et al.,

1999).

1.2.4 Activation of STATs

STATSs are activated in response to a variety of cytokines and growth
factors, each initiating signal transduction by association with their
appropriate receptor (figure 1.6). The various receptor families include
transmembrane receptors lacking an intrinsic protein tyrosine kinase
domain (non-RTK receptors), single transmembrane receptors with an
intrinsic protein tyrosine kinase domain (RTK receptors), and seven

transmembrane receptors (G-protein coupled-receptors) (figure 1.5).

Growth
- factors
Cytokines T Pentides

LIF ¢ Angiotensin II

STATpY(~700)

1,2,4,5a,5b,6
X W Nucleus
STAT1,3-6 STAT1: STAT2
STAT1: STAT3
STAT STAT
homodimer hetrodimer

Figure 1.6 Overview of STAT signaling. STAT proteins can be activated by
a variety of cytokines, growth factors and peptides. Acivated STAT proteins
(STATpY) are able to dimerise and bind to specific DNA sequences to bring
about transcription. LIF; Leukemia Inhibitory Factor, LIFR; Leukemia Inhibitory
Factor Receptor, EGF; Epidermal Growth Factor, EGFR; Epidermal Growth
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Factor Receptor, AT1; Angiotensin |l Receptor Type |. Adapted from (Levy
and Darnell, 2002).

1.2.4.1 Non-RTK receptors

Non-RTK (cytokine) receptors can be subdivided into two groups on
the basis of conserved amino acids in their extracellular domain, termed
class I and class II receptors (Schindler and Darnell, 1995). Class 1
receptors can be further divided into four families (gp130, IL-2, IL-
3/IL-5/GM-CSF (gp140) and growth hormone (GH) family), which all
share four conserved cysteine residues, an extracellular (WSXWS)
motif and a variable intracellular domain. Class II receptors bind
interferons including IFN-o, INF-y and IL-10. These receptors share
sequence homology with type I receptors, but have additional cysteine
pairs and several conserved proline and tyrosine residues (Novick et al.,

1994, Ho et al., 1993).

Leukemia inhibitory factor (LIF) belongs to the family of interleukin
(IL)-6-type cytokines, which signal through the common receptor
subunit gp130 in association with a ligand-specific receptor subunit, the
low-affinity LIF receptor (LIFR). The binding of LIF to the LIFR
induces its heterodimerisation with gp130 (figure 1.7). Giese and
colleagues demonstrated herterodimeriastion between LIFR and gp130
by using Fluorescence Resonance Energy Transfer (FRET) (Giese et
al., 2005). An increase in FRET signal was observed between CFP-
tagged LIFR and YFP-tagged gp130 upon stimulation with LIF (Giese
et al.,, 2005). Like all non-RTKs, the LIFR/gp130 receptor complex

lacks an intrinsic protein kinase domain, but are able to signal through
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the association with Janus Kinase (JAK) family members, a group of

receptor associated tyrosine kinases (Darnell, 1997).

LIF stimulation

LIFRa
gp130
o
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Figure 1.7. JAK/ISTAT3 pathway via the LIF receptor. LIF binding rapidly
induces the LIF receptor (LIFR) and gp130 subunits to form a heterodimer
receptor complex. Receptor complex formation leads to autophosphorylation
of receptor-associated JAK2, followed by tyrosine phosphorylation of the
receptor's cytoplasmic domain and recruitment of STAT proteins to the
receptor complex. Subsequent tyrosine phosphorylation of STATs enables
homo- or heterodimerisation of STAT proteins. STAT dimers translocate to the
nucleus and bind to specific STAT-binding elements in the promoter region of
various genes. Modified from (Auernhammer and Melmed, 2001).

In mammalian cells the family consists of four members; Jakl, Jak2,
Jak3 and Tyk2, which are phosphorylated via activated non-PTK
receptors. JAKs consist of seven JAK homology domains, which share
high sequence similarity. At the C-terminus, they contain a tyrosine
kinase domain (JH1), which is preceded by a pseudo-kinase domain
(JH2). The activated JAKs phosphorylate specific tyrosine residues on
the cytoplasmic tails of the cytokine receptors thus, providing docking
sites for STAT proteins via their SH2 domains. The recruited STAT
monomers are then phosphorylated on their specific tyrosine residues
by JAKs, which allows the formation of active STAT dimers through

reciprocal phosphotyrosine-SH2 interactions (Darnell, 1997). It has also
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been shown that SRC kinases can also facilitate in this process (Reddy
et al., 2000). STAT dimers can translocate to the nucleus in a regulated
manner where they bind to promoters and enhancer regions of their

target genes.

1.24.2 RTK-receptors

STATs can also be activated by growth factor receptors, which contain
an intrinsic tyrosine kinase domain (Silvennoinen et al., 1993, Zhong et
al., 1994, Schaefer et al., 2002). These RTK-receptors include
epidermal growth factor receptor (EGFR), platelet derived growth
factor receptor (PDGFR) and vascular endothelial growth factor
receptor (VEGFR). STAT activation by various RTKs can be JAK-
dependant or JAK-independent as both models are present in the
literature (Vignais and Gilman, 1999, Paukku et al., 2000, Olayioye et
al., 1999, Schaefer et al., 2002). EGFR, VEGFR and PDGFR all
possess an intrinsic tyrosine kinase domains and can phosphorylate
STATs directly (Vignais and Gilman, 1999, Paukku et al.,, 2000).
However, under some conditions RTKs require the presence of JAK or
Src for STAT phosphorylation (Olayioye et al., 1999, Schaefer et al.,

©2002).

1.24.3 G protein-coupled receptors

G protein-coupled receptors have also been reported to activate STAT
proteins (figure 1.6). These receptors span the cell membrane seven

times and activate GTP-binding proteins. In rat aortic smooth-muscle
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cells, angiotensin II induces phosphorylation and activation of JAK2,
leading to the rapid tyrosine phosphorylation of STATI1, STAT2,
STAT3 and STATS (Marrero et al, 1995). In cardiomyocytes,
McWhinny and colleagues showed that angiotensin II, acting through
the AT, receptor could induce STAT] and STAT3 phosphorylation,
translocation to the nucleus and induction of gene transcription
(McWhinney et al., 1997). Although it is established that the AT,
receptor activated the JAK/STAT pathway, the sequence of events
leading to the association of AT, receptor and STAT proteins has yet to

be defined.

1.2.4.4 Non-receptor kinases

In addition, non-receptor cytoplasmic tyrosine kinases such as activated
Src and Abelson Leukemia Protein (ABL) (Danial and Rothman, 2000)
can directly phosphorylate STAT proteins in the absénce of ligand-
induced receptor activation. Src-transformed NIH3T3 cells were found
to contain a phosphorylated tyrosine form of STAT3 in a constitutive
manner (Yu et al., 1995) and studies have shown that v-src is able to

bind to and phosphorylate STAT3 in vitro (Cao et al., 1996).

These pathways ultimately lead to the tyrosine phosphorylation of
STAT proteins that results in homo and heterodimerisation through
reciprocal interactions between SH2 domains and phosphotyrosines.
STATI1, STAT3, STAT4, STATSa and STAT5b form homodimers

whereas STATI1:STAT2 and STATI1:STAT3 heterodimers are also
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capable of forming. STAT dimers translocate to the nucleus where they
bind to response elements in the promoters of target genes to initiate
transcription. It was initially thought that STAT proteins would only
translocate to the nucleus upon activation, however it has been shown
that nucleocytoplasmic shuttling of STAT! and STAT3 is a dynamic
process and was first demonstrated using the fluorescence recovery
after photobleaching (FRAP) approach. Constitutive shuttling of
STAT3 was observed in the absence of cytokine stimulation and IL-6
induction resulted in nuclear accumulation of STAT3 (Pranada et al.,

2004).

1.2.5 Regulation of STATs through post-translational
modification

Post-translational modification is a common mechanism to regulate
protein function, activity and localisation. Post-translational
modifications include phosphorylation, acetylation, methylation,

glutathionylation, and sumoylation and ubiquitylation.

1.2.5.1 Serine phosphorylation

~All STAT proteins contain a tyrosine phosphorylation site that is
required for dimerisation and ultimately activation. However, most
STAT proteins (STAT1, STAT3, STAT4, STAT5a and STAT5b) can
also be phosphorylated at a serine residue present in their C-terminal
TAD. Serine phosphorylation was first identified for STAT! and

STAT3 by isolation of proteins from **P-labelled cells after stimulation
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with appropriate cytokines and then subjected to phospho-amino acid
analysis (Eilers et al., 1995, Wen et al., 1995). Zhang and colleagues
first reported the role of serine phosphorylation for STAT1 and STAT 3
activities, showing its requirement for DNA binding and transcriptional
activation (Zhang et al.,, 1995). These conserved sites consist of a
LPMSP motif (Ser’””’ in STATI, 3 and Ser’*! in STAT4) (Wen et al.,
1995) and LPSP motif (Ser’” in STATSa and Ser” in STATSb

(Yamashita et al., 1998) (figure 1.8).
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Figure 1.8 Comparison of human STATs containing the P(M)SP
phosphorylation site. The P(M)SP motif is highlighted in red. Uppercase
letters denotes amino acids conforming consensus sequences. Modified from
(Decker and Kovarik, 2000).

The most pronounced effects of serine phosphorylation have been
observed in relation to transcriptional activation. Overexpression of
STAT3p (lacking the serine 727 phosphorylation site) severely impairs
" IL-6-induced STAT3 transactivation (Caldenhoven et al., 1996). Also
STATI1 and STAT3 Ser-Ala mutations display a reduced transcriptional
activity in response to IFNy or IL-6 type cytokines (Wen et al., 1995),
indicating a positive regulatory effect on transcription. However
repressive effects on transcription have also been reported with STAT3

serine phosphorylation. A STAT3 (Ser-Ala) mutant increased
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transactivation in response to EGF in vitro and in vivo, suggesting
serine phosphorylation either prevents tyrosine phosphorylation or

increases tyrosine dephosphorylation (Chung et al., 1997b).

Serine phosphorylation of STAT proteins is mediated by a number of
different kinases including; Mitogen-activated protein kinases (MAPK)
and Protein kinase C isoforms (PKCdé and PKCe) (Lim and Cao, 1999).
The MAPKSs are a group of protein serine/threonine kinases that are
activated in response to a variety of extracellular stimuli and mediate
signal transduction from the cell surface to the nucleus. Each MAPK
pathway contains a three-tiered kinase cascade comprising of MAPK
kinase kinase, MAPK Kinase and the activated MAP kinase (reviewed
in (Chang and Karin, 2001)). MAPK phosphorylates substrates with the
PSMP consensus sequence and indeed the C-terminal region of STAT]I,
STAT3 and STAT4 all resemble the MAPK consensus sequence
PxpS/pTP (Gonzalez et al., 1991). Studies have shown that the MAPKs
extracellular signal-regulated kinases (ERKSs), c-Jun N-terminal kinases
(JNKs) and p38MAPK (p38) are involved in serine phosphorylation of
STAT proteins (Chung et al., 1997b, Lim and Cao, 1999, Ceresa et al.,

1997, Turkson et al., 1999).

- Jain and colleagues were in search of an H7-sensitive, IL-6 activated
STAT3 serine kinase when they identified PKC6 — a PKC family
member of serine-threonine kinases. (Jain et al., 1999). In mammals the
PKC family members can be divided into four structurally and
functionally distinct subgroups according to their regulatory domains.

These are the classical isoforms (a,B,y), novel isoforms (8,en,0),
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atypical isoforms ((,V/A) and the PKC-related kinases (PKN1, PKN2
and PKN3) (Rosse et al., 2010). Activated G-protein coupled seven
transmembrane receptors bind and activate phospholipase C (PLC) at
the plasma membrane where it hydrolyses phosphatidylinositol 4,5
bisphosphate (PtdIns(4,5)P2) into diacylglycerol (DAG) and inositol
1,4,5-triphosphate (IP3). PKC6 belongs to the novel subfamily and
requires diacylglycerol (DAG) for activation (Mellor and Parker, 1998).
In addition to DAG, PKCS$ is also regulated by phosphorylation (Li et
al., 1997b). While most PKC isoforms are phosphorylated at conserved
Ser/Thr sites, PKC$ is also phosphorylated at several tyrosine residues
by various stimuli including oxidative stress and DNA damaging agents

(Steinberg, 2008, Yoshida, 2007).

PKCd is associated with cardiomyocyte cell death. Murriel and
colleagues have shown that PKCd increases ischaemia and reperfusion-
induced apoptosis by affecting the balance between pro- and anti-
apoptotic signals (Murriel et al., 2004). By using 6VI-1 to specifically
inhibit PKCJ translocation at the onset of reperfusion, they observed
inhibition of cytochrome c release, caspase-3 activation and PARP
cleavage (Murriel et al., 2004). Prolonged exposure to hypoxia has also
been associated with the proteolytic and feed-forward activation of
" PKC$ and caspase-3, resulting in the irreversible commitment to

apoptosis (Clavijo et al., 2007).

Studies regarding STAT3 serine phosphorylation by PKCS are
somewhat contradictory. For example, studies by Jain and colleagues

revealed that serine phosphorylation by PKCS has a negative influence
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on DNA binding and transcriptional activity (Jain et al., 1999) whereas,
activated forms of PKC3 and STAT3 were essential for the insulin-
induced PKC3-STAT3 activation in kerationcyte proliferation

(Gartsbein et al., 2006).

Another member of the novel PKC subfamily, PKCe has also been
associated with the STAT3 serine phosphorylation. Studies show that
PKCg interacts with and serine phosphorylates STAT3, which increases
DNA binding and transcriptional activity. PKCe-mediated STAT3
serine phosphorylation seems to be essential for the constitutive

activation of STAT3 and prostate cancer invasion (Aziz et al., 2007).

1.2.5.2 Acetylation

The idea that STAT proteins could be acetylated was due to the
discovery that various STATSs associate with histone acetyltransferase
CREB-binding (CBP/p300) and show enhanced transcriptional activity
(Zhang et al., 1996, Korzus et al., 1998). The first report described that
acetylation of STAT6 by CBP/p300 was required for the transcriptional
activation of 15-lipoxygenase (15-lox-1) by IL-4 (McDonald and
Reich, 1999, Shankaranarayanan et al., 2001). Treatment of cells with
histone deacetylase inhibitors (HDACi) was reported to reveal the
* acetylation sites in STAT] at Lys410 and Lys413 (Kramer et al., 2006)
and was proposed to regulate apoptosis by facilitating binding of NF-
kB and control immune responses by suppressing STAT1 tyrosine
phosphorylation (Kramer et al., 2009). However, recently Antunes and

colleagues have questioned this work as they demonstrate that
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inhibition of deacetylase had no effect on STAT1 acetylation and did
not suppress tyrosine phosphorylation. They propose that the defective
DNA binding activity and transcriptional activity may be due to
inactivation of the DNA binding domain of STAT1 or nuclear import

signal rather than due to its acetylation status (Antunes et al., 2011).

It was also reported that STAT3 could be acetylated in the N-terminal
region, at positions Lys49 and Lys87 by CBP/p300. Mutational analysis
(STAT3 K49R/K87R) had no effect on inducible DNA binding, but
blocked CBP/p300-mediated STAT3 acetylation and abrogated IL-6-
induced human angiotensinogen (hAGT) gene activation in hepatocytes

(Ray et al., 2005).

1.2.5.3 Methylation
Methylation of STAT proteins was first described for STAT1 at residue

Arg31 in the N-terminal domain in response to IFN-y by protein
arginine methyl-transferase (PRMT1). Interestingly, methylation led to
a weaker interaction between STAT] and the protein inhibitor of
activated STATs (PIAS), resulting in increased DNA binding by
STAT1 (Mowen et al., 2001). Recently, it has been reported that
STAT3 is methylated at residue Lysl40 by the H3K4
" methyltransferase, SET9 in response to IL-6. Prevention of methylation
by mutation of K140 allowed greater phosphorylation of STAT3 Y705
in response to IL-6, which was associated with enhanced expression of
the negative regulator of STAT3 activation (SOCS3) (Yang et al,,

2010).
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1.2.54 Glutathionylation

Glutathione plays a role in reversible post-translational modification
called S-glutathionylation, which is a physiological, reversible protein
modification of cysteines residues with glutathione that occurs in
response to mild oxidative stress (Klatt and Lamas, 2000). Recently a
study has shown that STAT3 is novel target for protein S-
glutathionylation (Xie et al, 2009). Increased levels of S-
glutathionylated STAT3 were observed in cells treated with diamide - a
thiol oxidising agent. S-glutathionylation of STAT3 was accompanied
with a reduction in IL-6 induced tyrosine phosphorylation of STAT3,
subsequent nuclear retention and transcriptional activities of STAT3

target genes (Xie et al., 2009).
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1.2.5.5 Ubiquitination

Ubiquitination, the conjugation of proteins with a protein called

ubiquitin (Ub) is essential for the degradation of proteins.

m + ATP AMP + PP
L—Z_' :

Figure 1.9.The ubiquitylation system. The ubiquitination pathway consists
of three sequential steps: 1) An ATP dependent step of loading E1 activating
enzyme with ubiquitin (Ub), 2) Transfer of the E1’s ubiquitin to an E2
conjugating enzyme and 3) the E3 ligase mediated transfer of ubiquitin from
an E2 to the substrate. Taken from (Dodd, 2005)

Free Ub is activated in an ATP-dependent manner, by the activity of an
ubiquitin-activation enzyme E1, leading to the formation of a thiol-ester
linkage between E1 and the carboxyl terminus of ubiquitin (figure 1.9).
The ubiquitin is subsequently transferred to one of many ubiquitin-
conjugating enzymes E2. The last step in the process utilises a ubiquitin
protein ligase E3 to catalyse the transfer of Ub from the E2 enzyme to
the target proteins (Nandi et al., 2006). Degradation of ubiquitinated
proteins is performed by the 26S proteasome system, which is

composed of the two terminal 19S regulatory subunits bound to the
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proteolytic core. The ubiquitin-proteasome degradation has shown to be
important for the regulation of the JAK/STAT pathway. Studies show
that with the use of proteasome inhibitors, JAK1, JAK2 and JAK3 are
all targets for degradation (Ungureanu et al., 2002, Yu and Burakoff,
1997). In addition, tyrosine phosphorylated STATI1, STAT4, STATS
and STAT6 were also targets for degradation (Kim and Maniatis, 1996,

Wang et al., 2000), hence regulating their activities.

1.2.5.6 SUMOlyation

The SUMO (small ubiquitin-like modifier) family of proteins belong to
the ubiquitin-related protein modifiers. SUMOlyation requires the
covalent attachment of SUMO to its target protein, which is facilitated
by a set of enzymes; El activating enzyme (Aosl and Uba2),
conjugating E2 enzyme (Ubc9) and ligating E3 enzyme (PIAS, RAN-
binding protein 3 (RanBP2) or polycomb protein (PC2)). SUMOlyation
was first described for STATI1 at residue Lys703 in the presence of
PIASxa — an E3 ligase. A negative regulatory function for
SUMOlyation of STAT1 was suggested due to the fact that mutation of
Lys703 in STATI resulted in increased mediated IFN-y mediated
transcriptional activation (Ungureanu et al., 2003). STAT3 activity is
- inhibited by SUMO-conjugation. Inhibition occurs directly by
decreasing STATI1 tyrosine phosphorylation and indirectly by
facilitating STAT1 dephosphorylation, consequential to increase
STAT]1 solubility due to suppressed paracrystals assembly (Droescher

et al., 2010).
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1.2.6 Negative regulation of STATs

The rapid and transient nature of STAT activation suggests there are
mechanisms in place to switch off this signaling pathway. Studies have
show that STAT signaling is negatively regulated at different points
within the signaling cascade. Factors involved in negative regulation
are members of the SOCS (suppressors of cytokine signaling) family,
the PIAS (protein inhibitor of activated STATs) family and PTPs

(protein tyrosine phosphatases).

1.2.6.1 Suppressors of cytokine signaling

The suppressors of cytokine signaling (SOCS) family comprise a
family of 8 members that includes CIS-1 (cytokine-inducible SH2
containing protein) and SOCS1-7. All family members share a similar
structure with a central SH2 domain, a region of homology called the
SOCS box at the C-terminus and a kinase inhibitory region located at
the N-terminus (Naka et al., 1997, Krebs and Hilton, 2000). SOCS
proteins are generally expressed at low levels in unstimulated cells and
expression is greatly enhanced upon cytokine, insulin and EGF
stimulation (Alexander, 2002). The mechanism of inhibition varies
_ between different SOCS proteins. For example, SOCS1 binds directly
to tyrosine-phosphorylated JAKs via its SH2 domain and as a
consequence JAK activity is directly inhibited. SOCS3 acts by binding
directly to the activated receptors inhibiting IL-6 and LIF signal

transduction (Nicholson et al., 1999). SOCS are also direct gene targets
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of STATs indicating that SOCS act part of a classical feedback

inhibition loop (Matsumoto et al., 1997).

1.2.6.2 Protein inhibitors of activated STATs

Five members belong to the family of proteins that inhibit activated
STATs (PIAS), which include: PIAS1, PIAS3, PIASxa, PIASxB and
PIASy. Protein inhibitor of activated STAT3 (PIAS3) was the first
family member to be identified by its PIAS3 association with tyrosine-
phosphorylated STAT3 and thus prevention of STAT3 DNA binding
(Chung et al., 1997a). PIAS1 was later identified using a yeast two-
hybrid screen with STATI as the bait. It was also described as a novel
regulator of STAT]1 that blocks DNA binding and consequently inhibits
STAT1 mediated IFN-induced transcriptional activity (Liu et al., 1998).
In addition to inhibiting STATSs, PIAS proteins have been shown to
impact on the function of many different proteins, but a‘major process
on which all these proteins act is in the controlling gene expression
(Schmidt and Muller, 2003, Shuai and Liu, 2005). Thus, PIAS proteins

can be thought of as transcriptional co regulators.

1.2.6.3 Protein phosphatases

-~ Dephosphorylation is an important way of inhibiting the STAT-
signaling pathway. It can occur at the cell membrane, where the
receptors, JAKs and STATSs are targets, as well as in the nucleus where
dephosphorylation of STATs take place. The best-characterised protein

tyrosine phosphatase is SHP-1. SHP-1 contains two SH2 domains and
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can bind to phosphorylated JAKs and receptors. Expression of SHP-1 is
restricted to haematopoietic cells (Neel et al.,, 2003). SHP-1 down-
regulates erythropoietin (EPO)-induced proliferation signals by binding
to the EPO-receptor and dephosphorylating the associated JAK2
(Klingmuller et al., 1995). SHP-2 shares a similar overall structure and
high homology with SHP-1 but is ubiquitously expressed. SHP-1
negatively regulates the IFN-induced JAK1/STATI1 pathway (Shuai
and Liu, 2003) and has also been shown to negatively regulate the
activity of STAT3 (Chan et al., 2003a). Studies have identified that
SHP** mutated murine ES cells showed defective differentiation and
more efficient renewal in the presence of leukemia inhibitory factor
(LIF), which was due in part to increased STAT3 activity (éhan et al.,

2003a).

Protein tyrosine phosphatases also regulate STATs in the nucleus.
STAT1 protein tyrosine phosphatase activity was identified in HeLa
nuclear extracts, known as TC45. TC45 can dephosphorylate STATI
both in vitro and in vivo and nuclear extracts lacking TC45 failed to
dephosphorylate STAT1 (ten Hoeve et al., 2002). More recently
receptor-type tyrosine phosphatase, PTPRT has been shown to
dephosphorylate STAT3 at Y705. Overexpression of PTPRT leads to
‘v the reduction in STAT3 target gene expression (Zhang et al., 2007).
Studies have shown that there in an inter-relationship between DNA-
binding and nuclear phosphatase activity. Meyer and colleagues
demonstrated that inactivation of STAT1 is controlled by its exchange

with DNA, whereby DNA binding protects STAT1 from
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dephosphorylation in a sequence specific manner (Meyer et al., 2003).
This was also observed with a constitutively active form of STAT3
known as STAT-C (Li and Shaw, 2006). This STAT3 mutant displayed
a higher DNA binding affinity than STAT3"" and its slower DNA off
rates delayed dephosphorylation by nuclear phosphatases (Li and Shaw,

2006).

1.2.7 Biological roles of STATs

Although STAT proteins are structurally very similar, studies with
genetically manipulated mice suggest a high degree of specificity for
each STAT protein. The biological functions of STAT proteins have
been extensively investigated through the generation of geﬁe-targeted
mice. All STAT family members have been successfully knocked-out
and their phenotypes described with the exception of STAT3 (discussed

in more detail in section 1.2.7.1).

1.2.71 Biological roles of STAT3

STATS3 is ubiquitously expressed in many tissues including the kidney,
liver, lungs and the heart (GeneCards ID: GC17M040465). However,
. unlike other STAT family members, functional analysis of STAT3 in
vivo has been more complex. Takeda and colleagues generated STAT3-
deficient mice to examine the biological function of STATS3.
Homozygous null (STAT3 ) mice were not generated, indicating

embryonic lethality. STAT3 null embryos were able to implant and
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develop until E6.0, however rapidly degenerated with no obvious

mesoderm formation between E6.5-E7.5 (Takeda et al., 1997).

Therefore, to investigate the biological roles of STAT3 in adult mice,
the gene has been conditionally knocked out in a tissue- or cell-specific

manner using the Cre-LoxP recombination system (Rajewsky et al,

1996).

The role of STAT3 has been investigated in the skin. Using the Cre-
LoxP system, STAT3 was specifically disrupted in keratinocytes.
Despite functional ablation of STAT3 in Kkerationcytes, the
development of the epidermis and hair follicles appeared normal.
However these mice had sparse hair; wound-healing processes were
severely compromised and they spontaneously developed ulcers of the
skin with age (Sano et al., 1999). This analysis provided the first in vivo
data showing STAT3 has a function in cell migration and that STAT3
is necessary for skin remodeling, including hair cycle and wound
healing (Sano et al., 1999). STAT3 has also been implicated in the
initiation and progression of skin cancer (Chan et al., 2004). Epidermis
STAT3-deficient mice showed a significant reduction in the
proliferative response following treatment with the tumor-promoter
| agent 12-O-tetradecanoylphorbol-13-acetate (TPA) due to a defect in

G1-S phase cell cycle progression (Chan et al., 2004).

STATS3 also appears to play a regulatory role in the immune system.
Mice generated with STAT3-deficient macrophages and neutrophils
were highly susceptible to endotoxin shock with increased production

of inflammatory cytokines such as TNF alpha (Takeda et al., 1999).
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STAT3 has also been implicated in the immune system in an anti-
apoptotic role. Studies show that STAT3-deficient T-cells exhibited
loss of a proliferative response to IL-6 due to a defect in IL-6-mediated
suppression of apoptosis. (Takeda et al., 1998). More recently, STAT3
has also been shown to play an essential role in the pathogenesis of the
IgG immune complex in acute lung injury by mediating the acute
inflammatory responses in lung and alveolar macrophages (Tang et al.,
2011). Specific siRNA knockdown of STAT3 in alveolar macrophages
showed a significant reduction in the production of pro-inflammatory

mediators of IgG immune complex stimulation (Tang et al., 2011).

STATS3 is also expressed in mammary glands where it displays a pro-
apoptotic role in post-lactational regression. STAT3 phosphorylation
occurs at the onset of mammary gland involution. STAT3-deficient
mammary glands showed a decrease in apoptosis and exhibited a
dramatic delay in mammary gland involution, a stage. of mammary
gland post-lactational regression that is characterised by extensive
apoptosis of epithelial cells due to impaired epithelial cell apoptosis
(Chapman et al., 1999). This study identified for the first time that
STAT3 plays an important role in apoptosis in vivo. However recently,
morphological analysis of mammary gland involution in mice revealed
features that were atypical for classical apoptosis, such as
hypercondensed nuclei, swelling of cells and a complete lack of
membrane blebbing. Studies show that STAT3 controls involution of

the mammary gland by epithelial cells undergoing a lysosomal-
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dependent programmed cell death, which is independent of executioner

caspases (Kreuzaler et al., 2011).

The role of STAT3 in cardiomyocytes has also been extensively studied
through the cardiomyocyte-specific disruption of STAT3 and is

discussed in more detail in section 1.2.7.2.

Further information regarding the biological functions of STAT3 has
emerged from overexpression studies utilising dominant negative
versions of STAT3. Nakajima and colleagues described a role of
STAT3 in differentiation. They used STAT3 mutants lacking the
tyrosine phosphorylation site (Y705F), which were shown to block IL-6
and LIF-induced macrophage differentiation of myeloid -leukaemia

(ML) cells (Nakajima et al., 1996).

The self-renewal of embryonic stem (ES) cells has also been associated
with STAT3. Self-renewal allows the continuously propagation of cells
in an undifferentiated, pluripotent state. The pluripotency of mouse
stem cells depends on LIF-activated STAT3, since mutations of either
gp130 receptor or STAT3 abrogated the self-renewal of ES cells and
led to the onset of differentiation (Humphrey et al., 2004). The
importance of the LIF/STAT3 pathway in self-renewal has also been
. documented in chicken and rat ES cells (Horiuchi et al., 2004, Buehr et
al., 2008). ChIP-on-chip and ChIP-seq analyses has revealed that
STAT3 binds to the regulatory regions of several self-renewal genes in
ES cells suggesting that LIF signaling in ES cells promotes expression
of self-renewal genes and simultaneously suppresses induction of

differentiation-associated genes (Chen et al., 2008, Kidder et al., 2008).
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1.2.7.2. STAT3 and the heart

STATS3 elicits diverse functions in various cell types and has also been
showed to play extensive roles in the heart. Cardiomyocyte-STAT3
activity is required for controlling cardiac growth, function, tissue

architecture and protection against cardiovascular stress.

It has been suggested that STAT3 plays a role in the early phase of
postnatal angiogenesis of the heart — a process involving the growth of
new blood vessels from pre-existing vessels. During postnatal growth
of the heart there is rapid vascular development, providing nutrient-
rich, oxygenated blood to the heart which is required for optimum
function of cardiac tissue (Hudlicka and Brown, 1996). Vascular
endothelial growth factor (VEGF) is one of the most important known
inducers of angiogenesis. Funamoto and colleagues have demonstrated
that VEGF induction in cardiomyocytes by glycoprotein (gp) 130, a
subunit of the IL-6 receptor requires STATS3 signaling (Funamoto et al.,
2000). More recently the siRNA knockdown of STAT3 lead to a down-
regulation of mRNA expression of VEGF, thus reducing angiogenesis

in lung cancer cells (Zhao et al., 2011)

Studies have shown that mice containing the STAT3%?™* gene
mutation show a failure to thrive as well as increased lethality during
'\ the first week of birth (Shen et al., 2004). The STAT3 serine deletion
was associated with a reduction in the transcriptional activity of STAT3
alongside a reduction in the serum levels of insulin-like growth factor
(IGF-1) - a known proangiogenic factor, which is involved the

upregulation of pro-angiogenic VEGF (Dunn, 2000). Cardiomyocyte-
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specific deletion of STAT3 has also been implicated in mechanisms
that control cardiac vasculature and extra-cellular matrix (ECM)
composition.  Cardiomyocyte specific overexpression of STAT3
increased myocardial capillary density and enhanced expression of
VEGF - a STAT3 target gene (Hilfiker-Kleiner et al., 2004).
Conversely, cardiomyocyte STAT3 knockout mice display a
progressive decrease in capillary density together with alterations in the
ECM composition, which led to subsequent heart failure in older age

(Jacoby et al., 2003).

Earlier studies showed that STAT3 plays a key role in cardiac-
hypertrophy (Yasukawa et al., 2001). Cardiomyocyte-specific over-
expression of STAT3 in mice caused spontaneous cardiac hypertrophy
(Kunisada et al., 2000). Activation of gp130 receptor signaling via LIF,
induced hypertrophic growth in cardiomyocytes, a feature that was
abolished by over expression of the negative regulator of
gp130/JAK/STAT signaling, SOCS3 (Yasukawa et al., 2001). Recently
it has been shown that he angiotensin II type 1 receptor induces
unregulated expression of STAT3, leading to nuclear accumulation of
STAT3 that significantly correlated with the progression of cardiac
hypertrophy (Yue et al., 2010). Yan and colleagues also suggests that
the a;-Adrenergic receptor (a;-AR) induces the activation of STATS3,
mainly through transactivation of EGFR, which plays an important role

in a;-AR-induced cardiac hypertrophy (Li et al., 2011).
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Changes in the regulation of STAT3 have been observed in failing
hearts. Powedski and colleagues analysed samples obtained from
patients undergoing heart transplantation due to dilated cardiomyopathy
(DCM), which represents a common end-stage disease state of the
myocardium that leads to cardiac dilation and heart failure (Hunter and
Chien, 1999). In these samples they observed that the expression and
tyrosine phosphorylation of STAT3 was severely reduced (Podewski et
al., 2003). This raised the possibility that decreased activation of
STAT3 may contribute to the development of heart failure in patients.
This hypothesis was later supported by the observation that mice with
cardiomyocyte-specific disruption of STAT3 developed DCM, heart
failure and succumbs to early death (Jacoby et al.,, 2003, Hilfiker-

Kleiner et al., 2004).

STAT?3 also seems to modulate inflammation in the heart in response to
environmental factors. Treatment of cardiomyocytes with bacterial
endotoxin lipopolysacharide (LPS) induced the activation of STAT3
(Cowan et al.,, 2000). In support of this, cardiomyocyte-restricted
knockout of STAT3 in mice led to enhanced apoptosis upon LPS
treatment, indicating that STAT3 knock-out mice may have a
hyperactive response to inflammatory stimuli induced by bacterial

toxins (Jacoby et al., 2003).

Studies have also demonstrated that STAT3 plays an integrated role in
ischaemic preconditioning (IPC) (Smith et al., 2004) (Boengler et al.,
2008b). In 2004 Smith and colleagues demonstrated that STAT3 is

necessary for IPC; genetic depletion of cardiomyocyte-specific STAT3
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completely abolished the cardio-protective effects observed with
classical IPC. These findings were confirmed in isolated
cardiomyocytes from STAT3 knockout mice, which did not display an
increase in cell viability by IPC after 26h ischaemia (Smith et al.,
2004). Consistent with this, later studies in mouse hearts identified an
increase in the tyrosine phosphorylation of JAK proteins (JAK1 and
JAK2), STAT1 and STATS3, as well as enhanced STAT3 DNA binding
in response to IPC (Boengler et al., 2008b). In addition to IPC, STAT3
has also been associated with the cardioprotective roles of ischaemic
post conditioning (postC) — a process in which transient periods of
ischaemia/reperfusion occur at the onset a reperfusion assault. Boengler
and colleagues demonstrated that during postC there was an increase in
phosphorylated STAT3, which accompanied a reduction in infarct size.
The cardioprotection observed with postC was also abolished in

cardiomyocyte-specific STAT3 deficient mice (Boengler et al., 2008a).

Cardioprotective effects by STAT3 have been linked to direct
transcriptional up-regulation of antioxidant enzymes such as manganese
dismutase (MnSOD) (discussed in section 1.3.3), as well as the
induction of anti-apoptotic and cytoprotective proteins including Belx:.

and Hsp70 (Hilfiker-Kleiner et al., 2004, Stephanou and Latchman,
| 1999). In addition, studies on transgenic hearts expressing
constitutively active STAT3 have shown resistance to I/R injury
through the upregulation of reactive oxygen species (ROS) scavengers

Metallothioneinl (MT1) and metallothionein2 (MT2), which are
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associated with reduction in ROS generation and apoptosis (Oshima et

al., 2005).

STAT3 also offers protection against age-related cardiac dysfunction
(Jacoby et al., 2003). Cardiomyocyte-specific STAT3 knock-out mice
develop normally into adulthood without any obvious cardiac
abnormalities. However, slight morphological changes such as a
marginal increase in interstitial fibrosis and decrease in myocardial
capillary density became apparent in young adult STAT3-KO mice (3
months). Beyond 8 months STAT3-KO mice developed dilated
cardiomyopathy with severe heart failure and premature death (Jacoby

et al., 2003).

1.3 Reactive Oxygen Species

1.3.1 What are Reactive Oxygen Species?

Reactive oxygen species (ROS) include free radicals, which typically
have oxygen or nitrogen based unpaired electron. Examples of free
radicals include O, (superoxide anion), OH" (hydroxyl radical) and
ONOO" (peroxynitrite). Other species such as hydrogen peroxide
(HyO;) can also act as oxidants (reviewed in (D'Autreaux and

" Toledano, 2007)).

The physiological generation of ROS can occur as a by-product of other
biochemical processes including within mitochondria, peroxisomes,
xanthine oxidase and other cellular elements (Balaban et al., 2005,

Schrader and Fahimi, 2004, Tsutsui, 2001). The phagocyte NADPH
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Oxidase (NOX) was the first identified by Rossi and colleagues in 1964
as example of a system that generates ROS not as a by-product, but
rather as a primary function (Rossi and Zatti, 1964). NADPH oxidases
generate superoxide by transferring electrons to NADPH inside the cell,
across the membrane and coupling these to molecular oxygen to
produce superoxide, thus providing host defense against bacterial and

fungal pathogens (Geiszt and Leto, 2004).

1.3.2 Consequences of ROS

Accumulation of ROS promotes the onset of cell death, resulting in
characteristic cellular changes including lipid peroxidation, protein

oxidation and double-stranded DNA breaks (Kukreja and Hess, 1992).

Oxygen radicals catalyse the oxidation of lipids (figure 1.10) (Gardner,
1989). For example, cell membranes, which are structurally composed
of polyunsaturated fatty acids, which are highly susceptible to oxidative
attack leading to changes in membrane fluidity and permeability.
Indeed a study has shown that cell membrane damage and lipid
peroxidation occurs during hypoxia-reoxygenation (Yajima et al.,

2009).

" Excess ROS can also cause damage to nuclear and mitochondrial DNA
(figure 1.10) The nature of the damage includes base modifications,
strand breakage and DNA-protein cross-links, which can lead to DNA
mutations. For example, ROS have been shown to induce mutations in

the p53 tumour-suppressor gene (Hussain et al., 1994).
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Proteins are major targets for ROS because of their abundance in
biological systems. Oxidative damage to proteins is induced directly by
ROS or indirectly by reactions of secondary by-products of oxidative
stress, and can lead to peptide-backbone cleavage, cross-linking, and/or
modifications to amino acid side chains (Dalle-Donne et al., 2003). The
susceptibility to oxidation varies from one amino acid to another
(Stadtman, 1995). The most sensitive amino acids are those containing
sulfhydryl groups, which include methionine and cysteine. Sulphydryl
groups interact with ROS producing sulphoxides, sulphenic acids and

disulphide bridges (Sohal, 2002).

OXIDATIVE STRESS

Lipid peroxidation

Catalase
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Oxidised proteins
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Figure 1.10. Reactive Oxygen Species production and cellular defense
mechanisms. Antioxidant enzymes; Catalase, Superoxide Dismutase (SOD)
and Glutathione (GSH) remove reactive oxygen species O, (superoxide) and
hydrogen peroxide (H,O,) from the cell. Modified from (Dennis V. Cokkinos,
2006).
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1.3.3 Defenses against ROS

Cells have well adapted mechanisms that control the formation of
excess free radicals, which utilise antioxidant enzymes and free radical
scavengers. The antioxidant superoxide dismutase (SOD) (Fridovich,
1983, Fridovich, 1986) catalyses the conversion of superoxide into
hydrogen peroxide. The copper-zinc SOD metalloprotein is located in
the cytosol, while the manganese SOD (mnSOD) is located in the
mitochondria. The biosynthesis of SOD is mainly controlled by its
substrate, superoxide anion O;. Increased expression of SOD is
observed with intracellular fluxes of O, (Rister and Baehner, 1976).
The physiological importance of SODs is illustrated by the severe
pathologies demonstrated through studies on SOD knock-ouf mice. For
example, mice lacking MnSOD die several days after birth, through

substantial oxidative stress (Li et al., 1995).

Glutathione peroxidase catalyses the reaction of reduced glutathione
(GSH) with reactive hydroperoxides to form glutathione disulphide
(GSSG), which leads to the reduction of products of hydroperoxide

(section 1.3.2.2).

2GSH + H202 = GS-SG + 2H20

Glutathione peroxidase is a saleno-enzyme that is present in the cytosol

and mitochondria (Freeman and Crapo, 1982).

Catalase is present in all mammalian cells and is localised to the

peroxisomes. Catalase aids in the rapid decomposition of hydrogen
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peroxide into less reactive gaseous oxygen and water molecules

(Deisseroth and Dounce, 1970)

In addition to the primary defense against ROS by antioxidant enzymes,
a secondary defense is offered by small molecules that can act as direct
redox regulators to protein thiols. Thioredoxins are small thiol-
oxidoreducatases that act as antioxidants by facilitating the reduction of
other proteins by cysteine-thiol-disulphide exchange. Thioredoxins
contain two vicinal cysteines in a CxxC motif that participates in
protein thiol reduction. Another antioxidant that can protect against
ROS is a cysteine-containing tri-peptide called glutathione. Glutathione
exists both in a reduced (GSH) and oxidised glutathione disulphide
(GSSG). The reduced glutathione acts as an antioxidant by serving as
an electron donor. In the process, glutathione is converted to its
oxidised form, GSSG. Glutathione is found almost exclusively in its
reduced form, since the enzyme that reverts it from itsvoxidised form,
glutathione reductase (GR) is constitutively active and inducible upon
oxidative stress. In fact, the ratio of GSH:GSSG within cells is often

used as a measure of cellular oxidative stress (Pastore et al., 2001).

1.3.4 ROS during cellular signaling

High levels of ROS production can be detrimental leading to cell death,
however ROS production at lower concentrations can modulate

intracellular signaling pathways (Redox signaling).
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The best understood pathway by which ROS achieves regulation
through cell function occurs through regulating tyrosine phosphatases
(PTPs). PTPs control the phosphorylation status of many signal-
transducing proteins and are therefore involved in many processes
including proliferation, differentiation and survival (Hunter, 2000). The
catalytic region of PTPs contains cysteines (Barford, 2004), which are
susceptible to oxidation inactivation (Denu and Tanner, 1998).
Consistent with this mechanism, NOX-derived ROS has shown to

regulate protein tyrosine phosphorylation (Goldstein et al., 2005).

ROS is also a regulator in the SUMOlyation/deSUMOlyation
equilibrium. Studies have shown that low levels of ROS cause a rapid
disappearance of most SUMO-conjugates. Inhibition was achieved
through the formation of disulphide bonds involving the catalytic
cysteines of the SUMO E1 subunit Uba2 and the conjugating enzyme

Ubc9 (Bossis and Melchior, 2006).

Studies have shown that ROS can also offer cardioprotection - Yue and
colleagues demonstrated that the mitochondrial ROS generator
menadione can cause cardioprotection through a pathway involving
p38-mitogen activated protein kinase (MAPK) activation (Yue et al.,
2002). Antimycin has also been shown to generate mitochondrially-
derived ROS, which activates PKCe that has been shown to be crucial

for cardioprotection (Kabir et al., 2006).

ROS had also been shown to stimulate cardiac hypertrophy — Kwon and
colleagues demonstrated that hydrogen peroxide caused concentration

dependant "effects on adult rat ventricular myocytes (ARVM)
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phonotype. Hypertrophy was observed at low concentrations (10-
30uM) whereas high concentration (100 pM) leads to apoptosis (Kwon

et al., 2003).

ROS has also been implicated in redox signaling in cardiomyocytes. A
variety of cardiac proteins are susceptible to redox modification
including PKG la and the sacroplasmic reticulum calcium pump
(SERCA) (Burgoyne et al., 2007, Adachi et al., 2004). In addition ROS
can modulate signaling pathways including the activation of ERK1/2,
p38 MAPK, Akt, PKCs and NF-kB that are involved in cardiac

hypertrophy (reviewed in (Sugden and Clerk, 2006).

1.3.4.1 Regulation of JAK/STAT pathway by ROS

Reactive oxygen species have also been implicated in the regulation of
the JAK/STAT pathway. Studies have shown that tyrosine
phosphorylation and DNA binding activities of STAT3 were activated
in response to oxidative stress (Simon et al., 1998, Carballo et al.,
1999). Rat-1 fibroblast cells exposed hydrogen peroxide (ImM H»0,)
showed an induction STAT3 activity and this activity could be
abolished by the addition of antioxidants (Simon et al, 1998).
Enhanced tyrosine phosphorylated of STAT3 was later observed in

human lymphocytes exposed to oxidative stress (Carballo et al., 1999).

STAT3 has also been associated with protection against oxidative
stress. Studies show that STAT3 deficient mouse embryonic fibroblasts

(MEFs) were more sensitive to death when treated with H,O, in a dose
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dependent manner, indicating that STAT3-deficiency renders cells

more susceptible to oxidative stress (Barry et al., 2009).

STATS3 is also modified directly in response to oxidative stress. STAT3
becomes s-glutathionylated upon mild oxidative stress (section 1.2.5.4)
leading to marked reduction in IL-6-dependent STAT3 signaling (Xie
et al., 2009). More recently, Li and colleagues have demonstrated that
STAT3 is capable of forming high molecular weight (~180kDa,
~270kDa and ~360kDa) complexes in various cell types that are
exposed to peroxide. As mass spectrometry analyses did not detect
other proteins within these complexes it suggests the formation of
STAT3 redox multimers. The formation of these STAT3 redox
multimers also correlated with the loss of STAT3 DNA binding during

peroxide treatment (L1 et al., 2010).

1.35 ROS and cardiovascular disease

ROS generated during I/R injury has been implicated as primary cause
of oxidative stress and tissue damage in ischaemic heart disease

(Turrens and Boveris, 1980, Blake et al., 1987).

The concept that oxidative stress is important in the pathogenesis of
cardiovascular disease was conceived from studies that noted the
cytotoxic and atherogenic properties of oxidized LDL (oxLDL). Free
radicals oxidise LDL causing macrophages to devour them and become
“foam cells” which clog up arterial walls and contribute to the
development of atherosclerosis. Steinberg and colleagues revealed that

macrophages engulf oxLDL at a faster rate than un-oxidised LDL,
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accelerating the process of atherosclerosis (Steinberg et al., 1989,

Witztum and Steinberg, 1991).

The superoxide anion O," is capable of reacting with nitric oxide (NO),
a blood vessel dilator and anti-thrombotic agent generated in the lining
of the blood vessel. This reaction inactivates nitric oxide and its
diminished bioactivity causes constriction of coronary arteries, which
contributes to myocardial ischaemia in patients with coronary artery
disease (Cannon, 1998). The reaction between NO and O;" also leads
to the formation of peroxynitrite (ONOQ"), which is implicated in DNA
damage (Ballinger et al., 2000), enzyme inactivation (MacMillan-Crow

et al., 1998) and lipid peroxidation.

1.4 Mitochondrial dysfunction

1.4.1 The role of mitochondria

Mitochondria are membrane-enclosed organelles found in most
eukaryotic cells (Henze and Martin, 2003). Mitochondria are generally
considered “cellular power plants” due to the fact they generate the
majority of the cell’s supply of adenosine triphosphate (ATP) in a
process called oxidative phosphorylation. In this process, electrons are
transported between complexes I to IV of the mitochondrial electron
transport chain (ETC) (figure 1.11) (McBride et al., 2006). Electron
transport is coupled with the movement of protons from complexes I,
III and IV into the intermembrane space, creating an electrochemical

gradient (Ay) across the inner mitochondrial membrane. Protons then
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flow through complex V (ATP synthase), which utilises the energy to
generate ATP. In addition to cellular energy, mitochondria are involved
in various other cellular processes including signaling, cell death,

control of the cell cycle and growth (McBride et al., 2006).
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Figure 1.11. Electron Transport Chain. The diagram shows the five
complexes that are involved in the mitochondrial electron-transport chain.
Complexes I-IV are the electron-transport complexes, whereas complex V
synthesizes adenosine triphosphate (ATP). Electrons are passed down the
four complexes (black arrows) to molecular oxygen and then complex V
generates one ATP molecule from ADP and inorganic phosphate (P;). The
dotted arrows show where the protons are pumped into the inter-membrane
space to generate an electrochemical gradient (Ay) and where proton
movement back across complex V (the ATP synthase) is used to drive ATP
synthesis. Adapted from (Bayir and Kagan, 2008).

1.4.2 Mitochondria and ROS production

Mitochondria are considered the primary source of endogenous
oxidants within the cell (figure 1.12). Chance and colleagues
demonstrated that isolated mitochondria produce H>O, (Loschen et al.,
1971, Chance et al., 1979). It was later confirmed that this H>O; in fact,
arose from the dismutation of superoxide generated within
mitochondria (Loschen et al., 1974). The majority of oxygen is

consumed -by the mitochondrion and converted into water in the
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electron transport chain (ETC) at complex IV (cytochrome c oxidase).
However oxygen is able to acquire electrons directly from the
ubiquinone site at complex III and from flavin mononucleotide (FMN)

group at complex I to generate O," (Zhang et al., 1990, Turrens, 2003).
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Figure 1.12. Mitochondrial ROS production. Schematic diagram
representing ROS production by mitochondria. ROS leads to oxidative
damage of mitochondrial proteins, membrane and DNA, which impairs the
ability of mitochondria to synthesize ATP. PTP; Permeability Transition Pore,
cyt c; cytochrome c.Taken from (Murphy, 2009).

Mitochondrial ROS production has also been observed to increase
under conditions of low oxygen (hypoxia) (Semenza, 2004). Increased
ROS production during hypoxia was revealed from investigations
initially carried out on HIF-1, which plays a central role in the response

of cells to hypoxia (Semenza, 2004). Hypoxia has been shown to
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significantly increases the generation of ROS in adipose-derived stem
cells (ASCs) and this increase is reversed by the treatment with the
antioxidants N-acetyl-cysteine and diphenyleneiodonium (Kim et al.,
2011). Evidence also suggests that ischaemia/reperfusion injury causes
a “burst” in mitochondrial ROS production. This burst was
demonstrated clearly in cardiomyocytes in the first several minutes of
reperfusion using a fluorescent probe sensitive to oxidants (Vanden

Hoek et al., 1997).

There is a body of evidence linking mitochondrially generated ROS
with the apoptosis of cardiomyocytes (von Harsdorf et al., 1999,
Kotamraju et al., 2000, Childs et al., 2002, Ghosh et al., 2004). A study
shows that cytochrome c is released from mitochondria in H,0, treated
cardiomyocyte leadingto apoptosis (Whelan et al., 2010). It has also
been suggested that activation of the mitochondrial apoptotic pathway
leads to executioner caspase activation in heart injury (Whelan et al.,
2010). Doxorubicin-induced cardiomyopathy is partially caused by an
increase in ROS production in the heart, resulting in apoptosis
(Kotamraju et al., 2000) and Childs and colleagues demonstrated that
doxorubicin induced radical production and oxidative stress that
triggers the release of cytochrome ¢ from the mitochondria, resulting in
the activation of caspase-3 and apoptosis (Childs et al.,, 2002). In
addition, a study has shown that rats treated with streptozotocin to
simulate acute diabetes displayed depletion in the antioxidant

glutathione, leading to increased ROS levels and cardiac apoptosis
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(Ghosh et al., 2004). Later work demonstrated that the ROS generated

in this scenario was due to mitochondria (Ghosh et al., 2005).

1.4.3. Cardiovascular disease and mitochondria

The function of the heart is highly dependent on oxidative energy,
which is generated in mitochondria. Defects in mitochondrial structure
and function can be found in association with cardiovascular diseases.
Abnormalities in mitochondrial structure and function have been
associated with numerous myocardial injury and disease states (Marin-
Garcia and Goldenthal, 2002). Morphological studies using
transmission electron microscopy revealed that the number, size and
structural integrity of mitochondria were compromised in the
myocardium of dogs suffering from chronic heart failure (CHF)

(Sabbah et al., 1992).

Mitochondrial function was also reduced in failing hearts.(Sharov et al.,
1998). The capacity of the mitochondria for oxygen consumption and
oxidative phosphorylation was significantly reduced compared to
normal hearts. The results indicate abnormal mitochondrial respiratory
activity in myocardium of dogs with CHF (Sharov et al., 1998). In
addition, patients suffering from DCM and heart failure with a history
of ischeamic heart disease showed a reduction in the activity of
complex III, a component of the ETC (Jarreta et al., 2000). A study hast
also reported that prolonged ischaemia significantly impairs the

mitochondrial respiratory chain at the level of complexes I/II and IPC
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(cardioprotective mechanism) protected against such impairments

(Thaveau et al., 2007).

1.4.4. Mitochondria and STAT3

Recently it has emerged that STAT3 plays a role in mitochondrial
respiration. Wegrzyn and colleagues identified a population of STAT3
present in the mitochondria that regulated oxidative phosphorylation
through association with complexes I and II of the ETC (Wegrzyn et
al., 2009). Later studies confirmed the mitochondrial localisation of
STAT3 and its role in respiration (Boengler et al., 2010).‘ This group
also demonstrated that STAT3 co-immunoprecipitated with cyclophilin
D, a mitochondrial matrix protein that facilitates membrane
permeability transition pore (MPTP) opening when bound to the
mitochondrial membrane. Interaction of cyclophilin D with STAT3
caused a delay in MPTP opening and a reduction in infarct size in

response to I/R injury (Boengler et al., Boengler et al., 2010).
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15 Research aims and objectives

Cardiovascular disease represents a significant threat to the health of an
aging society and the development of effective treatments for this
disease will require an understanding of the aging and ischaemic heart.
STAT3 is important for the phenotypic stability and survival of cardiac
tissue; it plays a crucial role in hypoxic preconditioning (Smith et al.,
2004) and is susceptible to regulation by oxidative stress (Barry et al.,
2009, Xie et al., 2009, Li et al., 2010). These data indicate that STAT3
may be subject to direct control by oxygen levels in cardiac cells, which
warrants further investigation. This study aims to identify the effects of
hypoxia and reoxygenation (oxidative stress) on STAT3 activity in two
cardiomyocyte-like cell lines (P19CL6 and H9c2) and primary rat
cardiomyocytes (RCMs). This will be achieved by assessing the
phosphorylation status of STAT3 and its ability to bind to DNA from
cardiomyocyte cells exposed to hypoxic/oxidative stress. The
contribution of STAT3 towards cardiomyocyte survival following
hypoxic/oxidative stress will also be addressed through the exogenous
expression of STAT3 and various STAT3 mutants (STAT3*S and
STAT3%"*"%) and measuring levels of apoptosis. Understanding the
mechanism and consequences of STAT3 regulation by hypoxia and
oxidative stress in cardiomyocytes will be important for developing

new therapeutic approaches to progressive ischaemic heart disease.
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Chapter 2. Materials and methods

241 Materials

25151°

Antibodies

Table 1. Antibodies used throughout this study.

Antibody Manufacturer Dilution
a-Actin (A-2066) Sigma Aldrich 1:1000
a-Bid (FL-195) Santa Cruz Biotechnology | 1:500
a-Flag (F3165) Sigma Aldrich 1:1000
a-Mcl-1 (s-19) Santa Cruz Biotechnology | 1:500
a-PKCb (2058) Cell signaling 1:1000
a-phospho-PKC5/6 Cell Signaling 1:1000
(Ser 643/676) (9376)

a-TBP (N-12) Santa Cruz Biotechnology | 1:1000
a-Tubulin (H-300) Santa Cruz Biotechnology | 1:500
a-STAT3 (S21320) Transduction Laboratories | 1:1000
a-phospho-STAT3 (Y705) Upstate 1:500
a-phospho-STAT3 (S727) Cell Signaling 1:500
a-VDAC (D73012) Cell Signaling 1:500
a-mouse HRP-conjugated Sigma Aldrich 1:5,000
(A6782)

a-Rabbit HRP-conjugated Sigma Aldrich 1:10,000

(A0545)

21128

Commercial chemicals and Kits

* Annexin V-FITC apoptosis kit (Autogen Bioclear)

* ATP monitoring reagent (BioTherma)

* BioRad protein assay kit (BioRad)

* Complete protease inhibitor cocktail tablets (Roche)

* ECL detection reagent (Millipore)
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* ECL advance detection reagent (Amersham UK)

* JetSorb gel extraction kit (Genomed)

* Leukemia Inhibitory Factor (L5158) (Sigma Aldrich)

* Nucleobond AX maxi-prep kit (Machery Nagal Germany)
* Phos-Stop phosphatase inhibitor tablets (Roche)

* Protein-G-sepharose™ beads (GE Healthcare)

* Qiagen QIAprep spin mini-prep kit (Qiagen)

* Qiagen Nucleotide removal kit (Qiagen)

* Trypan blue solution - 0.4% (Sigma Aldrich)

* Strep-Tactin® sepharose (IBA BIOTAGnology)

2.1.3. Bacterial strains

All cloning was achieved using the bacterial strains NM522 and XL-2
blue ultra-competent cells. Bacmid DNA for baculovirus expression
was generated using max efficiency® DHIO0 Bac ™ chemically

competent cells.
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2.1.4.

Plasmid constructs

Table 2. Plasmids used throughout this study

pFastBac mSTAT3
wit

Mouse wild-type STAT3
cDNA expression
cassette

Emma Evans

pFastBac mSTAT3
C3S

Mouse STAT3"*® cDNA
expression cassette.
C418S, C426S and
C468S. Residues
changed to serine render
the molecule as redox-
insenstive

Emma Evans

pRc/CMV Flag
STAT3 wt

Mouse Wild-type STAT3
cDNA expression vector

(Horvath et al.,

1995)

pRc/CMV Flag
STAT3 C3S

Mouse STAT3"*® cDNA
expression vector.
C418S, C426S and
C468S. Residues
changed to serine render
the molecule as redox-
insenstive

(Lietal)

pRc/CMV Flag
STAT3C

Mouse STAT3-C cDNA
expression vector. A662C
and N664C. Residues
changed to Cys renders
the molecule constitutively
active

(Li and Shaw,
2006)

pRc/CMV Flag
STAT3 S272A

Mouse STAT3>"“"" cDNA
expression vector.
Residue changed to Ala
prevents serine
phosphorylation of this
molecule

(Wen and
Darnell, 1997)

pRc/CMV Flag
STAT3 S727D

Mouse STAT3%“““ cDNA
expression vector.
Residue changed to Asp
renders the molecule as
serine phospho-mimetic

Emma Evans

pRc/CMV Flag
STAT3 S727E

Mouse STAT3”*“* cDNA
expression vector.
Residue changed to Glu
renders the molecule as
serine phospho-mimetic

Emma Evans
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2.1.5. Oligonucleotides

Table 3. Cloning oligonucleotides used to PCR clone Strep tagged STAT3 cDNA

Rev STAT3 | 5GCTTGCGCATGCTATTCT | Emma Evans

+Strep CGAAC3
For STAT3 | 5AAGACACTGACTGATGAA | Emma Evans
GAGC3

Table 4. Mutagenic oligonucleotides used to generate serine phospho-mimetic
STAT3 cDNA

S727E | 5GACCTGCCGATGGAACCCCGC | Emma Evans
For ATTTAGZ
S272E | 5CTAAAGTGCGGGGTTCCATCG | Emma Evans
Rev GCAGGTC3’
S727D | GACCTGCCGATGGACCCCCGCA | Emma Evans
For CTTTAGS'
S272 5’CTAAAGTGCGGGGGTCCATCG | Emma Evans
Rev GCAGGTC3'

Table 5. Oligonucleotides used for synthesis of 32P labeled oligonucleotide probes
used in electrophoretic mobility shift assays

SIEU 5'CTAGCATTTCCCGTAAAATZ Li Li
SIEL 5'CTAATTTACGGGAAATGZ Li Li
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2.2. Methods

2.2.1. Nucleic Acid Techniques
2.21.1. Amplification of DNA

Small scale DNA Preparation

Five mls of Luria-Bertani (LB) broth supplemented with appropriate
antibiotics, were inoculated with a bacterial strain of interest (from a
colony or glycerol stock) and incubated over night at 37°C on a rotating
wheel (New Brunswick Scientific). Cells from 1-2ml of the over night
culture were collected by centrifugation at 8,000rpm for 3 minutes at
room temperature. The supernatant was discarded and the bacterial cell
pellet resuspended in 250 pl Buffer P1 and then lysed using 250 ul
Buffer P2. The denatured lysate was neutralised by the addition of 350
pl Buffer N3 causing the formation of a precipitate containing
chromosomal DNA and other cellular compounds. The precipitate was
cleared by centrifugation at 13,000rpm for 10 minutes. The cleared
lysate was applied to the QIAprep column where plasmid DNA bound
to the unique silica membrane, while RNA, cellular proteins, and
metabolites were not retained on the membrane and removed by
centrifugation at 13,000rpm for 30 seconds. Salts were efficiently
removed by a brief wash step with 750ul of buffer PE buffer followed
by centrifugation at 13,000rpm for 30 seconds. High-quality plasmid

DNA was then eluted from the QIAprep column with 50-100ul of
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buffer EB and collected by centrifugation at 13,000rpm for 30 seconds
and purified DNA was stored at -20°C. Small scale DNA was prepared

using the QIAprep Spin Miniprep Kit.

Large Scale DNA preparation
One hundred and fifty mls of LB broth supplemented with appropriate

antibiotics, were inoculated with a bacterial strain of interest (from a
colony or glycerol stock) and incubated over night at 37°C in a shaking
incubator (New Brunswick Scientific). Cells from the overnight
cultures were collected by centrifugation at 6,000rpm for 30 minutes at
4°C and the supernatant discarded. The bacterial pellet was
resuspended in 12ml of resuspension buffer (50 mM Tris—lHCl, 10 mM
EDTA, 100 pg/mL RNase A, pH 8.0) and then lysed using 12ml lysis
buffer (200 mM NaOH, 1 % SDS). The denatured lysate was
neutralised by the addition of 12ml of neutralisation buffer (2.8 M KAc,
pH 5.1) causing the formation of a precipitate containing chromosomal
DNA and other cellular compounds. The precipitate was cleared by
centrifugation at 12,000g for 45 minutes at 4°C. The cleared lysate was
applied to the equilibrated NucleoBond® AX column and plasmid
DNA is bound to the anion-exchange resin. The column was washed
with 32ml of wash buffer (100 mM Tris, 15 % ethanol, 1.15 M KCI, pH
6.3) and DNA eluted from the column using 15ml of elution buffer
(100 mM Tris, 15 % ethanol, 1| M KCI, pH 8.5). Eluted DNA was
precipitated with 11ml of isopropanol and collected by centrifugation at

15,000g for 30 minutes at 4°C. The DNA pellet was subsequently
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washed with 7ml ethanol (70%) and finally reconstituted in 1ml TE

buffer (10mM Tris/HCI, ImM EDTA, pH&8.0).

Large scale DNA was extracted using the Nucleobond AX PC500 kit

(Machery Nagal Germany).

Small Scale bacmid DNA preparation

Bacmid DNA was utilised in the generation of recombinant proteins

using the baculovirus expression system (Section 3.7)

Two mls of LB broth supplemented with with 50ul/ml kanamycin,
7ug/ml gentamicin and 10ug/ml tetracycline were inoculated with
DH10Bac (Invitrogen) cells containing pFastBac plasmid of interest
overnight at 37°C on a rotating wheel. Cells from the overnight cultures
were collected by centrifugation at 14,000g for 1 minute at 4°C. Cells
were resuspended in 300ul of solution I (15mM Tris, 10mM EDTA,
100ug/ml RNase A pH 8.0) before lysing the cells in solution II
(200mM NaOH, 1% SDS) at room temperature for 5 minutes. To
precipitate proteins and chromosomal DNA, 300ul 3M potassium
acetate pH 5.5 was added to the samples and incubated on ice for 10
minutes. Lysates were cleared by centrifugation at 14,000g for 10
minutes at 4°C and the supernatants were transferred to a fresh
Eppendorf tube containing 800ul of isopropanol. Samples were mixed
gently by inversion and incubated on ice for 10 minutes. Bacmid DNA
was collected by centrifugation at 14,000g for 15 minutes at room
temperature. DNA pellets were washed in 500ul 70% ethanol before

drying in air for 10 minutes. Bacmid DNA was dissolved in 40ul 1XxTE
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(10mM Tris, ImM EDTA) pHS8.0 with gentle rocking at room

temperature for 3 minutes before storing at 4°C.

2.2.1.2. Restriction digestion of DNA

Restriction digests of DNA were carried out in a standard 15ul reaction
volume. DNA was digested using SU of appropriate restriction enzyme
supplemented with restriction buffer supplied by the manufacturer.

Digests were incubated for 1 hour 30 minutes at 37°C in a water bath.

2.2.1.3. Alkaline phosphatase treatment of DNA

Subsequent to restriction digest, 5' phosphate groups were removed
from DNA vectors with calf intestinal alkaline phosphatase (CIAP) to
prevent self-ligation. To the 15ul restriction digest, 1.5ul of 1M Tris-
HCI pH 9.5 and 1U of CIAP (MBI Fermentas) were added to the
reaction. After incubation for 20 minutes at 37°C, CIAP was by heat

inactivated at 65°C for 5 minutes.

2.2.1.4. Ligation of DNA

The ligation of DNA fragments was performed in a 10ul reaction
volume using 1U of DNA ligase (Fermentas Life Sciences) with a 1:2
ratio of vector to insert. Ligations were incubated at 16°C in a water

bath overnight.
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2.2.1.5. Oligonucleotide **P-ATP §' end-labelling

Routinely 400ng of *’P-ATP labeled oligonucleotide duplex was
prepared using a modified protocol from Wagner and colleagues
(Wagner et al, 1990). Water was added to 200ng of “upper”
oligonucleotide strand to give a final volume of 6ul. To remove
secondary structure (from the DNA) the sample was incubated at 95°C
for 5 minutes and then immediately placed on ice for two minutes.
After brief centrifugation, 1ul of 10X polynucleotide (PNK) buffer A
(Promega UK), 2ul of **Py-ATP (3000 Ci/mmol, Amersham Pharmacia
Biotech) and 1pl T4 polynucleotide kinase (PNK, 10U) (Promega UK)
was added. The reaction was incubated at 37°C for 30 minutes before
enzyme inactivation at 65°C for 10 minutes. Water was added to 400ng
of lower oligonucleotide strand to a final volume of 4ul. The sample
was heated to 95°C for Sminutes, cooled on ice for 2 minutes and after
brief centrifugation added to the *°P ATP- labeled lower
oligonucleotide strand. The two oligonucleotide strands were denatured
by immersing the tube in a 1L beaker of boiling water and allowed to
cool slowly to room temperature (approx. 4 hours), creating an

oligonucleotide duplex.

Unincorporated **P-ATP was removed from the oligonucleotide duplex
using the Qiagen nucleotide removal kit following manufacturer’s
instructions. The **P-labelled oligonucleotide duplex was eluted from
the Qiagen column in 100ul of Qiagen EB buffer and stored at -20°C

until required.
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2.2.1.6.DNA Cloning

Polymerase chain reaction

During this study the polymerase chain reaction PCR was used to
modify and amplify target DNA sequences for subsequent cloning. A
proof reading DNA polymerase pfu (New England Biolabs) was
utilised to ensure that errors were not introduced into the sequence
during amplification. The following thermal profile was used for PCR
with extension times calculated based on amplicon length and
polymerase synthesis rate. Annealing temperatures were dependent on

the melting temperature (Tm) of the primers.

Initiation :- 95°C for 2 minutes

Denaturing :- 95°C for | minute g

Y

Annealing :- X°C for | minute 25-30 cycles
Extension i 72°C for X minutes  sed

Y

Final extension :-72°C for 5 minutes

Site-directed mutagenesis

Mutation of a single amino acid was achieved by PCR-based
QuickChange® Site- Directed Mutagenesis (Stratagene). The reaction
mixture consisted of :- 25ng template plasmid DNA, 5ul 10x reaction

buffer (Stratagene), 125ng forward and reverse primer, 200uM dNTPs,
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0.5ul pfu (1.24 units) in a final volume of 50pl

below was used.

. The thermal profile

Initiation :- 95°C for 2 minutes

v

Denaturing :- 95°C for 30 seconds g

v

Annealing :- 55°C for 1 minute
Extension :- 68°C for 16 minuies e
Final extension :-72°C for 5 minutes

16 cycles

The PCR product was then incubated with 0.5ul of restriction

endonuclease Dpnl (10U/ul) (Promega) at 37°C for 1.5 hours. This

allowed digestion of the non-mutated methylated template plasmid thus

increasing the mutation frequency (Section 3.2.).

2.21.7. Sequencing of DNA

The 3130 ABI PRISM Genetic Analyser (PE Applised Biosystems)

was used for sequencing reactions. Approximately 100ng purified

plasmid DNA was used for each reaction. Analyses were performed in

the Biopolymer Synthesis and Analysis Unit of the School of

Biomedical Sciences, University of Nottingham.
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2.2.2. Bacterial Techniques

2.2.2.1. Production of chemically competent cells

The ability of E.coli to be transformed with DNA (by heat shocking)
required the cells to be made chemically competent. A Sml LB culture
was inoculated from a NM522 glycerol stock and grown overnight in a
rotating wheel (New Brunswick Scientific) at 37°C. A 100ml culture
was seeded with Iml of overnight culture and grown at 37°C in a
shaking incubator (New Brunswick Scientific) until an optical density
of 0.4 (wavelength of 600nm) was achieved, indicating mid-log phase
The bacterial cells were collected by centrifugation at 4300rpm for 10
minutes at 4°C and the LB discarded. Cells were resuspended in 30ml
of sterile (ice cold) transformation buffer 1 (TFBI) (10mM MOPS
pH7.0, 10mM RbCI) before incubating them on ice for 10 min. Cells
were collected by centrifugation at 4300rpm for 10 minutes at 4°C and
the TFBI discarded. The bacterial cell pellet was resuspended in 4ml of
sterile (ice cold) transformation buffer III (TFBIII) (100mM MOPS
pH6.5, 50mM CaClz, 10mM KCl, 15% glycerol) before aliquoting into

200ul aliquots and snap freezing in liquid nitrogen. The competent cells

were stored at -80°C until use.

2.2.2.2. Transformation of competent NM522 celis

Plasmid DNA or ligation reactions were gently added to 50ul of thawed

NMS522 competent cells and incubated on ice for 20 minutes. Cells
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were heat shocked at 42°C in a waterbath for 2 minutes before
immediately returning to ice for 2 minutes. Cells were allowed to
recover by the addition of 1ml LB for 1 hour at 37°C in a bench top
shaker at 400rpm (Thermomixer compact, Eppendorf). Cells were
collected by centrifugation at 5,500rpm for 2 minutes at room
temperature and 1ml of LB discarded. The bacterial cell pellet was
resuspended in residual LB and spread evenly across pre-warmed
LB/Agar plates containing appropriate antibiotics under sterile

conditions. Plates were inverted and incubated at 37°C over night.

2.2.2.3.Transformation of ultracompetent XL2-Blue cells

Ultracompetent XL-2 blue cells (Stratagene) were thawed on ice before
adding 2pl B-mercaptoethanol to each aliquot of cells (100ul) and
incubating on ice for 10 minutes. Plasmid DNA or ligation reactions
were gently added to 50ul of ultracompetent cells and allowed to
incubate on ice for a further 30 minutes. After incubation, cells were
heat shocked in a 42°C waterbath for 30 seconds before immediately
returning to ice for 2 minutes. Cells were allowed to recover by the
addition of 900ul of preheated NZY+ broth (GIBCO) and incubated at
37°C with gentle shaking (225-250rpm) for 1 hour. Bacterial cells were
collected by centrifugation at §,000rpm for 3 minutes at room
temperature and 900ul of NZY+ broth discarded. The bacterial cell
pellet was resuspended in residual NZY+ broth and spread evenly over
pre-warmed LB/agar plates containing appropriate antibiotics under

sterile conditions and incubated at 37°C over night.
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2.2.2.4. Transformation of Max efficiency® DH10Bac™
chemically competent cells

An aliquot (100ul) of Max efficiency® DH10Bac™ chemically
competent cells (Invitrogen) was thawed on ice before the addition of
Ing of pFastBac plasmid DNA and allowed to incubate on ice for 30
minutes. After incubation, cells were heat shocked in a 42°C waterbath
for 45 seconds before immediately being returned to ice for 2 minutes.
Cells were allowed to recover by the addition of 900ul of S.0.C
medium (2% tryptone, 0.5% yeast extract, 10 mM sodium chloride, 2.5
mM potassium chloride, 10 mM magnesium chloride, 10 mM
magnesium sulfate and 20 mM glucose) (Invitrogen) and incubated at
37°C with gentle shaking (225rpm) for 4 hours. The bacterial
suspension was diluted 10-fold in pre-warmed S.0.C medium and
100ul spread evenly over pre-warmed LB/agar plates supplemented
with appropriate antibiotics (50ul/ml kanamycin, 7ug/ml gentamicin
and 10pg/ml tetracycline, 100pug/ml X-gal and 40pg IPTG) under

sterile conditions and incubated at 37°C for 48 hours.
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2.2.3. Gel Electrophoresis
2.2.3.1. Agarose gel electrophoresis

DNA agarose electrophoresis

DNA was separated by electrophoresis in 0.8-3% (w/v) agarose (Biorad
Laboratories) depending on DNA fragment size. Agarose was
suspended in 1XTAE (40mM Tris-acetate pH8.0, ImM EDTA) and
solubilised by heating in a microwave oven. The agarose mixture was
cooled to approximately 60°C and then poured into a casting tray. Once
the agarose had set, the electrophoresis tank (Biorad Laboratories) was
filled with cold 1xTAE until the gel was completely in;mersed. DNA
mixed with 1xDNA loading dye (0.25% (w/v) bromophenol blue,
0.25% (w/v) xylene cyanol FF, and 15% (v/v) ficoll) was then loaded
into the wells. Gels were run at 70-90V for 40-60 minutes (dependent
on DNA fragment size and gel percentage). DNA was visualised by
staining the agarose gel in ethidium bromide (0.5ug/ml in 1xTAE) for
20 minutes. The gel was briefly washed with water to remove excess
ethidium bromide before the stained DNA was visualised using a UV

gel documentation system (Syngene).

Extraction of DNA from agarose gels

The desired DNA band was excised from the agarose gel with a scalpel.
DNA was extracted from the agarose gel slice using the Jetsorb gel

extraction kit (Genomed) according to the manufacturer’s protocol. The
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gel slice was melted in Al buffer (100ul per 100mg gel slice)
containing 10ul of Jetsorb resin at 50°C for 15 minutes with brief
mixing every 3 minutes. Jetsorb resin was collected by centrifugation at
14,000rpm for 1 minute at room temperature and the supernatant
discarded. The Jetsorb resin was subsequently washed twice with 300pl
of A2 buffer. The A2 buffer was removed and the Jetsorb resin dried by
incubating at 50°C for 10 minutes with the eppendorf tube lid left open.
DNA was eluted from the Jetsorb resin by incubation in 20ul of TE
buffer (10mM Tris/HCl, ImM EDTA, pH8.0) and incubated at 50°C
for 5 minutes. The DNA eluate was cleared by centrifugation at

14,000rpm for 1 minute.

2.2.3.2. Polyacrylamide gels

Non-denaturing polyacrylamide gel electrophoresis

DNA/protein complexes were resolved on non-denaturing 5%
polyacrylamide gels (9.4ml 40% acrylamide:bis-acrylamide 37.5:1
ratio) (Sigma Aldrich), 7.5ml SxTBE (445mM Tris, 445mM boric acid,
10mM EDTA), 1.8ml (2.4% v/v) glycerol, 65u1 TEMED, 700ul
ammonium persulphate (10% w/v) made to 75ml with water). The gels
were pre-electrophoresed in 0.5xTBE at 18mA for 30 minutes. After
loading DNA/protein complexes into the wells, gels were
electrophoresed at 18-20mA until the lower dye band had migrated %
the total length of the gel, taking approximately 4-5 hours. Gels were

fixed in 10% glacial acetic acid, 40% methanol for 2 minutes before
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being placed on filter paper and dried at 85°C for 60 minutes using a

vacuum gel drier.

SDS polyacrylamide gel electrophoresis

Proteins were separated according to size using SDS polyacrylamide
gel electrophoresis (SDS-PAGE) using the Biorad mini protean II

system.

Resolving gels (7.5-10% acrylamide (29:1 acrylamide:bis-acrylamide),
500mM Tris-HCI pH6.8, 0.4%SDS, 0.25% TEMED, 0.038% APS)
were poured first and 1ml of water saturated iso-butanol was layered on
top during gel polymerization to ensure the top edge of the gel was
level. A stacking gel (4% acrylamide (29:1 acrylamide:bis-acrylamide),
1.5mM Tris-HCI pH 8.8, 0.4%SDS, 0.2% TEMED, 0.025% APS) was
poured onto the set resolving gel to allow concentration of proteins

before entering the resolving gel.

SDS loading buffer (50mM Tris-HC1 pH 8.0. 2% SDS, 10% glycerol,
144mM 2-mercaptoethanol, 0.05% bromophenol blue, 2mM EDTA)
was added to protein samples before heating to 100°C for 5 minutes.
After brief centrifugation, samples were loaded into the gel and
subjected to electrophoresis (80-160V) using the Biorad mini protean II
system in 1X SDS running buffer (25mM Tris-HCl, 192mM glycine,

1% SDS) until the dye front reached the end of the gel.
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2.2.4. Protein Techniques
2241 Protein Extraction

Production of whole cell protein extracts

Medium was removed and adherent cells were detached from plates in
Iml of cold phosphate-buffered saline (PBS) with a rubber cell scraper.
Cells were collected by centrifugation at 14,000rpm for 1 minute at
4°C. Supernatants were discarded and cell pellets resuspended in 1ml
cold PBS. Cells were collected by centrifugation at 14,000rpm for 1
minute at 4°C. Cells were lysed in 100-200ul of RIPA buffer (150mM
NaCl, 50mM Tris-HCI pH8.0, 0.1% SDS, 0.1% NP-40, ImM DTT and
complete protease inhibitor cocktail tablets (Roche)). Lysates were
sonicated with two S-second pulses (Jencons Vibracell, amplitude 50),
before incubation on ice for 30 minutes. Cellular debris was removed
by centrifugation at 14,000rpm for 1 minute at 4°C and the cleared
whole cell lysates were transferred to fresh 1.5ml eppendorf tubes, snap

frozen in liquid N; and stored at -80°C.

Production of nuclear protein extracts

Medium was removed and adherent cells were washed once with 1ml
cold PBS+V+F (1X PBS, 1mM Na;VQ,4, SmM NaF) and once with 1ml
of hypotonic buffer (20mM HEPES pH 7.9, 20mM NaF, ImM
Na3;VO,, ImM NasP,0;, ImM EDTA, ImM DTT, complete protease
inhibitor cocktail tablets (Roche)). Cells were lysed by the addition of

0.5ml cold hypotonic buffer + 0.1% NP-40. Nuclei were collected by
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centrifugation at 14,000rpm for 30 seconds at 4°C. Supernatants were
transferred to fresh eppendorf tubes, supplemented with NaCl to
120mM and 10% (v/v) glycerol to generate the cytoplasmic fractions.
Nuclear pellets were resuspended in 100ul of high salt buffer
(Hypotonic buffer supplemented with 420mM NaCl, 0.2% (v/v) NP-40,
20% (v/v) glycerol, ImM DTT, complete protease inhibitor cocktail
tablets (Roche)). The nuclei were lysed by incubation at 4°C for 60
minutes with gentle rocking. Nuclear lysates were cleared by
centrifugation at 14,000rpm for 20 minutes at 4°C, cleared nuclear
extracts were transferred to fresh Eppendorf tubes, snap frozen in liquid

N, and stored at -80°C.

Production of mitochondrial protein extracts

Medium was removed and adherent cells were detached from plates in
Iml of cold 1X PBS using a rubber scraper. Cells were collected by
centrifugation at 300g for 3 minutes at 4°C, supernatants were
discarded and the cell pellets washed in 1ml of cold 1X PBS. Cells
were collected by centrifugation at 300g for 3 minutes at 4°C. Cell
pellets were resuspended in 0.5ml of extraction buffer (10mM HEPES
pH 7.5, 200mM mannitol, I1mM EGTA, 70nM sucrose, protease
inhibitor cocktail tablets (Roche), Phos-Stop phosphatase inhibitor
cocktail tablets (Roche) before lysing with 20 gentle strokes using a
2ml teflon/glass homogeniser. Nuclei were collected by centrifugation
at 1,000g for 5 minutes at 4°C and supernatants transferred to fresh
1.5ml Eppendorf tubes (labeled mitochondrial fraction). Nuclei were

washed in 200ul extraction buffer followed by centrifugation at 1,000g
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for 10 minutes at 4°C and supernatants pooled together (mitochondrial
fraction). Mitochondria were collected from pooled cytoplasmic
supernatants by centrifugation at 10,000g for 15 minutes at 4°C.
Supernatants were transferred to fresh 1.5ml Eppendorf tubes (labeled
cytoplasmic fraction). The brownish mitochondrial pellets were washed
with 200ul of extraction buffer before being subjected to centrifugation
at 10,000g for 10 minutes at 4°C. The supernatants were again pooled
together with the cytoplasmic extracts and the nuclear and
mitochondrial pellets were resuspended in 200ul and 100ul of
extraction buffer respectively. All samples were snap frozen in liquid

N and stored at -80°C.

2.2.4.2. Immunoprecipitation of proteins

This procedure was utilised to concentrate STAT3 from protein
extracts. Approximately 90% of the protein extract was made up to a
final volume of 500ul using an appropriate buffer (RIPA and extraction
buffer for whole cell and mitochondrial extracts respectively) before the
addition of 2pg flag antibody (Sigma) and incubated on a wheel (Stuart
Scientific) at 4°C over night. In parallel 25pl of protein-G-sepharose™
bead slurry (GE Healthcare) was added to Iml of cold 1XPBS and
centrifuged at 4000g for 2 minutes at room temperature. This step was
repeated before pre-blocking the beads in 1ml of 1% BSA (Sigma) in
PBS on a wheel at 4°C over night. The next day, beads were collected
by centrifugation at 4000g for 2 minutes at room temperature and

washed in the appropriate buffer (RIPA or extraction buffer). The
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centrifugation step was repeated before resuspending the beads in the
protein extract (+ flag antibody) and incubating on the wheel at 4°C for
a further 2 hours. Beads were collected by centrifugation at 4000g at
room temperature for 2 minutes. The beads were subsequently washed
3 times in an appropriate buffer (same buffer as protein extract) before
the addition of 30ul 1xSDS loading buffer. Samples were boiled for 5
minutes before centrifugation at 13,000g for 1 minute at room
temperature. Supernatants were loaded onto polyacrylamide gels
(Section 3.3.2.2.) and immunoprecipitated STAT3 detected by western

blot analysis (Section 3.4.4.).

2.2.4.3. Protein quantification

Nanodrop spectrophotometer

To ensure equal loading of proteins between lanes on a polyacrylamide
gel the Nanodrop OD280 program was used to determine relative
protein concentrations. Protein concentrations were measured in

duplicate and mean value calculated.

Bradford protein assay

Protein concentration was also determined using the Biorad protein
assay kit. The assay was performed according to the manufacturer’s
protocol and a standard curve prepared using BSA. Samples under
investigation were diluted 1:500 and 1:1000; however these dilutions

were adjusted accordingly if the protein concentrations were outside the
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range of the standard curve. Diluted sample or BSA standard (800pl)
was added to a 1ml path length spectrophotometer cuvette, followed by
200pl of diluted dye reagent. The solutions were mixed by inversion
and incubated at room temperature for 10 minutes before reading the
optical density at 595nm using a spectrophotometer (Pharmacia
Biotech). Standards and samples were analysed in duplicate and mean

values calculated.

2.2.4.4. Western Blot analysis

Transfer of protein to polyvinylidene fluoride
membrane .

Proteins resolved by SDS-PAGE (Section 3.3.2.2.) were transferred to a
polyvinylidene fluoride (PVDF) 0.2uM membrane (Schleicher and
Schuell) using a semi-dry transfer system (Biorad). Prior to transfer the
membrane was immersed in methanol for 10 seconds before
equilibrating in transfer buffer (24mM Tris, 192mM glycine, 20% (v/v)
methanol). Filter paper and the polyacrylamide gel were soaked in
transfer buffer for 5 minutes. Three layers of wet filter paper were laid
on the bottom of the transfer apparatus followed by the PVDF
membrane, polyacrylamide gel and finally three more wet filter papers.
Proteins were transferred to the PVDF membrane at 12V, 100mA per

gel for 1 hour 45 minutes.
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Immuno-detection of desired protein

After transfer, PVDF membranes were blocked for 1 hour at room
temperature in 5% milk in 1XTBST (50mM Tris, 150mM NaCl, 0.05%
(v/v) tween) with gentle shaking. Primary antibodies (section 2.1.1,
table 1) were added at dilutions indicated by manufacturers protocol
and incubated at 4°C over night on the roller. Membranes were washed
3 times in 1xTBST for 10 minutes. HRPO-coupled secondary
antibodies were applied at a dilution between 1:10,000 and 1:5,000 in
5% milk in 1xTBST and incubated at room temperature for 1 hour.
Membranes were then washed a further 3 times in IXTBST before ECL
reagent (Millipore) was added and an image captured using a LAS-
3000 mini chemiluminescence camera (Fuji-film). ‘ Images were

analysed using the AIDA v4.20 software package.

2.2.4.5. Electrophoretic mobility shift assay

This assay was utilised to identify DNA-bound protein complexes using
a ?P-labeled oligonucleotide duplex (Fried and Crothers, 1981, Garner

and Revzin, 1981).

A complex formation reaction containing 100ug nuclear protein and
15ul 2xDNA binding buffer (26mM HEPES pH7.9, 130mM NaCl,
2mM DTT, 0.3mM EDTA, 100ng/m! poly dI/dC, 8% (v/v) glycerol)
made up to a final volume of 30ul was left to incubate on ice for 20
minutes. For supershift analysis of SIE/STAT3 complexes, nuclear
extracts were pre-incubated with 1ul a-STAT3 antibody in 2xbinding

buffer supplemented with 0.05% (v/v) NP-40 at room temperature for
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30 minutes. DNA/protein complexes were formed by the addition of
32P-labeled oligonucleotide duplex (Section 3.1.5.) and incubated at
room temperature for 15 minutes. After the addition of 2ul DNA
loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF and
15% ficoll) complexes were loaded onto a 5% non-denaturing
polyacrylamide gel. Complexes were resolved by electrophoresis
(section 3.3.2.2.). Dried gels were placed into a Fuji film
phosphoimager cassette and exposed for between 16 hours and 14 days
before reading the plate using an FLA-2000 phosphoimager (Fuji-film).

Images were analysed using the AIDA v4.20 software package.

2.2.5. Eukaryotic cell techniques

2.2.5.1. Determination of cell number

A haemocytometer (Hawksley) was used to determine the density of

cells in suspension using a light microscope.

2.2.5.2. Trypan blue exclusion assay

Cell viability was assessed using a Trypan blue exclusion assay. To a
cell suspension, a 1:1 ratio of 0.4% trypan blue solution (Sigma) was
added and incubated at room temperature for 5 minutes. The density of
stained and unstained cells was determined using a haemocytometer
(Section 3.5.1.) and the percentage viability was determined using the

following equation: -
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(Total Cells - Stained Cells)
Total Cell

x100 = % Cell Viability

2.2.5.3. Isolation of neonatal rat cardiomyocytes

Neonatal rat cardiomyocytes (RCMs) were obtained from 20-60 Wistar
rat pups between 2-5 days old. The rats were culled through cervical
dislocation and the torso sterilised with 70% ethanol. Hearts were
extracted using sterile fine forceps and any visible connective tissue
removed using a pair of sterile micro dissection scissors. The hearts
were then washed three times in ice cold saline A solution (137mM
NaCl, 5.4mM KCl, 4.2mM NaHCO;, 5.5mM D-glucose) to remove any
excess blood and then diced into pieces approximately‘O.Scm3. Diced
hearts were subjected to two initial digests in 10ml of pre-warmed 0.1%
trypsin (0.1% Trypsin/EDTA in saline A solution) for 10 minutes at
37°C with gentle stirring at 60 rpm with a magnetic flea. The trypsin
solution from the first two digests was discarded. Subsequently, 9-15
cycles of 10 minute, 0.1% trypsin digests were carried out with the
trypsin solution collected each time. The trypsin solution containing
released cells was added to 10ml of ice cold plating medium (22mM
gluicose DMEM (D5796 Sigma Aldrich), 10% foetal calf serum
(Autogen Bioclear UK), 100U/ml penicillin and 100pg/ml
streptomycin) per digest to inactivate the trypsin. The cells were
collected from the suspension by centrifugation at 1,200rpm for 5
minutes at room temperature and resuspended in 5ml of ice cold plating

medium and stored on ice. After all digest steps, resuspended cells were
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pooled together. Cells were plated onto 10cm cell culture dishes (BD
Bioscience) and incubated at 37°C, 5% CO; for 1-1.5 hours. This step
reduced fibroblast contamination as fibroblasts adhere to plates faster
than cardiomyocytes. The enriched cardiomyocyte suspension was
removed from the cell culture dishes and subjected to a trypan blue
exclusion assay (Section 3.5.2.). Cells were replated at a density of
1x107 viable cells per 10cm cell culture dish and incubated at 37°C, 5%
COa,. After 4-6 hours post-plating, the culture medium was replenished
with 10ml of exchanging medium (5.5mM glucose DMEM, 10% foetal
calf serum, 100U/ml penicillin and 100ug/ml streptomycin) and

returned to a humidified 5% CO; incubator at 37°C (Shelton, 2009).

2.2.5.4. Maintenance of eukaryotic cells

Maintenance of isolated rat cardiomyocytes

Isolated RCMs (Section 3.5.3) began to beat 24 hours after initial
plating. Cells were analysed within 3 days of isolation to ensure limited

fibroblast contamination.

Maintenance of HEK293 cells

The human embryonic kidney cell line (HEK293) was used in this
study to confirm whether STAT3 expression plasmids expressed
STAT3 protein. HEK293 cells were cultured on 10cm Falcon tissue
culture dishes (BD Biosciences) using Full DMEM culture medium
(5.5mM glucose, DMEM (Sigma D6046), 10% foetal calf serum,

100U/ml penicillin and 100pg/ml streptomycin). Cells were cultured at

90



37°C in a humidified 7.5% CO; incubator. Cells were passaged

between 1:8 and 1:10 every 3-4 days.

Maintenance of H9c2 cells

HO9¢2 is a cell line derived from rat ventricular tissue and was obtained
from American Type Culture Collection (ATCC number: CRL 1446).
Cells were cultured in 75cm? easy flask (Nunc) in maintenance medium
(22mM glucose DMEM, 10% foetal calf serum, 100U/ml penicillin and
100pg/ml streptomycin) at 37°C in a humidified 5% CO; incubator.

Cells were passaged between 1:3 and 1:5 every 2-3 days.

Maintance of P19CL6 cells

P19CI6 is a subclone (Clone 6) of the P19 cell line that was initially
derived from mouse embryonic carcinoma cells. The cells were

obtained from Dr Alison Brewer, Kings College London.

Cells were cultured on 10cm falcon tissue culture dishes (BD
Biosciences) in full a-MEM medium (Alpha MEM (12-169F) (Lonza),
10% foetal calf serum (Lonza), 2mM L-glutamine, 100U/ml penicillin
and 100pg/ml streptomycin) at 37°C in a humidified 5% CO, incubator

(Revco). Cells were passaged 1:15 every two days.
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Maintance of sf9 cells

Spodoptera frugiperda (sf9) cells are insect cells that grow in
suspension and are used for recombinant protein expression using

insect-specific viruses called baculoviruses.

Sf9 cells were cultured at a density of 1-2x10° cells/ml in serum free
medium (Insect-xpress medium (Lonza), 100U/ml penicillin, 10%
pluronic F-68 (Sigma) and 10% partricin (Biochrom AG) in 50ml
round bottom shaker flask and incubated at 27°C, 120rpm

(Kuhnershaker). Cells were passaged every 2-3 days.

2.2.5.5. Cell recovery from liquid nitrogen stock

For consistency between experiments a fresh vial of cells under
investigation (from the same master batch) were thawed for each
experiment. This ensured each experiment used cells with a similar
passage number and reduced the possibility of the cells changing over

time.

Recovery of H9c2 cells

A cell vial was removed from liquid N, tank and immediately thawed
in a water bath at 37°C. Cells were diluted into 10ml of pre-warmed
full (22mM glucose) DMEM medium to remove dimethyl sulfoxide
(DMSO) and collected by centrifugation at 1,000rpm for 5 minutes at
room temperature. The supernatant was discarded and the cell pellet
resuspended in 1ml of pre-warmed full DMEM medium before adding

to a pre-incubated tissue culture dish containing 10ml full (22mM
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glucose) DMEM medium. Cells were left to recover overnight at 37°C
in a humidified 5% CO; incubator before replenishing with 10ml of

fresh full (22mM glucose) DMEM medium.

Recovery of P19CL6 cells

A cell vial was removed from liquid N, tank and immediately thawed
in a water bath at 37°C. Cells were diluted into 10ml of pre-warmed
full a-MEM medium to remove DMSO and collected by centrifugation
at 1,000rpm for 5 minutes at room temperature. As P19CL6 cells
differentiate in the presence of DMSO it was important to ensure that
all residual DMSO was removed, therefore the cells wére resuspended
in a further 10ml pre-warmed a-MEM medium and the centrifugation
step repeated. The supernatant was discarded and the cell pellet
resuspended in 4ml of pre-warmed a-MEM media before adding to a
pre-incubated tissue culture dish containing 16ml-full a-MEM. Cells
were left to recover overnight at 37°C in a humidified 5% CO,

incubator before replenishing with 10ml of fresh full a-MEM media.

2.2.5.6. Cardiac differentiation of eukaryotic cells

Throughout this study a number of cell lines required differentiation
towards a cardiac phenotype. The differentiation procedure varied
between cell lines, but involved regulation of growth and differentiation
signals by varying the foetal calf serum level and culturing cells in the

presence of compounds such as DMSO.
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Cardiac differentiation of H9c2 cells

When cultured in low-serum containing medium, H9c2 cells exit the
cell cycle and differentiate into myocytes (Kimes and Brandt, 1976).
The cell density was adjusted to 5x10° cells per 10cm plate in full
(22mM glucose) DMEM medium and cultured overnight at 37°C in a
humidified 5% CO, incubator. The following day the medium was
exchanged for low glucose starvation DMEM medium (DMEM 5.5mM
glucose, 100U/ml penicillin and 100ug/ml streptomycin) and cultured
for 24 hours at 37°C in a humidified 5% CO; incubator. The cells were
allowed to recover for 5 days in full low glucose DMEM media
(DMEM 5.5mM glucose, 10% foetal calf serum, 100U/ml penicillin
and 100pg/ml streptomycin). As H9c2 cells fail to beat, cardiac
differentiation was characterized by an increase in the expression of

cardiac markers Nkx2.5 and Gata-4 (Shelton, 2009).

Cardiac differentiation of P19CL6 cells

P19CL6 cells have been partially differentiated towards a cardiac
phenotype. This was achieved by culturing the P19 cell line in the
presence of 1nM retinoic acid for 6 months and selecting a single clone
(clone 6). The resulting P19CL6 cell line shows a greatly enhanced
ability to form beating cardiomyocytes when cultured in the presence of

DMSO (Habara-Ohkubo, 1996).

The cell density was adjusted to 1.75x10° cells per 6¢cm plate (Corning).

Cells were cultured in differentiation medium (o-MEM, 10 % foetal
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calf serum, 2mM L-glutamine, 100U/ml penicillin and 100pg/ml
streptomycin supplemented with 0.5% (v/v) DMSO) for 16 days at
37°C in a humidified 5% CQO, incubator. Differentiation medium was

replenished every two days.

2.2.5.7. Transfection of eukaryotic cells

Calicium phosphate

During this study HEK293 cells were transfected using DNA calcium
phosphate coprecipitation (to confirm whether newly generated STAT3
expression plasmids express STAT3 protein). Cells were passaged 1:5
to 1:7 depending on cell density the day before transfection. Four hours
prior transfection, the culture medium was exchanged for fresh full
DMEM medium. A total of 10pg of plasmid DNA was diluted to a final
volume of 50ul in sterile water. To the DNA mixture, 500ul of ice cold
300mM CaCl, was mixed under vortex before incubation on ice for 10
minutes. After incubation, 550ul of 2xHEPES buffered saline (HBS)
(280mM NaCl, 50mM HEPES pH 7.1) was added dropwise to the
DNA/CaCl2 while mixing slowly using a vortex mixer. The mixture
was incubated for a further 20 minutes on ice before adding to the cells
dropwise. The medium was gently mixed to ensure equal distribution of
the calcium phosphate-DNA precipitate. The cells were returned to a

37°C humidified 7.5% CO, incubator.
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Lipofectamine plus

In this study differentiated P19CL6 cells were transfected using
Lipofectamine (Invitrogen) and Plus™ reagent (Invitrogen). Day 12
differentiated P19CL6 cells were passaged 1:4 the day before
transfection. A total of 10pg of plasmid DNA was diluted to a final
volume of 125pl in opti-MEM (GIBCO) before the addition of 15ul
plus™ reagent and the DNA mixture incubated at room temperature for
20 minutes. During this time, 21pl lipofectamine was diluted to a final
volume of 146pl in opti-MEM. After incubation the lipofectamine was
added to the DNA mixture dropwise and incubated for a further 30
minutes at room temperature. During this time, medium was removed
from the differentiated P19CL6 cells and exchanged for 2ml of pre-
warmed opti-MEM. After 30 minutes incubation the DNA-
lipofectamine mixture was added dropwise to the medium and mixed
gently to ensure equal distribution. The cells were returned to a 37°C
humidified 5% CO, incubator for 4-6 hours before exchanging the

medium to a-MEM differentiating medium.

Monitoring transfection efficiency

To monitor the transfection efficiency, 1pg of plasmid expressing green
fluorescence protein (GFP) was transfected to cells under the same
condition. Transfected cells were allowed to recover overnight under
normal growth conditions and monitored under Leica DMIRE inverted

fluorescence microscope 16 hours post-transfection. Three areas of the
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plate were assessed first by counting the total number of cells followed
by counting the GFP-positive cells by turning on the green emission.
Transfection efficiency was calculated based on the number of GFP-

positive cells among the total cell population.

2.258. Cytokine stimulation of eukaryotic cells

LIF treatment of eukaryotic cells

Cells were treated with 10ng/ml of LIF (Sigma) for 20 minutes or

immediately prior to exposure to hypoxia (Section 3.5.9.1.).

2.2.5.9. Exposure of eukaryotic cells to hypoxia and
oxidative stress.

Hypoxia treatment of eukaryotic cells

Cells were exposed to hypoxia (defined by an atmospheric oxygen level
of 1%) using a Biospherix ProOx chamber. Cells were cultured under
hypoxia in the chamber at 37°C in a humidified incubator. After
hypoxia treatment for the indicated times, cells were removed from the

chamber and placed on ice prior to analysis.

Reoxygenation treatment of eukaryotic cells

Following exposure to hypoxia (Section 3.5.9.1.), cells were
reoxygenated for 1 hour by returning to a 37°C humidified 5% CO,.
Cells were then removed from the incubator and placed on ice prior to

analysis.
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2.2.510. Annexin V staining assay

Following exposure to hypoxia (section 3.5.9.1.) an annexin V staining
assay was performed to determine the level of apoptosis induced. This
assay takes advantage of the redistribution of phosphatidylserine (PS)
in the cell membrane during apoptosis. In non-apoptotic cells, the
majority of PS molecules are localised to the inner layer of the plasma
membrane, however soon after inducing apoptosis PS redistributes to
the outer layer of the plasma membrane and becomes exposed to the
extracellular environment. Annexin V FITC has a very strong affinity

for PS therefore apoptotic cells can be easily distinguished.

For Annexin V binding the Annexin V-FITC apoptosis kit (ABE 2227)
(Autogen Bioclear) was used according to the manufacturer’s
instructions. Treated cells were washed in 5ml ice-cold PBS, adherent
cells were removed from the plate with 0.25% trypsin (Sigma-Aldrich)
and the cell density determined (Section 3.5.1.). 5x10° cells were
collected by centrifugation at 1000g for 5 minutes at room temperature
before being resuspended in 500ul of 1xbinding buffer (provided by the
kit). A volume of Sul of both annexin V-FITC and propidium iodide
(PI) solution (provided by the kit) were added to the cellular suspension
and allowed to incubate at room temperature for 5 minutes in the dark.
Unstained, Annexin V-FITC only and PI only stained cells were used
as controls for background staining. The stained cells were analysed

immediately using a Coulter Altra Flow Sorter and the data
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subsequently analysed using WinMDI v2.9 software. Three biological

repeats were performed for each experiment.

2.2.5.11. DNA Laddering assay

Following exposure to hypoxia (section 3.5.9.1.), cells were washed in
5ml ice-cold PBS, adherent cells were removed from the plate with
0.25% trypsin (Sigma-Aldrich) and the cell density was determined.
2x10° cells were collected by centrifugation at 200g for 5 minutes at
room temperature. Cells were resuspended in 1ml of ice cold Hank’s
Buffered Salt Solution (HBS) (Sigma) and added dropwise to 10ml of
ice cold 70% ethanol before storing at -20°C for at least 24 hours. Fixed
cells were collected by centrifugation at 800g for 5 minutes at 4°C.
Cells were resuspended in 40ul of phosphate-citrate buffer (192 parts
0.2M Na,HPO, and 8 parts 0.1M citric acid pH 7.8) and incubated at
room temperature for 30 minutes. Lysates were cleared by
centrifugation at 1000g for 5 minutes at room temperature and the
supernatant transferred to a fresh eppendorf tube and concentrated in a
vacuum concentrator (BACHOFER) for 10 minutes. Next, 3ul of
0.25% (v/v) NP-40 AND 3ul of RNase A (Sigma) were added to the
concentrated samples before incubating at 37°C for 30 minutes. After
RNA digestion, 3l of proteinase K (1mg/ml) (Sigma) was added to the
samples and allowed to incubate for a further 30 minutes at 37°C.
Before loading the samples onto a 1.5% agarose gel, 12ul of loading

buffer (0.25% bromophenol blue, 30% glycerol) was added. The gel
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was run at 28V for 4 hours at 4°C before ethidium bromide staining and

DNA detection using the UV documentation system (Syngene).

2.2.5.12. Functional mitochondrial ATP assay

Isolation of functional mitochondria

Medium was removed and adherent cells were detached from the plate
in 1ml of cold PBS with a rubber scraper. Cells were collected by
centrifugation at 300g for 3 minutes at 4°C, supernatants were
discarded and cell pellets resuspended in 1ml of cold PBS. Cells were
collected by centrifugation at 300g for 3 minutes at 4°C. Cell pellets
were resuspended in 0.5ml of extraction buffer before lysing with 20
gentle using a 2ml teflon/glass homogeniser. Lysates were cleared by
centrifugation at 650g at 4°C for 3 minutes. Supernatants were
transferred to a fresh Eppendorf tube and mitochondria collected by
centrifugation at 15,000g at 4°C for 3 minutes. Supernatants were
removed and the small brownish mitochondrial pellets washed in 200ul
of extraction buffer and collected by centrifugation at 15,000g at 4°C
for 3 minutes. Mitochondrial pellets were resuspended gently in 100ul
of resuspension buffer (human serum albumin (0.5mg/ml) pH 7.2,
240mM sucrose, 15mM KH;PO;, 2mM magnesium acetate
tetrahydrate, 0.5SmM EDTA) and used immediately in the mitochondrial

ATP production rate assay (Section 3.5.12.2).
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Mitochondrial ATP production rate (MAPR) analysis

This procedure aliows the analysis of mitochondrial ability to utilise

different substrates for the production of ATP.

Having isolated mitochondria from treated cells the following lcm
cuvette compositions were made up. To each cuvette; 800ul ATP
monitoring reagent (BioTherma) (Lyophilized ATP monitoring reagent
(containing firefly luciferase, D-luciferine 0.1g/L, L-luciferine 4mg/L,
bovine serum albumin 1g/L, and 1pM Na,P,07) dissolved in reagent
buffer (0.19M sucrose, 19mM KH,PO4, 2.5mM magnesium acetate
tetrahydrate, 0.7mM EDTA, pH 7), 140ul of chosen substrate (16.4mM
glutamate/ 15mM succinate, 5uM palmitoyl-L-carnitine/1.5mM malate,
50mM pyruvate/ 22mM malate, 2.5mM succinate and 32.75mM
glutamate/ 22mM malate.) and 50ul of SOmM ADP. The mitochondrial
suspension (Section 3.5.12.1.) was diluted 300x in resuspension buffer
before adding 10ul of this to each cuvette. Thé cuvettes were read
immediately using the BioOrbit luminometer. After a 10 minute
monitoring period 10ul 50uM ATP was added to each cuvette as an
internal calibrator. All samples were measured in duplicate (technical
repeats) and normalised to total mitochondrial protein concentration
(Section 3.4.3.2.). Three biological repeats were performed for each

experiment.
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2.2.6. Viral techniques
2.2.6.1. Production of recombinant baculovirus

Transfection of Sf9 cells

In this study sf9 cells were transfected using lipofectamine and Plus™
reagent in order to generate baculovirus containing the gene of interest.
S9 cells were plated at a cell density of 9x10° cells per 35mm well (of
a 6-well plate) and allowed to adhere for at least 1 hour. A total of
1.5pg of bacmid DNA (prepared as in section 3.1.1.3.) was diluted to a
final volume of 90pul in serum free medium (SFM) (Insect-xpress, no
antibiotics) before the addition of 10ul of Plus™ reagent. The DNA
mixture was incubated at room temperature for 30 minutes. During this
time, 5yl of lipofectamine was diluted to a final volume of 100ul in
SFM (no antibiotics). After incubation, the two mixtures were
combined and allowed to incubate for a further 30 minutes at room
temperature. During this time, medium was removed from the sf9 cells
and exchanged with 800ul of SFM (no antibiotics). After the 30 minute
incubation the DNA-lipofectamine mixture was added dropwise to the
cells and mixed gently to ensure equal distribution. Cells were
incubated at 27°C for 4-6 hours before exchanging the medium for
SFM supplemented with antibiotics (100U/ml penicillin, 10% pluronic

F-68 and 10% partricin).
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Isolation of P1 viral stock

Once transfected s9f cells (Section 3.6.1.1) demonstrated signs of
infection (e.g. 72 hours post infection) the medium containing
baculovirus was cleared by centrifugation at 500xg for 5 minutes at
room temperature. To concentrate the viral stock, the supernatant was
filtered through a 0.2uM, low protein binding filter followed by the
addition of 2% foetal calf serum to act as substrates for proteases. The

viral P1 stock was protected from light and stored at 4°C.

Amplification of viral stock

To amplify the P1 viral stock sf9 cells were infected at a multiplicity of
infection (MOI) of 0.1 with the assumption that the P1 viral stock had a
titer of 5x10° pfu/ml. To calculate the inoculum required, the equation

below was utilised.

Inoculum required (ml) = MOI (pfu/cell) X number of cells

Titer of viral stock (pfu/ml)

On the day of infection 2x10° cells were cultured in 10ml of SFM in a
50ml round bottom shaker flask and incubated at room temperature,
120rpm for 1 hour. After incubation, 0.4ml of P1 viral stock was added
to the cells and allowed to incubate at 120rpm for 48 hours in a 27°C
humidified incubator. Post-infection (48 hours) medium was removed
from the cells and cleared by centrifugation at 500xg at room
temperature for 5 minutes. The supernatant was filtered through a

0.2uM, low protein binding filter followed by the addition of 2% foetal
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bovine serum. The viral stock was protected from light and stored at

4°C.

Expression and extraction of recombinant protein

S cells were seeded at the cell density of 4x10°cells/ml and incubated
at 120rpm in a 27°C humidified incubator until they reached mid-
logarithmic phase of growth at a density of ~2x10° cells/ml. At this
time 10% (total final volume) of amplified viral stock was added to the
cells and incubated at 120rpm in a 27°C humidified incubator. Sf9 cells
were infected with baculovirus for 72 hours and collected by
centrifugation at 4,000rpm for 15 minutes at 4°C. Cell pellets were
resuspended in (10ml per gram of pellet) extraction buffer (10mM
HEPES, 150mM NaCl. 0.5% (v/v) Triton x-100, 10% (v/v) glycerol,
ImM Na3VO,, complete protease inhibitor cocktail tablets (Roche))
and lysed using a dounce homogeniser, 5 gentle strokes. Lysates were
cleared by centrifugation at 14,000prm for 45. minutes at 4°C. To
precipitate DNA, 0.1% (v/v) polyethylenimine (Sigma Aldrich) was
added to the supernatant before centrifugation at 14,000rpm at 4°C for
30 minutes. Proteins were precipitated by the addition of 50% (v/v)
saturated ammonium sulphate (Sigma) drop-wise before incubating
overnight at 4°C on the roller. The next day the protein precipitate was
collected by centrifugation at 4,000rpm for 30 minutes at 4°C. The
protein pellet was then resuspended in 10ml of buffer W (100mM Tris-
HCI, 150mM NaCl, ImM EDTA pH 8.0) ready for purification using

the Strep-Tactin® purification system (Section 3.6.1.5).
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Purification of recombinant protein using a Strep-
Tactin® column

Three column bed volumes (CV) of a 50% suspension of Strep-Tactin
sepharose (IBA BIOTAGnology) were added gently to a column
(Brand) before equilibrating with 2CV of buffer W under gravity flow.
Protein extracts (Section 3.6.1.4.) were loaded onto the column and the
flow-through collected for SDS-PAGE analysis. The column was
subsequently washed 5 times with 1CV of buffer W and the first wash
step collected for SDS-PAGE analysis. The recombinant protein was
eluted from the column using 6 times 0.5CV of buffer E (100mM Tris-
HCI, 150mM NaCl, ImM EDTA, 2.5mM desthiobiotin pH 8.0). A 20ul
sample was taken from each fraction for SDS-PAGE analysis (Section
3.3.2.2) and the rest of the sample aliquoted, snap frozen in liquid N;
and stored at -80°C. For regeneration, the column was washed with
three times S5CV of buffer R (100mM Tris-HCl, 150mM NaCl, ImM
EDTA, 1mM hydroxy-azophenyl-benzoic acid (HABA), pH 8.0) in
which a colour change from yellow to red is observed. The column was

stored at 4°C overlaid with 2ml of buffer R.

2.2.7. Data presentation and statistics

Data are expressed as means with error bars representing standard error
of the mean. The Student t-test was employed to evaluate if differences
between two data points were statistically significant. Generally p-
values smaller than 0.05 were considered significant. The t-test was

performed using Prism 4 for Macintosh version 4.0.
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Chapter 3. Results

3.1. STAT3 requlation in an ischaemic heart
disease model.

This study set out to develop a model system relevant to ischaemic
heart disease whereby the regulation of STAT3 in response to
hypoxia/reoxygenation could be studied. The model system employed
cardiomyocytes (primary and cell lines) exposed to hypoxia (1% O,)
with or without reoxygenation for lh to mimic the conditions

experienced by cardiomyocytes in hypoxia heart (Jiang et al., 1996).

4.1.1 STATS3 activity remains constant during with
long exposures to hypoxia

To establish the overall picture of the effects of hypoxia on STAT3
activity on cardiomyocytes, isolated primary rat cardiomyocytes
(RCMs) were subjected to hypoxia (1% O,, 5% CO;) over increasing
time periods in a Biospherix ProOx chamber. Reoxygenation following
hypoxia has been shown to increase levels of cardiomyocyte apoptosis
over hypoxia treatment alone (Yang et al., 1999a), therefore cells were
harvested immediately or returned to aerobic conditions for 1 hour
(reoxygenation) prior to harvest. To determine the phosphorylation
status of STAT3 during hypoxia/reoxygenation, nuclear extracts were

analysed by western blotting using phospho-specific antibodies.
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Figure 3.1. (a) Tyrosine phosphorylation status of STAT3 in isolated
RCMs cells following hypoxia/reoxygenation. RCMs were exposed to
normoxia (N) or hypoxia for indicated times (+) or (-) reoxygenation for 1 hour
and nuclear extracts prepared. 50ug of protein for each sample was resolved
by denaturing polyacrylamide gel electrophoresis. The resolved proteins were
transferred to a PVDF membrane and subjected to western blotting with the
antibodies indicated. (b) Tyrosine phosphorylation status of STAT3 in
RCM cells following hypoxia/reoxygenation. Densitometry was performed
using AIDA and expressed as a ratio of pSTAT3 (Y705) against total STAT3.
n=3.

STATS3 protein levels were stable under hypoxia/reoxygenation (figure
3.1a, middle panel), however STAT3 tyrosine phosphorylation levels
decreased approximately 4 fold after 1 hour of hypoxia (figure 3.1b)

but recovered by 8h and remained stable thereafter (figure 3.1a, top
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panel). TATA-Binding Protein (TBP) was used as a nuclear loading

control (figure 3.1a, lower panel).

The DNA binding activity of STAT3 in nuclear extracts prepared from
hypoxia/reoxygenated treated RCM cells was demonstrated by EMSA

using the vSis-inducible element (SIE) (Wagner et al., 1990) .
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Figure 3.2. In vitro DNA binding of endogenous STAT3 from isolated
RCM cells exposed to hypoxia/reoxygenation. Nuclear extracts prepared
from RCM cells exposed to normoxia (N) or hypoxia for indicated times (+) or
(-) reoxygenation for 1 hour and subjected to EMSA on the M67 SIE probe.
Black arrow indicates STAT3 homodimer/DNA complex. White Arrow
indicates free probe. * Indicates unidentified complex n=1.
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STATS3 binding to the SIE also decreased temporarily after 1h hypoxia
(figure 3.2, lane 2) showing a correlation between STAT3 tyrosine
phosphorylation (figure 3.1a) and its DNA activity. Reoxygenation
following hypoxia had little effect of STAT3 tyrosine phosphorylation

and ultimately DNA binding in RCM cells.

4.1.2 Isolated neonatal rat cardiomyocytes are
resistant to hypoxia-induced apoptosis.

Determination of apoptosis levels was necessary in order to investigate
cardiomyocyte survival during hypoxia. There are characteristic
morphological changes observed during apoptosis, including cellular
shrinkage, blebbing, DNA fragmentation, and conden;ation of nuclear
chromatin. Gross cell morphology of RCM cells remained unchanged
with hypoxia (figure 3.3.) indicating a level of resistance to hypoxia,

consistent with work by Lu and colleagues (Lu et al., 2008).

Normoxia

Figure 3.3. Phase images of isolated RCMs exposed to hypoxia. Phase
images of RCMs exposed to hypoxia for times indicated.
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Apoptosis involves the activation of executioner caspases, including
caspase-3. Cleavage of the caspase-3 substrate Poly-ADP Ribose
Polymerase (PARP) was assessed by western blot analysis to give an

indication of apoptosis induced by hypoxia.
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Figure 3.4. Caspase- cleavage of poly ADP-Ribose polymerase (PARP)
in isolated RCM cells exposed to hypoxia. RCM cells were exposed to
normoxia (N) or hypoxia for indicated times and nuclear extracts prepared.
50pg of protein for each sample was resolved by denaturing polyacrylamide
gel electrophoresis. The resolved proteins were transferred to a PVDF
membrane and subjected to western blotting with antibodies indicated. Black
arrow 1 indicates full-length 116KDa PARP and the white arrow 2 indicates
the 89KDa caspase generated fragment. n=1.

Nuclear extracts prepared from RMCs treated with hypoxia were
subjected to western blot analysis using an antibody capable of
detecting full-length and cleaved fragments of PARP. There was a
slight increase in the levels of cleaved PARP with 1h hypoxia when
RCMs were treated with hypoxia (figure 3.4, lane 2) and this signal
increased with exposure to hypoxia for 24h (figure 3.4, lane 4).
However this experiment was only carried out once, thus needs to be

repeated in order to obtain significant results.
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3.2. Validation of STAT3 regulation using
alternative cell models.

3.2.1 Hypoxia differentially affects STAT3 activity in
H9c2 and P19CL6 cells

To broaden the picture of STAT3 regulation, cardiac cell lines H9¢c2
and P19CL6 were utilised. The H9c2 cell line is derived from
embryonic rat ventricular cells and is reported to differentiate into
cardiomyocytes in the absence of serum (Kimes and Brandt, 1976).
H9c2 cells were chosen for this study as they are easily cultured and
have been used as a cardiomyocyte model previously (Hescheler et al.,
1991, Hescheler et al., 1999). H9¢c2 cells were incubated in starvation
medium for 24 hours before recovery in full medium for 5 days. This 5-
day recovery allowed expression of cardiac markers including Nkx2.5

and Gata-4, indicating a cardiac phenotype (Shelton, 2009).
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Figure 3.5. (a) Tyrosine phosphorylation status of STAT3 in H9c2 cells
following hypoxia/reoxygenation. H9c2 cells were exposed to normoxia (N)
or hypoxia for indicated times (+) or (-) reoxygenation for 1 hour and nuclear
extracts prepared. 100ug of protein for each sample was resolved by
denaturing polyacrylamide gel electrophoresis. The resolved proteins were
transferred to PVDF membrane and subjected to western blotting with the
antibodies indicated. (b) Tyrosine phosphorylation status of STAT3 in
H9c2 cells following hypoxia/reoxygenation. Densitometry was performed
using AIDA and expressed as a ratio of pSTAT3 (Y705) against total STAT3.
Results are means + SEM, n=3 *P<0.05.vs normoxia.

In H9¢2 cells there is a slight but significant time-dependant decrease in
the levels of tyrosine phosphorylated STAT3  under
hypoxia/reoxygenation (figure 3.5a, top panel), whereas total STAT3
levels remained unchanged (figure 3.5a, bottom panel). A maximum

reduction (0.70+0.13 relative intensity) in tyrosine phosphorylated
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STAT3 was observed at 24h hypoxia, demonstrating an approximate

reduction of 50% when compared to normoxia sample (figure 3.5b).

The DNA binding activity of STAT3 in H9c2 cells was assessed by
EMSA. STAT3 DNA binding was observed throughout treatment with
hypoxia/reoxygenation (figure 3.6, lanes 1-5), with a slight reduction in
DNA binding at 24h hypoxia (figure 3.6, lane 6), displaying a positive
correlation with STAT3 tyrosine phosphorylation in which a reduction

was also observed (figure 3.5a).
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Figure 3.6. In Vitro DNA binding of endogenous STAT3 from H9c2 cells
exposed to hypoxia/reoxygenation. Nuclear extracts prepared from H9c2
cells exposed to normoxia (N) or hypoxia for indicated times (+) or (-)
reoxygenation for 1 hour and subjected to EMSA on the M67 SIE probe. Black
arrow indicates STAT3 homodimer/DNA complex. White Arrow indicates free
probe. n=2.

P19Cl6 is a subclone of the P19 cell line that was initially derived from

mouse embryonic carcinoma cells. PI9CL6 cells have been reported to
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differentiate efficiently into beating cardiomyocytes in the presence of
0.5-1% DMSO (Habara-Ohkubo, 1996). Differentiated P19CL6 cells
have been reported to retain the ability to spontaneously contract and
express cardiac transcripts, suggestive of a cardiac phenotype
(Skerjanc, 1999, Wobus et al., 1994). P19CL6 cells have also been
extensively used to study cardiac cell physiology (van der Heyden and

Defize, 2003, Anisimov et al., 2002, Rudnicki et al., 1990).
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Figure 3.7. (a) Tyrosine phosphorylation status of STAT3 in P19CL6 cells
following hypoxia/reoxygenation. P19CL6 cells were exposed to normoxia
(N) or hypoxia for indicated times (+) or (-) reoxygenation for 1 hour and
nuclear extracts prepared. 100ug of protein for each sample was resolved by
denaturing polyacrylamide gel electrophoresis. The resolved proteins were
transferred to a PVDF membrane and subjected to western blotting with
antibodies indicated. (b) Tyrosine phosphorylation status of STAT3 in
P19CL6 cells following hypoxia/reoxygenation. Densitometry was
performed using AIDA and expressed as a ratio of pSTAT3 (Y705) against
total STAT3. Results are means + SEM, n=3 **P<0.005.

Similar to RCMs and H9c2 cells, STAT3 protein levels remained
unchanged in P19CL6 exposed to hypoxia/reoxygenation (figure 3.7a,

middle panel). In contrast, reoxygenation of P19CL6 cells after 8h
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hypoxia caused a substantial 3.5 fold reduction (figure 3.7b) in tyrosine

phosphorylated STAT3 (figure 3.9, top panel, lane 5) and after 24 h
hypoxia tyrosine phosphorylation was completely abolished (figure

3.7a, lanes 6 and 7).
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Figure 3.8. In vitro DNA binding of endogenous STAT3 from P19CL6
cells exposed to hypoxia/reoxygenation. Nuclear extracts prepared from
P19CLS6 cells exposed to normoxia (N) or hypoxia for indicated times (+) or (-)
reoxygenation for 1 hour and subjected to EMSA on the M67 SIE probe. Black
arrow indicates STAT3 homodimer/DNA complex. White Arrow indicates free
probe. * Indicates an unidentified complex. n=2.

STAT3 was detected binding to the SIE in P19CL6 cells under
normoxic conditions and when exposed to lh hypoxia (+/-
reoxygenation) (figure 3.8, lanes 1-3). Interestingly, a complete loss of

STAT3 DNA binding was observed in P19CL6 cells after 8h hypoxia
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(figure 3.8, lane 4) even though tyrosine phosphorylation was still

detectable at the time point (figure 3.7a, top panel, lane 4).

3.2.2 P19L6 but not H9c2 cells are sensitive to hypoxia-
induced apoptosis

Apoptosis was determined in H9c2 cells with reference to PARP
cleavage. There was no accumulation of the cleaved fragment of PARP
(figure 3.9, upper panel, white arrow) indicating resistance against

hypoxia-induced apoptosis.

1% O, (h):- Rl L
REOK 3 N B e s D= L
o . B:c-PARP

e e ey e/ e | [B:0-TBP
| ERR T B S S O | S/

1% O, (h):- 1 8 24
ReOx:- N '- + "o 45020 4!
frevoma| - | 1B:a-PARP

S — ' (TB-o_-TBP
gttt o Bt Dbttt Y7

Figure 3.9. Caspase-cleavage of poly ADP-Ribose polymerase (PARP) in
H9c2 cells exposed to hypoxia/reoxygenation. H9c2 cells were exposed to
normoxia (N) or hypoxia for indicated times (+) or (-) reoxygenation for 1 hour
and nuclear extracts prepared. 100ug of protein for each sample was resolved
by denaturing polyacrylamide gel electrophoresis. The resolved proteins were
transferred to a PVDF membrane and subjected to western blotting with
antibodies indicated. Black arrow 1 indicates full-length 116KDa PARP and
the white arrow 2 indicates the 89KDa caspase generated fragment. n=2.
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Apoptosis was also determined experimentally by annexin V binding
followed by fluorescence activated cell sorting (FACS). Levels of
apoptosis were very low in H9c2 cells exposed to
hypoxia/reoxygenation with approximately a 1.3-fold increase with
reoxygenation after 24h hypoxia (figure 3.10). This indicates that H9¢c2
cells are resistant to hypoxia-induced apoptosis for long periods of
time, which is consistent with studies carried out by Bonavita and

colleagues (Bonavita et al., 2003).
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Figure 3.10. Annexin V binding in H9¢c2 cells exposed to hypoxia. H9c2
were exposed to normoxia (N) or hypoxia for indicated times (+) or (-)
reoxygenation for 1 hour and then subjected to Annexin V binding assay. The
stained cells were then sorted using a Coulter Altra Flow Cytometer, set to
count 20000 events. Results are means + SEM, n=3, *P < 0.05.

Hypoxia-induced apoptosis was also determined using the P19CL6 cell line
model. In contrast to RCMs and H9c2 cells, P19CL6 cells were extremely

sensitive to hypoxia-induced apoptosis.
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Figure 3.11. Caspase- cleavage of poly ADP-Ribose polymerase (PARP)
in P19CL6 cells exposed to hypoxia/reoxygenation. (a) P19CL6 cells were
exposed to normoxia (N) or hypoxia for indicated times (+) or (-)
reoxygenation for 1 hour and nuclear extracts prepared. 100ug of protein for
each sample was resolved by denaturing polyacrylamide gel electrophoresis.
The resolved proteins were transferred to a PVDF membrane and subjected
to western blotting with antibodies indicated Black arrow 1 indicates full-length
116KDa PARP and the white arrow 2 indicates the 89KDa caspase generated
fragment. (b) Densitometry was performed using AIDA and expressed as a
ratio of pSTAT3 (Y705) against total STAT3. Results are means + SEM, n=3,
*P < 0.05, **P<0.005, ***P<0.001.

P19CL6 cells displayed an increase in cleaved PARP following
exposure to hypoxia for 8 or longer (+/- reoxygenation) (figure 3.11,

upper panel, white arrow, lanes 4-7), Cleaved PARP increased by
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approximately 3-fold (figure 3.11b), indicative of apoptosis. Levels of
apoptosis was also measured in P19CL6 cells however hypoxic time
points 1,4 and 8 hours were used instead of 1,8 and 24 hours. This was
because the P19CL6 were extremely sensitive to hypoxia for 24h, with
‘sheets’ of cells detaching from the tissue culture plate. Instead the 4
hour hypoxic time point was introduced as significant apoptosis had

already been observed in P19CL6 cells with 8h hypoxia (Figure 3.11).
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Figure 3.12. Annexin V binding in P19CL6 cells exposed to hypoxia.
P19CL6 were exposed to normoxia (N) or hypoxia for indicated times (+) or (-)
reoxygenation for 1 hour and then subjected to Annexin V binding assay. The
stained cells were then sorted using a Coulter Altra Flow Cytometer, set to
count 20000 events. Results are means + SEM, n=3, *P < 0.05, **P<0.001

P19CL6 cells displayed a high basal level of apoptosis with around
40% of cells staining positive for annexin V under normoxic conditions
(figure 3.12) when compared to 4.5% annexin V-stained H9c2 cells
(figure 3.10). Exposure to hypoxia for 4 and 8 hours caused a
significant 1.5-fold and 1.75-fold increase in apoptosis respectively

(figure 3.12).
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In addition to PARP-cleavage and annexin V staining, hypoxia-induced
apoptosis was also assessed in P19CL6 cells by apoptotic marker
expression. Whole cell extracts were subjected to western blotting with
antibodies raised against the anti-apoptotic factor Mcl-1 and the pro-

apoptotic factor Bid.
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Figure 3.13. Apoptotic marker protein levels in P19CL6 cells following
hypoxia. P19CL6 cells exposed to normoxia (N) or hypoxia for indicated
times (+) or (-) reoxygenation and whole cell extracts prepared. 100ug of total
protein was resolved by SDS PAGE and subjected to western blot analysis
using antibodies indicated. Black arrow indicates full length Bid (22kDa) and
the white arrow indicates caspase-cleaved Bid (15kDa). n=1.

IB:a-Bid

Mcl-1 protein was detected in P19CL6 cells under normoxia but
detection was abolished with reoxygenation after lh hypoxia and
remained undetectable thereafter (figure 3.13, upper panel, lanes 3-7).
Conversely, accumulation of the caspase-cleaved pro-apoptotic factor
Bid was detected in PI9CL6 cells treated with 4 and 8h
hypoxia/reoxygenation (figure 3.13, lower panel, lanes 4-7, white

arrow). The cleavage of Bid is a process, indicative of apoptosis as this
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cleaved product translocates to mitochondria triggers the permeability

transition and release of pro-apoptotic factors (Li et al., 1998).

Finally hypoxia-induced apoptosis was also identified in P19CL6 cells
using a DNA fragmentation assay. DNA fragmentation is a
morphological characteristic of apoptotic cells. The protocol used
allowed partially degraded oligonucleosomal DNA to be extracted quite
selectively from cells whereas, higher molecular weight (intact) DNA
stayed associated with the nuclei (Gong et al., 1994).
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Figure 3.14. DNA fragmentation in P19CL6 cells following hypoxia.
P19CL6 cells exposed to normoxia (N) or hypoxia for indicated times (+) or (-)
and DNA extracts prepared. Samples were resolved on a 1.5% Agarose gel;
stained with ethidium bromide and DNA detected using an UV documentation
system. n=1

Partially degraded DNA was observed from P19CL6 cells exposed to
hypoxia for 4 hours or more (+/-reoxygenation) (figure 3.14, lanes 4-7),
correlating with data collected from the annexin V binding assay and

western blot analysis. These results show that differentiated P19CL6

cells exhibit a higher sensitivity to hypoxia compared to RCMs and
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HO9c2 cells. The increased sensitivity observed in P19CL6 cells makes

them a more responsive model to study changes induced by hypoxia.

3.3. The role of PKC? in cardiomyocytes during
hypoxia.

3.3.1 Hypoxia differentially affects STAT3 serine
phosphorylation in H9¢2 and P19CL6 cells

In addition to tyrosine phosphorylation, STAT3 is also phosphorylated
on a serine residue (S727) in its carboxyl-terminal domain. Studies
regarding the function of this serine phosphorylation site are somewhat
controversial. Initially it was thought to be important for enhanced
transcriptional activation (Wen et al., 1995, Zhang et al., 1995), but
other studies have associated the serine phosphorylation of STAT3 with
transcriptional repression (Jain et al., 1999, Gartsbein et al., 2006). In
this study the serine phosphorylated status of STAT3 was also assessed
in response to hypoxia/reoxygenation. In H9¢c2 cells, STAT3 S727
phosphorylation was observed under normoxia and levels decreased
approximately 3-fold with 8 and 24h hypoxia (figure 3.15b) and
recovered upon reoxygenation (figure 3.15a, upper panel, lanes S5 and

7).
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Figure 3.15. (a) Serine phosphorylation status of STAT3 in H9c2 cells
following hypoxia/reoxygenation. H9C2 cells were exposed to normoxia (n)
or hypoxia for indicated times (+) or (-) reoxygenation for 1 hour and nuclear
extracts prepared. 100ug of protein for each sample was resolved by
denaturing polyacrylamide gel electrophoresis. The resolved proteins were
transferred to a PVDF membrane and subjected to western blotting with
antibodies indicated. (b) Serine phosphorylation status of STAT3 in H9c2
cells following hypoxia/reoxygenation. Densitometry was performed using
AIDA and expressed as a ratio of pSTAT3 (S727) against total STATS3.
Results are means + SEM, n=3, *P<0.05.

In contrast, P19CL6 cells displayed lower levels of STAT3 S727
phosphorylation under normoxic conditions, with no change after 1-
hour hypoxia/reoxygenation (figure, 3.17a, upper panel. lanes 1-3).

However, after 8 hours hypoxia STAT3 S727 phosphorylation was
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significantly elevated approximately 2.5-fold (figure 3.16b) and
decreased only marginally (2-fold) upon reoxygenation (figure 3.16a,
lane 5). With exposure to hypoxia (+/- reoxygenation) for 24 hours in
P19CL6 cells, STAT3 S727 phosphorylation was undetectable (figure

3.16a, lanes 6-7).
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Figure 3.16. (a) Serine phosphorylation status of STAT3 in P19CL6
cells following hypoxia/reoxygenation. P19CL6 cells were exposed to
normoxia (N) or hypoxia for indicated times (+) or (-) reoxygenation for 1
hour and nuclear extracts prepared. 100ug of protein for each sample was
resolved by denaturing polyacrylamide gel electrophoresis. The resolved
proteins were transferred to a PVDF membrane and subjected to western
blotting with antibodies indicated. (b) Serine phosphorylation status of
STAT3 in P19CL6 cells following hypoxia/reoxygenation. Densitometry
was performed using AIDA and expressed as a ratio of pSTAT3 (S727)
against total STAT3. Results are means £+ SEM, n=3 ***P<0.001, **P<0.005,
*P<0.05.
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3.3.2 PKCD? activity differs in H9¢c2 and P19CL6 cells during
hypoxia

Novel PKC isoforms have been implicated in the phosphorylation of
STAT3 on serine 727 and in the context of PKCd linked to STAT3
inhibition. For example, IL-6 inducible association of PKCd with
STATS3 caused an increase in the S727 phosphorylation and the down-
regulation of STAT3 DNA binding and transcriptional activity (Jain et

al., 1999).

The levels of total and phospho-PKCé were assessed in H9c2 and
P19CL6 cells exposed to hypoxia/reoxygenation. The phosphorylation
of serine 643 confers an autophosphorylation site on PKCd, which is
required for optimal activity (Li et al., 1997b). In H9c2 cells
phosphorylation of PKC$ increased with hypoxia, with peak
phosphorylation at 8h and a gradual decline observed at 16 and 24
hours hypoxia (figure 3.17, upper panel, lane 4). The peak in PKCd
phosphorylation does not correlate with STAT3 S727 phosphorylation -
with reduced levels observed at 8-hour hypoxia (figure 3.15a, upper
panel, lane 4). This indicates PKCd may not be the dominant kinase for

the phosphorylation of STAT3 exposed to hypoxia in these cells.

126



I%Oz(h):- NS En sl 0524
e — — - IB:a-pPKCd (S643)

| (D PKCH

S w— — e | |3-- Actin

. o002 e LG ERI

Figure 3.17.Levels of PKC3 in H9c2 cells exposed to hypoxia. H9c2
cells were exposed to normoxia (N) hypoxia for indicated times and whole
cell extracts prepared. 100ug of protein for each sample was resolved by
denaturing polyacrylamide gel electrophoresis. The resolved proteins were
transferred to a PVDF membrane and subjected to western blotting with
antibodies indicated. n=1.

The peak in PKCd autophosphorylation was observed earlier in
P19CL6 cells, with maximal PCK&$ phosphorylation observed at 4h
hypoxia and then a subsequent reduction at 8h hypoxia (figure 3.18,

upper panel lanes 3-4).
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Figure 3.18. Levels of PKC3 in P19CL6 cells exposed to hypoxia.
P19CL6 cells were exposed to normoxia (N) or hypoxia for indicated times
and whole cell extracts prepared. 100ug of protein for each sample was
resolved by denaturing polyacrylamide gel electrophoresis. The resolved
proteins were transferred to a PVDF membrane and subjected to western
blotting with antibodies indicated. n=1

These data shows that in P19CL6 cells, phosphorylation and activation
of PKC$ in response to hypoxia is present before (4 hours earlier) the
phosphorylation of STAT3 on serine 727 (figure 3.16a). PKC3 may still
be the kinase that phosphorylates S727 on STAT3, however the 4h time

difference between the activation of PKCS (4h hypoxia) and the serine
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phosphorylation of STAT3 (8h hypoxia) warrants further investigation.
It may be plausible that STAT3 is phosphorylated by PKC6 between
the 4 and 8h time point i.e. when PKCd is most active. Unfortunately
the serine phosphorylation status at 4h hypoxia was not measured
therefore further investigation is required before interpretations can be

made.

The overall basal levels PKC$ also varied between H9¢2 and P19CL6
cell lines. A titration (120pg-15pg) of nuclear extracts from normoxic
H9¢2 and P19CL6 cells was subjected to western blot analysis. The
level of phospho-PKCS in H9c2 was significantly lower when
compared to equal total protein amounts from P19CL6 cells (figure

3.19, upper panel).
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Figure 3.19. (a) Comparison of PKC® activity in H9c2 and P19CL6 cells.
Normoxic nuclear extracts from H9C2 and P19CL6 cells were prepared.
Total protein concentration was determined by Bradford assay and a 2-fold
dilution series from 120ug to 15pg prepared. Sample were resolved by
denaturing polyacrylamide gel electrophoresis, transferred to a PVDF
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membrane and subjected to western blotting with antibodies indicated. (b)
Mouse and rat PKC®d protein sequence alignment.

However, H9¢c2 and P19CL6 cells are from different species (rat and
mouse respectively). Therefore it could be possible that the antibody
has different specificities for different species of PKCd. However this is
unlikely due to high level of protein sequence homology between the

two species (figure 3.19b).

3.3.3 Rottlerin enhances apoptosis in P19CL6 cells

In this study the data shows that in P19CL6 cells, there is a correlation
between the activation of PKC3 at 4h hypoxia (figure 3.18) followed by
the serine phosphorylation of STAT3 at 8h hypoxia (figure 3.16).
Enhancement of serine phosphorylation accompanies loss of STAT3
DNA binding and increased levels of apoptosis. To identify whether
PKC5d directly affects the serine phosphorylation status of STAT3 and

ultimately cell survival, the PKC3 inhibitor, rottlerin was used.
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Figure 3.20. Effect of rottlerin on P19CL6 cells exposed to hypoxia.
P19CL6 cells were pre-treated with (+) or (-) PCK®d inhibitor rottlerin (3uM)
before exposure to hypoxia and nuclear extracts prepared. 100ug of protein
for each sample was resolved by denaturing polyacrylamide gel
electrophoresis. The resolved proteins were transferred to a PVDF
membrane and subjected to western blotting with antibodies indicated. N=2.

P19CL6 cells were pre-treated with rottlerin immediately before
exposure to 8h hypoxia. Maximal PKCd phosphorylation was observed
with 8h hypoxia and this was completely abolished with rottlerin

treatment (figure 3.20, upper panel, lanes 3-4).

The increase in STAT3 S727 phosphorylation previously observed with
8h hypoxia (figure 3.20, lane 4) was also abolished upon treatment with
rottlerin (figure 3.20, lanes 3-4, panel 4). However unexpectedly
STAT3 Y705 phosphorylation was also lost with rottlerin treatment,
even under normoxic conditions (figure 3.20, 3™ panel lanes 1-2.).
There were also lots of accompanying changes associated with rottlerin
treatment, including reductions in total STAT3 (figure 3.20, 5 panel)
and PKCS (figure 3.20 2™ panel) protein levels and even levels of the
loading control TBP (figure 3.2 6™ panel). Therefore it was very

difficult to interpret these results.

130



P19CL6 cells pre-treated with rottlerin were also subjected to Annexin

V staining to give an indication of the levels of apoptosis.
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Figure 3.21 Annexin V binding in P19CL6 cells pre-treated with
Rottlerin before exposure to hypoxia. P19CL6 were pre-treated with (+)
or (-) Rottlerin (3uM) before exposure to normoxia or hypoxia for 8 hours
and then subjected to Annexin V binding assay. The stained cells were then
sorted using a Coulter Altra Flow Cytometer, set to count 20000 events. n=2.

P19CL6 cells were highly sensitive to rottlerin. There is an approximate
1.75-fold increase in the number of annexin V-stained cells treated with
rottlerin under normoxic conditions (figure 3.21). Although it continues
to be used, rottlerin has been discredited as a selective and specific
inhibitor of PKC$ due to its potent mitochondrial uncoupling and K"

channel activating properties (Soltoff, 2007).
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3.4. Elevated STATS3 activity protects P19CL6 from
hypoxia-induced apoptosis.

To investigate whether STAT3 activity in P19CL6 cells contributes to
cell survival during hypoxia, apoptosis was measured after the cells
were pre-treated with LIF - a potent activator of STAT3 in these cells

(van Puijenbroek et al., 1999).

3.41 LIF stimulates STAT3 tyrosine phosphorylation
in P19CL6 cells
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Figure 3.22. STAT3 tyrosine phosphorylation in P19CL6 cells upon LIF
treatment. P19CL6 cells were treated with 10ng/ml LIF or 10ng/ml IL-6 for
20 minutes and whole cell extracts prepared. 100ug of protein for each
sample was resolved by denaturing polyacrylamide gel electrophoresis. The
resolved proteins were transferred to a PVDF membrane and subjected to
western blotting with antibodies indicated.

Pre-treating P19CL6 cells with 10ng/ml of LIF for 20 minutes caused

tyrosine phosphorylation of STAT3 (figure 3.22, upper panel, lane 3),
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whereas another type I cytokine IL-6, had no effect (figure 3.22, upper

panel, lane 2).

3.4.2 LIF maintains STAT3 phosphorylation but not
DNA binding activity in P19CL6 cells during
hypoxia

3.4.2
Stimulation of STAT3 with LIF increased STAT3 tyrosine

phosphorylation levels by approximately 2-fold in both normoxic and

1h hypoxia treated cells (figure 3.23, 2™ panel and figure 3.31).
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Figure 3.23. (a) Phosphorylation status of STAT3 in P19CL6 pre-treated
with LIF prior to exposure to hypoxia. P19CL6 were pre-treated with (+)
or (-) LIF (10ng/ml) before exposure to normoxia (N) or hypoxia for indicated
times and nuclear extracts prepared. 100ug of protein for each sample was
resolved by denaturing polyacrylamide gel electrophoresis. The resolved
proteins were transferred to a PVDF membrane and subjected to western
blotting with antibodies indicated. (b) Tyrosine phosphorylation status of
STAT3 in P19CL6 cells pre-treated with LIF following hypoxia.
Densitometry was performed using AIDA and expressed as a ratio of
pSTAT3 (Y705) against total STAT3. Results are means + SEM, n=3
***P<0.001.

There was also a significant level of STAT3 tyrosine phosphorylation
still remaining after 8h hypoxia (figure 3.23a, 2™ panel, lane 6) with
only ~1.3 fold reduction after 8h hypoxia (normoxia vs. 8h hypoxia) in
LIF treated cells compared to ~12 fold reduction after 8h hypoxia

(normoxia vs. 8h hypoxia) in untreated cells (figure 3.23b).

Interestingly STAT3 serine phosphorylation was also enhanced upon
LIF treatment, especially in normoxic and 1h hypoxic samples (figure

3.23a, upper panel, lane 4-6).

In P19CL6 cells pre-treated with LIF, levels of STAT3 DNA binding
substantially increased under normoxia and after 1h hypoxia (figure
3.24, lanes 4-5). However, after 8h hypoxia STAT3 DNA binding was
greatly reduced (figure 3.24, lane 6), similar STAT3 DNA binding

observed in untreated cells at 8h hypoxia (figure 3.24, lane 3).
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Figure 3.24. In Vitro DNA binding of endogenous STAT3 from P19CL6
cells pre-treated with LIF prior to exposure to hypoxia. P19CL6 were pre-
treated with (+) or (-) LIF (10ng/ml) before exposure to normoxia (N) or
hypoxia for indicated times. Nuclear extracts were prepared and subjected to
EMSA on the M67 SIE probe using DTT concentrations indicated. Black arrow
indicates STAT3 homodimer/DNA complex and the white Arrow indicates free
probe. * Indicates unidentified complex. n=2.

During hypoxia excessive levels of ROS are generated, which could
lead to oxidative modification of proteins, including STAT3. Such
modifications may impair STAT3 ability to bind to DNA. Studies have
shown that STAT3 DNA binding is sensitive to peroxide treatment (Li
et al., 2010). The DNA binding assay was also carried out under high
levels (SmM) of DTT (a reducing agent) in order to reverse any such
oxidative modifications that lead to the inhibition of DNA binding. The
addition of DTT had no effect, with loss of STAT3 DNA binding still
apparent with 8h hypoxia (figure 3.24, lane 12). Studies have shown

that the addition of DTT is required for in vitro DNA binding under

135



normoxia conditions (Li et al., 2010). Therefore it may be feasible in
this case, that insufficient DTT was added to allow oxidative
modifications to be reversed as well as ensuring optimal DNA binding
of STAT3. To further validate whether STAT3 is redox modified
during hypoxia-induced stress, higher concentration of DTT could be

used as well as the addition of other reducing agents.

3.4.3 LIF offers protection against hypoxia-induced
apoptosis

Flow cytometry revealed that pre-treating P19CL6 cells with LIF
offered a degree of protection against hypoxia-induced apoptosis.
P19CL6 cells displayed approximately 65% positive staining for
annexin V at 8h hypoxia in untreated cells which, significantly reduced
to 55% positively stained annexin V cells when pre-treated with LIF

(figure 3.25).
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Figure 3.25. Annexin V binding in P19CL6 cells pre-treated with LIF
before exposure to hypoxia. P19CL6 were pre-treated with (+) or (-) LIF
(10ng/ml) before exposure to hypoxia for indicated times and then subjected
to an annexin V binding assay. The stained cells were then sorted using a
Coulter Altra Flow Cytometer, set to count 20000 events. n=3, *P < 0.05.
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The effects of LIF on hypoxia-induced apoptosis were also assessed by
apoptotic marker expression. Whole cell extracts were subjected to
western blotting with antibodies raised against the anti-apoptotic factor

Mcl-1 and the pro-apoptotic factor Bid.
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Figure 3.26. Apoptotic marker protein levels in P19CL6 cells pre-treated
with LIF prior to exposure to hypoxia. P19CL6 cells were treated with (+)
or (-) LIF (10ng/ml) prior to exposure to normoxia (N) or hypoxia for indicated
times and whole cell extracts prepared. 100ug of total protein was resolved
by SDS PAGE and subjected to western blot analysis using antibodies
indicated. Black arrow indicates full length Bid and the white arrow indicates
caspase-cleaved Bid. n=1.

In the presence of LIF, levels of the anti-apoptotic factor Mcl-1 were
enhanced (figure 3.26, upper panel, lanes 4-6) when compared to
untreated cells (figure 3.26, upper panel, lanes 1-3). However the pro-
apoptotic factor Bid, remained constant with no significant changes in
the levels of cleaved Bid in treated or untreated cells (figure 3.26,

middle panel, lanes 1-6).
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3.5. Exogenous expression of STAT3 offers protection
against hypoxia-induced apoptosis in P19CL6 Cells

3.5.1 Passaging differentiated P19CL6 prior to
transfection enhances transfection efficiency

Snyder and colleagues demonstrated that differentiated P19CL6 cells
could be successfully transfected with STAT3 constructs using

lipofectamine (Snyder et al., 2010).

At differentiation day 12 the P19CL6 cells were highly confluent with
many multilayer cluster regions, which made transfection difficult
yielding low transfection efficiencies. The protocol used by Snyder and
colleagues (Snyder et al., 2010) was modified slightly to give improved
transfection efficiencies. Modifications included passaging the cells (1-
4 dilution) the day before transfection (figure 3.27, bottom panels) and
also using the lipofectamine enhancer, Plus™ reagent. These

modifications greatly enhanced the transfection efficiency.
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Figure 3.27. GFP expression in P19CL6 cells. GFP and phase images of
P19CL6 cells transfected (lipofectamine in the presence of Plus™ reagent)
with a vector containing GFP and cultured for 48h.

Preliminary experiments were carried out to ensure that the additional
passage to P19CL6 cells did not affect the phosphorylation status of
STAT3 that was observed previously (figures 3.7a and 3.16a).
Differentiated P19CL6 cells were passaged (1-4 dilution) and the next
day exposed to hypoxia for varying time lengths before the generation
of nuclear extracts. Tyrosine phosphorylation began to reduce at 8h
hypoxia with only very low levels visible with reoxygenation (figure
3.28, 2™ panel, lanes 6-7). Serine phosphorylation remained low until
4h hypoxia with reoxygenation and remained stable with 8h hypoxia

(+/- reoxygenation) (figure 3.28, upper panel, lanes 5-7).
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Figure 3.28. Phosphorylation status of STAT3 in P19CL6 passaged 1-4
dilution prior to exposure to hypoxia. P19CL6 were passaged 1-4 one
day before exposed to normoxia (N) or hypoxia for indicated times (+) or (-)
reoxygenation for 1 hour and nuclear extracts prepared. 100ug of protein for
each sample was resolved by denaturing polyacrylamide gel
electrophoresis. The resolved proteins were transferred to a PVDF
membrane and subjected to western blotting with antibodies indicated. n=1.

The phosphorylation status of STAT3 at Y705 and S727 remained

unchanged by the additional passage step.

3.5.2 Exogenous expression of STAT3 protects P19CL6
cells from hypoxia-induced apoptosis

Differentiated P19CL6 cells were transfected with equal amounts
(figure 3.29) of STAT3™ and several STAT3 mutants including
STAT3C (hyperactive mutant) (Li and Shaw, 2006), STAT3* (a
redox-insensitive mutant) (Li et al., 2010) and STAT3%*’* (a mutant

lacking the serine phosphorylation site) (Wen and Darnell, 1997).
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Figure 3.29. Schematic representation of STAT proteins used
throughout this study. Mutational changes represented above the
appropriate function domains.
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Figure 3.30. Expression of exogenous STAT3 and various mutants.
Anti-Flag immuno-precipitates were collected from whole cell extracts
prepared from P19CI6 cells transfected with the indicated STAT3 expression
plasmids.

STAT3 expression in P19CL6 cells (figure 3.30) significantly reduced
apoptosis induced by hypoxia by approximately by half (figure 3.31),
whereas STAT3C a hyperactive mutant of STAT3 had no effect on cell
survival during hypoxia. In contrast, expression of STAT3“*® or
STAT3%"*™* increased levels of apoptosis by approximately 20% when
compared to mock (figure 3.31). These data indicate that serine
phosphorylation and the redox status of STAT3 may be important for

cell survival during hypoxia.
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Figure 3.31. Annexin V binding in P19CL6 cells over expressing STAT3
forms before exposure to hypoxia. P19CL6 were transfected with
indicated STAT3 expression plasmids before exposure to normoxia or
hypoxia for 8h and then subjected to Annexin V binding assay. The stained
cells were then sorted using a Coulter Altra Flow Cytometer, set to count
20000 events. n=3, *P < 0.05, **P<0.005. The dotted line indicates general
level of apoptosis in P19CL6 cells exposed to hypoxia.

3.6. STAT3 protects mitochondrial respiration during
hypoxia

There has been extensive work recently indicating a functional role for
STAT3 in the mitochondria. A population of STAT3 is found in the
mitochondria and mitochondria from cells lacking STAT3 display
defects in oxidative phosphorylation, which can be rescued by
exogenous expression of mitochondrial-targeted STAT3 (Wegrzyn et

al., 2009).
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3.6.1 Serine-phosphorylated STAT3 is reduced in
mitochondrial extracts during hypoxia

Endogenous STAT3 was detected in mitochondria isolated from
differentiated P19CL6 cells and remained fairly constant with exposure
to hypoxia (figure 3.32, 3 panel). Levels of tyrosine phosphorylated
STATS3 are very low under normoxic conditions and reduced further
with hypoxia (figure 3.32, 2™ panel). Serine phosphorylated STAT3 is
present in mitochondria under normoxic conditions and levels
decreased gradually during hypoxia in a time-dependant manner (figure

3.32, 1 panel).
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Figure 1.32. Phosphorylation status of STAT3 in mitochondrial extracts
following hypoxia. P19CL6 cells were exposed to normoxia (N) or hypoxia
for indicated times and mitochondrial extracts prepared. 100ug of protein for
each sample was resolved by denaturing polyacrylamide gel
electrophoresis, transferred to a PVDF membrane and subjected to western
blotting with antibodies indicated. n=2.

3.6.2 Exogenous STAT3 and redox-insensitive mutant
are present in mitochondria whereas S727A mutant
is not.

STAT3Y!, STAT3*S and STAT3%?"*A were also exogenously expressed
in differentiated P19CL6 cells and their association with mitochondria

assessed. Immunoprecipitation assays from isolated mitochondrial
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lysates revealed that STAT3"™' associated with mitochondria and levels

increased slightly when exposed to hypoxia for 8h (figure 3.33, upper

38
3

panel, lanes 3 and 4). The redox insensitive STAT mutant was

similarly associated with mitochondria from both normoxic and
hypoxic cell lysates (figure 3.33, upper panel, lanes 5 and 6), whereas

2
3S T2A

the serine phosphorylation mutant STAT was absent in both

conditions (figure 3.33, upper panel, lanes 7 and 8).

(@)
P19CL6 Wi C3S S727A
|°/0().,(h)"lN Q ll ll ”N o !
: . <o ' . © ¥ |IB:a-Flag
IP:Flag|;
IgG HC
- D s D S s, Sy, e || B 1~V DAC
Mito inputs
| IB:a-Tubulin
(b)

[
o
]

-
o0
=
=
<
a=]
o
el
)

HH

% Intensity of Flag STAT3
2

LI N EE

¥ DO R Ty S oy

Figure 3.33. Mitochondrial localisation of exogenous STAT3 and mutants
during hypoxia. (a) Protein expression was analysed by anti-FLAG
immunoprecipitation from mitochondrial extracts (Flag IP — top panels) from
P19CL6 cells transfected with STAT3 and various mutants prior to exposure
to normoxia (N) or hypoxia for 8h. Middle panels (Mito inputs) indicate 5% of
mitochondrial extract. (b) Densitometry was performed using AIDA and
percentage intensity STAT3. n=3.
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The lack of STAT3%*"** present in mitochondrial extracts indicates that
serine phosphorylation of STAT3 may be required for STAT3
mitochondrial localisation. In order to investigate this further serine
phospho-mimetic mutants of STAT3 (STAT3%"*” and STAT3%7*7F)
were generated using site-directed mutagenesis and their presence in
mitochondria assessed by immunoprecipitation assays.
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Figure 3.34. Mitochondrial localisation of exogenous STAT3 and
phosoho-mimetic during hypoxia. Protein expression was analysed by anti-
FLAG immunoprecipitation from mitochondrial extracts (Flag IP — top panels)
from P19CL6 cells transfected with STAT3 and phospho-mimetic mutants)
prior to exposure to normoxia (N) or hypoxia for 8h. Lower panels (Mito
inputs) indicate 5% of mitochondrial extract. n=1.

Immunoprecipitation assays from isolated mitochondrial lysates
revealed that both STAT3 phospho-mimetic mutants (STAT3***” and
SRAT3%**F) were present in mitochondria and levels remained when
exposed to hypoxia for 8h (figure 3.34, upper panel, lanes 1-4).
STAT3%7*’ Jevels in the mitochondria were higher when compared to
STAT3™ (figure 3.42, upper panel, lanes 3-6). These results indicate
that STAT3 serine phosphorylation is important for mitochondrial

import. Wegrzyn and colleagues demonstrated that the phospho-
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mimetic mutant MLS Stat3 Y705F/S727D reconstituted of complex /11
activities (Wegrzyn et al., 2009). Further investigation is required to see
if these serine phospho-mimetic STAT3 mutants offer any protection

against hypoxia-induced apoptosis in P19CL6 cells.

3.6.3 Exogenous STAT3 protects mitochondrial
complex l/ll-dependent respiration during hypoxia

STATS3 is required for the optimal function of the electron transport
chain (Wegrzyn et al., 2009); therefore to determine whether STAT3
expression influences mitochondrial function during hypoxia,
mitochondrial ATP production rates (MAPR) were measured. This was
achieved by exploiting the high sensitivity of the luminometric method
based on firefly luciferase. This method measures the rate of ATP
production in isolated mitochondria with different respiratory substrate

combinations (Wibom et al., 2002).

The activity of complex I (NADH dehydrogenase) was monitored by
the addition of glutamate/malate substrate combination. Glutamate and
malate are oxidised by mitochondrial enzymes, which in turn feeds

NADH into the respiratory chain via complex L.
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Figure 3.35. Expression of STAT3 may protect glutamate + malate-
dependent respiration during hypoxia in P19CL6 cell mitochondria.
P19CL6 cells ftransfected with STAT3 and various mutants (C3S;
STAT3C418/426/486S, S727A; STAT3S727A) were exposed to
normoxia/hypoxia for 8h and mitochondrial extracts prepared. ATP
production was measured for glutamate + malate-dependent respiration.
Results normalised to total mitochondrial protein concentration. N=3.

In mitochondria isolated from differentiated, mock-transfected
PI9CL6 cells, complex I-dependant (glutamate/malate) ATP
production was reduced by approximately 85% after 8h hypoxia (figure
3.35). Exogenous expression of STAT3 proteins caused an increase in
the overall rate of ATP production under normoxic conditions
STAT3Y! and offered slight but insignificant protection against the loss
of mitochondrial function from cells after 8h hypoxia (figure 3.35).
Additional biological repeats need to be preformed in order to draw any
statically significant results from this experiment. The serine
phosphorylation mutant STAT3%"* and the redox insensitive mutant
STAT3* failed to protect complex I-deependant respiration against

hypoxia (figure 3.35).
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The activity of complex II (succinate dehydrogenase) was also

monitored by the addition of the respiratory substrate succinate.
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Figure 3.36. Expression of STAT3 may protect succinate-dependent
respiration during hypoxia in P19CL6 cell mitochondria. P19CL6 cells
transfected with STAT3 and various mutants were exposed to hypoxia for 8h
and mitochondrial extracts prepared. ATP production was measured for
succinate-dependent respiration. Results normalised to total mitochondrial
protein concentration. N=3.

In mock-transfected P19CL6 cells, complex II-dependant (succinate)
activity was reduced by approximately 87% after 8h hypoxia (figure
3.36). Exogenous expression of STAT3™' again offered marginal
protection for respiration observed after 8h hypoxia (figure, 3.36).
However STAT3%7?” and STAT3“*® failed to protect respiration during

hypoxia (figure 3.36).

In addition, complex I/Il activities were measured simultaneously by

via the glutamate/succinate respiratory substrate combination.

148



%3k

é 4= ———|

2 it + I

2 =a J =

& 31 1

= =~ :

[}

= | b

Qi

o

§ 1-

g = T

Q

: SINls
Z PI9CL6 = Wt C3S S727A"

Figure 3.37. Expression of STAT3 protects glutamate + succinate-
dependent respiration during hypoxia in P19CL6 cell mitochondria.
P19CL6 cells transfected with STAT3 and various mutants were exposed to
hypoxia for 8h and mitochondrial extracts prepared. ATP production was
measured for glutamate + succinate-dependent respiration. Results
normalised to total mitochondrial protein concentration. N=3, **P<0.005.

In mitochondria isolated from differentiated, mock-transfected P19CL6
cells, complex I/II-dependent (glutamate/succinate) ATP production
was reduced by approximately 70% after 8h hypoxia (figure 3.37).
Exogenous expression of STAT3 caused an increase in the overall rate
of ATP production under normoxic conditions and STAT3™' offered
protection against the loss of mitochondrial function from cells after 8h
hypoxia with a significant 4-fold increase in ATP production when
compared to mock 8h hypoxia sample (figure, 4.37). The STAT3%"
and STAT3*® mutants also failed to rescue complex I/11-dependent

ATP production.

As a control the respiratory substrate palmitoyl-L-carnitine/malate
combination was used that monitors ATP production via beta-

oxidation.
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Figure 3.38. Expression of STAT3 does not protect palmitoyl-L-
carnitine + malate-dependent respiration during hypoxia in P19CL6 cell
mitochondria. P19CL6 cells transfected with STAT3 and various mutants
were exposed to hypoxia for 8h and mitochondrial extracts prepared. ATP
production was measured for palmitoyl-L-carnitine + malate -dependent
respiration. Results normalised to total mitochondrial protein concentration.
N=3.

No significant differences were observed mitochondrial ATP
production fuelled by palmitoyl-L-carnitine in cells exogenously

expressing STAT3 and various mutants (figure 3.38).

Parallel analysis of mitochondrial protein confirmed the presence of
STAT3™ and STAT3“*® in the MAPR assay samples (figure 3.39,

upper panel, lane 3-6).
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Figure 3.39. Flag-immunoprecipitation of exogenous STAT3 and
mutants during hypoxia from ATP assay mitochondrial samples. (a)
Protein expression was analysed by anti-FLAG immunoprecipitation from
mitochondrial extracts (Flag IP — top panels) generated in the ATP formation
assay prior exposure to normoxia (N) or hypoxia for 8h. Lower panels (Mito
inputs) indicate 5% of mitochondrial extracts. (b) Densitometry was
performed using AIDA and percentage intensity of STAT3 determined. n=3.

The serine phosphorylation mutant STAT3%7? failed to accumulate in
mitochondria (3.39, upper panel, lanes 7-8) under normoxic or hypoxic
conditions as anticipated, did not sustain complex I/II-dependent ATP
production (figure 3.37), indicating that serine phosphorylation is
required for localisation/import into mitochondria in addition to

mitochondrial function as previously reported (Wegrzyn et al., 2009).
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4.7.

Even though the redox insensitive mutant STAT3*® accumulated in the
mitochondria as effectively as STAT3Y' (3.39, upper panel, lanes 7-8),
it failed to rescue complex I/II-dependent ATP production (figure 3.37),
indicating a potential redox mechanism for the role of STAT3 in

mitochondrial respiration.

Generation of recombinant Flag-tagged STAT3 using
the baculovirus expression system

To investigate the potential redox modifications that occur in STATS3,
recombinant streptavidin-tagged STAT3"™ and redox insensitive mutant
STAT3*® proteins were generated using the Bac-to-Bac®

Recombinant Baculovirus Expression System.

pFastBac STAT3™ and STAT3“® vectors were generated by
amplifying a region of STAT3 c¢cDNA sequence (765-2378) from the
pRe/cmv STAT3Y/STAT3S vectors using the PCR. STAT3 amplified
PCR fragments and pFastBac hSTATS3 (kindly provided by Vinkemeier
group) were digested with Sphl before ligating together to generate
pFastBac STAT3™' and pFastBac STAT3“® vectors. Vectors were

subsequently sequenced for verification (section 2.17).

Dh10Bac™ E.Coli competent cells were transformed with the
expression cassette pFastBac STAT3YY/STAT3®® which allowed

recombination with the parent bacmid in DH10Bac cells to form an
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expression bacmid. The bacmid was then transfected into sf9 insect

cells for the production of recombinant baculovirus particles.

3.7.1 Sf9 phenotypic change and reduced cell number
indicates viral infection

72h Post-infection

Uninfected

STAT3 wt

STAT3 C3S

Figure 3.40. Sf9 cell images 72h post-baculovirus infection. Phase
images of sf9 cells 72 hours after initial baculovirus infection.

.

Positive signs of recombinant baculovirus expression are evident by a
reduction in cell number and increased areas of cellular debris when

compared to uninfected cells 27h post transfection (figure 3.40).
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3.7.2 Expression and purification of recombinant
STAT3 proteins

In order to verify expression of recombinant STAT3 proteins, sf9 whole
cell lysates were prepared after 24, 48 and 72h post infection and

subjected to western blot analysis.

STAT3 Wt  STAT3 C3S
Post infection (h):- - 24 48 72''24 48 72'
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Figure 3.41. STAT3 expression from infected sf9 cells. 10pl of infected
sf9 cells were lysed in 1XSDS loading buffer at indicated times. Samples
were resolved by denaturing polyacrylamide gel electrophoresis. The
resolved proteins were transferred to a PVDF membrane and subjected to
western blotting with antibodies indicated.

The expression of STAT3Y' and STAT3“*® increased with infection
time, with maximal expression observed at 72h post-infection (figure

3.41, lanes 4 and 7).

Large scale expression and Strep-Tactin® sepharose purification was
performed to yield large amounts (~Img/ml) of recombinant STAT3"

and STAT®® proteins (figure 3.42).
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Figure 3.42. Purification of recombinant STAT3 using a strep-Tactin®
column. Infected sf9 cells were lysed using a dounce homogeniser. Lysates were
loaded onto a Strep-Tactin® column and washed with buffer w before eluting the
protein in buffer E (6x 0.5ml fractions). 20ul of each sample was resolved by
denaturing polyacrylamide gel electrophoresis and visualised using coomassie
blue stain. Black arrow indicates purified STAT3 protein. * Indicates contaminating

band present in SDS loading buffer.

3.7.3

Oxidation of recombinant STAT3 proteins

Previous studies relieved that STAT3 is capable of forming higher

molecular weight complexes when treated with hydrogen peroxide (Li et

al., 2010). Cell extracts treated with hydrogen peroxide were resolved on

a polyacrylamide gel under non-reducing conditions and subjected to

western blot analysis using a STAT3 antibody. The experiment revealed

that STAT3 dimers, trimers and tetramers were formed upon exposure to

hydrogen peroxide (Li et al., 2010).
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As the experiment was carried out using nuclear extracts, there was the
potential for STA3 to form redox complexes with other nuclear proteins
resulting in the higher molecular weight complexes observed (Li et al.,
2010). Therefore recombinant STAT3 protein was utilised to see whether
STATS3 is capable of being directly oxidised in response to hydrogen
peroxide. Recombinant STAT3™ and redox-insensitive mutant
STAT3*® proteins were treated with hydrogen peroxide and visualised

by denaturing SDS PAGE under non-reducing conditions.
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Flgure 3 43 Oxidation of recombinant STAT3. Recombinant STAT3" and
STAT3® protelns were exposed normoxia (N) or varying concentrations
H20; for 2 minutes at 37°C. 20ul of each sample was resolved by denaturing
polyacrylamide gel electrophoresis under non-denaturing conditions (no B-
mercaptoethanol or DTT) The resolved proteins were transferred to a PVDF
membrane and subjected to western blotting with antibodies indicated. White
arrow indicates STAT3 monomer and the black arrows indicate possible
dimers and trimers of STAT3. n=1.

Western blotting analysis revealed that STAT3 is capable of forming
higher molecular weight complexes. STAT3 containing species are
visible at approximately 180KDa and 270KDa, levels increased with

the addition of hydrogen peroxide in a concentration dependent manner
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(figure 3.43, black arrows). The recombinant proteins were resolved
under denaturing, non-reducing conditions suggesting that these
complexes are stablised through disulphide-bridge covalent
interactions, consistent with previous findings (Li et al., 2010).

Increased complex formation was observed with STAT3Y when

33 exposed to

compared to the redox insensitive STAT3 mutant STAT
peroxide, indicating the cysteine residues C418, C426 and C468 are
sensitive to oxidation and required for the formation of the higher
molecular weight STAT3 complexes. However, the difference observed
in complex formation between the two STAT3 proteins may be due to
differences in the levels of total protein (figure 3.43, white arrow).
Although this result looked very promising, numerous attempts to try
and repeat this experiment failed. The higher molecular weight STAT3
complexes varied between attempts as well STAT3 monomer (figure
3.43, white arrow). To ensure equal amount of the recombinant STAT3
proteins were used, protein concentration was determined using the
Bradford protein assay. Equal protein loading still varied between the
two STAT3 recombinant proteins  suggesting  potential
aggregation/precipitation of the proteins. This in turn could affect the
proportions of higher molecular complexes observed due to varying
amounts of protein being exposed to hydrogen peroxide. Due to time

restraints, the direct oxidation of recombinant STAT3 and the redox

insensitive mutant still warrants further investigation.
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Chapter 4. Discussion

STAT3 participates in a wide variety of seemingly contradictory
processes, such as proliferation and apoptosis. Accumulating evidence
links STAT3 with normal heart development and numerous studies
have shown that STAT3 activation promotes cardiomyocyte survival,
suggesting STAT3 is beneficial for the heart. Loss of STAT3 in cardiac
tissue has been linked to fibrosis and heart failure in aging mice
(Jacoby et al., 2003) and down regulation of STAT3 was observed in
myocardial tissue from patients suffering from dilated cardiomyopathy
(Podewski et al., 2003). The mechanism underlying the role of STAT3
in cardiac protection has yet to be fully defined and this thesis aimed to
investigate this role further. By exploring various cardiomyocyte
models this thesis addressed clear differences between cell models for
hypoxia-induced apoptosis thus, providing insight into which model is

most representative of the diseased heart.

The main aim of this study was to explore the protective role of STAT3
in cardiomyocytes during hypoxia/oxidative stress; this was achieved
by stimulating STAT3 activity with LIF and exogenously expressing wt
and mutant versions of STAT3 in cardiomyocytes and looking for

differences in levels of apoptosis.

There is also accumulating evidence pointing to a protective role for
STAT3 in the mitochondria, including cellular respiration (Boengler et

al.,, 2010, Wegrzyn et al., 2009). Therefore to shed further insight on
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this work, this study investigated the mitochondrial role of STAT3

during hypoxia/oxidative stress.

4.1 Characterisation of STAT3 activity during
hypoxia/reoxygenation

Altered regulation of STAT3 has been reported in human failing hearts.
Podewski and colleagues reported that STAT3 expression and
phosphorylation were severely reduced in failing hearts (Podewski et
al., 2003). This was later supported by the observation that mice with
cardiomyocyte-specific disruption of STAT3 developed DCM, heart
failure and early death (Jacoby et al., 2003, Hilfiker-Kleiner et al.,

2004).

STAT3 is activated by phosphorylation at tyrosine 705. Phospho-
tyrosine STATs dimerise and translocate to the nucleus, where they
bind to DNA and activate transcription of various genes (Akira et al.,
1994, Zhong et al., 1994). Thus, to monitor STAT3 activity during
hypoxia/reoxygenation, STAT3 tyrosine phosphorylation and STAT3
DNA binding were measured throughout this study by immunoblotting

and EMSA respectively.

In RCMs and H9¢2 cells, tyrosine phosphorylation of STAT3 remained
detectable when exposed to hypoxia. A _slight but reproducible
reduction in STAT3 tyrosine phosphorylation was observed at 1h and
24h hypoxia for RCMs (figure 3.1) and 24h for H9¢2 (figure 3.5a)..

Similarly, the DNA binding profile of STAT3 showed a direct
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correlation with levels of phospho-tyrosine STAT3 for both RCMs

(figure 3.2) and H9c2 cell lines (figure 3.6).

In contrast, reoxygenation of P19CL6 cells after 8h hypoxia displayed a
substantial reduction in tyrosine phosphorylation of STAT3, which was
completely abolished with exposure to hypoxia for 24h (figure 3.7a).
The DNA binding activity of STAT3 was also more sensitive to
hypoxia when compared to RCM and H9c2 cell lines, with complete
loss of STAT3 DNA binding with 8h hypoxia, even though tyrosine

phosphorylation was still detectable (figure 3.8).

The ratio between activated kinases and inactivated phosphatases could
explain why STAT3 tyrosine phosphorylation and ultimately STAT3
DNA binding is maintained during long periods of hypoxia-induced
oxidative stress in RCM and H9c2 cell lines. STAT3 activity is
required by a variety of processes during of mild hypoxia including
tumourigenesis and angiogenesis (Kang et al., 2010). Studies have
shown that hypoxia markedly augmented phosphorylation and
activation of JAKS (JAKI, JAK2 and JAK3) and their substrates,
STATs (STAT3 and STATS) in lung microvascular endothelial cells
(Wang et al., 2008). In addition, ROS has been implicated in the
activation of the JAK/STAT pathway, in which H,O, treatment was
shown to stimulate the activity of JAK2 and TYK2 (Simon et al.,

1998).

The inactivation of protein tyrosine phosphatases (PTPs) is also
associated with oxidative stress. PTPs contain cysteine residues in their

catalytic site and ROS-mediated oxidation of these cysteine residues
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results in their inactivation. Meng and colleagues demonstrated that
multiple PTPs were reversibly oxidised and inactivated in Rat-1 cells
following treatment with H,O, (Meng et al., 2002). More recently, the
catalytic pan-PTP and SHP-2 activities were dramatically reduced from
samples taken from ex vivo langendorff-model of rat heart

ischaemia/reperfusion (Sandin et al., 2011).

Therefore a balance between kinase activation and PTP inactivation
would allow levels of tyrosine-phosphorylated STAT3 and ultimately
STAT3 DNA binding activities to be effectively maintained during
prolonged exposures to hypoxia in RCM and H9c2 cells. To validate
this hypothesis further investigation is required. Kinase inhibitors such
as AG490, (a potent inhibitor for JAK2 and JAK3) could be utilised to
determine whether STAT3 tyrosine phosphorylation and DNA binding
would be disrupted during hypoxia-induced oxidative stress. However,
the balance between active kinases and inactivation of phosphatases
does not explain the loss of STAT3 DNA-binding 8h hypoxia in
P19CL6 cells, even though STAT3 tyrosine phosphorylation is still

detectable — another mechanism must be in operation.

In theory, one reason for the dissonance between tyrosine
phosphorylation and DNA binding could be direct oxidation of STAT3
by ROS. It is important for proteins to maintain a proper structure to
perform their biological functions. This ‘p;oper’ structure may be
altered if proteins become oxidised during oxidative stress. Oxidation
of redox elements (mainly cysteine residues) will generate sulphoxides,

sulphenic acids and disulphide bridges within the protein, this will
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result in changes in secondary and tertiary structure, which may affect

the stability of DNA binding.

Redox sensitive cysteine residues have been reported in the DNA
binding domain of many transcription factors. For example, cysteine
residues are found in the basic region of c-myb (Guehmann et al,
1992), the leucine zipper of AP-1 (Abate et al., 1990) and the zinc-
finger motif of the glucocorticoid receptor (Hutchison et al.,, 1991).
Tolendano and colleagues demonstrated that in vitro DNA binding of
NF-kB could be inhibited by oxidative stress (Toledano and Leonard,
1991). The transcription factor GA-binding protein (GABP) has also
been implicated in redox regulation. In vitro and in vivo studies have
show that oxidative conditions result in inhibition of DNA binding
through COOH-terminal cysteine residues in the GABPa subunit

(Martin et al., 1996).

DNA binding of STAT3 also appears to be regulated by oxidative
stress. Studies have shown that in vivo DNA binding of STAT3 to the
hepcidin promoter is diminished by hypoxia-induced oxidative stress
and such a DNA binding decrease can be rescued with the addition of
antioxidants (Choi et al., 2007). More recently, we have demonstrated
that the DNA binding properties of STAT3 are sensitive to treatment
with hydrogen peroxide (Li et al., 2010). Also in this study, mutational
analysis revealed three redox-sensitive cys;eine residues (Cys418,
Cys426 and Cys468) present in the DNA binding domain of STAT3.
Substituting these cysteines for serine residues protected DNA binding

during oxidative stress (Li et al., 2010).
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Studies have shown that DNA-binding STAT protects proteins from
dephosphorylation by phosphatases. DNA-bound STAT1 has been
shown to be protected from dephosphorylation by phosphatases (Meyer
et al., 2003) and also the STAT3 constitutively active mutant STAT3C,
displays higher affinities for DNA with delayed dephosphorylation

rates by nuclear phosphatases (Li and Shaw, 2006).

During hypoxia-induced oxidative stress, it is feasible that redox
modifications occur to cysteine residues within the DNA binding
domain of STAT3. Modifications may alter the tertiary structure of
STAT3 and in turn reduce its affinity for DNA, resulting in loss of
STAT3 DNA binding. Once STAT3 possesses a weaker affinity for
DNA, it may become more susceptible to dephosphorylation via
phosphatases — explaining the loss of DNA binding before the
subsequent reduction in tyrosine phosphorylation. The protein
phosphatase SHP-2 (Src-homolgy-2 domain-containing protein 2) has
been shown to dephosphorylate STAT3. In rat astrocytes, SHP-2 has
been shown to form a complex with STAT3 and reduce the steady state
STAT3 tyrosine phosphorylation when exposed to oxidative stress
(Park et al., 2009). However, a redox modification of STAT3 many be
questioned as the reducing agent DTT (5mM) did not rescue STAT3
DNA binding at 8h hypoxia (figure 3.24). The addition of DTT has
been shown to be required for optimal STATS3 in vitro DNA binding
(Li et al.,, 2010), therefore it may be possible that PI9CL6 cells have
different buffer capacities and higher concentrations of reducing agents

are required.
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In addition, this study also revealed that serine-phosphorylated STAT3
is significantly increased in P19Cl6 cells with 8h hypoxia (figure 3.16).
Studies have shown that STAT3 is serine-phosphorylated by ERK2.
Serine phosphorylation is also associated with a reduction in DNA
binding activity and lower tyrosine-phosphorylated STAT3 levels (Jain
et al, 1998). Therefore the loss of STAT3 DNA binding could be
associated with the elevated levels of serine-phosphorylated STAT3

observed at 8h hypoxia in P19CL6 cells (discussed later).

4.2 Hypoxia-induced apoptosis of cardiomyocytes

The severity of hypoxia determines whether cells become apoptotic or
adapt to hypoxia and survive. RCM and H9c2 cells are resistant to
hypoxia-induced oxidative stress and only a slight but significant
increase in levels of apoptosis were observed in H9¢c2 cells exposed to
reoxygenation after 24h hypoxia (figure 3.10). However, on the other
hand, P19CL6 cells were extremely sensitive to hypoxia-induced
oxidative stress, showing ~50% increase over normoxia level of
apoptosis when exposed to hypoxia for only 8h (figure 3.12). This
clearly demonstrated differences in apoptotic-sensitivity during hypoxia

in the different cell models.

A wealth of evidence documents that STAT3 is involved in cell
survival. One mechanism is its ability to drive expression of anti-
apoptotic factors, including Mcl-1 (Epling-Burnette et al., 2001). The

rapid loss of STAT3 activity in P19CL6 cells following hypoxia could
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be responsible for the observed reduction in Mcl-1 protein levels
(figure 3.13). Down regulation of Mcl-1 is thought to be required for
Bax translocation to mitochondria and cytochrome c release - events

indicative of apoptosis (Nijhawan et al., 2003).

There are substantial differences in the sensitively to hypoxia-induced
apoptosis between RCM and H9c2 cells compared to P19CL6 cells.
One possible reason for this could be due to species differences
(Houweling et al., 2005). RCM and H9¢2 cells are both of rat origin,
whereas P19CL6 cells are mouse. Phenotypic variations between
species may account for the differences observed in hypoxia sensitivity
throughout this study. This is unlikely to be the sole reason as it has
been reported that cardiac function is highly conserved between species
and both rat and mouse models are highly comparable with human

development and pathology (Houweling et al., 2005).

The differences in sensitivity to hypoxia between cell lines could be
due to the relative age of the cells. Increased incidence of apoptosis had
been reported in several tissues during aging. For example, the aging-
associated atrophy of muscle — sarcopenia. Studies on sarcopenia in
rodents have identified an apoptotic-like mechanism characterised by
mitochondrial changes and caspase-independence (Marzetti et al.,
2009). More recent studies have shown that aging increases myocardial
ischaemia/reperfusion-induced apoptosis(Liu et al., 2011). Young (2
months) and old (24 months) rats were subjected to I/R injury followed
by TUNEL staining and caspase activity measurements. The results

revealed a higher myocardial apoptotic ratio in the older rat group. This
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study was validated in humans as elderly patients manifested decreased
cardiac function and increased plasma apoptotic markers (soluble form

of Fas and TNF-a)) when compared to adult patients (Liu et al., 2011).

PI9CL6 cells were isolated from the P19 mouse embryonal carcinoma
cell line through an extensive 6 months selection process (Habara-
Ohkubo, 1996), followed by a 16-day differentiation step. Therefore,
P19CL6 cells were cultured significantly longer than RCMs or H9¢2
cells. RCMs were isolated directly from neonatal rat hearts and not
passaged while, H9¢c2 cells were obtained from ATCC at passage 12

and were not passaged more than 10 times during this study.

Throughout this study RCM and H9c2 cells have been resistant to
hypoxia-induced apoptosis. Consistent with this observation, studies
have also shown that neonatal rat ventricular myocytes (NRVMs)
possess an apoptotic-resistance that acts as a cytoprotective mechanism
against stress-induced injury (Lu et al., 2008). In addition, Bonavita and
colleagues demonstrated that hypoxia alone did not induce apoptosis in

H9c2 cells for at least 48h (Bonavita et al., 2003).

Expression profiles in aged hearts indicate decreased cellular adaptation
and protection against stress-induced injury together with the
development of contractile dysfunction (Bodyak et al., 2002). Aging
expression profiles for the cardiac cell line models would reveal
whether or not the age of the cells contributes to the differences
observed in hypoxia-induced apoptosis. Recently, Ding and colleagues
set out to identify novel biomarkers of normal aging in male mice from

2-19 months of age (Ding and Kopchick, 2011). They identified several
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proteins that were significantly increased (transthyretin and
haptoglobin) and a number of proteins that were significantly decreased
(peroxiredoxin-2 and serum amyloid protein A-1) during aging (Ding

and Kopchick, 2011).

Regulated ROS production can modulate intracellular signaling
pathways, which have been associated with growth of cardiac myocytes
(Siwik et al., 1999) and ischaemic preconditioning (Vanden Hoek et al.,
1998), both of which increase the ability of cardiac myocytes to survive
oxidative stress. It could be feasible that RCMs and H9¢2 cells have
different tolerations to ROS during times of oxidative stress when
compared to P19CL6 cells. Differences in the concentrations of ROS
generated could be due to variations in levels of antioxidant enzymes
and free radical scavengers between the different cell lines. Indeed,
studies on other cell lines have shown that HepG2 cells are extremely
resistant to hydrogen peroxide treatment when compared to BR293 and
MCF-7 cells (Chua et al., 2009, Sekiya et al., 2008). The level of ROS
production during hypoxia was not measured in this study however,
warrants further investigation. Chemiluminescence-based techniques
could be utilised to measure ROS production in the different cardiac
cell lines exposed to hypoxia. On exposure to ROS a chemiluminescent
probe releases a photon, which in turn can be detected and measured by

a luminometer.

Given that IHD is typically a disease of old age, as it takes many years
for fat deposition to restrict the coronary arteries, it may have been

more appropriate to use an adult rat cardiomyocytes model to study the
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pathological stresses associated with IHD. However, adult RCMs are
difficult to isolate and have sensitive culture conditions when compared
to neonatal RCMs. In particular, studies have shown that adult RCMs
are extremely sensitive to Ca2" levels and an increase in Ca2" is
associated with a reduction in membrane permeability and myocardial
damage (Zimmerman and Hulsmann, 1966). P19CL6 may reflect a
phenotype representative on an aging cardiomyocyte, which have a
reduced ability to adapt to hypoxic stress and hence enhanced levels of
ROS and ultimately apoptosis. This would agree with studies that
demonstrate that aging cardiomyocytes have a reduced ability to adapt
to pathological conditions such as myocardial ischaemia, which is
displayed in an aging diseased heart (Takahashi et al., 1992, Liu et al,,

2011).

P19CL6 cells are able to differentiate into a beating phenotype that is
reminiscent of cardiomyocytes upon exposure to DMSO (Habara-
Ohkubo, 1996). Khodadadi and colleagues demonstrated that
differentiated P19CL6 cells exhibit some markers of a cardiac
phenotype (a-MHC, b-MHC) and the beating phenotype is positively
responsive to adrenaline (Khodadadi, 2010). However, closer
examination revealed a mixed, cardiac/skeletal muscle phenotype
questioning the role of P19CL6 cells as a cardiac cell model

(Khodadadi, 2010).

Embryonic and neonatal rat cardiomyocytes have been extensively used
models to study cardiac biology (Hescheler et al., 1999, van der

Heyden and Defize, 2003, Chlopcikova et al., 2001), however their use
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may be limited due to the lack of some adult cardiomyocyte
characteristics (Khodadadi, 2010). In addition, isolated primary
cardiomyocytes become overgrown by non-moyoctyes after a few days
in culture, they cease to divide after the neonatal period and genetic
manipulation is extremely difficult (Claycomb, 1985). Another
potential cell line that could be considered in this study is the HL-1 cell
line, which is derived from atrial cardiomyocyte AT-1 cells. HL-1 cells
can be serially passaged while maintaining a differentiated phenotype
(Claycomb et al., 1998). HL-1 cardiomyocytes have been characterised
and show highly organised sarcomeres (necessary for mediating
contraction) and gene expression analysis reveals HL-1 cells exhibit an
adult cardiomyocyte-like phenotype expression profile (Claycomb et
al., 1998). In addition, the angiotensin/STAT3 pathway has been shown
to be important the atrial myocardium (Tsai et al., 2008) implicating

further potential roles of STAT3 in this cardiac cell line.

Further investigation is required for determining the appropriate cardiac
cell model for studying the role of STAT3 in cardiomyocytes during
hypoxia-induced apoptosis. H9c2 and RCMs have been shown to be
relatively resistant to hypoxia-induced apoptosis in this study and
previous work (Lu et al., 2008)((Bonavita et al., 2003) therefore not
effective cardiac cell models for investigation STAT3 and its role
during hypoxia-induced apoptosis. P19CL6 ’ are indeed extremely
sensitive to hypoxia-induced apoptosis, therefore providing an excellent
cell model for the investigation the mechanisms of apoptosis. However

there are doubts to whether these cells represent a true adult-
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cardiomyocyte cell model (Khodadadi, 2010). Future studies looking at
the role of STAT3 during hypoxia-induced apoptosis should be
considered in a more appropriate cardiac cell model, potentially the

HL-1 cell line.

4.3 The role of PKC in cardiomyocytes during
hypoxia

In addition to tyrosine phosphorylation, several STATs are
phosphorylated on a serine residue (S727 in STAT3) in their carboxyl-
terminal domain, which was initially reported to be important for
transcriptional activation (Wen et al., 1995, Zhang et al., 1995). Unlike
tyrosine phosphorylation, the functional significance of serine
phosphorylation of STAT3 remains controversial. Depending on the
cell type and the extracellular stimulus, serine phosphorylation can
either enhance or suppress the transcriptional activity of phosphorylated

STAT3 (Chung et al., 1997b, Jain et al., 1998, Yokogami et al., 2000).

This study shows that serine phosphorylation of STAT3 increases in
P19CL6 cells exposed to 8h hypoxia (figure 3.16a, lane 4). An increase
in serine phosphorylation is due to a shift in balance between inactive

protein phosphatases and active protein kinases.

Protein phosphatase 2A (PP2A) has been shown to have a direct effect
the regulation of STAT3. Woetmann and colleagues demonstrated that

PP2A inhibitors cause the serine phosphorylation of STAT3, inhibition
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of tyrosine phosphorylation, loss of DNA binding activity and
translocation of STAT3 from the nucleus to the cytoplasm (Woetmann
et al., 1999). This supports observations in this thesis by which an
increase in STAT3 serine phosphorylation (figure 3.16a, lane 4) is
accompanied by a loss in STAT3 DNA binding (figure 3.8, lane 4) and
subsequent reduction in tyrosine phosphorylation (figure 3.7a, lane 4).
This suggests that PP2A inactivation may be responsible for the
accumulation of serine-phosphorylated STAT3 observed. Indeed,
studies have shown that PP2A is susceptible to reversible inhibitory
modification by thiol-disulphide exchange, indicating that PP2A is a
redox-sensitive protein phosphatase (Foley and Kintner, 2005). Further
investigation is required to determine whether PP2A is inactivated in
PI9CL6 cells during hypoxia-induced oxidative stress and is

responsible for the increase in serine-phosphorylated STAT3.

Another possible explanation for the increase in serine phosphorylation
of STAT3 observed in P19CL6 cells exposed to hypoxia could be due
to the activation of STAT3 serine kinases. Serine phosphorylation of
STAT3 is mediated by several kinases. However, this study focused on
the serine/threonine kinase PKC8 due to the accumulating evidence
associating this protein with apoptosis (Hahn et al., 2002, Inagaki et al.,
2003, Clavijo et al., 2007). PKC5 activation has been documented to be
crucial in cardiac pathology such as hypertropl;y, heart failure and /R
injury (Hahn et al., 2002, Inagaki et al., 2003). A study has shown that
prolonged exposure to hypoxia causes the proteolytic and feed-forward

activation of PKC3 and caspase-3, resulting in the irreversible
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commitment to apoptosis (Clavijo et al., 2007). In addition, PKC$ is
described as a proapoptotic kinase due to the fact it is activated by

oxidative stress and promotes apoptosis (Kanthasamy et al., 2003).

There is a potential positive correlation between PKCS activity and
serine-phosphorylated STAT3 during hypoxia in P19CL6 cells. The
phosphorylation of PKCS peaked at 4h hypoxia (figure 3.18) with an
elevation in STAT3 serine phosphorylation with 8h hypoxia (figure
3.16), which, accompanied the loss of DNA binding (figure 3.8) and
increased levels of apoptosis (4h hypoxia) (figure 3.12). However
further experiments will need to be carried out to include the serine
phosphorylation status of STAT3 and it’s DNA binding abilities at 4h
hypoxia in order to effectively correlate with PKC$ activation. A study
in HepG2 cells and other cell lines stimulated with IL-6, where PKC$
was shown to physically interact with STAT3 resulting in elevated
levels of serine-phosphorylated STAT3, which in turn suppressed
STAT3 DNA binding to the SIE (Jain et al., 1999). However the data
presented in this study shows only circumstantial evidence linking
increased PKC3 activity to the elevation of serine-phosphorylated
STAT3 in P19CL6 cells during hypoxia. To try and establish whether
PKC3 is the kinase responsible for phosphorylating STAT3 during
hypoxia-induced oxidative stress, the PKCd inhibitor, and rottlerin was
utilised in this study. The addition of rottlerin. did in fact abolish the
levels of STAT3 serine phosphorylation previously observed with 8h
hypoxia (figure 3.20), but levels of apoptosis were significantly

enhanced, even under normoxic conditions (figure 3.21). Studies have
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shown that using rottlerin is not be suitable as a selective inhibitor of
PKC3 due to its potent mitochondrial uncoupling and K* channel
activating properties (Soltoff, 2007). Due to these findings the data
generated (figure 3.20 and figure 3.21) in this thesis that uses the
inhibitor rottlerin cannot be interpreted efficiently due to its wide
spread application with other cellular targets (Soltoff, 2007). However
research articles using rottlerin as a specific PKCd inhibitor are
currently still being published (Wallerstedt et al., 2010, Matta et al.,

2011).

The use of inhibitors to identify targets of specific PKC isoforms is
fraught with difficulty. A number of PKC inhibitors exist however
some have broad specificity and additional cellular targets. For
example, G6 6983 (bisindolylmaleimide) is a fast acting, lipid soluble,
broad-spectrum protein kinase C inhibitor (a, B, v, 8, §). A study has
shown that when the inhibitor is administered at the beginning of
reperfusion, it can restore cardiac function within 5 min and attenuate
the deleterious effects associated with acute ischemia/reperfusion
(Young et al., 2005). Chelerythrine has also been used as a PKC
inhibitor and a study demonstrated that chelerythrine suppressed the
translocation of PKC3 and PKCg to the membrane and blocked the
improvement of cardiac function and ATP generation (Xu et al., 2004).
However chelerythrine is known to inhibit an a(iditional cellular target -
Belxe. Chan and colleagues suggested that chelerythrine triggers
apoptosis through a mechanism that involves direct inhibition of Bcl-2

family proteins (Chan et al., 2003b).
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Additional experiments will be required to validate the correlation
observed between PKCd and STAT3. Investigating the biochemical
interactions between STAT3 and PKCS and generating PKCH
knockdown experiments would give a clearer insight to whether PKCd
is responsible for STAT3 serine phosphorylation and contributes to cell
death during hypoxia. Preliminary immunoprecipitation experiments
have revealed that STAT3 and PKC3 do interact in P19CL6 cells and
this interaction is marginally increased during hypoxia (unpublished
data). These data so far implicates PKCJ as a kinase that is capable of
serine--phosphorylating STAT3 in P19CL6 cells during hypoxia

however; phosphorylation by other kinases has not been ruled out.

4.4 Elevated STATS3 activity protects P19CL6 against
hypoxia-induced apoptosis

Persistent activation of STAT3 is frequently associated with malignant
transformation and it is established that constitutively active STAT3 is
one of the molecular abnormalities in oncogenesis (Turkson, 2004). In
contrast to its negative effects in malignant transformation, studies have
shown that continual activation of STAT3 offers cardioprotection. For
example, the over expression of STAT3 in the heart protects from
doxorubicin-induced cardiomyopathy — an adverse side effect of the

chemotherapy drug doxorubicin (Kunisada et al., 2000).

To establish whether promoting STAT3 activity could contribute to

P19CL6 cell survival during prolonged hypoxia, apoptosis was
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monitored after pre-treatment with LIF — a cytokine that stimulates
STAT3 activity in these cells (van Puijenbroek et al., 1999).
Stimulation of PI9CL6 cells with LIF increased tyrosine
phosphorylation of STAT3 in both normoxic and hypoxic cells (figure
3.23a). In addition, STAT3 DNA binding was substantially enhanced in
LIF treated cells and residual binding was still detectable after 8h
hypoxia (figure 3.24). Importantly, stimulation of STAT3 activity with
LIF was associated with reduced levels of apoptosis in P19CL6 cells
after 8h hypoxia (figure 3.25). This data is consistent with studies
suggesting that LIF may promote survival of cardiomyocytes and
regeneration of the myocardium. Zou and colleagues‘ demonstrated that
LIF protected cardiomyocytes from death and enhanced

neovascularisation after myocardial infarction (Zou et al., 2003).

The protective effects of LIF observed in P19CL6 cells during hypoxia
could be due to enhanced expression of STAT3 target genes, as residual
DNA binding was still detectable after 8h hypoxia (figure 3.24).
Indeed, expression of Mcl-1 was still apparent in P19CL6 pre-treated
with LIF even after 8h hypoxia (figure 3.26). Equally, LIF stimulation
may offer protection via a non-transcriptional route. It was noted in this
study that not only did LIF treatment stimulate tyrosine
phosphorylation of STAT3 but also the phosphorylation of serine 727
(figure 3.23a). In addition to accumulating e\;idence suggesting that
serine phosphorylation of STAT3 is associated with transcriptional
suppression (Jain et al., 1998, Jain et al., 1999) it is also required for

functional mitochondrial respiration (Wegrzyn et al., 2009). Therefore
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under hypoxic conditions, LIF stimulation may in fact direct STAT3
from the nucleus to the mitochondria where it is able to maintain

mitochondrial function during hypoxia-induced oxidative stress.

4.5 Exogenous expression of STAT3 in
cardiomyocytes

The role of STAT3 in cardiomyocyte survival following hypoxia was
addressed through exogenous expression of STAT3 and several
mutants. STAT3 over-expression significantly reduced apoptosis,
whereas STAT3C a constitutively active mutant of STAT3 had no
significant effect on cell survival under hypoxia. As discussed earlier,
STAT3C possesses higher DNA binding affinity when compared to
STAT3Y (Li and Shaw, 2006). If the protective role of STAT3 during
hypoxia is indeed associated with mitochondrial respiration, then
increased DNA binding affinities would reduce the latent pool of
STAT3 available for the mitochondria, causing a reduction in
mitochondrial function and in turn increased levels of apoptosis. In
addition, exogenous expression of the serine phosphorylation mutant
STAT3%? and the redox-insensitive mutant STAT3® also increased
levels of apoptosis in P19CL6 cells. This indicates that serine
phosphorylation and redox modification of STAT3 may both contribute
to the protective roles of STAT3 in cardiomyocytes during hypoxia
through mechanisms involving mitochondrial function, which is

discussed later.
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4.6 STAT3 protects mitochondrial respiration during
hypoxia

Loss of mitochondrial integrity is central to the initiation of apoptosis.
Although STAT3 has not been directly implicated in this process,
defects in mitochondrial respiration have been reported. Mitochondria
isolated from STAT3-deficient cells show impaired respiratory function
of complexes I/Il of the ETC and exogenously expressing STAT3
targeted to the mitochondria was shown to rescue respiration (Wegrzyn
et al., 2009). In this thesis, the role of STAT3 in mitochondrial ATP
production during hypoxia was accessed by exogenously expressing
STATS3 and various mutants. Measuring mitochondrial ATP production
would give an insight to the functional activities of the ETC during
hypoxia and depending on the substrate used, focus on a particular
complex of the ETC. In mock-transfected P19CL6 cells, mitochondrial
ATP production was abolished during hypoxia. However, expressing
STAT3"' maintained the mitochondria’s ability to produce complex I/II
dependant ATP post hypoxia (figure 3.37), which in turn accompanied
reduced levels of apoptosis (figure 3.31). Interestingly the redox-
insensitive STAT3*S mutant, although imported into the mitochondria,
failed to rescue ATP production (figure 3.37) or offer protection to
PI19CL6 cells under hypoxia (figure 3.31). Th%s indicates that redox
modulation of STATS3 is involved in this protective mechanism. This
supports a previous publication that demonstrated that breast carcinoma
cells expressing STAT3®*® were more sensitive to oxidative stress

when compared to STAT3™ counterparts (Li et al., 2010). The serine
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phosphorylation mutant STAT3%?"A also failed to rescue ATP
production during hypoxia, consistent with previous findings (Wegrzyn
et al.,, 2009). However, unlike Wegrzyn and colleagues who used a
mitochondrial-targeted STAT3%?” mutant, this study revealed that
serine phosphorylation of STAT3 may be required for mitochondrial
import/retention in addition to an intra-mitochondrial function.
Phospho-mimetic versions of STAT3 (STAT3%?’® and STAT3%7%)
have also been over expressed in P19CL6 cells. STAT3%*’° and to a
lesser extent STAT3%"*F are detected in mitochondrial extracts under
both normoxic and hypoxic conditions (figure 3.34), further validating
that the serine phosphorylation of STAT3 is required for import into the
mitochondrial. Experiments investigating levels of apoptosis and
mitochondrial ATP production in response to these phospho-mimetic

mutants have yet to be completed.

It still remains unclear how STAT3, which lacks a putative
mitochondrial import signal, can be translocated into mitochondria. It
may be possible that STAT3 is able to interact and bind to other
mitochondrial proteins to aid its translocation. Recent studies have
shown that serine phosphorylated STAT3 highly co-localises with
GRIM-19, a known STAT3 binding partner and component of the
mitochondrial electron transport complex I (Zhou and Too, 2011). In
addition, studies have also shown that the serinehphosphorylation status
of a protein may enhance its translocation to the mitochondria. Robin
and colleagues demonstrated using in vivo and in vitro systems, that the

mitochondrial targeting of GSTA4-4, an isoform of glutathione S-
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transferase (GST) is highly dependent on the phosphorylation status of
the protein. They suggest that phosphorylation increases the affinity of
the protein for binding to cytoplasmic chaperone Hsp70 as a possible

basis for its enhanced mitochondrial targeting (Robin et al., 2003).

Another chaperone, Hsp90 has also been implicated in cellular
protection during oxidative stress. Hsp90 has a mitochondrially-
localised paralogue, TRAPI that offers protection against oxidative
stress (Pridgeon et al, 2007). Kang and colleagues reported that
mitochondria isolated from a panel of tumour cell lines express
markedly higher levels of TRAP1 and Hsp90 when compared to normal
tissues and that mitochondrial specific inhibitors of TRAP1 (Hsp90
ATPase antagonists) caused a sudden collapse in mitochondrial
integrity and apoptosis in selective tumours (Kang et al., 2007). Sano
and colleagues have reported a direct interaction between STAT3 and
Hsp90. Immunoprecipitation assays demonstrated that Hsp90 directly
binds to STAT3 via its N-terminal region (Sato et al.,, 2003).
Interestingly, recent studies have shown that STAT3 and Hsp90 interact
upon stimulation with LIF in cultured mouse embryonic stem (mES)
(Setati et al., 2010), yielding a possible explanation to the
cardioprotective effects observed in this study when P19CL6 cells pre-
treated with LIF were exposed to hypoxia. The mitochondrial function
of STAT3 has also been linked to another heélt shock protein, H11
kinase/Hsp22 (Hsp22). Qiu and colleagues demonstrated that
mitochondrial STAT3 translocation and respiration were significantly

impaired in Hps22 knockout mice and these mice experienced
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accelerated heart failure in response to pressure overload (Qiu et al.,
2011). The potential interaction of STAT3 with various chaperones and
their roles in mitochondrial function during oxidative stress warrants

further investigation.

Results from this study and previous publications have led to a
proposed mechanism on how STAT3 may regulate mitochondrial
respiration to aid cardiac survival during hypoxia/oxidative stress.
During cellular stress STAT3 is an anti-apoptotic factor that works both
as a signaling molecule involved in the regulation of genes (Levy and
Lee, 2002, Negoro et al., 2001, Oshima et al., 2005) and by modulating
function of the electron transport chain (Wegrzyn et al., 2009). Over
expression of STAT3 in P19CL6 cells during 8h hypoxia leads to the
rescue of complex I/Il activities of the ETC. STAT3 is unlikely to
influence oxidative phosphorylation directly as it has been reported by
proteomic analysis that mitochondrial STAT3 is not present in
stoichiometric amounts when compared to complex I/Il of the ETC
(Phillips et al.,, 2010). Instead, STAT3 is more likely to act by
modulating activities of the ETC through non-stoichiometric
mechanisms. STAT3 has been shown to influence opening of the
mitochondrial permeability transition pore (mPTP) in response to
calcium uptake through protein-protein interactions with cyclophilin D
(Boengler et al., 2010). Redox modification of éTAT3 may play a part
in modulating complex I/II activity during hypoxia. During this study a
redox-insensitive form of STAT3, STAT3“*® was able to translocate to

mitochondria but failed to rescue respiration like exogenous STAT3™.
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Ischaemia-reperfusion injury induces oxidative stress via the production
of reactive oxygen species (Zweier et al., 1987). Increased levels of
ROS are capable of modulating intracellular redox pathways. In the
context of STAT3, this can be achieved by the inactivation of protein
phosphatases by oxidation (Meng et al., 2002, Woetmann et al., 1999)
or the upregulation of STAT3 protein kinases including PKCS leading
to increased levels of serine phosphorylated STAT3. In addition
STAT3 can be directly modified by ROS to form redox dimers and
trimers (figure 3.43) (Li et al., 2010), or through interactions with other

proteins (Xie et al., 2009, Qiu et al., 2011, Setati et al., 2010).

In a post-ischaemic heart oxygen delivery to the myocardium is not
sufficient to meet the needs of mitochondrial respiration during the
physiological conditions of hypoxia, leaving the mitochondrial ETC in
a mono-reduced state. This results in leakage of electrons from the ETC
that in turn reacts with molecular oxygen to give superoxide (Ambrosio
et al.,, 1993). Over production of ROS in mitochondria also initiates
inactivation of the ETC (Zhao et al, 2005). Dysfunction of
mitochondrial respiration and increased ROS production will lead to

impaired mitochondrial integrity and enhanced levels of apoptosis.

Data from this study suggest that redox modified, serine
phosphorylated STAT3 is required for mitochgndrial function and it
rescues mitochondrial respiration by modulating the activities of
complex I/II of the ETC during hypoxia. As oxidative phosphorylation
is maintained through mechanisms involving STAT3, levels of electron

leakage from the ETC are reduced resulting in less mitochondrial ROS
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being generated. Recently, Zhou and colleagues demonstrated that
inactivation of STAT3 leads to suppression of load driven
mitochondrial activity and ultimately an elevated level of ROS in
cultured primary osteoblasts (Zhou et al., 2011). This supports the idea
that mitochondrial STAT3 maintains respiration to prevent the further

production of ROS that would ultimately lead to apoptosis.

Hypoxia/oxidative
Stress

Y
e R e

Mitochondrion
Nucleus

Figure 4.1 Proposed model for the role of STAT3 during hypoxia-induced
stress. Hypoxia induced stress causes accumulation of reactive oxygen
species (ROS) within the cells. Signaling levels of ROS can active kinases
and inactive phosphatases resulting in the accumulation of serine
phosphorylated STAT3, which can translocate the mitochondria. Further ROS
production in the mitochondria leads to the redox modification of STAT3 and
restoration of the electron transport chain (ETC) via complex I/ll- dependant
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respiration. This results in a reduction in cellular ROS production and

apoptotic cell death.

The results from this study have also suggested there may be a switch
between nuclear and mitochondrial functions of STAT3. During brief
hypoxia (lh) STAT3 tyrosine phosphorylation and DNA binding are
apparent which could lead to the transcriptional upregulation of
antiapoptotic proteins such as Bcl-2 and Mcl-1 and antioxidant
enzymes such as MnSOD to maintain low levels of ROS within the cell
(figure 4.1) However, during prolonged hypoxia, STAT3 DNA binding
is abolished (possibly through redox modification) and is accompanied
by increased serine phosphorylation and a reduction in tyrosine STAT3
phosphorylation. This may release a pool of STAT3 from the nucleus
making it available to the mitochondria for participation in respiration
thus, reducing potential devastating mitochondrial ROS production that

leads to apoptosis (figure 4.1)

4.7. Concluding remarks

Thus study sheds light onto how STAT3 may be regulated in
cardiomyocytes during hypoxia. By exploring cardiac cell models this
study indentified clear differences in the suséeptibility to hypoxia-
induced apoptosis between the different cell models. RCMs and H9c2
cells had a high resilience to hypoxic insult, whereas P19CL6 cells

were extremely sensitive to hypoxia-induced apoptosis. Due to the fact
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that apoptotic loss of cardiomyocytes is associated with ischaemic heart
disease, this study suggests that P19CL6 cells may offer a useful model
for investigating mechanisms involving apoptosis in the future.
However the use of P19CL6 cells as a cardiac cell model has been
questioned and warrants further investigation. This study has also
identified a redox-dependant contribution of mitochondrial STAT3 to
the survival of cardiomyocytes during hypoxia with the use of the
redox-insensitive STAT3 mutant STAT3*. In addition, preliminary
data has shed light on one of the potential kinases (PKCd) responsible
for serine phosphorylation STAT3 in response to hypoxia. Having
shown is importance STAT3 to the survival of cardiomyocytes during

hypoxia; the next step will be to investigate its significance in the heart.
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Appendices

Clone charts

Abbreviation: pRc/CMV STAT3Wt Flag

Description: Mouse wild-type STAT3 cDNA expression vector. Diagnostic
Restriction Digest with BamHI (3.2kb, 2.8kb, and 2.0kb)

Size: Vector: 5500bp
Insert: 2600bp
Resistances: Ampicillin

Bacterial Strain: NM522

Constructed by: (Horvath et al., 1995)

Method: Due to a stop codon error made when tagging the Stat3 clone
with FLAG (DYKDDDDK) additional residues precede (SR) and follow the
tag (GPYSIVSPKC STOP). The Apal cloning site is GGG CCC, which encodes
the G and P residues coming after the FLAG tag. Therefore, if the insert is
removed with a Notl and Apal digestion, it will not have a stop codon
included.

Special Remarks: Diagnostic Restriction Digest with BamHI (3.2kb, 2.8kb,
and 2.0kb).

Map:

Notl

pR¢/CMYV STAT3W! Flag
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Abbreviation: pRc/CMV STAT3¢3S Flag

Description: Mouse STAT3 cDNA expression vector. C418S, C426S and
C468S. Residues changed to serine render as redox-insenstive.

Size: Vector: 5500bp
Insert: 2600bp
Resistances: Ampicillin
Bacterial Strain: NM522
Constructed by: (Lietal., 2010)

Method: Due to a stop codon error made when tagging the Stat3 clone
with FLAG (DYKDDDDK) additional residues precede (SR) and follow the
tag (GPYSIVSPKC STOP). The Apal cloning site is GGG CCC, which encodes
the G and P residues coming after the FLAG tag. Therefore, if the insert is
removed with a Notl and Apal digestion, it will not have a stop codon
included. C418S, C426S and C468S mutations were introduced into the
pRc/CMV STAT3"t Flag vector via site-directed mutagenesis.

Special Remarks: Diagnostic Restriction Digest with BamHI (3.2kb, 2.8kb,
and 2.0kb).

Map:
Notl

pRc/CMV STAT3C3S Flag

219



Abbreviation: pRc/CMV STAT35727A Flag

Description: Mouse STAT3 cDNA expression vector. Residues changed to
Ala prevent serine phosphorylation of this molelcule.

Size: Vector: 5500bp
Insert: 2600bp
Resistances: Ampicillin
Bacterial Strain: NM522
Constructed by: (Wen and Darnell, 1997, Bromberg et al., 1999)

Method: Due to a stop codon error made when tagging the Stat3 clone
with FLAG (DYKDDDDK) additional residues precede (SR) and follow the
tag (GPYSIVSPKC STOP). The Apal cloning site is GGG CCC, which encodes
the G and P residues coming after the FLAG tag. Therefore, if the insert is
removed with a Notl and Apal digestion, it will not have a stop codon
included

Special Remarks: Diagnostic Restriction Digest with BamHI (3.2kb, 2.8kb,
and 2.0kb). :

Map:
Notl

pRc¢/CMYV STAT35727A Flag
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Abbreviation: pRc/CMV STAT3C Flag

Description: Mouse STAT3 cDNA expression vector. A662C and N664C
mutants renders as constitutively active.

Size: Vector: 5500bp
Insert: 2600bp

Resistances: Ampicillin

Bacterial Strain: NM522

Constructed by: (Bromberg et al., 1999)

Method: Due to a stop codon error made when tagging the Stat3 clone
with FLAG (DYKDDDDK) additional residues precede (SR) and follow the
tag (GPYSIVSPKC STOP). The Apal cloning site is GGG CCC, which encodes
the G and P residues coming after the FLAG tag. Therefore, if the insert is
removed with a Notl and Apal digestion, it will not have a stop codon
included

Special Remarks: Diagnostic Restriction Digest with BamHI (3.2kb, 2.8kb,
and 2.0kb). '

Map:
Notl

pRc/CMYV STAT3C Flag
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Abbreviation: pRc/CMV STATS727D Flag

Description: Mouse STAT3 cDNA expression vector. Residues changed to
Asp renders the molecule as phospho-mimetic.

Size: Vector: 5500bp
Insert: 2600bp
Resistances: Ampicillin

Bacterial Strain: NM522

Constructed by: Emma Evans

Method: Due to a stop codon error made when tagging the Stat3 clone
with FLAG (DYKDDDDK) additional residues precede (SR) and follow the
tag (GPYSIVSPKC STOP). The Apal cloning site is GGG CCC, which encodes
the G and P residues coming after the FLAG tag. Therefore, if the insert is
removed with a Notl and Apal digestion, it will not have a stop codon
included. Serine to Aspartic acid mutation generated using site-directed
mutagenesis.

Special Remarks: Diagnostic Restriction Digest with BamHI (3.Zkb, 2.8kb,
and 2.0kb).

Map:
Notl

pR¢/CMYV STATS727D Flag
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Abbreviation: pRc/CMV STATS727E Flag

Description: Mouse STAT3 cDNA expression vector. Residues changed to
Glu renders the molecule as phospho-mimetic.

Size: Vector: 5500bp
Insert: 2600bp
Resistances: Ampicillin
Bacterial Strain: NM522
Constructed by: Emma Evans

Method: Due to a stop codon error made when tagging the Stat3 clone
with FLAG (DYKDDDDK) additional residues precede (SR) and follow the
tag (GPYSIVSPKC STOP). The Apal cloning site is GGG CCC, which encodes
the G and P residues coming after the FLAG tag. Therefore, if the insert is
removed with a Notl and Apal digestion, it will not have a stop codon
included. Serine to glutamic acid mutation generated using site-directed
mutagenesis.

Special Remarks: Diagnostic Restriction Digest with BamHI (3.2kb, 2.8kb,
and 2.0kb).

Map:
Notl

pRc/CMYV STATS727E Flag
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