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ABSTRACT 
The innate ability of the heart to compensate for an increase in workload as a result of 

disease or injury, through an increase in size and mass is known as cardiac hypertrophy. 

The hypertrophy of the heart compensates for an increase in workload with an increase in 

cardiac output. However, excessive hypertrophy can result in cardiac dysfunction and 

substantially increases the risk of cardiac failure and mortality. The molecular mechanisms 

that regulate the development of cardiac hypertrophy and cardiac failure are not entirely 

understood. Traditionally, the G-protein Coupled Receptor (GPCR) and the downstream 

Mitogen-Activated Protein Kinase (MAPK) family of proteins have been implicated. 

However, elevated circulating and ventricular levels of several classes of cytokines also 

suggested that signaling by the downstream effectors of cytokine receptors, such as the 

Signal Transducers and Activators of Transcription (STATs), may be important. The aim 

of this thesis was, therefore, to characterize the involvement of MAPK and STAT 

pathways in regulating cardiac hypertrophy and cardiac failure.   

 

A function for MAPK and STAT signaling in regulating cardiac hypertrophy stimulated by 

the inflammatory cytokine IL-1β was initially defined in primary cultures of neonatal rat 

cardiac myocytes. In this study, it was demonstrated that the chemical inhibition of ERK or 

p38MAPK was sufficient to inhibit IL-1β-stimulated ANF expression. In contrast, 

simultaneous inhibition of both ERK and p38MAPK was required to ablate the hypertrophic 

morphology of cardiac myocytes treated with IL-1β. These results demonstrated 

differential signaling from the MAPK isoforms in regulating the gene expression and 

morphological components of cardiac hypertrophy. In addition, it was revealed that IL-1β 

treatment resulted in a delayed response (>60 min) in STAT3α tyrosine phosphorylation, 

which was subsequently shown to require the initial rapid activation of either ERK or 

p38MAPK. IL-1β-stimulated STAT3 phosphorylation was also dependent on the de novo 

synthesis of secondary signaling molecules. The ablation of the STAT3 tyrosine 

phosphorylation by the inhibition of ERK or p38MAPK activity, correlated with the 

attenuation of IL-1β-stimulated ANF expression, suggesting that signaling through 

STAT3α may be involved in regulating gene expression associated with IL-1β cardiac 

hypertrophy.  

 

 xx



The importance of MAPK and STAT signaling in cardiac failure was next assessed in 

explanted human hearts with end-stage dilated cardiomyopathy (DCM) or cardiomyopathy 

associated with ischemic damage (IHD). This study demonstrated that, in comparison to 

non-failing donor hearts, the tyrosine phosphorylation status of STAT1, STAT3β, STAT5 

and STAT6 were markedly increased in DCM samples, whereas significantly enhanced 

tyrosine phosphorylation of STAT1 and STAT5 was identified in IHD samples. An 

investigation of the MAPK subfamilies revealed only a significant increase in the dual-

phosphorylation of p38MAPK, but not ERK or JNK, in IHD samples. In addition, the 

phosphorylation status of ERK, JNK or p38MAPK was unchanged in DCM samples. These 

results suggest that the broad activation of STAT isoforms may be involved in regulating 

cardiac failure. Furthermore, differential activation of MAPK and STAT isoforms may be 

involved in different etiologies of human heart failure.   

 

The determination of the contribution of STAT3 signaling in regulating cell-culture models 

of cardiac hypertrophy and failure has been restricted by the lack of a cell-permeable 

inhibitor specific for STAT3 activity. Therefore, this study investigated the feasibility of a 

strategy utilizing Protein-Transduction Domain (PTD)-mediated delivery of peptides or 

proteins acting as STAT3 inhibitors. A short phosphotyrosine peptide, however, did not 

display efficacy in inhibiting LIF-stimulated STAT3 phosphorylation despite successful 

intracellular delivery through conjugation with the TAT PTD. In contrast, the full-length 

Protein Inhibitor of STAT3 (PIAS3) protein was shown to inhibit STAT3 transcriptional 

activity but failed to efficiently transduce the cellular membrane when fused to the TAT 

PTD. Thus, it was concluded that these inhibitors, in their current forms, were not 

applicable as an efficacious, membrane-permeable inhibitors specific for STAT3 signaling.          

 

Taken together, the studies presented in this thesis have indicated the importance of 

signaling through specific MAPK and STAT isoforms in regulating cytokine-stimulated 

cardiac hypertrophy in neonatal cardiac myocytes and human heart failure. In addition, 

although a STAT3-specific inhibitor was not successfully developed, valuable information 

regarding the applicability of PTD-mediated delivery of peptide-based inhibitors was 

obtained for future work in this area.   
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1.1 Cardiovascular Disease 

Cardiovascular disease (CVD) refers to all diseases affecting the human heart and 

blood vessels. CVD is the leading cause of mortality in the Western World accounting 

for approximately 40% of all deaths (American Heart Association, 2001). The most 

prevalent types of CVD are coronary heart disease, stroke, congestive heart failure and 

high blood pressure (American Heart Association, 2001). According to the Australian 

National Heart Foundation, approximately 1 in 5 adult Australians have at least one 

type of CVD (Australian Institute of Health and Welfare, 2001). The underlying causes 

are partly a result of genetic predisposition but mainly due to a combination of 

environmental factors such as a high fat diet and physical inactivity.  

 

Heart failure is a common end-point of many types of CVD. It is defined as the clinical 

situation where the pumping of the heart no longer maintains sufficient force to counter 

the resistance from arterial blood pressure. Although it can develop as a primary 

condition, without prior clinical symptoms, heart failure often develops secondary to 

damage caused by previous CVD indications such as myocardial infarction or 

hypertension. Despite recent medical advances in the diagnosis and treatment of heart 

failure, the prognosis of patients who show 1 or more signs of heart failure remains 

poor with a 5 year mortality rate exceeding 50% (National Heart, Lung and Blood 

Institute, 1996). Therefore, CVD and the resulting mortality from heart failure are 

major health concerns in many developed nations.   

 

1.2 Cardiac Hypertrophy 

Many CVD indications are associated with the enlargement of the heart as a direct 

result of the increase in size of individual heart muscle cells or “cardiac myocytes” 

(Katz, 1990). This is referred to as “cardiac hypertrophy”, and it can be broadly defined 
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as an adaptive physiological or pathological process involving an increase in the heart 

to body weight ratio (Opie, 1998). The hypertrophic cardiac response is viewed as an 

initial compensatory mechanism to cope with increases in workload or resistance 

placed on the heart and often develops as a result of an excessive increase in 

hemodynamic load (Cooper, 1987). An increase in hemodynamic load is a mechanical 

event and is associated with an increase in ventricular wall stress. For example, an 

increase in arterial resistance due to severe hypertension, causes an elevation in 

ventricular blood pressure and is referred to as pressure overload. Likewise, backflow 

from defective mitral or aortic valves increases the volume load on the heart requiring 

greater cardiac output to compensate. The adaptive growth of the heart compensates for 

the increased stress and maintains cardiac output (Cooper, 1987). Therefore, the 

development of cardiac hypertrophy is a fundamental mechanism by which the heart 

copes with a sustained increase in hemodynamic load. Although the response is initially 

adaptive it can predispose the individual to heart failure and sudden death (Cooper, 

1987). Thus, the development of cardiac hypertrophy has been shown to be a powerful 

predictor of mortality associated with cardiovascular events (Levy et al., 1990).  

 

As a general term, “cardiac hypertrophy” describes the enlargement of the heart. 

However, there are several different types of hypertrophy which develop depending on 

the underlying cause (eg. pressure overload, volume overload, genetic predisposition 

and viral infection). Concentric hypertrophy describes an increase in ventricular wall 

thickness and mass whilst maintaining ventricular size (Opie, 1998). The development 

of concentric hypertrophy is typical of a response to pressure overload.  In eccentric 

hypertrophy, the wall thickness is maintained but chamber volume is increased (Opie, 

1998). The development of eccentric hypertrophy is typically a response to volume 

overload. However, in some disease states, cardiac hypertrophy may involve both 
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concentric and eccentric features with concomitant increases in ventricular chamber 

size and wall thickness (Opie, 1998).        

 

At the cellular level, the development of cardiac hypertrophy is a direct consequence of 

an increase in size of individual cardiac myocytes rather than an increase in the number 

of cardiac myocytes or hyperplasia (Anversa et al., 1980). Hyperplasia is a principal 

feature of the developing fetal and neonatal heart. Following terminal differentiation of 

the myocytes in the neonatal heart, subsequent cardiac growth is via the growth of 

individual myocytes. Therefore, although making up only 30% of the total cell number, 

cardiac myocytes constitute approximately 75% of the total volume in the adult heart 

(Zak, 1973; Brilla et al., 1991; Harada et al., 1997). In postnatal development, the 

growth of the heart is facilitated by the physiological hypertrophy of cardiac myocytes 

(Anversa et al., 1986). Similarly, in the adult heart, the development of pathological 

hypertrophy associated with CVD is thought to be primarily the result of an increase in 

size of individual adult cells.  

 

Although the physiology of cardiac hypertrophy is relatively well characterized, the 

molecular mechanisms contributing to its development are still unclear. Defining these 

intracellular mechanisms has been an area of intense study. It is anticipated that a 

comprehensive understanding of the molecular events involved in the initiation and 

progression of cardiac hypertrophy will allow the identification of molecular targets. 

The subsequent design of novel treatments for modulating these events is thus expected 

to be beneficial to preventing the development of severe cardiac hypertrophy and the 

progression of heart failure.         
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1.3 Molecular and cellular determinants of cardiac hypertrophy 

The development of cardiac hypertrophy is defined by several distinct phenotypical and 

gene expression changes. The differences between the normal and hypertrophied heart 

include increases in cellular contractile protein content and protein synthesis 

concomitant with an increase in cell size and altered gene expression patterns including 

the re-expression of various fetal genes (Chien et al., 1991; Chien et al., 1993).  

 

The increase in protein content of the hypertrophic myocyte is associated with an 

increase in the activities of the transcriptional and translational machinery. The rate of 

DNA transcription and mRNA levels are elevated in the hypertrophic heart, as are the 

levels of actively translating ribosomes (McDermott et al., 1989; Hannan and 

Rothblum, 1995). The up-regulation of protein synthesis is associated with the 

enhanced expression of actin and myosin proteins, which are assembled into the 

contractile apparatus of the cardiac myocyte (Chien et al., 1993). The actin filament is 

anchored at the Z line and, together with the myosin filament, makes up the sarcomere, 

the basic contractile unit of the myocyte. A bundle of sarcomeres is collectively known 

as a myofibril. The formation of myofibrils (myofibrillogenesis) is a crucial process in 

the development of normal contractile function in the myocyte (Dabiri et al., 1997). 

Thus, during cardiac hypertrophy, the enhanced expression of contractile proteins and 

the subsequent formation of myofibrils provide the additional contractile force 

necessary to meet the increased demand in cardiac output.  

 

In addition to the up-regulation and accumulation of constitutively-expressed 

contractile proteins such as myosin-light chain-2 (MLC-2) (Lee et al., 1988a), new 

proteins such as α−skeletal muscle actin (α-SkA) and β-myosin heavy-chain (β-MHC), 

which are normally down-regulated at birth, are reexpressed (Schwartz et al., 1986; 
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Izumo et al., 1987; Schiaffino et al., 1989). The reexpression of α-SkA and β-MHC is 

concomitant with the downregulation of the respective adult isoforms, α-actin and α-

MHC. These different isoforms vary in their contractile properties (Pope et al., 1980) 

and the reexpression of fetal isoforms is thought to facilitate improved and more 

efficient contraction. This fetal to adult isoform switch of contractile proteins is 

characteristic of hypertrophy in terminally differentiated myocytes.      

 

The reversion to a fetal pattern of gene expression also involves changes in the 

expression patterns of non-contractile proteins. The vasodilatory peptide, atrial 

natriuretic factor (ANF, also known as atrial natriuretic peptide) is normally expressed 

in the atrium and ventricles of the developing embryo but its ventricular expression is 

down-regulated shortly after birth (Bloch et al., 1986). However, ANF expression is 

markedly increased in the hypertrophic adult ventricles (Izumo et al., 1988; Lee et al., 

1988b). Increased ANF expression in a wide variety of hypertrophic animal models has 

led to its common use as a defining marker of hypertrophy (Knowlton et al., 1991; 

Thorburn et al., 1994a; Kunisada et al., 1998; Nemoto et al., 1998; Hines et al., 1999; 

Ueyama et al., 2000). However, others have reported that the re-expression of fetal 

ANF may not be synonymous with all forms of cardiac hypertrophy (Thorburn et al., 

1994a; Thorburn et al., 1994b; Vikstrom et al., 1998). The role of ventricularly 

expressed ANF is also unclear although it correlates with elevated circulating ANF 

levels that are involved in maintaining blood pressure and countering sodium overload 

during pathological hypertrophy and heart failure (Giles, 1990).  

 

Preceding the changes in expression of contractile proteins and ANF is the early 

induction of several proto-oncogenes that may be involved in initiating many of the 

subsequent changes in gene expression associated with cardiac hypertrophy (Izumo et 
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al., 1988; Simpson, 1989). Proto-oncogenes are also referred to as immediate-early 

genes due to their relatively rapid induction. For example, immediate-early genes are 

induced within 1-2 hours of pressure overload of the heart (Komuro et al., 1988). Their 

expression is transient, returning to basal levels within days. Proto-oncogenes such as 

Egr-1, c-myc, c-fos and c-jun are involved in the regulation of proliferation in mitotic 

cells (Riabowol et al., 1988; Travali et al., 1990). However, their activation during 

developmental hypertrophy and the early stages of pathological hypertrophy suggests 

that proto-oncogenes and associated mitogenic pathways in may also mediate a general 

pattern of cellular growth in terminally-differentiated non-mitotic myocytes (Izumo et 

al., 1988; Komuro et al., 1988). 

 

Altered expression of other non-contractile proteins includes the up-regulation of pro-

apoptotic Bax protein and concomitant down-regulation of anti-apoptotic Bcl-2 which 

may predispose hypertrophic myocytes to apoptosis (Condorelli et al., 1999). In 

addition, there is isoenzyme switching of metabolic proteins such as lactate 

dehydrogenase and creatine kinase to adapt to sustained increases in workload (Revis et 

al., 1977; Meerson and Javich, 1982). Severe hypertrophy is also associated with a 

decrease in mRNA and protein levels of the major cardiac Ca2+ transporting protein, 2a-

sarcoplasmic reticulum Ca2+-ATPase (SERCA-2a) and its regulatory partner, 

phospholamban (de la Bastie et al., 1990; Kiss et al., 1995). The transient intracellular 

influx of Ca2+ from extracellular, sarcoplasmic and endoplasmic stores induces the 

contraction of myocytes. The active transport of Ca2+ back to the sarcoplasmic 

reticulum by calcium pumps, such as SERCA-2a, regulates the relaxation of myocytes 

(Lompre et al., 1994). The dephosphorylated and phosphorylated forms of 

phospholamban regulate the activity of SERCA-2b by decreasing and increasing its 

affinity for Ca2+, respectively (Lindemann et al., 1983; Edes and Kranias, 1989). The 
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function of down-regulated SERCA-2a and phospholamban in cardiac hypertrophy is 

unclear but may contribute to impaired ventricular contractility during the transition 

from compensated hypertrophy to heart failure (Kiss et al., 1995; Baker et al., 1998; 

Loukianov et al., 1998). Thus, the development and progression of cardiac hypertrophy 

is associated with numerous quantitative and qualitative changes in gene and protein 

expression.   

      

These changes in protein synthesis and gene expression, in addition to a visual 

determination of cell size, define the development and progression of in vivo cardiac 

hypertrophy in response to mechanical and hormonal stimuli. Thus, these markers are 

similarly used to define hypertrophy in experimental studies utilizing animal and 

cellular models.   

 

1.4 Neonatal Cardiac Myocytes – A cellular model of cardiac hypertrophy 

The characterization of the molecular mechanisms mediating hypertrophy of the 

cardiac myocyte in in vivo studies is complicated by their interactions with non-

myocyte populations and the secretion of numerous neurohormonal stimuli, growth 

factors and cytokines (Hefti et al., 1997). There are temporal and spatial restrictions 

when studying the whole animal or its intact tissues such that it can be difficult to 

determine the molecular changes in the cardiac myoyctes in isolation from other 

cardiac cells (Mitcheson et al., 1998). The development of cultured cardiac myocyte 

models have allowed the detailed biochemical and molecular characterization of the 

hypertrophic myocyte under controlled conditions.  

 

Primary cultures of cardiac myocytes can be isolated from the fetal, neonatal or adult 

heart (Hefti et al., 1997), with the most commonly used in vitro cultured model being 
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the primary culture of neonatal rat ventricular myocytes (Simpson, 1983; Chien et al., 

1991; Sugden and Clerk, 1998). Although it is unlikely that all the features of in vivo 

cardiac hypertrophy will be represented in the cultured model, many of the 

phenotypical changes are recapitulated in neonatal cardiac myocytes (Chien et al., 

1991; Long et al., 1992; Hefti et al., 1997). The induction of hypertrophy is associated 

with an increase in overall cell size and volume, protein synthesis and mRNA 

transcription are elevated, and the contractile protein content is increased without a 

concomitant rise in cell proliferation (Simpson, 1983; Lee et al., 1988a; Hannan and 

Rothblum, 1995). The re-establishment of a fetal pattern of gene expression is also 

observed in hypertrophic neonatal myocytes with an increase in expression of ANF, α-

SkA and β-MHC proteins and a down-regulation of α-actin, α-MHC and SERCA-2a 

(Bisphoric et al., 1987; Waspe et al., 1990; Knowlton et al., 1991; Long et al., 1992). 

In addition, immediate-early response genes (c-myc, c-fos and c-jun) in neonatal 

myocytes are rapidly and transiently upregulated in response to hypertrophic stimuli 

(Starksen et al., 1986; Iwaki et al., 1990). Thus, many of the protein and gene changes 

observed in the in vivo hypertrophic heart are recapitulated in the cultured neonatal 

myocyte. The development of hypertrophy in vitro can therefore be monitored by 

determining increases in cell size, altered gene expression and changes in cell 

morphology.  

 

The development of cardiac hypertrophy in vitro can be additionally defined by a 

measurable increase in sarcomeric density and organization. The accumulation and 

reorganization of sarcomeres is a distinct hallmark of cardiac hypertrophy in neonatal 

myocytes (Chien et al., 1993). The contractile elements are relative unorganized in 

neonatal myocytes compared to the high sarcomeric content and striated appearance of 

adult myocytes. Treatment of neonatal cardiac myocytes with hypertrophic agonists 
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induces the enhanced expression and formation of actin and myosin filaments into 

sarcomeres. These are, in turn, reorganized into striated myofibrils. This process is 

taken to represent the enhanced myofibrillogenesis that occurs in the adult myocyte to 

meet demands for increased contractile force. The regulatory mechanism involved in 

sarcomeric organization is not completely defined but is thought to involve the activity 

of the small G-protein, Rho, and protein kinases such as focal adhesion kinase (FAK) 

and myosin light chain kinase (MLCK) (Aoki et al., 1998; Aoki et al., 2000a; Kovacic-

Milivojevic et al., 2001). The association with increased cell size has led to the 

common practice of monitoring sarcomeric organization by actin filament staining as 

an indicator of in vitro cardiac hypertrophy (Wollert et al., 1996; Zechner et al., 1997; 

Aoki et al., 1998; Choukroun et al., 1998). 

 

Although primary cultures of adult cardiac myocytes may be a more accurate model for 

in vivo cardiac hypertrophy, neonatal cardiac myocytes have proven easier to culture 

and remain viable for a longer period of time (Hefti et al., 1997; Mitcheson et al., 

1998). In comparison, adult cardiac myocytes have proven more difficult to maintain in 

culture for prolonged periods, with only the recent report of high viabilty cultures 

(Sambrano et al., 2002). A major argument against using immature cells concerns the 

remaining potential of neonatal myocytes to proliferate (Wald et al., 1996; Hefti et al., 

1997). Although this may not directly represent the terminally differentiated adult cells 

that respond in pathological hypertrophy, numerous molecular mechanisms initially 

characterized in the neonatal myocytes have later been confirmed in vivo (Long et al., 

1992; Hefti et al., 1997; Sugden, 1999). Thus, primary cultures of neonatal ventricular 

myocytes have proven to be a valuable simulation of the adult hypertrophic response, 

expressing many of the morphological, biochemical and gene changes observed in the 

adult heart.       
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1.5 Hypertrophic agonists 

1.5.1 G-Protein Coupled Receptors (GPCR) agonists 

The use of cultured cardiac myocytes has led to the identification of a plethora of 

molecules capable of stimulating cardiac hypertrophy in the experimental setting. Some 

of these earliest agonists identified to induce a uniform pattern of hypertrophy in 

neonatal cardiac myocytes share the commonality of binding the guanyl nucleotide-

binding protein (G-protein) linked, seven-helix transmembrane receptor superfamily to 

initiate intracellular events. These hypertrophic agonists include the catecholamines, 

epinephrine (also known as adrenaline) and norepinephrine (noradrenaline), 

pharmacological agents such as phenylephrine and isoproterenol, and the peptide 

hormones, angiotensin II and endothelin-1 (Bisphoric et al., 1987; Baker and Aceto, 

1990; Iwaki et al., 1990; McDonough et al., 1993). The physiological functions of 

these molecules have traditionally been studied in the regulation of blood pressure and 

vascular tone through their ionotrophic and vasoactive effects on endothelial and 

vascular smooth mucle cells (Opie, 1998). However, as described in the following 

paragraph, receptors for these agents have also been identified on cardiac myocytes and 

are thought to be responsible for transducing the hypertrophic signal.  

 

Epinephrine and norepinephrine signal through the α- and β-adrenergic receptor family 

to mediate biological responses. Phenylephrine and isoproterenol are pharmacological 

analogues of epinephrine and act predominantly via the α-adrenergic and β-adrenergic 

receptors, respectively (Simpson, 1985). The physiological effect of angiotensin II is 

mediated by the angiotensin II (AT) receptor, which has two subtypes, AT1 and AT2 

(Dostal and Baker, 1992; Booz and Baker, 1996). Similarly, three subtypes of the 

endothelin receptor (ETA, ETB and ETC) mediate the intracellular effects of endothelial-

derived endothelin-1 (Hefti et al., 1997). These specific receptors belong to the G-
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protein linked heptahelical receptor superfamily and are, therefore, collectively referred 

to as G-protein Coupled Receptor (GPCR) agonists. The GPCR agonists transduce the 

intracellular signal through seven-helix transmembrane receptors coupled to a family of 

heterotrimeric G-proteins (Neves et al., 2002). The G-protein heterotrimers consist of 

separate Gα, Gβ and Gγ subunits. In the resting state, the α subunit of the G-protein 

heterotrimer is guanine diphosphate (GDP) bound. Receptor activation induces the 

displacement of GDP with guanine triphosphate (GTP) and the subsequent release of 

the α subunit from the βγ subunits (Figure 1.1). The GTP bound α subunit and the 

freed βγ subunits then modulate the activity of effector enzymes to signal downstream 

signaling pathways directly or indirectly through the production of intracellular second 

messengers (Neves et al., 2002). Therefore, ligand binding of GPCRs elicits 

hypertrophic changes through the initiation of intracellular signals beginning with the 

activation of the heterotrimeric G-protein.               

 

The heterotrimeric G-proteins are a large family with Gq, Gi and Gs being the 

predominant cardiac sub-family classes of the α subunits. The transduction of the 

intracellular signal differs because the different Gα subunits activate different effector 

enzymes (Neves et al., 2002). Therefore, GPCRs may elicit varying effects through the 

specific G-protein heterotrimer used. The β-adrenergic receptor family couples 

primarily with Gs and Gi classes to transduce an intracellular signal whereas the AT, ET 

and α-adrenergic receptors couple to Gq in addition to Gi (Graham et al., 1996; 

Steinberg, 1999).   

 

Cardiac hypertrophy stimulated by GPCR agonists was initially characterized in the 

cultured neonatal cardiac myocytes (Simpson, 1983; Karliner et al., 1985; Bisphoric et 

al., 1987). However, it has also become clear that GPCR agonists are involved in 
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Figure 1.1 GPCR activation of a heterotrimeric G-protein. 
In its inactive state, the heterotrimeric G-protein consists of associated α, β and γ subunits. Agonist-
induced activation of heptahelical transmembrane receptors induces association with the G-protein 
subunits. Receptor-mediated dissociation of GDP from the α subunit then leads to G-protein activation by 
GTP binding. The GTP-bound α subunit subsequently dissociates from βγ and interacts with catalytic 
enzymes that produce active second messengers. 
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mediating in vivo hypertrophic growth. Cardiac tissue-specific transgenic 

overexpression of the β-adrenergic receptor in mouse heart stimulates marked 

hypertrophy that eventually decompensates into heart failure typical of the pathological 

human response (Engelhardt et al., 1999). Similarly Gs α subunit overexpression leads 

to hypertrophy and apoptosis of cardiac myocytes in transgenic mice (Vatner et al., 

2000). Furthermore, transgenic overexpression of the α-adrenergic receptor or the 

receptor-linked Gq α subunit results in myocardial hypertrophy (Milano et al., 1994; 

Mende et al., 1998). In a more recent study, myocardial hypertrophy in transgenic mice 

with tissue-specific genetic ablation of Gαq was completely inhibited in response to a 

pressure overload challenge (Wettschureck et al., 2001). Similarly, cardiac specific 

overexpression of a Gαq inhibitor severely attenuated the extent of left ventricular 

hypertrophy stimulated by pressure overload (Akhter et al., 1998).  Thus, initial 

identification in neonatal cardiac myocytes and subsequent characterization in vivo has 

presented strong evidence for GPCR agonist contribution towards the pathological 

human condition.     

 

1.5.2 The interleukin-6 cytokine family 

The hypertrophic potential of GPCR agonists is unequivocal. However, it has become 

clear that the regulation of cardiac hypertrophy most likely involves different classes of 

molecules acting in concert (Hefti et al., 1997; Force et al., 1999; Molkentin and Dorn, 

2001). Furthermore, given the various disease etiologies in humans, quantitative and 

qualitative differences are likely between the different subtypes of cardiac hypertrophy 

(Wollert et al., 1996; Long et al., 1992). Since the initial characterization of GPCR 

agonists, other classes of molecules have been identified with hypertrophic potential. 

Specifically, a class of low molecular mass polypeptides, known as cytokines, has been 

implicated. Originally grouped together based on their regulation of the inflammatory 
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process, cytokines have since been shown to be pivotal in a wide range of biological 

responses (Ihle, 1995; Schindler, 1999). This includes the induction of the hypertrophic 

response by several members of the interleukin-6 (IL-6) family of cytokines. 

 

The IL-6 family of cytokines includes IL-6, IL-11, Ciliary Neurotrophic Factor 

(CNTF), oncostatin M (OSM) and leukemic inhibitory factor (LIF) (Heinrich et al., 

1998). These cytokines have been shown to be pleiotrophic in function, mediating 

biological processes such as the proliferation or differentiation of various cell types, the 

acute phase response of the liver, neuronal survival and the maintenance of pluripotent 

embryonic stem cells (Hilton and Gough, 1991; Taga and Kishimoto, 1997). There is 

also a great deal of functional redundancy between these IL-6 cytokine family members 

(Kishimoto et al., 1994). For instance, monocyte differentiation and acute-phase protein 

production in hepatocytes can be induced by IL-6, oncostatin M or LIF (Taga and 

Kishimoto, 1997). The molecular mechanism underlying this high degree of 

redundancy is revealed by the nature of the specific cell surface receptors utilized.  

 

The receptor complexes involved in IL-6-type cytokine signaling consists of cytokine- 

specific β subunits and one or more common glycoprotein 130 (gp130) subunits (Taga 

and Kishimoto, 1997; Heinrich et al., 1998). For example, LIF signals through the 

heterodimer of a LIF receptor (LIFR) subunit and a gp130 subunit. The cytokine-

specific β subunit confers ligand specificity to the receptor complex and recruits gp130 

as the major intracellular signaling component. The ubiquitous expression of gp130 in 

all organs and cells explains the pleiotrophic nature of the IL-6-type cytokines with 

response specificity conferred by the spatial and temporal expression of ligands and 

ligand-specific receptor subunits (Heinrich et al., 1998).      
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In terms of cytokine stimulation of cardiac hypertrophy in vitro by the IL-6 cytokine 

family, cardiotrophin-1 (CT-1) was first isolated from medium conditioned by 

embryoid bodies and shown to induce many hallmarks of hypertrophy in neonatal 

cardiac myocytes such as increased cell size, sarcomeric organization, ANF and c-fos 

expression (Pennica et al., 1995; Wollert et al., 1996). CT-1 signals through a receptor 

complex consisting of the LIFR and gp130 receptor subunits and has therefore been 

classified as a member of the IL-6 family of cytokines (Pennica et al., 1996). Similarly, 

LIF was subsequently shown to stimulate increased protein content, sarcomeric 

organization, ANF and c-fos expression (Matsui et al., 1996; Kodama et al., 1997). 

Stimulation of identical in vitro hypertrophic patterns is not surprising as CT-1 and LIF 

signal through the identical LIFR/gp130 heterodimer (Heinrich et al., 1998). A third 

subunit may be involved in the CT-1 receptor complex but this has yet to be 

conclusively proven (Robledo et al., 1997). Other members of the IL-6 family that 

induce cardiac hypertrophy in vitro include IL-11 and oncostatin M (Taga and 

Kishimoto, 1997). The transgenic overexpression of IL-6 does not stimulate cardiac 

hypertrophy in vivo unless the IL-6 receptor (IL-6R) is concomitantly overexpressed in 

mice (Hirota et al., 1995). Similarly, IL-6 treatment of neonatal cardiac myocytes does 

not induce hypertrophy unless these cells are additionally treated with the soluble IL-

6R  (Hirota et al., 1995). These observations suggest that the expression levels of IL-6R 

may be low or non-existent in the myocytes of the heart under normal circumstances 

(Hirota et al., 1995).  

 

The characterization of the CT-1- and LIF- induced responses in neonatal myocytes, 

compared to that induced by GPCR agonists, has indicated a distinct form of 

hypertrophy. Specifically, there are differences in the cell morphology and gene 

expression changes stimulated. Although CT-1 and LIF stimulated an overall increase 
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in cell size and protein content, the myocytes appeared more elongated in morphology 

with a greater increase in length than width (Wollert et al., 1996). This was distinct 

from the increases in both length and width stimulated by GPCR agonists. In addition, 

CT-1 stimulated the organization of sarcomeric units in series rather than the parallel 

organization stimulated by GPCR agonists (Wollert et al., 1996). Differences in gene 

expression included unchanged expression levels of α-SkA and MLC-2 following CT-1 

stimulation (Wollert et al., 1996). The CT-1-stimulated hypertrophic morphology has 

been referred to as an eccentric morphology due to a resemblance to the elongated 

ventricular myocytes from chronic volume overloaded adult hearts with eccentric 

hypertrophy (Pennica et al., 1996; Yamauchi-Takihara and Kishimoto, 2000a).   

 

Evidence also suggests that CT-1 and LIF signaling are likely to be significant in vivo. 

Elevated cardiac CT-1 expression has been reported in numerous animal disease 

models (Pan et al., 1998; Ishikawa et al., 1999; Aoyama et al., 2000). Importantly, CT-

1 expression was shown to precede the development of hypertrophy in genetically 

hypertensive rats (Ishikawa et al., 1999). In humans, CT-1 is expressed by the heart and 

released into circulating plasma (Asai et al., 2000). In addition, elevated circulating and 

ventricular CT-1 levels have been associated with human patients suffering left 

ventricular hypertrophy and heart failure (Talwar et al., 1999; Zolk et al., 2002). Thus, 

several members of the IL-6 family of cytokines have emerged as a distinct class of 

hypertrophic agonists. The patterns of hypertrophy stimulated by CT-1 and LIF may 

also indicate an involvement in the mediation of different etiologies of human cardiac 

hypertrophy when compared to GPCR agonists.           
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1.6 Molecular mechanisms of cardiac hypertrophy 

The intracellular signaling pathways that regulate the various phenotypical and gene 

expression changes associated with cardiac hypertrophy are a complex network 

involving numerous proteins. It is also clear that the precise molecular mechanims 

involved are dependent on the specific receptors involved in signal initiation (Hefti et 

al., 1997; Molkentin and Dorn, 2001). However, as the research presented in this thesis 

is concerned predominantly with cytokine-stimulated intracellular signaling pathways 

and their function in the development of cardiac hypertrophy and failure, discussion of 

proteins involved in regulating cardiac hypertrophy has been intentionally focused on 

those signaling pathways associated with cytokine receptor activation.   

 

1.6.1 gp130 receptor subunit and membrane proximal signaling events  

The gp130 receptor subunit is the common signaling subunit shared by the receptor 

complexes of all IL-6-type cytokines and is a critical component for intracellular signal 

transduction. The gp130 receptor consists of an extracellular N-terminal domain, a 

single transmembrane domain and an intracellular C-terminal domain. A conserved 200 

amino acid cytokine binding region within its extracellular N-terminal domain 

classifies gp130 among the class I cytokine receptor family (Heinrich et al., 1998).  

 

As with all class I cytokine receptors, gp130 lacks intrinsic intracellular tyrosine kinase 

activity. Instead, intracellular signaling is facilitated by receptor-associated tyrosine 

kinases. Previous studies have demonstrated that the Janus kinase (JAK) family is 

preassociated with the membrane-proximal Box 1 motif in the cytoplasmic region of 

gp130 (Tanner et al., 1995). Although association of three JAK family members, 

JAK1, JAK2 and Tyk2, with gp130 has been demonstrated, JAK1 appears to be the 

predominant kinase associated with the biological responses stimulated by gp130-

 17



signalling cytokines (Narazaki et al., 1994; Stahl et al., 1994; Guschin et al., 1995). 

This was indicated when the biological response to gp130-signaling cytokines was 

ablated in JAK1-deficient mice (Rodig et al., 1998). Conversely, these responses were 

unaffected in JAK2-deficient mice, suggesting that JAK2 was dispensible in gp130 

signaling (Parganas et al., 1998). A fourth member of the JAK family, JAK3, found 

mainly in haematopoietic cells, has not been shown to associate with gp130 and thus, is 

not thought to be involved in gp130 signaling.  

 

The tyrosine kinase activity of JAKs is stimulated following ligand-induced receptor 

dimerization (Ihle, 1995). For example, LIF binding of the LIFR recruits gp130 into the 

heterodimeric receptor complex, bringing together LIFR- and gp130- associated JAKs. 

The close proximity of the JAK proteins triggers an initial basal kinase activity to 

transphosphorylate specific tyrosine residues within the activation loop of the C-

terminal kinase domain. Transphosphorylation of receptor-associated JAK proteins has 

been shown to be necessary for increased catalytic activity (Feng et al., 1997). 

Subsequently, the activated JAKs phosphorylate the cytoplasmic domain of gp130 on 

specific tyrosine residues (Y683, Y759, Y767, Y814, Y905 and Y915 of the human 

receptor subunit)(Yamanaka et al., 1996; Schmitz et al., 2000). Once phosphorylated, 

transduction of the intracellular signal is via gp130-directed recruitment of cytoplasmic 

effector proteins with phosphotyrosine-binding Src homology 2 (SH2) domains (Figure 

1.2). Residues immediately flanking each phosphotyrosine within the gp130 sequence 

confer specificity for downstream protein binding (Schlessinger, 1994). Downstream 

effectors, including adaptor proteins, enzymes and transcription factors, transduce the 

intracellular signal from gp130 to mediate the ultimate biological response.      
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Figure 1.2 Signaling through the cytoplasmic region of the gp130 receptor subunit. 
For receptor activation, gp130-signaling cytokines bring gp130 into a complex with additional gp130 
receptor subunits and/or ligand-specific receptor subunits. For simplicity, only a single gp130 receptor 
subunit is shown. Distinct cytoplasmic tyrosines of gp130 are phosphorylated following receptor 
activation. Phosphorylated Y759, in a YXXV motif, binds specifically to the SH2 domain of Syp. JAK 
mediated phosphorylation of Syp provides a docking site for Gab1 and Grb, which then act as adaptor 
proteins linking gp130 to Ras and ultimately to ERK1/2 activation. Phosphorylation of the 4 distal 
cytoplasmic tyrosines, with a YXXQ motif, recruit STAT3 from the cytosol through interaction with the 
SH2 domain. In addition, phosphorylated tyrosines with the more specific YXPQ motif recruit STAT1. 
Subsequent to receptor binding, JAKs mediate tyrosine phosphorylation of STAT proteins.  
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1.6.2 gp130 function in cardiac hypertrophy 

The treatment of cultured neonatal cardiac myocytes with CT-1 and LIF provided the 

initial indication of the in vitro hypertrophic potential of gp130 signaling (Pennica et 

al., 1995; Matsui et al., 1996). Increased phosphorylation of gp130 was demonstrated 

in vivo following pressure overload in the rat heart suggesting a role for gp130 in 

regulating myocardial hypertrophy (Pan et al., 1998). Targeted disruption of gp130 is 

embryonic lethal, which is not surprising given its ubiquitous expression (Yoshida et 

al., 1996). Histological examination of embryonic hearts from gp130-/- mice did 

indicate a severely hypoplastic ventricular myocardium (Yoshida et al., 1996). 

However, this may have been due to insufficient oxygen supply related to the severe 

anemia caused by impaired development of hematopoietic progenitor cells in gp130-/- 

mice.  

 

In a subsequent study, a ventricular restricted gp130 knock-out has been used to 

investigate the specific role of gp130 in the heart (Hirota et al., 1999). The conditional 

ablation of gp130 resulted in the normal embryonic and postnatal development of the 

heart indicating that gp130 was dispensible for normal physiological cardiac growth. 

When challenged with pressure overload, however, ventricular gp130 null mice 

displayed more rapid progression into heart failure compared to the compensated 

hypertrophic response in wild-type littermates. In addition, transgenic mice expressing 

a dominant-negative form of gp130, lacking intracellular signaling tyrosines residues 

due to truncation of the cytoplasmic domain but retaining the JAK binding domain, 

exhibited significantly reduced hypertrophy of the myocardium compared to control 

mice in response to pressure overload (Uozumi et al., 2001). Mice expressing 

dominant-negative gp130 did not progress into failure although whether this is related 

to receptor tyrosine independent signaling or differences in the surgical induction and 
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severity of pressure overload is currently unclear. Taken together, these observations 

have been interpreted as evidence of a pivotal role for gp130 signaling in the 

development of cardiac hypertrophy and subsequent transition into decompensation, at 

least in experimental models. 

 

In the clinical setting of pathological cardiac hypertrophy and heart failure, various 

reports have indicated either constant or decreasing gp130 protein levels in the 

ventricles of human patients with chronic heart failure when compared with the normal 

donor myocardium (Eiken et al., 2001; Zolk et al., 2002). This is in contrast to the 

reported increases in circulating and ventricular levels of gp130-signalling cytokines 

during heart failure (Zolk et al., 2002). The down-regulation of gp130 in diseased 

human hearts has been postulated to be a molecular mechanism for the decompensated 

transition into heart failure through the desensitization of the gp130 survival signal 

(Zolk et al., 2002). This hypothesis has yet to be verified in prospective studies using 

experimental models.  

 

1.6.3 Signal Transducers and Activators of Transcription (STATs) as mediators of 

gp130 signaling 

Typical of the cytokine receptor superfamily, activated gp130 and its associated JAKs 

signal through a class of downstream protein effectors known as the Signal Transducers 

and Activators of Transcription (STATs) (Ihle, 1995). The first STAT transcripton 

factors were characterized downstream of the interferon (IFN) receptor, and mediated 

gene expression changes associated with the immune reponse (Schindler et al., 1992). 

Currently, seven mammalian STAT genes have been cloned and designated as STAT1, 

2, 3, 4, 5a, 5b and 6 (Pelligrini and Dusanter-Fourt, 1997). Alternative spliceforms 

where protein variants are generated from the same gene have also been identified for 
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STAT1, 3 and 5a and 5b (Schindler et al., 1992; Caldenhoven et al., 1996; Wang et al., 

1996). In these cases, full-length spliceforms are denoted as α, while the STAT1β, 

STAT3β, STAT5aβ and STAT5bβ spliceforms can be considered to be C-terminal 

truncations of the respective α proteins.  

 

All STAT proteins are ubiquitously expressed with the exception of STAT4, which is 

restricted in expression to myeloid cells and the testis (Ihle, 1996). All members of the 

STAT family share a high degree of structural homology, with several conserved 

domains such as a leucine zipper domain at the N-terminus, a coiled-coil domain, a 

DNA-binding domain, a phosphotyrosine-binding SH2 domain and a transactivation 

domain at the C-terminus (Figure 1.3A). Furthermore, phosphorylation of a C-terminal 

tyrosine residue regulates STAT protein activation. Phosphorylation of the C-terminal 

tyrosine induces STAT dimerization and translocation to the nucleus to mediate gene 

transcription (Figure 1.3B). Although C-terminal tyrosine phosphorylation and 

subsequent dimerization are prerequisites for STAT-stimulated biological activity, 

additional serine residues at the C-terminus are also phosphorylated in a stimulus-

dependent manner. Serine phosphorylation within the transactivation domains of 

STAT1 and 3 has been demonstrated to be involved in enhancing transcriptional 

activity (Wen et al., 1995). Whereas the kinases mediating STAT tyrosine 

phosphorylation are most commonly from the JAK family, the identity of STAT serine 

kinases remains controversial (Jain et al., 1998; Lim and Cao, 1999; Decker and 

Kovarik, 2000).       

 

The activation of STATs is primarily by JAK-associated cytokine receptors such as the 

gp130 receptor subunit. The activation of STAT1, STAT3 and STAT5 have been 

associated with the ligand-induced phosphorylation of gp130 (Fukuda et al., 1999). The 
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recruitment of STAT1 and STAT3 to the phosphorylated tyrosines of gp130 facilitates 

their activation, whereas STAT5 is activated through a direct association with JAK and 

appears independent of gp130 tyrosine phosphorylation (Fukuda et al., 1999). Thus, the 

SH2 domains of STAT1 and STAT3 bind the four distal tyrosines of the 

phosphorylated gp130. A glutamine residue at the +3 position from the 

phosphotyrosine directs the specificity of the interaction with the SH2 domain of the 

STATs. Therefore STAT3 binds the YXXQ motif at Y767, Y814, Y905 and Y915 of 

gp130, whereas STAT1 binds to a more restricted YXPQ motif at Y905 and Y915 

(Figure 1.2) (Gerhartz et al., 1996; Schmitz et al., 2000). The reason for this 

redundancy of gp130 tyrosine motifs remains unclear, although one study has indicated 

that the potential of the four distal tyrosines to activate STAT3 is not equivalent and 

suggests an additional regulatory mechanism through the competition for STAT3 

binding (Schmitz et al., 2000).  

 

Subsequent to gp130 tyrosine phosphorylation, unphosphorylated STAT proteins are 

recruited to the plasma membrane through high affinity of the SH2 domain to the 

phosphotyrosine docking sites. However, following C-terminal tyrosine 

phosphorylation (ie. Y701 and Y705 for STAT1 and STAT3, respectively), the affinity 

of the SH2 domain changes to favour binding of a STAT partner, although the precise 

biochemical mechanisms behind these changes remain unclear (Pelligrini and 

Dusanter-Fourt, 1997). Homo- or heterodimerization with another phosphorylated 

STAT monomer is then necessary for rapid translocation to the nucleus where the 

STAT dimers bind DNA and activate target gene transcription (Figure 1.3B) (Pelligrini 

and Dusanter-Fourt, 1997).  
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Although STAT1, STAT3 and STAT5 are activated by gp130, a number of lines of 

evidence support the major contribution of STAT3 in gp130 signal transduction. For 

example, STAT1-deficient mice display a selective loss of responsiveness to the IFN 

family of cytokines. Biological reponses to other cytokines investigated, including the 

gp130-signaling cytokines, were maintained indicating the redundancy of STAT1 in 

gp130 signaling (Durbin et al., 1996). Likewise, genetic ablation of STAT5a, STAT5b 

or STAT5a/b resulted in mild phenotypes such as defective mammary glands, partial 

loss of growth hormone functions and mild haemapoietic disorders (Levy and Gilliland, 

2000). This indicates that the functions of STAT1 and STAT5 are particularly 

specialized in vivo. In contrast, disruption of the STAT3 gene in mice results in early 

embryonic lethality indicating a vital role for STAT3 in early development (Takeda et 

al., 1997).  

 

Implicated in the regulation of numerous biological functions, STAT3 has been shown 

to be central to gp130 signaling of myeloid cell differentiation, maintenance of 

pluripotent embryonic stem cells, acute phase protein production by hepatocytes and 

the proliferation of pro-B cells (Levy and Lee, 2002). In addition, STAT3 is also 

required in cellular transformation induced by v-src, demonstrating the oncogenic 

potential for STAT3 (Bromberg et al., 1998). Furthermore, tissue specific disruption of 

STAT3 has emphasized the pleiotrophic functions of STAT3 in vivo, with implications 

in wound repair in skin cells, acute phase response in liver, survival of neurons, 

proliferation of T cells and the apoptosis of mammary epithelial cells (Levy and Lee, 

2002). The role of STAT3 in regulating various biological responses correlates with 

that of gp130 and supports a central role for STAT3 downstream of the gp130 receptor 

subunit.  
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1.6.4 STAT3 function in cardiac hypertrophy 

The close association of STAT3 with gp130 signaling suggests that STAT3 may be a 

key mediator of cardiac hypertrophy stimulated by LIF and CT-1. Initial studies 

characterizing the hypertrophic response to IL-6-type cytokines reported their ligand-

dependent activation of STAT3 (Kodama et al., 1997). In addition, a study by Kunisada 

et al. (2000) demonstrated that the overexpression of STAT3 in the murine heart 

induced myocardial hypertrophy, β-MHC and ANF expression. Whilst this indicates 

the potential of STAT3 to drive the hypertrophic response, additional loss-of-function 

studies are required to determine the normal function of STAT3 signaling in the heart.  

 

The overexpression of a dominant-negative STAT3 mutant in cardiac myocytes has 

demonstrated a contribution for STAT3 in LIF-stimulated c-fos and ANF mRNA 

expression and protein synthesis (Kunisada et al., 1998). Similarly, the CT-1-stimulated 

hypertrophic response was recently shown to be STAT3-dependent (Railson et al., 

2002). Conditional knock-out of ventricular gp130 in mice resulted in the loss of the in 

vivo hypertrophic response to pressure overload in the absence of STAT3 activity 

(Hirota et al., 1999). Likewise, the cardiac expression of dominant-negative gp130 led 

to ablated STAT3 signaling and a blunted hypertrophic response to pressure overload 

(Uozumi et al., 2001). These studies suggest a central role for STAT3 signaling in 

gp130-mediated stimulation of cardiac hypertrophy in vitro and in vivo. 

 

Complimentary to the hypertrophic response, STAT3 signaling may be additionally 

involved in mediating the survival of cardiac myocytes. In the cardiac-specific STAT3 

overexpression study by Kunisada et al. (2000), the transgenic mice were also shown to 

be more tolerant of a cardio-toxic chemotheraphy agent at doses that normally induced 

congestive heart failure (Kunisada et al., 2000). This suggested a positive protective 
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function for STAT3 signaling. Kunisada et al. (2000) indicated that the cytoprotective 

properties of STAT3 were related to its regulation of the anti-apoptotic factor, Bcl-xL. 

Cytoprotective signaling by STAT3 has also been implicated in ischemia/reperfusion 

pre-conditioning, which promotes cardiac tolerance to subsequent prolonged ischemic 

damage (Xuan et al., 2001). In this situation, STAT3 signaling is thought to mediate the 

up-regulation of inducible nitric oxide synthase (iNOS) (Xuan et al., 2001). 

Furthermore, the inhibition of JAK/STAT signaling in a rat model of myocardial 

infarction resulted in a significant increase of apoptotic cells, indicating a contribution 

for STAT3 in mediating the survival of cardiac myocytes (Negoro et al., 2000). In 

addition, gp130-mediated STAT3 signaling increases the expression of Vascular 

Endothelial Growth Factor (VEGF) in cardiac myocytes (Funamoto et al., 2000). 

VEGF is involved in vascular development and its expression in the diseased heart may 

also be protective through increasing oxygen supply. It was recently demonstrated that 

the overexpression of a constitutively-active STAT3 mutant in the heart resulted in 

increased blood vessel formation, supporting the premise that STAT3 mediates in vivo 

cardiac vascularization (Osugi et al., 2002). Conversely, the hearts of mice with genetic 

ablation of VEGF display contractile dysfunction reminiscent of that observed 

following prolonged ischemia (Giordano et al., 2001). Taken together, these studies 

suggest that, in addition to a hypertrophic response, STAT3 may also prevent the 

transition into cardiac failure through the regulation of numerous proteins involved in 

apoptotic signaling and cardiac vascularization.  

 

1.6.5 Mitogen-Activated Protein Kinases (MAPK) as mediators of gp130 signaling 

A second major signaling pathway downstream of gp130 comprises a STAT3-

independent pathway leading to the activation of a family of serine/threonine kinases 

known as the mitogen-activated protein kinases (MAPKs). There are 12 MAPK family 
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members grouped into five subfamilies (Marshall, 1994; Seger and Krebs, 1995; 

Garrington and Johnson, 1999; Michel et al., 2001). The three main subfamilies are the 

extracellular signal-regulated kinases (ERKs) which comprises ERK1, ERK2 and 

ERK3, the c-Jun NH2-terminal kinases (JNKs) consisting of JNK1, JNK2 and JNK3, 

and the p38MAPK family, of which there are four members (p38MAPK α, β, γ and δ).  

 

The activation of the MAPKs is via a highly conserved three-tiered kinase cascade, of 

which the MAPKs are the final component (Widmann et al., 1999). This can be 

generally depicted as a kinase signaling cascade; MAPKKK → MAPKK → MAPK 

(Figure 1.4). Thus, the MAPK is activated through a highly-specific upstream dual-

specificity MAPK kinase (MAPKK) phosphorylating MAPK on a threonine and 

tyrosine residue in a -TXY- motif within its activation loop (Marshall, 1994). The 

MAPKK is similarly activated by a serine/threonine MAPKK kinase (MAPKKK) 

through phosphorylation of serine or threonine residues within the MAPKK activation 

loop (Marshall, 1994). In contrast to the high degree of specificity between MAPKK 

and MAPK, several MAPKKK may be involved in activating the MAPKKs (Marshall, 

1994). Thus there is a greater degree of signal diversity in the interaction between 

MAPKKKs and MAPKKs.   

 

The MAPKs phosphorylate serine/threonine residues on a range of substrates such as 

transcription factors, cytoskeletal proteins and other protein kinases. The broad 

substrate specificity and wide tissue distribution of MAPKs has implicated this enzyme 

group in a plethora of biological responses (Marshall, 1994; Seger and Krebs, 1995). 

As described in the following sections, numerous studies have also demonstrated the 

expression of MAPKs in cardiac tissue and implicated this family of serine/threonine 

kinases in regulating cellular functions in the heart.           
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1.6.5.1 gp130 activation of the Extracellular Signal-Regulated Kinase (ERK) 

pathway  

The ERK subfamily members, ERK1 and ERK2, are the predominant MAPKs 

implicated downstream of gp130 (Kunisada et al., 1996; Heinrich et al., 1998). The 

ERK1 (44 kD) and ERK2 (42 kD) isoforms share a high degree of sequence similarity 

(90%) and are considered to be functionally redundant in most cells. Therefore, 

subsequent reference to these two isoforms will be as ‘ERK1/2’. Activated by a wide 

range of stimuli, ERK1/2 were the first isoforms of the MAPK family to be 

characterized following growth factor stimulation. Therefore, the kinase cascade 

leading from mitogen stimulation to ERK1/2 activation is well characterized (Gomez 

and Cohen, 1991; McDonald et al., 1993). ERK1/2 are activated by threonine and 

tyrosine phosphorylation in the -TEY-motif lying within their activation loop 

(Marshall, 1994). This phosphorylation of ERK1/2 is catalyzed by the dual-specificity 

MAPK/ERK kinase (MEK) family. The MEK family, with two predominant members 

(44 kD MEK1 and 45 kD MEK2), is highly specific for ERK1/2 as substrates (Seger 

and Krebs, 1995). The MEKs are, in turn, phosphorylated by a greater number of 

upstream serine kinases. Of these, the Raf-1 serine kinase is the best characterized, 

although other Raf family members (A-Raf, B-Raf) and several non-Raf kinases 

(MEKK1) may also activate MEK1/2 (Seger and Krebs, 1995; Michel et al., 2001). 

Thus, the conserved kinase module involved in the activation the ERK subfamily is 

Raf-1 → MEK1/2 → ERK1/2 (Figure 1.4).  

 

The coupling of the ERK kinase cascade to gp130 is through a ubiquitously expressed 

65 kD tyrosine phosphatase, Syp (also known as SH-PTP2). The YXXV motif of 

phosphotyrosine-759 of the human gp130 receptor binds the SH2 domain of Syp 

thereby recruiting this tyrosine phosphatase (Figure 1.2) (Fuhrer et al., 1995). Receptor 
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phosphotyrosine binding has been shown to relieve SH2 domain-mediated 

autoinhibition of Syp phosphatase activity (Dechert et al., 1994). Although there is 

recent evidence implicating a function for Syp tyrosine phosphatase activity in 

negatively regulating the JAK/STAT pathway (Lehmann et al., 2003), the tyrosine 

phosphorylation of Syp and its subsequent adaptor functions has been shown to be 

important for the activation of downstream effectors. The interaction with gp130-

associated JAK results in the phosphorylation of Syp on tyrosine residues (Schaper et 

al., 1998). This then provides a docking site for other proteins with SH2 domains (Li et 

al., 1994; Takahashi-Tezuka et al., 1998). Syp association with the SH2 domains of the 

adaptor proteins Grb2 and Gab1 leads to the activation of the small GTP-binding 

protein Ras through the recruitment of Ras guanidine-exchange factors (GEF) (Li et al., 

1994; Takahashi-Tezuka et al., 1998). Activated Ras GEFs, such as Sos, catalyze the 

exchange of GDP-binding on Ras with GTP (Buday and Downward, 1993). Previously 

shown to be activated downstream of gp130 (Schiemann et al., 1997), GTP-bound Ras 

mediates the activation of Raf-1 by interacting with the N-terminal region of the 

serine/threonine kinase and recruiting it to the plasma membrane (Moodie et al., 1993). 

Localization to the plasma membrane is a prerequisite for Raf-1 phosphorylation and 

activation (Leevers et al., 1994). Therefore, Grb2 and Gab1 coupling of Syp to Ras is 

the link through which gp130 activates the ERK kinase cascade (Figure 1.2).    

 

1.6.5.2 ERK function in cardiac hypertrophy 

Of the ERK subfamily, ERK1/2 are the isoforms primarily expressed in cells from 

cardiac tissue, with ERK3 levels poorly expressed in the heart (Boulton et al., 1991). 

The role of ERK1/2 signaling is considered to be central to the adaptational growth of 

the heart (Bogoyevitch and Sugden, 1996; Michel et al., 2001). Hypertrophic agonists 

such as growth factors, GPCR agonists, phorbol esters and mechanical stress have been 
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shown to potently activate ERK1/2 in cardiac myocytes (Bogoyevitch et al., 1993; 

Bogoyevitch et al., 1994; Sadoshima et al., 1995; Sadoshima et al., 1996). Likewise, 

gp130 activation by LIF and CT-1 induces ERK1/2 activity (Kunisada et al., 1996; 

Sheng et al., 1997). However, the necessity for ERK1/2 signaling in agonist-stimulated 

hypertrophy in vitro is still under question. Specific inhibition of ERK1/2 signaling by 

dominant-negative MEK1 transfection has demonstrated a requirement for ERK 

activation in cardiac myocyte hypertrophy stimulated by phenylephrine, endothelin-1 

and angiotensin-II (Aoki et al., 2000b; Ueyama et al., 2000; Yue et al., 2000). 

Similarly, constitutively-active MEK1 expression induced a characteristic hypertrophic 

gene expression profile, whereas dominant-negative MEK1 prevented phenylephrine-

stimulated ANF expression (Gillespie-Brown et al., 1995). However, similar studies 

have demonstrated seemingly contrasting results. Transfection of dominant-negative 

mutants of Raf-1 and ERK1/2 was shown to attenuate the expression of ANF but not 

sarcomeric organization associated with phenylephrine-stimulated hypertrophy in 

cardiac myocytes (Thorburn et al., 1994a; Thorburn et al., 1994b). In addition, a 

similar study utilizing transient transfection of dominant-negative mutants of ERK1/2 

disputed their function in regulating phenylephrine-activated ANF gene expression 

(Post et al., 1996).  

 

There is also a lack of consensus regarding the contribution of ERK1/2 to gp130 

mediated cardiac hypertrophy. Attenuation of ERK1/2 activation by kinase-specific 

pharmacological inhibitors blocked LIF stimulation of protein synthesis, increase in 

cell size and hypertrophic gene expression suggesting ERK1/2 activity was necessary 

in the LIF hypertrophic response (Kodama et al., 2000). This was supported by 

evidence that dominant-negative MEK1 expression in cardiac myocytes inhibited LIF- 

stimulated sarcomeric organization, ANF expression and cell size increase (Ueyama et 
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al., 2000). Conversely, CT-1 stimulation of ANF expression and hypertrophic 

morphology in vitro was unaffected by similar methods of ERK1/2 inhibition (Sheng et 

al., 1997). The reasons behind the discrepancy in these findings are unclear but 

evidence from several of these studies in cardiac myocytes has implicated ERK1/2 as 

downstream effectors in the in vitro hypertrophic response.   

 

In vivo approaches have sought to clarify the function of ERK1/2 in regulating cardiac 

hypertrophy. Cardiac-restricted overexpression of an activated form of Ras, v-ras, 

induced a hypertrophic response similar to that following chronic pressure overload 

(Hunter et al., 1995). Similarly, ventricular overexpression of activated MEK1 

stimulated cardiac hypertrophy in transgenic mice but, unlike v-ras or pressure 

overload, cardiac dysfunction was not detected (Bueno et al., 2000a). The increases in 

contractile function resulting from hypertrophy associated with MEK1 overexpression 

did not lead to a decompensated state suggesting that ERK1/2 activity is asssociated 

with regulating the physiological growth of the heart (Bueno et al., 2000a). The 

differences in the hypertrophic responses in the transgenic mice discussed above is 

most likely due to signal divergence of MEK/ERK-independent signaling pathways 

downstream of Ras (Olson and Marais, 2000). These overexpression studies 

demonstrate that ERK1/2 signaling is sufficient for the development of in vivo cardiac 

hypertrophy. However, approaches involving the overexpression of constitutively-

active mutants of Ras and MEK1/ERK1 may not reflect the normal physiological 

function of the ERK1/2 signaling pathway in regulating cardiac hypertrophy. 

 

To address the normal function of endogenous ERK1/2, strategies for attenuating their 

in vivo signaling have been employed. ERK1/2 are activated in the rat heart following 

aortic constriction-induced pressure overload (Uozumi et al., 2001). Cardiac expression 
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of a Gq inhibitor prevented pressure overload-induced hypertrophy and attenuated the 

associated ERK1/2 activation (Esposito et al., 2001). However, in the same study, JNK 

activity was also inhibited indicating that the hypertrophic response transduced by Gq 

could not be solely attributed to ERK1/2 without consideration of the effects of JNK. 

Curiously, inhibition of pressure overload hypertrophy was also demonstrated with 

estrogen treament in ovariectomized female mice (van Eickels et al., 2001). This was 

associated with unaffected ERK1/2 activation indicating that pressure-overload 

stimulation of endogenous ERK1/2 activation was not sufficient to maintain in vivo 

cardiac hypertrophy (van Eickels et al., 2001). Similarly, ERK1/2 activity was 

uninhibited by cardiac-specific dominant-negative gp130 overexpression (Uozumi et 

al., 2001) indicating that, although pressure-overload hypertrophy and STAT3 

activation were attenuated, ERK1/2 could still be activated by gp130-independent 

mechanisms. Parallel interventional studies cannot be performed using human hearts, 

however, elevated ERK1/2 phosphorylation was observed in patients with advanced 

heart failure but not in patients with enlarged but functionally competent hearts (Haq et 

al., 2001; Takeishi et al., 2002). This prompted the suggestion that ERK1/2 activation 

does not precede cardiac hypertrophy but is rather activated during decompensation as 

part of a survival mechanism (Haq et al., 2001).     

 

Due to the central role of the ERK kinase cascade as a component in a diverse number 

of signaling pathways, determining the function of ERK1/2 in the development of 

cardiac hypertrophy has been a confusing process with many conflicting reports. In 

addition, determining the function of gp130-stimulated ERK1/2 acitivty in regulating 

pathological cardiac hypertrophy has been complicated by the considerable overlap of 

ERK1/2 signaling stimulated by numerous receptors. Taken together, the evidence from 
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in vitro and in vivo studies suggest that, in addition to possessing hypertrophic 

potential, ERK1/2 also transduces a survival signal.  

 

1.6.5.3 c-Jun NH2-terminal kinase (JNK) and p38 MAPK (p38MAPK) 

Following the initial identification of the ERK kinase cascade, it became clear that 

other MAPK pathways operated in mammalian cells. The JNK and p38MAPK 

subfamilies were initially characterized in response to the stress stimuli such as heat 

shock, cycloheximide, hyperosmolarity, sodium arsenite and UV radiation (Kyriakis 

and Avruch, 1990; Han et al., 1994; Rouse et al., 1994; Raingeaud et al., 1995). For 

this reason, JNK and p38MAPK are also known as stress-activated protein kinases 

(SAPKs).  

 

In the heart, JNK1 and JNK2 are the predominant isoforms, with JNK3 expression 

limited to the brain (Michel et al., 2001). Of the four p38MAPK genes, p38α and p38β 

are the highest expressing in cardiac tissue (Michel et al., 2001). The p38γ isoform is 

also expressed in the heart but considerably less is known about its function or 

regulation (Mertens et al., 1996; Court et al., 2002). Thus, subsequent references to 

JNK and p38MAPK will refer primarily to JNK1/2 and p38α/β isoforms. In addition to 

environmental stress stimuli, JNK and p38MAPK have since been shown to be activated 

by a diverse array of receptors including those for inflammatory cytokines, receptors 

with intrinsic tyrosine kinase activity and the heptahelical GPCRs (Force et al., 1996; 

Davis, 2000; Nebreda and Porras, 2000). Therefore, although initially characterized for 

their role in the “stress response”, JNKs and p38MAPK have since been implicated in cell 

growth, differentiation, oncogenic transformation and cell death (Davis, 2000; Nebreda 

and Porras, 2000). 
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As previously mentioned, signal transduction by the MAPKs, including JNK and 

p38MAPK, is organized in a highly conserved three-tiered kinase (MAPKKK → 

MAPKK → MAPK) module (Figure 1.4). As with ERK, the JNK and p38MAPK groups 

are activated by phosphorylation of the -TXY- motif on their kinase activation loop. 

The specific motifs for JNK and p38MAPK are -TPY- and -TGY-, respectively (Kyriakis 

et al., 1994; Raingeaud et al., 1995). The upstream activators of JNK are not as well 

characterized as those for the ERK subfamily but the direct upstream activators of JNK 

include MKK4 and MKK7, which in turn can be activated by MEKK1-4 and mixed 

lineage kinases (MLK) 2 and 3 (Figure 1.4) (Kyriakis and Avruch, 2001; Michel et al., 

2001). Upstream activators of the MAPKKK in the JNK module include Rac and 

Cdc42 belonging to the Rho small G-protein family (Coso et al., 1995). With regards to 

p38MAPK, upstream dual-specificity kinases include MKK3 and MKK6, which are in 

turn activated by MAPKKKs such as TGFβ-activated kinase-1 (ΤΑΚ1), MEKK4, 

apoptosis signal-regulating kinase-1 (ASK-1) and p21-activated kinase (PAK) (Figure 

1.4) (Garrington and Johnson, 1999; Kyriakis and Avruch, 2001). As with JNK, the 

more membrane proximal events leading to the activation of the p38MAPK module can 

include Rho, Rac and Cdc42 as well as Gαq, Gαi and Gαs heterotrimeric G-proteins 

(Kyriakis and Avruch, 2001). It would therefore appear that the signaling pathways 

linking JNK and p38MAPK to the receptor are complex, with overlapping components, 

and are not yet fully defined.  

 

The activation of JNK and p38MAPK has not been previously reported downstream of 

gp130. However, the small GTP-binding protein Ras has been implicated as an 

upstream mediator of signaling pathways associated with JNK and p38MAPK activation 

(Figure 1.4) (Ramirez et al., 1997; Auer et al., 1998; Matsumoto et al., 1999; Turkson 

et al., 1999). As Ras has been shown to be a downstream effector of gp130, it may 
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therefore provide a link between IL-6-type cytokine stimulation and JNK and p38MAPK 

members of the MAPK family. At least one study has indicated that p38MAPK may be 

involved in regulating LIF-stimulated hypertrophy in cardiac myocytes (Nemoto et al., 

1998), suggesting that p38MAPK is a downstream effector of gp130 signaling.       

 

1.6.5.4 JNK and p38MAPK  function in cardiac hypertrophy 

Although not previously reported in gp130-mediated signaling, both JNK and p38MAPK 

are activated by various hypertrophic stimuli in vitro, such as GPCR agonists (Ramirez 

et al., 1997; Choukroun et al., 1998; Clerk et al., 1998; Nemoto et al., 1998) and 

mechanical stretch ( Komuro et al., 1996; Seko et al., 1999) and in vivo by pressure 

overload (Wang et al., 1998a; Choukroun et al., 1999). Elevated levels of JNK and 

p38MAPK phosphorylation have also been reported in human heart failure patients (Cook 

et al., 1999; Haq et al., 2001). In addition, the hypertrophic potential of the JNK and 

p38MAPK signaling in cardiac myocytes has been demonstrated by overexpressing their 

respective constitutively-active upstream activators, MKK7 and MKK3/6 (Zechner et 

al., 1997; Wang et al., 1998a; Wang et al., 1998b). Therefore it has been suggested that 

these members of the SAPK family may be potential regulators of cardiac hypertrophy 

(Force et al., 1996; Bogoyevitch, 2000). 

 

Inhibitory studies have directly implicated a role for JNK in regulating cardiac 

hypertrophy. Specifically, the inhibition of JNK activity through the overexpression of 

dominant-negative MEKK1 attenuated phenylephrine-induced ANF expression 

(Ramirez et al., 1997). Although shown to be an upstream activator of the dual-

specificity kinases specific for JNK, MEKK1 can also bind and activate components of 

the ERK1/2 pathway when overexpressed (Yan et al., 1994; Karandikar et al., 2000). 

Thus, cross-talk between MEKK1 and ERK1/2 signaling modules may represent a 
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potential confounding factor in the interpretation of the findings reported by Ramirez et 

al. (1997). Stronger evidence was presented when viral delivery of a dominant-negative 

MKK4 mutant in vitro significantly attenuated endothelin-1 stimulated protein 

synthesis and ANF expression (Choukroun et al., 1998). Furthermore, dominant-

negative MKK4 expression in the rat heart prevented pressure-overload induced 

increases in ventricular wall thickness, myocyte diameter and ANF expression 

(Choukroun et al., 1999). The inhibition of JNK activation by transfection of JNK-

interacting protein (JIP) also led to the attenuation of fetal gene expression induced by 

phenylephrine and endothelin (Finn et al., 2001). These collective works have provided 

evidence for JNK function in mediating cardiac hypertrophy in vitro and in vivo. 

However, as with ERK1/2, there are contrasting studies suggesting that JNK may under 

some conditions be a negative regulator of cardiac hypertrophy.  

 

A study by Nemoto et al. (1998) demonstrated that the co-transfection of JNK1 with 

constitutively-active MEKK1 led to an unexpected attenuation of ANF expression. 

Conversely, co-transfection with a catalytically-inactive JNK1 mutant potentiated ANF 

expression (Nemoto et al., 1998). These results led to the suggestion that JNK may 

negatively regulate the development of hypertrophy in vitro. In addition, a recent in 

vivo study indicated cardiac hypertrophy stimulated by pressure overload was not 

attenuated in MEKK1-deficient mice despite inhibition of JNK activation (Sadoshima 

et al., 2002). The results presented in the study by Sadoshima et al. (2002) are in 

contrast with previous studies and suggest that JNK is not necessary in pressure 

overload-induced cardiac hypertrophy.   

 

Investigation into p38MAPK as a necessary factor for the development of cardiac 

hypertrophy has been predominantly through specific inhibition of kinase activity in 
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neonatal cardiac myocytes. Several studies have indicated that specific attenuation of 

p38MAPK signaling with pharmacological inhibitors blocked in vitro cardiac hypertrophy 

stimulated by GPCR agonists and mechanical stretch (Zechner et al., 1997; Clerk et al., 

1998; Nemoto et al., 1998; Aikawa et al., 2002). In addition, co-expression of a 

dominant-negative mutant of the β-isoform of p38MAPK inhibited the increase in cell 

size and ANF expression induced by constitutively-active MKK3 (Wang et al., 1998a). 

Inhibition of pressure overload induced hypertrophy in female mice by estrogen 

replacement was also associated with attenuated p38MAPK activation suggesting a 

function for this MAPK subfamily in regulating in vivo cardiac hypertrophy (van 

Eickels et al., 2001). Contrasting studies include those by Hines et al. (1999) and 

Choukroun et al. (1998) which demonstrated that specific inhibition of p38MAPK did not 

attenuate phenylephrine- and endothelin-1-stimulated hypertrophy in neonatal cardiac 

myocyte cultures. Curiously, it has also been shown that p38MAPK inhibition prevented 

hypertrophy of cardiac myocyte cultures in high density cultures but not when the cells 

were cultured at low density (Hines et al., 1999). Furthermore, p38MAPK activity was 

shown to be involved in cardiac hypertrophy stimulated by 48 hours of phenylephrine 

or endothelin treatment but not when the duration of treatment was 24 hours (Clerk et 

al., 1998). Collectively, these studies implicate a contribution for p38MAPK in regulating 

cardiac hypertrophy under specific conditions.   

 

The ‘classical’ function for JNK and p38MAPK has typically been as regulators of cell 

viability (Seger and Krebs, 1995). In many cell types, JNK and p38 are implicated as 

central regulators of cell death associated with environmental stress and inflammation. 

Likewise, the activation of JNK and p38MAPK  in cardiac myocytes has also been linked 

to the promotion of apoptosis. Specifically, the study by Adams et al. (1998) 

demonstrated that overexpression of wild-type Gαq stimulated moderate activation of 
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JNK and p38MAPK and resulted in cardiac hypertrophy. However, when a constitutively-

active form of Gq was overexpressed, it resulted in a more robust activation of JNK and 

p38MAPK and apoptosis of cardiac myocytes in vitro and in vivo (Adams et al., 1998). 

This suggests that JNK and p38MAPK regulated the development of cardiac hypertrophy 

with the subsequent progression into decompensation controlled by the degree of 

kinase activity. The regulation of cardiac myocyte apoptosis by p38MAPK may also be 

isoform specific. The overexpression of MKK3, but not MKK6, was shown to induce 

cell death, in addition to cardiac hypertrophy, in neonatal cardiac myocytes (Wang et 

al., 1998a). The coexpression of dominant-negative p38α, but not p38β, prevented the 

apoptotic effects of MKK3 signaling demonstrating isoform specific functions for 

p38MAPK in regulating cardiac myocyte hypertrophy and apoptosis (Wang et al., 1998a).  

Additional evidence implicating p38MAPK in mediating cardiac failure included the 

cardiac-specific overexpression of TAK1 stimulating p38MAPK activity and subsequent 

severe contractile dysfunction and cardiac decompensation associated with apoptosis 

(Zhang et al., 2000). Taken together, these studies suggest that a robust activation of 

JNK and/or p38M APK is involved in promoting cell death associated with the 

progression of heart failure.  

 

In the failing human myocardium, enhanced JNK and p38MAPK phosphorylation 

suggests a potential role for these kinases in mediating the pathological condition. 

However, whether JNK and p38MAPK mediate a pro-survival or pro-death response in 

the clinical setting remains undetermined. At least one study suggests that JNK may 

actually prevent apoptosis induced by severe pressure overload. MEKK1-/- mice were 

shown to be deficient in JNK activation following pressure overload and displayed 

elevated levels of apoptosis amongst ventricular cells (Sadoshima et al., 2002). Thus, as 

with the reports on ERK1/2, there is a lack of consensus on the function of JNK and 
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p38MAPK in regulating the development of cardiac hypertrophy and the progression of 

cardiac failure.  

 

Contradictory conclusions on the function of MAPKs in the heart have been drawn 

from results on similar studies on apparently identical experimental models. However, 

studies that are similar in design may not be directly comparable for several reasons. 

Firstly, differences in the definition of hypertrophy utilized in these studies may be 

partly responsible for the discrepancies. Often results are not directly comparable as 

there are differences in the morphological and molecular markers utilized to define 

hypertrophy. For example, some studies utilize ANF expression as the sole indicator of 

hypertrophy (Ramirez, et al., 1997; Harada et al., 1998; Nemoto et al., 1998). 

However, previous studies have demonstrated differential regulation of ANF 

expression from other hallmarks of cardiac hypertrophy such as sarcomeric 

organization (Thorburn et al., 1994a; Vikstrom et al., 1998). In addition, there is no 

guideline stating the degree of cell size or volume increase that would constitute mild 

or severe hypertrophy. Secondly, seemingly identical experimental techniques reported 

in the different studies may, in reality, be quite different. For example, the degree of 

pressure overload may vary greatly depending on the exact location and extent of aortic 

banding. Lastly, the inherent variability amongst the different in vitro and in vivo 

experimental models used may also be a contributing factor. Regardless of the 

discrepancies in the literature, there is substantial evidence suggesting that the ERK, 

JNK and p38MAPK pathways may participate in mediating one or more facets of cardiac 

hypertrophy and/or cardiac failure in vitro and in vivo. 
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1.7 General aims 

Despite intense study, the precise molecular mechanisms involved in the development 

of cardiac hypertrophy remain unclear. However, numerous signaling pathways are 

potentially involved. In agonist-stimulated cardiac hypertrophy in vitro, distinct 

signaling pathways may be associated with different agonists to affect a similar 

phenotype of hypertrophy in cardiac myocytes. The GPCR-stimulated hypertrophic 

response is most likely mediated by the MAPK family whereas JAK-mediated STAT3 

activation appears to be a central mechanism associated with gp130-mediated 

hypertrophy. The development of in vivo myocardial hypertrophy also likely involves 

similar signaling pathways due to secretion of growth factors and cytokines from the 

hypertrophic myocardium.  

 

The aim of the studies presented in this thesis will be to investigate the intracellular 

signaling pathways involved in cardiac hypertrophy and failure.  

 

Chapter 3 investigates the function of MAPK and STAT3 signaling in regulating 

hypertrophy of neonatal cardiac myocytes in response to the interleukin-1β (IL-1β) 

cytokine. Furthermore, the contribution of the gp130 to the IL-1β response was 

determined.  

 

In Chapter 4, the phosphorylation/activation of the MAPK and STAT family members 

were investigated in diseased explanted human hearts to determine whether these 

profiles could be correlated with pathological hypertrophy and cardiac failure.  
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Chapter 5 describes the approaches taken to develop peptide-based inhibitors specific 

for STAT3. A STAT3 specific inhibitor would be a useful tool to elucidate the function 

of STAT3 signaling in mediating cardiac hypertrophy.  

 

As a whole, the specific aims of this thesis are intended to provide insights into the 

contribution of MAPK and STAT signaling in the development of in vitro and in vivo 

cardiac hypertrophy. 
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Chapter 2 

Experimental Methods 
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2.1 General reagents and chemicals 

All general reagents were of the highest purity available and were purchased from 

Amersham Biosciences (England, UK), BDH Laboratory Supplies (England, UK), 

Boehringer Mannheim (Mannheim, Germany), Calbiochem (California, USA), ICN 

Biomedicals Inc. (Ohio, USA), MERCK (New Jersey, USA), PIERCE (Illinois, USA) 

and Sigma Chemical Company (Missouri, USA).  

 

Mammalian cell culture media were obtained from Invitrogen Life Technologies 

(California, USA) and bacterial media from DIFCO Laboratories (Michigan, USA).  

 

Molecular biology reagents were from Invitrogen Life Technologies (California, USA), 

Promega, Inc. (Wisconsin, USA), QIAGEN Sciences. (Maryland, USA) and Stratagene 

(California, USA) 

 

[γ-32P] adenosine triphosphate ([γ-32P]-ATP) was purchased from Amersham 

Biosciences (England, UK). 

 

2.2 Isolation and culture of primary neonatal cardiac myocytes 

Primary cultures of cardiac myocytes were isolated from the hearts of 1-2 day old 

Sprague Dawley rats as previously described (Bogoyevitch et al., 1995). Whole hearts 

were removed from 20-30 pups and immersed in Buffer A (116 mM NaCl, 20 mM 

Hepes pH 7.3, 1 mM NaH2PO4, 5.5 mM glucose, 5.4 mM KCl and 0.8 mM MgSO4). 

Clotted blood, atria and connective tissue were removed and the remaining ventricular 

tissue was dissected to maximise surface area exposure.  
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Ventricular cells were isolated by digestion in an enzyme solution (0.4 mg/ml 

collagenase, 0.6 mg/ml pancreatin in Buffer A). Initially, ventricular tissue was 

incubated for 3 min in a shaking waterbath (37oC, 160 rpm). The dissociated cells from 

this initial incubation were mainly non-myocyte cells and therefore discarded. Primary 

cardiac myocytes were then subsequently dissociated in 5 x 20 min incubations in 8 ml 

enzyme solution at 37oC with agitation at 200 rpm. The dissociated cells from each 

incubation were collected into sterile 15 ml tubes (150 g, 5 min), resuspended in 

Newborn Calf Serum (NCS) (25 ml) and pooled. Cells in NCS were maintained at 37oC 

in a 5% (v/v) CO2 incubator until the required number of digestions had been 

performed.  

 

Following the final incubation, cells in NCS were collected (150 g, 5 min) and washed 

twice in 20 ml of plating medium (DMEM/M199 [4:1 v/v] containing 10% v/v horse 

serum, 5% v/v Fetal Calf Serum (FCS) and 1000 units/ml of penicillin/streptomycin). 

The cardiac myocytes were then resuspended in 20-30 ml of plating medium and 

preplated for 30 min in a sterile 250 ml tissue culture flask to deplete the cell 

suspension of non-myocyte cells. 

 

The concentration of viable cardiac myocytes in the cell suspension was determined as 

described in Section 2.5. Cardiac myocytes were then seeded at a concentration of 

4x106 viable cells in a total volume of 3 ml for each gelatin-coated 60 mm dish. For 

each 35 mm dish, cardiac myocytes were seeded at a concentration of 1x106 cells in 2 

ml of plating medium. Cells were allowed to attach overnight (37oC, 5% v/v CO2). The 

primary cardiac myocyte cultures were then serum-starved by washing and culturing 

with serum-free maintenance medium (M199/DMEM (4:1 v/v) containing 1000 
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units/ml penicillin/streptomycin) for a further 24 h. Serum-starved cardiac myocytes 

were then treated as required for each experiment.    

 

2.3 Culture of Human Embryonic Kidney (HEK) 293 cell line 

Human embryonic kidney (HEK) 293 cells were grown to confluency at 37oC in a 

controlled atmosphere of 5% (v/v) CO2 and 99% relative humidity and passaged as 

required. Briefly, HEK 293 cells were seeded in 175 cm2 tissue culture flasks and 

allowed to grow to approximately 100% confluency in Dulbecco’s Modified Eagles 

Medium (DMEM) supplemented with 10% (v/v) FCS and 1000 units/ml 

penicillin/streptomycin. To passage confluent cells, culture medium was firstly 

removed and the adherent cells washed in sterile Phosphate Buffered Saline (PBS). 

Trypsin-EDTA (5-10 ml) was then added and incubated for 5 min at 37oC to detach the 

adherent cells. Cells were then collected (200g, 5min) and the Trypsin-EDTA 

supernatant discarded. HEK 293 cells were then resuspended in 10 ml of growth 

medium and a small aliquot (0.5 ml) of this suspension was used to continue the 

culture. 

 

For use in cell treatments, the concentration of the HEK 293 cell suspension was first 

determined (See Section 2.5). Each uncoated 60 mm petri dish was then seeded at a 

concentration of 1x106 cells in 3 ml of growth medium and grown to confluency (48-72 

h). Serum was then removed by washing and replacing with serum-free DMEM 

medium supplemented with 1000 units/ml penicillin/streptomycin. Cells were serum-

starved for a further 24 h before cell treatment.    
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2.4 Transfection of HEK 293 cells 

HEK 293 cells intended for transfection were seeded on glass coverslips in 35 mm 

tissue culture dishes at a density of 3 x 105  cells in 2 ml of growth medium (DMEM 

supplemented with 10% (v/v) FCS and 1000 units/ml penicillin/streptomycin). The 

cells were left to attach overnight (37oC, 5% v/v CO2). The next morning, cells were 

transfected with 1 µg of plasmid DNA per 35 mm culture dish. The plasmid DNA was 

diluted in sterile PBS to a final volume of 16 µl. Separately, 6 µl of Lipofectamine 

reagent was diluted with 10 µl of sterile PBS. The dilute plasmid DNA and 

Lipofectamine solutions were then mixed and incubated at room temperature for 15 

min. Meanwhile, HEK 293 cells were washed once in serum-free DMEM 

supplemented with 1000 units/ml penicillin/streptomycin before adding 800 µl of 

serum-free DMEM per dish. Following the DNA/Lipofectamine incubation period, 200 

µl of serum-free DMEM was added to each mixture and transferred dropwise into each 

dish. The cells were then incubated for 6 h at 37oC in 5% (v/v) CO2. The cells were 

finally grown for a futher 48 h in 2 ml of growth medium before fixation for immuno-

fluorescent staining (See Section 2.13.1) and confocal analysis (See Section 2.14)     

 

2.5 Trypan Blue exclusion viability assay 

The number of viable cells in suspension was determined through their ability to 

exclude the dye Trypan Blue. Routinely, an aliquot of cells (100 µl) was diluted with 

PBS to a volume of 500 µl. An equal volume of 0.4% (w/v) Trypan Blue was then 

added and the mixture allowed to stand at room temperature for 5 min. The counting 

chambers of a haemocytometer were then filled (50 µl) and the cells counted when 

viewed under a phase contrast microscope. Cells stained with Trypan Blue were scored 

as non-viable or dead cells while those excluding the dye were scored as viable or live 
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cells. The concentration of cells in the original culture was calculated with the 

following equation: 

 

Cells/ml = average count per square x dilution factor x 104

 

Each square on a haemocytometer, with a coverslip in place, represents a total volume 

of 10-4 ml, hence the x104 factor taken into account in the equation. Cell viability was 

estimated as: 

 

% cell viability = [viable cells (unstained)/ total cells (stained and unstained)] x 100 

 

2.6 Cell treatments 

Unless otherwise stated, treatment of cells was by the direct addition of agonists or 

inhibitors to the cell culture medium of serum-starved cells. An equal volume of the 

appropriate vehicle, such as DDI H2O, DMSO or 0.1% (w/v) BSA in PBS, was used as 

a negative control in all experiments. The treatment of cells was performed in an 

incubator (37oC, 5% v/v CO2) for a specified period of time. The medium containing 

the agonist was then removed and cells lysed as described in Section 2.7.  

 

2.7 Preparation of protein lysates from cultured cells  

Following treatment, the culture medium was removed and the cells washed twice with 

ice-cold PBS. For extraction of cytosolic proteins, Lysis Buffer A (20 mM Hepes pH 

7.7, 2.5 mM MgCl2, 0.1 mM EDTA, 100 mM NaCl, 20 mM β-glycerophosphate) 

supplemented immediately before use with 0.05% (v/v) Triton X-100, 500 µM DTT, 

100 µM Na3VO4, 20 µg/ml leupeptin and 20 µg/ml aprotinin was used. To extract 

membrane-associated proteins in addition to cytosolic proteins, the high detergent Lysis 
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Buffer B (25 mM Hepes pH 7.7, 10 mM MgCl2, 1 mM EDTA, 150 mM NaCl, 10% v/v 

glycerol supplemented fresh with 1% v/v Nonidet P40, 0.25% v/v sodium 

deoxycholate, 25 mM NaF, 1 mM Na3VO4, 20 µg/ml leupeptin and 20 µg/ml aprotinin) 

was used. Cells were scraped and resuspended in lysis buffer (150 µl), incubated at 4oC 

for 10 min, and centrifuged (21 000 g, 10 min, 4oC). The protein lysate supernatant was 

collected and the concentration determined using the BIO-RAD Protein Assay kit based 

on the Bradford dye-binding principle (Bradford, 1976). Bovine serum albumin (BSA) 

over a concentration range of 0.5-0.05 mg/ml was used as a standard curve. Lysates 

were then snap frozen in liquid N2 and stored at –80oC. 

 

2.8 Preparation of protein lysates from cardiac tissue 

All heart samples were snap-frozen, ground to a fine powder under liquid nitrogen and 

then resuspended in Lysis Buffer A at a 1:5 (w/v) ratio. When immunoblotting for the 

gp130 receptor subunit, lysates were prepared in the high detergent Lysis Buffer B. 

Following centrifugation (21 000g, 10 min, 4oC), the supernatant was collected as the 

tissue lysate and protein concentrations determined using the BIO-RAD Protein Assay.  

 

2.9 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Prior to separation by SDS-PAGE, protein lysates were resuspended in 3x concentrated 

SDS sample buffer (187.5 mM Tris pH 6.8, 6% w/v SDS, 30% v/v glycerol, 15% v/v 

β-mercaptoethanol, 0.015% w/v bromophenol blue) and denatured at 95oC for 5 min. 

Protein lysates were then separated on a mini-PROTEAN® II electrophoresis cell 

system (BIO-RAD, California, USA). Depending on the molecular weight of the target 

protein intended for analysis, SDS-PAGE gels with an 8, 10 or 12% separating 

component (8, 10 or 12% w/v acrylamide, 0.2, 0.25 or 0.3% w/v bis-acrylamide, 0.1% 

w/v SDS, 0.375 M Tris pH 8.8) and a 6% stacking component (6% w/v acrylamide, 
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0.15% w/v bis-acrylamide, 0.1% w/v SDS, 0.125 M Tris pH 6.8) with 10 or 15 wells 

were cast.  Gels were polymerized with 0.1% (v/v) TEMED and 0.875 M ammonium 

persulphate. Gels of 0.75 mm or 1.5 mm in thickness were cast when loading sample 

volumes not exceeding 20 µl or 50 µl, respectively. Electrophoresis was typically at 

200V for 0.75 mm gels and 150V for 1.5 mm gels until the bromophenol blue dye front 

was 0.5 cm from the bottom of the gel.     

 

2.10 Western blot analysis 

Following SDS-PAGE, gels were washed for 15 min in Transfer Buffer (48 mM Tris 

pH 8.0, 39 mM glycine, 1.2 mM SDS, 20% v/v methanol) before proteins were 

transferred to nitrocellulose membranes (Hybond ECL, Amersham, England, UK) 

using a Trans-Blot Semi-Dry electrophoretic transfer cell (BIO-RAD, California, 

USA). Transfer was typically at 12 V for a duration of 45 min or 90 min for 0.75 mm 

or 1.5 mm gels, respectively.  

 

Nitrocellulose membranes were then blocked for 1 h with 5% (w/v) skim milk in Tris-

buffered saline with Tween (TBST; 10 mM Tris pH 7.5, 150 mM NaCl, 0.1% v/v 

Tween 20) or 1% BSA (w/v) in TBST, depending on the primary antibody (Table 2.1). 

Blocked membranes were then blotted with an appropriate dilution of the primary 

antibody in either 5% (w/v) skim milk in TBST or 0.1% (w/v) BSA in TBST (Table 

2.1). Blotting with primary antibody was either for 2 h at room temperature or 

overnight at 4oC. Membranes were then washed (3x5 min in 25 ml TBST) to remove 

excess primary antibody. Appropriate dilutions of horse radish peroxidase (HRP)-

linked secondary antibodies were made either in 1% (w/v) skim milk in TBST or 0.1% 

BSA (w/v) in TBST. Probing with the secondary antibody was for 2 h at room 

temperature. Following further washing (3x5 min in 25 ml TBST), membranes were 
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Table 2.1 List of antibodies used for western blot or immunohistochemical analysis 
 

Antibody     
     

Block Dilution
 

Host Supplier Immunogen

Primary Antibodies      
    

    

    

    

    

    

    

    

    
    

 
Atrial Natriuretic Factor Milk WB:1/1000 rabbit  Peninsula Laboratories Not specified.  
Cat. #IHC 9103  IC:1/150    

 
ERK 1 (C-16) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to residues 352-367 of rat ERK 1 p44 
Cat. #sc-93      

 
ERK 2 (C-14) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to residues 345-358 of rat ERK 2 p42 
Cat. #sc-154      

 
Phospho-specific p44/42  Milk WB:1/1000 rabbit  Cell Signalling Tech. KLH coupled synthetic phospho-threonine/tyrosine peptide corresponding 
MAP Kinase. Cat. #9101S     to residues 198-211 of human p44 MAPK.  

 
Anti-ACTIVE MAPK BSA WB:1/5000 rabbit  Promega Synthetic peptide encompassing residues [pT]E[pY] of ERK2 
Cat. #V8031      

 
JNK 1 (C-17) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to residues 368-384 of human JNK 1. 
Cat. #sc-474      

 
Phospho-specific SAPK/JNK Milk WB:1/500 rabbit  Cell Signalling Tech. KLH coupled synthetic phospho-threonine/tyrosine peptide corresponding 
Cat. #9251S     to residues 179-193 of human SAPK.  

 
Anti-ACTIVE JNK BSA WB:1/5000 rabbit  Promega Synthetic dually phosphorylated peptide containing the [pT]P[pY] motif of 
Cat. #V7931     JNK2 

 

Abbreviations  
BSA - Bovine serum albumin  Ig - Immunoglobulin  IC - Immunocytochemistry  IP - Immuno-precipitation  KLH - Keyhole limpet hemocyanin  WB - Western Blot  
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Table 2.1 continued 
 Antibody Block Dilution

 
    

     
Host Supplier Immunogen

p38 (C-20) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to residues 341-360 of mouse p38. 
Cat. #sc-535      

    

    

    
   

    

    
  

    

  
    

 

    

    
    

 
Phospho-specific p38 MAP Milk WB:1/1000 rabbit  Cell Signalling Tech. KLH coupled synthetic phospho-threonine/tyrosine peptide encompassing 
Kinase. Cat. #9211S     Threonine 180 and Tyrosine 182 of human p38 MAP Kinase.  

 
gp130 (M-20) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to carboxy terminus of the precursor 
Cat. #sc-656  IP: 1 µg   form of mouse gp130 

 
Anti-HA BSA WB:1/5000 mouse Boehringer Mannheim Synthetic peptide sequence derived from human influenza hemagglutinin 
Cat. #1 666 606     protein. 

 
PIAS3 (H-169) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Recombinant protein corresponding to residues 451-619 of human PIAS3 
Cat. #sc-14017  IC:1/150    

 
Ras Milk WB:1/500 mouse Transduction Laboratories Generated with full length human Ras (Ha-ras) protein (aa 1-190). 
Cat. #610001      

 
SH-PTP2 (C-18) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to carboxy-terminus of human SH-PTP2 
Cat. #sc-280  IP:1 µg  

 
Stat1 Milk WB:1/1000 mouse Transduction Laboratories Synthetic peptide corresponding to residues 592-731 of human Stat1 p91 
Cat. #610186      

 
Phospho-Stat1 (Tyr701) Milk WB:1/1000 rabbit  Cell Signalling Tech. KLH coupled synthetic phospho-Tyr701 peptide corresponding to residues  
Cat. #9171     around Tyr701 of human Stat1 

 

Abbreviations  
BSA - Bovine serum albumin  Ig - Immunoglobulin  IC - Immunocytochemistry  IP - Immuno-precipitation  KLH - Keyhole limpet hemocyanin  WB - Western Blot  
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Table 2.1 continued 
 Antibody Block Dilution

 
    

     
Host Supplier Immunogen

Phospho-Stat1 (Ser727) Milk WB:1/1000 rabbit  Upstate Biotechnology BSA conjugated synthetic peptide corresponding to residues 718-730 
Cat. #06-802     of human Stat1.  

      

     

    

    

    

    

    

    

    
    

Stat3 (C-20) Milk WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to the carboxy terminus of mouse  
Cat. #sc-482  IC:1/150 

 
  Stat3 p92 

Stat3   Milk WB:1/1000 mouse Transduction Laboratories Synthetic peptide corresponding to residues 1-175 of rat Stat3 p92 
Cat. #610190      

 
Phospho-Stat3 (Tyr704) Milk WB:1/1000 mouse Upstate Biotechnology KLH coupled synthetic phospho-Tyr704 peptide containing the AP[pY]LK 

    motif of Stat3 
 

Phospho-Stat3 (Ser727) Milk WB:1/1000 rabbit  Cell Signalling Tech. KLH coupled synthetic phospho-Ser727 peptide corresponding to residues  
Cat. #9134     around Ser727 of mouse Stat3 

 
Stat5 (C-17) Milk or WB:1/1000 rabbit  Santa Cruz Biotech. Synthetic peptide corresponding to carboxy terminus of mouse Stat5β 
Cat. #sc-835 BSA     

 
Phospho-Stat5 (Tyr 694) Milk or WB:1/1000 rabbit  Cell Signalling Tech. KLH coupled synthetic phospho-Tyr694 peptide corresponding to residues  
Cat. #9351 BSA    around Tyr694 of mouse Stat5 

 
Phospho-Stat6 (Tyr641) Milk WB:1/1000 rabbit  Cell Signalling Tech. KLH coupled synthetic phospho-Tyr641 peptide corresponding to residues  

    around Tyr641 of human Stat6 
 

Phospho-Threonine  Milk WB:1/1000 rabbit  Cell Signalling Tech. KLH conjugated phosphothreonine peptide 
Cat. #9381      

 

Abbreviations  
BSA - Bovine serum albumin  Ig - Immunoglobulin  IC - Immunocytochemistry  IP - Immuno-precipitation  KLH - Keyhole limpet hemocyanin  WB - Western Blot  
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Antibody     

     
Block Dilution

 
Host Supplier Immunogen

Phospho-Tyrosine (4G10) BSA WB:1/2000 mouse Upstate Biotech. KLH conjugated phosphotyramine peptide 
Cat. #05-321      

      
    
    

    

    

    

    
    

Secondary Antibodies  
 

Anti-Rabbit IgG, horseradish Milk WB:1/20000 goat PIERCE Rabbit IgG heavychain 
peroxidase conjugated      

 
Anti-Rabbit IgG, Alexa  BSA IC:1/150 goat Molecular Probes Rabbit IgG heavychain 
FLOUR 488 conjugated      

 
Anti-Rabbit IgG, Alexa BSA IC:1/150 goat Molecular Probes Rabbit IgG heavychain 
FLOUR 546 conjugated      

 
Anti-Mouse IgG, Alexa BSA IC:1/150 goat Molecular Probes  Mouse IgG heavychain 
FLOUR 488 conjugated      

 

Abbreviations  
BSA - Bovine serum albumin  Ig - Immunoglobulin  IC - Immunocytochemistry  IP - Immuno-precipitation  KLH - Keyhole limpet hemocyanin  WB - Western Blot  
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then treated with Supersignal Chemiluminescent Substrates (PIERCE, Illinois, USA) or 

Lumi-Light Plus Western Blotting Substrates (Boehringer Mannheim, Mannheim, 

Germany) for 5 min. Protein bands were visualized by exposing the membranes to high 

performance chemiluminescent film (Hyperfilm ECL, Amersham, England, UK). 

Quantitation of immunoblot signals was with the Luminescent Image Analyzer LAS-

1000 (Fujifilm, New York, USA) and ImageGauge v3.0 software.     

 

2.11 Stripping western blots 

To reprobe with subsequent primary antibodies, membranes from western blots were 

first washed in Tris-buffered saline (TBS; 10 mM Tris pH 7.5, 150 mM NaCl). 

Membranes were then stripped with two 30 min washes with 50 ml Strip Buffer (62.5 

mM Tris pH 6.8, 2% w/v SDS, 100 mM β-mercaptoethanol) per membrane in a 55oC 

waterbath. Stripped membranes were then washed extensively with TBST (8x25 ml, 5 

min per wash). Membranes were then blocked and re-probed with primary antibody as 

previously described (Section 2.10).  

 

2.12 Immunoprecipitation assay 

Cell lysates (200-500 µg) were prepared as previously described (Sections 2.7 and 2.8) 

and incubated with 1 µg of antibody with end-over-end mixing at 4oC for 2 h. 

Antibody/antigen complexes were then isolated by mixing with 20 µl slurry of either 

Protein A or Protein G sepharose at 4oC for a further hour. The beads were then 

collected by centrifugation (1 750 g, 5 min) and washed three times in the appropriate 

lysis buffer. The beads were then finally resuspended in 20 µl of 3 x concentrated SDS-

PAGE sample buffer (187.5 mM Tris pH 6.8, 6% w/v SDS, 30% v/v glycerol, 15% v/v 

β-mercaptoethanol, 0.015% w/v bromophenol blue), resolved by SDS-PAGE and taken 

through western blot analysis (Section 2.10). 
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2.13 Cell staining procedures for fluorescence microscopy  

2.13.1 Immuno-fluorescent cell staining  

Neonatal cardiac myocytes or HEK 293 cells intended for confocal microscopy were 

seeded on glass coverslips in 35 mm culture dishes at a density of 1x106 or 3x105 cells 

per dish, respectively. Routinely, cells were serum starved by incubating (37oC, 5% 

CO2) in the appropriate serum-free medium overnight (16 h) before cell treatment 

(Section 2.6). Following treatment, cells were washed three times in ice-cold PBS 

before fixing in 4% (w/v) paraformaldehyde prepared in PBS, permeabilised with 0.2% 

(v/v) Triton X-100 in PBS and blocked with 10% (v/v) FCS in PBS. Each step was 20 

min in duration and was performed at room temperature. Cells were also washed 

thoroughly with ice-cold PBS between each step. Cells were then incubated with the 

appropriate primary antibodies and corresponding secondary antibody conjugated with 

a fluorescent probe. Antibodies were prepared to the appropriate dilution (Table 2.1) 

with sterile 0.1% (w/v) BSA in PBS. The duration of antibody incubation was typically 

1 h for each antibody. Cells were then finally stained with Hoechst 33258 (2 µg/ml in 5 

mM Tris-HCl, 1 mM EDTA; pH 7.4) for 5 min. Cells were then washed for a final time 

in cold PBS and mounted on to glass microscopy slides with 50 µl of Vectashield 

Mounting Medium (Vector Laboratories Inc., California, USA). Nail polish was used to 

seal the edges of the coverslips and stained cells viewed using the confocal microscope.  

 

2.13.2 Annexin-V and propidium iodide staining for apoptotic and necrotic cells 

The Annexin-V-FLUOS staining kit (Boehringer Mannheim, Mannheim, Germany) 

was used for the detection of apoptosis and necrosis at the single cell level. Unfixed 

cells were stained with Annexin-V-FITC and propidium iodide according to 

manufacturer’s instructions. Briefly, freshly isolated neonatal cardiac myocytes, grown 

on glass coverslips in 35 mm culture dishes, were washed twice with ice-cold PBS. The 

 50



glass coverslip was then mounted on to a customized stage for live-cell viewing by 

confocal microscopy. The stage-mounted neonatal cardiac myocytes were then stained 

with 100 µl of Labelling Solution (10 mM Hepes pH 7.4, 140 mM NaCl, 5 mM CaCls, 

2% v/v Annexin-V-FITC labeling reagent and 1 µg/ml propidium iodide) and incubated 

for 15 min. The Labelling Solution was then further diluted with 300 µl of Incubation 

Buffer (10 mM Hepes pH 7.4, 140 mM NaCl and 5 mM CaCl2). The green 

fluorescence of Annexin-V-FITC and red fluorescence of propidium iodide staining 

were then visualized using confocal microscopy (Section 2.14).     

 

2.14 Confocal laser scanning microscopy 

Following immuno-fluorescent staining of cells on glass coverslips, samples were 

viewed using the BIO-RAD MRC 1000/1024 UV Scanning Confocal Microscope 

(BIO-RAD, California, USA) at the Biomedical Confocal Miscroscopy Research 

Centre located in the Department of Pharmacology, Queen Elizabeth II Medical Centre. 

Red fluorescence (excitation 540 nm; emission 580 nm) was visualized with a green 

HeNe mixed gas laser. Green fluorescence (excitation 488 nm; emission 530 nm) was 

visualized with a blue Argon ion UV laser. Finally, to visualize Hoescht nuclear 

staining, an Argon ion UV laser was used, selecting the 351 nm laser line. All samples 

were visualized with a 40x oil immersion objective lens. 

 

2.15 Preparation of glutathione S-transferase (GST) fusion recombinant proteins 

A 50 ml culture of L-Broth (1% w/v bacto-tryptone, 0.5% w/v bacto-yeast extract, 170 

mM NaCl, pH 7.0), containing appropriate antibiotics (50 µg/ml ampicillin and/or 10 

µg/ml chloramphenicol), was innoculated with a BL21(DE3)pLyss strain of 

Escherichia coli expressing the plasmid encoding the protein of interest as a fusion 

with GST. The 50 ml culture was grown overnight (16 h) at 37oC in an orbital shaker 
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(200 rpm). Overnight cultures were then diluted with 1 L LB-broth containing the 

appropriate antibiotics and grown to an OD600 of 0.6 before induction with 1 mM 

isopropryl-β-D-thiogalactopyranoside (IPTG) for a further 4 h. Cells were then 

collected (3 100g, 10 min, 4oC) and resuspended in Resuspension Buffer (50 mM Tris 

pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM  benzamidine, 10 mM β-mercaptoethanol, 

10 µg/ml leupeptin).         

 

The bacterial suspensions were then sonicated (3x30s bursts) with a Sonifier B-12 

(Branson, Conneticut, USA). BRIJ35 was added to a final concentration of 0.02% (v/v) 

and the sonicate clarified by centrifuging at 10 000g for 35 min at 4oC with the 

supernatant retained. Glutathione-sepharose gel slurry (1 ml), pre-washed in wash 

buffer (50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM benzamidine, 10 mM 

β-mercaptoethanol, 0.02% v/v BRIJ35), was added to the supernatant and mixed for 60 

min at 4oC. The glutathione sepharose gel was then collected   (1 750g, 5 min, 4oC) and 

washed extensively in wash buffer (3x15 ml). The fusion proteins were then eluted by 

adding 4 x 0.8 ml fractions of glutathione buffer (5 mM reduced glutathione, 50 mM 

Tris pH 8.0), incubating 2 min for each fraction with occasional mixing and collected 

by centrifugation (1 750 g, 5 min). The supernatants were pooled and dialysed against 

50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM benzamidine, 10 mM β-

mercaptoethanol, 0.02% v/v BRIJ35, 5% v/v glycerol. The resulting dialysates 

containing the GST-fusion proteins of interest were aliquoted (250 µl) and stored at -

80oC.    

 

2.16 Pulldown Kinase Assay 

ERK or JNK MAPK activity was measured by a substrate-specific pulldown assay with 

GST-Elk and GST-cJun fusion protein respectively, as previously described (Derijard 
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et al., 1994; Cano et al., 1995; Ng and Bogoyevitch, 2000). Protein lysates (75-100 µg), 

prepared as previously described (Sections 2.7 or 2.8) were incubated with 20 µg of 

GST-fusion protein at 4oC for 120 min. 20 µl of glutathione sepharose slurry, 

resuspended in the appropriate lysis buffer, was then added and incubated for a further 

60 min at 4oC. GST-fusion proteins captured on glutathione sepharose were then 

collected by brief centrifugation at 21 000 g for 10 seconds and washed with 200 µl of 

ice-cold Lysis Buffer A. This was repeated twice more before a final wash in 200 µl 

Reaction Buffer (20 mM Hepes pH 7.6, 20 mM MgCl2, 20 mM β-glycerophosphate). 

The kinase reaction was then initiated by removing excess liquid and adding, to each 

sample, 30 µl Reaction Buffer supplemented with 500 µM DTT, 100 µM Na2VO4, 20 

µM ATP with 1 µCi [γ-32P]-ATP. The reaction was incubated for 25 min at 30oC 

before being stopped by diluting the mixture with 200 µl Reaction Buffer, briefly 

centrifuging and removing the supernatant. Proteins captured on the Sepharose beads 

were then denatured with 20 µl 3x concentrated sample buffer at 95oC for 5 min, 

resolved by SDS-PAGE, stained with Coomassie Blue (45% (v/v) methanol, 45% (v/v) 

acetic acid, 0.05% (w/v) Coomassie Brilliant Blue), destained in 45% (v/v) methanol, 

45% (v/v) acetic acid and dried on Whatman 3MM filter paper. Phosphorylated 

proteins were then visualized by exposing the dried polyacrylamide gels to Hyperfilm 

MP (Amersham, England, UK). The radioactivity of individual bands was finally 

quantitated by Cerenkov counting.        

 

2.17 Agarose gel electrophoresis 

Prior to agarose gel electrophoresis, DNA samples were resuspended in 6X agarose 

loading buffer (0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol, 30% v/v 

glycerol). DNA samples were eletrophoresed on 1% agarose gels (1% w/v agarose, 40 

mM Tris-acetate pH 8.0, 1 mM EDTA) in TAE buffer (40 mM Tris-acetate pH 8.0, 

 53



1mM EDTA) at 80 V for 90 min in a ‘minisub’ horizontal agarose gel electrophoresis 

apparatus (BIO-RAD, California, USA). Gels were then stained with 1 µg/ml ethidium 

bromide for 30 min and destained in DDI H2O for 15 min. DNA bands were then 

visualized and photographed under UV light illumination. 

 

2.18 DNA quantitation by spectrophotometric analysis 

The concentration of DNA from plasmid mini-preps was quantitated by a 

spectrophotometric method. Firstly, DNA samples were typically diluted 1/20 using an 

appropriate volume of DDI H2O. The Beckman Spectrophotometer DU560 (Beckman 

Coulter, California, USA) was zeroed on DDI H2O and the absorbances of samples 

were recorded at 260 nm (A260) and 280 nm (A280). The purity of the DNA sample was 

indicated by the ratio of A260 to A280, with a value greater than 1.6 being acceptable. 

The concentration, in µg/ml, was calculated by multiplying the A260 by the dilution 

factor and by 50 (1 O.D. = 50 µg/ml of double stranded DNA).  

 

2.19 Plasmid DNA purification 

2.19.1 Phenol/chloroform extraction 

Phenol/chloroform extraction was performed to remove proteins from nucleic acid 

preparations after restriction enzyme digest and polymerase chain reactions (PCR). One 

volume of 1:1 phenol/chloroform was added to the DNA preparations. The solution 

was emulsified by vortexing for several seconds. The upper aqueous phase was then 

separated by brief centrifugation on a benchtop microfuge and carefully collected 

avoiding contamination from middle or lower phases. The upper aqueous phase was 

then re-extracted with one volume of chloroform. The upper aqueous phase was again 

separated and collected.  
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2.19.2 Ethanol Precipitation 

DNA purified from phenol/chloroform extraction was precipitated according to the 

following procedure. 3 M sodium acetate pH 4.6 (0.1 volume) and 100% ethanol (2 

volumes) were added to purified DNA sample. The solution was then mixed briefly and 

iced for 60 min. Precipitated DNA was then collected by centrifugation (21 000g, 30 

min, 4oC) and the supernatant discarded. The DNA pellet was then washed in 200 µl of 

70% (v/v) ethanol and centrifuged (21 000g, 4oC) for a further 10 min. The pellet was 

then air-dried for 5 min and resuspended in 30-50 µl of DDI H2O.   

 

2.20 Recombinant DNA techniques 

2.20.1 Polymerase Chain Reaction (PCR) 

Polymerase chain reactions (PCR) were carried out in sterile 0.2 ml PCR tubes. 

Reactions typically consisted of 0.5 ng plasmid DNA as template, 10 pmol forward 

primer, 10 pmol reverse primer, 0.2 mM dNTP mix, 1.5 mM MgCl2 and 2.5 U 

Platinum Taq Antibody/Taq DNA polymerase made up to a final volume of 50 µl in 

PCR buffer (20 mM Tris-HCl pH 8.4 and 50 mM KCl). The contents of the tubes were 

centrifuged briefly before amplification on a Mastercycler™ Gradient thermocycler 

(Eppendorf AG, Hamburg, Germany). The PCR amplification protocol consisted of the 

initial activation of Taq polymerase at 95oC for 5 min followed by 29 cycles of 95oC 

for 1 min, 60oC for 1 min and 72oC for 1 min. A final extension cycle of 72oC for 10 

min completed the protocol and samples were then maintained at 4oC until use.  

  

2.20.2 Restriction enzyme digest 

Analytical scale restriction digests were typically carried out in sterile 0.5 ml 

Eppendorf tubes at 37oC for 3 h. Each reaction typically consisted of 1 µg substrate 
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DNA, 2 µg acetylated BSA, 5 U of restriction enzyme in a final volume of 20 µl of the 

appropriate restriction endonuclease buffer.  

 

Restriction digests intended for ligation were scaled up to 3 µg  substrate DNA, 5 µg 

acetylated BSA and 10 U of restriction enzyme in a final volume of 50 µl of the 

appropriate restriction endonuclease buffer. Multiple reactions were pooled and the 

digested DNA isolated by phenol/chloroform extraction and ethanol precipitation as 

previously described (Section 2.19). The DNA was then resuspended in sterile DDI 

H2O (50 µl) and concentration determined by spectrophotometric analysis (Section 

2.18) and by a comparison with High DNA Mass markers (Invitrogen, San Diego, 

USA) on an agarose gel.    

   

2.20.3 DNA ligation 

Linearized plasmid and insert DNA, prepared by restriction digest (Section 2.20.2), 

were first cleaned by phenol/chloroform extraction (Section 2.19.1), ethanol 

precipitated (Section 2.19.2) and concentrations determined as described previously. 

Each ligation reaction typically consisted of 0.2 µg plasmid DNA, between 0.4 – 2 µg 

insert DNA, 10 U T4 DNA ligase, 2 µl 10X ligation reaction buffer (300 mM Tris-HCl 

pH 7.8, 100 mM MgCl2, 100 mM DTT, 100 mM ATP) and then made up to a final 

volume of 20 µl with sterile DDI H2O. Ligations were carried out on a Mastercycler™ 

Gradient thermocycler (Eppendorf, Hamburg, Germany) at 16oC overnight. The 

following morning, 5 µl of each ligation reaction was used to transform a 200 µl aliquot 

of competent XL-1 Blue (Stratagene, California, USA) cells as described in Section 

2.22.        
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2.21 Preparation of competent cells 

Competent Escherichia coli BL21(DE3)pLysS and XL-1 Blue bacteria cells were 

prepared as previously described (Sambrook et al., 1989). LB agar plates, containing 

appropriate antibiotics, were streaked with bacteria cells from glycerol stocks and 

incubated overnight at 37oC. 3-4 single colonies were then picked from the plate and 

transferred into 100 ml of LB broth and grown at 37oC and 200 rpm until an OD600 of 

~0.4, which is roughly equivalent to 108 cells/ml. The culture was then transferred into 

sterile 50 ml polypropylene tubes and cooled on ice for 10 min. Cells were collected by 

centrifugation at 2700 g for 10 min at 4oC. Following the removal of the supernatant 

the cell pellet was resuspended in 30 ml of ice-cold 0.1 M CaCl2. Cells were then 

recovered through centrifugation (2700g, 10 min, 4oC) and the pellet resuspended in 2 

ml of ice-cold 0.1 M CaCl2. To prepare frozen stocks of competent cells for storage, 

DMSO was then added at a concentration of 140 µl per 2 ml of cell suspension. The 

suspension was then incubated on ice for 15 min, divided into 200 µl aliquots and snap 

frozen in liquid nitrogen. Frozen competent cells were stored at –80oC until use.   

 

2.22 Transformation of competent cells 

A 200 µl aliquot of frozen competent cells was thawed on ice before adding 

approximately 0.5-1 µg of DNA in a volume no more than 10 µl. The cells were then 

chilled on ice for 10 min and then heat shocked for 90 seconds in a 42oC water bath. 

The cells were then returned to ice for a further 10 min followed by a 5 min incubation 

at room temperature. Pre-warmed (37oC) LB broth (1 ml) was then added to the 

transformed cells and the culture incubated further for 60 min at 37oC and 200 rpm. An 

aliquot (100 µl) of the transformed culture was then spread on to a LB agar plate 

containing the appropriate antibiotics and grown overnight at 37oC. Several colonies 

were then selected the following morning and restreaked on to a fresh LB agar plate 
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30 min before precipitated DNA was collected by centrifugation at 21,000 g for 10 min 

at 4oC. The pellet was washed with 200 µl of 70% (v/v) ethanol and centrifuged as 

before. The pellet was air-dried before being resuspended in 12 µl of Template 

Suppression Reagent (Perkin Elmer, Massachusetts, USA) and analysed on an ABI 

Prism 310 Genetic analyser (Perkin Elmer, Massachusetts, USA).  

 

2.25 Peptide conjugation 

2.25.1 Peptide Synthesis 

The amino acid sequences of all peptides used in this study are indicated in Figure 2.1. 

The peptides used in this study were the carrier peptides, TAT PTD, penetratin and 

modified penetratin. The cargo peptides were the phosphotyrosine peptide, BP814, and 

the phenylalanine-substituted negative control peptide, BP814 Y→F. All carrier 

peptides were synthesized with a glycine linker and a Cys(NpyS) group and cargo 

peptides with an additional cysteine at the carboxy terminus to facilitate disulfide bond 

formation. In addition, the PTD peptides were biotinylated at the amino terminus to 

facilitate fluorescent detection with FITC conjugated streptavidin. TAT PTD, 

penetratin and modified penetratin carrier peptides were synthesized in line as single 

constructs by Auspep Pty. Ltd. (Victoria, Australia). BP814 and BP814 Y→F cargo 

peptides were synthesized in line as single constructs by Chiron Technologies Pty. Ltd. 

(Victoria, Australia).  

 

2.25.2 3-nitro-2-pyridinesulphenyl (NPyS) directed disulfide bond formation   

To eliminate interference of the PTD with the targeting of the cargo peptide for 

STAT3, the carrier peptides were coupled to the cargo peptides by a disulfide bond 

linkage. The disulfide bond is labile in the reducing environment of the cytoplasm, thus 

releasing the cargo peptide once inside the cell. This strategy had previously been used 
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containing the appropriate antibiotics. Glycerol stocks were then prepared from 

colonies grown from an overnight incubation of the second plate.   

 

2.23 Plasmid mini-preps 

Plasmid mini-preps were performed to generate stock plasmid DNA from selected 

bacterial colonies. Single colonies were picked from LB agar plates streaked with 

transformed bacteria (Section 2.22) and incubated at 37oC. Colonies were then 

inoculated into 5 ml LB broth, containing the appropriate antibiotics and incubated 

overnight at 37oC and 200 rpm. The following morning, 1 ml of culture was centrifuged 

at 21 000 g for 1 min to collect a bacterial pellet. The plasmid DNA was subsequently 

isolated from that pellet using a QIAprep® Spin Miniprep kit (QIAGEN, Maryland, 

USA) according to manufacturer’s instructions. Plasmid concentration was determined 

by spectrophotometric analysis (Section 2.18).     

 

2.24 DNA sequencing 

Sequencing of plasmid DNA utilized dye-labeled dideoxynucleotides and was based on 

the Sanger dideoxy sequencing method (Sanger, 1981). Typically, 200-400 ng of 

plasmid DNA was sequenced in a reaction consisting of 2 pmol of sequencing primer 

and 4 µl of Big Dye Terminator sequencing reaction mix (Perkin Elmer, Massachusetts, 

USA) and the final volume made up to 10 µl in sterile DDI H2O. The sequencing 

reaction was then amplified on a PTC-100 Thermocycler (MJ Research Inc., 

Massachusetts, USA) through the following thermocycling conditions: 30 cycles of 

95oC for 30 s, 50oC for 15 s and 60oC for 4 min. Reactions were maintained at 4oC 

following amplification before purification and analysis of reaction products. 

Fluorescently labeled fragments were then ethanol precipitated with 25 µl of 95% (v/v) 

ethanol and 1 µl of 3 M sodium acetate pH 4.6. The reactions were then kept on ice for 
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Penetratin/Antp(43-58) (Pen)         NH2-(Biotin)K-K-W-K-M-R-R-N-Q-F-W-I-K-I-Q-R-G-G-C(NPyS)-COOH

HIV Tat(48-60) (TAT)                     NH2-(Biotin)K-G-R-R-R-Q-R-R-K-K-R-G-Y-G-G-C(NPyS)-COOH

Modified Penetratin (Mod. Pen.)  NH2-(Biotin)K-G-R-R-W-R-R-W-W-R-R-W-W-R-R-W-R-R-

G-G-C(NPyS)-COOH

Carrier Peptides

Cargo Peptides

STAT3 binding peptide (BP-814) NH2-S-Q-K-F-Y-Q-Q-R-P-C-COOH

Tyr->Phe Control peptide (BP-814 Y->F) NH2-S-Q-K-F-F-Q-Q-R-P-C-COOH

P

Figure 2.1 Carrier and cargo peptide constructs used for conjugation. 
Amino-acid sequences of cell-penetrating carrier peptides penetratin (Pen) from Antennapedia (43-58) 
homeodomain, TAT fragment from HIV-1 Tat protein and the synthetic arginine/tryptophan rich peptide 
called modified penetratin (Mod. Pen.).  All carrier peptides are biotin linked at the N-terminus and contain 
a Cys(NPyS) group at the C-terminus on a glycine linker. BP-814 is the STAT3 inhibitory phosphotyrosine
peptide based on the –YXXQ- motif of Y814 on the gp130 receptor. Substitution of the phosphotyrosine
for phenylalanine was used as a control (BP814 Y->F). 
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to successfully deliver oligonucleotides and short peptide sequences into a variety of 

cell types (Theodore et al., 1995; Troy et al., 1995). Formation of the disulfide bond 

linkage was facilitated by the 3-nitro-2-pyridinesulphenyl (NPyS) functional group 

(Figure 2.2A) incorporated on to the side chain of the cysteine residue on the PTD 

peptides. The NPyS functional group reacts preferentially with free sulphydryl groups 

and serves to increase the rate of disulfide bond formation and prevent problematic 

homodimerization of carrier or cargo peptides. The formation of the disulfide bond 

catalyzed by the NPyS group is illustrated in Figure 2.2B. 

 

2.25.3 High Performance Liquid Chromatography (HPLC) analysis and 

purification of conjugated peptides 

High Performance Liquid Chromatography (HPLC) was carried out on either an 

analytical (250 x 4.6 mm) or a preparative (250 x 10 mm) Vydac C18 column. 

Analytical HPLC used a flow rate of 1 ml/min solvent, with monitoring of absorbance 

at 220 nm. Preparative HPLC for peptide purification used a flow rate of 4 ml/min and 

absorbance monitored at a 280 nm. Solvents used were A = 0.1% (v/v) trifluoroacetic 

acid (TFA) in DDI H2O and B = 90% (v/v) acetonitrile, 0.1% (v/v) TFA in DDI H2O. 

The HPLC protocol was as follows: 

 

Step 1 – 10 min 95%A    5%B  

Step 2 – Inject peptide and start recording absorbance tracer  

Step 3 – 20 min 95%A to 20%A  5%B to 80%B        Linear Gradient 

Step 4 –   1 min 20%A   80%B 

Step 5 –   3 min 20%A to 95%A 80%B to 5%B        Linear Gradient 

Step 6 – 10 min 95%A   5%A 
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A.

N S

NO2

3-nitro-2-pyridinesulphenyl - “NPyS”

C5H3O2N2S MW - 155.2

B.

N S

NO2

SCarrier Peptide
Cargo Peptide-S

N S-

NO2

N S

NO2

H

+Carrier-S-S-Cargo

Figure 2.2 Disulfide bond formation with the activated NPyS group.
A. Molecular structure, chemical formula and molecular weight of 3-nitro-2-pyridinesulphenyl (NPyS) B. 
Schematic representation of disulfide bond formation between carrier and cargo peptides catalysed by 
NPyS electron leaving group. 
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The conjugation of carrier and cargo peptide was monitored by HPLC. A blank run 

with DDI H2O established a flat line absorbance trace. The carrier and cargo peptides 

were then resolved individually to establish the retention time of each peptide. 

Equimolar concentrations of carrier and cargo peptides were then mixed and incubated 

at room temperature for 30 min. The formation of the conjugated fusion peptide was 

indicated by its elution from the column at a retention time between that of the carrier 

and cargo peptides alone. An analytical run was performed to determine the retention 

time of the fusion peptide before collecting the purified peptide after separation on the 

preparative column. The solvent was removed by freeze-drying and the fusion peptide 

resuspended in DDI H2O.   

 

2.26 Constructing the pTAT-PIAS3 bacterial expression vector 

TAT-PIAS3 fusion proteins were generated by insertion of the PIAS3 open reading 

frame cDNA into the pTAT-HA bacterial expression plasmid as previously described 

by Becker-Hapak et al. (2001). The pTAT-HA bacterial expression vector (Figure 2.3), 

kindly provided by Dr Steven Dowdy (Howard Hughes Medical Institute, California, 

USA) contains a T7 polymerase promoter, an N-terminal 6-histidine leader before the 

TAT domain and a hemagglutinin (HA) tag (Figure 2.3). The PIAS3 cDNA cloned into 

pCMV5-FLAG plasmid (Figure 2.4) was kindly supplied by Dr Ke Shuai (University 

of California Los Angeles, California, USA). The strategy for cloning of the PIAS3 

open reading frame cDNA into the pTAT-HA vector is shown schematically in Figure 

2.5. 

 

2.26.1 PCR modification for restriction enzyme site incorporation 

The PIAS3 cDNA provided was cloned into the pCMV5-FLAG plasmid with the SalI 

and HindIII restriction enzymes (Figure 2.4). As these restriction enzyme sites are not 
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ATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGATA
ATTTTGTTTAACTTTAAGAAGGAGATATACAT

ATG CGG GGT TCT CAT CAT CAT CAT CAT CAT GGT ATG GCT AGC ATG ACT GGT GGA CAG 
.  M      R       G     S       H      H      H      H      H   H       G      M     A       S       M      T       G      G E               

CAA ATG GGT CGG GAT CTG TAC GAC GAT GAC GAT AAG GGA TCC AAG CTT GGC TAC GGC 
.  E M      G      R       D      L      Y       D      D       D    D       K      G       S      K       L       G      Y      G 

CGC AAG AAA CGC CGC CAG CGC CGC CGC GGT GGA TCC ACC ATG TCC GGC TAT CCA TAT  
.   R      K       K      R      R       Q      R      R       R G      G       S       T      M      S       G      Y    P      Y               

GAC GTC CCA GAC TAT GCT GGC TCC ATG GCC GGT ACC GGT CTC GAG GTG CAT GCG GTG   
.  D      V       P      D      Y      A       G       S      M A       G      T      G      L       E       V      H       A      V              

AAT TCG AAG CTT
N      S       K       L

pTAT-HA

~3 Kb AmpR

T7 Promoter

TAT-domain

BamHI EagI

BamHI

6 Histidine tag

TAT-domain

HA-tag

HA-tag NcoI AgeIKpnI XhoI SphI

Figure 2.3 pTAT-HA bacterial expression vector. 
Plasmid vector map of bacterial expression vector encoding 6xHis protein purification tag, TAT PTD, 
haemaglutinin (HA) tag and multiple cloning site (MCS), kindly provided by Steven F. Dowdy (Howard 
Hughes Medical Institute, CA). Cloning into the NcoI restriction site in MCS region was used to yield an 
in-frame product.
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Murine PIAS3 cDNA

SalI HindIII

pCMV5

4.65 kb AmpR

EcoRI BamHI SmaI

KpnI XbaI

“PIAS3SphI.rev” 3’-AGG AAC CTG ACT  TTC GTA CGC
SphI

5’-A ATT GCC ACC ATG GAC TAC AAG GAC GAC GAT GAC AAG AAT TCT GCA GGA TCC CGG 

GTA CCT CTA GAG ATC TCG AGT CGA CAC ATG GTG ATG AGT TTC CGA GTG TCT GAG CTC  

CAG.….TCT TTG ACT GGC TGT CGG TCA GAC GTC ATT TCC TTG GAC TGA AAG CTT GGG

TGG ATC CCT GTG ACC-3’
ACC-5’

PIAS3 cDNA 1.75 kbBglII XhoI SalI

HindIII

“PIAS3NcoI.fwd” 5’-AGT CGA CCC ATG GTG ATG AGT TTC-3’
NcoI

Start

Stop

Figure 2.4 Murine PIAS3 mammalian expression vector.
Plasmid vector map encoding murine PIAS3 cDNA (1.75 kb) cloned into SalI and HindIII restriction sites 
in pCMV5 vector. PIAS3 cDNA in pCMV5 vector was kindly provided by Ke Shuai (UCLA, CA). 
“PIAS3NcoI.fwd” and “PIAS3SphI.rev” are primers used to insert NcoI (-CCATGG-) and SphI         
(-GCATGC-) restriction sites at the 5’ and 3’ ends of the PIAS3 cDNA insert, respectively. Bases 
highlighted by line box indicate those modified by point mutations introduced by primer mismatch. A NcoI
site was inserted at 5’ end by A->C point mutation. A SphI site was inserted at 3’ end by T->A and G->C 
point mutations.    
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1. Introduce NcoI and SphI 
restriction enzyme sites by PCR 
amplification.

PIAS3 cDNANcoI SphI

3. Digest with NcoI and SphI 
and purify fragment

2. Digest with NcoI and SphI 
and purify vector

4. Ligate vector and fragment

pTAT-HA-MCS

NcoI 
KpnI 
AgeI 
XhoI 
SphI 
EcoRI 
BstBI

pRSET

~3 Kb AmpR

PIAS3 cDNA

SalI HindIII
pCMV5

4.65 kb AmpR

pTAT-HA-PIAS3

pRSET

~4.75 kb AmpR

Figure 2.5 Construction of pTAT-PIAS3 expression vector.
Schematic representation of method used to construct a bacterial vector for expressing TAT-PIAS3 fusion 
protein. Firstly, a NcoI restriction site was introduced into PIAS3 cDNA by PCR. The ATG codon within 
the NcoI restriction site coincided with the ATG initiator codon of PIAS3 to yield an in-frame fusion 
protein. An SphI site was simultaneously introduced immediately 3’ of PIAS3 cDNA for directional 
cloning. pTAT-HA vector and the PIAS3 PCR product were digested with NcoI and SphI restriction 
enzymes and ligated to generate a single vector expressing the pTAT-HA-PIAS3 fusion protein.    
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present in the multiple cloning region of the pTAT-HA vector, the NcoI and SphI 

restriction sites were introduced at the 5’ and 3’ ends of the PIAS3 cDNA respectively 

by PCR amplification (Section 2.20.1) with modified primers. To generate an in-frame 

fusion with the upstream TAT leader, the ATG sequence in the NcoI restriction site (5’-

CCA TGG) was inserted to correspond with the initiator methionine for the PIAS3 

protein. The forward primer “PIAS3NcoI.fwd” (5’-AGT CGA CCC ATG GTG ATG 

AGT TTC C-3’) inserted a NcoI site 5’ of the PIAS3 insert by changing an adenine, at 

–2 position to the start codon, to a cytosine (Figure 6.4). The reverse primer 

“PIAS3SphI.rev” (5’-CCA CGC ATG CTT TCA CTG CAA GGA-3’) inserted a SphI 

site 3’ of the PIAS3 insert by changing the thymidine and guanine at positions +5 and 

+8 following the stop codon, to an adenine and a cytosine, respectively (Figure 2.4). 

Following PCR, aliquots of the PCR mix were analysed on an agarose gel to confirm a 

single product (Appendix IA).    

 

2.26.2 Cloning of PIAS3 cDNA into pTAT-HA vector 

The linear PIAS3 PCR product was double-digested with the NcoI and SphI restriction 

enzymes as described in Section 2.20.2. The multiple cloning site within the pTAT-HA 

plasmid vector was also similarly digested with NcoI and SphI. Digested pTAT-HA 

vector and the PIAS3 DNA were then purified by phenol/chloroform extraction, 

ethanol precipitated and analysed by agarose gel electrophoresis (Appendix IB,C). The 

PIAS3 DNA insert was then ligated into the pTAT-HA vector (Section 2.20.3) and the 

resulting plasmid transformed into XL-1 blue bacteria (Section 2.22). The pTAT-HA 

vector contains an ampicillin-resistance marker for selection after transformation. 

Individual clones were isolated and analyzed for the PIAS3 insert by NcoI and SphI 

restriction enzyme digestion and agarose gel analysis (Appendix ID). Three clones 

identified with the PIAS3 insert were then sequenced over the NcoI restriction site 
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(Seq. Primer – 5’-GGTCTTCCGGGGAAAGCGCC-3’) to confirm that the PIAS3 

insert was in the correct orientation and was in-frame. The sequencing information is 

presented in Appendix II-IV. The pTAT-PIAS3 plasmid was then transformed into 

BL21(DE3)pLysS bacteria (Section 2.22).         

        

2.27 Expression and purification of TAT-PIAS3 fusion protein 

2.27.1 Induction of protein expression  

BL21(DE3)pLysS E. coli bacterial colonies containing pTAT-PIAS3 were inoculated 

into 5 ml of LB broth containing 50 µg/ml ampicillin and 10 µg/ml chloramphenicol. 

The cultures were incubated overnight (16 h) at 37oC in an orbital shaker (200 rpm). 

The next morning, 100 µl of overnight culture was re-inoculated into 5 ml of fresh LB 

broth containing ampicillin and chloramphenicol as before. This was then grown to an 

OD600 of 0.6 before induction with 1 mM IPTG for a further 4 h. 1 ml of culture was 

then pelleted by centrifugation at 21 000 g for 1 min. The pellet was then resuspended 

in 100 µl of SDS sample buffer (187.5 mM Tris pH 6.8, 6% w/v SDS, 30% v/v 

glycerol, 15% v/v β-mercaptoethanol, 0.015% w/v bromophenol blue) and analysed by 

SDS-PAGE. Fusion protein expression was determined via western blot analysis with 

anti-PIAS3. A single highly expressing isolate was chosen for large-scale purification. 

      

2.27.2 Large scale protein purification under soluble conditions 

Two 50 ml LB broth cultures containing 50 µg/ml ampicillin and 10 µg/ml 

chloramphenicol were started by inoculating from a glycerol stock of a highly 

expressing TAT-PIAS3 isolate. The next morning, each culture was diluted to 1 L with 

LB broth containing the appropriate antibiotics and grown to an OD600 of 0.6 at 37oC 

and 200 rpm. The cultures were then induced with 1 mM IPTG and grown for a further 

4 h. The bacteria culture was then pelleted by centrifugation at 3 100 g for 15 min. The 
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pellet was then resuspended in 20 ml of Native Lysis Buffer (PBS pH 7.2, 10 µg/ml 

aprotinin, 10 µg/ml leupeptin and 1 mM benzamidine). The pellet was then snap frozen 

in liquid nitrogen, thawed on ice and sonicated on ice with three 20 second pulses at the 

maximum capacity for a microtip setting.  

 

The sonicate was then clarified by centrifuging at 10 000 g, 4oC for 25 min. The 

supernatant was then collected and incubated with 1 ml of Ni-NTA sepharose slurry for 

90 min at 4oC on a rotating wheel. The sepharose beads were then collected (1 750 g, 5 

min) and washed twice with 10 ml of Native Lysis Buffer. The beads were then eluted 

with 3 washes of 1 ml Native Lysis Buffer containing 250 mM imidazole. The beads 

were finally eluted with 1 ml of Native Lysis Buffer containing 1 M of imidazole. 50 µl 

aliquots of sonicate, each wash and elution were saved for analysis by SDS-PAGE. The 

eluates were then desalted on a PD-10 column packed with Sephadex G-25 resin 

(Amersham Pharmacia, Uppsala, Sweden) into sterile PBS according to manufacturer’s 

instructions. The purified fusion protein concentration was then determined by the BIO-

RAD Protein Assay and the protein aliquoted (250 µl) and stored at –80oC. 

 

2.27.3 Large scale protein purification under denaturing conditions 

Two 50 ml LB broth cultures containing 50 µg/ml ampicillin and 10 µg/ml 

chloramphenicol were started by inoculating from a glycerol stock of a highly 

expressing TAT-PIAS3 isolate. The next morning, each culture was diluted to 1 L with 

LB broth containing the appropriate antibiotics and grown to an OD600 of 0.6 at 37oC 

and 200 rpm. The cultures were then inoculated with 1 mM IPTG and grown for a 

further 4 h. The bacteria culture was then pelleted by centrifugation at 3 100 g for 15 

min. The pellet was then resuspended in 20 ml of Denaturing Buffer (10 mM Tris-HCl 

pH 8.0, 100 mM NaH2PO4, 8 M urea). The pellet was then snap frozen in liquid 
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nitrogen, thawed on ice and sonicated on ice with three 20 s pulses at the maximum 

capacity for a microtip setting.  

 

The sonicate was then clarified by centrifuging at 10 000 g, 4oC for 25 min. The 

supernatant was then incubated with 4 ml of Ni-NTA sepharose slurry for 90 min at 

4oC with end-over end mixing. The lysate/Ni-NTA mixture was then loaded into an 

empty gravity-flow column and the flow-through collected. A 50 µl aliquot of the flow-

through was saved for analysis by SDS-PAGE. The column was then washed three 

times with 20 ml of Wash Buffer A (10 mM Tris-HCl pH 6.3, 100 mM NaH2PO4, 8 M 

urea) and three times with 5 ml of Wash Buffer B (10 mM Tris-HCl pH 5.9, 100 mM 

NaH2PO4, 8 M urea). The protein was then eluted with three 3 ml washes of Elution 

Buffer (10 mM Tris-HCl pH 4.5, 100 mM NaH2PO4, 8 M urea). Again, 50 µl aliquots 

of each fraction were collected for SDS-PAGE analysis. The elution fraction containing 

the fusion protein was then desalted on a PD-10 column packed with Sephadex G-25 

resin (Amersham Pharmacia, Uppsala, Sweden) into sterile PBS containing 10% (v/v) 

glycerol according to manufacturer’s instructions. The purified fusion protein 

concentration was then determined with the BIO-RAD Protein Assay and the protein 

aliquoted (250 µl) and stored at –80oC. 

 

2.28 Luciferase enzyme assay of STAT3α transcriptional activity 

The luciferase reporter assay of STAT3 transcriptional activity is comprised of two 

plasmids. The m67 luciferase reporter plasmid, kindly provided by James E. Darnell 

(Rockefeller University, NY, USA), encodes 4 copies of a STAT3 high-affinity binding 

site driving expression of the reporter luciferase enzyme from the firefly (Photinus 

pyralis). The second plasmid, pG513λ-STAT3α, encodes full-length STAT3α for 
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transactivation of the STAT3 luciferase reporter and was kindly provided by Rolf P. de 

Groot (University Hospital Utrecht, Heidelberglaan, Netherlands).   

 

In a typical luciferase reporter assay, HEK 293 cells (2x105) were transfected (Section 

2.4), with the m67 luciferase reporter plasmid (1 µg) and pG513λ-STAT3α (1 µg). 

After 48 h, luciferase activity was then stimulated by IL-6 treatment (5 ng/ml, 6 h) or 

left unstimulated by substituting IL-6 with an equivalent volume of 0.1% BSA (w/v) in 

PBS. Following treatment, cells were then lysed and luciferase activity measure by 

Stratagene’s Luciferase Assay Kit (Cat #219020) as per the manufacturer’s 

instructions. Briefly, after two washes with ice-cold PBS, cells were scraped off the 

dish and lysed for 10 min in 200 µl of Cell Lysis Buffer (200 mM Tricine pH 7.8, 250 

mM NaCl, 10 mM EDTA, 5 mM MgSO4, 25 mM DTT and 5% v/v Triton X-100). Cell 

lysates were then transferred to a microcentrifuge tube and centrifuged at 21 000g for 5 

min (4oC). The cytosolic protein supernatants were collected and assayed for luciferase 

activity. Lysates (10 µl) were then incubated with 50 µl of Assay Buffer (40 mM 

Tricine pH 7.8, 0.5 mM ATP, 10 mM MgSO4, 0.5 mM EDTA, 10 mM DTT and 0.5 

mM Coenzyme A) containing the luciferase substrate luciferin (150 µg/ml). The 

luciferase in the cell lysates catalyzes the chemiluminescent oxidation of luciferin. The 

emission of light (560 nm) was then quantitated on a TROPIX T717 Microplate 

Luminometer (Perkin Elmer, Massachusetts, USA) and Winglow software package. 

The protein concentrations of cell lysates were then determined with the BIO-RAD 

Protein Assay. Luminometer measurement of luciferase activity, expressed as Relative 

Light Units (RLU), was then normalized for protein content and expressed as arbitrary 

units.        
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2.29 Statistical Analysis 

Quantitated data from a single treatment were compared utilizing one-way analysis of 

variance test (ANOVA) with Fischer’s Least Significant Difference test set at 

significance level of 95% (p<0.05). Comparison between averages of data classified by 

two different treatments were made using two-way analysis of variance test with a 

significance level of 95% (p<0.05). All values in the text are reported as mean+SE 

unless otherwise stated.   
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Chapter 3 

Mechanisms of IL-1β stimulated hypertrophy  

in rat neonatal cardiac myocytes 

 

 68



3.1 Introduction 

Cytokines are a class of small peptide hormones that are involved in the paracrine and 

autocrine signaling associated with local cell to cell communication. They can be 

grouped together based on similarities in their structure and the receptors utilized. 

Cytokines have been implicated in a variety of biological responses including the 

hypertrophic response of the heart. Specifically, members of the gp130-signaling 

cytokines such as LIF, CT-1, OSM and CNTF have been shown to stimulate a distinct 

form of hypertrophy in neonatal cardiac myocytes (Taga and Kishimoto, 1997; 

Yamauchi-Takihara and Kishimoto, 2000a). In addition, studies indicate that CT-1 

signaling may mediate a cardioprotective response (Sheng et al., 1997; Railson et al., 

2002).  

 

Characteristic of the cytokine receptor superfamily, gp130 signaling is mediated by 

receptor-associated JAK activation of the STAT proteins. In particular, JAK-mediated 

STAT3 activation has been shown to be central to the hypertrophic and anti-apoptotic 

signals from the gp130 receptor subunit (Yamauchi-Takihara and Kishimoto, 2000b). 

Furthermore, members of the MAPK family have also been implicated downstream of 

gp130 and shown to be involved in mediating survival signals stimulated by CT-1 

(Sheng et al., 1997; Yamauchi-Takihara and Kishimoto, 2000a). Thus, the intracellular 

signaling pathways involved in gp130-stimulated cardiac hypertrophy have been well 

characterized. However, since the initial observation of gp130-signaling cytokine-

stimulated hypertrophy of neonatal cardiac myocytes, an additional cytokine, 

interleukin-1β, has been identified with hypertrophic potential.  
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3.2 Interleukin-1β (IL-1β) stimulation of cardiac hypertrophy 

Interleukin-1β (IL-1β), a 17 kD, 153 amino acid protein, is one of two members of the 

interleukin-1 family (Brazel et al., 1991). IL-1β and IL-1α are encoded by a different 

genes, with IL-1β the predominant form in humans. Although only sharing 27% 

sequence homology, the three-dimensional structures of IL-1α and IL-1β are highly 

conserved. Furthermore, both IL-1 cytokines bind the same receptor, explaining the 

biological equivalence in function between the two proteins (Dower et al., 1986). 

Secreted mainly by monocytes and macrophages, IL-1β is known primarily for its 

inflammatory properties and is involved in mediating the immune response (Brazel et 

al., 1991). IL-1β is also produced by other cell types such as endothelial cells, smooth 

muscle cells, keratinocytes, astrocytes and osteoclasts. In the heart, elevated IL-1β 

production has been demonstrated in rat models of myocardial infarction and load-

induced cardiac hypertrophy (Shioi et al., 1997; Ono et al., 1998). The overexpression 

of the human IL-1α gene leads to myocardial hypertrophy in transgenic mice (Isoda et 

al., 2001) and it is assumed that human IL-1β overexpression would be associated with 

a similar phenotype. In addition, IL-1β and the IL-1 receptor (IL-1R) are expressed in 

the failing human heart but not in the healthy myocardium (Han et al., 1991). Thus, IL-

1β has been implicated in mediating cardiovascular dysfunction.  

 

In the neonatal cardiac myocyte model, IL-1β treatment induces a distinct form of 

hypertrophy that is characterized by increased protein content and myocyte growth, but 

with an absence in expression of fetal genes α-SkA and β-MHC (Palmer et al., 1995; 

Patten et al., 1996). IL-1β-stimulated gene expression changes that are characteristic of 

the hypertrophic response include the upregulation of ANF expression and SERCA-2b 

downregulation (Thaik et al. 1995). In addition, subsequent morphological studies 
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indicated that IL-1β stimulated an eccentric hypertrophic phenotype characterized by 

increases in myocyte length but not width, similar to the elongated morphology 

stimulated by CT-1 (Wollert et al., 1996; Harada et al., 1999). This is in contrast to the 

concentric hypertrophy stimulated by GPCR agonists (Pennica et al., 1996; Harada et 

al., 1999). The elongated hypertrophic myocyte morphology is thought to be the result 

of serial assembly of sarcomeric units rather than parallel assembly implicated in 

concentric hypertrophy (Wollert et al., 1996). Thus, the IL-1β-stimulated hypertrophic 

response in cardiac myocytes is distinct from that stimulated by GPCR agonists and 

resembles the response induced by gp130-signaling cytokines.   

 

The cytoplasmic region of IL-1R shares some limited sequence similarity with the 

gp130 receptor subunit (Kuno and Matsushima, 1994), which may explain the 

induction of similar hypertrophic phenotypes. However, unlike CT-1 and LIF, the 

downstream effectors responsible for mediating IL-1β-stimulated hypertrophy have not 

been extensively studied. In addition, little is known regarding the immediate post-

receptor signaling events from the IL-1R following ligand binding. Downstream 

proteins activated in response to IL-1β treatment include the MAPK subfamilies, 

ERK1/2, JNK and p38MAPK (Clerk et al., 1999). It is clear that IL-1β induces several 

intracellular signaling pathways in common with gp130-signaling cytokines. However, 

it is not clear whether these pathways contribute to mediating IL-1β-stimulated cardiac 

hypertrophy.      

 

3.3 Study Aims  

The hypertrophic response following exposure to GPCR agonists was the first 

described and best characterized (reviewed by Hefti et al., 1997; Molkentin and Dorn, 

2001). However, the hypertrophic potential of cytokines, such as CT-1, LIF and IL-1β, 
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has also been demonstrated in vitro (Palmer et al., 1995; Matsui et al., 1996; Wollert et 

al., 1996). In addition, cytokine expression is intimately associated with the initiation 

and progression of cardiac hypertrophy in vivo (Yamauchi-Takihara and Kishimoto, 

2000a).  

 

The cytokine-stimulated intracellular signal transduction pathways involved in eliciting 

the hypertrophic response remain controversial. The two main signaling mechanisms 

implicated in gp130-mediated hypertrophy involve STAT3 and the MAPK family 

(Kunisada et al., 1998; Kodama et al., 2000). As gp130-signaling cytokines and IL-1β 

stimulate similar hypertrophic phenotypes (Thaik et al., 1995; Wollert et al., 1996), the 

activation of the JAK/STAT and MAPK pathways could potentially be involved in 

mediating hypertrophy in response to IL-1β treatment. The present study aims to test 

this hypothesis in the neonatal cardiac myocytes model of hypertrophy. 

 

 The current work evaluates how the gp130-signalling cytokine, LIF and the pro-

inflammatory cytokine, IL-1β stimulate hypertrophy in vitro in neonatal rat cardiac 

myocytes. The experiments described in this Chapter have addressed the following 

points: 

 

a) LIF and IL-1β stimulate similar hypertrophic morphologies in neonatal cardiac 

myocytes. However, it is unknown whether similar molecular mechanisms are 

involved. In this Chapter, a comparison has been made between the 

phosphorylation and activation of ERK, JNK, p38MAPK and STAT3, by LIF and 

IL-1β, to address whether different signaling pathways may converge to elicit 

the same biological response or whether similar signaling mechanisms are 

utilized. 
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b) The MAPK pathways have been identified as part of the intracellular signaling 

network downstream of the IL-1R. In addition, their hypertrophic potential has 

been demonstrated in vivo in transgenic overexpression studies. The necessity 

and sufficiency of these signaling components in IL-1β-stimulated hypertrophy 

has been addressed in this chapter through the use of kinase-specific chemical 

inhibitors. The chemical inhibitors PD98059 and SB203580 were used to 

investigate the role of ERK and p38MAPK, respectively, in regulating IL-1β- and 

LIF-stimulated hypertrophy in comparison to LIF. PD98059 has been shown 

previously to prevent ERK activation by a variety of agonists by binding to and 

inhibiting MEK, the direct upstream regulator of ERK (Alessi et al., 1995). 

SB203580 belongs to a class of pyridinyl imidazole compounds and inhibits 

p38MAPK specifically through competitive inhibition of the ATP binding site of 

the protein (Cuenda et al., 1995; Young et al., 1997). 

 

c) Various members of the MAPK and STAT family of proteins have previously 

been shown to interact in an integrated signaling network (Bhat and Baker, 

1998; Jain et al., 1998). The issue of cross talk between the MAPK and 

JAK/STAT pathways and the possible roles of such cross-talk in the regulation 

of cardiac hypertrophy was, therefore, investigated in this Chapter. Again, the 

significance of cross-talk between ERK or p38MAPK and STAT3 was addressed 

with the use of PD98059 and SB203580.   

 

 73



3.4 Results 

3.4.1 Cardiac myocyte hypertrophy stimulated by LIF and IL-1β  

As the first step in validating the neonatal cardiac myocyte hypertrophic phenotype in 

response to IL-1β, cells were stimulated for 24 h with IL-1β (1ng/ml) and the 

morphology compared to cells similarly treated with LIF (10 ng/ml). Cardiac myocytes 

not exposed to hypertrophic agonists were used as controls to indicate the non-

hypertrophic myocyte phenotype. In addition, a contrasting comparison was made with 

cells stimulated with phenylephrine (PE, 100 µM) for 24 h. All cells were left unfixed 

and were examined by phase contrast microscopy. Control cells, treated with 0.1% 

(w/v) BSA in PBS, were irregular in shape and relatively small in size, characteristic of 

unstimulated neonatal cardiac myocytes in culture (Figure 3.1, top left panel). As 

expected, PE treatment resulted in a marked increase in size with growth in length and 

width (Figure 3.1, top right panel). In contrast, LIF-stimulated myocytes were 

elongated in shape as a result of non-proportional growth in cellular dimensions (Figure 

3.1, bottom left panel). LIF-stimulated myocytes were also characterized by numerous 

distinct projections. IL-1β-treated myocytes were similarly elongated and demonstrated 

numerous projections affording the cells a ‘star-shaped’ appearance (Figure 3.1, bottom 

right panel). These results confirmed previously published observations on the myocyte 

morphologies stimulated by the different hypertrophic agonists (Wollert et al., 1996; 

Harada et al., 1999). 

 

Changes in cell morphology were confirmed in cells fixed in paraformaldehyde and 

stained with TRITC-phalloidin to highlight the rearrangement of actin filaments. 

Control neonatal cardiac myocytes were small and irregular in appearance (Figure 3.2). 

However, an elongated morphology with distinct projections was evident following IL-

1β and LIF treatment but not for PE-treated cells (Figure 3.2, red stain). In the same 
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Control Phenylephrine

IL-1βLIF

Figure 3.1 Stimulation of hypertrophic morphology in rat neonatal cardiac 
myocytes.
Serum starved cardiac myocytes were treated with IL-1β (1 ng/ml), LIF (10 ng/ml), phenylephrine (100 
µM) or 0.1% (v/v) BSA in PBS as a control. The morphology of cells was then recorded 24 h post-
treatment by photography under phase contrast microscopy. A single representative field from each 
treatment is shown. Scale bars represent 20 µm. Projections evident in the LIF- and IL-1β-treated cells are 
indicated by arrows.
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(nuclei)

Figure 3.2 IL-1β, LIF and phenylephrine stimulation of hypertrophic morphology and ANF protein expression in cardiac myocytes.
Serum-starved cardiac myocytes were treated for 24 h with IL-1β (1 ng/ml), LIF (10 ng/ml) and phenylephrine (100 µM) or 0.1% (w/v) BSA in PBS as a control. Cells 
were then fixed and prepared for immuno-fluorescent staining as previously described (Section 3.10). Cells were stained with phalloidin-TRITC for actin filaments (red), 
anti-ANF antibody coupled with an Alexa 488-conjugated anti-rabbit secondary (green) and Hoechst 33258 which stains the nuclei (blue). Cell staining is either shown 
individually or as a combined panel (Triple-Stain). Scale bars represent 20 µm.
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field of cells, it was also confirmed that IL-1β, LIF and PE stimulated the expression of 

the hypertrophic marker, ANF, as characterized by prominent perinuclear staining 

(Figure 3.2, green stain). Thus, in agreement with previous reports, it was demonstrated 

that the IL-1β-stimulated hypertrophic phenotype closely resembles that induced by 

gp130-signaling cytokines (Thaik et al., 1995; Harada et al., 1999).    

 

3.4.2 Comparison of the activation profiles of ERK, p38MAPK and JNK following 

LIF or IL-1β treatment   

Due to the similarity in cell morphology, it was then of interest to determine whether a 

common signaling pathway was utilized by LIF and IL-1β despite differences in their 

receptors (Dower et al., 1986; Fukuda et al., 1999). There is considerable evidence 

implicating a role for MAPK subfamilies in regulating hypertrophy in cardiac myocytes 

(reviewed by Force et al., 1996; Hefti et al., 1997; Bogoyevitch, 2000). With regards to 

LIF-stimulated hypertrophy, previous studies have indicated a requirement for ERK 

and p38MAPK activation (Nemoto et al., 1998; Kodama et al., 2000; Ueyama et al., 

2000). The characterization of IL-1β signaling in cardiac myocytes has demonstrated 

activation of the three major MAPK subfamilies (Clerk et al., 1999). However, their 

involvement in mediating hypertrophic morphology or gene expression following IL-

1β stimulation is largely unknown.      

 

To generate a MAPK activation profile stimulated by IL-1β, the phosphorylation of 

ERK and p38MAPK and the activation of JNK was investigated over a 10 to 120 min 

time course. LIF-stimulated MAPK activation was similarly investigated for 

comparison. IL-1β stimulated the maximal phosphorylation of the ERKs (2.2 + 0.2-

fold, Figure 3.3) and p38MAPK (5.7 + 2.1-fold, Figure 3.4) at 10 min, and this decreased 

by 120 min. LIF was also a potent stimulus for ERK phosphorylation (2.3 + 0.1-fold, 
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Figure 3.3 IL-1β and LIF stimulation of ERK phosphorylation.
Serum-starved cardiac myocytes were treated with IL-1β (1 ng/ml) or LIF (10 ng/ml) for 10, 30, 60 or 120 
min. Cells treated with 0.1% (w/v) BSA in PBS were used as the control (Con). Cells were then lysed and a 
detergent-soluble protein extract prepared. A. Extracts were blotted to detect the phosphorylation of ERK 
(upper panel). In addition, a separate gel was identically loaded and blotted for total ERK as a control for 
protein loading (lower panel).B. Densitometric analysis of bands provided quantification data for ERK 
phosphorylation. Results are expressed as means+SE from three independent experiments. “*” indicates a 
significant difference (p<0.05) versus control (Con).
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Figure 3.4 IL-1β and LIF stimulation of p38MAPK phosphorylation.
Serum-starved cardiac myocytes were treated with IL-1β (1 ng/ml) or LIF (10 ng/ml) for 10, 30, 60 or 120 
min. Cells treated with 0.1% (w/v) BSA in PBS were used as the control (Con). Cells were then lysed and a 
detergent-soluble protein extract prepared. A. Extracts were blotted to detect the phosphorylation of p38MAPK

(upper panel). Membranes were stripped and reblotted for total p38MAPK as a control for protein loading (lower 
panel). B. Densitometric analysis of bands provided quantification data for p38MAPK phosphorylation. Results 
are expressed as means+SE from three independent experiments. “*” indicates a significant difference 
(p<0.05) to control (Con).
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Figure 3.3); however, p38MAPK phosphorylation was only modest (2.4 + 0.2, Figure 3.4) 

when compared to that stimulated by IL-1β. JNK activity was maximally stimulated 

(3.9 + 0.4-fold) after IL-1β treatment for 10 min (Figure 3.5). In contrast, LIF did not 

significantly activate JNK at any time point examined (Figure 3.5).  

 

These results demonstrated that IL-1β rapidly activated all three MAPK subfamilies. 

However, LIF selectively activated ERK and p38MAPK but not JNK. Thus, IL-1β and 

LIF differ in their activation of the MAPK subfamilies.  

 

3.4.3 Phosphorylation of STAT3α by LIF and IL-1β 

The JAK/STAT pathway has also been recently suggested to be involved in regulating 

hypertrophy in vivo and in vitro (Kunisada et al., 1996; Kunisada et al., 1998; Kunisada 

et al., 2000). Specifically, STAT3 has been shown to play a major role in LIF-

stimulated hypertrophic signaling pathways (Kunisada et al., 1996; Kunisada et al., 

1998). STAT3 activation was measured by immunoblotting with an antibody specific 

for protein phosphorylated on Y705. Phosphorylation of this residue has been 

previously shown to be required for subsequent transcriptional activity (Zhong et al., 

1994; Darnell, 1997).  

 

Following LIF stimulation, immunoblotting of the total cell extracts with the phospho-

STAT3 antibody revealed two bands that resolved at 91 and 80 kD on SDS-PAGE 

(Figure 3.6, left panel). This corresponded with the reported molecular weights for 

STAT3α and STAT3β respectively. The α and β isoforms of STAT3 arise from 

alternative splicing of a single gene and are identical with the exception of a 55 amino-

acid truncation at the carboxy-terminus of the β isoform (Schaefer et al., 1995; 

Caldenhoven et al., 1996). This was confirmed when the 80 kD band could only be 
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Figure 3.5 IL-1β and LIF stimulation of JNK activation.
Serum-starved cardiac myocytes were treated with IL-1β (1 ng/ml) or LIF (10 ng/ml) for 10, 30, 60 or 120 
min. Cells treated with 0.1% (v/v) BSA in PBS were used as the control (Con). Cells were then lysed and a 
detergent-soluble protein extract prepared. A. Kinase activity of JNK was then measured by pulldown
kinase assay with GST-cJun as substrate. B. Cerenkov counting of bands provided quantification data for 
JNK activity. Results are expressed as means+SE from three independent experiments. “*” indicates a 
significant difference (p<0.05) versus control (Con).
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Figure 3.6 Phosphorylation of STAT3α and STAT3β in rat neonatal cardiac 
myocytes.
Serum-starved cardiac myocytes were treated with LIF (10 ng/ml) for 10 min or with 0.1% (w/v) BSA in 
PBS as a control (Con). Cells were then lysed and a detergent-soluble protein extract prepared. Extracts 
were then blotted with a antibody for Tyr705 phosphorylated STAT3α/β (left panel). Total STAT3α/β
protein was determined by immunoblotting with an antibody raised against the N-terminal portion of 
STAT3 (middle panel). Blotting with an antibody raised against the C-terminus of STAT3α identified the 
larger of the two bands as STAT3α (right panel).
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detected with an antibody raised against the N-terminal peptide of STAT3α but not a 

C-terminal STAT3α peptide (Figure 3.6, middle and right panels). In addition, the 

expression levels of STAT3β were lower than STAT3α in cardiac myocytes (Figure 

3.6, middle panel). No other protein bands were detected with the three antibodies (data 

not shown) confirming the specificity of the phospho-STAT3 and total-STAT3 

antibodies. 

  

The phospho-STAT3 antibody was then subsequently used to characterize and compare 

STAT3 activation following LIF and IL-1β treatment over a 10-120 min time-course. 

In accord with previous studies, LIF stimulated a potent, rapid and transient 

STAT3α Y705 phosphorylation (10.5 + 2.8 maximal-fold increase at 10 min over 

control, Figure 3.7) (Kunisada et al., 1996). This was accompanied by a more modest 

increase in STAT3β Y705 phosphorylation (Figure 3.7). Surprisingly, IL-1β also 

stimulated STAT3α phosphorylation (1.7 + 0.3-fold increase at 60 min, Figure 3.7), but 

this was delayed (>60 min) and not as potent as LIF-stimulated phosphorylation. In this 

case, STAT3β Y705 phosphorylation stimulated by IL-1β was not detectable, 

presumably due to the lower expression of the truncated isoform (Figure 3.7A).  

 

When different doses of LIF and IL-1β were compared, the maximal STAT3α 

phosphorylation in response to 1 ng/ml IL-1β was approximately 35% of the response 

to 10 ng/ml LIF and roughly equivalent to 1 ng/ml LIF (Figure 3.8, top panel). In 

contrast, 1 ng/ml and 10 ng/ml of IL-1β induced a similar level of STAT3α 

phosphorylation (Figure 3.8, top panel) indicating maximal signaling to STAT3 by the 

IL-1β receptor stimulated by 1 ng/ml IL-1β. To our knowledge, there have been no 

previous reports of links between IL-1β and STAT activation. Therefore the present 
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Figure 3.7 IL-1β and LIF stimulation of STAT3α Y705 phosphorylation.
Serum-starved cardiac myocytes were treated with IL-1β (1 ng/ml) or LIF (10 ng/ml) for 10, 30, 60 or 120 
min. Cells treated with 0.1% (w/v) BSA in PBS were used as the control (Con). Cells were then lysed and a 
detergent-soluble protein extract prepared. A. Phosphorylated STAT3α/β Y705 was detected by western 
blot (upper panel). Membranes were then stripped and reprobed with anti-STAT3α for total protein as a 
control for loading (lower panel). B. Phospho-STAT3α bands were then quantitated by densitometric 
analysis and the results expressed as means+SE from three independent experiments. “*” indicates a 
significant difference (p<0.05) to control (Con).
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Figure 3.8 STAT3α phosphorylation in response to treatment with IL-1β or LIF at        
1 ng/ml or 10 ng/ml.  
Serum starved cardiac myocytes were treated with IL-1β (1 or 10 ng/ml) or LIF (1 or 10 ng/ml) for either 
10 or 60 min. Cells treated with 0.1% (w/v) BSA in PBS were used as the control indicated by 0 min 
treatment. Cells were then lysed and a detergent-soluble protein extract prepared. Phosphorylated STAT3α
Y705 was detected by western blot (upper panel). Membranes were then stripped and reprobed with anti-
STAT3α for total protein as a control for loading (lower panel).
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study demonstrates the novel observation of delayed STAT3α phosphorylation in 

response to IL-1β treatment. In summary, LIF and IL-1β both stimulated the 

phosphorylation of STAT3α although there were differences in the extent and kinetics 

of this phosphorylation.  

 

3.4.4 Stimulation of STAT3α nuclear translocation by LIF and IL-1β 

The current established mechanism of STAT3α activation, following Y705 

phosphorylation, involves its dimerization and translocation to the nucleus where the 

dimer then binds specific DNA response elements and regulates the transcription of 

target genes (Schindler and Darnell, 1995; Ihle, 1996; Darnell, 1997). To support the 

conclusions drawn from the phospho-STAT3α blots in Figure 3.7, the nuclear 

localization of STAT3α in response to LIF and IL-1β stimulation was evaluated by 

immunocytochemical staining with the STAT3 C-terminal antibody. The translocation 

of STAT3α to the nucleus of myocytes was demonstrated after LIF treatment for 10 

min (Figure 3.9) whereas treatment with IL-1β for 10 or 30 min failed to promote 

nuclear accumulation of the STAT3α protein. This is in agreement with the low levels 

of STAT3α phosphorylation observed at these time points (Figure 3.7). Only after 

treatment of myocytes with IL-1β for 60 min was modest STAT3α nuclear staining 

observed (Figure 3.9). Thus, the time course and extent of STAT3α nuclear 

translocation correlated with that of STAT3α phosphorylation following LIF and IL-

1β treatment. This would suggest a correlation between STAT3α Y705 

phosphorylation and the potential for transcriptional activity in the nucleus of cardiac 

myocytes.   
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Figure 3.9 IL-1β stimulates STAT3α nuclear translocation.
Serum-starved cardiac myocytes were treated with IL-1β (1 ng/ml) or LIF (10 ng/ml) for the indicated 
times. Cells treated with 0.1% (w/v) BSA in PBS were used as the control. Cells were then washed, fixed 
and prepared for immunofluorescent staining. To visualize the localization of STAT3α, cells were stained 
with an antibody raised against the C-terminus of STAT3α followed by an anti-rabbit-Alexa488 secondary. 
Scale bars represent 20µm. These results are representative of two independent experiments.
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3.4.5 Regulation of STAT3α phosphorylation by ERK or p38MAPK

Cross-talk between STAT3 and components of the MAPK pathways has been 

implicated in other cultured cell models (Jain et al., 1998; Sengupta et al., 1998).  As 

IL-1β stimulated MAPK and STAT3α phosphorylation in cardiac myocytes, the 

possibility of cross-talk between the two signaling pathways was investigated, 

particularly given the delayed kinetics of STAT3α phosphorylation.  

 

Two chemical inhibitors, PD98059 and SB203580, were employed to specifically 

inhibit the ERK and p38MAPK pathways, respectively (Alessi et al., 1995; Cuenda et al., 

1995). It was found that either PD98059 (10 µM) or SB203580 (10 µM) alone 

attenuated IL-1β-stimulated STAT3α phosphorylation by 72 + 9% (p<0.01) and 65 + 

8% (p<0.01), respectively (Figure 3.10 and Figure 3.11). In contrast, the inhibitors did 

not affect LIF-stimulated STAT3α phosphorylation (Figure 3.10 and Figure 3.11) 

confirming the previously defined independence of the JAK/STAT and MAPK 

pathways directly downstream of gp130 (Taga and Kishimoto, 1997; Heinrich et al., 

1998). This result implicates ERK and p38MAPK as positive upstream regulators of the 

delayed STAT3α response to IL-1β treatment. Interestingly, both MAPKs appeared to 

be necessary in the IL-1β-stimulated pathway, as interruption of either pathway alone 

was sufficient to prevent STAT3α phosphorylation. IL-1β also stimulated a robust 

activation of JNK (Figure 3.5). However, at the time of experimentation, no specific 

chemical inhibitor of JNK was available. Thus, the function of this third MAPK 

subfamily was not investigated and therefore should not be discounted.  

 

3.4.6 Specificity of the kinase inhibitors, PD98059 and SB203580 

PD98059 and SB203580 are chemical inhibitors used routinely to target and inhibit the 

activation of ERK and p38MAPK, respectively (Alessi et al., 1995; Cuenda et al., 1995). 
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Figure 3.10 Effect of PD98059 on IL-1β- and LIF-stimulated STAT3α Y705 
phosphorylation.
Serum-starved cardiac myocytes were initially pre-treated with PD98059 (10 µM, 60 min), an equivalent 
volume of DMSO (0.1% v/v) or left untreated for comparison. Cells were then further treated with LIF (10
ng/ml), IL-1β (1 ng/ml) or 0.1% (w/v) BSA in PBS (Con). A. Detergent soluble extracts were then 
prepared from lysed cells and blotted for STAT3α Y705 phosphorylation (upper panels). Reprobing for 
total STAT3α was used as a control for protein loading (lower panels). B. Phospho-STAT3α bands were 
then quantitated by densitometric analysis and expressed as fold-activation over control. Results are 
expressed as means+SE from three independent experiments. “*” indicates a significant difference 
(p<0.05) to the identically treated cells in the absence of inhibitor pre-treatment.  
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Figure 3.11 Effect of SB203580 on IL-1β- and LIF-stimulated STAT3α Y705 
phosphorylation.
Serum-starved cardiac myocytes were initially pre-treated with SB203580 (10 µM, 30 min), an equivalent 
volume of DMSO (0.05% v/v) or left untreated for comparison. Cells were then further treated with LIF 
(10 ng/ml), IL-1β (1 ng/ml) or 0.1% (w/v) BSA in PBS (Con). A. Detergent soluble extracts were then 
prepared from lysed cells and blotted for STAT3α Y705 phosphorylation (upper panels). Reprobing for 
total STAT3α was used as a control for protein loading (lower panels). B. Phospho-STAT3α bands were 
then quantitated by densitometric analysis and expressed as fold-activation over control. Results are 
expressed as means+SE from three independent experiments. “*” indicates a significant difference 
(p<0.05) to the identically treated cells in the absence of inhibitor pre-treatment.
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A caveat in the use of these chemical inhibitors is that they must show specificity 

towards their respective targets. Some studies have demonstrated non-specific effects 

on the activity of the other MAPKs particularly at higher doses (Kamakura et al., 

1999). 

 

To demonstrate that the inhibitory effects of PD98059 and SB203580 were specific, the 

effects of the inhibitors on the other MAPK subfamilies were investigated. In the case 

of PD98059, no effect on p38MAPK phosphorylation stimulated by LIF or IL-1β was 

found (Figure 3.12A). Likewise, JNK activity was also unchanged (Figure 3.12B). 

Preincubation with SB203580 also did not effect IL-1β-stimulated ERK 

phosphorylation (Figure 3.13A) and the effect on JNK activity was negligible (Figure 

3.13B). Therefore it was concluded that each inhibitor did not attenuate closely related 

MAPK subfamily members and appeared to be specific for its particular MAPK 

pathway at the doses employed.     

  

3.4.7 Initial MAPK activation is sufficient for IL-1β-stimulated STAT3α 

activation but not ANF expression 

The activation of ERK and p38MAPK preceded and was shown to be necessary for 

STAT3α phosphorylation in response to IL-1β (Figures 3.10 and 3.11). It was then of 

interest to determine whether an initial rapid transient exposure to IL-1β was sufficient 

to induce delayed STAT3α phosphorylation. Cardiac myocytes treated with IL-1β for 

10 min were previously shown to stimulate ERK and p38MAPK phosphorylation and 

JNK activation (Figure 3.3-3.5). Following an initial 10 min IL-1β treatment, cardiac 

myocytes were washed into fresh serum-free media and maintained for a further 50 min 

“withdrawal period”. STAT3α phosphorylation was then assessed. It was found that 

STAT3α phosphorylation stimulated in this manner was comparable to a continuous 
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Figure 3.12 Effect of PD98059 on IL-1β stimulation of p38MAPK phosphorylation and 
JNK activity.
Serum-starved cardiac myocytes were initially pre-treated with PD98059 (10 µM, 60 min), an equivalent 
volume of DMSO (0.1% v/v) or left untreated for comparison. Cells were then further treated with IL-1β (1
ng/ml) for the indicated times or 0.1% (v/v) BSA in PBS (Con). Cells were then lysed and detergent-
soluble extracts prepared. Extracts were then A. blotted for p38MAPK phosphorylation (upper panel). The 
membrane was then stripped and reblotted for total p38MAPK protein as a loading control (bottom panel). B. 
The kinase activity of JNK was measured in the same lysates by pulldown kinase assay with GST-cJun as 
substrate.

80a



A.
IL-1β (1 ng/ml) - - - +        +           +                           

DMSO (0.05% v/v)         - +            - - +            -

SB203580 (10 µM)          - - +           - - +

46 kD
ERK 1/2P

ERK 1/2 46 kD

B.
IL-1β (1 ng/ml) - - - +        +           +                           

DMSO (0.05% v/v)         - +            - - +            -

SB203580 (10 µM)          - - +           - - +

46 kD32P-GST-cJun

Figure 3.13 Effect of SB203580 on IL-1β stimulation of ERK phosphorylation and 
JNK activity.
Serum-starved cardiac myocytes were initially pre-treated with SB203580 (10 µM, 30 min), an equivalent 
volume of DMSO (0.05% v/v) or left untreated for comparison. Cells were then further treated with IL-1β
(1 ng/ml) or 0.1% (w/v) BSA in PBS (Con) for 10 min. Detergent-soluble extracts were then prepared and 
A. blotted for ERK phosphorylation (upper panel). The membrane was then stripped and reblotted for total 
ERK protein as a loading control (bottom panel). B. The kinase activity of JNK was also measured in the 
same samples by pulldown kinase assay with GST-cJun as substrate.
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IL-1β treatment for 60 min (Figure 3.14A). Thus, an initial exposure to IL-1β was 

sufficient to elicit the delayed downstream phosphorylation of STAT3α.    

 

This was then extended to an initial 60 min IL-1β exposure followed by a 23 h IL-1β-

free “withdrawal” period to investigate the sufficiency of the early signaling events in 

eliciting ANF expression. In this instance, it was not possible to observe a change in 

ANF expression (Figure 3.14B) despite the initial phosphorylation of the MAPKs and 

STAT3 following 60 min of IL-1β treatment. This result suggested that the initiation of 

the early IL-1β signaling pathways was not sufficient to induce ANF expression in 

neonatal cardiac myocytes, despite being able to promote STAT3α phosphorylation.  

 

3.4.8 IL-1β-stimulated STAT3α phosphorylation requires de novo protein 

synthesis 

The activation of ERK and p38MAPK was shown to be necessary and sufficient for 

STAT3α phosphorylation in response to IL-1β treatment. Given a distinct temporal 

difference between the maximal activation of the MAPKs and STAT3α (10 min vs 60 

min) it was expected that the delayed STAT3α phosphorylation response to IL-1β 

treatment might involve an indirect signaling mechanism such as the synthesis of 

secondary signaling molecules. This hypothesis was tested with the use of a protein 

synthesis inhibitor, cycloheximide (Bottger et al., 1988). Pretreating cardiac myocytes 

with cycloheximide (20 µM), blocked IL-1β stimulation of STAT3α phosphorylation 

without affecting the total protein levels of STAT3α (Figure 3.15A). Quantitation of 

data from three independent experiments indicated that STAT3α phosphorylation 

levels were inhibited by 76 + 12% (p<0.01, Figure 3.15B). As expected, the rapid 

STAT3α phosphorylation stimulated by LIF was unaffected (Figure 3.15). This result 
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Figure 3.14 Effect of an initial, brief IL-1β treatment on delayed STAT3α Y705
phosphorylation and ANF expression. 
A. Serum-starved cardiac myocytes were treated with IL-1β (1 ng/ml) or 0.1% (w/v) BSA in PBS (Con) 
for 10 min initially. The treatments were then withdrawn and replaced with fresh serum-free media and the 
cells recovered in a “withdrawal” period of 50 min before lysis. For comparison, lysates were also prepared 
from cells treated identically for 10 and 60 min. Lysates were then blotted for STAT3α Y705 
phosphorylation. B. When measuring ANF protein expression, serum-starved myocytes were treated with 
IL-1β (1 ng/ml) for 60 min before replacing with fresh serum-free media for a further 23 h. Cells treated 
with IL-1β (1 ng/ml) for 24 h or 0.1% (w/v) BSA in PBS for 24 h were analysed for comparison. The 
following day, cells were fixed and prepared for immunofluorescent staining. The cells were stained with 
an ANF antibody coupled with an Alexa488-conjugated anti-rabbit secondary (green) and Hoechst 33258 
which stains the nuclei (blue). Fluorescence was visualized and recorded on a confocal microscope. Scale 
bars represent 20µm. Experiments were performed twice with identical results.
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Figure 3.15 Effect of cycloheximide on IL-1β stimulated STAT3α Y705 
phosphorylation.
Serum-starved cardiac myocytes were initially pre-treated with cycloheximide (20 µM, 30 min) or left 
untreated for comparison. The cells were then treated with LIF (10 ng/ml), IL-1β (1 ng/ml) or 0.1% (w/v) 
BSA in PBS (Con). A. Detergent-soluble extracts were then prepared from lysed cells and blotted for 
STAT3α Y705 phosphorylation (upper panels). Reprobing for total STAT3α was used as a control for 
protein loading (lower panels). B. Phospho-STAT3α bands were then quantitated by densitometric analysis 
and expressed as fold-activation over control. Results are expressed as means+SE from three independent 
experiments. “*” indicates a significant difference (p<0.05) to the identical treatment in the absence of 
inhibitor.
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indicated that the delayed STAT3α activation by IL-1β required de novo protein 

synthesis.   

 

3.4.9 IL-1β-stimulated STAT3α phosphorylation does not involve gp130 tyrosine 

phosphorylation  

The identity of the secondary signaling molecule involved in the delayed 

phosphorylation of STAT3α was of obvious interest. Given the similarity in cell 

morphology stimulated between IL-1β and LIF, a member of the gp130-signaling 

family of cytokines seemed likely (Wollert et al., 1996). However, when the extent of 

gp130 tyrosine phosphorylation induced by IL-1β was investigated, no change was 

detected during the time course studied (Figure 3.16, top panel). In contrast, LIF 

treatment rapidly induced gp130 tyrosine phosphorylation and provided validation for 

the protocol. Reblotting of the membrane with an antibody for gp130 protein indicated 

that the total protein levels were unchanged during IL-1β treatment. The identity of the 

secondary signaling molecule remains unknown but, due to a lack of gp130 receptor 

phosphorylation, it is unlikely to involve a member of the gp130-signaling family of 

cytokines. However, STAT3α is a downstream target of numerous cytokine and growth 

factor receptors indicating that a broader investigation encompassing these molecules 

may be warranted.   

    

3.4.10 Autocrine/paracrine signaling of STAT3α phosphorylation in response to 

IL-1β. 

The potential for the release of autocrine/paracrine molecules into the medium was then 

addressed by a conditioned media experiment. Neonatal cardiac myocytes stimulated 

with 1 ng/ml IL-1β for 60 min, were used to condition serum-free media. This was then 

used to stimulate a parallel set of untreated cells. The extent of STATα phosphorylation 
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Figure 3.16 Effect of IL-1β on gp130 receptor subunit phosphorylation.
Serum-starved cardiac myocytes were treated with IL-1β (1 ng/ml) or LIF (10 ng/ml) for the indicated 
times. Cells treated with 0.1% (w/v) BSA in PBS were used as the control (Con). Detergent-soluble protein 
extracts were then prepared and immuno-precipitated with 1 µg of anti-gp130 antibody. The immuno-
precipitated complexes were then blotted with a phosphorylated tyrosine (4G10) antibody (upper panel) or 
anti-gp130 (bottom panel) as an indication of equivalent protein loading. This experiment was performed 
twice with identical results.
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was then determined. The serum-free medium of LIF-treated myocytes was similarly 

used to stimulate untreated cells to provide a reference of STAT3α phosphorylation. As 

expected, IL-1β stimulated STAT3α phosphorylation at 60 min (Figure 3.17, top 

panel). However, the medium conditioned by IL-1β-stimulated myocytes was unable to 

stimulate STAT3α phosphorylation within 10 min (Figure 3.17, top panel). This result 

suggested that any secondary signaling molecule being synthesized is either not being 

secreted from the cell or is not released in a detectable amount.  

 

3.4.11 Role of non-myocytes in the paracrine signaling of IL-1β-induced STAT3α 

phosphorylation. 

In 1999, a report by Harada et al. described that IL-1β-stimulation of hypertrophy in 

cardiac myocytes was enhanced when myocytes were co-cultured with non-myocytes 

(NMC). In that report, cardiac myocyte-enriched cultures failed to respond to IL-1β 

treatment suggesting that NMCs were indispensable in a paracrine signaling 

mechanism to induce cardiac myocyte hypertrophy (Harada et al., 1999).  

 

It has been previously estimated that the isolation protocol utilized in the series of 

experiments presented in this Chapter, yielded primary cultures of cardiac myocytes of 

95% purity (MA Bogoyevitch, unpublished observations). The remaining 5% of cells 

are NMCs, consisting mainly of fibroblasts, but also including endothelial, smooth 

muscle cells and macrophages (Zak, 1973; van der Laarse et al., 1989; Lokuta et al., 

1994). To test the hypothesis that NMCs are involved in an IL-1β-stimulated paracrine 

signaling mechanism to activate STAT3α, the extent of protein phosphorylation in 

myocyte:NMC co-cultures were compared to myocyte-enriched cultures.  
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Figure 3.17 STAT3α Y705 phosphorylation stimulated with media conditioned by 
sustained IL-1β treatment.
Serum-starved cardiac myocytes were treated with LIF (10 ng/ml) for 10 min (Lane 1) or IL-1β (1 ng/ml) 
for 10 (Lane 3) or 60 min (Lane 4). Cells treated with 0.1% (w/v) BSA in PBS were used as the control 
(Con, Lane 2). The conditioned media from each treatment were then used to stimulate a fresh set of 
untreated cells for 10 min (Lanes 5-8). All cells were then lysed and a protein extract prepared. The 
extracts were then blotted for STAT3α Y705 phosphorylation (upper panel). The membrane was then 
stripped and reblotted for total STAT3α as a control for protein loading. This experiment was performed 
twice with identical results.

83a



Initially, the NMC response to IL-1β treatment was investigated. NMCs from the 

myocyte isolation protocol were passaged twice within 7 days to reduce the number of 

cardiac myocytes. As myocytes do not divide in culture, the proliferating NMC are 

enriched during this time. The enriched NMC culture was then treated with IL-1β and 

the levels of STAT3α determined. Figure 3.18A (top panel) indicates that IL-1β 

stimulated a similar delayed (>60 min) activation of STAT3α in NMC. Reprobing for 

total-STAT3α protein indicated no changes in protein expression at the time points 

investigated (Figure 3.18, bottom panel). The extent of IL-1β-stimulated STAT3α 

phosphorylation, relative to that induced by LIF, in NMC was also similar to that in the 

cardiac myocytes cultures.   

 

The contribution of NMCs to the stimulation of STAT3α phosphorylation in IL-1β-

treated cardiac myocytes was then investigated by increasing the percentage of NMC in 

the primary cardiac myocyte cultures. Cultured NMC were seeded with freshly isolated 

cardiac myocytes in a 3:1 ratio of myocytes:NMC. Cardiac myocyte and NMC co-

cultures were then stimulated with IL-1β as usual and the level of STAT3α 

phosphorylation determined. However, the extent of STAT3α phosphorylation 

stimulated by IL-1β in the myocyte:NMC co-culture was not markedly different to the 

cardiac myocyte cultures (Figure 3.18B, top panel). This result indicates that NMCs are 

not likely to be solely responsible for mediating the delayed STAT3α phosphorylation 

stimulated by IL-1β.  
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Figure 3.18 Stimulation of STAT3α Y705 phosphorylation in cardiac non-myocytic
cells.
A. Serum-starved cardiac non-myocyte cells (NMC) were treated with IL-1β (1 ng/ml) or LIF (10 ng/ml) 
for the indicated times. Cells treated with 0.1% (w/v) BSA in PBS were used as the control (Con). B. 
Serum-starved cardiac myocytes and co-cultures of cardiac myocytes and NMC in a 3:1 ratio were treated 
with IL-1β (1 ng/ml) for 60 min, LIF (10 ng/ml) for 10 min or 0.1% (w/v) BSA in PBS as a control. All 
cells were then lysed and a detergent-soluble protein extract prepared. In both A. and B. phosphorylated
STAT3α Y705 was detected by western blot (upper panels). Membranes were then stripped and reprobed
with anti-STAT3α (bottom panels).
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3.4.12 Stimulation of STAT3α and MAPK phosphorylation by different types of 

hypertrophic agonists 

A delayed activation of STAT3α following exposure of myocytes to other hypertrophic 

agonists has been described previously. Specifically, the delayed phosphorylation of 

STAT3α followed the treatment of cardiac myocytes with angiotensin II (Kodama et 

al., 1998; Sano et al., 2000a). Angiotensin II initiates intracellular signaling events 

through the AT-1 receptor class and is distinct from the IL-1R. Therefore, it remained 

possible that other classes of hypertrophic agonists could also stimulate delayed 

STAT3α phosphorylation. The extent of STAT3α phosphorylation in cardiac myocytes 

was determined following treatment with a variety of hypertrophic agonists. 

Specifically, the phorbol ester, 12-O-tetadecanoyl-phorbol-13-acetate (TPA, 1 µM); α-

adrenergic agonists, phenylephrine (PE, 100 µM) and endothelin-1 (ET-1, 100 nM); 

and the β-adrenergic agonist, isoprenaline (ISO, 100 µM) were used. These agonists 

have been shown to stimulate hypertrophy in vitro at the doses indicated (Molkentin 

and Dorn, 2001). It was expected that, although the immediate signaling events 

following receptor activation may differ, subsequent signaling events might converge 

to elicit a common biological response.     

 

Given ERK and p38MAPK were shown to be upstream regulators of IL-1β stimulated 

STAT3α phosphorylation (Figure 3.10 and Figure 3.11), the activation of all three 

MAPK subfamilies was also investigated. Stimulation of the phosphorylation of 

STAT3α, ERK and p38MAPK and the activation of JNK activation by rapid (10 min) and 

sustained (60 min) hypertrophic agonist treatment was compared.  
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The results confirmed that the only agonist to induce rapid STAT3α phosphorylation 

was LIF (Figure 3.19A, top panel). In contrast, an investigation of treatments for the 60 

min duration indicated that PE and ET-1 positively stimulated a level of STAT3α 

phosphorylation comparable to that observed following IL-1β treatment (Figure 3.19B, 

top panel). The levels of total STAT3α protein were not significantly different between 

the treatments (Figure 3.19, bottom panels). When the response of the MAPKs to these 

treatments was investigated, it was found that treatment with the α-adrenergic receptor 

agonists also stimulated ERK and p38MAPK phosphorylation after 10 min similar to IL-

1β treatment (Figure 3.20A+B). However, unlike IL-1β, PE and ET-1 stimulated a 

modest level of JNK activity (Figure 3.20C). Thus, despite receptor differences, ERK 

and p38MAPK activation following stimulation with the α-adrenergic agonists could 

potentially regulate delayed STAT3α phosphorylation in a similar manner to IL-1β. A 

convergence in signaling pathways might partially explain the stimulation of common 

hypertrophic phenotypes despite different initiating agonists.  

 

TPA and ISO also stimulated the rapid and robust phosphorylation of ERK and 

p38MAPK (Figure 3.20A+B). However, in contrast to the α-adrenergic receptor agonists, 

the phorbol ester and β-adrenergic receptor agonist did not stimulate STAT3α 

phosphorylation (Figure 3.19). This indicated that the rapid activation of MAPKs by 

some hypertrophic agonists is not necessarily associated with delayed STAT3α 

phosphorylation. 

 

Extracellular ATP has also been shown to potently induce ERK activation in cardiac 

myocytes (Zheng et al., 1996). Previous reports also indicate that extracellular ATP 

does not stimulate cardiac myocyte hypertrophy (Zheng et al., 1994; Zheng et al., 
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Figure 3.19 Stimulation of STAT3α Y705 phosphorylation by various hypertrophic
agonist treatments at 10 and 60 min.
Serum-starved cardiac myocytes were treated with TPA (1 µM), IL-1β (1 ng/ml), LIF (10 ng/ml), 
phenylephrine (PE, 100 µM), endothelin-1 (ET-1, 100 nM), isoprenaline (ISO, 10 µM), and ATP-γ-S (100 
µM) for A. 10 min and B. 60 min. Detergent-soluble protein extracts were then prepared and blotted for 
STAT3α Y705 phosphorylation. Membranes were then stripped and reprobed for total STAT3 as a control 
for protein loading. Each blot is representative of two independent experiments performed with identical 
results.
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Figure 3.20 Stimulation of ERK and p38MAPK phosphorylation and JNK activation 
by various hypertrophic agonists.
Serum-starved cardiac myocytes were treated with TPA (1 µM), IL-1β (1 ng/ml), LIF (10 ng/ml),
phenylephrine (PE, 100 µM), endothelin-1 (ET-1, 100 nM), isoprenaline (ISO, 10 µM), and ATP-γ-S (100 
µM) for A-C. 10 min and D-F. 60 min. Protein extracts were then prepared and blotted to detect the
phosphorylation of A.+C. ERK and B.+E. p38MAPK (upper panels). Membranes were stripped and reblotted
for total ERK and p38MAPK as a control for protein loading (lower panels). C.+F. JNK activity was 
measured by pulldown kinase assay with GST-cJun as substrate. Each panel is representative of two 
independent experiments performed with identical results.
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1996). However, this may be the result of degradation of ATP to ADP during 

prolonged incubation necessary to elicit the hypertrophic response. ATPγS is a non-

hydrolyzable analogue of ATP and was used to confirm no changes in cardiac myocyte 

hypertrophic morphology and ANF expression in response to treatment (data not 

shown). Potent phosphorylation of ERK by 10 min of ATPγS treatment (Figure 3.20A, 

top panel) was consistent with previous reports in non-cardiac cells (Wagstaff et al., 

2000). In addition, p38MAPK phosphorylation was also stimulated by ATPγS treatment 

for 10 min (Figure 3.20B, top panel). Interestingly, treatment with ATPγS for 60 min 

stimulated STAT3α phosphorylation to a similar extent to IL-1β treatment (Figure 

3.19B). This result indicates that a non-hypertrophic stimulus can elicit a similar pattern 

of rapid phosphorylation of ERK and p38MAPK followed by a delayed STAT3α 

response, suggesting that this protein activation pattern does not necessarily precede 

hypertrophy of cardiac myocytes.               

 

3.4.13 Regulation of IL-1β- and LIF-stimulated ANF expression by ERK and 

p38MAPK 

Numerous studies have reported roles for MAPKs as regulators of cardiac hypertrophy 

(Choukroun et al., 1998; Clerk et al., 1998; Aoki et al., 2000b; Ueyama et al., 2000; 

Yue et al., 2000). It was, therefore, of interest to determine whether the potent 

activation of ERK and p38MAPK, and subsequent STAT3 activation, could be involved 

in signaling changes in gene expression as exemplified by ANF expression. In 24 h, IL-

1β or LIF stimulated an increase in ANF expression with 24 + 2% and 57 + 3% of cells 

positively stained, respectively, compared with 2% of untreated cells (Figure 3.21A). 

This is in general agreement with the levels of ANF expression induced by other 

hypertrophic stimuli. For example, MAPK/ERK kinase-1 (MEK-1) overexpression and 

phenylephrine and endothelin-1 stimulation results in 20-75% of myocytes positively 
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Figure 3.21 Effect of PD98059 and SB203580 on IL-1β-stimulated ANF protein 
expression.
Serum-starved cardiac myocytes were pretreated with PD98059 (10 µM, 60 min) and/or SB203580 (10 
µM, 30 min) and then treated with LIF (10 ng/ml), IL-1β (1 ng/ml) or 0.1% (w/v) BSA in PBS overnight. 
Pretreatment with an equivalent amount of DMSO, in place of chemical inhibitors, was used as a control. 
The cells were then washed, fixed and stained with anti-ANF coupled to an Alexa488 conjugated rabbit 
secondary antibody. (A) The percentage of myocytes stained positively for ANF perinuclear expression 
was determined by counting 10 random fields with at least 40 cells/field. (B) Results were then expressed 
as the percentage inhibition compared with similarly treated cells in the absence of inhibitors. All results 
are expressed as mean+SE. “ψ” and “*” indicate a significant difference (p<0.01) to samples treated with 
LIF and IL-1β, respectively, in the absence of inhibitors.
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staining for ANF protein expression (Ross et al., 1998; ; Bueno et al., 2000b; Haq et 

al., 2000; Taylor et al., 2000).  

 

The pretreatment of IL-1β-stimulated cells with SB203580 (10 µM) partially but 

significantly inhibited ANF positively stained cells to 14 + 2% (Figure 3.21A). The 

MEK specific inhibitor (PD98059, 10 µM) proved more potent, significantly reducing 

the percentage of positively stained cells after IL-1β stimulation to 7 + 1% (Figure 

3.21A). LIF stimulation of ANF expression was similarly inhibited by SB203589 (45 + 

2% of total cells stained) and PD98059 (16 + 1% of total cells stained) pretreatment 

(Figure 3.21A).  

 

The levels of ANF expression stimulated in the absence of inhibitors were then 

normalized to 100%. Subsequent levels of ANF expression measured in the presence of 

PD98059 and SB203580 were then calculated as a percentage of maximum stimulation 

(Figure 3.21B). This was done to give a clearer indication of the inhibitory effects of 

SB203580 and PD98059 on the stimulated and basal levels of ANF expression. In the 

presence of SB203580 (10 µM), ANF expression stimulated by IL-1β and LIF was 

significantly attenuated to 68 + 12% (p<0.01) and 81 + 7% (p<0.01) of maximal levels 

in the absence of inhibitors (Figure 3.21B). PD98059 had a more potent effect by 

significantly attenuating IL-1β- and LIF-stimulated ANF expression to 32 + 6% 

(p<0.001) and 30 + 3% (p<0.001) respectively, compared with maximum levels 

achieved in the absence of inhibitors (Figure 3.21B). This level of inhibition was not 

enhanced significantly by co-treatment with SB203580 (Figure 3.21B). There was no 

significant effect of the inhibitors on unstimulated control cells (Figure 3.21B), 

although there did appear to be a trend towards lower numbers of ANF-positive cells. 

In summary, inhibiting either ERK or p38MAPK alone had an inhibitory effect on ANF 
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protein expression stimulated by IL-1β or LIF, with ERK inhibition having a 

significantly greater effect.  

 

3.4.14 Regulation of IL-1β- and LIF-stimulated cardiac myocyte hypertrophic 

morphology by ERK and p38MAPK

Despite the common association of ANF expression with cardiac hypertrophy in vitro 

and in vivo, the sole use of ANF as a hypertrophic marker has been questioned by some 

investigators. In a transgenic mouse model of hypertrophic cardiomyopathy, it was 

clear that hypertrophy could occur in the absence of increased ventricular levels of 

ANF and that increased levels of ANF could also occur in the absence of detectable 

cardiac hypertrophy (Vikstrom et al., 1998). Similarly, in deoxycorticosterone acetate 

salt-induced hypertension there was no direct correlation between hypertrophy and 

ANF expression (Yokota et al., 1995). In addition, previous studies with neonatal 

cardiac myocytes have indicated that transcriptional and morphological changes that 

typify the hypertrophic response can be separated  (Thorburn et al., 1994a; Zheng et al., 

1994). Further evidence of ERK and p38MAPK in signaling hypertrophy was therefore 

sought by investigating the morphological responses to IL-1β and LIF.  

 

When the IL-1β-stimulated hypertrophic morphology was examined, it was found that 

pretreatment with chemical inhibitors, individually, did not have an effect (Figure 

3.22). Cardiac myocytes treated with IL-1β remained elongated with projections in the 

presence of PD98059 or SB203580. However, IL-1β-treated myocytes failed to 

develop the elongated morphology when pretreated with PD98059 and SB203580 

simultaneously (Figure 3.22). In the presence of both inhibitors, the myocytes 

resembled control cells. These results demonstrate that, unlike the expression of ANF, 

ERK and p38MAPK must be coordinately responsible for the regulation of IL-1β-
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Figure 3.22 Effect of PD98059 and SB203580 on IL-1β-stimulated hypertrophic 
morphology.
Serum-starved cardiac myocytes were pretreated with PD98059 (10 µM, 60 min) and/or SB203580 (10
µM, 30 min) and then treated with IL-1β (1 ng/ml) or 0.1% (w/v) BSA in PBS control overnight. 
Pretreatment with an equivalent amount of DMSO was used as a control. The cells were then washed, fixed 
and stained with phalloidin-TRITC (red); anti-ANF antibody (green) and Hoechst 33258 (blue). 
Fluorescence was then visualized and recorded by confocal laser scanning microscopy. Representative 
fields are displayed above. Scale bars represents 20 µm. 
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stimulated hypertrophic myocyte morphology. In contrast, the co-treatment with 

PD98059 and SB203580 did not affect LIF-stimulated morphological changes (Figure 

3.23). This highlights that IL-1β and LIF utilize different intracellular signaling events 

to ultimately produce similar long-term changes in myocyte morphology.  

 

3.5 Discussion  

3.5.1 MAPK and STAT3 signaling stimulated by LIF and IL-1β treatment 

In this Chapter, the hypertrophic cell morphology induced by IL-1β was shown to be 

similar to that stimulated by LIF. Specifically, both IL-1β and LIF stimulated an 

elongated and enlarged myocyte morphology, previously suggested to be a result of 

serial assembly of sarcomeric units (Wollert et al., 1996). Due to similarities with 

elongated adult ventricular myocytes isolated from chronic volume overloaded hearts 

with eccentric hypertrophy of the myocardium, the elongated phenotype observed in 

neonatal myocytes have also been described as an ‘eccentric’ morphology (Pennica et 

al., 1996; Yamauchi-Takihara and Kishimoto, 2000a). This is as opposed to the 

morphology stimulated by the GPCR agonist, PE (Figure 3.1 and 3.2), which has been 

described as a concentric morphology. The PE-stimulated hypertrophic phenotype in 

neonatal myocytes is thought to be analogous to in vivo concentric hypertrophy induced 

by pressure overload (Pennica et al., 1996). These observations are in agreement with 

previous independent reports describing the morphological changes associated with 

either LIF or IL-1β stimulation but not directly comparing both (Thaik et al., 1995; 

Wollert et al., 1996).    

 

Although the pathways mediating LIF-stimulated hypertrophy remain controversial, 

both the MAPKs and the STATs have been implicated (Kunisada et al., 1996; Kodama 

et al., 2000; Yamauchi-Takihara and Kishimoto, 2000b). Due to the striking similarity 
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Figure 3.23 Effect of PD98059 and SB203580 on LIF-stimulated hypertrophic 
morphology. 
Serum-starved cardiac myocytes were pretreated with PD98059 (10 µM, 60 min) and/or SB203580 (10
µM, 30 min) and then treated with LIF (10 ng/ml) or 0.1% (w/v) BSA in PBS control overnight. 
Pretreatment with an equivalent amount of DMSO was used as a control. The cells were then washed, 
fixed and stained with phalloidin-TRITC (red); anti-ANF antibody (green) and Hoechst 33258 (blue). 
Fluorescence was then visualized and recorded by confocal laser scanning microscopy. Representative 
fields are displayed above. Scale bars represents 20 µm. 
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in cell morphology, the activation of these pathways by IL-1β treatment was compared 

to LIF. An investigation of the MAPK subfamilies demonstrated that LIF selectively 

stimulated ERK and p38MAPK phosphorylation but failed to activate JNK MAPKs 

(Figure 3.3-3.5). In contrast, IL-1β rapidly activated all three MAPK subfamilies 

(Figure 3.3-3.5). With regards to STAT3α, LIF stimulated rapid (<10 min) Y705 

phosphorylation and nuclear translocation as expected (Figure 3.7+4.8). However, IL-

1β stimulated a more modest level of STAT3α phosphorylation and with delayed (>60 

min) kinetics (Figure 3.7). This was also indicated by the delayed nuclear translocation 

of STAT3α in IL-1β-treated myocytes (Figure 3.8). Thus, LIF and IL-1β stimulated 

different patterns of MAPK and STAT3α phosphorylation despite inducing similar 

hypertrophic morphologies.   

 

3.5.2 ERK and p38MAPK regulation of STAT3α phosphorylation following IL-1β 

treatment 

The association between IL-1β and STAT3α phosphorylation and nuclear translocation 

has not been reported in previous studies. However, the delayed kinetics of activation 

suggest that STAT3α may not be a direct downstream target of the IL-1R. Rather a 

secondary event is most likely involved following activation of immediate post-

receptor signaling mechanisms. A delayed activation of STAT3α (>120 min) had 

previously been described following angiotensin II treatment of cardiac myocytes 

(Kodama et al., 1998). This was subsequently shown to involve an autocrine release of 

IL-6, regulated by ERK and p38MAPK activity (Sano et al., 2000a; Sano et al., 2000b). 

The role of ERK and p38MAPK in regulating IL-1β-stimulated STAT3α phosphorylation 

was therefore determined through inhibition with the kinase-specific chemical 

inhibitors PD98059 and SB203580. 
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In agreement with previous studies, it was confirmed that LIF stimulation of STAT3α 

phosphorylation was independent of the ERK or p38MAPK activity (Figure 3.10 and 3.11 

respectively) (Kunisada et al., 1996; Kunisada et al., 1998). Interestingly, specific 

inhibition of ERK or p38MAPK resulted in the near complete inhibition of STAT3α 

phosphorylation in response to IL-1β (Figure 3.10 and 3.11). In control experiments, it 

was confirmed that, at the doses employed, each inhibitor was specific for its target 

MAPK pathway and did not alter the activities of closely related MAPK subfamily 

members (Figure 3.12 and 3.13). Therefore, the delayed STAT3α response to IL-1β 

required signaling from both the ERK and p38MAPK pathways. Furthermore, the initial 

activation of ERK and p38MAPK was also shown to be sufficient to induce 

STAT3α phosphorylation following the withdrawal of IL-1β after 10 min of treatment 

(Figure 3.14). Taken together, these results indicate that STAT3α is downstream of 

ERK and p38MAPK in the IL-1β-initiated intracellular signaling pathway. This is similar 

to the previously described angiotensin II-stimulated mechanism of STAT3α activation 

(Kodama et al., 1998; Sano et al., 2000a ; Sano et al., 2000b). Therefore, despite 

initiating signaling through different receptors, IL-1β and angiotensin II appear to share 

a common signaling mechanism to activate STAT3α.  

 

When other hypertrophic agonists were investigated, it was found that, similar to 

angiotensin II, other GPCR agonists (PE and ET-1) also stimulated delayed STAT3α 

phosphorylation (Figure 3.19). Previous studies have focused mainly on the role of 

MAPKs in regulating the hypertrophy stimulated by the GPCR agonists (Molkentin and 

Dorn, 2001). The finding that PE and ET-1 induced delayed STAT3α phosphorylation 

similar to IL-1β suggests that STAT3α may be involved as a common secondary 
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signaling mechanism amongst different hypertrophic agonists. A shared signaling 

mechanism would explain the stimulation of similar aspects of hypertrophy by agonists 

distinct in their initial signaling events. Determining the precise nature of delayed 

STAT3α phosphorylation in eliciting the hypertrophic response by PE and ET-1 is an 

area for future work. Furthermore, whether ERK and p38MAPK contribute to either PE 

or ET-1 stimulation of delayed STAT3α phosphorylation needs to be clarified.  

 

3.5.3 Autocrine/paracrine signaling in IL-1β stimulation of 

STAT3α phosphorylation 

The attenuation of STAT3α tyrosine phosphorylation through the inhibition of specific 

members of the serine/threonine MAPK family indicates that ERK and p38MAPK 

regulate the IL-1β induced STAT3α response through an indirect mechanism. This was 

confirmed by the observation that the inhibition of de novo protein synthesis attenuated 

IL-1β stimulated STAT3α phosphorylation to a similar degree (Figure 3.15).  

 

As mentioned previously, angiotensin II stimulation of STAT3α activation was 

mediated by an autocrine release of IL-6, LIF and CT-1 (Sano et al., 2000b). In 

addition, mechanical stretch of cardiac myocytes induced autocrine secretion of 

numerous cytokines including IL-6 and LIF (Pan et al., 1999; Ruwhof et al., 2000). IL-

1β has also been shown to stimulate an autocrine secretion of LIF in other cell types 

(Hartner et al., 1994). This prompted an investigation into the hypothesis that ERK and 

p38MAPK regulated STAT3α phosphorylation via an autocrine or paracrine signaling 

mechanism.  
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Due to the similarity in cell morphology and the common activation of STAT3α, it 

seemed likely that an autocrine secretion of a member of the gp130-signaling cytokines 

was involved in the IL-1β signaling mechanism. However, despite numerous studies 

demonstrating the ability of cardiac myocytes to secrete gp130-signaling cytokines 

(Craig et al., 2000; Sano et al., 2000a; Sano et al., 2000b), gp130 receptor subunit 

phosphorylation was not detected during IL-1β treatment (Figure 3.16), indicating that 

it was unlikely a gp130-signaling cytokine was involved. In addition, conditioned 

medium from IL-1β-treated cardiac myocyte cultures was unable to stimulate STAT3α 

phosphorylation in untreated cells (Figure 3.17) indicating that, if an autocrine factor 

was involved, it was secreted to bulk medium at a concentration lower than that 

required for STAT3α phosphorylation. Although concomitant STAT3α and gp130 

phosphorylation was not detected in response to IL-1β, STAT3α is a common 

downstream effector for receptors of numerous cytokines and growth factors such as 

Interferon-γ, IL-2, IL-10, Granulocyte Colony-Stimulating Factor and Epidermal 

Growth Factor (Zhong et al., 1994; Takeda and Akira, 2000; Ihle, 2002). As this 

Chapter has only addressed a single class of cytokines acting through gp130, 

determining the nature of the secondary signaling molecule involved in mediating 

STAT3α phosphorylation presents an interesting avenue for future work.    

 

3.5.4 Role of MAPK and JAK/STAT pathways in regulating LIF- and IL-1β- 

stimulated cardiac hypertrophy 

In the final section of this Chapter, the contribution of ERK, p38MAPK and STAT3α in 

LIF- and IL-1β-stimulated cardiac hypertrophy was evaluated. In previous studies, 

conflicting reports have implicated both the ERK and p38MAPK pathway and the 

STAT3α pathway as mediators of gp130 signaling to cardiac hypertrophy (Yamauchi-
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Takihara and Kishimoto, 2000b; Kunisada et al., 1998; Kodama et al., 2000). With 

regards to IL-1β exposure, only MAPK activation profiles and their contribution to c-

Jun and ATF2 regulation have been examined (Clerk et al., 1999). Thus, this Chapter 

has extended such observations to evaluate the effects that inhibiting ERK, p38MAPK or 

STAT3 may have on hypertrophy as judged by ANF expression and altered cellular 

morphology. 

 

3.5.4.1 ERK and p38MAPK mediates IL-1β-stimulated ANF expression 

A series of experiments was conducted in which ERK and p38MAPK were inhibited 

either alone or in combination. In this way, the relationships between these two major 

MAPK pathways could be additionally characterized. Indeed, there already is a large 

body of evidence implicating each of the three different MAPK subfamilies in 

regulating ANF expression stimulated by the GPCR agonists (Choukroun et al., 1998; 

Clerk et al., 1998; Ueyama et al., 2000). However, the exact role and degree of 

functional overlap of each MAPK subfamily remains controversial, and very little is 

known about the potential function of ERK and p38MAPK in regulating IL-1β-stimulated 

ANF expression. 

 

It was demonstrated that inhibiting either ERK or p38MAPK alone had a significant 

inhibitory effect on ANF protein expression stimulated by LIF and IL-1β, with ERK 

inhibition having a significantly greater effect (Figure 3.21). In addition, although LIF 

and IL-1β stimulated different levels of ANF expression, the degree of inhibition was 

similar between the two cytokines (Figure 3.21). This suggests a commonality in 

function for ERK and p38MAPK in regulating fetal gene expression between LIF and IL-

1β treatment. These data are in agreement with several findings reporting the 

importance of ERK and p38MAPK in ANF expression resulting from LIF treatment 
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(Ueyama et al., 2000; Yue et al., 2000). This is also the first report describing a similar 

role for ERK and p38MAPK in regulating IL-1β-stimulated ANF expression.  

 

In addition, PD98059 and SB203580 inhibition of ANF expression stimulated by IL-1β 

correlated with the attenuation of STAT3α phosphorylation as a result of ERK and 

p38MAPK inhibition. A role for STAT3α in regulating LIF-stimulated fetal gene 

expression had been demonstrated previously (Kunisada et al., 1998; Yamauchi-

Takihara and Kishimoto, 2000b). This result therefore suggests a possible link between 

the delayed STAT3α phosphorylation and ANF expression in the IL-1β signaling 

mechanism. This hypothesis could be addressed through the direct attenuation of IL-

1β-stimulated STAT3α activity and presents an avenue for future work.  

 

3.5.4.2 Inhibition of IL-1β-stimulated hypertrophic morphology by the 

simultaneous attenuation of ERK and p38MAPK activity 

The contribution of ERK and p38MAPK to LIF- and IL-1β-stimulated hypertrophic 

morphology was then evaluated. In contrast to the ANF expression data, it was found 

that neither inhibitor alone had an effect on myocyte morphology (Figure 3.22 and 

3.23). The mRNA or protein expression of ANF is often investigated and used as an 

indicator of fetal gene expression associated with hypertrophy of neonatal cardiac 

myocytes (Knowlton et al., 1993; Thorburn et al., 1994a; Kunisada et al., 1998; Hines 

et al., 1999; Ueyama et al., 2000). In some studies, evaluation of ANF expression 

levels is the sole indicator of the hypertrophic phenotype (Ramirez et al., 1997; Harada 

et al., 1998; Nemoto et al., 1998). The results presented in this Chapter suggest that the 

expression of ANF does not necessarily correlate with the development of a 

hypertrophic morphology. Therefore, investigation of ANF expression, in isolation, 

may not provide a true indication of cardiac myocyte hypertrophy.      
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Surprisingly, IL-1β stimulation of the eccentric morphology in cardiac mycocytes was 

blocked when both ERK and p38MAPK were inhibited simultaneously (Figure 3.22). In 

contrast, a co-treatment with both MAPK inhibitors had no effect on LIF-stimulated 

morphology (Figure 3.23). These results indicated that either ERK or p38MAPK activity 

was required downstream of the IL-1R to elicit changes in myocyte morphology. In 

contrast a similar elongated morphology stimulated by LIF was independent of ERK 

and p38MAPK signaling. This redundancy of ERK and p38MAPK signaling in regulating 

IL-1β-stimulated eccentric hypertrophy is supported by a recent study of transgenic 

mice, in which the overexpression of the dual-specificity phosphatase MKP-1 to inhibit 

ERK, JNK and p38MAPK limited the hypertrophic response to catecholamines or 

hypertension (Bueno et al., 2000b).  

An implication of the ERK and p38MAPK inhibition results (Figure 3.23) is that, despite 

potent activation by IL-1β, JNK signaling alone is not sufficient to elicit an eccentric 

morphology in neonatal cardiac myocytes. In addition, LIF did not significantly 

stimulate JNK activity (Figure 3.5), which would appear to exclude a contribution of 

this MAPK subfamily to the LIF-induced hypertrophic phenotype. The role of IL-1β-

stimulated JNK activation could not have been directly addressed at the time of study 

as chemical inhibitors specific for JNK were not commercially available. However, 

since the completion of this study, an ATP-competitive synthetic inhibitor, SP600125, 

has been shown to selectively inhibit JNK activity (Bennett et al., 2001). An 

investigation into the effects of this JNK-specific chemical inhibitor on IL-1β-

stimulated ANF expression and hypertrophic morphology would be an appropriate 

complement to the findings reported in this Chapter. 
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Lastly, a role for STAT3α in regulating IL-1β-stimulated hypertrophic morphology 

appears unlikely. The inhibition of STAT3α phosphorylation correlated with the 

inhibition of ANF expression and suggested a role for STAT3α in regulating gene 

expression changes associated with cardiac hypertrophy. However, either PD98059 or 

SB203580 alone completely inhibited STAT3α activation (Figure 3.10 and 3.11), but 

co-treatment with both inhibitors was required to ablate the morphological changes 

(Figure 3.22). Thus, STAT3α regulation of the IL-1β-stimulated hypertrophic 

morphology could be indirectly excluded based on the observations in this Chapter 
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3.6 Conclusions 

The findings of this Chapter confirmed that IL-1β and LIF altered cardiac myocyte 

morphology with striking similarity and prompted an investigation of common cytokine 

signaling mechanisms. A comparison of STAT3 and MAPK subfamilies confirmed that 

IL-1β potently stimulated rapid ERK, p38MAPK and JNK phosphorylation/activation. In 

contrast, LIF prompted strong ERK phosphorylation, moderate p38MAPK 

phosphorylation and no JNK activation. Furthermore, IL-1β stimulated a delayed (>60 

min) STAT3α phosphorylation compared to the rapid (<10 min) response to LIF 

treatment. Thus, IL-1β and LIF share similar effector proteins downstream of their 

respective receptors, however, the kinetics of activation differ markedly. The inhibition 

of the IL-1β-stimulated STAT3 response by either PD98059 or SB203580 indicated 

that ERK and p38MAPK function as indirect upstream regulators of delayed STAT3α 

activation in cardiac myocytes. In addition, attenuation of STAT3 phosphorylation by 

an inhibitor of de novo protein synthesis indicates that a likely mechanism involves the 

production of a secondary-signaling molecule.  

 

An essential role for ERK and p38MAPK in regulating IL-1β-stimulated ANF expression 

and cell morphology was demonstrated. The specific inhibition of ERK or p38MAPK 

attenuated IL-1β or LIF-stimulated ANF expression by up to 70%. Furthermore, 

although individual inhibition of ERK or p38MAPK did not affect myocyte morphology, 

co-treatment with both inhibitors blocked the hypertrophic morphology stimulated by 

IL-1β. In contrast, the LIF hypertrophic phenotype was unaffected by ERK and/or 

p38MAPK inhibition. As individual ERK or p38MAPK inhibition was sufficient for 

attenuating STAT3α phosphorylation, a function for STAT3α in regulating cell 

morphology would now appear unlikely. However, further work is required to clarify a 
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potential function of STAT3α in regulating ANF expression in response to IL-1β 

treatment.  

 

Taken together, the data presented in this Chapter indicate that the activation of ERK 

and p38MAPK is essential in regulating a delayed STAT3α phosphorylation as well as 

changes in ANF expression and morphology that follow IL-1β treatment. Furthermore, 

the functions of ERK, p38MAPK and STAT3 can be differentially dictated by the nature 

of the hypertrophic agonist employed.  
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Chapter 4 

Activation of STAT and MAPK pathways  

in human heart failure 
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4.1 Introduction 

For the human heart, pathological hypertrophy is characterized by an initial adaptive 

growth that often leads to a maladaptive state and heart failure. Cardiac hypertrophy is 

a leading predictor of human heart failure- a condition with increasing prevalence and a 

leading cause of mortality in most developed nations (Levy et al., 1990; Ho et al., 

1993). Experimental studies using cellular or animal models over the past decade have 

been directed towards developing an understanding of how hypertrophy develops in the 

human myocardium and ultimately decompensates into cardiac failure (Hefti et al., 

1997; Sugden, 1999; Nichol et al., 2000; Molkentin and Dorn, 2001). Determining the 

molecular mechanisms governing the transition into cardiac failure is expected to aid in 

the identification of targets for therapeutic intervention and to drive the development of 

novel treatments.  

 

Numerous proteins have been implicated as mediators of cardiac failure both in vitro 

and in vivo (Hefti et al., 1997; Molkentin and Dorn, 2001). However, very few studies 

have investigated the mechanism underlying human heart failure and those that have 

used human heart samples have reported confounding results (Cook et al., 1999; Haq et 

al., 2001; Lemke et al., 2001; Takeishi et al., 2002). For example, the study of samples 

taken from patients with advanced heart failure, described increased phosphorylation of 

ERK, p38MAPK and JNK (Haq et al., 2001). In contrast, a subsequent study indicated 

that ERK activity was increased but p38MAPK decreased and JNK activity remained 

unchanged in human hearts with end-stage failure (Takeishi et al., 2002). These 

seemingly contrasting results may reflect the different disease etiologies of the groups 

studied. Other proteins investigated have included the Akt/GSK-3 pathway, calcineurin, 

Src, BMK1 and p90 ribosomal S6 kinase (Haq et al., 2001; Takeishi et al., 2002). The 

results in human heart tissue implicate numerous intracellular signaling molecules and 
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suggest that a complex signaling network is involved in mediating the transition to 

failure.  

 

Although biochemical studies on the development and progression of the failing heart 

have traditionally centered on the function of neurohormones and their associated 

intracellular signaling pathways, cytokines have emerged as a class of ligands that may 

have organ-specific effects in mediating heart failure. It is now widely accepted that, in 

the clinical setting, elevated plasma levels of various cytokines are associated with 

heart failure and the severity of the disease (Thorburn et al., 1994a; Choukroun et al., 

1999; Baumgarten et al., 2000; Adamopoulos et al., 2001). Particularly relevant to the 

current study is the previous report of elevated circulating levels of the gp130-signaling 

cytokine, CT-1, in patients with increased left ventricular mass and dilated 

cardiomyopathy (Tsutamoto et al., 2001). In animal models, cardiac expression of CT-

1 precedes the development of pathological hypertrophy in hypertensive rats suggesting 

a causal role (Ishikawa et al., 1999). More recently, elevated LIF mRNA and CT-1 

protein in the failing human myocardium was also demonstrated (Eiken et al., 2001; 

Zolk et al., 2002).  

 

In terms of cytokine-stimulated intracellular mechanisms, activation of the ‘classical’ 

JAK/STAT pathway was originally characterized by inflammatory cytokines involved 

in immune responses (Shuai et al., 1993a). A role for components of the JAK/STAT 

pathway, particularly STAT3, in the prevention of heart failure and as a mediator of 

cardiac hypertrophy has been demonstrated in in vitro and in vivo experimental models 

(Yamauchi-Takihara and Kishimoto, 2000b). The implication of STAT3 as a central 

mediator of gp130-induced hypertrophy was discussed previously (Section 1.6.4). A 

protective role for STAT3 has also been demonstrated in an animal model of 
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cardiotoxicity (Kunisada et al., 2000). In addition, STAT1 and STAT3 were shown to 

be essential for the protective effects of ischemic preconditioning to myocardial 

infarction in a murine model (Hattori et al., 2001; Xuan et al., 2001). Less data is 

available on STAT5 and STAT6, however the activation of both transcription factors 

was shown following ischemia/reperfusion of the heart (Mascareno et al., 2001). Thus, 

there is evidence suggesting a function for the STAT family of transcription factors in 

mediating experimental models of cardiac failure. In addition, given the expression of 

numerous cytokines during cardiac hypertrophy and heart failure and their direct effects 

on the myocardium, it is surprising that the activation of STAT isoforms in the human 

heart has not been previously addressed.    

 

4.2 Heart failure: Definition of a disease 

Heart failure is often the final common pathway for many primary cardiovascular 

disease indicators such as high blood pressure, coronary artery disease and diabetes 

(Australian Institute of Health and Welfare, 2001). Due to inherited genetic factors, 

disease or damage of the myocardium, the resulting reduced functional capacity of the 

organ leads to pump failure or sudden death (Opie, 1998).  

 

The development of heart failure can occur as a result of severe haemodynamic loading 

(pressure or volume). However, an additional mechanism leading to myocardial failure 

in the absence of excessive loading, is known as cardiomyopathy (Opie, 1998). Dilated 

cardiomyopathy (DCM) is the most common sub-type of cardiomyopathy and can 

occur independently or in association with various cardiovascular conditions, such as 

coronary artery disease (Codd et al., 1989). Patients with DCM can, in turn, be further 

subdivided depending on the underlying cause of their disease. For example, ischemic 

DCM refers to the failure of the heart secondary to an initial ischemia/reperfusion 
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damage occurring in myocardial infarction (Richardson et al., 1996). In this example, 

the term “ischemia” refers to the period of oxygen deprivation during full occlusion of 

supplying coronary arteries (Jennings and Reimer, 1991; Takeda and Akira, 2000). 

Ischemic DCM is the most common form of DCM, occurring in 30-40% of patients 

with heart failure (Killip, 1985). In contrast, the causes of idiopathic DCM are 

generally unknown or un-identifiable. Idiopathic DCM is considered to be a primary 

condition as it describes heart failure that is not preceded by an ischemic episode, 

coronary artery disease or pericardial disease (Richardson et al., 1996).  

 

4.3 Study aims  

The function of JAK/STAT and MAPK pathway components in response to pro-

inflammatory cytokine stimulation in the neonatal rat cardiac myocyte model was 

described in Chapter 3. In the current Chapter, the aim was to profile the activation of 

the STAT and MAPK signaling groups in different etiologies of human heart failure. 

These aims were addressed by the following:  

 

a) The extent of STAT isoform activation was investigated in ventricular samples 

taken from transplant patients with heart failure due to ischemic heart disease 

(IHD) or patients with idiopathic dilated cardiomyopathy (DCM) but little or no 

IHD. Comparisons were made with non-failing hearts obtained from donors 

with no history of cardiac disease or evidence of cardiac trauma. Profiles of 

STAT1, STAT3, STAT5 and STAT6 tyrosine phosphorylation were evaluated.  

 

b) The phosphorylation of signaling molecules on tyrosine residues is a key 

process in the transduction of intracellular signals from cytokine receptors (Ihle, 

1995; Kishimoto et al., 1994). Therefore, a comparison of the general status of 

 105



protein tyrosine phosphorylation was made between normal and diseased hearts 

to determine whether characteristic patterns of tyrosine phosphorylation were 

present in the failing heart.  

 

c) The phosphorylation and/or activity of the MAPK family members, ERK, JNK 

and p38MAPK was also evaluated. These results were then compared with 

previously reported observations (Cook et al., 1999; Haq et al., 2001; Lemke et 

al., 2001; Takeishi et al., 2002).  

 

4.4 Patient characteristics 

The human heart tissue samples were kindly provided by Dr Cristobal dos Remedios 

(University of Sydney, NSW, Australia). Human failing heart samples (n=20) were 

collected from patients undergoing heart transplantation at St. Vincent's Hospital, 

Sydney, Australia, and categorized according to their disease status as ischemic heart 

disease (IHD, n=11) or dilated cardiomyopathy without ischemia (DCM, n=9).  

Collection of this material complied with approvals from the Human Ethics Committee 

of the University of Sydney (00/02/11) and from the Human Ethics Research 

Committee of St Vincent's Hospital, (H91/048/1). Patients were predominantly male 

reflecting the prevalence of DCM and myocardial infarction in the Australian 

population. It was therefore not possible to test the relationship between the sex of the 

individual and any observed changes in phosphorylation. 

 

The samples were snap frozen in liquid nitrogen within 5 to 40 minutes of the loss of 

coronary circulation. The variation in collection times reflects when the cardiac tissues 

were made available during the transplant operation. All samples were transmural 

sections of the anterior free left ventricle wall. IHD samples were taken from an ~1 cm 
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region surrounding the infarcted areas with care taken to avoid including the scar tissue. 

Non-failing samples (n=9) were from unused donors that were either incompatible or 

where there were unacceptable risks associated with the donor hearts (e.g. by the 

discovery of a renal tumor). Table 4.1 summarizes the clinical data together with the 

patient codes used in subsequent data presentation. Preparation of protein lysates from 

tissue samples for immunoblot analysis is as described in the methods (Section 2.8). 

 

4.5 Study Limitations 

Although profiling signaling proteins in human heart tissue can provide valuable 

information on the molecules up/down-regulated in the failing heart, several caveats 

should be noted in the interpretation of results from this type of study. Firstly, the data 

obtained are purely correlative. Thus, a causal role between any specific signaling 

protein and the progression of the disease state cannot be concluded. However, a 

hypothesis of a causal relationship between signaling pathways correlating with heart 

failure can be subsequently tested in experimental models. Secondly, the disease 

severity of clinical patients necessitates the administration of medications such as β-

blockers, angiotensin converting enzyme inhibitors, diuretics, anti-arrhythmics and 

calcium channel blockers within standard therapeutic regimes. Although specific 

information regarding prescribed medication was not presented in the patient 

characteristics (Table 4.1), due to the nature of the disease, it can be expected that the 

majority of the individuals with IHD and DCM would be on a similar course of 

treatment (Prof. L. Arnolda, Chief of Cardiology, Royal Perth Hospital. personal 

communication, 2002). These medications would not be present in the control group 

and this could therefore present a potentially confounding variable when comparing the 

groups. Finally, activation of signaling molecules reported in this study will reflect the 

sampling of the heterogeneous cell population making up the heart. The localization of 
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       Samples Sex Age NYHA
Class

LVEF
%

LVEDD
mm

LVESD
mm

FS
%

PCWP
mmHg

CO
L/min

CI
L/min/m2

EF
%

C1 F 31
C2 F 27
C3 F 41
C4 F 18
C5 M 54
C6 F 34
C7 M 26
C8 M 23

CONTROL/
DONOR

C9 M 19

55-60 35-56 25-41 28-40 6-12 5 2.5-3.6 55-77

I1 M 61 IIIB 22 79 71 10 22 3.6 2.0 19
I2 M 49 III 22 59 51 13 13 4.7 2.8 26
I3 M 63 IV 15 53 40 15 28 4 1.9 N/A
I4 F 44 IIIB 35 62 52 20 15 4.2 2.2 35
I5 M 61 IIIB 25 78 67 14 30 3.3/4.1 1.7/2.2 27
I6 M 55 III 25 70 61 12 20 6.4 2.9 25
I7 M 52 III 15-20 85 71 16 24 3.8 2.1 31
I8 M 54 IV 25 76 67 11 10/6 10.5/9.3 5.5/4.9 23
I9 F 50 III 50 N/A N/A N/A 20 4.1 2.7 45
I10 M 55 IV 35 83 75 9 30 6.4 3.5 30

ISCHEMIC
HEART

DISEASE

I11 M 45 IV 35 58 46 20 23/25 2.8/3.8 1.7/3.8 38

D1 M 59 III 20 81 78 3 19 5.3 2.8 15
D2 M 62 III N/A 70 63 10 26 N/A N/A 19
D3 M 27 II 25 83 68 18 21 5.4 2.2 33
D4 F 54 III 15 83 75 9 21 4.5 2.8 19
D5 M 53 III 25 75 64 14 18 4 2.1 28
D6 F 53 III 20 73 69 5 9 5.1 3.2 11
D7 M 23 IV 10/15 65 60 10 21 5.1 2.9 15
D8 M 54 III 25 70 59 15 10 5 2.5 29

DILATED
CARDIO-

MYOPATHY

D9 M 26 IV 15 100 93 7 34 3 1.7 14

Table 4.1: Patient Characteristics.  LVEF, left-ventricular ejection fraction; LVEDD, left-ventricular end diastolic diameter; LVESD, left-
ventricular systolic diameter, FS, fractional shortening; PCWP, precapillary wedge pressure; CO, cardiac output; CI, cardiac index; EF, ejection
fraction; N/A, information not available.
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identified signaling proteins to the cardiac myocytes or other cells in the failing heart is 

an important consideration when clarifying their involvement in heart failure and its 

progression.          

 

Despite these obvious limitations, studies in explanted human hearts have, in the past, 

provided important information on intracellular signaling proteins associated with the 

failing heart. The results presented in the current study with expand on previous studies 

and potentially generate novel insights into the molecular mechanism regulating 

chronic heart failure. 
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4.6 Results 

Although previous studies have investigated the differences in signaling proteins 

between the normal and diseased states of the heart, the activation of the STAT family 

of proteins has not been extensively studied in the human heart (Cook et al., 1999; Haq 

et al., 2001; Lemke et al., 2001; Takeishi et al., 2002). Therefore, in the current study, 

the tyrosine phosphorylation of the STAT proteins was examined in a series of failing 

human hearts (IHD, DCM) and donor human hearts. As these donors acted as control 

reference points for comparison with failing hearts, they will be referred to as 

“controls” (C1-C9) throughout this study. In addition, lanes were loaded with protein 

lysates prepared from control and LIF-stimulated neonatal rat cardiac myocytes, 

labeled as “Con” and “LIF” in Figures 4.1-4.6. The same lysates were loaded in 

equivalent amounts on to each gel to provide a reference for the quantitation of 

phosphorylated STATs. As the level of STAT phosphorylation in the neonatal myocyte 

samples were equivalent between gels, quantitation of STAT protein bands in the 

human heart samples were normalized to the reference samples, to allow comparison 

between all immunoblots using a single antibody. 

 

4.6.1 STAT1 tyrosine phosphorylation in failing human heart 

The phosphorylation of Y701 of STAT1 is required for its dimerization and activation 

of transcription (Shuai et al., 1993b). When the data from each group of samples was 

considered, STAT1 Y701 phosphorylation was significantly elevated in IHD (2.5-fold, 

p<0.05) and DCM (3.3-fold, p<0.01) when compared to the control donor hearts 

(Figure 4.1A). The phosphorylation of STAT1 in the individual samples was generally 

consistent within each group (Figure 4.1B-D, top panels). Immunoblotting for total 

STAT1 protein showed evidence for the expression of STAT1α (91 kD) and STAT1β 

(84 kD) spliceforms in these hearts and indicated that the phosphorylated STAT1 band 
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corresponded to the 91 kD STAT1α spliceform (Figure 4.1B-D). Blotting for total 

protein expression also indicated that STAT1α phosphorylation was not related to 

differences in total STAT1 expression (Figure 4.1B-D, bottom panels). Quantitation of 

total STAT1 protein bands confirmed that there was no significant change in the 

amount of STAT1 protein between groups (p>0.05, data not shown).  

 

4.6.2 STAT3 tyrosine phosphorylation in failing human heart 

Many cytokines that lead to the activation and phosphorylation of STAT1 also promote 

STAT3 phosphorylation and activation (Ihle, 1996; Fukuda et al., 1999). The 

phosphorylation of STAT3 on Y705 is required for transcriptional activation (Zhong et 

al., 1994). When STAT3 Y705 phosphorylation was investigated, there was significant 

phosphorylation in DCM (7.4-fold, p<0.01) but not IHD (Figure 4.2A). 

PhosphoSTAT3 was strongly detected in all DCM samples (Figure 4.2D, upper panel), 

whereas there was greater variation in the IHD samples (Figure 4.2C, upper panel). 

More strikingly, when these blots were compared with total STAT3 immunoblots 

(Figure 4.2B-D, middle and bottom panels), this phosphorylation corresponded to the 

lower STAT3 band (80 kD) detected with an N-terminal antibody. A C-terminal 

truncation isoform of STAT3 has been denoted STAT3β and has been shown to be 

generated by differential splicing (Schaefer et al., 1995; Caldenhoven et al., 1996). The 

C-terminal STAT3 antibody only detects a single band corresponding to the 91 kD 

STAT3α isoform. Therefore, in DCM samples the phosphorylation of the STAT3β 

isoform was detected (Figure 4.2D, upper panels). Quantitation of total STAT3 bands 

again indicated that the observed enhanced phosphorylation was not due to a significant 

difference in protein expression of the STAT3β isoform (p>0.05, data not shown). 
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4.6.3 STAT3 tyrosine phosphorylation in a rat model of myocardial infarction 

Studies in experimental animal models have implicated a role for STAT3 in cardiac 

protection and mediating the progression into decompensation (Kunisada et al., 2000; 

Xuan et al., 2001). A study by Negoro et al. (2000) reported rapid (6 h post-coronary 

occlusion) STAT3 phosphorylation in the ischemic region of the heart in a rat 

myocardial infarction model. However, the phosphorylation of STAT3 at later time 

points, when pathological hypertrophy and ultimately cardiac failure would develop 

was not investigated. Given the elevated levels of STAT3β phosphorylation in human 

DCM heart samples (Figure 4.2), heart lysates from a rat model of myocardial 

infarction were therefore immunoblotted for Y705 phosphorylated STAT3α and 

STAT3β. These samples were provided by Dr Andrew Kompa (University of 

Melbourne, Victoria, Australia). Specifically, infarction of the left ventricle was 

induced by permanent surgical ligation of the left anterior descending coronary artery 

(Kompa et al., 1999; Kompa and Summers, 2000). The rats were then culled at 1, 4 and 

10 weeks post-coronary artery ligation. Sham operated animals served as controls. 

However, the phosphorylation of either STAT3 spliceform was not detected in the 

infarcted hearts at any of the time points investigated (Figure 4.3A-C, top panel). This 

was despite expression of total STAT3α and STAT3β protein, as confirmed by 

reblotting with the N-terminal STAT3 antibody to detect both the phosphorylated and 

unphosphorylated form of the transcription factor (Figure 4.3A-C, bottom panel).  

 

4.6.4 gp130 receptor subunit expression in failing human heart 

Given that STAT1 and STAT3 act downstream of gp130 signaling cytokine family, and 

that these cytokines (e.g. LIF or CT-1) are elevated in heart failure (Eiken et al., 2001; 

Plenz et al., 2001; Tsutamoto et al., 2001; Zolk et al., 2002), tyrosine phosphorylation 

of gp130 was evaluated. Surprisingly, following gp130 immunoprecipitation and 
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phosphotyrosine immunoblotting, no phosphorylated gp130 receptor bands were 

detected in any of the human heart samples despite positive results with LIF-treated 

cultured cardiac myocytes (data not shown). Furthermore, immunoblots of total gp130 

revealed much lower protein expression levels of the receptor subunit in the human 

heart when compared to equivalent amounts of total protein loaded from rat cardiac 

myocytes (Figure 4.4B-D). Although, there was a trend towards lower gp130 protein 

expression in the failing hearts, particularly in DCM, statistical analysis indicated that 

there was no significant difference between failing and non-failing human hearts 

(Figure 4.4A). The limited expression of gp130 in the failing hearts, suggests that other 

cytokines may be involved in stimulating or maintaining STAT1 and STAT3β 

phosphorylation. Alternatively, the negative feedback pathways, which limit STAT 

activation under normal conditions, may be compromised in IHD or DCM.  

 

4.6.5 STAT5 tyrosine phosphorylation in failing human heart 

The scope of this study was then broadened to include an examination of the 

phosphorylation of other STAT isoforms. Specifically, the phosphorylation of STAT5 

and STAT6 was investigated. The phosphorylation of STAT2 and STAT4 was not 

investigated because phospho-specific antibodies for these STAT isoforms were not 

commercially available at the time. As shown in Figure 4.5A, STAT5 Y694 

phosphorylation was enhanced in IHD (3.5-fold, p<0.05) and DCM (5.8-fold, p<0.01). 

Although demonstrating a significant positive trend, STAT5 phosphorylation in IHD 

was variable and three individuals (I6, I9 and I10) showed no detectable 

phosphorylation (Figure 4.5C, top panel). Amongst the DCM samples, only one 

individual (D9) did not show strong STAT5 phosphorylation (Figure 4.5D). Again, 

elevated STAT5 phosphorylation was not due to a significant change in protein 
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expression of STAT5 (Figure 4.5B-D, bottom panels) as no significant differences in 

total STAT5 levels were observed (p>0.05, data not shown).  

 

4.6.6 STAT6 tyrosine phosphorylation in failing human heart 

Further analysis of STAT6 Y641 phosphorylation demonstrated significant elevation in 

DCM (11-fold, p<0.01), but not IHD (Figure 4.6A). When the individual samples were 

considered, only two IHD samples (I3 and I8) showed strong phosphorylation (Figure 

4.6C, top panel). Amongst the DCM group, D9 was the only individual of the group 

that did not show strong STAT6 phosphorylation (Figure 4.6D, top panel). Elevated 

STAT6 phosphorylation was not due to a change in the protein expression of STAT6 

(Figure 4.6B-D, bottom panel), with no significant differences in total STAT6 levels 

observed (p>0.05, data not shown).  

 

4.6.7 Phosphotyrosine profile of the failing human heart 

Tyrosine phosphorylation regulates the activities of many upstream signaling proteins 

(Schlessinger, 2000). Given the enhanced STAT tyrosine phosphorylation in failing 

human hearts, the general tyrosine phosphorylation status of other signaling proteins in 

the failing hearts was evaluated and compared to non-failing control samples. Western 

blotting with an anti-phosphotyrosine antibody (4G10) is a standard procedure to reveal 

changes in phosphorylation on tyrosine residues of intracellular proteins (Keener et al., 

1996). This procedure demonstrated that many phosphotyrosine-containing proteins 

were present in the control, IHD and DCM hearts (Figure 4.7). The tyrosine 

phosphorylation profiles of individuals within the control group were variable, 

particularly among the high molecular weight proteins (between 92kD and 220 kD 

markers as denoted in Figure 4.7 with arrows). Specifically, major differences were 

observed when C2 and C4 were compared with C3 and C5 (Figure 4.7A). In contrast, 
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the tyrosine phosphorylation profiles of the failing hearts showed greater similarity 

(Figures 4.7B and 4.7C), especially in DCM where the high molecular weight proteins 

appeared uniformly high (Figure 4.7C).  

 

The molecular weights of many growth factor receptors and cytokine receptors would 

be consistent with the sizes of these larger bands. This suggests that these receptors 

could be activated in the failing heart and raises the possibility that upstream signaling 

mechanisms contribute to the increased STAT phosphorylation. The consistent profiles 

in DCM and IHD would further suggest that similar signaling mechanisms underlie the 

progression to failure.  

 

4.6.8 Activation/Phosphorylation of MAPKs in failing human heart 

The MAPK family has been implicated in the development of cardiac hypertrophy and 

the progression into failure by numerous experimental models (Force et al., 1999; 

Bogoyevitch, 2000; Michel et al., 2001). Furthermore, previous studies have reported 

conflicting results of MAPK phosphorylation in the failing human (Cook et al., 1999; 

Haq et al., 2001; Lemke et al., 2001; Takeishi et al., 2002). Given the interest in the 

cardiac function of MAPKs and the lack of consensus from these previous studies, the 

phosphorylation/activation of p38MAPK, ERK and JNK in IHD and DCM samples was 

also investigated by immunoblotting for dual-phosphorylation of threonine and tyrosine 

in the conserved -TXY- motif.  

 

Immunoblotting for T180/Y182 dual-phosphorylated p38MAPK revealed a significant 

increase in IHD (3.3-fold, p<0.05) (Figure 4.8A). Despite a positive trend, phospho-

p38MAPK was not significantly different in DCM (Figure 4.8A). Blotting for total 

p38MAPK protein demonstrated protein expression in all sample groups (Figure 4.8B-D, 
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bottom panels). Quantification of p38MAPK protein expression confirmed constant 

expression levels between the sample groups (p>0.05, data not shown).  

 

In contrast, when ERK and JNK were investigated, no significant phosphorylation 

could be observed in IHD, DCM or donor hearts (data not shown). Confirmation of this 

negative result was sought by performing activity assays specific for these kinases. 

ERK activity in the human hearts was determined by measuring 32P incorporation from 

γ-32P-labeled ATP into GST-Elk substrate (Cano et al., 1995; Ng and Bogoyevitch, 

2000). Quantitation of ERK activity by Cerenkov counting of phosphorylated GST-Elk 

confirmed that there was no significant difference in activity between IHD, DCM or 

control donor hearts (Figure 4.9A). Immunoblotting for total ERK protein indicated 

that ERK1/2 was present in the human heart samples (Figure 4.9B-D) and there was no 

significant change in protein expression (p>0.05, data not shown). Likewise, when JNK 

activity was measured by 32P incorporation into GST-cJun (Derijard et al., 1994; Ng 

and Bogoyevitch, 2000), no significant increase in activity was detected in the failing 

heart samples (Figure 4.10A). In addition, total JNK protein levels were not 

significantly different between groups (p>0.05, data not shown) despite abundant JNK 

expression in all individuals (Figure 4.10B-D).   

 

These results demonstrate that phosphorylated p38MAPK levels were selectively elevated 

in the IHD class of failing hearts. In contrast to the observations on STAT 

phosphorylation, p38MAPK phosphorylation in the DCM group was not significantly 

different from control hearts. Thus, not all the MAPK subfamilies were phosphorylated 

or activated in the failing heart as previously suggested (Haq et al., 2001). Despite 

abundant protein expression, ERK and JNK phosphorylation in the failing heart groups 

were not significantly different from the phosphorylation noted in the control group. 
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These results indicate that MAPK families may be selectively activated in the different 

categories of failure.  

 

4.6.9 Serine phosphorylation of STAT1 and STAT3 in failing human heart 

Given the significant p38MAPK phosphorylation in IHD and the previous evidence of 

serine/threonine kinases involved in regulating the activity of STAT protein through 

phosphorylation on C-terminal serine residues (Decker and Kovarik, 2000), a 

correlation between p38MAPK phosphorylation and STAT serine phosphorylation was 

subsequently investigated in the failing human heart. In a cardiac myocyte model of 

ischemic disease, p38MAPK has been shown to regulate the activity of STAT1 through 

phosphorylation on S727 (Stephanou et al., 2001). STAT1 serine phosphorylation by 

p38MAPK has also been demonstrated in other cellular models (Goh et al., 1999; Haq et 

al., 2002). However, an immunoblot analysis of STAT1 S727 phosphorylation 

indicated that there were no significant differences between failing and non-failing 

hearts (Figure 4.11A) despite high levels of phosphorylation and STAT1 protein 

expression in all groups (Figure 4.11B-D).   

 

The phosphorylation of STAT3α on a serine residue in the C-terminal transactivation 

domain has been shown to be required for maximal transcriptional activity (Wen et al., 

1995). Likewise, various serine kinases, including components of MAPK pathways, 

have been implicated in regulating STAT3 activity in vitro (Jain et al., 1998; Sengupta 

et al., 1998; Seller et al., 1999; Zauberman et al., 1999 ). Therefore, the 

phosphorylation of STAT3α S725 in the failing human hearts was also investigated. 

Immunoblot analysis indicated that the levels of S725 phosphorylated STAT3α were 

unaltered in the failing hearts (Figure 4.12). However, in contrast to STAT1 serine 

phosphorylation, there was little to no STAT3α serine phosphorylation detected in all 
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sample groups despite abundant STAT3 protein expression (Figure 4.12A-C). In 

addition, the immunoblots indicated a protein band, approximately 93 kD in size that 

was most prominent in the individuals D4-D7. However, these bands are most likely 

non-specific reactions with the STAT3α S725 antibody as they do not correspond to 

the size of phosphorylated STAT3α S725 in LIF-stimulated rat cardiac myocytes 

(Figure 4.12C. Lane labeled ‘LIF’). As indicated in the total STAT3 blots, a 

comparison between human heart samples and rat cardiac myocytes indicates that 

STAT3α in all lanes resolve to the same molecular weight on SDS-PAGE (Figure 

4.12A-C, bottom panels). Serine phosphorylation of STAT3β was not observed as the 

C-terminal truncation of the alternative STAT3 spliceform results in the loss of the 

S725 residue.        

 

To confirm our ability to detect changes in STAT1 S727 phosphorylation, cultured 

cardiac myocytes were exposed to agents such as hyperosmolarity (0.5 M sorbitol), 

anisomycin (50 ng/ml) and arsenite (50 µM) which are known p38MAPK activators (Han 

et al., 1994; Lim et al., 1998). As shown in Figure 4.13, enhanced p38MAPK 

phosphorylation and enhanced STAT1 Ser727 phosphorylation could be observed. 

Thus, in this in vitro setting and in agreement with previous literature, a correlation 

between p38 phosphorylation and STAT1 S727 phosphorylation could be observed.  

 

4.7 Discussion  

4.7.1 Elevated STAT phosphorylation in the failing heart 

The tyrosine phosphorylation of the STAT family of transcription factors has been 

reported to accompany a number of experimental models of cardiac hypertrophy and 

dilated cardiomyopathy (Choukroun et al., 1998; Pan et al., 1999; Kunisada et al., 

2000; Hattori et al., 2001; Mascareno et al., 2001;  Xuan et al., 2001; Negoro et al., 
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2001). In addition, enhanced cytokine levels in plasma and in the myocardium have 

been shown in human patients with end-stage heart failure (Baumgarten et al., 2000; 

Adamopoulos et al., 2001; Eiken et al., 2001; Tsutamoto et al., 2001; Zolk et al., 

2002). In light of these studies, it is surprising that the tyrosine phosphorylation of 

STATs in human heart failure had not been previously addressed. The results presented 

in this Chapter indicate that tyrosine phosphorylation of various STAT isoforms are 

elevated in the failing human heart.  

 

An investigation of 20 explanted human heart samples grouped into different etiologies 

of cardiac failure (i.e. IHD (n=11) versus DCM (n=9), indicated significant tyrosine 

phosphorylation of STAT1, STAT3β, STAT5 and STAT6 in DCM compared to control 

donor hearts (n=9). The consistent phosphorylation of STAT1, STAT3β, STAT5 and 

STAT6 in DCM is supported by previous reports of elevated circulating and tissue 

cytokine levels in chronic heart failure (Adamopoulos et al., 2001; Eiken et al., 2001; 

Zolk et al., 2002). It is not clear how a broad activation of STAT isoforms might 

contribute to the disease progression in DCM, but the consistency between samples 

likely reflects the nature of DCM as a global failure of the ventricular tissue. For IHD, 

the greater variability between individuals resulted in the analysis only showing 

significant phosphorylation of STAT1 and STAT5. The higher degree of variability of 

STAT activation levels in IHD could be expected to reflect the greater disease 

heterogeneity dependent on the region and severity of ischemic damage. Therefore, 

these results have demonstrated the up-regulation of STAT isoform phosphorylation in 

failing human hearts.  

 

Previous work in animal models has shown predominantly tyrosine phosphorylation of 

STAT1, STAT3, STAT5 and STAT6 following ischemia/reperfusion in the rat heart 
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(Mascareno et al., 2001; Xuan et al., 2001). In comparison, the results in this Chapter 

have reported enhanced STAT5 and STAT6, but not STAT1 or STAT3, 

phosphorylation in the IHD group. The differences in STAT isoform phosphorylation 

noted in previous studies when compared to the current results might be explained by 

differences between a chronic human condition that is associated with prolonged STAT 

activity and the acute ischemic episode in the experimental models. However, the 

general consensus to be derived from the animal model studies suggests that 

JAK/STAT signaling pathways are activated in the heart to facilitate cardioprotection. 

However, it is not possible to directly address a role for JAK/STAT-mediated 

protection in the human heart due to restrictions in manipulating disease progression in 

human patient groups.   

 

The results presented in this Chapter have described an association of STAT 

hyperphosphorylation with different etiologies of human heart failure. However, a 

comparison of STAT isoform phosphorylation with specific individual parameters such 

as sex, age or haemodynamic measurements did not reveal an obvious relationship. In 

addition, investigation of individual patterns of STAT isoform phosphorylation 

revealed limited insights. With the exception of the individual “D9”, there was no 

discernible relationship between the phosphorylation of the different STAT isoforms. 

An analysis of the STAT phosphorylation profiles of “D9” indicated that he was the 

only individual from the DCM group not demonstrating strong STAT5 and STAT6 

phosphorylation (Figures 4.6 and 4.7). When this was re-examined with the patient 

characteristics it revealed that D9 had the lowest left ventricular ejection fraction 

(LVEF), highest left ventricular end diastolic diameter (LVEDD), highest precapillary 

wedge pressure (PCWP), lowest cardiac output (CO) and lowest cardiac index (CI). 

The difference in STAT5 and STAT6 phosphorylation could therefore reflect the 
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severity of the individual’s haemodynamic parameters. Testing this hypothesis clearly 

needs additional collection of ventricular tissues from patients with similar parameters.  

 

As the tyrosine phosphorylation of several STAT isoforms was upregulated, it was then 

of interest to determine whether the tyrosine phosphorylation state of other proteins was 

different in the failing human heart. Immunoblot analysis with a general 

phosphotyrosine antibody provided evidence that the tyrosine phosphorylation status of 

several proteins may differ between DCM, IHD and control groups. Specifically, a 

more consistent pattern of tyrosine phosphorylation of several high molecular weight 

proteins was observed in failing heart samples. This suggests a common signaling 

mechanism may control the progression to cardiac failure. These high molecular weight 

bands are consistent with the sizes of growth factor and cytokine receptors. As STAT 

proteins are generally downstream effectors of such receptors with intrinsic or 

associated kinase activity (Kishimoto et al., 1994; Ihle, 1996), a change in the profile of 

receptor tyrosine phosphorylation in heart failure is therefore consistent with the 

reported increase in STAT phosphorylation. An implication of the results presented in 

Figure 4.7 is that elevated STAT phosphorylation in the failing human heart is more 

likely the result of activation by upstream receptor-mediated events rather than an 

absence of intrinsic negative regulatory STAT inhibitors, such as the Suppressors Of 

Cytokine Signaling (SOCs) and Protein Inhibitors of Activated STAT (PIAS) family of 

proteins (Greenhalgh and Hilton, 2001).  

 

The identification of the exact receptors leading to these phosphorylation changes in 

human heart failure is obviously a challenge for further investigation. Previous studies 

have reported elevated levels of several members of the IL-6 family of cytokines in 

heart tissue and circulating plasma in advanced heart failure patients (Eiken et al., 

 120



2001; Zolk et al., 2002). However, an investigation of the gp130 receptor subunit in the 

human hearts indicated a trend for lower gp130 protein expression in DCM although 

this did not prove significant after statistical testing (Figure 4.4). This result is in 

agreement with a recent study reporting a modest decrease in gp130 receptor protein 

abundance in the failing human myocardium despite augmented CT-1 expression (Zolk 

et al., 2002). In the study by Zolk et al. (2002), it was proposed that a paradoxical 

decrease in gp130 expression during end-stage failure balances increased ligand 

expression to prevent overstimulation of the gp130/JAK/STAT pathway. These results 

suggest a limited role for gp130 in the failing human heart but do not eliminate the 

possible involvement of other receptor types. Clearly the contribution of cytokine 

receptors and their downstream signaling pathways to the progression of heart failure is 

an intriguing area for further investigation. 

 

4.7.2 Differential activation of STAT3 spliceforms in the failing heart 

Despite the compelling evidence from experimental studies indicating a role for STAT3 

in mediating cardiac hypertrophy, ischemic preconditioning and preventing heart 

failure (Yamauchi-Takihara and Kishimoto, 2000b), there was a surprising absence of 

STAT3α phosphorylation in the human hearts. This was confirmed by the observations 

of Zolk et al. (2002), who indicated that STAT3 phosphorylation in failing human 

hearts was unchanged from non-failing hearts. However, the results presented in Figure 

4.2, have made the additional observation that STAT3β was the preferential STAT3 

isoform hyperphosphorylated in the failing human myocardium. In Chapter 3, LIF and 

IL-1β stimulation of rat neonatal cardiac myocytes did not indicate differential 

phosphorylation of STAT3α and STAT3β isoforms. As the upstream mechanism of 

receptor mediated tyrosine phosphorylation of both STAT3 spliceforms is considered to 

be identical in vitro (Schaefer et al., 1997), the selective phosphorylation of STAT3β in 
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the absence of the STAT3α isoform in the human heart is an intriguing observation. 

This suggests additional regulatory mechanisms are involved in vivo and emphasizes 

the biological complexity of the chronic disease state in the failing human heart 

 

This is the first study demonstrating STAT3β phosphorylation in the heart although its 

phosphorylation has been recently shown in other chronic, non-cardiac diseases (Xia et 

al., 2001; Yoo et al., 2002). These α and β isoforms of STAT3 are spliceforms from a 

single gene with the smaller STAT3β isoform resulting from the deletion of a 55 amino 

acid region at the C-terminal transactivation domain (Caldenhoven et al., 1996; 

Schaefer et al., 1995). Thus, STAT3β could be detected with a commercial STAT3 N-

terminal-specific antibody, but not the antibody generated to a STAT3α C-terminal 

peptide. No STAT3β C-terminal antibody is currently available and a survey of 

previous literature shows that STAT3α antibodies have been extensively used for 

immunoprecipitation studies detailing STAT3 activation in the heart (Kunisada et al., 

1996; Zauberman et al., 1999; Uozumi et al., 2001). Furthermore, studies detailing the 

hypertrophic and protective effects of STAT3 in the transgenic animal evaluated the 

overexpression of the STAT3α isoform (Kunisada et al., 2000). Therefore, previous 

studies into the function of STAT3 in experimental models of cardiac hypertrophy and 

the progression of cardiac failure have inadvertently disregarded the contribution of 

STAT3β. 

 

A function for STAT3α in cardiac protection following ischemic injury was implicated 

following rapid phosphorylation immediately following the artificial induction of 

myocardial infarction in the rat heart (Negoro et al., 2001). However, STAT3 

phosphorylation at extended time points during the dysfunctional progression of the 
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damaged myocardium was not addressed. It was also of interest to determine if 

STAT3α and STAT3β are differentially upregulated during the development of 

myocardial hypertrophy and subsequent transitional decompensation. The 

phosphorylation of STAT3α and STAT3β was therefore further investigated in a rat 

model of myocardial infarction (Kompa et al., 1999; Kompa and Summers, 2000). 

STAT3α phosphorylation has previously been reported 6 hours following ischemic 

damage resulting from coronary artery ligation in the rat heart (Negoro et al., 2001). 

The current study evaluated STAT3 phosphorylation at 1, 4 and 10 weeks post-

infarction in a similar rat model of myocardial infarction. Previous characterization of 

the rat MI model had indicated significant right ventricular and atrial hypertrophy, with 

limited left ventricular hypertrophy, at 4 weeks post-ligation (Kompa et al., 1999). At 

this time point, the rats also exhibited lowered systolic blood pressure and increased left 

ventricular end-diastolic pressure (Kompa et al., 1999). The extent of hypertrophy and 

symptoms of progressive cardiac failure were not significantly different at 10 weeks 

post-ligation (Dr AR Kompa, Department of Pharmacology, University of Melbourne, 

personal communication, 2002). Therefore, the rat hearts presented evidence of 

hypertrophy and cardiac failure at both 4 and 10 weeks post-infarction. However, little 

to no STAT3 phosphorylation was observed at these time-points (Figure 4.4).  The 

absence of STAT3 activation in the rat heart, at these late stages post-infarction, may 

reflect the difference between the development of cardiac hypertrophy induced by an 

acute episode in the rat model versus the chronic condition in diseased human patients. 

In addition, the lack of STAT3 phosphorylation may also be explained by a disparity in 

severity of myocardial damage in the experimental animal model compared to human 

patients suffering end-stage heart failure.      
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Although STAT3β phosphorylation is upregulated, the role of STAT3β in the failing 

human heart is presently undefined. Evidence that STAT3β binds consensus DNA 

sequences in a sustained fashion but fails to activate transcription to a significant 

degree compared to wild-type STAT3α, has led to the suggestion that STAT3β 

functions as a dominant-negative regulator of transcription (Caldenhoven et al., 1996). 

Therefore, although STAT3α may transduce a cardioprotective signal in response to 

ischemia and reperfusion (Negoro et al., 2001), STAT3β may transduce a pro-death 

pathway during the progression to failure.  

 

4.7.3 MAPK activation in the failing human heart 

Given the conflicting reports from previous studies, the phosphorylation state of the 

three main MAPK subfamilies, ERK, p38MAPK and JNK was evaluated in the failing 

human heart samples. The results in Figure 4.8 indicate a significant increase in 

p38MAPK phosphorylation in the IHD group. A role of activated p38MAPK in regulating 

cardiac failure is likely given the recent in vivo animal work showing that cardiac 

specific overexpression induces heart failure (Liao et al., 2001). However, no 

discernible changes in the activation or phosphorylation of the ERK or JNK MAPK 

families were detected in either IHD or DCM. In addition, the inability to detect a 

change in ERK and JNK activity was not due to high basal activity in donor hearts. On 

the contrary, no significant levels of ERK and JNK phosphorylation or activity were 

detected despite abundant total levels of these proteins. This is clearly inconsistent with 

previous studies, one reporting JNK and p38MAPK activity in IHD samples specifically 

and a second reporting elevated phosphorylation of all three MAPK families in a mixed 

heart failure group (Cook et al., 1999; Haq et al., 2001). Although there is no clear 

explanation for these differences, this does highlight the limitations inherent in the 

correlative study of human patients.  

 124



 

Lastly, the phosphorylation of specific serine residues in STAT1 and STAT3α was also 

investigated. Numerous studies have demonstrated a role for MAPKs, including 

p38MAPK, in cross-talk regulation of the JAK/STAT pathway (Jain et al., 1998; 

Sengupta et al., 1998; Goh et al., 1999; Seller et al., 1999). In particular, p38MAPK has 

been shown to phosphorylate STAT1 on serine 727 in a rat cardiomyocyte model of 

ischemia (Stephanou et al., 2001). Furthermore, STAT3α serine phosphorylation was 

shown to be mediated by ERK and JNK in non-cardiac cultured cells (Chung et al., 

1997b; Lim and Cao, 1999; Haq et al., 2002). Although elevated p38MAPK 

phosphorylation was shown in IHD, there was no significant change in the serine 

phosphorylation of STAT1 or STAT3α. Despite the considerable serine 

phosphorylation of STAT1 in IHD and DCM (Figure 4.11B-D), a high level of serine 

phosphorylation in control samples suggested that it is unlikely that p38MAPK is 

involved at least in the final stages of failure. It could be argued that the constitutive 

serine phosphorylation of STAT1 might have been an artifact resulting from tissue 

collection and storage processes. However, this is unlikely, as a similar extent of serine 

phosphorylation in STAT3α was not detected. Thus, these results indicate that serine 

mediated STAT1 and STAT3 regulation may not be crucial during the transition to 

failure.  
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4.8 Conclusions 

In summary, this Chapter presents the first evidence that STAT tyrosine 

phosphorylation is significantly upregulated in human heart failure. The implication of 

these results is that STAT signaling is enhanced in this disease state. This reinforces the 

potential of anti-cytokine therapy in the treatment of heart failure and implicates 

intracellular cytokine-mediated mechanisms as therapeutic targets (Baumgarten et al., 

2000). Extensive investigation of the various STAT and MAPK isoforms has 

demonstrated differential activation profiles in IHD and DCM. The results presented in 

this study, in addition to others to date, support the idea that the process of heart failure 

is not associated with a global up-regulation of all signaling pathways. Rather selective 

activation of distinct pathways in the different etiologies of heart failure represents the 

more likely scenario. This was highlighted particularly by the differential activation of 

STAT3β in isolation of STAT3α in DCM patients. The specific activation of STAT3β 

has not been previously addressed in cardiac hypertrophy or heart failure and presents 

an exciting avenue for future work in this area. In the present study, correlative 

evidence of STAT activation suggests an importance in the progression of heart failure. 

The precise involvement of STAT proteins and their roles in regulating the various 

processes of heart failure must now be clarified in experimental models.  
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Chapter 5 

Cell-permeable peptide strategies for inhibiting  

ligand stimulated STAT3 signaling 
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5.1 Introduction 

A main focus of the previous Chapters in this thesis has been the regulation of STAT3 

in cardiac hypertrophy and cardiac failure. In Chapter 3, a correlation between 

STAT3α phosphorylation and increased expression of ANF was described in the 

neonatal cardiac myocyte response to IL-1β stimulation. In Chapter 4, upregulated 

STAT3β phosphorylation was identified in explanted human heart tissue with 

idiopathic dilated cardiomyopathy. However, a conclusive role in cardiac disease 

requires STAT3 function to be specifically inhibited.  

 

Several previous studies utilizing a chemical inhibitor of JAK2 activity, AG490, have 

implicated STAT3 as a mediator of the cytoprotective effects of ischemic 

preconditioning (Hattori et al., 2001; Xuan et al., 2001). Furthermore, cardiac-specific 

knockout of gp130 by the Cre-loxP recombination system has suggested a function for 

STAT3 activity associated with gp130 activation in mediating the pressure overload-

induced transition into failure (Hirota et al., 1999). However, intepretation of these 

results is complicated by the modulation of STAT3-independent pathways downstream 

of gp130 and JAK2 tyrosine kinase activation (Heinrich et al., 1998; Schindler, 1999).  

 

Previous studies utilizing transgene expression of a dominant-negative mutant of 

STAT3α have also indicated a role for this transcription factor in regulating various 

aspects of cardiac hypertrophy (Kunisada et al., 1998; Funamoto et al., 2000). 

However, the overexpression of a dominant-negative mutant of STAT3α may produce 

artefactual protein interactions and biological effects. Similarly, the results from the 

genetic ablation of STAT3 protein expression does not take into account post-

translational modifications of STAT3 such as its phosphorylation. Furthermore, the 

long-term loss of STAT3 function may initiate innate redundant or compensatory 
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mechanisms by the cell. Thus, previous approaches taken to inhibit STAT3 activity 

have presented valuable information regarding its function, however specific 

disadvantages can limit their application as STAT3 specific inhibitors. In addition, 

chemical inhibitors specific for STAT3 are not available and the inhibition of upstream 

activators of STAT3 is complicated by the inhibition of STAT3-independent 

downstream effectors. 

 

As an alternative, numerous peptide-based inhibitors have been developed to directly 

inhibit the function of the proteins of interest and determine their importance in a 

signaling network (Dunican and Doherty, 2001). This can have the added advantage of 

introducing inhibitors with post-translational modifications, which is difficult to 

accomplish by transgene expression. However, peptide-based inhibitory molecules, in 

general, are naturally excluded by the plasma membrane. Therefore, efficient 

intracellular delivery of the inhibitor presents a major obstacle. 

 

The intracellular delivery of peptide-based inhibitors has been achieved through the use 

of strategies such as membrane permeabilization. This transient permeablization of the 

plasma membrane can be achieved with various chemical agents such as saponin or 

streptolysin O (Johnson et al., 1996; Fawcett et al., 1998). However, the effect of 

permeabilizing the plasma membrane on normal protein functions is undefined and 

presents a potential confounding factor. In addition, membrane permeablization is not 

widely applicable due to the potential cytotoxic effects following membrane disruption. 

An alternative strategy is the direct introduction of proteins by microinjection. 

However, this is usually restricted to a small number of cells and is an invasive, 

technically demanding and costly strategy. Thus, the limitations associated with 

membrane permeabilization and microinjection restrict the ability to manipulate 

 129



cellular processes in large cell populations and can involve complicating factors 

disrupting the normal biological processes of the cell.           

 

5.2 Protein Transduction Domains (PTDs) 

Ideally, the intracellular delivery of inhibitory molecules should be relatively low in 

toxicity and deliver in a dose dependent manner. In addition, the inhibitory molecule 

should be efficiently internalized by the majority of cells in culture and be effective for 

a wide range of cell types. The recent discovery of a class of protein domains, now 

known as Protein Transduction Domains (PTDs), with the inherent ability to 

spontaneously transduce the plasma membrane, appears to present a delivery vector 

with these characteristics.   

  

The first PTD characterized was initially derived from the 86 amino acid 

transactivating transcriptional activator (TAT) protein (Frankel and Pabo, 1998; Green 

and Loewenstein; 1998). The TAT protein, involved in the replication of the HIV-1 

virus, was shown to be able to enter cells when added directly to culture media. The 

ability of TAT to freely translocate the plasma membrane was later localized to a 

minimal 11 amino acid sequence (TAT PTD, Table 5.1) encompassing the basic region 

and nuclear localization sequence of the TAT protein (Vives et al., 1997).   

 

Subsequent to the discovery of the TAT PTD, other PTDs have been recently 

developed with similar membrane transducing properties. The 16-amino acid long 

“penetratin” (Table 5.1) was developed from the DNA binding domain of 

Antennapedia, a Drosophila transcription factor identified with the unusual property of 

being internalized by cells in culture and targeted to the nuclei (Derossi et al., 1994). 

Other cell-permeable PTDs have been identified from the VP22 DNA-binding protein 
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Table 5.1 Amino acid sequences of Protein Transduction Domains

PTD Amino acid sequence Reference

TAT (unmodified) Y-G-R-K-K-R-R-Q-R-R-R (Vives et al. , 1997)

TAT (modified) Y-A-R-A-A-A-R-Q-A-R-A (Ho et al. , 2001)

Penetratin (unmodified) R-Q-I-K-I-W-F-Q-N-R-R-M-K-W-K-K (Derossi et al. , 1994)

Penetratin (modified) R-R-W-R-R-W-W-R-R-W-W-R-R-W-R-R- (Williams et al. , 1997)

HSV VP22 D-A-A-T-A-T-R-G-R-S-A-A-S-R-P-T-E-R-P-R-A-P-A-R-S-A-S-R-P-R-R-V-E (Elliot and O'Hare, 1997)

Kapossi FGF sequence A-A-V-A-L-L-P-A-V-L-L-A-L-L-A-P (Lin et al. , 1996)

Human β3 Integrin V-T-V-L-A-L-G-A-L-A-G-V-G-V-G (Liu et al. , 1996)

Transportan G-W-T-L-N-S-A-G-Y-L-L-K-I-N-L-K-A-L-A-A-L-A-K-K-I-L (Pooga et al. , 1998)
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of Herpes Simplex Virus, Kaposi’s Sarcoma Fibroblast Growth Factor 1 and human β3 

integrin (Table 5.1) (Lin et al., 1995; Liu et al., 1996; Elliot and O'Hare, 1997). 

Synthetic peptide sequences such as the transportan sequence have also been developed 

with membrane transducing qualities (Pooga et al., 1998). In addition, the amino acid 

sequences of commonly used PTDs such as the TAT PTD and penetratin have been 

modified in an attempt to improve the efficacy of their cellular uptake (Table 5.1). 

Thus, following the molecular modeling of TAT PTD, identifying a strong amphiphatic 

α-helical structure, an enhancement of membrane transduction was demonstrated by 

arginine replacement of various amino acids on the basis of strengthening the helical 

structure (Ho et al., 2001). Furthermore arginine-rich peptides based on the TAT PTD 

have also been developed with optimal membrane transducing potential (Futaki et al., 

2001). Similarly, an arginine/tryptophan analogue of penetratin demonstrated a 

significant improvement in transducing the plasma membrane (Williams et al., 1997). 

The list of PTDs with cell-permeable properties has grown considerably in the last 

decade since the initial discovery of TAT protein and continues to do so. A 

comprehensive discussion of all known PTDs is beyond the scope of this introduction. 

Rather the current study will focus on two of the more commonly used and 

characterized PTDs: TAT PTD and penetratin.             

 

5.2.1 Mechanism of cellular uptake of PTDs 

The mechanism by which PTDs transduce the cellular plasma membrane is still 

unclear. A popular model for the mechanism of uptake for penetratin involves the 

interaction of the positively charged PTD with the negatively charged phospholipids of 

the plasma membrane (Belrose et al., 1996). Electrostatic interaction of the tryptophan 

residue subsequently induces the formation of an inverted micelle in which peptides are 

trapped and later released into the cell following transduction of the lipid bilayer 
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(Derossi et al., 1996). However, this model has yet to be conclusively proven. There 

has been less work on the TAT PTD internalization mechanism however it has been 

suggested that the TAT PTD and penetratin may share similar mechanisms of uptake to 

penetratin (Vives et al., 1997). Although there is little sequence similarity between the 

TAT PTD and penetratin, the two PTDs do share physiochemical properties and are 

both similarly derived from DNA binding homeodomain proteins (Derossi et al., 1994; 

Vives et al., 1997). An alternative mechanism for the TAT PTD involves the direct 

penetration of the plasma membrane in a manner that maintains the membrane 

energetics favouring the reformation of the lipid bilayer following cellular uptake 

(Schwarze et al., 2000). Thus, the exact mechanisms of uptake of TAT PTD and 

penetratin have yet to be conclusively determined.  

 

5.2.2 Uptake properties of PTDs 

Although the precise details of the transduction mechanism is unknown, the 

translocation of TAT PTD and penetratin through the lipid bilayer of cells has been 

shown to be temperature independent, suggesting that the mechanism of uptake is 

independent of receptor-mediated internalization by the ‘classical’ endocytotic pathway 

(Derossi et al., 1996; Vives et al., 1997). This is additionally reflected in the delivery of 

the TAT PTD and penetratin into a wide range of cell types in vitro (Nagahara et al., 

1998; Lindgren et al., 2000; Schwarze et al., 2000). Furthermore, following its 

administration in vivo, the TAT PTD has also been shown to permeate all major tissue 

types including the blood-brain barrier (Schwarze et al., 1999). The cellular uptake of 

PTDs is also a highly efficient process transducing nearly 100% of cells exposed with 

an uniform intracellular concentration throughout the entire population (Nagahara et 

al., 1998). In addition, PTDs transduce cell membranes in a dose-dependent manner 

with a linear relationship between the concentration of internalized PTDs and the 
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amount administered to the culture medium. Thus, the intracellular concentration of 

PTDs is easily modulated and circumvents the problem of massive overexpression 

associated with transgene delivery approaches. PTDs are also rapidly internalized with 

maximum intracellular PTD concentrations observed within minutes of exposure 

(Derossi et al., 1996; Vives et al., 1997; Derossi et al., 1998a). Previous studies have 

also reported relatively low toxicity to cells, with toxic peptide doses at several orders 

of magnitude greater than that required for internalization (Lin et al., 1995; Vives et al., 

1997). These cell-permeable properties have resulted in the increasing use of PTDs as a 

viable alternative to conventional delivery methods in eukaryotic cells and in the whole 

animal.           

 

5.2.3 PTDs as new tools for the intracellular delivery of cargo molecules 

The properties of PTD can be exploited as a delivery mechanism by linking cargo 

molecules to the cell permeable peptides. When linked to a cargo peptide or full-length 

protein, the TAT PTD and penetratin specifically deliver the cargo to the cytoplasm and 

nuclei without permeabilizing the membrane to unlinked or non-specific proteins in the 

culture media (Williams et al., 1997; Derossi et al., 1998a; Nagahara et al., 1998; 

Dostmann et al., 2000; Shimizu et al., 2000; Gustafsson et al., 2002). Cargoes are not 

restricted to peptides as oligonucleotides linked to PTDs have also been efficiently 

delivered into cells (Morris et al., 1997). Thus, the TAT PTD and penetratin represent 

versatile vectors for delivery of several classes of molecules into cells.   

 

Although the TAT PTD and penetratin share similar characteristics and the 

mechanisms of uptake have been suggested to be similar, there is a difference in the 

limitation of the cargo size internalized. The efficient delivery of cargoes by penetratin 

appears to be restricted to an upper size limit of about 100 residues (Derossi et al., 

 133



1998b). The internalization of cargoes greater than 100 amino acids is unpredictable 

and thought to be related to the structure of the cargo. In contrast, the TAT PTD has 

been shown to successfully transduce significantly larger cargoes including 

biologically-active, full-length proteins such as β-galactosidase, green-fluorescent 

protein, p53 and caspase-3 (Schwarze et al., 1999; Vocero-Akabani et al., 1999; Caron 

et al., 2001). Not restricted to protein cargoes, several TAT PTD peptides conjugated to 

the surfaces of iron superparamagnetic nanoparticles (40 nm) or liposomes (200 nm) 

have efficiently internalized these large macromolecules in vitro and in vivo (Lewin et 

al., 2000; Torchillin et al., 2001). Importantly, these studies have demonstrated that 

internalization of cargoes ranging in size from a short peptide to a large macromolecule 

can be accomplished without an appreciable loss in cell viability or a disruption of 

membrane integrity. Thus, PTDs offer relatively low toxicity compared to other cellular 

delivery strategies. 

 

The advantages of PTDs over conventional cell delivery technologies has led to an 

ever-increasing number of studies reporting rapid and efficient delivery of bioactive 

cargoes into many different cell types. Furthermore, it is now clear that different PTDs 

present varying efficacy in transducing cells dependent on the type and size of the 

cargo and the cellular context (Schwarze et al., 2000; Dunican and Doherty, 2001, 

Morris et al., 2001). A single PTD can be selected for optimal performance depending 

on the biological context of a particular study. Taken together, PTDs such as TAT PTD 

and penetratin represent a viable alternative for intracellular delivery of biologically 

active cargo molecules from more ‘traditional’ approaches.  
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5.3 Inhibition of STAT3 signaling – Candidate molecules for PTD-mediated 

delivery 

In this Chapter, PTDs will be utilized to introduce potential inhibitors of STAT3 into 

neonatal cardiac myocytes in vitro. The aims were to determine the most suitable PTD 

for use in neonatal cardiac myocytes and to develop a cell permeable fusion with an 

inhibitory molecule specific for STAT3 signaling. In developing a STAT3-specific 

inhibitor, two separate approaches were undertaken. The first was to develop a short-

sequence peptide inhibitor based on the upstream STAT3-binding motif on gp130, 

linked to a suitable PTD. The second approach required generating a fusion of a PTD 

with full-length Protein Inhibitor of Activated STAT3 (PIAS3). This protein was 

previously shown to be a negative regulator of STAT3 transcriptional activity (Chung 

et al., 1997a). 

 

5.3.1 A phosphopeptide mimetic of a STAT3-binding motif on gp130 

The first potential STAT3 inhibitor chosen for investigation was a 9 amino-acid 

phosphotyrosine peptide (BP814) mimicking a STAT3-specific binding motif of gp130. 

The phosphorylated gp130 Y814, lying within a -YXXQ- motif, facilitates receptor-

associated JAK activation of STAT3 through the high-affinity binding of the SH2 

domain of STAT3 (Gerhartz et al. 1996). This approach was based on a previous study 

successfully using cell-permeable phosphopeptides to bind the SH2 domain of Grb2 

and abolish receptor signaling through this adapter protein (Williams et al., 1997). In 

addition, a short peptide mimic of a gp130 phosphotyrosine binding motif has been 

shown to competitively disrupt STAT3 binding of an oligonucleotide probe in vitro 

(Sasse et al., 1997). Thus, the intention with the BP814 peptide was to specifically bind 

the SH2 domain of STAT3 and prevent the recruitment and activation by gp130 in 

response to LIF stimulation. As a negative control, the phospho-tyrosine residue was 
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replaced with a phenylalanine residue (BP814 Y→F). An unphosphorylated tyrosine 

residue was not used to exclude potential phosphorylation of the negative peptide by 

endogenous kinases following peptide delivery to the cell.  

     

5.3.2 Protein Inhibitors of Activated STAT3 (PIAS3)  

The second inhibitory molecule chosen for investigation was based on PIAS3. The 

PIAS family was identified in yeast two-hybrid screens for STAT interacting proteins 

(Chung et al., 1997a; Liu et al., 1998). Constitutively expressed in a wide range of 

tissues, PIAS3 interaction with STAT3 only follows ligand stimulation and STAT3 

activation (Chung et al., 1997a). PIAS3 was initially characterized as a negative 

regulator of STAT3 through the inhibition of DNA binding activity and the down-

regulation of STAT3-mediated gene activation (Chung et al., 1997a). The original 

report by Chung et al. (1997a) indicated that PIAS3 was specific for STAT3 and did 

not interact or affect the activity of other STAT isoforms, making it an ideal candidate 

for a STAT3-specific inhibitor.  

 

5.4 Study aims  

A STAT3 specific inhibitor of low toxicity that is efficiently and rapidly introduced 

into cardiac myocytes or cardiac tissue would be extremely useful in elucidating the 

function of STAT3 in numerous signaling pathways and its role in regulating cardiac 

phenotypes. Therefore, the experiments described in Chapter 5 were undertaken to 

investigate the fusion of the BP814 peptide or PIAS3 protein with a PTD as a potential 

tool for inhibiting STAT3 signaling in neonatal cardiac myocytes. The experiments 

presented in this Chapter were conducted to address the following points:  
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a) Initially, the most suitable PTD for use in neonatal rat cardiac myocytes was 

determined. The transduction potential and cell toxicity of three PTDs: TAT, 

penetratin and the arginine/tryptophan analogue of penetratin (herein referred to as 

“modified penetratin”) were compared in neonatal cardiac myocytes. A single PTD 

was then chosen for conjugation with the STAT3 inhibitory molecules. 

  

b) The phosphopeptides BP814 and BP814 Y→F were then conjugated to the selected 

PTD. The cargo peptides were covalently linked to the PTD via a disulfide bond 

linkage. This was facilitated by synthesizing the PTD with an additional cysteine 

with an attached 3-nitro-2-pyridinesulphenyl (NPyS) functional group to prevent 

homodimerization of the PTD peptide (Theodore et al., 1995; Troy et al., 1995). An 

additional advantage with a covalent S-S linkage, rather than the synthesis of the 

cargo and PTD sequence as a single fusion peptide, was to allow separation of the 

peptide cargo from the PTD once in the reducing environment of the cytoplasm 

(Theodore et al., 1995). This was intended to decrease the possibility of any 

interference arising from interaction of the PTD with the cargo peptide and its 

intended target. This system also afforded the flexibility of conjugating different 

cargoes to the same PTD without the cost of synthesizing numerous lengthy 

peptides. A biotin functional group was also included in the PTD sequences to 

facilitate detection with streptavidin conjugated to FITC. Conjugation of biotin at 

the N-terminal of the PTD was previously shown to not impede cellular uptake 

(Williams et al., 1997). The fusion peptide was delivered into neonatal cardiac 

myocytes and the effect on LIF-stimulated STAT3 phosphorylation and cardiac 

hypertrophy evaluated. 
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c) The PIAS3 full-length protein was conjugated to TAT PTD by generating a 

bacterial expression vector to express TAT PTD and PIAS3 as a single fusion 

protein. The TAT PTD was used as the selected PTD as penetratin-based PTDs 

have been shown to be  restricted to the delivery of cargo peptides fewer than 100 

residues in size (Derossi et al., 1998b). To generate a fusion of PIAS3 with TAT 

PTD, the cDNA open reading frame of murine PIAS3 was cloned into a bacterial 

expression vector encoding the TAT sequence as previously described (Becker-

Hapak et al., 2001). Furthermore, the bacterial expression vector encodes a 6x 

histidine (6xHis) residue leader for protein purification using Ni-NTA agarose 

beads and a hemagglutinin (HA) tag for detection with an anti-HA antibody. The 

PIAS3 cDNA was inserted in-frame downstream of the N-terminal TAT sequence. 

Generating a fusion protein with this method provides an inexpensive renewable 

system for producing abundant PTD fusion proteins once the bacterial expression 

vector is constructed. This method has also been used to successfully generate over 

60 different PTD fusion proteins ranging in size from 15 to 120 kD with cell 

transducing properties (Becker-Hapak et al., 2001). As PIAS3 was expected to bind 

activated STAT3 specifically (Chung et al., 1997a), the inhibitory potential of the 

fusion protein was then validated by a luciferase assay of STAT3 transcriptional 

activity in HEK 293 cells. Following isolation and purification of the fusion protein, 

the efficacy of the fusion protein was to be validated in HEK-293 cells before 

delivery into neonatal cardiac myocytes. 
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5.5 Results 

5.5.1 Comparison of PTD transduction efficiency in neonatal cardiac myocytes 

PTDs have been shown to transduce into a wide range of cells, including primary 

cardiac myocytes and cardiac tissue (Schwarze et al., 1999; Karliner et al., 2000; 

Gustafsson et al., 2002). However, the mechanism of cellular translocation of each 

PTD may be different with varying degrees of transduction efficiency in different 

cellular models. Although the TAT PTD has been utilized successfully in neonatal 

cardiac myocytes (Karliner et al., 2000), the internalization of penetratin in this cell 

type has not been previously reported. Thus, before proceeding with the conjugation of 

PTDs with the cargo peptides, a comparison of transduction efficiency was made 

between TAT PTD, penetratin and modified penetratin to determine the most suitable 

PTD for use in the neonatal cardiac myocyte model. 

 

TAT PTD, penetratin or modified penetratin were individually added directly into the 

culture medium of cardiac myocytes and allowed to transduce for 15 min. The vehicle 

control required the addition of an equivalent volume of DDI H2O as used to dissolve 

the PTD peptides. Cells were then washed, fixed with paraformaldehyde and the 

internalized peptides detected with streptavidin-FITC. Analysis of fluorescence by 

confocal microscopy indicated that all three peptides were internalized by neonatal 

cardiac myocytes (Figure 5.1). For the TAT PTD, the staining was throughout the cell 

(Figure 5.1). With penetratin- and modified penetratin-treated myocytes, staining was 

also diffuse throughout the cell (Figure 5.1), confirming previous reports that all three 

PTDs were not excluded from the cytoplasm or the nucleus (Derossi et al., 1994, Vives 

et al., 1997, Williams et al., 1997). In addition, cells treated with PTDs also indicated 

several intensely fluorescent and fragmented nuclei, which was particularly pronounced 

in cells treated with modified penetratin (Figure 5.1). The fragmented appearance of 
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these intensely fluorescent cells suggested that the cells were no longer viable and the 

uptake of PTD was likely to be due to a loss in plasma membrane integrity rather than 

the transducing properties of the peptides.      

 

5.5.2 Loss of cell viability induced by exposure to PTDs 

To test the possibility that the application of PTD peptide causes a loss of cell viability, 

unfixed cardiac myocytes were stained with Annexin-V-FITC and propidium iodide 

(PI). Staining by the Annexin-V conjugate indicates translocation of phosphatidylserine 

from the inner leaflet of the plasma membrane to the outer leaflet (Vermes et al., 1995). 

Exposure of phosphatidylserine on the external surface of the cells is a marker of the 

development of apoptosis. Necrotic cells also stain for phosphatidylserine due to 

compromised membrane integrity, but can be differentiated from apoptotic cells by an 

inability to exclude the nuclear dye, PI, that stains DNA (Vermes et al., 1995).  

 

A loss in cell viability was confirmed when cardiac myocytes treated with modified 

penetratin, stained positively with Annexin-V (Figure 5.2). Positive PI staining 

indicated that cardiac myocytes exposed to modified penetratin were undergoing 

necrotic cell death (Figure 5.2). Positive staining for Annexin-V and PI were also 

detected in penetratin-treated cardiac myocytes. However, the number of necrotic cells 

in penetratin-treated samples was much lower when compared to cells treated with 

modified penetratin (Figure 5.2). In addition, a reduced concentration of modified 

penetratin did not reduce the extent of necrosis indicating a greater level of toxicity of 

the arginine/tryptophan analogue in comparison to the original penetratin sequence 

(Figure 5.2). In contrast the TAT PTD was the least toxic of the three cell-permeable 

peptides tested, as indicated by little to no peri-cellular Annexin-V or nuclear PI 

staining. Thus, although the transduction efficiency appeared similar between the 
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PTDs, the toxicity of penetratin and modified penetratin at higher peptide 

concentrations may limit their use. These results suggest that the TAT PTD may be the 

most suitable for use as a carrier peptide in cardiac myocyte cultures. 

 

5.5.3 Conjugation of TAT PTD with BP814 cargo peptide 

The TAT PTD and BP814 cargo peptides were conjugated as previously described in 

Section 2.25. Formation of the TAT-BP814 peptide was monitored by analytical HPLC 

(Appendix V). The TAT-BP814 peptide was then subsequently purified on the 

preparative column and separated from unbound peptides and the free deactivated 

NPyS group. The transduction efficiency of TAT-BP814 in cardiac myocytes was 

confirmed by confocal microscopy (Appendix VI) and was comparable to that of TAT 

described previously in Figure 5.1.    

 

5.5.4 Capture of STAT3 with TAT-BP814 in cardiac myocyte protein lysates 

The ability of the fusion peptide to bind STAT3 was then confirmed by incubating 

TAT-BP814 with detergent-soluble protein lysates. Protein lysates were prepared from 

cultured cardiac myocytes as previously described (Section 2.7) with the exception that 

DTT was omitted from the Lysis Buffer. The interaction between the biotin functional 

group, conjugated to the TAT PTD, with streptavidin immobilized on agarose beads 

was then used to isolate STAT3 protein bound to the TAT-BP814 peptide. The beads 

were then separated from the protein lysate supernatant and STAT3 protein captured by 

the TAT-BP814 peptide was detected by immunoblotting with the C-terminal STAT3α 

specific antibody.  

 

Figure 5.3 confirmed that TAT-BP814 was capable of binding STAT3. TAT-BP814 

incubation increased STAT3 levels in the streptavidin agarose pellet with a 

 141



corresponding depletion of STAT3 protein in the protein lysate supernatant (Figure 5.3, 

lane 3+6). The TAT PTD by itself was unable to isolate STAT3 indicating that STAT3 

binding was specific for the BP814 cargo peptide (Figure 5.3, lanes 2+5). Furthermore, 

TAT-BP814 was capable of binding STAT3 protein in stimulated and unstimulated 

cells (Figure 5.3, lanes 3+6). However, treatment of cardiac myocytes with LIF induced 

an increase in STAT3 levels in the supernatant (Figure 5.3, bottom panel, lanes 3 vs 6). 

This may reflect the increase in the percentage of STAT3 protein that is phosphorylated 

following ligand stimulation suggesting that TAT-BP814 is unlikely to bind this 

population of STAT3 protein. This observation is consistent with the occupation of the 

SH2 site following STAT3 activation and dimerization, potentially excluding binding 

by the phosphopeptide. In contrast, a concomitant decrease in STAT3 protein levels in 

the pellet fractions was not detected (Figure 5.3, upper panel, lanes 3 vs 6). However, 

the levels of STAT3 protein between the pellet and supernatant fractions are not 

directly comparable. As the levels of STAT3 were enriched in the pellet fraction, 

immunoblot analysis with a total STAT3 antibody may not reveal a subtle decrease in 

the levels of phosphorylated STAT3 due to saturation of the chemiluminescent 

detection system.  

 

Taken together, the results presented in Figure 5.3 has indicated that the BP814 peptide, 

modeled after the phosphotyrosine STAT3 binding motif of gp130, was capable of 

binding and isolating STAT3 from the protein mixture. In confirmation, substitution of 

the phosphotyrosine for phenylalanine in the BP814 Y->F peptide resulted in the loss 

of the ability to bind STAT3 (Figure 5.3).  
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5.5.5 Effect of TAT-BP814 on LIF-stimulated STAT3 phosphorylation and 

cardiac myocyte hypertrophy 

The inhibitory property of TAT-BP814 on LIF signaling was then tested by pre-treating 

cardiac myocytes with 1 µM or 10 µM of the cell-permeable fusion peptide before LIF 

stimulation of STAT3 phosphorylation. Immunoblotting with an antibody specific for 

Y705 phosphorylated STAT3 indicated that TAT-BP814 had a negligible effect on 

LIF-stimulated STAT3 phosphorylation at either dose (Figure 5.4A). In addition, an 

investigation of LIF-stimulated ANF expression and cardiac myocyte hypertrophic 

morphology indicated that TAT-BP814 pre-treatment was similarly ineffective at 

inhibiting either marker of LIF-stimulated cardiac myocyte hypertrophy (Figure 5.4B).  

 

Although it was determined that cardiac myocyte internalization of the TAT PTD 

resulted in the lowest level of Annexin-V and PI staining, the degree of cell necrosis in 

response to penetratin treatment was only modestly higher (Figure 5.2). Furthermore, 

previous reports have reported success with penetratin-conjugated phosphopeptides 

(Williams et al., 1997; Stolzenberger et al., 2001). As Cys(NpyS)-directed peptide 

conjugation afforded a flexibility in linking BP814 with another carrier peptide, the 

inhibitory properties of penetratin-conjugated BP814 (Pen-BP814) was additionally 

tested. However, Pen-BP814 (10 µM) was not more effective than TAT-BP814 at 

inhibiting LIF-stimulated STAT3 phosphorylation, ANF expression or hypertrophic 

morphology (data not shown). Thus, despite the intracellular delivery of the cargo 

peptide, BP814 did not appear to inhibit either LIF-stimulated STAT3 phosphorylation 

or markers of cardiac myocyte hypertrophy.     
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5.5.6 PIAS3 as a negative regulator of STAT3 activity 

The second strategy for inhibiting LIF stimulated STAT3 signaling was to utilize a 

fusion of full-length PIAS3, a negative regulator of STAT3 activity, with TAT PTD to 

transduce the plasma membrane of cardiac myocytes. As PIAS3 only associates with 

activated STAT3 (Chung et al., 1997a), the TAT-PIAS3 fusion was not expected to 

affect the Y705 phosphorylation of STAT3 and so an approach similar to Figure 5.4A 

could not be undertaken. Thus, to validate the inhibitory properties of the TAT-PIAS3, 

a luciferase reporter assay (Section 2.28) of STAT3 DNA transcriptional activity was 

used. The inhibitory properties of TAT-PIAS3 were initially validated in HEK 293 

cells due to the higher transfection efficiency of the luciferase reporter plasmid in this 

cell line compared to primary cardiac myocyte cultures.  

 

Before generating a fusion of PIAS3 with the TAT PTD, the inhibitory effect of PIAS3 

on STAT3 transcriptional activity was investigated by liposomal-mediated delivery of 

pCMV-PIAS3. HEK 293 cells were transfected with pCMV5-PIAS3 plasmid DNA 

(1 µg) and expression of PIAS3 protein (64 kD) confirmed by immunoblotting with a 

PIAS3 specific antibody (Figure 5.5A). Two protein bands (denoted as ‘X’ and ‘Y’ in 

Figure 5.5A) were additionally detected by the PIAS3 antibody. The presence of the 

upper protein band in mock-transfected cells indicates that this is most likely a non-

specific antibody reaction (protein band ‘X’, Figure 5.5A). However, the lower protein 

band was only detected in DNA-transfected cells suggesting that it may be a 

degradation product of PIAS3 overexpression (protein band ‘Y’, Figure 5.5A). 

Immuno-fluorescent analysis by confocal microscopy confirmed the overexpression of 

PIAS3 protein in approximately 10-20% of cells (Figure 5.5B). HEK 293 cells over-

expressing PIAS3 were stained throughout the nucleus. Mock-transfected HEK 293 
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cells, with an equivalent volume of PBS substituted for the plasmid DNA, did not 

express detectable levels of PIAS3 protein (Figure 5.5).  

 

Inhibition of STAT3 activity resulting from transfected PIAS3 protein expression was 

then tested. Following transfection of the m67 luciferase reporter construct and 

STAT3α plasmid into HEK 293 cells, STAT3 transcriptional activity was stimulated 

with IL-6 (5 ng/ml, 6 h) and measured using a luminometer. In mock-transfected cells, 

IL-6 stimulated between 7-10 fold STAT3 activation over basal levels in unstimulated 

cells (Figure 5.6). Cells transfected with 1 µg of pCMV5-PIAS3 DNA completely 

ablated the IL-6 response with STAT3 activity inhibited below basal level in 

unstimulated cells (Figure 5.6). IL-6 stimulated luciferase activity in cells transfected 

with 1 µg pCMV5-PIAS3 DNA was inhibited by approximately 95% compared to 

untransfected cells (Figure 5.6). The degree of inhibition was dependent on the amount 

DNA transfected as 0.5 µg and 2 µg of pCMV5-PIAS3 inhibited IL-6 stimulated 

luciferase activity by 89% and 98% respectively (Figure 5.6). In addition, transfection 

of pCMV-PIAS3 (1 µg) attenuated basal STAT3 transcriptional activity by 

approximately 85% in unstimulated HEK 293 cells (Figure 5.6). These results 

confirmed that the murine PIAS3 protein encoded by the construct provided by Dr Ke 

Shuai, was capable of negatively regulating STAT3 transcriptional activity in HEK 293 

cells (Chung et al., 1997a).  

 

5.5.7 Tissue expression of PIAS3 and STAT3 protein in mouse 

Constitutive expression of PIAS3 mRNA was previously shown in a variety of human 

tissues (Chung et al., 1997a). However, the expression of PIAS3 in the heart had not 

been previously investigated. As the cell-permeable PIAS3 protein was to be ultimately 

used in the determination of STAT3 function in cardiac phenotypes, the level of 
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endogenous PIAS3 protein in the heart was potentially of interest. The protein 

expression of PIAS3 was therefore investigated in mouse heart, skeletal muscle, brain, 

liver, lung, thymus, testes, spleen and kidney. The expression of STAT3α/β was also 

investigated in the same tissues for comparison. Immunoblot analysis indicated that 

PIAS3 protein was constitutively expressed in all tissues with particularly high 

expression in heart, lung, thymus and spleen (Figure 5.7, upper panel). PIAS3 

expression in brain tissue was the lowest of those investigated. The antibody was 

relatively specific for PIAS3, however, several unidentified bands were detected in 

lung, thymus and spleen (Figure 5.7, upper panel). As the expression of PIAS3 was 

among the highest in these tissues, the lower molecular weight bands may represent 

truncated forms of PIAS3, reflecting the situation in HEK 293 cells overexpressing 

PIAS3 (Figure 5.5A).    

 

Immunoblotting the same samples for STAT3α/β  revealed a more variable profile of 

protein expression between the tissues studied. STAT3α expression was particularly 

high in the brain and liver (Figure 5.7) corresponding with the established central role 

for STAT3 in regulating biological processes within these tissues (Levy and Lee, 

2002). In addition, although high levels of PIAS3 were detected in skeletal muscle and 

spleen, little to no STAT3 protein was detected (Figure 5.7) suggesting that PIAS3 is 

likely to perform roles other than inhibiting STAT3 in these tissues. Furthermore, 

STAT3β expression was detected in thymus, kidney and marginal levels were found in 

testes (Figure 5.7). Although STAT3β  expression was not observed in the mouse heart, 

it was previously demonstrated that expression of the β isoform is a fraction of that of 

STAT3α in the human heart (Figure 4.2) and neonatal rat cardiac myocytes (Figure 

3.6). Thus, given the relatively lower expression of STAT3α when compared to the 

brain, the detection of the β isoform in the mouse heart may require longer film 
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exposure or a more sensitive chemiluminescent reagent. In summary, expression of 

both PIAS3 and STAT3α was demonstrated in the murine heart. 

 

5.5.8 Induction of TAT-PIAS3 protein expression 

The PIAS3 cDNA insert was cloned in-frame into the pTAT-HA bacterial expression 

vector generating a construct to express TAT-PIAS3 as a fusion protein (Section 2.26). 

The pTAT-PIAS3 construct was transformed into BL21(DE3)pLysS E. coli bacteria 

(Section 2.22). The transformed cells were grown, and expression of the recombinant 

fusion protein was induced, as described in Section 2.27.1. The cells were lysed to 

prepare crude protein fractions for western blot analysis with the PIAS3 antibody to 

determine the expression levels of TAT-PIAS3. The protein expression levels from 8 

transformants (A-H, Figure 5.8) were analysed to determine the highest expressing 

bacterial clone for protein purification. The streaks in the lanes, observed in Figure 5.8, 

are most likely the result of protein overloading due to the nature of the crude bacterial 

lysates used. Immunoblotting with anti-PIAS3 indicated that bacterial clones A and D 

expressed the highest levels of TAT-PIAS3 protein (Figure 5.8). Thus, bacterial clone 

A was chosen for large scale protein expression and purification of the fusion protein.  

 

5.5.9 Large scale purification of TAT-PIAS3 fusion protein under soluble 

conditions 

Bacterially expressed TAT-PIAS3 protein was purified through interaction of the 6xHis 

leader with a Ni-NTA matrix and was initially attempted under soluble conditions 

(Section 2.27.2). Clarified bacterial sonicate was incubated with the Ni-NTA matrix. 

The unbound proteins were washed off the matrix and the isolated fusion protein eluted 

by stepwise addition of increasing concentrations of imidazole (100, 250, 500, 1000 

mM). The crude bacterial lysate, each wash and elution fraction were resolved on SDS-
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PAGE, stained with Coomassie Blue (Figure 5.9A) and immunoblotted with antibodies 

for the HA tag (Figure 5.9B) and PIAS3 (Figure 5.9C). The TAT leader sequence was 

previously reported to add approximately 5 kD to the molecular weight of the cargo 

protein (Becker-Hapak et al., 2001). Therefore, a lane was loaded with protein lysates 

prepared from PIAS3 transfected 293 cells to provide a molecular weight reference for 

PIAS3 not containing TAT PTD.  

 

The analysis in Figure 5.9 indicated that the majority of fusion protein eluted in the 100 

mM and 250 mM imidazole fractions. It was expected that Ni-NTA binding would 

isolate a single protein band corresponding to TAT-PIAS3 indicated by Coomassie 

Blue staining, HA and PIAS3 immunoblotting. However, the Coomassie Blue stain 

revealed the presence of many protein bands, suggesting that there was substantial non-

specific binding to the Ni-NTA matrix (Figure 5.9A). Numerous contaminating 

proteins with a wide range of molecular weights were also observed in the elution 

fractions (Figure 5.9A). Attempts to isolate TAT-PIAS3 from the contaminants by 

adding a low imidazole concentration in the pre-elution washes were largely 

unsuccessful (data not shown). Immunoblotting with the PIAS3 antibody confirmed 

that the inclusion of the TAT leader increased the molecular weight of PIAS3 by 

several kD when compared to transfected PIAS3 expressed in HEK 293 cells (Figure 

5.9C, Lane 5 vs 9). The molecular weight of the fusion protein corresponded to the 

major band at 66 kD band in a similar analysis with a HA tag antibody (Figure 5.9B). 

In addition, the anti-HA blot revealed a second major band at a 92 kD molecular weight 

(Figure 5.9B). This second non-specific highly immuno-reactive band was also 

identified in an anti-HA immunoblot analysis of untransformed BL21(DE3)pLysS E. 

coli (data not shown) indicating it is not a product of the introduced bacterial 

expression vector. The implication of this observation is that the HA antibody cannot 
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be used in subsequent immuno-fluorescent confocal microscopy studies to determine 

the transduction efficiency of the fusion protein as staining of TAT-PIAS3 in the cell 

could not be distinguished from staining of the non-specific larger molecular weight 

protein.  

 

Eluted imidazole fractions from the Ni-NTA matrix containing the fusion protein were 

then desalted on a PD-10 column into sterile PBS (Section 2.27.2). Flow-through, 

elution and final wash fractions were again analysed by Coomassie Blue staining 

(Figure 5.10A), anti-HA (Figure 5.10B) and anti-PIAS3 immuno-blots (Figure 5.10C). 

Elution fractions 2 and 3 containing the fusion protein were then pooled and stored      

(-80oC) prior to cell treatment. 

  

The transduction of the fusion protein into HEK 293 cells was then investigated by 

immuno-fluorescent confocal microscopy with the PIAS3 antibody. However, 

fluorescent cell staining of TAT-PIAS3 transduced cells was not greatly different to 

that of untreated cells at concentrations up to 500 nM and incubation times from 15 to 

60 min (data not shown). The protein yield from the purification procedure precluded 

the treatment of cells with TAT-PIAS3 concentrations above 500 nM.  Thus, 

transduction of TAT-PIAS3 protein purified under native conditions into HEK 293 

cells could not be confirmed under the conditions tested.  

 

5.5.10 Large scale protein purification of TAT-PIAS3 under denaturing conditions         

The failure of the soluble preparation of TAT-PIAS3 to transduce 293 cells in 

detectable amounts prompted an alternative strategy to purify the fusion protein in a 

denaturing buffer with 8 M urea. Although several native TAT fusion proteins have 

proven successful at transducing cells (Becker-Hapak et al., 2001), purification under 

 149



denaturing conditions affords two distinct advantages. Firstly, 6xHis tagged 

recombinant proteins are often sequestered into inclusion bodies that are insoluble in 

aqueous buffers (Becker-Hapak et al., 2001). The disaggregation of inclusion bodies by 

a denaturant would result in greater Ni-NTA capture of the 6xHis tag and significantly 

improve the final protein yield from the purification protocol (Becker-Hapak et al., 

2001). Unfolding of the fusion protein to further expose the 6xHis tag may also 

improve binding of the fusion protein to the Ni-NTA matrix. Secondly, it has been 

proposed that, due to reduced structural constraints, denatured TAT fusion proteins 

may transduce the plasma membrane more effectively than TAT fusion proteins in their 

native form (Nagahara et al., 1998). Fusion proteins denatured by urea have been 

shown to have dramatically enhanced biological activity following their refolding by 

chaperones once inside the cell (Gottesman et al., 1997).  

 

TAT-PIAS3 was then purified in a denaturing buffer containing 8 M urea as described 

previously (Section 2.27.3). The fusion protein was desalted into PBS containing 10% 

(v/v) glycerol due to precipitation of the protein during the transition from 8 M urea to 

PBS without the inclusion of glycerol. The cleared bacterial sonicate, fractions from the 

Ni-NTA and desalting columns were then resolved by SDS-PAGE and stained with 

Coomassie Blue (Figure 5.11A). In addition, a separate polyacrylamide gel was loaded 

and immunoblotted with anti-PIAS3 (Figure 5.11B). Coomassie staining indicated that 

the elution fractions (Figure 5.11A, Lanes 8 and 9) did not contain as many 

contaminating proteins as the native preparation (Figure 5.9A, Lanes 5 and 6). The 

reason for this is unclear but may be related to the improved binding of the exposed 

6xHis tag to the Ni-NTA matrix as a result of protein unfolding. Alternatively, the high 

concentration of urea could be involved in preventing a substantial amount of non-

specific protein binding. Blotting for the HA tag was omitted due to the reaction with 
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an unidentified 92 kD protein as previously described (Section 5.5.9). In addition, 

blotting for PIAS3 was sufficient to confirmed the molecular weight of the fusion 

protein (66 kD) following de-salting into 10% (v/v) glycerol in PBS (Figure 5.11B, 

Lane 12). The fusion protein in the elution fractions (Figure 5.11A, Lanes 8 and 9) 

resolved at a higher than expected molecular weight. This was most likely due to 

interference of high concentrations of urea with protein separation on SDS-PAGE. 

Following removal of urea on the desalting column, the fusion protein resolved at the 

expected molecular weight (66 kD, Figure 5.11A, Lane 12) and was then filter 

sterilized (Figure 5.11A, Lane 14) and stored (-80oC) for cell treatment.  

 

5.5.11 Transduction of denatured TAT-PIAS3 into HEK 293 cells 

The ability of TAT-PIAS3 to transduce the plasma membrane was initially tested in 

HEK 293 cells. Immuno-fluorescent analysis with a PIAS3 antibody indicated that cells 

treated with TAT-PIAS3 (1 µM) displayed distinct staining around the periphery of the 

cell and were localized to the plasma membranes (Figure 5.12). When super-imposed 

onto the images of the nuclear stain, the TAT-PIAS3 fusion protein appeared to be 

generally excluded from the cytoplasm and nuclei of the cells (Figure 5.12). Optical 

sectioning of the field in a Z-series of 1.5 µm increments confirmed the localization of 

TAT-PIAS3 to the cell surface with little fluorescence detected in any intracellular 

compartments (Figure 5.13). A distinction between the pericellular staining of TAT-

PIAS3 in the outer or inner leaflet of the plasma membrane could not be determined 

from these results. The confocal sections also indicated the binding of TAT-PIAS3 to 

the glass coverslip on which the HEK 293 cells had been grown. This was indicated by 

the abundant granular staining in regions of the glass coverslip without nuclei (Figure 

5.13). These results suggest that the TAT-PIAS3 fusion protein, added directly to cell 
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culture media, does not transduce the plasma membranes of HEK 293 cells in amounts 

detectable by immunofluorescent analysis.  

 

5.5.12 Effect of TAT-PIAS3 on STAT3 transcriptional activity 

Although TAT-PIAS3 internalization was not observed, the limits of detection by 

microscopy may be compromising the ability to detect TAT-PIAS3 in the cell. 

Furthermore, in previous studies successfully utilizing TAT-fusion protein constructs, 

the internalization of the proteins are not always shown by microscopy (Vocero-Akbani 

et al., 1999; Sauzeau et al., 2001). Therefore it remained possible that sufficient TAT-

PIAS3 was internalized to have a biological effect. For this reason, the inhibitory 

potential of TAT-PIAS3 on the luciferase assay of STAT3 transcriptional activity was 

then tested. HEK 293 cells were transfected with the m67 luciferase reporter construct 

and a plasmid encoding STAT3α. The cells were then pre-treated with TAT-PIAS3 at 

10, 50, 500 and 1000 µM concentrations before stimulating with IL-6 (5 ng/ml, 6 h). 

Luciferase activity was then measured. Stimulation of cells with IL-6 induced a 10-fold 

increase in luciferase reporter activity over unstimulated cells (Figure 5.14). In 

comparison, luciferase activity for cells pre-treated with various concentrations of 

TAT-PIAS3 was between 7-11 fold over control cells with no obvious trend with 

increasing dose (Figure 5.14). Thus, in contrast to the transfected pCMV5-PIAS3 

plasmid, cell treatment with TAT-PIAS3 did not have an effect on IL-6 stimulated 

STAT3 transcriptional activity at the doses tested.  

 

5.5.13 Strategy for improving cellular uptake of TAT-PIAS3 

The punctate nature of TAT-PIAS3 staining on the glass coverslip (Figure 5.13) 

suggested that this protein may have precipitated and aggregated in aqueous cell culture 

media. This, in turn, could affect the transduction of the fusion protein into cells. In an 
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attempt to determine whether the failure to transduce the plasma membrane was an 

issue of poor protein solubility in media, the transduction of TAT-PIAS3 into HEK 293 

cells was undertaken in 10% (v/v) glycerol in PBS to maintain the fusion protein in 

solution. In Figure 5.15, the internalization of TAT-PIAS3 by HEK 293 cells in 10% 

(v/v) glycerol in PBS was compared to internalization in cell culture medium. As 

described previously, TAT-PIAS3 transduction in culture medium resulted in distinct 

plasma membrane staining with little to no presence of the fusion protein in the 

cytoplasmic or nuclear compartments (Figure 5.15, left panels). In contrast, prominent 

cytoplasmic staining was detected when TAT-PIAS3 was transduced in 10% (v/v) 

glycerol in PBS (Figure 5.15, right panels). Punctate staining to a lesser degree was 

also detected in the nuclei (Figure 5.15, right panels). Confocal analysis of sections 

taken in 2 µm increments in the Z-line confirmed cytoplasmic and, to a lesser degree, 

nuclear staining in sections taken through the middle of the cell (Figure 5.16). Thus, 

these results indicate that, in concept, the transduction efficiency of TAT-PIAS3 can be 

improved in an appropriate buffer for protein solubilization. However, despite the 

successful internalization of TAT-PIAS3, the application of this approach in 

experimental work was not feasible due to the poor viability of cells maintained in 10% 

(v/v) glycerol in PBS for prolonged periods (data not shown).    

 

5.6 Discussion 

The ability to modulate the synthesis or activity of a protein allows an evaluation of its 

contribution to the phenotypic responses of a cell. The results presented in Chapters 3 

and 4 have suggested a role for STAT3 in regulating numerous in vitro and in vivo 

cardiac phenotypes and, to expand on these findings, the contribution of STAT3 

signaling should be addressed by its direct inhibition.  
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A number of approaches have been used to modulate protein activity in order to 

determine its function. The most widely adopted strategies include the use of protein-

specific pharmacological inhibitors or adenoviral expression of dominant-negative 

mutants of the protein of interest. However, undesirable effects such as cytotoxicity and 

immunological concerns can limit the applicability of these approaches in experimental 

studies. In addition, pharmacological inhibitors specific for STAT3 signaling are not 

available. Thus, the work presented in this Chapter was undertaken to design two 

peptide-based inhibitors of STAT3 function: the first a 9 amino-acid phosphopeptide 

mimic of the STAT3 binding motif on gp130 and the second utilizing full-length 

PIAS3 as a negative regulator of STAT3 transcriptional activity. For intracellular 

delivery, the STAT3 inhibitory molecules were linked a class of cell-permeable 

peptides known as PTDs. The design of these STAT3 inhibitory molecules was 

intended to provide a tool that could manipulate STAT3 activity in 100% of the treated 

cells and that could be used at a range of concentrations with limited cytotoxicity.  

 

5.6.1 Determining the most suitable PTD for neonatal cardiac myocytes 

The list of PTDs has increased considerably since the original discovery of the cell-

permeable properties of HIV-1 TAT by Green and Frankel (1998). Very few studies 

have since determined the optimal PTD for a particular cell type, presumably because 

many of the PTDs have been only recently identified and those that have been 

compared have revealed few notable differences in their uptake mechanisms. In 

neonatal cardiac myocytes and in cardiac tissue, the membrane penetrating properties 

of TAT PTD have been successfully employed (Schwarze et al., 1999; Karliner et al., 

2000; Gustafsson et al., 2002). However, at the time the initial PTD uptake studies 

presented in this Chapter were undertaken, the internalization of penetratin or modified 

penetratin by cardiac myocytes had not been reported. Thus, the transduction efficiency 
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of TAT PTD, penetratin and modified penetratin in neonatal rat cardiac myocytes was 

first compared.  

 

Streptavidin-FITC binding of the biotin functional group conjugated to the PTDs was 

observed by confocal microscropy with the fluorescence intensity within the cell 

representing the extent of uptake. An analysis of TAT PTD, penetratin and modified 

penetratin indicated that all three peptides appeared to be internalized by the neonatal 

cardiac myocytes to a similar degree. These results confirm previously reported cardiac 

myocyte internalization of the TAT PTD (Karliner et al., 2000) and also indicated the 

uptake of penetratin and modified penetratin in this cell type. However, during the 

course of this study, a recently published report also described the internalization of 

penetratin into cardiac myocytes (Chen et al., 2001).  

 

In the study by Chen et al. (2001), a comparison in cardiac myocytes indicated that an 

exposure to a cardioprotective peptide conjugated to either TAT PTD or penetratin 

conferred a similar degree of protection from ischemic damage. This suggested that the 

TAT PTD and penetratin were internalized by isolated cardiac myocytes to a similar 

extent, in agreement with the results presented in this thesis. However, Chen et al. 

(2001) also examined the protective effects of their cardioprotective peptide conjugated 

to a polyarginine carrier peptide. They concluded that the conjugation of the 

cardioprotective peptide to a polyarginine peptide conferred significantly improved 

protection of cardiac myocytes from ischemic damage when compared to the peptide 

conjugated to either TAT PTD or penetratin. This result suggested that a polyarginine 

peptide may be internalized by cardiac myocytes to a greater extent compared to the 

TAT PTD and penetratin. Future studies directly comparing the transduction potential 
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of polyarginine with the TAT PTD and penetratin by fluorescence microscopy would 

be required to confirm this.    

 

The effect of PTD uptake on the viability of cardiac myocytes was then investigated by 

Annexin-V and PI staining of unfixed cells. The results presented in this Chapter 

indicated varying levels of cytotoxicity between the PTDs at the doses investigated. 

Specifically, it appeared that treatment with penetratin and modified penetratin resulted 

in cell necrosis. In contrast, the TAT PTD-treated cardiac myocytes were relatively 

unaffected. The number of necrotic cells following treatment with penetratin was 

modest. However, the number of necrotic cardiac myocytes resulting from modified 

penetratin treatment appeared to be the greatest of the three PTDs investigated. 

Furthermore, substantial Annexin-V and PI staining was also observed at a reduced 

concentration of modified penetratin. This is in contrast to a previous study, which had 

used similar concentrations of modified penetratin in A1 myoblast cells with no toxic 

effects reported (Williams et al., 1997). Thus, modified penetratin was not considered 

suitable for use in neonatal cardiac myocytes as the toxicity at the doses examined 

could limit the delivery of sufficient concentrations of the BP814 phosphopeptide. 

 

Taken together, of the three PTDs compared in this Chapter, the TAT PTD was 

internalized at the maximum concentration tested with minimal cytotoxicity of cardiac 

myocytes. Thus, the TAT PTD was chosen to be the most appropriate PTD for use in 

cardiac myocytes in this study.   

 

5.6.2 The BP814 phosphotyrosine peptide as a STAT3 inhibitor 

The Src homology 2 (SH2) domain binds phosphorylated tyrosine residues with high 

affinity (Pawson and Scott, 1997; Shoelson, 1997). Furthermore, previous studies have 
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shown that short sequence motifs consisting of the phosphotyrosine and the immediate 

flanking residues are sufficient to confer specificity for protein binding (Songyang et 

al., 1993; Schlessinger, 1994). The STAT3 SH2 domain recognizes the -YXXQ- motif 

of gp130 when the tyrosine in this motif is phosphorylated (Gerhartz et al., 1996). In 

addition, a phosphopeptide mimic of gp130 when added to nuclear extracts has been 

shown to disrupt STAT3 protein and DNA complex formation in a mobility shift assay 

(Sasse et al., 1997). It was believed that the gp130 phosphopeptide mimetic, by binding 

the SH2 domain of STAT3, could directly disrupt dimer formation and subsequently 

inhibit DNA binding activity in vitro. Thus, the BP814 peptide was designed as a 9 

amino acid phosphotyrosine peptide incorporating Y814 and the flanking residues of 

gp130 (Figure 2.1). The BP814 peptide was covalently linked to the TAT PTD to 

enable intracellular delivery of the cargo into neonatal cardiac myocytes. Previous 

reports in cultured cells have utilized a similar cell-permeable phosphotyrosine peptide 

approach to bind the SH2 domains of either Grb2 or STAT6 to inhibit EGF receptor or 

IL-4 receptor signaling through those proteins, respectively (Williams et al., 1997; 

Stolzenberger et al., 2001). 

 

The ability of the conjugated TAT-BP814 peptide to bind STAT3 was subsequently 

tested. The results presented in this Chapter demonstrated that TAT-BP814 was capable 

of isolating endogenous STAT3 protein from a protein lysate mix prepared from 

cardiac myocytes. This indicated the capacity of the peptide to bind its target protein in 

vitro. An experiment demonstrating binding of STAT3 within the intact cell would 

have been more ideal. However, establishing an intracellular interaction between TAT-

BP814 and STAT3 was not possible due to the lability of the disulfide linkage 

following transduction into the cell. The approach of covalently linking the carrier and 

cargo peptides by a disulfide bond was originally intended to address the concern of 
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undesirable interactions with TAT preventing BP814 binding to STAT3. The biotin tag 

was also included on the TAT sequence to minimize interference with the 

phosphotyrosine-SH2 interaction. In addition, previous studies had demonstrated that 

the biotin conjugation to PTDs did not impede cellular uptake (Williams et al., 1997; 

Dunican et al., 2001). However, one disadvantage of this approach, that is now evident, 

is that the capture of a potential TAT-BP814-STAT3 complex within the cell is 

restricted by the rapid (<30 min) dissociation of the disulfide link between a PTD and 

the cargo peptide in the reducing intracellular environment (Dr J Wilce, ARC Research 

Fellow, Department of Chemistry, University of Western Australia, unpublished 

observations. 2002). Therefore, the STAT3 binding properties of biotin-conjugated 

TAT-BP814 were demonstrated in vitro through isolation of STAT3 from a protein 

lysate mix with streptavidin-agarose. However, the same approach could not be 

attempted with intracellular STAT3 due to the likely reduction of the disulfide bond 

and the dissociation of the carrier and cargo peptides in the cytoplasm. 

 

When the inhibitory properties of TAT-BP814 were tested in cardiac myocytes, the 

maximum dose of 10 µM added to the culture media could not inhibit LIF-stimulated 

STAT3 Y705 phosphorylation, ANF protein expression or hypertrophic morphology. 

The reason behind the failure of TAT-BP814 in inhibiting STAT3 phosphorylation is 

unclear.  

 

An explanation for the failure of TAT-BP814 to inhibit STAT3 phosphorylation could 

be that the peptide concentrations used were too low. As the BP814 peptide was 

expected to act in direct competition with the endogenous gp130, it could be that the 

concentrations of TAT-BP814 following its uptake were not sufficient to prevent 

STAT3 recruitment to gp130. In addition, a recent report has described the attenuation 
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of STAT3 DNA binding activity utilizing a similar cell-permeable phosphotyrosine 

peptide approach but at comparatively higher peptide concentrations (Turkson et al., 

2001). The inhibitory cargo peptide utilized by Turkson et al. (2001) was based on the 

Y705 and flanking residues of STAT3 protein itself. The intracellular delivery of this 

peptide would bind the SH2 domain of STAT3 in direct competition to prevent dimer 

formation, a prerequisite for DNA binding (Pelligrini and Dusanter-Fourt, 1997). The 

study by Turkson et al. (2001) demonstrated that a media concentration of 1 mM of the 

cell-permeable peptide was required to inhibit ligand stimulated STAT3 DNA binding 

activity within a cell. This represents a peptide concentration in culture media 100-fold 

greater than that used in the studies presented in this Chapter.  

 

The peptide concentrations used in the study by Turkson et al. (2001) were inconsistent 

with previous reports that utilize cell-permeable phosphopeptides. In this Chapter, a 

peptide concentration of 10 µM was demonstrated to be sufficient for uptake. This was 

supported by previous studies that have reported responses with PTD concentrations 

typically in the 1 µM to 10 µM range (Williams et al., 1997; Derossi et al., 1998a; 

Karliner et al., 2000; Stolzenberger et al., 2001). For example, the complete inhibition 

of STAT6 signaling was achieved with 5 µM of a penetratin-conjugated 

phosphotyrosine peptide representing the STAT6 binding site on IL-4 receptor 

(Stolzenberger et al., 2001). In addition, the efficacy of a Grb2 inhibitory 

phosphopeptide conjugated to modified penetratin was demonstrated at concentrations 

ranging from 3-15 µM depending on the cell type (Williams et al., 1997). For the TAT 

PTD, internalization and biological responses had been reported in the 100-200 nM 

range (Becker-Hapak et al., 2001; Gustafsson, et al., 2002). Furthermore, a toxicity 

profile of TAT PTD in HeLa cells demonstrated decreasing cell viability at 

concentrations above 100 µM (Vives et al., 1997) and indicated that the use of TAT 
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PTD at these concentrations may be complicated by cytotoxicity. Therefore, the peptide 

concentrations utilized by Turkson et al. (2001) were comparatively high. Taken 

together, these studies indicate that the amounts of TAT-BP814 utilized in this Chapter 

were more representative of the generally accepted effective concentration for cell-

permeable peptides. Thus, the concentrations of TAT-BP814 utilized in this study were 

expected to have been sufficient for the efficient delivery of inhibitory peptides.  

 

An additional concern in the use of cell-permeable phosphopeptides is the degree of 

peptide modification once inside the cytoplasmic environment (Dunican and Doherty, 

2001). For example, endogenous cytoplasmic phosphatases may deactivate the cargo 

peptide by dephosphorylation. In addition, peptide degradation by intracellular 

proteases may limit the half-life of the peptides and reduce their efficacy as an 

inhibitor. The effectiveness of phosphopeptides in previous reports indicates that, in 

those instances, the phosphopeptides utilized were sufficiently stable within the cell to 

have the desired effect (Williams et al., 1997; Dunican et al., 2001; Stolzenberger et 

al., 2001). However, it remains possible that differences in the amino acid sequences of 

the cargo peptides such as BP814 may influence their recognition by endogenous 

phosphatases and proteases. Thus, it is conceivable that the rapid dephosphorylation or 

degradation of TAT-BP814, following its uptake, could reduced its effectiveness in 

targeting the STAT3 SH2 domain. The utilization of a non-hydrolyzable analogue of 

phosphotyrosine would address the potential problem of peptide dephosphorylation. 

Similarly, peptide degradation could be minimized by the synthesis of the TAT-peptide 

cargo conjugate using D-amino acid analogs. This has previously been shown to 

significantly improve the stability of peptides inside cells (Bonny et al., 2001), 

although further studies would be required to confirm that STAT3 recognition was not 

compromised. Thus, although the cellular uptake of TAT-BP814 was confirmed by 
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immunofluorescent analysis, the deactivation or degradation of the cargo peptide might 

explain the ineffectiveness of TAT-BP814.   

 

Alternatively, the cargo peptide itself may not be as effective an inhibitor of STAT3 as 

was first thought. Turkson et al. (2001) reported that an effective concentration of 235 

µM of their inhibitory peptide was required for a 50% inhibition (IC50) of STAT3 

binding of an oligonucleotide probe when added directly to the nuclear extract. 

Subsequently, the amount of peptide required to cross the membrane and inhibit 

STAT3 within the cell was even higher (1 mM, Turkson et al., 2001). If the properties 

of BP814 are similar, the concentrations of BP814 internalized in this study would not 

have been sufficient to attenuate STAT3 signaling. However, a phosphopeptide with 

such a high IC50 may not represent the most suitable STAT3 inhibitor for PTD 

conjugation. The amount of peptide that would be required for experimental work in 

cultured cardiac myocytes would be prohibitively high and, as previously mentioned, 

the toxicity of such high peptide concentrations could potentially be problematic. 

Finally, the costs associated with synthesizing sufficient amounts of peptide for 

experimental work would also be restrictive.      

 

In summary, the results presented in Chapter 5 have investigated the potential of the 

TAT-BP814 phosphopeptide as an inhibitor of STAT3 signaling in neonatal rat cardiac 

myocytes. However, under the conditions tested, the phosphotyrosine peptide approach 

did not block LIF-stimulated STAT3 phosphorylation, ANF expression or hypertrophic 

morphology. There are several possible explanations of why TAT-BP814 was 

ineffective, but this is as yet undefined. Thus, an alternative strategy utilizing a fusion 

of TAT PTD with a full-length protein inhibitor was employed.  
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5.6.3 The TAT-PIAS3 fusion protein as a STAT3 inhibitor 

The second approach undertaken utilized a previously defined downstream negative 

regulator of STAT3 transcriptional activity, PIAS3 (Chung et al., 1997a). The size of 

PIAS3 (584 amino acids) required that TAT PTD be utilized as the carrier due to the 

size restrictions on peptide cargoes transduced by penetratin PTDs (<100 amino acids) 

(Derossi et al., 1998b). The overexpression of PIAS3 in HEK 293 cells confirmed the 

inhibitory properties of PIAS3 in a luciferase reporter assay of STAT3 transcriptional 

activity. However, the results presented in this Chapter indicated that the TAT-PIAS3 

protein did not efficiently transduce the plasma membrane of HEK 293 cells. 

 

The reason behind the failure of the TAT-PIAS3 fusion protein to transduce the plasma 

membrane is unknown. As several reports have successfully utilized a similar strategy 

for the preparation of cell-permeable TAT-fusion proteins (Schwarze et al., 1999; 

Vocero-Akabani et al., 1999, Becker-Hapak et al., 2001; Soga et al., 2001; Gustafsson 

et al., 2002), properties specific to the PIAS3 cargo protein most likely prevent TAT-

PIAS3 internalization. However, the internalization of TAT-conjugated β-galactosidase 

(Schwarze et al., 1999), which is approximately 120 kD in size, suggested that the 

molecular weight of PIAS3 (64 kD) should not be a limiting factor. In addition, the 

predicted pI (8.03) from the primary amino acid sequence of PIAS3 suggests that the 

denatured cargo protein would have a weak positive charge in the physiological pH of 

culture media. Thus, the disruption of an interaction between the basic residues of the 

TAT PTD and the plasma membrane by PIAS3 would not be expected. Alternatively, it 

remains possible that the TAT PTD may be folded away from the surface of the native 

TAT-PIAS3 fusion protein. This interaction between TAT PTD and PIAS3 would be 

expected to interfere with TAT-mediated internalization of the fusion protein. 

However, the preparation of the TAT-PIAS3 fusion protein under denaturing 
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conditions would be expected to alleviate this problem by exposing the TAT PTD. In 

this instance, a different problem, that of protein insolubility, was encountered with the 

denatured preparation of TAT-PIAS3.   

        

The granular nature of the immunofluorescent staining when denatured TAT-PIAS3 

was incubated with HEK 293 cells, led to the hypothesis that the failure to transduce 

the plasma membrane was a result of poor protein solubility and/or protein aggregation 

in aqueous cell culture media. This would be expected when hydrophobic regions 

normally sequestered at the core of the native PIAS3 protein are exposed upon 

denaturation. As the fusion protein was shown to remain soluble in PBS supplemented 

with 10% (v/v) glycerol, an attempt to improve HEK 293 internalization of TAT-

PIAS3 was undertaken in 10% (v/v) glycerol in PBS in place of culture media. 

Transduction of TAT-PIAS3 in the presence of glycerol resulted in uptake 

predominantly to the cytoplasm of HEK 293 cells. However, cells in the presence of 

these high levels of glycerol presented poor viability and loss of adherence to the 

culture dish when cultured for any length of time. In addition, hyperosmolarity as 

induced by 10% (v/v) glycerol may have non-specific effects on the permeability of the 

lipid bilayer thereby improving cellular uptake independent of the translocation 

properties of the TAT PTD. This would suggest that the improved cellular uptake in 

10% (v/v) glycerol is of limited benefit in the application of TAT-PIAS3 in 

experimental studies with cultured cells.   

 

In summary, although over 60 different full-length proteins have been successfully 

internalized into a wide variety of cells utilizing a similar cell-permeable approach 

(Becker-Hapak et al., 2001), the results in this Chapter indicate that the PIAS3 protein 

does not transduce the plasma membrane efficiently when generated as a fusion protein 
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with the TAT PTD. In its current form, the TAT-PIAS3 fusion protein generated 

according to the denaturing protocol previously described by Becker-Hapak et al. 

(2001) is of limited use as a tool for STAT3 specific inhibition in cultured cells.    
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5.7 Conclusions 

This Chapter has presented work undertaken to design and validate a STAT3 inhibitor 

utilizing the advantages afforded by a relatively new delivery technology based on cell-

permeable PTDs. TAT PTD was determined to be the most appropriate PTD for 

neonatal cardiac myocytes on the basis of its high transduction efficiency and its low 

cellular toxicity. However, the TAT PTD conjugated to the BP814 phosphotyrosine 

cargo peptide did not inhibit ligand stimulation of STAT3 phosphorylation. An 

alternative strategy indicated that, although liposome-mediated transfection and 

expression of PIAS3 in HEK 293 cells completely inhibited STAT3-mediated gene 

activation, a TAT-PIAS3 fusion protein had no effect. This was concluded to be due to 

the inefficient translocation of the TAT-PIAS3 fusion protein through the plasma 

membrane. In summary, the studies presented in this Chapter have encountered 

numerous obstacles in the development of an efficacious, convenient and non-toxic 

STAT3 inhibitor for use in in vitro cultured cell models.  
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Chapter 6 

General Discussion 
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6.1 Introduction 

The hypertrophic response of the heart is an adaptive process in which an increase in 

cardiac output compensates for an increase in circulatory resistance (Cooper, 1987). In 

the clinical setting, this is characterized by an increase in ventricular mass to facilitate 

the demand for greater contractile force. The hypertrophic response can be categorized 

into different stages. First, an initial development of compensatory hypertrophy can be 

observed. Over time, this can develop into an excessive or severe hypertrophy 

accompanied by contractile dysfunction (Opie, 1998). Finally, this may then progress 

into a decompensatory state, which results in cardiac failure (Opie, 1998).  

 

At the cellular level, the development of cardiac hypertrophy is characterized by an 

increase in the size of individual cardiac myocytes with an absence of substantial cell 

proliferation (Anversa et al., 1980). At the subcellular level, cardiac hypertrophy is 

commonly characterized by distinct changes such as the expression of a fetal gene 

program, enhanced contractile protein synthesis and sarcomeric organization (Chien et 

al., 1993; Cooper, 1997). In addition, biochemical regulation of the various stages of 

cardiac hypertrophy most likely involves signaling by a number of different hormones 

and cytokines (Hefti et al., 1997; Force et al., 1999; Molkentin and Dorn, 2001). In 

experimental models these molecules have been shown to stimulate hypertrophy in 

cultured cardiac myocytes and are, therefore, referred to as ‘hypertrophic agonists’. The 

associated intracellular signaling mechanisms involved in regulating the hypertrophic 

phenotype are of interest. Amongst the numerous proteins implicated in the regulation 

of cardiac hypertrophy are the ERK, p38MAPK and JNK MAPK sub-families and the 

JAK/STAT signaling pathway (Force et al., 1996; Hefti et al., 1997; Yamauchi-

Takihara and Kishimoto, 2000a; Molkentin and Dorn, 2001). However, intense study of 

these proteins has resulted in several conflicting reports and a clear understanding of 

 167



the molecular mechanisms involved in mediating cardiac hypertrophy has yet to be 

achieved.  

 

The overall aim of this thesis was, therefore, to investigate the contribution of the 

MAPK and STAT signaling pathways to cardiac hypertrophy and failure. Specifically, 

the contribution of these intracellular signaling mechanisms in IL-1β-stimulated cardiac 

hypertrophy was addressed in a cultured cardiac myocyte model (Chapter 3). The 

phosphorylation states of MAPK and STAT isoform proteins were additionally 

investigated in different etiologies of human heart failure (Chapter 4). Finally, the 

feasibility of PTD-mediated delivery of peptide-based inhibitors of STAT3 signaling 

was investigated (Chapter 5). In this final Chapter, several of the key findings reported 

in these studies will be discussed in further detail. In addition, since the completion of 

the experimental work for this thesis, several recent reports have been published with 

findings directly relevant to the conclusions made. The implications of these recent 

studies will also be discussed.      

 

6.2 Receptor-tyrosine kinase (RTK) signaling in cardiac hypertrophy and failure 

Based on the results presented in Chapter 3, it was concluded that the delayed STAT3 

Y705 phosphorylation response, stimulated by the inflammatory cytokine IL-

1β, involved the synthesis of a secondary molecule. In addition, this process was likely 

to be regulated by the non-redundant signaling of both the ERK and p38MAPK 

subfamilies because the inhibition of either pathway alone was sufficient to attenuate 

IL-1β-stimulated STAT3 phosphorylation. Currently the secondary signaling molecule 

involved in the autocrine/paracrine activation of STAT3 remains unidentified, although 

the involvement of a gp130-signaling cytokine has been discounted. However, STAT3 
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activity is required for a plethora of biological functions and is a downstream effector 

of numerous activators (Ihle, 2002; Levy and Lee, 2002).  

 

The Epidermal Growth Factor (EGF) family could be a class of ligands involved in the 

autocrine/paracrine activation of STAT3 in the IL-1β-stimulated pathway. The EGF 

family of ligands signal through receptors belonging to a family of transmembrane 

receptors with intrinsic tyrosine kinase activity, also known as receptor tyrosine kinases 

(RTKs) (Schlessinger, 2000). Several members of the EGF family, such as EGF and 

heparin-binding EGF-like growth factor (HB-EGF), have been shown to induce 

hypertrophic responses in cardiac myocytes (Perella et al., 1994; Rebsamen et al., 

2000). In addition, the EGF receptor (EGFR) is a known activator of STAT3 (Zhong et 

al., 1994). Thus, signaling through the EGFR could potentially be involved as a 

secondary mechanism following IL-1R activation.  

 

The results presented in Chapter 3 indicated that the IL-1β-stimulated STAT3 reponse 

required de novo protein synthesis activity. At least one previous study has reported 

increased HB-EGF mRNA levels within hours of exposure to the hypertrophic agonist, 

phenylephrine (Perella et al., 1994). Thus, it is conceivable that IL-1β exposure could 

similarly induce an increase in HB-EGF expression. Furthermore, HB-EGF is 

proteoglycan bound at the cell surface and receptor activation only follows ligand 

release by cell-surface protease activity (Izumi et al., 1998). Proteolytic release of HB-

EGF has been shown following GPCR agonist and TPA stimulation (Izumi et al., 1998; 

Asakura et al., 2002). It this situation, release of HB-EGF into the media would not be 

expected in a conditioned medium experiment because the released HB-EGF is 

immediately sequestered by the cells. This would be consistent with the findings 

presented in Chapter 3. Thus, it remains possible that autocrine signaling by the EGFR 
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could be involved in the IL-1β-stimulated mechanisms leading to STAT3 

phosphorylation and the associated hypertrophic responses.  

  

Similarly, the secretion of the EGF family of ligands could also be involved in 

regulating cardiac failure. Results presented in Chapter 4 suggested that the 

phosphorylation state of high molecular weight proteins, possibly corresponding to 

cytokine and growth factor receptors, were altered in the failing human heart. 

Although, a significant change in gp130 phosphorylation was not detected, this does 

not preclude the involvement of other receptors in regulating cardiac failure. The 

enhanced ventricular expression of HB-EGF and its receptor, the EGF receptor 

(EGFR), have been demonstrated in animal models of cardiac hypertrophy and failure 

(Fujino et al., 1998; Tanaka et al., 2002). These studies indicate that the EGFR could 

be involved in mediating cardiac failure in humans.  

 

Taken together, these reports indicate that an investigation into the potential function of 

the EGF family of ligands in the IL-1β-stimulated pathway and the phosphorylation 

state of the EGFR in failing human hearts could be an attractive avenue for future 

research. 

      

6.3 The function of gp130/JAK/STAT3 signaling in human heart failure: What 

might be the role of STAT3β? 

Since the completion of experimental work for Chapter 5, two recent reports have also 

compared the protein expression and phosphorylation states of several components of 

the gp130/JAK/STAT3 pathway in human hearts with end-stage DCM with non-failing 

donor hearts (Zolk et al., 2002; Podewski et al., 2003). In these reports, the tyrosine 

phosphorylation status of gp130, JAK2 and STAT3α and the protein levels of gp130 
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were shown to be down-regulated in the failing human heart despite augmented 

expression of LIF and CT-1. Conversely, the observations presented in Chapter 4 

indicated that gp130 and STAT3α phosphorylation levels were unchanged and, 

although there was a trend towards lower expression, protein levels were not 

significantly altered. The differences between the observations presented in this thesis 

compared to that by other investigators highlight the inherent limitations of a purely 

correlative study performed on a relatively small population of human hearts. However, 

taken together, these observations do indicate the downregulation of the 

gp130/JAK/STAT pathway in end-stage DCM, suggesting a function for this signaling 

pathway in regulating human heart failure. As the anti-apoptotic and cardioprotective 

properties of STAT3α have been well documented (Yamauchi-Takihara and 

Kishimoto, 2000b), a down-regulation in its activity may be involved in promoting the 

progression of cardiac failure.  

 

The observations presented in Chapter 4 also reported the hyperphosphorylation of the 

STAT3β spliceform in isolation from STAT3α. In addition, the total protein levels of 

both STAT3 spliceforms were unchanged. The enhanced STAT3β phosphorylation 

suggests an involvement in regulating human heart failure but its potential function is 

unclear. Although the STAT1α and STAT1β isoforms are differentially activated by 

IFNγ and IFNα, respectively (Bromberg et al., 1996), differential activation of the 

STAT3 spliceforms (i.e. activation of STAT3β in absence of STAT3α) following acute 

receptor stimulation was not evident in Chapter 3. However, a 55 amino-acid truncation 

mutant of STAT3α at the C-terminus results in constitutive Y705 phosphorylation 

(Sasse, et al., 1997), suggesting that additional regulatory mechanisms are lost in the 

truncated STAT3β isoform.   
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The functional relationship between STAT3α and STAT3β is unclear but an increasing 

number of studies have indicated the opposing roles of the two spliceforms. Previous 

studies have indicated that activated STAT3β binds the same DNA promoter regions 

bound by STAT3α but fails to activate transcription. This suggests a function for 

STAT3β as an endogenous dominant-negative regulator of STAT3α-stimulated 

transcription (Caldenhoven et al., 1996; Schaefer et al., 1997), although this may be 

dependent on the cell type (Sasse et al., 1997, de Koning et al., 2000). In addition, 

through differential complex formation, STAT3β can be transcriptionally active in 

situations where STAT3α is not (Schaefer et al., 1995). The opposing functions of 

STAT3α and STAT3β have been reported in non-cardiac cells. The overexpression of 

STAT3β augments IL-6-stimulated repression of γ-globulin gene expression, with the 

opposite regulatory effect resulting from STAT3α overexpression (Foley et al., 2002). 

Likewise, the ratio of STAT3α to STAT3β, following viral infection, was shown to 

increase in the spleen of mice resistant to mouse hepatitis virus type-3 (MHV-3) 

infection (Ning et al., 2003). Conversely, this ratio was low (<0.3) in the spleen of mice 

sensitive to MHV-3 following viral infection (Ning et al., 2003). Thus, the 

hyperphosphorylation of STAT3β during end-stage DCM may oppose the 

cardioprotective properties of STAT3α and promote the progression of cardiac failure. 

This hypothesis could be verified in experimental models of cardiac failure and 

presents an exciting direction for future work.  

 

6.4 The re-evaluation of TAT PTD-mediated delivery of PIAS3 as a STAT3-

specific inhibitor. 

The increasing evidence implicating STAT3 in regulating cardiac dysfunction 

(Yamauchi-Takihara and Kishimoto, 2000b) prompted an investigation into new 
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strategies for inhibiting STAT3 signaling in neonatal cardiac myocytes without the 

need for transgene overexpression. The study presented in Chapter 5 detailed a strategy 

utilizing the TAT PTD to deliver PIAS3 into cultured cells to directly modulate the 

activity of STAT3. Although overexpression of full-length PIAS3 was shown to inhibit 

STAT3 transcriptional activity, the TAT-PIAS3 fusion protein did not efficiently 

transduce the cellular membrane. Furthermore, evidence was presented to suggest that 

this may have been associated to a problem with protein solubility in aqueous media. 

However, it was concluded that, in its current form, TAT-PIAS3 may not be applicable 

as a STAT3 inhibitor for cultured neonatal cardiac myocytes. In addition, the 

observations reported by several recent studies have indicated that the current strategy 

of TAT-mediated intracellular delivery of PIAS3 for directly inhibiting STAT3 activity 

may require re-evaluation.   

 

With regards to the use of TAT PTD as a delivery vector, at least one recent paper has 

made a disturbing revelation regarding the mechanism of internalization of TAT PTDs 

(Richard et al., 2003). It appears that the cytoplasmic and nuclear localization of the 

TAT PTD may have been misrepresented in previous studies utilizing confocal 

microscopy of fixed cells to characterize the cellular uptake of cell permeable peptides 

(Vives et al., 1997; Becker-Hapak et al., 2001; Stolzenberger et al., 2001). Richard and 

coworkers (2003) have demonstrated that the mild fixation of cells with formaldehyde 

was sufficient to permeabilize the plasma membrane leading to the artefactual uptake of 

peptides. Rather, analysis of the TAT PTD in unfixed cells indicated localization to 

endosomal compartments suggesting internalization by an endocytotic mechanism 

(Richard et al., 2003). Thus, the bioactivity of molecules delivered by TAT PTD in 

previous studies (Vocero-Akbani et al., 1999; Soga et al., 2001; Becker-Hapak et al., 

2001; Sauzeau et al., 2001; Stolzenberger et al., 2001) would have resulted presumably 
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from the endosomal release of sufficient cargo protein subsequent to internalization. 

This suggests that establishing TAT PTD membrane transduction by confocal 

microscopy requires its verification in live cells and that PTDs may not be internalized 

by all cell types as initially anticipated. This is supported by an additional study 

demonstrating that, when synthesized de novo, a fusion with the TAT PTD did not 

enhance intercellular transduction of full-length protein markers in live cells (Leifert et 

al., 2002). It is unclear whether these findings apply to other PTDs. Although, the TAT 

PTD was initially chosen for its unrestricted ability to transduce full-length proteins, 

these most current findings indicate that the use of an alternative PTD for the 

intracellular delivery of PIAS3 may be warranted. For example, the Kaposi Sarcoma 

Fibroblast Growth Factor sequence (AAVALLPAVLLALLAP) and the Pep-1 peptide 

(KETWWETWWTEWSQPKKKRKV) have also been used to delivery biologically 

active full-length proteins into mammalian cells (Jo et al., 2001; Morris et al., 2001). 

Taken together, these findings indicate that the use of TAT PTD may not be the most 

suitable delivery vector for an inhibitor of STAT3.          

 

During the course of this study, more information on the mechanism of action of PIAS3 

has also emerged. Although PIAS3 was initially characterized as a negative regulator of 

STAT3 transcriptional activity (Chung et al., 1997a), the results presented in Chapter 5 

indicated that PIAS3 was highly expressed in some tissues such as skeletal mucle and 

spleen that concomitantly expressed low levels of STAT3. This observation suggested 

that PIAS3 may perform functions other than the negative regulation of STAT3 

activity. In confirmation, several studies have reported that PIAS3 was involved in 

regulating the activity of other transcription factors, such as the Gfi-1 zinc-finger 

protein and interferon regulatory factor-1 (Rodel et al., 2000; Nakagawa and 

Yokosawa, 2002). In addition, there are now several reports that indicate that the PIAS 
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family belong to a group of proteins with small ubiquitn-related modifier (SUMO) 

ligase activity (Johnson and Gupta, 2001; Kahyo et al., 2001; Kotaja, et al., 2002; 

Schmidt and Muller, 2002). The SUMO protein shares homology with ubiquitin and is 

covalently conjugated to proteins by a process mechanistically similar to that used by 

the ubiquitin conjugation system (Johnson and Gupta, 2001). The tethering of SUMO, 

also referred to as ‘sumoylation’, participates in the regulation of signal transduction 

from target proteins (Johnson and Gupta, 2001). In the original study by Chung et al. 

(1997b), the overexpression of PIAS3 was shown to inhibit the transcriptional activity 

of STAT3. However, the precise mechanism involved was not defined. The evidence 

from the most recent studies now indicates that PIAS3 may function as a E3-type 

SUMO ligase (Kotaja et al., 2002; Nakagawa and Yokosawa, 2002; Schmidt and 

Muller, 2002) which would be analogous to the E3 ubiquitin ligases involved in the 

conjugation of activated ubiquitin (Weissman, 2001). Thus, PIAS3 appears to down-

regulate STAT3 activity indirectly through sumoylation and degradation rather than a 

direct protein-protein interaction.  

 

In the study presented in Chapter 5, the PIAS3 protein was chosen for TAT PTD 

mediated cellular delivery under the assumption that it functioned as a rapid inhibitor 

specific for STAT3 activity. However, the implications from these recent reports are 

that the intracellular delivery of PIAS3 may result in undesired effects on other 

transcription factors. This may present confounding factors when determining the 

biological responses specific to the inhibition of STAT3 signaling. In addition, the 

indirect regulation of STAT3 activity by sumoylation suggests that PIAS3 may not 

rapidly inhibit STAT3 signaling as initially anticipated. The rapid inhibition of STAT3 

activity upon treatment with the potential inhibitor was viewed as a significant 

advantage over conventional transgene overexpression strategies due to temporal 
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constraints in experimental work associated with the latter. In light of recent evidence, 

the rapid inhibition of STAT3 signaling may no longer be afforded by the utilization of 

PIAS3 as a potential STAT3 inhibitor. Thus, the PTD-mediated delivery of PIAS3 as a 

strategy for inhibiting STAT3 signaling may require reassessment. 

 

6.5 Conclusion 

Collectively, the studies presented in this thesis have made several novel findings in the 

area of signal transduction pathways involved in regulating cardiac hypertrophy and 

failure. Specifically, a function for ERK and p38MAPK in regulating gene expression and 

hypertrophic morphology stimulated by IL-1β was demonstrated in neonatal cardiac 

myocytes. IL-1β was also shown to stimulate a delayed STAT3 Y705 phosphorylation 

response, which likely involves the de novo synthesis of a secondary signaling 

molecule. In the failing human heart, a broad activation of several isoforms of the 

STAT family of transcription factors was demonstrated. Notably, the enhanced tyrosine 

phosphorylation of STAT3β was shown, for the first time, in human hearts with end-

stage DCM. In order to further define the roles of STAT3 signaling in regulating 

cardiac phenotypes, the applicability of a phosphotyrosine peptide mimetic gp130 and 

full-length PIAS3, conjugated to the TAT PTD, as cell-permeable and rapid inhibitors 

specific for STAT3 was assessed. However, in light of recent information from 

published reports and difficulties encountered in development, these approaches have 

been re-evaluated. Taken together, the findings presented in this thesis have indicated a 

central function for MAPK and STAT signaling in the regulation of cytokine-

stimulated hypertrophy and human heart failure. In addition, although a STAT3-

specific inhibitor was not successfully developed, this study has provided clarification 

on the feasibility of cell-permeable peptide delivery of peptide-based inhibitors for 

future studies.     
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Figure 1.3 STAT3 structure and mechanism of activation.
A. The full length STAT3α protein is 770 amino acids in length and has several conserved domains in 
structure and sequence. A leucine zipper and coiled-coil domain is located at the C-terminus, a DNA 
binding domain in the middle portion and a transactivation domain at the N-terminus. In addition, an SH3 
and an SH2 domain facilitates protein-protein interactions. Phosphorylation of Y705 and S727 is involved 
in regulating the DNA binding and transcriptional activity of STAT3. B. STAT3 is recruited from the 
cytosol by the SH2 interaction with receptor phosphotyrosines. Following, recruitment to the membrane, 
JAK-mediated tyrosine phosphorylation of STAT3 induces dissociation form the receptor, dimerization
and translocation to the nucleus to activate transcription of target genes.   
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MAPK ERK1/2 JNK1/2 p38MAPKα/β

Figure 1.4 Organisation of mammalian Mitogen activated protein kinase (MAPK) 
signaling pathways.
The cytoplasmic signaling components leading to the activation of MAPK are organised into distinct 
modules consisting of an upstream dual-specificity MAPKK, which is in turn activated by a MAPKKK. 
The MAPK modules are regulated at the membrane region by small G-proteins. In addition, the MAPK 
pathways are activated by a variety of extracellular stimuli. ERK1/2 are predominantly activated by growth 
factors and cytokines. The JNK and p38MAPK subfamilies are activated by stress stimuli in addition to 
ligands. Solid block arrows indicate defined signal transduction to downstream effectors. Broken line 
arrows indicate potential interactions in specific conditions.
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Figure 4.1 STAT1 phosphorylation is enhanced in IHD and DCM.
Ventricular samples were obtained from patients without cardiovascular disease (control; C1-C9), with 
IHD (ischemic heart disease; I1-I11) and DCM (dilated cardiomyopathy; D1-D9) and immunoblotted for 
STAT1 Y701 phosphorylation. A. Phospho-STAT1 bands were quantified by lumi-imaging and expressed 
as arbitrary units. Values are represented as mean+SE. “*” indicates a statistical difference of phospho-
STAT1 levels in IHD (p<0.05) and DCM (p<0.01) when compared to control hearts. Representative
phospho-STAT1 blots of B. control, C. IHD, and D. DCM hearts show the data for all individual patients 
(top panels). Total STAT1 protein was confirmed by stripping each membrane and reblotting with an 
antibody for both phosphorylated and unphosphorylated STAT1 (bottom panels). Identical control or LIF-
treated rat neonatal cardiac myocyte protein lysates, denoted as ‘Con’ and ‘LIF’, were loaded on each gel 
to serve as reference points for quantification. An equivalent amount of protein (50 µg) was loaded in each 
lane including those loaded with neonatal myocyte samples. 
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Figure 4.2 STAT3β phosphorylation is enhanced in DCM.
Ventricular samples from control (C1-C9), IHD (I1-I11) and DCM (D1-D9) patient groups were
immunoblotted for STAT3α/β Y705 phosphorylation. A. Phospho-STAT3β bands were quantified by
lumi-imaging and expressed as arbitrary units. Values are represented as mean+SE. “*” indicates a 
statistical difference of phospho-STAT3β levels in DCM (p<0.01) when compared to control hearts. 
Representative phospho-STAT3 blots of B. control, C. IHD and D. DCM hearts show the data for all 
individual patients (top panels). Total STAT3 α/β protein was then determined by stripping the  
membranes and reblotting with an antibody raised against the N-terminal portion of STAT3 (middle 
panels). Blotting with a C-terminal STAT3α isoform-specific antibody identified the larger band as 
STAT3α (bottom panels). 'LIF' and 'Con' indicate rat cardiac myocyte reference lanes for quantification. 
Each lane was loaded with an equivalent amount of protein (50 µg). 
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Figure 4.3 STAT3 phosphorylation in a rat myocardial infarction model. 
Sprague-Dawley rats were subjected to coronary artery ligation to artificially induce infarction of the 
myocardium (MI).  Sham-operated animals were treated identically but without coronary ligation (S). A. 
Ventricular heart samples from 4 different sham (S1-S4) and 3 MI (MI1-MI3) rats were taken at 1 week,
B. 5 sham (S5-S9) and 6 MI (MI4-MI9) at 4 weeks and C. 5 sham (S10-S14) and 4 MI (MI10-MI13) taken 
at 10 weeks post-coronary ligation. These frozen tissue samples were provided by Dr AR Kompa 
(University of Melbourne, Victoria, Australia). Protein lysates were then prepared and immunoblotted for 
STAT3α/β Y705 phosphorylation (top panels). Total STAT3α/β protein was then determined by stripping 
the membranes and reblotting with an antibody raised against the N-terminus of STAT3. 'LIF' and 'Con' 
indicate rat cardiac myocyte reference lanes. An equivalent amount of protein (50 µg) was loaded in each 
lane.
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Figure 4.4 gp130 protein levels are unchanged in failing human hearts. 

Ventricular samples from control (C1-C9), IHD (I1-I11) and DCM (D1-D9) patient groups were
immunoblotted for total gp130 protein expression. A. gp130 bands were quantified by lumi-imaging and 
expressed as arbitrary units. Values are represented as mean+SE. “ns” indicates no statistical difference of 
gp130 protein levels in IHD and DCM (p>0.05) when compared to control hearts. Representative gp130 
blots of B. control, C. IHD and D. DCM hearts show the data for all individual patients. 'LIF' and 'Con' 
indicate rat cardiac myocyte reference lanes for quantification.
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Figure 4.5 STAT5 phosphorylation is enhanced in IHD and DCM.
Ventricular samples from control (C1-C9), IHD (I1-I11) and DCM (D1-D9) patient groups were 
immunoblotted for STAT5 Y694 phosphorylation. A. Phospho-STAT5 bands were quantified by lumi-
imaging and expressed as arbitrary units. Values are represented as mean+SE. “*” indicates a statistical 
difference of phospho-STAT5 levels in IHD (p<0.05) and DCM (p<0.01) when compared to control hearts. 
Representative phospho-STAT5 blots of B. control, C. IHD and D. DCM hearts show the data for all 
individual patients (top panels). Total STAT5 protein was determined by stripping the membranes and
reblotting with an antibody for both phosphorylated and unphosphorylated STAT5 (bottom panels). 'LIF' 
and 'Con' indicate rat cardiac myocyte reference lanes for quantification. An equivalent amount of protein 
(50 µg) was loaded in each lane.  

112b



A.

0
2
4
6
8
10
12
14
16 *

ST
A

T
6 

ph
os

ph
or

yl
at

io
n 

(a
rb

itr
ar

y 
un

its
)

CON  IHD  DCM

92 kD

92 kD

B.
Con  LIFC1   C2   C3 C4 C5 C6 C7 C8   C9  

Phospho-STAT6

Total-STAT6

C.

92 kD

92 kD

Con LIFI1    I2 I3 I4    I5 I6 I7 I8   I9   I10 I11

Phospho-STAT6

Total-STAT6

D. Con   LIFD1    D2   D3  D4 D5 D6 D7 D8 D9

92 kD

92 kD

Phospho-STAT6

Total-STAT6

Figure 4.6 STAT6 phosphorylation is enhanced in DCM.
Ventricular samples from control (C1-C9), IHD (I1-I11) and DCM (D1-D9) patient groups were
immunoblotted for STAT6 Y641 phosphorylation. A. Phospho-STAT6 bands were quantified by lumi-
imaging and expressed as arbitrary units. “*” indicates a statistical difference of phospho-STAT6 levels in 
DCM (p<0.01) when compared to control hearts. Values are represented as mean+SE. Representative
phospho-STAT6 blots of B. control, C. IHD and D. DCM hearts show the data for all individual patients 
(top panels). Total STAT6 protein expression was determined by stripping the membranes and reblotting 
with an antibody for both phosphorylated and unphosphorylated STAT6 (bottom panels). 'LIF' and 'Con' 
indicate rat cardiac myocyte reference lanes for quantification. An equivalent amount of protein (50 µg) 
was loaded in each lane. 
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Figure 4.7 Phosphotyrosine profile of the human heart samples.
Ventricular samples from A. control (C1-C9), B. IHD (I1-I11) and C. DCM (D1-D9) patient groups were 
immunoblotted with anti-phosphotyrosine antibodies. Each lane was loaded with an equivalent amount of 
protein. Arrows to the left of panel A indicate the positions of two bands that were variable in intensity in 
control hearts. These positions are also marked by arrows in B and C, thus showing the greater consistency 
in their intensities in the individual IHD and DCM samples.
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Figure 4.8 p38MAPK phosphorylation is enhanced in IHD. 
Ventricular samples from control (C1-C9), IHD (I1-I11) and DCM (D1-D9) patient groups were 
immunoblotted for p38MAPK T180 and Y182 phosphorylation. A. Phospho-p38MAPK bands were quantified 
by lumi-imaging and expressed as arbitrary units. Values are represented as mean+SE. “*” indicates a 
statistical difference of phospho-p38MAPK levels in IHD (p<0.01) when compared to control hearts. 
Representative phospho-p38MAPK blots of B. control, C. IHD and D. DCM hearts show the data for all 
individual patients (top panels). Total p38MAPK protein expression was determined by immunoblot analysis 
of protein lysates with an antibody for both phosphorylated and unphosphorylated p38MAPK (bottom 
panels). An equivalent amount of protein (50 µg) was loaded in each lane.
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Figure 4.9 ERK activity is unchanged in failing human hearts. 
Ventricular samples from control, IHD and DCM patient groups were assayed for ERK activity by 
measuring 32P incorporation from γ-32P-labelled ATP into GST-Elk substrate. A. Cerenkov counting of 
phosphorylated GST-Elk was used to quantitate ERK MAPK activity in human heart samples. Values are 
represented as mean+SE. “ns” indicates no statistical difference of ERK activity levels in IHD and DCM 
(p>0.05) when compared to control hearts. Total ERK1/2 protein expression was determined by 
immunoblot analysis of protein lysates with an antibody for both phosphorylated and unphosphorylated 
ERK. Representative total-ERK1/2 blots in B. control, C. IHD and D. DCM hearts show data for all 
individual patients. 
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Figure 4.10 JNK activity is unchanged in failing human hearts. 
Ventricular samples from control, IHD and DCM patient groups were assayed for JNK activity by 
measuring 32P incorporation from γ-32P-labelled ATP into GST-cJun substrate. A. Cerenkov counting of 
phosphorylated GST-cJun was used to quantitate JNK activity in human heart samples. Values are 
represented as mean+SE. “ns” indicates no statistical difference of JNK activity levels in IHD and DCM 
(p>0.05) when compared to control hearts. Total JNK1/2 protein expression was determined by 
immunoblot analysis of protein lysates with an antibody for both phosphorylated and unphosphorylated
JNK. Representative total-JNK1/2 blots in B. control, C. IHD and D. DCM hearts show data for all 
individual patients. The total-JNK1/2 immunoblots were performed by Miss Naomi W. Court 
(Biochemistry and Molecular Biology, University of Western Australia) and as a consequence, the order of 
sample loading is not consistent with the other figures presented in this Chapter. However, individual 
samples were labelled corresponding to the patient characteristics detailed in Table 4.1.  
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Figure 4.11 STAT1 serine phosphorylation in IHD and DCM. 
Ventricular samples from control (C1-C9), IHD (I1-I11) and DCM (D1-D9) patient groups were 
immunoblotted for STAT1 S727 phosphorylation. A. Phospho-STAT1 S727 bands were quantified by 
lumi-imaging and expressed as arbitrary units. Values are represented as mean+S.E. Representative 
phospho-STAT1 S727 blots of B. control, C. IHD and D. DCM hearts show the data for all individual 
patients (top panels). Total STAT1 protein was determined by stripping the membranes and reblotting with 
an antibody for both phosphorylated and unphosphorylated STAT1 (bottom panels). Each lane was loaded 
with the same amount of protein (50 µg).
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Figure 4.12 STAT3 serine phosphorylation in IHD and DCM. 
Ventricular samples from A. control (C1-C9), B. IHD (I1-I11) and C. DCM (D1-D9) patient groups were
immunoblotted for STAT3 S727 phosphorylation (top panels). An equivalent amount of protein was loaded 
in each lane. Total STAT3 protein was determined by stripping the respective membranes and reblotting
with an antibody for both phosphorylated and unphosphorylated STAT3 (bottom panels). 'LIF' and 'Con' 
indicate the rat neonatal cardiac myocyte protein lysates loaded identically in each gel as a reference. The 
arrows, labeled ‘#’, indicate a non-specific reaction of the phospho-STAT3 S727 antibody with a protein of 
a molecular weight larger than that of STAT3α. The unidentified protein band is most prominent in the 
DCM patient group.  
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Figure 4.13 Sorbitol, anisomycin and arsenite treatment of cardiac myocytes
induces phosphorylation of p38MAPK and  STAT1. 
Serum-starved rat neonatal cardiac myocytes were treated with A. sorbitol (0.5M), B. anisomycin (50 
ng/ml) or C. arsenite (50 µM) for the indicated times or left untreated as a control (Con). Detergent-soluble 
protein lysates were then prepared and immunoblotted for STAT1 S727 phosphorylation (top panels) and 
p38MAPK T180 and Y182 dual-phosphorylation (bottom panels). 
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Figure 5.1 Transduction of cell permeable peptides into cardiac myocytes.
Serum-starved cardiac myocytes were treated with 10 µM of TAT, penetratin, modified penetratin carrier 
peptides or a DDI H2O vehicle control for 15 min. Cells were then fixed and prepared for immuno-
fluorescent staining as previously described (Section 2.13.1). Cells were stained with streptavidin-FITC to 
detect the biotin labeled carrier peptides and Hoechst 33258 nuclear stain. Arrows indicate examples of 
fragment nuclei with intense fluorescent staining. Scale bars represent 20 µm.
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Figure 5.2 Toxicity of cell permeable peptides to neonatal rat cardiac myocytes. 
Induction of apoptosis in myocytes was determined by Annexin-V staining of phosphatidylserine
membrane translocation. Cell necrosis was determined by propidium iodide (PI) staining. Serum-starved 
cardiac myocytes were treated with TAT (10 µM), penetratin (10 µM), modified penetratin (3 or 10 µM) or 
a DDI H2O vehicle control for 15 min. Following a PBS wash, cells were then incubated with Annexin-V-
FITC in a Hepes buffer containing PI for 15 min. Fluorescent staining was then analyzed by confocal laser 
scanning microscopy. Arrows indicate examples of cardiac myocytes with peri-cellular Annexin-V staining 
and nuclear PI staining. Scale bars represent 50 µm.  
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Figure 5.3 Binding of BP814 peptide to STAT3α in lysates.
Serum-starved cardiac myocytes were treated with LIF (10 ng/ml) for 15 min (Lanes 5-7) or an equivalent 
volume of 0.1% (w/v) BSA in PBS as a control (Lanes 1-4). Protein lysates were then prepared by lysing
cells in DTT free Lysis Buffer. To the protein lysates, either TAT (100 µg, Lanes 2+5), TAT-BP814 (100 
µg, Lanes 3+6) or TAT-BP814 Y->F (100 µg, Lanes 4+7) peptides prebound on streptavidin-agarose were 
incubated for 60 min. Lysates were then centrifuged (10 000g, 1 min) to isolate the pellet of agarose beads. 
The pellet was then washed, sample buffer added and proteins analyzed by western blot with the 
C-terminal STAT3α specific antibody (top panel). Supernatants were also western blotted with anti-
STAT3α (bottom panel).  
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Figure 5.4 Effect of TAT-BP814 inhibitory peptide on LIF-stimulated STAT3 
phosphorylation, ANF expression and hypertrophic morphology. 
Serum-starved cardiac myocytes were pre-treated with TAT-BP814 (10 µM, 15 min) or a DDI H2O vehicle 
control. Cells were then treated with LIF (10 ng/ml) or 0.1% (w/v) BSA in PBS as a control for 15 min. A.
Cells were then lysed and detergent-soluble protein extracts were blotted with an antibody to detect Y705 
phosphorylated STAT3 (top panel). Membranes were then stripped and reprobed with an antibody 
detecting the C-terminus of STAT3α protein as a control for loading (lower panel). B. Cells were also 
fixed and stained with phalloidin-TRITC, for actin filaments (red); anti-ANF antibody coupled with an
Alexa 488-conjugated anti-rabbit secondary (green) and Hoechst 33258 which stains the nuclei (blue). 
Scale bars represent 20 µm. 
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Figure 5.5 Transfection of pCMV5-PIAS3 plasmid into HEK 293 cells.
pCMV5-PIAS3 plasmid (1 µg) was transfected into HEK 293 cells with lipofectamine treatment for 6 h in 
serum-free DMEM. An equivalent volume of PBS was substituted for plasmid DNA in mock transfections. 
Cells were then washed and cultured for a further 48 h in DMEM with 10% FCS. A. Cells were then lysed
and detergent-soluble protein extracts blotted with an antibody to detect PIAS3 protein. An arrow 
indicating to the middle protein band corresponds to the predicted molecular weight of PIAS3. Arrows ‘X’ 
and ‘Y’ indicate unidentified bands detected by PIAS3 antibody. B. Cells were fixed then stained with anti-
PIAS3 antibody coupled with an Alexa 488-conjugated anti-rabbit secondary (green) and Hoechst 33258 
which stains the nuclei (blue). PIAS3 and nuclear staining are shown separately or as a combined panel 
(Double-stain). Scale bars represent 20 µm. 
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Figure 5.6 Inhibition of IL-6-stimulated STAT3α transcriptional activity by pCMV-
PIAS3 transfection into HEK 293 cells.
HEK 293 cells were transfected with the m67 luciferase reporter plasmid (1 µg) and  a plasmid encoding 
STAT3α (1 µg) with lipofectamine treatment for 6 h in serum-free DMEM. Cells were also co-transfected 
with pCMV5-PIAS3 plasmid (0.5-2 µg) or an equivalent volume of PBS. Cells were then  washed with 
serum media and cultured for a further 48 h in DMEM with 10% FCS. Luciferase activity was then 
stimulated by IL-6 (5 ng/ml) treatment for 6 h. Following IL-6 treatment, cells were lysed, luciferase 
substrate added and activity measured using a luminometer.   
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Figure 5.7 Tissue expression of PIAS3 and STAT3α/β in mouse.
Murine heart, skeletal muscle (SkM), brain, liver, lung, thymus, testes, spleen and kidney tissue samples 
were lysed and detergent-soluble protein extracts prepared. Protein extracts were then blotted with anti-
PIAS3 (top panel) or an antibody for the N-terminal region of STAT3 (bottom panel). 
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Figure 5.8 Crude extracts of bacterial clones expressing TAT-PIAS3 protein.
pTAT-PIAS3 plasmid was transformed into competent BL21(DE3)LysS E. coli, selected on LB agar plates 
containing the appropriate antibiotics and incubated at 37oC. 8 colonies (A-H) were picked the next day 
and grown in LB broth containing the appropriate antibiotics for a further 24 h. Fresh LB broth cultures 
were inoculated, grown to OD600 of 0.6 and induced with IPTG (1 mM) for 4 h. 1 ml of culture was then 
collected and bacteria pelleted by centrifugation and resuspended in sample buffer. Crude extracts were 
then blotted with anti-PIAS3.  
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Figure 5.9 Purification of TAT-PIAS3 protein under soluble conditions.
The highest expressing BL21 transformant was grown and resuspended in a native PBS buffer before 
sonicating as described in Section 2.27.2. Bacterial sonicates  were cleared by centrifugation and the 
supernatant incubated with Ni-NTA agarose to bind the 6xHis tag of the TAT-PIAS3 fusion protein. 
Following two washes in native buffer, TAT-PIAS3 was eluted by increasing concentrations of imidazole 
(10-1000 mM). Aliquots of cleared bacterial sonicate (Crude Lysate), each wash and elution fraction was 
analyzed by SDS-PAGE and A. coomassie staining, B. anti-HA or C. anti-PIAS3 western blotting. In 
addition, protein lysates of HEK 293 cells transfected with the pCMV5-PIAS3 plasmid were included to 
provide a molecular weight reference in the lane labeled ‘PIAS3’. The protein corresponding to PIAS3 (64 
kDa) is indicated by a labeled arrow. Arrows labeled ‘X’, ‘Y’ and ‘#’ indicate unidentified protein bands 
detected by the HA and PIAS3 antibodies.   
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Figure 5.10 Desalting purified TAT-PIAS3 protein. 
The imidazole fractions containing TAT-PIAS3 were desalted on a PD-10 column into sterile PBS. Briefly 
columns were equilibrated with sterile PBS (25 ml). Eluted TAT-PIAS3 (3 ml) was then loaded on to the 
column. 3x1 ml fractions of the initial flow-through were collected (F/T). The fusion protein was then 
eluted with 3.5 ml PBS (Elution). The column was then further washed with sterile PBS and equilibrated 
for the next run (Final). 6x1 ml fractions of the final wash were collected. An aliquot of each F/T, Elution 
and Final wash fractions were then analyzed by SDS-PAGE and A. Coomassie staining, B. anti-HA or C.
anti-PIAS3 western blotting. Protein lysates of HEK 293 cells transfected with the pCMV5-PIAS3 plasmid
were included to provide a reference for the size of PIAS3 protein. An arrow denotes the protein band 
corresponding to PIAS3 (64 kDa).
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Figure 5.11 Purification of TAT-PIAS3 under denaturing conditions.
The highest expressing BL21 transformant was grown and resuspended in a denaturing buffer with 8 M 
urea before sonicating as described in Section 2.27.3. Bacterial sonicates (Lane 1) were cleared by 
centrifugation and the supernatant incubated with Ni-NTA agarose to bind 6xHis tag on the TAT-PIAS3 
fusion protein. Ni-NTA agarose was then washed 3x20 ml with Wash Buffer A (pH 6.3, Lanes 2-4) 
followed by 3x5 ml with Wash buffer B (pH 5.9, Lanes 5-7). The fusion protein was then eluted with 3x3 
ml of Elution Buffer (pH 4.5, Lanes 8-10). Elution fractions containing fusion protein were then desalted 
on a PD-10 column into PBS buffer containing 10% (v/v) glycerol. Flow-through (Lane 11), elution (Lane 
12) and final wash (Lane 13) fractions were collected. De-salted elution fractions containing the fusion 
protein were then filter-sterilized using a 0.22 µm filter before use in cell treatments (Lane 14). An aliquot 
of cleared bacterial sonicate, each wash and elution fractions were analyzed by SDS-PAGE and A.
Coomassie staining or B. anti-PIAS3 western blotting. 
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Figure 5.12 Localization of TAT-PIAS3 protein in 293 cells.
HEK 293 cells in serum-free media were treated with TAT-PIAS3 (1 µM) fusion protein, purified under 
denaturing conditions as described in Section 2.27.3, for 15 min. An equivalent volume of PBS with 10% 
(v/v) glycerol was used as a control. Cells were then fixed and prepared for immuno-fluorescent staining. 
Cells were stained with anti-PIAS3 antibody coupled with an Alexa 488-conjugated anti-rabbit secondary 
(green) and Hoechst 33258 which stains the nuclei (blue). TAT-PIAS3 staining and nuclei staining were 
shown separately or as a combined panel (Double-stain). Scale bars represent 20 µm. 
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Figure 5.14 Inhibition of IL-6 stimulated STAT3α transcriptional activity with 
TAT-PIAS3 treatment.
HEK 293 cells were transfected with the m67 luciferase reporter plasmid (1 µg) and  a plasmid encoding 
STAT3α (1 µg) with lipofectamine treatment for 6 h in serum-free DMEM. Cells were then  washed with 
serum media and cultured for a further 48 h in DMEM with 10% FCS. Cells were then pretreated for 15 
min with TAT-PIAS3 (10-1000 nM) purified under denaturing conditions as previously described in 
Section 2.27.3. Luciferase activity was then stimulated by IL-6 (5 ng/ml) or an equivalent volume of 0.1% 
BSA (w/v) in PBS for 6 h. Following IL-6 treatment, cells were lysed, luciferase substrate added and 
activity measured using a luminometer.   
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Figure 5.15 Improving cellular uptake of TAT-PIAS3 protein into 293 cells.
Serum media was removed from HEK 293 cells and cells washed and incubated either in serum-free 
DMEM or PBS supplemented with 10% (v/v) glycerol. TAT-PIAS3 (1 µM) fusion protein purified under 
denaturing conditions, as described in Section 2.27.3., was then used to treated the HEK 293 cells for 15 
min. An equivalent volume of PBS with 10% (v/v) glycerol was used as a control. Cells were then fixed 
and prepared for immuno-fluorescent staining. Cells were stained with anti-PIAS3 antibody coupled with 
an Alexa 488-conjugated anti-rabbit secondary (green) and Hoechst 33258 which stains the nuclei (blue). 
TAT-PIAS3 staining and nuclei staining were shown separately or as a combined panel (Double-stain). 
Scale bars represent 20 µm. 
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Figure 5.16 TAT-PIAS3 transduction into HEK 293 cells in the presence of 10% (v/v) glycerol in PBS.
TAT-PIAS3 fusion protein (1 µM) prepared under denaturing conditions was used to treat HEK 293 cells in PBS with 10% (v/v) glycerol for 15 min. HEK 293 cells were 
then fixed and stained with A. anti-PIAS3 coupled with an Alexa 488-conjugated anti-rabbit secondary and B. Hoechst 33258 which stains the nuclei. A single field was 
selected for Z-series analysis by confocal microscopy. Briefly, the field was sectioned in 8x2 µm increments in the Z-line starting from the top of the cell cluster. Images 
run in order from left to right. Cells were sectioned identically for both the green (anti-PIAS3, ex. 488 nm) and blue (Hoechst 33258, ex. 351 nm) laser line.
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Figure 5.13 Confocal microscopy Z-series of HEK 293 cells treated with TAT-PIAS3. 
HEK 293 cells in serum-free media were treated with 1 µM of TAT-PIAS3 fusion protein, prepared under denaturing conditions, for 15 min before being fixed and stained 
with A. anti-PIAS3 coupled with an Alexa 488-conjugated anti-rabbit secondary and B. Hoechst 33258 which stains the nuclei. A single field was selected for Z-series 
analysis by confocal microscopy. Briefly, the field was sectioned in 12x1.5 µm increments in the Z-line starting from the top of the cell cluster. Images run in order from 
left to right. Cells were sectioned identically for both the green (anti-PIAS3, ex. 488 nm) and blue (Hoechst 33258, ex. 351 nm) laser line.
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Appendix I Agarose gel electrophoresis analysis of pTAT-HA-PIAS3 bacterial 
expression vector construction. 
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(A) Insertion of NcoI and SphI restriction sites in    
PIAS3 cDNA by PCR amplification.

                (B) Restriction enzyme digest of PIAS3 PCR product 

Lane 1 – DNA molecular weight marker (0.25 µg)

Lane 2 – Empty lane

Lane 3 – PIAS3 PCR product (1 ng)  uncut

Lane 4 – PIAS3 (1 ng) + NcoI (5 U)

Lane 5 – PIAS3 (1 ng) + SphI (5 U)

Lane 6 – PIAS3 (1 ng) + NcoI (5 U) + Sph I (5 U)

Lanes 1-6 PIAS3 PCR product (10, 8, 6, 4, 2 and 1 ng)

Lane 7 – DNA molecular weight marker (0.25 µg)

Lane 8 – DNA molecular weight marker (1 µg)

(D) Restriction enzyme digest analysis of XL-1 Blue colonies 
transformed with ligated pTAT-HA-PIAS3 vector

Lane 1 – DNA molecular weight marker (0.25 µg)

Lane 2 – pTAT-HA (1 ng) + NcoI (5 U) + SphI (5 U)  

Lane 3 – PIAS3 (1 ng) + NcoI (5 U) + SphI (5 U)

Lane 4 – Transformant A + NcoI (5 U) + SphI (5 U)

Lane 5 – Transformant B + NcoI (5 U) + SphI (5 U)

Lane 6 – Transformant C + NcoI (5 U) + SphI (5 U)

Lane 7 – Transformant D + NcoI (5 U) + SphI (5 U)

Lane 8 – Transformant E + NcoI (5 U) + SphI (5 U)

(C) Restriction enzyme digest of PIAS3 PCR product 

Lane 1 – DNA molecular weight marker (0.25 µg)

Lane 2 – pTAT-HA plasmid uncut  

Lane 3 – pTAT-HA (1 ng) + NcoI (5 U)

Lane 4 – pTAT-HA (1 ng) + SphI (5 U)

Lane 5 – pTAT-HA (1 ng) + NcoI (5 U) + Sph I (5 U)
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Appendix III DNA sequencing information on positive colony B
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Appendix IV DNA sequencing information on positive colony D 
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Appendix V Tracking disulfide bond formation between TAT-C(NPyS) 
carrier peptide and BP-814 cargo peptide with High Pressure Liquid 
Chromatography (HPLC)
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Appendix VI Cardiac myocyte internalization of TAT-BP814 phosphotyrosine peptide 

Streptavidin-FITC Hoescht 33258 (nuclei)

Control 
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Appendix I Agarose gel electrophoresis analysis of pTAT-HA-PIAS3 bacterial 
expression vector construction. 
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(A) Insertion of NcoI and SphI restriction sites in    
PIAS3 cDNA by PCR amplification.

                (B) Restriction enzyme digest of PIAS3 PCR product 

Lane 1 – DNA molecular weight marker (0.25 µg)
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Lane 3 – PIAS3 PCR product (1 ng)  uncut

Lane 4 – PIAS3 (1 ng) + NcoI (5 U)

Lane 5 – PIAS3 (1 ng) + SphI (5 U)

Lane 6 – PIAS3 (1 ng) + NcoI (5 U) + Sph I (5 U)

Lanes 1-6 PIAS3 PCR product (10, 8, 6, 4, 2 and 1 ng)

Lane 7 – DNA molecular weight marker (0.25 µg)

Lane 8 – DNA molecular weight marker (1 µg)

(D) Restriction enzyme digest analysis of XL-1 Blue colonies 
transformed with ligated pTAT-HA-PIAS3 vector

Lane 1 – DNA molecular weight marker (0.25 µg)

Lane 2 – pTAT-HA (1 ng) + NcoI (5 U) + SphI (5 U)  

Lane 3 – PIAS3 (1 ng) + NcoI (5 U) + SphI (5 U)

Lane 4 – Transformant A + NcoI (5 U) + SphI (5 U)

Lane 5 – Transformant B + NcoI (5 U) + SphI (5 U)

Lane 6 – Transformant C + NcoI (5 U) + SphI (5 U)

Lane 7 – Transformant D + NcoI (5 U) + SphI (5 U)

Lane 8 – Transformant E + NcoI (5 U) + SphI (5 U)

(C) Restriction enzyme digest of PIAS3 PCR product 

Lane 1 – DNA molecular weight marker (0.25 µg)

Lane 2 – pTAT-HA plasmid uncut  

Lane 3 – pTAT-HA (1 ng) + NcoI (5 U)

Lane 4 – pTAT-HA (1 ng) + SphI (5 U)

Lane 5 – pTAT-HA (1 ng) + NcoI (5 U) + Sph I (5 U)
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Appendix V Tracking disulfide bond formation between TAT-C(NPyS) 
carrier peptide and BP-814 cargo peptide with High Pressure Liquid 
Chromatography (HPLC)
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Appendix VI Cardiac myocyte internalization of TAT-BP814 phosphotyrosine peptide 

Streptavidin-FITC Hoescht 33258 (nuclei)

Control 
DDI H2O

TAT 
(10 µM) 

TAT-BP814 
(10 µM) 

223


	01front
	02chapter1
	03chapter2
	04chapter3
	05chapter4
	06chapter5
	07chapter6
	08chapter7pdf
	09appendexes



