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Abstract

All organisms have developed regulated mechanisms to maintain homeostasis. At 

the cellular level, this normal functioning of cells is regulated by expression of 

regulatory genes that are required for normal cell function. Most cells in 

multicellular organisms are capable of altering gene expression in response to 

extracellular signals such as elevated temperature, ischaemia/reperfusion, 

inflammation, infection, cytokines, and amino acid analogues.

In this thesis the effects of cellular stresses in the form of elevated temperature or 

simulated ischaemia have been investigated. Previous studies show that elevated 

temperature or simulated ischaemia can induce expression of heat shock proteins 

(Hsps) in order to prevent misfolding of cellular proteins. Moreover, it has been 

shown that the stress responsive transcription factor heat shock factor-1 (HSF-1) is 

phosphorylated and translocates to the nucleus to bind to heat shock elements 

within hsp gene promoters. In addition, HSF-1 can interact with other 

transcription factors such as the signal transducer and activator of transcription-1 

(STAT-1), which is a latent cytoplasmic transcription factor activated in response 

to regulatory cytokines such as interferon y (IFNy).

Preliminary data shows that elevated temperature can induce expression of Hsp90 

in the STAT-1 deficient cell line (U3A) treated with IFNa (activates STAT-1 and 

STAT-2), but reduces the levels of Hsp90 expression in the U3A cell line treated 

with IFNa and IFNyin combination. These findings suggest that there may be 

competition between STAT-1 homodimers and STAT-l/STAT-2 heterodimers 

and will require further investigation

The STAT-1 transcription factor has previously been demonstrated to play a role in 

stress- induced apoptosis. In this study, STAT-1 is shown to be required for 

stress-induced apoptosis using the STAT-1 deficient U3A cell line. Cells lacking 

STAT-1 show reduced cell death/apoptosis in response to elevated temperature or 

simulated ischaemia. However, expression of STAT-1 in these cells restores
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sensitivity to stress-induced death. The C-terminal domain alone o f STAT-1 is 

also able to enhance stress-induced cell death, and may be acting via a novel co­

activator-type mechanism.

Many protective agents have been identified that are able to reduce cell death due 

to ischaemic injury. Cardiotrophin-1 (CT-1), a member of the IL-6 family of 

cytokines, has been shown to protect rat neonatal cardiomyocytes subjected to 

simulated ischaemia via the p42/p44 MAPkinase and PI-3 Kinase pathways. In 

addition, the unrelated peptide urocortin (Ucn) also protects cardiomyocytes via 

the same pathway as CT-1 in response to simulated ischaemia and both CT-1 and 

Ucn induce Hsp expression. In this study, Ucn has been shown to be able to 

induce enhanced expression of CT-1 at mRNA and protein levels in response to 

simulated ischaemia. Moreover, the effect is mediated by activation of the CT-1 

promoter and requires the transcription factor C/EBPp /NFIL-6. This finding 

indicates that a common pathway exists for these two protective agents with Ucn 

inducing CT-1 synthesis.

Overall, the work performed indicates that multiple interacting pathways modulate 

the cellular stress response with either protective or damaging effects.
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Aims

The aim of this thesis is to provide an insight into various mechanisms in different 

cell types in which protective or damaging effects are induced in response to 

stresses including heat shock, hypoxia, and ischaemia.

Firstly, the STAT-1 transcription factor will be investigated for its role in stress- 

induced apoptosis. This study will demonstrate that the C-terminal activation 

domain is required for stress-induced apoptosis. This would show that STAT-1 

can be targeted in order to protect cells from stress.

In the second study, STAT-1 will be investigated for its role in Hsp induction. 

This study will demonstrate that STAT-1 is able to activate the Hsp90 promoter in 

response to heat shock.

In the third study, the aim is to investigate whether the cardioprotective agent Ucn 

can induce the expression of CT-1 at the promoter and protein levels. Both these 

factors induce hsp expression. This study would demonstrate that Ucn is able to 

induce direct expression of CT-1 in response to hypoxic stress, and that activation 

of the CT-1 promoter is mediated in part by the C/EPBptranscription factor.

One of the purposes of the study is to investigate whether urocortin, a protective 

agent, can enhance the expression of the CT-1 promoter and the possible pathway 

of activation that may be involved since both these different molecules signal via a 

common pathway and protection by Ucn requires protein synthesis whereas CT-1 

does not.
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INTRODUCTION

1.0 Signal Transduction and Control of Gene Expression

The ability of organisms to respond to the extra-cellular environment requires highly 

sophisticated responses at the intracellular level, and is maintained by the control of gene 

expression as well as by signal transduction. Moreover, the control of gene expression, 

when it occurs, where and how, is critically dependent on signal transduction by extra­

cellular molecules and the intensity of the signal, which may tip the cell towards death or 

survival.

In eukaryotes, RNA polymerase II initiates the start of the transcription process to produce 

messenger RNAs (mRNAs). However, before RNA polymerase initiates, other proteins 

are recruited such as general transcription factors, co-activators, chromatin remodellers, 

histone acetylases, kinases, deacetylases and methylases (Malik and Roeder, 2000; Naar et 

al., 2001). These proteins are crucial components of the transcription initiation complex 

and are required in addition to RNA polymerase to produce the primary messenger RNA 

transcript.

Genes are expressed at widely varying levels. There are two modes of expression of a 

gene. Constitutively expressed genes (housekeeping genes) are expressed at all times and 

the corresponding protein is essential for all cells. Alternatively, some genes are expressed 

in specific tissues, or in response to a particular stimulus, and are not required by all cells.
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Regulation of these genes is highly dependent on a large number of proteins, known as 

transcription factors, which have a DNA binding domain to recognize and bind gene 

specific sequences directly, and a transcriptional activation domain. Transcription factors 

also control the transcription of house keeping genes also, but do not require regulation.

Subsequently, co-activator proteins are recruited by these site-specific transcription factors 

to initiate gene-specific transcription. As many as 2000 proteins may be involved in such 

transcriptional responses, and having such a large variety of proteins means that the 

activation of genes is specific and can be activated at the required time. It has been shown 

in various studies that more than six proteins can act in concert to activate specific 

transcription of a gene, and can act on one enhancer to regulate gene specific transcription 

(Grosschedl, 1995).

Transcription of a gene can be repressed by factors either indirectly or directly. Indirect 

repression involves an inhibitor interfering with the action of an activator. Inhibition of an 

activator can occur in several ways: (1) Inhibition of an activator can occur by the inhibitor 

masking the DNA binding site of the activator. The negatively acting factor effectively 

inhibits gene activation, which can be achieved by the negatively acting factor binding to 

the same site as the positively acting factor but failing to activate transcription.

The inhibitor can also act indirectly by reorganizing the nucleosome arrangement of the 

chromatin, therefore the binding site is masked by a nucleosome, which effectively 

represses gene activation; (2) Activator binding can also be inhibited by formation of a
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non-DNA-binding complex with the activating factor; (3) Inhibition of the activator can 

be achieved by quenching the activator. This involves the inhibitor interfering with 

transcriptional activation by a DNA bound factor and neutralizing the effect of the 

activator (4) The action of the repressor can promote the degradation of the activator 

following repressor binding.

An inhibitory effect of a repressor can also inhibit transcription directly by interacting with 

the basal transcription complex to reduce its activity. Some factors that are direct 

repressors have been shown to bind specific DNA binding sites within their target genes 

and reduce the activity of the basal transcriptional complex. Inhibitory factors can also 

bind to the basal complex itself by protein-protein interaction therefore interfering with its 

activity or assembly (Latchman, 1998; 2001).

A large group of positive-acting eukaryotic transcription factors have recently been 

identified and can be either constitutive nuclear factors or regulatory factors depending 

upon their function. A general tree diagram can be seen in figure 1.0
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Fitzure 1.0 Classification of Positive Acting Transcription Factors
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1.0.1 Constitutive Transcription Factors

The constitutively active nuclear factors for example, CCA AT binding protein, Spl, and 

NF1 are DNA binding proteins and are present in the nucleus all the time (Chodosh et al., 

1988; Briggs et al., 1986; Johnson and McKnight, 1989; Rosenfeld and Kelly, 1986) 

These factors are known to facilitate transcription of house keeping genes including actin, 

tubulin, ubiquitous metabolic enzymes and GAPDH (Brivanlou and Darnell, 2002). These 

binding proteins can also participate in enhancing transcription of genes by acting in 

concert with regulatory transcription factors (Johnson and McKnight, 1989; Rosenfeld and 

Kelly, 1986).

1.0.2 Regulatory Transcription Factors

Regulatory transcription factors encompass two classes of transcription factors: 

developmentally active and signal dependent transcription factors respectively. The 

developmental class of transcription factors includes MyoD (required for muscle 

differentiation) (Yun and Wold, 1996). These factors are normally expressed in a cell 

type-specific manner, and require extra-cellular signals to be activated themselves, after 

which they enter the nucleus without being post-translationally modified (Xanthopoulos et 

al., 1989; Johnson and Nusslein- Volhard, 1992).

The regulatory transcription factors play roles in development, or can be activated in a 

signal dependent manner. The signal dependent transcription factors are usually present in 

the cells in inactive or precursor forms until the cells are exposed to the required signal and
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consist of three major groups: (1) Transcription factors activated by cell surface receptor- 

ligand interactions; (2) Transcription factors activated by internal signals (3) Steroid 

receptor superfamily. These groups will be discussed in turn.

1.0.3 Transcription Factors activated bv cell surface-receotor ligand interactions

Cell surface receptor-ligand interactions can lead to two routes to the nucleus. Firstly, 

intracellular serine phosphorylation cascades that end at hundreds of resident nuclear 

protein substrates occurs. Secondly, a more limited number of latent cytoplasmic 

transcription factors are activated after cell surface receptor-ligand interaction and then 

accumulate in the nucleus to drive transcription (Brivanlou and Darnell, 2001).

1.0.3.1 Latent Cytoplasmic Factors

These transcription factors are inactive under normal conditions and are found in the 

cytoplasm. However, when a particular ligand binds to its cell surface receptor, 

dimerisation of the receptor leads to phosphorylation of the cytoplasmic tail of the 

receptor. Phosphorylation of the receptor creates docking sites for the latent factors, where 

they are also phosphorylated. The phosphorylated factors dissociate from the receptor to 

translocate to the nucleus to bind to promoters of ligand specific genes. Many 

transcription factors of this type have been identified and include SMADs, STATs, NFkB, 

NFAT and catenins (Masyuma et al., 1999; Darnell et al., 1994; Karin et al., 1999; 

Crabtree et al., 1999).
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L'hc STATs and SMADs are proteins that are activated at the cell surface receptor and both 

transcription factors require phosphorylation of serine and/or tyrosine residues. The STAT 

family of transcription factors will not be discussed any further in this section, but will be 

discussed in subsequent sections since they are relevant to this thesis.

Those factors that require serine phosphorylation and subsequent serine phosphorylation 

and proteolysis include NFkB /Rel family of transcription factors. This group is highly 

conserved in vertebrates (Baeuerle and Baltimore, 1996; Perkins, 2000). In mammals five 

proteins have been identified and are NFkBl, NFkB2, c-Rel, Rel-a and Rel-b. They are 

activated by various stimuli including oxidative stress, viral and bacterial infections, 

cytokines (Perkins, 2000). Two proteolytic events occur in the final translocation of NFkB 

to the nucleus. NFkB is a heterodimer, which is post-translationally activated. NFkB is 

bound to an inhibitor protein called IkB, which binds to NFkB and also binding to the actin 

cytoskeleton thus keeping NFkB in the cytoplasm. However, phosphorylation of IkB at 

two serine residues causes dissociation and proteosomal degradation of IkB and hence 

release of NFkB. NFkB then translocates to the nucleus (Karin, 1999).

Fluctuations in secondary messenger proteins also cause activation of latent transcription 

factors such as NFAT (nuclear factor of activated T cells) (Crabtree, 1999; Rao et al., 

1997). In resting cells, NFAT is phosphorylated. However, when immunoglobulins bind 

to their receptors, the internal concentration of Ca2+ ions is increased, which leads to 

activation of calcineurin (a phosphatase) and activation of NFAT. De-phosphorylated
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NFAT moves to the nucleus to bind to proteins such as AP-1 which is necessary since 

NFAT binds weakly to DNA (Rao et al., 1997; Okamura et al., 2000).

1.0.3.2 Resident nuclear factors

This group of factors is constitutively expressed and is activated by serine phosphorylation. 

Phosphorylation occurs when peptides such as thyroid stimulating hormone or molecules 

such as epinephrine bind to their cognate G-protein coupled receptors (GPCRs) leading to 

the increase of secondary messengers such as cyclic AMP, calcium ions, and 

phosphoinositides. Increases in secondary messengers triggers serine kinase cascades and 

ultimately phosphorylation of resident nuclear factors such as CREB, Jun-Fos. The target 

proteins in the nucleus are already bound to DNA (Gille et al., 1995; Janknecht, 1995). 

Resident factors are also phosphorylated through receptor tyrosine kinases (RTKs) as a 

result of ligands binding to cell surface receptors containing intrinsic tyrosine kinases 

(Pawson, 1997). Serine phosphorylation of resident factors also allows their binding to co­

activators such as CBP/p300 and is catalysed by multiple MAPKinases (Janknecht, 1993).

1.0.4 Transcription factors activated bv internal signals

Various internal signalling molecules regulate the activation of pre-existing transcription 

factors in response to intracellular signals. For example, DNA damage causes an increase 

in activation of the p53 transcription factor (Levine, 1997).

In yeast, internal fatty acid concentration leads to cleavage of precursor molecules Spt23 

and MGA2, which on release are able to translocate to the nucleus to regulate genes for
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fatly acid synthesis (Foreman et al., 1995). This group is not relevant to this thesis 

therefore it will not be discussed any further.

1.0.5 Steroid receptor superfamilv

Steroid molecules enter cells by diffusing through the lipid bilayer. Once inside the cell, 

steroids can bind to various receptors, which are activated and then participate in activating 

transcription of responsive genes (Manglesdorf et al., 1995). All steroid receptors are in the 

nucleus before being activated by their appropriate hormone except for the glucocorticoid 

receptor (GR), which is in the cytoplasm as a complex with heat shock protein (Hsp) 90, 

and is released when glucocorticoids bind, allowing GR dimers to enter the nucleus (Htun 

et al., 1996; Mackem et al., 2001).
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1.1 l i ie  Signal Transducers and Activators of Transcription

1.1.1 Introduction

Cytokines and interferons are molecules that play roles in the regulation of a variety of 

cellular functions in the lympho-haematopoietic system and stimulate proliferation, 

differentiation, and survival signals as well as specialized functions in host resistance to 

pathogens. Cytokines are known to activate many signaling pathways, of which the JAK- 

STAT pathway is one. This pathway is activated in response to cytokines and interferons. 

It allows the activation of latent cytoplasmic transcription factors known as the Signal 

Transducers and Activators of Transcription (STATs), which can modulate expression of 

specific genes. These transcription factors are also known to display specific functions that 

are vital to mammals. In this section, an overview of the signaling pathways, structure, 

activation and roles of the STATs will be given.

1.1.2 The STAT Proteins

There are seven mammalian STATs that have been identified and are denoted as STAT1, 

STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6 (Darnell, 1997). They are a 

group of transcription factors that are approximately 750 to 800 amino acids in length. 

Splice variant forms also exist, which lack a portion of the C-terminal domain. These 

variants are natural dominant negative forms since they bind DNA but are unable to 

activate gene transcription.
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The genes encoding STATs exist in clusters. STAT1 and STAT4 genes are found on 

mouse chromosome 1 and STAT2 and STAT6 genes are found on mouse chromosome 11 

(Copeland et al., 1995). Such clustering suggests that a primordial ancestral gene 

duplication event occurred. STAT genes are structurally conserved therefore suggesting 

essential roles in multiple cellular functions.

1.1.3 Biological Roles of STATs

Although the first STATs were identified on the basis of their activation by interferons 

(IFNs), much more important roles have been deciphered from mouse knockout models of 

each of the STATs and are shown in table 1.1
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Table 1.1 Features of STAT Proteins Required for Gene Regulation

STAT Knockout
Delect

Phenotype Phosphorylation 
Site (serine (S) 
or tyrosine (Y))

Transcriptional
Activation
Domain

Interaction With Other 
Proteins in 
Transcription

1 Type I and II IFN 
Signalling

No response 
to Viral or 
bacterial 
infection

Y701, S727 Aa 711-750 CBP/p300, SP1, 
TFII-I, Nmi-1, 
MCM5, BRCA1

2 Type I IFN 
Signalling

Early
embryonic
lethal

Y689 Human: 736-851 
Murine: 699-749

CBP, p48, STAT-1

3 Unknown Early
embryonic
lethal

Y705, S727 716-770 TF-II-1, c-Jun, 
Nmi-1, CBP

4 IL-12 Signalling No Th 1 cell 
function

Y694, S722 699-749 Nmi-1

5a Prolactin
Signalling

No breast 
development 
or Lactation

Y694, S726 722-794 GR, Nmi-1

5b Growth Hormone 
Signalling

No breast 
development 
or lactation

Y699, S731 727-787 GR, Nmi-1

6 IL-4 Signalling No Th2 cell 
function

Y641 661-847 C/EBPP, Nmi-1
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1.1.3.1 STAT-1

STAT1 is activated by various cytokines and growth factors. STAT1 knockout mice 

display selective signaling defects in their response to both type I IFNs (IFNot/p) and type 

II IFNs (IFNy) (Meraz et al., 1996; Durbin et ah, 1996). These mice are highly sensitive to 

bacterial and viral infection. In addition, expression of the major histocompatibility 

complex II (MHC class II) protein, complement protein C3, IFN-regulatory factor-1 (IRF- 

1) and guanylate binding protein 1 (GBP-1) was also diminished in these mice. STAT1 

knockout mice respond normally to other cytokines, which shows that STAT1 is necessary 

for mediating IFN-dependent responses but not for other responses.

1.1.3.2 STAT-2

STAT2 is activated in response to IFNa and IFNp and is unique in that it is the only STAT 

protein that has not been found to bind to GAS element DNA as a homodimer. Instead, 

after IFN activation STAT-2 forms a heterodimer with STAT-1, which must associate with 

p48 to form the interferon-a-induced interferon-stimulated gene factor-3(ISGF-3) 

transcription factor complex (Horvath et ah, 1996). Mice that lack STAT-2 are viable and 

develop normally. However, STAT-2 null mice are susceptible to viral infections, and 

cells from these mice are unresponsive to IFNo/p. In addition, the absence of STAT-2 

results in reduced tyrosine phosphorylation and reduced activation of STAT-1 (Park et ah, 

2000).
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1.1.3.3 STAT-3

SIAT3 is activated in response to the IL-6 family of cytokines, which mediate their signal 

via the gpl30  transmembrane receptor subunit. STAT3 activity is detected during early 

embryonic development in the mouse (Duncan et al., 1997; Takeda et al., 1997). Mice 

deficient for STAT3 die early in embryogenesis prior to gastrulation and the phenotype is 

unknown (Takeda et al., 1997). In myeloid M l cells, dominant negative STAT3 

overexpression abolishes any differentiating response to IL-6 or LIF therefore, STAT3 is 

required for IL-6 mediated growth arrest and differentiation of Ml cells (Minami et al., 

1996).

1.1.3.4 STAT-4

STAT-4 plays an important role in immune responses. STAT4 expression is restricted to 

myeloid cells, thymus and testes and it is phosphorylated in response to IL -12 (Jacobson et 

al., 1995). Knockout mice lacking STAT4 are viable, but are impaired in their response to 

IL-12. Moreover, an increase in Th2 cells is also observed (Kaplan et al., 1996).

1.1.3.5 STAT-5a and STAT-5b

STAT5 function was originally identified in mammary gland tissue by gene targeting and 

was called a prolactin-induced transcription factor (MGF) (Wakao et al., 1994). This 

transcription factor was activated by a variety of cytokines including IL-2, IL-3, IL-5, IL-7, 

IL-9, IL-15 and GM-CSF, erythropoietin, and growth hormone.

STAT5 consists of two highly related genes encoding STAT5a and STAT5b proteins. 

These proteins display 96% similarity at the amino acid level (Lui et al., 1998), and differ
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mainly at their C-terminal domains. A single amino acid difference in the DNA binding 

domain results in distinct DNA binding specificities of STAT5a and STAT5b (Boucheron 

et al., 1998).

STAT5a knockout mice displayed normal development and were indistinguishable from 

the wild type mice. However, female mice failed to lactate, and mammary lobuloalveolar 

out growth was inhibited (Lui et al., 1997). These mice are also defective in GM-CSF 

induced proliferation of macrophages (Feldman et al., 1997)

Disruption of the STAT5b gene led to the loss of multiple responses linked to the sexually 

dimorphic pattern of pituitary growth hormone secretion. Body growth rate and male 

specific liver gene expression were decreased to levels observed in wild type female mice, 

whereas female specific liver gene expression was increased to levels observed in wild 

type male mice (Udy et al., 1997). STAT5b knockout mice were also defective in 

augmentation of natural killer (NK) cytotoxic activity mediated by IL-2 or IL-15 and 

proliferation of these cells was also stunted (Imada et al., 1998). In a double knockout of 

both STAT5a and STAT5b, female mice were found to be infertile (Teglund et al., 1998).

1.1.3.6 STAT-6

STAT6 is activated in response to IL-4, and knockout mice have defects in IL-4 mediated 

functions including MHC II expression, induction of CD23, immunoglobulin class 

switching to IgE, B and T cell differentiation, and Th2 development (Takeda et al., 1996;

25



Shimoda et al., 1996; Kaplan et al., 1996). These knockout mice have also shown that 

STAT6 is involved in allergy induced airway inflammation (Kuperman et al., 1998).

1.1.4 STAT Signalling and the JAK-STAT Pathway

Investigations into the transcriptional response to interferons have led to the identification 

of the Janus Kinases (JAKs) as being required for cytokine mediated STAT activation 

(Darnell et al., 1994; Darnell JE Jr., 1997; Ihle, 1996). Thus the common pathway 

activating the STATs is known as the JAK-STAT pathway, and is activated by a variety of 

other cytokines.

The JAK family currently consists of the proteins kinases JAK1, JAK2, JAK3 and TYK2, 

which vary in their size from 120-135 kDa. They are composed of Jak homology domains 

(JH), JH1 to JH7 (Figure 1.1). However, for the majority of these regions, a clear function 

has not been determined. JH1 is the most studied of all the domains. This region confers 

the catalytic activity of the kinase protein. Evidence shows that mutation in a single lysine 

residue renders the kinase inactive (Gushin et al., 1995). Structural studies of JH1 show 

that an activation loop is necessary for kinase activity, and mutations within the activation 

loop at a tyrosine residue have effects on catalytic activity ranging from reduced activity to 

abrogation of activity (Feng et al., 1997). The N-terminal domain of JAK2 has been found 

to be involved in binding to cytokine receptors (Frank et al., 1994).

The JAKs are essential for cytokine signaling as mutations in JAK3 lead to severe 

combined immunodeficiency (SCID) in humans (Machi et al., 1995). Similarly, knockout
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mice for JAK3 display defects in B lymphocyte maturation and T lymphocyte activation 

(Thomis et al., 1995).

Pseudokinase Kinase
Receptor Binding Domain Domain Domain

□  c
JH7 JH6 JH5 JH4 JH3 JH2 JH1

Figure 1.1 Structure of JAKs
JAKs are structurally unique in having tandem kinase and kinase-like 

domains. The C-terminal domain is the catalytic domain.
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Once IFNs (or other cytokines) are bound to cognate receptors, the receptor components 

dimerise, allowing phosphorylation by the JAKs at the cytoplasmic tail of the receptor at 

tyrosine residues. The tyrosine residues become docking sites for latent cytoplasmic 

STAT monomers by means of the Src Homology 2 (SH2) domains. Following recruitment 

to the receptor, STATs become phosphorylated at tyrosine residues in the C-terminus. 

Phosphorylated STATs dissociate from the receptor to form homo or hetero-dimers that 

can translocate to the nucleus to bind STAT responsive elements and subsequently activate 

transcription of STAT responsive genes (Darnell et al., 1994) (Figure 1.2)
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Figure 1.2 Cytokine Induced STA1 Activation and Transcriptional R e g u l a t i o n
Latent cytoplasmic STAT monomers are recruited and phosphorylated at the receptor 
upon cytokine interaction and dimerisation of the receptor. Phosphorylated STATs 
can form homo or heterodimers which translocate to the nucleus where they 
bind STAT binding motifs to activate transcription of STAT responsive genes.
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1.1.5 Structure and Activation of STATs

The SH2 domain of STATs is highly conserved and it is via this domain that STAT 

molecules dock at the receptor (Figure 1.2). The SH2 domains of STAT proteins differ in 

specificity. For example, in IFNa/p signaling, STAT-2 docks on the receptor whereas 

STAT1 docks on STAT2 when STAT2 is phosphorylated (Li et al., 1997). Interestingly, 

STAT6 binds to phosphotyrosine docking sites in the IL-4 receptor a chain. The N- 

terminus of STATs is required for protein-protein interactions, and the C-terminus is 

required for phosphorylation, activation and interaction with other proteins (Figure 1.3 and 

table 1.1).
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Figure 1.3 Structures of STATs, The figure shows domains common to 
the STAT proteins. DD: dimerisation domain; DB: DNA binding domain; 
SH2: Src Homology 2 domain; TAD: trans-activation domain.
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All STATs have conserved tyrosine residues at approximately 700 residues from the N 

terminus which become phosphorylated following receptor activation (Horvath and 

Darnell, 1997). STAT dimers are formed via interaction of the SH2 domain of one 

phosphorylated STAT molecule with the SH2 domain of another phosphorylated STAT 

molecule to give a stabilized dimer.

It is not clearly known how dimers of STAT activated molecules translocate to the nucleus 

and it is also not clear whether dimers translocate independently of helper chaperones or in 

a complex, but it is known that translocation of STAT dimers leads to direct binding of 

STAT dimers to the DNA. DNA binding of STAT1 and STAT2 hetero-dimers requires an 

additional protein p48, which is a DNA binding protein (Horvath and Darnell, 1997). The 

STATl/STAT2/p48 complex recognizes the motif AGTTNCNTTTC. However, the 

recognition of other consensus sequences or gamma-activated sequences (GAS) is 

dependent on the particular STAT dimer combination and the specificity of the DNA 

binding domain of STATs (Schindler et al., 1995). The loss and gain of specificity of 

DNA binding domains has been determined by creating STAT fusion proteins (chimaeric 

constructs) (Horvath et al., 1995).

Activation of STATs occurs at the C-terminus of all the proteins. Studies on STAT-1 for 

example, show that STAT-lp, the splice variant of STA T-la, lacks the terminal 38 amino 

acids and does not activate gene transcription in response to IFNy (Muller et al., 1993). In 

addition, the 38 amino acids at the C-terminus are essential for STAT-1 activation. STAT-
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la ,  3, 4, and 5a are about the same length, and the C-terminus of these proteins is required 

for full gene activation (Moriggl et al., 1996; Caldenhoven et al., 1996; Wang et al., 1996).

The C-terminal amino acids are not highly conserved in these proteins, except for Pro-met- 

ser-pro in the C-terminal domain. STAT-1 and STAT-3 are phosphorylated on a single 

serine residue (serine 727) and is one of the conserved amino acids in the C-terminal 

domain (Wen et al., 1995; Wen et al., 1997). Serine 727 phosphorylation is required for 

maximal gene activation by STAT-1 and STAT-3 in cells stimulated with IFNy. For 

transcriptional activation of STAT-1 and STAT-3, tyrosine phosphorylation is necessary 

and obligatory. However, serine phosphorylation is supplementary.

Tyrosine phosphorylation of STAT-1 is independent of serine phosphorylation and vice 

versa (Zhu et al., 1996), since mutant serine to alanine mutants can be phosphorylated on 

tyrosine, and a tyrosine to phenylalanine mutant can be phosphorylated on serine. 

Tyrosine phosphorylation induced by IFNy occurs within 5 minutes, whereas serine 

phosphorylation takes 10 minutes (Zhu et al., 1996). STAT-1 tyrosine phosphorylation 

occurs at the plasma membrane, whereas serine phosphorylation is likely to occur at the 

cytoplasmic tail of the receptor. Therefore, although tyrosine and serine phosphorylation 

is essential, it seems that they are controlled by distinct pathways (Darnell, 1997).

In addition to tyrosine phosphorylation and serine phosphorylation, physical interactions of 

STATs with other proteins have been identified. STAT1 can associate with the activator 

Sp-1 to bind to the ICAM-1 promoter (Look et al., 1995), and with CBP/p300, which
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interacts with the N-terminal domain of STAT-1 as well as the C-terminal domain via the 

E1A binding region of CBP/p300 (Zhang et al., 1996). The N-terminal domain of STAT1 

is also involved in interactions with N-terminal domains of other STATs to mediate 

dimerisation (Xu et al., 1996) and stabilization of DNA binding (Vinkemeir et al., 1996). 

Interestingly, STAT3P can associate with c-jun in a co-operative manner (Schaefer et al., 

1993).

1.1.6 Inhibition of STATs

Inactivation and subsequent loss of DNA binding occurs by de-phosphorylation of the 

tyrosine residues (Haspel et al., 1996). The N-terminal domain of STAT1 can bind a 

phosphatase (Shuai and Song, 1996) thus reversing tyrosine phosphorylation. However, 

there is not one single mechanism of deactivation. Thus, for example, it has been shown 

that STAT1 is degraded via the ubiquitin-proteasome pathway (Kim and Maniatis, 1996). 

Other mechanisms involve binding of STAT splice variants to DNA. For example, 

STATlp lacks 38 amino acids at the C-terminus, and does not activate gene transcription.

However, cytokine activated STATs are also negatively regulated by inhibitor proteins at 

various stages of the JAK-STAT pathway. These include protein inhibitor of activated 

STAT (PIAS) family (Liu et al., 1998; Shuai, 1999), the cytokine-inducible SH2 

containing protein (CIS) (Yoshimura et al., 1995), the suppressor of cytokine signaling 

(SOC) family, also known as JAB (JAK binding protein), and SSI-1 (STAT induced STAT 

inhibitor-1) (Endo et al., 1997; Starr et al., 1997; Naka et al., 1997). These groups will be 

described in turn.
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1.1.7 The PIAS family of proteins

PIAS was originally isolated as a partial cDNA clone encoding the C terminus of an 

unknown protein which was later termed as PIAS1 as it was able to interact with STA Tip 

(Liu et al., 1998; Shuai, 1999). Additional related proteins were identified subsequently: 

P1AS3, PIASy, PIASxa, PIASxP (Chung et al., 1997; Liu et al., 1998). The structure of 

all PIAS members consists of a conserved LXXLL motif in the N terminal domain, which 

is known as the nuclear receptor box (Heery et al., 1997) and mediates ligand-dependent 

co-activator-nuclear receptor interactions. Also present is a zinc-binding motif in the 

middle of the protein, and serine/threonine residues in the C-terminal region.

The potential functions of the PIAS proteins in signaling were identified by co- 

immunoprecipitations using antibodies to STAT1 and STAT3 (Chung et al., 1997; Liu et 

al., 1998). PIAS3 has been shown to associate with STAT-3 but not STAT-1, and inhibits 

signal transduction by suppressing STAT3 activity by blocking the DNA binding activity 

of STAT3. Furthermore, PIAS3 only associates with STAT3 when cells are stimulated 

with IL-6, CNTF or OM. PIAS3 also inhibits DNA binding of the STAT1/STAT3 

heterodimer (Chung et al., 1997). Deletion of amino acids 1-191 of STAT1 results in loss 

of PIAS1 association with STAT1 (Liao et al., 2000). The N terminal domain of STAT-3 

is also likely to be necessary for STAT3 and PIAS3 interaction.
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1.1,8 J h e  SQCs Family of Cytokine Inhibitors

The SOCS family consists of eight proteins, SOCS-1 to SOCS-7 and CIS (cytokine 

inducible SH2 containing protein), and they all have similar structures (Masuhara et al., 

1997; Minamoto et al., 1997).

The first member of this family was identified as an immediate early gene induced in 

response to cytokines and was named CIS (Yoshimura et al., 1995). This protein was able 

to bind to tyrosine- phosphorylated receptors and competes with STAT5 for binding to the 

receptor (Matsumoto et al., 1999; Yoshimura et al., 1995). CIS expression is induced by 

IL-3 and erythropoietin by activation of STAT-5. In addition, the CIS gene promoter 

contains STAT5 binding sites (Matsumoto et al, 1997). Mice over-expressing CIS display 

defects in growth hormone signaling as well as defects in mammary gland development, 

and similar defects are observed in STAT5 knockout mice (Matsumoto et al., 1999). 

Therefore, it is possible that cytokine induced STAT-5 activation leads to CIS expression, 

which in turn, binds to phosphorylated tyrosine within the receptor to prevent further 

STAT-5 recruitment in a negative feedback loop.

SOCS-1 was identified as an inhibitor of IL-6 induced differentiation of myeloid 

leukaemic Ml cells that was able to bind to JAKs (Endo et al., 1997; Starr et al., 1997; 

Naka et al., 1997) through its SH2 domain. SOCS-1 knockout mice were retarded in their 

growth and were not able to survive more than 3 weeks after birth (Naka et al., 1998). It 

was also shown that these mice had lost maturation function of B-lymphocytes in bone 

marrow, spleen and peripheral blood cells (Naka et al., 1998). Interestingly, embryonic 

fibroblasts lacking SOCS-1 were sensitive to TN F-a induced apoptosis (Morita et al.,
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20(H)). Other studies show that SOCS-1 may be involved in modulating responses to IFNy 

(Alexander et al., 1999).

SOCS (also known as JAB, SSI-1) factors function by binding JAK kinases. SOCS-1 

binds to the phosphorylated tyrosine residue in the activated JAK via its SH2 domain to 

inhibit JAK catalytic activity, thus preventing access of STAT and ATP to the catalytic 

pocket of JAKs. A kinase inhibitory region within the SH2 domain of SOCS-1 is required 

for high affinity binding of SOCS-1 to the kinase domain (Nicholson et al., 1999; 

Yasukawa et al., 1999). Mutation of 12 amino acids within the SH2 domain of SOCS-1 

prevents binding to phospho-tyrosine.

1.1.9 Other Roles of STATs

It is known that STATs are required for normal functioning of cells, primarily in response 

to cytokines to trigger growth or differentiation of cells. STATs are versatile since they 

can take part in early signaling in ligand binding and receptor dimerisation and activation, 

and they also execute the final steps by translocating to the nucleus to bind DNA and 

activate transcription of STAT responsive genes.

Recent studies have shown that STATs are part of a larger multi-step signaling pathway 

that results in programmed cell death. STAT-1 has been shown to be activated by the 

TNFa death ligand (Kumar et al., 1997). Although it is not clear at what stage in the 

apoptotic pathway STAT-1 is activated, Chin and colleagues have implicated STAT-1 in 

transcriptional activation of some caspases (Chin et al., 1997). Apoptosis is initiated by 

activation of a caspase cascade of caspase proteases that cleave cellular proteins (Fraser
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and Evans, 1995). Studies have shown that the serine 727residue is required for apoptotic 

activity after ischaemia/reperfusion (Stephanou et al., 2001) and mutation of serine 727 

reduces apoptotic activity of STAT-1.

It is important to further investigate the involvement of STAT-1 in apoptosis and that 

STAT-1 could be a potential target in minimizing cell death especially when cells are 

subjected to stress such as elevated temperature and ischaemia/reperfusion injury. In the 

following section, a background introduction to apoptosis will be given, and the role of 

STAT-1 in apoptosis will be addressed.
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1.2 Cell Death Pathways

1.2.1 Introduction

Cell death is a physiological process that is required for maintenance of cellular 

homeostasis and development in organisms. Death of a cell can occur when exposed to a 

serious physical or chemical insult (predominantly necrosis) or during development and 

other normal biological processes (predominantly apoptosis or programmed cell death). 

Features of necrosis and apoptosis can be seen in table 1.2.
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Table 1,2 Differential Features and Significance of Necrosis and Apoptosis

Features Necrosis Apoptosis

Morphology Loss o f  m em braine  intregrity M em brane  blebbing, no loss o f  integrity

Swelling  o f  cytoplasm  and 
m itochondria

Shrinking o f  cytoplasm

Total cell lysis Fragm entation  o f  cell into smaller bodies

N o vesicle formation, com plete lysis Form ation  o f  m em brane  bound  vesicles

D isintegration (swelling) o f  organelles M itochondria  becom e leaky due to 
pore formation

D N A  fragmentation

Nuclear envelope shows characteristic clustering 
o f  nuclear pores

Biochemistry Loss o f  regulation o f  ion homeostasis Tightly  regulated process involving 
activation and enzym atic  steps

No energy requirem ent 
(passive process)

Energy (ATP)-dependent

R andom  D N A  digestion N on-random  m ono and oligonucleosom al 
length fragmentation  o f  D N A

Post-lytic D N A  fragmentation 
(late event o f  death)

Prelytic D N A  fragmentation

Release o f  various factors into cytoplasm 
by mitochondria 
Activation o f  caspase cascade 
Alterations in m em brane asym m etry  
(ie, translocation o f  phosphatidyl serine 
from the cytoplasmic region to the 
extracellular side o f  the cell m embrane)
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P hvsio logv Affects  groups o f  contigious cells Affects individual cells

Evoked  by non-physiological 
d isturbances

Induced by physiological stimuli

Phagocytosis  by m acrophages Phagocytosis  by adjacent cells or 
macrophages

Significant inflammatory response N o inflam m atory  response

Necrosis involves uncontrolled bursting of cells caused by for example, stroke, trauma, 

heat, radiation, lack of oxygen, or toxins, leading to damaging immune responses (Valance 

et al., 1997). This mechanism is rapid and leads to leakage of cellular contents, as the 

integrity of the cell membrane is lost.

Cell death by apoptosis occurs in many physiological and pathological processes such as 

development, differentiation, tumorigenesis and infections (Kerr et al., 1972; Martins and 

Eamshaw, 1997; Thompson, 1995). Apoptosis is a slow process and can last up to 24 

hours (Collins et al., 1997). A diagrammatic representation of the apoptotic pathways are 

shown in figure 1.4
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Figure 1.4 Mammalian cell death pathways two major apoptotic pathways ensue in 
response to death signals: mitochondrial dysfunction leading to caspase-9 
activationand activation of death receptors such as Fas.
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1.2,2 Identification of a Regulated Pathway to Apoptosis

The term ‘apoptosis’ first appeared in the literature in 1972 and was defined as a distinct 

mode of cell death responsible for cell loss within living tissues (Kerr et al., 1972). 

Genetic pathways of cell death have been defined in C. elegans and the fruitfly D. 

melanogaster (Ellis et al., 1991; Abrams, 1999). A set of proteins were discovered that 

were evolutionarily conserved, widely represented by homologues in other species and 

were responsible for turning on or off the final commitment to death (Hengartner and 

Horvitz. 1994). Knockout studies have revealed many more proteins involved in apoptosis 

(table 1.3.).

1.3 Major phenotypes in Cell Death Pathway Knockout Mice

Death Pathway 
protein

Knockout Phenotype

Caspases 

Caspase 1

Caspase2

Caspase3

Caspase8

Caspase9 

Caspase 11 

Caspase 12 

Adaptors

Viable.resistant to lipopolysaccharide induced endotoxic shock; resistant to 
ischaemic brain injury.

Viable; excess oocytes  resistant to a variety o f  cytotoxic agents;defects 
in B cell apoptosis  by granzye B and perforin

Perinatal lethality (depending  on mouse strain), neuronal hyperplasia ,  
structural d isorganiza tion  and partial resistance o f  mature T  lym phocytes to 
activation-induced cell death

Em bryonic  lethality (E l  I-E12.5); impaired cardiac muscle developm ent; 
em bryonic  fibroblasts resistant to death receptor induced apoptosis

Perinatal lethality, neuronal hyperplasia

Viable; resistant to LPS  induced endotoxic shock; resistant to ischaemic brain 
injury

Viable; partially resistant to E R  stress inducers
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A pa I I E m bryonic  lethality ( E l 6.5); severe craniofacial abnormalities;  infertility in 
surviving males

Fadd Em bryonic  lethality (E9-E12.5); impaired card iom yogenesis  and 
abdom inal hemorrhage; impaired proliferation o f  thym ocytes

Bel 2 Death within few months o f  birth; renal failure; neuronal death in postnatal 
period

Be IX E m bryonic  lethality; extensive neuronal death; death o f  hem atopoietic  cells o f  
the liver

Mel 1 Peri-implantation em bryonic lethality

A l
BclW

Viable; accelerated neutrophil apoptosis
Viable; male infertility; no production o f  mature sperm

Pro-apoptotic

Bax Viable; male infertility; increased oocyte lifespan in females

Bak
Bax/Bak

Viable; fertile
A ccum ula tion  o f  neurons in the central nervous system ; adults resistant 
to anti-Eas-induced hepatocellular apoptosis; 90%  perinatal lethality

BH3 dom ain  onlv

Bid Viable; resistance to anti-Eas induced hepatocellular apoptosis

M itochondrial penes

Cytochrom e c Em bryonic  lethality (E8.5)

A if D efective em bryoid  body cavitation; Escells resistant to growth factor 
w ithdrawal
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1.2.3 The Cell Death Pathway and its Components

The identified proteins were called the cell death abnormal (ced) (Yuan et al., 1993). The 

proteins resulting from ced 3 and ced 4 genes were identified as the initiators of apoptosis. 

Ced 9 was found to prevent cell death. In addition, seven more genes were identified, and 

were involved in the recognition and phagocytosis of the cell.

Ced 3 protein is a protease that also resembles at least twelve mammalian proteases 

(Alnemri et al., 1996) called caspases (so called because of the obligatory cysteine in their 

active site and their tendency to cut adjacent to aspartate residues). The ced genes were 

found to be highly homologous to the human genes for interleukin-1 converting enzyme 

(ICE) (also known as caspase 1), which is a protease that cuts IL-1 from its precursor 

protein (Yuan et al., 1993).

Caspases can be divided into two functional subfamilies: initiator caspases, which are

involved in upstream regulatory events, and effector caspases, which are directly 

responsible for cell disassembly events.

Initiator pro-caspases 8 and 9 are capable of trans or auto activation after they are 

aggregated with the adaptor molecules Fadd and Apaf-1 (Li et al., 1997). The downstream 

effector caspases 3, 6 and 7 are substrates of the initiators, which result in a protease 

cascade that ensures widespread cleavage of multiple substrates, and ultimately death.

Caspase 3 carries out the final irreversible commitment to death in many situations. 

Cytoskeletal proteins such as actin and nuclear laminins, regulatory and chaperone-like
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proteins, are functionally altered by cleavage (Thomberry, 1997). One such example is 

cleavage of apoptotic nuclease which is thereby activated and is responsible for chromatin 

cleavage to oligonucleosome fragments (Ehari et al., 1998). Caspases are present in most 

cells in an inactive pro-enzyme form, which, when active, are able to cleave target 

substrates.

Ced4 was found predominantly in the mitochondria, and the mammalian equivalent was 

named Apaf-1 (Zou et al., 1997). Under conditions of cellular shutdown, Ced 4 was found 

to initiate apoptotic signals by changes in cellular energy metabolism. Thus, Ced 4 may 

play the linking role between mitochondrial injury associated agents such as calcium and 

reactive oxygen species in the initiation of apoptosis.

1.2.4 Death Ligands

Many death and survival signals stimulate extrinsic or intrinsic pathways composed of 

several adaptors, regulators, caspases and members of the Bcl-2 family. Extrinsic signals 

involve Fas and TN Fa, which induce apoptosis by means of their receptors. The 

intracellular domains of the death receptors TNF receptor 1 (TNFR1) and Fas/Apo-l/CD95 

receptors are known as the death domains (DD). Oligomerisation of Fas causes binding of 

a Fas associated death domain protein (FADD). Oligomerisation of TNFR1 requires a 

TNFR1 associated death domain (TRADD) to recruit FADD. Upon association to both 

receptors, FADD interacts with the death effector domain (DED) of the initiator 

procaspase-8 thereby causing proteolytic autoactivation to generate caspase-8 (Martin et 

al., 1998).
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In addition to activating the downstream effector caspase-3, caspase-8 also cleaves Bid 

(Budihardjo et al., 1999) to an active form, which translocates to the mitochondria to 

initiate cytochrome c release into the cytoplasm by Bcl2 family- mediated membrane 

permeabilisation (Li et ah, 1998) (see section 1.2.3.1). Cytochrome c is a component of the 

mitochondrial electron transport chain necessary for mitochondrial respiration and is a 

well- characterized component of the mitochondrial driven death pathway (Li et ah, 1997). 

In addition to cytochrome c release, Smac/Diablo (pro-apoptotic) and apoptosis inducing 

factor (AIF) are also released. The release of cytochrome c into the cytoplasm results in 

oligomerisation of the Apaf-1 adaptor protein by binding to procaspase 9. The binding of 

Apaf-1 to procaspase 9 leads to activation of caspase 9 without cleavage (Zou et ah, 1997). 

Caspase 9/cytochrome C/Apaf-1 complex promotes activation of the effector caspase 3 and 

mediate the final death signal (Li et ah, 1997).

1.2.4.1 Death regulation bv the Bcl-2 Family of Proteins

The Bcl-2 family of proteins is also involved in the regulation of mitochondrial outer

membrane permeabilisation (MOMP) (Martinou and Green, 2001). The Bcl-2 family

consists of anti-apoptotic, and pro-apoptotic proteins. The anti-apoptotic members include 

Bcl-2, BclXL, Mcl-1, Bcl-W and A l. Pro-apoptotic members include Bax, Bak and Bok. 

All members are BH (Bcl-2 Homology) 1, 2, 3 proteins. BH3 only proteins include Bid, 

Bim, Bik, Bmf, Bad, Hrk, BNIP3, Noxa, and Puma (Martinou and Green, 2001).
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Bel 2, BclXL, Bax, and Bid share 3D structures that resemble pore-forming chains of some 

bacterial toxins (Martinou and Green, 2001). Bcl-2 and B c I X l block mitochondrial outer 

membrane permeabilisation, while Bax and Bak promote it (Lindsten et al., 2000).

Pro-apoptotic Bax can oligomerise and migrate to the mitochondria (Eskes et al., 2000). 

Oligomerised Bax can then generate a pore, or can alter the integrity of the outer 

mitochondrial membrane. Bcl-2 can block Bax activity (Cheng et al., 2001).

1.2.5 STATs as Activators of Apoptosis

Increasing evidence suggests that STATs are not restricted to roles in modulating gene 

expression induced by cytokine stimulation, and that STATs can display specific roles in 

modulating gene expression in response to specific cellular processes such as apoptotic cell 

death.

Recent studies have shown that STAT-1 and STAT-3 have distinctively opposing effects 

on apoptotic cell death (Battle and Frank, 2002). For example, cell lacking STAT-1 are 

more resistant to apoptotic cell death induced by TN Fa (Kumar et al., 1998) whereas 

STAT-3 has been shown to have oncogenic properties and its activity is enhanced in 

several tumours ( Garcia and Jove, 1998). Anti-apoptotic effect for STAT-3 has also been 

demonstrated in breast cancer (Bromberg et al., 1999). In our laboratory, it has been 

shown that overexpression of STAT-1 in cardiac myocytes leads to enhanced apoptosis 

upon ischaemia reperfusion. In contrast, over-expression of STAT-3 leads to a reduction 

in apoptotic cell death induced by STAT-1 (Stephanou et al., 2000). In addition, ischaemia
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reperfusion or IFNy leads to induction of caspase-1, Fas, and FasL in a STAT-1 dependent 

manner. This effect is abolished with the presence of anti-sense STAT-1 (Stephanou et al., 

2000; Stephanou et al., 2001, Stephanou et al., 2002). STAT-1 is also able to inhibit the 

anti-apoptotic genes BclXcand Bcl-2 whereas STAT-3 enhances expression of BcIXl and 

Bcl-2 genes (Stephanou et al., 2000a).

STAT-1 pro-apoptotic activity is dependent upon phosphorylation of its serine 727 residue 

within the C-terminal domain, and this has been shown to be critical for its ability to 

interact with other regulatory proteins including MCM5 and BRCA1 (Da Fonesca et al., 

2001; Ouchi et al., 2000).

In these circumstances, STAT-1 can potentially be a therapeutic target in terms of reducing 

cell death after lethal stresses. However, it is vital that the biological activity of STAT-1 

in stress-induced apoptosis is understood, and at what stage of the apoptotic pathway 

STAT-1 is required. In a previous study by King and Goodboum, STAT-1 is shown to be 

cleaved at position 694 by caspase-3, therefore it is possible that STAT-1 may be involved 

in amplifying the apoptotic loop following caspase activation (King and Goodbourn, 

1998). It is equally important to understand how STAT-1 may interact with other proteins 

to exert its effects, and which genes are activated or repressed. For example, the heat 

shock proteins are commonly known for their cell protective roles in response to various 

stresses such as heat shock and ischaemia/reperfusion. Hsp70 and Hsp90 can bind to 

Apaf-1 thus inhibiting apoptosome formation (Saleh et al., 2000; Beere et al., 2000; 

Pandey et al., 2000). Hsp70 can also inhibit caspase-3 activity further downstream of the

49



apoptotic pathway (Jaattela et al., 1998). In our laboratory, it has been shown that STAT-1 

can interact with heat shock factor 1 (HSF-1) (Stephanou et al., 1999). Therefore, it is 

important to determine whether this interaction between STAT-1 and HSF-1 is also 

required for Hsp inhibition in stress-induced apoptosis. The Hsps will be discussed in the 

next section.
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1.3 The Stress Response

1.3.1 Introduction

Cells are equipped to ensure correct folding of proteins. Under stressed conditions, 

proteins can become denatured, and as a result, can misfold, leading to proteins that fail to 

function and/or give rise to diseases. Molecular chaperones assist in the correct folding of 

other proteins so that they can fulfill their proper functions under normal conditions 

(Gething and Sambrook, 1992; Hightower et al., 1991; Lidquist and Craig, 1988; Welch,

1992). This function is essential for normal cells, but when cells are subjected to elevated 

temperature protein misfolding is enhanced and prevention of aggregation of other proteins 

with each other is of even more importance.

The stress response was first discovered by Ritossa (1962), who reported the formation of 

a new puffing pattern, in the salivary gland polytene chromosomes of the fruit fly 

Drosophila huskii on exposure to elevated temperature. It was subsequently found that the 

pattern of gene transcription had been reprogrammed (Ashbourner, 1970). The pattern 

observed was related to the rapid synthesis of a novel group of proteins known as the heat 

shock proteins (Hsps) (Tissiers et al., 1974), which were named simply because of their 

inducibility by elevated temperature. However, other stresses such as cytokines, microbial 

and viral infections, ischaemia, hypoxia, and amino acid analogues also enhanced the 

synthesis of the Hsps. The Hsps were found to be a phenomenon common to all 

prokaryotes and eukaryotes (Lindquist, 1986) and since the Hsps were found to constitute 

2% of total cellular proteins in the unstressed cell, this implied that these proteins play 

important roles in the general maintenance of the cell under normal conditions as well as
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stress conditions. For example, the 70 kilodalton stress protein has two forms, a 

constitutive and an inducible form. The constitutive form is present in the unstressed cell 

whereas inducible Hsp70 is expressed at high levels when the cell is stressed to refold 

misfolded proteins, and in addition, proteins that are damaged permanently as a result of 

stress and cannot be refolded are recognized and subsequently degraded.

The hsp family of proteins is a large family consisting of Hsp 110, 100, 90, 70, 65, 56, 47, 

and the small Hsps. All Hsps are classified according to their molecular weights and 

members of this family can be seen in table 1.4.

52



Table 1.4 The Heat Shock Proteins in Eukaryotes and their Prokaryotic homologues

H S P Members Other Homologues Roles

H sp 110
- G lucose regulated , p redom inant in 

nucleoli

H sp 100 H sp 104, 
H s p 100

C lpA , C lpB G lucose regulated , p redom inant in 
G olgi

I Isp90 H sp90,

G rp94

TRA P1 (eukaryotic), C 62 .5(E . coli) 
H sp83(yeast, D rosophila) 
m itochondrial

K eeps steroid recep to rs inactive, 
a  and P form s from  distinct genes

H sp70 G rp78 (B iP ), 
H sp70

Hsc7()

D naK Involved in cell surv ival, protein 
F old ing  and unfolding, 
involved in therm oto lerance 
Involved in b ind ing  to nascent 
po lypeptide chains, keeping 
them  from  form ing m isfolded proteins

H sp60 H sp60 G roH L Involved in m itochondrial protein 
fo ld ing

H sp56 H sp56
(F K B P 59)

C an associa te  w ith Hsp7() and 
Hsp9() in steroid recep to r com plexes 
and is a target o f im m unosuppressive 
drugs

Hsp47 H sp47 Involved in co llagen  protein 
fo ld ing, hom ology  to protease 
inhibitors

Hsp27 H sp27,
H sp26, H sp25

H sp26(yeast)
H sp25(m ouse)

C an bind to actin  filam ents, 
involved in pro tein  fold ing, 
therm oto lerance and cell survival

U biquitin U biquitin H sp22 ,H sp23 ,H sp26 , 
H sp28 (D rosophila)

Involved in pro tein  degradation  
and can  associate w ith H 2A  
histone in nucleus

In this section, the roles of the Hsps will be discussed in detail individually, especially 

those Hsps that are directly relevant to this thesis.

1.3.2 H sp90

Hsp90 protein is constitutively expressed in unstressed cells and is one of the most 

abundant proteins in eukaryotic cells, constituting 1-2% of total cellular protein. Hsp90 is
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highly conserved since homologues are found in bacteria yeast and humans. Two 

cytoplasmic isoforms of the human Hsp90 protein have been identified: Hsp90a and 

Hsp90p (Gupta et al., 1995). These are encoded by separate genes and have resulted from a 

gene duplication event (Hickey et al., 1989). Hsp90a shares 76% amino acid homology 

with Hsp90p (Gupta et al., 1995). Hsp90a is more inducible than Hps90p (which is 

constitutively expressed).

For both isoforms dimerisation and phosphorylation are essential for chaperone activity 

(Minami et al., 1994). Hsp90p and Hsp90a are situated in the cytoplasm, and a large 

majority of these proteins is localized in the nuclear envelope region (Perdew et al., (1993). 

Hsp90 exists predominantly as phosphorylated homodimers and forms oligomers, with 2-3 

covalently bound phosphate molecules per monomer (Ianotti et al., 1988). In cases when 

cells are stressed due to elevated temperature, Hsp90 chaperone activity (Yonehara et al.,

1996) and hydrophobicity increases, thus enhancing binding to other unfolded proteins. 

Hsp90 protects the cell by associating with actin filaments (Kellemayer and Csemely, 

1995) as a result of lower levels of ATP in the cell (Kabakov and Gabai, 1997).

Hsp90 also contains a hinge-domain between the C and N termini, which is highly charged 

and another highly charged domain is located within the C-terminal domain, thus giving 

Hsp90 its binding activity to other proteins. The N-terminal domain of Hsp90 contains a 

binding site for ATP/ADP (Prodromou et al., 1997) and the antitumourigenic drug
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geldanamycin (Stebbins et al., 1997). This domain is also involved in target protein 

binding (Young et al., 1997).

The highly charged central domain is thought to have possible regulatory functions since 

putative phosphorylation sites are present in this domain, and can be phosphorylated by 

protein kinases (Dougherty et al., 1987). The C-terminal domain is the site at which 

dimerisation occurs (Minami, 1994) and is also the site for calmodulin binding (Mimami, 

1993). This domain is also involved in binding with actin filaments as the binding of the 

antiHsp90 antibody AC88 (which recognises an epitope in the C-terminal domain) to 

Hsp90 interferes with actin filament binding (Schlatter et al., 1992).

Functions of the Hsp90 family involve the prevention of aggregation of unstable proteins, 

as well as partially re-natured and heat denatured proteins since purified Hsp90 can prevent 

aggregation of unstable proteins. Hsp90 can bind protein kinases to enable proper function 

and correct cellular localization (table 1.5). The binding of Hsp90 with actin filaments 

suggests that Hsp90 plays a vital role in cell protection due to heat stress (Williams and 

Nelson, 1997).
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Table L5. Complex formation of Hsp90 with various protein kinases

Protein Kinases Examples Reference
Tyrosine Kinases VSrc, cSrc 

Insulin receptor

Brugge et al., 1981; 
Oppermann, 1981; 
Blakenship and Matsumura, 
1997

Serine/Threonine Kinases V-Raf, c-Raf, b-Raf Stancato et al., 1993; 
Wartmann and Davis, 1994; 
Jaiswal et al., 1996

MEK Stancato et al., 1997

EIF-2-a kinase Rose et al., 1987

Protein Kinase CK-II Dougherty et al., 1987

Roles of Hsp90 in modulation of transcription factors such as MyoDl and hypoxia induced 

factor l a  in the nucleus by conformational changes have been suggested as a low affinity 

complex formation of Hsp90 with these transcription factors enhances DNA binding 

(Shaknovich et al., 1992; Shue and Kohtz, 1994). In addition, an important role of Hsp90 

has been observed in regulation of the heat activated heat shock factor 1 (HSF1) 

transcription factor (See Section 1.3.6). The highly charged connecting loop of Hsp90 

resembles DNA and can be bound by many factors (Nadeau et al., 1993).
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Finally, one of the most studied roles of Hsp90 is the interaction with steroid hormone 

receptors and in vivo Hsp90 is essential for steroid action (Picard et al., 1990). Interaction 

with steroid receptors requires formation of a complex with other co-chaperones such as 

hsc70, Hop, p23. This complex keeps the receptor in a partially unfolded state and allows 

high affinity binding of the steroid. Steroid binding destabilizes the steroid receptor/Hsp90 

complex, leading to dissociation of Hsp90 followed by nuclear translocation of the 

receptor and gene activation.

1.3.3 Hsp70

The Hsp70 family of chaperones is one of the most studied protein families. This family 

of proteins is most abundant and highly conserved in eukaryotic cells compared to other 

Hsps (Tavaria et al., 1996). The Hsp70 family includes Hsc70 (constitutive form) (present 

in the cytoplasm and nucleus in the unstressed cell), Hsp70 (inducible form; produced in 

response to stress), Grp78 (present only in the endoplasmic reticulum), and mitochondrial 

Hsp70. The different isoforms are encoded by multiple gene copies in eukaryotes (Becker 

and Craig, 1994). In prokaryotes (E . coli) there is one copy of the dnaK gene (Hsp70 

homologue), whereas in yeast several hsp70 genes are present (Becker and Craig, 1994).

Hsp70 assists in folding of newly synthesized proteins and facilitates degradation of 

unstable proteins. Other roles involve guiding translocating proteins across organellar 

membranes, disassembly of oligomeric protein structures, controlling biological activity of 

folded regulatory proteins (such as transcription factors), and enabling proteolytic 

degradation of unstable proteins (Flynn et al., 1989; Riidger et al., 1997).
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Hsp70 proteins consist of a highly conserved N- terminal domain, which confers ATPase 

activity (44 kDa) and a C-terminal domain (25kDa), which is also highly conserved. The 

function of this domain is not known. Both termini are separated by a linker domain and 

substrate- binding domain. ATP binding to the N- terminal domain drives changes in the 

C-terminal substrate -binding domain. Thus, weak ATP binding affinity with Hsp70 is 

formed, which allows high affinity for the substrate as a binding pocket of Hsp70 opens 

(Palleros et al., 1993; Pierpaoli et al., 1997). Hsp70 in its ADP-bound state has high 

affinity binding and low substrate affinity, thus closing the binding pocket of Hsp70 

(Theyson et al., 1996). This two- step process for association/dissociation is extremely 

important for Hsp70 activity. Mutations in the substrate binding domain of Hsp70 result in 

failure to bind to its substrate (Ha et al., 1997).

1.3.4 Hsp47

Hsp47 is a collagen binding glycoprotein and displays characteristics of serine protease 

inhibitors. This protein is located in the endoplasmic reticulum (ER) and assists in protein 

folding and assembly. An ER retention signal is found in the C-terminal domain of the 

protein (Nakai et al., 1992).

Hsp47 plays a major role in the maturation of pro-collagen into collagen types I to IV 

(Nagata et al., 1996). Moreover, hsp47-/- mice clearly lack the ability to process pro­

collagen into mature collagen, and embryos only survive until day 11.7 (Nagai et al.,

2000). No other roles of Hsp47 have yet been identified.
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1.3.5 Hsp27

Hsp27 or the small Hsps (sHsps) consist of proteins upto 40kDa, which are less conserved 

compared to Hsp70 or Hsp90. The number of sHsps varies in different organisms. For 

example, in Drosophila, four small Hsps have been identified and in mammals three sHsps 

have been identified (aB-Crystallin, Hsp20 and Hsp27). In yeast, three sHsps have been 

identified (Hspl2, 26 and 42) (Wotton et al., 1996). Common to all sHsps is the highly 

conserved a-Crystallin core (100 amino acids in length) located at the C-terminal domain 

of the protein (Boelens et al., 1998). The N- terminal domain is variable in sequence and 

length. Under non- stressful conditions, the sHsps are located in the cytoplasm (Lavoie et 

al., 1993a) and also in the perinuclear zone (Preville et al., 1996). sHsps are also found in 

mitochondria as observed in Drosophila (Plesofsky Vig and Bramble, 1990). Under stress 

conditions, aggregates of sHsps translocate to the nucleus (Arrigo et al., 1988).

All sHsps have the ability to form oligomers or aggregates, with molecular weights of upto 

800kDa depending on the cell type and conditions (Seizen et al., 1978a). sHSps 

aggregates are also found in prion disease (Radford et al., 1999), and neurodegenerative 

diseases including Parkinson’s disease (Renkawek et al., 1999), Huntington’s disease 

(Reddy et al., 1999), Creutzfeld-Jakob disease and Alzheimer’s disease Like other Hsps, 

expression of the sHsps increases in response to elevated temperature (Landry et al., 1989). 

In vitro, sHsps display chaperone activity (Jakob et al., 1993) as they can induce re- 

naturation of denatured proteins in an ATP-independent manner. Non-native proteins 

interact with the large sHsp oligomers, which accumulate during heat shock, and may
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create a reservoir of folding intermediates that could prevent further aggregation of non­

native proteins (Ehrnsperger et al., 1997).

Both phosphorylation and oligomerisation are induced by stress, TN Fa, 11-6, IL-3, IL-1, 

and retinoic acid (Kim et al., 1984; Welch, 1985; Kaur and Satlatvala, 1988; Mehlen et al., 

1995b). The N- terminal domain contains MAPKAPK2 phosphorylation sites that are 

highly conserved (Stokoe et al., 1992). Human Hsp27 is phosphorylated at serine residues 

15, 78, and 82 (Landry et al., 1992), whereas murine Hsp25 is phosphorylated at serine 

residues 15 and 86 (Gaestel et al., 1991). Oligomerisation has been studied in 

unphosphorylatable mutants of human Hsp27 in which serine 15, 78 and 82 were replaced 

with alanine, glycine or aspartic acid. Different patterns of Hsp27 oligomers were 

observed with large aggregates being generated with alanine substitution, and small 

aggregates formed with glycine and aspartic acid substitutions (Mehlen et al., 1997a).

1.3.6 Mechanism of Hsp gene regulation

The mechanism of Hsp gene regulation in response to stress such as heat shock has been 

well documented. The response is regulated by transcription factors known as Heat shock 

factors (HSFs). The mammalian family of HSFs consists of four members: HSF-1, HSF-2, 

HSF-3 and HSF-4. HSF-1 and HSF-3 acquire DNA binding activity in response to heat 

shock, ischaemia/reperfusion, hypoxia, and exposure of cells to heavy metal and amino 

acid analogues (Bailer et al., 1993; Sarge et al., 1993). Moreover, cells in which HSF-1 is 

disrupted are not tolerant to mild stress and are not protected against heat-induced 

apoptosis (McMillan et al., 1998).
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HSF-2 is constitutively expressed in mouse embryonic stem cells (Murphy et al., 1994). 

HSF-3 has been cloned only from chicken cells (Nakai and Morimoto, 1993) and is 

activated by various stresses that activate HSF-1. However, the thresholds of HSF-1 and 

HSF-3 are dissimilar (Tanabe et al., 1997) as HSF-3 activation is slow, whereas HSF-1 

activation is rapid. HSF-3, however, is activated in conditions of severe stress.

HSF-4 is expressed in the heart, brain, pancreas and skeletal muscles. It lacks a carboxy 

terminal domain and is thought to be a negative regulator of the heat shock response, since 

it also lacks transactivation properties (Nakai et al., 1997).

The structure of HSFs is conserved. All HSFs have a DNA binding domain (DBD), which 

resembles the prokaryotic helix-tum-helix motif and is thought to be involved in 

intramolecular interactions (for sequestering monomers that are inactive) and 

intermolecular interactions (to form homotrimers that are capable of binding DNA) with 

high affinity. Further downstream is an oligomerisation domain, which forms a three- 

stranded a  helical coiled coil and controls protein-protein interactions (Sorger and Nelson,

1989). The C-terminal domain is required for transcriptional activation. Also within this 

domain is an internal repressive domain, which regulates the protein’s activity (Wu et al., 

1995). Phosphorylation of HSF-1 occurs in the cytoplasm when HSF-1 monomers form a 

homo-trimer that is active, which then translocates to the nucleus to bind heat shock 

elements (HSEs) within the promoter of Hsp genes (Figure 1.5).
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Il was first suggested from experiments in yeast that the products of HSF target genes 

within the Hsp90 chaperone complex were directly involved in the negative regulation of 

HSF, and deletion of Hsp70 showed that there was an increase in abundance of other Hsps 

under HSF control in non-stressful conditions. Such studies have shown that Hsp70 is not 

sufficient alone to negatively regulate HSF (Abravaya et al., 1992).

Hsp90 is also another component, which interacts with HSF1 and negatively regulates its 

activity. Depletion of Hsp90 from the complex results in activation of the monomer to the 

trimeric state (Ali et al., 1998) whereas depletion of other chaperone proteins including 

Hsp70 does not activate trimerization and this suggests that the most important contacts of 

HSF1 in the complex are with Hsp90 itself (Zou et al., 1998). Furthermore, under non- 

stressful conditions, the association of HSP90 and HSF1 keeps HSF1 in an inactive form, 

however, under stressed conditions trimerisation of HSF1 occurs as a result of loss of 

Hsp90 from the chaperone complex.

Other growth signals also promote activity of HSF1 through phosphorylation sites in the 

C-terminal trans-activation domain in response to MAPK (Chu et al., 1996). Serine to 

alanine mutations in the C-terminal domain results in lack of activation under normal 

conditions (Kline and Morimoto, 1997). HSF activity is also influenced by protein 

kinases at the trans-activation or DNA binding stages (see review by Morano and Thiele 

(1999)).
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Figure 1.5 Mechanism of HSF-1 Activation
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HSF-1 has been shown to be required for roles in functions other than stress. Over­

expression of cDNA of HSF-1 can block cell growth (Espinet et al., 1995) in yeast. In 

mammalian cells under non-stressful conditions, HSF can interact with c-Myb to stimulate 

the expression of hsp70 expression in cell proliferation and the cell cycle (Kanei-Ishii et 

al., 1997). C-Myb can form a complex with HSF-3 through DNA binding domains, 

stimulating HSF-3 nuclear entry in unstressed conditions (Kanei-lshii et al., 1997).

Other proteins have also been shown to regulate HSF. Stephanou et al (1998) have 

previously shown that STAT-3 can activate the Hsp90p promoter. It has been shown that 

NFIL-6 and STAT-3 interact differentially with HSF-1. Interaction of HSF-1 and NFIL-6 

in the presence of heat shock has a synergistic effect on the activity of Hsp90p promoter 

whereas HSF-1 interacting with STAT-3 and heat shock has an antagonistic effect on the 

Hsp90P promoter (Stephanou et al., 1998).

IFNyis able to activate expression of Hsps 70 and 90 by activating HSF-1. Over­

expression of STAT-1 has been shown to enhance the activity of Hsp70 and Hsp90p 

promoters in the human hepatoma HepG2 cells. In STAT-1 deficient cells (U3A) IFNy is 

unable to activate Hsp70 and 90P promoters. However, when STAT-1 is re-introduced 

into this cell line, activation of Hsp70 and 90p is re-established in response to IFNy. 

Interaction studies show that STAT-1 and HSF-1 co-operate in activating Hsp70 and 

Hsp90P promoters (Stephanou et al., 1999). Protein-protein interaction studies also show 

that HSF-1 interacts with STAT-1 but not with STAT-3.
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1.3.7 Thermotolerance and Cell Protection

One of the most important roles of the Hsps is observed in stressful conditions such as heat 

shock, when proteins misaggregate due to intolerance to high temperature. One such 

phenomenon in which cells confer greater tolerance to heat stress is known as 

thermotolerance and has been studied extensively.

A state of tolerance is achieved when cells are subjected to a mild heat stress, thereby 

inducing the synthesis of the Hsps and protecting against a more severe stress. 

Thermotolerance is also known as preconditioning (Gemer and Schneider, 1975) and has 

been observed in various conditions ranging from developmental stages of organisms to 

cultured cells, whole mice, and Drosophila adults, but is not observed in all organisms such 

as aged animals. Heat treatments, which induce Hsps can be replaced by other 

conditioning treatments including ethanol, hypoxia and ischaemia. Such conditioning is 

usually transient, lasting 24 hours in cultured cells. Examination of tissues and organs 

subjected to various metabolic insults such as ischaemia has revealed that Hsp synthesis is 

increased for example in rat heart (Delcayre et al., 1988). Moreover, rats that were 

subjected to whole body hypothermia were found to suffer less myocardial damage in 

response to a subsequent ischaemia/reperfusion treatment (Donnelly et al., 1992).

High levels of Hsps can also protect cells from apoptosis as has been observed with Hsp70. 

In transient transfections, Hsp70 has been shown to block caspase activation and suppress 

mitochondrial damage as well as nuclear fragmentation (Mosser et al., 1997; Buzzard et 

al., 1998). Hsp70 has also been shown to inhibit apoptosis at particular points in the 

apoptotic pathway by preventing the recruitment of pro-caspase 3 and 9, and also JNK
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activation (Beere et al., 2000; Merrin et al., 1999). Similarly, Hsp27 can also block 

apoptosis induced by heat shock, fas ligand, and anticancer drugs when overexpressed 

(Richards et al., 1996). However, this effect has not been observed in response to other 

stresses such as UV radiation (Trautinger et al., 1997).

It has been shown that Hsps can protect against ischaemic damage (Martin et al., 1997). 

For example, dorsal root ganglion (DRG) neurons can be protected against heat or 

ischaemic stress by overexpressing hsp70 and hsp90 using disabled herpes simplex viruses 

(Amin et al., 1996; Wyatt et al., 1996). In contrast, only Hsp27 has been shown to protect 

DRG neurons from apoptosis induced by nerve growth factor withdrawal (Wagstaff et al., 

1999).

The sHsps are thus negative regulators in apoptosis (Samali and Cotter, 1996). For 

example, many studies have shown that expression of Hsp27 interferes with apoptotic 

death mediated by staurosporine (Mehlen et al., 1996b) in vitro.

In cultured cardiomyoctyes Hsp70 and Hsp90 gene transcription is induced by heat shock 

or ischaemia (Nayeem et al., 1997). In the intact heart, cardiac function is improved after a 

whole body heat shock followed by a global ischaemic insult applied 24 hours later 

compared to hearts that are given an ischaemic insult alone (Currie et al., 1988). 

Overexpression of Hsp27 and Hsp70 in viral vectors can protect cardiac cells from heat 

shock or ischaemia since they are able to survive better compared to control cells (Brar et 

al., 1998b). Transgenic mice over-expressing hsp70 have also been shown to exhibit
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improved recovery of the myocardium after ischaemic injury (Marber et al., 1995; Plumier 

et al., 1995).

Hsps play a vital role in cell survival. Elucidation of new non-stressful Hsp inducers and 

their mechanisms are of importance since they could provide protection against stresses 

such as myocardial ischaemic injury. Cardiotrophin-1 (CT-1) and Urocortin (Ucn) are 

such inducers of Hsps that have been identified as protective factors which will be 

discussed in the next section.
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IA Cardiotrophin-1 (CT-1) -  A Member of The Interleukin-6 Family of Cytokines 

1.4.1 Introduction

Cytokines are essential mediators of normal and pathological responses such as tissue 

injury and infection. Cytokines mediate signals into the cell via different cytokine 

receptors and intracellular signalling pathways. Responses to infection lead to activation 

of inflammatory and immune derived cytokine genes that also act on various organs in the 

body to maintain homeostasis (Dinarello, 1996). Cytokines show a wide variety of 

biological functions on various tissues and cells, and several different cytokines can exert 

similar and overlapping functions on a certain cell type. The IL-6 family of cytokines 

display overlapping functions and include interleukin 6 (IL-6), leukaemia inhibitory factor 

(LIF), oncostatin M (OM), interleukin 11 (IL-11), ciliary neurotrophic factor(CNTF) and 

cardiotrophin-1 (CT-1) (Gearing et al., 1992; Pennica et al., 1995b). This section will 

commence with a brief introduction about the IL-6 family of cytokines, followed by a 

detailed discussion about CT-1 signalling pathways, and finally, sections on CT-1- induced 

hypertrophy and cell protection. The final part of this introduction will discuss urocortin, 

signalling pathways activated by Ucn, and Ucn in cell protection.

1.4.2 The IL-6 Family of Cytokines

The IL-6 family of cytokines is pleiotropic and play varied roles in various tissues 

including haematopoietic, nervous and cardiovascular systems (Hilton, 1992); Yang, 1993; 

Kishimoto et al., 1995; Ip and Yancopoulos, 1996). IL-6 is involved in B cell 

differentiation (Miyaura et al., 1988) and is elevated in patients with congestive heart 

failure and myocardial infarction (Miyao et al., 1999) and in the myocardium of the canine 

model of ischaemia/reperfusion (Gwechenberger et al., 1999; Chandrasekar et al., 1999).
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LIF is an inhibitor of Ml cell growth (Hilton and Gough, 1991), and OM has similar 

effects to LIF (Rose and Bruce, 1991). CNTF is involved in survival of ciliary neurons as 

well as motor neurons, and induces differentiation of oligodendrocytes into astrocytes 

(Stokli et al., 1989). IL-11 has similar activites to IL-6, whereas CT-1 is an inducer of 

cardiac hypertrophy (Pennica et al., 1995a).

1.4.3 IL-6 family receptor components

All members of the IL-6 family of cytokines share the common receptor component 

gp 130. Gpl3() expression is ubiquitous and is involved in signal transduction, but does not 

bind to the cytokine itself. The receptor subunit gpl30 is widely expressed in other organs 

including the heart (Saito et al., 1992), Kishimoto et al., 1995) and has been identified to 

be a signal transducing protein The various receptor components of the IL-6 family can be 

seen in figure 1.6. All IL-6 and IL-6 -like cytokines can recruit gpl30 alone (Hibi et al.,

1990) or in combination with the LIF receptor (LIFR), or the OM receptor (OMR) 

(Gearing et al., 1991; Mosley et al., 1996). OM signals via gpl30-LIFR 

heterodimerisation (Gearing et al., 1992).

IL-6, IL-11 and CNTF bind to specific a-receptor subunits: IL-6R, IL-11R, and CNTFR 

(Yamasaki et al., 1988; Hilton et al., 1994; Davis et al., 1991). Ligand binding, 

ligand/receptor-a complexes recruit the corresponding signal transducing receptor 

components. Receptor-a subunit expression, or, the presence of soluble receptors can 

determine the responsiveness of a cell to the cytokine. For example, LIF directly binds to 

the signal-transducing receptor components, as does OM. CT-1, however, requires an a- 

receptor subunit in addition to LIFR and gp!30 (Robledo et al., 1997).
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Figure 1.6 Receptor complex sharing gp!30 as a signal transducer

IL-6 or IL-11 Signalling is triggered by homodimerisaion of gpl30 as does IL-11. LIF, CNTF, OM, and CT-1 signaling 
requires heterodimerisation of gpl30 with LIFR. However, OM can also signal directly through an OM specific receptor 
component with gpl30, whereas CNTF, IL-11, and IL-6 associate with receptor components CNTFR, IL-11R, and IL-6R

with then binds to cause dimerisation of gp!30.
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1.4.4 Identification of CT-1 as a hypertrophic factor

CT-1 was originally identified in a screen based on the finding that conditioned medium 

from differentiated embryoid bodies derived from mouse embryonic stem cells, was able to 

induce a hypertrophic response in neonatal cardiac myocytes. The subsequent screening of 

an expression cDNA library prepared from such embryoid bodies for the ability to induce 

hypertrophy resulted in the identification of two clones encoding CT-1 (Pennica et al, 

1995a). In database sequence analyses, no DNA sequence matching these cDNA clone 

was identified, indicating that a novel factor capable of inducing hypertrophy had been 

isolated, however, CT-1 is related to IL-6. Studies have shown that as well as being a 

hypertrophic factor, CT-1 can protect cells from damaging stimuli in cardiac cells and 

other cell types (Latchman, 1999).

1.4.5 Cloning and Protein Structure of CT-1

The mouse and human CT-1 clones that were originally identified were 80% homologous 

at the amino acid level, and were 200 amino acids in length, thus giving a molecular mass 

of 21.5kDa. Both the human and mouse CT-1 lack a conventional hydrophobic amino 

terminal secretion sequence, however they are found in the medium of transfected cells. 

The coding regions of human and mouse CT-1 are contained in three separate exons of 

genomic DNA. The human CT-1 gene was localized to chromosome 16p 11.1 pi 1.2 

(Pennica et al., 1996).

Expression of both human and mouse CT-1 have been shown to occur during different 

stages of development and different tissues. For example, CT-1 is expressed in the heart at
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(lay 8.5 in the mouse embryo whereas it is not expressed in the other tissues at this stage 

(vSheng et al., 1996). However, in later developmental stages CT-1 is expressed in other 

organs but is still predominant in the heart.

The structure of CT-1 has been established. Its structure contains four amphipathic helices 

that are also observed in structures of other cytokines and growth hormones (Abdel- 

Meguid et al., 1987; Bazan et al., 1991). Although the cytokines share biological activities 

and receptor subunits, the amino acid sequences of human CT-1 and other members of the 

IL-6 family members reveal that they are only distantly related in primary sequences (15- 

25%). The cysteine residues are not conserved between but individual family members are 

more conserved across species (Gearing et al., 1992).

1.4.6 CT-1 signalling in hynertrophv

1.4.6.1 Overview to hypertrophy

Hypertrophy is observed in many pathological conditions and is an important mechanism 

in order to compensate to maintain cardiac function in response to increased work load, 

where increased workload is defined as an increase in wall tension in the heart and can 

occur as a result of hypertension, myocardial infarction or abnormalities in the valves. 

Wall tension is inversely proportional to thickness of the heart wall, therefore thickening of 

the heart as in hypertrophy reduces the wall tension and thereby reduces the oxygen 

demand of the myocardium (Force et al., 1999). Hypertrophy is characterised by an 

increase in cell size without division (Neyes and Pelzer, 1995).
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In vivo, hypertrophy is measured by an increased heart to body ratio. In vitro, hypertrophy 

can be assessed by measurement of cell size, protein synthesis, sarcomeric organisation, 

and altered gene expression (Force et al., 1999). Contractile proteins such as myosin light 

chain 2 (MLC-2) are upregulated in hypertrophy and are involved in the formation of 

additional sarcomeric units in the hypertrophied cell (Lee et al., 1998). Skeletal a- actinin 

and (3 myosin heavy chain ((3-MHC) embryonic contractile protein isoforms are also 

reactivated (Schwartz et al., 1986; Izumo et al., 1987) after 2 days of hypertrophic 

stimulus. Other non contractile foetal genes are also reactivated and include atrial 

natriuretic peptide (ANP- a characteristic marker of hypertrophy) and brain natriuretic 

peptide (BNP) (Knowlton et al., Lee et al., 1988; Harada et al., 1998; Hanford et al., 1994). 

These peptides are vasodilators and diuretics that lower blood pressure and enhance 

excretion of excess fluid, so reducing cardiac wall tension.

Within one hour of hypertrophy, expression of the immediate early genes c-fos, c-myc, c- 

jun and egr-1 is observed (Izumo et al., 1988). Moreover, changes in the expression of 

proteins required to maintain calcium levels are also observed during hypertrophy. 

Elevated intracellular calcium is associated with heart failure and cardiac hypertrophy 

(Richard et al., 1998).

1.4.6.2 Hypertrophic Stimuli

CT-1 and LIF are able to induce cardiac hypertrophy (Pennica et al., 1995a). Other stimuli 

are also able to induce cardiac hypertrophy and include physical stress such as cell stretch 

and mechanical overload (Komura et al., 1990; Kira et al., 1984; Cooper et al., 1985).
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Angiotensin II (Ang II) and endothelin-1 (ET-1) and a-adrenergic agonists noradrenaline, 

adrenaline, and phenylephrine also induce hypertrophy (Dostal and Baker, 1998; Force et 

al., 1999).

1.4.6.3 The p42/p4 MAPK and STAT-3 Pathways in Hypertrophy

As mentioned above, CT-1 is able to induce hypertrophy in the heart and involvement of 

the p42/p44 MAPKinase and STAT-3 pathways have been implicated in CT-1 induced 

hypertrophy. In this section, these two pathways will be addressed.

The activation of the p42/p44 MAPKinase pathway requires the activation of Ras, an 

upstream activator of the p42/p44 MAPKinase pathway. Transgenic mice that express 

constitutively active ras have been shown to develop ventricular hypertrophy (Hunter et al., 

1995). Constitutively active ras is able to stimulate increase in size and a hypertophic 

pattern of gene expression is observed in cardiac myocytes (Fuller et al.,1998). Raf is a 

kinase that is activated by Ras, and activates MEK-1 and the p42/p44 MAPKinase 

pathway. Transfection of constitutively active MEK-1 is able to increase ANP promoter 

activity in cultured cardiomyocytes (Gillespie-Brown et al., 1995). Transfection of a 

dominant negative MEK-1 reduces the induction of the ANP promoter activity by 

phenylephrine but does not effect sarcomeric organisation (Gillespie-Brown et al., 1995; 

Thorbum et al., 1994). Therefore, the p42/p44 MAPK pathway is required for induction of 

ANP by phenylephrine but not for other effects of phenylephrine. Inhibition of MEK-1 

with PD98059 has no effect on ANP promoter activity by phenylephrine, but inhibits 

activation by Angll (Aoki et al., 2000). Therefore, the p42/p44 MAPK pathway is
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involved in some aspects of the hypertrophic response, but it is not known which 

hypertrophic agents utilise this pathway to mediate their hypertrophic effects. In a study 

by Sheng et al. (1997) it is shown that the p42/p44 MAPK pathway is not involved in the 

hypertrophic response mediated by CT-1 since the hypertrophic effect in cardiomyocytes 

was not blocked by either PD98059 or a dominant negative mutant of MEK-1 (Sheng et 

al., 1997), and STAT-3 phosphorylation was not affected by inhibition of the MAPK 

pathway and is therefore likely to mediate the hypertrophic effect by CT-1 (Sheng et al.,

1997).

Evidence to suggest that STAT-3 may be required for CT-1 induced hypertophy has been 

shown in studies in transgenic mice over expressing cardiac specific STAT-3. These mice 

developed hypertrophy with increased expression of ANP, b-MHC and CT-1 genes 

(Kunisada et al., 2000). Mechanical stretch and pressure overload also lead to 

phosphorylation of STAT-3 (Pan et al., 1997) which is mediated via gpl30 (Pan et al.,

1998). CT-1 has also been shown to activate angiotesinogen promoter via STAT-3 in 

cardiac cells and it has been suggested that this is a cellular signal for hypertrophy in 

cardiac muscle (Fukazawa et al., 2000). It is likely that the p42/p44 MAPK pathway is 

required for protective effects of CT-1 and STAT-3 is required for hypertrophic effects of 

CT-1.

1.4.7 CT-1 signalling in cell protection

Other than its ability to cause hypertrophy, it has been shown that CT-1 plays a role in cell 

survival (Sheng et al., 1996). In this study, treatment of rat neonatal cells with CT-1 was 

able to enhance survival in serum free media. Later studies have shown that pretreatment
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of cardiac neonatal myocytes with CT-1 is also able to protect against heat shock or 

simulated ischaemia (Stephanou et al., 1998). Such protection by CT-1 in cardiac cells 

has been shown to be due to the ability of CT-1 to induce elevated levels of the heat shock 

proteins Hsp70 and Hsp90, which are primarily involved in the stress response, and as 

previously described (see section on the stress response) over expression of these proteins 

have shown to protect cardiac cells against ischaemia and heat shock (Heads et al., 1994; 

Cummings et al., 1996).

The protective effect observed in cultured cardiac cells is of great importance and it would 

be valuable to observe whether CT-1 is able to protect against ischaemia in the human 

heart. Sheng et al (1997) have shown that CT-1 is able to promote survival effects by 

minimizing the degree of apoptosis induced by serum removal. This has also been 

observed when cells are exposed to heat shock or ischaemia (Stephanou et al., 1998). 

Severe stresses such as heat shock or ischaemia have shown that more cells are prone to 

die due to apoptosis during the period of reperfusion (Gottlieb et al., 1994). However, 

studies have shown that CT-1 can protect when given after ischaemia at reperfusion in 

cardiac cells (Brar et al., 2001) and as well as before ischaemia. In the isolated rat heart, 

CT-1 is also able to protect whether added before ischaemia or at reperfusion (Brar et al.,

2001). This result is desired since in a clinical setting the therapeutic effects of CT-1 

would be required to operate when given at reperfusion after ischaemia.

Like many other cytokines, CT-1 has multiple effects. However, these effects are probably 

not separate, and there may be a fine- tuning as to when CT-1 should induce hypertrophy,
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or when it should be protective to the cell. This fine balance can be understood by 

investigating the signaling pathways that CT-1 may activate to exert its effects. It is 

commonly understood that the 1L-6 family of cytokines transmit signals via the gpl30 

subunit. Binding of CT-1 to its receptor results in the activation of the MAPkinase 

enzymes p42 (ERK1) and p44 (ERK2). In turn, threonine phosphorylation of nuclear 

factor IL-6 (NFIL-6) (or C/EBPP) allows it to activate gene transcription (Nakajima et al.,

1993).

In addition to activating the MAPKinases, the JAK/STAT pathway is also activated by 

CT-1 via dimerisation of STAT3 (Akira et al., 1994; Horvath and Darnell, 1997). 

Therefore, these two separate pathways are activated for cell survival or proliferation of the 

signal to cause hypertrophy. Thus Sheng et al (1997) have shown that the protective effect 

of CT-1 can be blocked by using the MAPKinase inhibitor PD98059. In cardiac myocytes, 

similar results have been demonstrated when exposed to ischaemia. The protective effects 

of CT-1 (whether added before or after an ischaemic episode) was abrogated in the 

presence of the PD98059 inhibitor, and similar results were observed in the intact heart 

(Brar et al., 2001). The JAK/STAT pathway is not affected by the inhibitor PD98059 in 

Sheng’s study (1997), therefore, it could be concluded that the MAPKinase pathway is 

involved in the protective effect of CT-1 whereas the JAK/STAT pathway maybe involved 

in the hypertrophic effect of CT-1. Therefore, it may be possible to design CT-1 analogues 

which stimulate only the protective pathway or block the hypertrophic effect of CT-1 

whilst maintaining its protective effect.
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Another possibility would be to examine the inducibility of CT-1 gene expression by using 

various stimuli to enhance CT-1 levels. Recently, mouse CT-1 promoter studies have 

shown that norepinephrine can enhance the activity of the promoter. Various binding sites 

have also been mapped, one of which is a C/EBPp binding site.
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1.5 Urocortin

1.5.1 Introduction

Urocortin is a 40 amino acid peptide that exists endogenously in mammals and belongs to 

the family of corticotropin releasing factors (CRF). This family was originally isolated 

from ovine brain (Vale et al., 1981). CRF is known to coordinate endocrine responses to 

stress through its neurohormonal action as the major physiologic regulator of the 

hypothalamic pituitary adrenal axis (HPAA), and evidence supports the idea that CRF can 

function as a neurotransmitter within the central nervous system (CNS), along with 

coordinating autonomic, behavioural and immunological responses to stress (Owens and 

Nemeroff, 1991). Homologues to CRF have been isolated from fish as well as some 

amphibians (Okawara et al., 1988; Montecucchi and Henschen, 1981; Anastasi et al., 

1980) and eventually from vertebrates (Stenzel et al., 1992).

It was thought that many other members of the CRF family would exist in mammals, 

which may be closely related to urotensin I, which was also isolated as a relative of CRF 

from fish. UCN was isolated by using urotensin I cDNA probes as well as antisera, and 

was found to be a peptide of 40 kDa, similar to CRF. This novel peptide was isolated from 

the rat brain, and showed at least 45% homology to rat CRF and 63% homology to carp 

urotensin I (Vaughan et al., 1995). Mouse and human UCN were isolated and 

characterized (Zhao et al., 1998). The human homologue for UCN was identified from 

partial genomic sequences (Donaldson et al., 1996). Nucleotide cDNA homology between 

human and mouse amounts to 88% and 97% respectively and 95% and 100% homology at 

the mature peptide level. UcnII and UcnIIl have also been isolated.
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At the genetic level, the UCN gene is very similar to the CRF gene, with 2 exons and the 

coding region being contained within the second exon (Zhao et al., 1998). In transient 

transfections, promoter activity of urocortin was significantly reduced in response to 

forskolin stimulation when mutations were introduced in the CRE sequence, suggesting 

that CRE is involved, but other factors may be involved in regulation of the urocortin 

promoter. The CRE has also been shown previously to mediate activation of the CRF 

promoter by cAMP (Dorin et al., 1993; Seasholtz et al., 1998).

Messenger RNA for Ucn is predominantly located in the Edinger-Westphal nucleus 

(EWN) and the lateral superior olive in the central nervous system (Bittencourt et al., 1999; 

Kozicz et al., 1998). Reasonable levels of mRNA of Ucn are found in other regions of the 

brain including cerebellum, hippocampus, neocortex, olfactory system, basal ganglia, 

supra optic nuclei (Bittencourt et al., 1999).

1.5.2 CRF receptors

High affinity binding sites for CRF were identified by autoradiographic techniques (De 

Souza et al., 1985) and the first receptor was cloned in 1993 (Chen et al., 1993; Perrin et 

al., 1993). This receptor, CRF1R, is 415 amino acids in length, and is a member of the 

seven transmembrane spanning G-coupled protein receptor family. CRF receptors are 

coupled to adenylate cyclase (Vaughan et al., 1995). Binding of the ligand to the receptor 

causes phosphorylation of PKA by cyclic AMP release. In turn, phosphorylated PKA 

phosphorylates calcium channels to allow calcium ions to enter the cell (Ikeda et al., 1998).
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There is a splice variant of Ucn receptor which is found in humans, and has 29 amino acids 

extra in the extracellular domain (Xiong et al., 1995).

The second receptor, CRF2R, was later cloned from mouse, rat, and human in 1995 in 

three separate studies (Kishimoto et al., 1995; Lovenberg et al., 1995; Liaw et al., 1996). 

The CRF2R shows 70% homology to CRF1R. CRF2R exists as two splice variant forms a  

and p, and the distribution of these variants is different. The CRF2Ra is 411 amino acids 

in length and is the primary isoform found in the brain, whereas CRF2Rp is only expressed 

in the heart. In addition, a third splice variant has been identified as CRF2Rc (Kostick et 

al., 1998). Ucn appears to be the preferred endogenous ligand for the CRF2R as it has 

high affinity for CRF2R. CRFR1 receptors show little specificity between CRF family 

members (Gottowik et al., 1997). Synthetic UCN has much higher affinity binding to the 

CRFR2 than CRF itself (Zhao et al., 1998).

Ucn has been implicated in various biological effects. For example, as mentioned earlier, 

it is responsible for many behavioural and physiological effects that are in fact, similar to 

the effects of CRF. Action of synthetic UCN on the CRFR1 leads to stimulation of 

pituitary ACTH release, increase in anxiety, and action on the CRFR2 leads to 

vasodilation, cardiac ionotropism, reduction of vascular permeability and suppression of 

appetite (Vaughan et al., 1995; Parkes et al., 1997; Turnbull et al., 1996; Spina et al., 

1996).
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CRF1R antisense, agonists, and knock out mice have shown that CRF1R is predominantly 

required for stress responses (Skelton et al., 2000). Interestingly, mice that lack a CRF2R 

exhibit effects on the co-ordination of food and appetite intake (Coste et al., 2000), and 

lack of cardiovascular effects of Ucn.

The CRF2Ra message is found in arteries and arterioles (Chalmers et al., 1995)and is the 

predominant isoform in the human heart (Chen et al., 1993). CRF2Rp is highly expressed 

in the rat heart (Stenzel et al., 1995). CRF/Ucn affect cardiovascular and respiratory 

functions indicated by hyperventilation and hypotension (Kubler et al., 1994). Ucn can 

also induce relaxation of blood vessels in vitro (Lei et al., 1993), and has recently been 

shown to have relaxant actions in the isolated rat basilar artery (Schilling et al., 1998). 

Evidence is also increasing showing that Ucn can affect mechanisms in the heart 

predominantly via the CRF2P receptor. The first report to find that Ucn mRNA was 

present in rat cardiac myocytes suggested that Ucn may play roles in protecting these cells 

from hypoxia induced apoptosis (Okasi et al., 1998) and it also stimulates the secretion of 

atrial natriuretic peptide (ANP) (Ikeda et al., 1998).

1.5.3 Urocortin in the Heart

Many studies have shown that Ucn has an important role in the heart. By injecting Ucn 

intravenously, cardiac contractility increases in a dose-dependent manner, as does heart 

rate, cardiac output and coronary blood flow (Parkes et al., 1997).

Ucn levels are increased in cardiac myocytes in response to simulated ischaemia.

Ucn can protect cardiac myocytes from lethal ischaemic injury and subsequent apoptosis. 

Cardiac myocytes that are given preconditioned media exposed to 2 hour simulated
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ischaemia were protected from cell death induced by 6 hours ischaemia. This protective 

effect is blocked by a  helical CRF, which is a competitive inhibitor of CRF family 

peptides. Ischaemia increases Ucn mRNA through the CCAAT enhancer binding protein 

(C/FBPP) and that mature peptide protected via the CRF2R (Brar et al., 1999a). Ucn 

causes rapid phosphorylation of the ERK l/2-p42/p44 MAPkinase pathway, and the effect 

is abrogated by blocking MEK1-ERK1/2 p42/p44 cascade using a specific inhibitor 

PD98059 in the intact heart (Brar et al., 2000). Ucn/hypoxia reoxygenation leads to 

cardioprotection by MEK1 and MEK2, which is an upstream component of the p42/p44 

MAPK pathway (Brar et al., 2002).

Ucn is also able to protect cardiac cells by activating Akt (Brar et al., 2001). Akt is known 

to be activated by growth factors and also PI-3 Kinase (PI-3K is crucial for cell survival of 

non cardiac and cardiac cells (Yao et al., 1995; Kaufmann et al., 1997; Kuwahara et al., 

2000)). Akt phosphorylation inhibits caspase 9 activity (Cardone et al.,1998). Inhibitors 

of PI-3K, Akt block the cardioprotective effect of Ucn. CT-1 is also known to activate Akt 

and PI-3K to mediate cell protection (Brar et al., 2001), therefore, signaling pathways of 

CT-1 and Ucn are identical. In addition, the protective effect of Ucn requires de novo 

protein synthesis whereas that of CT-1 does not (Brar et al., 2002). Ucn has also been 

shown to increase expression of hsp90 in cardiac myocytes in a MEK1/2-dependent 

manner (Brar et al., 2002).
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CHAPTER 2. 

MATERIALS AND METHODS
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2.0 Consumables and Conditions

Bacterial culture manipulations were carried out under sterile conditions using media and 

glassware that were autoclaved prior to use at 120°C, lOlb/square inch for 20 minutes. All 

plastics also used were sterile. Aseptic conditions were used to prevent contamination.

2.1 Propagation and purification of plasmid DNA

2.1.1 Preparation of competent cells

XLlBlue Escherichia coli (E. coli) were used to propagate plasmid DNA. XLlBlue cells 

were streaked on a Luria Bertani (LB) agar plate (1% (w/v) NaCl, 1% (w/v) Bacto®- 

tryptone, 0.5% Bacto®-yeast extract, and 2% Bacto®-agar) and incubated at 37°C for 18 

hours. A colony was picked from the plate to inoculate 5ml LB broth (1% (w/v) NaCl, 

1% (w/v) Bacto®-tryptone, 0.5% Bacto®-yeast extract). The culture was grown at 37°C at 

220 rpm in an orbital shaker for 18 hours.

200p.l of the culture was used to inoculate 200ml LB in a sterile conical flask and 

incubated at 37°C 220rpm for 4-6 hours until opaque. The culture was centrifuged at 

3000g in 50ml Falcon tubes for 10 minutes in a Sorvall centrifuge at 4°C to obtain a pellet. 

The pellet was washed in 500pl of ice- cold lOOmM CaCl2 by re-suspending the cells 

carefully and centrifuged for 2 minutes at 13000rpm at 4°C. After discarding the 

supernatant, the pellet was re-suspended in 2ml of ice cold CaCl2 (lOOmM) and stored on 

ice for 30 minutes. lOOpl aliquots were made in sterile 1.5ml eppendorfs for immediate 

use.
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2.1.2 Transformation of plasmid DNA

For transformation, 1 fig of plasmid DNA was added to 50p.l of competent cells and 

incubated on ice for 15 minutes. Cells were heat shocked for 1 minute at 42°C and placed 

on ice immediately after for a further 15 minutes. 900p.l of LB was added to the cells and 

incubated at 37°C for 1 hour in an orbital shaker at 220rpm. The cells were centrifuged for 

30 seconds at 145g at 20°C. The supernatant was discarded and the cell pellet was re­

suspended in lOOp.1 LB and spread on a LB agar plate containing lOOpg/ml Ampicillin. 

The plate was kept in a 37°C incubator for 18 hours and then stored at 4°C for at least a 

month.

2.1.3 Extraction of plasmid DNA from E. coli XLlBlue bacterial cells (Large Scaled

For a large- scale DNA preparation, a single colony of the transformed E. coli cells 

containing the DNA plasmid of interest was picked to inoculate 250ml of LB medium 

containing lOOfig/ml of Ampicillin and grown for 18-24 hours at 37°C in an orbital shaker 

at 220rpm. Plasmid DNA was isolated by alkaline lysis of cells, purification of DNA 

using a QiatiplOO (Qiagen Ltd, UK), followed by elution and precipitation in cold 

isopropanol. Precipitated DNA was centrifuged at 12000g for 30 minutes at 20°C, and 

then washed in 70% ethanol. Purified DNA was dried and re-suspended in lOOpJ of sterile 

water.

Concentration of DNA was determined by spectrophotometry by reading the absorbance 

wavelengths at A26o and A280. The average yield of DNA obtained from a Qiatip 100 

preparation was lOOpg per preparation. DNA concentration was calculated by the 

following equation:
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Purity of DNA = OD260/OD28o = 1.7 in a pure sample of DNA.

1 OD at A260 =50p.g/ml of double stranded DNA 

Concentration of DNA = OD^n x 50 x 100

1000

2.1.4 Extraction of plasmid DNA (small scale)

Small- scale DNA preparations were carried out to screen several colonies for the correct 

plasmid. A single colony of transformed XLlBlue cells was picked from a plate to 

inoculate 5ml of LB containing Ampicillin at lOOpg/ml and grown for 18 hours at 37°C in 

an orbital shaker set at 220rpm. 1.5ml of the resulting culture was transferred to a sterile 

1.5ml eppendorf tube and centrifuged for 1 minute at 12000g. The supernatant was 

discarded and the pellet was re-suspended in lOOpl of re-suspension buffer (lOOmg/ml 

RNAse-A, 50mM Tris-HCl pH 7.5, lOmM EDTA pH 8.8). Cells were lysed in 200pl of 

lysis buffer (200mM NaOH, 1% Triton X-100) and neutralized in 150pJ 3M NaOAc, pH 

5.5. Tubes were vortexed and centrifuged at 12000g for 2 minutes. The pellet (cell debris) 

was removed with a bent hypodermic needle. To precipitate DNA, 500p.l of isopropanol 

was added and mixed. The supernatant/isopropanol was centrifuged at 12000g for 5 

minutes. The supernatant was discarded and the pellet washed with 500pl of 70% ethanol. 

The ethanol was removed carefully and air-dried. The DNA pellet was re-suspended in 

25pil distilled H2Q.



2.1.5 Identification of plasmid DNA bv Restriction digestion

Plasmid DNA was digested with the appropriate restriction enzymes (Promega) to identify 

plasmid and insert DNA. lpg of DNA was incubated with 10 units of restriction enzyme. 

lp.1 of restriction buffer was added and the final volume was made up to lOpl with ddfhO. 

DNA digestion was carried out at 37°C for 2 hours, or as recommended by Promega, 

depending upon the enzyme being used.

Digested DNA products were examined on a 1% agarose gel (1% agarose (w/v) dissolved 

in lxTAE (0.4 M Tris, 0.2M NaAc, pH8.3 adjusted with HC1). Ethidium bromide 

(0.5mg/ml) was added upon cooling. The gel was cast in a tray containing a suitable 

comb. Once set, the comb was removed and the gel was placed in an electrophoresis tank 

containing lxTAE. DNA was mixed with lxDNA loading buffer (0.025% (w/v) 

bromophenol blue, 50% glycerol (w/v), lxTAE). A Ikb ladder (Gibco) was loaded along 

side the samples and run at 70-100 volts depending on the size of the gel. DNA bands 

were observed on a trans-illuminator and a photograph was taken on the Syngene gel 

analyzer).

2.2 Mammalian Cell Culture

All media, balanced salt, trypsin, versene, penicillin/streptomycin, and foetal calf serum 

were purchased from Life Technologies, UK. All plastics used were supplied by Nunc 

and Falcon.
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All cell culture work was carried out under sterile conditions in a class II microbiological 

safety cabinet. Media and reagents were either filter sterilized (0.2p.m filter) or autoclaved 

before use.

2.2.1 Cell Lines

2fTGH and U3A human fibrosarcoma cell lines were obtained from the Imperial Cancer 

Research Fund (ICRF, London, U.K.). They were maintained in Dulbecco’s modified 

Eagle Medium (DMEM) supplemented with 10% FCS (w/v), 100 units/ml penicillin and 

streptomycin (all Life Technologies, U.K.) and 250pg/ml Hygromycin B (Sigma).

For 2fTGH and U3A cells, 2ml of 10% trypsin (w/v) in versene was used to wash cells. A 

further 2ml was added, making sure that all cells were covered and incubated at room 

temperature for 60 seconds. The side of the flask was tapped to detach cells from the flask.

Cells were transferred to a 15 ml Falcon tube and centrifuged at 145g for 5 minutes. PBS 

was removed carefully and the cell pellet re-suspended in fresh growth medium. Cells 

were plated at a density of lx l0 3 cells/ml for transfections, and lxlO6 cells/ml for Western 

blotting. Freezing Cells for maintenance of stock cells

Stocks of cells were maintained by freezing and storing them at -80°C. Cells were 

trypsinised and centrifuged as previously described. The cell pellet was re-suspended in 

media I (60%DMEM and 40% FCS in a total of 2.1ml). 0.9ml of cells was aliquoted into
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cryo tubes and made up to 1.8ml with media II (5.4ml DMEM, 3.0ml FCS, 1.6ml DMSO). 

Tubes were placed on ice for 30 minutes before transferring to -80°C for 24 hours. Cells 

were placed in liquid nitrogen until required.

To recover cells, the vial was placed in 37°C incubator. Cells were transferred to 25cm3 

flask containing media with 20% FCS. After 24 hours of incubation, any dead cells were 

removed and replenished with fresh media (20% FCS).

2.2.2 Preparation of primary neonatal cultured cells

Primary rat neonatal cardiac cells were prepared according to the method described by 

Simpson and Savion (1982b). Hearts were tri-sected from 2-3 litters of neonatal rats into 

ADS buffer (6.8g NaCl, 4.76g HEPES, 0.12g NaH2P 04, l.Og, 0.4g KC1, O.lg MgS04). 

The heart tissue was then incubated in an enzyme solution to digest the tissue (30mg 

collagenase and 500pl pancreatin in 100ml ADS buffer). 5mls of the enzyme containing 

ADS buffer was added to wash the tissue. Subsequent digestions of the tissue were carried 

out by digesting for 15 minutes in an incubator at 37°C with 5%C02, 95%02. Cells were 

then centrifuged for 5 minutes at 500g. The supernatant was discarded, and the pelleted 

cells re-suspended in 2ml of FCS. The cell suspension was kept in the incubator at 37°C. 

Digestions were repeated 5 more times, and the cell suspension was pooled, and 

centrifuged. The pellet was re-suspended in DMEM containing 15% (v/v) FCS, 1% 

Penicillin and Streptomycin. Cells were pre-plated in a 175cm3 flask so that fibroblasts 

adhere to the plate, leaving cardiac myocytes in suspension. Medium containing mostly 

cardiac cells were then plated on gelatin- coated dishes (1% gelatin in PBS) at 106 cells per

91



ml. The cells were allowed to adhere to the plates by incubating for 24 hours, after which 

they were ready to either transfect or treat otherwise. When stimulating cells, media was 

replenished with DMEM containing 1% FCS and l%Penicillin-Streptomycin).

2.2.3 Cell stimulation treatments

Recombinant Murine Interferon y (Sigma) and recombinant human Interferon y (Sigma) 

were dissolved in sterile lx PBS to a final concentration of 25ng/pl. For experiments, a 

final concentration of 50ng/pl was used.

Synthetic Rat Urocortin (Sigma) was dissolved in ethanol and used at a dose of 1x10'7M.

Heat stress was applied to cells by wrapping the plate containing cells with parafilm and 

floating in a water bath for 30 minutes at 43°C. Since pre-warming the medium did not 

have any affect when small amounts of media were used, medium on cells was not 

changed prior to or after heat shock. After heat shock, parafilm was removed and the plate 

dried of excess water and placed back in the incubator at 37°C.

Simulated hypoxic stress was administered by using a hypoxic chamber with a constant 

flow of 5%C02, 95%Argon (BOC gases) at 37°C. Prior to hypoxic stress, cells were 

replenished with media (either 500pi of media for a 6 well plate, or 200pl for a 24 well 

plate. With low or nil oxygen conditions, hypoxic conditions are achieved, and any small 

amount of molecular oxidative phosphorylation will dissipate within minutes and the cells 

will no longer have any molecular 0 2 to respire). The plate was placed in the chamber in a 

sealed environment to prevent escape of any gas and stress was given for 4 hours, after
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which 1.5ml of fresh media was added to each of the wells and the plate returned to the 

incubator at 37°C, 95%C>2, 5%CC>2.

Simulated ischaemia/re-oxygenation was applied by using the hypoxic chamber as 

previously described. However, cells were replenished with ischaemic buffer (137mM 

NaCl, 12mM KC1, 0.49mM MgCl2, 0.9mM CaCl2.2H20, 4mM Hepes, lOmM 

deoxyglucose, and 20mM sodium lactate pH 6.7) (Esumi et al., 1991) and placed in the 

chamber for 4 hours.

2.2.4 Transient transfections

All transfections were carried out by the calcium phosphate method. Cell lines and 

primary neonatal rat cardiac myocyte cells were transfected 24 hours after plating. In 

order to determine transfection efficiency, 5pg of p-gal expression vector was transfected 

overnight into cardiac myocytes. The cells were allowed to express the gene for 24 hours. 

The cells were then fixed with 1% (w/v) paraformaldehyde solution in PBS and stained 

with X-gal (Stephanou et al. 2000). The number of blue stained P-gal expressing cells is 

expressed over the total number of cells. The transfection efficiency for myocytes was 5% 

and for cell lines 10%. Plasmid DNA used for transfections are shown in table 2.1.

The DNA precipitate was prepared by aliquoting DNA and making up the remainder up to 

250pl with sterile distilled water. 31 pi of 2M CaCl2 was added to the DNA and mixed. 

The DNA/CaCh mix was added dropwise to 220pl of 2xHepes buffered saline (HBS) 

(50mM HEPES, 280mM NaCl, 1.5mM Na2HP04 made up in water to pH 7.1). This 

mixture was left at room temperature for 20-30 minutes so that a fine white precipitate had
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formed. 501 pi of the precipitate was added to either a 6 well plate or 24 well plates and 

incubated at 37°C for 18 hours. Cells were washed with fresh DMEM containing 1% FCS, 

followed by a final 1ml of the same media per well. Cells were then treated as required.

Table 2.1. A list of DNA plasmids used in transient transfections

Plasmid Details Reference

Hsp90(3-A -1044 to +36 region of the hsp90(3 
promoter upstream of the CAT reporter 
gene

Rebbe et al., 1989

Rccmv Empty vector containing the cmv 
promoter only

Invitrogen, 9351 NV 
Netherlands

cmv-p-gal Lac-z cDNA driven by the cmv 
promoter

Liu et al. (1998)

pR 19-27 Chinese hamster hsp27 cDNA driven 
by cmv promoter

Wagstaff et al (1997)

CT-ld -99 to +19 region of the ct-1 promoter 
upstream of the luciferase reporter gene

Funamoto et al., 1998

TK- Renilla 
luciferase

Viral thymidine kinase (TK) promoter 
driving expression of the Renilla 
luciferase gene

Promega

STAT-1

STAT-1
390-750

Full length cDNA of STAT-1 

Amino acids 390-750 of STAT-1

Curt Horvath,
Mount Sinai Hospital, 
USA

STAT-1 
691- 750

Amino acids 691-750 of STAT-1

STAT-3 Full length cDNA of STAT-3 Akira et al. (1994)
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cloned in expression vector

1,3297-514i Aa 1-297 of STAT-1 fused with aa 
293-514 of STAT-3, and 509-750 of 
STAT-1 at the C-terminus

Darnell et al. (1995)

3,293-5083 Aa 1-296 of STAT-3 fused with 
aa293-508 of STAT1, and 515-781 
of STAT-3

Darnell et al. (1995)

3296' Aa 1-296 of STAT-3 fused with 
293-750 of STAT-1

Darnell et al (1995)

pEF STAT-1 a  
D694/E

Mutation at position 694 of 
asapartic acid residue to glutamic 
acid in STAT1

King and Goodbourn 
(1998)

pEF STAT-1 a  
D694/A

Mutation at position 694 of aspartic 
acid to alanine

King and Goodbourn 
(1998)

pEFSTAT- 
1 a  G695/STOP

C-terminal amino acids at glycine 695 
replaced with STOP codon King and Goodbourn, 

(1998)

2.3 Assessment of promoter activity

Treated cells were washed in lxPBS to remove excess media with an aspirator. 1 x 

reporter lysis buffer was added to the cells (lOOpl to 6 well dish) and incubated at room 

temperature for 10 minutes to allow lysis of cells. Cells were scraped using a cell scraper 

and transferred to a sterilel .5ml eppendorf. The cell suspension was centrifuged at 13000g 

for 5 minutes at 4°C to pellet the cell debris. The supernatant containing total cell contents 

was transferred to a sterile eppendorf and stored at -20°C until required.
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2.3.1 Luciferase assay

In order to measure the amount of luciferase produced by the reporter constructs, the dual 

luciferase system™ (Promega) was used. This system allows quantification of the firefly 

luciferase and sea pansy (Renilla reniformis) luciferase in the same assay, because their 

enzyme structures are dissimilar, therefore the bioluminescent reactions of both can be 

distinguished. The Renilla luciferase is driven by the constitutively active thymidine 

kinase promoter and is co-transfected with the firefly luciferase construct and is an internal 

control for the assay.

The general method that has been adopted is according to the manufacturers instructions. 

Briefly, 10p.l of the lysate is mixed with lOOpl of the Luciferase assay Reagent (LARII). 

The amount of luciferase was measured by using a delay time of 5 seconds, and an 

integration time of 20 seconds (actual reading) on the luminometer (Turner). In order to 

read the Renilla, lOOjal of Stop and Glow® was added to the tube and mixed and the 

Renilla reading was taken from the luminometer. For standardized transfection efficiency, 

the firefly luciferase reading was divided by the Renilla luciferase reading.

2.3.2 Chloramphenicol acetyl transferase (CAT) assay

As previously described, protein was extracted from cells that were transfected with CAT 

reporter constructs. In addition, 3 cycles of freeze-thaw were also carried out to increase 

the amount of protein for the assay. CAT catalyses the transfer of the acetyl group from 

acetyl-CoA to the substrate, chloramphenicol. The enzyme reaction can be quantified by 

incubating the lysates with [14C]chloramphenicol and following product formation by
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physical separation with thin layer chromatography (TLC). The components for the assay 

were as below per tube:

50 j l l 1 cell extract

20pl 40mM acetyl CoA

2pl 200uCi/ml [,4C] chloramphenicol

32.5pl 1M Tris-Cl, pH 7.5

45.5pl ddH20

The reaction was incubated at 37°C for 2 hours. To stop the reaction, 1ml of ethyl acetate 

was added to the tube and vortexed for 1 minute. The top layer (organic phase) was 

transferred to a sterile 1.5ml eppendorf tube and dessicated in a Speedvac for 45 minutes, 

after which the sample was re-suspended in 15-20pl of ethyl acetate. The sample was 

spotted 5ul at a time onto a dot (marked by pencil) on a thin layer chromatography plate 2 

cm from the bottom. The plate was run for 55 minutes in a tank containing 100ml of 19:1 

chloroform:methanol. The tank was covered with a glass lid, and sealed with Vaseline to 

prevent evaporation of the solvent. The TLC plate was allowed to dry, and then exposed 

to autoradiographic film for 2-3 days. For quantification, spots on the film were measured 

by using a GS-800 denistometer (BioRad), and CAT activity was calculated as:

% Acetylated = Acetvlated product

Acetylated product + Non-Acetylated product
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2.3.3 (3-galactosidase assay

The (3-galactosidase reporter vector was used in co-transfections with the CAT constructs 

as a control vectors for normalizing transfection efficiency. The lac-z reporter gene is 

driven by the RSV promoter, and the amount of (3-galactosidase enzyme produced was 

measured with the Galacto-Light™ kit (Tropix Inc. Massachusetts, USA) according to the 

manufacturer’s instructions.

The Galacton substrate was diluted with Galacto-Light reaction buffer diluent (1/100 

dilution). 20pJ of cell lysate was mixed with 50pl of reaction buffer in an eppendorf tube 

and incubated at room temperature for 30 minutes. 30pl of accelerator was added to the 

tube, mixed and read on a luminometer with a 5 second delay and 45 seconds reading time. 

A negative control was used where cells were not transfected with the lac-z reporter 

construct. The amount of enzyme in the lysate was proportional to the luminometer 

reading, which represented the amount of light produced by the (3-gal reaction.

2.4 Preparation of complementary PNA (cDNA) probes

Complementary DNA probes were designed and supplied by (company). The probes were 

labeled by random priming (Feinberg and Vogelstein, 1983). All solutions and water were 

treated with diethyl pyrocarbonate (DEPC) to prevent any RNAse contamination.

In order to label DNA probes, 2 pil of the DNA fragment was denatured at 97°C for 10 

minutes in 20pl of ddH20 and snap cooled on ice. 1 OjliI of oligolabelling buffer, 2pl of 

bovine serum albumen, 50pCi a-32P-dATP and 5 units of DNA polymerase large fragment
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1 (Klenow) were added to the single strand DNA and incubated at 37°C for 1 hour. The 

labeled probe was then filtered through a G50 sephadex column by centrifugation for 5 

minutes at 400g.

2.4.1 Analysis of RNA levels

Gloves were worn at all times to prevent contamination from RNAses and all solutions 

were DEPC treated and autoclaved. All plastics were sterile, and all equipment was treated 

with RNAse Zap (Invitrogen) and washed with DEPC treated water.

2.4.2 RNA extraction

Cells were washed twice in sterile lxPBS, and all traces of PBS were removed. To cells 

plated on a 6 well plate, 500fil of RNAsol (Genyosys) was added per well. Cells were 

scraped using a cell scraper, and transferred to a sterile 1.5ml eppendorf tube. Cells were 

incubated at room temperature for 15-20 minutes and then centrifuged at 13000g for 1 

minute at 4°C. The aqueous layer (upper) was transferred to a sterile 1.5ml eppendorf 

tube. 500p.l of chloroform was added and vortexed. This mixture was incubated for 2 

minutes on ice before centrifuging at 13000g for 1 minute at 4°C. The aqueous layer was 

transferred to a sterile 1.5ml eppendorf tube. 500pl of isopropanol was added and mixed. 

RNA precipitation was achieved by storing at -80°C for 24 hours. The RNA was pelleted 

by centrifugation at 13000g for 20 minutes at 4°C. The supernatant was carefully removed 

and the pellet re-suspended in 20p.l of DEPC treated water, and stored at -80°C until 

required. 1 \A of the RNA was used to run on an agarose gel to determine the quality of the 

RNA preparation.
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2.4.3 RNA slot blot

lOmg of RNA was incubated in 3 volumes of denaturing solution (500ml formamide, 

163ml formaldehyde (37% solution), 100ml lOxMOPS buffer) at 65°C for 5 minutes. The 

denatured RNA was then chilled on ice and one volume of ice -cold 20x SSC (150mM 

NaCl, 15mM sodium citrate, pH 8) was added. RNA was spotted on to Hybond N+ 

membrane using a slot blotting apparatus, and fixed to the membrane by UV cross linking.

The membrane to be probed was pre-hybridised in hybridization solution (5x SSC, 5x 

Denhardts reagent, 0.5% (w/v) SDS, lOOpg/ml denatured herring sperm DNA, made up to 

volume with ddH20) for 1 hour at 65°C. The hybridization solution was replaced with 

fresh pre-warmed hybridization solution. The radiolabeled probe was denatured at 97°C 

for 5 minutes and snap- cooled on ice. The denatured radiolabeled probe was added to the 

hybridization solution with the membrane and incubated overnight at 65°C in a rotating 

hybridization oven for 20 hours. The membrane was washed in 2 x SSC, 0.1% SDS in 

ddH20  at 65°C for 15 minutes and wrapped in cling film to be exposed to film for 20 

hours. If the membrane was not clean, additional washes were performed and 

subsequently exposed to film.

2.4.4 Non competitive Immunoluminometric Assay for CT-1

Medium supernatants from cardiac myocytes subjected to hypoxia, urocortin or both were 

recovered and EDTA and aprotinin added to a final concentration of 4 mmol/L and lmg/L, 

respectively, before freezing at -70°C until assayed.
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The assay was devised and performed by Professor Leong L. Ng (Leicester Royal 

Infirmary, University of Leicester). Enzyme-linked immunosorbent (ELISA) plates were 

coated with lOOng per well of CT-1 antibody directed toward the mid-section (amino acids 

105-120) of human CT-1 followed by blocking in 10% foetal calf serum. The affinity 

purified antibody directed towards that C-terminal (amino acids 186-199) of CT-1 was 

biotinylated and added to the wells with 100 pL of standards (ranging from 0-20 fmol per 

well) or media supernatants. After incubation for 24 hours and washes, detection was with 

streptavidin labelled with 4-(2-succinimidyl oxycarbonylethyl) phenyl-10- 

methylacridinium 9-carboxylate fluorosulfonate, with sequential injections of H20 2 in 

HN03 followed by NaOH and acetyl ammonium bromide. Chemiluminescence was 

measured as relative light units on a Dynex MLX microplate luminometer. The lower 

limit of detection in this assay was 2.9fmol/mL and can be seen in figure 2.1.
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Figure 2.1 Standard curve to show CT-1 levels

6 00000

£'£
<D

£o3
<U
>

-2<u
04

500000

4 0 0 0 0 0

300000

200000

I 00000

0
0 0.5 41.5 2 2.5 3 3.5 4.5

CT-1 (fmol)

2.5 Analysis of protein levels

After treatments, cells were washed in 1ml lxPBS. Cells were then harvested by scraping 

in 80p.l of 2xSDS sample loading buffer (10% glycerol, 0.1% bromophenol blue, 2%SDS, 

50mM Tris, lOOmM dithiotheitol). Samples were then heated at 80°C for 4 -5 minutes.
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Samples were loaded and run on a 10% polyacrylamide SDS gel ((made from 30% 

acrylamide (w/v), 0.8% bisacrylamide) (Amersham, UK), 375mM Tris-HCl pH8.8, 0.1% 

SDS (w/v), 0.05% ammonium persulfate, 0.05% NNNN-tetraethylethalinediamine 

(TEMED)) with a 5% stacking gel (5% acrylamide, 125mM Tris-HCl pH 6.8, 0.1%SDS 

(w/v), 0.1% ammonium persulfate, 0.1% TEMED). Rainbow molecular weight marker 

(Amersham, UK) was also run to identify protein size in samples. The gel was run in tris- 

glycine running buffer (25mM Tris, 250mM glycine (pH8.3), 0.1% SDS) at 30 milliamps 

for 4 -6  hours, or until the dye was 2 cm from the bottom of the gel. Proteins were 

transferred onto Hybond C membrane (Amersham, UK) for 18 hours (Medium size gel) or 

for 2 hours at 4°C (Biorad Protean III) in a transblotter (Biorad) in transfer buffer (192mM 

glycine, 20% (v/v) methanol, 25mM Tris-HCl pH 8).

The membrane was placed in block buffer (5% Marvel (skimmed milk powder), 0.1% 

Tween-20 in PBS) for 1 hour to block non-specific sites. The primary antibody was the 

added (antibody was diluted in 0.1% Tween 20 in PBS, 4% Marvel) and incubated for 1 

hour at room temperature. The membrane was then washed with wash buffer (1% Marvel, 

1% Tween 20 in PBS) for 5 minutes twice. The secondary antibody was then incubated 

for 1 hour (HrP conjugate in 4%marvel, 0.1% Tween 20 in PBS). The membrane was then 

washed 3 times for 5 minutes with wash buffer and the final wash in wash buffer without 

marvel.

In order to visualize bands, enhanced chemiluminescence (ECL, Amersham, UK) was 

applied and used according to manufacturer’s instructions followed by exposure to
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photographic film. The membrane was also probed with an actin antibody to check for 

equal loading of protein. Bands were quantified by using a GS-800 densitometer.

The membrane was stripped in 1M glycine pH 2.8 for 15 minutes so that it could be re­

probed with other antibodies. The antibodies used are shown in table 2.2.

Table 2.2 List of Antibodies Used in Western Blotting

Antibody Species raised 
against

Species raised in Species
recognised

Dilution Secondary
Antibody

Company

Actin 
(46 kDa)

Human Goat polyclonal Most
Mammalian
species

1:1000 Anti-goat 
HrP (DAKO)

Santa Cruz
Biotechnology
USA

Hsp90
(90kDa)

Achlyia
ambisexualis

Mouse polyclonal Most
mammalian
species

1:500
Anti-mouse 
HrP (DAKO)

Kind gift from 
D.O. l  oft, 
Rochester, USA

Hsp70
(inducible
70kDa)

Human Mouse monoclonal Most
species

1:1000 Anti-mouse 
HrP (DAKO)

StressGen 
Biotechnologies 
York, UK

ST A T -1 
(91 kDa)

Human Rabbit polyclonal Most
mammalian
species

1:1000 Anti-rabbit 
HrP (DAKO)

StressGen 
Biotechnologies 
York, UK

2.6 Identification of p-galactosidase positive cells bv X-gal staining

This technique would identify those cells that were successfully co- transfected with the (3- 

galactosidase expression vector along with the expression vector being studied. After 

stress treatments, cells were washed with PBS and fixed with 1 ml 0.5% gluteraldehyde in 

PBS for 10 minutes. The fixative was removed and cells were washed twice with PBS. X-
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gal stain (12mM MgCl2, 200mM potassium ferrocyanide, 200mM potassium ferricyanide, 

and 0.4mg/ml 5-Bromo-4-Chloro-3-tridoyl-(3-D-galactopyranoside in dimethyl sulfoxide 

(DMSO, Sigma)) was added to each well (1ml) and incubated for 16 hours at 37°C. Cells 

were washed twice in lxPBS.

2.7 Assessment of cell death

Cell death was measured by Annexin V staining, TUNEL and trypan blue exclusion

2.7.1 Trypan blue exclusion

Cells were washed in phosphate buffered saline (PBS) and trypsinised for 1 minute in 

0.25p./ml trypsin in versene (Gibco, Life Technologies, UK). The cell suspension was 

centrifuged for 5 minutes at 1000 rpm, and the supernatant aspirated. The cell pellet was 

resuspended in 100p.l PBS and stored on ice. Cell counts were made, using a 

haemocytometer, by addition of 0.4% trypan blue (Sigma) to equal volume of cell 

suspension. The percentage of blue cells/total cells was counted by scoring 100 cells per 

well 3 times.

2.7.2 Assessment of apoptosis by TUNEL labelling

Cells were stained with Terminal deoxynucleotidyl transferase (3’-OH labelling of DNA) 

and 2mM Fluorescein-12-2’-deoxy-uridine-5’-triphosphate (Roche, Germany) and 

incubated for 1 hour 30 minutes in a humidified incubator at 37°C in the dark. Cells were 

washed with PBS and subsequently viewed under a phase contrast microscope (Zeiss) for 

the total number (3-galactosidase ((3-gal) positive cells and fluorescent microscopy for (3-
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gal and TUNEL positive cells. The percentage of apoptotic cells was expressed as the 

percentage of total P-gal positive cells, which were TUNEL positive.

2.7.3 Assessment of appptosis bv Annexin V staining

To assess early apoptosis and the changes that occur on the cell surface, Annexin-V-Fluos 

(Roche, Germany) staining was applied after heat shock or ischaemic stress. Incubation 

buffer (lOmM Hepes/NaOH, pH 7.4, 140mM NaCl, 5mM CaCh) was prepared. Annexin- 

V-Fluos-labelling solution was prepared by pre-diluting 20pl of Annexin-V-Fluos labelling 

reagent in lOOOpl of incubation buffer and 20pl of propidium iodide (PI) (50p.g/ml stock). 

PI was included to differentiate necrotic cells from apoptotic cells. 200pl of labelling 

solution was added per well and incubated for 15 minutes in dark at room temperature. 

Annexin-V binding cells were observed under fluorescent light (Zeiss). Cells from 3 

separate fields of view (200 cells per view) from the same well were counted and apoptotic 

cells were expressed as a percentage of total cells.

2.8 Site directed mutagenesis of murine CT-1 -99 to +19 plasmid

Mutagenesis of plasmids was carried out using the QuickChange™ Site-Directed 

Mutagenesis Kit (Stragagene) and was followed according to manufacturer instructions. 

Prior to using the kit, primers were designed to the C/EBPp sequence from the CT-1 -99 to 

+ 19 promoter (Figure 2.2).
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-99 ctgaactatg attggccgag cccgagccac gcccctagcc c t t t c c c c c t  t t t t c c c c c t  
gacttgatac taaccggctc gggctcggtg cggggatcgg gaaaggggga aaaaggggga

gg cc
t t t t c c c c c t  c c c c tc c tc c  tc c c c c g g a g  g gg t g t g t t g  aggaa_cctgg 
aaaaggggga ggggaggagg agggggcc tc c c c acacaac  t c c t t  g gacc

a t a a g c c t g g  g g c c a g c a tg  ag +19 
t a t t c g g a c c  c c g g t c g ta c  tc

Figure 2.2 DNA sequence of the CT-1 minimal promoter (-99 to 
+ 19) region showing the C/EBPp transcription factor binding site 
(italics) and mutations (underlined)

This region also contained a C/EBPp binding site and was of interest since previous studies 

have demonstrated that the ucn promoter also contains a C/EBP binding site and that the 

expression of C/EBP transcription factors is increased in response to simulated ischaemia 

(Brar et al., 1999). Four base mutations were included in the forward and reverse primers:

5 GGAGGGGTGTGTTGAGGAACCTGGA TAAGCCTG-3 ’ and

5'-CCAGGCTTATCCAGGTTCCTCAACACACCCCTCC-3\ In addition, the DNA that 

was to be mutated was prepared from a Qiagen plasmid DNA purification kit, and the 

concentration was determined by spectophotometry. A control reaction was set up with 

pWhitescript (comes with kit), and a sample reaction was set up as follows:

5pl of lOx reaction buffer 

X (5-50ng) of dsDNA template 

Xpl (125ng) of oligonucleotide primer #1 

Xpl (125ng) of oligonucleotide primer #2 

1 pi of dNTP mix

ddH2Q to a final concentration of 50pl
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-Then 1 j l x I  of Pfu Turbo DNA polymerase was added (2.5U/pl)

Cycling parameters for mutagenesis by the polymerase chain reaction (PCR) were 

modified depending upon the size of the template DNA and also the number of mutations 

to be introduced into the generated template.

The reaction was placed on ion reaction was then digested with Dpnl restriction enzyme 

(lOU/pl) and mixed before centrifuging and incubating the digestion for 1 hour at 37°C. 

This digestion allowed the parental (non-mutated) DNA to be digested, leaving only the 

mutated DNA.

Mutated DNA was then transformed into XLl-Blue super-competent cells and plated on 

agar-Ampicillin plates for 16 hours at 37°C. The resulting mutant plasmid was sent for 

sequencing to confirm that the mutation was successful.

2.9 In vitro protein-protein interaction

HSF1 expression vector were kindly given by I Benjamin, USA

Brn3b and p53 vectors were kindly provided by A Nissam, MRC Centre for protein 

engineering, Cambridge, UK

2.9.1 Transformation of plasmid DNA containing protein of interest

Expression vectors were transformed into Epicurian coli competent cells (BL-21 PlysS) 

provided by Stratagene. Cells were kept on ice for 30 minutes before heat shocking for 20 

seconds at 42°C. Transformants were returned to ice for 30 minutes, after which they were 

incubated in 800 pi LB at 37°C in an orbital shaker for 1 hour. Cells were centrifuged for
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20 seconds at 13000rpm. The supernatant was discarded, but leaving lOOul in the 

eppendorf to resuspend the bacterial pellet. The cell suspension was spread on agar plates 

containing chloramphenicol and ampicillin antibiotics. Plates were incubated for 16 hours 

in a 37°C incubator.

2,9,2 Sub-culturing transformed colonies (large scale)

A colony was picked from the plate and inoculated in 5ml LB containing the appropriate 

antibiotics and incubated at 37°C in an orbital shaker for 16 hours. 250ml of sterilized 

LB/Ampicillin was inoculated with 5ml sub-culture. The LB culture was incubated at 

37°C in an orbital shaker until the OD600nm reached 0.5 (an aliquot of 1ml was taken to 

run on SDS gel). Depending on the type of vector (pET or GST), proteins were over­

expressed by inducing with the appropriate concentrations of 1PTG (1M stock) for 2-4 

hours at 37°C in an orbital shaker until the OD at 600nm reached 1.0 (an aliquot of 1ml 

was taken to run on SDS gel).

The bacterial culture was centrifuged at 13000rpm. The supernatant was discarded and the 

pellet re-suspended in SDS gel loading buffer with p mercaptoethanol. Samples were 

boiled for 2-3 minutes and proteins were separated on 10% polyacrylamide gel in the 

presence of Rainbow marker (Amersham, UK). Electrophoresis was carried out at 60 volts 

on a mini-gel. Un-induced and induced proteins were detected by staining the gel with 

Coomassie blue stain for 1 hour at room temperature and de-stained until bands were 

observed. The gel was dried in a gel dryer for 20 minutes and kept as a reference to 

identify over-expressed proteins.
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2.9.3 Purification of Histidine tagged fusion proteins

The cell pellets (see section 2.9.2) were lysed by 3 cycles of freeze thaw from -20°C to 

room temperature in lxextraction/wash buffer (Clontech,USA). To remove cell debris the 

suspension was centrifuged at 13000rpm for 5 minutes. The supernatant was carefully 

transferred to a clean sterile eppendorf.

Talon Resin (Clontech, USA) was completely resuspended and 200pl of resin transferred 

to a 15ml falcon tube so that it would accommodate 10-20x the resin bed volume. The 

resin was equilibriated by centrifugation at 700xg for 2 minutes. The pellet was re­

suspended in 1ml of lx extraction/wash buffer (triton X-100 in PBS). This step was 

repeated 3 times before the clarified protein sample was added. The protein/resin complex 

reaction was carried out at room temperature for 20 minutes with gentle agitation (rotating 

wheel). A final centrifugation at 700g for 5 minutes was carried out and the supernatant 

removed carefully not disturbing the pelleted resin. To wash the pelleted resin, two 

washes of 1.5ml of lx extraction wash buffer was added and mixed gently on a rotating 

wheel for lOminutes at room temperature. Resin was centrifuged at 700g for 5 minutes, 

and the supernatant removed.

The resin was re-suspended in 1ml of 1 x extraction wash buffer by vortexing, and stored 

at -20°C until required for interaction studies.
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2.9.4 Purification of GST tagged fusion proteins

Cells were lysed in 1 x PBS/Triton 1% (37ml) by three cycles of freeze thaw from -20°C 

to room temperature. For 1 litre cultures, 500pl of Glutathione Sepharose 4B beads 

(Amersham, UK) was used.

2.9.4.1 Preparation of Glutathione Sepharose 4B medium

Glutathione Sepharose 4B (supplied as 75% slurry) medium was transferred to a new tube. 

The transferred medium was sedimented by centrifuging at 500x g for 5 minutes. The 

supernatant was discarded and the Glutathione Sepharose 4B washed by adding 3.76ml of 

cold (4°C) lxPBS (Manufacturer protocol suggests 10ml of lxPBS per 1.33ml of 75% 

slurry of Glutathione Sepharose 4B). The tube was inverted to mix. The medium was 

sedimented again by centrifuging at 500 xg for 5 minutes. For 500pl of original slurry 

used, 0.376ml of lx PBS was added (Manufacturer protocol suggests 1ml of lxPBS per 

1.33ml of 75% slurry of Glutathione Sepharose 4B), resulting in 50% slurry. The medium 

was mixed well before subsequent steps.

2.9.4.2 Purification of Protein of interest

The bed volume is equal to 0.5 x the volume of the 50% slurry used.

0.7446 ml of the prepared glutathione sepharose 4B (50% slurry) was equilibriated with 1 

xPBS to 37ml of bacterial lysate. This mixture was incubated at room temperature for 30 

minutes, by gentle agitation. The medium was sedimented by centrifuging at 500 x g for 5 

minutes. The supernatant was carefully decanted. The medium was washed with 10 bed 

volumes of lxPBS and inverted to mix. The medium was then sedimented by centrifuging
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at 500g for 5 minutes. The supernatant was carefully removed. This washing step was 

repeated twice. The Glutathione Sepharose 4B-bound protein was eluted from the 

sedimented medium by adding 1ml of elution buffer (50mM Tris-HCl, lOmM reduced 

glutathione, pH 8.0) per 1 ml bed volume of the original slurry. The medium was mixed 

gently to resuspend and incubated at room temperature for 10 minutes to elute the fusion 

protein from the medium by gentle agitation of the tube. The medium was sedimented by 

centrifuging at 500 x g for 5 minutes. The supernatant containing eluted protein was 

carefully transferred to a new tube and used for in vitro protein-protein interaction studies.

2.9.5 In vitro translation of proteins

The appropriate expression vector containing cDNA of the transcription factor was in vitro 

translated to radiolabel methionine residues with 35S. This was carried out using the in 

vitro transcription/translation kit from Promega, using T4 polymerase enzyme. 2pl of 

radiolabelled products were separated on an acrylamide gel containing SDS (10% w/v) and 

the gel dried on a gel dryer for 30 minutes at 80°C. Photographic film was then exposed 

for 24 hours so that the radiolabelled protein size would be visible.

2.9.6 Pull down method for protein-protein interaction

Fusion beads were washed in NENT buffer (lOOmM NaCl, ImM EDTA, 20mM Tris pH8, 

1% (v/v) NP-40 or Igepal) containing 0.5% milk powder to a final volume of 1ml. Beads 

were incubated at room temperature for 20-30 minutes in the wash buffer. The supernatant 

was carefully removed and NENT buffer containing 20% milk powder was added to the 

beads to a final volume of 0.5ml. Beads were incubated at room temperature on a rotating
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wheel for 15 minutes. A further 1ml of NENT buffer (without milk) was added to the 

beads in order to make it easier to see the pellet. After mixing the suspension, beads were 

centrifuged for 1 minute at 13000rpm. The supernatant was removed and beads were 

washed twice with 1ml of NENT alone, followed by one wash with transcription buffer 

(20mM Hepes pH7.9, 60mM NaCl, ImM DTT, 6mM MgCh, 8.2% Glycine, 0.1 mM of 0.5 

M EDTA). Beads were stored in this buffer.

For protein-protein interaction, 30pl of beads were equalized to lOOp.1 with transcription 

buffer. 5pi of the in vitro translated radio-labelled product was mixed with the fusion 

beads and incubated at room temperature on a rotating wheel for 1 hour. The beads were 

then washed five times with 1ml of NENT buffer. Beads were centrifuged for 5 minutes 

on a microcentrifuge. The supernatant was removed, and SDS loading buffer (with p- 

mercaptoethanol) was added to beads to separate on a SDS polyacrylamide gel. 10% of 

the in vitro translated product was also loaded on the same gel in order to identify 

interacting protein. The gel was dried for 30 minutes to 1 hour at 80°C and a film was 

exposed for 24 hours.

2.10 Statistical analysis

In results where two comparisons were made in a data set, the Students t-test was 

performed to test for significance between the means. A p value of less than 0.05 was 

considered significant. T-tests were performed using Microsoft Excel Analyse It.

For data sets where multiple comparisons were made between treatment groups, one -way 

analysis of variance (ANOVA) was performed. This test determines whether there are any



differences between the treatments and a p value of less than 0.05 was considered 

significant.

When an ANOVA test showed significant differences between treatment groups, the post 

hoc Bonferroni’s test was performed to test for significant differences between specific 

treatments, and a p value of less than 0.05 was considered significant.

For comparisons being made from scanned Western blots, the Wilcoxon signed ranked test 

was used as this test determines whether there is an increase or decrease in pairs of data, 

and is appropriate when n numbers are low. Microsoft Excel Analyse It was used.

114



CHAPTER 3.

The C-terminal Domain of STAT-1 
is Necessary and Sufficient for 

Stress-Induced Apoptosis
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3.0 INRODUCTION

The STATs are known to play key roles in mediating transcriptional responses to specific 

interferons and cytokines. It is known, for example, that treatment with IFNy results in 

phosphorylation of STAT-1 at tyrosine 701 and serine 727 residues within the C-terminal 

domain, leading to the formation of STAT-1 dimers which translocate to the nucleus to 

bind DNA and activate transcription of STAT-1 responsive genes (Horvath and Darnell, 

1997; Darnell, 1997; Chatterjee-Kishore, van der Akker, and Stark, 2000; Horvath, 2000).

Other STATs are activated by specific cytokines (see Introduction section). For example, 

STAT-3 is activated by cytokines belonging to the IL-6 family via a common receptor 

subunit known as gpl30. STAT-3 activation has been linked to enhanced cell 

proliferation. In addition, when over-expressed, a constitutively active form of STAT-3 

can behave as an oncogene that is able to transform cells either alone or in co-operation 

with other oncogenes (Bromberg et al., 1999; Ram, Horvath and Iyengar, 2000).

In contrast to this role for STAT-3 in cell proliferation (Bromberg et al, 2000; Ram et al., 

2000), STAT-1 has been shown to play a role in the induction of programmed cell death or 

apoptosis. Treatment of various cell lines with IFNy induces apoptotic cell death and 

activation of a proteolytic enzyme called caspase 1 (Chin et al., 1997). Moreover, cells 

that lack either functional STAT-1 protein or Jakl kinase are not sensitive to apoptotic cell 

death, and caspase 1 is not activated in response to IFNy in these cells (Chin et al., 1997). 

Similarly, cells that lack functional STAT-1 protein show reduced caspase expression and
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arc- also less sensitive to TN F-a induced apoptosis compared to parental cells that do 

express STAT-1 (Kumar et al., 1997).

These studies demonstrate that STAT-1 plays a key role in inducing apoptotic cell death in 

response to regulatory factors such as IFNy or TNF-a. Interestingly, recent studies have 

also shown that STAT-1 plays a role in apoptosis induced by simulated ischaemia/re- 

oxygenation in cardiac cells. Moreover, STAT-1 is shown to be expressed at enhanced 

levels following simulated ischaemia/re-oxygenation and phosphorylation of STAT-1 

occurs on both tyrosine 701 and serine 727 residues respectively (Stephanou et al., 2000; 

Stephanou et al., 2001). In addition, introduction of an antisense STAT-1 construct into 

cardiac cells protects them from apoptosis induced by simulated ischaemia/re-oxygenation 

(Stephanou et al., 2000).

Therefore, this study aims to investigate further the features of STAT-1 required for stress- 

induced apoptosis. The U3A cell line which lacks a functional STAT-1 protein is a 

fibrosarcoma cell line (Darnell, Kerr and Stark, 1994) will be used and will be compared to 

the parental 2fTGH cell line, which does contain a functional STAT-1 protein (Darnell, 

Kerr and Stark, 1994). The U3A cells will be transfected with expression vectors encoding 

different forms of STAT-1 to determine which region(s) of the transcription factor are 

required for stress-induced apoptosis observed in previous studies.
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3.1 Differences in S tress-Induced  Cell Death In Parental 2fTGH Cells

Expressing STAT-1 and M utant U3A cells Lacking Functional STAT-1

In order to study the role of STAT-1 in stress-induced apoptosis, the 2fTGH and U3A cell 

lines were used. 2fTGH is a human cell line containing the selectable marker guanine - 

phosporibosyltransferase regulated by IFNa. 2fTGH cells contain a functional STAT-1 

protein, whereas U3A cell line does not contain functional STAT-1 (Figure 3.1). In 

addition, U3A cells are unresponsive to IFNa and also responsive to IFNy (McKendry et 

al., 1991). For this reason, the introduction of various expression vectors was possible into 

the mutant cell line to compare with the parental cell line.

STAT-1

Actin

Figure 3.1 Western blot analysis of 2fTGH and U3A cell 
lines. 2fTGH cells show band for STAT-1 (Lane 1), and 
U3A with no band for STAT-1 (Lane 2).
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Previous studies have demonstrated that STAT-1 is involved in, for example, apoptosis 

induced by simulated ischaemia (Stephanou et al., 2000; Stephanou et al., 2001). Thus, in 

primary experiments, the effect of stress such as simulated ischaemia and elevated 

temperature was investigated in 2fTGH and U3A cell lines. The effect of simulated 

ischaemia was investigated to determine whether any differences in cell death could be 

observed between 2fTGH and U3A cell lines. Cells to be subjected to stress were placed 

them in a simulated ischaemic chamber for 2 hours, 4 hours or 8 hours. Control cells were 

kept under normoxic conditions. The percentage of cell death was measured by trypan 

blue exclusion, which would identify live cells (white) and dead cells (blue). The mean 

percentage cell death was calculated as the number of live cells divided by the total 

number of cells counted. 200 cells per sample were scored (Figure 3.2a).
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2fTGH

Controls 2 hours 4 hours 8 hours
Simulated Simulated Simulated
Ischaemia Ischaemia Ischaemia

Figure 3.2 a. Cell Death in Parental 2fTGH cells (expressing STAT-1) or 
in U3A derivative (lacking STAT-1) following exposure to either simulated 
ischaemia for the period indicated. Values indicate percentage dead cells 
unable to exclude trypan blue and are the means of three determinations each 
performed in duplicate whose standard error is shown by the bars. *p<0.05 
U3A versus 2fTGH determined by Student t test
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The experiment showed differences in cell death between 2fTGH cells and U3A cells 

(Figure 3.1a). 2fTGH cells showed a greater percentage of cell death at each time point of 

simulated ischaemic treatment compared to the U3A cells. The percentage of cell death in 

2fTGH cells increased significantly with increasing time of exposure to simulated 

ischaemia, with the level of cell death being greater at 4 hours (p<0.05) and 8 hours 

(p<0.05). These results show that the levels of cell death observed is regulated by STAT- 

1, and that the effect may be specific to stress since no difference in death was observed in 

unstressed cells.

In order to determine that the differences in cell death observed in the previous experiment 

were not specific to the use of simulated ischaemia as a stress. 2fTGH and U3A cells were 

subjected to lethal heat stress at either 43°C or 44°C for 2 hours as sensitivity to such stress 

had not been determined. Total cell death was determined by trypan blue exclusion, and 

cell death was expressed as a mean of total cells (Figure 3.2b).
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2fTGH

Controls 43°C i  hours 44’C 2 hours
Heat shock Heat shock

Figure 3.2b. Cell death in parental 2fTGH cells (expressing STAT-1) 
or their U3A derivative (lacking STAT-1) following exposure to heat 
shock for 2 hours at 43°C or 44°C. Values indicate the percentage of 
dead cells unable to exclude trypan blue and are the mean of three 
determinations each performed in duplicate whose standard error is 
shown by the bars. p^0.05 versus 2fTGH determined by Student t test
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In this experiment, the 2fTGH cells again displayed a greater level of cell death compared 

to U3A cells. The difference in cell death between both cell types was apparent at 43 C 

(p<0.05) and was more severe at 44°C (p<P-05) as there was a 2 -fold increase in death 

compared to U3A cells.

It is apparent from these experiments that greater sensitivity to either stress is observed in 

21TGH cells compared to mutant U3A cells, and that the effects observed are not specific 

to the nature of the stress.
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3.2 Confirmation of Apoptosis bv Annexin V and 

TIJNEL Assays

The previous experiments showed that STAT-1 enhances cell death in response to two 

dillerent stimuli. Although trypan blue can distinguish between those cells that are dead 

and those cells that are alive, this method cannot determine whether dead cells result from 

necrosis or apoptosis.

Since STAT-1 has been implicated in apoptotic cell death induced by simulated 

ischaemia/repersfusion, in other studies, it was important to determine whether the 

differences in sensitivity to stress observed in this study was due to enhanced apoptosis. 

Again, 2fTGH and U3A cells were subjected to heat stress at 43°C or simulated ischaemia 

for 4 hours. In order to measure cell death by apoptosis, two methods of detection were 

used. Annexin V surface staining is used to identify early stages of apoptosis by detecting 

phosphatidyl serine, which translocates to the surface of the cell. In normal cells, 

phosphatidyl serine is located on the inside of the membrane. TUNEL label detects cells 

that are at later stages of apoptosis, as it labels 3’ OH ends of fragmented DNA.

In this experiment, those cells that were TUNEL positive or annexin V positive were 

scored and represented as a mean percentage of cells that were apoptotic (Figure 3.3).
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Figure 3.3. Apoptotic cell death in 2fTGH cells or their U3A derivative 
following exposure to heat shock or simulated ischaemia as assayed by TUNEL 
or Annexin V staining. Values are the mean of three determinations 
each performed in duplicate whose standard error is shown by the bars.

*p<0.05 U3A versus 2fTGH determined by Student t test
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2IICJH cells were more sensitive to both simulated ischaemic stress (p<0.05) and heat 

stress (p<0.05). The pattern of apoptotic cell death was similar in both TUNEL and in 

annexin V assays, with apoptotic cell death being more marked in 2fTGH cells. U3A cells 

were less sensitive to the treatments.

These results demonstrate that simulated ischaemia and heat stresses cause these cells to 

die as a result ol apoptosis, and STAT-1 enhances the extent of apoptosis observed.
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3.3 Enhanced Sensitivity of U3A cells to stress bv introduction 

of ST AT- t
In the following experiments, an expression vector encoding full length STAT-1 a  was 

introduced into the U3A cell line to determine whether enhanced apoptosis in response to 

stress could be restored by expression of STAT-1. U3A cells were transfected with the 

STAT-1 a  full length expression vector and also a cmv p-galactosidase expression vector 

(Figure 3.4).
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U3A+STAT-lawt

Figure 3.4. Apoptotic cell death in U3A cells transfected with expression vector 
lacking any insert or with STAT-1 expression vector and then either left untreated or 
exposed to simulated ischaemia for 4 hours or heat shock for 2 hours at 43°C. 
Values indicate percentage of successfully transfected (p-galactosidase positive, 
10%) cells which are positive in TUNEL assay of apoptosis and are the mean of 
three determinations each performed in duplicate whose standard error is shown by 
the bars. *p^0.05 U3A+STAT-1 cells versus control U3A cells determined by 
Student t test

128



The cmv p-galactosidase vector was included to identify successfully transfected cells. 

Transfected cells were subjected to either simulated ischaemia or heat shock, and then 

stained with X-gal to identify P-gal positive cells (Figure 3.5a). Apoptotic cells were 

identified by assaying with TUNEL (3.5b). Annexin V stain was not used as this stain can 

only be used on live cells and not cells that are fixed.

Figure 3.5 2fTGH cells transfected with p- 
galactosidase and stained with X-gal (X) 
(Magnification x 10, light microscope) (a); 2fTGH 
cells assayed for TUNEL (Magnification x 40, 
fluorescence microscope) (b). Brightly fluorescent 
cells were p-galactosidase and TUNEL positive (T)
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In cells transfected with STAT-1 only a minimal effect of apoptotic cell death was 

observed in the absence of stress (Figure 3.4). When STAT-1 transfected cells were 

exposed to stress, the percentage of apoptotic cells was increased compared to the U3A 

cells transfected only with control vector. A four-fold increase was observed in U3A plus 

STAT-1 cells exposed to heat stress (p<0.05) compared to control U3A cells. An 

approximately 3 -fold increase in apoptotic cell death was observed in U3A plus STAT-1 

cells exposed to simulated ischaemia (p<0.05) compared to control U3A cells.

Therefore, this experiment demonstrates that STAT-1 mediates pro-apoptotic effects in 

cells that are exposed to heat or simulated ischaemic stress.
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3,4 Opposing Effect on Apoptosis by STAT-3 in U3A 

Cells

The previous experiment demonstrated that by transfecting a functional STAT-1 protein 

into the mutant U3A cells, levels of apoptotic cell death were enhanced to levels observed 

in the parental 2fTGH stresses cells after heat or simulated ischaemic stress.

The next set of experiments involved testing whether this effect of STAT-1 could be 

reproduced with the related protein STAT-3 or with mutant or truncated derivatives of 

STAT-1. In other experiments, these factors have been shown to be expressed at similar 

levels in the transfected cells (Stephanou et al., 2000; Stephanou et al., 2001) and this was 

also confirmed in these experiments in a Western blot (Figure 3.6).

2 3

STAT-1 “► 1 91kDa

STAT-1 390-750 -► 40kDa

Figure 3.6 Western blot with an antibody to STAT-1 using 
extracts of U3A cells transfected with wild type STAT-1 (lane 1), 
tyrosine 701 to phenylalanine mutant (lane 2), and 390-750 
STAT-1 C-terminal construct (lane 3)
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A STAT-3 expression vector was transfected into the mutant U3A cells to compare levels 

of enhanced apoptosis with those cells transfected with STAT-1 (Figure 3.7). In other 

studies STAT-3 has been shown to have an anti-apoptotic role in enhanced cell 

proliferation and transformation (Bromberg et al., 1999; Ram et al., 2000).

In addition, both STAT-1 and STAT-3 expression vectors were also transfected together 

into U3A cells (figure 3.7). All transfected cells were subjected to either heat stress or 

simulated ischaemic stress, after which they were assayed for apoptosis by TUNEL 

labelling. Those cells that were p-gal positive and also TUNEL positive were scored as a 

mean percentage of apoptotic cells.
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No
I Treatment Heat shock

Simulated
Ischaemia

Figure 3.7. Apoptotic cell death in U3A cells transfected with empty expression 
or expression vectors encoding STAT-1 or STAT-3 singly or in combination and 
then either left untreated or exposed to heat shock at 43°C for 2 hours or 
simulated ischaemia for 4 hours. Values indicate the percentage of successfully 
transfected cells which are TUNEL positive and are the mean of three determinations 
each performed in duplicate whose standard error is shown by the bars.
*p<0.05 versus empty expression vector transfected cells determined by Student t test.
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Transfection of STAT-1 alone significantly induced enhanced apoptosis after heat and 

simulated ischaemic stress compared to controls (heat stress p<0.05; ischaemic stress 

p<0.05). However, transfection of STAT-3 produced a small enhancement of apoptosis 

following exposure to either heat or simulated ischaemia, and this effect was much smaller 

than observed with STAT-1 alone. Co-transfection of STAT-1 and STAT-3 did not 

enhance apoptosis significantly indicating that STAT-3 can block the apoptotic effect of 

STAT-1 (figure 3.7).

These results demonstrate that the stress induced enhanced apoptotic effect is due to the 

presence of STAT-1, and that STAT-3 reduces the apoptotic effect, although this was not 

statistically significant. The pro-apoptotic effect of STAT-1 is abolished when both 

STAT-1 and STAT-3 are co-transfected suggesting that STAT-3 may behave as a negative 

control for STAT-1 activity. This could occur by competing for the same proteins as 

STAT-1 by forming heterodimers with it or by blocking its DNA binding site.
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3.5 Identification of Region of STAT-1 Required for 

Apoptosis
Differences observed by introducing STAT-1 or STAT-3 into the mutant U3A cells 

showed that these two proteins had opposing effects on apoptotic cell death induced by 

simulated ischaemia or heat stress. In order to probe further the regions of STAT-1 

required for apoptosis, chimaeric expression vectors encoding different regions of STAT-1 

or STAT-3 were used (Figure 3.8):

STAT-1 a  wt 

STAT-3 wt

u  297-5141 

3J 293-5083

3 296'

domain

297 293 514 509

296 293

390 750

691 750

Figure 3.8 Structure of the STAT-l/STAT-3 chimaeric constructs, 

and truncated STAT-1 constructs
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In these experiments, U3A cells were transfected with various chimaeric constructs. Cells 

were subjected to either simulated ischaemia or heat stress. Only those cells that were p 

gal positive and also TUNEL positive were scored and represented as a mean percentage of 

apoptotic cell death (Figure 3.9)
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Figure 3.9 Apoptotic cell death in U3A cells transfected with expression 
vectors encoding STAT-1, STAT-3, STAT-l/STAT-3 chimaeras or 
constructs encoding amino acids 390-750 or 691-750 of STAT-1 followed by 
exposure to heat shock at 43°C for 2 hours or to simulated ischaemia for 
4 hours. Values indicate the percentage of successfully transfected cells, which 
are TUNEL positive and are the mean of three determinations whose standard 
error is shown by the bars. *p<0.05 versus empty expression vector 
transfected cells determined by Student t test
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I he first chimaeric construct to be tested contained the C-terminal domain and N terminal 

domain of STAT-1 and the DNA binding domain of STAT-3 (construct 1,3 297-5143). An 

enhancement of apoptotic cell death was observed with this construct. The reciprocal 

construct was transfected in U3A cells (construct 3,l293-5083) and subjected to simulated 

ischaemia or heat stress. This chimaera did not have an enhanced apoptotic effect in 

response to either stress (figure 3.9). Interestingly, an enhancement of apoptotic cell death 

was observed in simulated ischaemia or heat treated U3A cells transfected with chimaera 

3296' (N domain of STAT-3 fused with DNA binding domain and C-terminal domain of 

STAT-1) that was statistically significant (simulated ischaemia p^0.05; heat p<:0.05).

Therefore, these experiments demonstrate that the N-terminal domain of STAT-1 is not 

required for the effects observed. Furthermore, the DNA binding domain of STAT-1 alone 

cannot induce enhanced apoptosis, with the major effect requiring the C-terminal domain 

of STAT-1 as observed with chimaera 3296'.

Further expression vectors of STAT-1 were made to probe the C-terminal domain of 

STAT-1 and its involvement in stress induced apoptosis. A construct was made contained 

the DNA binding domain and the C-terminal domain (amino acids 390-750) of STAT-1. 

U3A cells transfected with the STAT-1 390-750 C-terminal construct displayed 

enhancement of apoptosis when exposed to heat stress (p<0.05) and also simulated 

ischaemia (p<0.05) although to a lesser extent than wild type STAT-1 (Figure 3.9). 

Therefore, this result demonstrates further that the effect observed with the chimaeric
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construct is not due to the N-terminal domain of STAT-3 substituting for that of STAT-1. 

Rather, enhanced apoptosis can still be observed in the absence of the N-terminal domain.

To determine whether the isolated C-terminal domain without the DNA binding domain is 

not only necessary but also sufficient for enhanced stress-induced apoptosis, a construct 

expressing only amino acids 691-750 of STAT-1 was also prepared. In transfected U3A 

cells, this construct was able to induce enhanced apoptosis exposed to heat stress (p<0.05), 

and similar levels of enhancement to STAT-1 wild type when exposed to simulated 

ischaemia (p<0.05) (Figure 3.7). In addition, a truncated STAT-1 construct in which the 

694-750 region had been replaced with a STOP codon was not able to induce enhanced 

apoptosis, suggesting that the C-terminal domain of STAT-1 is essential for stress-induced 

apoptosis (Figure 3.9). Hence, the C-terminal domain of STAT-1 is not only necessary for 

enhanced stress-induced apoptosis but is also sufficient for this effect, producing it in the 

absence of the adjacent DNA binding domain or other regions of STAT-1.
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3.6 Requirement of Caspase Cleavage of STAT-1 in 

Stress Induced Apoptosis

The previous results demonstrated that the isolated 691-750 domain of STAT-1 was able to 

induce enhanced apoptosis significantly. STAT-1 in other studies has been shown to be 

cleaved by caspase 3 at amino acid position 694 to release a C-terminal fragment (King 

and Goodboum, 1998).

Therefore, in order to determine whether this cleaved C-terminal fragment was essential 

for stress induced apoptosis, two mutant constructs in which an aspartic acid at position 

694 had been replaced by either an alanine or glutamic acid residue were used . In another 

study, a cleavage site for caspases at aspartic acid residue 694 in the STAT-1 protein was 

identified (King and Goodboum, 1998). To test whether this residue was a target for 

cleavage, the aspartic acid residue was changed to alanine or glutamic acid. Upon 

treatment with double stranded RNA and cyclohexamide, these mutant STAT-1 proteins 

were not cleaved, but endogenous STAT-1 a  and STAT-1 (3 was cleaved (King and 

Goodboum, 1998).

Therefore, in this study, using these two mutants would determine whether cleavage of 

STAT-1 to release a C-terminal fragment is necessary for stress- induced apoptosis (Figure 

3.10).
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Treatment

Simulated
IschaemiaHeat shock

Figure 3.10. Apoptotic cell death in U3A cells transfected with expression 
vectors encoding full length STAT-1, a construct encoding amino acids 
1-694 of STAT-1 with a STOP codon at position 695, and two constructs 
(D694A and D694E) in which amino acid 694 has been replaced with a 
residue to prevent caspase cleavage. Transfected cells were either left 
untreated or exposed to heat stress at 43 °C for 2 hours or simulated 
ischaemia for 4 hours. Values indicate the percentage of successfully 
transfected cells, which are TUNEL positive and are the mean of three 
determinations each performed in duplicate whose standard error is shown 
by the bars. *p<0.05versus empty expression vector transfected cells 
determined by Student t test.
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When cells were transfected with these two vectors separately both constructs were able to 

induce enhanced apoptosis significantly (D694A, p<0.05; D694E, p<0.05).

Therefore, these results demonstrate that a cleaved C-terminal fragment is not essential for 

stress-induced apoptosis, and that the apoptotic effect can be induced by STAT-1 as an 

intact molecule as well as an isolated C-terminal fragment.
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3.7 Determination of phosphorylation sites of STAT-1 

required for stress-induced apoptosis

The previous results show that an enhanced apoptotic effect can be produced when STAT- 

1 is an intact molecule as well as by a truncated fragment containing only the C-terminal 

domain (residues 691 -750).

The C-terminal domain of STAT-1 contains two phosphorylation sites; a tyrosine residue 

at position 701 and a serine residue at position 727 (Horvath and Darnell, 1997; Darnell, 

1997; Chatterjee-Kishore et al., 2000; Horvath, 2000). Previous studies have shown that 

phosphorylation on serine 727 residue is required for STAT-1 activation (Zhang et al., 

1995). Moreover, it has been shown that phosphorylation of serine 727 is not coupled to 

prior tyrosine 701 phosphorylation following stress (Kovarik et al., 2001). Therefore, in 

order to determine whether tyrosine 701 and/or serine 727 phosphorylation was important 

in apoptosis induced by stress, U3A cells were transfected with either a tyrosine 701 

mutant (tyrosine changed to phenylalanine) or a serine 727 mutant (serine changed to 

alanine). These cells were exposed to heat and simulated ischaemic stress (figure 3.11).
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Figure 3.11 Apoptotic cell death in U3A cells transfected with expression 
vectors encoding wild type STAT-1 or mutants and then exposed to 
heat stress at 43°C for 2 hours or simulated ischaemia for 4 hours.
Values indicate the percentage of successfully transfected cells, 
which are TUNEL positive and are the mean of three determinations 
performed in duplicate whose standard error is shown by the bars.
Single factor ANOVA was carried out and showed significant differences 
between treatment groups (p<0.0001). Post- hoc Bonferroni test 
was carried out and significant levels compared to STAT-1 wt are depicted 
as follows: *<0.05 **<0.01 ***<0.0001
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Both STAT-1 mutants significantly reduced the effect on apoptotic cell death compared to 

STAT-1 wild type (701 mutant, p<0.05; 727 mutant p<0.05). Therefore, in these cells, 

both tyrosine and serine residues are essential for STAT-1 phosphorylation in stress- 

induced conditions.
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3.8 Discussion

The aim of this study was to investigate the role of STAT-1 transcription factor in stress- 

induced apoptosis. By using the U3A mutant cell line, which lacked a functional STAT-1 

protein, the region of STAT-1 required for stress-induced apoptosis was also identified.

This study demonstrates that differences in sensitivity to stress occur in the presence and 

absence of STAT-1 in 2fTGH and U3A cells respectively. U3A cells are resistant to 

simulated ischaemia or heat stress. This could be due to the loss of STAT-1 or the other 

factors such as increased number of passages of cells in culture (Darnell et al., 1994).

However, confirmation that the sensitivity of 2fTGH cells to stress is due to STAT-1 has 

been obtained when STAT-1 is re-introduced into the U3A cell line. The level of 

apoptosis is enhanced to levels observed in the parental 2fTGH cell line, which 

demonstrates that STAT-1 is behaving as a pro-apoptotic factor. It is also apparent that the 

pattern of cell death induced by both simulated ischaemia and heat stress is similar, which 

suggests that death occurs via a common pathway, and that STAT-1 is required for this 

process.

Transfecting STAT-3 into U3A cells did not induce enhanced apoptosis but had similar 

characteristics to the wild type U3A cells. Co-transfection of STAT-1 and STAT-3 

resulted in abolition of the enhanced apoptotic effect observed with STAT-1 alone. In this 

case, the apoptotic characteristic of STAT-1 may be hindered by STAT-3 interference by 

forming a STAT-l/STAT-3 heterodimer, which is unable to induce enhanced cell death, or
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by competing with STAT-1 for binding to a cellular protein or DNA binding site required 

for death induction.

By transiently transfecting various expression vectors encoding chimaeras and mutants of 

STAT-1, the region responsible for stress-induced apoptosis was identified. Chimaeric 

STAT-1 and STAT-3 expression vectors used to probe regions of STAT-1 that may be 

required for the apoptotic nature of STAT-1 revealed that the N- terminal domain was 

dispensable for the apoptotic effect observed since the 3296* construct was still able to 

induce enhanced apoptosis. This was confirmed by transfecting the C-terminal STAT-1 

construct containing part of the DNA binding domain (390-750) as it also induced 

enhanced apoptosis. Therefore the effect observed with the chimaeric construct was not 

due to the N-terminal domain of STAT-3 substituting for that of STAT-1 but rather 

enhanced apoptosis could still be observed in the absence of the N-terminal domain.

Further experiments confirmed that indeed the N terminal domain was not required for the 

enhanced apoptotic effect. A STAT-1 construct containing a STOP codon at position 695 

showed that the C-terminal domain of STAT-1 downstream of amino acid 695 was 

essential for the apoptotic effects observed. In addition, the C-terminal domain alone 

induces apoptosis without the DNA binding domain (STAT-1 691-750 construct).

Other studies have shown that the C-terminal fragment of STAT-1 is released as a result of 

cleavage by caspase 3 at position 694 (King and Goodboum, 1998). However, in this 

study, mutation of the 694 amino acid residue to either alanine or glutamic acid, which
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blocks cleavage, still significantly induced apoptosis. Therefore, cleavage of STAT-1 to 

release a free C-terminal fragment is not essential for stress-induced apoptosis and hence 

the C-terminal domain can produce apoptotic effects either within an intact molecule or as 

an isolated domain produced artificially or naturally by caspase cleavage.

Some transcriptional regulators have been shown to interact directly with STAT-1. These 

proteins include CBP (Zhang et al., 1996), BRCA-1 (Ouchi et al., 2000) and MCM5, a 

chromatin re-modeling factor (Zhang et al., 1998). Interaction of the C-terminal domain of 

STAT-1 with DNA-bound transcription factors such as CBP may lead to recruitment 

independently of the DNA binding domain of STAT-1. This co-activator type role for 

STAT-1 would allow the C-terminal domain to enhance cell death by activating specific 

target genes when present alone, or linked to the remainder of the STAT-1 molecule. The 

ability of STAT-3 to prevent induction of cell death by STAT-1 suggests that STAT-3 may 

negatively regulate STAT-1 by binding to the same DNA-bound factor as STAT-1 but 

such that binding does not induce enhanced cell death, as observed with STAT-1.

Recent data from the Chatterjee-Kishore study (Chatterjee-Kishore et al., 2000) has shown 

that some STAT-1 dependent genes are still activated when the tyrosine 701 amino acid 

residue is mutated to a phenylalanine that cannot be phosphorylated. In other studies, 

phosphorylation on the serine 727 amino acid residue is essential for interaction of STAT- 

1 with MCM5 or BRCA-1 (Zhang et al., 1998; Ouchi et al., 2000). Following stress, 

phosphorylation of serine 727 is not coupled to prior tyrosine 701 phosphorylation 

(Kovarik et al., 2001). Therefore, testing this effect in the U3A cells showed that
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phosphorylation of both tyrosine 701 and serine 727 is essential for stress-induced 

apoptosis. In contrast, in U3A cells that are treated with TNF-a the tyrosine 701 to 

phenylalanine mutant is still able to induce enhanced apoptosis whereas the serine 727 to 

alanine mutant is not able to induce enhanced apoptosis (Kumar et al., 1997). In addition, 

cardiac cells that are exposed to simulated ischaemia/re-oxygenation following transfection 

of wild type STAT-1 or the tyrosine 701 to phenylalanine mutant displayed enhanced 

apoptosis. However, this was not observed when cardiac cells were exposed to simulated 

ischaemia/re-oxygenation following transfection of the serine 727 to alanine mutant 

(Stephanou et al., 2001).

The pattern of STAT-1 phosphorylation observed in our study and in the studies by Kumar 

et al. (1997) and Stephanou et al. (2001) may be due to use of TNFa rather than thermal or 

simulated ischaemic stress, and also the cells that were used in the other studies were 

primary cardiac neonatal cardiac myocytes, that become terminally differentiated rapidly 

and stop dividing. In contrast, the fibroblast cells that were used in our study were stably 

transformed cell lines. Therefore, the differences in phosphorylation of residues within the 

C-terminal domain of STAT-1 could be due to differences in cell type, which would also 

involve differences in signals that lead to STAT-1 phosphorylation.

Therefore, this data shows that the presence of STAT-1 results in enhanced sensitivity 

upon exposure to thermal or simulated ischaemic stress compared to cells where it is 

absent, and also demonstrates that the C-terminal activation domain of STAT-1 is 

necessary and sufficient for the enhanced apoptotic effect observed.
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Regulation of Heat Shock Proteins by the STAT Family of

Transcription Factors

4.0 INTRODUCTION

Extracellular stresses such as elevated temperature and ischaemia /reperfusion are known 

to induce the heat shock proteins (Hsps) (Lindquist, 1988). Other stimuli such as cytokines 

including Interferon y (IFN y) and Cardiotrophin-1 (CT-1) are also able to induce Hsp 

expression via Jak-STAT-1 or Jak-STAT-3 pathways respectively (Stephanou et al., 1998; 

Stephanou et al., 1999).

The mechanism of Hsp induction has been well established for example, exposure of cells 

to elevated temperature leads to activation of the latent monomeric transcription factor 

called Heat Shock Factor (HSF)-1, leading to homo-trimerisation followed by translocation 

to the nucleus to bind specific HSE sequences within Hsp gene promoters (Morimoto, 

1993). Thus, during stress, normally expressed genes are down regulated, and an increase 

in Hsp gene activity occurs and this mechanism is generally accepted for many other stress 

conditions of the cell.

Other mechanisms of Hsp induction also exist but are not activated in response to stresses 

such as elevated temperature. For example, recent studies have shown that Hsps are 

induced in response to cytokine stimulation, and that different transcription factors are also 

involved.
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Sludies have shown that IL-6, a pleiotropic cytokine, is able to stimulate the liver to induce 

synthesis of acute-phase proteins. IL-6 stimulation of cells leads to activation of two 

separate signalling pathways namely the MAPKinase pathway, and the Jak/STAT pathway 

(Akira and Kishimoto, 1992; Akira et al., 1994). Further studies on IL-6 have shown that 

this cytokine can induce Hsps. IL-6 has been shown to be elevated in systemic lupus 

erythematosis (SLE), rheumatoid arthritis and juvenile chronic arthritis (Eastgate et al., 

1988; De Benedetti et al., 1991; Linker-Israeli et al., 1991). Interestingly, Hsp90 levels 

have been shown to be elevated in peripheral blood mononuclear cells (PBMCs) from a 

specific subset of SLE patients (Latchman and Isenberg, 1994). Stephanou et al (1997) 

demonstrated that IL-6 was able to induce accumulation of Hsp90 in both liver cells and 

PBMCs, and that it was the Hsp90(3 promoter that was activated in response to IL-6 

(Stephanou et al., 1997). Morover, this effect was mediated by activation of the NFIL-6 

transcription factor (Stephanou et al., 1998a).

CT-1 is also able to induce expression of Hsp90 and Hsp70 in neonatal cardiac myocytes 

and protects against exposure to severe thermal or ischaemic stress (Stephanou et al., 

1998b). Furthermore, STAT-3 (which is activated by CT-1 or IL-6) is able to induce 

activation of Hsp90|3 promoter, and NFIL-6 and STAT-3 synergize in activating the 

Hsp90p promoter (Stephanou et al., 1998a). In addition, it has been demonstrated by 

Stephanou et al. (1998) that both NFIL-6 and STAT-3 are able to interact differently with 

HSF-1 or heat shock. Over-expression of NF-IL6 and HSF-1 (or heat shock) co-operate 

and enhance activity of Hsp90p promoter, while over-expressed STAT-3 and/ HSF-1 (or 

heat shock) antagonise each other (Stephanou et al., 1998).
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Other cyokines have also been shown to produce induction of Hsps in different cell types, 

for example IL-lp can induce expression of Hsp90 and Hsp70 in rat islet pancreatic cells 

(Helquest et al., 1991).

IFNy is a multi-functional cytokine that has anti-viral, anti-tumour properties (Darnell et 

al., 1994), and specifically activates STAT-1 (Schindler et al., 1995). IFNy has been shown 

to enhance Hsp70 levels in granulosa-luteal cells and HepG2 cells (Kim et al., 1996). 

Over-expressed STAT-1 enhances Hsp90f3 and Hsp70 promoter activity. IFNy was not 

able to induce expression of Hsp90p or Hsp70 promoters in the STAT-1 deficient cell line 

U3A. However, when STAT-1 was re-introduced, Hsp90p and Hsp70 promoter activity 

was stimulated (Stephanou et al., 1999). Stephanou et al (1999) demonstrated that both 

STAT-1 and HSF-1 were able to produce an additive effect on Hsp90p and Hsp70 

promoter activity, and that a direct protein-protein interaction occurs between STAT-1 and 

HSF-1. Moreover, a composite response element was also identified in this study that was 

able to integrate HSF-mediated heat shock response with IL-6 and IFNy signalling to 

mediate differential regulation of HSPs.

In previous studies it has been shown that various cytokines can activate and enhance Hsp 

promoter activity. For example, CT-1 (an IL-6 like cytokine) can induce Hsp expression 

via the JAK/STAT-3 pathway. IFNy can induce expression of Hsps via the JAK/STAT-1 

pathway specifically (Darnell et al., 1994). IFNa can activate STAT-1 and STAT-2 and 

hence mediate expression of IFNa specific genes. IFNa and IFNy both display
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overlapping transcriptional signalling pathways (Darnell et al., 1994; Schindler et al., 

1995). Induction of Hsps by IFNa has not been investigated previously, and it is possible 

that IFNa can also induce expression of Hsps like IFNy in the absence and presence of 

heat shock (Stephanou et al., 1999). Therefore, in this chapter, the protein-protein 

interaction of STAT-1 and HSF-1, and the effect of STATs on Hsp90 induction by IFNa,

IFNy and heat stress were investigated. The effect on hsp protein induction was also 

investigated.
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4.1 In vitro protein-protein interaction of STAT-1 and HSF-1

Stephanou et al (1999) have previously demonstrated that a direct protein-protein 

interaction occurs between STAT-1 and HSF-1 in vivo. Therefore, the in vitro protein- 

protein interaction of STAT-1 and HSF-1 was investigated by in vitro translating STAT-1

or
(and incorporating S as a label) and expressing HSF-1 in bacterial cells (for methods, see 

Chapter 2). The autoradiograph can be seen in figure 4.1:

1 2 3 4 5 6 7

Figure 4.1 In vitro protein-protein interaction of STAT-1 and HSF-1. Lane: 
STAT-l+HSF-1; Lane 2: T7 Luciferase control+HSF-1; Lane 3:ERa+Bm3b 
(+ve control); Lane 4:ERa+GST; Lane 5: STAT-1 radiolabelled in vitro 
translated product; Lane 6: T7 Luciferase radiolabelled in vitro translated 
product (control); Lane 7: ERa radiolabelled in vitro translated product. The 
experiment was repeated 3 times.

In this experiment a protein-protein interaction was not observed between STAT-1 and 

HSF-1.
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4.2 Effect of IFNs on the Hsp90 promoter and Hsp90 protein

The Hsp90p full length promoter (figure 4.2) was transfected into 2fTGH and U3A cell 

lines. Cells were then left untreated or stimulated with IFNa, IFNy or IFNa+IFNy 

(50ng/ml of IFNa or IFNy) for four hours, and then maintained at 37°C or heat shocked at 

43°C for 30 minutes. 18 hours later, cells were harvested and CAT assays were performed 

to measure promoter activity. Cells were co-transfected with an RSVpromoter driven 

p-galactosidase expression vector as a control for transfection efficiency. The results 

presented as CAT assays are representatives from 3 experiments with similar results.

HSF STAT
NFIL-6 /  NFIL-6 NFIL-6-1052 NFIL-6 NFIL-6

STAT STAT
-643 GCCTGGAAACTGCTGGAAAT -623 

HSF HSF HSF

Figure 4.2. A diagrammatic representation of the transcription factor binding sites within 
the Hsp90p promoter. The sequence shows overlap of transcription factor binding sites for 
STAT and also HSF.
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Western blots presented here are representative of 3 experiments showing similar results 

and were quantified by densitometry and equalised for actin. The results are presented as 

bar graphs with standard error bars. Wilcoxon signed rank test was used to test for 

statistical significance.
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4.3 IFNa and IFNy have different effects in 2fTGH and U3A cells which are likely to 
be due to STAT-1

In the next set of experiments, the effects of IFNa and IFNy were investigated in 2fTGH 

and U3A cell lines. 2fTGH is the parental cell line in which STAT-1 is functional, 

whereas in U3A cells STAT-1 is knocked out (Darnell et al., 1992).

IFNa treatment was able to activate Hsp90p promoter activity in the absence of heat stress 

in 2fTGH cells. However, very slight Hsp90p promoter activity was observed when 

2fTGH cells were treated with IFNy (Figure 4.3). Both IFNa and IFNy together did not 

have any effect on Hsp90P promoter activity, therefore, both IFNa and IFNy together had 

an antagonistic effect on the promoter.

Under conditions of heat stress, both IFNs did not have any effect on Hsp90p promoter 

activity since the heat shock treatment alone had the same effect. IFNa and IFNy 

treatments together did not have any effect on Hsp90P promoter activity and this was 

reduced compared to either IFNa/HS or IFNy/HS treatment alone.
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IF N : NT IFNa IFNy IFNa+ NT IFNa IFNy IFNa+
IFNy IFNy

HS: - - + + + +

Figure 4.3 Assay of CAT activity of the Hsp90p promoter in 2fTGH cells. 
Cells were treated with IFNa or IFNy, or both. Some cells were subjected to 
heat shock at 43°C for 30 minutes, or left in an incubator at 37°C. A p- 
galactosidase assay was performed to check for transfection efficiency, p- 
galactosidase values were constant in each experiment. The experiment was 
repeated 3 times. Western blots were performed on the lysate for each treatment.
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In U3A cells, the pattern of Hsp90p promoter activation was found to be distinct from that 

of 2fTGH cells (figure 4.4). Treatment with IFNa did not have any effect on 

Hsp90P promoter activity. In addition, Hsp90p promoter activation by IFNa observed in 

2fTGH cells was not observed in U3A cells. Both IFNa and IFNy together did not have 

any effect on Hsp90p promoter activity. No Hsp90P promoter activity was observed when 

U3A cells were given a mild heat stress after IFN treatment, and no increased Hsp90p 

promoter activity was observed when heat stress was applied after both IFNa and IFNy 

treatments together (figure 4.4).
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IF N : NT IFNa IFNy IFNa+ NT IFNa IFNy IFNa+
IFNy IFNy

HS: + + + +

Figure 4.4 Assay of CAT activity of the Hsp90p promoter in U3A cells. Cells 
were treated with IFNa or IFNy, or both. Some cells were subjected to heat 
shock at 43°C for 30 minutes, or left in an incubator at 37°C. A P-galactosidase 
assay was performed to check for transfection efficiency, p-galactosidase values 
were constant in each experiment. The experiment was repeated 3 times. 
Western analysis was performed on the lysate for each treatment.
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At the protein level, in 2fTGH cells IFN treatments had little effect on Hsp90 protein levels 

in the absence of heat stress (Figure 4.5). However, with a mild heat stress in addition to 

IFNa treatment, Hsp90p protein was lower compared to control cells. Enhancement of 

Hsp90p protein was observed when heat stress was applied in addition to IFNy treatment 

(p<0.05), and enhancement of Hsp90p protein was also observed when heat stress was 

applied in addition to IFNa and IFNy treatments together (p<0.05) (figure 4.6).

HS: - + + + +
IFN: NT IFNa IFNy IFNa NT IFNa IFNy IFNa 

+IFNy +IFNy

Actin

Figure 4.5 Western blot analysis of Hsp90P protein 
in 2fTGH cells. Blots were stripped and re-probed 
with actin antibody.
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HS + + + +

Figure 4.6 Hsp90(3 protein levels in 2fTGH cells. The values for Hsp90(3 
protein were obtained from densitometric analysis, and were divided by 
densitometric values for actin. The values indicate the mean of 3 
determinations for each treatment (n=3) whose standard error is shown by the 
bars. *p<0.05 treatment vs control, determined by Wilcoxon signed rank test.
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In U3A cells an enhancement of Hsp90p protein was observed when treated with 

IFNa (p<0.05) or IFNy (p<0.05), or both IFNa and IFNy together (figure 4.7). However, 

when heat stress was applied, Hsp90|3 protein levels were reduced after IFNa (p<0.05) 

treatment (figure 4.8). This effect was also observed in IFNy treated U3A cells.

IFN: NT IFNa IFNy EFNa NT IFNa IFNy IFNa
+IFNy +IFNy

HS: . + + + +

Actin

Figure 4.7 Western blot analysis in U3A cells of Hsp90 protein. Cells were left 
untreated (NT) or treated with IFNa or IFNy, or both together for 4 hours. Some 
cells were given heat shock at 43°C for 30 minutes, and then returned to the 
incubator. Cells were harvested after 18 hours and lysates used for Western blot 
analysis using an antibody for Hsp90. Blots were stripped and re-probed for actin.
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HS - - + + + +

Figure 4.8 Hsp90(3 protein levels in U3A cells. The values for Hsp90(3 
following various treatments were obtained from densitometric analysis, 
and were divided by densitometric values for actin. The values indicate the 
mean of 3 determinations for each treatment, whose standard error is 
shown by the bars. *p<_0.05.treatment vs control determined by Wilcoxon 
signed rank test.
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Therefore, these results demonstrate that IFNy activated Hsp90p promoter activity is 

affected by the lack of STAT-1 in U3A cells and IFNa treatment has a negative effect on 

FIsp90|3 promoter activity in the presence of heat stress.

Taken together, these results demonstrate that IFNs a  and y have different effects on 

Hsp90 in different cell types. In addition, by using a cell line that lacks a functional 

STAT-1 protein, it is possible that STAT-1 may be required for the effects observed both 

in the absence and presence of heat shock. A summary table for both Hsp90 protein 

induction and Hsp90 promoter activity are represented in table 4.1 and table 4.2.
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Table 4.1 Summary table to show the effect of IFNa and IFNy and heat shock on Hsp90 levels

Cell Type No Treatment IFNa IFNy IFNa+
IFNy

Heat
shock

IFNa+ 
Heat shock

IFNy+
Heat shock

IFNa+IFNy 
+Heat shock

21TGH
(n=3)

+ ++ ++ ++ ++ ++ +++ ++++

U3A
(n=3)

+ +++ ++ ++ ++ ++ +++ ++++

+ = Hsp90 levels of protein induction 
- = No Hsp90 protein induction
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Table 4.2 Summary table to show the effect of IFNa and IFNy and heat shock on Hsp90 promoter activity

Cell
Type

No
Treatment

IFNa IFNy IFNa+IFNy Heat
shock

IFNa+ 
Heat shock

IFNy+
Heat shock

IFNa+IFNy 
+Heat shock

2fTGH
(n=3)

+ + + + + + +

U3A
(n=3)

+ + +

+ = Hsp90 promoter activity 
- = No Hsp90 promoter activity
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4.4 D iscussion

Previous studies have demonstrated that IFNy has antiviral and anti-tumour properties by 

inducing specific IFNy responsive genes (Pestfa et al., 1987; Darnell et al., 1994). INFy 

activates the STAT-1 signalling pathway via the JAKs (Schindler et al., 1995). IFNy is 

also able to induce expression of Hsp90 in HepG2 cells (Stephanou et al., 1999). In 

addition, over-expression of STAT-1 enhanced the activity of the Hsp90p promoter 

whereas in U3A cells, IFNy was not able to activate the Hsp90P promoter. However, re- 

introduction of STAT-1 into the cell line restored Hsp90p promoter responsiveness to 

IFNy (Stephanou et al., 1999). In the same study, HSF-1 and STAT-1 protein-protein 

interaction was also demonstrated, however, in this thesis, a protein-protein interaction in 

vitro was not found. Therefore, the effect of IFNa as well as IFNy was studied on the 

Hsp90p promoter since this had not been demonstrated previously. IFNa is known to 

activate the JAK/STAT pathway via STAT-1 and STAT-2, which form heterodimers. 

Thus, using the 2fTGH and U3A cell lines, the responsiveness of Hsp90 to IFNa was 

investigated.

A different effect on Hsp90p promoter and protein levels was observed in the 2fTGH and 

U3A cell types. The U3A cell type lacks a functional STAT-1 protein whereas the 2fTGH 

cells are the parental cell line in which a functional STAT-1 protein is present (Darnell et 

al., 1992). This cell line is ideal to study the effect of STAT-1 in response to the 

stimulatory treatments given by IFNa and IFNy. In these two cell lines, the effects of
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IFNa or IFNy were more apparent when a heat stress was applied subsequent to IFN 

stimulation.

In U3A cells, lack of STAT-1 reduced levels of Hsp90p in all IFN treatments at the 

promoter level. This effect would suggest that STAT-1 is likely to be required for IFN 

mediated Hsp90p expression. STAT-1 is not only essential for activation by IFNy, but 

also for activation by IFNa. The lack of STAT-1 reduces Hsp90p activity and IFNa 

stimulation, suggesting that STAT-1 is required for the formation of the ISGF3 DNA 

complex. The effects of STAT-1 on the ISGF3 binding site were not studied due to time 

limitations.

Other studies have shown that in the absence of STAT-1, STAT-2 phosphorylation is 

abolished, and that STAT-1 phosphorylation is required for STAT-l/STAT-2 dimer 

formation. Therefore, in this case IFNa has a negative regulatory effect on Hsp90p 

promoter and protein levels, whereas IFNy has a synergistic effect with heat stress.

IFNy stimulation of all cell types leads to potent activation of Hsp90p at both promoter and 

protein levels. In this chapter it can be inferred that the effects observed on IFNy 

stimulation is due to STAT-1. This effect is also observed after heat shock treatment of 

IFNy treated cells, which further suggests that an interaction between HSF-1 and STAT-1 

may occur. STAT-1 and HSF-1 do not form a protein-protein interaction in vitro. This 

effect does not complement the results observed by Stephanou et al (1999). The study by 

Stephanou (1999) has demonstrated that a HSF-1 binding site is contained within the
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STAT binding site in the short region of the Hsp70 and Hsp90p promoters. In addition, 

IFNy treatment induces the expression of Hsp70 and Hsp90 in a STAT-1-dependent 

manner. HSF-1 and STAT-1 expression vectors have also been used in this study to show 

an interaction of STAT-1 and HSF-1 in transfection studies, which show that presence of 

both STAT-1 and HSF-1 have an additive effect in activating Hsp70 and Hsp90p 

promoters. In co-immunoprecipitation experiments, Stephanou et al. (1999) have shown a 

direct protein-protein interaction between STAT-1 and HSF-1 by using an anti-STAT-1 

polyclonal antibody endogenous STAT-1 immunoprecipitate followed by a specific anti- 

HSF-1 polyclonal antibody on the same blot.

In this thesis, an in vitro approach to observing a protein -protein interaction between 

STAT-1 and HSF-1 was taken. The STAT-1 mammalian expression vector was added to a

35rabbit reticulocyte lysate, S , and T7 polymerase mix for translation of STAT-1. HSF-1 

was expressed by ITPG induction in bacterial cells. HSF-1 protein was purified from 

bacterial lysate by using His tagged beads which bind to His residues fused to the HSF-1 

insert. Both STAT-1 and HSF-1 proteins were incubated together in order for the 

interaction to take place. The interaction was visualised on SDS PAGE gel for 

autoradiography. Unfortunately, a band was not observed for the two proteins, which 

shows that in vitro STAT-1 and HSF-1 do not interact under these conditions.

The main difference between these two methods is that the Stephanou study uses whole 

cell lysate in which endogenous STAT-1 is already present, therefore, by using an antibody 

specific to STAT-1 it is easier to identify interaction with HSF-1. However, in an in vitro
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condition, all components are separate, ie STAT-1 is expressed in a different system,

whereas HSF-1 is expressed in a bacterial system and it may be possible that a “co-

chaperone” exists in vivo that aids the interaction of STAT-1 and HSF-1 and this is

probably not present in the in vitro reticulocyte lysate system.

Protein ‘X ’
STAT-1

In addition, if the concentration of HSF-1 protein is extremely low, then it may not be 

possible to observe an interaction. An alternative would be to use a different bacterial 

expression vector to enhance HSF-1 protein levels after IPTG induction. Unfortunately, 

due to time limitations this has not been possible.

Reduction of Hsp90p by IFNa and IFNy together upon heat shock treatment could be due 

to the presence of STAT-l/STAT-2 dimers. It is known that STAT-1(3 can also form a 

dimer with STAT-2 (Qureshi et al., 1996). Therefore, STAT-ip/STAT-2 may behave as a 

negative regulator in Hsp90p expression by IFNa. These effects are more clearly 

observed in U3A cells. Lack of STAT- 1 in this cell type reduces Hsp90p levels in all 

treatments, showing that STAT-1 is required for Hsp90p stimulation by IFNy. In addition, 

lack of induction by IFNa suggests that STAT-1 is likely to be required for formation of
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the ISGF3 DNA complex. Absence of STAT-1 does not promote phosphorylation of 

STAT-2 thus preventing heterodimer formation (Qureshi et ah, 1996). Therefore, in order 

to prove that indeed STAT-1 is required for the effects observed, it is essential that further 

transfection experiments are carried out in U3A cells by re-introducing STAT-1 into the 

cell line and subject STAT-1 transfected cells with IFNs in the absence or presence of heat 

shock.

In ND7 cells when IFNa or IFNy are administered, upon heat stress Hsp90p promoter 

activity is significantly increased with IFNa or IFNy treatment alone. Interestingly, heat 

stress causes a synergistic effect when IFNa and IFNy are administered together followed 

by heat stress. It has been shown by Stephanou et al (1999), that STAT-1 and HSF-1 

together do have an additive effect on the HSp90p promoter, and that this effect is specific 

to IFNy treatment (Stephanou et al., 1999). It is not known, however, if the STAT-1/ 

STAT-2 dimer, interacts with HSF-1, or whether an interaction occurs between STAT- 

1/STAT-l and HSF-1. STAT-1 homodimers can be formed after IFNa treatment, but not 

as readily as after IFNy treatment. IFNy treatment also leads to formation of STAT-la or 

STAT-1 p and STAT-2 heterodimers (Schindler et al., 1992; Qureshi et al., 1995; Shuai et 

al., 1994). Therefore, it is a possibility that there are more STAT-1 homodimers present 

after IFNa and IFNy treatment, therefore, enhancing activation of the Hsp90p promoter or 

there is a preference for STAT-1/STAT-1 dimers over STAT-1/STAT-2 dimers. This 

would need to be studied further.
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At the protein level, no distinct changes in levels of Hsp90p were discovered with IFN 

treatments alone, however, an increase in protein levels was observed in combined 

treatment with IFNa and IFNy together without heat stress, which was also observed at the 

promoter level. It is not known why a synergistic effect is observed but it is possible that 

both STAT-l/STAT-1 dimers and STAT-l/STAT-2 dimers could contribute to the effect, 

or the effect is specific to the cell type.

Hsp90p activity was not enhanced in HepG2 cells treated with IFNa but was stimulated 

with IFNy treatment alone, which is in accordance with previous published data 

(Stephanou et al., 1999). Upon heat stress, IFNa was able to stimulate Hsp90p promoter 

activity, and IFNy strongly enhanced Hsp90p promoter activity in the presence of heat 

stress, suggesting that the presence of STAT-1 and HSF-1 had an effect on activation of 

the Hsp90p promoter. Interestingly, when both IFNa and IFNy were administered, 

followed by heat stress, activity of the Hsp90p promoter was significantly reduced 

compared to either IFN a  or IFNy treatment alone.

At the protein level, similar results were also observed, where IFNy treatment increased 

Hsp90 protein, in the absence of heat stress and also in the presence of heat stress. In 

addition, protein levels were reduced when IFNa and IFNy were administered together 

followed by heat stress, suggesting that IFNy strongly stimulates Hsp90p promoter 

activity, with activity being enhanced when heat stress is given whereas IFNa does not. 

IFNa seems to have a negative regulatory effect on the Hsp90p promoter in the presence 

of heat stress and reduces the effect of IFNy on the promoter and also protein levels. This
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could be due to competition between STAT-l/STAT-2 dimers and STAT-l/STAT-1 

dimers for DNA binding.

To conclude, the results demonstrated in this chapter are preliminary. STATs modulate 

genes depending upon the stimulus. It is known that regulatory sequences in eukaryotic 

genes contain multiple transcription factor binding sites which provide different 

combinations of interactions between many transcription factors to mediate integration of 

multiple signals. It is therefore, apparent that the Hsp90p promoter contains composite 

response elements that are able to integrate multiple signals and allow interaction of 

transcription factors with each other to have either a stimulatory or inhibitory effect on 

geneexpression.
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CHAPTER 5.

The Cardioprotective Agent 

Urocortin Induces 

Expression of Cardiotrophin-1
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The C ardioprotective A gent Urocortin Induces Expression o f CT-1

5.0 Introduction

In the previous two chapters, extracellular stress such as simulated ischaemia or elevated 

temperature were used to investigate the role of the STAT-1 transcription factor and Hsp90 

respectively in order to understand the mechanisms and importantly to consider them as 

important factors in cell survival. In this chapter, simulated hypoxic stress has been used 

to investigate the induction of expression of cardiotrophin-1 (CT-1), which is known to be 

cardioprotective, by urocortin (an unrelated peptide that is also cardioprotective via the 

same signaling pathway as CT-1). The identification of cardioprotective agents and an 

understanding of the mechanism by which they act is likely to be of considerable 

importance in understanding the processes which occur during cardiac stress and in their 

ultimate modulation for therapeutic benefit.

We previously identified two agents, cardiotrophin-1 (CT-1) and Urocortin (Ucn), both of 

which are able to protect the heart against the damaging effects of cardiac ischaemia 

followed by reperfusion by reducing the levels of apoptotic cell death (Latchman, 1999; 

Latchman, 2000; Latchman, 2001; Latchman, 2002). In particular, the protective effect of 

both these agents in either cultured cardiac cells or in the intact heart can be demonstrated 

when they are added following the ischaemic episode prior to reperfusion, as well as when 

they are added before the ischaemic event itself (Brar et al, 2001; Liao et al, 2002; Brar et 

al, 2000). Hence, these agents or their derivatives could potentially be utilised 

therapeutically at reperfusion following an ischaemic episode.
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Despite the differences in the nature of these two factors, common signaling pathways 

appear to mediate their protective effects. Thus, both CT-1 and Ucn have been shown to 

activate the p42/p44 mitogen activated protein kinase (MAPK) pathway and inhibition of 

this pathway either by chemical inhibitors or by dominant negative mutants of the enzymes 

involved inhibits the protective effect of CT-1 or Ucn (Brar et al, 2001, Liao et al, 2002; 

Brar et al, 2000 Sheng et al, 1997). In contrast, neither of these agents activates the p38 

MAPK or JNK pathway and inhibition of these pathways has no effect on the protective 

abilities of Ucn or CT-1. Interestingly, however, both CT-1 and Ucn are also able to 

activate the PI-3 kinase/Akt pathway and inhibition of this pathway also prevents the 

cardioprotective effect of both these agents (Brar et al, 2001; Brar et al, 2002).

Ucn and CT-1 do differ however, in their requirement for protein synthesis to produce their 

protective effects. Thus, while new protein synthesis is necessary for the protective effect 

of Ucn, which can be blocked by the protein synthesis inhibitor cylohexamide (Brar et al, 

2002), this is not the case for CT-1 whose protective effect is extremely rapid and is 

insensitive to inhibitors of protein synthesis (Brar et al, 2001, Railson et al, 2000). In 

addition, both CT-1 and Ucn are able to induce Hsps (Brar et al., 2002). In view of this, 

and the similarities between the pathways activated by these two diverse protective agents, 

it has been hypothesized here that Ucn induces the expression of CT-1.
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5.1 Urocortin induces expression of CT-1 at the messenger RNA 

level

Previous studies by Brar et al (1999) have shown that Ucn can induce cardio-protection in 

cardiac myocytes against lethal ischaemic injury. In this study, the aim was to investigate 

whether Ucn can induce the expression of CT-1, another cardio-protective agent. 

Therefore, initial experiments involved exposing cardiac neonatal myocytes to Ucn for 

various periods of time in order to test the possibility that Ucn could induce the expression 

of CT-1 by detecting changes in the CT-1 messenger RNA (mRNA) levels. Cells were 

treated for 4 hours, 16 hours, or 24 hours with Ucn, and then harvested to prepare mRNA 

to be hybridised with a CT-1 complementary DNA (cDNA) probe (figure 5.1a).

C 4 16 24
wmr*: CT-1

C 1 \  7/^1 Ar\V> 111 y  1̂ ,1 m i j i  111111

Figure 5.1a. RNA slot blot to show time course (hours) of CT-1 
mRNA levels and control Cyclophilin in cardiac cells treated 
with Urocortin (10'7M)
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Hybridisation of CT-1 probes to total mRNA showed that CT-1 expression was induced by 

treatment with Ucn, and the induction of CT-1 increased with time, with induction being 

greatest at 24 hours of Ucn treatment, which was approximately 3.5-fold compared to 

control cells.

In the next set of experiments, cardiac myocytes were also exposed to hypoxia or hypoxia/ 

re-oxygenation, which was also able to clearly enhance induction of CT-1 expression by 

2.5-fold compared to control (figure 5.1b).

c H H/R a-h

m m m m - m m

*MPP* mmmm mnn Cyclophilin

Figure 5.1b. RNA slot blot to show levels of CT-1 mRNA and control 
cyclophilin mRNA in cardiac cells in control cells (C), cells exposed to 
simulated hypoxia (H) for 4 hours, or cells exposed to simulated hypoxia 
followed by re-oxygenation (H/R), or to hypoxia in the presence of a-helical 
CRH (a-h) (107 M). a  -helical CRH was added 10 minutes before simulated 
hypoxic treatment.
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Enhancement of induction of CT-1 expression by Ucn was blocked when a-helical CRH, 

which blocks Ucn binding to its receptor, was added (figure 5.1c).

y..
C

a-h

a-h+Ucn
i?

<

a-h+Ucn

Ucn

Cyclophilin CT-1

Figure 5.1c. RNA slot blot to show levels of CT-1 mRNA in cardiac 
cells in control cells (C), or in cellstreated with Urocortin 
(Ucn) and/or a-helical CRH (a-h) (10’7M). a-helical CRH was added 
10 minutes before Ucn (107M)

Interestingly, a similar inhibition of CT-1 induction was also observed when a-helical 

CRH was added during simulated hypoxia (figure 5.1b). These results suggest that Ucn 

may mediate induction of CT-1 by hypoxia. Ucn mRNA expression increases during 

simulated hypoxia or simulated ischaemia (Okosi et al, 1998; Brar et al, 1999) and may 

mediate the induction of CT-1 by simulated hypoxia.
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5.2Urocortin induces enhancement of CT-1 protein

In order to confirm that the enhanced CT-1 mRNA levels induced by Ucn were paralleled 

at the protein level, assays of CT-1 were carried out to detect levels of CT-1 protein in the 

medium of cells treated with Ucn or left untreated (figure 5.2).

CQ 15

'S
£
M
H
U

Figure 5.2 CT-1 level in the medium of cardiac myocytes exposed to 
indicated treatment. Values are the mean of 5 determinations carried 
out in duplicate ,whose standard error is shown by the bars.
Single Factor ANOVA showedsignificant differences between 
groups, P<0.0001. Post-hoc Bonferroni tests were performed between 
pairs of data, with a significance level of P<0.05 Control.
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In these experiments, cells that were treated with Ucn clearly showed increase in CT-1 

protein, although this effect was not as dramatic as observed at the mRNA level. 

Interestingly, an increase in CT-1 protein was also observed when cells were exposed to 

hypoxia/re-oxygenation. Moreover, the CT-1 levels in cells exposed to hypoxia and also 

treated with Ucn were higher than those in cells exposed to either treatment alone. The 

CT -1 protein detected in supernatants was significantly different across the four conditions 

tested (P<0.008). CT-1 levels in Ucn and hypoxia treated supernatants were significantly 

elevated compared to control cells (P<0.003), although the elevation with either Ucn or 

hypoxia alone did not reach significance (P<0.06). These results therefore demonstrate 

that treatment of cardiac cells with Ucn results in enhanced CT-1 mRNA levels and 

increased CT-1 protein levels.

183



5.3 Ucn activates the CT-1 gene promoter

In the following experiments, it was investigated whether the enhanced CT-1 mRNA and 

protein levels induced by Ucn were produced by activation of the CT-1 gene promoter by 

Ucn. In order to do this, a reporter construct in which the CT-1 promoter (from -99 to 

+ 19) relative to the transcriptional start site) was fused to the luciferase reporter gene was 

used (Funamoto et al., 2000). This construct was transfected into neonatal cardiac 

myocytes and the response to various stimuli of this promoter construct was tested, for 

example, with CT-1 or Ucn in the presence or absence of hypoxia (figure 5.3).

m  No Treatment CH Hypoxia

Figure 5.3 Activity of the wild type CT-1 promoter-luciferase reporter construct 
following transfection into cardiac myocytes and subsequent exposure to indicated 
treatment. Values are the mean of 6 determinations (corrected to Renilla) whose 
standard error is shown by the bars. Single Factor ANOVA was carried out and 
showed significant differences between treatment groups (P<0.0001). Post-hoc 
Bonferroni tests were carried out and significance levels compared to control 
are depicted as follows: *<0.05, **<0.01, ***<0.0001.
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This construct showed a two-fold response to hypoxia, paralleling the response at the 

mRNA level and protein level. Interestingly, this promoter was not responsive to CT-1 

itself, however, it showed a two-fold activation upon treatment with Ucn. In addition, a 

stronger induction of approximately three-fold relative to control was observed in cells that 

were treated with Ucn and also exposed to hypoxia. These results demonstrate, therefore, 

that the response of CT-1 mRNA and protein levels to Ucn are paralleled by activation of 

the promoter, indicating that Ucn treatment has a direct effect on the CT-1 promoter 

activity rather than, for example, stabilising the CT-1 mRNA, leading to enhanced mRNA 

and protein levels.
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5,4 The C/EBPp transcription factor binding site is required 
lor CT-1 promoter activity induced bv Ucn

Previous studies have localised a number of transcription factor binding sites within the 

CT-1 promoter, one of which mediates its induction by norepinephrine for example 

(Funamoto et al, 2000;Erdmann et al, 1998). However, all of these binding sites are 

located upstream of the region of the promoter which has been shown to confer 

responsiveness to Ucn onto a heterologous gene. Upon examination of this sequence 

(Figure 5.4a) using the Transfac 4.0 program, a potential binding site for the C/EBPp/NF- 

IL6 transcription factor was identified (Figure 5.4b).

-99 c tg a a c ta tg  a ttg g ccg a g  cccgagccac  gcccctagcc c t t tc c c c c t  t t t t c c c c c t  
g a c ttg a ta c  ta a ccg g ctc  g g g ctcg g tg  cggggatcgg  gaaaggggga aaaaggggga

t t t t c c c c c t  c c c c t c c t c c  t c c c c c g g a g  g g g tgtgt tg aggaacctgg  
aaaaggggga ggggaggagg agggggcc tc cccskcacaac t cc t t g  gacc

a t a a g c c t g g  g g c c a g c a t g  ag +19  
t a t t c g g a c c c c g g t c g t a c  tc

Figure 5.4a CT-1 minimal promoter sequence with the 
C/EBPp transcription factor binding site in italics.
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V$TCFll 01 } 1 ( — 1 1 0.807 I 0.873 ATCAtagttcaga
V$NFY 01 1 6 {-) I 1.000 I 0.965 ctcggCCAAtcatagtfc'V$NFY_C I 8 (+) 1 1.000 I 0.875 tatgATTGGccgag
V$NFY 06 1 9 (-> f 1.000 1 0.940 cggCCAAtcat
V$CAAT 01 1 10 (-) t 1.0Q0 f 0.972 ctcggCCAAtcatV$NFl 06 1 11 (+) ) 1.000 } 0.931 gatTGGCcgagcccgagc
V$NF1 06 ! 16 (-) j 1.000 i 0.854 gcgTGGCtcgggctcggcV$GC 01 [ 25 ( - )  1 1.000 1 0.900 taggGGCGtggctc
V$AHRARNT 01 1 26 ( - )  } 1.000 I 0.869 ggctaggggCGTGgct
V?SP1_Q6 I 26 (~) I 1.0Q0 1 0.854 taggGGCGtggct
V$NFAT 06 f 40 (-} j 1.000 I 0.907 aggggGAAAggg
v m . i _ . o i } 40 (-) | 1.000 } 0.863 aaggGGGAaaggg
V$GKLF 01 i 40 (") 1 1.000 I 0.939 aaagggggaaAGGG
V$GKLF 01 1 41 {-) | 0.937 I 0.918 aaaagggggaAAGG
V$IK2 01 I 41 M  1 1.000 1 0.906 aaggGGGAaagg
V$MZF1 01 1 45 {-) | 1.000 I 0.969 aagGGGGa
V$GKLF 01 \ 46 {-) ! 0.951 I 0.879 ggggaaaaagGGGG
V$GKLF 01 1 47 ( - )  ; 0.951 I 0.888 gggggaaaaaGGGG
V$GKLF_01 1 48 {-) | 1.000 \ 0.890 agggggaaaaAGGG
V$GKLF 01 1 49 (-) 1 0.937 I 0.863 gagggggaaaAAGG
V$NFAT 06 1 50 (-) i 1.000 f 0.948 aggggGAAAaag
V$IK1 01 I 50 1.000 1 0-871 gaggGGGAaaaag
V$IK2 01 1 51 (-) | 1.000 1 0.918 gaggGGGAaaaa
V$GC 01 1 54 ( - )  ( 0.877 I 0.890 gaggGGAGggggaa
V$MZiT..01 I 55 ( - )  1 1.000 ! 0.965 gagGGGGa •«
V$SP1 06 1 55 I 0.845 I 0.902 gaggGGAGgggga
V$GKLF 01 1 57 ( - )  | 0.951 I 0.897 gaggaggggaGGGG
V$IK2 01 i 57 ( - )  | 1.000 1 0.863 ggagGGGAgggg
Y£GKLF_01 1 58 (-1 ( 1.000 I 0.892 ggaggaggggAGGGV$MZF1 01 1 61 {-} | 1.000 { 0.982 ggaGGGGaV$GKLF 01 1 62 ( - )  1 0.951 I 0.864 gggaggaggaGGGGV$GKLF 01 1 63 ( - )  J i .oocf I 0.853 ggggaggaggAGGGV$GC 01 I 65 ( - )  1 0. 877 | 0.872 cgggGGAGgaggagV$SP1 06 I 66 (~d 1 0.845 1 0.870 cgggGGAGgaggaV$IK2 01 I 68 {-) | 1.000 ! 0.865 ccggGGGAggagV$MZF1 01 1 72 (~) 1 1.000 t 0.953 ccgGGGGa
«r¥$AF2 06 1\ t J i "*■/ t 7 nAA J- * vuu i A nr r| U * OJO ccCCCGgagggg«V$CETS1P54 01 1 75 (+) 1 1.000 1 0.893 ccCGGAgggg__
rV$CEBPB 01 1 86 (+) 1 0.873 I 0.924 qta.ttĵ aGGAAC.Ct ">|V$GATA1 03 1 96 (+) 1 1.000 t 0.944 a cc t gwTAagce t*V$GATA1 02 1 96 (+) 1 1.000 I 0.927 acctgGATAagccttV$GATAl 04 1 97 <+) 1 1.000 f 0.917 cctgGATAagcct‘V$GATA3 02 1 98 (+> | 1.000 J 0.859 ctgGATAagcfV$GATA2 02 1 98 (+} 1 1.000 I 0.919 ctgGATAagcrV$GATAl 06 1 98 1+) j 1.000 f 0.887 ctgGATAagc;V$GATA1 05 { 98 (+1 \ 1.000 I 0.892 ctgGATAagc>V$LM02C0M 02 1 99 (+) | 1.000 1 0.927 tgGATAagc#V$GATA C 1 100 {+) 1 1.000 I 0.969 gGATAAgcctg-V$NF1_Q6 1 102 ( - )  t 1.000 I 0.875 tgcTGGCcccaggcttatV$CP2 01 I 108 (—) i 1.000 I 0.853 gctggccCCAG

Figure 5.4b Analysis of the CT-1 minimal promoter sequence (-99 to
+19) for potential transcription factor binding sites using the
Matlnspector V2.2 based on TRANSFAC 4.0
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The C/EBPp transcription factor binding site was chosen in this study since previous 

studies have shown that simulated ischaemia can increase C/EBP transcription factor 

expression in cardiomyocytes (Yan et al., 1997). Moreover, cardioprotective effects of 

CT-1 are mediated via MAPKinases and C/EBPp/NFIL-6 (Sheng et al., 1997). In 

addition, NFIL-6/C/EBPp is a potent transactivator of the CRH gene in neuronal cells and 

lymphoblastoid cells (Stephanou et al., 1997). Brar et al (1999) have shown that simulated 

ischaemia increases expression of urocortin mRNA partly through increased expression of 

C/EBP transactivators (Brar et al., 1999). Therefore, in order to investigate whether the 

C/EBPP/NF-IL6 transcription factor binding site is required, the CT-1 promoter/luciferase 

reported construct was transfected together with expression vector encoding the wild type 

C/EBPp/NF-IL6 or a dominant negative mutant of C/EBPp/NF-IL6 (Figure 5.5).
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Figure 5.5 Activity of the wild type CT-1 promoter-luciferase reporter construct 
following co-transfection into cardiac myocytes with empty expression vector 
or the same vector expressing wild type or dominant negative (dn) C/EBPp and 
exposure to the indicated treatment. Values are the mean of 
6 determinations whose standard error is shown by the bars. Single Factor 
ANOVA was carried out and showed significant differences between 
treatment groups (PcO.OOOl). Post-hoc Bonferroni tests were carried out 
and significance levels compared to control are depicted as follows:
*<0.05, **<0.01, ***<0.0001.
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In these experiments, wild type C/EBPJ3/NF-IL6 produced a small enhancement of CT-1 

promoter activity both in the absence and presence of Ucn. Interestingly, transfection of 

dominant negative C/EBPp/NF-IL6 reduced the basal activity of the CT-1 promoter, and 

its induction by Ucn. These results demonstrate that inhibition of C/EBPp/NF-IL6 with a 

dominant negative C/EBPP mutant can block the response of the CT-1 promoter to Ucn, 

and that C/EBPp is therefore likely to be required for this effect.
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5.5 Inactivation of the C/EBPp/NF-IL6 transcription factor 

binding site does not reduce CT-1 promoter activity in response 

to Ucn

Since the previous experiments demonstrated that the C/EBP(3/NF-IL6 transcription factor 

binding site was important for activation of the CT-1 promoter, the next set of experiments 

were carried out to investigate whether mutation of this binding site would reduce the 

activity of the CT-1 promoter in response to Ucn. Therefore, four mutations were 

introduced into the C/EBPp binding site by site directed mutagenesis (figure 5.6), and this 

promoter construct was co-transfected into cardiac myocytes with C/EBPp/NF-IL6, or 

dominant negative C/EBP (3/NF-IL6 expression vectors in the presence or absence of Ucn 

(figure 5.7).

-99 c tgaacta tg  a t tg g ccg a g  cccgagccac  gcccctagcc  c t t t c c c c c t  t t t t c c c c c t  
gact tgatac  taa ccg g c tc  gggctcggtg  cggggatcgg gaaaggggga aaaaggggga

gg cc
t t t t c c c c c t  c c c c t c c t c c  t c c c c c g g a g  g g g tgtgt tg aggaacctgg  
aaaaggggga ggggaggagg  agggggcc tc c c c acacaac tcctt  g gacc

ataagcctgg  g g c c a g c a t g  ag +19  
t a t t c g g a c c c c g g t c g t a c  tc

Figure 5.6 Sequence of CT-1 -99 to + 19 promoter region 
showing the C/EBP|3 transcription factor binding site (italics) and 
mutations (red)
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Figure 5.7 Activity of a mutant CT-1 promoter-luciferase reporter construct 
following co-transfection into cardiac myocytes with empty expression vector 
or the same vector expressing wild type or dominant negative (dn) C/EBPp and 
exposure to the indicated treatment. Values are the mean of 6 
determinations whose standard error is shown by the bars. Single Factor 
ANOVA was carried out and showed significant differences between 
treatment groups (P<0.0001). Post-hoc Bonferroni tests were carried out 
and significance levels compared to control are depicted as follows:

*<0.05, **<0.01, ***<0.0001.
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Surprisingly, this mutant CT-1 promoter was still able to respond to Ucn even in the 

absence of C/EBPp expression vector. Moreover, the CT-1 promoter was still able to 

respond to Ucn in the presence of C/EBPp. However, the response of this mutant 

promoter to Ucn could still be inhibited by dominant negative C/EBPp/NF-IL6. In 

addition, the mutant promoter was able to strongly respond to functional C/EBPP even in 

the absence of Ucn. These results demonstrate that C/EBPp/NF-IL6 is involved in CT-1 

promoter activation, but the potential binding site in the promoter is not essential for the 

response to Ucn or to C/EBPp/NF-IL6.
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5.6 Discussion

This study was carried out to investigate the induction of CT-1 expression by the 

cardioprotective agent Ucn. Findings from this study indicate that Ucn, acting via the 

C/EBPp transcription factor, is able to activate the CT-1 promoter resulting in enhanced 

CT-1 mRNA and CT-1 protein levels. In addition, C/EBPp is important in the response of 

the CT-1 promoter to Ucn because blocking its activity on both the wild-type and mutant 

promoters blocks Ucn induction, while its over-expression induces the promoter.

It is likely, therefore, that other binding sites for C/EBPp must exist in the minimal 

promoter in addition to the single C/EBPp site that was mutated because mutation of this 

site does not abolish the responsiveness to either Ucn or C/EBPp. Indeed, the stronger 

activation of the mutant compared to the wild type promoter by Ucn suggests that the 

single site that was mutated may have an inhibitory effect rather than an activating effect.

Ucn may mediate its effect on cardioprotection, at least in part, via inducing the synthesis 

of the cardioprotective CT-1 protein. This would explain the similar signaling pathways 

that are involved in cardioprotection mediated by Ucn and CT-1 despite the distinct protein 

families to which they belong (Brar et al, 2001; Liao et al, 2002; Brar et al, 2000,Sheng et 

al., 1997;Brar et al., 2001). Similarly, the need to induce CT-1 synthesis would explain 

why Ucn requires protein synthesis for its cardioprotective effect (Brar et al., 2002). In 

contrast, CT-1 itself may act by inducing, for example, post-translational modifications of 

other proteins, therefore explaining why new protein synthesis is not necessary for its 

cardioprotective effect.
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It should be noted however, that we have also identified a number of other genes whose 

expression is induced by Ucn (Lawrence et al., 2002) and some of these are likely to also 

play a role in its protective effects, which are not therefore likely to be mediated 

exclusively by CT-1. Interestingly, one of the induced genes is that for the epsilon isoform 

of PKC and this enzyme is also activated by Ucn. It is possible therefore that PKCe or 

other Ucn-activated kinases may modify C/EBP{3 and thereby activate CT-1 gene 

expression. Clearly, it would be of interest to determine the effect on the protective effect 

of Ucn, of specifically blocking activation of CT-1 by Ucn. The mechanisms discussed 

here were not investigated further due to time limitations to finish the project.

As well as responding to Ucn, the data presented here also indicates that the CT-1 is 

activated in cardiac cells exposed to simulated hypoxia/reoxygenation resulting in 

enhanced mRNA and protein levels, a-helical CRH is able to block the effect of simulated 

hypoxia on the CT-1 promoter. It is possible therefore, that Ucn also plays a role in this 

effect.

Thus, previously it has been demonstrated that Ucn is released from cardiac cells exposed 

to simulated hypoxia (Okosi et al., 1998; Brar et al., 1999). Hence, endogenous Ucn 

released in response to simulated hypoxia could be responsible for the effect of simulated 

hypoxia on the CT-1 promoter and CT-1 mRNA/protein levels.

Although further studies will be required to determine whether Ucn is indeed involved in 

the response of CT-1 to simulated hypoxia, it is clear that Ucn treatment is able to directly
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activate the CT-1 promoter in cardiac myocytes resulting in enhanced mRNA and protein 

levels of the cardioprotective agent CT-1.

196



CHAPTER 6.

DISCUSSION
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CHAPTER 6. DISCUSSION

The aim of this thesis was to investigate the regulation of gene expression and survival in 

cellular stress. The results presented in Chapter 3 show that the C-terminal domain of the 

STAT-1 transcription factor is required for apoptosis induced by lethal stresses including 

heat shock and simulated ischemia.

In this study, lethal heat stress or ischemic stress caused significant cell death, with the 

effects being more severe after ischemic stress. Parental 2fTGH cells were more sensitive 

compared to their mutant counterpart U3A cells. Re-introduction of STAT-1 into the U3A 

cell line confirmed that STAT-1 was causing the sensitivity to stress since STAT-1 

transfected U3A cells became more sensitive to stress compared to untransfected U3A 

cells. This effect is in agreement with other work in our laboratory (Stephanou et al., 

2002).

The U3A cell line was ideal to study effects of STAT-1 since no functional STAT-1 was 

present in this cell line. Thus, comparison of STAT-1 with STAT-3 showed that indeed 

the enhanced apoptotic effects that were observed were due to the presence of STAT-1. 

STAT-3 transfected U3A cells were more resistant to stress, suggesting that STAT-3 has 

an anti-apoptotic function compared to STAT-1 (Bromberg et al., 1999; Ram et al., 2000). 

Effects of chimeras containing different regions of STAT-1 and STAT-3 indicated that the 

N-terminal domain of STAT-1 was dispensable for the apoptotic effects observed. Other 

studies have shown that the N-terminal domain is required for interactions with other 

proteins (Zhang et al., 1996); however, in this case, stress-induced apoptosis does not
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require an N-terminal domain. The DNA binding domain of STAT-1 was also dispensable 

lor the apoptotic effects observed as demonstrated using STAT-l/STAT-3 chimeras. 

Moreover, this is the first demonstration that even the isolated C-terminal domain of 

STAT-1 can cause apoptosis in the absence of the DNA binding domain.

STAT-1 is known to interact with other regulatory proteins such as CBP, BRCA1, and the 

chromatin remodelling factor MCM5 (Zhang et al., 1996; Ouchi et al., 2000; Zhang et al 

1998). Moreover, serine phosphorylation of STAT-1 has been shown to be critical for its 

ability to interact with such molecules (Da Fonesca et al., 2001; Ouchi et al., 2000) and it 

is possible that the C-terminal domain of STAT-1 requires interaction with other pro- 

apoptotic regulatory factors to mediate its apoptotic effects.

Recent studies have shown that STAT-1 is cleaved at position 694 by caspase 3, leading to 

release of the C-terminal fragment of STAT-1, which may be required for down-regulating 

cellular responses to cell death (King and Goodboum, 1998). However, in this thesis, a 

mutation at the caspase cleavage site of STAT-1 did not have any preventative effect on 

apoptosis, and would suggest that cleavage of STAT-1 to release a free C-terminal 

fragment is not essential for stress-induced apoptosis and hence the C-terminal domain can 

produce apoptotic effects either within an intact molecule or as an isolated domain 

produced artificially or naturally by caspase cleavage in the cell type studied.
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IFNy or ischemic treatment of cardiac cells leads to induction of caspase-1 and fas/fasL 

gene expression, and this is dependent upon STAT-1 activation. Also, over expression of 

STAT-1 inhibits expression of antiapoptotic BC12 and BCLX, whereas STAT-3 enhances 

expression of these anti-apoptotic genes (Stephanou et al., 2000a). It is possible that if 

pro-apoptotic signals outweigh anti-apoptotic signals, then STAT-1 may intervene to make 

sure that the cell undergoes apoptosis, and also to make sure that the commitment phase of 

apoptosis is irreversible.

In past studies it has been shown that IFNy activated apoptosis and caspase activation is 

dependent upon STAT-1 and is defective in STAT-1 deficient U3A cells (Chin et al.,

1997). It is possible that a full length STAT-1 molecule is involved in upstream caspase 

activation, resulting in cleavage of STAT-1 at the same time as caspase cleavage. 

Cleavage of STAT-1 results in the release of the C-terminal trans-activating domain (TAD) 

and also the N-terminal domain containing the DNA binding domain. Release of the 

STAT-1 TAD could lead to its interaction with other factors containing a DNA binding 

domain required for activation of pro-apoptotic genes and perpetuation and amplification 

of the apoptotic signal. Such an explanation is plausible, since STAT-1 is known to have 

its potent apoptotic effect in later stages of apoptosis in cardiac cells exposed to 

ischaemia/reperfusion (Stephanou et al., 2002). The remaining N-terminal domain could 

behave as a negative regulator of full length STAT-1 or even anti-apoptotic genes or 

survival pathways that may be down-regulated during apoptosis (Figure 6.1).
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Figure 6.1 Possible Mechanism of the STAT-1 C-terminal TAD Leading to 
Apoptosis

It is likely that STAT-1 exerts its effects at various levels of the apoptotic pathway to 

ensure that cell survival is not possible. In a recent study by Townsend (2003) STAT-1 

has also been shown to interact with the important tumour suppressor p53. Interestingly, 

this interaction requires the C-terminal domain of STAT-1, which is critical for its 

apoptotic effect in response to stress (Townsend et al., 2003). Therefore, STAT-1 behaves 

as a negative regulator of cell proliferation and displays tumour suppressor qualities like 

p53.
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The results presented in chapter 3 therefore, show a novel mechanism for stress-induced 

apoptosis by STAT-1, and demonstrates that the C-terminal domain is sufficient and 

necessary for the effects observed.

Hsps are required for cell protection against stress, and predominantly act as negative 

regulators of the apoptotic pathway. Although Hsp27 and Hsp70 have not been studied in 

this thesis, the information obtained from other studies show that these two proteins have 

anti-apoptotic properties in the cell death pathway, since over expression in tumour cells 

increases their tumourigenicity (Garrido et al., 19981 Bruey et al., 2000), and can protect 

against apoptosis induced by hyperthermia, oxidative stress, Fas death receptor ligation, 

and cytotoxic drugs (Garrido et al., 1998; Garrido et al., 1996; Mehlen et al., 1996). Hsp27 

may prevent activation of pro-caspase-9 and pro-caspase-3 (Garrido et al., 1997) by 

interaction with cytochrome c (Bruey et al., 2000). Hsp70 reduces or blocks caspase 

activation to suppress mitochondrial damage and nuclear fragmentation (Buzzard et al.,

1998). Hsp70 also inhibits apoptosis downstream of the release of cytochrome c and 

upstream of caspase-3 activation (Li et al., 2000). In addition, Hsp70 also prevents 

recruitment of procaspase- 9 to the apoptosome by binding directly to APAF-1 (Saleh et 

al., 2000; Beere et al., 2000).

Hsp90 appears to display pro-apoptotic as well as anti-apoptotic characteristics. Over - 

expression of Hsp90 in U937 cells increases the rate of apoptosis upon TNFa induction 

(Galea-Lauri et al., 1996). However, Hsp90 can directly bind to APAF-1 to inhibit its
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oligomerisation and further recruitment of procaspase-9 (Pandey et al., 2000). Therefore, 

it appears that the role of Hsp90 in the apoptotic pathway could be dependent on the type 

of stimulus that the cell is subjected to. In this thesis it seems that if STAT-1 is activated 

then the likely path that Hsp90 will activate would be that of a pro-apoptotic nature rather 

than an anti-apoptotic one. It is possible that the STAT-1/HSF-1 interaction observed by 

Stephanou et al. (1999) could be required for this effect. If this is the case, then it would 

be interesting to know whether the C-terminal construct of STAT-1 used in chapter 3 (691- 

750) could also activate Hsp90 promoter activity.

Previous work in our laboratory has shown that cytokines as well as stress can induce 

expression of Hsps. For example, IL-6 can induce expression of HSp90p in hepatoma 

cells and also in peripheral blood mononuclear cells (Stephanou et al., 1997; Stephanou et 

al., 1998). IL-6 is a multifunctional cytokine with pleiotropic activities on various cell 

types (Akira et al., 1992). This property of IL-6 is dependent upon the IL-6 receptor and 

the receptor subunit gpl30 that is shared among other cytokine receptors belonging to the 

IL-6 receptor super family (LIF, IL-11, OM, CT-1) (Kishimoto et al., 1995).IL-6 

stimulation leads to activation of STAT-3 and also C/EBPp (Stephanou et al., 1998). 

STAT-3 and C/EBP(3 have been shown to interact differentially with HSF-1 (Stephanou et 

al., 1998).

IFNy has antiviral and antitumour properties by inducing specific INF-y dependent genes, 

one of which is Hsp90p (Darnell et al.„ 1994; Schindler and Darnell, 1994). IFN-y 

induces expression of Hsp90|3 directly via activation of STAT-1 (Stephanou et al., 1999).
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Interestingly, in this study STAT-1 and HSF-1 were found to interact directly via protein- 

protein interaction (Stephanou et al., 1999). Therefore, the effects of IFNy and also IFNa 

on the Hsp90p promoter were investigated in chapter 4.

IFNy alone can activate Hsp90p gene expression, but in the presence of heat shock, 

Hsp90|3 promoter activity is enhanced further. IFNa was also able to activate the Hsp90p 

promoter but the effect was much lower compared to IFNy. These results suggest that 

although differences in activation of STATs are apparent, both IFNs are able to activate the 

Hsp90(3 promoter directly with the effect of IFNy being more potent than IFNa and that in 

some cell types the pattern of Hsp90p expression is different to other cell types. 

Hypothetically, STAT-l/STAT-2 dimers activated by IFNa may have a negative effect on 

the Hsp90p promoter in the presence of IFNy in HepG2 cells. It has been demonstrated in 

other studies that STAT-2 contains a highly potent transcriptional activation domain at the 

C-terminal region which could lead to STAT-2 being more dominant over STAT-1 in 

interferon-a-induced interferon stimulated gene factor-3 (ISGF-3) mediated antiviral and 

antiproliferative effects of IFNa (Bromberg et al., 1996; Horvath and Darnell, 1996). 

Therefore it is possible that for this reason, STAT-l/STAT-2 dimers predominantly reduce 

activity of Hsp90p by competing for STAT binding sites within Hsp90p promoter, and 

also interaction with HSF-1. It would be interesting to investigate the heterodimer 

interaction with HSF-1.

Both IFNa and IFNy are multifunctional and elicit many biological responses from target 

cells, and are also capable of inducing many unique responses (Stark et al., 1998). The
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II Ns display overlapping pathways leading to transcriptional regulation of different sets of 

genes with overlap of functions (Der et al., 1998). Further work would need to be carried 

out to investigate similar responses with other Hsps.

Other cytokines and hormones have been shown to induce Hsps and also activate STATs 

lor their effects on cells. CT-1, a member of the IL-6 family of cytokines, induces Hsp70 

and Hsp90 in cardiac cells (Latchman, 1998). Hypertrophic effects of CT-1 are mediated 

via activation of STAT-3 (Railson et al., 2002). CT-1 protection is achieved via the 

p42/p44 MAPKinase pathway, and this has also been observed for Ucn, a peptide hormone 

which mediates the endocrine response to stress (Sheng et al., 1997; Brar et al., 2000; Chen 

et al.,1993).

The work presented in chapter 5 showed that the cardioprotective agent Ucn was able to 

induce expression of another cardioprotective agent CT-1. Such studies are of 

considerable importance in understanding protective mechanisms that are activated due to 

hypoxic stress followed by reperfusion and an ultimate modulation for therapeutic benefit.

CT-1 and Ucn have been previously identified to be protective agents and can protect the 

heart against damaging effects of cardiac ischemia/reperfusion (Brar et al., 2001; Liao et 

al., 2002; Brar et al., 2000). Both agents protect by activating the p42/p44 MAPK 

pathway. Dominant negative mutants of the p42/p44 enzymes inhibit the protective effects 

by these two proteins (Sheng et al., 1997).
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All hough CT-1 and Ucn belong to different protein families, in this chapter, the results 

demonstrated that CT-1 expression was induced by Ucn. Time course experiments of CT- 

1 expression in Ucn treated cells showed that CT-1 expression was more apparent at 16 

hours-24 hours. This suggests that CT-1 expression is not instant and rapid and it is 

probable that at this time point CT-1 is more important in exerting its protective effects.

The results in chapter 5 also indicate that CT-1 is activated in cardiac cells exposed to 

hypoxia/reoxygenation, resulting in enhanced CT-1 mRNA and protein levels. It is 

possible; however, that Ucn plays a role in mediating this effect. Previous studies in our 

laboratory have demonstrated that Ucn is released from cardiac cells exposed to hypoxia 

(Okosi et al., 1998; Brar et al., 1999). Endogenous Ucn released in response to hypoxia 

could be responsible for the effect of hypoxia on the CT-1 promoter and CT-1 mRNA and 

protein levels. It is clear that Ucn treatment is able to directly activate the CT-1 promoter, 

resulting in enhanced mRNA and protein levels of cardioprotective CT-1. Further studies 

would require determining whether Ucn is involved in the response to hypoxia since 

exposure of cells to hypoxia/reoxygenation leads to enhanced CT-1 levels which could be 

blocked by a  helical CRH. Furthermore, a  helical CRH also blocked enhanced CT-1 

levels in Ucn treated cells under hypoxic conditions (Okosi et al., 1998; Brar et al., 1999).

An enhanced level of CT-1 was also detected in the media of Ucn and hypoxia treated 

cells, suggesting that Ucn enhances mRNA levels and protein levels of CT-1. To our 

knowledge, this is a novel effect by which Ucn is able to induce expression of CT-1. Ucn 

also has a direct effect on the CT-1 promoter rather than stabilising CT-1 mRNA. In
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addition, Ucn induced CT-1 expression is mediated, in part, by C/EBPp. C/EBPp is 

known to be activated by CT-1 and other members of the IL-6 family of cytokines 

(Nakajima et al., 1993). Dominant negative C/EBPp has a negative effect on the CT-1 

promoter, suggesting that the effect of Ucn on the CT-1 promoter requires activation of 

C/EBPp.

Mutation of the C/EBPp site does not block activation of CT-1 by Ucn therefore, is likely 

that other transcription factor binding sites must exist in the minimal CT-1 promoter that 

are required for the effect observed. Cardio-protective effects of Ucn may be mediated by 

inducing synthesis of CT-1, which would explain the similar signalling pathways involved 

in cardio-protection by these different factors (Sheng et al., 1997; Brar et al., 2001). 

Induction of CT-1 by Ucn could lead to induction of other cell protective proteins; for 

example, Ucn can increase expression of Hsp90 protein. Synthesis required for protection 

of cardiac cells by Ucn, which could be due to a need to induce CT-1 protein (Brar et al., 

2002). Interestingly, Ucn also induces expression of the K a t p  channel gene to mediate its 

cardioprotective effect (Lawrence et al., 2002). The gene for PKCc , also activated by 

Ucn, could modify C/EBPp and activate CT-1 expression. It would be interesting to 

determine whether blocking PKCs can block the effect of Ucn on CT-1.

The work presented in this thesis opens up new and interesting avenues for research. In 

particular, an investigation of the interaction of other proteins with STAT-1 could be of 

interest since the mechanism could be targeted for therapeutic purposes. The effect of the
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C-terminal domain of STAT-1 presented here highlights a potentially important role for 

this protein in understanding the mechanism of apoptotic cell death.
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6.1 Future W ork

The work presented here opens up many questions about the events that take place when 

cells are exposed to stress. In chapter 3, the role of the STAT-1 transcription factor in 

stress-induced apoptosis led to the conclusion that other factors that contain DNA binding 

domains are likely to be involved in apoptotic processes that require the C-terminal 

activation domain of STAT-1. With these factors acting by recruiting STAT-1 to the DNA 

the next step in this project is to unravel which factors may interact with STAT-1 in a pro- 

apoptotic manner, and can be achieved by mapping the candidate promoter region needed 

for a STAT-1 response and ideally the DNA binding function. Protein-protein interaction 

studies (in vitro) can also be carried out to see whether STAT-1 interacts with candidate 

pro-apoptotic transcription factors.

In the IFN study, there was no conclusive evidence that STAT-1 was required for Hsp90 

induction, and this could not be studied further due to time restrictions. However, further 

experiments would involve transfection studies ie, to re-introduce STAT-1 into the U3A 

cell line (which lacks functional STAT-1) with Hsp90 promoter constructs and subject 

transfected cells to IFN and heat shock treatments as carried out in this thesis. In addition, 

the effect at the protein level in these cells would be tested by Western blotting. It would 

also be of importance to extend the study to other Hsps including Hsp70, Hsp47 and 

Hsp27 as this has not been tested so far. The interaction of the STAT-l/STAT-2 

heterodimer with HSF-1 needs to be investigated, and can be achieved by protein protein 

interaction in vitro.

209



Further experiments for Ucn induced CT-1 activity would also be required. This thesis 

demonstrated that other transcription factor binding sites are present in the minimal CT-1 

promoter as well as the binding site for C/EBPp. It would be necessary to further 

investigate the C/EBPp transcription factor binding site within the CT-1 minimal promoter 

and to test whether C/EBPp binds elsewhere in the promoter. In this thesis only four 

mutations were made in this site (2x thymine to guanine, and 2x adenine to cytosine). 

Therefore, further site directed mutagenesis of this binding site is required. In addition, it 

would be of importance to also mutate amino acid residues of other transcription factor 

binding sites in the CT-1 promoter by site directed mutagenesis to determine whether they 

are also involved in activating the CT-1 promoter in response to Ucn.

210



REFERENCES

211



Abdel-Meguid SS, Shieh HS, Smith WW, Dayringer HE, Violand BN, Bentle LA 
(1987). Three-dimensional structure of a genetically engineered variant of porcine 
growth hormone Proc Natl Acad Sci USA.  84:6434-7.

Abrams JM (1999). An emerging blueprint for apoptosis in Drosophila. Trends Cell 
Biol 9:435-440.

Abravaya K, Myers MP, Murphy SP and Morimoto RI (1992). The human heat 
shock protein hsp70 interacts with HSF, the transcription factor that regulates heat 
shock gene expression. Genes Dev 6:1153-1164.

Akira S and Kishimoto T (1992). IL-6 and NF-IL6 in acute-phase response and viral 
infection. Immunol Rev 127:25-45.

Akira S (1992). NF-IL6 and gene regulation. Res Immunol. 43:734-6

Akira S, Nishio Y, Inoue M et al (1994). Molecular cloning of APRF, a novel IFN- 
stimulated gene factor 3 p91 related transcription factor involved in the gpl30 
mediated signalling pathway. Cell 77:63-71.

Alexander WS, Starr R, Fenner JE, Scott CL, Handman E, SpriggNS, Kay TWH, 
Nicola NA, Hertzog PJ, Metcalf D, Hilton DJ (1999). SOCS-1 is a critical inhibitor 
pf IFNg signalling and prevents the potentially fatal neonatal actions of this cytokine. 
Cell 98: 597-608.

Ali A, Bharadwaj S, O’Carroll R and Ovsenek N (1998). HSP90 interacts with and 
regulates the activity of heat shock factor in Xenopus oocytes. Mol Cell Biol 
18:4949-4960.

Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thomberry NA, Wong 
WW, Yuan J. (1996). Human ICE/CED-3 protease nomenclature. Cell. 18;87(2): 171

Amin V, Cumming DV, Latchman DS (1996). Over-expression of heat shock protein 
70 protects neuronal cells against both thermal and ischaemic stress but with different 
efficiencies Neurosci Lett. 206:45-8.

Aoki M, Morishita R, Taniyama Y, Kaneda Y, Ogihara T. (2000). Therapeutic 
angiogenesis induced by hepatocyte growth factor: potential gene therapy for 
ischemic diseases J Atheroscler Thromb. 7:71-6

Arrigo A-P, Suhan J, welch WJ (1988). Dynamic changes in the structure and locale 
of the mammalian low molecular weight heat shock protein. Mol Cell Biol 8:5059- 
5071.

Baeuerle PA and Baltimore D (1996). Cell 87:13.

212



Bakau Band Horwich AL (1998). The Hsp70 and Hsp60 chaperone machines? Cell 
92:351-366.

Baler R, Dahl G and Voellmy R (1993). Activation of human heat shock genes is 
accompanied by oligomerization, modification, and rapid translocation of heat shock 
transcription factor HSF1. Mol Cell Biol 13:2486-2496.

Battle TE, Frank DA. (2002). The role of STATs in apoptosis. Curr Mol 
Med.2(4):381-92

Bazan JF (1991). Neuropoietic cytokines in the hematopoietic fold. Neuron 7:197- 
208.

Becker F and CraigE (1994). Heat shock proteins as molecular chaperones. Eur J 
Biochem 219:11-23.

Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana T, Tailor P, 
Morimoto RI, Cohen GM, Green DR. (2000). Heat-shock protein 70 inhibits 
apoptosis by preventing recruitment of procaspase-9 to the Apaf-1 apoptosome Nat 
Cell Biol. 2:469-75.

Bittencourt JC, Vaughan J, Arias C, Rissman RA, Vale WW, Sawchenko PE (1999). 
Urocortin expression in rat brain: evidence against a pervasive relationship of 
urocortin-containing projections with targets bearing type 2 CRF receptors. Comp 
Neurol. 415:285-312

Boelens WC, Croes Y, de Ruwe M, de Reu L, de Jong WW (1998). Negative 
charges in the C-terminal domain stabilize the alphaB-crystal 1 in complex. J Biol 
Chem 273:28085-28090.

Boucheron C, Dumon S, Santos SC, Moriggl R, Hennighausen L, Gisselbrecht S, 
Gouilleux F (1998). A single amino acid in the DNA binding regions of STAT5A and 
STAT5B confers distinct DNA binding specificities. J Biol Chem. 273:33936-41

Brar BK, Stephanout A., Wagstaff MJ, Coffin RS, Marber MS, Englemann G and 
Latchman DS (1999a). Heat shock proteins delivered with a virus vector can protect 
cardiac cells against apoptosis as well as against thermal or hypoxic stress. J Mol Cell 
Cardiol. 31:135-146.

Brar BK, Jonassen AK, Stephanou A, Santilli G, Railson J, Knoght RA, Yellon DM 
and Latchman DS (2000). Urocortin protects against ischaemic and reperfusion 
injury via a MAPK-dependent pathway. J Biol Chem. 275:8508-8514

Brar BK, Stephanou AS, Liao Z, O’Leary RM, Pennica D, Yellon DM and Latchman 
DS (2001). Cardiotrophin-1 can protect cardiac myocytes from injury when added

213



both prior to simulated ischaemia and at reoxygenation. Cardiovascular Research 
51:265-274.

Brar BK, Stephanou A, Pennica D and Latchman DS (2001). CT-1 mediated 
cardioprotection against ischemic reoxygenation injury is mediated by PI3-kinase,
Akt and MEK1/2 pathways. Cytokine 16:93-96.

Brar BK, Stephanou A, Knight RA and Latchman (2002). Activation of protein 
kinase B/Akt by urocortin is essential for its ability to protect cardiac cells against 
hypoxia.reoxygenation-induced cell death. J Mol Cell Cardiol 34:483-492.

Brar BK, Railson JE, Stephnaou A, Knight RA and Latchman DS (2002). Urocortin 
increases the expression of heat shock protein 90 in rat cardiac myocytes in a 
MEK1/2-dependent manner. J Endocrinol 172:283-293.

Briggs MR, Kadonaga JT, Bell SP, Tjian R (1986). Purification and biochemical 
characterization of the promoter-specific transcription factor, Spl. Science. 234:47- 
52.

Brivanlou AH and Darnell JE (2002). Signal Transduction and the Control of Gene 
Expression. Science 295:813-818.

Bromberg JF, Horvath CM, Wen Z, Schreiber RD and Darnell JE (1996). 
Transcriptionally active Statl is required for the antiproliferative effects of both 
interferon a and interferon g. Proc Natl Acad Sci USA 93:7673-7678.

Bromberg JF, Wrzeszcynska MH, Devgan G, Zhao Y, Pestell RG, Albanese C and 
Darnell JE (1999). Stat3 as an oncogene. Cell 98:295-303.

Bruey JM, Ducasse C, Bonniaud P, Ravagnan L, Susin SA, Diaz-Latoud C,
Gurbuxani S, Arrigo AP, Kroemer G, Solary E, Garrido C. (2000). Hsp27 negatively 
regulates cell death by interacting with cytochrome c. Nat Cell Biol. 2:645-52

Budihardjo I, Oliver H, Lutter M, Luo X, Wang X. (1999). Biochemical pathways of 
caspase activation during apoptosis. Annu Rev Cell Dev Biol. 15:269-90

Buzzard KA, Giaccia AJ, Killender M, Anderson RL. (1998). Heat shock protein 72 
modulates pathways of stress-induced apoptosis J Biol Chem. 273:17147-53.

Caldenhoven E, van-Dijk TB, Solari R, Armstrong J, Raaijmakers JAM, Lammers 
JWJ, Koenderman L and de-Groot RP (1996). STAT-3beta, a splice variant of 
transcription factor STAT3, is a dominant negative regulator of transcription. J Biol 
Chem. 271:13221-13227.

Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF, Stanbridge E, Frisch S, 
Reed JC. (1998). Regulation of cell death protease caspase-9 by phosphorylation.

214



Science.282:1318-21

Chalmers DT, Lovenberg TW, De Souza EB (1995). Localization of novel 
corticotropin-releasing factor receptor (CRF2) mRNA expression to specific 
subcortical nuclei in rat brain: comparison with CRF1 receptor mRNA expression J 
Neurosci. 15:6340-50

Chandrasekar B, Mitchell DH, Colston JT, Freeman GL (1999). Regulation of 
CCAAT/Enhancer binding protein, interleukin-6, interleukin-6 receptor, and gpl30 
expression during myocardial ischemia/reperfusion.
Circulation. 99(3):427-33
Chatterjee-Kishore M, van den Akker F and Stark GR (2000). Association of STATs 
with relatives and friends. Trends Cell Biol 10:106-111.

Chen R, Lewis KA, Perrin MH and Vale WW (1993). Expression cloning of a 
human corticotrophin-releasing factor receptor. Proc Natl Acad Sci USA 90:8967- 
8971.

Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, Lindsten T and Korsmeyer SJ 
(2001). BCL-2, BCL-X(L) sequester BH3 domain-only molecules preventing BAX- 
and BAK-mediated mitochondrial apoptosis. Mol Cell 8:705-711.

Chin YE, Kitagawa M, Kuida K, Flavell RA and Fu X-Y (1997). Activation of the 
STAT signalling pathway can cause expression of caspase 1 and apoptosis. Mol Cell 
Biol 17:5328-5337.

Chodosh LA,et al. (1988). Cell 53:25.

Chu B, Soncin F, Price BD, Stevenson MA and Calderwood SK (1996). Sequential 
phosphorylation by mitogen-activated protein kinase and glycogen synthase kinase 3 
represses transcriptional activation by heat shock factor-1. J Biol Chem 271:30847- 
30857.

Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P and Shuai K(1997). Specific 
inhibition of STAT-3 signal transduction by PIAS3. Science 278:1803-1805.

Collins JA, Schandi CA, Young KK, Vesely J and Willingham MC (1997). Major 
DNA fragmentation is a late event in apoptosis. J Histochem Cytochem 45:923-934.

Cooper G, Kent RL, Uboh CE, Thompson EW and Marino TA (1985). 
Hemodynamic versus adrenergic control of cat right ventricular hypertrophy. J clin 
Invest 75:1403-1414.

Copeland NG, Gilbert DJ, Schindler C, Zhong Z, Wen Z, Darnell JE, Mui AL-F, 
Quelle FW, Ihle JN and Jenkins NA (1995). Distribution of the mammalian STAT 
gene family in mouse chromosomes. Genomics 29:225-228.

215



Coste SC, Kesterson RA, Heldwein KA, Stevens SL, Heard AD, Hollis JH, Murray 
SE, Hill JK, Pantely GA, Hohimer AR, Hatton DC, Phillips TJ, Finn DA, Low MJ, 
Rittenberg MB, Stenzel P, Stenzel-Poore MP (2000). Abnormal adaptations to stress 
and impaired cardiovascular function in mice lacking corticotropin-releasing hormone 
receptor-2. Nat Genet. 24:403-9

Crabtree GR(1999). Generic signals and specific outcomes: signaling through Ca2+, 
calcineurin, and NF-AT. Cell 96:611.

Cumming DV, Heads RJ, Coffin RS, Yellon DM and Latchman DS (1996a). 
Pharmacological preconditioning of primary rat cardiac myocytes by FK506. Basic 
Res Cardiol. 91:367-373.

Cumming DV, Heads RJ, Watson A, Latchman DS and Yellon DM (1996b). 
Differential protection of primary rat cardiocytes by transfection of specific heat 
stress proteins. J Mol Cell Cardiol. 28:2343-2349.

Currie RW, Karmazyn M, Kloc M, and Mailer K (1988). Heat-shock response is 
associated with enhanced postischemic ventricular recovery. Circ Res 63:543-549.

Da Fonesca CJ, Shi F and Zhang JJ (2001). Identification of two residues in MCM5 
critical for the assembly of MCM5 complexes and STAT-1 -mediated transcription 
activation in response to IFNg. Proc Natl Acad Sci USA. 98:3034-3039.

Darnell JE, Kerr IM and Stark GR (1994). Jak-STAT pathways and transcriptional 
activation in response to IFNs and other extracellular signalling proteins. Science 
264:1415-1421.

Darnell J (1997). STATs and gene regulation. Science 277:1630-1635.

Davis S, Aldrich TH, Valenzuela DM, wong V, Furth ME, Squinto SP, Yancopoulos 
GD (1991). The receptor for ciliary neurotrophic factor. Science 253:59-63.

de Benedetti F, Massa M, Robbioni P, Ravelli A, Burgio GR, Martini A (1991). 
Correlation of serum interleukin-6 levels with joint involvement and thrombocytosis 
in systemic juvenile rheumatoid arthritis.
Arthritis Rheum. 34:1158-63.

De Souza EB, Insel TR, Perrin MH, Rivier J, Vale WW, Kuhar MJ (1985). 
Corticotropin-releasing factor receptors are widely distributed within the rat central 
nervous system: an autoradiographic study. J Neurosci. 5:3189-203

Delcayre C, Samuel J-L, Marotte F, Best-Belpomme M, Mercadier JJ and Rappaport 
L (1988). Synthesis of stress proteins in rat cardiac myocytes 2-4 days after 
imposition of hemodynamic overload. J Clin Invest. 82:460-468.

216



Der SD, Zhou A, Williams BRG and Silverman RH (1998). Identification of genes 
differentially regulated by interferon a, b or g using oligonucleotide arrays. Proc Natl 
Acad Sci USA. 95:15623-15628.

Dinarello CA (1996). Biologic basis for interleukin-1 in disease. Blodd 87:2095- 
2147.

Donaldson CJ, Sutton SW, Perrin MH, Corrrigan AZ, Lewis KA, Rivier JE, Vaughan 
JM and Vale WW (1996). Cloning and characterisation of human urocortin 
[published erratum appears in Endocrinology 1996 Sept; 137(9):3 896]. 
Endocrinology 137:2167-2170.

Donnelly TJ, Steven RE et al (1992). Heat shock protein induction in rat hearts: a 
role for improved myocardial salvage after ischemia and reperfusion. Circulation 
85:769-778.

Dorin RI, Zlock DW, Kilpatrick K (1993). Transcriptional regulation of human 
corticotropin releasing factor gene expression by cyclic adenosine 3',5'- 
monophosphate: differential effects at proximal and distal promoter elements. Mol 
Cell Endocrinol. 96:99-111

Dostal and Baker (1998). Angiotensin and endothelin:messengers that couple 
ventricular stretch th the Na+/H+ exchanger and cardiac hypertrophy. Circ Res 
83:870-873.

Dougherty JJ, Rabideau DA, Iannotti AM, Sullivan WP, Toft DO (1987). 
Identification of the 90 kDa substrate of rat liver type II casein kinase with the heat 
shock protein which binds steroid receptors. Biochim Biophys Acta927:74-80.

Duncan SA, Zhong Z, Wen Z, Darnell JE Jr.(1997). STAT signaling is active during 
early mammalian development. Dev Dyn 208:190-8.

Durbin JE, heckenmiller R, Simon MC, Levy DE (1996). Targeted disruption of the 
mouse Statl gene results in compromised innate immunity to viral disease. Cell 
84:443-450.

Eastgate JA, Symons JA, Wood NC, Grinlinton FMO, Giovinge FS, Duff GW 
(1988). Correlation of plasma ID1 levels with disease activity in rheumatoid 
arthritis. Lancet ii:706-709.

Enari M, Sakahira H, Yokoyama H, Okawa K, Iwamatsu A and Nagata S (1998). A 
caspase-activated DNase that degrades DNA during apoptosis, and its inhibitor 
ICAD. Nature 391:43-50.

217



Ehrnsperger M, Graber S, Gaestel M, Buchner J (1997). Binding of non-native 
protein to Hsp25 during heat shock creates a reservoir of folding intermediates for 
reactivation. EMBO J 16:221-229.

Ellis RJ and van der Vies (1991). Molecular chaperones. Ann Rev Biochem. 60:321-
347.

Endo TA, Matsuhara M, Yokouchi M, Suzuki R, Sakamoto H, Mitsui K, Matsumoto 
Am Tanimura S, Ohtsubo M, Misawa H et al (1997). Nature 387:921-924.

Erdmann J, Hassfeld S, Kallisch H, Fleck E and Regitz-Zargroesk V (1998). Cloning 
and characterization of the 5’-flanking region of the human cardiotrophin-1 gene. 
Biochem Biophys Res Commun 244:494-497.

Eskes R, Desagher S, Antonsson B, and Martinou JC (2000). Bid induces the 
oligomerization and insertion of Bax into the outer mitochondrial membrane. Mol 
Cell Biol 20:929-935.

Espinet C, de la Torre MA, Aldea M, Herrero E. (1995).An efficient method to 
isolate yeast genes causing overexpression-mediated growth arrest. Yeast. 11:25-32.

Feinberg and Vogelstein (1983). A technique for radiolabelling DNA restriction 
endonuclease fragmens to high specific activity. Anal. Biochem. 132:6.

Feldman GM, Rosenthal LA, Liu X, Hayes MP, Wynshaw-Boris A, Leonard WJ, 
Hennighausen L, Finbloom DS (1997). STAT5a-deficient mice demonstrate a defect 
in granulocyte macrophage colony stimulating factor-induced proliferation and gene 
expression. Blood. 90: 1768-1776.

Feng J, Withhuhn BA, Matsuda T, Kohlhuber F, Kerr IM, Ihle JN (1997).
Activation of Jak2 catalytic activity requires phosphorylation of Y 1007 in the kinase 
activation loop. Mol Cell Biol. 17: 2497-2501.

Field A (1998). Discovery Statistics using SPSS for Windows. Chicago IL:Sage 
Publications Ltd.

Flynn GC, Chappell TG, Rothman JE. (1989). Peptide binding and release by proteins 
implicated as catalysts of protein assembly. Science. 245:385-90.

Force T, Hajjar R, Del Monte F, Rosenzweig A and Choukroun G (1999). Signaling 
pathways mediating response to hypertrophic stress in the heart. Gene Expr. 7:337-
348.

Foreman BM et al (1995). Cell 83:803.

218



Frank SJ, Gilliland G, Kraft AS, Arnold CS (1994). Interaction of the growth 
hormone receptor cytoplasmic domain with the JAK2 tyrosine kinase.
Endocrinology 135:2228-2239.

Fraser A and Evans G (1996). A Licence to Kill. A Licence to Kill. Cell 85:781-784

Fukazawa J, Booz GW, Hunt RA, Shimizu N, Karoor V, Baker KM, Dostal DE 
(2000). Cardiotrophin-1 increases angiotensi mRNA in rat cardiac myocytes through 
STAT3: An autocrine loop for hypertrophy. Hypertension 35:1191-1196.

Fuller SJ, Finn SG, Downward J, Sugden PH (1998). Stimulation of gene expression 
in neonatal rat ventricular myocytes by Ras is mediated by Ral guanine nucleotide 
dissociation stimulator (Ral.GDS) and phosphatidylinositol 3-kinase in addition to 
Raf. Biochem J 335 ( Pt 2):241-6

Funamoto M, Hishinuma S, Fujio Y, Matsuda Y, Kunisada K, Oh H, Negoro S, Tone E, 
Kishimoto T and Yamauchi-Takihara K (2000). Isolation and characterisation of the murine 
cardiotrophin-1 gene:expression and norepinephrine-induced transcriptional activation. J 
Mol Cell Cardiol. 32:1275-1284.

Gaestel M, Schroder W, Benndorf R, Lippman C, Buchner K, Huchot F, Ermann VA,
Bielka H (1991). Identification of the phosphorylation sites of the murine small heat 
shock protein Hsp25. Gene 128:279-283.

Galea-Lauri J, Latchman DS, Katz DR (1996). The role of the 90-kDa heat shock 
protein in cell cycle control and differentiation of the monoblastoid cell line U937.
Exp Cell Res. 226:243-54.

Garcia R, Jove R. (1998). Activation of STAT transcription factors in oncogenic 
tyrosine kinase signaling. J Biomed Sci. 5:79-85.

Garrido C, Mehlen P, Fromentin A, Hammann A, Assem M, Arrigo A-P, Chauffert B
(1996). Unconstant association between 27-kDa heat shock protein (Hsp27) content 
and doxorubicin resistance in human colon cancer cells. The doxirubicine-protecting 
effect of hsp27. Eur J Biochem. 237:653-659.

Garrido C, Ottavi P, Fromentin A, Hammann A, Hamman M, Arrigo A-P, Chauffert 
B, Mehlen P (1997). Hsp27 as a mediator of confluence-dependent resistance to cell 
death induced by anticancer drugs. Cancer Res. 57:2661-2667.

Garrido C, Fromentin A, Bonnotte B, Favre N, Moutet M, Arrigo AP, Mehlen P,
Solary E. (1998). Heat shock protein 27 enhances the tumorigenicity of immunogenic 
rat colon carcinoma cell clones. Cancer Res. 58:5495-9.

219



Gearing DP, Thut CJ, VandeBos T, Gimpel SD, Delaney PB, King J, Price V, 
Cosman D, Beckmann MP (1991). Leukemia inhibitory factor receptor is structurally 
related to the IL-6 signal transducer, gpl30. EMBO J. 10:2839-48

Gearing DP, Comeau MR, Friend DJ, Gimpel SD, Thut CJ, McGourtry J, Brasher 
KK, King JA, Gillis S, Mosely B, Zeigler SF, Cosman D (1992). The IL-6 signal 
transducer, gp 130: an oncostatin M receptor and affinity converter for the LIF 
receptor. Sciences 255:1434-1437.

Gemer E and Schneider MJ (1975). Induced thermal resistance in HeLa cells. Nature 
256:500-502.

Gething MJ and Sambrook J (1992). Protein folding in the cell. Nature 335:33-45.

Gille H, Kortenjann M, Thomae O, Moomaw C, Slaughter C, Cobb MH and Shaw PE
(1995). ERK phosphorylation potentiates Elk-1-mediated ternary complex formation 
and transactivation. EMBO J. 14:951-962.

Gillespie-Brown J, Fuller SJ, Bogoyevitch MA, Cowley S and Sugden PH (1995).
The mitogen-activated protein kinase kinase MEK1 stimulates a pattern of gene 
expression typical of the hypertrophic phenotype in rat ventricular cardiomyocytes. J 
Biol Chem 270: 28092-28096.

Gottlieb RA, Burleson KO, Kloner RA, Babior BM and Engler RL (1994). 
Reperfusion injury induces apoptosis in rabbit cardiomyocytes. J Clin Invest 
94:1621-1628.

Gottowik J, Goetschy V, Henriot S, Kitas E, Fluhman B, Clerc RG, Moreau JL, 
Monsma FJ and Kilpatrick GJ (1997). Labelling of CRF1 and CRF2 receptors using 
the novel radioligand, [3H]-urocortin. Neuropharmacology 36:1439-1446.

Grosschedl R(1995). Curr Opinion Cell Biol 7:362.

Gupta S, Campbell D, Derijard B and Davis RJ (1995). Transcription factor ATF2 
regulatio by the JNK signal transducing pathway. Science 267:389-393.

Gushin D, rogers N, Briscoe J, Witthuhn B, Watling D, Horn F, Pelligrini S, 
Yasukawa K, Heinrich P, Stark GR et al (1995). A major role for the protein tyrosine 
kinase Jakl in the Jak?STAT signal transduction pathway in response to interleukin- 
6. EMBO J 14:1421-1429.

Gwechenberger M, Mendoza LH, Youker KA et al (1999). Cardiac myocytes 
produce interleukin-6 in culture and in viable border zone of reperfused infarctions. 
Circulation 99:546-551.

220



Hanford DS, Thuerauf DJ, Murray SF and Glenbotski CC (1994). Brain natriuretic 
peptide is induced by alpha 1-adrenergic agonists as a primary response gene in 
cultured rat cardiac myoctyes. J Biol Chem 269: 26227-26233.

Harada M, Saito Y, Kuwahara K, Ogawa E, Ishikawa M, Nakagawa O, Miyamoto Y, 
Kamitani S, Hamanaka I, Kajiyama N, Takahashi N, Masuda Im Itoh H and Nakao K
(1998). Interaction of myocytes is necessary for mechanical stretch to induce 
ANP/BNP production in cardiocyte culture. J Cardiovasc Pharmacol 31 Suppl 1, 
S357-S359

Haspel RL, Salditt-Georgieff M, Darnell JE (1996). The rapid inactivation of nuclear 
tyrosine phosphorylated STAT-1 depends upon a protein tyrosine phosphatase. 
EMBO J 15: 6262-6268.

Heads RJ, Latchman DS and Yellon DM (1994). Stable High level expression of a 
transfected human HSP70 gene protects a heart-derived muscle cell line against 
thermal stress. J Mol Cell Cardiol. 26:695-699.

Heery DM, Kalkhoven E, Hoare S, Parker MG (1997). A signature motif in 
transcriptional co-activators mediates binding to nuclear receptors. Nature 387:733-6.

Helquest S, Polla BS, Johannesen J, Nerup J (1991). Heat shock proein induction in 
rat pancreatic islets by IL-1 beta. Diabetologia. 34:150-156.

HengartnerMO and Horvitz HR. (1994). The ins and outs of programmed cell death 
during C. elegans development. Phil Trans R Soc Lond. B 345:243-248.

Hickey E, Brandon SE, Smale G, Lloyd D and Weber LA (1989). Sequence and 
regulation of a gene encoding a human 89-kilodalton heat shock protein. Mol Cell 
Biol 9:2615-2626.

Hightower LE (1991). Heat shock, stress proteins,chaperones, and proteotoxicity. 
Cell 66:191-197.

Hilton DJ and Gough NM (1991). Leukaemia inhibitory factor; a biological 
perspective. J Cell Biochem 46:21-26.

Hilton DJ, Hilton AA, Raicevic A, Rakar S, Harrison-Smith M, Gough NM, Begley 
CG, Metcalf D, Nicola NA, Willson TA (1994). Cloning of a murine IL-11 receptor 
a-chain; requirement for gpl30 for high affinity binding and signal transduction. 
EMBO J 13:4765-4775.

Hilton DJ (1992). LIF: lots of interesting functions. Trends Biochem Sci. 17: 72-76.

Horvath CM and Darnell JE (1996). The antiviral state induced by a and g interferon 
requires transcriptionally active STAT-1 protein. J Virol 70:647-650.

221



Horvath CM and Darnell JE (1997). The state of the STATs: recent developments in 
the study of signal transduction to the nucleus. Current Opinion Cell Biol. 9:233- 
239.

Horvath CM, Wen Z and Darnell JE (1995). A STAT protein domain that determines 
DNA sequence recognition suggests a novel DNA-binding domain. Genes Dev 
9:984-994.

Horvath CM, Stark GR, Kerr IM and Darnell JEJ (1996). Interactions between STAT 
and non-STAT proteins in the interferon-stimulated gene factor 3 transcription 
complex. Mol Cell Biol 16:6957-6964.

Horvath CM (2000). STAT proteins and transcriptional responses to extracellular 
signals. Trends Biochem Sci 25:496-502.

Htun H, Barsony J, Renyi I, Gould DL, Hager GL (1996). Proc Natl Acad Sci USA 
93:4845.

Hunter JJ, Tanaka N, Rockman HA, Ross JJ and Chien KR (1995). Ventricular 
expression of a MLC-2v-ras fusion gene induces cardiac hypertrophy and selective 
diastolic dysfunction in transgenic mice. J Biol Chem 270:23173-23178.

Ianotti AM, Rabideau DA and Dougherty JJ(1988). Characterisation of purified 
avian 90,000-Da heat shock protein. Arch Biochem Biophys. 264:54-60.

Ihle JN(1996). STATs: Signal Transducers and Activators of Transcription. Cell 
84:331-334.

Ikeda K, Tojo K, Sato S, Ebisawa T, Tokudome G, Hosoya T, Harada M, Nakagawa 
O and Nakao K (1998). Urocortin, a newly identified corticotrophin-releasing 
factor-related mammalian peptide, stimulates atrial natriuretic peptide and brain 
natriuretic peptide secretions from neonatal rat cardiomyocytes. Biochem Biophys 
Res Commun. 250:298-304

Imada K, Bloom ET, Nakajima H, Horvath-Arcidiacono JA, Udy GB, Davey HW, 
Leonard WJ (1998). Stat5b is essential for natural killer cell-mediated proliferation 
and cytolytic activity J Exp Med 188:2067-2074.

Ip NY and Yancopoulos GD (1996). The neutrophins and CNTF: two families of 
collaborative neutrophic factors. Annu Rev Neurosci 19:491-515.

Izumo S, Lompre AM, Matsuoka R, Koren G, Scwartz K, Nadal-Ginard B and 
Mahdavi V (1987). Myosin heavy chain messenger RNA and protein isoform 
transitions during cardiac hypertrophy. Interaction between hemodynamic and 
thyroid hormone-inducing signals. J Clin Invest. 79:970-977.

222



Jaattela M, Wissing D, Kokholm K, Kalluki T, Egelblad M (1998). Hsp70 exerts its 
anti-apoptotic function downstream of caspase -3-like proteases. EMBO J 17: 6124- 
6134.

Jacobson NG, Szabo SJ, Weber-Nordt RM, Zhong Z, Schreiber RD, Darnell JE and 
Murphy KM (1995). Signalling in T helper type 1 (Thl) cells involves tyrosine 
phosphorylation of STAT3 and STAT4. J Exp Med. 181:1755-1762.

Jakob U, Gaestel M, Engel K, Buchner J (1993). Small heat shock proteins are 
molecular chaperones. J Biol Chem. 268:1517-1520.

Janknecht R and Nordheim A (1993). Biochem Biophys Acta. 1155:346.

Janknecht R (1995). Immunobiology 193:137.

Johnson PF and McKnight SL (1989). Ann Rev Biochem 58:799.

Johnston DS and Nusslein- Volhard C (1992). Cell 68:201

Kabakov AE, and Gabai EA (1997). Heat Shock Proteins and Cytoprotection ̂ TP- 
Deprived Mammalian Cells. Springer-RG. Landes Co., Austin.

Kanei-Ishii C, Tanikawa J, Nakai A, Morimoto RI, Ishii S. (1997). Activation of heat 
shock transcription factor 3 by o-Myb in the absence of cellular stress. Science 
277:246-8.

Kaplan MH, Sun Y-L, Hoey T, Grusby SJ (1996). Impaired IL-12 responses and 
enhanced development of Th2 cells in Stat4 deficient mice. Nature 382:174-177.

Karin M (1999). Oncogene 18:6867

Kaufmann -Zeh, A Rodriguez-Viciana P, Ulrich E, Gilbert C, Coffer P, Downward J, 
Evan G (1997). Suppression of c-Myc-induced apoptosis by Ras signalling through 
PI(3)K and PKB. Nature 385:544-548.

KaurP and Satlatvala J (1988). Interleukin 1 and tumour necrosis factor increase 
phosphorylation of fibroblast proteins FEBS Lett 241:6-10

KellemayerMS and Csemely P (1995). ATP induces dissociation of the 92kDA heat 
shock protein (hsp90) from F-actin: Interference with the binding of heavy 
meromysin. Biochem Biophys Res Commun. 211:166-174.

Kerr JF, Wyllie AH and Currie AR (1972). Apoptosis: a basic biological 
phenomenon with wide-ranging implications in tissue kinetics. Br J Cancer 26:239- 
257.

223



Kim TK and Maniatis T (1996). Regulation of IFNg-activated STAT-1 by the 
ubiquitin-proteasome pathway. Science 273:1717-1719.

Kim Y-J, Shuman J, sette M, Przylbyla A (1984). Nuclear localization and 
phosphorylation of three 25-kilodalton rat stress proteins. Mol Cell Biol 4:468-474.

Kim AH, Khanna A, aten RF, Olive DL, Behrman HR (1996). Cytokine induction of 
heat shock proteins in human granulosa-luteal cells. Mol Hum Reprod 2:549-554.

KingP and Goodboum S (1998). STAT-1 is inactivated by a caspase. J Biol Chem 
273:8699-8704.

Kira Y, Kochel PJ, Gordon EE, Morgan HE. (1984). Aortic perfusion pressure as a 
determinant of cardiac protein synthesis Am J Physiol. 246:C247-58

Kishimoto T, Akira S, Narazaki M, Taga T (1995) Interleukin-6 family of cytokines 
and gpl30. Blood 86:1243-1254.

Kline MP and Morimoto RI (1997). Repression of the heat shock factor 1 
transcriptional activation domain is modulated by constitutive phosphorylation. Mol 
Cell Biol 17:2107-2115.

Knowlton KU, Baracchini E, Ross RS, Harris AN, Henderson SA, Evans SM, 
Glembotski CC and Chien KR (1991). Co-regulation of the atrial natriuretic factor 
and cardiac myosin light chain-2 genes during alpha-adrenergic stimulation of 
neonatal rat ventricular cells. Identification of cis sequences within an embryonic and 
a constitutive contractile protein gene which mediate inducible expression. J Biol 
Chem. 266: 7759-7768.

Komuro I, Kaida T, Shibazaki Y, Kurabayashi M, Katoh Y, Hoh E, Takaku F and 
Yazaki Y (1990). Stretching cardiac myocytes stimulates protooncogene expression.
J Biol Chem 265: 3595-3598.

Kostick WA, Chen A, Sperle K, Largent BL (1998). Molecular identification and 
analysis of a novel human corticotrophin-releasing factor (CRF) receptor: the CRF2 
receptor. Mol Endocrinol 12:1077-1085.

Kozicz T, Yanaihara H, Arimura A (1998). Distribution of urocortin-like 
immunoreactivity in the substantia nigra, ventral tegmental area and Edinger- 
Westphal nucleus of the rat. Neurosci Lett 243:21-24.

Kubler A, Rothacher G, Knappertz VA, Kramer G, Nink M, Beyer J, Lehnert H
(1994). Intra- and extracerebral blood flow changes and flushing after intravenous 
injection of human corticotropin-releasing hormone. Clin Investig 72:331-6

224



Kumar A, Commane M, Flickinger TW, Horvath CM and Stark GR (1997).
Defective TNF-alpha-induced apoptosis in STAT-1 null cells due to low constitutive 
levels of caspases. Science 278:1630-1632.

Kunisada K, Negoro S, Tone E, Funamoto M, Osugi T, Yamada S, Okabe M, 
Kishimoto T and Yamauchi-Takihara K (2000). Signal transducer and activator of 
transcription 3 in the heart transduces not only a hypertrophic signal but a protective 
signal against doxorubicin-induced cardiomyopathy. Proc Natl Acad Sci USA 
97:315-319.

Kuperman D, Schofield B, Willis-Karp M, grusby MJ (1998). Signal transducer and 
activator of transcription factor 6 (Stat 6)-deficient mice are protected from antigen- 
induced airway hyperresponsiveness and mucus production. J Exp Med 187:939-948.

Kuwahara K, Saito Y, Kishimoto I, Miyamoto Y, Harada M, Ogawa E, Hamanaka I, 
Kamitani S, Kajiyama N, Takahashi N, Izumi T, Kawakami R and Nakao K (2000). 
Cardiotrophin-1 phosphorylates Akt and BAD, and prolongs cell survival via a PI3K- 
dependent pathway in cardiac myocytes. J Mol Cell Cardiol 32: 1385-1394.

Landry J, Chretienl P, Lambert H, Hickey E and Weber LA (1989). Heat shock 
resistance conferred by expression of the human Hsp27 gene in rodent cells. J Cell 
Biol 111:237-253.

Landry J, Lambert H, Zhou M, Lavoie JN, Hickey E, weber LA, Anderson CW
(1992). Human HSP27 is phosphorylated at serines 78 and 82 by heat shock and 
mitogen-activated kinases that recognize the same amino acid motif as S6 kinase II. J 
Biol Chem. 267:794-803.

LatchmanDS and Isenberg DA (1994). The role of HSP90 in SLE. Autoimmunity 
19:211-218.

Latchman DS (1998). Eukaryotic transcription factors (3rd edition). Academic Press.

LatchmanDS (1999). Cardiotrophin-1 (CT-1): a novel hypertrophic and 
cardioprotective agent. Int J Exp Pathol 80: 189-196.

Latchman DS (2000). Cardiotrophin-1 (CT-1): A novel cytokine and its effects in 
the heart and other tissues. Pharmacol Ther. 85:29-37.

Latchman DS (2001). Urocortin protects against ischaemic injury via a MAPK- 
dependent pathway. Trends Cardiovasc Med 11:167-169.

LatchmanDS (2002). Urocortin. Int J Biochem Cell Biol 34:907-910

225



Lavoie JN, Gingras-Breton G, Tanguay RM, landry J (1993a). Induction of Chinese 
hamster HSP27 gene expression in mouse cells confers resistance to heat shock. 
HSP27 stabilization of the microfilament organisation. J Biol Cehm 268:3420-3429.

Lawrence KM, Chanalaris A, Scarabelli T, Hubank M, Comini L, Ferrari R, Tinker 
A, Stephanou A, Knight RA and Latchman DS (2002). KATP channel gene 
expression is induced by urocortin and mediates its cardioprotective effect. 
Circulation 106:1556-1562.

Lee HR, Henderson SA, Reynolds R, Dunnmon T, Yuan D, Chien KR. (1988). A-l 
adrenergic stimulation of cardiac gene transcription in neonatal rat myocardial 
cells:effects on myosin light chain-2-gene expression. J Biol Chem 263:7352-7358.

Lei S, Richter R, Bienert M, Mulvany MJ.(1993). Relaxing actions of corticotropin- 
releasing factor on rat resistance arteries.
Br J Pharmacol. 108:941-7.

Levine AJ (1997). Cell 88:323.

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES and Wang X
(1997). Cytochrome c and dATP-dependent formation of Apaf-l/caspase-9 complex 
initiates an apoptotic protease cascade. Cell 91:479-489.

Liao Z, Brar BK, Cai Q, Stephanou A, O’Leary RM, Pennica D, Yellon DM and 
Latchman DS (2002). Cardiotrophin-1 can protect the adult heart from injury when 
added both prior to ischaemia and at reperfusion. Cardiovasc Res 53:902-910.

Liao J, Fu Y and Shuai K (2000). Distinct roles of the NH2- and COOH-terminal 
domains of the protein inhibitor of activated signal transducer and activator of 
transcription (STAT) 1 (PIAS1) in cytokine-induced PIASl-Statl interaction. Proc 
Natl Acad Sci USA. 97:5267-5272.

Liaw CW, Lovenberg TW, Barry G, Oltersdorf T, Grigoriadis DE, De Souza EB
(1996). Cloning and characterization of the human corticotrophin-releasing factor-2 
receptor complementary deoxyribonucleic acid. Endocrinology 137:72-77.

Lindquist S and Craig EA (1988). The heat-shock proteins. Annu Rev Genet. 
22:631-677.

LindquistS (1986). The heat-shock response. Ann Rev Biochem 55:1151-1191.

Lindsten T, Ross AJ, King A, Zong WX, Rathmell JC, Shiels HA, Ulrich E, Waymire 
KG, Mahar P, Frauwirth K et al.(2000). The combined functions of proapoptotic Bcl- 
2 family members bak and bax are essential for normal development of multiple 
tissues. Mol Cell 6: 1389-1399.

226



Linker-Israeli M, Deans RJ, Wallace DJ, Prehn J, Ozeri-Chen T, Kinenberg JR
(1991). Elevated levels of endogenous IL-6 in SLE. A putative role in pathogenesis. 
J Immunol 147:117-123.

Look DC et al (1995). Statl depends on transcriptional synergy with Spl. J Biol 
Chem 270:30264-30267.

Lovenberg TW, Oltersdorf T (1995). Cloning and characterization of a functionally 
distinct corticotrophin-releasing factor receptor subtype from rat brain. Proc Natl 
Acad Sci USA. 92:836-840.

Liu X, Robinson GW, wagner KU, Garrett L, Wynshaw-Boris A, Hennighausen L
(1997). Stat5a is mandatory for adult mammary gland development and lactogenesis. 
Genes Dev 11:179-186.

Liu B, Liao K Rao Z et al (1998). Inhibition of Statl-mediated gene activation by 
PIAS1. Proc Natl Acad Sci US A 95:10626-10631.

Macchi P, Villa A, Gillani S, Sacco MG, Frattini A, Porta F, Ugazio AG, Johnston 
JA, Candotti F, O’Shea JJ, Vezzoni P, Notarangelo LD (1995). Mutations of Jak-3 
gene in patients with autosomal sever combined immune deficiency (SCID). Nature 
377:65-68.

Mackem S, Baumann CT, Hager GL (2001). J Biol Chem 49:45501.

Malik S and Roeder RG (2000). Trends Biochem Sci 25:277.

Manglesdorf DJ, Thummel C, Beato M, Herrlich F, Schutz G, Umesono K, Blumberg 
B, Kustner P, Mark M, Chambon P and Evans RM (1995). The nuclear receptor 
superfamily: the second decade.Cell 83:835-839.

Marber MS, Mestril R, Chi SH, Sayen MR, Yellon DM and Dillmann WH (1995). 
Overexpression of the rat inducible 70-kD heat stress protein in a transgenic mouse 
increases the resistance of the heart to ischemic injury. J Clin Invest. 95:1446-1456.

Martin JL, Mestril R, Hilal-Dandan R, Brunton LL and Dilmann WH (1997).Small 
heat shock proteins and protection against ischemic injury in cardiac myocytes. 
Circulation. 96:4343-4348.

Martin DA, Siegel RM, Zhang L and Leonardo MJ (1998). Membrane 
oligomerization and cleavage activates the caspase-8 (FLICE/MACHalphal) death 
signal. J Biol Chem 273:4345-4349.

227



Martinou JC and Green DR (2001). Breaking the mitochondrial barrier. Nat Rev 
Mol Cell Biol 2:63-67.

Martins LM and Earnshaw WC (1997). ApoptosisL alive and kicking in 1997. 
Trends Cell Biol 7:111-114.

Masuhara M, Sakamoto H, Matsumoto A, Suzuki R, Yasukawa H, Mitsui K, 
Wakioka T, Tanimura S, Sasaki A, Misawa H, Yokouchi M, Ohtsubo M, Yoshimura 
A (1997). Cloning and characterization of novel CIS family genes. Biochem 
Biophys Res Commun 239:439-446.

Masuyama N, Hanafusa H, Kusakabe H, Shibuya E, Nishida E (1999). J Biol Chem 
274:12163.

Matsumoto A, Masuhara M, Mitsui K, Yokouchi M, Ohtsubo M, Misawa H, 
Miyajima A, Yoshimura A (1997). CIS, a cytokine inducible SH2 protein, is a target 
of the JAK-STAT5 pathway and modulates STAT5 activation. Blood 89:3148-3154.

Matsumoto A, Seiki Y, Kubo M, Ohtaka S, Suzuki A, Hayashi I, Tsaji K, Nakahata 
T, Okabe M, Yamada S, Yoshimura A (1999). Tolerance, danger and the extended 
family. Annu Rev Immunol 12:991-1045.

Matzinger P (1994). Tolerance, danger, and the extended family.
Annu Rev Immunol. 12:991-1045.

McKendry R, John J, Flavell D, Muller M, Kerr IM and Stark GR (1991). High 
frequency mutagenesis of human cells and characterization of a mutant unresponsive 
to both a and g IFNs. Proc Natl Acad Sci USA 88:11455-11459.

McMillan DR, Xiao X, Shao L, Graves K and Benjamin IB (1998). Targeted 
disruption of heat shock transcription factor 1 abolishes thermotolerance and 
protection against heat-induced apoptosis. J Biol Chem 273:7523-7528.

Mehlen P, Preville X, Chareyron P, Briolay J, Klemenz R and Arrigo AP (1995). 
Constitutive expression of human hsp27, Drosophil hsp27, or human alpha-B- 
crystallin confers resistance to TNF-a and oxidative stress-induced cytotoxicity in 
stably transfected murine L929 fibroblasts. J Immunol 154:363-374

Mehlen P, Schulze-Osthoff K and Arrigo AP (1996). Small stress proteins as novel 
regulators of apoptosis. Heat shock protein 27 blocks Fas/APO-1- and staurosporine- 
induced cell death. J Biol Chem 271:16510-16514.

Mehlen P, Schulze-Osthoff K, Arrigo A-P (1996b). Small stress proteins as novel 
regulators of apoptosis. J Biol Chem 271:16510-16514.

228



Mehlen P, weber L, Hickey E, Arrigo A-P (1997a). Large unphosphorylated 
aggregates as the active form of hsp27 which controls intracellular reactive oxygen 
species and glutathione levels and generates a protection against TNFa in NIH-3T3 
cells. Biochem Biophys Res Commun.

Meraz MA, White JM, Sheehan KC-F, Bach EA, Rodig SJ, Dighe AS, Kaplan DH, 
Riley JK, Greenlund AC, Campbell D, Carver-Moore K, DuBois RN, Clark R, Aguet 
M and Schreiber RD (1996). Targeted disruption of the statl gene in mice reveals 
unexpected physiologic specificity in the JAK-STAT signalling pathway. Cell 84: 
431442.

Merrin AB, Yaglom JA, Gabai VL, Zou L, Ganiasas S, Mosser DD, Zon L and 
Sherman MY (1999). Protein damaging stresses activate c-jun N-terminal kinase via 
inhibition of its dephosphorylation: A novel pathway controlled by HSP72. Mol Cell 
Biol 19:2547-2555.

Minami Y, Kawasaki H, Suzuki K, Yahara I (1993). The calmodulin-binding domain 
of the mouse 90-kDa heat shock protein J Biol Chem. 268:9604-10.

Minami Y, Kimura Y, Kawasaki H, Suzuki K and Yahara I (1994). The carboxy- 
terminal region of mammalian HSP90 is required for its dimerisation and function in 
vivo. Mol Cell Biol. 14:1459-1464.

Minami M, Inoue M, Wei S, Takeda K, Matsumoto M, Kishimoto T and Akira S
(1996). Proc Natl Acad Sci USA 93:3963-3966

Minami Y, Kimura Y, Kawasaki H, Suzuki K, Yahara I (1994). The carboxy- 
terminal region of mammalian HSP90 is required for its dimerization and function in 
vivo Mol Cell Biol 14:1459-1464.

Minamoto S, Ikegame K, Uego K, Narazaki M, Naka T, Yamamoto H, Matsumoto T, 
Saito H, Hosoe S, Kishimoto T (1997). Cloning and functional analysis of new 
members of STAT induced STAT inhibitor (SSI) family: SSI-2 and SSI-3. Biochem 
Biophys Res Commun. 237:79-83.

Miyao Y, Miyazaki S, Goto Y, Itoh A, Daikoku S, Morii I, Matsumoto T, Nonogi H
(1999). Role of cytokines and adhesion molecules in ischemia and reperfusion in 
patients with acute myocardial infarction. Jpn Circ J. 63:362-6.

Miyaura C, Onozaki K, Akiyama Y, Taniyama T, Hirano T, Kishimoto T, Suda 
T(1988). Recombinant human IL-6 is a potent inducer of differentiation of mouse 
myeloid leukemic cells (Ml). FEBS Lett 234:17-22.

229



Montecucchi PCand Henschen A (1981). Amino acid composition and sequence 
analysis of sauvagine, a new active peptide from the skin of Phyllomedusa sauvagei. 
Int J Pept Protein Res 18:113-120

Morano KA, Thiele DJ (1999). Heat shock factor function and regulation in response 
to cellular stress, growth, and differentiation signals Gene Expr.7:271-82.

Moriggl R, Gouilleux-Gruart V, Jahne R, Berchtold S, Gartmann C, Liu X, 
Hennighausen L, Sotiropoulos A, Groner B, Gouilleux F.(1996). Deletion of the 
carboxyl-terminal transactivation domain of MGF-Stat5 results in sustained DNA 
binding and a dominant negative phenotype. Mol Cell Biol. 16:5691-700

Morimoto RI (1993). Cells in stress: transcriptional activation of the heat shock 
genes. Science 259:1409-1410.

Morita Y, Kwawzoe Y, Fujimoto M, Narazaki M, Nakagawa R, Fukuyama H, Nagata 
S and Kishimoto T (2000). Proc Natl Acad Sci USA 97:5405-5410.

Mosser DD, Caron AW, Bourget L, Meriin AB, Sherman MY, Morimoto RI (1997). 
The chaperone function of hsp70 is required for protection against stress-induced 
apoptosis. Mol Cell Biol 20:7146-2159.

Muller E, Munker R, Issels R and Wilmanns W (1993). Interaction between tumour 
necrosis factor a and hsp70 in human leukemia cells. Leuk Res 17:523-526.
Murphy SP, Gorowiski JJ, Sarge KD and Phillips B (1994). Characterisation of 
constitutive HSF-2 DNA-binding activity in mouse embryonal carcinoma cells. Mol 
Cell Biol 14:5309-5317.

Naar AM, Lemon BD, Tijan R (2001). Ann Rev Biochem 70:475.

Nadeau K, Das A and Walsh CT (1993). Hsp90 chaperonins possess ATPase activity 
and bind heat shock transcription factors and peptidyl prolyl isomerases. J Biol Chem 
268:1479-1487.

Nagata S (1996). Fas-induced apoptosis, and diseases caused by its abnormality 
Genes Cells. 1:873-9

Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto S, Aono A, Nishimoto N, 
Kajita T, Taga T, Yoshizaki K et al (1997). Nature 387:924-929.

Naka T, Matsumoto T, Narazaki M, Fujimoto M, Morita Y, Saito H, Kajita T, 
Yoshizaki K, NakaT and Kishimoto T (1998). Proc Natl Acad Sci USA. 95:13130- 
13134.

230



Nakai Aand Morimoto RI (1993). Characterization of a novel chicken heat shock 
transcription factor, heat shock factor 3, suggests a new regulatory pathway. Mol Cell 
Biol 13:1983-1997.

Nakai A, Satoh M, Hirayoshi K, Nagata K (1992). Involvement of the stress protein 
HSP47 in procollagen processing in the endoplasmic reticulum. J Cell Biol 117:903- 
914.

Nakai A, Tanabe M, Kawazoe Y, Inazawa J, Morimoto RI and Nagata K (1997). 
HSF4, a new member of the human heat shock factor famil which lacks properties of 
a transcriptional activator. Mol Cell Biol 17:469-481.

Nakajima T, Kinoshita S, Sasagawa T, Sasaki K, Naruto M, Kishimoto T and Akira S
(1993). Phosphorylation at threonine-235 by a ras-dependent mitogen-activated 
protein kinase cascade is essential for transcription factor NF-IL6. Proc Natl. Acad 
Sci USA 90:2207-2211.

Nayeem MA, Hess ML, Qian YZ, Loesser KE and Kukreja RC (1997). Delayed 
preconditioning of cultured adult rat cardiac myocytesL role of 70- and 90-kDa heat 
stress proteins. Am J Physiol Heat Circ Physiol 273:H861-H868.

Neyses L, Pelzer T (1995). The biological cascade leading to cardiac hypertrophy Eur 
Heart J. 16 SupplN:8- ll .

Ng LL, O’Brien RJ, Demme B and Jennings S (2002). Non-competitive 
immunochemiluminometric assay for cardiotrophin-1 detects elevated plasma levels 
in human heart failure. Clin Sci 102:411-416.

Nicholson SE, Willson TA, Farley A, Starr R, Zhang JG, Baca M, Alexander WS, 
Metcalf D, Hilton DJ and Nicola NA (1999). EMBO J 18:375-385.

Okamura H (2000). Mol Cell 6:539.

Okawara Y, Morley SF, Burzio LO, Zwiers H, Lederis K, Richter D (1988). Cloning 
and sequence analysis of cDNA for corticotrophin-releasing factor precursor from the 
teleost fish Catastomus commersoni. Proc Natl Acad Sci USA 85:8439-8443.

Okosi A, Brar BK, Chan M, DSouza L, Smith E, Stephanou A, Latchman DS, 
Chowdrey HS and Knight RA (1998). Expression and protective effects of urocortin 
in cardiac myocytes. Neuropeptides 32: 167-171.

Ouchi T, Lee SW, Ouchi M, Aaronson SA and Horvath CM (2000). Collaboration of 
signal transducer and activator of transcription (STAT-1) and BRCA1 in differential 
regulation of IFNy target genes. Proc Natl Acad Sci USA 97:5208-5213.

231



Owens MJ and Nemeroff CB (1991). Physiology and pharmacology of 
corticotrophin-releasing factor. Pharm Rev 43:425-473.

Palleros DR, Reid KL, Shi L, Welch W and Fink AL (1993). ATP-induced protein- 
HSP70 dissociation requires K+ but not ATP hydrolysis. Nature 365:664-666.

Pan J, Fukuda K, Kodama H, Makino S, Takahashi T, Sano M, Hori S and Ogawa S
(1997). Role of angiotensin II in activation of the JAK/STAT pathway induced by 
acute pressure overload in the rat heart. Circ Res 81:611-617.

Pandey P, farber R, Nakazawa A, Kumar S, Bharti A, Nalin C, Weichselbaum R, 
Kufe D and Kharbanda S (2000). Hsp27 functions as a negative regulator of 
cytochrome c- dependent activation of procaspase-3. Oncogene 19:1975-1981.

Park HS, Lee JS, Huh SH, Seo JS and Choi EJ (2001). Hsp72 functions as a natural 
inhibitory protein of c-jun N-terminal kinase EMBO J 20:446-456.

Parkes DG, Vaughan J, Rivier J, Vale W and May CN (1997). Cardiac inotropic 
actions of urocortin in conscious sheep. Am J Physiol 272:H2115-H2122.

Pawson T.(1997). New impressions of Src and Hck.
Nature. 385:582-3, 585

Pennica D, King KL, Shaw KJ, Luis E, Rullamas J, Luoh, SM, Darbonne WC, 
Knutzon DS, Yen R, Chien KR et al. (1995a). Expression cloning of cardiotrophin 1, 
a cytokine that induces cardiac myocyte hypertrophy. Proc Natl Acad Sci USA 92: 
1142-1146.

Pennica D, Shaw KJ, Swanson TA, Moore MW, Shelton DL, Zioncheck KA, 
Rosenthal A, Taga T, Paoni NF and Wood WI (1995b). Cardiotrophin-1. Biological 
activities and binding to the leukemia inhibitory factor receptor/gpl30 signaling 
complex. J Biol Chem 270:10915-10922.

Pennica D, Arce V, Swanson TA, Vejsada R, Pollock RA, Armanini M, Dudley K, 
Phillips HS, Rosenthal A, Kato AC and Henderson CE (1996a). Cardiotrophin-1, a 
cytokine present in embryonic muscle, supports long-term survival of spinal 
motoneurons. Neuron 17:63-74.

Perdew GH, Hord N, Hollenback CE, Welsh MJ (1993). Localization and 
characterization of he 86- and 84kDa heat shock proteins in Hepa lclc7 cells. Exp 
Cell Res 209:350-356.

Perkins ND (2000). Trends Biochem Sci. 25:434.

232



Perrin MH, Donaldson CJ, Chen R, Lewis KA, Vale WW (1993). Cloning and 
functional expression of a rat brain corticotrophin releasing factor (CRF) receptor. 
Endocrinology 133:3058-3061.

Picard D, Khursheed B, Garabedian MJ, Fortin MG, Lindquist S and Yamamto KR 
(1990). Reduced levels of hsp90 compromise steroid receptor action in vivo. Nature 
348: 166-168.

Pierpaoli EV, Sandmeier E, Baici A, Schonfeld HJ, Gisler S, Christen P (1997). The 
power stroke of the DnaK/DnaJ/GrpE molecular chaperone system J Mol Biol. 
269:757-68.

Plumier JC, Ross BM, Currie RW, Angelidis CE, Kazlaris H, Kollias G and 
Pagoulatos GN (1995). Transgenic mice expressing the human heat shock protein 70 
have improved post-ischaemic myocardial recovery. J Clin Invest 95: 1854 -  1860.

Preville X, Schultz H, Knauf U, Gaestel M, Arrigo AP (1996). Analysis of the role of 
Hsp25 phosphorylation reveals the importance of the oligomerization state of this 
small heat shock protein in its protective function against TNFa and hydrogen 
peroxide-induced cell death. J Cell Biochem 69:436-452.

Prodromou C, Roe SM, O’Brien R, Ladbury JE, Piper PW, Pearl LH (1997). 
Identification and structural characterization of the ATP/ADP binding site in the 
Hsp90 molecular chaperone. Cell 90:65-75.

Qureshi SA, Salditt-Georgieff M and Darnell JEJ (1995). Tyrosine-phosphoylated 
Stat-1 and Stat-2 plus a 48-kDa protein all contact DNA in forming interferon- 
stimulated -gene factor 3. Proc Natl Acad Sci USA 92:3829-3833.

Qureshi SA et al. (1996). Function of Stat2 protein in transcriptional activation by 
IFN-a. Mol Cell Biol 16:288-293.

Radford SE, Dobson CM (1999). From computer simulations to human disease: 
emerging themes in protein folding. Cell 97:291-298.

Railson JE, Lawrence KM, Stephanou A, Brar BK, Pennica D and Latchman DS
(2000). Cardiotrophin-1 reduces stress induced heat shock protein production in 
cardiac myocytes. Cytokine 12: 1741-1744.

Ram PT, Horvath CM and Iyengar R (2000). Stat3-mediated transformation ofNIH- 
3T3 cells by the constitutively active Q205L alpha (o) protein. Science 287:142-144.

Rao A, Luo C, Hogan PG (1997). Transcription factors of the NFAT family. Ann 
Rev Immunol 15:707.

233



Rebbe NF, Hickman WS, Ley TJ, Stafford DW and Hickman S (1989). Nucleotide 
sequence and regulation of a human 90-kDa heat shock protein gene. J Biol Chem 
264:15006-15011.

Reddy PH, Williams M, Tagle DA (1999). Recent advances in understanding the 
pathogenensis of Huntington’s disease. Trends Neurosci 22:248-255.

Renkawek K, Stege GJ, Bosman GJ (1999). Dementia, gliosis and expression of the 
small heat shock proteins hsp27 and alphaB-crystallin in Parkinson’s disease.
Neuroreport 10:2273-2276.

Richards EH, Hickey E, Weber L, Master JR (1996). Effect of overexpression of the 
small heat shock protein HSP27 on the heat and drug sensitivities of human testis 
tumour cells. Cancer Res 56:2446-2451.

Ritossa F (1962). A new puffing pattern induced by temperature shock and DNP in 
Drosophila. Experientia 18:571-573.

Robledo O, Chevalier S, Froger J, Barthelaix PA, Pennica D and Gascan H (1997). 
Regulation of interleukin 6 expression by cardiotrophin-1. Cytokine 9:666-671.

Rose TM and Bruce AG (1991). Oncostatin M is a member of a cytokine family that 
includes leukemia-inhibitory factor: implications for receptor binding. Proc Natl Acad 
Sci USA 88:8641-8645.

Rosenfeld PJ and Kelly TJ (1986). J Biol Chem 261:1389.

Saito M, Yoshida K, Hibi M, taga T, Kishimoti T (1992). Molecular cloning of a 
murine IL-6 receptor-associated signal transducer, gpl30, and its regulated 
expression in vivo. J Immunol 148:4066-4071.

Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES (2000). Negative 
regulation of the Apaf-1 apoptosome by Hsp70. Nat Cell Biol 2:476-483.

Samali A and Cotter TG (1996). Heat shock proteins increase resistance to apoptosis. 
Exp Cell Res 223:163-170

Sarge KD, Murphy SP and Morimoto RI (1993). Activation of heat shock gene 
transcription by heat shock factor 1 involves oligomerization, acquisition of DNA 
binding activity, and nuclear localization and can occur in the absence of stress. Mol 
Cell Biol 13:1392-1407.

Schaefer S, Carr LJ, Kreutzer U, Jue T (1993). Myocardial adaptation during acute 
hibernation: mechanisms of phosphocreatine recovery.

234



Cardiovasc Res. 27:2044-51

Schilling L, Kanzler C, Schmiedek P and Ehrenreich H (1998). Characterization of 
the relaxant action of urocortin, a new peptide related to corticotrophin-releasing 
factor in the rat isolated basilar artery. Br J Pharmacol 125:1164-1171.

Schindler C and Darnell JE (1995). Transcriptional responses to polypeptide ligands: 
the JAK-STAT pathway. Annu Rev Biochem. 64:621-651.

Schindler C, Fu XY, Improta T, Aebersold R and Darnell JE (1992). Proc Natl Acad 
Sci USA 89:7836-7839.

Schindler C and Darnell JE (1995). Transcriptional responses to polypeptide ligands: 
the JAK-STAT pathway. Annu Rev Biochem 64:621-651.

Schlatter LK, Howard KJ, Parker MG, Distelhorst CW (1992). Comparison of the 90- 
kilodalton heat shock protein interaction with in vitro translated glucocorticoid and 
estrogen receptors.
Mol Endocrinol. 6:132-40.

Schwartz K, de la Bastie D, Bouveret P, Oliviero P, Alonso S and Buckingham M 
(1986). Alpha-skeletal muscle actin mRNA’s accumulate in hypertriophied adult rat 
hearts. Circ Res 59: 551-555.

Seasholtz AF, Thompson RC and Douglass JO (1988). Identification of a cyclic 
adenosine monophosphate-responsive element in the rat corticotrophin-releasing 
hormone gene. Mol Endocrinol 2:1311-1319.

Seizen R, Bindels J, Hoenders H (1978a). The quartemary structure of bovine alpha- 
crystallin. Size and charge microheterogeneity: more than 1000 different hybrids?
Eur J Biochem 91:387-396.

Shaknovich R, Shue G and Kohtz DS (1992). Conformational activation of a basic 
helix-loop-helix protein (MyoDl) by the C-terminal region of murine HSP90 
(HSP84). Mol Cell Biol 12:5059-5068.

Sheng Z, Knowlton K, Chen J, Hoshijima M, Brown JH and Chien KR (1997). 
Cardiotrophin-1 (CT-1) inhibition of cardiac myocyte apoptosis via a mitogen- 
activated protein kinase-dependent pathway. Divergence from downstream CTO 1 
signals for myocardial cell hypertrophy. J Biol Chem 272:5783-5791.

Sheng Z, Pennica D, Wood WI and Chien KR (1996). Cardiotrophin-1 displays early 
expression in the murine heart tube and promotes cardiac myocyte survival. 
Development 122:419-428.

235



Shimoda K et al (1996). Lack of IL-4-induced Th2 response and IgE class switching 
in mice with disrupted Stat6 gene. Nature 380:627-630.

Shuai K, Liao J, Song MM (1996). Enhancement of antiproliferative activity of 
gamma interferon by the specific inhibition of tyrosine dephosphorylation of Statl 
Mol Cell Biol. 16:4932-41.

Shuai K, Horvath CM, Huang LH, Qureshi SA, Cowburn D and Darnell JE (1994). 
Interferon activation of the transcriptional factor Stat91 involves dimerization through 
SH-2 phosphotyrosyl peptide interactions. Cell 76:821-828.

Shuai K (1999). Prog Biophy Mol Biol 71:405-422.

Shue G and Kohtz DS (1994). Structural and functional aspects of basic helix-loop- 
helix protein folding by heat-shock protein 90. J Biol Chem 269:2707-2711.

Skelton KH, Owens MJ and Nemeroff CB (2000). The neurobiology of urocortin. 
Regulatory Peptides 93:85-92.

Sorger PK, Nelson HC (1989). Trimerization of a yeast transcriptional activator via a 
coiled-coil motif.
Cell. 59:807-13

Spina M, Merlo-Pich E, Chan RKW, Basso AM, Rivier K, Vale W et al (1996). 
Appetite-supressing effects of urocortin, a CRF-related neuropeptide. Science 
273:1561-1564.

Stark GR, Kerr IM, Williams BR, Silverman RH and Schreiber RD (1998). Ann Rev 
Biochem 67:277.

Starr R, Willson Tan, Viney EM, Murray LJ, rayner JR, Jenkins BJ, Gonda TJ, 
Alexander WS, Metcalf D, Nicola NA (1997). Nature 387:917-921.

Stebbins CE, Russo AA, Schneider C, Rosen N, Hartl FU, Pavletich NP (1997). 
Crystal structure of an Hsp90-geldanamycin complex targeting of a protein chaperone 
by an antitumour agent. Cell 89:239-250.

Stenzel -Poore MP, Heldwein KA, Stenzel P, Lee S, Vale WW (1992). 
Characterization of genomic corticotrophin-releasing factor gene from Xenopus 
laevis: two members of the CRF family exist in amphibians. Mol Endocrinol. 
6:1716-1724.

236



Stenzel P, Kesterson R, Yeung W, cone RD, Rittenberg MB, Stenzel-Poore MP
(1995). Identification of a novel murine receptor for corticotrophin-releasing 
hormone expressed in the heart. Mol Endocrinol 5:637-645.

Stephanou A, Amin V, Isenberg DA, Akira S, Kishimoto T and Latchman DS (1997). 
Interleukin 6 activates heat-shock protein 90 beta gene expression. Biochem J 
321:103-106.

Stephanou A, Brar BK, Scarabelli TM, Jonassen AK, Yellon DM, Marber MS,
Knight RA and Latchman DS (1998a). Cardiotrophin-1 induces heat shock protein 
accumulation in cultured cardiac cells and protects them from stressful stimuli. J Mol 
Cell Cardiol. 30:849-855.

Stephanou A, Isenberg DA, Akira S, Kishimoto T and Latchman DS (1998b). The 
nuclear factor IL-6 (NL-IL6) and signal transducer and activator of transcription-3 
(STAT-3) signalling pathways co-operate to mediate the activation of the hsp90 beta 
gene by interleukin-6 but have opposite effects on its inducibility by heat shock. 
Biochemical Journal 330:189-195.

Stephanou A, Isenberg DA, Nakajima K and Latchman DS (1999). STAT-1 and 
HSF-1 interact and activate the transcription of the Hsp-70 and Hsp-90 gene 
promoters. J Biol Chem 274:1723-1728.

Stephanou A, Brar BK, Scarabelli TM, Jonassen AK, Yellon DM, Marber MS,
Knight RA and Latchman DS (2000). Ischemia-induced STAT-1 expression and 
activation play a critical role in cardiomyocyte apoptosis. J Biol Chem 275:10002- 
10008.
Stephanou A, Scarabelli TM, Brar BK, Nakanishi Y, Matsumura M, Knight RA and 
Latchman DS (2001). Induction of apoptosis and Fas receptor/Fas ligand expression 
by ischaemia.reperfusion in cardiac myocytes requires serine 727 of the STAT-1 
transcription factor by not tyrosine 701. J Biol Chem 276:28340-28347.

Stephanou A, Scarabelli TM, Townsend PA, Bell R, Yellon D, Knight RA, Latchman 
DS (2002). The carboxyl-terminal activation domain of the STAT-1 transcription 
factor enhances ischemia/reperfusion-induced apoptosis in cardiac myocytes FASEB 
J. 16:1841-3.

Stokli KA, Lottspeich F, Sendtner M, Masaiakowski P, Carrol P, Gotz R, Lindholm 
D, Thoesen H (1989). Molecular cloning, expression and regional distribution of rat 
CNTF. Nature 342:20-23.

Stokoe D, Campbell DG, Nakielny S, Hidaka H, Leevers SJ, Marshall C and Cohen P
(1992). MAPKAP kinase-2; a novel protein kinase activated by mitogen-activated 
protein kinase. EMBO J 11:3985-3994.

Takeda K et al (1996). Essential role of Stat6 in IL-4 signalling. Nature 380:627-630.

237



Takeda K et al (1997). Targeted disruption of the mouse Stat3 gene leads to early 
embryonic lethality. Proc Natl Acad Sci USA 94:3801-3804.

Tavaria M, Gabriele T, Kola O and Anderson RL (1996). A hitchhiker’s guide to the 
human Hsp70 family. Cell Stress Chaperon 1:23-28.

Teglund S et al. (1998). Stat5a and Stat5b proteins have essential and nonessential, 
or redundant, roles in cytokine responses. Cell 93:841-850.

Thomis DC, Gurniak CB, Tivol E, Sharpe AH, Berg LI (1995). Defects in B 
lymphocyte maturation and T lymphocyte activation in mice lacking Jak-3. Science 
270:794-797.

Thompson CB (1995). Apoptosis in the pathogenesis and treatment of disease. 
Science 267:1456-1462.

Thorburn J, Frost JA and Thorburn A (1994). Mitogen-activated protein kinases 
mediate changes in gene expression, but not cytoskeletal organization associated with 
cardiac muscle cell hypertrophy. J Cell Biol 126:1565-1572.

Thornberry NA (1997). The caspase family of cysteine proteases. Br Med Bull. 
53:478-490.

Tissiers A, Mitchell HK and Tracy UM (1974). Protein synthesis in salivary glands 
of Drosophila melanogaster: relation to chromosome puffs. J Mol Biol 84:389-398.

Townsend P, Scarabelli T, Davidson S, Knight RA, Latchman DS and Stephanou A 
(2003). STAT-1 interacts with p53 to enhance DNA damage-induced apoptosis. J 
Biol Chem.

Trautinger F, Kokesch C, Herbacck I, Knobler RM, Kindas-Mugge I (1997). 
Overexpression of the small heat shock protein, hsp27, confers resistance to 
hypothermia, but not to oxidative stress and UV-induced cell death, in stably 
transfected squamous cell carcinoma cell line. J Photochem Photobiol B 39:90-95.

Turnbull AV, Vale W, Rivier C (1996). Urocortin, a corticotrophin-releasing factor -  
related mammalian peptide, inhibits edema due to thermal injury in rats. Eur J 
Pharmacol 303:213-216.

Udy GB, Snell RG, Wilkins RJ, Park S-H, Ram PA, Waxman DJ, Davey HW (1997). 
Requirement of STAT5b for sexual dimorphism of body growth rates and liver gene 
expression. Proc Natl Acad Sci USA 94:7239-7244.

Valance P, Collier J and Bhagat K (1997). Infection, inflammation and infarction: 
does acute endothelial dysfunction provide a link? Lancet 349; 1391 -1392.

238



Vale W, Spiess J, Rivier C and Rivier J (1981). Characterization of a 41-residue 
ovine hypothalamic peptide that stimulates secretion of corticotrophin and beta- 
endorphin. Science 213:1394-1397.

Vaughan J, Donaldson C, Bittencourt J, Perrin MH, Lewis K, Sutton S, Chan R, 
Turnbull AV, Lovejoy D and Rivier C (1995). Urocortin, a mammalian neuropeptide 
related to fish urotensin I and to corticotrophin-releasing factor. Nature 378:287-292.

Vinkemeir U, Cohen SL, Moaferfi Im Chait BT, Kuriyan J, Darnell JE (1996). DNA 
binding of in vitro activated STATla, STATlb and truncated STATl: interaction 
between NH-2 terminal domains stabilizes binding of two dimmers to tandem DNA 
sites. EMBOJ 15:5616-5626.

Wagstaff MJ, Collaco-Moraes Y, Smith J, de Belleroche JS, Coffin RS and Latchman 
DS (1999). Protection of neuronal cells from apoptosis by Hsp27 delivered with a 
herpes simplex virus-based vector. J Biol Chem 274:5061-5069.

Wakao H, Gouilleux F and Groner B (1994). Mammary gland factor (MGF) is a 
novel member of the cytokine-regulated transcription factor gene family and confers 
the prolactin response. EMBO J. 13:2182-2191.

Wang K, Spector A (1996). A-crystallin stabilizes actin filaments and prevents 
cytochalasin-induced depolymerization in a phosphorylation-dependent manner. Eur 
J Biochem 242:56-66.

Welch WJ (1985). Phorbol ester, calcium ionophore, or serum added to quiescent rat 
embryo fibroblasts cells all result in the elevated phosphorylation of two 28,000- 
Dalton mammalian stress proteins. J Biol Chem 260:3058-3062.

Welch WJ (1992). Mammalian stress response cell physiology, structure/function of 
stress proteins and implications for medicine and disease. Physiol Rev 72:1063-1081.

Wen Z, Zhong Z and Darnell JE (1995). Maximal activation of transcription by 
Statl and Stat3 requires both tyrosine and serine phosphorylation. Cell 82:241-250.

Wen ZL and Darnell JE (1997). Nucleic Acids Res. 25:2062-2067.

Williams NE and Nelson EM (1997). HSP70 and HSP90 homologs are associated 
with tubulin in hetero-oligomeric complexes, cilia and the cortex of Tetrahymena. J 
Cell Sci 110 (4): 1665-1672.

Wotton (1996). Multimerization of Hsp42p, a novel heat shock protein of 
Saccharomyces cerevisiae, is dependent on a conserved carboxyl-terminal sequence J 
Biol Chem. 27:2717-23.

239



Wu C (1995). Heat shock transcription factors: structure and regulation. Ann Rev 
Cell Dev Biol 11:441-469.

Wyatt S, Mailhos C, Latchman DS (1996). Trigeminal ganglion neurons are 
protected by the heat shock protein hsp70 and hsp90 from thermal stress but not from 
programmed cell death following nerve growth factor withdrawal. Brain Res Mol 
Brain Res 39:52-56.

Xanthopoulos KG, Mirkovitch J, Decker T, Kuo CF and Darnell JE (1989). Proc 
Natl Acad Sci USA 86:4117

Xiong Y, Xie LY, Abou-Samra A-B (1995). Signalling properties of mouse and 
human corticotrophin-releasing factor receptors:decreased coupling efficiency of 
human type II CRF receptor. Endocrinology 136:1828-1834.

Yamasaki K, taga T, Hirata Y, Yawata H, Kawanishi Y, Seed B, Taniguchi T, Hirano 
T, Kishimoto T (1988). Cloning and expression of the human interleukin-6 (BSF- 
1/IFNP) receptor. Science 241:825-828.

Yan R, Qureshi S, Zhong Z, Wen Z and Darnell JE (1995). The genomic structure of 
the STAT genes:multiple exons in coincident sites in Statl and Stat2. Nucleic Acids 
Research 23:459-463.

Yang YC (1993). Interleukin 11: an overview. Stem Cells 11:474-486.

Yao R and Cooper GM (1995). Requirement for phosphatidylinositol-3 kinase in the 
prevention of apoptosis by nerve growth factor. Science 267:2003-2006.

Yasukawa H, Misawa H, Sakamoto H, Masuhara M, Sasaki A, Ihle JN and 
Yoshimura A (1999). EMBO J 18:1309-1320.

Yonehara M, Minami Y, Kawata Y, Nagai J, Yahara I. (1996). Heat-induced 
chaperone activity of HSP90 J Biol Chem. 271:2641-5.

Yoshimura A, Ohkubo T, Kiguchi T, Jenkins NA, Gilbert DJ, Copeland NG, Hara T 
and Miyajima A (1995). EMBO J 14:2816-2826.

Young JC, Schneider C, Hartl FU (1997). In vitro evidence that hsp90 contains two 
independent chaperone sites. Febs Lett 418:139-143.

240



Yuan J, Shaham S, Ledoux S, Ellis HM and Horitz HR (1993). The C. elegans cell 
death gene ced-3 encodes a protein similar to mammalian interleukin-1 converting 
enzyme. Cell 75:641-652.

Yun K, Wold B.(1996). Skeletal muscle determination and differentiation: story of a 
core regulatory network and its context. Curr Opin Cell Biol. 8:877-89

Zhang JJ, Vinkemeier U, Gu W, Chakravarti D, Horvath CM and Darnell JE (1996). 
Two contact regions between Statl and CBP/p300 in interferon gamma signalling. 
Proc Natl Acad Sci USA 93:15092-15096.

Zhang JJ, Zhao Y, Chait BT, Lathem WW, Ritzi M, Knippers R and Darnell JE
(1998). Ser727-dependent recruitment of MCM5 by Statl a in IFN-g-induced 
transcriptional activation. EMBO J 17:6963-6971.

Zhao L, Donaldson C, Smith G, Vale W (1998). The structures of the mouse and 
human urocortin genes (Ucn and UCN). Genomics 50:28-38.

Zhu W, Roma P, Pirillo A, Pellegatta F, Catapano AL (1996). Human endothelial 
cells exposed to oxidized LDL express hsp70 only when proliferating. Arterioscler 
Thromb Vase Biol. 16:1104-1111.

Zou H, Henzel WJ, Liu X, Lutschg A and Wang X (1997). Apaf-1, a human protein 
homologous to C.elegans CED-4, participates in cytochrome c-dependent activation 
ofcaspase-3. Cell 90:405-413.

Zou J, Guo Y, Guettouche T, Smith DF, Voellmy R (1998). Repression of heat shock 
transcription factor HSF1 activation by HSP90 (HSP90 complex) that forms a stress- 
sensitive complex with HSF1. Cell. 94:471-80.

241


