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Chapter 1: Introduction 

 

Approximately 290,000 new cases of cancer are reported in the UK every year, with 

an annual cost to the NHS of around £4.5 billion. It is believed that one in every three 

people will develop some form of cancer during their lifetime (Cancer Research UK, 

2009) and even with the latest novel treatments, one in four of all UK deaths result 

from cancer. With these statistics in mind, understanding the mechanisms behind the 

development of cancer and improving treatment regimes is of crucial importance. 

 

The work presented in this thesis focuses on haematological malignancies, 

investigating the mechanisms behind the progression of these diseases and exploring 

novel therapeutic approaches. Studies initially investigate the role of Heat Shock 

Proteins (HSPs) and their localisation with the aim of establishing if this group of 

proteins have a role in the progression of the diseases. Subsequently, methods to 

modulate the level of HSPs in the cell are studied to assess the effect on therapeutic 

efficacy of four chemotherapeutic agents.  

 

1.1.1 Essential Steps in Cancer Development 

 

Current opinion states that the development of cancer is due to a succession of genetic 

changes within a cell, each of which conferring one or another type of growth 

advantage, which eventually leads to the progressive conversion of this normal cell to 

a tumour cell (Hanahan & Weinberg, 2000). Although there are a vast number of 

distinct cancer genomes, Hanahan & Weinberg (2000), propose that there are only six 

essential modifications in cell functioning required that together, allow a cell to 

develop a malignant phenotype. These six modifications comprise: self-sufficiency 

with respect to growth signals; limitless replicative potential; insensitivity to anti-

growth signals; sustained angiogenesis; capacity for tissue invasion and metastasis 

and the evasion of apoptosis. It is proposed that these six adaptations are shared by all 

cancer cells, independent of the cancer type. Indeed, production of autonomous 

growth signals such as PDGF and TGF-α, over-expression of growth factor receptors 

such as EGFR and ErbB2 and down-regulation or mutation of anti-growth signal 



Chapter 1: Introduction 

2 

receptors such as TGF-β receptor have been demonstrated in a wide range of cancer 

types.  

 

The limitless replicative potential of a cancer cell is provided by telomerase (Shay & 

Bacchetti et al. 1997), the sustained expression of which is usually confined to stem 

cells and germ cells, allowing lengthening of telomeres and preventing a state of cell 

senescence (Shay et al. 2001). In a study by Kim et al. (1994), telomerase expression 

was analysed in 101 biopsies representing 12 different human tumour types and was 

found to be expressed in over 90% of the samples. Hence telomerase has become a 

molecular target for many emerging cancer therapies (Harley, 2008; Chang, 2004). 

 

Induction and maintenance of angiogenesis in tumours appears to be mediated by 

increased expression of angiogeneic factors such as vascular endothelial growth factor 

(VEGF) (Shivakumar et al. 2009) and/or decreased expression of angiogenic 

inhibitors such as thrombospondin-1 (TSP-1) (Campbell et al. 1998). 

Cells from the tumour mass may eventually break away and move into the local 

vasculature, travelling to distant sites within the host. This metastasis is believed to be 

a final essential requirement for the tumour to continue its growth. Movement to new 

sites liberates the tumour from the growth limiting conditions of its primary site. The 

large amount of research into this process implicates a change in adhesion molecule 

expression such as N-CAM on cancer cells in the initiation of this process. 

 

The most important ‘hallmark’ of cancer in terms of the research presented here, is the 

evasion of apoptosis by cancer cells. This ability has been shown to be provided by a 

wide range of mechanisms including mutation of the TP53 gene (Whibley et al. 2009) 

or over-expression of anti-apoptotic proteins such as bcl-2 (Lessene et al. 2008) and 

Survivin (Ambrosini et al. 1997). However a large body of evidence is now 

implicating the over-expression of a group of cellular chaperones, known as Heat 

Shock Proteins (HSPs) in the progression of cancer. Not only have certain members 

of this superfamily been found to be expressed at high levels in a wide variety of 

cancer types, but many have been shown to chaperone key components of the 

apoptosis pathway including bcl-2 and mutant p53. The roles played by these proteins 

in cancer cells are discussed in section 1.3.  
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1.1.2 The Immune System and Cancer 

 

Tumour immune surveillance is a critical process required to limit the growth of 

transformed cells and involves interplay between the innate and adaptive parts of the 

immune system (Figure 1.1.1). Many tumours express a wide variety of antigens that 

can be recognised as abnormal by many cells of the immune system. Activated 

macrophages and Natural Killer (NK) cells are able to recognise abnormal expression 

of surface molecules and eliminate cancer cells by granzyme B-mediated killing or 

Fas-FasL mediated killing. NK cells also secrete cytokines such as IFN-γ that can 

activate additional macrophages, thereby increasing the immune response. 

Macrophages and dendritic cells (DCs) may also take up tumour antigens and travel to 

the lymph nodes where they present it to naïve T-cells via MHC class II molecules. 

The interaction of naïve T-cells with their cognate antigen results in a T-cell response 

against the tumour.  
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Figure 1.1.1 Immune Responses to cancer 

(Adapted from Gross & Walden, (2008)) (The numbers below refer to the segments in 

the diagram). Tumour cells may present tumour antigens directly to CTLs via MHC-

TCR interactions (1). Direct killing of tumour cells occurs via CTLs and 7K cells (2) 

by Fas/FasL or perforin/granzyme B.  Tregs (3) act to suppress immune responses by 

production of IL-10/TGF-β which convert CTLs (4) to Tregs and down-regulate 

MHC-I on tumour cells. Insufficient co-stimulation by T-helper cell-derived cytokines 

(5) leads to T-cell anergy (4). Apoptotic/necrotic bodies from the tumour are engulfed 

by APCs and tumour-antigens cross-presented via MHC-II on DCs (5) and 

macrophages (6) to T cells. 
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Having considered the fact that the formation of cancer is abnormal in human 

physiology, it is surprising that the large majority of tumours do not provoke a 

response from the immune system. Generally, tumour cells are only weakly 

immunogenic and it is believed that tumour-associated antigens (TAAs) are mostly 

self-antigens, with tumour-specific neo-antigens (TSAs) making up only a small 

minority of these antigens (Gross & Walden, 2008). Furthermore, as the majority of 

cancers are slow growing, accumulating the necessary mutations to become malignant 

over several years, it is possible that even TSAs may appear to the immune system as 

self-antigens, failing to provoke an immune response and invoking peripheral 

tolerance. Moreover, tumour cells expressing TSAs may ultimately lose this 

immunogenicity as a result of an ineffective immune response; tumour cells that 

escape a primary immune response have a selective advantage and can continue to 

proliferate unrestrained. In addition to their weak immunogenicity, tumour cells are 

also capable of releasing immunosuppressive factors such as cytokines and growth 

factors. Indeed, the release of adenosine by tumour cells inhibits IL-12 secretion and 

promotes release of the immunosuppressive cytokine IL-10 by monocytes (Link et al. 

2000), while vascular endothelial growth factor (VEGF) prevents DC maturation into 

antigen-presenting cells (APCs) (Toi et al. 1996). 

 

Despite the immunosuppressive capacity of tumours themselves, a great deal of 

attention is currently being given to determining the role played by naturally 

occurring T regulatory cells (Tregs) in the absence of tumour-specific immune 

responses. Tregs comprise a subset of CD4+ T cells that have been shown to possess 

immune regulatory properties by suppressing the proliferation and cytokine 

production of effector T-cells (Gallimore et al. 2007). Tregs are therefore imperative 

for the suppression of autoreactive T-cells. Indeed, many individuals presenting with 

autoimmune disorders have been shown to display lower numbers of circulating Tregs 

(Toldi et al. 2008; Bluestone & Tang, 2005). Other studies have provided evidence to 

suggest that Treg numbers are not decreased in autoimmune disorders but cytotoxic 

T-lymphocytes (CTLs) become unresponsive to their regulatory effects (Lindley et al. 

2005; Brusko et al. 2007; Putheti et al. 2004). However, in the cancer setting, the 

Treg-mediated immuno-suppression is detrimental for the patient. An increase in 

Tregs has been demonstrated in breast cancer patients, both at the tumour site and in 

the peripheral blood (Liyanage et al. 2002). Furthermore, the presence of Tregs has 
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been shown to be directly associated with risk of relapse in breast cancer patients 

(Gobert et al. 2009) and reduced survival in ovarian cancer (Wolf et al. 2005) The 

degree of tumour infiltration by Tregs also correlates with stage of disease in ovarian 

cancer as stage I patients displayed significantly lower numbers of Tregs than patients 

in stages II-IV (Curiel et al, 2004). However, it is unclear whether this is a cause or 

effect; Does the observation of high numbers of Tregs in later stage disease indicate a 

commandeering of these naturally occurring immuno-suppressors by the tumour, or 

does the presence of Tregs at an earlier stage of disease allow the tumour to evade 

immune responses and progress further? 

 

The precise mechanism by which Treg cells exert their immuno-regulatory functions 

remains elusive. However several studies have shown that direct cell-cell contact 

between the Treg and CD8+ cell is required (Field et al. 2007). Moreover, it has been 

demonstrated that Treg cells have a direct effect on CD8+ T cell function by 

suppressing the release of cytotoxic granules and inhibiting the release of IFN-γ 

(Piccirillo & Shevach, 2001). However, the fact that Tregs have been found in 

draining lymph nodes in addition to the tumour sites (Chaput et al. 2007) may indicate 

that the suppressive effects of Tregs may not be limited to the immediate area and 

perhaps may involve many different mechanisms. 

 

Treg cells are distinguished from CD4+ T helper cells by the expression of CD25, 

GITR (glucocorticoid-induced tumour necrosis factor receptor family-related gene), 

cytotoxic T lymphocyte antigen-4 (CTLA-4), and the transcription factor, forkhead 

box P3 (Foxp3) (Gallimore et al. 2007). Hence, gating of CD4, CD25 and FoxP3 is 

widely used as a method of identifying Tregs by flow cytometry.  

 

1.1.3 Cancer Treatment 

 

Many options are currently available for the treatment of cancer and some therapies 

may be used in combination to increase effectiveness. Cancer management often 

includes the use of chemotherapy, radiotherapy, surgery and immunotherapy but may 

also involve gene therapy or hyperthermia. 
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Radiotherapy 

Radiotherapy uses ionising radiation specifically targeted at the tumour which results 

in the formation of free radicals within the tumour cells and causes cell death. It may 

be used as a stand-alone treatment to cure cancer but may also be used in combination 

with chemotherapy. Radiotherapy may also be used complementary to surgery, either 

to shrink the tumour before surgery or to reduce the risk of reoccurrence after surgery. 

There are three main types of radiotherapy known as external beam radiotherapy 

(EBRT), brachytherapy and systemic radioisotope therapy. EBRT is the most 

frequently used radiotherapy and is often used in the treatment of bowel, prostate, 

lung and brain cancer. Brachytherapy involves the placement of radioactive sources, 

such as strontium-90 plaques, within the body and is involved in the treatment of 

localised prostate cancer and cervical cancer.  Systemic radioisotope therapy involves 

the ingestion or injection of radioactive material such as strontium-89 and is used in 

the treatment of metastatic bone cancer and thyroid cancer.  

 

Immunotherapy 

Immunotherapy is fast becoming a common treatment option in the management of 

cancer. It involves modulating the immune system to promote destruction of the 

tumour cells and is achieved either through immunisation or administration of 

immunotherapy drugs. Alumtuzumab and rituxumab are two monoclonal antibody 

drugs commonly used in the treatment of Chronic Lymphocytic Leukaemia (CLL). 

These antibodies bind to specific antigens (CD52 and CD20 respectively) on target 

cells resulting in antibody-dependent cell-mediated cytotoxicity. Cytokines such as 

IL-2 are also used and are classed as an immunotherapy. However, many cytokines 

have been shown to produce adverse side effects and so attempts are now being made 

to conjugate these cytokines to monoclonal antibodies with the aim of targeting the 

cytokine to a specific tissue, producing a localised effect. Combining the use of 

immunotherapy and radiotherapy is also being trialled with the aim of delivering 

high-energy radioactive material to specific tissues by targeting specific antigens (Du 

et al. 2007; Morschhauser et al. 2007). 

 

Chemotherapy 

Chemotherapy involves the use of chemicals to interfere with cell division. Current 

chemotherapy regimes aim to eradicate tumour cells from the body while limiting 
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damage to non-transformed cells. However, due to increased resistance of cancer cells 

to apoptosis, this can prove a challenge. Existing treatments operate via a number of 

different mechanisms from specific S-phase inhibitors such as cytarabine (Laubach & 

Rao, 2008) to DNA cross-linking compounds such as cyclophosphamide. By using 

multiple chemotherapeutic agents together numerous pathways in cell division can be 

obstructed resulting in increased effectiveness. Treatment regimes for B-cell 

leukaemia often involve the combined use of the alkylating agent cyclophosphamide 

and the purine analogue fludarabine (Hamblin et al. 2004). 

 

The four chemotherapeutic agents used in this thesis represent four distinct families of 

cytotoxic drugs that operate via different mechanisms. 

 

Cyclophosphamide 

Cyclophosphamide (Cyclo) belongs to a group of synthetic chemotherapeutic drugs 

known as the nitrogen mustard alkylating agents. It is used to treat a number of 

cancers including leukaemias and lymphomas, and is also utilised for its 

immunosuppressive action. Cyclo is commonly used in combination with the purine 

analogue fludarabine as a first-line treatment regime in CLL. As a prodrug, Cyclo 

must be converted in the liver to the active metabolites 4-hydroxycyclophosphamide 

and aldophosphamide. Subsequently, aldophosphamide is converted to 

phosphoramide mustard and acrolein, the former of which produces both inter- and 

intra-strand DNA cross links (de Jonge et al. 2005). This formation of cross links 

inhibits DNA replication and as a result the cell dies by apoptosis. Both 4-

hydroxycyclophosphamide and aldophosphamide are known to diffuse into cells but 

are not cytotoxic while the majority of phosphoramide mustard in circulation is 

ionised and so cannot enter into cells. It is hypothesised that aldophosphamide enters 

the cells by diffusion and is then rapidly converterted to phosphoramide mustard.  

Aldehyde dehydrogenase enzymes (ALDH) are responsible for the irreversible 

deactivation of 4-hydroxycyclophosphamide and aldophosphamide. The end-products 

4-ketocyclophosphamide and carboxyphosphamide are not cytotoxic and are excreted 

in the urine. Tumour-resistance to Cyclo may, in some cases, be attributed to over-

expression of ALDH enzymes by the tumour cells. In parallel to other alkylating 

agents such as chlorambucil and ifosfamide, Cyclo is most toxic to rapidly 

proliferating cells such as haematopoetic and epithelial cells. Therefore the dosage of 
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Cyclo administered to patients is limited to reduce side-effects such as 

thrombocytopenia, leukopenia and hepatic damage. 

 

Doxorubicin 

The anthracycline antibiotic doxorubicin (Dox) is one of the most effective anticancer 

agents and is used in the treatment of both solid tumours and haematological 

malignancies. The drug has been shown to work effectively in isolation and also 

forms the core of most combination therapies (Gangadharan et al. 2009). Dox exerts 

its cytotoxic effects by interfering with the topoisomerase II enzyme during DNA 

replication. In normal cell division topoisomerase II is essential for the regulation of 

DNA supercoiling by generating transient double-strand breaks in DNA during 

replication and transcription (Smart, 2008; Bandele & Osheroff, 2008). Maintenance 

of genomic integrity during this process is achieved by topoisomerase II enzymes 

forming covelant bonds with the 5’ termini of the cleaved DNA (Bandele & Osheroff, 

2008). Topoisomerase poisons such as Dox, prevent the enzyme from stabilising the 

cleaved DNA resulting in permanent DNA double-strand breaks which result in cell 

death.  

 

Response to Dox appears to be tightly regulated by numerous signalling events 

including activation of caspases and c-Jun-N-terminal kinase (Mikami et al. 2006) 

and transcription factors (Chuang et al. 2002). Furthermore, high basal levels of NF-

κB seem to confer resistance to Dox (Gangadharan et al. 2009).  The clinical use of 

Dox has also been associated with the development of cardiomyopathy that may 

eventually progress to heart failure (Mordente et al. 2009; Barrett-Lee et al. 2009) and 

therefore patients must be monitored during treatment and the dosage regulated 

accordingly.  

 

Lovastatin 

As a member of the Statin family, lovastatin has a primary pharmacological use in the 

treatment of hypercholesterolaemia and the prevention of cardiovascular disease. 

Lovastatin is a specific inhibitor of HMG-CoA reductase, a critical enzyme in the 

mevalonate pathway and hence the biosynthesis of cholesterol. Farnesyl 

pyrophosphate and geranylgeranyl pyrophosphate are key intermediates in this 

pathway and are essential for the post-translational modification of numerous cellular 
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proteins including Ras and Rho family members (Winiarska et al. 2008). By 

interfering with the mevalonate pathway, statins prevent Ras and Rho proteins from 

participating in various signalling pathways thereby exerting cytostatic and cytotoxic 

effects. Hence, statins have been found to possess anti-neoplastic activities (Katz et al. 

2005) and are often used in combination with other chemotherapy agents in the 

treatment of both solid tumours and haematological malignancies. 

 

TRAIL 

Tumour Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL), also known as 

Apo-2 Ligand (Apo-2L), is an apoptosis inducing protein produced by numerous cells 

including tumour-invading monocytes, NK cells and CD8+ T-cells (Ashkenazi et al.  

2008). It shows a selective toxicity toward cancer cells, with normal cells remaining 

refractory to its effects (Wiley et al. 1995).  This protein possesses 28% sequence 

homology with FasL and 23% homology with TNF-α (Griffith & Lynch, 1998). The 

broad expression of TRAIL in sites including the prostate, spleen, peripheral blood, 

thymus and small intestine (Wiley et al. 1995) suggests that TRAIL-induced 

apoptosis is tightly regulated via limited receptor expression. 

 

The TRAIL receptor system comprises four membrane-bound receptors and one 

soluble receptor. TRAIL-R1 (DR4), a type I transmembrane protein was discovered in 

1997 (Pan et al. 1997) and was thought to be the only receptor for TRAIL. It 

possesses a Death Domain (DD) capable of recruiting the adaptor protein Fas-

Associated Death Domain (FADD) when binding of TRAIL to the receptor has 

occurred. The Death Effector Domain (DED) of FADD may then in turn activate 

procaspase-8 and the caspase cascade begins. Shortly after, a second receptor for 

TRAIL was discovered (Sheridan et al. 1997). TRAIL-R2 (DR5) is also a type I 

transmembrane protein and shares 58% sequence homology with TRAIL-R1. It too, 

possesses a fully functional death domain and so can therefore initiate apoptosis upon 

ligand binding.  

 

Surprisingly, studies into expression of TRAIL and its receptors found that mRNA of 

TRAIL-R1, TRAIL-R2 and TRAIL were expressed in the same tissues and so modes 

by which cells within these tissues protected themselves from apoptosis remained 

elusive. The discovery of two additional membrane-bound TRAIL receptors (TRAIL-
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R3 and TRAIL-R4) began to explain the differences in TRAIL sensitivities of normal 

cells and tumour cells and also explained how cells co-expressing TRAIL and 

TRAIL-R1 or TRAIL-R2 were TRAIL resistant. Although TRAIL-R3 (DcR1) and 

TRAIL-R4 (DcR2) share high sequence homology with TRAIL-R1 and TRAIL-R2, 

they lack a fully functional death domain and therefore cannot initiate apoptosis. 

TRAIL-R3 lacks the DD entirely (Degli-Esposti, 1997) while TRAIL-R4 possesses a 

truncated DD and therefore neither receptor can recruit the FADD adaptor protein 

(Degli-Esposti 1997; Marsters et al. 1997). A fifth, soluble receptor for TRAIL, 

known as Osteoprotegerin (OPG) was discovered in 1998 (Emery et al. 1998). The 

role of this protein in bone metabolism was already well understood, however, it was 

found to bind to TRAIL with high affinity. Subsequently, OPG was shown to block 

TRAIL-induced apoptosis in Jurkat cells (Emery et al. 1998), breast cancer cells 

(Neville-Webbe et al. 2004) and primary ameloblastoma cells (Sandra et al. 2006). 

 

Current opinion is that the non-functional receptors act as decoy receptors, allowing 

cells in a TRAIL-rich environment to be resistant to TRAIL-induced apoptosis.  

Indeed, transfecting TRAIL-sensitive cells with TRAIL-R3 or TRAIL-R4 appears to 

reduce the degree of TRAIL-induced apoptosis (Sheridan et al. 1997; Marsters et al. 

1997). On the contrary, correlation studies into decoy receptor mRNA expression and 

TRAIL sensitivity in human tumour cell lines did not concur with this theory. 

However, mRNA expression does not necessarily reflect the protein expression on the 

cell surface and so cannot rule out this hypothesis. 

 

Due to its selective toxicity towards cancer cells, TRAIL and antibodies to the TRAIL 

receptors TRAIL-R1 and TRAIL-R2 have now progressed to phase II clinical trials. 

Targeting the extrinsic cell-death pathway in this way also eliminates the dependence 

on p53, a tumour suppressor protein often mutated in cancer cells. Conventional anti-

cancer treatments work by activating the intrinsic cell-death pathway and so are 

ultimately dependent upon the p53 pathway (Ashkenazi et al. 2008). 

In addition to its lone-ability to cause apoptosis in cancer cells, studies into enhancing 

the efficacy of this cytokine have shown that common chemotherapeutic agents used 

in conjunction with TRAIL or antibodies to TRAIL receptors can increase 

cytotoxicity (Conticello et al. 2008; Voelkel-Johnson, 2003).  
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1.2 Cell Death 

 

Cell death is a vital terminal process for cells of multi-cellular organisms. This 

process may occur due to cells coming to the end of their life span, cells becoming 

defective or becoming surplus to requirements. The process requires internal cellular 

programming to regulate gene and protein expression. The overall process of cell 

death can be classified according to the pathways involved and the morphological 

changes that occur during the process. The four recognised modes of cell death are 

apoptosis, necrosis, autophagy and anoikis, although this thesis will only discuss 

apoptosis and necrosis in detail. 

 

1.2.1 Apoptosis 

 

Apoptosis is an essential physiological process that has a critical role in tissue 

homeostasis. It is characterised by distinct morphological and physiological changes 

including membrane blebbing, nuclear condensation and cell shrinkage (Sreedhar and 

Csermely, 2004). It is involved in a variety of processes such as elimination of 

senescent cells and embryonic development (Brill et al. 1999; Schneider & Tschopp, 

2000). However, de-regulation of apoptosis is the foundation of many pathological 

diseases such as cancer, autoimmune disease, Alzheimer’s disease, Parkinson’s 

disease and AIDS (Hale et al. 1996). The process of apoptosis ultimately involves the 

activation of cysteine aspartate-specific proteases (caspases) which may be achieved 

by two distinct pathways. The first pathway, known as receptor-mediated apoptosis, 

involves the interaction between a cell-surface death receptor and its ligand 

(Schneider & Tschopp, 2000). Binding of death receptors to their respective ligand 

results in formation of the death-inducing-signalling-complex (DISC) and activation 

of procaspase-8. The second pathway is receptor independent and requires the 

involvement of the mitochondria. Cellular stresses such as excessive temperature or 

exposure to UV induce pro-apoptotic factors to translocate from the cytoplasm to the 

mitochondria where they induce the release of cytochrome c (Zimmermann et al. 

2001).  
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The Death Receptor Pathway 

The death receptors belonging to the TNFR superfamily include TNF-R1, TNF-R2, 

TRAIL-R1, TRAIL-R2, Fas and DR3. These receptors span the width of the cell 

membrane and possess a death domain capable of recruiting the Fas-Associated Death 

Domain (FADD) molecule when binding of its respective ligand occurs. FADD itself 

possesses a death effector domain (DED) that in turn can bind and activate 

procaspase-8. Active caspase-8 may then go on to activate the caspase cascade 

(Zimmermann et al. 2001). Apoptosis via this pathway may be prevented by a number 

of factors. Decoy receptors for death receptor ligands exist both on the cell surface 

and in a soluble form. As mentioned earlier, TRAIL, has two membrane-bound decoy 

receptors that compete with TRAIL-R1 and TRAIL-R2 for TRAIL binding and a 

soluble decoy receptor, Osteoprotegerin (OPG) (Emery et al. 1998). Cells may 

modify their sensitivity to TRAIL (and other death receptors) by down-regulating 

their expression of functional death receptors or up-regulating expression of their 

decoy receptors.   

 
 The Intrinsic Apoptosis Pathway 

Apoptosis can also occur independently of death receptors. Cellular stresses result in a 

disturbance in intracellular homeostasis and result in translocation of pro-apoptotic 

factors, including Bax and Bak from the cytoplasm to the mitochondria. Translocation 

of these proteins to the intermembrane space of the mitochondria results in the release 

of many pro-apoptotic factors including cytochrome c (Ashe & Berry, 2003). This 

protein in turn binds to Apoptotic protease-activating factor 1 (APAF-1) and 

procaspase-9 to form the apoptosome (Zou et al. 1999).  Caspase-9 may then go on to 

activate effector caspases 3 and 7. In addition to cytochrome c, Second Mitochondrial 

Activator of Caspases/Direct IAP-binding Protein of Low Isoelectric Point 

(Smac/DIABLO) is also released from the mitochondria. This protein binds to 

Inhibitor of Apoptosis Proteins (IAPs), preventing their function and assisting with 

the apoptosis cascade. 

 

Intracellular anti-apoptotic proteins exist which act to block the apoptotic pathway by 

preventing binding of key molecules to their respective ligands. Members of the Bcl-2 

family such as Bcl-2 and Bcl-XL act as anti-apoptotic proteins, although their precise 

mechanism of action remains elusive.  
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1.2.2 2ecrosis 

 

Necrosis is considered a disorganised form of cell death, characterised by swelling of 

cell organelles followed by the appearance of empty spaces within the cytoplasm that 

begin to unite and combine with the extracellular milleu (Sun & Peng, 2009). Unlike 

apoptosis, necrosis results in the release of cellular contents into the extracellular 

space which invariably leads to inflammation. In contrast to the original opinion that 

necrosis is a spontaneous, un-programmed event, accumulating evidence now 

suggests that necrosis is another type of programmed death (Sun & Peng, 2009), 

distinct from other forms of programmed cell death by the lack of caspase and 

lysosomal involvement. Necrosis typically concludes with the breaking down of the 

nucleus, releasing nuclear factors such as HMGB1 which cause the inflammation 

typical of necrosis. 

 

1.2.3 Autophagy 

 

Similarly to apoptosis, autophagy is a controlled, energy dependent cell death process. 

It is characterised by the formation of an autophagosome, a double-membrane vesicle 

surrounding the cytoplasm and cell organelles that fuses with lysosomes, resulting in 

the degradation of the vesicle contents (Sun & Peng, 2009). The amino acids or fatty 

acids recovered in this process may then be used for protein synthesis, therefore, 

autophagy is the major catabolic route for eukaryotic cells to recover essential 

molecules. In contrast to apoptosis, autophagy is caspase-independent and can occur 

in cells with profound defects in apoptotic machinery. Additionally, it differs from 

apoptosis as cell organelles are degraded early on in the process and the cytoskeleton 

is the last component to be degraded (Sun & Peng, 2009).  

 

1.2.4 Anoikis 

 

Loss of cell anchorage or inappropriate cell adhesion may lead to a type of apoptosis 

known as anoikis (Chiarugi & Giannoni, 2008). The adhesion of cells to the 

extracellular matrix is crucial for normal tissue homeostasis and therefore anoikis 

plays an important role in both tissue development and disease. Indeed, many cancer 

cells appear insensitive to anoikis, allowing the detachment of these cells from the 
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local tissue and movement to new sites. The resistance to anoikis is believed to confer 

a selective advantage to pre-cancerous epithelial cells allowing them an increased 

survival time after detachment from the surrounding tissue (Frisch & Screaton, 2001). 

Similarly to apoptosis, anoikis can be triggered through a number of pathways which 

all result in the activation of specific caspases ultimately resulting in DNA 

fragmentation and cell death. Integrins play a crucial role in the regulation of anoikis 

as incorrect integrin engagement can signal that the cell is attached to an inappropriate 

tissue and initiate the anoikis pathways (Frisch & Ruoslahti, 1997; Meredith et al. 

1993). The mechanisms by which cancer cells resist anoikis remain elusive but are 

thought to involve similar mechanisms by which cells evade apoptosis, such as over-

expression of survival proteins (Chiarugi & Giannoni, 2008).  

 

1.3 Heat Shock Proteins 

 

Heat Shock Proteins (HSPs) are a group of highly conserved proteins named 

according to their molecular weight. They appear to play a major role in 

cytoprotection by regulating the process of apoptosis (Sreedhar & Csermely, 2004) 

(Figure 1.1.2). HSPs are constitutively expressed but their expression is up-regulated 

when the cell is subjected to stress. These stresses may include hypoxia, heat shock, 

exposure to UV and oxidative stress. Under non-stress conditions HSPs act as cellular 

chaperones, assisting protein folding and cell maintenance. Under stress conditions, 

they prevent protein unfolding and assist in protein refolding. The 5 major classes of 

HSPs involved in the stress response are Hsp27, Hsp60, Hsp72, Hsp90 and Hsp110. 
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1.3.1 HSP 2omenclature 

 

Human HSPs were originally identified as stress-induced proteins and were 

traditionally split into five families based on their molecular weight. These five 

families were the HSP27, HSP60, HSP90, HSP70 and HSP110 families. However, the 

sequencing of the human genome has led to the identification of additional members 

of well established HSP families. Furthermore, the expansion of these HSP families 

has resulted in many HSPs being referred to by several different names. Therefore, 

attempts to draw comparisons between studies examining specific HSPs has proved 

challenging. Consequently, Kampinga et al. (2009) recently introduced novel 

guidelines for the nomenclature of human HSPs (Table 1.1).  

 
Table 1.1. #ew nomenclature for human HSPs referred to in this thesis 
(Adapted from Kampinga et al. 2009) 

 

Gene Name New Protein 
Name 

Old Names Referred to in this 
thesis as 

 

HSPB1 

 
HSPB1 

 
Hsp27, Hsp28; Hsp25 

 
Hsp27 

D7AJB1 DNAJB1 Hsp40 Hsp40 
HSPD1 HSPD1 Hsp60 Hsp60 
HSPA8 HSPA8 HSC70, Hsp71, Hsp73 Hsc70 
HSPA9 HSPA9 Mortalin, mtHsp70, GRP75 Mortalin 
HSPA1A HSPA1A Hsp72, Hsp70-1, HSPA1 Hsp72 
HSPC1a HSPC1 Hsp90, HSP90A, Hsp89 Hsp90 
HSPH2 HSPH2 Hsp110 Hsp110 
 
 
HSPs play an elementary role in the regulation of apoptosis. However, they appear to 

have a duel function in this process. Many HSPs are involved in inhibiting vital steps 

in the apoptotic cascade and therefore promote cell survival (Wei et al. 1994; 

Punyiczki & Fesus, 1998; Samali & Orrenius, 1998; Jolly & Morimoto, 2000). In 

contrast, there are many circumstances in which HSPs have been shown to chaperone 

major signalling proteins involved in the process and therefore promote apoptosis.  

Presently, there is considerable effort being focused on targeting HSP function in 

tumour cells in order to design a potential anti-cancer therapy. Therefore, a deeper 

understanding of the regulation of these proteins is critical in order to achieve this.  

 

HSPs are over-expressed in many types of cancer. This high expression appears to 

facilitate tumour cell growth and survival, and hence, the expression of HSPs is 
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closely associated with a poor prognosis and resistance to both immune defences and 

various types of therapy (Ciocca & Calderwood, 2005). However, HSPs can be said to 

have a duel role in the cancer setting, as high intracellular levels appear to be 

advantageous to the tumour cell, while in some circumstances, surface expression 

appears to be detrimental (Radons & Multhoff, 2005; Multhoff et al. 1999).  

 

1.3.2 HSP Regulation 

 

The up-regulation of HSP expression in response to stress stimuli is regulated by the 

transcription factor Heat Shock Factor-1 (HSF1) (Wu, 1995). Under non-stress 

conditions, Hsp40, Hsp70 and Hsp90 are bound to monomeric HSF1 within the 

cytosol. However, under stress conditions HSPs dissociate from HSF1 and bind 

misfolded proteins, suggesting that these HSPs have a higher affinity for misfolded 

proteins as opposed to HSF1. This results in trimerisation of HSF1 and migration to 

the nucleus where, in this state, it has a high binding affinity for cis-acting DNA 

sequence elements known as Heat Shock Elements (HSEs) in the promoter region of 

the HSP genes resulting in transcription of HSP genes (Sorger , 1991). Once the stress 

is discontinued, the trimeric forms of HSF1 dissociate from the HSEs and are 

converted back to HSF1 monomers with the inability to bind DNA. It is believed that 

the increase in HSPs within the cell following the heat shock response are themselves 

negative regulators of HSF, binding to HSF and preventing further trimerisation (Wu, 

1995). Hsp90 has been shown to be a negative regulator of HSF1, as 

immunodepletion of Hsp90 resulted in enhanced HSF1 activity (Zou et al. 1998). 

Furthermore, chemical inhibition of Hsp90 using geldenamycin also increased the 

activity of HSF1. 

 

Over-expression of HSF has been observed in several cancer types and appears to 

provide tumour cells with the increased capacity for metastasis although the precise 

mechanisms behind this are not fully understood. Furthermore, HSF has also been 

shown to be stabilised via the tumourigenic factor heregulin-β1, resulting in increased 

HSP expression and therefore enhanced cell survival (Calderwood et al. 2006). 
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1.3.3 Hsp27 

 

Hsp27 belongs to the family of small heat shock proteins. In addition to its role as an 

ATP-independent molecular chaperone, it is involved in thermotolerance, regulation 

of cell differentiation and inhibition of apoptosis and cell senescence. Similarly to 

Hsp72, Hsp27 is up-regulated in response to various stress stimuli such as oxidative 

stress, exposure to anti-cancer agents and radiation (Lanneau et al. 2008). As a 

molecular chaperone, Hsp27 prevents protein aggregation and stabilises partially 

denatured proteins ensuring refolding by Hsp70. Mechanistic investigations have 

shown that Hsp27 interferes with the apoptotic pathway in multiple ways; binding of 

Hsp27 with cytochrome c in the cytosol prevents formation of the apoptosome and the 

activation of procaspase-9 (Samali et al. 2001; LeBlanc, 2003; Garrido et al. 2001), 

while Hsp27 localised in the mitochondria prevents the release of cytochrome c and 

Smac/DIABLO into the cytosol (Paul et al. 2002; Chauhan et al. 2003a). Involvement 

of Hsp27 in the death-receptor mediated apoptosis pathway has also been 

demonstrated; Following Fas stimulation, Death Associated protein 6 (Daxx) becomes 

activated and should in turn activate the JNK pathway, initiating the apoptosis 

cascade. However, phosphorylated Hsp27 has been shown to bind Daxx, thereby 

inhibiting its function (Charrette et al. 2000). 

 

Levels of Hsp27 have been shown to be elevated in many types of cancer including 

tumours of the breast, liver and prostate (Vargas-Roig et al. 1997; Cornford et al. 

2000; Romani et al. 2007). Moreover, levels of Hsp27 in tumours have been found to 

correlate with chemoresistance (Schepers et al. 2005; Vargas-Roig et al. 1998) and 

poor prognosis (Thomas et al. 2005; Duval et al. 2006). However, there are 

contradictions within the literature; In breast cancer, for example, increased levels of 

Hsp27 have been associated with prolonged survival in oestrogen receptor-negative 

cases (Love & King, 1994). Decreased expression of Hsp27 in ovarian cancer was 

also found to correlate with decreased survival (Geisler et al. 2004). However, these 

contradictions may be attributed to Hsp27, (synonymous with p24 and p29), being an 

oestrogen-regulated protein (Padwick et al. 1994; Adams & McGuire, 1985; Horne et 

al. 1988; Ciocca & Luque, 1991). 
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Heat shock treatment of breast cancer cells was found to elevate levels of Hsp27 and 

confer resistance to Dox treatment (Ciocca et al. 1992), while increased resistance to 

cisplatin and Dox was observed in testicular cancer cells transfected with full-length 

Hsp27 (Richards et al. 1996). Furthermore, depletion of Hsp27 using siRNA was 

shown to overcome resistance to drug-induced apoptosis (Chauhan et al. 2003b). 

 

Phosphorylation of Hsp27 at specific sites alters the localisation and activity of this 

protein within the cell. Hsp27 is involved in the modulation of the actin cytoskeleton 

due to its actin capping activity (Keezer et al. 2003)  and it is now generally accepted 

that the phosphorylation of Hsp27 is required for F-actin reorganisation and hence cell 

migration (Kostenko et al. 2009; Piotrowicz et al. 1998; Hedges et al. 1999). Indeed, 

depletion of Hsp27 was shown to disrupt forskolin-induced F-actin rearrangement 

(Kostenko et al. 2009), while expression of an Hsp27 phosphorylation mutant inhibits 

cell migration (Hedges et al. 1999). A study by Lee et al. (2009b) demonstrated an 

increased adhesion rate and decreased migration rate in cells transfected with 

phosphorylated Hsp27 when compared to those transfected with unphosphorylated 

Hsp27. Additionally, cells transfected with phosphorylated Hsp27 displayed a less 

invasive phenotype. This work is supported by Lemieux et al. (1998), who 

demonstrated increased in-vitro adhesion of breast cancer cells transfected with 

Hsp27, and a decrease in cell motility, which was shown to increase after antisense 

suppression of Hsp27.   

 

In summary, the presence of Hsp27 in cancer cells appears to be advantageous to the 

tumour, conferring resistance to chemotherapy and immune defences, resulting in 

decreased survival. However, a number of studies have found elevated levels of 

Hsp27 in the serum of cancer patients when compared to healthy controls (Fanelli et 

al. 1998; Zhao et al. 2003; Melle et al. 2007) although the significance of this is still 

unknown.  
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1.3.4 Hsp60 

 

Accounting for approximately 15-30% of all cellular proteins, Hsp60 functions as a 

molecular chaperone, essential for the transportation of proteins from the cytosol to 

the mitochondrial matrix. However, unlike Hsp27 and Hsp72, the role of Hsp60 in 

apoptosis is still controversial. Several studies show Hsp60 to be a pro-apoptotic 

protein, enhancing the activation of caspases (Samali et al. 1999; Xanthoudakis et al. 

1999), while other studies suggest that Hsp60 has a role in sequestering Bax-

containing complexes (Shan et al. 2003) and stabilises the IAP, Survivin (Ghosh et al. 

2007), thereby preventing apoptosis. A study by Chandra et al. (2007), showed that 

the role played by Hsp60 in apoptosis differs according to whether the increase in 

cytosolic Hsp60 is due to release from the mitochondria or not. Treatment with a 

fatty-acid containing hydroxamic acid compound, BMD118, was shown to induce 

release of mitochondrial Hsp60 into the cytosol prior to cell death. Furthermore, 

siRNA-mediated knockdown of Hsp60 inhibited BMD118-induced cell death, 

suggesting a pro-apoptotic role. This mitochondrial-derived Hsp60 was also shown to 

interact with pro-caspase-3. In contrast, treatment with staurosporine, Dox or Taxol 

resulted in accumulation of Hsp60 in the cytosol, but this was not due to release from 

mitochondria, or increased mRNA levels. Additionally, in these systems, Hsp60 was 

shown not to interact with pro-caspase-3 and was found to exhibit a pro-survival role.  

 

The part played by this chaperone in the development of cancer is also unclear; Hsp60 

has been found to be both up-regulated and down-regulated in different cancer types 

and data exists showing a correlation of both these conditions with prognosis 

(Giaginis et al. 2009; Glaessgen et al. 2008; Faried et al. 2004; Schneider et al. 1999). 

Expression of Hsp60 has also been shown to be an indicator of positive response to 

chemoradiotherapy (Urushibara et al. 2007). 

 

Increased levels of circulating Hsp60 in serum have been demonstrated in patients 

suffering from type-II diabetes (Aguillar-Zavala et al. 2008), atherosclerosis (Pockley 

et al. 2000) and coronary heart disease (Zhang et al. 2008). In a study involving 229 

healthy civil servants, circulating levels of Hsp60 were shown to correlate with 

psychosocial factors such as social isolation and psychological distress (Lewthwaite et 

al. 2002). However, the significance of these increases still remains to be determined. 
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1.3.5 Hsp72 

 

The Hsp70 family consists of at least eight highly conserved 70kDa proteins regulated 

by distinct genes (Kampinga et al. 2009), such as the constitutive member, Hsc70 

(HSPA8) and the mitochondrial Hsp70 member, mortalin (HSPA9). However, this 

thesis solely investigates the cellular localisation of the stress-inducible Hsp72 

(HSPA1A).  

 

Hsp72 increases have been observed in breast cancer (Tauchi et al. 1991), colorectal 

cancer (Shotar, 2005; Milicevic et al. 2007), kidney cancer (Ramp et al. 2007) and 

leukaemia (Chant et al. 1995; Thomas et al. 2005). Additionally, elevated Hsp72 has 

been associated with resistance to cancer therapy and/or poor prognosis for the patient 

(Vargas-Roig et al. 1998; Thomas et al. 2005). However, it appears to be nuclear 

Hsp72 as opposed to cytoplasmic Hsp72, which confers this resistance to treatment 

(Vargas-Roig et al. 1998). Nevertheless, the relationship between the presence of 

HSPs and prognosis cannot be extrapolated to all cancers, as high intracellular Hsp72 

expression has been correlated with a positive prognosis in oesophageal (Kawanishi et 

al. 1999), pancreatic (Sagol et al. 2002) and renal cancer (Santarosa et al. 1997). In 

contrast, surface expression of Hsp72 has been shown to aid immune recognition by 

various effector cells, in particular, APCs and NK cells (Gehrmann et al. 2003). It 

appears that the various HSPs are associated with different prognoses according to the 

cancer type.  

 
Intracellular Hsp72 appears to be beneficial to the tumour cell, protecting it from 

apoptosis in circumstances usually lethal to the cell. Many mechanisms by which it 

does this still remain elusive, however, many HSPs appear to interact with several key 

elements in the apoptotic pathways. As well as being able to bind to procaspases, 

inhibiting their activation (Beere & Green, 2001), they have also been found to block 

several caspase-independent pathways. Hsp72 specifically has been found to bind 

directly to APAF-1, preventing recruitment of procaspase-9 to the apoptosome. 

Additionally, Hsp72 binds to the mutated form of the tumour suppressor protein p53, 

both in cell lines and primary tumours (Lehman et al. 1991; Iwaya et al. 1995), 

resulting in stabilisation of mutant p53 and inhibition of apoptosis. 
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Depletion of Hsp72 from various tumour cell lines including breast, colon and 

prostate results in apoptosis (Nylandsted et al. 2000) and so shows that over-

expression of this protein is required for cell survival. The resulting apoptosis has 

been shown to be caspase-independent and cannot be prevented by Bcl-2 and Bcl-XL 

(Nylandsted et al. 2000). Hsp72 antisense constructs can sensitise cells to 

chemotherapy (Zhao & Shen, 2005), while siRNA mediated knockdown of Hsp72 in 

K562 erythroleukaemic cells results in sensitivity to paclitaxel-induced apoptosis. 

This down-regulation of Hsp72 is of interest in terms of drug targeting in Bcr-Abl 

leukaemia (Ray et al. 2004) as Hsp72 appears to be over-expressed at all stages of this 

disease and confers resistance to chemotherapy. Specific chemotherapeutic agents 

such as Dox, result in translocation of Hsp72 from the cytoplasm to the nucleus of the 

cell, and it is this translocation that appears to provide the resistance to therapy 

(Vargas-Roig et al. 1998). Drug resistance, in turn, results in progression of the 

tumour to a more aggressive state (Csermely, 2001). 

 
Tumour cells may develop ways to evade immune recognition, including down-

regulation of MHC molecules, allowing the tumour antigens to remain 

immunologically hidden (Chen et al. 2002a) and down-regulation of co-stimulatory 

and adhesion molecules. They may also release immunosuppressive cytokines 

including IL-10 which inhibit T-cell, DC and NK cell functions (Bausero et al, 2005). 

However, this immune evasion appears to be overcome by surface expression of 

Hsp72, the presence of which is seen in many types of cancer (Kleinjung et al. 2003; 

Pfister et al. 2007). There is a substantial body of evidence to support the idea that the 

presence of surface Hsp72 on tumour cells is detrimental to the cell.  Wei et al. 

(1996), have demonstrated that expression of surface HSPs act as targets for NK cells 

and γδT-cells, while Chen et al. (2002a), demonstrated that induced in-vivo surface 

expression of Hsp72 on tumour cells can increase their immunogenicity, resulting in 

both an NK cell- and CTL-mediated response and rejection of the tumour. However, 

Multhoff et al. (1999) showed that in addition to sHsp72, IL-2 must also be present 

for the activation of NK cells. 

 
There is increasing evidence to support the theory that extracellular HSPs act as 

“Danger Signals” (Todryk et al. 2000). Their role as molecular chaperones allows 

them to bind tumour antigens and present them to APCs. They also display the ability 
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to bind to the CD91 receptor on APCs with high affinity (Basu et al. 2001), where 

they are subsequently endocytosed (Arnold-Schild et al. 1999) and activate NF-κB 

nuclear translocation. Extracellular HSPs have been shown to augment the expression 

and release of pro-inflammatory cytokines such as IL-1β, IL-6, IL-12 and TNF-α 

(Asea et al. 2000; Baretto et al. 2003; Todryk et al. 1999), up-regulate co-stimulatory 

molecule expression such as CD86, CD83 and CD40 (Bausero et al. 2005) and induce 

DC maturation (Kuppner et al. 2001). The tumour antigens chaperoned by the HSPs 

are processed and represented by the APC on MHC-I in a process termed cross-

presentation. These APCs then migrate to the lymph nodes where priming of CD8+ T 

cells occurs. There appears to be a positive feedback system in which APC released 

pro-inflammatory cytokines augment transcription and release of Hsp72 from tumour 

cells (Baretto et al. 2003).  

 

Interaction of Hsp72 with NK cells via the CD94 receptor has been previously 

demonstrated (Gross et al. 2003). Furthermore, incubation of NK cells with Hsp72 or 

the TKD peptide portion of Hsp72 has been shown to up-regulate CD94 expression 

(Gross et al. 2003) and increase the cytolytic activity of the NK cells (Multhoff et al. 

1999). Active release of Hsp72 within exosomes has been shown to take place from 

pancreatic and colon tumour cell lines (Gastpar et al. 2005). Interestingly, the 

exosomal surface appears to reflect that of the tumour cell it was released from 

(Gastpar et al. 2005), i.e. the exosomal surface possessed the same relative levels of 

Hsp72/Bag4 as the tumour cell. Additionally, this group also demonstrated that 

surface Hsp72+/Bag4+ exosomes had the capacity to stimulate migration of CD94+ 

NK cells towards the Hsp72+ tumour cells and increase the cytolytic activity of these 

NK cells. The migration rates stimulated by these Hsp72+/Bag4+ exosomes were 

comparable to the migration rates stimulated by the TKD peptide portion of Hsp72 

alone (Gastpar et al. 2005). Moreover, TKD stimulated NK cells showed enhanced 

cytolytic activity towards Hsp72+/Bag4+ cells but not towards Hsp72-/Bag4- cells. 

Increased release of Granzyme B and up-regulation of CD94, CD56 and CD69 was 

also observed. IFN-γ treatment has been shown to increase intracellular Hsp72, which 

is consequently released from the cell and acts to up-regulate co-stimulatory molecule 

expression on DCs (Bausero et al. 2003). Supporting results have shown significant 

down-regulation of sHsc70 with simultaneous up-regulation of sHsp72 and MHC-I in 

response to IFN-γ treatment (Baretto et al. 2003). 
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Clearly, manipulation of Hsp72 localisation in tumour cells may be the key to 

developing a broad-range anti-cancer agent. Currently, therapies concentrating on this 

molecular target are based upon two strategies; (1) Exploiting the immunogenic 

potential of this protein by developing Hsp72 vaccines for stimulating NK-cell 

mediated responses (Kleinjung et al. 2003), and (2) Inhibiting the expression of 

iHsp72 in cancer cells with the intention of destabilising client proteins such as 

mutant p53 and resulting in apoptosis. By combining these two strategies, intracellular 

Hsp72 may be redistributed to the cell surface, overcoming resistance to apoptosis 

and, at the same time, providing a recognition structure for NK cells and APCs.   

 

1.3.6 Hsp90 

 

The molecular chaperone Hsp90 is constitutively expressed in all eukaryotic cells 

where it binds a specific set of client proteins including steroid receptors, non-receptor 

tyrosine kinases and cyclin-dependent kinases (McLaughlin et al. 2002). Similarly to 

Hsp72, Hsp90 expression is upregulated under conditions of stress. It is also well 

documented that this protein is over-expressed in many cancer cell types (Neckers & 

Ivy, 2003) where it binds many of the key proteins regulating both apoptosis and cell 

proliferation. Indeed, Hsp90 is also known to play a crucial role in the six 

characteristics proposed, by Hanahan & Weinberg (2000), to be acquired by the 

majority of cancer cells.  

 

The majority of cancers at diagnosis are already adequately diverse in terms of their 

genome and so are able to resist single-agent molecular targeted therapy (Kitano, 

2003). Hsp90 is known to chaperone numerous key signalling proteins and is 

therefore, in effect, involved in several vital signalling pathways. It is therefore 

hypothesised that inhibition of this important protein would act on the cell in a 

number of ways and is less likely to lose its effectiveness due to genetic mutation or 

progression of a previously existing resistant clone (Neckers, 2007). 

 

The importance of Hsp90 in tumour growth has paved the way for development of 

Hsp90 inhibitors. In addition to interfering with Hsp90 itself, these drugs have also 

been shown to cause degradation of Hsp90 client proteins, that themselves prevent 

apoptosis and promote proliferation. It is important to note, that Hsp90 inhibitors 
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appear to be selective towards cancer cells both in-vitro and in-vivo while having 

limited affects on non-tumour cells, despite the fact that Hsp90 is expressed in normal 

healthy cells (Vilenchik et al. 2004; Chiosis et al. 2003). This may be attributed to the 

enhanced ATPase activity of Hsp90 in tumour cells compared to normal cells 

allowing enhanced binding of the Hsp90 inhibitor (Kamal et al. 2003). It may also be 

credited to post-translational modification of this protein in tumour cells compared to 

normal cells. 

 

Phase II clinical trials are now in progress using the novel Hsp90 inhibitors 17-

allylaminogeldanamycin (17-AAG) and 17-dimethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG) (Neckers & Ivy, 2003; Neckers, 2007).  

Combination therapies using a common chemotherapeutic agent and an Hsp90 

inhibitor have demonstrated sensitivity of previously resistant cancer cells (Munster et 

al. 2001). Increased sensitivity to radiation therapy has also been observed in cancer 

cells subjected to Hsp90 inhibitors (Bisht et al. 2003). 

 

Cell surface expression of Hsp90 has been reported in several tumour cell types 

(Ferrarini et al. 1992; Becker et al. 2004), and it has been suggested that this surface 

expression is required to allow tissue invasion and metastasis (Eustace et al. 2004). 

Inhibition of Hsp90 surface expression using Geldenamycin (GA) or DMAG-N-

oxide, a cell-impermeable Hsp90 inhibitor, reduces cell motility and invasiveness 

both in vitro and in vivo (Eustace et al. 2004; Tsutsumi et al. 2008).  

 

1.4 Mechanisms of HSP Release 

 

As previously mentioned, HSPs have been detected in the serum of both healthy and 

diseased individuals and release of HSPs from several cell lines has also been shown. 

However, there is still much debate concerning the mechanisms by which these 

proteins are exported from the inside of the cell, and the physiological relevance of 

extracellular HSPs.  

 

1.4.1 Classical Release Pathway 

 

The lack of a peptide leader sequence on HSPs suggests that secretion of these 

proteins is not via the conventional ER/Golgi (classical release) route. Treatment with 
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brefeldin A, an inhibitor of ER/Golgi transport does not inhibit Hsp72 release 

(Broquet et al. 2003; Hunter-Lavin et al. 2004). In contrast, treatment of cells with the 

classical pathway transport inhibitor monensin has been shown to inhibit release of 

Hsp72 (Hunter-Lavin et al. 2004). These results suggest that export of Hsp72 involves 

the Golgi but not the ER. A study by Mambula & Calderwood (2006) also discounted 

the classical release theory. 

 

1.4.2 Lipid Raft-Associated Release 

 

Lipid rafts are cholesterol and sphingolipid-enriched microdomains that float freely 

within the cell membrane bilayer. In addition to facilitating the assembly of signalling 

molecules, they also influence membrane fluidity and membrane protein trafficking.  

Work by Arispe et al. (2002), and Arispe et al. (2004) have shown the interaction of 

Hsp72 and Hsc70 with lipid membranes and demonstrated the high affinity of these 

proteins for phosphatidyl serine (PS), a component of the cytosolic side of plasma 

membranes. Further work demonstrated the insertion of Hsp72 in the membrane after 

stress (Vega et al. 2008). One theory is that once binding between Hsp72 and PS has 

occurred, spontaneous flipping of this lipid to the surface of the cell occurs with the 

Hsp72 still bound. PS may then return to the inner surface of the membrane leaving 

Hsp72 embedded within the plasma membrane (Vega et al. 2008). In addition to 

Hsp72, Hsp60 (Lin et al. 2007a), the mitochondrial Hsp70 mortalin (Kim et al. 2006), 

Hsc70, Hsp40, Hsp90 (Chen et al. 2005; Triantafilou et al. 2002) have also been 

found co-localised with lipid rafts.   

 

Hsp72 has been found in lipid rafts (known as detergent-resistant microdomains, 

DRMs) isolated from unstressed cells (Broquet et al. 2003).  Furthermore, stressing 

these cells resulted in an increase in Hsp72 within these DRMs, which could not be 

inhibited by classical pathway inhibitors. However, release of Hsp72 was inhibited by 

methyl-β-cyclodextrin (mβcd), a lipid raft disrupting compound. This work indicates 

that release of Hsp72 requires the involvement of lipid rafts. Inhibition of Hsp72 

release following mβcd was also observed by Hunter-Lavin et al. (2004).  

 

Hsp72 released from tumour cells was found to be associated with lipid rafts (Bausero 

et al. 2005; Gastpar et al. 2005), contained within exosomes, an observation 
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supported by Vega et al. (2008) who showed that Hsp72 was released from a human 

liver carcinoma cell line in a membrane associated form. This suggests that Hsp72 

may be released from cells via a combination of lipid-raft and exosome release. 

 
1.4.3 Exosome-Associated Release 

 

Exosomes are defined as internal multivesicular bodies, approximately 40-90nm in 

diameter that are secreted from a wide range of mammalian cell types following 

fusion with the plasma membrane (Clayton et al. 2005). Exosomes are created 

intracellularly when a segment of the cell membrane is spontaneously endocytosed. 

This internalised segment is broken down further and released from the cell. 

Exosomes have been found to contain lipid rafts associated with many proteins 

familiar to the original cell membrane.  

A study by Clayton et al. (2005) documented the presence of Hsp72, Hsc70, Hsp27 

and Hsp90 within exosomes released from several B-lymphocyte cell lines. 

Furthermore, subjecting these cells to heat-stress resulted in both a slight increase in 

the number of exosomes released from the cells and also an increase in the 

concentration of HSPs within these exosomes. The HSPs within the exosomes were 

found to be concentrated in the lumen of the exosomes and not associated with the 

exosome wall suggesting that the reported modulation of cellular immunity is not due 

to interaction with target cells via cell surface HSP receptors.  

 

1.4.4 Lysosome Pathway 

 

Similarly to many HSPs, IL-1β also lacks a peptide leader sequence but yet is still 

found in the extracellular milieu. IL-1β enters endolysosomes and is released by a 

mechanism involving vesicles (Andrei et al. 1999). Hsp72 has been shown to bind 

with lysosomal membranes within colon carcinoma cells over-expressing Hsp72 

(Gryd-Hansen et al. 2004) and has been shown to protect lysosomes from 

permeabilisation thereby preventing cell death by several stressors (Gryd-Hansen et 

al. 2004; Nylandsted et al. 2004). Work by Mambula & Calderwood, (2006), 

demonstrated that inhibition of lysosomal function using methylamine and 

ammonium chloride decreased the rate of Hsp72 release from a prostate cancer cell 

line. Methylamine was also shown to inhibit release of Hsp72 from PBMCs (Hunter-
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Lavin et al. 2004). Further work by Mambula & Calderwood (2006) involved the 

isolation of lysosomal fractions from heat-stressed and non-stressed cells and analysis 

of Hsp72 in the fractions. Hsp72 was found to be elevated in the stressed-fractions 

further supporting the role of lysosomes in Hsp72 export. Analysis of the lysosomal 

membrane protein LAMP1 on the surface of these cells showed an increase on heat-

stressed cells, providing further evidence of lysosomal involvement.  

 

1.4.5 Secretory like granules 

 

Secretory like granules are normally produced by endocrine, exocrine or 

neuroendocrine cells and typically contain chromagranins and hormone precursors. 

Work carried out by Evdonin et al. (2006), showed that Hsp72 release from a A431 

squamous cell carcinoma cell line could be inhibited by brefeldin-A, suggesting a 

classical secretory pathway for Hsp72. Treatment of A431 cells with a 

pharmacological inhibitor of phospholipase C resulted in a decrease in intracellular 

Hsp72 due to release of this protein. The Hsp72 was found to be present in 

chromogranin-A-positive granules, a marker of secretory-like granules and not a 

marker for lipid rafts, endosomes or exosomes. Interestingly, it has been shown that 

cells lacking secretory pathways were able to produce secretory-like granules after 

transfection with chromogranins. 

The presence of Hsp60 has also been shown in secretory granules in cells from the 

pituitary gland and the pancreas (Cechetto et al. 2000) suggesting this protein may 

also utilise this pathway for release. 

 

1.4.6 ABC Transporters 

 

ATP-binding cassette (ABC) transporters are a superfamily of highly conserved 

proteins involved in the active transport of chemically diverse substrates across the 

lipid bilayer of the cell membrane (Ponte-Sucre, 2007). Although their precise 

physiological roles have not been fully elucidated, their presence in primitive bacteria 

through to highly evolved mammals indicates that they are critical for cell function 

and organism survival. They comprise of a transmembrane domain allowing 

anchorage to the cell membrane and a pore through which the transport of molecules 

occurs, in addition to ATP-binding domains within the pore, providing the energy for 

active transport (McKeegan et al. 2004). Interestingly, the transport of molecules via 
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these transporters can occur in both directions; from the inside of the cell to the 

extracellular space or vice versa. From a clinical point of view, ABC transporters are 

highly relevant in the development of chemoresistance possibly through the over-

expression of the ABCB1, ABCC1 and ABCG2 transporters (Borst et al. 2000; 

McKeegan et al. 2004; Maliepaard et al. 1999; Davidson & Maloney, 2007). The 

ABC transporters TAP1 and TAP2 are directly involved in the transport of antigenic 

peptides across the ER and therefore play a pivotal role in antigen presentation. 

 

Inhibitors of ABC transport are classed into three generations; the first generation 

already has various other clinical uses but has also been shown to block ABC 

transport. These include calcium channel inhibitors such as Verapamil, neuroleptics 

including Quinidine and antiestrogens such as tamoxifen (Varma et al. 2003). Second 

generation inhibitors such as R-Verapamil were developed from first generation 

inhibitors but with the aim of reducing drug resistance. Third generation inhibitors 

such as XR9576 are still under development.  

 

The release of HSPs has previously been shown to involve ABC transporters. By 

treating cells with the ABC transporter inhibitors Glibenclamide and DIDS, Mambula 

& Calderwood (2006), demonstrated that release of Hsp72 from heat shocked prostate 

cancer cells involves ABC transporters. However, there is very limited literature 

concerning the participation of these transporters in HSP release. 

 

In summary, although a large amount of research has been carried out, opinion on the 

mechanisms by which HSPs are released from cells is still divided. This is largely due 

to the conflicting data that exists, showing variation between cell types. It could be 

that the mechanism by which HSPs are released does differ according to cell type. 

Additionally, it could also indicate that if one pathway becomes blocked by some 

means, these proteins will exploit other mechanisms by which to exit the cell. 

 

1.5 Haematological Malignancies 

 

Haematological malignancies (leukaemias) are a group of cancers arising from the 

malignant transformation of bone marrow-derived cells. They are classified into a 

number of sub-groups based upon the speed at which the disease progresses and the 
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cell lineage affected. Acute leukaemias are characterised by rapid proliferation of 

immature cells and resultant bone marrow failure and can be fatal in as little as a few 

weeks if left untreated. Chronic leukaemias are characterised by a slow accumulation 

of immature cells within the bone marrow or lymph nodes and many patients with 

chronic leukaemias are asymptomatic at time of diagnosis. In contrast to acute 

leukaemias in which immediate treatment is required, chronic leukaemias are often 

monitored for many years before treatment is initiated. Leukaemias can be futher 

divided into myelogenous leukaemias in which the malignant transformation has 

occurred in cells of myeloid origin, or lymphocytic leukaemias, affecting cells of 

lymphoid origin.  

 

Due to the rapid proliferation of malignant cells within the bone marrow, normal 

leukocyte production is impaired. This results in a weakening of the patients’ immune 

system and consequent increase in susceptibility to infection. Indeed, many patients 

with leukaemia suffer from frequent infections ranging from diarrhoea to pneumonia. 

Normal platelet and erythrocyte production is also affected resulting in deficiencies in 

both cell types and consequent bruising, excessive bleeding and anaemia (Hamblin et 

al. 2004). As the malignant cells are present in the blood stream, they can easily 

infiltrate organs such as the spleen, liver and lymph nodes. These organs may then 

become enlarged. Bone marrow failure, resuting in haemhorraging and immune-

deficiency, and organ failure are the main causes of death in leukaemic patients. 

 

The work in this thesis focuses on Chronic Lymphocyic Leukaemia (CLL), Acute 

Myeloid Leukaemia (AML) and Myelodysplastic Syndrome (MDS), each of which 

are discussed in greater detail in chapters 3 and 4. 

 

1.6 Aims of the thesis 

 

Of the 290,000 new cases of cancer diagnosed in the UK every year, approximately 

8000 are leukaemias. Although this is only a small proportion, it is important to note 

that the five-year survival rate is currently only 40% (Cancer Research UK, 2009). 

This is in stark contrast to a more common malignancy such as breast cancer that 

currently exhibits an 80% five-year survival rate on 45,000 new cases per year. These 

statistics highlight a requirement to both enhance the understanding of leukaemia 
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progression and to develop new therapeutic strategies that may ultimately result in 

increased survival rates. 

A large body of evidence has accumulated documenting the over-expression of HSPs 

in solid tumours and it is believed that the increased levels of these anti-apoptotic 

proteins may contribute to the progression of these cancers, due to both resistance to 

immune defences and treatment regimes. The cells of solid tumours, in particular are 

subjected to high levels of stress during tumour development due to abnormal growth 

conditions and the often hypoxic and nutrient lacking microenvironment. This results 

in the initiation of a stress response which allows these tumour cells to survive in 

conditions that would otherwise be lethal to the cell. It is interesting to ascertain 

whether leukaemia cells, that are circulating freely within the circulation and therefore 

not subjected to the same stresses as cells from solid tumours, are also displaying high 

levels of these stress proteins in comparison to cells from healthy individuals.   

 

By focusing on haematological malignancies, this thesis aims to determine the 

localisation of HSPs in both malignant and non-malignant cells to establish if this 

group of proteins have any prognostic and therapeutic potential.  

 

These objectives will be achieved by: 

 

• Examining the localisation of Hsp27, Hsp72 and Hsp90 in Chronic 

Lymphocytic Leukaemia (CLL), Acute Myeloid Leukaemia (AML) and 

Myelodysplastic Syndrome (MDS), i.e. determining if these proteins are 

present inside cells, on the surface of cells and/or extracellularly 

• Comparing the levels of these proteins in control subjects to levels in patients 

suffering from CLL, AML and MDS 

• Examining the relationships between expression of these HSPs and the degree 

of apoptosis in malignant cells 

• Exploring the relationship between expression of HSPs and stage of disease in 

CLL 

• Investigating the use of novel therapeutic strategies to modulate the levels of 

internal HSPs in order to enhance the cytotoxic potential of chemotherapeutic 

agents 




