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Abstract

Heat shock proteins (HSPs) are a highly conserved family of proteins which inhabit almost all
subcellular locations and cellular membranes. Depending on their location, these proteins perform a
variety of chaperoning functions including folding of newly synthesised polypeptides. HSPs also
play a major role in the protection of cells against stressful and injury-inciting stimuli. By virtue of
this protective function, HSPs have been shown to prevent acinar cell injury in acute pancreatitis.
Also, the levels of HSPs have been shown to be markedly elevated in various forms of cancers when
compared with non-transformed cells. Further, inhibition of HSPs has been shown to induce apoptotic
cell death in cancer cells suggesting that inhibition of HSPs has a potential to emerge as novel anti-
cancer therapy, either as monotherapy or in combination with other chemotherapeutic agents. Several
studies have suggested that HSPs can interact with and inhibit both intrinsic and extrinsic pathways
of apoptosis at multiple sites. Besides the anti-apoptotic role of HSPs, recent studies suggest that
they play a role in the generation of anti-cancer immunity, and attempts have been made to utilise
this property of HSPs in the generation of anti-cancer vaccines. The anti-apoptotic function and
mechanism of various subtypes of HSPs as well as the current status of anti-HSP therapy are discussed
in this review.

Heat shock proteins (HSPs) are a set of evolutionarily conserved proteins. They were
discovered in 1962 by Ritossal while investigating why a sublethal thermal stress protected
against a subsequent lethal thermal injury. This initial study brought to light a new family of
proteins and also underscored the role of HSPs in protection against injury-inducing stimuli.
Although HSPs were initially shown to be induced by thermal stress, it is now known that they
are expressed in response to an array of stresses including hyperthermia, oxygen-derived free
radicals, amino acid analogues, ethanol and heavy metals.278 Further, several clinical
situations like ischaemia/reperfusion injury and various inflammatory diseases also induce the
heat shock response.

HSPs have been classified into various subfamilies based on their molecular weight. Broadly,
in mammals, four major families of HSPs are recognised: HSP90 (HSP90a, HSP90B, GRP94),
HSP70 (HSP70, HSC70, mHSP70, GRP78), HSP60 and small HSPs® (table 1). Some HSPs
(eg, HSP90, HSP60) are expressed constitutively in various intracellular compartments of the
cell and play important house-keeping functions aimed at preventing aggregation and assisting
refolding of misfolded intracellular proteins and translocation of newly synthesised
polypeptides across membranes.1? On the other hand, HSPs like HSP70 and HSP27 are
upregulated in response to injury-inciting stimuli and protect against programmed cell death
or apoptosis. In this regard HSPs are over-expressed in a variety of tumours and are believed
to play a role in carcinogenesis by virtue of their anti-apoptotic functions.11713 In this review
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the role of heat shock proteins in imparting protection against cell death in pancreatitis, a
disease in which acinar cell injury leading to cell death is an integral part of the disease process,
has been discussed followed by the discussion of the current understanding of the role of HSPs,
mainly HSP70, in the pathogenesis of the cancer. A distinction should be made between HSP70
and HSC70 at this point. Both are the members of the HSP70 superfamily of HSPs. However,
HSC70 is expressed constitutively and plays a role in protein homeostasis of cells. On the other
hand, HSP70 is over-expressed in response to stress and protects against stress-induced injury.
The protein HSP70 discussed further in the manuscript refers to this latter, inducible member
of the HSP70 superfamily.

HEAT SHOCK PROTEINS IN ACUTE PANCREATITIS

Pancreatitis is an inflammatory disease of the pancreas. Acinar cells are believed to be the seat
of initiation of events culminating in acinar cell injury and death in pancreatitis.1* 15 Acinar
cells synthesise, store and secrete various digestive enzymes. Several protective mechanisms
have evolved to prevent the auto-digestion of the acinar cells by these enzymes.14 15 It is
generally believed that during pancreatitis these protective mechanisms are overwhelmed
leading to activation of the digestive enzyme zymogens inside acinar cells, which then induce
acinar cell injury.14 15 In fact activation of digestive enzyme zymogens has been observed in
both in vitro and in vivo models of pancreatitis.1® Further, activated digestive enzymes have
been detected within the pancreatic parenchyma, pancreatic juice and ascitic fluid of some
patients with severe acute pancreatitis.16: 17 The mechanism by which these digestive enzyme
zymogens become activated inside the acinar cells has been the focus of intense research. Co-
localisation of the digestive enzyme zymogens and the lysosomal enzyme has been proposed
as one of the mechanisms leading to intra-acinar cell activation of digestive enzyme zymogens
and has been tested extensively and validated in various models of pancreatitis. 1> 18 According
to this theory, early on in pancreatitis there is redistribution of lysosomal enzymes leading to
the co-localisation of digestive enzyme zymogens and lysosomal enzymes. This “co-
localisation” brings the lysosomal enzyme cathepsin B into contact with trypsinogen, which
then activates trypsinogen into trypsin thus initiating the cascade of digestive enzyme zymogen
activation and injury. The role of cathepsin B and thus co-localisation in the pathogenesis of
pancreatitis is proved by the fact that inhibition of cathepsin B prevents intra-acinar cell
activation of trypsinogen and reduces acinar cell injury both in vitro and in animal model of
pancreatitis.1® 19: 20 Also, cathepsin B knock-out mice demonstrate reduced severity of
caerulein-induced pancreatitis.2! The role of cathepsin B in the activation of trypsinogen is
further validated by the experiments in cell-free systems where it has been shown that cathepsin
B can activate trypsinogen.22

The role of HSPs in protection against pancreatitis has been explored in various in vitro and
in vivo models of pancreatitis. In accordance with the protective role of HSPs against injury,
it has been shown that prior induction of HSP60, which is induced in rats by the stress of water
immersion, protects against pancreatitis.23 In fact, all the markers of severity of pancreatitis
— hyperamylasaemia, pancreatic oedema and acinar cell necrosis — were reduced by this
prior induction of HSP60.23 Also, intra-acinar cell trypsinogen activation, which, as discussed
previously, is the hallmark of pancreatitis, is also reduced.23 The protective effect of HSPs in
pancreatitis is not limited to HSP60, but is also observed with HSP70 induction. Thus, prior
HSP70 induction by thermal or non-thermal stresses (beta-adrenergic stimulation or sodium
arsenite administration)24 25 protect against acinar cell injury in pancreatitis. Since cellular
injury in pancreatitis is mediated by both necrosis and apoptosis pathways and since HSP70
can protect cells against both necrotic and apoptotic programmed cell death, it is probable that
HSP70 protects against both necrotic and apoptotic cell death during pancreatitis. However,
the exact mechanism by which it operates needs further exploration.
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Some studies have suggested that the protective effects of thermal stress against pancreatitis
may not be due to HSP70 expression.26 To rule out the possibility that thermal stress protects
against pancreatitis by mechanisms other than induction of HSP70 and to conclusively prove
the role of HSP70 in protection against pancreatitis, Bhagat et al?’ have used anti-sense
technology. Prior administration of the anti-sense HSP70 oligonucleotide sequence but not the
sense HSP70 sequence prevents thermal stress-induced HSP70 expression.2’” Remarkably,
prior administration of the anti-sense but not the sense HSP70 sequence abrogates the
protective effect of thermal stress against acinar cell injury in pancreatitis.2” Thus, the animals
in which thermal stress-induced HSP70 expression is prevented by anti-sense HSP70
administration, demonstrate similar severity of caerulein-induced pancreatitis when compared
to animals without thermal stress, clearly suggesting that the protective effects of thermal stress
on the severity of pancreatitis are in fact mediated by HSP70 expression.2” Also, it is worth
noting that caerulein-induced pancreatitis by itself induces HSP70 expression in the pancreas.
It appears that this induction of HSP70 in the pancreas by the stress of pancreatitis is protective
against pancreatitis, since prevention of this increase in HSP70 by administration of the anti-
sense HSP70 in itself aggravates the severity of pancreatitis.2

The specific role of HSP70 in protection against pancreatitis is further proved by the use of
heat shock factor-1 (HSF-1) knock-out mice and HSP70 transgenic mice.28 HSF-1 is the
transcription factor for HSP70. Thus, HSF-1 knock-out animals lack the ability to express
HSP70. As demonstrated in fig 1, HSF-1 knock-out animals demonstrate enhanced severity of
caerulein-induced pancreatitis. Similarly, HSP70 transgenic mice, which demonstrate
markedly increased expression of HSP70, have reduced severity of pancreatitis.2?

Some progress has been made in elucidating how HSPs protect against pancreatitis. It has been
shown that HSP70 induction prevents activation of trypsinogen to trypsin, a hallmark event of
pancreatitis.?>: 27 Rakonczay et al have shown that HSP70 induction does not protect against
the pancreatitis induced by trypsin injection into the pancreas, again suggesting that HSP70
mediates protection against pancreatitis by influencing the events before trypsin activation.
30 Also, evidence suggests that HSP70 influences the trypsinogen activation and the other
downstream events during pancreatitis by preventing the co-localisation of lysosomal enzyme
cathepsin B and the digestive enzyme zymogen.2” The events regulating co-localisation are
less clear. However, evidence strongly suggests that cytosolic calcium is required for this
process.3! Stimulation of pancreatic acini with a supramaximal dose of caerulein leads to
marked elevation of cytosolic calcium followed by prolonged sustained elevation of cytosolic
calcium maintained by calcium influx into the cell. It appears that these cytosolic calcium
changes are important for co-localisation to occur since chelation of intracellular calcium
prevents co-localisation.3! Remarkably, HSP60 induction by water immersion stress attenuates
cytosolic calcium response to supramaximal caerulein stimulation3? (fig 2). Some other studies
in non-pancreatic acinar cells have also suggested that HSPs could influence calcium
homeostasis in the cell.33: 34 Thus, one of the mechanisms by which HSPs could influence co-
localisation and the subsequent downstream events in pancreatitis is by attenuating cytosolic
calcium (fig 3). Given the importance of calcium in regulation of cellular processes including
cell death and apoptosis, the finding that HSPs could influence calcium homeostasis is of much
broader importance than just of significance to the pathophysiology of pancreatitis.

HEAT SHOCK PROTEINS IN CHRONIC PANCREATITIS AND OTHER
INFLAMMATORY DISEASES OF THE GASTROINTESTINAL TRACT

A few studies have evaluated the expression level of various HSPs in chronic pancreatitis.
HSP70 over-expression has been observed in the connective tissue cells as well as the residual
acinar cells in chronic pancreatitis.3® Similarly, levels of HSP90p have been found to be
increased in chronic pancreatitis.38 However, information on the expression of various HSPs
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in chronic pancreatitis and their significance is lacking in literature. Given the role of HSPs in
protection against cell death, this area is worth pursuing in future studies.

Studies examining HSP expression in the gastrointestinal tract have received considerable
attention, especially with reference to inflammatory bowel disease (IBD). Overall, in mouse
models, inducible HSP staining (HSP27 and HSP70) in the colon appears to be predominantly
localised to the surface epithelial cells, thus supporting the premise that this HSP expression
may be protecting the surface epithelial cells from injury.3’ Increased expression of HSP70
has been observed in the epithelial cells of both ulcerative colitis and Crohn’s disease.38
Increased expression of HSP60 but not HSP90 has also been observed in IBD.39: 40 However,
no correlation between the level of expression and the disease activity was observed. Whether
or not these HSPs are over-expressed in response to stress and thus play a role in protecting
the epithelial cells against stress-induced death is unclear. Autoantibodies to HSPs are found
IBD.#! The reason that these antibodies develop is not clear. One theory suggests that patients
may develop antibodies to mycobacterial 65 kDa HSP (HSP60), which then cross-react with
their own HSPs and help induce inflammation.*! An alternative theory suggests that
autoantibodies could result from the release of native HSPs into the extracellular space
following injury to the gut epithelium. Overall, the pathophysiological significance of
autoantibodies to HSPs in IBD remains unknown.

HSP70 has been shown to have protect against the progression of atrophic gastritis in animal
models.#2 Also, HSP70 has been shown to protect against gastritis induced by Helicobacter
pylori.#3 The importance of HSPs in protection against gastritis in human subjects remains to
be seen.

HEAT SHOCK PROTEIN 70 IN PANCREATIC AND OTHER CANCERS

Dysregulation of apoptosis is a hallmark of carcinogenesis and since HSPs protect against
apoptosis, they are believed to contribute to the development and progression of cancer.
Attempts have been made to elucidate the role of HSPs in cancer by quantifying the levels of
various HSPs in cancer cells and comparing them with the non-transformed cells. Aghdassi et
alll have shown that HSP70 levels are markedly high in various pancreatic cancer cells lines
as compared to normal pancreatic ductal cells, the cells of origin of pancreatic cancer (fig 4A).
The levels of HSP70 were increased at both the protein and mRNA level suggesting that
increased transcription of HSP70 is responsible for the increased protein levels.1! This finding
is clinically relevant since HSP70 over-expression was also observed in human pancreatic
cancer specimens when the levels were compared with normal pancreas margins!! (fig 4B).
Similar over-expression of HSP70 has been observed in other cancers also. HSP70 is over-
expressed in hepatocellular carcinoma as compared to non-neoplastic hepatocytes** and the
levels of HSP70 have a positive correlation with poor outcome.*4 45 HSP70 over-expression
has also been observed in colorectal cancers and has been associated with advanced stage, poor
differentiation and poor prognosis.*® Besides evidence from the studies correlating the level
of HSPs in human cancer tissue, a variety of in vitro and animal studies have provided evidence
for the role of HSPs, especially HSP70 in the pathogenesis of cancer. It has been demonstrated
that permanent over-expression of HSP70 in a variety of cell lines imparts the ability to form
tumours in nude mice and anchorage-independent growth with strong acceleration of the
growth.” Similarly, over-expression of HSP70 can suppress apoptosis in response to a variety
of stimuli.#” These data together strongly point towards the role of HSP70 in tumorigenesis.

Based on the role of HSP70 in the pathogenesis of cancer, inhibition of HSP70 expression has
been evaluated as a strategy to treat cancer with much success. Inhibition of HSP70 expression
in pancreatic cancer cells by quercetin, a well-known inhibitor of HSP70 expression,11 as well
as by triptolidel? (a novel inhibitor of HSP70 expression) has been shown to induce apoptotic
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cell death in pancreatic cancer cells. Both these inhibitors of HSP70 expression are very
effective in reducing the growth of pancreatic tumours in a mouse model of pancreatic cancer
(fig 5A,B).11: 12 Remarkably, triptolide markedly reduced the loco-regional spread of
pancreatic cancer in an orthotopic model of pancreatic cancer (fig 5C). Since triptolide is very
effective in animal models of pancreatic cancer at a very low dose (0.2 mg/kg/day) as compared
to quercetin (50 mg/kg/day) and also does not have any toxic effects in the animals, it offers
an exciting opportunity to develop inhibition of HSP70 expression as a novel therapy for
pancreatic cancer.12 To rule out the possibility that the effects of these pharmacological
inhibitors are due to effects other than inhibition of HSP70 expression, the phenotypical effect
of inhibition of HSP70 expression on pancreatic cancer cells has been confirmed by using
siRNA technology. Thus, inhibition of HSP70 expression by HSP70 siRNA also induces
caspase-dependent apoptotic cell death in pancreatic cancer cells (fig 6), similar to that
observed with either quercetin or triptolide.11

Remarkably, inhibition of HSP70 expression by quercetin or triptolide does not induce
apoptosis in normal pancreatic ductal cells.11 12 Although the reason for this specificity of
anti-HSP70 therapy to the cancer cells is unclear, the data point towards certain mechanisms.
As shown in fig 4A, the level of HSP70 in normal ductal cells is very low as compared to
pancreatic cancer cells. Thus, it seems that HSP70 expression is important for the survival of
pancreatic cancer cells but may not be required for the survival of normal non-neoplastic cells
under unstressed conditions. Similar observations have been reported by others*® where in
contrast to cancer cells, non-transformed cells do not undergo cell death on depletion of HSP70,
suggesting that tumour cells but not non-transformed cells cannot survive endogenously
activated cell death if they lack HSP70.4” This, along with the fact that triptolide is non-toxic
to experimental animals, clearly suggests that inhibition of HSP70 expression can emerge as
tumour-selective therapy.

Similar efficacy of anti-HSP70 therapy has been demonstrated in other gastrointestinal and
non-gastrointestinal tumours. Inhibition of HSP70 expression by quercetin (50 mg/kg)
decreased tumour growth and tumour angiogenesis in mice bearing lung carcinoma, hepatoma
and colon cancer.#? Similarly, inhibition of HSP70 by transfection with anti-sense HSP70
construct sensitises cancer cells to apoptosis and eradicates tumours of breast, colon and
gliomas.13 Phillips et al have shown that besides inducing apoptosis in pancreatic cancer cells,
triptolide induces cell death in colon cancer cell lines as well, suggesting that anti-HSP70
therapy will be of broader value rather than for pancreatic cancer only.12 Thus, development
of effective and bio-available inhibitors of HSP70 expression will be useful in a wide variety
of cancers as mono-therapy or in combination with other chemotherapeutic agents. In this
regard triptolidel2 appears to be a very promising molecule which at very low doses (0.2 mg/
kg) isable to inhibit HSP70 expression in mice models and also have optimal anti-cancer effects
with inhibition of both local tumour growth and locoregional spread.

MECHANISM OF THE ANTI-APOPTOTIC ACTION OF HEAT SHOCK PROTEIN

70

The mechanism by which HSP70 inhibits apoptosis has been evaluated extensively and studies
suggest that HSP70 can inhibit both death receptor-mediated extrinsic pathways as well as
intrinsic pathways initiated by intracellular stress signals. Although initial studies suggested
that HSP70 inhibits intrinsic pathway-mediated apoptosis mainly downstream of
mitochondrial cytochrome c release, recent studies suggest that HSP70 can interact and inhibit
pre-mitochondrial events as well, since inhibition of HSP70 leads to release of cytochrome ¢
from the mitochondria.12 As a matter of fact, HSP70 may inhibit apoptosis at multiple points
simultaneously. Once released into the cytosol, cytochrome c interacts with cytosolic apoptosis
protease-activating factor-1 (APAF-1) and pro-caspase 9 to form apoptosome. This leads to
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activation of caspase 9, which then activates caspase 3.%9 Besides release of cytochrome c,
various other factors (eg, apoptosis-inducing factor (AlF), Smac/Diablo and Htra2/Omi) are
released into the cytosol by mitochondrial membrane permeabilisation. HSP70 has been shown
to modulate the function of apoptosome by directly interacting with APAF-1.51' 52 However,
recent studies have suggested that the contribution of these effects of HSP70 downstream of
mitochondria, in the inhibition of apoptosis is small, if any.53 Besides these possible post-
mitochondrial sites of action, HSP70 has been shown to influence mitochondrial and pre-
mitochondrial events in apoptosis. HSP70 prevents the translocation of Bax to the mitochondria
during heat-induced apoptosis, thus preventing formation of pores in the mitochondrial
membrane and release of cytochrome ¢ and AlIF.54 HSP70 has been shown to be a natural
inhibitor of cJun N-terminal kinase (JNK) activation®® and this JNK inhibitory action appears
to mediate the protection against caspase-dependent apoptosis.56 It appears that INK is
required for Bid-dependent release of cytochrome ¢ from the mitochondria and that, by
inhibiting INK, HSP70 prevents Bid-dependent cytochrome c release and downstream
activation of caspases.57 Recent studies have shown that lysosomal enzymes play a very
important role in the activation of apoptosis and may become all the more important in tumour
cells where the other mechanisms of apoptosis are compromised.58 Once released into the
cytosol these lysosomal enzymes can then activate multiple pathways of cell death including
the mitochondrial pathway.58 Studies suggest that HSP70 may protect cancer cells from
apoptosis by stabilising the lysosomes thus preventing the release of lysosomal enzymes into
the cytosol.59' 60 Thus interaction of HSP70 and lysosomes could be one of the sites where
HSP70 inhibits apoptosis upstream of mitochondria. HSP70 could also play an anti-apoptotic
role in caspase-independent apoptosis as well. For example, HSP70 binds to AlF, which
induces apoptosis in a caspase-independent fashion, and prevents its translocation to the
nucleus thus preventing activation of apoptosis.51 HSP70 also interacts with and inhibits
extrinsic pathways of apoptosis by binding to the death receptors DR4 and DRS5, thus inhibiting
the assembly induced by the TNF-related apoptosis-inducing ligand (TRAIL) and the
activation of the death-inducing signalling complex (DISC).62

Calcium has been shown to play a major role in the regulation of apoptosis.63 Hietaranta et
al32 have shown that HSP60 could attenuate cytosolic calcium signalling, thus suggesting that
HSPs could interact with and modulate cytosolic calcium signalling. Creagh et al have
suggested that HSP70 could modulate the increase in cytosolic calcium during HoO»-induced
apoptosis in jurkat cells.54 Whether HSP70 could interact with calcium homeostasis in cancer
cells and thus inhibit apoptosis needs further investigation.

In summary, HSP70 is an inhibitor of the mitochondrial pathway of apoptosis which can
interact with and inhibit the components of this pathway at the pre-mitochondrial,
mitochondrial and post-mitochondrial levels (fig 7). In fact, it may act at multiple levels
simultaneously.

ROLE OF HEAT SHOCK PROTEIN 27 IN CANCERS

Small HSPs including HSP27 and a-crystallins are ATP-independent chaperones whose
functions are regulated by oligomerisation and phosphoryla-tion.13 Studies measuring the
levels of HSP27 in various tumour tissues have suggested that HSP27 may play a role in the
pathogenesis of cancer. HSP27 expression has been observed in gastric carcinoma specimens
and its expression has been correlated with a poor prognosis.85 HSP27 over-expression has
been observed with step-wise progression of hepatic carcinogenesis in hepatitis B-associated
hepatocellular carcinoma®*: 66 and its expression portends poor prognosis.*4 In a small study
over-expression of HSP27 has been observed in pancreatic and colon cancer as compared to
non-transformed cells. HSP27 over-expression has also been observed in a number of non-
gastrointestinal cancers — breast, prostate and ovarian cancers — as compared to the non-
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transformed cells. Also, it has been observed that over-expression of HSP27 in various cell
lines can suppress apoptosis in response to a variety of stimuli.#” Generally, HSP27 expression
in tumours is considered a poor prognostic factor.5

Various studies have attempted to elucidate the mechanism by which HSP27 exerts its anti-
apoptotic and tumorigenic action. It has been demonstrated that, similar to HSP70, HSP27 can
interact and inhibit the apoptotic cascade at multiple sites. HSP27 has been demonstrated to
inhibit caspase-dependent apoptosis downstream of mitochondrial cytochrome c release by
interacting with and sequestering cytochrome ¢.13: 67 Also, HSP27 has been shown to interact
with pro-caspase 3 and prevent its activation.13: 67 HSP27 has also been shown to exert its
anti-apoptotic action at the mitochondrial level by blocking the release of cytochrome ¢ from
the mitochondria.®® It has been suggested that HSP27 can also inhibit apoptosis at the pre-
mitochondrial level, by stabilising the actin cytoskeleton and thus prevent the translocation of
pro-apoptotic factors, such as Bid, to the mitochondria.13: 67 The anti-oxidant properties of
HSP27 are also believed to contribute to its anti-apoptotic properties.13: 7 HSP27 could also
possibly modulate apoptosis by influencing cell signalling pathways. HSP27 has been shown
to bind to protein kinase B/Akt and plays a role in its activation in stressed cells. Once activated
Akt inhibits apoptosis and protects the cells from stress-induced cell death.13: 67 HSP27 can
also inhibit the Fas-induced extrinsic pathway of apoptosis by interacting with Daxx, a protein
which is considered a mediator in Fas-mediated cell death. Importantly, treatment with
commonly used chemotherapeutic agents including doxorubicin leads to an increase in HSP27
levels, which could counteract the anti-cancer effects of these chemotherapeutic agents.5°
Thus, combination of these agents with anti-HSP agents may be more effective.

HEAT SHOCK PROTEIN 90 AND CANCER

HSP90 inhibitors have gained much attention in the treatment of cancers. Interest in HSP90 as
a therapeutic target began when it was identified as the target of the antibiotic geldanamycin
with anti-tumour properties. HSP90 is believed to play a more global role in the facilitating
neoplastic transformation by virtue of its interaction with multiple pro-survival proteins. Thus
inhibition of HSP90 function, by an expanding list of agents (eg, geldanamcyin, ansamycin,
17-allyamino-demethoxy geldanamycin), induces degradation of the HSP90 client proteins
that require HSP90 for maturation and stability. The HSP90 client proteins include a myriad
of proteins including various kinases, such as human epidermal growth factor receptor-2
(HER-2), insulin-like growth factor-IR (IGF-1R), Raf-1, steroid hormone receptors like
androgen receptor and oestrogen receptor, and other proteins like HIF-1a.70 In this regard it
is noteworthy that HSP90 binds to HSF1 and has been shown to play a role in its regulation.
71 In unstressed cells HSF1, the primary transcription factor of HSP70, resides in the cytosol
in inactive monomer form bound to HSP90 which plays a major role in repressing its function.
Inhibition of HSP90 expression or function leads to release and activation of HSF1 with
increased expression of HSP70.72 In fact activation of stress response in the tumour tissue
which is reflected in the increased expression of HSP70 in peripheral blood mononuclear cells
has been used as the pharmacodynamic endpoint.73 However, this increased expression of
HSP70 may counteract the anti-neoplastic activity of HSP90 inhibitors and may lead to
resistance of cancer cells to these drugs. For example, inhibition of HSP70 expression by stable
transfection with siRNA, which inhibits 17-allylamino-demethoxy geldanamycin (17-AAG)-
induced HSP70 expression, sensitises leukaemia cells to 17-AAG-induced apoptosis. The fact
that 17-AAG is an inhibitor of HSP90 function suggests that HSP90 inhibitors may be more
efficacious if used with inhibitors of HSP70 or stress response. It has also been suggested that
HSP90 inhibition may lead to activation of the anti-apoptotic and pro-survival pathways. For
example, HSP90 inhibitors may activate the src kinase which may promote tumour growth.
74 Thus, HSP90 inhibitors may be more useful in combination with other anti-tumour therapies
which counteract these untoward effects. Furthermore, a recent report by Kang et al’® has
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suggested that, in tumour cells, the HSP90 chaperone network may be compartmentalised into
sub-cellular locations (eg, mitochondria) and may play important anti-apoptotic roles.
Currently used HSP90 inhibitors may not permeate into these sub-cellular locations and thus
may not be able to inhibit the HSP90 activity in these locations.” Thus, newer agents which
are able to achieve enough concentration in these sub-cellular compartments and are able to
inhibit HSP90 in these locations will be more effective.75

HSP90 inhibitors have been shown to be effective in tumours which depend on the HSP90
client proteins. For example, it has been suggested that HER2 is the HSP90 client protein most
sensitive to 17-AAG induced degradation. Since HER2 plays a major role in the pathogenesis
of breast cancer, it forms the basis for the evaluation of 17-AAG in combination with cytotoxic
therapies in patients with HER2-amplified breast cancer.70 Studies in various gastrointestinal
tumours have shown that HSP90 inhibitors may have a role in the treatment of gastrointestinal
cancers. In a small study, constitutive expression of HSP90 has been observed in gastric, colon
and pancreatic tumours.’® 17-AAG has been shown to inhibit epidermal growth factor receptor
(EGFR)-dependent signalling in gastric tumours and thus reduce the growth and
vascularisation of gastric tumours in vivo.”” HSP90 inhibitors have been shown to not only
sensitise colon cancer cell lines to oxaliplatin and TRAIL-induced cell death but also induce
cell death when administered alone.78: 79 Clinical trials of HSP90 inhibitors in combination
with various chemotherapeutic agents in solid tumours are currently under way.70

IS HEAT SHOCK PROTEIN 60 PRO-APOPTOTIC OR ANTI-APOPTOTIC?

Of all the HSPs the role of HSP60, which is largely but not exclusively compartmentalised in
mitochondria, in the pathogenesis of cancer is least understood. Early reports suggested that
HSP60 has a pro-apoptotic role and facilitates the activation of pro-caspase 3 to active caspase
3 during apoptosis.8%: 81 However, recent reports have suggested that HSP60 may have an anti-
apoptotic effect, at least in certain cell systems, by sequestering the pro-apoptotic protein Bax.
82 The data on the expression of HSP60 in various cancers has been somewhat ambiguous.
HSP60 expression has been found to be increased in some cancers®3: 84 and decreased in others.
85 In a recent report, Ghosh et al8® have proposed a potential mechanism for the anti-apoptotic
property of HSP60. They have proposed that HSP60 inhibits apoptosis in cancer cells by
playing a dual role: (1) binding to and stabilising the anti-apoptotic protein survivin in
mitochondria; and (2) binding to and inhibiting the function of the pro-apoptotic protein p53.

HEAT SHOCK PROTEINS AND IMMUNOLOGY

Although intracellular HSP expression has been associated with facilitation of tumorigenesis,
it has been suggested that the extracellular and membrane-associated HSPs facilitate tumour
rejection by the immune system.87 Thus, on the one hand, downregulation of intracellular HSPs
has been attempted in order to induce apoptosis in cancer cells and, on the other hand, the
extracellular and membrane-associated HSPs have been used to develop cancer
immunotherapy.

HSPs (eg, HSP90, HSP70, GP96, calreticulin, HSP110) have been shown to bind non-
covalently to peptides generated inside cells. Thus, inside tumour cells these HSPs bind to
tumoural antigens. On cell damage, these HSP—peptide complexes are released into the
extracellular milieu and gain access to antigen-presenting cells (APCs) and perform their
immune function. The HSP—peptide complex binds to receptors on APCs and is taken up by
receptor endocytosis. Once inside the APCs, the antigenic peptides carried by HSPs are
processed by the antigen-presenting pathways and are presented on the surface of APCs, where
they are recognised by CD8" T cells, thus initiating the immune response cascade. Several
molecules on the surface of APCs, such as CD91, LOX-1, CD40, TLR2/4, have been
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recognised as the receptors for the HSP—peptide complex.88 Thus the immune response
generated by these HSP—peptide complexes is primarily effected by the T cell pathway.

In animal models the HSP-tumour peptide vaccines have been effective, with a reduction in
the size of primary tumours, increased survival and elimination of metastases. It is worth noting
that, in animal studies, the doses of HSPs required for immunity fell within a very narrow
window?®® and inoculation of mice with relatively large doses of HSPs led to the enhancement
of disease. This point is of immense importance in considering the use of HSP vaccines in
human studies since the optimal doses can not be extrapolated from animal studies. Also, by
the inherent nature of the vaccine, each HSP vaccine must be produced from each patient’s
tumours thus imposing novel technical considerations. The quantity of tissue available for the
generation of vaccine is limited and determined by the amount of tissue removed surgically.
If a large amount of tissue is required then the generation of the vaccine will not be practical.
Further, it has also been demonstrated that certain HSP—peptide complexes are more
immunogenic then others; for example, the HSP90—peptide complex is only 10% as potent as
GP96-peptide or HSP70-peptide complexes.8?

Currently, HSP vaccines are under trial in metastatic melanoma, renal cell carcinoma and
colorectal cancer. Preliminary results have suggested mixed clinical response with some cases
of complete regression but mainly some prolongation of survival and disease stabilisation.
Future studies are needed to make this therapy more effective and also for identifying the subset
of the patients which will respond most favourably to this form of therapy.

SUMMARY

e HSPs have a broad range of functions which play a major role in cellular homeostasis
and protect cells against apoptosis and cell death.

» Indiseases where pathogenesis involves cell death, eg, pancreatitis, HSPs protect
against cell death and reduce the severity of disease by virtue of their protective
functions. In these situations expression of HSPs is helpful in the remission of disease.

»  Dysregulation and inhibition of apoptosis is a hallmark of carcinogenesis and HSPs
contribute to the pathogenesis of cancer by inhibiting apoptosis. In cancer, HSP
expression is associated with poor prognosis and resistance to chemotherapy.
Inhibition of HSPs is emerging as a novel anti-cancer therapy.

»  HSPs can inhibit apoptosis and thus contribute to carcinogenesis by multiple
mechansisms. HSP70 and HSP27 have been demonstrated to interact with and inhibit
apoptosis at the pre-mitochondrial, mitochondrial and post-mitochondrial levels.
HSP90 is believed to chaperone and stabilise various tumorigenic proteins and kinases
and thus contribute to carcinogenesis.

» Incontrast to intracellular HSPs, extracellular HSPs can present peptide from tumour
cells to the antigen-presenting cells and thus augment the development of anti-tumour
immunity. This approach is being utilised in anti-cancer vaccine development and is
under investigation in various malignancies.
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Figure 1.

Heat shock factor-1 (HSF1) knock-out mice have increased severity of pancreatitis. In the
absence of caerulein administration, HSF1 knock-out mice (B) demonstrate similar pancreatic
morphology as wild-type mice (A). HSF1 knock-out mice (D) demonstrate increased severity
of pancreatitis in response to caerulein administration as compared to HSF1 wild-type mice
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Figure 2.

Heat shock protein 60 (HSP60) attenuates cytosolic calcium response. Prior water immersion
stress-induced HSP60 induction attenuates the cytosolic calcium signal in response to caerulein
administration.30 Cytosolic calcium levels were measured by Fura-2 AM by using
spectrophotometry.
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Figure 3.

A schematic diagram of the possible mechanism by which heat shock protein 70 (HSP70)
protects against acinar cell injury in pancreatitis. The events that initiate pancreatitis also
increase cytosolic calcium in acinar cells, which in turn causes lysosomes and digestive enzyme
zymogen to co-localise. These events bring the inactive trypsinogen into contact with cathepsin
B, which then activates trypsinogen. Active trypsin in turn activates other digestive enzyme
zymogens, and those active enzymes cause acinar cell injury. HSP70 possibly protects the
acinar cell from injury in pancreatitis by attenuating cytosolic calcium increase and thus
abrogating all the downstream events in the injury pathway.
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Figure 4.

Heat shock protein 70 (HSP70) is over-expressed in pancreatic cancer as compared with non-
transformed cells. (A) HSP70 is markedly over-expressed in four human pancreatic cancer cell
lines when compared with non-transformed pancreatic ductal cells. (B) HSP70 mRNA levels
are markedly increased in human pancreatic cancer specimen when compared with normal
tissue margins (normal). *p<0.002, n = 7.11
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Inhibition of heat shock protein 70 (HSP70) expression is highly effective as a therapeutic

strategy in animal models of pancreatic cancer. (A) Inhibition of HSP70 expression by

triptolide markedly reduces the growth of pancreatic tumours in an orthotopic model of
pancreatic cancer in nude mice. Triptolide was administered at a dose of 0.2 mg/kg/day for 60
days. Animals were killed at the 60th day and the tumour volumes in the triptolide group were
compared with the control group (treated with vehicle alone). n = 8 in each group, *p<0.05.
(B) Representative picture of tumour tissue in the control and triptolide treatment group. (C)
Graph demonstrating reduced loco-regional spread in the triptolide treatment group. (p<0.001,

n =8, y2 analysis).12
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Figure 6.

Inhibition of heat shock protein 70 (HSP70) expression by HSP70 siRNA induces caspase-
dependent apoptotic cell death in pancreatic cancer cells. (A) Inhibition of HSP70 expression
by HSP70 siRNA leads to decreased viability in the MiaPaCa-2 pancreatic cancer cell line at
72 h. Viability was measured by the MTT assay. Two different sequences of HSP70 siRNA
were used to rule out any off-target effects of sSiRNA. n = 3, *p<0.05. (B) Inhibition of HSP70
expression by two different sequences leads to caspase 3 activation. n = 3, *p<0.05. MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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Figure 7.

A schematic diagram of the possible sites where heat shock protein 70 (HSP70) inhibits
intrinsic pathway of apoptosis. It is believed that mitochondrial permeabilisation and
subsequent cytochrome c release, along with other apoptosis-inducing factors, constitute
central steps in apoptotic cell death. Multiple mechanisms of this mitochondrial
permeabilisation have been proposed, including Bax, increased cytosolic calcium, lysosomal
enzymes, and cJun N-terminal kinase (JNK). Once cytochrome c is released from the
mitochondria it interacts with apoptosis protease-activating factor-1 (APAF-1) and pro-caspase
9 in the cytosol leading to formation of caspase 9 which then activates the effector caspases.
These events result ultimately in apoptosis. HSP70 has been shown to inhibit apoptosis by
participating in events both before and after mitochondrial membrane permeabilisation, as
depicted in the figure.
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Table 1

Location and expression mechanism of heat shock proteins (HSPs)

Family Name Location Expression (constitutive/inducible)
Small HSPs  HSP27, a-crystallins ~ Cytosol Constitutive, inducible
HSP60 HSP60 Mitochondria Constitutive, inducible
HSP70 HSP70 Cytosol/nucleus  Inducible
HSC70 Cytosol/nucleus  Constitutive
HSP90 HSP90 Cytosol Constitutive, inducible

Page 22

Some of the HSPs, like HPS27 and HSP90, are expressed constitutively in the cells but also demonstrate increased expression in response to stress.

Gut. Author manuscript; available in PMC 2010 July 2.



