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Abstract
Heat shock proteins (HSP) are a subset of the molecular chaperones, best known for their rapid
and abundant induction by stress. HSP genes are activated at the transcriptional level by heat
shock transcription factor 1 (HSF1). During the progression of many types of cancer, this heat
shock transcriptional regulon becomes co-opted by mechanisms that are currently unclear,
although evidently triggered in the emerging tumor cell. Concerted activation of HSF1 and the
accumulation of HSPs then participates in many of the traits that permit the malignant phenotype.
Thus cancers of many histologies exhibit activated HSF1 and increased HSP levels that may help
to deter tumor suppression and evade therapy in the clinic. We review here the extensive work that
has been carried out and is still in progress aimed at: (1) understanding the oncogenic mechanisms
by which HSP genes are switched on, (2) determining the roles of HSF1 / HSP in malignant
transformation and, (3) discovering approaches to therapy based on disrupting the influence of the
HSF1 controlled transcriptome in cancer.
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Introduction
Heat shock protein (HSP) genes were discovered approximately sixty years ago in
experiments on the fruit fly drosophila Melanogaster (Ritossa 1962; Ritossa 1964). They
were discovered as genes that became activated on exposure of drosophila tissues to stresses
such as heat shock and were subsequently found in all cellular organisms (Lindquist and
Craig 1988). The primary functions of HSP genes then emerged, and it was found that HSPs
belong to the molecular chaperone family of proteins (Ellis 2006). Molecular chaperones
participate in the folding of proteins in normal metabolism and the induction of the HSP
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subset of chaperones in stress permits amplified levels of repair and refolding of damaged
polypeptides (Craig 1985). The ability of cells to respond to stress by increasing their HSP
levels depends on the activity of a unique transcription factor-heat shock factor 1 (HSF1)
that can bind to the 5′promoter regions of all HSP genes and trigger instantaneous and
massive transcription of these stress protein genes (Wu 1995; Calderwood et al. 2010). The
mechanisms of activation of HSP genes are still under investigation but are known to
involve stress-induced formation of a HSF1 homotrimer and a number of posttranslational
modifications (PTM) that convert the factor into an active form that moves toward a nuclear
localization and binds the promoter of HSP genes in a productive manner (Sorger and
Pelham 1988; Westwood and Wu 1993). HSF1 is thought to be repressed by the molecular
chaperone heat shock protein 90 (Hsp90) under growth conditions (Zou et al. 1998). Stress
reverses the repression and permits HSF1 activation. There are five main HSP families that
can be induced by stress, each encoding a structurally dissimilar group of HSPs. These
include the HSPA (Hsp70), HSPB (small HSP family), HSPC (Hsp90), HSPD (Hsp60) and
HSPH (large HSP) families (reviewed: (Kampinga et al. 2009)). Members of the HSPA,
HSPB and HSPC families are thought to play key roles in cancer (Ciocca and Calderwood
2005; Calderwood et al. 2006).

(1) Induction of elevated HSP expression in cancer
The pathways of induction of HSPs in cancer are still under intense investigation and no
clear consensus has yet emerged. Such mechanisms may include:

(a) Transcription and translation of HSPs due to coupling of HSF1 expression
to malignant cell signal transduction—As mentioned the primary factor in HSP
transcription is HSF1. Although the mechanisms for HSF1 regulation in stress are not fully
understood key roles for a number of PTMs are thought to be essential. HSF1 is
hyperphosphorylated in stressed cells and this phosphorylation pattern is thought to be
essential in transcription (Sarge et al. 1993; Chu et al. 1996). HSF1 becomes
dephosphorylated on serine 303 and phosphorylated on serine 326 when cells are subjected
to pro-malignant signaling and activation in mammary cancer involves the receptor tyrosine
kinases HER2 and HER3 and the cytoplasmic serine kinase phosphatidyl-inositol3 kinase
(PI-3kinase) (Khaleque et al. 2005). An additional activation step is the phosphorylation of
HSF1 on serine 320 by protein kinase A (PKA) permitting transcriptional elongation
(Murshid et al. 2010; Zhang et al. 2011). Both the HER2>Pi-3 kinase and PKA signaling
pathways are triggered in malignant cell signaling in mammary cancer (Ciocca and
Calderwood 2005; Murshid et al. 2010). HSF1 activation is also accompanied by
sumoylation (Hietakangas et al. 2003). Sumoylation is a PTM observed frequently in
transcription factors that are associated with PML bodies, important sites of PTM in
malignant cells. HSF1 has also been shown to be activated by deacetylation though the
deacetylase sirtuin-1, a factor associated with cancer (Westerheide et al. 2009).

(b) Epigenetic mechanisms for HSP expression in cancer—Although activation of
HSF1 in stress is an entirely posttranslational phenomenon, and HSF1 is neither produced
nor consumed, activation in cancer is associated with increases in its levels (Santagata et al.
2011). The mechanisms behind this are not clear and may involve increased transcription
and translation. Another possibility is epigenetic regulation. The HSF1 gene contains a
number of CpG dinucleotides that could lead to its silencing under some conditions (Singh
et al. 2009). In many cancers, CpG islands become demethylated during tumor progression
and pro-oncogenic genes are “reawoken” as the epigenentic repression is overturned (Jones
and Baylin 2002). Currently this hypothesis has not been tested for HSF1.
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(c) Regulation of translation—Study of gene expression in cancer has shown that the
coupling between transcription and translation is often interrupted. Indeed in a study of HSP
gene expression in human prostate carcinoma, it was shown that HSP mRNA expression and
protein expression varied considerably and that the levels of some HSPs were increased
while HSP mRNA levels were not markedly altered (Tang et al. 2005). Recent studies have
shown that translation of many genes in cancer is altered due to changes in microRNA
(miRNA) levels that accompany malignant transformation and progression (Spizzo et al.
2009; Visone and Croce 2009). MiRNA expression is switched from a pattern that tends to
oppose transformation towards a pro-malignant repertoire of miRNAs. While little is known
of miRNA involved in HSP expression in cancer, recent studies have shown that miRNA-1
and miRNA-206 activate Hsp60 expression in cardiomyocytes and that miRNA-1,
miRNA-21 and miRNA-24 activate HSF1 and Hsp70 levels in mouse cardiac tissues expose
to ischemia (Yin et al. 2009; Shan et al. 2010). Future studies of miRNA in HSP regulation
in cancer are anticipated.

(d) The “addiction to chaperones” hypothesis—A popular rationale for HSP
increases in cancer is the “addiction to chaperones” hypothesis. According to this
hypothesis, HSP increases are fueled in cancer through the proliferation of mutated proteins
due to the “mutator phenotype ” associated with cancer, to increases in total levels of mRNA
translation that accompany transformation and increased protein expression due to the
polyploidy of many malignant cells (Fishel et al. 1993; Kamal et al. 2003; Dai et al. 2007;
Trepel et al. 2010). Addiction is thus caused by the requirement for HSPs to chaperone the
increased protein load that accompanies transformation and the inherent instability of many
mutant proteins. As elevated protein expression and gene mutation are thought to be key
drivers of tumor progression, an expanding supply of molecular chaperones is required to
maintain the addiction. This is an attractive hypothesis as it couples the findings in oncology
with what is suspected to be the driving force for HSP induction during stress. Although this
mechanism is inherently difficult to test, there is considerable indirect evidence to suggest
its merit, coming from studies of HSP inhibitors in cancer. An overwhelming amount of
evidence obtained by testing inhibitors of Hsp90 in in vitro studies, in animal experiments
and in clinical trial suggests that inhibiting Hsp90 using small molecule inhibitors causes the
depletion of a wide spectrum of oncogenes (presumably due to unfolding and proteolysis)
and inhibition of tumor growth (reviewed: (Workman et al. 2007; Trepel et al. 2010). This
drug family includes two compounds in clinical trial: 17-AAG (or tanespimycin) and 17-
DMAG (Chiosis and Tao 2006; Eccles et al. 2008). Although inhibitors of HSF1 and the
other HSPs have not currently been tested in cancer, such an approach is anticipated (Powers
et al. 2008; Whitesell and Lindquist 2009; Powers et al. 2011).

Each of these mechanisms may be involved in the amplification of the HSP response in
cancer cells and tissues.

(2) The HSF1>HSP system as an engine of tumorogenesis
In a recent review, it has been suggested that there are eight key traits, described as “the
hallmarks of cancer,” required for the emergence of the complete malignant phenotype
(Hanahan and Weinberg 2011). HSF1 and HSPs have been implicated in seven of these
hallmarks including; (1) maintenance of sustained proliferative signaling, (2) resisting cell
death, (3) inhibition of replicative senescence, (4) induction of tumor angiogenesis, (5)
activation of invasion and metastasis (6) reprogramming of energy metabolism and (7)
evasion of immune destruction (Fig. 1). (For the eighth hallmark-evasion of growth
suppressors, there is currently no conclusive information regarding the participation of
HSPs). We will briefly summarize the results below:
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1. Abundant evidence indicates that Hsp90 and co-chaperones such as Cdc37 are
required to stabilize a wide range of oncogenic proteins and sustain cancer growth.
Inhibiting Hsp90 leads to destruction of associated oncoproteins and reduces the
growth rate of a wide range of cancers (Gray et al. 2008; Trepel et al. 2010).
Similar results might be predicted for Hsp27 and Hsp70, whose levels have been
shown to increase during tumorigenesis.

2. When increased in concentration, as observed the development of cancer, HSF1,
Hsp70 and Hsp27 inhibit programmed cell death (Khaleque et al. 2005; Garrido et
al. 2006; Dudeja et al. 2011). Indeed, high levels of Hsp27 and Hsp70 are thought
to block programmed cell death by directly sequestering intermediates in the
caspase-dependent apoptosis pathway (Gabai and Sherman 2005; Garrido et al.
2006). The elevation in Hsp70 and Hsp27 observed in many cancers is thus
involved in evading programmed cell death, increasing tumor growth rate and
activating tumor progression.

3. Likewise Hsp70 family members and Hsp27 inhibit replicative senescence when
increased in concentration in cancer (O’Callaghan-Sunol et al. 2007; Gabai et al.
2009). One pathway by which elevated levels of HSPs immortalize cancer cells
may involve antagonizing the pro-senescence activity of the wild-type p53 protein
(Sherman et al. 2010).

4. Little is known regarding the role of the HSF-1>HSP axis in angiogenesis.
However, elevated molecular chaperones may favor angiogenesis as the key
angiogenesis factor hypoxia inducible factor 1-a is dependent on chaperoning by
both Hsp70 and Hsp90 (Neckers and Ivy 2003). In addition other factors associated
with angiogenesis including vascular endothelial growth factor and nitric oxide
synthase require Hsp90 for their synthesis (Sun and Liao 2004; Pfosser et al. 2005)

5. Although this area has not been thoroughly studied, HSF1 could be involved in
promoting cancer cell invasion and metastasis through its ability to associate with
metastasis associated factor 1 in mammary carcinoma cells activated by the
transforming cytokine heregulin (MTA1) (Khaleque et al. 2008). MTA1 is a gene
co-repressor and may function to decrease expression of genes that inhibit invasion
and metastasis (Mazumdar et al. 2001). In addition clinical studies have suggested
a correlation between expression of Hsp27 and Hsp70 and metastatic potential
(reviewed in: (Ciocca and Calderwood 2005; Calderwood et al. 2006)).

6. Cancer cells undergo profound changes in metabolism involving a switch from
oxidative phosphorylation to glycolysis as first observed in the classical studies of
Otto Warburg (Warburg 1956). This leads to elevated glucose consumption and an
increased rate of metabolism in malignant cells (Gullino 1966). A role for HSF1 in
this switch in metabolism was suggested by the findings that glucose uptake in
cancer cells is decreased by hsf1 knockout in mice and that HSF1 is required for
expression of the glycolytic intermediate lactate dehydrogenase in cells expressing
the oncogene HER2 (Dai et al. 2007; Zhao et al. 2009). Recent studies have also
shown that HSF1 can regulate lipid metabolism in hepatocellular carcinoma (Jin et
al. 2011).

7. Most tumors appear to be immunosuppressive in nature due to a range of
mechanisms including release of the immunosuppressive cytokine interleukin-10
and activation of regulatory T lymphocytes and myeloid-derived suppressor cells
(MDSC) (Pekarek et al. 1995; Mantovani et al. 2008; Marigo et al. 2008).
Extracellular HSPs play a complex role in tumor immunity, dependant on context.
For instance, HSP-antigen complexes, when extracted from tumors can be used as
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powerful anti-cancer vaccines, and lead to tumor regression (see recent review
(Murshid et al. 2011). However HSPs can be released from tumors in situ and
secretion of Hsp70 appears in this context to be immunosuppressive due to the
Hsp70-dependant attraction of MDSC (Mambula and Calderwood 2006; Chalmin
et al. 2010). This appears to be a key issue and future studies are encouraged to
determine the role of HSF1 and extracellular HSPs released from tumors in
immunity and tumor progression.

(3) The role of individual HSPs in cancer
a) Hsp90—Four members characterize the HSP90 gene family, including two Hsp90
isoforms (stress-induced Hsp90α and constitutively expressed Hsp90β), the mitochondrial
chaperone TRAP1 (TNF receptor-associated protein 1) and GRP94 (glucose-regulated
protein 94), a chaperone localized in endoplasmic reticulum (Felts et al. 2000). Both
Hsp90α and Hsp90β form homodimers that bear essential ATP-dependent chaperone
activity. Indeed, their complete knock-out is lethal in all eukaryotes examined to date.
Despite their apparent different posttranslational modifications and sensitivity to radicicol,
little is known about functional differences between these isoforms. Both are constitutively
expressed under normal conditions and account for up to 2% of total cellular protein content
in all cell types that have been investigated. This high level of expression may reflect an
excess buffering chaperone activity that could be used to maintain homeostasis in the face of
proteotoxic stresses (Sangster et al. 2004), which, when they occur, nevertheless up-relate
Hsp90α expression. Apart from its role in stressed cells where it deters protein denaturation
and aggregation and enhances refolding, Hsp90 plays a prominent role in the non-stressed
cell by assisting the assembly/disassembly of multi-protein complexes, the conformational
maturation of signaling molecules and their translocation across membranes (Buchner
1999). To perform such a diversity of functions, Hsp90 does not have pleiotropic enzymatic
activities, but instead associates, in a dynamic and complex way with co-factors known as
co-chaperones (for example Aha1, Hop Cdc37, p23, PP5, CHIP, and the immunophilins
FKBP51 and FKBP52) (Taipale et al. 2010). As HSPs are not enzymes, their interacting
partners in the proteome are known as clients. Hsp90 clients were originally defined as
proteins whose dissociation from Hsp90 results in their degradation. Hsp90 usually
stabilizes its client proteins, particularly when they are mutated. Hsp90 can restore the native
folding of some mutated clients and therefore attenuate an array of morphological
phenotypes that depend on underlying genetic variation (Queitsch et al. 2002; Rutherford
and Lindquist 1998; Sangster et al. 2004). Hsp90, co-chaperones and clients form complexes
that cycle through a variety of conformational states and their interactions occur through
rounds of ATP hydrolysis (Hessling et al. 2009; Mickler et al. 2009). The ATP-binding
motif present in the N-terminal domain of Hsp90 belongs to the GHKL (bacterial Gyrase,
Hsp90, histidine Kinase, MutL) super-family and has no similarity to the ATPase motifs of
Hsp70 or protein kinases (Dutta and Inouye 2000).

Of great interest, the ratio between Hsp90α and Hsp90β dimers, which is changed in stress
conditions in favor of Hsp90α, is modified as a consequence of malignant transformation.
Further analysis revealed that Hsp90 is involved in many key processes in oncogenesis such
as self-sufficiency in growth signals, stabilization of mutant proteins, angiogenesis, and
metastasis. These effects are essentially due to Hsp90 ability to target client proteins that are
pro-cancerous. For example, Hsp90 stabilizes growth factor receptors, survival-signaling
kinases (such as Akt and PI3K), oncogenes, (such as v-Src, Bcr/Abl, Raf-1, ErB-2 and
mutant forms of p53) and less stable proteins produced by DNA mutations (Blagosklonny
2002; Taipale et al. 2010). Inhibition of apoptosis by Hsp90 occurs through multiple
cytosolic pathways, such as the inhibition of Apaf-1 activation by cytochrome c, which
prevents the assembly of the apoptosome consequently of the formation of an Hsp90-Apaf-1
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complex (Pandey et al. 2000) (Fig. 2). Another inhibitory event concerns the pro-apoptotic
kinase ASK1 (apoptosis signal-regulating kinase 1) whose activity is inhibited through
formation of a complex with Hsp90-Akt (Zhang et al. 2005). Hsp90 also exerts it anti-
apoptotic activity inside mitochondria. Indeed, in cancer cells, mitochondria unlike their
normal counterparts, contain a large fraction of the intracellular pool of Hsp90 (Fulda et al.
2010). Within this organelle, Hsp90 interacts with TRAP1 (tumor necrosis factor receptor-
associated protein 1), CYPD (cyclophilin D) and survivin, thereby exerting anti-apoptotic
functions. It also prevents AIF (apoptosis-inducing factor) mitochondrial-cytosolic
translocation and inhibits the nucleolytic activities of both AIF and endonuclease G (Fulda
et al. 2010). Hsp90 can also promote angiogenesis and metastasis through the chaperoning
of specific client targets, such as VEGF (vascular endothelial growth factor), NOS (nitric
oxide synthase) and MMP2 (matrix metalloprotease). Consequently, inhibition of Hsp90
expression triggers apoptosis through a general knock-down of pro-cancerous signaling
pathways (Whitesell and Lindquist 2005). In spite of these observations, our understanding
of Hsp90 function and how it is altered in various cancers is far from been complete. For
example, understanding of potential Hsp90 activity in cellular processes such as energy
metabolism, protein trafficking, epigenetics, and DNA quality control is still lacking (Trepel
et al. 2010). Hence, Hsp90 plays a two-faced Janus-like role in being essential for both
normal and cancer cells. However, it was nonetheless proposed as a molecular target for
anticancer therapeutics (Whitesell et al. 1994). More than a decade later, a large number of
publications have identified over 200 client polypeptides interacting with Hsp90 (for an
updated list see: http://www.picard.ch/downl-loads). The still growing list of clients points
to the fact that Hsp90 is a global regulator of cell systems (McClellan et al. 2007; Moulick et
al. 2011). Moreover, its recently discovered role, together with Hsc70, in the assembly of
RISC (RNA-induced silencing complex) (Iwasaki et al. 2010) confirms its ability to regulate
global networks (Salmena et al. 2011).

Based on the ATP-dependence of the Hsp90 chaperone machine, drugs that interact with
ATP binding sites of kinases have been tested for their ability to inactivate its chaperone
activity. Geldanamycin, which has originally been thought to function solely as a kinase
inhibitor, was reported in 1994 as the first inhibitor of Hsp90 chaperone activity that could
have clinical benefit (Neckers et al. 1999). In preclinical testing, geldanamycin proved to be
too poorly soluble and too toxic and it was rapidly replaced by less toxic inhibitors, such as
17AAG (17-allylaminogeldanamycin). In vivo, these drugs caused the destabilization and
eventual degradation of virtually all proteins chaperoned by Hsp90, albeit with vastly
differing kinetics, and showed promising antitumor activity in preclinical model systems
(Neckers 2002). Amongst the client proteins that were degraded in response to an Hsp90
inhibitor one can cite oncogenic fusion proteins, mutated and activated serine/threonine
protein kinases, tyrosine kinases, as well as transcription factors with oncogenic activity
(Georgakis and Younes 2005). Moreover, Hsp90 inhibitors attenuated several of the
compensatory mechanisms used by tumors to overcome targeted and cytotoxic therapy
(Trepel et al. 2010). The first generation of inhibitors showed elevated levels of toxicity in
cancer patients. The second-generation of inhibitors, that still required intravenous
administrations weekly, had greater bioavailability and were less toxic towards possible
liver damage. The third-generation of drugs were taken orally (such as retaspimycin
hydrochloride) and were more stable, less toxic, and had greater anticancer properties. To
date, 17 distinct Hsp90 inhibitors have been tested in clinical trials that enrolled over a
thousand patients but, unfortunately, without achieving FDA approval (Trepel et al. 2010).
The reasons for this lack of success may be multiple and essentially linked to toxicity
problems, limited drug resistance and anti-tumor efficacy, phenomena that resulted, at least
in part, of an heat shock response induction by these drugs. In that respect an interesting
example of unsuccessful drug is Tanespimycin (Erlichman 2009). Moreover, during these
clinical trials, it has not been possible to detect an Hsp90 client that was specifically
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degraded in response to drug administration. The most reliable indicator of the efficiency of
the inhibitors has been the induction of Hsp70, consequently of the release of HSF1 from its
interaction with Hsp90 (Zou et al. 1998).

Today, investigators are trying to understand why Hsp90 inhibitors were not more rapidly
successful in the clinic. Firstly, it is not surprising to note that a better care in patient
selection based on tumor dependence on Hsp90 inhibition is already proving fruitful. New
drugs that are now in clinical development are expected to have a higher specificity since
they are based on the fact that the ATPase domain of Hsp90 has little similarity to the
ATPase domains found in protein kinases or Hsp70. Another point to consider concerns our
understanding of the highly complex Hsp90 machinery and advances in this area can help in
the development of Hsp90 based therapeutic drugs. For example, currently used clinical
Hsp90 inhibitors do not enter mitochondria and thus do not alter TRAP1/Hsp90 and
consequently mitochondrial clients like survivin, a polypeptide of high interest since it
inhibits apoptosis and promotes tumorigenesis (Dohi et al. 2004; Fortugno et al. 2003;
Matassa et al. 2012). Survivin is sharply overexpressed in cancer versus normal tissues and
frequently linked to unfavorable disease outcome (Altieri 2003). Hence, chances are high
that mitochondrially-targeted Hsp90 inhibitors, like shepherdin, could have tumor-selective
cytotoxic properties. Shepherdin is a cell-permeable peptide modeled on the binding
interface between Hsp90 and survivin (Plescia et al. 2005) that destabilizes Hsp90 client
proteins and results in the breakdown of multiple cell survival pathways, such as those
depending on survivin, Akt, CDK-4, and CDK-6 (Fortugno et al. 2003). Survivin inhibitors
recently entered clinical trials. However, reservations remain regarding this approach as
recent observations suggest that survivin plays a role in normal adult cells (Kanwar et al.
2010). Hsp90 inhibitors administrated together with other chemotherapeutics drugs can also
be promising, as for example, in multiple myeloma (Mimnaugh et al. 2004; Richardson et al.
2010). The combination of different Hsp90 inhibitors could also appear efficient such as in
the case of HER2-positive breast cancer patients (Arteaga 2011). A broad view taking into
account all the physiological effects appears therefore essential in planning how best to
combine Hsp90 inhibitors with other drugs. Indeed, to generate an efficient therapeutic
effect, an inhibitor should act as a “perturbagen” that modulates not just its immediate
target, but the entire cellular machinery (Lamb et al. 2 006).

b) Hsp70—At least eight homologous chaperones belong to the human Hsp70 family. Six
family members reside in the cytosol and nucleus whereas the remaining two members
reside in the mitochondria and endoplasmic reticulum. Recent studies revealed that several
members of the family perform distinct and non-overlapping tasks that are essential for
growth and survival of cells. The most studied member of this family is the major stress-
inducible Hsp70 (Hsp70.1 or haspa1a) (Bukau and Horwich 1998; Young et al. 2004).
Structural analysis of Hsp70 chaperones reveals that they share a β-sheet cavity covered by a
helical lid, to interact with a wide spectrum of substrates ranging from oligopeptides,
unfolded polypeptides and aggregated proteins (Schlecht et al. 2011). It is now believed that
Hsp70 chaperones have flexible binding mechanism that provides a basis for the broad
spectrum of substrate conformers of Hsp70 molecules. In fact, Hsp70 molecules can not
only bind to extended peptide stretches of protein substrates but can also accommodate
regions with substantial tertiary structure. This should enable Hsp70 chaperones to have
differential interaction with many client proteins and consequently multiple roles in normal,
stressed and pathological cells. In that respect, recent data have suggested that individual
members of the Hsp70 family can bring about non-overlapping functions essential for
growth and survival of cancer cells (Daugaard et al. 2007b). Of interest, constitutively
elevated levels of Hsp70.1 are known to be a characteristic of many tumor cells and
experimental and clinicopathological data have implicated this chaperone in cancer cell
survival and tumorogenicity (Aghdassi et al. 2007; Gurbuxani et al. 2001; Jäättelä 1995;
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Jaattela et al. 1992). The molecular functions of Hsp70.1 in cancer cells are far from being
completely unraveled but at least one aspect relies on apoptosis inhibition through binding to
specific client proteins (Fig. 2). Hsp70.1 was described to act in programmed cell death
downstream of the execution protease caspase-3-like (Jaattela et al. 1998) and at the level of
apoptotic initiation by procaspase-9 recruitment to the apaf-1 apoptosome (Beere et al. 2000;
Saleh et al. 2000) (Fig. 2). In addition to Apaf-1, another well characterized binding target of
Hsp70.1 was reported to be AIF (apoptosis inducing factor), a mitochondrial intermembrane
flavoprotein that induces chromatin condensation (Ravagnan et al. 2001). The mechanism of
action towards these two client proteins is probably different since the ATP-binding domain
of Hsp70.1 is only required for binding to Apaf-1. In recent years, many other activities of
Hsp70 molecules have been discovered that regulate apoptotic pathway: for example,
Hsp70.1 can interact with mutant forms of the tumor suppressor p53, a property shared by
Hsc70 (Hsp70-8), the major constitutively expressed member of the Hsp70 family (Fourie et
al. 1997). Hsp70 also interacts with ASK1 (apoptosis signal-regulating kinase1) (Park et al.
2002) and, together with co-chaperone CHIP, it can inhibits TNFα induced apoptosis by
promoting degradation of ASK1 through formation the complex of Hsp70/CHIP/ASK1
(Gao et al. 2010). Hsp70-1 can efficiently block Bax translocation to mitochondria (Yang et
al. 2012) and a relation exists between Hsp70 and the survival kinase Akt (Koren et al.
2010) but the molecular mechanisms that are involved in these phenomena are still not well
characterized. Hsp70 has also the intriguing ability, in addition to its ability to protect
against cell death by directly interfering with mitochondrial apoptosis pathways, to sensitize
cells to certain apoptotic stimuli like the one induced by tumor necrosis factor alpha (TNFα)
(Ran et al. 2004). For example, Hsp70 over-expression in human colon cancer cells results
in the inhibition TNFα-induced NF-κB activation but in the stimulation of TNFα-induced
activation of c-Jun N-terminal kinase (JNK) through interaction with TNF receptor-
associated factor 2 (TRAF2). Consequently, in response to TNFα stimuli, Hsp70-TRAF2
interaction promotes TNFα-induced JNK activation but, through reduced recruitment of
receptor-interacting protein (RIP1) and IκBα kinase (IKK) signalosome to the TNFR1-
TRADD complex, it inhibits the activation of the transcription factor NF-κB. These events
may contribute to the pro-apoptotic roles of Hsp70 in TNFα-induced apoptosis of human
colon cancer cells (Dai et al. 2010). Another intriguing observation made in cancer cells as
well as in normal cells exposed to stress concerns a small portion of Hsp70-1 that
translocates to the lysosomal compartment where it promotes cell survival by inhibiting
lysosomal membrane permeabilization, a hallmark of stress and cancer. The lysosomal
binding target of Hsp70.1 is an endolysosomal anionic phospholipid
bis(monoacylglycero)phosphate (BMP), an essential co-factor for lysosomal sphingomyelin
metabolism (Kirkegaard et al. 2010; Petersen et al. 2010). This particular activity of Hsp70
may be of some use to counteract lysosomal storage disorders, as for example in patients
with Niemann-Pick disease, a genetic disorder associated with reduced acid
sphingomyelinase activity.

Hsp70.2, a chaperone essential for the growth of spermatocytes, was also shown to be
required for cancer cell growth and survival (Daugaard et al. 2005; Rohde et al. 2005).
Concomitant depletion of Hsp70.1 and Hsp70.2 has a synergistic antiproliferative effect
suggesting that both proteins are specifically required for cancer cells. In contrast, Hsc70
(Hsp70-8) has a more broad survival effect towards cells (normal or tumorigenic).
Remarkably, despite its high level of homology, Hsp70.2 enhances cancer cell growth and
survival by using a molecular mechanism distinct from that of Hsp70.1. For example, cancer
cells depleted for either Hsp70.1 or Hsp70.2 displayed strikingly different morphologies,
cell cycle distributions (G2/M versus G1 arrest) and gene expression profiles. Further
analysis revealed that Hsp70.2 depletion triggers lysosomal membrane permeabilization and
cathepsin-dependent death in human cancer cells (Daugaard et al. 2007a). LEDGF (lens
epithelium-derived growth factor) was then identified as an Hsp70.2-regulated guardian of

Ciocca et al. Page 8

Arch Toxicol. Author manuscript; available in PMC 2014 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lysosomal stability. Indeed, depletion of LEDGF destabilizes lysosomal membranes of
cancer cells and induces caspase-independent and Bcl-2-resistant cell death (Daugaard et al.
2007a). Hence, LEDGF appears to be a specific Hsp70.2 client protein that has as an
oncogenic role that controls a caspase-independent lysosomal cell death pathway. Indeed,
over-expression of this protein stabilizes lysosomes and protects cancer cells against
cytotoxicity induced by anticancer agents that trigger the lysosomal cell death pathway.
High levels of LEDGF have been detected in many human tumors such as human breast and
invasive bladder carcinomas where its expression correlates with that of Hsp70.2. The
pathological effect linked to LEDGF was then demonstrated by analyzing the tumorigenic
potential of LEDGF over-expressing human cancer cells in immunodeficient mice.

Another intriguing property of Hsp70 concerns its presence in the plasma membrane of solid
tumors, metastases and leukemic blasts; a phenomenon not observed in the corresponding
normal tissues (Multhoff 2007; Stangl et al. 2011). A fraction of the intracellular Hsp70 is
transported to, and anchored on the plasma membrane (Gehrmann et al. 2008; Schilling et
al. 2009) via an active mechanism that may require the translocation of phosphatidylserines
from the inner to the outer membrane leaflet (Arispe et al. 2004) and putative Hsp70
interaction with specific client proteins. Tumor cells expressing Hsp70 at the plasma
membrane are usually highly resistant to chemo- and/or radiotherapy. On the other hand,
these cells can be recognized and killed by pre-activated natural killer (NK) cells through
the release of the apoptosis-inducing enzyme granzyme B that penetrates in the cancer cell
via a perforin-independent, but Hsp70 dependent manner (Gross et al. 2003). Moreover,
membrane Hsp70 can be secreted (Pockley et al. 2003) in exosome-like vesicles (Gastpar et
al. 2005). Consequently, high levels of Hsp70 have been reported in the circulation of cancer
patients, such as those with colorectal (Kocsis et al. 2010) and prostate (Wang et al. 2004)
cancer. Plasma Hsp70 is also considered as a potential marker for predicting diseases
progression, such as in patients with chronic myeloid leukemia (CML) (Yeh et al. 2009) or
acute leukemia (Yeh et al. 2010). Hsp70 exosome-like vesicles induce the migratory and
cytolytic capacity of NK cells (Gastpar et al. 2005). However, tumor exosomes can also
exert immunosuppressive functions (Zitvogel et al. 2008) and may trigger regulatory T cells
and myeloid-derived suppressor cells (MDSC) (Viaud et al. 2008).

The inhibition of Hsp70 could be of potential value in cancer gene therapy since many
studies dealing with the use of RNA interference (RNAi) approaches have confirmed the
important role played by at least Hsp70.11 and Hsp70.2 in the growth and survival of many
cancer cells (Cai et al. 2011; Daugaard et al. 2005; Rohde et al. 2005). However, no
clinically available RNAi-based inhibitors have been tested in clinical trials. Other
approaches, targeting inhibition of intracellular or membrane Hsp70 isoforms may be
indicated. Targeting membrane Hsp70 by specific antibodies can be a successful approach
as it selectively induces antibody-dependent toxicity of the tumor cell in contact to un-
stimulated mouse spleen cells (Stangl et al. 2011). Only a few studies have been successful
in identifying drugs that have inhibitory activity towards Hsp70 deleterious pro-cancerous
activity. One example is the adenosine-derived inhibitor VER-155008 that targets the
ATPase binding domain of Hsp70 (Massey et al. 2010). This drug successfully inhibits the
proliferation of human breast and colon cancer cell lines and induces Hsp90 client protein
degradation in both HCT116 and BT474 cells. It induces caspase-3/7 dependent apoptosis in
BT474 cells and non-caspase dependent cell death in HCT116 cells. Moreover,
VER-155008 potentiates the apoptotic potential of Hsp90 inhibitor in HCT116 consequently
of the stimulated disruption of Hsp70-Hsp90-client proteins complexes. Unfortunately, in
vivo, VER-155008 is rapidly eliminated and its level in tumor never reaches the predicted
pharmacologically active level. Another study recently identified the small molecule 2-
phenylethyenesulfonamide (PES) as a novel Hsp70 inhibitor (Leu et al. 2011). In tumor cells
this drug disrupts the Hsp70/Hsp90 chaperone machines and impairs the autophagy-
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lysosome system and the proteasome pathway. Consequently, many cellular proteins,
including Hsp70 and Hsp90 client protein substrates, are functionally inactivated,
aggregated or degraded and most cancer survival pathways are inhibited. Another approach
is based on peptide aptamers that specifically target, bind and inactivate Hsp70. Peptide
aptamers that target the peptide binding and ATP-binding domains specifically inhibit
Hsp70 chaperone activity. An increase in the sensitivity to apoptosis induced by anticancer
drugs has been noted as well as a regression of subcutaneous tumors after local or systemic
injection that occurred concomitantly with an important recruitment of macrophages and T
lymphocytes (Rerole et al. 2011). These studies clearly support the idea that, in addition to
targeting Hsp90, the inhibition of Hsp70 is a new interesting therapeutic approach.
However, the consequences of these inhibitory approaches towards extracellular and
circulating Hsp70 are not known and future studies will have to clarify this point.

c) Hsp70 co-chaperones Hsp40 and Hop—Human Hsp40 comprises a family
composed of forty-one polypeptides that are highly conserved through evolution. They are
characterized by a J-domain (DNAJ in prokaryotic world) allowing their interaction with
Hsp70 chaperones (Michels et al. 1997). They act as co-chaperone and cooperate with
Hsp70 polypeptides to regulate protein folding, transport, translational initiation and gene
expression. In addition, together with Hsp70 this co-chaperone also plays essential roles in
the Hsp90 chaperone pathway (Cintron and Toft 2006). However, compared to the large
number of studies dealing with the other HSPs, the Hsp40 polypeptides have been
understudied. For example, it is known that they are expressed in several tissues and reside
at distinct intracellular locations but until recently little was known about their physiologic
roles. Of interest, it has now been reported that some members of the Hsp40 family are
involved in various aspects of cancer biology suggesting multi-faceted role of Hsp40 in
cancer (Mitra et al. 2009). Oka et al. (Oka et al. 2001) were the first to report an elevated
level of Hsp40 in a human tumor tissue (lung cancer). Moreover, autoantibodies to this
protein were detected in the serum of patients suggesting that Hsp40 in lung tumor cells may
be recognized as a self-antigen. High levels of Hsp40 and Hsp70 were then discovered in
colorectal cancer independently of clinicopathological parameters (Kanazawa et al. 2003).
In addition, one member of the Hsp40 family, JDP1 (DNAJC12/Hsp40), is highly expressed
in breast cancer cells in association to their estrogen receptor-positive status. Expression of
this protein is a result of the presence of estrogen response elements in the promoter region
of JDP1 gene (De Bessa et al. 2006). Thus JDP1 could be used as a marker of the estrogen
receptor transactivation activity and may have a predictive value for response to hormonal
therapy. A recent study dealing with the effect of 5-fluorouracil and carboplatin on the
killing of hepatoma cells has revealed that these drugs induce the expression of Hsp40 in
addition to HspB1 in Hep3B and HepG2 cells. The protective effect of these chaperones was
then demonstrated by siRNA-mediated knockdown (Sharma et al. 2009). Collectively, these
novel findings highlight the strategic implications of Hsp40 family members in cancer
biology as well as their protective role towards anti-cancer drugs. Their mode of action is
unknown but it can be speculated that they do interact with specific targets and promote
their folding/stabilization and/or degradation through Hsp70-CHIP machinery.

Hop is a co-chaperone that binds to both Hsp70 and Hsp90 (Hernandez et al. 2002). In
addition to its association with Hsp70-Hsp90 refolding machines in response to stress that
alter protein conformation, Hop plays several role in client protein stabilization involving
Hsp90- and Hsp70-dependent as well as Hsp70-Hop-Hsp90 complexes. In the cancer field,
Hop is often overexpressed such as in invasive pancreatic cancer (Walsh et al. 2011).
Indeed, siRNA mediated Hop knockdown can decrease the invasion of pancreatic cancer
cells, concomitantly with a reduced expression of matrix metalloproteinases-2 (MMP-2) and
several client proteins of Hsp90 such as HER2, Bcr-Abl, v-Src and c-MET. The current
theory is that Hop modulates key signal transduction proteins that decrease the invasiveness

Ciocca et al. Page 10

Arch Toxicol. Author manuscript; available in PMC 2014 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of pancreatic cancer cells through the possible modulation of Hsp90 activity (Walsh et al.
2011).

d) Hsp110—In eukaryotic cells, the hsp110 gene is a major member of the hsp70 family
and its expression confers cellular resistance to stress through ATP-dependent chaperone
function (Oh et al. 1999). The basal level of expression of Hsp110 is often modified in
cancer cells. For example, a poor prognosis of esophageal cancer is often associated with
reduced levels of Hsp110 expression (Nakajima et al. 2011). The reverse situation is
observed during colorectal cancer progression (Slaby et al. 2009). In that respect, a recent
study has identified a mutant of Hsp110 (HSP110DeltaE9) that is specifically expressed in a
particular form of colorectal cancer (20% of total cases) characterized by microsatellite
instability (MSI CRC) (Dorard et al. 2011). This dominant negative mutation alters Hsp110
substrate-binding domain. Hence, it inhibits wild-type Hsp110 chaperone activity and
antiapoptotic function and sensitizes cells to the anticancer agents that are routinely
prescribed to patients suffering of CRC. This mutation is a major determinant for both
prognosis and treatment of CRC pathology.

e) Hsp60—Hsp60 is a mitochondrial matrix-associated protein that is considered an
essential chaperone for the transport of proteins from the cytoplasm into the mitochondrial
matrix. Hsp60 functions in association with another chaperone Hsp10 (which also resides in
the mitochondria) (Bukau and Horwich 1998). HSPs are usually known for their pro-
survival functions although Hsp60 is controversial in this regard as both pro-apoptotic and
pro-survival functions have been reported (Cappello et al. 2008). Investigation of the role of
Hsp60 in cells exposed to apoptotic challenges revealed that it is released from mitochondria
and accelerates the maturation of pro-caspase-3 by upstream activator proteases during
apoptosis (Samali et al. 1999). It was shown that, in growing cells, some pro-caspase-3 is
present in mitochondria in a complex with Hsp60 and Hsp10. Upon exposure to apoptotic
inducers, mitochondrial pro-caspase-3 is activated and dissociates from Hsp60 and Hsp10
which are then released from mitochondria. In the cytosol, these proteins accelerate the
activation of cytoplasmic pro-caspase-3 by cytochrome c in an ATP-dependent manner, a
phenomenon consistent with their function as pro-apoptotic chaperones (Samali et al. 1999).
The pro-survival functions of Hsp60 are a more recently described activity that is
particularly efficient in primary human tumors, in contrast to normal cells where Hsp60
depletion is well tolerated and does not cause apoptosis. The first report of an abnormal
level of expression of Hs60 in a pathological human tissue was detected during colorectal
carcinogenesis (Cappello et al. 2003). This pioneer study indicated that coordinate Hsp60
and Hsp10 over-expression is an early event in carcinogenesis and that these chaperones
should play a different role in colorectal carcinogenesis compared to in normal cells. Further
studies showed distinctive patterns of expression in different malignancies: high levels in
colorectal, exocervical and prostate carcinogenesis, and colorectal cancer progression
(Cappello et al. 2007; Hwang et al. 2009). Increased expression of Hsp60 was also
significantly correlated with recurrence after radical prostatectomy (Glaessgen et al. 2008)
and with the prognosis of lung adenocarcinoma (Xu et al. 2011). However, down-regulated
levels of Hsp60 were observed during bronchial carcinogenesis (Cappello et al. 2007) and in
the invasion phenotype of head and neck cancer (Chiu et al. 2011). In these pathologies, the
loss of the tumor suppression function of Hsp60 (probably through its pro-apoptotic activity)
contributes to aggressive cancers. Hence, Hsp60 is becoming an attractive therapeutic target
(Khalil et al. 2011) and its level of expression a tool of diagnosis (Cappello et al. 2011).

Regarding the question of how cancer cells modulate Hsp60 levels, a relation between c-
Myc and Hsp60 has been discovered. Myc directly activates Hsp60 transcription through a
regulatory E-box site located in the proximal promoter of the Hsp60 gene. Of interest,
siRNA mediated repression of Hsp60 reduced transformation caused by c-Myc
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overexpression, suggesting that c-Myc may promote transformation, at least in part, through
the induction of Hsp60 expression.

The molecular mechanism for the tumor-related pro-survival function of Hsp60 is nowadays
better understood in view of recent reports describing that, in addition of being a
mitochondrial protein, Hsp60 is also present in the cytosol, the cell surface, the extracellular
space and in the peripheral blood, different locations where this chaperone has non-
mitochondrial specific functions (Cappello et al. 2008). For example, in cells committed to
BMD188-induced apoptosis, cytosolic Hsp60 level increases concomitantly with a
significant mitochondrial release. In contrast, in response to multiple other inducers, Hsp60
accumulates in the cytosol in absence of an apparent mitochondrial release. In BMD188-
induced apoptosis, Hsp60 has a pro-death role that involves caspase-3 maturation and
activation in the cytosol. In contrast, Hsp60 has a pro-survival role in apoptotic conditions
when there is no apparent mitochondrial release as its RNAi-mediated knockdown promotes
cell death (Chandra et al. 2007). In these latter conditions, Hsp60 does not associate with
caspase-3 but with pro-survival client proteins that orchestrate a broad cell survival program.
One client is the cell cycle regulator and apoptosis inhibitor survivin (Ghosh et al. 2008).
Indeed, it has been shown that depletion of Hsp60 by siRNA destabilizes survivin pool and
activates apoptosis. Hence, surviving appears stabilized by at least two chaperones, Hsp60
and Hsp90 (see above). A second client is p53 since Hsp60 depletion disrupts Hsp60-p53
complex and induces p53 stabilization that subsequently stimulates Bax-dependent apoptosis
(Ghosh et al. 2008). Recently, a third Hsp60 client has been discovered: cyclophilin D
(CypD), a component of the mitochondrial permeability transition pore (Ghosh et al. 2010).
Moreover, a multi-chaperone complex comprising Hsp60, Hsp90 and TRAP1 has been
characterized in tumor-derived but not in normal mitochondria. Depletion of Hsp60 triggers
a CypD-dependent mitochondrial permeability transition and caspase-dependent apoptosis,
Therefore, the pro-survival ability of Hsp60 selectively exploited in cancer cells results in at
least three events: stabilization of survivin, restrained p53 pro-apoptotic function and CypD-
dependent mitochondrial permeability transition. These observations favor Hsp60 as being
able to modulate key intracellular pathways of tumor cells through intracellular and
extracellular interactions with specific client proteins. Hence, future studies of the Hsp60
interactome are desirable.

Another notable observation relates to the active secretion of Hsp60 by human tumor cells
(Merendino et al. 2010). This observation is particularly relevant for cancer biology since it
is now believed that extracellular chaperones, like Hsp70, may play an active role in tumor
growth and dissemination. However, more studies are needed to confirm that this is a
general physiological phenomenon and to determine the mechanisms involved.

f) Hsp27 (HspB1) and other small HSPs—The 10 members of the family of human
small Heat shock proteins (sHSP) are characterized by several parameters, such as molecular
mass in the 20 to 40 kDa range, ability to oligomerize, an α-crystalline domain located in
the C-terminal part of the polypeptides (Ingolia and Craig 1982), a less conserved N-
terminal domain decorated with an hydrophobic WD/PF motif and phospho-serine sites
(Theriault et al. 2004) and a flexible C-terminal tail (Takemoto et al. 1993) containing a IXI/
V motif (Pasta et al. 2004). HspB1, αB-crystalline (HspB5) and HspB8 plus the less
conserved Hsp16.2 (HspB11) polypeptide (Bellyei et al. 2007) are stress inducible HSPs.
Four of them display ATP-independent chaperone activities: HspB1, αA-crystalline
(HspB4), HspB5, HspB8 and HspB11. In stress conditions, these HSPs act as holdase that
trap mis-folded proteins and avoid their aggregation and then cooperate with the Hsp70-
Hsp90 ATP refoldase machine in their refolding or elimination (Barbash et al. 2007; Bellyei
et al. 2007; Boelens et al. 2001; Carra 2009; Carra et al. 2008; Carra et al. 2005; den
Engelsman et al. 2003; Ganea 2001; Horwitz et al. 1992; Jakob et al. 1993; Markossian et al.
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2009; Parcellier et al. 2006). Expression of these sHSP induces cellular protection against
stress (heat shock, oxidative) that damage proteins (Aoyama et al. 1993; Arrigo 2001;
Landry et al. 1989; Mehlen et al. 1995; Preville et al. 1999; Rogalla et al. 1999) (Fig. 2).
Their expression also correlates with up-modulation of reduced glutathione and stimulation
of detoxicant enzymes, such G6PDH (glucose 6 phospho dehydrogenase) (Melhen et al.
1995, 1996a, Preville et al. 1999, Yan et al. 2002). In addition, HspB1, HspB4 and HspB5
regulate the cellular resistance to apoptotic conditions. Concerning HspB1 (Bruey et al.
2000a; Garrido et al. 1999; Mehlen et al. 1996b; Paul et al. 2002), the resistance originates
from its interaction with important regulators of the apoptotic pathways, such as:
procaspase-3 (Gibert et al. 2012; Pandey et al. 2000), cytochrome c (Bruey et al. 2000a; Paul
et al. 2002), Daxx (Charette et al. 2000), Stat3 (Rocchi et al. 2005), eIF4E (Andrieu et al.
2010), F-actin (Paul et al. 2002), HDAC6 (Gibert et al. 2012), Stat2 (Gibert et al. 2012),
PTEN (Cayado-Gutiérrez et al. 2012) and the general cell survival kinase Akt (Rane et al.
2001; Rane et al. 2003; Wu et al. 2007). For example, up modulation of Akt activity by
HspB1 induces the phosphorylation inhibition of Forkhead transcription factors (Jomary et
al. 2006), antagonizes Bax-mediated mitochondrial damages (Havasi et al. 2008) and
PEA-15 dependent Fas-induced apoptosis (Hayashi et al. 2012). HspB5 protects from
apoptosis by inhibiting the maturation of caspase-3 (Kamradt et al. 2001; Kamradt et al.
2002; Kamradt et al. 2005) and by inhibiting Bax and Bcl-xs translocation to the
mitochondria (Mao et al. 2004). In addition, HspB5 can block the activation of the proto-
oncogene RAS (Li et al. 2005). HspB5 and HspB4 are also described to modulate Akt,
PKCα and Raf/MEK/ERK pathways (Liu et al. 2004). However, it is intriguing to note that
HspB5 can also be pro-apoptotic since its serine59 phosphorylation prevents Bcl-2
translocation to mitochondria (Launay et al. 2010).

An important characteristics of sHSP is their constitutive expression in mammalian tissues
(Bhat and Nagineni 1989; Srinivasan et al. 1992), particularly when they differentiate
(Arrigo 2005) or in pathological conditions, such as in tumor cells where they accumulate
(Calderwood et al. 2006; Ciocca and Calderwood 2005). Indeed, through their anti-apoptotic
activities, particularly towards death receptors, such as TRAIL, TNFα and Fas (Hayashi et
al. 2012; Kamradt et al. 2005; Mehlen et al. 1995; Mehlen et al. 1996a; Mehlen et al. 1996b;
Zhuang et al. 2009), they can generate a deleterious survival effect when they are expressed
to high levels. In that respect, HspB1 is tumorigenic (Garrido et al. 1998) and stimulates
metastasis formation and dissemination (Bausero et al. 2006; Bausero et al. 2004; Blackburn
et al. 1997; Katoh et al. 2000; Lemieux et al. 1997; Gibert et al, 2012). It also provides
cancer cells with resistance to many anti-cancer drugs, which in turn, stimulate HspB1
expression (Arrigo 2000; Garrido et al. 2001; Kamada et al. 2007; Kang et al. 2008; Kase et
al. 2009; Mehlen et al. 1996b; Richards et al. 1996; Rocchi et al. 2006). Down-regulation of
HspB1 in cancer cells induces multi-nucleation (Gibert et al. 2012) and causes senescence
through the activation of the p53 pathway and induction of p21waf (Gabai et al. 2009;
O’Callaghan-Sunol et al. 2007). Short-term silencing of HspB1 also increases proteasome
activity as well as CD8+ T-cell-mediated tumor killing and memory responses that stimulate
established breast tumors regression (Nagaraja et al. 2012). Consequently, high levels of
HspB1 predict a poor clinical outcome of breast, prostate, gastric, uterine, ovarian, head and
neck tumors and those from the nervous and urinary systems. HspB1, H4 and B5 also
promote cell migration and invasion. One interesting example is HspB5, this protein is
highly expressed in human breast basal-like tumors, and induces EGF- and anchorage-
independent growth, increases cell migration and invasion, and constitutively activates the
MAPK kinase/ERK (MEK/ERK) pathway. Moreover, HspB5 expression has also the
intriguing property to transform immortalized human mammary epithelial cells that can
subsequently form invasive mammary carcinomas in nude mice that have the same aspect as
basal-like breast tumors. Hence, HspB5 is a novel oncoprotein linked to short patient
survival (Gruvberger-Saal and Parsons 2006; Moyano et al. 2006). In contrast, HspB4 has
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been described, at least in pancreatic cancer, as a negative regulator of carcinogenesis (Deng
et al. 2010). This protein modulates the activity of ERK MAP kinase and regulates AP-1
expression and activity to counteract cell transformation. In addition, HspB4 retards cell
migration and prevents tumor growth.

Tumor progression, invasion of tumor cells into surrounding tissues and dissemination to
form metastatic colonies is an other important aspect where at least HspB1 plays an
important role (Bausero et al. 2006; Bausero et al. 2004; Blackburn et al. 1997; Katoh et al.
2000; Lemieux et al. 1997). A recent striking example is the promoting effect of HspB1 in
breast cancer cells metastasis and bone tumor development (Gibert et al, 2012). In spite of
these observations, the molecular mechanism that drives Hsp27 to promote tumor
progression and metastasis is still not well understood. One hypothesis could refer to the
property of HspB1 to modulate cytoskeleton integrity and indirectly extracellular matrix
organization (Dalle-Donne et al. 2001; Mounier and Arrigo 2002; Perng et al. 1999). Two
important observations support this hypothesis: the first refers to the interaction of
cytoplasmic β-catenin with HspB1 that results in the subsequent modulation of cadherin-
catenin cell adhesion proteins (Fanelli et al. 2008). The second one concerns phosphorylated
HspB1 which mediates the activation of matrix metalloproteinase type 2 (MMP-2), an
enzyme that digests components of the extracellular matrix surrounding tumor masses and
subsequently stimulates tumor cells invasion (Xu et al. 2006).

The multiple roles of sHSP, particularly HspB1, raise an immediate question: how these
proteins can achieve such a huge endeavor? Are they bearing multiple enzymatic activities
in addition to the chaperone one? Or could their apparent pleotropic activities be a
consequence of indirect effects resulting of their ability to bind and modulate client protein
targets? Recent observations are in favor of the second hypothesis. This is based on the
recently described interaction of HspB1 with many crucial cell regulators (see Table 1) that
are subsequently modulated in their activity and/or half-life. For example, HspB1 can
modulate client proteins that are essential to apoptotic cell death as well as tumorigenic and
metastatic processes, such as pro-caspase3 (Gibert et al. 2012), cytochrome c (Bruey et al.
2000a), Daxx (Charette et al. 2000), Stat3 (Rocchi et al. 2005), HDM2 (O’Callaghan-Sunol
et al. 2007), eIF4E (Andrieu et al. 2010), HDAC6 (Gibert et al. 2012), Stat2 (Gibert et al.
2012), Akt (Rane et al. 2001; Rane et al. 2003; Wu et al. 2007), Her2 (Kang et al. 2008),
PTEN (Cayado-Gutiérrez et al. 2012), β-catenin (Fanelli et al. 2008) and several others (see
Table 1). Modulation of the half-life of the client polypeptides is frequent but this is not a
general rule since HspB1 can also regulate their enzymatic activities (Charette and Landry
2000; Rane et al. 2003) or modifications (Brunet Simioni et al. 2009). Such a behavior
resembles that of Hsp90 and its interacting partners (Georgakis and Younes 2005; Neckers
et al. 1999). However, how sHSP could specifically recognize so many protein targets and
modulate their half-life or activities? In case of HspB1, one possibility could be that the
complex changes in its oligomerization and phosphorylation status are key parameters that
modulate its ability to interact with client substrates (Paul et al. 2010). Indeed, in response to
transient changes in the cellular environment, HspB1 native size and phosphorylation are
deeply changed. Of importance, these changes are reversible and specific to the
modifications of the cellular environment (or stress) sensed by the cell (Arrigo 2011; Paul et
al. 2010). The same conclusion was reached by structural analysis. It was found that an
astonishing 300 different stoichiometries are possible to interact with putative client proteins
(Stengel et al. 2010). The structural heterogeneity of sHSP not only makes the system quite
distinct in behavior to ATP-dependent chaperones, but also renders it difficult to analyze by
conventional structural biology approaches. Taken together, these observations suggest that
fluctuations in HspB1 quaternary structures could act as a sensor of the cellular
environment. The dynamic plasticity in HspB1 structure would then favor the recognition of
the more appropriated client proteins hence allowing the cell to respond and/or adapt to the
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challenge. Moreover, such a model could explain the multiple unrelated cellular effects
associated to HspB1 over- or under-expression that are described in the literature. In that
respect, it should be noted that complex oligomeric properties also characterize Hsp90, the
well-know chaperone prone to interact with client proteins (Lee et al. 2011). Some
information is already available concerning the structural organization of HspB1 that
recognizes some client polypeptide (see Table 1). For example, the active form of HspB1
that interacts with Daxx is the small oligomer form (Charette and Landry 2000) while
HspB1 interaction with either pro-caspase3, Stat2 or HDAC6 results in the formation of
larger complexes (Gibert et al. 2012). Phosphorylation also appears important for interaction
with GATA-1 (de Thonel et al. 2010) or AUF1, an AU-rich element (ARE)-binding protein
(Knapinska et al. 2011). Moreover, the small phosphorylated oligomers appear to be the
active form that has F-actin capping activity, negatively modulates F-actin fibers growth and
protects F-actin integrity in stress conditions (Mounier and Arrigo 2002). Unfortunately, in
most of the studies reported in the literature the phosphorylated status of HspB1 has not
been determined, particularly in relation to the oligomeric status of the protein. This is a
crucial point since it has recently been demonstrated in cells exposed to different apoptotic
inducers, that HspB1 has multiple possibilities of forming differentially phosphorylated
oligomers; a phenomenon which probably reflects the different and inducer-specific anti-
apoptotic strategies set up by this protein (Paul et al. 2010). Hence, future studies will have
to characterize the structures formed by HspB1 when it interacts with the most crucial client
targets.

Two particular properties should be noted as they increase the complexity of the sHSP
world: i) the relationships between structural organization, holdase activity and changes in
response to modifications of the cellular environment are not well conserved between the
different members of the family (Ahmad et al. 2008; Aquilina et al. 2004; Horwitz et al.
2004; Koteiche and McHaourab 2003; Liang and Akhtar 2000; Paul et al. 2010; Rogalla et
al. 1999). ii) sHSP can form mosaic oligomeric structures with the other members of the
family. Thus, multiple combinatorial phosphorylated mosaic structures could bear specific
protein target recognition abilities (Michiel et al. 2009; Saha and Das 2004; Simon et al.
2007; Sun and Liang 1998; Sun et al. 2006; Zantema et al. 1992). Another consequence is
the dominant effect of a mutated small HSP towards the other members of the family (Bruey
et al. 2000a; Diaz-Latoud et al. 2005). Unfortunately, only few of these mosaic structures
have been characterized yet. Hence, it is reasonable to declare that today we are far from
having a clear understanding of sHSP dynamic interactome.

In cancer, HspB1 is now well established as being a therapeutic target. This was
demonstrated by approaches aimed at decreasing HspB1 expression by anti-sense DNA
vectors (Aloy et al. 2007; Paul et al. 2002) and RNAis, such as OGX 437 RNAi molecules
(Oncogenex Inc). These approaches sensitized cancer cells to apoptotic inducers, anticancer
drugs and radiations. Decreased tumorigenic and metastatic potentials of several cancer cells
have been observed (Bausero et al. 2006; Kamada et al. 2007; Kaur et al. 2011; Kim et al.
2007; Lee and Lee 2010; Rocchi et al. 2006; Straume et al. 2012)(Gibert et al, 2012). RNAi
targeting is believed to destabilize HspB1 interactome leading to the inactivation,
destabilization and/or degradation of inappropriate, tumorigenic and/or metastatic client
proteins. In that respect, it has recently been proposed that HspB1 plays a key role in the
balance between tumor dormancy and tumor progression, mediated by tumor-vascular
interactions (Straume et al. 2012).

The search for drugs that inactivate HspB1 deleterious activity without interfering with its
level of expression is now beginning. This approach has been considered feasible since, for
example, exogenous dominant-negative mutant can knock out the activity of endogenous
wild-type HspB1 through formation of inactivated mosaic complexes (Bruey et al. 2000a;
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Diaz-Latoud et al. 2005). Hence, molecules that can mimic dominant mutant and destabilize
HspB1 structure and its associated network of interacting polypeptides are actively searched
for. The targets can be the oligomeric status or crucial modifications, such as the
argpyrimidine modification which modulates HspB1 ability to bind cytochrome c (Padival et
al. 2003). The peptide sequence that characterizes the binding domain of a client protein is
another possible way to tackle the problem, one example is the seven amino acids of the
PKC delta V5 region which inhibit HspB1-induced resistance against DNA damaging agents
and cisplatin (Kim et al. 2007; Lee and Lee 2010). Testing existing drugs can sometime be
successful, as for example the anti-viral drug RP101 (Bromovinyldeoxyuridine, Brivudine)
which has recently been reported to improve the efficiency of human pancreatic cancer
chemotherapy through a specific interaction with HspB1 (Heinrich et al. 2011). RP101. This
drug, which recognizes two phenylalanine residues (Phe29 and Phe33) in the N-terminal
domain, inhibits HspB1 interaction with pro-cancerous binding partners and stimulates
caspases activation. Peptide aptamers (Colas et al. 1996; de Chassey et al. 2006) that
specifically recognize HspB1 is another possibility. In that respect, two peptide aptamers
that perturb the oligomerization of HspB1 have found to down-regulate its anti-apoptotic
activity and ability to stimulate cellular radioresistance (Aloy et al. 2007; Gibert et al. 2011).
Of interest, in vivo, these peptide aptamers are more efficient to reduce tumor growth (oral
squamous carcinoma non-metastatic SQ20B cells) than HspB1 depletion (Gibert et al.
2011). This suggests that HspB1 poisoning is probably more efficient than its depletion that
could be overcome through activation of complementary protective mechanisms. Based on
their particular sequences, peptide aptamers could represent a first step towards the
engineering of functional peptido-mimetic drugs. However, due to HspB1 dynamic
plasticity, particularly in tumor cells (Bruey et al. 2000b), and ill-defined structure of its
oligomers, challenging studies will be needed until theoretical designed active molecules
could specifically destroy HspB1 interaction with a particular pathological client. The use of
technologies resulting in a broad inhibition of HspB1-client interaction may indeed prove to
be disappointing as it is now observed for the inhibitors of Hsp90 chaperone activity which
induce only modest effects in most of the cancer clinical trials that have been reported to
date.

Fig. 2 summarizes the main apoptotic pathways that are under the control of HSPs.

(4) Clinical implication of the HSF1>HSP system in cancer
a) From tumor cell initiation to clinical behavior—The clinical applications of HSPs
in cancer have expanded considerably in recent years; here we will mention examples of the
articles that have been published in this field (Table 2).

The recent publications affirm and expand the main concepts elucidated in previous review
of this area (Ciocca and Calderwood 2005), namely that the HSPs have diagnostic,
prognostic, predictive, and treatment implications in cancer depending on the type of
malignancy, the HSP analyzed, and the molecular context. Ciocca et al. (2010) reviewed the
clinical correlations of HSPs in prostate cancer. Some HSPs appear as interesting serum
markers. For example Cappello et al. (2011) have reviewed the implications of Hsp60 in
colorectal cancer.

Here we present the molecular contexts by which the HSPs participate in the clinical
behavior of cancers.

Carcinogenesis to invasion: HSPs can participate in the initiation and promotion of cancer.
Chromium can cause hepatocarcinogenesis and Hsp27 and Hsp70 are among the indicators
of the carcinogenic process (Lee and Lim 2012). In this study the authors reported that SJSZ
glycoprotein attenuated the activity of Hsp27, Hsp70, PKC, MAPKs, and PCNA in
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hepatocytes and liver tissue suggesting that SJSZ glycoprotein might be a preventive agent
against hepatocarcinogenesis induced by oxidative stress. Epstein-Barr virus infection has
been involved at an early stage of gastric carcinogenesis and this viral infection upregulates
the phosphorylation of Hsp27 via the PI3K/Akt pathway (Fukagawa et al. 2008). Another
oncogenic virus, HPV18, has also been associated with overexpression of Hsp27 (Lo et al.
2007). In a skin cancer experimental model, Hsp27 was identified as one of the proteins
implicated during tumor promotion induced by the synthetic pyrethroid insecticide
cypermethrin (George et al. 2011).

Alterations in the phosphorylation pathways are among the key molecular lesions that
influence the behavior of cancer cells. For example Hsp27 phosphorylation followed by p38
MAPK activation was required for TGF beta1-induced migration of mouse dental papilla-
derived MDPC-23 cells (in addition, Hsp27 itself contributed to cell migration) (Kwon et al.
2010). SPARC (secreted protein, acidic and rich in cysteine) modulates cell-matrix
interactions influencing cell adhesion and migration. In colorectal cancer stromal SPARC
expression inversely correlated with VEGF-A expression and positively correlated with
HSP27 expression (Yoshimura et al. 2011). In gliomas, SPARC promotes invasion up-
regulating the p38 MAPK/MAPKAPK2/Hsp27 signaling pathway which promotes cancer
cell survival by up-regulating pAKT (Hsp27 and AKT interact to regulate the activity of
each other) (Golembieski et al. 2008, Schultz et al. 2012, McClung et al. 2012). And there is
evidence that down regulation of Hsp27 can cause up-regulation of phosphatase and tensin
homologue (PTEN) which has tumor suppressor activity as protein tyrosine phosphatase and
as phosphatidylinositol phosphate (PIP) phosphatase (negatively regulating the PI3K/Akt
signaling pathway) (Cayado-Gutierrez et al. 2012). These authors have suggested an
interaction between Hsp27 and PTEN.

Another example is the influence of the HSPs on the relations of cancer cells and the normal
cells that form the niche (Nagaraja et al. 2012). These authors showed that the
overexpression of Hsp25/Hsp27 caused repression of normal proteasome function, induced
poor antigen presentation, and resulted in increased breast tumor burden. When Hsp27 was
decreased, the proteasome activity increased as well as the CD8+ T-cell-mediated tumor
killing and the memory responses. In addition the cytokine IFN-gamma suppresses Hsp27
basal transcription and promoter activity enhancing hyperthermia-induced tumor cell death
in vitro and tumor suppression in vivo (Oba et al. 2008).

Stem cells: Cancer stem cells (tumor-initiating cells) are responsible to maintain the tumor
cell population, are a source of metastasis, and are difficult to kill by anticancer therapies.
Increased activation of p38MAPK, MAPKAPK2, and Hsp27 was observed in lung cancer
stem cells compared with non-stem control cells and the stem cells exhibited significantly
decreased apoptotic response to treatment with superoxide, cisplatin, gemcitabine, or a
combination of cisplatin and gemcitabine (Hsu et al. 2011). In breast, high intracellular
aldehyde dehydrogenase activity and positivity for CD24-CD44+ helped to identify cancer
stem cells, and Hsp27 seems to contribute to the maintenance of these cells (Wei et al.
2011). These authors have shown that knockdown of Hsp27 suppressed epithelial-
mesenchymal transition signatures (decreasing the expression of snail and vimentin and
increasing the expression of E-cadherin), and the nuclear translocation as well as the activity
of NF-κB. The cancer stem cells interact (cross-talk) with the extracellular matrix harboring
fibroblasts, endothelial cells and inflammatory cells which provide the adequate niche
resulting in the stem cell behaviors: proliferation, differentiation, migration and dormancy
(Lander et al. 2012). The cross-talk between the stroma and tumor cells has been shown in a
recent study, the presence of caveolin-1 in the tumor microenvironment modulated tumor
development, suggesting that stromal caveolin-1 expression may be a potential therapeutic
target and a valuable prognostic indicator of breast cancer progression (Sloan et al. 2009).
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The onset of mammary tumors driven by Her-2/neu expression was accelerated in mice
lacking caveolin-1, concomitant with a significant reduction in the extent of apoptosis
(Ciocca et al. 2012). The authors reported that Bcl-2, Bax, and survivin levels in the tumors
were not different but that the amount of Hsp70 was almost double in the caveolin-1 −/
−tumors. In contrast, Hsp27/Hsp25 levels were significantly lower in the caveolin-1 −/−
tumors. These results demonstrate that the disruption of the caveolin-1 gene can cause
alterations of specific HSPs as well as tumor development.

Figure 3 shows a summary of the implications of the HSF1 / HSP system in the behavior of
the cancer cells.

b) Resistance to anticancer therapies—Since HSP members play essential roles in
cell survival and preventing misfolding and aggregation of proteins, it may not be surprising
that they are involved in the resistance to anticancer therapy.

Chemotherapy: Cancer cells have the potential to acquire resistance to chemotherapy
through acquisition of multidrug resistance (MDR). One of the main MDR mechanisms
involves the cellular efflux of chemotherapeutic agents mediated by the overexpression of
the ATP-Binding Cassette (ABC) transporters: ABCB1/P-glycoprotein (MDR1), the ABCC/
multidrug resistance protein (MRP) family, and the ABCG2/breast cancer resistance protein
(BCRP) (Takara et al. 2012). One of the first questions here is whether the proteins/genes of
the ABC transporter are linked to the HSP response. Indeed, HSF1 is an inducer of the MDR
response in cell culture (Tchénio et al. 2006). The induced MDR phenotype occurs in the
absence of heat shock or cellular stress, independently from the canonical heat shock-
activated mechanism involved in HSP induction, suggesting a novel HSF1 action at the
posttranscriptional level. In addition, yeast HSF can activate the expression of PDR3,
encoding an MDR transcription factor that also directly activates RPN4 gene expression,
which in term encodes a transcription factor that activate the expression of a number of
genes encoding proteasome subunits (Hahn et al. 2006). These authors suggest a close
linkage between stress responses and pleiotropic drug resistance, at least in yeast due to the
overlapping transcriptional regulatory networks involving HSF, Yap1 and Pdr3.

Another link between MDR and HSPs has been reported in doxorubicin-resistant MCF-7
cells (Kanagasabai et al. 2011). In these cells the transcriptional activation HSF1 and
expression of HSPs (including Hsp27 which is normally known to augment proteasomal p53
degradation) are inhibited, resulting in the accumulation of transcriptionally active mutant
p53. A consequence of mutant p53 accumulation is the induction of the MDR1 gene
(directly or NF-κB-dependent). This pathway is abrogated by forced Hsp27 expression.

These mechanisms of drug resistance are independent of the mechanisms implicating HSP
overexpression directly with drug resistance (Ciocca et al. 1992). A more recent article has
associated Hsp27 with inhibition of cisplatin-induced apoptosis in hepatocellular carcinoma
cell death through autophagy activation (Chen et al. 2011). Both Hsp27 and Hsp70 (and
other HSPs) can block apoptosis therefore it is complicated to maintain the fine tuning in
HSP expression levels to allow the drugs to effectively kill cancer cells. In line with this,
Fujita et al (2011) reported in MCF-7 cells that survived to doxorubicin that the POU4F2/
Brn-3b transcription factor is increased with concomitant increases in Hsp27 expression.
The POU4F2/Brn-3b transcription factor is required to maximally trans-activate Hsp27 and
is elevated in >60% of breast cancers altering growth and behavior of cancer cells by
regulating distinct subsets of target genes. The authors also reported that the
unphosphorylated Hsp27 protein promoted the survival and migration of the breast cancer
cells. In a recent study on drug resistance using different cell lines, Skalnikova et al (2011)
reported that Rho GDP-dissociation inhibitor 2, Y-box binding protein 1, and the HSP70/90
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organizing protein have a role in the resistance to cyclin-dependent kinases inhibitor. Figure
4 shows the main mechanisms implicating the HSP response with resistance to
chemotherapy drugs.

Many chemotherapeutic drugs are genotoxic through induction of DNA damage. A number
of efficient mechanisms exist to correct mutations and prevent the consequences of DNA
damage, including: a) direct DNA damage reversal, b) base excision repair, c) mismatch
repair, d) nucleotide excision repair and e) homologous and non-homologous recombination.
Nadin and Ciocca (2010) have reviewed the participation of HSPs in DNA repair and the
implications in cancer therapy and drug sensitivity. Some of the HSPs can enter the nucleus
and it is apparent that although the HSPs are not capable of repairing DNA damage
independently, they efficiently contribute to DNA repair as part of their molecular
chaperone function, interacting positively with DNA repair proteins. Nadin et al. (2007)
reported in peripheral blood lymphocytes of cancer patients that the mismatch repair
proteins hMLH1 and hMSH2 colocalize with Hsp27 and Hsp72. HSPs accomplished a
cytoprotective function in pre-chemotherapy peripheral blood lymphocytes (heat shock
before doxorubicin or cisplatin treatment), but not in post-chemotherapy samples. In
cisplatin-treated patients the Hsp27 nuclear/cytoplasmic ratio was related to disease free
survival and overall survival, and hMSH2 correlated with overall survival. The results point
to the utility of these molecules and of the comet assay as possible predictive biomarkers.
Table 3 shows recent examples targeting the HSF1-HSP systems for obtaining a more
effective anticancer therapy. Recent reviews targeting HSPs and including patents in
humans have recently been published (Tutar 2011, Kim and Kim 2011).

Radiotherapy: The integrity of p53 is essential for damaged cells to enter apoptosis and
senescence and we mentioned earlier that HSPs mediate resistance to these processes.
Moreover, Hsp27 can augment proteasomal p53 degradation while Hsp90 is a key molecular
chaperone of several pro-oncogenic pathways including Akt, Raf-1, and mutated p53. Thus
cancer cells overexpressing Hsp27, Hsp70, Hsp90 and decrease wild type p53 are prone to
be resistant to radiotherapy. Indeed, Hunt et al (2004) showed increased levels of
spontaneous and radiation-induced chromosomal aberrations in mouse fibroblasts with
hsp70.1 and hsp70.2 knockout, suggesting these proteins to be involved in maintaining
genome stability. Hsp27 is significantly up-regulated in patients with radioresistant
nasopharyngeal carcinomas (Wu et al. 2012). Cancer cells treated with antisense Hsp27
cDNA or with anti Hsp27 peptide had a significantly increased sensitivity to radiation, with
concomitant decrease in glutathione basal levels which are associated with detoxification of
reactive oxygen species (Teimourian et al. 2006, Aloy et al. 2008, Lee at al. 2011). Hadchity
et al. (2009) showed in vivo that targeting Hsp27 (which induced Akt inactivation) can
cause radiation sensitization of head and neck squamous cell carcinoma. This is in
agreement with the results reported by Choi et al. (2011) in human non-small lung cancer
xenografts. Finally, radioresistant head and neck cancer sublines (established by fractionated
irradiation) showed up-regulation of Gp96, Grp78, Hsp60 and that Gp96 knockdown
enhanced the in vitro and in vivo radiosensitivity (Lin et al. 2010).

On the other hand, a balance in HSP expression levels appears important to obtain effective
cancer cell killing. For example, heat shock and ionizing radiation can increase the
susceptibility of cancer cells to NK cell-mediated cytotoxicity (Kim et al. 2006). These
authors reported that heat shock and ionizing radiation enhanced NKG2D ligands (rendering
target cells sensitive to NK cell attack) while Hsp70 was induced by heat shock but not by
ionizing radiation. Thus the induced Hsp70 might be helping to present the tumor associated
antigens (TAAs) of the damaged cells but that the levels should not be so high to prevent
apoptosis or senescence. In addition, heat shock treatment can induce Hsp70 which interacts
with the catalytic unit of telomerase (hTERT) extending the life span of the cancer cells.
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Thus inactivation of telomerase before combined hyperthermia and radiotherapy could
improve tumor cell killing (Agarwal et al. 2008). Laszlo et al (2009) reported that Hsc70
modulates the magnitude of heat radiosensitization. Ionizing radiation can kill cancer cells
through producing DNA damage and HSPs can counteract this effect improving several
DNA repair mechanisms. Fig. 5 shows a summary of the main mechanisms of radiation
resistance due to the HSP response.

Hormonotherapy: Prostate and breast cancer are among the most frequent malignancies in
humans, are often hormone-dependent and thus responsive to anti-hormonal therapies. One
might ask therefore, do HSPs have a role in hormone pathways? The answer appears to be
yes, as HSPs are involved in the folding, activation, trafficking and transcriptional activity
of most steroid receptors (Tao and Zheng 2011). Hsp27 is important for estrogen receptor
alpha trafficking and functioning at the plasma membrane (Radanzi et al. 2010). An
important question now is therefore whether HSPs are involved in resistance to
hormonotherapy? This appears to be the case, at least in prostate cancer (Table 4) (Ciocca et
al. 2010).

Regarding breast cancer, using tamoxifen-resistant cancer cells, Giordano et al. (2011)
showed that the activation of the farnesoid X receptor (FXR) by the primary bile acid
chenodeoxycholic acid (CDCA) or the synthetic agonist GW4064, inhibited the growth of
the tumor cells, through downregulation of Her-2/neu expression. This shows that Her-2/neu
is an important mediator of resistance to endocrine therapy with tamoxifen, which has been
shown in the clinic (Ciocca et al. 2006). The interesting relations between Her-2/neu with
the HSF1/HSP response are beginning to be elucidated. Zhang et al. (2007) reported that the
phosphorylation of Ser78 of Hsp27 correlated with Her-2/neu status and lymph node
positivity in Her-2/neu positive breast cancers. Moreover, Kang et al. (2008) reported that
upregulated Hsp27 in human breast cancer cells reduces trastuzumab (Herceptin)
susceptibility by increasing Her-2/neu protein stability. The cell surface tyrosine kinase
receptors c-erbB-3 and c-erbB-4 (once activated, for example with heregulin) form dimers
with the “ligandless” Her-2/neu. Heregulin has been found to be a potent inducer of HSF1
activity and of HSP synthesis in breast cancer cells, and HSF1 activation plays a role in the
tumorigenic changes induced by heregulin (Khaleque et al. 2008). In addition, HSF1
associates with metastasis associated protein 1 (MTA1) on the promoters of genes as well as
other molecules involved in gene repression (HDAC1, HDAC2) in a manner that is
enhanced by either heregulin or heat shock. Estrogen receptors, although promoting the
growth of breast cancer cells are less associated with invasion/metastasis and estrogen
receptor-induced gene expression is involve in this effect. Heregulin can overcome the
protective effects of estrogen receptors and at least a component of this appears to be due to
MTA1 repression of estrogen regulated element dependent transcription, HSF1 and MTA1
cooperate in gene repression. These two proteins are co-expressed in human breast cancer
biopsy samples (Khaleque et al. 2008).

Immunotherapy: There is consensus that as part of their molecular chaperone function,
HSPs can bind and present tumor associated antigens to professional antigen presenting cells
through MHC class I and class II molecules. Therefore, HSPs are being exploited as
important anticancer vaccine adjuvants for the activation of anti-tumor CD8+ and CD4+ T
cells. This topic has been reviewed recently (Ciocca et al. 2012). On the other hand, HSPs
through their chaperone function may increase the stability of proteins that are target of
antibodies interfering with the anticancer effect (Kang et al. 2008).
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Conclusions
The HSF/HSP system is thus implicated in many crucial steps in tumorogenesis, being
associated with a disparate range of tumor initiators and promoters. This system has thus
emerged as a source for potential biomarkers of cell transformation and tumorogenesis. HSP
expression levels may be useful in characterizing certain cancer cells, and cancer cell types/
subtypes. However, the HSP response in cancer is very versatile and can change in different
malignant tissues and in individual tumor cell populations (tumor cell heterogeneity). As a
consequence, there can be confusion regarding the role(s) that the HSPs play under
individual circumstances. HSPs can appear as biomarkers of cell differentiation (good and
poor), markers of cancer stem cells, or indicators of disease prognosis (good and poor). In
addition, the results obtained so far strongly indicate that the HSF/HSP system is implicated
in the response of cancer cells/tissues to anticancer therapy.

The challenges now are multiple. Firstly it remains to be convincingly determined if the
HSF/HSP system is useful as a source of molecular markers to predict which cancer type
and patient in particular will be most benefit with an individualized anticancer strategy.
However, this is not an easy task, and in the studies both of HSPs and of other molecular
markers there have been contradictory findings. For example, Hsp27 overexpression in
pancreatic cancer cells has been linked with increased sensitivity to gemcitabine (Schäfer et
al. 2011) and with increase resistance to the same drug (Mori-Iwamoto et al. 2007), opening
the door to the study of the phosphorylation status of Hsp27 to determine its role in
gemcitabine-induced growth suppression of pancreatic cancer (Nakashima et al. 2011).
Another challenge is to design the most appropriate approach to pharmacologically perturb
the HSF/HSP system in order to promote cancer cell killing while minimizing effects on the
normal cell. Finally, understanding mechanisms whereby the HSF1 and HSP transcriptional
system is activated in cancer may permit rational approaches to therapy based on this target.
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Fig.1.
The HSF1 / HSP transcriptome regulates multiple traits associated with malignant
transformation and tumorigenesis.
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Fig. 2.
A circuit diagram of the programmed cell death pathways observed in cancer indicating the
involvement of HSPs at multiple stages.
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Fig. 3.
Role of HSF1 and HSPs in cancer cell biology. Activation of HSF1 and elevated expression
of HSPs may mediate multiple stages in malignant cell development, including normal cell
transformation, stemness, EMT, angiogenesis and metastasis. (NC: normal cell; CSC: cancer
stem cell; EMT: epithelial mesenchymal transition)
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Fig. 4.
Potential roles for HSF1 and HSPs in drug resistance of cancer cells. (Left side) HSF1
appears to regulate multiple pathways involved in expression of the multiple drug resistance
phenotype (MDR) that leads to escape from chemotherapy mediated cell killing. (Right side)
HSPs, most notably HSP27 and Hsp70 can suppress the activity of p53 and reduce apoptosis
and senescence associated with transformation as well as therapy.
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Fig. 5.
Potential role for HSPs in the resistance to radiation therapy, through: (1) mediation of p53
expression, (2) fostering of angiogenesis and oxygen supply, (3) elevation in glutathione and
reduction in oxidative stress and (4) fostering of telomerase and reduction in chromosome
damage.
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Table 1

Hsp27(B1) client proteins

Interacting Clients Functional Effect HspBl structure  References

HspB5 HspB5 stabilization Mosaic oligomers (Fu and Liang 2003)

Her2 Her2 stabilization nd (Kang et al. 2008)

Stat-2 Stat-2 stabilization 200-600 kDa (Gibert et al. 2012)

Stat-3 Stat-3 stabilization nd (Rocchi et al. 2005)

Androgen Receptor AR stabilization nd (Zoubeidi et al. 2007)

Caspase-3 Pro-caspase-3 stabilization 150-200 kDa (Pandey et al. 2000) (Gibert et al. 2012)

HDAC6 HDAC6 stabilization 500-700 kDa (Gibert et al. 2012)

Cytochrome c Inhibition APAF nd (Bruey et al. 2000a)

Daxx Inhibition Daxx activity Small oligomers (Charette and Landry 2000)

PEA-15 Inhibition Fas apoptosis nd (Hayashi et al. 2012)

PTEN Increase PTEN level nd (Cayado-Gutierrez et al. 2012)

Akt, P38, MK2 Akt activation nd (Wu et al. 2007)

GATA-1 GATA-1 degradation Phospho-HspB1 (de Thonel et al. 2010)

AUF1 AUF1 degradation Phospho-HspB1 (Knapinska et al. 2011)

p27kip1 p27kip1 degradation nd (Parcellier et al. 2006)

Smad Smurf2 HspB1 degradation nd (Sun et al. 2011)

Ubiquitin Protein degradation nd (Parcellier et al. 2003)

GranzymeA Stimulation activity Monomers/dimers (Beresford et al. 1998)

F-actin Chaperone F-actin Small P-oligomers (Mounier and Arrigo 2002)

GFAP Inhibition IF interaction nd (Perng et al. 1999)

Factor XIII Platelet FXIII regulation Phospho-HspB1 (Zhu et al. 1994)

eIF4G Inhibition translation nd (Cuesta et al. 2000)

eIF4E Tumor cell survival nd (Andrieu et al. 2010)

β-catenin Tumor invasion, Metastasis nd (Fanelli et al. 2008)

TRAF6 TRAF6 ubiquitination Phospho-HspB1 (Wu et al. 2009)

HSF-1 HSF sumoylation Large oligomers (Brunet Simioni et al. 2009)

Ubc9 HSF sumoylation Large oligomers (Brunet Simioni et al. 2009)

ERβ Estrogen signaling Phospho-HspB1 (Al-Madhoun et al. 2007)

β-amyloid Inhibition aggregation nd (Wilhelmus et al. 2006)

α-synuclein Inhibition aggregation nd (Bruinsma et al. 2011)

RhoA, PKCα Muscle contraction Phospho-HspB1 (Patil et al. 2004)

PKCΔ Cell sensitization nd (Lee and Lee 2010)

XPORT Transport of TRP and Rh1 nd (Rosenbaum et al. 2011)

p90Rsk HspB1 phosphorylation nd (Zoubeidi et al. 2010)

Phk nd Small oligomers (Chebotareva et al. 2010)

CD10 nd nd (Dall’Era et al. 2007)

Tubulin nd nd (Hino et al. 2000)

nd: not determined; CD10: 100 kDa transmembrane metallo-endopeptidase; p90rsk: p90 ribosomal S6 kinase; IF: intermediate filaments; GATA-1:
globin transcription factor 1; HSF-1: heat shock factor 1; GFAP: glial fibrillary acidic protein; DAXX: death domain-associated protein 6; STAT2,
3: signal transducer and activator of transcription 2, 3; Fbx4: Fbox only protein 4; eIF4E, eukaryotic translation initiation factor 4E; eIF4G:
eukaryotic translation initiation factor 4G; Smad-Smurf2: Smad ubiquitination regulatory factor 2; Factor XIII: transglutaminase, platelet Factor

Arch Toxicol. Author manuscript; available in PMC 2014 January 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ciocca et al. Page 47

XIII; PhK: rabbit skeletal muscle phosphorylase kinase; XPORT: exit protein of TRP and Rh1; TRP: transient receptor potential channels; Rh1:
rhodopsin; MK2: MAPK-activated protein kinase-2; P38: P38 MAP Kinase; TRAF6: tumor necrosis factor receptor-associated factor 6; AR:
androgen receptor; ERβ: estrogen receptor β. PKCΔ: protein kinase C Δ. Akt: also known as protein kinase B (PKB); Her2: Human Epidermal
Growth Factor Receptor-2; HDAC6: histone deacetylase 6; p27kip1: cyclin-dependent kinase inhibitor p27kip1; PEA-15: astrocytic
phosphoprotein PEA-15; PTEN: phosphatase and TENsin homolog.

Arch Toxicol. Author manuscript; available in PMC 2014 January 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Ciocca et al. Page 48

Table 2

Examples of recent clinical studies evaluating HSPs

Cancer type Main observations Author

Bladder cancer
(n=68)

Hsp60 (and IL-13) as urinary marker (immuno-
assay) for diagnosis and staging

Margel et al. 2011

Bladder cancer
(n=54)

Hsp60 expression prior to neoadjuvant chemo-
radiotherapy predicts good pathological response

Urushibara et al. 2007

Breast cancer
(n=1,841)

>HSF1 nuclear levels in estrogen receptor-positive
tumors is associated with poor survival

Santagata et al. 2011

Breast cancer
(n=107)

Autoantibodies against Hsp60 more frequently
found in DCIS (higher grade) and early breast
cancer. In tissues: >Hsp60 with increasing stages
of carcinogenesis.

Desmetz et al. 2008

Cholangiocarcinoma >Hsp27 and Hsp70 bile levels (immunoassay)
in intraepithelial neoplasia and in cancer
patients (but not in the serum)

Sato et al. 2012

Colon carcinomas
of all stages (n=355)

>Hsp27 and Hsp70 expression associated
with worse clinical outcome

Bauer et al. 2012

Colon cancer >Hsp27 (mRNA/protein) in right sided colon
cancer (molecular genetic basis for onco-
biological difference in left sided colon
cancer and right sided colon cancer?)

Pei et al. 2011

Colorectal cancer
(n=112)

> Hsp60 serum levels (immunoassay) in cancer
patients

Hamelin et al. 2011

Colorectal cancer
(n=175)

>Hsp27 correlated with poor prognosis Wang et al. 2011

Colorectal cancer
(n=182)

>Hsp27 correlated with poor survival Yu et al. 2010

Colorectal cancer
(n=404 and n=315)

>Hsp27 correlated with poor survival in rectal
cancer BUT not in colon cancer

Tweedle et al. 2010

Colorectal cancer
(n=50)

Hsp110 up-regulation associated with lymph
node involvement. Negative trend of Hsp110
mRNA levels with overall survival

Slaby et al. 2009

Esophageal cancer
(n=124)

HSP110 correlated inversely with depth of invasion
LN metastasis, pathological stage, lymphatic
invasion, blood vessel invasion, infiltrative growth
pattern and correlated positively with CD4+ T
lymphocyte infiltration. <Hsp110 expression
correlated with poor prognosis.

Nakajima et al. 2011

Esophageal cancer
(n=125)

Hsp70 correlated inversely with depth of invasion,
pathological stage and blood vessel invasion

Nakajima et al. 2009

Esophageal adeno-
carcinoma (n=34)

<Hsp27 predicted response to neoadjuvant
chemotherapy (platin/5-fluorouracil-based)

Langer et al. 2008

Head and neck
carcinoma

>Gp96 or Grp78, and <Hsp60, associated with
advanced cancer and poor survival

Chiu et al. 2011

Head and neck
SCC (meta-analysis)

>Hsp27 in cancer, may be a useful biomarker Norton et al. 2010

Hepatocellular >miR-17-5p in cancer >p38MAPK/Hsp27
>migration/metastasis

Yang et al. 2010

Leukemia >Hsp27, Hsp60, Hsp90α, and HspBP1 (not Hsp70)
in the peripheral blood of leukemia patients

Sedlackova et al. 2011

Lung cancer (non-
small cell) (n=109)

>Hsp27 and Hsp70 serum levels (immunoassay)
in cancer patients

Zimmermann et al. 2012

Lung adenocarcinoma
(n=103)

>Hsp60 expression independent prognostic
factor (disease-free survival)

Xu et al. 2011
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Cancer type Main observations Author

Lung adenocarcinoma
(n=103)

Hsp27 did not correlated with clinicopathological
parameters and disease prognosis

Wang et al. 2011b

Lung (NSCLC)
(n=583)

The functional HSPB1 promoter -1271G>C
variant may affect lung cancer susceptibility
and survival by modulating endogenous Hsp27
synthesis levels

Guo et al. 2010

Melanoma (n=18) >Hsp105 in melanomas (more than Hsp70) Park et al. 2009

Melanomas (n=62) >Hsp105 expression in melanomas, especially
with advanced and metastatic lesions

Muchemwa et al. 2008

Neuroblastomas >Hsp27 correlated with favorable prognosis
(BUT not in Ewing’s sarcoma)

Zanini et al. 2008

Osteosarcoma (n=73) Hsp27 and Hsp70 differential markers to
distinguish conventional and low grade central
osteosarcoma. Hsp27 possible prognostic marker
in conventional osteosarcoma.

Moon et al. 2010

Pancreatic cancer RP101 (Bromovinyldeoxyuridine, BVDU,
Brivudine) binds in vitro to Hsp27 and inhibits
interaction with its binding partners, enhancing
chemosensitivity

Heinrich et al 2011

Prostate cancer >Hsp72 in the serum of cancer patients treated
with radiation therapy

Hurwitz et al. 2010

Uterine cervix
SSC and CIN3

>Hsp27 expression in CIN3 (92%) and in
SCC (100%)

Tozawa-Ono et al. 2012

Uterine cervix
(n≅90)

Hsp27 related with tumor development and
progression

Ono et al. 2009

Notes: CIN: cervical intraepithelial neoplasia; DCIS: ductal carcinoma in situ; SSC: squamous cell carcinoma; NSCLC: non-small cell lung
carcinoma
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Table 3

Examples of pre-clinical and clinical anticancer therapies targeting the HSF1/HSP system

Cancer type Therapy Effect Author

Human pancreatic cancer
cells, xenograft model

Triazole
nucleoside analog

⇓ HSF1, Hsp27
Hsp70, Hsp90

Xia et al 2012

Melanoma cell lines
in vitro and in vivo
(vemurafenib-resistant)

XL888
Hsp90 inhibitor

1 Paraiso et al. 2012

Human reuroblastoma
cell lines and biopsies

Retinoic acid
(⇑ differentiation)

Nuclear Grp75
binds retinoid
receptors

Shih et al 2012

Glioma cells Inhibition of HSP27
and pAKT is more
effective than
temozolomide
treatment alone

⇓ Hsp27 Schultz et al 2012

Ovarian SK-OV-3
cancer cells

Melatonin +
cisplatin

Inactivation of ERK/
p90 ribosomal S6
kinase/Hsp27
cascade

Kim et al. 2012

Colorectal cancer cell/tissues
with microsatellite
instability carrying
mutant Hsp110

Oxaliplatin and
5-fluorouracil

⇓ chaperone activity
and antiapoptotic
functions of Hsp110

Dorard et al. 2011

Phase I (various
tumors)

PF-04929113
Hsp90 inhibitor

2

long-lasting
stabilizations

Rajan et al. 2011

Human bladder cancer
KoTCC-1 cells

siRNA (Hsp70) gemcitabine plus
Hsp70 siRNA:
⇑ cytotoxicity

Behnsawy et al. 2011

Phase I (recurrent or
refractory acute leukemia)

Tanespimycin +
cytarabine Hsp90 inhibitor

3 Kaufmann et al. 2011

Human pancreatic HPAF-II
carcinoma cells

Green tea extract Inhibited Hsp90,
Hsp75, Hsp27, Akt
activation, mp53

Zhang et al. 2011a

Human HCT-116 colon
cancer cell xenograft

KRIBB11 (⇓ Hsp70) ⇓ HSF1
⇓ tumor growth

Yoon et al. 2011

Phase I (various
tumors)

Tanespimicin +
sorafenib (Raf kinase
inhibitor)

Hsp90 inhibitor
Clinical response

Vaishampayan et al. 2010

Phase I (leukaemia) Alvespimycin Hsp90 inhibitor Lancet et al. 2010

TRAIL-resistant human
lung adenocarcinoma
A549 cell line

siRNA (Hsp27) +
TRAIL

TRAIL-induced
apoptosis

Zhuang et al 2010

1
The reversal of the resistance phenotype was associated with the degradation of PDGFRβ, COT, IGFR1, CRAF, ARAF, S6, cyclin D1, and AKT,

which in turn led to the nuclear accumulation of FOXO3a, an increase in BIM (Bcl-2 interacting mediator of cell death) expression, and the
downregulation of Mcl-1.

2
Although no clinically significant drug-related ocular toxicity was seen in this study, the development of PF-04929113 has been discontinued

because of ocular toxicity seen in animal models and in a separate phase I study.

3
Because exposure to potentially effective concentrations occurs only for a brief time in vivo, at clinically tolerable doses tanespimycin has little

effect on resistance-mediating client proteins in relapsed leukemia and exhibits limited activity in combination with cytarabine.
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Table 4

Examples where the HSPs are implicated in hormonotherapy

Cancer type Treatment Effect/Observation Author

Human prostate LNCaP/
PC-3 cancer cells

Modulation Hsp27
expression

Modulation of
androgen receptor

Stope et al. 2012

Castrate-resistant prostate
cancer xenograft

OGX-011 +
PF-04929113
or 17-AAG

⇓ clusterin/HSPs
⇓ Akt, PSA
⇓ tumor growth

Lamoureux et al. 2011

Prostate cancer Androgen ablation >Hsp60 associated
with early onset of
hormone refractory
disease and reduced
survival

Castilla et al 2010

Prostate cancer cells and
tissues

p90Rsk inhibition
(siRNA)

<IGF-I-induced
Hsp27 phospho-
rylation

Zoubeidi et al. 2010

Breast cancer cells Heregulin >HSF1/HSPs,
HSF1 associates with
MTA1 and HDAC
repressing estrogen-
dependent transcription

Khaleque et al. 2008

Note: OGX-011 is an antisense drug that targets clusterin, while PF-04929113 and 17-AAG are Hsp90 inhibitors; PSA: prostate specific antigen;
HDAC: histone deacetylase; MTA1: metastasis-associated protein 1.
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