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Abstract

Many different external and intrinsic apoptotic stimuli induce the accumulation in the cells of a set of proteins
known as stress or heat shock proteins (HSPs). HSPs are conserved proteins present in both prokaryotes
and eukaryotes. These proteins play an essential role as molecular chaperones by assisting the correct fold-
ing of nascent and stress-accumulated misfolded proteins, and by preventing their aggregation. HSPs have
a protective function, that is they allow the cells to survive to otherwise lethal conditions. Various mechanisms
have been proposed to account for the cytoprotective functions of HSPs. Several of these proteins have
demonstrated to directly interact with components of the cell signalling pathways, for example those of the
tightly regulated caspase-dependent programmed cell death machinery, upstream, downstream and at the
mitochondrial level. HSPs can also affect caspase-independent apoptosis-like process by interacting with
apoptogenic factors such as apoptosis-inducing factor (AIF) or by acting at the lysosome level. This review
will describe the different key apoptotic proteins interacting with HSPs and the consequences of these inter-
actions in cell survival, proliferation and apoptotic processes. Our purpose will be illustrated by emerging
strategies in targeting these protective proteins to treat haematological malignancies.
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Introduction

Heat shock proteins (HSPs), also called stress pro-
teins, are highly conserved proteins whose expression
is induced by different kinds of stresses [1]. HSPs
have strong cytoprotective effects and behave as
molecular chaperones for other cellular proteins.
Inappropriate activation of signalling pathways occurs
during acute or chronic stress as a result of protein
misfolding, protein aggregation or disruption of regula-
tory complexes. The action of chaperones, through
their properties in protein homeostasis, is thought to
restore the balance. Mammalian HSPs have been
classified in two groups according to their size: high
molecular weight HSPs and small molecular weight
HSPs. The first group includes three major families:
HSP90, HSP70 and HSP60. Some of them are
expressed constitutively; whereas, expression of the
others is induced by stressful conditions. These pro-
teins can be targeted to different subcellular compart-
ments. High molecular weight HSPs are adenosine-5�-
triphosphate (ATP)-dependent chaperones and
require co-chaperones to modulate their conformation
and ATP binding. In contrast, small HSPs, such as
HSP27, are ATP-independent chaperones [2]. Among
the different HSPs, HSP27 and HSP70 are the most
strongly induced after stresses such as anticancer
drugs, oxidative stress or irradiation. While hardly
expressed in non-transformed cells, both HSP27 and
HSP70 are abundantly expressed in cancer cells and
therefore have been suggested as important prognos-
tic factors in malignant diseases [1].

Apoptosis is a programmed cell death induced by
stimuli-like growth factor withdrawal, hypoxia, DNA
damage or cytotoxic drugs. Interestingly, these same
stimuli induce the expression and accumulation of
HSPs, demonstrating that a death stimulus can elicit a
protective response in the cell. Many data accumulat-
ed in the last 10 years clearly demonstrated that HSPs
have essential anti-apoptotic properties. HSPs associ-
ate with key stress signalling and apoptotic molecules,
thereby blocking cell death and promoting survival,
proliferation or differentiation. In this review, we will dis-
cuss the role of the main HSPs (HSP27, HSP60,
HSP70, HSP90� and HSP90�) in the different apop-
totic pathways. As defaults in apoptosis and cell prolif-
eration are at the basis of tumour development, the
pathophysiological functions of HSPs in haematologi-
cal malignancies will be developed as an example.

Main HSPs 

Small HSPs are a group of proteins that vary in size
from 15 to 30 kD and share sequence homologies
and biochemical properties such as phosphorylation
and oligomerization. HSP27, probably the most stud-
ied member of this family, is an ATP-independent
chaperone whose main function is protection against
protein aggregation [2]. HSP27 can form oligomers
up to 1000 kD. The HSP27 dimer might be the build-
ing block for the multimeric complexes. HSP27
oligomerization is a dynamic process that depends on
the phosphorylation status of the protein and expo-
sure to stress [3]. Human HSP27 can be phosphory-
lated at three serine residues and its dephosphoryla-
tion enhances oligomerization. This phosphorylation
is a reversible process catalysed by the MAPKAP
kinases 2 and 3 in response to a variety of stresses
including differentiating agents, mitogens, inflamma-
tory cytokines such as tumour necrosis factor-�
(TNF-�) and interleukin-1� (IL-1�), hydrogen perox-
ide and other oxidants. HSP27 is expressed in many
cell types and tissues, at specific stages of develop-
ment and differentiation [3]. It is a late inducible HSP
that accumulates in the cells after several different
stresses such as oxidative stress, serum deprivation,
anticancer drugs or radiation. In cancer cells, the
basal expression of HSP27 is abnormally high and
associates with cell resistance to anticancer therapy.

Mammalian HSP60, also called chaperonin, is
mostly contained within the mitochondrial matrix,
although it can also be detected in extra-mitochondr-
ial sites including the cytosol [4, 5]. HSP60 is a con-
stitutively expressed HSP, although its expression
can slightly increase after certain stresses, mainly
heat [6]. HSP60 participates in the folding of mito-
chondrial proteins and facilitates the proteolytic
degradation of misfolded or denatured proteins in an
ATP-dependent manner. The chaperone function of
HSP60 is regulated by HSP10, which binds to
HSP60 and regulates its substrate binding and
ATPase activity. In the presence of ADP, two HSP10
molecules bind to one HSP60 molecule. HSP60 and
HSP10 do not always act as a single functional unit:
only newly mitochondria imported proteins are
severely affected by inactivation of HSP10 [7].

The HSP70 family constitutes the most conserved
and best-studied class of HSPs. It encompasses pro-
teins ranging from 66 to 78 kD that are encoded by a
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multi-gene family consisting of at least 11 genes in
humans. Some have mainly a cytosolic localization like
the major inducible HSP70 (called simply HSP70 or
HSP72) or the constitutively expressed HSC70, one is
located into the mitochondria (mtHSP70) and one in the
endoplasmic reticulum (GRP78/Bip) [8]. Eukaryotic
HSP70s contain two functional domains: the NH2-ter-
minal ATP-binding domain (ABD) and the COOH-termi-
nal peptide-binding domain (PBD). Under normal condi-
tions, HSP70 proteins function as ATP-dependent
molecular chaperones by assisting the folding of newly
synthesized polypeptides, the assembly of multi-protein
complexes and the transport of proteins across cellular
membranes [9]. Proteins like HSP40, CHIP, HOP, HIP,
BAG-1 and BAG-3 are HSP70 co-chaperones. They
can bind either the PBD or the ABD of HSP70, thereby
modulating the chaperone activity of the protein. A
range of stimuli, including anticancer agents, rapidly
induces the synthesis of stress-inducible HSP70. Gene
ablation studies show that inducible HSP70 plays an
important role in apoptosis. Mouse embryonic cells
lacking the two genes that encode for inducible HSP70,
hsp70.1 and hsp70.3, are very sensitive to apoptosis
induced by a wide range of lethal stimuli [10]. Further,
disruption of the testis specific isoform of HSP70
(hsp70.2) results in germ cell apoptosis [11].

Prominent members of the HSP90 family of pro-
teins are HSP90� and HSP90� [12]. These two
HSP90 isoforms are essential for the viability of
eukaryotic cells. They are constitutively abundant,
make up 1–2% of cytosolic proteins, and can be fur-
ther stimulated in their expression level by stress.
HSP90 associates with a number of signalling pro-
teins including ligand-dependent transcription fac-
tors, such as steroid receptor [13], ligand-independ-
ent transcription factors, such as MyoD [14], tyrosine
kinases, such as v-Src [15], and serine/threonine
kinases, such as Raf-1 [16]. The stability of these
HSP90-binding proteins, called HSP90 client pro-
teins, is ensured by HSP90. The inhibition of the
chaperone induces their degradation by the protea-
some. HSP90 binds ATP and undergoes a conforma-
tional change upon ATP binding that is needed for its
chaperone function. Co-chaperones of HSP90
include Cdc37, p23, Aha1, PP5, HOP and CHIP.

HSPs, cell signalling and apoptosis

Apoptosis, or programmed cell death, is a type of
death essential during embryogenesis and, latter on

in the organism, to assure cell homeostasis.
Apoptosis is also a very frequent type of cell death
observed after treatment with cytotoxic drugs [17].
Two pathways characterize apoptotic processes,
both mediated by a family of cysteine proteases
known as caspases: the intrinsic or mitochondrial
pathway and the extrinsic or death receptors path-
way. The two signal-transducing cascades converge
at the level of capase-3, an effector caspase that
leads to the typical morphologic and biochemical
changes of the apoptotic cell.

The intrinsic pathway involves the production or
activation of pro-apoptotic molecules upon intracellu-
lar stress signals. These molecules converge on the
mitochondria to trigger the release of mitochondrial
apoptogenic molecules under control of the Bcl-2 (B-
cell lymphocytic-leukaemia proto-oncogene) family
of proteins. Bcl-2 proteins include anti-apoptotic
members such as Bcl-2 and Bcl-xL, multi-domain
pro-apoptotic members mainly Bax and Bak [18, 19]
and a series of BH3 domain-only pro-apoptotic pro-
teins, such as Bid [20], that function upstream of Bax
and Bak [21]. One of the released mitochondrial mol-
ecule is cytochrome c, which interacts with cytosolic
apoptotic protease activation factor-1 (Apaf-1) and
pro-caspase-9 to form the apoptosome, the caspase-
3 activation complex [22]. Two other mitochondrial
proteins, Smac/Diablo and Htra2/Omi, activate apop-
tosis by neutralizing the inhibitory activity of the
inhibitory apoptotic proteins (IAPs) that associate
with and inhibit some of the activated caspases [23].

The extrinsic pathway is triggered through plasma
membrane proteins of the TNF receptor family known
as death receptors and leads to the direct activation
of the receptor-proximal caspase-8 or caspase-10 in
the death-inducing signalling complex (DISC).
Caspase-8 either directly activates the downstream
cascade of caspases or cleaves Bid into an active
truncated form named tBid that connects the extrin-
sic to the intrinsic apoptotic pathways through mito-
chondria permeabilization [24].

HSPs have been shown to block apoptosis by
interfering with caspase activation. Overexpression
of either HSP27, HSP70, HSP60 or HSP90, inhibits
apoptosis and prevents caspase activation in many
different cellular models upon a variety of cellular
stresses, including accumulation of misfolded proteins,
reactive oxygen species (ROS) or DNA damage [1, 25,
26 , 27]. On the contrary, depletion of HSP27, HSP60,
HSP70 or HSP90, either by anti-sense constructions
or siRNA strategies, increases the cells’ sensitivity to
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apoptotic stimuli [28, 29–31]. In some cellular con-
texts, HSP70 depletion is sufficient to trigger apopto-
sis through caspase-3 activation, in the absence of
any additional stressful stimulus [32, 33]. Therefore,
HSPs are involved, either directly or indirectly, in the
modulation of caspase activities. HSPs can block
both the intrinsic and the extrinsic apoptotic path-
ways through the interaction with key proteins at
three levels: (i ) upstream the mitochondria, thereby
modulating signalling pathways; (ii ) at the mitochon-
drial level, controlling the release of apoptogenic
molecules (iii ) and at the post-mitochondrial level, by
blocking apoptosis from a later phase than any
known survival enhancing drug or protein.

HSPs’ targets in upstream signalling

pathways

Growth factors, such as nerve growth factor or
platelet-derived growth factor, induce cell survival by
activating the phosphatidylinositol 3-kinase pathway
(PI3-K). Activated PI3-K phosphorylates inositol
lipids in the plasma membrane that attract the ser-
ine/threonine kinase Akt/PKB, a protein that gener-
ates a survival signal in response to growth factor
stimulation. Akt targets multiple proteins of the apop-
totic machinery [34, 35], including Bad [36] and cas-
pase-9 [37]. HSP27 has been described to have pro-
survival effects through its interaction with the protein
kinase Akt, an association that is necessary for Akt
activation in stressed cells (Fig. 1A). In turn, Akt can
phosphorylate HSP27, thus leading to the disruption
of HSP27-Akt complexes [38]. HSP27 can also bind
to F-actin and prevent the disruption of the cytoskele-
ton resulting either from heat shock, cytochalasin D
or from other stresses. This has been reported to
affect mitochondria membrane structure and thereby
the release of mitochondrial apoptogenic molecules
such as cytochrome c [39]. Recently, we have
demonstrated that HSP27 protection to apoptosis
induced by etoposide or TNF-� in different cancer
cell lines can result from an increase in the activity of
the survival transcription factor nuclear factor-�B
(NF-�B). NF-�B is involved in the expression of sev-
eral anti-apoptotic proteins, such as Bcl-2, Bcl-xL
and c-IAPs. HSP27 effect on NF-�B results from an
increase in the ubiquitination and proteasomal
degradation of the NF-�B inhibitor I-�B� [40] (Fig.
1B). HSP27 also increases the ubiquitination and

proteasomal degradation of the cell cycle protein
p27kip1 under stress conditions. As a consequence,
cell proliferation, once the stress conditions are over,
is facilitated [41] (Fig. 1B).

HSP70 also inhibits stress-activated kinases, such
as apoptosis signal-regulating kinase 1 (Ask1), for
example HSP70 down-regulation facilitates H2O2-
induced Ask1 activation and subsequent apoptosis in
NIH3T3 cells [42] (Fig. 1B). HSP70 also binds to c-
Jun N-terminal kinase (JNK), which does not require
its ATPase domain [26, 43] and prevents its activa-
tion [44] (Fig. 1A). For example, MEF hsp70.1�/�

resist to JNK-mediated apoptosis induced by hyper-
osmolarity [45]; whereas, AEG3482, a promising
novel compound, inhibits JNK activity through
increased expression of HSP70 [46]. HSP70 also
negatively interferes with p38 kinase activity [47].

HSP70 binds to non-phosphorylated protein
kinase C (PKC) via the kinase’s unphosphorylated
carboxyl-terminus, priming the kinase for re-phos-
phorylation and stabilizing the protein [48]. HSP70
also binds and stabilizes protein kinase B or Akt [48]
(Fig. 1A). Interestingly, the endothelial-specific
HSPA12B, a distant member of HSP70 family that is
required for zebrafish vasculature development, is
involved in endothelial cell migration and tube forma-
tion through sustaining Akt activity [49]. Thus, HSP70
family members could play a role both in the control
of cell survival and differentiation.

HSP70 has also been shown to affect some tran-
scription factors involved in the expression of Bcl-2
proteins. Bcl-2 and Bax are transcriptional targets of
the tumour suppressor protein p53: the transcription
of Bcl-2 is repressed by p53 whereas that of Bax is
induced. As a consequence, p53 expression induces
apoptosis in response to DNA damage. Many tumour
cells have a mutated p53 and either HSP70 or
HSC70 could form stable complexes with this mutant
protein. HSP70 could also mask the nuclear localiza-
tion sequence (NLS) of p53, thus preventing its
nuclear import [50, 51].

The role of HSP70 in regulating NF-�B function is
more controversial. Cytosolic HSP70 could inhibit
NF-�B while plasma membrane-associated HSP70
could activate this transcription factor [52, 53], but
both cytosolic and membrane-associated HSP70
usually accumulate together upon stressful stimuli
[54]. Anyway, in endothelial cells, elevation of HSP70
to a significant level favours TNF-�-mediated apopto-
sis via inhibition of the NF-�B survival pathway [55].
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HSP70 could block NF-�B activation through inhibi-
tion of both I-�B� Kinase (IKK) activation and subse-
quent degradation of I-�B� [56, 57]. This effect could
mediate a function of HSP70 in promoting elimina-
tion of cells with damaged DNA. Inhibitors of growth
(ING) proteins, which are tumour suppressors whose
expression is down-regulated in a variety of human
cancers, transduce stress signals after DNA damage
and bind histones, thus regulating chromatin struc-
ture and p53 activity. These proteins induce HSP70
that in turn promotes TNF-� receptor-mediated
apoptosis by binding I-�B� Kinase (IKK) and impair-
ing NF-�B survival signalling [58] (Fig. 1B).

HSP90 regulates the activity and stability of many
transcription factors and kinases implicated in apop-
tosis such as NF-�B, p53, Akt, Raf-1 and JNK [59].
HSP90 can affect NF-�B survival activity via the IKK
complex, which is composed of two catalytic and one
regulatory subunits (Fig. 1B). HSP90 and Cdc37 are
also present, association mediated through the
kinase domain of the catalytic subunits [60]. HSP90
associates to mutated p53 and stabilizes the protein.
In chronic leukaemia cells, inhibition of HSP90 by
geldanamycin down-regulates mutated p53 protein
while up-regulating wild-type p53 [61]. On the other
hand, p53 could repress HSP90� gene expression in
UV irradiated cells [62]. Other transcription factors
whose function could be modulated by HSP90
include Her2 and HIF1� [63, 64].

HSP90 interacts with and stabilizes phosphorylat-
ed Akt (Fig. 1A). In turn, phosphorylated Akt can
phosphorylate the pro-apoptotic Bcl-2 family protein
Bad and the caspase-9 [37], leading to their inactiva-
tion and to cell survival. Akt has also been shown to
phosphorylate the I-�B kinase, which results in pro-
motion of NF-�B-mediated cell survival [35]. HSP90
also interacts with Raf-1 and the dissociation of this
complex results in apoptosis in mast cells [65] and in
B-lymphocytes [66]. JNK is another client protein of
HSP90. Finally, several cytokines, such as IL-6 and
type I and II interferons, could up-regulate HSP90
expression, leading to a survival loop. IL-6 transgenic
mice exhibit a transcriptional up-regulation of HSP90
mRNA. The transcription factors STAT3 and
CCAAT/enhancer-binding protein � (C/EBP�), which
are under the control of the IL-6 receptor and the
MAPK pathway, co-operatively bind and activate the
HSP90� promoter [67, 68].

HSPs’ targets at the mitochondrial level 

HSP27, in L929 murine fibrosarcoma cells exposed
to cytochalasin D or staurosporine, prevents the
cytoskeletal disruption and Bid re-distribution to the
mitochondria that precedes cytochrome c release
[39]. HSP27 has also been shown to inhibit the mito-
chondrial release of Smac and thereby to confer
resistance of multiple myeloma cells to dexametha-
sone [69] (Fig. 1A).

HSP70, coupled to HSP40, blocks Bax translocation
preventing mitochondrial outer membrane permeabi-
lization and thereby inhibiting the release of cytochrome
c and that of other mitochondrial apoptogenic mole-
cules such as apoptosis inducing factor (AIF) [70]. This
HSP70 function depends on both its chaperone and its
ATP hydrolytic domains [71] (Fig. 1A).

Cytosolic HSP60 could form a complex with the
pro-apoptotic protein Bax [72]. Under hypoxic condi-
tions HSP60 and Bax dissociate, whereupon Bax
translocates to the mitochondria and induces apop-
tosis. The interaction of HSP60 and Bax may there-
fore prevent apoptosis. Accordingly, recent studies
show that reducing HSP60 expression with anti-
sense oligonucleotides in cardiomyocytes correlated
with an increase in Bax and a reduction in Bcl-2 and
resulted in induction of apoptosis [73 , 74]. In neurob-
lastoma cells, mitochondrial HSP60 has been shown
to protect mitochondrial normal oxidative phosphory-
lation functions by selectively acting at the complex
IV activity level, thereby preserving ATP generation
and decreasing cytochrome c release [75] (Fig. 1A).

In tumour cells, HSP90 is present in the mitochon-
dria in combination with its related molecule 
TRAP-1. This mitochondria-located HSP90 regulates
mitochondrial membrane permeabilization and
cytochrome c release. Its inhibition by the pep-
tidomimetic Shepherdin (which contains a cell-pene-
trating sequence) provokes a depolarisation of the
mitochondrial membrane and a dose-dependent
release of cytochrome c. This might have important
consequences in cancer therapy since HSP90 chap-
erone was identified in tumour cells’ mitochondria,
not in mitochondria from normal tissues [76]. Some
reports describe the formation of a Bcl-2/HSP90�
complex that could prevent the release of
cytochrome c from mitochondria and caspase-3 acti-
vation in mast cells [77]. This effect was recently 
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confirmed in monocytes/macrophages and dendritic
cells treated with an unmethylated CpG motif of bac-
terial DNA and radicicol can inhibit this association
[78] (Fig. 1A).

HSPs’ targets at the 

post-mitochondrial level 

We, and other groups, have demonstrated that
HSP27 can prevent the activation of caspases by
directly sequestering cytochrome c when released
from the mitochondria into the cytosol [79, 80] (Fig.
1A). The heme group of cytochrome c is necessary
but not sufficient for this interaction that involves
amino acids 51 and 141 of HSP27 and requires
dimerization of the stress protein. In human mono-
cytes undergoing spontaneous apoptosis, HSP27
has been shown to associate to and block active cas-
pase-3 [81]. HSP27 can also increase the anti-oxi-
dant defence of cells by decreasing ROS cell content
[82] and neutralizes the toxic effects of oxidized pro-
teins [83]. This latter effect may occur more specifi-
cally in neuronal cells and involves phosphorylated
HSP27 [84]. HSP27 may also affect membrane blebs
formation, one of the morphological changes that
take place on the late phase of apoptosis. The
actin–myosin system has been proposed as a source
of contractile force for bleb formation [85] and HSP27
is a cap-binding protein that plays a role in F-actin re-
organization [86] (Fig. 1A).

Li et al. [87] found HSP70-inhibited apoptosis
downstream of the release of cytochrome c and
upstream of the activation of caspase-3. Indeed,
HSP70 has been demonstrated to directly bind to
Apaf-1, thereby preventing the recruitment of procas-
pase-9 to the apoptosome [88]. The ATPase domain

of HSP70 was described to be necessary for this
interaction [89]. In TNF-induced apoptosis, HSP70
does not preclude the activation of caspase-3 but
prevents downstream morphological changes that
are characteristic of dying cells like activation of
phospholipase A2 and changes in nuclear morphol-
ogy [8]. During the final phases of apoptosis, chro-
mosomal DNA is digested by the DNAse CAD
(Caspase Activated DNAse) following activation by
caspase-3. The enzymatic activity and proper folding
of CAD has been reported to be regulated by
HSP70, its co-chaperone HSP40 and ICAD, the
inhibitor of CAD. ICAD recognizes an intermediate
folding state conferred by HSP70-HSP40 [90]. It has
also been reported in T cell receptor (TCR)-stimulated
T cells that HSP70 binds CAD and enhances its
activity [91]. Another final target of caspase-3 is the
transcription factor GATA-1. We have demonstrated
in human primary erythroid precursors that HSP70
can protect GATA-1 from caspase-3 cleavage. As a
consequence, erythroid cells do not die by apoptosis
but instead differentiate [92] (Fig. 1A).

HSP90 could negatively affect Apaf-1 function in
apoptosis. HSP90 directly binds Apaf-1 and inhibits
its oligomerization and further recruitment of procas-
pase-9 [93].Vimentin, a major component of interme-
diate filament, is degraded in response to apoptotic
inducers. The cleavage of vimentin by caspases
probably results in disrupting of its filamentous struc-
ture which may facilitate nuclear condensation and
subsequent fragmentation. HSP90 binds to vimentin
and protects it from apoptotic cleavage [94] (Fig. 1A).

A pro-apoptotic role for HSP60 and HSP10 has
been demonstrated by two independent groups. In
both HeLa and Jurkat cells, activation of caspase-3
by camptothecin or staurosporine was observed to
occur simultaneously with HSP60 and HSP10

© 2008 The Authors
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Fig. 1 Schematic representation of HSPs regulatory function in the intrinsic (A), extrinsic and caspase independent
pathways to death (B). (A) HSPs can block the mitochondrial intrinsic pathway of apoptosis by interacting with key pro-
teins at three levels: (i) upstream the mitochondria, thereby modulating signalling pathways (HSP70 modulates the acti-
vation of stress-activated kinases such as Akt, JNK or ERK); (ii) at the mitochondrial level, controlling the release of
cytochrome c (HSP27 by its interaction with the actin, HSP70 or HSP60 with Bax, and HSP90 with Bcl2) and (iii ) at the
post-mitochondrial level, by blocking apoptosis by their interaction with cytochrome c (HSP27), Apaf-1 (HSP70 or
HSP90) or caspase-3 (HSP27). (B) At the death receptors level, HSP70 and HSP90 can interact with RIP favoring cell
survival. HSP70 (through TRAIL and FADD recruitment) and HSP90 (through FLIP) block caspase 8 activation. HSP90
and HSP70 inhibit Bid cleavage while HSP27 affects Bid mitochondrial re-distribution. At the caspase-independent path-
ways level, HSP70 neutralizes AIF and inhibits cathepsines release from lysosomes. AKS1 pathway is affected directly
by HSP70 or through Daxx by HSP27. Inhibition: –|, activation: →.
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release from the mitochondria (Fig. 1). The authors
demonstrated in vivo and in vitro that HSP60 and
HSP10 associated to procaspase-3 and favoured its
activation by cytochrome c in an ATP-dependent
manner, suggesting that the chaperone function of
HSP60 was involved in this process [95, 96] (Fig. 1A).

HSPs and the 

extrinsic death receptor pathway 

HSP27 inhibits Fas-induced apoptosis [97]. The
phosphorylated form of HSP27 directly interacts with
Daxx. This latter protein connects Fas signalling to
the protein kinase Ask1 that mediates a caspase-
independent cell death [98] (Fig. 1B).

HSP70 inhibits TNF-�-induced cell death and this
protective effect is lost in Bid homozygous-deleted
mouse embryonic fibroblast (MEF) cells [99]. HSP70
can block the cleavage of Bid by activated caspase-8
[99]. Exposure of haematopoietic cells to TNF-�
induces the activity of the pro-apoptotic double-
stranded RNA-dependent protein kinase (PKR). An
inhibitor of PKR is the Fanconi anaemia complemen-
tation group C gene product (FANCC). HSP70 inter-
acts with the FANCC protein via its ATPase domain
and, together with HSP40, inhibits TNF-induced
apoptosis through the ternary complex HSP70,
FANCC and PKR [100, 101].

In human chronic myeloid leukaemia (CML) cells,
HSP70 can mediate Bcr-Abl-induced resistance to
TNF�-related apoptosis-inducing ligand (TRAIL)-
induced apoptosis by preventing the formation of
DISCss involving DR4 and DR5 [102]. The role of
HSP70 in Fas-mediated apoptsis is more controver-
sial with opposite effects that depend on the cell con-
text [103, 104] (Fig. 1B).

A key regulator in apoptosis induced by TRAIL is
FLIP. It has been shown in glioma cells that HSP90�
associates with FLIP(S) in a manner dependent on
the ATP-binding NH2-terminal domain of the chaper-
one. Following TRAIL exposure, HSP90� and its
client protein FLIP(S) are recruited to the DISC.
HSP90� depletion blocked the recruitment of
FLIP(S) to the DISC and thereby sensitized resistant
glioma cells to TRAIL-induced apoptosis [105].
HSP90 has also been shown to interact with and sta-
bilize the Receptor Interacting protein (RIP). Upon
ligation of tumor necrosis factor receptor (TNFR)-1,
receptor interacting protein (RIP)-1 is recruited to the
receptor and promotes the activation of NF-�B and

JNK. Degradation of RIP-1 in the absence of HSP90
precludes activation of NF-�B mediated by TNF-�
and sensitizes cells to apoptosis [106]. Finally, in
NIH3T3 fibroblasts, HSP90 has been shown to sup-
press TNF-�-induced apoptosis by directly associating
to Bid, thereby preventing its cleavage [107] (Fig. 1B).

HSPs and alternatives,

caspase-independent,

apoptosis-like pathways

Upon activation of the intrinsic pathway not only
cytochrome c is released from the mitochondria. AIF
and endonuclease G (EndoG) are also released upon
an apoptotic stimulus. These two mitochondria inter-
membrane proteins translocate to the nucleus and
triggers caspase-independent nuclear changes [108].

HSP70 has been shown to prevent cell death in
conditions in which caspase activation does not occur,
due to the addition of exogenous caspase inhibitors
[109], or in cells in which Apaf-1 or caspase-9 were
genetically inactivated [110], indicating that the
cytochrome c/Apaf-1/caspase was not the sole path-
way of the anti-apoptotic action of HSP70. Indeed,
HSP70 directly binds to AIF and inhibits AIF-induced
chromatin condensation. HSP70 neutralizes the apop-
togenic effects of AIF in cell-free systems, in intact
cells microinjected with recombinant HSP70 and/or
AIF protein, as well as in cells transiently transfected
with AIF cDNA. Of note, endogenous levels of HSP70
seem to be sufficiently high to control AIF-mediated
apoptosis since down-regulation of HSP70 by an anti-
sense construct sensitized the cells to serum with-
drawal and AIF [110]. This protective effect of HSP70
might be physiologically relevant as AIF sequestration
by HSP70 reduces neonatal hypoxic/ischaemic brain
injury [111]. In addition, HSP70 inhibits erythroblast
apoptotis by blocking AIF nuclear import [112]. HSP70
associates also with EndoG to prevent DNA fragmen-
tation [113], but this association could involve AIF as a
molecular bridge (Fig. 1B).

Lysosomes also functions as integrators of cell
death signals in many different cell death scenarios
[114]. Lysosomal proteases, of which the most stud-
ied are the cathepsins, translocate from the lysoso-
mal lumen to the cytosol in response to a wide vari-
ety of apoptotic stimuli, such as TNF-� [115, 116],
Fas [117], microtubule stabilizing agents [118], stau-
rosporine [119], p53 activation [120], oxidative stress
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[117, 121], growth factor deprivation [117] and lyso-
somotropic agents [121, 122]. Upon release to the
cytosol, cathepsins can trigger mitochondrial outer
membrane permeabilization [115, 119, 120, 122,
123]. Cathepsins release can also ensue an apoptot-
ic morphology that is independent of the mitochon-
dria release of cytochrome c or AIF [116, 124].
HSP70 is found in the endolysosomal membranes of
many tumours and stressed cells where it inhibits the
release of lysosomal cathepsins into the cytosol
[125, 126]. Lysosomes positive for HSP70 display an
increased size and resistance against chemical and
physical membrane destabilization [125] (Fig. 1B).

HSP90� is involved in signalling prolactin-induced
apoptosis during spermatogenesis. Prolactin recep-
tor is a client protein of HSP90� and its inhibition pro-
motes spermatogonial apoptosis [127] by a still
unknown mechanism.

What directs the interaction 

of a HSP with a given apoptotic

partner?

HSPs are strong cytoprotective proteins that can
associate to multiple apoptotic partners and thereby
can block apoptosis at different levels. The cellular
survival needs, which depend on the experimental
conditions (i.e. apoptotic stimulus and experimental
model), might dictate which are the apoptotic targets
that must be inactivated by the chaperones. HSPs
post-translational modifications and/or their pres-
ence in a given cellular compartment are important
variables in determining the interaction of a HSP
with a given apoptotic partner. In this way HSP27
seems to modulate its different protective properties
by changing its oligomerization pattern, which is
regulated by the phosphorylation status of the pro-
tein. We have demonstrated in vitro and in vivo that
HSP27-mediated inhibition of caspase-dependent
apoptosis involved large non-phosphorylated
oligomers of HSP27 [128]. In contrast, the phospho-
rylated form of the protein directly interacts with
Daxx [98]. These results suggest that the oligomer-
ization/phosphorylation of the protein alters HSP27
conformation and hence determine its capacity to
interact with different apoptotic proteins. The essen-
tial HSP27 anti-apoptotic function seems to take
place in the cytosol [79]. Accordingly, leptomycin B,

which is an inhibitor of the nuclear export of pro-
teins, triggers nuclear accumulation of HSP27,
which prevents its protective functions [129].

In contrast to HSP27, little is known about HSP70
post-translational modifications. HSP70 is one of the
most powerful anti-apoptotic proteins since it blocks
almost all identified cell death pathways. Interaction
of HSP70 with a given partner may be determined by
HSP70 co-chaperones and its cellular localization.
For example, the presence of HSP70 in the lysosomal
membrane is necessary for inhibiting the lysosomal
pathway to death. During red blood cell formation,
HSP70 migrates into the nucleus where it interacts
with the transcription factor GATA-1 to prevent its
cleavage by caspase-3, whose activation is required
for the erythroid differentiation process. Thereby, the
migration of HSP70 in the nucleus is essential to
determine whether an erythroblast is going to die by
apoptosis or to differentiate into a red blood cell [92].
In tumour cells, HSP70 expression at the plasma
membrane facilitates their clearance by the immune
system. Membranary HSP70 facilitates granzyme B
penetration in a perforin-independent way and
ensures cytotoxic T lymphocytes killing through
FasL/Fas-mediated contact [54, 130].

HSP90 anti-apoptotic function can be explained
because some of its client proteins, to whom HSP90
assure their stability, are anti-apoptotic proteins. The
first explanation of why HSP90 associates to a given
partner can be found in the different isoforms of
HSP90, the � and � that most studies unfortunately
do not differentiate. Evidence accumulates that these
isofoms may have different functions in the cell. For
instance, HSP90� isoform has a function in cell differ-
entiation that the � isoform does not have [131]. The
� and � isoforms might also have a different function
in the regulation of apoptosis. Post-translational mod-
ifications of HSP90 could also account for the differ-
ential affinity of the chaperone for its multiple part-
ners. HSP90� can be acetylated on its lysine 294,
which inhibits its binding to several client proteins.
HSP90� can be phosphorylated on Ser 254, which
favours tumour regression and tumour immunogenic-
ity [132]. However, how the acetylation or phosphory-
lation of HSP90 isoforms affect their interaction with
different protein partners, and how these events affect
their anti-apoptotic functions remain to be deter-
mined. HSP90 is the only chaperone targeted in can-
cer therapy to sensitize tumour cells to chemothera-
py-induced death. Geldanamycin derivatives [133]
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bind the ATP pocket of HSP90 to inhibit their chaper-
one function. In turn, HSP90 ‘client’ proteins are not
anymore stabilized by HSP90 and are degraded by
the proteasome. These inhibitors equally block
HSP90 � and � isoforms which precludes their exper-
imental use to determine the relative contribution of
each of them in apoptosis control.

HSP60 role in apoptosis is rather contradictory.
Overexpression of HSP60 and/or HSP10 increases
the survival rate of cardiac myocytes undergoing
ischaemia/reperfusion injury [134]; whereas, reduc-
tion in HSP60 level is sufficient to precipitate apopto-
sis in myocytes [73]. Nevertheless, expression of
HSP60 was identified as a good prognostic indicator
in human oesophageal squamous cell carcinoma,
reflecting the ambiguous role of this chaperone in
tumour cell death process [135]. HSP60 can be pro-
apoptotic by facilitating caspase-3 activation or anti-
apoptotic through inhibiting Bax. These controversial
results might be re-counciled on the basis on HSP60
localization and experimental variables. Cytosolic
HSP60 might have a protective function whereas
mitochondrial HSP60, released to the cytosol upon
an apoptotic stimulus (in other words, in cells already
committed to apoptosis and that can not be anymore
recuperated), facilitates cell death. Thus, interaction
of cytosolic HSP60 with active caspase-3 could dic-
tate its effect on cell death [136]. HSP60 can also be
found in the plasma membrane where its expression
correlates with increased apoptosis in adult cardiac
myocytes [137]. These opposite HSP60 chaperone
functions and/or its cellular localization could be reg-
ulated by the phosphorylation/dephosphorylation of
the protein [5].

Role of HSPs in 

haematological malignancies

In contrast to normal, non-transformed, cells and tis-
sues where the expression of stress-inducible HSPs
is, at the basal level, rather low or non-existent, HSPs
are abundantly expressed in most cancer cells, in
particular in several haematological malignancies,
including lymphoid diseases and chronic or acute
myeloid leukaemias. Overexpression of HSP27,
HSP70 and HSP90 correlates with a poor prognosis
in acute myeloid leukaemias and myelodysplasic
syndromes [138, 139]. In acute myeloid leukaemia

cells, HSP27 prevents drug-induced apoptosis [140].
In multiple myeloma cells, down-regulation of HSP27
can restore the apoptotic response to dexametha-
sone through activation of the intrinsic, caspase-
dependent pathway [69].

Importantly, up-regulated HSP70 or HSP90 could
stimulate cell proliferation through the control of tyro-
sine kinase functions. In CML cells, Bcr-Abl tyrosine
kinase activity results in the phosphorylation and acti-
vation of Akt, which inactivates Bad, caspase-9 and
FOXO3, and in the phosphorylation and DNA-binding
activity of STAT5, which results in increased expres-
sion of the anti-apoptotic protein Bcl-xL. Increased
expression of HSP70 results in up-regulation of
STAT5 level and activity. Inhibition of the Bcr-Abl tyro-
sine kinase activity with imatinib or inhibition of PI-3K
activity with wortmannin, both result in a decreased
HSP70 expression and a down-regulation of STAT5
activity [102]. Thus, uncontrolled cell signalling may
result in the transcriptional up-regulation of HSP70.

Targeting HSP90 also provides evidence for the
role of HSP90 in the control of haematopoietic malig-
nant cell apoptosis, survival and proliferation. In man-
tle cell lymphomas, the HSP90 inhibitor, 17-allyl-
amino-demethoxygeldanamycin (17-AAG), induces
cell cycle arrest and apoptosis by activating caspase-
9 [141]. In HTLV1-associated adult T cell leukaemias,
HSP90 inhibition abrogates cell cycle progression
and induces apoptosis through inhibition of the NF-
�B pathway [142]. In malignant mast cells, 17-AAG
inhibits the constitutive activity of the receptor tyro-
sine kinase c-kit and downstream signalling mole-
cules Akt and STAT3 [143]. In acute myeloid
leukaemia cell lines, 17-AAG reduces the level of the
constitutively activated tyrosine kinase FLT-3 with
internal tandem repeat mutation and downstream
STAT5 activity [144]. HSP90 also functions as a
chaperone for ZAP-70 (Zeta-associated of 70 kD), a
protein that is abnormally expressed in patients with
aggressive chronic lymphocytic leukaemia (CLL),
and its inhibition leads to ZAP-70 degradation and
leukaemic cell death [145, 146].

Recently, a novel HSP90 inhibitor, IPI-504, was test-
ed in mice with Bcr-Abl leukaemias that resist to the
tyrosine kinase inhibitor imatinib because of a T315I
mutation in the fusion gene.The combination of IPI-405
and imatinib increases mice survival and appears to
eliminate leukaemic stem cells [147]. A combination of
17-AAG and cytarabine also renders acute myeloid
leukaemia cells more sensitive to death [148].
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In multiple myeloma, HSP90 demonstrated dual
functions. First, inhibition of Hsp90� and Hsp90�
with siRNA or 17-(dimethylaminoethylamino)-17-
demethoxygeldanamycin (17-DMAG), an analogue
of 17-AAG, both induce apoptosis in IL6-independent
and dependent myeloma cell lines as well as in primary
CD138� multiple myeloma cells co-cultured with their
bone marrow microenvironment. 17-DMAG attenuates
the level of STAT3 and phospho-extracellular signal
regulated kinase (ERK), which inhibits cell survival
[149]. Secondly, the anti-leukaemic activity of borte-
zomib, a proteasome inhibitor, in multiple myeloma was
shown to involve the exposure of HSP90 at the cell sur-
face of dead cells, which facilitates contacts with den-
dritic cells and stimulates the antitumour immune
response. In such a situation, the combined use of
bortezomib and a HSP90 inhibitor abrogates myeloma
cell immunogenicity and could be deleterious [150].

The expression level of HSPs may not be the only
parameter that modulates their oncogenic function.
Histone deacetylase 6 (HDAC6) controls HSP90
deacetylation [151] and inhibitors of HDAC (HDACi)
capable of inhibiting HDAC6 induce the hyperacetyla-
tion of HSP90. In turn, proteins such as Akt, Bcr-Abl or
Flt-3 could be degraded by the proteasome in acute
and CML cells [152, 153]. For example, siRNA-mediat-
ed knockdown of HDAC6 in Bcr-Abl-positive, K562
leukaemic cells results in HSP90 hyperacetylation, loss
of its chaperone function and degradation of Bcr-Abl,
Akt and c-Raf. However, the effects of this strategy on
tumour cell growth and survival remains limited [154],
suggesting that a combination of HDAC inhibitors with
specific tyrosine kinase inhibitors might be necessary.
A combination of 17-AAG and HDAC6i (LBH589) is
also efficient in inducing cell death in various leukaemic
cell lines and primary leukaemic cells through function-
al inhibition and degradation of HSP90, leading to pro-
teasomal degradation of client Bcr-Abl and/or Flt-3
[155]. In leukaemic cells in response to the antitumour
drug alkyl-lysophospholipid analogue edelfosine, JNK
and HSP90 are recruited in lipid rafts. Inhibition of
HSP90 decreases edelfosine-induced JNK activation
which is Ask1 independent [156].

HSPs inhibitors:

drugs of the future? 

Because of their anti-apoptotic and tumourigenic
properties, HSPs are interesting targets in cancer

therapy. The receptor tyrosine kinase FLT3 involved
in acute myeloid leukaemias, the chimeric proteins
Bcr-Abl and NPM-ALK involved in CML and anaplas-
tic large-cell lymphomas respectively, are client pro-
teins for HSP90 [157, 158]. HSP90 inhibitory agents,
currently under clinical investigations, are therefore
promising drugs in these diseases. These agents
include natural products such as benzoquinone
ansamycins (such as the geldamicyn derivatives 17-
AAG and 17-DMAG, already in phase II clinical trials)
and many emerging synthetic compounds.
Interestingly, HSP90 inhibitors seem specific for can-
cer cells. The molecular basis for the selective antitu-
moural activity of the HSP90 inhibitors might be the
conformation of the HSP90 complex, as HSP90 iso-
lated from tumour cells has a 20 to 200 times higher
binding affinity for the inhibitors than HSP90 isolated
from normal cells [159–161].

Studies in Bcr-Abl human leukaemia cells suggest
that HSP70 is also a promising therapeutic target for
reversing drug resistance, probably due to its ability
to inhibit death pathways both upstream and down-
stream of the mitochondrial signalling [102, 162]. An
inhibitor of HSP70 would be very useful alone and in
combination with other drugs since most of them,
including the already mentioned inhibitors of HSP90,
enhance HSP70 expression in malignant cells, which
it is believed to reduce the drug efficacy [163].
Unfortunately, thus far, no small or soluble molecule
that would selectively inhibit HSP70 is available.
Some inhibitors of the heat shock response, acting at
the level of the heat shock transcription factor 1
(HSF1) to block the transcription of HSPs genes,
have been experimentally tested. These include the
flavonoid quercetin [30] and the diterpene triepoxide,
triptolide [164] but these molecules are rather unspe-
cific. We, and others, have extensively reported that
HSP70 anti-sense constructs demonstrated
chemosensitizing properties and even killed cancer
cell lines in the absence of additional stimulus [32,
165]. The cytotoxic effect of HSP70 down-modulation
is particularly strong in transformed cells whereas
the targeted protein is undetectable in normal cells
[10]. The selective efficacy of HSP70 depletion could
be related to the constitutively stressed phenotype of
tumour cells, as compared to normal cells, with an
enhanced dependency on the cytoprotective action
of HSP70 [33, 166].

We have recently demonstrated that rationally
engineered decoy targets of HSP70 derived from the
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protein AIF, called ADD70 (for AIF Derived Decoy for
HSP70), can sensitize cancer cells to apoptosis
induction by neutralizing HSP70 function. These all
peptides carry the AIF region from aa 150 to aa 228,
previously defined as required for HSP70 binding
[167]. These constructs bind to HSP70 but lack an
apoptotic function. Experiments using different malig-
nant cell types demonstrate that some of these AIF
derivatives inhibitors of HSP70 strongly increased
the sensitivity of cancer cells to chemotherapy in
vitro. This effect was merely related to their ability to
neutralize endogenous HSP70 since this pro-apop-
totic activity was lost in HSP70-negative cells [10]. In
vivo, in a syngeneic rat colon cancer cell model and
in a syngeneic mouse melanoma model (B16F10),
ADD70 decreased the size of the tumours or at least
delayed in their growth. In addition, ADD70 sensi-
tized both the rat colon cancer cells and the mouse
melanoma cells to the chemotherapeutic agent cis-
platin. This ADD70 antitumourigenic effect was not
observed in immunodeficient animals and were
associated with an increase in tumour-infiltrating
cytotoxic CD8� T cells [163]. Therefore a positive
strategy aimed at interfering with HSP70, as
opposed to negative strategies based on anti-sense
constructs or RNA interference, is feasible for
chemosensitization, at least in vitro and in vivo in
experimental models. Future will tell whether these
peptides can be permeated (i.e. by its fusion with a
membrane translocation domain) and directly inject-
ed in the tumour. That could open new perspectives
in their use as local chemosensitizing agents in
HSP70-expressing human tumours.

HSP27 is undoubtedly also an interesting target in
cancer therapy, as HSP27 depletion experiments in
cancer cells demonstrate [28, 29, 168]. However, the
structural complexity of this molecule makes difficult
the search for therapeutic molecules that could 
neutralize it [3].

Although the repercussions at the long term of
HSPs inhibition deserves to be evaluated (for
instance the genome stability for HSP90 [169]) or the
evolution of neuronal degenerative diseases for
HSP27 [84, 170], they might be relevant drugs in the
future, not only in malignant diseases but also in
other pathologies in which a high level of HSPs is
observed. For example, our unpublished results
show that HSP70 and HSP90 are abundant in the
extracellular medium of animals that develop a graft
versus host disease and demonstrate an immuno-

genic function. These HSPs could be a danger signal
that increases the T cell-dependent immune
response, which would open a new future for HSPs
inhibitors in the setting of haematopoietic stem cell
transplantation.
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