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ABSTRACT

Heat shock proteins (Hsps) are highly conserved
ubiquitous proteins and are present both in
prokaryotes and eukaryotes. They are essential for
fundamental cellular processes and are induced in
response to a wide variety of physiological and
environmental stresses, allowing cells to survive
in most adverse conditions. However, their basal
expression in the absence of any stress demonstrates
the important role they play in maintaining
cellular homeostasis. So far, various functions of
Hsps have been described including their role as a
scaffolding protein, as molecular chaperones involved
in folding and unfolding proteins, regulating
cytoskeletal stability, cell cycle control, hormone
signaling, important modulators of muscle contraction,
cell migration, cell survival. They also play a role
in antigen presentation and serve as death signals
to help the immune system to recognize dead or
damaged cells. Hsps regulate the activity of multiple
intracellular signaling intermediates, many of which
are involved in the execution of the apoptotic
signaling pathways. Recently, interest has emerged
to study the role of Hsps in the pathogenesis of
various diseases including diabetes, renal fibrosis,
neurodegenerative disorders, cardiovascular disease
and cancer. This review describes in detail, the
different functions of Hsps in health and disease.
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Taking into consideration, the wide variety of
functions of Hsps in health and disease, Hsps have
the therapeutic potential to serve in numerous
clinical implications.
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INTRODUCTION

Molecular chaperones are ubiquitous proteins
involved in multiple housekeeping cellular processes
as well as stress response and are abundantly
expressed across all species. Some of the house
keeping functions of molecular chaperones include
import of proteins into cellular compartments,
protein folding in the cytosol, mitochondria and
endoplasmic reticulum, prevention of protein
aggregation, refolding of misfolded proteins,
degradation of unstable proteins, dissolution of
protein complexes and control of regulatory proteins.
Heat shock proteins were first described as proteins
that could be induced upon temperature increase
(shock) in Drosophila melanogaster [1] and have
been shown to regulate cellular apoptosis [2]. More
recently, heat shock proteins (Hsp) complexed
with immunogenic peptides released from necrotic
cells have been linked to host defense. It has been
proposed that Hsps-peptide complex released from
necrotic cells initiate an innate or adaptive response
to cellular injury [3]. Extracellular Hsps-peptide
complex via binding to pattern recognition receptors
stimulate antigen-presenting cells (APC) and
initiate a response to cell death. These immunogenic
peptides elicit potent CD8+ T cell responses only
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if these peptides are chaperoned with Hsps, thus,
making Hsps the first mammalian adjuvant [3].
Hsps in general can be categorized into two groups;
the first group consists of the well-conserved
ATP-dependent chaperones Hsp60, 70 and 90,
which are involved in folding of nascent proteins
or refolding of misfolded proteins, protein trafficking
and complex assembly, regulation of multiple
kinases and transcriptional regulation, as well as
removal of proteins by proteasomal-dependent
and independent pathways [4-6]. In E. coli, these
chaperones are classified by different names,
specifically DnaK/Hsp70, Dnal/Hsp40, and
GroEL/GroES system (Hsp60/Hspl10). In the
GroEL/GroES chaperonin system, GroEL forms
two apposed rings of heptameric structure joined
with a single heptamer of GroES. This complex is
essential to E. coli survival, and facilitates the
proper folding of proteins in this bacterium [7].
A pro-apoptotic role for Hsp60/Hsp10 has been
described in Hela and Jurkat cells. Hsp60/Hsp10
was shown to associate with pro-caspase-3 and
induce its activation [8, 9]. In contrast, a protective
role for over-expressed Hsp60 and/or Hspl0 has
been described in cardiac myocytes undergoing
ischemia/reperfusion injury [10]. These differences
can be attributed to different cell types as well as
different stimuli used in both studies. This Hsp
protein family is highly conserved in evolution,
depends on an ATP-regulated switch between
conformations for chaperone activity and generally
work as part of a team of co-chaperones [6, 11-13].
ATP-dependent conformation changes regulate
substrate binding and release and can be targeted
to modulate chaperone functions [11-13]. The
second group consists of the small molecular
weight Hsps (sHsp), which serve to protect cells
from a variety of stresses [14] and are critical to
cytoskeletal integrity [15]. The sHsps do not
possess ATPase activity. Both ATP-dependent
and small molecular chaperones are molecularly
defined as sharing a conserved C-terminal region
containing a core a-crystallin domain [14]. This
domain was found to be the most highly
conserved portion of these proteins across species
(archea, bacteria, fungi, metazoan, plants, and
other eukaryotes) having an average length of
94 amino acids (aa) [16]. The variable N and C
terminal regions, which contain an average of
56 aa and 10 aa, respectively, show the least degree

of homology among species. Since the core
a-crystallin domain lacks chaperone activity, the
N and C terminal regions are believed to give sHsp
their specific functions. Not only do the N and C
termini differ among species, but the number of
Hsps across species can vary widely. The human
genome has been reported to encode 10 sHsp [14],
whereas plants have been shown to encode more
than 20 sHsp across species [16]. Buchner and
colleagues in their recent genome-wide comparison
of stress proteins compared species from all three
domains of life (archaea, bacteria, and eukarya)
reveals all forms of life contain sHsp, albeit in
varying amounts [16]. The 10 human sHsps
discovered thus far have been given the formal
name HspB 1 through 10 according to the HUGO
Gene Nomenclature Committee classification.
Several of these have been classified according to
more common names, for example Hsp27/HspBl1,
MKBP/HspB2, Hsp20/HspB6, Hsp22/HspBS, and
ODF1/HspB10. All HSPs chaperone proteins
functions are highly regulated by post-translational
modifications such as phosphorylation, acetylation,
glycosylation, methylation, nitrosylation or
ubiquitination [11, 17-21]. These post-translational
modifications may regulate co-chaperone and
client protein binding, transport and localization,
as well as ATPase activity, therefore could allow
therapeutic intervention to modulate diseases
associated with the various Hsps functions.

Functions of ATP-dependent chaperones
(Hsp60, Hsp70, and Hsp90)

In E. coli, Hsp70 (DnaK) complexes to Hsp40
(Dnal) to facilitate the folding of nascent proteins
[7]. In eukaryotes, on the other hand, Hsp70 and
Hsp90 have long been recognized as chaperones
implicated in protein folding but can also target
proteins to proteasomal or non-proteasomal
degradation [5, 22]. Hsps are very abundant in the
cytosol but also localize in the nucleus and in
various organelles [4, 6]. They bind, stabilize or
target to degradation, and activate a multitude of
protein substrates also referred to as client
proteins. Over 200 HSP90 client proteins have
been identified and more are being reported (see:
http://www.picard.ch/downloads/Hsp90interactors.
pdf). However no consensus binding sequence or
motif has been identified among the client proteins.
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By translocating to multiple subcellular locations,
Hsp90 can regulate essential cellular functions
involving protein complexes formation and
stabilization such as RNA polymerase Il assembly,
teleomere complex assembly, proteasome assembly
and RISC complex assembly [6]. Hsps mechanism
of action involves homo- or hetero-dimerization
and binding to co-chaperones and other proteins
[4, 6]. Hsp90 is structurally composed of a highly
conserved N-terminal domain that harbors a
nucleotide-binding domain for ATP binding and
several co-chaperone binding motives, connected
by a highly conserved and charged linker domain
to a middle domain for substrate binding. Finally,
a C-terminal domain that harbors a MEEVD motif
for a dimerization or binding of tetratricopeptide
repeat-containing co-chaperones [6, 11, 13].
Hsp70 harbors the nucleotide binding domain, a
linker region and a C terminal domain containing
the substrate-binding domain [12]. Binding of a
client protein and ATP changes the conformation
of Hsp90 from an open conformation to a closed
conformation with N-terminal domains from each
monomer binding to each other, allowing ATP
hydrolysis and re-opening the conformation to
release the substrate [12, 13]. Therefore substrate
binding and release are highly regulated by ATP
hydrolysis, and by changes in dimer conformation
as well as multiple post-translational modifications.
A nascent protein coming off the ribosome during
translation binds Hsp70, followed by Hsp90
binding [23]. Protein folding in mitochondria was
first shown to be catalyzed by Hsp60 in an ATP-
dependent manner. In addition, loss of Hsp60 in
yeast led to deficiencies in mitochondrial protein
assembly [24]. If a protein becomes misfolded,
these chaperones are sometimes able to re-fold it
into its correct conformation; otherwise, the
protein can get degraded at the proteasome (loss
of function) or form toxic aggregates through
protein accumulation (gain of function) [23].
Regulation of these two opposite functions
depends on the binding of co-chaperones such as
CHIP and HOP to Hsp70 and Hsp90 C-termini.
Phosphorylation of their C-termini by such
kinases as CK1, CK2 and GSK3-B, prevents
binding to CHIP, enhancing binding to HOP and
protein folding rather than ubiquitination and
degradation [22, 25, 26].

The classification and main functions of Hsps are
summarized in Table 1. Both gain-of-function and
loss-of-function misfolding have been described.
Loss of function occurs when a necessary, but
misfolded, protein is sent to the proteasome
for degradation. Some diseases linked to this
phenomenon are various cancers from loss of p53,
nephrogenic diabetes insipidus from loss of
vasopressin/aquaporin, and Fragile X Syndrome
where the fragile X mental retardation protein is
lost. Some well-known diseases from gain of
function, which occurs when the misfolded protein
forms aggregates, include Alzheimer’s disease
from B-amyloid and Tau proteins, Huntington’s
disease from aggregation of Huntingtin protein,
and amyloidosis from Amyloid A protein (see
Ref. [23] for a comprehensive list). Therefore,
knowledge of the role of these molecular
chaperones in diseases involving protein
aggregation has led to the search for drugs that
target Hsp70 and Hsp90 [23]. Several inducers
of Hsp70 exist, some of which include the
antioxidants a-lipoic acid, acetyl-L-carnitine, and
resveratrol. However, this is not always the case
with antioxidants, as quercetin has been
demonstrated to inhibit Hsp70 in prostate cancer
cell lines [23]. In addition, several prostaglandins
have been reported to induce Hsp70. Despite the
wide array of Hsp70 inducers, these compounds
can act via direct stimulation of the Hsp70
machinery, or by first causing cellular stress
that induces Hsp70. The principal inhibitors of
Hsp90 are geldanamycin, novobiocin, and a more
potent novobiocin derivative named “A-4”.
Interestingly, these same inhibitors of Hsp90 have
an inducing effect on Hsp70, and this is believed
to result from disruption of the cytosolic
Hsp70/Hsp90/HSF-1 (heat shock factor-1) complex,
allowing HSF-1 translocation to the nucleus.
Activated HSF-1, a transcription factor, induces
Hsps gene transcription [23]. Researchers
investigating heat shock proteins in D. melanogaster
decades ago at first concluded little association
of Hsps with mitochondria [1]. However, as
previously mentioned, Hsp60 was later recognized
as playing a vital role for protein folding within
mitochondria [24]. In addition, Hsp70 and Hsp90
have been found to play important roles in
transporting proteins to the mitochondria [27]. For
proteins to enter the mitochondria, it has long been
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Table 1. ATP-dependent heat shock proteins and their functions.

Common name Functions References
Hspl10 Normal protein folding, thermotolerance, [100]
Ischemic tolerance [101]
Hsp90 Protein folding and activation of assembly, [102]
Signal transduction and transcriptional regulation
Suppresses inflammation [103]
Alters expression of matrix-degrading enzymes [104]
Hsp70 Normal protein folding and transport, [105]
Thermotolerance, cell protection [106]
Extracellular HSP70 suppresses cytokine secretion
from FLS [107]
Involved in tolerance and autoimmune processes [108]
Hsp60 Mitochondrial molecular chaperon, involved in [109]
protein folding after proteins have been dragged
into the mitochondrion
Hsp40 Regulate ATP-dependent polypeptide binding [110]

by Hsp70 protein, regulate complex formation

[111]

between Hsp70 and polypeptides

recognized that the TOM (translocase of the
mitochondrial outer —membrane) complex
facilitates  pre-protein  entry into  outer
mitochondrial membrane [28]. Earlier research
demonstrated these Hsp70 and Hsp90 were
important for bringing proteins to the TOM
complex (specifically TOM70), and that the
ATPase functions of Hsp70 and 90 were needed
to release the transported protein to the TOM
receptors [28]. Furthermore, it was believed that
TOM70 alone transferred pre-proteins to the
translocation pore (TOM40 complex). Recent
work by Fan et al. has demonstrated that Hsp90 is
important for both pre-protein targeting as well as
translocation into the outer mitochondrial membrane
[28]. Overall these studies uncovered a critical
role for these Hsps in protein trafficking to
the mitochondria. Using inhibitors of Hsp90,
geldanamycin (GA) and novobiocin (NB), this
group showed differential effects of the drugs
on mitochondrial protein targeting mediated by

Hsp90. Interestingly, novobiocin (which targets
the C-terminal region of Hsp90) blocked pre-
protein association with Hsp90 and blocked
TOM70 association with Hsp90 to prevent pre-
protein import. Geldanamycin (an inhibitor of
N-terminal ATP-binding site of Hsp90), however,
had no effect on pre-protein association with
Hsp90, but prevented TOM70 import of the pre-
protein by unknown mechanisms at the time [28].

Later evidence on protein trafficking revealed
chimeric targeting signals exists on pre-proteins.
It was originally thought that peptides contained
unique signals that direct them to one of several
different organelles (endoplasmic reticulum (ER),
peroxisomes, and mitochondria). In the case of
cytochrome P450s (CYP), Avadhani’s group
demonstrated that these proteins contain bimodal
targeting sequences in which a cryptic (or hidden)
mitochondrial targeting sequence is flanked
by N-terminal ER targeting sequences [27].
Cytoplasmic endoproteases or phosphorylation of
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certain serine residues exposed the hidden
mitochondrial sequence. This group studied the
role of Hsp70 and Hsp90 in allowing for pre-
protein bypass of the peripheral TOM20 and
TOM22 receptors. Using an in vitro protein
translation system of **S-labeled CYPs imported
into rat mitochondria, they showed CYP+33/1A1
(an N-terminal truncated form of CYP1Al) and
CYP2E1 could bypass TOM20 and TOM?22,
sending the protein directly to the TOM40
translocation pore. However, Hsp70 alone brought
these CYPs through the typical TOM20—
TOM22— TOM 40 pathway. In case of CYP+5/1A1
(a different N-terminal truncation mutant) and
CYP2E1, all three peripheral TOMs (TOM?20,
TOM?22, and TOM70) were required for protein
import in the presence of Hsp70 alone. However,
when both Hsp70 and Hsp90 were present, these
pre-proteins only required TOM70 for mitochondrial
import. Similar to other models of Hsp70 and Hsp90
interaction [2] these authors found a requirement
of Hsp70 first binding to the pre-protein before
Hsp90 association [27]. One rationale for the
observed differences in CYP import is the ability
of the different Hsps (Hsp70 and Hsp90) to bind
peripheral TOMs. For example, the proline-rich
domain of TOM40 was shown to be the binding
site for Hsp90, indicating how the presence of
both Hsp70 and Hsp90 can facilitate bypass of
certain TOMs (20 and 22 in this case).

In addition to their roles in protein trafficking,
new evidence reveals an important role for Hsps
as transcriptional co-factors. The vitamin D receptor
(VDR) is one of several receptors belonging to
the nuclear receptor (NR) superfamily. The NR
superfamily consists of two distinct classes, class
I and II. Among the class I NR are the steroid
receptors: androgen, estrogen, progesterone,
glycocorticoid, and mineralocorticoid receptors.
VDR receptor belongs to the class II NR which,
(similar to other nuclear receptors in this family,
namely thyroid hormone, retinoids, and peroxisome
proliferators), forms a heterodimer with retinoid X
receptor (RXR) [29]. When class II NR dimerize
with RXR, they influence gene transcription by
binding to either direct repeat (DR) or inverted
repeat (IR) elements within the promoters of target
genes to influence gene transcription rates [30].
It has been known for some time that PGC-la

(peroxisome  proliferator-activated  receptor-y
coactivator-1a) functions as a co-activator with
the class II nuclear receptors (NR) such as CAR,
FXR, LXR, PPAR-0a, PPAR-y, PXR, and VDR
in ligand and ligand-independent manners [31].
Recent evidence from the Wood Laboratory now
implicates Hsp90 as a mediator of Vitamin D
activation [32].

Using a Caco-2 human intestinal line that is
known to be vitamin D responsive, the authors
demonstrated that chemical inhibition of Hsp90
using geldanamycin (which blocks the ATPase
domain of Hsp90) and siRNA to Hsp90p,
impaired VDR responsiveness to 1a,25(OH),D;
(the active form of vitamin D) stimulation. In
addition, downstream activation of CYP24 (a
known responsive gene to active vitamin D), was
attenuated with geldanamycin (GA) treatment.
Similar results were found when shRNA was used
to knockdown Hsp90. The authors treated Caco-2
cells with or without active vitamin D and
geldanamycin, and showed reduced DNA binding
activity of VDR to the VDRE (Vitamin D
response element) in cells treated with GA+Vit D
versus no GA+Vit D. In summary, these studies
demonstrate a vital role for Hsp90 in VDR
activation [32]. However, separate studies suggest
Hsp90 inhibition may not always be beneficial. In
PCI12 cells, geldanamycin has been demonstrated
to facilitate Hsp90 complex disruption and production
of reactive oxygen species (ROS). These effects
were blocked by the antioxidant N-acetyl cysteine
(NAC) suggesting that Hsp90 is directly involved
in ROS production, glutathione depletion, and
cytotoxicity, in these cells [5].

Thus, the myriad outcomes of Hsp90 disruption
seem to have both beneficial and potentially
deleterious effects in human health. Activation of
VDR by Hsp90 is important as low vitamin D
levels (and low VDR activation) have been strongly
linked to various cancers, such as those of the
breast, colon and prostate [33]. On the other hand,
other data suggests activation of Hsp90 could
lead to elevated levels of ROS [5], which has also
been linked to inflammatory diseases and cancer
pathogenesis. From these studies, one might conclude
that a specific balance of these chaperones is
important for maintaining optimum health.
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Functions of small Hsps (sHsp)

The small Hsps are a group of proteins similar,
but uniquely distinct from, the ATP-dependent
chaperones (Hsp60, Hsp70, Hsp90). sHsps vary in
size from 15 to 30 kDa and to date nine different
members of this family have been identified: Hsp10,
Hsp27, p20, HspB3, MKBP/HspB2, HspBS, HspB9,
cvHsp, a-A crystallin and o-B crystallin [34].
Although members of this family share low amino
acid homology, they are grouped together based
on similar structural and functional properties,
with all sHsps having a conserved core region that
was first identified within the o crystallin proteins
of the vertebrate eye [35]. As mentioned earlier,
unlike Hsp70 or Hsp90, genome data from a
variety of different species shows a wide array
of functional variance of the sHsp [16]. The
classification and main functions of small Hsps
are summarized in Table 2.

Hsp27 has been reported to be virtually detected
in all organisms from prokaryotes to mammals
[36]. Like many other Hsps, Hsp27 has been
shown to be highly inducible following exposure

to variety of stressors, thereby enhancing cellular
resistance to heat shock, oxidative stress and
inflammatory mediators such as tumor necrosis
factor (TNF)-a in vitro and in vivo [37, 38].
Moreover, in several in vitro models Hsp27 has
been shown to inhibit apoptosis following oxidative
stress [39]. Hsp27 is a substrate for phosphorylation
by mitogen-activated protein kinase-activated
protein kinase-2 (MAPKAPK-2) [40] and is
believed to modulate the cytoskeletal arrangement
of actin filaments in pulmonary endothelial cells,
in a manner which is at least partially dependent
on its phosphorylation state [41, 42]. Hsp27
regulates neutrophil apoptosis through the interaction
of Hsp27 with protein kinase B (Akt) [19, 21].
Activation of Akt has been demonstrated to
inhibit apoptosis in the variety of systems [43,
44]. Hsp27 has been reported to block the release
of cytochrome ¢ from mitochondria in the cells
exposed to staurosporine, etoposide or cytochalasine
D [45]. It also mediates inhibition of pocaspase-3
activation, through its ability to prevent initiator
caspases like caspase-9 from gaining access to
the residues whose cleavage is essential for

Table 2. Small heat shock proteins and their functions.

Common name Functions References
Hsp27 Chaperon, anti-apoptotic, [34]
Regulates f-actin formation [45]
Involved in cell migration [49]
MKBP Myotonic dystrophy kinase binding protein, [112]
Enhances DMPK activity and protects it against
heat inactivation
oA & aB-crystallin Forms multimers with other sHsps [113]
Hsp22, Promotes cells survival, and increase resistance [114]
H11 kinase to oxidative stress
Hsp20 Regulates f-actin, cytoskeletal structures, [115]
Suppresses platelet aggregation [116]
Hspl0 Chaperone in mitochondria, immunomodulation [117]

and cell proliferation and differentiation

[118]
[119]
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procaspase-3 activation. Moreover, Hsp27 has
been reported to block DAXX-mediated apoptosis
by preventing its translocation to the membrane
and thus, inhibiting its interaction with Fas and
ASK- [46]. Hsp27 also participates in smooth
muscle contraction [47]. They showed bombesin-
induced contraction of permeabilized intestinal
smooth muscle cells was inhibited by anti Hsp27
antibody treatment [47]. Subsequently, several groups
found that inhibiting the p38 MAPK/MK2/Hsp27
signaling pathway reduces contraction in variety
of smooth muscles [48-50].

Cell proliferation and migration depends on actin
filament remodeling which involves detachment
and rounding of cells. Landry and coworkers
previously showed that p38 MAPK pathway was
necessary in migration of vascular endothelial
cells [51]. Consistent with these results, Hedges
et al. showed that activation of p38 Map kinase
leading to Hsp27 phosphorylation is necessary
for migration of tracheal smooth muscle cells
[52]. Subsequently, several other groups have
demonstrated that the p38 MAPK/MK2/Hsp27
pathway is necessary for migration of vascular
smooth muscle cells [49], fibroblasts [53] and
breast epithelial cells [54].

A separate group recently demonstrated the ability
of human Hsp27 overexpression (OX) to protect
against hepatic ischemia/reperfusion injury in
mice [55]. In rats undergoing ischemia reperfusion
(IR), overexpression of human Hsp27 in rat liver
cells reduced apoptosis (as measured by active
caspase 3) versus wild type Hsp27 levels. In
addition, Hsp27 OX was able to attenuate vascular
permeability of rat liver cells after ischemia and
reperfusion. The findings from this study supports
the earlier work of Tezel and Wax who postulated
increased serum levels of Hsp27 autoantibodies
in glaucoma patients as an underlying cause of
retinal cell death in these patients. By treating
human retinal cells with an exogenous Hsp27
antibody, the authors were able to demonstrate
increased apoptosis in these cells supporting the
idea that loss of Hsp27 function is associated with
increased cell death [56]. In human neutrophils,
our group showed that pre-treatment of neutrophils
with Hsp27 antibody led to increased cell death as
evidenced by Annexin V binding and assessed by
electron microscopy [19, 21]. These findings were

subsequently shown to be due to the requirement
of Hsp27 dependent-Akt activation, as loss of
Hsp27 prevented Akt activation, by MK2, which
acts as PDK2 for Akt, promotes cellular survival
[57]. Disruption of Akt-Hsp27 resulted in inhibition
of Akt activity and key upstream positive
regulators of Akt such as p38 MAPK, mitogen-
activated protein kinase-activated protein kinase-2
(MAPKAPK?), and 3-phosphoinositide-dependent
protein kinase-1 (PDK1), dissociated from the Akt
signal complex. In contrast, Akt-Hsp27 disruption
resulted in recruitment of PKC-5, a negative
regulator of Akt, within the Akt signaling complex.
In addition, apoptosis-related proteins PARP-2,
caspase-3, and caspase-8 also associated with the
Akt signal complex after disruption of the Akt-
Hsp27 interaction, suggesting that disruption of the
Akt signaling complex may promote caspase-3
activation, leading to neutrophil apoptosis [58].
Thus, this strategy can have therapeutic potential
to inhibit Akt activity and induce neutrophil
apoptosis in neutrophil-mediated inflammatory
pathologies.

Heat shock proteins and their clinical
implications

Given their ubiquitous nature, it comes as little
surprise that a wide array of diseases has been
linked to aberrant Hsp function. Cells and tissues
from a wide variety of tumors have been shown to
express unusually high levels of Hsps including
Hsp27 and/or Hsp70. Hsp27 and Hsp70 have been
shown to increase the tumorigenic potential of
rodent cells transplanted into syngeneic hosts [59-
60]. Hsp27 over expression has been also reported
to increase the metastatic potential of human
breast cancer cells inoculated into nude mice [61].
Antisense constructs of Hsp70 have been shown
to sensitize cancer cells to apoptosis and to
eradicate tumors (breast and colon carcinomas) in
various models [62, 63] indicating the potential
role of Hsp27 and Hsp70 in tumorigenesis.
Increased expression of Hsp70 has been correlated
with high-grade malignant tumors including
endometrial and renal cell tumors [64]. In human
renal cell carcinoma, diversity in expression of
Hsp27 isoforms represents an useful tumor
marker [65]. In prostate cancer, Hsp27 is an
independent predictor of clinical outcome. A low
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level of expression of Hsp27 is associated with
a delay in prostrate tumor progression [66].
Expression of Hsp27 in primary breast cancer has
been shown to be associated with short survival
for node-negative patients [67]. Moreover, Hsp27
staining in case of ovarian carcinoma has been
shown to be associated with decreased survival
[68]. Feng and coworkers have demonstrated that
evaluation of the soluble level of Hsp27 in human
serum may be a useful biomarker for breast cancer
or hepatocellular carcinoma [69]. By deletion
mutagenesis previous studies from our laboratory
has identified acidic linker region (amino acids
117-128) on Akt as an Hsp27 binding region
[21]. By immunoprecipitation and glutathione
S-transferase pulldown studies, we showed that
deletion of amino acids 117-128 on Akt resulted
in loss of its interaction with Hsp27 and MK2 but
not with Hsp90 as Hs90 binding site on Akt is
distinct from Hsp27 [21]. Our studies demonstrated
that Hsp27 is positive regulator of Akt. Moreover,
Hsp27 is expressed at high levels in clinical breast
tumors and possibly promotes tumor progression
by activating Akt [61]. We believe targeted delivery
of excess amount of recombinant TAT-Akt;;7.125
protein at tumor sites will competitively inhibit
endogenous Akt-Hsp27 interaction. The consequence
of this disruption will inhibit Akt activation and
will induce apoptosis of tumor cells. Thus, TAT-
Akt 7,128 protein may serve as a therapeutic target
to control cancer.

Hsp90 is an abundant chaperone protein which
is expressed by all eukaryotic cells. In addition,
Hsp90 expression and/or ATPase activity has
been reported to be increased in cancer cells
including breast. Hsp90 over expression is
associated with the expression of estrogen
receptor and HER2/erbB2, as has been described
as an independent marker of bad prognosis
associated with decreased survival [70]. Increased
Hsp90 activity has also been shown to be associated
with lung cancer in which the epidermal growth
factor receptor is mutated [71]. Several inhibitors
of Hsp90 are currently undergoing the Phasel/II
trials to find the better therapeutic regimen for
cancer therapy. It has been shown that Hsp70
expression is induced following treatment with
Hsp90 inhibitors which has been well demonstrated
in vitro, in leukemic cells and peripheral blood

mononuclear cells [72], and also in vivo, in tumors
of treated patients [73]. Moreover, depletion of
Hsp70 by siRNA strongly increases cells
sensitivity to 7-AAG [74], indicating that Hsp70
inhibitors can be use as local chemo-sensitization
agents in Hsp70-expressing human tumors.
Furthermore, over expression of the small heat
shock protein o B crystalline has been observed in
glial tumors such as astrocytoma, glioblastoma
and oligodendroglioma [75], and in renal carcinoma
tumors [76]. Xu et al recently reported that
Hsp70 may be served as therapeutic target towards
laryngeal carcinoma radiotherapy by inhibiting
degradation of nucleolin which is known to be
involved in cell proliferation [77]. Epithelial
mesenchymal transition (EMT) has been shown
to be a key step during tumor progression and
metastasis [78]. More recently Slotta-Huspenina
et al. [79] in their study involving adenocarcinoma
patients showed that drugs against Hsp90, which
have been recently introduced in cancer treatment,
may be used to treat adenocarcinoma tumors by
targeting Hsp90 alone or in combination with
Her2. Extracellular Hsp90 (eHsp90) has been
shown to promote cell motility and invasion in
cancer cells and metastasis in preclinical models
[80]. Recently, Liu ef al. [81] have further provided
evidence that Hsp70 attenuates epithelial-to-
mesenchymal transition of peritoneal mesothelial
cells by inhibiting high glucose-induced Smad3
activation. Therefore, the family of molecular
chaperones (Hsp90) can be considered as possible
therapeutic targets in the treatment of a variety of
human cancers.

Serum Hsp27 concentrations were found to be
lower in patients with type-1 diabetes and this
correlated with large nerve fiber dysfunction and
higher levels of serum Hsp27 was associated
with better nerve function and fewer neuropathic
signs in type 2 diabetes [82, 83]. Moreover, the
EURODIAB prospective complications study
identified Hsp27 as a novel circulating marker for
diabetic neuropathy but not a marker for vascular
complications in type 1 diabetes [84, 85]. Hsps
including Hsp25, Hsp60, Hsp70, and Hsp90
expression/phosphorylation is modulated in the
glomeruli and in the medulla of streptozotocin
(STZ)-induced diabetes rats [86]. Over-expression
of Hsp27 transgene in the pancreatic beta cells
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attenuated STZ-induced diabetic nephropathy
in vivo while in vitro Hsp27 over-expression inhibited
cytokine-induced islet apoptosis [87]. In an additional
study with MK2 (-/-) mice, it was demonstrated
that loss of MK2 and loss of its downstream
signaling including Hsp27 phosphorylation had no
protective effects on STZ-induced early diabetic
nephropathy [88]. Djamali and his group has
demonstrated a role for Hsp27 in regulating
kidney tubulointerstitial fibrosis and they have
demonstrated that over-expression of Hsp27 in
renal tubules inhibits fibrogenesis in obstructive
nephropathy [89-91].

Plasma levels of soluble Hsp27 have been shown
to be lower in patients with atherosclerosis
compared to healthy controls [92]. Serum Hsp27
levels may serve as a therapeutic target for
atherosclerosis [93]. Wang et al. showed that
resveratrol enhances Hsp27 expression in cultured
human aortic smooth muscle and reduces
proliferation [94]. Hsp27 has been shown to be
phosphorylated in Gemcitabine-resistant pancreatic
cancer cells and phosphorylated form of Hsp27
may be involved in providing the resistance to
Gemcitabine in pancreatic cancer cells [95]. Thus,
Hsp expression and secretion may prove to be
beneficial in a wide range of clinical applications.

Severity of cardiovascular disease is characterized
by existence of heat shock proteins in the
peripheral circulation, presence of which has been
reported by many investigators [96-98]. Zhu and
coworkers measured serum Hsp70 concentrations
in individuals evaluated for CAD (coronary artery
disease) by coronary angiography, and found that
concentrations are significantly higher in patients
without evidence of CAD, indicating that heat
shock proteins influence the progression of
cardiovascular disease [97]. Moreover, Hsp70 has
been shown to involve in ischemic preconditioning.
Overexpression of the major 70-Kda heat shock
protein (Hsp70) in the transgenic mice has been
shown to improve myocardial function [99]. Thus,
it is clear that Hsps expression is altered in a great
variety of diseases and therefore modulation of
Hsp signaling may allow development of novel
therapeutic strategies to control disease phenotype.

CONCLUSIONS

In conclusion, Hsps are rapidly and ubiquitously
engaged in response to physical, chemical, and

environmental stresses and have been shown to
functionally integrate several important signaling
events including proliferative, migratory, survival,
and cell death. Taking into consideration the wide
variety of their functions, these Hsps have significant
therapeutic potential in diagnosis and treatment of
a variety of diseases including cancer.
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