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1. ABSTRACT

The 70-kDa heat shock proteins (HSP70s) are well-
studied and characterized heat shock proteins (HSPs). They
constitute essential components of a quality control system
of protein synthesis, and function as molecular chaperones
to prevent proteins from misfolding and aggregating during
both de novo synthesis and under conditions of stress.
Moreover, it is now well established that HSP70s play
important cytoprotective roles in various pathologica
settings.  Recognition of molecular chaperone and
cytoprotective functions of HSP70s is fostering active
investigations into the potential of HSP70s as therapeutic
targets at the laboratory level. Gaining insight into these
recent advances may have profound implications in the
development of HSP70-based clinical studies.
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2. INTRODUCTION

Both prokaryotic and eukaryotic cells have
evolved multiple complex endogenous mechanisms to cope
with a variety of stressful challenges. One of the best
characterized mechanisms involves heat shock proteins
(HSPs). Initially discovered by Ritossa (1, 2) in Drosphila
sdlivary gland cells that were inadvertently exposed to
37°C, HSPs now represent a highly diverse, evolutionarily
conserved super-family of proteins which exist in al
organisms from bacteria to humans. Although the term
“heat shock protein” was originaly coined to describe
proteins synthesized as a response of cells to abnormal high
temperature (heat shock), it is now clear that HSPs can be
induced by exposure to a wide array of stimuli including
protein kinase C (PKC) stimulators (3), heavy metas (4),
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glucose anaogs (5), toxins, ischemia and other stresses (6,
7). Mainly based on their molecular weight, HSPs are
categorized into severa subfamilies, among which 70 kDa
heat shock proteins (HSP70s) is the most abundant and
conserved of the HSP subfamilies and is one of the most
extensively studies. Included in the HSP70 family are
HSC70 or HSP73 (heat shock cognate, the constitutive
form), inducible HSP70 (also referred to as HSP72),
HSP75 and HSP78. All of these proteins share a 44-kDa
ATPase domain (8) (9) which primarily act as ATPases that
couple nucleatide hydrolysis to the protein folding reaction
(10). HSP70s have a 60-80% base identity among
eukaryotic cells and a 40-60% identity between eukaryotic
and E. Coli DnaK (the E. coli HSP70) (11) (12). They can
be detected in the cytosol, mitochondria, endoplasmic
reticulum and nucleus, athough the locations vary
depending on the particular protein (13).

While much pioneering work demonstrated that
HSP70s serve as molecular chaperones, guide refolding of
proteins that fail to fold correctly and assemble with
partners of their own, these proteins also play important
cytoprotective roles in a variety of pathological settings
such as ischemic injury to the heart (14), liver (15) and
brain (16). The realization that HSPs have cytoprotective
properties has spawned investigations of them as gene
therapy targets in various experimental models of diverse
diseases. In this review, following a brief discussion of
basic molecular and functional features of HSP70s, we will
focus on the advances that have been made during the past
decade as well as challenges that remain in the field of
developing HSP70-based gene therapy.

3. HSP70 EXPRESSION AND FUNCTION

3.1. Induction of HSP70s

Both prokaryotic and eukaryotic cells have
evolved various complex endogenous mechanisms to turn
on expression of genesin response to stress, and the protein
products of these genes have been thought to help cells
survive from the deleterious effects of various insults. One
of the best characterized mechanisms involves the heat-
shock response, and the corresponding proteins are
collectively called heat shock proteins (HSPs). Human
genes encoding the major HSP70s are located on
chromosomes 6, 14, and 21 (17) and the basal promoter of
human HSP70 gene resides within 70 base pairs of the
transcription initiation site, containing at least two distinct
regulatory domains: a proximal domain responsive to
stimulation by serum and a distal domain responsive to heat
shock or cadmium (18, 19). The major factors that have a
significant influence on HSP70 expression include cAMP,
intracellular free calcium (20, 21), PKC and protein
phosphatases (22-24). The precise mechanism for control
of HSP70s expression have not been completely delineated,
but the rapid transcriptional induction of HSP70 involves
the interaction of heat shock factors (HSFs) with heat shock
elements (HSEs) within its promoter region.

HSEs were originally defined from the
examination of Drosophila promoters (25), and redefined in
the form of an array of inverted repeats of the sequence

700

NGAAN (26, 27). Human HSP70 HSE consists of three
perfect 5-nGAARN-3 sites (1, 3, and 4) and two imperfect
sites (2 and 5) arranged as tandem inverted repeats (28).
HSFs were first described in experiments investigating
proteins binding to the promoters of HSP genes. They
represent a novel protein family that differs from other
eukaryotic transcription factors and DNA binding proteins
(29). Four different HSFs have been identified in
vertebrates to date: HSF1, HSF2, HSF3 and HSF4 (30),
among which HSF1 is believed to be sufficient to sense
heat shock and responsible for heat shock induced
expression of HSP70 (31, 32). The mechanism of
interaction between HSPs and HSFs has been proposed by
a number of researchers (21, 28, 33, 34). Under non-
stressful conditions, HSFs are located as a monomer in the
cytosol where they are transiently bound to HSPs,
stabilizing the conformation of HSFs in a non-DNA bound
form. In response to stresses which result in the
accumulation of misfolded or aggregated proteins, HSFs
dissociate from HSPs, assemble into trimers and are
phosphorylated. The HSF trimers then migrate into the
nucleus, where they bind to HSEs and €licit transcription of
more HSPs (35). The newly synthesized HSPs then go on
to bind more denatured proteins (16). Interestingly,
overexpressed HSP70 can also inhibit the activation of its
transcriptional  factor, HSF1, by activating protein
phosphatase and inhibiting protein kinase C activity (24,
36, 37). In addition, multiple HSFs may interact differently
with HSEs. For example, a study examining the interaction
of recombinant mouse heat shock transcription factors 1
and 2 (MHSF1 and mHSF2) with HSE revedled that
mHSF1 bound al five pentameric sites, whereas mHSF2
failed to interact with the first site of the HSE but bound to
sites2to 5 (28).

It appears that HSFs are primarily involved in the
synthesis of inducible HSPs, in spite of the fact that the
promoter region of congtitutive HSPs also contains HSEs
and several SP1-binding sites (25). Other mechanisms of
HSP70 regulation have also been suggested. For example,
He and colleagues (38) found that elevated expression of
HSF2A stimulates HSF1-induced transcription during
stress, indicating a mechanism involving the formation of
heterocomplexes between HSF1 and HSF2 with enhanced
activity to activate the HSP70 promoter. HSP70 gene
expression can also be controlled by a second regulatory
factor in addition to the positive activator HSF1. Li et a
(39) demonstrated that the induction of HSP70 can be
inhibited by the expression of the 70-kDa human Ku
autoantigen inrat cells.

3.2. Molecular chaperone function and the ATPase
cycle

Molecular chaperones exist in all cel types and
can be defined as proteins that bind otherwise unstable non-
native conformations of proteins, predominately by
shielding hydrophobic surfaces exposed to solvent, and
facilitate correct folding by releasing the bound polypeptide
in controlled way (40). Many molecular chaperones are
classified as HSPs. The cytosol of higher eukaryotes
contains both constitutively expressed HSP70 (HSC70) and
stress-inducible forms (HSP70) (41). Aided by the co-
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chaperone HSP40, they recognize and bind to a small
stretch of hydrophobic amino acids on an incompletely
folded protein’s surface, helping it to refold. In this way,
HSP70s participate in a large variety of folding processes,
including the folding of newly synthesized polypeptides,
the refolding of stress-denatured proteins, the
disaggregation of aggregated proteins, the translocation of
organelles and transport of secretory proteins across
membranes, the regulation of signaling protein function and
trafficking, the assembly and disassembly of oligomeric
structures, and the control of hormone receptor function
(42-45).

Central to the chaperone function of HSP70s is
their ability to bind and release from target peptide
stretches within substrate polypeptides, a cycle consisting
of an alternation between the ATP state with low affinity
and fast exchange rates for substrates, and ADP state with
high affinity and low exchanges rates for substrates (46).
Molecular structures underlying this cycle has been
characterized for human HSC70 and HSP70 (9, 47-49). A
44 kDa fragment (amino acid redidues 1-386) from the N-
terminus, characterized by X-ray crystallography, contains
the ATPase domain which has two structural lobes with a
deep cleft between them. ATP binds at the base of this cleft
(50). An internal 18-kDa fragment located immediately
after the ATPase domain contains peptide binding domain
(51), which consists of two four-stranded antiparallel beta-
sheets and a single alpha-helix (48).

Studiesusing E. coli's HSP70 homologue, DnakK
have shed light on how the ATPase cycle is regulated.
Rapid peptide binding occurs in DnakK’s ATP-bound state,
followed by hydrolysis of bound ATP to adenosine 5'-
diphosphste (ADP) The hydrolysis of ATP to ADP
increases DnaK'’s substrate-binding capacity, thus allowing
stable anchoring of the peptide (41, 46). Multiple cycles of
peptide binding and release occur until stable protein
folding occurs. It has been proposed that ATP hydrolysisis
essentiad for ATPase cycle and its regulation involves
regulatory proteins, such as co-chaperones DnaJ and GrpE.
Dnal can accelerate hydrolysis of ATP by binding to DnaK
(52) as well as recognize hydrophobic peptides and
therefore recruit DnaK to nascent chains (53). GrpE is the
essential nucleotide exchange factor of DnaK and has been
demonstrated to trigger the release of ADP and substrate
from DnaK (54-56) and to prevent the association of
peptide substrates with DnaK through an activity of its N-
terminal 33 amino acids (56).

3.3. Cytoprotective functions of HSP70

A cytoprotective function of HSP70 was first
suggested in several thermotolerant paradigms in 1980s. In
these earlier studies, the induction of HSP70 was found to
be associated with the development of the ability of a cell
or organism to become resistant to heat stress after a prior
sublethal heat exposure (57-59). These data also showed
that the kinetics of thermotolernce induction and decay are
paralel to the induction and degradation of HSP70 (59,
60). These studies were then extended to ischemic
tolerance. Induction of HSP70 expression was observed in
whole animal models of global and foca cerebral ischemia
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(61), and in the intact rat (62) and dog (63) hearts. Again,
the induction of HSP70 in these cases was demonstrated to
be protective (64-66).

Although the data from these tolerance paradigms
suggest a cytoprotective potential of HSP70s, such
evidence is circumstantial. More direct evidence supporting
a casud link between the induction of HSP70 and
cytoprotection came from the studies in which cells have
been made to selectively overexpress HSP70. A few
laboratories reported that selective overexpression of
HSP70 in various non-neuronal cell lines is protective
against stresses including heat shock, oxidative stress,
apoptotic stimuli, and ischemia-like conditions. HSP70
overexperssion in cultured hippocampal, and peripheral
neurons and gliais also protective (see reviews (16, 67)). A
similar protective effect has also been well documented in
myocardial models (68, 69). These in vitro observations
were further corroborated in the studies using transgenic
mice which overexpressed the HSP70 gene. Marber and
colleagues found that overexpression of the rat inducible 70
kDa heat shock protein in a transgenic mouse increase the
resistance of heart to ischemic injury (70). HSP70
overexpression in transgenic mice can aso reduce
myocardia infarct size (71), enhance recovery of high
energy phosphate stores and correct metabolic acidosis
(72), improve post-ischemic contractile recovery and lower
release of creatine kinase (73). In line with these
observations, overexpression of HSP70 in transgenic mice
has aso shown remarkable neuroprotective effects
following brain ischemia (74, 75), and conversely, HSP70
deficiency in knockout mice increased ischemic injury (76).

The underlying mechanism of cytoprotection by
HSP70 has been attributable to its ability to prevent the
denatured proteins from misfolding and aggregating, but it
appears that other mechanisms are aso involved (77).
Recent studies have shown that HSP70's protective effect
may also be due to antiapoptotic mechanisms. Brar and
colleagues (68) observed that HSPs delivered with a viral
vector can protect cardiac cells against apoptosis as well as
against thermal or ischemic stress. A number of studies
have now shown that HSP70 can also prevent apoptosis
from occurring in the brain. Cells with DNA fragmentation
following focal cerebral ischemia rarely express HSP70
protein (78), and transgenic mice overexpressing HSP70
have fewer apoptotic cells and less DNA laddering (79).
Recent work in a neonatal hypoxialischemia model showed
that overexpression of HSP70 also interfered with release
of apoptosisinducing factor (AlF) (80). For reasons that are
still  unclear, one study has shown that HSP70
overexpression is correlated to upregulation of the anti-
apoptotic protein, BCL-2 (81). Furthermore, HSP70
deficiency is associated with increased caspase activation,
cytochrome c release and DNA fragmentation (82). HSPs
can interfere with apoptosis at various points in the death
cascade, including blocking caspase activation and activity
(83, 84), interfering with Apaf-1 and preventing the
recruitment of procaspase-9 to the apoptosome (85, 86).

In addition, other studies have revealed that HSP70

has important  anti-inflammatory  properties in
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pathologically relevant settings. Prior induction of HSP70
decreases the release of inflammatory mediators in a
porcine model of recurrent endotoxemia (87), protects
against tumor necrosis factor-induced lethal inflammatory
shock (88), and attenuates cardiopulmonary bypass-induced
inflammation (89). Overexpression of HSP70 inhibits
bacterial endotoxin-induced production of cytokines (90)
and ameliorates experimental acute respiratory distress
syndrome (91). Conversely, inhibition of HSP70 expression
by antisense HSP70 partialy reverses such anti-
inflammatory functions (90, 92, 93). Together, these data
suggest that in some cases, HSP70's protective function
may in part be due to an anti-inflammatory effect.

4. HSP70-BASED GENE THERAPY

Gene therapy, or the transfer of genetic material to
cells, has gained interest in various disciplines. An
appropriate gene could be delivered to target tissues
through ex vivo or in vivo approaches typically with the
help of viral and non-viral vector systems, for the treatment
of a wide variety of diseases (68, 94-98). Over the past
decade HSP70-based gene therapy, abeit probably not
ready for wide-scale practice, have actively been explored
at the laboratory level.

4.1. HSP70 gene therapy for treatment of brain
ischemia and related conditions

Herpes simplex virus (HSV) is a natural choice
for gene transfer into the adult central nervous system due
to its natural neurotropism and ability to persist for
relatively long periods in alatent state in neurons (99, 100).
Other vector systems such as adeno-associated virus
(AAV) and lentivirus have also been shown to transfect
post mitotic neurons, and have been the favored systems
developed for potential applications in human studies (98).
For cerebral ischemia, the issue of long term expression
from these vectors may not be as crucial, since the temporal
therapeutic window for stroke treatment may be finite, and
for most interventions, relatively brief. At thein vivo level,
gene therapy with HSV overexpressing HSP70 improved
striatal neuron survival in rats subjected to 1 hour of middle
cerebral artery occlusion, and improved survival of
hippocampal dentate gyrus neurons after systemic kainic
acid administration (101). HSV gene transfer of HSP70
also protected hippocampa neurons from global ischemia
(81), and adenovird HSP70 gene therapy protected
stristum and thalamus from a similar insult (102) .
Furthermore, it is possible to deliver HSP70 containing
viral vectors up to 2 h after stroke onset and still see
neuroprotection (103). Taking into consideration the fact
that transgene expression from HSV vectors does not begin
until 4-6 h after direct intracerebral injection (104), this
would suggest that HSP70 protein can protect neurons
when delivered 6-8 h after stroke onset.

However, a limitation of viral vector mediated
gene therapy is that the extent of transfection is relatively
restricted. In our |ab, defective herpes ssimplex viral vectors
have a transfection efficiency of approximately 10%,
resulting in only a few hundred neurons that take up the
gene of interest, and about 80% of transfected cells are
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contained within a 0.5 mm radius of the injection site (100).
Therefore, in the above in vivo models of brain ischemia
and excitotoxicity, it is not possible to alter overall lesion
size. However, in arelated disease, investigators have been
able to demonstrate improved myocardia function
following ischemia with reperfusion by HSP70 when the
hemagglutinating virus of Japan (HV J)-liposome technique
was used to transfect isolated hearts via intracoronary
infusion (94, 95). These observations suggest that HSP70
not only improves cell survival against ischemia, but has
the potentia to improve organ function as well. Given the
relatively large size of both the human brain and typical
ischemic strokes, it seems unlikely that this approach of
transfecting a few hundred to even a thousand cdls
(maximal cell numbers that could be expected to be taken
up after direct intracerebral injection of viral vectors) could
be directly translated to the clinical level. Clearly, if HSP70
were to be used therapeutically, improved delivery methods
will be needed.

One approach might be to administer drugs that
could cause HSP70 induction. In fact, geldanamycin, a
benzoquinone ansamycin, binds Hsp90 and releases heat
shock factor (HSF1) leading to HSP70 generation. A prior
study has shown that administration of this compound can
reduce overall lesion size in amodel of experimental stroke
(105).

Non-viral vector systems for HSP70 delivery are
also underway. Hecker, et al (106) recently demonstrated
that the HSP70 gene, using optimized formulations of
plasmid DNA complexed to the cationic lipid MLRI,
results in widespread distribution and expression of HSP70
when delivered into the lateral ventricles of the rat brain.
Fusion of HSP70 to the trans-activator of transcription
(TAT) protein from human immunodeficiency virus (HIV)
has aso been explored in vitro, and was shown to be taken
up by cultured neurons (107). As TAT fusion proteins have
been shown to cross the blood brain barrier after parenteral
administration, this might prove to be another means of
delivering HSP70 to the brain (108-110).

4.2. Parkinson’s disease

Although not generally associated with ischemia,
Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by selective degeneration of dopaminergic
neurons in the substantia nigra. It is worth considering gene
therapy for PD, since neurona loss is restricted to a
relatively small area of the brain compared to stroke. Since
viral vector mediated gene transfer is limited to small
numbers of cells, studying gene therapy in this disease may
provide unique insights into the functional and long term
significance of this kind of therapy. In fact, gene therapy in
Parkinson’s disease has been fueled by successfully
modeling various aspects of the disease in animals by
overexpression of disease-causing protein using viral
vectors (111, 112).

The neuroprotective function of HSP70 in
Parkinson’s disease (PD) has been observed in severa
studies. HSP 70 strongly inhibits apha-synuclein
(alphaSyn) fibril formation via preferentia binding to
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prefibrillar species and alters the characteristics of toxic
alphaSyn aggregates (113). In addition, HSP70 transgenic
mice crossed with aphaSyn transgenic mice led to a
significant reduction in both the high molecular weight and
detergent-insoluble aphaSyn species. In the same study,
HSP70 overexpression in vitro similarly reduced detergent-
insoluble alphaSyn species and protected cells against
alphaSyn-induced cellular toxicity (114). It appears that the
ability of HSP70 to prevent toxicity is distinct from
degradation of alpha-synuclein and is dependent on its
ATPase domain, because athough the ATPase domain
mutant of HSP70 can diminish levels of aphaSyn to an
even greater extent than HSP70, it does not protect against
alphaSyn toxicity (115). The potential of HSP70-based
gene therapy for PD was recently examined in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse
model of nigral neuron toxicity. HSP70 gene transfer to
dopaminergic neurons by a recombinant adeno-associated
virus significantly protected the mouse dopaminergic
system against MPTP-induced dopamine neuron loss and
the associated decline in striatal dopamine levels and
tyrosine hydroxylase-positive fibers (116). As observed in
experimental stroke models, geldanamycin, through its
ability to induce HSP70, was similarly found to protect
neurons and improve neurological function against
alphaSyn toxicity in a fly model of Parkinson's disease
(117).

5. CONCLUSIONS

It is now evident that HSP70s play an important
role in protecting cells against lethal stresses. There is also
emerging recognition that HSP70s possess tremendous
potential as a therapeutic target for the treatment of
devastating neurological diseases. The past decade has
already witnessed significant advances that have been made
regarding the development of HSP70-based gene therapy
protocols at laboratory level. HSP70s can be successfully
delivered into target tissues by using viral and non-viral
vector systems, and at least one pharmacologica approach
could be used to induce endogenous HSP70. Yet with the
progress made in this field, a number of hurdles must till
be overcome. Besides general concerns relevant to gene
therapy, such as safety considerations, side-effects and the
limitations of current vector systems, the development of
widespread gene delivery is ill one the greatest
challenges. Regardless, HSP70 as a therapeutic agent
appears promising for future neuroprotection in avariety of
diseases.
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