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Function of the Hsp90/Hsp70-based Chaperone Machinery for
Treatment of Adult Onset Neurodegenerative Diseases
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48109
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Abstract

Currently available therapies for adult onset neurodegenerative diseases provide symptomatic
relief, but are not disease modifying. We explore here a new neuroprotective approach based on
drugs targeting chaperone-directed protein quality control. Critical target proteins that unfold and
aggregate in these diseases, such as the polylglutamine androgen receptor (spinal and bulbar
muscular atrophy), huntingtin (Huntington’s disease), a-synuclein (Parkinson’s disease) and tau
(Alzheimer’s disease) are client proteins of Hsp90, and their turnover is regulated by the protein
quality control function of the Hsp90/Hsp70-based chaperone machinery. In protein quality
control Hsp90 and Hsp70 have opposing effects on client protein stability; Hsp90 stabilizes the
clients and inhibits their ubiquitination, whereas Hsp70 promotes CHIP-dependent ubiquitination
and proteasomal degradation. We discuss how drugs that modulate proteostasis by inhibiting
Hsp90 function or by promoting Hsp70 function enhance the degradation of the critical
aggregating proteins and ameliorate toxic symptoms in cell and animal disease models.
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INTRODUCTION

The adult onset neurodegenerative disorders include a diverse collection of chronic
progressive diseases that show selective vulnerability of distinct neuronal populations and
accumulate abnormally processed or mutant proteins that misfold and aggregate. Among
these disorders are Alzheimer’s disease (AD), Parkinson’s disease (PD), and the
polyglutamine expansion disorders, such as Huntington’s disease (HD) and spinal and
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bulbar muscular atrophy (SBMA). Critical proteins that unfold and aggregate in these
diseases, such as tau (AD), a-synuclein (PD), huntingtin (HD), and the expanded glutamine
androgen receptor (polyQ AR) (SBMA), are “client” proteins of the abundant and
ubiquitous protein chaperone Hsp90. The Hsp90/Hsp70-based chaperone machinery that
dynamically assembles client protein-Hsp90 heterocomplexes (1) is also part of the cellular
defense against unfolded proteins (2).

In this protein quality control function of the machinery, Hsp90 and Hsp70 have opposing
effects on client protein stability. Hsp90 stabilizes client proteins, and when cycling with
Hsp90 is blocked by specific Hsp90 inhibitors, like geldanamycin or radicicol, the client
proteins undergo rapid degradation through the ubiquitin-proteasome pathway (3). In
contrast, Hsp70 along with its co-chaperone Hsp40 is required for the degradation of many
proteins (2). Opposing roles of Hsp90 and Hsp70 also regulate the turnover of critical
proteins that aggregate in adult onset neurodegenerative disorders. This suggests that
targeting the protein quality control function of the Hsp90/Hsp70-based chaperone
machinery with small molecules that inhibit Hsp90 or promote Hsp70 function may be an
effective way to alter disease progression.

In this review, we first discuss how the Hsp90/Hsp70-based chaperone machinery acts in
protein quality control and how small molecules affect Hsp90 and Hsp70 function, and then
we review the evidence supporting the notion that modifying the function of the machinery
with small molecules provides a rational avenue of drug discovery for treatment of the adult
onset neurodegenerative disorders.

THE CHAPERONE MACHINERY AND PROTEIN QUALITY CONTROL

The function and turnover of a wide variety of proteins are regulated by Hsp90 (1). In the
chaperone machinery, Hsp90, Hsp70 and their co-chaperones function together as a
multiprotein complex (1, 4). In contrast to the classic model of individual chaperones
interacting with unfolded proteins to facilitate their refolding, the Hsp90/Hsp70-based
chaperone machinery instead acts on pre-folded proteins in their native (or near native)
conformations to assist in the opening and stabilization of ligand binding clefts, as illustrated
in Figure 1 (5, 6). These Hsp90 client proteins constantly undergo cycles of Hsp90
heterocomplex assembly and disassembly in the cytoplasm and nucleoplasm (1).

Ligand binding clefts are hydrophobic clefts that must be open to allow access of ligands,
such as steroids or ATP, to their binding sites within the interior of proteins. In the absence
of the chaperone machinery, ligand binding clefts are dynamic, shifting to varying extents
between closed and open states. When clefts open, hydrophobic residues of the interior of
proteins are exposed to solvent, and continued opening may progress to protein unfolding.
Therefore, the extent to which ligand binding clefts are open determines ligand access and
thus protein function, but clefts are inherent sites of conformational instability. By this
model, the stability of the open state of the cleft is modulated by the Hsp90/Hsp70-based
chaperone machinery, and when cleft opening is extensive enough such that Hsp90 can no
longer interact with it, protein unfolding proceeds and the client protein is degraded (4-6).
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Although it is clear that the ubiquitin-proteasome pathway is the major route of client
protein degradation, it has not been clear how damaged or aberrant proteins are selected for
ubiquitination. The prevailing view has been that E3 ubiquitin ligases perform the role of
protein substrate recognition and bring the ubiquitin-charged E2 enzyme to the substrate (7).
However, in the case of damaged or aberrant proteins that are unfolding, chaperones appear
to be responsible for substrate recognition, and chaperone-dependent E3 ligases, like CHIP
(carboxyl terminus of Hsc70-interacting protein) target the ubiquitin-charged E2 enzyme to
the substrate (8).

Overexpression of CHIP increases ubiquitination and proteasomal degradation of many
classic Hsp90 client proteins, like the glucocortiooid receptor (GR), p53, and ErbB-2 (4, 9,
10). As we will detail later, CHIP also promotes degradation of the Hsp90 client proteins
that aggregate in neurodegenerative diseases. Parkin is another E3 ligase that is targeted to
substrate by Hsp70, and there is functional redundancy between CHIP and parkin against
some substrates, such as polyQ ataxin-3 (11, 12). It is likely that other E3 ligases are
functionally redundant with CHIP, as Hsp90 client proteins like the GR, the estrogen
receptor and the polyQ AR, are degraded at the same rate in CHIP~/~ cells as in CHIP*/*
cells (12, 13). Nevertheless, CHIP is generally regarded as the most important E3 ligase
involved in chaperone-dependent ubiquitination and degradation of damaged and aberrant
proteins (8, 14).

CHIP is a 35-kDa E3 ligase that binds via an amino-terminal tetratricopeptide repeat (TPR)
domain to both Hsc/Hsp70 and Hsp90 (8). CHIP possesses a carboxy-terminal U-box that
interacts with the UBCHS5 family of E2 ubiquitin conjugating enzymes (8). Because CHIP
binds with roughly the same affinity to TPR acceptor sites on Hsp70 and Hsp90, it was
originally thought that both chaperones could target CHIP to the substrate (8, 9). However, it
is clear that the two chaperones have opposing effects on CHIP-dependent ubiquitination.
Hsp90 inhibits substrate ubiquitination and degradation, whereas Hsp70 promotes
ubiquitination and degradation (6, 15).

Protein Triage

The opposing effects of the two chaperones can account for the triage of damaged and
aberrant proteins. Both Hsp90 and Hsp70 bind selectively to domains of client proteins that
contain ligand binding clefts. For example, both chaperones interact with the ligand binding
domains of steroid receptors (16) and with the oxygenase domain of neuronal nitric-oxide
synthase (nNOS), which is the domain containing the heme/substrate binding cleft (6).
Hsp90 also interacts with the catalytic domains containing the ATP binding clefts of protein
kinase clients, such as v-Raf (17) and ErbB-2 (18). Modulation of ligand binding clefts
triggers CHIP-dependent ubiquitination and proteasomal degradation of proteins that cycle
with Hsp90. For example, site-specific inactivators trigger ubiquitination of nNOS (15),
ErbB-2 (19), and the estrogen receptor (20), and CHIP serves as an E3 ligase for
ubiquitination of each (10, 21, 22). In some cases Hsp90 client proteins, such as huntingtin,
a-synuclein and tau, do not bind any known ligands, and the domain of Hsp90 binding is
unknown. Ligand binding is not a requirement for this model, as a major protein folding
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cleft that is unstable would provide the same requirements for interaction with and
stabilization by Hsp90.

A model of triage of damaged or aberrant proteins that cycle with Hsp90 is presented in
Figure 2. Site-specific inactivation serves as an example of toxic damage that is targeted to
the ligand binding cleft and triggers protein ubiquitination. As the chaperoned protein
undergoes such damage, the ligand binding cleft opens as the initial step in unfolding of the
protein (4-6). As long as Hsp90 can cycle even transiently with the opening cleft,
ubiquitination by Hsp70-depedent ubiquitin ligases, like CHIP, is inhibited. However, a
point is reached where unfolding of the cleft progresses to a state that cannot cycle with
Hsp90, and ubiquitination by the Hsp70-dependent E3 ligase is unopposed. Because it is
substrate-bound Hsp70 that is mediating CHIP-dependent ubiquitination, one can get the
impression that Hsp70 makes the triage decision. But we propose it is the Hsp90 interaction
with the unfolding substrate that determines whether ubiquitination will proceed at any
moment or not, and the opposing effects of the two chaperones on ubigitination determine
protein quality control by the chaperone machinery.

DRUGGING THE CHAPERONE MACHINERY

By this model of protein quality control, there are two principal ways to promote the
degradation of Hsp90 client proteins that aggregate in the neurodegenerative disorders. The
first, and the one that has been examined most extensively, is to inhibit their stabilization by
inhibiting client protein-Hsp90 heterocomplex assembly with specific Hsp90 inhibitors. The
second is to develop drugs that promote Hsp70-dependent ubiquitination and degradation.
There are fundamental differences in these two approaches that must be considered in
formulating a rationale for long-term treatment of a neurodegenerative disorder as opposed
to relatively short course treatment of cancer with drug combinations. The rationale in
cancer treatment is to eliminate or decrease the level of many Hsp90 client oncoproteins that
are critical in the genesis and maintenance of malignancy by treating with Hsp90 inhibitors
(23). This approach inhibits the cycling of the not-yet-unfolded client protein with Hsp90 to
promote its degradation. In the case of the neurodegenerative disorders, the goal is to
eliminate the already-unfolded client protein present in oligomers that are thought to be
responsible for the toxic gain-of-function that generates the pathology. It is reasonable that
these disorders are better approached with drugs that promote Hsp70-dependent degradation.

Hsp90 Inhibition

Hsp90 was connected to ubiquitin-dependent degradation in studies of the ansamycin class
of natural products that are quite specific Hsp90 inhibitors. The first of these compounds,
herbimycin A, was found to reverse v-Src transformation, and it was then used as a protein-
tyrosine kinase inhibitor (4). v-Src was the first protein identified as an Hsp90 client, and in
1994, it was shown that the target of herbimycin A and geldanamycin is Hsp90, not v-Src
(24). Treatment with geldanamycin inhibited v-Src-Hsp90 heterocomplex formation and
reduced the level of v-Src protein (24). Shortly thereafter, it was shown that ansamycin-
induced degradation of several receptor tyrosine kinases occurred via the ubiquitin-
proteasome pathway (25, 26). Before 1994, there were only about a dozen known Hsp90
client proteins, but the number increased exponentially thereafter (1).
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Geldanamycin binds in the nucleotide binding pocket near the N-terminus of Hsp90. This
ATP binding site is structurally unique to the GHKL (Gyrase, Hsp90, Histidine Kinase,
MutL) family whose ATP binding domains contain four common motifs that define a
“Bergerat fold” (27). As most of these proteins are only found in prokaryotes,
geldanamycin’s effects are quite specific for inhibition of Hsp90 family proteins in
eukaryotes. Essentially, geldanamycin acts as a nucleotide mimic in occupying the ATP/
ADP-binding site of Hsp90, inhibiting the intrinsic ATPase activity of the chaperone, which
is essential for client protein-Hsp90 heterocomplex assembly and Hsp90 function in vivo
(28). Although geldanamycin was important for understanding the mechanism of Hsp90
inhibition, it was too toxic for use in the clinic. Subsequently, a variety of compounds were
developed as less toxic nucleotide mimics, and, to date, 17 compounds have entered clinical
trial for cancer treatment (29).

A different line of reasoning has evolved to explain how geldanamycin prevents formation
of protein aggregates in models of neurodegenerative disorders. Some time ago, it was
reported that overexpression of Hsp70 or its co-chaperone Hsp40 decreases the level of
abnormal proteins and improves viability in cellular models of several neurodegenerative
disorders, such as PD, HD and SBMA (30-32). Treatment of cells with geldanamycin also
increases levels of Hsp70 and prevents formation of protein aggregates. Hsp70 increases
because cycling of heat shock factor 1 (HSF1) with Hsp90 maintains it in an inactive state,
and treatment of cells with geldanamycin activates HSF1, which induces the stress proteins
(33). Thus, it is generally assumed that geldanamycin alleviates the phenotype and
accumulation of misfolded proteins in neurodegenerative disease models by inducing a
stress response (34-37). When applied to Hsp90 client proteins, however, this explanation is
incomplete. Geldanamycin inhibits formation of aggregates and promotes proteasomal
degradation of polyglutamine AR in Hsf1 ™/~ cells that cannot mount a stress response (38).
The increase in Hsp70 that occurs with the stress response would facilitate client protein
ubiquitination that occurs when cycling with Hsp90 is prevented by geldanamycin, but
geldanamycin-induced degradation of the client protein is not primarily due to the
generation of a stress response. Rather, geldanamycin inhibits cycling of the client protein
with Hsp90, allowing Hsp70-dependent ubiquitination to proceed unopposed. In contrast,
proteasomal degradation of client protein fragments (e.g. mutant huntingtin exon 1) that do
not cycle with Hsp90 is entirely due to HSF1-mediated stress response, as we will discuss
later.

In considering the possible use of Hsp90 inhibitors for treatment of neurodegenerative
disorders, it is important to emphasize that Hsp90 interacts with the not-yet-unfolded client
protein and not with the unfolded-and-already-aggregated client protein. Most of the
protocols examining geldanamycin action have shown that it prevents the formation of
oligomers and aggregates, which reflects degradation of the soluble client protein via the
ubiquitin-proteasome pathway before aggregation can occur. Thus, it has been shown in a
cellular model of PD, for example, that geldanamycin treatment reduces formation of a-
synuclein aggregates and a-synuclein-induced toxicity, but geldanamycin treatment of cells
with pre-existing inclusions did not result in reduction in the number of cells with inclusions
(39).
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If one could prevent the formation of protein aggregates with Hsp90 inhibitors, then the
primary effect of these drugs in the clinical setting might be to slow disease progression.
However, in those cells where aggregation-induced toxicity has not proceeded too far, some
reversal might occur. In the protein aggregation neurodegenerative disorders, the inclusions
that form contain Hsp70, ubiquitin, CHIP, E1 and E2 ubiquitinating enzymes, and even
proteasomes. If the ubiquitin-proteasome system is functional in these inclusions, even at a
reduced rate, then it is possible that, over time, as the generation of oligomers and
aggregates is blocked, some reversal of pre-existing toxicity may occur. This process may
also require the disaggregase function of an Hsp110-Hsp70-Hsp40 machinery to extract
unfolded proteins from aggregates prior to Hsp70/CHIP-dependent ubquitination (40).

Patients with neurodegenerative disorders would require treatment over a span of years, and
this is not likely to be possible with drugs that cause the degradation of hundreds of Hsp90
client proteins. However, the experience gained from clinical trials in cancer treatment may
support patient tolerance of Hsp90 inhibitors over limited timespans. As the
neurodegenerative diseases are slowly progressive, one might be able to treat with an Hsp90
inhibitor for a period of time, followed by a drug holiday. Such periodic treatment might be
tolerated in lieu of long term, continuous treatment.

Modulating Hsp70

A variety of Hsps are expressed at higher levels in cancers, probably as a stress response to
conditions of hypoxia and low pH generated in tumors (23). Hsp70 interacts with key
proteins in the apoptotic pathway to inhibit apoptosis, and small molecule inhibitors of
Hsp70 are being developed to target its anti-apoptotic function for cancer therapy (41).
Inhibition of Hsp70 interaction with target proteins seems counterintuitive as an approach to
treatment of late-onset neurodegenerative diseases. Inhibition of Hsp70 would inhibit
Hsp70/CHIP-dependent ubiquitination and proteasomal degradation, as was shown in a
cellular model of SBMA (42). A more rational approach would be to promote Hsp70/CHIP-
dependent ubiquitination with small molecule activators of Hsp70.

Hip (Hsc70 interacting protein) is a co-chaperone of Hsp70 that prevents the accumulation
of polyglutamine inclusions in a cellular model (43). Inasmuch as Hip stabilizes Hsp70 in its
ADP-bound conformation, the conformation that recognizes unfolded or damaged substrates
with high affinity (44), it was hypothesized that Hip overexpression might facilitate Hsp70-
dependent ubiquitination and client protein degradation. Overexpression of Hip increases
ubiquitination of NNOS (45), a well characterized Hsp90 client protein (5, 6) whose
ubiquitination is dependent upon Hsp70 (6, 15, 42) and mediated by CHIP (21). Hip
overexpression also promoted polyQ AR clearance in a cellular model and alleviated
toxicity in a Drosophila model of SBMA (45). Hip overexpression also decreased the
formation of fibrils by a-synuclein, and its knock-down in C. elegans increased a-synuclein
aggregation (46). These results support a model in which increased affinity of Hsp70 for
substrate proteins promotes their ubiquitination and degradation.

MKT-077 and YM-1 are rhodocyanines that cause selective death of cancer cells and bind
with low micromolar affinity to the nucleotide binding domain of ADP- but not ATP-bound
Hsp70, stabilizing the ADP-bound state (47). Both MKT-077 and YM-1 substitute for Hip
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in promoting Hsp70-dependent nNOS maturation (48). YM-1 increases the binding of
purified Hsp70 to unfolded luciferase by stabilizing the ADP conformation of the chaperone,
and the binding of YM-1 to Hsp70 is blocked by purified Hip (45). Treatment of cells with
YM-1 increased CHIP-dependent ubiquitination of nNOS. YM-1 promoted polyQ AR
clearance by the ubiquitin-proteasome system in a cellular model of SBMA and alleviated
toxicity in a Drosophila model of SBMA (45). Importantly, YM-1 markedly decreased
polyQ AR oligomers and detergent-insoluble aggregates while having little effect on soluble
polyQ AR and no effect on other Hsp90 client proteins (45).

Thus, YM-1 is an appropriate platform for developing drugs that promote the degradation of
Hsp90 client proteins after they have unfolded and are no longer cycling with Hsp90. This
approach would be focused on accelerating the degradation of the oligomers and aggregates
of the client protein that are deemed responsible for neurodegeneration. Inasmuch as neither
Hip (1) nor YM-1 (45) affects client protein-Hsp90 heterocomplex assembly, cycling with
Hsp90 proceeds normally to stabilize the soluble, properly folded client protein. This avoids
the broad depletion of client proteins that would occur with Hsp90 inhibitors and would
seem to be more amenable to the continuous or intermittent long-term treatment of
neurodegenerative disorders. Also, the use of drugs like YM-1 that promote Hsp70/CHIP-
dependent ubiquitination and degradation in combination with an Hsp90 inhibitor might
shorten the treatment periods required to deplete aggregated client protein, thus reducing
toxicity from Hsp90 inhibition. This model is an important shift in the way we think of using
the protein quality control system to treat neurodegenerative diseases. In the next sections,
we discuss how this model might be applied in SBMA, HD, PD and AD.

POLYGLUTAMINE DISEASES

Nine hereditary neurodegenerative disorders result from expansion of CAG repeats coding
for polyglutamine tracts in the respective proteins: they include SBMA, HD,
dentatorubropallidoluysian atrophy and six forms of spinocerebellar ataxia (49, 50).

Spinal and Bulbar Muscular Atrophy

SBMA is a progressive neuromuscular disorder that affects only men and is characterized by
proximal limb and bulbar muscle weakness, atrophy and fasciculations. The causative
mutation in SBMA is an expansion of a CAG repeat in the first exon of the AR gene (51).
The glutamine tract encoded by this repeat is polymorphic in length in the normal
population, containing between 9 and 37 residues. Pathologic expansions of this tract to 38
or more glutamines cause SBMA (51).

The expanded glutamine tract promotes hormone-dependent AR unfolding and
oligomerization. Expanded polyQ AR unfolds and aggregates in vitro in a repeat length-
dependent manner reflecting the disease threshold seen in vivo (52). The aggregates appear
first as soluble oligomers, and, as with other polyQ disorders, there is evidence that these
oligomers underlie the pathology (53). These oligomers then form large inclusions that may
be localized in the cytoplasm or nucleus in a variety of tissues, with large intranuclear
inclusions accumulating preferentially in motor neurons (54). The inclusions are thought to
be cytoprotective in that they promote polyQ AR degradation and sequester the protein into
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an insoluable compartment in which it does not exert toxic effects (55). A variety of cellular
processes are affected to produce toxicity, including transcription, RNA splicing, axonal
transport, and mitochondrial function. It is reasonable to propose that oligomeric polyQ AR
is ubiquitinated and becomes enmeshed with ubiquitinating enzymes, chaperones and
proteasomes as oligomers pass through protein quality control sites during retrograde
transport to form inclusions, much as aggresomes are formed during dynein-dependent
movement of mutant CFTR and other missfolded proteins along microtubules (55, 56).

The AR is a classic Hsp90 client protein (16). Immunoadsorption of polyQ AR from
cytosols is accompanied by co-immunoadsorption of Hsp90 and the co-chaperone p23,
showing that biochemically stable heterocomplexes form in cells (12, 38, 57). Hsp90-
binding immunophilins such as FKBP52 (52 kDa FK506 binding protein) and protein
phosphatase 5 (PP5), an immunophilin homolog, link Hsp90-bound client proteins to the
dynein/dynactin motor complex (58). Dynein, PP5 and FKBP52 co-localized with AR112Q
aggregates in cell culture, consistent with the entry of AR112Q into aggregates as trafficking
complexes (38). Hsp90 inhibitors promote proteasomal degradation of polyQ AR in cellular
models of SBMA (38, 57), and ameliorate polyglutamine-mediated motor neuron
impairment in mouse models of SBMA (57, 59).

In both cellular and animal models of SBMA, polyQ AR aggregates stain for Hsp70 and
Hsp40 as well as ubiquitin and proteasome components (60, 61). Overexpression of Hsp70
or Hsp40 enhances the proteasomal degradation of the polyQ AR in cellular models of
SBMA (32, 62), and overexpression of Hsp70 in a transgenic mouse model of SMBA
reduces nuclear polyQ AR aggregates and ameliorates the phenotype (63). Both CHIP and
Parkin co-localize with polyQ AR aggregates in SBMA cell and mouse models but only co-
expression of CHIP reduced the level of AR112Q in cells (12). Overexpression of CHIP in a
mouse model of SBMA inhibited neuronal nuclear accumulation of the mutant AR and
ameliorated motor symptoms (64).

These observations show that the polyQ AR is an Hsp90 client protein that is regulated by
the Hsp90/Hsp70-based chaperone machinery and undergoes Hsp70/CHIP-dependent
ubiquitination and proteasomal degradation. The reports showing that Hsp90 inhibitors
ameliorate the phenotype in a mouse model of SBMA (57, 59) and that a small molecule
activator of Hsp70 reduces toxicity in a fly model (45) provide strong support for the
continued development of small molecule modulators of the chaperone machinery as a
potential approach to therapy of SBMA.

Huntington’s Disease

Huntington’s disease is an autosomal dominant, neurodegenerative disorder characterized by
chorea and dystonia, cognitive decline and psychiatric disturbances, leading to progressive
dementia and death 15-20 years after disease onset. The neuropathological changes consist
of prominent neuron loss and atrophy in the caudate nucleus and putamen, although loss of
neurons in other brain regions occurs. The mutation is an expanded CAG repeat in the gene
encoding the protein huntingtin (Htt), encoding a polyglutamine tract at the amino-terminus
of the protein. Normal individuals possess 35 or fewer repeats, and most adult onset cases
have 40-50 CAG repeats. Although Htt is required for normal brain development, it does
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not play an essential non-redundant role after development. Details of the genetics and
pathogenesis of HD have been the subject of review (65).

The function of wild-type Htt is unknown. Htt is a very large (348-kDa) multidomain
protein with 28-36 predicted HEAT motifs, which comprise degenerate ~50-amino-acid
sequences that are usually involved in protein-protein interactions (65). Wild-type Htt is
mostly cytoplasmic, although it clearly undergoes nucleocytoplasmic trafficking (66). One
proposal is that Htt functions as a scaffold protein involved in intracellular trafficking and
signaling, and it has been shown to facilitate transport along microtubules (67-69). As
proposed for the polyQ AR, inhibition of axonal trafficking in HD could be a key event
leading to disruption in downstream pathways (70). For example, it has been shown in HD
model flies that mutant Htt (mHtt) fragments inhibit fast axonal transport of vesicles (67,
71). As with other polyQ diseases, there is evidence that mHtt inclusions are not responsible
for neuronal toxicity, which is likely to result from soluble oligomeric species (72-75).
Although HD reflects a polyQ-length-dependent toxic gain-of-function, it is not clear how
much of the toxicity is due to full-length Htt or to amino-terminal fragments generated by
proteases. Expression of amino-terminal, exon 1 fragments in animal models yields nuclear
inclusions and an HD-like phenotype, as is seen in R6/2 mice (76, 77).

Most of the evidence for Hsp90 regulation of Htt has been derived from effects of Hsp90
inhibitors on truncated (exon 1) Htt. However, a very careful study of full-length Htt has
shown that both wild-type (Q25) and mutant (Q72) Htt co-immunoprecipitate with Hsp90
(78). They also co-immunoprecipitate with p23, and in both cases co-immunoprecipitation is
abrogated by treatment with an Hsp90 inhibitor. Thus, both full-length mHtt and wild-type
Htt behave as classic Hsp90 client proteins, and mHtt degrades in the presence of an Hsp90
inhibitor in a dose-dependent manner (78). mHtt is ubiquitinated upon Hsp90 inhibition and
is degraded by proteasomes in a manner that does not require induction of Hsp70 through
activation of HSF1 (78). Thus, all of the criteria for full-length Htt being regulated by the
quality control function of the Hsp90/Hsp70-based chaperone machinery have been met.

One important unanswered question is where Hsp90 binds Htt. As emphasized previously,
in those cases where Hsp90 binding has been examined, the chaperone does not bind in a
promiscuous manner; one dimer of Hsp90 is bound per client protein (1). Hsp90 inhibitors
reduce mHtt exon 1 aggregate formation and ameliorate toxicity in cellular, fly and mouse
models of HD (36, 37, 79-81). The changes noted were uniformly interpreted as due to
HSF1-mediated increases in chaperone expression, and in one case knockdown of HSF1
abolished the induction of molecular chaperones and the therapeutic effect of the Hsp90
inhibitor (80). Thus, it seems that beneficial effects of Hsp90 inhibitors in exon 1 models of
HD are entirely due to HSF1-mediated increases in chaperone expression. Direct binding of
Hsp90 to the exon 1 protein fragment has not been demonstrated, and it is likely that the
fragment is not a client protein of Hsp90. In human HD, where a full-length mHtt is an
Hsp90 client protein, the primary effect of the inhibitors would be to prevent cycling with
Hsp90, thus promoting its Hsp70-dependent ubiquitination and proteasomal degradation
(78).
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mHtt inclusions contain Hsp70, Hsp40, proteasomes and ubiquitin (31, 36). Overexpression
of Hsp70 or Hsp40 suppresses mHtt fragment aggregation in yeast and cellular models of
HD (31, 37, 82-84). Transgenic expression of Hsp40 in a fly model of HD suppresses
toxicity (85), but overexpression of Hsp70 in R6/2 mice produces only very modest delay in
aggregate formation and disease progression (36, 86). However, deletion of Hsp70.1 and
Hsp70.3 in R6/2 mice increases the size of mHtt exon 1 inclusion bodies and exacerbates
physical, behavioral and neuropathological measures (87), showing that endogenous Hsp70s
are critical components of the cellular defense against the toxic effects of mHtt exonl.

Both CHIP and parkin have been implicated as E3 ligases in mHtt degradation. CHIP co-
immunoprecipitates with mHtt exon 1 fragments and CHIP overexpression increases mHtt
ubiquitination and degradation (11). Parkin colocalizes with mHitt in brain sections from HD
transgenic mice and full-length polyQ-expanded Htt co-immunoprecipitates with parkin
(88). Hsp70 enhances parkin binding and ubiquitination of a polyQ-expanded fragment in
vitro, consistent with the chaperone recruiting parkin to the unfolded substrate (88).

Taken together, there is good evidence that polyQ-expanded, full-length huntingtin is an
Hsp90 client protein that is regulated by the Hsp90/Hsp70-based chaperone machinery and
undergoes Hsp70/CHIP/parkin-dependent ubiquitination and proteasomal degradation.
Because much of the HD work has been performed with cellular and animal models
expressing mHtt exon 1, a fragment that is very unlikely to be an Hsp90 client, a great deal
of emphasis has been placed on explaining effects of Hsp90 inhibitors in terms of an HSF1-
mediated stress response. In contrast, there has been limited focus on the protein quality
control function of the chaperone machinery directly on the aberrant mHitt client protein
(78).

PARKINSON’S DISEASE

Parkinson’s disease is a progressive neurodegenerative disorder that is due to selective
degeneration of dopaminergic cells in the substantia nigra. The characteristic features of PD
are tremor at rest, bradykinesia, rigidity and postural instability, which respond to therapy
with dopaminergic drugs (89, 90). The diagnosis is a clinical one, and no neuroprotective
therapy currently exists. No single cause of PD has been defined. A variety of mutations
linked to the disease have been reported, including mutations in SNCA, which encodes a-
synuclein, and mutations in PARK2, which encodes parkin (91). Although PD is a disorder
with a complex, multifactorial aetiology, deposition of aggregated a-synuclein in Lewy
bodies in cells of the brainstem and cortex is a pathological hallmark. In addition to a-
synuclein, Lewy bodies contain ubiquitin, ubiquitin activating enzyme, Hsp70 and
proteasome subunits. Like aggresomes, a-synuclein aggregates are formed from soluble
oligomers in a microtubule-dependent manner (92), and it is thought that oligomers are the
toxic species (93).

a-Synuclein is a 140 amino acid protein of unknown function that is often described as a
natively unfolded 14 kDa monomer in biochemical studies of bacterially expressed protein.
However, a recent careful study of endogenous a-synuclein reveals that a-synuclein occurs
physiologically as an a-helically folded, ~58 kDa homotetramer (94). As the tetramers
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undergo little or no aggregation, it is proposed that destabilization must occur to yield
monomers that misfold and aggregate in PD and other human synucleinopathies (94). a-
Synuclein is predominantly localized to presynaptic terminals in the central nervous system,
where it is loosely associated with synaptic vesicles (95). Native, cell-derived, tetrameric a-
synuclein binds lipid (95), and membrane association is viewed as a principal functional
property of a-synuclein. There is very good evidence that unfolded a-synuclein plays an
integral role in the onset of PD and related disorders (91, 95, 96), and a-synclein should be a
major focus for neuroprotective therapy.

a-Synuclein co-immunoprecipitates with Hsp90 and Hsp70 (97), and Hsp90 suppresses a-
synuclein toxicity in yeast (98). Treatment with Hsp90 inhibitors decreases a-synuclein
oligomerization and alleviates toxicity in yeast, cellular and Drosophila models of PD (35,
39, 99-101). Taken together, these observations support the notion that a-synuclein is a
client protein of Hsp90. Overall, the evidence for a-synuclein being an Hsp90 client protein
is not as substantial as that for the polyQ AR or full-length huntingtin, and more direct
biochemical studies of a-synuclein interaction with Hsp90 are required. For example, a-
synuclein monomers can assume multiple partially folded conformations that undergo
multiple forms of processing (reviewed by Dev et al. (102)), and it is not known what form
or forms interact with Hsp90.

Overexpression of Hsp70 reduces high molecular weight forms of a-synuclein and
ameliorates toxicity in cellular, fly and mouse models of PD (30, 103-107). Overexpression
of Hsp40 produces similar effects in cellular PD models (104, 108). CHIP colocalizes with
a-synuclein and Hsp70 in a-synuclein inclusions, and overexpression of CHIP inhibits a-
synuclein inclusion formation and reduces a-synuclein protein levels (109). CHIP is a
component of Lewy bodies in the human brain where it colocalizes with a-synuclein and
Hsp70 (109). a-Synuclein is ubiquitinated by CHIP both in vitro and in cells (110), and a-
synuclein and Hsp70 both co-immunoprecipitate with CHIP, suggesting the existence of a
terniary complex (109).

In summary, the response to Hsp90 inhibitors supports the notion that a-synuclein is an
Hsp90 client that is degraded in an Hsp70-dependent manner. It should be noted that the co-
chaperone Hip stabilizes Hsp70-a-synuclein complexes in vitro, and knockdown of Hip in a
C. elegans model of a-synuclein inclusion formation increases the number of inclusions
over 2-fold (46). This suggests that drugs, like YM-1, that act like Hip to increase Hsp70-
dependent ubiquitination should be tested in PD model systems.

ALZHEIMER’S DISEASE

Alzheimer’s disease is the most common form of late onset dementia, characterized by a
progression from memory problems, language disturbances and executive dysfunction to a
slow general decline in cognitive function, with death occurring roughly a decade after
diagnosis (111, 112). Pathological hallmarks are senile plaques comprising extracellular
deposits of amyloid-p (AB) and intracellular neurofibrillary tangles (NFTs) comprised of
filaments of hyperphosphorylated tau. Both lesions are located in brain regions involved in
cognition and memory.
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Presently, there is no neuroprotective therapy for AD, and programs to develop disease
modifying drugs focus on both AP and tau (113). According to the amyloid cascade model,
accumulation of AB in the brain is considered to be the primary influence driving AD
pathogenesis, and the rest of the disease process, including tau tangle formation, results from
an imbalance between AP production and AP clearance (114). Although the genetics of AD
favor the involvement of A in pathogenesis, the clinicopathological correlations favor a
disease based on tau NFTs (115). The tau proteins are comprised of six isoforms generated
by alternative splicing from a single gene, and they are present predominantly in neurons
(116). A hyperphosphorylated filamentous tau is the main component of NFTs. Under cell-
free conditions, tau promotes microtubule assembly and stability, an effect that does not
appear to be a critical function of tau in vivo (116). Tau NFTSs are also part of the pathology
of other neurodegenerative disorders, such as Pick’s disease, which do not manifest
extracellular deposits of AB and are collectively considered as tauopathies (117).

The physiological function of tau is unknown, and complete ablation of tau in knockout
mice does not cause premature mortality or major neurological deficit (116). This may
reflect a partial functional redundancy of tau with microtubule-associated protein 1B
(MAP1B) and perhaps other MAPs (118). A reasonable speculation is that, physiologically,
tau plays some role in trafficking along microtubules. Overexpression of tau, for example,
inhibits trafficking of vesicles and organelles (119, 120), and tau differentially modulates
dynein and kinesin mobility (121). Soluble cytosolic forms of hyperphosphorylated tau
appear to be the toxic species (116, 122). Efforts to actively reduce tau in AD would seem to
be beneficial. For example, reducing endogenous tau levels prevented behavioral deficits in
transgenic mice expressing human amyloid precursor protein without altering their high Ap
levels (123).

Hsp90 co-immunoprecipitates with tau, indicating that tau forms biochemically stable
complexes that are typical for Hsp90 clients (124-126). Treatment with an Hsp90 inhibitor
reduces levels of phospho-tau in cells in culture and in AD model mice (125, 127, 128) ina
manner independent of HSF1 activation (128). Taken together, these observations establish
tau as an Hsp90 client protein, but the exact forms of tau that are bound by Hsp90 are not
clear.

Overexpression of Hsp70 decreases the levels of detergent-insoluble tau aggregates in cells
(129). Tau lesions in postmortem human tissue are immunopositive for CHIP (129), and
CHIP ubiquitinates phosphorylated tau (129-131). CHIP overexpression increases tau
degradation and rescues tau-induced cell death (130, 131), and deletion of CHIP in mice
leads to the accumulation of hyperphosphorylated tau (132, 133). Taken together, there is
good evidence that some state (or states) of tau is regulated by the Hsp90/Hsp70-based
chaperone machinery and undergoes Hsp70/CHIP-dependent ubiquitination and proteasomal
degradation. It is important to note that YM-1 reduces tau levels in cellular and primary
neuronal models of tauopathy (134), supporting further development of drugs that promote
Hsp70/CHIP-dependent ubiquitination for treatment of AD.
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CONCLUSIONS

Although the clinical features of the adult onset neurodegenerative disorders that we have
reviewed here are quite different, there are commonalities both in their general mechanisms
of pathogenesis and in the pathways of elimination of the critical proteins that unfold and
aggregate. The target proteins in SBMA, HD, PD and AD all unfold and form soluble
oligomers before they move into aggregates to form inclusions. There is good evidence in all
cases that it is the soluble oligomer that is neurotoxic. Although a variety of processes are
affected that undoubtedly contribute to neurotoxicity, there is the common theme that the
target protein oligomers inhibit axonal trafficking, and this may be a critical lesion in the
toxic pathway.

Despite the different structures and functions (known or potential) of the target proteins,
there is good evidence that all of them are Hsp90 client proteins (Table 1). In all cases
treatment of cell or animal models of the disease with Hsp90 inhibitors results in
proteasomal degradation of the target protein and amelioration of neurotoxicity. In all cases
Hsp70 and CHIP play a key role in target protein ubiquitination and degradation. The
common roles played by Hsp90 in target protein stabilization and Hsp70/CHIP in target
protein degradation via the ubiquitin-proteasome pathway suggest that drugging the Hsp90/
Hsp70-based chaperone machinery could provide a common neuroprotective treatment for
all four of these neurodegenerative disorders.

One can envision both monotherapy and combination drug therapy administered in
intermittent protocols that allow for recovery from side effects and alternation of treatments
with different side effects. The combination of an Hsp90 inhibitor with an Hsp70 promoter
may be synergistic in yielding target protein degradation. Either class of drug would likely
be synergistic with a deubiquitinase inhibitor. Early results at the cellular level suggest that
combination treatment regimens may allow lowering the dosage of one drug, permitting the
development of clinical protocols that reduce drug-specific side effects. The authors’ intent
in this review is to enable a mechanistic thinking about neuroprotection that is based on
understanding the protein quality control function of the Hsp90/Hsp70-based chaperone
machinery rather than the assumption that the therapeutic effects reflect an HSF1-mediated
stress response.
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Figure 1. M echanism of ligand binding cleft opening and AR-Hsp90-immunophilin
heter ocomplex assembly
The ATP-dependent conformation of Hsp70 binds initially to the AR (polyQ AR), and in an

ATP-, K*-, and Hsp40-dependent step, an AR-Hsp70 complex is formed that is primed to
interact with Hsp90. After Hsp90 binding, there is a second ATP- and K*-dependent step
that is rate limiting and leads to opening of the steroid binding cleft, enabling access of the
steroid (indicated by the steroid structure). K* is required for Hsp70 ATPase activity,
implying active participation of Hsp70 in both steps of cleft opening. During receptor-Hsp90
heterocomplex assembly in cells and cell lysates, Hop (Hsp organizing protein) and some of
the Hsp70 dissociate during or at the end of the cleft opening step. The dashed line for
Hsp70 indicates it is present in amounts that are substoichiometric with respect to the
receptor at this step. The receptor-bound Hsp90 is now in its ATP-dependent conformation
and can be bound by p23, which stabilizes the chaperone in that conformation, preventing
disassembly of the receptor-Hsp90 heterocomplex. When Hop dissociates, TPR domain
immunophilins (IMM), such as FKBP52, Cyp40 or PP5 (protein phosphatase 5, an
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immunophilin homolog) can bind reversibly to the TPR acceptor site on receptor-bound
Hsp90. TPR domains are indicated by black crescents. Details of Hsp90 heterocomplex
assembly are reviewed in Pratt and Toft (1).
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Figure 2. Regulation of polyQ AR degradation
Loss of cycling with Hsp90, such as following the addition of small molecule Hsp90

inhibitors or steroid-dependent conformational change of the polyQ AR, permits unfolding
of the mutant protein (indicated by jagged steroid binding cleft). Substrate-bound Hsp70
then recruits chaperone dependent ubiquitin ligases such as CHIP to promote ubiquitination
with subsequent degradation by the proteasome. (Modified from ref. 45.)
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Table 1

References presenting evidence that key target proteins in the adult onset neurodegenerative disorders are
regulated by the protein quality control function of the Hsp90/Hsp70-based chaperone machinery.

Disorder SBMA HD PD AD

Target protein Poly Q AR | Huntingtin a-Synuclein Tau

Hsp90 binding® 12,38,57 | 78 97 124-126
Hsp90 inhibition? 38, 57,59 37,78-81 35, 39,99-101 | 125, 127-129
Hsp70 overexpression3 32,62, 63 31, 37,82-84 | 30, 103-107 129

Hsp40 overexpression3 32, 60, 62 31,37,83,85 | 104, 108

CHIP overexpression3 | 12,64 1 109 130, 131

Direct demonstration of target protein-Hsp90 complexes by co-immunoprecipitation.
Treatment of cellular or animal disease models with Hsp90 inhibitor decreases the level of target protein.

3Overexpression of Hsp70 or its co-chaperone Hsp40 or the Hsp70-binding ubiquitin E3 ligase CHIP decreases the level of the target protein.
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