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Abstract

Neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, amyotrophic lateral sclerosis and prion-based neurodegeneration are associated with the
accumulation of misfolded proteins, resulting in neuronal dysfunction and cell death. However,
current treatments for these diseases predominantly address disease symptoms, rather than the
underlying protein misfolding and cell death, and are not able to halt or reverse the degenerative
process. Studies in cell culture, fruitfly, worm and mouse models of protein misfolding-based
neurodegenerative diseases indicate that enhancing the protein-folding capacity of cells, via
elevated expression of chaperone proteins, has therapeutic potential. Here, we review advances in
strategies to harness the power of the natural cellular protein-folding machinery through
pharmacological activation of heat shock transcription factor 1 — the master activator of
chaperone protein gene expression — to treat neurodegenerative diseases.

Many neurodegenerative diseases are associated with the misfolding of specific — although
structurally unrelated — proteins (TABLE 1) that share a common tendency to misfold and
form aggregates, which may be enhanced by mutations. Interestingly, following their
misfolding, these functionally unrelated proteins frequently adopt a highly stable B-sheet
structure that is instrumental in their aggregation and toxicity:2. Once the p-sheet structures
are formed, misfolded proteins multimerize into intermediate-sized soluble oligomers, which
are thought to promote oxidative stress, disrupt calcium homeo stasis, titrate chaperone
proteins away from other essential cellular functions and engage in other processes that are
disruptive to cellular health, thus generating considerable cellular toxicity in
neurodegenerative diseases3. Misfolded protein oligomers proceed to aggregate, eventually
forming insoluble, high-molecular-weight amyloid fibrils that are incorporated into
inclusions® (FIG. 1). These inclusions were historically thought to be the major source of
cytotoxicity in neurodegenerative diseases. Although aggregates and inclusions are still
considered to be causative in diseases such as Alzheimer’s disease, recent evidence suggests
that in other neurodegenerative diseases — such as Huntington’s disease — larger
aggregates may serve a cytoprotective function®. As such, the role and context of misfolded
oligomers and aggregates will be an important consideration in the development of
therapeutic interventions (FIG. 1).

Coiled-coil domains, which are characterized by multiple intertwined a-helices that interact
via specific hydrophobic and ionic associations, have also been proposed to accelerate the
aggregation of polyglutamine expansion (polyQ) proteins such as the huntingtin protein in
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Huntington’s disease or ataxin 3 in Machado-Joseph disease®. Interestingly, these domains
are not required for the aggregation of proteins such as amyloid-p or a-synuclein —
associated with Alzheimer’s disease and Parkinson’s disease, respectively — which appear
to require only the formation of B-sheets to promote aggregation®. Because coiled-coil
interactions are essential for many physiologically important protein—protein interactions, it
is hypothesized that the propensity for coiled-coil interactions in polyQ proteins may also
contribute to their toxicity in polyQ-based diseases, as a result of these proteins engaging in
novel and inappropriate protein—protein interactions®.

The current standard treatments for neurodegenerative diseases such as Alzheimer’s disease,
Huntington’s disease and Parkinson’s disease are primarily aimed at providing relief from
symptoms, and do not address the underlying degenerative processes (TABLE 1). For
example, tremors associated with Parkinson’s disease can be suppressed by administration
of .-DOPA, the synthetic precursor of dopamine, which augments signalling in
compromised dopaminergic pathways’. However, chronic treatment with .-DOPA results in
the development of adverse effects such as dyskinesia, and treatment becomes less effective
with time because neurons continue to degenerate’-8. Symptomatic treatment of Alzheimer’s
disease with acetylcholinesterase inhibitors or memantine, a selective NMDA (A-methyl-o-
aspartate) receptor antagonist, has also shown some efficacy®19. These therapies augment
neurotransmission in cholinergic neurons, which represent a large population of neurons that
are affected in Alzheimer’s disease, but fail to prevent neuronal degeneration®19,
Treatments used in other neurodegenerative diseases include anti-psychotics and
neuroleptics in Huntington’s disease, and riluzole in amyotrophic lateral sclerosis (ALS), but
there are currently no efficacious treatments for prion-based diseases1-13,

There is, therefore, an urgent need for novel therapeutic strategies that could halt or reverse
the underlying disease process in neurodegenerative disorders, which could have a profound
impact on their long-term clinical management. Indeed, various disease-modifying
approaches specific to particular neurodegenerative diseases are currently being
investigated. For example, for Alzheimer’s disease, several agents that inhibit enzymes
involved in the production of amyloid-p — a key constituent of the aggregated plaques that
are a hallmark of the disease — are currently in clinical trials. An attractive alternative —
and potentially more widely applicable — therapeutic strategy is to ameliorate the protein
misfolding that is a shared underlying characteristic of many neurodegenerative diseases.
Studies in various models of neurodegenerative diseases indicate that enhancing cellular
protein-folding capacity by elevating the expression of chaperone proteins could represent
such a strategy. In this article, we first provide an overview of the role of chaperone proteins
in protein homeostasis. We then describe recent advances indicating the potential of
pharmacologically activating heat shock transcription factor 1 (HSF1) — the master
activator of chaperone protein gene expression — to treat neurodegenerative diseases, and
discuss the challenges in developing HSF1 activators as drugs.

Protein homeostasis via chaperone proteins

In normal cells, protein homeostasis is maintained by regulating the expression, folding,
modification, translocation and, ultimately, degradation of proteins. To achieve this, cells
use sophisticated mechanisms to ensure the proper execution of these processes in response
to cellular stress. A crucial aspect of cellular protein homeostasis is the utilization of
chaperone proteins, which stabilize protein structures, assist in correct folding and unfolding
of proteins, and facilitate the assembly of multimeric protein complexes'4. Chaperone
proteins, including aB-crystallin, heat shock protein 27 (HSP27), HSP40, HSP70 and
HSP90, as well as class | and class Il chaperonins, function individually or as part of larger
heterocomplexes to prevent protein misfolding and protein aggregation®?,
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Many neurodegenerative diseases are characterized by the accumulation of misfolded and
aggregation-prone proteins, and studies indicate that chaperone proteins have an important
role in cellular function and survival in these diseases. This has perhaps been most elegantly
demonstrated in fruitfly and worm models of several neurodegenerative diseases, including
Huntington’s disease, ataxia, ALS and Alzheimer’s disease®2°. Interestingly, chaperone
proteins are also powerful antiapoptotic factors that can stabilize pro-survival proteins such
as the kinase AKT and inhibit the function of proapoptotic proteins such as JUN-activated
N-terminal kinase, the apoptosis regulator BAX, apoptosis-inducing factor and caspases2®.
As such, chaperone proteins can promote cell survival in neurodegenerative diseases by
stabilizing and refolding misfolded proteins and by directly inhibiting apoptosis. Moreover,
the inability to mount an adequate response to misfolded proteins may be a feature of ageing
cells and neuronal cells in general?7-33, as reports have shown that although proteins such as
huntingtin are misfolded in all cell types, toxicity occurs almost exclusively in neurons13.
This susceptibility to proteotoxic stress stems predominantly from an inability of neuronal
cells to robustly respond to stress in general, as constitutive overexpression of chaperone
proteins can protect neurons from proteotoxicity1516.34-38,

Because chaperone proteins act both individually and as macromolecular heterocomplexes,
elevated expression — via co-transfection experiments — of several chaperone proteins has
been shown to have greater therapeutic effects in cell culture models of protein misfolding
than overexpression of individual chaperone proteinsl’:34:36, The genetic overexpression of
several chaperone proteins for disease treatment is impractical, but the identification of
pharmacological activators that promote the coordinated and chronic enhancement of
chaperone protein levels could be a powerful strategy for therapeutic intervention in
neurodegenerative diseases. Furthermore, overexpression of chaperone proteins may be
toxic in fruitfly cells®, and has been linked to oncogenic transformation??. As such, the
greatest benefit of chaperone protein-based therapy would probably be achieved through
modest but chronic elevation of chaperone protein levels.

HSF1: master regulator of chaperone expression

The cellular response to cytoplasmic proteotoxic stimuli — such as elevated temperature,
oxidative stress, heavy metals, bacterial or viral infection, and so on — is primarily
controlled in human cells via transcriptional activation by HSF1. HSF1 is a member of the
vertebrate family of HSF proteins, which consists of four members and is conserved in its
overall architecture from yeast to mammalian cells*!. Microarray analyses in yeast, fruitfly
and mammalian cells have shown that although HSF1 promotes the expression of genes
encoding chaperone proteins in response to cellular stress, it also regulates the expression of
genes involved in other aspects of cell survival, including protein degradation, ion transport,
signal transduction, energy generation, carbohydrate metabolism, vesicular transport and
cytoskeleton formation42-44,

Although HSF1 is the isoform that has been predominantly linked to chaperone protein-
dependent amelioration of neurodegenerative diseases, other members of the HSF family
may also prove to be useful therapeutic targets. Specifically, HSF2 has recently been
associated with the expression of chaperone protein-encoding genes at febrile temperatures,
in part via heteromultimerization with HSF1 (REFS 45,46). Furthermore, it has been
proposed that HSF2, in concert with HSF1, promotes the expression of non-classical heat
shock genes such as aB-crystallin4’. Consistent with the notion that HSF2 also contributes
to the mammalian heat shock response, deletion of HSF2 in a mouse model of polyQ disease
reduced lifespan and accelerated the accumulation of ubiquitylated misfolded proteins®’.
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Stress-dependent regulation of HSF1 is a multistep process that is controlled by intricate
regulatory mechanisms*! (FIG. 2). Under basal conditions HSF1 exists largely as an inactive
monomer in the cytoplasm, repressed in part through the activity of the chaperone proteins
HSP90, HSP70, HSP40 and other co-chaperones#8-54. HSP70 and HSP40 bind to the
transcriptional activation domain of HSF1 and are thought to repress HSF1-dependent
transactivation. HSP90, in conjunction with the co-chaperone p23 (also known as PTGES3),
protein phosphatase 5 and cyclophilins, is thought to associate with the regulatory domain of
HSF1 (FIG. 3) and repress both the multi merization of HSF1 and its ability to activate
target gene expression. As HSP40 and HSP70 are also required for the correct assembly of
HSP90 on some client proteins®®7, it is conceivable that the activity of these chaperones
may impinge on HSF1 regulation via several indirect mechanisms. Under basal conditions
HSF1 is also phosphorylated on Ser303 and Ser307 residues within its central regulatory
domain, which contributes to its repression (FIG. 3). However, the specific mechanisms by
which these phosphorylation events mediate HSF1 repression are presently not clear8-65,

In response to proteotoxic stress HSF1 is thought to dissociate from HSP90 and other co-
chaperones; this allows it to homotrimerize, accumulate in the nucleus and bind to c/s-acting
heat shock elements (consisting of inverted NGAAN repeats) in the promoters of stress-
responsive genes, including those encoding chaperone proteins®6-68, HSF1 trimerization is
dependent on three amino-terminal leucine zipper domains directly adjacent to the DNA
binding domain that form an extended coiled-coil domain®?:70, and is stabilized via
intermolecular disulphide bonding between HSF1 monomers’L. Indeed, treatment of cells
with reducing agents significantly reduces HSF1 homotrimerization and stress-dependent
gene activation in response to most — but not all —stimuli®4 7273, A fourth leucine zipper
domain, located in the carboxy-terminal region of HSF1, represses HSF1 activity’4. This
may occur via an intramolecular interaction with the N-terminal coiled-coil domain, thereby
preventing interaction with other HSF1 monomers, although there is no direct evidence for
this’. Although HSP90 and other co-chaperones are thought to dissociate from HSF1 in
response to cellular stress, evidence suggests that HSP70 and HSP40 remain associated with
HSF1 even while it is bound to promoter DNA%8,

In parallel with DNA binding, robust stress-responsive HSF1 phosphorylation is observed.
Although the specific requirement for these phosphorylation events in HSF1-dependent gene
activation is currently unclear, 12 phosphorylated serine residues have been identified,;
surprisingly, however, the mutation of individual serine residues does not abrogate HSF1-
dependent transactivation’®. Although calcium/calmodulin-dependent protein kinase I1 and
Polo-like kinase 1 have been shown to phosphorylate Ser230 and Ser419, respectively?6:77,
the protein kinases that catalyse the remaining phosphorylation events have not yet been
identified. Concomitant with DNA binding, HSF1 is also transiently sumoylated on Lys298
(FIG. 3): this modification represses HSF1-dependent transactivation but is attenuated
following prolonged exposure to thermal stress®L. It has been clearly established that HSF1
sumoylation is dependent on the phosphorylation of Ser303 and contributes to HSF1
repression. However, the precise mechanism by which Lys298 sumoylation mediates HSF1
repression remains to be determined.

Even with chronic proteotoxic heat stress, HSF1-dependent transactivation of target genes is
a transient response that is regulated at multiple levels®2. First, HSF1 is negatively regulated
via a feedback loop, as the newly synthesized chaperone proteins HSP70 and HSP40 bind to
and inhibit the HSF1 transactivation domain, and HSP90 re-associates with the regulatory
domain®2:53, Subsequently, the residence time of HSF1 on promoter heat shock element
sites is reduced by the acetylation of several lysine residues, in particular Lys80, located
within the DNA binding domain’8 (FIG. 3). Little is known about the fate of HSF1 after its
dissociation from DNA. For example, it remains unclear whether HSF1
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hyperphosphorylation is reversed by protein phosphatases after the completion of the HSF1
activation cycle. Similarly, the fate of the disulphide-linked HSF1 monomers is not known.
Avre the disulphide bonds reduced after completion of the HSF1 activation cycle, allowing
the monomers to return to an inactive state in the cytoplasm, or is the HSF1 homotrimer
degraded following its dissociation from DNA? Although recent evidence has suggested that
HSF1 may be a substrate for chaperone-mediated autophagy, relatively little is known about
HSF1 degradation’®.

The multiplicity of mechanisms that influence the activation and repression of HSF1
indicates that the expression of HSF1 target genes is a highly regulated event. Therefore,
obtaining a thorough understanding of the mechanisms by which HSF1 is regulated will
broaden our knowledge of stress responses and expand the spectrum of opportunities for the
identification of targets for therapeutic intervention in neurodegenerative diseases associated
with protein misfolding.

Pharmacological activators of HSF1

Pharmacological activation of HSF1 and transcriptional activation of genes encoding
chaperone proteins have been achieved through molecules that either cause proteotoxic
stress or inhibit the chaperone proteins that limit HSF1 activity. Molecules that activate
HSF1 by promoting protein misfolding or proteotoxic stress, such as the proteasome
inhibitor MG132 or the proline analogue azetidine-2-carboxylic acid, are unlikely to be
efficacious in the chronic treatment of neurodegenerative diseases as these molecules
ultimately promote cellular dysfunction and lead to cell death. Therefore, in this Review we
focus solely on pharmacological agents that promote HSF1 activity and could provide
potential opportunities for the development of drugs for neurodegenerative diseases
(TABLE 2).

HSP90 inhibitors

The chaperone protein HSP90 is one of the most abundant proteins in the cell, and is
required for the folding and maintenance of many cellular proteins — referred to as client
proteins — including steroid hormone receptors, protein kinases and transcription factors80.
Under normal growth conditions, HSP90 is also thought to bind to the regulatory domain of
HSF1 and repress both HSF1 multimerization and transactivation9:90.52.54 Accordingly,
pharmacological inhibition of HSP90 promotes the activation of HSF1 and leads to
increased expression of chaperone proteins®*. Well-characterized HSP90 inhibitors such as
the benzoquinone ansamycin antibiotic geldanamycin, as well as its derivatives 17-
allylamino-17-demethoxygeldanamycin (17-AAG) and 17-dimethylaminoethyl-amino-17-
demethoxygeldanamycin (17-DMAG), bind to the N-terminal ATP-binding pocket of
HSP90, thereby inhibiting its ATPase activity. This promotes the degradation of its array of
client proteins. As HSP90 is required for the stability and function of many essential cellular
proteins, high levels of HSP90 inhibitors are associated with substantial cytotoxicity.
However, although treatment with low levels of HSP90 inhibitors is tolerable for non-
tumorigenic cells, tumorigenic cells are highly sensitive to HSP90 inhibitors, possibly owing
to an increased demand for the pro-proliferative and pro-survival factors that are HSP90
client proteins.

Geldanamycin (TABLE 2) and its derivatives have proven to be efficacious in promoting
HSF1-dependent chaperone protein expression, thereby ameliorating protein aggregation
and cytotoxicity in experimental models of protein-misfolding diseases, including
Alzheimer’s disease80-84, Parkinson’s disease!®:85:86 and Huntington’s disease®”-%0. One of
the most pronounced examples of the efficacy of geldanamycin in the treatment of a protein-
misfolding disease was observed by Bonini and colleagues!8 in a fruitfly model expressing
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mutant a.-synuclein proteins in dopaminergic neurons. Exposure to as little as 3 g per ml of
geldanamycin protected dopaminergic neurons from a-synuclein-induced cell death1819,
Interestingly, elevations in HSP70 expression were not detected with geldanamycin
concentrations that rescued neuronal cell viability, suggesting that very small increases in
HSP70 expression may be sufficient to provide protection from a-synuclein-induced
cytotoxicity.

Several coumarin antibiotics, most notably novobiocin, are thought to bind to the C-terminal
region of HSP90, resulting in the inhibition of HSP90 activity®L. Although most molecules
in this class bind to HSP90 with weak affinity, the novobiocin analogue A4 had
neuroprotective effects at concentrations 70-fold lower than novobiocin®2. Administration of
the A4 analogue protected cultured neuronal cells from amyloid-p-induced cytotoxicity at
concentrations as low as 5 nM23, Interestingly, at these concentrations HSP70 levels only
increased by approximately 50%, further supporting the notion that relatively small
increases in chaperone protein levels can have potent therapeutic effects on protein
aggregation and cell viability.

Several additional compounds, including (-)-epigallo-catechin-3-gallate, gedunin, AEG3482
and ITZ-1, also bind to the C-terminal ATP-binding pocket of HSP90, inhibit HSP90
activity9495 and promote the activation of HSF1-dependent chaperone protein expression.
Interestingly, AEG3482 and ITZ-1 promoted the activation of HSF1 without leading to
significant degradation of other HSP90 client proteins. It remains to be determined whether
this deviation from the activity of N- and C-terminal HSP90 inhibitors stems from
experimental variability (that is, cell type) or whether these molecules inhibit HSP90
without affecting the stability of HSP9O client proteins.

Given the potentially hundreds of HSP90 client proteins involved in cellular growth,
proliferation and signalling, it is not surprising that many HSP90 inhibitors have strong toxic
side effects such as defective T cell activation®. Consequently, the feasibility of using
HSP90 inhibitors for the treatment of neurodegenerative diseases remains unclear. Thirteen
HSP90 inhibitors are currently in clinical trials, primarily as cancer therapeutics8C.

Celastrol is a quinone methide triterpene isolated from 7ripterygium wilfordii (thunder god
vine) root extracts (TABLE 2). It has well-established antioxidant and anti-inflammatory
properties, and has been shown to be a potent activator of HSF1 and chaperone protein
expression®’. Although the mechanism by which celastrol promotes HSF1 activation is
unclear, various hypotheses have been proposed. Recent studies suggest that celastrol binds
to the C-terminal domain of HSP90 and, similarly to novobiocin and gedunin, inhibits the
chaperone activity of HSP90, promotes client protein degradation and promotes the
activation of HSF1 (REF. 98). More specifically, celastrol is thought to inhibit the
interaction between HSP90 and its co-chaperone CDC37 (REF. 99). In addition to its ability
to inhibit HSP90, celastrol has been shown to inhibit the proteasome, which is required for
the degradation of damaged and misfolded proteins190,

Celastrol-dependent proteasome inhibition could result in the accumulation of misfolded
proteins, which could lead to the induction of HSF1 activity. Celastrol has also been shown
to covalently react with nucleophilic thiol groups of cysteine residues’s. As such, it is
possible that celastrol-mediated thiol oxidation alone could result in the damage and
misfolding of various cellular proteins or the oxidation of cysteine residues in HSF1 (REF.
71). Consistent with this hypothesis, co-administration of celastrol with dithiothreitol
blocked celastrol-dependent activation of HSF1 as well as chaperone protein expression in
both HeLa and yeast cells’3. Although the ability of celastrol to promote chaperone protein
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expression has proven to be efficacious in reducing protein aggregation and cytotoxicity in
models of ALS101 Alzheimer’s diseasel02, Huntington’s diseasel03104 and Parkinson’s
disease105:106  the therapeutic potential of celastrol will require further evaluation owing to
its inherent cytotoxicityl07-109, Because celastrol-mediated cytotoxicity is likely to be
associated with its propensity to promote thiol oxidation, co-administration of celastrol with
antioxidants might be valuable in therapeutic applications.

Geranylgeranylacetone

HSF1A

Several anti-ulcer drugs — including geranylgeranylacetone (GGA) (TABLE 2),
carbenoxolone, zinc -carnosine and rebamipide — have been identified as activators of
chaperone protein expression119, However, so far only the acyclic isoprenoid GGA has been
studied in detail. Treatment with GGA promotes the activation of HSF1 and the expression
of chaperone proteins in mammalian tissues, leading to cytoprotection from various
stresses!1l, Pretreatment of neuronal precursor cells expressing a polyQ derivative of the
androgen receptor — a model for spinal and bulbar muscular atrophy — with GGA
promoted the expression of chaperone proteins, reduced protein aggregation and reduced
polyQ protein-dependent cell death12, Moreover, administration of GGA to mice
expressing a mutant androgen receptor protein promoted chaperone protein expression,
improved motor neuron function and expanded lifespan. GGA is thought to promote HSF1
activation by binding to the substrate binding domain of HSP70 (REF. 113). However, as
other HSP70 inhibitors do not promote HSF1 activity114, it is possible that GGA might also
promote HSF1 activity through an HSP70-independent mechanism. Interestingly, GGA was
also shown to induce the expression of thioredoxin and cause apoptosis in human
promyelocytic leukaemia (HL-60) cells, suggesting that it might activate HSF1 through a
potential redox mechanism112:116 GGA is also a potent activator of the unfolded protein
response in the endoplasmic reticulum®17,

Studies from our laboratory’2 have identified the benzyl pyrazole derivative HSF1A
(TABLE 2) as an activator of HSF1-dependent chaperone protein expression in both
mammalian and fruitfly cells as well as in adult fruitflies. Although the specific mechanisms
by which HSF1A promotes HSF1 expression remain unclear, HSF1A interacts with the T
complex protein 1 ring complex (TRIC; also known as CCT) — a cytosolic chaperonin
complex — and other cellular proteins. Further studies showed that pretreatment with
HSF1A alleviated both the aggregation and the cytotoxicity of polyQ proteins expressed in
neuronal precursor cells as well in a fruitfly model of polyQ-dependent toxicity. HSF1A was
unable to ameliorate polyQ-dependent toxicity in flies lacking a functional Hs7Z allele,
supporting the notion that HSF1A ameliorates cytotoxicity by stimulating the obligatory
HSF1 target. Interestingly, similarly to examples noted above, HSF1A-mediated protection
from polyQ-induced cytotoxicity was observed at concentrations that promoted only modest
increases in HSP70 levels. Furthermore, unlike the HSF1 activation observed in response to
celastrol or heat shock exposure, HSF1A-dependent expression of chaperone proteins was
not diminished by dithiothreitol co-administration, suggesting that HSF1A may not mediate
HSF1 activation through redox-sensitive mechanisms.

The possibility that HSF1A binds to TRIC directly and potentially modulates TRIC activity
is of interest. TRIC has been shown to bind to the first 17 amino acids of human huntingtin
(which stabilize downstream coiled-coil domains that are important for disease
progression) and prevent its aggregation!18-119. As such, HSF1A might ameliorate polyQ-
induced cytotoxicity via HSF1-dependent and -independent mechanisms. Alternatively,
TRIC could be a modulator of HSF1 activity. It will be important to carry out further
research to characterize the effects of HSF1A on TRIC activity, and to examine whether
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HSF1A can also ameliorate cytotoxicity in models of Parkinson’s disease and Alzheimer’s
disease, in which disease-causing proteins lack the coiled-coil structure of many polyQ
proteins.

Hydroxylamine derivatives

Riluzole

NSAIDS

Several hydroxylamine derivatives, including bimoclomol and its derivative arimoclomol
(also known as BRX-220) (TABLE 2), have been identified as co-inducers of the heat shock
responsel20:121 Although these compounds alone do not promote HSF1-dependent
chaperone protein expression, their activity prolongs stress-induced activation of HSF1
(REF. 120). The specific mechanism by which the hydroxylamine derivatives amplify HSF1
activation remains unclear. Early reports suggested that bimoclomol directly bound to HSF1,
thereby increasing the duration that HSF1 remains bound to the promoter heat shock
element20, Interestingly, this outcome is consistent with the phenotypes observed with
reduced HSF1 acetylation’®. However, the effects of bimoclomol on HSF1 acetylation have
not been tested.

Subsequent studies have also suggested that molecules in this class can modulate the fluidity
of the plasma membrane, thereby stimulating HSF1 activationl22, Despite their inability to
induce HSF1 activity on their own, these molecules may be promising therapeutics for
several neurodegenerative diseases. Experiments have shown that bimoclomol amplifies the
expression of chaperone proteins and has cytoprotective effects in disease models of
diabetes mellitus, cardiovascular disease and renal failure123. The bimoclomol derivative
arimoclomol is also being tested for efficacy in the treatment of ALS. Treatment of
SOD1693A mice — a model for familial ALS — with arimoclomol alleviated the disease
symptoms and prolonged the lifespan of the mice even when it was administered after the
onset of symptoms?24125_ A Phase I1/111 clinical trial with arimoclomol is currently
underway in patients with superoxide dismutase 1 (SOD1)-positive ALS!26
(ClinicalTrials.gov identifier: NCT00706147).

Riluzole is currently the only approved pharmacological agent for the treatment of ALS, but
it only extends survival by 3-5 months. The mechanisms by which riluzole alleviates
symptoms of ALS are currently unclear. Although riluzole is thought to antagonize
glutamatergic signalling, some other anti-glutamate agents have been ineffective in the
treatment of ALS!27, Recent evidence has suggested that riluzole also stimulates the
expression of chaperone proteins by increasing the steady-state levels of HSF1 (REF. 79).
This may occur by selectively inhibiting chaperone-mediated autophagy-based HSF1
degradation. It is important to note that relatively little is known about the mechanisms
underlying HSF1 degradation. Nevertheless, these and other data further support the notion
that increased expression of chaperone proteins might be beneficial in ALS, and warrant
further investigations into HSF1 turnover mechanisms.

The non-steroidal anti-inflammatory drugs (NSAIDs) sodium salicylate and indomethacin
robustly induce the binding of HSF1 to DNA in the absence of cellular stress in mammalian,
fruitfly and yeast cells, but they do not strongly promote the transcriptional activation of
HSF1 target genes28-130, However, similarly to the hydroxylamine derivatives, NSAIDs
synergize with exposure to temperatures that are suboptimal for heat shock to promote the
expression of HSF1 target genes'2?, Other NSAIDs — including sulindac, nabumetone and
phenylbutazone — appear to be more robust activators of HSF1 and promote the expression
of HSP70 even in the absence of cellular stress!31. Although the specific mechanism by
which these compounds activate HSF1 is unclear, experiments in cultured fruitfly S2 cells
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have shown that salicylate treatment resulted in a pronounced reduction in cellular ATP
levels!30. As the chaperone proteins that repress HSF1 activity are ATPases, reduced levels
of cellular ATP might reduce the activity of these chaperones as well as their ability to
repress HSF1 activity.

In addition, at high concentrations NSAIDs have been proposed to function as protein kinase
inhibitors, and may promote the activation of HSF1 through inhibition of kinases that
phosphorylate and repress HSF1 activity132133 Despite their inability to strongly induce
HSP70 expression, recent studies have shown that treatment with either sodium salicylate or
indomethacin can reduce polyQ protein aggregation and cytotoxicity in mammalian cell
cultures34, Because extremely high concentrations of NSAIDs are required to promote the
binding of HSF1 to DNA, and given the pleiotropic nature of NSAIDs, it is difficult to
ascertain the contribution of HSF1 to this phenomenon. The antiinflammatory compound
cyclopentenone prostaglandin 2-cyclopenten-1-one is also a potent inducer of HSF1
activity135.136,

Additional compounds

Additional HSF1 co-inducers that have been identified include chloro-oximinel37 and
pyrimido(5,4-e)(1,2,4)triazine-5,7(1H,6 H)-dione derivatives!38, as well as gedunin and
sappanone A derivatives3. Exposure of cultured mammalian cells to these molecules did
not promote HSF1 activation, but it increased the heat shock response when the cells were
exposed to subthreshold elevations in temperature. In addition, these compounds protected
cells from cytotoxicity, further supporting the notion that maximal induction of HSF1 and
chaperone protein expression may not be required for therapeutic efficacy. As gedunin was
previously identified as an HSP90 inhibitor, it is possible that these derivatives also promote
HSF1 activation via the inhibition of HSP90.

Amelioration of protein-folding cytotoxicity by HSF1-inducing compounds

A common feature of many HSF1-activating molecules discussed here is their ability to
ameliorate the cytotoxicity of misfolded proteins at concentrations that result in only mild
increases in the abundance of chaperone proteins. Does this suggest that only small
increases in chaperone protein expression are required for the amelioration of proteotoxicity
induced by protein misfolding, or is it possible that the expression of other HSF1 target
genes, in addition to chaperone proteins, influences toxicity? Data show that following
exposure to heat shock, genes encoding chaperone proteins — in particular HSP70 — are
substantially upregulated in response to HSF1 activation®t. However, recent evidence shows
that HSF1 also promotes the expression of the transcription factor NFATC2 (nuclear factor
of activated T cells cytoplasmic 2), the scaffold protein PDZ domain-containing protein 3,
transmembrane protease serine 3 and other genes that contribute to the amelioration of
polyQ aggregation and polyQ-induced cyto toxicityl4%, Additional expression studies using
small-molecule activators at both low and high concentrations, combined with genetic
analyses, are needed to identify the HSF1 target genes that are expressed in response to
minimal levels of HSF1 activation and contribute to therapeutic efficacy, especially in
neuronal cells.

Indirect mechanisms to promote HSF1 activation

HSF1 activity is regulated through various complex mechanisms, including post-
translational modifications, intramolecular coiled-coil interactions as well as interactions
with macromolecular chaperone complexes and other proteins*1. The pharmacological
modulation of these regulatory mechanisms to promote HSF1 activation is a promising
avenue for further exploration.
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HSF1 phosphorylation

Data from mass spectrometry analyses indicate that HSF1 is phosphorylated on at least 12
serine residues’® and that phosphorylation of Ser121, Ser303, Ser307, Ser320 and Ser363 is
associated with repression of HSF1 activity9:63-65 (FIG. 3). However, only the substitution
of Ser303 or Ser307 with alanine has been reported to result in an increase in HSP70
expression141, suggesting that these specific phosphorylation events could be targeted for
pharmacological activation of HSF1. In support of this hypothesis, expression of an HSF1
mutant (with an S303G mutation) in HeLa cells resulted in significantly reduced polyQ
protein aggregation compared with wild-type HSF1 (REF. 142).

Several protein kinases have been linked to the phosphorylation of HSF1 at Ser303 and
Ser307, although the specific kinases that phosphorylate these residues remain unknown.
Early /n vitro experiments suggested that Ser303 was phosphorylated via glycogen synthase
kinase 3 (GSK3) and that Ser307 was phosphorylated via extracellular signal-regulated
kinase 1 or extracellular signal-regulated kinase 2 (REF. 59). However, recent data from our
laboratory suggest that although GSK3 does repress HSF1 activity, it appears to do so
independently of Ser303 phosphorylation41. Rather, these and other data suggest that
Ser303 may be phosphorylated by a mitogen-activated protein kinase®2:63.141 The
identification of the kinase (or kinases) that phosphorylate Ser303 and Ser307 /n vivo could
be important for developing agents to target neurodegenerative diseases via HSF1
activation.

Although the precise mechanisms by which GSK3 represses HSF1 activity are not fully
understood, GSK3 inhibition by either lithium or SB-216763 results in increased binding of
HSF1 to DNA and modest activation of HSP70 expression in the absence of additional
stress141.143-145 Inhibition of GSK3 activity could therefore serve as a useful therapeutic
approach in the treatment of neurodegenerative diseases. Indeed, treatment of cells with
GSKa3 inhibitors has been shown to be protective against polyQ-induced cell death%8. In
addition, GSK3 inhibition promotes the activation of autophagy, which is known to be
efficacious in the treatment of neurodegenerative diseases®.

HSF1 sumoylation

Sumoylation of HSF1 at Lys298 occurs via the activity of the E1 small ubiquitin-related
modifier (SUMO)-activating enzymes SAE1 and SAE2 as well as the E2 SUMO-
conjugating enzyme UBC9. Sumoylation represses HSF1-dependent target gene
transactivation146 (FIG. 3). In some instances protein sumoylation may occur solely via the
activity of the E1 SUMO-activating enzymes and the E2 SUMO-conjugating enzyme,
without requiring activity of the E3 SUMO-ligating enzymel47. It is currently unknown
whether HSF1 sumoylation requires an E3 enzyme, although recent data have shown that
large oligomers of the chaperone protein HSP27 bind to UBC9 and are required for HSF1
sumoylation148, As such, it is possible that HSP27 itself acts as the E3 enzyme in HSF1
sumoylation.

Ginkgolic and anacardic acid have recently been identified as pharmacological inhibitors of
the sumoylation machinery24°. Both small molecules inhibit protein sumoylation in vitro
and /n vivo, without affecting protein ubiquitylation, by directly binding to the E1 enzyme
and inhibiting the formation of the E1I-SUMO intermediate, thereby inhibiting the
attachment of SUMO to target proteins. It remains to be determined whether treatment with
ginkgolic acid or anacardic acid results in HSF1 activation. However, owing to the
ubiquitous nature of the E1 and E2 enzymes, it is likely that pharmacological modulation of
their activity would have pleiotropic effects. Future research efforts could focus on the
identification and inhibition of the E3 enzymes that may be required for HSF1 sumoylation.
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HSF1 acetylation

The HSF1 activation cycle is a dynamic process that is regulated by intra- and inter-
molecular interactions as well as post-translational modifications (FIG. 2). Stress-induced
binding of HSF1 to DNA is reversed by acetylation of HSF1 at Lys80, which is mediated by
histone acetyltransferase p300 and cyclic AMP-responsive element-binding protein.
Conversely, DNA binding is prolonged by NAD-dependent deacetylase sirtuin 1 (SIRT1)-
mediated deacetylation of HSF178. Treatment of mammalian cells with the SIRT1 agonist
resveratrol resulted in decreased acetylation of HSF1 at Lys80 and prolonged stress-
dependent binding of HSF1 to DNA. Although resveratrol-dependent activation of SIRT1 is
likely to affect many cellular processes, it is important to note that resveratrol treatment has
been shown to rescue polyQ-dependent neuronal dysfunction in Caenorhabditis elegans as
well as in mammalian neurons®0, In addition, the efficacy of resveratrol has been explored
in models of Alzheimer’s diseasel®1-153, Parkinson’s disease®4155 and ALS5L, The
regulation of HSF1 acetylases and deacetylases may therefore provide crucial intervention
points for the modulation of chaperone protein expression.

Direct activation of HSF1

Achieving HSF1 activation through the inhibition of negative regulators such as chaperones,
protein kinases and acetyltransferases has therapeutic potential in neurodegenerative
diseases. However, the inhibition of these negative regulators is likely to have pleiotropic
effects on many cellular targets and functions, which could complicate disease treatment. As
such, further investigation into the identification of pharmacological HSF1 activators could
be directed towards the identification of molecules that directly bind and activate HSF1.The
interconversion of HSF1 monomers to homotrimers is an early and crucial step in the HSF1
activation pathway, and so small molecules that directly interact with the monomeric HSF1
transcription factor to promote its homotrimerization could be highly specific HSF1
activators.

Direct activators of HSF1 have not yet been reported, so we propose three potential
approaches to directly promote HSF1 activation (FIG. 4). First, we envision a small
molecule that would recognize and disrupt the protein interface between HSF1 and HSP90,
without directly inhibiting either protein. Because the interaction between HSP90 and HSF1
is thought to be relatively weak®>?, it is likely that this interaction could be antagonized with
relatively low-affinity molecules that compete for this interface. Unfortunately, only limited
information exists regarding the HSF1-HSP90 interaction. Further structural information
regarding the sites encompassing the HSP90-HSF1 interaction as well as the binding
affinity of HSP90 for HSF1 could facilitate the development of such molecules. Elucidation
of the HSP90-HSF1 interaction site could enable the development of an /in vitro screen
(using recombinant HSP90 and a small peptide encompassing the region of HSF1 that
interacts with HSP90) to search for small-molecule inhibitors of the HSP90-HSF1
interaction. We envision a similarly designed secondary screen, using the /n vitro interaction
between HSP90 and another client protein (for example, the glucocorticoid receptor), to
exclude molecules that directly inhibit HSP9O0.

A second approach to directly activate HSF1 may be to unleash the intramolecular
repressive interaction between the C-terminal coiled-coil domain and the N-terminal
multimerization domain of HSF1. However, this intramolecular interaction is currently only
speculative and direct physical evidence for this interaction has not yet been reported’*. A
crystal structure of the full-length HSF1 protein would significantly aid in this regard.
Nevertheless, it is possible to envisage small molecules that could inhibit such an
interaction. This might be effectively achieved via the use of protein or RNA aptamers that
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could sequester the C-terminal repressive coiled-coil domain and thereby free the N-terminal
multimerization domain for homotrimerization.

As a proof of concept, Lis and colleagues®® have recently shown that RNA aptamers can be
used to bind and sequester the DNA binding domain of HSF1 and, as a result, effectively
inhibit HSF1 activation. Although these aptamers inhibit rather than activate HSF1 function,
aptamer technology could be developed to promote HSF1 activation. It should be noted that
mutations in the fourth leucine zipper domain result in constitutive HSF1 trimerization and
constitutive DNA binding, but may only modestly increase the expression of chaperone
proteins. However, as previously noted, the use of pharmacological activators of HSF1 has
shown that high-level expression of chaperone proteins is not required for therapeutic
efficacy187293.121 Rather, small and chronic increases in levels of chaperone proteins are
highly effective in the amelioration of toxicity induced by protein misfolding. Therefore,
future investigations into pharmacological activators of chaperone protein expression could
be directed to identify modest but chronic activators of HSF1.

A third approach to directly activate HSF1 could involve designing a multivalent molecule
that binds to three independent HSF1 monomers, bringing them into close proximity such
that the probability of trimer formation is substantially enhanced. Without a crystal structure
of HSF1 it is difficult to predict where such a molecule would interact with the HSF1
monomer. Furthermore, it is only speculative that bringing multiple HSF1 monomers into
closer proximity would promote spontaneous homotrimerization. However, as HSF1 is
thought to exist in an equilibrium between the monomeric and trimeric statel®’ — even in
the absence of cellular stress — simply increasing the local concentration of HSF1
monomers could stimulate trimer formation.

Future perspectives

The identification of disease-modifying therapies for neurodegenerative diseases has been
challenging, yet the market for novel treatments is enormous®8. Although many molecules
that activate HSF1 have been identified, the majority are thought to act by causing cellular
stress, and a direct pharmacological activator of HSF1 has not yet been reported. The
discovery of such a class of molecules would be a major accomplishment for the field. We
envision the ideal activator of HSF1 as a small molecule that directly binds to HSF1 and
promotes its transition from a monomer to a homotrimer. As the ideal HSF1 activator would
not cause proteotoxic stress, we propose that such a molecule would stimulate modest but
chronic expression of chaperone proteins, resulting in the amelioration of neurodegenerative
disease phenotypes. Below, we outline major hurdles from the discovery to the clinical
application of HSF1 activators.

Screening direct HSF1 activators

An immediate limitation in the identification of the ideal HSF1 activator is the lack of a
high-quality screen. Current screens using HSF1 reporter genes as readouts of HSF1
activation are susceptible to the identification of molecules that cause proteotoxic stress or
inhibit the function of HSP90. As such, novel screens are required that are not sensitive to
proteotoxic molecules and HSP90 inhibitors. Our laboratory has developed a
pharmacological screen using humanized yeast to identify small molecules that can activate
human HSF1 in yeast’2. Although this screen is not sensitive to molecules that cause
proteotoxic stress or directly inhibit HSP90, it does have the limitation of not discriminating
between direct and indirect activators of HSF1. We suggest that future research could be
directed towards the development of screens to specifically identify direct activators of
HSF1.
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Timing of pharmacological intervention

The status of protein misfolding throughout the course of the disease will have to be
considered in the development of therapeutics that enhance protein-folding capacity via
HSF1 activation (FIG. 5). The progressive nature of neurodegeneration complicates
treatment, as a substantial amount of neuronal damage is often present at the time of clinical
diagnosis, making the prospect of prophylactic treatment very appealing1>9-161, Early
intervention is crucial, as pharmacological activation of HSF1 will ideally slow neuronal
degeneration and delay disease onset, and may completely arrest disease progression if the
recently discovered disaggregase activity found in mammalian cells is elevated in an HSF1-
dependent manner162, It will be important to consider other treatments such as autophagy
inducers that degrade mature protein aggregates, which could be more effective in late
stages of the disease. Moreover, the clinical use of HSF1 therapeutics would be complicated
by difficulties in the identification of individuals who are susceptible to late-onset and/or
idiopathic forms of neurodegeneration, thus emphasizing the need for increased

investigation into the identification of biomarkers that are reliable early predictors of
diseasel58,160,161,163

As HSF1 activators would probably be used as a prophylactic treatment, it is important to
consider the potential benefits of coupling HSF1 activators with currently available
symptomatic treatments. This type of combination therapy would address the underlying
protein-misfolding pathology and provide symptomatic relief. If HSF1 activators delay the
onset of disease, the use of current treatments when symptoms manifest might substantially
enhance the long-term clinical management of neurodegenerative diseases.

Blood—brain barrier

A major bottleneck in the development of therapeutics for central nervous system disorders
is the identification of molecules that have the ability to cross the blood-brain
barrier1®8.164.165_gjze lipophilicity and other physicochemical properties of small
molecules generally determine their ability to cross the blood—brain barrier (for a detailed
review of the ideal characteristics for penetrance, see REF. 166). Activators of HSF1 —
such as arimoclomol and riluzole — have been shown to penetrate the blood-brain barrier,
yet penetrance of direct HSF1 activators is difficult to predict as such a class of molecules
does not exist167:168 Effective surrogate screening technologies for blood-brain barrier
penetrance are not widely available; such a model could serve as a powerful secondary
screen for direct HSF1 activators and substantially streamline their development164. Another
useful approach in addressing the limitations of the blood-brain barrier is the use of
molecular libraries of compounds that are known to cross the blood—brain barrier, such as
the CNS-Set available from ChemBridge. Using such libraries in novel screens that identify
HSF1 activators would help to bypass the limitations of the blood-brain barrier in the
development of therapeutics for neuro degenerative diseases.

Potential limitations of HSF1 activators

HSF1 activation may have negative effects in some situations that may need to be addressed
for its development as a therapeutic strategy for neurodegenerative diseases. Lindquist and
colleagues®® have shown that HSF1 significantly contributes to tumour development in the
p53R172H mouse model of carcinogenesis. Potential oncogenic side effects will therefore
have to be considered in the development of HSF1 therapies, especially in populations
harbouring genetic susceptibility to various cancers. Furthermore, it will be important to
consider certain disease states in which the expression of cytosolic chaperone proteins will
be ineffective. Extracellular amyloid-p aggregates present in Alzheimer’s disease are
particularly neurotoxic and inaccessible to chaperone proteins169.170, Sjtuations such as this
may be more amenable to chemical chaperone-based therapies!’!, whereas diseases that are
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thought to be caused by intracellular oligomers, such as polyQ disorders or Parkinson’s
disease, may be more effectively treated with HSF1 activators.

Studies in mouse models have provided some evidence for the differential efficacy of HSF1-
activating molecules in the treatment of various neurodegenerative diseases. For example,
treatment of the SOD1%93A mouse model of ALS with arimoclomol resulted in significant
amelioration of disease phenotypes with little to no loss in efficacy2>. However, in separate
studies treatment of the R6/2 mouse model of Huntington’s disease with an HSP90 inhibitor
also resulted in the amelioration of disease phenotypes but these benefits waned with disease
progression1’2,

Aged cells appear to have a high threshold for HSF1 activation#1:173, and this must be taken
into consideration in the development of therapies based on HSF1 activation. Aged neurons
have lower steady-state levels of HSF1 and SIRTL, a positive regulator of HSF1 activity;
this is likely to contribute to diminished stress responsiveness’8. The therapeutic
implications of this phenomenon remain unclear, and a greater understanding is needed of
why aged cells have an impaired chaperone expression response. If it is not possible to
effectively activate HSF1 in aged neurons, treatment strategies targeting this pathway may
be less effective. By contrast, aged neurons may respond to pharmacological intervention
that lowers the threshold of HSF1 activation and is independent of proteotoxic stress.

In summary, pharmacological activation of HSF1 is a promising avenue for therapeutic
intervention in neurodegenerative diseases. A concerted effort to understand HSF1 biology
and the pharmacological activation of chaperone protein expression will ultimately reveal
whether this strategy will be successful.
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Glossary

Dyskinesia A condition in which voluntary movement is lost and an increase
in chorea-like involuntary movement is observed.

Leucine zipper A structural motif that stabilizes inter- or intramolecular protein—
protein interactions via hydrophobic and charged interactions
across coiled-coils and is commonly found in oligomerization
domains.

Sumoylation A post-translational modification that is indicated by the addition
of a small ubiquitin-like modifier (SUMO) moiety that can affect
protein stability, localization and activity.

Residencetime The duration of time that heat shock transcription factor 1 is bound
to heat shock elements in the promoter region of target genes such
as those encoding chaperone proteins.

Chaperone- A process by which cytosolic proteins are selectively degraded

mediated through interaction with heat shock cognate protein 70, which

autophagy facilitates direct translocation into lysosomes for proteolysis.
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Unfolded protein A conserved physiological response involving endoplasmic
response reticulum (ER)-initiated signaltransduction events, induced by

accumulation of unfolded proteins in the lumen of the ER.

SOD1G%A mijce Transgenic mice expressing the G93A mutant form of human
superoxide dismutase 1 (SOD1) that causes familial amyotrophic
lateral sclerosis (ALS), which are commonly used as a model for
ALS.

RNA aptamer A specifically designed oligonucleotide with a secondary structure
that elicits high affinity for a desired target.

p53R172H mouse A mouse model expressing a mutated form of the tumour

model suppressor protein p53, R172H, which results in increased
oncogenesis.

R6/2 mouse model A widely used transgenic mouse model — expressing exon 1 of the
human huntingtin gene containing 150 CAG repeats — that rapidly
develops Huntington’s disease-like symptoms.
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Figure 1. Chaperone proteins and maintenance of protein homeostasis

Misfolding of disease-causing proteins results in the disruption of protein homeostasis when
misfolded monomers accumulate and begin to form intermediate soluble oligomers or
fibrils, and eventually form mature insoluble aggregates. Chaperone proteins assist in the
correct folding of proteins and prevent the formation of toxic oligomeric species. Increasing
the expression of chaperone proteins enhances the ability of cells to maintain protein
homeostasis even in the presence of aggregation-prone proteins. It is not yet clear whether
increased expression of chaperone proteins will prevent the formation of mature aggregates
and promote their degradation.

Toxicity
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Figure 2. HSF1 activation and attenuation cycle

In the absence of cellular stress, heat shock transcription factor 1 (HSF1) exists as an
inactive monomer in the cytoplasm. Its activity is repressed via the interaction of the
chaperone proteins heat shock protein 90 (HSP90), HSP70 and HSP40 as well as its
phosphorylation on Ser303 and Ser307 residues. In response to proteotoxic stress HSP90 is
thought to bind to misfolded proteins and dissociate from HSF1, thereby allowing HSF1 to
form homotrimers and become localized to the nucleus to bind to heat shock elements in the
promoters of stress-responsive genes. Disulphide bonding occurs between HSF1 monomers
to stabilize trimer formation. HSP70 is known to associate with HSF1 even when it is bound
to DNA, and it may continue to repress HSF1 until a secondary stimulus promotes its
dissociation. Following DNA binding HSF1 is sumoylated — this is a repressive
modification that is attenuated with prolonged heat stress. HSF1 is hyperphosphorylated on
up to 12 serine residues during HSF1-dependent transactivation. HSF1-dependent
transactivation is repressed via a negative feedback loop, in which HSP70 and HSP40 re-
associate with the HSF1 transactivation domain, and HSF1 becomes dissociated from DNA
following acetylation of Lys80 in its DNA binding domain. It remains unclear whether the
disulphide-linked HSF1 trimers are dissociated into cytoplasmic monomers or whether they
are degraded.
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Figure 3. HSF1 regulation by post-translational modifications

In response to cellular stress, heat shock transcription factor 1 (HSF1) is
hyperphosphorylated on up to 12 serine residues; this occurs in parallel with HSF1-
dependent transactivation. Three sites of phosphorylation involved in HSF1 activation that
have been studied in detail are shown. HSF1 activity is also repressed by constitutive
phosphorylation of Ser303 and Ser307, and by stress-responsive sumoylation of Lys298
(represented on the figure as ‘Su”). The binding of HSF1 to DNA is inhibited by the
acetylation of Lys80 (represented on the figure as ‘Ac’). AD, activation domain; DBD,
DNA binding domain; LZ1, leucine zipper domain 1.
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Figure 4. Proposed mechanismsto promote the direct activation of HSF1

We propose three potential approaches to promote the direct activation of heat shock
transcription factor 1 (HSF1). a | First, a small molecule specifically designed to bind the
interface between heat shock protein 90 (HSP90) and HSF1 would prevent the interaction
between the two proteins and allow for HSF1 trimerization and target gene expression. b |
Second, HSF1 could be activated using a small molecule designed to sequester the carboxy-
terminal coiled-coil domain that is thought to repress HSF1 function, allowing for HSF1
trimerization. c | Last, a multivalent molecule specifically designed to bind to HSF1
monomers could bring these monomers into close proximity and increase the rate of HSF1
trimerization. AD, activation domain; DBD, DNA binding domain; LZ1, leucine zipper
domain 1.
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Figure5. Importance of early intervention in neur odegener ative diseases

The progressive nature of neurodegenerative diseases complicates treatment because
neuronal damage and protein misfolding are already present at the stage of symptom onset
(blue line). Early intervention with heat shock transcription factor 1 (HSF1) activators that
promote chaperone protein expression will ameliorate protein misfolding, slow disease
progression and delay the onset of symptoms (green line). In an ideal situation, HSF1
activators could be combined with currently available symptomatic treatments at the stage of
symptom onset to further enhance disease management. By contrast, HSF1-based
therapeutic strategies are unlikely to be as effective at a late stage owing to the severity of
neuronal loss and protein-misfolding pathology that is unlikely to be reversed (pink line). In
late-stage neurodegenerative disease, alternative or combination therapies — such as
inducers of autophagy coupled with chaperone protein-based therapies — may be more
effective.
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Pharmacological activators of HSF1

Table 2

Compound Structure Mechanism of action Toxicity Refs
Geldanamycin o—cH, Amino-terminal HSP90 Significant 80,174-176
we—q 7 yuon inhibitor hepatotoxicity, leading
o <_2 Y to the development
—( 0"\ Huo of analogues 17-AAG
" o (currently in Phase I/11
trials) and 17-DMAG
(discontinued after
Phase | development
owing to toxicity)
Gedunin Carboxy-terminal HSP90  Not well characterized 177,178
inhibitor in humans or mammalian
animal models; gedunin
and analogues exhibit
toxicity in in vitro models
of cell viability
Celastrol Not well characterized; Not well characterized 107-109
hypothesized to act in humans or mammalian
via C-terminal HSP90 animal models;
inhibition, interruption significant toxicity in
of HSP90-CDC37 in vitro models of cell
interaction, proteasome viability
inhibition, thiol oxidation
and topoisomerase
inhibition
Arimoclomol 23 Not well characterized; Well tolerated in Phase | 120-122,
oS /”\o/\(\ hypothesized to increase trials; currently in 167,179
a OH Q duration of HSF1 binding  Phase II/111 clinical trials
to heat shock element for amyotrophic lateral
and increase plasma sclerosis
membrane fluidity
HSF1A Not well characterized; Not tested in humans 72
hypothesized to modulate  or mammalian animal
activity of TRIC or other  models
protein targets
Riluzole F__O s Not well characterized; Approved by the 180
FX />—NH2 hypothesized to have FDA for clinical use
£ N antiglutamatergic in amyotrophic
activity, and to increase lateral sclerosis;
steady-state levels of mild gastrointestinal
HSF1 toxicity
Geranylgeranylacetone | I | j Not well characterized; Limited toxicity 181-183

hypothesized to inhibit
HSP70 substrate binding
and redox activity

in humans

Page 31

17-AAG, 17-allylamino-17-demethoxy-geldanamycin; 17-DMAG, 17-dimethylaminoethylamino-17-demethoxygeldanamycin; CDC37, co-
chaperone of HSP90; FDA, US Food and Drug Administration; HSF1, heat shock transcription factor 1; HSP90, heat shock protein 90; TRIC, T

complex protein 1 ring complex.
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