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Abstract A common pathological hallmark of protein-
conformational brain diseases is the formation of disease-
specific protein aggregates. In Alzheimer’s disease, these are
comprised of amyloid-β and Tau as opposed to α-synuclein in
Parkinson’s disease and N-terminal fragments of mutant
huntingtin in Huntington’s disease. Most aggregates also se-
quester molecular chaperones, a protein family that assists in
the folding, refolding, stabilization, and processing of client
proteins, including misfolded proteins in brain diseases. Mo-
lecular chaperone modulation has achieved remarkable thera-
peutic effects in some cellular and preclinical animal models of
protein-conformational diseases. This has raised hope for
chaperone-based strategies to combat these diseases. Here,
we review briefly the functional diversity and medical signif-
icance ofmolecular chaperones, their therapeutic potential, and
common and specific challenges towards clinical application.
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Introduction

Pathological accumulations of misfolded proteins in aggre-
gates are a hallmark of many protein-conformational diseases
of the central nervous system (CNS). Whether aggregates are
toxic remains unclear and highly debated. A more prevailing
view is that toxicity is caused by “on- or off-pathway”-soluble

oligomers. It is widely accepted that targeting aggregation
pathways can lower the concentration of toxic species with
the prospect of reversing cellular neuropathology and associ-
ated brain pathophysiology. For this reason, molecular chap-
erones have gained wide interest as potential therapeutic
targets to modulate misfolded protein levels in devastating
protein-conformational brain diseases. Mounting evidence
supports the concept that modulating chaperones can reduce
protein misfolding and toxicity in neurons [1]. In most cases,
however, the underlying molecular mechanisms are poorly
understood and best possible target entry points for therapy
remain to be defined.

Chaperones form several families of evolutionary highly
conserved proteins that are indispensable for cellular function.
Chaperones recognize and bind hydrophobic structures that
are exposed when proteins misfold to prevent non-native
intermolecular interactions. Their wide range of activities
include assisting folding of de novo synthesized proteins, help
refolding and clearance of misfolded proteins (quality control
and proteostasis), assist in the assembly and disassembly of
protein complexes, and facilitate protein trafficking [2, 3]. For
this reasonmolecular chaperones, which can modulate protein
misfolding at multiple levels (Fig. 1), have gained wide inter-
est as molecular targets, and therapeutic entry points can be
envisaged based on chaperone categories with different modes
of action. Here, we review briefly their functional diversity
and medical significance, and we discuss opportunities and
challenges of developing chaperone modulators for therapy.

Diverse Functions of Molecular Chaperones in Handling
Client Proteins

Quality control mechanisms have evolved in organisms to
facilitate the proper folding and assembly of proteins, and
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prevent inappropriate intra- and intermolecular interactions
[3]. A superfamily of functionally diverse heat shock pro-
teins (HSPs) plays a major role in these processes. HSPs
typically function via iterative binding of client proteins and
their release until refolding occurs or the client enters a
degradation pathway [4–6]. The Hsp90 (HSPD), Hsp70
(HSPA) and Hsp60 (HSPC) families hydrolyze ATP, with
their low intrinsic ATPase activity regulated by co-
chaperones. Hsp40 (DNAJ) and the small heat shock protein
(HSPB) lack an intrinsic ATPase capability, but interact
functionally with ATPase active chaperone systems [3, 4].

HSPB/sHsp Family

Commonly, HSPBs first recognize, bind, and hold unfolded
client proteins before transferring their clients to a chaper-
one (e.g., HSPA members) with intrinsic ATPase activity
[4]. HSPBs have a conserved α-crystallin domain that is
important for substrate binding [7–10] and the prevailing
hypothesis is that they form large, substrate-free oligomeric
complexes that dissociate into smaller client-binding
multimers when misfolded protein levels in cells increase
[4, 9, 10]. In humans, ten HSPBs are known, excluding
HSPB11, which shares a number of features with bona fide
HSPBs, but lacks the α-crystallin domain. HSPB1 (HSP27)
is the most prominent member in this family [4]. Cellular

stress induces dissociation of larger complexes of HSPB1
into smaller phophorylated complexes that bind misfolded
clients and keep these in a folding-competent non-
aggregated state [7, 10]. A phosphorylation-deficient
HSPB1 mutant was shown to be insufficient in forming
smaller complexes and client binding [10]. When refolding
fails, HSPB1 mediates degradation of client proteins via the
proteasome [4, 10]. The HSPB family members HSPB6-9
function in a HSPA-independent fashion and do not facili-
tate client protein refolding, but they all can suppress aggre-
gation of proteins with expanded polyglutamine (polyQ)
domains, likely by engaging different mechanisms [4]. For
example, HSPB8 was shown to activate eIF2alpha and
induce autophagy [11, 12], whereas HSPB7, the most potent
inhibitor of polyQ protein aggregation [13, 14], did not
increase overall autophagic activity, but facilitated
autophagic clearance of polyQ protein aggregates using
the autophagy machinery’s existing capacity [14]. It was
proposed that HSBP7 might enhance client recognition for
capture into autophagosomes, a mechanism that seems to
work poorly for mHTT protein [15]. Hence, targeting
HSBP7-client interactions might offer unique opportunities
for enhancing the clearance of certain misfolded proteins in
postmitotic neurons. Specific roles in neurons for HSPB
family members are highlighted by mutations in HSPB1,
HSPB3, and HSPB8, causing motor neuropathies [16, 17].
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Fig. 1 Modulating chaperones offers therapeutic opportunities at
multiple levels to combat protein conformational brain diseases.
Molecular chaperones can modulate protein misfolding at multiple
levels and have gained wide interest as molecular targets. 1.
Increasing chaperones, e.g., via the Heat Shock Factor (HSF) medi-
ated cellular stress response. 2. Facilitating protein folding and

refolding, e.g., via the Hsp70 (HSPA), Hsp60 (HSPC), or Hsp90
(HSPD) chaperone systems. 3. Preventing or blocking protein aggre-
gation, e.g., via small heat shock protein or Hsp40. 4. Facilitating
post-translational modification and protein degradation, e.g., via co-
chaperone carboxy terminus of Hsc70-interacting protein. 5.
Preventing propagation of disease protein, e.g., via HSPA
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DNAJ/Hsp40 Family

Co-chaperones of the DNAJ family (41 genes in humans)
are defined by a highly conserved J domain that includes a
sequence motif (HPD) for interaction with the nucleotide
binding domain of HSPA, stimulating adenosine triphos-
phate (ATP) hydrolysis and high-affinity client protein bind-
ing by HSPA [18]. Functional diversity of DNAJ members
and their link to a wide array of pathological conditions
likely resides outside their common J domain [4, 18–23].
DNAJB1 is one of the most extensively studied members of
this family. DNAJB1 is expressed constitutively in mamma-
lian cells and neurons, and is strongly upregulated by cellu-
lar stress via the heat shock response (HSR) [18]. In
cooperation with HSPA, DNAJB1 serves important house-
keeping functions under basal and stress conditions by rec-
ognizing and guiding the fate of unfolded client proteins.
DNAJB2 (HSJ-1) is expresssed in neurons and has two
isoforms that both contain a ubiquitin interaction motif
[24, 25]. DNAJB2 seems to recruit HSPA-dependent clients,
including misfolded polyQ protein oligomers to facilitate
their proteasomal degradation [24–26]. A loss-of-function
mutation in DNAJB2 is the cause of a lower motor neuron
disease [27]. DNAJB6 is expressed in a HSR-independent
fashion [28]. In neurons, DNAJB6 strongly suppresses the
aggregation and toxicity of polyQ proteins and α-synuclein
[19, 28, 29]. Oligomerization and acetylation of DNAJB6
appear crucial for exerting its function to inhibit aggrega-
tion, but, interestingly, neither its functional J domain nor an
interaction with HSPA is required [28]. Missense mutations
that prolong the half-life of DNAJB6 reduce its anti-
aggregation activity and cause a rare form of muscular
dystrophy characterized by abnormal protein accumulations
and autophagic pathology [30]. An important role in neu-
rons for other DNAJ proteins is examplified by mutations in
the large multidomain protein Sacsin (DNAJC29), which
cause an early-onset spastic ataxia with loss of Purkinje
cells. Knockdown of wild-type Sacsin enhances toxicity of
mutant polyQ ataxin-1 [31].

HSPA/Hsp70 Family

The ATP-dependent HSPA family (13 members) plays a
fundamental role in protein homeostasis under normal and
stress conditions [2, 32]. Some members in this family (e.g.,
HSPA1A and B ) are induced strongly in response to stress,
whereas others (e.g., HSPA8) are present constitutively in
most tissues [2, 4]. Their role in protein quality control
depends on an intrinsic ATPase activity, flexible substrate
binding and release, and interactions with co-chaperones
and other cofactors [32]. Intramolecularly, HSPA functions
are coordinated by a crosstalk between the N-terminal nu-
cleotide binding domain and the C-terminal substrate

binding domain, which are connected via a short linker
region [32, 33]. In the ATP-bound state, HSPAs show low
substrate binding affinity and high substrate release rates;
the reverse is observed when adenosine diphosphate (ADP)
is bound. Communication between the N- and C-terminal
domains depends on the conserved hydropobic linker region
and on cooperation with cofactors. DNAJs, for example,
drive HSPAs into the ADP-bound state favoring substrate
interactions [18, 33]. Other cofactors, such as BAG-1,
HSPH, or HSPBP1, function as nucleotide exchange factors
that facilitate the exchange of ADP for ATP to drive sub-
strate release [32–34]. Multiple rounds of this exchange
cycle are often necessary before the final fate (folding or
degradation) of a client protein is determined. Some cofac-
tors of HSPAs help to shuttle clients for proteasomal degra-
dation or clearance via autophagy. Increasing HSPA levels
has been shown to reduce toxicity and protein aggregation
in disease models [35–37].

HSPD/Hsp90 Family

Members of the ATP-dependent HSPD (Hsp90) family also
receive help from a host of cofactors. HSPDs play a central
role in folding and maintaining the conformation of a variety
of signaling proteins, including kinases and steroid hormone
receptors [38]. For the most part, HSPDs regulate folding of
proteins at advanced, almost native, conformational stages.
Hop is a co-factor that transfers substrates from HSPA to
HSPD and links these two chaperone mechanisms [38, 39].
HSPDs dimerize via their C-terminal domain, whereas the N-
terminal domain binds and hydrolyses ATP [38]. ATP binding
drives a conformational dimerization of the N-terminal do-
mains into a closed state such that the substrate is captured in a
“molecular clamp” [38]. ATP hydrolysis allows dissociation
of the N-terminal domains and substrate release, and the
ATPase activity is regulated by co-chaperones, post-
transational modifications, and client protein binding. Some
co-chaperones inhibit (e.g., Hop and the kinase-specific chap-
erone Cdc37) [39, 40], whereas others stimulate, the HSPD
ATPase function (e.g., Aha1) [41]. Aha1 binds to the middle
domain of HSPD showing that this domain also contributes to
substrate activation [41]. Increasing HSPD levels has not
proven as effective as increasing HSPA levels to counteract
toxicity and aggregate formation in disease models. The hy-
pothesis has been raised that HSPD/Hsp90 may have a role as
an evolutionary capacitor because HSPD is capable of binding
and stabilizing mutated protein variants, avoiding their degra-
dation [3, 42, 43].

HSPC/Hsp60 Family

Finally, the ATP-dependent HSPC or chaperonin members
employ a fascinating mechanism. These chaperones
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encapsulate their unfolded client proteins in a cage that is
comprised of large double-ring complexes that can enclose
substrates of up to 60 kDa [3]. Mitochondrial HSP60 func-
tionally cooperates with HSP10, which is located at the open-
ing of the cage, and seals it once a substrate has entered [3].
The cytosolic chaperonins (TriC or CCT) usually have two
eight-membered rings and a folding-cage that is closed via
conformational changes at the apical domain [44, 45]. An
ATP-dependent encapsulation cycle drives substrate capture
and release [3, 44, 45] and the enclosed cage environment
prevents substrates from non-native intermolecular interac-
tions [44, 45]. Increasing HSPC levels has been shown to
prevent accumulation of toxic polyQ protein aggregates
[46–48]. Mutations in chaperonin and chaperonin-like genes
affecting neuronal functions include mutations in mitochon-
drial HSPD1 that cause hereditary spastic paraplegia [49], and
mutations in three chaperonin-like genes that cause Bardet–
Biedl ciliopathy syndromes (BBS) by disrupting the assembly
of the CCT complex with the BBSome, a complex of seven
BBS proteins [50].

Medical Significance of Chaperones in Protein
Conformational Brain Diseases

An interesting correlation seems to exist between an age-
dependent decline in protein quality control systems, a gen-
erally observed late-onset of protein-conformational brain
diseases, and the finding that chaperones often colocalize
with protein aggregates [3, 51, 52]. Here, we summarize
briefly some of the findings in Alzheimer’s disease (AD),
Parkinson’s disease (PD), and polyQ disease.

AD

AD is thought to involve the misfolding, aggregation, and
deposition of mainly extracellular amyloid-β (Aβ) and in-
tracellular Tau, a microtubule-associated protein that accu-
mulates predominantly in axons [53]. We still lack a
comprehensive understanding of how Aβ and/or Tau are
detrimental to neurons, but cell autonomous, as well as non-
cell autonomous, mechanisms, including inflammatory me-
diators and transneuronal propagation of pathology, seem to
be involved [53–56].

Molecular chaperones are recruited to Aβ and Tau aggre-
gates, and nonphysiological expression levels of chaperones
have been detected in post-mortem AD brains [57, 58]. It has
been shown that recombinant purified HSPA, DNAJ, and
HSPD family members can suppress the formation of large
and small oligomeric Aβ aggregates in vitro, suggesting that
these chaperones can recognize and bind misfolded Aβ forms
at different stages in the aggregation pathway [59]. In an AD-
like neuronal model, toxicity of virally-delivered intracellular

Aβ was rescued by HSPA overexpression [60]. Furthermore,
overexpression of certain HSPBs in cultured cerebrovascular
cells and in a Caenorhabditis elegans AD model was shown
to reduce intracellular Aβ-induced toxicity [61, 62]. Opposite
effects were seen in the same AD model when heat shock
factor 1, the major transcription-factor of the HSR, was
downregulated, exacerbating intracellular Aβ aggregation
and toxicity [63]. However, the physiological relevance of
intracellular Aβ aggregates in disease remains speculative
and therefore also therapeutic concepts that are based on
counteracting this phenomenon. Solid experimental evidence
is also still lacking for chaperones being exported from cells
where they might counteract extracellular Aβ aggregation.
Taken together, various modes of action of chaperones
counteracting Aβ aggregation and toxicity may exist, but their
physiological relevance to human disease is not known.

ATP-dependent and ATP-independent chaperones also co-
localize with Tau aggregates and expression of HSPA, HSPB1,
and the co-chaperone carboxy terminus of Hsc70-interacting
protein (CHIP) have all been shown to facilitate the degrada-
tion of misfolded phosphorylated Tau [64, 65]. It has been
demonstrated that chaperones directly recognize and bind to
Tau, and that HSPA–HSPD collaboration initiated Tau clear-
ance in cells [64–66]. Furthermore, increased chaperone levels
not only blocked Tau aggregation, but also increased the
solubility of nonphosphorylated, functional Tau [67]. Finally,
HSPD inhibition has been shown to selectively promote the
degradation of aberrant P-Tau species [68] and different mech-
anisms involving the E3 ubiquitin ligase CHIP, prolyl isomer-
ases, and other co-chaperones have been proposed to explain
how the HSPD chaperone network regulates Tau biology and
pathology [69]. Altogether, these results suggest that chaper-
one modulators might eventually find a niche in either the Aβ-
and/or Tau-directed armamentarium of drugs for AD.

PD

PD is characterized by a progressive degeneration of neurons,
primarily dopaminergic neurons in the substania nigra, whose
loss accounts for the main clinical manifestations in motor
dysfunction. Histopathologic hallmarks are intracellular pro-
tein aggregates referred to as Lewy bodies and Lewy neurites.
These are composed largely of the small 14-kDa lipid-binding
protein α-synuclein (αSN) [70]. Several mutations in the
synuclein gene (SNCA), as well as duplications and triplica-
tions of the wildtype allele, are a cause of rare familiar forms of
PD. Furthermore, Genome Wide Association (GWA) analysis
has linked polymorphisms in SNCA to idiopathic PD [71–76].
αSN seems to be involved mainly in synaptic vesicle homeo-
stasis [77–80]. αSN PD mutants show enhanced oligomeriza-
tion and aggregation properties, but why these or the wildtype
counterpart misfold and accumulate in vivo remains specula-
tive. A recent study has demonstrated that, under native
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conditions, αSN forms a α-helical structured tetramer and that
its destabilization is associated with a higher propensity of
αSN to aggregate [81]. Hence, targeting αSN misfolding by
stabilizing the tetrameric complex or by reducing overall αSN
levels could, perhaps, achieve disease-modifying effects in
synucleinopathies.

HSPA, HSPB, HSPD, HSPC, and DNAJ chaperone mem-
bers have been found in Lewy bodies, suggesting that chap-
erones bind and modulate αSN folding, aggregation, and fate
[37, 82–84]. In a fly model for PD, the expression of HSPA
has been shown to suppress αSN aggregate formation and
increase soluble αSN levels while reducing toxicity [37].
Likewise, the induction of stress-inducible chaperones by
geldanamycin was shown to reduce αSN aggregation and
toxicity [85]. Nonetheless, it is not fully understood how
chaperones modulate αSN aggregation and toxicity. HSPA
can inhibit αSN oligomerization and aggregation by recog-
nizing early misfolded αSN conformations in vitro [86].
HSPAs can also bind larger αSN aggregates in the presence
of DNAJ and ADP, and can be sequestered into αSN aggre-
gates [87, 88]. Therefore, HSPAs, together with cofactors,
seem capable of binding, processing, and guiding the fate of
αSN [89]. Studies in live cells suggest that HSPA binds
misfolded αSN early in the aggregation process such that
oligomerization is inhibited [90–92]. One study reported that
HSPA1 overexpression in αSN transgenic mice lowered in-
soluble αSN aggregate levels [93]. However, another similar
study reported that HSPA1 overexpression by itself is not
sufficient to counteract αSN pathology [94]. Therefore,
HSPA1 may be able to recognize and bind misfolded αSN
species, but proper cofactor activity might be required for
HSPA to blockαSN aggregation and facilitate its degradation.
It is interesting, perhaps, to also note that parkin—the product
of a gene whose mutations cause a recessive form of familial
PD—was shown to ubiquitinate HSPA [95]. HSPDs also bind
misfolded αSN. However, in sharp contrast to HSPA, HSPD
accelerates aggregate formation in vitro [96]. Chaperone ef-
fects of HSPA and HSPD onαSN therefore differ remarkably,
and the authors suggested that HSPD may act by scavenging
misfolded αSN into large aggregates that are less toxic than
αSN oligomers [96]. Other studies showed that CHIP, a
cofactor of HSPA and HSPD with an E3-Ligase function,
facilitates ubiquitination and proteasomal degradation of
αSN [97–99]. HSPD and CHIP also modulates the stability
and degradation of another PD gene, namely LRRK2 kinase
[100, 101]. These findings could suggest that age-dependent
declines in HSPD, HSPA, and CHIP activity might have a role
in predisposition to PD. What seems increasingly clear is that
the fate of client proteins of HSPA and HSPD can differ
remarkably and that much is dictated by the interaction be-
tween the main chaperone and its specific co-chaperones.
Also, small HSPB chaperones have been reported to accumu-
late in affected neurons and glial cells and protect againstαSN

toxicity [102–104]. Therefore, an age-dependent decline in
their activity may also lower the threshold for developing
protein-conformational diseases. Finally, DNAJ chaperones
may play a role in PARK2 patients, who express mutant Parkin
proteins that cause autosomal recessive juvenile onset Parkin-
sonism. DNAJB2a and DNAJB6 have been shown to recover
function of Parkin mutants by suppressing aggregation and
restoring their capability to locate to damaged mitochondria,
and promote their clearance via mitophagy [105].

PolyQ Diseases

PolyQ diseases are inherited disorders caused by CAG/
polyglutamine expansions (polyQ) in genes including mHTT
and several other proteins that cause spinocerebellar ataxias
(SCA). Different chaperones have been shown to interact
functionally with polyQ oligomers and aggregates. HSPC
was shown to suppress the formation of mHTT inclusion
bodies and decrease soluble mHTT oligomer levels [46–48],
whereas HSPC inhibition had the opposite effect [46]. HSPA
was shown to co-localize with polyQ inclusions and regulate
the conformation of misfolded mHTT in a wormHuntington’s
disease (HD) model [106]. Mutations in its substrate binding
domain reduced its co-localization with inclusion bodies
[106]. In SCA animal models, such as a fly model of
mutant ataxin-3-induced ocular degeneration, severe
neurodegeneration was exacerbated by co-expressing a
dominant negative form of HSPA, whereas wildtype HSPA
provided rescue [107, 108]. Overexpression of HSPA in the
human mutant huntingtin exon-1 R6/2 HD mouse model
delayed the loss of body weight compared with R6/2 mice,
but otherwise had no effect on inclusions or early death of
the mice [109]. Cofactors appear crucial for HSPA function
in modulating polyQ protein fate [110]. For example, CHIP
binds HSPA and acts as an E3-ligase that transfers
polyubiquitin chains to misfolded client proteins and in-
duces their degradation [111–113]. HSPA and DNAJB1 can
cooperate, bind, and sequester mHTT monomers and inhib-
it their conversion into oligomers [114]. In the presence of
DNAJB1, HSPA is also able to associate with mHTT
oligomers [36]. DNAJB1, DNAJB2, DNAJB6, and
DNAJB8 were identified as the most active suppressors
of aggregation of a 74-glutamine-containing HTT exon-1
fragment in HEK-293 cells [19]. In vivo, overexpression of
DNAJB2a in R6/2 mice reduced mHTT aggregation and
improved neurologic performance [25]. In contrast,
DNAJA1 overexpression, alone or in combination with
HSPA, failed to modulate retinopathy in SCA7 mice
[115]. DNAJB6b and DNAJB8 have been identified as
the most potent suppressors of polyQ protein aggregation
and toxicity [28]. Unlike DNAJB1, both retained activity as
aggregation suppressors when mutated in the HSPA inter-
action J-domain, although this domain is required to
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facilitate HSPA-dependent degradation of polyQ substrates.
Furthermore, HDAC4 was shown to dock on a C-terminal
domain of DNAJB6/8 and to be required for their full anti-
aggregration activity. The investigators therefore suggested
that DNAJB6-type protein pathways might offer interesting
targets for therapy in protein misfolding diseases.

Taken together, many findings in preclinical cell and ani-
mal models support the notion that chaperone-modulation
could become a cornerstone in treatments fighting AD, PD,
and/or polyQ protein misfolding diseases. At the same time,
our mechanistic understanding is still very incomplete and
probably insufficient to pick the right target with the best
chances of success for therapy in anyone of the aforemen-
tioned diseases.

Targeting Chaperone Pathways for Therapy

Chaperone modulation has been able to achieve powerful
therapeutic effects in some cellular and preclinical animal
models of protein conformational diseases, which suggests
that, eventually, it may become a medically significant strat-
egy to fight neurodegenerative diseases. However, overall
success rates of developing CNS drugs are ~8 % from first-
in-man to registration, and disappointingly low [116]. Inno-
vation is key to try and improve success rates, and a better
understanding of which mechanisms and chaperones to target
is pivotal. Generally, CNS protein conformational diseases
show slow progression rates and assessing disease-
modifying principles in the clinic will be no less of a challenge
than targeting, for example, the well-understood amyloid pre-
cursor protein pathway in AD [117]. Furthermore, age-
dependent changes in protein quality control and disease
mechanisms have to be taken into account when selecting
patients for proof-of-concept (PoC) studies in humans. When
targeting patients suffering from a monogenetic protein con-
formational disease it will be important to pay attention to age,
disease-stage, rate of progression, and best available clinical
readouts. Only positive PoC outcomes will encourage the
investment needed for clinical development.

Drugs targeting chaperone-based mechanisms in the CNS
have many challenges in common with other CNS drugs,
most importantly getting across the blood–brain barrier, proof
of efficacy, safety, and tolerability. Exposures in brain must be
sufficient to trigger pharmacodynamic changes in target ac-
tivity that translate into meaningful effects on the fate of a
client protein and its downstream neuropathophysiologic and
clinical effects. It is pivotal to understand the relationship
between a drug’s pharmacokinetic properties and its on-
target pharmacodynamic effects, and also how the latter trans-
late into driving the molecular process that determines a
client’s fate. Ideally, a biomarker for target and process en-
gagement in brain would be available by the time a PoC study

starts. Also of key importance to arrive at a clinically mean-
ingful result is to understand the magnitude of effect a treat-
ment needs to achieve, as well as its duration needed. Taking
these issues too lightly primes for failure and getting lost in
clinical translation. Furthermore, drugs targeting chaperone
mechanisms may be prone to on-target safety and toxicology
concerns because they likely change a chaperone’s network
function beyond the specific role that the chaperone has in
quality control of the targeted protein. This can be of advan-
tage in oncology because tumor cells often depend on elevated
levels of multiple chaperones [118], but, in the CNS, this
could easily turn into a disadvantage, and selective com-
pounds targeting mainly the target-relevant arm of a chaper-
one’s network seems more promising.

What we can learn from preclinical models also deserves
some note of caution. Animal models are great mechanistic
pharmacokinetic/pharmacodynamic models, but their predic-
tive power as translational disease models is often very limit-
ed. Patient fibroblast-derived induced pluripotent stem cell
(iPSC) systems and iPSC-derived neurons, in particular, may
offer a better choice to study chaperone-mediated modulation
of misfolded proteins. These systems circumvent species-
specificity questions and offer advantages with regard to
assessing pharmacological effects in genetically heteroge-
neous human cellular backgrounds, including monogenetic
diseases [119–121]. To advance the use of patient cells as
disease models, funding agencies support open-access collec-
tions of patient-derived fibroblasts with mutations linked to
neurologic diseases, including proteinopathies [122]. Encour-
aging results towards obtaining disease-specific aggregate
proteinopathy in iPSC-derived neurons have already been
obtained: in iPSC-derived neurons from SCA3 patients treated
with L-glutamate, which evoked calcium-dependent proteol-
ysis of the mutant polyQ ataxin-3 protein [123]; in iPSC-
derived motor neurons from familial amyloid lateral sclerosis
patients with Tar DNA binding protein-43 (TDP-43) muta-
tions [124]; and in cortical neurons generated from iPSC cells
from Down’s syndrome patients [125]. Other types of patho-
logic changes noted in iPSC-derived neurons from patients
include a significant increase in lysosomal activity (HD)
[126], nuclear aberrations (PD LRRK2) [127], cell morpho-
logical changes and defects in autophagic clearance (PD)
[128], and increased α-synuclein production in iPSC-derived
midbrain dopaminergic neurons generated from a PD patient
with a SNCA triplication [129], and a Gaucher patient with a
GBA mutation that predisposes to PD [130]. Taken together,
the outlook seems bright for finding chaperone-based drugs
with potential for disease-modification in patients. Ideally,
such drugs would not be disease-specific and could treat a
spectrum of protein-conformational diseases. Existing drugs,
such as HSPD inhibitors, have, in principle, such features, but,
at the same time, perhaps too many liabilities outside use in
oncology. For more detailed lists of small molecules acting on
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molecular chaperones the reader is guided to some excellent
reviews [34, 118, 131, 132].

Targeting ATP-Dependent Molecular Chaperone Systems

Molecular chaperones with intrinsic ATPase function such as
members of the HSPD, HSPA, and HSPC families, and their
co-chaperones assist in the folding and fate determination of a
variety of client proteins. These complex machineries provide
multiple entry points for pharmacologic intervention. Ideally,
the intervention would alter only specific aspects of a chaper-
one’s protein quality control functions relevant to the targeted
client protein without perturbing the rest of that chaperone’s
functions. This has been very difficult to achieve with drugs
that target core sites, such as the ATP-binding pocket [132].

Targeting HSPD/Hsp90 System

Today, the best characterized drugs that inhibit HSPD func-
tion target its ATP-binding domain and were identified as
antiproliferative agents in a cancer cell line-based screen.
These include fungal antibiotics (radicicol) and the benzo-
quinone ansamycine (herbimycin A, geldanamycin). All
block ATP hydrolysis and cause degradation of client pro-
teins, including specific oncogenic proteins required for
tumor cell proliferation [118, 131]. Also, mHTT protein is
a HSPD client, and ATP-site inhibitors disrupt the HSPD–
mHTT interaction, inducing mHTT clearance via the
ubiquitin proteasome system [43]. 17-AAG, a derivative of
geldanamycin, has been shown to improve motor deficits in
a mouse model of spinal and bulbar muscular atrophy, a
disorder caused by a polyQ mutation in the androgen recep-
tor, another HSPD client protein [133]. Whether the action of
17-AAG entailed mainly disruption of the HSPD client
protein interaction was questioned because HSPD inhibition
also promotes heat shock factor 1-mediated activation of a
more general cellular HSR with increased levels of HSPA8,
HSPB1, and DNAJB1 [131, 134]. Irrespective, the results
demonstrated that inhibiting the HSPD function alleviated
excessive accumulation of mutant androgen receptors, which
translated into some functional recovery in vivo [133].
Geldanamycin has also been shown to protect against αSN
toxicity in a fly PDmodel [85]. However, despite remarkable
activities in preclinical models, stability and safety issues of
geldanamycin and radicicol derivatives in the clinic has
precluded approval [131]. Furthermore, it was shown that
the capacity of HSPD inhibitors to mount a HSR is reduced
in R6/2 and HdhQ150 knock-in mouse brains [135], and
similar observations have been made in cells expressing
full-length polyQ-expanded mHTT [136]. Also note that all
compounds with this mechanism of action will increase
stress-inducible chaperone levels in a nonspecific fashion,

which could cause undesirable side effects, narrow the ther-
apeutic window, and limit translation to non-oncology in-
dications in the clinic. A new generation of chemically
distinct, more selective, safer, and potent HSPD inhibitors
has been developed and has entered clinical trials in cancer.
Some of these compounds seem well tolerated and achieved
clinical benefit [131]. As an additional benefit, decreased
chaperone levels and reduced HSR activity have been noted
in patients with protein conformational brain diseases [135,
136], and HSPD inhibitors might be able to overcome these
molecular deficits.

There is some evidence that targeting the linker region or
the C-terminal domain of HSPD might avoid mechanistic
side effects associated with targeting the ATP-binding pock-
et. At nanomolar concentrations, novobiocin analogues bind
to the C-terminus of HSPD and induce HSPD and HSPA
expression [137, 138]. Compounds of this class were shown
to protect neurons from Aß-induced cellular toxicity, but the
underlying mechanism remains to be elucidated [139]. Fi-
nally, targeting cofactors, such as aha1, which stimulates the
ATPase function of HSPD, or mechanisms, such as post-
translational acetylation of HSPD [140, 141], might have
fewer liabilities.

Targeting The HSPA/Hsp70 System

Members of the HSPA family also provide multiple entry
points for pharmacologic intervention. However, little prog-
ress has been made in bringing HSPA inhibitors to the clinic.
In addition to inhibiting the enzymatic activity of HSPA, its
chaperone network provides multiple in-roads for modulating
more selectively aspects of these chaperone-mediated protein
quality control mechanisms. HSPA functional diversity is
guided largely by a large network of co-chaperones that in-
cludes J proteins, nucleotide exchange factors (NEFs) and
tetratricopeptide repeat (TPR) domain-containing proteins.
DNAJB1 and DNAJB6, for example, inhibit the aggregation
and toxicity of mHTT, and DNAJA1 overexpression increases
mHTT aggregation [19, 36, 142]. DNAJA1 overexpression
facilitates the degradation of Tau and DNAJB1 inhibits Tau
aggregation [143–145]. Therefore, targeting specifically the
interaction between HSPA and specific J proteins seems like a
promising approach to intervene therapeutically in protein
conformational disorders. Two more specific entry points for
targeting DNAJs might be worth considering: their oligomer-
ization mechanism and specific post-translational modifica-
tions. For example, DNAJB6 functionally oligomerizes [18,
19], and its acteylation is necessary to exert its anti-
aggregation effects [19].

Although modulating interactions of DNAJ proteins with
misfolded disease proteins seems the more specific route to
therapy, most efforts thus far were directed towards modu-
lating DNAJ–HSPA cooperativity. [132]. An interesting
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group of compounds with this mechanism of action are the
dihydropyrimidines, which specifically modulate DNAJ ef-
fects on HSPA ATPase activity. One of these compounds,
MAL3-101, inhibits DNAJ-stimulated ATPase activity
[145], whereas 115-7c stimulates ATP turnover [146]. This
shows that modulating HSPA activity is possible in both
directions. MAL3-101 was shown to have antimyeloma
effects [147], whereas other dihydopydimines appeared to
control the stability of HSPA substrates, including Tau and
polyQ proteins [148, 149]. Importantly, compounds in this
class are free of cytotoxicity and do not induce HSR [132,
148, 149], suggesting a greatly reduced side effect potential
than compounds targeting the ATP binding pocket of HSPA.

There is also evidence that targeting members of the three
main subclasses of NEFs (Hsp110, HspBP1 and BAGs)
may facilitate the fate decision of HSPA-bound substrates.
NEFs influence HSPA function by regulating nucleotide
exchange and substrate release [3, 4, 34, 150, 151]. For
example, HSPA–BAG2 facilitates proteosomal clearance
of Tau, while HSPA–BAG1 stabilizes Tau [151–153]. These
findings indicate that two cofactors that use a similar do-
main for interacting with HSPA determine the fate of the
same HSPA client in a fundamentally different fashion.
Which one offers a better target for therapy to reduce, for
example, tauopathy remains an open question. Another ex-
ample provides the NEF Hsp110. Hsp110 remodels the
HSPA–DNAJ system to efficiently disaggregate and refold
protein aggregates [150].

It is also early in the assessment of modulators targeting
HSPA–TPR complexes [132]. The TPR co-chaperone CHIP
directs ubiquitination and proteasomal degradation of
HSPA-bound substrates [154, 155], whereas the TPR Hop
coordinates the transfer of substrates between HSPA and
HSPD and the folding of non-native proteins [156]. Hop
and CHIP compete for binding to HSPA and, accordingly,
determine the fate of clients.

Finally, evidence is growing that several misfolded pro-
tein pathologies, including synucleinopathy, can spread and
cause non-cell autonomous damage [54, 55, 157]. HSPA
was reported to chaperone αSN and reduce extracellular
oligomer formation and related toxicity [158], suggesting
that modulation of certain chaperones can also reduce non-
cell autonomous neuronal damage caused by propagating
aggregate pathologies. Altogether, many findings support
the notion that small molecule modulators of HSPA–co-
chaperone interactions may find their way to combat brain
protein conformational disorders. For example, cystamine
and its Food and Drugs Administraion-approved reduced
form cysteamine (currently in a clinical trial for HD)
upregulate DNAJ protein levels, enhance brain BDNF
levels, and exert neuroprotection in HD models [159]. Com-
pounds with HDAC inhibitor activity, such as valproate
[160], and activation of the deacetylase SIRT1 have been

shown to induce HSPA [161]. Furthermore, HDAC inhibi-
tors can alter chaperone function also by changing their
acetylation state [162], a mechanism proposed for HDAC4
enhancing DNAJB6 activity in suppressing polyQ protein
aggregation [28]. HDAC inhibitors have been shown to
counteract polyQ disease in fly, mouse, and cellular models,
but reducing the expression of single HDACs in the R6/2
HD mouse model has not yet met with great success in
terms of pointing specifically at therapeutic potential for a
specific HDAC subtype [163]. Therapeutic success of any
of these avenues will depend clearly on a more in-depth
understanding of target and mechanism, especially as ther-
apeutic effects of HDAC inhibitors are often limited by
toxicity.

Targeting the HSPC/Hsp60 System

HSPC family members have been shown to prevent the accu-
mulation of polyQ mHTT aggregates and cellular toxicity,
whereas their RNAi-mediated knock-down was shown to
result in opposite effects [46–48, 164, 165]. HSPC (TriC)
binds a sequence N-terminal to the polyQ tract in mHTT,
based on the specificity of this mHTT–CCT1 interaction,
Tam et al. [164] proposed that the CCT1 substrate binding
domain might be a particularly suitable site for drugs to
counteract mHTT aggregation and toxicity. Accordingly,
targeting specific family members of the HSPC family seems
another promising therapeutic approach—perhaps particularly
suited for HD. What makes this mechanism particularly inter-
esting is that an interaction between a short hydrophobic N-
terminal sequence element and not the polar polyQ stretch that
accounts for the specific mHTT–CCT1 interaction and a
suppression of mHTT protein aggregation. It shows that an
aggregation-promoting element of a specific polyQ protein is
recognized by a specific chaperone subunit—perhaps a kind
of “ideal case scenario” for developing highly selective drugs
to modulate HSPC–mHTT interactions without perturbing
TriC’s essential roles in folding [165]. Smart assay designs
to screen for such modulators seem, therefore, a promising
way forward.

Prospects

Modulating molecular chaperone mechanisms seems to
have great potential for treating protein conformational
brain disorders. Of the small number of compounds that
target molecular chaperones today, only few have entered
the clinic; the majority act on HSR through HSPD, and these
are tested in cancer patients. Significant improvements are
still needed both at the level of compounds, targets, and
specific mechanisms before good PoC studies can be
conducted in patients with protein conformational brain
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diseases. The complex cascade of chaperone folding path-
ways offers many more additional entry points than those
that have been targeted today. Also, our in-depth under-
standing of chaperone biology in relation to specific protein
targets is progressing and the prospects for actually finding
new drugs seem good. Translating any of these principles
successfully to the clinic will depend on having good assays
to monitor drug target and process engagement, and, ideally,
also assays that can measure the misfolded culprit protein
and its fate over time. Tremendous progress is being made in
the biomarker field both with respect to markers in cerebro-
spinal fluid (CSF) and the use of noninvasive imaging
technologies. This should encourage us to take mechanisti-
cally well-founded target projects in the chaperone arena
forward to the clinic for testing new therapies in devastating
diseases. Unfortunately, today, we have nothing more than a
handful of drugs treating some symptoms.

Required Author Forms Disclosure forms provided by the authors
are available with the online version of this article.
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