
fnins-13-01263 November 21, 2019 Time: 11:55 # 1

MINI REVIEW
published: 21 November 2019
doi: 10.3389/fnins.2019.01263

Edited by:
Miklos Santha,

Biological Research Centre (MTA),
Hungary

Reviewed by:
Mehdi Mollapour,

SUNY Upstate Medical University,
United States

Andrew Truman,
The University of North Carolina

at Charlotte, United States
Gennady Verkhivker,

Chapman University, United States

*Correspondence:
Umesh K. Jinwal
jinwalu@usf.edu

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Neuropharmacology,
a section of the journal

Frontiers in Neuroscience

Received: 26 July 2019
Accepted: 06 November 2019
Published: 21 November 2019

Citation:
Gracia L, Lora G, Blair LJ and
Jinwal UK (2019) Therapeutic
Potential of the Hsp90/Cdc37

Interaction in Neurodegenerative
Diseases. Front. Neurosci. 13:1263.

doi: 10.3389/fnins.2019.01263

Therapeutic Potential of the
Hsp90/Cdc37 Interaction in
Neurodegenerative Diseases
Liam Gracia1†, Gabriella Lora1†, Laura J. Blair2 and Umesh K. Jinwal1*

1 Department of Pharmaceutical Sciences, Taneja College of Pharmacy, University of South Florida-Health, Tampa, FL,
United States, 2 Department of Molecular Medicine, Byrd Alzheimer’s Institute, Morsani College of Medicine, University
of South Florida, Tampa, FL, United States

Alzheimer’s, Huntington’s, and Parkinson’s are devastating neurodegenerative diseases
that are prevalent in the aging population. Patient care costs continue to rise each year,
because there is currently no cure or disease modifying treatments for these diseases.
Numerous efforts have been made to understand the molecular interactions governing
the disease development. These efforts have revealed that the phosphorylation of
proteins by kinases may play a critical role in the aggregation of disease-associated
proteins, which is thought to contribute to neurodegeneration. Interestingly, a molecular
chaperone complex consisting of the 90 kDa heat shock protein (Hsp90) and Cell
Division Cycle 37 (Cdc37) has been shown to regulate the maturation of many of
these kinases as well as regulate some disease-associated proteins directly. Thus, the
Hsp90/Cdc37 complex may represent a potential drug target for regulating proteins
linked to neurodegenerative diseases, through both direct and indirect interactions.
Herein, we discuss the broad understanding of many Hsp90/Cdc37 pathways and
how this protein complex may be a useful target to regulate the progression of
neurodegenerative disease.
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INTRODUCTION

Molecular chaperones are important regulators of cellular homeostasis (Csermely et al., 1998;
Buchner, 2013; Balchin et al., 2016; Lackie et al., 2017; Rosenzweig et al., 2019). The major
chaperone, heat shock protein 90 (Hsp90), is a highly abundant and conserved protein, comprising
of roughly 1–2% of the total proteome (Csermely et al., 1998; Crevel et al., 2001). Hsp90, like
other Hsp family members, interacts directly with protein clients to maintain cellular organization
(Csermely et al., 1998; Buchner, 2013; Lackie et al., 2017). In particular, Hsp90 assists with the final
maturation steps of client proteins, such as kinases (Millson et al., 2005; Vaughan et al., 2008).

In mammalian cells, Hsp90 requires partner proteins, termed co-chaperones, to assist with client
triage (Smith, 1993; Sahasrabudhe et al., 2017). One of the well-studied Hsp90 co-chaperones is Cell
Division Cycle 37 (Cdc37) (Dey et al., 1996; Stepanova et al., 1996; MacLean and Picard, 2003). The
Hsp90/Cdc37 complex interacts with approximately 60% of the kinome (Eckl et al., 2015; Luo et al.,
2017; Verba and Agard, 2017). Cdc37, a signal transducer, binds to a diverse set of kinase clients
(Verba and Agard, 2017). Independent actions of Cdc37 have also been described. For example, the
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stability of a discrete Cyclin-dependent kinase 4 (CDK4) was
reported to be dependent on Cdc37 levels, but not on the
interaction of Cdc37 with Hsp90 (Smith et al., 2015).

Considerable efforts have been made toward defining the
interactions of Hsp90 kinase co-chaperone Cdc37, but the
majority of these studies have been performed in cancer models
(Calderwood, 2015; Li D. et al., 2015; Wang et al., 2017).
However, many kinases that are regulated by Cdc37 have also
been implicated in neurodegenerative disease-related pathways
(Branca et al., 2017; Kirouac et al., 2017; Lackie et al., 2017;
Lazarevic et al., 2017; Li and Götz, 2017; Yang et al., 2018; Zhang
et al., 2018). Hsp90 has been suggested as a therapeutic target for
these disorders, but Hsp90 inhibitors have faced many challenges
in the clinic (Neckers and Workman, 2012; Neckers et al., 2018).
Targeting Hsp90 co-chaperones, such as Cdc37, may represent
an alternative strategy (Moses et al., 2018; Sluder et al., 2018).
Here, we describe the evidence supporting a role of Cdc37 as a
molecular target in neurological disorders, such as Alzheimer’s
(AD), Parkinson’s (PD), and Huntington’s (HD) disease.

THE Hsp90/Cdc37 COMPLEX
REGULATES KINASES

Kinases are critical regulators of cell cycle progression, signal
transduction, and transcription regulation (Liu et al., 1999; Taylor
et al., 2012; Verba and Agard, 2017). Therefore, proteins that
regulate kinases, such as Hsp90, have broad implications in
disease pathogenesis. Hsp90 functions as a homodimer, through
the C-terminal domain (CTD) dimerization, and is primarily
characterized by its ATPase activity in the N-terminal domain
(NTD) (Siligardi et al., 2002; Zhang et al., 2015). Kinase
interaction with Hsp90 generally promotes kinase stabilization
and activity (Luo et al., 2017; Bachman et al., 2018). The Hsp90
co-chaperone, Cdc37, is a ubiquitous protein that is required
for efficient Hsp90-mediated maturation of kinases, such as
CDK5, extracellular regulated kinase (ERK), and protein kinase
B (Akt), by aiding their partnership with Hsp90 (Dey et al., 1996;
Stepanova et al., 1996; Jinwal et al., 2011; Smith et al., 2015;
Keramisanou et al., 2016; Wang et al., 2016; Verba and Agard,
2017; Liu et al., 2018). Strong Hsp90-Cdc37 binders have been
characterized to be less thermodynamically stable on their own,
whereas clients that are more stable have reduced dependence
on Hsp90/Cdc37 for maturation (Taipale et al., 2012; Verba and
Agard, 2017). During this interaction, Cdc37 binds clients using
NTD residues, the middle domain of Cdc37 then associates with
the NTD of Hsp90, and, finally, ATP binding causes Cdc37
to transition into the middle domain of Hsp90 to promote
kinase changes (MacLean and Picard, 2003; Verba et al., 2016;
Verba and Agard, 2017). Additional roles for the Hsp90/Cdc37
complex have also been described. In fact, previous studies
have demonstrated that the shuttling of kinases to Hsp90 can
sheathe proteins from further activation or ubiquitination (Citri
et al., 2004; Ota and Wang, 2012). Recent reports also suggest
that the Hsp90/Cdc37 interaction is important in preventing
activated kinase aggregation (Tripathi et al., 2014; Verba and
Agard, 2017). Additionally, it should be noted that clients

can be regulated through augmentation of Hsp90’s C-terminal
MEEVD domain (Prodromou et al., 1997; Siligardi et al., 2002;
Verba and Agard, 2017). This region is known to interact
with tetratricopeptide repeat domain containing co-chaperones,
which can further affect client binding and regulation (Oberoi
et al., 2016; Verba and Agard, 2017). One of these co-chaperones,
the serine/threonine protein phosphatase 5 (PP5), has been
shown to also regulate the activity of Cdc37 by altering its
phosphorylation status at serine 13 (Vaughan et al., 2008). Related
to this, casein kinase 1 (Dushukyan et al., 2017) and casein
kinase 2 (Mollapour et al., 2011) have been shown to alter Cdc37
phosphorylation through PP5 activation and through affecting
the Hsp90/Cdc37 interaction, respectively. Interestingly, these
casein kinases have also been implicated to have involvement
in the pathogenesis of neurodegenerative diseases, including AD
and PD (Perez et al., 2011).

While there are no small molecules that specifically target
Cdc37 or the Hsp90/Cdc37 complex, both Celastrol and
Withaferin A have been shown to be capable of disrupting the
Hsp90/Cdc37 complex, along with targeting other pathways in
the cell (Zhang and Sarge, 2007; Yu et al., 2010). Celastrol can
disrupt recombinant Hsp90/Cdc37 interaction at 50–100 µM
concentrations (Zhang et al., 2009), while another study in a
cell-based model showed 12.5 µM is sufficient (Peng et al.,
2016). These studies suggest that the concentrations of Celastrol
required to disrupt Hsp90/Cdc37 may vary between different
model systems. It is also known that Celastrol at nanomolar
dose shown to suppress the production of proinflammatory
cytokines TNF-α and IL-1ß and improve cognitive processes
(Allison et al., 2001). Celastrol has also been reported to affect
Hsp90 through alternative mechanisms, including activation of
the heat shock response (Westerheide et al., 2004), indirectly
through redox imbalance (Seo et al., 2011; Klaić et al., 2012), and,
recently, Celastrol was shown to induce Hsp90 oligomerization
(Zanphorlin et al., 2014). Celastrol is also capable of binding
and triggering oligomerization of p23, an Hsp90 co-chaperone
(Chadli et al., 2010). Withaferin A is mostly studied for its anti-
inflammatory properties (Misra et al., 2008). Thus, the effects
of Celastrol and Withaferin A cannot be assumed to be only
through Hsp90 and Cdc37, but instead may be partially mediated
by the disruption of this complex. More recently, additional
compounds have been reported including, Kongensis A, a
possible necroptosis and inflammation inhibitor that can bind to
Hsp90 and dissociate its interaction with Cdc37 (Li et al., 2016),
and platycodin D, which has anticancer and immune regulatory
properties that was also shown to disrupt the Hsp90/Cdc37
complex (Li et al., 2017). However, these drugs have not yet been
tested in models of neurodegeneration.

Alzheimer’s Disease
Alzheimer’s disease is a progressive neurodegenerative disease
and the most common form of dementia (Masters et al., 2015;
Bondi et al., 2017). While the cause of AD is still not completely
clear (Davis et al., 2018; Shi and Holtzman, 2018; Henstridge
et al., 2019), AD is hallmarked by the accumulation of protein
aggregates, most notably plaques between neurons, rich in
β-amyloid (Aβ), and intraneuronal tangles, composed mainly of

Frontiers in Neuroscience | www.frontiersin.org 2 November 2019 | Volume 13 | Article 1263

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01263 November 21, 2019 Time: 11:55 # 3

Gracia et al. Hsp90-CDC37 Kinases in Neuropathology

tau protein. The aggregation of these proteins is not the only
cause of AD, but they are each thought to contribute to the
progression. In fact, there are numerous pathways implicated
in the pathogenesis of AD, including multiple kinases that
may promote or stabilize amyloid accumulation (Martin et al.,
2013; Li X. et al., 2015; Ahmad et al., 2018). Aβ can be
affected by kinases directly (Rezaei-Ghaleh et al., 2016) and also
indirectly through the phosphorylation of the amyloid precursor
protein (APP) (Chang et al., 2006), which can alter the cleavage
dynamics and Aβ generation. In fact, multiple kinases have been
linked to Aβ plaque production or stability including: CDK5,
dual-specificity tyrosine phosphorylation-regulated kinase 1A
(DYRK1A), Akt, ERK, Fyn, c-Abl, and glycogen synthase kinase
3α (GSK3α) (Phiel et al., 2003; Chin et al., 2004, 2005; Cancino
et al., 2011; Castro-Alvarez et al., 2015; Coutadeur et al., 2015;
Park et al., 2015; Estrada et al., 2016; Branca et al., 2017; Kirouac
et al., 2017; Lazarevic et al., 2017; Li and Götz, 2017; Yang et al.,
2018; Zhang et al., 2018). Some of these kinases, for example,
c-Abl, have been shown to alter Hsp90 phosphorylation as well as
affect other Hsp90 co-chaperones, like Activator of Hsp90 ATPase
protein 1 (Aha1) (Dunn et al., 2015). Thus, the interactions
between kinases, chaperones, and substrates is quite complex.
Additionally, many of these kinases have been shown to be
either regulated by Cdc37 (Gray et al., 2007; Jinwal et al., 2011;
Sonamoto et al., 2015) and/or be a Cdc37 interactor (Taipale
et al., 2012). Interestingly, even though Hsp90 inhibition shows
protection in Aβ models (Chen et al., 2014; Ortega et al., 2014),
studies investigating the role of Cdc37 in Aβ pathogenesis have
not been reported. However, Cdc37 is likely to at least have
an indirect role on Aβ deposition and stability through the
regulation of these important kinases.

Kinases are strongly implicated in tau pathogenesis, as tau
is found in a hyperphosphorylated state in the AD brain
(Cavallini et al., 2013; Simic et al., 2016). These kinases include:
CDK5, DYRK1A, Akt, ERK/mitogen-activated protein kinase
(MAPK), Fyn, c-Abl, GSK3β, protein kinase C (PKC), and
the microtubule affinity regulating kinase 2 (MARK2), as well
as Cdc37 (Jayapalan and Natarajan, 2013; Mietelska-Porowska
et al., 2014; Calderwood, 2015; Wang et al., 2015, 2016; Bondi
et al., 2017; Callender and Newton, 2017; Kang et al., 2017;
Lee and Kim, 2017; Li and Götz, 2017; Liu et al., 2017; Seo
et al., 2017). Data from our group demonstrated that Cdc37 in
collaboration with Hsp90 stabilized tau, and, inversely, reduced
Cdc37 promoted tau clearance (Jinwal et al., 2011). These effects
on tau are likely a combination of direct interactions as well
as indirect effects on other kinases. In fact, CDK5 and Akt,
which can also promote tau phosphorylation (Jayapalan and
Natarajan, 2013; Callender and Newton, 2017; Liu et al., 2017;
Seo et al., 2017), are stabilized by Cdc37 (Jinwal et al., 2011). Akt
activity inversely regulates GSK3β, which also phosphorylates tau
(Jiang et al., 2015; Wang et al., 2015, 2016; Kang et al., 2017),
but other pathways can also regulate GSK3β (Hermida et al.,
2017). Interestingly, GSK3β was recently reported to bind the
Hsp90/Cdc37 complex (Jin et al., 2016).

Prior work from our group demonstrated that Cdc37
modulation did not robustly affect GSK3β stability in vitro
(Jinwal et al., 2011). MARK2, another kinase known to regulate

tau, displayed a similar lack of effect following Cdc37 regulation.
DYRK1A, Fyn, and c-Abl have been implicated in a number
of studies to regulate tau phosphorylation (Ryoo et al., 2007;
Coutadeur et al., 2015; Lau et al., 2016; Yin et al., 2017). All of
these kinases have been shown to bind and/or be regulated by
Cdc37 (Yun and Matts, 2005; Tsukahara and Maru, 2010; Taipale
et al., 2012; Sonamoto et al., 2015), however, the synergy between
these proteins on tau regulation has not been investigated. Cdc37
may also affect tau phosphorylation through the regulation of
MAPK and PKC (Gray et al., 2007; Gould et al., 2009), but the
contribution of these kinases on tau phosphorylation is still under
investigation. Some reports suggest that ERK activation, which
is downstream of via MAPK, alters tau phosphorylation (Lee
and Kim, 2017; Li and Götz, 2017), while others have shown
no effect (Noël et al., 2015). In many models, PKC has been
reported to phosphorylate GSK3β, thereby inhibiting its ability to
phosphorylate tau residues (Correas et al., 1992; Isagawa et al.,
2000; De Montigny et al., 2013); however, PKC can directly
phosphorylate tau residues (Calderwood, 2015).

Taken together, these data suggest that Cdc37 regulation
can directly alter tau phosphorylation and stability as well
as indirectly affect tau through other kinases, such as Akt,
CDK5, but shows minimal effects on the regulation of GSK3β,
MARK2, while the collaborative effects of Cdc37 with MAPK,
PKC, DYRK1A, Fyn, and c-Abl on tau have yet to be
determined. Celastrol reduced tau phosphorylation by inhibiting
Hsp90 (Cao et al., 2018), which may be partially mediated by
Cdc37 disruption. Overall, Cdc37 can regulate several pathways
implicated in AD pathogenesis, including multiple that affect
both Aβ and tau.

Parkinson’s Disease
The second most prevalent neurodegenerative disease is PD,
which involves a decline in motor as well as cognitive abilities
(Saiki et al., 2012; Hayes, 2019). The cause of PD is not known, but
has been primarily linked to a decline in mitochondrial function,
oxidative stress, dysregulation of multiple signaling pathways,
and the formation of Lewy bodies (Schapira and Jenner, 2011).
Lewy bodies primarily consist of misfolded α-synuclein. It has
been suggested by our previous work that Cdc37 does not globally
alter α-synuclein stability (Jinwal et al., 2011), but instead may
contribute to the regulation of α-synuclein phosphorylation,
which is highly linked to its aggregation. It is unknown if Cdc37
directly alters α-synuclein phosphorylation, but likely affects
known α-synuclein regulating kinases, which include the Src
family of kinases (including Lck and Fyn), casein kinase, and G
protein-coupled receptor kinases (Kimura et al., 1997; Luo and
Benovic, 2003; Nika et al., 2010; Taipale et al., 2012). In addition,
Cdc37 may affect other pathways linked to PD pathogenesis.

Mitochondrial dysfunction has been strongly linked to PD
(Park et al., 2018). In fact, hereditary PD genes encode
mitochondrial proteins (Schapira and Jenner, 2011; Lill, 2016).
For example, the Parkin (PRKN)/PTEN-induced kinase 1
(Pink1) pathway, which is essential for mitochondrial quality
control (Saiki et al., 2012). Interestingly, several studies have
demonstrated interaction with Hsp90/Cdc37 may be critical
in the regulation of Pink1, by regulating Pink1 stability
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(Weihofen et al., 2007; Moriwaki et al., 2008; Baldo et al.,
2012). Hsp90/Cdc37 interaction is also crucial for proper Pink1
processing and subcellular localization (Weihofen et al., 2007).
However, contrary data has also been reported, which shows a
PD-associated mutant Pink1 isoform is degraded too quickly and
fails to bind Hsp90/Cdc37 (Moriwaki et al., 2008).

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene
cause PD (Gandhi et al., 2009; Cookson, 2010). Although the
function of LRRK2 is unknown, its kinase activity has been
demonstrated to activate multiple signaling pathways that suggest
it contributes to neurite outgrowth and cytoskeletal maintenance
(Gandhi et al., 2009; Cookson, 2010). Therefore, abrogating
aberrant LRRK2 kinase activity is of interest in PD (Alessi and
Sammler, 2018). Hsp90 inhibitors have been shown to be effective
at preventing LRRK2 toxic gain of function, by disrupting LRRK2
from the Hsp90/Cdc37 complex (Wang et al., 2008). Withaferin
A can also reduce LRRK2 levels, in part through inhibiting the
Hsp90/Cdc37 interaction (Narayan et al., 2015). Based on these
evidences, the Cdc37/Hsp90 complex may be a reasonable target
for drug discovery in PD.

Huntington’s Disease
Huntington’s disease is an inherited neurodegenerative disease
that severely impacts motor function and often impairs cognition
(La Spada et al., 2011; Caron et al., 2018), which is caused by
an autosomal dominant mutation in the huntingtin gene that
gives rise to a CAG trinucleotide repeat expansion (Schulte
and Littleton, 2011). This generates cytoplasmic and nuclear
protein aggregates that cause disturbances of the cellular
proteasome affecting several pathways and ultimately resulting
in neurotoxicity (Rosenstock et al., 2012; Caron et al., 2018).
Hsp90 can interact with huntingtin protein (Baldo et al., 2012),
and inhibition of Hsp90 can block mutant huntingtin aggregation
through inducing the heat shock response (Sittler et al., 2001).
Celastrol can also inhibit mutant huntingtin aggregation by a
similar mechanism (Zhang and Sarge, 2007).

Similar to tau, Akt, which is altered in HD brain, can directly
phosphorylate mutant huntingtin protein, which can protect
against aggregation and neuronal toxicity (Humbert et al., 2002).
Downregulation of Akt has also been shown in a HD animal
model (Colin et al., 2005). As mentioned above, the Hsp90/Cdc37
complex can impact Akt stability (Basso et al., 2002). Another
pathway of interest in HD pathogenesis with relation to Cdc37
is the I kappa B kinase (IKK)/nuclear factor kappa-light-
chain-enhancer (NFkB) inflammatory response, which can be
chronically upregulated in HD (Rosenstock et al., 2012; Bowles
and Jones, 2014). The IKK kinase complex is responsible
for activating the NFKB transcription factor, which triggers
expression of the inflammatory genes. Recruitment of Cdc37 to
Hsp90 is required for proper IKK catalytic activation (Hinz et al.,
2007). Interestingly, IKK inhibitors show neuroprotection in a
brain slice HD model (Reinhart et al., 2011). Celastrol can inhibit
IKK (Lee and Kim, 2017), which is suggested to be a direct action,
but it is possible that disruption of the Cdc37/Hsp90 complex
may also contribute (Zhang et al., 2009). Overall, these evidences
suggest the Hsp90/Cdc37 complex deserves further investigation
as a therapeutic target in HD.

FIGURE 1 | Schematic representation of Hsp90/Cdc37 regulated major
kinases and proteins linked to neurodegenerative diseases. AD, Alzheimer’s
disease; PD, Parkinson’s disease; HD, Huntington’s disease.

FINAL WORDS

Overall, Hsp90 and Cdc37 regulates many neurodegenerative
disease-linked proteins (Figure 1). Experimental evidence
suggests that client proteins may be differentially affected based
on their strength of Hsp90/Cdc37 binding, which may allow for
targeting a specific subset of clients without affecting the whole
pool. Recent work has started to characterize these interactions
(Verba and Agard, 2017), but additional studies are needed
to better clarify these differences and how they are affected
in disease. The ability to regulate many pathways through
a single protein complex is exciting, but it is unlikely that
any single protein complex will be the sole solution for any
neurodegenerative disease. These diseases are very complex and
may be more of a spectrum than individual disorders (Villemagne
et al., 2015). However, additional research is still needed to
better understand the benefits of targeting Cdc37, as well as
other exciting targets, in these diseases. It is also important
to note that there are other neurodegenerative diseases that
were not discussed in this review, such as amyotrophic lateral
sclerosis (ALS). In ALS, there are some unique pathways as well
as many overlapping with those diseases discussed, including
data to suggest the Hsp90/Cdc37 pathway (Jinwal et al., 2012).
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While the effects of Hsp90 inhibitors in neurodegenerative
models of disease has been tested, the investigation of targeting
Hsp90/Cdc37 is still underexplored. Celastrol and Withaferin A,
along with Hsp90 inhibitors, like 17-AAG, albeit not specific
to Cdc37, can regulate this interaction. Perhaps with the
development of the next phase of Hsp90 inhibitors more tools
will be available to target this complex (Neckers et al., 2018). In
addition, the recent discovery of novel drugs that regulate the
Hsp90/Cdc37 interaction, like platycodin D and Kongensis A
(Li et al., 2016, 2017), provides new avenues for investigation.
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