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Abstract

The chaperome constitutes a broad family of molecular chaperones and co-chaperones that
facilitate the folding, refolding, and degradation of the proteome. Heat shock protein 90 (Hsp90)
promotes the folding of numerous oncoproteins to aid survival of malignant phenotypes, and small
molecule inhibitors of the Hsp90 chaperone complex offer a viable approach to treat certain
cancers. One therapeutic attribute of this approach is the selectivity of these molecules to target
high affinity oncogenic Hsp90 complexes present in tumor cells, which are absent in
nontransformed cells. This selectivity has given rise to the idea that disease may contribute to
forming a stress chaperome that is functionally distinct in its ability to interact with small
molecule Hsp90 modulators. Consistent with this premise, modulating Hsp90 improves clinically
relevant endpoints of diabetic peripheral neuropathy but has little impact in nondiabetic nerve. The
concept of targeting the “diabetic chaperome”to treat diabetes and its complications is discussed.
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Introduction

The 2014 National Diabetes Statistics Report estimates that 29.1 million people in the USA
have diabetes (inclusive of 8.1 million undiagnosed patients; http://www.cdc.gov/diabetes/
data/statistics/2014StatisticsReport.html). Despite the use of insulin, incretin mimetics, and
various oral antidiabetic medications to help maintain euglycemia, many of these individuals
develop diabetic peripheral neuropathy (DPN) [1]. Diabetes often leads to the development
of a distal symmetric sensorimotor polyneuropathy that typically presents as a “stocking-
glove”change in sensation. This change in sensation is due to neurodegeneration that
initiates at the distal ends of axons within the legs and arms and progresses proximally.
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Sensory symptoms often predominate early in the disease and may manifest as a painful
and/or insensate neuropathy associated with dysfunction and loss of small thinly myelinated
or unmyelinated sensory fibers. More progressive disease can impact motor fibers, which
contributes to losses in vibratory sensation, proprioception, decreased nerve conduction
velocity, and eventually, irreversible neurodegeneration [2].

Considerable progress has been made in understanding the pathogenesis of DPN. Molecular
targets that are relatively “diabetes specific”(polyol and hexosamine pathways, advanced
glycation end products) or which are altered in numerous disease states (PKC activation,
decreased neurotrophic support, enhanced oxidative stress) contribute to the progressive
degeneration of small and large sensory fibers that underlies painful and insensate DPN [3].
Though FDA-approved options exist to treat painful DPN, they are less than optimal [4].
Unfortunately for patients with insensate DPN, progress toward understanding disease
pathogenesis has not yielded any robust therapeutics to aid its management. Although
minimizing oxidative stress with a-lipoic acid shows a limited benefit in improving some
symptoms of insensate DPN [5-7], neither small molecule inhibitors of these pathways nor
growth factor therapies have met with translational success [8]. One difficulty associated
with the pharmacological management of DPN is that the contribution of these targets/
pathways to disease symptoms does not necessarily occur with biochemical and/or temporal
equivalence between patients over the typical history of the disease. Thus, pharmacologic
approaches that are relatively insensitive to underlying pathogenic mechanisms may afford a
novel disease-modifying approach to improve nerve function by helping cells tolerate
diabetic stress in the face of recurring hypoglycemic and hyperglycemic swings [9].

Many neurodegenerative diseases can be considered protein-conformation disorders since
their etiology is linked to the accumulation of mis-folded or aggregated proteins (3-amyloid
and tau in Alzheimer’s disease, a-synuclein in Parkinson’s disease). Although the etiology
of DPN is not linked to the accumulation of a specific mis-folded or aggregated protein,
hyperglycemic stress can increase oxidative modification of proteins that can damage
protein structure, impair protein folding, decrease refolding of damaged proteins, and/or
induce protein aggregation. Moreover, postmitotic neurons and myelinated Schwann cells
are very sensitive to mis-folded or damaged proteins when clearance mechanisms are
compromised [10-12]. Endogenously, the cellular route to regulate mis-folded or damaged
proteins is via interactions with members of the cellular chaperome.

The chaperome [13] represents the broad contingent of individual molecular chaperones and
chaperone complexes that are expressed under normal proteostasis as well as proteotoxic
conditions related to disease progression [14, 15]. Molecular chaperones such as heat shock
protein 90 (Hsp90) and Hsp70 work in concert with a host of co-chaperones to fold nascent
polypeptides into their final biologically active conformations. They also aid the refolding of
aggregated and denatured proteins, and direct proteins toward degradation via the
proteasome or by chaperone-mediated autophagy [16, 17]. Although changes in the
chaperome have not been identified as essential to the development of diabetes and its
complications, emerging evidence supports that pharmacologic modulation of the
chaperome provides a powerful approach to improve insulin resistance [18] and diabetic
complications such as nephropathy [19e, 20] and peripheral neuropathy [3]. Moreover, it is
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becoming quite clear that the drug-response phenotype to small molecule Hsp90 modulators
can be influenced by disease-induced changes in the compaosition of chaperone complexes
[21]. Therefore, the goals of this review are to highlight how pharmacologic modulation of
the chaperome may improve DPN and consider whether diabetes-induced changes in the
chaperome may influence the efficacy and selectivity of a promising class of therapeutics, C-
terminal Hsp90 modulators.

Defining the Chaperome and Its Functions

Molecular chaperones are often referred to as heat shock proteins despite many members of
this protein class not being induced by heat shock or other stress [22]. Molecular chaperones
are commonly categorized based upon their molecular mass and may contain several
isoforms. For example, the Hsp90 family contains four isoforms: inducible cytosolic
Hsp90a, constitutive cytosolic Hsp90p, the endoplasmic reticulum localized glucose
regulated protein 94 (Grp94, endoplasmin, Hsp90b1), and the mitochondrial tumor necrosis
factor receptor type 1-associated protein (TRAP1, Hsp75). The Hsp70 family is much larger
and is composed of 17 genes and 13 proteins [23, 24]. The more investigated forms
comprise the constitutively expressed Hsc70, inducible Hsp72 (Hsp70 in mouse), the
endoplasmic reticulum localized Grp78 (BiP, Hsp70-5), and the mitochondrial Grp75
(mortalin, mtHsp70, stress protein-70). Other members of the chaperome include small Hsps
such as Hsp27, co-chaperones such as Hsp110 and Hsp40 (a family of DnaJ proteins [25]),
and cytosolic and mitochondrial (Hsp60, Hsp10) chaperonins. Approximately 147
chaperones, co-chaperones, nucleotide exchange factors, and folding enzymes such as
peptidyl-prolyl and protein disulfide isomerases (immunophilins) form the human
chaperome [22]. As a group, these proteins are eight times more abundant than
nonchaperome proteins in HeLa cells, and it is estimated that intracellular Hsp90 and Hsp70
isoforms may comprise 5 % (300-350 g) of total intracellular protein in an unstressed adult
human [22].

Through its intrinsic ATPase activity and interaction with co-chaperones, Hsp90 plays a
critical role in mediating protein folding [17, 25, 26]. However, Hsp90 is also a direct
regulator of the heat shock response (HSR) since it binds to the transcription factor, heat
shock factor 1 (HSF1), and suppresses its transactivating capacity [27, 28]. Upon exposure
to numerous forms of cell stress, HSF1 dissociates, undergoes trimerization, and enters the
nucleus to transcriptionally induce the synthesis of antioxidant proteins and chaperones,
such as Hsp70. The induction of Hsp70 upon proteotoxic stress is well recognized as an
adaptive response that aids the refolding and/or clearance of damaged or mis-folded
proteins.

Disruption of the Hsp90/HSF1 complex can also be achieved pharmacologically with small
molecules. Numerous small molecules have been demonstrated to modulate the interaction
of Hsp90 with HSF1, induce Hsp70, and improve neuronal function [11, 29-35]. However,
despite the fact that many of these small molecules interact with a similar region on Hsp90,
they do not necessarily share a similar drug-response phenotype [14].
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Pharmacologic Targeting of Hsp90—the Fit and the Form Begets the

Function

Hsp90 contains N- and C-terminal nucleotide-binding domains that are joined by a charged,
flexible middle domain capable of binding co-chaperones and client proteins [36]. While the
C-terminal domain is essential for forming the functional Hsp90 homodimer, the N-terminal
ATPase is necessary for the protein’s chaperone activity [36, 37]. However, Hsp90 does not
work alone but rather as a component of a heteroprotein complex that directs protein folding.
Briefly, Hsp70 recognizes surface accessible hydrophobic motifs in newly translated or
damaged proteins [38], and in conjunction with a DnaJ protein [25], forms a complex with
Hsp90 and HOP (Hsp70/Hsp90-organizing protein). Upon transfer of the substrate to one
Hsp90 protomer, ATP promotes N-terminal dimerization, forming a closed conformation
that clamps the client protein. Co-chaperones, including immunophilins, p23, and especially
Ahal (ATPase homologue 1), enhance the weak intrinsic ATPase activity of Hsp90 to drive
conformational folding and release of the client [37].

N-terminal Inhibitors

Numerous structurally distinct N-terminal Hsp90 inhibitors have been designed that target
the ATP-binding pocket. These compounds block the protein’s chaperone activity and cause
premature release of the client protein [37, 39]. As many Hsp90 client proteins are
oncogenic, release of the unfolded oncoprotein promotes its degradation and leads to tumor
cytotoxicity. However, the interaction of N-terminal inhibitors with the Hsp90 complex is
affected by several factors that can alter the biologic response to the xenobiotic [14].

An attractive attribute of many N-terminal Hsp90 inhibitors is their selectivity toward
targeting highly mitotic cancer cells with little effect on normal cell populations. This may
be due to the presence of high affinity Hsp90 complexes that are present in cancer cells but
are lacking in normal cells [40]. Consistent with this premise, cancer cells were found to
express a mixture of low affinity, housekeeping Hsp90 species, and high affinity, stress-
specific Hsp90 complexes [21]. Moreover, differences in the constitution of these stress-
induced chaperone complexes may affect drug selectivity as well. For example, the purine-
based N-terminal inhibitor, PU-H71 (Fig. 1a), pulled down Hsp90, co-chaperones, and client
proteins that were not co-precipitated by other Hsp90 inhibitors [21, 41]. These data support
the concept that disease can alter the composition of the Hsp90 complex and influence the
binding of N-terminal inhibitors [14]. Further, stress-induced posttranslational modifications
of Hsp90 can influence its interactions with N-terminal inhibitors [41, 42¢]. For example, the
interaction of PU-H71 with Hsp90 is less affected by phosphorylation of the protein
compared to the prototypical N-terminal inhibitor, geldanamycin [41]. N-terminal Hsp90
inhibitors can also show a preferential interaction with SUMOylated versus non-
SUMOylated Hsp90, resulting in greater activation of a HSR [42¢]. Lastly, drug efficacy
may also be influenced by the isoform ratio of chaperone complexes since N-terminal
inhibitors can bind Hsp90p with greater affinity than Hsp90a [43]. Collectively, these data
raise the possibility that the onset of disease may increase or possibly negate the therapeutic
potential of various inhibitors by altering their recognition or interaction with Hsp90
isoforms and their heteroprotein complexes.
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Despite the observed selectivity for targeting stress-induced chaperone complexes to
promote cytoxicity, a problematic issue with N-terminal Hsp90 inhibitors is the induction of
the HSR. As induction of the HSR induces cytoprotective chaperones, this facilitates
oncoprotein folding thereby diminishing toxicity, not a desired side effect for treating
malignancies. On the other hand, promoting the HSR can facilitate the clearance of
abnormally folded proteins, and N-terminal inhibitors have shown promise for treating
neurodegenerative diseases whose etiology is associated with protein folding disorders [32,
35, 44-46]. However, the distribution of Hsp90a and Hsp90p isoforms and their differential
interaction with various N-terminal inhibitors may also affect the robustness of the HSR. For
example, compared to Hsp90p, Hsp90a binds HSF1 with greater affinity, and upon heat
shock, this complex may not increase the expression of Hsp70 and Hsp40 as readily as the
Hsp90p complex [43].

Clearly, N-terminal Hsp90 inhibitors possess both strengths and weaknesses as therapeutics,
and this drug class has seen considerable clinical development for treating various forms of
cancer [39, 47]. Though less evolved from a pharmacologic and therapeutic standpoint,
compounds that target the C-terminal domain of Hsp90 may circumvent some of these
issues and provide a novel path forward to treat cancer [48-51], neurodegeneration [52, 53],
and DPN [3].

C-terminal Inhibitors

In contrast to N-terminal inhibitors, C-terminal inhibitors prevent formation of the Hsp90
homodimer and prohibit occupation and clamping of client proteins in the N-terminal
binding pocket [54-56]. Several structurally distinct C-terminal inhibitors have been
identified, and those based on the novobiocin scaffold have yielded two distinct inhibitor
classes that have circumvented some of the issues observed with the N-terminal inhibitors
[37]. As exemplified by KU-174 (Fig. 1b), the first class is highly cytotoxic and promotes
client protein degradation at drug concentrations that do not increase the HSR [50, 51].
Similar to N-terminal inhibitors, KU-174 was selectively toxic to a prostate cancer cell line
compared to normal human renal proximal tubule epithelial cells [48]. Whether this
selectivity is related to disrupting cancer-specific chaperone complexes needs to be clarified.
However, structure-activity studies have identified that the noviose sugar is critical for
interacting with the C-terminal domain of Hsp90, while the biaryl side chain binds to Aha 1
and prevents its interaction with Hsp90 [57]. Since Aha 1 increases the chaperone’s ATPase
activity, disrupting its association with Hsp90 leads to client protein degradation [57].
Interestingly, an Hsp90a-Aha 1 complex preferentially localized at the leading edge of
migrating cancer cells, and KU-174 treatment shifted this localization to the cytosol and
decreased the cell’s metastatic potential [57]. These are two examples of how disease-
induced changes in the localization and composition of Hsp90 complexes can also contribute
to the pharmacologic response to C-terminal Hsp90 inhibitors.

The above structure-activity relationship also affords an explanation for the neuroprotective
properties of the second class of C-terminal Hsp90 modulators, KU-32 (Fig. 1c) [33, 52, 58,
59], and its fluorinated biphenyl derivative, the novologue KU-596 (Fig. 1d) [60, 61¢]. The

noviose sugar in KU-32 and KU-596 still allows binding to Hsp90a,, but replacing the biaryl
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ring system present in KU-174 with an acetamide prevents Aha 1 dissociation and client
protein degradation [57] (unpublished data). In contrast to KU-174, KU-32 and KU-596
improve mitochondrial bioenergetics, decrease oxidative stress, and aid neuronal survival
[59, 62]. Interestingly, these cytoprotective responses were progressively lost by replacing
the terminal methyl group of the acetamide tail on KU-32 with alkyl chains of increasing
length. Whereas the presence of ethyl or propyl alkyl chains did not significantly increase
cytoxicity relative to KU-32, lengthening the alkyl chain to 4-6 carbon atoms promoted
dissociation of Aha 1, diminished the compound’s ability to activate the HSR, and increased
the extent of cell death (unpublished data under review). This data clearly defines a
structural point of divergence for interaction of the amide side chain with the C-terminal
binding pocket that helps direct cytoprotective versus cytotoxic activities, presumably due to
differentially altering the association of Aha 1 with Hsp90.

Lastly, although the noviose moiety is necessary for the interaction of KU-32, KU-174, and
KU-596 with the C-terminal domain ofHsp90, molecular modeling suggested that it projects
into a pocket within the C-terminal domain that may tolerate additional substitutions.
Noviomimetics were designed as non-noviosylated analogs that extend into this pocket
while retaining an ability to increase Hsp70 and avoid significant client protein degradation
[63]. Assessment of noviomimetics containing furanose, cyclopentyl, or cyclohexyl rings
identified that a cyclohexyl derivative with a 4-benzylether substitution (Fig. 1e) exhibited
the best ability to activate an Hsp70 promoter and drive luciferase expression, indicative of
promoting the HSR [63]. Based on this new scaffold, a lead noviomimetic has been
identified, and its pharmacokinetic profile, potency, and efficacy in ameliorating symptoms
of DPN compared to KU-596 are being evaluated.

In summary, the interaction of small molecules with Hsp90 heteroprotein complexes is
influenced by many factors outside of in vitro affinity measurements of the drug for the
chaperone alone [14]. Unfortunately, little is known about whether diabetes actually
promotes the formation of stress-induced chaperome complexes. Similar to the efforts in
oncology, determining whether diabetes may alter isoform-specific Hsp90 complexes and
their interaction with small molecule modulators of Hsp90 will ultimately increase the
potential potency while minimizing off-target effects of these agents. Despite this lack of
molecular detail in what may regulate drug-Hsp90 interactions, modulating the diabetic
chaperome is showing strong preclinical promise as a therapeutic option.

Targeting the Chaperome to Ameliorate Diabetes and Its Complications—

How Might It Work and Is It Ready for Prime Time?

Numerous reports have generally shown that diabetes decreases the expression of Hsp70 and
other members of the chaperome (reviewed in [18, 64, 65]). Though we have shown that
increasing the expression of Hsp70 can improve DPN [3], neuroprotection is not limited to
altering Hsp70. For example, mice overexpressing Hsp27 were resistant to developing a
diabetic sensory neuropathy, and this correlated with a decrease in the extent of NF-xB
activation [66]. Hsp27 may also be involved in human DPN.
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In a 13-year longitudinal study in humans, Hsp27 significantly decreased from baseline in
patients with type 1 diabetes and this correlated with the progression of a large fiber
neuropathy [67]. Similarly, Hsp27 levels were also more decreased in type 2 diabetic
patients versus those with normal or impaired glucose tolerance [68]. Though loss of
function mutations in Hsp27 can cause an inherited human neuropathy [69], it is unlikely
that a decrease in Hsp27 expression in diabetes promotes the neuropathy, but this has not
been formally addressed.

Monitoring temporal changes in Hsp27 expression may provide a predictive biomarker for
the severity of DPN. In a cross-sectional study of 119 diabetic patients, those with higher
serum levels of Hsp27 showed better nerve function and fewer neuropathic symptoms than
patients with lower levels of Hsp27 [68]. Although these data are consistent with a
neuroprotective role of Hsp27, another cross-sectional study of 531 type 1 diabetic patients
in the EURODIAB Prospective Complications Study found that higher serum Hsp27 levels
correlated with the presence of DPN [70]. Unfortunately, the reasons for these discrepant
findings remain unresolved. However, since an increase in Hsp27 protects against the
development of DPN [66] and improves motor function [71], the observed increases in
serum Hsp27 in humans likely reflect an endogenous neuroprotective response to the
developing DPN. Since Hsp27 is a stress-inducible chaperone that can differentially interact
with client proteins in stressed versus unstressed cells [72], its pharmacologic upregulation
may minimize diabetic complications. However, pharmacologically modifying the
expression of Hsp70 versus Hsp27 has been more successfully associated with attenuating
insulin resistance as well as diabetic complications.

Pharmacologic approaches that modulate Hsp70 expression/activity are primarily indirect.
BGP-15 (Fig. 1f) is a nicotinic amidoxime derivative which functions as a direct small
molecule activator of HSF1 that improves skeletal muscle insulin resistance and overall
glucose tolerance in an Hsp70-dependent manner [73, 74, 75¢]. Short-term clinical trials
found that BGP-15 administration (up to 400 mg/day) showed no adverse effects and
improved insulin utilization in patients with impaired glucose tolerance [76] or insulin
resistance consequent to olanzapine therapy [77]. Unfortunately, BGP-15 has not been tested
in models of DPN, but it may directly improve the function of diabetic sensory neurons
given its mechanism of action. In this regard, it is well recognized that mitochondrial
dysfunction contributes to DPN [78, 79], and we have shown that modulating Hsp70 can
improve this defect in diabetic sensory neurons [59]. Indeed, increasing Hsp70 expression
with BGP-15 improves mitochondrial bioenergetics in skeletal muscle [73]. The drug may
also aid the clearance of damaged mitochondria since Hsp70 is necessary for translocation
of the E3 ubiquitin ligase, parkin, to depolarized mitochondria [75¢]. Secondly, the
activation of poly (ADP-ribose) polymerase (PARP1) has also been shown to be a key
effector in the onset of DPN [80]. Interestingly, BGP-15 is not a specific activator of HSF1
since it also inhibits PARP1 [81]. Thus, BGP-15 is an Hsp70 modulator that seems well
positioned to advance in treating insulin resistance or diabetic complications such as DPN.
However, no results were reported of a terminated Phase 11 trial (NCT01069965) to assess its
effectiveness as an add-on to metformin or metformin plus sulfonylurea therapy.
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A second approach to indirectly increase Hsp70 is by targeting Hsp90 with N- or C-terminal
modulators. AUY922 is a resorcinol derivative that targets the N-terminal of Hsp90 (Fig.
1g). Similar to BGP-15, AUY922 improved glucose regulation in the Leprd®/db mouse model
of type 2 diabetes, and this correlated with an increase in Hsp70 expression [82]. Curiously,
despite interacting at the same N-terminal site of Hsp90, the geldanamycin derivative
DMAG (Fig. 1h) did not decrease blood glucose levels nor improve glycated hemoglobin
levels (HbAlc). However, DMAG did improve diabetic nephropathy in a manner that likely
required Hsp70 [19¢, 20]. Nephroprotection by DMAG was associated with an inhibition of
NF-xB and STAT activation leading to a decrease in inflammatory gene expression [19e].
Although both of these inhibitors bind the N-terminal nucleotide binding pocket, the ability
of AUY-922 to improve glucose utilization suggests that it may more effectively modulate
Hsp90 complexes in diabetic skeletal muscle, adipose, or liver compared to DMAG. It will
be important to determine what underlies these distinct responses to a similar inhibitor class.
If tissue-specific differences in the composition of diabetic Hsp90 complexes affect the
drug-response phenotype, this can be exploited to selectively target diabetic complications
without necessarily interfering with glucose regulation by established antidiabetic
medications.

As previously mentioned, KU-32 and KU-596 are novobiocin derivatives that interact with
the C-terminal dimerization domain of Hsp90. Both drugs are orally bio-available, rapidly
distribute to tissue, and have a short half-life in serum and tissue [59]. Similar to the ability
of DMAG to improve diabetic nephropathy, KU-32 and KU-596 improved preexisting
psychosensory, electrophysiologic, morphologic, and bioenergetic deficits associated with
the onset of DPN in type 1 and type 2 diabetic mouse models [58, 59, 61+, 83]. Comparable
to DMAG, this neuroprotection also occurred without decreasing fasting blood glucose and
HbA1c. Though KU-32 and KU-596 bind Hsp90 [54, 84], their ability to improve DPN is
dependent on the presence of Hsp70 since the drugs were not effective in ameliorating
symptoms of DPN in diabetic Hsp70 knockout (KO) mice [58, 59, 61¢]. Mechanistically,
recovery from the sensory neuropathy correlated with an Hsp70-dependent improvement in
mitochondrial bioenergetics of the diabetic sensory neurons [59]. Though the underlying
basis of how the chaperone improves mitochondrial function remains unclear, it may relate
to a decrease in glucose-induced superoxide production in mitochondria [61e, 62], inhibition
of various NADPH oxidase isoforms [85], or an Hsp70-dependent clearance of damaged
organelles [72]. Similar to DMAG, KU-596 therapy also blocked a diabetes-induced
increase in genes associated with inflammation [61¢]. For example, the predicted activation
state of genes associated with TNF signaling was generally increased in dorsal root ganglia
from diabetic mice (Fig. 2a) but inhibited in diabetic mice receiving weekly therapy of 20
mg/kg KU-596 for 4 weeks (Fig. 2b) [61]. Interestingly, KU-596 treatment also decreased
the expression of genes associated with inflammation in diabetic Hsp70 KO mice [61¢].
These data provide some of first evidence that this class of C-terminal Hsp90 modulator may
affect DPN in both an Hsp70-dependent and independent manner. Whether this may be due
to a differences in the interaction of the drug with Hsp90 complexes present in immune cells
VErsus neurons is unknown.
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Conclusions

Although diabetic complications are not due to the formation of classic protein aggregates,
diabetes can increase the accumulation of damaged proteins while impairing mechanisms for
protein clearance and refolding [86]. The ability to modulate the chaperome to improve
diabetic nephropathy and neuropathy provides proof-of-principle that it is appropriate to
consider broadening our approach to invoke the potential benefits of targeting Hsp70 to treat
diabetic complications. It would not be surprising that Hsp70 may improve diabetic
complications via multiple mechanisms in different tissues via increasing proteasomal
clearance of damaged proteins, chaperone-mediated autophagy, decreasing inflammation
and oxidative stress, or improving mitochondrial function. However, Hsp70 overexpression
is also a hallmark of certain malignancies [87]. Therefore, the magnitude and duration of
modulating Hsp70 expression will be important to consider since long-term treatment would
likely be necessary to ameliorate diabetic complications.

From a chemical biology perspective, whether Hsp90 modulators improve diabetic
complications by drug interactions with “diabetic Hsp90 complexes”needs to be resolved.
The emerging view in chaperone biology is that cellular stress leads to a mixture of Hsp90
chaperome complexes that serve distinct biologies. The housekeeping chaperome is
essentially the contingent of species present in the nonstressed cell, while a disease-modified
chaperome forms functionally distinct complexes that regulate the protein’s chaperone
function, client protein activity, and localization [14]. For example, the immunophilin
FK506-binding protein 51(FKBP51) is a co-chaperone that binds to the C-terminal domain
of Hsp90. In response to noxious stimuli, FKBP51 increases in spinal cord dorsal horn
neurons and its interaction with Hsp90 regulates the activity of the glucocorticoid receptor,
an Hsp90 client, to promote nociception [88¢]. Since inhibiting the prolyl isomerase activity
of FKBP51 decreased mechanical hypersensitivity [88¢], it will be of considerable interest to
determine if C-terminal Hsp90 modulators may disrupt the interaction of FKBP51 with this
pain-induced chaperone complex to also provide some protection against neuropathic pain.

In summary, much of what is known about the interaction of the various N- and C-terminal
Hsp90 modulators with chaperone complexes comes from the extensive interest in
developing these compounds as potential therapeutics for cancer. Although no Hsp90
modulator has been approved for clinical use, the efficacy of drugs such as DMAG, KU-32,
and KU-596 in treating diabetic complications in animal models supports that targeting
diabetes-induced alterations in proteostasis may afford a novel and effective disease-
modifying approach for humans.
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Structure of select Hsp90 modulators

Curr Diab Rep. Author manuscript; available in PMC 2017 August 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Dobrowsky Page 16

a TNF Network in DRG of Untreated Diabetic Mice

Extraceliviar Space
Decreased Increased Q
e
e R
)
10w o
150004 -~ ~
~———— Prediction Legend e
more extreme less
@ Upregulsted O
@ Downregulated ey rr———
more confidence less
@ Predicted activation (D
. Predicted inhibition o
Predicted Relationships -
= Leads to activation T a
=== Leads to inhibition Somes
=== Findings inconsistent oo A ¥ - ~ S
with state of downstream 7) ///, F H ‘l ‘\\\\‘\\ AN N\ \i\ K e
molecule oAl NV NN e
— i /1, | LR\ N S am
et ntpredce yury et \ B N\
jasy 1 i S
N 1

/ 00t o
E . 0 ! | \e \
pooss 'uu: " piedi cnny \
) ey \ %
o | Ty \ e\ \
awces | s o00e s 200064 | teees \ \ AY

B @] & = o& o\ R @ -

s " sooces | 12 Py s L)
3 00ce 4 e

s oo o . aee
ey 200084 @ Is0004 ees Soms

o
-8 1002 e Pyoes o
s § 000e4
ey so0es ]
ey

Figure 2a

Curr Diab Rep. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dobrowsky

b

Decreased Increased

. e

Prediction Legend
more exveme less
@ Upregulated O
. Downregulated O

more confidence less

@ rredicted activation

@ Predicted inhibition

Predicted Relationships
== Leads to activation
=== Leads to inhibition
Findings inconsistent
with state of downstream
molecule
w—— Effect not predicted

Figure 2b
Fig. 2.

Page 17

TNF Network in DRG of KU-596 Treated Diabetic Mice
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Effect of diabetes and KU-596 therapy on the TNF network in dorsal root ganglion.
C57BI/6N mice were rendered diabetic using two injections of streptozotocin. After 12
weeks of diabetes, the mice were treated once per week for 4 weeks with 20 mg/kg of
KU-596 or the drug vehicle, Captisol. Nondiabetic mice received similar treatments. After
16 weeks, the mice were euthanized and mRNA was isolated from the L4—Lg lumbar dorsal
root ganglia (DRG) with three to five biologic replicates per group for RNA-Seq analysis.
Differentially expressed genes were submitted to Ingenuity Pathway Analysis to identify and
model the gene networks. The effect of diabetes on the predicted activation state of members
of the TNF network in the absence (a) or presence (b) of KU-596 therapy is shown. Please
see [61¢] for additional experimental details
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