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Abstract: The heat shock protein 90 (Hsp90) is a molecular chaperone and a key regulator of pro-
teostasis under both physiological and stress conditions. In mammals, there are two cytosolic Hsp90
isoforms: Hsp90ox and Hsp90p3. These two isoforms are 85% identical and encoded by two different
genes. Hsp90p is constitutively expressed and essential for early mouse development, while Hsp90«x
is stress-inducible and not necessary for survivability. These two isoforms are known to have largely
overlapping functions and to interact with a large fraction of the proteome. To what extent there are
isoform-specific functions at the protein level has only relatively recently begun to emerge. There are
studies indicating that one isoform is more involved in the functionality of a specific tissue or cell
type. Moreover, in many diseases, functionally altered cells appear to be more dependent on one
particular isoform. This leaves space for designing therapeutic strategies in an isoform-specific way,
which may overcome the unfavorable outcome of pan-Hsp90 inhibition encountered in previous
clinical trials. For this to succeed, isoform-specific functions must be understood in more detail. In
this review, we summarize the available information on isoform-specific functions of mammalian
Hsp90 and connect it to possible clinical applications.

Keywords: molecular chaperone; paralog; Hsp90 isoforms; Hsp90«; Hsp90§3; Hsp90-isoform specific

inhibitors; clinical relevance

1. Introduction

Heat shock proteins (Hsps) are molecular chaperones which are known for their
numerous roles in protein homeostasis (proteostasis), including protein folding and re-
folding, maturation, disassembly of aggregates, and degradation [1-3]. The term “heat
shock” proteins was coined as a legacy of Ritossa’s pioneering discovery that heat shock
produced chromosomal puffs in the salivary glands of Drosophila larvae [4,5]. Later, it
was established that the heat-shock response (HSR) is a universal response to an extensive
array of stresses [6,7]. HSPs are not only essential during stress, but they are equally
crucial in normal conditions to maintain proteostasis [8,9]. The human genome orga-
nization (HUGO) gene nomenclature committee recognizes five human HSP families
(http:/ /www.genenames.org/data/genegroup /#!/group/582; accessed on 5 August 2022)
based on their observed molecular weights: Hsp70, Hsp90, Hsp40, the small HSPs, and
chaperonins [10,11]. All Hsp90s consist of three major domains: an N-terminal ATPase
domain (NTD), which binds ATP, a middle domain (MD), to which perhaps most clients
bind, and a C-terminal dimerization domain (CTD) [12]. In this review, we will focus on
mammalian Hsp90 and its cytosolic isoforms.

2. Hsp90 Homologs and Paralogs

Homologous genes or proteins (homologs) are genes or proteins of different species with a
common ancestor, whereas paralogs are genes with sequence homology that originate from the
intragenomic duplication of an ancestral gene. For the Hsp90 family of proteins, there are ho-
mologs in all organisms except in Archaea and some bacterial species [13,14]. Hsp90 is conserved
from bacteria to humans with a sequence homology of about 53% between Escherichia coli
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(E. coli) and humans, which is a strong indication that this protein has remained vital
throughout evolution [15]. During evolution, gene duplications allowed the divergence
into different paralogous Hsp90 genes, which encode protein isoforms [14,16-18]. These
additional isoforms, including organelle-specific ones, with different functional properties
evolved as organisms gained more complexity [13,14,16-19]. Bacteria generally have only
one isoform, known as the high-temperature protein G (HtpG) [19], but some bacterial
species, such as Streptomyces coelicolor, contain another paralog, which shares only 30% iden-
tity [14]. In some bacteria, HtpG is essential during heat stress [20]. In E. coli, although
HtpG is not essential, it is relatively abundant under non-stress conditions and further
induced during heat stress [21], and indeed, E. coli htpG mutants have a growth defect at
higher temperatures [22]. During evolution of eukaryotes, Hsp90 gained more importance
and became an essential protein for viability [14,18]. Its importance is further emphasized
by its abundance. Hsp90 comprises 1-2% of the total cellular protein in unstressed cells
and up to 4-6% in the presence of stress [23,24]. The Hsp90 chaperone machinery is a key
regulator of proteostasis, both in normal and stress conditions in eukaryotic cells [15,24,25].
In the unicellular eukaryote Saccharomyces cerevisiae (S. cerevisiae), genome-wide studies
suggested that up to 10% of all proteins are directly or indirectly dependent on Hsp90 for
function [26,27]. S. cerevisiae possesses two cytosolic Hsp90 isoforms encoded by separate
genes, which arose from a genome duplication: the cognate Hsc82 and the stress-inducible
Hsp82 [28]. Under non-stress conditions, Hsc82 is expressed at tenfold higher levels than
Hsp82 [28]. During heat shock, a strong induction of Hsp82 and a merely moderate in-
duction of Hsc82 almost equalize the levels of the two isoforms. Hsp82 and Hsc82 are 709
and 705 amino acids long, respectively, with 96% identity and only 27 amino acid differ-
ences [13,29]. In multicellular organisms, there are four different types of Hsp90 paralogs
based on their organelle-specific localization. These are the cytosolic Hsp90s [30-33], Trap1
in mitochondria [34,35], Grp94 in the endoplasmic reticulum [36], and chloroplast Hsp90C
in plants [37]. Although these paralogs share many highly conserved domains with over
50% sequence identity, they differ in their functions [14,16-18]. In this review, we will focus
on the cytosolic Hsp90 isoforms of mammals.

3. Cytosolic Hsp90

In mammals, there are two cytosolic Hsp90 isoforms: Hsp90«x and Hsp90f [31].
Human Hsp90« and Hsp90p are encoded by the HSPI0AAI and HSP90ABI genes, re-
spectively [31-33]. Hsp90o was the first Hsp90 to be purified from heat-stressed Hela
cells [32]. Later, Hsp90f3 was cloned based on homology to Hsp90« [33]. Millions of years
ago, Hsp90o and Hsp90p originated by gene duplication [38]. These two cytosolic Hsp90
isoforms are highly homologous, with about 84% sequence identity (for 732 and 724 amino
acids, respectively) [33]. There are five highly conserved signature sequences. Three are
in the N-terminal domain and two are in the middle domain, comprising amino acids
38-59, 106-114, and 130-145, and 360-370 and 387401, respectively [39]. What makes
these two isoforms different in structure is that Hsp90« contains the 9-amino acid extension
TQTQDQPME within the very N-terminal residues 4 to 12, which is replaced in Hsp90f3
by the 4-amino acid segment VHHG [31]. Hsp90f3 also has the unique signature sequence
LKID (residues 71-74), which is not present in any other HSP [14]. Both isoforms function
as homodimers [40,41]. Interestingly, the relatively poor dimer formation of human Hsp90f3
can be mapped to two amino acid differences compared to Hsp90«x [42]. While there is
evidence for vertebrates that some isoform heterodimers exist as well [43,44], mass spec-
trometric analysis revealed no «-f3 heterodimers [45] and sepharose-immobilized Hsp90(3
pulls out only 3 [46]. Whereas in S. cerevisiae, Hsp90 isoforms readily form heterodimers
both in vitro and in vivo [29], this is disfavored in humans [47]. Hence, it remains to be
investigated to what extent cytosolic isoform heterodimers exist in multicellular organisms,
what regulates the equilibrium between homodimers and heterodimers, and whether they
have distinct functions [12,39] (Figure 1).
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Figure 1. Schematic representation of the molecular chaperone cycle of Hsp90x and Hsp903, either
as isoform homodimers or hypothetically as isoform heterodimers. NTD, MD, and CTD, N-terminal,
middle, and C-terminal domains, respectively; CLR, charged linker region.

3.1. Tissue-Specific Expression

The expression levels of the two isoforms varies in a tissue-specific way. In mice,
Hsp90p is highly abundant in heart, liver, spleen, lung, intestine, muscle, brain, testis,
and kidney. In comparison, the levels of Hsp90«x are lower in those tissues. However, in
testis, retina, and brain, Hsp90« levels are comparatively higher than Hsp90f3, whereas in
heart and muscle, Hsp90« is almost absent [48,49]. Indeed, we demonstrated an interesting
isoform switch in mouse myoblasts: as they differentiate into myotubes, Hsp90o disappears
and only Hsp90p remains [50] (see also chapter 3.2). According to the human protein atlas
(https:/ /www.proteinatlas.org; accessed on 5 August 2022), human brain has the highest
expression of Hsp90ax mRNA, and yet, this is not reflected at the protein level, as it is only
moderate. For Hsp90§3, there appears to be no such disparities (https:/ /www.proteinatlas.
org/search/HSP90ABI; accessed on 5 August 2022). As in mice, human Hsp90 protein
is moderately to highly expressed in all the major tissues. Hsp90«x protein is more highly
expressed in the respiratory system, and in female and male reproductive organs. These
differences in tissue distribution patterns suggest that different tissues have distinct isoform-
specific functional requirements. It is intriguing to speculate that different tissues might
have different intrinsic levels of biophysical stress, due to differences in temperature,
osmotic pressure, and oxygen availability, which both affect the differential expression of
the two isoforms and impose distinct functional requirements.
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3.2. Isoform-Specific Co-Chaperones

During evolution from prokaryotes to eukaryotes, overall proteome complexity dra-
matically increased without any accompanying gain of core molecular chaperones. To
assist the core molecular chaperones and to diversify their functions, a large panel of co-
chaperones appeared [16]. Only relatively few co-chaperones are required for core Hsp90
functions (Table 1). These co-chaperones help in the transfer of clients from Hsp70, the
N-terminal closure of the client-bound Hsp90 dimer, stimulating/inhibiting the ATPase
activity, and the maturation of clients [51,52]. Other co-chaperones have more specialized
functions suggesting a correlation between client diversity and the range of available
co-chaperones. For now, there is still only limited evidence for isoform specificity of co-
chaperones. In a recent review, Dean and Johnson discussed the relative expression of
co-chaperones across a wide range of tissues [53]. The results of this survey suggest that
some Hsp90 co-chaperones are uniquely required to assist client proteins in certain tissues.
For example, the levels of the mRNAs encoding FKBP51, S100A1, ITGB1BP2, Unc45B,
Aarsdl, and Harc are elevated in skeletal muscle, and most of them are also elevated
in the heart. This correlative observation suggests that these co-chaperones may have
muscle-specific functions [53], possibly with a corresponding Hsp90 isoform preference.
ITGB1BP2 binds integrin and regulates the interaction between the cytoskeleton and the
extracellular matrix, which have cardioprotective effects [54]. Unc45B assists the folding
of myosin [55] and S100A1 is a regulator of muscle contractility [56]. FKBP51 functions
in myoblast differentiation and in regulating muscle mass [57,58]. We showed that as
myoblasts differentiate into myotubes, the co-chaperone p23 is replaced by the muscle-
specific co-chaperone Aarsdl, which shares the Hsp90-interacting CS domain with p23,
but not all of its activities. We found that the long isoform Aarsd1L interacts exclusively
with Hsp90§3, the only remaining and functionally important Hsp90 isoform in murine
myotubes [50]. An inverse situation may pertain to spermatogenesis where Hsp90« levels
are high. This isoform is essential [59], and a subset of co-chaperones have been linked
to spermatogenesis. This includes PIH1D1, PIH1D2, PIH1D3, RPAP3, SPAG1, DYX1C1,
LRRC6, and NUDCDI1 [60,61]. Moreover, loss of FKBP36 results in chromosome mispairing
during meiosis and mutations are suspected to cause azoospermia [62,63]. These examples
illustrate that expression of Hsp90 isoforms, co-chaperones, and clients, and their respective
interactions may have evolved to provide a unique match in certain tissues and cell types.

Table 1. Some co-chaperones of Hsp90a and Hsp90p 1.

Co-Chaperones Function/Comments

Ahal Accelerator of Hsp90 ATPase

Hop Adaptor between Hsp70 and Hsp90; inhibitor of Hsp90 ATPase

p23 Binds closed Hsp90 conformation, inhibits ATPase

Cdc37 Kinase-specific co-chaperone

FKBP51/52 Pepti.dylprolyl—cis/ trans-isomerase; maturation and activation of
steroid receptors

Cyp40 Peptidylprolyl-cis/trans-isomerase

PP5 Phosphatase interacting with Hsp90

CHIP E3 ubiquitine ligase

Pih1 Component of the Rvb1-Rvb2-Tah1-Pih1 (R2TP) complex

Tahl Component of the Rvb1-Rvb2-Tah1-Pih1 (R2TP) complex

TTC4 Genetic interaction with Cpr7; regulator of protein translation

FKBPS Peptidylprolyl-cis/trans-isomerase; may preferentially bind
Hsp90p

UNC45A Preferentially binds Hsp90/3

Aarsdll Competes with p23; only binds Hsp903

1 Only some of the most frequently investigated co-chaperones are listed and some of those with reported Hsp90
isoform-selectivity. For full list of co-chaperones and references, see https:/ /www.picard.ch/downloads/Hsp9
Ofacts.pdf.
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3.3. Isoform-Specific Post-Translational Modifications

Post-translational modifications can have a large impact on the function and regulation
of the two isoforms [64]. Both isoforms are modified by phosphorylation, acetylation,
S-nitrosylation, oxidation, methylation, sumoylation, and ubiquitination. Many of the
modified residues are conserved between Hsp90x and Hsp90p3. However, there are a
few differences between the two, which allow for specific functions or regulation in an
isoform-specific way. We refer the reader to a very recent review on this topic [65].

3.4. Evolutionary Divergence in Gene Expression

HSP90ABI1 evolved as the constitutively expressed isoform, while HSP90AAT evolved
to be inducible in response to different types of stresses. The differential gene expres-
sion patterns of mammalian HSPI0AA1 and HSPIOABI were first characterized with
transformed mouse cells [66]. Ullrich and colleagues showed that HSP90AB1 is constitu-
tively expressed under normal conditions and has a 2.5-fold higher expression level than
HSP90AA1. However, upon heat shock, HSP90AA1 expression increased 7-fold, while
HSP90ABI increased only 4.5-fold [66]. This suggested that Hsp90 can also be induced
when cells are under stress. In a recent study, we observed that Hsp90f3 expression can be
induced by genetic stress as well as by long-term moderate heat stress at the translational
level through an IRES in the Hsp903 mRNA [49]. Other studies also showed that Hsp90{3
can be induced under heat and nutrient stress [67,68]. Heat shock factor 1 (HSF1), which is
recruited to DNA through heat shock elements (HSEs) and is the transcriptional master
regulator of the response to heat shock and several other stresses, regulates the expression
of Hsp90« [69,70]. Upstream of HSP90AA1, there are several heat shock elements (HSEs)
which enable the stress-mediated expression of Hsp90«x [71], and in particular, there is a
distal HSE located at —1031 bp from the transcription start site (TSS), which is required
for heat-shock induction [26]. Immediately upstream of the TATA box, the proximal HSE
located at —96/—60 bp functions as a permissive enhancer. Another HSE is present within
the first intron region at +228 bp from the TSS. In contrast, an upstream HSE of located at
—648 bp of the TSS of HSPIOABI appears not to respond to heat shock [67]. However, HSEs
located at +688/733 bp within the first intron are tightly bound by HSF1 and are important
for maintaining the high constitutive and heat-shock induced expression levels [67]. In an
apparent contradiction, it was observed for mouse oocytes that the basal level of HSP90AB1
transcripts does not depend on HSF1 since hsfl knockout oocytes do not show any reduc-
tion in Hsp90p mRNA [72]. The constitutively active core promoter (—36 to +37 bp) of
HSP90ABI has a CAAT box, a specificity protein 1 (SP1) binding site, and a TATA box
(—27 bp) [71]. The promoter of HSPIOAAT does not contain a CAAT box, but one has been
identified far upstream at —1144 bp. The binding of Kriippel-Like-Factor 4 (KLF4) to the
promoters of HSPIOAB1 and HSP90AA1 leads to higher expression of both isoforms [73].
In addition to the activation by HSF1, Hsp90§ is upregulated by the signal transducer
and activator of transcription (STAT) family transcription factors [74]. Interferon-y (IFN-y)
activation of STAT1 also induces Hsp90f expression [74]. For the induction of HSPI90AB1
by heat shock, STAT1 phosphorylation by Jak2 and PKC is necessary [75]. However, the
activation of these kinases in turn requires the association with Hsp90, establishing a posi-
tive auto-regulatory loop. HSPI9OABI expression is also regulated at the translational level
by mTORCT [76]. This seems to be dependent on a 5'-terminal oligopyrimidine motif in
the 5’'UTR of the Hsp90B mRNA, but the mechanism is not known. As a general negative
feedback mechanism, the Hsp90 complex represses HSF1 activation, thereby inhibiting an
over-activation and timely attenuation of the HSF1 response [77,78]. Clearly, there is still
much to learn about the tissue- and cell type-specific regulation of the two Hsp90 isoforms,
both at the transcriptional and translational levels.

3.5. Functional Specificities of the Two Isoforms

In humans, Hsp90« and Hsp90f together are predicted to interact with more than
2000 proteins [79]. Not quite that many have been experimentally validated, and in the
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vast majority, isoform specificity has not been thoroughly investigated. Regarding the
Hsp90 interactome, we refer the reader to continuously updated resources, which we have
been making available as a searchable online database at https://www.picard.ch/Hsp9
OInt, accessed on 5 August 2022 [79] and a downloadable file at https:/ /www.picard.ch/
downloads/Hsp90interactors.pdf, accessed on 5 August 2022. It is natural to assume that
highly homologous versions of Hsp90s found in the same cellular compartment would
have identical functions. However, these cytosolic Hsp90 isoforms have evolved to have
some overlapping, synergistic, and distinct isoform-specific functions. In some contexts,
they even have antagonistic functions (see below). Taipale and colleagues systematically
characterized the chaperone/co-chaperone/client interaction network in human cells [80].
They provided evidence for both overlapping and distinct client specificities. When they
analyzed isoform-specific interactors by gene ontology terms, this again translated to
both common and isoform-specific terms. This generally supports the conclusion that
isoform-specific interactomes impart isoform-specific functions. It is worth mentioning
here that a characterization of the interactomes of the two isoforms of S. cerevisiae by
immunoprecipitation/mass spectrometry led to globally similar conclusions, except that it
was noted that the vast majority of clients are shared by both isoforms [29].

In the next section of the discussion of isoform-specific functions and clinical relevance
(Figure 2), we will consider those findings where the involvement of one specific isoform
was experimentally validated by using isoform-specific antibodies and genetic or phar-
macological inhibition. With many studies, it must be kept in mind, though, that it is not
easily possible to exclude the possibility that the observed phenotype is due to reduced
total Hsp90 levels or activity. Indeed, we know from our own studies that phenotypes can
be due to the latter rather than the loss or inhibition of a specific isoform [49].

Embryonic development

Innate immune response

Muscle cell differentiation
and regeneration

Spermatogenesis Overlapping

DNA damage response

Cardiomyocyte repolarization

functions Hepatocyte formation

Glucose metabolism

Cholesterol metabolism

Neuromuscular junction
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Figure 2. Venn diagram of common and isoform-specific functions of Hsp90. Isoform-specific
functions, as discussed in the text, are highlighted in the corresponding colors.

3.6. Hsp90B-Specific Functions

During the course of evolution, the HSPI0ABI gene has evolved to be expressed more
or less constitutively, presumably to support essential cellular housekeeping activities. The
embryonic lethality of the mouse knockout may be a reflection of that [81]. Hsp90 was
shown to play a role in trophoblast differentiation and that Hsp90{3-deficient homozygous
mouse embryos with normal expression of Hsp90« failed to differentiate to form placental
labyrinths. This resulted in lethality beyond day 9 of embryonic development. While
it could be speculated that this indicated a housekeeping role for Hsp90f3, it was also
suggested that the developmental arrest could be due to a defective critical and potentially
Hsp90p-dependent client such as the bone morphogenetic protein receptor. Interestingly,
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Hsp90p was demonstrated to regulate the pluripotency of embryonic stem cells via regu-
lating the transcription of Nanog through an interaction with STAT3 [82]. Thus, whether
mammalian development truly depends specifically on Hsp90p for the aforementioned
reasons or whether it depends on a threshold level of total Hsp90 remains to be determined.

Hsp90p appears to have an exclusive role in muscle cell differentiation and regener-
ation in the mouse [50,83]. We showed that during skeletal muscle differentiation in the
mouse, there is a unique Hsp90 isoform switch [50]. When mouse myoblasts differentiate
into myotubes, Hsp90« disappears, and only Hsp90§3 remains. Hsp90f3 interacts with the
muscle-specific Hsp90 co-chaperone Aarsd1L to support the differentiation of myotubes.
As these differentiate, Aarsd1L replaces the ubiquitous cochaperone p23. Later, He and
colleagues discovered the importance of Hsp90 in muscle regeneration after tissue in-
jury [83]. They found that in a mouse muscle injury model, the Hsp90f3 isoform, but not
Hsp90«, was strongly elevated during the first few days post injury. Hsp90f3 expression
levels normalized when active myogenesis eventually ceased. Following muscle injury,
p53-dependent persistent senescence impairs muscle repair. During regeneration, Hsp903
interacts with the p53-inhibitory protein MDM2 to suppress p53-dependent senescence
of the injured muscle. Degeneration of skeletal muscle is one of the features of aging in
humans [84]. The reduction of quiescent muscle stem cells through senescence leads to the
decline in muscle regeneration in aged mice [85]. Hence, enhancing Hsp90§ activity might
be protective for muscle fibers during aging.

Hsp90p is involved in controlling the formation of endodermal progenitor cells and
development of the liver [86]. For hepatocyte formation, the transcription factor hepatocyte
nuclear factor 4 o« (HNF4«) is essential [87]. Hsp90p interacts with HNF4«x to regulate its
half-life and is thus directly linked with the formation of hepatocytes from progenitor cells.
The liver is the primary organ involved in the metabolism of nutrients. Not surprisingly,
the specific function of Hsp90f3 in liver formation further connects it to different metabolic
disorders. Hsp90§ is involved in glucose and cholesterol metabolism [68,88]. In human
skeletal muscle myoblasts and in a mouse model of diet-induced obesity, Hsp903 was found
to regulate glucose metabolism and insulin signaling. Studies showed that the knockdown
of Hsp90p improves glucose tolerance, alters the expression of key metabolic genes, and
enhances the activity of the pyruvate dehydrogenase complex. Furthermore, Hsp90 is
essential for lipid homeostasis by regulating fatty acid and cholesterol metabolism [88].
Depleting Hsp90f3 promotes the degradation of mature sterol regulatory element-binding
proteins through the Akt-GSK33-FBW7 pathway, and hence decreases the content of neutral
lipids and cholesterol in the body [88,89].

Another important isoform-specific function of Hsp90p is regulating the responsive-
ness to vitamin D [90]. In the intestine, enterocytes require Hsp90 for optimal vitamin
D responsiveness by regulating vitamin D receptor (VDR) signaling. It was observed that
knocking down Hsp90§ led to reduced vitamin D-mediated transcriptional activity. It is
noteworthy that VDR is a member of the nuclear receptor family of transcription factors,
which comprises some of the most prototypical Hsp90 clients, such as the steroid receptors.

Hsp90§ is necessary for maintaining the neuromuscular junction (NMJ) [91]. Rapsyn,
an acetylcholine receptor-interacting protein, is essential for synapse formation [92]. Hsp90f3
is necessary for rapsyn stabilization and regulating its proteasome-dependent degradation. Luo
and colleagues showed that inhibition of Hsp90f activity or expression or disruption of its
interaction with rapsyn impairs the development and maintenance of the NMJ.

3.7. Targeting Hsp90B in Different Diseases

As alluded to above, Hsp90p influences pathways regulating insulin resistance [68]. It
was observed that when Hsp90f3 was inhibited, blood glucose levels were reduced. Thus,
targeting Hsp90 might help to regulate the blood sugar of patients with type 2 diabetes.
In patients with nonalcoholic fatty liver disease (NAFLD), the Hsp90§ levels in serum was
found to be very high [93]. Balanescu and colleagues conducted a study on overweight
and obese children and found serum Hsp90f3, but not Hsp90«, to be significantly higher.
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This suggests that the ratio of Hsp90« and Hsp90p in blood serum could be a prognostic
biomarker for NAFLD. Jing and colleagues found that the novel Hsp90{3-selective inhibitor
corylin significantly reduced lipid content in both liver cell lines and human primary
hepatocytes [88]. In animal models, they observed that corylin ameliorated NAFLD, type 2
diabetes, and atherosclerosis.

Reduced levels of both Hsp90x and Hsp90f3 are associated with neuronal cell death in
patients suffering from Alzheimer’s disease (AD) [94]. However, Zhang and colleagues
showed that Ap-induced stress decreased the levels of Hsp90f3, but not Hsp90«. Reduced
levels of Hsp90 were strongly correlated with reduced abundance of its client and nuclear
receptor PPARy, and down-regulated A3 clearance-related genes in primary microglia [95].
This exciting observation led them to think about increasing Hsp90f3 levels in the AD
mouse model. Using the natural compound jujuboside A (JuA), they observed that it
significantly restored the content and function of PPARy by enhancing the expression of
Hsp90p. JuA-treated AD mice displayed ameliorated cognitive deficiency. In a recent
study, Wan and colleagues showed reduced levels of both Hsp90« and Hsp90§ levels in
the hippocampal CA3 region of the APP/PS1 mouse model of Alzheimer’s disease [96].
However, the overexpression of Hsp90, but not Hsp90«, ameliorated neuronal and
synaptic loss, suggesting Hsp90f3 has a specific neuroprotective role. High-dose preventive
treatment with erythropoietin (EPO) attenuated Af-induced astrocytosis and increased
neovascularization in the hippocampus of the mouse AD model. It reversed dendritic
spine loss via upregulation of Hsp90f. Therefore, inducing Hsp903 expression might be
explored for the treatment of AD patients.

Hsp90p enhances the innate immune response [97]. Hsp90f interacts with the protein
stimulator of interferon genes (STING) and stabilizes STING protein levels in response to
microbial infections, allowing the activation of the downstream target TBK1, which is itself
an Hsp90 interactor, for inducing IFN responses. This suggests inducing Hsp90f could also
be efficient against DNA viruses and microbial infections. Sato and colleagues showed that
reduced Hsp90p levels are associated with infections with Herpes simplex virus-1 (HSV-1)
and Listeria monocytogenes, suggesting that boosting Hsp90f3 levels and/or activity may
protect against pathogenic infections. If so, EPO might also be beneficial against bacterial
and viral infections.

Although it is predominantly Hsp90« that is overexpressed in different types of cancer, in
some cancers it is Hsp90f3, which appears to be responsible for cancer cell survival [98-102]. As
discussed above, there are tissues that rely primarily on Hsp903. It appears that cancers
of those tissues often maintain this dependence. For example, hepatocytes primarily
require Hsp90p, as do hepatocellular carcinoma cells, notably for vascular endothelial
growth factor receptor (VEGFR)-mediated angiogenesis [99,100]. In other cancers, Hsp90a
regulates VEGFR-mediated angiogenesis. Meng and colleagues evaluated angiogenesis in
hepatocellular carcinoma upon knockdown of Hsp90« or Hsp903, inhibiting the remaining
isoform with an Hsp90 inhibitor. They observed that VEGFR-mediated angiogenesis was
inhibited by an Hsp90f inhibitor. Heck and colleagues showed that selective Hsp90f3
inhibition in human myeloid leukemia cells results in apoptosis [103]. Hsp903-apoptosome
interactions also contribute to chemoresistance in leukemias [104]. Hsp90f inhibition could
kill leukemia cells by promoting the degradation of the Hsp90 client HIF1« [103]. Heck
and colleagues treated cells with the Hsp90«-selective inhibitor KUNA110, the Hsp90f3-
selective inhibitor KUNB105, or the pan-Hsp90 inhibitor 17AAG. Inhibition of Hsp90«x
did not trigger cell death. However, Hsp90p inhibition led to cell death by TNFax- and
TRAIL-induced HIF1x degradation. HIFlx is an interactor of both Hsp90 isoforms (see
https:/ /www.picard.ch/Hsp90Int, accessed on 5 August 2022), and yet the inhibition of
Hsp90p3, but not Hsp90«, led to the degradation of HIF1«x in leukemia cells. This surprising
result illustrated the potential of Hsp90 isoform-specific inhibition for the treatment of
certain types of cancer.

In Ewing’s sarcoma, it was found that Hsp903 inhibition leads to decreased expression
of the multidrug resistance-associated protein 1 associated with mitochondria [105]. In
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laryngeal carcinoma (LC), Hsp90f directly interacts with Bcl-2 and is involved in the anti-
apoptotic progression of LC [101]. In osteosarcoma, extracellular Hsp90f secreted by MG63
cells was found to be associated with cancer cell survival [106]. This could be connected
with the observation that muscle cells in the mouse are solely dependent on Hsp90{ for
differentiation and regeneration. This evidence collectively suggests that sarcoma is mainly
dependent on Hsp90p [107]. Not only that, even in the skeletal muscle disorder myotonia
congenita, Hsp90p plays an essential role in the quality control of the chloride channel CLC-1 by
dynamically coordinating protein folding and degradation. Peng and colleagues showed that
by using Hsp90f3 inhibitors, CLC-1 degradation in myotonia patients can be prevented [108].

Hsp90p plays a role in drug resistance in lung cancer. The P-glycoprotein (P-gp)
encoded by the MDRI1 gene is responsible for exporting drugs from cells. Kim and col-
leagues showed that casein kinase 2 (CK2)-mediated phosphorylation of Hsp903 and the
subsequent stabilization of its client PXR, a nuclear receptor, is a key mechanism in the
regulation of MDR1 expression [109]. Inhibition of both CK2 and Hsp90f enhances the
down-regulation of PXR and P-gp expression. High level expression of Hsp90f is also
associated with poor survival in resectable non-small-cell lung cancer patients [98].

Possibly related to the dependence of liver cells on Hsp90f discussed above, Hepatitis
B virus (HBV), which causes chronic infection in the liver, evades the immune defense
by interaction with Hsp90p [110]. Hsp90 inhibition could also be a useful therapeutic
approach in Helicobacter pylori-induced gastric injury [111]. Cha and colleagues showed that
Hsp90p physically interacts with Racl, which resulted in the activation of NADPH oxidase.
NADPH oxidase activation leads to the production of ROS and increased inflammation in
infected cells. Suppression of H. pylori-induced translocation of Hsp90p to the membrane
may ameliorate gastric injury. Nickel ions-mediated inflammation also occurs through
Hsp90p in human B-cells. Nickel ions bind to the linker domain of Hsp90f3 and reduce its
interaction with HIF1x. The released HIF1 then becomes more localized in the nucleus
and enhances IL-8 expression [112].

3.8. Hsp90a-Specific Functions

The stress-inducible isoform Hsp90«x helps cells adapt to stress [113]. Most of the
functions of Hsp90« are thus connected to stress response pathways and proteins. Unlike
Hsp90p3, Hsp90« is not necessary for viability in the mouse [49,59]. In normal conditions,
as discussed above, some organs have a high abundance of Hsp90«x, whereas others have
negligible expression levels (https://www.proteinatlas.org/search/HSP90AA1; accessed
on 5 August 2022). For example, the brain has the highest levels of Hsp90ox mRNA ex-
pression, which is several folds higher than any other organs. However, the highest levels
of mRNA are not translated into proteins as brain expresses only moderate amounts of
Hsp90« protein. A recent study says the human brain has a higher temperature than the
usual body temperature ranging from 36.1 to 40.9 °C in a circadian way [114]. In addition,
the brain temperature varies by age, sex, menstrual cycle, and brain region. It is conceivable
that such temperature increases in the brain might trigger a heat-shock response, temporar-
ily generating more Hsp90« protein from the already elevated levels of Hsp90x mRNA.
Since brain cells face a substantial temperature fluctuation, proteins may be more prone to
misfolding, and brain cells may therefore need higher amounts of Hsp90«x under certain
circumstances. If we consider reproductive organs, testis and fallopian tube have high
levels of Hsp90x expression. At the cellular level, basal prostate cells have the highest
amount of Hsp90a mRNA among all cell types. Spermatocytes also have high Hsp90«.
This suggests reproductive organs require Hsp90«. Earlier, our lab established that Hsp90x
is required for male fertility in mice [59]. Mice without Hsp90« can survive normally but
are sterile because of a complete failure to produce sperm. Interestingly, Hsp90«x knockout
mice develop normal reproductive organs, but spermatogenesis specifically arrests at the
pachytene stage of meiosis I. Supporting these findings, Kajiwara and collogues later com-
plemented these findings by demonstrating that spermatogenesis also arrests when the
Hsp90«x gene is conditionally deleted at the adult stage [115]. Intriguingly, Hsp90«x controls
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the biogenesis of fetal PIWI-interacting RN As, which act against endogenous transposons
during the development of male germ cells in mammals [116]. The Hsp90« knockout
causes a reduction of HIF1«x levels in the testis, which may also contribute to blocking
sperm production and causing infertility [117]. The downregulation of Hsp90p had little
effect on the hypoxia-induced accumulation of HIF1x. Thus, HIFl« is required for proper
spermiogenesis, and it is the Hsp90«x isoform that is needed to keep HIF1« functional,
even though both Hsp90« and Hsp90f3 can interact with HIF1x [118,119]. It remains to be
seen whether this unique Hsp90«x role has anything to do with the specific physiology and
temperature-sensitivity of the testis.

Oogenesis may also be largely dependent on the Hsp90« isoform. Metchat and
colleagues showed that extremely low levels of Hsp90« correlate with the developmental
defects of hsfl-/- oocytes [72]. While hsfl1-/- females produce oocytes, they do not carry
viable embryos. However, later we showed that no difference in embryo production was
observed in female mice lacking Hsp90a compared to the wild-type [49,59]. Hence, it is
possible that hisf1-/- oocytes failed to develop because of some Hsp90«x-independent issue.

In the human retina, rod cells have high levels of Hsp90x mRNA expression (https:
/ /www.proteinatlas.org; accessed on 5 August 2022), which may be related to elevated
local temperatures upon exposure to light. The local rise in temperature of human retina
exposed to direct sunlight is about 2 °C [120]. It may even tolerate a local rise of at least
10 °C [121], and yet, intense light causes thermal damage [122]. Wu and colleagues found
that Hsp90« deficiency in mice could lead to retinitis pigmentosa [48], a common inherited
retinal disease involving progressive photoreceptor degeneration and eventually blind-
ness. They observed that both Hsp90«x and Hsp90p were expressed in the developing
retina of neonatal mice. Once the retina was fully developed, Hsp90« became the major
Hsp90 isoform. In retinal photoreceptors, Hsp90o deficiency caused Golgi apparatus
disintegration and impaired intersegmental vesicle trafficking. A proteomic analysis iden-
tified the microtubule-associated protein 1B (MAP1B) as an Hsp90a-associated protein
in photoreceptors. Hsp90« deficiency increased the degradation of MAP1B by inducing
its ubiquitination, causing «-tubulin deacetylation and microtubule destabilization, all
potentially contributing to photoreceptor degeneration.

Muscle usually does not have much Hsp90«x expression. However, among different
type of muscle cells, cardiomyocytes have comparatively high Hsp90x mRNA expression
(https:/ /www.proteinatlas.org; accessed on 5 August 2022). Peterson and colleagues
showed that the potassium channel hERG, which is critical for cardiac repolarization,
solely interacts with Hsp90« and not with Hsp90{ [123]. They found a direct relationship
between Hsp90«x and trafficking of hRERG. Hence, the negative impact on hERG and the
resulting cardiotoxicity must be considered in the context of treatments with pan-Hsp90 or
with Hsp90a-specific inhibitors.

The DNA damage response is assisted by Hsp90«. The DNA-dependent protein
kinase (DNA-PK) is a component of the DNA repair machinery, and it is a client of both
Hsp90«x and Hsp90p [124,125]. However, it was shown that Hsp90« is involved in DNA-
PK-mediated DNA repair and apoptosis, but not Hsp903 [126,127]. Hsp90« itself is
phosphorylated by DNA-PK at threonines 5 and 7 within its unique N-terminal sequence.
Quanz and colleagues found that DNA damage induces the phosphorylation of Hsp90« at
the aforementioned sites and its accumulation at sites of DNA double-strand breaks (DSB),
where it associates with repair foci and promotes DNA repair [126]. Solier and colleagues
showed that phosphorylated Hsp90« is located in the “apoptotic ring” upon induction of
apoptosis. Although both phenomena are mediated by DNA-PK, Hsp90x phosphorylation
is markedly greater and faster in response to apoptosis than to DNA damage [127]. An
additional connection to the DNA damage response comes from the identification of the
DNA damage response proteins NBN, and the ataxia-telangiectasia mutated kinase as
Hsp90«x clients [128]. It is conceivable that Hsp90«x-specific inhibition would lead to their
destabilization, contributing to defective DNA damage signaling, impaired DNA DSB
repair, and increased sensitivity to DNA damage.
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Hsp90« controls addictive behavior through the p opioid receptor (MOR) [129]. Previ-
ously, Hsp90 had been found to be required for opioid-induced anti-nociception in the brain
by promoting MAPK activation [130]. 17-AAG, a non-selective Hsp90 inhibitor, reduced
opioid anti-nociception. In an independent study by Zhang and colleagues, treatment
with 17-AAG was observed to reduce morphine analgesia, tolerance, and dependence in
mice [131]. Interestingly, Lei and colleagues later found that specific inhibition of Hsp90x
with the Hsp90«-selective inhibitor KUNA115 strongly blocked morphine anti-nociception
in mice. In contrast, specific inhibition of Hsp90 with the inhibitor KUNB106 did not have
any effect on morphine anti-nociception. Their observation suggests that Hsp90§ is not
involved in regulating opioid anti-nociception in the mouse brain. Surprisingly, Zhang
and colleagues demonstrated by co-immunoprecipitation that Hsp90f and not Hsp90«
associated with MOR in HEK293T and SH-SY5Y cells [131]. 17-AAG blocked the Hsp903-
MOR interaction and compromised MOR signal transduction in mice. For now, these
findings remain contradictory, but if the Hsp90«x-specific character of this function could
be confirmed, it would suggest the possibility of using Hsp90« inhibitors in psychiatric
patients with substance addiction.

Besides functioning as an intracellular molecular chaperone, Hsp90« is also secreted
from cells [132-135]. All cells appear to secrete Hsp90x (eHsp90«) in response to environ-
mental stress signals, including heat, hypoxia, inflammatory cytokines, ROS, oxidation
agents, and several other stresses [134]. However, normal keratinocytes secrete eHsp90o
only in response to tissue injury [136]. When skin is injured, keratinocytes massively release
eHsp90« into the wound bed to promote wound repair [135,137]. Cheng and colleagues
proposed that eHsp90«x drives inward migration of the dermal cells into the wound, which
is essential for wound remodeling and formation of new blood vessels [138]. Interestingly,
this wound healing activity of eHsp90c does not require dimerization [136] nor ATPase
activity, which is, of course, essential for chaperoning [138]. Instead, in this case, only
a relatively small portion of eHsp90« is sufficient to elicit the response, essentially as a
mitogen, through the LDL-receptor-related protein 1 (LRP1) [139].

3.9. The Clinical Relevance of Targeting Hsp90u

Specifically targeting the Hsp90« isoform could be an attractive therapeutic strategy
for treating certain cancers [132,140]. Cancer cells are continuously under replicative, hy-
poxic, nutrient, and several other stresses [141,142]. Cellular stress leads to the upregulation
of the inducible isoform Hsp90c. Hence, in most cancers, Hsp90« is highly upregulated.
The knockdown of Hsp90« results in the degradation of several oncogenic client pro-
teins, which suggests that the administration of an Hsp90«x-selective inhibitor against
Hsp90a-dependent cancers could be beneficial [143]. During cancer progression, many
transcription factors encoded by proto-oncogenes are either stabilized by Hsp90« or induce
the expression of Hsp90«. For example, the proto-oncogene MYC induces HSPI0AAT gene
expression [144]. The growth hormone prolactin induces HSPI90AA1 expression in breast
cancer cells through STATS5 [145]. The nuclear factor-«xB (NF-«B) stimulates anti-apoptotic
pathways in cancer [146,147]. Ammirante and colleagues showed that two NF-«B putative
consensus sequences are present in the HSPIOAAT 5’ flanking region, and not in that of
HSP90AB1 [148]. This may explain why NF-kB-driven tumorigenic transformation leads
to induced HSP90AAT expression. In head and neck cancer cells, the transcription factor
SOX11 binds to HSP90«x [149]. In breast cancer stem cells, Hsp90x and GRP78 interact
with PRDM14 [150,151]. As discussed above, HSP90ABI is also induced in certain cancers.
However, the stress-inducible gene HSP90AA1 can be expressed several-fold higher than
HSP90AB1. Thus, the balance of Hsp90« to Hsp90p is specifically shifted towards Hsp90«
in cancer cells. It had been found that Hsp90« accounts for 2-3% of total cellular proteins
in normal cells, but up to 7% in certain tumor cell lines [152]. Cancer cells may constitu-
tively secrete Hsp90 [153-155], which is essential for enhancing their invasiveness [156].
Although Hsp90f3 can also be secreted by certain cells, it is eHsp90o and not eHsp903
that is required for invasion in a panel of cancer cell lines. eHsp90«x activates matrix
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metalloproteinase-2, which may be one of the underlying mechanisms explaining enhanced
invasiveness and metastasis of cancer cells [132,139,151,157]. The translocation of Hsp90o
to the plasma membrane is stimulated by PLCy1-PKCy signaling [158], and by mutant p53
via Rab coupling protein-mediated Hsp90o secretion [159]. When Hsp90« is inhibited, the
invasiveness of cancer decreases [160-163]. The plasma eHsp90« levels in patients with
various cancers correlate with cancer stage [164-166]. For example, plasma Hsp90« levels
were increased in patients with thymic epithelial tumor, hepatocellular carcinoma, and
colorectal cancer [164-167]. This suggests that serum Hsp90« levels can be a prognostic
marker in patients before and during treatment.

Hsp90«x plays a significant role in idiopathic pulmonary fibrosis (IPF) [168]. Bellaye
and colleagues showed how Hsp90«x and Hsp90f3 synergistically promote myofibroblast
persistence in lung fibrosis [169]. Hsp90«, but not Hsp90p, is secreted from IPF lung
fibroblasts driven by tissue stiffness and mechanical stretch. Surprisingly, although Hsp90{3
is not secreted, it binds to LRP1 intracellularly, thus stabilizing the eHsp90 receptor and
promoting LRP1 signaling, which feeds forward by inducing the secretion of Hsp90«. Inhi-
bition of eHsp90«, which is increased in serum of patients with IPF, could be beneficial in
treating IPF. The non-cell-permeable HSP90 inhibitor HS30 significantly inhibited e HSP90o
and LRP1 colocalization, which was significantly increased in patients with moderate and
severe IPFE In patients suffering from chronic obstructive pulmonary disease, Hsp90« levels
were also found to be elevated in the serum [170], again suggesting that eHsp90x could
be used as a biomarker of disease progression. The dysfunction of the airway epithelial
barrier is closely related to the pathogenesis of asthma, and eHsp90«x participates in the
inflammation in asthma [171]. House dust mites (HDM) induce a dysfunction of the air-
way epithelial barrier. Mice with HDM-induced asthma have high levels of eHsp90x in
bronchoalveolar lavage fluid and serum, and eHsp90« can cause the broncial epithelial
hyperpermeability. 1G6-D7, a highly selective and inhibitory antibody against Hsp90«,
was found to protect against HDM-induced airway epithelial barrier dysfunction. This
suggests that eHsp90a-targeted therapy might be a potential asthma treatment.

Wang and colleagues found that HSV-1 survive inside cells using Hsp90«x of the host.
Hsp90« stabilizes the virion protein 16 (VP16) and promotes VP16-mediated transactivation
of HSV-« genes [172]. When Hsp90o was knocked down or inhibited pharmacologically, it
resulted in reduced levels of VP16 and of proteins encoded by the HSV-o genes. Consider-
ing that Hsp903 may have opposite effects on HSV-1 infections, since they are associated
with a drop in Hsp903 levels (see above), careful investigations with highly Hsp90 isoform-
selective inhibitors are clearly warranted in order to develop Hsp90-based therapies.

Loss-of-function mutations in the gene encoding the voltage-gated potassium channel
KCNQ4 cause DFNA2, a subtype of autosomal dominant non-syndromic deafness char-
acterized by progressive sensorineural hearing loss. The knockdowns of the two Hsp90
isoforms had opposite effects on the total KCNQ4 levels [173,174]. Specifically, the knock-
down of Hsp90p3 led to a dramatic decrease, while the knockdown of Hsp90« resulted in a
marked increase. Consistent with these results, overexpression of Hsp90§ increased the
KCNQ4 levels, whereas up-regulation of Hsp90o expression decreased the total KCNQ4
levels. This suggests that a combination of Hsp90« inhibitor and Hsp90f activator could
potentially treat DFNA2.

Hsp90« also has a connection with diabetes. High glucose was shown to induce
the translocation of Hsp90«x to the outside of aortic endothelial cells [175]. In high glu-
cose conditions, phosphorylation of Hsp90«x was increased in a manner dependent on
cAMP /protein kinase A, which was responsible for the membrane translocation of Hsp90x
and reduced endothelial nitric oxide synthase (eNOS) activity [176]. eNOS is responsible
for the production of most of the vascular NO, deficiency in which can promote athero-
genesis [177]. Further support for a role of Hsp90« in atherosclerosis and diabetes came
from the finding that the levels of eHsp90x were upregulated in patients with aggravated
diabetic vascular disease [178]. eHsp90 recruits monocytes through LRP1 activation, which
indicates a connection between Hsp90« and inflammatory damage in diabetic vascular
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complications. These observations suggest that Hsp90« inhibition may be useful in treating
patients with type 2 diabetes.

In contrast, the connection of Hsp90 with eNOS was found to be protective against
the damages caused by ischemia-reperfusion by reducing the blood flow and glomerular
filtration rate [179]. When there is renal ischemia, more Hsp90 is beneficial [179]. Intra-renal
transfection of expression plasmids for either Hsp90 isoform was shown to be protective.
The protective effect was associated with restoring eNOS-Hsp90 coupling, reestablishing
normal PKCo levels, and reducing Rho kinase expression. The transfection events were able
to return eNOS phosphorylation to its basal state, restoring NO production and preventing
reduced renal blood flow. Hsp90« is also a potential serological biomarker of acute rejection
after renal transplantation [180]. Serum Hsp90« levels were significantly higher in kidney
recipients upon rejection. In mice receiving a skin transplantation, serum Hsp90o was
also found to be elevated when the first graft was rejected, and the levels further increased
during more severe rejection of the second graft.

Elevated serum Hsp90x had been found in nonalcoholic steatohepatitis. Serum
Hsp90x was increased in patients with metabolic-associated fatty liver disease (MAFLD).
A positive correlation was found between age, glycosylated hemoglobin, serum Hsp90«,
and grade of steatohepatitis [181]. Xie and colleagues showed that in a MAFLD mouse
model, treatment with geranylgeranylacetone leads to decreased Hsp90«x levels followed
by improvement of steatohepatitis. To the extent that MAFLD may be the same as NAFLD,
for which Hsp90f had been pinpointed (see above), here too, a careful classification of
MAFLD/NAFLD patients with respect to clinical parameters and Hsp90 levels will be
necessary before any Hsp90-based therapy can be considered.

4. Future Perspectives and Conclusions

Overall, Hsp90x-dependent processes contribute to stress adaptation or other spe-
cialized functions, while Hsp90§} is essential for maintaining standard cellular functions
such as cell viability. We recently demonstrated that at cellular and tissue levels, albeit
with some exceptions, it is the total Hsp90 levels that matter to sustain essential basic
functions, without overt isoform-specific requirements [49]. Pan-Hsp90 inhibitors affect a
broad range of key cellular processes, which may have contributed to the failure of several
Hsp90 inhibitors in clinical trials [182,183]. However, from the evidence presented in this
review, it appears that there are indeed physiological and pathological conditions where
one particular isoform is more involved than the other. Hence, targeting only the one
critical isoform with isoform-specific inhibitors is the way to go for safer and more efficient
treatments (Tables 2—4). Towards reaching that ultimate goal, several major challenges
remain. More insights into organ- and cell type-specific functions of the Hsp90 isoforms are
needed to stratify patients appropriately for isoform-targeted treatments. Although several
groups have begun to report the discovery of isoform-selective inhibitors (Tables 5 and 6),
there is still a lot of room for improvement. The ideal Hsp90 isoform-specific inhibitor
would have the following features: (i) High isoform-selectivity or even -specificity; (ii) high
Hsp90 specificity with limited effects on other biomolecules; (iii) drug-like characteristics,
i.e., have favorable pharmacokinetics and pharmacodynamics; (iv) oral availability; (v) for
some applications, the ability to cross the blood-brain and blood-testis barriers.
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Table 2. Role of specific Hsp90 isoforms in diseases !.
Expression Levels Disease

e Idiopathic pulmonary fibrosis
e  Asthma

Higher levels of Hsp90«x e  Autosomal dominant non-syndromic deafness
e  Diabetes type 2
e Nonalcoholic steatohepatitis

Lower levels of Hsp90x e Male infertility

Higher levels of Hsp90( e  Nonalcoholic fatty liver disease

Lower levels of Hsp90p AB-induced Alzheimer’s disease

DNA viruses and microbial infections

1 See text for details and references.

Table 3. Cancers with upregulation of specific Hsp90 isoforms *.

1

Cancers with Higher Levels of Hsp903

Cancers with Higher Levels of Hsp90«

Sarcoma

Hepatocellular carcinoma
Myeloid leukemia

Lung cancer

Breast cancer

Head and neck cancers
Epithelial cancer
Colorectal cancer

1 See text for details and references.

Table 4. Diseases and hypothetical isoform-specific treatments 1

Diseases Hypothetical Therapy
Nonalcoholic fatty liver Hsp90p inhibition
Ap-induced Alzheimer’s disease Hsp90p induction 2
Hepatocellular carcinoma Hsp90p inhibition
Myeloid leukemia cells Hsp90 inhibition
Ewing’s sarcoma Hsp90p inhibition
Lung cancer Hsp90 inhibition
Myotonia Hsp90 inhibition
Hepatitis B virus infection Hsp90p inhibition
Helicobacter pylori- induced gastric injury Hsp90p inhibition
Opioid addiction Hsp90« inhibition
Different cancers Hsp90« inhibition
Idiopathic pulmonary fibrosis eHsp90« inhibition
Herpes simplex virus-1 infection Hsp90« inhibition

Autosomal dominant non-syndromic deafness
Renal ischemia

Hsp90« inhibitionHsp90p induction
Hsp903 /Hsp90« induction

1 See text for details and references. > “Induction” is meant to indicate either increased expression or increased activity.

Table 5. Isoform-specific inhibitors of Hsp90.

Compound Hsp90 Isoform Binding Site References
KUNB31 Hsp90p3 N-terminal domain [184]
Vibsanin B and its . .
derivatives Hsp90p > Hsp90ax C-terminal domain [185]

. Amino acids 276-602 crucial

Corylin Hsp90p for corylin binding [88]
Fragment of 115 amino acids

1G6-D7 (antibody) eHsp90x encompassing parts of charged  [186]
and middle domains

HS30 eHsp90«x N-terminal [187,188]

KU675 Hsp90«x C-terminal [189]

NVP-BEP800 Hsp90p > Hsp90«x N-terminal [190]
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Table 6. Inducers of Hsp90 expression.

Compound References

Jujuboside A [95]
Erythropoetin [96]

Author Contributions: S.M. wrote the draft and prepared the Tables and Figures; D.P. edited the
draft and figures, and finalized the text for submission. All authors have read and agreed to the
published version of the manuscript.

Funding: Work in Didier Picard’s laboratory was supported by a grant from the Swiss National
Science Foundation and the Canton de Geneve.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to apologize to all those whose work could not be cited.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lindquist, S.; Craig, E.A. The heat-shock proteins. Annu. Rev. Genet. 1988, 22, 631-677. [CrossRef] [PubMed]

2. Richter, K.; Haslbeck, M.; Buchner, J. The heat shock response: Life on the verge of death. Mol. Cell 2010, 40, 253-266. [CrossRef]
[PubMed]

3. Tissiéres, A.; Mitchell, H.K.; Tracy, U.M. Protein synthesis in salivary glands of Drosophila melanogaster: Relation to chromosome
pulffs. J. Mol. Biol. 1974, 84, 389-398. [CrossRef]

4. De Maio, A,; Santoro, M.G.; Tanguay, R.M.; Hightower, L.E. Ferruccio Ritossa’s scientific legacy 50 years after his discovery of the
heat shock response: A new view of biology, a new society, and a new journal. Cell Stress Chaperones 2012, 17, 139-143. [CrossRef]

5. Ritossa, F. Discovery of the heat shock response. Cell Stress Chaperones 1996, 1, 97-98. [CrossRef]

6. Lindquist, S. The heat-shock response. Annu. Rev. Biochem. 1986, 55, 1151-1191. [CrossRef]

7.  Le Breton, L.; Mayer, M.P. A model for handling cell stress. eLife 2016, 5, €22850. [CrossRef]

8. Whitley, D.; Goldberg, S.P.; Jordan, W.D. Heat shock proteins: A review of the molecular chaperones. J. Vasc. Surg. 1999, 29,
748-751. [CrossRef]

9.  Young, R.A.; Elliott, T.]. Stress proteins, infection, and immune surveillance. Cell 1989, 59, 5-8. [CrossRef]

10. Jee, H. Size dependent classification of heat shock proteins: A mini-review. J. Exerc. Rehabil. 2016, 12, 255-259. [CrossRef]

11.  Shemesh, N.; Jubran, J.; Dror, S.; Simonovsky, E.; Basha, O.; Argov, C.; Hekselman, I.; Abu-Qarn, M.; Vinogradov, E.; Mauer, O.;
et al. The landscape of molecular chaperones across human tissues reveals a layered architecture of core and variable chaperones.
Nat. Commun. 2021, 12, 2180. [CrossRef] [PubMed]

12.  Biebl, M.M.; Buchner, J. Structure, function, and regulation of the Hsp90 machinery. Cold Spring Harb. Perspect. Biol. 2019, 11, a034017.
[CrossRef] [PubMed]

13. Stechmann, A.; Cavalier-Smith, T. Evolutionary origins of hsp90 chaperones and a deep paralogy in their bacterial ancestors.
J. Eukaryot. Microbiol. 2004, 51, 364-373. [CrossRef] [PubMed]

14. Chen, B.; Zhong, D.; Monteiro, A. Comparative genomics and evolution of the HSP90 family of genes across all kingdoms of
organisms. BMC Genom. 2006, 7, 156. [CrossRef]

15. Schopf, EH.; Biebl, M.M.; Buchner, J. The HSP90 chaperone machinery. Nat. Rev. Mol. Cell. Biol. 2017, 18, 345-360. [CrossRef]
[PubMed]

16. Rebeaud, M.E.; Mallik, S.; Goloubinoff, P.; Tawfik, D.S. On the evolution of chaperones and cochaperones and the expansion of
proteomes across the Tree of Life. Proc. Natl. Acad. Sci. USA 2021, 118, e2020885118. [CrossRef]

17.  Pantzartzi, C.N.; Drosopoulou, E.; Scouras, Z.G. Assessment and reconstruction of novel HSP90 genes: Duplications, gains and
losses in fungal and animal lineages. PLoS ONE 2013, 8, €73217. [CrossRef]

18. Chen, B.; Piel, WH.; Gui, L.; Bruford, E.; Monteiro, A. The HSP90 family of genes in the human genome: Insights into their
divergence and evolution. Genomics 2005, 86, 627—-637. [CrossRef]

19. Bardwell, J.C.; Craig, E.A. Eukaryotic Mr 83,000 heat shock protein has a homologue in Escherichia coli. Proc. Natl. Acad. Sci. USA
1987, 84, 5177-5181. [CrossRef]

20. Versteeg, S.; Mogk, A.; Schumann, W. The Bacillus subtilis htpG gene is not involved in thermal stress management. Mol. Gen.
Genet. 1999, 261, 582-588. [CrossRef]

21. Mason, C.A.; Dunner, J.; Indra, P; Colangelo, T. Heat-induced expression and chemically induced expression of the Escherichia coli

stress protein HtpG are affected by the growth environment. Appl. Environ. Microbiol. 1999, 65, 3433-3440. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev.ge.22.120188.003215
http://www.ncbi.nlm.nih.gov/pubmed/2853609
http://doi.org/10.1016/j.molcel.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/20965420
http://doi.org/10.1016/0022-2836(74)90447-1
http://doi.org/10.1007/s12192-012-0320-z
http://doi.org/10.1379/1466-1268(1996)001&lt;0097:DOTHSR&gt;2.3.CO;2
http://doi.org/10.1146/annurev.bi.55.070186.005443
http://doi.org/10.7554/eLife.22850
http://doi.org/10.1016/S0741-5214(99)70329-0
http://doi.org/10.1016/0092-8674(89)90861-1
http://doi.org/10.12965/jer.1632642.321
http://doi.org/10.1038/s41467-021-22369-9
http://www.ncbi.nlm.nih.gov/pubmed/33846299
http://doi.org/10.1101/cshperspect.a034017
http://www.ncbi.nlm.nih.gov/pubmed/30745292
http://doi.org/10.1111/j.1550-7408.2004.tb00580.x
http://www.ncbi.nlm.nih.gov/pubmed/15218707
http://doi.org/10.1186/1471-2164-7-156
http://doi.org/10.1038/nrm.2017.20
http://www.ncbi.nlm.nih.gov/pubmed/28429788
http://doi.org/10.1073/pnas.2020885118
http://doi.org/10.1371/journal.pone.0073217
http://doi.org/10.1016/j.ygeno.2005.08.012
http://doi.org/10.1073/pnas.84.15.5177
http://doi.org/10.1007/s004380051004
http://doi.org/10.1128/AEM.65.8.3433-3440.1999
http://www.ncbi.nlm.nih.gov/pubmed/10427031

Biomolecules 2022, 12, 1166 16 of 22

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Grudniak, A.M.; Pawlak, K,; Bartosik, K.; Wolska, K.I. Physiological consequences of mutations in the htpG heat shock gene of
Escherichia coli. Mutat. Res. 2013, 745-746, 1-5. [CrossRef] [PubMed]

Finka, A.; Goloubinoff, P. Proteomic data from human cell cultures refine mechanisms of chaperone-mediated protein homeostasis.
Cell Stress Chaperones 2013, 18, 591-605. [CrossRef]

Picard, D. Heat-shock protein 90, a chaperone for folding and regulation. Cell. Mol. Life Sci. 2002, 59, 1640-1648. [CrossRef]
Bhattacharya, K.; Picard, D. The Hsp70-Hsp90 go-between Hop /Stip1/5Stil is a proteostatic switch and may be a drug target in
cancer and neurodegeneration. Cell. Mol. Life Sci. 2021, 78, 7257-7273. [CrossRef]

Zhao, R.; Davey, M.; Hsu, Y.C.; Kaplanek, P.; Tong, A.; Parsons, A.B.; Krogan, N.; Cagney, G.; Mai, D.; Greenblatt, J.; et al.
Navigating the chaperone network: An integrative map of physical and genetic interactions mediated by the hsp90 chaperone.
Cell 2005, 120, 715-727. [CrossRef] [PubMed]

McClellan, AJ.; Xia, Y.; Deutschbauer, A.M.; Davis, R.W.; Gerstein, M.; Frydman, J. Diverse cellular functions of the Hsp90
molecular chaperone uncovered using systems approaches. Cell 2007, 131, 121-135. [CrossRef]

Borkovich, K.A ; Farrelly, EW.; Finkelstein, D.B.; Taulien, J.; Lindquist, S. hsp82 is an essential protein that is required in higher
concentrations for growth of cells at higher temperatures. Mol. Cell. Biol. 1989, 9, 3919-3930. [CrossRef]

Girstmair, H.; Tippel, E; Lopez, A.; Tych, K,; Stein, F; Haberkant, P.; Schmid, PW.N.; Helm, D.; Rief, M.; Sattler, M.; et al. The
Hsp90 isoforms from S. cerevisiae differ in structure, function and client range. Nat. Commun. 2019, 10, 3626. [CrossRef]

Meng, X.; Jerome, V.; Devin, J.; Baulieu, E.E.; Catelli, M.G. Cloning of chicken hsp903: The only vertebrate hsp90 insensitive to
heat shock. Biochem. Biophys. Res. Commun. 1993, 190, 630-636. [CrossRef]

Lees-Miller, S.P.; Anderson, C.W. Two human 90-kDa heat shock proteins are phosphorylated in vivo at conserved serines that
are phosphorylated in vitro by casein kinase II. J. Biol. Chem. 1989, 264, 2431-2437. [CrossRef]

Welch, W.J.; Feramisco, J.R. Purification of the major mammalian heat shock proteins. J. Biol. Chem. 1982, 257, 14949-14959.
[CrossRef]

Rebbe, N.E,; Ware, J.; Bertina, R.M.; Modrich, P.; Stafford, D.W. Nucleotide sequence of a cDNA for a member of the human
90-kDa heat-shock protein family. Gene 1987, 53, 235-245. [CrossRef]

Song, H.Y.; Dunbar, ].D.; Zhang, Y.X.; Guo, D.; Donner, D.B. Identification of a protein with homology to hsp90 that binds the
type 1 tumor necrosis factor receptor. J. Biol. Chem. 1995, 270, 3574-3581. [CrossRef]

Felts, S.J.; Owen, B.A.; Nguyen, P; Trepel, ].; Donner, D.B.; Toft, D.O. The hsp90-related protein TRAP1 is a mitochondrial protein
with distinct functional properties. |. Biol. Chem. 2000, 275, 3305-3312. [CrossRef]

Koch, G.; Smith, M.; Macer, D.; Webster, P.; Mortara, R. Endoplasmic reticulum contains a common, abundant calcium-binding
glycoprotein, endoplasmin. J. Cell Sci. 1986, 86, 217-232. [CrossRef]

Krishna, P.; Gloor, G. The Hsp90 family of proteins in Arabidopsis thaliana. Cell Stress Chaperones 2001, 6, 238-246. [CrossRef]
Gupta, R.S. Phylogenetic analysis of the 90 kD heat shock family of protein sequences and an examination of the relationship
among animals, plants, and fungi species. Mol. Biol. Evol. 1995, 12, 1063-1073. [CrossRef]

Sreedhar, A.S.; Kalmar, E.; Csermely, P.; Shen, Y.F. Hsp90 isoforms: Functions, expression and clinical importance. FEBS Lett.
2004, 562, 11-15. [CrossRef]

Radanyi, C.; Renoir, ].M.; Sabbah, M.; Baulieu, E.E. Chick heat-shock protein of Mr = 90,000, free or released from progesterone
receptor, is in a dimeric form. J. Biol. Chem. 1989, 264, 2568-2573. [CrossRef]

Minami, Y.; Kawasaki, H.; Miyata, Y.; Suzuki, K; Yahara, I. Analysis of native forms and isoform compositions of the mouse
90-kDa heat shock protein, HSP90. |. Biol. Chem. 1991, 266, 10099-10103. [CrossRef]

Kobayakawa, T.; Yamada, S.; Mizuno, A.; Nemoto, T.K. Substitution of only two residues of human Hsp90« causes impeded
dimerization of Hsp90p. Cell Stress Chaperones 2008, 13, 97-104. [CrossRef] [PubMed]

Perdew, G.H.; Hord, N.; Hollenback, C.E.; Welsh, M.J. Localization and characterization of the 86- and 84-kDa heat shock proteins
in Hepa 1clc7 cells. Exp. Cell Res. 1993, 209, 350-356. [CrossRef] [PubMed]

Miao, R.Q.; Fontana, J.; Fulton, D.; Lin, M.I.; Harrison, K.D.; Sessa, W.C. Dominant-negative Hsp90 reduces VEGF-stimulated
nitric oxide release and migration in endothelial cells. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 105-111. [CrossRef]

Garnier, C.; Lafitte, D.; Jorgensen, T.].; Jensen, O.N.; Briand, C.; Peyrot, V. Phosphorylation and oligomerization states of native
pig brain HSP90 studied by mass spectrometry. Eur. J. Biochem. 2001, 268, 2402-2407. [CrossRef]

Tsaytler, P.A.; Krijgsveld, ].; Goerdayal, S.S.; Rudiger, S.; Egmond, M.R. Novel Hsp90 partners discovered using complementary
proteomic approaches. Cell Stress Chaperones 2009, 14, 629-638. [CrossRef]

Richter, K.; Soroka, J.; Skalniak, L.; Leskovar, A.; Hessling, M.; Reinstein, J.; Buchner, J. Conserved conformational changes in the
ATPase cycle of human Hsp90. J. Biol. Chem. 2008, 283, 17757-17765. [CrossRef]

Wu, Y.; Zheng, X.; Ding, Y.; Zhou, M.; Wei, Z.; Liu, T.; Liao, K. The molecular chaperone Hsp90«x deficiency causes retinal
degeneration by disrupting Golgi organization and vesicle transportation in photoreceptors. J. Mol. Cell. Biol. 2020, 12, 216-229.
[CrossRef]

Bhattacharya, K.; Maiti, S.; Zahoran, S.; Weidenauer, L.; Hany, D.; Wider, D.; Bernasconi, L.; Quadroni, M.; Collart, M.; Picard, D.
Translational reprogramming in response to accumulating stressors ensures critical threshold levels of Hsp90 for mammalian life.
bioRxiv 2022. [CrossRef]

Echeverria, P.C.; Briand, P.A.; Picard, D. A remodeled Hsp90 molecular chaperone ensemble with the novel cochaperone Aarsd1
is required for muscle differentiation. Mol. Cell. Biol. 2016, 36, 1310-1321. [CrossRef]


http://doi.org/10.1016/j.mrfmmm.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23618614
http://doi.org/10.1007/s12192-013-0413-3
http://doi.org/10.1007/PL00012491
http://doi.org/10.1007/s00018-021-03962-z
http://doi.org/10.1016/j.cell.2004.12.024
http://www.ncbi.nlm.nih.gov/pubmed/15766533
http://doi.org/10.1016/j.cell.2007.07.036
http://doi.org/10.1128/mcb.9.9.3919-3930.1989
http://doi.org/10.1038/s41467-019-11518-w
http://doi.org/10.1006/bbrc.1993.1095
http://doi.org/10.1016/S0021-9258(19)81631-9
http://doi.org/10.1016/S0021-9258(18)33376-3
http://doi.org/10.1016/0378-1119(87)90012-6
http://doi.org/10.1074/jbc.270.8.3574
http://doi.org/10.1074/jbc.275.5.3305
http://doi.org/10.1242/jcs.86.1.217
http://doi.org/10.1379/1466-1268(2001)006&lt;0238:THFOPI&gt;2.0.CO;2
http://doi.org/10.1093/oxfordjournals.molbev.a040281
http://doi.org/10.1016/S0014-5793(04)00229-7
http://doi.org/10.1016/S0021-9258(19)81650-2
http://doi.org/10.1016/S0021-9258(18)99195-7
http://doi.org/10.1007/s12192-008-0017-5
http://www.ncbi.nlm.nih.gov/pubmed/18347946
http://doi.org/10.1006/excr.1993.1320
http://www.ncbi.nlm.nih.gov/pubmed/8262153
http://doi.org/10.1161/ATVBAHA.107.155499
http://doi.org/10.1046/j.1432-1327.2001.02121.x
http://doi.org/10.1007/s12192-009-0115-z
http://doi.org/10.1074/jbc.M800540200
http://doi.org/10.1093/jmcb/mjz048
http://doi.org/10.1101/2022.02.11.480086
http://doi.org/10.1128/MCB.01099-15

Biomolecules 2022, 12, 1166 17 of 22

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

Li, J.; Soroka, ].; Buchner, J. The Hsp90 chaperone machinery: Conformational dynamics and regulation by co-chaperones. Biochim.
Biophys. Acta 2012, 1823, 624-635. [CrossRef] [PubMed]

Prodromou, C. The ‘active life’ of Hsp90 complexes. Biochim. Biophys. Acta 2012, 1823, 614-623. [CrossRef] [PubMed]

Dean, M.E.; Johnson, J.L. Human Hsp90 cochaperones: Perspectives on tissue-specific expression and identification of cochaper-
ones with similar in vivo functions. Cell Stress Chaperones 2021, 26, 3—13. [CrossRef]

Tarone, G.; Brancaccio, M. The muscle-specific chaperone protein melusin is a potent cardioprotective agent. Basic Res. Cardiol.
2015, 110, 10. [CrossRef] [PubMed]

Srikakulam, R.; Liu, L.; Winkelmann, D.A. Unc45b forms a cytosolic complex with Hsp90 and targets the unfolded myosin motor
domain. PLoS ONE 2008, 3, €2137. [CrossRef] [PubMed]

Most, P; Bernotat, J.; Ehlermann, P.; Pleger, S.T.; Reppel, M.; Borries, M.; Niroomand, F.; Pieske, B.; Janssen, PM.; Eschenhagen, T.;
et al. SI00A1: A regulator of myocardial contractility. Proc. Natl. Acad. Sci. USA 2001, 98, 13889-13894. [CrossRef]
Ruiz-Estevez, M.; Staats, J.; Paatela, E.; Munson, D.; Katoku-Kikyo, N.; Yuan, C.; Asakura, Y.; Hostager, R.; Kobayashi, H.;
Asakura, A.; et al. Promotion of myoblast differentiation by Fkbp5 via Cdk4 isomerization. Cell Rep. 2018, 25, 2537-2551.
[CrossRef]

Shimoide, T.; Kawao, N.; Tamura, Y.; Morita, H.; Kaji, H. Novel roles of FKBP5 in muscle alteration induced by gravity change in
mice. Biochem. Biophys. Res. Commun. 2016, 479, 602—-606. [CrossRef]

Grad, I.; Cederroth, C.R.; Walicki, J.; Grey, C.; Barluenga, S.; Winssinger, N.; De Massy, B.; Nef, S.; Picard, D. The molecular
chaperone Hsp90« is required for meiotic progression of spermatocytes beyond pachytene in the mouse. PLoS ONE 2010, 5,
e15770. [CrossRef]

Fabczak, H.; Osinka, A. Role of the novel Hsp90 co-chaperones in dynein arms’ preassembly. Int. J. Mol. Sci. 2019, 20, 6174.
[CrossRef]

Wen, Q.; Tang, E.L; Lui, W.Y,; Lee, W.M.; Wong, C.K.C; Silvestrini, B.; Cheng, C.Y. Dynein 1 supports spermatid transport and
spermiation during spermatogenesis in the rat testis. Am. J. Physiol. Endocrinol. Metab. 2018, 315, E924-E948. [CrossRef] [PubMed]
Crackower, M.A.; Kolas, N.K.; Noguchi, J.; Sarao, R.; Kikuchi, K.; Kaneko, H.; Kobayashi, E.; Kawai, Y.; Kozieradzki, I.; Landers,
R.; et al. Essential role of Fkbp6 in male fertility and homologous chromosome pairing in meiosis. Science 2003, 300, 1291-1295.
[CrossRef] [PubMed]

Zhang, W.; Zhang, S.; Xiao, C.; Yang, Y.; Zhoucun, A. Mutation screening of the FKBP6 gene and its association study with
spermatogenic impairment in idiopathic infertile men. Reproduction 2007, 133, 511-516. [CrossRef] [PubMed]

Mollapour, M.; Neckers, L. Post-translational modifications of Hsp90 and their contributions to chaperone regulation. Biochim.
Biophys. Acta 2012, 1823, 648-655. [CrossRef]

Backe, S.J.; Sager, R.A.; Woodford, M.R.; Makedon, A.M.; Mollapour, M. Post-translational modifications of Hsp90 and translating
the chaperone code. J. Biol. Chem. 2020, 295, 11099-11117. [CrossRef]

Ullrich, S.J.; Moore, S.K.; Appella, E. Transcriptional and translational analysis of the murine 84- and 86-kDa heat shock proteins.
J. Biol. Chem. 1989, 264, 6810-6816. [CrossRef]

Shen, Y; Liu, J.; Wang, X.; Cheng, X.; Wang, Y.; Wu, N. Essential role of the first intron in the transcription of hsp90§3 gene. FEBS
Lett. 1997, 413, 92-98. [CrossRef]

Jing, E.; Sundararajan, P.; Majumdar, I.D.; Hazarika, S.; Fowler, S.; Szeto, A.; Gesta, S.; Mendez, A.].; Vishnudas, V.K.; Sarangarajan,
R.; et al. Hsp90p knockdown in DIO mice reverses insulin resistance and improves glucose tolerance. Nutr. Metab. 2018, 15, 11.
[CrossRef]

Akerfelt, M.; Morimoto, R.I; Sistonen, L. Heat shock factors: Integrators of cell stress, development and lifespan. Nat. Rev. Mol.
Cell. Biol. 2010, 11, 545-555. [CrossRef]

Prodromou, C. Mechanisms of Hsp90 regulation. Biochem. |. 2016, 473, 2439-2452. [CrossRef]

Zhang, S.L.; Yu, J.; Cheng, X.K,; Ding, L.; Heng, F.Y.; Wu, N.H.; Shen, Y.F. Regulation of human Hsp90« gene expression. FEBS
Lett. 1999, 444, 130-135. [CrossRef]

Metchat, A.; Akerfelt, M.; Bierkamp, C.; Delsinne, V.; Sistonen, L.; Alexandre, H.; Christians, E.S. Mammalian heat shock factor 1
is essential for oocyte meiosis and directly regulates Hsp90a expression. J. Biol. Chem. 2009, 284, 9521-9528. [CrossRef]

Liu, Y.;; Liu, M.; Liu, J.; Zhang, H.; Tu, Z.; Xiao, X. KLF4 is a novel regulator of the constitutively expressed HSP90. Cell Stress
Chaperones 2010, 15, 211-217. [CrossRef] [PubMed]

Stephanou, A.; Latchman, D.S. Transcriptional regulation of the heat shock protein genes by STAT family transcription factors.
Gene Expr. 1999, 7, 311-319.

Cheng, M.B.; Zhang, Y.; Zhong, X; Sutter, B.; Cao, C.Y.; Chen, X.S.; Cheng, X K.; Zhang, Y.; Xiao, L.; Shen, Y.F. Statl mediates an
auto-regulation of Hsp90B gene in heat shock response. Cell. Signal. 2010, 22, 1206-1213. [CrossRef] [PubMed]

Thoreen, C.C.; Chantranupong, L.; Keys, H.R.; Wang, T.; Gray, N.S.; Sabatini, D.M. A unifying model for mTORC1-mediated
regulation of mRNA translation. Nature 2012, 485, 109-113. [CrossRef] [PubMed]

Zou, J.; Guo, Y.; Guettouche, T.; Smith, D.E; Voellmy, R. Repression of heat shock transcription factor HSF1 activation by HSP90
(HSP90 complex) that forms a stress-sensitive complex with HSF1. Cell 1998, 94, 471-480. [CrossRef]

Kijima, T.; Prince, T.L.; Tigue, M.L.; Yim, K.H.; Schwartz, H.; Beebe, K; Lee, S.; Budzynski, M.A.; Williams, H.; Trepel, ].B.;
et al. HSP90 inhibitors disrupt a transient HSP90-HSF1 interaction and identify a noncanonical model of HSP90-mediated HSF1
regulation. Sci. Rep. 2018, 8, 6976. [CrossRef]


http://doi.org/10.1016/j.bbamcr.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/21951723
http://doi.org/10.1016/j.bbamcr.2011.07.020
http://www.ncbi.nlm.nih.gov/pubmed/21840346
http://doi.org/10.1007/s12192-020-01167-0
http://doi.org/10.1007/s00395-015-0466-9
http://www.ncbi.nlm.nih.gov/pubmed/25653116
http://doi.org/10.1371/journal.pone.0002137
http://www.ncbi.nlm.nih.gov/pubmed/18478096
http://doi.org/10.1073/pnas.241393598
http://doi.org/10.1016/j.celrep.2018.11.006
http://doi.org/10.1016/j.bbrc.2016.09.126
http://doi.org/10.1371/journal.pone.0015770
http://doi.org/10.3390/ijms20246174
http://doi.org/10.1152/ajpendo.00114.2018
http://www.ncbi.nlm.nih.gov/pubmed/30016153
http://doi.org/10.1126/science.1083022
http://www.ncbi.nlm.nih.gov/pubmed/12764197
http://doi.org/10.1530/REP-06-0125
http://www.ncbi.nlm.nih.gov/pubmed/17307919
http://doi.org/10.1016/j.bbamcr.2011.07.018
http://doi.org/10.1074/jbc.REV120.011833
http://doi.org/10.1016/S0021-9258(18)83502-5
http://doi.org/10.1016/S0014-5793(97)00883-1
http://doi.org/10.1186/s12986-018-0242-6
http://doi.org/10.1038/nrm2938
http://doi.org/10.1042/BCJ20160005
http://doi.org/10.1016/S0014-5793(99)00044-7
http://doi.org/10.1074/jbc.M808819200
http://doi.org/10.1007/s12192-009-0135-8
http://www.ncbi.nlm.nih.gov/pubmed/19669938
http://doi.org/10.1016/j.cellsig.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20353823
http://doi.org/10.1038/nature11083
http://www.ncbi.nlm.nih.gov/pubmed/22552098
http://doi.org/10.1016/S0092-8674(00)81588-3
http://doi.org/10.1038/s41598-018-25404-w

Biomolecules 2022, 12, 1166 18 of 22

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Echeverria, P.C.; Bernthaler, A.; Dupuis, P.; Mayer, B.; Picard, D. An interaction network predicted from public data as a discovery
tool: Application to the Hsp90 molecular chaperone machine. PLoS ONE 2011, 6, €26044. [CrossRef]

Taipale, M.; Tucker, G.; Peng, ].; Krykbaeva, L; Lin, Z.Y.; Larsen, B.; Choi, H.; Berger, B.; Gingras, A.C.; Lindquist, S. A quantitative
chaperone interaction network reveals the architecture of cellular protein homeostasis pathways. Cell 2014, 158, 434-448.
[CrossRef]

Voss, A K.; Thomas, T.; Gruss, P. Mice lacking Hsp90 fail to develop a placental labyrinth. Development 2000, 127, 1-11. [CrossRef]
Okumura, F; Okumura, A.J.; Matsumoto, M.; Nakayama, K.I.; Hatakeyama, S. TRIMS regulates Nanog via Hsp903-mediated
nuclear translocation of STAT3 in embryonic stem cells. Biochim. Biophys. Acta 2011, 1813, 1784-1792. [CrossRef] [PubMed]

He, M.Y,; Xu, S.B.; Qu, Z.H.; Guo, Y.M.; Liu, X.C.; Cong, X.X.; Wang, ].E,; Low, B.C.; Li, L.; Wu, Q.; et al. Hsp90f interacts with
MDM2 to suppress p53-dependent senescence during skeletal muscle regeneration. Aging Cell 2019, 18, e13003. [CrossRef]
[PubMed]

McCormick, R.; Vasilaki, A. Age-related changes in skeletal muscle: Changes to life-style as a therapy. Biogerontology 2018, 19,
519-536. [CrossRef] [PubMed]

Relaix, F.; Bencze, M.; Borok, M.].; Der Vartanian, A.; Gattazzo, F.; Mademtzoglou, D.; Perez-Diaz, S.; Prola, A.; Reyes-Fernandez,
P.C.; Rotini, A.; et al. Perspectives on skeletal muscle stem cells. Nat. Commun. 2021, 12, 692. [CrossRef] [PubMed]

Jing, R.; Duncan, C.B.; Duncan, S.A. A small-molecule screen reveals that HSP90p promotes the conversion of induced pluripotent
stem cell-derived endoderm to a hepatic fate and regulates HNF4A turnover. Development 2017, 144, 1764-1774. [CrossRef]
[PubMed]

Huck, I.; Gunewardena, S.; Espanol-Suner, R.; Willenbring, H.; Apte, U. Hepatocyte nuclear factor 4 alpha activation is essential
for termination of liver regeneration in mice. Hepatology 2019, 70, 666—681. [CrossRef]

Zheng, Z.G.; Zhang, X; Liu, X.X,; Jin, X.X.; Dai, L.; Cheng, H.M.; Jing, D.; Thu, PM.; Zhang, M.; Li, H.; et al. Inhibition of HSP90
Improves Lipid Disorders by Promoting Mature SREBPs Degradation via the Ubiquitin-proteasome System. Theranostics 2019, 9,
5769-5783. [CrossRef]

Kuan, Y.C.; Hashidume, T.; Shibata, T.; Uchida, K.; Shimizu, M.; Inoue, J.; Sato, R. Heat shock protein 90 modulates lipid
homeostasis by regulating the stability and function of sterol regulatory element-binding protein (SREBP) and SREBP Cleavage-
activating Protein. J. Biol. Chem. 2017, 292, 3016-3028. [CrossRef]

Angelo, G.; Lamon-Fava, S.; Sonna, L.A.; Lindauer, M.L.; Wood, R.J. Heat shock protein 903: A novel mediator of vitamin D
action. Biochem. Biophys. Res. Commun. 2008, 367, 578-583. [CrossRef]

Luo, S.; Zhang, B.; Dong, X.P; Tao, Y.; Ting, A.; Zhou, Z.; Meixiong, J.; Luo, J.; Chiu, F.C.; Xiong, W.C.; et al. Hsp90p regulates
rapsyn turnover and subsequent AChR cluster formation and maintenance. Neuron 2008, 60, 97-110. [CrossRef] [PubMed]

Li, L.; Cao, Y.; Wu, H; Ye, X;; Zhu, Z.; Xing, G.; Shen, C.; Barik, A.; Zhang, B.; Xie, X,; et al. Enzymatic activity of the scaffold
protein rapsyn for synapse formation. Neuron 2016, 92, 1007-1019. [CrossRef] [PubMed]

Balanescu, A.; Stan, I.; Codreanu, I.; Comanici, V.; Balanescu, E.; Balanescu, P. Circulating Hsp90 isoform levels in overweight and
obese children and the relation to nonalcoholic fatty liver disease: Results from a cross-Sectional study. Dis. Markers 2019, 2019,
9560247. [CrossRef] [PubMed]

Ou, J.R.; Tan, M.S.; Xie, A.M.; Yu, ].T.; Tan, L. Heat shock protein 90 in Alzheimer’s disease. BioMed Res. Int. 2014, 2014, 796869.
[CrossRef]

Zhang, M.; Qian, C.; Zheng, Z.G.; Qian, F; Wang, Y.; Thu, PM.; Zhang, X.; Zhou, Y.; Tu, L,; Liu, Q.; et al. Jujuboside A promotes
A clearance and ameliorates cognitive deficiency in Alzheimer’s disease through activating Axl/HSP90/PPARy pathway.
Theranostics 2018, 8, 4262-4278. [CrossRef]

Wan, H.L.; Zhang, B.G.; Chen, C; Liu, Q.; Li, T.; He, Y.; Xie, Y.; Yang, X.; Wang, ].Z.; Liu, G.P. Recombinant human erythropoietin
ameliorates cognitive dysfunction of APP/PS1 mice by attenuating neuron apoptosis via HSP90. Signal Transduct. Target Ther.
2022, 7, 149. [CrossRef]

Sato, S.; Li, K.; Sakurai, N.; Hashizume, M.; Baidya, S.; Nonaka, H.; Noguchi, K.; Ishikawa, K.; Obuse, C.; Takaoka, A. Regulation
of an adaptor protein STING by Hsp90 to enhance innate immune responses against microbial infections. Cell. Immunol. 2020,
356, 104188. [CrossRef]

Kim, S.H.; Ji, ].H,; Park, K.T,; Lee, ] H.; Kang, KW.; Park, ].H.; Hwang, SW.; Lee, E.H.; Cho, YJ.; Jeong, Y.Y.; et al. High-level
expression of Hsp90p is associated with poor survival in resectable non-small-cell lung cancer patients. Histopathology 2015, 67,
509-519. [CrossRef]

Meng, J.; Liu, Y;; Han, J.; Tan, Q.; Chen, S.; Qiao, K.; Zhou, H.; Sun, T.; Yang, C. Hsp90 promoted endothelial cell-dependent
tumor angiogenesis in hepatocellular carcinoma. Mol. Cancer 2017, 16, 72. [CrossRef]

Meng, J.; Chen, S.; Lei, Y.Y.,; Han, ].X.; Zhong, W.L.; Wang, X.R; Liu, Y.R.; Gao, W.F,; Zhang, Q.; Tan, Q.; et al. Hsp903 promotes
aggressive vasculogenic mimicry via epithelial-mesenchymal transition in hepatocellular carcinoma. Oncogene 2019, 38, 228-243.
[CrossRef]

Li, S,; Li, J.; Hu, T.; Zhang, C.; Lv, X,; He, S.; Yan, H.; Tan, Y.; Wen, M.; Lei, M.; et al. Bcl-2 overexpression contributes to laryngeal
carcinoma cell survival by forming a complex with Hsp903. Oncol. Rep. 2017, 37, 849-856. [CrossRef] [PubMed]

Correia, A.L.; Mori, H.; Chen, E.I; Schmitt, E.C.; Bissell, M.J. The hemopexin domain of MMP3 is responsible for mammary
epithelial invasion and morphogenesis through extracellular interaction with HSP903. Genes Dev. 2013, 27, 805-817. [CrossRef]
[PubMed]


http://doi.org/10.1371/journal.pone.0026044
http://doi.org/10.1016/j.cell.2014.05.039
http://doi.org/10.1242/dev.127.1.1
http://doi.org/10.1016/j.bbamcr.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21689689
http://doi.org/10.1111/acel.13003
http://www.ncbi.nlm.nih.gov/pubmed/31313490
http://doi.org/10.1007/s10522-018-9775-3
http://www.ncbi.nlm.nih.gov/pubmed/30259289
http://doi.org/10.1038/s41467-020-20760-6
http://www.ncbi.nlm.nih.gov/pubmed/33514709
http://doi.org/10.1242/dev.146845
http://www.ncbi.nlm.nih.gov/pubmed/28360131
http://doi.org/10.1002/hep.30405
http://doi.org/10.7150/thno.36505
http://doi.org/10.1074/jbc.M116.767277
http://doi.org/10.1016/j.bbrc.2007.12.179
http://doi.org/10.1016/j.neuron.2008.08.013
http://www.ncbi.nlm.nih.gov/pubmed/18940591
http://doi.org/10.1016/j.neuron.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27839998
http://doi.org/10.1155/2019/9560247
http://www.ncbi.nlm.nih.gov/pubmed/31885746
http://doi.org/10.1155/2014/796869
http://doi.org/10.7150/thno.26164
http://doi.org/10.1038/s41392-022-00998-w
http://doi.org/10.1016/j.cellimm.2020.104188
http://doi.org/10.1111/his.12675
http://doi.org/10.1186/s12943-017-0640-9
http://doi.org/10.1038/s41388-018-0428-4
http://doi.org/10.3892/or.2016.5295
http://www.ncbi.nlm.nih.gov/pubmed/27959448
http://doi.org/10.1101/gad.211383.112
http://www.ncbi.nlm.nih.gov/pubmed/23592797

Biomolecules 2022, 12, 1166 19 of 22

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Heck, A.L.; Mishra, S.; Prenzel, T.; Feulner, L.; Achhammer, E.; Sarchen, V.; Blagg, B.S.].; Schneider-Brachert, W.; Schutze, S.;
Fritsch, J. Selective HSP90f3 inhibition results in TNF and TRAIL mediated HIF1 o« degradation. Immunobiology 2021, 226, 152070.
[CrossRef] [PubMed]

Kurokawa, M.; Zhao, C.; Reya, T.; Kornbluth, S. Inhibition of apoptosome formation by suppression of Hsp90f phosphorylation
in tyrosine kinase-induced leukemias. Mol. Cell. Biol. 2008, 28, 5494-5506. [CrossRef]

Roundhill, E.; Turnbull, D.; Burchill, S. Localization of MRP-1 to the outer mitochondrial membrane by the chaperone protein
HSP90B. FASEB J. 2016, 30, 1712-1723. [CrossRef]

Suzuki, S.; Kulkarni, A.B. Extracellular heat shock protein Hsp90f3 secreted by MG63 osteosarcoma cells inhibits activation of
latent TGF-p1. Biochem. Biophys. Res. Commun. 2010, 398, 525-531. [CrossRef]

Sousa-Squiavinato, A.C.; Silvestre, R.N.; Elgui De Oliveira, D. Biology and oncogenicity of the Kaposi sarcoma herpesvirus K1
protein. Rev. Med. Virol. 2015, 25, 273-285. [CrossRef]

Peng, Y.J.; Huang, ].J.; Wu, H-H.; Hsieh, H.Y,; Wu, C.Y.; Chen, S.C.; Chen, TY.; Tang, C.Y. Regulation of CLC-1 chloride channel
biosynthesis by FKBP8 and Hsp90f3. Sci. Rep. 2016, 6, 32444. [CrossRef]

Kim, S.W.,; Hasanuzzaman, M.; Cho, M.; Heo, Y.R.;; Ryu, M.].; Ha, N.Y.; Park, H.J.; Park, H.Y.; Shin, J.G. Casein kinase 2
(CK2)-mediated phosphorylation of Hsp90f as a novel mechanism of rifampin-induced MDR1 expression. J. Biol. Chem. 2015,
290, 17029-17040. [CrossRef]

Liu, D.; Wu, A; Cui, L.; Hao, R.; Wang, Y.; He, J.; Guo, D. Hepatitis B virus polymerase suppresses NF-kB signaling by inhibiting
the activity of IKKs via interaction with Hsp903. PLoS ONE 2014, 9, €91658. [CrossRef]

Cha, B,; Lim, J.W.; Kim, K.H.; Kim, H. HSP90§3 interacts with Rac1 to activate NADPH oxidase in Helicobacter pylori-infected
gastric epithelial cells. Int. J. Biochem. Cell Biol. 2010, 42, 1455-1461. [CrossRef] [PubMed]

Asakawa, S.; Onodera, R.; Kasai, K.; Kishimoto, Y.; Sato, T.; Segawa, R.; Mizuno, N.; Ogasawara, K.; Moriya, T.; Hiratsuka,
M.; et al. Nickel ions bind to HSP90f and enhance HIF-1x-mediated IL-8 expression. Toxicology 2018, 395, 45-53. [CrossRef]
[PubMed]

Zuehlke, A.D.; Beebe, K.; Neckers, L.; Prince, T. Regulation and function of the human HSP90AA1 gene. Gene 2015, 570, 8-16.
[CrossRef]

Rzechorzek, N.M.; Thrippleton, M.].; Chappell, EM.; Mair, G.; Ercole, A.; Cabeleira, M.; CENTER-TBI High Resolution ICU (HR
ICU) Sub-Study Participants and Investigators; Rhodes, J.; Marshall, I.; O'Neill, ].S. A daily temperature rhythm in the human
brain predicts survival after brain injury. Brain 2022, 145, 2031-2048. [CrossRef]

Kajiwara, C.; Kondo, S.; Uda, S.; Dai, L.; Ichiyanagi, T.; Chiba, T.; Ishido, S.; Koji, T.; Udono, H. Spermatogenesis arrest caused by
conditional deletion of Hsp90« in adult mice. Biol. Open 2012, 1, 977-982. [CrossRef]

Ichiyanagi, T.; Ichiyanagi, K.; Ogawa, A.; Kuramochi-Miyagawa, S.; Nakano, T.; Chuma, S.; Sasaki, H.; Udono, H. HSP90«
plays an important role in piRNA biogenesis and retrotransposon repression in mouse. Nucleic Acids Res. 2014, 42, 11903-11911.
[CrossRef] [PubMed]

Tang, X.; Chang, C.; Hao, M.; Chen, M.; Woodley, D.T.; Schonthal, A.H.; Li, W. Heat shock protein-90« (Hsp90«) stabilizes
hypoxia-inducible factor-1oc (HIF-1ex) in support of spermatogenesis and tumorigenesis. Cancer Gene Ther. 2021, 28, 1058-1070.
[CrossRef] [PubMed]

Ueda, K; Xu, J.; Morimoto, H.; Kawabe, A.; Imaoka, S. MafG controls the hypoxic response of cells by accumulating HIF-1x in
the nuclei. FEBS Lett. 2008, 582, 2357-2364. [CrossRef] [PubMed]

Hogenesch, J.B.; Chan, WK_; Jackiw, V.H.; Brown, R.C.; Gu, Y.Z.; Pray-Grant, M.; Perdew, G.H.; Bradfield, C.A. Characterization
of a subset of the basic-helix-loop-helix-PAS superfamily that interacts with components of the dioxin signaling pathway. J. Biol.
Chem. 1997, 272, 8581-8593. [CrossRef]

Vos, ].J. A theory of retinal burns. Bull. Math. Biophys. 1962, 24, 115-128. [CrossRef]

Van Norren, D.; Vos, ].J. Light damage to the retina: An historical approach. Eye 2016, 30, 169-172. [CrossRef]

Mainster, M.A.; White, T.J.; Tips, ].H.; Wilson, PW. Retinal-temperature increases produced by intense light sources. . Opt. Soc.
Am. 1970, 60, 264-270. [CrossRef] [PubMed]

Peterson, L.B.; Eskew, ].D.; Vielhauer, G.A.; Blagg, B.S. The hERG channel is dependent upon the Hsp90« isoform for maturation
and trafficking. Mol. Pharm. 2012, 9, 1841-1846. [CrossRef] [PubMed]

Falsone, S.F.; Gesslbauer, B.; Tirk, F,; Piccinini, A.M.; Kungl, A.J. A proteomic snapshot of the human heat shock protein 90
interactome. FEBS Lett. 2005, 579, 6350-6354. [CrossRef] [PubMed]

Lees-Miller, S.P.; Anderson, C.W. The human double-stranded DNA-activated protein kinase phosphorylates the 90-kDa heat-
shock protein, hsp90«x at two NH2-terminal threonine residues. J. Biol. Chem. 1989, 264, 17275-17280. [CrossRef]

Quanz, M.; Herbette, A.; Sayarath, M.; de Koning, L.; Dubois, T.; Sun, J.S.; Dutreix, M. Heat shock protein 90« (Hsp90«) is
phosphorylated in response to DNA damage and accumulates in repair foci. J. Biol. Chem. 2012, 287, 8803-8815. [CrossRef]
Solier, S.; Kohn, K.W.; Scroggins, B.; Xu, W.; Trepel, J.; Neckers, L.; Pommier, Y. Heat shock protein 90« (Hsp90«), a substrate and
chaperone of DNA-PK necessary for the apoptotic response. Proc. Natl. Acad. Sci. USA 2012, 109, 12866-12872. [CrossRef]
Pennisi, R.; Antoccia, A.; Leone, S.; Ascenzi, P.; di Masi, A. Hsp90« regulates ATM and NBN functions in sensing and repair of
DNA double-strand breaks. FEBS J. 2017, 284, 2378-2395. [CrossRef]

Lei, W.; Duron, D.I; Stine, C.; Mishra, S.; Blagg, B.S.J.; Streicher, ] M. The alpha isoform of heat shock protein 90 and the
co-chaperones p23 and Cdc37 promote opioid anti-nociception in the brain. Front. Mol. Neurosci. 2019, 12, 294. [CrossRef]


http://doi.org/10.1016/j.imbio.2021.152070
http://www.ncbi.nlm.nih.gov/pubmed/33639524
http://doi.org/10.1128/MCB.00265-08
http://doi.org/10.1096/fj.15-283408
http://doi.org/10.1016/j.bbrc.2010.06.112
http://doi.org/10.1002/rmv.1843
http://doi.org/10.1038/srep32444
http://doi.org/10.1074/jbc.M114.624106
http://doi.org/10.1371/journal.pone.0091658
http://doi.org/10.1016/j.biocel.2010.04.015
http://www.ncbi.nlm.nih.gov/pubmed/20451655
http://doi.org/10.1016/j.tox.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29355601
http://doi.org/10.1016/j.gene.2015.06.018
http://doi.org/10.1093/brain/awab466
http://doi.org/10.1242/bio.2012646
http://doi.org/10.1093/nar/gku881
http://www.ncbi.nlm.nih.gov/pubmed/25262350
http://doi.org/10.1038/s41417-021-00316-6
http://www.ncbi.nlm.nih.gov/pubmed/33664459
http://doi.org/10.1016/j.febslet.2008.05.040
http://www.ncbi.nlm.nih.gov/pubmed/18538669
http://doi.org/10.1074/jbc.272.13.8581
http://doi.org/10.1007/BF02477421
http://doi.org/10.1038/eye.2015.218
http://doi.org/10.1364/JOSA.60.000264
http://www.ncbi.nlm.nih.gov/pubmed/5416049
http://doi.org/10.1021/mp300138n
http://www.ncbi.nlm.nih.gov/pubmed/22554505
http://doi.org/10.1016/j.febslet.2005.10.020
http://www.ncbi.nlm.nih.gov/pubmed/16263121
http://doi.org/10.1016/S0021-9258(18)71488-9
http://doi.org/10.1074/jbc.M111.320887
http://doi.org/10.1073/pnas.1203617109
http://doi.org/10.1111/febs.14145
http://doi.org/10.3389/fnmol.2019.00294

Biomolecules 2022, 12, 1166 20 of 22

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Lei, W.; Mullen, N.; McCarthy, S.; Brann, C.; Richard, P.; Cormier, J.; Edwards, K.; Bilsky, E.J.; Streicher, ]. M. Heat-shock protein 90
(Hsp90) promotes opioid-induced anti-nociception by an ERK mitogen-activated protein kinase (MAPK) mechanism in mouse
brain. J. Biol. Chem. 2017, 292, 10414-10428. [CrossRef]

Zhang, Y.; Zhou, P.; Wang, Z.; Chen, M,; Fu, E; Su, R. Hsp90 positively regulates p-opioid receptor function. Life Sci. 2020, 252,
117676. [CrossRef]

Eustace, B.K.; Sakurai, T.; Stewart, ] K.; Yimlamai, D.; Unger, C.; Zehetmeier, C.; Lain, B.; Torella, C.; Henning, S.W.; Beste, G.; et al.
Functional proteomic screens reveal an essential extracellular role for Hsp90« in cancer cell invasiveness. Nat. Cell Biol. 2004, 6,
507-514. [CrossRef]

Tsutsumi, S.; Neckers, L. Extracellular heat shock protein 90: A role for a molecular chaperone in cell motility and cancer
metastasis. Cancer Sci. 2007, 98, 1536-1539. [CrossRef] [PubMed]

Li, W.; Sahu, D.; Tsen, F. Secreted heat shock protein-90 (Hsp90) in wound healing and cancer. Biochim. Biophys. Acta 2012, 1823,
730-741. [CrossRef] [PubMed]

Li, W,; Li, Y.; Guan, S.; Fan, ].; Cheng, C.E,; Bright, A.M.; Chinn, C.; Chen, M.; Woodley, D.T. Extracellular heat shock protein-90c:
Linking hypoxia to skin cell motility and wound healing. EMBO ]. 2007, 26, 1221-1233. [CrossRef]

Bhatia, A.; O’Brien, K.; Guo, J.; Lincoln, V.; Kajiwara, C.; Chen, M.; Woodley, D.T.; Udono, H.; Li, W. Extracellular and non-
chaperone function of heat shock protein-90« is required for skin wound healing. J. Investig. Dermatol. 2018, 138, 423-433.
[CrossRef] [PubMed]

Guo, J.; Chang, C.; Li, W. The role of secreted heat shock protein-90 (Hsp90) in wound healing—how could it shape future
therapeutics? Expert Rev. Proteomics 2017, 14, 665-675. [CrossRef] [PubMed]

Cheng, C.F; Sahu, D.; Tsen, F.; Zhao, Z.; Fan, J.; Kim, R.; Wang, X.; O’Brien, K.; Li, Y.; Kuang, Y.; et al. A fragment of secreted
Hsp90« carries properties that enable it to accelerate effectively both acute and diabetic wound healing in mice. J. Clin. Investig.
2011, 121, 4348-4361. [CrossRef] [PubMed]

Woodley, D.T.; Fan, J.; Cheng, C.E; Li, Y.; Chen, M.; Bu, G.; Li, W. Participation of the lipoprotein receptor LRP1 in hypoxia-HSP90o
autocrine signaling to promote keratinocyte migration. J. Cell Sci. 2009, 122, 1495-1498. [CrossRef] [PubMed]

Mishra, S.J.; Khandelwal, A.; Banerjee, M.; Balch, M.; Peng, S.; Davis, R.E.; Merfeld, T.; Munthali, V.; Deng, J.; Matts, R.L.; et al.
Selective inhibition of the Hsp90« isoform. Angew. Chem. Int. Ed. 2021, 60, 10547-10551. [CrossRef]

Muz, B.; de la Puente, P.; Azab, F.; Azab, A K. The role of hypoxia in cancer progression, angiogenesis, metastasis, and resistance
to therapy. Hypoxia 2015, 3, 83-92. [CrossRef]

Chen, M; Xie, S. Therapeutic targeting of cellular stress responses in cancer. Thorac. Cancer 2018, 9, 1575-1582. [CrossRef]
Vartholomaiou, E.; Madon-Simon, M.; Hagmann, S.; Muhlebach, G.; Wurst, W.; Floss, T.; Picard, D. Cytosolic Hsp90« and its
mitochondrial isoform Trap1 are differentially required in a breast cancer model. Oncotarget 2017, 8, 17428-17442. [CrossRef]
Teng, S.C.; Chen, Y.Y,; Su, Y.N.; Chou, P.C.; Chiang, Y.C.; Tseng, S.F; Wu, K.J. Direct activation of HSP90A transcription by c-Myc
contributes to c-Myc-induced transformation. J. Biol. Chem. 2004, 279, 14649-14655. [CrossRef] [PubMed]

Perotti, C.; Liu, R.; Parusel, C.T.; Bocher, N.; Schultz, J.; Bork, P.; Pfitzner, E.; Groner, B.; Shemanko, C.S. Heat shock protein-90«, a
prolactin-STATS target gene identified in breast cancer cells, is involved in apoptosis regulation. Breast Cancer Res. 2008, 10, R94.
[CrossRef] [PubMed]

Broemer, M.; Krappmann, D.; Scheidereit, C. Requirement of hsp90 activity for IkB kinase (IKK) biosynthesis and for constitutive
and inducible IKK and NF-«kB activation. Oncogene 2004, 23, 5378-5386. [CrossRef] [PubMed]

Karin, M.; Greten, ER. NF-kB: Linking inflammation and immunity to cancer development and progression. Nat. Rev. Immunol.
2005, 5, 749-759. [CrossRef] [PubMed]

Ammirante, M.; Rosati, A.; Gentilella, A.; Festa, M.; Petrella, A.; Marzullo, L.; Pascale, M.; Belisario, M.A.; Leone, A.; Turco, M.C.
The activity of hsp90x promoter is regulated by NF-«B transcription factors. Oncogene 2008, 27, 1175-1178. [CrossRef]

Elzakra, N.; Cui, L.; Liu, T.; Li, H.; Huang, J.; Hu, S. Mass spectrometric analysis of SOX11-binding proteins in head and neck
cancer cells demonstrates the interaction of SOX11 and HSP90w. J. Proteome Res. 2017, 16, 3961-3968. [CrossRef]

Moriya, C.; Taniguchi, H.; Nagatoishi, S.; Igarashi, H.; Tsumoto, K.; Imai, K. PRDM14 directly interacts with heat shock proteins
HSP90«x and glucose-regulated protein 78. Cancer Sci. 2018, 109, 373-383. [CrossRef] [PubMed]

Tian, Y.; Wang, C.; Chen, S.; Liu, J.; Fu, Y.; Luo, Y. Extracellular Hsp90x and clusterin synergistically promote breast cancer
epithelial-to-mesenchymal transition and metastasis via LRP1. ]. Cell Sci. 2019, 132, jcs228213. [CrossRef] [PubMed]

Sahu, D.; Zhao, Z.; Tsen, E; Cheng, C.E; Park, R.; Situ, A.J.; Dai, J.; Eginli, A.; Shams, S.; Chen, M.; et al. A potentially common
peptide target in secreted heat shock protein-90« for hypoxia-inducible factor-1x-positive tumors. Mol. Biol. Cell 2012, 23, 602-613.
[CrossRef] [PubMed]

Song, X.; Luo, Y. The regulatory mechanism of Hsp90« secretion from endothelial cells and its role in angiogenesis during wound
healing. Biochem. Biophys. Res. Commun. 2010, 398, 111-117. [CrossRef] [PubMed]

McCready, J.; Sims, ].D.; Chan, D.; Jay, D.G. Secretion of extracellular Hsp90«x via exosomes increases cancer cell motility: A role
for plasminogen activation. BMIC Cancer 2010, 10, 294. [CrossRef]

Wang, X.; Song, X.; Zhuo, W.; Fu, Y.; Shi, H.; Liang, Y.; Tong, M.; Chang, G.; Luo, Y. The regulatory mechanism of Hsp90«x
secretion and its function in tumor malignancy. Proc. Natl. Acad. Sci. USA 2009, 106, 21288-21293. [CrossRef]


http://doi.org/10.1074/jbc.M116.769489
http://doi.org/10.1016/j.lfs.2020.117676
http://doi.org/10.1038/ncb1131
http://doi.org/10.1111/j.1349-7006.2007.00561.x
http://www.ncbi.nlm.nih.gov/pubmed/17645779
http://doi.org/10.1016/j.bbamcr.2011.09.009
http://www.ncbi.nlm.nih.gov/pubmed/21982864
http://doi.org/10.1038/sj.emboj.7601579
http://doi.org/10.1016/j.jid.2017.08.043
http://www.ncbi.nlm.nih.gov/pubmed/28942361
http://doi.org/10.1080/14789450.2017.1355244
http://www.ncbi.nlm.nih.gov/pubmed/28715921
http://doi.org/10.1172/JCI46475
http://www.ncbi.nlm.nih.gov/pubmed/22019588
http://doi.org/10.1242/jcs.047894
http://www.ncbi.nlm.nih.gov/pubmed/19383717
http://doi.org/10.1002/anie.202015422
http://doi.org/10.2147/HP.S93413
http://doi.org/10.1111/1759-7714.12890
http://doi.org/10.18632/oncotarget.15659
http://doi.org/10.1074/jbc.M308842200
http://www.ncbi.nlm.nih.gov/pubmed/14724288
http://doi.org/10.1186/bcr2193
http://www.ncbi.nlm.nih.gov/pubmed/19014541
http://doi.org/10.1038/sj.onc.1207705
http://www.ncbi.nlm.nih.gov/pubmed/15077173
http://doi.org/10.1038/nri1703
http://www.ncbi.nlm.nih.gov/pubmed/16175180
http://doi.org/10.1038/sj.onc.1210716
http://doi.org/10.1021/acs.jproteome.7b00247
http://doi.org/10.1111/cas.13458
http://www.ncbi.nlm.nih.gov/pubmed/29178343
http://doi.org/10.1242/jcs.228213
http://www.ncbi.nlm.nih.gov/pubmed/31273033
http://doi.org/10.1091/mbc.e11-06-0575
http://www.ncbi.nlm.nih.gov/pubmed/22190738
http://doi.org/10.1016/j.bbrc.2010.06.046
http://www.ncbi.nlm.nih.gov/pubmed/20558142
http://doi.org/10.1186/1471-2407-10-294
http://doi.org/10.1073/pnas.0908151106

Biomolecules 2022, 12, 1166 21 of 22

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Tang, X.; Chang, C.; Guo, J.; Lincoln, V,; Liang, C.; Chen, M.; Woodley, D.T.; Li, W. Tumour-secreted Hsp90x on external surface
of exosomes mediates tumour—Stromal cell communication via autocrine and paracrine mechanisms. Sci. Rep. 2019, 9, 15108.
[CrossRef] [PubMed]

Picard, D. Hsp90 invades the outside. Nat. Cell Biol. 2004, 6, 479-480. [CrossRef]

Yang, J.; Song, X.; Chen, Y.; Lu, X.A.; Fu, Y.; Luo, Y. PLCy1-PKCy signaling-mediated Hsp90« plasma membrane translocation
facilitates tumor metastasis. Traffic 2014, 15, 861-878. [CrossRef]

Zhang, S.; Wang, C.; Ma, B.; Xu, M.; Xu, S.; Liu, J.; Tian, Y.; Fu, Y.; Luo, Y. Mutant p53 drives cancer metastasis via RCP-mediated
Hsp90« secretion. Cell Rep. 2020, 32, 107879. [CrossRef]

Yang, Y.; Rao, R.; Shen, J.; Tang, Y.; Fiskus, W.; Nechtman, J.; Atadja, P; Bhalla, K. Role of acetylation and extracellular location of
heat shock protein 90« in tumor cell invasion. Cancer Res. 2008, 68, 4833-4842. [CrossRef]

Rybarczyk, P.; Vanlaeys, A.; Brassart, B.; Dhennin-Duthille, I.; Chatelain, D.; Sevestre, H.; Ouadid-Ahidouch, H.; Gautier, M. The
transient receptor potential melastatin 7 channel regulates pancreatic cancer cell invasion through the Hsp90«x/uPA /MMP2
pathway. Neoplasia 2017, 19, 288-300. [CrossRef]

Taiyab, A.; Rao Ch, M. HSP90 modulates actin dynamics: Inhibition of HSP90 leads to decreased cell motility and impairs
invasion. Biochim. Biophys. Acta 2011, 1813, 213-221. [CrossRef] [PubMed]

Hartmann, S.; Gunther, N.; Biehl, M.; Katzer, A.; Kuger, S.; Worschech, E.; Sukhorukov, V.L.; Krohne, G.; Zimmermann, H.; Flentje,
M.; et al. Hsp90 inhibition by NVP-AUY922 and NVP-BEP800 decreases migration and invasion of irradiated normoxic and
hypoxic tumor cell lines. Cancer Lett. 2013, 331, 200-210. [CrossRef] [PubMed]

Wei, W,; Liu, M.; Ning, S.; Wei, J.; Zhong, ].; Li, ].; Cai, Z.; Zhang, L. Diagnostic value of plasma HSP90« levels for detection of
hepatocellular carcinoma. BMC Cancer 2020, 20, 6. [CrossRef] [PubMed]

Hou, Q.; Chen, S.; An, Q.; Li, B.; Fu, Y.; Luo, Y. Extracellular Hsp90«x promotes tumor lymphangiogenesis and lymph node
metastasis in breast cancer. Int. . Mol. Sci. 2021, 22, 7747. [CrossRef] [PubMed]

Dong, H.; Zou, M.; Bhatia, A.; Jayaprakash, P.; Hofman, F; Ying, Q.; Chen, M.; Woodley, D.T.; Li, W. Breast cancer MDA-MB-231
cells use secreted heat shock protein-90c (Hsp90«x) to survive a hostile hypoxic environment. Sci. Rep. 2016, 6, 20605. [CrossRef]
Chen, W.S.; Chen, C.C.; Chen, L.L,; Lee, C.C.; Huang, T.S. Secreted heat shock protein 90« (HSP90«) induces nuclear factor-
kappaB-mediated TCF12 protein expression to down-regulate E-cadherin and to enhance colorectal cancer cell migration and
invasion. J. Biol. Chem. 2013, 288, 9001-9010. [CrossRef]

Bonniaud, P.; Burgy, O.; Garrido, C. Heat shock protein-90 toward theranostics: A breath of fresh air in idiopathic pulmonary
fibrosis. Eur. Respir. ]. 2018, 51, 1702612. [CrossRef]

Bellaye, PS.; Shimbori, C.; Yanagihara, T.; Carlson, D.A.; Hughes, P; Upagupta, C.; Sato, S.; Wheildon, N.; Haystead, T.; Ask, K.;
et al. Synergistic role of HSP90o and HSP903 to promote myofibroblast persistence in lung fibrosis. Eur. Respir. |. 2018, 51, 1700386.
[CrossRef]

Hacker, S.; Lambers, C.; Hoetzenecker, K.; Pollreisz, A.; Aigner, C.; Lichtenauer, M.; Mangold, A.; Niederpold, T.; Zimmermann,
M.; Taghavi, S.; et al. Elevated HSP27, HSP70 and HSP90« in chronic obstructive pulmonary disease: Markers for immune
activation and tissue destruction. Clin. Lab. 2009, 55, 31-40.

Ye, C.; Huang, C.; Zou, M,; Hu, Y,; Luo, L.; Wei, Y.; Wan, X.; Zhao, H.; Li, W,; Cai, S.; et al. The role of secreted Hsp90« in
HDM-induced asthmatic airway epithelial barrier dysfunction. BMC Pulm. Med. 2019, 19, 218. [CrossRef]

Wang, Y,; Wang, R; Li, E; Wang, Y.; Zhang, Z.; Wang, Q.; Ren, Z,; Jin, F; Kitazato, K.; Wang, Y. Heat-shock protein 90« is involved in
maintaining the stability of VP16 and VP16-mediated transactivation of « genes from herpes simplex virus-1. Mol. Med. 2018, 24, 65.
[CrossRef] [PubMed]

Gao, Y;; Yechikov, S.; Vazquez, A.E.; Chen, D.; Nie, L. Impaired surface expression and conductance of the KCNQ4 channel lead
to sensorineural hearing loss. J. Cell. Mol. Med. 2013, 17, 889-900. [CrossRef]

Gao, Y.; Yechikov, S.; Vazquez, A.E.; Chen, D.; Nie, L. Distinct roles of molecular chaperones HSP90x and HSP90p in the
biogenesis of KCNQ4 channels. PLoS ONE 2013, 8, €57282. [CrossRef] [PubMed]

Lei, H.; Romeo, G.; Kazlauskas, A. Heat shock protein 90x-dependent translocation of annexin II to the surface of endothelial
cells modulates plasmin activity in the diabetic rat aorta. Circ. Res. 2004, 94, 902-909. [CrossRef] [PubMed]

Lei, H.; Venkatakrishnan, A.; Yu, S.; Kazlauskas, A. Protein kinase A-dependent translocation of Hsp90« impairs endothelial
nitric-oxide synthase activity in high glucose and diabetes. J. Biol. Chem. 2007, 282, 9364-9371. [CrossRef]

Lin, K.Y,; Tto, A.; Asagami, T.; Tsao, P.S.; Adimoolam, S.; Kimoto, M.; Tsuji, H.; Reaven, G.M.; Cooke, J.P. Impaired nitric oxide
synthase pathway in diabetes mellitus: Role of asymmetric dimethylarginine and dimethylarginine dimethylaminohydrolase.
Circulation 2002, 106, 987-992. [CrossRef]

Ding, X.; Meng, C.; Dong, H.; Zhang, S.; Zhou, H.; Tan, W.; Huang, L.; He, A; Li, ].; Huang, ].; et al. Extracellular Hsp90«, which
participates in vascular inflammation, is a novel serum predictor of atherosclerosis in type 2 diabetes. BM] Open Diabetes Res. Care
2022, 10, e002579. [CrossRef]

Barrera-Chimal, J.; Perez-Villalva, R.; Ortega, J.A.; Uribe, N.; Gamba, G.; Cortes-Gonzalez, C.; Bobadilla, N.A. Intra-renal
transfection of heat shock protein 90 alpha or beta (Hsp90o or Hsp90p) protects against ischemia/reperfusion injury. Nephrol.
Dial. Transplant. 2014, 29, 301-312. [CrossRef]

Maehana, T; Tanaka, T.; Kitamura, H.; Fukuzawa, N.; Ishida, H.; Harada, H.; Tanabe, K.; Masumori, N. Heat shock protein 90« is
a potential serological biomarker of acute rejection after renal transplantation. PLoS ONE 2016, 11, e0162942. [CrossRef]


http://doi.org/10.1038/s41598-019-51704-w
http://www.ncbi.nlm.nih.gov/pubmed/31641193
http://doi.org/10.1038/ncb0604-479
http://doi.org/10.1111/tra.12179
http://doi.org/10.1016/j.celrep.2020.107879
http://doi.org/10.1158/0008-5472.CAN-08-0644
http://doi.org/10.1016/j.neo.2017.01.004
http://doi.org/10.1016/j.bbamcr.2010.09.012
http://www.ncbi.nlm.nih.gov/pubmed/20883729
http://doi.org/10.1016/j.canlet.2012.12.027
http://www.ncbi.nlm.nih.gov/pubmed/23340178
http://doi.org/10.1186/s12885-019-6489-0
http://www.ncbi.nlm.nih.gov/pubmed/31898536
http://doi.org/10.3390/ijms22147747
http://www.ncbi.nlm.nih.gov/pubmed/34299365
http://doi.org/10.1038/srep20605
http://doi.org/10.1074/jbc.M112.437897
http://doi.org/10.1183/13993003.02612-2017
http://doi.org/10.1183/13993003.00386-2017
http://doi.org/10.1186/s12890-019-0938-z
http://doi.org/10.1186/s10020-018-0066-x
http://www.ncbi.nlm.nih.gov/pubmed/30577726
http://doi.org/10.1111/jcmm.12080
http://doi.org/10.1371/journal.pone.0057282
http://www.ncbi.nlm.nih.gov/pubmed/23431407
http://doi.org/10.1161/01.RES.0000124979.46214.E3
http://www.ncbi.nlm.nih.gov/pubmed/15001530
http://doi.org/10.1074/jbc.M608985200
http://doi.org/10.1161/01.CIR.0000027109.14149.67
http://doi.org/10.1136/bmjdrc-2021-002579
http://doi.org/10.1093/ndt/gft415
http://doi.org/10.1371/journal.pone.0162942

Biomolecules 2022, 12, 1166 22 of 22

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Xie, Y.; Chen, L,; Xu, Z.; Li, C.;; Ni, Y.; Hou, M,; Chen, L.; Chang, H.; Yang, Y.; Wang, H.; et al. Predictive modeling of MAFLD
based on Hsp90«x and the therapeutic application of teprenone in a diet-induced mouse model. Front. Endocrinol. 2021, 12, 743202.
[CrossRef]

Yu, J.; Zhang, C.; Song, C. Pan- and isoform-specific inhibition of Hsp90: Design strategy and recent advances. Eur. |. Med. Chem.
2022, 238, 114516. [CrossRef]

Trepel, ].; Mollapour, M.; Giaccone, G.; Neckers, L. Targeting the dynamic HSP90 complex in cancer. Nat. Rev. Cancer 2010, 10,
537-549. [CrossRef] [PubMed]

Khandelwal, A.; Kent, C.N.; Balch, M.; Peng, S.; Mishra, S.J.; Deng, J.; Day, VW.; Liu, W.; Subramanian, C.; Cohen, M.; et al.
Structure-guided design of an Hsp90f N-terminal isoform-selective inhibitor. Nat. Commun. 2018, 9, 425. [CrossRef] [PubMed]
Shao, L.D.; Su, J,; Ye, B,; Liu, J.X.; Zuo, Z.L.; Li, Y.; Wang, Y.Y.; Xia, C.; Zhao, Q.S. Design, synthesis, and biological activities of
vibsanin B derivatives: A new class of HSP90 C-terminal inhibitors. J. Med. Chem. 2017, 60, 9053-9066. [CrossRef] [PubMed]
Dong, H.; Luo, L.; Zou, M.; Huang, C.; Wan, X.; Hu, Y.; Le, Y,; Zhao, H.; Li, W.; Zou, F; et al. Blockade of extracellular heat shock
protein 90« by 1G6-D7 attenuates pulmonary fibrosis through inhibiting ERK signaling. Am. J. Physiol. Lung Cell. Mol. Physiol.
2017, 313, L1006-L1015. [CrossRef]

Hughes, P.F; Barrott, J.J.; Carlson, D.A.; Loiselle, D.R.; Speer, B.L.; Bodoor, K.; Rund, L.A.; Haystead, T.A. A highly selective
Hsp90 affinity chromatography resin with a cleavable linker. Bioorg. Med. Chem. 2012, 20, 3298-3305. [CrossRef]

Crowe, L.B.; Hughes, PF; Alcorta, D.A.; Osada, T.; Smith, A P.; Totzke, J.; Loiselle, D.R.; Lutz, I.D.; Gargesha, M.; Roy, D.; et al. A
fluorescent Hsp90 probe demonstrates the unique association between extracellular Hsp90 and malignancy in vivo. ACS Chem.
Biol. 2017, 12, 1047-1055. [CrossRef]

Liu, W.; Vielhauer, G.A.; Holzbeierlein, ].M.; Zhao, H.; Ghosh, S.; Brown, D.; Lee, E.; Blagg, B.S. KU675, a concomitant heat-shock
protein inhibitor of Hsp90 and Hsc70 that manifests isoform selectivity for Hsp90«x in prostate cancer cells. Mol. Pharmacol. 2015,
88, 121-130. [CrossRef]

Massey, A.J.; Schoepfer, J.; Brough, P.A.; Brueggen, J.; Chene, P.; Drysdale, M.].; Pfaar, U.; Radimerski, T.; Ruetz, S.; Schweitzer, A;
et al. Preclinical antitumor activity of the orally available heat shock protein 90 inhibitor NVP-BEP800. Mol. Cancer Ther. 2010, 9,
906-919. [CrossRef]


http://doi.org/10.3389/fendo.2021.743202
http://doi.org/10.1016/j.ejmech.2022.114516
http://doi.org/10.1038/nrc2887
http://www.ncbi.nlm.nih.gov/pubmed/20651736
http://doi.org/10.1038/s41467-017-02013-1
http://www.ncbi.nlm.nih.gov/pubmed/29382832
http://doi.org/10.1021/acs.jmedchem.7b01395
http://www.ncbi.nlm.nih.gov/pubmed/29019670
http://doi.org/10.1152/ajplung.00489.2016
http://doi.org/10.1016/j.bmc.2012.03.043
http://doi.org/10.1021/acschembio.7b00006
http://doi.org/10.1124/mol.114.097303
http://doi.org/10.1158/1535-7163.MCT-10-0055

	Introduction 
	Hsp90 Homologs and Paralogs 
	Cytosolic Hsp90 
	Tissue-Specific Expression 
	Isoform-Specific Co-Chaperones 
	Isoform-Specific Post-Translational Modifications 
	Evolutionary Divergence in Gene Expression 
	Functional Specificities of the Two Isoforms 
	Hsp90-Specific Functions 
	Targeting Hsp90 in Different Diseases 
	Hsp90-Specific Functions 
	The Clinical Relevance of Targeting Hsp90 

	Future Perspectives and Conclusions 
	References

