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Abstract

The 90-kDa heat shock protein (Hsp90) is a molecular chaperone that ensures cellular proteostasis
by maintaining the folding, stabilization, activation, and degradation of over 400 client proteins.
Hsp90 is not only critical for routine protein maintenance in healthy cells, but also during states of
cellular stress, such as cancer and neurodegenerative diseases. Due to its ability to affect
phosphorylation of numerous client proteins, inhibition of Hsp90 has been an attractive anticancer
approach since the early 1990’s, when researchers identified a druggable target on the amino
terminus of Hsp90 for a variety of cancers. Since then, 17 Hsp90 inhibitors that target the
chaperone’s N-terminal domain, have entered clinical trials. None, however, have been approved
thus far by the FDA as a cancer monotherapy. In these trials, a major limitation observed with
Hsp90 inhibition at the N-terminal domain was dose-limiting toxicities and relatively poor
pharmacokinetic profiles. Despite this, preclinical and clinical research continues to show that
Hsp90 inhibitors effectively target cancer cell death and decrease tumor progression supporting the
rationale for the development of novel Hsp90 inhibitors. Here, we present an in-depth overview of
the Hsp90 inhibitors used in clinical trials. Finally, we present current shifts in the field related to
targeting the carboxy-terminal domain of Hsp90 as well as to the development of isoform-selective
inhibitors as a means to bypass the pitfalls of current Hsp90 inhibitors and improve clinical trial
outcomes.
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INTRODUCTION

A vital characteristic of all eukaryotic cells is the requirement for proper molecular
chaperone function. These chaperone proteins serve as part of a cell’s “quality control
system” to ensure proteostasis. Specifically, chaperones maintain the folding, stability,
activation, and degradation of intracellular proteins, ultimately contributing to overall
cellular homeostasis [1]. Proteins that depend upon and/or interact with these molecular
chaperones are called clients. Chaperone function is not only important for routine client
maintenance, but also in response to cellular stress. In certain disease states, like cancer and
neurodegenerative diseases, proteins are often misfolded, leading to aggregation, which
increases the cellular dependence upon chaperone function [2]. In light of this, there is a
significant amount of interest to design and develop novel therapeutics that target molecular
chaperones, specifically the heat shock protein (Hsp) family.

The Hsp family of molecular chaperones was first observed in Drosophila melanogaster by
Ritossa in the early 1960s as a result of a heat-induced change to chromosome appearance
[3]. In the D. melanogaster cells, certain regions of chromosomes gained “puff sites” where
there was an increase of RNA synthesis and subsequent changes to the pattern of protein
expression [4-6]. Interestingly, a small subset of these proteins accounted for the majority of
proteins with increased expression and was accordingly named heat shock proteins [7].
Since their discovery and characterization, expression levels of these chaperones are not
only increased in response to heat, but other environmental stressors as well, such as
inflammation, hypoxia, infection, and/or nutrient deprivation. This increase in Hsp
expression is the result of the heat shock response (HSR) that is mediated by the
transcription factor heat shock factor-1 (HSF-1) binding to its transcriptional element, the
heat shock element (HSE) [8]. The Hsp family consists of a multitude of chaperones named
according to molecular weight. In regard to novel therapeutic agents, inhibitors that disrupt
the 90-kDa Hsp (Hsp90) function are at the forefront of development and exhibit high
potential for clinical use in humans and more specifically, the treatment of cancer.

Hsp90 accounts for 1-2% of total protein concentration in unstressed cells, whereas
chaperone expression levels increase to ~4—-6% in response to cellular stress as a means to
handle the increased demand for client protein stabilization [1, 9]. Regardless of cellular
state, Hsp90 clientele includes a variety of proteins involved in several cellular processes and
pathways, such as protein kinases, cell cycle regulators, transcription factors, and steroid
hormone receptors, to name a few [10]. Interestingly, in the stressed state, which is common
to malignancies, Hsp90 serves as a chaperone to numerous proteins that maintain the ten
hallmarks of cancer [11, 12]. Taken together, these points highlight the opportunity that
Hsp90 chaperone inhibition simultaneously targets multiple oncogenic pathways and
proteins.

In the early 1990s, Whitesell and colleagues demonstrated Hsp90’s crucial role in oncogenic
transformation by serendipitously inhibiting chaperone function with a benzoquinone
ansamycin, geldanamycin (GDA), which initiated the concept of chaperone inhibition [13].
Prior to this finding, it was mechanistically unclear how oncogenic gene products, like
tyrosine kinases and more specifically v-src, promoted the transformation of healthy cells
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into malignant ones [14]. GDA was presumed to be a tyrosine kinase inhibitor until
Whitesell and colleagues showed that it bound to Hsp90 in a stable and specific manner.
This binding not only disrupted the formation of the Hsp90-src heteroprotein complex, but it
also inhibited transformation, highlighting the dependence of the cell on Hsp90 during
oncogenesis [15]. Since this pivotal finding, Hsp90’s function and role in oncogenesis have
been more well-defined, leading to the development of several compounds that target and
inhibit the chaperone. Of these inhibitors, a handful have entered clinical trials for the
treatment of cancer, but none yet have been approved for use as anti-neoplastic agents [16].

Although the need for Hsp90’s function has mostly been recognized in cancer, the molecular
chaperone also plays an integral role in the pathogenesis of neurodegenerative diseases
characterized by protein aggregation, such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD) [17]. Interestingly, the proteins most implicated in protein aggregation in AD
and PD are Hsp90 clients — p-amyloid (Ap) peptide and tau and a-synuclein, respectively.
For example, two hallmark indicators of AD are extracellular plaque deposits of Ap and
hyperphosphorylated tau [17, 18]. In PD, a-synuclein is recognized as a genetic and
pathological link to disease progression. More specifically, this protein is found deposited in
Lewy bodies which are abnormal aggregates formed in presynaptic nerve terminals [19, 20].
Unlike malignancies, where inhibition of Hsp90’s function is ideal for treatment, it has been
suggested that neurodegenerative diseases would benefit most from the upregulation of
chaperone function to increase its cytoprotective role and ultimately decrease protein
aggregation [17]. While the development of Hsp90 treatments for AD and PD is warranted,
we will focus the remainder of our insights on Hsp90 therapeutic approaches in the context
of malignancies.

Here, we provide a comprehensive, up-to-date evaluation of the Hsp90 inhibitors that have
entered clinical trials, specifically in malignancies, as well as some observations as to why
they have not yet achieved FDA approval. From these observations in trials, researchers have
now shifted to alternative approaches to Hsp90 inhibition, including targeting the carboxy
terminal domain as well as characterizing and developing isoform-specific Hsp90 inhibitors
that can then be selectively targeted in certain disease states.

2. HSP90 FAMILY OF PROTEINS

The mammalian Hsp90 family of proteins is highly conserved and includes four members or
isoforms. These proteins are indirectly involved in several cellular processes and found in
distinct cellular compartments. In addition to Hsp90’s function as a molecular chaperone, it
serves an essential role in overall cellular homeostasis [10, 21, 22]. The majority of Hsp90
isoforms are located in the cytoplasm and in the HSP90A subfamily, which includes
inducible Hsp90a and constitutively expressed Hsp90p isoforms. Also, there are the
HSP90B and TRAP subfamilies that include the Grp94 isoform in the endoplasmic
reticulum and TRAP1 isoform in the mitochondria, respectively [22]. The three Hsp90
subfamilies, their five gene products, and respective cellular locations are listed in Table 1.
Despite occupying different cellular compartments, all isoforms share a very similar
sequence and structural homology, which are important to understand in order to better
evaluate and critique the challenges of current Hsp90 inhibitors.
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The family of molecular chaperones is biologically active as homodimers with each
monomer made up of three structurally and functionally distinct domains: N-terminal,
middle, and C-terminal domains (Fig. 1) [21]. The N-terminal domain (NTD) is the site for
nucleotide binding and ATPase activity [23]. The middle domain (MD) also plays an
important role in the hydrolysis of ATP to ADP — namely, the Arg380 residue, which is part
of the catalytic loop for hydrolysis [24]. The NTD and MD are connected or tethered to each
other via a charged linker region. Lastly, the C-terminal domain (CTD) is the site for protein
dimerization and additional ATP binding [25]. The CTD contains a tetratricopeptide repeat
(TPR) motif that increases binding specificity for its substrates, especially co-chaperones
with similar TPR-motifs. All three regions have been reported to bind clients and co-
chaperones.

All inhibitors that have undergone clinical investigation as anticancer drugs, target the NTD
and bind competitively to its ATP binding site. Although effective and potent at killing
cancer cells preclinically, in clinical trials detrimental dose-limiting toxicities (DLTSs) and
dose scheduling limitations have prevented NTD Hsp90 inhibitors from gaining FDA
approval [26]. One speculation in the field regarding the failure of NTD compounds in
clinical trials due to DLTs is that NTD targeting leads to a “pan-inhibitory” effect against all
Hsp90 isoforms and induces the HSR, leading to a pro-survival effort by the cell that in turn
requires a higher dose of inhibition of Hsp90 to achieve the same cancer cell suppressive
effect thereby resulting in progressive dose escalation, and over time, DLTs [21, 27, 28].
Although this remains a major obstacle in the clinic, recent findings at the 9™ International
Conference on the Hsp90 Chaperone Machine (ICHCM) suggest a new approach to target
the chaperone which could decrease DLTs. At the conference, Dr. Brian Blagg presented
two newly designed scaffolds of Hsp90p isoform-selective inhibitors that promoted
degradation of HSF1 and ultimately led to no HSR induction [29]. This novel approach will
be revisited in a subsequent section of the manuscript. As of February 2019, more than 170
clinical trials have taken place to test 18 different Hsp90 inhibitors and their potential uses as
therapeutic agents in humans [see ClinicalTrials.gov]. Although the majority of trials are
seen through to completion, more than half do not progress past Phase | (Fig. 2). In the
following section, we present a comprehensive description of these chaperone inhibitors in
clinical trials to date, in order to highlight their strengths and weaknesses. Additionally, we
provide insight and recommendations to improve the development of novel Hsp90 inhibitors
as anticancer agents.

3. CLINICAL LANDSCAPE OF HSP90 INHIBITORS

For over 25 years, the development of Hsp90 inhibitors has predominantly centered around
the design of drug compounds that competitively bind the N-terminal ATP-binding sites to
disrupt molecular chaperone function [21, 30]. Moreover, all four Hsp90 isoforms share high
sequence identity in this region, which decreases the potential to selectively target a specific
isoform. This form of pan-inhibition, wherein all isoforms are non-selectively inhibited, has
been thought to represent a major limitation in the clinical development and approval of
these inhibitors as anticancer agents. For cancer cells, optimal inhibitors should selectively
target the cytosolic isoforms Hsp90a. and Hsp90p, however this has been very difficult as
these isoforms share > 95% sequence identity in the NTD. Perhaps by gaining a better
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understanding of the chaperone’s enzyme kinetics, it could help to distinguish each isoform
and lead to the generation of more durable and effective Hsp90 inhibitors. Lee et al.
eloquently present Hsp90 as being a “perfect enzyme” due to the chaperone having an ATP
hydrolysis rate of ~1 s~1. Although demonstrated in Escherichia coli, this work emphasizes
the indispensable value of gaining a mechanistic understanding of the ATPase activity,
especially before optimizing inhibitors that disrupt its function [31]. The 18 Hsp90 inhibitors
are characterized by five chemical structure-based categories: (i) natural products and their
derivatives, (ii) purine-based, (iii) benzamide, (iv) resorcinol-containing, and (v)
miscellaneous. The following five sections give an in-depth evaluation of Hsp90 inhibitors
that have entered clinical trials.

3.1. Natural Products and their Derivatives

As mentioned above, in the early 1990s Whitesell and colleagues identified GDA as a ligand
of Hsp90, and years later, demonstrated its binding to the N-terminal ATP-binding site.
Upon GDA binding, ATPase activity of the molecular chaperone is disrupted and
subsequently clientprotein stabilization, which results in client protein degradation and an
attack on multiple cellular processes [32]. GDA is a 1,4-benzoquinone ansamycin antibiotic
derived from Streptomyces hygroscopicus (Fig. 3A) [33]. Although GDA effectively and
potently kills cancer cells, it is not a good clinical candidate due to /7 vivo toxicity,
instability, and poor solubility [34]. Specifically, GDA contains a reactive quinone that
produces superoxide radicals causing cell death independent of Hsp90 inhibition [35].
Because of this, various groups have put forth a substantial amount of effort and resources to
modify this compound and eliminate its redox potential. In addition to GDA, another natural
product, radicicol (RDC), is isolated from the fungus Monosporium bonorden (Fig. 3C)
[33]. Similar to GDA, RDC competitively binds Hsp90 at the ATP-binding site. Although
GDA and RDC do not have clinical utility, the two natural products support the rationale that
inhibiting Hsp90 represents a multi-pronged anticancer therapeutic approach. This resulted
in the design and development of several semi-synthetic GDA derivatives. Upon further
investigation, it was determined that the C-17 position of GDA was critical for its
mechanism of action and toxic reactivity. As a result, 17-N-allylaminol17-
dimethoxygeldanamycin (17-AAG; tanespi-mycin), 17-AAGH; (IP1-504; retaspimycin), 17-
AG (IP1-493), and 17dimethylamino-17-dimthoxygeldanamycin (17-DMAG; alvespimycin)
were designed and synthesized (Fig. 3A and 3B) [32].

By the end of 2003, the first GDA derivative 17-AAG, which adds an allylamine substituent
to the C-17 position, entered eight Phase I clinical trials. Since then, there have been a total
of 35 (23% terminated). Of these trials, none progressed past Phase I, which decreased
enthusiasm for the development of GDA derivatives. Despite being reasonably effective
against cancer tumor growth in early clinical trials, 17-AAG exhibited poor bioavailability.
In order to improve this, Infinity Pharmaceuticals designed and synthesized the compound
17-AAGH, (IP1-504; retaspimycin) [36]. This hydroquinone hydrochloride salt analog
improves the metabolic profile of 17-AAG by eliminating the requirement for reduction.
Another benefit of this analog was its increased potency of Hsp90 inhibition. The
development of 17-AAGH5 resulted in 13 clinical Phase | or Il trials with approximately
half terminated or withdrawn. Another semi-synthetic benzoquinone ansamycin derivative
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developed by the same pharmaceutical company is 17-AG (IP1-493) [37]. At the time, 17-
AG was a promising clinical candidate since it is the major metabolite of all GDA
derivatives and was effective in preclinical xenograft models [38]. There have been only two
reported 17-AG clinical trials, which ran simultaneously with retaspimycin trials, both of
which were terminated due to superior effect of retaspimycin. Kosan Biosciences designed
and developed 17-dimethylamino-17-dimthoxygeldanamycin (17-DMAG; alvespimycin)
which improved the physiochemical profile of GDA by remaining protonated at
physiological pH. 17-DMAG entered six Phase | clinical trials (17% terminated) and one
Phase Il that was terminated.

3.2. Purine-based Inhibitors

Similar to all ATPases, Hsp90 binds and hydrolyzes ATP, but the chaperone does so in a
unique way. The molecular chaperone belongs to the Gyrase, Hsp90, Histidine kinase, MutL
(GHKL) ATPase family, all of which share a special B-a-p fold containing four motifs I-1V.
A pair of motifs within the fold interact with a different moiety of the ATP molecule; motifs
I and 11 interact with the phosphate groups while motifs Il and IV with the adenine
component [39]. Taking advantage of this unique interaction with ATP, Chiosis and
colleagues at Memorial Sloan Kettering designed the first reported fully-synthetic small
molecule Hsp90 inhibitor, PU-3 (Fig. 4A) [34, 40]. After successfully arresting growth and
differentiation in breast cancer cells, researchers began to enhance the purine chemical
scaffold in PU-3 and generate derivatives [41]. To-date, there are five purine or purine-like
compounds that entered clinicals trials, with none progressing past Phase Il. These inhibitors
include: BIIB021, BI11B028, MPC-3100, PU-H71, and Debio0932 (Fig. 4B-E). Two
defining characteristics of inhibitors in this class are a purine (or purine-like) scaffold with
amine and aryl substituents.

Biogen, Inc. developed BI1B021 and B11B028, wherein the latter is an optimization of the
former (Fig. 4B) [34, 42—-44]. In 2006, two Phase I clinical trials tested BIIB021 in chronic
lymphocytic leukemia and advanced solid tumors. Although BI1B021 eventually progressed
to two Phase |1 clinical trials by 2009, major limitations kept it from moving through the
clinical pipeline. B11B021 is an effective small molecule inhibitor, but lacks potency
requiring higher doses to achieve biological effects. Additionally, the chemicals needed to
synthesize the molecule on a large scale are toxic and an acceptable intravenous formulation
is difficult to obtain. Due to these setbacks, Biogen, Inc. designed and developed BI11B028.
In an effort to improve potency, tolerability, and physical properties, the pharmaceutical
company used X-ray crystal structure analysis to identify the N-7 position on the purine
scaffold as an optimal site for modification [43]. After developing a series of alkynol
analogs, BI1B028 was designed as a prodrug and identified as a lead second generation
clinical candidate. Although seen through to completion, it entered only one trial in 2008.

MCP-3100 and Dehbio0932, inhibitors developed by Myrexis and Curtis Pharma
respectively, entered three trials collectively, and did not demonstrate any clinical promise to
move beyond Phase I [34]. Conversely, a newer compound, PU-H71, discovered by the
Chiosis group at Memorial Sloan Kettering, is now listed in five clinical trials as either
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active, recruiting, or terminated (80% active or recruiting) [45]. The Phase I trial that was
terminated resulted from a drug supply shortage and not a dose limiting toxicity.

3.3. Benzamide Inhibitors

Serenx Inc. discovered the pyrazole-containg Hsp90 inhibitor, SNX-5422, using an ATP-
affinity column (Fig. 5) [34, 46, 47]. In 2007, the first clinical trial testing SNX-5422 was
posted. To-date there have been 13 trials, with one currently on-going. This compound
shows clinical promise due to its bioavailability as a prodrug, but a major limitation is its
pan-inhibitory activity against all Hsp90 isoforms, with the induction of the HSR and
resulting dose escalation challenges.

3.4. Resorcinol Containing Inhibitors

Using a high-throughput screen, Chueng and colleagues at The Institute for Cancer Research
in London were the first to identify resorcinol-containing small molecule Hsp90 inhibitors
[48]. In an effort to optimize this class of molecules, scientists at Vernalis and Novartis used
structure-based drug design to improve compound solubility by adding substituents, which
led to the discovery of AUY922 (luminespib) (Fig. 6A) [34, 49]. Preclinical studies show
that this Hsp90 inhibitor is active against tumor growth, angiogenesis, and metastasis in a
xenograft mouse model [50, 51]. In fact, AUY922 entered 25 clinical trials, both Phase | and
I1, with two trials currently on-going and one recruiting as of February 2019. Similarly,
scientists at Synta Pharmaceuticals modified the resorcinol scaffold to discover STA-9090
(Fig. 6B) [52]. The Synta group first presented this novel inhibitor at the AACR-NCI-EORT
International Conference on Molecular Targets and Cancer Therapeutics. In 2010, they
presented preclinical and clinical data at another international cancer conference showing
that the second-generation Hsp90 inhibitor demonstrates higher potency in downregulating
oncoproteins and pathways than first-generation ansamycinderived inhibitors. Interestingly,
this Hsp90 inhibitor progressed into Phase Il trials and entered nearly 40 trials in total,
making it the most clinically evaluated Hsp90 inhibitor on record. Around the same time,
scientists at Astex Therapeutics in the UK discovered another resorcinol-containing Hsp90
inhibitor, AT13387 (Fig. 6C) [53]. This compound was discovered as part of a fragment-
based drug design approach by combining NMR and X-ray crystallography. Optimization of
the compound series led to a resorcinol scaffold that has both high potency and ideal ligand
efficacy [54]. AT13387 is currently in three active and four recruiting clinical trials. Finally,
KW-2478 is an Hsp90 inhibitor discovered by scientists at Kyowa Hakko Kirin in Japan
(Fig. 6D) [55]. The drug was tested in two clinical trials, one of which was completed in
2014 in combination with bortezomib, a proteasome inhibitor, in multiple myeloma. The
primary objectives of the study were to establish safety of the combination therapy and
assess overall response rates [56].

Miscellaneous Inhibitors

Other research groups have also designed and developed inhibitors of the molecular
chaperone, but are unique or do not have publicly available structures and therefore do not
fall into one of the general classes of Hsp90 inhibitors above. These compounds include
X888, HSP990, DS2248, and TAS-116 discovered by Exelixis, Inc., Novartis, Daiichi
Sanko, Inc., and Taiho Pharmaceutical Co., respectively (Fig. 7) [57-59]. Interestingly, all of
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these inhibitors manifest the same mechanism of action as the aforementioned inhibitors—
binding Hsp90’s NTD—except for TAS-116. This drug is unique, as it is the first reported
compound to enter clinical trials that selectively binds to the cytosolic isoforms of Hsp90
(Hsp90a and Hsp90p) [34, 60]. Between 2014 and 2017, 61 patients with advanced solid
tumors in Japan and the United Kingdom were enrolled in the first-in-human clinical trial
testing of TAS-116. The primary objectives of the study aimed to identify the maximum
tolerated dose, safety, and overall response rates in patients with advanced solid tumors
taking TAS-116 as a monotherapy intervention [61]. In March 2019, results from the study
revealed minor adverse events (e.g. Grade 1 or 2) related to Hsp90 inhibition and a positive
antitumor effect against solid tumors including KIT wild-type gastrointestinal stromal
tumors (GIST). Additionally, the study identified three oral dosing schedules for future trials
testing TAS-116. There are two on-going trials in Japan evaluating this cellular
compartment-selective Hsp90 inhibitor. The trials are testing TAS-116 in combination with
nivolumab, an immune checkpoint PD-1 inhibitor, in metastatic solid tumors or alone in
GIST patients (Phase 1 and Phase 11, respectively) [62].

Since the early 2000s, all Hsp90 inhibitors, except for TAS-116, that have entered clinical
trials target the NTD of Hsp90. Clinical observations and trial data interpretation indicate
that this approach carries antitumor efficacy but suffers from toxicities and adverse effects
including hepatic, cardio, and ocular toxicities, as well as dose-scheduling limitations after
induction of the HSR. Given the clinical efficacy potential Hsp90 inhibition carries, it would
be ideal to develop novel Hsp90 inhibitors that can improve upon the pharmacodynamic and
toxicity profiles of this therapeutic approach. Various efforts have been put forth to
circumvent these setbacks, such as optimizing the approach to inhibit Hsp90’s function.
Specifically, certain groups, like Taiho Pharmaceutical Co. and our research group,
hypothesize that selectively targeting the cytosolic isoforms (Hsp90a and Hsp90B) will lead
to better clinical outcomes and have the potential to be FDA approved. In the following
section we elaborate upon the rational for employing a more selective approach to inhibit
Hsp90’s function and provide examples to demonstrate recent advancements in the field.

4. INHIBITING THE HSP90 C-TERMINAL DOMAIN

Although GDA and RDC bind to the N-terminal ATP binding motif of Hsp90, recent studies
have demonstrated the existence of a C-terminal ATP binding region as well [63-65].
Similarly, Hsp90 contains two different binding sites for proteins, allowing the chaperone to
bind both co-chaperones and unfolded clients proteins at the C- and N-terminal regions [10,
23, 64, 66]. Unlike the NTD, inhibitors that competitively bind at the nucleotide binding site
to abrogate ATPase activity, small molecules that target and bind the CTD disrupt the
association of co-chaperones containing TPR-motifs. This ultimately leads to aberrant
chaperone function [17]. A hallmark example of a CTD Hsp90 inhibitor is novobiocin, a
DNA gyrase ATP-binding site inhibitor, and its subsequent analogue KU-174 (Fig. 8).
Inhibition of the Hsp90 protein folding machinery by novobiocin also leads to
destabilization of the multiprotein complex (Fig. 9), which results in ubiquitinylation of the
client protein, proteasome mediated hydrolysis and in many cases, induction of apoptosis in
numerous cancer cell types [64, 66]. A desirable characteristic of novobiocin is the lack of
HSR induction, which is a major clinical drawback to all NTD Hsp90 inhibitors [67]. It is
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important to note that although novobiocin and most of its derivatives inhibit Hsp90’s
function, there has been recent evidence supporting paradoxical ATPase activation.
Chatterjee et al. report that the novobiocin derivative, KU-32, binds the CTD which in turn
leads to a global change in chaperone structure. This structural shift not only promotes ATP
binding, but increases ATPase activity [68]. In this context, KU-32 is viewed as a positive
allosteric modulator of Hsp90 function and could be used as a tool to develop AD and PD
therapies. In addition to disrupting protein-protein interactions (PPIs) between Hsp90 and
co-chaperones with distinct chemical scaffolds, such as novobiocin, Rahimi et al.
demonstrated blockade of heterocomplex chaperone PPIs with a unique small molecule,
LB76 [69]. This molecule was designed de novo using an amino acid sequence specific to
the MEEVD region of the TPR-motif on the CTD.

Prior to studies by Prodromou and coworkers in 2006, no crystal structure of full-length
Hsp90 protein had been solved [23]. Two binding sites for ligands are suggested by this
structure. One is located in the NTD and the other appears proximal to the dimerization
domain. Clearly, a cocrystal structure of Hsp90 bound to novobiocin would be helpful
towards further elucidation of the CTD binding site. However, the affinity of novobiocin for
the CTD is too low for co-crystallization studies [64, 67, 70].

In 2004, Cox and coworkers demonstrated that the Hsp90-dependent transcription factor,
aryl hydrocarbon receptor (AhR), was preferentially sensitive to the effects of NTD
inhibitors and p23 concentration, whereas inhibition of the CTD with novobiocin remained
unaffected by p23 concentration. Through subsequent studies, they determined that GDA
and RDC were unable to overcome the effects of overexpressed p23, because NTD
inhibitors competed for the same region. In contrast, they found that inhibition of the CTD
with novobiocin was independent of p23 concentration [71].

Our group has since demonstrated these inhibitors have potent /n vitro and in vivo efficacy
in human xenograft tumors and do not initiate the HSR with Hsp70 upregulation [72-77].
These preclinical proof of concept studies provide supportive evidence that alternatives to
NTD Hsp90 inhibition may have the ability to overcome the limitations of prior inhibitors in
clinical trials and should be further validated [72-77].

5. ISOFORM-SELECTIVE INHIBITION

As aforementioned, the mammalian Hsp90 family of molecular chaperones is comprised of
three subfamilies, with a total of four distinct isoforms — Hsp90a., Hsp90p, Grp94, and
TRAP1 Table 1. To better understand the rationale for selective inhibition of Hsp90, the
following subsection will provide information on the biological relevance of each isoform.

5.1. Biological Functions of Hsp90 Isoforms

5.1.1. Hsp90a and Hsp90p—As the two most abundant isoforms, Hsp90a and Hsp90p
are predominantly found in the cytoplasm of mammalian cells. Despite this, there have also
been reports of nuclear localization, albeit minor amounts [78]. A major distinction between
the two isoforms is their expression profile. Hsp90a is the induced isoform, whereas
Hsp90p is constitutively expressed. The major functions of the cytoplasmic isoforms are to
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aid in protein folding and prevent protein aggregation; in line with that of the Hsp90 family.
Reported client proteins of Hsp90a and Hsp90p are involved in several cellular processes
such as signaling pathways, survival, cell cycle, energy metabolism, and epigenetics — to
name a few — making cytoplasmic Hsp90 isoforms indirectly involved in the regulation of
these processes [79]. Moreover, several of these processes, if not all, are recognized as a
hallmark of cancer [80]. Lastly, an extracellular form of Hsp90a (eHsp90), which is secreted
from the cell, is implicated in invasion and migration or wound healing [29, 81]. Since
eHsp90 has been reported to play a role in wound healing, this extracellular form of the
chaperone could be an alternative target for novel anticancer therapeutics.

5.1.2. Grp-94—Unlike its cytoplasmic family members, Grp94, also known as
endoplasmin, is found exclusively in the endoplasmic reticulum (ER) [82]. Here, it functions
to orchestrate protein quality control on a small subset of proteins either secreted and/or
membrane proteins [83]. Proteins that are misfolded in the ER are typically triaged to the
Grp94 molecular chaperone machinery for proper refolding. On the contrary, if an ER
protein is not properly folded it is translocated to the cytoplasm, where it can be marked for
degradation. In addition to serving as a chaperone for a large number of ER-specific
proteins, Grp94 also plays an important role as a Ca2* binding protein[84, 85].

5.1.3. TRAP1—The last Hsp90 isoform, TRAP1 or tumor necrosis factor (TNF) receptor
associated protein 1, is located in the mitochondria and was initially reported as the
chaperone for TNF receptor 1, hence its name [86, 87]. In recent years, researchers have
shown TRAP1’s function in the mitochondria to extend much further than proteostasis, and
in fact, play a major role in mitochondrial homeostasis. For example, TRAP1 has been
shown to be involved in the regulation of the organelle’s redox state [88]. Additionally,
TRAP1’s involvement in diseases, such as cancer, has been speculated to result in the
disruption of energy metabolism, which ties into the fact that Hsp90 is the chaperone for two
proteins involved in the citric acid cycle [79, 89-91]. Additionally, this alteration or
“metabolic rewiring” has been suggested to have an intimate interplay with epigenetics and
Condelli et al. provide thorough perspectives on the matter [79]. In fact, Dr. Oliver Kramer,
from Johannes Gutenberg University, presented work at the 9" ICHCM that detailed the use
of Hsp90 inhibitors in combination with histone deacetylase 6 (HDACG), an epigenetic
“eraser” of acetyl groups from histones, in acute myeloid leukemia [29]. While the exact
mechanism(s) in which Hsp90 is involved in altered metabolism and epigenetics has yet to
be elucidated, we further emphasize here, the critical and indirect role the chaperone has in
various cellular processes.

5.2. Rationale for Selective Inhibition

Now with a fundamental understanding of all four isoforms biological functions, it is
apparent there is some overlap between them, but more importantly, it underscores the
necessity to move away from “pan-inhibitors” and develop isoform-selective compounds.
Moreover, this highlights an opportunity to target a specific isoform whose function is much
more crucial in a given a disease state than another isoform. As previously mentioned,
Hsp90 is responsible for the conformational maturation of a myriad of client proteins
associated with all ten hallmarks of cancer, various neurodegenerative diseases, infections,
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and other disease states. Many of these client proteins depend upon a single Hsp90 isoform
for their maturation, activation, and/or trafficking. Hsp90 has been shown to play an
important role in tumorigenesis through the folding/activation of signaling kinases, steroid
hormone receptors, tumor suppressors, and more [2]. For example, the mitogen activated
protein kinase (MAPK) pathway kinase, B-Raf, is not only mutated in 60% of melanoma
patients, but also is a client protein of the Hsp90 heterochaperone complex, suggesting that
chaperone function helps to facilitate stabilization of this kinase which ultimately
contributes in the mutated and overexpressed state to oncogenesis [92]. As mentioned
previously, Hsp90 plays a critical role in neurodegenerative disorders such as AD and PD. In
AD, Hsp90 exacerbates the formation of neurofibrillary tangles through the promotion of tau
hyperphosphorylation; in PD, pharmacological induction of the chaperone machinery has
been shown to prevent the self-assembly of A aggregates [93, 94]. Recall that Hsp90a and
Hsp90p are two of the four Hsp90 isoforms that primarily reside in the cytoplasm to fold
nascent polypeptides. Grp-94, the Hsp90 isoform localized to the endoplasmic reticulum,
has a much smaller client list and includes Toll-like Receptors (TLRS), integrins, insulin-like
growth factors, and has been shown to play a role in tumor immunogenicity [95, 96].
TRAP1 is the mitochondrial isoform of Hsp90 that plays a role in the transition to aerobic
glycolysis, accumulation of reactive oxygen species, and the maintenance of protein
homeostasis [97].

While the mechanism of Hsp90 has been well explored and a variety of inhibitors have been
developed, most inhibitors manifest pan-inhibitory activity against all four Hsp90 isoforms.
Not only do pan-inhibitors serve little utility for the elucidation of the biological roles
played by each Hsp90 isoform, but most have been removed from clinical evaluation due to
toxicity concerns including hepatic, cardio, and/or ocular toxicities, as well as induction of
the HSR [35, 98, 99]. Recent work has demonstrated that the human Ether a-go-go Related
Gene (hERG) product, which is responsible for repolarization of the cardiac action potential,
is dependent upon Hsp90a for its maturation and trafficking [99]. Furthermore, pan-
inhibition of Hsp90 also induces the pro-survival HSR by activating HSF-1, which then
induces the transcription of Hsp27, Hsp70, Hsp90, and other heat shock proteins [100]. The
upregulation of Hsp90 requires an escalation in drug-dosing as well as significant scheduling
difficulties. As a result of these observations, it was proposed that isoform-selective
inhibition of Hsp90 may provide a viable way to mitigate the detriments and complications
observed in clinical trials with pan-inhibition of all four Hsp90 isoforms. Furthermore,
isoform-selective inhibitors provide a mechanism to elucidate the biological role played by
each isoform in various diseases. Given the aforementioned dependence of clients upon
individual isoforms, isoform-selective inhibitors could be used to target specific disease
states in which one isoform may play a presiding role

6. GRP94-SELECTIVE INHIBITORS

Differences between the N-terminal ATP-binding pockets of Grp94 and Hsp90 were first
elucidated using A-ethylcarboxamidoadenosine (NECA) as a competitive inhibitor in an
adenosine-based ligand binding assay (Fig. 10) [101]. Despite structural similarities between
Grp94 and Hsp90, and the large abundance of Hsp90 as compared to Grp94 within cells,
NECA was able to selectively bind suggesting that Grp94 could be selectively targeted
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[101]. Grp94 was the first Hsp90 isoform for which isoform-selective inhibitors were
pursued.

One approach used to develop pan-Hsp90 inhibitors combined the structural features of
GDA and RDC, two well established natural product Hsp90 inhibitors, to form chimeric
molecules. These chimeric molecules retained the key binding features of each natural
product, but reduced the structural complexity associated with their preparation. The first
three chimeric inhibitors produced were radanamycin, radamide, and radester. All three of
these chimeric inhibitors manifested anti-proliferative activity against MCF-7 human breast
cancer cells and induced the degradation of Hsp90-dependent client proteins, HER2 and Raf
(Fig. 10) [102-104]. Co-crystallization of radamide bound to both Grp94 and Hsp90
revealed a unique 5’-extension pocket that was present only in Grp94, which was produced
by a five amino acid insertion into the primary sequence that led to formation of this unique
pocket. Otherwise, Grp94 and other Hsp90 isoforms share ~85% identity in this region
[105]. The cocrystal structures demonstrated that selectivity was conferred through
isomerization of the radamide bond, resulting in formation of the cis-amide, which
highlighted the need to incorporate a cis-amide bioisostere into the structure of radamide to
develop Grp94-selective inhibitors [105].

Bnlm was produced by replacement of the cis-amide with a bioisoteric imidazole ring that
mimicked the amide heteroatoms, while projecting the two appendages into a c/s-orientation
(Fig. 10) [106]. A functional assay was developed to evaluate the effect of Bnlm on TLR
trafficking to the cell surface, which is Grp94-dependent [106, 107]. No cytotoxic effects
were observed with Bnlm and no degradation of Hsp90a./Hsp90p client proteins were
observed at concentrations that affected TLR trafficking, which demonstrated a considerable
selectivity of Bnlm for Grp94 versus the cytosolic isoforms [106]. Second generation
Grp94-selective inhibitors established structure-activity relationships for the Bnlm scaffold
and replaced the imidazole ring with other heterocycles to improve affinity, while modifying
the benzyl appendage to improve selectivity and affinity. It was determined that meta-
substitutions were not tolerated, while orthoand para-substitutions improved selectivity
[108]. For example, the incorporation of a bromine at the para-position demonstrated
efficacy in animal studies for the treatment of glaucoma, as the accumulation of mutant
myocilin levels is Grp94-dependent [109, 110]. Modification of the imidazole ring via
replacement with a phenyl group resulted in a 2-fold improvement in affinity versus Bnim,
and manifested an apparent Kd of 0.63 uM along with a 32-fold selectivity for Grp94 versus
Hsp90a [108] Fluorination of this molecule at the para-position yielded a compound that
manifested an apparent Kd of 0.54 uM along with 73-fold selectivity for Grp94 [111].
Resorcinol-based Grp94 inhibitors also took advantage of the hydrophobic S2 sub-pocket
and ultimately led to compounds that manifested low nanomolar affinity, but unfortunately
only ~10-fold selectivity for Grp94 [112].

Because of Grp94’s distinct extension pockets, it accommodated a wide variety of purine-
based chemical tools that are also selective for this isoform. Chiosis and co-workers
evaluated an in-house library of ~130 purine analogs in a fluorescence polarization assay to
identify compounds that bind Grp94 with higher affinity than Hsp90a.. While many of the
compounds displayed a model of the purine-scaffold ligand PU-H54 bound to both Hsp90
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and Grp94, the team demonstrated that the ligand bound to each isoform in a different
orientation and caused Phe199 to swing away and expose a major hydrophobic cleft in
Grp94 that is not available in Hsp90a [113]. While a similar cleft exists in Hsp90a., access
to Hsp90a.’s binding pocket is blocked by Phe138. Compounds were found to engage this
site and stabilize binding, which conferred Grp94 selectivity [113]. PU-WS13, a Grp94-
selective purine derivative bound to this pocket and was shown to be nontoxic in in vivo
assays for target modulation (Fig. 10). Furthermore, PU-WS13 disrupted the architecture of
the oncoprotein, HER2, at the cell surface. Treatment of HER2-overexpressing SKBr3
human breast cancer cells with PU-WS13 led to a substantial decrease in HER2 levels,
highlighting a new role for Grp94 in disease states that are dependent on mutated,
modulated, or otherwise modified cell surface receptors. These Grp94-selective inhibitors do
not induce the HSR, unlike the pan-inhibitors [113].

Recently, a Grp94 selective inhibitor, Compound 54, with an 1C50 of 2 nM and over 1000-
fold selectivity for Grp94 versus Hsp90a was developed by Xu and coworkers [114]. In
order to exploit the aforementioned Phe199 shift and to confer Grp94 selectivity, the group
began with the benzamide moiety and introduced a phenyl ring at the metaposition as their
lead compound. SAR investigations led to the introduction of an isopropyl appendage at the
fourposition of the benzene ring and a cyclohexanol with an amine linker at the ortho-
position of the benzamide scaffold. The compound was shown to induce the “ligand-
induced” Phe199 shift, validating the mechanism for Grp94 selective inhibition. The
compound was found to be efficacious in mouse models of ulcerative colitis and did not
effect Hsp70 expression levels [114].

7. HSP90a AND HSP90B-SELECTIVE INHIBITORS

Cytosolic Hsp90 includes the inducible Hsp90a isoform and constitutively expressed
Hsp90p, which are the most conserved among the four isoforms. In an attempt to avoid the
profile exhibited by pan-inhibitors, compounds with selectivity toward the cytosolic
isoforms of Hsp90 have been pursued with the intent of narrowing the list of clients in an
effort to reduce on-target side effects that are observed with pan-Hsp90 inhibitors. Previous
studies investigated the efficacy of Hsp90a/p inhibition in Huntington’s Disease and
demonstrated that selective siRNA knockdown of cytosolic Hsp90 is sufficient to decrease
mutant Huntington protein (mHtt) levels in HEK cells, which illustrates that isoform-
selective inhibition leads to the clearance of diseasepromoting aggregates, without affecting
the function of the endoplasmic reticulum and mitochondrial chaperones [115]. The
cytosolic Hsp90 inhibitor, SNX-0723, demonstrated about 100-fold selectivity for cytosolic
Hsp90 isoforms versus Grp94 and about 300-fold selectivity versus TRAP1 (Fig. 11).
However, SNX-0723 manifests a similar affinity for both Hsp90a. and Hsp90p [115, 116].
Ernst and Conor revealed SNX-0723 as a promising lead compound for further optimization
due to its CNS permeability as well as its selectivity for both cytosolic Hsp90 isoforms.
Subsequent work by these researchers led to the identification of compound 31, a
benzolactam-hydroindolone derivative that contains a cyclopentyl substituent and exhibits
similar pharmacokinetics as SNX-0723, but less cellular toxicity as a result of the 1,000-fold
selectivity for cytosolic Hsp90s versus Grp94 and TRAP1 [117]. Similarly, TAS-116, which
was prepared by researchers at Taiho Pharmaceuticals, Co. Ltd., was shown to be a cytosolic
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Hsp90 inhibitor that manifested a large selectivity over the non-cytosolic isoforms (Fig. 11).
TAS-116 induced the degradation of Hsp90 clients and reduced tumor burden in human
xenograft mouse models, indicating that inhibition of cytosolic Hsp90 alone has the
potential to exhibit promising anticancer activity. TAS-116 moved into phase | clinical trials
to define the maximum tolerated dose, pharmacokinetics, pharmacodynamics and
preliminary antitumor activity of this orally available and selective inhibitor. While ocular
disturbances are common with Hsp90 inhibitors, those observed in this trial were limited to
grade 1 and a partial response was observed in patients with various tumors and mutation
statuses [61]. While compounds have been prepared to manifest selectivity for both cytosolic
Hsp90 isoforms as compared to Grp94 and TRAP1, the generation of compounds that are
selective for either Hsp90a or Hsp90B proved to be a more challenging task. Hsp90a and
Hsp90p share approximately 95% identity within the N-terminal ATP binding pocket, and
differ by only two amino acids; Hsp90p replaces Hsp90a.’s serine and isoleucine residues at
positions 52 and 91 with alanine and leucine residues, respectively [118]. It has been
demonstrated that there are three conserved water molecules that play different roles in
Hsp90a versus Hsp90pB due to the replacement of serine with alanine in Hsp90p. Based on
this observation, this differential hydrogen bonding network was exploited to develop the
first Hsp90p-selective inhibitors. KUNB31 was the first Hsp90p-selective N-terminal
inhibitor produced and was shown to manifest low micromolar anti-proliferative activity,
induce the degradation of Hsp90p-dependent clients, and did not induce the pro-survival
HSR (Fig. 11) [118]. Studies have also suggested that Grp94-selective compounds based on
the purine scaffold (PU) also exhibit a 3-to 5-fold selectivity for Hsp90a versus Hsp90p
[113]. The proposed mechanism for selectivity of the PU compounds is based on a
conserved N-terminus that is intercepted during quaternary transitions between isoforms,
suggesting that selectivity must be conferred through a region outside the N-terminus.
Further work toward the development of Hsp90a.-and Hsp90B-selective inhibitors is
ongoing.

8. TRAPI1-SELECTIVE INHIBITORS

Typical pan-inhibitors of Hsp90 have not shown efficient inhibition of TRAP1 in the
mitochondria due to a lack of permeability and drug accumulation within this organelle. The
long-standing strategy for TRAP1 inhibition has been to use pan-inhibitors of Hsp90 that are
targeted to the mitochondria. Shepherdin, a cell-permeable peptidomimetic, was the first
rationally designed molecule to enter the mitochondria and target TRAP1 (Fig. 12) [119].
When a highly positively charged moiety was placed at the N-terminus of shepherdin, it
enabled mitochondrial penetration and induced extensive cell death through compromising
mitochondrial integrity, which caused swelling, membrane depolarization and subsequent
release of cytochrome ¢ [120]. Given the peptidomimetic nature of shepherdin, it manifested
a short half-life and was capable of inducing an immunogenic response. Shepherdin also
targets cytosolic Hsp90s and induces the degradation of several Hsp90 clients [113, 121].
Limitations associated with shepherdin opened the door for alternative TRAP1 inhibitors
that contain a moiety to target pan-inhibitors of Hsp90, such as GDA, to the mitochondria.
The first inhibitors of this class were formed by the inclusion of a triphenylphosphonium
(TPP) or cyclic guanidinium moiety onto GDA. These compounds disrupted mitochondrial
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function, induced cell death in cancer cell lines, and affected tumor growth in xenograft
mouse models [122]. Other compounds soon followed and utilized inhibitors attached to
cationic species, including SMTIN-PO1 (Fig. 12). SMTIN-P01 replaced the corresponding
ammonium group on PU-H71 with the mitochondrial permeating TPP moiety [123].
SMTIN-PO1 induced membrane depolarization and demonstrated cytotoxicity in cancer
cells, which implicated TRAP1’s role in carcinogenesis. While this method of inhibitor
development can traffic pan-inhibitors to the mitochondria, it is not truly an isoform-
selective process. TRAP1 and other isoforms of Hsp90 are highly conserved, but there are
still significant differences within the ATP-binding regions that make TRAP1-selective
inhibitors possible. However, compounds may not target TRAP1 with the same affinity
observed for the cytosolic Hsp90s. A lack of selectivity may also lead to off target effects as
compounds may interact with cytosolic chaperones. Kang and co-workers sought to
minimize the binding to cytosolic Hsp90 and to maximize affinity for TRAP1 by the
incorporation of guanine mimics that contain a piperonyl side chain. Modification of the
pyridine ring to provide the pyrazolopyrimidine scaffold with a pyridinyl appendage
demonstrated stronger inhibitory activities against TRAPL1 than the corresponding
piperonylcontaining side chains, but comparable inhibitory activity against cytosolic Hsp90.
Further modification of the pyridinyl group led to potent inhibitors of TRAP1 (79 nM) as
compared to Hsp90 (698 nM). In fact, DN401, which exhibited ~9-fold selectivity for
TRAP1 versus Hsp90, is the most selective TRAPL1 inhibitor reported to date (Fig. 12) [124].

CONCLUSION

Hsp90 and its isoforms are shown to play a critical role in cancer, neurodegenerative
disorders, and other disease states, illustrating that its pharmacological targeting can have
profound implications for the treatment of these illnesses. Most attempts at Hsp90 inhibition
have not seen success in clinical trials. Despite innovative chemistry and targeting these
compounds all target the N-terminal binding site and therefore are pan-inhibitors of all four
Hsp90 isoforms. These inhibitors—including natural products and their derivatives, purine-
based inhibitors, benzamide inhibitors and resorcinol containing inhibitors—have time-and-
again failed progression in clinical trials due to the detrimental toxicities associated with
Hsp90 pan-inhibition. In fact, over half of the clinical trials with these Hsp90 Inhibitors did
not progress past Phase | due to the cardiac, hepatic, and ocular toxicities commonly
associated with Hsp90 pan-inhibition, making progress through in-human clinical trials
difficult thus far.

Although Hsp90 pan-inhibitors may not be the key to a combinatorial attack on a variety of
disease-causing pathways, non-traditional modulation of Hsp90, namely C-terminal
inhibition or isoform-selective inhibition, remain a viable method to achieve the desired
anticancer effect without harmful side effects seen with pan-inhibition. Inhibition of the
cytosolic Hsp90 isoforms maintains the integrity of the endoplasmic reticulum and the
mitochondria by leaving Grp94 and TRAP1, respectively, unaffected. Inhibition of Hsp90p
in particular leaves the hERG channel unaffected and avoids induction of the pro-survival
HSR. Grp94 and TRAP1 inhibition allow for the targeting of particular disease states in
which their isoforms are implicated. Further, pre-clinical validation and advancement of
these novel C-terminal and isoform-selective inhibitors will generate exciting new anticancer
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compounds to move into clinical trials that could overcome the challenges of prior Hsp90

inhibitors, providing much-needed novel anti-cancer drug compounds for patients.
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LIST OF ABBREVIATIONS
AD

AhR
CTD
eHsp90
ER
GDA
GHKL
GIST
HDACG6
hERG
HSE
HSF-1
Hsp
Hsp90
HSR
ICHCM
MAPK
MD
NECA
NTD

PD

Alzhiemer’s disease

aryl hydrocarbon receptor

C-terminal domain

extracellular Hsp90

endoplasmic recticulum

geldanamycin

Gyrase, Hsp90, Histidine kinase, MutL
gastrointestinal stromal tumors

histone deacetylase 6

human ether a-go-go related gene

heat shock element

heat shock factor 1

heat shock protein

90KkDa heat shock protein

heat shock response

Int’l Conference Hsp90 Chaperone Machinery
mitogen activated protein kinase
middle domain
N-ethylcarboxamidoadenosine
N-terminal domain

Parkinson’s disease
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PPI protein-protein interactions

PU purine scaffold

RDC radicicol

TLR Toll-like receptors

TNF tumor necrosis factor

TPP triphenylphosphonium

TPR tetratricopeptide
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NTD NTD

Fig. 1.

St?ucture of Hsp90 — A schematic of Hsp90’s homodimer structure. Each monomer has a N-
terminal (NTD; green), middle (MD; orange), and C-terminal (CTD; blue) domains. The
NTD and MD are connected by a charged linker region (black line). * Original figure created
by authors
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Clinical Trials by Hsp90 Inhibitor and Status
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Clinical trial overview of Hsp90 inhibitors — 18 Hsp90 inhibitors have entered the clinical
pipeline totaling over 170 trials. A) There are currently 7 inhibitors in active or recruiting
trials (green or orange, respectively). B) The majority of inhibitors have not progressed past
Phase I. Note: active trials testing TAS-116 are in Japan. * Original figure created by authors
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A

Geldanamycin (GDA) R = OMe Retaspimycin (17-AAGH,)
Tanespimycin (17-AAG) R = NHCH,CHCH,
IPI-493 (17-AG) R = NH,
Alvespimycin (17-DMAG) R = NHCH,CH,N(Me),

C

Radicicol (RDC)

Fig. 3.

nggo inhibitors derived from natural products — A) Geldanamycin is a benzoquinone
ansamycin antibiotic. Three of its derivatives (tanespimycin, IPI1-493, and alvespimycin)
make substitutions to the C-17 position. B) In addition to a C-17 substitution, retaspimycin
is the reduced derivative of GDA. C) Radicicol is an antifungal natural product.
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1\1\>_ng0
o

NH

N

PU-H71

Purine-based Hsp90 inhibitors — A) PU-3 was the first fully synthetic Hsp90 inhibitor and
first of the purine-based class. B) BIIB021 and B11B028 modify the N-7 and N-9 positions

of the purine base. C-E) PU-H71, MPC-3100, Debio0932 each add a unique 1,3-

benzodioxole moiety to the N-8 position via a thioether bond and a variable substituent to

the N-9 position.
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Benzamide Hsp90 inhibitor — SNX-5422 is a pyrazole-containing inhibitor and the only of
its class.
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Resorcinol-containing Hsp90 inhibitors — All inhibitors in this class contain a resorcinol
moiety. A-C) Luminespib, ganetespib, and onalespib add two substituents to the resorcinol
ring at ortho-positions to the hydroxyl groups; one is an isopropanol moiety and the other is
unique to each compound. D) KW-2478 adds three substituents to the resorcinol moiety —

two ortho and one meta to the hydroxyl groups.
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Fig. 7.
Miscellaneous Hsp90 inhibitors — HSP990 and XL888 do not fall into any of the chemical

structure categories listed previously, but still target the N-terminal ATP-binding site.
TAS-116 is a Hsp90a./p isoform-selective inhibitor.
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Fig. 8.

Structures of C-terminal Hsp90 inhibitors — The aminocoumarin antibiotic A) novobiocin
derived from Steptomyces niveus and its analogue B) KU174. Compounds in this class share
three common moieties: benzoic acid derivative, coumarin residue, and sugar novobiose.

Curr Cancer Drug Targets. Author manuscript; available in PMC 2020 September 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sanchez et al. Page 34
HSF1
Hsp90 -
2 S Inhibitor 2 S Y PO~
N " .
Ubiquitin Increased expression of Hsp
p molecular chaperones
(e.g. Hsp90, Hsp70, Hsp32) PO, PO,
* / /
-
/
M /o
‘ <

HSE

Fig. 9. Hsp90 C-terminal inhibition —
From upper left: Hsp90 chaperone and HSF1 transcription factor interaction is destabilized

by C-terminal Hsp90 inhibitor binding. Once HSF1 is phosphorylated it associates with
other phosphorylated HSF1 proteins and binds to DNA at its transcription element, HSE.
After a tightly regulated process with several steps, this leads to ubiquitinylation of client
proteins. * Original figure created by the authors
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Structures representing various classes of Grp94-selective inhibitors — Radanamycin,
radamide, and radester are natural product derived. Bnlm maintains the resorcinol moiety
but introduces an imidazole ring. The PU compounds represent the purine class, and 54 is a
novel inhibitor of the benzamide class.
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Fig. 11.

Hsp90a./B-selective inhibitors — TAS-116 and KUNB31, the first N-terminal, Hsp90a./p and
Hsp90p isoform-selective inhibitors, respectively.
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Fig. 12.
TRAP1-selective inhibitors — Shepherdin is the minimal nine amino acid sequence of

survivin named for its binding to the “shepherding” protein Hsp90. SMTIN-PO1 represents
compounds conjugated to mitochondrial targeting moieties, and DN401 is the most potent
and selective TRAP1 inhibitor reported.
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